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Foreword

Physics and chemistry of nanosized species have been the focus of attention of scientists for the last three decades. During
this period of time even the name of this field of science has changed. Initially, the science has been dealing with ‘‘ultra-
dispersed’’ particles. Later on, the scale of the species under study has been restricted to nanodimension. In fact, the
properties of particles within this dimension of sizes differ from the both atoms (molecules) and bulk matter. The
worldwide revolutionary developments in the science of nanosized particles became possible because of the efforts of
physicists, chemists, biologists, experts in material science, and theoreticians. Later on, this field of science attracted the
attention of the representatives of such fields like ethics and economy.

The chapters of the book having been put forward to the reader are related to all practically important fields of
interest, discussing a wide frame of points starting from application of nanoparticles in the field of manufacture, the
devices for informatics and electronics and ending with self-assembly of metal nanoparticles, their characterization and
relevance to biosystems.

All known and used in practice methods of preparation of nanosized particles are discussed in more or less details in
the chapters of the book. Two problems are of crucial importance to this field of chemistry. The first issue is to find
driving forces, which regulate composition, size, and shape of the species. The task is to find trajectories of self-assembly
to get nanosized products in different ways, starting from atoms or metal salts and ending with bulk metals. The second
issue is to stabilize the product against the metal core or ligand shell reorganization, decomposition and agglomeration.
Both issues are discussed in the book offering many useful approaches.

The main issue of the book is application of nanosized particles in both homogeneous and heterogeneous catalysis. A
variety of reactions catalyzed by metal colloids or supported nanosized metals is discussed. The most intriguing reaction
seems to be ethane hydrogenolysis catalyzed by Pt clusters on porous carrier and studied by G. A. Somorjai and his
group. Another challenging observation by this group is shape isomerization of Pt metal particles affected by the addition
of silver ions.

The book is addressed to a wide circle of chemistry, physics, and biology reading public. From the first line itself, this is
the book for scientists interested in the syntheses, characterization, and different fields of application of nanosized
species.

Ilya I. Moiseev
(Russian Academy of Sciences, Moscow)
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Editorial

Metal nanoclusters have been wittily called ‘‘strange morsels of matter’’ by R. Pool in an interesting note that appeared in
Science in 1990. We agree with him in that metal nanoclusters are to be considered as links between bulky and molecular
matter and insofar they represent a unique kind of species. Depending on the temperature and especially on the applied
physical method we use to investigate them, they may still behave as a piece of metal or as a molecular-like system that
has to be described by means of quantum mechanical rules rather than with those valid for classical physics. In the size
regime below ~2 nm quantum properties dominate. Nanoclusters of that size indeed exhibit discrete electronic energy
levels like atoms do. This is why they are also called artificial big atoms. It can be foreseen that nanoclusters of that size
will play a decisive role in future nanoelectronic devices as single electron switches or transistors. Furthermore, metal
nanoclusters begin to significantly influence developments in medicine. Due to their size, they can interact with cell
components that are also located on the nanoscale. Novel discoveries in diagnosis as well as in therapy foreshadow
chances that never existed before. So, metal nanoclusters are not only fascinating scientific objects, but also applicable in
many important practical fields.

In fact, metal nanoclusters are no longer only ‘‘strange morsels of matter’’ but they are designable key components of
most important research- and industry-relevant catalysts in chemical processing. In supported metal (0)-based metal
catalysts, the metal nanoclusters size is obviously related to the catalyst activity in that this feature relates to specific
active surface area. However, for structure-sensitive reactions, metal nanoclusters size (and even shape) relates also to
catalytic chemoselectivity. In this specific connection, a paradigmatic example is the remarkable ability of nanostructured
Au0 to catalyse the oxidation of CO to CO2 with dioxygen in the presence of large excess of dihydrogen only if metal
nanoclusters size is close to 3 nm.

Most metal nanoclusters employed in catalytic applications are made up of one metal only. Indeed they may be bi- and
polymetallic clusters. In the conventional metal catalysts, bi- and polymetallic nanoclusters or nanoparticles are sup-
ported on inorganic supports. The second and third metal can exert a strong effect on activity and selectivity of metal
catalysts albeit this effect is not completely clarified. Therefore, the design of polymetallic catalysts is not yet well
established, although engineers are eager for it. Now, scientists can control the size and, to some extent, the structure of
bimetallic nanoclusters. For example, bimetallic nanoclusters with a core/shell structure are very popular now. If the total
size of bimetallic clusters is less than 2 nm, the core could be surrounded by the only one-atom-layered shell. The catalytic
property of active site in the shell element can be easily altered by core elements. This will provide a new concept for the
catalyst design. Nanotechnology can also provide a tool to design supported catalysts by combination of metal nano-
clusters with nanoparticles of inorganic metal oxide. Now, after a long history as metal colloids since Faraday’s times,
metal nanoclusters have gained a definite position in science and technology.

This book is aimed at being a reference book for all scientists who need to play with the physics, the structure and the
chemistry of metal nanoclusters. Its content is organised in two parts in such a way that it may be considered as a
textbook (General Aspects, Part I) and as a handbook (Methodologies, Part II). In the name of the numerous scientists
who contributed chapters to the book, we do hope that its presence in the bookshelves of many scientists all over the
world for a number of years ahead, will be reassuring for the design, synthesis and characterisation of many useful
‘‘strange morsels of matter’’.

Benedetto Corain Günter Schmid Naoki Toshima
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CHAPTER 1

General Features of Metal Nanoparticles Physics
and Chemistry

Günter Schmid

Institute of Inorganic Chemistry, University of Duisburg-Essen, Essen, Germany

1. Introduction

Metal clusters in a classical sense are considered to consist
of at least three up to a dozen or more atoms, usually
coordinated by ligand molecules like in classical complex
chemistry. Typical textbook examples are oligonuclear
metal carbonyls like Co4(CO)12 or Rh6(CO)16. Their size
usually is o1 nm. Such clusters follow elementary elec-
tronic counting rules and exhibit typical molecular be-
haviour. In contrast, nanoclusters reach a size 41 nm and
can, depending on the number of metal atoms they consist
of, in many cases be considered as borderline case between
molecule and bulk. A discussion of this significant state
will follow later in Chapter 2. The expression ‘‘nanoclus-
ter’’ is in principle synonymous with the frequently used
term ‘‘nanoparticle’’ and the more historical expression
‘‘colloid’’. Nanoclusters or nanoparticles must no longer
follow exact stoichiometric compositions. Particles, con-
sisting of dozens or hundreds of atoms may statistically
deviate from ideal chemical formula. The deviations rise
with increasing numbers of atoms. Also the classical metal
colloids, in case of gold known since centuries, typically
deviate in size by at least 710%. They also belong to
what we now call nanoclusters or nanoparticles as do such
small particles as the well-known Au55 nanocluster [1]
with its well-defined stoichiometry.

What makes metal nanoclusters scientifically so inter-
esting? The answer is that they, in many respects, no
longer follow classical physical laws as all bulk materials
do, but are correctly to be considered by means of quan-
tum mechanics. This is not only valid for metals. In prin-
ciple any other solid or in some cases even liquid material
exhibit so-called ‘‘nano-effects’’ when reaching a critical
size. Nanoscience and nanotechnology are based on those
effects. In the course of only 1–2 decades nanosciences
and nanotechnology have developed to such an extent
that our daily life already is and will be increasingly in-
fluenced in a way that cannot be compared with any other
technological development in mankind’s history [2]. A few
examples will help to better understand what is meant.

The melting point of a solid element or a chemical
compound in a classical sense is a constant under distinct
conditions. Not so, on the nanoscale! For instance, the
melting point of bulk gold is known to be 1064 1C. How-
ever, gold nanoparticles below ca. 20 nm in diameter begin
slowly to melt at lower temperatures. The melting point
then dramatically falls down at a size of 3–4 nm [3]. For a
1.5 nm gold nanocluster it is at ca. 500 1C as can also be
seen from Figure 1.

The reason for this phenomenon can simply be seen in
the fact that the percentage of surface atoms becomes
larger the smaller the particles are. In 1.5 nm particles the
surface atoms dominate with ca. 80% of the total number
of atoms. Surface atoms are less nicely coordinated than
inner atoms and therefore are easily mobilized with in-
creasing temperatures and so contribute to a lowered
melting point.

‘‘Nano-water’’, i.e. water in narrow pores and capil-
laries, can have melting points down to �60 1C! This is an
important effect, since it helps to avoid a yearly destruc-
tion of stones, rocks and especially of concrete by frost, at
least in northern parts of the world. Those materials are
usually full of water containing micro- and nanopores.

Figure 1. Melting point behaviour of gold nanoparticles.
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Relativistic effects result if electrons nearby very heavy
atomic nuclei are accelerated to such an extent that
Einstein’s famous theory of relativity begins to take effect,
i.e. the accelerated electrons (usually the s-electrons) gain
on weight. This changes the energy difference between
s- and d-band: the energy of the s-orbitals is decreasing,
whereas as secondary effect that of the d-orbitals is in-
creasing [4]. Altogether, the energy difference becomes
smaller and the light absorption shifts to blue with the
consequence of the remaining yellow colour. If bulk gold is
downsized to ca. 50 nm, the yellow colour spontaneously
disappears and turns to blue, further reduction results in
purple and finally bright red colours. Although the theory
of relativity is of course still valid, another effect domi-
nates: the appearance of plasmon resonances. Plasmon
resonances, quantitatively described by the Mie theory,
are caused by the interaction of light with the confined
electron gas in such small particles, resulting in a collective
electron oscillation. The frequency of this oscillation
depends on the kind of metal, the size of the correspond-
ing particles, their shape and the surrounding medium.
Figure 2 impressively expresses these facts stated before.

2. From Bulk Metals to Quantum Dots

The electronic situation in bulk metals is characterized by
the existence of energy bands. They result from the com-
bination of an infinite number of energetically very similar
orbitals. The valence band contains the relevant valence
electrons, in case of transition metals these are usually
s- and d- electrons. The conduction band of metals over-
laps to some extent with the valence band and so becomes
partially occupied with electrons. These electrons are
finally responsible for the electric conductivity of metals.
In contrast to the electrons in a filled band, those in the
conduction band are fully mobile and make conductivity
possible. In semiconductors, valence and conduction
bands are separated by a material-specific energy gap,
which is too large in insulators to be surmounted under
reasonable conditions. If a metal particle is continuously
reduced in size, the overlap of valence bond and conduc-
tion band is some when disappearing, resulting in a sit-
uation to be compared with that in a semiconductor.
Further reduction will end up in a situation where the
bands turn into more or less discrete energy levels. At this
step, the bulk properties of the particles disappear to be
substituted to that of a ‘‘quantum dot’’, following quan-
tum mechanical rules. Finally, the development ends up in
the formation of a typical molecular situation. Figure 3
elucidates the electronic development of a quantum dot
from the bulk situation.

In the following, the electronic changes from the bulk
state to a quantum dot shall be discussed in more detail [5].

A three-dimensional (3D) piece of metal can be con-
sidered as a crystal of infinite extension in the directions x, y
and z with standing waves with the wave numbers kx, ky

and kz, each being occupied with two electrons as a maxi-
mum. In a piece of bulk metal the energy differences Dkx,y,z

are so small that D-0, identical with quasi-free continu-
ously distributed electrons. Since the energy of free electrons
varies with the square of the wave numbers, its dependence
on k describes a parabola. Figure 4a shows these relations,

whereas Figure 4b shows the progress of the density of
states for free electrons in a 3D bulk system. The energies
are quasi-continuous. Their density varies with

ffiffiffiffi
E
p

:
In an experiment of thoughts the 3D piece of metal

shall be reduced in the z-direction to only a few nanome-
tres, comparable with the electronic de Broglie wavelength
(dz ¼ l), whereas in x- and y-direction it is kept infinite: a
2D ‘‘quantum well’’ is formed. Compared with the former
3D situation, the electrons in x-and y-direction can still
freely move in these directions, but not in the z-direction.
Electrons in this direction are confined like in a box. The
states are quantized, whereas in x- and y-direction the
situation does not differ from that in the 3D case. Figure 5a
shows the quantized situation in z-direction with well-
defined Dk values n ¼ 1, 2, etc., and Figure 5b indicates
the Dk values close to 0.

The quasi-continuous curve of the density of states in
the 3D case now has a staircase characteristic with dis-
crete energy levels in z-direction.

Figure 2. The colour of metallic gold and of gold nanoparticles
in ruby glass.

G. Schmid4



The intellectual construction of a one-dimensional (1D)
system by additional reduction of the y-direction to a few
nanometres, results in the curves shown in Figures 6a–c.

The Dk values in y- and z-direction are quantized, but
not in x-direction, resulting in a parabola with Dkx-0.
The density-of-states within the ‘‘quantum wire’’ results in
hyperbolas for each individual ky- and kz-state.

The final situation and the goal of this consideration is
the generation of a zero-dimensional (0D) quantum dot.
All three directions are now containing confined electrons.

The Dk values in x-, y- and z-direction are properly
separated from each other and only discrete energy levels
are allowed (Figure 7a). In the density of states diagram
(Figure 7b) the situation is mirrored.

3. How to Find Quantum Confined Particles

The above theoretical derivation of a quantum dot does
not spare to experimentally find and characterize

Figure 4. Electrons in a three-dimensional bulk metal. (a) The energy of electrons varies with the square of the wave number.
Dependence on k is described by a parabola. (b) Density of states for free electrons is quasi-continuous. (Reprinted from Ref. [5],
r 2004, with permission from Wiley-VCH.)

Figure 5. Electrons in a two-dimensional system. (a) The z-direction is reduced to an extension corresponding to the de Broglie
wavelength of free electrons resulting in discrete Dk values. (b) Instead of a quasi-continuous situation, a so-called staircase results. (c) In
x- and y-direction the situation corresponds to that in Figure 4a. (Reprinted from Ref. [5], r 2004, with permission from Wiley-VCH.)

Figure 3. Formation of discrete electronic energy levels on the way from bulk to molecule.

General Features of Metal Nanoparticles Physics and Chemistry 5



nanoparticles having size-quantized properties. The gene-
ration of nanoparticles will not be treated in this chapter,
but will be part of Chapter 2. In the following it shall be
demonstrated how the transition from bulk to molecule
via the typical quantum-sized situation can be established.
The dominant question is: how small or, – coming from
the atomic side – how large a metal particle has to be to
make quantum size behaviour measurable? Before
describing some physical techniques which might give
answers, some general features shall be considered.

The chance to observe an electronic confinement in a
0D nanoparticle depends on several conditions:

– the applied physical method,
– the temperature,
– the kind of metal and
– the medium surrounding the nanoparticle.

Different techniques to investigate an existing particle
give different answers. Among others, it is a significant
point if a quantum dot is investigated individually or as
part of an assembly with contacts between each other.
Furthermore, it is the characteristic of a physical method
to give a method-dependent answer, as will be shown
below. One single method will usually not be sufficient to
answer all questions. Rather, it is the combination of as

many methods as possible to get a satisfying knowledge
about the real electronic inner life of a metal nanoparticle.

The temperature of investigation is a most important
variable. In some cases it is strictly related with the
method applied, in others not. In any case, the temper-
ature has a significant influence on the electronic behav-
iour of a nanoparticle. Usually, investigations at low
temperatures allow significantly more detailed answers
than those at elevated temperatures.

The nature of the element under investigation is cer-
tainly of some relevance, but not decisive for related el-
ements, say noble metals. On the other hand, it is still not
yet known how far the properties of two metal nanopar-
ticles of different elements, but identical size really differ
with respect to their quantum size behaviour.

Finally, it is of significant importance what the sur-
rounding medium of a nanocluster consists of with respect
to the cluster’s electronic properties. A bare cluster in
vacuum will behave characteristically different from the
same particle that is chemically linked to other atoms,
molecules etc. In this context, it must clearly be stated that
all results described in the following relate to so-called
ligand-protected nanoclusters for several reasons. First of
all, it is the chemical synthetic approach to generate de-
fined nanoclusters. Wet-chemical procedures demand
for the existence of protecting ligand shells consisting of
appropriate molecules (ligands) in order to prevent

Figure 6. Electrons in a one-dimensional system. (a) Finite Dk values are now existent for y and z. (b) The density of states along the
kx-axes corresponds to hyperbolas. (c) The quasi-continuous situation is only given in x-direction. (Reprinted from Ref. [5], r 2004,
with permission from Wiley-VCH.)

Figure 7. Electronic situation in a zero-dimensional system. (a) Only discrete energy levels are allowed. (b) The density of states
is described by discrete energy levels to be occupied by individual electrons. (Reprinted from Ref. [5], r 2004, with permission from
Wiley-VCH.)

G. Schmid6



coalescence between the particles. Furthermore, such
ligand-stabilized nanoclusters can usually be isolated in
solid state, but can be re-dissolved in appropriate solvents.
However, chemically linked molecules on the surface of
nanoparticles influence essentially the corresponding sur-
face atoms, but to some extent also inner atoms, as long as
the particles are not too large. So, for practical reasons,
the following discussions will mainly relate to ligand-
protected particles, not to bare ones. The properties of
bare nanoparticles would significantly differ from ligand-
protected ones. Furthermore, the nature of the protecting
molecules, atoms etc. determine the kind of chemical
bond to the surface metal atoms which can be very much
different, reaching from weak electrostatic interactions up
to covalent bonds.

3.1. Plasmon Resonances of Metal Nanoparticles

As already briefly mentioned in the introduction, some
metals exhibit so-called plasmon resonances in the
UV–visible spectra, attributed to the interaction of elec-
tromagnetic waves (visible light) and the confined electron
gas, if a critical size on the nanoscale is reached. The
process is sketched in a simplified manner in Figure 8.

Quantitatively the phenomenon is described by the Mie
theory [6,7]. For instance, ca. 20 nm particles of gold,
silver and copper in water show plasmon signals at 520,
385 and 560 nm, respectively [8]. Measurements are usu-
ally performed in dilute solutions or glasses. The colour of
the famous ruby glass is due to the presence of such gold
nanoparticles (colloids). The wavelength of the absorption
maximum depends for a distinct metal on size and shape
of the particles as well as of the surrounding medium.
Elongated particles may show two maxima if the aspect
ratio isX4. The longitudinal resonance signal at an aspect
ratio of 4 in case of gold shifts from 520 to 770 nm. As
already discussed generally above, the nature of the pro-
tecting medium also significantly influences the wave-
length of plasmon resonances. In case of different solvents
it is their refraction index which determines the degree of
the shift. Increasing refraction indices cause increasing
wave numbers [8].

The appearance of a plasmon resonance is strictly
related to a distinct size of the corresponding metal, based
on the presence of a confined electron gas that interacts
with light and so results in typical colours. Is there also a
minimum size where plasmon resonance is no longer pos-
sible? In any case this must happen if a particle reaches a
typical molecular status. There are no longer freely mobile

electrons, but only those localized in defined chemical
bonds, as is the case for instance in [Au13(dppm)6]

4+

(dppm ¼ Ph2PCH2CH2PPh2) [9,10]. However, where is
the transition? The existing examples indicate in case of
gold that it occurs between ca. 2 and 1.4 nm [11]. The
nanocluster Au55(PPh3)12Cl6 [12,13] with its 1.4 nm gold
core no longer shows a plasmon resonance. The reason is
to be seen in the strong size-dependence of the 5d–6sp-
interband transition and in addition in charge-transfer
effects between the nanocluster and its ligands.

From these examples we may conclude that, as was
indicated above, the question of having or not having a
quantum confinement in a distinct particle allows differ-
ent answers. All we may notice in this case is that gold,
silver or copper particles of a distinct size must possess
confined electron gases, but nanoparticles being too small
to show a plasmon resonance cannot be excluded as
having no confined electrons. On the contrary, as will be
shown later by means of the Au55 cluster.

3.2. Size-Dependent Electronic Relaxation

A rather unusual, but nevertheless valuable method to
learn more about the transition from bulk to molecule
was applied by studying the relaxation behaviour of ex-
cited electrons in different gold and platinum particles
[14]. The relaxation behaviour of excited electrons in
metal particles depends on two fundamental effects: one is
the influence of particle size on the electron–phonon cou-
pling, the other one is the size-dependent surface collision
rate of electrons. The electron–phonon coupling will be
weakened with decreasing particle size due to the reduced
overlap between the electron oscillation frequencies and
the phonon frequencies. This effect slows down the
relaxation. The surface collision rate increases with de-
creasing particle size, supporting electronic relaxation. So,
the two events are of opposite influence on the electronic
relaxation behaviour. The smaller the particle, the more
dominant the electronic collision becomes. This method is
indeed perfectly suited to observe the transition from bulk
to molecule. The excitation of the electrons was per-
formed by E200 fs laser pulses with a second laser pulse
for monitoring the population of excited electrons. Three
different gold nanoparticles in aqueous solution have been
investigated: 15, 1.4 nm (as Au55(Ph2PC6H4SO3Na)12Cl6)
and 0.7 nm (as Au13(dppmH)6(NO3)4 [10]). As can be seen
from Figure 9, the relaxation behaviour depends charac-
teristically from the particle’s size.

The step from 15 to 1.4 nm indicates an increase of the
relaxation rate due to a dominant surface effect on the
smaller Au55 clusters. This finding agrees with a quan-
tum–kinetic model, predicting a remarkable weakening of
the electron–phonon coupling going from bulk to small
particles [15]. However, the drastic slow-down of relax-
ation from the 1.4 nm nanocluster to the 0.7 nm Au13
species is of great importance. It indicates clearly the
molecular character of the Au13 cluster without mobile
electrons that can be excited like those in bulk or nano-
clusters. This result, on the other hand clearly indicates
that the transition from bulk to molecule in case of gold
happens between Au55 and Au13, always considering that
the particles are enveloped in a shell of molecules.

Figure 8. Illustration of the interaction visible light and the
confined electron gas of a metal nanoparticle, resulting in a
plasmon resonance.
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Similar results could be gained with platinum particles
of 35 and 3 nm in diameter. The difference in the relax-
ation rates corresponds qualitatively with that of 15 and
1.4 nm gold particles. Due to the lack of smaller Pt
clusters the transition to the molecular state could not be
studied.

A comparison of the results in Sections 3.1 and 3.2
describing two very different methods implies that the
1.4 nm size obviously plays a significant role. In the
plasmon studies it is the first in the row of known particles
that does not show a resonance with visible light, in case
of the presented relaxation behaviour it represents the
species just one step before the molecular state.

3.3. Mößbauer Spectroscopy

The MöXbauer effect bases on the recoilless nuclear res-
onance of g-quanta. A g-quantum emitted at the transi-
tion of an excited nuclear state (source) into the ground
state can be absorbed by a nucleus in the same ground
state (absorber) under the condition that emission and
absorption occur recoilless. Otherwise there is no reso-
nance possible. In case of unequal energy difference be-
tween excited state and ground state of source and
absorber the lacking resonance conditions can be reached
by the addition of Doppler energy to the g-quantum. This
can be performed by moving the source; 1mm s�1 results
in 5� 10�8 eV of additional energy. The MöXbauer spec-
troscopy measures the nuclear resonance in dependence of
the speed of the source. Since the energy levels of the
nuclear states are remarkably influenced by the chemical
environment, MöXbauer spectroscopy is a valuable tool to
get information on the interaction between the nucleus of
the MöXbauer atom and the surrounding electrons. There
are three different types of interactions possible: the

electrical monopole interaction, measured as the so-called
isomer shift (IS) d. It gives information on the s-electron
density and so allows conclusions on oxidation states,
coordination numbers etc. The electrical quadrupole in-
teraction, measured as quadrupole splitting (QS), informs,
for instance, on symmetry and ligand field splitting.
Finally, the magnetic dipole interaction may lead to a
magnetic splitting of the ground state and the excited
state. One gets information on the magnetic state of the
system.

MöXbauer spectroscopy provides another appropriate
tool to study the chemical environment of metal atoms in
nanoclusters. IS and QS give information on the different
sites of metal atoms. Au55(PPh3)12Cl6 has been intensively
studied in the temperature range of 30–1.25K and so a
remarkable contribution to its geometrical and electronic
structure was made [16]. The Au55 cluster core is belonging
to the so-called full-shell clusters. A full-shell structure is
built up by the addition of closely packed 12 atoms around
a single central atom resulting in a 13 atomic one-shell
cluster. A second shell of 42 atoms yields a two-shell cluster
consisting of 55 atoms etc. The nth shell of such a system
contains 10n2+2 atoms. The resulting ideal geometry of a
full-shell cluster is cuboctahedral. Due to their complete
geometry, full-shell clusters exhibit preferred formation
and indicate increased stability compared with non-
full-shell particles, as will still be considered later. Table 1
contains the ISs and the QS of the various gold atom sites in
the nanocluster and for comparison the data of bulk gold.

Since the 42 surface atoms have different chemical
environment, one observes three different signals for bare
atoms, PPh3-coordinated ones and Cl-bonded gold atoms,
in agreement with the proposed structure. In connection
with the discussion in this chapter, however, it is most
remarkable that the IS of the 13 atomic inner part of the
Au55 cluster is close to that of bulk gold, but nevertheless
differs characteristically. The difference between bulk
gold and the Au13 core is traced back to a slightly lower 6s
electron density in the small particle. This is an indication
that Au13 as the core of the Au55 nanocluster differs elec-
tronically from bulk.

The next available full-shell cluster that has been in-
vestigated by MöXbauer spectroscopy was the four-shell
cluster Pt309phen*36O30710 (phen*¼ 4,7-p-C6H4SO3Na
substituted 1,10-phenanthroline) [17]. Its inner core con-
sists of 147 atoms. However, since platinum is not
MöXbauer-active, the cluster sample had to be irradiated
with thermal neutrons to transfer a fraction of the Pt
atoms into 197Au isotopes due to the nuclear reaction
196Pt+n-197Pt, followed by 197Pt-197Au+e�+_�_ue+
0.6MeV (_�_u ¼ antineutrino) [18]. Table 2 informs on the
IS and the QS data.

Figure 9. The relaxation behaviour of excited electrons in gold
nanoparticles of different size.

Table 1. Isomer shifts (IS) and quadrupole splitting (QS) of
Au55(PPh3)12Cl6 and of bulk gold.

Au site IS (mms�1) QS (mms�1)

Core �1.4 0.0
Bare surface +0.3 1.4
PPh3-bonded +0.6 7.1
Cl-bonded +0.1 4.4
Bulk gold �1.224 0.0
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As can be seen, again the ligated and the unligated
surface atoms differ characteristically from each other.
The most important observation, however, is that IS and
QS of the 147 atomic inner core correspond with that of
bulk gold. In contrast to the Au13 core in Au55, the
‘‘Au147’’ core of ‘‘Pt309’’ has metallic behaviour, at least at
the working temperature of 1.8K.

3.4. Tunnelling Spectroscopy

The results discussed in Sections 3.1–3.3 turned out as
very valuable with respect to the knowledge about the
transition from bulk metal to molecule. The most impor-
tant method, however, to gain direct information from
individual metal nanoparticles on their inner electronic
life is the tunnelling spectroscopy. The method is based on
the single-electron tunnelling (SET) through an interme-
diate island between two metal electrodes as is indicated in
Figure 10.

Quantum mechanical tunnelling enables electron trans-
port in such devices. Among others, it is dependent on the
applied potential. Practically, the insulating tunnel barrier
consists of the ligand shell that the nanoclusters under
investigation in any case have. To observe tunnelling of
single electrons from one electrode into the nanoparticles
and from there into the counter electrode, the following
condition must be fulfilled: EC ¼ e2/2CckBT. EC is the
Coulomb energy which has to be very large compared
with the thermal energy kBT, C the total capacitance of
the tunnel contact 2pe0erR (R, the radius of the particle, e,
the dielectric constant) and kB, the Boltzmann constant.
The above relation requires either a low temperature or a
high Coulomb energy (or both) to observe SET. The
chance to observe SET under reasonable temperature
conditions increases with decreasing C, i.e. with decreas-
ing size of the particle. The following example illustrates
the relevance of temperature and particle size regarding
the observation of SET. A ligand-protected 15 nm palla-
dium nanoparticle was trapped between two platinum
electrodes [19]. Figure 11a shows the scanning electron
microscopic (SEM) image of the device, Figure 11b
presents the current (I)–voltage (U) behaviour at two
different temperatures.

At 295K the current increases linearly with the in-
creasing voltage. This means nothing, but that the 15 nm
Pd particle follows the Ohm’s law at room temperature
and so clearly demonstrates bulk behaviour. However, at
4.2K there is a well-expressed Coulomb blockade to be
observed, indicating that in the region from ca. �0.1 to
+0.1V the transfer of electrons is blocked due to the
presence of a single electron in the particle. Reaching
the appropriate voltage, this electron is transferred to the
counter electrode. In other words, the ligand-protected
15 nm Pd particle behaves as a quantum dot, but only at
4.2K.

The next smaller ligand-protected nanocluster that was
investigated by scanning tunneling spectroscopy (STS)
was the four-shell cluster Pt309phen*36O20 [20,21].
The diameter of the Pt core is 1.8 nm, about a tenth of
the former example. However, even here a Coulomb
blockade could only be observed at 4.2K, i.e. at room
temperature the particle still has metallic behaviour. Since

Table 2. Isomer shifts (IS) and quadrupole splitting (QS) of
Pt309phen*36O30710, fractionally transferred into 197Au isotopes.

Au site IS (mms�1) QS (mms�1)

Core 0.0 0.0
Bare surface +1.7 0.0
Phen*-bonded +0.9 +5.7
O2-bonded +0.5 +5.0
Bulk gold �1.224 0.0

Figure 10. Tunnelling of a single electron from an electrode into
an intermediate island causing a Coulomb blockade. If the elec-
trostatic energy is large enough, transport to the counter elec-
trode happens.

Figure 11. (a) SEM image of a ligand-protected 17 nm Pd particle between two Pt tips. (b) The current voltage behaviour of this system
at 295 and 4.2K with an expressed Coulomb blockade. (Reprinted from Ref. [19], r 1997, with permission from American Institute of
Physics.)
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the realization of trapping such a small particle between
two tips like in case of the 15 nm Pd particle (see Figure
11a) is almost impossible, the experimental setup was
modified in such a way that nanoclusters were deposited
on a gold substrate from very dilute solutions and then an
individual particle was contacted by the STS tip, as is
indicated in a simplified manner in Figure 12.

Again, the decisive step on the way from metal to
quantum dot and molecule, respectively, is observed when
going to the 1.4 nm nanocluster Au55. The small step from
1.8 to 1.4 nm changes the controlled tunnelling conditions
in a way that a well-expressed Coulomb blockade can for
the first time be registered at room temperature [22]. The
experimental setup was performed in a similar way like in
the above example. Figure 13 shows the I–U curve, reg-
istered at room temperature, with a dominating blockade
between �500 and +500mV.

From measurement data gained at 90K, the capaci-
tance of the cluster was determined as 3.9� 10�19 F.
Temperature-dependent impedance measurements at the
same cluster resulted in a very similar value [23].

Coulomb blockades in metallic quantum dots inform
on the ability to trap and to store single electrons in a
distinct voltage region. Practically this means nothing but
to have a single electron switch! If this is the case at room

temperature like for Au55(PPh3)12Cl6, we are provided
with the ultimate smallest switch with working tempera-
tures that allow its use in future nanodevices.

The investigation of Au55(PPh3)12Cl6 at low tempera-
tures allows an interesting view into electronic details. In
accordance with the room temperature measurement, a
clear evidence for a Coulomb blockade is observed at 7K
under ultra-high vacuum conditions [24]. Figure 14 shows
a full-space model of the cluster (14a) and a scanning
tunnelling microscopy (STM) image (14b) of an individ-
ual cluster, imaged at 7K.

The STS measurements were performed at two differ-
ent positions of the cluster surface, as is indicated by (a)
and (b). (a) indicates a position above a phenyl ring of a
PPh3 ligand molecule and the position (b) is above a non-
covered area. These two measurements were necessary to
eliminate a possible influence of the aromatic rings.
Instead of the usual I–U-characteristic, here dI/dV was
used instead of I. The Coulomb blockade then appears as
a broad minimum exhibiting important details, as can be
seen in Figure 15.

Figure 12. A ligand-protected Pt309 nanocluster between an
STM tip and an Au (111) surface to determine the current–
voltage characteristics.

Figure 13. The Coulomb blockade of Au55(PPh3)12Cl6 at room
temperature. (Reprinted from Ref. [22], r 1998, with permission
from Springer-Verlag GmbH.)

Figure 14. (a) Full-shell model of Au55(PPh3)12Cl6 and (b) STM
image of an individual cluster. The light yellow areas show elec-
tron-rich phenyl rings. a and b indicate the different positions of
the STM tip where measurements have been performed. (Re-
printed from Ref. [24], r 2003, with permission from American
Chemical Society.)
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Discrete energy levels are to be observed for position
(a) as well as for position (b) at exactly the same values, in
case (b) somewhat better expressed than in (a). The level
spacing is 135mV. This spectrum clearly identifies the
Au55 cluster as a quantum dot in the classical sense, hav-
ing discrete electronic energy levels, though broader than
in an atom, but nevertheless existent. The description of
such quantum dots as ‘‘artificial, big atoms’’ seems indeed
to be justified.

4. Self-Assembly of Metal Nanoparticles

Considering three dimensions, self-assembly means noth-
ing but the traditional crystallization, usually of molecules
or ions. The forces bringing the crystal’s building blocks
together are van der Waals or dipole–dipole interactions
in case of molecules or electrostatic forces in ionic salts.
Considering nanoparticles, the problems may be more
delicate. Except few examples, one type of nanoparticles,
with or without a protecting ligand shell, do not consist of
completely identical particles. They usually differ in the
number of atoms as well as in shape, at least to some
extent. Crystallization in a classical sense is limited to
really identical molecules or oppositely charged ions. The
phenomenon that nanoparticles, differing in size and
shape, can organize in three and especially in two dimen-
sions is nowadays a well-known fact, but was a surprise
when observed for the first time. The term ‘‘self-assembly’’
stems from those observations and is also common for the
two-dimensional (2D) arrangement of molecules on sur-
faces. Some people call this a 2D crystallization. Whatever
the historical development might be, in the following
the terminus ‘‘self-assembly’’ will be used for 3D, 2D
and 1D organization in agreement with the customs in
nanoscience.

4.1. Three-Dimensional Self-Assembly

Self-assembly of metal nanoparticles, of course, occurs
easier the smaller the difference in size and shape of the
nanoparticles is. Most of the known 3D assemblies are
built of ligand-protected metal nanoparticles. From

mixtures of thiolate-stabilized gold nanoparticles in the
size range of 1.5–3.5 nm monodisperse fractions could
be gained by fractional crystallization [25]. The fcc-
structured building blocks, consisting of 140, 225, 314
and 459 gold atoms, could be detected. Crystals of up to
40 mm were obtained.

Crystalline phases (truncated octahedra) of 5 nm silver
particles, thiolate protected as well, have been detected by
means of high-resolution transmission electron micros-
copy (HRTEM) [26–28]. Three-dimensional architectures
of 5–6 nm thiolate-stabilized gold particles have also been
described [29]. Several other reports on 3D superlattices of
metal nanoparticles have become known during the last
few years [30–33].

Especially worth mentioning is the 3D self-assembly of
FePt alloy-like 4.5 nm particles [34]. Prepared from plat-
inum acetyl acetate and Fe(CO)5 and stabilized by oleic
acid and oleyl amine [35], the crystals are formed by slow
diffusion of methanol into a FePt solution in toluene over
4 months. The faceted triangular or hexagonal platelets
grow up to 30mm side length. The crystals of the magnetic
FePt nanoparticles exhibit a superparamagnetism-ferro-
magnetism transition at 14K.

An interesting 3D superlattice of the main group metal
tin has recently been generated [36]. When Sn(NMe2)2 is
treated with hexadecylamine and HCl, perfect 3D super-
structures of monodisperse 18� 15 nm Sn nanoparticles
could be characterized.

3D crystals in the micrometre regime are spontaneously
formed, if the stoichiometrically exact nanocluster
Au55(PPh3)12Cl6 [12,13] is isolated from dichloromethane
solution by evaporation of the solvent [37]. Relative fast
degradation of the clusters in solution prevents formation
of larger crystals. From small-angle X-ray diffraction
investigations the 2y angle of 4.31 corresponds well with a
d-value of 2.1 nm in perfect agreement with an fcc
arrangement of the clusters in the microcrystals. The hex-
agonally close-packed arrangement could also be followed
from TEM investigations.

A question of general interest is the behaviour of ligand
free metal nanoparticles if they do have the opportunity to
self-organize. The driving force to arrange is the forma-
tion of strong metal–metal bonds. Larger particles
(colloids) with rather broad size distribution are known
to coalesce when losing the protecting ligand shell to give
either polycrystalline metal powders or even mirrors, as is
especially known from silver and gold. However, the con-
ditions change if bare clusters of distinct size and defined
structure are considered. The frequently mentioned clus-
ter compound Au55(PPh3)12Cl6 with its ideal cuboctahe-
dral geometry (see Section 3.3) is an ideal candidate,
assumed that the ligand shell can be removed under mild
conditions. A rather unusual chemical way succeeded in
generating bare Au55 particles: the phosphine and chlo-
rine ligands of Au55(PPh3)12Cl6 can be removed by a
spherical fourth generation dendrimer molecule having 96
SH functions at the periphery [38]. Thiols easily substitute
phosphines due to the formation of stronger Au—S
bonds. Using excessive dendrimers the phosphines and
obviously the chlorines are quantitatively removed and
substituted by thiols. The excessive dendrimer with a
quasi-infinite number of equivalent SH groups allows the
clusters to move around and occasionally to meet each

Figure 15. The discrete energy levels in Au55(PPh3)12Cl6 at 7K.
The level spacing is 135mV. (Reprinted from Ref. [24], r 2003,
with permission from American Chemical Society.)
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other. In consequence, this leads to the organized growth
of Au55 building blocks in an envelope of dendrimer mole-
cules. Figure 16 illustrates in a simplified manner the
process of cluster growth, ending up in the formation of
microcrystals of perfectly organized Au55 particles, as can
be followed from the TEM image shown in Figure 17a
(see Table 3).

Detailed TEM investigations as well as small-angle
X-ray diffractometry show the clusters organized via their
edges, as is indicated in Figure 17b.

These experiences that have been gained in solution, can
be transformed to a quasi-2D level. If a dry dendrimer
monolayer, generated on a silicon wafer by spin-coating of
a dendrimer solution, is dipped into a dichloromethane
solution of Au55(PPh3)12Cl6 for a very short time and is
then dried immediately, a monolayer of the clusters can be
detected by means of atomic force microscopy (AFM)
measurements [39]. However, if the clusters are allowed to
move around for a longer period of time (ca. 1 week) by
exposing the monolayer to an atmosphere of dichloro-
methane, the monolayer first disappears, followed by the
slow formation of nanosized crystals on the surface.
Figure 18 shows SEM images of increasing magnification.

Figure 16. Illustration of the formation of 3D assemblies of bare Au55 nanoclusters in an envelope of dendrimer molecules. (Reprinted
from Ref. [38], r 2000, with permission from Wiley-VCH.)

Table 3. Small- and wide-angle X-ray data of crystalline (Au55)n
species.

2Yangle (1) d (found) (nm) d (calculated) (nm)

43.02 d1 ¼ 0.21 1� 0.224a ¼ 0.224
31.92 d2 ¼ 0.28 1� 0.274b ¼ 0.274
16.10 d3 ¼ 0.55 2� 0.274b ¼ 0.548
4.46 d4 ¼ 1.98 7� 0.274b ¼ 1.918

Note: The hkl values 111 and 110 are reduced by 5% due to the size-

determined contraction of the gold–gold distances.
ahkl: 111 ¼ 0.2355 – 5% ¼ 0.224.
bhkl: 110 ¼ 0.2884 – 5% ¼ 0.274.

Figure 17. (a) TEM image of a microcrystal of bare Au55
nanoclusters. (b) Illustration of the ordering principle indicating
periodicities d. Assignments are given in Table 3. (Reprinted from
Ref. [38], r 2000, with permission from Wiley-VCH.)
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Figure 19 explains what in principle happens: the clus-
ter monolayer on the dendrimer film is mobilized by
means of CH2Cl2 vapour (a-b). The phosphines are then
removed by the SH functions (b-c). The bare Au55
nanoclusters move between the dendrimer molecules to
form crystals (Au55)n which finally appear on the surface
(c-d). The formation of crystalline superlattices of naked
Au55 particles proves their stability which is founded in
their perfect cuboctahedral shape. The (Au55)n species is a
novel modification of the element gold.

The stability of the bare cuboctahedral Au55 clusters
has in addition been demonstrated by their chemical in-
ertness. Any kind of chemical reaction with participation
of all atoms would be accompanied by a damage of the
structure. This is avoided under reasonable conditions.
For instance, Au55 clusters on a surface, the ligand shell of
which has been removed in an oxygen plasma, do not
form oxides under conditions where larger and smaller
gold particles of non-full-shell type are oxidized to Au2O3.
Figure 20 shows the Au-4f photoelectron spectra of var-
ious gold species that have been treated in an oxygen
plasma as was done with Au55. All of them show oxide
bands except Au55; only a very weak shoulder can be
found, probably formed from some particles not having
the ideal cuboctahedral structure [40].

The same consequences can be drawn from the obser-
vation that bare Au55 cannot be alloyed with indium
vapour, in contrast to different smaller and larger parti-
cles and even to bulk gold that forms a phase AuIn2.
From Figure 21 it can be seen that again only Au55 is
resistive towards In vapour since no corresponding signal
in the photoelectron spectra can be registered [41].

4.2. Two-Dimensional Arrangements

2D self-assembly of metal nanoparticles requires special
conditions since 3D growth of any kind of material is
preferred. Two principal strategies to generate 2D organ-
izations of metal nanoparticles have been developed
during the last 1–2 decades: true self-assembly, guided
self-assembly and aimed structures.

True self-assembly can happen if weak forces between a
substrate and the species to be organized help to deposit
them from solution and allow them to move around for
an optimal organization. Weak interactions between the
nanoparticles themselves are additionally demanded
because strong forces would rather initiate 3D growth.
Dense-packed 2D monolayers are indeed frequently
described in the literature. It is not possible to present
the very many examples that have become known at this
place. A comprehensive overview over the most important
results can be found in Ref. [42]. Like in case of 3D
organization, the better the uniformity of the particles, the
easier and the more perfect and extended the resulting 2D
arrangement will be. Again, the precise nanocluster Au55
as its water-soluble derivative Au55(Ph2PC6H4SO3H)12Cl6
shall be selected as an example. Various polymer films
bearing aryl groups attract the nanoclusters from solution
in an ideal way. It is assumed that weak p–p interactions,
for instance between poly(vinylpyrrolidone) (PVP) or
poly(p-phenyleneethynylene) (PPE) and the phenyl rings
of the PPh3 ligands, support the 2D organization on their
surface as is impressively demonstrated by the TEM
image shown in Figure 22. Figure 22a shows an area of ca.
0.17 mm2 containing about 35,000 nanoclusters, whereas
Figure 22b shows a magnified cutout of 5� 5 particles of
the perfectly square-ordered monolayer.

‘‘Innocent’’ surfaces do not allow formation of such
extended 2D areas as has been demonstrated by using
carbon coated copper grids (for TEM) or liquid surfaces
as used for Langmuir–Blodgett techniques. Only islands

(b)

(c)

(a)

Figure 18. SEM images with increasing magnifications of
(Au55)n crystals, generated in a monolayer of dendrimers.
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of limited extensions are formed by self-assembly [42].
Inverse proceedings give similar results, for instance, if
polymer surfaces, very successful in combination with
aryl-determined cluster surfaces, are combined with alkyl-
determined cluster surfaces. Long-range 2D assembly also
fails [42].

The indication ‘‘guided self-assembly’’ is used, if 2D
assembly of nanoparticles is additionally supported by
prefabricated surface structures. Excellent results in
this connection have been reached by using thin films of
A–B-diblock copolymers [43–48]. They contain regularly
arranged micelles in which metal nanoparticles of rather
monodisperse quality can be grown from corresponding
salts by reduction. Figure 23 illustrates the formal process,
Figure 24 shows TEM images of gold nanoparticles of

different sizes [49]. Except gold, other noble metals like
palladium and platinum nanoparticles could be generated
two-dimensionally. Less noble elements like titanium or
iron can be deposited as oxides.

Polymer-free monolayers of the metal nanoparticles
can be gained by a successive treatment of the films in an
oxygen plasma [50–52].

Aimed 2D structures are completely artificially gener-
ated using appropriate tools. The favourite tool is, with-
out doubt, the AFM tip. Mirkin et al. applied AFM tools
to use it as a pen [53,54]. With the help of the water
meniscus between tip and surface, which is always present
at a room atmosphere, molecules from a reservoir on top
of the tip are transported to a surface, which must have
strong attraction to at least one end of the molecules.

Figure 19. Sketch of the formation of (Au55)n nanocrystals in a dendrimer monolayer. (Reprinted from Ref. [39], r 2005, with
permission from Wiley-VCH.)

G. Schmid14



Thiols and gold surfaces are ideal partners to write any
kind of structure in nanometre dimensions. Artificial pat-
terns of appropriately functionalized molecules can be
used to bind metal nanoparticles specifically. Figure 25
gives an impression of the individual steps leading to a
distinct cluster arrangement.

The AFM tip plays also the dominant role in another
technique where CH3 end groups of a self-assembled
monolayer of alkyl chains are oxidized by a conductive tip

emitting electric pulses to generate COOH functions
[55–57]. The carboxylic functions are then transferred
into SH groups by several chemical steps. Gold nanopar-
ticles can then easily be coordinated to the SH groups
from solution. Picasso’s dove of peace (Figure 26) [58]
could so be drawn by 2–6 nm gold nanoparticles as well as
different patterns using Au55 clusters [59].

In conclusion, the chapters up to here were dealing with
the relevance of size with respect to electronic properties

Figure 20. Au-4f photoelectron spectra of different gold nano-
particles, treated in an oxygen plasma. All except Au55 (traces)
exhibit oxide signals.

Figure 21. Au-4f photoelectron spectra of different gold nano-
particles treated with indium vapour. All except Au55 form alloys.
(Reprinted from Ref. [41], r 2005, with permission from
American Physical Society.)

Figure 22. (a) TEM image of an extended square planar Au55(Ph2PC6H4SO3H)12Cl6 monolayer, (b) magnified cutout. (Reprinted from
Ref. [42], r 2004, with permission from Wiley-VCH.)
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of metal nanoparticles and their ability to organize or to
be organized in 3D and 2D. The main reason for the
enormous interest in these properties is the possible
application of metal nanoclusters in future nanodevices,
as has already been addressed in Section 3.4. All the self-
assembly approaches again are of relevance with respect
to applications. Storage systems, based on the electronic
storage capacity of nanoparticles, demand a 2D, in the far
future possibly a 3D, controlled arrangement of switches
or transistors. Though being still far from having working
devices, we are now equipped with the necessary infor-
mation on the electronic behaviour of smallest metal
nanoparticles and their principal ability to act as building
blocks in future nanodevices. The situation is comparable
with that in the past when we learned silicon to be a
semiconductor with transistor qualities.

The size of metal nanoparticles plays also a role in a
quite different field of nanoscience: the interaction with
biosystems with nanoparticles in general, here especially
with metal nanoparticles. Chapter 4 will deal with some
very recent aspects considering the interaction of noble
metal nanoparticles with biomolecules and living cells.

5. The Relevance of Particle Size in Biosystems

There exist numerous reports on the interaction of noble
metal nanoparticles, especially those of gold, with DNA.
The reason for this intense work in most cases is the use of
gold nanoparticles for the analysis of nucleic acids, or
proteins. In any case, the interactions between the two

Figure 23. Polymer A and polymer B form the diblock copolymer micelles where metal nanoparticles can be grown.

Figure 24. TEM images of different gold nanoparticles grown in the micelles of diblock copolymers. a: 6 nm, b: 4 nm, c: 2.5 nm.

Figure 25. Formation of an artificial structure of metal nanoparticles by dip pen nanolithography using an AFM (a), tip to transport
functionalized thiol molecules onto a gold surface (b) and to trap the nanoparticles (c).
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components happen via DNA-gold nanoparticle conju-
gates with single- or oligofunctional specific oligonucleo-
tide sequences [60–66]. DNA-gold nanoparticle hybrid
systems have also been created as switchable systems, due
to a reversible aggregation [67]. In any case, functional-
ization of the gold nanoparticles with specific DNA
sequences results in specific interactions with biomole-
cules. Figure 27 gives an impression of the various steps to
such hybrid systems [68]. The particle size in all cases
mentioned up to here does not play a significant role.

An important question is how metal nanoparticles
without such specific DNA functions interact with DNA
or more generally with biosystems up to living cells and
if the particles size is of significance. Two nanometre thiol-
stabilized Au particles interact with l-DNA resulting in a
kind of 1D particles assemblies [69]. Two to three nano-
metre Pt particles, protected with a shell of (�)-cinchoni-
dine and acetic acid molecules, add to l-DNA strands in
multilayers making the DNA course easily visible in the
TEM [70]. These examples do not indicate a size-detected
dependence of the particles–DNA interactions. Rather the
nature of the ligand shells may be of significance. This
behaviour changes dramatically, if the size of the particles
reaches a critical size. Au55(Ph2PC6H4SO3H)12Cl6 with
its gold core of only 1.4 nm interacts with l-DNA in

aqueous solution irreversibly in a manner where the fully
or at least partially naked Au55 clusters are trapped in the
major groves of the DNA [71]. There are three reasons for
this unique kind of bonding: (a) the height of the major
groves in the B-form (water containing) of DNA is ca.
1.4 nm and so meets perfectly the size of the bare clusters;
(b) gold is the most electronegative metal (electron-
egativity (EN) agrees approximately with that of iodine),
so that the attraction of the Au clusters by the negative
charges of the DNA phosphates is a driving force and (c)
the major groves including the phosphates form an ideal
polydentate ligand system, making the binding of the
1.4 nm particles a kinetically extremely stable system.
Figure 27 shows the result of molecular modelling calcu-
lations [71]. The enclosure of approximately half of the
Au55 clusters is obvious (Figure 28).

The stability of this DNA/Au55 hybrid system was im-
pressively demonstrated by the following observation: if
the water backbone of B-DNA is removed by evaporating
the water or by any other kind of elimination, the B-DNA
shrinks to the so-called A-DNA with a major grove height
of only 0.7 nm. One might expect that the shrinking proc-
ess can either not happen due to the presence of the Au55
particles or that the clusters are eliminated. Instead, the
shrinking from B- to A-DNA ‘‘damages’’ the particles to
such an extent that smaller 0.7 nm particles remain in the
reduced major groves. This observation was made in the
TEM under ultra-high vacuum conditions.

At this point an interesting question arises: how do
metal nanoparticles interact with living cells? The degree of
complexity will dramatically increase going from an ex
vivo experiment with well-defined components to a living
system with a multitude of possible reactants. Gold nano-
particles have been tested regarding their ability to pen-
etrate into cells and a possible cell toxicity [72–75].
Particles of discrete size, namely 4, 12 and 18nm, are
taken up by human K562 leukaemia cells without leaving
indications of significant toxicity [76]. However, how do
the very small particles, being irreversibly coordinated to
DNA, behave? Indeed very different! The study of 11
different human cancer cell lines, which were contacted
with aqueous solutions of Au55(Ph2PC6H4SO3H)12Cl6,
clearly resulted in dramatic toxicity [77]. The most signifi-
cant sensitivity was found for the metastatic melanomas
MV3 and BLM. The toxicity of Au55 became especially
visible by accompanying experiments with the clinically
routinely applied cisplatin, which in most cases showed sig-
nificantly lower toxicity. Using same molar concentrations,
in case of the melanoma cells 90% of the cells are viable
with cisplatin when 100% of the cells are dead with Au55.
Table 4 summarizes the toxicity results and compares the

Figure 26. Picasso’s dove of peace, drawn with 2–6 nm gold
particles. (Reprinted from Ref. [58], r 2004, with permission
from American Chemical Society.)

Figure 27. The interaction of DNA modified gold nanoparticles with corresponding DNA sequences to link them between each other
and with a substrate.
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IC50 values of cisplatin and Au55 and Figures 29a and b
show the course of cell viabilities in dependence of the
molar concentrations in case of melanoma cells.

Besides melanoma cells with the extraordinary sensi-
tivity towards Au55, the difference in toxicity is also very
obvious for Hek-12 and U-2OS where the effectiveness of
Au55 is 32 and 18 times higher than that of cisplatin.

Experiments with radioactive cluster compounds
(198Au) allowed precise analyses of the particles distribu-
tion in the cells. In case of melanoma BLM it was found
that 57.5% of the radioactive gold was in the cytoplasma

and 42.5% in the cell nucleus. Removal of the cell nuclear
proteins, more than 20% of the gold was detected as part
of the DNA. These remarkable results agree well with the
former observation of the extremely stable complexation
of Au55 at DNA.

Of course, it has to be assumed that the way of the
clusters through the cell membrane and inside the cell is
accompanied by numerous interactions with different and
complex biomolecules however, the thermodynamically
and kinetically most stable situation is reached with the
DNA/cluster complex formation.

Table 4. Inhibitory concentrations (IC50)
a of cisplatin and Au55 incubated with various human cancer and healthy cell lines for 72 and

24 h, respectively.

Cell line IC50 cisplatin 72 h (mM) IC50 Au55 24 h (mM)

MC3T3-E1 Bone cells 26.1071.27 1.6570.14
U-20S Osteosarcoma 11.1772.02 0.6470.04
SK-ES-1 Osteosarcoma 0.7970.17 1.0370.18
MOR/P Lung cancer cells 3.3070.30 2.1070.10
MOR/CPR Lung cancer cells 7.1071.2 2.5070.10
CCD-919Sk Fibroblast cells 0.4570.10 0.6270.07
BLM Metastatic melanoma 54.7077.60 0.3070.10
M V3 Metastatic melanoma 450 0.2470.02
SMel-28 Melanoma 15.6072.26 1.1270.16
HeLa Cervical cancer cells 7.9370.95 2.2970.10
Hek-12 Kidney cancer cellsb 20.1376.0 0.6370.02

aIC50 is defined as the concentration of drug required to inhibit cell growth by 50% compared to a control. The IC50 values were calculated from the graphs

obtained from the in vitro cytotoxicity assays and are the average of three independent experiments, each performed in triplicate.
bKidney cancer cells transformed with adenovirus.

Figure 28. The interaction of Au55 clusters with the major
groves of B-DNA. (Reprinted from Ref. [71], r 2003, with per-
mission from Wiley-VCH.)

Figure 29. Comparison of the viability of melanoma cells
treated with cisplatin (a) and Au55(Ph2PC6H4SO3H)12Cl6 (b) in
dependence of the molar concentrations. (Reprinted from Ref.
[77], r 2005, with permission from Wiley-VCH.)
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This example shows impressively that toxicity of a
material is by far not only given by the kind of the element
or the chemical composition it consists of, but that the size
of the interacting species is at least of same importance.

6. Conclusions and Outlook

The miniaturization of matter to a critical specific size
often results in dramatic changes of properties. In most
cases those events happen on the nanoscale. Nanoscience,
and in consequence nanotechnology, describe and use
such ‘‘nanoeffects’’ to take profit of novel properties
without the need of preparing new chemical compounds.

The reduction of metals to dimensions below 50 nm
results in first significant changes of properties which are
based on the quantum confinement of electrons, freely
mobile in the bulk state. Plasmon resonances are the
consequence, changing the typical metallic appearance in
numerous cases to very different colours, for instance the
famous purple red in case of gold. Things develop even
more dramatic if particle sizes around 2 nm are reached.
Ligand-protected 1.4 nm Au nanoclusters represent typi-
cal quantum dots with discrete electronic energy levels at
room temperature, comparable with the situation in
atoms. They behave as single electron switches and so
represent promising candidates as building blocks in
future nanoelectronic devices. Presently, intensive efforts
are made to artificially organize such quantum dots on
substrates and especially to contact them in a way that
they can be addressed individually, a condition for appli-
cations as switches or transistors.

The size of metal nanoparticles obviously plays also a
significant role considering the interaction with biosys-
tems. The 1.4 nm gold nanoclusters interact irreversibly
with DNA due to an extremely stable fixation in the major
groves. These findings may lead to the development of
novel cancer drugs, as can be concluded from a series of
cell experiments.

Numerous other applications of nanosized metal nano-
particles might be mentioned or can be foreseen to
become relevant in the near future. This exciting field of
science, merging chemistry, physics, biology and medicine
is, of course, not restricted to metals. Developments in the
world of semiconductors, insulators, supramolecular
chemistry and combinations between them open a com-
pletely novel world, the nanoworld, which will not only
influence science, but humans daily life, beginning with
the existence of completely novel computer generations up
to great progresses in medicine.
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CHAPTER 2

Metal Nanoclusters: Synthesis and Strategies
for their Size Control

Helmut Bönnemann and Kyatanahalli S. Nagabhushana

Max-Planck-Institut für Kohlenforschung, Mülheim an der Ruhr, Forschungszentrum Karlsruhe, ITC-CPV,
Karlsruhe, Germany

1. General Introduction

Nanostructured metal clusters are isolable particles of
sizes between 1 and 50 nm. In order to prevent agglom-
eration, these nanosized entities have to be stabilized by
ligand molecules or a whole plethora of ‘‘protecting
shells.’’ The resulting metal colloids can be redispersed in
water (‘‘hydrosols’’) or organic solvents (‘‘organosols’’).
Nanostructured metal colloids have been obtained via so-
called ‘‘top down methods,’’ e.g., by the mechanical
grinding of bulk metals and subsequent stabilization of
the resulting nanosized metal particles by the addition of
colloidal protecting agents [1,2]. The application of ‘‘phys-
ical means’’ such as metal vapour techniques for the pro-
duction of a wide range of nanostructured metal colloids
on a preparative laboratory scale has extensively been re-
viewed in a recent handbook article [3].

The ‘‘bottom up methods’’ of wet chemical nanopar-
ticle preparation rely basically on the following methods:

– chemical reduction of metal salts [4–10] including
electrochemical pathways

– thermolysis [11–22], including photolytic [23–38], ra-
diolytic [36], and sonochemical [39–42] pathways

– controlled decomposition of pre-formed metastable
organometallics.

The chemical reduction of transition metal salts in the
presence of stabilizing agents to generate zerovalent metal
colloids in aqueous or organic media was first published
in 1857 by Faraday [43]. During his studies on gold sols,
Faraday farsightedly concluded ‘‘y the gold is reduced in
exceedingly fine particles which becoming diffuse, produce
a beautiful fluid y.’’ In the early 1950s, Turkevitch es-
tablished the first reproducible standard recipes for the
preparation of metal colloids (e.g., for 20 nm gold by
reduction of [AuCl4

�] with sodium citrate). In addition, he
was the first to propose a mechanism for the stepwise
formation of nanoclusters based on nucleation and
growth [44–46]. Data from modern analytical techniques

and more recent thermodynamic and kinetic studies have
helped to refine this model considerably, and nowadays
‘‘computational chemistry’’ efficiently assists chemists in
the sophisticated design of metal nanoparticles which ex-
hibit special properties needed for specific applications,
e.g., in catalysis or in materials science.

2. Mechanistic Considerations on the Formation

of Metal Nanoparticles

Before turning to a more detailed description of some
preparative methodologies, this section summarizes the
different ways in which particles can be stabilized,
the mechanisms by which particles form and grow,
and examines the considerable contribution of theory to
understanding of these processes.

To produce organosol or hydrosols that are stable for
extended periods, metal nanoparticles must be encapsu-
lated by addition of suitable protecting agents in order to
balance the processes of particle nucleation and growth. It
is still to a large extent left to the intuition and the art of
the colloidal chemist to find through experience and the
careful application of physicochemical rules, the stabilizer
that is most appropriate for any given type of particle.
Theory, however, has made a significant contribution in
the form of quantitative predictions on the stabilities of
bi- or trimetallic particles of compositions that are of in-
terest to chemists. It has even provided helpful guidelines
for designing particles with specific electronic and geo-
metrical structures to give them the properties sought for
a given application such as catalysis.

2.1. Modes of Stabilization

Since the surface areas of metal nanoclusters are enor-
mous relative to their masses, they have an excess surface
free energy comparable to the lattice energy, making them
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thermodynamically unstable. Protective agents are there-
fore essential in order to be able to outweigh the attractive
van der Waals forces by the repulsive electrostatic and
steric forces between adsorbed ions and associated coun-
terions. To achieve sufficient interparticle separation, it
can be helpful to use sterically demanding substituents. In
addition, the solubility of the metal sol in organic or
aqueous phases can be tailored by introducing and var-
ying lipo- or hydrophilic end groups.

Based on the type of protecting shell, the mode of
stabilization can be classified as follows:

– electrostatic [44]
– steric (using polymers) (see Section 3.6) [47]
– ligand (P, N, S donors, see Sections 3.1 and 3.2)

[48–50]
– electrosteric (see Section 3.3) [51–53]
– solvent (see Section 3.5), e.g., THF [54,55] or pro-

pylene carbonate [56]

Electrostatic stabilization results from the electrical
double layer formed by the anions and cations interacting
with the metallic particle surface. This results in cou-
lombic repulsion between particles. If the electric potential
associated with the double layer is sufficiently high, elec-
trostatic repulsion will prevent the particles from agglom-
erating. A dispersion of metal clusters that are only
stabilized electrostatically can, however, coagulate easily
if the ionic strength of the dispersing medium is increased
sufficiently for the double layer to become compressed.
The level of stabilization can be influenced by altering the
total charge on the metal cluster surface. The polarity of
the solvent affects the degree of particle dispersion.

Steric stabilization is brought about by large organic mol-
ecules such as poly(N-vinyl-2-pyrrolidone) (PVP) that are
firmly adsorbed on the surface of the nanoparticle [47,57].
Polymeric stabilizers establish many weak bonds with the
nanoparticle’s surface rather than forming less strong bonds
at specific sites of the particles. This mode of stabilization has
been shown to be very versatile (see Section 3.6).

The introduction of ‘‘organometallic ligands’’ as stabi-
lizers by Schmid et al. in 1981 [48] and Vargaftik et al. in
1985 [49] paved the way for the precise molecular definition
of metallic ‘‘full shell clusters,’’ which are well defined in
size and shape [58,59]. P, N, S donors have been exploited
extensively over the years (cf. Sections 3.1 and 3.2) [60,61].

Electrosteric (i.e., electrostatic as well as steric) stab-
ilization has proved to be a very reliable means of pre-
venting particle agglomeration. The key feature is to
adsorb bulky molecules such as polymers or surfactants at
the surface of the particles. These sterically demanding
‘‘surface-active protecting shields’’ coordinate strongly to
the metal particle’s surface and at the same time are very
well solvated in the respective medium (organic phase or
water). This is the main advantage of using tetra(oct-
yl)ammonium halides as the protective agent. The halide
anions of N-(octyl)4X have been shown to bind to the
metal surface through the negatively charged chloride
while the long alkyl chains shield the metallic core like an
umbrella (see Figure 1) [51,62].

When the concentration of the stabilizer in solution is
high, the particles are forced into restricted conforma-
tions: this decreases the entropy and, in turn, increases the

free energy. Further, the particles begin to interpenetrate
because of the high local concentration of adsorbed bulky
protective groups. This causes osmotic repulsion since the
solvent immediately re-establishes equilibrium via dilu-
tion, thus separating the particles again. In general, elec-
trostatic stabilization is insensitive to impurities and
additives that could affect the charge on the stabilizers.
This makes this method suitable for multigram syntheses
[63]. Solvents such as THF [55], THF/MeOH [64], or
propylene carbonate can act as colloidal stabilizers [56].
Long-chain alcohols have also been successfully applied
as colloidal stabilizers for metallic nanoparticles [65–81].

2.2. Nucleation and Growth Mechanisms

Turkevich who established the first reproducible standard
procedure for the preparation of metal colloids [44] also
proposed a mechanism for the stepwise formation of
nanoclusters based on nucleation, growth, and agglomer-
ation [45,46]. This model, refined by data from modern
analytical techniques and results from thermodynamic and
kinetic studies, is in essence still valid today (Figure 2) [82].

The metal salt is first reduced to give zerovalent metal
atoms. These collide in solution with further metal(0) at-
oms or with ‘‘sub-clusters’’ that have already been formed
to give a stable ‘‘seed’’ nucleus of 13 metal atoms. This is
the first member of the so-called full-shell cluster family
(see Section 3.1) and its formation is irreversible. To in-
itiate nucleation, the concentration of metal atoms in so-
lution must be high enough to reach ‘‘supersaturation’’
[83,84]. LaMer and coworkers, studying sulphur sols
rather than metal nanoclusters [85], were the first to pro-
pose that nucleation from supersaturated solutions occurs
as a sudden burst; and they also stated that monodisper-
sity is a consequence of carefully separating the nucleation
step from the subsequent growth stage (see Figure 2). For
metal particles, nucleation is the result of a complicated
interplay of factors such as the difference between the
redox potentials of the metal salt and the reducing agent,
and the reaction conditions including the rate of addition,
the reaction temperature, and even the stirring rate. To

Figure 1. Electrosteric stabilization of a Pd particle by the
tetra(octyl)ammonium halide stabilizer. (Reprinted from Ref.
[51], r 2004, with permission from Elsevier.)
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achieve a monodisperse sample, the nucleation event must
be complete before the growth step begins.

As a rule, short nucleation times are the prerequisite for
monodisperse particle formation. A recent mechanistic
study showed that when Pt(acac)2 is reduced by alkylalu-
minium, virtually all the Pt cluster nuclei appear at the
same time and have the same size [86]. The nucleation
process quickly consumes enough of the metal atoms
formed initially to decrease their concentration below the
critical threshold. No new metal cluster nuclei are created
in the subsequent diffusion-controlled growth stage,

during which the remaining metal atoms are taken up
by the nuclei already in existence. Since the growth period
is almost the same for all the particles, a monodisperse
sample is obtained. If nucleation and growth do overlap,
then the duration of the growth period will differ between
nucleation sites, resulting in an unwanted broad particle
size distribution. Subsequent to nucleation, the particle
formation depends solely on the specific surface energy of
a given metal. If this is significantly higher than the en-
tropy loss, the growing particles tend to undergo ‘‘Os-
twald ripening’’ [87] or coalescence – an undesired
mechanism that will inevitably broaden the size distribu-
tion and cause polydispersity. If the reaction is stopped
quickly at this stage the resulting particles are seen to be
polydisperse – sometimes with two distinct particle sizes.
In practice, the most effective way of ensuring that nu-
cleation is separated from growth is the quick ‘‘injection’’
of strong reduction agents such as hydrides or organo-
metallics to the respective metal salt(s) dissolved in hot
liquid media.

A further critical issue for gaining high-quality nano-
particles is the passivation of the metallic surface by adding
organic molecules (see Section 3.1). Surface passivation
helps to achieve size selectivity (sometimes even yielding
well-defined nanocrystals) (see Section 3.1), prevent ag-
glomeration and fusing of particles, and provide for the
solubility of the particles in the desired organic or aqueous
medium (see the methodology Section 3). In addition, sur-
face passivation can be used to derivatize the metallic sur-
face, providing a means of attaching the nanoparticles to
catalyst carriers (see Section 4.1), of linking particles to-
gether to form a ‘‘network’’ of particles [88], or of binding
them to biomolecules (see Section 4.3).

Recently it was demonstrated experimentally that lig-
and molecules control particle formation by thermody-
namic rather than kinetic means. Thus, Klabunde and
coworkers discovered a process which they coined ‘‘di-
gestive ripening.’’ Upon heating a highly polydisperse
gold colloid with excess ligand it was found that it evolved
into a nearly monodispersed system [89–93]. The expla-
nation is that larger particles break down in solution,
while at the same time small particles grow until they
reach a stable size. This process is the exact reverse of
‘‘Ostwald ripening’’ which, driven by the tendency to
lower the surface energy, always favours particle growth.
Although this method of generating colloidal nanoparti-
cles is not generally applicable, it has been extended suc-
cessfully to the production of various nanometals (cf.
Chapter 12).

A most significant contribution to the understanding of
mechanistic aspects of a metal salt reduction was made
recently by Finke et al., with their discovery of the four-
step, double autocatalytic mechanism by which transition
metal organometallic and metal-salt precursors self-assem-
ble into zerovalent transition metal nanoclusters under
reductive conditions (cf. Section 3.8 and references
therein). In essence, this concept replaces the generally ac-
cepted three-step mechanism of nanoparticle nucleation,
autocatalytic growth, and bimolecular agglomeration by
the four steps of particle formation depicted in Figure 3.
This mechanism was demonstrated by a series of kinetic
experiments on the reduction of the low-valent complex
[Pt(COD)PtCl2] with hydrogen in presence of Bu3N and a

Figure 2. Wet chemical formation of nanostructured metal col-
loids [82].
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‘‘proton sponge’’ (1,8-bis(dimethylamino)naphthalene). As
shown in Figure 3, the reaction begins with a slow, con-
tinuous reduction step (A-B) in which the metal atoms
form a nucleus. This is followed by fast autocatalytic sur-
face growth (A+B-2B), and then by bimolecular ag-
glomeration (B+B-C), and finally by an unprecedented
step of autocatalytic agglomeration between small (B) and
a larger (bulk metal like) clusters (C). This final step is
represented in Figure 3 as (B+C-1.5 C).

The mechanism of formation of Pt particles by the or-
ganometallic reduction route, however, was found to pro-
ceed differently, for example in the ‘‘reductive
stabilization’’ of Pt nanoparticles produced by reacting
Pt-acetylacetonate with excess trimethylaluminium. Here,
derivates of aluminium alkyls act as both reducing agents
and colloidal stabilizers. As was shown by a combination

of analytical tools, initially a symmetrical organometallic
complex is formed that consists of a four-membered ring
with alternating aluminium and platinum atoms. This in-
termediate complex has been trapped and characterized
(see Figure 4) [94].

According to anomalous small angle X-ray scattering
(ASAXS), this compound slowly decomposes to release
redispersible platinum nanoclusters with a mean diameter
of 1.2 nm. The protective shell is formed on site by excess
aluminium organics.

2.3. Theoretical Considerations

Only in recent years have computers become powerful
enough, and theory sophisticated enough to provide

Figure 3. Double autocatalytic pathway for the metal nanocluster formation. (Reprinted from Ref. [299], r 2005, with permission
from American Chemical Society.)

Figure 4. Nanoscopic Pt colloids in the ‘‘embryonic state’’ during ‘‘reductive stabilization’’ [86,94]. (Reprinted from Ref. [53], r 2007,
with permission from Wiley-VCH.)
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synthetic chemists with theoretical calculations coupled
with computational studies which simulate the structure
and reactivity of nanoscopic materials. Such studies are
proving to be an extremely useful tool for experimentalists.
Theoreticians can now calculate in advance with reason-
able accuracy (to within 1 kcal/mol) the energetics that
govern a process in terms of reaction rates and thermody-
namic properties. Synthetic chemists, in turn, are now
faced with the challenge of finding viable protocols to pre-
pare nanoparticles that have exactly the structural features
favoured by theory. In addition, a truly fundamental
mechanistic understanding of chemical mechanisms even
including the identification of catalytic sites is now possible
and provides a better understanding of the rate-limiting
elementary processes. Specifically, a quantitative under-
standing of the interactions between the adsorbate and the
metal surface helps to design or substantially improve
nanostructured catalysts, e.g., by introducing defect crystal
sites at the particle surface, by tailoring the composition
and the inner structure of nanometallic alloys for a specific
application, or by selecting the appropriate supports.

The most powerful computational tools currently used
are

– ab initio density functional theory and
– ab initio molecular dynamics methods.

Ab initio methods allow the nature of active sites to be
elucidated and the influence of supports or solvents on the
catalytic kinetics to be predicted. Neurock and coworkers
have successfully coupled theory with atomic-scale simu-
lations and have tracked the molecular transformations
that occur over different surfaces to assess their catalytic
activity and selectivity [95–98]. Relevant examples are the
Pt-catalyzed NO decomposition and methanol oxidation.
In case of NO decomposition, density functional theory
calculations and kinetic Monte Carlo simulations substan-
tially helped to optimize the composition of the nanocat-
alyst by alloying Pt with Au and creating a specific
structure of the Pt9Au7 particles. In catalytic methanol
decomposition the elementary pathways were identified

leading to CO both in the vapour phase and in solution.
Van Hove and Baskes have developed the modified em-
bedded atom method (MEAM) [99,100] and applied it to-
gether with Monte Carlo simulations for investigating
surface segregation phenomena in bimetallic Pt alloy nano-
particles. This method is particularly relevant for the
design of Pt alloy particles for the development of CO-
tolerant catalysts for the anodes of fuel cells. The authors
were able to calculate the electronic and geometrical struc-
tures of three Pt alloy particle compositions (Pt75Ni25,
Pt75Re25, and Pt80Mo20) [101] and found the following
structural features to be advantageous for their use as an-
ode catalysts:

– For Pt75Ni25 the optimal structure is an ‘‘egg-shell’’
of Pt covering a Ni-rich core.

– Pt75Re25 also adopts a core-shell structure such that a
nearly pure Pt shell surrounds a more uniform core
formed by Pt–Re

– In Pt80Mo20 the faces are occupied only by Pt atoms
while the Mo atoms appear at the edges and vertices

Significant (and even spectacular) results were contrib-
uted by the group of Norskov to the field of electroca-
talysis [102–105]. Theoretical calculations led to the design
of novel nanoparticulate anode catalysts for proton ex-
change membrane fuel cells (PEMFC) which are com-
posed of trimetallic systems where which PtRu is alloyed
with a third, non-noble metal such as Co, Ni, or W. Re-
markably, the activity trends observed experimentally
when using Pt-, PtRu-, PtRuNi-, and PtRuCo electrocat-
alysts corresponded exactly with the theoretical predic-
tions (cf. Figure 5(a) and (b)) [102].

In case of fuel cell cathodes, theoretical considerations
were directed towards optimizing catalysts for O2 reduc-
tion [103]. This has led to the synthesis of Pt3Co/C
nanocatalyst systems and preliminary results again
indicate perfect agreement between the calculations
and the wet electrochemical results obtained with metal
nanoparticles of the composition which theory had rec-
ommended [106].

Figure 5. Schematic structure (left) of a ternary alloy on Ru(0 0 1) surface, MPt2/Ru, with M selected from the set {Fe, Co, Rh, Ir, Ni,
Pd, Pt, Cu, Ag, Au, Sn}.The two bottom layers represent Ru atoms while Pt atoms form the top surface atoms. The predicted surface
activities of various ternary alloys are shown in the plot (right). (Reprinted from Ref. [102], r 2003, with permission from American
Chemical Society.)
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3. Synthetic Methodologies and Size Control

After a period of hibernation following the publication of
Turkevich’s seminal papers in the 1950s [44,46], a
whole plethora of preparative protocols has been pub-
lished since Henglein and coworkers resumed this work
in the late 1970s [107,108]. The goal of this chapter is
not to present a comprehensive directory of all synthetic
papers on nanometal colloids, but to provide the reader
with a general survey of a number of modern versions
of established preparative methodologies that have
been tested and found effective in a number of practical
applications.

3.1. Schmid’s Full-Shell Clusters

The metal nuclei of the so-called full-shell clusters, also
referred to as ‘‘magic number clusters,’’ generally exhibit
hexagonal or cubic close packing (ccp). Figure 6 shows
the stepwise formation of the first ‘‘magic-number’’ clus-
ters built by 13, 55, 147, and 309 atoms.

The first metal atom M can be coordinated by just 12
equivalent atoms to form an M13 cluster unit. The general
formula for the ‘‘magic number’’ of atoms that must be
added to a full-shell nanocluster having n shells to con-
struct the next higher one of (n+1) shells is: 10n2+2. If 42
additional metal atoms are coordinated to the outer shell
of 12 atoms of the M13 cluster (Figure 6 shown in red) the
M55 cluster is formed (Figure 6 shown in yellow); 92 more
atoms lead to the next full-shell cluster M147 (Figure 6
shown in dark blue) and a further 162 atoms produce the
four-shell M309 cluster (Figure 6 shown in light blue). Five
shells correspond to 561, seven shells to 1415 atoms, and
even eight-shell metal clusters are known consisting of no
less than 2057 atoms. It should be mentioned, however,
that large full-shell clusters are usually isolated only in the

form of more or less ‘‘monodisperse’’ particles exhibiting
size deviations of 710%.

Ligand-stabilized Au13 clusters were first described by
Schmid as early as 1981 [58,59] while the synthesis of the
first Pt13 cluster (encapsulated by trimethylaluminium)
was reported only recently [109]. The Au13 clusters exhibit
icoshedral structures, whereas Au55 was found to take up
the ccp structure of bulk gold. Schmid’s ligand-protected
Au55(PPh3)12Cl6 cluster really represents the transition
from bulk metal to a ‘‘metallic molecule’’ and – since it is
presumably the most thoroughly investigated M55 unit – it
has become the ‘‘paradigm’’ of nanoclusters. The synthe-
sis starts from (PPh3)AuCl, which is reduced by B2H6 in a
warm aromatic solvent such as toluene [48,110]. Besides
functioning as the reducing agent, diborane effectively
binds excess PPh3 in the form of BH3–PPh3. Quantitative
ligand exchange has made a multitude of derivatives ac-
cessible including the water soluble Ph2PC6H4SO3–Au55
[111] and the thiol-substituted Au55 [112–114]. The mul-
tifaceted chemistry of nanoparticulated gold has been re-
cently reviewed [61]. As in case of the ligand-stabilized
Au55, the structure of the Pt309-, Pd561- Pd1415-, and
Pd2057-cores was found to be ccp according to X-ray
diffraction and high-resolution transmission electron
microscopy (HRTEM) (for details see Ref. [115]). Au55
also represents the prototype of a metallic quantum
dot (see Chapters 4 & 5 in Ref. [60]). Aspects of the
assembly of gold nanoparticles and their electrical prop-
erties in one, two, or three dimensions have been outlined
recently in literature [60,61,111–160]. For biomedical
applications of Au55 see Section 4.3. The outstanding
features of the Schmid-type cluster family are their
well-defined structures, the exceptional variability of their
synthesis, and their broad range of applications from
quantum dots to catalysis to biomedicine. The only draw-
back to the preparation procedure is that it requires B2H6,
a rather special reducing agent in the hands of the average
bench chemist.

Figure 6. Stepwise formation of full-shell clusters, 13 (1+12), 55 (13+42), 147 (55+92), and 309 (147+162). Generally 10n2+2 atoms
for the nth shell. (Reproduced with kind permission of G. Schmid, University Essen-Duisburg, Germany.)
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3.2. Moiseev’s ‘‘Giant Clusters’’

Using hydrogen as the reductant, Moiseev et al. created a
series of Pd nanoclusters which exhibit well-defined sizes,
shapes, and compositions, similar to those described
above in Section 3.1. These nanoclusters can even be re-
garded as ‘‘true inorganic compounds’’ having a precise
formula such as Pd561Lffi60 (OAc)ffi180. (L ¼ phenathro-
line, bipyridine) [49,161–166]. The ‘‘giant Pd cluster’’ is
synthesized in two steps: reduction of palladium(II) ace-
tate in acetic acid by hydrogen gas in the presence of
either 1,10-phenanthroline (phen) or 2,20-bipyridine (bipy)
yields an intermediate product [Pd4phen(OAC)2H4]nE100

of 2 nm size (Equation (1)).

4Pd3ðOCOCH3Þ6 þ 3phenþ 15H2

! 3Pd4phenðOCOCH3Þ2H4 þ 18CH3COOH ð1Þ

In acetic acid solution [Pd4phen(OAC)2H4]nE100 takes
up to 5Mol of O2 per gram atom of palladium over
�20min to give the air stable and water soluble ‘‘giant Pd
cluster’’ in 85% yield. The characterization of Moiseev’s
‘‘giant’’ cationic palladium clusters and their catalytic
properties have recently been reviewed by Finke et al.
[167]. Schmid has obtained further members of the ‘‘giant
cluster family,’’ namely Pd561phen36 Offi200, Pd1415phen60
Offi1100, Pd2057phen84 Offi1600 by reducing Pd salts with
hydrogen [168–170].

3.3. Surfactant-Stabilized Nanocolloids
and Related Systems

Since the first paper on nanosized metal particles stabi-
lized by surface-active agents appeared in 1979 [171], a
considerable body of knowledge has been gained regard-
ing the synthesis, characterization, and potential applica-
tion of systems of this kind of one or more metals. This is
reflected by the number of book chapters and review ar-
ticles that have been published on this subject since 1991
[3,62,172–182]. A comprehensive review chapter was pub-
lished recently [53]. Surface-active chemicals are capable
of limiting the particle growth at certain stages (size-con-
trol) but can be detached easily from the metallic surface,

providing active sites to exploit the reactivity of the me-
tallic core for subsequent chemical reactions, e.g., catal-
ysis. However, surfactants acting as colloidal stabilizers
not only help to control the particle growth to yield a
fairly ‘‘monodisperse’’ size distribution (i.e., size devia-
tionso5%) but also efficiently encapsulate the nanoclus-
ters, preventing their agglomeration to the metallic bulk.
A wide range of lipo- and hydrophilic surfactants of the
cationic, anionic, and non-ionic type, including even en-
vironmentally benign sugar soaps have been applied suc-
cessfully as colloidal stabilizers to yield isolable
nanometal colloids that can be redispersed to form highly
concentrated metal solutions (>100mgmetal/l) in either
organic or aqueous media (see Table 2 in Ref. [177]) [183].
To avoid duplication, only the key features of the most
common synthetic methods developed in this field will be
summarized below – along with a brief evaluation of their
specific advantages and drawbacks.

3.3.1. The Tetraalkylammonium Method

The relatively bulky tetraoctylammonium halides act as
powerful protective agents and stabilizers for particles
consisting of one or more transition metals of the groups
6–11 of the periodic table [62,172,184]. In this special case,
the stabilizing cation [NR4]

+ is combined with the re-
ductant [Bet3H]� in the same molecule: the surface-active
protective agent [NR4]

+[X]� species is formed at the re-
duction centre itself in high local concentration (see
Equation (2)).

MXn þNR4ðBet3HÞ !Mcolloid

þ nNR4Xþ nBet3 þ
n
2
H2 " ð2Þ

where M ¼ metals of the groups 6–11; X ¼ Cl, Br; n ¼
1, 2, 3; and R ¼ alkyl, C6–C20.

This is the basis of a generally applicable multigram
synthesis routes to isolable 1–10 nm organosols of the
transition metals that are easily redispersible in high con-
centration in organic phases (Figure 7) [3,183].

Typically the [NR4]
+-stabilized ‘‘raw’’ organosols

contain 6–12wt% metal but for metals such as rhodium
they can be converted to ‘‘pure’’ colloids containing

Figure 7. Metal organosols accessible via the NR4(Bet3H) route (Equation (2)). (Reprinted from Ref. [53], r 2007, with permission
from Wiley-VCH.)
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70–85wt% metal. Structural examinations [51] have re-
vealed that the NR4X is bound to the metal surface
through the negatively charged halogen X while the long
alkyl chains shield the metallic core like an umbrella. In
this case, an extremely efficient stabilization of the colloi-
dal metal particles is brought about by a well-balanced
combination of electrostatic and steric forces in the pro-
tective shell. The main drawback of the method is that the
size of the particles of the resulting organosols (see Figure
7) cannot be varied by altering the reaction conditions.

The pre-preparation of NR4(Bet3H) can, however be
avoided by coupling the NR4X agent to the metal salt
prior to the reduction step. Again, high local concentra-
tion of the protecting agent is provided right at the re-
duction centre which allows application of a whole range
of conventional reducing agents (Equation (3)) [177].

ðNR4ÞwMXvYw þ vRed!Mcolloid

þ vRed Xþ w NR4Y ð3Þ

where M ¼ metals of the groups 4–11; Red ¼ H2,
HCOOH, K, Zn, LiH, LiBet3H, NaBet3H, KBet3H;
X,Y ¼ Cl, Br; v, w ¼ 1–3; and R ¼ alkyl, C6–C12.

Reetz et al. [185] have modified the NR4
+ stabilization

mode using tetraalkylammonium carboxylates of the type
N-(octyl)4

+RCO2 (R ¼ alkyl, aryl, H). As in other cases,
this reagent acts both as the reductant and as the colloidal
stabilizer (Equation (4)).

Mþ þNR4R
0CO2 �M0ðR4NR0CO2Þx

þ CO2 þR�R0 ð4Þ

where M+
¼ metal ion; R ¼ octyl; R0 ¼ alkyl, aryl, H.

This variation offers two advantages. First, anaerobic
reaction conditions are not required. Second, the particle
size can be varied within certain limits depending on the
electron withdrawing or donating nature of the substitu-
ent R. In case of Pd, the right choice of R in the
N-(octyl)4

+RCO2
� reagent allows the particle size to be

adjusted within the range of 2.2–5.4 nm. In addition, bi-
metallic colloids such as Pd/Pt (2.2 nm), Pd/Sn (4.4 nm),
Pd/Au (3.3 nm), Pd/Rh (1.8 nm), Pt/Ru (1.7 nm), and Pd/
Cu (2.2 nm) have been made by this pathway.

In some cases shape-control has also been achieved:
tetra(n-octyl)ammonium glycolate transforms Pd(NO3)2
predominantly into trigonal Pd particles [186]. Recent
work has confirmed that the colloidal protective agents
not only prevent particle agglomeration but even provide
control of the crystal growth during particle synthesis (see
e.g., Ref. [187–191]). The drawbacks of this route are the
restriction to noble metal salts and the limited industrial
availability of N-(octyl)4

+RCO2
�.

3.3.2. Reetz’s Electrochemical Approach

Using electrons for the electrolytic reduction of metal
salts, Reetz and coworkers have introduced a further var-
iation to the tetraalkylammoniumhalide-stabilization
mode [192–198]. The overall electrochemical process can
be divided into the following steps: (i) oxidative dissolu-
tion of the sacrificial Metbulk anode, (ii) migration of
Metn+ ions to the cathode, (iii) reductive formation of

zerovalent metal atoms at the cathode, (iv) formation of
metal particles by nucleation and growth, (v) stop of the
growth process and stabilization of the particles by tet-
raoctylammonium ions as colloidal protecting agents, and
(vi) precipitation of the nanostructured metal colloids.
Advantages of the electrochemical pathway are that it
avoids contamination with byproducts resulting from
chemical reduction agents, and that the products are easy
to isolate from the precipitate. Further, the electrochem-
ical preparation allows size-selective formation of the
particles. Experiments using Pd as the sacrificial anode in
the electrochemical cell to give (C8H17)4N

+Br-stabilized
Pd(0) particles indicate that the particle size depends on
the current density applied: high current densities led to
small Pd particles (1.4 nm), while low current densities, in
contrast, gave larger particles (4.8 nm). As was seen in a
careful analysis of tetraalkylammonium-stabilized Pd and
Ni with a combination of TEM, elemental analysis and
Mössbauer spectroscopy (MS), the size of the particles is
not dependent on any single factor but can be altered by
adjusting the reaction time, temperature, and the polarity
of the solvent. Using this method, metal nanoparticles of
Ti, Fe, Co, Ni, Pd, Pt, Ag, and Au have been obtained in
good yield. The drawback here is that the technical pre-
requisites and knowledge for performing electrochemical
syntheses are not available everywhere.

3.3.3. Tetraoctylammonium as a Phase

Transfer Reagent

The use of tetraoctylammonium salt as phase transfer re-
agent has been introduced by Brust [199] for the prepa-
ration of gold colloids in the size domain of 1–3 nm. This
one-step method consists of a two-phase reduction cou-
pled with ion extraction and self-assembly using mono-
layers of alkane thiols. The two-phase redox reaction
controls the growth of the metallic nuclei via the simul-
taneous attachment of self-assembled thiol monolayers on
the growing clusters. The overall reaction is summarized
in Equation (5).

AuCl�4 ðaqÞ þNðC8H17Þ4 þ ðC6H5MeÞ

! NðC8H17Þ4 þAuCl�4 ðC6H5MeÞ ð5aÞ

mAuCl�4 ðC6H5MeÞ þ n C12H25SHðC6H5MeÞ þ 3me�

! 4mCl�ðaqÞ þ ðAumÞðC12H25SHÞnðC6H5MeÞ ð5bÞ

An aqueous solution of auric chloride is mixed with
tetraoctylammonium in toluene and the two-phase mix-
ture is stirred until all gold ions have migrated to the
organic phase. Dodecanethiol is then added to the organic
phase, and to the aqueous layer borohydride is added as
the reductant. The reduction of the gold ions is indicated
by a colour change in the organic layer. A sequence of
precipitation and redispersion steps using toluene and
ethanol alternating removes excess tetraoctylammonium
selectively. The finally isolated gold colloid contains the
metallic nanoparticles covered with a monolayer of do-
decanethiol which makes them redispersible in organic
solvents. The main advantage of this method lies in the
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fact that no anaerobic conditions are needed here. This
‘‘beaker glass method’’ further allows the particle surface
to be easily functionalized, and the isolated colloid can be
handled like a chemical compound under ambient condi-
tions. In addition, the cluster size can be controlled within
certain limits by the reaction conditions. However, this
method is restricted to metals which have a strong affinity
to thiol groups.

3.3.4. Surfactant-Stabilized Hydrosols

Hydrosols (1–10 nm) composed of one or more metals can
be obtained with excellent preparative reproducibility on
the multigram scale when the metal salts are treated prior
to the reduction step with highly hydrophilic tensides. The
metal salts are subsequently reduced using conventional
agents such as hydrogen, formic acid, or ethylene glycol
(EG), yielding colloidal, nanoscopic hydrosols that can be
isolated in the form of highly water soluble powders. In
this way, aqueous metal(0) solutions are readily accessible
that contain at least 100mgmetal/l and exhibit excellent
long-term stability (see Table 2 in Ref. [177]).

Using long-chain alkylsulfobetaines as the stabilizer, a
number of highly water soluble nanometal colloids have been
isolated in excellent yields (see Figure 8). The core particle
size can be tailored between 1 and 10nm. TEM examinations
have shown that the resulting materials are generally mono-
disperse. Further, a combination of spectroscopic methods
confirmed the zerovalent nature of the metal cores [200].

As alternatives to amphiphilic betaines, a wide range of
cationic, anionic, and non-ionic surfactants including en-
vironmentally benign sugar soaps have been successfully
used as colloidal stabilizers [201]. Electrochemical reduc-
tion of the metal salts provides a very clean access to
water soluble nanometal colloids [192].

Sodium salts of sulfonated triphenylphosphine P(m-
C6H4SO3Na)3 or alkyltriphenyl-methyltrisulfonates func-
tion as stabilizers for hydrosols of colloidal rhodium and
(C6H5)2P-p-C6H5SO3Na has been used by Schmid to pre-
pare water soluble gold clusters which are isolable and
redispersible without agglomeration [202].

Since water is the preferred solvent both in industrial
technologies and biomedicine, the development of highly
hydrophilic metal colloids has been a key step for a
number of recently reported practical applications
[182,203].

3.4. Solvent-Stabilized Metal Colloids

Solvents such as organic liquids can act as stabilizers [204]
for metal colloids, and in case of gold it was even reported
that the donor properties of the medium determine the
sign and the strength of the induced charge [205]. Also, in
case of colloidal metal suspensions even in less polar sol-
vents electrostatic stabilization effects have been assumed
to arise from the donor properties of the respective liquid.
Most common solvent stabilizations have been achieved
with THF or propylenecarbonate. For example, small-
sized clusters of zerovalent early transition metals Ti, Zr,
V, Nb, and Mn have been stabilized by THF after
[BEt3H

�] reduction of the pre-formed THF adducts
(Equation (6)) [54,55,59,206]. Table 1 summarizes the
results.

x � ½TiBr4 � 2THF�

þ x � 4K½BEt3H� �!
THF; 6 h; 20 �C

½Ti � 0:5 THF�x

þ x � 4BEt3 þ x � 4KBr # þx � 2H2 ð6aÞ

x � ½TiBr4 � 2THF�

þ x � 4K½BEt3H� �!
THF; 6 h; 20 �C

½Ti � 0:5 THF�x

þ x � 4BEt3 þ x � 4KBr # þx � 2H2 ð6bÞ

[Mn 0.3 THF] particles (1–2.5 nm) were prepared anal-
ogously [207,208] and their physical properties have been
analyzed. X-ray absorption spectroscopic (XAS) studies
have revealed that the Mn nanoparticles are in the ze-
rovalent metallic state with no stabilizing counter ions
from the starting material [207]. THF-stabilized Mn (0)
particles exhibit super-paramagnetism below 20K and
were the first example of an antiferromagnetic metal col-
loid [208]. Along similar lines, nanostructured Ni particles
have also been synthesized and found to exhibit super-
paramagnetic properties [209]. In Equation (6), the THF
may be also replaced by tetrahydrothiophene to yield
Mn-, Pd-, and Pt-organosols [177].

3.5. Toshima’s Alcohol Reduction Method

The ‘‘alcohol reduction process’’ invented by Hirai and
Toshima is widely applicable for the preparation of col-
loidal precious metals stabilized by organic polymers such

Figure 8. Preparation of sulfobetain-stabilized hydrosols. (Reprinted from Ref. [53], r 2007, with permission from Wiley-VCH.)
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as PVP, poly(vinyl alcohol) (PVA), and poly(methylvinyl
ether). During the salt reduction, alcohols having a-hy-
drogen atoms are oxidized to the corresponding carbonyl
compound (e.g., methanol to formaldehyde, ethanol to
acetaldehyde). The method for preparing mono- and bi-
metallic nanoparticles via the reduction or co-reduction of
(eventually mixed) ions has been fully developed by N.
Toshima over the years and exploited for numerous ap-
plications [47,210–220]. It should be noted that the alco-
hol has a double function as a reductive agent and the
solvent. The reduction of the metal salt(s) is usually per-
formed at reflux temperatures resulting in a fast metal
particle formation. The influence of the structure and
quantity of the applied alcohol on the particle size has
been studied in a whole series of investigations [221–223].
As has been exemplified with Pt-, Pd-, and Rh-nanocol-
loids, it can be stated as a rule of thumb that small-sized
particles are formed using high-boiling alcohols.

3.6. Fiévet’s Polyol Method

Liquid polyols are interesting non-aqueous solvents be-
cause, like water and mono-alcohols, they are hydrogen
bonded liquids and have relatively high permittivity,
making them ideal for dissolving ionic and even inorganic
solids. Their use in nanoparticle synthesis has therefore
opened up a new avenue and has emerged as a significant
method for the preparation of a variety of nanopowders,
colloids, films, rods, wires and foams. The advantage of
polyols is that they can act as both reducing agents and
solvents. The reaction, which is performed under aerobic
conditions, is applicable to the preparation of nanopar-
ticles of a variety of metals. Polyols, like alcohols, are mild
reducing agents and the reaction conditions required can
therefore lie between �20 1C and the boiling point of the
solvent (up to 250 1C at atmospheric pressure), depending
on which metal is to be reduced.

Fiévet et al. [225] have prepared and isolated metallic
nanopowders of gold, palladium, iridium, osmium, cop-
per, silver, nickel, cobalt, lead, and cadmium via polyol

(EG) reduction (see Equation (7)) The method has re-
cently been reviewed extensively [225,226].

HO� CH2 � CH2 �OH

! CH3 � CHOþH2O ð7aÞ

6ðCH3 � CHOÞ þ 2HAuCl4

! 3ðCH3 � CO� CO� CH3Þ þ 2Auð0Þ þ 8HCl ð7bÞ

Without additional stabilizers to control the growth of
the nanoparticles, the final products were marred by high
degree of agglomeration and the particle size distribution
was broad and had irregular shapes [226,227]. In order to
generate better dispersions, either the temperature of the
reaction can be varied or a precursor can be employed
that is partially soluble, which gives rise to an insoluble
solid phase that acts as a kind of reservoir. In this way, the
supersaturation of the reduced metal atoms in solution
can be kept below the critical nucleation level. If the nu-
cleation step is slower, the growth of the nanoparticles can
also be controlled, paving the way to better methods of
preparing nanoparticles. Similarly, kinetically controlled
reactions with substitution of rapid nucleation by heter-
ogeneous nucleation [228] can also be employed to yield
better dispersion of metal nanoparticles. Alternately, the
use of long-chain polyols (e.g., 1,2-hexanediol) [229] that
can also act as protective agents or the use of additional
protective agents (e.g., PVP) allows the particle growth to
be controlled, which is especially important for those
metals that have a higher tendency to coalescence. Mono-
disperse particles can be generated if a heterogeneous
support can act as a controller of particle agglomeration.
Alumina-supported Pd, Ag, and Pd–Ag catalysts gener-
ated by the polyol method show good dispersion and ac-
tivity. The size distribution is narrow and the particles are
very pure [230].

Nanoparticles of the noble metals have been prepared
extensively by the polyol or the modified polyol methods
because of the ease of reduction of their salts (Figure 9).

Table 1. THF-stabilized organosols of early transition metals. (Reprinted from Ref. [53], r 2007, with permission from Wiley-VCH.)

Product Starting material Reducing agent T (1C) t (h) Metal content (%) Size (nm)

[Ti � 0.5 THF]x TiBr4 � 2THF K[BEt3H] Room temperature 6 43.5 –
[Zr � 0.4 THF]x ZrBr4 � 2THF K[BEt3H] Room temperature 6 42 –
[V � 0.3 THF]x VBr3 � 3THF K[BEt3H] Room temperature 2 51 –
[Nb � 0.3 THF]x NbCl4 � 2THF K[BEt3H] Room temperature 4 48 –
[Mn � 0.3 THF]x MnBr2 � 2THF K[BEt3H] 50 3 70 1–2, 5
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PVP, a water soluble amine-based polymer, was found to
be an optimum protective agent because the reduction of
noble metal salts by polyols in the presence of other
surfactants often resulted in non-homogenous colloidal
dispersions. PVP was the first material to be used for
generating silver and silver–palladium stabilized particles
by the polyol method [231–233]. By reducing the precur-
sor/PVP ratio, it is even possible to reduce the size of the
metal particles to few nanometers. These colloidal parti-
cles are isolable but surface contaminations are easily
recognized because samples washed with the solvent and
dried in the air are subsquently not any more pyrophoric
[231,234–236].

PVP has been used as the stabilizing agent in the polyol
synthesis to obtain monodisperse particles of Au [236], Pd
[237,238], Pt [238], bimetallic Pt/Au [239] alloy, CoNi,
FeNi, and FeCoNi [240–243] powders, bimetallic Ni–Cu
particles [244], palladium/niobia catalysts [245], Ru [246],
Co, and Co80Ni20 particles [247], silver nanowires [248]. In
addition, Au, Pt, Pd, Ru, and Ir nanoparticles with a
narrow particle size distribution have been synthesized
and characterized by preparing the corresponding colloids
[223,243,249,250]. The noble metals are easiest to reduce
by the polyol method while the reaction conditions must
be moderately stringent for Cu and severe for the reduc-
tion of cobalt, nickel, and their alloys. Interestingly, the
reduction of Fe(II) to the metallic state proceeds via dis-
proportion rather than by complete reduction. The
Fe(III) produced during the disproportion reaction forms
a complex with the polyol and remains in solution. Some
key publications on the preparation of nanoparticles by
the polyol process are the synthesis and characterization
of FePt nanoparticles [229,251], submicron Co/Ni alloys
[252], Co, Ni, Pd, and CoNi alloy powders [253], g-Al2O3

supported Ru nanoparticles [254], monodisperse Ni pow-
ders [255], Pd-coated Ni nanoparticles [256], and copper
metal clusters [257]. Subsequently, the polyol method
was extended to the synthesis of metallic powders and
films of Ru, Rh, Sn, Re, W, Pt, Fe–Cu, Co–Cu, and
Ni–Cu [234]. As an extension to this method, Chow et al.
developed electroless (i.e., involving chemical deposition
of metal instead of electrodeposition) polyol deposition or

metallization of Cu [258,259] and Ni [260], preparation
and properties of nanostructured Ni–Co films [261–265],
and also Fe–Ni powders and films [266–268].

Surfactants may also be added to the polyol process to
control the particle morphology and size [227,232]. In a
comparative study [269], we have recently been able to
show through X-ray absorption near edge spectroscopy
(XANES) and X-ray photoelectron spectroscopy (XPS)
studies that the Pt is predominantly in the zerovalent
state. However, there are strong indications that a thin
layer on the surface of the particles is slightly oxidized.
For most applications in catalysis this is only a minor
drawback because re-reduction of the oxidized surface
occurs readily in the temperature range applied during
most catalytic reactions and/or the under reductive
conditions the catalyst may be exposed to during, e.g.,
hydrogenation.

A further variation of the obviously very flexible ‘‘Po-
lyol Method’’ has been developed by Younan Xia et al.
[270]. The question whether PVP acts solely as a stabilizer
or as both a reducing agent and a stabilizer is controver-
sial. The action of PVP as a reducing agent has been re-
ported for the preparation of some gold and silver
hydrosols [271–274]. Since no reducing agent was added,
it was proposed that partial degradation of the polymer
occurs during the formation of nanoparticles from the
metal salts under conditions reported, proving the reduc-
ing role of PVP. Direct abstraction of hydrogen by the
metal ion and/or the reducing action of the macroradicals
formed during the degradation of the polymer was pro-
posed as the mechanism of such a reaction. However,
studies by Younan Xia et al. [270,275,276] completely
contradict these reports and the authors claim that
PVP plays no role as a reducing agent at all but acts
simply as a protecting agent. Their other significant ex-
perimental observation was that the presence of trace
amounts of iron species in a polyol process can signifi-
cantly alter the kinetics of growth of Pt nanostructures,
thus ultimately deciding the final morphology of the
product. On the reduction of PtIV to metallic Pt via
an intermediate step of PtII formation, suitable reaction
manipulations yield Pt nanostructures in the form of

Figure 9. Schematic representation of the polyol process exemplified with Pt. TEM (left) shows a narrow particle size distribution (ca.
3 nm). (Reproduced from [223],r 2000, with permission from Elsevier Science.) Experimental XPS curves (right) fit sufficiently well with
the Pt(0) standard. (Reprinted from Ref. [53], r 2007, with permission from Wiley-VCH.)
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spheres, star-shaped particles, branched multipods, or
uniform nanowires. These steps involved coupling the
polyol reduction of platinum (IV) precursor with the FeII/
FeIII redox pair and the adsorption of oxygen and/or
nitrogen gas. The reaction pathways are summarized in
the Figure 10.

After performing the reaction in air at 110 1C for 1.5 h,
all of the PtIV was converted to PtII. This PtII solution is
stable and can be kept at ambient conditions for months
without any change in composition. Formation of Pt
nanoparticles from this solution occurs upon further
heating in air (1 h, 5 nm spherical nanoparticle) or in ni-
trogen (0.5 h, 10 nm spherical nanoparticles). This obser-
vation reveals that adsorption of oxygen onto the surface
of Pt nuclei suppresses the autocatalytic reduction but
that the aerated process is still too fast to induce the for-
mation of structures that deviate from the equilibrium
shape. The most significant change was seen when FeII or
FeIII (both have the same effect) was introduced during
the reduction of the PtII species. Fe ions readily oxidized
both Pt atoms and nuclei back to PtII species and thus
significantly decreased the supersaturation of the Pt at-
oms. Star-shaped nanoparticles were formed in 1 h in a
nitrogen atmosphere (Figure 10B) while branched and
morphologically different submicrometer-sized agglomer-
ates were obtained under aerobic conditions, albeit at a
much slower rate (Figure 10C). On completion of the re-
action, the PtII species were completely reduced at a very
slow rate to form uniform Pt nanowires on the surface of
agglomerates. On the other hand, if nitrogen was applied
under these conditions, the reduction rate increased
slightly and multipods were formed with higher branched
structures. These results indicate that oxygen can slow
down the growth through both surface adsorption and
etching mechanisms when coupled with the Fe ions. Such
observations not only illustrate the role of different rea-
gents in controlling the particle size but also demonstrate

the variety of structures that can be produced by minor
manipulations performed during the reaction.

Recently, it has been demonstrated that Pd nanopar-
ticles with the uniform sizes and shapes can be obtained if
oxidative etching is carried out during the polyol synthesis
[277]. Colloidal octahedral nanoparticles of Pd with uni-
form sizes (8 nm) were generated when the metal nano-
particles produced by reduction by polyol (EG) are
simultaneously exposed to Cl�/O2. Oxidative etching
gradually converted the particles from the 4–8 nm twinned
cubooctahedra that were formed initially into cuboocta-
hedra particles with an average size of 8 nm that were
soluble in the medium. The optimum time for this etching
was between 1 and 3 h. A similar study performed on Ag
also supports the concept of the role played by halogen
and oxygen in the etching mechanism [278].

Magnetic nanoparticles, especially those containing
FePt, were originally prepared by vacuum deposition
methods. Sun et al. [251] have introduced the first suc-
cessful wet chemical synthesis of monodispersed FePt
nanoparticles by reduction of platinum acetylacetonate
and simultaneous decomposition of iron pentacarbonyl in
the presence of oleic acid and oleyl amine stabilizers using
a long-chain polyol (1,2 hexadecanediol) as reductant in
dioctylether medium. Unlike most polyol syntheses, this
reaction was performed under inert conditions because of
the sensitivity of iron carbonyl. The presence of oleic acid
and oleyl amine prevents oxidation but more importantly
helps stabilize and generate monodisperse, redispersible
colloidal nanoparticles. The size and compositions of the
FePt particle were readily tailored by altering the molar
concentrations of the precursors: a 3:2molar ratio of Fe
and Pt generates Fe48Pt52, a 2:1molar ratio yields
Fe52Pt48, and a 4:1molar ratio produces Fe70Pt30. The
particle diameters range between 3 and 10 nm with a
standard deviation of less than 5%, which signifies ex-
ceptional control during the synthesis. Control over the

Figure 10. Four different ways of controlling the kinetics of polyol reduction and the corresponding morphologies observed for the Pt
nanostructures. As the same amount of PVP was present in all four syntheses illustrated here, the striking differences in morphology
were not caused by variation in the PVP concentration. It is assumed that the PVP molecules in these syntheses function only as a
stabilizer to prevent the resultant nanoparticles from aggregating into larger structures. (Reprinted from Ref. [270], r 2005, with
permission from Wiley-VCH.)
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final size of the nanoparticles can be achieved by gener-
ating 3 nm seed particles in situ and then adding more
reagents to grow the seeds to the desired size.

Upon deposition onto a support and removal of the sol-
vent, the dispersion of FePt (6 nm) colloidal nanoparticles
generates superlattices. The oleic acid–oleyl amine ‘capping
agents’ yield hexagonal close packed multilayers with indi-
vidual particles separated by �4nm, but these capping
agents can be easily replaced by their hexyl analogues to
give structures with identical particle sizes but where the
distance between particles is now reduced to �1nm with a
concomitant change in structure to a cubic packed multi-
layer. The robustness of the particles was revealed upon
heating the oleyl-capped assemblies to 600 1C in a N2 at-
mosphere. Carbonaceous materials arising from decompo-
sition of the capping agents help prevent the particles from
agglomerating. Thermal annealing converts the internal
particle structure from a chemically disordered face-cen-
tered cubic phase to the chemically ordered face-centered
tetragonal phase and transforms the nanoparticle superlat-
tices into ferromagnetic nanocrystal assemblies. These as-
semblies are chemically and mechanically robust and can
support high-density magnetization reversal transitions.

Over the years, this method has gained considerable
attention and many syntheses are based on variations of
it, e.g., employing different Fe precursors [279,280] (cf.
also Ref. [281]) or using hexadecanediol as a solvent for
the acetylacetonate (acac) derivatives of both metals [282].

3.7. Preparation in Micelles, Reverse Micelles,
and Encapsulation

Templates made of surfactants are very effective in order to
control the size, shape, and polydispersity of nanosized
metal particles. Surfactant micelles may enclose metal ions
to form amphiphilic ‘‘microreactors’’ (Figure 11a). Water-
in-oil reverse micelles (Figure 11b) or larger vesicles may
function in similar ways. On the addition of reducing agents
such as hydrazine nanosized metal particles are formed.
The size and the shape of the products are ‘‘pre-imprinted’’
by the constrained environment in which they are grown.

Pileni [66,69,70,283] was the first to grow cobalt rods
with a length of 300–1500 nm and a diameter between 10
and 30 nm in colloidal micelles (Figure 11a). Cylindrical
copper metal particles having identical sizes and shapes
can be prepared in a template made of interconnected
cylinders [68]. These form monolayers organized in a
hexagonal network over very large domains of particles
are organized in a hexagonal network. Small or large
aggregates can be produced at will depending on the pre-
formed template used. The particles are highly organized
and form pseudo-crystals with a face-centered cubic struc-
ture. Colloidal metals have also been grown in reverse
micelles (i.e., water-in-oil droplets) (Figure 11b) The most
recent results obtained in the shape-selective growth of
silver and copper nanocrystals using reverse micelles as
‘‘microreactors’’ have been reviewed by Pileni, recently
[284]. Amphiphilic block copolymers have been designed
for the ‘‘pre-imprinted’’ microreactors by Antonietti et al.
[71]. It is an established methodology now to use surfact-
ants as colloidal templates for the controlled formation of
noble metal nanospheres having pre-defined structures.
Further, the self-assembly of the macromolecules allows
the nanoparticles to take up well-defined arrangements on
substrates, e.g., in thin films. For example, monodisperse
noble metal particles such as gold, silver, palladium, have
been applied to prepare thin polymer films. The strategies
for the organization of nanoparticles into aggregated
structures have been reviewed to summarize the access to
two- and three-dimensional arrays of nanoparticles hav-
ing diameters between 1 and 20 nm [74,75]. The encapsu-
lation of small Pd- and Pd/Au-particles in solid organic
[76] or inorganic matrices has also been achieved. For
example, gold nanoclusters have been encapsulated in a
silica matrix via a sol-gel procedure [79]. Nickel nanopar-
ticles encapsulated in an amorphous carbon matrix have
been synthesized by the sonication of Ni(COD)2. The re-
sulting particles were fully characterized by a combination
of physical methods. Interestingly, electron energy loss
spectroscopy (EELS) and energy filtering transition
electron microscopy (EFTEM) analyses have shown that
the nickel nanocrystallites are surrounded by amorphous
carbon quasi as a ‘‘protecting agent’’ which perfectly pro-
tects the nickel surface from oxidation [285]. More

Figure 11. Size- and shape-control of nanoparticles via salt reduction in (a) the hydrophobic core of a surfactant oil in water micelle
and (b) the hydrophilic core of a water-in-oil reverse micelle.
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recently, highly stable cobalt nanoparticles (8–10 nm)
were also obtained via encapsulation with carbon or
graphite shells, respectively [286]. Similarly, Au- and Pd/
Au-nanoclusters have been encapsulated in a silica matrix
via a sol-gel procedure [287].

3.8. Finke’s Polyoxoanion- and
Tetrabutylammonium-Stabilized
Nanoclusters

Finke’s system discovered in 1994 represents a special
subclass of transition metal nanocluster [167,288,289]. A
zerovalent transition metal core consisting of, e.g.,
300–900 atoms is doubly stabilized by a cationic surfact-
ant (e.g., NR4

+) and by an assembly of polyoxoanions
(e.g., P2W15Nb3O62

9�). The resulting cluster systems exhibit
a rather well-defined stochiometric composition. For ex-
ample, organometallic complexes such as [(n-
C4H9)4N]5Na3[(1,5-COD)Ir(I)] stabilized in solution by
bulky polyoxoanions, e.g., P2W15Nb3O62, function as the
molecular precursors. When the precursor is treated in
acetone in the presence of excess cyclohexene, the reduc-
tion with hydrogen under completely air- and water-free
conditions yields nearly monodisperse (i.e.,
270.3 nm715%) Ir(0)E300 nanoclusters where the tran-
sition metal core is protected by an assembly of polyoxo-
anions (see Equation (8)).

300½ð1; 5� CODÞ Ir � P2W15Nb3O62�
8� þ 750H2

! 300Cyclooctaneþ 1Irð0Þ�300

þ 300P2W15Nb3O
9�
62 þ 300Hþ ð8Þ

In the absence of cyclohexene the same procedure yields
larger (Ir(0)E900) nanoclusters (size: 370.4 nm). Besides
zerovalent Iridium- [167,288,290], Rh(0)-nanocluster of
the Finke-type have been prepared [290–292]. Finke’s
nanoclusters have been carefully examined using a com-
bination of modern instrumental analysis methods [167].
It was revealed that the Ir(0) core is uncharged and that
the iridium particles exhibit an extremely clean, fully ex-
posed, and chemically very reactive metallic surface.

It should be mentioned here that Finke’s group has
added a whole plethora of significant contributions to the
field of metal nanoclusters [295–299] including a recent
study on the mechanism for the self-assembly of transition
metal nanoparticles [294].

3.9. ‘‘Reductive Stabilization’’ of Metal Colloids
by Aluminium Alkyls

‘‘Reductive Stabilization’’ of nanometallic organosols us-
ing an excess of triorganoaluminium as the reductive
agent for transition metal salts and simultaneously as the
protective shell for the resulting nanometal colloids is a
late fruit of the Ziegler Chemistry invented at the Max-
Planck-Institut für Kohlenforschung, Mülheim, Germany
in the early 1950s [300].

As early as 1954, Karl Ziegler [301,302] has assumed
that ‘‘colloidal nickel’’ in triethylaluminium is the crucial
co-catalyst which effects the ‘‘controlled polymerization

of ethane.’’ This so-called ‘‘nickel effect’’ was really the
basis of the subsequent discovery of the Ziegler catalysts
and has later been elucidated in great detail by G. Wilke
and coworkers [303]. The early recipes of Ziegler et al.
already describe that colloidal nickel is formed in solution
when ‘‘a trace of nickel-acetylacetonate is added to
triisobutylaluminium’’ [304].

On the basis of this prior knowledge, it was no surprise
for us to find a whole plethora of (catalytically very ac-
tive) metal nanoparticles with tunable size, morphology,
and structure when we applied modern analytical tools
including structure modelling to revisit Ziegler’s classical
findings [305–307].

Over the years ‘‘Reductive Stabilization’’ has provided
a very effective access to a wide range of organosols com-
posed of one or more transition metals of groups 6–11 at
the multigram scale. In a recent review chapter [53],
the method has been evaluated. The details of the particle
formation process [86,94] are discussed in Section 2.2
(see Figure 4). The ‘‘exact structure’’ of the colloidal
protective shell was not precisely determinable. How-
ever, quantitative protonolysis experiments showed that
unreacted organoaluminium groups such as Al–CH3,
Al–C2H5, or Al–C8H17 are still present in the stabilizer.
Nevertheless, this type of organosols stabilized by an or-
ganometallic protective shell (which by definition is highly
sensitive to air and/or moisture) can easily be isolated
under truly anaerobic conditions in the form of dry pow-
ders having long-term stability. In addition, they are fully
redispersible in dry organic solvents. Table 2 in Ref. [53]
gives a number of typical examples for mono- and bime-
tallic organosols along with the respective particle
sizes and elemental analyses. In order to accomplish a
broad practical applicability of these materials in a wide
range of solvents, including water, we have used the active
Al–C bonds in the protective shell for a controlled
protonolysis by ‘‘modifiers,’’ i.e., long-chain alcohols or
organic acids to give Al-alkoxide groups in the stabilizer
(see Figure 12).

This ‘‘modification’’ (Figure 12) of the organoalumin-
ium protecting shell allows to tailor the dispersion
characteristics of the original organosols in a given
solvent up to concentrations of >100mg/at. wt. of
metal. A vast spectrum of dissolubilities of the colloidal
metals in hydrophobic and hydrophilic media (including
water) has been achieved this way (cf. Tables 3–5 in Ref.
[53]). Inorganic surfaces bearing –OH groups can react
with the active Al–C bonds in the colloidal protecting
shell, which opens new ways to anchor the nanoparticles
firmly on the carrier surface because the modifi-
cation process does not alter the particle size of the
metal core.

Bifunctional spacer molecules of different sizes have
been used to construct nanoparticle networks formed via
self-assembly of arrays of metal colloid particles prepared
via ‘‘reductive stabilization’’ [88,309,310]. A combination
of physical methods such as TEM, XAS, ASAXS, me-
tastable impact electron spectroscopy (MIES), and ultra-
violet photoelectron spectroscopy (UPS) has revealed that
the particles are interlinked through rigid spacer mole-
cules with proton-active functional groups to bind at the
active aluminium–carbon sites in the metal-organic pro-
tecting shells [88].
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3.10. Controlled Decomposition of Organometallics

The synthesis of metal nanoparticles via the controlled
decomposition of pre-prepared organometallic complexes
or metal carbonyls where the metals are already in the
zerovalent or low-valent state has been known since 1970.
The first examples were Pd- and Pt-dibenzylideneacetone
complexes where the coordinated ligands detached using
either hydrogen of carbon monoxide under mild condi-
tions to give the respective metal nanoparticles [310].

In general, organometallic complexes and several or-
ganic salt derivatives of transition metals easily decom-
pose when energy is applied, e.g., in the form of heat,
light, or ultrasound. The advantage of this approach is
that all types of stabilizers can be applied including
surfactants as shown in (Figure 13).

In the meantime, the group of B. Chaudret has devel-
oped a versatile methodology for the preparation of
monodisperse metal particles of adjustable size which ex-
hibit a very clean metallic surface that displays a remark-
able coordination chemistry [311–339]. The most recent
results were summarized [340]. Microwave heating pro-
vides a more homogeneous particle nucleation and shorter
aggregation times and has been used to generate polymer-
stabilized Pt colloids (spheres, 2–4 nm, having narrow size
distribution) [341–343]. Sonochemical decomposition of
metal salts and organometallic complexes has been intro-
duced by Suslick and Gedanken [39–41]. The limitation of
photo-, g-radiolysis, and laser irradiation methods lies in
the restriction to low metal concentrations in solution
[6,344,345] which makes this variation not suitable to
scale up the manufacture of nanostructured metal colloids
for practical applications.

A production process for monodisperse, magnetic Co-,
Fe/Co-, and Fe-nanocolloids having particle sizes pre-
cisely adjustable between 2 and 15 nm and a narrow size
distribution has been developed via the controlled therm-
olysis of metal carbonyls in the presence aluminium alkyls
(Figure 14) [346–349].

The particle size depends on the chain length of the
aluminium-alkyl group and the concentration of the tri-
alkylaluminium compound applied. If mixtures of, e.g.,
Fe- and Co-carbonyl compounds are used, Fe/Co
alloy particles are formed. When the magnetic particles

are treated in organic solution with synthetic air contain-
ing 3.5 vol% O2 (‘‘smooth oxidation’’) the metallic core is
‘‘sealed’’ with a dense layer of Co-oxide-carbonate around
the particles which are then stable in air and can be han-
dled safely under ambient conditions [350]. The cobalt
nanoparticles can also be protected against oxidation with
a highly stable carbon coating [286]. The silver-induced
enhancement of the magnetic properties of CoPt3 nano-
particles has been studied recently by Toshima [351]. For
a recent overview on the synthesis and characterization of
magnetic nanoparticles see Ref. [281].

Controlled decomposition of pre-formed
[(COD)Pt(CH3)2] in the presence of triorganoaluminium
led to the preparation of the first Pt13 cluster (size:
0.7570.1 nm). The one-shell structure and the metal-
lic state were confirmed by XPS and XANES [352].

When exposed to air the organoaluminium shell is
transferred to an Al2O3 matrix where the Pt13 clusters are
regularly dispersed (Figure 15). This is a promising path-
way for preparing solid catalysts (cf. Section 4.1).

3.11. Heterogeneous Supports as Size-Controlling
Agent

Heterogeneous supports, like stabilizers, can prevent
metal nanoclusters from agglomerating and they can also

Figure 13. Nanoparticle synthesis through hydrogenolysis of
zerovalent metal complexes. (Reprinted from Ref. [53], r 2007,
with permission from Wiley-VCH.)

Figure 12. Hydrosols via ‘‘modification’’ of the Al-organic protective shell. (Reprinted from Ref. [53], r 2007, with permission from
Wiley-VCH.)
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regulate particle size, especially when the metal is precip-
itated directly. Many preparative routes have been de-
scribed for depositing metal nanoclusters onto various
inorganic supports [353–357], not only providing a means
of controlling their morphology and behaviour but also
widening their range of applications. Composite materials
that are devoid of any additional stabilizers have potential
applications in areas like surface-enhanced Raman scat-
tering, photonic crystals, catalysis, and in chemical sen-
sors. An advantage of such materials in applications like
catalysis is that they can be separated easily from the re-
action mixture and products.

The main prerequisites for materials to be used as
supports or templates for nanoclusters in a durable form
are

– inertness and neutral chemical properties
– a large surface area
– pore sizes optimized for the nanoclusters to be

‘‘hosted’’ or encapsulated.

The oxides of Si, Al, Ti, Zr, Ca, Mg, and Zn have often
served as convenient supports for metal nanoclusters
[358–362]. Conductive glassy carbon or graphite materials
have proved to be suitable carriers for electrocatalytic
applications [363,364].

The performance of supported metal catalysts depends
largely on the structure and composition of the metal
particles and the nature of the support. Heterogeneous
catalysts which are prepared by the decomposition of or-
ganometallic molecular clusters in the presence of a sup-
port material generally exhibit a greater uniformity in
shape and particle size than those produced by conven-
tional ‘‘salt impregnation systems’’ where the nanoparti-
cles are produced on the surface by calcination or a
reductive process [365]. For example, carrier-supported
metal clusters such as Ir4/g-Al2O3, Ir6/g-Al2O3, and
Rh6/zeolite (NaY), which are good catalysts for the

hydrogenation of toluene (a reaction that is highly sen-
sitive to the particle size) are best prepared by the dec-
arbonylation of the corresponding metal carbonyl clusters
in the presence of the support materials. Nevertheless, the
synthesis of non-agglomerated, monodisperse nanoclus-
ters poses a major challenge because colloidal stabilizers
are absent. A simple route for generating supported
metal nanoclusters is to add suitable support materials
to the reaction medium in which the metal salt(s) are
dissolved and to use the polyol method (see Section 3.6)
for reduction.

A specific example where heterogeneous supports pro-
vide nanoparticle size-control is the immobilization of
homogeneous silver nanoparticles on polystyrene [366].
This work was extended later to the development of a one-
pot method for the size-selective precipitation of silver
nanoparticles on PVP-protected thiol-functionalized sil-
ica. During the immobilization of very small silver
nanoclusters both the size of the silver nanoclusters and
the thickness of the silver layer on the support could be
controlled directly by the reaction parameters applied
(Figure 16) [367].

Similarly, Pd, Ag, and Pd–Ag nanoclusters on alumina
have been prepared by the polyol method [230]. Dend-
rimer encapsulated metal nanoclusters can be obtained
by the thermal degradation of the organic dendrimers
[368]. If salts of different metals are reduced one after
the other in the presence of a support, core-shell type
metallic particles are produced. In this case the presence
of the support is vital for the success of the preparation.
For example, the stepwise reduction of Cu and Pt salts in
the presence of a conductive carbon support (Vulcan XC
72) generates copper nanoparticles (6–8 nm) that are
coated with smaller particles of Pt (1–2 nm). This system
has been found to be a powerful electrocatalyst which
exhibits improved CO tolerance combined with high
electrocatalytic efficiency. For details see Section 3.7
[53,369].

Figure 15. Formation of Pt13 clusters stabilized by trialkylaluminium.

Figure 14. Size-selective formation of air stable Co particles via thermolysis of Co2CO8 controlled by aluminium alkyl. (Reprinted
from Ref. [53], r 2007, with permission from Wiley-VCH.)
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4. Selected Applications

Methods for the design of size- and even shape-controlled
[186,190,191,370–372] metallic nanoparticles have reached
a rather mature stadium thanks to the contributions of the
pioneer groups of the last 25 years. Applications in a
number of fields of practical Nanotechnology are now
moving fast into the focus of R&D [203,373]. For an
overview on the potential application of metal nanopar-
ticles in the rapidly growing fields of quantum dots, self-
assembly, and electrical properties, the reader is advised
to consult recently published specialist review articles,
e.g., Refs. [160,281] and book chapters (cf. Chapters 2, 4,
and 5 in Ref. [60]). In the following three sub-sections the
authors restrict themselves to a brief summary of a few
subjects of current practical interest in fields with which
they are most familiar.

4.1. Catalysis

Nanostructured metal colloids in the form of organo- or
hydrosols can serve as homogeneous – or ‘‘quasi homo-
geneous’’1 [374] catalysts either in organic, aqueous, or
biphasic phases. Alternatively, pre-prepared nanocolloids
can be deposited on a diverse range of supports to give
high-performance heterogeneous catalysts. To differenti-
ate these from classic heterogeneous catalysts we have
coined this approach the ‘‘precursor method’’ [375]. In a
recent state-of-the-art article, the latest developments at
the frontiers of ‘‘nanoparticles as recyclable catalysts’’
have been reviewed by Astruc [52] who – in this context,
created the term ‘‘semi-heterogeneous’’ to describe the
specific function of nanoparticulate catalyst systems [52,
p. 7853]. The focus of this section is to provide the reader
with an overview on the main fields specific of catalysis –
such as fine chemicals production, hydrogen storage, and
electrocatalysis – where the different preparation methods
as discussed in Section 3 have already been successfully
applied to prepare novel types of promising ‘‘nanocata-
lysts.’’ Although ‘‘nanocatalysis’’ has not found its way
into bulk industrial chemical productions yet it can be
expected that control of composition, size, and (in
some cases) even shape of the active metal centres at the
nanoscale associated with a very uniform dispersion will

prove successful sooner or later also at the ton-scale. An
outlook is given at the end of this section.

The use of ligand-stabilized transition metal nanopar-
ticles in catalysis was demonstrated by Schmid et al.
over the years in a series of articles in Refs.
[48,50,111,112,119,131,139,141,168,202,374,376,377–380].

Schmid [374] has described phosphine-stabilized Rh55
nanoclusters, namely Rh55[P(t-Bu)3]12Cl20 and
Rh55[PPh3]12Cl20, deposited on TiO2. These systems were
reported by to catalyze the heterogeneous hydroformylat-
ion of propene with high turnover numbers giving equal
amounts of n- and i-butanal. The observed turnover fre-
quencies are higher than seen with homogeneous complex
catalysts but the selectivity was found to be too low for
practical applications. In addition, Schmid et al. have ap-
plied the classical seed growth method [381] to synthesize
layered bimetallic Au/Pd and Pd/Au colloids in the size
range of 20–56 nm [379]. The sequential reduction of gold
salts and palladium salts with sodium citrate allows the
gold core to be coated with Pd. The layered bimetallic
colloid is stabilized by trisulfonated triphenylphosphane
and sodium sulfanilate. More than 90% metal can be
isolated in the solid state. The redispersion in water is
possible in high concentration [382]. It was found that
even subtle changes in the chain length of the substituents
of the alkyl-substituted phenanthrolines used as colloid
stabilizers alter the regioselectivity significantly [383].
Seven- and eight-shell palladium clusters on TiO2, pro-
tected by phenanthroline catalyse the semihydrogenation
of hex-2-yne to cis-hex-2-ene with 93% cis-hex-2-ene se-
lectivity. With the 3-n-decyl phenanthroline as the stabi-
lizer a similar selectivity resulted. On substitution of the
phenanthroline with n-butyl or n-heptyl groups, however,
the activity drops dramatically and the consecutive iso-
merization or total hydrogenation of the cis-hex-2-ene is
completely suppressed [377]. Very recently, Schmid
and Corain have outlined the scope of nanoparticulated
gold in the extremely facile catalytic oxidation of CO to
CO2 [384]. For a more general review on the catalytic
applications of Au(0) see Ref. [385]. In addition, the sig-
nificant contributions F. Schüth et al. currently adds
to this rapidly growing field are highly recommended,
e.g., Ref. [386].

Solutions of Moiseev’s giant Pd colloids [49,161–166]
were shown to catalyze a number of reactions in the
‘‘quasi homogeneous’’ phase, namely oxidative ace-
toxylation reactions [162], the oxidative carbonylation of
phenol to diphenyl carbonate [166], the hydrogen-transfer
reduction of multiple bonds by formic acid [387], the

Figure 16. Schematic representation of the mechanism of silver stabilization by silica.

1Also termed soluble heterogeneous catalysts.
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reduction of nitriles and nitroarenes, and the acetal for-
mation [49,161] with high turnover frequencies and sig-
nificant lifetimes.

The catalytic applications of Moiseev’s ‘‘giant’’ cationic
palladium clusters have extensively been reviewed by
Finke et al. [167]. In a recent review chapter we have
outlined the potential of surfactant-stabilized nanocol-
loids in the different fields of catalysis [53]. Our three-step
‘‘precursor concept’’ for the manufacture of heterogene-
ous ‘‘egg-shell’’ – nanocatalysts catalysts based on surfact-
ant-stabilized organosols or hydrosols was developed in
the 1990s [173–177] and has been fully elaborated in re-
cent time as a standard procedure for the manufacture of
‘‘egg-shell’’ – nanometal catalysts, namely for the prep-
aration of high-performance fuel cell catalysts. For details
consult the following Refs. [53,181,387].

Reetz et al. have used N-(octyl)4Br-stabilized Pd col-
loids (typical size, e.g., 3 nm) as precursors to form so-
called ‘‘cortex-catalysts,’’ where the active metal forms an
extremely fine shell of less than 10 nm on the supports
(e.g., Al2O3). Within the first 1–4 s, the impregnation of
Al2O3 pellets by dispersed nanostructured metal colloids
leads to the time-dependent penetration of the support
which is complete after 10 s. ‘‘Cortex catalysts’’ were re-
ported to show a threefold higher activity in olefin hy-
drogenation than conventionally prepared catalysts of the
same metal loading (5% Pd on Al2O3) [388].

Solvent-stabilized metal colloids have been shown to
exhibit extraordinary catalytic efficiency, namely in the
‘‘quasi homogeneous’’ phase. Unsupported nanoparticles
stabilized with surfactants, ‘‘capping agents’’ such as PVP
or organoaluminium shells in liquid solvent phases (in-
cluding water) work as ‘‘soluble surfaces’’ exhibiting very
high turnover frequencies associated with reasonable life-
times – and potentially are recyclable [173–176,389,390].
Reetz has used Pd nanoparticles, formed via salt reduc-
tion with tetrabutyl ammonium carboxylates as highly
efficient Heck reaction catalysts [185,391] where propyl-
ene carbonate-stabilized palladium nanoparticles were
also shown to be active [392,393]. McMurry-type coupling
reactions to transform aldehydes and ketones into olefins
using Bu4NBr-stabilized Ti colloids (3 nm) were further
reported. The THF-protected Ti13- and Zr-nanoclusters
were shown to hydrogenate Ti and Zr sponges in the
‘‘quasi homogeneous’’ phase [54,206]. The THF-protected
Ti13-nanocluster, in addition, has been tested by several
groups to be one of the best available catalysts for re-
versible hydrogen storage in alanates [394,395]. Even en-
antioselective hydrogenation reactions were performed
using cinchonidine-stabilized Pt colloids in HOAc/MeOH
solution [396,397].

Since 1976 until present time Toshima-type nanocol-
loids always had a major impact on catalysis and elect-
rocatalysis at nanoparticle surfaces [47,210–213,398–407].
The main advantages of these products lie in the efficient
control of the inner structure and morphology especially
of bimetallic and even multimetallic catalyst systems.

A subtle control of the particle morphology and size
can also be brought about using Fiévet’s Polyol process
for catalyst preparation. The main advantage here is the
easy access to nanoparticulate metals at any normally
equipped laboratory bench without the restrictions im-
posed by anaerobic working conditions [224]. It is clear

that truly zerovalent metal surfaces cannot be obtained in
air. However, using XANES and XPS it has been shown
[269] that only small layer at the particle surface is slightly
oxidized which – for most applications in catalysis is only
a minor drawback.

Micelles in which nanosized metals are incorporated
are very stable; they undergo no significant change of the
colloidal properties such as size and polydispersity and
consequently are effective hydrogenation catalysts. Ant-
onietti and coworkers have found that the morphology of
the metal core can be varied between a ‘‘cherry’’ – and a
‘‘raspberry’’ – architecture depending on the strength of
the reducing agent. Block copolymer stabilized Pd-‘‘rasp-
berry’’-colloids have an extraordinary high metal surface
and no additional support is needed for catalytic appli-
cations in solution. This type of colloid catalyst combines
the advantages of homogeneous and heterogeneous
catalysis, i.e., the high selectivity and reactivity of homo-
geneous hydrogenation catalysts is coupled with the long-
term stability of the heterogeneous systems [408,409]. The
wide range of ‘quasi homogeneous catalysis’ using poly-
mers, micelles, or reversed micelles as ‘microreactors’ has
recently been reviewed by Astruc [52]. Meanwhile, this
technology has been developed further using hollow
sphere encapsulation techniques [410] to produce high
temperature stable catalysts.

Finke has reported remarkable catalytic lifetimes
for the polyoxoanion- and tetrabutylammonium-stabi-
lized transition metal nanoclusters [288–292]. For example
in the catalytic hydrogenation of cyclohexene, a common
test for structure insensitive reactions, the Ir(0) nanoclus-
ter [296] showed up to 18,000 total turnovers with turn-
over frequencies of 3200 h�1 [293]. As many as 190,000
turnovers were reported in the case of the Rh(0) analogue
reported recently. Obviously, the polyoxoanion compo-
nent prevents the precious metal nanoparticles from ag-
gregating so that the active metals exhibit a high surface
area [297].

Reductive stabilization [86,94,305] is probably the most
straightforward one-step access to nanoparticulate cata-
lysts – provided that strict anaerobic working conditions
either in a glove box or using an argon-protective atmos-
phere are available. Another advantage of this synthetic
procedure lies in the accessibility of very small particle
sizes (e.g., Pt(0) particles of 1.2 nm) which gives access
to unusually large catalytically active surface areas. Via
subsequent protonolysis of the Al–C bonds in the pro-
tective shell by ‘‘modifier molecules’’ a wide range of
nanometallic hydrosols is produced. Via the ‘‘precursor
concept’’ homogeneous and gradient structure alloys, lay-
ered bimetallics and decorated particles are all readily ac-
cessible on a wide range of supports. The details of this
very versatile method to produce a whole plethora of
halogen-free structurally controlled small-sized nanome-
tallic catalyst systems have recently been reviewed in ex-
tensor [53, Part 5.0].

Controlled decomposition of organometallics leads to
nanocatalysts which exhibit a very clean and truly
zerovalent metallic surface (cf. [339]). As indicated in
Figure 15 in Section 3.10, the organoaluminium shell of
the one-shell Pt13 cluster (size: 0.7570.1 nm) obtained via
the decomposition of [(COD)Pt(CH3)2] in the presence of
excess trioctylaluminium [352] is transferred to an Al2O3
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matrix which gives a heterogeneous catalyst where Pt13
clusters are regularly dispersed (though still accessible,
e.g., for H2 or CO as was shown by adsorption measure-
ments. The three-step catalyst preparation pathway which
allows the manufacture of – eventually multimetallic –
solid catalysts (1–2 nm) having a metal loading of >20%.
from metal nanoclusters stabilized only by organoalu-
minium is summarized in Figure 17.

The Pt13 clusters are pre-prepared in organic and sub-
sequently anchored on a high surface area solid oxide
surface bearing –OH groups which hydrolyze reactive
Al–C bonds in the protective shell. This is completed after
5 h at ambient temperature. In the third step (which we
coined ‘‘conditioning’’) the dried Pt/Al-oxide catalyst
powders are exposed to synthetic air (containing 3.5 vol%
O2 in Ar) and H2 for 30min each at 250–300 1C. The
particle size of the Pt(0) colloid adsorbed on the support
was found to be virtually untouched (1.370.4 nm), and
after the ‘‘conditioning’’ only a moderate growth was de-
termined. The aluminium was found to cover the Pt sur-
face as a thin film of Al-oxide. This keeps the Pt particles
apart from each other and accounts for an improved
durability which we have reproducibly found in various
catalytic test runs [411]. The use of highly magnetic nano-
materials in catalysis has recent been demonstrated by F.
Schüth et al., in the ‘‘nanoengineering’’ of a magnetically
separable hydrogenation catalyst [352].

Finally, two major industrial applications of nanocat-
alysts should be mentioned that are currently in the tran-
sition from basic research to industrial scale-up.
Headwaters NanoKinetix and Degussa have developed
and patented [412–415] a direct synthesis method for the

production of H2O2 from hydrogen and oxygen using a
size-defined nanocatalyst (4 nm) where Palladium is the
main active component, and a lesser amount of platinum
is typically included as well. The support is a porous solid
such as carbon, alumina, or silica (Figure 18).

To control the formation of nanoparticles with desired
size, composition, structure, dispersion, and stability, a
multifunction ‘‘nanoagent’’ is used. The active metals (Pd
and Pt) react with the functional groups of the ‘‘nano-
agent,’’ i.e., a polymer template. The polymer template
determines the size, monodisperity, composition, and
morphology of the particles (which is somewhat reminis-
cent of the reversed micelles technique mentioned above).

Figure 17. Scheme of the preparation of a heterogeneous Pt catalyst (1.570.4 nm) from a colloidal Pt/Al(C8H17)3 precursor.

Figure 18. TEM electron micrograph of the supported Pd/Pt
nanocatalyst (ca. 4 nm) for the direct production of H2O2.
(Printed with permission of B. Zhou, Headwaters, Inc.)
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Further, encapsulation in the template prevents the nano-
particles from agglomeration, maintaining the nanocata-
lyst performance for long term which is crucial for
commercial application.

Figure 19 illustrates key steps of the H2O2 formation at
the nanostructured catalyst surface. An important feature
is the ‘‘imprintment’’ and maintenance of the (1 1 0) crys-
tal surface through the polymer template because
the specific row of metal atoms favours the formation of
hydrogen peroxide while minimizing byproducts such as
water.

The reaction steps are as follows:

1. hydrogen (H2) dissociates on the catalyst surface
2. molecularly adsorbed oxygen is attacked by the ad-

sorbed hydrogen
3. hydrogen peroxide dissociates from the catalyst sur-

face.

It is anticipated that the new, environmentally friendly
technology designed by Headwaters for H2O2 production
will soon replace the current anthraquinone process be-
cause of the high activity, selectivity, and durability of the
novel nanocatalyst.

‘‘Nano for Energy’’ is the relevant key phrase evalu-
ating the importance of nanocatalysis for the Fisc-
her–Tropsch process which was invented in 1925 at the
Kaiser-Wilhelm-Institute for Coal Research2, Mülheim,
Germany, currently regarded as one of the key steps in the
huge gas-to-liquid (GTL) [416,417] or biomass-to-liquid
(BTL) units [418–423] which are currently debated in in-
dustry to substitute ca. 10% of the global supply of diesel
fuel by sulfur- and nitrogen-free ‘‘Synfuel’’ within a dec-
ade. Kuipers and de Jong [424,425] have recently reported
that dispersing metallic cobalt nanoparticles of specific
sizes on inert carbon nanofibers yields a new nanotype
Fischer–Tropsch catalyst. A combination of physical an-
alytic methods has revealed zerovalent cobalt nanoparti-
cles to be the true ‘‘active sites’’ to convert CO and H2

into hydrocarbons (and water). Particle size has a strong
effect on activity, selectivity, and durability of the cata-
lysts and it was found that cobalt particles with 6 or 8 nm
are the optimum size for Fischer–Tropsch catalysis.

4.2. Materials

The optical, semiconductor, and electrical properties of
metallic nanoparticles including potential applications in
a number of fields have been reviewed in Chapter 5 of
Schmid’s recent book [60].

Recent progress in the manufacture of cost-effective,
long-term stable dye sensitized solar cells (DSSC) has
been achieved using screen-printing techniques [426].
Screen-printed cells, however, require the accessibility of
1–2 nm Pt nanoparticles where the surface is truly in the
zerovalent state. Nanoscale syntheses as discussed in Sec-
tion 3. of this article will certainly become the key to the
ultimate economic viability of photovoltaic electricity
production via DSSC [427]. This technology relies on
nano-TiO2, nano-SnO2, and nano-Pt. Fiévets polyol
method (see Section 3.6) and our preparation pathways
(Section 3.3) we have been able – in close cooperation
with the Fraunhofer Institute ISE (Freiburg, Germany) to
produce SnO2 doped with a nano-Pt layer that could be
transformed into a paste to give an effective catalytic layer
for the iodide/triiodide reduction [269]. Using nanosized
Pt (0) precursors as the catalysts outperforms the con-
ventional platinum catalyst layers. In a comparative study
[269], we found catalytic layers fabricated using nano-
clusters gained from either the ‘‘polyol process’’
(0.4O cm2) or via ‘‘hydrogen reduction’’ (1.1O cm2) to
yield the best electrochemical performance for I–/I3

– re-
duction [428,429]. Future work will be focused on the
manufacture of low-cost electrode layers based entirely on
nanometal oxides, which eliminates the costly Ru-based
dye and the use of precious metals.

Potential applications for magnetic nanoparticles in-
clude actuators in mechanical engineering, dampers
in the automotive industry, high-end loudspeakers and
rotating shafts in the drives of hard discs in personal
computers. However, due to their relatively low stability
towards oxidation under ambient conditions convention-
ally prepared cobalt and other elemental magnetic nano-
particles (Fe, Ni, etc.) cannot be applied in practice. On
the other hand, noble metal alloyed particles such as
Co3Pt or FexPt1�x [281,430] are too costly. Co-, Fe/Co-
particles prepared via the size-controlled decomposition
of the respective metal carbonyls in the presence of alu-
minium alkyls can be stabilized against air and moisture
via subsequent ‘‘smooth oxidation’’ [350]. These materials
are commercially available and have been successfully
tested in a number of applications, e.g., high-performance
magnetic fluids, magnetic seals, magnetohydrostatic bear-
ings, and global positioning systems (GPS) [431].

4.3. Biomedical Aspects

Nearly all synthetic pathways discussed in Section 3 can
principally be applied to synthesize biocompatible metal

Figure 19. Illustration of the crystal surface control on the hy-
drogen peroxide reaction pathway. (Reprinted with permission of
B. Zhou, Headwaters, Inc.)

2In 1949 name changed to Max-Planck Institute für Kohlen-
forschung.
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nanoparticles. The main pre-requisite for the application
of nanometals in biological systems is that the ligands and/
or the capping molecules have bio-friendly functionalities
which fit into a given biochemical environment including
human blood serum. A recent state-of-the-art review can
be found in Chapter 6 of Ref. [60]. For the latest devel-
opments by applying, e.g., DNA-conjugates of the Schmid
clusters, namely Au55, to biomedical systems the reader
should consult Chapter 1 by G. Schmid. It should only
mentioned here that recent cellular toxicity tests done with
DNA-conjugates of Schmid Au55 clusters have conjured
up big hopes that Au55 clusters or related systems can
assist the treatment of certain cancers in the future [432].

In a different way, metallic-core nanoparticles [346–349]
(prepared cf. Section 3.10) equipped with biocompatible
coats such as L-cysteine or dextrane may be exploited for
highly efficient and cell-specific cancer cell targeting, i.e.,
for improving diagnosis and therapy of human cancer. In a
recent ‘‘proof-of-principle experiment’’ an unexpectedly
low toxicity of the L-cysteine-covered cobalt nanoparticles
was demonstrated [433] For diagnostic purposes, it is ex-
pected to use the advantageous magnetic properties of the
metallic-core nanoparticles to obtain a contrast medium
for MRI with considerably increased sensitivity, capable to
detect micro-metastases in the environment of healthy tis-
sues [434–437].

The combination of cancer cell specific targeting, a high
magnetic moment and high absolute concentrations in
tumour tissues makes this magnetic antibody conjugate
highly suitable also for the magnetically induced local
heating of tissues aiming for selective hyperthermia. In
addition, the antibody fragments can be considered as
most appropriate vehicles to convey metal-core biobeads
selectively into the cytoplasm of targeted tumour cells
[438–440]. Both IR- and XAS-analyses clearly showed

cysteine to be bonded exclusively to the particle surface
via the –SH group leaving the amino function completely
free for subsequent coupling, e.g., with antibody units
[350, p. 29]. The principle is shown in Figure 20.

With the help of such nanometallic tools, in some
future diseases or predispositions for diseases could
potentially be discovered earlier than at present.

5. Conclusions and Outlook

The intention of this chapter is to provide a general survey
on the preparative methodologies for the size- and shape-
selective synthesis of metallic nanoparticles that have
emerged from the benches of chemical basic research dur-
ing the last few decades and become established as practical
standard protocols. Industrial scale-up, however, has only
just started to test the economic viability of these proce-
dures and to determine whether they can meet the chal-
lenges of a number of very specific applications. The
commercial manufacture of such thermodynamically ex-
tremely unstable nanoparticles in defined sizes and shapes
on the kilo-scale is still confronted by a number of major
problems and it remains to be seen how these can be solved.

There is no doubt that metallic nanoparticles that have
defined sizes and shapes will become key components of a
number of novel, highly sophisticated products, the pro-
totypes of which are currently emerging from the indus-
trial R&D departments. The outlook is promising for the
industrial production of defined 1.4 nm metal clusters for
use as single electron switches or transistors, for the cost-
effective fabrication of ultrapure metallic nanomaterials
needed for dye solar cells or sensors, and for the repro-
ducible production of (particularly) efficient and durable

Figure 20. Selective cell targeting via specific monoclonal antibodies and/or antibody fragments directed against cancer cells and linked
to the free amino groups of L-cysteine-coated metallic-core magnetic nanoparticles (MNP) (MNP ¼ Co, Fe/Co, size 8–10 nm).
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nanocatalysts for applications in the fields of chemistry or
energy conversion.

An important field of development is the batched flow
production of metal nanoclusters attached to biomolecules
such as DNA under GMP laboratory standards. This
conjures up hopes of applying metallic nanomaterials cou-
pled with drugs, antibodies, or with oligonucleotides for
cell-specific cancer diagnosis and therapy. With the help of
such nanometallic tools, it can be expected that diseases or
predispositions to diseases will be diagnosed earlier with
the help of ‘‘nanodrugs’’ than is possible at present.
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62 H. Bönnemann, W. Brijoux, R. Brinkmann, E. Dinjus, T.

Joussen, B. Korall, Angew. Chem. Int. Ed. 30 (1991) 1312.
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H. Bönnemann and K.S. Nagabhushana42
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109 F. Wen, H. Bönnemann, R. J. Mynott, B. Spliethoff,
C. Weidenthaler, N. Palina, S. Zinoveva, H. Modrow,
Appl. Organomet. Chem. 19 (2005) 827.

110 G. Schmid, Inorg. Synth. 7 (1990) 214.
111 G. Schmid, N. Klein, L. Korste, U. Kreibig, D. Schönauer,

Polyhedron 7 (1988) 605.
112 G. Schmid, R. Pugin, J.-O. Malm, J.-O. Bovin, Eur. J.

Inorg. Chem. 6 (1998) 813.
113 G. Schmid, R. Pugin, W. Meyer-Zaika, U. Simon, Eur. J.

Inorg. Chem. 11 (1999) 2051.
114 L. O. Brown, J. E. Hutchison, J. Am. Chem. Soc. 119 (1997)

12384.
115 G. Schmid (ed.) Clusters and Colloids – From Theory to

Applications, Wiley-VCH, Weinheim, 1994.
116 G. Schmid, Struct. Bond. 62 (1985) 51.
117 M. P. J. van Staveren, H. B. Brom, L. J. de Jongh,

G. Schmid, Solid State Commun. 60 (1986) 319.
118 A. H. A. Smit, R. C. Thiel, L. J. de Jongh, G. Schmid,

N. Klein, Solid State Commun. 65 (1988) 915.
119 G. Schmid, Polyhedron 7 (1988) 2321.
120 R. E. Benfield, J. A. Creighton, D. G. Eadon, G. Schmid,

Z. Phys. D 12 (1989) 533.
121 M. C. Fairbanks, R. E. Benfield, R. J. Newport, G. Schmid,

Solid State Commun. 73 (1990) 431.
122 H. Feld, A. Leute, D. Rading, A. Benninghoven,

G. Schmid, Z. Phys. D 17 (1990) 73.
123 G. Schmid, Endeavour 14 (1990) 172.
124 H. Feld, A. Leute, D. Rading, A. Benninghoven,

G. Schmid, J. Am. Chem. Soc. 112 (1990) 8166.
125 C. Becker, Th. Fries, K. Wandelt, U. Kreibig, G. Schmid,

J. Vac. Sci. Technol. B9 (1991) 810.
126 U. Kreibig, K. Fauth, C.-G. Granqvist, G. Schmid, Z.

Phys. Chem. Neu Folge 169 (1990) 11.
127 K. Fauth, U. Kreibig, G. Schmid, Z. Phys. D 20 (1991) 297.
128 M. Quinten, I. Sander, P. Steiner, U. Kreibig, K. Fauth, G.

Schmid, Z. Phys. D 20 (1991) 377.
129 L. E. C. van de Leemput, J. W. Gerritsen, P. H. H. Rongen,

R. T. M. Smokers, H. A. Wieringa, H. van Kempen, G.
Schmid, J. Vac. Sci. Technol. B9 (1991) 814.

130 B. Dusemund, A. Hoffmann, T. Salzmann, U. Kreibig, G.
Schmid, Z. Phys. D 20 (1991) 305.

131 G. Schmid, Chem. Rev. 92 (1992) 1709.
132 G. Schmid, in J. de Jongh (ed.) Physics and Chemistry of

Metal Cluster Compounds, Kluwer Academic Publishers,
Dordrecht, The Netherlands, 1994, 107.

133 U. Simon, G. Schmid, G. Schön, Angew. Chem. Int. Ed. 32
(1993) 250.

Metal Nanoclusters: Synthesis and Strategies for their Size Control 43



134 F. M. Mulder, E. A. van der Zeeuw, R. C. Thiel,
G. Schmid, Solid State Commun. 85 (1993) 93.

135 M. Herrmann, U. Kreibig, G. Schmid, Z. Phys. D 26 (1993) 1.
136 J. Baak, H. B. Brom, L. J. de Jongh, G. Schmid, Z. Phys. D

26 (1993) 30.
137 H. B. Brom, J. Baak, L. J. de Jongh, F. M. Mulder, R. C.

Thiel, G. Schmid, Z. Phys. D 26 (1993) 27.
138 P. D. Cluskey, R. J. Newport, R. E. Benfield, S. J. Gurmann,

G. Schmid, Z. Phys. D 26 (1993) 8.
139 R. Houbertz, T. Feigenspan, F. Mielke, U. Memmert, U.

Hartmann, U. Simon, G. Schön, G. Schmid, Europhys.
Lett. 28 (1994) 641.

140 B. A. Smith, J. Z. Zhang, U. Giebel, G. Schmid, Chem.
Phys. Lett. 270 (1997) 139.

141 T. Tominaga, S. Tenma, H. Watanabe, U. Giebel, G. Schmid,
Chem. Lett. 25 (1996) 1033.

142 V. Ruffieux, G. Schmid, P. Braunstein, J. Rosé, Chem. Eur.
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431 S. Behrens, H. Bönnemann, N. Matoussevitch, A.
Gorschinski, E. Dinjus, W. Habicht, J. Bolle, S. Zinoveva,
N. Palina, J. Hormes, H. Modrow, S. Bahr, V. Kempter, J.
Phys. Condens. Matter 18 (2006) 2543.

432 M. Tsoli, H. Kuhn, W. Brandau, H. Esche, G. Schmid,
Small 1 (2005) 841.

433 O. Mykhalik, Institute of Experimental Oncology, University
Hospital (LMU München), private communication, 2006.

434 W. Sauerwein, I. Heselmann, K. Olthoff, H. Sack, C.
Fuhrmann, F. Steinberg, U. Becker, F. Zölzer, C. Streffer,
J. Electroanal. Chem. 342 (1992) 347.

435 P. Bendel, W. Sauerwein, Med. Phys. 28 (2001) 1.
436 F. Basilico, W. Sauerwein, F. Pozzi, A. Wittig, R. Moss, L.

Mauri, J. Mass. Spectrom. 40 (2005) 1546.
437 J.-S. Choi, Y.-W. Jun, S.-I. Yeon, H.-C. Kim, J.-S. Shin, J.

Cheon, J. Am. Chem. Soc. 128 (2006) 15982.
438 H. Gu, K. Xu, B. Xu, Chem. Commun. 84 (2006) 941.
439 J.-H. Lee, Y.-W. Jun. S.-I. Yeon, J.-S. Shin, J. Cheon,

Angew. Chem. Int. Ed. 118 (2006) 8340.
440 Ch. Zhang, B. Wängler, B. Morgenstern, H. Zentgraf, M.

Eisenhut, H. Untenecker, R. Krüger, R. Huss, Ch. Seliger,
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CHAPTER 3

Recent Progress in Bimetallic Nanoparticles:
Their Preparation, Structures and Functions

Naoki Toshima, Hu Yan,# and Yukihide Shiraishi

Department of Materials Science and Environmental Engineering, Tokyo University of Science, Yamaguchi, Japan

1. Introduction

Mono- or bimetallic nanoparticles have attracted a great
interest in scientific research and industrial applications
such as catalysis, owing to their unique large surface-to-
volume ratios and quantum-size effects [1–3]. Since indus-
trial catalysts usually work on the surface of metals, the
metal nanoparticles, possessing much larger surface area
per unit volume or weight of metal than the bulk metal,
have been considered as promising materials for catalysis.
From both the scientific and technological point of view,
bimetallic nanoparticles composed of two different metal
elements are more promising than monometallic nanopar-
ticles, [4,5] because synergestic effect is expected. Bimetal-
lic nanoparticles have shown novel catalytic behaviors
based on the effect of second metal element added. This
effect of the second metal element can be often explained
in terms of an ensemble and/or a ligand effect in catalyses.

Herein we briefly mention historical aspects on prep-
aration of monometallic or bimetallic nanoparticles as
science. In 1857, Faraday prepared dispersion solution of
Au colloids by chemical reduction of aqueous solution of
Au(III) ions with phosphorous [6]. One hundred and
thirty-one years later, in 1988, Thomas confirmed that the
colloids were composed of Au nanoparticles with 3–30 nm
in particle size by means of electron microscope [7]. In
1941, Rampino and Nord prepared colloidal dispersion of
Pd by reduction with hydrogen, protected the colloids by
addition of synthetic polymer like polyvinylalcohol, ap-
plied to the catalysts for the first time [8–10]. In 1951,
Turkevich et al. [11] reported an important paper on
preparation method of Au nanoparticles. They prepared
aqueous dispersions of Au nanoparticles by reducing
Au(III) with phosphorous or carbon monoxide (CO), and
characterized the nanoparticles by electron microscopy.
They also prepared Au nanoparticles with quite narrow

size distribution and mean diameters in the range of
10–20 nm by citrate reduction of Au(III) in solution. After
1970 AuPd bimetallic nanoparticles with different micro-
structures, i.e., alloyed AuPd particles (ca. 25 nm), Pd-
coated Au particles (Au/Pd) (ca. 22 nm), and Au-coated
Pd particles (Pd/Au) (ca. 30 nm) were prepared by the
simultaneous reduction of the corresponding metal salts
in the presence of citrate or hydroxylamine as a reducing
agent [12,13]. We prepared alcohol dispersions of noble
metal nanoparticles by using alcohol as a reducing
reagent. This preparation method was developed just in
accident. Originally we were investigating on macromo-
lecular metal complexes as models of artificial enzyme.
For this purpose we used rhodium(III) chloride as an
active center, and poly(L-glutamic acid) as a polymer lig-
and. In addition, ethanol was added to the aqueous mix-
tures to solubilize the polymer. The mixtures were treated
by heat to complete the complex formation between Rh
ions and poly(L-glutamic acid). Then, the color change
was observed and the resulting brownish colored solution
fortunately showed high catalytic activity for hydrogen-
ization of olefin. This colored solution was later found to
be a colloidal dispersion of Rh by TEM observation.
Later we used poly(N-vinyl-2-pyrrolidone) (PVP) or poly-
vinylalcohol instead of poly(L-glutamic acid) as a protect-
ing polymer. In fact, PVP was proved to be a useful
protecting polymer. It can protect almost all kinds of
nanoparticles in various systems. We would like to call
PVP ‘‘a magic polymer’’. This alcohol reduction in the
presence of PVP can be applied to prepare various kinds
of colloidal dispersions in alcohol of noble metal nano-
particles [2,4,5,14]. The smallest Rh particles observed
had the size of 0.7 nm in diameter, corresponding to a
cluster of 13 atoms. They were used as catalysts for hydro-
genation of olefins without precipitation. The alcohol re-
duction method was also applied to prepare bimetallic
nanoparticles by simultaneous reduction of two metal
ions [15,16]. The bimetallic structures were first clearly
proposed by the technique of extended X-ray absorption
fine structure (EXAFS) [16]. Sinfelt and co-workers
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extensively studied on the catalysis of bimetallic nano-
particles [17–21]. The bimetallic nanoparticles have
already been used as effective catalysts for the hydrogen-
ation of olefins and carbon-skeleton rearrangement of
hydrocarbons, thanks to their efforts. The alloy structure
can be carefully examined to understand their catalytic
properties. Catalysis of supported metal nanoparticles has
been studied for many years and is practically important,
but they are not the aims of this review.

The preparations of metal nanoparticles could be
classified into two categories: physical and chemical tech-
niques. Evaporation [22–25] or laser ablation [26–29] of
metal bulk is utilized to prepare nanoparticles in the
physical methods, while reduction of metal ions to neutral
atoms, followed by particle growth is the common strat-
egy in chemical methods, which are subdivided into
conventional chemical (one- or two-phase systems)
[30–36], photochemical [37,38], sonochemical [39,40],
electrochemical [41,42], and radiolytic reductions [43,44].
Generally, the chemical methods have the advantage to be
able to easily control the primary structures of nanopar-
ticles, such as size, shape, and composition as well as to
realize mass production. Such methods for monometallic
nanoparticles can be applied to the preparation of bime-
tallic nanoparticles. The preparations of bimetallic nano-
particles by chemical methods could be usually classified
into two categories: simultaneous reduction (or co-reduc-
tion) and successive reduction (or decompositions, or first
nanoparticle-seeded reduction) approaches for two kinds
of metal salts. These approaches often give the different
size and structure such as alloy or core/shell to the re-
sulting bimetallic nanoparticles. Various typical structure
models of bimetallic nanoparticles are shown in Figure 1.

The precise control of size, its distribution, shape,
composition, and crystal structure of bimetallic nanopar-
ticles is crucial in this field. Some strategies to prepare
bimetallic nanoparticles were proposed and subsequently
the corresponding methods were developed for the pur-
pose of controlled nanoparticles. These methods enable us
to find novel chemical and physical properties of bime-
tallic nanoparticles depending on their structures.

Usually bimetallic nanoparticles as well as monome-
tallic ones are characterized by many probing tools such
as UV–visible (UV–Vis) spectroscopy, transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), EXAFS, infrared
spectroscopy of adsorbed CO (CO-IR), and so on [1,2].

Bimetallic nanoparticles show many interesting func-
tions. The bimetallic nanoparticles are emerging catalysts

because of their high surface-to-volume ratios and their
novel catalytic behavior caused by the second metal el-
ement. Bimetallic nanoparticles were also extensively in-
vestigated on ferromagnetic properties since they are
expectable memory materials. Such bimetallic nanoparti-
cles usually contain 3d-transition metal, such as Fe, Co,
and Ni, as one component element. Recently we demon-
strated that the mono- or bimetallic nanoparticles could
change or improve electro-optical responsibility of liquid
crystal displays (LCDs) [45].

Before 2002 we have previously reviewed on bimetallic
nanoparticles and their catalytic properties [5,46,47].
Herein we concentrate on recent researches on the bime-
tallic nanoparticles from 2003, but also include some im-
portant researches previously reviewed by us [5,46,47].

2. Preparation Methods of Bimetallic Nanoparticles

The synthesis of bimetallic nanoparticles is mainly divided
into two methods, i.e., chemical and physical method, or
‘‘bottom-up’’ and ‘‘top-down’’ method. The chemical
method involves (1) simultaneous or co-reduction, (2)
successive or two-stepped reduction of two kinds of metal
ions, and (3) ‘‘self-organization’’ of bimetallic nanoparticle
by physically mixing two kinds of already-prepared mon-
ometallic nanoparticles with or without after-treatments.
Bimetallic nanoparticle alloys are prepared usually by the
simultaneous reduction while bimetallic nanoparticles
with core/shell structures are prepared usually by the suc-
cessive reduction. In the preparation of bimetallic nano-
particles, one of the most interesting aspects is a core/shell
structure. The surface element plays an important role in
the functions of metal nanoparticles like catalytic and
optical properties, but these properties can be tuned by
addition of the second element which may be located on
the surface or in the center of the particles adjacent to the
surface element. So, we would like to use following marks
to inscribe the bimetallic nanoparticles composed of
metal 1, M1 and metal 2, M2.

M1M2 – All kinds of bimetallic nanoparticles including
random alloy nanoparticles. In this case M1 and M2

should be arranged in an alphabetical order.
M1/M2 – Core/shell type structure, more precisely M1-
core/M2-shell structure.

Main researches on the preparation of the bimetallic
nanoparticles were summarized in Table 1a and b.

Figure 1. Various structure models of bimetallic nanoparticles.
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Table 1. Typical preparations and characterizations of bimetallic nanoparticles reported in literatures.

Metals Structure Particle size Precursors Protecting agent Reducing agent Analysis Literatures

(a) Simultaneous reduction

Pt/Pd – ca. 1.5 nm Pd(II), Pt(IV) PVP Alcohol UV–Vis, TEM, EXAFS [15,16,48]

PtRu Alloys ca. 1.1 nm Pt(dba)2, Ru(COD)(COT) PVP H2 HRTEM [62]

Ag/Pd Alloy or core/shell 1–4 nm Ag(I), Pd(II) PVP Acetone/2-porpanol UV–Vis [63]

AgHg Alloy – Ag(I), Hg(I) Poly(ethyleneimine) NaBH4 UV–Vis [64]

Pt/Ru – – Pt(IV), Ru(II) – NOct4(BHEt3) – [65–67]

Au/Pd – – Au(III), Pd(II) – Sonochemical – [68,69]

Pt/Pd – – Pt(II), Pd(II) Dendrimer NaBH4 – [70]

Pd/Au Alloy or core/shell 22–30 nm Metal salts – Citrate or hydroxylamine – [12,13]

AuPt Alloy – Metal salts – – UV–Vis, TEM [50,51]

Pd/Ru – – Metal salts PVP NaBH4 – [61]

AgAu Alloy ca. 4 nm – Dodecanethiol – UV–Vis [33]

AuPt Alloy ca. 2.5 nm – Dodecanethiol – – [58]

CuPd Alloy o2 nm Cu(II), Pd(II) PVP Glycol XPS, Raman [71–73,75]

NiPd Alloy ca.1.9 nm Ni(II), Pd(II) PVP Glycol TEM, XRD, EXAFS [76–78]

Co/Pt – o2 nm Co(0), Pt(III) PVP H2 XRD [81]

Au/Pd Core/shell ca. 15 nm Au(III), Pd(II) – Ethylene glycol HRTEM, XRD, XPS [118]

Au/Pd Core/shell ca. 6 nm Au(III), Pd(II) N,N-Dimethyldodecylamine NaBH4 UV–Vis, TEM, XRD [119]

Au/Ag Core/shell – Au(III), Ag(I) Neem leaf broth – TEM [120]

Au/Ag Core/shell ca. 10 nm – Fractose – UV–Vis [121]

Pt/Au Core/shell ca. 3 nm Pt(IV), Au(III) PVP Ethylene glycol UV–Vis, TEM, EXAFS [122]

Au/Pt Core/shell – Au(III), Pt(IV) Trisodium citrate Tannic acid UV–Vis, TEM, EXAFS [123]

Ag/Au Core/shell ca. 17 nm Au(III), Ag(I) Trisodium citrate NaBH4 UV–Vis, HRTEM, EXAFS [124]

Au/Pt Core/shell ca. 1.5 nm Au(III), Pt(IV) PVP Alcohol UV–Vis, TEM [53]

Au/Pd Core/shell ca. 1.9 nm Au(III), Pd(II) PVP Alcohol UV–Vis, TEM [52]

Pd/Rh Core/shell ca. 2 nm Pd(II), Rh(III) PVP Alcohol UV–Vis, TEM [54,55]

Pt/Rh Core/shell ca. 2 nm Pt(IV), Rh(III) PVP Alcohol UV–Vis, TEM, EXAFS [56]

(b) Successive reduction

AuPd Cluster-in-cluster – Au-NP, Pd(II) PVP Alcohol TEM, EXAFS [125]

Pd/Ni Core/shell – – PVP Alcohol – [126]

Au=M2
a Core/shell ca. 28 nm Au-NP, Pt(IV) Pd(II) p-H2-C6-H4SO3Na H3NOHCL Micro-EDX [127–130]

Pd/Ag Core/shell – Pd-NP, Ag(I) – Formaldehyde UV–Vis [131]

Pd/Pt Core/shell 1.5–5.5 nm Pd-NP-H2, PT(IV) Polymer H2 CO-IR [132]

Pt/Pd Core/shell 1.5–5.5 nm Pt-NP-H2, Pd(II) Polymer H2 CO-IR [132]

Au/Ag Core/shell – Au-NP, Ag(I) Octadecylamine Tyrosine – [133]

Ag/Au Core/shell ca. 10 nm Ag-NP, Au(III) – g-Radiation UV–Vis, HRTEM [153]

Au/Ag Core/shell 1–3 nm Au-NP, Ag(I) Dendrimer NaBH4 UV–Vis, TEM [134]

Au/Ag Core/shell – Au-NP, Ag(I) PVP MW/polyol – [135]

Ag/Au Core/shell – Ag-NP, Au(III) – R-NHOHHC1 TEM, XPS, SERS [136]

Ag/Au Core/shell – Ag-NP, Au(III) PVP Ag-NP UV–Vis, TEM [137, 138]

Ag/Au Core/shell – Ag-NP, Au(III) – – TEM, SERS [139]

Ag/Pt Core/shell ca. 15 nm Ag-NP, Pt(IV)? Citrate ion Sodium citrate UV–Vis, TEM, XPS [140]

Pt/Ru Core/shell ca. 5 nm Pt(II), Ru(III) PVP Sonochemical TEM [141]

AgPd Alloy – Ag(I), Pd(II) Stearate ion Stearic acid UV–Vis, TEM, XRD [142]

Au/Pd Core/shell – Pd-NP, Au(III) – Ethylene glycol UV–Vis [143]

Pd/Au Core/shell – Pd-NP-H2, Au(III) PVP Ethanol CO-IR, UV–Vis, TEM [144]

Co/M2
b Core/shell 4.4–6.6 nm Co-NP, M2 ion – – HRTEM, EXAFS [145]

aM2: Pt, Pd;
bM2: Au, Pd, Pt, Cu
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Precise control of the primary structures of metallic
nanoparticles, such as size, shape, crystal structure, and
composition, is crucially important for preparation of the
bimetallic nanoparticles because the structures dominate
the physical and chemical properties of metal nanoparti-
cles. The particle sizes of the metal nanoparticles strongly
depend on protective ability of polymer or low molecular
weight ligand used as a protecting agent. The protective
ability of polymer in an aqueous solution can be expressed
quantatively in terms of ‘‘gold number’’ or ‘‘protective
value’’ [4] and R [15,16,48,49]. The ‘‘gold number’’ is de-
fined as the amount of the protective colloid in milligrams
which just prevents 10 cm3 of a red gold sol from changing
color to violet on addition of 1 cm3 of a 10% aqueous
solution of NaCl. The smaller the gold number, the
stronger is the protective ability of the polymer. In con-
trast, the ‘‘protective value’’ is defined as the weight of a
red gold sol in grams which can just be protected from
aggregation by 1 g of the protective colloid on addition of
a 1% NaCl solution. In this case, the larger the protective
value, the greater is the protective ability. On the other
hand, R is defined as the mole ratio of a certain polymer
(a repeat unit) or a ligand to a metal. Usually the pro-
tective ability is stronger with increasing in the R.

From the viewpoint of size control, bimetallic systems
are usually very convenient to produce monodispersed
metal nanoparticles [49]. Although the exact reason is not
clear yet, this is probably attributed to the redox equilib-
rium between the two elements.

2.1. Simultaneous or Co-Reduction

Miner et al. [50] prepared monodispersed AuPt and PdPt
alloys by simultaneous reduction of the corresponding salt
mixtures at various molar ratios. They confirmed that
AuPt alloys are formed at any atomic ratio, even if the
two metals show a broad miscibility gap between 2 and
85wt% Au [51]. The homogeneous character of the var-
ious AuPt alloys was proven by means of optical spectra,
sedimentation measurements, and electron microscopy.

Noble metal ions can be easily reduced to the corre-
sponding zero-valent metal atoms. Therefore, bimetallic
nanoparticles consisting of two different noble metals
have been extensively investigated for purpose of novel
catalysts and optical materials. A simultaneous reduction
of two noble metal ions with alcohol is a simple and useful
technique to prepare bimetallic nanoparticles. The alcohol
reduction of metal ions Mnþ

1 is followed by Equation (1).

Mnþ
1 þ

n

2
C2H5OH!M1 þ

n

2
CH3CHOþ nHþ (1)

Pt/Pd bimetallic nanoparticles can be prepared by
refluxing the alcohol/water (1:1, v/v) solution of palla-
dium(II) chloride and hexachloroplatinic(IV) acid in the
presence of poly(N-vinyl-2-pyrrolidone) (PVP) at ca.
95 1C for 1 h [15,16,48]. The resulting Pd/Pt nanoparti-
cles have a Pt-core/Pd-shell structure with a narrow size
distribution and the dispersion is stable against aggrega-
tion for several years. The core/shell structure was con-
firmed by the technique of EAXFS. Composition of Pt/Pd
nanoparticles can be controlled by the initially feed
amount of two different metal ions, i.e., in this case one

can obtain Pt/Pd nanoparticles of Pt/Pd molar ratios from
1/0 to 0/1. Particle sizes of the nanoparticles can also be
controlled by the amount of protective polymer, PVP, i.e.,
PVP/metal molar ratio (R). When Pt/Pd nanoparticles
were prepared in the presence of 40-fold PVP to metal
ions, i.e., R ¼ 40, ca. 1.5 nm nanoparticles were produced
[15,16,48], while nanoparticles of ca. 2.5 nm in size were
obtained when R is 1 [49]. Similarly Au/Pd [52], Au/Pt
[53], Pd/Rh [54,55], and Pt/Rh [56] bimetallic nanoparti-
cles can be prepared. This alcohol reduction method has
an advantage that alcohol (usually ethanol) is used both
as a solvent and a reducing agent. After the reaction the
corresponding aldehyde is produced (usually acetalde-
hyde), which is easily removed by distillation.

Formation mechanism of the core/shell structure by
simultaneous alcohol reduction of two components of
noble metal ions Mþ1 and Mþ2 (superscript ‘‘+’’ means
cationic species) in the presence of PVP has been proposed
as follows (Figure 2): at first both metal ions Mþ1 and Mþ2
can coordinate to PVP (step a). Then one of the metal ions
Mþ1 having a higher redox potential can be reduced at first
(step b). At this stage another metal ion Mþ2 having a
lower redox potential than Mþ1 still remains as an ion. The
next step can be divided into two ways. In one path Mþ2
ion can also be reduced to form atom M2 (step c). At this
stage both M1 and M2 exist as atoms. Then M1 atoms
aggregate to form a M1 nanocluster (step d), probably
because the coordinate bond between M1 and PVP is
weaker than that between M2 and PVP. In another path
M1 atoms coagulate to form an M1 nanocluster while M

þ
2

ions exist as ions (step e). Then Mþ2 ions, which coordi-
nate to PVP protecting M1 nanoclusters, can be reduced
to form M2 atoms (step f). Thus, the M1 nanoclusters
protected by PVP having M2 atoms can be produced by
two paths. At the last step, M2 atoms can deposit on seed
M1 nanoclusters to form M1-core/M2-shell bimetallic
nanoparticles (step g). Thus, the core/shell structure can
be controlled by the difference of redox potential of Mþ1
and Mþ2 ; and coordination ability of M1 and M2 atoms
onto PVP.

An attractive preparation method of alkanethiol-pro-
tected Au nanoparticles using a two-phase (toluene/water)
reaction with a phase transfer catalyst was reported by
Brust and co-workers [31]. The strategy of their method
consists of growing the metal nanoparticles with the
simultaneous attachment of self-assembled ligand-mono-
layers on the growing nuclei. In order to make the surface
reaction take place during metal nucleation and growth,
nanoparticles are grown in a two-phase system. In the
method, AuCl�4 is transferred from aqueous solution to
toluene by using tetraoctylammonium bromide as the
phase-transfer reagent and reduced with aqueous sodium
borohydride in the presence of a long-chain thiol as a
protective agent. By the two-phase reaction, Hostetler
et al. [57] synthesized Au-based Ag, Pt, Pd, and Cu alloy
bimetallic nanoparticles protected by dodecanethiol or
didodecyl disulfide, whose thermal, optical, and electronic
properties can be systematically altered. Han et al. [33]
also prepared dodecanethiol-protected AgAu alloy bime-
tallic nanoparticles with an average size of ca. 4 nm by a
two-phase synthetic route in water/toluene mixture. The
position of the surface plasmon band changed linearly
between 419 and 522 nm as a function of mole fraction of
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Au (or Ag) content. Decanethiol-protected AuPt alloy
bimetallic nanoparticles of ca. 2.5 nm in particle size were
similarly prepared [58]. The preparations of PdPt [59] and
AuPd [60] bimetallic nanoparticles in water-in-oil (w/o)
microemulsions can be realized in two-phase reaction
system, in which a surfactant molecule itself works as a
protecting agent in these cases.

Liu and co-workers prepared PtRu and PdRu bime-
tallic nanoparticles by using NaBH4 and PVP as reducing
and protective agents, respectively, in solution of the cor-
responding two kinds of metal salts at room temperature
[61]. The bimetallic nanoparticles were more stable than
the PVP-protected Ru monometallic nanoparticles. Chau-
dret and co-workers reported a preparation method which
involves reduction of Pt(dba)2 (dba¼dibenzylidene ace-
tone) and Ru(COD)(COT) in various molar ratios under
H2 in the presence of PVP that led to the formation of
PtRu bimetallic nanoparticles of definite compositions
resulting from the relative concentration of the two com-
plexes in the initial solution [62]. The progressive addition
of ruthenium into the platinum matrix resulted in struc-
tural changes from face-centered cubic (fcc) for high
platinum contents to hexagonal close-packed (hcp) for
high ruthenium contents. Esumi et al. [63] also prepared
AgPd alloy bimetallic nanoparticles by UV photolysis
(253.7 nm) of silver perchlorate and palladium acetate in
mixture solutions of acetone/2-propanol in the presence of
PVP. The AgPd nanoparticles with average size of ca.
1–4 nm shows the sharp optical absorption bands, which
shift to longer wavelengths with increasing in molar ratio

of silver. Henglein and Brancewicz [64] prepared AgHg
bimetallic nanoparticles by the simultaneous reduction of
corresponding ions with NaBH4 in the presence of
poly(ethyleneimine) as a stabilizer. The nanoparticles
have an alloy structure, whose plasmon absorption band
is blue-shifted with increasing in Hg/Ag molar ratio. The
AgHg nanoparticle alloy is stable up to the Hg/Ag molar
ratio of 2:1.

Other one-pot preparations of bimetallic nanoparticles
include NOct4(BHEt3) reduction of platinum and ruthe-
nium chlorides to provide Pt0.5Ru0.5 nanoparticles by
Bönnemann et al. [65–67] sonochemical reduction of gold
and palladium ions to provide AuPd nanoparticles by
Mizukoshi et al. [68,69] and NaBH4 reduction of dend-
rimer�PtCl2�4 and –PtCl2�4 complexes to provide dend-
rimer-stabilized PdPt nanoparticles by Crooks et al. [70].

Late transition metal or 3d-transition metal irons, such
as cobalt, nickel, and copper, are important for catalysis,
magnetism, and optics. Reduction of 3d-transition metal
ions to zero-valent metals is quite difficult because of their
lower redox potentials than those of noble metal ions. A
production of bimetallic nanoparticles between 3d-transi-
tion metal and noble metal, however, is not so difficult. In
1993, we successfully established a new preparation
method of PVP-protected CuPd bimetallic nanoparticles
[71–73]. In this method, bimetallic hydroxide colloid
forms in the first step by adjusting the pH value with a
sodium hydroxide solution before the reduction process,
which is designed to overcome the problems caused by the
difference in redox potentials. Then, the bimetallic species

Figure 2. Formation mechanism of M1-core/M2-shell structured bimetallic nanoparticles.
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are completely reduced by a polyol process [74], resulting
in CuPd bimetallic nanoparticles. One can utilize this
method for the formation of Cu monometallic nanopar-
ticles, but the size of Cu nanoparticles become larger than
100 nm, while that of CuPd bimetallic nanoparticles is
smaller than 2 nm, indicating the formation of bimetallic
nanoparticles. Auger and XPS spectroscopies proved Cu0

species in CuPd nanoparticles. This polyol method could
be applied to the preparation of Cu-rich CuPd nanopar-
ticles [75]. PVP-protected NiPd bimetallic nanoparticles
could be also prepared by using nickel sulfate and palla-
dium(II) acetate as precursors [76–78].

Nearly monodispersed CuPd bimetallic nanoparticles
were prepared by thermal decomposition of mixtures of
the corresponding acetates in high boiling solvents such as
bromobenzene, xylenes, and methyl-iso-butyl ketone in
the absence of stabilizers [79]. The resulting bimetallic
nanoparticles often contained CuO in addition to the
zero-valent metals. Smaller particle sizes and narrower
size distributions without oxide formation in 2-eth-
oxyethanol in the presence of PVP were reported by
Bradley et al. [80]. In this method, only CuPd bimetallic
nanoparticles containing less than 50mol% of copper can
be formed. The reduction of Co(Z3-C8H13)(Z

4-C8H12) and
Pt2(dba)3 under H2 in the presence of PVP can provide
CoPt bimetallic nanoparticles smaller than 2 nm [81]. In
this case, platinum-rich particles adopt an fcc crystalline
structure while cobalt-rich particles adopt a non periodic
polytetraedral arrangement.

Recently many researches on preparations of AgAu
[82–92,120,121,124], AuPt [92–96,122,123], AuPd
[92,96–98,118,119], AuCu [84,99], AuSe [100], AgPd
[97,101,102], AgPt [103], PtRu [104–106], NiPt
[107–110], PdPt [96,111], CuPt [112], PdRh [113], FeRu
[114], FePt [114], FeNi [115], CuNi [116], BiNi [117]
nanoparticle alloys or cluster-in-cluster structures by si-
multaneous reduction were reported, as summarized in
Table 1a and b.

Au-based bimetallic core/shell nanoparticles can also
be prepared by the simultaneous reduction. Harpeness
and Gedanken [118] prepared core/shell Au/Pd bimetallic
nanoparticles by the simultaneous reduction of the
Au(III) and Pd(II) ions. This is a microwave (MW)-
assisted polyol reduction method. The thickness of the Pd
shell was calculated to be ca. 3 nm, and the Au core
diameter is 9 nm. The structure and composition of the
bimetallic particles were characterized by high-resolution
TEM equipped with a nanoarea energy-dispersive X-ray
spectroscopy attachment, TEM, XRD, and XPS. Nath
et al. [119] reported a convenient route for preparation of
Au-core/Pd-shell bimetallic nanoparticles by co-reduction
of Au(III) and Pd(II) precursors in toluene. N,N-
Dimethyldodecylamine was used as a protecting agent
for the core/shell particles, which not only imparts stabil-
ity to the organosol but also controls morphology of the
evolved particles. The particles were characterized using
UV–Vis, TEM, and XRD measurements. All results sub-
stantiate the formation of core/shell structure of the
nanoparticles.

Shanker et al. [120] prepared bimetallic Au-core/
Ag-shell nanoparticles by the simultaneous reduction of
Au(III) and Ag(I) ions in the presence of neem
(Azadirachta indica) leaf broth as an extracting agent.

Competitive reduction of Au(III) and Ag(I) ions occurs
simultaneously in solution during exposure to neem leaf
extract leads to the preparation of bimetallic Au-core/Ag-
shell nanoparticles in solution. TEM revealed that the
silver nanoparticles are adsorbed onto the gold nanopar-
ticles, forming a core/shell structure. Panigrahi et al. [121]
reported that sugar-assisted stable Au-core/Ag-shell nano-
particles with particles size of ca. 10 nm were prepared by a
wet chemical method. Fructose was found to be the best
suited sugar for the preparation of smallest particles.

AuPt bimetallic nanoparticles can be prepared by the
polyol method and stabilized with poly(N-vinyl-2-pyrroli-
done) (PVP) [122]. Interesting structure changes were ob-
served in the nanoparticles as the reaction temperature
was varied. At lower temperatures no bimetallic nano-
particles were detected, while as the temperature increased
bimetallic nanoparticles started to appear, commonly ob-
taining core/shell nanoparticles. The core/shell structure
was preliminarily confirmed by the optical response of the
system in the UV–Vis region. An absorption peak cen-
tered at 520 nm was observed at low temperatures
(100–110 1C); at higher temperatures (130–170 1C) there
were non detectable absorption peaks, and finally at the
two highest temperatures (180–190 1C) the reappearance
of an absorption feature centered at 510 nm was noticed.
Based on the results of the UV–Vis spectroscopic, TEM,
high-angle annular dark field (HAADF), X-ray absorp-
tion near-edge structure (XANES), and EXAFS studies
the nanoparticles had Pt-core/Au-shell structure with the
elements segregated from each other. Chen et al. [123]
examined the amount-dependent change in morphology
for a series of AuPt bimetallic nanoparticles prepared us-
ing chemical reduction. The Au:Pt molar ratio was varied
from 1:1 to 1:4 to prepare Pt shell layers with different
thicknesses. The EXAFS results supported the formation
of a core/shell structure and inter-diffusion between Au
and Pt atoms. The composition of the shell layer, how-
ever, was found to be Pt-enriched AuPt alloy.

Ag-core/Au-shell bimetallic nanoparticles were pre-
pared by NaBH4 reduction method [124]. UV–Vis spectra
were recorded and compared with various ratios of AuAg
alloy nanoparticles. The UV–Vis spectra of bimetallic
nanoparticles suggested the formation of core/shell struc-
ture. Furthermore, the high-resolution transmission elec-
tron microscopy (HRTEM) image of the nanoparticles
confirmed the core/shell type configuration directly.

In summary the simultaneous reduction method usu-
ally provides alloyed bimetallic nanoparticles or mix-
tures of two kinds of monometallic nanoparticles. The
bimetallic nanoparticles with core/shell structure also
form in the simultaneous reduction when the reduction is
carried out under mild conditions. In these cases, how-
ever, there is difference in redox potentials between the
two kinds of metals. Usually the metal with higher redox
potential is first reduced to form core part of the bime-
tallic nanoparticles, and then the metal with lower redox
potential is reduced to form shell part on the core, as
shown in Figure 2. The coordination ability may play a
role in some extent to form a core/shell structure. There-
fore, the simultaneous reduction method cannot provide
bimetallic nanoparticles with so-called ‘‘inverted’’ core/
shell structure in which the metal of the core has lower
redox potential.
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2.2. Successive or Two-Step Reduction

Successive reduction (or two-step reduction) involves the
reduction of first metal ions, followed by the reduction of
second metal ions. The second metals are usually depos-
ited on the surface of the first metals due to the formation
of the strong metallic bond, resulting in core/shell struc-
tured bimetallic nanoparticles.

Our first attempt of a successive reduction method was
utilized to PVP-protected Au/Pd bimetallic nanoparticles
[125]. An alcohol reduction of Pd ions in the presence of
Au nanoparticles did not provide the bimetallic nanopar-
ticles but the mixtures of distinct Au and Pd monometallic
nanoparticles, while an alcohol reduction of Au ions in
the presence of Pd nanoparticles can provide AuPd bi-
metallic nanoparticles. Unexpectedly, these bimetallic
nanoparticles did not have a core/shell structure, which
was obtained from a simultaneous reduction of the cor-
responding two metal ions. This difference in the structure
may be derived from the redox potentials of Pd and Au
ions. When Au ions are added in the solution of enough
small Pd nanoparticles, some Pd atoms on the particles
reduce the Au ions to Au atoms. The oxidized Pd ions are
then reduced again by an alcohol to deposit on the par-
ticles. This process may form with the particles a cluster-
in-cluster structure, and does not produce Pd-core/
Au-shell bimetallic nanoparticles. On the other hand,
the formation of PVP-protected Pd-core/Ni-shell bime-
tallic nanoparticles proceeded by a successive alcohol
reduction [126].

Schmid and co-workers [127–129] successfully prepared
ligand-stabilized Au-core/Pt- or Pd-shell bimetallic nano-
particles by a successive reduction. Core of Au nanopar-
ticles with a diameter of 18 nm [11,130] can be covered by
Pt or Pd shells, when an aqueous solution of H2PtCl6 or
H2PdCl4 was reduced with H3NOHCl in the presence of
Au nanoparticles. The core/shell nanoparticles were sta-
bilized by water-soluble p-H2NC6H4SO3Na. The original
red color of the Au nanoparticles then changes to brown-
black, which indicates the formation of Pt- or Pd-shell on
the surface of Au nanoparticles. In the case of Au/Pt
nanoparticles a Au core was surrounded by Pt shell of
about 5 nm in thickness, while a Au core was covered by
the shell of well-ordered Pd atom in the case of Au/Pd
nanoparticles. These core/shell structures were character-
ized by the energy dispersive X-ray (EDX) microanalysis.
By this method, the reverse Pd-core/Au-shell bimetallic
nanoparticles were also produced, probably because the
nanoparticles are too large to adopt an alloy structure.

Michaelis and Henglein [131] prepared Pd-core/Ag-
shell bimetallic nanoparticles by the successive reduction
of Ag ions on the surface of Pd nanoparticles (mean ra-
dius: 4.6 nm) with formaldehyde. The core/shell nanopar-
ticles, however, became larger and deviated from spherical
with an increase in the shell thickness. The Pd/Ag bime-
tallic nanoparticles had a surface plasmon absorption
band close to 380 nm when more than 10-atomic layer of
Ag are deposited. When the shell thickness is less than 10-
atomic layer, the absorption band is located at shorter
wavelengths and the band disappears below about three-
atomic layer.

Precise control of the core/shell structures is crucially
important in order to improve catalytic and electronic

properties of small bimetallic nanoparticles. Some bottle-
necks, however, have to be overcome in order to realize
the control of core/shell structures. For example, the
oxidation of the preformed metal core often takes place
by the metal ions for making the shell when the metal ions
have a high-redox potential, and large islands of shell
metal are produced on the preformed metal core. There-
fore, we developed a so-called hydrogen-sacrificial pro-
tective strategy, which enables us to prepare the bimetallic
nanoparticles in the size range 1.5–5.5 nm with control-
lable core/shell structures [132]. Noble metals like Pd, Pt,
and many others have the ability to adsorb hydrogen and
split it to form metal hydrides on the metal surface.
Hydrogen atoms adsorbed on noble metals have a very
strong reducing ability since they have quite low-redox
potential. Consequently, the second metal ions are easily
reduced to metal atoms by the hydrogen atoms adsorbed
on the first noble metal nanoparticles, and the obtained
second metal atoms are deposited on the surface of the
first metal nanoparticles to form bimetallic nanoparticles
with a core/shell structure. By the strategy, we could pre-
pare Pd-core/Pt-shell and Pt-core/Pd-shell bimetallic
nanoparticles with various metal compositions.

Recently many core/shell nanoparticles were success-
fully prepared by the successive or two-step reduction.

Selvakannan et al. [133] reported that the amino acid
tyrosine is an excellent reducing agent to prepare Au-core/
Ag-shell nanoparticles under alkaline conditions. The ty-
rosine molecules already bound to the surface of Au
nanoparticles through amine groups in the amino acid
may be used to selectively reduce Ag ions at high pH on
the surface of the Au nanoparticles, thus leading to a
simple strategy for realizing phase-pure Au-core/Ag-shell
nanostructures. Wilson et al. [134] reported preparation
and characterization of 1–3-nm diameter, structurally
well-defined, bimetallic AgAu nanoparticles which were
dendrimer-encapsulated. Three different bimetallic struc-
tures were prepared: (1) AgAu alloys prepared by
co-complexation and subsequent reduction of dendrim-
er-encapsulated Au(III) and Ag(I); (2) Au-core/Ag-shell;
and (3) AuAg-core/Ag-shell structures prepared by a se-
quential loading method. The AuAg nanoparticles can be
extracted from the dendrimer into an organic phase using
different surfactants, depending on the shell metal and its
oxidation state. This provides a means for characteriza-
tion of the composition of the shell. UV–Vis, TEM, and
single-particle X-ray energy dispersive spectroscopy
(EDS) were used to characterize the bimetallic nanopar-
ticles before and after extraction and show that the ex-
traction step does not alter the size or composition of the
bimetallic nanoparticles [134]. Tsuji et al. prepared Au
core-Ag shell bimetallic nanoparticles by a microwave
(MW)-polyol method through the two-step reduction of
AuCl�4 and Ag(I) ions in the presence of PVP as a pro-
tecting reagent. When single crystal polygonal Au nano-
plates and nanorods were used as seeds, a mixture of
various Au-core/Ag-shell nanostructures was prepared
after MW heating for only 2min. Among them, small
amounts of novel polygonal and rod types of Au-core/
Ag-shell nanostructures, in which morphologies of Au
core were kept, were produced [135].

Srnova-Sloutfova et al. [136] prepared layered Ag-core/
Au-shell bimetallic nanoparticles by overdeposition of Au
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over Ag seeds by the seed-growth method using tetra-
chloroauric acid, with hydroxylamine hydrochloride as a
reducing agent. Nanoparticles prepared by a rapid reduc-
tion in the neutral ambient and assembled into 2-D
nanoparticulate films by adsorption of 2,20-bipyridine
were characterized by EDX, XPS, surface-enhanced Ra-
man scattering spectroscopy (SERS), and TEM. The re-
sults are consistent with Ag core and AgAu alloyed shell
composition of the nanoparticles (Ag/AgAu) [136]. Yang
et al. [137] reported that difference between the transfer
of PVP-protected Au and Ag nanoparticles from an
aqueous solution to toluene was used to develop a simple
preparation method of bimetallic Ag-core/Au-shell nano-
particles. The core/shell structure of the bimetallic nano-
particles was characterized by UV–Visible spectroscopy,
EDX, and TEM measurements. Using this technique,
they have found that Ag-core/Au-shell nanoparticles were
formed by the seed-mediated growth method using Ag
nanoparticles as the seeds. The reversed order of using Au
nanoparticles as the seeds, however, could only produce a
physical mixture of Ag-core/Au-shell nanoparticles and
isolated Ag nanoparticles but not produce Au-core/
Ag-shell nanoparticles [137]. Yang et al. also examined
replacement reaction between hydrophobilized Ag nano-
particles and hydrophobilized AuCl4 in toluene in detail
in order to prepare Ag-core/Au-shell nanoparticles. They
concluded that (1) a detectable contraction of the Ag
nanoparticle sacrificial templates during the course of the
reaction is shown; (2) the deposition of Au on the
shrunken Ag templates inhibits further Ag oxidation,
resulting in the formation of Ag-core/Au-shell nanopar-
ticles; and (3) the significant red-shift in the surface
plasmon resonance (SPR) band is a consequence of shape
and chemical composition changes. Effects of solvent and
temperature determined the structure and composition of
nanoparticles formed in the replacement reaction [138].
Cui et al. prepared layered Ag-core/Au-shell bimetallic
nanoparticles by coating Au layers over Ag seeds by a
seed-growth method. The composition of Ag100�x/Aux,
particles can vary from x ¼ 0 to 30. TEM and SEM im-
ages clearly show that the bimetallic nanoparticles are of
core/shell structure. They investigated the Ag-core/
Au-shell nanoparticles on improvement of detection sen-
sitivity of immunoassay [139].

Yang et al. found that Ag-core/Pt-shell nanoparticles
with a core/shell could only be formed by the successive
reduction method using Ag nanoparticles as the seeds.
Results of measurements of UV–Vis, TEM, EDX, and
XPS supported the core/shell structure of the bimetallic
nanoparticles. The reverse order of preparation using Pt
nanoparticles as the seeds did not provide any core/shell
nanoparticles while a physical mixture of Ag nanoparti-
cles and the original Pt seeds was obtained [140].

Vinodgopal et al. prepared Pt/Ru bimetallic nanopar-
ticles by sonochemical reduction of Pt(II) and Ru(III) in
aqueous solutions. TEM images indicated that sequential
reduction of the Pt(II) followed by the Ru(III) produced
Pt-core/Ru-shell bimetallic nanoparticles. In the presence
of sodium dodecyl sulfate (SDS), as a stabilizer, the
nanoparticles had diameters between 5 and 10 nm. When
PVP was used as the stabilizer, the rate of reduction is
much faster, giving ultrasmall bimetallic nanoparticles of
ca. 5 nm diameter [141].

Damle et al. observed that the reduction of the Pd(II)
ions in the stearic acid–Ag nanocomposite film leads to
the formation of a mixture of individual Ag and Pd
nanoparticles as well as particles in the Ag-core/Pd-shell
structure. Thermal treatment of the stearic acid-(Ag/Pd)
nanocomposite film at 100 1C, however, resulted in the
formation of an AgPd alloy [142].

Kan et al. reported preparation of Au-core/Pd-shell
bimetallic nanoparticles by successive or simultaneous
sonochemical irradiation of their metal precursors in
ethylene glycol, respectively. In the successive method, Pd
clusters or nanoparticles are first formed by reduction of
Pd(NO3)2, followed by adding HAuCl4 solution. As a
result, Au-core/Pd-shell structured particles are formed,
although Pd-core/Au-shell had been expected. In their
investigations, the successive method was more effective
than the simultaneous one in terms of the formation of the
Au-core/Pd-shell nanoparticles [143].

In order to realize the precise control of core/shell
structures of small bimetallic nanoparticles, some prob-
lems have to be overcome. For example, one problem is
that the oxidation of the preformed metal core often takes
place by the metal ions for making the shell when the
metal ions have a high-redox potential, and large islands
of shell metal are produced on the preformed metal core.
Therefore, we previously developed a so-called hydrogen-
sacrificial protective strategy to prepare the bimetallic
nanoparticles in the size range 1.5–5.5 nm with control-
lable core/shell structures [132]. The strategy can be
extended to other systems of bi- or multimetallic nano-
particles.

Reduction of two different precious metal ions by
refluxing in ethanol/water in the presence of PVP gave a
colloidal dispersion of core/shell structured bimetallic
nanoparticles. In the case of Pd and Au ions, e.g., the
colloidal dispersions of bimetallic nanoparticles with a Au
core/Pd shell structure are produced. In contrast, it is
difficult to prepare bimetallic nanoparticles with the in-
verted core/shell (in this case, Pd-core/Au-shell) structure.
The sacrificial hydrogen strategy was used to construct the
inverted core/shell structure, where the colloidal disper-
sions of Pd-cores are treated with hydrogen and then the
solution of the second element, Au ions, is slowly added
to the dispersions. This novel method, developed by us,
gave the inverted core/shell structured bimetallic nano-
particles. The Pd-core/Au-shell structure was confirmed
by FT-IR spectra of adsorbed CO [144].

Lee et al. [145] succeeded in preparation of Co-based
bimetallic nanoparticles with core/shell structure via
transmetalation reaction (Figure 3). The Co-core/Au-
shell nanoparticles, e.g., were confirmed to be almost the
same in particle size with the seeded Co nanoparticle, as
shown in Figure 4.

In summary, we concluded that the successive reduc-
tion method easily provides the bimetallic nanoparticles
with the core/shell structure according to versatile design.
For example, different reducing agents may be used for
the first reduction and the second one, respectively,
depending on the property of the metal. In some cases
of two kinds of metals with much different redox poten-
tials, however, ‘‘inverted’’ core/shell nanoparticles are
difficult to form even in the successive reduction. The
‘‘inverted’’ core/shell structure can be realized by an
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assistance of other technique such as the hydrogen-sacri-
ficial protective strategy [132] or transmetalation reaction
[145].

2.3. Physical Mixture of Two Kinds of Monometallic
Nanoparticles

Recently we found that low entropy core/shell structured
nanoparticles form spontaneously from the physical mix-
ture of a dispersion of Ag nanoparticles and that of an-
other noble metal (Rh Pd, or Pt) at room temperature
[146–148]. This discovery initiated from the disappearance
of plasmon absorption, attributed to Ag nanoparticles, by
mixture of Ag nanoparticles with Rh nanoparticles within
an hour [148]. Change of TEM image of the mixtures
suggested the formation of pseudo-core/shell structures
for the bimetallic products. We used isothermal titration
calorimetry (ITC) for investigation on the forming proc-
ess of the bimetallic nanoparticles. The experimental re-
sults showed that the initial step of such a spontaneous
process is strongly exothermic. When the alcohol disper-
sion of PVP-protected Rh nanoparticles with an average
diameter of 2.3 nm was titrated into the alcoholic
dispersion of PVP-protected Ag nanoparticles, a strong
exothermic enthalpy change, DH was observed, i.e.,
DH ¼ �908 kJ/mol for Ag(small) nanoparticle with an
average diameter 10.8 nm and �963 kJ/mol for Ag(large)

nanoparticles with an average diameter 22.5 nm. The
strength of interaction increases in the order of Rh/
Ag4Pd/Ag4Pt/Ag. The strong exothermic interaction
was considered as a driving force to from low entropy
bimetallic nanoparticles by the physical mixing of two
kinds of monometallic nanoparticles. We also revealed
that exothermic interactions occur between a pair of noble
metal nanoparticles themselves by using ITC [146]. Based
on the results of EF-TEM, preliminary EXAFS, and so
on, we speculated the formation mechanism of core/shell
structured bimetallic nanoparticles as shown in Figure 5.
Although the detailed mechanism to form smaller core/
shell particles from pseudo-core/shell aggregated particles
is not clear yet, the exothermic interaction may play an
important role for this realignment.

Smetana et al. [149] reported a remarkable and simple
alloying procedure which involves mixing of separately
prepared colloids of pure Au and pure Ag or Cu nano-
particles and then heating in the presence of an alkanethiol
under reflux. Results of UV–Vis, EDX, and HRTEM
measurements confirmed the formation of alloy structure
of the AgAu or AuCu nanoparticles. The nanoparticles of
ca. 5.6 nm in diameter for AgAu and ca. 4.8 nm for AuCu
underwent facile self-assembly to form 3-D superlattice
ordering. During the alloying process, the organic ligands
display an extraordinary chemistry in which atom transfer
between atomically pure Cu, Ag, and Au metal nanopar-
ticles resulted in the monodisperse alloy nanoparticles.

Figure 3. Schematic illustration of core/shell nanoparticle formation via redox transmetalation process. Metal ions (MII) of reactant
metal complexes (MII-Li) are reduced on the surface of MI nanoparticles while neutral MI atoms are oxidized to MI

y+ by forming a
MI–ligand complex (MI–Lj) as a resultant reaction byproduct. Repeating this process results in the complete coverage of shell layers on
core metals. (Reprinted from Ref. [145], r 2005, with permission from American Chemical Society.)

Figure 4. TEM and HRTEM images of (a) 6.5 nm Co nanoparticles and (b) Co-core/Au-shell nanoparticles using Co nanoparticles as
the seed material. Lattice distances measured by HRTEM as well-matched to known Au lattice parameters for the (1 1 1) plane (inset).
The average size of the Co-core/Au-shell nanoparticles is ca. 6.4 nm, which is similar to the initial size of the Co nanoparticles because
the atom exchange process is the only operative reaction. (Reprinted from Ref. [145], r 2005, with permission from American Chemical
Society.)
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Peng et al. [150] prepared AgAu nanoalloys via three
different procedures by using laser-induced heating: (i)
mixture of Au nanoparticles and Ag(I) ions irradiated by
a 532 nm laser, (ii) mixture of Au and Ag nanoparticles
irradiated by a 532 nm laser, and (iii) mixture of Au and
Ag nanoparticles irradiated by a 355 nm laser. In proce-
dures (ii), nanoalloys with a sintered structure were ob-
tained. The morphology of the obtained nanoalloys
depended not only on the laser wavelength but also on
the concentration of nanoparticles in the initial mixture.
Large-scale interlinked networks were observed upon
laser irradiation when the total concentration of Ag and
Au nanoparticles in the mixture increased.

In summary, two kinds of monometallic nanoparticles
with smaller particle sizes easily form bimetallic nanopar-
ticles by the physical mixing. The monometallic nanopar-
ticles with stronger interaction also have a trend to form
the bimetallic nanoparticles by the mixing. This kind of
chemistry between nanoparticles is now becoming open to
human beings.

3. Purification and Characterization of Bimetallic

Nanoparticles

Principally purification and characterization methods of
monometallic nanoparticles are directly applied to those
of bimetallic nanoparticles. Purification of metal nano-
particles dispersed in solution is not so easy. So, in clas-
sical colloid chemistry, contamination is carefully
avoided. For example, people used pure water, distilled
three times, and glass vessels, cleaned by steam, for prep-
aration of colloidal dispersions. In addition, the reagents
which could not byproduce contaminates were used for
the preparation. Recently, however, various kinds of re-
agents were used for the reaction and protection. Thus,
the special purification is often required especially when
the nanoparticles are prepared by chemical methods.

The purification methods for metal nanoparticles in-
volve (1) evaporation, (2) centrifugation, (3) extraction,
(4) filtration, and (5) other methods.

Evaporation of volatile byproducts and solvents is of-
ten used to obtain the solid metal nanoparticles. The res-
idue may contain metal nanoparticles and protective
reagents. When the nanoparticles are well protected by
ligands or polymers, then the solid residues can be
dispersed again without coagulation of the particles.
When the nanoparticles are not well protected, however,
the evaporation often results in aggregation of the nano-
particles.

The centrifuge is often used to separate metal nano-
particles from contaminates. If the size of nanoparticles is
too small, the usual centrifuge is not sufficient. The cen-
trifuge with super high speed is required to get precipitates
from nanoparticles. This method is also used to get ul-
trafine nanoparticles by separation of the rather large
nanoparticles.

Extraction by an organic solvent or water can be used
to separate metal nanoparticles soluble in an organic sol-
vent or water. This technique can be used only for the
nanoparticles protected by organic ligands or polymers.
The solubility of protecting reagents with the solvent is
crucially important in this technique.

Conventional filtration cannot be applied to the sepa-
ration in purification of metal nanoparticles. If the metal
nanoparticles are protected by polymer, however, the
membrane filter, which can cut off the polymer with
certain molecular weight, can be used to separate the
polymer protected metal nanoparticles. Free metal nano-
particles which are not protected by polymer can pass
through the membrane. Ion filter like cellulose can be used
to separate ionic species from the reaction mixtures.

Other purification methods include a liquid phase
chromatography, electrophoretic separation by mass
spectroscopy, separation using magnetic properties, and
so on. These separation methods are limited only for the
metal nanoparticles having a special property useful for
these purification methods.

After purification, the bimetallic nanoparticles are
offered to characterization. The characterization tech-
niques were well reviewed previously in literatures [1,2]. In
this section, we highlight recent reports on the character-
ization methods of bimetallic nanoparticles after present-
ing some previous researches again.

3.1. TEM (HRTEM) Imaging and Electron
Diffraction

The most important information about the nanoparticles
is the size, shape, and their distributions which crucially
influence physical and chemical properties of nanoparti-
cles. TEM is a powerful tool for the characterization of
nanoparticles. TEM specimen is easily prepared by plac-
ing a drop of the solution of nanoparticles onto a carbon-
coated copper microgrid, followed by natural evaporation
of the solvent. Even with low magnification TEM one can
distinguish the difference in contrast derived from the
atomic weight and the lattice direction. Furthermore, se-
lective area electron diffraction can provide information
on the crystal structure of nanoparticles.

++ →→

AgRh

(c) (d)

→

Rh/Ag

(a) (b)

Figure 5. Plausible formation mechanism of core/shell structured bimetallic nanoparticles by a physical mixture. (Reprinted from Ref.
[146], r 2005, with permission from American Chemical Society.)
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High resolution TEM (HRTEM) can provide atomic-
resolution real-space imaging of the nanoparticles
[151,152]. Based on HRTEM image, size of PVP-pro-
tected Pt1Ru3 bimetallic nanoparticles was calculated to
be 1.1 nm in diameter [62]. Although crystal structures can
be surely determined by X-ray, electron, and neutron
diffraction, the HRTEM is indispensable for characteri-
zation of nanoparticles, particularly when the particle
shape and composition are concerned. Scanning tunneling
microscopy and atomic force microscopy also can provide
atomic-resolution images of large crystal surfaces, but
they are almost impossible to clearly resolve the atomic
lattices of nanoparticles because of the surface coating
and the wobbling of nanoparticles under the scanning tip.
HRTEM is a powerful and versatile tool that provides not
only atomic-resolution lattice images but also chemical
information at a spatial resolution of 1 nm or better, al-
lowing direct identification of chemistry of a single nano-
particle [208–211]. EDX analysis as well as electron
energy-loss spectroscopy (EELS) analysis of nanoparti-
cles are even more attractive for assessing the composi-
tions and the valence states of constructing metal elements
[127]. Recently characterization of bimetallic nanoparti-
cles with TEM (HRTEM) was routinely carried out by
scientists in this field [81,112,116,118–120,124,141].

Au-core/Pd-shell bimetallic nanoparticles, prepared by
a MW-assisted polyol reduction method, were well char-
acterized by HRTEM. The HRTEM image showed that
thickness of the Pd shell was ca. 3 nm, and the Au core
diameter is 9 nm [118]. Au-core/Pd-shell bimetallic nano-
particles, prepared by co-reduction of Au(III) and Pd(II)
precursors in toluene, were substantiated by the TEM
images [119]. Shankar et al. [120] characterized bimetallic
Au-core/Ag-shell nanoparticles by TEM. The TEM
observations revealed that the Ag nanoparticles were ad-
sorbed onto the Au nanoparticles, forming a core/shell
structure. Vinodgopal et al. [141] prepared Pt/Ru bime-
tallic nanoparticles by sonochemical reduction of Pt(II)
and Ru(III) in aqueous solutions. TEM images indicated
that sequential reduction of Pt(II) followed by Ru(III)
produces particles with a Pt-core/Ru-shell structure with
diameters between 5 and 10 nm, as shown in Figure 6.

Bimetallic Ag-core/Au-shell nanoparticles, prepared by a
NaBH4 reduction method, were directly confirmed by
HRTEM [124].

It is noteworthy that the HRTEM cannot distinguish
core and shell even by combining X-ray or electron
diffraction techniques for some small nanoparticles. If the
shell epitaxially grows on the core in the case of two kinds
of metals with same crystal type and little difference of
lattice constant, the precise structure of the bimetallic
nanoparticles cannot be well characterized by the present
technique. Hodak et al. [153] investigated Au-core/Ag-
shell or Ag-core/Au-shell bimetallic nanoparticles. They
confirmed that Au shell forms on Ag core by the epitaxial
growth. In the TEM observations, the core/shell struc-
tures of Ag/Au nanoparticles are not clear even in the
HRTEM images in this case (Figure 7).

Well-mixed CuNi nanoparticles were prepared at the
molar ratio Cu(II) to Ni(II) of 1:1 by simultaneous reduc-
tion of CuSO4 and NiCl2 with hydrazine in the micro-
emulsion of SDS/n-butanol/n-heptane/water at 70 1C.
TEM photographs showed a narrow distribution of CuNi
nanoparticles, essentially monodispersed and having the
mean diameter of 12 nm [116]. Chimentao et al. [91] studied
the preparation of AgAu alloy nanoparticles based on the
phase transfer of metal precursors from aqueous phase to
organic phase by fatty amine at room temperature. TEM
images revealed the formation of a uniform size distribu-
tion of AgAu nanoparticles (ca. 5 nm). PtCu bimetallic al-
loy nanoparticles can be prepared in w/o microemulsions
of water/cetyltrimethyammonium bromide (CTAB)/isooc-
tane/n-butanol by the co-reduction of H2PtCl6 and CuCl2
with hydrazine at room temperature [112]. HRTEM anal-
yses confirmed the formation of the PtCu3 alloy nanopar-
ticles with a mean diameter of ca. 1.6 nm, where the
corresponding lattice spacing of 0.187nm is consistent with
that of the (200) plane of PtCu3 bulk alloy.

3.2. UV– Vis Spectroscopy

An important feature of UV–Vis measurement is to pro-
vide us the useful information about formation processes

Figure 6. TEM images obtained at an accelerating voltage of 200 kV of Pt-core/Ru-shell nanoparticles prepared by sequential soni-
cation of 1mM Pt(II) and 1mM Ru(III) ions at 213 kHz. Two representative particles are shown at different magnification. (Reprinted
from Ref. [141], r 2006, with permission from American Chemical Society.)
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and final structures of bimetallic nanoparticles
[22,30,33,64,154–168]. Au, Ag, Cu, and Hg nanoparticles
have sharp plasmon absorption bands in UV–Vis range.
Important information about the structure of bimetallic
nanoparticles such as alloy or core/shell structure is
obtained by careful analysis of the position of plasmon
absorption peak as well as its change.

During reduction of metal ions to prepare the corre-
sponding zero-valent nanoparticles, the color of the so-
lution is drastically changed, i.e., plasmon absorption
appears by the formation of zero-valent nanoparticles
while the absorption of metal ions disappears by the
reduction. Therefore, UV–Vis spectroscopy is useful to
confirm both the degree of consumption of precursors by
monitoring their ligand-to-metal or metal-to-ligand
charge transfer transitions and the formation of band
structures of nanoparticles by monitoring the plasmon
band or the broad tailing absorption in the range from
UV to visible region derived from the inter- and intra-
band charge transfer transitions.

In 1993, we examined formation processes of PVP-
protected AuPt bimetallic nanoparticles by in-situ
UV–Vis spectroscopy during the reduction [53]. Figure 8
shows the in-situ UV–Vis spectra during the simultaneous
reduction of Au(III) and Pt(IV) ions. In the case of PVP-
protected AuPt bimetallic system, Au(III) ions are

reduced first accompanying a decrease of peak at ca.
320 nm, followed by the reduction of Pt(IV) ions,
decreasing in intensity of the peak at ca. 265 nm, as
shown in Figure 8a. The order of the reduction is con-
sistent with the difference of standard redox potentials,
i.e., 1.002V for [AuCl�3 ]/Au and 0.68V for [PtCl2�4 ]/Pt.
After complete reduction of all Au(III) or Pt(IV) ions, the
Au atoms aggregate first, followed by deposition of the Pt
atoms, indicated by the UV–Vis spectrum (Figure 8b)
where the plasmon band at ca. 540 nm due to Au nano-
particles increases first, and then decreases accompanying
increase of the plasmon band at ca. 370 nm due to Pt
nanoparticles. The formation processes are schematically
illustrated in Figure 9 [53].

Michaelis and Henglein [131] investigated formation
process of Pd-core/Ag-shell bimetallic nanoparticles by
UV–Vis spectroscopy. As shown in Figure 10, the Pd/Ag
bimetallic nanoparticles possess a surface plasmon
absorption band close to 360 nm when more than 10
monolayers of Ag are deposited. The plasmon absorption
band, however, is located at shorter wavelength when the
shell thickness is less than 10 monolayers, while the band
disappears when the thickness of the shell is below about
three-atomic layers.

Chen et al. [82] investigated co-reduction of HAuCl4
and AgNO3 with hydrazine by UV–Vis spectra. The

Figure 7. TEM images of Ag-core/Au-shell particles in molar ratio Ag:Au of (a, b): 1:1; (c, d): 1:3. Note the enlargement of the
particles as the Au-shell becomes thicker (panels (a) and (c)) as well as the resolution of the lattice planes (panels (b) and (d)). The power
spectra indicate that Au grows epitaxially onto the Ag-seeds. (Reprinted from Ref. [153], r 2000, with permission from American
Chemical Society.)
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UV–Vis absorption spectra of the solutions exhibited only
one plasmon absorption and the absorption maximum of
the plasmon band red-shifted almost linearly from 400 to
520 nm with increasing Au:Ag molar ratio, revealing the
formation of an AgAu alloy. AgAu alloy nanoparticles
can also be prepared via reduction of varying mole frac-
tions of HAuCl4 and AgNO3 by sodium borohydride in
the presence of sodium citrate as a capping agent [83]. In
UV–Vis spectra of the reduction process, the plasmon
absorption band of AgAu nanoparticles shifted linearly to
the red with increasing Au content. The direct dependence
of the metal salt ratio to the shift of the absorbance peak
indicated that the nanoparticles were alloy rather than
core/shell structure. Rodriguez-Gonzalez et al. [85] per-
formed a time-resolved study of the formation of AgAu

alloy nanoparticles during boiling of AgNO3 and HAuCl4
in the presence of sodium citrate by monitoring the
UV–Vis spectra of the solutions. The study revealed clear
differences with respect to the formation of pure Au
particles, and suggested that Au and Ag nanoparticles
nucleated separately, but the lattice rearrangement even-
tually lead to formation of alloy nanoparticles with the
expected composition. AgAu bimetallic nanoparticles,
whose feed atomic ratios of Au to Ag were 3:1, 1:1, and
1:3, were prepared [88]. UV–Vis spectra indicated that the
nanoparticles were not simple physical mixtures of mon-
ometallic nanoparticles or core/shell structure but alloy.

AuPt bimetallic nanoparticles, prepared by polyol
method and stabilized with PVP, were studied by UV–Vis
spectra [122]. In this preparation the reaction temperature

Figure 9. Proposed formation process of PVP-protected AuPt bimetallic system. (Reprinted from Ref. [53], r 1993, with permission
from Elsevier.)

Figure 8. In-situ UV–Vis spectra during the formation of PVP-protected AuPt (1:1) bimetallic system in the region of lo350nm (a)
and l4350 nm (b). (a) Sampling from the solution of the metal ions in ordinary conditions for preparation at 100 1C with refluxing; (b)
the solution of the metal ions in a quartz UV cell was heated up to 80 1C without refluxing. (Reprinted from Ref. [53], r 1993, with
permission from Elsevier.)
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was crucially important. Interesting structure changes
were observed in the nanoparticles as the temperature was
varied. At lower temperatures no bimetallic nanoparticles
were detected, but as the temperature increased bimetallic
nanoparticles started to appear, commonly obtaining
core/shell nanoparticles. In the UV–Vis spectra, an
absorption peak centered at 520 nm at low temperatures
was observed (100–110 1C); at higher temperatures
(130–170 1C) there were non detectable absorption peaks,
and finally at the two highest temperatures (180–190 1C)
the reappearance of an absorption feature centered at
510 nm was noticed. These UV–Vis spectroscopic results
indirectly implied the composition of the surface of the
particle.

Endo et al. [96] prepared AuPt, AuPd, and PtPd bime-
tallic nanoparticles with 2–4 nm in particle size in order to
investigate catalytic activity for reduction of p-nitrophenol
in water. The binary features of the nanoparticles were
characterized by UV–Vis spectroscopic measurements.

3.3. X-Ray Diffraction

XRD provides useful information on the crystal phase,
lattice constant, and average particle size of nanoparticles.
In the case of bimetallic nanoparticles, XRD is important

to confirm whether the bimetallic nanoparticles adopt al-
loy structure or not. Generally, an alloy consisting of two
kinds of metals shows the diffraction peaks between those
of two pure metals.

We investigated on structure of CuPd (2:1) bimetallic
nanoparticles by XRD [71]. Since the XRD peaks of the
PVP-protected CuPd nanoparticles appeared between the
corresponding diffraction lines of Cu and Pd nanoparti-
cles, as shown in Figure 11, the bimetallic alloy phase was
clearly found to be formed in CuPd (2:1) bimetallic nano-
particles. We also characterized Ag-core/Rh-shell bime-
tallic nanoparticles, which formed during simple physical
mixing of the corresponding monometallic ones, by XRD
coupled with TEM [148].

The XRD and TEM showed that the bimetallic nano-
particles with Ag-core/Rh-shell structure spontaneously
form by the physical mixture of Ag and Rh nanoparticles.
Luo et al. [168] carried out structure characterization
of carbon-supported Au/Pt catalysts with different
bimetallic compositions by XRD and direct current
plasma-atomic emission spectroscopy. The bimetallic
nanoparticles were alloy. Au-core/Pd-shell structure of
bimetallic nanoparticles, prepared by co-reduction of
Au(III) and Pd(II) precursors in toluene, were well sup-
ported by XRD data [119]. Pt/Cu bimetallic nanoparticles
can be prepared by the co-reduction of H2PtCl6 and CuCl2
with hydrazine in w/o microemulsions of water/CTAB/
isooctane/n-butanol [112]. XRD results showed that there
is only one peak in the pattern of bimetallic nanoparticles,
corresponding to the (1 1 1) plane of the PtCu3 bulk alloy.

The sharpness of XRD peaks is corresponding with the
size of metal nanoparticles. Sherrers’s equation is used to
estimate the crystalline size of metal nanoparticles. Note
that the size estimated from XRD peak width is some
times larger than the size measured by TEM, especially
when the size is very small. If the size estimated from
XRD peak width is smaller than that directly measured by
TEM, the particles could be polycrystalline.

Figure 10. Absorption spectrum of the Pd nanoparticles before
(0) and after deposition of various amounts of silver. m: number
of monolayers of silver. (Reprinted from Ref. [131], r 1994, with
permission from American Chemical Society.)

Figure 11. X-ray diffraction patterns of PVP-protected metal
nanoparticles: (a) PVP-protected CuPd (Cu:Pd ¼ 2:1) bimetallic
nanoparticles; (b) PVP-protected Pd nanoparticles; (c) PVP-pro-
tected Cu dispersion; (d) physical mixture of (b) and (c)
(Cu:Pd ¼ 2:1). (Reprinted from Ref. [71], r 1993, with permis-
sion from The Chemical Society of Japan.)
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3.4. X-Ray Photoelectron Spectroscopy

Generally one can obtain the surface (o10 nm) informa-
tion such as kind of metals and their valences of bimetallic
nanoparticles by means of XPS. As probing area of XPS
is in 10mm–�1mm size range, the average composition of
two different metals near the surface of bimetallic nano-
particles is likely to be evaluated.

On the other hand, the XPS data near the Fermi level
provide us the valuable information about the band
structures of nanoparticles. XPS spectra near the Fermi
level of the PVP-protected Pd nanoparticles, Pd-core/
Ni-shell (Ni/Pd ¼ 15/561, 38/561) bimetallic nanoparti-
cles, and bulk Ni powder were investigated by Teranishi
et al. [126]. The XPS spectra of the nanoparticles become
close to the spectral profile of bulk Ni, as the amount of
the deposited Ni increases. The change of the XPS spec-
trum near the Fermi level, i.e., the density of states, may
be related to the variation of the band or molecular orbit
structure. Therefore, the band structures of the Pd/Ni
nanoparticles at Ni/Pd>38/561 are close to that of the
bulk Ni, which greatly influence the magnetic property of
the Pd/Ni nanoparticles.

PtRu nanoparticles can be prepared by w/o reverse
micro-emulsions of water/Triton X-100/propanol-2/cyclo-
hexane [105]. The bimetallic nanoparticles were charac-
terized by XPS and other techniques. The XPS analysis
revealed the presence of Pt and Ru metal as well as some
oxide of ruthenium. Hills et al. [169] studied preparation
of Pt/Ru bimetallic nanoparticles via a seeded reductive
condensation of one metal precursor onto pre-supported
nanoparticles of a second metal. XPS and other analytical
data indicated that the preparation method provided fully
alloyed bimetallic nanoparticles instead of core/shell
structure. AgAu and AuCu bimetallic nanoparticles of
various compositions with diameters ca. 3 nm, prepared in
chloroform, exhibited characteristic XPS spectra of alloy
structures [84].

By XPS spectra, Endo et al. [96] confirmed that for-
mation of binary structure prevented Pd atoms from ox-
idation in the AuPd and PtPd bimetallic nanoparticles
which exhibited higher catalytic activity than monome-
tallic ones. Wang et al. [112]. characterized PtCu bime-
tallic alloy nanoparticles by XPS. XPS revealed that both
elements in the nanoparticles are in zero-valence and pos-
sess the characteristic metallic binding energy.

3.5. Extended X-Ray Absorption Fine Structure
(EXAFS)

EXAFS analysis is a powerful spectroscopic method for
structural analysis which has been extensively applied to
the problem of structure determination in nanoparticles,
and especially bimetallic nanoparticles [170–172]. The
X-ray absorption spectrum of an element contains absorp-
tion edges corresponding to the excitation of electrons
from various electronic states at energies characteristic of
that element, i.e., K edges arise from the excitation of
electrons from 1s states, and LI, II, III edges from exci-
tations from 2s, 2p 1/2, and 2p 3/2 states. When the X-ray
energy is increased above an edge, oscillations (fine

structure) are observed in the absorption coefficient over
an energy range of several hundred to over a 1000 eV
above the edge. Since these oscillations arise from the in-
terference between waves associated with the emitted pho-
toelectrons and photoelectrons backscattered from the
neighboring atoms, they contain useful information on the
environment of the absorbing atom. The fine structure can
be extracted from the X-ray absorption spectrum which,
after data manipulation, is best fit to a computed EXAFS
spectrum for a model structural environment for the ab-
sorbing atom. The EXAFS is element specific and struc-
ture sensitive, and gives information on the number and
identity of neighboring atoms and their distances from the
absorbing atom. The information most usually sought in
an EXAFS measurement comprises the number of scat-
tering atoms of each type and their distances from the
absorbing atom, i.e., the composition of the mean coor-
dination sphere about the absorbing atom. When multiple
elements are present, they can be analyzed both as the
absorbing atom and as the scattering atoms. A fitting
technique which takes advantage of the necessary geomet-
ric relationships between the various components in a
multicomponent system has been developed and is greatly
important for the EXAFS analysis of bimetallic nanopar-
ticles [173]. If one uses synchrotron radiation as X-ray
source EXAFS data acquisition is enormously shortened,
and under favorable circumstances an absorption spec-
trum can be obtained in less than an hour. Higher con-
centration of sample is favorable for EXAFS analysis.
Concentrations of up to 50% or more can be realized in
case of polymer-stabilized bimetallic nanoparticles, and
much higher metal concentrations are accessible when lig-
and-stabilized or surfactant-stabilized nanoparticles are
used.

We have previously reported structural determination
of bimetallic nanoparticles by the EXAFS measurements.
The PVP-protected Pd/Pt(4/1) and Pd/Pt(1/1) bimetallic
nanoparticles prepared by means of a simultaneous re-
duction of PdCl2 and H2PtCl6 have a mean diameter of
�1.5 nm with a quite narrow size distribution, indicating
that each nanoparticle is composed of 55 metal atoms
(magic number) [58]. In the case of Pd/Pt(4/1) bimetallic
nanoparticles, the coordination number of Pt atoms
around the Pt atom suggests that the Pt atom coordi-
nates predominantly to the other Pt atoms. Moreover, the
coordination numbers are quite different from those cal-
culated for the random model, where 42 Pd atoms and 13
Pt atoms are located completely at random. If 42 Pd at-
oms are located on the surface and the other 13 Pt atoms
are at the core of the fcc-structured nanoparticles, then
the Pd/Pt ratio is almost 4/1 and the coordination num-
bers calculated on the basis of the Pt-core model are quite
consistent with the values observed from EXAFS. We
succeeded in proposing a model structure by EXAFS
analysis because our target bimetallic nanoparticles were
homogeneous in size and structure. EXAFS analysis of
Pd/Pt(1/1) also suggests not the random and separated
models, but the Pt-core/Pd-shell structure. Other struc-
tural analyses by means of EXAFS were carried out for
Pd/Rh [174], Au/Pd [125], NiPd [77] nanoparticles, and so
on. The NiPd bimetallic nanoparticles were first proposed
to have an alloy structure [77], but later proved to have
heterobond-phillic structure [175].
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Recently characterization of bimetallic nanoparticles
by EXAFS were extensively reported [122–124,176].

Structural transformation of bimetallic Pd/Pt nanopar-
ticles, which were prepared by a sequential loading of
H2PtCl6 onto the Pd loaded catalyst, was investigated
with EXAFS at high temperatures [176]. The results of
EXAFS at Pd K and Pt L-III edges showed that Pt was
surface-enriched or anchored on the Pd metal core with an
increase of the Pt content. The structure of the obtained
bimetallic Pd/Pt nanoparticles seemed to be retained upon
heating up to 1273K under ambient condition [176]. Pt/
Au bimetallic nanoparticles can be prepared by polyol
method and stabilized by PVP [122]. XANES and EXAFS
studies were also performed on the samples and their re-
sults supported the idea of a Pt-core/Au-shell structure
with the elements segregated from each other [122].

Chen et al. [123] examined the amount-dependent
change in morphology for a series of Au/Pt bimetallic
nanoparticles. The EXAFS results confirmed the forma-
tion of a core/shell structure and inter-diffusion between
Au and Pt atoms. The composition of the shell layer was
found to be Pt-enriched AuPt alloy. They also character-
ized bimetallic Ag-core/Au-shell nanoparticles by the
EXAFS [124].

3.6. CO-IR Spectroscopy

Surface composition and structure of bimetallic nanopar-
ticles are crucially important for their catalytic property as
well as their optical property. IR measurement of CO
adsorbed on surface metals (CO-IR) is utilized for this
purpose. CO is adsorbed on metals not only on-top sites
but also in two-fold or three-fold sites, depending on the
kinds of metals and their surface structures. The dramat-
ical changes of wavenumber of adsorbed CO occurs
depending on the binding structure [177–181].

We performed CO-IR measurement on Pt/Pd bimetal-
lic nanoparticles with core/shell structures and character-
ized their structures [132]. Figure 12 showed the CO-IR
probe spectra of Pd-core/Pt-shell bimetallic nanoparticles
with different Pd:Pt ratios.

In Figure 12a (Pd:Pt ¼ 1:2) and 12b (Pd:Pt ¼ 1:1), only
the spectral feature of CO adsorbed on the Pt atoms, i.e.,
a strong band at 2068 cm�1 and a very weak broad band
at around 1880 cm�1, was observed, while that derived
from CO adsorbed on Pd atoms at 1941 cm�1 is com-
pletely absent, which proved that the Pd-core has been
completely covered by a Pt-shell. Recently we also char-
acterized Au-core/Pd-shell bimetallic nanoparticles by the
CO-IR [144]. Reduction of two different precious metal
ions by refluxing in ethanol/ water in the presence of
poly(N-vinyl-2-pyrrolidone) (PVP) gave a colloidal dis-
persion of core/shell structured bimetallic nanoparticles.
In the case of Pd and Au ions, the bimetallic nanoparticles
with a Au-core/Pd-shell structure are usually produced. In
contrast, it is difficult to prepare bimetallic nanoparticles
with the inverted core/shell, i.e., Pd-core/Au-shell struc-
ture. A sacrificial hydrogen strategy is useful to construct
the inverted core/shell structure, where the colloidal
dispersions of Pd cores are treated with hydrogen and
then the solution of the second element, Au ions, is slowly

added to the dispersions. This novel method, developed
by us, gave the inverted core/shell structured bimetallic
nanoparticles. The CO-IR spectra indicated the formation
of the Pd-core/Au-shell structure. Hydrogenation of me-
thyl acrylate catalyzed by the nanoparticles before and
after heat treatment also supported indirectly the inverted
core/shell structure of the Pd/Au bimetallic nanoparticles
[144].

Solla-Gullon et al. [111] carried out FT-IRs experi-
ments of adsorbed CO for PdPt nanoparticles prepared by
reduction of H2PtCl6 and K2PdCl4 with hydrazine in a
w/o microemulsion of water/poly(ethyleneglycol) dodecyl
ether (BRIJ(R)30)/n-heptane. The experiments gave infor-
mation on the relative amount of linear- and bridge-
bonded CO, which is known to depend on the surface
distribution of the two elements.

4. Functions of Bimetallic Nanoparticles

Bimetallic nanoparticles show many interesting functions.
Herein we, however, concentrate on catalytic, ferromag-
netic, and electro-optical properties of the bimetallic
nanoparticles. The bimetallic nanoparticles are emerging
catalysts because of their high surface-to-volume ratios
and synergestic effect of the second metal element. Bime-
tallic nanoparticles containing late transition metal or
3d-transition metal, such as Fe, Co, and Ni, as one com-
ponent element are also extensively investigated on ferro-
magnetic properties. Recently we demonstrated that the
bimetallic nanoparticles could change or improve electro-
optical responsibility of LCDs.

Figure 12. FTIR spectra of CO adsorbed on PVP-protected Pd-
core/Pt-shell nanoparticles having a Pt-shell: (a) Pt:Pd ¼ 2:1; (b)
Pt:Pd ¼ 1:1; (c) Pt:Pd ¼ 1:4. [Pd]: 0.1mmol in 10mL of CH2Cl2.
(Reprinted from Ref. [132], r 1997, with permission from Amer-
ican Chemical Society.)
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4.1. Catalytic Properties of Bimetallic Nanoparticles

Bimetallic nanoparticles (including monometallic ones)
have attracted a great interest in scientific research and
industrial applications, owing to their unique large sur-
face-to-volume ratios and quantum-size effects [1,2,5,182].
Since industrial catalysts usually work on the surface of
metals, the metal nanoparticles, which possess much
larger surface area per unit volume or weight of metal
than the bulk metal, have been considered as promising
materials for catalysis.

Industrial catalysts are usually composed of inorganic
supports and metals on the supports. They are often pre-
pared by heat treatment of metal ions on the support at
high temperature sometimes under hydrogen. They have
very complex structures. For example, they are the mix-
tures of metal particles with various sizes and shapes.
Metal particles often strongly interact with the inorganic
supports, thus resulting in the structure of half balls.

The catalytic performance of metal depends on the
kinds of metal and supports, size and structure, and ad-
dition of other element(s). Thus, many trial and errors
have been carried out in order to develop industrial
catalysts. Even now, this is true for the research and
development of practical catalysts.

Recently, however, the development of nanotechnology
may provide the changes on the research and development
of practical catalysts. As mentioned in the previous sec-
tion we can now design and synthesize a metal nanopar-
ticle with not only various sizes and shapes, but also with
various combinations of elements and their locations.
Thus, we can now design the synergetic effect of two el-
ements. In the case of core/shell structured bimetallic
nanoparticles, the shell element can provide a catalytic site
and the core element can give an electronic effect (a ligand
effect) on the shell element. Since only the atoms on the
surface can be attached by substrates, the thickness of the
shell should be an important factor to control the catalytic
performance.

In 1989, we developed colloidal dispersions of Pt-core/
Pd-shell bimetallic nanoparticles by simultaneous reduc-
tion of Pd and Pt ions in the presence of poly(N-vinyl-
2-pyrrolidone) (PVP) [15]. These bimetallic nanoparticles
display much higher catalytic activity than the corre-
sponding monometallic nanoparticles, especially at par-
ticular molecular ratios of both elements. In the series of
the Pt/Pd bimetallic nanoparticles, the particle size was
almost constant despite composition and all the bimetallic
nanoparticles had a core/shell structure. In other words,
all the Pd atoms were located on the surface of the nano-
particles. The high catalytic activity is achieved at the
position of 80% Pd and 20% Pt. At this position, the
Pd/Pt bimetallic nanoparticles have a complete core/shell
structure. Thus, one atomic layer of the bimetallic nano-
particles is composed of only Pd atoms and the core is
completely composed of Pt atoms. In this particular par-
ticle, all Pd atoms, located on the surface, can provide
catalytic sites which are directly affected by Pt core in an
electronic way. The catalytic activity can be normalized by
the amount of substance, i.e., to the amount of metals
(Pd+Pt). If it is normalized by the number of surface Pd
atoms, then the catalytic activity is constant around
50–90% of Pd, as shown in Figure 13.

This means that the improvement of catalytic activity
of Pd nanoparticles by involving the Pt core is completely
attributed to the electronic effect of the core Pt upon shell
Pd. Such clear conclusion can be obtained in this bime-
tallic system only because the Pt-core/Pd-shell structure
can be precisely analyzed by EXAFS and Pd atoms are
catalytically active while Pt atoms are inactive.

The CuPd bimetallic nanoparticles were first prepared
by thermal decomposition of a bimetallic acetate precur-
sor [79]. Later, well-defined PVP-protected CuPd bime-
tallic nanoparticles were prepared by reduction of CuSO4

and Pd(CH3COO)2 in refluxing glycol/dioxane at pHE10
in the presence of PVP [72]. These nanoparticles are very
important from a viewpoint of catalysis, because they
have high catalytic activity for two completely different
reactions, i.e., hydration of acrylonitrile to acrylamide
and selective partial hydrogenation of 1,3-cyclooctadiene
to cycooctene. The former hydration of acrylonitrile is
usually catalyzed by Cu and the latter hydrogenation of
cyclooctadiene, by Pd. The same CuPd bimetallic nano-
particles can catalyze both reactions, and the catalytic
activities of bimetallic nanoparticles are much higher than
the corresponding monometallic ones, respectively. This
result demonstrates that both Cu and Pd atoms are lo-
cated in the surface layer of bimetallic nanoparticles. In
fact the ensemble effect of Pd is proposed for the hydra-
tion of acrylonitrile catalyzed by CuPd bimetallic nano-
particles [132].

After our success in preparation of the colloidal dis-
persions of Pt-core/Pd-shell bimetallic nanoparticles by
simultaneous reduction of PdCl2 and H2PtCl6 in refluxing
ethanol/water in the presence of poly(N-vinyl-2-pyrroli-
done) [15,16] several reports have appeared on the
formation of the core/shell-structured bimetallic nano-
particles by simultaneous reactions [5,52,68,183].

Now let us consider the core/shell and inverted core/
shell structures. The core/shell structure and the inverted

Figure 13. Normalized catalytic activity (in mmol H2 per mmol
surface Pd per s) as a function of metal composition of PVP-
stabilized Pd/Pt bimetallic nanoparticles. The normalization was
determined by the number of Pd atoms on the surface of the
nanoparticle, assuming that Pd atoms exist selectively on the
surface. (Reprinted from Ref. [48], r 1993, with permission from
Royal Society of Chemistry.)
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core/shell structure are based on the very same concept
[175]. The difference is just which homobond, A–A or
B–B, is favored. If A–A bond is preferred to B–B bond, an
A-core/B-shell structure is favored, but the inverted core/
shell structure can be still constructed. This inverted core/
shell structure should be thermodynamically unstable and
of great interest. This has been successfully achieved by
using the so-called ‘‘sacrificial hydrogen strategy’’ [132].
In the case of PtPd bimetallic nanoparticles, Pd-cores
were first prepared. After the Pd-cores were covered by
hydride by contact with molecular hydrogen, Pt ions were
added to be reduced by hydride adsorbed on the surface
of Pd-cores, which resulted in bimetallic nanoparticles
with the inverted core/shell structure of Pd-core and
Pt-shell. Without the sacrificial hydrogen strategy the
successive reduction cannot give rise to the inverted core/
shell structure but rather to the cluster-in-cluster structure
usually [125]. The thermodynamical instability of the
present inverted core/shell structure has been confirmed
by the change of the catalytic activity of nanoparticles
with inverted core/shell structure with heat treatment
[184].

Hydrogenation reactions have been the most exten-
sively studied for measuring the activity of nanoparticles.
Noble monometallic (Pd, Pt, Rh) nanoparticles protected
by linear polymer like PVP or polyvinylalcohol have high
catalytic activities for hydrogenation of olefins [185–187].
We applied PVP-protected Pt/Pd [15,48] and Au/Pd [49]
bimetallic nanoparticles with various compositions to the
selective hydrogenation of 1,3-cyclooctadiene to cyclooc-
tene. In both cases, the bimetallic nanoparticles with Pd
content of 80% showed the highest activity, which is
greater than Pd monometallic nanoparticles. Such bime-
tallic nanoparticles are found to have Pt- or Au-core/Pd-
shell structures and all Pd atoms fully cover the particles
to form monoatomic layers. This improvement of cata-
lytic activity can be interpreted only by a ligand effect of
the core elements.

Since palladium has a high catalytic activity for hy-
drogenation of diene while platinum has a low one, the
effect of particle size should be taken into consideration.
The catalytic activity was normalized by the number of Pd
atoms on the surface area, calculated from the mean di-
ameters of PdPt nanoparticles measured by TEM and the
selective existence of Pd atoms on the surface of bimetallic
nanoparticles (suggested by EXAFS results). The depend-
ence of normalized activity on the metal composition is
shown in Figure 13 [48]. The activity of surface Pd atoms
is almost constant for Pt/Pd bimetallic nanoparticles con-
taining between 50 and 95mol% of palladium. The nor-
malized activity of surface Pd atoms in the nanoparticles
is larger than that of monometallic Pd nanoparticles. As
the ionic potential of palladium (8.34 eV) is smaller than
that of platinum (9.0 eV), the electronic interaction be-
tween the Pt core and the surface shell Pd atoms results in
the Pd atoms being deficient in electron density. This is a
practical example of the ligand effect, since a substrate
with CQC bonds favors the electron-deficient catalytic
sites. The similar consideration can be applied to Au/Pd
bimetallic nanoparticles with core/shell structure. The
selectivity of monoene produced by Pt/Pd and Au/Pd bi-
metallic nanoparticles was almost 100%. Pd/Rh bimetal-
lic nanoparticles showed the highest catalytic activity for

hydrogenation of cis-1,3-cyclopentadiene to cyclopentene
at a composition of Pd:Rh ¼ 1:2 [55].

Bronstein and co-workers [188] have studied catalytic
properties of PdPt, AuPd, and PdZn bimetallic nanopar-
ticles formed in block copolymer micelles derived from
polystyrene-block-poly-4-vinylpyridine (PS-b-P4VP) on
dehydrolinalool (3,7-dimethyloctaen-6-yne-1-ol-3, DHL)
hydrogenation. It was found from FTIR spectroscopy on
CO adsorption and XPS that the second metal (Au, Pt, or
Zn) acts as a modifier toward Pd, changing both its elec-
tronic structure and its surface geometry. This change
provides higher catalytic activity of these bimetallic nano-
particles formed in PS-b-P4VP micelles compared to Pd
nanoparticles, which can be ascribed mainly to an increase
in the number of active centers on the particle surface.
High selectivity of DHL-hydrogenation (99.8% at 100%
conversion) to linalool (3,7-dimethylocta-1,6-diene-3-ol)
was achieved for all bimetallic nanoparticle catalysts, by
chemical modification of the nanoparticle surface with
pyridine units.

NiPd alloy bimetallic nanoparticles, prepared by the
improved polyol reduction method under high tempera-
ture, were applied to the catalysis for hydrogenation of
nitrobenzene [77] and its derivatives [78]. They were
proved to be excellent catalysts with considerable air-
resistance property for hydrogenation of nitrobenzene to
aniline. Among the bimetallic nanoparticles with various
Ni:Pd ratios, Ni:Pd (2:3) nanoparticles were found to be
the most active catalyst, whereas Ni:Pd (1:4) nanoparticles
showed the highest activity for the hydrogenation of nit-
robenzene derivatives. In this case, not only electronic
(ligand) effect but also ensemble effect was proposed. Re-
cently, Ag/Au bimetallic nanoparticles of alloy structure
with 3–4 nm in size were utilized as a catalyst for reduc-
tion of p-nitrophenol. The catalytic activities were pro-
portional to the feed ratio of Au in the nanoparticles and
showed a maximum at the ratio of Au:Ag ¼ 3:1 [88].

Bimetallic nanoparticles are good catalysts for hydra-
tion of acrylonitrile. From a catalytic point of view,
bimetallic nanoparticles composed of 3d-transition metal
and noble metal with specific structures will provide a
great number of new candidates of catalysts for various
chemical reactions, since the catalytic properties of bime-
tallic nanoparticles can be potentially tailored by both the
ligand effect and the ensemble effect. Of particular interest
are the excellent catalytic properties of Cu/Pd alloy bime-
tallic nanoparticles for both the selective hydration of
acrylonitrile, an important industrial process, and the
hydrogenation of carbon–carbon double bonds under mild
conditions [71–73]. The rate of the catalytic hydration of
acrylonitrile by the PVP-protected Cu:Pd (2:1) bimetallic
nanoparticle catalyst is about seven times higher than that
of the PVP-protected Cu monometallic nanoparticles. The
activity increases with increasing Cu content within the
range of Cu:Pd ratio from 1 to 3. The lack of cyanohydrine
formation during the catalytic process suggests a nearly
100% selectivity for the amide (Equation (2)).

CH2 ¼ CH2CNþH2O! CH2 ¼ CH2CONH2 (2)

A preliminary idea about the acceleration effect of the
Pd atoms in the surface on the hydration of acrylonitrile is
shown schematically in Figure 14.
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The coordination of the C–C double bond of the
acrylonitrile to the palladium atom in the bimetallic
nanoparticles makes the C–N triple bond locate close to
the Cu species, thus facilitating the hydration catalyzed by
the Cu species. This is a good example of the ensemble
effect of bimetallic nanoparticles. The electronic effect of
the neighboring atoms in the bimetallic nanoparticles
upon the catalytic activity may also be important in this
process. He et al. [189] investigated hydrogenation of
methyl acrylate using Ag/Pd bimetallic nanoparticles as a
catalyst. The catalytic activity of the Pd-on-Ag nanopar-
ticle is 367 times as large as that of commercial Pd black
and 1.6 times as large as that of Pd monometallic nano-
particle. The outstanding catalytic activity can be ex-
plained by the large fraction of the surface-exposed Pd
atoms [192]. Bimetallic nanoparticles of Pt and Sn have
been investigated as a catalyst by Cho et al. [190] for
hydrogenation of benzene. Their experimental results
showed a high selectivity for the hydrogenation of ben-
zene to n-hexane with a comparable turnover rate [190].
Thomas et al. [104] found that bimetallic nanoparticles
(Ru6Pd6, Ru6Sn, Ru10Pt2, Ru5Pt, Ru12Cu4, and Ru12Ag4)
anchored within silica nanopores exhibited high activities
and frequently high selectivities, depending on the com-
position of the nanocatalyst, in a number of single-step
(and often solvent-free) hydrogenations at low tem-
peratures (333–373K). The selective hydrogenations of
polyenes such as 1,5,9-cyclododecatriene and 2,5-nor-
bornadiene were especially efficient. Good performance is
found with these nanoparticle catalysts in the hydrogen-
ation of dimethyl terephthalate to 1,4-cyclohexanedimeth-
anol and of benzoic acid to cyclohexanecarboxylic acid or
to cyclohexene-1-carboxylic acid, and also in the conver-
sion of benzene to cyclohexene (or cyclohexane), the latter
being an increasingly important reaction in the context of
the production of nylon. Isolated atoms of noble metals
(Pd, Rh, and Pt) in low oxidation states, appropriately
complexed and gathered to the inner walls of nanoporous
(ca. 3 nm diameter) silica, are very promising enantiose-
lective hydrogenation catalysts [104]. The AuPd bimetallic
nanoparticles also exhibited higher catalytic activity for
reduction of p-nitrophenol than monometallic ones [96].
Ghosh et al. [109] reported catalytic activities of bimetallic
NiPt nanoparticles towards the reduction of aromatic
nitro compounds. The catalytic activity was superior over
monometallic Pt nanoparticles. Moreover, it was found
that the rate of reduction of nitroaromatics is sensitive to

the composition of the alloy catalysts. It could be attrib-
uted to the electronic effect and the segregation behavior
of the material in the alloy [109].

Photo-induced hydrogen generation from water can be
catalyzed by the bimetallic nanoparticles. Conversion of
solar photoenergy is a very important theme for human
beings. Construction of an artificial photosynthetic system
taking after the natural photosynthesis is a potential
method for the solar photoenergy conversion. One of the
most important and simplest concepts is visible light-
induced decomposition of water to produce oxygen and
hydrogen. Noble metal nanoparticles can work as a cat-
alyst for visible light-induced hydrogen generation from
water in the system like EDTA/tris(bipyridine)ruthe-
nium(II) (RuII(bpy)3)/methyl viologen (MV)/nanoparticle
catalyst [191–193] where metal nanoparticles works as an
electron mediator to accept electrons from methyl violo-
gen cation radical (MVþ: ) and donate them to protons
producing hydrogen molecules, as shown in Equation (3).
Pt nanoparticles (PtNP) have been considered to be the
best catalyst for this purpose.

RuIIðbpyÞ	3 þMV2þ ! RuIIIðbpyÞ3 þMVþ�

MVþ� þ PtNP !MV2þ þ Pt�NP

Pt�NP þHþ ! PtNP þH

2H ! H2

(3)

Recently five monometallic (Au, Pd, Pt, Ru, Rh) nano-
particles were investigated as electron mediators together
with four core/shell bimetallic (Au/Pd, Au/Pt, Au/Rh, Pt/
Ru) nanoparticles [53,194–196]. The linear relationship
was observed between the electron transfer rate coeffi-
cients and the hydrogen generation rate coefficient as
shown in Figure 15.

The bimetallic nanoparticles were generally more active
than the corresponding monometallic nanoparticles. The
highest catalytic activity was observed for Au/Rh and/or

Figure 14. Schematic diagram of the acceleration effect of Pd
on the hydration of acrylonitrile. (Reprinted from Ref. [73], r
1994, with permission from Wiley-VCH.)

Figure 15. Relationship between electron transfer rate constant
ke and hydrogen generation rate constant KH2

: (Reprinted from
Ref. [194], r 2000, with permission from IUPAC.)
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Pt/Ru bimetallic nanoparticles. In the case of dye-sensi-
tized photochemical water splitters, to which much atten-
tion has been received recently, noble metal nanoparticles
are often used for the active centers to produce hydrogen
gas from water. Bimetallic nanoparticles will be easily
replaced by these metal nanoparticles for the sake of
saving resources.

Bimetallic nanoparticles were studied for catalysis of
electro-oxidation. The study of catalytic oxidation of
methanol and CO has broad technological applications,
including fuel-cell technology, purification of air in gas
products and in long duration space travel, and conver-
sion in automobile exhaust systems [197–199]. The search
for highly effective catalysts and detailed mechanistic
understanding [200–203] has spanned to the exploration
of nanoparticle catalysts [197,198]. Two critical issues
facing the exploration of nanoparticle catalysts for meth-
anol oxidation are, however, the propensity of poisoning
at traditional platinum group catalysts by adsorbed
CO-like species and the tendency of aggregation. Re-
cently, Lou and co-workers applied the thiolate-stabilized
AuPt (Pt�5%) alloy nanoparticles prepared by a stand-
ard two-phase synthesis to methanol electro-oxidation
[58]. Interestingly, ligand-shell encapsulation and net-
working added aggregation-resistant and poison-resistant
properties to the nanoparticles. As a result of methanol
electro-oxidation on a glassy-carbon electrode, the anodic
peak current increased with increasing methanol concen-
tration, exhibiting a linear relationship, while the peak
current for the cathodic wave decreased with increasing
methanol concentration, also exhibiting a linear relation-
ship. These two features are the first set of evidence dem-
onstrating that methanol was oxidized at the nanoparticle
catalyst. Recently catalytic activity of supported Au
nanoparticles has received much attention [204]. Cata-
lytic activity of the bimetallic AuPd bimetallic nanopar-
ticles, supported on TiO2, in the CO oxidation revealed a
slight synergestic effect compared to the activity of mon-
ometallic analogous referred to the estimated surface area
of Au and Pd in the bimetallic sample [205]. Recently,
Deivaraja et al. [110] utilized carbon-supported NiPt
nanoparticles for the electro-oxidation of methanol and
compared catalytic activity with a commercial E-TEK Pt/
carbon catalyst. The catalytic activity of the bimetallic
nanoparticles was higher, and resistance to catalyst deac-
tivation was improved [110]. Ag/Au alloy nanoparticles
can also be used as a catalyst for low-temperature CO
oxidation [89]. In this case the activity was highly
dependent on the hydrogen pretreatment conditions.
Reduction at 550–650 1C led to high activity at room
temperature, whereas as-prepared or calcinated samples
did not show any activity at the same temperature. CO
and O�2 coadsorption on neighboring sites on the AuAg
alloy was stronger than that on either Au or Ag. The
strong synergism in the coadsorption of CO and O�2 on
the AgAu nanoparticle can thus explain the observed
synergetic effect in catalysis [89].

The measurement of catalytic activity of PdPt bime-
tallic nanoparticles over methane combustion showed that
the difference in activity with increasing and decreasing
reaction temperatures disappeared probably due to the
synergestic effect of the formation of the PdPt bimetallic
nanoparticles [176].

Another electro-oxidation example catalyzed by bime-
tallic nanoparticles was reported by D’Souza and Sam-
path [206]. They prepared Pd-core/Pt-shell bimetallic
nanoparticles in a single step in the form of sols, gels,
and monoliths, using organically modified silicates, and
demonstrated electrocatalysis of ascorbic acid oxidation.
Steady-state response of Pd/Pt bimetallic nanoparticles-
modified glassy-carbon electrode for ascorbic acid oxida-
tion was rather fast, of the order of a few tens of seconds,
and the linearity was observed between the electric current
and the concentration of ascorbic acid.

Formation of single-walled carbon nanotubes
(SWNTs) was found to be catalyzed by metal nanopar-
ticles [207]. Wang et al. [114] investigated bimetallic cat-
alysts such as FeRu and FePt in the size range of 0.5–3 nm
for the efficient growth of SWNTs on flat surfaces. When
compared with single-component catalysts such as Fe,
Ru, and Pt of similar size, bimetallic catalysts Fe/Ru and
Fe/Pt produced at least 200% more SWNTs [114].

These results on catalytic activity of bimetallic nano-
particles are summarized in Table 2.

4.2. Ferromagnetic Properties of Bimetallic
Nanoparticles

One of the important physical properties of the bimetallic
nanoparticles is a ferromagnetic property. The bimetallic
nanoparticles showing the ferromagnetic property usually
contain 3d-transition metal, such as Fe, Co, and Ni, as
one element. Rare-earth elements like Sm are also impor-
tant for the ferromagnetism. Considerable progress has
been done in ultrahigh-density magnetic recording thanks
to the development of metal thin film media with small
particles, narrow size distributions, and optimized com-
positions [214]. In principle, the size-control of noble
metal nanoparticles is relatively easy, while it is difficult
for the 3d-transition metallic nanoparticles due to easy
oxidation. To overcome the problem alloying of 3d-
transition metal with noble metal was applied. Two ap-
proaches have been considered to prepare small magnetic
bimetallic nanoparticles with narrow size distribution.
One is successive reduction which involves the formation
of small noble metal nanoparticles, followed by the
reduction of 3d-transition metal ions. Another one is the
simultaneous reduction of noble and 3d-transition metal
ions.

Pd/3d-transition metal bimetallic nanoparticles were
extensively studied on the ferromagnetism. Pd does not
polarize magnetically in bulk metal, but has a giant mag-
netic moment in the presence of a small amount of a
ferromagnetic 3d-transition metal. Crangle and co-work-
ers first found the appearance of the giant magnetic mo-
ment by the measurements of paramagnetic susceptibility
and ferromagnetic saturation magnetization [215–218]. In
their measurements 1mol% of Fe induces a strong
polarization of Pd in a Pd/Fe alloy, resulting in a giant
magnetic moment of �10 mB per Fe atom [219] and the
polarized region of �1 nm around the Fe atom [220]. The
magnetic enhancement can be investigated in detail by
using bimetallic nanoparticles. Then many researches on
the Pd/3d-transition bimetallic nanoparticles were re-
ported. The Pd/Fe [221] ,Pd/Ni [76,222], and Pd/Cu
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Table 2. Typical applications of bimetallic nanoparticles as catalysts reported in literatures.

Metals Reaction Substrate Main product Catalytic activity Selectivity Literatures

Pt/Pd Hydrogenation 1,3-Cyclooctadiene Cyclooctene Higher than Pd-NP 100% [15,48]
Au/Pd Hydrogenation 1,3-Cyclooctadiene Cyclooctene Higher than Pd-NP 100% [49]
Pd/Rh Hydrogenation cis-1,3-Cyclopentadiene Cyclopentene High – [55]
PdM2

a Hydrogenation DHLb 3,7-Dimethyloctadiene-1,6-ol-3 Higher than Pd-NP 99.8% [188]
NiPd Hydrogenation Nitrobenzene or derivative Aniline or derivative High – [77,78]
CuPd Hydration Acrylonitrile Acrylamide Higher than Cu-NP 100% [71–73]
M1/M2

c PIHGd H2O H2 Higher than mono-MP – [53,194–196]
AuPt Electrooxidation Methanol – – – [58]
Pd/Pt Electrooxidation Ascorbic acid – – – [206]
RuM2

e Hydrogenation Benzene Cyclohexene High High [104]
AgPd Hydrogenation Methyl acrylate – Higher than Pd black – [189]
PtNi Electrooxidation Methanol – – – [108]
PdRh Hydrogenation 1,3-Cyclooctadiene Cyclooctene High – [113]
AuPd Oxidation CO CO2 Higher than mono-NP – [205]
FeM2

f Surface growth of SWNTg – SWNT Higher than mono-NP – [114]
PtNi Reduction Aromatic nitro compound – Higher than mono-NP – [109]
Pt/Sn Aromatization n-Hexane Benzene – – [190]
PdPt Combustion Methane – Higher than mono-NP – [176]
PtNi Electrooxidation Methanol – Higher than Pt/Ch – [110]
M1/M2

i HCRj – – – – [212]
PtRu Electrooxidation Methanol – – – [106]
AgAu Reduction p-Nitrophenol – – – [88]
Pt/Cu Reduction NOx – High – [213]
FeNi Degradation Trichloroethylene – High – [115]
AgAu Oxidation CO CO2 Higher than mono-NP – [89]
PdAg Hydrogenation cis,cis-1,3-Cyclooctadiene – – – [101]
PdPt Reduction p-Nitrophenol – Higher than Pt-NP – [96]

aM2: Pt, Au, Zn.
bDHL: 3,7-Dimethyloctaen-6-yne-1-ol-3.
cM1/M2: Au/Pd, Au/Pt, Au/Rh, Pt/Ru.
dPIHG: Photo-induced hydrogen generation.
eM2: Pd, Sn, Pt, Cu, Ag.
fM2: Ru, Pt.
gSWNT: Single-wall carbon nanotube.
hA commercial E-TEK Pt/C catalyst.
iM1/M2: Various bimetallic nanoparticles including core/shell structures.
jHCR: Homogeneous catalytic reaction including hydrogenation, Heck coupling, and Suzuki reaction.
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[71–73,80,180,223–225] nanoparticles were prepared by
the conventional gas evaporation method [221], the sol-gel
method [222], the simultaneous alcohol reduction of the
corresponding metal salts in the presence of the linear
polymer [76,80,223,224], and the decomposition of metal
salts [225].

Teranishi et al. [126] developed a novel synthetic method
of a series of the monodispersed Pd/Ni nanoparticles of
the similar size by using a successive reduction. Ni atoms
were deposited on 2.5 nm Pd nanoparticles according to the
‘‘magic number’’ of 561 atoms with a five-shell structure
[34]. The deposition was carried out in various Ni/Pd molar
ratios (1/561, 2/561, 10/561, 15/561, 38/561, 168/561, 281/
561, and 561/561) by 1-propanol reduction of nickel acetate
in the presence of PVP to produce Pd-core/Ni-shell bime-
tallic nanoparticles. The size distributions and mean diam-
eters of Pd/Ni nanoparticles are similar to those of Pd
nanoparticles, indicating that the size of Pd nanoparticles
was maintained by PVP in 1-propanol under reflux, and
that the Ni atoms were uniformly deposited on every Pd
nanoparticle. In the magnetization measurements of a
series of Pd/Ni nanoparticles, the remarkable threshold of
the enhancement on the magnetic moment was observed at
Ni/Pd ¼ 38/561, and a large enhancement of the magnetic
moment corresponding to a giant magnetic moment effect
is found above this threshold [126,226–228]. The band
structures of the Pd/Ni nanoparticles at Ni/Pd>38/561
were close to that of the bulk Ni. The appearance of the
giant magnetic moment induced on the Pd nanoparticles by
the Ni impurity was considered to be closely related to the
change in the band structure of the Pd/Ni nanoparticles.
Fabrication of 2-D superlattices of the Pd/Ni nanoparticles
may make novel magnetic recording devices possible.

Fe/Pt bimetallic nanoparticles are an important class of
materials in permanent magnetic applications since they
have large uniaxial magnetocrystalline anisotropy
[KuE 7� 106 J/m3] and good chemical stability [229]. As
the magnetic stability of individual particles scales with
the anisotropy constant, Ku, and the particle volume, V,
small Fe/Pt nanoparticles may be promising for future
ultrahigh-density magnetic recording media applications
[230]. In 2000, Sun and co-workers [231] succeeded in
preparation of monodispersed iron–platinum (FePt)
nanoparticles by the reduction of platinum acetylaceton-
ate and decomposition of iron pentacarbonyl in the pres-
ence of oleic acid and oleyl amine stabilizers. Composition
of the FePt nanoparticle was readily controlled, and the
size is tunable from 3 to 10 nm diameter with a standard
deviation of less than 5%. The bimetallic nanoparticles
self-assemble into 3-D superlattices. Thermal annealing
can convert the internal particle structure from a chem-
ically disordered fcc phase to the chemically ordered face-
centered tetragonal phase and transforms the nanoparticle
superlattices into ferromagnetic nanocrystal assemblies.

Recently we investigated ferromagnetic properties of
CoPt bimetallic nanoparticles [232,233]. CoPt3 nanopar-
ticles can be prepared by a two-step reduction using
NaBH4 as a reductant. The bimetallic nanoparticles were
characterized by thermogravimetry (TG) and differential
thermal analysis (DTA), FT-IR, TEM) and XRD. Struc-
tural and spectroscopic studies showed that the bimetallic
nanoparticles adopt an fcc crystalline structure with an
average particle size of 2.6 nm. SQUID studies revealed

that as-prepared nanoparticles were superparamagnetic at
room temperature and ferromagnetic at 1.85K with
coercivity of 980Oe. Thermal treatment of the samples
at 500 1C causes an increase of particle size and a decrease
of coercivity [232]. The results indicated that the addition
of Ag (5.0mol%) cannot change the size and crystal
structure (i.e., fcc structure) of CoPt3 nanoparticles.
SQUID studies, however, revealed that the addition of
Ag can notably improve the magnetic properties of CoPt3,
which could result from the interaction between Ag and
CoPt3 nanoparticles (Figure 16) [233].

Some rare-earth alloys are strong permanent magnets.
In SmCo5 bulk alloy with a CaCu5-type crystalline struc-
ture is one of such strong permanent magnets practically
used in daily life and industries. The SmCo5 magnet
shows strong magnet anisotropy, high Curie temperature,
high coercivity, and high saturation magnetization. Gu et
al. [234] previously reported the preparation of SmCo5
nanoparticles by using Sm(acac)3 and Co(CO)8 as
precursors. The resulting nanoparticles were, however,
unstable in air, and did not show any coercivity. Recently
we have successfully prepared SmCo5 bimetallic nano-
particles by simultaneous reduction of SmCl3 and
Co(acac)3 in the presence of PVP at 300 1C. Average
particle size of the nanoparticles was determined to be ca.
33 nm based on TEM observation. Result of XRD meas-
urement indicated that the nanoparticles have CaCu5-type
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Figure 16. Hysteresis loops at 1.85K of (a) as-synthesized
CoPt3 nanoparticles and (b) CoPt3/Ag nanoparticles. (Reprinted
from Ref. [233], r 2006, with permission from The Chemical
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crystalline structure. Magnetization hysterisis showed
high coercivity, 1100Oe at room temperature, as shown
in Figure 17 [235]. To the best of our knowledge, it was the
first report on room temperature ferromagnetism of bime-
tallic nanoparticles containing rare-earth element. Rare-
earth nanomagnets could be a candidate for future
magnetic memory device, although their stability against
oxidation will be a disadvantage of rare-earth nanomagnets.

4.3. Electro-Optical Properties of Bimetallic
Nanoparticle-Doped Liquid Crystal Displays

An LCD is a ubiquitous electronic display. Now, it is
widely distributed among human daily life, like mobile
phones, TV, and personal computers. The LCD has,
however, a drawback, i.e., slower response than a plasma
display or an electroluminescene display. Recently we
have first succeeded in combination of a nanoparticle
technology with the LCD technology, which realized fast
response of the LCD [45,235,236]. Thus we have found a
phenomenon, i.e., a frequency modulation of the LCD
doped with metallic nanoparticles. Since the frequency
modulation, or electro-optic property depends on the kind
of metals, we have prepared AgPd bimetallic nanoparticles
protected with a typical liquid crystal molecule, 4-cyano-
40-pentylbiphenyl (5CB) to investigate the electro-optic
property [45,235,236].

The 5CB twist nematic liquid crystal doped with
5CB-protected AgPd (atomic ratio, 1:4) bimetallic nano-
particles showed different V-T curves depending on the
frequency, as shown in Figure 18 [236]. The frequency
range of the frequency modulation effect is wider for the
5CB-AgPd system than that of the 5CB-Pd system [236].
Since 5CB-Ag nanoparticles were unstable to oxidation in
the repeated usage, the AgPd bimetallic nanoparticles
were the good answer for the present purpose.

Furthermore, the LCD containing the 5CB-protected
AgPd nanoparticles showed fast response compared with
the LCD containing pure 5CB. The rising response time tr
and the rising delaying time tdr were 1.9 and 0.9ms, re-
spectively, when the applied voltage and frequency varied
from 5.1V and 100Hz to 17V (5 cycles) or 5.1V and
500Hz, respectively. The response times were much
shorter than those of 5CB, 7.8 and 2.1ms, respectively
[235,236]. Recently practical STN-LCD was doped with
AgPd bimetallic nanoparticles, showing fast response
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Figure 17. The magnetization hysteresis curve at 300K of
SmCo3 nanoparticles prepared from SnCl3 and Co(acac)3 in the
presence of PVP at 573K. (Reprinted from Ref. [235], r 2006,
with permission from Wiley-VCH.)
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even at low temperature, like �10 1C. This could result in
practical use of bimetallic nanoparticle-doped STN-LCD
as a display for mobile phones, which are often used at
low temperature outdoors in winter. Likewise, nanopar-
ticle-doped LCD will provide new generation of LCD.

5. Concluding Remarks

Recent developments in chemistry make it easy to con-
struct the bimetallic nanoparticles with the desired size
and structure. Design of not only size and structure of
metal parts of the nanoparticles but also properties and
alignment of organic phase surrounding the nanoparticles
become increasingly important to develop tailor-made
catalysts. Recent research targets on metal nanoparticles
for catalysis are: (i) control of size and structures of metal
parts [237], especially those of bimetallic and multimetal-
lic nanoparticles [238], (ii) control of the structures and
properties of the organic surroundings of metal nanopar-
ticles, especially for stabilization of catalysts and im-
provement of selectivity, and (iii) application of metal
nanoparticles to practical catalysts, e.g., by supporting on
inorganic supports [239–242]. Monometallic nanoparticle
or bimetallic nanoparticle catalysts can now be applied to
a lot of reactions. Hydrogenation and hydrosilation of
olefins or dienes are one of the most popular reactions.
Other kinds of selective reductions and C–C coupling
reactions like Heck reaction and Suzuki reaction are the
other targets. Oxidation reactions have been less reported
because the organic stabilizers are usually less stable for
oxidation than for reduction. However, this limitation is
now removed by using more stable stabilizers or removing
organic stabilizer from inorganic supports. Real tailor-
made bimetallic nanoparticle catalysts for industrial
purposes will be expected to be developed on the basis
of the basic research results on metal nanoparticles in the
near future.

From the viewpoint of size control, bimetallic nano-
particles naturally have a strong tendency to provide
monodispersed particles, compared with monometallic
nanoparticles [49]. This tendency cannot be completely
understood yet, but redox properties between two metals
might result in this advantageous properties of bimetallic
nanoparticles.

Since Sun et al. [231] first reported ferromagnetism of
superlattice of FePt bimetallic nanoparticles, the nano-
scaled ferromagnetic materials have attracted much
attention. We also succeeded in preparation of SmCo5
bimetallic nanoparticles with enough high coercivity
(1500Oe) at room temperature, providing a potential
application to super-high-density memory storage. The
applications of monometallic or bimetallic nanoparticles
to the LCD are an emerging research area. The mono-
metallic or the bimetallic nanoparticles are expected to
improve the response time of the LCD, which may further
extend the practical application of the LCD.

It is said that the 21st century is the age of nanotech-
nology since nanoparticles are applicable to an increasing
number of areas. Therefore, this research field will occupy
the much attention of scientists. Precisely controlling the
primary size and structure of metallic nanoparticles, i.e.,
size, shape, crystal structure, and composition, however, is

still most important, because the structures dominate the
physical and chemical properties of metallic nanoparticles.
The development of methodology to control the primary
size, structure, and composition of bimetallic nanoparti-
cles for further improvement of catalytic activity and
selectivity and to fabricate novel nanodevices by the bi-
metallic nanoparticles will be the key of nanotechnology.
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1. Introduction

Over the last few years, research in the area of nanosci-
ence has blossomed into an independent and highly inter-
disciplinary area [1]. Materials in the nanometer scale (size
range 1 nm–1 mm) are typically referred to as nanoparti-
cles, nanocrystals, nanorods, or nanowires. Mono- or
multiphase polycrystalline solid materials whose size falls
– at least in one dimension – into the nanometer range
(typically 1–100 nm) are regarded as representatives of
different kinds of nanomaterials. Depending on the
number of dimensions in the nanometer domain we can
distinguish (i) nanoparticles, (ii) fibrillar structures, e.g.
nanotubes, and (iii) layered structures [2,3]. In order to
reach the region of nanoparticles the size of the domain
should decrease. During size reduction the surface/volume
ratio is enlarged and an interface is formed which is
transformed into a metastable system through a series of
quasi equilibrium states. The key issue in the field of
nanoparticles is the easy functionalization of the interface
due to its high excess free energy acquired. The surface
irregularities, i.e. the presence of steps, kinks, terraces, as
well as the ‘‘dangling’’ bonds of the atoms located at these
sites, make it possible to create highly reactive species.
The energy introduced into the system for modification of
the surface may originate from various sources. For ex-
ample, by introducing physical or chemical energies to the
system active surface sites, e.g. catalysts, can be prepared
[4–6].

Size reduction of metal particles results in several
changes of the physico-chemical properties. The primary
change is observed in the electronic properties of the metal
particles which can be characterized by ultraviolet and
X-ray photoelectron spectroscopy (UPS and XPS, respec-
tively) as well as Auger-electron spectroscopy (AES)
measurements. Furthermore, morphology of the metal
nanoparticles is highly sensitive to the environment, such
as ion–metal interaction (e.g. metal–support interaction)

influencing also the electronic properties of the metal sur-
face. Since metal nanoparticles have a short-range order-
ing, these particles are in metastable state, thus they must
be stabilized against coalescence to prevent formation of
large metal particles.

The unique material properties in this size range come
from several sources: (1) quantum size effect [7], where
confinement of charge carriers in a small space leads to
discrete energy levels; (2) classical charging effects [8],
which originate from the discrete nature of the electrical
charge; (3) surface/interface effect [9], where properties of
surface or interface atoms become much more significant,
as the surface to volume ratio increases with decreasing of
particle size. Many novel properties of single, isolated
nanocrystal have been investigated during the past two
decades, such as size-dependent optical absorption and
luminescence in semiconductors [10,11], Coulomb block-
ade phenomena in charge transfer [12], and enhanced
surface magnetic moments in magnetic nanocrystals [13].

The exciting aspect of nanocrystal arrays is that they
form a truly new class of materials, where the basic build-
ing blocks are nanocrystals instead of atoms. The prop-
erties of these materials not only depend on which
chemical elements used to form the building blocks, but
also depend on how many atoms are in each building
block and how strongly coupled these building blocks are.
Traditional materials can be either crystalline or amor-
phous, depending on the arrangement of the constituent
atoms. Similarly, nanocrystal arrays can also be ordered
or disordered. In the former case, they are referred to as
nanocrystal superlattices [14–17].

When any materials interact with their environment
through solid/gas, solid/liquid, and solid/solid interfaces,
the nanometer scale surface created can easily be modified
to perform certain functions. The modifications are usually
only effective in the few nanometer deep surface layers.
This chapter highlights the development of new model
nanostructured materials with functionalized interfaces to
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promote highly efficient and specific catalysts. The func-
tional characteristics of nanoparticles (morphology, elec-
tronic structure) are thoroughly examined at atomic level
by means of various techniques, e.g. transmission electron
microscopy (TEM), UPS, XPS, AES, atomic force mi-
croscopy (AFM), etc. indicating a change in the metal
nanoparticles/support interface which has also a conse-
quence for the catalytic activity. In addition to physical
methods, correlation is sought between physical charac-
teristics and the material specificity, e.g. catalytic reaction
monitored by the turnover frequency (TOF) to elucidate
the role of surface ordering, restructuring, etc. Among the
factors controlling the catalytic activity is the size of metal/
support interface. Moreover, size dependent changes in the
electronic structure of the metal nanoparticles are also ex-
pected to strongly influence their catalytic properties.
Along with size reduction the metal d-valence band struc-
ture is investigated and the actual size is determined by
UPS and TEM, respectively. The chemisorption and cat-
alytic properties in various systems are also determined.

In Section 2 the general features of the electronic struc-
ture of supported metal nanoparticles are reviewed from
both experimental and theoretical point of view. Section 3
gives an introduction to sample preparation. In Section 4
the size-dependent electronic properties of silver nano-
particles are presented as an illustrative example, while in
Section 5 correlation is sought between the electronic
structure and the catalytic properties of gold nanoparti-
cles, with special emphasis on substrate-related issues.

2. General Principles

Small nanoparticles consisting of transition metal atoms
possess catalytic properties which vary dramatically with
size. An explanation for the factors involved in catalysis is
expected from a thorough understanding of the electronic
properties of these particles. To elucidate the correlation
there has been active investigation of electronic properties
and chemisorption of small metal particles. It is also
thought that close analogies exist between the properties
of small metal particles and regular periodic steps which
exist on the surface of bulk metal single crystals [18]. The
electronic properties of the stepped surfaces have been
probed by several theoretical methods. In a particularly
interesting study, surface virtual bound states have been
calculated to exist at the Fermi surface of stepped Pt sur-
faces. While chemisorption may be a localized phenom-
enon, further understanding is needed how the electronic
properties (for small metal particles and stepped surfaces)
affect the chemisorptive and catalytic properties.

Application of small metal particles has attracted the
attention of the scientists for a long time. As early as in
the seventies Turkevich already prepared mono-dispersed
gold particles [19], and later, using molecular transition
metal carbonyl clusters [20], the importance of small
nanoparticles increased considerably. One of the crucial
points is whether turnover frequency measured for a given
catalytic reaction increases or decreases as the particle size
is diminished.

In the literature there are several attempts to measure
this function. Che and Bennett found that e.g. for ethylene

hydrogenation over palladium catalyst a maximum in TOF
was shown as a function of particle size the maximum be-
ing at a particle of 0.6 nm diameter [21]. The Japanese
school [22–24] observed controversial data on several sys-
tems at which TOF increased with reducing the particle
size, although opposite results were also measured [25].

Advantages of small metal nanoparticles are: (i) short
range ordering, (ii) enhanced interaction with environ-
ments due to the high number of dangling bonds, (iii)
great variety of the valence band electron structure, and
(iv) self-structuring for optimum performance in
chemisorption and catalysis.

The valence band structure of very small metal crystal-
lites is expected to differ from that of an infinite crystal for
a number of reasons: (a) with a ratio of surface to bulk
atoms approaching unity (ca. 2 nm diameter), the potential
seen by the nearly free valence electrons will be very differ-
ent from the periodic potential of an infinite crystal; (b)
surface states, if they exist, would be expected to dominate
the electronic density of states (DOS); (c) the electronic
DOS of very small metal crystallites on a support surface
will be affected by the metal–support interactions. It is
essential to determine at what crystallite size (or number of
atoms per crystallite) the electronic density of sates begins
to depart from that of the infinite crystal, as the ‘‘material
state’’ of the catalyst particle can affect changes in the
surface thermodynamics which may control the catalysis
and electro-catalysis of heterogeneous reactions as well as
the physical properties of the catalyst particle [26].

Photoemission has been proved to be a tool for meas-
urement of the electronic structure of metal nanoparticles.
The information is gained for DOS in the valence-band
region, ionization threshold, core-level positions, and ad-
sorbate structure. In a very simplified picture photoemis-
sion transforms the energy distribution of the bounded
electrons into the kinetic energy distribution of free elec-
trons leaving the sample, which can easily be measured:

hn ¼ KEþ BEþ f

where KE is the kinetic energy of the electrons after leav-
ing the solid, hn is the photon energy, BE is the binding
energy in the solid and f is the work function of the
spectrometer. Since photoemission involves an electron
excitation, a selection rule similar to the familiar ‘‘dipole-
selection rule’’ in optical spectroscopy determines the
probability of transitions observed.

In principle, it should be possible to obtain experimen-
tal valence band spectra of highly dispersed metals by
photoemission. In practice, such spectra is difficult to ob-
tain because very highly dispersed metals are usually ob-
tained only on nonconductive supports and the resulting
charging of the sample causes large chemical shifts and
severe broadening of the photoelectron spectra. The pur-
pose of this section is to discuss valence band and core
level spectra of highly dispersed metal particles.

2.1. Valence Band and Core Level Characteristics of
Metal Nanoparticles

In the eighties Baetzold and his school [27–33] carried out
fundamental investigations on small clusters. The
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photoemission spectra of Ag and Cu clusters, as a func-
tion of their coverage on carbon support, show consid-
erable changes in the spectra as size (or coverage)
increases [34]. The spectrum consists of a broad s-band
region extending from the Fermi energy (EF) to �4 eV,
whereupon the d-state photoemission commences and
extends through �8 eV. The width of the d-state region is
sensitive to cluster size. At low coverage, the width of the
photoemission spectrum is greater than the intrinsic clus-
ter bandwidth, owing to final-state effects and substrate
broadening. As coverage increases, the width of the d-
states dominates and the total shape of the spectrum
changes. In addition to this effect, there is a shift of
�1.0 eV in the d-threshold, which moves toward a lower
BE as cluster size increases. These effects are complete at
3.2� 1015 atoms/cm2, which corresponds to particles con-
taining on the mean average 200 atoms [35]. A broadening
of the d-band and shift in d-threshold toward EF is
observed with increasing cluster size. Below the coverage
of 2� 1015 atoms/cm2 only one main peak exists in the
d-emission region. Molecular orbital calculations for clus-
ters of Ag, Pd, Cu, and Ni revealed that DOS for these
clusters agrees closely with the experimental DOS value
and displays similar size dependence. The surfaces of these
clusters show a negative charge relative to the interior and
this effect was analyzed in terms of d-orbital occupancy.
As the size of the cluster increases its equilibrium bond
length increases in accordance with experiment. The or-
igin of this effect is explained by the electronic interactions
involved in band formation. Generally, these efforts have
focused on the electronic properties of clusters in the
absence of interaction with support. Thus, these studies
were primarily aimed at elucidating electronic properties
such as BE, ionization potential (IP), valence DOS and
electron configuration. Density of states (DOS) profiles
determined by extended Hückel theory showed a broad-
ening with increasing number of atoms in this size range.
Oscillations in the electron affinity, BE, and IP for open
and closed shells of electrons were observed for Ag cluster
using the CNDO method [36]. The He(I) photoemission
spectra for the bare Ag and Cu clusters show a broad-
ening and shift in d-threshold towards the Fermi energy
up to clusters of 150 atoms [32]. The result that transition
and noble metal particles of 150 atoms or more are
required to attain nearly ‘‘bulk-like’’ photoemission prop-
erties is probably one of the most firmly established find-
ings in the area of small particles.

The adsorbate-covered clusters yield a UPS difference
spectrum with two peaks on either side of the metal d-
states. The dominant changes in the intensity ratio of
these peaks occur up to 50-atom Ag clusters which can be
rationalized in terms of the cluster d band width and IP,
which both depend on cluster size.

Ionization potential of metal clusters is one of the fac-
tors affected by cluster size [33]. This study represents the
most extensive effort so far to determine the size depend-
ence of IP. The measurements on these clusters showed a
decreasing IP with size with apparent oscillatory trend.
Even-size particles had a relatively larger IP compared to
their odd-size counterparts. The data show oscillatory
behavior for small Na clusters with a loss of this oscil-
lation for the larger Na clusters. The IP decreases with
cluster size, but even at Nal4 the value 3.5 eV is far from

the bulk work function of 2.3 eV. The trends with size
were compared with various quantum mechanical calcu-
lations, which show similar oscillations in IP, and classical
calculations, which show no oscillations. An attempt to
understand the geometries of the Na clusters studied by
photoionization was made through the use of a pseudo-
potential calculation. This procedure requires very accu-
rate computations to make the correct identifications, and
the most stable computed structure does not always give
an IP in best agreement with experiment.

Further experiments, in which iodine interacts with the
cluster, have indicated that a chemisorbed iodine atom
interacts significantly with at least 50 Ag atoms. This
suggests that a rather long-range type of interaction is
involved in determining the UPS He(I) spectrum of this
chemisorbed species. It is interesting that the cluster size
required for convergence of this property appears to be
smaller than the size of 150 atoms required for the cluster
UPS He(I) spectrum to become bulk like. The extended
Hückel calculations [32] for DOS indicate that the
strength of interaction between Cu d-orbitals and I p-
orbitals increases as the cluster size increases. The factor
responsible for this effect is a shift in the halogen orbitals
toward the vacuum level as cluster size increases. This
effect is also found with silver clusters and is consistent
with the increasing d-bandwidth and decreasing IP as the
cluster size increases.

Mason [27] measured photoelectron spectra for several
coverage of silver evaporated on amorphous carbon rang-
ing from isolated atoms to bulk. The spectra at lowest
coverage show a peak at 6 eV relative to the Fermi level
(EF), which can be assigned to the 4d-levels. As the cov-
erage is increased, the mean cluster size increases and the
peak due to the d-levels broaden and eventually splits into
two components at higher coverage. The threshold of the
d-emission remains �4 eV below EF, with a small intensity
due to s, p electrons apparent at 0–4 eV. The spectra be-
come bulk-like at coverage of 5� 1015 atoms/cm2. XPS
was used to study gold deposited on amorphous carbon
[37]. The spectra of gold clusters show weak features at
0–2 eV, with more intense structure due to the d-emission
at 2–8 eV. The d-emission region of gold consists of two
sub-bands. As the cluster size increases, the splitting be-
tween these two bands increases from 1.5 eV at single at-
oms to 2.8 eV at the bulk. The bulk splitting is found at
coverage of 5� 1015 atoms/cm2, where the cluster consists
of several hundred atoms. The d-valence band is broad-
ened on all of the substrates, with a reported bulk width
occurring at coverage corresponding to particle diameters
of 3 nm supported by TEM measurements.

Palladium clusters deposited on amorphous carbon
have been studied by XPS and UPS [28] and both tech-
niques show broadening of the d-band peak as cluster size
increases. The d-threshold shifts towards EF as cluster size
increases. In UPS studies the d-emission of the single atom
has its peak at 3.0 eV below EF, whereas the d-threshold is
2 eV below EF. Palladium clusters evaporated onto SiO2

have been studied by UPS [38]. At large coverages of the
Pd metal evaporated (>1016 atoms/cm2), a high emission
intensity at EF excited with photons of 21.2 eV (He(I)) or
40.8 eV (He(II)) as excitation source, is observed. This
feature is characteristic in the spectra from bulk Pd sam-
ples. At the lowest metal coverage (3� 1014 atoms/cm2),
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corresponding to isolated atoms or very small clusters, the
spectra are quite different. The intensity at EF is negligible
with the dominant feature due to Pd appearing at 2.9 eV
below EF, with a full width at half maximum (FWHM) of
2.4 eV, with He(I) excitation. With He(II) radiation this
feature appears at 4.0 eV below EF and this might be due
to some surface charging accounting for part of the
difference in position found with He(I). The location of
this peak due to emission from d-states of single atoms or
small clusters being well below EF has also been reported
in UPS studies of Pd on carbon. As the coverage of Pd
atoms increased, the emission intensity also enhanced at
Fermi level. This is accompanied by a broadening of the
d-emission to 5–6 eV, being characteristic of bulk Pd. A
critical coverage of 2� 1015 atoms/cm2, that corresponds
to a mean particle diameter of 2–3 nm, was associated
with the onset of metallic behavior.

The FWHM of the valence band of transition metal
clusters has been used to determine the transition to bulk-
like behavior of the photoemission spectrum. As was
mentioned, at the lowest coverage of the evaporated metal
onto carbon support, single atoms or very small clusters
are obtained. The FWHM in this range is smaller than the
value for the corresponding bulk metal, but is broadened
considerably over values expected for a free atom. This
broadening can be traced to interactions with the carbon
support, instrumental broadening, and the final-state
multiplet structure. As the coverage increases, the FWHM
increases, with a distinct transition to bulk values at cov-
erage slightly higher than 2� 1015 atoms/cm2. By electron
microscopy, this coverage can be associated with clusters
of �150 atoms.

At low photon energies, momentum-conserving transi-
tions account primarily for the emission features in pho-
toemission. Changes in the final state that accompany
changes in photon excitation energy should give changes
in the transition matrix element and lead to spectral mod-
ulations if the cluster is large enough to have a bulk-like
periodic structure. When the cluster is too small to have a
periodic structure, the excitation process is primarily mo-
lecular and spectral modulations should be absent. The
onset of spectral modulations has been reported for both
gold and silver clusters evaporated onto carbon [33].
Bulk-gold spectra can be divided into three regions: (1)
the sp-band at 0–2 eV, (2) the first d-band at 2–4 eV, and
(3) the second d-band at 5–8 eV. Spectral modulations in
the intensity of the two d-band regions are apparent at
coverage of 2� 1015 atoms/cm2 and above. The intensity
ratio of the first to the second d-band decreases as photon
energy increases. At lower coverage only minor variations
occur in the intensity ratio. These data clearly show that
clusters at the coverage of 2� 1015 atoms/cm2 are needed
for bulk-like features. According to electron micrographs,
this corresponds to particles with 1.9 nm mean diameter,
which have slightly more than 100 atoms.

The extent of splitting of the two d-band regions is
dependent upon gold coverage but independent of photon
energy. This effect is another convenient measure of the
progression to bulk behavior [33]. The splitting increases
from 1.4 eV at low coverage to 2.9 eV at high coverage.
Although numerous photoemission experiments show
close correspondence of many cluster spectral features
with the bulk at 100–150 atoms, some bulk features are

not completely reproduced. Much larger clusters are re-
quired for total convergence. The origin of this slow con-
vergence has been discussed in terms of the properties of
surface atoms, uncertainty in momentum, and the distri-
bution of cluster sizes [39]. The surface atoms making up a
large percentage of cluster atoms have enhanced vibra-
tional amplitude, and this leads to some breakdown of the
strict momentum-conserving selection rule. The finite
cluster size thus leads to a broadening of the spectra
through uncertainty in momentum. The magnitude of this
effect can be estimated with the Heisenberg uncertainty
principle. Thus, these factors are responsible for the rather
slow convergence to bulk spectra for clusters with more
than 100–150 atoms.

The core level BE of clusters is typically greater than
the corresponding BE of the bulk metal. The magnitude
of the shift from single atom to bulk has been shown to be
a function of support material or treatment of the tran-
sition metal clusters. These effects may be illustrated for
Pd clusters [33]. When the clusters were deposited in situ
onto carbon, the shift of the 3d5/2 peak was 0.6 eV be-
tween low and high coverage. If the Pd clusters were
exposed to air before measurement, a shift of 2.3 eV was
reported, even though no contamination was observed
with XPS. This core level measured for Pd evaporated
onto SiO2 in situ showed a shift of 1.6 eV between the
highest and lowest coverage. The core shifts between small
noble-metal clusters and the bulk has been reported to be
quite small for a variety of cases. For Ag evaporated onto
carbon the shift is �0.2 eV, and the shift is reported to be
0.6 eV for Cu deposited on the same support. The 4f7/2
core level of gold shifts 0.45 eV between small Au particles
and bulk on Al2O3. The position of the 2p3/2 core level of
Cu deposited on polystyrene by evaporation has shown an
anomalous dependence upon cluster size. At the lowest
coverage the 2p3/2 core level has a BE 1.5 eV less than bulk
copper. This behavior is contrary to the data discussed
above, where the core level has a greater BE in the atomic
state. As copper coverage increases, the core level splits
into a doublet with a new peak at higher BE than the
bulk. This new peak becomes dominant with increased
coverage and shifts towards the bulk value. The peak ob-
served at lowest coverage is attributed to copper atoms
positioned at an unusual substrate site where the electron
density is high, in order to account for extremely large
relaxation energy. A broadening of core levels has been
reported for small metal clusters such as Pd on SiO2 or Au
implanted on SiO2 [33]. The 3d5/2 half-width at lowest
coverage of deposited on Pd on SiO2 is �1 eV greater than
in the bulk. The origin of this effect is not completely
known, although several explanations have been provi-
sionally advanced. These include a reduced-screening
model leading to changes in potential for the hole and
the possibility of matrix inhomogeneity creating a variety
of substrate interatomic potentials.

Extended X-ray absorption fine structure (EXAFS)
and photoemission measurements have been carried out
on clusters ranging from isolated atoms to aggregates
large enough to acquire bulk metal properties. EXAFS
studies of copper show a substantial contraction of the
nearest-neighbor Cu–Cu distance for small clusters. In
addition, the onset of the K edge shifts toward higher
energy as the cluster size decreases [40].
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The experiments showed that the BE shift observed in
small metal nanoparticles on a support are due to the
initial state effects. The spectra are quantitatively similar
to those of bulk alloys. The shift can be towards higher or
lower BE depending on the nature of the supporting
substrate. When the substrate has localized p- or d-orbit-
als with BE overlapping those of the cluster d-orbital, the
shift generally lowers the BE. On less interactive subst-
rates such as carbon the metal support intercation is weak
and the shifts are towards higher BE for the cluster rel-
ative to the bulk metal. For weakly interacting substrates
the variation in core level BE and the valence d-band
splitting are linear functions of average coordination
number. The BE shift with increasing size in such cases
may be correlated to the variation in the d-electron count
which is thought to result from (s, p)-d rehybridization or
intra-atomic charge transfer [41].

Although the general result is that with decreasing
particle size the BE shifts for higher values, Bellamy et al.
[42] arrived at different phenomenon. Investigating the
UPS and Auger spectra of Ni and Pd aggregates on a SiO2

substrate it shows surprising results. Whereas the width of
the UPS spectra increases for both metals when the crys-
tallite size increases, the width of their Auger spectra in-
creases for Pd and decreases for Ni. These results can be
interpreted theoretically by a continuous change of the
electronic configuration from the free atom to the bulk.
However, the variation of the valence bandwidth with size
should also be taken into account. Therefore, it was nec-
essary to perform calculations that include this variation
of bandwidth and correlation effects simultaneously.

One of the interesting examples is the metal molecular
cluster, like Os3(CO)12 in which during decomposition
a dramatic change in the metal core-level BE occurs
[43]. The condensation of Os3(CO)12 was reproduced on
various substrates for various coverages up to 8.0 nm.
In every case the core level BE shift s was the same within
an uncertainty of 0.1 eV. It is concluded that an interac-
tion would take place through the CO ligands which
could no longer be considered similar to each other. In no
case, even for very small coverage thicknesses (1.0 nm),
did the C 1s and O 1s peaks associated with the CO
ligand exhibit any broadening or splitting. It is therefore
concluded that the observed changes in BE values are
characteristic of alterations in the size and density of the
deposit itself.

The metal size clearly increases when the decomposi-
tion takes place on the substrate. Nevertheless, the overall
shift after complete decomposition is the same both on
crystalline and amorphous substrates. This can be ex-
plained by the assumption that the increase of the number
of the metal atoms in the cluster takes place also on an
amorphous substrate, on a scale high enough to shift the
core levels but low enough to maintain a constant emitted
intensity ratio between the substrate and the metal core
levels. The authors concluded therefore that the core-level
position is highly ‘‘size-sensitive’’ in the range of very
small particles, e.g. o100 atoms where the associated
electronic properties are primarily atomic. However, on
approaching the metallic state for >100 atoms, the core-
level shift is a much poorer criterion of the cluster size.

Photoemission is particularly sensitive for monitoring
the growth of very small particles with reference to the BE

values of the core levels. On the other hand, for large
particles the emitted intensities are the key features.

For normal case the nanoparticles are grafted to a
support of various structures and the photoelectron spec-
troscopy is used to determine the particle size simply
comparing the signal resulting from the particles and the
support. Davis [44,45] as well as Kuijpers [46] developed a
simple method for obtaining particle size information
from photoemission results which is formulated by con-
sidering the intensity ratio for two dispersed phase core
levels with different kinetic energy. This analysis predicts
a high sensitivity for detecting particle size differences for
sizes in the range of about 1–5 nm. A major advantage of
this approach over earlier methods involving the dispersed
phase to support phase intensity ratio is a reduced de-
pendence on surface roughness and physical properties of
the catalyst. A straightforward methodology for obtain-
ing particle size information from photoemission results
has been developed and exemplified by considering the
intensity ratio for two dispersed phase core levels with
different kinetic energy.

The valence band for the Pt foil, Pt/SiO2, and SiO2

clearly show that the very intense peak at Fermi level is
due to the d-state of Pt, while on a highly dispersed system
(Pt/SiO2) there is a shift of the d-states to the higher en-
ergies [26]. The major problem with this valence band
measurement is two sided, first there can be a charging
effect as mentioned above, the second one is that some-
times interaction between metals and support occurs, e.g.
silicide formation. To make this problem clearer, some-
times small metal particles are evaporated on a metal sin-
gle crystal, which will be discussed in detail in the next
sections.

2.2. Theoretical Modeling

As was mentioned previously, photoemission has proved
to be a valuable tool for measurement of the electronic
structure of metal cluster particles. The information
measured includes mapping the cluster DOS, ionization
threshold, core-level positions, and adsorbate structure.
These studies have been directed mainly toward eluci-
dation of the convergence of these electronic properties
towards their bulk analogues. Although we will explore
several studies in detail, we can say that studies
from different laboratories support the view that parti-
cles of 150 atoms or more are required to attain nearly
‘‘bulk-like’’ photoemission properties of transition and
noble metal clusters. This result is probably one of
the most firmly established findings in the area of small
particles.

The complexity of the particle size related changes in
the cluster geometry and electronic structure renders the
results of the theoretical calculations extremely useful
when analyzing the experimentally observed trends.

In his pioneering work Baetzold used the Hartree–Fock
(HF) method for quantum mechanical calculations for the
cluster structure (the details are summarized in Reference
33). The value of the HF procedure is that it yields the
best possible single-determinant wave function, which in
turn should give correct values for expectation values of
single-particle operators such as electric moments and
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charge distributions [47]. Closed-shell systems were stud-
ied where all the electrons are paired. During the calcu-
lation an approximate form was applied for treating
cluster problems. The simplest approximate [48] method is
the Extended Hückel (EH) theory. Parameters are chosen
from experimental data and designed to take into account
the electron–electron terms not explicitly considered. Only
the valence orbitals of the atom are considered, because
core–orbital interactions would be small within this com-
putational framework.

The next version of increased sophistication in compu-
tational methods includes CNDO [49]. The CNDO begins
with the zero-differential overlap approximation. Here the
Slater valence atomic orbitals are used, as in EH theory.
The zero-differential overlap approximation eliminates
many two-center and all higher-center electron–electron
terms. The remaining two-center electron–electron terms
are computed with s-orbital to give a term characteristic
of the two atomic centers, taking into account the appro-
priate orbital exponents. One-center terms are computed
likewise. An empirical parameter is introduced to replace
some of the more complex integrals. This parameter is
often evaluated by fit to some known data. Finally,
atomic IP and electron-affinity data are introduced into
the theory by identification of some of the integrals with
atomic terms. The energy is computed within this frame-
work. The explicit formulas have been used in computa-
tion for transition metal atoms were presented [50]. This
method is self-consistent in that a starting wave function
is introduced and several iterative cycles are carried out to
achieve the converged result.

In the HF procedure a source of some error is intro-
duced by computing the interaction of an electron with
the average field due to the remaining electrons. This
approximation neglects the instantaneous repulsions be-
tween pairs of electrons, leading to an error in the total
energy called the correlation energy. This correlation
energy contribution can be computed by taking linear
combinations of different excited-state determinants.

In this approximation the potential is spherically aver-
aged about each atom and taken as small metal particles
constant in regions outside the sphere. In the actual cal-
culation there are three potential regions: an inner-sphere
region around each nucleus, an outer-sphere region sur-
rounding the cluster, and an intersphere region containing
the volume within the outer sphere but not within the
inner sphere. The potential is assumed constant in the
intersphere region.

The extended Hückel procedure gives some informa-
tion about the clusters with various sizes.

(i) Cluster geometry of small clusters of the IB metals,
examined by EH method, shows a distinct pref-
erence for chain over more compact structures.
For instance, 6-atom Cu cluster was more stable
as a chain than as other structures. Baetzold [50]
also found similar structure for silver clusters, that
is the straight chains were most stable and their
computed equilibrium bond length was less than
that for the other structures. The reason for the
stability of small linear clusters may be under-
stood from the molecular orbital concepts. For 3-
atom Ag cluster the 5s-orbitals play the dominant

role in bonding. The highest occupied molecular
orbital of the neutral cluster is antibonding and
thus destabilized versus the atomic level 7.56 eV.
The destabilization is much greater for the trian-
gular than for the linear structure, leading to the
stability of the latter. EH calculations have sug-
gested preferential stability for icosahedral struc-
tures for Pd but not for Ag. Both metals have bulk
fcc lattices with computed electronic structures of
approximately: Ag dl0sl and Pd d9.2s0.8. These re-
sults may be understood by a qualitative argu-
ment. The icosahedral structure leads to broader
bandwidths than the fcc structure, owing to the
more closely packed surfaces. Since the filled band
is slightly destabilizing, the icosahedral structure is
destabilized relative to the fcc structure for the d10

Ag, whereas this effect is not present for the d9.2

Pd. The computations showed this effect to persist
for several different parameter sets up to 55-atom
clusters. The qualitative argument for determining
stability advanced above suggests stability for
clusters with d5 up to nearly d10 configurations,
but fcc stability for d occupations less than d5.
These arguments hold for small clusters when the
difference in bandwidth between icosahedral and
fcc is significant. Methods of solid-state physics
closely related to EH theory, have been used to
compare stability of icosahedral and fcc clusters.
The icosahedral structures are preferred up to 150-
atom clusters, with greater stability of fcc at larger
sizes. These results and the EH results discussed
above seem to be consistent.

In principle, the CNDO method represents an
improvement over the EH method in calculation
of geometries, bond lengths, and energetic prop-
erties of the metal cluster. Calculations of cluster
geometries for Cu and Ag by the CNDO method
have suggested the greater stability of linear
chains over three-dimensional structures in many
small clusters. Later work with improved param-
eter sets that allow greater s-p-d hybridization has
shown an energetic balance between the various
geometries. There is a trend towards greater sta-
bility of the three-dimensional geometry com-
pared to linear geometry as size of the IB metal
cluster increases. Linear is more stable for Cu3 and
Cu4, but the most stable structures of the larger
sizes were Cu5-bipyramid, Cu6-square bipyramid,
Cu7-Cu9-face-centered-cubic structure. The trend
is a greater stability for even-sized clusters, where
closed electron shells are present, in comparison to
odd-sized clusters.

(ii) Bond lengths. There seems to be general agreement
that the equilibrium bond length computed within
EH procedures increases as cluster size increases.
In computations within the standard version of
EH with no repulsive terms added, the bond
length expanded from 0.21 nm for Ag2 to 0.265 nm
for Agl4 linear chain. This lengthening is valid for
Pd, Cu, and Ni [51]. This is attributed to fewer
nearest neighbors in the cluster versus the bulk.
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(iii) Binding energies. The binding energy in a metal
cluster increases with size. In EH calculations for
silver, BE increases for computations up to 55 at-
oms and remains at roughly 1/3 of the bulk ex-
perimental value50. Similar results were found for
several other transition metal clusters. The calcu-
lations [52] for Cu13 gave a BE per atom of
18 kcal, which is far from the bulk experimental
value of 82 kcal/mol. It has also been computed
that the cohesive energy increases with particle
size for various degrees of d band filling for fcc
clusters [53]. The values computed showed a rapid
convergence to the bulk.

(iv) Energy of electronic transition. The energy of the
first electronic transition is computed to decrease
with increasing size of the IB metal clusters. This
was shown for linear Ag clusters by computing the
gap between the highest occupied molecular or-
bital and the lowest unoccupied molecular orbital
[50]. This spacing decreased from �3 eV for Ag2 to
�0.5 eV for Ag20. This consideration does not
take into account matrix elements between initial
and final states.

By CNDO calculation BE is an increasing func-
tion of cluster size for Ag clusters and for Ni
clusters [54]. The calculations for Ni clusters
showed that the contribution an atom makes to
the total BE is proportional to its coordination
number [54]. The orbital energies of Ni follow a
smooth function of cluster size. As size increases,
LUMO decreases and HOMO increases. This rep-
resents a convergence of IP and electron affinity
values with increase in size.

(v) Ionization potential. The ionization potential de-
creases as cluster size increases, as expected from
known trends in these values. The trend with
cluster size has been investigated [55] for very
large clusters containing up to 135 atoms of Cu,
Au, and Ag. For example, in the calculation for
Cu clusters, IP decreased from the atom value of
7.72 eV to 4.70 eV for the 135-atom fcc cluster.
The IP of Cu cluster was calculated by CNDO as a
difference in total energy. The closed shells have
relatively greater stability than the open shells

(vi) Density of states (DOS). The density of states of
metal clusters can be measured with photoemis-
sion. The EH calculations using single-zeta d-or-
bital with exponents given by HF atomic
calculations gave cluster d-bandwidths of only a
few tenths of eV, which were much smaller than
bulk experimental bandwidths of several electron
volts [56]. The EH calculations using double-zeta
d-orbitals, gave much larger d-bandwidths for the
same cluster sizes, while other computed proper-
ties were not significantly changed. It is now rec-
ognized that double-zeta d-orbitals are required in
EH calculations of the DOS. The convergence of
cluster properties towards the bulk was also ex-
amined in EH calculations. Thus, it is possible to
compute properties of clusters and the bulk by
using identical approximations and parameters

within the same computational framework. An
example of this procedure is shown in Figure 1,
where the DOS is examined for various silver
clusters up to 166 atoms in comparison to the bulk
[32]. Here the development of a band structure is
clearly seen as a broadening of the DOS with size
(see Figure 1). In addition, the HOMO value shifts
2.5 eV towards the vacuum level as size increases
from two atoms to the bulk. The broadening of
the d-band of metal clusters is plotted versus size
in Figure 1 [32,57]. A reduced bandwidth, ob-
tained by dividing the cluster value by the bulk
computed value, is shown. The 4d-, 5s-, and sp-
orbitals are employed in the calculation, which
leads to the DOS curves shown in Figure 1. The d-
state region of high intensity 4 eV below the Fermi
energy or HOMO level is observed. As size in-
creases, the d- and s-band portions of the spectra
broaden. Several different parameter sets were ex-
amined and clearly show that clusters with more
than 100 atoms are needed to give a width ap-
proaching that of the bulk.

The valence DOS has been computed for Ni
and Ag clusters within the CNDO formalism.
Blyholder [54] examined the Ni6 and Ni13 clusters.
In both cases of s- and p-orbitals are occupied and
lie well below the d-orbitals. Most of the intensity
is near the middle of the d-orbitals with a fall-off
in intensity as the HOMO is approached. Density
of states for Ag7, Ag10, Agl3, and Ag19 clusters
shows a strong d-component cc. 3.5 eV wide. The

Figure 1. Density of states for various Ag clusters computed for
4d-, 5 s-, and 5p-orbitals within the extended Hückel method.
(Reprinted from Ref. [32], r 1981, with permission from
Elsevier.)
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d-levels appear �4 eV below the HOMO, as ex-
pected from their position observed in the bulk.
For Pd19, however, we note a considerable de-
crease in density near the HOMO with a maxi-
mum deeper in the band.

(vii) Charge distribution. The EH procedure predicts an
accumulation of charge on atoms with low coordi-
nation if the valence s-, p-, or d-molecular orbitals
of a given type are more than half-filled. Thus for
cluster atoms like Pd, where the average electronic
occupation is �d9.5s0.5, there would be an excess of
d electrons and a deficiency of s electrons on surface
atoms relative to the inside atoms in a cluster.

The charge distribution determined within clus-
ters by CNDO has been reported for only a few
cases. Let us consider only one cluster, the 13-
atom fcc cluster with only two geometrically
different types of atom. There is a center atom
with 12 nearest neighbors, and there are 12 surface
atoms each with 4 nearest neighbors. At the equi-
librium bond length (0.34 nm) the center atom has
a net positive charge, but this situation is reversed
at the bulk experimental distance (0.288 nm).

To sum up, theory plays an important role in the un-
derstanding of cluster properties. Certainly, theory pro-
vides the conceptual basis from which experiments can be
planned and analyzed. The calculations discussed here all
involve some sort of approximations, which lead to
different predictions in some cases. Similarly, the exper-
imental search for systems that obey one or another
different theory is welcome.

2.3. Metal– Cluster Interaction on Single Crystal
Interface

It is a rare case when metallic clusters are generated in the
gas phase, e.g. by using a nozzle through which metal
vapors going through and are forming small metallic
clusters [58,59]. The stability of these metallic clusters is
very low and they easily agglomerate to form larger par-
ticles. It means that metallic clusters should be stabilized
either by an oxide support or on a single crystal surface.
In both cases, in particular in the latter, electron transfer
occurs between the nanoparticles and the single crystal
which significantly affects the electronic properties of the
nanoparticles.

One of the earliest works has investigated the geometric
and electronic properties of submonolayer and monolayer
(ML) copper films grown by vapor deposition on a clean
Ru(0 0 0 1) substrate using AES combined with thermal
desorption mass spectroscopy (TDS), work function (Df)
measurements, and energy-dependent angular resolved
UV photoemission using synchrotron radiation. A pro-
nounced influence of the deposition temperature on the
morphology of the Cu films was established in that lower
temperatures favor an island growth mechanism (Stran-
ski–Krastanov or Volmer–Weber type). At this stage the
charge displacement per Cu atom is lower and the lateral

binding between the Cu atoms makes the removal rather
difficult [60]. Higher deposition temperature leads to a
more uniform spreading and a layer-by-layer growth
(Frank van der Merwe type). At low coverage (below
0.1ML) Cu is predominantly atomically dispersed and
bonded to the Ru surface resulting in electron charge
displacement towards Cu. For thicker Cu films grown
under the latter conditions angular resolved photoemis-
sion reveals the existence of two-dimensional Cu bands
even before the monolayer has reached completion; the
experimentally determined band dispersions agree quite
well with recent theoretical calculations [60].

Similar results were obtained during the valence band
and core level studies of ultrathin Fe layers deposited on a
Cr(1 0 0) surface at room temperature using ARPES,
UPS, and XPS. The UPS spectra show an important
structure in the bulk Fe spectrum, whose band centroid
lies at 0.9 eV. A weaker and broader band lying around
3 eV is also observed in all the series. When reducing the
coverage, this strong feature progressively moves toward
higher binding energies and is finally replaced by a Cr
feature lying at 1.7 eV. It worth mentioning that for the
1ML the strongest peak is shifted by 0.25 eV toward
higher binding energies with respect to the Fe bulk situ-
ation. Transitions from Fe minority and majority spin
bands are still observed for coverage of about 1 mono-
layer, showing that Fe retains its magnetic ground state;
the persistence of the magnetic satellite in the Fe 3s core
levels also supports this conclusion. These studies agree
with theoretical calculations which predict an enhanced
magnetic moment for ultra thin Fe layers on Cr(1 0 0) [61].

Room temperature deposition of silver on Pd(1 0 0)
produces a rather sharp Ag/Pd interface [62]. The inter-
action with a palladium surface induces a shift of Ag 3d
core levels to lower binding energies (up to 0.7 eV) while
the Pd 3d level BE, is virtually unchanged. In the same
time silver deposition alters the palladium valence band
already at small silver coverage. Annealing of the Ag/Pd
system at 520K induces inter-diffusion of Ag and Pd
atoms at all silver coverage. In the case when silver mul-
tilayer was deposited on the palladium surface, the layered
silver transforms into a clustered structure slightly
enriched with Pd atoms. A hybridization of the localized
Pd 4d level and the silver sp-band produces virtual bound
state at 2 eV below the Fermi level.

Further annealing induces additional Ag overlayer en-
richment with Pd atoms, causing a substantial intensity
increase of the Pd resonant state, while the intensity at the
Fermi level remained very small. This is a clear indication
of the localized character of the Pd 4d state. The anneal-
ing of the Ag multilayer produces a surface alloy with a
composition very close to Ag0.5Pd0.5 which has a DOS at
the Fermi level substantially smaller than the pure palla-
dium. The annealing at higher temperature produces a
Pd(1 1 0) surface with very small but very persistent
amount of silver, which is in the form of three-dimen-
sional clusters, located most probably below the first
Pd(1 1 0) layer.

Goodman and coworkers have investigated the elec-
tronic interactions in Cu/Rh(1 0 0), Cu/Ru(0 0 0 1), Ni/
Ru(0 0 0 1), Ni/W(1 1 0), and Pd/W(1 1 0) by means of
XPS [63–70]. The shifts in the core-level binding energies
indicate that the adatoms in a monolayer of Ni, Cu, or Pd
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are electronically perturbed with respect to the surface
atoms of Ni(1 0 0), Cu(1 0 0), or Pd(1 0 0). The magnitude
of the electronic perturbations is larger for Pd/W(1 1 0)
and Cu/Rh(1 1 0). Particularly interesting are the cases of
strained pseudomorphic overlayer, in which the electronic
perturbations are a result of (1) variations that occur in
the admetal–admetal interactions when the admetal
adopts the lattice parameters of the substrate and (2)
electronic interactions between the admetal and substrate
(i.e. formation of chemical bonds, transfer of charge, po-
larization effects, etc.) observed for many bimetallic sys-
tems. The present results show a correlation between the
shifts in the XPS surface core-level binding energies and
the variations in the desorption temperature of CO from
metal adlayers [63]. An ‘‘initial-state’’ argument suggests
that this correlation arises due to changes in DOS of the
overlayer metal near the Fermi level upon adsorption
onto a dissimilar metal. This, in turn, affects the magni-
tude of the back bonding from the overlayer metal to
adsorbed CO and thus the metal–CO bond strength.
These data then show that shifts in core-level binding en-
ergies can provide useful information about the electronic
interactions that occur in bimetallic systems and success-
fully predict changes in certain chemical properties of
metal overlayer systems, as well.

Further investigation was pursued on ultrathin films of
Cu on Rh(1 0 0) and Ru(0 0 0 1) by using XPS. The effects
of surface annealing temperature, adsorbate coverage
(film thickness), and CO chemisorption were investigated.
The XPS data show that the atoms in a monolayer of Cu
supported on Rh(1 0 0) or Ru(0 0 0 1) are electronically
also perturbed with respect to the surface atoms of
Cu(1 0 0). The magnitude of the electronic perturbations is
larger for Cu/Rh(1 0 0). Measurements of the Cu 2p3/2
XPS peak position of Cu/Rh(1 0 0) and Cu/Ru(0 0 0 1) as
a function of film thickness show that the Cu–Rh and
Cu–Ru interactions affect the electronic properties of two
or three layers of Cu atoms. The shifts in XPS binding
energies and CO desorption temperatures can be ex-
plained in terms of (1) variations that occur in the Cu–Cu
interaction when Cu adopts the lattice parameters of
Rh(1 0 0) or Ru(0 0 0 1) in a pseudomorphic adlayer and
(2) modifications in the electronic properties of the Cu
adatoms, caused by the Cu–Rh and Cu–Ru interactions
[64]. A correlation exists between the shifts in the Cu XPS
binding energies and the variations in the desorption tem-
perature of CO from the Cu adlayers. The XPS results
show a net transfer of charge from the Cu overlayers upon
CO chemisorption.

Further studies were carried out on the Pd/Mo(1 1 0),
Pd/Ru(0 0 0 1), and Cu/Mo(1 1 0) systems. The shifts in
core-level binding energies indicate that adatoms in a
monolayer of Cu or Pd are electronically perturbed with
respect to surface atoms of Cu(1 0 0) or Pd(1 0 0). By
comparing these results with those previously presented
in the literature for adlayers of Pd or Cu, a simple
theory is developed that explains the nature of electron
donor–electron acceptor interactions in metal overlayer;
formation of surface metal–metal bonds leads to a gain in
electrons by the element initially having the larger fraction
of empty states in its valence band. This behavior indi-
cates that the electro-negativities of the surface atoms are
substantially different from those of the bulk [65].

Figure 2 displays a qualitative correlation between the
increase or decrease in CO desorption temperature and
relative shifts in surface core-level binding energies
(Pd(3d5/2), Ni(2p3/2), or Cu(2p3/2); all measured before
adsorbing CO) [66]. In general, a reduction in BE of a core
level is accompanied by an enhancement in the strength of
the bond between CO and the supported metal monolay-
er. Likewise, an opposite relationship is observed for an
increase in core-level BE. The correlation observed in
Figure 2 can be explained in terms of a model based on
‘‘initial-state effects’’. The chemisorption bond on metal
is dominated by the electron density of the occupied
metal orbital to the lowest unoccupied 2p�-orbital of
CO. A shift towards lower BE decreases the separation
of E2p–Evb thus the back donation increases and vice
versa.

The effects of adsorbate coverage (film thickness) on
the Pd 3d5/2 XPS peak positions of the Pd/W(1 1 0), Pd/
Re(0 0 0 1), and Pd/Mo(1 1 0) systems were systematically
investigated [63]. The peak positions reported for Pd cov-
erage in excess of 1ML represent a product of electrons
emitted from surface and subsurface atoms. For the case
of Pd(1 0 0), theoretical calculation suggest that the Pd
3d5/2 XPS BE of the surface atoms is 0.4 eV lower than
that of bulk Pd. A similar difference has been observed
experimentally for Ni and Pt surfaces. These shifts in BE
are a consequence of variations in the coordination
number of the surface atoms compared to bulk atom. If
we reference the combined peak of bulk and surface at-
oms in 40ML of Pd on W(1 1 0) to that of Pd(1 0 0) a
difference of �0.8 eV is obtained between the Pd 3d5/2 BE
of a pseudomorphic monolayer of Pd on W(1 1 0) and that
of the surface atoms of Pd(1 0 0). The corresponding shifts
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Figure 2. Correlation between the shift in surface core level BE
and the shift in CO TPD. The properties of the Pd, Ni, and Cu
monolyers are compared with the corresponding values for the
(1 0 0) face of pure metals. (Reprinted from Ref. [67], r 1991,
with permission from American Chemical Society.)
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for Pdl.0/Re(0 0 0 1) and Pdl.0/Mo(1 1 0) are 0.65 and
0.90 eV, respectively. The influence of adsorbate coverage
found for the Pd 3d5/2 peak is similar to that for the Pd 4d
band as the core and valence levels of supported Pd
monolayer appear at higher BE than those of bulk Pd.

The adsorption and growth of Cu films on the
Ru(0 0 0 1) surface were studied by work function meas-
urements, low-energy electron diffraction (LEED), AES
and temperature programmed desorption (TPD). The re-
sults indicate that for submonolayer depositions at 100K,
Cu grows in a dispersed mode forming 2D islands pseu-
domorphic to the Ru(0 0 0 1) substrate upon annealing to
300K. This behavior is seen to continue to the 1ML level.
Additional Cu deposition to 2ML shows a similar 2D
island growth but with an epitaxial Cu(1 1 1) structure.
Subsequent annealing in both these cases to 900K en-
hances the 2D character of the films but does not affect the
overall structure AES and LEED results show that a
900K anneal of Cu films in excess of 2ML leads to three-
dimensional Cu(1 1 1) island formation exposing areas of
the surface covered by the original Cu bilayer – one pseu-
domorphic and one epitaxial. The effects of Cu on the
chemisorptive properties of Ru(0 0 0 1) toward CO were
also studied by TPD. It was found that Cu attenuates the
CO adsorption relative to the open Ru(0 0 0 1) sites on
approximately a one-to-one basis. In addition, at the 1ML
level the TPD spectrum shows features which are inter-
mediate between those for the tightly bound CO/Ru sys-
tem and the weakly bound CO/Cu case. A feature of the
TPD spectra of CO on submonolayer Cu deposits is iden-
tified with mixed Cu/Ru sites, i.e. at the 2D Cu island
edges, and allows an estimate of the 2D Cu island sizes
to be made. The results and conclusions of this study
differ markedly from previous single-crystal studies but
are consistent with recent observations of Cu adsorbed
onto an epitaxial Ru(0 0 0 1) film grown on a Mo(1 1 0)
surface [67].

The interaction of ultrathin films of Ni and Pd with
W(1 1 0) has been examined using XPS and the effects of
annealing temperature and adsorbate coverage (film
thickness) are investigated. The XPS data show that the
atoms in a monolayer of Pd or Ni supported on W(1 1 0)
are electronically perturbed with respect to the surface
atoms of Pd(1 0 0) and Ni(1 0 0). The magnitude of the
electronic perturbations is larger for Pd than for Ni ad-
atoms. The results indicate that the difference in Pd 3d5/2
XPS binding energies between a pseudomorphic mono-
layer of Pd on W(1 1 0) and the surface atoms of Pd(1 0 0)
correlates with the variations observed for the desorption
temperature of CO (i.e. the strength of the Pd–CO bond)
on these surfaces. A similar correlation is seen for the Ni
2p3/2 XPS binding energies of Ni/W(1 1 0) and Ni(1 0 0)
and the CO desorption temperatures from these surfaces.
The shifts in XPS binding energies and CO desorption
temperatures can be explained in terms of: (1) variations
that occur in the Ni–Ni and Pd–Pd interactions when Ni
and Pd adopt the lattice parameters of W(1 1 0) in a
pseudomorphic adlayer; and (2) transfer of electron den-
sity from the metal overlayer to the W(1 1 0) substrate
upon adsorption. Measurements of the Pd 3d5/2 XPS BE
of Pd/W(1 1 0) as a function of film thickness indicate that
the Pd–W interaction affects the electronic properties of
several layers of Pd atoms [68].

The interaction of a Pd atom with Ti(0 0 1), Ru(0 0 1),
and Pd(1 1 1) surfaces has been studied using semiempir-
ical MO-SCF calculations (INDO/l) and cluster models.
In addition, the electronic properties of the diatomic
PdTi, PdRu, and Pd2 molecules have been examined using
ab initio SCF calculations. The results of the calculations
indicate that the charge transfer in the Pd–Ti and Pd–Ru
bonds is small. For supported Pd monolayers, the
Pd–substrate bonds can be described as mainly metallic,
with a small degree of ionic character. Adsorption of Pd
on an early transition metal induces a reduction in the
electron population of the Pd 4d-orbitals by: (1) charge
transfer from Pd to the metal substrate, and (2) rehybrid-
ization of the Pd (4d, 5s, 5p) levels. The magnitude of both
phenomena increases when the fraction of empty orbitals
in the valence band of the metal substrate rises. The
Pd(4d)+Pd(5s, 5p) electron transfer plays an important
role in the strength of the bimetallic bonds: the larger this
rehybridization, the stronger the Pd–substrate bond. Elec-
tronic perturbations induced by Ti or Ru on Pd reduce the
CO-chemisorption ability of Pd by weakening simultane-
ously the Pd(4d)–CO(2p*) and Pd(5s, 5p)–CO(5a) bond-
ing interactions. For adsorption of CO on supported Pd,
the p back-donation and strength of the Pd–CO bond
decrease when the fraction of empty states in the valence
band of the support increases [69].

The electronic properties of ultrathin films of Ni on
Ru(0 0 0 1) and Mo(1 1 0) have been studied using XPS.
The effects of Ni coverage (film thickness) are investigated
for both substrates as is the effect of surface annealing
temperature for the Ru(0 0 0 1) substrate. In addition
the effects of CO and H2 chemisorption on Ni-covered
Mo(1 1 0) and CO chemisorption on Ni-covered
Ru(0 0 0 1) are examined. The results indicate that the
atoms in 1ML of Ni on Mo(1 1 0) are electronically per-
turbed with respect to Ni(1 0 0) surface atoms, while there
is no electronic perturbation for a monolayer of Ni on
Ru(0 0 0 1). There is qualitative agreement between the
shifts measured in the core-level binding energies and the
corresponding CO desorption temperatures. The shifts
can be explained by: (1) variations in the Ni–Ni interac-
tions caused by a change in geometry of Ni surface atoms
on Ru(0 0 0 1) or Mo(1 1 0) as compared to Ni(1 0 0), and
(2) the effects of Ni–Ru and Ni–Mo interactions. The
adsorption of CO and H2 induces a decrease in the elec-
tron density of the Ni adlayers [70].

The interaction of Pd and Au with Al(1 1 1) has been
studied using ab initio SCF calculations and cluster mod-
els. The bonding mechanism of Pd and Au on Al(1 1 1)
involves electron transfer from the valence d-orbitals of
the admetals toward the substrate, and a compensating
charge transfer from the substrate into the valence (sp)-
orbitals of the admetals. Pd behaves as a net electron
donor (Pdd+, d ¼ 0.25e), while Au acts as a net electron
acceptor (Aud�, d ¼ 0.01e). In spite of this difference in
the net direction of charge transfer, both admetals show
shifts toward higher BE in their d-bands, as a consequence
of losses in the d-electron population. The electronic
perturbations observed after bonding Pd to Al are as large
as those found for Pd bonded to early-transition metals,
and much bigger than those found when Pd is bonded to
late-transition metals. Similar trends are seen for Au ad-
atoms. In general, the reduction in the Pd(4d) or Au(5d)
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population increases when the fraction of empty states in
the valence band of the substrate rises. Changes in the
electronic and chemical properties of Pd overlayers (pos-
itive binding-energy shifts in the core and valence levels of
the admetal, decrease in the work function of the subst-
rate, reduction in the CO-desorption temperature from
Pd) can be explained in terms of a simple model that
involves Pd(4d)+substrate charge transfer and
Pd(4d)+Pd(5s, 5p) rehybridization [71].

The electronic structure of small nanoparticles can be
studied by model experiments when a submonolayer of
increasing thickness is built up on a single crystal surface.
For instance Pd atoms in the interfacial layers on
Cu(1 0 0) experience positive core level BE shifts. A neg-
ative core level shift is observed for Cu, consistent with
charge transfer from Pd to Cu. Valence band spectra show
a Pd-derived feature 1.6 eV below the Fermi level, char-
acteristic of Pd in a Cu matrix. As the Pd coverage in-
creases above 0.5ML, the Pd core level shift decreases and
the valence band spectra become increasingly Pd-like. The
CO-derived features in the valence band spectra of CO
adsorbed on the Pd sites show a positive BE shift relative
to CO–Pd(1 0 0) but no shake-up. The shifts in the core
level and valence band spectra are predictive of the altered
CO chemisorption properties of Pd in the interfacial alloy
structures [72]. Similar results have been obtained for Pt/
Cu(1 1 1) employing AES, PES, XPD, and LEED to
investigate the growth of the first few monolayers of Pt/
Cu(1 1 1). Each layer is built up by adsorption of single
atoms or very small clusters, which around the half
monolayer coverage condense into a more homogeneous
layer. The interface is relatively sharp, for there is no
evidence for much interdiffusion and the first layer of Pt is
quasi-epitaxial on the Cu substrate. The Pt is in com-
pression, and this strain relaxes, probably by the intro-
duction of defects as growth proceeds. At coverages above
5ML the Pt film resembles the Pt(1 1 1) surface [73].

The binding energies of two-dimensional Cu-adatom
clusters on the Cu(1 0 0) and Cu(1 1 1) faces have been
calculated as a function of cluster size and shape by means
of molecular statics calculations. A simple model is pre-
sented to calculate BE of a large adatom cluster by adding
the contributions to BE of the individual atoms in the
cluster. The contribution of an individual atom depends
on the occupation of nearest neighbor as well as next-
nearest neighbor sites on the Cu(1 0 0) surface. At low
temperatures, square and rectangular islands with an as-
pect ratio close to unity are the most stable configurations
on the Cu(1 0 0) surface, while on the Cu(1 1 1) surface
hexagonal islands, in which all atoms have at least three
nearest neighbors in the island, are found to be the most
stable. At higher temperatures, the corners of large ad-
atom islands on Cu(1 0 0) are rounded due to entropic
effects, as is shown by two-dimensional model calcula-
tions with interactions according to the atom-embedding
calculations [74].

It is well established that the Auger parameter is a very
useful concept, which is not affected by the reference level
used in the analysis of the data (the Fermi or the vacuum
level) [75]. Moreover, the Auger parameter, being a differ-
ence between two peaks recorded on the same energy
scale, does not depend on surface charging. It appears
that Auger parameter measurements are very useful

complementary data to core level shift to separate the
real size effect of nanoparticles from other processes (e.g.
charging) disturbing observations. At the simplest level it
can be demonstrated that the Auger parameter shift is
related to differences in the final state extra-atomic relax-
ation energy DRea:

Da0 ¼ 2DRea (1)

Recent work on the Auger parameter concept has
shown that the relative value of DRea depends on the
screening mechanism. In the case of the nonlocal screen-
ing mechanism DRea can be estimated to a good approx-
imation considering the electrostatic interaction between
the core hole and nearest-neighbor ligands characterized
by their electronic polarizability, number, and local
geometry, according to the following expression:

ReaðeVÞ ¼
ð14:4=2Þna

R4ð1þDa=R3Þ
(2)

where a is the ligand electronic polarizability in Å3, R is
the distance of the ligands from the core-ionized atom in
Å, D is a parameter related to the local geometry and n is
the number of the nearest-neighbor ligands. D values for
several local geometries have been calculated and re-
ported. From Equations (1) and (2) it follows that if n, D,
and R are similar in two compounds, higher values of a0

(and therefore of Rea) are related to higher values of the
electronic polarizability a. It is important to note that if
the electronic polarizability becomes very large (a-N),
as occurs in the metallic state, we have

ReaðeVÞ ¼
ð14:4=2Þn

RD
(3)

This simple electrostatic model permits the estimation
of Auger parameter shifts of core-ionized atoms in com-
pounds with respect to the free atom in the gas phase. It is
shown that the Auger parameter shift is a function of the
number, distance, electronic polarizability, and local
geometry of the nearest-neighbor ligands around the
core-ionized atom. The relationship between the Cu
Auger parameter shifts and the nuclearity of Cu clusters
entrapped in zeolites showed that the model is useful to
estimate this dependence. The model has also been ap-
plied to rationalize Auger parameter data on small copper
clusters supported on a-Al2O3 (0 0 0 1) surfaces and poly-
crystalline ZnO and graphite [75].

Photoemission experiments have been performed to
investigate the electronic structure of Cu adlayers on a
Pt(1 1 1) surface. The evolution of the 3d states as a func-
tion of Cu coverage is observed at the Cooper minimum
of the Pt 5d emission (hn ¼ l50 eV), where the Cu 3d
emission is enhanced. For Cu coverage up to �0.6ML,
the 3d states give a symmetrical and resonance-like peak
with a maximum at �2.6 to �2.1 eV with respect to the
Fermi level (EF), and a full width at half maximum of 1.4
to 0.5 eV. Between 0.6 and 1ML the Cu 3d emission
increased around �3.5 eV suggesting two-dimensional de-
localization which increases with increasing Cu coverage.
Beyond �1ML, Cu–Cu bonding states appear below
�4 eV as well. This shows an interesting absence of
Cu-derived emission near EF, in contrast with the flat
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emission at the corresponding energies shown by pure Cu.
For small (�0.6ML) submonolayer coverage, the Cu 2p1/2
core level BE shifted (upward) by 0.60 to 0.65 eV relative
to the bulk Cu 2p1/2 core level. The adsorption of Cu
‘‘removes’’ the Pt 4f7/2 surface core level, which then
becomes bulk like. The adsorption of Cu also results in a
work-function decrease which cannot be interpreted by
charge transfer [76].

Co/Si interface formation was monitored by a high-
depth-resolution medium-energy ion scattering (MEIS)
spectroscopy. High purity Co films were deposited either
at room temperature (RT) or at 400 1C onto clean Si(1 1 1)
substrate using 150 eV ion beam deposition (IBD). After
Co deposition a postfurnace anneal under N2 induced si-
licide formation. The structure and the effect of annealing
on the electrical properties of these epitaxial films were
investigated by MEIS and four-point probe measure-
ments, respectively. Finally barrier heights were measured
in this range of annealing temperature using the CV tech-
nique [77]. Evidence of epitaxial growth of Co silicide on
p-type Si(1 1 1) by low-energy IBD even at RT was found.
The results will provide information on the use of such
silicide either for metallization on ultra-shallow junctions
or other applications for future submicrometer devices.

Co was also studied deposited onto a native SiO2 cov-
ered Si(1 0 0) substrate [78,79]. In Figure 3 we show the
valence band UPS spectrum of the Co/SiO2/Si(1 0 0) sys-
tem. The spectrum of the initially deposited film is char-
acteristic of bulk cobalt with significant Fermi level (top
curve). When the Co film is sputtered by Ar+ ion bom-
bardment the valence band of Co 3d shifts by 0.5 eV to-
wards higher binding energies (middle curve) [78].
Detailed studies unambiguously pointed out that this
shift is not the result of either charging effect, or cobalt
silicide formation which is one of the most undesirable
surface processes, but due to the reduction of particle size.
This is further proven by the shift of the Co 2p core level
band by 0.5 eV towards higher binding energies measured

by XPS and also evidenced by the Auger parameter,
which alters with the XPS core level binding energies.

2.4. Interpretation of the Electronic Structure of
Transition and Noble Metal Nanoparticles

In the previous Sections (2.1–2.3) we summarized the ex-
perimental and computational results concerning on the
size-dependent electronic structure of nanoparticles sup-
ported by more or less inert (carbon or oxide) and strongly
interacting (metallic) substrates. In the following sections
the (usually qualitative) models will be discussed in detail,
which were developed to interpret the observed data. The
emphasis will be placed on systems prepared on inert sup-
ports, since – as it was described in Section 2.3 – the be-
havior of metal adatoms or adlayers on metallic substrates
can be understood in terms of charge transfer processes.

The numerous studies in the previous decades estab-
lished several general trends for the size dependent
changes in the electronic structure of supported metal
nanoparticles. The binding energy of different spectral
components like the metal core levels, the midpoint of the
valence band or the Fermi-edge is relatively easily meas-
urable. The common observation is that these compo-
nents shift towards larger binding energies with decreasing
nanoparticle size, although the extent of the shift seems to
be substrate dependent [80–88]. At the same time, the
width of the core levels increases as the particle sizes are
decreased. Although the shift and broadening of the core
levels with decreasing cluster size is an almost universal
phenomenon (with the very few exceptions mentioned in
Section 2.1), the interpretation of the observations turns
out to be very complicated and often contradictory. The
main problem is that the measured BE is affected not only
by the initial state of the excited electron, but also by the
relaxation of the hole created during the photoemission
and its interaction with the outgoing photoelectron.

In one of the earliest qualitative explanations [41] the
role of the initial state processes was emphasized. It was
suggested that since the localized valence d-electrons are
much more coupled to the core levels by the Coulomb
interaction than the delocalized s-, p-electrons, a decrease
in the d-character of the valence band should lead to in-
creasing core level binding energies and vice versa. There-
fore, in order to explain the core level shift towards higher
binding energies, the model assumes increasing s-d
hybridization with decreasing particle size. Indeed, the
characteristic changes of the d-bands of transition and
noble metal nanoparticles (see Section 2.1) may indicate
the increase in s–d hybridization. The driving force for the
increasing s–d hybridization may be a decrease in the
bond length, which was observed in very small clusters
[89–92] and predicted in the early computational works of
Baetzold [31]. Unfortunately, theoretical calculations,
which could verify the size dependent change in the s-d
hybridization, are still missing for nanoparticles with sev-
eral hundreds or several thousands of atoms, although
certain optical measurements seem to confirm the occur-
rence of enhanced s–d hybridization in clusters with sizes
in the few nm range [93,94].

At the same time, the observed BE shifts can also be
interpreted solely in terms of final state effects [95]. If one

Figure 3. Valence band spectra of Co/Si(1 0 0). Upper curve:
UPS spectra for 100 nm thick Co/Si(1 1 1) film; middle curve:
thinned 4–5nm Co/Si(1 1 1) film after ion etching (Co nanopar-
ticles); lower curve: clean silicon substrate after removing the Co
layer by in situ sputtering. The photoemission data were obtained
by He(I) excitation. (Reprinted from Ref. [78], r 1994, with
permission from Springer.)
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assumes that the electronic structure of the metals changes
smoothly from the highly hybridized band structure of the
bulk towards the discrete levels of the isolated atoms, it is
plausible to expect that the electrons become more and
more localized as the particle size is decreased, which
means that the extent of s–d hybridization should de-
crease with decreasing particle size. Since the more local-
ized d-electrons are less effective in screening the hole
created during the photoemission, the relaxation energy of
the final state decreases, which leads to an apparent BE
increase. Experiments carried out using metal nanoparti-
cles supported by different oxide substrates revealed a
correlation between the polarizability of the substrate and
the core level shift of the nanoparticles, which supports
the importance of the relaxation effects in interpreting the
core level shifts [96].

In addition, if the hole created during the photoemis-
sion is not neutralized immediately, the unit positive
charge appears as a surface charge on the nanoparticle.
The Coulomb interaction between the charged particle
and the photoelectron tends to decrease the kinetic energy
of the latter, which again results in a BE shift towards
higher values [80,97].

The combination of the above-described final state
processes gives a plausible explanation for the size-
dependent shift of the spectral elements towards higher
binding energies [80,81]. In this model the role of the hole
left in the particle after the photoemission is twofold. On
one hand, its relaxation energy decreases with increasing
localization of the valence electrons, resulting in increas-
ing BE with decreasing particle size. On the other hand,
interaction of the photoelectron with the size-dependent
potential of the charged particle again shifts the measured
binding energies toward higher values as the particle size
is decreased. It is important to note that the final state
effects increase BE of the different spectral elements with
more or less the same value, as far as the particle remains
metallic. If, however, the particles are too small to be
metallic, the mechanism of the screening changes and the
shift of the different spectral components is no longer the
same.

In the preceding considerations it was implicitly as-
sumed that the particles are monodisperse, i.e. the particle
size distribution is narrow. In fact the most widely used
method for preparation of supported nanoparticles is
evaporation of submonolayer amounts of metals onto the
previously cleaned substrate. Therefore, particle forma-
tion involves several steps such as adsorption and des-
orption of metal atoms, diffusion on the substrate,
nucleation and island growth. The resulting size distribu-
tion is usually slightly asymmetric towards the larger
particle sizes and often can be very well described by the
so-called lognormal distribution [98]. Although the width
of the size distribution can be to some extent influenced by
special measures [98,99], preparation of monodisperse
distributions is practically impossible. In addition, neu-
tralization of the photoionised nanoparticles supported
on weakly conducting substrates is also a process of sta-
tistical nature, which has a characteristic time in the same
order of magnitude than the other characteristic times of
the photoemission [88,98]. The effect of the unneutralized
hole on the measured photoelectron energies taking into
account the statistical nature of the neutralization can be

regarded as a dynamic final state effect [98]. Considering
also the particle size distribution, a recent quantitative
evaluation [88] of the dynamic final state effect shows that
the process leads to shift and asymmetric broadening of
the spectral features towards higher binding energies. In
particular, model calculations indicate that at room tem-
perature and at moderate instrumental resolutions the
UPS spectrum of a Fermi-edge at 0 eV BE distorted by the
dynamic final state effect and the spectrum of a Fermi-
edge shifted towards higher binding energies is indistin-
guishable [88,98].

Although the dynamic final state effect can also
explain the broadening of the core levels, the expected
shift for the Fermi-edge and the core levels should
still be quite similar. In fact, in numerous experiments
[83,84,86,96,100,101] significantly different shifts were ob-
served for the different spectral elements, which indicates
that beyond the final state effects – which probably still
give important contributions to shifts – initial state effects
also have to be considered.

As far as the valence band DOS is concerned, decrease
of the valence bandwidth with decreasing particle size is a
very general observation, which was confirmed for all of
the studied noble and transition metals (see e.g.
[27,32,37,38,80–87,98,101]). A very tentative explanation
is based on the fact that the effective number of the
neighbors of a given atom decreases as the particle size
decreases. Consequently, the interaction of the d-electrons
localized on neighboring atoms (which causes the splitting
and overlap of the d-levels which leads to the band for-
mation) is also expected to decrease [81], resulting in the
reduction of the d-bandwidth. The effect is analogous to
the bandwidth decrease observed for metal surfaces [95]
or obtained during dilution of metal alloys. Quantita-
tively, it is possible to evaluate by electronic structure
calculations the dependence of the d-bandwidth on the
coordination number:

DVB

DB
VB




ffiffiffiffiffi
z

zB

r
(4)

where z and zB are the coordination numbers for the given
sample and the bulk material, while DVB and DB

VB are the
corresponding valence band widths, respectively [95,102].
It is worth to note that while this simple description grabs
the most important interaction behind the size dependent
changes in the valence band electronic structure, the de-
tails of the evolution of the bulk band structure cannot be
predicted in this way. The shape and the width of the
valence band, for example, converges towards the bulk
electronic structure only at much higher particle sizes than
one could expect from the above formula [103,104]. In the
following sections we will discuss this issue in more detail
(see Section 4).

Accepting that the electronic structure of the metal
clusters is in between the discreet electronic levels of the
isolated atoms and the band structure of the metals, it is
expectable that under a certain size the particle becomes
nonmetallic. Indeed, theoretical estimations [102,105] sug-
gest that the gap between the filled and empty electron
states becomes comparable with the energy of the thermal
excitations in clusters smaller than 50–100 atoms or 1 nm
in size, where the particles start to behave as insulators. A

Metal Nanoclusters: Electronic Aspects and Physico-Chemical Characterization 89



photoemission and inverse photoemission study of Ag
and Pd nanoparticles deposited onto amorphous carbon
revealed the appearance of a gap between the filled and
unfilled states [100]. Later, scanning tunneling spectros-
copy measurements also confirmed the loss of metallic
behavior in very small particles [106,107] or at least
indicated the appearance of discreet electronic levels in
clusters with less than 2–300 atoms [98].

At the other limit of the size range of the nanoparticles,
still interesting size dependent electronic properties can
occur. It is well established that the electronic structure of
the noble metals along the G-L line in the first Brillouin-
zone contains a gap between the d-states and the conduc-
tion states well above the Fermi level. It results in the
formation of a nearly free two-dimensional electron gas at
the (1 1 1) crystal face (which is perpendicular to the G-L
direction), known as the Shockley surface state. Nano-
particles containing several times 104 atoms (in the
5–10 nm size range) are generally believed to exhibit
bulk-like electronic structure. Experiments indicate that
such large particles prepared under UHV environment are
usually truncated octahedrons [92], often with large (1 1 1)
facets on the top of them, which, accordingly, can support
the Shockley surface state. Since the edges of the (1 1 1)
top face form potential barriers for the electrons, the
surface state of these nanoparticles can be regarded as a
laterally confined two-dimensional electron gas. The elec-
tronic levels of the confined surface state can be measured
both by UPS and scanning tunneling spectroscopy[98]
where the experimental data were compared also to the
results of simple theoretical calculations.

It may be clear from the presented results that in spite
of the significant efforts, the understanding of the size
dependence of the electronic structure of the supported
nanoparticles is still far from being complete. The changes
observed with respect to the bulk electronic structure can
usually be attributed to more than one processes, the rel-
ative importance being practically unknown. Alternative
sample preparation techniques may give new data which
can help in elucidating further details of the effects gov-
erning the evolution of the electronic structure of the
materials from the atoms to the bulk state.

2.5. Controlling Particle Size

Having considered the major electronic properties, now
we have to call the reader’s attention to two fundamental
problems with nanoparticles from which all conflicting
data originated. First, in a catalytic reaction the metal
particle size, in particular in nano size range, plays a
crucial role. The catalytic activity is related to turnover
frequency, that is calculated by the number of converted
molecules/(time� number of surface sites). However, the
intrinsic activity of the site on, e.g., terraces, corners, or
kinks is not identical. Therefore, if the size of small metal
particles is not uniform, TOF is calculated from an
average particle size. Consequently the rate from which
the TOF is calculated refers to an average rate, the com-
position of which is unknown. Second, the spacing be-
tween the particles is also nonuniform. This is why the
compiled data collected by Ribeiro et al. [108] are ran-
domly altered. Accordingly, in the ideal case both the size

and the spacing of metal particles on a support should be
uniform and regular.

Now the question arises how the size of metal particles
can be reduced to the size-range of nanoparticles. There
are several methods available from the literatures; how-
ever, these are not the ones, which – in most cases – result
in uniform size and spacing on the surface. Nevertheless,
it is still worth mentioning some of them: (i) using zeolite
encaged metal clusters [109–113], (ii) organometallic mo-
lecular clusters deposited on inorganic oxide supports
[114–116], (iii) inverse micelle technique [117,118]. Recent
application of thin film technology based techniques
offers a new approach to fabricate uniform size of metal
nanoparticles as detailed and discussed [119–123].

When the metal nanoparticles are inserted into zeolite
supercages, the size of the metal particles is confined ac-
cording to the size of the supercage. However, after re-
duction of the precursor metal ions in a stream of
hydrogen, the protons replacing the metal ions in the
cation exchange position also interfere with the metal
particles, influencing thereby their chemisorption and
catalytic properties.

As an alternative approach towards the above require-
ment, Somorjai introduced the method of electron lithog-
raphy [119] which represents an advanced ‘‘HIGHTECH’’
sample preparation technique. The method ensures uni-
form particle size and spacing: e.g. Pt particles of 25 nm
size could be placed with 50 nm separation. This array
showed a uniform activity similar to those measured on
single crystal in ethylene hydrogenation. The only diffi-
culty with the method is that the particle size is so far not
small enough. Comprehensive reviews have been lined up
for the effect of dispersion and its role in heterogeneous
catalysis [23,124,125].

Another thin film technology based nanoparticle prep-
aration route is gas condensation, in which metal vapor is
cooled to high levels of supersaturation in an inert gas
ambient [126–128]. In these experiments particles neces-
sarily nucleate in the gas phase. In a promising extension
of this technique a pulsed laser beam replaces the
conventionally used thermal metal vapor source
[120,121,129–134].

At the same time, thin film technology offers a very
interesting way for reaching the nanometric size regime by
removing atoms from already existing, not necessarily
nanosized particles. The main difficulty lies in how to
choose the source of energy, which initiates material
removal from the original particles. Recent studies indi-
cating that irradiation of nanoparticles with intense laser
beams can induce significant reduction in the particle size
[135–137] proving the feasibility of this approach.

Ion bombardment could be another potential technique
to sputter off some materials from the surface of a thin
layer, thereby preparing nanoparticles. Especially because
of the inevitable ballistic and chemically guided mixing
processes, it was conventionally regarded as a predomi-
nantly destructive process. However, successful ion beam
induced nanoparticle preparation experiments carried out
by using high energy bombarding beams [138–144]
suggest that sputtering with low energy ion beams may
similarly offer a valuable method for post-deposition
modification of the properties of already existing surface
nanosystems. Unfortunately, in spite of its conceptual
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simplicity, there are only very few indications of the fea-
sibility of this nanoparticle preparation approach
[78,79,122,123,145–147].

3. Nanoparticle Formation by Ion Etching

of Island Thin Films

In practice, one can imagine two fundamentally different
preparation strategies for synthesis of nanostrucures. The
more traditional methods involve addition of atoms to
growing nuclei by maintaining high levels of supersatu-
ration around them. Nanoparticle preparation by con-
densing vapors on solid surfaces – which is the almost
exclusively applied technique in electronic structure stud-
ies due to its UHV compatible nature, gas condensation
methods, or even controlled reduction of metal ions by or
in the vicinity of the support surface [148,149] are exam-
ples for sample preparation utilizing this idea. The oppo-
site approach, based on removal of atoms from already
existing – not necessarily nanosized – particles could,
however, be equally feasible. For example experiments
indicate that both intense laser fields and ion beams [123]
can successfully be applied to tailor the sizes of metal
islands. Nanocluster preparation by size reduction can
give interesting new insight into the size dependence of the
physical properties of the materials. If one can adjust the
particle sizes from the bulk-like size region towards iso-
lated atoms, the identification of the size range where a
property (e.g. the electronic structure) starts to be size
dependent becomes possible.

The scheme of the process can be seen in Figure 4 [123].
The morphological changes of a silver island thin film
deposited onto native oxide covered Si during etching
with low energy Ar+ ions are summarized in Figure 5
[123]. In the initial stage of the sputtering process the size
distribution is relatively broad, peaking around 10–15 nm
(Figure 5(a)). After a short period of sputtering the size
distribution becomes bimodal (Figure 5(b)), the smallest
particles start to disappear while the concentration of the
larger structures continuously decreases (Figure 5(c)).
Finally, the size distribution becomes unimodal and quite
homogeneous, with a maximum below 5 nm (Figure 5(d)).
Electron diffraction reveals that the silver particles remain
crystalline until the end of the sputtering process. The
diffraction patterns indicate the lack of any preferred

orientation of the silver nanoparticles, while the appear-
ance of the broad rings is due to gradual amorphization of
the Si substrate. We obtained very similar results with
amorphous carbon as support.

The experimental data presented confirm that – at least
after the disappearance of the smallest elements at the
beginning of the sputtering – the particle sizes can indeed
be adjusted by the applied ion dose, which allows us to
follow the size dependent changes of the physical prop-
erties of the particles from the bulk limit.

Nevertheless, one has to keep in mind that during the
complicated processes of the ion–solid interaction mixing
or even ion bombardment induced chemical reactions
may occur between the components of the islands and the
substrate. In general, events following the impact of

Figure 4. Scheme of nanoparticle formation during ion etching.
(Reprinted from Ref. [123], r 2003, with permission from
Springer.)
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Springer.)
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energetic ions belong to one of two categories [150–152].
The first of them, the so-called ballistic processes are
connected to the random motion of the atoms in the col-
lision cascade which always lead to random mixing. The
ballistic processes create a highly nonequilibrium state
with a huge number of lattice defects, which then relaxes
towards a lower free energy state by diffusion processes
(radiation enhanced diffusion) in the second category of
the radiation aftereffects. The direction of these relaxation
processes depends on the thermochemical properties of
the components of the island/substrate couple [151–154].
If, for example, the island/substrate couple is character-
ized by a strongly negative heat of mixing (i.e. formation
of compounds or solid solution is preferred), the diffusion
dominated processes further increase the extent of the
mixing. On the contrary, if the heat of mixing of the ma-
terials in the island/substrate couple is highly positive,
chemically guided diffusion processes may even overcom-
pensate the ballistic mixing, leading to phase separation
with formation of new islands. According to the literature,
nanoparticle formation in heavily ion-implanted ceramics
[155], glasses [156,157] oxides, or even semiconductors
[158–161] can be understood by the dominance of these
chemically guided demixing processes over ballistic mix-
ing. A detailed discussion of the interplay between the
ballistic and chemically guided processes and their impact
on the morphology development during ion etching of
island thin films is described in Reference [123].

Although the above-presented results suggest that in
case of a substrate/island couple with high positive heat of
mixing the adverse effects of ballistic mixing during size
reduction by ion bombardment can be avoided, we always
performed careful control experiments to make sure that
the nanoparticles are not contaminated by the substrate
material. One of the most promising systems from this
sense is the Ag/Si couple, where we were able to prove the
complete lack of mixing [123]. In the following sections we
will present our results concerning on the size dependence
of the Ag nanoparticles, which serve as an illustrative ex-
ample for the general trends described in Section 2.

4. Electronic Structure of Silver Nanoparticles

In noble metals the filled d-band lies 2–4 eV below the
Fermi-level, while DOS at the Fermi-energy is dominated
by the free electron-like s-states. This offers the possibility
of examining separately their responses to reduction of
the particle size.

The sample preparation process corresponded to that
described above. A discontinuous silver thin film with
partially coalesced 30–40 nm islands was deposited onto a
native oxide covered Si(1 0 0) substrate, the native oxide
serving as a diffusion barrier against intermixing. The
sample was loaded into the electron spectrometer, where
the island sizes were diminished by 1 keV Ar+ ion bom-
bardment. The UPS and XPS spectra of the valence band
and the characteristic core levels were recorded at certain
stages of the sputtering process. TEM images taken at the
end of the sputtering revealed that the morphology is
practically the same as presented in Figure 5: the substrate
is covered by particles of 3–4 nm diameter. The particle

height is estimated to be around 2 nm, assuming that the
original aspect ratio of the particles was preserved during
sputtering.

Figure 6 [162] summarizes the most prominent elec-
tronic structure changes in the silver valence band and
core levels during the size reduction process. All data in
the figure are presented as a function of the Ag/Si atomic
ratio ‘‘visible’’ by XPS (i.e. the ratio of the Ag 3d5/2 and Si
2s core level intensities, weighted by the corresponding
atomic sensitivity factors [163]). Binding energies are
referred to the 2p3/2 core level and the Fermi edge of the
grounded Cu sample holder. A rough estimation of the
corresponding particle size is also given.
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Before sputtering, all spectral characteristics are iden-
tical to those measured in bulk silver. During reduction of
the particle sizes we observed a 0.5 eV BE shift and a
0.3–0.4 eV broadening for the silver 3d5/2 core level. The
Ag M4VV Auger lines shifted by 0.7 eV towards lower
kinetic energy. Accordingly, the Auger parameter defined

as a0 ¼ E
Ag3d
B þ E

AgMVV
kin decreases by 0.3–0.4 eV with

respect to the bulk value. The width of the 4d valence
band decreases by 0.7 eV. The Ag Fermi edge measured by
UPS, however, showed only a very small shift. Binding
energies of the peaks belonging to the substrate did not
show any appreciable shift.

When discussing the data presented in Figure 6, it is
worth to note that all observed spectral changes are in
accordance with the usual trends characteristic for nano-
particles with decreasing size. Although both the Ag MVV
kinetic energy and the Ag 3d5/2 BE change during the size
reduction process, their values remain far from the data
characteristic for Ag alloys or Ag compounds with
atmospheric contaminants (Figure 7), confirming the
cleanliness of the nanoparticles.

On the other hand, the significantly different shift of
the Ag core levels and the Fermi edge suggests that the
observed changes cannot be explained by a simple final
state effect. In addition, taking into account that the
DE

Ag3d
B BE shift of the Ag 3d levels can be separated into

a DV initial state contribution and a DR final state
contribution [96,164]

DE
Ag3d
B ¼ DV � DR (5)

where the final state contribution can be estimated with
the change of the Auger parameter Da as (see also Equa-
tion (1)) [96,164]

Da0 ¼ 2DR (6)

one can get a relationship using the definition of the Au-
ger parameter between the change of the kinetic energy of
the Ag MVV Auger line and BE of the Ag 3d lines [165]:

DE
AgMVV
Kin ¼ 2DV � 3DE

Ag3d
B (7)

This equation means that if the initial state contribution
is constant, the plot of the kinetic energy of the Ag MVV
Auger peak with respect of BE of the Ag 3d core levels
should give a straight line with the slope of �3. Using the
data of Figure 6, the change of the kinetic energy of the
Ag MVV transition turns out indeed to be linearly de-
pendent on BE of the Ag 3d5/2 peak, although the slope of
the line is around �2, rather than �3 (see Figure 7),
which, under the assumptions of this simple model, is
possible only if the initial state contribution DV is also
a linear function of the shift of the 3d levels:
ðDV=DE

Ag3d
B Þ ¼ const:40: Nevertheless, further analysis

of the change of the Auger parameter [96,164] indicates
that the observed shifts can be consistently explained only
by assuming changes not solely in the photoemission
initial state but also in the final state relaxation.

The change of the initial state energy of the silver core
levels during size reduction clearly suggests that there
should be size dependent changes in the valence band
DOS of the Ag nanoparticles, which can be visualized by
valence band XPS and UPS measurements.

In Figure 8 [146] we present the valence band XPS and
UPS spectra of the silver nanoparticles at different stages
of the size reduction process. The contribution of the
substrate was subtracted. The parameter at each spectrum
is the measured Ag/Si ratio.

The main contribution to the XPS valence band spectra
(Figure 8(a)) comes from the Ag 4d band located between
3 and 8 eV. At the beginning of the sputtering, the shape
of the 4d band is practically identical with those measured
for bulk Ag. This indicates again that in the ‘‘as prepared’’
sample the island sizes are large enough – 30–40 nm ac-
cording to the TEM data – to show bulk-like electronic
structure. As sputtering proceeds, the 4d band first rounds
off, losing its peak at 4.8 eV, then its maximum at 5.4 eV
BE shifts towards higher binding energies (to 6.0 eV in the
end), which is accompanied by a narrowing of the band,
which was already seen in Figure 6. This is exactly what
was observed for the Ag 4d band on carbon or silicon
substrate by other authors using XPS [27,32,81,83,101].
However, due to the limited resolution of XPS the details
in the change of the electronic structure induced by the
size reduction cannot be monitored.

More detailed information can be obtained from the
better resolved UPS spectra shown in Figure 8(b). While
in the initial stage of the sputtering the spectrum is again
identical to that of bulk polycrystalline Ag, it becomes
obvious that the shift and narrowing in the 4d band ob-
served by XPS is a consequence of the gradual reduction
of the lowest BE peak (at 4.8 eV) in the valence band. It
can be mentioned that qualitatively similar changes were
observed in Ag nanoparticles prepared by traditional
methods on graphite: the decrease of the ratio of the two
main 4d peaks was detected with decreasing cluster size
[101]. It is interesting to note that the Ag/Si ratio at which
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the core level shift becomes observable is significantly
lower than that at the beginning of the valence band
changes. This tendency seems to be in agreement with
other published data [83,86,101,164], suggesting that the
core level shift is – at least partly – a consequence of
changes in the valence band DOS.

According to the presented results, one can conclude
that the most size sensitive part of the valence band of the
silver nanoparticles is the region of the low BE d-states.
The size dependent changes of this spectral region are so
prominent that they cannot be understood by any expla-
nation based solely on final state effects. In addition, a
model based on the idea of band narrowing with decreas-
ing coordination number cannot explain the change of the
intensity ratio of the main 4d components, especially in a
size range where the change of the coordination number is
still relatively small. In Reference 99 the photoelectron
spectrum of relatively large (1 1 1) oriented Au nanopar-
ticles is understood in terms of the bulk electronic struc-
ture of Au(1 1 1) single crystals, although the change of
the intensity ratio of the two prominent 5d features is
noted. Such a comparison is, however, not justified in our
case since electron diffraction revealed no preferential
nanoparticle orientation.

Instead, we believe the electronic structure changes are
a collective effect of several distinct processes. For exam-
ple, at surfaces the loss of the bulk symmetry will induce
electronic states with different DOS compared to bulk. As
the particle sizes are decreased, the contribution of these
surface related states becomes more prominent. On the
other hand, the decrease of the coordination number is
expected to diminish the d-d and s-d hybridization and the
crystal field splitting, therefore leading to narrowing of
the valence d-band. At the same time, bond length con-
traction (i.e. a kind of ‘‘reconstruction’’), which was ob-
served in small particles [89–92], should increase the
overlap of the d-orbitals of the neighboring atoms, par-
tially restoring the width of the d-band.

Since, however, the size dependence of these effects may
be strongly different, their relative impact on the electronic
structure of the nanoparticles will probably also change
with the particle size. For example, the reduction of the
coordination number becomes significant only if the par-
ticles are smaller than a few hundreds of atoms [102] thus,
this effect will probably negligibly influence the electronic
structure of the particles in the few nm size range. Since,
according to the presented data, valence band changes
often begin below 10 nm particle size, it is possible that the
change of the most size-dependent states is governed by
surface-related processes, including the potential increase
of the s-d hybridization, as already suggested in the lit-
erature [93,164]. Nevertheless, theoretical evidence for the
existence of such an effect is still missing.

5. Gold Nanoparticles

The research on gold has widened up in the last decade
and even today it is considered as one of the metals for
future catalysis. Haruta et al. discovered exceptionally
high activity of gold nanoparticles supported on Co3O4,
Fe2O3, and TiO2 oxides in CO and H2 oxidation [23,166],
NO reduction [167], water–gas shift reaction [168], CO2

hydrogenation [169], and catalytic combustion of meth-
anol [170], when dispersion of the gold particles ap-
proached 100%.

We are focusing our discussions on gold nanoparticles
because here the effect of size decrease is the most spec-
tacular as bulk gold is one of the most inactive noble
metal being resistant against any ambient effects, whereas
gold nanoparticles are extremely active, e.g. in CO oxi-
dation at sub ambient temperature. We have to address
the electronic properties of the gold nanoparticles due to
size reduction, the effect of interaction of gold nanopar-
ticles with the support, the effect of valence state and
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finally the nature of chemical bonding between nanopar-
ticles and substrate.

5.1. Valence Band of Gold Nanoparticles [171– 173]

The noble metal nanoparticles are good candidates for the
investigation of nanoparticles because they have strongly
different localized (fully occupied d-band) and delocalized
(s-states) valence states exhibiting different size depend-
encies. Copper, silver, and gold all belong to this category,
having different valence bands from the transition metals
with unfilled d-valence states. This difference is very
clearly seen in the case of Co vs. Cu and Ag. On the other
hand copper and silver have very similar size-dependent
tendencies. However the electronic structure of gold
nanoparticles can be different from silver, copper, and
cobalt as well.

The environment (e.g. the substrate) of the nanoparti-
cles is a critical experimental parameter, which should be
inert with respect to the nanoparticles. In the case of gold
the native SiO2 covered Si(1 0 0) seems to be an environ-
ment without any influence on the valence band of Au
nanoparticles. The chemical and catalytic properties which
are probably strongly correlated with the electronic struc-
tures of different systems, give another possibility to use
and check the size dependent properties of nanoparticles.

Important information can be obtained from model
system using well defined gold thin films deposited by
thermal evaporation onto a Si(1 0 0) wafer covered by
native oxide of nanometer thickness. The gold layer is
discontinuous consisting of separate islands with an av-
erage thickness around 10 nm. The electronic structure of
the Au nanoparticles was determined by measuring the
energy distribution of photoelectrons excited by He(I)
(UPS) or AlKa (XPS) radiation. The energy resolution
was 0.15 eV in UPS and 0.8 eV in the XPS region. The
samples were cleaned by Ar+ ion bombardment for a few
minutes.

The size of the gold islands was altered with further
Ar+ ion bombardment at 0.5–2 keV ion energy as is de-
scribed in Section 3 and shown schematically in Figure 4.
By this process the height as well as the lateral size of the
islands decreased. The size reduction process for Au
nanoparticles was characterized by the sputtering time
during the in situ Ar+ ion bombardment and by the Au/Si
ratio. The native oxide layer on the Si substrate served as
a barrier against the Si–Au interaction, but it was thin
enough to avoid electrical charging.

The size of the nanoparticles was determined with
TEM after the final ion bombardment on the same sam-
ple. The samples for TEM investigation were prepared by
extraction replica method. The particles were stripped off
the substrate surface by means of collodion which was
covered by carbon film. The collodion was dissolved after
carbon deposition.

Figure 9 [171] shows the Au 4f emission of the nano-
particles at different steps of the sputtering. The as-
cleaned spectrum (curve (a)) is equivalent to the published
data of bulk gold. The Au/Si ratio was around 3.3, show-
ing that the gold film was discontinuous. With further ion
bombardment, the position of the 4f emission shifted to

higher BE, while the Au/Si ratio decreased to 2 and 1.3
(curves (b) and (c), respectively), showing that the cover-
age of the Au film decreased together with the size of the
Au islands. The shift of the Au 4f level is another indi-
cation of the size decrease of Au nanoparticles, similarly
as it was observed for Cu [145] and Ag [146] (see Section
4).

The size dependence of the valence band is shown in
Figure 10 [171]. The spectra were obtained with AlKa
excitation. In Figure 10 the curves (a), (b), and (c) rep-
resent the same samples as those in Figure 9. In spite the
relatively low resolution, it is obvious that the Au 5d peak
at 4 eV BE strongly decreases or even disappears with
decreasing particle size (curves (b) and (c)) compared to
the well-known bulk spectrum given by curve (a). The size
dependence of the valence band DOS can be investigated
with much better resolution by ultraviolet photoemission
using He(I) excitation. The result is shown in Figure 11
[171]. The valence band spectra of the sample at the be-
ginning of the sputtering is identical with that measured
for bulk gold (curve (a)) but with longer sputtering, i.e.
with decreasing the size of nanoparticles the valence band
5d states are redistributed. Firstly the peak at around
2–3 eV BE starts to decrease, and when it has more or less
disappeared, the other peak at 6–7 eV BE decreases. Fi-
nally, the whole d-valence band is redistributed below a
certain size of Au nanoparticles. The modification of the
d-states at lower BE is similar to that observed for copper
and silver, but change at higher BE is characteristic of Au
only.

A clear size dependence is visible at Fermi level, al-
though this change is observable only at smaller particles.

Figure 9. Photoemission from 4f atomic level of Au after sur-
face cleaning (a) and 15-min (b) and 30-min (c) Ar+ ion bom-
bardment. (Reprinted from Ref. [171], r 2002, with permission
from Elsevier.)
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The detailed size dependence at the Fermi level is shown
in Figure 12 [171]. Although the Fermi cutoff is already
detectable even at the smallest particle size (curve (c)),
there is change near the Fermi level in the 0–0.6 eV BE

region. The separate emission from the SiO2/Si substrate
shows that the observed effect can only be correlated with
Au emission. However, emission from the substrate
should also be taken into consideration. The size of the
gold nanoparticles was measured by TEM on the same
sample that was used for the photoemission measurement.
Two types of gold features are visible on the TEM mi-
crograph. The smaller particles with around 5 nm diam-
eter are isolated particles. Their sizes are in agreement
with the expected measures. The other features – at least
200 nm in diameter – seem to be too large to exhibit size
effects. These, however, consist of particles nearly as small
as the isolated ones. These aggregates of small particles
could be in agreement with the photoemission data if they
were separated from each other.

As a conclusion the size dependence of the valence
band of Au nanoparticles is similar to that observed for
Cu and Ag in the lowest BE region of valence d-states.
The highest BE part of the valence d-states is size de-
pendent which is not the case for Cu or Ag. The existing
models cannot explain the size dependence, i.e. the as-
sumption of the narrowing or broadening of the valence
band d-states. A new model including some structural
changes induced modification in atomic potential or in
s-p-d hybridization would be needed to explain the ob-
served experimental data. Although there is size depend-
ent modification in the DOS near the Fermi level, metal/
nonmetal transition is not detectable at this size range of
nanoparticles.

Extended X-ray absorption fine structure (EXAFS)
and photoemission measurements carried out on the clus-
ters ranging from isolated atoms to aggregates large
enough to acquire bulk metal properties, is also could be a
measure for the electronic properties [40]. Copper shows a

Figure 10. Energy distribution curves of photoelectrons (EDCs)
excited by AlKa radiation. The curves (a), (b), and (c) were ob-
tained after the same sputtering as in Figure 9. (Reprinted from
Ref. [171], r 2002, with permission from Elsevier.)

Figure 11. Size dependence of the UPS valence band spectra
from gold nanoparticles. The sputtering time on curves (a), (b),
and (c) are the same as in Figure 9. Curves (b1) and (b2) were
recorded after 20 and 25min. (Reprinted from Ref. [171], r
2002, with permission from Elsevier.)

Figure 12. Size dependence of the photoemission data for gold
nanoparticles at Fermi level (a), (b1), (b2), and (c), respectively.
Curve SiO2 represents the emission from the support only. (Re-
printed from Ref. [171], r 2002, with permission from Elsevier.)
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substantial contraction of the nearest-neighbor Cu–Cu
distance for small clusters. In addition, the onset of the K
absorption edge shifts toward higher energy as the cluster
size decreases. Variable energy photoemission spectra of
gold clusters show the evolution of band structure with
increasing cluster size [40].

5.2. Catalytic Properties of Gold Nanoparticles

Electronic structure can be monitored if small gold par-
ticles are deposited over metal single crystals. As an ex-
ample, ultra thin layers of gold grown on a substrate,
clearly indicates such a change in electron properties. For
instance, dissociative adsorption of H2 (D2) on Au thin
films grown on an Ir(1 1 1) surface has been studied with
temperature-programmed desorption (TPD) using a
quadrupole mass spectrometer (QMS) and nuclear reac-
tion analysis [174]. Thin Au(1 1 1) film is epitaxially grown
on Ir(1 1 1), as confirmed by LEED and scanning tunnel-
ing microscopy (STM). H2 (D2) was dissociatively ad-
sorbed on this Au(1 1 1) film, although it is well known
that Au surfaces are noble enough not to dissociate
hydrogen molecules. The effect of the resulting electron
localization (narrowing of the s-bands) becomes more re-
markable with increased filling by the impurity/overlayer
d-electrons. This model explains the unexpected high
reactivity of the thin Au(1 1 1) surface, where narrowing
of the s-band is responsible. Moreover, it was found that
H (D) atoms can be confined into the interface between
the Ir surface and the Au thin film.

Norskov and his school [175–177] and others [178,179]
have made theoretical calculations to study the high re-
activity of gold nanoparticles. First, they assumed that the
10-atom cluster (Au10) is neutral. A charged cluster is,
therefore, not necessary for a large reactivity, but of
course charging may help. There are two possible expla-
nations of the high catalytic activity of the Au10 cluster.
One is that the electronic structure of the Au atoms in the
cluster is significantly different from Au atoms at the
surface of a large crystal. That is, very low coordinated
Au atoms are able to interact stronger with adsorbate,
and Au10 has sites with a geometry which is particularly
well matching for reactions involving bond breaking
(and formation) in small molecules where two atoms or
molecules are close to each other and both need to be
stabilized. This picture offers an immediate explanation of
the special reactivity of nanosized Au clusters. Only clus-
ters in the nanoscale regime have the very low coordinated
Au atoms and a sufficiently large fraction of corner sites.
The present calculations also suggest that the small size of
particles is not enough criteria, they must have a high
fraction of special geometries. This implies that size and
shape of the particles are both important parameters.

Density Functional Theory (DFT) has shown that low-
coordinated sites on the gold nanoparticles can adsorb
small inorganic molecules such as O2 and CO, and the
presence of these sites is the key factor for the catalytic
properties of supported gold nanoclusters. Other contri-
butions, induced by the presence of the support, can pro-
vide parallel channels for the reaction and modulate the
final efficiency of Au-based catalysts. Also these calcula-
tions extended for the adsorption of O and CO on flat and

stepped Au(1 1 1) surfaces are used to investigate effects
which may increase the reactivity of Au. The adsorption
energy does not depend on the number of Au layers if
there are more than two layers. Steps are found to bind
considerably stronger than the Au(1 1 1) terraces and an
expansive strain has the same effect. On this basis it is
suggested that the unusually large catalytic activity of
highly-dispersed Au particles may in part be due to high
step densities on the small particles and/or strain effects
due to the mismatch at the Au/support interface. In con-
clusion, three effects might make gold surfaces chemically
more reactive towards O2 and CO adsorption: (i) quan-
tum–size effects in one dimension, (ii) the effect of steps,
and (iii) the effect of strain. For thin, flat Au slabs, there is
no dependence of the adsorption properties of O2 and CO
on the number of Au layers. Since the step density in-
creases as the particle size decreases this provides one ex-
planation of the unusual catalytic activity of nanosized
gold particles. Such a strain must be induced by the in-
teraction with the support, and again this strain effect
must increase rapidly with decreasing particle size.

Molina and Hammer [178] also presented review of
recent DFT studies of the reactivity towards CO oxida-
tion of supported Au nanoparticles. The possible struc-
ture of the periphery of the interface between a Au
particle and an oxide support is discussed. A certain
structure, in which low coordinated Au atoms are over-
hanging the support without binding directly to the oxide
atoms, is argued to be prototypical of medium-sized Au
particles. This structure is shown to be particularly active
both at the edges and at the corners of Au particles. Ex-
amples from the literature of Au systems supported on
MgO(1 0 0) and rutile-TiO2(1 1 0) are reviewed and new
data are given for the reactivity of facet, edge, and corner
sites of a Au34 cluster supported on MgO(1 0 0). On the
nonreducible oxide support, MgO(1 0 0), the CO oxida-
tion is found to occur via CO adsorption to the Au par-
ticles and subsequent CO-promoted O2 capture and
formation of a CO–O2 reaction intermediate complex.
On the reducible oxide support, TiO2(1 1 0), the O2 is
found to adsorb independently of the CO. However, on
this support, the reaction still proceeds via CO–O2 for-
mation rather than via O2 dissociation.

Hybrid density functional calculations have been car-
ried out for Au–O2, Au–CO, Au13, Au13–O2, Au13–CO,
Au13–H2, and Au55 clusters to discuss the catalytic be-
havior of Au clusters with different sizes and structures
for CO oxidation [179]. From these calculations, it was
found that O2 and CO could adsorb onto several Au
model systems. Especially, icosahedral Au13 cluster has a
relatively weak interaction with O2 while both icosahedral
and cubooctahedral Au13 clusters have interactions with
CO. These findings suggest that the surfaces of the Au
clusters are the active sites for the catalytic reactions on
the supported and unsupported Au catalysts.

The interaction of adsorbed thiol molecules with gold
nanoparticles as a function of the mean particle size has
also been studied [180]. Monochromated X-ray Photo-
electron Spectroscopy (MXPS) measurements showed the
attachment of the thiol sulfur headgroup onto the cluster
surface leading to a positive BE shift in the Au 4f core-
level. No line width broadening could be observed indi-
cating that the thiol–gold interaction affects the whole
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particle and not only the surface, where the actual Au–S
bond is located. In fact, one can observe rather a nar-
rowing of the line width for smaller particles. The positive
BE shifts depend on the cluster size and increase with
decreasing diameter. A maximum shift of 0.41 eV could be
measured for the smallest particles (�1 nm). The valence
band spectra exhibited positive BE shifts similar to the Au
4f core-levels, but smaller in absolute values. Changes in
the valence band shape were interpreted as re-hybridiza-
tion of Au 5d electrons due to the creation of Au–S bonds.
Furthermore, a disappearance of the Fermi edge was
observed upon thiol adsorption, which could be due to a
sulfur-induced metal insulator transition of the gold clus-
ter. Thiol adsorption on gold clusters induces similar
changes in the electronic properties as is known from fi-
nite-size effects in naked, i.e. uncovered, gold particles.
For experiments with metal-core/organic-shell particles
this has the consequence that it may be difficult to deter-
mine if a measured feature is an intrinsic property of the
metal-core or due to core–shell interactions. On the other
hand, the findings also show the feasibility to tune certain
properties of deposited gold particles by thiol adsorption.

One of the most interesting areas in the field of gold
nanoparticles is when they are deposited over TiO2. As
turns out from the following part, the results obtained by
different research groups are still a subject of debate.

Electronic properties of Au nanoparticles grown on
stoichiometric and reduced TiO2(1 1 0) substrates were
studied by MEIS and UPS using synchrotron-radiation
light [181]. Initially, two-dimensional (2D) islands with a
height of one and two atomic layers were grown and ex-
posure to higher coverage increased the islands height to
form three-dimensional (3D) islands on the stoichiometric
TiO2(1 1 0) substrate. In contrast, on reduced TiO2 3D
islands start to grow from the initial stage with a small Au
coverage (0.1ML, 1ML ¼ 1.39� 1015 atoms/cm2). The
appearance of Au(1 1 1) is probably due to oxygen va-
cancies acting as a nucleation site. Above 0.7ML, all the
islands become 3D ones taking a shape of a partial sphere
and the Au clusters become metallic for both substrates.
As a result, the Au 4f and Ti 3p core level shifts together
with the valence band spectra are observed. The Ti 3p
peak for the oxygen-deficient surface shifts to higher BE
by 0.2570.05 eV compared to that for the stoichiometric
surface, indicating downward band bending by an elec-
tron charge transfer from an oxygen-vacancy induced
surface state band to n-type TiO2 substrate. Higher BE
shifts of Au 4f peaks observed for both substrates reveal
an electron charge transfer from Au to TiO2 substrates.
The work function change of Au nanoparticles supported
on the stoichiometric and reduced TiO2 substrates were
also a function of Au coverage and explained clearly by
the above surface and interface dipoles.

The electronic interaction between TiO2(1 1 0) surfaces
and Au clusters has been investigated by UPS and STM to
elucidate the high catalytic activity of Au/TiO2 [182]. With
increasing Au amount, the shift of O 2p nonbonding peak
towards the Fermi level and the decrease in the Ti 3d peak
area were precisely observed in the valence band photo-
electron spectra of Au/TiO2(1 1 0). With increasing the Au
coverage, the steep energy shifts of the O 2p nonbonding
state and the disappearance of the Ti 3d states were
observed in the low coverage range. Simultaneously, the

authors observed the preferential fixing and the growth of
the Au clusters at the surface defects, such as step edges,
on TiO2(1 1 0). These results indicate that the Au clusters
supported on TiO2(1 1 0) are negatively charged due to the
electron transfer from the surface defects to the Au clus-
ters. The feature of the electron transfer was dominant at
the Au cluster size of less than 3 nm, in which Au/TiO2

catalysts show the high catalytic activity.
The interaction between gold clusters and TiO2 (1 1 0)

surface is also investigated via cluster nucleation and
growth using STM [183]. The nucleation of gold prefer-
entially occurs along the step edges and below 0.1ML
coverage it determines the initial deposition. The Au clus-
ter growth seems to be 3D starting from the lowest cov-
erage. The cluster density is independent of the surface
preparation mode and the surface defect density due to
the cluster interaction with the oxygen-depleted TiO2.

Goodman and coworkers fabricated model Au/
TiO2(1 1 0) sample by epitaxially grown Ti film on
Mo(1 1 0) surface. They have demonstrated how the CO
oxidation rate over model Au/TiO2(1 1 0) catalysts cor-
relates with the thickness of gold particles and their band
gap as probed by STM (this is defined as the length of the
plateau in I–V plot in STS) [184,185]. The maximum ac-
tivity occurs on particles that are two atomic layers thick
and at band gap of 0.2–0.6 eV and this corresponds to
�5 nm gold particles. More information can be obtained
from the Au 4f7/2 BE shift as a function of particle size
[186] using TiO2 and SiO2 supports. As was mentioned
the shift is originated mainly from the final state effect.
For bulk the positive hole after photoelectron ejection is
fully screened by the delocalized electrons in the valence
band. On the other hand, in small nanoparticles the
screening is less than in bulk, thus the kinetic energy
measured of the photoelectrons is lower than in that
measured for the bulk due to the Coulomb interaction
between the positive hole and the photoelectrons. Con-
sequently BE of the electrons is higher. The BE shift is
about 0.8 eV and 1.6 eV for Au/TiO2 and Au/SiO2, re-
spectively. Since the Au coverage to reach the BE char-
acteristic of that of bulk value is higher on SiO2 than on
TiO2, the difference can be interpreted by the result of the
relative abilities of the metal oxide support to shield the
final-state hole via extra-atomic relaxation. Thus the SiO2

would signify a greater screening ability. That is, TiO2

has a larger interaction with gold.
Density Functional Theory (DFT) calculation, how-

ever, does not fully support the strong interaction of gold
with TiO2 support [187]. In contrast to the Cu and Ag, in
which case they found a strong interaction with the bridg-
ing oxygen with a transfer of the outer s-electrons to Ti 3d
states, Au forms weaker bonds at these sites with forma-
tion of a covalent polar bond. On Ti sites weak interaction
occurs with no charge transfer. The bonding at these sites
is due to metal polarization.

Campbell studied the vapor deposition of Au onto
TiO2(1 1 0) with XPS, LEED, and ISS techniques [188].
The average coverage, at which the surface switches from
2D to 3D Au particle growths, increases between
0.0870.01 and 0.1670.01ML as the oxide temperature
decreases from 300 to 155K. It increased by over twofold
with oxide surface defect density, induced either by mild
sputtering or by annealing in vacuum. This suggests that
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islands nucleate at defects and that the migration of Au
adatoms has unusual energetics. Oxygen adatoms were
produced on 2D and 3D gold islands on TiO2(1 1 0) using
a hot filament to excite (or dissociate) O2 gas [189,190].
The dissociative adsorption of O2 is thought to be im-
possible on pure, bulk Au surfaces. However, the unusual
catalytic activity demonstrated by small Au particles on
TiO2 (in e.g. CO oxidation) may be related to this stronger
bonding oxygen. The titration reaction of adsorbed ox-
ygen on Au particles with CO gas (COg+Oa-CO2) is
very rapid at room temperature, and its rate increases as
island thickness increases (i.e. as the oxygen adsorption
energy decreases) [189]. Thin islands of Au on TiO2 have a
very weak bond to CO, so that Au sites are still free
(nonpoisoned by CO) at room temperature. It is possible
that these bind oxygen so strongly that they can dissoci-
atively adsorb O2, allowing room-temperature catalytic
oxidation to proceed at steady state. The thermal thick-
ening kinetics of these Au islands has been measured us-
ing temperature-programmed ion scattering spectroscopy
(TPISS) [188]. Typical results show that Au island thick-
ening begins at 300K, but requires temperatures in excess
of 900K for completion. This very broad temperature
range turns out to be very difficult to model kinetically. It
suggests some unusual island energetics, whereby the ac-
tivation energy for the rate-limiting step varies dramati-
cally with the extent of sintering.

Molecular-dynamics simulations also showed that
spherical gold clusters is stable in the form of FCC crys-
tal structure in a size range of n ¼ 13–555 [191]. This is
more likely a key factor in developing extremely high
catalytic activity on reducible TiO2 as a support material.
Thus, it controls the electronic structure of Au nanopar-
ticles (e.g. band gap and BE shift of Au 4f7/2 band) and
thereby the catalytic activity.

Now, we have to address the one of the most crucial
features of the gold nanoparticle catalysis: whether the
gold is in metallic or ionic state. Evidence is presented and
discussed by Scurrell group for the involvement of ionic
gold, probably Au+ in catalysis by supported gold [192].
Various catalytic systems and various experimental tech-
niques have been used for reactions involving carbon
monoxide. Mössbauer effect spectroscopy on gold–titania
and gold–titania–zirconia reveals the co-existence of
Au(0), Au(I), and Au(III), but only the Au(I) content
correlates directly with the activity of these solids for CO
oxidation. XPS data suggest that a small (ca. 6%) fraction
of the gold present in gold–titania–zirconia catalysts is
present in an electron deficient state relative to Au(0). For
gold–iron oxide catalysts, high water–gas shift activity is
obtained for samples in which a partial reduction of the
gold, initially present as Au(III), has occurred. For
gold–HY zeolites, in which the gold is initially introduced
as Au(III) by ion-exchange from [Au(en2)]3+, samples
become catalytically active only after a considerable in-
duction period has been exceeded. The induction period is
shortened and the activity of the catalysts increased by
pre-treatment with sodium borohydride, and some degree
of reduction of the gold is assessed to have occurred.
Further evidence that nonequivalent states of gold exist
(i.e. metallic and ionic gold) in active CO oxidation cat-
alysts based on gold–titania is provided by the fact that
partial removal of gold occurs when the solids are treated

with solutions containing cyanide ions under oxidative
conditions. The specific activity refereeing to unit surface
of gold increases with decreasing gold content, when the
gold content is lowered by such treatment. The results
are consistent with the requirement for Au(I) involvement
in the catalytic reaction, though a role for Au(0) is not
ruled out.

Recent studies [193] of the CO oxidation activity ex-
hibited by highly dispersed nano-gold (Au) catalysts have
reached the following conclusions: (a) bilayer structures of
Au are critical; (b) a strong interaction between Au and
the support leads to wetting and electron rich Au; (c)
oxidative environments deactivate Au catalyst by re-ox-
idizing the support, which causes the Au to de-wet and
sinter. Recent results have shown that the direct inter-
vention of the support is not necessary to facilitate the CO
oxidation reaction; therefore, an Au-only mechanism is
sufficient to explain the reaction kinetics.

Recent results [194] in catalysis by supported gold
showed contradictory proposals concerning the nature of
the active sites in supported gold catalysts. The present
evidence from a set of complementary experimental meth-
ods characterizing Au/a-Fe2O3 catalysts, demonstrate
that cationic gold plays a crucial role in catalyzing CO
oxidation at 298K, as well as in the hydrogenation of
croton aldehyde. The catalysts were structurally and
chemically analyzed by HREM and STEM-XEDS. A
combination of EXAFS, in situ XANES, XPS, and
Mössbauer effect spectroscopy demonstrates the impor-
tant role of cationic gold in the activity of these iron ox-
ide-supported gold catalysts.

A number of oxide-supported gold catalysts [195] have
been prepared by deposition – precipitation, with varia-
tion of the pH over a wide range, the optimum pH for
high activity being 8 for TiO2, 7.5 for Fe2O3, and 7 for
SnO2 and CeO2. Whereas the activity shown by Au/TiO2

and Au/Fe2O3 decreased linearly with time, Au/CeO2 and
Au/SnO2 underwent an initial major deactivation. Addi-
tion of iron in the preparation lowered the rate of deac-
tivation when TiO2, SnO2, and CeO2 were used as
supports, and imparted activity when as with Bi2O3 it
was previously lacking. XPS revealed the existence of a
broad multi-state iron-containing region, and TEM and
STEM/EDX indicated that small gold particles (1.5–4 nm)
were partly in contact with it. Improved stability is there-
fore due to gold particles being in contact with an iron
phase such as FeO(OH); calcination removed the stabili-
sation.

Infrared spectra of CO adsorbed on gold nanoparticles
[196] supported on oxidized and reduced TiO2 also sup-
port the participation of zero valent gold. Depending on
which pre-treatment is used, different stretching bands
related to gold carbonyls have been found. On calcined
samples the predominant absorption band is at
2110�2120 cm�1, assigned to CO adsorbed linearly on
nanometric gold metallic particles; on highly dehydrated,
oxidized samples, a band at 2154 cm�1 is detected, as-
cribed to CO adsorbed on oxidized gold sites; on reduced
samples some new bands in the frequency range
2050–1900 cm�1 are produced, assigned to CO adsorbed
linearly and bridge-bonded on gold small clusters, per-
turbed by the negative charge produced in support re-
duction.
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In recent studies the structure of gold clusters of differ-
ent sizes supported on various metal oxides (Al2O3, TiO2,
SiO2) exposed to different CO oxidation conditions was
investigated in situ using X-ray absorption spectroscopy
at the Au LIII edge [197]. In all catalysts, the only phase
detected during catalysis was Au(0). In the most active
sample with small gold particles (Au/Al2O3), variation in
the electronic structure of the gold clusters with changing
reaction conditions was observed by XANES spectros-
copy and ascribed to the adsorption of CO on the metallic
gold clusters. FEFF8 calculations proved that the changes
in the XANES signal of Au/Al2O3 can be explained by
backdonation of d-electrons into the 2p*-orbitals of CO.
For Au/Al2O3, the presence of Au–O backscattering in
the EXAFS suggested weak cluster–support interactions.

XPS revealed that on samples [198] consisting of the
gold phase and the iron oxide on aerogel support, an in-
crease occurs in the surface coverage of hydroxyl groups
and the Fe2+/Fe3+ ratio due to the addition of gold as
well as a transition of gold from oxidized to metallic states
due to calcination. In the presence of gold species, the
Fe3+ satellite structure in XPS was not produced. The
crystallinity of c-maghemite was found quite stable with
respect to gold addition and thermal treatment. The
methanol oxidation carried out in an ambient flow reac-
tor, was found to be enhanced with decreasing catalyst
pretreatment temperatures and with increasing gold load-
ings up to 5wt.%. A wide selectivity pattern formed be-
tween dimethyl ether and carbon dioxide products. The
ionic gold was more active than the metallic gold towards
the total combustion to carbon dioxide. The surface na-
ture has been proven to transform from strong Lewis
acidic to high basic characters due to the formation of
reactive hydroxyl groups near by the gold sites.

In summary, the major message of the investigations
carried out so far is that:

(i) The electronic structure in the valence band
changes as the size of gold nanoparticles decreases.
There are also core level shift towards higher bind-
ing energies, but it is decisive only the when Auger
parameter is shifted parallel.

(ii) Electron interaction must exist between gold nano-
particles and the supports for high catalytic activ-
ity.

(iii) The valence state of gold (metallic or cationic) is
still questionable.

(iv) In order to explain the catalytic behavior in rela-
tion with the structure of catalyst we have to refer
to other single crystal works. Single crystal studies,
when metallic gold was evaporated on single crys-
tal of TiO2 (and not starting from Au ions) [185],
indicated that the maximum catalytic activity
started when the electronic structure of gold was
just at border of the transition between ionic (large
band gap) and metallic character. That is, for the
catalytic activity metallic gold is required, but be-
yond this a strong interaction between the metal
and support along the perimeter interface is re-
quired.

To further refine this phenomenon a model experiment
was performed to find a direct correlation between the size

and electronic structure as well as activity of supported
gold in the CO oxidation [171,172,199] 10 nm gold thin
films were deposited onto SiO2/Si(1 0 0) wafer [171]. The
electronic structure of the Au nanoparticles was deter-
mined by UPS measuring the energy distribution of the
photoelectrons excited by He (I). The samples were
cleaned by Ar+ ion bombardment for a few minutes.
The gold film was ion implanted with Ar+ ions at 4 keV
and 1015 atom/cm2 dose [171,199]. The native SiO2 oxide
layer on the Si(1 0 0) substrate served as a barrier against
the Si–Au interaction, but it was thin enough to avoid
electric charging. The Au 4f and Si 2p core levels were also
measured to detect BE and the average coverage of Au on
the Si substrate. As indicated in Figure 11 shape of the Au
5d valence band structure changed that was indicated by a
decrease in the valence bands both at 2–3 eV BE and at
6–7 eV BE. Finally, the whole d-valence states are redis-
tributed below a certain size of Au nanoparticles. The
separate emission from the Si/SiO2 substrate shows that
the observed effect can only be correlated with Au emis-
sion.

The UPS indicated structure change is associated with
size reduction as the discontinuous gold film is trans-
formed into rod-shape and spherical particles with size of
5–10 nm. Accordingly, with size reduction the activity
displayed in CO oxidation is also altered: the rate in-
creased from 6.7� 10�3 to 2� 10�2molmin�1 cm�2. Con-
sequently, not only the gold–reducible oxide interaction is
responsible for the increased activity, but also size reduc-
tion. Indeed, small clusters themselves are able to activate
the reaction components shown by theoretical calcula-
tions performed for 10–15-atom clusters, which can acti-
vate easily oxygen [177,200], but in real catalyst, even at
the smallest active ensemble, it consists of a few hundreds
atoms.

Although the gold particle size has importance in sys-
tems, which do not contain reducible oxide, such as MgO
[201], still the majority of data indicate that high activity is
related to the gold/oxide interface. The importance of this
experiment is further underlined by the fact that within a
4–10 nm range of Au particle size the system is active
[183], but around the gold particle within a short distance
the support must be defected in order to activate the re-
action components.

5.3. The Role of Gold/Oxide Interface

Metal oxides of variable oxidation state as supports or
support modifiers [202] are well known in gold catalysis.
In the previous section we have already indicated some
metal–support interactions influencing the electronic state
of gold nanoparticles as well as the metallic or ionic state
of gold. Of the numerous literatures we have to mention
Haruta and Date [169], Bond [195], as well as Goodman
works [186,203]. Further results can be found on the iron
oxide system in recent literatures [162,204].

The electron interaction between nanosized gold par-
ticles and iron oxide support is only one factor which
determines the properties of the gold/oxide system. For
instance, in the Au/FeOx/SiO2/Si(1 0 0) model sample the
depth profile (after successive Ar+ ion bombardment at a
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flux of 1�2� 1013 ion/cm2 s�1) the valence band spectra
compared with those recorded on Au/SiO2/Si(1 0 0) shows
that in the latter sample a shift in the Au 5d valence band
towards higher binding energies vs. decreasing the Au/Si
ratio is observed, while this shift is absent when the Au/Fe
ratio decreases. It means the metallic gold state is stabi-
lized by iron oxide whereas without iron oxide a gold–
silicon interaction becomes predominant [147].

In the same samples – according to recent studies – the
high activity in the oxidized state was associated with
amorphous iron oxide with Fe 2p BE. ¼ 711.3 eV because
there was no significant change in the gold particle size
(for as prepared, oxidized and reduced samples, 3.8, 4.1,
and 5 nm, respectively). It was established that in devel-
oping the catalytic activity the gold should be metallic and
the support should be amorphous with high BE and the
reaction occurs along the perimeter of gold particles. XPS
results revealed that after oxidation and reduction the Au
4f peaks did not show any appreciable shift, the 4f7/2 peak
being at 84.5 eV. The unchanged position of the Au peaks
in the XPS spectra after oxidation and reduction pre-
treatments is likely ascribed to the presence of FeOx sta-
bilizing the gold electronic levels. Annealing in vacuum
and hydrogen somewhat reduces the iron oxides. TEM
micrographs show that in the ‘‘as-prepared’’ sample the
FeOx support is amorphous. On the oxidative treatments
the size of Au particles slightly increases (4.1 nm) while
FeOx still remains amorphous. On the reduced sample the
diameter of gold further increases (5 nm) and two new
FeOx lines in the electron diffraction picture are devel-
oped. The new crystalline FeOx phases are identified and
assigned as c-maghemite, which is the cubic form of the
Fe2O3 compared to the rhombohedral form of the Fe2O3

hematite. The gold size distribution becomes more sym-
metric.

The initial rates of CO oxidation were determined on
the samples treated in different ways. The reactivity of the
samples investigated in the preliminary experiments de-
creases in the sequence of Au/FeOx/SiOx/Si(1 0 0)>FeOx/
SiOx/Si(1 0 0)>Au/SiO2/Si(1 0 0)>Si(1 0 0). The Au/
FeOx/SiO2/Si(1 0 0) catalyst has the highest initial activ-
ity. The results along with XPS and TEM data demon-
strate that the interaction of gold nanoparticles and iron
oxide tends to stabilize the metal character of gold and
due to this stabilization, the Au/FeOx catalyst has en-
hanced activity in the CO oxidation.

To sum up, it can be established that for developing
significant catalytic activity we need (i) the presence of
metallic gold particles (3–4 nm in diameter), (ii) amor-
phous iron oxide support in oxidized state with signifi-
cant interfacing with gold particles along the perimeter,
and (iii) slightly reduced iron oxide as support with ox-
ygen defect sites. The presence of these three factors may
create the sites along the gold/support perimeter which
are a prerequisite for high catalytic activity in CO oxi-
dation.

The catalytic activity in the CO oxidation should sig-
nificantly increase due to the gold/oxide interface around
the perimeter of nanoparticles [147], therefore, we as-
sumed that this is true regardless of the sequence of gold
or FeOx deposition provided that iron oxide is amor-
phous. When iron oxide is deposited onto Au/SiO2/
Si(1 0 0) we call it ‘‘inverse interface’’.

In Table 1 the rate shows about a four-fold increase in
the initial rate of CO oxidation measured on FeOx/Au/
SiO2/Si(1 0 0) as compared with FeOx/SiO2/Si(1 0 0) and
about 60 times higher initial rate comparing to the base
implanted Au/SiO2/Si(1 0 0) after catalytic reactions [199].
These results indeed indicate that in addition to the sole
size effect, the presence of the Au/FeOx interface signifi-
cantly influence the CO oxidation. Similar effect was ob-
served when gold was deposited on activated carbon fiber
and sequentially promoted by FeOx [205].

To further clarify this effect, model experiments were
performed in which the gold layer or gold nanoparticles
were covered with a well-defined oxide layer [206]. Iron
oxide layers of 5–10 nm thickness were deposited by
pulsed laser techniques (PLD) onto either Au films or
nanosized Au particles supported by SiO2/Si(1 0 0). Sam-
ples were characterized by AFM, XPS, and time-of-flight
secondary ion mass spectrometry (TOF SIMS) before and
after measurements of the CO oxidation activity. Com-
parison was made with reference samples either free of
iron oxide and/or free of Au particles/films. The initial
activity of iron oxide/Au nanoparticles/SiO2/Si(1 0 0)
turned out to be the highest followed by the sample con-
taining a sandwiched Au film. While some reaction-in-
duced changes in the chemical composition of the iron
oxide overlayer (‘‘FeOx’’, which can be regarded as a
mixture of Fe2O3, FeO, and FeOOH according to an XPS
analysis of the Fe 2p and O 1s core levels) were seen, no
Au segregation at the surface was detected by TOF SIMS.
The XPS Au 4f spectra indicated, however, that Au atoms
might be injected and trapped in this layer. The catalytic
activity of the FeOx/Au/SiO2/Si(1 0 0) samples must be
attributed to active sites located on the 5–10 nm iron oxide
overlayer promoted by gold underneath. Since Au nano-
particles and Au films caused promotion we infer that an
electronic effect is in operation due to the occurrence of
an FeOx/Au interface in both cases. Since the promotion
is stronger for Au nanoparticles the hypothesis of a par-
ticle size dependent electronic effect may be advanced.
For thicker FeOx of about 40–60 nm no promotion by Au
was found. Sample morphologies are such that the FeOx/
Au interface cannot directly interact with CO and O2.
This means that not only the well-known FeOx/Au
perimeter (triple interface) can display promotion of the
CO oxidation.

In our case the chemical composition and, conse-
quently, the structure of the iron oxide is changed with
time during reaction. Gold diffusion from film and nano-
particles underneath may occur but seem not to be the
decisive factor in promoting the CO oxidation activity.

Table 1. Effect of FeOx deposition onto Au particles on reaction
rate of CO oxidation.

Sample Initial rate (r0),
mmol/s/cm2

FeOx/SiO2/Si(100) 2.3� 10�2

Implanted Au/SiO2/Si(100) used in
catalytic reactions

1.5� 10�3

Implanted Au/SiO2/Si(100) after FeOx

ablation
9.5� 10�2
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We infer the importance of the FeOx/Au interface which
occurs for films as well as nanoparticles. However, since
we observe FeOx/Au nanoparticles/SiO2/Si(1 0 0) to be the
most active of all samples we advance the hypothesis of
the occurrence of a strong electronic effect at the FeOx/
nanoparticle interface ‘‘coupling through’’ the FeOx layer
thus producing the high catalytic activity. Au promotion
was also experienced in the catalytic activity of TiO2

overlayers [207].
The effect of oxide/metal inverse interface is indeed a

very exciting problem. The oxidation of Ce films on
Pt(1 1 1) by O2 and N2O and the thermal properties of the
resulting oxide layers have been studied by a combination
of LEED [208]. Thick films of Ce (>1ML) undergo in-
complete oxidation due to passivation by the overlying
oxide. Subsequent thermal treatment leads to in-diffusion
of oxygen with (in the case of CeO2) conversion of Ce4+

to Ce3+. In the case of N2O, adsorption only leads to the
formation of Ce2O3. It was found that when a dispersed
catalyst is annealed to 800K in vacuum, only partial
reduction of Ce4+ to Ce3+ occurs. This suggests that
intimate contact between the metal and oxide phases is
indeed crucial to facilitate oxygen release from the oxide
lattice, thereby maximizing catalyst efficiency. The effect
should be even more marked if this Pt-induced des-
tabilization of ceria induces actual catalytic activity on the
oxide surface. The labile high BE oxygen state was
observed. This capping species undergoes reduction in H2

at low temperatures and therefore probably plays an im-
portant catalytic role. Similar effects were observed in CO
oxidation on Pt(1 1 1)/CeO2 [209]. If the CeO2 coverage is
around 1.3–10ML (no exposed Pt), the activity is much
higher than on Pt(1 1 1) or CeO2 alone. The authors con-
cluded that the reaction occurred at the surface of the thin
oxide film whose properties were radically altered by the
presence of the underlying fully encapsulated Pt. As pos-
sible explanation, the electron transfer from metal to
oxide was considered to reduce the enthalpy for oxygen
vacancy formation in the oxide. Liu and Vannice have
carried out similar experiments on Au/TiO2 and TiO2/Au
model systems deposited on a Pt foil [210]. AES and CO
adsorption measurements suggest that in both TiO2/Au
and Au/TiO2 samples the authors were not able to achieve
a continuous oxide film.

In a recent work van Steen [211] has shown that the
‘‘electronic factor’’ is only important for very small gold
clusters, whereas on larger particles the interface effect
becomes a decisive factor. Lewis et al. have studied the
structure of vanadia films on an Au(1 1 1) single crystal
[212] and an Au foil [213]. The structure of the supporting
gold influences the ordering of the vanadia. Under vac-
uum conditions oxygen was found to desorb from V2O5

and after hydrogen treatment some oxygen was removed
as H2O resulting in surface segregation of bulk oxygen.
Similarly, when iron oxide is deposited on Pt(1 1 1) and
Pt(1 0 0) the chemical reactivity is strongly influenced by
the substrate orientation [214]. These examples explain
how the subsurface metallic structure may influence the
reactivity of the outermost oxide layer.

The structure of the overlayer also affects the reactivity
[215]. Methanol was studied on TiO2 nanoparticles sup-
ported on Au(1 1 1). The nanoparticles formed by oxida-
tion of sputtered Ti metal on Au(1 1 1) have TiO2

stoichiometry and the reactivity of these particles towards
methanol was compared to the reactivity of TiO2(1 1 0),
the most thermodynamically stable single crystal surface.
The reactivity of the nanoparticles differed from that of
the TiO2(1 1 0) stoichiometric surface. Specifically, the
nanoparticles produced methane from methanol while
the TiO2(1 1 0) did not. This difference is attributed to
under-coordinated titanium cations present on facets of
the nanoparticles, which lead to methane formation. The
differences in reactivity towards methanol between the
nanoparticles and the extended TiO2(1 1 0) suggest that
the three-dimensional, local structure plays a very signifi-
cant role in the reactivity of these nanoparticles towards
methanol.

We have to note that ultrathin oxide layers can exhibit
special behavior by enabling the coupling of structural
distortions and charge transfer beyond that allowed in the
bulk [216]. The first-principles calculations showed that
ultrathin layers of titania, a prototypical oxide, are active
in stabilizing adsorption of O2 on Au overlayers. The ad-
sorbed O2 molecules induce charge redistribution in Au
that penetrates to the Au/titania interface, which responds
through structural distortions that lower the total energy
of the system. If metastable nanostructures of reducible
oxides have been grown on metal surfaces, the reducing
character of the metal substrate helps to create active
vacancy sites across the supported ultrathin oxide, which
can allow wetting by transition metal catalysts. The ox-
idation state of supported oxide nanostructures can also
be tailored. Such oxide nanostructures and ultrathin films
are likely to have much more flexibility to distort in re-
sponse to adsorbates, compared to bulk oxide supports.
The control of the features of nanostructures on subst-
rates that can exhibit interface-fluxionality suggests that
improved catalysts and sensors can be designed by re-
placing traditional reducible oxide supports by ultrathin
oxide films.

6. Conclusions

Physical properties of metal nanoparticles show charac-
teristic size-dependent changes as their size increases from
the limit of isolated atoms towards macroscopic dimen-
sions.

The size-dependent features of the electronic structure
have been explored, with special emphasis on the evolu-
tion of the valence band DOS of transition and noble
metals as the particle size increases.

The available experimental data and computational
results for nanoparticles supported on inert as well as in-
teracting substrates as carbon, oxides, and metals have
been reviewed in detail.

The effects of the interaction between the nanoparticles
and the substrate on the electronic structure of the nano-
particles have been discussed.

Correlation has been suggested between the morphol-
ogy, electronic structure and catalytic properties of sup-
ported gold nanoparticles with special attention to the
role of the substrate/interface behaviour.
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99 A. Berkó, G. Klivényi, F. Solymosi, J. Catal. 182 (1999)

511.
100 V. Vijayakrishnan, A. Chainani, D. D. Sarma, C. N. R.

Rao, J. Phys. Chem. 96 (1992) 8679.
101 G. Faraci, E. Costanzo, A. R. Pennisi, Y. Hwu, G. Marg-

aritondo, Z. Phys. D 23 (1992) 263.
102 F. Aguilera-Granja, S. Bouarab, A. Vega, J. A. Alonso, J.

M. Montejano-Carrizales, Solid State Commun. 104 (1997)
635.

103 W. F. Egelhoff Jr., Appl. Surf. Sci. 11-12 (1982) 761.
104 B. Frick, K. Jacobi, Surf. Sci. 178 (1986) 907.
105 J. Zhao, X. Chen, G. Wang, Phys. Rev. B 50 (1994) 15424.
106 C. N. R. Rao, V. Vijayakrishnan, Hemantkumar N. Aiyer,

G. U. Kulkarni, G. N. Subbanna, J. Phys. Chem. 97 (1993)
11157.

107 N. Hemantkumar, Aiyer, V. Vijayakrishnan, G. N. Sub-
banna, C. N. R. Rao, Surf. Sci. 313 (1994) 392.

108 F. H. Ribeiro, A. E. Schach von Wittenau, C. H. Bart-
holomew, G. A. Somorjai, Catal. Rev. Sci. Eng., 39 (1997)
49.

109 P. W. Jacobs, F. H. Ribeiro, G. A. Somorjai, S. J. Wind,
Catal. Lett. 37 (1996) 131.

110 T. Beutel, Z. Zhang, W. M. H. Sachtler, H. Knözinger, J.
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CHAPTER 5

Application of Metal Nanoclusters in Nanoelectronics

Eva Koplin and Ulrich Simon

Institute of Inorganic Chemistry, RWTH Aachen University, D-52056 Aachen, Germany

1. Introduction

Modern microelectronics as the basis for electronic infor-
mation storage and processing tends to continuous min-
iaturization. This turns out to be the only evident concept
for improving the performance of integrated circuits.
Since the late 1970s, CMOS (complementary metal-oxide
semiconductor) technology is the key technology for
device fabrication in computer industries. This dominance
will maintain for the next two decades, at least for the set-
up of logic elements. In the early stage of this technology,
at the end of 1970s the complexity of the chip design
appeared as a limiting factor, which had been overcome
by computer-aided design. More than 10 years later the
increased integration rates created unexpected obstacles in
power- and heat-management, which are still remaining.
Nevertheless, optical lithographic fabrication techniques
allow mass fabrication down to 50 nm and less and ad-
vanced techniques, like extreme ultraviolet lithography,
X-ray proximity lithography, imprinting lithography and
focused electron- and ion-beam techniques will guarantee
the exponential downscaling according to the famous
Moore’s law. This has repeatedly been demonstrated by
the fabrication of transistor elements with feature size of
less than 10 nm [1,2].

However, fundamental physical limits together with
the enormous technical and financial efforts require the
development of new technologies, which may substitute
CMOS technology in course of further miniaturization
and mass fabrication. At least at that point new concepts
for scalable technologies need to be developed, and there-
fore the search for the most promising materials, proc-
esses and structures have inspired a lot of academic
and industrial working groups to synthesize and to exploit
the electrical transport properties of nanomaterials and
molecular assemblies for the design of functional systems
on the nanometer level.

Among these one of the most promising concepts is the
development of single electron (SE) devices, which retain
their scalability down to the molecular level. At present,
due to exploitation of charging (Coulomb) effects in
metallic SE devices comprising tunnel junctions with sub-
micrometer size, individual charge carriers can be handled

[3]. Although charging effects have earlier been observed
in granular thin metal films [4,5], the field of single elec-
tronics as direction in its own was born more in the late
eighties, when ultra-small metal–insulator–metal (MIM)
sandwich structures (tunnel junctions) and simple systems
of those have started to be intensively studied both the-
oretically and experimentally [6]. The discreteness of the
electric charge becomes essential and the tunneling of
electrons in a system of such junctions can be affected by
Coulomb interaction of electrons, which can be varied by
an externally applied voltage or by injected charges. The
simplest arrangement for a two-terminal device is a metal
island between two metallic electrodes separated from
each other by a dielectric environment. By transferring a
single electron from the electrodes to the island by ap-
plying a certain voltage, the island is charged negatively
and the electrodes keep the positive image charge, whereas
the overall charge is kept to zero. In this situation, the
electrostatic energy, i.e. the SE charging energy Ec ¼ e2/
2C, where e is the elementary charge and C is the self-
capacitance of the metallic island, is stored in the
arrangement. In this stage the device is in the Coulomb-
blockaded state and the threshold voltage has to over-
come the Coulomb blockade to add an electron via the
source electrode or to let it leave via the drain electrode.
The Coulomb blockade results from the increase of the
potential energy when one electron is added to an initially
uncharged particle and it scales roughly with 1/r (r ¼ ra-
dius of the nanoparticle). Since it can be estimated from
the charging energy of a macroscopic metallic sphere
scaled down to the nanometer range, the Coulomb block-
ade is sometimes regarded as a ‘‘classical size effect’’. In
order to suppress thermal fluctuations of the charge, Ec

must by far exceed kBT. Consequently, by decreasing the
island size down to one or two nanometers, handling of
single electrons becomes realistic even in the range of
room temperature.

Different approaches have been discussed up to now
how to reach this size scale and consequently how to
bridge the size gap between the conventionally fabricated
circuit elements of some ten nanometers in size and at
least the true atomic or molecular scale. In that concern
noble metal nanoclusters have attracted much attention.
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They can be synthesized with a distinct particle size of two
nanometers or less, and the large charging energy which is
determined by the particle size and their embedding into
the respective ‘‘environment’’, i.e. a ligand shell or linking
molecules, they fulfill the prerequisites to be used as func-
tional elements in SE devices at room temperature and
above. This has been shown repeatedly in many works
using different experimental techniques. It will be de-
scribed in the following that most of these results have
been obtained from scanning tunneling spectroscopy
(STS). However, in recent years the fabrication of nano-
electrode devices has made a great impact to this field of
research. Nevertheless, the use of these chemically tailored
nanomaterials for device fabrication requires parallelized
and scalable methods for the self-assembly (SA) into
functional units in one, two or three dimensions. Fur-
thermore, one needs to find out and to understand the
many control parameters for a directed assembly and for
the adjustment of the electrical transport properties to the
desired application.

The aim of this chapter is to acquaint the reader the
physical principles of SE tunneling devices to be used in
nanoelectronics. Based on this the charge transport prop-
erties of nanocluster assemblies in one, two and three
dimensions will be discussed. By means of selected exam-
ples it will be demonstrated that ligand-stabilized nano-
clusters of noble metals may be suitable building blocks
for nanoelectronic devices.

2. The Working Principle of Single Electron Devices

In the following, the working principle of SE-based ele-
ments is briefly described [3]: Electric current in a mac-
roscopic metallic conductor is associated with motion of a
huge amount of free electrons over the entire conductor.
In spite of the discrete nature of the charge carriers the
current flow in a metal is quasi-continuous. In contrast, in
an isolated nanoscaled piece of metal (islands), the
number of electrons in there is always an integer and, at
least, countable. An electrical circuit of such islands
should present a number of reservoirs for free electrons,
which should be small and well conducting, and which are
separated by poorly permeable tunneling barriers. As long
as the size of these islands is larger than the atomic scale,
they certainly comprise a huge amount of free charge
carriers. But, however, handling of individual charges is
still possible if the characteristic electric capacitance of the
island C is small enough, i.e. the charging energy is large
enough to overcome thermal fluctuations. Such a circuit
deals with a small and defined amount of excess electrons
on islands changing their distribution over the islands in
time in a desirable way. This is the concept of single
charge storage (SCS) and the respective electronic trans-
port process is called SE tunneling (SET).

In order to realize this practically the following two
principal conditions must be fulfilled:

– the insulating barriers separating the conducting
islands from each other should be much higher
than the characteristic resistance expressed via fun-
damental constants, the so-called resistance quan-
tum, Rq ¼ h/e2 ¼ 25.8 kO. Then the electrons in the

island can be considered as to be localized and their
number already behaves classically, although they
undergo thermodynamic fluctuations as every statis-
tical variable.

– in order to have these thermal fluctuations small
enough and consequently to make the exchange of
electrons controllable, the energy associated with
charging by one extra electron should be essential
with respect to the characteristic thermal energy kBT.
This is the charging energy EC and it depends on the
charge Q, on the size and on the charge of capacitances
of junctions, gates, conductors, etc. in the vicinity of
the island. The smaller the island the smaller the ca-
pacitance and the larger EC as well as the temperature,
at which SE charging can be observed experimentally.

2.1. The Single Electron Box

The simplest storage device is the SE box for injected/
ejected electrons, i.e. a device, which can control the number
of electrons in a quantum dot (island) [7] (Figure 1).

Such an element can be implemented into a charge-
state logic, which bases on a) a bistable or, if more than
one charge is deposited on the island, b) a multi-stable
configuration. Since one electron represents one bit, which
can be transferred from one island to the next, power
consumption of such a device is extremely small. This will
be of great advantage for minimizing the power loss and
the heat development. However, the unavoidable draw-
backs of SET logic devices are actually the large output
impedance, which makes the elements intrinsically slow.
Furthermore, such elements are extremely sensitive to-
ward background charges. Thus, the application of SET
elements will apparently be restricted on charge sensing
and on memory elements.

2.2. The Single Electron Transistor

As a switching device capable for ultra-large-scale inte-
grated circuits (ULSIs) comprises only one Coulomb is-
land with two leads (electrodes) and a capacitively coupled
gate electrode attached to it. This system works as a simple
on/off switch and it is often called the SE transistor. Ap-
plying a voltage to the outer electrodes of this circuit may
either cause sequential transfer of electrons onto and out
of the central island or to have no charge transport, i.e. the
transistor remains in non-conductive state. The result

electrodeislandelectrode

Figure 1. The tunneling of a single electron (SE) between two
metal electrodes through an intermediate island (quantum dot)
can be blocked of the electrostatic energy of a single excess elec-
tron trapped on the central island. In case of non-symmetric
tunneling barriers (e.g. tunneling junction on the left, and ideal
(infinite-resistance) capacitor on the right), this device model de-
scribes a ‘‘SE box’’.
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depends on the voltage U, applied to the electrodes as well
as on the voltage Ug applied to the gate.

Such elements can be utilized for the set up of devices
with non-volatile memory function as well as in SET/
CMOS hybrid circuits, working even at room temperature
[8]. Such transistor elements can be fabricated with differ-
ent techniques, ranging from silicon-based technology up
to chemical SA. While SE transistors with multiple nano-
particle charge storage have a great potential to replace
flash memories as non-volatile memories, the highest in-
tegration rate might be expected from chemically based
concepts, where metal or semiconductor nanoclusters as-
sembled at nanocontacts form simple or complex elements
with single or multiple SET function.

3. Single Electron Tunneling in Nanoclusters

The theoretical background of SET has found its experi-
mental manifestation in lithographically fabricated capa-
citors, as they are found in conventional computer circuits.
These typically have capacitances in the pF range. Due to
the extremely low-charging energies, they consequently
would need to be cooled down in the sub-mK range for SE
operation. Furthermore, such a capacitor is typically driven
at an operation voltage of 10–100mV, which would lead to
storage of a few ten thousand electrons per charging. Going
to advanced electron beam or extreme UV lithography,
which allows the fabrication tunnel junctions with a typical
size of 30nm � 30nm or less, devices still may have to be
cooled down to, at least, liquid Helium. The utilization of
the SET events for applications up to the range of room
temperature leads to the necessity to decrease the junction
capacitance essentially, down to 1–2nm. This can be real-
ized by use of chemically synthesized metal nanoclusters in
a size range of a few nanometers. These nanoclusters are
stabilized by organic molecules, the ligands, which sur-
round the metal cores and play the role of an insulating
layer in contact with neighboring clusters as well as with
electrodes. To use these particles as building blocks for a
new nanoscale architecture, generally new techniques for a
defined organization of such nanoclusters are needed to be
developed to build up SE circuits of different complexity.
So far, it has become evident that utilizing the principles of
SA by controlling inter-molecular interaction, which is one
of the main interests of supermolecular chemistry, will be a
key feature in this development.

However, size effects in metal nanoclusters of these
sizes require a slight modification of the above-mentioned
principal conditions for ‘‘classical’’ SET.

At low temperature, junctions with nanoclusters with
sizes below 1–2nm possesses, besides the Coulomb stair-
case, the fine structure due to energy quantization inside
the clusters. Nevertheless, the interpretation of the electrical
response of such a device is complicated by the fact that the
RC-time becomes as short as characteristic time of the en-
ergy relaxation inside the cluster. Consequently, the distri-
bution of electrons is no longer the pure Fermi one. Thus,
the tunneling characteristics of single nanoclusters provide
information of its electron energy spectrum, particularly of
the density of levels, their degeneracy etc. However, this
may be utilized in the future in a multiple-value logic.

3.1. Thin Film Structures and STM Single Electron
Systems

Almost two decades ago fabrication techniques for the
realization of the previously mentioned ‘‘traditional’’ SE
circuits, like transistors, have been developed [9,10]. One
of these techniques is the so-called shadow-evaporation
technique, which bases on the evaporation of metal (usu-
ally Al) films through fine-patterned masks, which is
typically made of polymer resist by means of an electron-
beam lithographic process. The mask provides a number
of thin splits, determining the sizes and shapes of resulting
wires and islands, respectively as well as the bridges in-
terrupting them. The latter determine the position of the
wanted tunnel junctions and gates. Due to the composite
polymer resist layer, which may chemically be under-
etched, the resulting mask is rigidly fixed above the subst-
rate and its bridges become suspended above it. Such
arrangements of splits and bridges permit to evaporate
metals onto the substrate from various angles, which al-
lows different positions of the resulting evaporated layers.

In order to form a set of islands connected by tunnel
junctions, the evaporation is usually made from two or
three different angles in two or three steps, respectively,
with an intermediate oxidation process, when aluminum is
used. Due to adjusting the angles, the linear sizes of the
resulting overlapping area of the first and the second
metallic layers can be even smaller than the width of the
strips, i.e. some ten nm. At the same time a gate electrode
coupled to the islands only capacitively should not over-
lap them, which is taken into account in the mask pattern
design. After double evaporation the mask and the sup-
porting layer are lifted off. Figure 2 shows such SE tran-
sistor fabricated as an Al–Al2O3–Al stack [11].

The resulting barrier of Al2O3 with a desirable thick-
ness of a few nanometers is mechanically and chemically

Figure 2. Scanning electron micrograph of a SE transistor with
source and drain (+U/2 and �U/2, respectively) feeding the
central island (Insel), which is capacitively coupled to a gate
electrode. The size of the central island is about 60 nm� 60 nm.
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stable. The height of the corresponding energy barrier is
about 1 eV and it readily provides a tunnel resistance in
the range of 100 kO for the junctions of the above-men-
tioned size. The resulting capacitance of such tunnel junc-
tions is about 10�16 F. This means that these circuits
operate reliably only at temperatures below 1K, which is
just attainable with immense technical effort.

Meanwhile more advanced fabrication techniques have
been developed for the fabrication of much smaller SE
transistors. Among these the miniaturization together
with novel design concepts, like multiple-gate structures,
has lead to a reliable technology platform, which allows
the fabrication of SE elements working at room temper-
ature. However, this is accompanied with huge experi-
mental and financial efforts. An alternative route is the
use of ligand-stabilized metal nanoclusters as building
blocks. The drastic reduction of the sizes and therefore of
the capacitances of tunnel junctions, respectively, are ba-
sically realized, e.g. in a double junction system consisting
of a small metallic cluster (droplet) lying on an thin in-
sulating film on a conduction support and the tip of the
scanning tunneling microscope (STM, Figure 3).

One of the junctions, which is between the ground
plane and the metal particle is mechanically fixed, while
another one which is between the particle and the STM tip
is adjustable.

The structures described above were successfully and
repeatedly realized in practice. As an early example, a
one-dimensional (1D) arrangement forming a double-bar-
rier SET junction working at room temperature has been
realized by a STM tip above Au particles of approxi-
mately 4 nm in diameter obtained by metal evaporation
on a 1 nm thick layer of ZrO2 (tunnel barrier) on a flat Au
substrate [12]. The experimentally determined capacitance
of the nanoparticle–substrate junction is about 10�18 F.
The value is in good agreement with the theoretically es-
timated value-based on the model of a parallel-plate ca-
pacitor with ZrO2 as a defined dielectric. One year later,
Dorogi et al. prepared layers of isolated nanoclusters from
a multiple expansion cluster source on self-assembled
monolayers of xylene-a,a0-dithiol (XYL), and studied the
electrical transport through the tunnel junction in a ultra-
high vacuum system with an STM. The tunneling current
as a function of applied voltage yields evidence for SET at
room temperature and by fitting the I(U) curves to a
Coulomb blockade model, the electrical resistance of the
XYL molecules could be estimated as about 9MO [13].

This result is found to be in good agreement with theo-
retical expectations [14]. Wang et al. have calculated a
resistance of 12.5MO for these molecules. Based on the
elastic scattering Green’s function theory, they have de-
veloped an approach to characterize the electron trans-
port process in molecular devices. This approach allows
the description of the coupling between the molecule,
forming the tunnel barrier, and metals, forming the elec-
trodes, at the hybrid density functional theory level. For
XYL I(U) curves have been calculated, which are found to
be in good agreement with experimentally obtained ones
at room temperature.

These examples show that by means of metal nano-
clusters SET is accessible at room temperature. However
for highly redundant SET devices, particle-size distribu-
tion has to be avoided, which is not possible when metal
evaporation is used for cluster fabrication in the examples
given above.

4. Zero-Dimensional Structures: SET on Single

Chemically Tailored Nanoclusters

One of the first results obtained on single chemically tai-
lored nanoclusters has been reported by van Kempen et
al. in 1995 [15,16]. They performed STS at 4.2K on a
Pt309phen36O20-cluster, synthesized by Schmid and co-
workers (Figure 4).

The I(U) characteristics reveal clear charging effects,
which indicate sufficiently insulating tunnel barriers between
the cluster and the substrate. The experimentally observed
charging energies vary from 50–500meV, while a value of
140meV would be expected, assuming a continuous density
of state in the clusters and a dielectric constant er ¼ 10 for
the ligand molecules and applying the classical formula
EC ¼ e2/4pe0erR (with R ¼ radius of the cluster).

The variation in EC can be caused by diverse reasons,
which have to be taken into account: EC will depend on
the exact way in which the cluster lies on the substrate
since the clusters have different facets (squares and trian-
gles). Additionally the ligands, which for simplification
have been assumed to be a spherical dress for the cluster,
may have different orientations varying from cluster to
cluster with respect to the underlying substrate, thus
causing a different tunnel barrier between the cluster and
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metal nanoparticle (droplet)
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Figure 3. SE two-junction system consisting of a scanning tun-
neling microscope (STM) tip and a metallic nanoclusters as a
central electrode on a ground plane.
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Figure 4. A single ligand stabilized Pt309-cluster between STM
tip and an Au(1 1 1) facet. The junction between the cluster and
the substrate is built up by the ligand shell.

E. Koplin and U. Simon110



the ground, and therefore a different capacitance. Finally
the tunnel junction between cluster and substrate may
differ for different clusters as the effect of residual water
molecules from the solvent, which may be physically or
chemically bound to the cluster surface or to the ligand
shell.

In some cases additional structures on the charging
characteristic were observed, which might be expected
from a discrete electron-level spectrum in the cluster
caused by the quantum-size effect. Averin and Korotkov
reported on theoretical investigations on the effect of dis-
crete levels on the charging characteristics [17]. They ex-
tended the existing ‘‘orthodox’’ theory of correlated SET
in a double normal-metal tunnel junction to the case of a
nanoscaled central electrode. Therefore the I(U) charac-
teristics should show small-scale singularities reflecting the
structure of the energy spectrum of the central electrode,
i.e. the nanoparticle. Resulting from the small junction
capacitance according to t ¼ RT �C, where RT is the re-
sistance of the respective tunnel barrier and C is the ca-
pacitance of the junction, the energy-relaxation rate
becomes evident due to the small recharging time t. The
fit of the spectra lies between 20 and 50meV, as the
theoretical prediction for the level splitting D according to
D ¼ 4EF/3N or a refined approach by Halperin [18] leads
to an assumed splitting of approximately 8meV (EF is the
Fermi energy of the metal and N is the number of free
electrons). The measurements reflect the discreetness of
the level spectrum in the clusters as big as the 2.2 nm Pt309
cluster, although different reasons are discussed in the
cited paper.

STS could be observed up to the range of room tem-
perature on smaller ligand stabilized metal clusters of
1.4 nm, i.e. Au55(PPh3)12Cl6 (Au55). 3D compacts of the
clusters, as from cluster pellets, gave hints on SE transfer
in the I(U) curves taken at room temperature [19]. Though
in these investigations neither the vertical nor the lateral

arrangement of the clusters is well defined, as it would be
in a 1-, 2- or 3D superlattice, the charging energy has a
wider spread as it would be expected from the estimation
of the charging energy of a single cluster according to the
formula mentioned above.

Tunneling spectroscopy on Au55 cluster monolayers
prepared on various technically relevant substrates was
studied by Chi et al. [20]. The samples were obtained by
utilizing a two-step SA process and a combined La-
ngmuir–Blodgett/SA-process. Coulomb blockade origi-
nating from the double barrier at the ligand stabilized
cluster as the central electrode up to the range of room
temperature could be followed by spectroscopy (Figure 5).

The capacitance of the cluster was calculated from a fit
of the experimental data at 90K to be 3.9� 10�19 F. This
value, which is very sensitive toward residual charges and
nearby background charges, is close to the value of the
microscopic capacitance, which was determined earlier by
temperature-dependent impedance measurements [21].
Furthermore these results are found to be in good agree-
ment with the capacitance data obtained on the above-
mentioned gold nanoclusters on a XYL-modified
Au(1 1 1) surface [13,22].

On low-temperature tunneling spectroscopy on indi-
vidual Au55 clusters under ultra-high vacuum conditions
has been reported recently by Zhang et al. [23]. According
to the before mentioned results, they gave a clear evidence
of the Coulomb blockade. The conductivity appears to be
largely suppressed in this regime, however, is not zero,
which is attributed to a certain probability of co-tunneling
within the Coulomb gap at the finite temperature of 7K.
Thermal motion is sufficiently reduced at that tempera-
ture and the molecular structure of the ligand shell is
partly visible. The STM image fits fairly well to the space-
filling model of the cluster. Both are shown in Figure 6.

The two locations at which the tunneling spectra have
been recorded can be seen in Figure 7. One location is

Figure 5. SET on a single ligand-stabilized Au55 cluster at 90K. The junction capacitance was calculated to be 3 � 10�19 F by fitting.
(Reprinted with permission from Ref. [20], r 2004, Springer.)
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right above a C6H5 ring of the PPh3 ligand and the second
one is next to the ring. Figure 7 shows the conductivity
peaks, which precisely coincide for both spectra.

This indicates that the discrete energy levels of the
cluster become visible in terms of conductivity oscillations
with an average-level spacing of 135meV. Comparing this
value to the one expected of a simple free-electron model
the ‘‘electronically apparent’’ cluster diameter is about
1.0 nm. This is significantly smaller than the geometri-
cally determined diameter of 1.4 nm for Au55 and slightly
larger than the expected value of 0.84 nm of Au13. In the
author’s opinion, this difference is most likely caused by
the six Cl atoms located at the six square facets of the
cuboctahedral Au55 surface. Due to its high electro-
negativity, Cl can remove one electron from the Au55

core. Nonetheless, the cluster exhibits metallic behavior
within the discrete energy levels.

4.1. Metal Nanoclusters in Single Electron Devices

In order to utilize the opportunities, which arise from the
room temperature SET pecularities, for beyond singular
laboratory experimentation applications, principally two
different routes have been followed with respect to the
experimental design. On the one hand techniques have
been developed to fabricate metallic electrodes, which en-
able the addressing of a few or even single nanoclusters by
electron-beam lithography. On the other hand, STS tech-
niques have been developed further for chemical control
of gating of the central island in a SET transistor or far
the chemical switching of the tunneling barrier, i.e. the
insulating organic molecules, separating the nanoclusters
from the underlying support.

4.2. Mesoscopic Arrays with Nanoelectrodes

Alivisatos and coworkers reported on the realization of an
electrode structure scaled down to the level of a single Au
nanocluster [24]. They combined optical lithography and
angle evaporation techniques (see previous discussion of
SET-device fabrication) to define a narrow gap of a few
nanometers between two Au leads on a Si substrate. The
Au leads were functionalized with hexane-1,6-dithiol,
which binds linearly to the Au surface. 5.8 nm Au nano-
clusters were immobilized from solution between the leads
via the free dithiol end, which faces the solution. Slight
current steps in the I(U) characteristic at 77K were re-
flected by the resulting device (see Figure 8). By curve
fitting to classical Coulomb blockade models, the resist-
ances are 32MO and 2GO, respectively, and the junction

Figure 6. (A) STM image of a single Au55[P(C6H5)3]12Cl6 cluster on an Au(1 1 1) surface at 7K, obtained at a bias of 2V and a current
of 100 pA using a Pt–Ir tip. Image size: 3.3 nm � 2.9 nm. (B) Space-filling model of the cluster compound: Cuboctahedral core with 55
Au atoms (yellow), 12 P(C6H5)3 molecules (with P: pink, C: gray and H: blue) bound to the 12 edges of the cuboctahedron and six Cl
atoms (violet) located in the center of the six square faces of the Au core. Comparison between (A) and (B) shows that the STM resolves
the C6H5 rings. Spectroscopic data were acquired at the two distinct locations (a) and (b) marked in (A). (Reprinted with permission
from Ref. [23], r 2003, American Chemical Society.)

Figure 7. Tunneling spectra acquired at the two distinct loca-
tions marked in Figure 6A. The dashed curve was taken right
above C6H5 ring and the solid ones next to the ring. The bias
refers to the substrate potential. The arrows indicate conductivity
peaks, which precisely coincide for both spectra. (Reprinted with
permission from Ref. [23], r 2003, American Chemical Society.)
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capacitances are 2.1�10�18 F, respectively. In a further
development of this device, a gate electrode for external
control of the current flow through the central island, a
CdSe nanocluster, could be applied to realize a SET tran-
sistor [25].

On detailed electrical characteristics of a SET transistor
utilizing charging effects on metal nanoclusters were re-
ported by Sato et al. [26]. A self-assembled chain of col-
loidal gold nanoparticles was connected to metal electrodes,
which were formed by electron-beam lithography. The
cross-linking of the particles as well as their connection to
the electrodes results from a linkage by bifunctional organic
molecules, which present the tunnel barriers.

By using alkylsiloxane molecules as an adhesion agent,
gold nanoclusters with an average diameter of 10 nm were
deposited on a thermally grown SiO2 surface on a Si
substrate. After formation of Si–O–Si bond by thermal
treatment, terminal amino groups of the silane were at-
tached to gold nanoclusters to form a sub-monolayer.
After this coating led to the formation of a sub-mono-
layer, 1,6-hexanedithiol was added to inter-connect the
particles with a more defined spacing. The coverage was
completed by means of a second immersion into a gold
particle solution and the dithiol molecules maintained the
distance between the particles, while the second layer filled
the gaps between the particles of the first one, however,
forming chains of 2–4 particles. As this procedure was
performed on a SiO2 substrate, equipped with source,

drain and gate metal electrodes defined by electron-beam
lithography, the particles form a chain of at least three
particles bridging the gap between the outer driving elec-
trodes (Figure 9).

The number of nanoclusters in the bridge chain differed
from device to device since not all steps of this procedure
could be controlled in detail, but in any case a Coulomb
gap could be observed up to 77K indicating electron con-
duction dominated by SE charging, whereas the non-
linearity is smeared out at room temperature. Using a
model circuit for a three-dot (four junction) SET transistor,
simulation and fitting of the data indicated the capacitance
of all junctions in the chain to be 1.8–2 � 10�18F and the
calculated Coulomb gap to be in reasonably good agree-
ment with the value of 150mV obtained from the measured
I(U) characteristic, which was systematically squeezed by
applying a gate voltage of �0.4–0.4V. The plot of the
current through the device was clearly dependent on the
gate voltage and showed typical current oscillations, prov-
ing that the desired function of the SE transistor had been
achieved. Samanta et al. [27] proposed a Green’s function-
based method to estimate the transmission function of
electrons across the dithiol ligands from which the resist-
ance R per molecule was calculated by the Landauer for-
mula, i.e. R ¼ (h/2e2)/T(Eg), where T(Eg) is the
transmission function, i.e. T�exp [2(mEg)

1/2/h]. The re-
sulting resistance was estimated to be RE30GO, assuming
a barrier height EgE2.8 eV in the dithiol molecules.

Figure 8. (a) Field emission scanning electron micrograph of a lead structure before the nanocrystals are introduced. The light gray
region is formed by the angle of evaporation, and is �10 nm thick. The darker region is from a normal angle of evaporation and is
�70 nm thick. (b) Schematic cross-section of nanocrystals bound via a bifunctional linker molecule to the leads. Transport between the
leads occurs through the mottled nanocrystal bridging the gap. (c) I–Vsd (sd = source-drain) characteristic of a 5.8 nm diameter Au
nanocrystal measured at 4.2K. The solid lines show three I–V curves measured over the course of several days. Each is offset for clarity.
These different curves result from changes in the local charge distribution about the dot. The dashed lines are fits to the data using the
orthodox Coulomb blockade model as discussed. I–Vsd characteristic of a 5.8 nm diameter Au nanocrystal measured at 77K. Several
Coulomb steps of period DVsd �200mV can be seen. (Reprinted with permission from Ref. [25],r 1996, American Institute of Physics.)
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A similar route has been followed most recently by
Weiss et al. who have fabricated a multi-island SE device
from self-assembled 1D gold nanocrystal chains [28]. They
assembled thiol-stabilized 50 nm Au particles in a chain-
like structure and used subsequently electron-beam li-
thography for electrode fabrication. Here it has to be

pointed out that the 1D structure appeared to be stable
enough to retain its structure and composition over the
entire lithographic fabrication process (Figure 10).

Figure 11a shows the differential conductance dI/dVDS,
as a function of drain source VDS and gate VG voltages, of
the double-island structure, whose micrograph is shown in

Figure 9. SET transistor, based on self-assembling of gold nanoclusters on electrodes fabricated by electron-beam epitaxy. (Reprinted
with permission from Ref. [26], r 1997, American Institute of Physics.)

Figure 10. (a) Transmission-electron microscope micrograph of a self-assembled chain of 50 nm Au particles functionalized with
octanethiol molecules; arrows indicate parallel crystal facets. (b) Two-island device fabricated by contacting a self-assembled chain of the
nanoparticles. The two-particles framing the two-island particles form part of the electrodes, such that all three-tunnel junctions are
formed by self-assembly and not by lithography. (Reprinted with permission from Ref. [28], r 2006, American Institute of Physics.)
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Figure 11b. Close to VDS ¼ 0, the conductance is suppres-
sed due to Coulomb blockade. Two Coulomb-blockade
regions (appearing as large and small white diamonds
near drain-source voltage VDS ¼ 0) have been observed.
Furthermore four peaks in dI/dVDS (appearing as diag-
onal dark lines) per gate period were recorded. The Cou-
lomb charging energy was deduced from the size of
the diamonds and gave a value of �20meV. Therefore,
these well-resolved structures can only be observed at liquid
He temperature. The authors pointed out that a remark-
able property of this device is the high ratio of gate capac-
itance to total capacitance. This is an order of magnitude
larger than what has been observed by Klein et al. [25].
The authors claim that this is the result of incorporating the
nanoparticles into the edge of each electrode, reducing
the capacitance between the outermost island and the elec-
trode. This allows accessing multiple charge states with
moderate gate voltages, which is an important requirement
for nanoelectronic devices. Furthermore the device shows
an enormous high stability of the electronic properties, as
compared to formerly built devices of this kind.

Another technique, which allows the controlled deposi-
tion of a single nanoparticle between two metal nanoelect-
odes, i.e. the technique of electrostatic trapping (ET) was
reported by Schmid and Dekker [29]. A polarized metal
nanoparticle is attracted to the strongest point of an electric
field, which was applied to two Pt electrodes (Figure 12).

The particles can be immobilized from solution in the
gap between the Pt electrodes. The electrodes were fabri-
cated by thermal growth on Si and their size could be
reduced down to 4 nm. On top of the structure a 60nm SiN
film was deposited, whereas a 100 nm slit in the SiN film
with a local constriction with 20 nm spacing was opened by

Figure 11. Experimental and predicted differential conductance plots of the double-island device of Figure 10(b). (a) Differential
conductance measured at 4.2K; four peaks are found per gate period. Above the threshold for the Coulomb blockade, the current can be
described as linear with small oscillations superposed, which give the peaks in dI/dVDS. The linear component corresponds to a resistance
of �20GO. (b) Electrical modeling of the device. The silicon substrate acts as a common gate electrode for both islands. (c) Monte Carlo
simulation of a stability plot for the double-island device at 4.2K with capacitance values obtained from finite-element modeling:
CG ¼ 0.84 aF (island-gate capacitance), CM ¼ 3.7 aF (inter-island capacitance), CL ¼ 4.9 aF (lead-island capacitance); the left, middle
and right tunnel junction resistances were, respectively, set to 0.1, 10 and 10GO to reproduce the experimental data. (Reprinted with
permission from Ref. [28], r 2006, American Institute of Physics.)

Figure 12. Schematic representation of the setup for single par-
ticle measurements by electrostatic trapping (ET). Pt denotes two
freestanding Pt electrodes (dashed region). A ligand-stabilized Pd
cluster is polarized by the applied voltage and attracted to the gap
between the Pt electrodes. (Reprinted with permission from Ref.
[29], r 1997, American Institute of Physics.)
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electron-beam lithography with PMMA and reactive-ion
etching. Under-etching with HF enabled the formation of
free-standing SiN ‘‘fingers’’, which were sputtered with Pt
to reduce the gap width down to 4nm (Figure 13).

To study the electrical transport properties of this dou-
ble-barrier system Pd nanoclusters have been trapped in
this gap. Figure 14 shows a typical I(U) curve. The most
pronounced feature at 4.2K is the Coulomb gap at a
voltage of about 55mV, which disappears at 295K. Above
the gap voltage, the I(U) curve is not linear, but increases
exponentially, which was explained by a suppression of
the effective tunnel barrier by the applied voltage.

Smaller Au55 clusters have be deposited by ET in a
three-electrode arrangement [30] to increase the tempe-
rature, where SE charging in nanoelectrode arrays may
occur. Using an electron-beam lithography process, three
tungsten electrodes were fabricated from a 25 nm tungsten
layer on a Si wafer with a 80 nm thick SiO2 layer. The
minimum feature size turned out to be 50 nm with
20–50 nm gaps between the contacts. Quasi-1D chains of
the 1.4 nm Au particles are formed upon ET. At room
temperature these chains exhibit Coulomb blockade
effects between �0.5 and +0.5V, however, without any
singularities in the characteristic, which could refer to the
electronic structure of the particles (Figure 15).

Bates et al. reported the construction and charac-
terization of a gold nanoparticle wire assembled using
Mg2+-dependent RNA–RNA interactions for the future
assembly of practical nanocircuits [31]. They used mag-
nesium ion-mediated RNA–RNA loop-receptor interac-
tions, in conjunction with 15 nm or 30 nm gold
nanoclusters derivatized with DNA to prepare self-as-
sembled nanowires. A wire was deposited between
lithographically fabricated nanoelectrodes and exhibited
non-linear activated conduction by electron hopping at
150–300K (Figure 16).

In the high temperature regime, the conductivity was
found to be simply thermally activated and the data was
modeled as s ¼ s0 expð�W=kTÞ; where s0 is the maxi-
mum conductivity, W is the activation energy and k is the
Boltzman constant giving W ¼ 0.29 eV and s0 ¼ 10mS.
Below 160K the rate of change of conductivity with tem-
perature was reduced significantly, indicating deviating
conductivity processes.

Another biomolecularely-based approach for the as-
sembly of nanoscale electrical circuits was reported on by
Chung et al. [32]. They used direct-write dip-pen nano-
lithography (DPN) to add specific local chemical func-
tionality in the form of specific DNA sequences to
lithographically defined electrodes with 20–100 nm gap
distance. 20 nm or 30 nm oligonucleotide-functionalized
gold nanocluster were immobilized between the electrodes
using linker-oligonucleotide strands to induce circuit as-
sembly (Figure 17).

I(U) characteristics were measured for different tem-
peratures and a Coulomb gap could be observed at 4.2K,
depending on nanoparticle size: The smaller particles have
smaller capacitances and higher charging energies, and

Figure 13. (a) Pt electrodes (white) separated by aE14 nm gap.
(b) After ET, the same electrodes are bridged by a single E17 nm
Pd particle. (Reprinted with permission from Ref. [29], r 1997,
American Institute of Physics.)

Figure 14. I– V curves measured at 4.2K (open squares) and at
295K (solid squares). The solid curves denote fits of the KN
model. Fitting parameters for these curves are Vc ¼ 55mV,
R0 ¼ 1.1� 1011O, q0 ¼ 0.15e (offset charge) and a ¼ E (c/
h) ¼ 0.5. The dashed curve (a ¼ 0) represents the conventional
model, which assumes a voltage-independent tunnel barrier. (Re-
printed with permission from Ref. [29], r 1997, American In-
stitute of Physics.)
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thus exhibit wider Coulomb gaps (E73mV for the 20 nm
particles andE25mV for the 30nm particles, respectively),
which provides further evidence for the immobilization of a
single electrically active cluster into the electrode junctions.

On the way to more reliability in device fabrication,
Kronholz et al. reported on the reproducible fabrication
of protected metal nanoelectrodes on silicon chips with
o30 nm gap width and their electrochemical characteri-
zation [33]. For the fabrication of the chips, an optical
lithography step and two electron-beam steps are com-
bined (Figure 18).

Figure 15. (a) SEM image of a three-terminal device with source, drain and gate electrodes. The inset shows in magnification the gap in
the tungsten electrodes. (b) High resolution SEM of Au55 clusters forming a quasi-1D chain. (c) I(U) characteristic of the device.
(Reprinted with permission from Ref. [30], r 2001, American Chemical Society.)

Figure 16. Scanning electron micrograph of a pair of nanoelec-
trodes with gold nanoparticles immobilized into the gap using a
mixture of large particles small particles derivatized with RNA
phosphate buffer containing NaCl in the presence of Mg2+. (Re-
printed with permission from Ref. [31], r 2006, American
Chemical Society.)

Figure 17. SEM image of single 20 nm and 30nm-diameter Au
nanoparticles asembled from solution and bridging the two ad-
jacent nanoelectrode junctions. (Reprinted with permission from
Ref. [32], r 2005, Wiley-VCH.)
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The following electrode position of copper on one or
both of the gold electrodes appeared to be a promising
strategy to narrow the gap between the lithographically
fabricated electrodes down to a few Ångtrom units to re-
alize a platform for the addressing of nanometer-sized
functional components like small clusters or biomolecules,
and was investigated by cyclovoltammetric measurements.

4.3. Chemical Switching and Gating of Current
Through Nanoclusters

The opportunity to chemically control the size of the clus-
ter as well as the thickness, composition and state of charge
of the ligand shell is a significant advantage of incorporat-
ing nanocluster in SE devices. The current flow through
such a device will therefore be very sensitive to any charges
and impurities residing on the nanocluster or in the ligand
shell. This sensitivity can be used for switching the ‘‘trans-
parency’’ of the ligand shell or for applying the ligands as
‘‘chemical gates’’ to manipulate the SET current.

Schiffrin and coworkers have reported about how con-
trol of the transparency of the insulation barriers between

a substrate and a nanoparticle in a STS experiment can be
gained [34] (Figure 19).

They used a bipyridyl moiety (viologen group, V2+)
incorporated in the ligand shell of the particle as a redox
group. Into this group, electrons were incorporated under
electrochemical control, while the transparency of the in-
sulating barrier was measured by STS. The reduction of
V2+ to the radical Vd+ leads to a significant decrease of
the barrier height and further reduction to V3 results in a
huge increase of the barrier height. The supporting effect
of a half-filled molecular orbital in Vd+ is reflected by this
result, which might lead to an extension of the electronic
wave function from the nanocluster to the substrate via
the orbitals of the radical Vd+. Electron pairing in the
LUMO (lowest unoccupied molecular orbital) suppresses
the direct electronic interaction as soon as V3 is formed.

It was shown that switching of the SET current through
a ligand-stabilized nanocluster can be induced by electron
injection into a specific redox group within the barriers of
the tunnel junction. A great challenge will be the integration
of those switching elements into a self-assembled SET cir-
cuitry, as the configuration, which was studied in this work,
requires the reduction by at least 30 electrons to change the
transparency of the barrier in the nanoparticle layer.

Figure 18. Nanoelectrodes with a 30 nm gap, access window 200 � 200 nm, having a SiO2/Si3N4/SiO2 (A) or a PMMA based (B)
protection layer.
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Figure 19. Scheme describing the redox switch, which is based on a viologen redox center incorporated within the nanoclusters ligand
shell. For simplification the counterelectrode is not shown. (Adapted with permission from Ref. [34],r 2000, Nature Publishing Group.)
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The possibility of employing particle capping ligands as
‘‘chemical gates’’ to control the SET current flow in a STS
configuration has been considered by Feldheim et al. [35].
They reported on I(U) characteristics of ligand-stabilized
Au nanocluster in aqueous solutions, whereas octane-
thiol-stabilized 5 nm clusters and galvinol-stabilized 3 nm
clusters were used as the central island. About 15 galvinol
ligands were introduced into the ligand shell, as galvinol
represents a pH-active probe with pKa�12. Galvinol,
however, is converted to the galvinoxide anion upon in-
creasing the pH, charging the ligand shell negatively. The
authors present a collection of I(U) characteristics with
several clear current steps and voltage plateaus, reflecting
SET in the individual particles for galvine and octanethiol
nanoclusters in H2O. Galvine reacts sensitively on pH
changes from 5, via 8 and to 12, while only small differ-
ences in the positions and magnitudes of the staircase
voltage plateaus appear for octanethiol-stabilized Au
cluster upon changing the pH. The authors state that,
firstly, from pH 5 to pH 8 a subtle shift (ca. 30mV) in the
entire staircase to positive bias potentials is noticable. In
I(U) curves obtained at pH between 10 and 12 (from ca.
60–120mV), this shift is even more prevalent. Secondly,
with increasing pH D(U ) ¼ e/c decreases in magnitude.
Thirdly, at pH Z 8 slight peaks are evident in the I(U)
curves. These chemically induced changes lead to an in-
crease of negative charge on the cluster and have two
consequences, i.e. (i) from �2.2 � 10�18 F at pH 5, the
total self-capacitance of the nanoclusters decreases to
�0.31 � 10�18 F at pH 12 and (ii), causing a shift of the
Coulomb blockade to positive bias potentials, the induced
negative charge from forming galvanoxide acts like a

negatively charged gate in solid-state SET devices. The
authors conclude, that the notion of pH-gated SET is
supported by the fact that potential shifts and capacitance
changes are only observed for galvine-stabilized Au and
not in octanethiol-stabilized Au (Figure 20).

For the first time it was shown that SET is dependent on
the nature of the stabilizing ligands as well as on the com-
position of the solution, surrounding the functional array.

This has some interesting consequences. Where SET
currents should be sensitive to single redox or analysts
events, this will be useful for studying chemical signal
transduction. Barsotti et al. reported on the formation of
metal nanoparticle-based SE transistors as DNA sensors
[36]. Via electron-beam lithography and using a focused
ion beam, an insulating gap was cut in a conductive gold
wire. The ends of this wire were functionalized using DPN
and assembly of nanoclusters occurred selectively on the
patterned regions. Preliminary results showed a 100-fold
decrease in resistance after nanoparticle assembly. The
authors state that improved resolution in gap formation
and DPN will allow for the assembly of single nanoclus-
ters in the gap, which than can serve as a SET for DNA
sensing in the future.

5. From Single Particle Properties to Collective

Charge Transport

The single particle properties, which have been discussed
in the previous section showed the meaning of the large
charging energy of metal nanoclusters as a prerequisite for

Figure 20. I(U ) curves for C8–Au (left) and Gal–Au (right) in H2O as a function of pH (adjusted with phosphate buffer). The numbers
1�4 in the Gal–Au data identify voltage plateaus. Cartoons of the experimental arrangements for measuring curves of individual
nanoclusters in solution are shown at the top of each data column. The insulated STM tip, ligand-capped Au nanocluster and
an octanethiol-coated planar Au substrate are shown. Length and shapes are not to scale. (Reprinted with permission from Ref. [35],
r 1998, American Chemical Society.)
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SET events at elevated temperature. Together with the
limited number of free electrons, this may lead us to re-
gard them as artificial atoms. This raises fundamental
questions about the design of ‘‘artificial molecules’’ or
‘‘artificial solids’’ built up from these nanoscale sub-units
[37–39]. Remacle and Levine reviewed the ideas associated
with the use of chemically fabricated quantum dots as
building blocks for a new state of matter [40].

Students in the first chemistry courses learn that the
simplest molecule H2 is formed due to the overlap of the
electron wave function centered on the individual hydro-
gen atoms. Correspondingly, also the wave functions of
the artificial atoms can overlap and electrons can cohe-
rently and reversibly tunnel between them, which is the
basis for a covalent bond. In continuation the ordered
assembly of identical nanoclusters is one, two or three
dimensions represents the formation of an artificial solid
or superlattice. The fabrication of 2D and of 3D ordered
superlattices has been demonstrated already some time
ago in several works [41–49]. Furthermore it is possible to
mix nanoclusters of different chemical composition, of
bimodal size or of different shape to obtain tailored
nanoalloys [48,49]. Such artificial solids exhibit deloca-
lized electron states depending on the strength of the
electronic coupling between the adjacent nanoclusters.
The latter will depend on the size of the nanoclusters, the
nature and the covering density of the organic ligands, the
particle spacing and on the symmetry of packing.

In order to discuss the signatures of localization and
delocalization and its significance for the application of
nanoclusters in microelectronic devices, the following
chapters will give examples about the electrical properties
of nanoclusters arrays, distinguished according to their
dimensionality.

5.1. One-Dimensional Arrangements

In the previous chapters, examples of 1D arrays of nano-
clusters have been given, where self-assembly or ET were
used to address the arrays for electrical transport meas-
urements. So far it is evident that these methods did not
lead to strictly 1D defect-free arrangements. Furthermore,
inherent disorder cannot be avoided. This means that the
electrical transport properties through a ‘‘perfect’’ array
could only be studies theoretically up to now.

As an example for such a theoretical approach might
serve a work by Schoeller and coworkers [50]. They cal-
culated the quantum transport through 1D arrays of me-
tallic nanoclusters assembled to DNA (an overview about
the methods to fabricate such assemblies is given in ref-
erence [51]). They calculated the current and shot noise
through such a system theoretically as functions of var-
ious parameters, e.g. the applied gate and bias voltage, the
temperature and the strength of dissipative effects. They
especially focused on the role of the geometry of the array
since it was intended to design the electron transport
properties by controlling the shape of the device. As a
model system (Figure 21), they assumed that gate, leads
and nanoparticles are ideal conductors while the other
parts of the system (substrate, DNA, ligand shell) are
modeled as dielectrics. They calculated the transport

properties from an incoherent tunneling picture using a
semiclassical master equation approach. In contrast to the
standard orthodox theory, they took into account the
discreteness of the electronic structure of the nanoclusters
together with dissipative effects. Tunneling was treated as
a perturbation while the Coulomb interaction between
charged nanoclusters was taken into account non-per-
turbatively within a capacitance model.

With these calculations they identified single particle
levels in the I(U) characteristics as fine steps for a two-
nanoparticle array. These fine structures can be distin-
guished from usual Coulomb steps since they are smeared
out by increasing temperature. For an array of nanoclus-
ters with uniformly growing diameters they found a strik-
ing asymmetry of the I(U) characteristics in the low bias-
voltage regime, whereas for larger bias voltages the I(U)
curves are symmetric and approximately independent of
gate voltage applied (Figure 22). They identified the
mechanism of asymmetry as a combined effect of Cou-
lomb interaction, asymmetric capacitance matrices and/or
asymmetric sizes of nanoclusters. Furthermore they found
that the offset voltage increases with array length whereas
the asymptotic conductance can increase or decrease with
array length depending on the specific design of the sizes
of the nanoparticles.

For particles with finite width of the electronic spec-
trum, a pronounced negative differential conductance
(NDC) effect occurs which can be tuned by varying the
tunneling to the leads (Figure 23). The effect occurs be-
cause strong tunneling to the reservoirs induces, for high
bias voltage, an asymmetry of the charge distribution in
the array resulting in a large offset of the electronic spec-
tra between the nanoclusters. Therefore tunneling is sup-
pressed due to the finite bandwidth. In this way a tuneable
NDC effect is proposed with possible technological ap-
plications.

5.2. Two-Dimensional Arrangements

An electronic conduction across a network of 4 nm gold
nanoclusters inter-connected by di-isonitrile ligands (1,4-
di(4-isocyanophenylethynyl)-2-ethylbenzene) forming a
conjugated, rigid molecule with an approximate inter-
cluster spacing of 2.2 nm was reported by Janes et al. in
1995 [52]. The 2D assembly was obtained from the dep-
osition of nanoclusters from a colloidal solution and fol-
lowing reactive addition of linking molecules. As the
layers were deposited on a SiO2-supported GaAs wafer
with gold contacts with separations of 500 and 450 nm,
electrical characterization of the system was realizable.

The I(U) characteristic of the arrays showed a linear
behavior over a broad voltage range. If each cluster is
assumed to have six nearest neighbors and a cluster-to-
cluster capacitance of 2 � 10�19 F is implied, the total dot
capacitance will be 1.2� 10�18 F. A corresponding charg-
ing energy can thus be approximated to 11meV, which is
only about half of the characteristic thermal energy at
room temperature. This excludes a development of a
Coulomb gap at room temperature.

From comparable samples with 2D cluster linkage
Andres et al. reported on the charging energy of the
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nanoclusters obtained from temperature dependent DC
measurements. According to the Arrhenius relation Y 0 ¼

Y1 expð�EA=kBTÞ; where YN is the conduction as T !
1; EA is the activation energy and kB, Boltzmann’s con-
stant, Coulomb charging with a charging energy of

EA ¼ 97meV was stated [53]. The inter-particle resistance
was given to be 0.9MO, from which a single-molecule
resistance of 29MO was calculated. This result has found
to be in good agreement with the prediction of 43MO
obtained from Hückel–MO calculations [54].

Figure 22. I(U) curve for a nanocluster array with four nano-
particles. (Reprinted with permission from Ref. 50, r 2005,
American Physical Society.)

Figure 23. I(U) curve illustrating the pronounced NDC effect.
(Reprinted with permission from Ref. [50], r 2005, American
Physical Society.)

Figure 21. Device geometry (a) and model system (b) used for the calculation of the I(U) characteristics. (Reprinted with permission
from Ref. [50], r 2005, American Physical Society.)
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On the formation of electrically conducting DNA-
assembled 15nm gold nanoparticle monolayers was
reported by Koplin et al. [55]. A monolayer of gold nano-
clusters was obtained from DNA-directed immobilization
on flat silicon substrates, exhibiting particle densities, which
are high enough to enable electronic exchange between the
particles. The electrical features of the layers were deter-
mined by room temperature DC measurements and
temperature-dependent impedance spectroscopy, which
showed pronounced field dependence as well as thermal
activation of the conductivity, reflecting classical hopping
transport. This bears a strong resemblance to 3D nanopar-
ticle structures. According to the hopping theory, the ac-
tivation energy increased with increasing inter-particle
spacing. According to the Arrhenius relation, an activa-
tion energy of 301meV could be calculated from the im-
pedance data for the DNA-immobilized gold nanoparticle
monolayer with a mean particle distance of 9.371.3nm.

Temperature-dependent DC transport measurements
on self-assembled, dodecanethiol-passivated, E7nm silver
nanoclusters Langmuir monolayers as a function of par-
ticle-size distribution induced disorder have been reported
by Beverly et al. [56]. The superlattices disorder was ad-
justed by a stepwise variation of the particle-size distribu-
tion. They reported on electrical transport properties,
from 300 to 10K, of six different monolayers of E7 nm
silver nanoclusters in which the particle-size distribution
was varied from 6.6 to 13.8%. All films exhibited metallic
conductivity above E200K and then activated transport
below 200K. At lower temperatures, between 30 and
100K, a second transition (Tcross) was observed as the
system crossed over from simple activated transport to a
third regime of variable range hopping (VRH). Tcross cor-
related linearly with the particle-size distribution width,
implying that the superlattice disorder is the major var-
iable upon which Tcross depends (Figure 24).

The measurements extrapolate to generate a 0K value
of Tcross at a size-distribution width of approximately 3%.
The authors argue that these results imply that it may be
possible to observe a true metallic conductivity to near
0K in a 2D nanocluster array, giving a sufficiently narrow
size distribution.

From comparable systems with a particle-size distribu-
tion width of 7%, experimental and computational results
for temperature-dependent conductivity measurements
were reported on by Remacle et al. [57]. At low tempe-
ratures, the I(U) characteristics have a sigmoid shape and
are non-linear (Figure 25).

As the temperature is increased, the behavior of the
array becomes ohmic. This is the experimental signature
of the switching from a VRH at low temperature to an
activated behavior at high temperature. In the computa-
tions, the temperature range over which the transition
takes place is larger than in the experiments. This results
predominantly from the smaller size of the array, which
was chosen for the computations. The size of the ordered
domains in the experiments is about 25–100 times higher,
which reflects 25–100 times more dots and accordingly
higher density of states.

5.3. Three-Dimensional Arrangements

Pileni and coworkers reported on signatures of a transi-
tion from single particle properties to 3D charge trans-
ports properties, visible in a room temperature tunneling
spectroscopy study on 4.3 nm Ag nanoclusters, stabilized
in reverse micelles [58]. In electrical transport measure-
ments on single-particles deposited on Au (1 1 1) sub-
strates, it could be shown that on increasing the applied
voltage, charging of small capacitances of the double-
junction occurs and due to the Coulomb-blockade effect,
the detected current is close to zero. The Coulomb block-
ing state, i.e. a zero bias and the onset of conductivity
through the nanoclusters above the threshold voltage was
clearly indicated by the I(U) curve as well as the dI/dU
versus U-plots (insert in Figure 26). The particles arrange
in a hexagonally ordered monolayer when depositing
them from solution with higher concentrations. Com-
pared to the isolated particles, the tunneling current
through this layer shows a less pronounced non-linearity
in the I(U) curve as well as a smaller Coulomb gap. This
indicates the onset of ohmic contributions to the overall
conductance of the system. The Coulomb gap almost
vanishes and the I(U) characteristic is a purely ohmic one
at low voltages regarding 3D arrangements of the parti-
cles, which form a self-organized closed packed fcc struc-
ture. This reflects additional transport paths for electrons
that appear between the adjacent nanoclusters in the 3D
systems, smearing out the Coulomb gap between the in-
dividual particles due to the coupling of the electron states
in the close-packed system.

The electrical DC and AC response of compacts
of ligand-stabilized nanoclusters also reflects the electri-
cal behavior of the 3D system [21]. At high temper-
ature, i.e. several tens of Kelvin below room temperature,
the temperature dependent DC and AC conductivity
follows a simply activated behavior according to the

Figure 24. Plot of the particle-size distribution versus the tran-
sition temperature Tcross, which describes the crossover point be-
tween an activated transport mechanism (ln(R) p Ea/T and
variable range hopping (VRH) (ln(R)pT–1/2). Note that Tcross

has a 0K value at a finite (3%) particle-size distribution. (Re-
printed with permission from Ref. [56], r 2002, American
Chemical Society.)
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Arrhenius relation

sðTÞ ¼ s0 þ exp
�EA

kBT
,

where EA is the activation energy. With decreasing meas-
uring temperature EA becomes temperature dependent.
Accordingly down to very low temperature, the conduc-
tivity follows the VRH expression, proposed by Mott [59]:

sðTÞ ¼ s0 þ exp
�T0

T

� �g

with g ¼ 1/(d + 1) in d dimensions. g ¼ 0.5 is predom-
inantly observed in the case of the compacted metal clus-
ter compounds, although g ¼ 0.25 (d ¼ 3) might be
expected from this general expression. The electric field-
dependent conductivity, which reflects pronounced non-
ohmic behavior at strong electric fields as well as, the
temperature dependence disclose a pronounced similarity
to different heterogeneous materials, like cermets, doped
and amorphous semiconductors or metal- and carbon-in-
sulator composites. Van Staveren and Adriaanse applied
different physical models of hopping conductivity to ana-
lyze this behavior with the conclusion that the experi-
mental data can be best fitted with a thermally activated
stochastic multiple site hopping process, whereas at high
temperature around room temperature nearest neighbor
hops dominate [60–62].

At low temperature, the number of charge carriers
participating in the hopping process does not change with
temperature. At high temperatures, where kBT becomes
comparable to the charging energy Ec of the metal particle
(note that Ec is determined by the total capacitance of the
particle, and is therefore dependent on the particle size as
well as on the inter-particle spacing, i.e. the dot-to-dot
distance), thermally excited extra-charge carriers are par-
ticipating in the hopping process instead. Thus, the acti-
vation energy reflects the energy needed to transfer one
electron from an electrically neutral particle to another,
even at high temperature. It is the charge disproportion-
ation energy and it has its atomic analog in the dispro-
portionation energy of atoms or molecules in chemical

redox reactions. At low temperatures, if all particles be-
come electrically neutral, the hopping transport is ex-
pected to become zero. All reports on the electrical
conductivity reflect a residual conductivity at very low
temperature, therefore it becomes obvious again that
packing, shape and size distribution prevent the localiza-
tion sites from being identical, as it was already pointed
out in the beginning of this chapter.

Orientational disorder and packing irregularities in
terms of a modified Anderson–Hubbard Hamiltonian
[63,64] will lead to a distribution of the on-site Coulomb
interaction as well as of the interaction of electrons on
different (at least neighboring) sites as it was explicitly
pointed out by Cuevas et al. [65]. Compared to the Cou-
lomb-gap model of Efros and Sklovskii [66], they took
into account three different states of charge of the me-
soscopic particles, i.e. neutral, positively and negatively
charged. The VRH behavior, which dominates the elec-
trical properties at low temperatures, can conclusively be
explained with this model.

Coming back to the high-temperature regime, nearest-
neighbor hopping is predominant, at least at temperatures
around 300K. This led to the question, whether by means
of bifunctional spacer molecules, which define the inter-
particles spacing by the molecule length, the charging en-
ergy of such cluster materials can be chemically tailored.
With the family of ligand-stabilized metal clusters Au55
(PPh3)12Cl6 and Pd561(phen)36O200, by using bifunctional
spacers with NH2- on SH-groups on each terminus, this
concept has been realized [67–70]. When the cluster spac-
ing is increased by the spacer molecules while the cluster
size is kept constant, an almost linear increase of the ac-
tivation energy was observed. As long as the other geo-
metric and dielectric parameters are kept constant this can
be explained by a decrease of the junction capacitance C,
which scales with 1/d (d ¼ particle spacing).

As long as the spacer molecules are not covalently
bound to the cluster surface and the spacer molecules
have no delocalized p-electron system along their back-
bone between their termini, this relation is valid. The re-
spective activation energy drops as soon as covalently
linking species, equipped with delocalized p electrons

Figure 25. Experimental and computed I(U ) curves. (A) The experimentally measured I(U ) curves from an array of 7 nm Ag
nanoparticles with a 7% size distribution and D/2R ¼ 1.1. (B) The calculated I(U ) curves computed for an array of 8911 dots with 7%
fluctuation in size and 7% packing disorder. 2R ¼ 7 nm and the compression level, D/2R ¼ 1.1. (Reprinted with permission from
Ref. [57], r 2003, American Chemical Society.)
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enable inter-cluster electron transfer, depending on the
electronic structure of the molecules and their respective
length. At least by integral conductance measurements,
the electron transport through individual organic mole-
cules can be displayed. This is supporting information
about the nature of electron transport on the molecular
level. These results are illustrated in Figure 27, represent-
ing the activation energies versus cluster–cluster distance
of the covalently and non-covalently linked cluster mate-
rials as summarized in Table 1.

For highly ordered 3D systems, Terril et al. showed
that the electron-hopping conductivity depends on the
activation energy of the electron transfer and the elec-
tronic coupling term b [71]. They took the latter as a

measure for the participation of the ligands in the con-
duction process. It controls the dynamics of electron core-
to-core tunneling through the intervening ligand shell and
through the non-bonding contacts between ligand shells
on adjacent nanoclusters. The authors described the elec-
tron hopping as a thermally activated process in which the
electron-tunneling barrier properties appear in the con-
ductivity pre-exponential term of the Arrhenius relation:
sELðd;TÞ ¼ fs0 exp½�bd�g exp½�EA=RT �: In this equation
b is the electron-tunneling coefficient, d is the average
nanoparticle core edge–edge distance, EA is the activation
energy and T is the temperature. The pre-exponential
term ðs0 exp½�bd�Þ is the equivalent of an infinite-temper-
ature electronic conductivity.

Figure 26. Constant current mode STM image of isolated (A), self-organized in close-packed hexagonal network (C) and in fcc
structure (E) of silver nanoclusters deposited on Au(1 1 1) substrate (scan size: (A) 17.1� 17.1 nm2, Ut ¼ �1V, It ¼ 1 nA, (C)
136� 136 nm2, Ut ¼ � 2.5V, It ¼ 0.8 nA, (E) 143� 143 nm2, Ut ¼ �2.2V, It ¼ 0.72 nA). I(U ) curves and their derivatives in the inserts
of isolated (B), self-organized in close-packed hexagonal network (D) and in fcc structure (F) of silver nanoclusters deposited on
Au(1 1 1) substrate. (Reprinted with permission from Ref. [58], r 2000, Wiley-VCH.)
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Wuelfing et al. reported the temperature dependence of
b for alkanethiolate chains connecting 2.2 nm gold nano-
clusters [72]. The temperature dependence observed was
attributed to the larger activation-barrier energies at the
longer chain lengths. The variation in EA can be avoided
by plotting the Arrhenius intercepts against d. Depending
on the electronic structure of the ligand molecules, differ-
rent b values can be observed, ranging from 0.8 to 1.0 Å�1

for alkane ligands and from 0.4 to 0.6 Å�1 for fully con-
jugated ligands [73].

Quinn et al. observed that for arrays of 1.6 nm gold
nanoclusters. The nanoclusters behave as weakly coupled
molecular solids comprising discrete nanoscale metallic
island separated by insulating ligand barriers [74]. The SE
nanocluster charging energy, governed by the particle di-
ameter, the dielectric properties of the passivating ligands
and classical electrostatic coupling between neighboring
cores, as well as the inter-particle tunnel-barrier resist-
ance, arising from the insulating nature of the ligand shell
separating the cores and the dimensionality of the net-
work of conducting paths are found to be parameters
dominating charge transport.

Temperature-dependent DC measurements on thin
films of these nanoclusters yielded a narrow range of ar-
ray-charging energies 106meVoEAo112meV, assuming
Arrhenius-like simple thermally activated behavior. From
the orthodox theory EA ¼ e2=2CS; they calculated a total
capacitance of CS ¼ 0.75 aF for a mean activation energy
of EA ¼ 108meV. The total capacitance is given by the
self-capacitance of an isolated nanocluster (C0) and the
inter-particle capacitance arising from nearest neighbor
interactions (Cnn): CS ¼ C0 þ Cnn: Estimating the self-
capacitance by simple electrostatics by treating the nano-
cluster as a conducting sphere of diameter d, embedded in
a dielectric of relative permittivity e, thus the self-capac-
itance C0 ¼ 2p�0�d can be calculated to C0 E 0.25 aF for
d ¼ 1.65 nm and e ¼ 2.7. Since the value for the total ca-
pacitance exceeds the estimated nanocluster self-capaci-
tance, this suggests a substantial contribution from
classical electrostatic inter-particle coupling from neigh-
boring particles in the array.

6. Conclusion and Future Directions

In this chapter it has been demonstrated that the electrical
properties of metal nanoclusters are mainly determined by
the Coulomb charging energy and that the respective
phenomena can, in principle, be understood in terms of
SE tunneling within the framework of the ‘‘orthodox the-
ory’’ of SET and could be utilized for the fabrication of
simple or complex nanoelectronic devices. Furthermore,
for the smallest particles discussed here, like Au55, addi-
tional effects due to the discreteness of the energy states
occur. This may be a great opportunity for a generally
new type of electronic devices, which base on multi-stable
switching. These effects have not been studied experimen-
tally or theoretically in much detail. Thus, most of the
presently applied models are at least incomplete with re-
spect to the huge variety of the different control param-
eters in the chemical design of molecularly organized
nanoclusters. In other words, the complex interplay of size
and size distribution, of constitution, symmetry and con-
formation of the ligand molecules, of the state of charge
of the particles, of the embedding media and dielectric
environment is not far enough understood. Therefore, the
electrical properties need to be studied further to prove
the reliability of the design strategies as described here for
technological applications.

It is evident that chemically tailored metal nanoclusters
carry a huge potential to achieve a central position in the
evolution of novel device concepts for a post-CMOS time.
Along with this process remains an open question:
whether these nanoclusters or other molecular objects,
like nanotubes or organic/organometallic molecules are
stable under the operating conditions of a high-perform-
ance electrical circuit? With respect to circuit design, pre-
cise control over size and topology is needed. Some of the
approaches for self-assembly are described briefly in this
chapter and the use of complex bimolecular systems, like
DNA strands or scaffolds hold the promise to excess hie-
rarchically organized structures of high complexity. This
covers, e.g. the deposition of nanoclusters along such
biomolecules [75–78], the selective metalization [79–82], as
well as the full self-assembly of circuit elements, like tran-
sistors [83] (for an overview, see e.g. [51] or [84]). How-
ever, even the best approaches will not solve the problems
of inherent defects due to orientational disorder, isotope
effects, etc.

Nevertheless, SET devices, as they can build up with
chemically tailored building blocks, control the motion of
just a few electrons instead of several hundred or thou-
sand ones. Since power consumption is roughly propor-
tional to the number of electrons transferred from a
voltage source to the ground in logic operations, SET
devices may reduce the power consumption drastically
[85].

As a consequence one might expect that the future needs
to rely on hybrid elements which arise from advanced UV-
and electron-beam lithography, from imprint techniques
or automated and parallelized nanomanipulation tech-
niques, like dip-pen lithography or focused ion-beam
techniques in combination with supramolecular ap-
proaches for the assembly of molecular inorganic/organic
hybrid system. Nevertheless, it is evident for any kind of
chemical approach that falling back onto the present-day

Figure 27. Activation energies versus cluster–cluster distances
of the covalently (1–4) and the non-covalently (5–8) organized
systems (Table 1).
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Table 1. Data representing activation energies and cluster–cluster distance of the covalently- and non-covalently-linked cluster ma-
terials.

Linking system Distance (nm) EA (eV)

Covalently linked

Au Au
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S S

1

1.1 0.095

N

N
N
H

N

S

S
N

N

N
H

N

S

S

OH

OH

Au

Au
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1.6 0.11

S S

S S

S

S

Au

Au

3

2.3 0.12

S

S

S

S

Au

Au
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1.5 0.14
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P P AuAu 5
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P

N

N

SO3H

HO
3
S

H

H

H

H
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Au
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Si O Si
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Si

Si

O

O Si
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Si
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8

3.1 0.26
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paradigm of information exchange in logic elements or
memory devices will require defect-tolerant computer ar-
chitectures with suitable, intelligent software, as it was first
described by Williams et al. [86]. On the other hand, al-
ternative routes beyond classical solid-state electronics
might be developed, which require more complex architec-
tures and different principles of information exchange,
where the burden with respect to redundancy, current den-
sity, performance speed and especially contact resistance
and charge redistribution at the lead-molecule interface are
less relevant. Solving of these problems will undoubtedly be
one of the great challenges in modern materials chemistry.
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1. General Introduction

The study of the small dimensional systems is a very active
field of research because of their peculiar properties,
which are intriguing from a fundamental point of view
and interesting for many applications. Such properties
derive from the high surface to volume ratio, which im-
plies the presence of a high number of surface atoms that
have a coordination which is very different from those of
the bulk ones. They derive also from the small dimensions
which, becoming smaller than the coherence length of the
electrons, modify their electronic properties and their
response to external fields. Among such systems, small
aggregates of atoms (nanoclusters), already widely utilized
in many applications like catalysis, optics and electronic
devices [1–5], are widely studied to understand deeply
their peculiar physical and chemical properties [6–8] and
to clarify how these properties evolve with the particle
dimensions: from the atomic to the bulk properties.

Many different topics are involved in the study of me-
tallic nanoparticles and many fundamental issues can be
present: for example, which is the influence of the nano-
particle size, shape and composition on the chemical activity
of heterogeneous catalysts? Or, considering another prob-
lem, at what size does a small particle behave like the bulk
material, for example, changing from an insulator to a
semiconductor [9–12]? An enormous amount of literature is
published on metallic nanoclusters; this review is focusing
on the relevant problem concerning the characterization of
metallic nanosized materials from the morphological and

crystallographic point of view. Such a characterization is not
a straightforward task since many aspects have to be con-
sidered as the nanocluster structures depend, in general, on
several parameters such as: composition, synthesis methods,
thermal history and treatments, environmental variables
(pressure, chemical atmosphere), supports and so on. Clus-
ters’ production often involves thermodynamic and/or ki-
netic aspects; metastable phases may be found (see, for
example, granular alloys [13, and references therein]) and
mixtures of phases representing the statistical thermody-
namics of the energies of different structures may be present.
As these are the correlations, in order to fully understand
the physico-chemical behavior of nanosized materials and
their properties, the use of complementary techniques is
necessary to comprehend the many parameters involved.

In this review we focus mainly on X-ray powder
diffraction (XRPD) methods, because they probe the av-
erage crystallographic structure in samples and allow,
through an accurate analysis of diffraction line shape, the
extraction of relevant information concerning crystallite
size, structural imperfections arising from stress/strain,
crystallographic defects (dislocations and staking faults)
as well as compositional and chemical inhomogeneities.

The power of X-ray methods can be extended to
investigate the local structure on a scale of a few ang-
stroms by means of the analysis of the fine structure and
the radial distribution function.

However, it is also important to complement this
averaged information with the direct observations of the
nanoparticles under study, and from this point of view
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TEM techniques represent a very good choice, in spite of
the fact that only single particles or a very limited number
of them inside the sample can be investigated.

Here we first present high resolution electron micros-
copy (HREM), which is a very established method [14–16]
able to give, by simple inspection of the high magnifica-
tion images, relevant information about the shape of the
nanoparticle, its degree of crystallinity and the presence of
defects. We will focus on a new method, electron holog-
raphy (EH), which, regarded initially as a highly interest-
ing but seemingly useless academic game, has now evolved
to a stage where it can play a relevant role at the very
forefront of nanoscale characterization. In fact, not only
textbooks [17–19] but also many review articles have and
are being published; among them, one of the most recent
and complete is that in Ref. [20].

2. XRD Techniques

2.1. Introduction

The total scattering signal obtained from a sample contains
parasitic contributions coming from amorphous phases,
background, substrate and so on. The XRD signal of
nanosized and, in general, poorly crystallized materials is
weak, with broad and poorly defined diffraction peaks, so
that it can become hardly distinguishable from the back-
ground made of the parasitic contributions [21,22]. The
difficulty to extract quantitative information from the
diffraction patterns of nanosized and poorly crystallized
compounds is the reason why XRPD techniques were
mostly used to support the structural and microstructural
features obtained by other techniques such as chemisorpt-
ion, temperature programmed reduction or electron mi-
croscopy micrographs. Important new developments of
theoretical approach (Rietveld method, full profile fitting
and structural simulations) and instrumental apparatus, in
particular synchrotron radiation (SR) sources, renewed the
interest for these techniques. In fact, the high beam quality
available on last generation SR sources coupled with im-
proved detection systems, like linear and area detectors
(imaging plates (IP) and charge coupled device (CCD)
cameras), opened new horizons for studying diluted com-
pounds and doing time-resolved measurements [23]. The
high resolution XRD patterns available on SR facilities
permit to exploit fully the Rietveld structural refinement
capabilities and advanced profile fitting methods, enhanc-
ing the possibility to extract accurate structural informa-
tion from XRD patterns of nanostructured materials.
Furthermore, the high counting statistics in XRD patterns,
in particular when using multidetectors and large area de-
tectors, make it possible to distinguish and analyze quan-
titatively also weak XRD signals of nanosized/poorly
crystallized particles, even in presence of intense parasitic
contributions. Finally, the availability of high energy X-ray
beams on last generation SR facilities (up to and even
higher than 100keV) makes it possible to probe local
structure from the analysis of full Debye scattering [75].

We will give here a survey of the main techniques of
XRPD data widely employed in characterizing metal
nanoclusters.

2.2. Powder Diffraction

The theory of X-ray diffraction (XRD) on single crystals
was developed by Laue and Bragg in the early 1900s.
Due to the finite size, a real crystal is intrinsically never
perfect. As we will se below such a finite size may affect
the breadth of the diffraction peaks. Dealing with real
materials, and with nanoclusters in particular, single crys-
tals are rare. From a crystallographic point of view,
‘‘powder’’ means a large amount of small crystallites ran-
domly oriented in space. Each crystallite represents a
coherently diffracting domain. In a powder sample the
random crystallite distribution distributes the Bragg
peak intensities along the cones (Debye cones) around
the direction of the incoming X-ray beam k0, this giving
rise to the so-called Debye rings on a plane perpendicular
to k0.

The analysis of XRPD patterns is an important tool
studying the crystallographic structure and composition
of ‘‘powder’’ compounds including the possibility to study
deviation from ideal crystallinity, i.e. defects. Looking at
an X-ray powder diffractogram the peak position reflects
the crystallographic symmetry (unit cell size and shape)
while the peak intensity is related to the unit cell compo-
sition (atomic positions). The shape of diffraction lines is
related to ‘‘defects’’, i.e. deviation from the ideal crystal-
linity: finite crystallite size and strain lead to broadening
of the XRPD lines so that the analysis of diffraction line
shape may supply information about sample microstruc-
ture and defects distribution at the atomic level.

Besides the instrumental effects (mainly experimental
resolution) the main sources of line broadening are:

(i) finite size of the coherently diffracting domains
(crystallites);

(ii) extended defects, such as staking faults, antiphase
boundaries and dislocations, which involves fault-
ing in the (h k l) plane sequences;

(iii) not-uniform strains within the crystallites due to
point defects, plastic deformations, poor crystal-
linity and so on.

Other defects should be considered, such as uni-
form strain, which causes isotropic contraction/expan-
sion of the cell giving rise to diffraction line shifts (but
not broadening), chemical and/or phase segregation and
so on.

2.2.1. Peak Profile Analysis

We will give here a short overview of the most common
XRPD techniques used to study the microstructure of
materials, starting from the most used and simple Scherrer
method to the quite complex Warren–Averbach method,
which is able to extract all the information available on
sample microstructure and defects.

The position of diffraction line, as well as the location
of its maximum I(2y0), is the most commonly used pa-
rameter to quantify the lattice parameters and interplane
distances. The full width of intensity distribution at half
maximum G (FWHM) is the simplest measure of the peak
breadth. An alternative method estimates the peak width
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by its integral breadth b:

b ¼

R
Ið2y0Þdð2y0Þ

Ið2y0Þ
(1)

where y0 ¼ y� y0 and I(2y�2y0) is the intensity of the
diffracted peak centered at the 2y0, while I(2y0) is the
maximum peak intensity. The integral breadth represents
the width of a rectangle having the same height and area
of the considered diffraction peak. For some purposes it is
used a ‘‘shape’’ factor f defined as:

f ¼
G
b

(2)

The observed profile P(2y) of a Bragg peak at y0 ¼ yhkl

is a convolution product between the instrumental profile
r(2y) and the physical profile p(2y):

Pð2yÞ ¼
Z

pð2y0Þrð2y0 � 2y0Þd2y
0
þ Bð2yÞ (3)

in which B(2y) is the background contribution. The phys-
ical profile p(2y) is given in turn by the convolution of size
and strain broadening effects [24].

It is often convenient modeling the peak shape assum-
ing some analytical functions [25]. The most commonly
used functions are, at present, the Voigt and pseudo-Voigt
functions, a combination of a Gaussian (G) and a Lore-
ntzian (L) function centered at 2y0. An expression for
Gaussian and Lorentzian contributions is:

G ¼

ffiffiffiffiffiffiffiffi
ln 2
p

H
ffiffiffi
p
p exp

� lnð2Þðs� s0Þ
2

H2

� �
;

L ¼
4

pH

1þ 4ðs� s0Þ
2

H2

� ��1
pseudo� Voigt ¼ ZLþ ð1� ZÞG

Voigt ¼ L� G

(4)

where s ¼ 2 sin(y)/l
The Voigt function is a convolution product (�) between

L and G. As the convolution is expensive from a compu-
tational point of view, the pseudo-Voigt form is more often
used. The pseudo-Voigt is characterized by a ‘‘mixing’’ pa-
rameter Z, representing the fraction of Lorentzian contri-
bution, i.e. Z ¼ 1(0) means pure Lorentzian (Gaussian)
profile shape. Gaussian and Lorentzian breadths can be
treated as independent parameters in some expressions.

The representation of the diffraction line shape by
Fourier series allows, in principle, deconvoluting the con-
tributions giving rise to a given line shape. This approach
relies on the possibility to clearly recognize the entire peak
shape, so this approach can be very accurate in dealing
with high symmetry systems and well-defined diffraction
lines but it becomes progressively weaker for less defined
peak profiles in which the peak tails become confused
with the background.

The ‘‘peak profile analysis’’ techniques allow separating
the intrinsic and extrinsic causes producing peak broaden-
ing and shift. Accurate peak profile analysis requires the
instrumental broadening well characterized and, in general,
significantly smaller than the one due to sample defects
(size and strain). New high quality X-ray sources and

instrumentation are giving a great impulse to this kind of
analysis. As the larger crystallite size that can be probed is
primarily limited by instrumental resolution (see Figure 1)
we have that on conventional diffractometers (laboratory
XRD generators) the largest cluster size is limited
�45–50nm. On high resolution SR diffractometers crys-
tallite sizes up to several hundred nanometers (200–500nm)
can be probed. The possibility to probe small crystallites,
more interesting for our purposes, is limited principally by
statistics (Figure 2): small crystallites give rise to broad
weak peaks, which require high statistics to be distin-
guished from the background (see Figure 3). High flux SR
beamlines allow studying nanometer-sized particles; area
detectors, allowing the highest counting statistics, permit to
study 1–2nm-sized materials. Dealing with sub-nanometer-
sized materials total diffuse scattering (Debye scattering)
and local probes, like X-ray absorption fine structure
(XAFS), are more suitable.

Accurate theories were developed for peak shape anal-
ysis and are widely described in the literature [26–29].

In the next section we will give a summary of the most
important results and formulae for peak shape analysis.

2.2.1.1. The Crystallite Size and the Scherrer For-

mula. The Scherrer formula is based on a restricted as-
sumption assuming that the peak shape is dominated by
size effects. The problem of Bragg line broadening, orig-
inating from particle size, was first investigated by Scherrer
[30] who derived the well-known and widely used law:

hLi ¼
kl

G cos y0
(5)

which relates the diffraction width G and the average size
of the crystallites (i.e. coherently diffracting domains) hLi:

Figure 1. Experimental broadening (FWHM) as a function of
angle for three different experimental set-ups measured on profile
reference standard (LaB6 NIST). Lab.: laboratory diffractometer
(Phylips X’pert). HR-SR: ID31 beamline at the European Syn-
chrotron Radiation Facility (ESRF), one of the highest resolu-
tion beamline actually operative. IP-SR: BM08-GILDA beamline
at the ESRF, using an area detector (imaging plate). Decreasing
of the experimental broadening with increasing diffraction angle
is characteristics of flat plate area detector geometry. (Thanks to
Dr. M. Merlini for providing experimental data.)
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y0 is Bragg angle, l the X-ray wavelength and k a constant
close to unity which depends on the shape of the crystal-
lites: for example, k ¼ 0.94 for cubic shape crystallites [36].
The Scherrer formula is generally used for qualitative and
semi-quantitative purposes or to describe relative changes
in crystallite sizes as a function of sample, treatment and
other effects, so the approximate value k ¼ 0.94 is gener-
ally assumed as Scherrer constant.

In the simplest approach G is the full width of the peak
(measured in radians) subtended by the half maximum
intensity (FWHM) corrected for the instrumental broad-
ening. The correction for instrumental broadening is very
important and can be omitted only if the instrumental
broadening is much less than the FWHM of the studied
diffraction profile, which is always the case in presence of
small nanoclusters. The integral breadth can be used in
order to evaluate the crystallite size. In the case of Gauss-
ian peak shape, it is:

G ¼ b

ffiffiffiffiffiffiffiffiffiffiffiffi
4 ln 2

p

r

 0:94b (6)

As a consequence, the Scherrer formula can be written as:

hLi ¼
l

b cos y0
¼

1

Ds
(7)

with l the wavelength and s ¼ 2 sin(y)/l so that Ds is the
integral breadth in s abscissa.

In the case of Lorentzial shape G ¼ (2/p)b�0.64b while
the relation in the case of Voigt and pseudo-Voigt func-
tions can be found in Ref. [45].

It is important to note that this formula gives only an
average value of the crystallite size; if, for example, we
have a polydispersed ensemble of spherical particles with
density probability of the diameter sizes N(D), the average

size hLi obtained by the Scherrer formula is related to the
diameter by:

hLi ¼
3
R1
0 D4NðDÞdD

4
R1
0 D3NðDÞdD

�
3hD4i

4hD3i
(8)

This peculiar kind of average is known as ‘‘volume
weighted’’ average.

In order to properly take into account the instrumental
broadening, the function describing the peak shape must
be considered. In the case of Lorentzian shape it is
bsize ¼ bexp�binstr while for Gaussian shape b2size ¼ b2exp �
b2instr: In the case of pseudo-Voigt function, Gaussian and
Lorentzian contributions must be treated separately [39].

In nanosized materials instrumental effects are gener-
ally negligible, especially when working on SR instru-
ments; however, the background may be high and
partially masking the true line shape; for this reason it
must be treated with care.

2.2.1.2. The Strain Broadening. A further step with
respect to the Scherrer approximation is to consider not
only the broadening of the diffraction peaks due to crys-
tallite size, but also the broadening coming from not-uni-
form strains. In this case the application of the simple
Scherrer formula can underestimate the crystallite size.
The strain contributions to the diffraction line broadening
were first observed by Stokes and Wilson [31]; they ob-
served that the average not-uniform strain is related to the
peak broadening by:

�str ¼
bstr

4 tan y
(9)

Figure 2. Dealing with nanosized materials’ instrumental resolution can be less relevant than flux. The highest statistics is generally
obtained, even on SR facilities, using area detectors: the diffractogram collected on nanosized Co–Al2O3 particles on BM08-GILDA
(ESRF) using an area detector in 10min (lower curves) is compared with the one collected in several hours on ID31 beamline (ESRF)
using the high resolution set-up (upper curves). Experimental peak profile is almost insensitive on the different instrumental resolution,
but the statistics reachable using area detector is definitively better. (Thanks to Dr. M. Merlini for providing experimental data.)
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where bstr is the integral peak breadth due to the strain
and estr ¼ DL/L (with L the undistorted distance and DL
the component of the strain in the direction perpendicular
to the reflecting planes) the weighted averaged strain. It is
important to note that the size and the strain affect the
peak breadth with different y dependences. Such a differ-
ence allows, at least in principle, to distinguish between
the two effects. The Williamson–Hall [32] plot represents
a simplified method to extract size and strain contribu-
tions to the line shape. In case of combined size and strain
broadenings it can be written:

bsamðyÞ cosðyÞ ¼ lLsize þ 4�str sinðyÞ (10)

where bsam(y) is the integral breadth for different diffrac-
tion peaks and Lsize the average crystallite size. The effect
of the instrumental broadening can be treated as de-
scribed above.

From Equation (10) it is possible, at least in principle,
to distinguish between size and strain effects plotting
bexp cos(y) vs. 4 sin(y). The linear regression fit allows to
extract the average size from intercept at siny ¼ 0 and the
average strain from regression line slope [33,34,42].

This method is based on the possibility to clearly dis-
tinguish several diffraction peaks. Then its applicability is

limited when dealing with low symmetry systems (several
partially superimposed diffraction lines) and nanosized
materials (broad weak diffraction peaks).

2.2.1.3. The Fourier Analysis of the Peak Shape

(Warren– Averbach Method). The most accurate
way of extracting and distinguishing between size and
strain effects is to analyze the complete shape of several
peaks in the diffraction pattern. The method known as the
‘‘Warren–Averbach analysis’’ allows a precise study of the
relation between the peak shape and the sample micro-
structure [35,36]. This method is based on the Fourier
analysis of the whole diffraction line shape of several re-
flections in the pattern instead of using FWHM (G) or
integral breadth (b). The Fourier analysis approach is a
systematic way to obtain information concerning the dis-
tribution of the column height and strain perpendicular to
the analyzed direction. This kind of analysis not only uses
the whole information contained in the diffraction peak
but it also allows a rigorous correction of the instrumental
broadening. The power of this method is that it does not
need to assume any particular analytical form for the peak
shape or for the instrumental breadth.

The method is based on the following steps:

– Several peaks of interest (ideally higher order reflec-
tions of the same type: h k l, 2h, 2k, 2l, 3h, 3k, 3l, y,
nh, nk, nl) are fitted by Fourier series; the same pro-
cedure is applied to the diffraction lines of a reference
sample, in which size and strain effects are negligible,
in order to determine the instrumental line broaden-
ing. Such information is used in order to deconvolute
instrumental broadening from sample effects
(Stokes–Fourier deconvolution [36]).

– Information concerning size distribution and strain
profile can be obtained from the cosine Fourier co-
efficients, which describe the symmetric peak broad-
ening.

This analysis is based on the fact that any periodic
function can be approximated, at any order, by a Fourier
series:

IðsÞ ¼
Xþ1
�1

An cos½2pndhklðs� s0Þ�

þ
Xþ1
�1

Bn sin½2pndhklðs� s0Þ�

(11)

where s ¼ 2 sin(y)/l, while dhkl is the interplanar spacing
of the considered reflection and ndhkl the distance normal
to the reflecting planes. If l is the distance in the crystal
normal to the reflecting planes (h k l), l ¼ ndhkl [26], so
the discrete sum in Equation (11) can be rewritten as an
integral:

IðsÞ ¼

Z
½AðlÞ cos½2plðs� s0Þ�

þ BðlÞ sin½2plðs� s0Þ��dl

(11a)

where, as it is possible to show [36], the coefficients of the
cosines, A(l), account for the symmetric contributions to

Figure 3. Example of XRPD on small Au clusters supported on
silica. Total diffraction intensity has been measured with area
detector (IP) on BM08-GILDA beamline at the ESRF with
l ¼ 0.6211 Å and �2min exposure time. Diffraction patterns
were collected on Au-supported sample (Exp) and on silica sup-
port (Support). Difference patterns, corrected for fluorescence, IP
efficiency, etc., are shown (n-Au).
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the diffraction peak shape (width), while sine coefficients
B(l) describe the asymmetric contributions.

It is a known property of Fourier transforms that given
a convolution product in the reciprocal space, it becomes
a simple product of the Fourier transforms of each term in
the real space. Then, as the peak broadening is due to the
convolution of size and strains (and instrumental) effects,
the Fourier transform A(l) of the peak profile I(s) is [36]:

AðlÞ ¼FT½IðsÞ�

AðlÞ ¼AsizeðlÞAstrainðl; nÞ
(12)

with Asize(l) and Astrain(l, n) the Fourier transforms of size
and strain contributions. In the case of not negligible in-
strumental broadening an additional product must be
considered taking the FT of the instrumental broadening
from measurements on reference compounds.

It is possible to show that Astrainðl; nÞ ¼ hexpði2psl�strÞi �
expð�2p2s2l2h�2striÞ (this is exact in case of Gaussian distri-
bution of strain [36]), then:

lnAðlÞ ¼ lnAsizeðlÞ � 2p2h�2ðlÞi
l2

d2
hkl

(13)

Measuring higher order (n) reflections it will be: 1=d2
hkl ¼

n2=d2
nh;nk;nl ; then:

lnAðlÞ ¼ lnAsizeðlÞ � 2p2l2h�2ðlÞi
n2

d2
nh;nk;nl

(14)

In order to separate the two contributions, without in-
troducing any other hypotheses on the shape of the func-
tion Asize(l) and Astrain(l, n), we only have to measure
several peaks belonging to the same family (i.e. 0 0 1, 0 0 2,
0 0 4, y), and then it will be possible to separate the
broadening due to the size from the broadening due to the
distortion (strain), since the former is the same for all
the peaks belonging to the same family, while the latter
depends on the order n of the peak. The particle size co-
efficients are retrieved by plotting ln(A(l)) vs. (1/dhkl)

2 and
extrapolating to 1/dhkl ¼ 0. This approach is known as the
‘‘Warren–Averbach analysis’’. Mathematical aspects of the
approximations introduced to obtain formula (14) can be
found in the paper of Delhez and Mittemeijer [37].

It is clear that the Warren–Averbach method of sep-
aration of size and strain broadenings (and possibly the
instrumental contribution) is the less constrained method
for the analysis of diffraction line shape. The main ad-
vantage between the Fourier transform method and the
simpler approaches based on the integral peak breadth is
that Fourier method may give the distribution of crystal-
lite sizes instead of the average value. The main disad-
vantage is that the Fourier method is more prone to errors
if peak tails are not accurately modeled; this is the reason
why the Fourier methods are difficult to apply in presence
of peak overlapping and/or in case of small peak to back-
ground ratio.

When Asize(l) is known, we can obtain hLiF; the average
size of the column of cell perpendicular to the selected
family of planes, since for the small value of l it holds that:

AsizeðlÞ 
 1�
lj j

hLiF
(15)

As already noted in the case of the Scherrer equation, if
we have a polydispersed ensemble of spheres the dimen-
sions obtained by Fourier analysis correspond to:

hLiF ¼
2
R1
0 D3NðDÞdD

3
R1
0 D2NðDÞdD

�
2hD3i

3hD2i
(16)

that is a ‘‘surface weighted’’ mean value.
It is worth to note that this dimension is directly com-

parable with the specific surface area obtained from
chemisorption measurements [38].

Theoretically, it is also possible to obtain the volume
weighted distribution function g(l) of the column length l:

gðlÞ /
d2
ðAsizeðlÞÞ

dl2
(17)

From the slopes of the straight lines, the strain distri-
bution h�2ðlÞi is obtained. Furthermore, knowing the
shape of the particles, it is possible to have the distribu-
tion of the particle sizes [39,40].

If, for example, we know that the particle shape is
spherical, the size distribution of the particle diameters
G(l) is:

GðlÞ /
d

dl

gðlÞ

l
/

d

dl

1

l

d2
ðAsizeðlÞÞ

dl2

� �
(18)

The last two formulae, especially the second one, are
rarely used because the obtained distributions g(l) and
G(l) are very often meaningless [41].

There is another difficulty related to the application of
these analytical techniques, especially dealing with very
small particles: it is often impossible to find a couple of
peaks belonging to the same family, so it is impossible to
separate the size and strain broadenings. In these cases,
the broadening is usually assumed to be only due to the
size effect, but it is important to remember that we are
probably underestimating the crystallite dimensions.

In this short summary of peak profile analysis, we only
considered the broadening due to the dimension and the
strain, and we have considered only the Fourier-cosines
transform (i.e. the symmetric part of the peak) that is the
most frequent case.

Other kinds of defects could give rise to peak broad-
ening, for example: the staking faults. In this case, the
equation taking into account this phenomenon depends
on the peculiar structure of the crystals and the analysis
can be more complex: some defects, in fact, introduce
profile asymmetry and a shift in the position of some se-
lected peaks [26].

So far no hypotheses are required concerning the true
shape of the peak profile. However, in order to avoid or
reduce the difficulties related to the overlapping of the
peaks, the experimental noise, the resolution of the data
and the separation peak-background, the approach most
frequently used fits by means of a least squared method
the diffraction peaks using some suitable functions that
allow the analytical Fourier transform, as, for example,
Voigt or pseudo-Voigt functions (4) which are the more
often used.

This approach also allows an easy correction of the
diffraction peaks from the instrumental broadening that
can be obtained by fitting the peak profile of a standard
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material (with well-formed and large crystallites). The
corrected Fourier transform can be obtained simply by
dividing the observed peak by the Fourier transform of
the instrumental function.

Another typical problem met in this kind of analysis is
known as the ‘‘hook effect’’. It is due to an overestimation
of the background line to the detriment of the peak tails.
As a consequence, the low order Fourier coefficients of
the profile are underestimated. In the fitting procedure by
pseudo-Voigt functions, this problem occurs if the Gauss
content is so high that the second derivative of the Fourier
coefficients is negative; this is obviously physically im-
possible because it represents a probability density.

An alternative approach, giving better results if the peak
width is very close to the instrumental one, is to take into
account the instrumental contribution (by a convolution
of the refined peak due to the sample and the instrumental
profile) during the profile fitting procedure [42].

This analysis gives satisfactory results concerning the
average crystallite sizes even in unfavorable experimental
conditions such as overlapped or very weak and noisy
peaks, and it allows an easy treatment of non-perfect
monochromaticity of the radiation. But, it is important to
emphasize that it is almost impossible to obtain the
‘‘promised’’ detailed description of the crystallite size and
strain distributions. This is a fundamental problem related
to the adopted procedure that is based on the ‘‘a priori’’
choice of the peak shape that inevitably imposes the gen-
eral shape of such distributions [40]. For these reasons,
the average dimension and strains remain the only reliable
information.

As a consequence of this short discussion, we can con-
clude that the shapes of the distribution obtained by the
Warren–Averbach analysis may be less reliable as the re-
sults can be strongly influenced by the method chosen for
data reduction and treatment. On the contrary, the aver-
age crystallite dimension is very stable and it is almost
independent of the adopted analytical method.

An interesting discussion about reliability of size/strain
analysis methods can be found in Ref. [29] where the re-
sults on peak shape analysis of a round-robin sample are
reported and commented.

2.2.2. The Rietveld Method

2.2.2.1. Introduction. The Rietveld profile fitting ap-
proach belongs to the total profile fitting (TPF) methods
for the analysis of XRD patterns. Instead of analyzing
single or few selected diffraction lines, TPF methods refine
(generally with standard least squared fitting procedures)
the whole diffraction patterns using some analytical pro-
file function and an appropriate background. Peak over-
lapping, as in the case of low symmetry and/or poor
crystallinity and/or complex unit cells, limits the reliability
of these methods. The Rietveld method [43–45], originally
designed to analyze neutron diffraction data, overcomes
this problem adding structural information and physical
constraints (unit cell symmetries, atomic positions and so
on). This approach had a huge success in quantitative
analysis of diffraction patterns (neutron and X-ray), sin-
gle-phase as well as multiphase samples, despite their high

or low symmetry. In the last 10 years, the use of the ‘‘Ri-
etveld’’ method provided an important improvement to
the analysis of powder diffraction data and is widely em-
ployed in many different research fields. For example, it is
successfully employed in studies of complex systems such
as zeolites, usually having large and low symmetry unit
cells, as well as in Earth science to study natural materials
characterized by complex mixture of many different
phases. This approach allows to obtain a great deal of
information from the study of the whole powder diffrac-
tion pattern; the use of physical constraints allows dealing
with low symmetry systems in which not-overlapping
diffraction peaks are hardly present.

The Rietveld analysis is mainly used for refining the
structures of crystalline phases and to perform quantita-
tive analysis of multiphase samples. The quantitative anal-
ysis is possible since the Rietveld method can easily deal
with diffraction patterns with strongly overlapped peaks,
while preferred orientation can be quantitatively treated.

In this section, we will describe the principal features of
the main methods and the information that the Rietveld
analysis generally delivers, especially related to the inves-
tigations on poor crystallites and multiphase compounds.
This introduction is not exhaustive: there are hundreds of
articles that explore practically all of the aspects of this
kind of analysis and now, 40 years after the first article [43],
new improvements and results are still being published.

2.2.2.2. The Rietveld Fit of the Global Diffraction

Pattern. The philosophy of the Rietveld method is to
obtain the information relative to the crystalline phases by
fitting the whole diffraction powder pattern with con-
straints imposed by crystallographic symmetry and cell
composition. Differently from the non-structural least
squared fitting methods, the Rietveld analysis uses the
structural information and constraints to evaluate
the diffraction pattern of the different phases constitut-
ing the diffraction experimental data.

The Bragg peaks belonging to the crystalline phases
and a background (modeled via empirical functions) give
rise to the experimental pattern. The background is
mainly composed by parasitic scattering (e.g. air scatter-
ing), fluorescence, Compton scattering, thermal diffuse
scattering (TDS) and, if present, the scattering from
amorphous materials and/or nanoparticles having sub-
nanometric dimensions. For this reason the quantitative
analysis of the background is generally very hard, and
then it is generally described by some empirical functions
(usually high-order polynomials or series).

The diffraction lines due to the crystalline phases in the
samples are modeled using the unit cell symmetry and
size, in order to determine the Bragg peak positions yi

0:
Peak intensities (peak areas) are calculated according to
the structure factors|F0|

2 (which depend on the unit cell
composition, the atomic positions and the thermal fac-
tors). Peak shapes are described by some profile functions
F(2y�2y0) (usually pseudo-Voigt and Pearson VII).
Effects due to instrumental aberrations, uniform strain
and preferred orientations and anisotropic broadening
can be taken into account.

The preferred orientation is due to the lack of ran-
domness in the orientation of the crystallites constituting
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the sample; this effect causes the enhancing of some
reflections with respect to the others because these are
more favorably oriented with respect to the analyzing
beam. The ability of the Rietveld method to manage this
last effect has been an important improvement in quan-
titative phase analysis based on diffraction data.

Taking into account all these effects, the intensity due
to a crystalline phase is given by:

Ycrð2yÞ ¼ KAP
XnB
k¼1

JkLkOkjFkj
2Fð2y� 2ykÞ

( )
(19)

The used symbols are: K, scale factor; nB, number of
Bragg peaks; A, correction factor for absorption; P, po-
larization factor; Jk, multiplicity factor; Lk, Lorentz fac-
tor; Ok, preferred orientation correction; jFkj

2 squared
structure factor for the kth reflection, including the De-
bye–Waller factor; F, normalized profile function de-
scribing the profile of the kth reflection.

The formulae reported here refer to measurements
done at constant wavelength (angle dispersive) that are
the most frequently used, but a similar formula exists if
energy dispersive methods are used, even if the analysis of
energy dispersive data is generally less accurate and re-
liable for quantitative purposes due to the energy de-
pendence of several intrinsic (i.e. atomic scattering factors
and absorption corrections) and experimental parameters
(i.e. energy resolution and detector efficiency).

The calculated global pattern will be obtained by sum-
ming the intensities due to the different crystalline phases
and background:

IcalðsÞ ¼ IBKGðsÞ þ
X

Ik
crðsÞ (20)

where s ¼ 2 sin(y)/l
This function depends on many parameters that will be

refined using the least squared method.
The main parameters can be divided into four groups:

1. Structural parameters:
– the lattice parameters of the phases that influ-

ence the peak positions;
– the atomic coordinates and their thermal

parameters (taking into account the thermal
motion).

2. Peak shape parameters:
– the normalized peak function F(2y�2y0) usu-

ally depends on two or more parameters. The
most important is the FWHM (the peak width).
There are some additional parameters that con-
trol the ‘‘shape’’ of the peak. As discussed in
Section 2.2.1.3, the shape of the diffraction
peak is related to the microstructure: mainly
crystallite dimension and strain. Some versions
of the Rietveld code allow the simultaneous re-
finement of the microstructure (i.e. crystallites’
dimension and strain) as obtained by the peak
shape study [46,47].

3. Scale parameters K (related to the relative amount of
the phase).

4. Instrumental and sample parameters: error in the
wavelength, sample transparency, etc.

Even if the main intent of the Rietveld analysis is
the structure refinement in material science, sometimes the
information relative to the structure is not the heart of the
matter.

The study of the peak shape gives important informa-
tion relative to the microstructure of the sample even
when it is included in the Rietveld code. Actually, in order
to perform the Warren–Averbach analysis or other mi-
crostructural studies, it is not necessary to use the Riet-
veld analysis, but it is often sufficient to operate with less
complex, non-structural peak fitting procedures.

There is, in any case, an important advantage in using
the Rietveld analysis, which is the possibility of quanti-
fying the phase to which we are ascribing the microstruc-
ture properties.

2.2.2.3. Quantitative Phase Analysis by Rietveld Re-

finement. The quantitative analysis can be performed
through the Rietveld method because the number of the
elemental cells of each phase is: NpKVc, where K and Vc

are the refined scale factor and the cell volumes, respec-
tively. So, the weight fraction of the lth phase is given by:

Wl ¼

Nl

Pnl

i¼1

wi
l

PN
j¼1

Nj

Pnl

i¼1

wi
j

¼
KlV clMlZlPN

j¼1

KlV clMjZj

(21)

where nl is the number of atoms, wi
l the atomic weight of the

ith atom of the lth phase, Ml the mass of the unit formula
and Zl the number of the unit formula in the cell [48].

This formula works only if all the phases in the sample
are crystalline and are refined in the Rietveld procedure so
that the relative scale, cell volume and cell composition
are known.

If an amorphous phase is present in the sample, it is still
possible to perform the quantitative analysis by introduc-
ing a small amount of crystalline powder with the known
weight fraction WN+1 that will be the N+1 phase in the
sample, so the equation becomes:

WNþ1 ¼

NNþ1

Pnl

i¼1

wi
l

W 1 þ
PN�1
l¼2

Nl

Pnl

i¼1

wi
l

(22)

where W1 is the weight of the unknown phase that can
now be obtained by inverting the above equation.

This approach, called ‘‘internal standard method’’,
works even if the composition of the amorphous phase is
unknown.

For the quantitative analysis based on the XRD, the
most serious problems are related to the microabsorption
phenomenon [49,50]. The origin of this effect is due to the
different X-ray absorptions from particles belonging to
different phases. It depends on the average particle di-
mensions (not on crystallite sizes) constituting each phase,
and on their linear absorption coefficients. It is particu-
larly important when the sample is constituted by phases
with very different linear absorption coefficients and
coarse powders. This effect becomes progressively weak
using higher energy X-ray beam, as on SR beamlines.
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The use of Equation (22) is very general, but it is also
possible, with accurate measurements and data treatment,
to perform the quantitative phase analysis in semi-crys-
talline materials without using any internal standard. This
procedure is possible only if the chemical compositions of
all the phases, including the amorphous one, are known.
If the composition of the amorphous phase is unknown,
the quantitative analysis without using any internal stand-
ard can still be used provided that the chemical compo-
sition of the whole sample is available [51]. This approach,
until now, has been developed only for the XRD with
Bragg–Brentano geometry that is one of the most diffused
techniques in powder diffraction laboratories.

The theoretical basis on which this kind of analysis is
based is a Fourier transform property of the global in-
tegrated intensity on the reciprocal space.

Such integral depends only on the kind and on the
amount of atoms present in every phase, and it is inde-
pendent of their atomic spatial order, allowing it to be
applied to both crystalline and amorphous materials [52].

The main hypothesis on which this result is based is the
‘‘atomicity’’, meaning the electronic densities of the differ-
ent atoms are not overlapped.

So for a phase containing N ¼ Nn atoms:Z 1
0

I corrðsÞ4ps2 ds /
XN

i¼1

Z 1
0

½jf 0
i j
2 þ I inci �4ps2 ds

¼ N
Xn

i¼1

Z 1
0

½jf 0
i j
2 þ I inci �4ps2 ds

(23)

where we have supposed that the N atoms can be organ-
ized in N composition units, for instance, the molecular
unit; each of these units is composed of n atoms.

The symbols used here are: I corr, diffracted intensity
corrected for absorption, polarization and air scattering;
f 0

i ; tabulated atomic scattering factor of the ith atom; I inci ,

incoherent scattering of the ith atom corrected by the
Breit–Dirac factor, by air and sample absorption, and for
the band pass function of the monochromator if present
on the diffracted beam [53,54].

It is important to note that expression (23) can be ap-
plied to the crystalline phase intensities only if we include,
in the first integral, its own smooth diffuse background
and not just the intensity belonging to the crystalline
peaks. In fact, a pure crystalline sample also has a smooth
background due to the incoherent inelastic scattering (i.e.
Compton scattering), the TDS, disorder scattering and,
very often, unresolved tails of overlapped peaks.

An expression including the diffuse background of a
crystalline phase was calculated for a Bragg–Brentano
geometry [55]:

Icrð2yÞ ¼ KAP
XnB
k¼1

JkLk Fkj j
2Fð2y� 2ykÞ þ Y bk

( )
(24)

where

Ybk ¼
16p2V c

180l3
Xcell

j

I incj þ 1� exp
2Bj sin

2
ðyÞ

l2

 !" #
f 0

j

��� ���2
" #

(25)

The symbols used are: Vc, unit cell volume; Bj, isotropic
thermal factor of the jth atom.

Expression (25) describes the smooth background be-
longing to a crystalline phase due to the incoherent (or
Compton) scattering and the TDS or disorder scattering.
The last contribution in (25) is very approximate because
it is known that the TDS has a very complicated shape
with very large peaks centered in the same position as the
Bragg ones [56].

The global intensity, corrected for the air scattering,
can be divided into its components:

IexpðsÞ � IairðsÞ ¼ IamðsÞ þ
X

Ik
crðsÞ (25a)

where s ¼ 2 sin(y)/l, Iam is the amorphous contribution (if
present) and Ik

cr the kth crystalline phase. The scattering
of the amorphous phase can be obtained experimentally
from a fully amorphous sample or, if this is not available,
it can be described by some analytical functions that can
be refined by the fitting procedure (the latter choice can
result in a difficult refinement because of the correlation
among the background parameters) [51].

It is important to note that this second choice is pos-
sible because expression (25) includes the smooth back-
ground belonging to the crystalline phases, so it can be
separated from the background due to the amorphous
phase. A typical example, where the amorphous phase is
not available, is the study of crystallization process. In
this case, the composition and the diffraction pattern of
the amorphous phase can change a lot.

So, when in a multiphase sample, it is possible to sep-
arate the contribution to the diffraction pattern of each
phase (Yl(s)). Relation (26) permits the evaluation of the
relative weight fractions Wl if the chemical compositions
of the phases and of the global sample are known:

CNl ¼

R1
0 ðY l=APÞðsÞs2 dsPnl

i¼1

R1
0 ½jf

0
i j
2 þ I inci �s

2 ds

;

CNglobal ¼

R1
0 ððY exp � Y airÞ=APÞðsÞs2 dsPnglobal

i¼1

R1
0 ½jf

0
i j
2 þ I inci �s

2 ds

(26)

Wl ¼

Nl

Pnl

i¼1

wi
l

Nglobal

Pnglobal
i¼1

wi
global

(27)

Here nl and nglobal are the number of atoms of the com-
position unit and wi

l and wi
global the atomic weights of the

ith atom of the lth phase or of the overall sample. A and P
are the absorption and polarization factors for which the
measured intensities must be corrected.

These formulae are useful if the composition of the
overall sample is known, but they also work if the com-
position of every single phase is known. In this last case,
Equation (27) becomes:

Wl ¼

Nl

Pnl

i¼1

wi
l

PMphases

j¼1

Nj

Pnj

i¼1

wi
j

(28)
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Formulae (21) and (26) use different definitions of the
composition unit N, but, actually, these two approaches
are the same. In fact, when a phase is crystalline, Equation
(26) combined with Equation (24) gives [52]:

CNl ¼

R1
0 ðY l=APÞðsÞs2 dsPnl

i¼1

R1
0 ½jf

0
i j
2 þ I inci �s

2 ds

¼
16p2KlVl

180l3
(29)

This property avoids the evaluation of the integrals in
Equations (26) and (29) for the crystalline phases, but,
more important, it proves the equivalence of the ap-
proaches based on Equations (29) and (21), if all of the
phases are crystalline.

From the operative point of view, the value of ratio
(26) can be estimated by calculating the mean value of the
ratio Nl(sp) in the range of sp41.0 Å�1, i.e. CNl ¼

lim
sp!1

NlðspÞ; with:

NlðspÞ ¼

R sp

smin
ðY l=APÞðsÞs2 dsPn

i

R sp

smin
½jf 0

i j
2 þ I inci �s

2 ds

;

smin ¼
2 sinðyminÞ

l

(30)

and ymin is the initial measured angle that must be as low
as possible.

This procedure allows quantitative phase analysis with-
out using any internal standard, but it requires the knowl-
edge of the composition of the sample and a careful
treatment of the experimental data, which have to be
corrected for the air scattering.

We must note that the profile functions usually applied
in Rietveld analysis often correspond to very special cases
of size and strain broadenings. A better approach could
be using line profiles directly derived taking size and strain
distributions from physical models and appropriate struc-
tural simulations (see, for example, Refs. [57–59]). It is
worth citing that recently, some attempts to full profile
fitting have been reported, in which full physical meaning
parameters were used [60–63]. However, accounting for
all the physical reasons causing the peak broadening can
be a hard task requiring a perfect a priori knowledge and
a perfect control on the experimental apparatus, sample
morphology, background, parasitic contributions and so
on. As several physical mechanisms may cause similar
effects on the diffractograms, heavy correlation effects
among the parameters may occur affecting the reliability
of the results. This restricts the applicability of these ap-
proaches to very special cases. On the contrary, the use of
general profile functions (Voigt, pseudo-Voigt, Pearson
VII and so on) available in standard Rietveld programs
allows to obtain reliable parameters, reproducible and
comparable; these parameters can be a posteriori corre-
lated to physical models.

2.2.3. Radial Distribution Functions

All real crystals have deviation from the ideal crystallo-
graphic structure due to atomic displacements from their
ideal positions in the unit cell. These displacements may

be dynamic (thermal) or static (disorder). If these dis-
placements are uncorrelated a weakening in the Bragg
peaks at high angles is present. Some materials may
present correlated disorder so that the short-range order
can be very different from the ‘‘average’’ long-range or-
der; in this case the correlation effect can be seen by
standard diffraction only if the correlation length is long
enough (see, for example, Ref. [64]).

The diffraction patterns of nanosized materials are
characterized by pronounced diffuse background while
Bragg peaks are, in general, few, weak and broad. In these
materials, the diffuse background is not a simple parasitic
contribution but may contain relevant structural infor-
mation about the phases under investigation if, for ex-
ample, sub-nanometric particles and/or amorphous
phases are involved. Even in amorphous structures, the
lacking of long-range order does not prevent some (even
high) degrees of short-range order, even if restricted on
scales of few angstroms; this is the case of liquids, glass
ionic solutions and so on. Even in long-range disordered
materials the interatomic potentials impose constraints on
bond distances and angles that limit the degree of ran-
domness giving rise to some regularity on atomic distri-
butions. However, dealing with amorphous materials, the
traditional crystallographic methods fail, so their struc-
ture was usually described using statistical methods based
on the formalism of atomic pair distribution functions
(PDF) [36,65,66].

The PDF analysis methods have been used for a long
time to study the structure of glasses and liquids [66]; the
developing of XAFS spectroscopy [67,68], which is a pow-
erful accurate probe for studying local structure on a scale
of few angstroms [69], restricted the practical application
of X-ray PDF methods, while XAFS, due to its simple
application and its chemical selectivity, has became the
favorite investigation technique addressed to local struc-
ture. XAFS and crystallography have been widely em-
ployed as complementary techniques studying the atomic
structure of the materials: the former one probing short-
range order on a scale of few angstroms and the second
one describing symmetries and long-range order features.

Nanosized materials are characterized by different de-
grees of atomic order at different scales so that, as high-
lighted earlier [70], the PDF formalism can be a useful
tool directly probing atomic order at long, short and in-
termediate ranges. The neutron scattering was historically
preferred for the PDF analysis due to the wider reciprocal
space exploitable and the better statistics at high angles
due to the atomic neutron cross-sections that do not de-
crease at high angles as the atomic scattering factors do.
The recent development of modern experimental XRD
instrumentations suitable for high quality PDF analysis
[71–74] is pushing up the interest on this technique, es-
pecially in the field of nanosized compounds [75–79].

The atomic PDF is related to the probability to find a
spherical shell around a generic atom (scattering center) in
the material – it is defined as: G(r) ¼ 4pr[r(r)–r0], where
r(r) and r0 are, respectively, the local and average atomic
number densities and r the radial distance. G(r) is the
Fourier transform of the total structure factor S(q):

G ðrÞ ¼
2

p

Z qmax

0

q½SðqÞ � 1�q sinðqrÞ dq (31)
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where q ¼ 4p sin(y)l�1 [Å�1] is the exchanged momentum
vector. S(q), in turn, is related to the coherent part of the
total diffracted intensity of the sample:

SðqÞ ¼ 1þ
I cohðqÞ þ

P
xijf iðqÞj

2P
xif iðqÞ

2
(32)

where I coh is the coherent scattering intensity per atom (in
electron units), xi the atomic concentration and fi(q) the
atomic scattering factor for the ith atomic species in the
sample.

It is clear that Equation (32) includes the total
diffracted intensity, not only the Bragg diffracted one.
Then both long range (Bragg peaks) and local structure
(Debye diffuse scattering) contribute to S(q) pushing the
analysis of PDF beyond the Bragg scattering analysis.

Very important prerequisites for accurate PDF analysis
are diffractograms with high momentum transfer (q) so
that a short X-ray incident wavelength is required. How-
ever, at high q values the atomic scattering factors become
weak while the inelastic contribution (Compton scatter-
ing) increases till it becomes the largest fraction of the
total scattering intensity. Then, long collection times are
required for accurate PDF determination. Wide q-range
and high counting statistics are both difficult to obtain on
laboratory X-ray diffractometers, so, for a long time,
PDF methods were applied on neutron diffraction facil-
ities [70]. Recently, instruments for high energy diffraction
(up and over 100 keV) became available on several last
generation SR facilities as, for example, the European
Synchrotron Radiation Facility (ESRF) (Grenoble,
France), the Advanced Photon Source (APS) of Argon-
ne National Laboratory (USA) and the Spring-8 (Japan),
thus allowing data collection using X-ray sources. Fur-
thermore, relevant improvements for PDF analysis are
obtained using large area detectors such as IP [72] since
2D data collection allows keeping the collection time in
the second/minute range while reaching the highest count-
ing statistics. Moreover, the area detectors provide the
higher counting statistics at higher angles, allowing the
partial balance of the decreasing of the atomic scatter-
ing factors. IP have suitable characteristics for high qual-
ity PDF, in particular high efficiency at high energy,
wide dynamical range and low background (electronic
noise). Modern read-out devices make available large
area (up to 400mm� 400mm) and small pixel size (down
to 50mm� 50mm) allowing angular resolution below
0.11 and exceptional high counting statistics.

In standard crystallographic analysis (for example,
Rietveld refinement) relevant signal is often restricted to
Bragg peak intensity and shape, while ‘‘background’’ is
generally modeled by empirical functions and subtracted.
Dealing with PDF the whole scattering signal is con-
cerned; for this reason data treatment is an important step
to be performed with care and often via a trial and error
procedure. The experimental intensity I exp(q) must be
properly cleaned from all the parasitic contributions con-
taminating the sample diffraction signal, such as the sam-
ple holder, amorphous matrixes, air scattering, Compton
scattering and so on. All the pattern deformations, such as
absorption, detector efficiency and SR flux decay (on step
scanning diffractometers), must be properly considered
for the most reliable G(r)’s. A particular care must be

given in removing all the low frequency pattern deforma-
tions, which may produce unphysical features and defor-
mation of real G(r) peaks at low r-values.

The peaks in G(r) represent the average ‘‘real’’ PDF in
the sample, convoluted with the Fourier window (exten-
sion of the data in the q space). On amorphous materials
PDF information is restricted to few near neighbor shells
and the analysis may be done fitting each G(r) peak with
appropriate atomic distribution models [80,81]. The av-
erage structure of nanocrystalline materials may result
from a variety of competing size and (local) compositional
dependent structures, which may coexist. The physical
structures in G(r) may extend up to several tenth of ang-
stroms; then the PDF analysis of nanocrystalline materi-
als may result complex. Differently from crystallography,
in which many methods have been developed in order to
individuate the symmetries and distinguish the involved
phases, in PDF analysis several models may fit the data,
so additional information (chemistry, microscopy, etc.)
must be considered, and several models must be compared
with the experimental PDF in a trial and error procedure.
The models that account best for the experimental fea-
tures are then used to refine the structural parameters.
Example of PDF analysis on nanocrystalline materials
may be found in recent literature (see, for example, Refs.
[77,79,82,83]).

The total scattering analysis can be used also for the
morphological characterization: a method for reliably
estimating the particle size by PDF analysis which goes
beyond the Scherrer peak shape analysis applied to gold
nanoparticles is presented in Ref. [83]. Modeling the total
scattering intensity via a distribution of particle sizes and
crystallographic phases in complex nanocluster materials
is also a way to understand the peculiar structures of
nanosized materials (see, for example, Refs. [57,84]).

3. TEM

3.1. HREM and Image Formation

The strong impact in the science of transmission electron
microscopy (TEM) (as well as of any imaging technique)
is due to the fact that the information content of an image
is immediately and effectively processed by the eye and
the brain.

Figure 4 shows a high resolution image of nanoparti-
cles dispersed over an amorphous holey carbon film: the
overall projected shape of the particles and the particle
degree of crystallinity can immediately be recognized by
the presence of regular lattice fringes (see, for example,
particle A), as well as by the presence of structure defects
where the fringes are distorted, e.g. in particle B.

However, going from the former qualitative analysis to
a more quantitative one is much more troublesome, as the
correct and quantitative interpretation of the results
should carefully take into account all the steps into which
the process of image formation in the electron microscope
is divided.

They are, going from the specimen to the image: (i)
interaction of electrons with the specimen; (ii) propaga-
tion of electrons from the specimen to the final recording

Nanoscale Characterization of Metal Nanoclusters 139



plane through the microscope lenses; (iii) detection of
electrons by means of a photographic plate or an in-line
electronic image read-out device.

It is usually assumed that the result of the propagation
of electrons from the electron gun to the specimen is a
plane wave. Partial coherence and/or convergent spherical
illumination can then be accounted for by a partially co-
herent superposition of a set of plane waves.

Moreover, instead of describing the electrons by the
Dirac equation, that is fully taking into account relativ-
istic effects due to the high acceleration voltage, a mod-
ified form of the Schröedinger equation is used, in which
electron energy and wavelength are replaced by the equiv-
alent relativistically corrected expressions [85].

By considering only elastic scattering events, the inter-
action of the specimen with the electron beam can be de-
scribed through a complex transmission function (object
wave-function) Oðr̄Þ which represents the ratio between
the outgoing and the incoming electron wave-functions;
r̄ ¼ ðx; yÞ is a two-dimensional vector lying on a plane
perpendicular to the optic axis z which is parallel, and in
the same direction, to the electron beam. In the standard
phase object approximation:

O ðr̄Þ ¼ eifðr̄Þ (33)

where the phase term fðr̄Þ is given by:

fðr̄Þ ¼
p
lE

Z
l

V ðr̄; zÞdz�
2pe

h

Z
l

Azðr̄; zÞdz (34)

The integral is taken along a trajectory l parallel to the
optical axis, passing inside and outside the specimen, and
which must include stray fields; V ðr̄; zÞ and Azðr̄; zÞ are the
electrostatic potential and the z component of the mag-
netic vector potential Āðr̄; zÞ; respectively; E a factor that
becomes the accelerating voltage in the non-relativistic

approximation. e, l and h are the absolute values of the
electron charge, the electron wavelength and the Planck
constant, respectively.

As the information is mainly encoded through the
phase (the observable quantity being the phase differ-
ence), it is important to recall that, contrary to the optical
case where three-dimensional effects are strikingly im-
pressive, only essentially two-dimensional information is
available in TEM. In fact, in the electric case fðr̄Þ is pro-
portional to the potential averaged along the electron
path, whereas, in the magnetic case, the maximum of in-
formation encoded in the beam corresponds to the mag-
netic flux enclosed between two trajectories. Therefore,
once the three-dimensional electromagnetic field is
known, it is possible to determine the two-dimensional
phase difference, but not the reverse.

The electrostatic potential includes the contributions
both of applied external fields on a mesoscopic scale, as is
the case of p–n junctions, and of the atoms building up the
specimen at a microscopic scale, so that also the structural
information is encoded in the object phase. However, it
turns out that the phase object approximation at the
atomic level holds only for very thin specimen, but can be
implemented to cover also the case of thicker specimens
by means of the multislice method [86,87]. By this
approach the specimen is divided into thin slices, for each
of which the phase object approximation holds, and the
propagation between slices is treated by means of the
standard Kirchhoff–Fresnel theory. In this way the exit
wave-function is calculated by a series of interac-
tion–propagation steps over the slices, and the specimen
is no longer a pure phase object amplitude but structural
information is transferred also into an amplitude term.
Today most of the computer programs used for the in-
terpretation of high resolution images are based on this
algorithm [88–90], which has been shown to be able to
treat, in addition to the interaction problem, also the
propagation of electrons through the microscope lenses
[91,92].

Therefore, if O ðr̄Þ is the exit wave-function, the image
wave-function cðr̄Þ taking into account the microscope
aberrations is given by:

cðr̄Þ ¼ Oðr̄Þ � FT�1½BðūÞeiwðūÞ� ¼ Cðr̄Þeijðr̄Þ (35)

where � is the convolution, FT the Fourier transform,
wðūÞ the isoplanatic wave aberration function of the
objective lens, including the effects of the defocus Dz and
of the spherical aberration Cs; ū ¼ ðux; uyÞ the spatial fre-
quency vector and BðūÞ takes into account the effect of the
objective aperture. Cðr̄Þ and jðr̄Þ are the amplitude and
the phase, respectively, of the image wave-function.

The distortions in the aberrated image can be better
understood if a weak sinusoidal phase grating is con-
sidered [93], described by the object wave:

Oðr̄Þ ¼ 1þ ij0 cosð2pu0xÞ (36)

Then the image wave-function is given by:

cðr̄Þ ¼ 1� j0 cosð2pu0xÞ sinðwðu0ÞÞ

þ ij0 cosð2pu0xÞ cosðwðu0ÞÞ
(37)

A

2 nm

B

Figure 4. HREM of gold nanoparticles. A is a particle showing
no defects, while B shows structural defects (twinnings). TEM
micrograph taken with Jeol JEM3010, Department of Physical
Chemistry University of Venice (Italy).
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and is modulated in both amplitude and phase by the
transfer functions sin(w) and cos(w).

Further degradation of the information encoded in the
electron beam takes place in the recording step since the
signal is proportional to the square modulus of the image
wave-function, i.e. neglecting small second order terms:

Iðr̄Þ ¼ jcðr̄Þj2 ¼ 1þ 2j0 cosð2pu0xÞ sinðwðu0ÞÞ (38)

This equation shows that only limited information is
preserved. In particular, depending on the spatial fre-
quency u0, no information is transferred at all at the ze-
roes of the phase-contrast function sin(w). The loss of
information is even more serious when the phase object
approximation holds and for ideal imaging: in that case
the phase information is completely lost in the Gaussian
image of the object and special methods; the so-called
phase-contrast [94,95] methods should be employed in
order to partly recover this information.

For the high resolution case, the phase-contrast effects
are automatically introduced owing to the combined effect
of defocus and spherical aberration, which gives rise to an
image of a structure complicated by the fact that also the
amplitude term, resulting from the propagation process, in-
teracts in a non-linear way with the phase term [16,89,90,96].

Quantitative image interpretation is therefore a chal-
lenging task. Nevertheless, a set of useful information on
the particle crystalline structures (including defects) and
on their size can be obtained, and this explains why
HREM technique is one of the most used and well es-
tablished in the framework of nanoparticle studies
[14–16,97]; as an example, Figure 4 shows which kind of
information can be obtained.

3.2. Electron Holography

Gabor devised in-line EH [98,99] in 1948 as a new tech-
nique able to circumvent the resolving power of the elec-
tron microscope, which was at that time �1.2 nm.
However, EH has attained its concrete development only
in the last two decades, thanks to the introduction in elec-
tron microscopy of high brightness sources, such as field
emission guns (FEG) [100]. This latter source, combined
with a versatile electron interferometer, such as the
Möllenstedt–Düker electron biprism [101], allows the re-
cording of high quality off-axis holograms, which can be
reconstructed and processed by optical and/or digital
means. The whole process can be carried out also in line by
using the newly developed slow-scan CCD cameras [102].
With respect to the standard phase-contrast methods in
electron microscopy [94,95] holography allows the extrac-
tion of quantitative information with increased sensitivity
limits owing to the use of phase amplification methods,
which have no counterpart in electron microscopy [17–19].

3.2.1. Basic Principles for Recording and Processing

Electron Holograms

In brief, holography is a two step imaging process, by
means of which it is possible to record and subsequently
recover both the amplitude and the phase of the object

wave-function. This is accomplished in the off-axis image
scheme by superimposing in the first step, within the elec-
tron microscope, a tilted coherent plane reference wave
R ¼ e2piuCx with carrier spatial frequency uC, on an image
cðr̄Þ of the object wave-function. Both wave-front and
amplitude beam splitting devices can be used for realizing
this task [103]. However, the most diffused and versatile
type of electron interferometer is the Möllenstedt–Düker
electron biprism [101], which belongs to the class of wave-
front division interferometers.

The biprism is realized by placing a thin charged wire W
between two earthed plates P, along the y direction (see
Figure 5), and is located under the back focal plane of the
objective lens Ob. The wire splits the wave front of the
incoming electron beam and its electrostatic field produces
a deflection and a subsequent overlapping in the observa-
tion plane OP below the wire. As the width of the over-
lapping region and the interference fringe spacing can be
controlled by varying the charge on the wire, by means of
an external voltage supply, it is possible to obtain electron
interferograms and holograms. In particular, if the inter-
ference region contains a large number of fringes super-
imposed on a focused image of the specimen, then the
interferogram is called image off-axis electron hologram.
The preferred arrangement is to use only one-half of the
object plane for the specimen S, illuminated by the coher-
ent beam EB, and the other for the reference beam, as
shown in Figure 5. If the specimen occupies the whole

Figure 5. Schematic arrangement for hologram formation with
an electron biprism. A plane wave illuminates the specimen
placed off-axis. After the object lens a wire is placed between two
earthed plates. The wire is the electron optical analog of a Fresnel
biprism and causes the unperturbed and perturbed waves forming
the electron hologram to interfere. The object phase-shift causes a
displacement in the hologram fringes, and is thus observable.
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plane, the interpretation of the pattern is more difficult
because the information available concerns the phase
difference between points in the specimen. Finally, it
should be noted that the whole set-up comprises additional
lenses in the condenser stage for reduction of the source to
an angular size smaller than that of the interference fringes
as seen from the biprism wire, in order to ensure that they
are of high contrast. Moreover, the fringe system which
forms in the observation plane is magnified by the re-
maining lenses of the microscope, so that the fringe spac-
ing matches with the resolution of the recording medium.

The intensity recorded in the interferogram, henceforth
called hologram, is given by

Hðr̄Þ ¼ jRþ cj2 ¼ jRj2 þ jcj2 þ c	Rþ cR	

¼ 1þ Cðr̄Þ2 þ 2Cðr̄Þ cosð2pxuC þ jðr̄ÞÞ
(39)

showing that both amplitude C and phase jðr̄Þ of the
image wave-function are encoded in the hologram, con-
trary to the conventional intensity Iðr̄Þ ¼ jCðr̄Þ2j:

The original idea of Gabor was to recover the infor-
mation contained in the hologram by optical means. This
is the second step, reconstruction and processing, of the
holographic method. Today, however, image reconstruc-
tion by numerical methods presents considerable advan-
tages with respect to the light optical technique. In this
case the Fourier transform of the hologram H is taken
and the side-band given by FT½OðrÞ�ðūþ uC īÞeiwðūþuC īÞ;
where FT[O(r)] is the Fourier transform of the object
wave, is selected by means of a digital aperture.

Therefore, in order to obtain the complete separation
of the reconstructed wave from the other terms, the car-
rier fringe spacing s ¼ 1=uC should be at least two or three
times finer than the finest detail to be resolved in the im-
age. This is the main reason why these experiments are
difficult to realize, unless the electron microscope is
equipped with a FEG.

Shifting the origin in the Fourier space by uC ī; we ob-
tain the wave-function FT½OðrÞ�eiwðūÞ; from which the lens
aberration term can be eliminated in principle by multi-
plication with the inverse of the aberration phase factor
e�iwðūÞ: The inverse Fourier transform gives finally the
amplitude and phase of the true object wave O ðr̄Þ:

This whole process will be again illustrated step by step
in the following section with reference to the case study of
nanocatalysts.

3.3. Electron Holography applied to Size-Controlled
Nanocatalysts

As remarked in the previous section EH is able to retrieve
phase and amplitude information separately and with a
resolution comparable with that of conventional HREM
observations.

To obtain the images shown in the following, a spec-
imen made of a porous resin in which gold nanoparticles
were embedded was used [104]. The particles had already
been observed by HREM to have an average radius in the
range of 5–10 nm. Let us follow all the necessary steps to
measure the phase-shift associated with one of the em-
bedded particle. How this information can be interpreted
will be discussed in the following.

First of all it must be noted that, as already remarked in
the previous section, commercially available FEG micro-
scopes are perfectly suited for holographic experiments.
The only non-standard accessory that is needed in order to
be able to record holograms is an electron biprism, which
is also commercially available for the vast majority of mi-
croscopes. If there is no need for atomic resolution (as it is
not the case in the examples which will be shown) a stand-
ard 1k� 1k CCD camera can be used for the acquisition.
Phase information can then be reconstructed through dig-
ital procedures. There is also no need for particular align-
ment procedures, the ones normally used for conventional
TEM remaining valid for holography. Nevertheless, it is of
vital importance to operate the microscope in gun and
illumination conditions providing coherence good enough
for interference fringes to be formed.

This can be achieved by means of astigmatic illumina-
tion where the condenser stigmators are used to form an
elliptic illumination area strongly elongated in the direc-
tion perpendicular to the biprism wire (i.e. to the inter-
ference fringes). An explication of why this setting works
and how to obtain it can be found in Ref. [96] which is
also suggested as a general reference for the practical is-
sues concerning holographic observations. When the
beam conditions have been optimized an interference im-
age of the object can be obtained. Regions near a hole
must be used so that the reference part of the incoming
wave is in fact unperturbed. Standard focusing steps and
objective astigmatism correction are normally made at
this point and an image as the one shown in Figure 6 is
obtained. The image looks like a normal TEM image to
which an interference field has been superimposed.

Figure 6. A hologram of two gold particles embedded in a pol-
ymeric matrix. The image does not include the full hologram;
only the part of the original TEM image including the particles
has been selected for an easier visualization of the interference
fringes. (Thanks to Prof. B. Corain and Dr. P. Centomo
(University of Padova, Italy) for providing the specimen and to
Dr. P. G. Merli and to Dr. L. Ortolani (IMM-CNR Bologna,
Italy) for the use of the FEI FEG-TEM.)
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The fringe displacements, not easily detectable in the
hologram, encode the phase-shift information.

To decode this information the image is Fourier trans-
formed through a fast Fourier transform (FFT) (see Fig-
ure 7). In Figure 7 three regions surrounding three bright
spots have been enclosed with three white circles.

As seen in the previous section, the regions surrounding
the h1i and h�1i spots correspond to the Fourier transform
of the electron wave-function and to its complex-conjugate,
respectively. Note that which spot is the h1i and which is
the h�1i depends on the position of the unperturbed wave
(i.e. of the hole in the specimen) and on the definition of
Fourier transform used in the FFT. At this point, a circle
inside the hþ1i zone must be selected for the reconstruction
(the one used in this example is the inner circle shown in the
hþ1i zone of Figure 7). The side disk radius is proportional
to the spatial resolution of the reconstructed phase (the
final resolution being the inverse of the higher enclosed
frequency) and must be chosen so that no part of the cross-
correlation surrounding the central spot is included. Since
the distance between a side spot and the central one is
inversely proportional to the biprism voltage, the final
spatial resolution depends on the wire bias. A good con-
dition to obtain the three disks’ separation corresponds to
a choice of the fringe spacing that is two or three times the
required resolution, the exact value depending on the
strength of the observed object. A stronger object will have
a larger cross-correlation, thus requiring the use of a
smaller fringe spacing s. It is also important to correctly
choose the magnification value. When a good condition is
found, the side-band can be separated out with a sharp (or
Hanning [105,106]) circular mask and inversely Fourier
transformed to obtain the complex image of the wave front
C. At this point the phase j ¼ arctanðImfCg=RefCgÞ can

be obtained. But there are still two problems to solve to be
able to use the measured phase information.

First of all, when the phase is reconstructed in this way
it brings information not only on the object but also on
lens distortions and CCD camera imperfections. All these
spurious effects also cause fringe deflections in the final
image, thus contributing to the digitally reconstructed
phase information. To overcome this problem, a holo-
gram is normally taken in a region where no object is
present (see Figure 8).

This reference image must be taken in the very same
condition of the object hologram so that for each recon-
struction two subsequent images are normally used. The
reference hologram is reconstructed in the same way as the
object hologram and the corrected phase j ¼ jObj � jRef

is used for data interpretation.
Another problem is arising from the fact that the range

of variation of the original phase function is unrestricted,
while the range of the numerically reconstructed wave is
limited to a range of ½�p=2; p=2� by the use of the arctan
function in the reconstruction process. As a consequence,
a so-called phase-unwrap routine must be used to restore
the continuous variation of the measured phase. Many
procedures can be found in literature to accomplish this
task. An algorithm that proved particularly effective in
the case of gold catalysts is explained in Ref. [107] and has
been successfully implemented and used in our observa-
tions. After applying the unwrapping procedure to the
reference-corrected reconstructed phase the obtained in-
formation can be interpreted. The phase obtained from
Figures 6 and 8 is shown in Figure 9.

To interpret the obtained information we can note that
since the particles are not magnetic the only contribution
in Equation (34) is due to the electrostatic field. An

Figure 8. Reference hologram associated with image reported
in Figure 6. The same sub-area of the hologram of the image has
been cut out from the full reference hologram to better display
the associated interference fringes. Thanks to Dr. P. G. Merli and
to Dr. L. Ortolani (IMM - CNR Bologna, Italy) for the use of the
FEI FEG - TEM.

Figure 7. Fourier transform of image reported in Figure 6. The
hþ1i and h�1i and cross-correlation zones are shown together
with the zone used to obtain Figure 8. The selected zone corre-
sponds to a spatial resolution in phase of 0.4 nm.
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approximation conventionally used to describe the electric
properties of a material in electron microscopy is to con-
sider the contribution of the mean-inner-potential (MIP)
of the material to the electron motion [1,108].

In this approximation Equation (34) reduces to:

jðx; yÞ ¼
1

lE
½V0 � VSub

0 �tðx; yÞ (40)

where V0 is the particle MIP, VSub
0 the substrate MIP

(which appears in the expression since the particle is
embedded) and t(x, y) the particle thickness in the point
(x, y). At this point it could be tempting to look for a
tabulated value for the gold and polymer MIP to extract,
through t(x, y), the tri-dimensional particle shape. These
values have been measured or simulated for many mate-
rials [17,109] but it has been also recently observed
[110–112] that the MIP of objects having a nanometer
scale varies with particle dimension. This variation is quite
marked and even if the existence of this effect represents,
in this particular example, a limitation, it could be of great
interest for a single-nanoparticle electron characteriza-
tion. For example, discussion is still open about the pos-
sibility of connecting the MIP increase with the arising of
the catalytic behavior in particles with a diameter smaller
than 5 nm. EH opens, in this sense, an entirely new field of
study, being able to access new kinds of information. Re-
turning to the example, the interpretation of the particle

phase-shift is still troublesome, since no precise data exist
on the MIP of small particles.

For this reason another example whose interpretation
is more direct will be given in the following.

3.4. Observation of a Size-Controlled
Catalyst Support

In the field of supported metal catalysis very little is known
about the possible role of the supporting material for con-
trolling the nucleation and growth of the metal nanoclus-
ters. One of the still unresolved issues is represented by the
determination of the pore sizes and morphology, until now
defined by indirect techniques (for example, ISEC, SAXS
[41,104]). For this reason, in the previously observed ma-
terial, not only the gold nanoparticles, but also the sup-
porting polymer can be of interest. The possible presence
of the pores would in fact be evidenced by a drop of the
phase-shift in proximity of the hole itself. With reference to
Figure 10, for example, it is clear how the pore presence,
which is not visible in the image itself, is encoded in the
fringe shift and can be digitally reconstructed. The pore
presence is in fact shown in Figure 11 in which the recon-
structed phase of Figure 10 is shown.

A series of observations in different areas of the spec-
imen have unambiguously evidenced the presence of a
porous structure. Moreover, it has been observed that the
density of pores is higher where the particle density is re-
duced, suggesting that the particles nucleate on the pores
of the substrate and that the pores, which are not filled, are
not completely reduced in the final thermal process.

Figure 9. Phase reconstruction of image reported in Figure 6
using the reference of image reported in Figure 8. The phase map
is shown in (a), which includes a laterally averaged line-scan of 15
pixels. (b) A surface map of the two particles’ shape is displayed.
The surface plot has been heavily noise filtered through Gaussian
smoothing to better display the particles’ shape.

Figure 10. A hologram of a size-controlled catalyst support. The
image does not include the full hologram; only a part of the original
TEM image has been selected for an easier visualization of the
interference fringes. (Thanks to Prof. B. Corain and Dr. P.
Centomo (University of Padova, Italy) for providing the specimen.)
Thanks to Dr. P. G. Merli and to Dr. L. Ortolani (IMM-CNR
Bologna, Italy) for the use of the FEI FEG-TEM.
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EH can be used in this case to obtain direct information
on the substrate structure, and to characterize the growth
process of metal catalysts.

4. Conclusions

In this paper we have endeavored to present a review of
some characterization methods of metal nanoclusters, fo-
cusing, among the extremely vast array of methods and
techniques, on two of them, XRD and TEM, on which we
have direct experience, and emphasizing also some recent
developments, like the radial distribution function in
XRD and EH in TEM.

We recognize that also within this restriction, other
interesting topics are still missing.

For instance, with the introduction of SR sources, par-
ticles with a radius of a few nanometers can be studied
with conventional methods. This has also stimulated a
new kind of microscopy, named diffraction microscopy,
where the Fraunhofer diffraction intensity patterns are
measured at fine intervals in reciprocal space. By means of
this oversampling a computer assisted solution of the

phase problem can be found [113–115] (see Spence for a
review [116]).

We have also not mentioned the last breakthrough in
electron microscopy, where the spherical aberration prob-
lem has been finally solved by means of multipole lenses
[117,118], and new aberration corrected electron micro-
scopes are entering the market.

It can be readily anticipated that the new instrumen-
tation, having extended the point resolution of the mi-
croscope up to its information limit [117], will provide
even better high resolution images of nanoclusters, and
also that it will not supersede, but emphasize, the role of
EH, as the relevant structural information encoded in the
phase (which is still completely lost in the recording proc-
ess) can be retrieved corrected by all coherent aberrations.
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CHAPTER 7

Platinum Nanoclusters’ Size and Surface Structure
Sensitivity of Catalytic Reactions

Robert M. Rioux1,2, Hyunjoon Song1,2, Peidong Yang1,2, and Gabor A. Somorjai1,2

1Department of Chemistry, University of California, Berkeley, USA
2Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, USA

1. Introduction

The focus of heterogeneous catalysis during much of the
20th century was to improve the ‘‘activity’’ of important
catalytic processes, that is, the turnover rate to produce
more product molecules per site per unit time [1]. To this
end, catalyst synthetic methods aimed to produce highly
dispersed and stable catalysts in order to maximize the ac-
tive surface-area. Studies of the macroscopic kinetics of
reactions were utilized to optimize the reaction conditions
[2]. Model surfaces in the form of metal single crystals were
employed to study, with the help of surface science tech-
niques, the elementary surface processes of adsorption,
surface diffusion, reactivity, and desorption; and how sur-
face structure and composition influence these processes.
Surface science studies coupled with reactivity measure-
ments at high pressure using high pressure reaction cells led
to correlations between reaction turnover and the molec-
ular mechanisms of surface reactions [3,4]. Major advances
in catalysis science for relatively simple reactions (i.e., sin-
gle product) were achieved including ammonia synthesis
[5], CO oxidation [6] and hydrogenation (to methane) [7],
and the hydrogenation of olefins to alkanes [8].

In the 21st century, the major challenge for catalysis
science is to understand the molecular features of catalytic
structure that control and dictate reaction selectivity [9].
We strive to produce only the desired molecule while
minimizing the formation of thermodynamically stable
unwanted by-products. The molecular ingredients and/or
the structural features of the catalyst surface that control
selectivity are not well-understood compared with the
features that control activity in a single product surface
reaction. The reason for this is shown schematically in
Figure 1 [10]. Small differences in the activation energy
(DGz) for a simple parallel reaction sequence can lead to
large changes in selectivity. The potential energy barriers
that dictate the final product distribution change with
surface structure and composition.

In this chapter, we demonstrate the design of high
surface area catalysts with controlled, tunable properties

and systematically demonstrate the influence of particle
size on reaction selectivity for multipath catalytic reac-
tions. Solution-phase methods for the synthesis of metal
colloids are utilized to produce monodisperse platinum
nanoparticles in the 1–10 nm range [11–13]. This size
range is catalytically relevant, and represents a range
where changes in the properties of small transition nano-
particles are most dramatic [14]. The synthesis of Pt
nanoparticles with controlled surface structure (cubic,
cuboctahedral, and octahedral) by the addition of small
quantities of sacrificial metal ions has been demonstrated
[15]. The monodisperse shape-controlled nanoparticles
are substitutes for metal single crystals. The nanoparticles
are deposited in the form of a two–dimensional (2D) film
using a Langmuir–Blodgett (LB) technique [15] or en-
capsulated in a 3D mesoporous silica support [16,17].
Catalysts, both 2D and 3D variants, are characterized
by a variety of physical and chemical methods, such as
X-ray diffraction (XRD), electron microscopy, physical
and chemical adsorption, infrared spectroscopy, and
chemical reactivity (ethylene hydrogenation or CO oxi-
dation). We use ethane hydrogenolysis [13,16] and
cyclohexene hydrogenation–dehydrogenation [18] as two
examples of the influence of particle size on reaction ac-
tivity and selectivity.

This approach of using 2D and 3D monodisperse nano-
particles in catalytic reaction studies ushers in a new era
that will permit the identification of the molecular and
structural features of selectivity [4,9]. Metal particle size,
nanoparticle surface-structure, oxide–metal interface
sites, selective site blocking, and hydrogen pressure have
been implicated as important factors influencing reaction
selectivity. We believe additional molecular ingredients of
selectivity will be uncovered by coupling the synthesis
of monodisperse nanoparticles with simultaneous studies
of catalytic reaction selectivity as a function of the
structural properties of these model nanoparticle catalyst
systems.
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2. Platinum Nanoparticle Synthesis and Structural

Characterization

2.1. General Synthesis of Pt Nanoparticles

Colloidal platinum nanoparticles with different size and
shape were synthesized by alcohol reduction methods. Al-
cohol serves as both a solvent for dissolving metal precur-
sors and surfactants and a reducing agent to produce Pt(0)
colloids. Dihydrogen hexachloroplatinate, H2PtCl6, is an
ideal metal precursor due to its good solubility in polar
solvents. Poly(vinylpyrrolidone) (PVP), a well-known pol-
ymer to stabilize metallic colloids [19], was introduced into
the Pt colloid synthesis to stabilize Pt nanoparticles in so-
lution by preventing particle aggregation. In the presence of
PVP, the reaction between alcohol (RCH2OH) and metal
precursor occurred according to the following stoichiometry

H2PtCl6 þ 2RCH2OH! Ptð0Þ nanoparticles

þ 2RCHOþ 6HCl

where R ¼ H, CH3, or CH2OH.
All Pt(0) nanoparticles were washed with water and et-

hanol to completely remove physisorbed polymers from
the nanoparticle surface. The final particles were stable and
stored in water at the same concentration (3� 10�3M
based on the original Pt salt concentration). The long-term
stability is attributed to PVP monolayer(s) coating the

nanoparticle surface. The addition of excess PVP to the
aqueous solution was not necessary.

2.2. Pt Nanoparticle Synthesis
at Different Reaction Temperatures: Control
of Nucleation-Growth Kinetics

Pt nanoparticles in the range of 1.7–7.1nm were success-
fully synthesized by an alcohol reduction method [13]. Par-
ticle sizes depended on the reaction temperature; the
smallest 1.7-nm particles were obtained in ethylene glycol
(EG) at 433K, while 2.9-nm particles were produced in
boiling methanol (338K), indicating that higher reaction
temperatures generate more Pt nuclei in a short period
affording smaller Pt nanoparticles. The 3.6-nm particles
were synthesized by a seed-mediated growth of the 2.9-nm
particles. The largest 7.1-nm Pt particles were synthesized
by slow and continuous alternating addition of Pt precursor
and PVP solutions to refluxing EG. The slow addition kept
the Pt nuclei concentration at a low level and continuous
supply of the Pt precursor led exclusively to nuclei growth.

All Pt nanoparticles were monodisperse and the size
distribution was less than 10%. The average particle sizes

Figure 1. Selectivity is determined by the relative difference in
activation energy between two possible products, while the rates
of reaction to product 1 or 2 are determined by the absolute
activation barriers, DG

z

1 and DG
z

2: Curve calculated assuming
DG
z

2 ¼ 18 kcal mol�1 and a temperature of 300K. Inset is a sim-
plified potential energy diagram for the conversion of a reactant
into two parallel products [10]. (Reprinted from Ref. [10],
r 2002, with permission from American Chemical Society.)

Figure 2. TEM images of the Pt nanoparticles of (a) 1.7 nm, (b)
2.6 nm, (c) 2.9 nm, (d) 3.6 nm, and (e) 7.1 nm. The scale bars
represent 10 nm [13]. (Reprinted from Ref. [13], r 2005, with
permission from American Chemical Society.)
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were measured by transmission electron microscopy
(TEM) (Figure 2) and XRD (Figure 3). The peaks at
2y ¼ 45.91, 54.01, and 80.11 are Bragg reflections of
Pt(1 1 1), (2 0 0), and (2 2 0), respectively.

Average sizes were estimated as 1.7370.26 (1.7),
2.4870.22 (2.6), 2.8070.21 (2.9), 3.3970.26 (3.6), and
7.1670.37 (7.1) nm, respectively, in which the values in
the parentheses were calculated by the Debye–Scherrer
equation from XRD line-broadening of the Pt(1 1 1)
Bragg reflection.

2.3. Shape Control of Monodisperse Pt
Nanocrystals by Ag+ Addition

Shape control during colloidal synthesis of metal nano-
particles is accomplished by influencing the growth process
such that one growth direction is kinetically favored over
another. Shape control has been accomplished is by the
addition of small concentrations of foreign metal ions to
the colloid synthesis [20,21]. Shape control is particularly
interesting in fundamental catalytic applications because
they are particle mimics of extended single crystal surfaces
used in surface science [9]. Pt nanocrystals in the shapes of
cubic, cuboctahedral, and octahedral were successfully
synthesized by the addition of silver ions to a modified
polyol process [15,17]. Different concentrations of
AgNO3–EG solution were introduced to boiling EG prior
to Pt precursor addition. Separately, EG solutions of di-
hydrogen hexachloroplatinate and PVP solutions were

slowly and alternately added to the reaction mixture over
16min. The resulting mixture was refluxed for an addi-
tional 5min, then purified by repetitive precipitation/dis-
persion procedure. A mixture of Pt nanoparticle shapes
such as cubes, tetrahedra, spheres, and faceted particles
were produced without silver ion addition. However, upon
the addition of 1.1mol% (with respect to the Pt concen-
tration) silver nitrate, cubes with a longest vertex to vertex
distance of 9.4nm were produced with 80% yield (Figure
4a). The minor shape (10%) was tetrahedral. The addition
of an 11mol% AgNO3 solution led to the exclusive for-
mation of Pt cuboctahedra (Figure 4b), and further in-
crease of the silver nitrate concentration to 32mol%

Figure 3. XRD data for free-standing Pt particles of (a) 1.7 nm,
(b) 2.6 nm, (c) 2.9 nm, (d) 3.6 nm, and (e) 7.1 nm [13]. (Reprinted
from Ref. [13], r 2005, with permission from American Chem-
ical Society.)

Figure 4. TEM images of the (a) Pt cubes, (b) Pt cuboctahedra,
and (c) Pt octahedra. Inset images are corresponding HRTEM
images and ideal structural models [15]. (Reprinted from Ref.
[15], r 2005, with permission from American Chemical Society.)

Platinum Nanoclusters’ Size and Surface Structure Sensitivity 151



yielded octahedra with �80% selectivity and tetrahedra
(Figure 4c) constituting the minor product (�10%). The
shapes, sizes, and minor shapes observed with the addition
of increasing concentrations of AgNO3 solutions to the Pt
polyol process are summarized in Table 1 [15].

All particles with different shapes have a similar size of
9–10 nm (longest vertex to vertex distance) with narrow size
distributions less than 7%. High-resolution TEM
(HRTEM) images show their projections with the corre-
sponding lattice fringes (Figure 4 insets). Cubes are aligned
along the [0 0 1] axis normal to the substrate with the [1 0 0]
lattice fringe. The cuboctahedra represent elongated hex-
agonal projections with the [1 1 1] lattice fringe, identical to
those of an ideal cuboctahedral structure standing along
the [1 1 0] zone axis. Octahedra are oriented along [11 0]
and [10 0] directions, resulting in diamond and square pro-
jections, respectively. Cube surfaces are terminated by
[10 0] facets, and octahedra and tetrahedra display [1 1 1]
facets on their surface exclusively. Cuboctahedra expose
both [1 0 0] and [11 1] facets with an area ratio of 1:0.58.
Consequently, tuning of AgNO3 concentration adjusts Pt
particle shape and the ratio of [1 0 0]/[1 1 1] surfaces, which
may lead to different catalytic properties.

The addition of Ag+ enhances the [1 0 0] surface
growth, and/or suppresses the [1 1 1] growth. Ag+ is read-
ily reduced by EG at high temperature resulting in re-
duced silver species such as Ag4

2+ clusters. These clusters
are deposited onto certain crystallographic surface of the
Pt seeds, which promotes anisotropic growth of polyhe-
dral structures. Strüber et al. [22] reported that the des-
orption energy of Ag atoms on the Pt(1 0 0) surface is
larger than that of Ag on Pt(1 1 1), indicating the silver
atoms adsorbed on the [1 0 0] facets are more stable.
However, the real experimental conditions are potentially
more complex than expected. For instance, the reduced
silver species are readily exchanged by the reduction of
platinum ions via galvanic replacement due to a favor-
able electrochemical potential (4Ag+H2PtCl6-4AgCl+
Pt(0)+2HCl), and the silver chloride is rapidly generated
and precipitated in the presence of chloride ions. Silver
by-products such as Ag(0) and AgCl were not sufficiently
removed from the Pt nanoparticles by precipitation/redis-
persion cycles. Elemental analyses demonstrate that cubes
and cuboctahedra retain �100% of the original Ag quan-
tity, while the octahedra retain �40% of the original Ag
quantity [15].

3. Two-Dimensional Deposition

on Oxide Surfaces

3.1. Two-Dimensional Deposition
and Characterization of Pt Nanoparticles
on Oxide Surfaces

A 2D model catalyst system is a valuable tool for un-
derstanding nanosize effect of the metal crystallites and
the role of the metal-oxide support interface. Metal
nanoparticles have been fabricated on single crystalline
silicon surfaces using various lithographic techniques [9].
These systems generate crystalline metal nanoparticles on
silicon substrates which have been used to study reaction
kinetics of small molecule hydrogenation and its poison-
ing by carbon monoxide [23]. While these techniques
have the capability to produce structures with 109–1011

nanoparticles (mm2–cm2 of metal surface area), they are
serial processing techniques requiring expensive and spe-
cialized equipment [9]. An alternate approach has been
developed in which Pt nanoparticles produced by solu-
tion-based synthesis are deposited on the silicon subst-
rate to provide alternative 2D model catalysts. This
method has several advantages over the lithography-
based techniques – (i) high-density particle arrays are
available, (ii) size and shape of each particle is precisely
controlled, and (iii) the process can be readily modified
for a high-throughput fabrication. Generation of 2D
nanoparticle arrays was accomplished using Langmuir-
Blodgett (LB) methods [15]. Pt cubes were dispersed in
chloroform, and the Pt cube solution was slowly dropped
on the water surface in an LB trough. The Pt layers on
the water surface were collected on TEM grids using the
horizontal Langmuir–Schäffer lift-off method. As the
surface pressure is increased, the surface coverage of
the Pt particles increases. The Pt cubes do not aggregate
and are evenly distributed over the entire grid surface.
The surface coverage rapidly increased from 7.6 to 40%
when the surface pressure increased from 3.6 to
6.0mNm�1. Further compression of the Pt layer gener-
ated a nearly closed-packed distribution of Pt nanopar-
ticles, and eventually formed multilayer structures at a
pressure of 10.6mNm�1. Figure 5 represents the relation
between surface coverage (or particle density) and sur-
face pressure of the Pt layer.

Table 1. Yield and average size of shape-controlled Pt nanoparticles [15].

Amount of Ag
addeda (mol.%)

Major shape yieldb and average sizec Minor shape yieldb and average sizec XRD particle size (nm)d

0 Cubes with rounded edges �40% Spheres, �30% 7.1
Irregular rods, �20%
Tetrahedra, �10%

1.1 Cubes �80%, 9.470.6 nm Tetrahedra �10%, 9.870.7 nm 7.5
11 Cuboctahedra �100%, 9.170.6 nm – 8.4
32 Octahedra�80%, 9.870.6 nm Tetrahedra �10%, 9.970.7 nm 8.9

aWith respect to the Pt salt concentration.
bStatistically determined values based on counting 250 particles.
cLargest vertex to vertex distance.
dBased on the Debye–Scherrer equation.
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Pt cuboctahedra and octahedra were also deposited on
the silica substrate in an identical manner. These 2D
model catalysts have the attributes of tunable particle
density and the deposition of the different particles
changes the relative ratio of exposed [1 0 0] and [1 1 1]
surfaces.

After deposition onto planar substrates by LB meth-
ods, the surface regulating polymer, PVP must be re-
moved from the surface. Figure 6 is the thermogravimetric
profile of PVP decomposition during temperature-pro-
grammed oxidation (TPO) for both free PVP and Pt–PVP
cubes. Comparison of the curves demonstrates that Pt
catalyzes the oxidation of PVP resulting in a lower tem-
perature (�473K) required for PVP removal. Free PVP
begins decomposing at �600K in oxygen. Complete com-
bustion products, CO2 and H2O were the only gas phase
products detected during TPO experiments [24]. There
were no observable nitrogen containing compounds in the
gas phase; the fate of nitrogen during combustion is un-
known, although it is possible the amount of volatile re-
duced nitrogen (NH3) and oxidized nitrogen (NOx)
formed were below the detection limit of the mass spec-
trometer. An NOx peak evolves over a very large tem-
perature range with a maximum concentration at �753K
during TPO of pure PVP. The total amount evolved only
amounts to 10% of the total nitrogen content [24]. It is
also possible that nitrogen leaves the reactor as a product
that was not analyzed for by mass spectrometry.

Dendrimer-protected colloids are capable of adsorbing
carbon monoxide while suspended in solution, but upon
removal from solution and support on a high surface area
metal oxide, CO adsorption was nil presumably due to the
collapse of the dendrimer [25]. It is proposed that a similar
phenomena occurs on PVP-protected Pt colloids because
removal of solvent molecules from the void space in be-
tween polymer chains most likely causes them to collapse
on each other. Titration of the exposed surface area of
colloid solution PVP-protected platinum nanoparticles
demonstrated 50% of the total metal surface area was
available for reaction, and this exposed area was present as

ensembles of neighboring atoms [26]. CO adsorption of LB
monolayer films of PVP-protected Pt cubes was used as a
probe of the PVP–Pt interaction and the state of the sur-
face (Figure 7) [27]. Carbon monoxide adsorption is a
common probe of catalyst structure and surface cleanliness
because it is very sensitive to surface coordination and the
presence of coadsorbates. Monolayer amounts of PVP
have a significant influence on CO adsorption behavior.
The amount of CO adsorbed is substantially decreased and
the peak position significantly red-shifted compared to ad-
sorption on monolayers subjected to a low-temperature
oxidation–reduction treatment [27] and a Pt(1 0 0) single
crystal [28]. After cyclic oxidation–reduction cycles,
the sum frequency generation (SFG) peak intensity for
the atop bound CO increases and blueshifts to 2085 cm�1,
in good agreement with the peak position for atop CO on
Pt(1 0 0) at saturation coverage [28].

Pt cube monolayers were catalytically active for the
oxidation of carbon monoxide after the removal of PVP.
Figure 8 are first-order decay plots of the atop CO SFG
signal as a function of time at different temperatures. As
the temperature is increased, the SFG signal decreases at a
much faster rate due to the increased rate of oxidation.
Determination of the first-order decay rate constant as a
function of temperature enables calculation of the appar-
ent activation energy (Eapp), which is shown in the inset of
Figure 8. The activation energy measured by a standard
technique, gas chromatography is in good agreement with

Figure 5. Pt cube coverage (estimated from TEM data) as a
function of the surface pressure during the Langmuir–Blodgett
process. The TEM images are at the surface pressures of (a) 3.6,
(b) 4.0, (c) 6.0, (d) 10.6, and (e) 16.9mN/m [15]. (Reprinted from
Ref. [15], r 2005, with permission from American Chemical So-
ciety.)

Figure 6. Thermogravimetric analysis (TGA) of free 55K PVP
and 7.1 nm Pt–PVP nanoparticles in oxygen. Oxidative decom-
position of free PVP begins at �573K, while significant weight
loss due to the catalyzed oxidation of PVP on PVP-protected Pt
nanoparticles occurs at �473K. It appears that PVP layer is not a
complete monolayer or the entanglement of PVP chains causes a
porous polymer layer enabling oxygen diffusion to the nanopar-
ticle surface [17]. (Reprinted from Ref. [17], r 2006, with per-
mission from Springer.)

Platinum Nanoclusters’ Size and Surface Structure Sensitivity 153



the SFG results. The activation energy reported on a
Pt(1 0 0) single crystal [29] is lower (14 kcalmol�1) than
those reported here, but it is well-known that the ratio of
reactant pressure can have a large impact on the measured
apparent activation energy [29].

Further studies on cyclic oxidation–reduction treated
Pt cube monolayers demonstrate that upon adsorption of
high-pressure ethylene, surface species found on Pt(1 1 1)
single crystals are identified [30]. C–H resonances for
ethylidyne and di-s bonded ethylene suggest that
the ethylidyne formed upon adsorption under high-pres-
sure ethylene stabilizes the pseudohexagonal (5� 20) re-
constructed surface of Pt(1 0 0). Ethylidyne forms over
threefold hollow sites of surfaces with hexagonal symme-
try [31]. These results are in agreement with low-pressure
ethylene adsorption on Pt(1 0 0). No ethylidyne is formed
on Pt(1 0 0) after adsorption of 4L ethylene at 200K (and
pumping out to remove ethylene from the gas phase)
and heating to room temperature. The only identified
species was di-s bonded ethylene, which desorbed or
decomposed upon heating. Increasing the pressure (stati-
cally) to 5� 10�7 Torr, the conversion of di-s bonded
ethylene to ethylidyne with increasing temperature was
observed, in agreement with an independent ultrahigh
vacuum (UHV) study by Masel and coworkers who

identified ethylidyne on the pseudohexagonal (5� 20)
Pt(1 0 0) surface with temperature-programmed desorpt-
ion and high-resolution electron energy loss spectroscopy
[32].

3.2. Three-Dimensional Deposition of Pt
Nanocrystals by Capillary Inclusion

Industrially relevant catalysts are composed of active
metal nanoparticles in the 1–10 nm size range supported
on high surface-area metal oxides or carbon. Metal nano-
particles are classically synthesized by the adsorption or
ion exchange of metal precursors on metal oxides and
their subsequent decomposition. Ion-exchange methods
lead to high-dispersion samples because of an electrostatic
interaction between metal precursor and oxide surface.
The technique is limited by the appropriate choice of
metal precursor (opposite charge of oxide surface) and
operating conditions (pH of solution to induce surface
charge) [33]. Precursor adsorption methods, such as im-
pregnation or incipient wetness rely on physical forces
(i.e., capillarity), which are simple and easily implemented
on a large scale but the experimental conditions must be
ideal to achieve a catalyst with satisfactory properties.
However, both methods suffer from a similar problem;
particle size is actually determined by a combination of
the metal loading and activation (decomposition of the
precursor) processes, which are often difficult to control
[34]. During activation, it is common for nanoparticles to
sinter leading to poorly dispersed systems with broad
particle size distributions. These shortcomings preclude
either method from being considered as part of a design
strategy for supported model catalysts. For highly con-
trolled catalyst synthesis, the idea is to effectively hybrid-
ize the controlled synthesis of the two primary
components of a supported catalyst – metal nanoparti-
cles and support. Our approach toward catalyst prepara-
tion is distinct from traditional methods because the metal
nanoparticle synthesis is done prior to its inclusion in a
support structure. The first approach is the mechanical
inclusion of well-defined Pt nanoparticles onto mesopo-
rous supports, termed capillary inclusion (CI) (Scheme 1)
[13].

Santa Barbara Amorphous (SBA-15) silica with an av-
erage pore diameter of 9.0 nm is large enough to embed Pt
nanoparticles smaller than �7 nm. SBA-15 is synthesized
according to the original procedure reported in the liter-
ature [35]. Pt particles with different sizes (1.7–7.1 nm)
were mixed with SBA-15 in a 1:1 vol./vol. mixture of wa-
ter and ethanol. Low-power sonication for 3 h at room
temperature led to the dispersion of nanoparticles
throughout the entire channel structure of SBA-15.
XRD, and TEM analysis provide proof that nanoparti-
cles do not aggregate and the SBA-15 mesopores are not
disrupted by the inclusion process (Figure 9).

Without sonication, Pt particles adsorb primarily on
the external surface of SBA-15 and at the mesopore
openings. Sonication promotes homogeneous inclusion
and deposition of Pt nanoparticles on the inner surface of
the support mesopores, because ca. 90% of the total sur-
face area is from the inner pore walls. Heat treatment

Figure 7. Total internal reflection sum frequency generation
(TIR-SFG) vibrational spectroscopy of high-pressure room tem-
perature adsorption of carbon monoxide on PVP-protected Pt
cube monolayers and calcined (373K, 3 h) monolayers [27]. The
infrared spectra demonstrate CO is adsorbed at atop sites, but is
considerably red-shifted on the PVP-protected Pt cubes. After
calcination, the atop frequency blueshifts to 2085 cm�1 in good
agreement with CO adsorption on Pt(1 0 0) at high coverages [28].
(Reprinted from Ref. [27], r 2006, with permission from Amer-
ican Chemical Society.)
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under reducing conditions for a high metal content
(�14wt.%) Pt/SBA-15 led to the formation of Pt rod-
type structure in the silica matrix, which confirmed that
the Pt particles were located inside the channels [13]. The
silica channels served as a template for rod formation.
Different sizes of metal nanoparticles were successfully
incorporated into the mesoporous SBA-15 yielding Pt(X)/
SBA-15-CI catalysts (X ¼ 1.7, 2.6, 2.9, 3.6, and 7.1 nm).
Metal contents of the catalysts were nominally 1wt.%,
but actual loadings with respect to the total weight were
0.73–0.95 wt.% platinum.

Prior to inclusion of PVP-protected Pt nanoparticles;
the SBA-15 silica is calcined at 823K for 12 h to remove
residual templating polymer. Removal of PVP is required
for catalyst activation. Due to the decomposition profile
of PVP (Figure 6), temperatures>623K were chosen for
ex situ calcination of Pt/SBA-15 catalysts. Ex-situ refers
to calcination of �300–500mg of catalyst in a tube fur-
nace in pure oxygen for 12–24 h at temperatures ranging
from 623 to 723K (particle size dependent) [13]. Catalysts
were activated in He for 1 h and reduced at 673K in H2

for 1 h. After removal, the particle size was determined by
chemisorption. Table 2 is a summary of chemisorption
data for CI catalysts as well as nanoparticle encapsulation
(NE) catalysts (see description of these samples in pro-
ceeding section).

Monolayer uptakes were obtained by extrapolating
isotherms to zero pressure. Dispersions for all catalysts
were determined using four separate methods: H2

chemisorption, CO chemisorption, O2 chemisorption,
and H2–O2 titration (Pts–O+3/2H2-Pts–H+H2O) [36].
Fractional dispersions for the Pt/SBA-15 series range
from 0.13 to 0.31 based on total H2–O2 titration uptakes.
A 3.2% Pt/SiO2 catalyst prepared by ion exchange (Pt/
SiO2-IE) [37] serving as a standard had an irreversible

Figure 8. Rate of carbon monoxide oxidation on calcined Pt cube monolayer as a function of temperature [27]. The square root of the
SFG intensity as a function of time was fit with a first-order decay function to determine the rate of CO oxidation. Inset is an Arrhenius
plot for the determination of the apparent activation energy by both SFG and gas chromatography. Reaction conditions were pre-
adsorbed and 76Torr O2 (flowing). (Reprinted from Ref. [27], r 2006, with permission from American Chemical Society.)

Scheme 1. Inclusion of size-controlled PVP-protected Pt nano-
particles in calcined mesoporous SBA-15 silica matrices. Me-
chanical agitation by low-power sonication affords a high
dispersion of nanoparticles ranging in size from �1 to 7 nm in
the mesopore channels. The method is referred to as capillary
inclusion (CI). The technique is limited by the size of nanopar-
ticles that can fit into the 6–9 nm diameter mesopores [13]. (Re-
printed from Ref. [13], r 2005, with permission from American
Chemical Society.)
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measured uptake corresponding to a dispersion greater
than unity. The Pt particle size based on chemisorption
was calculated according to the equation d(nm) ¼ 1.13/D,
where D is the metallic dispersion. The above equation
assumes spherical particles and a Pt atom density of
1.25� 1019 atomsm�2 [38]. Particle sizes determined by
chemisorption trend with the TEM and XRD particle
size. XRD measurements on the supported Pt/SBA-15
particles indicated that the Pt particles were not agglom-
erated by sonication or the pretreatment procedure; how-
ever, as shown in Table 2, there is a significant difference
in the measured particle size between the two techniques
(chemisorption and XRD). Two possible explanations
exist to explain this large discrepancy in particle size.
Synthesis of the Pt nanoparticles requires the use of a
template polymer (PVP, in our case) that prevents par-
ticles from agglomerating while in solution. PVP bonds
strongly to the Pt surface and is difficult to remove after
the particles have been dispersed within the SBA-15

matrix. The discrepancy between chemisorption and
XRD particle size is most likely due to a reduced ex-
posed surface area because of remaining polymer on the
Pt surface. XRD is insensitive to this residual polymer,
while chemisorption directly probes this loss of surface
area.

The kinetics of ethylene hydrogenation on small Pt
crystallites has been studied by a number of researchers.
The reaction rate is invariant with the size of the metal
nanoparticle, and a structure-sensitive reaction according
to the classification proposed by Boudart [39]. Hydro-
genation of ethylene is directly proportional to the ex-
posed surface area and is utilized as an additional
characterization of CI and NE catalysts. Ethylene hydro-
genation reaction rates and kinetic parameters for the CI
catalyst series are summarized in Table 3. The turnover
rate is �0.7 s�1 for all particle sizes; these rates are lower
in some cases than those measured on other types of sup-
ported Pt catalysts [40]. The lower activity per surface

Figure 9. TEM images of the Pt(X)/SBA-15-CI catalysts. X ¼ (a) 1.7 nm, (b) 2.6 nm, (c) 2.9 nm, (d) 3.6 nm, and (e) 7.1 nm. The scale
bars represent 20 nm [13]. (Reprinted from Ref. [13], r 2005, with permission from American Chemical Society.)
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atom (i.e., turnover frequency (TOF)) is most likely due to
the influence of residual PVP on the surface of the Pt
particle. The measured apparent activation energy is
�7.5 kcalmol�1 for all catalysts, while reaction orders in
ethylene and hydrogen are �0 and 0.7, respectively.

3.3. Three-Dimensional Deposition of Pt
Nanoparticles by Nanoparticle
Encapsulation

The mechanical incorporation of active nanoparticles into
the silica pore structure is very promising for the general
synthesis of supported catalysts, although particles larger
than the support’s pore diameter cannot be incorporated
into the mesopore structure. To overcome this limitation,
pre-defined Pt particles were mixed with silica precursors,
and the mesoporous silica structures were grown by a
hydrothermal method. This process is referred to as
nanoparticle encapsulation (NE) (Scheme 2) [16] because
the resulting silica encapsulates metal nanoparticles inside
the pore structure.

The acidic conditions of standard SBA-15 synthesis [35]
cause the precipitation of metal nanoparticles without
silica encapsulation, or the formation of amorphous silica
due to the presence of the polymer used for nanoparticle
synthesis. Therefore, the SBA-15 framework was synthe-
sized under neutral condition using sodium fluoride as a
hydrolysis catalyst and tetramethylorthosilicate (TMOS)
as the silica precursor. Pt particles with different sizes
were dispersed in the aqueous template polymer solution;
sodium fluoride and TMOS were added to the reaction
mixture. The slurry aged at 313K for a day, followed by
an additional day at 373K. Pt(X)/SBA-15-NE (X ¼ 1.7,
2.9, 3.6, and 7.1nm) catalysts were obtained by ex-situ
calcination (see Section 3.2). TEM images of the ordered

Pt/silica catalysts are shown in Figure 10. Severe nano-
particle aggregation or phase separation is eliminated un-
der neutral pH conditions.

Pt particles remain highly dispersed in the reaction
mixture during mesostructure formation. All measure-
ments including XRD, SAXS, and TEM indicate a well-
ordered silica structure. N2 physisorption measurement
indicated high surface areas (523–661m2 g�1) and meso-
sized pores (112–113 Å) for the silica supports produced in
the presence of different Pt particles.

Characterization of the catalyst surface by Chemi-
sorption was conducted to determine the extent of PVP
removal. Particle sizes calculated based on H2–O2 titra-
tion measurements are in better agreement with TEM
(Figure 2) and XRD (Figure 3) calculated sizes of the
free-standing particles than the CI catalyst series. The
better agreement is most likely due to a more complete
removal of PVP. The NE catalysts are washed with co-
pious amounts of water and ethanol to remove the tri-
block copolymer template from the silica mesostructure.
PVP is soluble in both solvents and may be removed
from the particle surface during washing. Infrared spec-
troscopic investigation of CO adsorption on the NE cat-
alyst series confirmed that combined washing and ex situ
calcination were sufficient for PVP removal (although
very weak C–H and CQO bands due to PVP were ob-
served). Figure 11 is the infrared spectra of atop bound
CO on the NE series of reduced catalysts [16]. The peak
position blueshifts by more than 15 cm�1 as the particle
size increases from 1.7 to 7.1 nm, while the peak full
width at half maximum (FWHM) decreases as the par-
ticle size increases suggesting the number of energetically
distinct sites capable of adsorbing CO decrease with in-
creasing particle size. These observations are in agree-
ment with statistical calculations of the fraction of
different surface atoms for idealized shapes [41]. As the
particle size increases, a majority of the surface atoms are

Table 2. Selective gas adsorption uptakes and average particle size for both series of Pt/SBA-15 catalysts [13,16].

Catalysta Selective gas uptake (mmol g�1)b Particle size (nm)

H2,total COirr H2–O2,total Dispersion, Dc Chemisorptiond XRD

3.2% Pt/SiO2-IE 133 152 262 1e 1 –
6.3% Pt/SiO2 (EUROPT-1) 151 175 334 0.69 1.6 1.8
Pt powder 16.7 13.7 30.3 0.004 287 4100

Capillary inclusion series
0.73% Pt(1.7 nm)/SBA-15 7.4 12.2 17.4 0.31 3.6 –
0.95% Pt(2.9 nm)/SBA-1 6.8 7.8 18.1 0.25 4.6 3.0
1.0% Pt(3.6 nm)/SBA-15 4 9.3 15.6 0.20 5.6 3.8
1.01% Pt(7.1 nm)/SBA-15 2.1 4.6 10.1 0.13 8.7 7.8

Nanoparticle encapsulation series
0.6% Pt(1.7 nm)/SBA-15 4.5 12 19.1 0.41 2.7 –
0.77% Pt(2.9 nm)/SBA-15 6 10 21.8 0.36 3.1 –
0.6% Pt(3.6 nm)/SBA-15 4 7.4 12.5 0.27 4.2 –
0.62% Pt(7.1 nm)/SBA-15 2 3.2 5.6 0.11 9.5 7.9

aPt content determined by inductively coupled plasma–atomic emission spectrometry (ICP–AES).
bMonolayer uptakes (P ¼ 0) determined at 295K.
cBased on total H2–O2 titration uptake at P ¼ 0.
dBased on d(nm) ¼ 1.13/D.
eDispersion greater than unity calculated; assumed 100% dispersion for calculation of turnover frequency.

Platinum Nanoclusters’ Size and Surface Structure Sensitivity 157



found in large terraces, in which all atoms have essen-
tially the same reactivity, but in the case of smaller par-
ticles, the fraction of surface atoms at edge or corners
become significant.

Similar to the CI catalyst series, NE catalysts were ad-
ditionally characterized by ethylene hydrogenation. The
intrinsic activity measured on a per gram Pt basis were
higher than the corresponding particle size in the CI cat-
alyst family, and TOFs were a factor of five higher on the
NE series (�3.5 s�1) [16]. The rates (activity and TOF) for
the NE catalysts, as well as the apparent activation energy
and partial pressure dependencies are summarized in Ta-
ble 3. Apparent activation energies are slightly higher on
the NE series, the ethylene reaction order is unchanged,
and the hydrogen order is 0.5 compared with 0.75 for the
CI catalyst series.

The shape-controlled nanoparticles were incorporated
into the silica framework by NE by the procedure outlined
in Scheme 2. These catalysts are denoted as Pt(X0)/SBA-
15-NE where X0 ¼ cubes, cuboctahedra, and octahedra.

An example of a Pt nanoparticle cube catalyst is shown
Figure 12 [17].

Previous results demonstrated Ag was incorporated
into shape-controlled nanoparticles at Pt/Ag molar ratios
ranging from 0.014 to 0.14, or �0.04wt.% Ag in
�0.5wt.% Pt catalysts [17]. Rates of ethylene hydrogen-
ation were sensitive to the amount of Ag retained in the Pt
nanoparticles (Table 4). Rates decreased by two orders of
magnitude when the Pt/Ag molar ratio increased by two
orders of magnitude from the cubic to octahedral parti-
cles. The apparent activation energy also increased
with increasing Ag incorporation. The addition of Ag to
a Pt catalyst had a negative impact on catalyst activity for
propylene hydrogenation [42,43]. It is well-known that Ag
dissolves in nitric acid solutions (�5M) to form AgNO3

precipitates according to the following reaction;
2HNO3+Ag0-AgNO3+NO2+H2O [44]. Platinum is
only partially soluble in nitric acid, therefore its dissolu-
tion is orders of magnitude slower than silver resulting in
selective etching. Silver was removed from Pt(octahedra)/
SBA-15 catalysts by selective etching using �5M nitric
acid at 333 k. The Pt/Ag molar ratio decreased from 0.14
to 0.013 with no loss of Pt from the sample as determined
by elemental analysis. Correspondingly, the rate of eth-
ylene hydrogenation on Pt(octahedra)/SBA-15 catalysts
increased by two orders of magnitude and the apparent
activation energy decreased after washing (Table 4). It
appears that only a small amount of residual Ag is re-
quired to alter the activity of Pt for olefin hydrogenation.
The cubes (without etching) contain a compar-
able amount of Ag as etched octahedra samples, and
hydrogenation rates are similar. Preliminary electron mi-
croscopy results demonstrate etching had no apparent
effect on the size or shape of the octahedral particle. It is
proposed that the Ag is most likely present as small clus-
ters on the Pt nanoparticle surface because it was not
detected by synchrotron-based XRD [45], and is easily
etched at room temperature in 5M nitric acid solutions.

Table 3. Ethylene hydrogenation reaction rates and kinetic parameters for both series of Pt/SBA-15 catalysts [13,16].

Catalysta Activityb

(mmol g�1 s�1)
TOFc (s�1) Ea

d (kcalmol�1) Reaction orders

C2H4
d H2

d

3.2% Pt/SiO2-IE 623 3.8 8 �0.1 0.62
Pt powder 69 3.4 8.9 �0.1 0.4

Capillary inclusion series
0.73% Pt(1.7 nm)/SBA-15 8.3 0.71 6.9 0.1 0.75
0.95% Pt(2.9 nm)/SBA-15 8.5 0.7 7.9 0.05 0.77
1.0% Pt(3.6 nm)/SBA-15 6.7 0.64 6.9 0.11 0.69
1.01% Pt(7.1 nm)/SBA-15 4.2 0.62 8.2 0.05 0.7

Nanoparticle encapsulation series
0.6% Pt(1.7 nm)/SBA-15 45 3.5 10.5 �0 0.57
0.77% Pt(2.9 nm)/SBA-15 50 3.5 9.8 �0 0.48
0.6% Pt(3.6 nm)/SBA-15 28 3.4 10.1 0.1 0.47
0.62% Pt(7.1 nm)/SBA-15 11 3.2 12.1 0.1 0.51

aPt content determined by ICP–AES.
bInitial activity. Reaction conditions were 10Torr C2H4, 100Torr H2, and 298K.
cNormalized to the number of surface atoms determined by total H2–O2 titration.
dFor reaction conditions for capillary inclusion series, see Ref. [13]. For reaction conditions for nanoparticle encapsulation series, see Ref. [16].

Scheme 2. Encapsulation of size- and shape-controlled Pt nano-
particles under neutral hydrothermal synthesis conditions of
SBA-15. Silica templating block copolymers and silica precursors
were added to PVP-protected Pt nanoparticle solutions and sub-
jected to the standard SBA-15 silica synthesis conditions. Neu-
tral, rather than acidic pH conditions were employed to prevent
particle aggregation and amorphous silica formation [16]. (Re-
printed from Ref. [16], r 2006, with permission from American
Chemical Society.)
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4. Influence of Particle Size on Reaction Activity

and Selectivity

There are a number of examples demonstrating the influ-
ence of particle size on reaction selectivity. The selectivity
of Co-based Fischer–Tropsch catalyst has been studied as
a function of particle size [46]. Larger particles favor a
higher production of larger hydrocarbons (Cn, nZ6).
Isomerization of n-pentane is favored over Pt/SiO2 cata-
lysts with larger particles, while smaller particles favor
hydrogenolysis [48]. Particle size was also shown to influ-
ence selectivity during the hydrogenation of a,b-unsatu-
rated aldehydes (i.e., crotonaldehyde), with larger
particles more selective for the formation of the unsatu-
rated alcohol, requiring preferential hydrogenation of the
CQO group over the CQC group [48,49]. Conversely,
Mohr et al. [50] have shown that the edges of single crys-
talline gold particles are the active sites for the preferred
CQO hydrogenation of acrolein, suggesting that smaller
particles with a greater number of edge sites are more
selective for the unsaturated alcohol. Reaction studies on
Pt single crystals have shown that close-packed planes
such as Pt(1 1 1) are selective for CQO bond hydrogen-
ation, while corrugated surfaces such as Pt(1 1 0) are more
selective for hydrogenation of the conjugated CQC bond
of 3-methylcrotonaldehyde [51]. The number of examples
of particle size selectivity correlations is few in number
compared to particle size activity correlations but it is
apparent that such correlations exist and will become
better defined as catalyst structures are synthesized with
more uniform properties. We demonstrate the influence of

particle size on selectivity for two hydrocarbon conversion
reactions. It is well-known that the rate of alkane hydro-
genolysis is sensitive to particle size, with smaller particle
being more active than larger particles. For this reaction,
smaller particles are also less selective for alkane forma-
tion than the larger particles because of the substantial
selectivity to carbonaceous deposits. In the second exam-
ple, we demonstrate how selectivity is a complex function
of both catalyst properties and reaction conditions. Dur-
ing the hydrogenation–dehydrogenation of cyclohexene,
we show that the selectivity to benzene is a function of
both particle size and H2 pressure at a constant temper-
ature. The ability to alter selectivity with H2 pressure is
demonstrated and discussed.

4.1. Ethane Hydrogenolysis is Sensitive
to Pt Particle Size

The hydrogenolysis of alkanes has been studied exten-
sively because of the well-known sensitivity of hydrogen-
olysis rates on surface structure [52,53]. As a test of
particle surface structure, the hydrogenolysis of ethane
was examined over Pt/SBA-15 catalysts (Figure 13). Table
5 is a summary of the kinetic results. Ethane hydrogen-
olysis is sensitive to particle size with TOFs varying by at
least two orders of magnitude for catalysts containing Pt
particles from 1 to 7 nm. Apparent reaction orders in
ethane and hydrogen were 1 and � �3, respectively, for
the Pt/SBA-15-NE series (Table 5). The observed reaction

Figure 10. TEM images of the Pt(X)/SBA-15-NE catalysts. X ¼ (a) 1.7 nm, (b) 2.9 nm, (c) 3.6 nm, and (d) 7.1 nm. The scale bars
represent 40 nm [16]. (Reprinted from Ref. [16], r 2006, with permission from American Chemical Society.)
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orders are in agreement with measurements on other sup-
ported Pt catalysts [55]. The apparent activation energies
increase with decreasing metal dispersion.

An ion-exchanged 3.2% Pt/SiO2-IE catalyst with parti-
cles of �1nm was the most active (6.4� 10�2 s�1 at 658K)
and had an apparent activation energy of 54kcalmol�1.
Apparent activation energies increased to �75 kcalmol�1

on the 0.62% Pt(7.1 nm)/SBA-15-NE catalyst. The appar-
ent pre-exponential factors assuming a power rate law,
rCH4
¼ kappPC2H6

P�3H2
with kapp ¼ Ae�Eapp=RT varied by

four orders of magnitude (1025–1029Torr2 s�1) over the
particle size range studied. The influence of particle size on
catalytic activity and the measured apparent activation
energy are shown in Figure 13. The TOF for methane
formation decreases as the particle size increases; similar
trends have been observed on supported Pt catalysts
[55,56]. A linear increase in the apparent activation energy
is found with increasing particle size up to 3.6 nm, after
which the activation energy is unchanged with larger par-
ticle size. A maximum in ethane hydrogenolysis TOF was
observed for Pt/Al2O3 catalysts with Pt particles ranging
from 1.7 to 5 nm [57]; they also observed a minimum in the

apparent activation energy with particle size, after �4nm
there is no change in the apparent activation energy. Rates
of ethane hydrogenolysis follow a trend of decreasing rate
with increasing metal particle size on the Pt/SBA-15 series,
although significant discrepancies do exist and have been
highlighted in a recent review [58]. Two independent stud-
ies of ethane hydrogenolysis on Pt(1 1 1) have determined
similar TOFs of �0.3 s�1 at standard conditions, which is
an order of magnitude higher than Pt(1.7nm)/SBA-15 and
three orders of magnitude higher than Pt(7.1 nm)/SBA-15.

Large ensembles of Pt atoms are necessary for ethane
hydrogenolysis because the C2 intermediate is most likely
bonded to multiple Pt atoms and adjacent sites are needed
for H2 adsorption. The need for a large Pt ensemble is
most likely not the only requirement for an appropriate
active site for ethane hydrogenolysis. Goodwin and co-
workers suggest that these ensembles must also be prop-
erly oriented [59]. Comparison of ethane hydrogenolysis
rates on Ni(1 1 1) and (1 0 0) led Goodman to postulate
that the spatial coordination of surface metal atoms is a
decisive factor in determining reactivity; differences in
spacing between surface atoms on the two surfaces could

Figure 11. Infrared spectrum of CO adsorption at 295K for the Pt/SBA-15 catalyst series: (a) 2.33% Pt(1.7 nm)/SBA-15, (b) 2.69%
Pt(2.9 nm)/SBA-15, (c) 2.62% Pt(3.6 nm)/SBA-15, and (d) 2.86% Pt(7.1 nm)/SBA-15. Inset is the peak position and FWHM of the atop
CO stretching vibration as a function of particle size at room temperature. Peak heights have been modified for clarity [16]. (Reprinted
from Ref. [16], r 2006, with permission from American Chemical Society.)
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account for the differences in activity [60]. The number of
atoms in the ensemble varies with metal, most likely due
to the stoichiometry of the C2Hx species in which the C–C
bond is broken. In the case of Ni, methane forms through
a surface carbide followed by hydrogen reduction, sug-
gesting that a 12-atom ensemble is required [61]. On Pt,
the proposed C2 intermediate that undergoes C–C bond
cleavage on Pt is the ethyl radical, C2H5 [62,63]. In this
case, the ensemble size may be significantly reduced but
the orientation of the atoms comprising that ensemble is
still critical; most likely requiring a fraction of the en-
semble to be composed of atomic steps, kinks, or other
sources of surface roughness. Theoretical calculations of
C2Hx fragment stability on Pt slabs and clusters have
shown that barriers to bond activation are lower on a
stepped Pt(2 1 1) surface relative to a flat Pt(1 1 1) surface
[64,65]. Correspondingly, the activated complexes along
the hydrogenolysis reaction coordinate are stabilized on
the stepped surface relative to the flat surface. Small metal
crystallites have a higher proportion of coordinatively
unsaturated surface atoms, analogous to a stepped single

crystal, while the surfaces of large Pt particle are termi-
nated primarily by low-index, high-coordination surfaces.
It appears that reactions involving C2Hx and their acti-
vated complexes occur on these defect sites because they
provide more stable bonding. Recent work has shown
that methane activation rates increased with Pt dispersion
suggesting that CHx species are stabilized on coordina-
tively unsaturated atoms [66]. The identity of the active
site for C–H and C–C bond activation is unknown, but
particle size dependent catalytic behavior of ethane hydro-
genolysis suggests that surface roughness is a primary
component of the active site.

Figure 13. Dependence of ethane hydrogenolysis TOF and ap-
parent activation energy on Pt particle size. TOFs decrease by
two orders of magnitude over the size range, while the apparent
activation energy increases. Coordinatively unsaturated surface
atoms in small particles have a higher reactivity and subsequently
a smaller barrier for hydrogenolysis than highly coordinated sur-
face atoms of larger particles. TOFs were measured at 20 Torr
C2H6, 200 Torr H2, and 658K [16]. (Reprinted from Ref. [16],
r 2006, with permission from American Chemical Society.)

Table 4. Ag/Pt molar ratio and its influence on ethylene hydrogenation rates and apparent activation energy for nanoparticle encap-
sulated shape-controlled Pt nanoparticles [17].

Catalysta Ag contenta (ppm) Ag/Pt molar ratioa TOFb (s�1) Ea
c (kcalmol�1)

0.55% Pt(cube)/SBA-15 43 0.014 8.6 9.9
0.67% Pt(cuboctahedral)/SBA-15 378 0.102 0.4 10.8
0.48% Pt(octahedral)/SBA-15 326 0.123 0.02 13.4
0.43% Pt(octahedral-no etch)/SBA-15 617 0.25 0.015 10.6
0.43%Pt(octahedral-etched)/SBA-15 60 0.025 6.8 9.4

aPt and Ag content determined by ICP–AES.
bReaction conditions were 10Torr C2H4, 100Torr H2, and 298K.
cReaction conditions were 10Torr C2H4, 100Torr H2 and 273–373K (catalyst dependent).

Figure 12. TEM image of the Pt(cubes)/SBA-15-NE catalyst
after calcination [17]. (Reprinted from Ref. [17], r 2006, with
permission from Springer.)
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4.2. Structure Sensitivity of Ethane Decomposition
to Surface Carbon During Hydrogenolysis

Methane is the only product observed in the gas phase,
but consideration of the decomposition of ethane to sur-
face carbon as a reaction pathway is an important pa-
rameter for the design of hydrogenolysis catalysts. For
example, Vang et al. [67] demonstrated that step sites on a
Ni single crystal are significantly more reactive for C–C
bond breaking than terrace atoms. In another study, two
competing reaction pathways were found for methanol
decomposition – C–H bond activation leading to the for-
mation of CO2 at terrace sites and C–O bond scission
leading to carbon covered step sites [68]. In these exam-
ples, the morphology and surface roughness of the surface
not only influence activity, but also play an important role
in determining reaction selectivity.

The extent to which carbon is deposited on Pt/SBA-15
after hydrogenolysis is determined by H2–O2 titration.
The adsorption of probe molecules can be used to deter-
mine the fraction of the surface covered with carbon
[69,70]. Table 6 demonstrates that the fraction of the Pt
surface covered with carbon used in this study varied from
10 to 30% and was dependent on particle size. The sig-
nificantly higher fractional carbon coverage after ethane
hydrogenolysis on the Pt(2.9 nm)/SBA-15 catalysts is due
to the presence of a higher fraction of coordinatively un-
saturated surface atoms, which promote formation of ir-
reversibly chemisorbed unreactive carbon. While this
carbon was removed by oxidative treatment restoring
the original surface area, it appears that under reducing
conditions this carbon is unreactive and most likely de-
posited during the first few turnovers on surface atoms
with the highest coordinative unsaturation. On Pt(1 1 1),
Rodriguez and Goodman have shown that the amount of
surface carbon after ethane hydrogenolysis in a 100-fold
excess of hydrogen is temperature dependent, with the
coverage increasing approximately linearly with

temperature. Approximately 35% of the surface was cov-
ered with carbon as determined by Auger electron spec-
troscopy at 620K [71]. At lower H2/C2H6 ratios (H2/
C2H6 ¼ 10), the coverage of the Pt(1 1 1) surface after
ethane hydrogenolysis at 620K is 60% [72]. The differ-
ence between the fraction of carbon coverage reported for
single crystals and the Pt/SBA-15 catalysts is most likely
due to the support serving as a sink for coke precursors as
proposed by Parera et al. [73]. Reaction selectivity is
structure sensitive due to competing reaction pathways
occurring at different rates on distinct surface sites.

4.3. Intrinsic Selectivity to Benzene During
Cyclohexene Hydrogenation– Dehydrogenation
is Sensitive to Pt Particle Size

The influence of particle size on selectivity is in general
difficult to study because the influence is often subtle,
therefore requiring materials with very controlled and de-
fined properties. For simplicity, a two-product reaction,
either parallel or series, in which only one reaction is
structure sensitive should demonstrate changes in reaction
selectivity with particle size. As the particle size decreases,
the fraction of surface atoms with reduced coordination
decreases [41]. The monodisperse 1.7–7.1 nm Pt particles
we have synthesized are excellent candidates for selectivity
studies. Reactions involving molecules with multiple func-
tional groups (such as unsaturated aldehydes (i.e., croton-
aldehyde) or epoxides (e.g., 3,4 epoxy-1-butene) are
popular candidates to study the influence of particle size
on selectivity. In these examples, the reaction sequence is
rather complicated with parallel and serial reaction path-
ways leading to a complex dependence of selectivity on
particle size. We have chosen to examine a relatively sim-
pler reaction, the hydrogenation–dehydrogenation of
cyclohexene (Ch). This reaction has been studied exten-
sively on Pt single crystals by McCrea and Somorjai [74]
and supported Pt catalysts by O’Rear and Boudart [75].

Table 5. Ethane hydrogenolysis reaction rates and kinetic parameters for both series of Pt/SBA-15 catalysts [13,16].

Catalysta Activityb

(mmol g�1 s�1)
TOFc ((102)� s�1) Ea

d

(kcalmol�1)
Reaction orders

C2H6
d H2

d

3.2% Pt/SiO2-IE 10.6 6.5 54.5 0.99 �2.8
6.3% Pt/SiO2 (EUROPT-1) 11.3 4.7 46 0.9 �1.8
Pt powder 0.007 0.04 70.5 0.99 �2.6

Capillary inclusion series
0.73% Pt(1.7 nm)/SBA-15 0.38 3.4 49 0.7 �1.9
0.95% Pt(2.9 nm)/SBA-15 0.29 2.4 54 0.65 �1.9
1.0% Pt(3.6 nm)/SBA-15 0.25 2.5 57 0.75 �1.9
1.01% Pt(7.1 nm)/SBA-15 0.1 1.2 49 0.75 �1.9

Nanoparticle encapsulation series
0.6% Pt(1.7 nm)/SBA-15 0.16 1.2 63.4 1 �3.1
0.77% Pt(2.9 nm)/SBA-15 0.08 0.6 68.7 1.1 �3
0.6% Pt(3.6 nm)/SBA-15 0.01 0.1 75.8 0.97 �2.9
0.62% Pt(7.1 nm)/SBA-15 0.007 0.08 74.5 1 �2.6

aPt content determined by ICP–AES.
bInitial activity. Reaction conditions were 20Torr C2H6, 200Torr H2, and 658K.
cNormalized to the number of surface atoms determined by total H2–O2 titration.
dFor reaction conditions for capillary inclusion series, see Ref. [13]. For reaction conditions for nanoparticle encapsulation series, see Ref. [16].
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Apparent activation energies are approximately double for
the dehydrogenation reaction on most types of Pt catalysts
[18,74]. Therefore temperature is the most straightforward
variable to control selectivity. The temperature influences
selectivity because of not only thermodynamic considera-
tions, but also the influence of temperature on coverage
drastically influences selectivity.

The kinetics of cyclohexene hydrogenation and dehy-
drogenation on the NE catalyst were examined. The tem-
perature dependence of cyclohexene hydrogenation and
dehydrogenation follow normal Arrhenius behavior at low
temperatures but deviate at higher temperatures (i.e., in-
verse Arrhenius behavior). The inverse behavior is more
subtle for the dehydrogenation pathway and because it
occurs at temperatures where benzene is formed exclu-
sively, it will not be presented in this discussion. The in-
verse Arrhenius behavior is attributed to a decrease in the
hydrogen [76] or organic coverage [77]. It has also been
proposed that a decrease in organic coverage led to inverse
Arrhenius behavior during benzene hydrogenation over
supported Fe [77] and cyclohexene hydrogenation over
Pt(1 1 1) [78]. The temperature behavior of both reactions
over a series of five Pt/SiO2 catalysts including a highly
dispersed Pt/SiO2 catalyst [37] is shown in Figure 14. Ap-
parent activation energies are a function of particle size for
each reaction; low-temperature Eapp for hydrogenation
ranges from �8.5 to 9.5 kcalmol�1 and 17–24kcalmol�1

for dehydrogenation. The apparent activation energies and
rates at 448K are summarized in Table 6.

There is an apparent structure sensitivity (factor of �3
difference for both reactions) with one increasing and
the other decreasing with particle size. The temperature
(448K) is in the regime where the influence of particle size
begins to become apparent. Figure 15 is an example of
the intrinsic structure sensitivity for both reactions. At
310K, we believe the surface is at high coverage (Ch and
hydrogen), the hydrogenation rate is invariant with par-
ticle size, while the dehydrogenation rate (at 448K, tem-
perature at which the surface coverage is low) depends on
particle size, by a factor of five over the size regime ex-
amined. The differences between rates (and therefore se-
lectivity) shown in Figure 15 and Table 6 are due to
thermodynamic consequence of adsorption that signifi-
cantly influences the kinetic outcome. The hydrogenation

rate becomes structure-sensitive at higher temperatures
due to a particle size dependent H2 coverage effect (see
Figure 14).

4.4. Apparent Changes in Reaction Selectivity
at Low Hydrogen Coverage

The selectivity during Ch hydrogenation at a slightly
lower temperature (than mentioned in Table 6) is shown
in Figure 16. The reported selectivities to benzene are
significantly lower at 418 than 448K.

For example, benzene selectivity on Pt(7.1 nm)/SBA-15
at 418K is 4%, while at 448K, it is 25%. While the
differences in apparent activation energy account for
some of this change, it cannot account for all of it. Both
these temperatures fall within the region of inverse
Arrhenius behavior; the bend-over behavior for hydro-
genation at higher temperatures is attributed to a decrease
in H2 coverage. Thermodynamically, adsorption is an
exothermic process and hydrogen adsorption is much
more temperature sensitive than cyclohexene adsorption.
Paál et al. suggested that the inverse Arrhenius behavior
for n-hexane reforming catalysts is due to decreased a
decrease in hydrogen coverage and the most appropriate
way to determine activation energies is to measure the
maximum rate at each temperature which we determined
is a function of particle size [76]. For the series of
Pt(X)/SBA-15 catalysts, Ch hydrogenation rates at lower
temperature (i.e., 418K) recover to a greater extent with
H2 pressure than 448K (data not shown, see Ref. [18]).
This suggests that the greater observable difference be-
tween selectivity at the two temperatures is a consequence
of both the reaction kinetics (i.e., differences in true
activation energy) and a hydrogen coverage effect, which
is particle size dependent. The Arrhenius plots demon-
strate the particle size dependence; the 7.1 nm has higher
hydrogen coverage than the 1 nm particles at tempera-
tures above 400K.

This work demonstrates that selectivity is related to
catalyst structure in a very complex way. In the case of
Ch hydrogenation/dehydrogenation, it is the interaction
of hydrogen rather than Ch that dictates the observed

Table 6. Cyclohexene hydrogenation-dehydrogenation rates on Pt/SBA-15 nanoparticle encapsulation catalyst series [18].

Catalysta Hydrogenation Dehydrogenation Selectivity
to C6H6

e

(%)
Activityb

(mmol g�1 s�1)
TOFb,c

(s�1)
Ea

d

(kcalmol�1)
Activityb

(mmol g�1 s�1)
TOFb,c

(s�1)
Ea

d (kcal
mol�1)

0.6% Pt(1.7 nm)/SBA-15 78.2 6.2 8.7 205.5 16.3 17 72.4
0.77% Pt(2.9 nm)/SBA-15 139.2 9.8 9.1 149.2 10.5 19.1 51.7
0.6% Pt(3.6 nm)/SBA-15 147.8 17.8 9.4 67.3 8.1 20.9 31.2
0.62% Pt(7.1 nm)/SBA-15 70.6 20.2 9.8 24.5 7.0 24.1 25.7

aPt content determined by ICP–AES.
bReaction conditions were 10Torr C6H10, 200Torr H2, and 448K.
cNormalized to the number of surface atoms determined by total H2–O2 titration.
dReaction conditions were 10Torr C6H10, 200Torr H2, and 273–323K for hydrogenation (400–443K for dehydrogenation).
eSelectivity at 448K based on experimentally measured turnover frequencies (10 Torr C6H10, 200Torr H2).

Platinum Nanoclusters’ Size and Surface Structure Sensitivity 163



Figure 14. Arrhenius plots for cyclohexene (Ch) hydrogenation and dehydrogenation on Pt/SiO2 catalysts. Inverse Arrhenius behavior
is observed during both the hydrogenation and dehydrogenation. The inverse data for Ch dehydrogenation is not shown because it
occurs at high temperatures where no cyclohexane is formed. For Ch hydrogenation, the inverse Arrhenius behavior leads to large
changes in selectivity due to significant differences in hydrogen coverage with particle size under reaction conditions [18].

Figure 15. Turnover rate for cyclohexene hydrogenation and
dehydrogenation as a function of particle size. Reaction condi-
tions are 10Torr C6H10, 200 Torr H2, and 310K for hydrogen-
ation and 448K for dehydrogenation, respectively [18].

Figure 16. Selectivity to benzene and cyclohexane at 10Torr
C6H10, 200Torr H2, and 418K [18].
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selectivity on catalysts with different particle sizes. Studies
continue in our laboratory to develop novel methods of
catalyst design in order to understand the influence of
particle size on reaction selectivity.

5. Summary

Two new methods of catalyst synthesis were developed
with the intention of creating high surface-area catalysts
with tunable properties. Pt nanoparticles with monodis-
perse particle size and/or controlled surface structure were
chosen as the tunable variables for these novel catalysts.
Colloidal Pt nanoparticles were synthesized by alcohol
reduction methods in the presence of a surface protecting
polymer, PVP, while shape-controlled Pt nanoparticles
were reduced in solution in the presence of sacrificial
metal ions and PVP. The addition of varying amounts of
Ag to a polyol solution with a Pt precursor led to the
selective formation of cubic, cuboctahedral, or octahedral
Pt particles. The Pt particles are supported by three
different methods. The first method based on LB film
formation followed by lift-off of Pt nanoparticle mono-
layers onto a single crystalline silicon substrate served as
high-density 2D nanoparticle array catalysts. Their cata-
lytic properties were assessed with CO oxidation followed
by SFG vibrational spectroscopy. The second and third
method of catalyst preparation involved incorporating
PVP-protected Pt nanoparticles into high surface area
mesoporous silica by either inclusion in the mesopore
channels with sonication or the hydrothermal growth and
subsequent encapsulation of the silica matrix around the
nanoparticles. Catalysts prepared by both methods were
active for ethylene hydrogenation, although the NE series
was more active due to a more effective pretreatment for
PVP removal from the catalyst surface. Both catalyst se-
ries demonstrate structure sensitivity for ethane hydro-
genolysis, although the effect was much greater on the
encapsulated catalysts. Catalysts with smaller Pt particles
were active for methane formation, but also more inclined
to produce carbonaceous residues on the catalyst surface.
A size influence on selectivity was observed during the
hydrogenation–dehydrogenation of cyclohexene. In the
case of dehydrogenation, this reaction is structure sensi-
tive, while hydrogenation rates are invariant with particle
size. Smaller particle sizes were much more active for de-
hydrogenation activity, exemplified by the lower apparent
activation energies. The selectivity to benzene was a func-
tion of hydrogen pressure at a constant temperature and
decreased for all particle sizes when the hydrogen pressure
was increased. The synthesis of these catalysts is a general
procedure that enables the construction of numerous
metal/support systems for the study of structure-selectiv-
ity correlations in heterogeneous catalysis.
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CHAPTER 8

Metal Nanoclusters in Catalysis: Effects of
Nanoparticle Size, Shape, and Structure

F. Klasovsky and P. Claus

Ernst-Berl-Institute/Chemical Technology II, Darmstadt University of Technology

1. General Considerations

1.1. Heterogeneous Catalysis and the Concept of
Structure Sensitivity

In the majority of reactions in chemical industry, high
product yields stem from the involvement of catalytic
processes, either in a homogeneous or heterogeneous
fashion. Whereas the homogeneous operation mode
suffers from, for example, higher catalyst losses, hetero-
geneous catalysis offers a much more convenient separa-
tion of products and catalyst. Mostly in terms of bulk
oxides or supported metal catalysts, they are therefore
applied in the fabrication of a wide range of products
like, for example, fine chemicals, plastics, and fertilizers or
reduction of environmental pollution by cleaning up au-
tomotive exhaust gases in three-way catalytic converters.

Despite its widespread implementation for decades,
heterogeneous catalysis increasingly attracts flourishing
research activities. Mainspring of new developments in
this field is the simple fact that most industrial catalytic
reactions still do not proceed efficiently. Present and fu-
ture challenges lie in the sectors of ecology (waste avoid-
ance and reduced consumption of feedstocks), efficiency
(energy-saving and highly selective processes with high
atomic economy), as well as profitability (creation of
processes of high space velocity).

Examples for necessary process improvements through
catalyst research are the development of one-step proc-
esses for a number of bulk products like acetaldehyde and
acetic acid (from ethane), phenol (from benzene), acrolein
(from propane), or allyl alcohol (from acrolein). For ex-
ample, allyl alcohol, a chemical which is used in the pro-
duction of plasticizers, flame resistors and fungicides, can
be manufactured via gas-phase acetoxylation of propene in
the Hoechst [1] or Bayer process [2], isomerization of
propene oxide (BASF-Wyandotte), or by technologies
involving the alkaline hydrolysis of allyl chloride (Dow
and Shell) thereby producing stoichiometric amounts of
unavoidable by-products. However, if there is a catalyst

capable of selectively hydrogenate the carbonyl group of
acrolein (leaving the olefinic double bond intact), allyl
alcohol can be manufactured in a one-pot synthesis. Un-
like in the preceding decades (industrial research), the
development of highly selective heterogeneous catalysts
nowadays (in academia) is often accompanied by the
search for the reactions’ underlying processes and mech-
anisms. Numerous investigations have increased the un-
derstanding of catalyzed reactions on a molecular base and
resulted in a spectrum of general, theoretical concepts [3].

Typically, supported metal catalysts are used in order
to hydrogenate or oxidize the educt to the desired com-
pound. Such catalysts often contain a metal (for example,
0.5–5wt.%), which was deposited on the surface of a
support (e.g., SiO2, Al2O3, TiO2, zeolites, activated car-
bon) by means of an appropriate catalyst synthesis pro-
cedure (Figure 1).

Since heterogeneous catalysis is a phenomenon which is
exclusively based on the reactivity of surface atoms, a high
fraction of the latter, exposed towards reactants, is de-
sired. This demand can be equated with a high degree of
dispersion of the metal or a very small particle size, that is,
in the lower nanometer range of approximately 1–5 nm.

Attempts to determine how the activity of the catalyst
(or the selectivity which is, in a rough approximation, the
ratio of reaction rates) depends upon the metal particle
size have been undertaken for many decades. In 1962, one
of the most important figures in catalysis research,
M. Boudart, proposed a definition for structure sensitiv-
ity [4,5]. A heterogeneously catalyzed reaction is con-
sidered to be structure sensitive if its rate, referred to the
number of active sites and, thus, expressed as turnover-
frequency (TOF), depends on the particle size of the active
component or a specific crystallographic orientation of
the exposed catalyst surface. Boudart later expanded this
model proposing that structure sensitivity is related to the
number of (metal surface) atoms to which a crucial reac-
tion intermediate is bound [6].

According to Bond [7] and Burch [8], structure-
sensitive reactions can be divided into four categories,
thereby broadening the original classifications built by
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Boudart [4]: TOFs can either be independent of particle
size (structure-insensitive reactions), increase (antipathetic
structure sensitivity) or decrease (sympathetic structure
sensitivity) with growing particle size, or cross a maximum
(Figure 2).

Structure sensitivity is not a single phenomenon but
can often be regarded as a set of independent, but inter-
linked mechanisms. At the very beginning it is important
to realize that the term particle size effect (PSE) not only
refers to the size of active component particles but more-
over comprises effects deriving from peculiarities in their
morphology, that is, their shape and structure.

Before investigating the effect of size, shape, and struc-
ture on catalytic behavior, that is, TOFs, a set of five
requirements concerning the metal particles has to be met.
Besides a monodisperse size distribution, the nanoparti-
cles should be fully reduced, unpoisoned, unperturbed by

the carrier gas, and unpromoted (Che and Bennett [9]).
Note, that the labels ‘‘structure-sensitive’’ and ‘‘structure-
insensitive’’ are an oversimplification which can be over-
come, according to Bond [10], by the more useful ‘‘degree
of structure sensitivity’’. However, discussing the issue of
particle-size effects on the catalyst performance it must be
kept in mind that size reduction of metal particles results
in the formation of nanoparticles having short-range or-
der and metastable state.

This review covers the personal view of the authors de-
duced from the literature starting in the middle of the
Nineties with special emphasis on the very last years; former
examples of structure-sensitive reactions up to this date
comprise, for example, the Pd-catalyzed hydrogenation of
butyne, butadiene, isoprene [11], aromatic nitro compounds
[12], and of acetylene to ethylene [13]. In contrast, benzene
hydrogenation over Pt catalysts is considered to be struc-
ture insensitive [14]; the same holds true for acetonitrile
hydrogenation over Fe/MgO [15], CO hydrogenation over
Pd [16], and benzene hydrogenation over Ni [17]. For ear-
lier reviews on this field we refer to Coq [18], Che and
Bennett [9], Bond [7], as well as Ponec and Bond [20].

1.2. Phenomenological Descriptions of Structure
Sensitivity

Structure sensitivity can be easily detected by relating ob-
served TOF with the dispersion D of metal nanoparticles
(of size R) present in a catalyst. According to early
approaches from Farin and Avnir [21,22], these factors
can be connected using the reaction dimension DR and a
new constant k:

log TOF ¼ log k þ ðDR� 2Þ log R

In 1997, Arai [23] simplified this equation introducing
more plausible parameters. Structure sensitivity exists, if
the dependence of observed TOF on the particles’ disper-
sion D can be described by a linear relation with the
(non-zero) slope n and the ordinate log TOF*, the latter
standing for TOF at an extreme of D ¼ 1 (two-dimen-
sional metal islands):

log TOF ¼ log TOF	 þ n log D

Applying this equation to the results obtained by Bond
[7] for n-butane hydrogenolysis over 0.5wt.% Ru/SiO2,
Arai elucidated that the activity of two-dimensional Ru
islands on a distinct support is independent of the prep-
aration method. Depending on the support, either positive
(SiO2) or negative (Al2O3) structure sensitivities (i.e., posi-
tive or negative slopes) can be observed which can, for the
case of alumina, be traced back to an electronic manipu-
lation of Ru by residual Rux+ species and the formation
of an Al–Ru alloy.

1.3. Preparation of Catalysts with controlled Size,
Shape and Structure

As mentioned before, heterogeneous catalysts (except
unsupported ones) consist of mono-/bi-/multimetallic

Figure 2. Structure-insensitive reaction (1), sympathetic (2)/an-
tipathetic structure sensitivity (3), and TOF reaching a maximum
with varying particle size (4) [9].

Figure 1. TEM image of a titania supported gold catalyst
(1.7wt.% Au) prepared by deposition-precipitation (gold particle
size ¼ 5.370.3 nm, dispersion ¼ 36%). (Reprinted fromReference
[84], r 2000, with permission from American Chemical Society).
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metal nanoparticles or a mixture of them, supported on
(in-) organic solid materials. Typical metals comprise the
light (i.e., Ru, Rh, Pd) and heavy (i.e., Os, Ir, Pt) platinum
metals as well as the iron metals (i.e., Fe, Co, Ni). To a
lesser extent, the coinage metals (i.e., Cu, Ag, Au) and
other less frequently used elements like Re (-Rheni-
forming) or Y (in bimetallic catalysts) are applied in in-
dustrial or academic catalysis. Whereas in industry only a
small number of support materials are in fact used (SiO2,
Al2O3, TiO2, active carbon), ‘‘academic catalysts’’ offer a
wide spectrum of oxidic (e.g., ZnO [24], MgO [25], ZrO2

[26], CeO2 [27], Fe2O3 [28]), other inorganic (e.g., TiOxNy

[29]) and organic materials (e.g., polymers [30], carbon
nanotubes [31], or polyaniline [32]).

The identification of structure sensitivity would be both
impossible and useless if there did not exist reproducible
recipes able to generate metal nanoparticles on a small
scale and under controlled conditions, that is, with narrow
size and/or shape distribution onto supports. Metal nano-
particles of controlled size, shape, and structure are
attractive not only for catalytic applications, but are im-
portant, for example in optics, data storage, or electronics
(c.f. Chapter 5). In order not to anticipate other chapters
of this book (esp. Chapter 2), remarks will therefore be
confined to few examples.

The most frequently used preparation techniques for
heterogeneous precious metal catalysts include impregna-
tion (wet or incipient wetness), deposition and (co-) pre-
cipitation techniques as well as the deposition of preformed
colloids. Whereas with the first technique investigations on
attainable particle shapes and structures are scarce, the
latter offers the opportunity to investigate shape-selective
particle formation without interference of the (rather com-
plex) support materials. Accordingly, Pd nanoparticles are
affordable either as cuboctahedra (3.2–3.6nm) [33] or as
platelets with [1 1 1]-Faces [34], and detailed investigations
on the shape-determining factors have been performed by
Liew [35]. Comparable efforts have been undertaken with
platinum [36], silver [37], and gold [38].

The following sections will give a showcase overview of
structure-sensitive reaction classes highlighting some of
the most recently investigated catalytic systems. They are
grouped on the basis of the following reaction classes:
hydrogenation, oxidation, C–C coupling, and cleavage
reactions.

2. Hydrogenation Reactions

2.1. Hydrogenation of CO to Methanol over ZnO

Besides supported (transition) metal catalysts, structure
sensitivity can also be observed with bare (oxidic) support
materials, too. In 2003, Hinrichsen et al. [39] investigated
methanol synthesis at 30 bar and 300 1C over differently
prepared zinc oxides, namely by precipitation, coprecip-
itation with alumina, and thermolysis of zinc siloxide
precursor. Particle sizes, as determined by N2 physisorpt-
ion and XRD, varied from 261 nm for a commercial ma-
terial to 7.0 nm for the thermolytically obtained material.
Plotting the areal rates against BET surface areas (Figure
3) reveals enhanced activity for the low surface area zinc

oxides (i.e., those exhibiting larger particles). Based on
both EXAFS and TEM investigations, preponderance of
highly crystalline, polar surfaces on the larger particles
was made responsible for the observed phenomenon.

2.2. Hydrogenation of Monoalkenes

Heterogeneously catalyzed hydrogenation of alkenes is
generally considered to be a structure-insensitive reaction,
as was deduced from numerous studies on more or less
complex model catalyst systems [40–54]. However, the
following sections will give examples of the opposite case.

2.2.1. Propene Hydrogenation over Pt– Au/TiO2

A study concerning the lowermost particle size necessary
for admitting a reaction to occur is provided by Amiridis
et al. [55] in their investigations of propene hydrogenation.
For metal particle sizes greater than 2 nm, hydrogenation
of simple olefins is considered to be structure insensitive
[56]. Comparing bimetallic Au–Pt catalysts prepared by
either co-impregnation (H2PtCl6 and HAuCl4) or from a
heterobimetallic precursor (Pt2Au4(CC

tBu)8), initial TOFs
in Amiridis’ study differed by almost three orders of mag-
nitude. A combination of TEM and CO adsorption stud-
ies revealed real bimetallic nanoparticles with a uniform
size distribution for the latter, cluster-derived catalyst, ex-
hibiting a surface containing only about 15 at.% platinum.
Referring to investigations on the minimum Pt ensemble
size necessary for olefin hydrogenation (provided by Bond
[57]), Amiridis followed that also in propene hydrogena-
tion over Pt–Au/TiO2 a minimum ensemble of Pt atoms is
necessary for a successful concomitant adsorption of
olefin and hydrogen. However, beside this dilution
effect of gold on the bimetallic particles, an electronic im-
pact can not be excluded. An application of Amiridis’

Figure 3. Activity of powdered ZnO samples employed in
MeOH synthesis (p ¼ 30 bar, T ¼ 573K, Q ¼ 10mL/min [64%
H2, 8% CO2, 6% CO, 22% He]). Particle diameters of the differ-
ent batches of ZnO decrease from batch A to E. (Reprinted from
Reference [39], r 2003, with permission from Royal Society of
Chemistry).

Metal Nanoclusters in Catalysis 169



cluster-derived catalysts in oxidation reactions will be dis-
cussed in Section 3.1.

2.2.2. trans-2-Pentene Hydrogenation

over Pd/Al2O3

Whereas alkene hydrogenation is generally considered to
be a structure-insensitive reaction, Shaikhutdinov et al.
[58] recently reported on structure sensitivity during the
hydrogenation of trans-2-pentene over an alumina-
supported Pd model catalyst. With the help of TPD
measurements, interaction between substrate and metal
was shown to occur via a di-s bound mode which is
enhanced on particle terraces. Consequently, desorption
temperatures of the deuterated products increase with
decreasing particle size, as this type of surface site domi-
nates on larger particles. In contrast, p-bound ethene is
assumed to be the active species for ethene hydrogenation.
Such coordination is provided by both terraces and low-
coordinated surface sites thereby corroborating the ex-
perimentally observed structure insensitivity.

2.3. Hydrogenation of Dienes: 1,3-Butadiene

Structure sensitivity of 1,3-butadiene hydrogenation was
recently investigated by Rupprechter et al. [59] on well-
defined Pd/Al2O3/NiAl(1 1 0) single crystals.

Applying evaporation methods under UHV conditions,
Pd particle sizes in the range between 2 and 8 nm could be
obtained, corresponding to dispersions of 61 to 16%, re-
spectively. For all the investigated catalysts and until full
conversion, the observed exclusive formation of butenes
could be explained assuming stronger adsorption of 1,3-
butadiene compared with the butenes. Initial conversion
rates were linear in time due to an adsorption/desorption-
limited regime, whereas the obvious preference of 1,2-hy-
drogenation compared to 1,4-hydrogenation typical for
smaller particles still requires interpretation. As electronic
reasons should be ruled out for Pd particles >3nm [59],
the observed linear dependence of TOF on particle size
over the whole size range was traced back to two different
effects. The reaction was proved to be particle size inde-
pendent for dPd Z 4 nm; in this regime, TOFs, normalized
by number of Pd surface atoms within incomplete (1 1 1)
facets, turned out to be constant. For dPd o 4 nm, the

effect of an increasing normalized TOF is outweighed by
decreasing portion of this kind of surface sites.

2.4. Selective Hydrogenation of Alkynes to Alkenes

As described above, Shaikhutdinov [58] proved pentenes
reacted faster on larger particles. In the case of alkynes,
some cases of structure sensitivity over Pd catalysts were
reported earlier [11,60–62]. An interesting aspect in this
regard was the observation, that selective hydrogenation
to the respective alkene was in the case of propyne [11]
and butyne [61,63,64] accompanied by distinct carbon
deposition. Interesting investigations on the hydrogena-
tion of the homologue 1-pentyne over Pd catalysts were
performed recently by Teschner et al. [65], bringing
hereby the aforementioned aspects in causality. Investi-
gating pulse hydrogenation and catalyst mass change af-
ter continuous hydrogenation, a significant uptake of
carbon by the Pd metal could be denoted which confirms
earlier results obtained with XRD [66] and DFT [67]
methods. Using in-situ XPS measurements, Teschner
could detect adsorbed carbonaceous species during the
hydrogenation on Pd foil and 5wt.% Pd/CNT (Figure
4(b) and (c)).

According to a depth-profiling XPS experiment, the
carbonaceous species were confined to a 3-Å-thick layer
on a 14-Å-thick Pd–C surface which could be formed only
at low p(H2) or low H2/pentyne ratio. A model was de-
rived which describes the palladium surface to consist of
three Pd–C double layers on Pd bulk with subsurface and
dissolved carbon and hydrogen, respectively (Figure 5). It
could be shown in the hydrogenation experiments that
this Pd–C surface phase effectively suppresses the emer-
gence of bulk-dissolved hydrogen by either complete
elimination or at least mitigation. As such hydrogen is
highly reactive and unselective, the presence of a Pd–C-
‘‘sealing’’ strongly enhances selectivity to pentene.

According to further XPS experiments (Figure 4(a)),
such a ‘‘sealing’’ cannot be formed on Pd(1 1 1), which is
in total accordance with the facts that the necessary car-
bon–carbon bond breaking has been shown to be struc-
ture-sensitive [68,69], and carbon diffusion into the bulk
of Pd(1 1 1) is energetically unfavorable [67]. In conclusion
it is clear that Pd catalysts exhibiting particles confined
only or mainly by (1 1 1) surfaces can not selectively hy-
drogenate 1-pentyne to 1-pentene.

Figure 4. Pd 3d5/2 binding energies of (a) Pd(1 1 1), (b) Pd foil, and (c) 5% Pd/CNT in the reaction mixture of 0.85 mbar H2+0.05 mbar
1-pentyne at 358K. (Reprinted from Reference [65], r 2006, with permission from Elsevier).
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2.5. Hydrogenation of Simple Carbonyl Compounds:
Acetone over Cu/SiO2

An intriguing example for TOF reaching a maximum with
variation of particle size is reported by Vannice et al. [70],
who investigated acetone hydrogenation over silica-sup-
ported copper catalysts (prepared via incipient wetness
and impregnation techniques, respectively), copper chro-
mite, and pure copper powder. While significant deacti-
vation was observed for the reaction at 423K, a clear
increase in initial TOFs with growing Cu particle sizes
could be detected up to a size of 110 nm. A 20wt.%
catalyst exhibiting 176 nm Cu particles again showed a
reduced TOF. Structure sensitivity in this elevated range
of particle size was already observed earlier by Che and
Bennett [9] for CO hydrogenation and ethylene partial
oxidation over Ag catalysts. As Burch [8] demonstrated,
classic explanations for this behavior fail, given that both
geometrical (ratio of sites with different coordination en-
vironment) and electronic properties (e.g., DOS, ioniza-
tion potential, binding energies) only change negligibly
with respect to bulk metal from a particle size of 5 nm
onwards. In the case of Vannices’ catalysts, investigation
by a microwave frequency cavity absorption technique,
however, provides hints for the influence of the Cu nano-
particles’ electric conductivity on their catalytic behavior.
Unfortunately, no data validating or disapproving this
assumption on a physico-chemical basis can be provided.

2.6. Hydrogenation of a,b-Unsaturated Organic
Compounds

2.6.1. Selective Hydrogenation of a,b-Unsaturated

Aldehydes

The selective hydrogenation of a,b-unsaturated aldehydes
to allylic alcohols (desired products) and/or saturated
aldehydes is of commercial relevance, as mentioned in the

introduction, and has been attracting much interest for
fundamental research in catalysis. This reaction offers an
exemplar of catalyst influence on regioselective reactions
(Figure 6). Among the competing attack on either the
C¼C double bond or the carbonyl group, the first one is
favored with most metals (Pt, Rh, Pd, or Cu) due to
kinetic and thermodynamic reasons [71–73] (free reaction
enthalpy lower by 35 kJ/mol). Moreover, formation of
the saturated aldehyde from the unsaturated alcohol is
possible via an isomerization reaction.

Hydrogenation of prenal (3-methyl-crotonaldehyde) in
the gas phase over platinum single crystals is an expressive
example for a structure-sensitive reaction of a complex
molecule (Figure 7). On Pt (1 1 1) at 353K the main
product is the unsaturated alcohol, whereas on the Pt
(1 1 0) crystal face just the saturated aldehyde and the
saturated alcohol are formed. The (1 1 1) crystal face
builds up a closed packed structure, so that the accom-
modation of the two methyl groups is hindered. In con-
trast, the corrugated (1 1 0) crystal face enables the
activation of the whole conjugated system of the mole-
cule followed by 1,4-addition of hydrogen. Prenal hydro-
genation on the Pt(5 5 3) surface with (1 1 1) terraces and
steps lowered the yield of unsaturated alcohol compared
to Pt (1 1 1), since steric constraints are less stringent on
stepped surfaces [74–77].

Figure 5. Model of the palladium surface during 1-pentyne hy-
drogenation. (Reprinted from Reference [65], r 2006, with per-
mission from Elsevier).

Figure 6. Reaction network of the hydrogenation of a,b-
unsaturated aldehydes.

Figure 7. Structure-sensitivity of prenal (3-methyl-crotonalde-
hyde) hydrogenation over Pt single crystals (pH2 ¼ 200Torr,
pprenal ¼ 0.007Torr, T ¼ 353K) [74].
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However, in the literature controversial discussions
about the issue of structure sensitivity can be found which
are further complicated by an (apparent) dependency on
the structure of the organic substrate and the support
material. For example, Citral [78,79] and crotonaldehyde
[80,81] hydrogenation over Pt catalysts and acrolein hy-
drogenation over Ag [82,83] and Au [84,85] catalysts was
stated to be structure sensitive whereas platinum-cataly-
zed crotonaldehyde hydrogenation was not [86]. More
precisely, citral hydrogenation is a structure-sensitive re-
action, since TOF first increases with increasing Pt particle
diameter in the range of 1–5 nm and then just changes to a
minor degree in the particle diameter range of 5–30 nm
[78]. Besides TOF, the particle diameter can also influence
the selectivity of a reaction giving rise to a structure-sen-
sitive selectivity behavior. As an example, the selectivity in
crotonaldehyde hydrogenation to the unsaturated alcohol
increases with increasing metal particle size over Pt
catalysts [80], whereas smaller metal particles favor the
hydrogenation of the olefinic double bond. The effect can
be explained in terms of decreased electron density of the
d-orbitals with decreasing metal particle size, so that the
repulsive four electron interaction between the metal sur-
face and the C¼C double bond decreases. Furthermore,
as particle size decreases, the amount of edges and corners
of the particle increases and it was concluded that this
allows unconstrained adsorption of both double bonds in
crotonaldehyde. In contrast, with increasing Pt particle
sizes, the fraction of Pt(1 1 1) crystal faces increases favo-
ring the selective hydrogenation of the C¼O double bond.
The impact of metal particle size on the selectivity was
also shown in liquid-phase hydrogenation of cinnamalde-
hyde over carbon and graphite supported Pt catalysts
[87–89]. Again an increase in selectivity to the unsaturated
alcohol could be observed with increasing metal particle
size which can be rationalized by different adsorption
geometries of cinnamaldehyde over Pt depending on the
metal particle size. With increasing metal particle size
the steric repulsion of the phenyl group and the metal
surface increases, hindering the adsorption of the olefinic
double bond on the metal surface. As a matter of fact
similar structure sensitivity was not observed for citral
hydrogenation [90], and hydrogenation of this substrate
over Ru/Al2O3 at 333K provides an example of a struc-
ture-insensitive reaction [91].

In the hydrogenation of acrolein over Ag/TiO2 cata-
lysts, the effect of both, decreasing particle size (1.5 nm
after reduction at 773K (HTR) vs. 3 nm after reduction at
473K (LTR)) and increasing particle coverage by several
atomic layers thick TiOx, as obtained by HTR resulted in
a decrease of the catalyst activity and selectivity to allyl
alcohol (from �42% to �27%) [83]. This behavior and
the absence of Ti3+ at the very catalyst surface point to
the fact that, different from the case of catalysts like Pt/
TiO2 [86], TiOx/Ti

3+ species do not act as special sites for
the carbonyl group activation with Ag/TiO2 catalysts.
Furthermore, the catalytic activity and selectivity to crotyl
alcohol increased with increasing Ag particle size showing
that also crotonaldehyde hydrogenation is structure-
sensitive [82]. These studies led to the conclusion that
the active sites issue of Ag/TiO2 catalysts exhibiting a
truncated Ag particle morphology deviating from the
spherical shape must be addressed to other structural

features like faceting, multiple twinning, or even selective
coverage by TiOx.

Over Au/TiO2 catalysts, although they were prepared
by three different preparation methods, a similar antip-
athetic structure sensitivity was also observed for acrolein
hydrogenation which was explained in terms of quantum
size effects below 2 nm altering the electronic properties of
the metal [84]. However, by applying the same prepara-
tion method of deposition–precipitation, using various
pHs in order to obtain Au/ZrO2 catalysts with various
gold particle sizes (4.0, 6.9, and 7.7 nm), structure-sensi-
tivity was found in a way that the TOF decreased by
nearly one order of magnitude, and the selectivity to allyl
alcohol was increased from 15 to 35% with increasing
particle size [85].

Structure sensitivity may have its core in the ability of
nanostructured matter to occur in metastable non-equi-
librium structures, for example as coordinatively unsatu-
rated sites (e.g., edges, kinks) induced by rough surfaces,
as matter with lattice strain or multiple twinned particles
(MTPs) [92]. The question arises how the hydrogenation
properties of gold catalysts are influenced by these nano-
scale properties of gold. The influence of the pretreatment
of a 2.2wt.% Au/ZrO2-DP catalyst in H2 on nanostruc-
ture and catalytic properties during acrolein hydrogena-
tion in the gas phase was established by correlating
HRTEM and catalytic results [85]. It was shown that a
higher amount of MTPs resulted in a lowering of selec-
tivity to the desired product allyl alcohol (Table 1), and
also the TOF was decreased.

Therefore, the main demand for catalyst synthesis was
that supported gold catalysts with single crystalline gold
particles must be prepared to obtain higher selectivities to
the unsaturated alcohol. Moreover, the higher activity of
Au/TiO2 compared to that of Au/ZrO2 was attributed to
the fact that the gold particles (average particle size of ca.
5 nm on both supports) were round shaped on TiO2 and
facetted on ZrO2 [85]. This is in agreement with the find-
ing that the proportion of low-coordinated sites is much
lower after pretreatment at 773K than at 473K, and the
decrease in catalytic activity and TOF, observed in cro-
tonaldehyde hydrogenation [93] when the reduction tem-
perature increases from 473K to 773K, is attributed to
the smoothing of the outer surface of the gold particles,
that is, to the decrease in the number of low-coordinated
sites. The selectivity to crotyl alcohol, in the 5–50%

Table 1. Changes of nanostructure and catalytic properties dur-
ing acrolein hydrogenation in the gas phase1 after pretreatment of
a ZrO2 supported gold catalyst2 with H2 (taken from [85]).

Tred [K]3 573 573 723
tred [h]4 3 18 3

dAu [nm] 7.7 9.2 8.3
Rel. amount MTPs [%] 25 54 30
Selectivity to allyl alcohol [%] 35 20 37
TOF [/s] 0.045 0.022 0.045

1T ¼ 513K, ptotal ¼ 2MPa, molar ratio H2/Ac ¼ 20, W=F0
CA ¼

15:3 g h=mol:
22.2wt.% Au/ZrO2-DP.
3Reduction temperature.
4Reduction time.
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conversion range, was 60–70% and independent of the
reduction temperature, and almost constant as a function
of the particle size.

The problem of relating particle-size effects with the
observed catalytic properties can be seen from a recently
published study of Abid et al. [94], who investigated the
hydrogenation of crotonaldehyde over ceria-supported
platinum (prepared by an incipient wetness technique
using Pt(NH3)4(NO3)2). Currently, several reasons for
observed preference of either butanal or crotyl alcohol
reaction products in this system are up to discussion,
namely formation of Pt–Ce- alloys, particle decoration
with unreduced ceria or electronic effects of partially
reduced ceria [95–97]. Abid investigated in detail the in-
fluence of both loading and reduction temperature
on activity and selectivities. Using in-depth characteriza-
tion by HRTEM and XPS, epitaxial growth of Pt(1 1 1)
on CeO2(1 1 1) (separated by a thin layer of CePt5 (1 1 1))
was detected, resulting in an expansion of Pt(1 1 1) lattice
parameter by 3.3%. Yet without theoretical proofs, it was
deduced that this expansion, observed on cuboctahedral
moirée particles, is responsible for an enhanced adsorp-
tion of the carbonly group affording the hydrogenation to
crotyl alcohol. According to Abid, species comparable to
the Pt–TiOx interfacial sites described by Sen and Vannice
[98] are of minor influence, as they lead to blocking of
active sites for both crotyl alcohol and butanal formation.
This hypothesis is supported by the low activity of low
loaded 1wt.% Pt/CeO2 where the interface between Pt
and reduced support species should be maximal due to the
small metal particle size. As a result, the observed de-
pendence of selectivities on the Pt nanoparticle size stems
from a size-dependent strong-metal-support interaction
(SMSI) between platinum and the CeO2 support.

While changes of the morphology of the metal particles
(rounded, facetted, single crystalline, multiply twinned
particles) and, thus, the catalytic properties can be in-
duced by appropriate pretreatment conditions of the cat-
alyst (see above), the relative amount of various surface
sites (edges, corners, and faces) can be influenced by de-
positing a second metal exclusively on the parent metal
giving rise to a principle change of the nanoparticle struc-
ture. This approach was successful when indium was
added to zinc oxide supported gold nanoparticles
(dAu ¼ 9 nm) [99] where a statistically proven selective

decoration of gold particle faces has been observed by
detailed HRTEM analysis, leaving edges free (Figure 8).

EDX analysis revealed a homogeneous distribution of
indium on the gold particles, and no monometallic indium
deposits were found. With a bimetallic Au–In/ZnO cat-
alyst used for acrolein hydrogenation, the desired allyl
alcohol was the main product formed with a high selec-
tivity of 63% (at T ¼ 593K and ptotal ¼ 2MPa). From the
experimentally proven correlation between surface struc-
ture and catalytic data of Au/ZnO and Au–In/ZnO, in-
cluding site-time-yields for the formation of the individual
products, the edges of single crystalline gold particles have
been identified as active sites for the preferred C¼O hy-
drogenation [98]. The Au–In system is the first example
showing the important impact of a second metal for tun-
ing the selectivity of a gold catalyst in selective hydro-
genation of functional groups.

However, it should be noted that the structure of those
bimetallic particles (Ag–In) can be changed under the
conditions of the catalytic reaction, that is, in presence of
the reactants, as recently shown by in situ X-ray absorp-
tion spectroscopy of acrolein hydrogenation [100].

2.6.2. Hydrogenation of Allyl Alcohol

An example of structure sensitivity for unsupported pal-
ladium nanoparticles is provided by Crooks et al. [101] in
their investigations concerning the hydrogenation of allyl
alcohol in a liquid phase process. Applying Pd colloids
stabilized by sixth-generation hydroxyl-terminated poly-
amidoamine dendrimers (G6-OH), a clear dependence of
hydrogen conversion on the particle size could be detected
while keeping the total amount of Pd constant. Based on
calculations of the number of surface, face and defect
(vertex and edge) atoms, normalized TOFs were com-
puted for each of these surface site types. Above particle
diameters of 1.5 nm, zero slope of the TOFs for faces re-
vealed these sites to be the preferred ones for allyl alcohol
hydrogenation. Accordingly, in this range structure sen-
sitivity is based on geometric reasons. An increase in face-
site TOFs with decreasing particle size below this limit
should, according to Crooks, be founded on electronic
effects.

Figure 8. HRTEM image of Au–In/ZnO (left), and surface model (right). Indium preferentially decorates the outer faces of the gold
particles while the edges remain uncovered. (Reprinted from P. Claus, Appl. Catal. A: General 291 (2005) 222, r 2005, with permission
from Elsevier).
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2.7. Hydrogenation of Glucose

An example for a non-structure-sensitive reaction is pro-
vided by Davis et al. [102], who investigated the liquid-
phase hydrogenation of glucose over carbon and silica
based ruthenium catalysts with particle sizes between 1.1
and 2.4 nm. Depending on catalyst loading which was
between 0.56wt.% and 5wt.%, dispersion decreased from
91% to 43%. At the same time, TOFs varied only insig-
nificantly in a range between 0.21 1/s and 0.32 1/s.

3. Oxidation Reactions

3.1. Oxidation of Propene over AuPt/SiO2

and Pt/SiO2

As discussed in Chapter 2.2.1, cluster-derived 0.5wt.%
Pt2Au4/SiO2 catalysts showed a decrease in propene hy-
drogenation activity when the size of Pt ensembles fell
below a value necessary for adsorption of all reactants.
Earlier, Amiridis et al. [103] investigated the same catalyst
for the gas-phase oxidation of propene by either oxygen
or NO. In comparison with a monometallic 1wt.% Pt
catalyst and a 1wt.% Pt+2wt.% Au catalyst (both pre-
pared via impregnation), the cluster-derived catalyst
showed minor activities, thereby exhibiting only slightly
smaller particle sizes (3.4 nm vs. 4.6 nm and 4.7 nm,
respectively). In accordance with FTIR spectroscopy of
adsorbed CO and investigations on the 16O/18O homoex-
change reaction, the real bimetallic character of the as-
prepared catalyst was proved. Investigations of other
groups concerning propene oxidation over Pt/Al2O3 [104],
oxidation of cyclopentane, methane, and benzene
[105,106], or reduction of NO by either propylene
[107,108] or octane [109] indicated a distinct antipathetic
structure-sensitivity for hydrocarbon oxidation over Pt.
As a result, Amiridis inferred that Au in the bimetallic
particles influenced Pt more than could be expected from
the aforementioned particle size reduction. While a geo-
metric effect in terms of breaking up surface-confined Pt
ensembles could be expected, differences of singleton
frequencies of adsorbed CO between Pt/SiO2 and AuPt/
SiO2 provided clear evidence for an electronic modifica-
tion of Pt by Au.

3.2. CO Oxidation over Supported Au and Pt
Catalysts

Since Haruta’s works in the 1980s [110] CO oxidation is
one of the major applications of supported gold catalysts.
Interestingly, this metal/substrate combination exhibits
much more pronounced structure sensitivity than the Pd,
Pt, and Ir catalyzed analogues [9].

Schüth and coworkers [24] investigated the influence of
support materials on catalysts’ activities in gold-catalyzed
CO oxidation using a colloid deposition method for cata-
lyst preparation. While temperatures of half conversion
(T1/2) of about �10 1C could be reached with titania and
alumina supported catalysts, much higher T1/2 values
were obtained for the zinc oxide and zirconia supported
analogues (Figure 9). According to TEM investigations,
the gold nanoparticles, stabilized with polyvinyl alcohol,
could be immobilized without changing particle size dis-
tributions. As a conclusion, support influences on the
particle shape, especially defect formation, were supposed
to be the origin of different CO-oxidation activities.

As mentioned above, the identification of structure
sensitivity becomes difficult if other factors besides par-
ticle size influence the catalyst’s activity. In order to avoid
influences stemming from differences in, for example,
metal content, chloride content, or support morphology,
CO oxidation was investigated by Overbury et al. [111]
over Au/TiO2 catalysts prepared from two single batches.
Within each of the batches, particle size variation (1.8 to
11.8 nm for the 4.5wt.% batch and 2.0 to 10.2 nm for the
7.2wt.% batch) was generated via thermal sintering of the
catalysts. As very thin Au platelets or rafts can not be
identified by electron microscopy, particle size determi-
nation here was performed using in-situ EXAFS. With
varying particle size, the resulting rates (normalized by
total gold content) varied by over two orders of magni-
tude, and the TOF-particle size dependence fits a power
law (d�1,8 for the 7.2wt.% and d�1,0 for the 4.5wt.%
catalyst). It was interesting to note that with equal particle
size the lower loaded catalyst always exhibited higher
TOFs which could potentially be related to a lower par-
ticle number density. Only the TOF-particle size depend-
ence for the lower loaded catalyst can be explained on the
basis of active peripheral sites between gold and the sup-
port. From a comparison with the step-site density
dependence from the particle size it is concluded that

Figure 9. CO conversion as a function of temperature for supported gold catalysts (a) Au/ZrO2, (b) Au/TiO2 (both PVA protected)
(Reprinted from Reference [24], r 2006, with permission from American Chemical Society).
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the most active sites are lower coordinated than step sites;
with the higher loaded catalyst, corners seem to be the
reaction sites. As electronic effects can be ruled out
for particles larger than 2 nm, the observed structure
sensitivity was assumed to stem mainly from very low-
coordinated sites (kinks).

Quite the opposite behavior (sympathetic structure
sensitivity) can be observed when CO oxidation is per-
formed over Pt catalysts. In Uner’s [112] investigations
different particle sizes were again realized starting from a
single batch and subsequent heat treatments. In accord-
ance with the well-known enhanced reactivity of CO ad-
sorbed on planar surfaces [113–115] CO TOFs increased
by a factor of �3 when dispersion was reduced from 63 to
4%. Investigating furthermore CO oxidation in hydrogen
atmosphere (PROX), temperatures of half CO conversion
dropped with increasing dispersion, whereas CO selecti-
vity at To235 1C raised in the same direction.

3.3. NO Oxidation over Supported Pt Catalysts

Not at least for the development of environment-friendly
transportation systems various efforts are currently un-
dertaken to reduce the NOx emission of combustion proc-
esses. Prerequisite for all potential technologies (e.g.,
ammonia SCR or continuously regenerating particulate
filters) is a catalyst able to fully oxidize NO to NO2. Uti-
lizing a 5-factor 2-level high throughput experimentation
(HTE) approach, Schmitz et al. [116] investigated a set of
32 catalysts, prepared as either 0.75 or 1.5wt.% from
Pt(NO3)2 or Pt(NH3)4(NO3)2 on SiO2 or Al2O3, calcined
in dry air or N2 at either 300 or 500 1C with optional
subsequent reduction in H2. In accordance with earlier
works on alumina [106,107,117,118] or silica [119] sup-
ported Pt catalysts, the samples investigated here exhibited
a sympathetic structure sensitivity effect with the TOF
increasing by a factor of 39 for 23 nm particles on Al2O3

and a factor of 29 for 39 nm particles on SiO2 when com-
pared to the 2.5 nm particles on both supports (Figure 10).

Although no explanation for the underlying mechanis-
tic details can be given, the support and pretreatment
conditions clearly have a strong effect on catalyst per-
formance. Highest mean rates are obtained with reduced
catalysts based on silica whereas the precursor seems to
have only a negligible effect.

3.4. Selective Oxidation of Highly Functionalized
Molecules

The liquid-phase oxidation of glycerol was carried out by
using carbon-supported gold particles of different sizes
(2.7–42 nm) which were prepared by a colloidal route
[120]. Indeed, a particle-size effect was observed because
the selectivity to glyceric acid was increased to 75% with
smaller particle sizes (doptimum ¼ 3.7 nm).

Another reaction which is of interest within the concept
of catalytic conversion of renewable resources [121] is the
oxidation of glucose to gluconic acid. A series of Au/C
catalysts was prepared by the gold-sol method with differ-
ent reducing agents and different kinds of carbon sup-
ports providing Au mean particle diameters in the range
of 3–6 nm [122]. The most active gold catalyst exhibited a
specific gold surface area of 94.2m2/g. It could be shown
that D-Glucose oxidation is a structure-sensitive reaction
since a significant increase in reaction rate could be ob-
served with increasing Au specific surface area at the same
reaction conditions.

4. C–C Coupling Reactions: Fischer–Tropsch

Synthesis

CO hydrogenation, according to a number of publications
[123–125] is considered to be a structure-sensitive reac-
tion. This is mainly due to size-dependant CO adsorption,
which can occur either in a linear (preferred on smaller
particles), a geminal, or a bridged mode (preferred over
larger particles). Concerning particle-size effects for silica-
supported Rh catalysts, Bao et al. [126] investigated pore-
confined synthesis of metal nanoparticles obtained from
RhCl3 precursors. The observed linear increase in CO
TOF (max. 85/h) was correlated with growing Rh particle
sizes in the range of 2.5–5 nm. According to Bao, this
phenomenon can be traced back to the enhanced activity
of bridge-bound CO (favored with the larger particles),
but also to easier accessibility to the larger particles via
the larger pores. Additionally, growing particle sizes pro-
moted the formation of methane and C2 oxygenates which
should as well be due to the preponderance of bridge-
bound (i.e., non-dissociated) CO.

As was demonstrated in the preceding sections, struc-
ture-sensitivity phenomena are mostly confined to particle
size regimes smaller than 3–4 nm. A process of industrial
relevance was investigated by de Jong et al. [127] in their
study on cobalt particle size effects in the Fischer–Tropsch
reaction. Earlier works noted distinct drop in activity for
Co particles smaller than 10 nm and ascribed this phe-
nomenon to either a partial oxide or carbide formation
which should be enhanced for particles in this size regime
[128–139]. In order to avoid similar effects, de Jong used

Figure 10. Change in intrinsic NO oxidation rate with Pt
particle size for the Pt/Al2O3 (’) and Pt/SiO2 (&) systems.
(Reprinted from Reference [116], r 2006, with permission from
Elsevier).
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Co particles supported on graphitized carbon nano fibers
which by XPS were shown to prevail in the metallic state.
While conversion and selectivities for catalysts exhibiting
particle sizes >6nm were insensitive with respect to par-
ticle size, TOF markedly decreased below this size limit
(Figure 11 left). Accordingly, increased methane selectiv-
ity was explained by an enhanced availability of dissoci-
ated hydrogen on the Co surface (Figure 11 right). Based
on XANES derived Co coordination numbers, significant
restructurization of metal particle surfaces leading to
faceted particles is believed to take place. This effect, in
conjunction with ‘‘nonclassical structure sensitivity’’,
according to de Jong, is responsible for the observed
behavior.

5. Cleavage Reactions

5.1. Ethane Hydrogenolysis over Pt/SBA-15

Investigating the most simple hydrogenolysis reaction,
that of ethane, is very instructive as it comprises two of
the most important processes in heterogeneous catalysis in
one reaction: C–H and C–C bond activation. Whereas a

H/D exchange takes place already at �430K [140], the
rate of C2H5 hydrogenolysis on Pt(1 1 1) was three orders
of magnitude lower [141]. Already in 1969 Boudart [4]
reported on structure sensitivity for this reaction which
was discussed closer in later years; Guczi and Gudkov
[142], for example, reported on antipathetic behavior for
Pt particle sizes in the 3–20 nm size range.

Recently, Somorjai, Yang et al. [143] examined this
reaction over �1wt.% Pt/SBA-15 utilizing an elaborate
preparation protocol. Preformed Pt nanoparticle sols of
five different mean sizes, obtained by alcohol reduction in
the presence of a protecting polymer (PVP) were com-
bined with SBA-15 silica exhibiting 9 nm pores. After 3 h
low-power ultrasonic treatment, the Pt particles were
evenly distributed throughout the pores of the support
(Figure 12 (a)–(e)).

Interaction of ethane with Pt surfaces can theoretically
occur via ethyl (C2H5), ethylidene (CHCH3), vinyl
(CHCH2), and vinylidene (CCH2) species [144,145] and
the cleavage of the C–C bond is believed to occur in highly
dehydrogenated species at low hydrogen-to-ethane ratios
and vice versa [146]. With decreasing particle sizes, TOFs
of Somorjai’s and Yang’s catalysts increased by a factor
of 3, confirming the system’s antipathetic behavior
(Figure 12(e)). It is proposed that the hydrogenolysis

Figure 11. The influence of cobalt particle size on the TOF (left) and on methane selectivity (right; 220 1C, H2/CO ¼ 2, 1 bar).
(Reprinted from Reference [127], r 2006, with permission from American Chemical Society).

Figure 12. TEM images of the Pt(X)/SBA-15 catalysts: X ¼ (a) 1.7 nm, (b) 2.6 nm, (c) 2.9 nm, (d) 3.6 nm, and (e) 7.1 nm (the scale bars
represent 20 nm); (f): structure sensitivity of ethane hydrogenolysis on �1% Pt(X)/SBA-15 with Pt particle sizes ranging from X ¼ 1.7 to
7.1 nm. Rates corrected to 20Torr C2H6, 200Torr H2, and 643K. (Reprinted from Reference [143], r 2005, with permission from
American Chemical Society).
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involves C2Hx species and their activated complexes; they
are more stably bound on Pt defect sites which are more
abundant on smaller particles.

5.2. Hydrodechlorination of Chlorophenols
over Ni/SiO2

An apparent particle size effect for the hydrodechlorination
of 2-chlorophenol and 2,4-dichlorophenol was observed by
Keane et al. [147]. Investigating silica supported Ni cata-
lysts (derived from either nickel nitrate or nickel ethane-
diamine) with particles in the size range between 1.4 and
16.8 nm, enhanced rates for both reactions were observed
with increased size over the full range (Figure 13). As elec-
tronic factors can be ruled out in this dimension, the ob-
served behavior is traced back to some sort of ensemble
effect, known from CFC transformations over Pd/Al2O3

[148]. Due to electronic deactivation of the substrate, hy-
drodechlorination of the dichlorophenol is discriminated in
comparison to the monosubstituted substrate.

Disregarding structure sensitivity effects, further works
[149] denote the promoting influence of an electropositive
metal in bimetallic Pd–Yb catalysts for enhanced hy-
drodechlorination of chlorobenzene, 1,2- and 1,3-di-
chlorobenzene.

6. Reasons for Size, Shape, and Structure Effects

6.1. Electronic Aspects

Changing the size of metal particles leads to a change in
the atom’s mean coordination number, as in smaller par-
ticles the number ratio of surface atoms to bulk atoms
increases. As a result, the metal’s valence band becomes

more narrow, the density of states in the vicinity of the
Fermi niveau decreases and the band center shifts towards
higher energies [150]. It can thus be easily understood that
metal nanoparticles’ chemistry differs from that of the
bulk materials as proved by Gan [151] who confirmed in
2001 that below 2nm size, PtNP exhibit non-metallic be-
havior. For further discussions on this topic the reader is
referred to Chapter 1.

One of the first examples encountering this so-called
quantum size effect was a communication by Carter et al.
[152] in 1966 who reported on decreasing ethane hydro-
genolysis activities on silica–alumina supported nickel
with increasing temperature during annealing in H2

(370–700 1C). The resulting change in particle size from
4 to 8.8 nm was shown to change magnetic properties of
the Ni particles dramatically; consequently, the observed
sharp increase in hydrogenolysis activity was assumed to
be due to changes in the particles’ electronic structure.

Main obstacle in identifying quantum-size effects as a
reason for structure sensitivity stems from the difficult
discrimination from geometric influences; the latter will be
discussed in the next paragraph.

6.2. Geometric Aspects

Besides electronic effects, structure sensitivity phenomena
can be understood on the basis of geometric effects. The
shape of (metal) nanoparticles is determined by the min-
imization of the particles’ free surface energy. According to
Wulff’s law, this requirement is met if (on condition of
thermodynamic equilibrium) for all surfaces that delimit
the (crystalline) particle, the ratio between their corre-
sponding energies si and their distance to the particle cen-
ter hi is constant [153]. In (non-model) catalysts, the
particles’ real structure however is furthermore determined
by the interaction with the support [154] and by the for-
mation of defects for which Figure 14 shows an example.

Figure 13. Specific 2-CP (open symbols) and 2,4-DCP (solid
symbols) hydrodechlorination rate constant (k) as a function of
the average Ni particle diameter (dNi) for reaction over Ni cat-
alysts prepared via impregnation with nitrate (J,K), deposition-
precipitation (n,m) and impregnation with nickel ethanediamine
(&,’): T ¼ 423K; reaction data refer to aqueous solutions.
(Reprinted from Reference [147], r 2003, with permission from
Royal Society of Chemistry).

Figure 14. Au nanoparticle on polyaniline support with twin
boundary (F. Klasovsky, P. Claus, unpublished results, 2006).
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According to the model of van Hardefeld and Hartog
[155], varying the size of metal particles changes the pre-
ponderance of atoms placed at the corners (denoted C6

6),
edges (C5

7), or faces (C
3
9) as it is demonstrated in Figure 15

for the case of silver particles. According to Balandin’s
multiplet theory [156] the ability of a substrate to interfere
with a surface depends on the accordance of the substrate
geometry with the local coordination environment; ana-
logous effects are known with the behavior of oxide
catalysts (Hedvall-Effekt [157,158]). Hence it becomes
clear that a given reaction’s TOF or selectivities can de-
pend on the particle shape and size.

As was for example seen with Pd and Pt (Section 2.6.1,
crotonaldehyde), dense (1 1 1) metal faces are not favor-
able to C¼C coordination. Accordingly, greater partici-
pation of this face in the catalyst surface, with large
faceted particles or by support epitaxy, can favor the un-
saturated alcohol [159].

Another example for geometry influence in hydrogen-
ation reactions was recently presented by Jackson et al.
[160] who investigated hydrogenation of para-toluidine; a
reaction that is only rarely documented in the literature
[161,162] (Figure 16). During low-temperature liquid-phase
hydrogenation over Rh/SiO2 catalysts, a weak but pro-
nounced antipathetic effect was observed. Variation in Rh

particle size between 1.2 and 2.5nm increased TOF by a
factor of 1.5 and could be traced back to the dominance of
plane face surface Rh atoms. Consequently, this finding is
in accordance with similar antipathetic behavior observed
earlier for benzene hydrogenation over Rh/Al2O3 [163], Pt/
Al2O3 [164], and iridium [165] catalysts.

Recently, Libuda et al. [166] discovered an aspect of
particle-size-dependent phenomena which could hitherto
be helpful in interpreting possibly structure-sensitive re-
actions. Scrutinizing Pd particles deposited in different
sizes between 2 and 100 nm on Fe3O4, they discovered a
size-dependent oxidation to Pd oxides. As could be shown
in an earlier work, this oxidation starts at the metal–
support interface, and its products are stabilized by the
support; a bulk oxidation can be excluded [167]. A com-
bination of scanning tunneling microscopy and molecular
beam experiments using CO and O2 beams unveiled a
thorough oxidizability of Pd to PdO when in a size range
o3 nm. Pd particles of 3 nm to approx. 10 nm size could
be oxidized only slowly and partly, mainly at the parti-
cle–support interface, whereas the oxidation of larger
particles (10–100 nm) suffers from severe kinetic hin-
drance. As a result, the maximum oxygen content in an
oxide supported Pd catalyst passes through a maximum
for a Pd particle size of about 7 nm (Figure 17). Below
this point, Pd can be significantly oxidized, however, only
minor amounts of Pd can be deposited on a support be-
fore coalescence occurs, and so the amount of oxidizable
support interface remains low. Above this point, the net
particle–support interface increases, but formation of ox-
ides is kinetically hindered.

6.3. Strain or Compression Aspects

Besides geometric and electronic influences, another
interesting aspect was recently highlighted by Kibler
et al. [168] who investigated current–potential curves of
pseudomorphic Pd monolayers on different single crystal
substrates. As it is known from earlier works of Nørskov
[169], straining a metal whose d band is more than
half filled leads to an increase in the d-band center energy.
As a result, its catalytic activity increases, indicated
by a decrease in its electrochemical potential vs. SCE. In
contrast, a further lowering of d-band center energy
leads to an attenuation of adsorbate binding strength
that, in conjunction with enhanced reactivity, results in a

Figure 15. Relative fraction of different kinds of surface sites in
silver particles. (Reprinted from Reference [82], r 1999, with
permission from American Chemical Society).

Figure 16. Hydrogenation of p-toluidine on plane face surface Rh atoms (left); effect of metal crystallite size on TOF (right).
(Reprinted from Reference [160], r 2006, with permission from Elsevier).
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volcano-like behavior of reaction rates. Accordingly,
electrooxidation of formic acid yields maximum currents
when the active palladium thin layer is deposited on a
PtRu (1 1 1) surface.

6.4. Conclusions

The catalyst/reaction systems presented in this review
show that the mechanism of catalysis are more compli-
cated than assuming a simple geometric model (metal
particle size) or, for example, a perimeter-interface model
which is suggested to be the active site in CO oxidation
[170]. It is obvious, that a single ‘‘size’’ parameter cannot
describe the function of a heterogeneous catalyst as sug-
gested in the headline of this review. Metastable non-
equilibrium states under the reaction conditions of the
individual catalytic process, for example objects with
lattice strain or multiple twinned particles where the small
size prevents recrystallization into the form found at
equilibrium, must be considered as the origin of the
particle-size dependency of the catalytic properties [92].
This was shown, for example, in the case of gold catalysts
used for the selective hydrogenation of acrolein (see
Chapter 2.6.1). The distribution of coordinatively unsatu-
rated sites (cus), that is, edge, kink, corner, and terrace
sites, which can be compressed as ‘‘roughness’’ of the
surface, is controlled by morphology of the nanoparticle.
Among several effects which can contribute to the cata-
lytic properties, for example in the CO oxidation by sup-
ported gold nanoparticles, the most important effect
seems to be related to the availability of many low-
coordinated gold atoms on the small particles as shown by
Nørskov and co-workers [171]. Other effects, for example
those related to the interaction with the support, charge
transfer or layer thickness may also contribute but to a
considerably smaller extent. DFT calculations point to a
hierarchy of the effects, where the largest is a change in
reactivity due to changes in the metal coordination
number, that is, the largest activity is associated with
the presence of a high concentration of low-coordinated
sites on the surface of very small particles.
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CHAPTER 9

Relevance of Metal Nanoclusters Size Control
in Gold(0) Catalytic Chemistry

Masatake Haruta

Department of Applied Chemistry, Graduate School of Urban Environmental Sciences,
Tokyo Metropolitan University, Japan

1. Introduction

Alchemy was developed in Europe in the medieval age
and it founded the origin of modern chemistry [1]. The
brilliantly shining color and the almost perfect chemical
inertness of gold has attracted men and women as a sym-
bol of eternal power and beauty. It is therefore reasonable
that so many people dreamed to produce gold artificially.
Even Newton was deeply involved in the chemical syn-
thesis of gold [2].

Due to this history, gold has long been neglected as an
element of valuable functions. For example, gold was re-
garded to be almost inactive as a catalyst and was indeed
much less active than palladium and platinum [3]. During
the course of synthesizing mixed oxides of gold with base
transition metals, I found in 1982 that when gold was
coprecipitated with 3d transition metals and calcined at
temperatures above 570K, the mixed oxides exhibit high
catalytic activities for CO oxidation even at a temperature
as low as 200K [4]. Later, the mixed oxides were proved
by Iijima with a transmission electron microscopy to be
composed of hemispherical ultrafine particles of gold at-
tached strongly to the base metal oxide supports [5]. The
surprisingly high catalytic activities generated by nano-
particulate gold were introduced as one of the typical
examples which could demonstrate the benefit of nano-
science and technology [6].

This chapter focuses on recent attempts which demon-
strate how size control can turn inert gold into excellent
catalyst. There have already been published many general
reviews on gold catalysts in a wider scope [7–12]. The
global market sales of catalysts amount to 8.9 billion US
dollars in 2003 [13]. The market is almost equally shared
by four sectors: petroleum refinery, chemical production,
polymer production, and environmental maintenance. In
the whole market of chemical catalysts, oxidation comes
after polymerization (49%) and occupies 18%, exceeding
the shares of organic synthesis (15%) and synthesis gas
production (10%). Gold is expected to make significant

contributions to oxidation processes, because it can often
exhibit better catalytic performances than palladium and
platinum in selective oxidation of hydrocarbons and or-
ganic oxygenates [14,15].

Gold has recently been launched as a break in R&D
activities. In both the 13th International Congress on Ca-
talysis, Paris, July 2004 and the 5th World Conference on
Oxidation Catalysis, Sapporo, September 2005, papers
dealing with Au occupied about 9%, which exceeded that
of Pt catalysts, 4% in the case of 5WCOC. The number of
scientific papers dealing with Au catalysts has recently
grown exponentially as shown in Figure 1, and exceeded
700 in 2005.

2. Size Control of Metal Nanoclusters in Supported

Gold Catalysts

In the past, gold catalysts were usually prepared by im-
pregnating the support materials with tetrachloroauric
acid (HAuCl4) followed by calcination in air and often by
reduction with H2 [3,16,17]. A typical structure for such
conventional gold catalysts is schematically drawn at the
left side in Figure 2. Spherical gold particles with diam-
eters larger than 30 nm are simply mixed with the particles
of the support metal oxides. With this structure gold is
poorly active as a catalyst. In contrast, when gold is at-
tached as hemispherical particles with diameters below
10 nm to each particle of metal oxide supports, as shown
in the right side of Figure 2, it exhibits surprisingly high
catalytic activities for many reactions.

In order to deposit gold on the supports with high dis-
persion as nanoparticles (NPs) and clusters, there are at
least nine techniques which can be classified into five cat-
egories: well mixed precursors, specific surface interaction,
mixing gold colloids [18], physical deposition [19,20], and
direct reduction [21]. The former two categories are sche-
matically presented in Figure 3.
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2.1. Preparation of Well-Mixed Precursors of Gold
with the Metal Components of the Supports

The possible strategies are: coprecipitation to prepare
mixed hydroxides or carbonates [5], cosputtering of gold
and the metal components of the supports by Ar con-
taining O2 to prepare mixed oxides [23], and amorphous
alloying to prepare metallic mixed precursors [24]. These

precursors are calcined in air, usually at temperatures
above 570K to transform gold species into metallic par-
ticles and the counter metal species into metal oxides.
Figure 4 shows that in the coprecipitated Au/Fe catalyst
gold particles with diameters around 3 nm are homoge-
neously dispersed on a-Fe2O3 particles of about 50 nm in
diameter [5]. It should be noted that an aqueous solution
of HAuCl4 and ferric nitrate mixture is poured into aque-
ous sodium carbonate solution in a short period (within
3min) to obtain such homogeneously distributed gold
NPs. In a recent paper [25] which claimed that oxidic gold
species were more active than metallic gold, Au/Fe co-
precipitates were produced in completely opposite proce-
dures, by the drop-wise addition of sodium carbonate
solution into metal salts solution. In this case, the Au/Fe
precipitates were produced at different pH and therefore
with different compositions, resulting in inferior catalytic
activity to that of the normal coprecipitates.

2.2. Utilization of Specific Surface Interaction of
Gold Compounds with the Metal Oxide Supports

The approach comprises: deposition–precipitation (DP)
of Au(OH)3 onto the hydroxide surfaces of metal oxide
supports from an alkaline solution of HAuCl4 [26] and
grafting of organo gold complexes such as dimethyl gold
(III)acetylacetonate (hereafter denoted as Au acac com-
plex) [27] and Au(PPh3)(NO3) [28] either in gas and liquid
phase are advantageous in that a variety of metal oxides
commercially available in the forms of powder, sphere,
honeycomb can be used as supports.

Typical experimental procedures are as follows for DP
method, which is used for the industrial production of
gold catalysts. To an aqueous solution of HAuCl4, the pH
of which is 2–3, an aqueous solution of NaOH is added to
adjust the pH at a fix point in the range of 6–10. In neutral
or weakly basic solution AuCl�4 ion is transformed into
AuClnðOHÞ�4�n (n ¼ 4� 0). To this solution support ma-
terials are immersed or dispersed. When the pH, concen-
tration, and temperature are carefully adjusted, solid
Au(OH)3 precipitate is deposited exclusively on the

Figure 1. Annual increase in the number of papers dealing with
gold catalysts.

Figure 2. Schematic representation for the structural differences
between the conventional and novel gold catalysts.

Figure 3. Two major categories for preparing highly dispersed
gold catalysts.

Figure 4. TEM for Au/Fe2O3 coprecipitate calcined at 673K in
air. Atomic ratio of Au/Fe is 1/19.
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surfaces of the support without precipitation in the solu-
tion. The precursors are washed to remove chloride and
sodium ions and then dried and calcined. Figure 5 shows a
TEM for a typical catalyst Au/TiO2, where gold particles
are nearly hemispherical and are attached to TiO2 at their
flat planes.

An advanced technique for DP method developed by
Louis is to use urea as a precipitating reagent and to
continue aging for one night or day to form Au2NHþ4
complexes [29]. This technique can lead to higher metal
loadings above 10wt%, higher metal capture efficiency,
and smaller gold particles.

Another modification is to add magnesium citrate to
deposit smaller gold particles during coprecipitation or
DP for preparing Au/TiO2 and Au/Mg(OH)2 [30,31]. As
shown in Figure 6, under a controlled pH above 7, mag-
nesium citrate is only partly dissociated and the concen-
tration of free citrate anion in starting solution is limited
by dissociation equilibrium thus causing no reduction
of gold complex ions in liquid phase. Citrate ions are
strongly adsorbed on Mg(OH)2 surfaces and remain even
after decomposition of Au(OH)3 during calcination, pre-
venting gold metallic particles from coagulation.

Gas-phase grafting (GG) is characteristic in that gold
can be deposited even on the acidic surfaces, such as ac-
tivated carbon and on SiO2 [27]. The vapor of gold acac
complex is adsorbed on the support powder probably
through the interaction of electron-rich oxygen atoms in
acetylacetonate and then calcined in air to decompose it
into metallic gold particles.

2.3. Mixing of Gold Colloids with the Support
Materials [32]

This method is especially valid for the preparation of gold
NPs mixed with activated carbon, which are active and
stable for the selective oxidation of hydrocarbons and al-
cohols in water. Over activated carbon gold could not be
directly deposited as NPs by using the techniques de-
scribed above, such as DP and even by GG. Gold colloids
with mean diameters from 2.5 to 10 nm stabilized by poly
vinyl alcohol or poly vinyl pyrrolidone are used.

2.4. Vacuum Evaporation of Gold Metal Atoms
and/or Clusters

Over single crystal surfaces with defect sites, vacuum dep-
osition of gold vapor or size-selected gold anion clusters
at low temperatures can lead to relatively homogeneous

Figure 5. Au/TiO2 prepared by DP followed by calcination at
573K [by the courtesy of Dr. Akita, AIST].

Figure 6. Postulated role of magnesium citrate in the deposition precipitation of gold hydroxide on Mg(OH)2.
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dispersion of gold after annealing [33]. To powder sup-
ports, magnetron radio frequency sputtering techniques
are also applicable producing stable gold catalysts such as
Au/Al2O3, Au/Co3O4 without alkaline and chloride ion
impurities [34,35].

2.5. Direct Reduction on the Support Surfaces

When organic polymers are used as supports, it is not
allowed to calcine them at temperatures above 473K. We
have recently developed a technique to deposit gold NPs
on polymer beads by reducing gold complex ions exclu-
sively on the support surfaces without reduction in liquid
phase by controlling concentration, reducing agents, tem-
perature, and pH [36]. As in the case of metal oxide
supports [21], gold NPs can be deposited on the micro-
beads of polymers such as PVC, PMMA, and PS, as
shown in Figure 7 [37]. This technique is also applicable to
activated carbons.

There are a few important points to note concerning
the preparation of highly dispersed gold NPs. Chloride
anion markedly enhances the coagulation of gold NPs so
that the removal of chloride anion from the catalyst pre-
cursors before calcination is important. This is why co-
precipitation and DP methods are advantageous over the
impregnation method. The second point is that GG of Au
acac complex leads to non-selective deposition of gold
NPs while DP from aqueous solutions leads to selective
deposition of gold NPs. For example, over Ti–SiO2 sup-
ports, GG can deposit gold NPs over SiO2 surfaces in

addition to Ti cation sites, whereas DP can deposit gold
NPs only on the Ti cation sites but not on SiO2 surfaces.
This difference in the site of gold deposition can tune the
catalytic behavior, for example, in the reaction of pro-
pylene with O2 and H2 in gas phase [22].

3. Support and Size Effect in Gold Catalytic

Chemistry

Many reactions have so far been studied by using gold
NPs supported on a variety of materials or stabilized as
colloids by polymer ligands [7–10]. Among oxidation, hy-
drogenation, steam reforming, water gas shift reaction,
reduction of nitrogen oxides, and so forth, gold NPs are
especially superior to other noble metal catalysts in ox-
idations at low temperatures below 473K. In this chapter,
three oxidation reactions, CO oxidation, propylene epox-
idation, and aerobic liquid phase oxidation of alcohols,
are chosen to clarify the unique and practical catalytic
properties of gold NPs. The oxidation of CO at low tem-
perature is receiving growing attention in applications to
indoor air quality control and CO removal from hydrogen
for fuel cells. Direct gas-phase propylene
(CH3CHQCH2) epoxidation to produce propylene ox-
ide (PO) is regarded as a sort of ‘‘Holy Grail’’ in catalysis
research, because hydrogen abstraction in –CH3 group
preferentially takes place to produce acrolein
(OHCCHQCH2). Aerobic alcohol oxidation in water is
becoming important in relation to the development of new
environmentally benign and biomass-based chemical
processes.

Concerning the mechanisms how gold, inert as a metal,
can exhibit surprisingly high catalytic activities and se-
lectivities, several hypotheses have been proposed. They
can be classified in terms of active sites or reaction sites
[38], which may change in some cases depending on sup-
port materials even for the same reactions.

3.1. CO Oxidation

The active sites or reaction sites proposed until now for
CO oxidation over gold catalysts with different support
metal oxides are as follows:

(a) Perimeter interfaces around gold NPs as reaction
sites for CO and O2 [12,39]: Al2O3, SiO2, TiO2,
MnO2, Fe2O3, Co3O4, NiO, ZnO, ZrO2, CeO2.

(b) Edge and corner sites of gold NPs [40].
(c) Surfaces of gold clusters or thin layers having elec-

tronically different nature [31,41,42]: Be(OH)2,
Mg(OH)2, MgO, TiO2.

(d) Cationic gold (Au+ or Au3+) embedded in the
support [25,43–46]: Fe2O3, La2O3, CeO2, La(OH)3.

Among the above four hypotheses, the first one, gold
NPs supported on base metal oxides lead to the highest
catalytic activity and stability. Their characteristic fea-
tures can be summarized in the following points [11,12].

(1) The high catalytic activity for CO oxidation at
temperature below 273K emerges when correctly

Figure 7. Gold NPs directly deposited on PVC microbeads by
deposition–reduction method.
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coprecipitated precursors are calcined at 573K and
above, whereas the catalytic activity for H2 oxida-
tion emerges even after calcination at lower tem-
peratures [5] (Figure 8). On the other hand,
inversely coprecipitated precursors prefer calcina-
tion at lower temperatures [24]. It is assumed based
on characterization with TEM, EXAFS/XANES,
Moessbauer, and so forth that cationic gold species
are responsible for CO oxidation at room temper-
ature. The latter catalyst is, however, less active,
probably because the dispersion of gold might be
heterogeneous (note in this case that interpretation
of characterization data is complicated) and that
the interaction with ferric hydroxides or oxides
might be weak.

(2) The catalytic activity markedly depends on the
contact structure of gold with the supports. Re-
markably high activity emerges when hemispherical
gold NPs are attached to the support at their flat
planes. This contact structure is often epitaxial as

shown in Figure 9 and provides longer perimeter
distance around gold NPs.

(3) The selection of support is also important because
it always changes catalytic activity and stability of
gold NPs. When gold NPs are deposited on acti-
vated carbons and polymers [36], they are com-
pletely inactive for gas-phase CO oxidation
although as small as 5 nm. Acidic metal oxides
such as Al2O3–SiO2 are also negative as supports
for gold NPs [27]. Reducible or semiconductive
metal oxides are most suitable as supports in terms
of activity and stability of gold NPs.

(4) The catalytic activity depends on the size of gold
NPs. The precursors are washed, dried, and cal-
cined in air at temperatures above 570K, where
gold species are transformed into metallic particles.
The critical size for the genesis of catalytic activity
is 10 nm, below which edges and corners occupy
a certain fraction and provide sites for reactant
adsorption. At 2.0 nm the catalytic properties
change dramatically in some cases owing to quan-
tum size effect.

(5) Active gold catalysts are advantageous in that wa-
ter usually enhances the catalytic activity [39]. Re-
ducible or semiconductive metal oxide supports do
not need moisture for room temperature catalytic
activity, while non-reducible metal oxides such as
Al2O3 and SiO2 do [39] (Figure 10).

A hypothesis that edge and corner sites work as active
sites can explain why turn over frequency (TOF), which is
defined as the reaction rate per one active site, in the case
of metal catalysts, per surface exposed metal atom, in-
creases with a decrease in the diameter of gold particles.
However, it fails to explain the significant contribution of
support materials and the contact structure of gold NPs.
It seems to be reasonable that those edges and corners act
as the sites for adsorption of one of the reactants, for
example, CO in its oxidation.

Another hypothesis that a change in electronic prop-
erties of gold at thickness of two atoms [42] presents the
highest catalytic activity makes arguments too much sim-
plified. A dramatic change in catalytic properties may
happen in this region of size by quantum size effect on
some metal oxides, but this is not the essential condition
for gold to be catalytically active. This physical model
neglects the direct participation of support in the reaction,

Figure 8. Oxidation efficiencies of H2 and CO over the Au/
Fe(1/19) coprecipitate calcined at different temperatures.

Figure 9. TEM and schematic representation of Au/TiO2 interfaces [12].
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which is proved to be significant by the influence of sup-
port materials and moisture effect.

The experimental results (Figure 11) presented by
Goodman and his coworkers [42] may be valid to discuss
the catalytic behavior of gold clusters smaller than 2.0 nm
in diameter. It should be noted that in their model cat-
alysts the effect of Mo support on the nature of gold
layers through a very thin layer of TiO2 is not negligible
and the catalytic activity reported might be initial rates,
not steady-state ones on which catalytic activity is dis-
cussed for real powder catalysts. On the other hand, it has
been reported that gold clusters on a single crystal of
MgO become active for CO oxidation when they are
composed of at least eight atoms [41]. The enhancing role
of H2O for CO oxidation is investigated by the DFT cal-
culation and is ascribed to the enhanced dissociation of
O2 molecules, as shown in Figure 12 [47].

Another example that small clusters exhibit high cat-
alytic activity is seen in Au/Mg(OH)2 prepared by DP
[31]. Only when gold clusters are composed of 13 atoms
they exhibit high catalytic activity for CO oxidation even

at 200K. Furthermore, it is suggested by computer sim-
ulation of X-ray scattering that what is active is
icosahedron but not cubo-octahedron (Figure 13).

The hypothesis that cationic gold (Au+ and/or Au3+)
is catalytically active still needs further experimental ev-
idences because during reaction those oxidic gold species
might be transformed into metallic particles. If this is a
really working mechanism for most of metal oxide sup-
ports, why is calcination at temperature above 570K nec-
essary for the genesis of high activity at 200K? Although
it may happen that gold oxides are more active than bulk
gold metals, it is doubtful that such gold oxides are stable,
especially under the presence of reducing molecules, and
are more active than metallic Au NPs. In the case of water
gas shift reaction, our Au/CeO2 catalysts containing many
Au NPs of about 2 nm in addition to large gold particles
of about 15 nm are more active than a commercial Cu/
ZnO/Al2O3 catalyst [48], whereas the catalysts investi-
gated by Flytzani-Stephanopoulos’s group are less active

Figure 10. Effect of moisture concentration on TOF for CO
oxidation [39].

Figure 11. Turn over frequency for CO oxidation over Au/
TiO2/Mo model catalysts [42].

Figure 12. Promoting effect of moisture on CO oxidation over an eight atoms gold cluster on MgO single crystal [47].
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[44,45]. It should be noted that only an annular dark field
scanning transmission electron microscope allows us to
detect such small Au NPs dispersed on heavy CeO2 sup-
port. Even though large metallic gold particles are re-
moved by NaCN solution, it might happen that during
water gas shift reaction, oxidic gold species are reduced to
form small Au NPs.

However, in some cases oxidic gold species may be the
active sites for CO oxidation. Gates reported that oxidic
gold dispersed on La2O3 by using GG of Au acac complex
is active at room temperature [43]. On the other hand, we
have recently found that over Au/La coprecipitates cal-
cined at temperatures below 500K are active even at
193K [46]. The EXAFS and XANES analyses of the ac-
tive samples showed that oxidic gold stabilized by
La(OH)3 is responsible for low-temperature activity.

Most probable reaction pathways are shown in Figure
14 [39]. The perimeter interfaces around gold NPs work as
reaction sites between CO adsorbed on the gold surfaces,
most probably on edges and corner sites, and oxygen
species activated at the support-side perimeters [12,39].
This mechanism can explain all the above features from
(1) to (5). The perimeter mechanism is compatible with
the fact that the high catalytic activity appears when Au-
containing precursors are calcined at temperatures above
570K, where gold particles grow to 3–5 nm in diameter.

Reaction takes place at the perimeter between CO ad-
sorbed on gold surfaces and oxygen activated on the sup-
port surfaces. Water enhances the dissociation of O2 and
the desorption of carbonate species [39]. The perimeter
distance becomes the longest when hemispherical gold
particles are attached to the supports at their flat planes,
as schematically shown in Figure 15 [40]. As seen from
this figure, perimeter length as reaction sites (red) together
with edge and corner as adsorption sites (blue) increases
in number with a decrease in the diameter of gold par-
ticles. This is why TOF is remarkably dependent on the
contact structure (Figure 16) and the size of gold particles.
In contrast, TOF is almost independent of the shape and

contact structure of platinum particles because the reac-
tion of CO with oxygen takes place only over the metal
surfaces without direct participation of the support ma-
terials in the reaction.

The enhancing effect of moisture shown in Figure 10
can be readily explained by the involvement of surface
OH groups over Al2O3 and SiO2, where the dissociative
adsorption of oxygen molecule hardly takes place. The
hypothesis (c), physical model, has difficulty in interpret-
ing different catalytic behavior of gold NPs in the pres-
ence of moisture depending on the type of metal oxide
supports.

Figure 17 shows that TOF for CO oxidation increases
with a decrease in the diameter of gold from 5 nm. This

Figure 13. CO oxidation over 13 atoms gold clusters having
different three-dimensional structures supported on Mg(OH)2
[30].

Figure 14. Reaction pathways for CO oxidation over supported
gold catalysts [39].

Figure 15. Ratio of edge and perimeter atoms as a function of
particle diameter [40].
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tendency coincides well with the curves for the fractions of
edge and perimeter sites in Figure 15. In addition, as
shown in Figure 18 [49], the adsorption of CO becomes
appreciable only when the size of gold is smaller than
10 nm, indicating that the sites for CO to adsorb may be
edges and corners but not on the flat terrace sites of gold.

At the perimeter interfaces gold may exist as cationic
species bound to oxygen anions and OH groups as pro-
posed by Bond and Thompson [50]. Gates reported EX-
AFS analyses during CO oxidation over Au/TiO2 showing
that the catalytic activity reaches a maximum at a specific
ratio of cationic gold divided by metallic zero-valent gold
[51]. This fact supports that metallic particles of gold are
needed for CO adsorption and oxidic gold is necessary for
O2 activation, probably at the perimeter sites.

3.2. Propylene Epoxidation

The latest industrial strides in PO synthesis are liquid
phase epoxidation of propylene with H2O2 over TS

(titanosilicalite)-1 catalyst and the epoxidation with cumyl
hydroperoxide followed by the reduction of produced
cumyl alcohol with H2 to recycle cumene. A common
feature of these recent processes is that, in addition to O2,

H2 is also consumed in another process separated from
the epoxidation process of propylene. Therefore, a rea-
sonable extension in the near future is to use both O2 and
H2 simultaneously in one single step, namely, reductive
activation of oxygen molecule. While the energy required
to activate O2 for reaction by directly splitting it into its
constituent atoms is 119Kcal/mol, which is larger than
C–H bonding energies, the copresence of H2 can activate
oxygen under less extreme conditions with energy input of
less than 2.4Kcal/mol, leading to a feasible alternative
method of controlling the reactivity of oxygen species so
as to produce valuable organic oxygenates [14].

In the liquid phase of MeOH or BuOH as a solvent
palladium-based catalysts are used being supported on
TS-1. In batch reactors, the selectivity to PO is lower than
50% and hydrogenation to produce propane prevails
[52,53], whereas PO selectivity is improved to 88%–99%
when semibatch reactors [53–55] or flow reactors are used
[56]. The space time yield (STY) of PO exceeds 100 g PO/
h/k-cat., which is comparable to the STY for the current
industrial production of ethylene oxide by using molec-
ular oxygen alone and Ag/Al2O3 catalysts. It should be
noted that STY of PO has recently been reaching a level of
100 g PO/h/k-cat. in the gas phase containing C3H6, O2,
and H2, as well. In the gas phase epoxidation, only coin-
age metals Ag and Au are selective to PO, when they
are deposited on anatase TiO2 or titanium silicates by DP.
In contrast, palladium and platinum are selective not to
oxidation but to hydrogenation to form propane in the
gas phase.

Hayashi and Haruta found that gold deposited on TiO2

could produce PO with selectivities above 90% in an inert
gas stream containing C3H6, O2, and H2 at temperatures
below 373K [57]. Among a variety of metal oxide sup-
ports, only TiO2, not with rutile and amorphous structure
but with anatase structure, is effective. The requirement to
the size of gold particles is also very strict. Figure 19
shows that a diameter of 2–5 nm is optimum to produce
PO whereas small gold clusters below 2nm produce
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Figure 16. Effect of contact structure on the catalytic activity in
CO oxidation over supported Pt and Au NPs.

Figure 17. TOFs for CO oxidation over Pt/SiO2 and Au/TiO2

as a function of metal particle diameter.
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Figure 18. FT-IR for CO adsorbed on Au/TiO2 having differ-
ent sizes of gold particles [49].
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propane almost exclusively [57,58]. This phenomenon
suggests that small gold clusters behave like palladium
and platinum in the copresence of O2, in other words, can
dissociate H2 molecule at low temperatures.

Preparation method and conditions are crucial to the
catalytic performance of Au/TiO2 [57–61]. As seen from
Figure 20, when hemispherical gold particles are attached
to the TiO2 surfaces at their flat planes by DP method,
PO is selectively produced. Impregnation method, which
brings about large spherical gold particles simply loaded
on TiO2, resulted in the combustion of C3H6 and H2

yielding a large amount of H2O and a small amount of
CO2 at a relatively high temperature. Ion exchange by
using [Au(ethylenediamine)2]Cl3 results in the production
of propane probably due to smaller sizes of gold particles
at a limited metal loading [60]. Mixing of size-controlled
gold colloids with TiO2 powder does not produce PO
but produces propane when [tetrakis(hydroxymethyl)-
phosphonium chloride] (THPC) is used as a stabilizer for
gold colloids [59,60]. In contrast, gold colloids obtained in
the presence of poly-vinylpyrrolidone (PVP) or do-
decylthiol lead to Au/TiO2 catalysts selective to PO
[61,62], although their catalytic performances are inferior
to those of DP catalysts.

Over Au/anatase TiO2 the reaction should be carried
out at a temperature below 373K because otherwise PO is
further oxidized to acetone and CO2 and H2O. Accord-
ingly, STY of PO is below 10 g PO/h/k-cat., which is one
order of magnitude lower than that of ethylene oxide in
industrial processes. Much larger STY of PO can be ob-
tained by replacing TiO2 with TiO2 highly dispersed on
SiO2 surfaces, titanium silicalites, and titanium silicates
and by operating the reaction at a temperature from 423
to 473K.

Currently there are four major lines of approach to-
wards gas-phase epoxidation of propylene: (1) mechanis-
tic studies of Au/TiO2 catalysts through kinetics,
spectroscopic identification of adsorbed species and

surface science, (2) experimental and theoretical investi-
gation of Au/TS-1 catalysts, (3) improvement of catalyst
life of Au/3-D mesoporous Ti–SiO2 catalysts, and (4) re-
placement of Au with Ag on TS-1 support.

3.2.1. Mechanistic Study of Au/TiO2 Catalysts

Relatively detailed study has been done for the reaction
pathways over Au/TiO2 catalysts mainly because of sim-
plicity in catalytic material components. The rate of PO
formation at temperatures around 323K does not depend
on the partial pressure of C3H6 up to 20 vol% and then
decreases with an increase, while it increases monoto-
nously with the partial pressure of O2 and H2 [57]. A
kinetic isotope effect of H2 and D2 was also observed [63].
These rate dependencies indicate that active oxygen spe-
cies are formed by the reaction of O2 and H2 and that this
reaction is rate-determining [57,63,64].

Propylene is adsorbed on the surfaces of both gold NPs
and the TiO2 support, which was indicated by tempera-
ture programmed desorption (TPD) experiments for Au/
TiO2 catalyst and the TiO2 support treated similarly as in
catalyst preparation [57]. The adsorption of propylene
occurs nearly to saturation and tends to inhibit the ep-
oxidation at higher partial pressure. Propylene adsorbs on
Au (1 1 1) and Au (1 0 0) surfaces with its molecular plane
tilted slightly with respect to the surface plane [65]. Des-
orption activation energy is 9.4 kcal/mol on Au (1 1 1) and
Au (1 0 0) and is slightly lower than 10.8–12.6 kcal/mol on
Ag (1 1 0) and appreciably lower than 19 kcal/mol on Pd
(1 1 1). On oxygen covered surfaces of gold propylene
adsorbs more tightly than the bare metal surfaces. DFT
calculation suggests that propylene binds to a corner atom
on gold clusters [66]. The binding involves an electron
density transfer from the HOMO of propylene to one of
the LUMOs of gold, thus leading stronger bond to Aun

+

than to Aun. It is surprising that binding energy of pro-
pylene to positively charged mono-atomic silver and gold
clusters is calculated to be 38.2 and 65.7 kcal/mol, respec-
tively, showing stronger bonding for Au(C3H6)

+ [67].

Figure 19. Product yields by the reaction of propylene with O2

and H2 over Au/TiO2 catalysts as a function of mean diameter of
gold particles.
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Figure 20. Product yields over Au/TiO2 catalysts prepared by
different methods.
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Campbell reported that propylene adsorbs weakly on gold
surfaces and adsorbs moderately on TiO2 (1 1 0) with a
desorption activation energy of 11.3 kcal/mol and that
propylene adsorbs most strongly at the perimeter of gold
islands on TiO2 (1 1 0) [68].

Nujhuis and coworkers [69] assume, based on FT-IR
investigation, that propylene is adsorbed on the surfaces of
Au particles but not on TiO2 surfaces. On the other hand,
they interpreted that bidentate propoxy species which were
identified by FT-IR (Figure 21) are adsorbed on the TiO2

surfaces. They finally propose that propylene is most likely
adsorbed at the perimeter interfaces between gold NPs and
the TiO2 support to explain the formation of bidentate
propoxy species on TiO2 surfaces by the aid of gold NPs
[70]. Water in the reactant gas stream enhances the des-
orption of PO from the catalyst surfaces but it in turn
suppresses the adsorption of C3H6 resulting in minor
change in steady-state catalytic activity after 5 h [71].

The identification of surface adsorbed species has been
carried out with FT-IR [69] and Raman spectroscopy [70]
during reaction and with GC-MS after epoxidation reac-
tion [72]. The aggregation of gold NPs is not appreciable
during reaction at temperatures below 473K [69,72]. Cat-
alyst deactivation, which happens within a few hours
causing a decrease in C3H6 conversion by about 50%, can
be accounted for by the accumulation of successively ox-
idized compounds after isomerization and cracking of

propylene oxygenates and their oligomerized compounds
[72]. Nijhuis et al. [69,70] have also identified intermediate
species during reaction: the major adsorbates are bident-
ate carbonate/carboxylate/formate species.

As for oxygen species, significantly important knowl-
edge has been accumulated both by experimental and
theoretical investigation. Goodman and his coworkers re-
ported inelastic neutron scattering evidence (Figure 22)

Figure 21. FT-IR spectra for PO-related compounds introduced to Au/TiO2 catalyst [70].

Figure 22. Inelastic neutron scattering for Au/TiO2 [73].
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for the formation of OOH and H2O2 species from O2

and H2 on the Au/TiO2 catalyst [73]. Barton and
Podkolzin based on experimental and theoretical investi-
gation proposed that water formation from O2 and H2

over gold deposited on SiO2, MFI zeolite, and TS-1 pro-
ceeds through the formation of OOH and H2O2 interme-
diates [74]. The catalytic activity of gold on MFI or TS-1
is higher than that of Au/SiO2 by 60–70 times, which
can be ascribed to the higher concentration of 13 atoms
clusters of gold on MFI and TS-1 supports than on SiO2

supports. As shown in Figure 22 [74], 13 atoms gold
clusters can be incorporated into the pore intersection
in MFI zeolite structure. Gold clusters smaller than that
are less reactive due to the instability of OOH inter-
mediate whereas larger gold particles are less reactive due
to the instability of adsorbed oxygen. In the epoxidation
as well as H2O2 formation, the rate-determining step is
assumed to be the addition of H2 in gas phase to the
surface adsorbed OOH to form H2O2 [64,74], whereas
Nijhuis and coworkers [64,70,75] emphasize the impor-
tance of two other reaction steps, a reactive adsorption
of propylene on TiO2 to produce bidentate propoxy
species, and a reactive desorption of this adsorbed species
to form PO.

An intensive work on density function theory (DFT)
calculations has been done to seek for probable pathways
for the formation of H2O2 [76,77] and PO [78,79] through
collaboration of theoreticians and experimentalists. The
gold clusters composed of 3–55 atoms having positive or
negative electric charges were studied for H2O2 synthesis
as the key step in propylene epoxidation [74,76,77].
Thomson and Delgass made calculation for Au3, A4

+,
Au5, and Au5

� clusters in the gas phase and noted that
both neutral and charged Au clusters are active for the
formation of H2O2 [77]. They suggested that in the gas
phase A4

+ is the most active, while Barton and Podkolzin
[74] reported for MFI-supported gold clusters that inter-
mediate-size Au13 clusters is the most active for water
synthesis.

The DFT calculation indicated that the rate-determin-
ing step is the attack of Au-OOH to the CQC double

bond to form PO with activation barrier of 19.6 kcal/mol
[79]. Since Ti-based support is indispensable to obtain
high selectivity to PO, it is reasonably assumed that iso-
lated tertrahedrally coordinated Ti participate in the
epoxidation. Ti sites located adjacent to Si vacancies in
the TS-1 lattice are more reactive than fully coordinated
Ti sites and may be the site for epoxidation. Another
pathway is also probable, namely, epoxidation on the
surfaces of Au [79] (Figure 23).

3.2.2. Improvements of Catalytic Performance of

Au/TS-1

Although Au/TS-1 is advantageous in catalyst stability
owing to the well-crystallized structure and hydrophobi-
city, the catalytic performance was inferior to gold
supported on 3-D mesoporous titanosilicates in terms
of propylene conversion, PO selectivity, H2 utilization
efficiency [80]. However, recently Delgass has obtained
high PO space time yield of 134 g PO/h/kg-cat. (propylene
conversion 10%, PO selectivity 76%), which is compara-
ble to that of ethylene oxide in commercial plants, by
using 0.081wt% Au/TS-1 as a catalyst [81]. The key to
success is to pretreat the TS-1 support in 1M aqueous
solution of NH4NO3 at 353K for 15 h. The remarkable
enhancement seems to be due to the selective deposition of
gold near the Ti sites as well as to an increase in actual
gold loadings, presumably because of the preferential for-
mation of Au–amine complex.

Although Au particles with mean diameters around
5–6 nm were observed by TEM, Delgass assumes based on
DFT calculations that such large particles are neither ac-
tive nor selective but small Au clusters such as Au3 are
responsible for the epoxidation of propylene [76–78]. Ac-
cording to this hypothesis, TS-1 is useful as a support to
confine small Au clusters into the spaces of microcages.
Figure 24 shows a sharp contrast in research strategy be-
tween Delgass’s group and Haruta’s group in terms of the
size of Au particles and pores of the Ti–SiO2 supports. It
also shows the position of Ag/TS-1 catalysts studied by
Guo’s group.

Figure 23. Adsorption of oxygen molecule over gold clusters
with different sizes [74].
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Figure 24. Size of metal particles and support pores in silver
and gold catalysts for gas-phase propylene epoxidation.
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3.2.3. Improvement of Catalyst Life of Au/3-D

Mesoporous Ti– SiO2

Figure 25 shows that the yield of PO increases with an
increase in the diameter of pores of titanium silicate sup-
ports including TS-1, Ti-MCM-41, and -48 [82]. This
suggests that larger pores are advantageous, especially for
the smooth diffusion of reactants and rapid escape of the
product, PO [72,83,84]. Although non-porous support
was expected to facilitate the desorption of PO, Ti de-
posited on superfine non-porous SiO2 (diameter
10–140 nm, specific surface area 77m2/g) did not result
in higher yield of PO [85]. TEM observations showed that
the population density of gold particles over the surfaces
of non-porous supports was small in comparison with
those for micro and mesoporous supports probably be-
cause of the lack of defect sites.

Over Au deposited on 3-D mesoporous Ti–SiO2 with
pore diameter of 9 nm, one of the best results was ob-
tained. At an SV of 4000 h/mL/g-cat., propylene conver-
sion above 8%, PO selectivity of 91% giving a steady STY
of 80 g PO/h/kg-cat. [84]. The surfaces of 3-D mesoporous
Ti–SiO2 were trimethylsilylated for rendering hydro-
phobicity, which enables higher temperature operation
of reaction [86]. As a solid phase promoter, alkaline
or alkaline earth metal chlorides are efficient, however,
chloride anions markedly enhance the coagulation of Au
particles in a short period [87]. Finally, Ba(NO3)2 was
selected as the best promoter which might kill the steady
acid sites as BaO (after calcination) on the catalyst sur-
faces [84,88].

Figure 26 shows that trimethylamine (TMA), a strong
Lewis base with a pKa value of 9.9, introduced to the
reactant gas stream at a concentration of 10–20 ppm, ap-
preciably improves the catalytic performances in every
aspect of catalytic performance, propylene conversion,
PO selectivity, H2 utilization efficiency, and catalyst life
[88]. It is worth noting that TMA makes used catalysts

better than fresh catalysts in catalytic performances.
TMA might kill the mobile acid sites which appear and
disappear intermittently, suppressing byproduct forma-
tion from PO.

A schematic representation for the reaction pathways is
given in Figure 27 [88]. At the surfaces or perimeter in-
terfaces of gold NPs O2 and H2 react with each other to
form H2O2. Gold is catalytically as active as palladium for
the direct synthesis of H2O2 [89–91]. Figure 28 draws a
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Figure 25. PO yields over gold catalysts as a function of pore
diameter of Ti–SiO2 support.
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Figure 27. Probable pathways for propylene epoxidation over
surface modified Ti–SiO2 catalysts [88].
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probable mechanism at an atomic level for the activation
of oxygen molecule [92]. Electron paramagnetic resonance
spectroscopy detected O2

� species after epoxidation of
propylene. Hydrogen peroxide formed at the gold surfaces
then moves to isolated sites of Ti cations to form Ti-OOH
species. This oxidic species, which were detected by
UV–Vis spectroscopy as shown in Figure 29, reacts with
propylene adsorbed on the support surfaces to form PO.
TMA can also adsorb on the gold surfaces and depresses
the combustion of H2 to form H2O, thus leading to im-
proved H2 utilization efficiency.

3.2.4. Replacement of Gold with Silver

It is interesting to note that silver can also do similar
job as that of gold under the same reaction conditions.
In 2001 Shueth showed that silver deposited on TiO2

(Degussa-Huels AG, P25) could also produce PO in the
gas phase composed of propylene, O2, H2, and N2 with
selectivity above 90% at propylene conversion of 0.36%
[93]. Soon after Guo reported that Ag deposited on TS-1
exhibited better performances (propylene conversion
1.4%, PO selectivity 93.5%), while he claimed that silver
supported on TiO2 was not active for PO synthesis
[94–96].

A common feature for both Ag/TiO2 and Ag/TS-1
catalysts is that catalyst preparation is crucial. Among
impregnation, ion exchange, microemulsion, sol-gel, and
DP techniques, only DP technique led to activity at a
temperature of 323K or above and PO selectivity
higher than 60%. Since DP technique forms hemispheri-
cal metal particles strongly attached to the metal oxide
supports, the significantly large influence of prepara-
tion methods implies that the contact structure of silver
particles with the TiO2 support might be important for
PO synthesis, as in the case of supported gold catalysts.
The requirements to silver are that silver should not
be fully reduced to metallic species and that silver parti-
cles should be in the range of 2–4 nm in diameter (on
TiO2 support) or at around 8 nm (on TS-1 support).
Accordingly, there is an optimum Ag loading of 2wt%,
above which the major product switches to propanal. The
above requirements to silver catalysts are almost identical
to those to gold catalysts except for the necessity of
oxidic species, indicating that catalytic mechanism may be
similar between silver and gold. It has not yet been
reported that propane is produced over Ag catalysts in-
stead of PO.

Figure 28. Possible mechanistic model for the activation of
molecular oxygen over Au/Ti–SiO2 catalysts [92].
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3.3. Selective Oxidation in Liquid Phase

In the selective oxidation of glucose to gluconic acid over
gold NPs supported on activated carbon in aqueous al-
kaline solution (Figure 30), the conversion is jumped up at
a particle diameter of 6.5 nm and then increases propor-
tionally with the reciprocal diameter, namely with surface
area [97]. In this reaction, unsupported gold particles sta-
bilized by polymer ligands also exhibit similar catalytic
activity, indicating that only metallic gold NPs smaller
than 6.5 nm are specifically active and below this size TOF
is independent of the particle diameter.

We have recently deposited directly onto activated car-
bons and polymer microbeads by deposition–reduction
method and have found that gold NPs on polymers ex-
hibit remarkably high catalytic activity, which may exceed
those of Au/activated carbons and Au/ fine CeO2. The
type of polymers and their functional groups are critical
to the catalytic activity.

Figure 31 shows that among metal oxide supports,
TOF markedly changes depending on not only the kind of
metal oxides but also on their size [98]. Especially, fine
particles of CeO2 with mean diameter of 5 nm present the
highest catalytic activity. On the other hand, Prati and her
coworkers [31] reported that gold NPs supported on ac-
tivated carbons are very active and selective in the liquid
phase oxidation of various alcohols.

Bio-ethanol is attracting growing interests in relation to
the shift of raw materials from petroleum to biomass. A
pioneering work by Christensen is that over MgAl2O3

support gold is much more selective to acetic acid than
palladium and platinum in the aerobic oxidation of et-
hanol in water in a batch reactor. Figure 32 shows that
selectivity to acetic acid exceeds 80% [99]. In contrast,
Au/SiO2 catalysts prepared by deposition reduction

method in an aprotic solvent produce selectively acetoal-
dehyde (>90%) at 573K and ethyl acetate (86%) at
373K in a flow reactor [100]. Hutchings at al. recently
reported that gold supported on activated carbons can
also catalyze selective oxidation of hydrocarbons as well
as alcohols [15,101].

A detailed study on the size effect of gold has been
carried out by the group of Tsukuda [102]. Figure 33

Figure 30. Conversion of glucose as a function of reciprocal
diameter of gold particles supported on activated carbon.

Figure 31. Effect of metal oxide supports in glucose oxidation
over gold catalysts [98].
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Figure 32. Aerobic oxidation of EtOH in water in a batch re-
actor [99].

Figure 33. Catalytic activity for the oxidation of hydroxybenzyl
alcohol with O2 as a function of mean particle diameter of Pd and
Au [102].
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shows that TOF sharply increase with a decrease in the
diameter of gold NPs stabilized by polymer ligands in the
aerobic oxidation of hydroxybenzyl alcohol, whereas
TOF of palladium decreases with a decrease in diameter.
It can be assumed that smaller palladium clusters tend to
be readily oxidized to loose catalytic activity.

4. Future Prospects: Potentials of Gold Clusters

A big dream can be drawn in the future in the field of
metal clusters. The critical size for noble metals is 2.0 nm
in diameter, 300 atoms in number, below which the elec-
tronic state differs from that of bulk and gold is no more
metallic. How can we distinguish clusters from NPs by
experiments? A simple technique is to measure visible
light absorbance because no surface plasmon absorption
takes place over gold clusters, whereas gold NPs exhibit
beautiful pink or purple color owing to dipolar plasmon
excitation. It is likely that some magic numbers and even
magic structures will present dramatic changes in physico-
chemical properties. An advantageous feature of gold in
practical applications is that even such small clusters can
be stable in ambient atmosphere. Gibbs free energy for
oxide formation is positive only for gold (+53.3 kJ/
molO2) and negative for the other metals (Ag: �22.4, Pt:
�168 kJ/molO2). A few typical examples that gold clusters
are promising are described below.

In the epoxidation of propylene with O2 and H2, the
product suddenly shifts from PO to propane when the
mean particle diameter of gold NPs goes down to 2.0 nm
(Figure 19) [57]. This shift from partial oxidation to hy-
drogenation means that gold clusters behave like Pt and
Pd to dissociate hydrogen molecule when they are small
enough and when oxygen is present. As a model catalyst,
gold clusters were deposited on a single crystal TiO2

(rutile) by vacuum evaporation and each of them was
measured for the diameter and height, work function, and
energy gap. Figure 34 shows a typical picture obtained by
a scanning tunnel spectroscopy (STM). Figure 35 clearly
shows that both work function and energy gap tend to
shift from those of bulk gold at a height of 0.4 nm, which
corresponds to two atoms layer of gold [103].

The second example is 55 atoms cluster reported by
Boyen’s group of University of Ulm [104]. They measured
XPS spectra for gold clusters with different diameters

which were deposited on silicon substrate and were ex-
posed to radio frequency oxygen plasma, namely, disso-
ciated atomic oxygen. Except for 55 atoms cluster, two
peaks assigned to Au3+ were observed in Au 4f orbital,
showing that 55 atoms cluster is more inert than
bulk gold. It is interesting to note that similar-sized gold
clusters with diameters of 1.2 nm exhibit higher catalytic
activity than palladium in selective oxidation of hydro-
xybenzyl alcohol in an aqueous solution while larger gold
particles are much less active (Figure 33) [102].

The third example is 20 atoms cluster reported by
Wang of Washington State University [105]. Negatively
charged 20 atoms cluster of gold shows larger HOMO–
LUMO gap than negatively charged bucky fullerene, in-
dicating that gold 20 atoms cluster is more stable. The
most probable structure is estimated by computer calcu-
lation to be tetrahedron, where all 20 atoms are located on
the surface and no atom is present inside.

Lastly, gold supported on Mg(OH)2 is very active for
CO oxidation even at 200K [30]. However, it suddenly
died after 4 months. Transmission electron microscopy
could not clarify the reason because no appreciable
change in particle diameter was observed. X-ray scatter-
ing due to gold clusters was measured experimentally. The

Figure 34. Scanning tunnel microscopy and local barrier height for gold clusters deposited on a single rutile TiO2 substrate [103].
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subsequent computer simulation for the X-ray scattering
based on Debye Function Analysis is carried out to es-
timate the number of atoms and the structure, suggesting
that only 13 atoms clusters exhibit high activity in CO
oxidation and, furthermore, icosahedron is active but not
cubo-octahedron (Figure 13).

5. Conclusions

(1) Preparation methods and conditions are crucial to
obtain active and/or selective gold catalysts because
the active state of gold, namely, NPs, small clusters,
or cations, changes depending on the type of reac-
tions in gas phase or in liquid phase, and support
materials. However, majority of reactions tested so
far with gold catalysts are enhanced in the presence
of metallic Au NPs. In gas phase, the perimeter
interfaces may facilitate the reaction between one
reactant adsorbed on the gold surfaces and another
adsorbed on the support surfaces. In liquid phase,
especially in water, the surfaces of metallic gold
NPs alone can activate all the reactants by the aid
of water molecule.

(2) Minimization of the size down to 2 nm is very re-
warding for gold to become catalytically active and
selective; for example, CO oxidation at a temper-
ature as low as 200K, epoxidation of propylene to
PO, partial oxidation of alcohols with molecular
oxygen in liquid phase. This is because of the in-
creased length of perimeter around gold particles
and of increased number of sites for adsorption on
the gold surfaces such as edges and corners.

(3) Further dramatic changes can happen in chemical
reactivities of gold clusters with diameters smaller
than 2 nm. The contribution of support materials
including metal oxides, carbons, and polymers to
the genesis of unique catalytic properties may be
much greater than in the case of NPs and therefore
may provide an expanding new field of research.
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CHAPTER 10

Metal Nanoclusters Supported on Cross-Linked
Functional Polymers: A Class of Emerging Metal

Catalysts

Marco Zecca, Paolo Centomo, and Benedetto Corain

Department of Chemical Sciences, University of Padova, Italy

1. Introduction

Supported metal catalysts, M0/S, are typically two-
components materials built up with a nanostructured
metal component, in which the metal centre is in the zero
oxidation state (M0), and with an inorganic support (S),
quite various in its chemical and structural features [1].
M0 is the component typically deputed to the electronic
activation of the reagents involved in the catalyzed reac-
tions. S is typically a microstructured component mainly
deputed to the physical support and to the dispersion of
M0 nanoclusters.

The catalytic chemistry of M0 depends on the elemen-
tary properties of M and on the structure and size of the
M0 nanoclusters (‘‘quantum dots’’) [2]. S may play a role
as a reactivity enhancer of M0/S as a whole (co-catalytic
role) and/or as a promoter of its catalytic chemoselectivity
(promotional role) [3,4].

The proposal of cross-linked functional polymers (CFPs)
as supports of metal nanoclusters to be employed in cata-
lytic applications dates back to 1969 [5]. The inventors of
the relevant Bergbau Chemie patent, which describes the
one-pot synthesis of the industrially important solvent me-
thylisobutylketone (MIBK) from acetone and dihydrogen,
recognised in CFPs the ability of carrying metal nanoclus-
ters and of providing the catalyst with another specific
function at the same time. They produced in this way a
smart bifunctional catalyst for the acid-catalysed condensa-
tion of acetone to 4-hydroxy-4-methyl-2-pentanone, its de-
hydration to mesytylene oxide and the hydrogenation of the
latter to MIBK [6]. Catalysts based on CFPs of this type are
currently employed in at least three other industrial proc-
esses, i.e. the synthesis of MTBE with feedstocks rich in un-
saturated substrates different from isobutene (Erdölchemie
process) [7], the removal of ppm amounts of O2 from in-
dustrial waters [8] and the production of alkanes and of

branched ethers for the manufacturing of green petrol (BP
etherol process) [7].

The concept of bifunctionality can be suitably ex-
panded (Scheme 1) to produce multifunctional catalysts
bearing both diverse nanostructured metals and diverse
chemical functionalities for performing complementary
catalytic tasks.

The fine concept embodied in the proposal of CFPs as
supports of nanostructured metal phases, experienced in
fact an almost total inattention in the academic Catalysis
community until the mid-nineties, when a few research
groups started a systematic exploration of the field [9–12].

1.1. General Aspects

CFPs are isotropic materials built up with cross-linked
polymer chains that are normally originated by the homo-
or co-polymerization of vinyl monomers, the most im-
portant of which is styrene [13]. Similar observations are
also valid for the cross-linking agent. In fact, the com-
monest one is divinylbenzene, but diolefins such as meth-
ylenebisacrylamide (MBAA) and ehylenedimethacrylate
(EDMA) are also popular (Figure 1) [14].

CFPs are normally manufactured as submillimetric
beads or powders (Figure 2) [15]. A convenient simplified
comparison between the micrometer and nanometer scale
morphology of gel-type and macroreticular resins is illus-
trated in Figure 3.

It is essential to stress the crucial feature of CFPs, i.e.
their ability to accomplish a chemical task only when they
are in the swollen state. Swelling occurs when the mol-
ecules of a liquid put in touch with a cross-linked polymer
penetrate inside the polymer framework (Figure 4). For
gel-type CFPs, this process implies an appreciable in-
crease of the total volume of the materials. For
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macroreticular CFPs, swelling involves only small frac-
tions of the polymer mass and quite often the apparent
change in the polymer volume is hardly appreciable. The
ability of a liquid to swell a CFP depends on its ability to
solvate the polymer chains and a fully swollen polymer
framework can be considered to some extent as a viscous
pseudosolution or suspension.

When a bead of a gel-type CFP material is in the dry
state, for practical purposes it can be considered as a solid
material (thus possessing a mass, a volume and a shape).
When in the swollen state, a CFP material can be still
considered as a solid from the practical point of view, but
this circumstance is now an authentic approximation. In
fact, physico-chemical analysis reveals that under some
circumstances this alleged solid material is rather a very
viscous liquid. More precisely, it is a suspension of inter-
connected polymer chains in the swelling agent. Each
swollen CFP bead can be considered as a drop, which can
retain a definite shape owing to the existence of the pol-
ymer framework.

A decisive clarification of these concepts stems from at
least four fine physico-chemical analytical means, i.e.
ISEC [16–18], ESR spectroscopy of paramagnetic
probe(s) either dissolved in the swelling medium [19]
or directly bound to the macromolecular chains [20],
{13C} CP-MAS NMR of pendants of the polymer back-
bone carried out both on dry and swollen samples [21] and
PGSE-NMR of the swelling medium employed to swell a
given polymer framework in a given application [22].
The combined employment of these analytical tools
offers a convergent, sound support of the statements in
the previous paragraph [10,11,21] (Figure 5).

ISEC is a size-exclusion chromatography technique,
in which the stationary phase is the CFP to be to char-
acterized [16–18] and the eluates are geometrically
well-defined steric probes. From the determined retention
volumes in a given solvent and on the basis of suitable
morphological models, ISEC analysis provides the

nanometer-level morphology of the analyzed gel-type or
macroreticular [23] resin. The information may be given
as volumetric distribution (ml g�1) of the polymer chains
concentration (nmnm�3) or as volumetric distribution of
‘‘cylindrical pores’’ (nm). As a matter of fact, the results in
terms of cylindrical pores1 is by far to be preferred when
CFPs are used as template for the production of size-
controlled metal nanoclusters [24].

ESR provides useful indirect information on the nano-
scale porosity of CFPs, after their swelling in a medium in
which a suitable spin probe is dissolved. According to the
investigation by Corain and associates, the rotational
mobility of the spin probe can be nicely correlated to the
nanoporosity of the examined CFP, in a quantitative
fashion [14,25].

PGSE-NMR provides direct information on the trans-
lational mobility of a liquid medium capable of swelling a
given CFP. The self-diffusion coefficient of the swelling
agent is found to be related to the nanoporosity of the
matrix as determined from ISEC and to the rotational
correlation time of a suitable paramagnetic probe (ESR)
[22].

{13C}-CP-MAS NMR provides subtle information
about the degree of solvation of the polymer chains of a
CFP in a given solvent and consequently it may be qual-
itatively correlated with the nanometer scale morphology
of the polymer matrix. In fact, the prerequisite that en-
ables a polymer framework to develop a nanoporosity is
the ability of the polymer chains and its pendants to be
suitably solvated by the liquid medium [26–28]. Therefore,
{13C}-CP-MAS NMR spectra provide the basis for a first
level screening of the possibility of a CFP in a given sol-
vent to be employed as an hexo-template, able to accom-
modate metal nanoclusters chemically produced in its
interior (see below and Ref. [29]).

M0/  P -Fi

M = metal centre P  = CFP (Fi = F1, F2, …, Fn)

Scheme 1. The concept of polyfunctionality of a nanocomposite
obtained from a nanostructured metal (0) and a cross-linked
functional polymer.
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Figure 1. Sketch of the primary structure (vide infra) of cross-linked polystyrene (a) and of a typical cross-linked poly-vinyil co-
monomer-functional co-monomer-cross-linker (b) [14].

1According to their diameter, pores are conventionally classi-
fied as macropores (d450 nm), mesopores (2o do50 nm) and
micropores (do2 nm). For nanometer-sized pores the term
‘‘nanopores’’ has been also used for some time (Handbook of
Porous Solids, F. Schüth, K. Sing, J. Weitkamp (eds.), Wiley-
VCH, Berlin, 2002) but the definition of nanopores is not fully
established. In this chapter the term ‘‘nanopore’’ will be used for
pores with 1odo10 nm.

M. Zecca et al.202



1.2. Why Cross-Linked Functional Polymers as
Supports for Producing Innovative M0/S Catalysts?

CFPs are (disappointingly underscored) ideal supports for
the preparation of supported M0 nanostructured catalysts
to be employed under liquid phase conditions.

A few arguments and relevant features supporting this
statement are listed and illustrated below.

1.2.1. Attitude to Metalation and to the Facile

Transformation into M0/CFPs Nanocomposites

CFPs are ideal supports to be metalated on chemical
bases. One of the simplest ways is the treatment of the
CFP with solutions of metal compounds. Under these
conditions, metalation requires the previous swelling of
the resin, the introduction of a metal precursor and the

Figure 2. Representative optical micrographs of poly-HEMA cross-linked with EDMA. (a) and (b) represent the gel-type polymer
produced by suspension co-polymerization in the dry and swollen state, respectively. (c) and (d) represent the macroreticular polymer
produced by suspension co-polymerization in the presence of a porogen (toluene), in the dry and swollen (vide infra) state, respectively
[13]. (Reprinted from Ref. [15], r 1996, with permission from Elsevier.)
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reduction thereof to produce the polymer-supported
metal nanoclusters (Reduction of Immobilized Metal Pre-
cursor, RIMP). This process is depicted in Figure 6 for
both gel-type and macroreticular CFPs.

The introduction of the metal precursor into the CFP
can occur upon metal co-ordination or ion exchange
(Scheme 2).

In the first place the ease of these reactions depends on
the swelling behavior of the polymeric support. If the liq-
uid employed for dissolving the metal precursor swells the
support to a relatively high extent, the interior of the
swollen polymer will be readily accessible (Figure 7) [30].

If the support is devoid of functional groups apt to
interact with the metal precursor, there are not chemical
forces facilitating the metal uptake. Under these condi-
tions, metal uptake is driven by absorption forces and can
still occur, but it is controlled by simple diffusion. This
situation can favor an eggshell radial distribution of the
metal precursor over a homogeneous one [31].

1.2.2. Multifunctionality

CFPs may be employed to obtain M0/CFP nanocompos-
ites, in which the catalytic action of the active metal
nanoclusters may be flanked by that of functional groups
randomly present inside the polymer framework or by
that exerted by the nanoclusters of a second metal present
in the same polymer framework. In this connection a
classic example is the catalyzed synthesis of MIBK from
acetone and dihydrogen over a Pd0/ P–SO3H catalyst, in
which the sulfonic group catalyzes very effectively the
condensation of two acetone molecules to give mesytylene
oxide that is subsequently hydrogenated to give MIBK,
thanks to the catalytic action of Pd0 nanoclusters [8].

1.2.3. Polymer Matrix– Substrate and

Matrix– Products Compatibility

In M0/CFP nanocomposites, reagents are requested to
enter the interior of the catalyst particles. To achieve this
goal, the partition coefficient between the liquid phase and
the swollen-gel phase (see Figure 6) must be favorable
to all reagents involved in the catalytic action. In fact, in
the case of reagents of different lipo- or hydrophilicity
(e.g. A, lipophilic and B, hydrophilic), their ability to
penetrate the interior of the support particle depends
dramatically on the lipo- or hydrophilic nature of the
polymer framework. If the support is definitely lipophilic,
only reagent A will be able to penetrate the swollen
body of the polymer matrix and it will be activated by the
M0 nanoclusters. If the reaction product is much less
lipophilic than the reagent, its egress from the catalyst
particle will be favored, with beneficial consequences
on catalyst selectivity when the M0 nanoclusters could
also catalyze further transformation of the product
[32–34].

1.2.4. Reagents Size Exclusion

If a mixture of organic substrates are to be catalytically
transformed into suitable products upon the action of M0

nanoclusters present inside a nanostructurally well defined
CFP, a reagent size exclusion will take place with uniquely
beneficial effects in terms of chemoselectivity [35,36].

1.2.5. Relevance of the Microstructure of CFP to the

Chemoselectivity of M0/CFP Catalysts

This argument will be illustrated on the basis of a recent
case history investigated by Corain and associates [37]. In
the very important selective hydrogenation of dioxygen
with dihydrogen to hydrogen peroxide, a dramatic mi-
crostructural effect is observed in the action of two Pd

0

/
resin catalyst. Nanostructured Pd0 (1%) supported on PS-
DVB resins either macroreticular (K2621) or gel-type in
nature (K1221) (see Figure 6) exhibits a quite contrasting
behavior as far as the issue of chemoselectivity is con-
cerned. In fact, whereas controlled reduction of dioxygen

Figure 3. Schematic representation of the micro- and nanoscale
morphology of gel-type (a) and macroreticular (b) resins
[13]. Level 1 is the representation of the dry materials. Level 2
is the representation of the microporous swollen materials at the
same linear scale: swelling involves the whole polymeric mass in
the gel-type resin (2a) and the macropore walls in the macro-
reticular resin (2b). The morphology of the swollen polymer mass
is similar in both gel-type and macroreticular resins (3a,b).
Nanopores are actually formed by the void space surrounding the
polymeric chains, as shown in level 4, and are a few nanometer
wide. (Reprinted from Ref. [12], r 2003, with permission from
Elsevier.)
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to H2O2 is quantitatively promoted by Pd0/K2621, the
undesired dioxygen reduction to H2O quantitatively
occurs in the presence of Pd0/K1221. TEM analysis of
the two catalysts reveals that Pd0 nanoclusters are rather

similar in size. At the moment it is not known whether the
reaction is structure sensitive or not, but in any case the
small difference in size does not seem the most likely cause
of the dramatic effect on chemoselectivity.

Figure 4. Schematic description of the swelling process. The molecules of the swelling liquid start to penetrate inside the polymer
framework from its surface (a) and to solvate the polymer chains. The polymer chain start to stretch out and to move away from one
another: the apparent volume of the polymer increases and the first nanopores are formed (b). Swelling stops when increasing elastic
forces set up by the unfolding of the polymer chains counterbalance the forces which drive the molecules of the swelling agent into the
polymer framework (c).

Figure 5. Schematic description of a multi-technique approach to the assessment of molecular mobility inside swollen polymeric
frameworks as a phenomenon dependent on their morphology at the nanometric scale [14, 21, 22, 108].
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1.2.6. The Issue of Thermostability

CFP are normally quite resistant to thermal degradation,
under dinitrogen, and depolymerisation starts in the
280–320 1C range, in the dry state [21]. This makes M0/
CFPs quite suitable for operations in the liquid phase
occurring at mild to moderate temperatures. CFPs

featured by polymer chains possessing significant molec-
ular pendants might experience partial degradation (i.e.
pendants degradation) tens of centigrades before the start
of de-polymerisation.

1.2.7. The Issue of Mechanical Stability

CFPs, especially the macroreticular ones, suffer of an ap-
preciable fragility and require considerable attention to
mechanical stress when employed in slurry reactors. A
case history has been evaluated in this connection [29] and
a considerable stability to friction in the case of some Pd0/
gel-type resin catalysts has been recorded (Figure 8). In
any case, it has been observed that a shaken reactor is by
far preferable to any rotationally stirred ones [29].

1.2.8. The Issue of Filterability, Re-Usability and

Non-Pirophoric Character of M0/CFPs

These issues are really major ones in research laboratories
dealing with specialty chemicals and first level scale-up.
Filterability can be a problem with M0 catalysts supported
on classic materials such as carbon, owing to their ten-
dency to pulverisation to give nanometer-sized catalyst
particles that turn out to be very difficult to be recovered
and successfully reused.

A recently commercialized Pd0/polyurea catalyst (Pd0/
EnCatTM, Reaxa Ltd., Manchester) [38] is claimed to
match these requirements. Pd0/gel-type CFP prepared in
Corain’s laboratories also match these requirements [39]
and might become soon technologically relevant commer-
cial catalysts.

2. Historical Background

CFPs have been of outstanding technological importance
for decades and ion exchange is by far the most wide-
spread industrial and commercial application of this kind
of materials [40]. A great number of polymeric ion-
exchangers are commercially available nowadays. They
come in variable bead size, morphology (gel-type, mac-
roreticular) and nature of the functional groups (e.g.
sulfonic, carboxylic, amino, ammonium) [40]. Broadly
speaking, purification and separation processes likely still
represent the most important industrial application of
CFPs and certainly allow for most of their overall con-
sumption worldwide [40].

P -L' + MLn P -L'-MLn addition

P -L' + MLn P -L'-ML(n-1) + L substitution

P -X-A+ + [MLn]z+ P -X-{[MLn]z+}+ A+

A+: H+, Na+, NH4
+, ...

exchange of cations

P -A+X- + [MLn]z- P -A+ {[MLn]z-}/z + X- exchange of anions

→

→

→

→

Scheme 2. Possible reaction for metal uptake by CFPs.

Figure 6. Schematic representation of the micro- and nanoscale
morphology of nanoclustered metal catalysts supported on gel-
type (a) and macroreticular (b) resins [13]. The nanoclusters are
represented as black spots. Level 1 is the representation of the dry
materials. Level 2 is the representation of the microporous swollen
materials at the same linear scale: swelling involves the whole mass
of the catalyst supported on the gel-type resin (2a) and the mac-
ropore walls in the catalyst supported on macroreticular resin (2b).
The metal nanoclusters can be dispersed only in the swollen frac-
tions of the supports, hence their distribution throughout the pol-
ymeric mass can be homogeneous in the gel-type supports, but not
in the macroreticular ones (3a,b). In both cases, the metal nano-
clusters are entangled into the polymeric framework and their
nano-environment is similar in both cases, as shown in level 4.
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The basic chemical structure of ion exchangers is the
same for most of them. They are quite often formed by
PS-DVB cross-linked frameworks, with different kind and
degree of functionalization, cross-linking degree, specific
surface area and porosity. The large-scale industrial pro-
duction of PS-DVB resins started more than 50 years ago
[40]. The ready availability of these materials attracted the
attention of chemists interested into chemical synthesis

and processing, from both the academia and the industry.
By the mid of the seventies in past century, the potential
of CFPs based on the PS-DVB skeleton was demonstrated
in both solid-state synthesis [41–44] and heterogeneous
acid catalysis [45–47]. For the discovery and development
of the solid-state synthesis of polypeptides Bruce Merri-
field was awarded the Nobel Prize in Chemistry in 1984.
The SNAM PROGETTI process for the synthesis of

Figure 7. SEM and XRMA microphotographs of palladium catalysts supported on the amphiphilic resin made by DMAA, MTEA,
MBAA (cross-linker) [30]. Microphotographs (a) and (b) show an image and the radial palladium distribution after uptake of [Pd(OAc)2]
from water/acetone: the precursor diffuses only into the outer layer of the relatively little swollen CFP; after reduction the nanoclusters
remain close to the edge of the catalyst beads. Microphotographs (c) and (d) show the radial distribution of sulfur and palladium,
respectively, after uptake of [PdCl4]

2� from water: after reduction palladium is homogenously distributed throughout the catalyst
particles. This indicates that under these conditions the CFP was swollen enough to allow the metal precursor to readily penetrate the
whole of polymeric mass. (Reprinted from Ref. [30], r 2005, with permission from Elsevier.)

Figure 8. Relative size distribution for the MPIF�Na+/Pd0 catalyst particles before (left, 35 particles) and after catalytic tests
(right, 75 particles, magnetic stirring). Arithmetic average diameters 319 and 276mm were determined for particles before and after
catalytic tests, respectively. Image Pro Plus program. (Reprinted from Ref. [29], r 2003, with permission from Elsevier.)
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methyl-tert-butyl ether, catalyzed by sulfonated PS-DVB,
is still one of the current technologies for the production
of this important and other related anti-knock fuel addi-
tives on a huge scale (the total installed plant capacity is
about 20� 106 tons per year [6]).

In the sixties of past century, a few patents issued to
Bergbau Chemie [5,48,49] and to Mobil Oil [50–52],
respectively described the use of CFPs as supports for
catalytically active metal nanoclusters and as carriers for
heterogenized metal complexes of catalytic relevance.
For the latter catalysts the term ‘‘hybrid phase catalysts’’
later came into use [53,54]. At that time coordination
chemistry and organo-transition metal chemistry were in
full development. Homogeneous transition metal catalysis
was expected to grow in industrial relevance [54], but
catalyst separation was generally a major problem for
continuous processing. That is why the concept of hybrid
catalysis became very popular in a short time [55].

The Bergbau Chemie patents on polymer-supported
metal catalysts described the synthesis of MIBK from
acetone over either a mixture of Pd/C and a strongly
acidic sulfonic ion-exchange resin or a bifunctional palla-
dium catalyst directly supported on the acidic resin. Resin-
supported palladium catalysts of this kind are still
employed for the industrial production of MIBK [6]. A
bifunctional silver catalyst based on the same concept had
been also reported in the same period [56]. The feasibility
of bifunctional catalysis with organic solid acids (sulfonic
resins) was also illustrated in 1975 by Gates and co-work-
ers, who emphasized the ‘‘straightforwardness of rational
design of a resin catalyst’’ based on the circumstance that
resins ‘‘have catalytic properties much more easily pre-
dicted than those of inorganic solids’’ [57]. An earlier
example of the use of organic matrices as catalytic sup-
ports for metal catalysts had been reported by Dunsworth
and Nord [58]. They prepared a palladium catalyst by
drying a swollen PVA gel containing the metal in colloidal
form. However, the concept of CFPs-supported hetero-
geneous metal catalysts was not as successful as the con-
cept of hybrid catalysis. To date not more than 70 papers
have been published on this subject, if we do not consider
the cases were (would-be) hybrid catalysts were uninten-
tionally transformed into M0/CFP ones under reaction
conditions. In spite of this, the industrial scope of CFPs-
supported heterogeneous metal catalysts is unquestiona-
bly larger than that of hybrid catalysis and a number of
processes based on this technology (Table 1) have been
practiced since relatively long time, as mentioned in the
introduction.

However the scenario is changing quickly. The interest
into M0/CFPs catalysts has been steadily growing since
1990. Only about 10 relevant papers, including the sem-
inal patents to Bergbau Chemie, appeared before that
year. About 20 additional papers were published in the
next decade and 40 more, or so, have appeared since 2000
to date. A review by Biffis and Kralik, covering the field
up to about 2000, is available [59]. It also describes the
application of linear polymers as catalytic supports for
metal catalysts, which are outside the scope of this
chapter. In the last five years research in this field has
clearly accelerated with main contributions from Corain
and associates and from Ley’s group in Cambridge.
Development of Ley’s work led to the commercializa-
tion of the micro-encapsulated PdII and Pd0-EnCat
catalysts [38]. Even the classical synthesis of MIBK from
acetone over Amberlyst CH28 bifunctional catalyst has
been recently rediscovered and its kinetics investi-
gated [60].

The early nineties of past century were apparently the
turning point of this story. Till then heterogeneous metal
catalysis used to be almost exclusively a tool for large
scale, heavy chemical processing (petrochemistry, produc-
tion of commodities, etc.) [1]. Typical reaction conditions
are usually too severe for the employment of organic
supports, which are neither chemically nor mechanically
and thermally stable enough to withstand them. Moreo-
ver, industrial heterogeneous catalysis generally occurs
under solid–gas conditions, where polymer-supported
metals are likely inactive or very poorly active, as ele-
gantly demonstrated by Biffis et al. in a study of CO pulse
chemisorption over a palladium catalyst supported on a
macroreticular commercial resin (Bayer UCP 118). In the
dry, unswollen catalyst the metal was unable to adsorb
CO molecule in spite of the permanent macroporosity of
the support [62]. This depends on the unique morphology
of cross-linked polymers in comparison with inorganic,
rigid solids, as shown in the previous section and
described in greater detail below. Finally, CFPs can be
more expensive than conventional inorganic supports.
This is clearly a disadvantage where the catalyst’s price is
a major processing cost, due to low added value of the
product and/ or to the huge catalyst’s loads typical of
large-scale production.

However, urged by increasing environmental concern,
academic and industrial researchers are in restless search
of more efficient, cleaner ways to synthesize and produce
chemicals. One obvious approach to environmentally
friendly chemistry is the replacement of stoichiometric

Table 1. Industrial applications of M0/CFP catalysts.

Synthesis of MIBK Synthesis of MTBE Removal of O2 from watera

Feedstock Acetone Methanol, Raffinate IIb Dioxygen dissolved in water
Reactions Condensation–hydrogenation (bifunctional catalysis) Condensation, hydrogenationc Hydrogenation
Catalyst Pd on sulfonated PS-DVB Pd on sulfonated PS-DVB Pd on sulfonated PS-DVB
References [6] [61] [8]

aDown to ppb level.
bThe hydrocarbon feedstock (Raffinate II) is a mixture of isobutene and other hydrocarbons, including dienes and alkynes, which must be hydrogenated

as their presence would be troublesome for downstream operations.
cThe condensation of methanol with isobutene and the highly chemoselective hydrogenation of dienes and alkynes are independently promoted by the

active acidic sites (–SO3H) and by the active metal.
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reactions with catalytic ones. In this perspective, about 20
years ago heterogeneous catalysis started to be considered
suitable for the synthesis of fine chemicals too [63]. Fine
chemicals are usually organic substances of relatively low
thermal stability and are synthesized under mild to mod-
erate conditions, which are compatible with the employ-
ment of cross-linked polymers as supports for metal
catalysts. In this perspective the use of CFPs as catalytic
supports is economically feasible. The (industrial) synthe-
sis of fine chemicals is typically carried out on a relatively
small scale, quite often under batch conditions, and the
products have generally a high added value. These cir-
cumstances can make the catalyst cost acceptable even for
relatively expensive ones.

In conclusion, the scope of polymeric supports in het-
erogeneous metal catalysis has been steadily expanding in
recent years and we expect that it will be even more so in
the close future, with predictable scientific and technolo-
gical breakthroughs.

3. Polymeric Supports, Metals and Preparation

of the Catalysts

3.1. Polymeric Supports

Polymers form a very wide class of materials, which
can be classified according to different criteria. Some of
them, pertaining to the present discussion, are listed
below:

(i) the nature of the polymerization process (polycon-
densation, polyaddition);

(ii) the presence of a cross-linker (polyaddition poly-
mers, CFPs)

(iii) the morphology (for cross-linked materials);
(iv) the chemical structure (the nature of the monomers

and the kind of functionalization).

A list of the polymers reported as catalytic supports in
the literature reviewed here is given in Table 2.

Polycondensation polymers, like polyesters or polyam-
ides, are obtained by condensation reactions of mon-
omers, which entail elimination of small molecules (e.g.
water or a hydrogen halide), usually under acid/ base
catalysis conditions. Polyolefins and polyacrylates are
typical polyaddition products, which can be obtained
by radical, ionic and transition metal catalyzed polymer-
ization. The process usually requires an initiator (a
radical precursor, a salt, electromagnetic radiation) or a
catalyst (a transition metal). Cross-linked polyaddition
polymers have been almost exclusively used so far as
catalytic supports, in academic research, with few ex-
ceptions (for examples of metal catalysts on polyamides
see Ref. [95–98]).

Polyureas were among the first polycondensation pol-
ymers to be employed as catalytic supports for heteroge-
neous metal catalysts. The first report about palladium on
polyurea, by Zhang and Neckers [99] dates back to 1979.
They obtained their catalyst in a two step preparation,
where the co-monomers (2,4- toluendiisocyanate, TDI,
and the complex between palladium acetate and 4,40-di-
amino-2,20-bipyriridine) were condensed together and

palladium(II) subsequently reduced with LiAlH4
2. This

is a case of polymerization of a metal containing mon-
omer starting from a metal-containing monomer, which is
pretty uncommon [100–102].

Polyureas are currently employed for the commercial
production of EnCat catalysts by Reaxa [38]. In this case
the matrix is generated in the presence of a palladium(II)
precursor, typically the diacetate, in a microencapsulation
process. The starting material is a mixture of oligomers of
TDI which are partially hydrolyzed to generate the amino
groups required for the condensation reaction (Scheme 3).
Due to the degree of functionalization of the oligomers
employed, the obtained polymer matrix is cross-linked
and not linear as in the case of Zhang and Neckers’s po-
lyureas [99]. During microencapsulation, palladium(II) is
not reduced and the ensuing material is a palladium(II)
form of the EnCat catalyst.

Polybenzimidazole (PBI) and polypyrrol (PPY) were
investigated as supports by Hong-Li and Frechet [84,103]
and by Gautron et al. [104], respectively. Whereas PBI can
be considered as a ‘‘conventional’’ polyaddition polymer,
PPY is obtained through the oxidative coupling of pyrrole
in the presence of PdCl2. The process entails the elimina-
tion of one HCl molecule, mediated by palladium, per
monomeric unit and PPY can be broadly considered a
polycondensation polymer. Also, in these cases the pol-
ymers are linear (not cross-linked), but they are soluble
only in a limited number of solvents, a disadvantage for
their processing, but a bonus for their employment as
supports for heterogeneous metal catalysts.

As to polyaddition polymers, almost all the supports
described in the literature are cross-linked. As shown for
the polycondensation polymers, this is not strictly re-
quired, provided the catalysts are used with liquids where
they are insoluble. However, not only cross-linking en-
sures that the support is insoluble, but a suitable cross-
linking degree provides acceptable mechanical stability of
the material. This could be a bonus, because changes in
the fluido-dynamics of the system, troublesome separation
and catalyst loss could be the adverse consequences of
mechanical degradation. Moreover, the cross-linking de-
gree affects the morphology of CFPs. Highly cross-linked
CFPs (cross-linking degreeZ15% ca.) are generally mac-
roreticular. They possess permanent pores (meso- and
macropores, from a few tens up to several hundreds of
nanometer in diameter) and can exhibit specific surface
areas in the dry state comparable to those of porous in-
organic solids. However, this specific feature is not nec-
essarily a real advantage when a M0/CFP catalyst is used
under solid–liquid conditions, as will be illustrated below.

As anticipated in the introduction, cross-linked poly-
mers swell, to variable extent, when put in contact with
liquids. Therefore, the working state of any cross-linked
organic polymer under solid–liquid conditions, no matter
if it is a catalyst, a support or a carrier for solid state
synthesis, is the swollen state. In macroreticular CFPs
swelling does not involve the whole polymeric mass: it is

2Allegedly, the product of the reduction is a bipyridyl palla-
dium(0) complex. This is not likely and our personal opinion
is that the obtained material is a supported metal palladium
catalyst. This is the reason why the paper was included in this
review.
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limited to the walls of the permanent pores, hence does
not imply large changes in the apparent volume of the
polymeric material. The importance of the morphology of
the swollen polymer layer at the pore walls was smartly
demonstrated by Jerabek in 1989 [23]. He showed that two
palladium catalysts supported on macroreticular sulfon-
ated PS-DVB resins, featured by different cross-linking
degrees, exhibited practically the same catalytic activity in
the hydrogenation of cyclopentene. One of the catalysts
(Lewatit OC 1038) was a Bayer commercial catalyst. The
other catalyst was prepared by the author starting from a
partially sulfonated PS-DVB resin. This resin was macro-
reticular in nature, but much less cross-linked than
Lewatit OC 1038. The catalysts were almost equally
active in the hydrogenation of neat cyclopentene at 30 1C
under 1MPa H2, in spite of the higher BET surface area
(dry state) of Lewatit OC 1038 (26m2 g�1 vs. 8.5m2 g�1).
In this pioneering study, Jerabek assessed the swollen-
state morphology of the catalysts with a specific tech-
nique, ISEC [105,106,16–18]. ISEC characterization of the
catalysts showed in fact that in the least cross-linked

catalyst (the home-made one) the layer of swollen polymer
beneath the macropore surface contained domains with
polymer chain concentration much lower than that ob-
served in the commercial, more cross-linked catalyst.

In general, cross-links are not uniformly distributed
throughout the polymer framework. Due to the higher
reactivity of cross-linkers (they have at least two C¼C
double bonds per molecule) the first nuclei of polymer
mass are much more cross-linked than polymer mass
formed in the final stages of the polymerization process
[13]. Therefore, in macroreticular resins the polymer mass
just beneath the surface of the permanent pores is rela-
tively little cross-linked and is able to swell when a liquid
fills the permanent pores3. The thickness of the layer of
swollen polymer mass (gel-like) depends on the swelling
ability of the liquid and on the overall cross-linking de-
gree: the higher the cross-linking degree, the thinner the
gel-like layer. This concept has been recognized since long

Table 2. Scope of CFPs employed as supports for heterogeneous M0 catalysts as apparent from the open literature to date.

References Chemical structurea Cross-linker Functional groupb Notes

Gel-type
[64] Poly-DMA MBAA –CH2CH2S(CH3)
[64] Polyacrylate DVB –CH2CH2SO3H
[65] Polyacrylate DVB –CH2CH2N(CH3)2
[65] PCEA DVB –CN
[65] Polyacrylate DVB –COOH
[65] PVPY DVB pyri
[30,66] Poly-DMA MBAA –CH2CH2S(CH3)
[67] PS DVB –NR3Cl; –SO3Na Amberlite IRA 400; IR 120c

[32,68] Poly-DOMA EDMA pyri
[69] Copoly{styrene-acrylate} DVB –SO3H
[70] PS DVB dipyridylamine PS modified with PEG lateral chains
[71] Poly-MMA EDMA Pyri; –CH2CH2N(CH3)2 Microgelsd

[72,73] Poly-DMA MBAA –COOH, –SO3H
[29] Poly-DMA MBAA –COONa, –SO3Na
[31,74–77] PS DVB –CH2N(CH2COONa)2 Chelate resins exchanged with metal ions
[78,79] PS DVB –SO3H DOWEX resinc

[80] Copoly{styrene-acrylate} DVB/ MBAA –SO3H
[62] PVPY DVB pyri
[81–83] Copoly{styrene-acrylate} MBAA –SO3H
[33,34] Acrylamide gel MBAA –CH2CH2NH2

[84] PS DVB 2-benzimidazolyl
Macroreticular
[60] PS DVB –SO3H Amberlyst CH28c

[64] PS DVB –SO3H Lewatit K2621c

[85,86] PS DVB None Hyper cross-linked
[62,87,88] PS DVB –SO3H UCP 118c

[88] PS DVB –SO3H SPC 118c

[89] PS DVB –
[90,91] PVPYR DAP –NC(O)CH2CH2CH2 cld ¼ 25%–52%
[23] PS DVB –SO3H Lewatit OC 1038c

[92] PS DVB –SO3Na Amberlyst 15c

[92] PS DVB –C6H4PPh2 From reaction of XAD-2 with sodium
phosphinate

[93,94] PS DVB –NR3OH Amberlyst A 27 OHc

[5,48,49] PS DVB –SO3H DOWEX 50 WX 8c

aNature of the most abundant comonomer.
bNature of the groups devoted to metal uptake.
cCommercial ion-exchanger.
dIntramolecularly cross-linked polymers.

3On the other hand, the ‘‘core’’ of the polymeric mass, much
more cross-linked, is in general hardly accessible.
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in the field of ion exchange [107]. Jerabek’s results con-
firmed on a quantitative basis the intuitive conclusion that
in the more cross-linked Lewatit OC 1038 material Pd0

nanoclusters were not fully accessible and therefore mostly
excluded from the catalytic action. This is the consequence
of much smaller swelling of the pore walls during the cat-
alytic process in comparison with swelling during the in-
corporation of the metal precursor (see below). For this
very reason, polymer-supported metal catalysts are not
suited to gas–solid application, where there is no liquid to
provide adequate swelling of the polymer mass.

This argument is confirmed by the study of CO pulse
chemisorption by Biffis at al., mentioned above. In this
piece of investigation, the authors prepared a 2% (w/w)
palladium catalyst supported by Lewatit UCP 118, a
macroreticular resin (nominal cld ¼ 18%) from Bayer. Its
TEM characterization showed a remarkably heterogene-
ous distribution of the metal nanoclusters, which are ap-
parently located close to the surface of the polymer
nodules [62] (Figure 9).

The observed distribution can be readily explained
upon assuming that the only part of polymer framework
accessible to the metal precursor was the layer of swollen
polymer beneath the pore surface. UCP 118 was meta-
lated with a solution of [Pd(AcO)2] in THF/water (2/1)
and palladium(II) was subsequently reduced with a solu-
tion of NaBH4 in ethanol. In the chemisorption experi-
ment, saturation of the metal surface was achieved at a
CO/Pd molar ratio as low as 0.02. For sake of compar-
ison, a Pd/SiO2 material (1.2% w/w) was exposed to CO
under the same conditions and saturation was achieved at
a CO/Pd molar ratio around 0.5. These observations
clearly demonstrate that whereas palladium(II) is acces-
sible to the reactant under solid–liquid conditions, when a
swollen polymer layer forms beneath the pore surface, this
is not true for palladium metal under gas–solid condi-
tions, when swelling of the pore walls does not occur. In
spite of this, it was reported that the treatment of dry
resins containing immobilized metal precursors [92,85]
with dihydrogen gas is an effective way to produce pol-
ymer-supported metal nanoclusters. This could be the
consequence of the small size of H2 molecules, which

makes them able to penetrate into very dense polymer
frameworks.

All these findings and related observations emphasize
the role of the gel-type layer decorating the surface of
macropores as the ‘‘working arena’’ [107] in Pd0 catalysts
supported on macroreticular CFPs (Figure 6). Therefore
the knowledge of phenomena which occur inside a
swollen, gel-type polymer framework during the catalytic
process are of the utmost importance for better under-
standing of the behavior of CFPs as catalytic supports,
even when they are macroreticular. In this perspective,
fundamental research work on fully gel-type supports can
be highly informative and for this reason the work by

Scheme 3. Preparation of EnCat catalyst by microencapsula-
tion. (Reprinted with permission Ref. [38], r 2005, with permis-
sion from Sigma-Aldrich Co.)

Figure 9. Distribution of palladium nanoclusters in a M0/CFP
catalyst based on the macroreticular resin Lewatit UCP 118.
(Reprinted from Ref. [62], r 2000, with permission from
Elsevier.)
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Corain and associates on M0/CFP catalysts has been so
far focused on this kind of materials. In particular,
great attention was paid to the correlation between the
morphology of the support and features of CFPs sup-
ported metal catalysts, such as their molecular accessibil-
ity [14,21,22,25,108] or the size of metal nanoclusters
generated inside swollen polymer frameworks (for a spe-
cific study see Ref. [68]).

Both commercial polymeric materials and polymeric
supports, synthesized ad hoc, were employed. The scope of
monomers and polymerization procedures which can be
employed is very large. New functional groups can be
introduced into pre-formed polymeric materials (e.g.
sulfonation of polystyrene), for the purpose of tailoring
their properties. In this sense, polymeric support are very
versatile materials, which can be designed according to the
needs of the preparation of the catalyst and of the cat-
alytic reaction. For instance, swelling behavior, which is
so important for solid–liquid applications, can be con-
trolled by changing the cross-linking degree, the nature of
the cross-linker and of the monomers. Some monomers
make the CFP hydrophobic (e.g. polyestyrene, n-do-
decylmethacrylate), some make it hydrophilic (e.g. sulfon-
ated monomers, MAA) and some other allow it to obtain
amphiphilic CFPs, with a pretty broad solvent compat-
ibility spectrum (e.g. DMA, [109]). Hydrophobic poly-
mers swell better in apolar or little polar solvents and
hydrophilic ones swell better in water or polar solvents.
Hydrophobicity and hydrophilicity not only affect the
swelling behavior (the solvent compatibility) of CFPs, but
also the sorption of solutes (substrate compatibility). A
hydrophilic reagent is attracted into a polymer-supported
catalyst from bulk solution and a hydrophilic product will
be retained inside the solid catalyst to a relatively high
extent if the polymeric support is hydrophilic. By contrast,
a hydrophilic reagent will have a little tendency, if any, to
enter a hydrophobic polymeric support and a hydrophilic
product will tend to be readily expelled from a hydro-
phobic catalyst. Hydrophobic species, of course, behave
the other way round. Substrate compatibility, therefore,
must be taken into account and can be exploited to gain
some control over the concentration of reagents and
products inside the catalyst [33,34].

For the purpose of metal uptake, both ionic groups
(–SO3

�, –COO�, in both H+ or Na+ form; –NR3
+, in both

OH� or Cl� form) and Lewis base groups (amino,
pyridyl, benzimidazoyl, thiol, methylsulfide, nitrile) were
employed (see Table 2). They can be introduced during
the polymerization reaction, upon using a properly func-
tionalized monomer (2- or 4-vinylpyridine, methacrylic
acid, acrylonitrile, ethylacrylates (or methacrylates) with
proper substitution of the ethyl group in the 2 position;
these are all commercially available) or post-
functionalization of the CFP. As the metal amount in
the catalyst required for the catalytic application is gen-
erally low (a few percent in weight), the amount of func-
tional groups for metal ‘‘docking’’ can be low as well. In
this perspective, co-polymers of a prevailing monomer
(‘‘structural monomer’’), which imparts the proper sol-
vent–substrate compatibility, of a second monomer
(‘‘functional’’ or ‘‘auxiliary’’ monomer), which attends
to metal uptake, and of the cross-linker can be particu-
larly useful.

3.2. Metals

The choice of the metals is strictly related to the catalytic
application. As we shall show later, the catalytic reaction
most commonly investigated with polymer supported M0/
CFP catalysts is hydrogenation (Table 3). The over-
whelming majority of catalytic studies concerns the hy-
drogenation of alkenes and by far the most commonly
employed metal is palladium, followed by platinum. Ex-
amples of rhodium and ruthenium hydrogenation cata-
lysts supported on polymeric supports are very rare.

A few articles deal with oxidation reactions, in partic-
ular with alcohol oxidation. They are generally very re-
cent and in some cases gold is the active metal. This
highlights the upsurging interest for both catalytic oxida-
tion reactions and gold catalysis. Finally, a number of
publications deal with the synthesis of MIBK from ace-
tone over bifunctional palladium catalysts supported by
acidic sulfonated resins (one of the most important in-
dustrial achievements of polymer supported metal catal-
ysis), the direct synthesis of hydrogen peroxide from the
elements, oxidative carbonylation and carboxylation re-
actions, C–C coupling reaction and catalytic abatement of
nitrates in water (selective hydrogenation to N2). Again,
the metals employed are palladium and gold and, in some
cases, bimetallic Pd/Au and Pd/Cu systems. There are
occasional reports on the preparation of CFPs-supported
metals not followed by catalytic tests, such as silver and
nickel on Amberlite 15 [92] or cobalt on HPS [86]. In
general, noble or late transition metals are most com-
monly employed: they can be easily reduced and kept in
the zero valent state, although oxidation on aging can be
significant when the metal is in the form of small nano-
clusters. As many of them are active in hydrogenation
reactions the latter are quite often chosen to test the M0/
CFP catalysts. Hydrogenation of organic unsaturated
substrate has been a well established, important method in
organic synthesis since long. Many palladium catalysts are
known and applied (Pd on carbon in particular) and it is
easy to compare the performance of new catalysts with
that of well established ones. In addition, hydrogenation
usually proceeds quite smoothly, under mild conditions
(room temperature, atmospheric pressure) and therefore it
can also be carried out with very simple equipment. If one
looks at the scope of metals and catalytic reactions in-
vestigated so far, it is quite clear that model systems have
been mainly taken into account, with very few exceptions.
This reflects the mostly academic nature of the work,
which has been carried out in this field so far.

3.3. Methods of Catalyst Preparation

Inspection of the literature reveals that the active metals
can be mainly introduced into the supports in three ways:

(a) introduction of a suitable metal precursor into the
support and generation of the metal nanoclusters
therein through reduction or decomposition of the
precursor (RIMP);

(b) synthesis of the polymeric support in the presence
of a suitable metal precursor and generation of the

M. Zecca et al.212



metal nanoclusters therein through reduction or
decomposition of the precursor (Incorporation of
Metal during the Polymerization and Reduction,
IMPR);

(c) introduction of preformed metal nanoclusters into
the support (Immobilization of Metal Nanoclus-
ters, IMN).

3.3.1. Reduction of Immobilized Metal

Precursors (RIMP)

The first general method, RIMP, is by far the most widely
employed. As shown in Table 2 CFPs employed as cata-
lytic supports usually possess functional groups suited for
ion exchange (–SO3H or –SO3Na, –COOH or –COONa,
–NR3X) or metal coordination (amino, cyano, pyridyl,

thiol, sulfide, benzimidazolyl, pyrrolidyl,y). The treatment
of a CFP with a solution of a proper metal precursor al-
lows the introduction of the latter in an easy way, with ion
exchange or ligand addition/replacement processes provid-
ing the driving force for the metal uptake (Scheme 2).
Under these conditions excess amount of solvent (with re-
spect to the amount strictly required for full polymer
swelling) and relatively low metal precursor amounts can
be employed. In spite of the dilution, metal uptake is often
quantitative and the desired final metal weight percentage
in the catalyst (0.1–10%, w/w, for catalytic application) can
be attained with no or little metal waste.

If the employed CFP is a gel-type resin, the solvent
must be a good swelling agent for the support. Under full
swelling conditions, the whole or a large proportion of the
polymer framework is accessible to the metal centers.
Higher metal loadings and homogeneous metal distribu-
tion throughout the support beads can be attained in this

Table 3. Scope of heterogeneous catalysis with M0/CFP catalysts as apparent from the open literature to date.

Reference Metal Substrate

Hydrogenation
[65] Pt Citral
[32,69] Pd EAQ
[110] Pda Alkenes (including a,b-unsaturated carbonyls, styrenes, allyl derivatives), nitrotoluene,

diphenylacetylene
[111] Pd, Pt Citral
[112,113] Pd Ketones, epoxides (hydrogen transfer from formic acid)
[98] Pt Crotonaldehyde
[31,74,75] Pd Alkenes
[79] Pd, Co Nitrotoluene
[80] Pd Cyclohexene, cyclohex-2-enone
[81,82,114,115] Pd Cyclohexene
[116] Pt Allylic alcohol
[89] Pt Cinnamaldehyde
[117] Pt Acrylic acid
[89] Pt Nitrotoluene
[118] Ru Benzene
[101,115] Pd Nitrotoluene
[90,91] Pd Alkenes
[33] Rh Alkenes
[34,77] Pt Alkenes, dienes
[23] Pd Cyclopentene
[84,103] Pd Nitroaromatics, alkenes
[99] Pd Alkenes
[93,94] Pd Cyclohexene, allyl alcohol
Oxidation
[30,66] Au, Pd Alcohols
[70] Pd Alcohols
[85] Pt L-Sorbose
[92] Pd, Pt Ethanol
Miscellanea
[5,60] Pd Acetone (bifunctional catalyst; synthesis of MIBK)
[32,64] Pd, Au Synthesis of H2O2 (from the elements or through H2EAQ)
[67] Au Amines, epoxides (carbonylation and carboxylation with CO2)
[119] Au Amines (oxidative carbonylation with CO/O2 to carbamates and symmetric ureas)
[104] Pd-Cu Hydrogenation of nitrates in water
[120–122] Pd-Cu Hydrogenation of nitrates in water
[123] Pd p-nitrobromobenzene (couplings with n-butylacrylateb, phenylboronic acidc,

phenyltrimethyltind)
[124] Pd Iodobenzene (coupling with n-butylacrylateb)

aPalladium was reduced in situ with H2 (5MPa) before the addition of the substrate.
bHeck reaction.
cSuzuki reaction.
dStille reaction.
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way. Whether this is an advantage or not depends on the
conditions of the catalytic reaction: if the swelling degree
of a M0/CFP catalyst, as a whole, will be smaller under
duty than during its preparation, a fraction of the metal
nanoclusters will not be accessible and will be unused. The
same also holds for macroreticular resins: if swelling be-
neath the pore walls during the use of the catalyst is
smaller than during its preparation, the thickness of the
gel-type layer laying beneath the pore surface will be
smaller as well and the metal component will not be fully
exploitable. Therefore much attention must be paid to the
compatibility of the support with all the solvents to be
employed in both catalysts preparation (metal precursor
introduction, metal reduction-metal nanocluster genera-
tion) and use (catalytic reaction). In principle, the best
solution is to prepare the catalyst in the same solvent of
the catalytic reaction, but this is not always possible. Op-
timal conditions are the balance between different exper-
imental parameters, such as the chemical structure of the
polymer, the nature of metal precursor and the reducing
agent (if any), the nature of reagents and products. For
instance, sulfonated or carboxylated resins generally swell
to a considerable extent in water and this solvent is par-
ticularly apt for ion exchange. If we consider that cationic
or anionic complexes of the noble metals listed in Table 3
are readily available and water soluble, metal incorpora-
tion could be safely carried out with aqueous solutions
thereof. If metal nanoclusters are generated by reduction
with excess aqueous or alcoholic NaBH4, a commonly
employed procedure, the support is transformed into its
sodium form. However, sulfonated or carboxylated resins
in Na-form generally swell in methanol and ethanol,
which are very common solvents for hydrogenation reac-
tions, to a smaller extent than in water. Hence a catalyst
prepared in this way could not be suitable for hydrogen-
ation reactions with no modification (e.g. reverting to the
H-form). When a single solvent cannot be used for both
catalyst preparation and the catalytic reaction it is pos-
sible to design the polymeric support and impart a broad
solvent compatibility to it. In this sense, co-polymers de-
rived from DMA have proven to be useful in a number of
cases [29,30,66,73].

A very interesting feature of cross-linked polymeric
supports is their ability in giving metal nanoclusters of
small, controlled size. The ability of ion-exchange resin
Amberlyst 15 to give very small nanoclusters was ob-
served by Hanson et al. as early as 1974 [92] in a really
pioneering study on the preparation and characterization
of palladium, platinum, silver and nickel metal catalysts
over Amberlyst 15. Hanson et al. prepared their catalysts
by means of the RIMP method and employed different
reduction protocols. The metalated resin was either
treated with flowing H2 in the dry state or with a basic
aqueous solution of hydrazine or ethylformate. The way
of reduction affected the size of the metal nanoclusters. In
the catalyst prepared by H2 reduction, no signals were
observed at XRD analysis. TEM measurements (as early
as 1974!) confirmed that the metal nanoclusters were typ-
ically 2 nm in diameter and the size was pretty uniform
(reported standard deviations were ca. 25% or smaller),
with no appreciable differences between platinum and
palladium. In the catalysts prepared with aqueous solu-
tions of the reducing agent a small number of large metal

nanoparticles was observed, in addition to the 2 nm-sized
nanocluster, with both XRD analysis and TEM. The size
of the large nanoparticles ranged from ca. 10 to 30 nm.
These data supported the conclusion that the small
nanoclusters were formed within the polymer framework
and the large nanoparticles were formed in the permanent
pores (whose diameter was 20–60 nm on average). The
formation of metal nanoparticles in the pores was pos-
sible only with the reducing agent in solution. In this
case, swelling of the polymer network made possible the
extraction of the metal into the macropores during the
reduction. This cannot occur during the H2 treatment of
the dry materials. This underpins an important feature
in the RIMP preparation of polymer supported metal
catalysts: the metal precursor can move throughout
the swollen polymer framework during the reduction.
This can affect the radial distribution of the metal in the
final catalyst (see later). The results of Hanson et al. also
highlights the ability of cross-linked polymeric material to
act as size templates in the production of metal nano-
clusters, provided they are generated inside the polymer
framework.

The same ability was observed later in HPS by Sidorov
et al. [85,86]. HPS is a PS or PS-DVB resin, which does
not possess functional group apt to ion exchange or ligand
addition/substitution reactions. It has a nominal cld
higher than 100%, due to inter-phenyl methylene bridges
formed by reacting linear polystyrene or lightly cross-
linked swollen PS-DVB resins with ethylene dichloride
[86]. This yields a very rigid, permanently nanoporous
framework, with extremely high BET surface areas
(around 1000m2 g�1) and small nano-pore diameter (a
few nanometers). Owing to the absence of specific func-
tional groups, sorption of the metal precursor onto HPS
was carried out with an incipient wetness impregnation
procedure. When a HPS batch with a surface area of
833m2 g�1 and nanopores of about 2.0 nm was impreg-
nated with a THF or methanol solution of H2PtCl6, dried
and treated with H2 for 3 h at room temperature, 1.3 nm
(THF) and 1.4 nm (MeOH) platinum nanoclusters were
obtained, with an overall metal loading of 7.5–8.3% (w/w)
[85]. With cobalt 2.0 nm nanoparticles were obtained in
the same support, after impregnation with isopropanol or
DMF solutions of [Co2(CO)8] and subsequent drying and
thermal decomposition of the precursor [86]. The size of
cobalt nanoparticles was assessed by means of TEM and
ferromagnetic resonance spectroscopy, which yielded
comparable results. In addition, the Co nanoparticle size
was independent of both the weight metal percentage up
to 8% and of the time of thermal decomposition of the
precursor. A very interesting feature of these metal nano-
particles is the closeness of their size to that of the nano-
pores. From these data it is apparent that the metal
nanocluster size cannot exceed the diameter of the cavities
where they were generated: the polymeric support acted as
a ‘‘mold’’, able to restrict the growth of the metal nano-
particles. In view of the absence in HPS of functional
groups able of strongly interacting with the metal centers
or nanoparticles a simple steric effect was proposed. This
template effect had already been exploited by Ziolo to
prepare magnetic nanoparticles of ferric oxide [125].
For this peculiar way of size control in nanostructured
matter Ziolo introduced the term ‘‘Template Controlled
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Synthesis’’ (TCS). The very same term was independently
proporsed by Corain and associates for the size controlled
synthesis of palladium nanoparticles in 2004 [68]. In a
number of cases they observed that palladium nanoclus-
ters, supported on gel-type resins of different nature and
obtained with the RIMP method, exhibited a remarkable
agreement between the size of the cavities of swollen sup-
ports (as assessed by means of ISEC, see Section 4) and
the diameter of the metal nanoclusters (Table 4, Entries
1–3) [10,11,66,71,72,87].

In the case of a highly chemoselective palladium cat-
alyst for the hydrogenation of EAQ [32] the correlation
between the support morphology in the swollen state and
the nanocluster size was studied in great detail [68]. In
particular, the introduction of metal precursor into the
copoly-{DOMA-VPY-EDMA} matrix, its reduction to
generate the nanoclusters and the ISEC characterization
of the morphology of the swollen gel-type resin were car-
ried out in the same solvent (THF), so that the morpho-
logical data can be unambiguously compared (Figure 10).

The agreement between the values of the two quantities
is remarkable and it was further confirmed by a fine XRD
investigation. When the contribution of the polymer ma-
trix to the total scattering was eliminated (Rietveld
method), the observed average size of the palladium
nanoclusters was strictly close to the TEM datum (Table
4, entry 2). An excellent degree of size control was also
achieved when functionalized microgels were employed
instead of resins to generate the metal nanoclusters. Mi-
crogels are a special class of intramolecularly covalently
cross-linked polymers (in this respect they are akin to
polypeptides, where intrachain cross-links are provided by
internal hydrogen bonds) and, differently from resins, are
soluble. They can be obtained by co-polymerization of
dilute solutions of co-monomers cross-linker [71,126]
references therein]. In a detailed study Biffis et al. showed
that the higher the cross-linking degree the smaller the
metal nanoclusters. The metal nanoclusters size appar-
ently did not depend on the nature of either the functional
groups of the microgel (amino or pyridyl) or of the metal
(Pd or Pt). These and the other data collated in Table 4
(Entries 4,5) support the hypothesis that the size template
effect observed is mainly steric (physical) in nature, as

proposed by Sidorov et al. for the HPS-supported metals,
and that the metal nanocluster size is controlled mainly by
the morphology of the polymeric material, which is a
consequence of its swelling behavior.

Table 4. Relationship between the nanoporosity of some gel-type CFPs and the size of M0 nanoclusters supported thereon.

No. Support cld (% mol) Metal Pore diametera

(nm)
Diameter of
nanoclusters (nm)

References

1 Copoly-{DMA-MTEA-MBAA} 8 Au 2.5 2.2 [66]
Pd 2.3

2 Copoly-{DOMA-VPY-EDMA} 4 Pd 3.4 3.5 (TEM), 3.3 (XRD,
Rietveld), 2.6 (Number
distribution function)

[68]

3 Copoly-{DMA-MAA-MBAA} 4 Pd 3.2 2.0 [72]
4 Copoly-{MMA-MAEA-EDMA} 5 Pd b 8.9 [71]

10 Pd 4.2
10 Pt 4.4
20 Pd 3.1

5 Copoly-{MMA-VPY-EDMA} 10 Pd b 4.2 [71]
Pt 4.0

aAverage value or the value of the most abundant volume fraction.
bThe supports are soluble microgels and pore diameter cannot be measured.

Figure 10. Pore volume distribution of the support as assessed
with ISEC (a) and the metal nanoclusters size distribution as
assessed with TEM (b) for a Pd0/CFP catalyst. (Reprinted from
Ref. [68], r 2004 with permission from Wiley.)
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As anticipated in Section 1.2.1, also the radial distribu-
tion of the metal precursor across the support beads is
strongly dependent on the swelling behavior of the em-
ployed CFP (Figure 7). However, RIMP method requires
the reduction of the immobilized metal precursor and mi-
gration of the metal during this step can also occur. There-
fore it must be born in mind that the radial distribution of
the active metal in the final catalyst can be different from
that of its precursor. For instance Henson et al. observed a
peripheral radial distribution in their platinum catalysts on
Amberlyst 15 in contrast with the homogeneous distribu-
tion of the immobilized precursor, when the latter was re-
duced with hydrogen flowing on the dried material. As
redistribution of the metal in the dry resin is not feasible, it
was concluded that migration took place during the drying
procedure, favored by the remarkable stability of the plat-
inum(II) precursor, [Pt(NH3)4]

2+ [92]. By contrast, when
the precursor was reduced with an aqueous solution of
hydrazine, the final catalysts maintained the same homo-
geneous radial distribution of the parent materials. Similar
results were also obtained by Kralik et al. [127] in the
preparation of palladium catalysts supported on a co-pol-
ymer of DMA, the potassium salt of MAESA and MBAA
as the cross-linker. After introducing palladium(II) into the
supports with a homogeneous radial distribution, the metal
centers were reduced with either NaBH4 in large excess
(alcoholic solution) or hydrogen. In both cases the material
to be reduced was swollen in ethanol. Whereas the homo-
geneous distribution of palladium was preserved with
NaBH4, an eggshell distribution was observed after reduc-
tion with hydrogen. In this case, the different results ob-
tained with the two reducing agents were interpreted as due
to their different diffusion rate within the catalyst as com-
pared to that of the palladium(II) metal centers. NaBH4 is
much more soluble than H2 in ethanol and was present in
large excess. The polymeric support was pretty well swollen
by the solvent and therefore the inward diffusion of the
reducing agent was faster than the outward diffusion of the
metal centers. As the results the latter were reduced at their
original positions in the material. Due to the low solubility
at the moderate pressure applied, H2 concentration in et-
hanol was pretty low and its inward diffusion was slower
than the outward diffusion of the metal centers, which
could be reduced only close to the edges of the polymer
beads. The same happened when a relatively little concen-
trated solution of NaBH4 in ethanol was employed.

3.3.2. Incorporation of Metal precursors during

Polymerization and Reduction (IMPR)

The second general method, IMPR, for the preparation of
polymer supported metal catalysts is much less popular.
In spite of this, microencapsulation of palladium in a po-
lyurea matrix, generated by interfacial polymerization of
isocyanate oligomers in the presence of palladium acetate
[128], proved to be very effective in the production of the
EnCat catalysts (Scheme 3). In this case, the formation of
the polymer matrix implies only hydrolysis-condensation
processes, and is therefore much more compatible with
the presence of a transition metal compound. That is why
palladium(II) survives the microencapsulation reaction

and the catalysts are obtained with the metal in this ox-
idation state. Microencapsulated palladium nanoparticles
can be obtained by reduction with either dihydrogen of
formic acid. The latter reducing agent gave much smaller
nanoparticle size (ca. 2 nm) than the former (larger than
5 nm) [112].

A similar approach was applied by Zhang and Neckers,
who prepared a polymeric matrix by polycondensation of
a comonomer which was also a dipyridyl complex of pal-
ladium(II) [99]. In the case of Pd/Cu catalysts supported
by polypyrrole investigated by Gautron et al. [104], the
polymer must be generated in the presence of a stoichio-
metric amount of a palladium(II) compound, which takes
part to the oxidative coupling of pyrrole rings and is di-
rectly transformed into palladium(0). This is a particular
case where the precursor of the active metal is a stoichio-
metric aid in the polymerization reaction. The obvious
disadvantage, in this case, is that the amount of palladium
in the final material cannot be changed at will.

The production of polymeric supports in the presence of
a metal compound by means of a polyaddition process,
and in particular by radical polymerization, is even less
common. This is due to the intrinsic difficulty to generate
radicals and keep the radical propagation chain alive in the
presence of transition metal centers. Transition metals
generally possess several available oxidation states and can
react easily with radicals, with the doubly adverse effect of
terminating the polymerization reaction and decomposing
the metal compound [55]. In spite of this, this approach
was employed by Huang and He [90] to prepare palladium
catalysts supported on poly-VPYR cross-linked with
DAP4. A much greater amount of radical initiator (AIBN,
ca. 4% mol) than usual (1%) was required to obtain ma-
terials with acceptable mechanical properties, the polym-
erization mixture turned from the initial yellow color (due
to PdCl2) to dark-gray and more than 40% of palladium
was lost during the preparation. All these observations
highlight how troublesome radical polymerizations in the
presence of transition metal compounds can be. However,
the catalysts were obtained in a one-pot fashion, in that
palladium(II) was reduced to palladium(0) during the po-
lymerization, as proved by XPS measurements.

The use of g-ray induced radical polymerization proved
to be a successful alternative for the radical co-polymer-
ization of metal complexes with ligands containing acrylic
C¼C double bonds [100–102,129,130]. In particular, the
palladium(II) complex cis-[PdCl2(ICPA)2] (1, Scheme 4)
was co-polymerized in DMF solution with DMA and
MBAA (cross-linker, 4% mol), with no degradation of
the metal center [100,101].

The reduction of palladium(II) with an alcoholic solu-
tion of NaBH4 [101] or by treatment in situ of the meth-
anol-swollen material under hydrogen [129] yielded a
supported palladium catalyst, referred to as self supported
by the authors [101,129]. The same co-polymerization
reaction was carried out inside the nanopores of a DMF-
swollen gel-type resin made by DMA and MBAA (cross-
linker, 4% mol) [101,129], thus obtaining a sequential
IPN [131]. Also this material was transformed into a

4The choice of diallylphtalate as the cross-linker is somewhat
surprising, because allylic compounds are not very reactive in
radical polymerizations due to the stability of the allyl radicals.

M. Zecca et al.216



supported palladium catalyst (IOPN catalyst) upon re-
duction of palladium(II) with an alcoholic solution of
NaBH4 or by treatment in situ of the methanol-swollen
material under hydrogen [129].

3.3.3. Immobilization of Pre-Formed Metal

Nanoclusters (IMN)

The third general method for the preparation of polymer
supported metal catalysts, i.e. the introduction of pre-
formed metal nanoclusters into the support, IMN, has
also been applied in limited number of cases
[33,34,89,123]. In principle this approach has the advan-
tage that size control can be achieved during the pre-for-
mation of the metal nanoclusters, provided they do not
undergo sintering during their introduction into the sup-
port. The field of the synthesis of size-controlled metal
nanoclusters has been greatly expanding for the last two
decades. Several methods are available for the synthesis of
stabilized, size-controlled soluble metal nanoclusters
[132]. For the preparation of polymer supported metal
catalysts, rhodium, palladium and platinum pre-formed
nanoclusters were employed. Almost invariably they were
stabilized by linear polymer, with the only exception of a
citrate-stabilized palladium colloid [123]. In some cases,
the preformed metal nanoclusters, Pt/PVPYR [89] or Pd/
PVPYR, Pd/PVA, Pd/citrate [123] were simply adsorbed
onto the support from the respective solutions. For the
platinum catalysts [89], PS-DVB5 or metal oxides were
employed. PVPY, cross-linked with ca. 4% mol DVB, was
employed for the palladium catalysts [123]. Yu et al.
treated for a fixed time (24 h) the supports with the Pt/
PVPYR solution at room conditions. After filtration the
solid was Soxhlet extracted (ethanol/ water, 1/1, v/v) for
24 h and finally dried in vacuo for 5 h at room tempera-
ture. Allegedly, this procedure allowed the complete re-
moval of the protecting polymer from the metal surface
with no variation of the nanoparticle size (1.1 nm; no
TEM micrographs were presented in the paper and no
details on TEM data were given), and the final catalysts
generally contained 0.5% (w/w) palladium. Pathak et al.,
on the contrary, repeatedly treated the PVPY support
with aliquots of the colloidal solutions up to saturation of
the available surface of the support, corresponding to a
final palladium load of ca. 4% (w/w). The diameter of the
palladium nanoparticles in the final catalysts ranged

between 1 and 4 nm. Also in this case the authors argued
that the protecting polymer was completely displaced
from the palladium surface, owing to a much stronger
interaction of pyridyl nitrogen atoms with the nanopar-
ticles in comparison with the functional groups of PVPYR
and PVA. In agreement with this hypothesis, the observed
catalytic activity in C–C coupling reactions was inde-
pendent of the original protecting agent and when the
nanoparticles were deposited onto an amino-functionali-
zed resin no activity at all was observed.

A more sophisticated approach was adopted by To-
shima and co-workers, which is highlighted in Scheme 5
[33,34].

In this case, the pre-formed metal nanoparticles (Pt or
Rh) were stabilized by a co-polymer of MMA (ca. 35%,
mol) and VPYR. Whereas Rh nanoparticles were formed
by the well-known alcohol process starting from RhCl3
[133–137], Pt nanoparticles were prepared by photochem-
ical reduction of K2PtCl4 in solution in the presence of the
protecting polymer. The ester residues were employed to
covalently attach the polymer protected metal nanoparti-
cles to a commercial aminoethyl functionalizzed poly-
acrylamide gel through an amide bond. In this case the
goal is different from that of Yu et al. and Pathak et al.,
who aimed at preparing classical heterogeneous metal cat-
alysts. By contrast, Toshima and co-workers aimed at a
heterogenized version of the soluble metal nanoparticles: in
this sense their approach resembles more closely hybrid
catalysis rather than classical heterogeneous catalysis. The
experimental procedure for the immobilization of the
nanoparticles is again straightforwardly simple: a solution
of the polymer-stabilized nanoparticles is added to the wa-
ter-swollen gel and kept under stirring for three days. No
particular prescriptions were given in the experimental
parts of the relevant papers. After repeatedly washing with
water, the recovered solid was washed with methanol and
simply dried in vacuo at 50 1C. Surprisingly, no information
on the nanoparticle size after their immobilization were
given. The immobilization was successful also in the pres-
ence of 0.1M NaCl as an ionic strength buffer and no
release of metal nanoparticles was observed in the pH
range 2–13 for both metals. This highlights the remarkable
strength of the support-nanoparticles interaction, which
cannot be simply physical in nature. Moreover, no immo-
bilization was achieved with acrylamide gels devoid of
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Scheme 4. Sketch of the structure of compound 1.

Scheme 5. Covalent attachment to an amino-functionalized gel
of pre-formed, polymer-stabilized metal (Rh, Pt) nanoparticles.
(Reprinted from Ref. [33], r 1991, with permission from the
American chemical Society.)5No details were given on the kind of PS resin employed.
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amino functional groups. The kinetics of the immobiliza-
tion process was elegantly investigated for platinum: me-
thyl ester residues were replaced with p-nitrophenylester
residue. The ensuing p-nitrophenol can be easily monitored
by UV-Vis spectroscopy. In this way pseudo-first order
rate constants for the aminolysis of the p-nitrophenylester
residues in the protecting polymer were measured.

It is well known that metal nanoclusters can be stabi-
lized by solvent molecules (see for example Ref. [132]).
Very small metal aggregates (solvated metal atoms) can be
prepared by co-condensation of metal and solvent vapors
at low temperature and subsequent, controlled melting of
the dispersion of the metal in the solid matrix of the fro-
zen solvent (Metal Vapor Synthesis) ([138] and references
therein). Solutions of solvated metal atoms can be em-
ployed for the deposition of metal nanoclusters onto solid
supports (see [139] for an example). This procedure was
employed for the preparation of platinum and palladium
catalysts over gel-type resins for the hydrogenation of
citral and the Heck coupling of iodobenzene and n-
butylacrylate, respectively [65,124]. In this case, the kind
of functionalization of the polymeric support was not as
important as in Toshima’s immobilization procedure and
the metal could be deposited onto materials of different
nature. For platinum it was quite easy to prepare catalysts
supported by ion-exchange resins containing metal ions
such as Co2+, Fe3+, Zn2+, which proved very effective in
enhancing the selectivity of platinum in the hydrogenation
of citral to geraniol/nerol [65].

3.4. Organic– Inorganic Composites

Kunz and associates and Corain and associates have re-
ported on the preparation of Pd0 catalysts supported on
polymeric matrices belonging to inorganic–organic com-
posites. Corain et al. described the preparation of palla-
dium catalysts supported on the same polymeric matrices
employed in Ref. [21,30] (DMA, MAA, MBAA; DMAA,
MEASA, MBAA), with silica (22–30% w/w), nanomet-
rically dispersed inside the relevant polymeric frame-
works. Silica was generated by hydrolysis of TEOS inside
either (a) the polymeric support or (b) the Pd0/CFP cat-
alyst after swelling the organic materials with a hydroal-
coholic solution of TEOS. The catalysts obtained along
route (b) proved to be active in the hydrogenation of 1M
cyclohenexe at 27 1C and 500 kPa, though 3–4 time less
than the parent polymer-supported materials [29]. On the
other hand, the composite catalysts exhibited a much
better mechanical stability and, being much more dense,
their recovery from the reaction mixture turned out to be
straightforward. Again Corain and associates prepared a
silica–organic composite by the co-polymerization of the
organometallic monomer 1 with DMAA and MBAA
within the pores of Daltosil 150. This material was com-
pletely inactive in the hydrogenation of 1M NT in meth-
anol at room temperature and 100 kPa: under hydrogen it
even did not change its color from the original yellow.
Apparently, the simple procedure employed to generate
the polymeric part of the composite completely plugged
the silica pores and made palladium unavailable to inter-
action with hydrogen and other reacting species [101].

A similar approach was later employed by Kunz and co-
workers to obtain polymer/carrier composites [140,141]. In
this case conventional porous catalyst carriers (with pore
diameters ranging from micro- to millimeters) were im-
pregnated with a solution of the monomer, the cross-linker
and the radical initiator in an apolar solvent. After starting
the polymerization the polymer precipitated inside the
pores of the carrier (precipitation polymerization) as mi-
crometer-sized spheres. The monomer concentration was
such as to avoid plugging of the carrier pores and to allow
the formation of pores within the polymeric phase too.
This ensured a good accessibility of the support. Kunz and
co-workers were able to prepare composites of polymers
with sulfonic acid, benzylchloride, quarternary ammo-
nium, amino, pyridyl and imidazolyl groups, i.e. many of
the most commonly employed in polymeric supports (see
Table 2). Metals were introduced in the composite with
the common RIMP approach described in Section 3.3.1
(both static and dynamic conditions could be applied to
both the immobilization and the reduction of the metal
precursor).

Moreover, these new composites were prepared in
different physical shapes, such as rings and monoliths.
They are of course apt to continuous operation in fixed
bed reactors and this can help in circumventing some en-
gineering problems in the use of polymer supported metal
catalysts6. The fluido-dynamics of the reported arrange-
ments were shown to be favorable for the ion-exchange
process, as compared to fixed beds of pure ion-exchange
resins, with a considerable decrease of diffusion restric-
tions to mass-transport and an appreciable increase in the
contribution of convective forces [140]. Of course, con-
tinuous operation in supported metal catalysis is feasible
only when the polymer supported catalyst is truly heter-
ogeneous and metal leaching under solid–liquid reaction
conditions, which are typical for polymer supported metal
catalysts and reagents, is absent or negligible. Unfortu-
nately this is not always the case, so that this problem is
not a trivial one. For instance, Kunz and co-workers re-
ported on the activity of a palladium catalyst in the Heck
and Suzuki reaction [140]. C–C couplings of aryl halides
over Pd supported catalyst is just one of the most popular
and clearly demonstrated cases where palladium species in
solution, leached from the solid (would-be-heterogeneous)
catalyst, are the actual active species [142–144]. In spite of
this, the work of Kunz’s group has the merit to show that
polymeric supports in catalysis are not only more useful,
versatile and elegant than conventional inorganic sup-
ports from the chemical point of view, but can also be
very interesting from the technical standpoint.

4. Molecular Mobility Inside Swollen CFPs

From the discussion in the previous sections, it is
apparent that whatever the morphology of the CFP,
macroreticular or gel-type, the metal nanoclusters in
polymer-supported heterogeneous metal catalysts are

6These materials are useful not only for catalytic application,
but also for continuous reactions of polymer fixed reagents (solid-
phase synthesis).
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mainly embedded within a swollen polymer framework.
In the absence of a swelling agent, the polymer framework
is collapsed over the metal nanoparticles. Under these
conditions molecules from another phase in touch with
the catalyst cannot diffuse inside it and cannot interact
with the metal nanoclusters. This does not mean that
catalytic action is impossible at all: it simply implies that
polymer-supported catalyst must operate in the presence
of a swelling agent, i.e. generally under solid–liquid con-
ditions. In the swollen catalyst, the accessibility of the
active component is ensured by the presence of the tem-
porary nanopores and mesopores, even in macroreticular
materials (see Figure 6). These pores have actually dia-
meters in the order of the nanometers or a few tens of
nanometers (o 50 nm), i.e. 1–2 orders of magnitude larger
than in zeolites. From this simple comparison, it is clear
that swollen polymer-supported metal catalysts can be
active enough for technical application and, as a matter of
fact, this is the case for the industrial processes listed in
Table 1.

In any case, with nanopores of 1–10 nm in diameter
important restrictions to mass transport within the cata-
lyst (internal diffusion) could be envisaged. Before dis-
cussing briefly how diffusion phenomena inside swollen
polymer-supported catalysts can be investigated, it is
worth recalling that they are relevant only when the over-
all chemical catalytic transformation occurs under diffu-
sion regime, i.e. when the diffusion is slow enough to be
the rate-determining step. If the overall process is under
kinetic regime, i.e. if the chemical reaction taking place
over the metal surface is the rate-determining step, diffu-
sion phenomena are not determining and no effects of the
morphology of the supports should be observed on the
apparent reaction rate. Other support effects could how-
ever play a role and, in particular, the compatibility with
the substrate, which will tend to concentrate into the cat-
alyst in as much as its affinity to the support is great.
Kinetic regime can be generally attained by decreasing the
size of the beads of solid particles. In this way the di-
mension of the particles in the direction of diffusion ap-
proaches the average free path of diffusing molecules,
thus eliminating mass transport restrictions [145]. This has
proven true also for CFP-supported palladium catalysts
in the hydrogenation of cyclohexene [81]. However, from
the practical point of view this can imply so little size of
the catalyst beads, that the solid cannot be comfortably
managed. For instance, the very efficient packing of tiny
solid particles makes their recovery by filtration quite
difficult and implies very high pressure drops through the
catalyst in fixed beds arrangements. In conclusion, diffu-
sion phenomena in CFP-supported catalysts cannot be
generally ignored. However, many authors did not seem,
unfortunately, fully aware of the far-reaching implications
of this circumstance. In some cases the dry state specific
surface area of macroreticular polymeric supports has
been taken into account as an accessibility parameter, but
this did not prove always useful. As far as polymer
supported heterogeneous catalysis is concerned the most
specific and extensive investigation on this subject has
been carried out jointly by Corain and Jerabek and
their associates [14,21,22]. In particular, they thoroughly
investigated on the relationship between the morphology
at the nanometric scale of swollen gel materials and the

mobility of solutes (rotational and translational) and of
solvents (self-diffusion).

The problem of transport of molecules through swollen
gels is of general interest. It not only pertains to catalysis,
but also to the field of chromatographic separations over
polymeric stationary phases, where the partition of a sol-
ute between the mobile phase (liquid phase) and a swollen
polymeric stationary phase (gel phase) is a process of the
utmost importance. As with all the chemical and physico-
chemical processes, the thermodynamic and the kinetic
aspect must be distinguished also in partition between
phases.

Ogston’s model [146] provides a way to predict parti-
tion constants of a solute between a solution and swollen
gels. It rests on the description of swollen gels (no matter
if cross-linked or not cross-linked) as random suspensions
of rigid rods (the polymeric chains) of very high expec-
tation ratio (length to diameter) in a liquid. This picture is
much closer to the actual physical state of the system than
the cylindrical or conic pore model. The nanoporous sys-
tem of the swollen gel is represented by the void space
among the rods, which is occupied by the swelling agent.
The sum of the lengths of each rod or rod section crossing
a portion of the gel over the total volume of that portion
(void+rods) gives the characteristic property of ‘‘polymer
chain concentration’’, usually expressed in nmnm�3.
Typical values range from 0.1 nmnm�3 (approximately
corresponding to a very accessible gel phase, similar to a
solution of a linear polymer) to 2.0 nmnm�3 (correspond-
ing to a very dense gel phase, scarcely accessible even to
small molecules). The other characteristic parameter is the
diameter of the rods. With these two parameters and
the hydrodynamic radii of solutes partitioning between
the swollen gel and a liquid phase in touch with it,
Ogston’s model provides theoretical values of the relevant
partition constants, which are calculated as:

K ¼ e½�pcðrcþrsÞ
2
� (1)

where c is the polymer chain concentration, rc the radius
of the polymer chain, rs the radius of the diffusing solute.

The model, therefore, predicts the elution behavior of
solutes during a chromatographic process over a swollen
gel as the stationary phase as a function of solute size and
of the gel nanomorphology. On the reverse, from the el-
ution behavior of solutes of known molecular size it is
possible to extract the polymer chain concentration from
chromatographic experiments, where an unknown swol-
len gel is the stationary phase. This is the basis of the
ISEC, which is so often mentioned through this chapter
[16,17,105,106].

The application of Ogston’s model to real systems is not
always straightforward. In fact, real swollen gels are hardly
homogeneous, i.e. they are not usually featured by a single
value of the polymer chain concentration, while the rod
radius can be considered constant throughout the whole of
the gel volume. This is easy to understand for cross-linked
polyaddition polymers, where the intrinsic features of the
polymerization kinetics generally imply a non-homogene-
ous distribution of cross-links in the material. This prob-
lem is coped with by studying the elution behavior of a
number of solutes of known molecular size, different from
one another. The investigated gel is then considered as a set
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of discrete gel-phase fractions (or domains), each one fea-
tured by its characteristic value of the polymer chain den-
sity. Mathematical fitting of a number of experimental
elution volumes obtained for different solutes allows to
extract the volume proportion of single domains, along
with their local polymer chain density [16]. ISEC thus pro-
vides a detailed, quantitative description of the morphol-
ogy of the swollen gel at the nanometric level. This
description has qualitatively the same physical meaning of
the pore volume distribution as a function of pore size,
which is provided by the classical cylindrical pore model
for porous solids. In fact, the experimental elution volumes
from ISEC experiments can be fitted with the cylindrical
pore model, too. This provides a more friendly description
of the porosity of the swollen gel, though not fully adherent
to its real physical nature7. This proved particularly useful
for comparing the diameter of metal nanoclusters gener-
ated within swollen gel-type resins, according to TCS pro-
cedures (see Section 3.3.1), with the size of the ‘‘cavities’’
available for their growth. Another complication in the ap-
plication of Ogston’s model to real systems is that Equation
(1) rests on the assumption that the partition process is
entirely driven by steric factors and that no enthalpic inter-
actions occur between the polymer and the solute. This is of
course not always the case in real systems and restricts the
scope of the model and of the ISEC technique. For instance,
for this reason ISEC characterization is generally not fea-
sible with alcohols as the mobile phase (swelling agents).

The polymer chain concentration and the polymer
chain radius were employed to assess the rotational mo-
bility of a molecule within a swollen gel [14]. To this pur-
pose the gel is considered a thick, viscous polymer
suspension. Its viscosity can be evaluated with the fol-
lowing equation, proposed by Nicodemo and Nicolais for
concentrated suspensions of polymeric fibers [147]:

Z ¼ Z0e
vf (2)

where Z is the viscosity inside the swollen gel, Z0 is the
viscosity in pure swelling agent, n an adjustable parameter,
f is a volume fraction of the polymer in the swollen gel.

Viscosity is a useful quantity, in that both rotational
and translation mobility of molecules in solution are vis-
cosity dependent and can be related to viscosity through
the Stokes–Einstein equation:

t ¼
4pr3s
kBT

Z ðStokes2Einstein equation

for rotational diffusionÞ

(3Þ

D ¼
kBT

6prsZ
ðStokes2Einstein equation

for translational diffusionÞ

(4)

It should be appreciated that according to Equations
(2), (3) and (4) t and D respond in similar ways to changes
of polymer chain concentration. For instance, combina-
tion of Equations (2) and (3) predicts, for a homogeneous

gel (i.e. with a single polymer chain density value) a linear
relationship between the polymer chain density and ln(t)8,
with an intercept corresponding to the value of t of freely
rotating molecules in solution. Hence, measurement of t
of suitable probes inside a swollen gel can convey infor-
mation relevant also to diffusion phenomena within the
same gel, provided the molecular mobility is controlled by
viscosity. Values of t can be directly extracted from ESR
spectra of paramagnetic probes (without spectra simula-
tion) provided the molecules are in the fast rotational re-
gime (to10�9 s). In typical experiments, a gel-type
polymer is swollen with a diluted solution (usually
10�4M) of TEMPONE (a stable nitroxide organic rad-
ical), in the desired solvent. The polymer is swollen to
incipient wetness to eliminate any contribution to the
spectra from the paramagnetic probe in bulk solution
liquid phase. For gel-type swollen resins with cross-link-
ing degree up to 6–8%, the confined paramagnetic probe
is still generally in the fast rotational regime.

As mentioned above, real swollen gels are usually het-
erogeneous, rather than homogeneous, in nature and
therefore molecules located in different parts of the swol-
len material will also rotate at different rates. In order to
take this into account, Biffis et al. treated each fraction of
the real heterogeneous gel, with its characteristic value of
polymer chain concentrartion, as a single, independent
homogeneous gel. Under the assumption of slow (on the
ESR timescale) exchange of the paramagnetic probe mol-
ecules among the virtually independent homogeneous
gels, an average t value was expressed as a function of the
parameters of the Ogston’s model obtained from ISEC
characterization (Equation (5)) [14].

t ¼
X K iV iP

K iV i

� �
ti (5)

On the basis of this equation, experimental t values for
a number of different gels with increasing cross-linking
degrees were fitted using Ki and Vi values from discrete
ISEC experiments and this allowed the correct prediction
of the hydrodynamic radius of TEMPONE [14]. In fact
the rotational molecular mobility turned out to be quan-
titatively related to the nanomorphology of the swollen
gel. The relationship between t and the polymer chain
density is logarithmic, according to the hypothesis that
molecular mobility inside the swollen gel is viscosity de-
pendent. This is confirmed by the values of activation
energies for the molecular rotation of paramagnetic
probes inside swollen gel, obtained from ESR spectra
collected at different temperatures [21,22,25,108], which
were always typical for viscosity controlled processes. The
effect of electrolytes addition also points to both rota-
tional and translational molecular mobility inside swollen
gel-type CFPs as viscosity controlled phenomena [108]. It
was also found that the value of ln(t) is often correlated to

7The model yields reliable values of pore radii, but the volume
of large pores tend to be overestimated, hence it is not fully re-
liable on a quantitative basis.

8The combination of Equations (2) and (3) actually predicts a
linear relationship between ln(t) and j. However, according to
the Ogston’s model, for a homogeneous gel j ¼ prcc, where rc is
the radius of the polymer chain and c is the polymer chain con-
centration and a linear relationship is expected between ln(t) and
c, too. Similarly, the combination of Equations (2) and (4) pre-
dicts a linear relationship also between ln(D) and both j and c.
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the average polymer chain density of a heterogeneous gel
with an intercept corresponding to the value of t in bulk
solution [14,148]. Average polymer chain concentration is
not the most appropriate descriptor of a swollen gel, but it
is much easier to handle and its relationship with t has
been satisfactorily employed for interpreting and mode-
ling the behavior of real CFP-supported metal catalysts
[81,82]. However, keeping with Ogston’s model, if we
consider that the overall polymer chain length of a given
CFP does not change upon swelling or shrinking and that
these processes simply entail the widening or narrowing of
the polymer chain distances, the average polymer chain
concentration can be considered inversely proportional to
the overall volume of the swollen gel. This is a direct
indicator of the swelling ability (swellability) of a gel-type
cross-linked polymer in a given solvent and can be deter-
mined (not by fitting, but experimentally) from ISEC
characterization of a swollen gel. From this point of view
it should be more reliable of the average polymer chain
concentration as an accessibility parameter. A related
quantity is the so-called ‘‘Bulk Expanded Volume’’ (BEV)
of a gel-type cross-linked polymer. BEV measurements do
not require chromatographic experiments and are there-
fore much easier. They imply the determination of the
amount of swelling agent required to swell a sample of the
investigated polymer, previously packed in a proper con-
tainer (usually a glass column) [149]. The results of these
experiments, however, are biased by the amount of swell-
ing agent filling the interparticle voids, which generally
cannot be completely eliminated. Therefore BEV meas-
urements are dependent on the packing of the polymer
and are not as accurate as swellability values from ISEC.

As a matter of facts, both the average polymer chain
concentration and the swollen gel volume (swellability)
have been successfully employed to mathematically model
the behavior of palladium catalysts in the hydrogenation
of cyclohexene [81,82,114,150] and of NT under diffu-
sional regime [78]. For instance, the application of the
following equation:

D ¼ D0e�aD=S (6)

where S is the total specific volume of the swollen pol-
ymer, was proposed to calculate diffusion coefficients of
the reagents inside a palladium catalyst supported by a co-
polymer of DMA and SSNa, cross-linked with MBAA (4
or 8%, mol) in the hydrogenation of cyclohexene in
methanol (1M, Pd/alkene ¼ 4� 10�4, room temperature,
0.5MPa). The model based on Equation (6) provided an
excellent fitting of the experimental data and allowed the
prediction of the effectiveness factor of the catalyst as a
function of the palladium loading and of the size of the
catalyst beads [114,150]. In another study, Kralik et al.
investigated on the same reaction with a different palla-
dium catalysts (0.22% and 2.2%, w/w) supported on co-
polymers of styrene and MAESA, cross-linked with
MBAA (1 or 3%, mol) under otherwise similar condi-
tions (only the Pd/alkene ratio was changed to 2.5� 10�4)
[81,82]. When the reactions were carried out under diffu-
sional regime, the apparent initial rates over the least
(most accessible) and the most (least accessible) cross-
linked catalysts were in the 1.21 and 1.66 ratios for the
0.22% and the 2.2% Pd catalysts, respectively (entries 7, 8

of Table 2 and entries 7, 8 of Table 3 in Ref. [81]). Rel-
evant data on the average polymer chain concentrations,
polymer swellabilities, rotational correlation times of
TEMPONE in methanol swollen materials and self-diffu-
sion coefficient of methanol in the methanol swollen ma-
terials (see below) are given in Table 5.

It can be appreciated that the ratios between apc and S
values, respectively, are strictly comparable. The ratios
between t and D0 values are also in good agreement to
each other and compare fairly well with the ratios of the
initial rates observed for the 2.2% Pd catalysts. Kralik
et al. also used Equation (6) to calculate the diffusion
coefficients of reagents in the hydrogenation of NT to AT
with a palladium catalysts supported on Dowex 50W� 4,
a gel-type commercial PS-DVB resin. The mathematical
model provided again an excellent fitting of the kinetic
data and allowed to predict the concentration profiles
for hydrogen and NT across the catalyst beads and
how the palladium radial distribution across the cata-
lyst beads changed after the reaction, owing to metal
leaching [78].

Molecular translational mobility (diffusion) inside
swollen gel-type CFP was also investigated by Corain
and associates. In particular, the diffusion of the mole-
cules of the swelling agent (self diffusion) was investi-
gated by means of {1H}-PGSE-NMR [152] experiments
[21,22,108]. In every investigated system parallel trends of
t, as measured for proper paramagnetic probes from their
ESR spectra, and of the self diffusion coefficient of the
swelling agent were detected when the cross-linking degree
or the polymer chain density of the swollen polymer
framework were changed. When these two quantities were
increased the molecular mobility, as expected, decreased.
Also for self diffusion of the swelling agent inside swollen
gel-type CFPs the energy of activation was typical for
viscosity controlled phenomena [21,22,108]. Quite re-
cently, it was possible to gather information also on the
diffusion of solutes inside swollen gel-type CFPs, by
means of CV with ultramicrodisk electrodes [108]. Nitr-
oxide radicals are not only paramagnetic probes, but also
electrochemically active. They give raise to a one-electron
reversible redox system so that it was possible to compare
the CV behavior of TEMPONE diffusing in a number of
swollen PVPYR polymers, cross-linked with MBAA (1, 2,
3, 4, 5% mol), with its t values inside the same swollen
CFPs. In both cases the swelling agent (and solvent for
CV experiments) was DMF, the self-diffusion coefficients
of which were determined by means of {1H}-PGSE-
NMR. Under proper conditions and with a proper

Table 5. Average polymer chain concentration (apc), polymer
swellability (S), rotational correlation times of TEMPONE (t)
and self-diffusion coefficient of methanol (D0) in the swollen 2.2%
Pd catalysts.

cld apc (nmnm�3)a S (cm3g�1)a t (ps) D0 (cm2s�1)

1 0.16 2.72 60 1.8
3 0.24 1.89 115 1.1
Ratios 1.5�1 1.45 1.91 1.63

aMeasured in water (ISEC characterization based on the Ogston’s model

assumption is not generally reliable in alcohols owing to the occurrence of

enthalpic interactions [151]).

Metal Nanoclusters Supported on Cross-Linked Functional Polymers 221



experimental setup [108], redox processes taking place at
the working electrode in CV experiments are diffusion
controlled and the diffusion coefficient of the redox probe
(TEMPONE in this case) can be measured. The model by
Johansson and Löfroth [153], which is also based on the
Ogston description of gels, was used to take into account
correctly the hydrodynamic radius of TEMPONE in
treating the CV data. All the data were found to converge,
in that the natural logarithms of the rotational correlation
time of TEMPONE, of its diffusion coefficients inside the
swollen CFPs and of the self diffusion of the swelling
agent (DMF) were controlled by viscosity and responded
linearly to changes in the volume fractions of the poly-
mers (i.e. to the polymer chain concentration).

To summarize, there is a sizable and self-consistent
body of data indicating that rotational and translational
mobility of molecules inside swollen gel-type CFPs are
interrelated and controlled mainly by viscosity. Accord-
ingly, t, self-diffusion and diffusion coefficients bear the
same information (at least for comparative purposes)
concerning diffusion rates within swollen gel phases.
However, the measurement of t is by far the most simple
(it requires only the collection of a single spectrum). For
this reason, only t values have been used so far in the
interpretation of diffusion phenomena in swollen hetero-
geneous metal catalysts supported on CFPs [81,82].

The discussion above shows that the morphological char-
acterization of swollen CFPs employed as catalytic supports
in the working state is very important for the evaluation of
internal diffusion phenomena. It is a misfortune that gen-
erally these features have not apparently been paid proper
attention so far in the relevant literature. To our knowledge,
only in the case of EnCat catalysts the importance of the
assessment of the micro-porosity of the materials in the
working state was recognized [38]. To this purpose a ‘‘chro-
matographic porosimetry’’ technique coupled to the math-
ematical treatment of the chromatographic data with a

commercial software was employed [38]. This analysis is
similar to ISEC: it showed that increasing the proportion of
isocyanate in the mixture for microencapsulation yielded
smaller pores in the THF swollen final material and that the
pores are essentially monodispersed (Figure 11).

5. Catalysis

The scope of catalytic application of polymer-supported
metal catalysts has been illustrated in Table 3. We have
already mentioned that most of the papers published in
the open literature describe model reactions. One of the
consequences is that no industrial breakthroughs have
appeared in the last 30 years and that the scenario of
industrial application of heterogeneous metal catalysts sup-
ported on CFPs is essentially the same as of the mid-1970s.
On the other hand, it should be born in mind that it can be
difficult to gather news on the development of new catalysts
in industrial R&D laboratories or about small-scale appli-
cations, typical of fine chemistry and specialty chemicals,
the predictably most promising field of expansion for this
kind of catalysts. Moreover, it is apparent that only a little
number of research groups have taken up systematic in-
vestigation in the field of polymer-supported metal catal-
ysis. The most important contribution came, respectively,
from Corain’s, Toshima’s and Ley’s groups. As mentioned
above, Ley’s work opened the way to the production of the
commercial EnCat catalysts. The palladium(II) EnCat cat-
alysts, which are not strictly pertinent to the scope of this
chapter, were employed mainly in C–C coupling reactions
(Heck, Suzuki, Stille, carbonylation) of aryl halides. The
catalysts were tested under both batch and continuous-flow
conditions and also in supercritical CO2. They proved
promising for combinatorial chemistry applications, such as
the parallel synthesis of chemical libraries by means of

Figure 11. Pore size distribution of palladium(II) EnCatTM 30 and palladium(II) EnCat 40 swollen in THF; the materials differ in the
isocyanate/solvent ratio in the microencapsulation mixture (see text), which was 30/70 and 40/60 (w/w), respectively. (Reprinted from
Ref. [38], r 2005, with permission from Reaxa Ltd.)
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Suzuki couplings. Palladium(0) EnCat catalysts were
mainly tested in hydrogenation (simple alkenes and aryl
nitrogroups) and hydrogen transfer reduction reactions
(ketones, epoxides, nitro enamines). Synthesis, characteri-
zation and performances of the EnCat catalysts have been
extensively reviewed in 2005 by Pears and Smith [38]. The
interested reader is therefore referred to Ref. [38] for full
details. The lack of breakthroughs in catalytic application
of heterogeneous metal catalysts supported on CFPs prob-
ably stems from the general unawareness of the unique
properties of polymeric supports. Polymeric supports are
generally and correctly appreciated for the ease of func-
tionalization. From this point of view, they are undoubt-
edly much more flexible and designable than classical
inorganic supports for heterogeneous catalysis. However,
the limited knowledge of their features in the working state
prevents the full exploitation of their potential. Although
no industrial application of the EnCat catalysts has been
reported so far [38], we believe that their appearance was an
important step in extending the scope of heterogeneous
metal catalysts supported on CFPs.

5.1. Hydrogenation Reactions

As mentioned in Section 3.2, hydrogenation is by far the
most investigated catalytic reaction and palladium the
most commonly employed metal, followed by platinum.
The most common substrates for catalytic hydrogenation
tests are simple alkenes, cyclic alkenes and unsaturated
carbonylic compounds. In the latter case, conjugated
substrates (a,b-unsaturated aldehydes, acrylic acid) have
received particular attention.

The performances of metal catalysts supported on
CFPs and on traditional supports were compared in a
number of papers [33,34,89,101,111–113, 118,129]. The
most common benchmark catalysts were nanostructured
noble metals on carbon, which are commercially available
and routinely employed for the hydrogenation of organic
substrates. In some cases, it was actually found that a M0/
CFP catalyst was less active than a M0/C one
[101,111,129]. In the hydrogenation of citral (a mixture
of E and Z isomers, 0.1M in isopropanol, molar citral/
Pt ¼ 25, 70 1C, 0.5MPa) a platinum catalyst supported on
vinylpyridine polyethylene fibers was found ten times less
active than Pt0/C or Pt0/Al2O3 [111]. Palladium catalysts
were much more active, but no comparative data of ac-
tivity with respect to Pd0/C were given. The causes of the
low activity of the platinum catalyst were not investigated.
Self-supported and IOPN catalysts [101,129] obtained by
the co-polymerization of the organometallic monomer 1

(see Section 3.3.2) were compared to commercial Pd0/C in
the hydrogenation of NT (1M in methanol, NT/
Pd ¼ 200, 20 1C; 105 kPa [101], 0.5MPa [129]) to AT
[129,101]. The apparent reaction rates decreased in the
order Pd0/C>self-supported catalyst9 4 IOPN catalyst.
Kinetic plots suggested that mass transport was rate lim-
iting (diffusion regime). At 105 kPa the initial apparent
rates of the self-supported and of the IOPN catalysts were

about three and four times smaller, respectively, than the
apparent rate over commercial Pd0/C. At 0.5MPa all the
reactions were faster, but the rates over the self-supported
and the IOPN catalysts were 4 and 14 times smaller, re-
spectively, than the apparent rate over commercial Pd0/C.
The different radial distribution of palladium, as assessed
by XRM analysis of the element across the catalyst beads,
accounted for the difference in the apparent rates.
Whereas the palladium distribution in the commercial
Pd0/C catalyst was eggshell [101], the metal nanoclusters
were homogeneously distributed throughout the particles
of the polymer-supported catalysts. This also explains
why the rate over Pd0/C was much more sensitive to
changes in the pressure of hydrogen. The higher apparent
rate over the self-supported catalysts highlights the better
molecular mobility inside its polymeric framework in
comparison with the IOPN catalyst. This was confirmed
by the values of t of TEMPONE measured in the meth-
anol-swollen materials.

In other cases the apparent reaction rate over polymer-
supported metals was higher than over the same metal on
carbon or other inorganic supports. The hydrogen trans-
fer hydrogenation of arylketones and of benzylepoxides
with Palladium(0) EnCat catalysts was faster than with
Pd0/C. Moreover, better chemoselectivity of the Palla-
dium(0) EnCat catalysts was claimed, in that the newly
formed alcohols did not undergo further hydrogenolysis
of the C–O bond [112,113]. Although it was not reported
whether the reaction proceeded under kinetic or diffusion
regime, these results highlight the good accessibility of the
Palladium(0) EnCat catalysts. Better performance of
CFPs supported Pt0 and Pd0 nanoclusters, as compared
to the same nanostructured metals on inorganic oxides,
was observed by Liu and co-workers in the hydrogenation
of cinnamaldehyde (0.05M in EtOH/H2O 1/1, v/v; Pt0 on
MgO, Al2O3, TiO2; Pt/aldehyde ¼ 1.7� 10�3; Pt/
NaOH ¼ 1; 60 1C; 4MPa) [89] and by Huang and He in
the hydrogenation of cyclooctene (1M in MeOH; Pd0 on
SiO2; 30 1C; 105 kPa) [90]. The platinum catalyst over
porous PS-DVB resin obtained by Liu, was equally active
as Pt0/MgO, but remarkably more selective toward
cynnamic alcohol. The reactions were carried out in the
presence of NaOH, which is a selectivity promoter [154].
Therefore, the good to very good values of selectivity to-
ward the unsaturated alcohol observed cannot be attrib-
uted exclusively to intrinsic properties of the catalysts.
However, the polymer-supported catalyst is apparently
more sensitive to the effect of the promoter. Huang and
He observed that the apparent reaction rate was depend-
ent on the polarity of the solvent and that the CFP sup-
ported catalyst was more sensitive to this parameter than
the silica-supported one. The best solvent was methanol
and the worst was benzene: the rate over Pd0/SiO2 in
methanol was higher than over Pd0/CFP in benzene [90].
This is by no means surprising, because the working state
morphology of the support in CFPs-supported catalysts is
dependent on its swelling behavior, as illustrated above.
Higher rates with Pd0 supported on Amberlyst 27, as
compared to Pd0/C and Pd0/BaSO4, were observed by
Sabadier et al. and Lazcano et al. in the hydrogenation of
cyclohexenes and allyl alcohol, respectively, in ethanol, at
25 1C and 10MPa (cyclohexenes) or 0.1–2.5MPa (allyl
alcohol) [93,94]. The catalysts were introduced into the

9See Section 3.3.2 for the description of the self-supported and
IOPN catalysts.
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reaction vessel as [PdCl4]
2�-exchanged resins without re-

duction of the metal. Although the authors claim that the
behavior of their catalysts is markedly different from that
of other pre-reduced catalysts such as Pd0/C, the reduc-
tion of palladium(II) probably occurred in situ to yield a
Pd0 supported catalyst and the reduced form is the active
one. Sabadier and Germain observed also a decrease in
the apparent reaction rate in the order cyclohexene42,3-
dimethylcyclohexene41,2-dimethylcyclohexene, which
they attributed to increasing mass transport restrictions
with increasing steric hindrance around the C¼C double
bond. Akashi and co-workers prepared a platinum cata-
lyst (Pt0/PS-IPA), supported on PS microspheres with
grafted poly-IPA branches, which served to protect the
platinum nanoparticles formed by solvent reduction of
H2PtCl6 in an ethanol suspension of the support [116].
This catalyst was much more active than Pt0/C in the
hydrogenation of allylic alcohol at 25 1C and 105 kPa.
Akashi and co-workers prepared also a Pt0 catalyst sup-
ported on commercial PS beads (Pt0/PS). It was more
active than Pt0/C, too, but was much less stable than Pt0/
PS-IPA. Whereas the latter could be recycled seven times
with only slight changes in the initial rate, Pt0/PS was
almost completely inactive at the sixth recycle.

The most spectacular results, in terms of comparison
between CFPs- and carbon-supported metal catalysts,
were likely provided by Toshima and co-workers [33,34].
As illustrated in Section 3.3.3, they were able to produce
platinum and rhodium catalysts by the covalent immobi-
lization of pre-formed, stabilized metal nanoclusters into
an amine functionalized acrylamide gel (Scheme 5). To
this purpose, the metal nanoparticles were stabilized by a
linear co-polymer of MMA and VPYR. The reaction be-
tween its ester functions and the amine groups of the gel
produced the covalent link between the support and the

stabilized nanoclusters. The catalysts were tested in a
number of hydrogenation reactions (Table 6) and com-
pared with both the parent nanostructured metal precur-
sors and Pt0/C or Rh0/C. The immobilized catalysts
always turned out to be more active than the carbon
supported counterparts and in some cases the observed
apparent rate was two orders of magnitude larger. The
causes of this remarkably higher activity were not inves-
tigated, but the authors emphasized the good swelling
behavior of the polymeric support in the employed solvent
(EtOH/H2O, 1/1 v/v). Not unexpectedly, the parent pol-
ymer-stabilized metal nanoparticles dispersed in the liquid
phase were generally more active than the gel-supported
counterparts [33,34]. The lowering of the initial reaction
rate upon immobilization was convincingly correlated
with the substrate–support compatibility. The employed
acrylamide gel is highly hydrophilic. For the platinum
series, it was found that the apparent reaction rate was
roughly correlated with the solubility in water of the
substrates, taken as a hydrophilicity parameter.

For the rhodium series the substrate–support compat-
ibility was measured as (dgel�dsubstrate)

2, where d is the
solubility parameter of the gel or the substrate. The sol-
ubility parameter is a thermodynamic quantity related to
the enthalpy of mixing of substances and can be estimated
also for polymeric materials [155,156]. According to its
physical meaning, the smaller (dgel�dsubstrate)

2, the higher
the substrate-support affinity. The log(Rgel/Rnano) was
clearly dependent on (dgel�dsubstrate)

2 (Figure 12).
This result suggests that the reaction rate observed with

the gel-immobilized catalysts is lower owing to the smaller
concentration of the substrate inside the catalyst with re-
spect to the liquid phase. This implies that the partition of
substrates between the catalyst and the bulk liquid phase
is fast. This could not be the case always and deviations

Table 6. Initial hydrogenation ratesa in EtOH/H2O (1/1, v/v) of simple and functionalized alkenes (0.05M) over platinum or rhodium
catalysts (30 1C, 105kPa, M/alkene ¼ 2� 10�3, mol/mol).

Pt Rh

Rgel
b Rgel/Rnano

c Rgel/Rcarbon
d Rgel

b Rgel/Rnano
c Rgel/Rcarbon

d

Ethylvinylether 160 0.47 100 610 0.52 79
1-hexene 110 0.33 34 190 0.15 5
cyclohexene 36 0.15 17 150 0.21 21
1-pentene – – – 150 0.10
cyclopentene – – – 230 0.21 5.2
2-methyl-2-pentene – – – 13 0.19 –
Mesityl oxide 22 0.10 2 30 0.13 2.5
Methylvinylketone – – – 330 0.43 –
Methylacrylate – – – 290 0.27 –
Allylamine – – – 200 0.44 –
Allyl alcohol – – – 79 0.61 –
3-butenol – – – 140 0.45 –
Acrylic acid – – – 120 3.6 7.5
3-butenoic acid – – – 130 4.2 –
Acrylonitrile 22 0.49 e – – –
Acrylamide 100 0.56 77 – – –

aMmolH2 �molRh
�1 s�1.

bRgel ¼ rate over the immobilized nanoparticles.
cRnano ¼ rate with parent stabilized nanoparticles dispersed in the liquid phase.
dRcarbon ¼ rate over Pt0/C or Rh0/C catalyst (5%).
ePt0/C was inactive.
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were observed with some substrates. Probably mass trans-
port restrictions also play a role in some cases. The only
substrates which were hydrogenated faster with the im-
mobilized Rh catalyst than with the stabilized nanopar-
ticles were carboxylic acids (acrylic, 3-butenoic; points 1
and 2 in Figure 12). In this case the specific interaction
between the carboxylic (acid) groups and the amino (ba-
sic) residues of the gel lead to very high substrate con-
centration inside the catalyst, much higher than predicted
by the value of (dgel�dsubstrate)

2. The importance of the
substrate–solvent–support compatibility in connection
with apparent catalytic activity also emerged from the
results of Zhang and Neckers [99]. They studied the hy-
drogenation of a number of alkenes, with or without hy-
droxyl groups, in solvents of different polarity (methanol
or THF) and in mixed solvents over a polyurea-supported
palladium catalyst [99]. The apparent reaction rates were
found to be dependent on the substrate–solvent combi-
nation. On the other hand, Zecca et al. showed that when
the solvent–support compatibility is much higher than the
substrate–support compatibility, differences in the reac-
tion rates of different substrates can be leveled off [80].
Thus, despite their different lipophilicity, cyclohexene and
cyclo-2-hexenone were hydrogenated (1M, 25 1C;
0.5MPa, 1.0MPa, Pd/alkene ¼ 2.5� 10�4; 1.5MPa, Pd/
alkene ¼ 1.25� 10�4) at comparable initial rates over Pd0

catalysts (0.27–0.46%, w/w) supported on CFPs obtained
from DMA, MAESA and MBAA [80]. In the same in-
vestigation the ability of the functional groups of the

polymeric supports to promote the metal catalysts was
also observed (see below).

The substrate–support compatibility can be employed
to regulate not only the activity, as shown above, but also
the selectivity of metal catalysts supported on CFPs. This
was illustrated by Biffis et al. and Bombi et al. in the
palladium catalyzed hydrogenation of EAQ to H2EAQ
[69,32]. This is the key reaction in the industrial produc-
tion of hydrogen peroxide and the hydrogenation of the
aromatic rings of H2EAQ (over-reduction) is detrimental
to the economy of the process [6]. H2EAQ is a dihydroxy
compound and should be therefore more hydrophilic (less
lypophilic) than EAQ. The use of a palladium catalyst
supported by a very lypophilic CFP should favor the ex-
pulsion of the newly formed H2EAQ from the catalysts
particles, thus protecting the product from over-reduction.
With a co-polymer of DOMA (92%) and MAA (4%),
cross-linked with EDMA (4%) as the support, a 1% Pd
catalyst gave a selectivity to H2EAQ equal to 96%. The
best selectivity with a genuine sample of the industrial
Pd0/Al2O3 catalyst under the same conditions was 95%.
The activity of the CFP-supported catalyst was one order
of magnitude lower than that of the industrial one. The
latter was made lypophilic too, by treatment with
triethoxyethylsilane. The catalytic activity of the modi-
fied catalyst dropped to the same level of the polymer-
supported catalyst, probably owing to low hydrogen
concentration within the catalyst particles. At the same
time, the selectivity of the modified Pd0/Al2O3 catalyst
also dropped to 88%. Even worse results were obtained
when triethoxyoctyl- or triethoxyhexadecylsilane were
used, i.e. with increasing hydrophobicity of the modified
catalyst. The concept of substrate–support compatibility
worked well with the polymeric support, but not with the
inorganic one: this underpins the uniqueness of CFPs as
catalytic supports as compared with inorganic solids. The
control of the hydrophilic/hydrophobic properties of the
support was also exploited to obtain Ru0 catalysts for
the partial hydrogenation of benzene to cyclohexene more
selective than Ru0/C [118]. In aqueous environment and in
the presence of zinc salts, good selectivity could be
achieved [157,158]. The use of a relatively hydrophilic
CFP as the support for ruthenium allowed to bring the
selectivity up to 9% at ca. 43% conversion (110 1C;
1.5MPa; benzene/ water ¼ 4/3, v/v; Zn/Ru ¼ 6� 10�3,
w/w) from less than 0.5% at the same conversion for Ru0/
C (100 1C; Zn/Ru41, w/w). The CFP-supported catalysts
required smaller amounts of promoter (zinc salt) and, in
fact, they were almost equally selective also when it was
absent. Dini et al. tested a number of Ru0 catalysts on
different supports, including CFPs (Amberlite IR 120 and
Amberlite CG 400), in the gas–solid phase hydrogenation
of benzene. At 140–190 1C and 0.1MPa CFP-supported
Ru0 was very little active, if any [95].

The combination of hydrophilicity and hydrophobicity
into a single polymeric support can lead to interesting
results. Amphiphilic materials, containing both hydro-
philic and hydrophobic domains, appreciably swell in a
range of solvents of quite different polarity (see for ex-
ample the characterization of amphiphilic CFPs given
in Ref. [82]). This concept has been elegantly applied
by Uozumi and Nakao in both reduction [159] and
oxidation reactions (see Section 5.2) [70] catalyzed by

Figure 12. The relationship between the logarithm of the rel-
ative hydrogenation rate over CFP-supported rhodium nano-
clusters, with respect to the polymer-stabilized nanostructured
catalyst, for a number of a number of alkenes, as a function of
their affinity to the support (expressed as the square difference of
the solubility parameter of the support and of the substrate).
(Reprinted from Ref. [33], r 1991, with permission from the
American Chemical Society.)
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CFP-supported palladium nanoparticles in aqueous envi-
ronment. They employed a gel-type (1% cross-linked) PS-
DVB resin modified by PEG branches ending with
2,20-dipyridylamino functional groups (0.4mmol g�1).
Uozumi and co-workers had already been using for some
years similar supports for the preparation of hybrid phase
PdII catalysts (immobilized PdII phosphino-complexes)
apt to operation in water [160]. The supported palladium
catalyst was prepared by the RIMP method, starting from
a toluene solution of [Pd(OAc)2], and reduction of the
obtained immobilized dipyridyl PdII complex in refluxing
benzyl alcohol. The average diameter of the nanoclusters
was 9.1 nm (TEM), with 50% of the observed diameters in
the 8–10 nm range. The final metal load was 3.9% (w/w,
0.37mmolPd g

�1) [70]. This catalyst was effective in the
hydrogenation in water suspension of ring- and a-substi-
tuted styrenes, including cynnamic derivatives. Under the
employed condition (25 1C, 105 kPa, 24 h, 5% mol Pd)
neither the aromatic ring nor carbonyl groups, but only
the vinyl C¼C double bond were hydrogenated. The same
catalyst was active also in the hydrodechlorination of a
number of mono-, di- and trichlorobenzenes in aqueous
environment under hydrogen transfer conditions (2-prop-
anol/water, 9/1, v/v; 25 1C; (NH4)HCO2/substrate ¼ 3,
mol; 5% mol Pd; 2 h). Yields in the corresponding dehal-
ogenated benzene derivatives were very high (>90%) and
independent of the nature of substituents. Pentachloro-
aniline was transformed into aniline with 85% yield under
the same conditions.

Another interesting feature of CFPs as catalytic sup-
ports for metal catalysts is the ease of embedding the ac-
tive metal and a promoter in a single material. Strictly
speaking, such a material is not bifunctional, but it cer-
tainly is ‘‘multitasking’’, in that it exerts distinct catalytic
actions (catalysis, promotion). Metal ions can be pro-
moters, as either activity or selectivity enhancers (and
sometimes of both), in hydrogenation reactions. For in-
stance, this is well established in the case of the hydro-
genation of a,b-unsaturated aldehydes, where Lewis acids
are able to increase the selectivity of Pt0 catalysts toward
the corresponding unsaturated alcohol [154]. In a recent
study, Centomo et al. showed that the hydrogenation of
citral can be carried out over CFP-supported platinum
catalysts with much better selectivity than with Pt0/SiO2

and Pt0/Al2O3 ones [65]. In monometallic catalysts the
selectivity was highly dependent on the method of prep-
aration: whereas a RIMP method gave poorly selective
(and generally poorly active) catalyst, the deposition of
the metal from mesitylene solutions of solvated metal at-
oms, obtained by Metal Vapor Synthesis (see Section
3.3.3), gave active and selective materials. Selectivity to-
ward geraniol/nerol as high as ca. 45% at 80–90% con-
version was obtained over CFP-supported platinum, to be
compared with less than 20% at similar conversion over
Pt0/SiO2 or Pt0/Al2O3 catalysts prepared with the same
method. The activity of the best polymer supported cat-
alysts was comparable with that of the catalysts supported
by the inorganic oxides. One of the employed CFP,
PMAA cross-linked with DVB, was also an ion-ex-
changer. Prior to platinum deposition, as described above,
M2+ ions were readily immobilized in the resins, upon
treatment with aqueous or alcoholic solutions of the metal
diacetates (M ¼ Fe, Co, Zn). The selectivity was raised to

80–90% at 80–90% conversion. Whereas the selectivity
enhancement was associated to an appreciable decrease of
catalytic activity for Fe2+ and Zn2+ modified catalysts,
for the Co2+ modified catalyst lowering of activity was
less than 50%. In one case, the employed CFP was PVPY,
cross-linked with DVB. The monometallic Pt catalyst was
54% selective toward geraniol/nerol at 20–30% conver-
sion, but it was poorly active and it was not possible to
achieve a high citral conversion. The catalyst supported
on Co2+-modified PVPY was not only much more selec-
tive (ca. 90%), but also more stable. Full conversion of
the substrate was achieved with the same high selectivity
observed at low conversion.

Catalyst promotion by modification with metal ions of
platinum and palladium catalysts supported on CFPs was
observed also by Toshima and co-workers [31,74,75,76]
and by Wang and He [161] in the hydrogenation of several
alkenes [74,161], dienes [74,75,76] and acrylic acid [31,74].
Toshima and co-workers investigated on the activity of
platinum and palladium supported on PS-DVB resins
functionalized with iminodiacetic acid groups, which
served as ion-exchange sites for the immobilization of
auxiliary metal ions (Na+, Mg2+, Al3+, Ln3+; Ln ¼
lanthanoid). Several experimental parameters were taken
into account, such as the order of metal loading (Pt or Pd
first and then the metal ion or the other way round), the
drying procedures and the radial distribution of the metal.
The nature of the auxiliary metal ion affected the BET
specific surface area of the materials, but no straightfor-
ward correlation with the observed reaction rates was
found. Lanthanoid ions, particularly Nd3+, gave palla-
dium catalysts more active in the hydrogenation of acrylic
acid [31] in ethanol (0.025M, 30 1C, 105 kPa, Pd/acrylic
acid ¼ 2.3� 10�3, mol) than other ions. The origin of the
effectiveness of Ln3+ ions as promoters was unclear: a
palladium–Ln3+ interaction through the space or an ac-
celeration of substrates diffusion inside the catalyst,
favored by its coordination to Ln3+ were both proposed.
It should be appreciated that in the second case the intro-
duction of Ln3+ ions would affect the substrate–support
compatibility rather than truly promoting the catalyst.

The promotion of the active metal can be provided also
by the functional groups present in the polymeric support,
as shown by Zecca et al. in a rare example of investigation
on the catalytic activity of palladium over CFPs in the
hydrogenation of cycloalkenes under firmly established ki-
netic regime [80]. Under kinetic regime the apparent rate
corresponds to the intrinsic rate of the chemical reaction
taking place over the surface of the active metal and there-
fore reflects its real catalytic activity. In this study different
supports, containing variable amounts of amide groups
from both DMA (one of the comonomers) and MBAA
(the cross-linker), were employed as supports for palladium
catalysts (0.27–0.46%, w/w). The initial rates of hydrogen-
ation of cyclohexene and cyclohex-2-en-1-one in methanol
(1M, 25 1C; 0.5MPa, 1.0MPa, Pd/alkene ¼ 2.5� 10�4;
1.5MPa, Pd/alkene ¼ 1.25� 10�4) were linearly depend-
ent on the Pd/N molar ratio in the catalysts for both
substrates at all the investigated pressures. This suggested
an interaction, of the amide groups with the metal leading
to increasing catalytic activity.

The hydrogenation of organic nitrocompounds has re-
ceived relatively little attention. The only reports on this
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reaction were published by Li and Frechet [84,103], by
Corain and associates [129,101] and by Kralik and asso-
ciates [78,79,115]. This is likely due to the fact that pal-
ladium on carbon is firmly established as the standard
catalyst for the hydrogenation of nitrocompounds, also in
the industrial practice, and that palladium catalysts may
be readily deactivated by metal leaching. As mentioned
in Section 4, the deactivation process was mathematically
modeled by Kralik and associates. The palladium(0)
catalysts supported on CFP show similar reactivity to
palladium on carbon, i.e. the nitroderivatives are hydro-
genated to the corresponding amines. The papers by Li
and Frechet on the hydrogenation of nitrocompounds are
the only examples of the use of PBI as the support for
heterogeneous metal catalysts. Interestingly, they found a
dependence of the initial rate of nitrobenzene hydrogen-
ation on the Pd/substrate ratio, which suggests that
the reaction could have proceeded under kinetic regime
(Parr reactor, 25 1C, 105 kPa initial pressure). This seems
in line with the high accessibility exhibited by PBI par-
ticles in several solvents, as observed by D’Archivio
et al. [162].

5.2. Oxidation and Miscellaneous Reactions

Partial, selective oxidation of organic compounds is im-
portant from the point of view of both industrial chemical
processing and laboratory scale synthesis [163]. Many ox-
idations use to be carried out with stoichiometric oxidants
and in environmentally unfriendly solvents. For these
reasons catalytic methods have been pursued since long.
As a matter of fact, the palladium and platinum catalysts
supported on Amberlyst 15, prepared by Hanson et al. as
early as 1974, were among the first catalysts ever reported
in the open literature and were tested in the oxidation of
liquid ethanol at 45 1C with flowing oxygen, sparged into
the alcohol [92]. The reaction rate was low (3–10 h for 2%
conversion) and limited by gas–liquid diffusion of oxygen.
Partial oxidation products (acetaldehyde, acetic acid,
ethyl acetate) were observed at low conversion over pre-
reduced catalysts only. By admission of the authors, the
catalytic study was incomplete and was not pursued any
further. Twentyfive years separate this first report from
the next paper on oxidation catalyzed by polymer sup-
ported metals. In 1999 Lin et al. [164] investigated on the
oxidation of ethanol in water over 1% (w/w) palladium
catalysts in a fixed bed reactor. Pd0 was either supported
on macroreticular PS-DVB or g-alumina. Under the em-
ployed conditions (95 1C, 362 kPa, air/EtOH ¼ 2.37,
WHSV ¼ 2.4 gEtOHh�1 gPd

�1) the Pd0/CFP was more
active than Pd0/g-Al2O3. The much more hydrophobic
polymeric support favored the removal of water from the
surroundings of the metal surface, which was more readily
available for ethanol. On the other hand, Pd0/CFP was
much less selective toward acetaldehyde (the desired
product) and much less stable against metal leaching
and metal sintering. In 2001 Sidorov et al. reported on the
catalytic activity of platinum catalysts supported on HPS
in the oxidation of L-sorbose to 2-keto-gulonic acid with
O2 in water [85]. As usual in the selective oxidation of
alcohols with dioxygen in water, a base (NaHCO3) was

required to control the pH of the solution, a critical pa-
rameter to control selectivity [165]. Under optimized con-
ditions a 98% selectivity was achieved at full conversion.
The best catalyst could be used 15 times with preservation
of its activity and selectivity. Uozumi and Nakao em-
ployed their Pd0 catalyst supported on the amphiphilic
PS-DVB-PEG gel-type resin described above also in the
oxidation of alcohols with dioxygen in water (0.77mmol
alcohol/cm3 water; reflux; 105 kPa O2). Benzyl alcohol
was smoothly oxidized to benzaldehyde (97% yield in
1.5 h), with 1% mol palladium with respect to the subst-
rate. a-Substituted benzyl (secondary) alcohols required
5% mol palladium and prolonged reaction time (20 h).
For the conversion of aliphatic cyclo-alkyl alcohols even
more drastic conditions were applied (20% mol palladium
and 20 h). This reflects a general trend in the reactivity of
alcohols [165]. In all cases the products were the corre-
sponding ketones, which are not readily further oxidized.
The catalyst was tested also in the oxidation of n-butanol,
n-hexanol and n-octanol: in this case the presence of
0.2M K2CO3 was necessary. High yields (>90%) were
obtained with 20% mol palladium after 40 h and the only
product was always the corresponding carboxylic acid.
The catalyst was not selective at all for the partial
oxidation product, the aldehyde. Quite recently the same
group reported on the oxidation of alcohols with Pt(0)
catalysts supported on the same amphiphilic polymeric
matrix [166].

Much more selective catalysts for the oxidation of but-
anol with dioxygen in water were reported by Burato et al.
[30,66]. A number of monometallic gold and palladium
catalysts and a bimetallic Au–Pd catalyst were applied
and compared to Au0/C, Pd0/C and Au0–Pd0/C catalysts
in the oxidation of butanal to butanoic acid and to the
oxidation of n-butanol to butanal in water (substrate
0.23M; 70 1C; 315 kPa O2; metal/substrate ¼ 0.1% mol;
2 h). The employed CFP were gel-type CFPs of DMAA
and MTEA, cross-linked with MBAA and a gel-type CFP
of MAA and VPY, cross-linked with MBAA. These ma-
terials were the first Au0 catalysts supported on CFPs to
be applied to oxidation. In spite of the presence of alkyl
sulfide groups (sulfur compounds quite often are poisons
to supported metal catalysts) the catalysts were active in
both reactions. The Au and Pd monometallic catalysts
showed similar apparent activity in the oxydation of but-
anal to butanoic acid and were both roughly twice as
active as the metals supported on carbon. TEM charac-
terization showed that the metal nanoclusters on carbon
were much larger than those supported on CFPs. Ac-
cording to the authors this was the cause of the higher
activity of CFP-supported metals. As to the bimetallic
catalysts, whereas the carbon-supported one was more
active than Au0/C and Pd0/C, Au0-Pd0/CFP was less
active than both Au0/CFP and Pd0/CFP. In the oxida-
tion of n-butanol, which required the presence of a base
(either NaOH or K2CO3; alcohol/base ¼ 1mol/mol), the
monometallic and bimetallic catalysts supported on both
carbon and CFPs generally exhibited comparable per-
formances. The apparent activity was correlated neither
to the nanocluster size nor to the cross-linking degree and
different catalysts responded differently when the base
was changed from NaOH to K2CO3. Full conversion was
achieved only with the bimetallic catalyst, but it was
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completely selective toward butanoic acid. The best se-
lectivity was observed with Au supported on co-poly-
{MAA-VPY-MBAA}: at 40% conversion of butanol,
butanal amounted to 70% of total products, correspond-
ing to 28% yield. The best yield obtained with carbon-
supported catalysts was roughly half of this value. This
demonstrates the potential of CFPs as catalytic supports
also in oxidation reactions.

The first Au0 catalysts ever supported on a CFP were
reported by Shi and Deng [119] as applied to the oxidative
carbonylation of aniline and its p-substituted derivatives
to methylacarbamates or symmetric diarylureas. The cat-
alysts were supported on a commercial ion exchange resin
(Merck Ion exchanger IV) and prepared by the RIMP
method. Both aqueous and acetone solution of HA-
uCl4 � 4H2O were employed for metal immobilization. It
was found that treatment with NaOH (but not with
KOH) prior to metal immobilization was necessary to
achieve active catalysts. No relationship with the BET
surface areas of dried materials, ranging from 1.4 to
1.9m2 g�1, was observed. The immobilization of gold
from acetone gave much better catalysts. For the latter an
eggshell radial distribution of gold seems likely in view of
the hydrophilic nature of the support. No specific data
were given by the authors on this feature, but the TEM
microphotograph reported in Ref. [119] is compatible
with this hypothesis. In addition, a slight increase in the
catalytic activity was observed with decreasing gold load-
ing. This could be the consequence of increasingly small
nanoclusters as the metal content decreases, as would be
expected for highly accessible active metal. In a subse-
quent paper [67], Shi et al. showed that in another set of
gold catalysts for carboxylation of aniline and epoxides,
supported on Amberlite IRA 400 and prepared by the
same procedure, nanoparticle size increased with gold
loadings (ca. 3, 6, 10 and 12 nm for 0.01, 0.05, 0.1, 0.5%
w/w Au in the catalyst, respectively). Allegedly the metal
nanoclusters were located ‘‘on the surface of the poly-
mer’’. No gold(III) was found in the catalysts of oxidative
carbonylation (XPS), indicating that the metal was re-
duced upon immobilization. However, none of these cat-
alysts showed complete reduction to Au0. In the most
active ones the binding energy for the Au 4f7/2 level was
84.2–84.4 eV, consistent with the presence of positively
charged gold [119]. The very same value was later found
by Shi et al. in the catalysts supported on Amberlite IRA
400, which were active for the carboxylation of epoxides
and anilines with CO2 to give cyclic alkyl carbonates and
symmetric diarylureas [67]. These catalysts were reported
to be much more active than classic acid-base catalysts
and much more active than Pd0 or Rh0 on the same
support.

It is worth mentioning that both the carboxylation of
epoxides and anilines are acid–base reactions, which do
not entail redox processes. Therefore a catalyst active in
these reactions must provide acid–base functionality. In
this perspective, positively charged gold could be the real
player, although a co-catalytic or promotion effect of ze-
rovalent gold could also be important. Therefore the cat-
alysts for the oxidative carbonylation of aniline,
supported on Merck Ion-exchanger IV, could be actually
bifunctional. On one side, Au0 could catalyze the oxida-
tion of CO with O2 to CO2, a reaction for which it is

extremely active, provided the nanoparticles have proper
shape and size [3,4]. On the other side, positively charged
gold could catalyze the subsequent carboxylation of
aniline, as it was observed with gold catalysts sup-
ported by Amberlite IRA 400. At the moment it is not
clear whether the polymeric supports has a specific role
or not.

A few papers have been devoted to the preparation of
CFP-supported Pd0 catalysts applied to coupling reac-
tions involving aryl halides (Heck, Suzuki, Stille reactions
[167]). In the oldest, dating back to 2000, Pathak et al.
described the deposition of preformed palladium nano-
particles, stabilized by PVPYR, on microspheres of
PVPY/DVB (4% cross-linked), according to an IMN
procedure. As a part of the characterization, the material
was tested in the couplings of 4-nitrobromobenzene with
n-butylacrylate (Heck), phenylboronic acid (Suzuki) and
trimethyphenyltin (Stille). These are standard reactions
and the aryl halide is a very reactive one. Consequently,
the catalytic results do not convey any particularly inter-
esting information. The authors claimed that the metal
did not undergo leaching on the basis of the TEM mi-
crophotographs of the fresh and recovered catalyst. Ac-
cording to them, TEM did not show any significant
change of the coverage of polymeric microsphere. This is
a loose evidence and does not by any means prove the
heterogeneity of the catalyst. As mentioned above (Sec-
tion 3.4), there is a huge and consistent body of literature
showing that supported palladium catalysts reported so
far for C–C couplings of aryl halides were actually sources
of soluble molecular palladium species and that catalysis
was at least in part homogeneous [142–144]. As a matter
of fact aryl halides react with nanostructured palladium.
Reetz and Westermann [168] showed that stabilized pal-
ladium nanoparticles react with stoichiometric amounts
of iodobenzene, under conditions relevant to C–C
coupling, to give palladium(II) complexes, containing
[Pd(Ar)X] units, in solution. As to palladium supported
on CFPs, Biffis et al. observed extensive dissolution of
palladium nanoparticles, supported on either a commer-
cial PS-DVB sulfonated ion-exchanger, owing to the
action of halobenzenes in solution of N,N-dimethylace-
tamide (one of the most common solvents for the Heck
reaction) [169]. The same excess amount of the aryl halide
employed in real catalytic runs was applied. It was also
found that the presence of good ligands to palladium(II),
such as acetate ions (commonly used as the base in Heck
reactions), enhances the extent of palladium leaching and
that the leached species are highly active as coupling cat-
alysts. Similar results were obtained with alumina as the
support. A later publication by Caporusso et al. [124]
showed that a number of palladium catalysts supported
on CFPs functionalized with N,N-dimethylamino, cyano,
carboxyl and pyridyl groups also behaved as sources of
active species in solution and that reaction rate was cor-
related with the leaching degree during the reaction, in
analogy to the results of Köhler and co-workers, who
employed inorganic supports [170]. Only with PVPY/
DVB as the support there was some evidence that sup-
ported species, of unclear nature, could have contributed
to the overall catalytic activity. In fact, the addition of a
considerable amount of the bare support (PVPY/DVB
with no palladium) did not fully quench the reaction, in
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spite of the known ability of PVPY resins to scavenge
palladium [171,172]. However, the participation of sup-
ported species to the catalytic activity of this system
should be more firmly proved. In general, the perform-
ance of CFP-supported palladium catalysts in the C–C
coupling reactions of aryl halides is similar to that of both
homogeneous systems and of palladium supported on in-
organic solids.

Gautron et al. and Gašparovičová et al. have inves-
tigated on polymer supported palladium–copper cata-
lysts for the selective hydrogenation of nitrates to
dinitrogen, in water [104,120–122]. This could be a
method for the abatement of nitrate concentration in soft
water from different sources below the legal limits for
drinking water. To avoid the over-reduction to NH4

+,
which is also a regulated pollution hazard, the reaction
must be carried out under acidic conditions and control
of pH is important for the purpose of high selectivity.
Gautron et al. employed PPY as the catalytic support,
but the catalysts were not active in the hydrogenation of
nitrate and promoted only the hydrogenation of nitrite.
Gašparovičová et al. employed commercial ion-exchang-
ers, for both cations (Dowex 50 W� 4) [120] and anions
(Dowex 1� 4) [121,122]. In the first case, the level of
NH4

+ in the final solution (batch-wise reaction) was low
owing to immobilization of ammonium ions into the
resin, but selectivity toward N2 was only 60%. In addi-
tion, metal leaching (especially of copper) was observed
upon restoration of the ion-exchange capacity by wash-
ing the spent catalysts with aqueous HCl. Better results
were obtained with Dowex 1� 4 as the support. En-
hanced activity was observed owing to easier mass trans-
fer of NO3

� ions in the anion exchanger. Moreover lower
copper leaching levels were observed. In this connection,
it was found that mechanic degradation of the catalyst
under magnetic stirring conditions favored the leaching
process.

6. Conclusions

Cross-linked functional polymers appear to be suitable
supports for catalytically active metal(0) nanoclusters.

The resulting M0/CFP nanocomposites with M ¼ Pd,
Pt, Ag and Au exhibit in general satisfactory handiness in
the laboratory atmosphere and chemical stability under
operational conditions, re-usability, mechanical robust-
ness (under proper conditions), plain filterability. Their
reactivity is quite comparable to that of conventional M0/
S (S ¼ carbon, inorganic support) catalysts. M0/CFP are
to be employed in the liquid phase.

Synthesis conditions can to be tuned to enable a ho-
mogeneous or a peripheral distribution of M0 nanoclus-
ters through the body of the support particles.

For macroreticular CFPs, the accessibility of reagents
and removal of the products is guaranteed by the intrinsic
micrometer- and nanometer-scale morphology of the sup-
port. For gel-type CFPs, the same positive features are
enabled by the proper choice of cross-linking degree and
swelling medium.

A major reason of attention to M0/CFP catalysts ap-
pears to be their multifunctionality prospects (vide infra)

made feasible by the clear possibility of producing mul-
timetal M0

1; M
0
2; . . .M

0
n=CFP catalysts and by the em-

ployment of smart supports bearing designed chemical
functions able to perform either a co-catalytic role in
multisteps syntheses (see the case of MIBK synthesis)
or reactivity enhancement effects. A second important
reason of attention (yet to be properly evaluated) is
the ability of the swollen support particles to condition
the concentration of reagents and products in their
interior.

A wise combination of all these features will be the key
reason for proposing M0/CFP materials as technologi-
cally relevant innovative tools in heterogeneous metal ca-
talysis.

Abbreviations and Symbols

Polymers

HPS Hyper cross-linked polystyrene
PA Polyamide (nylon)
PBI Polybenzimidazol
PCEA Polycyanoethylacrylate
PE Polyethylene
PMAA Poly-{methacrylic acid}
PMMA Polymethylmethacrylate
PPY Polypyrrole
PS Polystyrene
PU Polyurea
PVA Polyvinylalcohol
PVPY Polyvinylpyridine
PVPYR Polyvinylpyrrolidinone

Monomers

DMA N,N-dimethylacrylamide
DOMA n-dodecylamethacrylate
IPA (N,N-diisopropyl)-acrylamide
MAA Methacrylic acid
MAEA 2-(N,N-dimethylamino)ethylmethacry-

late
MAESA 2-methacryloxy-ethylsulfonic acid
MMA Methylmethacrylate
MTEA 2-(methylthio)ethylmethacrylate
SSH p-styrylsulfonic acid
SSNa Sodium p-styrylsulfonate
TDI 2,4-toluene diisocyanate
VPY 4-vinylpyridine
VPYR N-vinylpyrrolidinone

Cross-linkers

DAP Diallylphtalate
DVB Divinylbenzene
EDMA Ethylene glycol dimethacrylate
MBAA N,N0-methylene bis acrylamide
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Miscellanea

AIBN Azo-bis-isobutyronitrile
Apc average polymer chain concentration
AT 4-aminotoluene (p-toluidine)
BET Brunauer-Emmet-Teller
Cld cross-linking degree
CP-MAS NMR Cross Polarization-Magic Angle Spin-

ning Nuclear Magnetic Spectroscopy
CV Cyclic voltammetry
DMF N,N-dimethylformamide
EAQ 2-ethylanthraquinone
ESR Electron Spin Resonance
H2EAQ 2-ethylanthrahydroquinone
ICPA 3-isocyano-propylacrylate
IOPN Interpenetrating Oraganometallic

Polymer Network
IPN Interpenetrating Polymer Network
ISEC Inverse steric exclusion chromatogra-

phy
MIBK Methyl-tert-butylketone
NT 4-nitrotoluene
PGSE-NMR Pulse Field Gradient Spin Echo-

Nuclear Magnetic Spectroscopy
Pyri Pyridyl
S Swellability ( ¼ weight specific swollen

gel volume)
SEM Scanning electron microscopy
TEM Transmission electron microscopy
TEMPONE 2,2,6,6-tetramethyl-4-oxo-1-oxy-

piperidine
TEOS tetraethoxysilane
WHSV Weight hourly space velocity
XRD(A) X-ray Diffraction (Analysis)
XRM X-ray microprobe
D Diffusion coefficient
D0 Self-diffusion coefficient of a liquid
t Rotational correlation time
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414.
9 B. Corain, M. Kralik, J. Mol. Catal. A: Chem. 159 (2000)

153.
10 B. Corain, M. Kralik, J. Mol. Catal. A: Chem. 173 (2001) 99.
11 B. Corain, M. Kralik, J. Mol. Catal. A: Chem. 200 (2003)

333.
12 B. Corain, P. Centomo, S. Lora, M. Kralik, J. Mol. Catal.

A: Chem. 204–205 (2003) 755.
13 A. Guyot in D. C. Sherrington, P. Hodge (eds.) Synthesis

and Separations Using Functional Polymers, Wiley, New
York, 1988, 1.

14 A. Biffis, B. Corain, M. Zecca, C. Corvaja, K. Jeràbek,
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M. Kràlik, S. Lora, G. Palma, M. Zecca, in Supported re-
agents and catalysts in chemistry, B. K. Hodnett, A. P.
Kybett, J. H. Clark, K, Smith (eds.), Cambridge (UK)
RSC, 1998, 182.
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cules 24 (1991) 6024.
154 P. Gallezot, D. Richard, Catal. Rev. Sci. Eng. 40 (1998) 81.
155 A. M. Barton, Chem. Rev. 75 (1975) 731.
156 E. A. Grulke in J. Brandrup, E. H. Immergut (eds.) Pol-

ymer Handbook, 3rd ed., Wiley, New York, 1989.
157 H. Nagahara, M. Kohishi, European patent 220525 (1986

to Asahi Chem. Ind.).
158 H. Nagahara, M. Kohishi, Japan patent 6281332 (1986 to

Asahi Chem. Ind.).
159 R. Nakao, H. Rhee, Y. Uozumi, Org. Lett. 7 (2005) 163.
160 Y. Uozumi, Y. Nakai, Org. Lett. 4 (2002) 2997.
161 L. Wang, B. He, React. Polym. 12 (1990) 45.
162 A. A. D’Archivio, L. Galantini, A. Biffis, K. Jerábek,
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1. Introduction

The art of creating monodispersed colloids has been in
existence for more than a century since the pioneering
work by Faraday on gold sol [1]. During the middle part
of the last century, La Mer and their colleagues utilized
the ‘‘growth by diffusion’’ method to prepare highly
monodispersed sulfur sol which showed high-order
Tyndall spectra in the visible scattered light from these
solutions [2,3]. It was, however, not until two decades ago
that the issue of controlling particle size in colloidal sus-
pension became the central focus of colloidal chemistry.
This was largely due to the discovery of size-dependent
physical properties in small nanoparticles. It is now well
established that when the size of the materials becomes
smaller than some relevant physical length scale, the
properties of the materials deviate dramatically from their
bulk properties. For instance, the absorption and photo-
luminescence of semiconductor quantum dots have a
strong size dependence [4,5]; also, charge injection onto a
single nanoparticle needs to overcome Coulomb charging
energy, which scales with the particle size [6,7]; and the
switching of magnetic moment in magnetic nanoparticles
is related to both the anisotropy of the materials and the
particle volume [8]. Using nanoparticles as catalysis in
many chemical reactions can greatly enhance the global
reaction kinetics [9]. Except for a few cases that utilize a
single nanoparticle as a functional device, most applica-
tions of nanoparticles require a large ensemble of nano-
particles, thus the monodispersity of the sample becomes
an important factor that controls whether the size-
dependent properties from single nanoparticles is main-
tained at the macroscopic level.

The basic principle of chemical synthesis of nanopar-
ticles is to initiate chemical reactions and control the nu-
cleation and growth of the reaction products. In order to
achieve monodispersity, LaMer has shown that the sep-
aration of the nucleation stage from the growth stage is an
important factor to be considered (Figure 1).

When the monomer concentration of the reaction
product increases beyond the nucleation threshold, nuclei
begin to form in the solution. This process quickly con-
sumes the monomer concentration, and decreases its value
below the nucleation threshold. In the following growth
stage, no new nucleation sites are created, and the particle
growth is controlled by diffusion of monomers to the ex-
isting nuclei. When the concentration of the monomer
reaches the particle solubility threshold, the particle can
no longer grow through the diffusion of monomers. The
evolution of the colloids beyond this point is determined
by the surface energy of the particles. If the gain through
the surface energy is much larger than the entropy
loss, then the particles can further grow through Ostwald
ripening or the coalescence process, both of which lead to
spreading of particle-size distribution.

Following La Mer’s concept, one obvious experimental
strategy to create monodispersed colloids is to induce a
short burst of nucleation events, followed by the process
to maintain the monomer concentration in the growth
by diffusion region or quench the reaction completely.
For instance, high-temperature thermal decomposition of
organometallic compounds has been widely adopted to
synthesize particles with high crystallinity and mono-
dispersity. Using trioctylphosphine oxide (TOPO) as a
surface ligand, Dinega et al. showed that the decompo-
sition of Co2(CO)8 yielded nanoparticles with the e-phase,
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a distorted face-centered cubic (fcc) structure that is ab-
sent in bulk cobalt [10]. Monodispersed cobalt nanopar-
ticles were obtained by using both oleic acid (OA) and
TOPO as ligands in 1,2-dichlorobenzene (Figure 2) [11].

Similarly, the thermal decomposition of iron pentacar-
bonyl, Fe(CO)5, produced iron nanoparticles using TOPO
as a solvent. Subsequent oxidation by a chemical reagent
led to the formation of monodispersed maghemite nano-
particles [12]. The extraordinary control of particle-size
distribution within 1 nm was recently demonstrated using
an iron–oleate complex as precursor [13,14]. Simultaneous
decomposition of metal carbonyl with the reduction of
metal salt at high temperature leads to bimetallic alloy
particles, such as FePt and CoPt nanoparticles. Because
of the high coercivity of their corresponding L10 phase,
these bimetallic nanoparticles are being actively investi-
gated for potential magnetic storage applications. Growth

of monodispersed II–VI semiconductor nanocrystals was
achieved by rapid injection of metal–organic precursors
into a vigorously stirred flask containing a hot coordi-
nating solvent, such as long-chain alkylphosphines R3P,
alkylphosphine oxides R3PO or alkylamines [15]. The
high reaction temperature (>150–350 1C) of these reac-
tions facilitates the removal of crystalline defects and re-
sults in high-quality magnetic nanoparticles. However, the
toxicity of the solvents, ligands, and precursors used in
these types of syntheses might limit their applications to a
certain extent [16].

Another way to limit Ostwald ripening and coalescence
process, which are the primary reasons for inducing poly-
dispersity, is to carry out the chemical reactions within a
confined environment. Microemulsion-based syntheses
belong to this category. A microemulsion is a thermo-
dynamically stable dispersion of two relatively immiscible
liquids stabilized by surfactant molecules [17]. Depending
on relative concentrations, surfactant molecules self-
assemble into a variety of structures in the solvent
mixture, such as micelles, bilayers, and vesicles. Most
commonly used structures in nanoparticle synthesis are
micelles, either as reverse (water-in-oil) or normal (oil-
in-water) form. In both cases, the dispersed phase consists
of monodispersed droplets in the size range of 2–100 nm.
This dispersed phase provides a confined environment for
synthesizing nanoscale particles [18,19]. Early pioneering
work by Boutonnet et al. showed that microemulsions of
water/cetyltrimethylammonium bromide (CTAB)/octanol
and water/pentaethyleneglycol dodecyl ether/hexane can
be used to dissolve metal ions, and subsequently be re-
duced by hydrogen or hydrazine, resulting in the forma-
tion of monodispersed Pt, Pd, Rh, and Ir nanoparticles
[20]. Borohydride reduction of cobalt chloride in water/
didodecyldimethyl ammonium bromide (DDAB)/toluene
results in the formation of Co nanoparticles [21–23].
Another micelle system that has been widely used in
nanoparticle synthesis consists of water/sodium bis
(2-ethylhexyl) sulfosuccinate(AOT)/alkane. The water
droplets formed by AOT in alkane have a small degree
of polydispersity, and the micelle size can be controlled by
the composition ratio w( ¼ [water]/[AOT]) [24]. Pileni
et al. have used AOT micelles to synthesize a variety of
transition metal particles, including, Cu, Co [25,26].
O’Connor et al. also used AOT micelles to synthesize a
series of ferrite particles, MFe2O4; (M ¼ Co; Mn; Fe)
[27]. These microemulsion-based syntheses are easy to
perform at relatively low temperatures, but they suffer
from the disadvantage that the particles are typically less
crystalline and more polydispersed because of the slow
nucleation rate.

Despite the successful developments of many syntheses
mentioned above, the control of particle size remains em-
pirical in many cases. A key issue that remains to be un-
derstood more deeply is what role the surfactant and
ligand molecules play in these syntheses. It is commonly
believed that micelle size controls the particle size to some
extent [18]. However, many surfactants are only weakly
bound to the surface of the nanoparticles and particle can
grow much larger than the size of the micelle. In organo-
metallic-based synthesis, a typical strategy is to utilize a
pair of ligands that have different binding affinities [11]. A
tightly binding ligand will favor slow growth, while a

Figure 2. Co-nanocrystals synthesized using high-temperature
thermal decomposition technique using thermal OA and TOPO
as ligands.

Figure 1. Nucleation and growth pathway of nanoparticles in a
typical chemical reaction.
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weakly coordinating ligand will promote rapid growth. By
adjusting the ratio of these two types of ligands, the
nanoparticle size can be regulated. Nevertheless, the de-
tailed mechanism of the ligand effects in these syntheses
remains unclear. An interesting question to ask is whether
strongly binding ligands can affect particle size through a
thermodynamic pathway, rather than through a kinetic
process. Experimentally, the evidence that ligand mole-
cules play a much more active role in controlling particle
formation, possibly through a thermodynamic pathway,
came from experiments on gold–dodecanethiol nano-
particles colloid. In these systems, we discovered a diges-
tive ripening process in which a highly polydispersed
colloids evolved into a much more monodispersed system
upon heating with excess ligand molecules [28–32]. This
process occurs through the breakdown of large particles
and the growth of small particles, until a stable-size region
is reached. This is in sharp contrast with Ostwald ripening
in which the growth of particle is always favored due to
lowering of surface energy. We have since observed the
narrowing of particle-size dispersion with several different
types of ligands and other transition metals. In this chap-
ter, we will review some of our experimental data, along
with the discussion regarding the possible mechanism
behind this new ripening process.

2. Synthesis Strategy

2.1. The Concept of Digestive Ripening

As we begin the discussion of digestive ripening, it is im-
portant to point out that nanoparticles are unusually re-
active. Nanoparticles are often polycrystalline with
several crystal interfaces/particle [32]. They also can have
unusual surface morphologies during and after growth,
with high surface concentrations of defect sites, edges, and
corners [33]. In addition, of course, a collection of nano-
particles possesses high surface area. All of these features
lead to a special ‘‘nanochemistry,’’ meaning that certain
ligands can bind strongly to their surfaces.

This brings us to the concept of digestive ripening or
what could be termed ‘‘nanomachining,’’ which, briefly, is
the heating or refluxing of a solution of nanoparticles in
the presence of an excess of surface-active ligand. Now, it
is thermodynamically possible that some ligands could
remove an atom from the nanoparticle, or a collection of
ligands could remove a cluster of atoms from the nano-
particle surface. These ligand–atom or ligand–cluster ad-
ducts could then move to another nanoparticle and
deposit them, thereby setting up a dynamic situation
where atoms/clusters are being shuttled around from
one particle to the next. This concept is similar to what
solvents do as molecular crystals slowly grow and trans-
form into perfect single crystals, for example, growth of
perfect sugar crystals or quartz crystals. In such processes,
the key to success is always choice of solvent, concentra-
tion, temperature, time, etc. It is the same with digestive
ripening. The choice of ligand, solvent, concentration,
temperature, and time are all crucial to success.

Let us now consider the theoretical aspects of such a
process.

2.2. A Possible Explanation of Why Digestive
Ripening Occurs

Digestive ripening is enigmatic because a broad distri-
bution of particle sizes becomes narrow by both small
particles becoming bigger and large particles becoming
smaller to achieve an equilibrium size. Well-known
Ostwald ripening involves only the latter, viz. small
particles become bigger, and unlike digestive ripening,
no equilibrium size is achieved. The particles grow forever
in Ostwald ripening.

Ostwald ripening is driven by the positive surface
energy, the specific, per gram amount of which can be
lessened with particle growth. The change in Gibbs free
energy when a particle forms is composed of two terms, a
bulk term and a surface term as

DG ¼
4p
3

r3nðmp � msÞ þ 4pr2s (1)

In Equation (1) we assume particles are spherical with
radius r. The chemical potentials are mp and ms for the
particle and the solvated atoms or molecules, respectively,
n is the number of moles per unit volume and s is the
surface energy (or tension). Since the particle has formed,
we can take the bulk term as negative with Dm ¼ mp �
mso0 hence favorable, but formation of the surface costs
energy so is positive and unfavorable. These two func-
tionalities yield a maximum in DG. Differentiation of
Equation (1) finds this maximum to be at a critical size rc
given by

rc ¼
2s

n Dm
�� �� (2)

Beyond this critical size, the particles grow at the
expense of particles less than the critical size. This can be
seen graphically in Figure 3 where DG is plotted versus
size r (surfaceþ bulk, dot dash curve).

Particles less than rc slide down the potential hill to
zero and particles greater than rc slide down the other side
of the potential hill and grow. It is important to realize
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Figure 3. Change in Gibbs free energy upon formation of a
nanoparticle from solvated atoms.

Digestive Ripening, or ‘‘Nanomachining,’’ to Achieve Nanocrystal Size Control 235



that Equation (1) can yield no intermediate equilibrium
size.

How then does digestive ripening yield an equilibrium
size with big particles getting smaller and small particles
getting bigger? A proposal generically similar to the well-
known Equation (1) is to include another size-dependent
term but with yet a different functionality. A realistic de-
scription of the particle is not as a sphere but as some
solid polygonal structure with atoms in four different
sites: bulk, surface, edge, and corner. These sites have
dimensionalities of 3, 2, 1, and 0, respectively. Hence we
generalize Equation (1) as

DG ¼ a3r3 þ a2r2 þ a1rþ a0 (3)

Having no functionality with size, the constant corner
site term is not important and can be set to zero (recall
potential energies are relative), i.e., a0 ¼ 0. The edge term
a1r, however, can play a significant role. In Figure 1 we
have included a negative linear-edge term and represent
Equation (3) as a solid black line. Since the linear term has
the lowest power functionality, it will dominate the free
energy at small size. The next power is the positive surface
term with quadratic functionality. As the size grows this
term takes over and leaves a minimum in the free-energy
curve. This minimum implies an equilibrium size given by

req ¼
ða2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a22 � 3a1a3

q
Þ

3a3
. (4)

At large size the cubic bulk term finally dominates and
suggests that the system would still grow without bound if
particles could pass the modified critical size r0c; this is
Ostwald ripening.

The advantage of the explanations of Equation (3) is its
simplicity. It seems certain that the bulk (r3) and surface
(r2) terms exist. The simplest way to get a minimum in DG
is to include the linear term. The problem with this ex-
planation is that it leaves us with the question why would
edge sites have negative hence favorable energies when
face sites have positive, disfavorable energies? We do not
know. We do know, however, that the system with sur-
face-adsorbed ligands is complex. Perhaps that complex-
ity can lead to such an unexpected consequence.

3. Results

As discussed above, the digestive ripening technique is a
simple, yet efficient route to convert polydispersed nano-
particles into highly monodispersed ones by refluxing the
colloidal solution in the presence of an excess stabilizing
ligand. In this section, we describe the applicability of the
digestive ripening method for the synthesis of colloids
composed of particles with a narrow-size distribution. We
provide examples for the preparation of colloids com-
posed of metals (Au, Ag, and Cu).

3.1. Gold

Gold nanoparticles with a narrow-size distribution can be
prepared by two, completely different, synthetic routes,

both using the digestive ripening process to achieve nano-
particles highly uniform in size and shape (Figure 4).

In both cases, the Au nanoparticles behave as molec-
ular crystals in respect that they can be dissolved, preci-
pitated, and redispersed in solvents without change in
properties. The first method is based on a reduction pro-
cess carried out in an inverse micelle system. The second
synthetic route involves vaporization of a metal under
vacuum and co-deposition of the atoms with the vapors of
a solvent on the walls of a reactor cooled to liquid nitro-
gen temperature (77K). Nucleation and growth of the
nanoparticles take place during the warm-up stage. This
procedure is known as the solvated metal atom dispersion
(SMAD) method.

3.1.1. Inverse Micelle Method

A major characteristic of inverse micelle systems is their
ability to solubilize water and other polar or ionic com-
pounds (e.g., metal salts), which are not soluble or slightly
soluble in non-polar solvents [34]. The solubilization
ability of inverse micelles makes them excellent systems
for many applications. Inverse micelles and micro-
emulsions are used respectively as ‘‘nanoreactors’’ and
‘‘microreactors’’ for drug encapsulation, biomolecule
solubilization, and as model systems of a variety of bio-
processes such as cell membrane functions and enzyme
catalysis [34–36]. These constrained structures are also
widely applied as templates for preparation of nano-
particles [37,38]. Inverse micelles, however, are not rigid
but dynamic systems that exchange surfactant molecules
at a microsecond rate with one another and with individ-
ual monomer surfactant molecules in solution [34,38]. The
compounds dissolved in the micellar core also undergo
rapid exchange upon collisions of micelles. This inherent
property of inverse micelles has an important effect on the
size distribution of nanoparticles prepared in such sys-
tems. The particles are generally with broad-size distri-
bution and extensive size-selective procedures are applied
to obtain particles with relatively narrow size distribution
(s � 10–15%) [38,39]. In some embodiments, the initial

Figure 4. Different synthetic routes used for preparation of
gold nanoparticles. (Reprinted with permission from Ref. [30], r
2003, American Chemical Society.)
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particles are further stabilized by surface passivation with
a suitable capping agent [39–41].

Another strategy for synthesis of ligand-stabilized
nanoparticles uses a two-phase system, initially proposed
for the preparation of dodecanethiol-stabilized gold par-
ticles [42–46]. The important point is that the capping
ligand is present in the system (dissolved into the organic
phase) before the reduction starts. The role of the surfact-
ant (usually alkylammonium salt) is to transfer the metal
ions (dissolved into the aqueous medium) through the
phase boundary where the reduction process takes place.
The particles synthesized in this manner are often called
monolayer-protected clusters (MPC) and can be repeat-
edly isolated from the solvent and redispersed without
considerable aggregation. However, the initial particle-
size distribution is broad and further manipulation pro-
cedures are needed to obtain particles with s less than
10%.

Our group at Kansas State University has discovered a
unique protocol for manipulating the size and morphol-
ogy of gold nanoparticles after they are already prepared
[28–32,47–49]. The phenomena are induced by specific
types of molecules interacting with the gold nanoparticles:
(1) molecules (ligands) that have functional groups with a
strong affinity for adsorption on gold surfaces with the
formation of relatively strong bonds, such as alkanethiols
(RSH), and (2) positively charged quaternary alkylam-
monium surfactants such as DDAB. Significantly, it was
demonstrated that the morphology and dimensions of the
gold nanoparticles could be reversibly controlled in sol-
vent at room temperature or reflux depending upon the
relative ratio of alkanethiol to DDAB [32].

The major synthetic steps for the preparation of Au
colloids by the chemical reduction method are presented
in Figure 5.

First, polyhedral-shaped Au nanoparticles (Figure 6A)
are synthesized by sodium borohydride reduction of
AuCl3 dissolved in toluene in the presence of DDAB
(step 1).

In a typical reaction, 0.034 g of AuCl3 (99.99%) is dis-
solved by sonication (20min) in 10mL 0.02M solution of
DDAB (Fluka) in toluene (freshly degassed) under an ar-
gon atmosphere, resulting in a dark-orange solution. Re-
duction of the gold salt is carried out by the dropwise
addition of 40 mL of freshly prepared 9.3M NaBH4 (Ald-
rich) aqueous solution. Dark-purple Au colloid composed
of particles with various shapes and sizes forms at the end
of the process (Figure 6A). The ‘‘as-prepared’’ Au par-
ticles are highly defective and thus amenable to break up
upon the addition of RSH at room temperature (typically
n(RSH)/n(Au) ¼ 30:1molar ratio). The reason for the
polydispersity of the particles is the inherent dynamic
nature of the inverse micelles as discussed above. The
addition of alkanethiol at ambient conditions to the as-
prepared Au colloid (step 2) induces drastic changes in
the size and morphology of the nanoparticles. The large
polyhedral gold particles, initially present into the system,
are no longer found in the colloids. Instead, the poly-
hedral particles are broken apart by the alkanethiols
(Section 4 describes the same effect with ligands with

Figure 5. Synthetic steps for preparation of monodispersed Au
nanoparticles by the inverse micelle method and digestive
ripening.

Figure 6. TEMmicrographs representing the transformations of (a) polydispersed nanoparticles upon (b) alkanethiol addition at room
temperature and (c) after digestive ripening (inverse micelle system). (Reprinted with permission from Ref. [49], r 2002, American
Chemical Society.)
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other functional groups) to small spherical particles with
sizes varying from 2 to 6 nm. Figure 6B is a representative
TEM micrograph of the small particles formed after
alkanethiol injection to the as-prepared colloid. This
phenomenon is particularly interesting and deserves at-
tention since the entire process takes place at ambient
conditions and practically immediately after the ligand is
introduced into the system. Initially, these small, spherical
particles are not monodispersed, but upon purification
(steps 3–7), followed by reflux (digestive ripening) for
90min under an argon atmosphere (step 8), monodis-
persed nanoparticles with an average diameter of 5 nm
form, which are the stable products under the given con-
ditions (Figure 6C) [50].

3.1.2. SMAD Method

The digestive ripening method is particularly advanta-
geous in large-scale syntheses where the traditional size-
selective procedures are difficult to be implemented. The
SMAD technique allows synthesis of large amounts of
colloidal solutions and obviates the need for some puri-
fication procedures. The SMAD method was initially used
as a very efficient method to produce highly dispersed
metal nanoparticles in an active form [51]. Such materials
turned out to be extremely active in many catalytic
schemes due to the high degree of dispersion and the lack
of stabilizing ligands on their surface [52]. In this respect,
the SMAD method provides the unique possibility to
synthesize materials in a nanoparticulate form without
ligand protection (so-called ‘‘naked’’ particles) dispersed
in various solvents. Such materials are not monodispersed
but they could be very beneficial not only for catalytic
applications, as well as for studying chemical reactivities
of metal surfaces [53]. We have developed a greatly mod-
ified SMAD process which utilizes a novel combination of
solvents and stabilizing ligands, at controlled times and
temperatures. The modified SMAD method in combina-
tion with the digestive ripening procedure allow the prep-
aration of gram quantities of ligand-stabilized gold
nanoparticles with a narrow-size distribution in non-
aqueous [29] and aqueous solvents [54].

The major synthetic steps for the preparation of non-
aqueous Au colloids by the SMAD method are presented
in Figure 7.

The SMAD process is carried out under dynamic vac-
uum (4 � 10�3 Torr) in a stationary reactor submerged in
liquid nitrogen [29,51,54]. First, dodecanethiol (8mL) and
toluene (40mL) are frozen at the bottom of the reactor.
Next, elemental Au (0.2–0.4 g) is evaporated and co-de-
posited with acetone vapors (100mL) on the walls of the
vessel. After the process is complete, the liquid nitrogen
Dewar is removed and the deep-red colored Au–acetone
matrix is allowed to warm. Upon melting, the Au–acetone
matrix mixes with toluene and dodecanethiol and the
color of the colloidal solution becomes deep brown. Ag-
itation is typically commenced for �45min. The Au–
acetone–toluene–thiol solution is siphoned into a Schlenk
tube. The as-prepared Au–acetone–toluene–thiol colloid
is composed of particles with sizes ranging from 5 to
40 nm with no definite geometrical shapes (Figure 8A).

Next, the acetone is evaporated under vacuum and the
resulting Au–toluene–thiol colloid is characterized by a
drastic change of the size and shape of the particles.
Nearly spherical particles with sizes in the range of 1 to
6 nm are dominant suggesting that some ripening has al-
ready taken place, presumably due to the strong adsorp-
tion of dodecanethiol molecules on their surface (Figure
8B). There are also a small number of remnant larger
particles (10–40 nm). The colloid is then refluxed (diges-
tively ripened) for 90min under argon atmosphere. The
digestive ripening process is the key step for obtaining
monodispersed thiol-protected Au nanoparticles. The fi-
nal colloidal solution contains high-quality Au nanopar-
ticles stabilized by dodecanethiol with an average
diameter of 4.5 nm (Figure 8C).

3.1.3. Nanocrystal Superlattice Formation

The Au nanoparticles obtained by the inverse micelle and
SMAD methods can be used as ‘‘building blocks’’ for the
formation of ordered nanoparticle arrays with properties
of both fundamental and practical interest [15,55,56]. Di-
gestively ripened Au nanoparticles have a strong tendency
toward superlattice formation due to the uniformity in
size and shape of the nanoparticles present in both sys-
tems. Nanocrystal superlattices are formed by a deposi-
tion of Au colloidal solution on a support at ambient
conditions. Depending on the density of the colloidal
droplet and evaporation kinetics, both two-dimensional
(2D) and 3D superlattices can be formed. Superlattices
composed of Au nanoparticles prepared by the two
methods were extensively characterized by transmission
electron microscopy (TEM), high resolution transmission
electron microscopy (HRTEM), atomic force microscopy
(AFM), X-ray diffraction (XRD), and electron diffraction
[30,57]. In some cases, the superlattices took on fcc struc-
tures (Figure 9), while in other instances, hexagonal close
packed (hcp) structures formed (Figure 10).

3.2. Silver

With the groundwork of digestive ripening laid out by the
investigations of gold nanoparticles, the need arose to

Figure 7. Synthetic steps for preparation of monodispersed gold
nanoparticles by the SMAD method and digestive ripening. (Re-
printed with permission from Ref. [29], r 2002, American
Chemical Society.)
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determine if digestive ripening could be extended to create
nanoparticles of different elements. To accomplish this,
silver was chosen as the most logical candidate as it is
chemically similar to gold, and few experimental changes
should be needed to achieve success. The reagent

polydispersed silver particles were created via the SMAD
method described above. This synthetic route creates a
colloid of nanoparticles of typically 0.2 g of silver metal
dispersed in an environment of toluene and do-
decanethiol. The concentration of the metal in the

Figure 9. TEM micrographs of nanocrystal superlattices of Au nanoparticles prepared by the inverse micelle method and digestive
ripening. (a) and (b) low-magnification images; (c)–(f) regularly-shaped nanocrystal superlattices; (g) magnified image of a superlattice
edge. Note the perfect arrangement of the Au nanoparticles. (Reprinted with permission from Ref. [30], r 2003, American Chemical
Society.)

Figure 8. TEM micrographs representing the Au nanoparticles at different stages of the synthetic process (SMAD system). (Reprinted
with permission from Ref. [29], r 2002, American Chemical Society.)
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solvent was approximately 0.027mol/L. The amount of
dodecanethiol to metal atoms is a 20:1 ratio providing a
large excess of ligand in solution in addition to those
bonded to the surface of the particles [58].

This initial colloid is never exposed to air and all pro-
cedures are conducted under argon to protect the particles
from reaction with air, which prevents complete digestion.
Digestive ripening is carried out in a glass Schlenk tube
fitted with a rubber septum. Through the septum, argon is
passed over the reaction and out through an oil bubbler.
The Schlenk tube is chosen such that it is large enough for
reflux to occur inside without significant loss of solvent.
The polydispersed nanoparticle mixture is then heated to
the boiling point of the solvent until equilibrium is
reached and the particle size is uniform. This can be de-
termined partially through taking aliquots of colloid, di-
lute, and observe the UV–Vis spectrum. If the surface
plasmon resonance peak stabilizes in respect to peak
position and width, the digestive ripening process is most
likely complete. Final characterization should be done
with an electron microscope. The particle transformation
to a monodispersed silver colloid is shown in Figures 11
and 12.

In an attempt to create particles with different sizes and
properties, ligands other than dodecanethiol were used to
create polydispersed colloids from the SMAD method.
Thus, dodecylamine, trioctyl phosphine, and dodecyl al-
cohol were used in addition to dodecanethiol. The results
of these studies led to nearly monodispersed stable col-
loids for the phosphine protected particles at 6.3 nm in
diameter (Figure 13).

A minority of the dodecylamine particles was found to
be monodispersed at the enlarged size of 14 nm in diam-
eter (Figure 14).

Further experimentation may lead to a homogeneous
sample; however, it does appear that the amine head
group does not have as strong an affinity for the silver
atoms as the mercapto group. The dodecyl alcohol ligand
was a poor ligand for creation of silver particles and
only large particles were produced that were either too

unreactive to undergo digestive ripening or the ligand was
not effective enough to facilitate the atom transfer be-
tween particles.

A testament to the lower reactivity of silver compared
to gold in digestive ripening is the longer reaction times.
For the same concentration of material, it takes several
hours to completely ripen the colloid. This may have a
lot to do with the greater size of the initial particles pro-
vided by the SMAD, compared with gold. In order to

Figure 10. TEM micrographs of hcp nanocrystal superlattices of Au nanoparticles prepared by the SMAD method. (a) low-mag-
nification image; (b) and (c) magnified images. The inset in (b) demonstrates the triangular shape contrast typical for hcp ordering. Note
the perfect particle arrangement in (c). (Reprinted with permission from Ref. [30], r 2003, American Chemical Society.)

Figure 11. TEM of SMAD prepared Ag nanoparticles before
digestive ripening.
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decrease the time necessary for digestive ripening of silver,
4-tert-butyl-toluene was often used as a solvent instead
of toluene. Though chemically similar, the boiling point
for 4-tert-butyl-toluene is at 198 1C compared to 120 1C
for toluene [58].

3.3. Digestive Ripening as a Route to Create Alloy
Nanoparticles: Silver– Gold and Copper– Gold [59]

Having shown that digestive ripening is amenable to other
elements on the periodic table the question was raised as
to what would happen if two elementally different colloids
were mixed and both subjected to digestive ripening si-
multaneously. If atoms were interchanging between par-
ticles of two different but chemically similar metals, alloy
formation could take place. The experimental conditions
to this procedure are identical to that discussed above.
Equimolar amounts of gold and silver colloids were in-
troduced into a single Schlenk tube under an argon at-
mosphere. Each separate metal colloid was composed of
particles previously digestively ripened such that the par-
ticle-size distribution was narrow, and the ratio of metal
to dodecanethiol was in a ratio of 1:20 in each case. The
solvent of choice was initially 4-tert-butyl-toluene to en-
sure a reasonable time scale for the reaction. The progress
of the digestive ripening was once again followed in situ
via UV–Vis spectroscopy but this time with dramatic
results (Figure 15).

The separate particles of silver and gold display their
own distinct plasmon peaks at 420 and 520 nm, respec-
tively at the beginning of the reaction. As digestive rip-
ening proceeds, the two peaks slowly converge with the
end result being the complete disappearance of the initial
plasmon peaks from separate metal particles and the
formation of a new plasmon peak of a value intermediate
of the two. This peak is consistent with alloy particles
from other research groups and theoretical modeling. The

Figure 13. TEM micrograph of trioctyl phosphine (TOP)-
stabilized Ag nanoparticles.

Figure 14. TEM micrograph of dodecylamine-stabilized Ag
nanoparticles.

Figure 12. TEMmicrograph of the Ag colloid in Figure 11 after
digestive ripening.
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spectral mapping of the progress of the reaction is dis-
played below.

Remarkably the position of the final plasmon peak of
the alloy particles is dependent on the molar ratio of gold
to silver nanoparticles. When the ratio is shifted favoring
either metal, an alloy of any desired composition can be
formed. This alloying phenomenon indicates that it is
possible for true tuneability of the properties of a set of
nanoparticles.

The alloying process through digestive ripening was
tested for its versatility by attempting to alloy copper and
gold particles. UV–Vis spectra do not show as stark a
distinction between reagents and products since the cop-
per nanoparticles do not have a strong plasmon absorb-
ance. The final product does show a significant red shift of
the original gold plasmon peak denoting metallic mixing
within the particles. To confirm the presence of interme-
tallic particles an EDX spectrum was obtained of a single
particle isolated on a grid in an HRTEM microscope.
Peaks from each element are clearly represented in the
particle as shown in Figure 16.

Now given an experimental tool to track the progress
of digestive ripening, studies were conducted to determine
the effects of temperature and concentration on the reac-
tion time. With respect to temperature, using dioctyl ether
as a solvent, the digestive ripening temperature was in-
creased to 300 1C. This reduced the reaction time to
30min from 17h at 200 1C. The alloying reaction was at-
tempted at 100 1C, but despite some conversion of the
gold and silver plasmon peaks, a final narrow peak could
not be obtained. This information suggests that some
atomic diffusion must take place in each individual par-
ticle and is most likely the limiting step in the alloying
process. If the temperature of reaction is too low, the
atoms do not have sufficient energy to migrate to the
center of the particles. In similar conditions alloying has
been observed at 300 1C between gold and copper in a
solid state from nanoparticles in close proximity where
interparticle diffusion was shown to be the primary mech-
anism of transfer. In a similar manner, concentrations of
10%, 100%, and 300% were tested at 200 1C to observe

the effects of concentration on digestive ripening. The re-
action time was 35, 17, and 3 h, respectively.

We postulate that if a naturally stable alloy exists for a
particle, it could be achieved from its precursors under the
right conditions from digestive ripening [59].

3.4. Copper

Copper, being more chemically reactive than gold or sil-
ver, does undergo digestive ripening [60], but with the
formation of a layer of oxidized metal, probably Cu+.
Thus, thiol-stabilized copper nanoparticles, after digestive
ripening, do not exhibit the expected plasmon absorption,
apparently due to this oxidized layer. However, the par-
ticles are quite monodispersed and form large, beautiful
superlattices.

3.5. Digestive Ripening of Binuclear Systems, Such
As CdSe

There are promising results for certain binuclear systems,
such as CdSe [61]. The choice of ligand, temperature, and
time will be crucial in achieving complete success, and not
simply Ostwald ripening. It is certainly possible that many
nanoparticle–ligand systems could be amenable to achiev-
ing large amounts of monodispersed ligated particles by
digestive ripening.

4. A Case History: Gold With Varying Ligands

After demonstrating the utility of the ‘‘digestive ripening’’
process using dodecanethiol for obtaining monodispersed
gold nanoparticles prepared by different procedures
[29,47], the suitability of different ligands (thiols with
varying chain lengths and ligands with different head
groups than thiol) for this procedure was contemplated.
This assumed significance for many reasons: (i) There

Figure 15. Ag/Au alloy formation by digestive ripening of Au
and Ag monodispersed particles followed by UV–Vis. (Reprinted
with permission from Ref. [59], r 2006, American Chemical
Society.)

Figure 16. EDX spectrum of a single Cu/Au alloy particle.
(Reprinted with permission from Ref. [59], r 2006, American
Chemical Society.)
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were not many procedures available for obtaining mono-
dispersed gold nanoparticles using ligands other than
thiols, (ii) the diversity in the ligand molecules available
with other functional groups such as amines and
phosphines could make the monodispersed nanoparticles
capped by them as attractive candidates for varying ap-
plications, and (iii) the digestive ripening procedure offers
a simple route where the desired ligand can be added at a
later stage of the colloid preparation and avoids size-
selective precipitation, thus allowing a procedure for pro-
ducing monodispersed systems on a large synthetic scale.
With this premise, various ligands were considered that
could be used as digestive ripening agents for gold colloids
prepared by the reverse micelle route described previ-
ously. Based on the knowledge available with do-
decanethiol, we started looking at thiols with varying
chain lengths and functional groups that can be derived
from elements close to the sulfur group in the periodic
table. Thus the final ligands chosen were thiols (with al-
kane chain lengths C8H17SH abbreviated as C8-,
C10H21SH:C10-, C12H25SH:C12-, and C16H33SH:C16-),
amines (C12H25SH:C12-), phosphines ((C8H17)3P), alco-
hols (C12H25OH: C12OH), halides (C12H25Br and
C12H25I:C12X), silanes (C18H37SiH3), and simple alkanes
(C10H22). The experimental procedure for the digestive
ripening process with different ligands is detailed below.

4.1. Experimental Procedure

To facilitate a smooth discussion we split the experimental
part to three steps (Figure 17):

4.1.1. First Step

The first step involves the addition of the chosen ligand to
the as-prepared colloid. The as-prepared colloid itself is

obtained by reducing the metal salt solution (34mg AuCl3
and 105mg of DDAB in 10mL toluene) under vigorous
stirring by dropwise addition of 36 mL of 9.4M aqueous
NaBH4 [31]. It was observed that the original orange-red
DDAB–AuCl3–toluene solution turned very dark bluish-
red within a few minutes, indicating the formation of gold
nanoparticles. Then the ligands to be tested for digestive
ripening were added to this colloidal dispersion by keep-
ing the molar ratio of Au:ligand as 1:30. The as-prepared
nanoparticles obtained with DDAB were largely prismatic
in shape with a varied size range of 5–200 nm (Figure 6A).
It was observed that mere addition of ligand itself (at
room temperature) brings about dramatic changes in the
size and shape of gold nanoparticles. Except for simple
alkanes, all the other ligands listed above seem to result
in breaking of the particles leading to largely spherical
particles of narrower size distribution than those we
started with (Figures 18 and 19) [31].

Careful TEM analyses (with alkane thiols) clearly
showed that the big prismatic particles are indeed broken
into small particles (Figure 20) upon ligand addition [32].

Since only simple alkanes are not able to bring about
this size change, it can be concluded that all of those lig-
ands, which possess a functional head group are capable
of breaking the bigger particles to smaller ones. The fact
that excess ligand is being used (Au:ligand ratio as 1:30)
and that tetra-alkyl ammonium bromides are not very
good capping/stabilizing agents, could be the possible
reasons for the changes observed here.

There are two questions that needed to be answered
here. (1) How can the ligand access the interiors of big
prismatic particles to lead to the smaller particles? and (2)
Why do the ligands lead to smaller particles at all? While
it is difficult to conclusively find answers to both the
questions, the first step in the digestive ripening procedure
offers some leads. (1) The big prismatic particles obtained
by the reverse micelle-based synthesis are loaded with
defects such as twinning boundaries and stacking faults.

Figure 17. Different steps involved in the digestive ripening procedure of colloids prepared by the inverse micelle method.
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These cause great strain at the crystal interfaces providing
ample scope for the ligand to attack these sites. The rea-
sons for the stabilization of the smaller particles by these
ligands as compared to DDAB could be as follows.

Ligand binding to the surface of the nanoparticle is ex-
pected to lead to a gain in the chemical binding energy [62].
On the other hand, the nanoparticle surface possesses high
surface energy, which they try to minimize by growing to
larger sizes. Therefore, there is always a competition be-
tween these two and the different ligands used tend to break
the big prismatic particles to different extents based on
equilibrium between these two competing forces. However,
it should be remembered that this still is done at room
temperature and hence a true equilibrium may still not have
been achieved explaining the polydispersity still observed.

4.1.2. Second Step

The second step involves the removal of the excess initial
reagents (like the surfactant and the side products of the
reducing agents, etc.) by precipitating the ligand capped Au
nanoparticles by adding excess ethanol to it. These points
are elaborated in a little more detail further. Here the lig-
ands employed can be classified into two simple categories,
unsuccessful digestive ripening agents (alkyl halides, alco-
hols, and alkanes) and successful digestive ripening agents
and (thiols, phosphines, amines, and silanes).

Alkyl halides, alcohols, and alkanes: As mentioned
previously, except simple alkanes, all the other ligands
used in the study were found to be effective in the first
step, i.e., breaking of the largely polydispersed and differ-
ent-shaped particles into smaller spherical-shaped parti-
cles. However, among the ligands that can break up the
particles, alkyl halides and alcohols fail in the second step
where we try to isolate the ligand-capped nanoparticles by
ethanol addition [31]. Probably these ligands are not
strongly attached to the Au surface and hence ethanol
addition removes them from the surface of nanoparticles
making the nanoparticles irreversibly aggregate and there-
fore not amenable to digestive ripening any further.

4.1.2.1. Thiols, Phosphines, Amines, and Silanes.
With these ligands, ethanol addition clearly gives a
precipitate that can be isolated and readily redispersed
in toluene or any other non-polar solvent again.

Figure 18. TEMmicrographs of Au nanoparticles prepared by the inverse micelle method stabilized by (a) TOP, (b) dodecylamine, and
(c) octadecylsilane after digestive ripening.

Figure 19. TEM images of different colloids after additions of
unsuccessful digestive ripening ligands. (a) dodecyliodide (b) do-
decylbromide (c) dodecylalchohol, and (d) decane. (Reprinted
with permission from Ref. [31], r 2003, American Chemical So-
ciety.)

K.J. Klabunde et al.244



4.1.3. Third Step

For the digestive ripening process the isolated precipitate is
dried under vacuum and redispersed in toluene with an
additional dose of ligand added (in the same Au:ligand ¼
1:30 ratio). This is subjected to refluxing under argon at-
mosphere for 1 h to result in a highly monodispersed sys-
tem. As mentioned previously, mere addition of the
ligands tends to break the big prismatic particles to differ-
ent extents at room temperature. However, the particles
are still polydispersed due to the lack of true equilibrium.
The refluxing and the availability of excess ligand probably
facilitates a true equilibrium state resulting in highly
monodispersed nanoparticles.

4.2. Results and Discussion

4.2.1. Thiols with Varying Chain Lengths

When thiols with varying chain lengths, such as C8-, C10-,
C12- and C16- are used, we observe very interesting trends
[47]. First, all the colloids under reflux conditions display
a strong reddish color. Nanoparticles, especially those of
coinage metals like gold and silver, display striking colors

in the visible region of the electromagnetic spectrum.
These colors arise due to the collective oscillation of the
conduction electrons in response to the alternating electric
field of the incident electromagnetic radiation and the
wavelength at which resonance occurs is termed as the
surface plasmon resonance [63]. It is now well established
that the position of this surface plasmon resonance de-
pends on size, shape, and the proximity of the nanopar-
ticles to each other [64]. After digestive ripening with
different thiols, when the dispersion is cooled to room
temperature, interesting changes in the optical properties
are observed (Figure 21).

In the case of C8- thiol all the nanoparticles precipitate
to the bottom of the vial with the supernatant not show-
ing any color. C10- and C12- thiol cases also indicate the
formation of a precipitate while the supernatant still dis-
plays the characteristic color of gold nanoparticles. No
precipitation is observed in C16- case and the colloid re-
tains the initial strong reddish color. The UV–Vis spectra
as obtained for different colloids capped with varying al-
kyl chain lengths are shown in Figure 21. It should be
noted here that there is not great variation in the average
particle size and increases from 4.5 to 5.5 nm as the di-
gestive ripening agent is changed from C8- to C16- though
the optical properties display great variation. As can be
seen, both the nanoparticle dispersions digestively ripened

Figure 20. A TEM snapshot of large polyhedral particles prepared by the inverse micelle system being broken by the ligand addition.
The ligand featured here is decanethiol. (Reprinted with permission from Ref. [32], r 2005, American Chemical Society.)
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with C8- and C10- thiols display a peak around 530 nm
characteristic of the gold nanoparticles along with a
strong absorbance in the near infra red region above
700 nm. The strong absorbance in this region is attributed
to the aggregation of colloid, which is corroborated by the
observation that these two systems show precipitation
when the colloid is cooled to room temperature from re-
flux conditions. The C12- digestively ripened colloid shows
a small shoulder at 640 nm along with the 530 nm peak.
This feature is also attributed to the aggregation of nano-
particles and is supported by the precipitation we ob-
served. In the C16- case, no extra peak other than the
surface plasmon resonance is seen and indeed no precip-
itation in this case is obtained indicating that the nano-
particles are quite independent from each other in
solution. While the optical properties and the precipita-
tion observed could even come from random aggregates
of nanoparticles, TEM images (Figure 22) unequivocally
show that in case of digestive ripening fairly well-ordered
aggregates of nanoparticles are obtained [49].

As expected from the visual observations and as sug-
gested by optical properties, the C8- digestively ripened
colloid shows only ordered 3D superlattices (Figure 22A)

of nanoparticles all over the TEM grid. As indicated, the
supernatant here is colorless pointing to the fact that all
the nanoparticles are indeed participating in the super-
structures.

In the case of C10- and C12- thiols, many superlattices
are observed along (Figure 22B and C) with few indi-
vidual particles arranged in hexagonal order probably
during the drying process on the grid. On the other hand,
the C16- thiol displays (Figure 22D) only 2D-ordered
structures on the grid. In this case, the nanoparticles are
independent from each other in solution. The nanopar-
ticles come together again while the solution is dried on
the grid leading to the 2D structures observed. Actually,
these features may qualitatively be explained by deter-
mining the dispersive (van der Waals) potential between
two nanoparticles of radii RA and RB at the distance of
closest approach D by invoking the direct pairwise sum-
mation over atomic dispersional attractions proportional
to �1/R [65].

Thus, we see that the digestive ripening process leads to
highly monodispersed nanoparticles that can come to-
gether to form ordered superstructures similar to atoms or
molecules that form crystals from a supersaturated solu-
tion. Then if the superstructure formation can indeed be
related to atomic/molecular crystallization, it should also
be possible to make these supercrystals more soluble in
the solvent with a change of temperature. Indeed, the op-
tical spectra of the three colloids prepared by the different
thiols discussed above exhibit only the gold plasmon band
at 80 1C suggesting the solubilization of these ‘‘super-
lattices’’ at the elevated temperatures [49].

4.2.2. Phosphines and Amines

As observed with thiols, digestive ripening of the gold
nanoparticles with amines and phosphines also leads to
highly monodispersed colloids [31]. However, the average
particle sizes obtained here are 7.2 nm (phosphines) and
8.6 nm (amines), larger than the thiol cases. The trend in
the particle sizes obtained (average size varying as
RNH2>R3P>RSH) cannot be explained conclusively
at this moment. However, by invoking semiqualitative
theories such as hard-acid soft-base theory, gold or any
metal in the zero oxidation state is usually considered a
soft acid and interacts well with soft bases. Among the
ligands we selected, RSH and R3P, are listed as soft bases
and RNH2 as a hard base. Thus, RSH and R3P will have

Figure 22. TEM micrographs of digestively ripened Au colloids prepared by the inverse micelle method with (a) octanethiol, (b)
decanethiol, (c) dodecanethiol, and (d) hexadecanethiol. (Reprinted with permission from Ref. [49], r 2002, American Chemical
Society.)

Figure 21. Room-temperature optical-absorption spectra of
various digestively ripened Au colloids prepared by the inverse-
micelle method. For comparison, the spectrum of the as-prepared
colloid is also displayed. (Reprinted with permission from Ref.
[49], r 2002, American Chemical Society.)
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stronger affinity toward gold while RNH2 will have a
weaker affinity. As explained previously, the stabilization
of a particular size of nanoparticles might be controlled
by thermodynamics with the free-energy minimum result-
ing from a combination of a size-dependent surface and
edge-site energy. Then the weaker ligand–gold binding
energy would stabilize the larger particles and vice versa.

4.2.3. Silanes

Silanes are probably the most surprising digestive ripening
agents of all the ligands described so far in the sense that
they attach to the gold surfaces in a slightly different
manner than the other ligands. It has been reported that
silanes of the formula RSiH3 form self-assembled mono-
layers on the Au(1 1 1) surface by forming weak covalent
bonds and, consequently, the Si–H bond becomes very
weak [66]. (Indeed, when ethanol was added to the silane-
capped gold particles, rapid evolution of hydrogen gas
was observed.) These silane-capped gold nanoparticles
can then be subjected to digestive ripening under inert
atmosphere that lead to monodispersed nanoparticles and
even form ordered superstructures (Figure 23).

This reaction needs to be carried out under inert
conditions and, in fact, when the reaction was carried
out in presence of a little moisture a dramatic forma-
tion of nanowires, filaments, and tubes is observed
(Figure 24) [67].

The elemental analysis and EDX analysis reveal
the chemical composition of the structures to be
C18H37SiO1.5. It is observed that at the tip of each of
these 1D structures, one gold nanoparticle is present. This
suggests that gold nanoparticle acts as a catalyst and
template for the formation of these nanowires. The fol-
lowing steps discerned below may be involved in the for-
mation of nanowires. First, alkylsilane gets attached to
the gold nanoparticle surface losing the three hydrogens
and forming three weak Au–Si bonds in the process. The

weak Au–Si bonds in presence of moisture lead to the
formation of RSi(OH)3 on the surface of the nanoparticle.
These RSi(OH)3 subsequently undergo inter-molecular
condensation leading to the observed nanostructures.

5. Conclusions

5.1. Advantages

The digestive ripening approach, when it is appli-
cable, allows high-yield syntheses of monodispersed
ligand-capped nanocrystals. This is important because
so many future applications are going to be dependent on
the availability of such materials. In fact, a series of in-
teresting examples regarding self-assembly [68–72], long-
range order [73] and binary (such as AB13) superlattices
[74,75] have appeared, and these papers show the con-
siderable novelty and promise of such 2D and 3D struc-
tures [74–77]. In fact, the digestive ripening process was
employed in many of these examples.

5.2. Future Developments

Digestive ripening, or ‘‘nanomachining,’’ is dependent on
strong ligand–metal (or metal ion) interactions, concen-
trations, temperatures, time, solvent, and ligand/mixed
ligand choices. These variables are a good thing, in the
sense that chemists and material scientists have the op-
portunity to manipulate numerous nanomaterials under a
wide variety of conditions. Both aqueous and non-aque-
ous solvents can be employed, with appropriate ligands.
So, the future opportunities are great [78,79].
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CHAPTER 12

Gold Nanoparticles: From Preparation to Catalytic
Evaluation
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1. Introduction

In the last decade the discovery of the surprising activity
of gold, in form of nanometric particles, has opened new
horizons for its application in the selective oxidation and
high temperature combustion of organic compounds
[1–20]. Particular interest has been devoted by research-
ers of Milan University to the selective oxidation of the
alcoholic and aldehydic groups with molecular oxygen,
discovering for the first time the use of gold catalysis for
liquid-phase oxidation in organic synthesis [1]. According
to many different studies, the catalytic activity and selec-
tivity of supported gold depend on the nature of the sup-
port and the preparation method [2,3]. Among the various
techniques for obtaining supported gold catalysts, co-
precipitation [21], deposition–precipitation [22], vapour-
phase deposition [23], co-sputtering [24] and impregnation
of phosphine complexes or clusters [25,26] have been pro-
posed as methods for preparing active catalysts mainly for
CO abatement but also for organic synthesis. In liquid-
phase applications, the deposition of colloidal gold (sol)
on oxides and activated carbons has been proposed as a
suitable method for preparing gold catalysts, the great
advantage being the possibility of tuning the particle size
in a monomodal-like manner [27,28]. A deep investigation
on gold sol preparation was made by Turkevich et al. [29],
who proposed a still valid two-step mechanism, consisting
of nucleation and growth, for the formation of nanopar-
ticles in the range of 20 nm.

Recently, the pushing demand of gold particles below
10 nm for catalytic purposes has stimulated more oriented
studies [5]. For producing stable colloidal dispersions, a
metal salt is generally reduced to the zero-oxidation state
in the presence of a protecting agent. In fact, during the
growth process, we need to stabilize the metal particles at
the desired dimension for avoiding agglomeration phe-
nomena, by means of an organic shell which can act both
as an electrostatic or steric stabilizer. However, important
problems arise when we use common protecting agents.

The presence of shielding compounds interferes with sub-
sequent processes, as the formation of metal–support in-
teractions is able to stabilize supported particles.
Moreover, the shielding effect of the colloid protectors
prevents the contact of metal particles with the reacting
molecules, thus avoiding the use of unsupported colloidal
particles as a catalytic system [11].

Considering different techniques for producing gold
sols, the mentioned Turkevich’s reduction by citrate ion
provides gold sols with a large mean diameter (ca. 20 nm)
and with a wide size distribution. On the contrary, the
reduction of a chloroauric solution with tetrakis(hydro-
xymethyl)phosphonium chloride (THPC)–NaOH system
[30], or with sodium borohydride in the presence of
various polymeric molecules, like polyvinylalcohol (PVA)
and polyvinylpyrrolidone (PVP) [5], represents a more
suitable procedure for producing small particles with a
narrow distribution. Therefore, the careful choice of the
protecting agent is of basic importance for tailoring the
morphology and activity of the resulting catalysts
[28,31,32] and in this chapter its role in liquid-phase ox-
idation will be highlighted. The discussion will be focused
on the use of a protector, PVA, and a short mention will
be given on a new class of protecting agents formed by
polyhydroxylated compounds, in particular D-glucose.

As a case history, this chapter will discuss the larger
scale preparation of the 1% Au/C catalyst done on re-
quest of the World Gold Council (WGC) [33] to be used
as a reference catalyst for the scientific community. In
order to evaluate the catalysts, tests have been done in the
oxidation of ethane-1,2-diol to glycolate, which was
historically the first application of gold in liquid-phase
oxidation [1], and in the oxidation of D-glucose to sodium
D-gluconate, the latter being an industrial intermediate for
water-soluble cleansing agents and food additive. Al-
though the current method for glucose oxidation is based
on a biochemical transformation, recent developments
showed that the gold catalytic route could be a valid al-
ternative to the enzymatic way [11,12,17–20].
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2. Synthesis Strategy

The strategy for preparing gold catalysts for liquid-phase
oxidation is based on environment friendly and cheap
methodologies with the aim to produce 3–5 nm particles,
well dispersed on carbon supports, to be applied also to
large-scale preparations.

Therefore, water as a solvent, metal gold dissolved in
aqua regia (HAuCl4) as the starting material, sodium tet-
rahydrogenborate as a powerful water-compatible reduc-
ing agent and PVA or carbohydrates as biocompatible
protecting agents are the basic ingredients for the prep-
aration performed at room temperature and pressure.

Carbon was chosen as a supporting material on the
basis of the high performance of the resulting catalyst and
also for the easy recovery of gold from the spent material.
Correlations among various experimental conditions and
the resultant morphology were derived by XRD and TEM
analyses, whereas catalytic tests were performed using
cheap substrates, as glucose and ethane-1,2-diol (ethylene
glycol). Molecular oxygen was used as the oxidant under
mild conditions in water solution.

2.1. Experimental

Gold of 99.9999% purity in sponge from Fluka was used.
Two types of carbon support, namely Vulcan XC72R
from CABOT and X40S from CAMEL (Table 1), were
investigated. NaBH4, of purity >96%, and PVA
(M ¼ 10,000Da) were supplied from Aldrich. Ethylene
glycol (99.5% pure), D-glucose monohydrate (99% pure),
glycolic acid (99% pure) and d-gluconolactone (99%
pure) from Fluka were used as reagents and reference
compounds, without further purification. NaOH (Merck)
was 99.9% pure and stored under nitrogen. Volumetric
solutions of HCl and HNO3 (Riedel-de Haen) were used.
Gaseous oxygen (SIAD) was 99.99% pure. MilliQs water
obtained by an Academic A-10 Millipore apparatus was
used as solvent for all experiments and preparations.

2.2. Gold Sol Preparation

As reported elsewhere [5,28], protected gold sols have
been generated by reducing HAuCl4 to Au(0) in the pres-
ence of a large synthetic macromolecule, PVA, having a
mean molecular weight of 10,000Da, and D-glucose, a
polyhydroxylated natural product.

2.2.1. Hydrogen Tetrachloroaurate Solution

A mother solution of HAuCl4 (10 g/L of Au) was prepared
dissolving gold powder (5 g) in aqua regia (100mL) by

gently heating at 40–50 1C under magnetic stirring. After
gold dissolution, the liquid phase was evaporated, the solid
material dissolved in 10M HCl (10mL) and the liquid dis-
tilled off. This operation was repeated four times in order
to remove HNO3. Finally, the solid residue was dissolved
in H2O (20mL) and the liquid evaporated, repeating this
operation four times. The resultant solid was then dissolved
in water at a total volume of 500mL (gold solution 1).

2.2.2. PVA Solution

Two grams of PVA (10,000Da) was dissolved in hot wa-
ter and diluted to a total volume of 100mL.

2.2.3. NaBH4 Solution

Fresh solutions were prepared by dissolving 100–200mg
of NaBH4 in 10–20mL H2O.

2.2.4. Pre-Treatment of Supporting Materials

Carbon supports, Vulcan XC72R and X40S, were em-
ployed just after heating in the air at 350 1C for 2 h and
cooling at room temperature.

2.2.5. Gold Sol Preparation: General Procedure

In a 1L round bottom flask, 5mL of the mother gold solu-
tion 1 (50mg Au), a variable amount of PVA solution
(Tables 2, 4 and 5) or solid D-glucose (Table 3) were dis-
solved in water to produce the below reported concentra-
tions. Two molar HCl and 2M NaOH were used for
adjusting the pH (Table 4). Under vigorous stirring
(40mm� 7mm Teflon spinning bar, 1700 rpm) the below
indicated amount of NaBH4 solution (Table 5 and Figure 2)
was rapidly added at room temperature. Stirring was inter-
rupted a few seconds after NaBH4 addition. The yellow-
tea to red dispersions were handled in the air within 30min.

2.3. Catalyst Preparation

One percent Au/C catalysts were prepared according to
the following general procedure: the fresh sol, prepared as

Table 1. Carbon data-sheet.

Name Supplier Origin Surface area (BET) (m2/g) Pore volume (mL/g) Pore diameter (nm) S (%)

X40S Camel Coconut shell 1300 0.370 0.7–0.9 o0.1
XC72R Cabot Naphtha pyrolysis 254 0.192 – 0.5

Table 2. Influence of PVA amount on the gold particle dimen-
sion.

PVA:Au (wt.%) 0.67 0.20 0.05 0.03 0.02
Particle diameter (nm) 2.4 2.7 2.8 3.2 3.3

[Au] ¼ 100mg/L; NaBH4/Au ¼ 1. Mean diameter from XRPD.
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in Section 2.2.5, containing 20mg of total gold, was
transferred into a 300mL beaker and treated with 2 g of
the carbon powder under stirring for 0.5 h. For higher
gold loading (Table 8), the procedure was repeated in a
larger beaker (2L) where the gold sols containing 50mg of
Au were treated with the required quantity of XC72R
carbon (0.45–4.95 g). The slurry was filtered, the catalyst
washed thoroughly with warm water (500mL, 60 1C) and
the catalyst was stored in the wet form (ca. 50%). The
adsorption of gold was checked by determining the re-
sidual metal in the filtrate. Water content in the catalyst
was determined by drying at 150 1C in air for 5 h.

2.4. Analytical Procedures

Gold analysis was performed using a Jobyn Yvon JY24
instrument. Particle size determinations were carried out
by the direct images obtained with a HRTEM (JEOL
2000 EX Microscope equipped with polar piece and top
entry stage), and by X-ray diffraction analysis on pow-
dered samples, XRPD, using a Rigaku D III-MAX hor-
izontal-scan powder diffractometer with Cu Ka radiation.

Calculation of the mean diameter was done by means of
the Scherrer equation [34] and the atomic percentage of
gold at the carbon surface was determined by XPS, M-
Probe Instrument (SSI) equipped with a monochromatic
Al Ka source (1486.6 eV).

3. Results

3.1. Morphological Aspects

The Vulcan XC72R carbon powder has been chosen as a
trap of gold particles owing to the possibility of a high
gold loading and the short adsorption time (Section 3.1.6)
allowing the particle size determination by TEM or XRD
analysis. In order to investigate the effect of carbon ad-
sorption on gold particle dimension, TEM analysis has
been performed on a drop of sol evaporated on a copper
grid and on the same sol after supporting on carbon: by
comparison, almost no difference is detectable in the two
cases. Therefore, for the following discussion, we can
assume that adsorption on carbon does not alter the di-
mension of the original nanoparticles at least at low gold
loading (1%). Figure 1 shows the spherical images of gold
particles supported on carbon.

3.1.1. Influence of the PVA Protecting Agent on

Particle Size

The importance of minimizing the quantity of the pro-
tecting compounds in the colloid preparation is particu-
larly true when using PVA in large-scale preparations
owing to foam formation on stirring, as well as catalytic
inhibition of this compound, thus requiring an efficient
removal of its residue. Starting from a 100mg/L Au

Table 3. Influence of glucose amounts on the gold nanoparticle
dimension.

Glucose:Au (wt.%) 3000 300 70 30 4
Particle diameter (nm) 2.5 2.7 2.6 2.7 8

[Au] ¼ 100mg/L; NaBH4/Au ¼ 1. Mean diameter from XRPD.

Table 4. Influence of pH on particle dimension and sol stability
using PVA as a protecting agent.

Parameters Particle dimension (nm) on standing

PH PVA/Au t0 0.5 h 3 h

7.5 0.67 2.4 2.4 2.4
2.8 0.67 3.4 3.6 4.0
2.0 0.67 4.4 4.5 4.8
7.5 0.05 2.8 3.3 4.8
2.8 0.05 5.3 7.2 8.2
2.0 0.05 6.6 8.2 8.4

[Au] ¼ 100mg/L; NaBH4/Au ¼ 1. Mean diameter from XRPD.

Table 5. Influence of pH on particle dimension and sol stability
using glucose as a protecting agent.

Parameters Particle dimension (nm) on standing

PH Glucose/Au
(wt.%)

t0 0.5 h 3 h

6.9 3000 2.5 2.8 3.2
2.8 3000 2.6 2.9 3.0
6.9 300 2.9 3.2 3.4
2.8 300 3.3 3.4 3.6
6.9 30 2.5 3.3 3.8
2.8 30 6.1 6.2 6.3

[Au] ¼ 100mg/L; NaBH4/Au ¼ 1. Mean diameter from XRPD.

Figure 1. TEM image of 1% Au supported on XC/72R carbon.
Bar: 2 nm.
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concentration and using a fixed NaBH4/Au ratio of 1 (w/w),
the ratio PVA/Au has been varied from 0.67 to 0.02 in
order to investigate the influence on the dimension of the
resultant gold particles (Table 2).

Considering that during the sol preparation, foaming is
evident over 10mg/L of PVA, a good compromise can be
reached employing 5mg/L of PVA, corresponding to
PVA/Au ¼ 0.05. In fact, despite the small amount of the
protecting agent, the resultant mean particle diameter was
still quite low, 2.8 nm.

Under these conditions, PVA-protected dispersions are
stable in the air at room temperature at least for 1 h.
Particle aggregation has been observed by standing sev-
eral hours as shown in the next sections.

3.1.2. Influence of the Protecting Agent D-Glucose

Despite the great efficiency of PVA as a stabilizer of gold
nanoparticles, the necessity of a thorough washing of the
catalyst for its deep elimination has prompted the inves-
tigation of possible convenient substitutes. It has been
found that polyhydroxylated compounds as sugars, in
particular glucose, fructose and sucrose, are suitable com-
pounds for protecting colloidal particles [12]. Moreover,
the use of these molecules does not require a careful
washing of the catalyst, being sugars compatible with
catalytic applications. For the following catalytic evalu-
ation, D-glucose showed a further advantage of being the
substrate to be oxidized in one of the model reactions.
Therefore, a study on the influence of different amounts
of glucose employed in the synthesis of colloidal gold is
here discussed.

From the data of Table 3 it is evident how glucose acts
as a protector of gold particles on a different scale with
respect to PVA. In fact, a large quantity of this sugar, in
the order of grams per litre, is needed for stabilizing the
2–3 nm gold particles. However, considering the low cost
and the compatibility in catalytic application, glucose
could represent an acceptable choice for preparing gold
catalysts.

At room temperature and in the presence of oxygen the
colloidal dispersion stabilized by glucose is less stable than
the PVA stabilized ones owing to the slow glucose aerobic
oxidation: growth of particles from 2.7 to 3.5 nm has been
observed in a few hours.

3.1.3. Influence of pH in the Sol Preparation

Monitoring the pH value during the preparation of gold
sol, which leads to the below reported results, it has been
observed that pH moves from ca. 3.2, before NaBH4 ad-
dition, to ca. 6.9, after NaBH4 addition. In this section a
discussion of the influence of the initial pH value on the
properties of the colloidal dispersion stabilized by a large
amount (PVA/Au ¼ 0.67) or a low amount (PVA/
Au ¼ 0.05) of stabilizer is presented. Proper amounts of
HCl or NaOH were used to produce the reported pH
values.

The negative effect of strong acidic conditions (pH 2
and 2.8) in the reduction step appears evident in Table 4,

producing large particles, in the range of 3.4–6.6 nm,
while on increasing the pH smaller gold particles can be
obtained. In particular, close to the uncorrected pH
value of 7.5, the smallest mean diameters (2.4–2.8 nm)
were observed. Following the evolution of the particle size
in the time, sol dispersion, produced in almost neutral
solutions and containing a high amount of PVA, ensured
more than 3 h stability, whereas in a shorter time impor-
tant phenomena of aggregation occurred under acidic
conditions and mainly using the lower PVA content.

In the case of glucose-protected particles, a less impor-
tant influence of the pH has been observed using more
than 7 g/L of glucose. As shown in Table 5, the resultant
gold dispersion showed a slow but constant increment of
the particle size on standing (ca. 10–20% in 3 h).

3.1.4. Influence of the Amount of NaBH4

Important changes in particle size have been observed by
varying the amount of the reducing agent (Table 6 and
Figure 2). ICP analysis of the filtered water did not detect
any important gold residue after immobilization on

Table 6. Influence of different amounts of NaBH4 on particle
dimension.

NaBH4/Au (wt.%) PVA/Au (wt.%) Particle diameter (nm)

0.2 0.67 3.2
0.5 0.67 2.4
1 0.67 2.4
2 0.67 3.8
0.2 0.05 11.8
0.5 0.05 10.2
1 0.05 2.8
2 0.05 7.0

[Au] ¼ 100mg/L. Mean diameter from XRPD.
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carbon, thus demonstrating the complete reduction of
gold in all the experiments.

The data show that the best result can be obtained
using the NaBH4/Au ratio of 1, corresponding to a ca. 5:1
molar ratio in favour of NaBH4, which allows the
formation of the smallest particles. Larger particles were
formed in correspondence of the lower and higher
amounts of NaBH4. Above this value, a destabilizing
effect of the excess of electrolytes is probably responsible
of agglomeration. This is supported by the positive
compensation of a higher amount of PVA giving rise to
the lower flat curve in Figure 2. Also a lower amount
of the reducing agent is not suitable for obtaining
small particles, and this effect could be due to a slow
reduction which favours the growth of a low number of
gold nuclei.

It is worth noting that, under the optimized conditions,
similar dimensions, namely 2.4 and 2.8 nm, can be reached
independently from the examined quantity of PVA.

3.1.5. Influence of Gold Sol Concentration

Scipio reported that by varying HAuCl4 concentration
from 6 to 110mg/L it is possible to obtain gold particles
with a mean diameter of 1.8–5.5 nm on NaBH4 reduction
[35]. With the aim of extending the sol deposition tech-
nique to a large-scale application, we have restricted our
experimental procedure to concentrations above 100mg/L
of Au, using two different PVA/Au ratios (0.67 and 0.05).
The results are reported in Table 7.

It is evident that the HAuCl4 and PVA concentrations
play a complex and non-separable role in determining the
resulting metal particle size: doubling the Au concentra-
tion, from 100 to 200mg/L, only a marginal increment
(from 2.4 to 2.7 nm) was observed at the higher PVA/Au
ratio, whereas a more important effect (from 2.8 to
3.7 nm) occurred at the lower PVA/Au value. In any case,
a remarkable result is given by using PVA/Au ¼ 0.05 and
gold concentration of 200mg/L, allowing a mean particle
diameter of 3.7 nm. Considering the whole results of this
preliminary test, a limit to the application of the sol dep-
osition method for catalyst production seems to be rep-
resented by the highest Au concentration of 400mg/L
associated with a PVA/Au ratio to be finely balanced just
below foam formation. In view of scaling-up the prepa-
ration, this is an important point which could limit the
plant dimension.

3.1.6. Influence of Gold Loading (Au/C)

In this section a study on the gold loading capacity of the
XC72R carbon is reported.

According to the procedure of sol deposition described
in Section 2.3, more than 10% Au can be deposited on
XC72R, thus allowing the use of the catalysts in fuel cells
and other electrochemical applications [36]. In all the ex-
periments the common mother gold solution 1 (Section
2.3) was used containing a low PVA amount
(PVA:Au ¼ 0.05) in order to facilitate the adsorption
step. Table 8 shows the results. According to ICP analysis,
an almost total gold adsorption was obtained.

Despite a wide range of gold deposited on carbon, from
0.5 to 10%, no variation of the particle size resulted in the
final catalysts. This represents an important result at least
for two reasons: the first is the previously mentioned
electrochemical application, where we outline the possi-
bility to produce a highly charged carbon containing small
particles; the second reason is related to the use of XC72R
carbon as a trap for evaluating the particle dimension of
the colloidal dispersions, because the absence of aggrega-
tion phenomena also in gold rich systems validates the
procedure applied in the previous determinations.

3.1.7. Reproducibility

Five different preparations, from the sol production to the
adsorption step, were carried out to verify the reproduc-
ibility of the dimension of the gold particles supported on
XC72R carbon. In Table 9 the results are collected, in-
dicating a fairly good confidence with the experiments
reported in the above sections.

3.1.8. Influence of Different Carbons as a Gold

Supporting Material

As mentioned in Section 3.1, the pyrolytic carbon XC72R
resulted useful for immobilizing gold sol particles owing

Table 7. Influence of gold sol concentration on particle diameter.

Gold sol
concentration
(mg/L)

PVA/Au (wt.%) Particle diameter
(nm)

100 0.67 2.4
200 0.67 2.7
400 0.67 4.1
100 0.05 2.8
200 0.05 3.7
400 0.05 5.6

NaBH4/Au ¼ 1wt.%.

Table 8. Influence of Au:C ratio on particle size and adsorption
time.

Au loading on
(%)

Particle diameter
(nm)

Adsorption time
(min)

0.5 2.8 5
1 2.8 5
2 2.8 5
5 2.8 10
10 2.8 15

XC72R carbon. [Au] ¼ 100mg/L. pH 6.9. Mean diameter from XRPD.

Table 9. Reproducibility tests.

Preparation 1 2 3 4 5
Mean diameter (nm) 3.1 3.1 3.2 2.9 2.8

[Au] ¼ 100mg/L; NaBH4/Au ¼ 1. PVA/Au ¼ 0.05. pH 6.9. Mean di-

ameter from XRPD.
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to the excellent adsorption properties. In order to inves-
tigate the catalytic properties, a second carbon, Camel
X40S, of vegetal origin, has been also taken in consider-
ation. Before studying the catalytic applications, the ad-
sorption properties of the X40S carbon were investigated
on a 2 g scale preparation. Under neutral conditions,
X40S showed a low adsorption capacity, 0.5–0.6wt.%
Au, representing the limit of gold loading from a 100mg/
L Au sol; it increased up to 1% when gold was adsorbed
under acidic conditions (pH 2.7, Table 10). However, as a
consequence of lowering pH, the particle size increased
from 2.8 nm at pH 7.5 to 5.8 nm at pH 2.8.

Compared with XC72R carbon, this surprisingly low
adsorbing capacity of X40S is apparently in contrast with
the five times higher surface area of the latter (Table 1)
which would suggest a higher loading ability. It is possible
to justify the results as due to the presence of a lower
amount of functional groups in X40S, but mainly located
at the carbon surface, where carboxylates and phenols
predominate [37]. This hypothesis agrees with the XPS
data showing a much higher Au/C ratio in X40S with
respect to XC72R carbon (Table 12). However, the nature
and the quantity of the surface groups in the naphtha
derived Vulcan XC72R are presently unknown and this
avoids a conclusive interpretation.

4. A Case History

The WGC [33] is an organization which was founded,
formed and funded in 1987 by the world’s leading gold
mining companies with the aim of stimulating and max-
imizing the demand for, and holding of, gold by consum-
ers, investors, industry and the official sector. As well as
undertaking marketing initiatives to drive demand, the
WGC is also instrumental in working to lower regulatory
barriers to the widespread ownership of gold products,

helping to develop distribution systems and promoting the
role of gold as a reserve asset in the official sector. The
WGC has recently taken the initiative in commissioning
the preparation of a number of gold reference catalysts,
with the main objective of enabling researchers to bench-
mark their own catalyst formulations against a common
reference catalyst, thereby permitting more accurate com-
parison with other research results. Three of the reference
catalysts are represented by gold on oxide supports made
by Süd Chemie-Japan, under the supervision of Dr.
Masatake Haruta, with characterization at AIST, Japan,
supervised by Dr. Susumu Tsubota. The fourth catalyst is
gold on carbon produced at University of Milano. In the
following sections the large-scale preparation of a nom-
inal 1% Au/C catalyst is presented, outlining the scaling-
up effects. The following general procedures have been
adopted: (a) generation of a colloidal dispersion of gold
particles having a mean diameter of ca. 4 nm, as a com-
promise between final activity and feasibility on a medium
size scale; (b) deposition of gold particles on two different
activated carbons; (c) evaluation of the morphological
properties; (d) evaluation of the catalytic properties.

4.1. Au/C WGC Reference Catalyst Preparation
and Characterization

Following the general procedures reported in Section 2, a
larger scale preparation was investigated in order to sup-
ply 1 kg catalyst. Despite the promising results obtained
with the glucose-protected sols, the application of PVA
was decided as a colloid stabilizer owing to a longer
familiarity with its use. Two carbons were considered as a
candidate for producing a catalyst having a nominal con-
tent of 1wt.% metal, namely the XC72R used throughout
the previous sections for evaluating the dimension of the
gold particles, and the coconut shell derived X40S. In the
first case, two 500 g preparations were carried out starting
from 25L of HAuCl4 solutions (200mg/L Au) under the
conditions reported in Table 10. In the case of XC40S, 12
preparations of 4L sols were performed [12] (Table 11).

Table 10. Influence of pH on the particle diameter.

PVA/Au (wt.%) pH Au (%) d (nm)

0.67 7.5 0.55 2.8
0.67 2.8 0.85 5.8
0.05 7.5 0.62 3.1
0.05 2.8 0.90 8.0

X40S carbon. [Au] ¼ 100mg/L. Mean diameter from XRPD.

Table 11. Chemical parameters used for preparing large-scale
standard catalysts.

Parameters XC72R X40S

Number of preparations 2 12
Amount (g) 500 80
Vsol (L) 25 4
[Au]sol (mg/L) 200 200
PVA/Au (wt.%) 0.05 0.05
NaBH4/Au (wt.%) 1 1
pH adsorption 7.0 2.7
Stirring (rpm) Mechanic, 800 Magnetic, 1750

Table 12. Characterization of the large-scale catalyst prepara-
tion.

Batch Carbon Amount
(g)

Gold
particle
dimension
(nm)

Surface
Au/C
(XPS)

Total
gold,
Au%
(ICP)

1a XC72R 500 4.2 0.12 1.0
2a XC72R 500 3.0 0.15 1.0
1b X40S 80 8.6 1.36 0.71
2b X40S 80 6.9 1.51 0.90
3b X40S 80 5.9 2.01 0.70
4b X40S 80 6.3 1.58 0.89
5b X40S 80 5.9 1.89 0.81
6b X40S 80 9.6 1.74 0.82
7b X40S 80 6.3 1.29 0.82
8b X40S 80 9.5 1.56 0.78
9b X40S 80 5.6 1.88 0.79
10b X40S 80 5.7 1.59 0.69
11b X40S 80 6.3 1.78 0.80
12b X40S 80 5.4 1.74 0.73
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After filtration, a deep washing of the resultant catalyst
with hot water, until negative chloride test, was made for
each preparation. For avoiding foam formation, PVA was
used in a low quantity (PVA/Au ¼ 0.05) as suggested by
the preliminary tests.

Table 12 reports the characterization of the resulting
materials. In order to comment the subsequent kinetic
data, XPS data were collected in order to confirm the
presence of the 4f peak of metal gold at 84.0 eV and also
for deriving the amount of exposed gold at the carbon
surface. In Table 13 the comparison between 2 and 500 g
scale preparations is reported.

As a general comment on the morphological properties,
the XC72R carbon allows a fairly good scaling-up pos-
sibility. In fact, the two 500 g preparations produced the
desired 1% gold loading with negligible loss of gold.
Mean gold particle dimensions of 3 and 4.2 nm were
obtained in the two lots, and this fact highlights problems
of reproducibility. However, this result is close to the
planned ones of 3–5 nm particles, but is far from the
2.8 nm size determined in the 2 g preparation under
acceptable conditions of reproducibility (Section 3.1.7).

A less satisfactory result has been obtained in the case
of X40S carbon. First of all, it was not possible to meet
the effective 1% loading despite the fact that the

adsorption step was done at the favourable pH value of
2.7, which had the drawback to promote large gold par-
ticles (Table 10): starting from the nominal 1% solution,
after 30min of contact time, gold was adsorbed in the
range of 0.70–0.90%, with a mean value of 0.79%, and no
benefit was observed on prolonging the adsorption time to
12 h. The mean size of gold particles in the 12 different
preparations was 6.8 nm, a value similar to the 2 g prep-
aration under similar conditions (6.4 nm, Table 13).

Comparing the histogram derived by a TEM image of
the Au/X40S preparation (Figure 3(A)) with the XRD
analysis (Table 13), it has been observed that the larger
TEM particles derive mainly by agglomeration. In fact,
the mean dimension of coherent scattering crystallites,
determined by XRD technique, resulted inferior to the
mean diameter derived by TEM photographs in sup-
ported gold, where agglomerates larger than 10 nm shift
the diameter to higher value with respect to the original
sol. According to the lower XRD values, these aggregates
retain their XRD identity.

Considering the gold particles immobilized on XC72R
carbon, a much more uniform size distribution can be
observed with respect to X40S carbon (Figure 3(B)).

Therefore, from a morphological point of view, the
adsorption step has to be considered as the most critical

Table 13. Physico-chemical properties: comparison of the large-scale and small-scale Au/X40S and Au/XC72R catalysts.

Catalyst Physico-chemical properties 2 g scale Large scale

Au/XC72R Crystallite dimension by XRD (nm) 2.8 3.4
Mean particle size by HRTEM (nm) – 3.8
Superficiality by XPS (Au/C (%)) 0.14 0.13
Adsorbed gold by ICP (%) 1.0 1.0

Au/X40S Crystallite dimension by XRD (nm) 6.4 6.7
Mean particle size by HRTEM (nm) – 10.5
Superficiality by XPS (Au/C (%)) 1.85 1.60
Adsorbed gold by ICP (%) 0.85 0.8

Figure 3. Particle size distribution of the gold particles after deposition in the large-scale preparation on (A) X40S and (B) XC72R.
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one for addressing the particle size distribution and the
choice of carbon plays a fundamental role.

5. Oxidation Tests

5.1. Glucose Oxidation

The catalyst evaluation was carried out at atmospheric
pressure by bubbling oxygen through the slurry
(1000N cm3/min) and controlling the pH at 9.5. The ex-
periments were performed by using a 751 GPD Titrino
(Metrohm) equipped with a 5M NaOH reserve. Glucose
and the catalyst (S/M ¼ 20,000mol/mol) were mixed in
MilliQ water to obtain a 50wt.% solution. The temper-
ature of the stirred mixture was kept at 323K and NaOH
was added automatically to maintain pH of the solution
at the desired value. Gluconic acid formation versus time
was derived from the added amount of NaOH. HPLC and
NMR analyses showed a selectivity superior to 96%.

5.2. Ethane-1,2-diol Oxidation

The catalyst evaluation was carried out in a temperature
controlled glass reactor (50mL) with an electronic mag-
netic stirrer connected to a reserve containing molecular
oxygen at 303 kPa. A flow–time diagram of the oxygen
uptake was plotted by using a mass flow connected to a
PC through an A/D board. In all the experiments, eth-
ylene glycol and catalyst (S/M ¼ 1000mol/mol) were
mixed with water ([S] ¼ 0.4M) in basic condition (S/
NaOH ¼ 1mol/mol). The reactor was pressurized at
303 kPa of oxygen and the temperature was kept at
343.2K. After a period of equilibration (10min), the mix-
ture was stirred and the zero time was taken. The time
conversion plots were obtained by titrating the total or-
ganic acidity.

5.3. Analysis of Products

The products were identified and quantified by compar-
ison with reference samples. Both the quantitative and
qualitative analyses were performed by HPLC; 13C NMR
was also used for qualitative analysis.

5.3.1. HPLC Analysis

Analyses were performed on a Varian 9010 instrument
equipped with a Varian 9050 UV (210 nm) and a Waters
2410 R.I. detector. An Alltech OA-1000 column
(300mm� 6.5mm) was used with aqueous H2SO4

0.01M (pH 2.1) (0.4mL/min) as the eluent. No problem
arose in the case of ethylene glycol–glycolic acid separa-
tion. Due to peaks overlapping, glucose and gluconic acid
were quantified using two in series detectors, considering
the absence of adsorption bands of glucose in the UV
detector at 210 nm, and evaluating their sum by the IR
detector.

5.3.2. NMR Analysis

13C NMR spectra were recorded in water on a Bruker
300MHz without adjusting the pH. The assignment of
peaks in the oxidation of glucose was made by compar-
ison with original samples.

5.3.3. Titration Procedure

The evaluation of the total organic acidity was performed
by neutralizing (to pH 10–11) a sample of product with
NaOH and then retro-titrating with HCl.

5.4. Results and Discussion

Concerning the application of gold catalysis to glucose
oxidation, stressing conditions (glucose/Au ¼ 20,000)
were chosen in order to simulate an industrial test. Un-
der such conditions, high TOF values were observed,
ranging from 12,500 to 25,000 h�1, as calculated at 50%
conversion (Figure 4).

Considering the correlation between morphological
and kinetic properties, the results here observed only
partly agree with the expected higher activity of the
smaller particles, almost independently of the support. In
fact, according to kinetic studies on unsupported and
supported gold particles, the key factor governing the in-
itial activity should be the number of exposed gold atoms,
which is related to the particle dimension [11]. In partic-
ular, a linear correlation has been found between catalytic
activity and the inverse of diameter. Therefore, the small-
est 2.8 nm particles obtained in the 2 g scale preparations
of Au on XC72R produced the most active catalyst.
However, the 2 g preparation of Au/X40S (d ¼ 6.4 nm) is
more active than the 500 g preparation of Au/XC72R
(d ¼ 3.4 nm), indicating an important effect of sulphur
impurities which are present in XC72R and almost absent
in X40S carbon (Table 1).

Moreover, the reported tests provide further support to
the great availability of gold centres in the catalysts for

Figure 4. Catalytic activity of the Au/C large-scale preparations
and the 2 g preparation in glucose oxidation. Reaction condi-
tions: glucose 50wt.%; S/M ratio 20,000; O2 flow 1NL/min;
stirring rate 1700 rpm. pH 9.5.
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glucose oxidation, owing to the absence of important
diffusion constrains. In particular, we outline that the
gold rich surface of X40S (Au/C ¼ 1.29–2.01, from XPS
data of Table 12) behaves similarly to the poorer surface
of XC72R (Au/C ¼ 0.12–0.15).

Much more difficult is the interpretation of the behav-
iour of supported catalysts in the ethane-1,2-diol oxida-
tion. In fact, despite the smaller gold particles, Au/XC72R
displayed the worst performance either considering the 2 g
preparation or the larger preparations (Table 14).

One should remember the parameters that, in principle,
could favour gold supported on the X40S carbon, namely
the higher superficiality of gold and the lower sulphur
content (Table 1). Information on the rate limiting step in
alcohols oxidation by gold is presently lacking: it would
be of great interest to compare the kinetic and molecular
models proposed for glucose oxidation [11,18] with anal-
ogous ones related to ethane-1,2-diol oxidation for inter-
preting the observed results.

A promising contribution to the preparation of gold
catalyst for liquid-phase oxidation is represented by the
use of glucose as a protecting agent. However, at the
present time, we have not yet applied glucose as a pro-
tecting agent in large-scale preparation and, therefore, no
scaling-up effects can be discussed in this case.

6. Conclusions

This study has shown that the immobilization of pre-
formed gold sol on carbon could represent a valid

technique for 80–500 g catalyst preparations. Peculiar
properties, mainly connected to the nature of carbon sup-
port, can be outlined as the different adsorption capacities
and the sulphur contents. Particularly in the case of
ethane-1,2-diol, the higher Au/C ratio derived by XPS
technique seems to be responsible of the higher activity
for gold supported on X40S carbon. In the case of glucose
oxidation, a quite high activity, comparable with enzyma-
tic systems, can be obtained with different carbons. In this
latter case gold particle size and sulphur poisoning play
concomitant effects influencing the reaction rate. Scaling-
up effects have been observed which are mainly due to the
growth of gold particles in larger scale preparations.
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CHAPTER 13

Photocatalytic Deposition and Plasmon-Induced
Dissolution of Metal Nanoparticles on TiO2

Tetsu Tatsuma and Kazuki Matsubara

Institute of Industrial Science, University of Tokyo

1. Introduction

Plasmon resonance, which is collective oscillation of
conduction electrons induced by an electromagnetic
wave, is one of the intriguing properties of metals. In
particular, metal nanoparticles absorb light of a specific
wavelength due to the plasmon resonance, and thereby
exhibit a corresponding color. Gold, silver, and copper
nanoparticles have therefore been used for stained glasses
and cut glasses. The resonance wavelength depends on
the size and shape of nanoparticles, the interparticle
distance, and the dielectric property of the surrounding
medium. This means that, if the size of the nanoparticles
can be controlled reversibly, the color can be controlled
in turn.

In this chapter, photoelectrochemical control of size
and color of silver nanoparticles, i.e., multicolor photo-
chromism [1], is described. Silver nanoparticles are
deposited on UV-irradiated TiO2 by photocatalytic
means [2]. Size of the nanoparticles can be roughly
controlled in the photocatalytic deposition process.
However, it is rather important that this method provides
nanoparticles with broadly distributed sizes. The depo-
sited silver nanoparticles are able to be dissolved partially
and reduced in size by plasmon-induced photoelectro-
chemical oxidation in the presence of an appropriate
electron acceptor such as oxygen. If a monochromatic
visible light is used, only the particles that are resonant
with the light are dissolved. That is, size-selective disso-
lution is possible [3]. This is the principle of the multicolor
photochromism.

The present technique enables light-induced redox
reaction: UV light-induced oxidative dissolution and
visible light-induced reductive deposition of silver
nanoparticles. Reversible control of the particle size is
therefore possible in principle. The reversible redox
process can be applied to surface patterning and a
photoelectrochemical actuator, besides the multicolor
photochromism.

2. Synthetic Strategy: Photoelectrochemical

Approaches

2.1. UV Light-Induced Deposition of Metal
Nanoparticles

A TiO2 film (normally nanoporous) or a TiO2 single crystal
(advantageous for observation of deposited metal nano-
particles) is soaked in a solution containing Ag+ (e.g.,
aqueous or ethanol solution of AgNO3), and irradiated
with UV light. Alternatively, a TiO2 film on which Ag+ is
adsorbed may be irradiated. As a result, electrons in the
TiO2 valence band are excited to the conduction band
(Equation (1)), and the excited electrons (e�CB) are trans-
ferred to Ag+ resulting in deposition of silver nanoparti-
cles (Equation (2)) (Figure 1a).

TiO2 particleFF�!
UV light

TiO2 particle
n
ðe�CB þ hþVBÞ (1)

Agþ þ e�CB ! Ag (2)

Simultaneously, an electron donor, i.e., water or ethanol,
is oxidized by the holes generated in the valence band (hþVB)
(Equation (3)).

Donorþ hþVB! DonorðoxÞ (3)

Thus, silver nanoparticles grow gradually during UV light
irradiation (processes a1–a3 in Figure 2). Nanoparticles of
other noble metals such as gold, copper, platinum, and
palladium can also be deposited by this method.

2.2. Visible Light-Induced Dissolution of Silver
Nanoparticles

The silver-loaded TiO2 film is irradiated with visible
light (normally monochromatic light from a lamp with a
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band-pass filter or a laser) in air or in water. As a result,
electrons at the metal surface are excited due to plasmon
resonance (Equation. (4)) and the excited electrons (e�ex) are
transferred to an electron acceptor (Equation (5)), e.g., am-
bient oxygen or dissolved oxygen, likely via TiO2 (and non-
excited silver nanoparticles) (Figure 1b) [4–6]. Dissolution
of Ag+ accompanies the electron transfer to the acceptor.

Ag particleFF�!
Visible light

Ag particlenðe�ex þAgþÞ (4)

Acceptorþ e�ex! AcceptorðredÞ (5)

This process occurs only at the silver nanoparticles of
which resonance wavelength is in accordance with the in-
cident light wavelength. Therefore, size-specific dissolu-
tion is possible (processes b1–b3 in Figure 2).

Instead of TiO2, ZnO can also be used [6]. Commer-
cially available silver nanoparticles cast on TiO2 can be
used instead of the photocatalytically deposited silver
nanoparticles [6].

3. Results

3.1. UV Light-Induced Deposition of Metal
Nanoparticles

As a rutile TiO2 single crystal is irradiated with UV light
in a AgNO3 solution, silver nanoparticles are deposited
and grown gradually (Figure 3).

Figure 4 shows a typical time-course of lateral diameter
of the nanoparticles. The error bar stretching gradually is
indicative of increasing size distribution.

Figure 5 shows the correlation between the particle
height and the lateral diameter.

It is obvious that larger nanoparticles are more aniso-
tropic in comparison with smaller particles. Large and flat-
tened particles should be, in turn, in better contact with the
TiO2 substrate, which has substantially high dielectric con-
stant (�2.52). In addition, the distance between the depos-
ited particles should decrease as the particles grow. All these
facts suggest that the resonance wavelength of the silver
nanoparticles should redshift as the particles grow, because
increasing particle diameter, increasing particle anisotropy,
enhancing matrix dielectricity, and decreasing interparticle
distance are all causative of the redshift owing to enhanced
quadrupole or higher multipole resonance [7,8]. Therefore,
it is reasonable that the polydisperse silver particles exhibit
broad extinction (extinction ¼ absorption+scattering) over
the whole visible wavelength region (data not shown).

When a nanoporous TiO2 film consisting of TiO2

nanoparticles is used instead of the single crystal, the ex-
tinction band of silver nanoparticles deposited by UV-
irradiation is much broader. This is probably because the
nanopores in the TiO2 film mold the silver nanoparticles
into various anisotropic shapes [9], although direct ob-
servation of the particles in the nanopores is difficult.

3.2. Visible Light-Induced Dissolution of Silver
Nanoparticles

Upon irradiation with a monochromatic visible light,
extinction of the silver nanoparticles deposited on a

AgAgAgAg+

Ag+

Ag+

Ag+

Ag+

Ag+ Ag+

Ag+ Ag+

Ag+ Ag+

Ag+

Ag+ Ag+

UV

TiO2 Blue
Light

UV

Green
Light

UV

Red
LightResonance 

Color = Blue
Resonance 

Color = Green
Resonance
Color = Red

(a1) (a2) (a3)

(b1)(b2)(b3)

Figure 2. UV light-induced deposition of silver nanoparticles (a1–a3) and wavelength-selective visible light-induced dissolution of silver
nanoparticles (b1–b3).
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Figure 1. Mechanisms of photoelectrochemical deposition and dissolution of silver nanoparticles (Ag NPs): (a) UV light-induced
deposition and (b) visible light-induced dissolution.
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single-crystalline TiO2 or deposited in a nanoporous
TiO2 film decreases at around the excitation wavelength
and typically increases in the other wavelength regions
(Figure 6).

Those spectral changes, especially the decrease in the
extinction, change the color of the film (initially brown or
brownish gray) to a color similar to that of the incident
light [1,9]. The spectral change is a consequence of
changes in the particle size. When the excitation wave-
length is large, the number of large particles decrease and
that of small particles increase (Figure 7), and vice versa.

The spectral and morphological changes can be ex-
plained as follows (Figure 8).

When the polydisperse silver nanoparticles are irradiated
with a monochromatic light, only the nanoparticles that are
resonant with the incident light are excited and the excited
electrons are transferred to TiO2, giving rise to liberation
of Ag+. The resonant particles are thus reduced in size
until they become non-resonant. Some of the electrons

transferred to TiO2 are accepted by ambient oxygen, and
the other electrons are recombined with the liberated Ag+

in the vicinity of the mother particle, on a bare TiO2 to
produce a new silver nanoparticle or on a non-resonant
particle to grow it. In either event, the recombination proc-
esses result in an increase in the number of non-resonant
particles. Thus, the extinction decreases at the excitation
wavelength and increases at the other wavelength regions.

In the meantime, to protect the silver nanoparticles
from the photoelectrochemical dissolution, the particles
may be coated with a polymer matrix or a hydrophobic
thiol [10].

3.3. Applications

The present photoelectrochemical deposition/dissolution
method is applicable to reversible control of the particle size.
A typical application taking advantage of the method is
the multicolor photochromism. Additional applications in-
clude surface patterning and photoelectrochemical actuator.
The patterning is possible by using a thiol-modified silver

Figure 4. Time-course of the lateral diameter of the silver
nanoparticles deposited on the rutile TiO2(10 0) single crystal
(9� 9� 0.5mm) under UV light (wavelength ¼ 310nm,
FWHM ¼ 10 nm, light intensity �1.0mWcm�2). The dashed
line is guide for the eyes. The error bars indicate the standard
deviations. Inset shows the corresponding AFM image of the
sample after the irradiation with UV light for 180 s.

Figure 3. AFM images of the silver nanoparticles on the TiO2(1 0 0) single crystal at the deposition times of (a) 15 s and (b) 180 s. The
images were recorded in a tapping mode with driving frequency of 110–150kHz at a scan rate of �1Hz by using a silicon cantilever with
a normal spring constant of 15Nm�1 (SI-DF20, Seiko instruments).

Figure 5. Height of the silver nanoparticles plotted as a func-
tion of their lateral diameter, determined by extended particle
analysis for the AFM image (silver deposition time was 180 s).
The broken line is for perfect spheres (height/diameter ¼ 1).
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nanoparticles on a TiO2 film [11]. If the film is irradiated with
visible light through a photomask, the thiol molecules can be
removed only in the irradiated regions. Photoelectrochemical
actuators [12] consist of a polyacrylate gel containing TiO2

particles and a metal ion. The interaction between polymer
chains can be controlled reversibly by the photoelectrochem-
ical deposition/dissolution processes, resulting in actuation
based on swelling/shrinking of the gel.

4. A Case History

4.1. Deposition

A single-crystalline rutile TiO2 (10 0)-oriented) plate
(9� 9� 0.5mm, Shinkosha) was pretreated successively
overnight with 3% aqueous NH4OH and 1M aqueous
NaOH. The TiO2 plate immersed in pure water was ir-
radiated overnight with UV light using a black-light lamp.

Aqueous 1M AgNO3 was mixed with equivolume of
ethanol. A 30-mL aliquot of the solution was cast on the
TiO2(10 0) surface. The surface was irradiated with UV
light using a Hg–Xe lamp (Luminar Ace LA-300UV, Hay-
ashi Watch Works) equipped with a band-pass filter (wave-
length ¼ 310nm, full width at half maximum (FWHM) ¼
10nm, light intensity �1.0mWcm�2) for 180 s.

The deposited silver nanoparticles are shown in Figure 3.
Changes in the average lateral diameter of the particles are
depicted in Figure 4. Anisotropy of the deposited polydis-
perse nanoparticles is shown in Figure 5.

4.2. Dissolution

After the photoelectrochemical deposition of the silver
nanoparticles, the TiO2(100) plate was thoroughly rinsed
with water and dried. Then it was irradiated with a mono-
chromatic visible light (wavelength ¼ 480nm, light intensity
�5.0mWcm�2, irradiation time ¼ 30min; 550nm,
�5.0mWcm�2, 30min; 600nm, �3.0mWcm�2, 60min
(FWHM ¼ 10nm)).

Spectral changes of the nanoparticles on TiO2 upon the
irradiation are shown in Figure 6. The accompanying
changes in the size distribution of the particles are depicted
in Figure 7.

Figure 7. Difference lateral diameter histogram of the silver
nanoparticles deposited on the TiO2(10 0) surface after irradia-
tion with monochromatic light at 600 nm (30min,
�5.0mWcm�2).

Ag

TiO2

e− Ag+

Ag

e−Ag+

Monochromatic
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Ag

Resonant
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Figure 8. Mechanisms of the photoelectrochemically induced morphological changes of the silver nanoparticles deposited on TiO2.

Figure 6. Difference extinction spectra of the silver nanoparticles
on the rutile TiO2(10 0) single crystal after irradiation with mon-
ochromatic visible light (wavelength ¼ 480nm, light intensity
�5.0mWcm�2, irradiation time ¼ 30min; 550nm, �5.0mWcm�2,
30min; 600nm, �3.0mWcm�2, 60min (FWHM ¼ 10nm)).
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5. Conclusions

Silver nanoparticles can be deposited on TiO2 by UV-
irradiation. Deposition of polydisperse silver particles is a
key to multicolor photochromism. The nanoparticles with
different size have different resonant wavelength. Upon
irradiation with a monochromatic visible light, only the
resonant particle is excited and photoelectrochemically
dissolved, giving rise to a decrease in the extinction at
around the excitation wavelength. This spectral change is
the essence of the multicolor photochromism. The present
photoelectrochemical deposition/dissolution processes
can be applied to reversible control of the particle size.
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CHAPTER 14

Synthesis of Metal Nanoclusters upon Using Ion
Implantation

P. Mazzoldi and G. Mattei

Department of Physics, University of Padova, Padova, Italy

1. Introduction

Composite materials formed by metal nanoclusters em-
bedded in glass matrices (metal nanocluster composite
glass, MNCG) are the object of several studies owing to
their peculiar properties suitable for application in several
fields, such as non-linear optics, photoluminescence, or
catalysis [1–6]. Recently, sensitizing effects for rare-earth
ions luminescence have also been reported as due to energy
transfer between metallic nanoclusters and Er ions in silica
glass [7]. Nanoclusters dispersed in dielectric matrices also
exhibit interesting magnetic properties, such as superpar-
amagnetic behavior, enhanced coercivity, shift of the hys-
teresis loop, and large magnetotransport features [8].

Glass-based composites are in general expected to play
an important role as materials for various nanotechno-
logical applications, due to the low cost, ease of process-
ing, high durability, resistance, and high transparency,
with the possibility of tailoring the behavior of the glass-
based structures. Many studies have been dedicated to the
properties of MNCG. In general, the physical properties
of these systems change dramatically in the transition
from atom to molecule to cluster to solid, where the clus-
ter regime is characterized by the confinement effects that
make MNCGs peculiarly interesting. For example, ex-
periments which showed the transition from atomic over
molecular to bulk plasmon absorption features have been
performed with Ag clusters in photosensitive glasses dur-
ing the last four decades. Updated review articles dealing
with MNCGs are currently published, each one covering
one or more particular aspects, ranging from preparation
techniques to properties and characterization.

A general treatment of quantum dot materials including
MNCGs is presented in Ref. [5], while glasses for opto-
electronic devices, particularly MNCGs, are treated in
Refs. [1,2,4,9,10]. The theoretical aspects of MNCG prop-
erties are approached in the literature under a great variety
of view points, for example, by treating the electronic
properties of metal clusters [11], or focusing on the quan-
tum size effect [12]. Non-linear optical properties of small

metal particles are treated in details in Refs. [13,14], while
Refs. [15,16] present extended reviews on theoretical and
experimental aspects of the optical response of metal clus-
ters. Recent aspects concerning the interface properties of
MNCGs are in Ref. [17], and Ref. [18] presents a review of
all-optical switching via non-linear optical materials.

M. Faraday made the first attempt to explain the na-
ture of the color induced in glasses by small metal pre-
cipitates [19]. Further attempts to describe the optical
behavior of clusters embedded in a matrix as a homoge-
neous medium with an effective dielectric function were
made by Maxwell–Garnett [20,21]. A complete analytical
solution to the scattering of an electromagnetic wave by a
spherical isolated cluster embedded in a non-absorbing
medium was given in the same years by G. Mie [22]. Ap-
plications of Maxwell–Garnett and G. Mie theories will
be presented in Section 2.2.4.

The synthesis of MNCGs can be obtained by sol–gel,
sputtering, chemical vapor-deposition techniques. Ion im-
plantation of metal or semiconductor ions into glass has
been explored since the last decade as a useful technique to
produce nanocomposite materials in which nanometer sized
metal or semiconductor particles are embedded in dielectric
matrices [1,2,4,23–29]. Furthermore, ion implantation has
been used as the first step of combined methodologies that
involve other treatments such as thermal annealing in con-
trolled atmosphere, laser, or ion irradiation [30–32].

In Appendix A, for the sake of clarity, we reported
some of the acronyms used throughout the text, whereas
in Appendix B a brief description of the experimental
characterization techniques used for the present work is
added.

2. Synthesis Strategy

2.1. Ion-Implantation Technique

Ion implantation consists of the injection of energetic ions
beneath the surface of a material. Due to the high energy
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involved in the interaction process between the incident
ions and the matrix atoms any elemental species can be
introduced into the near surface region of any substrate.

This technology, supported from basic particle–solid
interaction physics studies, rapidly evolved, gaining a
strategic position in the semiconductor industry starting
in the 1970s [33–34]. The extensive R&D activity devel-
oped in silicon technology determined the investigation of
several Laboratories into other material systems that
might benefit from ion-implantation alloying. The appli-
cation of ion implantation on non-semiconductor mate-
rials required considerably higher ion fluences than on
semiconductors. Ion implantation is nowadays a well-
established technique to modify the near-surface region of
a material by the introduction of energetic ions accele-
rated through a potential difference in the keV–MeV
region. Its use is today widespread in different areas,
spanning from the microelectronic industrial production
to the synthesis of new materials to end up with academic
and fundamental investigations on ion–solid interaction.

The ion-beam applications involve either modifica-
tions/engineering of the material surface or its analysis
and are correlated to the interactions of the energetic ions
with the electrons (electronic energy loss) or nuclei
(nuclear energy loss) of the target material. The bom-
bardment of a matrix with energetic ions produces regions
of lattice disorder, which results from the physical proc-
esses responsible for slowing the ion down and allowing it
to come to rest in the matrix. There are two energy-loss
mechanisms that contribute to the slowing down proc-
esses: (i) nuclear collisions, in which energy is transmitted
as translatory motion to the target atom as a whole, and
(ii) electronic collisions, in which the moving particle
excites or ejects atomic electrons.

The total energy-loss rate dE/dx can be expressed as:

dE

dx
¼

dE

dx

����
n

þ
dE

dx

����
e

(1)

where the subscripts n and e denote nuclear and electronic
collisions, respectively. By normalizing the energy loss for
the atomic target density N (atoms/cm3), one obtains the
stopping power S (eV cm2/atom) as the sum of the nuclear
Sn and electronic Se contributions: S ¼ Se+Sn. The inter-
action processes occur on a time scale of picoseconds and
length scales as low as nanometers. Nuclear collisions can
involve large discrete energy losses and significant angular
deflections of the ion trajectory. This process is responsible
for lattice disorder by the displacement of atoms from
their positions in the lattice. The elastic collisions produce
either highly damaged lattices following implantation or a
net of damaged structures whose density depends on lat-
tice reordering (i.e., annealing) during the implantation
process. Typically, electronic collisions involve smaller
energy losses per collision, negligible deflection of the ion
trajectory, and negligible lattice disorder. However in
insulating materials, radiation damage is also induced in
the electronic stopping power regime, due to the break of
interatomic bonds. Various models like thermal spike
model and Coulomb explosion model have been intro-
duced in order to describe the phenomenon in different
materials. For a general review on this topic particularly
focused on implantation in insulators see Ref. [35].

The relative importance of the two energy-loss mecha-
nisms changes with the energy E and atomic number of
the incident ion Z1: nuclear stopping predominates for
low E and high Z1, whereas electronic stopping takes over
for high E and low Z1. In Figure 1(a and b) the nuclear
and electronic part of the energy-loss function is plotted
for Au+ and He+ implantation in SiO2: it is clear that for
typical implantation energies of few hundreds of keV in
the case of Au the nuclear component dominates over the
electronic one, whereas in the He implantation the energy
loss is practically completely due to electronic excitation.
The relative contribution of the nuclear or electronic
stopping power normalized to the total Sn/(Se+Sn) and
Se/(Se+Sn) is shown in Figure 1(c and d) for Au and He,
respectively.

As the ion enters the target, it starts to lose energy via
multiple collisions with the target atoms, describing a path
which is quite complicated. The statistical distribution of
the ions implanted can be described by a peak function,
which can be roughly approximated by a Gaussian func-
tion centered at the average projected range RP, on the
perpendicular to the sample surface, with a half width
DRP called the straggling (Figure 2(a)). The RP and DRP

values are functions of energy and mass of implanted ion.
Figure 2(b) shows a plot of the in-depth Au concentra-

tion profile for three different energies at constant fluence
(also called dose, i.e., the integral of the concentration
profile). In Figure 2(c and d) the range and straggling for
Au and He implantation in SiO2 are compared: it is clear
that the range increases by decreasing the implanted ion
mass or increasing the implantation energy. In general, the
shape of the implanted profile depends strongly on the
energy and on the couple ion/target, and significant devia-
tion from Gaussian-like profile can be obtained.

Implants at different energies can be used in order to
obtain a flat doping ion distribution.

It is possible to simulate the kinetics of ion implanta-
tion by means of several computer codes: one of the most
popular is SRIM (i.e., stopping and range of ions in mat-
ter). It is a Monte Carlo calculation which follows the ion
into the target, making detailed calculations of the energy
transferred to every target atom collision. All the quan-
tities like projected range, ion damage, target ionization,
and so on are simulated by averaging over a suitable
number of ion trajectories: the higher the ion number the
better the precision of the calculation. SRIM code traces
back to the original works on range algorithms [36] and
on stopping theory [37]. SRIM is able to simulate complex
targets made of compound materials with layered struc-
tures of different materials. It calculates both the final 3D
distribution of the ions and also all kinetic phenomena
associated with the ion’s energy loss: target damage, sput-
tering, ionization, and phonon production. All target
atom cascades in the target are followed in detail. One
main limitation of SRIM calculation is that it does not
take into account the accumulated damage, i.e., each
simulated ion travels inside an undamaged target. This
implies that phenomena like radiation enhanced diffusion
(RED) which can play a role during high-fluence ion
implantation (like those for synthesizing nanoclusters
considered in the present review) cannot be simulated.
Other Monte Carlo codes which are able to follow at a
good level of approximation the accumulated damage
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(i.e., to make a so-called dynamical calculation) have been
developed, like for instance the TRIDYN [38] or DYNA
codes [39,40].

When setting up an actual ion implantation in a target,
after choosing the ion and the target, the most important
parameters which have to be optimized are:

- Implantation energy: it controls the penetration
depth inside the target. Typical values are in the
keV–MeV energy range.

- Implantation dose or fluence: it controls the amount of
dopant (i.e., its local concentration) introduced in the
target per unit surface area. It is measured in ions/cm2

and it is the integral over the depth of the concentra-
tion profile. Typical values in the nanocluster synthesis
are 1015–1017 ions/cm2. For a comparison, the typical
fluence values for semiconductor doping processes are
1013–1014 ions/cm2.

- Current density or flux: is the number of ions intro-
duced per unit time and unit surface area of the target.
It is generally measured in mA/cm2 and it affects the
power density released to the target. Therefore, when
dealing with insulating targets like glasses, the flux is
of paramount importance to avoid (or to control) the
sample heating during implantation. Typical fluxes
used in high-fluence implantations are 0.1–10 mA/cm2,
taking into account that above 2–5 mA/cm2 thermal
heating in insulators should be considered and
reduced by cooling the target holder.

- Target temperature: it can affect the dynamics of
damage self-recovery or of the damage formation.
Implantation at cryogenic temperatures can be used
to freeze the damage by reducing the diffusion of the
atoms. On the other hand, by increasing the temper-
ature, the amorphized regions of the target can be
recrystallized or in the case of insulators, by implant-
ing at high temperature (400–900 1C) the recovery of
the network can be favored together with the diffu-
sivity of the implanted species.

By ion implantation, very large doping concentration
values can be obtained in the ion irradiated region, with a
modification of chemical and physical material properties.
A proper choice of implantation energies and fluences
allows to predetermine the composition, the depth, and
the spatial shape of the modified layer. A fundamental
feature of ion implantation is that the implantation proc-
ess is not a thermodynamic equilibrium process. Conse-
quently the usual solubility limits of the implanted ions in
the host can be largely overcome, achieving local impurity
concentrations inaccessible by conventional synthesis
routes. The ion distribution is controlled not only by the
experimental parameters of the implantation process (i.e.,
energy, current, fluence), but also by the diffusion coeffi-
cients of the different species (implanted ions and dis-
placed matrix atoms). The change of diffusion rates into
the solid, enhanced by the production of defects due to
irradiation, can favor either the aggregation of the dopant
or their diffusion inside the target. Depending on the
choice of the implanted atom and the dielectric target,
implantation of ‘‘metal’’ ions in dielectric substrate gives
rise to the formation of new compounds and/or metallic
nanoparticles. The processes governing the chemical and

physical interaction between the implanted ions and the
host matrix atoms, very crucial for the final system con-
figuration, are not completely understood in particular in
terms of the relative roles of electronic and nuclear energy
release [41]. Some models have been so far developed
using a simple statistical model and describing the role of
a crystalline host matrix structure in the determination
of the final compounds upon ion irradiation [42–44]. In
Ref. [45] some criterions to predict the formation of small
clusters by ion implantation in SiO2 glass have been pro-
posed, based on physical and chemical considerations,
taking into account the defects produced during ion
implantation in silica and the free energy for the oxide
formation as the quantity giving the measure of the
chemical interaction and, in particular [46,47], the elec-
tronegativity of the implanted element. Research Groups
from Padova and Venice Universities proposed a model
[23], originating from the investigation of Ref. [48] on the
compositional modification induced by ion implantation
on alloys, oxides, and other substances. The proposed
model distinguishes two different steps in the ion-implan-
tation process: (1) a high-energy ballistic regime giving
rise to the substrate damage (defects, knock-on events,
etc.) (2) a low-energy, chemically guided processes induc-
ing the formation of compounds that can be determined
on the basis of thermodynamical considerations, taking
into account the Gibbs energy variation for a chemical
reaction between the implanted element (assumed in the
gaseous form) and the silica molecule at the matrix
temperature. The two-step model predicts correctly the
formation of various compounds and the formation of
metallic clusters at room temperature [1].

To this respect, ion implantation is a very efficient
technique as it can introduce any desired amount of the
foreign phase in the host, without thermodynamic limi-
tations typical of other synthesis techniques: we stress
that this is due to the fact the ion implantation is a non-
equilibrium technique. The control of cluster size with
dimensions in the nanometer range either during the syn-
thesis process or after subsequent thermal annealing is one
of the challenging issues of nanocluster technology. Due
to the Gaussian-like concentration profile, for single ion
implantation at fixed energy a typical value of the size
dispersion, DR/R, is about 30–50%, which is higher than
the best-performing colloidal chemistry synthesis proce-
dure. Nevertheless, this value can be reduced by perform-
ing multiple-energy implantation which produces a flat
dopant concentration profile. Moreover, this technique
does not require multistep processing for the nanocom-
posite synthesis in different matrices.

The post-implantation thermal treatments have a two-
fold meaning: (i) annealing of the implantation-induced
defects; (ii) growth of the nucleated embryos by means of
suitable combination of annealing atmosphere, tempera-
ture, and time. In silica, for instance, annealing of the
implantation damage requires temperature near or above
600 1C: at these temperatures the thermal diffusion of
the implanted species can be quite effective in modifying
the post-implantation dopant distribution, promoting either
redistribution of implanted species, or clustering around
nucleated embryos. Therefore a precise understanding of
the microscopic mechanisms influencing the evolution of
cluster size during thermal annealing is of paramount
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importance [42–44]. Sequential double implantation of no-
ble or transition metals in glass has been explored as a
suitable method for creating nanocrystalline clusters within
a thin layer of a glass matrix [1,2] below the percolation
limit. The non-equilibrium nature of the process may result
in the formation of binary metal clusters with composition
and crystalline structure different from those predicted
by thermodynamics considerations. The implants of two
species, considered for binary metal cluster composition, are
sequentially performed, choosing the implantation energies
and fluencies, in order to obtain the same projected ranges
and the required concentration ratio. Figure 3 shows the
X-ray photoelectron spectroscopy (XPS) profiles of Au, at
an energy of 190keV, and Cu, at 90keV, implanted in SiO2,
at the same fluence of 3� 1016 ions/cm2 [31,32]. After the
implantation, the sample was annealed in reducing atmos-
phere in order to determine the formation of AuCu alloy
nanoclusters. The projected range was of about 70nm for
both ions.

In conclusion, we want underline that three categories
can all be defined as ion-beam processing or ion-beam-
induced modification of materials:

a) Ion-beam direct synthesis: the direct synthesis of
mono- or bi-elemental nanoclusters by single or
sequential implantation of the ions constituting the
clusters inside the host matrix. This is the most
intuitive approach and generally it can be coupled to
suitable post-implantation thermal annealing of the
samples in controlled atmosphere. In this approach
ion beam is used to create a supersaturated solid
solution of the implanted ions inside the matrix. The
solution, either during implantation itself or after
thermal treatments, starts to nucleate and well-
defined nanoclusters can be obtained.

b) Ion-beam modification: the energy released by the
implanted ions is used to modify already formed
clusters by changing their size, shape, composition,
and topology. In particular we will see that this

mode can be conveniently applied to modify the
electromagnetic environment around a nanocluster
by the formation of peculiar cluster-satellite topo-
logy or to promote a selective de-alloying in bime-
tallic nanoclusters.

c) Ion-beam indirect synthesis: the ion beam in this
case is used to tailor the energy deposited in the
target (nuclear vs. electronic, in-depth distribution,
etc.) so as to promote nucleation of clusters made of
atoms already present in the host matrix, by using
auxiliary techniques like for instance ion-exchange.

2.2. Ion-Beam Direct Synthesis: Nanocluster Growth
Mechanisms

In the following, we will focus the discussion on how to use
ion implantation to produce monoatomic nanoclusters in-
side a silica glass host. We investigated this crucial problem
with a systematic study of the kinetics of gold atom clus-
tering during annealing of gold-implanted silica [49–50].
The use of gold is due to its reduced chemical interaction
with the elements constituting the matrix, therefore allow-
ing to focus just on the clustering and growth phenomena,
without possible interferences due to formation of bonds
with Si or O atoms of the matrix. Moreover, gold has a low
diffusivity [51] in comparison to other noble metals like
silver for example: this minimizes the role of diffusion
controlled processes, which occur during thermal ann-
ealings and, consequently, one has the possibility to vary
the size and density distribution of nanoparticles by means
of the atmosphere in which annealings take place. The
precipitation processes that occur during either implanta-
tion or annealing of ion-implanted materials may be sche-
matically divided in three steps not necessarily strictly
separated: (i) nucleation, (ii) non-competitive or diffusion-
limited growth, (iii) competitive growth (i.e., coarsening or
Ostwald ripening) regime. Impurity implantation at local
concentrations exceeding the solubility threshold in the
matrix [49,52] (i.e., for fluences Z1016Au+/cm2 in the case
of gold in silica, in our experimental conditions) results, in
the first stage of the precipitation process, in a system of
new phase precipitates, i.e., gold particles with radius
exceeding the critical one, Rc. It is natural to assume that
the radiation-induced defects, both point and extended
defects, may act as nucleating centers in implanted mate-
rials and that heterogeneous nucleation takes place [49].

2.2.1. Nucleation

Assuming the embryos as spherical particles of radius
R the variation of the Gibbs DG(R) free energy can be
written as DG(R) ¼ – 4p/3 R3DgV+4pR2s, with DgV and
s the bulk free energy per unit volume and the surface
energy, respectively. The maximum of DG(R) with respect
to the radius defines the critical radius Rc ¼ 2s/DgV.

During the initial stage of annealing, the particles
(already formed after implantation) with radius exceeding
the critical one grow directly by solute depletion of the
surrounding matrix, without competing with the growth
of any others.
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Figure 3. XPS concentration profiles of Au and Cu in the sam-
ple Au3Cu3 after 1 h thermal annealing at 900 1C in reducing
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2.2.2. Diffusion-Limited Growth and Ostwald

Ripening

The nucleation stage is followed by two different kinetic
regimes of cluster growth: (i) a diffusional one (occurring
at the earlier stage of growth) which is characterized by a
time dependence of cluster radius scaling as (Dt)1/2, where
D is the diffusion coefficient and t the diffusion time; (ii) a
coarsening regime (occurring at longer annealing times)
with a radius scaling as (Dt)1/3. The two equations that
govern the diffusion-limited growth and the coarsening
regimes [53–55] are:

R2ðtÞ ¼ R2
0 þ 2

Cs � Ce

Cp � Ce

Dt (2)

R3ðtÞ ¼ R3
0 þ

8

9

sV2
aC1

kBT
Dt (3)

where R0 is the value of R at t ¼ 0 (which accounts for the
radius of the already formed precipitates by implanta-
tion), Cp the concentration of the solute in the precipitates
and Cs and Ce the concentration in the matrix, just before
the growth, and the equilibrium concentration in the
matrix, respectively, CN is the equilibrium solute concen-
tration at planar interface, s the surface tension, and Va

the atomic volume [56]. The difference Cs–Ce defines the
degree of supersaturation that decreases during the preci-
pitation stage.

2.2.3. Experimental Results

To study the nucleation and growth of Au nanoclusters in
silica within the above theoretical frame, we implanted
fused silica slides with 190 keV-energy Au+ ions, at room
temperature and current densities lower than 2 mA/cm2, to
reduce sample heating [49,50]. The implantation condi-
tions were chosen to have, after annealing, a subsurface
buried layer of Au nanoparticle precipitation of about

100 nm thickness. The peak concentration of dopant is
about 10–15 at.%, which is above the threshold for spon-
taneous colloid precipitation (about 1 at.%). Two sets of
thermal treatments were performed: (i) isochronal, at
constant time (1 h) and at different temperatures in air, in
a H2–Ar gas mixture, or in pure Ar; (ii) isothermal, at
constant temperature (900 1C), for different annealing
times in oxidizing (air) atmosphere. The evolution of
cluster size with the temperature during air annealing can
be seen in the transmission electron microscopy (TEM)
cross-sectional views of Figure 4(a–d), where for compar-
ison the TEM micrograph of the Ar-annealed sample at
900 1C is also shown. Almost spherical Au clusters of
different size are present in all the samples up to a depth
of �130 nm from the sample surface.

Due to low gold diffusivity, the centroid of gold concen-
tration does not move appreciably during the annealing
and remains approximately near the implantation project-
ed range (�70nm), where, as the temperature increases,
the largest clusters are formed. The cluster size distribu-
tions for the TEM analyzed samples are also reported in
Figure 4(e). The progressive shift of the average cluster size
towards higher values and the corresponding broadening
of the distribution is evident. The results of TEM analysis
give for the average cluster diameter (average
value7standard deviation of the experimental distribu-
tion) /DS400 1C ¼ 1.670.8 nm (similar mean diameter
value is obtained in as implanted sample), /DS700 1C ¼

2.170.9 nm, /DS900 1C ¼ 5.373.9 nm for the samples an-
nealed in air at 400 1C, 700 1C, and 900 1C, respectively.
Samples annealed in Ar and H2–Ar atmospheres at 900 1C
present diameter values (/DS900 1C ¼ 2.170.9 nm and
/DS900 1C ¼ 2.571.2 nm, respectively) comparable to that
in as-implanted. To better understand these results,
we have analyzed them as a function of the temperature.
Figure 4(f) reports the Arrhenius plot of the squared aver-
age cluster radius after annealing in air or Ar, at fixed
time, 1 h. The corresponding data for the H2–Ar atmos-
phere are not reported, being very similar to the Ar case.

From Figure 4(f), we observe that below 700–800 1C
the cluster radius increases very slowly with the annealing

Figure 4. Cross-sectional bright-field TEM views of Au-implanted silica samples at 3� 1016Au+/cm2, 190 keV, annealed for 1 h at: (a)
400 1C in air, (b) 700 1C in air, (c) 900 1C in air, and (d) 900 1C in Ar, respectively; (e) the histograms of the size distribution of the
samples annealed 1 h in air at different temperatures; (f) Arrhenius plot of the squared average cluster radius R2 after 1 h annealing in air
(filled circles) or argon (empty triangles). Solid lines are linear fit to the experimental data.
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temperature, at constant time, independently from the
atmosphere composition, due to low gold diffusivity. This
very modest temperature dependence suggests a diffusion
mechanism controlled by radiation damage [57–58]. The
measured activation energy of 1.17 eV/atom for gold
diffusion in silica during annealing in air, in the temper-
ature range from 750 to 900 1C, is very different from the
literature value of 2.14 eV/atom [51]. Note however that
the activation energy for the molecular oxygen diffusion
in silica through an interstitial mechanism is in the range
1.1–1.3 eV/atom [59,60]. Considering that the clustering
process is associated with gold diffusion, in order to ex-
plain the role of oxygen in promoting gold diffusivity we
interpreted [49] the results by assuming a thermodynamic
interaction between oxygen and gold in the framework of
the thermodynamics of irreversible processes.

The continuity equations for the excess O2 and Au
atomic concentration ni and nj are:

@ni

@t
¼ Dii

@2ni

@x2
þDij

@2nj

@x2
(4)

@nj

@t
¼ Djj

@2nj

@x2
þDji

@2ni

@x2
(5)

where subscripts i and j stand for O2 and Au, respectively,
D’s are the ‘‘diffusion coefficients’’ which are considered
independent of concentration (dilute impurity limit), re-
lated to the Kelvin–Onsager phenomenological coeffi-
cients [49].

Considering now the continuity equation governing the
Au0 transport we see that, even if the Djj coefficient is
small in low-medium temperature regime (700–900 1C),
the Dji coefficient may have significant values in the same
interval temperature: this implies that just the motion of
the permeating oxygen drives the Au0 diffusion. In other
words, the precipitation of the metallic element is induced
by the oxygen flux through the crossed correlation coeffi-
cient Dji. It is not possible to compare the activation en-
ergy of the thermodynamic correlation coefficient Dji with
literature data because of the general lack of information
in the field of correlation coefficients. However, since the
diffusion of the permeating oxygen drives the gold move-
ment, it is not surprising to obtain a Dji coefficient gov-
erned by an activation energy quite similar to the one of
the interstitially diffusing O2 molecule.

In conclusion, the main results of the investigation of
the temperature dependence of the cluster radius under
isochronal annealing (1 h) may be summarized as follows:
(i) annealing in air is more effective in promoting cluster
aggregation with respect to reducing or neutral atmos-
phere; (ii) the squared average cluster radius in an
Arrhenius plot shows two different regimes upon air
annealing, which can be explained by a general model
for gold atom diffusion interacting with excess oxygen
coming from the external ambient. The clustering regime
characterized by an activation energy of 1.17 eV/atom,
very different from that appropriate to gold diffusion
in silica (2.14 eV/atom), is then attributed to the thermo-
dynamic correlation coefficient, Dji. We have thus
extended the analysis of the gold clustering problem for
annealing in air considering annealing time intervals
exceeding 1 h, when coarsening becomes most probably

the relevant cluster growth mechanism. The evolution
of the cluster size as a function of the air annealing
time can be followed in the cluster size distributions, as
measured in the TEM analyzed samples (Figure 5(a–d)),
including the as-implanted sample. As the annealing
time interval increases, largest spherical Au clusters are
formed and a corresponding broadening of the distribu-
tion is evident. The results of TEM analysis give the
following average cluster diameters: /DSas-impl. ¼ 2.07
1.0 nm, /DS1h ¼ 3.671.9 nm, /DS3h ¼ 5.673.5 nm,
and /DS12h ¼ 12.677.2 nm.

In Figure 5(e) we report R2 (the square of the average
radius of the growing particles) as a function of t (these
values have been obtained either by TEM analysis or by
fitting the optical absorption spectra). We observe a linear
relation between the two quantities with a change of the
slope in the range between 4 and 5 h. This linearity is
expected when the cluster growth is only due to the pre-
cipitation process of a supersaturated solution. The
change of the slope in the plot suggests that the kinetics
of cluster growth is modified. Without considering a pos-
sible change of the D parameter, not easily understand-
able in long-time annealing experiments, the discontinuity
may be explained by considering that the coarsening re-
gime occurs. In fact, the experimental radius values, cor-
responding to annealing time intervals of 6, 7, 8, 12 h, well
agree with a t1/3 law of growth, as expected in the Ostwald
ripening regime, as in Figure 5(f). In our experimental
conditions we observe the occurrence of the transition
from a diffusion-limited regime to Ostwald ripening for
annealing time intervals in the range between 4 and 5 h.
From the slopes of the linear fit in Figure 5(e and f) to-
gether with Equations (2) and (3), we estimated the gold
cluster surface tension s. The obtained value of
1.5� 10–4 J/cm2 is consistent with the measured gold sur-
face tension value of a ‘‘free surface’’ [61].

2.2.4. Linear Absorption of Embedded Metal Clusters:

The Mie Theory

In this Section we want to present one of the fingerprints
of noble-metal cluster formation, that is the development
of a well-defined absorption band in the visible or near
UV spectrum which is called the surface plasma resonance
(SPR) absorption. SPR is typical of s-type metals like
noble and alkali metals and it is due to a collective ex-
citation of the delocalized conduction electrons confined
within the cluster volume [15]. The theory developed by
G. Mie in 1908 [22], for spherical non-interacting nano-
particles of radius R embedded in a non-absorbing me-
dium with dielectric constant em (i.e. with a refractive
index n ¼ �1=2m ) gives the extinction cross-section s(o,R) in
the dipolar approximation as:

sðo;RÞ ¼ 9
o
c
�3=2m V0

�
�2ðo;RÞ

ð�1ðo;RÞ þ 2�mÞ
2
þ �22ðo;RÞÞ

(6)

where V0 is the cluster volume, c the speed of light in vac-
uum, and e(o,R)�e1(o,R)+ ie2(o,R) the size-dependent
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complex dielectric function of the cluster. The SPR reso-
nance holds when the denominator is vanishingly small.
This approximation is valid for isolated clusters when the
radius is much less than the wavelength l ¼ c(2p/o): when
this is not the case, retardation effects inside the cluster
make the electrons oscillate not all with the same phase of
the local field and high-order multipolar expansion should
be taken into account in the general Mie formula [15]. One
relevant point concerns the size dependence of the cluster
dielectric function. Following Ref. [15], the size correction
is obtained by modifying the Drude-like part due to
delocalized free s-electrons introducing a size-dependent
damping frequency which accounts for the increased scat-
tering at the cluster surface.

To better illustrate the main factors influencing the
position and the shape of the SPR absorption band, in
Figure 6(a) the effect of the cluster radius is shown for Ag
nanoclusters in silica: when the size is no longer negligible
with respect to the wavelength there is a red-shift of the
SPR position with the appearance of multipolar peaks in
the UV–blue region. The effect of the matrix for a fixed
cluster size is described for R ¼ 2.5 nm Au clusters in
Figure 6(b): the higher the matrix dielectric constant the
more red-shifted is the SPR. Finally, the effect of the
composition is shown in Figure 6(c) for R ¼ 5 nm clusters
of Ag, Au, and Cu in silica.

The optical absorption spectra of Au-implanted silica
samples annealed in air or Ar for 1 h at different

temperatures are shown in Figure 7(a and b) respectively.
The above formalism has been applied (Figure 7) to
extract the size distribution of Au clusters upon thermal
annealing from the optical density (OD) absorption meas-
urements to complement the TEM analysis, as reported in
Figures 4 and 5. The good level of agreement is shown in
Figure 7(c). The kinetics of cluster growth can be followed
as a function of the time in Figure 7(d) for annealing in air
at 900 1C.

2.2.5. Ion Implantation in Polymer Matrix

With the aim of giving a further contribution to the
understanding of this field we have investigated the gold
precipitation process induced by ion implantation in a
polyimide matrix [62]. We focused on gold for two main
reasons: (i) its chemical inertness, which allows to decou-
ple cluster nucleation from the chemical interaction of the
implanted species with the matrix components; (ii) the
large optical absorption cross-section of gold nanoclusters
(SPR) in the VIS region at wavelengths larger than the
optical absorption edge of the chosen polyimide. We have
investigated the nanostructural, compositional, and opti-
cal properties of Au-pyromellitic dianhydride-4,40 oxydi-
aniline (PMDA-ODA) polyimide thin films prepared by
implanting different fluences of Au+ ions at the same
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energy. Thin films of PMDA–ODA polyimide with a
thickness of 10072 nm were deposited by glow discharge
vapor deposition polymerization (GDVDP) on pure silica
matrix. This is a very recently developed method [63] for
the deposition of very thin polyimide coatings, alternative
to the other better-known deposition methods such as
spinning, vapor deposition polymerization, and ionized
cluster beam deposition. These films were then implanted
at different fluences at a beam energy of 100 keV, which
corresponds to a projected range of about 60 nm and a
straggling of 9 nm, with an ion current density of about
0.3mA/cm2. In order to avoid heating of the polymer films
during the implantation, the sample holder was water-
cooled. The bright-field TEM micrograph of the sample,
in Figure 8(a), shows spherical Au nanoparticles dispersed
in a 40 nm thick layer, embedded between two

nanoparticle-free layers: a 10 nm thick surface layer and
a bottom layer of about 30 nm. The particle size distri-
bution (Figure 8(b)) has an average value of 2.3 nm and a
standard deviation of 1.3 nm. A depth profile composition
by energy dispersive X-ray microanalysis (EDS) evidenced
that the C content of the surface layer is higher with
respect to the rest of the film, according to literature data
[64,65]. Figure 8(d) reports the X-ray diffraction patterns
indicating the crystalline structure of nanoclusters and
their formation for an implantation fluence higher than
1016Au+/cm2.

The TEM data have been used to simulate, in the frame
of the Mie theory and Maxwell–Garnett effective medium
approximation [15], the optical absorption spectra of the
sample implanted with 5� 1016Au+/cm2. The results are
reported in Figure 8(c). In the first model used to describe
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Figure 7. Optical absorption spectra of Au-implanted silica samples annealed in air (a) or Ar (b) for 1 h at different temperatures.
(c) Nonlinear fit (empty circles) to the optical absorption spectrum of the sample annealed at 900 1C in air, from which the average
cluster diameter /DSfit is obtained and compared to the TEM measured one, /DSTEM. (d) Evolution of the optical spectra of Au-
implanted silica annealed in air at 900 1C for different time intervals.
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the nanocomposite absorption properties, spherical Au
clusters with size 2.3 nm are surrounded by a matrix with
refractive index of about 1.6, typical of the aromatic
polyimides (this assumption can be justified by the above
analysis on the local polymer composition near the
Au clusters). The simulation, in which the experimental
bulk dielectric function of gold has been size-corrected
according to Ref. [15], gives a narrow resonance centered
at 550 nm instead of a large band centered at 560 nm.
Even considering that the matrix could have a larger
refraction index due to implantation damage [66], the
simulation does not reproduce the measured spectrum
because the SPR simply shifts to larger wavelengths with-
out any FWHM broadening.

We consider a second model in which the Au cluster is
surrounded by a very thin carbon layer, forming
a core–shell particle dispersed in a polyimide matrix.
Including this shell, the resonance band red-shifts but now
the SPR is strongly damped by the Au–C interaction. The
best agreement between experimental and simulations is
obtained for a C shell thickness of about 0.8 nm, indicat-
ing that locally the composition of the matrix can be car-
bon-enriched. In order to account for possible effects of
the matrix absorption (previously neglected by using a
purely real refractive index), a calculation has been also
made in the frame of effective medium theory by using for
the polyimide a complex dielectric function obtained from
transmittance–reflectance measurements performed on
the as-deposited film [67]. The calculated absorption
shows a better agreement with the experimental spectrum
with respect to the non-absorptive case, but the local
correction with a C-rich shell around the gold core seems
to be qualitatively more effective in reproducing the
experimental data and it is more consistent with the
graphitization process usually observed in polymers after
ion-irradiation. Actually, this carbon shell should be
hardly perceptible in the TEM image due to the very low
contrast with the polymer matrix. The combination of
GDVDP technique (that allows depositing nanometric
thin films) with ion implantation (suitable for doping
materials with a large number of elements) could be a
promising method to obtain new polymer-based

nanostructured films with magnetic, optical, rheological,
sensing, and electronic properties. The optical gas sensing
features of virgin polyimide thin film deposited by glow
discharge vapor deposition polymerization and of gold-
implanted films have been recently studied by using
optical absorption and surface plasmon resonance
transduction techniques [68] and will be presented in
Section 4.2.

3. Ion-Beam Direct Synthesis: Bimetallic Clusters

Sequential ion implantation of two different metal species
at suitable energies and fluences to maximize the overlap
between the implanted species and control their local rel-
ative concentration may give rise to different nanocluster
structures, with the possible presence of separated families
of pure metal clusters, crystalline alloy clusters, or
core–shell structures. The formation of clusters of a cer-
tain nature depends critically on the implantation param-
eters, implant sequence, and the temperature at which the
process is realized. Moreover, post-implantation treat-
ments such as annealing in controlled atmosphere and/or
ion or laser irradiation have been demonstrated to be
effective in driving the system towards different stable
cluster structures. As a general rule, the criterion valid for
bulk systems of miscibility of the two elements as a con-
straint for alloy formation is not so stringent in the case of
nanoclusters. This is due to the incomplete onset of the
bulk properties triggered by the large number of atoms at
the surface that makes a cluster more similar to a molec-
ular than to a massive system [69]. This leads to new
possible alloy phases, which may be thermodynamically
unfavored in the bulk. In the case of noble-metal-based
systems (Au–Cu, Au–Ag, Pd–Ag, and Pd–Cu) perfect
miscibility is expected from the bulk phase diagrams and
in fact sequentially as-implanted samples exhibit direct
alloying [1,2,4]. On the contrary, systems like Co–Cu or
Au–Fe which are not miscible in the bulk showed nano-
alloy formation after sequential implantation in silica.
Binary nanoparticles can be present as alloys but also as
core–shell structure that can have new properties due to
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the interaction or combination of the properties of the
two parts of the nanoparticle. The nanostructure of the
binary nanoparticles depends both on the chemical reac-
tivity of the implanted species [23,70] and on the alloy
formation heat. For a more detailed description of the
nanostructure obtained by sequential ion implantation in
silica see Ref. [1].

As shown in the previous Sections, in the case of noble-
metal clusters the SPR in the visible range is a clear fin-
gerprint of nanoparticles formation [15]. Similarly, for
noble-metal alloys the SPR resonance is located in be-
tween those of the pure elements, and is triggered by the
complex interplay between the modified free electrons and
interband absorptions. This can be seen in Figure 9, which
shows a comparison between optical absorption OD spec-
tra either simulated with the Mie theory [15,22] for 3 nm
clusters of pure Au, Ag, and Au0.4Ag0.6 alloy in silica
(Figure 9(a)), or measured for analogous systems [31] in
ion-implanted silica (Figure 9(b)).

Linear absorption measurements can therefore give the
first indication of possible alloy formation. Nevertheless,
in systems containing transition metals (Pd–Ag, Co–Ni,
y) such a simple technique is no longer effective as
interband transitions completely mask the SPR peak,
resulting in a structurless absorption, which hinders any
unambiguous identification of the alloy. In such cases, one
has to rely on structural techniques like TEM (selected-
area electron diffraction, SAED and energy-dispersive
X-ray spectroscopy, EDS) or EXAFS (extended X-ray
absorption fine structure) to establish alloy formation.

We summarize in Table 1 some of the most relevant
results, obtained by our group, on binary alloy nanoclus-
ters in silica by using ion implantation.

3.1. Magnetic Binary Clusters

As an example of binary clusters for magnetic applica-
tions, we present the study performed on Ni–Co alloy
[78]. The Co–Ni phase diagram was investigated by per-
forming sequential ion implantation in silica of Co and Ni
at the same energy of 180 keV (Rp�150 nm) but with
different fluences in order to have a constant total Co+Ni
fluence (15� 1016 ions/cm2 or 30� 1016 ions/cm2). For the
1:1 Co:Ni ratio, we also performed sequential implants at

two energies (180 keV and 70 keV) for each element to
have a flatter concentration profile for a total fluence of
40� 1016 ions/cm2. All the samples investigated exhibit
CoxNi1– x alloy nanoclusters. In this case, OD spectra are
not useful for alloying detection due to the above-men-
tioned damping of the SPR due to interband transitions
[15]. SAED analysis was able to monitor a phase transi-
tion from f.c.c. to h.c.p. as the Co content in the system is
greater than 70%, in agreement with bulk Co–Ni alloy. It
is interesting to note that similar Co–Ni alloy system ob-
tained by our group with the sol–gel route, exhibited at all
the Co/Ni ratios the f.c.c. structure [81]. As the lattice
parameters of the f.c.c. phases of Co and Ni differ by a
quantity that is at the limit of SAED quantification for
nanoclustered systems (mostly due to the size-dependent
broadening of the diffraction peaks), we performed also
EDS compositional analysis with a sub-nanometer elec-
tron probe on single clusters which demonstrated the
presence of both Co and Ni.

Figure 10(a) shows a TEM image of a sample contain-
ing Co and Ni in the ratio 4–1 (Co4Ni1) whereas Figure
10(b) is a TEM image of the Co1Ni1 sample (implanted at
a total fluence 40� 1016 ions/cm2): the SAED pattern for
Co1Ni1 sample exhibits a single alloy f.c.c. phase with
lattice parameter a ¼ 0.3533(12) nm, whereas, when the
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Table 1. Nanostructure of some investigated systems obtained by
sequential ion implantation without subsequent annealing.

System Nanostructure Ref.

Au–Cu Alloy [32]
Au–Ag Alloy [71]
Au–Fe Alloy [72]
Fe–Al Alloy [73]
Pd–Ag Alloy [74]
Pd–Fe Alloy [75]
Pd–Cu Alloy [76]
Cu–Ni Alloy [77]
Ni–Co Alloy [78]
Co–Cu Alloy� [78]
Ag–S Core–shell [79]
Ga–N Separated [80]
In–N Separated

The labeling A–B indicates the implantation order: first ion A and then

ion B.
�h.c.p. and f.c.c. phase coexistence.
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Co concentration in the alloy is increased above 70%
(Co4Ni1), an h.c.p. diffraction pattern is obtained. The
difference in structure as a function of the Co contents in
the alloy is of paramount importance for controlling the
magnetic properties. In Figure 10(c) the hysteresis loop of
f.c.c. Co1Ni1 and h.c.p. Co4Ni1 samples (at the same
total fluence) are compared: the average cluster size in
both samples is similar (about 5 nm) but the h.c.p. phase
(Co4Ni1) exhibits a coercive field which is absent in the
f.c.c. phase (Co1Ni1). This is due to the reduction in
symmetry of the hexagonal unit cell with respect to the
cubic one.

3.2. Metastable Alloys

We want now to discuss in detail the formation of meta-
stable alloys, as Au–Fe [72]. The interest of investigating
this type of systems is in the combination of two metals
with different application areas: while Fe or Fe-based
nanocomposites are among the most investigated magnetic
material, AuFe nanoparticles could combine two kinds of
properties, magnetic and optical. Bulk Au–Fe alloys can be
obtained by different out-of-equilibrium methods [82]
showing interesting magnetic, magneto-transport, and
magneto-optical properties [83–88]. In particular the L10
ordered structure has been observed in thin films [84].
Nanoparticles with this structure, typically characterized
by a large magnetocrystalline anisotropy, could be very
interesting ferromagnetic recording applications. However
most works related to Au–Fe nanoparticles have consi-
dered core–shell or onion-like nanostructures [89–91]. Only
recently the formation by electronic beam evaporation
technique of Fe–Au nanoparticles with complex structure
has been reported [92]. In our work [72] we showed
the possibility of obtaining Au–Fe alloy nanoparticles by
sequential implantation technique. The implantation ener-
gies were 190 keV for Au and 90keV for Fe to obtain the
same projected range (about 70 nm), in order to maximize
the overlap between the concentration depth profiles of
both species. For comparison, also single implants of gold

and iron were performed with the same implantation con-
ditions. The bimetallic Au–Fe sample was heat treated in a
conventional furnace at different temperatures between
400 1C and 900 1C in a flowing gas mixture of
Ar(90%)–H2(10%) for 1 h. Despite the two species not
being miscible in the bulk, structural characterizations
show that the nanoparticles produced are an Au–Fe alloy.
The bright-field cross-sectional TEM micrograph of the
Au–Fe as implanted sample shows that the largest clusters
are found at a depth of about 50–60 nm (to be compared
with the nominal range of 70 nm). The nanoparticles were
spherical with an average size of 4–6 nm with a broad size
distribution (few very large clusters up to 20nm in size are
indeed present in the middle of the implanted region).
SAED and GIXRD patterns (see Figure 11(a)) indicate a
single f.c.c. structure with a lattice parameter of 0.395(1)
nm, which is different from the pure gold f.c.c. value
(a ¼ 0.4082 nm). Fe has typically a b.c.c. arrangement with
a lattice parameter of 0.2870nm. On the other hand, the Fe
f.c.c. phase can have a lattice parameter ranging from
0.340 nm to 0.388 nm [93]. All these values are not con-
sistent with the measured one for the Au–Fe sample. At
600 1C we observe a splitting of the original single f.c.c.
phase in two f.c.c. phases with lattice parameters equal to
0.404(1) nm and 0.396(1) nm, respectively. This indicates
that a strong structural rearrangement took place. The first
value is more similar to that of gold, although smaller than
it, and the last one is similar to that of the as-implanted
sample. Therefore diffraction results can be consistently
interpreted with the formation of an Au–Fe f.c.c. solid
solution in as-implanted sample, and a de-alloying process
starting at about 600 1C.

To be more confident on alloy formation, we per-
formed EDS compositional analysis with an electron
probe size of 1 nm FWHM focused on isolated clusters: as
expected for bimetallic clusters, Au and Fe signals are
together present in the spectrum. The measured Au/Fe
atomic ratio on the largest clusters is about 1.670.2, in-
dicating an Au-enriched alloy. Moreover also preliminary
EXAFS spectroscopy on the sample evidenced a clear
Au–Fe correlation, unambiguously confirming alloy

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

−1x10-5

−5x10-6

0

5x10-6

1x10-5

CoNi 1:1
CoNi 4:1

M
ag

ne
tic

 m
om

en
t

pe
r 

gl
as

s 
m

as
s 

(k
A

m
−1

/K
g)

Magnetic Field (T)

(c)(a) (b)

50 nm

Figure 10. (a) Cross-sectional bright-field TEM image of sequentially ion-implanted silica with Co and Ni with a concentration ratio of
4:1 for a total fluence 30� 1016 ions/cm2; (b) planar bright-field TEM image of sequentially ion-implanted silica with Co and Ni with a
concentration ratio of 1:1 for a total fluence 40� 1016 ions/cm2; (c) comparison between the room temperature hysteresis loop of f.c.c.
Co1Ni1 and h.c.p. Co4Ni1 samples. (Reprinted from Ref. [1], r 2005, with permission from Italian Physical Society.)

P. Mazzoldi and G. Mattei280



formation. Considering the Au/Fe ratio measured by
EDS, the Fe atoms that do not participate to the alloy
should be dispersed in the matrix probably in an oxidized
form [94]. Au–Fe alloy formation reflects on the optical
absorption spectrum of the sample shown in Figure 11(b).
It is well known that pure Au nanoparticles in silica ex-
hibit a SPR absorption at about 530 nm [1]. This band is
absent in the Au–Fe sample, indicating a strong electronic
interaction between Au and Fe atoms which is able to
damp the SPR resonance by means of strong interband
transitions. After annealing at 600 1C the Au-related SPR
absorption is evident, confirming the occurrence of the de-
alloying process. These interband transitions should also
affect the magnetic behavior of the nanocomposite. In
Figure 11(c) the hysteresis loops measured at 3K of the
Au–Fe and only-Fe samples are shown. The spectra were
corrected for the diamagnetic contribution of the silica
and normalized to the measured Fe fluence. The magnetic
moment per Fe atom at 6T of the Au–Fe sample is
slightly smaller (1.470.1 mB) than that of the only Fe
sample (1.870.1 mB). The coercive field of both samples
are similar, 2471mT. The magnetic order in Fe–Au al-
loys can depend on the composition, structure and on the
chemical order. The dependence of the Fe magnetic mo-
ment per atom has been measured as function of the
AuxFe100�x composition in melt spinning alloys [82]. The
Fe magnetic moment for 10o�o75 is constant, 2.2 mB,
and this value decreases for larger Au contents,

confirming that the composition of the Au–Fe alloy ob-
tained in the present work should be enriched in Au.

3.3. Core– Shell Structure

Sequential ion implantation gives rise to ‘‘mixed’’ clusters,
in the sense that both elements are present on the same
cluster but each one maintaining its structure in a
core–shell arrangement. Fused silica slides were sequenti-
ally implanted at room temperature with Ag (65 keV en-
ergy) and S (30 keV) ions at a fluence of 5� 1016 ions/cm2

and 2� 1016 ions/cm2, respectively, to obtain the same
projected range of about 40 nm [79]. In Figure 12(a) a
high-resolution TEM image shows the lattice fringes aris-
ing from the shell made of Ag2S in the acanthite form
superimposed on the core composed of Ag. In Figure
12(b) a bright-field view of the sample sequentially im-
planted first with Ag and then with S ions shows a spher-
ical core–shell cluster with a clear contrast between the Ag
core and the Ag2S shell. It is interesting to note that no
mixed clusters are obtained upon reversing the implanta-
tion order: performing first S and then Ag implantation
(S–Ag sample), only Ag clusters are detected while S takes
part to the formation of thiosilicate species [79]. This can
be seen in Figure 12(c and d) which compare the SAED
electronic diffraction of the two samples: Figure 12(c)
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Figure 11. Grazing incidence X-ray diffraction patterns (a) and OD spectra (b) of the as-implanted Au–Fe sample and of the sample
after annealing at 600 1C for 1 h in reducing atmosphere. (c) Hysteresis loops of the as implanted Au–Fe and of the only-Fe samples
measured at 3K.

Figure 12. Cross-sectional TEM images of a silica sample implanted with Ag and S: (a) high-resolution image showing the lattice
planes of the Ag2S shell; (b) bright-field showing the contrast between the Ag core and the Ag2S shell; (c) and (d) are the diffraction
pattern of the sample sequentially implanted with S followed by Ag and with Ag followed by S, respectively. (Reprinted from Ref. [1],
r 2005, with permission from Italian Physical Society.)
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shows an f.c.c. pattern of silver nanoclusters in the S–Ag
sample, whereas Figure 12(d) shows both the f.c.c. reflec-
tions of Ag nanoclusters and the monoclinic one of the
Ag2S shell.

4. Some Case Histories

4.1. Non-Linear Optical Properties of Au-Based
Alloys

Metal quantum-dot composites, in particular MNCGs,
exhibit an enhanced optical Kerr susceptibility, w(3),
whose real part is related to the n2 coefficient of the
intensity dependent refractive index, usually defined as
n(I) ¼ n0+n2I, where n0 and I are the linear refractive
index and the intensity of the light, respectively. Corre-
spondingly, also a non-linear absorption takes place
which can be described macroscopically by the intensity-
dependent absorption coefficient a(I) ¼ a0+bI, where
a0 and b are the linear and non-linear absorption coeffi-
cients, respectively. The intraband and interband elec-
tronic transitions that contribute to the effective w(3) turn
out to depend on the type of metal and the form and size
of the clusters, as well as on the metal–dielectric bonds
[10] Suitable methodologies are therefore needed for
tailoring the formation of small metal clusters within the
glass, with the aim being to fabricate non-linear glasses
with prescribed optical performances. This non-linearity
can be described for centro-symmetric systems (like ran-
domly dispersed nanoclusters in an amorphous matrix,
which do not exhibit even order contributions) as a third-
order correction in the external field E to the linear polari-
zation P, whose component i reads:

Pi ¼ �0
X

j

wð1Þij Ej þ
X

j

wð3ÞijklEjE
	
kEl

 !
(7)

The third-order optical Kerr susceptibility of nanocom-
posites, weff, formed by a non-absorbing matrix, with
dielectric constant em, containing metal nanoclusters with
low volume fraction p (i.e., filling factor) is given [95] by:

wð3Þeff ¼ pwð3Þcluj f cj
2f 2

c (8)

f c ¼
3�m

�þ 2�m
(9)

where wð3Þclu is the non-linear contribution of the clusters,
e the metal dielectric constant, and fc the local field
enhancement factor. Mutual electromagnetic interactions
among nanoparticles determine an increase of the
modulus of fc.

MNCGs exhibit high non-linearity in the picosecond
regime [27,96,97]. They could offer the possibility to
realize all-optical switching devices, that is, operating in a
time range faster than the electronic ones and without
converting optical signals to electronic form. Among the
techniques for the measurement of the non-linear refrac-
tive index of a material, Z-scan technique, originally pro-
posed by Sheik-Bahae et al. [98], allows to determine both
sign and magnitude of n2 [99,100]. Z-scan technique is

very sensitive to detect small non-linear refractions, how-
ever it is difficult to discriminate between electronic and
thermal effects. In particular, the use of high repetition-
rate lasers [3,96,101] may trigger important heating of the
composite glasses, giving rise to thermo-optical non-
linearities (due to cumulative heating of the sample) that
can obscure all fast relaxation processes. In Ref. [95] we
evidenced and evaluated the importance of the heating
effects among the physical origins of the non-linear
optical properties exhibited by MNCGs. To avoid sam-
ple heating, Z-scan measurements were performed using a
ring-cavity, mode-locked Nd:glass laser as a source. This
laser supplies single shots at a very low repetition rate
(about 1Hz), each one being a train of about 100 pulses of
nearly equal intensity. The single pulse duration is about
6 ps, and the time separation between two pulses is about
5 ns, avoiding cumulative heating effects. The laser peak
power was about 140MW. We used both the fundamental
(l ¼ 1064 nm) and the second harmonic (l ¼ 532 nm) of
the laser. Very interesting fast non-linear optical proper-
ties are shown by the MNCGs containing AuAg and
AuCu nanoclusters, produced by ion implantation, with
non-linear refractive index n2 of (�1.670.3)� 10�10 cm2/
W and (+6.371.2)� 10�11 cm2/W, at 527 nm of wave-
length [95,102], respectively. Just to have an idea of
the increase in the non-linear optical properties due
to the nanoclusters, the pure silica matrix has a
n2(SiO2) ¼ 5� 10�16 cm2/W. The peculiarities of this
experimental finding are the very large modulus value of
n2 and the sign change according to the cluster compo-
sition. Such high value of the fast n2 coefficient has never
been detected in MNCGs up to now [103]. An explanation
of this evidence can be given by considering that for metal
volume fractions (i.e., filling factors) p around 0.1 and
near the SPR wavelength, the mutual electromagnetic in-
teractions among nanoparticles begin to induce deviations
from the low-p approximation of the third-order optical
Kerr susceptibility, wð3Þeff [95]. Mutual interaction among
nanoparticles [104] could then explain the large values of
the n2 coefficients. As far as the sign reversal of the non-
linear refractive index as a function of the cluster com-
position is concerned, this evidence in a MNCG is related
to the relative position in wavelength of the nanoparticle
surface plasmon band with respect to the used laser
(527 nm). The local-field enhancement factor for alloy
nanoclusters embedded in silica glass has been computed
in the frame of Mie theory, starting from experimental
bulk dielectric functions of a metallic Au–Ag alloy and
correcting them for the finite size of the particles [95].
Indeed, the negative sign of n2 is well explained by con-
sidering the wavelength dependence of the nanoparticles
local-field factor.

Interesting nanostructures, that may present an inter-
action among nanoclusters, with consequent increase of
local field enhancement factor are obtained by irradiating
AuCu alloy clusters with Ne ions at 190 keV [30].

The irradiation conditions were chosen to avoid over-
lap of the implanted Ne atoms with the already formed
clusters: the RP of the Ne ions is indeed about 410 nm with
a straggling of about 100 nm. Therefore irradiating ions
release part of their energy crossing the region in which
the bimetallic nanoclusters are present (centered around a
depth of 70 nm).
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The effect is shown in Figure 13(b and c) in comparison
with the unirradiated reference, Figure 13(a). The most
evident result is the new topology of the clusters: around
each original cluster a set of satellite clusters of about
1–2 nm are present with an average distance of about 3 nm
from the cluster surface, similarly to what reported in a
ion-beam mixing experiment of Au islands irradiated by
Au MeV-ions [105,106]. In those works, the NCs halo
observed around the larger Au precipitates was explained
in terms of the ballistic process, which dissolves NCs into
the SiO2 host by ion mixing, and of the large increase in
the solute concentration in the matrix with a subsequent
precipitation. In those experiments the nuclear compo-
nents of the energy loss (Sn) was comparable to the elec-
tronic one (Se), whereas in Ref. [30] for 190 keV Ne ion
irradiation the ratio Se/Sn is about 3. Two points are
worth noting in the present experiment: (i) the asymmetry
in the density of the satellites around the clusters: a closer
inspection at Figure 13(c) shows that they are more dense
and slightly larger in the region opposite to the surface
(i.e., to the irradiating beam direction) with respect to the
cluster; (ii) the composition of the satellites: EDS com-
positional analysis with a focused electron beam of 2 nm
FWHM of the FEG-TEM in the central part of the cluster
(region 1 of Figure 13(c)) gives an Au/Cu atomic ratio
(measured at AuL and CuK) of 1.370.1, whereas the

same ratio measured in region 2 (i.e., on the satellite clus-
ters) results to be 3.270.3, indicating a preferential ex-
traction of Au from the original clusters. The asymmetry
in the satellite cluster density supports the hypothesis of a
relevant contribution of the Sn component of the energy
loss in the creation of an elemental-selective vacancy for-
mation in the NCs, which could be also responsible for
the preferential Au out-coming from the original alloy.

Similar results are obtained for AuAg nanoclusters af-
ter irradiation with He, Ne, or Kr ions [25]. Fused silica
slides were sequentially implanted with Au+ and Ag+

ions at room temperature at ion energies of 190 keV for
Au and 130 keV for Ag and fluences of 3� 1016 ions/cm2

for both ions. Implanted slides were then heat treated in a
conventional furnace in air at 800 1C for 1 h. The anneal-
ing conditions were chosen to produce large and well-
separated clusters. This is the reference sample, in the
following labeled as AuAg. The reference sample was ir-
radiated with He, Ne, Ar, or Kr at different fluence and
energy so as to deposit the same energy and power density
on the sample.

In Figure 14(a) the bright-field TEM cross-sectional
image of the reference AuAg sample is shown. The size
distribution of the clusters has an average diameter
/DS ¼ 11.7 nm and a standard deviation of the exper-
imental bimodal distribution s ¼ 6.4 nm. The effect of

Figure 13. Bright-field TEM cross-sectional micrograph of the sample Au3Cu3H (annealing in H2 (4%)–N2 atmosphere at 900 1C for
1 h) before (a) and after irradiation at room temperature with 190 keV Ne ions, at a fluence of 1� 1017 ions/cm2 (b). In (c) the satellite-
like topology of the clusters is shown at higher magnification (Reprinted from Ref. [1], with permission from SIF.)

Figure 14. Bright-field TEM cross-sectional micrograph of the sample AuAg before (a) and after irradiation at room temperature with
100 keV Ne ions at a fluence of 5� 1016 ions/cm2 (b); with 190 keV Ar at a fluence of 2.5� 1016 ions/cm2 (c) and with 190 keV Ar at a
fluence of 1� 1016 ions/cm2 (d). (Reprinted from Ref. [1], r 2005, with permission from Italian Physical Society.)
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irradiating the AuAg sample with Ne ions at 100 keV and
with Ar at 190 keV is shown in Figure 14(b and c), re-
spectively. Ion irradiation promotes the formation of sat-
ellite clusters around each original cluster (similar images
are obtained after irradiation with 25 keV He ions and
with 380 keVKr ions). Moreover, comparing Figure 14(b
and c) we note that the Ar-irradiated AuAg sample has a
larger volumetric density of satellite clusters than the Ne-
irradiated AuAg sample. Increasing the nuclear fraction
of the energy loss increases the formation of vacancies in
the original cluster during the collisional cascade (as ob-
tained by Monte Carlo simulations). To investigate the
effect of the fluence during the irradiation process, in
Figure 14(d) we report the bright field TEM cross-
sectional image of the AuAg sample irradiated with Ar at
190 keV at a fluence (1 � 1016 ions/cm2) lower than that of
Figure 14(c). We note that higher the fluence, the larger is
the volumetric density of satellite clusters around each
original cluster.

EDS compositional analysis with a focused 2 nm elec-
tron beam of the FEG–TEM in the central part of mother
cluster on the Ar-irradiated AuAg sample, gives an Au/
Ag ratio (measured at AuL and AgL) of 1.470.1, whereas
the same ratio measured on the satellite clusters is
2.370.8. Similar ratios have been found from EDS anal-
ysis on AuAg sample irradiated with He, Ne, or Kr ions.
EDS analysis reveals therefore a preferential extraction of
Au atoms from the original cluster and this selective de-
alloying process is independent of the particular system
investigated (we obtained similar results for Ne-irradiated
AuCu cluster, as previously reported).

The peculiar topology of the core-satellite nanoclusters
in the ion-irradiated samples results in a red-shift of the
SPR absorption band of the system, due to a strong cou-
pling between the core and the satellite nanoclusters,
which strongly affects the local field near the core surface.
In Figure 15 we report preliminary results [107] in the
frame of the Generalized Multiparticle Mie (GMM) ap-
proximation which improves the simple Mie approach
which is valid for non-interacting clusters. The experi-
mental core-satellite nanostructure obtained upon He ir-
radiation on AuAg nanocluster (see Figure 15(a)) is
modeled as in Figure 15(b), producing the modulus of the
local field on a section in the equatorial plane of the sys-
tem shown in Figure 15(c) and calculated at the SPR po-
sition of the system (460 nm). A field enhancement of
about 15 is obtained, which could be exploited for con-
trolling the non-linear optical properties of these systems.

4.2. Gas-Sensors

We have investigated [68] the optical gas-sensing proper-
ties of PMDA–ODA polyimide thin films prepared by
implanting different fluences of Au+ ions, as presented in
the Section 2.2.5, in the presence of mixtures containing
vapors of methanol, ethanol, and gases, like NO2 and
NH3, in dry air. Also, we studied the SPR in the virgin
polyimide to discuss the gas-sensing mechanism taking
place in the Au-polyimide nanocomposite samples. A
specific experimental set-up was realized to acquire si-
multaneously the array of optical responses to gases and/
or vapors in terms of the absorption curves variations in
the UV–Vis spectral range (300–700 nm). All the meas-
urements were carried out at room temperature and at
normal incidence of the light beam. The effect of volatile
organic compounds (VOC) vapors on the absorption
properties of the active layer was measured in a dynamic
pressure system implemented in our laboratory where dry
air at ambient pressure was used as carrier and reference
gas. The spectrum of each thin active layer was first
measured in dry air flow and used as the standard refer-
ence for the absorption spectrum of the film in the pres-
ence of different vapors. The experimental optical set-up
for SPR measurements is based on Kretschmann config-
uration [108], as reported in Figure 16.

Surface plasmon excitation was achieved by focusing a
p-polarized light beam of a He–Ne monochromatic laser
source (l ¼ 632.8 nm) onto the prism/sample interface
and the intensity of the reflected light was measured as a
function of the incident angle using a photodiode. The
dynamic sensing measurements were performed by keep-
ing the incident angle of the laser beam at a fixed value at
a given exposure time. In Figure 17, we represented the
optical absorption spectra of the sample implanted with a
fluence of 5� 1016Au+/cm2 and in presence of methanol
vapor. As can be observed, the presence of the vapor
produces an increase of the optical absorption in the en-
tire spectra region larger than the optical absorption edge
of the nanocomposite. Similar effect is observed in pres-
ence of ethanol vapor, but the experiments performed
with NO2 and NH3 gases do not produce change in the
optical spectrum of the nanocomposite. Similar experi-
ments realized onto samples implanted with smaller ion
fluences show that there were no changes in their optical
properties in presence of all the analytes. In conclusion,
only implanted samples at a fluence of 5� 1016Au+/cm2

can be used for vapor sensing.

Figure 15. (a) The experimental core-satellite nanostructure obtained upon He irradiation on AuAg nanocluster, (b) its corresponding
model, (c) the computed modulus of the local field on a section in the equatorial plane of the system shown in (b) and calculated at the
SPR position of the system (460 nm).
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In the inset of Figure 17, the difference in the absorb-
ance spectra of the implanted sample in presence of dry
air and of methanol has been represented. As can be ob-
served, there is an increase in the absorbance that begins
in 350 nm and has a maximum around 500 nm in the same
wavelength range characteristic of the gold nanoparticles
SPR. The dynamic response obtained onto virgin polymer
and onto the implanted polymer samples were measured
by recording the absorbance intensity on two independent
channels fixing in 5min the time interval of the exposure
to the vapors and the recovering. Figure 18 report the
dynamic response curves relative to the virgin polyimide
film (b,d) and 5� 1016Au+/cm2 implanted film (a,c) in
the presence of a mixture of dry air containing methanol

vapors (a,b) and ethanol vapors (c,d) at a concentration
of about 6000 ppm, respectively. The response curves have
been obtained by monitoring as a function of time the
integral area calculated under the absorption curve in the
350–800 nm spectral range in the case of polyimide film
and 450–650 nm spectral range in the case of implanted
polyimide film. In the last case, we have analyzed the
spectral region centered around the typical plasmon peak
of the gold implanted nanoparticles. The virgin polyimide
film does not present any variation in the absorption
curves in the presence of alcohol vapors. A response ap-
pears in the case of gold implanted polyimide film with an
increase of the integral area around the region of the
plasmon peak that is not limited at this region but in-
volves all the mixed structure gold nanoparticles/polymer
as evidenced from the absorption spectra carried out in
dry air and in alcohol vapors and reported in Figure 17.
The above results show that the structure of the polyimide
film undergoes a modification due to the gold implanta-
tion and the interaction between vapors and the sensing
layer is imputable to this new mixed structure.

In Figure 19, the SPR reflectivity (measured by using
the set-up described in Figure 16) of the film in presence of
dry-air and methanol vapor (6000 ppm) is shown. It can
be observed that the change consists of a shift in the SPR
angle. No change of the reflectivity value is observed.
Such modification only can be related to the change of
refractive index and/or the film thickness but not to a
change of absorption. However, by implanting Au, the
absorption of the vapor produces the variation of ab-
sorption. Then we conclude that the interaction process
between the vapors and the virgin polymer and the high
fluence implanted sample are very different. As is well-
known that gold nanoparticles and clusters show a strong
catalytic activity [109,110], we think that in the implanted
sample there will be a combined chemical interaction
of the vapors with the nanoparticles and the polymeric
matrix.

Comparing the two optical transduction techniques
(absorption or SPR) used in this work, we can conclude
that SPR technique appears to be more suitable for gas
sensing even if it presents some limitation regarding the
suitable film thickness for SPR excitation. Moreover, the
response and recovery times during the analyte/sensing
layer interaction appears shortest in the case of optical
absorption measurements. Further investigations are in

Figure 17. Optical absorption spectra of the polyimide im-
planted with 5� 1016Au+/cm2 in presence of dry air and of
methanol vapor (6000ppm). Inset: optical absorption difference
calculated taking into account both spectra. (Reprinted from Ref.
[68], r 2005, with permission from Elsevier.)
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Figure 16. SPR measurement experimental set-up. The zoom on the right is a sketch of the sensing layered structure.
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progress in order to increase the performance of the sens-
ing layer, formed by polymers containing nanoparticles,
in terms of sensitivity, selectivity, and stability.

4.3. Energy Transfer Towards Rare Earths

In the past few years, erbium doped materials gained
much attention in the field of optical communications,
since the Er3+ ion shows a broad optical emission at
1540 nm [111], within the main wavelengths window in the
telecommunication technology. For this reason Er can be
suitable as an active element for the generation and am-
plification of light in optical devices [112,113], also if lim-
itations for the realization of an efficient planar amplifier
are related to the small cross section for Er excitation
(typically 10�21–10�19 cm2 according to the matrix). In
order to enhance Er ion pumping efficiency, a possible

solution is represented by the interaction with sensitizing
species such as other rare earths like Yb [114], semicon-
ductor nanostructures like Si [115–119] and Ge [120]
nanoaggregates, organic complexes [121], and more re-
cently metals like Ag [7,122]. The possibility of Er sen-
sitization by Ag has been suggested by previous
observations of an optical activity in the visible and near
ultraviolet in Ag-doped glasses [123,124]. Concerning me-
tallic species, an enhancement of the Er luminescence has
been evidenced in sol–gel silica samples triggered by the
SPR of 20 nm Au nanoclusters and by the gettering of the
OH groups at the Au clusters surface [125]. On the other
hand, Ref. [126] on Ag clusters as Er sensitizers in silica
pointed out that a photoluminescence enhancement can
be attained without development of SPR, that is without
large metallic clusters. We investigated the possibility of
an energy transfer to Er ions triggered by ultra-small Au
nanoclusters, by implanting Er and Au in silica matrix. A
silica substrate was implanted with Er ions at three differ-
ent energies in order to produce a constant Er concentra-
tion profile of about 1020 Er+/cm3, extended over a 70 nm
thick subsurface layer [127]. This Er concentration was
chosen below the reported threshold for concentration
quenching in silica glasses [123] to avoid cooperative non-
radiative de-excitation effects. This sample labeled ‘Er-
reference’ was thermally treated in a conventional furnace
at 900 1C in N2 for 1 h to anneal radiation-induced defects
and to activate the Er3+ luminescence. Gold was subse-
quently introduced in the Er-reference sample by a further
triple implantation process at different energies corre-
sponding to a constant Au concentration profile of about
1021Au+/cm3 (over the Er-doped layer). Post Au-implan-
tation thermal treatments were carried out in N2 atmos-
phere for 1 h in the temperature range from 400 to 900 1C.
The occurrence of an energy-transfer process after the
introduction of gold ions in Er implanted silica has been
evidenced by a photoluminescence (PL) study of the Er3+

emission around 1540 nm both in resonant (488 nm) and
non-resonant (476.5 nm) pumping conditions. Figure
20(a) compares the PL spectra of the Au-implanted sam-
ple annealed at 600 1C (Er+Au 600 1C) and of the Er
reference. Exciting both samples at the resonant wave-
length of 488 nm the PL signal from the Er+Au 600 1C
sample is higher than the one from the Er reference, with
an enhancement factor of about 7. Moreover, the co-im-
planted (Er+Au) sample shows the Er emission when
excited out of resonance, at 476.5 nm: this is the

Figure 18. Dynamical optical absorption responses for (a,c) the polyimide film implanted with 5� 1016Au+/cm2 and for (b,d) the
virgin film obtained upon different exposures to (a,b) methanol vapors (6000ppm) or (c,d) to ethanol vapors (6000 ppm).

Figure 19. Film SPR spectra of the virgin polyimide in dry air
(full line) and in presence of 6000 ppm methanol vapors (dashed
line). Inset: dynamic response upon repeated exposure to satu-
rated methanol vapors at a fixed angle of incidence. (Reprinted
from Ref. [68], r 2005, with permission from Elsevier.)
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fingerprint of an Er excitation mechanism through en-
ergy-transfer process from Au-related sensitizing centers.
In this sample, the possibility of a broadband excitation of
Er is evidenced by the excitation spectrum (PLE) for the
luminescence signal at 1540 nm, as shown in Figure 20(b).
While in absence of any interactions with sensitizing spe-
cies a series of peaks corresponding to transitions towards
the discrete energy levels of Er ions is commonly ob-
served, [118,122] in the case of the Er+Au 600 1C sample,
rare earth can be stimulated in a continuous range of
excitation wavelengths with an increasing efficiency to-
wards the UV spectrum. A similar behavior in the PLE
spectrum has been obtained for Er and Ag co-doped
glasses [7,122] and the energy-transfer mechanism was re-
lated to silver ions or atom pairs rather than to nano-
clusters.

In order to clarify the mechanism responsible of the
energy transfer, we investigated the aggregation state of
Au atoms and the chemical environment of Er ions in our
samples, by performing an EXAFS analysis on the
Er+Au 600 1C sample. The experiment evidenced an
Au–Au coordination proving the presence of Au metallic
aggregates, with an estimated Au–Au distance
R ¼ 2.7870.01 Å, consistent with the presence of small

(about 1 nm in size) Au clusters, that are known to exhibit
a contraction of the interatomic distances [128]. To analyze
the influence of gold aggregation on the energy-transfer
process, a set of isochronal (1 h) thermal annealings in N2

in the temperature range 400–900 1C was performed after
Au implantation.

It is interesting to note (Figure 21(a)) that already after
Au implantation a 50% increase of Er emission at
1540 nm with respect to the Er reference takes place both
in resonant and non-resonant pumping conditions. A fur-
ther enhancement is obtained upon thermal treatment at
higher temperature up to 600 1C. Above this temperature,
the PL signal falls off progressively. The initial PL inten-
sity increase could be related to the thermal recovery of
Au-implantation induced defects and to the consequent
activation of rare earth optical behavior. The decrease of
the PL emission above 600 1C has been related to the on-
set of a competitive mechanism that we attribute to the
further growth of the Au aggregates through an Ostwald
ripening process, which induces Au clustering and conse-
quently a change from molecular-like (i.e., discrete) to
bulk-like (quasi continuous) energy levels of the aggre-
gates and an increase of average distance between Au
clusters and Er ions, promoting a progressive reduction of
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the efficiency in the energy transfer from the Au-related
sensitizing centers. This modification of gold nanostruc-
ture is clearly visible in Figure 21(b), which shows the OD
of the Er+Au samples as a function of the annealing
temperature. The Er+Au sample annealed at 900 1C ex-
hibits a well-developed SPR absorption near 520 nm (typ-
ical of Au nanoclusters in SiO2), which is very weak or
absent at lower temperatures. Indeed, as obtained by the
EXAFS analysis, up to 600 1C annealing temperature, a
large fraction of gold are mainly in the form of sub-nm
aggregates that are too small to have a continuous density
of states necessary to support a well-developed SPR res-
onance characteristic of larger free-electron metal nano-
particles. All the Er+Au samples exhibit an absorbance
intensity increasing from the red to the near UV range.
This feature is consistent with absorption spectra of few-
atom gold aggregates [129], showing an upward inflection
at an energy of about 1.6 eV related to the onset of elec-
tron interband transitions from the top of the d-levels to
the lowest unoccupied sp-conduction level. In summary,
this work demonstrates that sub-nanometric Au metallic
aggregates are efficient sensitizers for Er luminescence in
silica, resulting in a broadband increase of rare earth ion
emission at 1540mm. From the evolution of the optical
properties of the co-doped samples as a function of the
annealing temperature, we concluded that Er sensitization
process can be related to a photon absorption involving d-
to sp-levels transitions in small Au nanoaggregates with
metallic character. Such results support the observed en-
ergy transfer from Ag nanostructures to Er, as evidenced
in Ref. [7].

5. Conclusions

The advantages and the perspectives of the ion-implan-
tation technique in the formation of metal or metal alloys
nanoclusters in dielectric matrix have been presented in
detail. The most relevant technological parameters for ion
implantation (fluence, energy) and for subsequent treat-
ments (thermal annealing, ion irradiation with low-mass
ions) were investigated to control cluster composition,
size, and stability. Nanocluster growth mechanisms have
been discussed and correlated to theoretical approaches.
The formation of metal alloys nanoclusters can be ob-
tained through sequential ion implantation. The temporal
sequence of implants is important in the formation of
core–shell structures. Particularly intriguing is the mod-
ification induced by ion irradiation on the topology and
composition of Au–Ag and Au–Cu nanoclusters: around
each original cluster a halo of small satellites develops
with a preferential out-coming of Au, indicating an ele-
mental selective de-alloying.

As far as the technological properties of the systems
investigated are concerned, very interesting results have
been obtained about the non-linear optical properties of
MNCGes and energy transfer from metal nanostructures
and rare earths for optical amplifiers. Metal nanoclusters
doped glasses represent a new branch of optical materials
and are potentially useful for many applications in digital
optical processing, optoelectronics, integrated and nano-
optics. Much experimental and theoretical effort is

focused on the unique physical properties of these mate-
rials, which are quite different from those of the bulk
matrix materials and depend on the cluster size, shape,
and packing density. In the huge volume of work in the
field of materials science for nano-scale applications,
nanocluster-doped glasses have become one of the most
promising materials. Interesting perspectives are present
for dielectric materials containing magnetic nanoclusters
and polymers containing gold nanoclusters for gas-sens-
ing devices. Ion-implantation technique presents, in
nanotecnology field, peculiar characteristic related to a
control of the composition of nanostructured materials,
cluster size and a technological approach, derived by the
long activity in microelectronics.

Appendix A

List of the acronyms and symbols used in the text.

EDS Energy dispersive X-ray spectrometry
EXAFS Extended X-ray absorption fine structure
FEG-TEM Field-emission gun – transmission electron

microscope
GDVDP Glow discharge vapor deposition

polymerization
GIXRD Grazing incidence X-ray diffraction
GMM Generalized multiparticle Mie theory
MNCG Metal nanocluster composite glass
NC Nanocluster
OD Optical density
PL Photo-luminescence
RED Radiation-enhanced diffusion
RP Ion projected range
DRP Ion straggling
SAED Selected-area electron diffraction
Se Electronic component of the stopping

power
Sn Nuclear component of the stopping power
SPR Surface plasma resonance
SRIM Stopping and range of ions in matter

(Monte Carlo code)
TEM Transmission electron microscopy
VOC Volatile organic compound
XPS X-ray photoelectron spectroscopy

Appendix B: Experimental Set-Ups Used

Transmission Electron Microscopy (TEM): the micro-
scope used is a FEI field-emission gun FEG-(S)TEM F20
S-Twin operating at 200 kV of accelerating voltage and
equipped with: (i) EDAX energy dispersive X-ray micro-
analysis (EDS); (ii) GATAN parallel electron energy loss
spectrometer (EELS); (iii) GATAN Digital Slow-scan
CCD camera. Operational modes: conventional, atomic-
resolution (point-to-point resolution 0.23 nm), scanning
TEM (STEM), diffraction, nanoanalysis with EDS and
EELS with a nanobeam of FWHMr1 nm. The micro-
scope is at the CNR-IMM Section of Bologna (Italy).
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X-ray Diffraction (XRD): Panalytical X’Pert Pro
MRD High-resolution diffractometer working at CuKa
with a parabolic mirror (high X-ray flux, low azimuthal
divergence) working in parallel beam geometry. It is used
in grazing incidence mode for thin film analysis or for
reflectivity measurements. The diffractometer is at the
Department of Physics, Padova (Italy).

Extended X-ray Absorption Fine Structure (EXAFS):
the measurements were mostly made at the Gilda Italian
Beamline (equipped with a bending magnet) at the Euro-
pean Synchrotron Radiation Facility in Grenoble
(France).

X-ray photoelectron spectroscopy (XPS): XPS and X-
ray-excited Auger electron spectroscopy (XE-AES) meas-
urements were performed with a Perkin Elmer F 5600ci at
a working pressure lower than 1027Pa at the Department
of Inorganic Organometallic and Analytical Chemistry in
Padova (Italy).

Rutherford Backscattering Spectrometry (RBS): in-
depth concentration profiles were determined by Ruther-
ford backscattering spectrometry by using a 2.2MeV
4He+ beam at INFN-Legnaro National Laboratories,
Legnaro-Padova (Italy).

Optical absorption (OA): absorption spectra for all the
samples were collected with a CARY 5E UV–VIS–NIR or
a Jasco V570 dual-beam spectrophotometers in the
200–800nm wavelength range at the Department of Me-
chanical Engineering (Materials Division) in Padova (Italy).
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CHAPTER 15

Size Controlled Pd Nanoparticles Anchored to
Carbon Fiber Fabrics: Novel Structured Catalyst

Effective for Selective Hydrogenation

Lioubov Kiwi-Minsker, Natalia Semagina, and Albert Renken

Group of Catalytic Reaction Engineering, Swiss Federal Institute of Technology (GGRC-ISIC-EPFL), Lausanne,
Switzerland

1. Introduction

Metal particles of nano-dimensions are known to be active
catalytic materials due to their high surface-to-volume
ratio and unique electronic properties. Among a variety of
methods for the nanoparticles fabrication [1–5], a micro-
emulsion (ME) technique is widely used to control the
particle size [6–8]. Monometallic particles, bimetallic par-
ticles and mixed metal oxides have been successfully pre-
pared by this method [9–11]. ME are thermodynamically
stable and optically isotropic dispersions of oil-in-water,
or vice versa, mainly in the form of droplets of nanometer
dimensions stabilized by the interfacial film of surface
active agent(s). Water-in-oil (w/o) MEs are also known as
reverse micelles. They have been generally used for the
synthesis of ultra fine metal particles with narrow size
distribution by the precipitation/reduction of metal salts
dissolved in water droplets [11–14]. The main advantage of
w/o ME is their one-pot fabrication without sophisticated,
time-consuming synthetic steps. The water droplets can be
considered as spatially confined nanoreactors of 5–100 nm
size for the formation of monodispersed particles with a
standard deviation less than 710%. The observed mono-
dispersity is thermodynamically controlled since the sys-
tem has a minimum free energy at a defined fraction of the
dispersed phase (water) governing its droplet size. The
final metal nanoparticle size varies in accordance to the
preparation conditions, like a nature of surfactant, metal
precursor, reducing agent, their concentrations, pH, tem-
perature and the presence of a co-surfactant. The most
important factor influencing the size of the final nanopar-
ticles is the water-to-surfactant ratio, o0: the higher is the
ratio the bigger is the metal particle size.

ME technique is of special interest in the preparation of
catalytically active materials, as the control of particle size
and monodispersity are very important for structure-
sensitive reactions, like hydrogenations [15]. Metal

particle morphology and the size influence the turnover
frequency (TOF) and selectivity due to electronic and ge-
ometric effects.

There are different ways in which the nanoparticles
prepared by ME-technique can be used in catalysis. The
use of ME per se [16,17] implies the addition of extra
components to the catalytic reaction mixture (hydrocar-
bon, water, surfactant, excess of a metal reducing agent).
This leads to a considerable increase of the reaction vol-
ume, and a catalytic reaction may be affected by the
presence of ME via the ‘‘medium’’ and ‘‘solubilization’’
effects. The complex composition of ME does not allow
performing solvent-free reactions.

Nanoparticles may be purified from the ME constitu-
ting components (surfactant and organic phase) via
freeze-drying [18] or a cross-flow ultrafiltration [19]. How-
ever, the use of isolated nanoparticles as the catalysts re-
quires their separation from the reaction mixture after
reaction via ultrafiltration.

Supported catalysts are more suitable for industrial
applications. Different methods for the preparation of the
supported catalysts via a ME-mediated technique have
been recently summarized [6]. Usually the preparation is
based on the mixing of powdered supports/monolith or
support precursors with the ME containing metal nano-
particles [20]. This step is followed by washing with a
solvent to remove the excess of the surfactant. Sometimes
tetrahydrofuran (THF) is added to the mixture in order to
release nanoparticles from the water droplets. Then, the
catalysts are calcined at 200–600 1C for 2–12 h in air or
hydrogen flow. Non-calcined samples often do not show
any catalytic activity because the surfactant is strongly
adsorbed on its surface hindering the access of reacting
molecules [16]. The support impregnation uses an amount
of ME corresponding to the pore volume in order to
minimize the lost of solvent [21]. This requires a high
metal concentration in ME. To attain �1wt.% of the
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supported metal, its concentration in the water core
should be at least �0.5M. This limits the use of the ME
technique for the preparation of the supported catalyst.
Moreover, an increase of the metal concentration in the
water core results in bigger metal particles. Besides, the
calcination step leads to the sintering of metal particles. A
challenging task in preparation of the supported catalysts
is a recovery of the organic phase and surfactant.

The proposed method for preparation of supported
Pd-nanoparticles involving ME allows the recovery of
organic phase and the surfactant preserving the uni-
form particle size and avoids the expensive energy/
time-consuming calcination step. The catalytic material
comprises structured support and monodispersed Pd-
nanoparticles prepared via a modified ME technique. The
fabrics of activated carbon fibers (ACF) are used as a
support. The advantages of this structured catalyst are:
easy reuse due to simple handling, low resistance to the
passage of fluid and high permeability. These properties
make them an attractive alternative to powdered catalytic
materials [22].

2. Synthesis Strategy

General route of the preparation of ME containing nano-
particles consists in the addition of an aqueous metal
precursor to the surfactant-containing hydrocarbon form-
ing ME. The size of the final metallic particle will depend
on the size of the droplets in the ME. The droplet size will
be influenced by the water-to-surfactant ratio, o0. The
ME formation is followed by a reduction with hydrogen,
hydrazine or borohydrates. If a reducing agent is liquid, it
is often introduced as a ME with the same o0. This allows
obtaining necessary o0 and corresponding particle size
after mixing of two MEs. The ME is a dynamic system,
which means that during the process of particle formation
permanent collision of the aggregates takes place. Con-
sequently the formation of particles proceeds in two steps,
first the nucleation process inside the droplet and then the
aggregation to form the final particle. Nanoparticles reach
their final size in 15–60min.

As an initial reverse ME, a wide range of hydrocarbons,
surfactants, metal precursors and reducing agents may be
used [6]. The hydrocarbon may be any aliphatic linear or
branched chain, or cycloaliphatic hydrocarbon. The ME
can be stabilized by a surfactant of any type (i.e., cationic,
anionic, non-ionic). Examples of cationic surfactants are
cetyltrimethylammonium bromide (CTAB) and cetyltrime-
thylammonium chloride (CTAC); an anionic surfactant is
aerosol OT (AOT, sodium bis(2-ethylhexyl) sulphosucci-
nate, or docusate sodium salt); and non-ionic surfactants
are Berol 02 (nonylphenolethoxylate); Berol 050 (penta-
ethyleneglycol dodecyl ether, PEGDE), NP-X (poly
(oxyethylene)nonylphenol ether). CTAB and CTAC are
used with a co-surfactant such as n-hexanol (10 vol.% to
hydrocarbon). One of the most suitable surfactants is AOT
(Figure 1). Water/AOT/hydrocarbon MEs are considered
to be an ideal media to synthesize nanoparticles due to the
well-established structural and dynamic properties of AOT
reversed micelles, the surfactant’s ability to solubilize rel-
atively large amounts of water without a co-surfactant and

the high stability of ME. Palladium monodispersed nano-
particles, for example, may be synthesized in the range
from 3 to 18nm [6,23].

Figure 2 schematically presents a synthetic strategy for
the preparation of the structured catalyst with ME-
derived palladium nanoparticles. After the particles
formation in a reverse ME [23], the hydrocarbon is evap-
orated and methanol is added to dissolve a surfactant and
flocculate nanoparticles, which are subsequently isolated
by centrifugation. Flocculated nanoparticles are re-
dispersed in water by ultrasound giving macroscopically
homogeneous solution. This can be used for the incipient
wetness impregnation of the support. By varying a water-
to-surfactant ratio in the initial ME, catalysts with size-
controlled monodispersed nanoparticles may be obtained.

Two other conventional techniques may be also used
for a supported catalyst preparation [6]. One includes
mixing of a ME and a support via ACF dipping into the
formed ME. In the second one, THF is added during this
mixing to release nanoparticles.

3. Results

The most important issue in the synthetic strategy applied
is that it allows preserving the nanoparticles size and
monodispersity obtained in the initial ME. This means
that once the conditions for nanoparticle preparation of
desired size using reverse ME have been chosen, the size
control in the supported catalyst is insured. As an exam-
ple, two MEs were prepared with a water-to-surfactant
ratios of 3 and 7, which should give the Pd nanoparticle
size of 6 and 12.5 nm, respectively [23]. Figure 3 shows
microphotographs of the particles obtained after the iso-
lation procedure, as well as the histograms of the particle
size distribution. No coagulation takes place during evap-
oration and flocculation. The isolated particles obtained
preserve their size and dispersion. These particles possess
a face-centered cubic (fcc) crystalline lattice according
to high-resolution transmission electron microscopy

O
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S

O

O

O−

Na+

Figure 1. Anionic surfactant aerosol OT for a microemulsion
preparation.
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(HR-TEM, Figure 4). X-ray diffraction analysis revealed
the presence of pure palladium with the characteristic
peaks at 2y of 401, 461 and 681 corresponding to {1 1 1},
{2 0 0} and {2 2 0} planes of a fcc lattice.

Energy-dispersive X-ray analysis showed the absence of
nitrogen, indicating that the Pd colloids are free from the
metal precursor and reducing agent. Sulfur surface con-
tent is three orders of magnitude below the amount in the

+
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2++ N2H4 + 4OH−

                   2Pd + 8NH3 + N2 + 4H2O
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Figure 2. Scheme of the catalyst preparation via a modified microemulsion technique.
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Figure 3. Transmission electron microphotographs and histograms of the particle size distribution for Pd nanoparticles synthesized at
o0 3 (a) and 7 (b) [23] and isolated via the proposed method.
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initial ME confirming that the major part of the surfac-
tant is removed by washing with methanol.

To produce supported catalyst, isolated Pd nanoparti-
cles synthesized at a water-to-surfactant ratio of 3 were
used for incipient wetness impregnation of the ACF sup-
port. After the Pd loading, the catalyst was washed in
heptane. Different ACF samples with/without oxygen-
containing groups [24] were used for Pd loading showing
the �0.5wt.% Pd content. When the ACF fabrics were
used for the Pd-particle deposition via the conventional
techniques (dipping of ACF into nanoparticle-containing
ME) [6], only 0.05wt.% Pd could be loaded. This amount
increased up to 0.1wt.% upon addition of THF.

In conclusion, the method proposed herein allows high
loading of Pd irrespectively of the support surface func-
tionality.

4. A Case History

The synthesis of Pd/ACF (0.42wt.% Pd) catalyst with
monodispersed nanoparticles carried out at o0 ¼ 3 is
illustrated, as well as its catalytic performance in a liquid-
phase hydrogenation of 1-hexyne in comparison with a
traditional powdered Lindlar catalyst.

4.1. Typical Synthesis

KoTHmexs activated carbon fiber fabrics AW-1101
(BET specific surface area of 880m2/g, average pore
diameter of 2 nm) was provided by Taiwan Carbon Tech-
nology Co. Ltd. The support is pretreated in a boiling
aqueous solution of 6.5wt.% HNO3 for 1 h. Then the
support is rinsed with distilled water, air-dried for 12 h at
room temperature and for 5 h at 393K. BET specific
surface area of the ACF is 950m2/g.

All chemicals are of reagent grade; bidistilled water
is used throughout this work. Anionic surfactant AOT
is vacuum-dried for 24 h at 333K directly before use.
Water-free hydrocarbon (e.g., extra dry isooctane, wa-
tero30 ppm) is used for a ME preparation. All glassware
is air-dried at 393K.

An aqueous solution of Pd(NH3)4Cl2 (0.05M) with pH
of 8.5 adjusted with ammonia is used as a metal precursor.
The reducing agent, 1M hydrazine hydrate solution is
prepared before use. A 0.35M solution of AOT is prepared
in 200mL of isooctane and divided in half. To obtain a
final ME with o0 ¼ 3, 1.88mL of the palladium precursor
and reductant solutions are injected separately into an
AOT/isooctane solution and stirred for several minutes
until a transparent ME is obtained. Both MEs are mixed
and stirred at room temperature for 1 h. Dark-brown color
appears indicating Pd reduction to metal state. Nanopar-
ticle-containing ME is then placed into a rotary evaporator
at 323K for 20min under vacuum. To the resulting foam
containing nanoparticles and a surfactant, 50mL of meth-
anol is added at room temperature to dissolve AOT and to
flocculate the palladium nanoparticles. After centrifuga-
tion at 8000 rpm (20min), the supernatant is decanted and
washed with methanol. Centrifugation is repeated two
more times. The precipitate is then redispersed in 12mL of
water by ultrasonic treatment for 10min. This macrosco-
pically homogeneous black colloidal dispersion is used to
impregnate 0.5 g of dry ACF. Several incipient-wetness
impregnations are necessary to load the whole suspension
of nanoparticles onto the support. Between the impregna-
tions, Pd/ACF material is air-dried at 393K for 30min,
washed in heptane and dried for 10min more. Finally, the
catalyst is air-dried overnight at 393K. The Pd loading
attained was 0.570.1wt.%. TEM image of the Pd sup-
ported on ACF catalyst is presented in Figure 5.

Pd content was determined by atomic absorption
spectroscopy at 247.6 nm with an air–acetylene flame.

Figure 4. High-resolution transmission electron microphoto-
graph of an isolated Pd nanoparticle.

Figure 5. TEM image of the carbon-supported Pd nanoparticles
prepared via a typical synthetic procedure.
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Pd/ACF material is heated in air at 970K for 3 h to burn
out carbon, the residuals are dissolved in a hot mixture of
concentrated acids (HCl:HNO3 ¼ 3:1 vol.) and several
drops of aqueous HF.

4.2. Typical Catalytic Test

A liquid-phase 1-hexyne hydrogenation (Figure 6) is
carried out using the synthesized Pd/ACF catalyst. The
reaction is performed in a semi-batch stainless steel reactor
of 150mL volume equipped with a heating jacket and a
hydrogen supply system. The structured Pd/ACF catalyst
is placed between two metal gauzes (2� 4 cm) fixed on the
self-gassing hollow shaft stirrer [25]. At the working tem-
perature, the reactor is filled with the reaction mixture and
the catalyst, flushed with Ar (0.8MPa) and kept for 5min
under stirring to equalize the temperature. Then the reactor
is flushed with hydrogen and pressurized. During the
course of the reaction, the pressure in the reactor is main-
tained constant. Typical experiment is carried out at 303K
and 1.3MPa H2 pressure, stirring of 1500 rpm to avoid
external diffusion limitations. n-heptane is used as a reac-
tion medium containing 0.5 kmol/m3 of 1-hexyne in total
volume of 100mL. Substrate-to-palladium molar ratio is
20,000/30,000. In the reuse experiments, the catalyst is air-
dried at room temperature between the reaction runs.

The samples of the reaction mixtures were periodically
withdrawn from the reactor and analyzed by GC. The GC
analysis was performed using a 100m Petrocol DH
0.25mm capillary column with a 0.5 mm coating at the
oven temperature of 333K and the carrier gas (He)
ressure of 280 kPa. Injector and FID temperature is
493K. n-Octane is used as the internal standard.

4.3. Typical Catalytic Behavior of
the Pd/ACF Material

Typical concentration–time profiles during the 1-hexyne
hydrogenation over 0.4wt.% Pd/ACF catalyst are pre-
sented in Figure 7 showing the experimental and simu-
lated curves (Langmuir-Hinshelwood mechanism). Pd/
ACF materials with the same particle size but different Pd
loading (0.4, 0.6, 1.2wt.%) show identical initial activity
of 0:140� 0:004 kmolH2

=kgPd=s: This indicates the
absence of diffusion limitations. Selectivity to 1-hexene
is 97.170.4% up to 80% conversion, and 95.970.4% at
90% conversion.

The catalyst reuse is carried out without treating Pd/
ACF between the runs. Negligible leaching (o10% within
the experimental error) was observed after catalyst reuse.
Figure 8 shows the initial reaction rate and the selectivity
for several runs. After activity drops in the first run, it
stabilizes at 0:085� 0:008 � kmolH2

=kgPd=s; while selecti-
vity to 1-hexene is 9471%. Kinetic curves are identical
from the second to the sixth runs.

Catalytic behavior of the synthesized material is
superior in comparison with a traditional hydrogena-
tion catalyst which is a powdered Lindlar catalyst
(5%Pd–3.5%Pb/CaCO3), as can be seen from Figure
9(a) and (b).

The used Pd/ACF catalyst shows a higher selectivity
than the fresh Lindlar catalyst, for example, 9471% ver-
sus 8972%, respectively, at 90% conversion. The higher
yield of 1-hexene is 8772% with the used catalyst versus
8273% of the Lindlar in a 1.3-fold shorter reaction time.
Higher catalyst activity and selectivity is attributed to Pd
size and monodispersity. Alkynes hydrogenation is struc-
ture-sensitive. The highest catalytic activity and alkene
selectivity are observed with Pd dispersions o20% [26].
This indicates the importance of the Pd size control dur-
ing the catalyst preparation. This can be achieved via the
modified ME technique.

5. Conclusions

The reverse ME technique provides an easy route to ob-
tain monodispersed metal nanoparticles of the defined
size. To prepare supported catalyst, metal nanoparticles
are first purified from the ME components (liquid phase
and excess of surfactant) while retaining their size and
monodispersity and then deposited on a structured sup-
port. Due to the size control, the synthesized material
exhibits high catalytic activity and selectivity in alkyne
hydrogenation. Structured support allows suitable cata-
lyst handling and reuse. The method of the catalyst prep-
aration is not difficult and is recommended for the
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preparation of both unsupported and supported ME-
derived nanoparticles.
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CHAPTER 16

Synthesis of Morphologically Controlled Pt
Nanoparticles and Their Application in Catalytic

Reactions

Akane Miyazaki1 and Ioan Balint2

1Japan Women’s University, Mejirodai, Bunkyo-ku, Tokyo
2Institute of Physical Chemistry, Splaiul Independentei, Bucharest

1. Introduction

The synthesis of metal particles with well-controlled
shapes and sizes is critical for catalytic applications in
structure-sensitive reactions because the rates depend sig-
nificantly on the metal crystallite size as well as on the
orientation of the crystalline planes [1]. In order to bridge
the gap existing between the science of clean single crys-
tals surface and the world of real catalysis, it is necessary
to obtain morphologically controlled metal particles sup-
ported on suitable oxides. There are some preparation
methods such as vapor [2] and metal cluster deposition [3],
electron beam lithography [4], etc. By using these meth-
ods, it is possible to control, to some extent, the size, but
not the crystallographic orientation, of the metal particles.
Synthesis of metal particles via colloid formation is one of
the most promising ways to obtain monodispersed metal
particles with controlled shapes [5,6]. It is useful challenge
to obtain metal nanoparticles having well-controlled mor-
phology, to support them onto suitable support oxides
without changing morphology, and then to analyze cata-
lytic behavior of the obtained material.

2. Synthesis Strategy: Usage of Thermosensitive

Polymers

The reduction of transition metal salts in solution is the
most widely practiced method for synthesis of metal col-
loidal suspensions [7]. In the preparation process, polymer
is often used in order to prevent the agglomeration of
metal particles as well as to control their size. Ahmadi
et al. [5] reported that the concentration of the capping
polymer affects the shape of platinum particles obtained
by salt reduction. This means that the addition of a

polymer can control not only the size of particles but also
their morphology. Among the polymers, we adopted
thermosensitive polymers due to their unique feature, e.g.,
hydrophilic–hydrophobic transition as a function of tem-
perature.

Thermosensitive polymer is a group of polymers, which
change their hydration states by temperature. When the
temperature is lower than the phase transition point, the
polymer is hydrophilic and its aqueous solution is trans-
parent. If the temperature increases above the critical
point, the polymer chains become hydrophobic and start
to shrink. The aqueous solution of the dehydrated polymer
is opaque. This hydrophilic–hydrophobic change is revers-
ible. The morphology of colloidal metal obtained by salt
reduction can be affected by many factors, such as type of
precursor, polymer, reducing agents, and concentration.
However, by using thermosensitive polymers, it is possible
to change the interaction between the polymer and metals
(ions) by tuning the temperature without any change in the
chemical composition of the solution. Among thermosen-
sitive polymers, we selected a series of poly-acrylamides.
Here the results obtained by using poly-(N-isopropylacryl-
amide) and poly-(N-ethylacrylamide) are presented. Both
of these polymers, poly-(N-isopropylacrylamide) (poly-
NIPA) and poly-(N-ethylacrylamide) (poly-NEA) were
prepared by radical polymerization.

In order to obtain Pt nanoparticles, aqueous solution
of 10�4M K2PtCl4, which contained 10�2M (as monomer
unit) of poly-NIPA or poly-NEA, was bubbled with Ar
gas and then H2 gas. Then the reaction vessel was sealed
tightly and kept in a water bath at a suitable temperature.
At given reaction times, the vessels were opened and the
samples for transmission electron microscopy (TEM)
were prepared by soaking a grid (carbon substrate, Oken)
in the colloidal solution and then drying it in the air. The
TEM (Hitachi H-8100) was operated at 200 kV.
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3. Results

The phase transition temperatures (lower critical solution
temperature, LCST) of the polymers were obtained from
the change in the transmittance of their aqueous solutions
(Figure 1). The aqueous solution of the obtained polymer
was prepared and its transmittance at 500 nm was mon-
itored with increase in the ambient temperature. Both of
poly-NIPA and poly-NEA showed a sudden decrease in
the transmittance at 37.5 and 69.2 1C, respectively. The
result shown in Figure 1 clearly suggests the thermosen-
sitivity of the polymers, and the obtained LCST values are
close to those reported for poly-NIPA (34.8 1C) [8] and
poly-NEA (72 1C) [9].

Figure 2 shows the TEM images of the obtained Pt
nanoparticles. Pt nanoparticles prepared by using poly-
NIPA (Figure 2A and B) show a clear morphological
dependence on the reaction temperature. The particles
obtained at 25 1C, temperature below LCST (Figure 2A),
had unclear outlines and a variety of shapes: hexagonal,
square, round, and so on. On the other hand, the particles
obtained at 40 1C, a temperature above LCST (Figure
2B), had clear outlines and were mainly square. Same
tendency was observed for the Pt nanoparticles obtained
by using poly-NEA. Figure 2C and D show the image of
Pt nanoparticles obtained at 40 and 80 1C, i.e., below and
above LCST, respectively. Most of the Pt nanoparticles
obtained at 40 1C had irregular shapes. The highly de-
fected surfaces of the large Pt particles are suggesting a
formation mechanism involving the agglomeration of the
very small particles in the early stages of the growth. On

the other hand, the amount of well-faceted particles
increased significantly at 80 1C. As an interesting fact, a
large fraction of triangular Pt particles was obtained
at 80 1C.

In order to evaluate the morphological distribution, the
shapes of Pt nanoparticles observed by TEM were
classified into six categories: hexagonal, square, round,
triangular, irregular, and too small to be distinguished.
These two-dimensional shapes may correspond, e.g., to
icosahedrons, cubes, tetrahedrons, polyhedrons, and
small bodies, respectively [5,10]. Figure 3 shows the mor-
phological distribution of the particles obtained at differ-
ent temperatures, after 12 h of growth. The shapes of
particle were classified according to the above classifica-
tion, and more than 100 particles on the TEM images
were counted. From Figure 3 it can be said that the mor-
phological distribution changes remarkably between par-
ticles obtained at higher and lower temperatures than
LCST of poly-NIPA (LCST ¼ 34.8 1C) and poly-NEA
(LCST ¼ 72 1C). At temperatures below LCST, the
majority of the particles have irregular shapes, while at
temperatures above LCST, the majority of the particles
have square or triangular shapes for poly-NIPA and poly-
NEA, respectively. From the results shown in Figure 3A,
it can be said that the best morphological distribution
(68% of cubic particles) could be obtained at 40 1C, a bit
higher than the LCST (37.5 1C). The Pt nanoparticles ob-
tained by using poly-NEA did not show such dramatic
difference between below and above LCST, but the
same tendency can be seen in Figure 3B. The increase
of the triangular particle fraction with temperature was

0

20

40

60

80

100

T
ra

ns
m

itt
an

ce
 [%

]

(A)

25 30
Temperature [°C]

35 40 45 50
0

20

40

60

80

100

65 67 69 71 73 75
Temperature [°C]

T
ra

ns
m

itt
an

ce
 [%

]

(B)

Figure 1. Transmittance of the polymer solutions at 500 nm with increase in the ambient temperature. (A) poly-NIPA and
(B) poly-NEA.

Figure 2. TEM images of Pt nanoparticles obtained by using poly-NIPA as capping material at (A) 25 1C and (B) 40 1C, together with
the images of particles obtained by using poly-NEA at (C) 40 1C and (D) 80 1C.
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accompanied by a corresponding decrease in the amount
of irregular particles. The formation of small amounts of
round-, hexagonal-, square-shaped particles was relatively
independent of the synthesis temperature.

The common feature of two thermosensitive capping
polymers, poly-NIPA and poly-NEA, is that they give a
better morphological control at temperatures higher than
LCST. However, the contrast between the predominant
morphologies obtained below and above LCST was much
stronger in the case of poly-NIPA. The fraction of cubic
particles increased dramatically from 30% (at 25 1C) to
68% (at 40 1C). In the case of poly-NEA, the fraction of
the triangular particles is affected slightly by LCST (Fig-
ure 3B). The differences observed between the capping
ability of the two polymers can be explained by their de-
hydration behavior with temperature. The decrease of the
poly-NEA transmittance with temperature is less sharp
than that of the poly-NIPA (Figure 1). This means that
the poly-NEA chain is dehydrated to some extent even at
temperatures lower than LCST (69.2 1C). Therefore, the
structure-directing effect of the partially dehydrated poly-
NEA made the effect of LCST less pronounced compared
to poly-NIPA.

A square and triangular Pt nanoparticle obtained by
using poly-NIPA and poly-NEA, respectively, was ob-
served by high resolution TEM (HRTEM) (JEM-2010F).
The images (Figure 4) show a crystalline structure with
clearly resolved lattice fringes. The square Pt nanoparticle

shown in Figure 4A is bounded by (1 0 0) facets because
the distance between the adjacent lattice fringes of
0.196 nm corresponds to the interplanar distance of
Pt(2 0 0). On the other hand, in the image of triangular
Pt nanoparticle shown in Figure 4B, the orientation as
well as the lattice spacing of 0.225 nm corresponds to
(1 1 1) plane of the face-centered cubic modification of Pt
metal. The TEM results prove that the triangular particles
are in fact Pt nanotetrahedrons bounded by Pt(1 1 1)
crystalline facets, relatively free of structure defects. Since
TEM image always displays the projection of the atoms
onto the observation plane, the trigonal prismic shape
cannot be completely excluded. Other crystallographic
orientations as steps and edges are possible at the slightly
rounded corners of tetrahedrons. However, the observa-
tion by HRTEM proved that the square and triangular Pt
nanoparticles have (1 0 0) and (1 1 1) facet on their surface,
respectively. This means that by using acrylamide thermo-
sensitive polymer and also by tuning their hydration states
by changing reacting temperature, it is possible to obtain
Pt nanoparticles having (1 0 0) and (1 1 1) facets, i.e., two
typical facets for face-centered cubic structure, on their
surface.

The mean particle size of the Pt nanoparticles obtained
by using poly-NIPA at 40 1C (68% of cubic particles) and
poly-NEA at 80 1C (43% of tetrahedral particles) were 12
and 7.3 nm, respectively. The time course of particle
growth was studied for the Pt nanoparticles prepared by
using poly-NIPA at 40 1C, the temperature where the best
morphological control could be obtained (see Figure 3A).
Figure 5 shows the course over time in regard to the per-
centage of square particles and particle size. It can be seen
clearly that the average size of the particles and the
percentage of square particles are strongly related to each
other. It can be concluded that the morphology of the
Pt nanoparticles was determined during their growth
process.

Comparing the structure-directing effect of poly-NIPA
and poly-NEA, it can be said that there are at least two
factors which are controlling the final morphology of Pt
nanoparticles: (i) hydrophobicity and (ii) nature of the
functional groups. Hydrophobicity of polymers gives
better morphological control, while the nature of the
functional groups decides the direction of growth. By se-
lecting adequate polymers and optimal reduction condi-
tions, it is possible to control not only the size but also
the shape (i.e., the dominant facet orientation) of the col-
loidal Pt nanoparticles. Either cubic Pt nanocrystals (with
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Figure 3. Morphological distribution of Pt nanoparticles ob-
tained by using (A) poly-NIPA (LCST ¼ 37.5 1C) and (B) poly-
NEA (LCST ¼ 69.2 1C), at different temperatures.

Figure 4. High resolution TEM images of (A) a square Pt par-
ticle and (B) a triangular Pt particle obtained by using poly-NIPA
at 40 1C and poly-NEA at 80 1C, respectively.

Synthesis of Morphologically Controlled Pt Nanoparticles and Their Application in Catalytic Reactions 303



predominant (1 0 0) faces) or tetrahedral Pt nanocrystals
(rich in (1 1 1) facets) can be obtained by using poly-NIPA
or poly-NEA, respectively.

4. A Case History

The synthesis of Pt nanocrystals with controlled mor-
phology must have interesting applications in practice,
since the catalytic activity for structure-sensitive reactions
depends on the orientation of the crystalline facets. Using
the obtained morphologically controlled Pt nanoparticles,
Pt/Al2O3 catalysts were prepared and applied for a struc-
ture-sensitive reaction, i.e., NO reduction by CH4.

Support for the Pt nanoparticles in the colloidal solu-
tion was given as follows: 0.1 g of alumina was added to
50ml of the colloidal Pt solution under stirring in order to
obtain a final loading of 1wt%. Water was removed from
the suspension by freeze-drying, and the remaining solid
was calcined in the air at 400 1C in order to remove the
capping polymers. The calcined catalysts were pelettized,
crushed, and sieved. The 335–1000mm fraction was used
for catalytic test.

The average size of the Pt nanoparticles on the
Pt/Al2O3 obtained by TEM, XRD, CO chemisorption
were dTEM ¼ 13.4 nm, dXRD ¼ 11.7 nm, and dCO ¼ 23 nm,
respectively. Because the size of colloidal Pt nanoparticles
obtained by TEM was 13.6 nm, it can be said that the Pt
nanoparticles do not change after deposition on alumina.
Figure 6A shows the TEM image of Pt nanoparticle on
the 1wt% Pt/Al2O3 obtained. It can be seen that neither
the size nor the shape of the Pt nanoparticles were affected
after the deposition of the Pt colloid on the support.

The Pt/Al2O3 prepared by supporting Pt colloid will be
referred as Pt(1 0 0)/Al2O3, hereafter. The catalytic activ-
ity of 1wt% Pt(1 0 0)/Al2O3 was tested for the reduction
of NO with CH4. The catalyst (0.05 g) was tested in flow
system by using a quartz microreactor (i.d. ¼ 5mm) op-
erating at atmospheric pressure. The reactor was mounted
vertically in a furnace heated by Shimaden (model SR 25)
temperature controller. The flow of each gas was control-
led by Kofloc (model 3660) electronic flow controllers.
The total flow rate of reactant mixture (NO, CH4, and Ar)

was 50 cm3min�1 at standard temperature and pressure
(STP). The corresponding gas hour space velocity
(GHSV) was 60,000 h�1. The typical composition of the
reactant mixture was 0.6% NO and 1% CH4, using Ar as
balance gas.

In order to check the stability of the well-structured Pt
nanoparticles in the reaction mixture, the Pt(1 0 0)/Al2O3

was aged at 950 1C for 4 h in the NO/CH4 reaction mix-
ture. Figure 7 shows the size and morphological distribu-
tion obtained for the same catalyst (1wt% Pt(1 0 0)/
Al2O3) before and after thermal aging. The size distribu-
tion of Pt nanoparticles (Figure 7A) became apparently
broader after thermal aging at 950 1C for 4 h, but the
average size increased only slightly, from 13.4 to 15.1 nm.
Figure 6B shows the TEM image of Pt nanoparticle
on the aged catalyst. It can be seen that the square Pt
nanoparticles converted to other shapes (i.e., irregular,

Figure 6. TEM images of cubic Pt nanoparticles supported on
alumina: (A) before reaction and (B) aged in NO/CH4 reaction
mixture for 4 h at 950 1C.
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round, and hexagonal) after aging in NO/CH4 mixture.
The morphological change can be seen more clearly in
Figure 7B, where the morphologies of the Pt nanoparti-
cles in the original colloidal solution and on the 1wt%
Pt(1 0 0)/Al2O3 catalyst after thermal aging are compared.

The aging effect on the morphology of Pt nanoparitcles
was not observed after catalytic reaction up to 600 1C in
the NO/CH4 reaction mixture. It can be said that mor-
phological feature of the well-structured platinum nano-
particles on Pt(1 0 0)/Al2O3 catalysts can be maintained in
the reaction mixture of NO/CH4 reaction in the temper-
ature range up to 600 1C. Therefore, morphological effect
of the 1wt% Pt(1 0 0)/Al2O3 will be discussed on the ex-
perimental data obtained below 600 1C.

The catalytic behavior of Pt(1 0 0)/Al2O3 for the NO/
CH4 reaction was compared with that of a standard
catalyst supplied by Engelhard Corporation Japan (lot
no. H-T 1150–01), Pt(polycrystalline)/Al2O3, at 500 1C
(Figure 8). In this manner, the differences would be as-
cribed to the morphological effect of the Pt particles on
the NO/CH4 reaction. Both catalysts investigated exhib-
ited comparable activity for NO conversion, increasing
yield of N2 (opposite trend for N2O) and increasing CH4

conversion with temperature. Interestingly, significantly
lower yields of CO and NH3 were observed for the
Pt(1 0 0)/Al2O3 catalyst compared with the Pt(polycrys-
talline)/Al2O3 catalyst. On the other hand, the well-struc-
tured Pt nanoparticles showed higher yield to N2O.

The catalytic tests show that, over the Pt(1 0 0)/Al2O3

catalyst, the formation of CO and NH3 is largely pre-
vented, whereas the yield of N2O increases compared with
the Pt(polycrystalline)/Al2O3 catalyst. These main differ-
ences observed should be ascribed to the morphological
differences between two catalysts, i.e., the dominant ori-
entation of the crystallographic facets and the average size

of Pt crystallites. The large Pt nanoparticles (�13 nm) of
the Pt(1 0 0)/Al2O3 catalyst were, in majority (�70%) cu-
bic-shaped. In contrast, the conventional Pt(polycrystal-
line)/Al2O3 catalyst had small, round-shaped Pt particles
of �2.4 nm with random crystallographic orientations.

The practical achievement using the morphologically
controlled Pt nanoparticle was to improve significantly
the conversion and selectivity of structure-sensitive reac-
tions. The experimental results suggested that the decrease
in the average size (to increase the specific concentration
of catalytically active sites) along with an accurate tuning
of the shape of Pt nanocrystals (to increase the N2/N2O
ratio) can bring improvements in terms of activity for
NOx conversion and selectivity to N2.

5. Conclusions

By using thermosensitive poly-acrylamides, it is possible
to prepare cubic Pt nanocrystals (with predominant (1 0 0)
facets) and tetrahedral Pt nanocrystals (rich in (1 1 1) fac-
ets). These Pt nanocrystals can be supported on oxide
(alumina) and used as a catalyst in structure-sensitive
reaction, NO reduction by CH4. The results proved that
morphologically controlled metal nanoparticles supported
on adequate support give us a novel tool to connect the
worlds of surface science with that of real catalysis.

The potential of morphologically controlled metal
nanoparticles should be expanded by further improve-
ment of their preparation method. It is highly required to
develop preparation methods to obtain a better morpho-
logical control, i.e., perfect facet control on the particles
of optional size. Better morphological control of metal
nanoparticles is expected to be achieved in near future and
the obtained metal particles will find new exciting appli-
cations, not only in catalysis but also in other technically
important fields.
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CHAPTER 17

Multipods and Dendritic Nanoparticles of Platinum:
Colloidal Synthesis and Electrocatalytic Property

Hong Yang, Xiaowei Teng, and Sean Maksimuk

Department of Chemical Engineering, University of Rochester, 206 Gavett Hall, Rochester, NY 14627-0166, USA

1. Introduction

Metal nanoparticles have been used in a range of tech-
nological important areas for over a century [1–3]. With
the recent rapid advances in our ability to process metal
nanoparticles with well-controlled size, size distribution,
and shape, one can expect new properties and applica-
tions for metal nanoparticles [4,5]. Besides their tradi-
tional use as catalysts, metal nanoclusters find new
applications in sensing, detection, and manipulation of
chemical and biological molecules based on surface
plasmonic and other surface-enhanced photophysical
effects of metal nanoparticles [6]. Even for those tradi-
tional applications such as catalysts, monoshape, and
monodispersed metal nanoparticles can have potential
advantages [7]. For example, electrocatalytic oxygen re-
duction reaction (ORR) kinetics depends strongly on the
crystalline face of given Pt (khl) surfaces [8]. In many cases
Pt nanoparticles with predominantly (1 1 1) surfaces can
be more reactive than those with (1 0 0) surfaces.

One of the most widely used methods for making
monodispersed nanoparticles is solution phase colloidal
synthesis. In recent years significant advancement has
been made in controlling the size and size distribution of
metal nanoclusters, but with limited success in controlling
their shapes. To achieve control over the shape of metal
nanoparticles, the growth kinetics has to be sufficiently
different along various low-index crystallographic direc-
tions. While surfactants can be used to stabilize the var-
ious surfaces of metal nanoparticles in solution, the
inhibition of different facets is not trivial. Besides the use
of surfactants, various other factors such as inorganic
mediating species, defects, reduction rate, and tempera-
ture can all affect the morphology of metal nanoparticles.
In this chapter, we will use Pt as an example to examine
several strategies primarily for controlling the shape of
metal nanoparticles. The focus is on our work on the
application of a combination of surfactants, inorganic
mediating species, and the role of defects in the shape
control of Pt multipods and other higher-ordered nano-
structures, such as nanodendrites.

2. Synthetic Strategy

2.1. Principle for Size Control

In general, homogeneous nucleation of nanoparticles oc-
curs when a solute (C) diffuses to surface of a cluster from
a bulk solution, and then incorporates into the cluster
through surface reaction until a nucleus (Cn) is obtained:

C þ C þ � � � þ C|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
n

2Cn (1)

Cn þ C2Cnþ1 (2)

Equation (1) describes the cluster growth from the
saturated solution and Equation (2) represents the diffu-
sion-controlled growth from Cn to Cn+1. To form mono-
dispersed particles, the rapid nucleation and the ability to
separate the nucleation and growth are typically required.
This principle was first outlined by LaMer and Dinegar
[9]. The kinetics of nucleation can be quite complicated,
whereas the subsequent growth may be examined system-
atically based on the given reaction parameters. In a
diffusion-controlled closed system, the growth of nano-
particles at a fixed solute concentration can be evaluated
by the following equation [10,11]:

dr

dt
¼ K

1

r
þ
1

d

� �
1

r	
�
1

r

� �
(3)

where r is the radius of a particle, t the reaction time, K a
constant proportional to the diffusion constant of the
solute, d the thickness of the diffusion layer, and r* the
critical radius for which the solubility of the particles is
equal to the concentration of the solute in solution (zero
growth rate). Generally there exists a critical size r*, cor-
responding to an equilibrium stage at any given solute
concentration. Nanoparticles that are smaller than the
critical size may dissolve, while large ones continue to
grow. Narrowing size distribution occurs when all parti-
cles in solution are larger than the critical size. After the
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solute is depleted, the stable size can further change
because large particles can grow at the expense of disso-
lution of small ones via the ripening process.

As mentioned above, critical size (r*) at a given equi-
librium stage is an important factor for determining the
size of resultant nanoparticles. This critical size can be
further derived from Gibbs–Thomas equation [12]:

r	 ¼
2gVm

RT lnS
(4)

where g is the specific surface energy of particle, Vm the
molar volume of the particle, R the gas constant, T
the reaction temperature, and S the supersaturation of the
solute. Based on Equations (3) and (4), particle size in-
creases with reaction time, while the critical particle size
decreases with the increase of reaction temperature and
supersaturation ratio of the solute, Figure 1.

The formation of particles is triggered by the reduction
of metal salts using reducing agents or through the de-
composition of organometallic compounds. Parameters
that are important in controlling the size of particles in-
clude reaction time, temperature, and concentration of the
reagents. Another important factor affecting the size of
nanoparticles is surfactant, which is generally used to con-
trol the growth of particles, prevent particle from aggre-
gation, and help particles dispersing in different solvents.

2.2. Shape Control Based on the Crystal Growth
Habit

Nanoclusters tend to form facets in order to minimize
surface energy. Since the surface energy of a face-centered
cubic (fcc) metal follows the order of (1 1 1)o(1 0 0)
o(1 1 0), most nanoclusters are bounded by (1 1 1) and
(1 0 0) surfaces, Figure 2a and b. In many cases, the ratio
of the growth rate along the (1 0 0) versus (1 1 1)

directions, or the so-called R value, can be used to de-
scribe the final shape of the nanocrystal. The cube, trun-
cated cube, and octahedron have an R value of 0.58, 0.87,
and 1.73, respectively [13,14].

Besides those simple morphologies that are defined by
the single crystal habit, crystal defect in a seed crystal can
lead to the formation of various other interesting shapes
including multipods. Here we coin a term of crystal shape
parameter (d,f), where d is the number of defects and f is
the number of exposed facets in the final nanocrystals.
This parameter (d,f) is used to classify the morphology of
the final crystals. Figure 2 summarizes a range of common
shapes classified according to our notation. Figure 2a and
b show the defect-free shapes of nanocrystals with (0,1)
and (0,2), respectively. These are the commonly encoun-
tered shapes for nanocrystals. One of the strategies for
making other shapes with low-symmetry is to introduce
twin planes in the seeds. Twin planes are observed on the
(1 1 1) planes in fcc nanocrystals. Figure 2c shows several
shapes that are observed experimentally when one twin
plane is introduced into the nanoclusters [15,16]. These
shapes include triangular plates, planar tripods, and right
bipyramids, which are all bounded by a single type of
crystal plane with (1,1). Another commonly observed
shape is a decahedron (Figure 2d), which is composed of
five tetrahedra bounded by (1 1 1) planes. Anisotropic
shapes of fcc metals such as silver and gold based on the
decahedron have been observed as shown in Figure 2e
[15,17–19]. These nanorods and nanowires grow parallel

Figure 1. Change of concentration during the nucleation and
growth of faceted nanoparticles.

Figure 2. Selected common shapes of fcc metals based on crys-
tal habits, where the notation (d, f ) represents the number of
defects, d, and different facets, f, displayed: (a) (0,1), (b) (0, 2), (c)
(1, 1), (d) (5,1), (e) (5, 2), and (f) (30, 1) groups. The light and
dark faces are (1 1 1) and (1 0 0) planes, respectively.
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to the center axis of the decahedron along the (1 1 0)
directions. Since the interplanar angle of a tetrahedron is
70.51, the decahedron accommodates a gap of 7.51. An-
other commonly observed nanocluster is the icosahedron,
which is composed of 20 tetrahedrons and 30 twin planes,
Figue 2f [20]. Thus, the number of defects can determine
the morphology of anisotropic nanoclusters observed in
many fcc metals.

2.3. Shape Control by Heterogeneous Species
in Solutions

2.3.1. Organic Species Surfactant or

Polymer-Capping Agents

Among the several strategies used to achieve size and
shape control, by far the most common one is to employ

organic capping agents that can bind to the surface of the
growing nanoclusters, Figure 3a. These organic species
are typically surfactants or polymers that can interact
with the surface of nanoclusters to reduce the total sur-
face energy, and thus inhibit the growth into bulk crys-
tals. In general, high concentration of surfactant or
polymer leads to the formation of small nanoparticles.
Various capping agents have been identified for the syn-
thesis of nanocrystals. For instance, oleic acid has been
used for the synthesis of various metal and metal oxide
nanoparticles [21–23]. Polyacrylate and sodium polya-
crylate has been used to selectively synthesize Pt nano-
particles with various shapes such as cubes and
tetrahedrons [24–26]. Polyvinylpyrrolidone (PVP) has
been used to grow metal nanowires and nanorods
[19,27]. Tetradecyltrimethylammonium bromide has also
been used to obtain cubic, cuboctahedral, and porous
Pt nanoparticles [28]. Amine-functionalized molecules
have been commonly used for Pt-based nanostructures

Figure 3. Several strategies on controlling the shape of nanoparticles: (a) organic molecules or polymers as capping agents,
(b) inorganic molecules as face-selective catalysts, and (c) inorganic molecules as face-selective etchants.
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[22,29]. In some cases, capping agents can bind selec-
tively to different crystal facets and in turn alter the
surface energy. The direct consequence is the visible
change in the different growth rates along the various
crystallographic directions. One such example is the use
of ACA and hexadecanylamine to synthesize cubic nano-
cluster of Pt [30].

2.3.2. Inorganic Species to Catalyze the Growth

of Selective Surfaces

Another strategy to achieve shape control is to use inor-
ganic species to catalyze the growth of selective surfaces.
This is a relatively underexplored area in terms of the
shape control of nanoparticles. The principle idea is to
promote the growth of a given set of facets by using spe-
cies that catalyze the surface growth instead of inhibition.
Shape control of Pt nanoclusters by using silver species is
one such example [13]. By adding varying amount of Ag+

in the reaction solution, Pt nanoclusters can grow into
different shapes, ranging from cube to octahedron. The
amount of silver cation used determined the final shape of
the nanoparticles. Small amount of silver ions resulted in
the nanocubes and a large amount led to the octahedrons.
It has been proposed that silver species in the form of
Ag2þ4 or Ag0 can adsorb preferentially on the Pt (1 0 0)
planes and Pt-based cations can replace the Ag species by
a favorable electrochemical reaction, Figure 3b. Thus, the
increase in Ag+ resulted in a higher R value. Silver species
have also been used to synthesize multipod nanoclusters
of Pt, which we will discuss in details [31].

2.3.3. Inorganic Species to Etch Selective Surfaces

One other method developed recently to obtain shape
control is to use inorganic species to etch selective sur-
faces. Oxygen and chloride anion have been used in the
selective dissolution of multiply twinned particles and the
growth of single crystal Ag or Pd nanoclusters, Figure 3c
[32–34]. Judicious choice of etchant can sometimes lead to
control of the final products with very subtle difference in
crystal structure and morphology. For instance, the use of
Br–, a weaker etchant than Cl–, led to the selective dis-
solution of only those nanocrystals with multiple twin
planes but not the nanocrystals with a single twin plane
[16]. This difference in etching results in silver nanopar-
ticles with a single twin plane that are right bipyramids
bounded by (1 0 0) planes, Figure 2c. The use of iron spe-
cies in conjunction with O2 and Cl– has been used in the
shape control of metal nanocrystals. A Fe2+/Fe3+ pair
has been introduced in the synthesis of Pt nanowires and
multipods [35,36]. In this procedure, Fe3+ is able to ox-
idize Pt0 to Pt2+ and reduce the supersaturation of Pt
atoms, which leads to the subsequent change in reduction
kinetics. In addition, oxygen can slow the growth by sur-
face adsorption and etching mechanism. The Fe2+ species
could be oxidized back to Fe3+ by aerial oxygen. Thus the
shape control of metal nanoparticles in such reactions is
sensitive to air.

2.4. Kinetic and Thermodynamic Regime for
the Growth of Nanoparticles

Chemical reaction to synthesize nanoparticles is influ-
enced by the stability (thermodynamic factor) and the
rate of formation (kinetic factor). The kinetically
controlled reaction is a non-equilibrium and irreversible
process, which most likely happens at a low temperature
or at the beginning of the reaction and is characterized by
abundant solutes in the solution. Nanoparticles gene-
rated are dominated by the fastest reaction and the size
can be highly dependent on reaction time. For a ther-
modynamically controlled reaction, it reaches equilibrium
and is reversible. These reactions most likely happen
when the solute is depleted. The thermodynamic products
are typically generated from a stable system, while the
shape anisotropy is usually achieved in the kineti-
cally controlled regime of the reaction. Size focusing
usually happens in the thermodynamic-controlled
regime when the solute concentration is low and near
saturation. At this stage, the nanoparticles undergo
shape changes through the dissolution and redeposition
processes [37].

2.5. Choice of Metal Precursors

Several aspects should be considered in the selection of
appropriate Pt precursors. Solubility of precursor is
important as this parameter determines how well a pre-
cursor can be dissolved in a given solvent so as to
facilitate the nucleation and growth. Reduction poten-
tial is another parameter, which governs the ease with
which the precursor can be reduced to Pt metal. Finally,
the thermal stability of the precursor partly determines
the reaction temperature for the formation of Pt nano-
particles.

Inorganic compounds such as chloroplatinic acids and
various salts are the most frequently used Pt precursors
for aqueous reactions. Ahmadi et al. reported the syn-
thesis of Pt nanoparticles by using potassium tetra-
chloroplatinate (K2PtCl4). Pt tetrahedrons and cubes
were observed at ambient room temperature using hy-
drogen gas as reducing agent [24]. Herricks et al. reported
the synthesis of Pt nanoparticles using H2PtCl6 as pre-
cursor. In this reaction, ethylene glycol functioned as both
solvent and reducing agent [38]. Similarly, Fu et al. re-
ported the synthesis of cubic Pt nanoparticles by reducing
potassium bis(oxalato) platinato(II) K2[Pt(C2O4)2]
and chloroplatinic acids in aqueous solutions with
hydrogen [39].

Organometallic precursors are commonly used in non-
aqueous reaction systems. Pt acetylacetonate (Pt(acac)2)
is often used as the precursor in organic phase synthesis
mostly because of its solubility [22]. Yang and coworkers
have reported an approach to monodispersed Pt nano-
particles using Pt(acac)2 [31]. Ely et al. reported synthe-
sis of Co–Pt bimetallic nanoparticles with organometallic
precursors Co(Z3–C8H13)(Z

4–C8H12) and Pt2(dba)3
(dba ¼ dibenzyl-ideneacetone) using hydrogen gas as
reducing agent [40].
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2.6. Choice of Solvents

Both hydrophobic and hydrophilic solvents can be used in
the synthesis of Pt and its alloys. Octyl ether [22,41],
diphenyl ether [29], benzyl ether [42], and toluene [43], have
been reported as solvent when organometallic Pt precur-
sors are used. Water and other hydrophilic reagents such as
ethylene glycol are the choices of solvents when inorganic
Pt precursors are used [24,38]. In some cases, inorganic
salts are used as Pt precursors in organic solvent through a
phase-transfer approach. In this case, tetrakisdecylammo-
nium bromide (TDAB) served as the phase-transfer
agent to transfer Pt ions from aqueous to non-aqueous
phases [43].

3. Results

3.1. Synthesis and Characterization

3.1.1. Synthesis of Faceted Pt Nanoparticles

In a typical synthesis, a mixture of Pt(acac)2 (Gelest
Inc., 100mg), 1-admantinecarboxylic acid (1-ACA, 99%,
Aldrich, 100mg), 1,2-hexadecanediol (90%, Aldrich,
400mg), hexadecylamine (HDA, 90%, Aldrich, 4 g), and
diphenyl ether (99%, Aldrich, 2mL) was added into a
15mL three-neck round-bottom flask under argon protec-
tion. The reaction mixture was heated to 180 1C via heat-
ing mantle. At this temperature, a small amount of silver
acetylacetonate (Ag(acac), 99%, Aldrich, 3mg) was added
into the flask. This reaction solution was heated to
refluxing temperature (260 1C) and kept at this tempera-
ture for 30min. After separation from solvent using cen-
trifuge and washing with chloroform and methanol, the
nanoparticles were recovered and suspended in chloro-
form.

3.1.2. Synthesis of Pt Multipods in the Presence

of Ag(acac)

A mixture of 1,2-hexadecanediol (HDD, Aldrich, 90%,
800mg), Pt(acac)2 (Gelest Inc., 200mg), diphenyl ether
(Aldrich, 99%, 2mL), HDA (Aldrich, 90%, 4 g), and
ACA (Aldrich, 99%, 180mg) was added into a 25mL
three-neck round-bottom flask under argon protection.
The reaction mixture was held at the designed tempera-
ture using an oil bath. Small amount of Ag(acac)
(Aldrich, 99%, 3mg) was then quickly added into the
flask, which resulted in rapid formation of gray suspen-
sion, indicating the formation of nanoparticles or multi-
pods. The color of suspension quickly turned into black.
The reaction solution was maintained at 180 1C with-
in71 1C during the reaction period of up to 60min. Small
amount of samples (200mL) were taken every minute,
starting from the first half minute, to monitor the growth
kinetics. After washing with chloroform and methanol
alternatively, the nanoparticles and multipods were sus-
pended in chloroform.

3.1.3. Synthesis of Pt Multipods Based on Crystal

Defects

For the synthesis of Pt tripods, Pt(acac)2 (100mg or
0.25mmol), ACA (135 or 180mg, 0.75 or 1.0mmol), HDD
(1.6 g or 6.2mmol), and HDA (2g or 8.3mmol) were
mixed with diphenyl ether (DPE, 1mL or 6.3mmol) in a
15mL three-neck round-bottom flask equipped with a
magnetic stirrer. The flask was evacuated and flushed with
argon several times. The reaction flask was then immersed
into a heating bath at 130 1C and the reaction mixture
dissolved and subsequently turned yellow. This flask
was then transferred to another heating bath at 160 1C.
The color of the mixture turned into gray in �10min,
indicating the formation of Pt nanoclusters.

3.1.4. Synthesis of Pt-Porous Nanoparticles

In a typical synthesis, a mixture of Pt(acac)2 (Gelest Inc.,
200–400mg), ACA (Aldrich, 99%, 180–360mg), HDD
(Aldrich, 90%, 0.8–1.6 g), HDA (Aldrich, 90%, 4 g), and
diphenyl ether (Aldrich, 99%, 2mL), was added into a
25mL three-neck flask under argon protection. This mix-
ture was heated to 150 1C using a heating mantle. The
Pt(acac)2 and surfactants were dissolved at this temper-
ature and the color of solution turned into transparent
light yellow. The reaction flask was then quickly immersed
in an oil bath with 200mL of glycerol, which was pre-
heated to 210 1C. The temperature of the oil bath dropped
by 2–3 1C after the flask immersed in oil, and recovered to
the preset temperature (210 1C) within 2min. The color of
the reaction solution turned black in about 2min, indi-
cating the formation of Pt-porous nanoparticles. Aliquots
of samples (�200mL) were taken at 2, 3, 4, 5, 10, 15, 20,
40, and 60min after the flask was immersed in the oil
bath. The setup was covered with alumina foil to reduce
the heat loss. After washing with chloroform and meth-
anol alternatively, the nanoparticles were suspended in
chloroform.

3.1.5. Fabrication of Porous Thin Film using the

Langmuir– Blogdett (LB) Technique

Anodic aluminum oxide (AAO)-porous substrates were
used as templates to make ultra-thin porous membranes
of 9 nm Pt particles. In a standard process, an AAO tem-
plate was attached on a piece of glass slide using a double-
sided sticky tape. Before the deposition, the AAO-porous
substrate was submerged in aqueous phase. The filling of
AAO-porous channels could be accomplished when the
substrate was dipped into the Langmuir trough that con-
tained the nanoparticles. Langmuir films of particles were
deposited as a monolayer on the surface of AAO template
using a KSV 3000 trough. The typical surface pressure
was set at 45mNm�1, which was optimized for making
densely packed oleic acid-stabilized nanoparticles. The LB
film of nanoparticles together with the AAO template was
removed from the glass support. Vacuum was applied
from the non-deposited side to remove water and the
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excess nanoparticles at the porous entrance regions, if
any. The AAO template was then placed in a tube furnace
(Lindberg/Blue M) to carbonize the surfactant molecules
on nanoparticle surfaces at 450 1C for 30min under a flow
of argon. After this thermal treatment, the AAO template
was dissolved in a sodium hydroxide aqueous solution
(0.5M), leaving behind the free-standing membrane. This
membrane was washed by continuously diluting the so-
dium hydroxide solution with copious amount of water
and could be moved to the air/water interface using
tweezers. This porous membrane could be deposited in a
horizontal fashion onto a solid substrate, such as carbon
electrode and films, similar to those procedures for the
deposition of the films using Langmuir–Schaefer method.
The membrane preserves its integrity over a large area at
the air/water interface, and folded or cracked in the air
upon removal from aqueous solution without a solid
substrate. The AAO substrate obtained from the com-
mercial source (Whatman, Anodisc 13) typically had an
average porous entry of �180 nm in diameter as evaluated
by field-emission scanning electron microscopy (FE-SEM,
LEO 982).

3.1.6. Characterization

Electron microscope specimens were prepared by dispers-
ing the particles in chloroform (�1mgmL–1) and drop
casting onto carbon-coated copper grids. The regular
transmission electron microscopy (TEM) images were re-
corded on a JEOL JEM 2000EX microscope at an accel-
erating voltage of 200 kV. Energy dispersive X-ray (EDX)
analysis was obtained with an FE–SEM (model: LEO
982) equipped with EDAX detector. EDX analysis on
individual nanoparticles was recorded on a Hitachi HD-
2000 scanning TEM (STEM) equipped with Oxford
Instruments Inc EDX system which has a resolution of
0.18 nm. The high-resolution TEM (HR-TEM) images
were recorded on a FEI Tecnai F20 microscope at an
accelerating voltage of 200 kV or on an ultra-high vacuum
STEM (UHV–STEM, Cornell VG HB501 STEM). Pow-
der X-ray diffraction (PXRD) pattern were recorded
using a Philips MPD diffractometer with a Cu Ka X-ray
source (l ¼ 1.5405 Å) at a scan rate of 0.0131 2y s–1.
Particles-size distribution was obtained by analyzing�100
particles based on TEM images using the Image J soft-
ware from NIH.

The electrochemical catalytic activities of Pt-contain-
ing nanostructures were characterized using a three-elec-
trode system on a CHI 760 dual channel electrochemical
workstation (CH Instrumentation, Inc). A Pt wire and
an Ag/AgCl were used as the counter and reference elec-
trodes, respectively. The glassy carbon working electrode
was polished with Al2O3 powder (Aldrich, 1 mm) and
rinsed with Millipore deionized water prior to the test.
Cyclic voltammetry (CV) was conducted in the support-
ing electrolyte for multiple cycles until a stable curve was
obtained. All the solutions were prepared using Milli-
pore deionized water. Perchloric acid (HClO4, Aldrich,
99.999%, 0.1M) was used as the supporting electrolyte.
Methanol (CH3OH, anhydrous) was analytical reagent
from Aldrich. All solutions were deaerated with argon

for at least 15min before the measurements were
conducted at �22 1C, unless indicated otherwise. A
10 mL dispersion of catalysts, which were prepared by
sonicating nanoparticles in ethanol at a concentration of
0.5mg PtmL�1 for 10 s, was drop cast onto a carbon
electrode (5mm in diameter). Cyclovoltammetry was
performed at 22 1C and the temperature variation was
controlled within 70.1 1C using a circulating bath
(Polyscience, Model 1180A). The potential was swept
between 0 and 1V at a rate of 50mV s�1. The chrono-
amperometry of nanoparticles was recorded at certain
bias voltage. The change in current density with time was
recorded. The activation energy was obtained from the
slope of the Arrhenius relationship, in which the log i
(A cm�2) was plotted against 1000/T (K–1) (i is the cur-
rent density).

3.2. Results and Discussion

3.2.1. Synthesis of Pt Nanoparticles

Figure 4 shows the representative TEM image of as-made
Pt nanoparticles. In this reaction, Ag(acac) was used to
facilitate the formation of nanoparticles at 180 1C. Var-
ious shapes were observed for Pt nanoparticles, including
pseudo-sphere, truncated cubo-octahedron (six edges),
truncated tetrahedron (six edges), icosahedron (five
edges), cube (four edges), and tetrahedron (three edges).
The control of nanocrystal morphology could be ex-
plained in terms of selective adsorption of capping groups
on different planes during the crystal growth. The ratio of
growth rate along (1 0 0) versus (1 1 1) directions deter-
mines the final morphology [14]. The coexistence of all
these shapes indicates that the growth rates were compa-
rable along the major low-index directions.

Figure 4. Representative TEM image showing different shapes
of faceted Pt nanoparticles.
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3.2.2. Formation of Multipods in the Presence

of Ag(acac)

Various silver salts can be reduced to silver metal readily
at temperatures well below 200 1C through different path-
ways [32]. We therefore used silver salt as nucleation in-
ducing agent. Ag(acac) was used because of its good
solubility in diphenyl ether. The morphology evolution of
Pt multipods and nanoparticles was followed by TEM.

Figure 5 shows the typical TEM images of Pt nano-
particles obtained at 180 1C for a reaction time ranging
from 4.5 to 60min after a small amount of Ag(acac) was
added into the flask. At the initial stage, largely faceted,
rather than spherical, nanocrystals began to appear at
4.5min after adding the silver precursor, Figure 5a. The
concentration of multipods was rather low at this stage.
These nanocrystals grew rapidly into multipods within the
next minute, which was indicated by rapid change of
reaction color from brown to black. A large population of
multipods with various shapes, including embryo of tri-
angular shapes, monopod, bipods, tripods, and tetrapods,
was observed, Figure 5b. As the reaction continued, the

growth along the branch directions became obvious, Fig-
ure 5c and d. The overall aspect ratio of multipods
branches in Figure 5c and d was visibly higher than those
in Figure 5b, while the diameter of branches were rela-
tively constant. After reaction for �10min, no distinct
growth along the branch direction was observed; while the
diameter of each branch began to increase, Figure 5e,
followed by a continuous disappearing of multipods.
These multipods turned into bullet-shaped irregular par-
ticles with the progress of the dissolution and growth
process, Figure 5f and g. Upon 40min after adding silver
precursor, multipods evolved into spherical nanoparticles,
Figure 5h. The size distribution of nanoparticles became
more monodispersed at the reaction time of 60min and no
further shape change was observed, Figure 5i.

Pt nanocrystals triggered by the trace amount of silver
could play an important role in directing the preferential
growth along particular crystallographic directions.
Although no silver could be detected in the Pt multipods,
we noted no multipod formation without using silver
precursors. In addition, the Ag seeds have been used in
the synthesis of different metal particles. Addition of
Ag(acac) into hot organic solvent led to the formation of

Figure 5. Time-dependent shape evolution of Pt multipods in the presence of Ag(acac). (Reprinted with permission from Ref. [41],
r 2005, American Chemical Society.)
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silver clusters that promoted the Pt precursors decompo-
sition and growth of Pt on the low-index planes. These Ag
clusters could contain as few as four atoms. This seeded
growth process allowed the Pt nanocrystal to form below
the nucleation and growth temperature in the absence of
silver species, which was experimentally determined to be
about 210 1C in our reaction system. At the early stages
after the nucleation, the kinetic growth governed the
branched shapes of Pt particles. In the presence of Ag
cluster, growth rates of different Pt facets might be differ-
ent as well, resulting in the preferential growth of mul-
tipods along low-index planes of Pt nanoparticles.

The shape evolution from multipods to spherical nano-
particles could be understood based on the competing
growth mechanism, Figure 6. Growth of multipods hap-
pened in a kinetic-control regime at the early stage of the
reaction. When the monomer of Pt was depleted, the
thermodynamic control took place. There is a critical size
corresponding to a given equilibrium state. Particles that
were smaller than the critical size dissolved while the large
ones continued to grow. In another word, the Oswald
ripening process became dominant. The branches of mul-
tipods began to dissolve, resulting in the disappearance of
multipods. Thermodynamically stable spherical particles
with relatively large diameters were formed.

3.2.3. Synthesis of Pt Tripods and Other Anisotropic

Nanocrystals Based on Crystal Twinning

Several types of crystal shapes are observed and can be
classified according to the number of twin planes [44].
Synthesis of tripods and other anisotropic nanoclusters of
Pt were made by using ACA as surfactant, Figure 7a.
These tripods were planar and confirmed by tilting the
specimen during TEM imaging, Figure 7b–d. A fourth
arm in the axis of the electron beam could not be ob-
served, indicating that the TEM images were planar tri-
pod nanocrystals, not three-dimensional (3D) tetrapods.
Figure 7e shows the electron diffraction (ED) pattern of
a single tripod. The pattern is of the (1 1 1) zone axis of
Pt. Furthermore the formally forbidden 1/3 (4 2 2) diffrac-
tion spots were observed. These spots indicate that the
nanocluster contains a single twin-plane perpendicular to

the electron beam. Hexagonal streaking of individual
spots were also observed and were perpendicular to the
(2,�1,�1), (�1,2,�1), and (�1,�1,2) directions, further
indicating that the nanocrystal was tripod with branches

Figure 6. Proposed mode of formation for Pt multipods in the presence of silver species.

Figure 7. (a) TEM image of Pt planar tripods at low magni-
fication; (b–d) TEM images of a single tripod taken at beam-to-
image plane angles of �251, 01, and 251, respectively; (e) ED of a
single tripod; (f) HR-TEM image of a branch; and (g) schematic
illustration of a possible seed and preferred growth directions.
(Reprinted with permission from Ref. [44], r 2006, Royal
Society of Chemistry.)
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growing along these corresponding directions. The lattice
fringe of the branches for a tripod obtained using a STEM
agreed well with this ED analysis. Figure 7f shows that the
lattice fringe of a branch was 2.4 Å. This value was three
times of that for (2 2 4) planes of Pt. The 3 � (2 2 4)
fringes were at either 301 or 901 angles with respect to the
growth directions of these branches.

Based on the analysis above, the tripods had a single
twin plane with branches growing along the (2,�1,�1),
(�1,2,�1), and (�1,�1,2) directions. Triangular plates
that are observed for various fcc metals also have a single
twin plane with three ends pointed toward the same di-
rections as the tripods. These triangular plates grow from
a bicrystal bounded by (1 1 1) planes with two types of
edges schematically represented in Figure 7g. One is a
reentrant trough with the two (1 1 1) planes with an
interplanar angle of 1411. The other is a ridge with an
interplanar angle of 2191. The reentrant troughs are active
sites for nucleation [45,46]. Calculations suggest that the
energy barrier for nucleation on a trough is lower than
layer advancement across a ridge [46]. It is also worth
mentioning that hexagonal plates commonly observed in
many fcc metals contain more than one coplanar (1 1 1)
twin planes. The formation of hexagonal plates is thought
to be the result of the twin planes, which create active sites
for nucleation. In this case, however, no triangular or
hexagonal plate was observed and the tripods formed a
triangular crystal. Once the triangular crystal was formed
and all three reentrant troughs were closed, the preferen-
tial nucleation occurred at the tips of the triangular crys-
tal. This growth mode in turn generated the reentrant
trough. The hypothesis on the preferential nucleation
at the tips of the triangular crystal is still not fully un-
derstood. One possible reason is that the supersaturation
of monomers might be low at the surface of particle but

increased with distance. This situation occurred when the
diffusion of an add-atom was slow in comparison to the
adsorption of Pt atom onto the crystal surface [38]. Thus
the ridge or bump in the nanocrystals led to high local-
monomer concentration and the preferential growth along
these directions. For the tripods, the region around a tip
can have a higher monomer concentration than other
places in the solution and leads to its subsequent growth
while the center region has a slow growth rate. The for-
mation of tripods most likely results from a combination
of various factors, such as preferential binding of capping
agents, regeneration of the reentrant trough and its pref-
erential nucleation, and a supersaturation gradient.

Several types of morphologies other than tripods can
be observed. Those most commonly observed ones in this
system are bipods, monopods, and cubes, Figure 8. The
nanoparticles can be classified by the number of twin
planes and the shape of the core. If there was no twin
plane, the nanoparticles adopted the cubic shape, Figure
8a. If one twin plane was introduced, the nanocrystal
evolved into a tripod. When the core has an elongated
shape, the nanocrystal grew into a cis-bipod with two
arms typically at an angle of about 1201, Figure 8c. In
some cases, the two arms (trans-bipod) could have an
angle of close to 1801, as seen in Figure 8d. Unsymmet-
rical planar tripods or tetrapods could also exist, Figure
8e and f. The common feature of these types of nano-
crystals was that they had an elongated core containing
twin planes that could be clearly supported by the ED
patterns. The observed ED was the same as the one ob-
served for nanorods and nanowires based on the fivefold
twinned crystal. The observed pattern for Figure 9a is a
superposition of an ED pattern from the (1 1 1) and (1 1 0)
zone axes. The ED pattern for a tetrapod with an elon-
gated core is a superposition of a pattern from (2 1 1) and

Figure 8. A collage of TEM images of Pt shapes: (a) cubes, (b) symmetrical planar tripod, (c) cis-bipod, (d) trans-bipod,
(e) unsymmetrical tripod, (f) tetrapod, (g) monopod, (h) V-shaped bipod, and (i) tripod. Scale bar is 50 nm.
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(1 0 0) zone axes, Figure 9b. These results suggest that the
elongated core is composed of a five-fold twinned crystal
while the arms grow in a similar fashion as the tripods.

The last class is one with arms extending from a spheri-
cal multiply twinned core. These structures generally have
one arm, (monopod, Figure 8g), but can have a second
(V-shaped bipod, Figure 8h) or third arm (tripod, Figure
8i). The shape of the core is most likely an icosahedron.
Since the energy barrier between the different types of
seed crystals, namely single crystal, one twin plane, dec-
ahedron, and icosahedron, is low, they could coexist at
the early stage of the reaction and subsequently grew into
different final shapes.

3.2.4. Secondary Structures of Pt Nanoparticles

3.2.4.1. Porous Membranes of Nanoparticles from

Templating Against AAO Membranes Using LB

Technique. AAO-porous substrate has broad applica-
tions in making metal and semiconductor nanowires,
aligned mesostructured nanorods, inorganic nanotubes,

and other 1D nanomaterials. The structured AAO sur-
face, however, has seldom been used as templates in mak-
ing 2D nanostructures. In this case, AAO template was
used as a sacrificial support to generate free-standing
membrane of nanoparticles. Porous membranes of Pt
nanoparticles can be useful in the fabrication of fuel cell
catalyst membranes because of their high surface area and
nanoporous nature.

Figure 10 shows the procedure and representative TEM
image of a porous membrane of �9 nm Pt nanoparticles
made on the AAO-porous templates (Whatman, Anodisc
13) that had an average pore diameter of 180 nm. The
pores in the membrane had the similar shapes and
dimensions as those of channel openings of the AAO
substrates. No obvious sintering of nanoparticles was
observed in the membrane, and the monodispersity of the
nanoparticles maintained. From X-ray photoelectron
spectroscopy (XPS) analysis on as-made porous mem-
brane of nanoparticles, dominant peak observed at
284.3 eV could be assigned to the binding energy of C 1s
orbital, suggesting the existence of sp2-hybridized carbon.
A recent study showed a similar dehydrogenation be-
havior of oleic acid on the surface of cobalt nanoparticles

Figure 9. ED patterns of (a) cis-bipod and (b) planar tetrapod and their corresponding TEM images (inset). Scale bar is 50 nm.

Figure 10. Fabrication of porous Pt nanoparticle membranes by the LB technique. (Reprinted with permission from Ref. [31], r 2005,
Wiley-VCH.)
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at elevated temperatures (�400 1C) [21]. In that case, the
carbonized products included graphitic carbon and var-
ious alkane fragments. The formation of carbon-rich lay-
ers on nanoparticle surfaces at the elevated temperatures
could help porous membrane of nanoparticles hold to-
gether and prevent the nanoparticles from coalescing. The
homogeneity in the monolayer of nanoparticles was crit-
ical for making large area of nanoporous membrane. In
this context, the LB technique was critical as it was an
effective method for the generation of uniform nanopar-
ticle layer.

3.2.4.2. Porous Pt Through Oriented Attach-

ment. Figure 11 shows the structural evolution of Pt-
porous nanoparticles from a flower-like porous network
to a largely non-porous structure made at Pt(acac)2:
HDD:HDA:ACA:DPE molar ratio of 6:36:118:12:100
[47]. These nanoparticles were formed for the reaction at
2, 3, 5, and 20min, respectively. For the product formed
with a reaction time at 2min, individual particle was
composed of dozens of building blocks that intercon-
nected to form the porous structures. These building
blocks were primary nanoparticles (PNPs) that had an
average dimension of 4.270.5 nm in width, Figure 11a.
The average diameter of Pt-porous nanoparticles was
3674.3 nm. The BET (Brunauer–Emmett–Teller) specific
surface area for the Pt-porous nanoparticles measured
based on nitrogen gas absorption and desorption iso-
therm measurement was about 14m2 g�1. This value was
close to those reported for mesoporous Pt ranging from
17 to 23m2 g–1 [48]. After the reaction for 3min, the av-
erage width of the PNPs increased to 5.1 7 0.4 nm, while
overall morphology remained to be porous. The structure
changed rapidly after the reaction for 5min. The individ-
ual PNPs changed from rod-like to spherical shapes, while
the overall diameter of Pt particles reduced to 31 7
2.9 nm. Most of particles lost the porosity and the average
diameter reduced to 22 7 2.4 nm after the reaction for
20min, Figure 11d.

A mechanism based on the continuous formation of
seeds and rapid autocatalytic growth has been discussed
for the formation of metal nanoparticles including Pt [49].

In this process, Pt ions were slowly reduced by 1,2-hex-
adecanediol and formed Pt clusters. Once the clusters
reached the critical size, which was about 50 atoms, the
reduction of Pt ions could be accelerated through an au-
tocatalytic reduction process. Thus supersaturation could
be achieved in a very short time because of the high pre-
cursor concentration and the autocatalytic process of Pt,
which resulted in fast, kinetically controlled growth.
Therefore, high concentration of PNPs was generated in
a short period. An oriented attachment of primary nano-
crystals occurred as shown in Figure 11e. ACA seemed to
preferentially adsorb on the (1 0 0) facets of Pt nanopar-
ticles and facilitate the growth along (1 1 1) directions. The
secondary growth of PNPs proceeded through the attach-
ment growth along (1 1 1) directions, leading to the for-
mation of porous Pt nanostructures. With the depletion
of Pt ions, thermodynamic growth took over, and the
Ostwald ripening process became dominant, which led to
the dissolution of small PNPs in favor of the growth of
large ones.

3.2.5. Catalytic Property

The porous nanostructures of Pt possess good catalytic
properties. Figure 12 shows CV curves of LB film of 9 nm
as-made Pt nanoparticles and the porous membrane of
the same type of Pt nanoparticles. The estimated loadings
of Pt in the LB monolayer and the porous membrane
deposited on a working electrode were about 0.28 and
0.062 mg, respectively. These values were equal to Pt load-
ing densities of 3.9mg cm–2 for LB monolayer and
0.88 mg cm–2 for porous membrane electrodes. The value
for porous membrane was calculated based on the TEM
images, which gave a packing density of �800Pt nano-
particles mm–2. To calculate the total mass of Pt in the
membrane, we assumed the Pt nanoparticles were spher-
ical and obtained the volume of individual nanoparticles
according to the equation, pD3/6, where D is the diameter
of the Pt nanoparticle measured from the TEM images. Pt
density of 21.09 g cm–3 was used. The same method and
density were used for the electrode deposited with

Figure 11. (a–d) Time-dependent shape evolution of Pt-porous nanoparticles at Pt(acac)2: HDD: HDA: ACA: DPE molar ratio of
6:36:118:12:100. The reaction times were (a) 2, (b) 3, (c) 5, and (d) 20min after the reaction flask was transferred to the oil bath at 210 1C.
The scale bar is 50 nm, applicable to all the images. (Reprinted with permission from Ref. [47], r 2006, Wiley-VCH.) (e) A proposed
growth model based on the oriented attachment principle.
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monolayer LB film of as-made Pt nanoparticles. The peak
current density in forward sweep corresponded to a cur-
rent density of �0.84mAcm–2. On the other hand, the as-
made Pt nanoparticles deposited as a LB monolayer had
no detectable current, even though the Pt loading was
about five times higher than that in the porous membrane.
These data indicates that the porous membrane possessed
much better catalytic property in methanol oxidation than
the as-made Pt nanoparticles based on the values of cur-
rent density and Pt loading. One possible reason could be
that the membrane contained high percentage of graphitic
carbon than the as-made Pt nanoparticles, which had
non-conducting surfactants on the surfaces.

The electrochemical catalytic activity of various Pt-
porous nanoparticles for the oxidation of methanol was
shown in Figure 13. The peak mass current densities re-
corded after 100 scan cycles were 80mAmg�1 Pt for those
porous Pt nanoparticles. The peak mass current densities
were 72, 62, 58 and 51mAmg�1 Pt for those products
formed for reaction time of 3, 5, 10, and 20min at the
Pt(acac)2: HDD: HDA: ACA: DPE molar ratio of
6:36:118:12:100, respectively. As a reference point, the
catalytic activity of a commercial carbon-supported Pt

catalyst (XC-72R, E-Tek, 60% Pt, diameter of Pt particle:
�6 nm) was measured, which had a mass current density
of 51mAmg�1 Pt. The porous nanoparticles could be
�60% more reactive than this commercial catalyst based
on the unit mass of Pt, Figure 13a. The chronoampero-
metric characterization further indicated that the mass
current density of Pt-porous nanoparticles were at least
�60% higher than that for the reference catalyst tested
when the oxidation reaction reached the steady state (5 �
104 s), Figure 13b. The small size of PNPs, the intercon-
nected morphology of the nanoparticles and the reactant
diffusivity to catalyst surfaces could be important for the
observed bulk catalytic activity.

The activation energy for the reaction, Ea, was deter-
mined for the above Pt-porous nanoparticles from the
first cycle of CV measurement in the temperature range
between 30 and 60 1C, Figure 13c. The activation energy
was obtained from the slope, �Ea/R, of the Arrhenius
relationship and equal to 30 kJmol�1. This value was
similar to some of those obtained for the electro-oxidation
of methanol on electrodes of Pt particles dispersed in
Nafions [50, 51].

4. A Case History

In this section, we will discuss the formation and struc-
tural analysis of single crystal Pt octapods. Face-centered
cubic crystal is highly symmetric without the introduction
of twin plane. This phenomenon leads to the limited suc-
cess in synthesizing anisotropic nanoparticles of fcc met-
als. By controlling the reaction condition and using
appropriate capping agents that bind to certain crystallo-
graphic facets, however, anisotropic Pt nanoparticles,
namely multipods with the arms growing in the (1 1 1)
directions, can be obtained.

The synthesis of Pt octapods was achieved by mixing
100mg of Pt(acac)2, 180mg of ACA, 1.6 g of HDD, 2 g of
HDA, and 1mL of DPE in a 15mL three-neck round-
bottom flask, which was evacuated and flushed with argon
several times. The flask was immersed in an oil bath preset
at 130 1C and the mixture turned to a transparent yellow
color. The flask was then immersed into an oil bath preset
at 180 1C. Within a couple of minutes the mixture turned
black, indicating the formation of Pt nanoparticles. The

Figure 13. (a) Cyclic voltammograms, (b) chronoamperometric curves for oxidation of methanol catalyzed by the Pt-porous nano-
particles and a commercial catalyst, and (c) the Arrhenius plot for the reaction with the Pt-porous nanoparticles. (Reprinted with
permission from Ref. [31], r 2005, Wiley-VCH.) (Reprinted with permission from Ref. [47], r 2006, Wiley-VCH.)

Figure 12. Cyclic voltammograms of direct methanol oxidation
catalyzed by the porous Pt nanoparticle membrane and as-made
Pt nanoparticles. The reaction solution was made of an aqueous
mixture containing 0.1MHClO4 and 0.125M methanol. (Re-
printed with permission from Ref. [31], r 2005, Wiley-VCH.)
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reaction was stopped after 20 or 40min. The Pt nano-
particles were collected and washed by using chloroform
as solvent and ethanol as antisolvent.

The TEM image of the Pt multipods obtained at 20min
is shown in Figure 14a. All of the multipods have at least
four branches, although the exact number of branches
and the precise morphology of the Pt nanoparticles have
not been completely determined. ED was performed on
two types of multipods, i.e., a tetrapod and an octapod.
An ED pattern for a tetrapod from the sample obtained at
40min, is shown in Figure 14b. The inset shows the TEM
image of the tetrapod discernible by the contrast between
the center and the arms. The pattern shows a hexagonal
pattern typical of a single-crystal Pt with a (1 1 1) zone
axis. This observation suggests that the center arm, which
is parallel to the electron beam, grows along the (1 1 1)
axis. The inset of Figure 14c is a TEM image of an octa-
pod from the sample obtained at 40min. The nature of
octapod can be detected from the dark contrast in the
arms and the bright contrast in the center. The ED pattern
shows a cubic pattern, typical of a single crystal Pt with a
(1 0 0) zone axis. This result suggests that the octapods are
the result of extended growth along eight (1 1 1) directions
from the corners of a cube.

The formation of multipods is thought to be a com-
bination of two factors: selective growth along the (1 1 1)
directions and preferential nucleation at the place furthest
from the center of the nanocrystal. The selective growth
along the (1 1 1) directions is thought to be a result of
preferential binding of capping agents on (1 0 0) facets of
Pt, leaving (1 1 1) facets relatively exposed for continuous
growth. In some similar reaction systems, such as the one
in synthesizing Pt tripods, Pt nanoparticles with cubic
morphology was obtained, suggesting that the ACA has
the ability to bind to Pt (1 0 0) surfaces, thus promoting
the growth along the eight (1 1 1) directions. In the current

case, however, where the temperature is raised by 20 1C,
the growth along (1 1 1) directions is enhanced signifi-
cantly, yielding multipod structures with arms growing
along (1 1 1) directions. The second factor, selective nu-
cleation on the tips of the nanoparticle, could be a result
of a concentration gradient of Pt monomers where the
monomers were unsaturated near the center of nanopar-
ticles [52]. This concentration gradient was the major
cause for the selective nucleation at the places that were
furthest from the center of nanoparticle. Thus both tet-
rapods and octapods can be observed in the same reaction
system, as being shown in Figure 15.

5. Conclusions

We have presented several strategies for controlling the
shape and nanostructure of Pt particles. Clearly, the prin-
ciples discussed in this chapter can be readily applicable to
other fcc metals or even alloys [53]. Identification of cap-
ping agents that bind a given facet specifically or selec-
tively is critical for controlling the morphologies of both
simple shape and complexed multipods that are defined
by the underlining crystal habits. In this regard, crystal
twinning can be critically important in the formation of
various planar and 3D metal nanostructures. Adaman-
tane-containing compounds and long-chain amines ap-
pear to be an effective mix of capping agents in making
Pt nanocrystals with a range of interesting shapes.
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CHAPTER 18

Spreader-Bar Structures as Molecular Templates for
Electrochemical Synthesis of Nanoparticles

Vladimir M. Mirsky

Institute of Analytical Chemistry, Chemo- and Biosensors, University of Regensburg, Regensburg, Germany

1. Introduction

Immobilized nanoparticles are of great interest for many
applications including electrocatalysis, data storage sys-
tems, new electronic devices, electrochemical chemo- and
biosensors, refractometric and fluorescent sensors based
on localized plasmon effects, and many other fields of
science and high technology [1–4]. Most strategies of
preparation of these systems are based on the deposition
of pre-synthesized nanoparticles with [5] or without [6,7]
further treatment. Such depositions were mostly per-
formed by electrospray technique [8] or by adsorption
[6,9]. Several techniques are based on in situ synthesis of
the nanoparticles. In particular, such a synthesis can be
performed by electroless deposition or by electroplating.
An electroless synthesis of nanoparticles, being first de-
scribed in M. Faraday works on preparation of gold sol, is
used now for the deposition of gold, silver, nickel, pal-
ladium, copper and cobalt nanoparticles onto different
surfaces [1,2,10]. Within this procedure, a reducing agent
is added into the liquid or is deposited onto the surface, as
it, e.g. has been done in the case of silver nanocluster
formation, which was performed by reduction of silver on
the monolayer of hydroquinone derivate [11]. Template-
based techniques for synthesis of nanostructures are re-
viewed in Ref. [12]. This approach can be applied in both
aqueous and organic solutions. An electroplating is used
for formation of bulk phases of nanocrystalline metals by
reduction of corresponding salts in ionic liquids [13,14]. A
combination of electroplating and electroless deposition
was developed [15,16]: metallic nanoparticles are formed
by electrochemical reduction on the tip of scanning tun-
neling microscope and then transferred to planar metal
electrodes by mechanical contact with them. This tech-
nology was reproduced in other groups and used for in-
vestigation of electrochemical reactivity [17].

Recently, another template-based technique for prep-
aration of metallic nanoparticles on electrode surfaces was
described [18]. This technique does not need any nano-
manipulation by STM or AFM. It is based on reduction

of metals on nanoelectrodes formed by the recently de-
veloped spreader-bar technique [19]. Variations of the re-
duction current provide a simple way to control size of the
nanoparticles formed. In contrast to other template-based
techniques reviewed in Refs. [12,20], the current method
exploits ultrathin template based on self-assembled mono-
molecular layer.

2. Synthetic Strategy

Electrochemical template-controlled synthesis of metallic
nanoparticles consists of two steps: (i) preparation of tem-
plate and (ii) electrochemical reduction of metals. The
template is prepared as a nanostructured insulating mono-
layer with homogeneously distributed planar molecules.
This is a crucial step in the whole technology. The insu-
lating monolayer has to possess perfect insulating proper-
ties while the template has to provide electron transfer
between electrode and solution. Probably, the mixed nano-
structured monolayer consisting of alkylthiol with cavities
which are stabilized by the spreader-bar approach [19] is
the only known system which meets these requirements.

2.1. Preparation of Template

In general, a preparation of mixed monolayer can be re-
alized by either a kinetic control or a thermodynamic
control (Figure 1, left). Kinetic control is based on a sug-
gestion that for an initial deposition step the desorption
rate is ignorable in comparison with the adsorption rate.
In this case, the concentration ratio of the adsorbed spe-
cies A and B on the surface corresponds to the ratio of
products of their adsorption rate constant (kA or kB) and
concentration (CA or CB): kACA/kBCB. The validity of the
initial assumption on low desorption rate means that the
total surface coverage obtained under kinetic control is
essentially lower than 100%. This non-complete coverage
does not disturb most of optical applications of the
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formed mixed monolayers, but complicates essentially
their electrochemical applications: the uncoated electrode
surface has typically much higher electrical conductance
than the coated one, thus shunting electrical current
through coated electrode surface. Another difficulty in
kinetic deposition of mixed monolayers is caused by the
requirement to define the deposition time very precisely.
Possible temperature fluctuations, data scattering between
different samples and widely used blind deposition of self-
assembled monolayers (without on-line monitoring) make
this technique poorly reproducible.

Thermodynamic control (Figure 1, right) is based on
adsorption of substances until quasi-equilibrium stage. In
this case, the surface ratio of the adsorbed species is de-
fined by the ratio of products of their concentration and
binding constant. This deposition is much less influenced
by poorly controllable fluctuations of external conditions
and provides much better reproducibility. The total cov-
erage can be almost 100%. Because of these reasons, the
thermodynamic control is advantageous for preparation
of mixed nanostructured monolayers for electrochemical
applications including a formation of spreader-bar struc-
tures for their application as molecular templates for syn-
thesis of nanoparticles.

However, an application of thermodynamic control
may be complicated by too large difference in binding
constant of adsorbed species. The highest concentration
of an adsorbate in deposition solution cannot exceed its
solubility. The lowest concentration should provide
enough high amounts of molecules for formation of a
monomolecular layer. For most of compounds and

typical geometry of deposition cells, these requirements
result in the range of possible variations of concentrations
of �104 times. A difference in binding constants of ad-
sorbed species can be much higher. Therefore, it may be
impossible to compensate strong difference in binding
constants of adsorbed species by adjustment of their con-
centrations. Because of this reason it is impossible to pre-
pare mixed monolayers on gold surface by co-adsorption
of thiols and molecules without thiol moiety. For exam-
ple, large planar molecules with large p-electron systems
form perfect monolayer being adsorbed as an individual
compound. However, a co-adsorption of this compound
with linear alkylthiol lead to its fast replacement by al-
kylthiol [21]. It is observed even at high excess of the non-
thiolated compounds.

Therefore, the spreader-bars should be also formed from
thiolated compounds. The largest thiolated molecule used
so far for this purpose was a thiolated derivative of tet-
raphenylporphyrine (TMPP) obtained from commercially
available 5,10,15,20-tetrakis(sulfonatophenyl)porphyrin by
partial reduction of its sulfonato groups [18]. TMPP was
co-adsorbed on thoroughly cleaned gold surface from et-
hanol solution containing 15mM TMPP and 1.5mM 1-
dodecanethiol (C12) for 72h. This time exceeds a typical
time for surface–solution exchange of thiolated compounds
[22]; therefore, one can expect a quasi-equilibrium ratio of
TMPP (template) and C12 (matrix) molecules in the film.

The deposition conditions should be optimized to obtain
approximately equal amounts of matrix and spreader-bar
molecules on the surface [18,21]. Analysis of monolayers
by near-edge X-ray absorption fine-structure spectroscopy,
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X-ray photoemission spectroscopy and X-ray absorption
spectroscopy demonstrated that the mixed film can be
precisely adjusted by the composition of the solution used
for co-adsorption of C12 and TMPP. The monolayer
formed from the C12/TMPP ¼ 1/10,000molmol�1 solu-
tion contains only TMPP moieties, while that from the 1/
1000 solution is mostly TMPP with a few percent of C12.
The monolayer formed from the 1/100 solution contains a
minor amount of TMPP, and that from the 1/10 solutions
consists exceptionally of C12 moieties [18].

2.2. Template-Controlled Electrochemical Synthesis
of Nanoparticles

Gold electrodes coated by nanostructured self-assembled
monolayer of TMPP and C12 are used as template for in
situ synthesis of metallic nanoparticles (Figure 2).

Electrodeposition of metals can be performed under
different electrochemical modes. In the work mentioned
in Ref. [18], it was performed in potentiostatic mode. The
potential value for formation of platinum nanoparticles is
�25mV vs. SCE; the deposition is performed from
2.5mM solution of H2[PtCl6] in 50mM KCl. The size of
nanoparticles formed depends on the reduction charge.
Continuous monitoring of the charge in potentiostatic
mode is provided by different potentiostats, for example,
by Autolab-PG-stat (EcoChemie, The Netherlands). Con-
ditions for deposition of other metals should be selected
according to their electrochemical properties.

3. Results

The electrochemically formed nanoparticles can be visu-
alized by scanning electron microscopy (Figure 3). At the

Figure 2. Electrochemical template-controlled synthesis of nanoparticles on nanostructured monolayer. The size of nanoparticles
depends on the reduction charge and can be adjusted easily. (Reprinted from Ref. [18], r 2005, with permission from Wiley-VCH.)
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conditions described above (from Ref. [18]), the size of
nanoparticles was �500 nm at deposition charge 40Cm�2

and increased up to �1000 nm at deposition charge
160Cm�2. This dependence provides a simple possibility
to control the size of nanoparticles. By further decreasing
of the deposition charge, 20 nm nanoparticles were ob-
tained. Most probably, the approach can be applied for a
template-controlled formation of much smaller metallic
nanoclusters on the electrode surface.

A total area of the fabricated platinum nanoelectrodes
was estimated by underpotential deposition of copper
[18]; a total surface area of �220% of the geometrical
electrode area was obtained. From geometrical consider-
ations, an increase of surface due to formation of a
densely packed monolayer with a square lattice is less
than p times for spherical structures or less than p/2 times
for semispherical structures. Taking into account that a
mean distance between nanoparticles is larger than their
size, a 220% increase of the surface area cannot be
reached without increase of surface roughness. Such a
roughness was really detected by scanning electron

microscopy (Figure 3). This roughness can be caused by
a fusion of smaller nanoparticles during their growth
(Figure 2).

4. A Case History

According to Ref. [12], template for synthesis of nano-
materials is defined as a central structure within which a
network forms in such a way that removal of this template
creates a filled cavity with morphological or stereochem-
ical features related to those of the template. The template
synthesis was applied for preparation of various nano-
structures inside different three-dimensional nanoporous
structures. Chemically, these materials are presented by
polymers, metals, oxides, carbides and other substances.
Synthetic methods include electrochemical deposition,
electroless deposition, chemical polymerization, sol–gel
deposition and chemical vapor deposition. These works
were reviewed in Refs. [12,20]. An essential feature of this

Figure 3. Scanning electron microscopy images of gold electrodes coated by the nanostructured TMPP/C12 monolayer after the
electrochemical platinum deposition. The deposition charge was 41 and 160Cm�2 for the left and right images, respectively. (Reprinted
from Ref. [18], r 2005, with permission from Wiley-VCH.)
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approach is that the used templates were formed by rel-
atively thick three-dimensional phase. Correspondingly,
the formed nanostructures have typically a shape of filled
or hollow nanotubes.

A number of electronic, optical and sensor applications
demand arrays of nanoparticles deposited on solid surfaces
[23,24]. Such structures can be prepared by reduction
through nanopores in monomolecular template, as it is
described in the present publication. A crucial step in this
technology is preparation of stable nanoporous monolayer:
because of lateral diffusion, nanoporous monolayers with
defects are not temporarily stable. The solution was found
in 1999: it is based on filling of defects by planar chemically
adsorbed molecules (‘‘spreader-bars’’) [19]. A preparation
of the spreader-bar stabilized nanostructured monolayers is
performed by co-adsorption of two types of organic moi-
eties: chain-like molecules (matrix) and large rigid planar
molecules (template or molecular spreader-bar) [18,19,21].
This system has been tested for many applications. It was
applied to form stable artificial receptors for different
purines and pyrimidines [25] and to fabricate a sensor array
(artificial tongue) to analyze these compounds. Later, a
preparation of enantioselective receptors was reported [26].
Nanostructured monolayers with spreader-bars were used
as a model system for biophysical investigation of ionic
pump [27]. Finally, the spreader-bar-nanostructured mono-
layers were used as arrays of ‘‘molecular’’ electrodes for
template-controlled reduction of metals [18].

5. Conclusions

The described technology was tested for preparation of
copper and platinum nanoparticles on coated gold elec-
trodes by electrochemical reduction. But most probably it
can be extended for many other systems. Instead of gold
electrode, other metals which can be coated by thiolated
compounds, for example, silver, nickel, copper and pal-
ladium [28,29], can be tested. There is no principal lim-
itation for extension of this technology for fabrication of
nanoparticles consisting of conductive or non-conductive
electrochemically polymerized compounds; in this case the
synthesis will be performed by electrochemical oxidation.
Electrochemically controlled precipitation of polymers
induced by local pH changes [30] presents another class of
chemical compounds for this technology.

A large number of possible applications of arrays of
nanoparticles on solid surfaces is reviewed in Refs. [23,24].
They include, for example, development of new (elect-
ro)catalytical systems for applications as chemical sen-
sors, biosensors or (bio)fuel cells, preparation of optical
biosensors exploiting localized plasmonic effect or surface
enhanced Raman scattering, development of single elec-
tron devices and electroluminescent structures and many
other applications.
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CHAPTER 19

Solvent and Simple Ion-Stabilized Metal
Nanoclusters: Chemical Synthesis and Application

Yuan Wang and Xiaodong Wang

Beijing National Laboratory for Molecular Sciences, State Key Laboratory for Structural Chemistry of Unstable and Stable
Species, College of Chemistry and Molecular Engineering, Peking University, Beijing, China

1. Introduction

To prepare stable metal nanoclusters with small particle
size and narrow size distribution in colloidal solutions,
protective agents of polymers, such as poly(N-vinyl-2-
pyrrolidone) (PVP) and polyvinylalcohol (PVA), coordi-
nation ligands such as PPh3 and mercaptans, or surfact-
ants are usually required. The protective agents can adjust
the aggregation process of metal atoms to form metal
nanoclusters with narrow size distribution, and provide
potential barriers to prevent the metal nanoparticles from
aggregating. However, the interaction between the metal
colloidal particles and the protective agents may affect or
alter the physical and chemical properties of the nano-
scopic metal particles, thereby restricting the applications
of protected metal nanoclusters in some aspects. For the
purpose of studying the intrinsic properties of metal
nanoparticles and employing the metal nanoclusters as
nanosized building blocks for assembling some important
functional systems conveniently, ‘‘unprotected’’ metal
nanoclusters with sufficient stability are desirable.

The so-called ‘‘unprotected’’ metal nanoclusters are
prepared in the absence of usual protective agents; how-
ever, they are not truly bare but stabilized by solvents and
simple ions adsorbed on them, or by both. Successful
examples for preparing such metal colloidal solutions are
still limited. Klabunde and co-workers developed a solv-
ated metal atom dispersion technique (SMAD), which
involves vaporization of a metal under vacuum and co-
deposition of the metal atoms with the vapors of a sol-
vent on the walls of a reactor cooled to 77K, followed by
warming the frozen matrix to produce metal nanoclusters
stabilized by solvent and negative charge [1,2]. Stable Pd
colloids with average diameters of 6–8 nm in acetone or
propanol could be prepared using the SMAD technique
[3]. The syntheses of Au nanoparticles and their immo-
bilization [4] or surface modification with mercaptan [5]
were studied. Esumi et al. reported the preparation
of stable Pd colloids with average particle sizes of

8–10 nm from the thermal decomposition of Pd com-
plexes in methyl isobutyl ketone [6,7]. Organosols of Ti,
Zr, V, Nb and Mn with small particle size, stabilized by
intact THF molecules, were prepared in Bonnemann’s
group by reducing the corresponding metal halides in
THF using K[BEt3H] as a reductant [8]. Curtis et al.
prepared a Cu colloid with a mean metal particle size of
13.3 nm in methanol by reducing Cu2+ salts with hydra-
zine hydrate [9]. Stable colloidal solutions of cubic Pt
nanoparticles stabilized by oxalate with an average
particle size of 6.5 nm and a shape selectivity larger than
90% were successfully prepared via the reduction of
K2Pt(C2O4)2 in water with hydrogen at room tempera-
ture. After exposure to air and treatment with hydrogen,
the oxalate-stabilized Pt nanoparticles could self-assemble
into Pt nanowires with almost the same diameters as the
original Pt particles and lengths of several hundreds of
nanometers [10].

The achievements described above made remarkable
contributions to the preparation of unprotected metal
nanoclusters. However, limiting the discussion to devel-
oping metal nanocluster-based catalytic systems, there are
still great challenges in relation to the unprotected metal
nanoclusters as pointed out behind: (1) effectively pre-
paring unprotected metal and alloy nanoclusters with
controllable particle size, shape and composition, which
can be used as tractable building blocks for assembling
various catalysts, in which the circumjacent environment
of the metal nanoclusters can be modulated easily; (2) in
virtue of the unique properties of unprotected metal
nanoclusters, investigating the structure–property rela-
tionships of metal nanocluster-based catalysts, including
the metal particle size effect, alloying effect, ligand effect
and the support effect, as well as distinguishing these
effects; (3) developing practical nanocomposite catalysts
with excellent properties by immobilizing the unprotected
metal nanoclusters on nanostructured supports, control-
ling the size and distribution of metal nanoparticles at
demanding metal loading.
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A novel synthesis method (alkaline ethylene glycol
(EG) method) has been proposed for the effective prep-
aration of small noble metal and bimetallic nanoclusters
(1–3 nm), such as Pt, Rh, Ru [11], Os, Pt/Rh [12] and Pt/
Ru [13,14] nanoclusters, which are stabilized with EG and
simple ions. These unprotected metal nanoclusters are
very tractable as building blocks for fabricating novel
catalytic materials due to the high efficiency of synthesis,
the convenience of separation, the flexibility of modifica-
tion and the controllability of particle size. Recently, Liu
and co-workers [15] and Gedanken and co-workers [16],
respectively, further improved greatly the synthesis rate of
the alkaline EG method by microwave irradiation on the
reaction system. The unprotected Pt, Rh and Ru nano-
clusters could be produced within 20–30 s using this
microwave-assisted alkaline EG synthesis technique. The
unprotected metal nanoclusters have been successfully
applied to the fabrication of highly selective hydrogen
sensor [17] and highly selective catalysts for the hydro-
genation of chloronitrobenzene (CNB) [18,19]. Xin and
co-workers [20–24] and Mao and Mao [25] have suc-
ceeded in preparing promising electrocatalysts for fuel
cells with metal loadings of 10–50wt.% by some modi-
fications in the alkaline EG synthesis method.

This chapter will mainly deal with the advantages of the
alkaline EG synthesis method for the chemical prepara-
tion of noble metal nanoclusters stabilized by EG and
simple ions, as well as the excellent performances of the
functional materials assembled using these unprotected
metal nanoclusters as building blocks.

2. Synthesis Strategy

2.1. Alkaline Ethylene Glycol Synthesis Method

The strategy usually adopted for the chemical preparation
of metal nanoclusters is to lead metal atoms produced in
situ to aggregate and generate metal cores, followed by
depositing metal atoms on these cores. Due to the huge
specific surface energy, small metal particles in colloidal
solutions have a great tendency to aggregate and form
precipitates in the absence of suitable stabilizers. The
charge effect derived from the electrostatic repulsion of
adsorbed ions on the small metal particles and the solvent
effect, namely decreasing the particles’ surface energy by
adsorbing solvent molecules, have been known to be
effective for stabilizing tiny metal nanoclusters in colloidal
solutions [3]. A great handicap in the chemical prepara-
tion of unprotected metal nanoclusters with small particle
size in colloidal solutions of high metal concentration is
derived from the difficulty in controlling the processes of
core formation and its further growth in the previous
methods.

A strategy to solve this problem is to separate the core
formation process from the reduction of metal ions in the
cores as shown in Scheme 1, and use solvent (EG) and
simple ions (OH�, etc.) as the stabilizers [11]. In the first
step of this process, metal salts hydrolyzed in the alkaline
solution of EG to give rise to metal hydroxide or oxide
colloids, which were then reduced by EG at elevated tem-
perature to produce colloidal metal nanoclusters in the

second step. TEMmeasurements showed the formation of
the metal hydroxide or oxide colloidal particles before the
reduction process in the preparation [11]. Liu and co-
workers monitored the reaction course using UV–vis
spectroscopy and investigated the evolution of metal spe-
cies in the synthesis process by XPS [15]. Their results also
support the two-step formation mechanism of the unpro-
tected metal nanoclusters.

2.2. Preparation of Nanocomposite Catalysts

Metal nanoclusters are promising building blocks in the
preparation of heterogeneous catalysts, providing new
possibilities of universal significance for designing and
constructing structure-controllable catalysts. The support-
entrapment method provides a realistic strategy, which
builds a framework of inorganic supports via stacking
metal oxide nanoparticles around preformed metal nano-
clusters protected with organic ligand or polymer. In this
method, to obtain a close contact of the metal nanopar-
ticles with inorganic supports, organic stabilizers origi-
nally adsorbed on the metal nanoclusters usually have to
be removed by extraction [26,27] or pyrolysis [28–31] at
the end of the catalyst preparation, which may cause the
aggregation of metal nanoclusters in some cases, espe-
cially at high metal loading. However, these processes are
not necessary in the preparation of heterogeneous cata-
lysts using unprotected metal nanoclusters as building
blocks. The solvent molecules and simple ions absorbed
on the surface of metal nanoclusters can be easily re-
moved during the immobilizing process.

Recently, a new strategy for synthesizing the nano-
composites of metal nanoclusters and inorganic semicon-
ductor nanoparticles was proposed [18,19]. As illustrated
in Scheme 2, this strategy includes capturing the unpro-
tected metal nanoclusters on the colloidal particles of
metal oxides via electrostatic interaction and gelating the
complex sol by adjusting its pH value or heating. This
assembling process, using two kinds of nanoparticles sta-
bilized with solvent and simple ions as building blocks, is
different from those based on an in situ hydration process
of M(OR)n compounds in the presence of ligand-
protected metal nanoclusters as reported previously
[26,29]. The catalysts prepared by this strategy are more
regulable in structure, i.e. it is convenient to control both
the size and composition of the metal and support nano-
particles in the formed catalysts, and to modulate the
catalytic properties by the interaction between the differ-
ent nanoparticles as well as the external environment sur-
rounding the catalytic sites.

"unprotected" Pt nanocluster
colloidal solution

Pt hydroxide colloidH2PtCl6
(1) NaOH, pH >12 in glycol

hydrolysis/condensation

(2) 160°C, N2 flow

reduction

Scheme 1. Procedure of alkaline EG method for the chemical
preparation of metal nanoclusters stabilized by EG and sample
ions.
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3. Results

3.1. Synthesis of Metal Nanoclusters Stabilized by
Ethylene Glycol and Simple Ions

The unprotected Pt, Rh and Ru nanoclusters prepared
according to the alkaline EG synthesis method in EG with
metal concentrations of 0.3–3.7 g/l have small average
particle sizes of 1.1–1.3 nm and narrow size distributions
from 0.7 to 2.2 nm, as measured by TEM (Figure 1 and
Table 1) [11]. The Os nanoclusters (3.7 g/l) prepared by
this method have an average diameter of 0.9 nm and a size
distribution of 0.6–1.8 nm (Figure 2) [12].

The reduction of metal hydroxides or oxides powder by
polyol was first reported by Figlarz and co-workers, which
gave rise to fine powders of Cu, Ni, Co and some noble
metals with micrometer sizes (polyol process) [32,33]. The
polyol process was first modified for the preparation of
PVP-protected bimetallic and monometallic nanoclusters
such as Pt/Cu, Pd/Pd, Pt/Co, Pt, Pd, etc. [34–38]. The pre-
vious results definitely revealed that Pt, Pd, Cu and Co in
these PVP-protected metal or alloy nanoclusters were in a
zero-valent metallic state.

In the XRD patterns of the unprotected metal nano-
clusters prepared by the alkaline EG synthesis method, no
signals derived from their corresponding oxides could be
detected. XPS measurements also revealed that the pre-
pared metals nanoparticles had the binding energies close
to those of their corresponding zero valence species, 70.9 eV
for Pt 4f7/2, 280.0 eV for Ru 3d5/2, 307.1 eV for Rh 3d5/2
and 50.0 eV for Os 4f7/2, respectively, indicating that the
metal species were in a metallic state.

The alkaline EG synthesis method has been successfully
applied to the preparation of unprotected bimetallic
nanocluster colloids with controllable composition. Fig-
ure 3 shows the TEM image of bimetallic Pt/Ru nano-
clusters (Pt/Ru molar ratio ¼ 1:1.9, total metal
concentration: 1.85 g/l) with an average particle size of
1.9 nm and a size distribution from 1.4 to 2.4 nm. XRD
pattern of the bimetallic nanoclusters is shown in Figure
4. In addition to the wide peak centered at �401 contain-
ing the signals of (1 1 1) and (2 0 0) reflections, there is

another weak peak at 2y ¼ 671 assignable to the (2 2 0)
diffraction line of fcc Pt/Ru alloy [13].

Pt/Rh bimetallic nanoclusters were similarly prepared
by this alkaline EG method [12]. The particle sizes of bi-
metallic Pt/Rh nanoclusters (0.37 g/l in total metal con-
centration) ranged from 0.9 to 2.1 nm with an average
diameter of 1.3 nm. A combined EDX analysis, using an
electron beam of 1.0 nm in diameter, revealed that both
signals of Pt and Rh existed in each individual particle
and the average ratio of Pt to Rh (1.4:1) was close to the
charged ratio (1.33:1) in the preparation, proving the for-
mation of bimetallic nanoclusters.

In the chemical preparation of unprotected metal col-
loids, the metal concentration usually has a significant
influence on the particle size of obtained metal nanoclus-
ters. For example, when increasing Pd concentration from
0.1 to 1.0mM in the preparation of Pd metal colloids by
the thermal decomposition of Pd acetate in methyl is-
obutyl ketone, the average Pd particle size increased from
8 to �140 nm [6,7]. However, in the alkaline EG synthesis
method, the size of metal nanoclusters was only slightly
dependent on the metal concentration of the colloidal so-
lution. The colloidal Pt particles prepared with a metal
concentration of 3.7 g/l had an average diameter of
1.3 nm, which was only 0.2 nm larger than that of the Pt
particles prepared with a metal concentration of 0.37 g/l.
In the case of Os nanoclusters, when the metal concen-
tration in a colloidal solution was elevated from 3.7 to
7.4 g/l, the average metal particle size had only a slight
increase from 0.9 to 1.0 nm. These results suggest that the
alkaline EG synthesis method is very effective for prepar-
ing unprotected metal nanoclusters having small particle
size and narrow size distribution.

Different from the metal concentration, the content of
water in the reaction system exhibits an obvious effect on
the particle size of the resulted metal nanoclusters. In a
mixture of EG and water (10:1 in volume ratio), Pt hy-
droxide colloidal particles formed in the first synthesis
step were 4.0 nm in average diameter, and the finally ob-
tained Pt nanoclusters had an average particle size of
2.4 nm, which was much larger than that of the Pt nano-
clusters prepared in pure EG with the same metal con-
centration (0.37 g/l).

Oxide sol

Metal nanoclusters
Complex 

 sol

Gelation

343  K

Drying
in vacuum

Catalyst
(Xerogel)

Adjusting pH 
or heating

Incorporation

Scheme 2. General scheme showing the entrapment process of unprotected noble metal nanoclusters within the matrix of metal oxide
nanoparticles. (Reprinted from Ref. [18], r 2004, with permission from Elsevier.)
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Figure 1. TEM images and size distributions of Pt, Rh and Ru nanoclusters stabilized by EG and simple ions [11]: (a) Pt nanoclusters
(0.37 g/l); (b) Pt nanoclusters (3.7 g/l); (c) Rh nanoclusters (0.31 g/l); (d) Ru nanoclusters (0.32 g/l). (Reprinted from Ref. [11], r 2000,
with permission from American Chemical Society.)

Table 1. Average diameters and size distributions of unprotected metal nanoclusters.

Metal nanoclusters Metal concentration (gmetal/l) Average particle diameter (nm) Particle size distribution (nm)

Pt 0.37 1.1 0.8–2.0
3.7 1.3 0.8–2.0

Rh 0.31 1.3 0.7–2.2
Ru 0.32 1.1 0.7–2.2

Os 3.7 0.9 0.6–1.8
7.4 1.0 0.6–1.8

Pt/Ru (1/1.90) 1.85 1.9 1.4–2.4
Pt/Rh (1.33/1) 0.37 1.3 0.9–2.1

Source: Refs. [11–13].
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Xin and co-workers modified the alkaline EG synthesis
method by heating the metal hydroxides or oxides
colloidal particles in EG or EG/water mixture in the
presence of carbon supports, for preparing various metal
and alloy nanoclusters supported on carbon [20–24]. It
was found that the ratio of water to EG in the reaction
media was a key factor influencing the average size and
size distribution of metal nanoparticles supported on the
carbon supports. As shown in Table 2, in the preparation
of multiwalled carbon nanotube-supported Pt catalysts

(Pt/MWNT) [20,21], fine and homogeneous Pt nanopar-
ticles deposited on MWNTs were obtained when pure EG
was used as the solvent or less water (o5 vol.%) was in-
troduced. With the increase in water content, aggregation
of the metal nanoparticles occurred, the average particle
size increased and the particle size distribution became
wider.

Generally, the absence of water favors the formation of
stable metal nanocluster colloids, while its presence favors
the formation of metal hydroxide or oxide colloids in the

Figure 2. TEM image and size distribution of Os nanoclusters (3.7 g/l) stabilized by EG and simple ions. (Reprinted from Ref. [12],
r 2005, with permission from Springer.)

Figure 3. TEM image and size distribution of Pt/Ru bimetallic nanoclusters (1.85 g/l) stabilized by EG and simple ions [13].
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first step of the synthesis process. Therefore, the particle
size and the size distribution of the unprotected metal
nanoclusters can be controlled to some extent by simply
adjusting the content of water in the starting reaction
mixture.

A great advantage of the solvent and simple ion-
stabilized metal nanoclusters prepared according to the
alkaline EG synthesis method is that they can be conven-
iently separated as precipitates from the original colloidal
solution by adding a dilute aqueous solution of HCl, ad-
justing the colloidal solution to be acidic. Based on differ-
ent requirements in application, the precipitated metal
nanoclusters can be redispersed into many kinds of or-
ganic solvents, such as alcohol, ketone, THF, acetonitrile,
DMF and DMSO, giving rise to different colloidal solu-
tions of the unprotected metal nanoclusters. It was found
that the Pt nanoclusters ‘‘dissolved’’ in some ketone sol-
vents as well as DMF and DMSO were very stable. For
example, the colloidal solution of Pt nanoclusters in
cyclohexanone or cyclopentanone was transparent
and homogeneous, no precipitate was observed after
standing for at least several months. Besides, the metal
concentration of Pt nanoclusters in colloidal solutions
could be elevated to a level higher than 200 g/l by this
separation–redispersion procedure. TEM characteriza-
tions showed that the Pt nanoclusters in these colloidal
solutions had an average diameter of 1–2 nm, indicating
that no obvious aggregation of the small Pt particles oc-
curred during the transferring process.

Based on a series of experimental phenomena, it was
suggested that EG adopted in the alkaline EG synthesis

method acts not only as a solvent and a reductant, but
also as a stabilizer [11]. When other glycols such as 1,2-
propylene-glycol and 1,4-butylene-glycol were used in the
similar reaction conditions, it was hard to prepare stable
metal colloidal solutions of unprotected metal nanoclus-
ters as reported by Liu and co-workers [15].

In the alkaline EG synthesis method, the pH value of
the reaction mixture is very important for producing sta-
ble metal nanoparticles in EG. If the pH value is not high
enough, instead of a metal colloidal solution, a metal
precipitate will be obtained in the subsequent reduction
process under heating [11]. During the reaction process,
NaOH would react with metal chlorides and some organic
acid resulted from the oxidation of EG; therefore, pH of
the reaction mixture would decrease. To keep a basic re-
action medium, an excess amount of base had to be added
into the reaction system. Liu and co-workers systemically
investigated the influence of the amount of NaOH on the
stability of the unprotected metal nanoclusters [15]. In
their experiments, the metal colloids were prepared at
different OH�/Mn+ molar ratio, with constant metal
concentration. The experimental results revealed that sta-
ble metal colloids can be obtained only in a definite con-
centration range of NaOH, the molar ratios of NaOH to
metal ranging from 12 to 25 for Pt and 6 to 12 for Rh,
which is the characteristic of electrostatic stabilization for
metal colloids by the surface adsorbed anions [39,40].

A series of measurements, including GC–MS, HPLC,
MS, UV–vis, FT-IR and element analysis, have been car-
ried out to analyze the species formed in the alkaline EG
synthesis process that may have a contribution to the
stability of the nanoscopic Pt particles. These experimen-
tal results suggested that in the colloidal solutions of the
unprotected metal nanoclusters, EG and the simple an-
ions adsorbed on the surface of metal particles played
important roles in stabilizing the nanosized metal clusters.
It should be noticed that in the prepared metal colloidal
solutions, there should be an adsorptive equilibrium on
the metal nanoclusters between the existing simple anions
such as OH�, Cl�, acetate, glycolate or oxalate ions,
which depended not only on pH and solvents but also on
the metal specificity. According to the DLVO theory for
the colloid stability, all of the adsorbed anions would have
their contribution to the stabilizing effect on the metal
nanoclusters. Precipitating the Pt nanoclusters with a di-
lute aqueous solution of HCl, followed by ‘‘dissolving’’
the precipitated Pt nanoclusters in EG containing NaOH
and repeating the precipitation–redispersion process for
several times, could give rise to a very stable Pt colloidal
solution [11]. A further intensive study is necessary for
revealing the details in the stabilization mechanism.

3.2. Ligand Modification of the Unprotected Metal
Nanoclusters

The species absorbed on the unprotected metal nanoclus-
ters, i.e. EG and the simple anions, can be easily replaced
by many kinds of coordination ligands or protective
agents. This character makes it possible to prepare var-
ious metal nanoclusters with the same metal core and
different modifying or protective shells. The metal
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Figure 4. XRD diffraction pattern of bimetallic Pt/Ru nano-
clusters [13].

Table 2. Effect of water content in EG on the particle size of Pt
nanoparticles deposited on MWNTs.

Water content (%,
volume ratio)

Average size of Pt
particles (nm)

Size distribution of
Pt particles (nm)

0 2.0 1–4
5 2.5 2–5
40 4.0 2–8
70 4.5 2–12

Source: Refs. [20,21].
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nanoclusters modified by different ligands with the same
particle size of the metal core afford us an opportunity to
distinguish the ligand effect from the size-dependent effect
on some physical and chemical properties of nanoscopic
metal particles. This section deals with the method for the
preparation of surface-modified metal nanoclusters using
the unprotected metal nanoclusters as precursors, and the
effect of ligands on the core-level binding energies of
metal nanoparticles based on the XPS measurements.
Recently, the fabrication of high surface area heteroge-
neous catalysts [41,42] and excellent electrocatalysts [43]
using the PVP-protected Pt and PPh3-modified Pt metal
nanoclusters prepared by the alkaline EG method and
surface modification technique has also been reported.

PVP-protected noble metal nanoclusters have been in-
tensively studied in many research groups and exhibited
excellent stability and catalytic properties for many or-
ganic reactions. They are usually prepared by refluxing an
alcohol solution of the corresponding metal compounds
in the presence of PVP, a method set up by Hirai et al.
[44]. In this preparation method, to obtain small metal
nanoclusters with narrow size distribution, usually a mo-
lar ratio of PVP (as monomeric unit) to the metal higher
than 40 has to be used. However, applying the unpro-
tected metal nanoclusters as building blocks, it is conven-
ient to prepare PVP-protected noble metal nanoclusters
with a low PVP/metal ratio (0.35) [45]. In a typical pro-
cedure for the preparation of PVP-protected Pt nanoclus-
ters, an EG solution of the unprotected Pt nanoclusters
with an average particle size of 1.3 nm was mixed with an
EG solution of PVP. After stirring for 2 h at room tem-
perature, excessive acetone was added to the reaction sys-
tem and the mixture was kept at �20 1C for 2 h. A black
precipitate of the PVP-protected Pt nanoclusters was ob-
tained by centrifugation. The precipitate was very soluble
in alcohol or water to form a stable, dark-brown, trans-
parent colloidal solution. These results revealed that a
small amount of PVP is enough to prevent the nanosized
Pt clusters from aggregating in colloidal solutions. The
large amount of PVP in the alcohol-refluxing preparation
method may be the demand of adjusting the kinetic proc-
esses of the metal ions reduction and metal atom aggre-
gation. By the similar method except the replacement of
the EG solution of PVP by a water solution of PVA, the
PVA-protected Pt nanoclusters were also prepared suc-
cessfully with a PVA/metal ratio of 10.

Liu and Toshima have reported that adding a large
amount of PPh3 to a PVP-protected Pt nanocluster solu-
tion (PPh3/Pt ¼ 15) cannot directly transfer the Pt colloi-
dal particles into toluene, but forms a flocculate of Pt
colloids [46]. The flocculate can be ‘‘dissolved’’ in butanol
or butanol–toluene (1/9, v/v) mixed solution but not in
pure toluene, implying that PVP may still remain in the
flocculate. On the contrary, the unprotected Pt nanoclus-
ters prepared by the alkaline EG synthesis method can be
easily transformed to PPh3-modified Pt nanoclusters by
adding a small amount of PPh3 to the Pt nanocluster so-
lution (PPh3/Pt ¼ 0.5) [11]. The obtained PPh3-modified
Pt nanoclusters can be extracted into toluene, giving rise
to a toluene solution of PPh3-modified Pt nanoclusters.
The PPh3-modified Pt nanoclusters in toluene have a ten-
dency to deposit on many kinds of substrates, and a ho-
mogeneous film of the PPh3–Pt nanoclusters could be

obtained by marinating the substrates in the modified
metal colloidal solution for a few days [17,47].

Dodecylamine (C12H25NH2)- and dodecanethiol
(C12H25SH)-modified Pt nanoclusters could also be pre-
pared by a simple phase-transfer method [45]. Mixing a
toluene solution (10ml) of C12H25NH2 (28.5mM) or
C12H25SH (18.6mM) with an EG solution (10ml) of the
unprotected Pt nanoclusters (19.3mM), after stirring the
mixture of two phases for 2 h, the toluene phase was iso-
lated, washed and concentrated to 0.5ml under flowing
Ar. To this concentrated solution, 10ml ethanol was
added. When keeping the obtained mixture at �20 1C for
12 h, the object product was precipitated effectively. The
prepared Pt nanoclusters modified with C12H25NH2 or
C12H25SH are very soluble in nonpolar solvents such as
toluene, chloroform or cyclohexane, and the obtained
colloidal solutions of C12H25NH2–Pt or C12H25SH–Pt are
very stable.

TEM measurements show that the C12H25NH2–Pt,
C12H25SH–Pt and PPh3–Pt nanoclusters have an average
particle size of �1.3 nm and a size distribution of
0.8–2.8 nm, which are in agreement with the values of
the original unprotected Pt nanoclusters in EG solution.
These results demonstrate that no aggregation of the
nanoscopic metal clusters occurs during the coordination
capturing–transforming process. The Pt nanoparticles in
C12H25NH2–Pt or C12H25SH–Pt separate from each other
with an interparticle distance larger than 1 nm, indicating
that amine or thiol molecules form a compact shell sur-
rounding each metal core.

The effect of ligands on the properties of metal nano-
clusters is a fundamental question. The interactions be-
tween different ligands and the same metal core are quite
different. The obtained ligand-modified Pt-based nano-
clusters with the same metal core and different ligand
shells were used to systematically investigate the ligand
modification effect on the core-level binding energies of
nanosized metal clusters, which are also dependent on the
metal particle size. For this purpose, XPS measurements
were carried out on the Pt nanoclusters modified by PVP,
PVA, PPh3, C12H25NH2 and C12H25SH, with the same
average metal particle size of 1.3 nm [45]. The results are
listed in Table 3. The binding energies of Pt (4f7/2) in metal
nanoclusters modified with different ligands are
0.5–0.8 eV higher than that of a bulk Pt sample
(71.0 eV). In addition, it should be noted that the Pt 4f
binding energy of a Pt powder prepared by precipitating
and drying the unprotected Pt nanoclusters is the same as
that of bulk Pt, suggesting that the original Pt nanopar-
ticles are in the metallic state and the nanoparticles in the
powder sample connect to each other owing to lack of
protective agents.

The observed increase in Pt 4f binding energy may be
derived from two factors. One is the size-dependent effect
of the metal core. In general, higher binding energies of
core levels in metal nanoparticles relative to the values of
bulk metals can be observed when the metal particles are
small enough [48], and the values increase with decreasing
the metal particle size [49]. This phenomenon has been
interpreted in terms of final state relaxation proposed by
Wertheim et al. [50]. The other is the ligand effect, which
is relatively seldom studied. In our experiments, since the
ligand modification process does not alter the size of
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the Pt core, it is reasonable to believe that the increment in
the Pt 4f binding energy of the metal nanoclusters caused
by the size-dependent effect is same for all of the modified
Pt nanoclusters. Therefore, after deducting the small size
effect, the ligand modification effect on the electronic
properties of metal nanoparticles can be investigated.

PPh3 is a strong coordination ligand for Pt(0); however,
the coordination interaction between Pt(0) and
C12H25NH2 is not so strong. PVP coordinates weakly to
the surface Pt atoms of the metal nanoclusters with
carbonal groups, whereas the interaction between Pt(0)
surface and hydroxyl groups in PVA is very weak. It is
reasonable to believe that the weak interaction between
PVA and Pt nanoclusters cannot affect the core-level
binding energy of the Pt metal core to an observable ex-
tent. Therefore, the increase in the Pt 4f binding energy of
the PVA–Pt nanoclusters is mainly derived from the small
size effect. That is, the increment in Pt 4f binding energy of
the Pt nanoclusters caused by the size-dependent effect is
�0.5 eV when the particle size decreases to �1.3nm. The
Pt 4f binding energy in the C12H25SH–Pt nanoclusters
increases by 0.8 eV relative to the value of bulk Pt. It can
be deduced that an increment of 0.3 eV in the Pt 4f binding
energy is derived from the thiol-bonded effect. The ligand
effect may also have an impact on the conductive prop-
erties of the ligand-modified metal nanoclusters.

3.3. Application in Assembling Nanocomposite
Catalysts

In the traditional syntheses of heterogeneous catalysts, it
is hard to prepare heterogeneous catalysts bearing the
same metal particles on different supports; therefore, to
clearly investigate the influence of supports on the cata-
lytic properties of nanosized metal clusters is not conven-
ient. The assembly process described in Section 2.2,
characterized by the immobilization of unprotected metal
nanoclusters on inorganic semiconductor nanoparticles,
would provide promising opportunities for exploring the
support effect and developing new catalytic systems.

Figure 5 shows the Z-contrast scanning transmission
electron microscope (STEM) image of a Ru/SnO2 nano-
composite catalyst prepared by the assembly process [18].
A combined EDX analysis, using an electron beam of

0.8 nm in diameter, revealed that the signal of Ru could be
detected only at the small bright spots, while that of tin
was widely present in the bright area. This result indicates
that the brightest cores in the bright area are the images of
Ru nanoclusters. The particle sizes of the Ru nanoclusters
in the Ru/SnO2 nanocomposite ranged from 1.0 to 2.5 nm
with an average value of 1.3 nm, which agrees well with
that of the original Ru nanoclusters in colloidal solution,
suggesting that no obvious aggregation of the Ru nano-
particles occurred during the catalyst preparation. Pt/g-
Fe2O3 nanocomposite catalysts have been also prepared
according to this strategy [19]. As shown in the STEM
image of a Pt/g-Fe2O3 nanocomposite catalyst (0.9wt.%)
(Figure 6), Pt metal nanoclusters, with an average size of
2.6 nm, were well dispersed in the matrix network of the g-
Fe2O3 support. This has also been confirmed by the com-
bined EDX scanning analysis.

Aromatic chloroamines are important intermediates in
the synthesis chemistry of herbicides, pesticides, dyes and
medicines. Currently, these widely applied organic amines

Table 3. XPS data for the ligand-modified Pt nanoclusters and ligands.

Sample Binding energy (eV)

Pt 4f7/2 N 1s S 2p O 1s P 2p C 1s

Pt–C12H25NH2 71.5 399.5 285.0
C12H25NH2 400.0 285.0
Pt–PVP 71.5 532.2 285.0
PVP 531.6 285.0
Pt–PVA 71.5 285.0
Pt–PPh3 71.6 131.8 284.7
PPh3 130.9 284.7
Pt–C12H25SH 71.8 163.3 285.0
C12H25SH 163.9 285.0

Reprinted from Ref. [45], r 2001, with permission from Elsevier.

Figure 5. STEM image of Ru nanoparticles captured on the
surface of SnO2 particles; the bar expresses 20 nm. (Reprinted
from Ref. [18], r 2004, with permission from Elsevier.)
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are produced by selective hydrogenation of their corre-
sponding aromatic chloronitro compounds over transi-
tion-metal catalysts. However, hydrogenolysis of the Cl–C
bond in aromatic chloroamines as a defect of the hydro-
genation process is difficult to completely avoid over usual
metal catalysts [51]. Many effective strategies have been
developed in order to inhibit the hydrodechlorination in
the selective hydrogenation of CNB to chloroaniline
(CAN), such as modulating the interaction between metal
particles and inorganic supports [52], alloying Pt with
other metals [52,53] and adding metal cations or com-
plexes as modifiers to polymer-protected metal colloid
catalysts [54,55]. By these catalyst modifications, the se-
lectivity to CAN can be greatly improved, whereas the
intrinsic hydrogenolysis activity of the Cl–C bond cannot
be effectively suppressed. It is still a challenge to produce

CAN with high purity by highly efficient hydrogenation
of CNB. Advanced modifications on metal catalysts for
deeply or fully inhibiting the hydrogenolysis activity of
the Cl–C bond in CAN combined with promoting the
hydrogenation rate of the nitro group in CNB are desired.
The Ru/SnO2 [18] and Pt/g-Fe2O3 [19] nanocomposite
catalysts contributed examples for achieving this aim.
They exhibited novel catalytic properties for the selective
hydrogenation of o-CNB to o-CAN.

The catalytic activity of the Ru/SnO2 nanocomposite
was eight times higher than that of the most effective Ru
metal catalyst reported previously [56]. An o-CAN selec-
tivity over 99.9% at a substrate conversion of 100% was
obtained over the Ru/SnO2 catalyst. This selectivity was
comparable to the result reported for a boride-modified
PVP-Ru colloidal catalyst [56,57], and was better than
that of the PVP-Ru catalyst with the same Ru nanoparti-
cles. The SnO2 nanoparticles remarkably promoted
both the catalytic activity and selectivity of the Ru nano-
clusters. An extremely low dechlorination rate of o-CAN
in the absence of o-CNB was observed over this catalyst,
which was 20-fold lower than that over the PVP-Ru col-
loidal catalyst, and was 73-fold lower when compared
with a Ru/SiO2 nanocomposite catalyst.

More excellent catalytic properties were observed over
the Pt/g-Fe2O3 catalyst. As shown in Table 4, no aniline
(AN) derived from the dechlorination of CAN was de-
tected in the hydrogenation of o-CNB over this nano-
composite catalyst even when the reaction time was
extended after the substrate was completely exhausted.
This is the first time to achieve the full inhibition of the
hydrodechlorination of CAN in CNB hydrogenation.
Furthermore, the hydrogenation rate of o-CNB over the
Pt/g-Fe2O3 catalyst could be elevated 34 times by increas-
ing hydrogen pressure from 0.1 to 4.0MPa, and no loss of
the high catalytic selectivity was observed at the elevated
hydrogen pressure. The Ru/SnO2 and Pt/g-Fe2O3 nano-
composite catalysts also exhibited perfect stability, sug-
gesting that they are promising catalysts for industrial
application.

The catalytic properties of metal nanoclusters in het-
erogeneous catalysts depend not only on the metal
specificities of themselves but also on the environment
surrounding them. The electronic interaction between
metal nanoparticles and semiconductor supports as well
as the surface species of the supports can have great in-
fluences on the catalytic behaviors of the catalysts for a
specific reaction. With respect to the selective hydrogen-
ation of o-CNB over the Ru/SnO2 and Pt/g-Fe2O3 nano-
composite catalysts, it has been suggested that the
vacancies, i.e. the coordinatively unsaturated tin or iron
cation species at the catalyst surface may play an impor-
tant role in the excellent catalytic properties, which may
activate the polar –NO2 group in CNB and coordinate
with the –NH2 group in produced CAN molecules,
thereby promoting the hydrogenation of CNB and de-
pressing the dechlorination of CAN. On the other hand,
the electronic interaction between the metal nanoparticles
and the metal oxide supports may also have a significant
contribution to the superior selectivity to o-CAN over
these nanocomposite catalysts. Further investigations on
the structure features of the activated catalysts and cat-
alytic mechanism are under way [18,19].
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Figure 6. (A) STEM image of Pt nanoparticles captured on the
surface of g-Fe2O3 particles; (B) EDX patterns of the complex
nanoparticles measured using an electron beam of 0.8 nm in di-
ameter. (Reprinted from Ref. [19], r 2005, with permission from
Elsevier.)
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3.4. Application in Preparing Electrocatalysts for
Fuel Cells

Pt-based electrocatalysts with high metal loading are
widely employed as cathode catalysts for oxygen reduc-
tion reaction (ORR) or anode catalysts for gaseous or
liquid fuel oxidation in polymer electrolyte fuel cells (PE-
FCs), which have been attracting increasing attention for
their potential as clean and mobile power sources in the
future. The usually applied methods for the preparation
of Pt or Pt alloy electrocatalysts are mainly impregnation
and colloid methods. As is well known, by the impreg-
nation method it is very difficult to produce heterogene-
ous catalysts with high metal loadings without the
concomitant increase in metal particle size. Table 5 dem-
onstrates the relationship of Pt loading and particle size in
commercially available catalysts [25]. Higher Pt loading
appears to be linked to larger Pt particle size. The in-
creased particle size reduces the available surface area of
electrocatalysis and therefore limits the efficiency of the
catalysts. The traditional colloid method is hindered by its
complexity and the use of protecting agents, which can
occupy the activated catalytic sites, leading to a decrease
in catalytic activity. In addition, removal of the protecting
agents at relatively high temperature may also result in the
agglomeration of metal particles and the loss of available
surface area. Though much effort has been paid to search
for alternative routes, synthesis of electrocatalysts with
high metal loading and well-dispersed small and uniform
metal particles still remains a challenge.

The alkaline EG synthesis method described in this
chapter is highly efficient for preparing colloidal solutions
of small and narrowly distributed unprotected noble
metal or alloy nanoclusters with high metal concentration.

This character makes the synthesis technology very useful
for the fabrication of electrocatalysts with well-controlled
structures and excellent electrocatalytic properties. Xin
and co-workers reported that Pt/MWNT nanocomposite
could be successfully prepared by adding MWNTs to an
EG colloidal solution (containing 5 vol.% of water) of Pt
hydroxide or oxide nanoparticles, and heating the mixture
to deposit Pt nanoclusters produced in situ on the support
[20,21]. The well-dispersed spherical Pt metal nanoparti-
cles in the synthesized Pt/MWNT electrocatalyst with a
metal loading of 10wt.% had a narrow particle size dis-
tribution of 2–5 nm and an average particle size of 2.6 nm.
However, Pt nanoparticles in another Pt/MWNT catalyst
with the same metal loading, prepared by immobilizing Pt
nanoparticles formed in situ by a HCHO reduction
method, had a wide particle size distribution ranging
from 2 to 9 nm with a mean particle size of 3.4 nm, and an
obvious tendency to agglomerate. When being employed
as the cathode catalyst for direct methanol fuel cells
(DMFCs), the Pt/MWNT catalyst prepared by the mod-
ified alkaline EG method exhibited higher ORR activity
and superior cell performance in comparison with the
catalyst prepared by the HCHO reduction method. Be-
sides, carbon-supported Pt-Ru, Pt-Pd, Pt-W, Pt-Sn and
Pt-Fe binary metallic electrocatalysts with sharp metal
particle size distribution and constant Pt loading of
20wt.% were also prepared successfully by the similar
method [23,24].

Mao and Mao invented a method for synthesizing sup-
ported metal catalysts with small metal nanoparticles
(1–3nm) even at high metal loadings (30–50wt.%) [25].
The obtained metal catalysts exhibited superior electrocat-
alytic performance in fuel cells. In this invention, the un-
protected metal nanocluster colloids prepared according

Table 4. Catalytic properties of the Pt/g-Fe2O3 catalyst for the hydrogenation of o-CNB.

Catalyst Pt� 103 (mmol) o-CNB (mmol) PH (MPa) Conversion of o-CNB (%) Reaction ratea Selectivity (mol%)

o-CAN AN

Pt-PVP 10.2 1.27 0.1 100 0.059 45.3 43.4
Pt/g-Fe2O3 10.2 1.27 0.1 100 0.040 499.9 0.0
Pt/g-Fe2O3 10.2 13.0 0.1 100 0.22 499.9 0.0
Pt/g-Fe2O3 2.55 13.0 1.0 49.0 4.2 499.9 0.0
Pt/g-Fe2O3 2.55 13.0 2.0 76.0 6.5 499.9 0.0
Pt/g-Fe2O3 2.55 13.0 4.0 89.4 7.6 499.9 0.0
Pt/g-Fe2O3 2.55 13.0 4.0 100 499.9 0.0
Pt/g-Fe2O3 2.55 13.0 4.0 100 499.9 0.0

Reaction conditions: solvent, 25ml methanol; temperature, 60 1C. (Adapted from Ref. [19], r 2005, with permission from Elsevier.)
aAverage rate of o-CNB hydrogenation [molo-CNB/(molPt s)].

Table 5. Pt particle sizes in commercially available catalysts.

Catalyst Degussa AG E-tek

Pt loading (wt.%) 20 30 40 50 60 10 20 30 40 60 80
Pt particle size (nm) 3.5 4.0 5.0 8.0 9.0 2.0 2.5 3.2 3.9 8.8 25
Pt surface area (m2/g)a 80 70 56 35 31 140 112 88 72 32 11

Source: Ref. [25].
aTheoretical Pt surface area calculated from Pt particle sizes.
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to the alkaline EG synthesis method were used as building
blocks. By adding carbon support particles to the colloi-
dal solution of the unprotected metal nanoclusters, and
then lowering pH of the mixture to deposit the metal
nanoclusters on carbon support, a series of supported Pt
or Pt-Ru alloy catalysts with high metal loading were
prepared. The Pt nanoclusters supported on different
types of carbon prepared by this technology had small
metal particle sizes of �2 nm and high electrochemical
surface areas of 40–55m2/g, while a commercially avail-
able E-tek Pt/C catalyst (C3-30, 30wt.% Pt) had an av-
erage Pt particle size of 3.2 nm and an electrochemical
surface area of only 32m2/g. Figure 7 demonstrates a
comparison of the dynamic performance of the Pt-Ru/C
catalysts prepared by Mao et al. and that of a commer-
cially available E-tek Pt-Ru/C catalyst (C14-30). In the
test, a reformate fuel containing 35% hydrogen, 33% ni-
trogen, 22% CO2 and 50 ppm CO, and a 2% air bleed
were utilized. As illustrated in the figure, the polarization
curves of the membrane electrode assemblies (MEA)
made with the Pt-Ru/C catalyst prepared by Mao lay on
that of MEA made of the commercial catalyst, indicating
that the Pt-Ru/C catalysts prepared based on the modified
alkaline EG process could provide higher cell efficiency.
Moreover, these catalysts also exhibited better stability
against CO poisoning.

It should be mentioned that the structure of carbon
supports could have significant influence on the electro-
catalytic properties of the nanocomposite catalysts. Re-
cently, Pt/Ru nanoclusters prepared by the alkaline EG
method were impregnated into a synthesized carbon sup-
port with highly ordered mesoporous. Although the Pt/
Ru nanoclusters can be well dispersed in the pores of this
carbon substrate, the long and narrow channels in this
material seem not suitable for the application in

electrocatalysts due to the higher ionic resistance and
mass-transfer resistance [58].

The small metal particle size, large available surface
area and homogeneous dispersion of the metal nanoclus-
ters on the supports are key factors in improving the
electrocatalytic activity and the anti-polarization ability of
the Pt-based catalysts for fuel cells. The alkaline EG syn-
thesis method proved to be of universal significance for
preparing different electrocatalysts of supported metal
and alloy nanoparticles with high metal loadings and ex-
cellent cell performances.

3.5. Application in Fabricating Hydrogen Sensor

As an important chemical for many industrial processes
and an extremely clean energy source for fuel cells and
internal combustion engines, hydrogen is widely applied
in research and industry. For measuring the hydrogen
concentration in flowing gas streams and monitoring
leaked hydrogen in ambient air, reliable hydrogen sensors
are needed. Great efforts have been made to develop hy-
drogen sensors and improve their selectivity. A new highly
selective sensor for detecting hydrogen in air has been
prepared successfully based on the unprotected Pt nano-
clusters synthesized by the alkaline EG method [17]. The
hydrogen sensor was composed of a continuous porous
film of surface-oxidized Pt nanoparticles (PtO–Pt) on a
glass substrate and a titania thin film covering the PtO–Pt
film. The nanostructured dual-layer films were designed to
utilize a process of partially reducing TiO2 with H2, cat-
alyzed by the PtO–Pt porous film, to induce a change in
the concentration of charge carriers in the TiO2 film at
relatively low temperature, which may increase the

Figure 7. Cyclic voltammetry polarization curves for MEA made with different Pt-Ru/C catalysts [25]. 3M (Pt/Ru ¼ 1:1), 3M (Pt/
Ru ¼ 1:2) and 3M (Pt/Ru ¼ 2:1) represent the catalysts prepared using the unprotected metal nanoclusters as building blocks; E-tek (Pt/
Ru ¼ 1:1) represents the commercially available catalyst (C14-30). All the catalysts have the same total metal loading of 30wt.%.
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sensing selectivity for H2 due to the fact that H2 as a
reductant is more active than other usual reductive gases.

Figure 8 shows the hydrogen response ability of the
prepared TiO2/PtO–Pt dual-layer sensor. When an air
flow containing 2.0% H2 was introduced into the system
at 200 1C, the measured resistance of the dual-layer sensor
decreased from �180 to 100MO, whereas after the gas
flow was turned off, the resistance reverted to its initial
value. This response cycle could be repeated faithfully,
suggesting that the sensing process of the sensor was re-
versible. Sensitivities of the dual-layer sensor to different
reductive gases at 200 1C are shown in Figure 9. It can be
seen that the sensitivities toward CO, NH3 and CH4 were
quite low and independent of the gas concentrations. In
contrast, the sensor was quite sensitive to H2, and the
selectivity to H2 strongly depended on the concentration
of H2 in air. These phenomena indicated that the sensor
had a satisfactory sensitivity and an extremely high selec-
tivity to H2, and was capable of semiquantitatively meas-
uring the content of H2 present in air with a concentration
range from 1 to 10%. Besides, the nanostructured TiO2/
PtO–Pt dual-layer sensor also exhibited excellent stabil-
ities to resist humidity and heat.

4. A Case History

In a typical experiment for preparing the unprotected Pt
nanoclusters [11], an EG solution of NaOH (50ml,
0.25M) was added into an EG solution of H2PtCl6 � 6H2O
(50ml, 38mM) under stirring to obtain a transparent yel-
low mixture, which was then heated at 160 1C for 3 h, with
an inert gas flow passing through the reaction system to
take away water and organic byproducts. A transparent
dark-brown colloidal solution of Pt metal nanoclusters
(19mM, 3.7 g Pt/l) with an average diameter of 1.3 nm and
a size distribution from 0.8 to 2.0 nm was obtained with-
out any precipitate. Using the similar synthesis method,
transparent colloidal solutions of Rh, Ru [11] and Os [12]
monometallic nanoclusters could also be prepared by re-
placing the starting compound of H2PtCl6 � 6H2O with

RhCl3 � 3H2O, RuCl3 � 3H2O and OsCl3 � 3H2O, respec-
tively.

In the preparation of the unprotected Pt/Ru bimetallic
nanoclusters, 50ml EG solution of NaOH (0.5M) was
added dropwise into 50ml EG solution containing 0.25 g
of H2PtCl6 � 6H2O and 0.25 g of RuCl3 � 3.6H2O under
stirring. After heating the obtained mixture at 160 1C for
3 h, with an inert gas flow passing through the reaction
system to take away water and organic byproducts, a
transparent colloidal solution of Pt/Ru bimetallic nano-
clusters with an average diameter of 1.9 nm and a size
distribution from 1.4 to 2.4 nm was produced (Pt/Ru mo-
lar ratio ¼ 1:1.9, total metal concentration: 1.85 g/l)
[13,14]. Similarly, Pt/Rh bimetallic nanoclusters (Pt/Rh
molar ratio ¼ 1.33) with small particle sizes and narrow
size distributions could be prepared by this alkaline EG
method [12]. The obtained alloy colloidal solutions were
very stable, no precipitation was observed after standing
for several months.

In order to synthesize nanocomposite catalysts using
the unprotected noble metal nanoclusters as building
blocks, a new strategy has been proposed and validated to
be quite effective as described in Section 2.2. Typically, for
the preparation of a Ru/SnO2 nanocomposite catalyst, a
SnO2 sol was prepared first as follows: 20ml stannic chlo-
ride was dropped into 80ml propanol and the solution
was cooled to ambient temperature. A solution of 10ml
distilled water in 40ml propanol was then added to the
solution of stannic chloride. The obtained mixture was
stirred for 1 h, and then a solution of 20ml distilled water
in 80ml isopropanol was added. A SnO2 sol was produced
after further stirring the mixture for 1 h. The Ru/SnO2

catalyst was synthesized by capturing unprotected Ru
nanoclusters on SnO2 colloidal particles via electrostatic
interaction followed by gelating the obtained complex sol
by adjusting its pH value. For example, 5.4ml colloidal
solution of Ru nanoclusters prepared according to the
alkaline EG method was added to 99ml of the prepared
SnO2 sol under stirring. After stirring for 20min, the
mixture was neutralized to pH 7 by adding an aqueous
solution of sodium hydroxide (10M), resulting in gelation

Figure 8. Sensing resistance of the TiO2/PtO–Pt dual-layer sen-
sor vs. time for exposures of air containing 2.0% H2. (Reprinted
from Ref. [17], r 2002, with permission from American Chem-
ical Society.)

Figure 9. Gas sensitivities of the TiO2/PtO–Pt dual-layer sensor
to H2, NH3, CO and CH4 in air. (Reprinted from Ref. [17], r
2002, with permission from American Chemical Society.)
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of the complex sol. The obtained precipitate was washed
with water, separated by centrifugation and dried at 70 1C
in vacuum to produce the Ru/SnO2 catalyst [18]. The Ru
content of the obtained catalyst was 0.9wt.% as measured
by means of ICP-AES. Ru nanoclusters in the Ru/SnO2

nanocomposite had an average diameter of 1.3 nm with a
size distribution from 1.0 to 2.5 nm as measured by TEM.

In the preparation of the magnetic Pt/g-Fe2O3 nano-
composite catalyst, an aqueous solution of ammonia
(10%) was added to 100ml aqueous solution of FeCl3
(4%) to adjust the pH to �7.5, producing a precipitate
that was separated by a filter, washed with water and
peptized in 30ml aqueous solution of FeCl3 (1.2%), re-
sulting in a transparent colloidal solution of ferric hy-
droxide. After mixing the unprotected Pt colloid prepared
by the alkaline EG method and the ferric hydroxide col-
loid at the required ratio, the mixture was heated in a
Teflon-lined autoclave at 80 1C for 3 days. A magnetic
precipitate was produced, which was separated by cen-
trifugation, washed with water and dried at 80 1C to give a
brownish red solid of Pt/g-Fe2O3 (1wt.% Pt). The Pt
nanoparticles distributed in the matrix of the g-Fe2O3

nanoparticles had an average diameter of 2.6 nm as meas-
ured by STEM [19].

As an example of fabricating hydrogen sensor using the
unprotected Pt nanoclusters as building blocks, a piece of
glass or quartz substrate was immersed into a toluene
colloidal solution of PPh3-modified Pt nanoclusters
(PPh3–Pt) prepared by the method described in Section
3.2 and kept there for 2 days. During this period, a ho-
mogeneous self-assembly film of PPh3–Pt nanoclusters
formed on the surface of the glass or quartz substrate. The
PPh3–Pt film on the substrate was washed with toluene,
dried at 100 1C and then annealed in air at 400 1C for
30min to give a porous PtO–Pt film. Afterwards, 0.5ml
colloidal solution of TiO2 nanoparticles with a mean di-
ameter of 4.1 nm and a size distribution from 3.4 to
5.4 nm, prepared by hydrolyzing Ti(OC3H7)4 in an aque-
ous solution of HNO3 (0.1M), was dropped onto the
PtO–Pt film and spun at 1500 rpm for 20 s to form a TiO2

film on the PtO–Pt film. After being dried in air at 100 1C,
the films on the substrate were annealed at 400 1C for
30min to finish the preparation of a dual-layer film sen-
sor. The TiO2 and PtO–Pt films in the hydrogen sensor are
110 and 100 nm in thickness, respectively, as measured by
SEM [17].

5. Conclusions

The alkaline EG synthesis method is a very effective tech-
nology for the chemical preparation of ‘‘unprotected’’
metal and alloy nanoclusters stabilized by EG and simple
ions. This method is characterized by two steps involving
the formation of metal hydroxide or oxide colloidal par-
ticles and the reduction of them by EG in a basic con-
dition. The strategy of separating the core formation from
reduction processes provides a valid route to overcome
the obstacle in producing stable unprotected metal nano-
clusters in colloidal solutions with high metal concentra-
tions. Noble metal and alloy nanoclusters such as Pt, Rh,
Ru, Os, Pt/Rh and Pt/Ru nanoclusters with small particle

sizes of 1–3 nm could be effectively prepared according to
this method. Based on different requirements in applica-
tion, the as-synthesized unprotected metal nanoclusters
can be conveniently separated from the original colloidal
solutions and redispersed into many kinds of organic sol-
vents to form different stable metal colloids, or be flexibly
modified by various organic ligands to produce protected
metal nanoclusters with the same metal core and different
ligand shells, which provide opportunities to systemati-
cally study the ligand effect on the electronic properties of
the nanosized metal particles and distinguish it from the
size-dependent effect.

As a unique kind of nanostructured building blocks,
these unprotected metal nanoclusters could be used to
fabricate many promising functional systems, such as
heterogeneous catalysts for various chemical reactions,
catalytic electrodes for fuel cells, sensors, etc. Assembling
the unprotected metal or alloy nanoclusters on various
supports provides a realistic protocol to prepare different
heterogeneous catalysts with the same metal particles,
which is of universal significance in better understanding
of the catalysis principles and developing novel metal and
alloy catalysts.

The emphases of future investigation on these unpro-
tected metal nanoclusters should be mainly placed on: (1)
further controlling the size, composition and shape of the
unprotected metal or alloy nanoclusters; (2) better under-
standing the stabilizing mechanism of the unprotected
metal nanoclusters in colloidal solutions prepared by the
alkaline EG synthesis method; (3) developing novel cat-
alytic and other functional systems for real applications.
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CHAPTER 20

Microgels as Exotemplates in the Synthesis of Size
Controlled Metal Nanoclusters

Andrea Biffis

Department of Chemical Sciences, University of Padova, Padova, Italy

1. Introduction

In polymer chemistry, the term ‘‘microgel’’ [1] defines
unimolecular, crosslinked polymer particles possessing a
size comparable to the statistical dimensions of uncross-
linked macromolecules (101–102 nm), which give rise to
stable, low-viscosity solutions in appropriate solvents.
These materials, first described by Staudinger [2] in the
1930s, can be considered as an intermediate category of
polymers, which combine the characteristics of both linear
macromolecules and three-dimensional networks [3]. For
a proper understanding of microgel structure, it may be
helpful to remark that such macromolecules closely re-
semble, in their structure and behavior, soluble to cross-
linked biological macromolecules such as proteins.

Microgels have found wide technological application as
additives with binding or stabilizing properties in the in-
dustrial manufacture of coatings [4]. Furthermore, in
recent years the recognition of their unique characteristics
has stimulated considerable research on their use as drug-
delivery systems [5], biomimetic receptors/catalysts [6],
phase-transfer catalysts [7], and as soluble supports for
low molecular weight reagents, scavenging agents, or
(bio)catalysts [8]. Another advanced application of mi-
crogels, which forms the object of this chapter, is their use
as stabilizers in the preparation of inorganic nanoparti-
cles, most notably metal nanoparticles. Indeed, there is a
large potential for the application of readily processable,
size-controlled metal nanoparticles in catalysis as well as
in the field of material science (photonics, electronics, op-
tics, and biomedicine) [9,10], as outlined also elsewhere in
this book. Research on this particular application of mi-
crogels has been actively pursued inter alia by the groups
of Antonietti [11], Kumacheva [12], and Biffis [13]. The
use of microgel stabilizers has been recently also extended
to the preparation of technologically useful metal oxide or
metal sulfide nanoparticles [12,14].

The first report on the preparation of microgel-stabilized
metal nanoclusters was published in 1997 by Antonietti et al.
[11a], who utilized polystyrene-based microgels prepared

by microemulsion polymerization and fully sulfonated in a
second step by treatment with concentrated sulfuric acid.
The sulfonated microgels were soluble in water and could be
loaded with metal ions, which were subsequently reduced
thus forming microgel-stabilized metal nanoclusters.

Some years later, Biffis described the preparation of
functional microgel stabilizers by an alternative route,
namely by copolymerization of suitable functional mon-
omers (Figure 1) [13a].

This methodology presents some fundamental advan-
tages. First, it represents a much milder method for the
introduction of the functional groups, which is not limited
by the nature of the polymer backbone. Secondly, the
method enables to easily control the amount of functional
groups in the microgels, hence the hydrophilic/hydropho-
bic properties of the microgel stabilizer. Finally, alterna-
tive functionalities such as basic or metal coordinating
groups can be incorporated into the microgel backbone
simply upon utilization of suitable functional co-
monomers. This in turn makes it potentially possible to
prepare microgel-stabilized metal nanoclusters from any
metal-containing precursor suitable to be anchored to
microgel-bound functional groups and subsequently to be
reduced to the metal state.

In this contribution, recent results from the group of
Biffis are summarized, which demonstrate that functional
microgel stabilizers can act as true ‘‘exotemplates’’ for the
preparation of metal nanoclusters with a high degree of
control and with an average size depending on the nano-
morphological features of the polymer framework. This
peculiar feature of microgel stabilizers is of course related
to the analogous effect exerted by insoluble polymer sup-
ports in the so-called ‘‘Template Controlled Synthesis’’
(TCS) approach (see the pertaining chapter in this book).

2. Synthesis Strategy

Radical polymerization in dilute solution has been used
throughout this work for microgel synthesis [14,15]. This is
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probably the simplest available method for the prepara-
tion of microgels. It does not make use of surfactants or
other additives in order to avoid gelation and maximize
the microgel yield; it only requires a careful choice of the
reaction parameters, most notably of the nature of the
solvent. In fact, the stabilization of the growing microgels
towards macrogelation is accomplished on the basis of the
osmotic repulsion forces generated by the interaction of
polymer chains and loops at the periphery of the microgel
particles – namely through steric stabilization [16]. To
achieve this, the monomer concentration must be reduced
below a critical value (critical monomer concentration,
Cm). This value is strongly dependent on many factors
such as the nature and amount of initiator, the cross-
linking degree, the polymerization temperature, and espe-
cially the nature of the solvent, which can be conveniently
rationalized in terms of the solubility parameter d [17].

In comparison to the more common preparation method
by polymerization in miniemulsion, solution polymeriza-
tion suffers from a less precise control of the size and size
distribution of the resulting microgels. On the other hand,
the polymerization in solution offers the considerable ad-
vantage of allowing the variation of parameters, such as the
type and degree of microgel functionalization (by utilizing
suitable comonomers), the nature of the nonfunctional co-
monomers, or the crosslinking degree, with less restrictions
caused by the requirements of the polymerization proce-
dure. As it will be apparent in the following, these param-
eters play an important role in determining the solubility of
the microgels in different solvents as well as the size of the
metal nanoclusters resulting from the coordination and re-
duction procedure.

Polymerization in dilute solution also allows a very
straightforward isolation and purification of the micro-
gels. After polymerization, the resulting microgels can be
conveniently precipitated from the reaction solution by
using suitable nonsolvents for the microgel molecules. The
resulting powders can be filtered off, dried, and redis-
persed in suitable solvents when needed.

The generation of metal nanoclusters within microgels
is performed in solution. First of all, the microgels are
loaded with a predetermined amount of metal precursors
upon reaction of the functional groups in the microgel
with suitable metal ions or complexes through coordina-
tion or simple ion-exchange. Straightforward, high-yield-
ing reactions that are already known to provide
quantitative incorporation of the metal precursors into
insoluble polymer supports are utilized in this step. Care
must be taken that the resulting microgel-bound metal
species remain stable until reduction takes place, since
spontaneous decomposition to metal invariably results in

the formation of large, polydisperse metal colloids [13a,d].
Metal reduction to nanoclusters is usually accomplished
with a suitable reducing agent. The resulting microgel-
stabilized nanoclusters can be purified by ultrafiltration,
ultracentrifugation or precipitation. In the latter case,
they can be obtained as powders and redispersed in suit-
able solvents for the microgel molecules, where they are
stable for months without noticeable precipitation of
metal and from which they can be also potentially casted
as, for example films.

3. Results

Microgels based on N,N-dimethylacrylamide (DMAA) or
methyl methacrylate (MMA) with varying crosslinking
degree have been prepared, following a well-established
radical polymerization procedure in dilute solution (see
the ‘‘Case History’’ section) [13]. Microgels were prepared
from DMAA or MMA as the main comonomer, ethylene
dimethacrylate (EDMA) as the crosslinker and N,N-
dimethylamino-ethylmethacrylate (DMAEMA, 10mol%
in all cases) as the functional, metal binding comonomer.
The composition of the monomer mixtures and the po-
lymerization conditions are reported in Table 1.

The microgels could be conveniently isolated by pre-
cipitation as white powders, readily redispersable in many
different organic solvents such as dialkylamides, nitriles,
dichloromethane, acetone and THF. Further to this, the
DMAA-based microgels exhibited a rather amphiphilic
character and were also soluble in water and in alcohols
such as methanol or ethanol; in contrast, their counter-
parts based on MMA turned out to be more lipophilic
and therefore insoluble in water and alcohols but soluble
in organic solvents of low polarity such as toluene.

Figure 1. Possible strategies for the synthesis of functional microgel stabilizers: functionalization of preformed microgels (left) or
copolymerization of suitable functional monomers (right, our approach). (Reprinted from Ref. [13b], r 2003, with permission from
Wiley-VCH.)

Table 1. Composition of the functionalized microgels employed
in this work.

Microgel DMAA
(mol%)

MMA
(mol%)

EDMA
(mol%)

DMAEMA
(mol%)

D5 85 – 5 10
D7.5 82.5 – 7.5 10
D10 80 – 10 10
D20 70 – 20 10
M5 – 85 5 10
M10 – 80 10 10
M20 – 70 20 10

Note: Polymerization conditions: 3% w/w AIBN, 10% w/w monomer

mixture in cyclopentanone, 80 1C, 48 h.
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The microgels were loaded with palladium(II) or plati-
num(II) by letting them react with Pd(OAc)2 or
PtCl2(CH3CN)2 (0.25 eq. with respect to the available
amino groups, which implies a total metal content in the
microgel of 2.4%, w/w, for Pd and of 4.2%, w/w, for Pt)
in dichloromethane solution. Reduction of the resulting
solution with NaHBEt3 or with ethanol (in the case of Pd)
yielded a solution of microgel-stabilized metal nanoclus-
ters, which could be easily precipitated from the reaction
mixture. The obtained dark-gray powders could be stored
and readily redispersed in good solvents for the microgel
stabilizer. The resulting solutions were clear and turned
out to be stable for months without any observable pre-
cipitation of metal.

The average size and size distribution of the microgel-
stabilized metal nanoclusters were investigated by TEM.
Some representative TEM micrographs are reported in
Figure 2. The numerical results are displayed in Figures
3–5 (the vertical bars show the standard deviations in the
average metal nanocluster size).

Figure 3 reports the dependence of the Pd nanocluster
size from the microgel crosslinking degree and from the
nature of the main comonomer (DMAA or MMA). It can
be appreciated that in the case of MMA-based microgels
the average nanocluster size considerably decreases with
increasing crosslinking degree of the microgel. It is impor-
tant to remark that the observed change in nanocluster size
depends solely on the nanomorphology of the employed
microgel. The chemical nature of the microgel, its concen-
tration with respect to the metal, and the reaction condi-
tions for nanocluster formation are kept the same, so that
the different ‘‘mesh size’’ of the polymer network building
up the swollen microgel molecules remains the only factor
that actually determines the average nanocluster size. This
is confirmed by the observation that microgel stabilizers
with the same crosslinking degree yield metal nanoclusters
with very similar average size, irrespective both of the na-
ture of the metal (e.g. 4.470.6 nm obtained at 10mol%
crosslinking with Pt vs. 4.270.7nm with Pd) and of the
functional groups present in the microgel (see below).

The average Pd nanocluster size obtained using
DMAA-based microgel stabilizers is significantly smaller
than that obtained with MMA-based microgels of the
same crosslinking degree; this is also true for Pt nano-
clusters (e.g. 1.770.5 nm obtained at 10mol% cross-
linking with DMAA vs. 4.470.6 nm with MMA). Thus,
the change in main comonomer appears to have a marked

influence on the nanocluster size. Furthermore, a decreas-
ing trend of the nanocluster size with increasing cross-
linking degree is observed also for DMAA-based
microgels, in line with the expectation that the increasing
crosslinking degree reduces the mesh size of the polymer

Figure 2. TEM micrographs of metal nanoclusters stabilized by microgel M5; from left to right: Pd (reduced with NaHBEt3), Pd
(reduced with EtOH), Pt (reduced with NaHBEt3).
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Figure 3. Dependence of the size of microgel-stabilized Pd
nanoclusters from the crosslinking degree of the microgel and
from the nature of the nonfunctional comonomer.
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Figure 4. Dependence of the size of DMAA-based microgel-
stabilized metal nanoclusters from the crosslinking degree of the
microgel and from the nature of metal.
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network and consequently the nanocluster size. However,
such a dependence is much less pronounced than for
MMA-based microgels. Interestingly, a similarly weak
dependence of the size of Ag nanoclusters on the cross-
linking degree was very recently reported by Lu et al. for
core–shell microgels based on N-isopropylacrylamide [18].
The dependence of the size from the crosslinking degree
virtually disappears in the case of Pt nanoclusters (Figure
4). On the other hand, with DMAA-based microgels very
similar Pd nanocluster sizes are obtained irrespective of
the reducing agent used (EtOH or NaHBEt3, Figure 5),
which is not the case with MMA-based microgels (e.g.,
3.470.5 nm obtained at 10mol% crosslinking with EtOH
as reductant vs. 4.270.7 nm with NaHBEt3).

It can be speculated that the different behavior of
DMAA- and MMA-based microgel stabilizers of equal
crosslinking degree is related to the different interactions
between DMAA- or MMA-based microgel stabilizers and
the growing metal nanoparticles. On the basis of the state-
of-the-art knowledge about the preparation of polymer-
stabilized metal nanoparticles, it can be safely stated that
the final size attained by the metal nanoparticle is the
result of the combined influence of more than one pa-
rameter [19], the most important of which are (a) the ki-
netics of formation of the zerovalent metal precursors, (b)
the kinetics of nucleation and growth of the metal nano-
particles, (c) the strength of the interaction of the polymer
stabilizer with the growing nanoparticle surface, and fi-
nally (d) the steric effect (‘‘cage’’ effect) exerted by the
polymer chains surrounding the growing nanoparticle.

N,N-dialkylamide groups are known to interact with the
surface of the growing metal nanoparticles through the
carbonyl oxygen [20], thereby controlling their growth and
protecting them against sintering; incidentally, this is the
main reason of the enduring success enjoyed by dialkyl-
amide-functionalized linear polymers such as poly(vinyl-
pyrrolidone) as stabilizers for metal nanoclusters, even if a
very recent report casts some doubts about the true effi-
ciency of such stabilizers [21]. In the presence of such
groups, it has been proposed that interaction of the pol-
ymer with the growing metal surface takes place at a rel-
atively early stage, thereby lowering the surface energy of

the nanoparticles and creating a barrier towards further
growth; consequently, under these conditions the physico-
chemical nature and amount relative to the metal of the
polymer stabilizer gains importance in determining nano-
cluster growth [22]. In the case of our DMAA-based mi-
crogels, the chemical nature of the polymer stabilizer as
well as the amount of metal relative to microgel are kept
the same for all samples; this at least partially offsets the
steric effect due to the increasing crosslinking degree, as
well as the influence of the nature of the reducing agent. On
the other hand, when polymers with a lower ability to in-
teract with the growing metal nanoparticles are employed,
such as MMA-based microgels, the stabilization by surface
adsorption of the polymer chains occurs at a later stage
and is less efficient in preventing further growth. In this
case, control of metal nanocluster growth within microgels
is exerted by steric effects and in part also by the kinetics
of the formation of the zerovalent metal centers, namely,
by the nature of the reducing agent. Other parameters
such as the nature of the microgel-bound metal precursor
appear to be less important. Substitution of the functional,
metal binding comonomer DMAEMA with 4-vinylpyri-
dine results in MMA-based microgels inducing almost
exactly the same nanocluster size both with Pd (4.270.8 vs.
4.270.7 nm) and Pt (4.070.6 nm vs. 4.470.6 nm).

4. A Case History

In this section, a description of the experimental proce-
dure used to prepare and characterize metal nanoclusters
stabilized by DMAA-based microgels (M5, M10, M20) is
provided. Details of the experimental procedure used to
prepare nanoparticles stabilized by MMA-based micro-
gels have been reported elsewhere [13b].

The monomers employed for microgel synthesis were
freshly distilled to free them from inhibitors prior to use.
Other chemicals and solvents were of reagent grade and
were used as received.

4.1. Microgel Preparation

Monomers were mixed in the desired ratios (Table 1) in a
round-bottomed flask. The resulting mixtures (5 g) were
diluted with cyclopentanone (45g). Azobis(isobutyronit-
rile) (AIBN) (0.18 g, 3% w/w with respect to the monomer
mixture) was then added. The resulting solution was de-
gassed, put under nitrogen, and placed for 48 h in a
thermostated oven preheated at 80 1C. The polymerization
solution was concentrated to about half of the original
volume and subsequently poured in the fivefold volume of
diethylether under efficient stirring. The precipitated solid
was filtered off and dried under vacuum to constant
weight. Isolated yields were about 80% in all cases.

4.2. Preparation of Metal Nanoclusters by Reduction
with NaHBEt3

General procedure: microgel (1 g) was dissolved in di-
chloromethane (80mL) under an inert atmosphere.
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Figure 5. Dependence of the size of DMAA-based microgel-
stabilized Pd nanoclusters from the crosslinking degree of the
microgel and from the nature of the reducing agent.
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Pd(OAc)2 (50mg, 0.25 eq. with respect to the available
amino groups) or PtCl2(CH3CN)2 (78mg, 0.25 eq. with
respect to the available amino groups) was then added,
and the resulting solution was stirred at room temperature
overnight. Subsequently, NaHBEt3 (2.2mL 1M solution
in THF, 10 eq. with respect to metal) was added and the
resulting solution was stirred at room temperature for
1 day. The solution was concentrated to about half of the
original volume and the nanocluster-containing microgel
was subsequently precipitated by pouring the solution in
the fivefold volume of diethylether under efficient stirring.
Isolated yields were about 90% in all cases.

4.3. Preparation of Pd Nanoclusters by Reduction
with EtOH

General procedure: microgel (1 g) was dissolved in di-
chloromethane (80mL) under an inert atmosphere.
Pd(OAc)2 (50mg, 0.25 eq. with respect to the available
amino groups) was then added, and the resulting solution
was stirred at room temperature overnight. Subsequently,
the solution was brought to reflux and 6mL ethanol were
added. The solution was maintained at reflux with effi-
cient stirring for 12 h. The solution was concentrated to
about half of the original volume and the nanocluster-
containing microgel was subsequently precipitated by
pouring the solution in the fivefold volume of diethylether
under efficient stirring. Isolated yields were about 90% in
all cases.

4.4. TEM Measurements

Samples for TEM measurements were prepared by dis-
solving a drop of a solution of microgel-stabilized metal
nanoclusters in dichloromethane on a carbon-coated cop-
per grid followed by solvent evaporation at room tem-
perature. TEM micrographs were taken at the University
of Modena, Italy, with a JEOL 2010 microscope with GIF
operated at an accelerating voltage of 200 keV. Average
metal nanocluster sizes and size distributions were com-
puted as the average of at least 100 particles taken from
different fields.

5. Conclusions

In conclusion, it has been shown that the use of microgels
as exotemplates and stabilisers for metal nanoclusters al-
lows the easy preparation of nanoparticles with an aver-
age size depending on the crosslinking degree of the
microgel molecule. The degree of nanocluster size control
attainable through the ‘‘cage effect’’ exerted by the mi-
crogel can be modulated by changing the nature of the
main comonomer building up the polymer chains. Size
control is achieved irrespective of the nature of the
employed metal (Pd or Pt), especially with crosslinking
degrees of 10% or higher. Finally, in the case of DMAA-
based microgels virtually the same degree of size control is
obtained with widely different reducing agents like
NaBH4 and ethanol, the former being an ionic reductant

potentially able to electrostatically stabilize the metal
nanoparticles and interfere with their growth [21].

To the best of our knowledge, such a control of nano-
cluster size through the nanomorphology of the stabilizer
cannot be achieved with any other system, not even with
those in which the metal nanocluster precursors are phys-
ically confined within nanometer-sized cavities [23].

The resulting microgel-stabilized metal nanoclusters are
easily isolated, stored and further manipulated. Their re-
markable catalytic activity in technologically relevant reac-
tions, such as C–C couplings [13a–c] and selective oxidations
with molecular oxygen [13e] has been demonstrated. Exten-
sion of the applications of these nanoparticles to other areas
of catalysis and materials science is currently underway.
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CHAPTER 21

Magnetron Sputtering to Prepare Supported Metal
Catalysts

Gabriel M. Veith, Andrew R. Lupini, and Nancy J. Dudney

Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, United States of America

1. Introduction

Solution-based techniques are the dominant methodology
for the preparation of catalytic nanoparticles [1]. The
widespread use of solution synthetic methods is due to
their simplicity, batch reproducibility (in well-developed
systems like Pt), and low initial costs. In many instances
these methods are less than ideal suffering from issues like:
reproducibility (as in the case of supported gold catalysts)
[2]; impurities affecting performance [3–5]; the expense of
washing (potentially toxic) residual species off the catalyst
and treating the waste stream; and the cost of precursors.
In addition, classic solution-based methods, like impreg-
nation, do not work for all catalysts systems, one of which
is the supported gold catalyst. Since gold does not form a
stable oxide, like for example platinum, it does not inter-
act strongly with the oxide surface. When catalyst samples
are annealed, residual chloride ions from the HAuCl4
starting material act as mineralizers which, when coupled
with elevated temperatures and the low melting point of
gold (1064 1C) [6], promote the agglomeration of the gold
nanoparticles [7]. This agglomeration is detrimental for
the catalytic behavior since gold nanoparticles need to be
smaller then �5 nm for some reactions [5].

One solution-based approach that works for gold cat-
alysts, in that it produces highly active catalysts, is the
deposition–precipitation (DP) method [8]. The DP
method entails adjusting the pH, temperature, and gold
concentration of an HAuCl4 solution to form a gold hy-
droxide species which is then deposited onto the support
material [8]. This catalyst precursor is washed, dried, and
annealed to form small (o5 nm) catalyst particles [9]. The
DP method has a number of limitations; for example, DP
cannot produce Au particles with diameters less than 5 nm
on support materials with low-isoelectric points (IEPs)
like SiO2 and WO3 [5,10,11].

In order to investigate how the support material affects
heterogenous gold catalysts, we sought a synthetic tech-
nique that could be easily applied to a variety of realistic
bulk support materials, regardless of the surface

properties. To accomplish this goal, we began develop-
ing the magnetron sputtering technique [12,13]. The
magnetron sputtering technique entails the sputtering
of a high purity metal target with an energetic argon ion.
The sputtered metal species are then deposited onto the
support surface where they form a nanoparticle. The
sputtering method works well for the preparation of cat-
alysts not easily obtainable from traditional solution
methods.

Magnetron sputtering is one method, out of a group of
methods, generally described as physical vapor deposition
(PVD) techniques [14]. These techniques are widely used
to prepare thin films and include evaporation, laser ab-
lation, and sputtering. PVD processes involve the ener-
getic removal of normally non-volatile species from a
source material (target) by heating or energetic particle
bombardment by ions, electrons, photons, or atoms [14].
The vaporized species are transported and deposited onto
a support surface forming a film or island [14]. Synthetic
processes based on PVD techniques should not be con-
fused with chemical vapor deposition (CVD) methods.
CVD techniques rely on the decomposition of an organo-
metallic precursor to form a film or clusters. CVD tech-
niques have been reported for the synthesis of supported
catalyst and are reviewed by Serp et al. [15].

Magnetron sputtering offers a number of synthetic ad-
vantages, including: scalability, higher purity catalysts,
accurate control of metal loadings, and solution-free syn-
thesis, which could be useful when traditional chemical
preparation methods fail for particular catalyst/support
combinations. Since this technique relies on pure metal
targets, there is no need for a reducing agent like sodium
borohydride, wash treatments to remove residual rea-
gents, or a high temperature reduction treatment. There
are some drawbacks to this method, including the large
initial costs associated with sputter equipment and high
purity precious metal targets, as well as the cost of op-
erating vacuum equipment, but for certain applications
sputtering offers a distinct advantage over conventional
preparation methods.
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There have been many reports in the literature where
PVD techniques have been used to synthesize nanopar-
ticles. These reports can be broken down into two cate-
gories: synthesis of bulk nanopowders and the synthesis of
supported catalysts. The synthesis of bulk nanoparticles is
accomplished from the gas phase condensation of the
atomic vapor produced by a PVD technique [16,17]. The
atomic vapor is cooled in a high-pressure gas mixture, up
to about 0.2 torr, which promotes the nucleation and
growth of nanoparticles [17,18]. The nanoparticles con-
dense and can be collected off a cold trap or the reactor
walls. This technique can produce a variety of complex
oxides, such as TiO2 and Cu2O, from the sputtering of a
metal target in an oxygen-containing atmosphere, with
sizes between 5 and 50 nm [17,19]. There have been sig-
nificantly fewer reports in the literature of a PVD tech-
nique being used to prepare supported nanoparticles.
High energy (>50keV) ion beam sputtering was first
used to make supported nanoparticles [20,21]. Arrii et al.
[22] reported the synthesis of catalytic nanoparticles
by laser ablation. Diode-based sputtering has been re-
ported for the synthesis of Pt and Cu nanoparticles
[23–25]. One important difference between these previous
studies is that we are using a magnetron-based source.
Magnetron sources have a strong permanent magnet lo-
cated behind the material being vaporized. This magnet
confines the electrons produced in the plasma to a tor-
roidal path close to the target surface increasing the
probability of the electron interacting with the sputter gas
to produce an ionized species and increasing the density of
the plasma [14]. The introduction of the magnet also al-
lows the source to operate at lower vacuum pressures,
which when combined with the increased plasma density,
significantly increases the deposition rates over other
PVD techniques.

2. Synthesis Strategy

The goal of this work was to develop a support inde-
pendent synthetic technique for the preparation of sup-
ported metal catalysts. There were three criteria that had
to be simultaneously achieved:

(1) The technique had to be capable of quickly syn-
thesizing catalytic nanoparticles – with diameters
less than 5 nm – on a variety of support materials
regardless of the material’s IEP.

(2) The catalysts had to be free of residual impurities
such as chloride ions, nitrates, solvent, or other
precursor species.

(3) The technique had to be scaleable to synthesize
large quantities with controllable weight loadings.

With these criteria in mind we modified an existing
homemade vacuum deposition chamber (�0.07m3) in or-
der to accommodate the powder support materials. A
schematic of the components critical for the deposition is
shown in Figure 1.

A 2-in diameter (5.1 cm) magnetron sputter source
(Kurt J. Lesker – Torus type magnetron source) was fed
into the top of the deposition chamber and positioned
12 cm above a custom made (�120 cm3) stainless steel (SS)

cup. This SS cup was attached to a vacuum compatible
motor and tilted 451 from vertical. Two Teflon coated
stir bars (o1.5 inches long) and the catalyst support
were added to a second, smaller custom made SS cup
(�60 cm3). The Teflon stir bars were used to breakup ag-
glomerates of the substrate material during the deposition.
The SS cups were rotated between 43 and 48RPM causing
the powders to tumble constantly exposing a new region
of the support material. The deposition chamber was
evacuated, using a turbo pump, until an initial vacuum of
3.0� 10�6 torr or better was obtained. A gate valve be-
tween the turbo pump and sample chamber was used to
slow the rate of air egress from the deposition chamber
during the initial pump down. Without a restricted pump
down, the powder supports may be sucked out of the cup.

Commercially produced high purity (499.995%) pre-
cious metal sputtering targets were used for this work.
High purity argon (Research Grade, 99.9995%) was used
as the sputtering gas. The Ar was introduced into the
chamber at a rate of 10.7 standard cubic centimeters per
minute (sccm) and the total pressure of the system was
fixed at 14.9mtorr (0.02mbar). The gold target was sput-
tered at an applied direct current (d.c.) power of 11W,
while the Pt target was sputtered at an applied d.c. power
of 40W. At the end of the deposition process some of the
support material was stuck to the side of the SS cup, while
most of the powder was freely tumbling. In order to col-
lect the powder the SS cup was inverted onto a piece of
weighing paper. The powder stuck to the side remained in
the cup and was not used for the subsequent work.

Metal loading was controlled by varying the deposition
time and the amount of support material loaded into the
cup. Since the flux of sputtered atoms and the amount of

Figure 1. Schematic of the deposition apparatus.
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freely tumbling support material is generally consistent
from deposition to deposition, a calibration plot can be
constructed and the weight loading can be controlled by
fixing the deposition time to the predicted value from the
calibration plot. Actual weight loadings are usually within
1% of the predicted values. Between 1 and 4 g of catalysts
can be made in a batch using this set up. The amount of
catalyst prepared is a function of the density of the sup-
port material, how well it tumbles, and volume of the SS
cup. Typical depositions require 1–4 h.

2.1. Characterization

Electron microscopy has been the most important ana-
lytical tool to study the particle sizes. Powder X-ray
diffraction only works at very high weight loadings
(46wt%) and chemisorption techniques do not work
for gold nanoparticles. We imaged the gold clusters with a
VGMicroscopes HB603 UHV STEM operating at 300 kV
equipped with a Nion Co. aberration corrector. The 603
system has been shown to have a resolution of better than
0.8 Å [26], although the main reason for using it was sen-
sitivity. The relative brightness of a high angle annular
dark field (HAADF) Z-contrast [27,28] image obtained on
this instrument depends on the thickness and approxi-
mately the square of the atomic number. This mode is
particularly suitable for investigating catalyst samples,
especially those supported on carbon, because even the
smallest nanoparticles, including single gold atoms, are
visible on real supports that can be up to several nano-
meters thick. The Pt clusters were imaged with a Hitachi
field emission gun transmission electron microscope
(FEG-TEM) HF2000 operated at 200 kV and a Hitachi
HD-2000 FEG scanning transmission electron micro-
scope (FEG-STEM) operated in HAADF mode at
200 kV. Histograms of the catalyst cluster size were ob-
tained by measuring the widest part of the nanoparticle in
the microscopy data. Other characterization techniques
are described in previous publications [13].

3. Results

The method described above has been used to prepare a
variety of supported catalytic nanoparticles. In all the
studies presented below the argon pressure and target
–substrate distance was the same. One feature of the
nanoparticles prepared in these studies is that they are
preferentially formed on the outer surface of the support
material, rather than within the pores of the supports or
interior of the powder agglomerates. Whereas techniques
such as impregnation tends to form catalysts particle
within pores, vapor deposited particles are more likely
formed on exterior surfaces unless the sticking coefficient
is very low. Using the sputtering technique, we found that
the noble metals were deposited in very homogeneous
clusters ranging from single atoms to nanoparticles with
average diameters less than 7 nm. We have also applied
this technique to prepare a variety of non-noble metal
catalyst such as tin and copper. All the samples presented
below were found to be either catalytic towards the

oxidation of carbon monoxide (Au/WO3), the oxidation
of glycerol (Au/C), or electrocatalytic in a proton ex-
change membrane fuel cell (Pt/C).

3.1. Deposition of Au onto Acidic WO3

WO3 is a reducible, narrow band gap oxide like TiO2. The
IEP of WO3 is substantially less than 1, compared to 4.5–6
for TiO2, making it impossible to apply DP to prepare Au
catalysts on this support [10,11]. Investigating this sup-
port material may help provide insight into how the sur-
face acidity of an easily reducible oxide support affects the
catalytic oxidation of CO [29]. A 0.5wt% Au–WO3 sam-
ple was prepared by depositing Au onto tumbling WO3

powder for 260min. A STEM image of the Au–WO3

sample is shown in Figure 2.
The average gold particle size was estimated to be

about 2.1 nm. Gold particles were distinguished from the
WO3 support due to the concentration of heavy gold at-
oms, though a limited number of particles could be in-
vestigated due to the thickness of the WO3. Analysis of
the WO3 supported gold particle sizes may underestimate
the size of the gold nanoparticles, or miss some of the
smallest particles because there is less contrast against
the heavy support. The STEM image reveals that while
there are a few larger gold particles (4–6 nm in diameter)
magnetron sputtering successfully prepared a high con-
centration of small gold nanoparticles (o2.5 nm). This
result demonstrates the utility of this technique. Without
this method it would be very difficult to synthesize gold
nanoparticles on WO3.

Figure 2. Z-contrast STEM image of the Au on WO3 sample.
The gold nanoparticles are the white spots on the WO3 surface.
The contrast of the small gold particles has been enhanced and
the image smoothed, so that small particles are visible, despite the
lack of contrast to the background. (Reprinted from Topics in
Catalysis, 122(1) 2007, pg 248, with permission from Elsevier
Science.)
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4. A Case History

In this section we will discuss two studies that were per-
formed to investigate factors which may effect particle size
control: (1) the type of support material and (2) the weight
loading.

4.1. Au Deposited onto Carbon

In order to gauge how the support affects the final particle
sizes a set of experiments was performed where the same
gold loadings (0.7wt%) was deposited onto three differ-
ent carbon supports. The three support materials were: (1)
activated carbon from Camel (X40S; SA ¼ 1100–1200m2/
g; pH 8–9), (2) a decolorizing carbon from Aldrich
(SA ¼ 700m2/g), and (3) graphite from Alfa Aesar (Nat-
ural, Microcrystal grade, APS 2–15 mm, 99.9995%;
SA ¼ 2m2/g). The deposition times varied for each sup-
port material due to differences in the amount of material
stuck to the side of the SS cups, but were generally about
1 h for each sample.

These experiments demonstrate the critical role the
support material plays in determining the particle sizes for
the sputtered catalyst. Figure 3(a) and (b) show repre-
sentative images of gold deposited on the X40S activated
carbon. Figure 3(c) and (d) present STEM data for gold
deposited on the graphite and decolorizing carbon re-
spectively.

Histograms of gold particle size distributions are shown
in Figure 4.

Gold clusters deposited on the activated carbon had the
smallest average diameter of 1.7 nm, while gold on graph-
ite and decolorizing carbon had average particle sizes of
2.8 and 6.8 nm respectively.

The presence of both single gold atoms and gold clus-
ters, evident in Figure 3(b), indicates that the deposition
flux is largely atomic or very small clusters as expected
from the process gas pressure.

The activated carbon apparently has enough nucleation
sites or the correct functionalized surface sites to trap
some of these single atoms before they can be incorpo-
rated into nanoparticles.

In contrast, using graphite, with its lower concentration
of surface functional groups, compared to activated car-
bon [30], results in gold particles with a larger average
diameter (d ¼ 2.8 nm), Figure 3(c). One interesting aspect
of the Au–graphite by sputtering is that there is a large
concentration of gold nanoparticles along the step edges
of the graphite sheets (Figure 3c), which would be the
most probable place for the atoms to nucleate and grow
[31].

It is unknown at this point why the gold particles on
the decolorizing carbon had the largest average particle
size. The decolorizing carbon had a surface area compa-
rable to the X40S but the surface chemistry has not been
studied. Previous studies have demonstrated the critical
role carbon support properties have on the properties of

Figure 3. HAADF STEM images of Au deposited onto various carbon supports: X40S activated carbon (a, b); graphite powder (c);
decolorizing carbon (d). Arrows highlight single gold atoms (b) and gold along the graphite step edges (c). (Partially reprinted from
Topics in Catalysis, 122(1) 2007, pg 248, with permission from Elsevier Science).
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Figure 4. Particle size histograms for the gold deposited onto various carbon samples. (Partially reprinted from Topics in Catalysis,
122 (1) 2007, pg 248, with permission from Elsevier Science).

Figure 5. BF-TEM image of 1.1wt% Pt (A); HAADF STEM image of 3.1wt% Pt (B); BF-TEM image and HAADF STEM images of
11.1wt% Pt (C and D respectively). Images were collected on the Hitachi microscopes.
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the catalyst [32], and presumably similar surface chemistry
is critical for the growth of the nanoparticles.

4.2. Pt on Carbon Black [33]

In order to determine what effect increasing the weight
loading has on the average particle size, we prepared a
series of Pt/C electrocatalysts by varying the deposition
time. Pt was deposited onto Vulcan XC-72 carbon black
(Cabot, surface area 235m2/g). Samples were prepared
with Pt weight loadings between 1.1 and 11.1wt% Pt.
Representative TEM and HAADF STEM images of these
samples are shown in Figure 5.

Pt particle size distributions (histograms) measured di-
rectly from TEM images are shown in Figure 6.

These particle size distributions reveal that the average
Pt particle size for all three samples prepared by sputter-
ing was about 1.6 nm and independent of weight loading.

For comparison, a 20wt% Pt/XC72 catalysts prepared
commercially by E-TEK had an average diameter of
2.6 nm. The sputter deposited Pt had a standard deviation
between 0.42 and 0.49 nm, whereas the commercial E-
TEK catalyst has a standard deviation of 0.79 nm. Thus,
the sputtering technique creates smaller and more uni-
formly dispersed Pt particles than those prepared chem-
ically. It should be noted that the Pt/C samples having low
loadings prepared via sputtering did not uniformly coat

the entire carbon support, but the Pt coverage could be
improved by modifying the method of tumbling the car-
bon powder.

5. Conclusions

From the results presented above we can derive the fol-
lowing:

1. The magnetron sputtering technique can prepare
supported metal nanoparticles on a wide variety of
support materials including WO3 and carbon.

2. Changes in the substrate result in changes in particle
size distributions, but almost always results in a
narrow distribution of nanoparticle sizes.

3. Increasing the weight loading of the sample results
in an increase in the number of particles, but up to
11wt% has little effect on the particle size distribu-
tion.

It should be stressed that all of the depositions de-
scribed above were performed at the same background
pressure, substrate to target distance, tumbling speeds and
powers. It is unknown at this point what affect changing
these conditions will have on the produced nanoparticles.
There are also additional parameters which could be ad-
justed which may have an affect on the particle size dis-
tribution. These parameters include the type of deposition

Figure 6. Pt particle size distributions measured from TEM images.
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(d.c. vs. radio frequency), the concentration and type of
active sites on the surface of the activated carbons, the
method used to tumble the powders, as well as the use of
unbalanced magnetron sputtering to promote the forma-
tion of defects on the support surfaces. Beyond simply
controlling the particle size, active fields of research in-
clude the possibility of synthesizing alloy catalysts and
complex oxides by sputtering.
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CHAPTER 22

Gold Colloidal Nanoparticles Sized to be Suitable
Precursors for Heterogeneous Catalysts
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1. Introduction

Gold has been recently demonstrated to be active in many
catalytic reactions as reviewed by Bond and Thompson
[1]. However, as highlighted by Haruta [2], many different
parameters play a role in determining activity (i.e. particle
size and shape, preparation methods, nature of support)
sometimes making difficult the comparison of experimen-
tal results. For example, catalytic activity evaluated
against different units showed different trends, showing
convincingly that beside total surface area, some other
size-dependent factor has to be involved.

The activity of gold catalyst is normally strongly size
dependent and the control as well as the narrowest pos-
sible distribution of particle size represent the main goal
for the production of an active gold catalyst. From a cata-
lytic point of view, several preparation methods have been
proposed for obtaining highly dispersed gold catalyst,
most of them derived from deposition–precipitation
method proposed by Haruta et al. [3].

Quite recently gold metallic sols have been used as
precursors [4,5] for preparing heterogeneous catalysts.
The advantage of using this technique principally
lies in the applicability regardless of the type of support
employed and the possible control on particle size/distri-
bution, obtaining normally highly dispersed metal
catalyst.

The techniques of metal colloid chemistry have been
increasingly applied to the preparation of metals in highly
dispersed form. The use of solutions of molecular precur-
sors as starting materials and mild chemical treatment for
the generation of metal particles in principle leads to a
careful control of composition, size and morphology of
the resulting particles [6,7]. Common procedures include:
reduction of metal salts, photochemical or thermal de-
composition and reduction of organometallic complexes
[7,8]. Preparation of gold sols has been reviewed elsewhere
[9]. For catalytic applications some constrains have to be
taken into account; particularly, particle size has to be
ranged from 2 to 25 nm, sols have to show a good stability

under operative conditions, sols have to show an as long
as possible catalyst life, i.e. sols have to be recycled.

In this paper, suitable gold sol preparations designed
for catalytic purposes that fulfil the above-reported pre-
requisites have been reported.

2. Synthetic Strategy

Colloidal gold is a lypophobic sol. The gold particle is
surrounded by a cloud of adsorbed ions/molecules whose
presence is responsible for the stability of the colloid.
Particles of colloidal gold carry a negative charge in wa-
ter, due to surface adsorbed anions (mainly AuCl4

� and
AuCl2

� in the case of NaBH4 reduction) [10]. A consid-
erable advance in the understanding of the behaviour of
these systems was given by theory of Derjaguin, Verway,
Landau and Overbeek (DVLO) [11,12]. In this assump-
tion, the stability of the particle is considered to consist of
two components: one arises from the overlap of the elec-
trical double layer and leads to repulsion, the other from
electromagnetic effects and leads to van der Waals at-
traction. The curve of potential energy of interaction
against the distance of the particle surfaces is schematic-
ally represented in Figure 1.

At a finite distance, where the surface does not come
into molecular contact, equilibrium is reached between
electrodynamic attractive and electrostatic repulsive
forces (secondary minimum). At smaller distance there is
a net energy barrier. Once overcome, the combination of
strong short-range electrostatic repulsive forces and van
der Waals attractive forces leads to a deep primary mini-
mum. Both the height of the barrier and secondary mini-
mum depend on the ionic strength and electrostatic
charges. The energy barrier is decreased in the presence
of electrolytes (monovalentodivalentotrivalent) by com-
pression of the double layer [8].

Thus the stability of a colloid is a function of the energy
of interaction between the particles. The conventional
strategies for the preparation of small precious metal
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nanoparticle in the presence of protective agent have been
greatly developed in the last decade [9]. However stabi-
lizer-free nanosized gold sols have been reported [13].
‘‘Unprotected’’ metal colloids do not mean that the gold
particles are truly bare: they are stabilized by solvents or
simple anions adsorbed on them, or by both. ‘‘Naked’’
colloidal gold solutions have been prepared in toluene
using a two-phase system. The phase-transfer reagent
used, a quaternary ammonium bromide salt (R4N

+Br�),
is specifically adsorbed on the clusters through the for-
mation of surface ion pairs, probably with the Br� ion
attached to the Au surface [14]. Moreover, unsupported
gold particles have been studied in aerobic oxidation of
glucose and it has been found that they behave as an
efficient catalyst, showing a similar activity to enzymatic
systems. In particular, the catalytic activity has been
found to be inversely proportional to the particle diameter
[15].

For improving their resistance against coagulation,
aqueous colloidal solution of metal particles have been
stabilized by three methods: (a) surface potential and/or
charge density are increased by the adsorption of surface
active long-chain ions (i.e. surfactants); (b) van der Walls
forces are reduced by adsorption of relatively rigid hy-
drophilic macromolecules (i.e. dextrin, starch); (c) besides
these stabilizing effects depending on Coulomb or van der
Waals forces, a third type of stabilization, ‘‘steric stab-
ilization’’, has been considered [16]. The term is related to
the absorption of flexible polymers of sufficiently high
molecular weight, which leads to polymer chains protrud-
ing from the particle surfaces. The slight interpenetration
of these chains, elongating from colliding particles, keeps
them at a distance too large to give a van der Waals in-
teraction sufficient for coherence [17]. This type of stab-
ilization was confirmed using gold particles as test system
and polyglycols as absorptive; the stabilization was found
to increase with polymer concentration and particularly
with the molecular weight of the polymer [16]. Macro-
molecules, such as proteins and polysaccharides and

various synthetic polymers were also used [18]. The ad-
sorbed layer of stabilizer prevents cohesion of one particle
to another and the lypophobic gold colloid becomes
lypophilic. In general, the lypophilic stabilizers give metal
colloids stable in organic media, while hydrophilic agents
yield water-stable colloids.

In general, the most used stabilizers are polymers [19],
molecules coordinating through P and S atoms [20], long-
chain alcohols [21], surfactants [22] and organometallics
[23].

3. Results

3.1. Preparation of Gold Sols

Several stabilized hydrosols obtained from aqueous solu-
tions of HAuCl4 or NaAuCl4 precursors (typically in the
concentration range of 3–5�10�4M), in the presence of
various stabilizers and reducing agents, have been re-
ported contributing to the wide field of colloidal gold
chemistry. In particular, the aim of some of these prep-
arations was their use as precursors for heterogeneous
catalyst. Thus, the immobilization of nanoparticle on
support, the consecutive step after sol generation, was
deeply investigated.

3.1.1. Stabilizers

Among the polymeric stabilizers, Brij35 (polyoxyethyl-
ene(23)-laurylether, MWav 1200) [24], PVA (polyvinyl al-
cohol, MW 13,000–23,000, 98% hydrolyzed) [25], PEG
(poly(ethylene glycol), reacted with bisphenol A diglycidyl
ether, MW 15,000–20,000) [24] and PVP (polyvinyl-
pyrrolidone, MWav 55,000) [26], have been experienced
to influence the stability of the gold sol by steric stab-
ilization, taking into account the effect of the increasing
average molecular weight. Moreover, long-chain alcohols
of 15,000–20,000Da, like PVA, are suitable stabilizers for
nanoparticles of 3–8 nm mean diameter [7,25]. Typically,
the amount of protector has been maintained at a weight
stabilizer/Au ratio equal to one. The use of higher values
of the ratio produces a high coverage of the particles that
could further inhibit the catalytic behaviour. Dextrin has
been experimented as a rigid hydroxyl protective agent,
affecting the attractive van der Waals forces. Small sizes
of nanoparticles have been obtained with water-stable sols
(2–3 nm), but not greatly affecting the catalysis [24]. Better
results have been achieved by increasing the surface po-
tential and/or charge density by absorption of ionic
surfactants such as polydiallyl dimethyl ammonium chlo-
ride, PDDA, [25b] and the polyion PEU (poly[bis(chloro-
ethyl)ether-alt-1,3-bis-[3-(dimethylamino) propyl]urea)
[24] and sulphobetaines, such as N-dodecil-N,N-dime-
thyl-3-amino-1-propanesulphonate [27]. This last repre-
sents a special case of stabilizer. In fact, it was
demonstrated for Pt that colloidal nanoparticles (average
size 2.8 nm) are surrounded by a double layer of the zwit-
terionic carboxybetaine (3–5 nm) [28]. The hydrophilic
head group of betaine interacts with the charged metal
surface and the lypophilic tail is associated with the tail of

Figure 1. Attractive and repulsive forces.
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a second surfactant molecule, resulting in the formation of
a hydrophilic outer sphere.

The polycationic ammonium salt PEU can be chosen
for increasing the ionic cloud in the electrical double layer,
thus raising the electric repulsion between the gold par-
ticles in the sol. Small particles can be obtained (mean
diameters between 3.1 and 4.2 nm) [24].

3.1.2. Reducing Agents

The main advantage of the salt reduction method in the
liquid phase is that it is reproducible and allows colloidal
nanoparticles with narrow size distribution to be pre-
pared.

Schmid et al. introduced the diborane reducing agent
for the synthesis of Au55 nanocluster stabilized by
phosphine ligands [20,29]. The alcoholic reduction prep-
aration, in the presence of PVP and PVA polymers, was
developed mainly by Hirai and Toshima, exploiting the
easy reduction of alcohol to aldehyde [19,30]. The H2 re-
duction was applied mainly by Moiseev’s for the ‘‘giant
palladium cluster’’ [31] and Finke’s for polyoxo and tet-
rabutylammonium iridium clusters [6,32,33]. The use of in
situ hydrolysis of tetrakis(hydroxymethyl)phosphonium
chloride (THPC) as a reducing agent was recently intro-
duced [34] and allows the synthesis of small mono-
dispersed gold nanoparticles (3 nm). The tetraalkyl
ammonium hydrotriorganoborates route (combined with
the use of surfactants) was intensely developed by Bönne-
mann [22,23,32,35]. Reetz et al. have reported the use of
alkylammonium carboxylate (NR4

+RCO2
�) as both re-

ducing agent and stabilizer [36]. Moreover the use of
NaBH4, a powerful reagent for the reduction of metal
salts, has been developed in this last decade [7,25]. In the
case of gold nanoparticles, the presence of the by-product
metal borides was found not to affect the catalytic results.
The Au/BH4

� molar ratio was optimized and an excess
corresponding to 1:3 was used with respect to the overall
stoichiometry:

8 AuCl�4 þ 3 BH�4 þ 24 OH� ! 8 Auþ 32 Cl�

þ 3 H2BO
�
3 þ 15 H2O

(1)

Thus a typical preparation of PVA-protected gold sol is
reported. NaAuCl4 � 2H2O (17.06mg, 0.043mmol) and
PVA (410 mL of a 2% (wt/wt) stock aqueous solution)
were added to 130mL of MilliQ water. After 3min,
NaBH4 (1.3mL of a 0.1M solution) was added to the
yellow solution under vigorous magnetic stirring. The
ruby red Au(0) sol was immediately formed. The UV–vis
spectra of the precursor NaAuCl4 and the final sol were
recorded in H2O, observing the AuCl4

� band at 222 nm
and the Au(0) sol plasmon resonance peak at 510 nm.

3.2. Immobilization on Support

After few minutes of gold sol preparation, metal particles
have to be immobilized on a suitable support for practical
purpose. Normally this step is simply performed by dip-
ping the support in the sol. The metal particles are

spontaneously adsorbed from the solution. The kinetics of
adsorption depends on sol stabilizer and on point of zero
charge (PZC) and surface area of support. An inductively
coupled plasma (ICP) measurement of residual metal in
the solution gives the actual loading on the support. For
example, in the case of PEU an incomplete absorption has
been observed when a PEU/Au>0.3 was used [37]. Also
the maintenance of particle dimension during the immo-
bilizing step depends on the same parameters. Table 1
reports the comparison of particle dimension in the sol
and on the support as function of stabilizer (type and
amount) and support.

As it is shown, different support differently influences
the transferring of the metal particles. In the case of
THPC, the particle dimension in the sol is maintained
only when a high THPC/Au ratio is used, especially in the
case of carbon as the support. A more bulky stabilizer as
PVA provided in contrast a good stability of dimension
during the immobilization step.

Carbon as the support has been deeply studied, and it
has been noted that its coupling with PVA represents the
best choice, assuring a quite large range of PVA/Au ratio
and a good stability of gold particles. Table 2 shows the
different behaviour of differently stabilized sols.

From a catalytic point of view, the particle dimension
represents for sure an important factor but not the only
one. In fact the nature of the support, the possible pres-
ence of residual stabilizing agent, metallic dispersion and
accessibility of active phase by the reactant are also im-
portant.

4. A Case History

Glycerol has attracted attention as a usable starting ma-
terial because of its easy availability (biosustainable
sources) and its high functionalization. In addition,

Table 1. Characteristics of Au/support catalysts.

Stabilizer Stabilizer/Au
(wt/wt)

Particle
dimension
(sol)

Support Particle
dimension
(supported)

THPC 0.8 4.0 Al2O3 3.9
TiO2 4.1
C 8.6

1 3.5 Al2O3 3.80
TiO2 3.71
C 8.16

2 2.71 Al2O3 4.3
TiO2 4.2
C 4.2

PVA 0.62 5.2 Al2O3 4.8
TiO2 5.0
C 5.6

8.0 Al2O3 7.2
TiO2 6.8
C 7.5

26 Al2O3 24
TiO2 26
C 23
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growing programs for biodiesel fuels resulted in a pro-
duction of large amounts of glycerol as a co-product. As a
consequence, new applications for glycerol should be
taken into account. Valuable products can be obtained by
oxidation, thus selective oxidation of glycerol has been
recently studied [38,39]. Given its high boiling point, the
selective oxidation of glycerol with air/oxygen is usually
carried out in liquid phase using water as the solvent and
the compulsory presence of a base (NaOH).

Au/C was established to be a good candidate for se-
lective oxidation carried out in liquid phase showing a
higher resistance to poisoning with respect to classical Pd-
or Pt-based catalysts [40]. The reaction pathway for glyc-
erol oxidation (Scheme 1) is complicated as consecutive or
parallel reactions could take place. Moreover, in the pres-
ence of a base interconversion between different products
through keto–enolic equilibria could be possible.

In the presence of Au/C catalyst, the reaction pathway
was studied concluding that glycerate/tartronate amounts
represents the probe of path ‘a’ and glycolate of path ‘b’
[41c] (Scheme 1). The overall selectivity of the reaction is
dictated by the balance of path ‘a’ and ‘b’ and represents
the most valuable parameter to be considered for evalu-
ating the effectiveness of a catalyst.

Therefore, by using the sol technique different 1% Au/
C catalysts have been prepared using the same supporting
material (activated carbon) but varying the preparation
method with the aim of changing the particle size. PVA/
NaBH4, THPC/NaOH and citrate methods were used
(Table 3) obtaining sol of different mean size in the order
citrate4PVA4THPC.

After supporting these sols on activated carbon, how-
ever, the obtained particle size depends on the capability
of the protective agent to maintain the particle dimension.
The obtained three catalysts, having different character-
istics, are summarized in Table 3. As it is shown, mean
size of gold nanoparticle obtained by TEM measurement
did not always match with X-ray powder diffraction
(XRPD) data. This result is not surprising as TEM meas-
urements represent particle sizes, whereas from X-ray
diffraction (XRD) it is possible to obtain crystallite di-
mensions that do not necessarily coincide with the size of
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Scheme 1. Reaction pathways for glycerol oxidation with Au/C in the presence of a base. (Reprinted from Ref. [40], r 2004, with
permission from Elsevier.)

Table 2. Immobilization step using carbon as the support.

Stabilizer Stabilizer/Au
(wt/wt)

Particle
dimension (sol)

Particle
dimension
(supported)

THPC 0.8 4.0 8.6
1 3.5 8.16
2 2.71 4.2

PVA 0.62 5.2 5.6
0.62 8.0 7.5
0.62 26 23

PEG 0.3 5.3 14
1 5.2 12

C12E23 0.3 5.3 8.2
1 5.1 7.0
1.8 4.3 7.0

Dextrin 0.3 3.5 12
1 3.6 8.4
1.8 2.8 9.5

PEU 0.3 3.1 4.7
PDDA 0.1 3.6 27

0.3 2.8 22
0.65 2.6 15

F. Porta and L. Prati358



catalytically active particle. Thus, information can be ob-
tained about metal particles through TEM and about
their crystallinity from XRPD. The immobilization of
PVA-protected sol as expected produced the most ordered
particle, but evaluation of catalyst activities in the selec-
tive oxidation of glycerol follow the normal trend ex-
pected in heterogeneous catalysis (Table 3) (turnover
frequency (TOF) increases by decreasing particle size)
based on TEM results. However, the aim of the study was
not finding a ‘‘very’’ active catalyst but a ‘‘very’’ selective
one. By looking at selectivity data obtained at 50 and 90%
conversion (S50 and S90 of Table 3), it can be observed
there is an increase of selectivity to glycerate from 47 up to
75% by increasing particle size from 5 to �20 nm. Con-
versely, as expected, catalyst activity decreased. For con-
firming this trend also a test using a calcined catalyst
(150 1C, 6 h, air) has been carried out as it is worth noting
that this method could increase particle size. In fact
30 nm-mean sized particles have been obtained that
showed a low catalytic activity but selectivity to glyce-
rate of 90%. Moreover, by adjusting reaction conditions,
a 92% selectivity [41] has been reached.

From product distribution analysis it could be con-
cluded that larger particles present higher selectivity to
glycerate due to the reduction of consecutive reaction, i.e.
oxidation of glycerate to tartronate, remaining glycolate
amount being almost stable.

5. Conclusions

Immobilization of gold sols appears to be a useful method
to prepare highly dispersed heterogeneous catalyst re-
gardless of the type of support. However, beside a lot of
methods available for generating sols, the one consisting
in a chemical reduction in solution of salt is the simplest
and widely applicable technology providing suitable sized
particles with narrow distribution. In particular, we stud-
ied the preparation of heterogeneous catalyst designed for
liquid phase applications. Parameters that have to be
taken into account are not only particle size and diameter
distribution in the sol, but also the capability of the sol for
maintaining these properties during the immobilization
step on a support. Principally important for this purpose
is not only the nature and the amount of protective agent

but also the nature of support. For active carbon (the
most used support for liquid phase application) the best
choice in terms of size control during not only the metal
particles generation but also the immobilization step, has
been found to be the PVA.

The importance of size control has been depicted for
the selective oxidation of glycerol; it was shown that by
increasing particle size a high selectivity to glycerate has
been reached at the expense of the consecutive oxidation
of glycerate to tartronate.
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Liquid Phase Structural Control of Mono- and
Bimetallic Nanoparticles
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1. Introduction

There are two approaches to build up the metal nano-
particles from atoms. One is the physical approach,
including the gas phase synthesis of metal nanoparticles
on some substrates. These nanoparticles are naked with-
out any protective agents on the nanoparticle surface to
prevent the nanoparticles from further aggregation, and
they are subjected to the physical investigations. This
method possesses an advantage that one need not con-
sider the interaction of the surface atoms with other mol-
ecules, resulting in providing information of metal
nanoparticles themselves. However, there are two big dis-
advantages for these naked nanoparticles: One is that it is
difficult to uniform their sizes and another is that they
cannot be isolated and handled like chemical compounds.
The wide size distributions of metal nanoparticles would
give us only averaged information, and numerous phys-
ical methods could not be used without isolating metal
nanoparticles as a solid. Consequently, these two disad-
vantages are fatal for investigating the detailed physical
and chemical properties of metal nanoparticles.

Another approach is the chemical one, that is, the liq-
uid phase synthesis. In general, to obtain the uniformly
sized metal nanoparticles that can be isolated, they have
to be protected by some protective agents, such as linear
and branched polymers, organic molecules, surfactants,
and so on [1]. Moreover, the protective agents make the
metal nanoparticles soluble in solvent, which contributes
the fabrication of secondary structures of metal nanopar-
ticles [2]. They can be soluble not only in organic solvent
but aqueous media by modifying the protective agents. In
the formation process of metal nanoparticles, when metal
ions are reduced to metal atoms, successive aggregation
of metal atoms rapidly proceeds to form the polycrystal-
line metal precipitates. It is obvious that the concentration
of the protective agents controls the growth rate of

monocrystalline aggregates. Controlling both the reduc-
tion rate of metal ions to metal atoms and the growth rate
of metal aggregates is important to precisely control the
size of metal nanoparticles.

The recent liquid phase synthetic techniques provide us
the metal nanoparticles with the standard deviation
smaller than 10%. So a lot of scientists have been at-
tracted by an investigation on the transition from mole-
cular to bulk properties from both the fundamental and
technological points of view. Here we present our recent
liquid phase techniques to control the size and composi-
tion of Au and FePt nanoparticles.

2. Synthesis Strategy

When synthesizing the metal nanoparticles by the chem-
ical method, the system contains metal salt, protective
agent, reducing agent, and solvent (the reducing agent
sometimes plays a role of the protective agent or solvent).
These four chemical species and temperature can be the
parameters to control the particle size. Controlling both
the reduction rate of metal salts to metal atoms and the
growth rate of metal atoms is indeed responsible for con-
trolling the particle size (Figure 1). Many researches have
been dedicated to the control of particle sizes so far.

The noteworthy synthetic method of ligand-protected
metal nanoparticles was reported by Brust and co-
workers [3]. The strategy of their method consists of
growing the metal nanoparticles with the simultaneous
attachment of self-assembled ligand monolayers on the
growing nuclei. In order to allow the surface reaction to
take place during metal nucleation and growth, the nano-
particles are grown in a two-phase system. In this method,
for example, AuCl4

� is transferred from aqueous solution
to toluene using tetraoctylammonium bromide (TOAB) as
the phase-transfer reagent (Equation (1)) and reduced
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with aqueous sodium borohydride in the presence of a
long-chain thiol as a protective agent (Equation (2)).

AuCl�4 ðaqÞ þNðC8H17Þ
þ
4 ðtolueneÞ

! NðC8H17Þ
þ
4 AuCl�4 ðtolueneÞ

(1)

mAuCl�4 ðtolueneÞ þ nC12H25SHðtolueneÞ þ 3me�

! 4mCl�ðaqÞ þ ðAumÞðC12H25SHÞnðtolueneÞ
(2)

At the molar ratio of ligand/Au ¼ 1, the Au nanopar-
ticles have diameters in the range 1–3 nm and a maximum
in the particle-size distribution at 2.0–2.5 nm. The heat-
treatment of these small metal nanoparticles enables us to
easily obtain the larger-sized metal nanoparticles. Need-
less to say, one-phase system containing the metal pre-
cursor, protective agent, and reducing agent is also
effective to control the particle size. It is important to
choose the reaction system according to the kind of nano-
particles that one needs.

On the other hand, one of the mildest chemical pro-
cedures is an alcohol reduction of metal salts in the pres-
ence of the protective agents [4,5]. The reaction proceeds
according to the Equation (3).

Mnþ þ
n

2
RCH2OH!M0 þ

n

2
RCHOþ nHþ (3)

This technique is also applicable to the formation of
bimetallic nanoparticles, according to the Equation (4),
where two metal ions are reduced simultaneously or suc-
cessively [6].

xMmþ
1 þ yMnþ

2 þ
ðmxþ nyÞ

2
RCH2OH

!M1x þM2y þ
ðmxþ nyÞ

2
RCHOþ ðmxþ nyÞHþ

(4)

This alcohol reduction method is applied to the control
of size and composition of not only the noble metal/noble
metal [7] but the 3d-transition metal/noble metal nano-
particles [8] like magnetic FePt nanoparticles.

3. Results

In 2001, we developed a simple and quite useful method to
manipulate the size of Au nanoparticles by using the heat-
treatment of small Au nanoparticles [9,10], which is far
from the conventional techniques. The 1-dodecanethiol-
protected Au nanoparticles (C12S–Au) of 1.570.2 nm in
size synthesized by the Brust’s two-phase (toluene/water)
reaction procedure [3] were heat treated at 150–250 1C at
the heating rate of 2 1Cmin�1, and held for 30min. This
heat treatment of as-synthesized C12S–Au nanoparticles

Figure 1. Schematic illustration for the size control of metal
nanoparticles.

Figure 2. TEM images of C12S–Au nanoparticles after the heat treatment of 1.5 nm C12S–Au nanoparticles at (a) 150, (b) 190, and (c)
230 1C and (d) C18S–Au nanoparticles heat treated at 250 1C. (Reprinted from Ref. [10], r 2003, American Chemical Society.)
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at 150, 190, and 230 1C led to the thermodynamical par-
ticle growth, the particle sizes becoming 3.470.3,
5.470.7, and 6.870.5 nm, respectively. Figure 2a–c
present the TEM images of C12S–Au nanoparticles heat
treated at 150, 190, and 230 1C, respectively. The particle
sizes are proportional to the heat treatment temperatures
in this region.

For the heat-treatment process, TOAB, adopted as a
phase-transfer agent during the preparation of C12S–Au
nanoparticles, plays a key role because the uniform
growth of nanoparticles was not observed without TOAB
molecules. Presumably, molten TOAB serves as a solvent
in the particle growth process. When the C12S–Au nano-
particles were heat treated at 250 1C, they were not redis-
persed in toluene because of the aggregation. This might
result from the vaporization of C12SH ligands because the
heat-treatment temperature of 250 1C is very close to the
boiling point of C12SH.

To obtain the larger particles, 1-octadecanethiol
(C18SH), having a higher boiling point (204–210 1C/
11mmHg) than C12SH, was used as a protective ligand
in place of C12SH. At the heat-treatment temperature of
250 1C, C18S–Au nanoparticles grew to 9.770.9 nm, as
observed from TEM image shown in Figure 2d. The

relationship between the mean diameters of the heat-
treated C12S- and C18S–Au nanoparticles and the heat-
treatment temperatures is summarized in Figure 3.

Once the small nanoparticles were synthesized, we
could easily obtain the monodispersed Au nanoparticles
from 3.4 to 9.7 nm in size depending on the heat-treatment
temperature from 150 to 250 1C. Thus the heat-treatment
method is easily applicable to the metal nanoparticles with
relatively low melting points like Ag as well.

Generally, to synthesize the small metal nanoparticles,
a large amount of protective ligands and low-reaction
temperature have been employed, because the growth rate
of the metal core may decrease with the increasing
amount of ligands and decreasing reaction temperature.
However, monodentate ligand-protected small metal
nanoparticles are unstable both in solutions and on subst-
rates. Actually, 1.5 nm C12S–Au nanoparticles easily ag-
gregate to generate the precipitates. Recently, we have
succeeded in synthesizing quite stable Au nanoparticles
with the size of ca. 2 nm by using a 2,6-bis(10-(n-thio-
alkyl)benzimidazol-2-yl) pyridine (TCnBIP, n ¼ 3, 6, 8,
10, 12; see Figure 4) as a protective ligand [11,12].

This bulky ligand has two thiols to produce small Au
nanoparticles. Figure 5 presents the TEM images of
self-assembled monolayers of 1.5 nm TC8BIP- and 1.6 nm
TC6BIP-protected Au nanoparticles at the air–water in-
terface.

Table 1 presents the mean diameters and standard de-
viations of Au nanoparticles synthesized at various
TCnBIP/Au molar ratios. Both the mean diameter and
standard deviation decreased with an increase in the
amount of the protective agent, TCnBIP, which was also
observed in the cases involving polymer-protected Pd [13],
Pt [14,15], and Au nanoparticles [16]. For TCnBIP (n ¼
8, 10, 12), Au nanoparticles smaller than 2 nm could be

Figure 3. Temperature dependence of the sizes of C12S–Au (J)
and C18S–Au nanoparticles (K). (Reprinted from Ref. [10], r
2003, American Chemical Society.) Figure 4. Chemical structure of TCnBIP.

Figure 5. TEM images of nearly perfectly ordered hexagonal close-packed monolayers of (a) 1.5 nm TC8BIP–Au and (b) 1.6 nm
TC6BIP–Au nanoparticles. Insets show FFT spots of each monolayer. (c) HRTEM image of 1.5 nm TC8BIP–Au nanoparticles. (Re-
printed from Ref. [12], r 2006, American Chemical Society.)
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obtained for TCnBIP/Au molar ratios larger than 1.0. For
TC6BIP–Au, 1.6 nm particles were obtained when the
TC6BIP/Au molar ratio was 2.0. On the other hand, when
using TC3BIP as a protective ligand, only Au nanopar-
ticles larger than 2 nm were produced even at large
TC3BIP/Au molar ratios. Generally speaking, in order to
synthesize the kinetically stabilized small Au nanoparti-
cles, sterically bulky ligands have been employed, because
the growth rate of the metal core may decrease with in-
creasing ligand bulkiness. Our TCnBIP–Au nanoparticles
follow this tendency, that is, TCnBIP ligands with longer
alkyl chain tend to produce smaller Au nanoparticles at
the similar TCnBIP/Au ratio.

Fe/Pt alloys are an important class of materials in per-
manent magnetic applications because of their large uni-
axial magnetocrystalline anisotropy [KuE7� 106 Jm3]
and good chemical stability. As the magnetic stability of
individual particles scales with the anisotropy constant,
Ku, and the particle volume, V, small Fe/Pt nanoparticles
may be suitable for future ultra-high density magnetic
recording media applications [17].

In 2000, Sun and co-workers succeeded in synthesis of
monodispersed Fe/Pt nanoparticles by the reduction of
platinum acetylacetonate and decomposition of Fe(CO)5
in the presence of oleic acid and oleylamine stabilizers
[18]. The Fe/Pt nanoparticle composition is readily con-
trolled, and the size is tunable from 3 to 10 nm in diameter
with a standard deviation of less than 5%. For practical
use, we developed the novel synthetic method of FePt
nanoparticles by the polyol reduction of platinum acetyl-
acetonate (Pt(acac)2) and iron acetylacetonate (Fe(acac)3)
in the presence of oleic acid and oleylamine stabilizers in
di-n-octylether [19,20]. The Fe contents in FePt nanopar-
ticles can be tuned from 23 to 67 atomic%, and the par-
ticle sizes are not significantly affected by the
compositions, retaining to be 3.1 nm with a very narrow
size distribution, as shown in Figure 6.

Figure 7a shows the bilayer of 3.1 nm Fe34Pt66 nano-
particles. This bilayer consists of AB stacking of hcp
monolayer of Fe34Pt66 nanoparticles forming the quasi-
honeycomb structure, where the nanoparticles at the sec-
ond layer occupy the threefold hollow sites of the first
layer. When more concentrated solution was dropped on
a TEM grid, the particles assembled to give the trilayer
with an ABC close-packed (fcc type) structure, as shown
in Figure 7b. Annealing such small FePt nanoparticle
assemblies at 600 1C to change the crystal structure
from chemically disordered face-centered cubic phase to
chemically ordered face-centered tetragonal phase always
leads to the coalescence of nanoparticles except for several
particular cases [21,22], meaning that the dramatic change
in the magnetic properties resulting from the crystal
structural change of nanoparticles is generally owing to
the coalescence of the small nanoparticles. Therefore, the
novel synthetic route of thermally stable larger FePt
nanoparticles should be developed.

Very recently, we have developed one-pot synthesis
of FePt nanoparticles larger than 5 nm with controlled
composition by the polyol reduction of Pt(acac)2 and
Fe(acac)3 in excess ligands without using the conven-
tional solvents [23]. Figure 8 presents the TEM images

Table 1. Mean diameters and standard deviations of a series of
TCnBIP–Au nanoparticles synthesized at various TCnBIP/Au
molar ratios.

Ligand TCnBIP/Au
(mol/mol)

Mean
diameter (nm)

Standard
deviation
(nm)

TC3BIP 1.0 2.7 1.0
2.0 2.2 0.5

TC6BIP 1.0 2.6 0.9
2.0 1.6 0.5

TC8BIP 0.05 3.2 0.8
0.1 2.7 0.5
0.5 2.3 0.4
1.0 1.9 0.4
2.0 1.5 0.2

TC10BIP 1.0 1.6 0.3
2.0 1.5 0.2

TC12BIP 0.4 1.6 0.5
0.5 1.6 0.4
1.0 1.5 0.3
2.0 1.5 0.3

Source: Reprinted with permission from Ref. [12], r 2006, American

Chemical Society.

Figure 6. Influence of the molar ratio of precursors on the Fe
content of FePt nanoparticles. The dashed line indicates the Fe
content in feeing precursors. (Reprinted from Ref. [19], r 2004,
The Chemical Society of Japan.)

Figure 7. TEM images of (a) bilayer of 3.1 nm Fe34Pt66 nano-
particles and (b) trilayer of 3.1 nm Fe53Pt47 nanoparticles. (Re-
printed from Ref. [19], r 2004, The Chemical Society of Japan.)
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of 6.170.6 nm Fe36Pt64, 5.870.7 nm Fe44Pt56, and
5.170.7 nm Fe49Pt51 nanoparticles.

From the viewpoint of the synthesis of large FePt
nanoparticles, our recipe works better than the previous
reported ones. An excess amount of ligands (oleylamine
and oleic acid) would proceed the complexation with
metal ions, as proved from UV–vis spectra showing the
change of coordination condition around metal ions. To
be more specific, the coordination of ligands to easily re-
ducible Pt2+ ions better proceeds without the conven-
tional solvent than with the solvent, which would provide
slower nucleation and larger nanoparticles [24]. In sup-
port of our results, when the concentration of ligands
in di-n-octylether was increased from 74mmol L–1 to
750mmol L–1, no significant change in the size of FePt
nanoparticles (3.1 nm) was observed. Once the Pt(acac)2
and Fe(acac)3 dissolved in oleic acid and oleylamine at
115 1C were cooled down to room temperature, no preci-
pitates were observed, and the solution was immiscible in
di-n-octylether even at high temperature. Therefore, we
concluded that extremely higher concentration of ligands
can better coordinate the metal ions and hence provide
slower nucleation and larger nanoparticles. The obtained
large FePt nanoparticles were thermally more stable than
the small ones, and hard to coalesce in the in-plane di-
rection for their monolayer. The coercivity of these ferro-
magnetic assemblies is tunable by controlling annealing
temperature and time, as well as the Fe:Pt ratio and par-
ticle size.

4. A Case History

The synthesis of C12S–Au nanoparticles as a source
for the heat treatment followed the Brust’s two-phase
(toluene/water) reaction procedure [3]. The organic (tol-
uene) phase was then separated, evaporated completely in
a rotary evaporator at 40 1C, and dried in vacuo at 30 1C
for a day. The crude solid obtained was heat treated
at 150–250 1C at the heating rate of 2 1Cmin�1, and held
for 30min. The heat-treated product was dissolved in
toluene and mixed with methanol to remove excess
free C12SH and TOAB. The dark brown precipitate

was filtered off, washed with methanol, and redispersed in
toluene. Octadecanethiol (C18SH) was also used as a pro-
tective agent in place of C12SH.

In a typical synthesis of a series of the TCnBIP-
protected Au nanoparticles, 2.5mL of 1mM aqueous
solution of HAuCl4 � 4H2O (2.5mmol) was added to the
mixture of 1mL of 2.5mM DMF solution of TCnBIP
(2.5mmol) and 44mL of DMF. After heating the solu-
tion at 60 1C or cooling in an ice-water bath, 2.5mL of
10mM aqueous solution of NaBH4 (25mmol) was
swiftly added to the solution under vigorous stirring,
and the solution was continuously stirred for 1 h to
obtain TCnBIP–Au nanoparticles. The solvent was
evaporated to ca. 3mL at 40 1C under reduced pressure.
Distilled methanol was then added and the mixture was
centrifuged to give a crude precipitate of Au nanopar-
ticles. The precipitate was dissolved in 0.5mL of distilled
chloroform and reprecipitated with distilled methanol
and centrifuged. The reprecipitation processes were
repeated for three times to give pure TCnBIP-Au nano-
particles.

The FePt nanoparticles were synthesized by the polyol
reduction of Pt(acac)2 and Fe(acac)3 in the mixture of
oleic acid and oleylamine under nitrogen. First, both
metal precursors (total amount was 1.0mmol), oleic acid
(5.0mmol), and oleylamine (5.0mmol) were placed in a
flask. The mixture was subjected to a degassing process
including an evacuation at room temperature and a re-
placement of atmosphere with nitrogen three times, and
was then heated up to 140–160 1C to completely dissolve
the precursors with a vigorous stir under a nitrogen flow.
When the solution temperature reached at 140–160 1C,
1,2-hexadecanediol (1.5mmol) was added to the solution,
and then quickly heated up to 240–250 1C. After stirring
the solution for 30min at the same temperature, the heat
source was removed to allow the black solution to cool
down to room temperature. The obtained black preci-
pitate was dissolved in hexane (10mL) and reprecipitated
with ethanol for purification. The resulting black preci-
pitate was redispersed in hexane (50mL) containing oleic
acid (50 mL) and oleylamine (50 mL) as stabilizers, fol-
lowed by being bubbled with a nitrogen gas to remove
oxygen.

Figure 8. TEM images of (a) 6.1 7 0.6 nm Fe36Pt64, (b) 5.8 7 0.7 nm Fe44Pt56, and 5.1 7 0.7 nm Fe49Pt51 nanoparticles formed by a
self-assembly process of hexane solution on an amorphous carbon substrate. (Reprinted from Ref. [23], r 2006, American Chemical
Society.)
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5. Conclusions

Since nanoscale metal nanoparticles are applicable to a
number of areas of technological importance, the nano-
structured materials chemistry will occupy much attention
of scientists. It is certain that controlling the primary
structures of metal nanoparticles, that is, size, shape,
crystal structure, composition, and phase-segregation
manner is still most important, because these structures
dominate the physical and chemical properties of metal
nanoparticles. Now the liquid phase synthesis facilitates
the precise control of the primary structures.
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CHAPTER 24

Solvent-Free Controlled Thermolysis for Facile
Size-Regulated Synthesis of Metal and Alloy

Nanoparticles

Masami Nakamoto, Mari Yamamoto, and Yukiyasu Kashiwagi

Osaka Municipal Technical Research Institute, Morinomiya, Joto-ku, Osaka, Japan

1. Introduction

In the early work on the thermolysis of metal complexes
for the synthesis of metal nanoparticles, the precursor car-
bonyl complex of transition metals, e.g., Co2(CO)8, in or-
ganic solvent functions as a metal source of nanoparticles
and thermally decomposes in the presence of various pol-
ymers to afford polymer-protected metal nanoparticles
under relatively mild conditions [1–3]. Particle sizes depend
on the kind of polymers, ranging from 5 to >100 nm. The
particle size distribution sometimes became wide. Other
cobalt, iron [4], nickel [5], rhodium, iridium, rutheniuim,
osmium, palladium, and platinum nanoparticles stabilized
by polymers have been prepared by similar thermolysis
procedures. Besides carbonyl complexes, palladium ace-
tate, palladium acetylacetonate, and platinum acetylac-
etonate were also used as a precursor complex in organic
solvents like methyl-iso-butylketone [6–9]. These results
proposed facile preparative method of metal nanoparticles.
However, it may be considered that the size-regulated
preparation of metal nanoparticles by thermolysis pro-
cedure should be conducted under the limited condition.

On the other hand, the solvent-free controlled thermo-
lysis proposed by our group means the thermolysis pro-
cedure of precursor noble metal complexes such as gold,
silver, platinum, and palladium is conducted with no use of
solvent. The controlled thermolysis initiates the melting of
the powder of noble metal complex to afford the precursor
liquid and then the liquid gradually decomposes. In spite
of no use of solvent, stabilizer, and reducing agent, reduc-
tion reaction is thermochemically induced to afford noble
metal nanoparticles stabilized by organic components
derived from the organic ligands of precursor complexes.

2. Synthesis Strategy of the Solvent-Free Controlled

Thermolysis

Solvent-free controlled thermolysis of metal complexes is
conducted by heating the powder of metal complex with

no use of solvent. Scheme 1 gives a good example of
gold nanoparticles to show the synthesis strategy of the
solvent-free controlled thermolysis of [CnH2n+1NMe3]
[Au(SR)2] [10].

The thiolate ligand SR of the precursor gold(I) complex
causes reductive elimination reaction by heating to reduce
metal center Au(I) to Au(0) and to produce liquid di-
sulfide RS–SR. Here, thiolate ligand and the produced
disulfide function as a reducing agent and as a solvent,
respectively. The counter-cation of the precursor contain-
ing a long alkyl chain and NMe3 part is also decomposed
by heating to evolve gaseous NMe3 and long alkyl chains
in a reaction mixture. The formed gold nuclei grow
through thermolysis procedure, but the remaining long
alkyl chains can attach on the surface of the gold nuclei
to inhibit further agglomeration. Since the organic parts
in the precursor complex play an important role in the
action as a reducing agent, a solvent, and a stabilizer, the
thermolysis procedure effectively produces metal
nanoparticles. Furthermore, the decrease in the volume
of the precursor after melting can easily make the therm-
olysis procedure to apply to large-scale synthesis of metal
nanoparticles.

For the purpose of the size regulation of the gold
nanoparticles, equimolar primary, secondary, or tertiary
alkylamines are added as a stabilizer and a mild reductant
to the controlled thermolysis of gold(I) complex [11]. The
obtained gold nanoparticles by the controlled thermolysis
in the presence of various amines are well regulated and
almost monodispersed nanoparticles. Such size regulation
effectively resulted from the inhibition of the growth of
gold nuclei by transforming reaction from ammonium
and thiolate moieties to neutral tertiary amine, thiol,
and sulfide, which function as stabilizers for gold nano-
particles as shown in Scheme 2.

Based on the molecular design of precursor metal com-
plexes, the solvent-free controlled thermolysis of metal
complexes may cause the thermal reduction and simulta-
neous attachment of organic moiety on the growing metal
nuclei and give us a solution of the defects of ordinary
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chemical synthetic methods of metal nanoparticles: (1)
low concentration preparation, (2) using large amount of
stabilizer and reducing agent, and (3) difficulty of puri-
fying the nanoparticles.

3. Results

3.1. Gold Nanoparticles

A series of gold(I) thiolate complexes, [RN(CH3)3][Au
(SC12H25)2] (C14Au: R ¼ C14H29, C12Au: R ¼C12H25),
are first used to prepare gold nanoparticles [10]. The con-
trolled thermolysis of [C14H29(CH3)3N][Au(SC12H25)2] was
conducted at 180 1C for 5h to afford novel gold nano-
particles (C14AuNP) stabilized by alkyl groups rather than
by alkanethiolate ligands confirmed by 1H NMR, XPS, and
GC/MS analyses. The aggregation of gold nuclei is
smoothly regulated and the growth of core gold is limited
to be 22nm in average diameter in spite of thermal proce-
dure. However, the obtained spherical gold nanoparticles,
C14AuNP, display the size distribution ranging from 11 to
76nm as shown in Figure 1(a).

In order to regulate the size of gold nanopar-
ticles, equimolar amount of primary, secondary, or
tertiary alkylamines [CnNH2, (Cn)2NH, or (Cn)3N]
is added to the controlled thermolysis procedure of

[RN(CH3)3][Au(SC12H25)2] (C14Au: R ¼ C14H29, C12Au:
R ¼C12H25), resulting in the production of well-regulated
gold nanoparticles, CmAuNP/amine (Figure 1(b)) [11].
Table 1 shows the properties of gold nanoparticles
CmAuNP together with the properties of CmAuNP/
CnNH2. Figure 2 shows a typical TEM photograph
of the gold nanoparticles, C12AuNP/C18NH2, with
average diameter 7.5 nm, produced by the thermolysis of
[C12H25N(CH3)3][Au(SC12H25)2] in the presence of
stearylamine C18H37NH2. The controlled thermolysis in
the presence of amines achieved to produce narrow size
dispersed small nanoparticles under milder condition. The
synthesized gold nanoparticles in the presence of amines
were stabilized by the tertiary amines, thiols, and sulfide
derived from gold(I) complex, confirmed by GC/MS.
Therefore, such size regulation resulted from the inhibition
of the growth of gold nuclei by transforming reaction from
ammonium and thiolate moieties to neutral tertiary amine,
thiol, and sulfide, which function as stabilizers for gold
nanoparticles as shown in Scheme 2 (vide supra).

RS-SR
Disulfide(lq.)
as a Solvent.

Au Nanoparticles stabilized by 
alkyl groups derived from the 
precursor complex

NMe3

[(CnH2n+1)NMe3]+

Au0

[RS-AuI-SR]−

stabilizing group

Reductive
elimination

Au

ΔΔ

0

Au0

Alkyl gorup as a 

Scheme 1. The solvent-free controlled thermolysis of gold(I)
thiolate complex producing gold nanoparticles stabilized by alkyl
groups derived from the precursor.

Gold nanoparticles
stabilized by primary
amine, tertiary amine,

sulfide, and thiols 

SMe 
S Au N

Me2N 

Me2N

S 
Me 

SC12H25

C12H25 N Me

Me

Me SC12H25

Au

primary  amine
        RNH2

Δ

sulfide 

tertiary amine              thiol

Scheme 2. Production of size-regulated gold nanoparticles sta-
bilized by primary amines, tertiary amines, sulfides, and thiols
formed by the controlled thermolysis of gold(I) thiolate complex
in the presence of amine (reprinted from Ref. [11], r 2005, with
permission from Elsevier).

%
 O

f p
ar

tic
le

s

(b)

(a)

70

60

50

40

30

20

10

0
0 8 16 24 32 40 52

Particle Size/nm

Figure 1. Particle size distribution of (a) C12AuNP and (b)
C12AuNP/C18NH2.

Table 1. Properties of gold nanoparticles CmAuNP and CmAu
NP/amines.

Nanoparticles Yield
(%)

Metal
content
(%)

Average
diameter
(nm)

Range of
diameter (nm)

C12AuNP 99 99 22 11–76
C14AuNP 93 93 26 5.0–50
(C18)2AuNP 79 98 46 13–107
C12AuNP/C8NH2 97 98 – –
C12AuNP/C12NH2 99 99 23 16–91
C12AuNP/C18NH2 67 95 7.5 4.0–11
C12AuNP/C8NH2 97 98 – –
C12AuNP/(C8)2NH 99 98 12 5.9–17
C12AuNP/(C8)3N 75 97 15 6.9–30

Source: Reprinted from Ref. [11], r 2005, with permission from

Elsevier.
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As the second candidate for the monodispersed gold
nanoparticles by the solvent-free controlled thermolysis,
[Au(C13H27COO)(PPh3)] was chosen as a precursor com-
plex [12]. This precursor decomposes at low temperature
and supplies carboxylate and PPh3 ligands as organic
protecting groups to prevent the agglomeration. The
obtained gold nanoparticles are the monodispersed ones
with diameter 23 nm capped by C13H27COO and a small
amount of PPh3 ligands (the ratio of 80:1) as shown in
Figure 3.

These types of complexes, [Ag(C13H27COO)(PPh3)]
and [Pt (C13H27COO)2(PPh3)2], are also chosen as the
precursors for the solvent-free controlled thermolysis
to produce silver nanoparticles with average size 5.7 nm
and platinum nanoparticles with average size 2.7 nm, re-
spectively [13].

3.2. Silver Nanoparticles

The solvent-free controlled thermolysis of a series of silver
alkylcarboxylates CnH2n+1CO2Ag (n ¼ 6–18) affords the
alkylcarboxylate-stabilized silver nanoparticles, but the
reaction requires high temperature heating [14,15]. For
example, tetradecanoate-stabilized silver nanoparticles
(C13AgNP) with particle size less than 10 nm were syn-
thesized by heating of C13H27CO2Ag (abbreviated
C13COOAg) at 250 1C for 5 h as shown in Figure 4 [11].

On the other hand, the controlled thermolysis of
C13H27CO2Ag in the presence of triethylamine, NEt3,
can be conducted under the mild condition of 80 1C for 2 h
to produce the monodispersed silver nanoparticles (aver-
age diameter 4.470.2 nm) as shown in Figure 5 [16]. The
silver nanoparticles are capped by tetradecanoate ligand,
where NEt3 does not function as the capping ligand. The
silver nanoparticles are produced by the reaction mech-
anism via the intermediate 1:2 adduct, bis(amine)silver(I)
carboxylate; the first step is the formation of the adduct
and the second step is thermal decomposition of the
adduct.

Table 2 shows the metal content and average diameter
of silver nanoparticles synthesized by the controlled
thermolysis of CnCOOAg with tertiary amines such as
NEt3 and tri-n-octylamine, NOct3. A short alkylcarboxy-
late, RCOOAg (R ¼ C7: C7H15), showed insufficient size
control to produce the large and polydispersed nanopar-
ticles, while long alkylcarboxylates, RCOOAgs (R ¼ C13:
C13H27, C17: C17H35), produced smaller nanoparticles
with narrow size distributions.

To compare NEt3 with NOct3, there was no obvious
effect to regulate the size distribution of nanoparticles,
because they could not function as a capping ligand of
nanoparticles due to their weak coordination to silver in
the growth process of silver nucleus [17].

Figure 2. TEM photograph of gold nanoparticles C12AuNP/
C18NH2 (reprinted from Ref. [11], r 2005, with permission from
Elsevier).

Figure 3. (a) TEM photograph of the monodispersed gold
nanoparticles (average diameter 23 nm) and (b) the histogram
showing particle size distribution (reprinted from Ref. [12],
r 2006, with permission from The Chemical Society of Japan).

Figure 4. TEM photograph of silver nanoparticles prepared by
the thermolysis of C13H27CO2Ag (reprinted from Ref. [18],
r 2006, with permission from Elsevier).
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This procedure has been developed for thermolysis of
silver alkylcarboxylates, C7H15COOAg, C13H27COOAg,
and C17H35COOAg, in the presence of various alkyla-
mines, C8H17NH2, C12H25NH2, and C18H37NH2 (vide
infra) [18].

3.3. Au–Ag Alloy Nanoparticles

Homogeneous Au–Ag alloy nanoparticles with narrow
size distribution and nearly the same average diameter
(3.0–3.7 nm) for various Au–Ag compositions were quan-
titatively prepared by the reduction of gold(I) complex,
[Au(C13H27CO2)(PPh3)], in the presence of silver tetrade-
canoate, C13H27CO2Ag, in NEt3 at 80 1C for 2 h [19]. This
is a new approach for the Au–Ag alloy nanoparticle for-
mation through the reduction of Ag(I) to Ag(0) by NEt3
and intermetallic electron transfer from Ag(0) to gold(I)
complex as shown in Scheme 3.

Table 3 shows properties of Au–Ag alloy nanoparticles
obtained by this preparative procedure.

Furthermore, this procedure can be applied to the
gram-scale synthesis of alloy nanoparticles with various
compositions. Amine acts as reducing agent and the
organic ligands of the precursor metal complexes play an
important role of stabilizer for the Au–Ag alloy nano-
particles to realize the nanometer size and narrow size
distribution. The obtained nanoparticles contain 10–20%
organic capping ligand such as C13H27CO2 and PPh3 lig-
ands. The Au–Ag ratio is approximately compatible with
that of the precursor complexes.

4. A Case History

The case of size-regulated synthesis of silver nanoparticles
is illustrated here.

The solvent-free controlled thermolysis of silver alkyl-
carboxylates, C7COOAg, C13COOAg, and C17COOAg,
in the presence of alkylamines, C8NH2, C12NH2, and
C18NH2, can regulate the growth of silver nuclei and
afford silver nanoparticles stabilized by alkylcarboxylate
and alkylamine (Scheme 4). Table 4 shows the metal
content and average diameter of silver nanoparticles
CmAgNP/CnNH2. The sizes of silver nanoparticles are
strongly affected by the alkyl chain length of alkyl-
carboxylates, but not affected by that of amines except for
C18NH2. It is noticeable that C18NH2 acts as a strong
stabilizer of silver nanoparticles specifically, as shown in
Table 4. The controlled thermolysis in the presence of
amines achieved to produce narrow size dispersed small
silver nanoparticles under milder condition. The synthe-
sized silver nanoparticles in the presence of amines were
stabilized by the alkylcarboxylate and alkylamine. It is
characteristic that these silver nanoparticles contain a
high metal content, up to 97%. The synthetic method
in this study may be highly promising as a facile new route
to prepare size-regulated silver nanoparticles.

All solvents and chemicals were reagent grade quality,
obtained commercially and used without further purifi-
cation. A series of silver alkylcarboxylates, RCOOAg
(C7COOAg: R ¼ n-C7H15, C13COOAg: R ¼ n-C13H27,
C17COOAg: R ¼ n-C17H35), were prepared by the modi-
fied literature method [14,16] as follows: aqueous solution
of NaOH (0.150mol) was added to the suspension of

Table 2. Metal content and average diameter of silver nanopar-
ticles CmAgNP/N(Cn)3s.

Nanoparticles Yield
(%)

Metal
content (%)

Average
diameter (nm)

C7AgNP/NEt3 89 94 15.475.1
C13AgNP/NEt3 94 83 4.470.2
C17AgNP/NEt3 94 77 2.770.3
C7AgNP/N(Oct)3 92 77 5.171.7
C13AgNP/N(Oct)3 81 79 3.670.3
C17AgNP/N(Oct)3 68 75 4.470.3

Source: Reprinted from Ref. [17], r 2006, with permission from

American Chemical Society.

Figure 5. TEM photograph of C13AgNP prepared by the con-
trolled thermolysis of C13H27CO2Ag in NEt3 (reprinted from Ref.
[16], r 2003, with permission from Royal Society of Chemistry).

RCOOAgI

Ag0 Au0

RCOOAuIPPh3

NEt3

Au-Ag alloy nanoparticles

2nd step 
Intermetallic electron transfer

3rd step 
formation of nanoparticles

1st step 
reduction

NEt3

Scheme 3. Reaction mechanism of Au–Ag alloy nanoparticle
formation.
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corresponding alkylcarboxylic acids (0.150mol) in hot
water (1.0 L). An aqueous solution of AgNO3 (0.165mol)
was added to the resulting solution and then the white
precipitate was afforded. The precipitate was collected
and dried under reduced pressure at 60 1C to give silver
alkylcarboxylates quantitatively.

4.1. Controlled Thermolysis of Silver Stearate

Stearate-stabilized silver nanoparticles, C17AgNP, were
prepared by the simple one-pot thermolysis of silver stea-
rate, C17COOAg. The powder of C17COOAg (1.0mmol)
was placed in the bottom of three necked flask, and then
heated up to 250 1C to afford a liquid. Heating the liquid

at that temperature for 5 h caused gradual decomposition
to produce a brownish blue dispersion with metallic
luster. The reaction mixture was cooled to 80 1C and then
MeOH was added. The MeOH extraction of organic
by-product was repeated several times until the extract
became clear, and then the insoluble silver nanoparticles
were collected by filtration, washed with MeOH, and
dried under vacuum (90% yield based on silver). TEM
photograph in Figure 6 indicates the spherical nano-
particles with the average diameter 5.0 nm and the pro-
perties of silver nanoparticles are shown in Table 5.

Silver nanoparticles

R1COOAg  +  R2NH2
N

O N
NAg

O

OO N

O: R
1
COO

N: R
2
NH2

Scheme 4. Size-regulated synthesis of silver nanoparticles by
controlled thermolysis (reprinted from Ref. [18], r 2006, with
permission from Elsevier).

Table 3. Properties of Au–Ag alloy nanoparticles.

Metal sources, Au:Aga Yield (%) Metal content (%)b Diameter (nm)c lmax (nm)d Au:Ag ratio of nanoparticlese

1:5 89 81 3.770.49 441 15:85
1:2 87 83 3.170.48 459 33:67
1:1 84 83 3.070.39 484 50:50
2:1 82 86 3.270.34 506 66:34
5:1 56 89 3.270.66 514 70:30

Source: Reprinted from Ref. [19], r 2004, with permission from The Chemical Society of Japan.
aMole ratio of precursors.
bTotal amount of metals by TG analysis.
cTEM data.
dUV–vis spectral data in toluene.
eXPS data.

Figure 6. TEM photograph of C17AgNP prepared by the con-
trolled thermolysis of silver stearate C17COOAg.

Table 4. Metal content and average diameter of silver nanopar-
ticles CmAgNP/CnNH2s.

Ag nanoparticles Metal content (%) Average diameter (nm)

C7AgNP/C8NH2 96 30.0711.0
C7AgNP/C12NH2 97 33.078.60
C7AgNP/C18NH2 95 4.370.86
C13AgNP/C8NH2 85 3.870.60
C13AgNP/C12NH2 84 4.070.40
C13AgNP/C18NH2 74 3.870.45
C17AgNP/C8NH2 26 Not determined
C17AgNP/C12NH2 51 3.670.45
C17AgNP/C18NH2 62 3.470.41

Source: Reprinted from Ref. [18], r 2006, with permission from

Elsevier.

Table 5. Properties of silver nanoparticles C17AgNP prepared by
the controlled thermolysis of C17COOAg.

Yield 90% (based on Ag)
Ag content 83% (TG/DTA analysis)
XRD 2y ¼ 38.8, 43.7, 64.6, 77.11 (fcc) (diameter

3 nm estimated by Scherrer equation)
Average diameter 5.0 nm (TEM)
UV–vis lmax ¼ 420 nm (plasmon absorption)
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4.2. Controlled Thermolysis of Silver
Alkylcarboxylate in the presence of Alkylamine

Silver nanoparticles, C13AgNP/C12NH2, were also pre-
pared by simple one-pot thermolysis of silver tetrade-
canoate, C13COOAg, in the presence of dodecylamine,
C12NH2. The powder of C13COOAg (1.0mmol) and
equimolar amount of C12NH2 (1.0mmol) were placed
in the bottom of three necked flask, and then heated up
to 180 1C to afford a liquid of reaction mixture. Heating
the liquid at that temperature for 5 h caused gradual
decomposition to produce a brown dispersion with
metallic luster. The reaction mixture was cooled to 80 1C
and then MeOH was added. The MeOH extraction
was repeated several times until the extract became clear,
and then the precipitates were collected by filtration,
washed with MeOH, and dried under vacuum (67% yield
based on silver). Figure 7 displays the obtained silver
nanoparticles, indicating the monodispersed spherical
forms.

5. Conclusions

The solvent-free controlled thermolysis of metal com-
plexes in the absence or presence of amines is the simple
one-pot synthesis of the metal nanoparticles such as gold,
silver, platinum, and palladium nanoparticles and Au–Ag,
Au–Pt, and Ag–Pd alloy nanoparticles. In spite of no use
of solvent, stabilizer, and reducing agent, the nanoparti-
cles produced by this method can be well size regulated.
The controlled thermolysis in the presence of amines
achieved to produce narrow size dispersed small metal
nanoparticles under milder condition. This synthetic
method may be highly promising as a facile new route
to prepare size-regulated metal nanoparticles. Finally,
solvent-free controlled thermolysis is widely applicable to
other metal nanoparticles such as copper and nickel

besides noble metals, and metal oxide nanoparticles such
as tin oxide, indium oxide, and zinc oxide [20].
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1. Introduction

Gold clusters isolated in the gas phase have provided
platforms for studying the basic principles governing the
stability, structure, and properties of meso-scopic metallic
systems [1]. It is well established that the stability and
properties of gold clusters are mostly governed by the
number of valence electrons [2,3]. For example, the high
stability of Au2, Au8, Au18, Au20 can be explained by the
electronic-shell model, in which the delocalized conduc-
tion electrons occupy shells in an almost spherical poten-
tial. The stabilization of bare gold clusters against their
agglomeration provides a chance to promote fundamental
studies for the purpose of development for several appli-
cations, such as nanodevice, sensors, and catalysts.
Among various stabilization methods, the protection by
ligands allows for the isolation and manipulation of gold
clusters as molecular entities. The most conventional
systems include phosphine-stabilized gold clusters, such
as Au11(PTMB)7X3 [4], [Au11(TPP)8X2]

+ [5,6], and
[Au20(TPP)8]

2+ [7], where PTMB and TPP represent
4,40,400-phosphinidyne-tris(N-methylbenzamide) and trip-
henylphosphine, respectively. Since the interaction be-
tween Au and phosphine is weak, compared with that of
Au–Au, the stability is explained in a similar fashion to
that for free gold clusters [8,9].

The report by Schiffrin’s group in 1994 [10] has given
rise to a new class of gold cluster compound, in which a
gold cluster is protected by monolayer of thiolates (RS).
The Au:SR clusters are widely referred to as monolayer-
protected clusters (MPCs) [11,12]. The facile synthesis and
high stability of MPCs have resulted in interest from the
viewpoint of fundamental research and applications [13].
The geometric and electronic structures of MPCs with a
core larger than 1 nm have been extensively studied by
Whetten and coworkers [14]. The alkanethiolate-
protected gold clusters with core masses of 8, 14, 22,
and 29 kDa have been isolated by fractional

reprecipitation and explained in terms of a truncated oc-
tahedral motif. Thanks to these extensive studies, it is ac-
cepted that MPCs with cores larger than ca. 1 nm can be
viewed as three-dimensional (3-D) version of self-assem-
bled monolayer of thiolates formed upon Au nanocrys-
tals. The major interest in these MPCs has been shifted to
applicable usage. On the contrary, the structures and ba-
sic properties on MPCs with a smaller (sub-nanometer
size) core have been little understood. They are expected
to exhibit novel electronic and optical properties arising
from quantized energy levels and strong interaction at the
Au-S interface. There are a number of points regarding
the small MPCs that are not clarified because of the diffi-
culty of synthesis while controlling the numbers of core
atoms and thiolate ligands at an atomic or molecular
level. Such precision synthesis cannot be achieved by the
approach typically used in the preparation of relatively
large MPCs as described below.

1 Generally, MPCs are prepared by chemical reduction
of gold ions in the presence of thiols. The average
core size can be controlled in the range of 2–10 nm by
controlling the preparation conditions, such as the
molar ratios of gold ions and RSH. However, control
of size at an atomic resolution is not feasible by this
approach.

2 TEM is conventionally used as a tool to evaluate the
size and shape of the cores by direct imaging. How-
ever, the core size cannot be determined with atomic
resolution from low contrast and 2-D projection of
the 3-D core. There are several subjective factors in
the estimation of size; e.g., how to select the area
from which the core size is derived and how to meas-
ure this precisely from the vague projections of cores
in the TEM micrographs.

In order to overcome these difficulties, we developed a
precision synthesis method on the basis of high-resolution
size separation and mass spectrometric characterization.

Metal Nanoclusters in Catalysis and Materials Science: The Issue of Size Control r 2008 Elsevier B.V. All rights reserved.

Edited by B. Corain, G. Schmid and N. Toshima



Our approach is similar to that employed in research of
free cluster ions in the gas phase, where various measure-
ments are conducted on the cluster which is mass selected
out of the size-distributed clusters generated by laser
sputtering. Based on the chemical compositions of the
isolated MPCs, we discuss the determining factors of core
size in connection with the formation processes. Some
core-size dependent properties of the MPCs are also
presented.

2. Synthesis Strategy

2.1. Chemical Preparation

The molecular structures of thiols (RSH) used in the
present study are summarized in Scheme 1; glutathione
(GSH), homo-glutathione (h-GSH), N-(2-me-
rcaptopropionyl)glycine ((PG)SH), and mercaptosuccinic
acid ((SA)SH), and alkanethiol (CnSH). ‘‘Crude mix-
tures’’ of the Au:SR clusters were prepared using one of
the following methods (Figure 1). Average core size was
adjusted by optimizing the preparative conditions.

2.1.1. Chemical Reduction of Au(I):SR

The following chemical reaction has been used widely [13]
since the first report by Schiffrin and cowokers [10].

AuðIIIÞCl�4 ðþRSHÞ ! AuðIÞ : SR ðþNaBH4Þ

! Au : SR clusters
(1)

We prepared water-soluble Au:SR (RSH ¼ GSH, h-
GSH, (PG)SH, (SA)SH, b-CD-SH) clusters using this
method [15–18]. Firstly, RSH was added to a methanol
solution of HAuCl4 to form Au(I):SR polymeric species.
The molar ratio [RSH]:[HAuCl4] was typically in the
range of 3–6 and the solvent temperature was reduced to
0 1C, in order to suppress the core growth. Then, an
aqueous solution of a strong reducing agent, such as
NaBH4, was rapidly injected into the solution with vig-
orous stirring to form Au:SR clusters. Free excess thiols
were removed by precipitating the clusters by the addition
of methanol or by centrifugal ultrafilteration.

2.1.2. Ligand Exchange of Au:TPP with RSH

The ligand exchange approach was first developed by
Hutchison and coworkers in the preparation of al-
kanethiolate-protected gold clusters [6].

AuðIÞ : TPP ðþNaBH4Þ ! Au : TPP clusters ðþRSHÞ

! Au : SR clusters

(2)

Here, we have used this method for the synthesis of
Au:SG clusters. Undecagold clusters (Au11

3+) stabilized by
triphenyl phosphine (TPP) were prepared according to the
literature [6]. An aqueous solution of GSH was placed on
top of a chloroform solution of Au11

3+:TPP. The Au:SG
clusters were transferred to the aqueous phase as a result
of ligand exchange reactions [19].

2.1.3. Thiolation of Polymer-Stabilized Gold Cluster

This method is similar to the ligand exchange described in
Section 2.1.2 except that the precursor clusters are stabi-
lized by the polymer through much weaker interactions
[20].

AuðIIIÞCl�4 : PVP ðþNaBH4Þ

! Au : PVP clusters ðþCnSHÞ ! Au : SCn clusters

(3)

We first prepared gold clusters stabilized by conven-
tional water-soluble polymer, PVP (PVP ¼ poly(N-vinyl-
2-pyrrolidone), Mw ¼ 40 kDa) [21].

The Au:SCn clusters were obtained by mixing a bipha-
sic mixture of toluene solution of CnSH and an aqueous
dispersion of Au:PVP [22].

Scheme 1. Molecular structures of thiols.
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Figure 1. Preparation method of Au:SR clusters.
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2.2. Size Separation

A gold cluster covered by thiolates mimics polypeptides or
polymers depending on the nature of the head groups. For
example, the Au clusters protected by GSH and CnSH
appear to be a polypeptide and a spherical polymer, re-
spectively. Such structural features enable us to fraction-
ate the as-prepared Au:SR clusters by size using
polyacrylamide gel electrophoresis (PAGE)
[15–18,23–26] and size exclusion chromatography (SEC)
[22,27–32], respectively (See Figure 2). Larger Au:SR
clusters require more time for passage through polyacryl-
amide gels than smaller ones in PAGE, whereas larger
clusters have a shorter residence time passing through
porous hydrophobic microgels in SEC. However, further
effort should be made in order to realize the separation of
Au:SR clusters, where the core size differs by only 0.1 nm.
The resolution of PAGE separation was greatly improved
by using gels that were much more dense than conven-
tional ones used in protein separation, whereas that of
SEC was enhanced by employing a recycling SEC system
where the clusters are allowed to pass through the column
several times. The details of the separation are described
below.

2.2.1. PAGE

Hydrophilic Au:SR (RSH ¼ GSH, h-GSH, (PG)SH,
(SA)SH, b-CD-SH) clusters were size selected using a
slab gel electrophoresis unit, which employs a single gel
(NA1120, Nihon Eido) or six gels (NA1116P, Nihon
Eido) with a size of 3t� 160� 160mm [15–18]. The sam-
ple solution of the as-prepared Au:SR clusters was loaded
onto a stacking gel and eluted for typically 9 h under a
constant voltage mode (150V) to achieve sufficient sep-
aration. In order to minimize the possibility of thermal
decomposition of the clusters, the elution was performed

in a refrigerator. Parts of the separating gel containing the
fractions were cut out, crushed, and placed in distilled
water. The gel lumps suspended in the solution were re-
moved using a filter with 0.2 mm pores. The Au:SR clus-
ters were then precipitated by the addition of 2% acetic
acid and methanol, and further purified by centrifugal
ultrafiltration.

2.2.2. Recyling SEC

Hydrophobic Au:SCn clusters were size selected using a
recycling preparative high-performance liquid chromatog-
raphy (HPLC) system (LC-908, Japan Analytical Industry
Co. Ltd.) equipped with two columns (JAIGEL-W253,
Japan Analytical Industry Co. Ltd.) in series [22,32]. The
upper limit of the size fractionation, the total exclusion
limit, for the W253 column is 5� 104. Toluene was used as
an eluant and the flow rate was typically 3.5mL/min. The
UV-Vis absorbance detector was operated at 290 nm. The
elution times for molecules are governed solely by the hy-
drodynamic sizes when the affinity between the molecules
and the porous microgels in the column is negligibly small.
A calibration curve was prepared using monodisperse pol-
ystyrene standards, to obtain the hydrodynamic diameter
(d). A least-squares fit of the data gave the following con-
version equation for our system

dðnmÞ ¼ 265:2� expð�0:1064� tðminÞÞ (4)

where t represents the retention time. Equation (4) was
used to estimate the hydrodynamic diameters of the
Au:SCn clusters. The clusters with concentrations less
than ca. 52mM were injected into the columns in a typical
operation. The recycling SEC allows size separation of the
Au:SCn clusters with high reproducibility, resolution, and
throughput [22]. The quantity obtained by the preparative
SEC system was typically ca.10mg, which is sufficient for
most measurements and applications.

Figure 2. Experimental flow chart showing fractionation of as-prepared Au:SR clusters by size and mass spectrometric
characterization.

Systematic Synthesis of Monolayer-Protected Gold Clusters 375



2.3. Mass Spectrometric Determination of Chemical
Compositions

The chemical compositions of the isolated Au:SR clusters
were investigated by mass spectrometry [15,16,18,
22,32–35]. TEM was used to confirm that the species de-
tected by the mass spectrometer represents the clusters in
the sample. Figure 3a is a schematic representation of the
top view of the mass spectrometer, which consists of five
stages of differentially pumped vacuum chambers. The
apparatus accommodates two types of ion sources, elect-
rospray ionization (ESI) and laser-desorption ionization
(LDI), and a time-of-flight (TOF) mass spectrometer with
a reflectron. Details of the apparatus and the measure-
ment protocols are described below.

2.3.1. LDI

The hydrophobic Au:SCn clusters were ionized by the
LDI method [11,22,32–37] (Figures 2 and 3b).

Specimens were prepared by depositing aliquots (ca.
1–5mL) of toluene solutions containing the samples onto
the surface of a stainless steel target. After the solvent was

evaporated at ambient atmosphere, the target was fed into
the mass spectrometer through a load-lock chamber and
attached to one of the acceleration grids. The film samples
were irradiated with the third harmonic (355 nm) of a
Nd:YAG laser (INDI-HG, Spectra Physics) operated at
10Hz; the laser fluence was adjusted in the range of
10–40 mJ/mm2/pulse. The desorbed ions were accelerated
by application of a pulsed high voltage (15–20 kV) to the
electrode plates after a delay of 4–8 ms with respect to the
laser irradiation and then introduced into the mass spec-
trometer of Wiley–McLaren type configuration.

2.3.2. ESI

The hydrophilic Au:SR (RSH ¼ GSH, h-GSH, (PG)SH,
(SA)SH) clusters were ionized by the ESI method
[15,16,18,23,24] (Figures 2 and 3c). The details of the ESI
source are depicted in Figure 3c, together with typical pres-
sures of the chambers under operation. A 50%(v/v) wa-
ter–methanol solution of the fractionated Au:SR cluster
with a typical concentration of 0.5mg/mL was electro-
sprayed into the ambient atmosphere through the stainless
steel needle of a syringe biased at ca. �3kV. The solution
was delivered by a syringe pump (SP310I, World Precision

loadlock chamber

laser light

transfer rod

LDI source

ESI source
TOF mass
spectrometer MCP

ion optics

accel. grid MCP with a center hole

reflectron assembly

slide holdersample slide

laser light
ground

repeller

extractor

beam damper

(a)

(b)

skimmer1

skimmer 2

lens 1 lens 2spray needle
heated capillary

micro syringe

syringe pump

10−2 Torr100 Torr

760 Torr

10−5 Torr

(c)

focusing ring

Figure 3. Mass spectrometer: (a) whole apparatus, (b) LDI source, and (c) ESI source. (Adapted with permission from Ref. [16],
r 2005, American Chemical Society.)
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Instruments) at a typical flow rate of 2mL/min; the syringe
pump was mounted on an xyz stage to optimize the needle
position. The central part of the sprayed cone containing
large droplets was fed into a resistively heated capillary to
promote desolvation. Under an optimized capillary temper-
ature (ca. 180 1C), evaporation of the solvents from the
droplets proceeds efficiently so that only the desolvated in-
tact cluster ions were formed at maximum yield. Dissoci-
ation of the intact clusters into small fragments was
observed at higher capillary temperatures. Only small Au
thiolate fragment ions were observed using commercially
available ESI mass spectrometers employing a nebulizer gas
and an orthogonal extraction scheme. Thus, it is crucial to
introduce large droplets containing the water-soluble Au:SR
clusters directly into a heated capillary in order to vaporize
them non-destructively. The cluster ions exiting the capillary
were focused by a ring electrode, skimmed by two sets of
skimmers, and guided by an Einzel lens toward the accel-
eration region of the TOF mass spectrometer. The ions were
extracted perpendicular to the initial beam by application of
a pulsed high voltage (ca. �14kV with ca. 30ns rise time
and 100ms duration) to the acceleration grids.

2.3.3. TOF Mass Spectrometer

The cluster ions were counted either by a microchannel
plate detector located at the end of the flight path (F4655-
10, Hamamatsu) or by that with a center hole (LPD-25,
Burle) after reflection by the retarding field of the reflect-
ron. Pulsed signals from the detector were accumulated by
a multichannel scaler/averager (SR430, Stanford Re-
search Systems). The data were transferred and stored in
a Windows computer using a LABVIEW program. The
repetition rate was 130 and 10Hz for collecting the ESI
and LDI mass spectra, respectively. The resolution of the
mass spectrometer (M/DM), with and without the reflect-
ron, was typically 1000 and 400, respectively. Mass spec-
tra of the ions of either polarity were recorded by
changing the polarities of the power supplies. The LDI
and ESI mass spectra obtained were calibrated by refer-
encing with those of C60 and NaI cluster ions recorded
under the same conditions, respectively.

3. Results

3.1. Size-Selective Synthesis of Au:SR Clusters

This section summarizes the results of size-selective syn-
thesis of the Au:SR clusters formed in reactions (1)–(3) of
Figure 1.

3.1.1. Core Sizes of Au:SR Clusters Formed by

Reductive Decomposition of Au(I):SR Polymer

The clusters of Au:SG, Au:S(h-G), Au:S(PG), and
Au:S(SA) were prepared by employing reaction (1)
[16,17]. Using PAGE, the as-prepared clusters were sep-
arated into nine (1–9), five (10–14), six (15–20) and two
(21, 22) bands, respectively, as shown in Figure 4.

Note that fraction 1 having the highest mobility is vis-
ible to the eye only under irradiation with a UV lamp. The
chemical compositions of fractions 1–22 were studied by
ESI mass spectrometry by taking advantage of the
fact that clusters 1–22 are negatively charged in the
sprayed solution, because some of the carboxyl groups of
the thiolate ligands are dissociated. As expected, the neg-
ative-ion ESI mass spectra of 1–22 shown in Figure 5
comprise a series of peaks associated with multiple-
charged anions originating from deprotonation of the
carboxyl moieties of the corresponding thiolates, [Aun

(SG)m�pH+]p�, [Aun(S(h-G))m�pH+]p�, [Aun(S(PG))m
�pH+]p�, and [Aun(S(SA))m�pH+]p�. The major peaks
are assigned by the (n, m)p index.

The mass spectral assignments for Au:SG (1–9) were
confirmed by comparing the spectra with that calculated
using the isotopic abundance and those of Au:S(h-G)
clusters with the same mobility (10–14). Clusters 1–9
can be assigned to Au10(SG)10, Au15(SG)13, Au18(SG)14,
Au22(SG)16, Au22(SG)17, Au25(SG)18, Au29(SG)20,
Au33(SG)22, and Au39(SG)24, respectively. The mass as-
signment for 15–22 was not as straightforward as that for
the Au:SG clusters, mainly due to the coincidence of the
mass numbers. By combining the results of thermogravi-
metric analysis reported previously [38], we concluded
that clusters 15–22 can be assigned to Au18(S(PG))14,
Au2171(S(PG))1571, Au23(S(PG))16, Au25(S(PG))18, Au27
(S(PG))19, Au31(S(PG))22, Au20(S(SA))14, andAu23(S(SA))16,
respectively. We ascribed the poor separation by PAGE
and the relatively broad-mass peaks for the Au:S(h-G),
Au:S(PG), and Au:S(SA) clusters to impurities contained
in the thiols used in the synthesis.

The numbers of gold atoms and thiolate ligands for
1–22 are plotted in Figure 6.

The plot shows that the gold-to-thiolate ratios are
nearly the same regardless of the thiolate structure. It is
apparent that the core sizes do not always have common
values expected from the electronic shell model [2,3] or
geometrically close-packed structures. This indicates that
the core sizes of small Au:SR clusters formed in reaction
(1) are not governed solely by the intrinsic stability of the
gold cores, but are affected by thiolate ligation. This is in
sharp contrast to the Au:SR clusters with relatively large
cores (41.5 nm [14]). In the chemical reduction of the
Au(I):SR polymer, the growth of gold clusters proceeds
irreversibly, and strongly competes with surface
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Figure 4. PAGE results of Au:SR (1–22). (Adapted with per-
mission from Ref. [18], r 2006, American Chemical Society.)
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protection by thiolates. Under such circumstances, the
consecutive core growth is kinetically hindered at every
stage where the core is completely surrounded by the
thiolate ligand shell. Thus, we interpret the variety of
chemical compositions of the isolated Au:SR clusters as
indicating correspondence to trapped intermediates of
growing clusters whose surfaces are fully passivated. The
stage at which growth is terminated may be determined by
the monolayer structures of the thiolates with different

molecular frameworks and/or ligation probability of the
thiolates with different pKa values to the gold cores.

3.1.2. Size Focusing via Core Etching: Selective

Formation of Au25(SR)18

As demonstrated in Section 3.1.1, the Au:SR clusters
formed in reaction (1) correspond to trapped intermedi-
ates of the growing clusters and are thus not always ther-
modynamically stable. The stabilities of the Au:SG
clusters (1–9) are acutely dependent on the core sizes.
The Au18(SG)14, Au25(SG)18, and Au39(SG)24 clusters
were found to be stable when allowed to stand in aqueous
solution while other Au:SG clusters were degraded into
smaller clusters (Figure 7a) [16].

More remarkably, Au25(SG)18 is [39] found to be ex-
tremely stable against etching with free thiols. Figure 7b
shows the color changes of the aqueous solutions of 1–9
before and after the addition of GSH at 328K. The colors
of the Aun:SG (no25) aqueous solutions faded, becoming
cloudy after 3 h, while the Aun:SG (nZ25) solutions did
not exhibit drastic change in color (Figure 7b). Investiga-
tion using optical spectroscopy revealed that the Aun:SG
(no25) and Aun:SG (n425) clusters are etched into Au(I)-
thiolate complexes and Au25(SG)18, respectively and that

Figure 5. ESI mass spectra of Au:SR (1–22). (Adapted with permission from Ref. [18], r 2006, American Chemical Society.)
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Au25(SG)18 is stable against etching by GSH. By using this
size-specific stability, we succeeded in selective formation of
Au25(SG)18 by reaction (2), as described in Section 2.1.2
[19]. The reaction of Au11:TPP clusters with an excess
(200mol%) amount of GSH yielded Au25(SG)18 with ca.
90% purity. We propose the following two processes as the
selective formation mechanism of Au25(SG)18. First, the
core agglomeration of Au11:TPP takes place rapidly during
the ligand exchange, to form polydisperse Aun:SG clusters
including Au25(SG)18 in the aqueous phase. The Aun:SG
(n425) clusters are then etched into Au25(SG)18, together
with the formation of Au(I):SG complexes as by-products,
while the Aun:SG (no25) clusters are etched into smaller
clusters to finally form Au(I):SG complexes. Once the
Au25(SG)18 clusters are produced, they remain almost un-
changed due to the high stability and resistance against
etching by GSH. We conclude at this moment that
Au25(SR)18 is the smallest magic cluster within a family
of Au:SR on the basis of its high stability and preferential
formation from various thiols. These results show that the
stability of the clusters against size-reduction processes
such as chemical etching should be monitored to determine
a series of ‘‘magic core sizes’’ out of the Au:SR clusters
formed by reaction (1).

3.1.3. Formation of Missing Au55:SCn via Thiolation

of Polymer-Stabilized Gold Clusters

According to the observation described in the previous sec-
tion, there is a possibility that the formation of some stable
cores is skipped in reaction (1). Probably one of the mys-
teries of the conventional Au:SCn system is that the
Au55:SCn, a counterpart of the well known Au55(TPP)12Cl6
cluster [40], has not been synthesized so far. Recently,
Murray’s group has reported that the Au55:SC6 clusters are
formed as a minor species in the reaction of Au55(TPP)12Cl6
with hexanethiol [41]. This finding suggests that the thiolate
ligation of gold cluster samples containing preformed Au55
yields novel Au55:SCn compounds, which are not obtained
by the chemical reduction of Au(I):SCn polymers. In this
section, the first isolation of ‘‘missing’’ Au55:SR clusters is
described by decoupling the core formation and thiolate
protection processes, that is, via reaction (3) [22].

The Au:SCn clusters (n ¼ 12, 18) were prepared by re-
action of PVP-stabilized gold clusters (j ¼ 1.370.3 nm

[21]) with CnSH. The Au:SCn clusters obtained were in-
cubated at 80 1C for 24 h in neat CnSH liquid under air.

Figure 8a shows a typical recycling chromatogram of
the Au:SC18 clusters (60mg in 2.5mL of toluene).

The efficiency of the elution estimated from the optical
absorbance was 90–100%. After repeated passage
through the column, the peak separates into two. Al-
though the relative intensities of the two peaks varied with
batches of the cluster samples, their retention times were
highly reproducible. In contrast, the chromatogram of
clusters prepared without incubation in neat C18SH ex-
hibits a broad and featureless peak (the dotted line in
Figure 8a). This remarkable difference indicates that the
etching treatment is essential to enhance the population of
certain stable clusters. Namely, two Au:SC18 having dis-
tinct hydrodynamic diameters are formed by the prepa-
ration method employed here. In order to isolate these
two dominant clusters, the eluent at the 5th recycle was
separated into two fractions (I and II). These crude frac-
tions were then reinjected into the column individually
and fractionated in two (23 and 24). Typical LDI mass
spectra of fractions 23 and 24 are displayed in Figure 8b.
The peaks are assigned to AunSm

+ [11,34–37]. Fraction 23
contains only 11 kDa clusters, while fraction 24 is dom-
inated by the 8 kDa clusters. Fraction 24 corresponds to
the well-known Au38:SCn clusters, with a purity much
higher than that obtained previously by fractional
recrystallization. Since the 11 kDa clusters in fraction 23

are formed more abundantly as compared with their
neighbors, we conclude that they correspond to highly
stable Au55 clusters with a closed-shell structure. The
Au55:SC12 clusters could be isolated in a similar manner.
TEM analysis confirms that the Au55:SC18 clusters that
were isolated are highly monodispersed in size and are of
reasonable sizes, namely in the 1.2–1.4 nm range (Figure
8c). Thermogravimetric analysis suggests that the chem-
ical composition can be represented as Au55(SC18)32.

3.2. Size-Dependent Optical Properties

The Au:SR clusters isolated above are treated as conven-
tional chemical compounds. We have been studying the
basic properties (e.g., optical [15–18,22,34], photophysical
[16,35], chiroptical, magnetic [42]) and geometric structures
[43] of Au:SG clusters (1–9) as a prototypical system. As an
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Figure 7. (a) PAGE images of the as-prepared Au:SG clusters (left) and those stored in water for two weeks (right), (b) color changes of
aqueous solutions of 1–4 and 6–9 before (0 h) and after (3 h) etching reactions with GSH. (Adapted with permission from Reference [16],
r 2005, American Chemical Society.)
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example of these investigations, the optical properties of
the Au:SG clusters are presented here.

3.2.1. Optical Absorption

Figure 9 summarizes the optical absorption spectra of the
aqueous solutions or solid film of 1–9 and sodium gold(I)
thiomalate (SGT) at ambient temperature.

The spectral profiles of 1–9 are in sharp contrast with
those of thiolate-protected Au nanocrystals (42nm),
which exhibit the surface plasmon band at ca. 2.4 eV on
otherwise smooth profile. Clear absorption onsets appear
for 1–9 in the range of 0.8–3.0 eV, which are indicated by
downward arrows in Figure 9. The onsets are followed by
humps, which tend to be blue shifted with decrease in the
core size as indicated by upward arrows. These features
demonstrate that the electronic structures of 1–9 are well
quantized and are better viewed as non-metallic molecular
assemblies rather than metallic particles protected by thio-
lates. The spectra can be qualitatively interpreted with the
help of recent density functional studies on the photoab-
sorption spectra of [Au13(SCH3)8]

3+, in which eight (1 1 1)
facets of the cuboctahedral Au13 cluster are passivated by
eight CH3S ligands [44]. The calculated absorption spec-
trum of [Au13(SCH3)8]

3+ exhibits two sharp peaks at 532
and 395nm and shoulder structures at 224–268nm. The
former two peaks have been assigned to the transitions
from the high-lying occupied Au 6s orbitals to the low-
lying unoccupied Au 6s/6p orbitals. The latter bands in the
higher energy region have been assigned to the transitions
from Au–S bonding or Au 5d orbitals to the unoccupied
Au 6s/6p orbitals. These optical transitions correspond to
the ‘‘intraband’’ and ‘‘interband’’ transitions of bulk gold,
respectively. By applying these terminologies, we assign the
peaks denoted by the upward arrows and broad bands in
the UV region of 1–9 to the transitions corresponding to
the Au 6sp intraband and interband transitions of the bulk
gold, respectively. The blue shift of the absorption onset

with decrease in cluster size indicates the evolution of the
HOMO-LUMO gap in this size regime.

A close comparison of the optical spectra of
Au22(SG)16 and Au22(SG)17 indicates that the degree
of thiolate ligation also affects the electronic structures of
gold clusters. We found a more surprising effect of thio-
late ligation on the electronic structures of the Au:SR
clusters. Figure 10 compares the optical spectra of three
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Figure 9. Optical spectra of 1–9. SGT represents sodium gold(I)
thiomalate. (Adapted with permission from Ref. [16], r 2005,
American Chemical Society.)
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sets of the Au:SR clusters with identical chemical com-
positions:Au18(S(PG))14(15)/Au18(SG)14(3),Au23(S(PG))16
(17)/Au23(S(SA))16(22), and Au25(S(PG))18(18)/Au25
(SG)18(6). Figure 10 clearly shows that the optical spec-
tra in the region of metal-centered optical transitions ex-
hibit different profiles for the clusters with the above
identical chemical compositions.

This implies that the electronic structures of the Au18,
Au23, and Au25 cores are different, reflecting the molec-
ular structures of the thiolates. Two possible mechanisms
may contribute to the modification of the electronic
structures of the gold cores. One is that the sub-nanome-
ter size gold cores with large surface-to-volume ratios are
deformed as a result of non-covalent interaction (e.g.,
hydrogen bonding) between adjacent thiolates. The other
is that the degree of electron transfer from the gold core to
the thiolate layer varies with the pKa values of the cor-
responding thiols. At any rate, Figure 10 affords an ex-
ample wherein the electronic structures of the small gold
clusters can be manipulated externally by proper design or
precise control of the thiolate headgroups.

3.2.2. Circular Dichroism

Circular dichroism (CD) is another interesting example of
an optical property of the small Au:SR clusters. Since the
first observation of Schaaff et al. [23,24], several reports
have appeared regarding the CD activities of gold clusters
protected by chiral thiols such as penicillamine [25] and
N-isobutyryl-cysteine [26]. Figure 11 shows the CD spec-
tra of 1–9, which is a good reproduction of the original
report by Whetten’s group [23,24].

The Au:SG clusters were optically active in the visible
and UV spectral range, with the anisotropy factors in the
order of several tens to hundred parts per million. The
origin of the observed optical activity in core-based elec-
tronic transitions has been previously discussed [24]. The
key question is whether the gold cluster is intrinsically
chiral or whether the optical activity is induced by the
chiral ligation environment. The first possibility has been
supported by theoretical studies performed by Garzón and

coworkers, which indicate that small gold clusters such as
Au28 prefer low symmetry chiral structures over high-sym-
metry, non-chiral ones [45]. Several mechanisms for the
optical activity were proposed for non-chiral metal parti-
cles in a chiral environment. These include the chiral ar-
rangement of ligands and the influence of the asymmetric
centers of the chiral ligands (through space or through
bonds) on the electronic structure of the metal [25,46]. Re-
cently, the vibrational CD investigation by Gautier and
Bürgi indicates that the carboxyl group also interacts with
the gold cluster, which may induce a chiral ‘‘footprint’’ on
the surface of the particle and lead to the observed optical
activity [26]. However, the origin of optical activity in
metal-based electronic transitions is still unclear due to the
very few examples of CD-active clusters with well-defined
compositions and the lack of structural information.

4. A Case History

Here we describe a large-scale synthesis of Au25(SG)18
using the ligand exchange reaction of [Au11(PPh3)8Cl2]

+

with GSH [19]. The aqueous solution (100mL) of GSH
(1.88 g) and the chloroform solution (100mL) of
[Au11(PPh3)8Cl2]

+ (67mg) were put into a three-necked
flask and the mixture was stirred vigorously in an oil bath
kept at 328K. After the reaction for 15 h under an air
atmosphere, the profile of the optical spectrum of the
aqueous phase becomes quite similar to that of
Au25(SG)18. Evaporation of the solvent from the aque-
ous phase left a residue, which was purified three times by
dispersing into methanol (ca. 200mL). Then the product
was redissolved in the buffer solution (30mL) containing
19.2mM glycine and 2.5mM tris(hydroxymethyl) amino-
methane. Small impurities were removed by repeated cen-
trifugal ultrafiltration (4000 g); a filter with a cutoff
molecular weight of 5 kDa was used. The residue was
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dried in vacuo, leaving 72mg of Au25(SG)18 in a powder
form. The yield is about 50 times larger than that typically
obtained by PAGE fractionation of the as-prepared
Au:SG clusters using a single gel (Section 2.2.1).

5. Conclusions

The Au:SR clusters with sub-nanometer size cores were
prepared by reductive decompositions of Au(I):SR poly-
mer or reactions of RSH with gold clusters stabilized by
phosphines or polymers. The resulting Au:SR clusters
were further separated by size using PAGE/SEC and
characterized by mass spectrometry. The analysis showed
that several metastable Au:SR clusters are formed in the
reductive decomposition process. By studying the stability
against spontaneous decomposition and etching by free
thiols, we discovered that Au25(SR)18 clusters exhibit
magic stability. Selective synthesis of Au25(SR)18 on a
large scale has been established. The thiolation of pre-
formed gold clusters (1.3 nm) gave Au55:SR clusters,
which have not been accessed by the reductive decompo-
sition method. The precise and systematic synthesis of
Au:SR clusters reported here is versatile and highly re-
producible so that it will contribute to the development of
cluster-based nanomaterials.
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CHAPTER 26

Template Synthesis and Catalysis of Metal
Nanoclusters in Ordered Mesoporous Silicas

Paresh L. Dhepe1,2 and Atsushi Fukuoka1

1Catalysis Research Center, Hokkaido University, Sapporo, Japan
2Japan Science and Technology Agency, Kawaguchi, Japan

1. Introduction

Zeolites have ordered micropores smaller than 2 nm in
diameter and are widely used as catalysts and supports in
many practical reactions. Some zeolites have solid acidity
and show shape-selectivity, which gives crucial effects in
the processes of oil refining and petrochemistry. Metal
nanoclusters and complexes can be synthesized in zeolites
by the ship-in-a-bottle technique (Figure 1) [1,2], and the
composite materials have also been applied to catalytic
reactions. However, the decline of catalytic activity was
often observed due to the diffusion-limitation of subst-
rates or products in the micropores of zeolites. To over-
come this drawback, newly developed mesoporous silicas
such as FSM-16 [3,4], MCM-41 [5], and SBA-15 [6] have
been used as catalyst supports, because they have large
pores (2–10 nm) and high surface area (500–1000m2 g�1)
[7,8]. The internal surface of the channels accounts for
more than 90% of the surface area of mesoporous silicas.
With the help of the new incredible materials, template
synthesis of metal nanoclusters inside mesoporous chan-
nels is achieved and the nanoclusters give stupendous
performances in various applications [9]. In this chapter,
nanoclusters include nanoparticles and nanowires, and we
focus on the synthesis and catalytic application of noble-
metal nanoclusters in mesoporous silicas.

Mesoporous silicas have larger pores than zeolites and
serve as a suitable template for the synthesis of nanoclus-
ters with a diameter of 2–10 nm (Figure 2). It is known
that metal nanoclusters in this size range often show high
catalytic performances [10–12]. This template synthesis is
the extension of the ship-in-a-bottle synthesis in zeolites,
where the growth of particles is restricted by the micro-
pore. If the mesoporous material has one-dimensional
(1D) channels as seen in typical MCM-41 and FSM-16
(Figure 2b), metal is able to grow along that particular
direction to give nanowires.

Schüth et al. reported that Pt particles on MCM-41
show high catalytic activity in CO oxidation [13]. The Pt
particles have bimodal size distribution of 2 and 20 nm,

and the latter particles are not located in the pores. How-
ever, this work suggested a promotional effect of ordered
mesoporous silica which is different from the effect of
conventional silica. As the first trial for the synthesis of Pt
nanoclusters located only in the pores, Pt carbonyl clus-
ters [Pt15(CO)30]

2� were prepared in mesoporous silicas,
and the Pt nanoparticles were obtained by the decompo-
sition of the molecular clusters [14].

The direct synthesis of Pt nanoclusters in the mesopo-
rous silicas was studied by several groups. Ryoo first re-
ported the synthesis of Pt nanowires inside the channels of
MCM-41 [15,16]. For the nanowire formation, hydrogen
reduction of [Pt(NH3)4]

2+ with metal loading of 0.1wt.%
was accomplished, and then the impregnation of 5wt.%
Pt ions and the subsequent hydrogen reduction were per-
formed. This illustrates the mechanism of seeding tiny Pt
particles for the afterward impregnated Pt ions to reduce
over. This group also showed the formation of Pt nano-
wires inside the 3D channel structure of MCM-48 [17].
Similarly, nanowires of Pt, Au, and Ag (5–7 nm in diam-
eter) were prepared in SBA-15 by hydrogen reduction of
metal ions at high temperature [18,19]. It was also found
that SBA-15 has the interconnection between adjacent
mesoporous channels by micropores [20]. The 3D network
of the pore interconnection was applied to the synthesis of
mesoporous carbon as a replica of SBA-15 [21].

The above syntheses of metal nanowires are based on
the thermal hydrogen reduction. However, we found that
the reproducible synthesis is difficult by this method,
because the hydrogen reduction needs careful control of
the reaction conditions. For the reproducible and selective
synthesis of wires and particles, we need to clarify the
factors controlling the sintering of metals. The key factors
are the concentration of residual solvent and the relative
rate of reduction and migration of metal ions. The details
are shown in the next section.

Recently, Somorjai reported the hydrothermal synthe-
sis of SBA-15 in the presence of PVP-stabilized Pt nano-
particles [22]. This is a one-step synthesis of composites of
metal nanoparticles and mesoporous silica.
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2. Synthesis Strategy: The Sintering-Controlled

Synthesis (SCS) Approach

Our basic strategy for the template synthesis of noble-
metal nanoclusters is the SCS approach as illustrated in
Figure 3. In this approach, the selective synthesis of
nanowires and nanoparticles is possible by controlling the
sintering mechanism of metals. First of all, mesoporous
silicas (a) are impregnated with metal precursors by a
typical impregnation method. For the synthesis of nano-
wires, vapors of water and methanol are added to the
impregnated sample (b), where water is a promoter of the
migration of metal ions and methanol is a precursor to
reductant. Then the sample (c) is irradiated with UV light
to give metal nanowires in the mesoporous silica (d). Un-
der these reaction conditions, organic radicals generated
from methanol reduce the metal ions to give tiny metal
nanoparticles. The metal ions migrate to the particles in
the quasi solution phase, and the ions are catalytically
reduced to grow into nanowires (photoreduction). Since it
is known that metal colloids are formed by thermal or
radiochemical reactions in water/alcohol solutions [23,24],
we applied this solution chemistry to the solid-phase sys-
tem with modifications using water/alcohol vapors and
UV irradiation. The similar situation can be obtained
when H2 flow saturated with water vapor is used for the
reduction at high temperature (wet H2-reduction). This

method is very effective for the synthesis of metal nano-
wires in organosilica HMM-1 [25]. On the other hand, the
migration of metal ions is not promoted in dry H2 flow
(e), thus forming metal nanoparticles (f) in the mesopo-
rous silica (dry H2-reduction).

In order to synthesize highly dispersed metal nanopar-
ticles, the treatment with supercritical carbon dioxide
(scCO2) is used before dry H2-reduction (Figure 4). High
dispersion of metal ions is achieved due to high diffusivity
and low viscosity of scCO2. Subsequent dry H2-reduction
forms highly dispersed metal nanoparticles. This method
(scCO2 treatment & dry H2-reduction) is markedly effec-
tive for the synthesis of alloy nanoparticles.

The above methods are applicable to many kinds of
mesoporous silicas, and we used siliceous FSM-16 and
HMM-1 in our work.

3. Results

After initial works on the synthesis of Pt nanowires
[26–28], we found out the conditions for the selective syn-
thesis of Pt wires and particles in FSM-16 [29] and HMM-
1 [30]. In a typical procedure, H2PtCl6 was impregnated
on FSM-16 (Pt, 5wt.%) from aqueous solution and the
impregnated sample was dried under vacuum (ca. 0.1 Pa)
for 24 h. Although water vapor was again added to the
dry sample in the next procedure, this vacuum-drying
process was a key to the reproducible synthesis of Pt wires
and particles only inside the mesopores. Without the vac-
uum drying, a mixture of wires and particles was formed
inside and outside the mesopores. It was observed that
the vacuum drying had H2PtCl6 dispersed uniformly on
mesoporous silicas [31,32]. Then water (3 kPa) and meth-
anol (13 kPa) vapors were again adsorbed on the sample
as described above, and the sample was irradiated with a
UV lamp (100W, 250–600 nm) at room temperature for
24–48 h. In the course of this photoreduction, the sample
color slowly changed from pale yellow to gray, and after
the UV irradiation the sample was dried under vacuum.
On the other hand, dry H2-reduction of H2PtCl6/FSM-16
was performed at 673K for 2 h for the synthesis of Pt
nanoparticles.

In the TEM observation, Pt nanowires are clearly seen
for the photo-reduced sample (Figure 5a). The Pt wires

Figure 2. TEM images of FSM-16 (pore diameter 2.7 nm). (a) Front view of 2D hexagonal windows. (b) Side view of 1D channels.

Figure 1. Ship-in-a-bottle synthesis of metal carbonyl clusters in
NaY zeolite.
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are 2.5 nm in diameter corresponding to the pore diameter
(2.7 nm), and the length ranges up to several hundreds of
nanometers reflecting the 1D channel structure. These re-
sults show that the wires are formed inside the channels.
In contrast to the photoreduction, Pt wires are not ob-
served but well-dispersed Pt particles (2.5 nm in diameter)
are seen for the sample after dry H2-reduction (Figure 5b).
Although some other groups reported the formation of
metal nanowires by dry H2-reduction, we speculate that

their samples were not well dried containing a small
amount of solvent, because in our experiments the wire
formation was difficult by using well-dried samples.

In the XRD patterns, no significant change was ob-
served at low 2y angles before and after incorporating Pt
in FSM-16 (Figure 6a). This confirms the 2D-hexagonal
channel structure remains intact during the synthetic pro-
cedures. The XRD patterns at high 2y angles were similar
to that of bulk Pt, but lattice fringes were observed in the
HRTEM images of the Pt wires. Hence, we concluded
that the Pt wires have high crystallinity.

Similarly, monometallic Rh, Pd, and Au and bimetallic
Pt–Rh and Pt–Pd nanowires were prepared in FSM-16 or
HMM-1 by the photoreduction method [30,33,34]. The
bimetallic wires gave lattice fringes in the HRTEM im-
ages, and the EDX analysis indicated the homogeneous
composition of the two metals. These results show that
the wires are alloys of Pt–Rh and Pt–Pd. Mesoporous
silica films were also used as a template for the synthesis
of uniform metal particles and wires in the channels
[35,36]. Recently, highly ordered Pt nanodot arrays were
synthesized in a mesoporous silica thin film with
cubic symmetry by the photoreduction method [37]. The

Figure 4. Synthesis of metal nanoparticles by scCO2 treatment
and subsequent dry H2-reduction. (a) Mesoporous silica, (b) im-
pregnation of mesoporous silica with metal ions, (g) scCO2 treat-
ment for high dispersion, (h) formation of small metal
nanoparticles.

Figure 5. TEM images of (a) Pt nanowires and (b) Pt nanoparticles in FSM-16.

Figure 3. Schematic representation of the selective synthesis of
metal nanowires and nanoparticles by the Sintering Controlled
Synthesis approach. (a) Mesoporous silica, (b) impregnation of
mesoporous silica with metal ions, (c) addition of water/alcohol
vapors and UV-irradiation, or wet H2-reduction, (d) formation of
metal nanowires, (e) dry H2-reduction, (f) formation of metal
nanoparticles.
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nanodot arrays thus obtained may find use as a device in
nanotechnology.

In the mechanistic study of nanowire formation in the
photoreduction, the formation of wire and particles
greatly depends on the relative rate of migration and re-
duction of Pt ions [38]. Based on this mechanism, we came
up with the idea that the migration of Pt ions may be
enhanced in the water-saturated H2-reduction. The pow-
der sample of H2PtCl6/HMM-1 was subjected to H2 flow
with water vapor (3 kPa) at 473K for 2 h. In fact, this wet
H2-reduction is simple but very effective in the large-scale
synthesis of Pt wires in HMM-1 for short reaction time
[32]. Up to 36wt.% loading, the synthesis of Pt wire is
possible using this method. The Pt wires were extracted by
dissolving HMM-1 with HF, and the obtained Pt wires
gave aspect ratios over 8000. In the STM image of the Pt
wire extracted from HMM-1 (Figure 7a), the surface is
uneven with a necklace-like structure. The Pt nanoneck-
lace is 3 nm in diameter, and the antinode distance is 4 nm.
This is in contrast with the nanorod structure of the Pt
wire extracted from siliceous FSM-16 (Figure 7b). It is
noticeable that the Pt wire extracted from phenylene-
bridged HMM-1 (Ph-HMM-1) [39] has a slightly longer
antinode distance (5–6 nm) (Figure 7c) than those from
ethylene-bridged HMM-1 (Et-HMM-1). We suggest that
the nanonecklace structures result from the hydrophobi-
city induced by the presence of aliphatic CH2CH2 in Et-
HMM-1 and aromatic C6H4 in Ph-HMM-1.

It is known that Au nanoparticles efficiently catalyze
various reactions, but its activity greatly depends on the
degree of dispersion, support, and preparation method.
We tried to synthesize Au wires and particles by our
photo- and H2-reduction. For the synthesis of Au nano-
wires, several groups use HAuCl4 as a precursor.

However, we found that HAuCl4 was easily decomposed
during the handling, and that a mixture of Au wires and
particles were formed inside and outside the mesopores.
To control the decomposition of HAuCl4, HAuCl4 was
treated with aqueous NaOH to adjust pH at 12, and this
in situ generated [Au(OH)4]

� species was stable and easy
to handle during the impregnation procedures.
[Au(OH)4]

� was impregnated on HMM-1, and Au wires
and particles were selectively synthesized by the wet and
dry H2-reduction (Figure 8) [32]. Extracted Au wires also
have a necklace structure, confirming that the necklace
structure is formed in organosilica HMM-1.

For application to heterogeneous catalysis, highly dis-
persed metal nanoparticles are in great demand as active
and selective catalysts. Supercritical fluids have unique
properties such as high diffusivity and low viscosity, and
they are regarded as a hybrid of gas and liquid. We uti-
lized scCO2 (critical temperature: 304K, pressure:
7.3MPa) for high dispersion of nanoparticles inside the
mesoporous channels. The scCO2 conditions can be ob-
tained using a typical stainless steel autoclave for high
pressure. For bimetallic catalysts, formation of homoge-
neous alloy particles is also expected using the scCO2

treatment by dissolving two metal precursors. In our
work, Rh and RhPt nanocluster catalysts were treated
with scCO2 (348K, 16MPa) after the impregnation of
[Rh(OAc)]2 (Ac ¼ acetyl) and Pt(acac)2 (acac ¼ acetylac-
etonate) on FSM-16 or HMM-1. Since acetone is miscible
in scCO2, we assumed that these compounds with acetyl
moieties are miscible in scCO2. Although methanol is of-
ten used as a solvent in the impregnation, we observed
that a small amount of remaining methanol generated a
reductant during the scCO2 treatment to give ill-dispersed
metal particles. Hence we chose an inert solvent THF for

Figure 6. XRD pattern of FSM-16, Pt wire/FSM-16, and Pt particle/FSM-16.

Figure 7. STM images of Pt wires extracted from Et-HMM-1 (a), FSM-16 (b), and Ph-HMM-1 (c). Pt wires were extracted with HF
and deposited on HOPG. (Adapted from Ref. [32], r 2006, with permission from American Chemical Society.)
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the impregnation. The resulting materials were subjected
to typical calcination and dry H2-reduction. The catalysts
thus prepared gave highly dispersed Rh and RhPt alloy
nanoparticles in the mesoporous channels. Catalytic per-
formances of these materials were studied using hydro-
genolysis of butane as a test reaction. The scCO2-treated
Rh and RhPt catalysts showed higher activity and selec-
tivity for ethane production than the non-treated catalysts
[40–42]. The details of the synthesis and catalysis of the
scCO2-treated catalysts are illustrated in the next section.

4. A Case History

4.1. Synthesis and Characterization of RhPt
Nanoparticles in Mesoporous Silica

Silicas used in this study were FSM-16 (BET surface area
950m2 g�1, pore diameter 2.7 nm), ethylene bridged

HMM-1 (812m2 g�1, 3.1 nm), and conventional SiO2

(Cariact Q-10, 300m2 g�1). In a typical procedure,
HMM-1 was dried under vacuum at 473K for 16 h. Then
HMM-1 (2.0 g) was added to a THF solution (15ml) of
[Rh(OAc)2]2 (0.086 g, 0.37mmol) and Pt(acac)2 (0.030 g,
0.075mmol), and the mixture was stirred for 16 h. After
evaporation and vacuum drying, the sample was treated
with scCO2 in an autoclave at 348K and 16MPa for 24 h.
Then the sample was calcined in O2 flow at 473K for 2 h
and reduced in H2 flow at 473K for 2 h (Rh 2.0wt.%, Pt
0.75wt.%, molar ratio Pt/Rh ¼ 0.2).

As summarized in Table 1, the formation of small
metal particles was shown in the CO chemisorption at
323K over the Rh and RhPt on FSM-16 and HMM-1.
For Rh/SiO2 and RhPt/SiO2, the dispersion slightly in-
creased, which was due to the low surface area of SiO2

support (300m2 g�1) compared to FSM-16 (950m2 g�1)
and HMM-1 (812m2 g�1). In line with the dispersion re-
sults, the XRD patterns for the scCO2-treated samples
showed broadening of the peaks (Figure 9b). In the low 2y

Table 1. Hydrogenolysis of butane by supported Rh and RhPt catalysts.

Catalyst Treatment CO/M Temperature (K) Butane conversion (%) Product distribution (mol%)

CH4 C2H6 C3H8

Rh/SiO2 Non-treat 0.16 463 5 27 49 24
scCO2 0.23 463 15 34 35 29

Rh/FSM-16 Non-treat 0.15 463 22 28 57 14
scCO2 0.71 463 81 20 72 8

Rh/HMM-1 Non-treat 0.53 463 84 11 81 9
scCO2 0.71 463 86 10 81 9

RhPt/SiO2 Non-treat 0.36 463 15 10 81 9
473 54 11 80 9

scCO2 0.36 463 16 15 72 13
473 55 15 72 13

RhPt/FSM-16 Non-treat 0.67 453 46 11 79 10
473 100 15 79 6

scCO2 0.91 453 71 7 86 6
473 100 14 82 4

RhPt/HMM-1 Non-treat 0.38 463 38 19 62 18
473 50 20 61 18

scCO2 0.79 463 78 8 85 7
473 100 13 82 5

Conditions: Catalyst 0.15 g, Rh/support (2.5wt.%), RhPt/support (Rh 2.0wt.%, Pt 0.75wt.%, Pt/Rh ¼ 0.2), C4H10/H2 ¼ 1/9, GHSV ¼ 3800 h�1,

101 kPa. Results are obtained after 4 h reaction time under steady-state conditions.

Figure 8. TEM images of Au wires (a) and particles (b) in HMM-1. (Adapted from Ref. [32], r 2006, with permission from American
Chemical Society.)
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angle region, the diffraction patterns indicated that me-
soporous structure remained unchanged after the proce-
dures of catalyst preparation (Figure 9a). Size distribution
of RhPt particles on HMM-1 was analyzed in TEM
(Figure 10). For the scCO2-treated RhPt/HMM-1, the
mean particle size was 2.6 nm which was smaller than
that for non-treated one (4.5 nm). These results suggest
that the RhPt particles are located inside the channels
(diameter 3.1 nm) of HMM-1 for the scCO2-treated
catalyst. Similar results were obtained for RhPt/FSM-16
catalysts.

In order to study the electronic states of the RhPt sur-
face, CO was used as a probe molecule and the IR study
of CO chemisorption was performed as shown in Figure
11, where the deconvolution of the IR spectra were
done using a wave-analysis program. RhPt/FSM-16
(non-treated) gave a pair of bands at 2108–2038 and
2094–2027 cm�1 that are assigned to Rh(CO)2 species.
The band at 2068 cm�1 is ascribed to CO coordinated to
Rh0 metal. On the other hand, RhPt/FSM-16 (scCO2-
treated) showed weak bands at 2109 and 2094 cm�1 due to
Rh(CO)2 species, and their contribution is low and their
counterparts are masked by a broad 2045 cm�1 band.
Since the Pt/Rh ratio is 0.2 in the RhPt catalysts, the
contribution of Pt–CO (ca. 2090 cm�1) is minor and over-
lapped with Rh–CO in the region of 2100–2080 cm�1. It is
noticeable that RhPt/FSM-16 (scCO2-treated) gave

strong bands at 2067 and 2045 cm�1 due to Rh0–CO spe-
cies. We propose that Rh and Pt form alloy particles in
the RhPt/FSM-16 (scCO2-treated) catalyst, and that the
formation of electron-deficient Rh(CO)2 species is sup-
pressed by adjacent electron-rich Pt. Therefore, Pt not
only divides Rh ensemble but also works as a ligand (en-
semble and ligand effects). The major peaks of Rh(CO)2
over RhPt/FSM-16 (non-treated) suggest the formation of
separate Rh and Pt particles.

4.2. Catalysis of RhPt Particles in Mesoporous
Silica

Hydrogenolysis of butane was used to study the catalysis
of the RhPt particles in mesoporous silica. This is a test
reaction of reforming of alkanes in oil refinery, and meth-
ane, ethane, and propane are formed by the cleavage of
terminal or central C–C bond (Scheme 1).

The reaction was performed in a plug flow reactor (in-
ner diameter 8mm) made of Pyrex. Mass flows of butane
(99.8%) and H2 (99.999%) were controlled by mass flow
controllers. The RhPt catalyst (0.15 g, 20–42 mesh) was
charged in the reactor and was reduced in H2 flow at
473K for 0.5 h to clean the catalyst surface. Then the
catalyst was cooled to a desired temperature under H2

flow and a reaction gas was flowed into the reactor
(C4H10/H2 ¼ 1/9, GHSV ¼ 3800 h�1, 101 kPa). After
reaching the steady state in 4 h, products were analyzed
by on-line gas chromatography (FID, column KCl/
Al2O3).

Table 1 summarizes the results over Rh and RhPt cat-
alysts supported on SiO2, FSM-16, and HMM-1 after 4 h
reaction time under the steady-state conditions. The
scCO2-treated Rh catalysts gave higher conversions of
butane than the corresponding non-treated catalysts. By
comparing the support effect of SiO2, FSM-16, and
HMM-1 for monometallic Rh catalysts, higher conver-
sions were obtained over FSM-16 and HMM-1. There-
fore, the use of mesoporous silica and the
scCO2-treatment benefit for the promotion of catalytic
activity due to the formation of highly dispersed metal
particles. Bimetallic RhPt/support (scCO2-treated) cata-
lysts gave enhanced butane conversions. Since

Figure 9. XRD patters for HMM-1, RhPt/HMM-1 (non-treated), and RhPt/HMM-1 (scCO2-treated). (a) Low 2y angle region and
(b) high 2y angle region.

Figure 10. Distribution of particle size for RhPt/HMM-1 (non-
treated) (a) and RhPt/HMM-1 (scCO2-treated) (b).
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monometallic Pt/FSM-16 gave no activity even at 473K,
Rh works as an active center for hydrogenolysis, and Pt is
a co-catalyst of Rh. In addition to the high conversion of
butane, we also found that the scCO2-treated RhPt over
FSM-16 and HMM-1 yielded high selectivity for ethane
over 80%. The selectivity exceeds 50% simply derived
from Scheme 1, which was observed over the non-treated
Rh/SiO2. Hence, it is concluded that the central C–C bond
cleavage (path b) is more favorable than the terminal one
(path a) over the highly dispersed RhPt/FSM-16 or
HMM-1 catalysts. The cleavage of inner C–C bonds has
an advantage to produce useful chemical feedstocks such
as alkenes without the formation of less-important meth-
ane. Under similar conversion levels of ca. 20%, bimetal-
lic RhPt catalysts are more ethane selective compared to
monometallic Rh catalysts (Table 2). In our work, the
results suggested that reaction is not influenced by mass
transport phenomena.

5. Conclusions

Noble-metal nanoparticles and nanowires can be selec-
tively synthesized in mesoporous silicas by controlling the
sintering mechanism based on the relative rates of reduc-
tion and migration of metal ions. Photoreduction and wet
H2-reduction are useful to synthesize nanowires, and dry
H2-reduction is a good method for nanoparticles. In these
methods, tuning of the concentration of water (or solvent)
is needed for the reproducible synthesis of wire and par-
ticle. The treatment with scCO2 and subsequent dry
H2-reduciton gives high dispersion of metal nanoparticles,
and small alloy particles are obtained for bimetallic sys-
tem. The alloy nanoparticles give high activity and selec-
tivity in heterogeneous catalysis. Mesoporous silicas
MCM-41, FSM-16, and SBA-15 have been widely used
as catalyst supports so far. However, we believe that the
other types of mesoporous silica, alumina, titania, and
carbon will be more used as catalyst supports.

References

1 M. Ichikawa, Adv. Catal. 38 (1992) 283.
2 S. Kawi, B. C. Gates, in G. Schmid (ed.) Clusters and Col-

loids, VCH, Weinheim, 1994, 299.
3 T. Yanagisawa, T. Shimizu, K. Kuroda, C. Kato, Bull.

Chem. Soc. Jpn. 63 (1990) 988.
4 S. Inagaki, Y. Fukushima, K. Kuroda, J. Chem. Soc.

Chem. Commun. (1993) 680.
5 C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli,

J. S. Beck, Nature 359 (1992) 710.
6 D. Zhao, J. Feng, Q. Hua, N. Melosh, G. H. Fredrickson,

B. F. Chmelka, G. D. Stucky, Science 279 (1998) 548.
7 A. Corma, Chem. Rev. 2372 (1997) 97.
8 J. M. Thomas, R. Raja, Stud. Surf. Sci. Catal. 148 (2004)

163.
9 A. Fukuoka, M. Ichikawa, in Y. Waseda, A. Muramatsu

(eds.) Morphology Control of Materials and Nanoparticles,
Springer, Berlin, 2003, 201.

10 C.-J. Zong, M. M. Maye, J. Luo, N. Kariuki, in V. Rotello
(ed.) Nanoparticles, Kluwer, New York, 2004, 113.

11 M. Haruta, Catal. Today 36 (1997) 153.
12 M. Valden, X. Lai, D. W. Goodman, Science 281 (1998)

1647.
13 U. Junges, W. Jacobs, I. Voigt-Martin, B. Krutzsch,
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CHAPTER 27

Liquid-Phase Reductive Deposition of Metal
Nanoclusters Selective onto Oxide Surfaces

Atsushi Muramatsu, Hideyuki Takahashi, and Katsutoshi Yamamoto

Institute for Multidisciplinary Research of Advanced Materials, Tohoku University, Sendai, Japan

1. Introduction

Among various methods to synthesize nanometer-sized
particles [1–3], the liquid-phase reduction method as the
novel synthesis method of metallic nanoparticles is one of
the easiest procedures, since nanoparticles can be directly
obtained from various precursor compounds soluble in a
solvent [4]. It has been reported that the synthesis of Ni
nanoparticles with a diameter from 5 to 10 nm and an
amorphous-like structure by using this method and the
promotion effect of Zn addition to Ni nanoparticles on
the catalytic activity for 1-octene hydrogenation [4]. How-
ever, unsupported particles were found rather unstable
because of its high surface activity to cause tremendous
aggregation [5]. In order to solve this problem, their se-
lective deposition onto support particles, such as metal
oxides, has been investigated, and also their catalytic ac-
tivities have been studied.

In this article, the novel technique on selective depo-
sition of noble metal particles will be introduced. Then,
the novel synthesis method of single-nanosized metal par-
ticles, nanoclusters, will be described, in which metallic Ni
nanoclusters with an amorphous-like structure were se-
lectively deposited on TiO2 fine particles through the re-
duction from the liquid phase. The addition of Zn proved
to decrease the nanoparticles size, leading to the increase
in the total area of catalytically active Ni surface. In
addition, nanoclusters were highly stabilized by the depo-
sition on TiO2, so that the catalytic activity of Zn-added
TiO2-supported Ni nanoclusters (Ni–Zn/TiO2) in the ole-
fin hydrogenation was ca. 10 times higher than that of
unsupported Ni nanoparticles.

The selective deposition technique seems a surface
modification of oxides. In this regard, the modification of
material surface is generally carried out in the field of the
catalyst preparation. Catalysts are divided into heteroge-
neous and homogeneous catalysts. The former is well
known to be used in the petroleum industry and almost all
catalysts are solid, in particular, the supported catalysts.
The supported catalysts are composed of the main

catalysts and the supporting materials, which well sup-
port the catalyst metal so as not to be aggregated and then
to suppress the decrease in catalytic activity during the
use. The preparation methods for the supported catalysts
are generally classified as impregnation, coprecipitation,
precipitation, kneading, ion exchange, and melting meth-
ods [6]. Based on the information acquired in the catalyst
search stage, these are established as preparation tech-
niques of catalysts so that the catalyst performance can be
demonstrated to be the most excellent in a certain reac-
tion. In the case of industrial use, the generalization of
these techniques is required so as not to show the differ-
ence between batches for the preparation of catalysts.
Therefore, the impregnation method, in which the proce-
dure is simple and the difference for every batch is easily
suppressed, is adopted in many cases.

Titania, alumina, zirconia, silica, active carbon, zeolite,
and silica–alumina are often used as a supporting mate-
rial. The ion exchange method is the technique of ex-
changing metal cation for the proton on the surface of a
supporting material and the impregnation method is to
prepare the supported catalyst by impregnating a support
in metal salt solution and then drying, followed by cal-
cining it. For both the methods, as-prepared catalysts are
reduced by H2 or CO before use in necessity. pH of the
starting metal salt solution is remarkably effective to the
catalytic performance, because a size of catalyst metal
particle is changed by pH due to the dependency of the
adsorptivity of the support on pH [7]. However, by the
conventional catalyst-preparation method, a metal load-
ing (the amount of metal put on the support) could not be
increased, while the size of metal particles is kept in sev-
eral nanometers. For example, in the preparation of Pt
catalyst supported on alumina, the Pt loading cannot ex-
ceed 3–5wt% in order to reduce the size to be about
1–2 nm [8]. The attempt to increase the metal loading
much more was failed owing to the agglomeration of the
metal particles [8] and/or the poor selectivity in their dep-
osition onto the supports [9]. On the other hand, the cat-
alytic activity of noble metals strongly dependent on the
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particle size [10] is maintained by inhibiting aggregation
and sintering [11]. In addition to the increase in the spe-
cific surface area, a significant increase in surface density
of unsaturated kink sites is expected of nanoclusters,
leading to the remarkable promotion of the catalytic ac-
tivity [12] and/or selectivity [13].

2. Synthetic Strategy

The goal of the present study is to establish the general
method of metallic nanoclusters deposition onto any sup-
port. For this purpose, the synthesis procedure has been
designed due to the following manners, which are four
quite important keys.

The first one is the direct synthesis of metallic nano-
clusters, not via formation of (hydro)oxides and their re-
duction in gas-phase, because the successive reduction for
formed (hydro)oxides sometimes results in the size growth
of metal particles due to the aggregation and/or sintering.
The second one is the use of precisely designed metal
complexes, which are well adsorbed on the support sur-
faces, as shown in Figure 1.

Unless complexes are adsorbed on surfaces, the suc-
cessive reduction will not occur so that nanoclusters might
not be grown on the surface. The third one is the direct
deposition of metal from solution by the reduction of the
reducing agent, as shown in Figure 2.

If only adsorbed complexes take part in the formation
of nanoclusters, metal loading, the quantity of nanoclus-
ters formed on the surface, is only proportional to the
amount of the adsorption. Hence, the loading is quite
small, even if so large amount of complexes is located in
solution phase. So, the solute species should be deposited
directly onto sites for nanoparticle formation, in order to
establish high loading of nanoclusters on the surface. In
addition, the resultant nanoclusters are expected smaller
and higher dispersed, compared with the particles formed
only via surface reaction between adsorbed species, as
shown in Figure 3.

The final one is to nucleate particles heterogeneously
only on the support surfaces, not homogeneously inde-
pendently from the surfaces, as shown in Figure 4.

Generally speaking, homogeneous nucleation needs the
supersaturation level higher than heterogeneous one. In
the system consisting of support solid and metal salt so-
lution, the nucleation occurs on the surfaces of the solid.
The selective reductive deposition is performed by the
adsorption of metal ion or complexes on the surfaces and
hereby the reduction. Namely, the initial adsorption of
metal ions or complexes is the key point of this technique.
Hence, key points of this method are

(1) precise control of the metal complex by adjusting
solute conditions, such as composition and struc-
ture of metal complex,

(2) storing of the suspension until the equilibrium
composition, and

(3) aging suspension at controlled temperature.

Figure 1. Design of suitable complexes easily approaching to
surfaces of the support.

Figure 2. Direct deposition mechanism for particle growth
compared with aggregation of adsorbed species.

Figure 3. Direct deposition mechanism leading to highly dis-
persed and nanosized particle formation, compared with reaction
between adsorbed species.
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First, the selective deposition method was developed. It
is the novel preparation technique, where the maximum
loading around 20wt% with keeping the particle size be-
low 2 nm [14]. Figure 6 shows Pt metal particles supported
on monodispersed spindle titania particles.

This selective deposition method is a general technique
for the preparation of solid catalysts, in particular, nano-
clusters of noble metal such as Au, Pt, Ir, Pd, Rh, and Ru
supported on carrier materials, such as monodispersed
particles and conventional metal oxides. Selective reduc-
tive deposition is based on the liquid phase reduction
method. First, precursor metal salts were dissolved in
aqueous or organic media. By adding the solution of re-
ducing agent, the reduction occurs and then metal
particles are selectively deposited on supports. If it is
completely homogeneous solution, nanoclusters are
formed through homogeneous nucleation and the growth.
However, in the presence of the supports, nanoclusters are
nucleated and grown on the surfaces of carrier materials.

3. Results

3.1. Selective Deposition of Gold Nanoclusters on
Well-Defined Materials

Gold has long been recognized inactive as a catalyst till
the advent of the report by Haruta et al. [15,16], who have
demonstrated that gold functions as a highly active cat-
alyst for oxidation of CO to CO2 when it is deposited as
ultrafine particles with high dispersion on metal oxide
supports, such as hematite and titania. Since the turnover
frequency of the CO conversion per unit number of ex-
posed surface Au atoms markedly increased with size re-
duction, their efforts have been directed towards
minimizing the particle size of Au with narrow size dis-
tribution [17–21]. Besides, Sugimoto et al. [22–25] have
reported the development of a new method for the syn-
thesis of nanosized Au particles of around 1 nm or less in

mean diameter with narrow size distribution selectively
formed on supports in the absence of a specific reducing
agent. Established procedure will be described below.
Namely, 5 cm3 of 1.0� 10�2mol/dm3 HAuCl4 was mixed
with 10 cm3 of 2.0� 10�2mol/dm3 NaOH at room tem-
perature with stirring and distilled water was added to
the mixture to make the total volume 25 cm3. This
solution containing 2.0� 10�3mol/dm3 HAuCl4 and
8.0� 10�3mol/dm3 NaOH ([OH�]0/[Au3+]0 ¼ 4.0) was
aged quiescently for 24 h at room temperature to complete
the hydroxylation of Au3+ ions. The color of the solution
changed from yellow to transparent, while pH shifted
from 10.81 to 6.02, by this aging. Then, 40mg of a sup-
port powder was added to the solution and, after ultra-
sonic dispersion for 30min, the suspension was aged in a
laboratory oven preheated at 100 1C for 48 h. The pH was
slightly changed by addition of support powder (e.g.,
from 6.02 to 5.90 with addition of 40mg of a-Fe2O3) and
finally became ca. 5.5 (e.g., 5.42 with addition of 40mg of
a-Fe2O3) after the aging at 100 1C for 48 h. Aging oper-
ation was done in the darkness.

As a result, nanometer-sized metallic Au particles were
selectively deposited onto monodispersed polycrystalline
ellipsoidal hematite particles without addition of any spe-
cific reducing agent, as shown in Figure 5.

It seems that Au3+ ions of AuðOHÞnCl
�
4�n complex,

formed by the first aging at room temperature, are re-
duced to Au particles by electron transfer from the co-
ordinated OH� ions on the surface of hematite as a
catalyst of the electron transfer. As a consequence, the
essential reducing agent is water. The optimum pH to
yield the maximum quantity of Au particles was ca. pH
5.9, as measured at room temperature, corresponding to
the pH of the above standard system. Au3+ ions are re-
duced to metallic Au0 by electron transfer from coordi-
nated OH� ions on the surfaces of hematite particles
through their catalytic action.

Figure 6 shows transmission electron micrographs of
Au particles supported by (a) monocrystalline ellipsoidal
(B), (b) monocrystalline pseudocubic, and (c) monocrys-
talline platelet-type hematite particles (see also Figure 5
for Au particles on polycrystalline ellipsoidal (A) parti-
cles). Figure 7 shows Au particles deposited on: (a)
a-FeOOH, (b) b-FeOOH, (c) ZrO2 (A), (d) ZrO2 (B), and
(e) TiO2 (anatase).

The yield of AuO(OH) and Au0 on each support and
approximate particle size of the Au0 are listed in Table 1.

As a rule, the specific surface area is the most important
determinant of the yield and size of Au particles for a
given kind of support. The larger the specific surface area
is, the higher yield and the smaller particle size are ob-
tained, because of the increase in probabilities of reduc-
tion and thus of nucleation. The extremely small yield and
the large size of Au0 particles with the platelet hematite
are given for this reason. The exceedingly high yields and
small sizes with zirconia (A) and (B) may be explained in a
similar manner. The size difference of Au0 with hematite
supports different in specific surface area may also be
elucidated based on the same reason. In this case, the yield
difference is rather small, because all these systems were
close to the saturation of the reaction. However, one may
find a significant effect of the species of the support on the
yield and final particle size of Au0. Namely, the yield of

Figure 4. Homogeneous nucleation to be inhibited completely
for highly dispersed nanocluster formation.
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Au0 per unit surface area is particularly high with the
ZrO2 supports and decreases in the order of a-Fe2O3,
a-FeOOHCTiO2, b-FeOOH (the specific surface area of
the TiO2 is estimated to ca. 1.6 times as much as that of
monocrystalline ellipsoidal a-Fe2O3). Also, the final size
of Au0 per unit surface area is especially small with the
ZrO2 supports and increases in the order of a-Fe2O3,
TiO2, a-FeOOH, and b-FeOOH. These effects of support
species on the yield and size of Au0 particles are deemed
to be elucidated in terms of the catalytic activity of each
particle. Nevertheless, in view of the significant difference
in the particle size of Au0 between TiO2 and a-FeOOH
despite the comparable yields of Au0, it is likely that the
surface roughness also contributes to size reduction of
Au0 by inhibiting the aggregative growth on the support.

Interestingly, it was found that gold particles were not
produced with monodisperse amorphous SiO2 particles
prepared by the method of Stöber et al. [26]. Hence, silica

has no catalytic activity for the reduction of Au (III) in
the present system.

3.2. Selective Deposition of Pt Nanoclusters
on Well-Defined Materials

Sugimoto et al. extended this novel technique to the se-
lective deposition of noble metal nanoclusters of the plat-
inum group (Ru, Rh, Pd, Ir, and Pt) onto well�defined
metal oxide particles, since these noble are widely used as
active catalysts for numerous purposes [14,25]. The es-
tablished standard procedure will be described as follows.
Five cubic centimeter of 1.0� 10�2mol/dm3 noble metal
salt (RuCl3, RhCl3, PdCl2, H2IrCl6, or H2PtCl6) was
mixed with 10 cm3 of given concentration of NaOH at
room temperature with stirring and distilled water was

Figure 6. Au particles deposited on monodispersed hematite particles different in size and structure: (a) monocrystalline ellipsoid,
(b) monocrystalline pseudocube, and (c) monocrystalline platelet. Hematite particles were also prepared by the authors.

Figure 5. Transmission electron micrographs of Au nanoclusters deposited on the surfaces of the polycrystalline ellipsoidal hematite
particles. The left photograph is a close-up view of the right one.
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added to the mixture to make the total volume 25 cm3.
This solution containing 2.0� 10�3mol/dm3 noble metal
salt was aged quiescently for 24 h at room temperature to
stabilize the metal complexes. After 24 h, pH was stabi-
lized to be ca. 7.0. Then, 40mg of a support powder was
added to the solution and, after ultrasonic dispersion for
30min, the suspension was aged in a laboratory oven
preheated at 100 1C for 48 h.

Effects of the initial pH on the selective deposition of
the precursor particles were investigated. For the Ru, Rh,
and Pd precipitates, their yields reached 100% at maxi-
mum, while the maximum yield of the Ir precipitate was
somewhat lower than 100% and that of the Pt precipitate
was still lower around 90%. The difference in the

maximum yield is due to the difference in solubility of
each precipitate, based on the complexation of the metal
ions with hydroxide ions. Except for the Ru precipitate,
the yield was found to be more or less lowered with de-
creasing pH in the acidic media, suggesting the precipi-
tates being metal hydroxides or oxides, which are
dissolved with decreasing OH� ions. From the detailed
observation by high-resolution transmission micrographs
of the as-precipitated nanosized precursor particles on
a-Fe2O3 ellipsoid support, little pH dependence of the
final particle size of each metal compound was found, as
compared to the significant metal-species dependence; i.e.,
�0.4 nm for Ru compound, �0.7 nm for Rh compound,
�3 nm for Pd compound, �0.6 nm for Ir compound, and

Figure 7. Au particles deposited on different supports: (a) a-FeOOH, (b) b-FeOOH, (c) ZrO2 (A) (rough surface), (d) ZrO2 (B) (smooth
surface), and (e) TiO2 particles. Support particles were also prepared by the authors.

Table 1. Characteristics of the supports used for deposition of metallic Au particles, yields of the metallic Au and Au hydroxide, and the
size of metallic Au particles on the different supports.

Supporting particles Size (mm) Structure Specific surface
area (m2/g)

Yield (mol%) Size of
Au0

(nm)Au hydroxide Au0

a ¼ -Fe2O3, ellipsoids (A) 0.20� 0.038 Polycrystal 136 19.9 75.1 1–2
a-Fe2O3, ellipsoids (B) 0.46� 0.10 Single crystal 21.8 13.8 60.6 2–5
a-Fe2O3, pseudocubes 0.09 Single crystal 15.9 10.5 74.7 3–5
a-Fe2O3, platelets 13.3� 1.5 Single crystal 0.70 74.3 8.5 5–15
a-FeOOH, needles 0.50� 0.020 Single crystal 41.0 18.8 67.6 5–15
b-FeOOH, needles 0.25� 0.012 Polycrystala 112 10.3 62.7 5–20
ZrO2 (A), spheres (rough surfaces) 0.015 Single crystal 153 0.6 99.0 0.2–1
ZrO2 (B), spheres (smooth surfaces) 0.015 Single crystal 118 2.8 95.1 1–3
TiO2, ellipsoids 0.35� 0.045 Single crystal 15.8 54.8 2–5

aEach needle-like crystal of b-FeOOH is known to consist of a bundle of much thinner subcrystals.
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�1.5 nm for Pt compound. In addition, there was no pre-
cipitate apart from the support particles for all samples,
suggesting that the metal precipitates selectively deposited
only on the support particles. This fact implies that the
support particles provide specifically stable sites for the
deposition of the metal compounds.

As a result of X-ray photoelectron spectroscopy, the as-
precipitated metal compounds are mostly characterized
by a binding energy higher than that of each bulk metal,
suggesting that the precipitates are hydroxides or oxides,
in contrast to the case of gold systems in which Au3+ ions
are mostly reduced to metallic gold on the metal oxide
supports. As a consequence, some reduction process is
needed for these metal compounds in the platinum group
to be reduced to the metallic nanoclusters. Figure 8 illus-
trates the yield of the precursor particles changing with
aging time, in the presence or absence of the a-Fe2O3

ellipsoid support (1.6 g/dm3), showing the precipitation of
the precursor kinetically enhanced by the support.

These results suggest that the surfaces of the a-Fe2O3

ellipsoid support play the role of nucleation centers of the
precursor particles. The large precursor particles of
20�50 nm were formed by aging for 72 h in the absence
of any support. The size distribution was relatively nar-
row and each particle consisted of much smaller particles
of 2�3 nm. As a consequence, the support plays an im-
portant role in the formation of the well-dispersed pre-
cursor nanoclusters.

The precursor particles of Pt, PtO2 � nH2O, were tried to
be deposited on hematite (a-Fe2O3) supports: (a) poly-
crystalline ellipsoid (A), (b) monocrystalline ellipsoid (B),
(c) monocrystalline pseudocube, and (d) monocrystalline
platelet. Also, the precursor particles of Pt were tried to
be formed on other supports other than a-Fe2O3: (a)
a-FeOOH, (b) b-FeOOH, (c) ZrO2 (A) with rough sur-
faces, (d) ZrO2 (B) with smooth surfaces, and (e) TiO2

(anatase). The mean sizes and yield of the precursor par-
ticles are summarized in Table 2 with the specific surface
area of the supports.

For the platelet-type a-Fe2O3 and a-FeOOH supports,
the large precursor particles independently precipitated
apart from the supports, but not for the other supports.
As a rule, the specific surface area is the most important
determinant of the yield of the precursor particles for a
given material of the supports. The larger the specific
surface area is, the higher yield is obtained, because of the
increase in probability of nucleation. The small yield and
some independent precipitation of the precursor particles
with the platelet-type hematite support is for this reason.
However, the independent precipitation of the precursor
particles with the a-FeOOH support may not be explained
by the effect of the surface area, since the independent
precipitation is not observed with the monocrystalline
ellipsoidal a-Fe2O3 (B) and TiO2 supports of rather
smaller specific surface areas. This fact may suggest the
relatively small affinity of a-FeOOH to the precursor
particles. As different from Au particles deposited on
various supports, where not only the yield but also the size
of Au depended on the surface area, the sizes of the pre-
cursor particles of Pt on the different supports were al-
most the same around 1�2 nm, probably because the
mobility of the precursor on the support surfaces neces-
sary for the aggregative growth is extremely small as
compared to the metal particles. Incidentally, it seems
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Figure 8. Changes in the yield of the precursor particles of Pt in
the presence (a) and absence (b) of the a-Fe2O3 ellipsoid (A)
support.

Table 2. Effect of support particle on the size of precursor and metal particles of Pt.

Support particles Specific surface area (m2/g) Yield (%) Size of PtO2 � nH2O (nm) Size of Pt (nm)

a-Fe2O3, ellipsoid (A) 136 88.8 1.370.5 2.070.5
a-Fe2O3, ellipsoid (B) 12.92 68.5 1.370.5 2.571.0
a-Fe2O3, pseudocube 15.9 50.0 1.570.5 2.070.5
a-Fe2O3, platelet 0.70 46.1 1.570.5, 20–30a 5.572.0b

a-FeOOH, needle 41.0 64.0 1.770.8, 10–20a �
c

b-FeOOH, needle 112 75.1 1.370.5 �
c

ZrO2(A), sphere (rough surface) 153 84.1 1.570.5 2.270.5
ZrO2(B), sphere (smooth surface) 118 72.4 1.670.7 2.470.6
TiO2, ellipsoid (anatase) 37.5 76.2 1.570.5 1.370.5
None 36.6 20–50

aSize of the particles deposited apart from the support.
bAggregated.
cPt particles could not be observed, since they were occluded into the support drastically deformed by the reduction with H2 gas.
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noteworthy that the internal surfaces of a porous support
such as a-Fe2O3 ellipsoid (A), measured by the BET
method, may not be used for the precipitation of the pre-
cursor, since the independent precipitation of the precur-
sor is already observed with 1.2 g/dm3 of a-Fe2O3 ellipsoid
(A) despite its very high specific surface area of 136m2/g.
Hence the distribution of the final Pt particles seems to be
limited to the external surfaces of supports. The precursor
particles were reduced to Pt particles with H2 gas at
250 1C for 2 h. For a-FeOOH and b-FeOOH, the original
shapes were drastically deformed by the reduction to
magnetite and thus the Pt particles occluded into the de-
formed supports could not be identified. In the case of
hematite supports, though it was confirmed by XRD that
they were completely converted into magnetite, the orig-
inal shapes were retained, except for the platelet-type
particles partly deformed. The mean size of the Pt par-
ticles on the supports but a-FeOOH and b-FeOOH are
listed in the last column of Table 2. As a rule, the Pt
particles are more or less grown from the precursor par-
ticles by coagulation or Ostwald ripening through two-
dimensional diffusion of atomic or ionic species of Pt, but
one may find a significant effect of the species of the sup-
port on the final particle size of metallic Pt. The finest Pt
particles were obtained with ellipsoidal TiO2 (anatase)
support, in which the Pt particles appeared rather smaller
than the precursor particles, as shown in Figure 9.

4. A Case History

The liquid-phase reduction method was applied to the
preparation of the supported catalyst [27]. Virtually,
Muramatsu et al. reported the controlled formation of
ultrafine Ni particles on hematite particles with different
shapes. The Ni particles were selectively deposited on
these hematite particles by the liquid-phase reduction with
NaBH4. For the concrete manner, see the following
process. Nickel acetylacetonate (Ni(AA)2) and zinc
acetylacetonate (Zn(AA)2) were codissolved in 40ml of
2-propanol with a Zn/Ni ratio of 0–1.0, where the con-
centration of Ni was 5.0� 10�3mol/dm3. 0.125 g of TiO2

fine particles (Ishihara Ind., ST01) were dispersed in the
Ni–Zn solution in a 4-neck flask under refluxing condi-
tions with a continuous N2 flow for 30min. Ni and Zn
complexes were promptly reduced by the addition of 10ml
of 1.0� 10�1mol/dm3 NaBH4 2-propanol solution.

The residual concentrations of Ni in filtrates are esti-
mated at 0–1.0% and those of Zn at 0.5–2.5% from the
ICP measurements. The color of the particles was black
in the case of Zn/Nio0.5, while it was dark gray in the
case of Zn/Ni ¼ 1.0. It seems that larger amount of
reducing agent is needed for the reduction in the case of
Zn/Ni ¼ 1.0, although the NaBH4/ (Ni or Zn) molar ratio
was two, larger than stoichiometric value according to the
following equation [27].

2Ni2þðorZn2þÞ þ BH�4 ! 2Ni ðor 2ZnÞ þ 2H2 þ BIII

Even when the amount of reducing agent was increased
by two or three times, the color of the Zn/Ni ¼ 1.0
particles was basically not changed. These results imply
that metallic Ni was formed through the adsorption of Ni
on TiO2 by their successive reduction on the surface,
whereas a part of zinc was hydrolyzed to form ZnO and/
or Zn(OH)2 on the surface, because of its less reductive
nature.

Figure 10 shows the TEM micrographs of (a) TiO2 and
as-prepared Ni–Zn particles on TiO2 with Zn/Ni ratios of
(b) 0.0, (c) 0.2, and (d) 1.0.

It is to be noted that Ni or Ni–Zn nanoclusters were
selectively deposited on TiO2 surfaces and that they were
not found apart from TiO2 particles. Taking the ICP re-
sults into consideration, more than 96% of Ni and Zn
were formed predominantly on TiO2 surfaces. Therefore,
it can be considered that the formation of Ni–Zn nano-
clusters in this experiment might proceed from the ad-
sorption of Ni and/or Zn species on the surface and the
successive reduction by adsorbed NaBH4, and that Ni–Zn
nanoclusters formed apart from TiO2 must not be depos-
ited via their heterocoagulation with TiO2 since there was
no evidence of any aggregation. The sizes of Ni–Zn nano-
clusters were estimated at (b) 5–6 nm, (c) 3–5 nm, and (d)
1–2 nm. The particle size seems to decrease with increasing
amount of Zn added.

Figure 11 shows the ESCA spectra for (I) Ni 2p3/2 re-
gion and (II) Zn 2p3/2 region of Zn/Ni ¼ 1.0 particles on
TiO2.

For the spectra of Ni, peaks corresponding to Ni oxide
and Ni metal are observed in the as-prepared sample
[28–30]. After the etching with Ar+, however, the peak of
Ni metal is predominant. This implies that the state of Ni
in the Ni–Zn nanoclusters is metallic, although their sur-
face was oxidized under the atmospheric conditions. On
the other hand, the identification of Zn state is difficult
because the peak positions of Zn and ZnO in ESCA
spectra are very close to each other. Furthermore, the
B/Ni ratio determined by ESCA was increased with in-
creasing Zn added; e.g., Ni: B ¼ 73.3:26.7 and 60.6:39.4
for Zn/Ni ¼ 0.0 and 1.0, respectively. Because no crys-
talline structure was found except for TiO2 from both
electron and X-ray diffraction patterns of the respective
samples, it can be concluded that formed nanoclusters
were amorphous. Ni–Zn nanoclusters would be composed
of amorphous intermetallic compounds through the

Figure 9. High-resolution transmission electron micrograph of
Pt deposited on spindle type monocrystalline anatase TiO2 pre-
pared by the selective deposition method.

Liquid-Phase Reductive Deposition of Metal Nanoclusters 397



coordination of B, formed by the decomposition of
NaBH4 as a side reaction, with Ni and/or Zn atoms
[31,32]. Virtually, Ni nanoclusters synthesized by this
method was crystallized by the heat treatment at 400 1C in
N2 stream, where B could be removed from the bulk.

The catalytic activities of Ni and Ni–Zn nanoclusters
with and without TiO2 supports were evaluated through
1-octene hydrogenation. The GC analyses confirmed that

only n-octane was obtained as a product in this hydrogen-
ation reaction. Figure 12 shows the change in the yield of
n-octane with time on stream. The good linearity between
the yield and the reaction time indicates that the surface
properties of the catalysts did not change during the hy-
drogenation. The hydrogenation activity increased in the
following order: NioNi/TiO2oNi–ZnoNi–Zn/TiO2. The
catalytic activity of Ni–Zn/TiO2 was ca. 10 times higher

Figure 10. High-resolution transmission electron micrographs of (a) TiO2 support and Ni–Zn nanoclusters with (b) Ni only, (c) Zn/
Ni ¼ 0.2, and (d) Zn/Ni ¼ 1.0.

Figure 11. ESCA spectra for (I) the Ni 2p3/2 region of (a) before and (b) after etching and (II) the Zn 2p3/2 region of the Ni–Zn (Zn/
Ni ¼ 1.0) nanoclusters.
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than that of the unsupported Ni nanoclusters. TiO2 seems
to play an important role to disperse Ni nanoclusters by
supporting them. Also, the addition of Zn clearly pro-
moted the hydrogenation activity of Ni. Since the Zn
addition resulted in the decrease in the particle size, this
promotion effect of the catalytic activity would be mainly
due to the increase in the catalytically active surface. In
addition, Ni–Zn/TiO2 gave the excellent activity in spite
of its gray color, so that Ni species of the catalyst may be
metallic since 1-octene can be hydrogenated only on the
metallic Ni and not on oxides. Consequently, the role of
Zn is to decrease the size of Ni nanoclusters and to inhibit
the growth of the size, but Zn addition did not substan-
tially affect Ni nature itself, taking the ESCA analysis into
consideration.

5. Conclusion

In addition to Au and noble metals, Ni–Zn nanoclusters
with an amorphous structure were successfully deposited
on TiO2 nanoclusters. The state of Ni was metallic. The
catalytic activity of Ni–Zn/TiO2 in olefin hydrogenation
was ca. 10 times higher than unsupported Ni nanoclus-
ters. Selective deposition onto TiO2 and the addition of
Zn seemed to play an important role to stabilize Ni nano-
clusters and to decrease the size of Ni nanoclusters, re-
spectively. Also, clearly Zn promoted the hydrogenation
activity of Ni and inhibit the growth of the size, but did
not substantially affect Ni nature itself.
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1. Introduction

Nanotechnology is a term used to describe the creation
and utilization of materials with structural features bet-
ween those of atoms and bulk materials, with at least one
dimension in the nanometer range. The field of nanotech-
nology is still in its infancy and is expected to grow enor-
mously in the years to come. Several methods have been
reported for the synthesis of nanomaterials, which include
various inorganic, organic, living, and nonliving biolog-
ical systems that control size, shape, and structure of
nanostructures. Gold nanoparticles were among the first
nanoparticles to be synthesized and used in the staining of
glass and enamels. Traditional methods for the produc-
tion of gold colloids included the chemical reduction of
gold salts [1]. Other methods that have been successful in
producing pure and well-defined nanoparticles still remain
expensive and pose possible health hazards [2–9]. There-
fore, to fulfill the growing need to develop environmen-
tally friendly nanoparticle synthesis methods, researchers
are now taking advantage of plants, plant materials, and
other biological systems.

Microorganisms have been widely used for the biosyn-
thesis of metal nanoparticles. A study in the late 1980s by
Dameron et al. [10] reported the biosynthesis of CdS
quantum semiconductor crystallites using two yeast cul-
tures. They attributed the intracellular nucleation and
growth of CdS crystallites to short chelating peptides and
were able to produce particles of 20 Å in diameter. Several
years later, additional CdS biosynthesis methods were
developed using bacteria [11] and fungi [12]. Recently,
Gerieke and Pinches [13,14] used a variety of bacterial,
fungal and yeast cultures for the synthesis of gold nano-
particles of various shapes and sizes. Other studies have
shown that algae are able to bind gold ions from aqueous
solutions and form colloidal particles on their surfaces
[15–19].

More recently, plant extracts have been used as reduc-
ing agents for nanoparticle production. Leaf extracts of
tamarind (Tamarindus indica) [20], Aloe vera [21], and
geranium [22] have been used for the synthesis of gold and
silver nanotriangles. Another novel approach is the syn-
thesis of nanoparticles using plant biomass. Several man-
uscripts have been published using this technique [23–27].

Pioneering studies by Gardea-Torresdey et al. [28,29]
reported for the first time the formation of gold and silver
nanoparticles by living plants. Their study demonstrated
that alfalfa plants can form gold and silver nanoparticles.
Furthermore, these researchers reported that nucleation/
growth of the metallic nanoparticles took place inside the
plants. This study opened new and exciting ways to syn-
thesize metallic nanoparticles [30,31].

Currently, nanotechnology research is propelled by the
need to develop strategies for the synthesis of nanopar-
ticles with controlled shape and size distributions. The
aim of this chapter is to provide some insight into the
recent advances in nanoparticle synthesis using plants and
plant derived materials.

2. Synthesis Strategy

2.1. Inorganic Synthesis

Classical methods used for the production of colloidal
metals date back to the 16th century, when colloidal gold
and silver were used as coloring agents for glass and
enamels. Gold colloids display colors such as red, violet,
or blue, depending upon the particle size and shape [1,32].
The chemical reduction of gold salts was the most fre-
quently used method for the production of colloid gold.
However, the method by which particles are prepared
dictates both the shape and size of the colloids, as
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demonstrated by the work of Turkevich and Stevenson
[1]. Pyramidal particles result from the reduction of auric
chloride in boiling citric acid, whereas spherical particles
are formed through the reduction of auric chloride in hot
sodium nitrate. One of the classical methods to form gold
nanoparticles involves the reduction of tetrachloraurate in
hot sodium citrate or sodium borohydride [1,9,33]. How-
ever, the reduction of auric chloride with carbon monox-
ide has shown to produce elongated cylinders [1,9,32,34].
The production of size specific gold nanorods has been
performed by seeding a solution with specific size nano-
particles to promote growth followed by the addition of
cetyltrimethylammonium bromide (CETAB) [5]. Thus,
differences in the chemical methods used to form particles
affect their final shape and size, as well as their chemical
and physical properties.

Although the chemical formation of nanoparticles has
been well known for a long time, significant advances in
this area have recently occurred. Several different solvent
extraction/chemical reduction methods have been studied
as well as photoreduction and thermal decomposition
processes to obtain small particle sizes with narrow dis-
tributions [2–4,6–8,35,36]. Although high redox potentials
associated with the auric salts and relatively poor stability
and large particle size distribution have been a problem,
the use of polymers and surfactants as colloid protective
agents has shown some promise [37–40]. High concentra-
tions of solvent stabilized metallic nanoparticles can be
achieved through the combination of metals and organic
molecules such as acetone, toluene, methylcyclohexane,
formamide, as well as phosphine-stabilization methods.
However, many of these methods have proven to be bur-
densome and give rise to toxic end products that may
endanger public health. Therefore, scientists have tried to
develop better methods that allow for a high degree of
colloidal stability and small particle size distribution while
reducing the potentially toxic end products.

2.2. Biological Synthesis

2.2.1. Microorganisms

The use of biomaterials to form nanoparticles is a more
attractive and novel alternative to chemical synthesis. The
paucity of information regarding biologically derived
compounds for colloidal stabilization is one of the main
hindrances to progress in the field of biological synthesis
of nanoparticles. Several researchers have established that
living biological systems such as algae have the ability to
adsorb metal ions from solutions through their cell walls
and bind them through their various cellular constituents
[41–43]. Several studies have shown that algae are able to
bind gold ions from aqueous solutions and form colloidal
particles on their surfaces, yet the mechanisms are still not
understood well [15–19]. Researchers from Uppsala Uni-
versity found that the bacterial strain Pseudomonas
stutzeri AG259 is able to fabricate silver nanoparticles
as well as silver-carbon composite materials [44,45].
Whereas researchers at the Madras Institute found that
Lactobacillus strains formed submicron crystallites of
gold, silver, and a gold–silver alloy [46]. In addition, it has

been shown that living fungi have the capacity to uptake
and bioreduce Ag(I) ions from solution to form silver
nanoparticles with no effects on mycelia growth [47,48].
Furthermore, researchers found that the fungus Fusarium
oxysporum synthesize gold nanoparticles on its surface
while the fungus Verticillium spp. has the ability to bio-
reduce AuCl4

� ions and trap the resulting gold nanopar-
ticles formed on the mycelium surface [48,49]. To further
complicate matters, many difficulties are associated with
the isolation of living microbial systems from their nutri-
ent growth media, thus making them generally less appli-
cable for the mechanistic study of nanoparticle synthesis,
especially in small nanoparticle size ranges.

2.2.2. Plant Extracts

Plants and plant extracts on the other hand, may provide a
better alternative to nanoparticle production. Several
plants have been studied for their ability to accumulate
metal compounds over an extended period of time. In fact,
plant species such as Douglas fir and rye grass are utilized
as biological indicators of geologic gold deposits [50,51].
Many other plants including Indian mustard have been
utilized for phytomining, which is the accumulation of
valuable metals by plants from low concentrations in soils
[52,53]. Furthermore, by using plant tissues alone, re-
searchers have found significant adsorption and recovery
of gold from aqueous solutions [54]. In addition, Lujan et
al. [55] reported that a purple color, similar to that of the
‘‘Purple of Cassius’’ resulted when they reacted aqueous
Au(III) with the biomaterials, indicating the formation of
gold colloids. Plants may contain an exceptional natural
chemical stabilization mechanism that allows for the for-
mation of nanoparticles. Therefore, by taking advantage
of the naturally occurring compounds found within the
plant systems, a novel method to generate stable metal
colloids was developed. For example, geranium leaves
(Pelargonium graveolens) exposed to an aqueous chloroau-
rate solution quickly reduced gold ions and formed stable
gold nanoparticles. It appears that terpenoid compounds
present in the leaves of this plant are the reducing agent
[56]. Ankamwar et al. [20] reported the synthesis of gold
nanotriangles ranging from 20 to 40nm by reducing a
chloroauric acid solution with tamarind leaf extract. Other
researchers also reported the production of gold nanotri-
angles and spherical silver nanoparticles using Aloe vera,
P. graveolens [21,56], and lemon grass (Cymbopogon
citratus) plant extracts [57]. Gold and silver nanoparticles
have also been obtained using polysaccharides and heparin
[58]. While consistency in nanoparticle size and shape is
important to many materials, differences in nanoparticle
synthesis may also lead to changes in particle conforma-
tion and spatial arrangement, which may provide for the
development of better nano-sized building blocks to form
new materials with distinctly different properties.

2.2.3. Non-Living Plants

The synthesis of nanoparticles using plant biomass has
been investigated by many [24,26]. Using high resolution
transmission electron microscopy (HRTEM), it has been
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observed that alfalfa (Medicago sativa) biomass was able
to passively bind and reduce gold(III) to form five differ-
ent types of gold nanoparticles with the following shapes:
cubic octahedral, tetrahedral, hexagonal platelets, icosa-
hedral multiple twinned, decahedral multiple twinned,
and irregular shaped particles [24]. The bioformed mul-
tiple twinned colloidal gold particles are similar in struc-
ture and size to previously described particles for gold
samples prepared by evaporation of bulk metals under
vacuum and other appropriate chemical methods for ultra
fine particle synthesis [59,60]. In addition, research groups
led by Dr. Jose-Yacaman at the University of Texas at
Austin [61] and Dr. Gardea-Torresdey at the University
of Texas at El Paso [24] were able to produce a truncated
icosahedral gold particle. This is a low energy configura-
tion for gold particles. Most likely, the bio-based pro-
duction of this new particle has resulted from the passive
nucleation and growth mechanisms occurring in the bio-
mass which may allow for the production of stable new
nanoparticles, contrasting those previously seen with
rapid vapor growth or fast chemical reduction methods.
Armendariz et al. [25,26] have extensively studied the
production of gold nanoparticles using oat and wheat
biomass. These researchers assayed the reaction of Au(III)
solution with oat and wheat biomass at different pH
values and reaction times. They found that the pH is an
important factor to control the size and shape of biopro-
duced gold nanoparticles. This new technology offers the
advantages of low cost and no byproducts generation.

2.2.4. Living Plants

The formation of gold and silver nanoparticles by living
plants was reported for the first time by Gardea-
Torresdey et al. [28,29]. These researchers demonstrated,
using transmission electron microscopy (TEM) coupled to
an energy dispersive spectroscopic (EDS) device, that
alfalfa plants can form ultra fine metal clusters, when
grown in agar containing gold(III). The TEM images also
showed that the nucleation of the particles inside the
plants occurs in preferential zones. After that, researchers
at Western Kentucky University found that seedlings of
Sesbania drummondii, a leguminous plant, accumulate
lead ions and produce similar types of ultrafine lead crys-
tals [30]. Lead crystals were observed to be aggregates of
much finer crystals in the order of 10 nm in diameter.
Recently, syntheses of gold nanoparticles were also ob-
served by TEM in the cell wall of S. drummondii (unpub-
lished data). Other researchers found metal nano-sized
materials in plant tissues after hydroponically exposing
morning glory (Ipomoea lacunosa) and alfalfa to aqueous
solutions of Ag, Au, Tu, Cr, and Zn [31]. To our knowl-
edge, the separation of the nanoparticles from biological
systems has not been reported and needs to be investi-
gated in order to make this a usable system.

3. Results

A number of different studies have been performed on the
production of metal nanoparticles using plant-based

biological systems [21–26,28,29,56,57,62–67]. These stud-
ies into biological synthesis of metallic nanoparticles can
be broken down further into three broad categories,
which consist of inactivated tissues, aqueous plant
extracts, and living biological systems. More specifically,
the synthesis of gold and silver nanoparticles has been
shown to occur through the use of algae, plants, bacteria,
and fungi in both living and nonliving systems
[13,14,20–26,28,29,56,57,62–71]. These studies have
shown that the biological systems enforce both size and
shape constraints on the metallic nanoparticles formed.
Gerieke and Pinches [13], found that variations in pH
affected not only the size and shape of Au nanoparticles,
but also the number of particles produced per cell in two
microbial cultures. In the same study [13], the authors
reported faster particle growth rate at elevated tempera-
tures, however at lower temperatures, spherical particles
with an average diameter less than 10 nm could be col-
lected in just 1 h of exposure to Au solution. Klaus et al.
[44] produced Ag nanoparticles in bacteria grown in
50mM AgNO3, at 30 1C for 48 h in the dark. In these
conditions, well-defined Ag nanoparticles with composi-
tion and shapes, such as equilateral triangles and hexa-
gons were formed. The crystals were up to 200 nm in size
and were often located at the cell poles.

3.1. Inactivated Tissues

Specific studies have been performed to investigate the
formation of gold nanoparticles with inactivated tissues of
oat, wheat, hops, and alfalfa biomasses [23–26,28,62,64].
Investigations into the effects of different chemical mod-
ification to the biomass, pH, time, and temperature of the
reactions have shown to affect both the size and shape of
gold nanoparticles synthesized using different biological
materials [23–26,28,62,64,72]. In the case of alfalfa bio-
mass reacted with a gold solution at pH 2.0, gold nano-
particles with different shapes and sizes varying from 10
to 300 nm were produced. The shape distribution of the
nanoparticles included five predominate shapes (from the
highest to the lowest occurrence) irregular, icosahedral,
dodecahedral, tetrahedral, and hexagonal [24]. It should
be noted that irregular shaped nanoparticles are formed
from the coalescence of the regular shaped nanoparticles
as a function of the reaction time. Thus the longer the
reaction time the higher the number of irregular nano-
particles that are formed. The gold nanoparticles formed
by reactions of gold chloride with biological materials are
shown in Figure 1.

This figure gives a reference to the reader of the variety
of shapes of nanoparticles produced by reactions of gold
chloride with inactivated tissues, plant extracts, and live
plants.

Results also show that the nanoparticles formed from
these types of reactions are stabilized and can continually
grow until the reaction is physically stopped. In an inves-
tigation into the mechanism of the bioprecipitation of
gold using alfalfa biomass, it was shown that a quick re-
duction of gold(III) to gold(I) occurs through the release
of chloride ions, followed by a slower reduction of the
gold(I) to gold(0). The Au(0) atoms coalesce forming Au
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nanoparticles [65]. Through the uses of X-ray absorption
near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS), both analytical tech-
niques of X-ray absorption spectroscopy (XAS), it was
possible to determine that the initial gold(III) concentra-
tion affected the reduction process. The higher the initial
gold(III) concentration in the reaction solution, the larger
the gold features observed, and also indicated that the
nanoparticle sizes increased at higher initial gold(III) con-
centration. On the other hand, the EXAFS showed that
the samples had chlorine, oxygen, and gold as the nearest
neighboring atoms, indicating multiple oxidation states
and gold compounds in the samples. The XAS results also
showed that alfalfa biomass required approximately 12 h
for a complete Au(III) reduction. In the period from 5min
to 3 h, N or O atoms (as the nearest neighbor) were bound
to the Au atoms in the samples. However, in the 12 h
samples the EXAFS showed that almost only Au atoms
were present, giving further indication of a complete re-
duction of Au(III) to Au(0). The oxidized gold shown by
the XAS spectra could probably be the one deposited on
the surface of the particles as has been observed after
chemical reduction of Au(III) ions [65]. Another conclu-
sion derived from the XANES spectra is that the native or
unmodified biomass has a higher reduction power com-
pared to the esterified biomass. This was assumed by the
higher concentration of gold(I) observed in the XANES
spectra. The effect of pH on the size of gold nanoparticles
was shown by Gardea-Torresdey et al. [64] through the
use of XAS studies and the Borowski equation [73]. From
this study, it was found that at pH 2.0 the average size of
the gold nanoparticles synthesized using alfalfa biomass
was 9.0 Å, while at pH 5.0 the nanoparticles had an av-
erage size of 6.2 Å. The results suggest that a ‘‘shrinking’’
in the size of the nanoparticles occurred by an increase in
the pH of the reaction mixture. This change in nanopar-
ticle size has also been observed in other biomasses
[25,26,62]. Similar studies have been performed using
hops biomass. In this investigation the reduction of gold
was examined using chemical modification and pH
changes in the range from 2 to 6. According to the re-
sults, the maximum binding occurred at pH 3. The results
also showed that the binding and bioreduction of gold by
hops biomass was independent of time at pH 2, while at
pH 5 the binding/bioreduction was time dependent [62].
The chemical modifications of the biomass included hy-
drolysis (increasing the number of carboxyl groups) and

esterification (reducing the number of carboxyl groups).
The XANES investigations into the gold bioreduction by
the chemically modified hops biomass showed that after a
4.0 h reaction time at pH 4, the amount of oxidized gold
remaining on the biomass was 20%, 20%, and 30%, on
the native (unmodified), hydrolyzed, and esterified bio-
mass, respectively. This was determined by obtaining the
atomic percent of gold in the samples. However, the EX-
AFS spectra of the gold biomass samples showed that the
predominate nearest neighbor in the samples was gold at
approximately 2.85 Å, indicative of gold(0). As mentioned
earlier, the presence of a small percent of oxidized gold in
a sample containing gold nanoparticles is normal, due to
surface effects and induced surface charges in the samples.
From the EXAFS spectra it was determined that the av-
erage size of the gold nanoparticles for the native and
hydrolyzed hops biomass were approximately 17 and 9 Å,
respectively. TEM images of hops biomass reacted with
tetrachloroaurate at pH 2 and pH 6 have shown that the
gold nanoparticles produced by the native biomass were
predominately icosahedral multi-twinned, the hydrolyzed
biomass produced more nanorods, and the esterified bio-
mass produced spherical shaped nanoparticles [63].

The effect of the reaction time on nanoparticle forma-
tion was studied on a range of 15min to 48 h using oat
biomass [72]. The results demonstrated that the longer the
reaction time, the higher the reduction, reaching almost a
complete Au(III) to Au(0) reduction after 48 h. The re-
duction of gold(III) on oat biomass takes at least 2 h to
have a significant amount of gold(0) in the sample. After
2 h of reaction, the diameter of the nanoparticles was
8.2 nm, which started to increase slowly as time increases
until they reached a diameter of about 40 Å after 48 h.
These data also suggest that after 19 h, the size of the
nanoparticles was kept constant, indicating that the reac-
tion reached equilibrium [72].

Figure 2 shows a representative XANES spectrum
from a bulk gold sample (a 1mm gold film) and a rep-
resentative spectrum of gold reacted with oat biomass.

The vertical lines within the figure show the similarities
between the bulk gold and the gold nanoparticle. The gold
white line, which is an electronic feature originated by the
transition of the d shell electrons in oxidized gold due to
the partially filled d orbitals, is shown in the spectrum of
the Au(0) nanoparticle. The small edge feature is probably
due to the presence of oxidized gold on the surface of the
gold nanoparticles.

Figure 1. Representative geometrical drawings and TEM micrographs of different nanoparticles formed by the reaction of tetra-
chloroaurate with inactive plant tissues, aqueous plant extracts, and live plants.
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The results indicated that the reaction time of 1 h was
insufficient for the total reduction of gold. Figure 3 shows
the Fourier transformed EXAFS of both a bulk gold(0)
sample and nanoparticles produced by the reduction of
tetrachloroaurate by oat biomass.

As seen in Figure 3A, the nearest neighboring atoms in
both the bulk gold and colloidal gold have the same in-
teratomic distance. However, in the colloidal gold sample
the amplitude of the Fourier transformed EXAFS is
dampened drastically. In addition, the higher shell inter-
action observed in the bulk gold samples is missing from
the nanoparticulate sample, indicating that the gold
neighbors only exist in the first and second shells at
2.85 Å and 4.10 Å. Furthermore, Figure 3B shows the raw
EXAFS of the same samples and again the amplitude in
the raw EXAFS for the nanoparticulate gold sample are
dampened. However, they are in the same phase indicat-
ing that the samples contain the same material, in this case
gold(0).

In this study, the size of the nanoparticles produced
from the hydrolyzed biomass could not be determined as
they were too large for this technique to be applied. This

result shows that the chemical modification of the biomass
has a large effect on the size of the nanoparticles pro-
duced. The average size of nanoparticles produced by
esterified biomass was almost reduced by half, while the
average size of the nanoparticles increased when the
biomass was hydrolyzed as compared to the unmodified
biomass.

Studies performed by Armendariz et al. [25,26] using
oat and wheat biomasses have shown that by varying the
pH it is possible to have more control on the size and
shape of the gold nanoparticles formed by the biomasses.
When wheat biomass was reacted with Au(III) in a pH
range from 2 through 6, seven different nanoparticle
shapes were produced. These include tetrahedral, decahe-
dral, hexagonal, icosahedral, multi-twinned, irregular,
and rod shaped. The sizes of these nanoparticles ranged
from 10 to 30 nm. Binding studies showed that gold bind-
ing to oat biomass occurred in an inversely pH dependent
manner. Inverse binding trend is indicative of anions (in
this case the binding of the gold/chlorine/hydroxide
anion) binding to biomass materials, which was higher
at lower pH and lower at higher pH. In addition, at pH
values of 2 and 3, the majority of the nanoparticles found
on oat biomass were particles of approximately 20 nm
with some of them larger than 100 nm. On the other hand,
at pH 2 and pH 5 the nanoparticles had a distribution
between 10 and 50 nm [26]. It should be noted that at low
pH values (around 2 and 3), the nanoparticles have a
tendency to aggregate so they form larger nanoparticles.
This fact could explain the presence of nanoparticles
larger than 100 nm at these pH values.

3.2. Aqueous Plant Extracts

In addition to performing reactions with inactivated tis-
sues of plants, recent research has been performed using
plant extracts to produce gold nanoparticles [22,56,57,67].
In these studies only the aqueous extractable organic/
biochemical compounds are used. The results have shown
that the type of plant used in the extraction process in-
fluences the shape of nanoparticles produced. Chandran
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Figure 2. Representative XANES of gold nanoparticles from an
oat sample reacted with tetrachloroaurate for 24 h and a bulk
gold sample recorded from a 1mm gold film.
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Figure 3. (A) Fourier transformed EXAFS of gold nanoparticles from an oat sample reacted with tetrachloroaurate for 24 h (dotted
line) and a bulk gold sample recorded from a 1 mm gold film (solid line). (B) Raw EXAFS of gold nanoparticles from an oat sample
reacted with tetrachloroaurate for 24 h (dotted line) and a bulk gold sample recorded from a 1mm gold film (solid line).
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et al. [21] found that aqueous extracts from Aloe vera
produced triangular gold nanoparticles with side lengths
ranging between 2.6 and 7.9 nm. In addition, the reaction
of the Aloe vera extract with silver ions produces silver
nanoparticles that had a spherical shape and sizes ranging
from 11 to 19 nm [21]. In a similar study Shankar et al.
[22] reported the synthesis of gold nanoprisms using both
the aqueous extracts of geranium leaves and its endophy-
tic fungus. The nanoparticles produced by the geranium
extract had various sizes and shapes with capping agents
from the leaves consisting of terpenoids. However,
through IR and TEM analyses, these investigators found
that the nanoparticles produced by the endophytic fungi
had spherical shapes capped with polypeptides and
enzymes. From the UV data collected by the authors, it
was concluded that the reduction of the gold in solution
started within the first 2min of reaction between the
chloroaurate ions and the extracts. The results of this
study indicated that the reduction process is quick and
efficient. Furthermore, the TEM analyses of the gold
nanoparticles obtained by this route resulted in the ma-
jority of the nanoparticles being decahedral and icosahe-
dral with sizes ranging from 20 to 40 nm [22]. Shankar
et al. [57], using an aqueous extract from lemon grass
obtained gold nanoprisms. However, in this case, the gold
nanoparticles were rather large in size; some of the prisms
had side lengths of 2000 nm (or 2mm). Furthermore, the
size diameter of the nanoprisms was bimodal with very
high diameter frequencies at approximately 100 and
1000 nm. Further studies on the mechanisms of forma-
tion of the gold nanoparticles showed that at very short
reaction times, the resulting particles were spherical in
shape. These small particles then coalesce to produce
larger nanoparticles over time. Shankar et al. [22] have
also used geranium leaves to synthesize silver nanoparti-
cles. From UV measurements performed in this study, it
was found that silver reduction was initiated approxi-
mately 30min after the reaction mixture was prepared,
indicating that the kinetics for this process was much
slower than that for gold reduction in similar systems. In
general, the reduction of silver is usually slower as com-
pared to the reduction of gold even when using traditional
methods with the exception of borohydride reactions.
After approximately 1 h of reaction time, the silver nano-
particle UV signal (at approximately 450 nm) became
predominate and very intense up to 24 h of reaction time.
TEM measurements performed on these nanoparticles
showed spherical aggregates with sizes ranging from 16 to
40 nm, averaging approximately 27 nm. In addition, a
small fraction of the nanoparticles was found to have an
ellipsoidal shape. Finally, Shankar et al. [67] have re-
ported the production of both monometallic and bime-
tallic gold–silver nanoparticles from the individual and
successive reduction of gold and silver by extracts of
Neem (Azadirachta indica) leaf broth. The reduction of
gold produced predominately spheres and platelets, which
were polydispersed and the reduction of silver ions re-
sulted in spherical nanoparticles ranging from 5 to 30 nm.
In the production of bimetallic nanoparticles, the reduc-
tion of gold required only 2min if silver ions were present.
The reduction of the silver(I) in the presence of the
gold(III) was also accelerated and started within the first
5min. The FTIR analysis of the nanoparticles showed

that the stabilizing agents over both monometallic and
bimetallic nanoparticles were aromatic compounds,
methyl groups, and ester linkages. The bimetallic nano-
particles formed from this reaction were gold core with a
silver shell, more likely due to the difference in the
reduction kinetics of the individual ions in the Neem leaf
broth.

3.3. Living Plants

In conjunction with the formation of gold and silver
nanoparticles with inactivated tissues and aqueous plant
extracts, it has also been shown within the literature that
precious metal nanoparticles can be formed and grow
within living plants [28,29,66]. Initially, the formation of
gold nanoparticles was shown within living alfalfa plants
[28]. The formation of gold nanoparticles within live
alfalfa plants will be discussed later in detail within the
case study part of this book chapter. However, it was
also shown that silver nanoparticles could be formed
within or uptaken by living alfalfa plants [29]. Through a
combination of uptake, XAS, and TEM studies, it was
shown that alfalfa plant could uptake silver from agar-
based growth media. Further investigation of these
plants using XANES analysis showed that the plants
contained silver as Ag(0). The EXAFS spectra of silver
laden alfalfa plants showed small elongated particles,
probably silver nanowires, within the roots. The EXAFS
spectra also showed that silver atoms in the root were at
an interatomic distance of 2.88 Å and a coordination
number of 4.3. The interatomic distance confirmed the
results of the XANES analysis demonstrating that silver
was present as silver(0) and the coordination number
indicated that the average particle size was 9 Å or less.
Further dark field TEM analysis showed that the silver
nanoparticles were present throughout the roots and
distributed in groups in segmented regions of the plants,
possibly correlated to the position of the xylem and
phloem of alfalfa.

More recently, Gardea-Torresdey et al. [66] reported
the uptake and formation of gold nanoparticles by desert
willow (Chilopsis linearis) exposed to gold-thiocyanate in
hydroponics. The XAS spectra of the plant samples
showed gold(0) in both the roots and stems; however, the
Au concentration in leaves was too low to determine the
gold oxidation state. EXAFS spectra of root samples
showed that the gold absorber atoms were coordinated to
approximately 7 gold backscattering atoms with an in-
teratomic distance of 2.86 Å. The EXAFS results indi-
cated that the average size of the gold nanoparticles was
approximately 1.1 nm. The findings of this study are very
important because they show that this plant maintains
nanoparticles even in the presence of thiocyanate, a com-
monly used gold chelating/extraction agent. These results
also indicate that the gold nanoparticles formed within
living plants are very stable. This may provide a means to
extract gold nanoparticles from living plants for future
use. This is a new and emerging filed of nanotechnology
and the studies performed within this field are few and
limited. However, research is beginning to accelerate
within this subdivision of nanobiotechnology.
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4. A Case History

4.1. Gold Nanoparticles Formation by Living Alfalfa
Plants

The production of gold nanoparticles by alfalfa plants is
described. Seeds of alfalfa (M. sativa L.) were treated and
germinated as previously published [28,74]. After harvest-
ing, triplicate samples of 10 plants were submerged in
0.01M HCl for 10 s and rinsed three times with deionized
water. Roots were separated from shoots, oven dried for
two days at 60 1C, weighed, and microwave digested
(CEM MarsX, Mathews, NC, USA). The digestion was
accomplished using trace pure HNO3 and HCl in a 1:1
ratio. The volume of the digested samples was adjusted to
10ml with deionized water and subsequent analysis was
carried out using a Perkin-Elmer Optima 4300 DV in-
ductively coupled plasma optical emission spectrometer
(ICP-OES) (Perkin-Elmer, Shelton, CT, USA) [75].

4.2. Sample Preparation for X-Ray Spectroscopy
Analysis

For XAS analyses, alfalfa samples were prepared as
described in the literature [28,76]. The samples were taken
to Stanford Synchrotron Radiation Laboratory (SSRL,
Palo Alto, CA, USA) and analyzed by XAS using the Au
LIII edge. The beam line 7-3 had a current of 3GeV and
60–100mA as operating conditions and silicon(2 2 0)
monochromator crystal detuned 50% to reject harmon-
ics. All samples were run at 15K using a helium cryostat.
The fluorescence spectra were collected with a Canberra
13-element germanium detector (Canberra Industries,
Meriden, CT, USA). Intensity transmitted by the sample
was monitored by a N2-purged ion chamber beyond the
sample, and the spectrum of a gold foil was measured for
calibration in another N2-purged ion chamber. The model
compound tetrachloroaurate was diluted with boron
nitride before the analysis. The XANES and EXAFS
spectra were analyzed using the WinXAS software [77].

4.3. Sample Preparation for Transmission Electron
Microscopy Analysis

Synthetic resin-embedded alfalfa samples were oven
dried at 65 1C for 24 h and cut at 40–90 nm. The
slides were analyzed using a JEOL 2010-F TEM prepared
with field emission gun, EDS, and a high angle annular
dark field detector for the analysis of solitary nano-
particles.

4.4. Results

4.4.1. Plant Growth

The growth of alfalfa plants exposed to gold treatments
varying from 0 to 320mg l�1 is shown in Table 1. As

shown in this table, gold treatments between 10 and
160mg l�1 increased the shoot growth of alfalfa plants
and none of the concentrations reduced the root growth.
In addition, none of the treatments produced sign of toxi-
city such as a yellowish color or floppiness in plants.

4.4.2. Gold Uptake

The uptake data showed that alfalfa plants concentrated
Au mainly in roots (Table 2).

No differences were observed in the Au concentration
found in roots of plants treated with 10–40mgAu l�1

(317–350mgkg�1 dry mass). However, the roots of plants
exposed to 80, 160, and 320mgAu l�1, concentrated
(average7SE) 998763, 17797161, and 57047109,
respectively [75]. On the other hand, it was observed that
the translocation of Au from roots to shoots was higher
in plants exposed to 10mgAu l�1 (ratio shoot/root of
0.2) and lower in plants exposed to 320mgAu l�1 (ratio
of 0.04).

4.4.3. XANES and EXAFS Results

For the energy calibration the spectrum from the Au(0)
foil measured at the same time as the alfalfa spectra was
used. The value of 11.918 keV was assigned to the first
inflexion point of the Au(0) foil. The XANES energy

Table 1. Average size of alfalfa plants exposed to gold treat-
ments.

Gold concentration (mg l�1)

Size (mm) 0 (control) 10 20 40 80 160 320
Root 35 50 54 48 45 37 23
Shoot 28 35 29 38 29 35 27

Note: The data are average of 20 plants grown for two weeks in the

Hoagland medium spiked with Au concentrations (from KAuCl4) varying

from 0 to 320mg l�1.

Table 2. Gold concentration in roots and shoots of alfalfa plants
exposed for two weeks to gold treatments varying from 10 to
320mg l�1.

Au concentration in tissues mgAukg�1 DWMa

mgAu l�1 in
the medium

Root Shoot Shoot/root

10 356754 5676 0.2
20 317726 1671 0.05
40 357717 3372 0.09
80 998763 3473 0.03
160 17797161 8873 0.04
320 57047109 264722 0.04

Note: Plants were grown in agar-based modified Hoagland nutrient

medium. The data are average of three replicates7SE.
aDry weight mass.
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spectra of Au laden alfalfa root and shoot samples
matched the position of the Au(0) foil and the agar sam-
ple, not the one of the tetrachloroaurate, the compound
supplied to plants (Figure 4).

These results corroborated that alfalfa absorbed
the Au(0) from the medium and translocated it through
the vascular system. The EXAFS results (Figure 5, Table
3) showed that the Au atoms in plant samples had
longer distances that the Au atoms in the tetrachloroau-
rate, but had equivalent distance to the Au atoms in the
gold foil, which confirmed that the Au in plant samples
was Au(0).

4.4.4. Transmission Electron Microscopy Results

The TEM images of alfalfa shoots (Figure 6a) and the
EDS analysis (Figure 6b) show that Au atoms were dis-
persed through the longitudinal axis of alfalfa seedlings.
EDS was performed on many particles to corroborate
that all of them were pure gold.

The data from the XAS and TEM analysis showed for
the first time that higher plants (alfalfa) grown in a gold
enriched medium can form gold nanoparticles [28]. The
data from the TEM images also showed that the Au par-
ticles produced by alfalfa had structural defects similar to

Figure 4. XANES spectra of the tetrachloroaurate compound, the Au foil [Au(0)], and the Au in the agar and plant samples.
(Reprinted from Ref. [28], r 2002, with permission from American Chemical Society.)

Figure 5. EXAFS spectra of the tetrachloroaurate compound, the Au foil [Au(0)], and the Au in the agar and plant samples.
(Reprinted from Ref. [28], r 2002, with permission from American Chemical Society.)
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those observed in Au nanoparticles obtained by inorganic
methods (evaporation) [78].

The fast Fourier transform showed the splitting of the
particles (Figure 7, inset).

According to Gardea-Torresdey et al. [28], the angle of
splitting indicated that the nanoparticles of 4 nm formed
by alfalfa plants are ‘‘icosahedrons at an angle about 181

out of the threefold orientation’’. These data suggest that
Au atoms inside the plants assemble into the lowest en-
ergy configuration. However, when the size of the Au ag-
gregate in ranges between 6 and 10 nm, they exhibited a
face-centered cubic twinned structure. This structure was
also observed in larger gold nanoparticles found within
alfalfa seedlings.

Figure 8 shows some of the Au aggregate within the
stem of alfalfa seedlings.

The measurement of the particles showed sizes varying
from 4 to 40 nm. This suggests that the particles had
continuous grow that could be regulated by time and
changes in the size of the plant transport system.
Gardea-Torresdey and coworkers [28] concluded that
the results (a) ‘‘provide a new method for the synthesis of
Au nanoparticles, (b) will generate new studies concern-
ing the interaction between plants, metals and metal
ions, and (c) may constitute a new method for the mining
of gold from solution and soils as an inexpensive
method for the purification of economically important
elements’’.

Table 3. Results from the EXAFS data of alfalfa plants.

Sample Bond N R(Å) s2

Tetrachloroaurate Au–Cl 4.0 2.28 0.0141
Gold foil (Au(0)) Au–Au 12 2.86 0.0081
Au 320 roots Au–Au 5.47 2.85 0.0044
Au 320 shoots Au–Au 4.43 2.86 0.0046
Au 160 roots Au–Au 6.16 2.86 0.0056
Au 80 roots Au–Au 6.37 2.86 0.0069
Au 40 roots Au–Au 6.42 2.86 0.0070

Note: Gold neighbor, coordination number (N), interatomic distance

[R(Å)], and mean square relative displacement (s2).

Figure 6. (a) TEM image of an alfalfa shoot howing Au particles, and (b) X-ray EDS spectrum of a single particle showing that it is
pure gold. (Reprinted from Ref. [28], r 2002, with permission from American Chemical Society.)

Figure 7. High resolution TEM image of a single Au nanopar-
ticle observed inside a stem of alfalfa seedlings grown in gold
enriched medium. The inset corresponds to the fast Fourier
transform of the crystalline particle. (Reprinted from Ref. [28],
r 2002, with permission from American Chemical Society)

Figure 8. Coalescence of Au nanopartilces within the stem of
alfalfa plants. (Reprinted from Ref. [28],r 2002, with permission
from American Chemical Society.)
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5. Conclusions

This chapter provides insight to a new emerging field of
nanobiotechnology using plants and plant derived mate-
rials to produce nanoparticles. The increasing success of
microorganisms, plants, plant extracts and plant derived
materials in the formation of nanomaterials provides a
significant potential of nanobiotechnology in science.
Even though successful procedures have been reported
for the biofabrication of nanoparticles, a number of issues
still need to be addressed. Time studies to characterize the
nanoparticle formation by living plants are still pending.
Also, the elucidation of the mechanisms leading to metal
ion reduction and subsequent nanoparticle formation at
cellular and molecular levels still requires further research.
Furthermore, extracellular formation of nanoparticles
would be advantageous since it will eliminate the prob-
lem of harvesting the nanoparticles formed within cells
and cell walls. The applications of nanotechnology en-
compass physics, chemistry, biology, material science, and
engineering. Nanoparticles will find great use in photoca-
talysis, for the treatment of wastewaters and removal of
organics. In addition photocatalysis has gained popularity
in purification, decontamination and deodorization of air.

Nanotechnology will be extremely useful to biology.
Drug and gene delivery will be more effective with the use
of nanoparticles and nanocapsules. Similarly, cancer cells,
bacteria, and viruses can be destructed using nanomate-
rials. Further applications include the use of nanosensors
for monitoring the environment and sensing for poten-
tially dangerous gases and chemicals.

The results have shown that in general, a gold(III) so-
lution starts to be reduced to gold(0) by different bio-
masses after 2 h; however, the time required for a
complete reduction varies with the biomass. For exam-
ple, alfalfa biomass required approximately 12 h, while
oat required 48 h for a complete Au(III) reduction; yet the
effects of a longer reaction time on the size and form of
the biogenic metal nanoparticles are still unknown. The
results have also shown that just varying the pH solution
it is possible to control the size and shape of the biogenic
nanoparticles. These results suggest that the biosynthesis
of metal nanoparticles can reach production rates com-
parable to those achieved by classical chemical methods.
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1. Introduction

Cross-linked gel-type functional polymers (CFPs) are or-
ganic materials built up with interconnected polymer
chains [1]. Pendants hanging from the polymer chains
may render CFPs reactive materials particularly suitable
for anchoring metal centres removed from a liquid phase,
by means of covalent or ionic bonds [2]:

� L0ðsÞ þML00nðsolutionÞ ! � L0 �ML00nðsÞ (1)

The macromolecular metal complexes or ion-pair
� LI �MLII

n might be hybrid phase catalysts, e.g. R425 �
MeþRhðCOÞ2I

�
2 (R425 ¼ Reillex cross-linked poly-4-

vinylpyridyne-divinylbenzene [3]; R425 �Me+ ¼ methyl
form) or precursors of M0 nanoclusters produced by the
chemical reduction of Mn, i.e.:

� L0 �MnL00mðsÞ þ red ðsolutionÞ

!M0= � L0ðsÞ þ ox ðsolutionÞ

þmL00(solution)

(2)

Reactions (1) and (2) have been quite actively pursued
from the early nineties [4] and a possible connection be-
tween the M0 nanoclusters size produced inside the swollen
resin and the nanoporosity of the macromolecular support
was discovered in 2000. This amazing observation led us to
develop an operational hypothesis for what was appear-
ing as an unprecedented means for the synthesis of
size-controlled metal nanoclusters.

2. Synthesis Strategy: The TCS Approach

The rationale at the basis of what was later called Tem-
plate Controlled Synthesis (TCS) [5] approach, is illus-
trated in Figure 1.

A gel-type CFP is designed (Figure 1b) to posses a
polymer chain concentration [6] (or a ‘‘nanoporosity’’) [7]
that is featured by meshes with lumina ranging from 2 to
5 nm. It is worthwhile to stress the circumstances that the
TCS-related rule dictates that metal nanoclusters should
not be larger than the largest nanopores available in the
polymer framework, after swelling in a given solvent: they
might be only smaller. Another point to raise in evidence
is the circumstance that the mass percentage of the metal
component in the final M0/CFP nanocomposite should be
large enough so that the individual metal atoms turn out
to be able to properly fill the available largest (vide infra)
nanopores.

A related and very attractive approach is going to be
developed in these Laboratories, to be named Template
Controlled Synthesis Deposition, TCS-D, the rationale of
which is illustrated in Figure 2.

In view of the expected generality of application, the
prospects of TCS-D are amazing. A tricky point that has
to be solved is the final thermal decomposition of the M0/
/S nanocomposite that should be carried out at rela-

tively low temperature for preserving the geometric fea-
tures of metal nanoclusters. CFPs currently employed in
this strategy do decompose at 290–330 1C and CFPs able
to decompose at 250 1C are being looked for [8].

3. Results

The first project [9] dealt with the evaluation of the effect
of cross-linking degree (c.l.d.) in a series of five gel-type
resins, on the diameter of Pd0 nanoclusters obtained upon
reducing resin-bound PdII centres. In this project c.l.d.
was let to range from 1 to 9%mol (Figure 3).

In fact, the idea was rather naı̈ve at that time and
started from the expectation that more dense polymer
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frameworks (higher c.l.d.) should promote the formation
of smaller Pd0 nanoclusters.

The surprising result was the substantial independence of
the observed nanoclusters diameters of the c.l.d. More pre-
cisely the 2–4nm range turned to be altogether the dom-
inating size, as the consequence of the circumstance that in
all resins nanopores from 2 to 4nm in diameter turned out
to be present in the various polymer frameworks.

A second project [10] was based on the production of Pd0

nanocluster inside poly-methacrylic acid (8%mol)–N,N-di-
methylacrylamide (88%mol)–N,N0-methylenebisacrylamide
(4%mol). ISEC (Inverse Size Exclusion Chromatography)
analysis of the resin in water in terms of cylindrical pores [7]

distribution, did show that resin coded as MPIF in Na+

form had prevalent pores in the 3.2–4.3nm range and that in
Pd0/MPIF(Na+) the most prevalent largest (see Table 1)
pores were 3.2 nm in diameter.

TEM analysis informed that the most-abundant Pd0

nanocluster diameters were in the 1.8–2.4 nm range. This
observation, although the agreement was mediocre, pro-
vided a first-level confirmation of what would have be-
come the TCS strategy.

A turning point in favour of the intuitions, was a third
project [5].

In this case we took care of a very major question
concerning the reliability of the metal nanocluster diam-
eters determination to be compared with the ISEC-based
nanostructural outcomes of the macromolecular mold. In
fact TEM analysis is based on the ‘‘counting’’ of some
hundreds of metal nanoclusters and the pretence to pro-
pose such universal criterion as TCS had to cope with a
far more reliable verification.

We choose resin DOMA-VP (4-vinylpyridine (4%mol)–
dodecylmethacrylate (92%mol)–ethyleneglycoledimethacry-
late (4%mol)), Figure 4, support for testing the intuition.
A Pd0/DOMA-VP nanocomposite was produced in THF
and ISEC analysis in THF (Table 2) gave the pattern
illustrated in Figure 5.

The histogram reveals that only pores from 2.5 to
4.0 nm in diameter do characterize the resin framework in
THF (see also Table 1).

TEM analysis provides results extremely compatible
with ISEC analysis (Figure 6).

XRD analysis perfected by the application of Rietveld
method [11,12] provided an average metal nanocluster
diameter equal to 3.3 nm (Table 3).

Figure 1. Graphical model for the generation of size-controlled
metal nanoparticles inside metallated resins. (a) PdII is homoge-
neously dispersed inside the polymer framework; (b) PdII is re-
duced to Pd0; (c) Pd0 atoms start to aggregate in subnanoclusters;
(d) a single 3 nm nanocluster is formed and ‘‘blocked’’ inside the
largest mesh present in that ‘‘slice’’ of polymer framework (Re-
printed from Ref. [5], r 2004, with permission from Wiley-
VCH.)

Figure 2. TCS-D strategy. A resin layer is produced outside
each support particle. Metallation-reduction of the polymer shell
will lead to size-controlled metal nanoclusters. Gentle thermal
degradation of the organic shell will lead to size-controlled metal
nanoclusters, expected to be evenly dispersed on the support
particles surface.

N O

N

O

N O OO

SO3H

α%

4%

(96-α)%

Figure 3. Primary structure of resins Aa (a ¼ 1–9) [9].

Table 1. ISEC characterization of the cross-linked functional
polymer MPIF� Na+.

Pore diameter (nm) Volume fraction (cm3/g)

0.6 0.47
1.1 0.00
1.6 0.00
2.7 0.00
3.2 1.54
4.3 0.84
8.1 0.00
13.2 0.00
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It is essential to stress the circumstance that this pecu-
liar structural analysis of a Pd0/resin nanocomposite pro-
vide a dimensional information that is based on some 1016

metal nanoclusters.
There is no doubt that this Pd0/DOMA-VP nanocom-

posite should be considered the paradigm of TCS ap-
proach.

Another project was based on resins MTEMA–DMAA
4-4 (Figure 7) and MTEMA–DMAA 4-8 (Figure 8)
[13,14] that were employed for preparing M0/MTEMA
DMAA 4-4 (M ¼ Pd, Au) and M0/MTEMA–DMAA 4-8
nanocomposites. In these materials the agreement be-
tween the largest predominant pore diameter, 2.5 nm and
the average determined (TEM) metal nanoclusters diam-
eters, 2.3 nm for Pd and 2.2 nm for Au is very good for
MTEMA–DMAA 4-8. For M0/MTEMA–DMAA 4-4 the
agreement is good for Pd0 but somewhat poorer for Au0

(Table 4).
Rather significant is the Pd0 nanoclusters size trend

upon increasing the cross-linking degree. In this case both
the expectations based on the simple argument of the

cross-linking degree effect and the full compliance of the
TCS approach, are fulfilled.

Very recent relevant observations reveal that the TCS
approach albeit certainly significant as conceptual and
operational tool in the issue of metal nanoclusters size
control, requires a substantial further perfection. Resin
sulfonated Bayer K1221 is a co styrene-divinylbenzene
commercially available gel-type resin, in beaded form. Its
cross-linking degree is ca. 4%mol and therefore K1221 is
expectedly quite similar to DOMA-VP and MTEMA–
DMAA 4-4 for example. In fact ISEC analysis reveals a
nanoporosity featured by 4.0 and 2.0 nm nanopores only.
The expectation is that a Pd0/K1221 nanocomposite ob-
tained with a classic procedure [5,9,10] will exhibit diam-
eters strictly ranging from 2 to 4 nm.

Data are presented in Figure 9. TEM analysis, based on
counting 259 Pd0 nanoclusters, reveals a really remarkable
size-control exerted by the macromolecular mold on the
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Figure 4. Sketch of the primary structure of DOMA-VP.

Figure 5. Nanoporosity of DOMA-VP as determined with
ISEC. (Reprinted from Ref. [5], r 2004, with permission from
Wiley-VCH.)

Table 2. ISEC characterization of resin DOMA-VP in THF.

Pore diameter (nm) Volume fraction (cm3/g)

2.5 0.158
3.0 0.791
3.5 1.038
4.0 0.544

Average diameter (nm) 3.4a

Cumulative pore volume
(cm3/g)

2.531

Cumulative surface (m2/g) 3037.9
Sum of squared errors 0.340
Number of iteration 15.212

Note: Pores smaller than 2.5 nm and larger than 5 nm are not detected.
aRef. [5].

Figure 6. Size dispersion of Pd0 nanoclusters in Pd0/DOMA-
VP. (Reprinted from Ref. [5], r 2004, with permission from
Wiley-VCH.)
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produced Pd0 nanoclusters. However the intriguing ob-
servation is that Pd0 nanoparticles, while expected to be
2–4 nm in diameter turn to be ca. 6 nm large in Pd0/
K1221.

In the light of the findings illustrated so far, the dis-
agreement between expected and observed nanopores di-
ameter, cannot be defined but significant and this datum
reveals that the TCS model needs further testing.

4. A Case History

The case of M0/ (M ¼ Pd, Au) nanocomposites is il-
lustrated. is a gel-type cross-linked functional polymer
coded as MTEMA–DMAA 4-8 [14] (Figure 8).

The resin was synthesized upon g-irradiating at room
temperature a homogeneous mixture of MTEMA

(2-(methylthio)ethyl methacrylate, 8%mol), DMAA
(N,N-dimethylacrylamide, 88%mol), and MBAA (N,N0-
methylenebisacrylamide, 4%mol). It is believed that a
similar material should be obtainable also upon conven-
tional radical polymerization.

Tables 5 and 6 illustrate the mixture composition,
the expected molar composition, and relevant elemental
analysis.

Solvents and chemicals are of reagent grade.
(a) In a typical experiment DMAA 11.12 g, MTEMA

0.81 g, and MBAA 1.57 g, are mixed in a cylindrical glass
vessel to give a clear colourless solution. After oxygen
removal with nitrogen bubbling, the solution is g-irradi-
ated (60C) for 18 h, at a distance of 17.1 cm from the
source (total dose is ca. 10 kGy) at room temperature. The
solution becomes a transparent, pale yellow cylindrical
block, which is ground with an impact grinder, sieved to

Table 3. Consistency among nanostructural features of Pd0/DOMA-VP.

Feature Technique Datum Remarks

Cavities size (nm) ISEC 3.4 –
Nanocluster diameter (nm) TEM 3.6 –
Nanocluster diameter (nm) XRD 3.3 Rietveld
Nanocluster diameter (nm) XRD 2.6 From number distribution functiona

aRef. [12].

N O

N

O

N O OO

S

4%

4%

92%

Figure 7. Primary structure of resin MTEMA–DMAA 4-4.
(Adapted from Ref. [15] r 2006, with permission from Wiley-
VCH.)
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Figure 8. Sketch of the primary structure (vide infra) of
MTEMA–DMAA 4-8. (Adapted from Ref. [15] s 2006, with
permission from Wiley-VCH.)

Table 4. Pd0 and Au0 nanoclusters size vs. determined nanopo-
rosity in water.

MTEMA–DMAA
4-4

MTEMA–DMAA
4–8

Largest available
pores (Ref. [2],
Figure 1) (nm)

3.5 2.5

Metal nanoclusters
average diameter
(nm)
Au0 4.9 2.2

3.3b

Pd0 3.8 2.3
2.6b

aNot determined.
bAfter 12 months since the preparation of the M0/ catalysts.

Table 5. Details of the synthesis and experimental elemental
composition of resin MTEMA–DMAA 4–8.

Code Monomers (g) C% H% N% S%

MTEMA–DMAA

4–8

MTEMA

(0.81)

56.65 8.87 13.16 1.39

DMAA

(11.12)

(0.38)a

MBAA

(1.57)

Abbreviations: DMAA, N,N-dimethylacrylamide; MTEMA, 2-(methyl-

thio)ethyl methacrylate; MBAA, N,N0-methylenebisacrylamide.
ammol/g of MTEMA.
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180–400 nm, washed with methanol in a Soxhlet appara-
tus for 4 days, and dried at 5 Torr and 60 1C for 24 h. (b)
MTEMA–DMAA 4-8 (1 g, ca. 0.4mmol-SMe) is sus-
pended in the required medium (see below) and left under
moderate stirring for 2 h. Approximately 20mg

(0.06mmol) of AuCl3 or ca. 25mg (0.11mmol) of
Na2PdCl4 dissolved in 40ml MeCN (Au) and water (Pd)
are added under manual stirring and then left under
moderate mechanical stirring for ca. 4 days. The colour-
less supernatant phase is separated from the metalled res-
ins (colourless for AuIII and pale brown in the case of
PdII) upon filtration and the relevant /AuIII and /PdII

Figure 9. TEM micrographs of Pd0/K1221 in low (a) and high (b) resolution; Pd0 nanoclusters diameter distribution (c).

Table 6. Designed composition and observed polymerization
yield of resin MTEMA–DMAA 4–8.

Code Monomer
composition

mol
(%)

Polymerization
yield %

MTEMA–
DMAA 4–8

DMAA 88

MTEMA 4 99
MBAA 8

Table 7. Data for Au0, Pd0/ composites.

Code Au (%) Pd (%) Colour

Pd0/ 0.75 Burgundy red (Au)

Pd0/ 0.70 Black (Pd)

Table 8. ISEC characterization of the macromolecular template
MTEMA–DMAA 4–8.

MTEMA–DMAA 4–8

Sample wt. (g) 1.54
Dead volume (mL) 1.22

Pore diameter (nm) mL/g
0.5 2.17
1 0
2.2 0.19
2.5 0.79
2.7 0.01
3.2 0.04
3.5 0.06
4 0

Average pore diameter, nm 2.5

Table 9. Predominant largest pores diameter in MTEMA–
DMAA 4–8 vs. observed average nanoclusters diameter in M0/
MTEMA–DMAA 4–8 catalysts (M ¼ Au, Pd).

Nanocomposite Average
nanoclusters
diameter

Predominant
largest pores

Pd0/ 2.2a 2.5

Au0/ 2.2b 2.5

a2.6 nm after 12 months storage under air.
b3.3 nm after 6 months storage.
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Figure 10. TEM characterization of Pd0/MTEMA–DMAA 4-8
composite. (Reprinted from Ref. [13], r 2004, with permission
from Wiley-VCH.)
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macromolecular complexes are dried at 5Torr and 60 1C
to constant weight. (c) Each metallated resin, /Mn (ca.
1.2 g) is suspended in ca. 200ml water under moderate
stirring for 2 h. Approximately 250mg NaBH4 (6.6mmol)
dissolved in 50ml water are added to the suspension un-
der vigorous stirring for 90min. The supernatant appears
now colourless and the M0/ nanocomposites appear
burgundy red (Au) and black (Pd). Reduced materials are
recovered with filtration, washed with water, and dried in
vacuo to constant weight. From this point, for sake of
simplicity products Au0/MTEMA–DMAA 4-8 and Pd0/
MTEMA–DMAA 4-8 are recoded as Pd0/ and Au0/
(Table 7). (d) ISEC analysis of MTEMA–DMAA 4-8 is
shown in Table 8. The resin appears to be built up with
domains that are predominantly featured by 2.5 and
0.5 nm ‘‘cylindrical [7] pores’’. Consequently, the preva-
lent formation of 2.5 nm Pd0 and Au0 nanoclusters (see
legend of Figure 1) is expected. (e) TEM analysis of Pd0/

and Au0/ reveals that Pd0 and Au0 nanoclusters are
well spaced, narrowly size-dispersed, spheroidal particles
(Figures 10 and 11).

The extremely good agreement between M0 nanoclus-
ters size production and the ISEC-based prediction is il-
lustrated in Table 9.

5. Conclusions

Gel-type cross-linked functional polymers, with moderate
cross-linking degree (4–8%mol) are effective templates

for the production of size-controlled metal nanoclusters.
Metal centers are first anchored to the polymer frame-
work with ionic or covalent bonds and subsequently re-
duced to the zero-valent state. The consequent
aggregation of the metal atoms occur under conditions
that drive the event to the formation of size-controlled
metal nanoclusters, the size of which is conditioned by the
size of the larger nanopores present in each volume
element.
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M. Kralik, B. Corain, Chem. Eur. J. 9 (2003) 5292.

11 (a) P. Riello, G. Fagherazzi, D. Clemente, P. Canton,
J. Appl. Cryst. 28 (1995) 115; (b) G. Fagherazzi, P. Canton,
P. Riello, N. Pernicone, F. Pinna, M. Battagliarin,
Langmuir 16 (2000) 4539.

12 P. Canton, C. Meneghini, P. Riello, A. Benedetti, in B. M.
Weckhuysen (ed.) In-Situ Spectroscopy of Catalysts in
X-ray Diffraction and Scattering, American Scientific Pub-
lishers, 2004, 281.

13 B. Corain, C. Burato, P. Centomo, S. Lora, W. Meyer-
Zaika, G. Schmid, J. Mol. Catal. A: Chem. 2245 (2004) 189.

14 C. Burato, P. Centomo, G. Pace, M. Favaro, L. Prati,
B. Corain, J. Mol. Catal. A: Chemical 238 (2005) 26.

15 C. Burato, P. Centomo, M. Rizzoli, A. Biffis, S. Campestrini,
B. Corain, Adv. Synth. Catal, 348 (2006) 255.

MD48/Au°

0

10

20

30

40

50

60

70

diameter, nm

fr
eq

ue
nc

y 
%

0,5 1,5 2,5 3,5 4,5 5,5

Figure 11. TEM characterization of Au0/MTEMA–DMAA
4–8 composite. (Reprinted from Ref. [13], r 2004, with permis-
sion from Wiley-VCH.)

B. Corain et al.418



419

CHAPTER 30

Size and Shape Selective Synthesis of Metal
Nanoparticles by Seed-Mediated Method and the
Catalytic Activity of Growing Microelectrodes

(GME) and Fully Grown Microelectrodes (FGME)

Tarasankar Pal and Snigdhamayee Praharaj

Department of Chemistry, Indian Institute of Technology, Kharagpur, India

1. Introduction

During the last few decades the emerging field of nano-
sized transition metal particles has stimulated much re-
search interest due to their unique physical and chemical
properties, which are quite different from those of the
corresponding bulk materials [1–4]. In 1857 Faraday first
scientifically elucidated the preparative method for aque-
ous dispersions of gold nanoparticles [5]. To cater the
need-based advancement, metal nanoparticles have been
produced by chemical reduction of metal salts with suit-
able reducing agents (bottom up method) such as sodium
citrates, borohydride, aldehydes, alcohols, di-ketones,
sugars, etc. [6–10]. Gold nanoparticles (AuNPs), because
of their noble character and rich plasmon absorption in
the visible region, have been studied in great detail [11].
Among the conventional methods of synthesis of AuNPs
citrate reduction of HAuCl4 in water was introduced by
Turkevitch et al. in 1951 [12]. In an early effort, reported
in 1973 by Frens, to obtain AuNPs of prechosen size (be-
tween 16 and 147 nm) a method was proposed where the
ratio between the reducing/stabilizing agents (the trisodi-
um citrate-to-gold ratio) was varied [13]. Toshima and
coworkers invented the alcohol reduction method to pre-
pare metal colloids in presence of protective polymers
[14,15]. These nanomaterials are of special interest in ca-
talysis as they provide access to more number of catalyt-
ically active sites due to large surface-to-volume ratio than
the corresponding bulk components. Since the catalytic
activity and selectivity is strongly affected by particle size
and shape, precise control of the particle size is essentially
required [16]. There are various methods in literature
for the size and shape controlled evolution of the parti-
cles. These methods are based on surfactant-based
seed-mediated growth [17,18], thermal growth [19,20],

photoreduction of metal salts in solution [21] and tem-
plate synthesis technique [22]. Among all these procedures
for controlled fabrication of particles the seed-mediated
synthesis is easily achieved and hence deserves special
mention for various applications especially in catalysis.

2. Synthetic Strategy

The seeding-growth procedure is a popular technique that
has been used for a century to synthesize metal particles in
solution. Recent studies have successfully led to control
the dimensionality of the particles where the sizes can be
manipulated by varying the ratio of seed to metal salt
[23–25]. The step-by-step particle enlargement is more
effective than a one-step seeding method to avoid sec-
ondary nucleation [26,27]. This mechanism involves a
two-step process, i.e. nucleation and then successive
growth of the particles as illustrated in Scheme 1.

In the first step precursor ions are reduced to form seed
particles. In the second step, appropriate amounts of pre-
cursor ions are reduced onto the preformed ‘seed’ or
‘germ’, i.e. small particles by suitable reducing agents. The
reducing agent used in the second stage of ‘seed’-mediated
growth is generally a weaker one, viz., H2NOH, ascorbate
ion, etc. They reduce only the adsorbed precursor ions
without creating any nucleation center. Kinetics of this
step can be followed easily and the result authenticates
autocatalytic growth of the nucleation centers. The re-
duction potentials of metalion/metalatom and metalion/
metalparticle systems become more negative compared to
those of the corresponding bulk metal [28–31]. For ex-
ample, the reduction potential of the AuIII/Aumetal(aque-
ous) system is +1.5V versus NHE. But for the

AuIII/Auatom(aqueous) system it is �1.5V and for
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AuIII(aqueous)/Aucluster system the reduction potential
has an intermediate value depending on the agglomera-
tion number of the Au cluster. The thermodynamics of
the reduction suggests that the formation of the metal
atoms from its ions is very difficult. This result has a great
significance in understanding the mechanism of particle
synthesis. The formation of metal atoms from its ions is
very difficult because of the large negative potential of the
metalion(aqueous)/metalatom system. Conventional strong
reducing agents like free radicals (E0

¼ –1.0 to 1.5V vs.
NHE) and borohydride (E0

¼ –1.33V vs. NHE) and re-
ducing agents like hydrazine and alcohol may not be able
to reduce the metal ions. Often a trace impurity acts as
nucleation center as it generally increases the reduction
potential of metalion/metalatom system causing a favorable
metal ion reduction. Once the nucleation center is created,
it acts as a catalyst for the reduction of remaining metals.
Recently radiolytic method and chemical size control with
improved monodispersity via seed-mediated growth of
colloidal gold particles have been reported by Henglein,
Meisel and Natan’s group [32–34]. They followed the it-
erative growth method, i.e. particles grown in the imme-
diately previous step were used as seeds in the next growth
step. We have also proposed a combination of photo-
chemical/wet chemical approach with an iterative growth
method to develop a simple way for size control
[24,35,36]. We have successfully employed the seed-medi-
ated growth process first to control the size and then
shape and finally extend the procedure for the synthesis of
bimetallic nanoparticles.

Gold nanoparticles having prechosen size ranging from
5 to 110 nm have been prepared in two steps. First, small
spherical particles (seed) of average diameters between 5
and 20 nm were prepared by varying the ratio of gold ion

concentration to reductant, TX-100 concentration and
using UV-irradiation. Second, 20–110 nm particles were
formed by seed-mediated growth in such a way that the
total amount of gold remains constant, whereas gradually
[Au(III)]/[seed] ratio was varied from 2 to 100 (Table 1).
Successive size development/growth has been done taking
the particles from the previous step as seeds. For the set A
572 nm particles act as seeds and the seeds grow to form
3173 nm particles. For set B the set A particles (�31 nm)
act as seeds and the growth occurs to form 5177 nm
particles. In this way sets C and D particles are formed
from sets B and C, respectively. The fresh Au(III) ions
were reduced onto the surface of the seed particles by
ascorbic acid. Ascorbate ion could not produce gold
nanoparticles from Au(III) ions in TX-100 medium. But
when a small amount of seed particles were added to
Au(III) ion, it immediately started forming gold particles
by particle catalyzed reduction of Au(III) ions. The size of
the particle was calculated using the following equation
[37]:

dfinal ¼ dseed
½Auð0Þ� þ ½AuðIIIÞ�

½Auð0Þ�

	 
1=3

(1)

where d stands for diameter of the particle. The calculated
sizes for sets A, B, C and D are 33, 50, 72 and 107 nm,
respectively, which agree well with the obtained sizes
3173, 5177, 8279 and 112717 nm. Set D contained not
only spherical particles but also a significant amount
(10%) of rods and triangles. The result suggests ascorbic
acid reduces only the surface adsorbed Au(III) ions cre-
ating hardly any nucleation centers by autocatalytic
growth [38].

The growth kinetics of the reaction followed an auto-
catalytic behavior for the 5177, 8279 and 112717 nm
particles. Figure 1(a) shows there is a fall in rate constant
which is determined from the particle size A to D (Table
1) and slope of the lnAt/(Aa�At) versus time plot (here At

stands for absorbance at any time t and Aa that for time
t-a). A first-order kinetics was observed for the particle
evolution. The kinetics of particle development was fol-
lowed at l ¼ 532 nm at 2871 1C. UV–vis spectroscopy
was performed using 1 cm quartz cuvette with Shimadzu
UV-160 (Kyoto, Japan) spectrophotometer. The increase
in particle size was revealed by gradual shifts of UV–vis
spectra toward the red region shown in Figure 1(b). The
red shift of the plasmon absorbance with particle size can
be explained according to Mie theory. For large particles
(2R425 nm) the plasmon bandwidth increases with in-
creasing size as the wavelength of the interacting light
becomes comparable to the dimension of the nanoparti-
cle. This leads to an inhomogeneous polarization of the
nanoparticle by the electromagnetic field. In this extrinsic
size region the peak position shifts to longer wavelengths

Scheme 1. Schematic representation of seed-mediated growth of
the particles. (Reprinted from Ref. [35], r 2001, with permission
from American Chemical Society.)

Table 1. Conditions for the growth of gold nanoparticles via seed (S)-mediated method.

Sample set [M0]/[M+] [M0]+[M+] Ascorbic acid (M) Particle size (nm) and standard deviation

A (from S) 1:2 5� 10�4 6� 10�4 3173
B (from A) 1:9 5� 10�4 6� 10�4 5177
C (from B) 1:29 5� 10�4 6� 10�4 8279
D (from C) 1:100 5� 10�4 6� 10�4 112717

T. Pal and S. Praharaj420



or correspondingly to lower energies [39]. In Figure 1(b)
all the particles are above 25 nm and for them the peak
becomes broader and red shift occurs with increase in
particle size which follows Mie theory. The red shift is due
to increase in particle size rather than aggregation.

Among all the three coinage metals it is very difficult to
control size and shape of copper nanoparticles because of
their highest reactivity. Exploiting the seed-mediated
method we have successfully obtained cubic copper nano-
particles in the size range 75–250 nm [36], whereas under
identical condition silver, gold and palladium systems
form mostly spherical and hexagonal particles. At first
copper sulfate (CuSO4) solution (2� 10�4M) was reduced
by sodium borohydride (0.1M) to produce the seed par-
ticles. TEM figure showed that half of the population of
the particles is of 4–6 nm and the rest are 9–12 nm. Then
required amount of seed particles was mixed with the
CuSO4 solution and finally ascorbic acid was added drop
by drop to reduce the adsorbed Cu(II) on the Cu seed
particles. The whole experiment was carried out in N2

atmosphere. The plasmon peak shifts to longer wave-
length with the increase in particle size. Table 2 shows the
copper particles having size range �75–250 nm were pro-
duced by varying the ratio of copper particle to the added
copper(II) ion concentration. The larger size regular
shaped particle formation is an indication of slow reduc-
tion of copper ions onto the particle surfaces (Figure 2).
The seed particles grow to give two different batches of
particles in the sizes 100725 nm (25%) and 12575 nm
(75%) particles for set A. For set B two different batches
of particles in the sizes 13075 nm (22%) and 15575 nm
(78%) are formed. In set C where the ratio of copper ion
to copper particle concentration is reasonably high, wide
range of particles are formed. The small metal particles
generally act as electron relay system for electron transfer

from donor to acceptor. As a result, reduction of copper
ion occurs at the surface of the seed particles. The chance
of formation of new nucleation center is very rare because
of weak reducing character of the ascorbate ion.

We have extended the seed-mediated technique for the
synthesis of bimetallic nanoparticles, having ‘core–shell’
type structure appending photoreduction of metal ions. It
has been proved that the deposition of a less noble metal
(M) as ‘shell’ on a preformed nobler nanoparticle ‘core’
(M*) seems to be very effective by UV activation. Using
this seed-mediated method we were able to synthesize
Aucore–Agshell particles. First for the preparation of gold
seeds (S), TX-100 (10�2M) and HAuCl4 (5.0� 10�3M)
were taken in a quartz cuvette so that the final concen-
tration of Au(III) ion remained 5.0� 10�4M. Then the

Figure 1. (a) Kinetics of Au nanoparticle development by seed mediation. (b) UV–vis spectra of Au nanoparticles grown via non-
iterative seed mediation. Conditions: S ¼ 5� 10�4M Au(III) ions; and [Au(III)]/[Au(0)] ¼ 2 (for A), 9 (for B), 29 (for C) and 100 (for
D). Total gold concentration was 5� 10�4M in all cases. [TX-100] ¼ 1� 10�2M and [ascorbic acid] ¼ 6� 10�4M. (Reprinted from Ref.
[24], r 2001, with permission from Springer.)

Table 2. Conditions for preparation of cubic copper nanoparticles via seed (S)-mediated method.

Sample set [M0]/[M+] [M0]+[M+] Ascorbic acid (M) Particle size (nm) and standard deviation

A (from S) 1:99 2� 10�4 4� 10�4 10075 and 12575
B (from A) 1:8935 2� 10�4 4� 10�4 13075 and 15575
C (from B) 1:806360 2� 10�4 4� 10�4 �75–250

Figure 2. Transmission electron micrographs of the copper
nanocube from the spherical seed particles. Conditions: total
copper concentration 2� 10�4M and [M0]/[M+] ¼ 1:99. (Re-
printed from Ref. [30], r 1998, with permission from Current
Science Association.)
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cuvette was placed directly under the UV light source of
wavelength �365 nm. After 20min irradiation, the solu-
tion turned pink and showed a plasmon absorption band
with a peak position at �523 nm indicating the formation
of gold particles. TEM image shows the particle diameter
lies within �20 nm. Final concentrations of metal sol and
silver ion were adjusted to 1.67� 10�4 and 3.33� 10�4M,
respectively, in TX-100 medium. The overall metal con-
centration in this mixture, i.e. [Au(0)]+[AgNO3], was
5.0� 10�4M. Next the solution was taken in a quartz
cuvette and placed directly under UV light source. After
prolonged irradiation, the plasmon absorption band fixed
and showed a peak at �435 nm. TEM images reflect the
enlargement of the particles (�50 nm) than the size of the
seeds indicating the formation of silver layer on gold
seeds, i.e. Aucore–Agshell structure formation. For another
layer of silver on Aucore–Agshell, the final concentrations
of metal sol and silver ion were adjusted to 5� 10�5 and
4.5� 10�4M, respectively, in the TX-100 medium. Over-
all metal concentration in this mixture was 5.0� 10�4M.
The TEM images after UV-irradiation reflect further in-
crease of size by another layer of photoproduced silver on
Aucore–Agshell and the particle size increases from �50 to
�100 nm. This was also revealed from the successive red
shifted (peaks changing from 438 to 450 nm) UV–vis
spectra.

Both gold and silver have rich plasmon absorption
band and thus the growth process of shell over the core
was easily monitored from the UV–vis spectra. In case of
Aucore�Agshell irradiation of a mixture of gold seed and
Ag(I) after 10min, the pink colored solution turned
brown and the plasmon absorption peak shifted from 523
to 450 nm (Figure 3, A1). After irradiation for another
15min, the absorption peak position shifted to 440 nm
(Figure 3, A2) and after prolonged irradiation resulted in
an absorption band with lmax fixed at 435 nm (Figure 3,
A3) and a golden brown appearance of the solution was

an indication of the formation of silver particles on the
gold seeds, i.e. Aucore–Agshell. On UV-irradiation of a
mixture of gold seed and Ag(I) for longer time or in-
creasing the UV light flux, the plasmon peak shifted to-
ward the blue region. The blue shift has been attributed to
the progressive covering of Au particle by silver layers.
Due to the Ag covered Au, the plasmon band was Ag
dominated.

With the higher amounts of Ag(I) ion (10–100 times
excess), gold seed particles were covered with Ag layers
after 10min of photoactivation (Figure 4(c)). The peak
position remained at �435 nm region. But after 2min of
irradiation the gold seeds are partially covered and
showed a double-hump absorption band (Figure 4(b)).
Further confirmation of the core–shell (Aucore–Agshell)
structure was authenticated from the well-known cyanide
dissolution of the Ag layers under ambient condition [40].
For core–shell structure cyanide dissolves successive silver
layers only in the first stage of dissolution. However, both
the plasmon peaks due to the mixture of gold and silver in
solution are diminished simultaneously for a mixture con-
taining both the metals.

3. Results

The metal clusters are formed as transient intermediates
during the formation of metal colloids by the reduction of
metal ions in solutions. This growth process is similar to
the autocatalytic seed-mediated process of particle en-
largement. At the initial stage of colloid formation, the
metal atoms are formed, which subsequently agglomerate
[8,31,38,41,42]. Henglein et al. considered these particles
as growing microelectrodes (GME). The progressive de-
crease in size of metal particles having a diameter in the
nanometer regime is accompanied by an increase in Fermi
potential. Thus, a stepwise lowering in the redox potential
value takes place. The redox potential of the particle for a
particular metal depends on the value of agglomeration
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Figure 3. Absorption spectra of Au seed particles (S), UV-
irradiation of the mixture of [Au(0)]+[AgNO3]: (A1) after
10min, (A2) after 15min and (A3) after prolonged time. Con-
dition: for gold seed TX-100 (10�2M) and HAuCl4
(5.0� 10�3M), of which the final concentration of Au(III) ion
remains 5.0� 10�4M. For A1 and A2, [Au] ¼ 1.67� 10�4 and
[AgNO3] ¼ 3.33� 10�4M. (Reprinted from Ref. [35], r 2001,
with permission from American Chemical Society.)
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Figure 4. UV–vis spectra of (a) gold seed (S), (b) partially cov-
ered gold seed and (c) core–shell structure in TX-100 (10�2M)
medium. Conditions: (a) [gold seed] ¼ 1.25� 10�5M; (b) [gold
seed] ¼ 1.25� 10�5M and [AgNO3] ¼ 2.5� 10�4M, irradiation
time 2min; (c) [gold seed] ¼ 1.25� 10�5M and
[AgNO3] ¼ 2.5� 10�4M, irradiation time 10min. (Reprinted
from Ref. [35], r 2001, with permission from American Chem-
ical Society.)
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number, n, and the nature of associated ligand [31,41].
Exploitation of the growing metal nanoparticles in catal-
ysis has already brought a revolution in chemistry. Spiro
and coworkers suggested catalysis proceeds through an
electrochemical mechanism where electron transfer occurs
via the metal nanoparticles [43,44]. The catalytic efficiency
of such particles for electron transfer processes is gener-
ally explained by their size-dependent redox properties
which control their role as an electron relay. The required
potential of the particle is intermediate between that of
the electron donor and the acceptor. Keeping this idea in
mind, the activities of GME and fully grown microelec-
trodes (FGME) in catalysis have been studied
[28–30,45,46].

Growing small particles of silver have been observed to
be more efficient catalysts than stable and larger colloidal
particles. It has been observed that the growing particles
catalyze the borohydride assisted reduction of several or-
ganic dyes like methylene blue (MB), phenosafranin (PS),
fluorescein (F), 2,7-dichlorofluorescein (DCF), eosin (E)
and Rose Bengal (RB) [28]. The rate of the reduction,
catalyzed by growing particles, is distinctly faster com-
pared to that of stable and larger silver particles, which
are the final products of growing particles. To study the
growing silver particle (GME) catalyzed dye reduction,
dye was added to aqueous surfactant solution of metal
salt before the addition of reducing agent. In case of
FGME, the particles were produced in the first step and
then were used for dye reduction. The dye was added to
aqueous solution of preformed particles. Figure 5 shows a
representative but successive dye reduction in the presence
of AgNO3 and NaBH4 in aqueous CTAB media. The
color of the dye gradually vanishes, which is indicated by
the gradual decrease in absorbance value at the dye lmax.
But in the 350–500 nm region, absorbance gradually in-
creases which ultimately gives a peak at �400 nm due to
the evolution of silver. The catalytic amount of metallic
nanoparticles becomes effective to bring out the changes,
i.e. the reduction. However, we have exploited large excess
of catalyst particles only to take note of the dye degra-
dation and successive evolution of plasmon absorption

peak. Under this condition UV–vis spectrophotometry
becomes routinely very useful to monitor the progress of
the catalytic reduction involving different dye reductions
in aqueous medium.

The growing silver particle plays the role of a true re-
dox catalyst. To explain the rate of catalysis, we propose
the electron transfer process via the growing particles,
similar to (stable) colloid particle catalyzed redox reac-
tions [47,48]. Earlier work shows that the reduction po-
tential of a silver wire decreases with the increase in BH4

�

concentration in water due to the adsorption of BH4
� ion

onto the electrode surface [49]. A similar effect is also
expected in silver particles. However, the potential of
growing particles containing BH4

� adsorbed on their sur-
face will gradually increase with the increasing size of the
particle unlike that for stable particles. The resultant po-
tential of the particles with adsorbed BH4

� will obviously
be anodic to the reductant (BH4

� ion) and cathodic to the
oxidant (dye). Thus, an electron relay via particle to dye is
possible. Scheme 2 shows the schematic representation of
this electron transfer, where the growing particle in its
intermediate stage accepts electrons from BH4

� ions and
transfers them to the dye.

In most cases growing silver particles are found to be
superior catalysts as compared to the stable particles. This
behavior of growing particles may be attributed to the
following two properties: first, its continuously renewable
surface and second, its large negative electrochemical po-
tential which arises owing to the very small size. As usual,
the rate of catalytic reduction should be determined by the
difference in potential of the BH4

� adsorbed particle and
the potential of the oxidant system. The smaller the size of
the particle, the more is the potential difference leading to
a higher rate of reduction [3].

Similar observation was recorded for the GME and
FGME catalyzed reduction of 4-nitrophenol (4NP) [46].
The GME and FGME nanoparticles are prepared in the
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Figure 5. Successive UV–vis spectra of silver particle evolution
and fluorescein (F) reduction in aqueous CTAB solutions con-
taining [AgNO3] ¼ 10�4M, [CTAB] ¼ 0.01M, [NaBH4] ¼
5� 10�3M and [F] ¼ 5� 10�5M. (Reprinted from Ref. [28],
r 1999, with permission from American Chemical Society.)
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Scheme 2. Scheme for growing silver catalyzed redox reaction.
(Reprinted from Ref. [28], r 1999, with permission from Amer-
ican Chemical Society.)
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same way as has been described previously in case of dye
reduction.

4. A Case History

As a specific case history nitrophenol reduction in aque-
ous solution by both GME and FGME has been dem-
onstrated here. The FGMEs (0.1mL, �10�4M) were
added into aqueous solution of 4NP (�10�5M, 1.6mL)
taken in a quartz cuvette of 1 cm path length. Finally,
aqueous NaBH4 (�0.3mL, 1.0� 10�1M) was introduced
and time-dependent spectra were recorded. The rate of the
reaction decreases slowly and followed a first-order
kinetics without any induction time, IT (Figure 6(a)).
In NaBH4 medium (pH>12.0) 4NP (lmax�377 nm) is
converted to 4-nitrophenolate ion which shows absorp-
tion peak at lmax � 400 nm [46,50,51]. On the other hand,
in GME catalyzed reaction, the reaction mixture was
prepared from 4NP and NaBH4. With the introduction of
AgNO3 (5� 10�6M), the reduction starts with an IT and
then the rate increases slowly to a maximum value which
then follows zero-order kinetics shown in Figure 6(b).
As the reaction was over involving GME, the peak at
400 nm vanished and a new peak in the blue region

appeared due to the corresponding amino compound
(lmax � 290 nm) shown in Figure 6(a).

The reaction was studied for all coinage metal nano-
particles. In the case of GMEs the rate follows zero-order
kinetics with IT for all the coinage metal cases. The ob-
served IT for the Cu catalyzed reaction was maximum but
its rate of reduction was found to be minimum. Just the
reverse was the case for Au and an intermediate value was
obtained for the Ag catalyzed reaction (Figure 7). The
adsorption of substrates is driven by chemical interaction
between the particle surface and the substrates. Here phe-
nolate ions get adsorbed onto the particle surface when
present in the aqueous medium. This caused a blue shift of
the plasmon band. A strong nucleophile such as NaBH4,
because of its diffusive nature and high electron injection
capability, transfers electrons to the substrate via metal
particles. This helps to overcome the kinetic barrier of the
reaction.

5. Conclusions

In conclusion, we can say that the synthesis of metal
nanoparticles and tuning of their sizes is achievable
through ‘seed-mediated’ synthetic route. Again, this
method helped us to obtain shape selective evolution of

Figure 6. Successive UV–vis spectra (1min time interval) of 4-nitrophenol using (a) GME and (b) FGME of silver colloids. (Reprinted
from Ref. [46], r 2001, with permission from American Chemical Society.)

Figure 7. Absorbance versus time plot of reduction of 4-nitrophenol (4NP) using Cu, Ag and Au colloids: (a) GMEs and (b) FGMEs.
Conditions: (a) [Cu] ¼ [Ag] ¼ [Au] ¼ 1.0� 10�6mol dm�3, [4NP] ¼ 4.0� 10�5M, [NaBH4] ¼ 1.0� 10�2M; (b) [Cu] ¼ [Ag] ¼ [Au] ¼
5.0� 10�6M, [4NP] ¼ 6.0� 10�5M, [NaBH4] ¼ 3.0� 10�2M. The time of addition of 4NP to the reaction mixture is 15min. (Reprinted
from Ref. [46], r 2001, with permission from American Chemical Society.)
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particles. As a fundamental aspect we have underlined the
Fermi potential shift for metal nanoparticles with size and
nucleophile induced cases. Thus, exploitation of metal
nanoparticles in catalysis for many important reactions
has been possible using GME and FGME metal particles.
However, real size-dependent properties are still to be ac-
counted for. This particular field is presently expanding
dramatically, and it is anticipated that these key chal-
lenges will be met in the near future in the confluence of
laboratory and industry. It might so happen one day that
only one metal would be thought of to perform innumer-
able redox reactions because of the size- and shape-de-
pendent redox potential values of that particular metal.
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CHAPTER 31

Metal Nanoparticles Dispersed in Solution:
Tests to Identify the Catalyst Nature

Montserrat Gómez and Isabelle Favier

Laboratoire Hétérochimie Fondamentale et Appliquée, UMR CNRS 5069, Université Paul Sabatier, 118 route de
Narbonne, 31062 Toulouse cedex 9, France

1. Introduction

Conventionally, the solubility condition has been used to
classify ‘‘homogeneous’’ and ‘‘heterogeneous’’ catalysts.
Then, in this context, the word ‘‘homogeneous’’ refers to
the presence of catalyst and substrate in one or more
phases, without taking into account the kind of the active
catalytic sites. But from the point of view of the substrate,
this can meet only one type of active site (homogeneous
catalyst) or many (heterogeneous catalyst), as defined by
Schwartz [1]. Hence, homogeneous catalytic species could
be insoluble in the reaction medium or soluble nanoclus-
ters can act as heterogeneous catalysts. The catalyst
size has been also considered to distinguish both types of
catalysts. In this way, Collman et al. proposed that metal
particles greater than 80 Å behave as heterogeneous cat-
alysts for the hydrogenation of polymeric substrates [2].
When metal nanoparticles (NPs) are involved,
it is even more difficult to conclude about the catalyst
nature, due to their state placed at the frontier between
classical homogeneous and heterogeneous catalysts. As a
result, terminologies like ‘‘hybrid homogeneous–hetero-
geneous catalyst’’ (proposed by Finke [3]) or ‘‘semi-het-
erogeneous catalyst’’ (proposed by Astruc [4]) are used.
For NPs catalysts, it is important to differentiate between
metal colloid and nanocluster. Schmid defines colloids
as metal aggregates larger than 100 Å, while metal
nanoclusters are considered as aggregates smaller than
100 Å [5].

In the present chapter, we focus on the catalyst nature
in solution using well-defined metal NPs as catalytic pre-
cursors; it means, soluble (or dispersible) heterogeneous
pre-catalysts, as stated by Finke [6]. Some experiments
described in the literature concerning the distinction be-
tween homogeneous and heterogeneous catalysts are dis-
cussed (see Section 3), followed by a particular case
studied by us with regard to the catalyst nature in the
allylic alkylation reaction, using preformed palladium
NPs as catalytic precursors (see Section 4).

2. Synthesis Strategy

In order to know the true nature of active catalytic spe-
cies, several control experiments must be carried out to get
coherent data. In this way, some authors have proposed
strategies, each of them involving various tests.

In 1982, Laine reviewed simple chemical tests and
application of some techniques to distinguish between
homogeneous and heterogeneous catalysis. He proposed
five criteria for detecting homogeneous cluster catalysts:
(i) TOF increases when catalyst concentration increases;
(ii) the reaction selectivity or the mechanism is different
for cluster and mononuclear catalytic precursors; (iii)
hetero-metallic clusters give different reactivity and/or se-
lectivity than monometallic systems; (iv) conditions fa-
vouring metal-metal bond increase the catalytic activity;
and (v) chiral metal clusters induce different asymmetric
induction with respect to monometallic complexes [7].

At the same time, Crabtree suggested three experiments
to prove the homogeneous nature of the catalyst and to
exclude the colloidal character of the catalyst. First, a
catalyst is homogeneous if the selectivity resembles to that
of authentic homogeneous catalysts but differs from
known heterogeneous catalysts; for example [Ir(cod)(P-
Cy3)(py)]PF6 used as catalyst for the reduction of ster-
oidal dienones reduces selectively the less hindered CQC
bond of D1,4-androstanedione, like observed using
Wilkinson catalyst, [RhCl(PPh3)3], but not with any het-
erogeneous catalyst. Second, choosing a reaction only
catalysed by metal colloids but not by homogeneous cat-
alyst, like nitrobenzene hydrogenation catalysed by het-
erogeneous systems. Third, application of light-scattering
technique to check the formation of NPs when a molec-
ular complex is used as pre-catalyst [8].

In 2003, Finke [6a] and Dyson [9] have reviewed
tests commonly used to evaluate the nature of the catalyst
starting with metallic molecular pre-catalysts, in order to
estimate the in situ formation of heterogeneous active
catalysts, in particular for hydrogenation processes.
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Finke and co-workers have analysed different chemical
tests to differentiate metal–complex homogeneous catal-
ysis from metal–particle heterogeneous catalysis under
reducing conditions, discussing their limitations. In view
of that, they propose a general methodology to distin-
guish homogeneous from heterogeneous catalysts which
comprises four aspects: (i) catalyst isolation and charac-
terisation; (ii) kinetic studies (including catalytic repro-
ducibility, reactivity of the different isolated metallic
compounds and observation of induction periods); (iii)
poison experiments, in particular mercury test and quan-
titative Lewis bases addition; and (iv) consistence of all
the data previously indicated to can conclude about the
homogeneity or heterogeneity of the catalyst [6a].

3. Results

This section deals with the most important control exper-
iments to be considered when molecular complexes or
NPs want to be proved as true catalysts. But in some cases
both types of catalysts can be present in the same reac-
tion. For example, in the ring opening polymerisation of
1,1,3,3-tetramethyl-1,3-disilacyclobutane catalysed photo-
chemically by Pt(acac)2, the co-existence of both homo-
geneous and colloidal catalytic species has been proved,
giving each of them different type of polymers [10].

3.1. Characterisation Techniques

3.1.1. Transmission Electron Microscopy (TEM)

TEM is a direct analysis tool for knowing if metal clusters
are present in catalytic solutions. This technique permits
to define the size, structure, morphology and state of ag-
gregation of the metal particles [11]. Hence, this technique
can be in particular useful to identify nanoclusters in
metal-catalysed reactions, using molecular complexes as
catalytic precursors. But the catalytic activity of these
observed nanoclusters must be further checked.

Accordingly, TEM investigations confirmed the NPs
formation in Pt-catalysed hydrosilylation from a solution
of [PtCl2(cod)]. The particles formed in situ showed a
mean size of 2.3 nm. Moreover, XPS (X-ray Photoemis-
sion Spectrometry) analysis confirmed that the colloid
characteristics are distinct from bulk metal and monome-
tallic complex (binding energy for Pt bulk metal is
71.0 eV; for [PtCl2(cod)], 72.45 eV; and for Pt colloid,
72.24 eV) [12].

TEM analysis has also confirmed the formation of Pd
NPs (mean size: 1.6 nm) during the Heck coupling be-
tween styrene and bromobenzene using [PdCl2(PhCN)2]
as pre-catalyst. Before the induction period of the reac-
tion, no colloids were detected, but after this induction
time colloids were identified, related to the catalytic ac-
tivity observed. The mechanism proposed is a rapid
exchange between [PdCl2(PhCN)2] and NaOAc to form
Pd(OAc)2, which under the catalytic conditions used,
formation of Pd(0) colloids is favoured. When Pd(OAc)2
was used as pre-catalyst for the Suzuki coupling between
phenylboronic acid and 4-bromoacetophenone, TEM

micrographs from the catalytic solution also showed the
presence of small Pd NPs (mean size: 1.3 nm). Control
experiments using preformed Pd NPs corroborated the
catalytic activity associated to colloids [13].

Rh colloids were isolated during the hydrosilylation of
trimethy(vinyl)silane with triethoxysilane using RhCl3 in
EtOH as pre-catalyst. The colour changes observed dur-
ing the catalytic reaction (from yellow, to red and black)
are due to the formation of colloids as demonstrated by
TEM; this fact was in agreement with the catalytic activity
behaviour observed [14].

But structural changes, metal atom rearrangements,
cluster growth and even aggregation can happen under
the influence of the electron beam during the TEM anal-
ysis [5a]. Thus, Manners and co-workers have observed
the formation of Rh NPs under 75 kV electron beam from
a sample containing a solution of [Rh(1,5-cod)(m-Cl)]2
complex. This degradation can be prevented if samples are
analysed by a lower energy electron beam (30 kV) [15].
More recently, Finke and co-workers have reported sim-
ilar observations when [Ru(Z5-C5Me5)Cl2]2 or [Ru3(m2-
H)3(Z

6-C6H6)(Z
6-C6Me6)(m3-O)]BF4 were analysed by

TEM. But in this case, TEM micrographs from grids
prepared containing these complexes, even working under
very mild conditions (40 kV and �168 1C), show the for-
mation of Ru nanoclusters [16,17]. Consequently, just
TEM results are not enough to conclude about the cat-
alyst nature.

3.1.2. Dynamic Light Scattering

Dynamic light scattering experiment can be also used to
detect the presence of colloidal particles in solution. Both
scattered light and fluctuations in the amplitude of signals
are analysed. An autocorrelation function characterises
the particles with respect to their diffusion constant and
therefore their size. The NPs size limit using this technique
is higher than 1 nm [18]. Crabtree and co-workers
reported for the first time in this context, the use of light
scattering together with other control experiments, to
exclude the formation of Ir colloids in alkane dehydro-
genation processes homogeneously catalysed by [Ir(H)2
(MeCO)(PPh3)2]BF4 [19].

3.1.3. NMR Spectroscopy

Parahydrogen induced polarisation (PHIP) is an effective
tool extensively used for the investigation of homogene-
ous catalysed hydrogenation. The spin polarisation due to
the break down of the high symmetry of the p-H2 mol-
ecule, leads to a 1H NMR signal enhancement of hydro-
genated molecules, if the two transferred H atoms takes
place simultaneously. In addition, heterogeneous catalysts
are not expected to show this PHIP effect because the spin
correlation is lost when the dihydrogen molecules interact
with the metallic surface. It has been described that the
colloidal Pd catalyst, [Pdx((N(octyl)Cl)y], which catalyses
the ethynylbenzene hydrogenation as well as the subse-
quent styrene hydrogenation, exhibits this PHIP
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phenomenon, inferring that the hydrogenation process is
homogeneously catalysed [20].

3.2. Kinetics Study

For a long time, one decisive factor to distinguish homo-
geneous from heterogeneous catalysis was the kinetics
reproducibility, where homogeneous catalysis was
thought to be kinetically reproducible and heterogeneous
were not [7]. But reproducible kinetics does not exclude
heterogeneous NPs catalysts, because 715% kinetic re-
producibility has been reported for soluble heterogeneous
catalyst [3].

The formation of heterogeneous species (NPs or bulk
metal) from homogeneous catalysts (molecular com-
plexes) is not instantaneous, and then an induction pe-
riod can be observed, if the heterogeneous catalyst
formation is slow enough with respect to the catalysed
organic process. In this case, the graph of substrate con-
version versus time results in a sigmoidal-shaped kinetics
curve: first, nucleation (A-B) and second, autocatalytic
surface growth (A+B-2B) [6]. Moreover, if the pre-
catalyst decomposition and the catalytic process show the
same induction period, this fact represents strong evidence
for stating the presence of heterogeneous catalysts.

For example, when cyclohexene reduction using (NBu4)5
Na3[Ir(1,5-cod) �P2W15Nb3O62] as catalytic precursor was
monitored, an induction period was detected correspond-
ing to the formation of active species. Ir nanoclusters
formed in situ were isolated from the reaction solution,
characterised and reused as catalyst for the same organic
process; in the latter case, no induction period was ob-
served [3].

Benzene hydrogenation using [NMe(C8H17)3][RhCl4]
as pre-catalyst under mono- or bi-phasic conditions was
studied. Both colour changes of the solution and incuba-
tion period point to the formation of Rh nanoclusters
stabilised by ammonium and chloride ions. These nano-
clusters were isolated from the catalytic reaction, charac-
terised and next used as catalysts; when recovered metallic
species were used as catalyst, hydrogenation proceeded
immediately. In this case, a black precipitate was formed
during the reaction which was also catalytically active.
The kinetic irreproducibility of the unfiltered component
from the catalytic solution was superior at 100–200%,
while for the soluble Rh(0) nanoclusters was less than
15%. Consequently, the authors suggest that this kinetic
behaviour allow the distinction of soluble nanoclusters
from agglomerated and bulk metal catalysts [21].

Laine and co-workers have studied the mechanism in-
volved in rhodium-catalysed benzaldehyde hydrogena-
tion, using [Rh6(CO)16] as catalyst precursor. Following
kinetic arguments, the authors proposed cluster catalysis
with a limiting step corresponding to the break of
metal–metal bond and/or isomerisation of the cluster for-
mation [22].

For the amino–borane dehydrocoupling using [Rh(1,5-
cod)(m-Cl)]2 as starting catalyst, an induction period and a
sigmoid-shaped kinetic curve (plot of substrate conversion
versus time) were also observed, consistent with
metal–particle formation. But, for Ph2PH �BH3

dehydrocoupling, a nearly linear curve was obtained in
agreement, together other control experiments, with a
homogeneous catalytic behaviour [15].

3.3. Poison Experiments

3.3.1. Mercury Test

Mercury is a classical test to identify heterogeneous cat-
alysts (bulk metal or colloids) due to its ability to poison
metal(0) heterogeneous catalysts by formation of amal-
gam or adsorption on the metal surface [23]. If the cat-
alytic activity remains unaffected when mercury is
present, this fact represents an evidence for a homogene-
ous catalyst. But mercury can induce side reactions [23c]
and also react with some molecular complexes [23c,24].
Consequently, the results obtained with mercury are not
enough to conclude about the catalyst nature. From a
practical point of view, it is important to use a large excess
of Hg(0) with respect to the catalyst to favour the contact
with it.

This test was successfully applied for the hydrosilylat-
ion of trimethyl(vinyl)silane by triethoxysilane catalysed
by Rh or Pt colloids. The addition of mercury to catalytic
mixture led to catalytic activity loss, consistent with a
heterogeneous catalyst [12,14].

In cyclohexene hydrogenation, the Hg(0) test pointed
to that the true catalyst involved in the catalytic process
was heterogeneous, using either (Bu4N)5Na3[1,5-
cod)Ir �P2W15Nb3O62] or Ir colloids (isolated from the
solution) as catalytic precursors; in both cases Hg(0) stops
the reaction [3]. For Pt-catalysed cyclohexene hydrogen-
ation using [PtCl2(1,5-cod)] as pre-catalyst, the produc-
tion of cyclohexane is also halted by addition of Hg(0).
Together with other control experiments, the authors
prove that bulk metal and platinum NPs are the true cat-
alysts [25]. Other Hg(0) tests for arene hydrogenations
have been described, concluding that the catalyst nature is
heterogeneous [6b,21,26].

For the Rh-catalysed amino–borane dehydrocoupling
using [Rh(1,5-cod)(m-Cl)]2 as catalytic precursor, the cat-
alytic activity was completely suppressed by the addition
of an excess of mercury. But for phosphino–borane, Hg(0)
addition had no effect. Consequently, the authors proved
that the catalyst nature depends on the substrate using the
same catalytic precursor [15].

3.3.2. Lewis Bases Test

Quantitative tests using ligands (CS2, PPh3, thiols) as
poisons represent an important tool to identify homoge-
neous catalysts. This kind of poisons can inhibit the cat-
alytic activity of homogeneous molecular catalysts and
also heterogeneous catalysts, mainly metal NPs, depend-
ing on the relative ratio ligand to metal. If less than 1
equivalent of ligand stops the catalysis, this result evi-
dences the presence of a heterogeneous catalyst. Logically,
for a heterogeneous catalyst, only a fraction of the total
metal atoms are on the surface depending on the particle
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size; therefore ligand/metal ratios smaller than 1 can
completely poison the catalyst [6a].

Finke and co-workers carried out a quantitative cata-
lyst poisoning experiment using CS2 for hydrogenation of
cyclohexene catalysed by both polyoxoanion- and
tetrabutylammonium-stabilised Rh(0) nanoclusters and
5% Rh/Al2O3 heterogeneous catalysts. These studies led
to determine the percentage of catalytically active metal
atoms on the metallic surface [27]. 1,5-Phenanthroline and
N-heterocyclic carbene have been also applied by Finke to
identify the catalyst nature for benzene hydrogenation
using [Ru3(m2-H)3(Z

6-C6H6)(Z
6-C6Me6)(m3-O)] as cata-

lytic precursor. These studies, together with other exper-
iments mainly kinetics, evidenced that Ru nanoclusters
and not molecular clusters are the true catalysts [17].

Manners and co-workers have studied the catalyst na-
ture for the dehydrocoupling of amine–borane and
phosphine–borane using [Rh(1,5-cod)(m-Cl)]2 as pre-
catalyst. Concerning the poison tests, when 0.5 equiva-
lent of PPh3 were added to Me2NH.BH3, a partial activity
diminution was observed due to an incomplete surface
coverage of the catalyst by PPh3. In contrast, when
Ph2PH �BH3 was used as substrate, PPh3 effect on activity
was undetectable (neither using Hg as poison, see above),
showing that the catalyst is heterogeneous for Me2NH-
BH3 and homogeneous for Ph2PH–BH3 [15,28].

3.3.3. Diene Test

An elegant complementary test to mercury poison is the
use of dienes as selective poisons for homogeneous cat-
alysts, due to their strong coordination to metal centres
yielding inert catalytic complexes. In addition, their in-
teraction with metal surfaces is weak. If the presence of
diene (diene:metal ¼ 1:1) inhibits the catalytic process and
Hg test does not, homogeneity can be strongly supported.

Crabtree found that dibenzo[a,e]cyclooctatretaene (dct)
binds strongly with platinum group transition metals and
it is stable under hydrogenation conditions, probably due
to its sterically demanding structure. But dct binds weak
with first-row transition metals. This poison was first
tested for the hydrogenation of 1-hexene with various
catalytic systems like [RhCl3(py)3]/NaBH4/DMF, Pd
colloid, Pd/C/hexane, [Ir(cod)(PMePh2)2]PF6, and
[RhCl(PPh3)3] [29].

1,7-octadiene has been also used as poison for the ho-
mogeneous platinum ring-opening polymerisation cataly-
sis of 1,1,3,3-tetramethyl-1,3-disilylcyclobutane [10]. In
this case, the diene shows an inhibitory effect but not
Hg(0).

3.4. Other Experiments

3.4.1. Polymer Test

According to Collman et al.’s work [2], the utilisation of
polymer-bound substrates in hydrogenation processes can
be used to distinguish homogeneous from heterogeneous
metal NPs (particles bigger than 8 nm), because of the
lack of mobility of the heterogeneous catalysts in and

around the polymer matrix in contrast to the homogene-
ous ones; only truly soluble molecular catalysts are ex-
pected to diffuse readily into the polymer network and
react easily with the attached functional groups. It is an
elegant method to distinguish both types of catalysts be-
cause the reactivity observed is due to the active catalytic
compounds without influence of the inactive species
present in the catalytic mixture. Additional poisoning ex-
periments were carried out by thiol functionalisation of
polymers. Therefore, the incorporation of benzenethiol
moieties in cross-linked polystyrene inhibited the polymer
hydrogenation catalysed by [RhCl(PPh)3], pointing to a
homogeneous catalyst.

In this way, Davies and co-workers proved that for
monomeric organohalide carbonylation, the catalyst was
homogeneous, although Pd/C was used as pre-catalyst.
This fact was in addition supported by the catalytic ac-
tivity observed with related polymeric halides [30].

3.4.2. Physical Separation of the Catalyst: Filtration

and Centrifugation

When colloids are involved in catalysis, the separation of
catalyst by means of solvent evaporation becomes inap-
propriate because the agglomeration of particles is then
favoured [3]. ‘‘Soft’’ methods like filtration or centrifuga-
tion turn out to be more convenient.

Filtration of the catalytic mixture using pore mem-
brane filters or filter aids allows the distinction between
soluble and insoluble catalysts. Further catalytic activity
analysis from the solution and insoluble residue can give
information about the state of the real catalyst. In turn,
centrifugation can be appropriated to separate metal NPs
from the catalytic solutions, due to their high molecular
weight and density, and thus to be separated from mo-
lecular species.

A first filtration test described in the literature corre-
sponds to the use of pore membrane filter in the water gas
shift reaction catalysed by [Ru3(CO)12] complex. The cat-
alytic reaction was filtered using a fluoropore filter of
0.5 mm pore size and the same rate of hydrogen produc-
tion before and after filtration was observed [31]. For Rh-
catalysed olefin hydrogenations and boranes dehydrocou-
plings, filtration tests have also been used to separate the
catalysts [15,21]. These observations about filtration tests
exclude bulk metal as heterogeneous catalyst, but not
metallic NPs smaller than the pore size employed.
Recently, recycling of gold colloids used as catalysts for
1,2-diols oxidation has been successfully achieved by
means of membrane filtration (cellulose acetate for aque-
ous filtration or poly(dimethyl)siloxane membranes for
organic solvents) [32].

Another filtration approach concerns the addition of a
filter aid after reaction, like powered cellulose, celite or
powdered graphite [6a]. The solution is filtered and the
catalytic behaviour of both components, solution and fil-
ter aid, is then tested and compared with the catalytic
behaviour before the filter aid addition. This methodology
was first described by Maitlis and co-workers for
distinguishing a heterogeneous component in a starting
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homogeneously catalysed cyclohexene hydrogenation, us-
ing [Rh2(C5Me5)(OH)3]Cl � 4H2O as a pre-catalyst [33].

TEM and XPS analysis of the solid recovered by cen-
trifugation from the catalytic solution corresponding to
Heck coupling reaction using [RuCl2(p-cymene)]2 as pre-
catalyst, showed the formation of Ru(0) NPs (2–3 nm).
This fact, together with other control experiments, proved
that the catalytic behaviour observed is due to the colloids
formed in situ from the molecular starting material [34].
Centrifugation has also been applied to recycle TiN NPs
used as catalyst for diphenylethyne reduction, allowing
the solid separation, which was reused up to four times
without alteration of its catalytic activity [35].

3.4.3. Model Catalytic Reactions

Hydrogenation of aromatic nitro compounds [8,18,29]
and hydrogenation of benzene derivatives [2,9,21] have
been generally accepted as model reactions to check the
heterogeneous nature of catalyst, because homogeneous
species are not believed to be active. But at least two well-
studied examples show that molecular catalysts can hy-
drogenate benzene [36,37].

Hydrogenolysis of the C–O bond can represent another
reaction model for verifying the heterogeneous identity of
the catalysts, because this reaction has been only observed
when metal surfaces are involved [38]. Therefore, Dupont
and co-workers have proved that preformed iridium NPs
catalyse acetophenone and anisole hydrogenation giving,
in variable extension, the corresponding hydrogenated
product together with that corresponding to C–O bond
breaking, showing their heterogeneous nature [39].

Recently, Manners and co-workers have found another
type of reaction, the inorganic process corresponding to
Rh-catalysed dehydrocoupling of borane adducts, which
is homogeneous or heterogeneous catalysed depending on
the substrate, in particular the nature of the Lewis base,
phosphine or amine respectively [15].

But not only the (in)activity can suggest the identity of
the catalyst. Examples reported recently point to a dis-
tinction taking into account the selectivity behaviour.

Thus, [W(CO)3(CH3CN)(TPPMS)2] (TPPMS ¼ PPh2
(m-C6H4SO3Na)) can behave as homogeneous (yellow
colour solution) or heterogeneous (blue colour solution)
catalyst depending on proton concentration, for bi-phasic
alkenes hydrogenations. It is known that the relative hy-
drogenation rates for homogeneous systems follow the
trend: mono-substituted alkenes4di-substituted al-
kenes4tri-substituted alkenes4tetra-substituted al-
kenes4aromatics and the inverse order is followed for
heterogeneous catalysts [40]. The authors observed that

the reaction was homogeneously catalysed at pH46 and
heterogeneously catalysed at acidic pH [41].

Concerning enantioselective processes, Fujihara and
Tamura have proved that palladium NPs containing (S)-
BINAP (2,20-bis(diphenylphosphino)-1,10-binaphthyl) as
chiral stabiliser, catalyse the hydrosilylation of styrene
with trichlorosilane, obtaining (S)-1-phenylethanol as the
major isomer (ee ¼ 75%) [42]. In contrast, the palladium
complex [Pd(BINAP)(C3H5)]Cl is inactive for the same
reaction [43].

Another more specific characteristic can allowed
the differentiation between homogeneous and colloidal
catalysts. In Pd-catalysed allylic alkylation rac-3-acetoxy-
1,3-diphenyl-1-propene with dimethyl malonate, homoge-
neous and colloid species reacts at different rates with
both substrate enantiomers, obtaining in the case of Pd
colloids an excellent kinetic resolution (see Section 4) [44].

4. A Case History: Enantioselective Allylic

Alkylation Catalysed by Pd Nanoparticles

As described above, the formation of heterogeneous cat-
alysts from molecular precursors has been largely studied.
But the reactivity of heterogeneous catalysts to give ho-
mogeneous catalysts has been less considered. In this line,
it is known that bulk metals, under hydroformylation
conditions, can form active complexes [45], and rhodium
colloids employed in the Monsanto reaction lead to the
formation of molecular ionic species, [RhI2(CO)2]

� [46].
The studies concerning aromatic aminations and Kumada
couplings, using nickel on charcoal as starting heteroge-
neous catalyst, have recently demonstrated that the true
catalyst are soluble nickel species [47]. Additionally, in
Pd-catalysed C–C coupling reactions [48], palladium NPs
can act as a reservoir of molecular palladium species, as
proposed by Dupont [49] and in agreement with the re-
sults obtained by de Vries using ligand-free palladium
catalysts [50]. Concerning enantioselective processes, few
examples are described in the literature involving NPs.
Platinum and also palladium colloidal systems containing
cinchonidine, have been found to display an interesting
activity for the hydrogenation of ethyl pyruvate [51]. Also,
palladium particles stabilised with the chiral diphosphine
BINAP have proved to be the responsible of the asym-
metric induction observed in styrene hydrosilylation [42].

Since Pd complexes are well-known catalysts for enan-
tioselective allylic substitution reactions, here the catalytic
behaviour of palladium NPs for this reaction is examined
(Scheme 1). One example involving a chiral phosphite with
a carbohydrate backbone, able to coordinate firmly at the
surface of NPs together with oxygen atoms capable to in-
teract weakly with this surface, is presented. In particular,

COOMe
H2C

COOMe
Ph Ph

COOMeMeOOC

BSA, KOAc
CH2Cl2, rt

*

[Pd/1]coll

Ph Ph

OAc

* +

rac−I II

Scheme 1. Asymmetric allylic alkylation of rac-3-acetoxy-1,3-diphenyl-1-propene (rac-I) with dimethyl malonate catalysed by Pd/1
colloidal system. (Reprinted from Reference [44], r 2004, with permission from American Chemical Society.)
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the catalytic behaviour corresponding to colloidal palla-
dium/ligand 1 system (Scheme 2) [52], which has been suc-
cessfully used for the formation of molecular Pd complexes
involved in catalytic C–C coupling [53], is described.

Pd NPs were isolated as a black powder from
[Pd2(dba)3] under hydrogen pressure at room tempera-
ture in THF in the presence of 1 (Pd/1 ¼ 1/0.2); by-
products, dba and its hydrogenated products, were
eliminated by pentane washings (Scheme 2). This metho-
dology leads to reproducible synthesis and nearly mono-
disperse particles of small size [54].

Transmission electron microscopy for [Pd/1]coll reveals
the presence of small spherical but in some cases agglom-
erated particles of ca. 4 nm mean size, and wide angle X-
ray scattering analyses evidence the fcc structure of bulk
palladium [44] (Figure 1).

The reaction of rac-3-acetoxy-1,3-diphenyl-1-propene
(rac-I) with dimethyl malonate under basic conditions [55]
was studied using as catalyst either [Pd/1]coll (Pd/1/I ¼ 1/
1.05/100) or a molecular complex, [Pd/1]mol (Pd/1/I ¼ 1/
1.25/100), generated in situ by reaction of [Pd(C3H5)Cl]2
and 1, according to literature [56]. Both systems lead to
the expected alkylated product. The enantiomeric excess
found using the molecular catalyst is in agreement with
the published data, while using the colloid catalyst the ee
in (S)-II was slightly higher (90% for [Pd/1]mol versus
97% for [Pd/1]coll). The reactions observed using the two
catalytic systems however display some clear differences,
the most striking ones being the absence of completion of
the reaction associated to a high kinetic resolution (89%
ee in the remaining substrate) when [Pd/1]coll was used as
catalyst [57]. Thus, only ca. 55% of product (II) was

obtained after 24 h and this value did not change after
168 h. In contrast, quasi total conversion but no kinetic
resolution of the substrate was observed after 1.5 h using
[Pd/1]mol as catalyst.

Since the reaction rates were found very different in the
two catalytic systems, a direct comparison is not possible
because the formation of small amounts of active molec-
ular catalyst from the particles could not be excluded. In
order to be able to rule out this possibility and more gen-
erally to characterise better the colloidal system, control
experiments were carried out, founding all of them re-
producible.

4.1. Monitoring Pd-Catalysed Allylic Alkylation

In order to achieve a true comparison between both cat-
alytic systems, colloidal and molecular, which display very
different reaction rates, a series of experiments were car-
ried out with the homogeneous molecular system, de-
creasing the catalyst concentration in the studied allylic
alkylation reaction. The reaction evolution is monitored
taking samples at different reaction times and analysing
each of them by 1H NMR spectroscopy (to determine the
conversion) and HPLC chromatography with chiral col-
umn (to determine the enantioselectivity of I and II). For
molecular catalyst systems, the Pd/substrate ratio was
varied between 1/100 and 1/10,000. For the latter ratio,
the initial reaction rate was found comparable to that of
the colloidal system (Figure 2a), but interestingly the con-
version of the substrate is quasi complete after ca. 100 h in

THF, rt

3 barH2 [Pdx(THF)y(L)z] + dba + dbaH

[Pd/1]coll

1/2 [Pd2(dba)3] + 0.2 L
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Scheme 2. Synthesis and TEM micrograph of Pd NPs containing ligand 1, [Pd/1]coll. (Reprinted from Ref. [44], r 2004, with
permission from American Chemical Society.)
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Figure 1. (a) TEM micrograph of [Pd/1]coll with the size distribution diagram; (b) WAXS analysis, comparing the rdf of colloid [Pd/
1]coll with a theoretical rdf calculated for 4 nm fcc Pd NPs. (Reprinted from Ref. [44], r 2004, with permission from American Chemical
Society.)
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contrast to colloidal catalyst which remains at less than
60% conversion (Figure 2b).

For molecular catalytic systems, it is remarkable to
note that the conversion at short times (o5 h), increases
with increasing Pd/substrate ratio. Actually, the nano-
clusters formation seems to be less probable, in contrast
to analogous experiments carried out for other Pd-cata-
lysed reactions like C–C Heck couplings [58].

Concerning the enantioselectivity, the enantiomeric ex-
cess of the substrate remained limited and constant at ca.
40% for molecular catalyst when Pd/I ratio was 1/10,000;
for less dilute systems, the ee was found lower (for Pd/
I ¼ 1/2,000, 27%; for Pd/I ¼ 1/500, 0%). But the colloi-
dal catalyst leads to ee of ca. 90% for I (Figure 3a). Plots
of k((R)-I)/k((S)-I) [59] versus time calculated for both
colloidal and molecular 1/10,000 catalysts (Figure 3b),
revealed two different stable values, namely ca. 12 for the
colloidal and 2 for the dilute molecular system (a similar
value was obtained for molecular catalyst using a Pd/I
ratio of 1/100,000).

4.2. Hg(0) and CS2 Poison Tests [6a]

Both poisons were separately added to two catalysts, col-
loidal ([Pd/1]coll/1/rac-I ¼ 1/1.05/100) and molecular ([Pd/
1]mol/1/rac-I ¼ 1/1.25/50) systems. Addition of mercury
or CS2 at the beginning of the reaction totally inhibits the

allylic alkylation catalysed by colloids (entries 5 and 6
versus 4, Table 1), whereas it has little or no effect on the
molecular ones (CS2 slows down the reaction but no ki-
netic resolution was observed: entries 2 and 3 versus 1,
Table 1). Addition of CS2 after ca. 4 h of reaction stops
the colloidal catalytic system (entry 9 versus 7, Table 1).
However addition of mercury after the same reaction time
has only a slowing effect (entry 8 versus 4, Table 1).

4.3. TEM Analysis

TEM analyses of the colloids do not evidence any signifi-
cant change in the size and shape of the particles after
seven days’ catalytic reactions (Figure 4). No NPs were
observed at long times of reaction (up to one week) start-
ing with molecular catalysts.

4.4. Reuse of Colloidal Catalytic System

In order to verify if the colloidal catalytic system is still
active after 24 h of reaction, several additions of the
substrate rac-I, were done on the reaction catalytic mix-
ture. The data are collected in Table 2. Up to the third
run, further conversion of (R)-I enantiomer of the subst-
rate towards (S)-II alkylated product and accumulation of
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Figure 2. Plot of rac-I conversion versus time for colloidal and molecular catalytic systems. (a) Reactions monitored during 24 h for
colloidal and molecular (Pd/I ¼ 1/500, 1/2,000 and 1/10,000) catalysts. (b) Reactions monitored during one week for colloidal and
molecular (Pd/I ¼ 1/10,000) catalysts. (Reprinted from Ref. [44], r 2004, with permission from American Chemical Society.)
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Figure 3. (a) Plot of enantiomeric excess corresponding to I versus time for colloidal and molecular (Pd/I ¼ 1/10,000 catalysts). (b) Plot
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ln[(1–C/100)(1+ee/100)], C ¼ conversion of rac-I; ee ¼ enantiomeric excess of recovered I. (Reprinted from Ref. [44], r 2004, with
permission from American Chemical Society.)
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(S)-I was observed after each rac-I addition, without no-
ticeable changes in activity and selectivity. After the
fourth run, the catalyst loses its activity.

4.5. Enriched Substrate

Enriched I (more than 75% (S)-I) was used as substrate
for Pd-catalysed allylic alkylation, using both colloidal
[Pd/1]coll and molecular [Pd/1]mol catalysts. As observed in
Scheme 3, the colloidal system reacts more slowly with
(S)-I enantiomer: only 8% of (R)-I is present in the start-
ing substrate, leading to a substrate conversion of ca. 10%
with an ee of the remained substrate higher than 99% (S),
in agreement with the relative rate calculated previously,
k((R)-I)/k((S)-I)E12 (see above). This relative rate is ac-
tually smaller for the molecular catalyst (see above) and
consequently a higher conversion was obtained in this
case: 67% conversion is achieved after 30 h of reaction
from a starting substrate constituted by 88.5(R)-I and
11.5(S)-I.

Table 1. Poison effects in activity and selectivity for the allylic alkylation reaction (Scheme 1), using [Pd/1]coll and [Pd/1]mol as catalysts.

Entry Catalyst Poison Pd/1/poison Time (h) Conversion(%)a ee II(%)b ee I (%)b

1 [Pd/1]mol – 1/1.25/0 1.5 95 87 (S) nd
2c [Pd/1]mol Hg 1/1.25/100 1.5 97 97 (S) nd
3c [Pd/1]mol CS2 1/1.25/4 5 79 98 (S) 0
4 [Pd/1]coll – 1/1.05/0 24 45 97 (S) 84 (S)
5d [Pd/1]coll Hg 1/1.05/100 24 0 – 0
6d [Pd/1]coll CS2 1/1.05/0.3 20 0 – 0
7d [Pd/1]coll – 1/1.05/0 3.75 6 Nd 4 (S)
8e [Pd/1]coll Hg 1/1.05/100 24 33 98 (S) 84 (S)
9e [Pd/1]coll CS2 1/1.05/0.3 24 11 98 (S) 10 (S)

aDetermined by 1H NMR.
bDetermined by HPLC on a Chiralcel-OD column. Absolute configurations of I (S. R. Gilberston, P. Lan, Org. Lett. 3 (2001) 2237) and II (U. Leutenegger,

G. Umbricht, C. Fahrni, P. V. Matt, A. Pfaltz, Tetrahedron 48 (1992) 2143) in parentheses.
cCatalytic reaction conditions: Molecular catalyst was generated from [Pd(C3H5)Cl]2 (0.02mmols) and 1 (0.05mmols) in 2 cm3 of CH2Cl2, stirring for

30min at rt. rac-1,3-diphenyl-2-propenyl acetate (252mg, 1mmol), dissolved in 2 cm3 of CH2Cl2, was added, followed by dimethyl malonate (396mg,

3mmols), BSA (610mg, 3mmols), and a catalytic amount of KOAc. The poison (Hg or CS2) was then added.
dCatalytic reaction conditions: [Pd/1]coll (ca. 2.35� 10�2mmols) and 1 (5.8� 10�3mmols) were dissolved in 2 cm3 of CH2Cl2. rac-1,3-diphenyl-2-propenyl

acetate (252mg, 1mmol), dissolved in 7 cm3 of CH2Cl2, was added, followed by dimethyl malonate (396mg, 3mmols), BSA (610mg, 3mmols), and a

catalytic amount of KOAc. The poison (Hg or CS2) was then added.
eCatalytic conditions described in footnote d, but the poison (Hg or CS2) was added after 3.75 h of reaction.

Figure 4. TEM micrographs of: (a) before catalysis; (b) after catalysis (seven days). (Reprinted from Ref. [44],r 2004, with permission
from American Chemical Society.)

Table 2. Effect of substrate additions in activity and selectivity
for the allylic alkylation reaction (Scheme 1), using [Pd/1]coll as
catalysta.

Run Time (h) Conversion
(%)b

ee
II(%)c

ee I

(%)c

1 24 53 98 (S) 83 (S)
2 24 (total time:

48 h)
46 97 (S) 87 (S)

3 24 (total time:
72 h)

53 97 (S) 93 (S)

aCatalytic reaction conditions: [Pd/1]coll (ca. 2.35� 10�2mmols) and 1

(5.8� 10�3mmols) was dissolved in 2 cm3 of CH2Cl2. rac-1,3-diphenyl-2-

propenyl acetate (252mg, 1mmol), dissolved in 7 cm3 of CH2Cl2, was

added, followed by dimethyl malonate (396mg, 3mmols), BSA (610mg,

3mmols), and a catalytic amount of KOAc. After each 24 h, 1mmol of

rac-I was added.
bDetermined by 1H NMR.
cDetermined by HPLC on a Chiralcel-OD column. Absolute configura-

tions of I (S. R. Gilberston, P. Lan, Org. Lett. 3 (2001) 2237) and II (U.

Leutenegger, G. Umbricht, C. Fahrni, P. V. Matt, A. Pfaltz, Tetrahedron

48 (1992) 2143) in parentheses.

M. Gómez and I. Favier434



4.6. Conclusion

The main difference between the colloidal and molecular
systems described here lies in their relative rates of
alkylation of the two enantiomers of the substrate. The
kinetic preference for the (R)-substrate is only a factor 2 in
the molecular system whereas it is clearly higher in the
colloidal catalyst (12–20). This induces an apparent ab-
sence of reaction with the substrate enriched in the (S)-
isomer for the colloidal catalyst. The apparent lack of
reactivity observed at 58–60% conversion starting with
the racemic substrate, is not due to the colloidal catalyst
deactivation as demonstrated by further addition of
substrate, which leads to its alkylation at the same rate
and with the same selectivity. This distinctive colloidal
behaviour leads to a very high kinetic resolution giving at
the end of the reaction both nearly enantiomerically pure
substrate and product. In addition, TEM analyses (up to
one week of reaction) did not evidence significant changes
when NPs were used as catalytic precursor or NPs for-
mation from the molecular precursor. Furthermore,
experiments with poisons, although questionable, distin-
guish the catalytic behaviour between colloidal and mo-
lecular species. In summary, the experiments described
here shows the colloidal character of the catalyst when the
catalytic precursor used is formed by palladium NPs,
previously prepared and isolated.

5. Conclusions

In order to answer the key question: ‘‘is homogeneous or
heterogeneous the true catalyst?’’, a set of control exper-
iments should be carried out, taking into account their
limitations.

In particular when NPs are involved, either formed in
situ from molecular complexes or preformed to be used as
catalytic precursors, the catalyst identity remains difficult
to prove.

Starting from molecular pre-catalysts some signs can
pointed to the formation of metallic NPs: colour changes
during the reaction or precipitate formation are observed,
or induction time is determined, or ‘‘hard’’ reaction con-
ditions (high temperature and/or high pressure) are used,
or potential stabilisers for metal nanoclusters are present

in solutiony But starting from preformed metal NPs, the
control tests to exclude the presence of molecular com-
plexes are more subtle.
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CHAPTER 32

Metal Vapor-Derived Nanostructured Catalysts in
Fine Chemistry: The Role Played by Particle Size in

the Catalytic Activity and Selectivity
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1. Introduction

Increasing attention is being paid to nanometer-scale
metal particles; they are of great interest in several fields,
ranging from material science and catalysis to biology [1].
Their behaviour is strongly related to the particle size
distribution, and nanostructured metals are expected to
have unusual electronic, optical, magnetic, and chemical
properties that differ from those of atomic or molecular
species and bulk metals [2]. The chemical reactivity of
metal nanoparticles is strongly dependent on the size, not
only because of the large surface area but also as a result
of the significantly different electronic structure of small
nanoparticles. Relevant examples of their size-dependent
chemistry have been reported, thus widening the scope of
this subject [3].

2. Synthesis Strategy

Among the various preparative routes [1] metal vapori-
zation chemistry provides a valuable synthetic route to
weakly stabilized nanostructured metal particles [4].

The co-condensation at low temperature of a metal
vapor (commonly produced by resistance or electron-
beam heating of metals) with a vapor of weakly stabilizing
organic ligands (such as n-pentane, toluene, tetrahydrofu-
ran, acetone, or acetonitrile), using commercially availa-
ble reactors, affords solid matrices, where reactions
between the ligand molecules and metal atoms can take
place (Scheme 1(A); Figure 1) [5].

After co-deposition the frozen matrix is allowed to melt
(Scheme 1(B)). This generates solvent-stabilized metal mi-
croclusters (Solvated Metal Atoms, SMA), which are sol-
uble in the excess of ligand and can be recovered and
handled at low temperature (�50 to –30 1C) under an inert

atmosphere [5]. The warming up of SMA solutions from
the isolation temperature (�50 to –30 1C) to room temper-
ature results in a further clustering process which affords
nanostructured metal particles as nanopowders or, in the
presence of supports, as supported metal nanoaggregates.

These metal vapor-derived nanostructured systems are
valuable catalytic precursors for a wide range of reactions
of great interest in fine chemistry.

3. Results

3.1. Solvated Metal Atoms as Homogeneous
Catalytic Precursors

SMA are solvent-stabilized metal microclusters in which
the interaction of the organic ligand (solvent) with the
metal is so weak that they can be regarded as naked metal
clusters [6]. They are valuable homogeneous catalytic pre-
cursors for a wide range of reactions such as the cocycli-
zation of a,o-diynes and nitriles, the hydroformylation of
conjugated dienes to b,g-unsaturated aldehydes, the hydro-
silylation of acetylenes and nitriles, and the intramolecular
hydrosilylation of propargyl alcohols (Table 1) [7�12].

To give some new examples of the remarkable catalytic
activity of SMA, we report here some recent results obtained
on the silyl-carbocyclization of alkynes, promoted by arene-
solvated Rh atoms, and on the hydrosilylation of function-
alized alkenes, catalyzed by arene-solvated Pt atoms.

3.1.1. Silylformylation of 1-Alkynes

Mesitylene-solvated Rh atoms are valuable catalytic
precursors for the selective silylformylation of a wide

Metal Nanoclusters in Catalysis and Materials Science: The Issue of Size Control r 2008 Elsevier B.V. All rights reserved.
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range of 1-alkynes to the corresponding b-silylalkenals
(Scheme 2) [11].

Their catalytic activity is significantly higher than
that of more common species such as Rh4(CO)12 [11].
(Z)-Silylalkenals are exclusively formed in high yields
(60–95%) indicating syn addition both of CO and of
silane (Me2PhSiH) to the triple bond.

Using propargyl alcohols and propargylamine deriva-
tives as acetylenic compounds, the silylformylation reaction
affords, in the presence of a base, a-silylmethylene-b-
lactones, I, and b-lactams, II, respectively (Scheme 3) [13].

The reactions were carried out at 100 1C under 30 atm
of CO, using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as
base. A comparison with the catalytic activity of
Rh4(CO)12 catalyst, reported in Table 2, shows that the
Rh/mesitylene catalyst is the more active system.

3.1.2. Hydrosilylation of Functionalized Alkenes

There is much interest in the hydrosilylation of function-
alized alkenes as a powerful synthetic tool [14]. Mesitylene-
stabilized Pt nanoaggregates, obtained by reaction of Pt
vapor and mesitylene, which have already been reported to
be very active homogeneous catalysts in the hydrosilylation

of acetylenic compounds, including propargyl alcohols [8],
also show specific properties in the hydrosilylation of
functionalized alkenes, such as allyl amines (Scheme 4).

Under the same reaction conditions traditional cata-
lysts, such as H2PtCl6 in iPrOH (Speier catalyst) and
Pt2(divinyltetramethyldisiloxane)3 (Karstedt Catalyst) are
completely inactive.

3.2. Unsupported Metal Nanoparticles

3.2.1. Platinum Nanopowders

The co-deposition of platinum vapors with mesitylene at
liquid nitrogen temperature (�196 1C) affords red-brown
matrices which give, on melting, brown solutions, that are
stable at low temperature (�40 1C) and contain very small
Ptn clusters (nr5) stabilized by mesitylene, as indicated by
MALDI-TOF analysis [15]. The warming up to room tem-
perature causes further clustering and the precipitation of
Pt as a powder. As indicated by SEM and HRTEM anal-
ysis, the Pt powder consists of small aggregates (r1mm)
formed by Pt nanoparticles of average diameter 3.8 nm.
Such particle sizes are smaller than these observed for tra-
ditionally prepared Pt black powder (dav ¼ 6.5nm) and for
samples of commercial Pt powder (dav ¼ 20nm) [16]. Their
catalytic behavior in the hydrogenation of p-chloronitro-
benzene, a reference substrate, offers a valuable example of
size-dependent chemistry (Scheme 5) [17].

The formation of dicyclohexylamine as the main prod-
uct using MVS-derived Pt powders presumably involves
dehydrogenation of cyclohexylamine to the corresponding
imine with further addition of cyclohexylamine and elim-
ination of NH3 (Scheme 6) [18].

3.2.2. Copper Nanopowder

The reaction of Cu vapor with acetone and the further
clustering at room temperature affords Cu nanostructured
powders containing metal particles averaging 3–4 nm in
diameter (Figure 2).

The Cu vapor-derived nanopowders are efficient cata-
lytic precursors for the oxidation of a wide range of or-
ganic substrates with molecular oxygen or air and are

MMeettaall::  Fe, Co, Ni, Rh, Pd, Pt, Cu, Ag, Au
SSoollvveenntt:: Arenes, nitriles, olefins, acetone

SSoollvveenntt // MMeettaall mmoollaarr rraattiioo == 100 ÷ 1000

Heterogeneous 
Catalysts

Organic
ligand vapor

M  Atoms
A) Frozen Matrix

-196°C
B) Melting

Solvated Mnx Atoms Δ

Support Supported 
Mny Nanoparticles

Vapor Phase
 Liquid Phase

 Solid Phase

Unsupported 
Mnz Nanoparticles

Homogeneous 
Catalysts

Scheme 1.

Figure 1. Condensation of solvent vapor (A) and co-condensa-
tion of metal vapor with solvent vapor (B).
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considerably more efficient than commercial samples
[19,20] (Scheme 7).

3.3. Supported Metal Nanoparticles

Supported metal nanoparticles are of great interest in ca-
talysis, because they offer the opportunity to combine the
high reactivity and selectivity of the nanosized metals with
the easy separation of the catalysts from the reaction
mixture and recycling.

SMA, obtained by reaction of metal nanoparticles with
weakly stabilizing organic ligands, are excellent starting

materials for the gentle deposition of ligand-free metal
nanoparticles on a wide range of organic and inorganic
supports (Scheme 8) [21].

This method ensures the deposition of very reactive
metal nanoparticles that require no activation steps before
use. We shall review here the following examples of cat-
alytic reactions that are of interest in fine chemical syn-
thesis: (a) the hydrogenation of substituted arenes, (b) the
selective hydrogenation of a,b-unsaturated carbonyl com-
pounds, (c) the arylation of alkenes with aryl halides
(Heck reaction). The efficiency and selectivity of com-
mercial catalysts and of differently prepared nanosized
metal systems will be compared.

Table 1. Catalytic reactions promoted by solvated metal atom solutions.

Reagents Catalyst Main product Reagents Catalyst Main product

n
N

R

2 +

Co

N R

+  HSiR3 

Pt
SiR3

+ CO + H2 

Rh CHO

R

OSiMe2H
Pt Si O

O Si

R R

RC CH + 
Me2PhSiH + CO

Rh
H

SiMe2Ph

R

OHC

C

R

N

+  HSiR3

Rh
H2
C

R

N
SiR'3

SiR'3

RC CH +  Me2PhSiH
Rh/mesitylene

H

SiMe2Ph

R

OHC
25°C, C O (10 atm)

Scheme 2.

Me
Et

NHpTs
N

O

SiMe2Ph
Et

Me

Tsp

Rh/Mes itylene

+  Me2PhSiH
CO (30 Atm),100°C,

 DBU, CH2Cl2

O

O

SiMe2ButH

Prn
+  Me2ButSiH

CO (30 Atm),100°C,
  DBU, CH2Cl2

Rh/Mes itylenePrn

H

OH

I

II

DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene
pTs: p-toluensulfonamide

Scheme 3.
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Table 2. Silylcarbocyclization of propargyl alcohols and propargyl amines with Rh catalystsa.

Reagents Catalyst Product Yield (%)b Catalytic activity (/h)

NR
Et

Me

 

CO / Me2PhSiH  

Rh/mesitylene

N

O

SiMe2Ph
Et

Me

R

74 120
Rh4(CO)12 58 23

OH
H

Prn

 

CO / Me2PhSiH 

Rh/mesitylene

O

O

SiMe2ButH

Prn

87 134
Rh4(CO)12 66 21

aReaction conditions: alkyne (2mmols), R3SiH (2mmols), DBU (0.2mmols), solvent ¼ CH2Cl2 (3ml), molar ratio alkyne/silane ¼ 1, T ¼ 100 1C,

P(CO) ¼ 30 atm, time ¼ 4 h; molar ratio substrate/Rh ¼ 650 using Rh/mesitylene, molar ratio substrate/Rh ¼ 160 using Rh4(CO)12.
bCalculated by v.p.c.

N
R2

R1

Me(EtO)2SiH

[Pt/Mesitylene] N
R2

R1

Me(EtO)2Si Me(EtO)2Si
N

R2

R1

R1 = Me
R2 = Me, Et

+

[Karstedt Pt]
or [Speier Pt] No Reaction

Reaction conditions: silane/substrate = 1, silane / Pt = 104 (mmol/mg.atoms), T = 25 °C, t = 24 h,  

yields = 80-90 %, R2 = Me α  β  α  β 

 α 

/  = 85/15; R2 = Et /  = 100. 

 β 

Scheme 4.

Pt

NO2

Cl

NH2

Cl

(dm = 20 nm)
Pt H

N

H2

(dm = 3.8 nm)

Pt

(dm = 6.5 nm)

NH2NH2

+
H2

H2

 

Reaction conditions: substrate/Pt =100; P(H2)=1 atm; T=25˚C 
Conv. 100%, Pt commercial (dm = 20 nm) time 20 h, Conv. = 100%, Pt MVS (dm = 3.8 nm), time 1 h. 

Scheme 5.

NH2 NH
NHH2N

R
N

R
HN

R

-H2 RNH2 -NH3 +H2
R =

Scheme 6.
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Figure 2. Particle size distribution of the CuMVS powder.
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i) Substrate 5 mmols, Substrate / catalyst = 100 mol/g.atom, T=25°C, P(O2)=1 atm.

ii) Substrate / catalyst = 50 mol/g.atom, T=80°C, P(O2)=12 atm, solvent=acetone (5 ml) in the presence of
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3.3.1. Hydrogenation of Aromatic Compounds

The preparation of substituted cyclohexanes from the
corresponding substituted arenes is a common reaction
step in fine chemical synthesis [22,23]. Nanostructured
metal systems are valuable catalysts for the hydrogenation
of arenes to the corresponding cyclohexanes, which enable
very high yields to be achieved under quite mild reaction
conditions. It has been reported recently that in the
hydrogenation of methylbenzoate to cyclohexanoate, used
as reference reaction, Rh/g-Al2O3 nanostructured systems,
prepared by gentle deposition of rhodium particles from
mesitylene-solvated rhodium atoms (Scheme 9), are signifi-
cantly more active than the corresponding commercial
catalysts [24] (Figure 3).

HRTEM analysis indicates that the two systems have
quite different distributions of particle size, the average
values being 2.1 nm in the MVS system and 7.1 nm in the
commercial sample (Figure 4), thus accounting for their
different behavior.

3.3.2. Chemoselective Hydrogenation of

a,b-Unsaturated Carbonyl Compounds

Nanostructured Pt(0) catalysts supported on cross-linked
macromolecular matrices (Figure 5) have recently been eval-
uated in the hydrogenation of the a,b-unsaturated aldehyde,
(E,Z)-3,7-dimethyl-2,6-octadienal (citral) (Scheme 10) [25].

The selective hydrogenation of a,b-unsaturated alde-
hydes to a,b-unsaturated alcohols is a frequent require-
ment in the industrial synthesis of specialty chemicals,
typically in the liquid phase [26]. Currently, (E,Z)-citral is
one of the most intensively investigated substrates because
of its complex regiochemistry: it has two different olefinic
double bonds, one of which is conjugated with a carbonyl
group, which is the most difficult to hydrogenate [27].
Geraniol (trans-3,7-dimethyl-2,6-octadienol) and nerol
(cis-3,7-dimethyl-2,6-octadienol) are the products formed
by hydrogenation of the CQO group of the (E) and (Z)
isomers of citral, respectively (Scheme 10).

The dispersion of Pt(0) inside the functionalized resins
was carried out by two main routes. The first is based on
impregnation of the resin with a mesitylene solution of Pt
nanoclusters (Solvated Pt Atoms) obtained via MVS. The
second procedure, called Chemical Incorporation and
Reduction (CIR), implies the immobilization of conven-
ient molecular Pt precursors (i.e. [Pt(NH3)4]Cl2) in the
pre-swollen resins, followed by chemical reduction of the
metal center. Among the Pt catalysts obtained by the CIR
procedure only Pt/CF3 exhibits a high conversion of the

substrate but a very poor selectivity to geraniol and nerol
(about 5%). In the case of the MVS-derived Pt catalysts,
the Pt/CF2, Pt/CF3, and Pt/CF4 systems show a high
selectivity to geraniol and nerol (about 50%), while the
first two are also fairly active. HRTEM analysis indicates
that the metal particles are monodispersed on the sup-
ports and are regularly shaped and spherical, their diam-
eter being 2–3 nm. The selectivity enhancement in these
catalysts can be attributed to the interaction of the very
small metal nanoparticles with the functional groups of
the support. The metal particles obtained by the CIR
procedure are much larger and more irregularly shaped
than the MVS catalysts, and we argue that the interaction,
if any, of the CIR-derived metal nanoparticles with the
functional groups of the polymeric supports is not effec-
tive. Interestingly the immobilization in the polymer
framework of ions of a second metal ion, such as Fe(II),
Co(II), or Zn(II), enhances the selectivity of the Pt cat-
alysts by up to more than 90% [25].

3.3.3. Mizoroki– Heck Reaction

Studies on heterogeneous Pd metal catalysts for the
arylation of alkenes with aryl halides (the Mirozoki–Heck
reaction often reported as Heck reaction) [28] continue to
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Figure 3. Hydrogenation of methyl benzoate to methyl
cyclohexanoate with rhodium on g-alumina catalysts. (Reprinted
from Ref. [24], r 2003, with permission from Elsevier.)
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attract considerable interest, mainly because heterogene-
ous catalysis is generally recognized to be a valuable tool
in the synthesis of fine chemicals [29].

The catalytic activity, however, is generally associated
with leaching of the metal into solution, the reaction being
most likely catalyzed by soluble active Pd species. Palla-
dium leaching is generally caused by oxidative attack of
the aryl halide on the metal nanoparticles, giving catalyt-
ically active aryl halide Pd(II) species in solution [30].

Palladium metal catalysts supported on organic resins
containing tertiary amino, cyano, carboxyl, and pyridyl
groups have been recently investigated in some Heck reac-
tions, such as the coupling of iodobenzene with methyl
acrylate and methyl vinyl ether (Scheme 11) [31].

The catalysts were prepared by deposition of Pd nano-
particles on the CF1, CF2, CF3, and CF4 resins respec-
tively, shown in Figure 5, by chemical reduction of Pd(II)
precursors such as Pd(OAc)2 and PdCl2(NCR)2 (R ¼ Ph,
Me), following the CIR procedure, or by deposition from
Pd-solvated atoms obtained via MVS.

Particular attention was given to the question of
whether the catalysis with these systems is homogeneous
or heterogeneous. It was found that the nature of the
functional groups bound to the polymer backbone affects
the rate and the extent of metal leaching, which also

depends on the size of the nanoclusters. In fact, a MVS 1%
(w/w) palladium catalyst supported on a commercial cross-
linked polyvinylpyridine resin CF4, prepared as shown in
Scheme 12, exhibited appreciable catalytic activity with no
apparent contribution from active palladium species in the
bulk liquid phase.

A strong interaction of the very small palladium par-
ticles (diameter 3.5 nm, as shown by HRTEM analysis)
with the nitrogen atoms of the pyridyl groups in the pol-
ymeric support may account for this interesting result.

Similar behavior has been observed in the formation of
methyl cinnamate from iodobenzene and methyl acrylate
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Figure 4. Electron micrographs and relative histograms of the particle size distribution of commercial Rh/g-Al2O3 (B1) and
Rh/g-Al2O3 (MVS) (B2). (Reprinted from Ref. [24], r 2003, with permission from Elsevier.)
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in the presence of a Pd-based catalyst, which was prepared
by deposition of Pd particles from Pd-solvated atoms
obtained via MVS on polydimethylphosphazene (Pd/
PDMP) (Scheme 13) [32].

PDMP is the first member of the polyalkylphosphazene
series. These polymers are very attractive supports for
metals because of their high thermal stability and the
presence of the basic nitrogen in the main chain, which is
able to bind metal atoms.

The catalyst is soluble in N-methylpyrrolidone and can
be conveniently used in this solvent. At the end of the

reaction the catalyst can be completely recovered by ad-
dition of THF or toluene. No leaching of palladium was
observed as proved by analytical and chemical tests.

HRTEM analysis of the Pd/PDMP system indicates a
narrow particle size distribution with an average diameter
of 3.7 nm (Figure 6).

Interestingly, the Pd/PDMP catalyst is more active
than commercially available homogeneous and heteroge-
neous palladium catalysts, such as palladium acetate
and palladium on charcoal, respectively, as shown in
Table 3.
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3.4. Recent Advances in the Preparation of
Supported Catalysts Containing Metal Particles of
Tailored Sizes

The size of the metal particles deposited from SMA is
strongly dependent on the stabilization of the metal mi-
croclusters present in the starting SMA solutions. Their
stability can be conveniently modulated by addition of
suitable ligands. Examples related to g-Al2O3-supported
Platinum and Rhodium nanoparticles are reported here.

Arene and olefin compounds, pure or in admixture, are
efficient ligands in promoting the aggregation of platinum
atoms from mononuclear species to ligand-stabilized solu-
ble clusters and solid-supported nanoparticles (Scheme 14).

The control of the clustering process in the liquid phase
can be monitored by 1H NMR-DOSY (Diffusion Ordered
Spectroscopy) [33]. The basic 2D DOSY spectrum displays
conventional chemical shifts in one dimension and diffu-
sion coefficients in the other dimension. Because of the
relationship between diffusion rates and molecular radii,
the diffusion dimension reveals the distribution of molec-
ular sizes of different species in solution. By using as start-
ing material for the deposition of platinum particles a
solvated Pt solution containing Pt particles of different
hydrodynamic diameter, it is possible to prepare supported
particles of different size. As an example, 5% (w/w) Pt/g-
Al2O3 samples with particle sizes of mean diameter
dm ¼ 1.7 nm and 2.9 nm have been prepared from solu-
tions containing Pt particles with hydrodynamic diameters
of 0.9 and 1.5 nm respectively, as shown in Figure 7.
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Figure 6. Electron micrographs and relative histograms of the particle size distribution of Pd/PDMP (MVS).

Table 3. Reaction between iodobenzene and methyl acrylate to methyl cinnamate in the presence of palladium catalysts
I

+

 [Pd], 75°C

+ NEt3, -(NHEt3)I

O

OMe OMe

O

.

Catalyst Time (h) Conversiona (%) Specific activityb (/h)

Pd/PDMP 1 80 780
Pd/C 1 20 235
Pd(OAc)2 1 50 500

Note: Reaction conditions: iodobenzene (5mmol); methyl acrylate (10mmol); triethylamine (5mmol); palladium catalyst (5� 10�3mg atoms);

solvent ¼ N-methylpyrrolidone (9ml); T ¼ 75 1C.
aDetermined by GC analysis.
bMoles of methyl cinnamate/g atom of Pd � h.
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The clustering process in rhodium–mesitylene solutions
can be conveniently controlled by use of trioctylamine
(TOA), as additional ligand (Scheme 15).

Thus, it becomes possible to obtain supported Rh cat-
alysts containing very small Rh particles. In samples of
Rh(TOA)/g-Al2O3 (1% (w/w)) the Rh particle sizes are
around 1.1nm, as indicated by HRTEM analysis (Figure 8).
EXAFS (Extended X-ray Absorption Fine Spectroscopy)
studies performed on the same samples give 0.7–1.0nm as a
better estimate of the dm value [24]. It is noteworthy that the
similar system Rh/g-Al2O3 (1% (w/w)) obtained from me-
sitylene-solvated Rh atoms, without TOA (Section 3.1)

contain a larger Rh particles (dm ¼ 2.1 nm), as shown in
Figure 4.

Catalytic systems at very low metal loading 0.1% (w/w)
obtained in this way can be conveniently used in the hy-
drogenation of a,b-unsaturated ketones to the correspond-
ing saturated carbonyl compounds with very high
efficiencies and selectivities. In Table 4 we report the results
obtained in the selective hydrogenation of 4-(6-methoxy-
2-naphthyl)-3-buten-2-one, 1, and 2-acetyl-5,8-dimethoxy-
3,4-dihydronaphthalene, 2, to the corresponding saturated
carbonyl products (I), which are important intermediates
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in the synthesis of compounds of pharmaceutical impor-
tance [34].

Compound 1 is completely hydrogenated to the satu-
rated ketone, 4-(6-methoxy-2-naphthyl)-3-butan-2-one.
Compound 2 is hydrogenated in high yield (90%) to
the saturated ketone, 2-acetyl-5,8-dimethoxy-tetrahydro-
naphthalene, which can be obtained in the pure form by
fractional crystallization from chloroform.

The high activity of the Rh/g-Al2O3 system even at
such a low Rh loading (0.1% w/w) can be rationalized on
the basis that, as indicated by IR studies of adsorbed CO
and EXAFS analysis, all the Rh atoms are zerovalent;
coordination by the NR3 molecules protects them from
oxidation by the solid support [24,35].

4. A Case History

4.1. Rhodium Atom-Derived Catalysts in the
Hydroformylation of 1,3-Dienes and in the
Hydrosilylation of Aromatic Nitriles

The reaction of rhodium vapor with arene affords arene-
stabilized Rh microclusters, soluble in the excess of the

ligand and stable at low temperature (solvated rhodium
atoms). They have been directly used as efficient catalytic
precursors or as source of unsupported activated rhodium
nanoparticles (Scheme 16).

We describe here: (i) the selective hydroformylation of
1,3-dienes to b,g-unsaturated aldehydes promoted by cat-
alyst A and (ii) the efficient hydrosilylation of aromatic
nitriles to N,N-disilylamines using catalysts B and C.

4.2. Hydrofromylation of 1,3-Dienes with Rhodium-
Solvated Metal Atoms: Catalyst A

The chemo- and regioselectivities of hydroformylation re-
actions of open chain, conjugated dienes using the usual
catalyst are, in most cases, rather low [36]. The rhodium/
mesitylene co-condensate (catalyst A), in the presence
of bis(diphenylphosphino)ethane, DPPE, catalyses the
hydroformylation of 1,3-butadiene, isoprene, and (E,Z)-1,
3-pentadiene to the corresponding b,g-unsaturated mono-
aldehydes, with unusually high chemo- and regioselectivi-
ties (Scheme 17).

The results obtained are reported in Table 5. Under the
hydroformylation conditions, 1,3-butadiene is converted
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Figure 8. Electron micrographs and relative histograms of the particle size distribution of Rh(TOA)/g-Al2O3. (Reprinted from Ref.
[24], r 2003, with permission from Elsevier).

Table 4. Hydrogenation of a,b-unsaturated ketones 1 and 2 with Rh(TOA)/g-Al2O3 0.1% (w/w)

R R'

O
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OH

R R'

OH

H2(g)

+ +
Rh/ -Al2O3

I IIIII

 

.

Catalyst Substrate Time (h) Conversion (%) Product distribution

I II III

Rh(TOA)/g-Al2O3 0.1% (w/w) O

MeO

1 100 100 – –

OOMe

OMe  

2 100 90 2 8

Note: Reaction conditions: solvent ¼ toluene, T ¼ 25 1C, [sub]/[M] ¼ 1000 (mmol/mg atom), P(H2) ¼ 1Atm.
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completely after 6 h to a mixture of aldehydes (95%)
and oligomers (5%). The main product is (E,Z)-pentenal
(96% yield), the other aldehydes being 4-pentenal (4%
yield) and pentanal (traces). Isoprene furnished after 11 h
a mixture of aldehydes (90%) of composition (E,Z)-3-
methyl-3-pentenal (90% yield) and of 4-methyl-4-pentenal
(10% yield). (E,Z)-1,3-pentadiene gives after 6 h a mixture
(95%) of (E,Z)-2-methyl-3-pentenal (90% yield), (E,Z)-
2-methyl-2-pentenal (6% yield), and 2-methylpentanal
(4% yield).

4.3. Hydrosilylation of Aromatic Nitriles with
Rhodium Powder and Rh/c-Al2O3

The hydrosilylation of nitriles is unusual, since the cyano
group is quite inert under the usual reaction conditions
[37]. Rhodium metal particles, isolated as unsupported
(catalyst B) or supported (catalyst C) samples are able
to catalyze the hydrosilylation of aromatic nitriles to N,

N-disilylamines, precursors of benzylamine derivatives, in
high conversion and chemoselectivity (Scheme 18 and
Table 6).

As shown in Table 6 all the reactions proceed with
complete chemoselectivity to the corresponding N,N-
disilylamine. The reactions have been performed without
solvent facilitating the collection of the products. With
catalyst B, using HSiMe3, as hydrosilane reagent, quan-
titative yields of products have been obtained with ben-
zonitrile, as well as with other nitriles, containing
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Scheme 17. (Reprinted from Ref. [9], r 1995, with permission from Elsevier).

Table 5. Hydroformylation of open-chain conjugated dienes by rhodium/mesitylene co-condensate, catalyst Aa.

Substrate Time (h)b Aldehyde yield (%)c Aldehyde distribution (%)

6 95
CHO 96d CHO 4 OH traces

11 90
CHO

90e

CHO

10

6 95

CHO

90f

CHO

6
CHO

4

aReaction conditions: 1,3-diene:Rh:DPPE ¼ 650:1:1, T ¼ 80 1C; P ¼ 120 atm (CO:H2 ¼ 1:1).
bConversion ¼ 100%.
cObtained by GLC analysis using p-xylene as internal standard; the other products are oligomers.
dE/Z ¼ 75/25.
eE/Z ¼ 38/62.
fE/Z ¼ 18/82.
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Scheme 18. (Reprinted from Ref. [12], r 1999, with permission
from Elsevier).
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electron-donating or electron-withdrawing groups in para
position of the aromatic ring (run 1–5). High conversion
(70–80%) has been obtained also with HSi(OEt)3 (runs
6–10). A similar behavior has been found also with cat-
alyst C (runs 11–15).

4.4. Preparation of the Catalysts

4.4.1. Rhodium-Solvated Metal Atoms: Catalyst A

All the operation concerning the MVS technique were
performed under dry argon atmosphere. The co-conden-
sation of rhodium and mesitylene was carried out in a
static reactor previously described (Figure 1). The amount
of rhodium present in the MVS solution was determined
by atomic absorption spectroscopy. In a typical experi-
ment, rhodium vapor, generated by resistive heating of a
tungsten wire surface coated with electrodeposited rho-
dium (300mg) was co-condensed at liquid nitrogen tem-
perature with mesitylene (40ml) in the glass reactor
chamber of the MVS apparatus in about 30min. The
reactor chamber was warmed at the melting point of the
solid matrix and the resulting brown solution was sip-
honed at low temperature (�30 1C) into a Schlenk tube.
The content of metal in solution examined by Atomic
Absorption Spectroscopy was 4.5mg of rhodium/ml of
solution (the total amount of Rh recovered was 160mg
with about 60% of yield). This solution is stable for about
a week in a refrigerator at �20 1C.

Rhodium and platinum metals can be more conven-
iently vaporized with electron-beam vaporization source,
in a stainless steel reactor, starting from metal powders
deposited into a graphite crucible.

4.4.2. Rhodium Powder: Catalyst B

The rhodium powder was prepared directly in the Carius
tube employed for the hydrosilylation experiment.

n-Pentane (20ml) was added to the brown Rh/mesitylene
solution (2ml, containing 6mg of rhodium/ml) and the
solution was slowly warmed at room temperature under
stirring. After 4 h, when the solution became colorless, the
liquid was removed and the powder obtained was washed
with n-pentane and dried under reduced pressure.

4.4.3. Rhodium on g-Al2O3: Catalyst C

The above brown Rh/mesitylene solution (2ml, contain-
ing 6mg of rhodium/ml) was added to a suspension of
g-Al2O3 (1.2 g, AKZO 000-1.5 E product, dried in an oven
before the use) in toluene (10ml). The mixture was stirred
for 24 h at room temperature. The colorless solution
was removed and the light-brown solid was washed with
n-pentane and dried under reduced pressure whereupon
the Rh/g-Al2O3 catalyst, containing 1wt.% Rh, was
obtained.

4.4.4. General Procedure for the Hydroformylation

Reaction

In a typical run, bis(l,2-diphenylphosphino)ethane
(DPPE) (0.022 g, 0.05mmol) and 1,3 diene (32.5mmol)
are added to a portion of the co-condensate, containing
5.2mg of rhodium (0.05mg. atom) in 10ml of mesitylene.
The solution is introduced by suction into an evacuated,
80ml stainless steel autoclave. Carbon monoxide is intro-
duced to the desired pressure and the autoclave is rocked
and heated at 80 1C. Hydrogen is rapidly charged to give
1:1 gas composition. When the pressure reaches the the-
oretical value corresponding to the desired conversion, the
autoclave is cooled, depressurised, and the reaction mix-
ture analyzed by GLC. The crude product is distilled. The
aldehydes are obtained as pure samples by preparative
GLC and characterized by 1H NMR spectroscopy and
GC–MS analysis.

Table 6. Catalytic hydrosilylation of aromatic nitriles promoted by catalyst B and catalyst Ca.

Run Nitrile Hydrosilane Catalyst Conversionb (%) Yield of productc (%)

1 C6H5CN HSiMe3 Rh powder B 100 95
2 p-MeC6H4CN HSiMe3 Rh powder B 100 95
3 p-MeOC6H4CN HSiMe3 Rh powder B 100 95
4 p-CF3C6H4CN HSiMe3 Rh powder B 100 95
5 p-MeCO2C6H4CN HSiMe3 Rh powder B 100 95
6 C6H5CN HSi(OEt)3 Rh powder B 80 75
7 p-MeC6H4CN HSi(OEt)3 Rh powder B 75 70
8 p-MeOC6H4CN HSi(OEt)3 Rh powder B 75 70
9 p-CF3C6H4CN HSi(OEt)3 Rh powder B 75 70
10 p-MeCO2C6H4CN HSi(OEt)3 Rh powder B 70 65
11 C6H5CN HsiMe3 Rh/g-Al2O3 C 80 75
12 p-MeC6H4CN HsiMe3 Rh/g-Al2O3 C 75 70
13 p-MeOC6H4CN HsiMe3 Rh/g-Al2O3 C 75 70
14 p-CF3C6H4CN HsiMe3 Rh/g-Al2O3 C 50 45
15 C6H5CN HSi(OEt)3 Rh/g-Al2O3 C 65 60

aReaction conditions: nitrile (9.8mmol), hydrosilane (49mmol), rhodium (0.1mmol); T ¼ 100 1C, time ¼ 15 h.
bGLC conversion of nitrile.
cIsolated product yield.
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4.4.5. General Procedure for the

Catalytic Hydrosilylation of Aromatic Nitriles

in the Presence of Rhodium Catalysts

The compounds benzonitrile, p-methylbenzonitrile,
p-methoxybenzonitrile, p-trifluoromethyl-benzonitrile,
p-methoxycarbonylbenzonitrile, and triethoxysilane are
commercial products and are degassed and stored under
argon before use. Trimethylsilane was prepared according
to a literature report [38]. The nitrile (9.8mmol) and the
hydrosilane (49mmol) are added to the rhodium catalyst
(0.1mmol) contained in a Carius tube. When using trim-
ethylsilane, the operation is performed at �20 1C. The
tube is closed and the mixture stirred at 100 1C for 15 h.
The liquid is separated by filtration and the excess of
hydrosilane removed under vacuum to leave the N,
N-disilylamine derivative. If necessary, a bulb to bulb
distillation is performed to obtain a completely colorless
liquid. The yields obtained in the different runs are repo-
rted in Table 6. The product have been characterized by
elemental analysis, 1H NMR spectroscopy, and GC–MS
analysis.

5. Conclusions

In this chapter the potential of nanostructured metal sys-
tems in catalysis and the production of fine chemicals has
been underlined. The crucial role of particle size in deter-
mining the activity and selectivity of the catalytic systems
has been pointed out; several examples of important re-
actions have been presented and the reaction conditions
also described. Metal Vapor Synthesis has proved to be a
powerful tool for the generation of catalytically active
microclusters SMA and nanoparticles. SMA are unique
homogeneous catalytic precursors and they can be
very convenient starting materials for the gentle deposi-
tion of catalytically active metal nanoparticles of control-
led size.
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CHAPTER 33

Wet Preparation of Metal Nanoparticles and their
Immobilization on Silicon Substrates

Tetsu Yonezawa, Yoshinori Yamanoi, and Hiroshi Nishihara

Department of Chemistry, Graduate School of Science, The University of Tokyo
7-3-1, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

1. Introduction

The rapid development of nanotechnology has revolu-
tionized scientific developments in recent decades [1]. The
synthesis, characterization, and application of function-
alized nanoparticles are currently a very active field of
research [2]. Due to the size limitation of metal nanopar-
ticles, they show very unique properties, which are called
‘‘nano-size effect’’ or ‘‘quantum-size effect’’, which is
different from those of both bulk metals and metal atoms.
Such specific properties are usually dominated by the at-
oms located on the surface. In nanoparticles systems, the
number of atoms located on the surface of the particles
increases tremendously with decreasing of the particle di-
ameter [3].

Wet preparation procedure is the most widely used pre-
parative system for nanoparticle synthesis. Various stabi-
lizers and reducing reagents have been proposed in order
to prepare small and uniform-sized metal nanoparticles
from the era of Michael Faraday. Faraday firstly reported
hydrosol of gold nanoparticles, which are highly stably
dispersed for many years [4]. He showed the formation of
wine-colored dispersions by using phosphorus as the re-
ducing reagent. Until now, various preparative procedures
for gold nanoparticles have been proposed. They have
been used as a good stain reagent for TEM observation of
organic compounds especially biomolecules [5].

For transition and precious metals, thiols have been
successfully employed as the stabilizing reagent (capping
reagent) of metal nanoparticles [6]. In such cases, various
functionalities can be added to the particles and the ob-
tained nanoparticles may be very unique. It is well known
that thiols provide good self-assembled monolayers (SAM)
on various metal surfaces. When this SAM technique is
applied to the nanoparticle preparation, nanoparticles can
be covered constantly by functionalized moieties, which are
connected to the terminal of thiol compounds.

On the other hand, modification of substrate surfaces,
especially semiconductor surfaces, has been an intensively

investigated topic in the field of applied surface sciences
and technologies [7]. The mostly used semiconductor ma-
terial is silicon [8]. On silicon, one can readily prepare
organic monolayers via covalent bonds. These mono-
layers were usually prepared from organosilicon materials
(such as alkylchlorosilanes, alkylalkoxysilanes, alkylami-
nosilanes) on a silica layer or silicon surface. This modi-
fied surface was connected via Si–O–Si bonds on silicon
substrates. Therefore, the surface of the substrates is al-
ways covered by a silica layer. Another approach to the
covalent immobilization of organic molecules is the
hydrosilylation reaction of 1-alkenes with a hydrogen-
terminated (H–Si) silicon surface [8]. Si(1 1 1) and Si(1 0 0)
surfaces can be candidates for this monolayer-formation
process, so that as porous silicons [9]. As a porous silicon
is readily oxidized under ambient condition, such organic
monolayer system is very important to prevent the oxi-
dization of the surface.

Si–C formation technique with hydrogen-terminated
silicon substrates can also be used as the covalent attach-
ment of nanomaterials onto silicon surface. The possibil-
ity of assembling nanomaterials in order is strongly
desired in order to enable efficient utilization of their
unique ‘‘nano-sized’’ properties. Ordered arranging and
position controlling of nanomaterials on solid substrates
especially on silicon surface have been intensively studied
[10]. In this manuscript, the nanoparticle immobilization
by thermal Si–C formation will be discussed [11].

2. Wet Preparation of Metal Nanoparticles

Preparation of metal nanoparticles can be divided largely
into two categories, that is, physical process and chemical
process (Figure 1).

The physical process is usually a dry process, that is,
crush of bulk metals and cooling drops of metals gener-
ated at high temperature. It also includes arc discharge
between metal electrodes [12]. The chemical process is
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growth of zero-valent metal atoms to form nanoparticles.
This process has been studied intensively in the last
decade including chemical reduction of metal ions or
complexes in solutions, photochemical reduction, electro-
chemical process, and thermal decomposition of metal
complexes [13]. Evaporation of metals under vacuum can
also be classified into chemical process. In these cases,
zero-valent metal atoms are generated and they aggregate
themselves to form nanoparticles. This aggregation is
usually controlled by an organic stabilizing reagent.
Natural or synthesized polymers, such as gelatin and
poly(vinylpyrrolidone) [2e], have been used as a good
stabilizing reagent. Surfactants forming micelles can also
be good protecting materials. Metal-coordinative ligand
molecules are important candidates (Figure 2). Such wet
preparative processes are usually included into the chemi-
cal process.

Chemical reduction of metal salts in solution is the
most widely used method of preparation of metal nano-
particles, especially in laboratories. In general, the reduc-
ing reagents are added into the solution of the precursor
ions, but in some cases, a solvent works as a reductant.
Various reducing reagents have been proposed to prepare
metal nanoparticles. Ethanol or small alcohols can reduce
precious metal ions such as Au3+, Pt4+, Pd2+, Ag+, and
so on [3]. Polymer-stabilized precious metal nanoparticles
and their alloy particles can be used as good catalysts for
various reactions. Polyols, such as ethylene glycol, were

used to prepare transition metal nanoparticles such as
copper and cobalt [14].

Lithium or sodium tetrahydroborate (MBH4), and di-
borane (B2H4) have been frequently used as the reducing
reagent for various metal ions. PVP-stabilized copper
nanoparticles from copper(II) sulfate were proposed by
Komiyama et al. [15]. Small gold nanoparticles stabilized
by PVP, which are a good candidate of catalyst, were
reported by Tsukuda [16]. A very famous Au55 using
diborane as the reductant was proposed by Schmid [17].

In 1994, thiols were firstly used as stabilizers of gold
nanoparticles [6a]. Thiols form monolayer on gold surface
[18] and highly stable nanoparticles could be obtained.
Purification of nanoparticles can be carried out, which
makes chemical method of metal nanoparticles a real
process for nanomaterial preparation. Various thiol de-
rivatives have been used to functionalize metal nanopar-
ticles [6b, 19]. Cationic and anionic thiol compounds were
used to obtain hydrosols of metal nanoparticles. Quater-
nary ammonium-thiol compounds make the nanoparticle
surface highly positively charged [20]. In such cases, cat-
ionic nanoparticles were densely adsorbed onto oppositely
charged surfaces. DNA or other biomolecule-attached
gold nanoparticles have been proposed for biosensors
[21].

In this study, three a,o-alkenethiols (o-alkene-1-thiol
compounds) were used as the stabilizing reagent of gold
nanoparticles (Figure 3).

Figure 1. Schematic illustration of the preparation procedures of metal nanoparticles.

Figure 2. Schematic illustrations of (a) polymer-stabilized, (b) surfactant-stabilized, (c) ligand-stabilized metal nanoparticles.
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5-Hexene-1-thiol (C60) and 10-undecene-1-thiol (C110)
were synthesized from the corresponding alkenyl bromide
substrates according to the well-known thiourea route
with relatively good yield (34 and 83%, respectively). Al-
lylthiol (C30) was used as received. The preparative proc-
ess was the two-phase NaBH4-reduction of AuCl4

� ions in
the presence of stabilizing thiols. Allylthiol-stabilized gold
nanoparticles were prepared by the ligand-change process
following the NaBH4 reduction in the presence of propane
thiol. The yields of the C60 and C110-stabilized nanopar-
ticles in dry form were relatively high, 78% and 80%,
respectively [11].

3. Characterization of Metal Nanoparticles

Sizes or structures of metal nanoparticles are usually car-
ried out by TEM measurements. The gold nanoparticles
obtained in this study are relatively unique. Unfortu-
nately, allylthiol-stabilized gold nanoparticles were slightly
larger than other nanoparticles. It can be attributed to the
low-stabilization ability of allylthiol molecules according
to the very short molecular lengths. TEM observation
provides direct evidence of the size and morphology of the
particles, and is indispensable for nanoparticle study.
Other systems, such as XRD spectrum with Sherrer’s
equation, dynamic light scattering, can also be used in
order to determine nanoparticle sizes. However, TEM
images are quite useful because it is a clear evidence of the
size and crystallinity. Seeing is believing.

NMR measurements are very useful to understand the
properties of the stabilizing reagents of metal nanoparti-
cles. Author’s group reported the structure of stabilization
of non-ionic and cationic surfactants on platinum nano-
particles [22] and that of ternary amines on rhodium
nanoparticles [23]. Such information is considerably
important for applications of nanoparticles such as

nanoparticle catalysis or nanoparticle assembling. For
example, the stabilizing structures of non-ionic surfactant
and cationic surfactants are considerably different. In the
case of non-ionic surfactant, hydrophobic parts are
strongly adsorbed onto nanoparticle surface.

In this study, 1H NMR measurement has been carried
out with the obtained samples in order to assess their purity
as well as the saturation ratio of the terminal CQC double
bonds of the stabilizing reagents: a,o-alkenethiols. The
obtained nanoparticles after purification were redispersed
into deuterized solvents. The 1H NMR spectra of the
nanoparticles obtained in this study showed broad peaks
and no sharp NMR peaks of unbound (free) a,o-al-
kenethiol molecules can be observed. The broadening of
NMR peaks can be attributed to the longer relaxation
times of protons of the bounded a,o-alkenethiol molecules
on nanoparticle surface, which show slow rotation of mo-
lecular bonds. Furthermore, the 1H NMR of these nano-
particles can suggest the hydrogenation ratio of CQC
unsaturated bonds which could be determined by compar-
ing the integrated areas of the protons for the vinyl protons
and the terminal methyl groups of alkanethiols. The
obtained surface ratios of a,o-alkenethiol/alkylthiol on
C30, C50, and C110-stabilized gold nanoparticles are 49/51,
50/50, and 83/17, respectively [11].

C50- and C110-stabilized gold nanoparticles were pre-
pared by the same procedure, that is, reducing AuCl4

� in
the presence of the corresponding a,o-alkenethiols by
NaBH4 (Figure 4).

During this reduction process, CQC unsaturated
bonds may be hydrogenised probably by H2 generated
during the decomposition of NaBH4. A high CQC ratio
was observed in the case of C110-stabilized gold nanopar-
ticles. Thiol-SAMs with a long alkyl chain may form a
better-ordered structure on gold surface according to the
strong intermolecular interaction. This may be the reason
for this high C¼C ratio.

C3′

C6′

C11′

HS

HS

HS

Figure 3. Structures of a,o-alkenethiols used for immobilization of gold nanoparticles.

Figure 4. Preparative procedure of alkene thiol-stabilized gold nanoparticles. 50% of hexenethiol bounded to the particle surface is
hydrogenated to hexanethiol [11b].
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4. Hydrogen-Terminated Silicon Surface

It is very clear that silicon is one of the most important
materials in modern technologies, especially in electronics.
Silicon is also one of most common element on the
earth. Silicon surface is readily oxidized under ambient
condition. A silicon substrate is covered by a silica
(SiOx) layer. This silica layer can be controlled easily by
chemical reagents, heating, electrochemical treatment,
and so on.

Hydrogen-terminated silicon surfaces are relatively
active, but they can be handled even under ambient con-
dition. Of course, it is much better if they are treated in an
inert atmosphere in order to avoid any oxidation of the
surface. The hydrogen-terminated silicon surface can be
modified with organic monolayers with addition of some
energy. Hydrogen-terminated silicon surface can be ob-
tained readily by immersing as-received silicon wafer into
a diluted HF solution. By this process, the oxide layer
(SiOx) is removed by F� then the surface silicon atoms
bond to hydrogen atoms. In order to obtain atomically
flat surface, a more complicated process is applied. First,
SiOx layer is artificially generated in an oxygen atmos-
phere at high temperature. Then, HF treatment is carried
out. After that, atomically flat surface is achieved by a
treatment with a degassed NH4Faq (40%) for several
minutes [24]. The formation of hydrogen-terminated Si
surface can be confirmed by IR analysis.

5. Si–C Link Formation

In 1993, Linford firstly reported a quite useful method to
prepare monolayers of alkyl chains by thermal hydros-
ilylation of hydrogen-terminated silicon surfaces [25]. Al-
kyl chains are covalently bound to Si surface by Si–C
bonds. This thermal hydrosilylation could be attributed to
a free-radical process with 1-alkene. First, a diacyl perox-
ide initiator was used to produce free radicals. However, at
higher temperature, only hydrogen-terminated silicon and
a neat solution of 1-alkene or 1-alkyne can form Si–C
linkages [26]. Furthermore, lately it is found that such Si–C
covalent links can be observed even in dilute solutions of
1-alkenes [27]. In that case, the density of monolayer
packing strongly depends on the reaction temperature.

Also, photochemical approach can be used for hydros-
ilylation on hydrogen-terminated silicon. Light sources with
a wavelength at ca. 350nm can be employed for radical
formation under degassed condition [28]. The monolayer
packing density can be controlled by the wavelength of the
irradiation. The shorter wavelength makes shorter irradi-
ation time and forms more densely packed monolayers.

Hydrogen-terminated silicon has an effective functional
surface for various applications. Si–C linked monolayers
are highly stable because of its high bonding energy (Si–C
347 kJ/mol) [11b, 29]. The monolayer cannot be destroyed
below 350 1C. Si–C monolayer covered surface has about
20 times static friction coefficient than that of an oxidized
surface. Furthermore, Si–C linked monolayers show high
stability against environmental humidity. Therefore, Si–C
linked monolayers received much attention in various
fields of Si applications, especially for MEMS (Micro

Electro Mechanical Systems), stabilizers for silicon mate-
rials, electronic devices, etc.

Thermal hydrosilylation with dilute solutions of 1-
alkenes can make Si–C based monolayers of organic mole-
cules, which are in a powder form or nanomaterials,
whose surface is covered by alkenes. Author’s group pro-
posed biomaterial arrays formed on hydrogen-terminated
silicon surface. A hydrogen-terminated silicon surface has
many advantages for biodevices or biosensors [30]. For
example, such surface has an Angstrom-order flatness and
a surface homogeneity. And it is easily prepared under
ambient atmosphere, highly reproducible, and stable.
Sugar derivatives have been selected to immobilize on Si
wafers for biosensors. Sugars are very useful materials for
sensing various biomolecules, however, one sugar mole-
cule cannot show a high selectivity, but a cluster of sugar
molecules play a good role to carbohydrate–protein-
specific interactions. Such sugar-based biosensing tips
are usually fabricated by a printing system (e.g., ink-jet).
However, interactions for self-assembly are strongly
affected by concentration and orientation of the sensor
molecules. Such printing systems cannot control such
molecular positioning. On the contrary, the Si–C covalent
bonding monolayer system on hydrogen-terminated sili-
con substrate with an atomically flat surface is highly
suitable for controlling molecular orientation and packing
density. The molecular density on hydrogen-terminated
silicon surface can be controlled by reaction temperature
of hydrosilylation. Moreover, as Si–C bonds are covalent
bonds, the molecules on the surface do not move, that is
different from the thiols (S)–gold system.

The possibility of lithography on silicon surface is
also very important. Patterning of Si–C-based monolayers
can be readily carried out by using UV light irradiation
(photolithography), electron beam, and cathodic electro-
grafting by a scanning probe as well as anodic oxidation
[31]. In the case of photolithography, the decomposition
rate of the Si–C-based monolayer strongly depends on the
wavelengths of the light source. After removing mono-
layers by such lithographic systems, the substrate surface
is then covered by a SiOx layer. This oxidation is highly
important for fabrication of biosensors. SiOx surface is
highly hydrophilic and the static water-contact angle is
ofo51. When patterned sugar-attached silicon wafer was
immersed into lectin (RCA120) solution, RCA120 mole-
cules were clearly and specifically observed on sugar sur-
face but on the SiOx area, lectins were not observed [30].
When comparing the resistant ability against non-specific
adsorption of lectins of SiOx surface with a very well-
known surface, PEG-SH-SAM on Au by using QCM
(quartz crystal microbalance) measurement, SiOx surface
showed high-resistant ability as PEG-SAM [30b].

6. Immobilization of Gold Nanoparticles onto

Hydrogen-Terminated Silicon Surface by Si–C

Covalent Bonds

On such very useful hydrogen-terminated surfaces, im-
mobilization of a,o-alkenethiol-stabilized gold nanopar-
ticles was carried out. The thermal hydrosilylation
was selected for this immobilization. Under dry nitrogen
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atmosphere, into a degassed toluene dispersion of the ob-
tained gold nanoparticles at a relatively high concentra-
tion (30mg/10 cm3), hydrogen-terminated silicon wafers
were introduced. The dispersion was kept stirred and
heated at 50 1C for 24 h. The functionalized substrate was
then rinsed with toluene under sonication and dried with a
nitrogen flow.

Before testing this procedure, the dispersion was kept
heating at higher temperature. Then, the particles were
fused on the surface. Therefore, this low-reaction tem-
perature (50 1C) was selected for hydrosilylation but
longer reaction time was applied. The surface was analy-
zed by HR-SEM as well as XPS.

Gold nanoparticles can be clearly observed as white
dots and silicon wafers are black in HR-SEM images of
the gold nanoparticles-immobilized silicon surface. When
immobilizing the allylthiol (C30, HS–CH2–CHQCH2)-
stabilized gold nanoparticles, even the reaction tempera-
ture was as low as 50 1C, the white dots with diameters
about 10–40 nm are observed (Figure 5A).

This can be probably due to the short chain thiols used
for stabilization. However, in dispersion, allylthiol-stabi-
lized gold nanoparticles did not show any fusion. Similar
situation was already reported. Thiocholine bromide
(HS–CH2–CH2–N(CH3)3

+ Br�)-stabilized gold nanopar-
ticles were also fused immediately when they were densely
adsorbed on bundles of DNA molecules even when they
were stably dispersed in water for months [20a]. Tradi-
tional Ostwald ripening may be a possible explanation of
this fusion of the gold nanoparticles on the surface. Also,
the melting temperature of gold nanoparticles depends on
the particle size and it becomes much lower when the
particle size is very small [32]. However, fusion of nano-
particles on DNA was not observed in the case of pal-
ladium. On the other hand, C60-SH or C110-SH-stabilized
gold nanoparticles could be immobilized independently
on hydrogen-terminated silicon surfaces by thermal hy-
drosilylation at 50 1C (Figure 5B, C). All three types of
gold nanoparticles do not show clear size growth at 50 1C
in the dispersed media.

Formation of Si–C covalent bonds between gold nano-
particles and hydrogen-terminated silicon surface was re-
vealed by XPS observation. However, the surfaces of the
gold nanoparticles are fully covered by a,o-alkenethiol
molecules, XPS signals from Si–C covalent bonds were
too small to be detected. Therefore, the gold nanoparticles
should have been removed from the surface without de-
taching a,o-alkenethiol molecules covalently attached to
the silicon surface. For that purpose, ligand-exchange
method was applied. After removing the particles

completely, the XPS peak at C(1 s) can be fitted with
two peaks corresponding to C–Si and C–C. This ligand-
exchange technique may be useful to determine the sur-
face condition by XPS [11b].

7. Conclusion

Wet preparation of metal nanoparticles and their covalent
immobilization onto silicon surface has been surveyed in
this manuscript. Thiol–metal interaction can be widely used
in order to functionalize the surface of metal nanoparticles
by SAM formation. Various thiol molecules have been used
for this purpose. The obtained functionalized particles can
be purified to avoid the effect of unbounded molecules. On
the other hand, hydrogen-terminated silicon surface is a
good substrate to be covered by Si–C covalently bonded
monolayer and can be functionalized readily by this link
formation. Nanomaterials, such as biomolecules or nano-
particles, can be immobilized onto silicon surface by apply-
ing this monolayer formation system.
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