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Metal nanopatrticles have attracted much attention over the last
decade owing to their unique properties as compared to their
bulk metal equivalents, including a large surface-to-volume ratio
and tunable shapes. To control the properties of nanoparticles
with particular respect to shape, size and dispersity is imperative,
as these will determine the activity in the desired application.
Supported metal nanoparticles are widely employed in catalysis.
Recent advances in controlling the shape and size of nanoparti-

1. Introduction

The scientific community has witnessed an explosion of inter-
est and investment in the field of nanoscience and nanotech-
nology over the last few years. The nanoscience revolution (in
terms of sheer interest and investment) is one of the biggest
things to happen since the beginning of modern science,
and it is nowadays at the core of future technological progress
owing to the increasing ability to manipulate matter on the
nanometer scale. The ability to directly work and control sys-
tems at the same scale as nature (e.g. mitochondria, DNA,
cells) can potentially provide a very efficient approach to the
production of chemicals, energy and materials. Over a billion
years, natural systems have evolved nanoscale biological enti-
ties for the efficient production of materials (i.e. enzymes) and
energy (i.e. chlorophyll). By mimicking these systems, scientists
may be able to reach the aims of a future sustainable society.
Nanomaterials have therefore been regarded as a major step
forward to miniaturisation and nanoscaling with various sub-
fields that have been developed to study such materials. Every
different subdiscipline plays its hand in modern nanoscience
and technology (Figure 1). The nanotechnology field is highly
multidisciplinary; inputs from physicists, biologists, chemists
and engineers are required for the advancement of the under-
standing in the preparation, application and impact of new
nanotechnologies.

| NANOMATERIALS |

Figure 1. Nanomaterials encompass all fields, from materials science and en-
gineering to (bio)medical applications.

A nanomaterial can be defined as a material that has a struc-
ture in which at least one of its phases has one or more di-
mensions in the nanometer size range (1-100 nm). Such mate-
rials include polycrystalline materials with nanometer-sized
crystallites, materials with surface protrusions spatially separat-
ed by distances on the order of nanometers, porous materials
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cles have opened the possibility to optimise the particle geometry
for enhanced catalytic activity, providing the optimum size and
surface properties for specific applications. This Review describes
the state of the art with respect to the preparation and use of
supported metal nanoparticles in catalysis. The main groups of
such nanopatrticles (noble and transition metal nanoparticles) are
highlighted and future prospects are discussed.

with particle sizes in the nanometer range or nanometer-sized
metallic clusters dispersed within a porous matrix (supported
metal nanoparticles).

Among them, metal nanoparticles have attracted much at-
tention over the last decade owing to their relatively high
chemical activity and specificity of interaction. Furthermore,
the properties of metal nanoparticles are very different to
those of their bulk equivalents, such as a large surface-to-
volume ratio.” Bearing in mind the briefly mentioned advan-
tages and many outstanding features of metal nanoparticles, it
is not surprising that the number of publications dealing with
metal nanoparticles has increased almost exponentially over
the last few years (Figure 2), with over 5000 publications so far
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Figure 2. The growth in the number of publications dealing with metal
nanoparticles (1990-2007). Source: SciFinder Scholar.

in 2008 alone. Research efforts are expected to continue in-
creasing as the benefits of the chemical properties achieved at
the nano level become increasingly apparent for applications.

One of the key driving forces for the rapidly developing field
of nanoparticle synthesis is the already mentioned distinctly
differing physicochemical properties presented by metal nano-
particles as compared to their bulk counterparts. Nanoparticles
typically provide highly active centers, but they are very small
and not in a thermodynamically stable state. Structures at this
size regime are indeed unstable as a result of their high surface
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energies and large surfaces."? To produce stable particles, it is
necessary to terminate the particle growth reaction and there
are a number of methods by which this has been achieved.
The addition of organic ligands or inorganic capping materials,
or other metal salts, creating core—shell-type particle morphol-
ogy as well as colloids and soluble polymers has been utilized
to achieve this aim.® These materials can be grouped in the
so-called “unsupported” metal nanoparticles. However, a prob-
lem arises with regard to the activity and reuse of these mate-
rials: the nanoparticles may undergo aggregation and suffer
from poisoning under the reactions conditions resulting in de-
activation and loss of catalytic activity.

A significant amount of research with the expressed aim of
inhibiting aggregation and producing highly active nanoparti-
cles with homogeneous size dispersity has been published.”®>®
The control of size, shape and dispersity of nanoparticles is key
to selective and enhanced activity. A mechanism to achieve
this control is to utilise another nanotechnology, that of (nano-
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porous) supports. These materials can be grouped as the so-
called supported metal nanoparticles. The unique properties of
supported metal nanoparticles are directly related to the spe-
cific particle morphology (size and shape), metal dispersion,
concentration and the electronic properties of the metal
within their host environment (Figure 3).1"”

Immobilisation and stabilisation of the nanoparticle form
allows exploitation of the special properties that occur at this
size regime. The fusion between porous materials and nano-
particle technology is potentially one of the most interesting
and fruitful areas of this interdisciplinary research. The poten-
tial for increased efficiency from nanoparticle catalysts, in com-
bination with the advantages of such heterogeneous supports,
increases the “green” credentials of the process, with higher
selectivity, conversion, yield and catalyst recovery being pro-
posed advantages and targets. This provides the opportunity
to develop specific devices for specific applications in various
fields including medicine,® sensors™ and catalysis.”'® Support-
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Figure 3. Nanoparticles: size, shape and composition (the quoted nanoparti-
cle sizes are all approximate)."” Reproduced with permission.

ed metal nanoparticles play an important role in catalysis,
which is the most widely studied application of these materi-
als, as they have been extensively employed in many industrial
processes.

Far from providing a comprehensive revision of all the re-
ported protocols and catalytic applications of supported metal
nanoparticles, this Review describes the state of the art with
respect to the preparation of supported metal nanoparticles
and provides an overview of the recently reported key prepa-
ration protocols and applications of such materials in catalysis.
Owing to the rapidly expanding nature of this field, we hope
that this Review provides a helpful overview and introduction
to readers in this exciting research area.

2. Supported Metal Nanoparticles

2.1. What Is a Metal Nanoparticle?

The term metal nanoparticle is

ularly attractive candidates for catalytic applications. Their
main features also include a unique transition between molec-
ular and metallic states (providing a local density of states
(LDOS)), a short-range ordering and increasing number of
kinks, corners and edges."*” Futhermore, recent advances in
controlling the particle size and shape have opened the possi-
bility to optimise the geometry of the particles for enhanced
activity, providing the optimum size and surface properties for
specific reactions. Decreasing metal cluster or nanoparticle size
also results in an increase in the available surface of the
system. The relationship between this surface, intraparticle
metal-metal bonding, the particle shape and atom-packing ge-
ometry ultimately determines the efficacy of these nanoparti-
cles in their catalytic applications.

2.2. Density of States and Surface Plasmon Resonance

Quantisation of the electronic states of nanoparticles, and ma-
nipulation of these states through size and shape control, is
one of the main factors driving research in this field. Changes
in properties at the nano level occur by different mechanisms
for different materials. As a general rule, as we progress from
the bulk metal to ever decreasingly smaller metal nanoparticles
the energy continuum of the bulk metal changes to produce
increasingly more discrete energy levels; that is, the density of
the electronic states decreases (Figure 4). This phenonemon is
important as, for example, the lowering of the density of states
within Ag nanoparticles in medical applications facilitates the
existence of migratory Ag" ions, which have a high affinity for
sulfur and phosphorus.

One of the primary reasons that nanoparticles have received
such attention in the field of analytical science and sensors is
that the adsorption of an analyte onto the nanoparticle surface
will disrupt this resonance oscillation and generate a change in
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Density of States

Figure 4. Relationship between nanoparticle size, energy and the principle of energy of states. Stabilisation and
control of nanoparticle size can be achieved by selecting a nanoporous support potentially leading to enhanced
catalytic activity and selectivity and ultimately designer catalysts.” Reproduced with permission from the Royal
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the electric field which can then be detected. This resonance
behaviour is a phenomenon described as the surface plasmon
adsorption (also termed the localised surface plasmon reso-
nance (LSPR); Figure 5), and typically occurs as the nanoparti-
cles decrease in size below the 100 nm threshold and com-
monly generates a strong colour in the visible region, the
result of specific scattering interactions.

/‘\ .1
e

Nanoparticle
Surface Plasmon Oscillation

Light

Electric Field

Figure 5. Oscillation of a metal nanoparticle’s electron cloud (background)
relative to the metal core (foreground), in response to the electromagnetic
field—the basis for the surface plasmon resonance effect observed in nano-
particles.”” Reproduced with permission from the Royal Society of Chemistry.

The electric-field component of the incident light induces
oscillation of the nanoparticle’s electron cloud.™ Therefore,
the size and shape of the metal nanoparticles will have a
direct impact on this oscillation as this will affect the electron
cloud density. Contributions from effective metal nuclei charge
and polarisation within the electron cloud (affected by the die-
lectric constant of the metal) are also expected, as is influence
from the support material surrounding the nanoparticle.

2.3. Porosity of the Support
2.3.1. Porous Materials

A porous material is normally a solid that comprises an inter-
connected network of pores (voids). Many natural substances
such as rocks, clays, biological tissues (e.g. bones) and synthet-
ic materials including ceramics, metal oxides, carbonaceous
materials and membranes can be considered as porous materi-
als. A porous material is characterised by its porosity (e.g.
macro, meso-, microporosity or combinations thereof) as well
its textural and physical properties which are dependent on its
constituents.

The use of porous materials with defined pore sizes and
characteristics as supports for nanoparticles allows the genera-
tion of specific adsorption sites, creating a partition between
the exterior and the interior pore structure.”'¥ It also has the
added advantage of inhibiting particle growth to a particular
size regime as well as reducing particle aggregation.b="%4
Furthermore, by selecting and manipulating the textural prop-
erties of the porous support (sometimes in unison with a re-
duction step), it should be possible to control the size and
shape of the resulting nanoparticles. For example, Au has been
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shown to demonstrate strong size selectivity, with the metal-
oxygen interaction, which is important in oxidation reactions,
altering as a result of the particle size. This behaviour leads to
the possibility of size-selective and reusable heterogeneous
catalysts based on the size of the nanoparticle rather than the
pore size.

A variety of porous materials have been utilised as the sup-
port media for the controlled preparation of metal nanoparti-
cles. Each support offers its own advantage, with specific ther-
mally stable materials such as carbons receiving greater inter-
est in high-temperature and high-pressure catalytic transforma-
tions (i.e. hydrogenations)."'®"¥ Some of the most commonly
used supports and features associated with these materials re-
garding the preparation of supported metal nanoparticles will
now be discussed. Among the wide range of solid supports
employed for the deposition of metal nanoparticles, carbona-
ceous materials, metal oxides and polymers are the three main
families of widely reported solid supports.

2.3.1.1. Carbonaceous Materials

Carbon-related materials offer great advantages as supports.
First, recent advances in the field have allowed the preparation
of carbon nanostructures with well-defined porosities and high
surface areas. Second, the carbonaceous surface can be con-
veniently modified through different approaches (e.g. ozonoly-
sis, plasma, doping with heteroatoms, acid or basic treatment)
to stabilise catalyst-support interactions.'® Despite the con-
ventional use of microporous carbons as supports for metal
nanoparticles,"” there have been recent advances in the prep-
aration of a range of carbonaceous materials as flexible sup-
ports. Budarin et al. have recently reported the preparation of
a wide range of supported metal nanoparticles"® on a novel
family of mesoporous carbonaceous materials called Starbon!?
prepared from controlled carbonisation (under nitrogen atmos-
phere) of mesoporous starch.”?”

Endo et al. have also described the preparation of Pt nano-
particles (<3 nm) using carbon-fiber-type materials and, inter-
estingly, a carbon cup-stack motif to effectively trap the grow-
ing nanoparticles between the cups.”” Pt nanoparticles were
observed inside and outside of the carbon-fiber structure.

Carbon nanotubes have also been investigated as supports
for metal nanoparticles.">?*>! Their intrinsic properties include
high surface areas, unique physical properties and morpholo-
gies, high electrical conductivity and inherent size and hollow
geometry that makes them extremely attractive as supports
for heterogeneous catalysts (Figure 6).2"

2.3.1.2. (Bio)Polymers

Polymers are another group of extensively employed supports
for metal nanoparticles (Figure 7).5>%! They have been widely
employed as a result of their availability, enhanced stabilisation
properties of metal nanoparticles and resistance to particle sin-
tering/agglomeration. Recently, the use of novel engineered
polymers such as polyorganophosphazenes with an inorganic

ChemSusChem 2009, 2, 18 -45
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Figure 6. Transmission electron microscopy (TEM) images at different magni-
fications of Ru nanoparticles homogeneously dispersed inside the channels
of carbon nanotubes.?” Reproduced with permission from the Royal Society
of Chemistry.
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Figure 7. Four examples of polymer-stabilised gold nanoparticles and clus-
ters: a) gold clusters stabilised by water-soluble polymers; b) gold nanoparti-
cles immobilised in the pores of a functionalised resin; c) gold clusters sup-
ported inside a polymer particle; and d) gold nanoparticles deposited on po-
lymer surfaces.*"! Reproduced with permission.

backbone,” polyvinylpyridine,>*” fibers®™ and dendrimers®™?}
as supports has become increasingly popular.

Alternative supports including biopolymers and biomass-re-
lated polymers have been recently employed for the prepara-
tion of supported metal nanoparticles. Biopolymers are indeed
attractive candidates for use as supports for catalytic applica-
tions.” They offer several advantages compared to traditional
supports including low toxicity and cost as well as high bio-
compatibility, availability and abundance. Much work has been
devoted to the preparation of different metal nanoparticles on
various biopolymers including our own work on mesoporous
starch®” that afforded highly dispersed Pd metal nanoparticles
with a narrow particle size distribution (Figure 8), and natural
porous materials (e.g. diatomite).®"

2.3.1.3. Metal Oxides

In general, metal oxides offer high thermal and chemical stabil-
ities combined with a well-developed porous structure and
high surface areas (>100m?g™"), meeting the requirements
for most applications. They can also be easily prepared and

ChemSusChem 2009, 2, 18-45
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Figure 8. TEM images of 5 wt% Pd supported on mesoporous starch pre-
pared in A) ethanol and B) acetone.*® Reproduced with permission from the
Royal Society of Chemistry.

further functionalised, adding value to their use as support or
catalyst. Depending on the chemical reactivity of the support,
metal oxides can be classified as inert (e.g. SiO,) and reactive
(e.g. Ce0,) metal oxides. Among the metal oxides, silica,®*>
alumina,B¥3436-38  titania #3534 ceria®?343%4! and zirco-
al*>%*4 are the most commonly employed supports.
Superparamagnetic oxides (e.g. Fe;O,) have recently
emerged as new materials for the immobilisation of metal
nanoparticles with improved separation capabilities.* Well-
distributed and stabilised supported Pd“*® and Rh***® MNPs in
the magnetisable support surface (particle size in the 2-3 nm
range) were found to be very active in the hydrogenation of
cyclohexene™ and benzene."*¥ The most attractive feature of
the protocol is that the materials can be easily recovered using
a permanent magnet in the reactor and can be reused in up
to 20 runs without a significant loss in catalytic activity.
Mesoporous aluminosilicates from the SBA and M41S fami-
lies have been also reported to be good supports for metal
nanoparticles. We recently reported the preparation of Pt
nanoparticles on the mesoporous aluminosilicate MCM-48.%¢
The Pt metal nanoparticles were highly dispersed on the sup-
port with a very narrow (4-6 nm) particle size. Materials with
low Pt loading (typically 0.5%; Figure 9A) were found to be
highly active in the hydroisomerisation of n-octane. More re-
cently, metal phosphates have also been reported as a novel
family of efficient supports for Au metal nanoparticles.””!

ni
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Figure 9. TEM images of Pt/AI-MCM-48 materials with different Pt loadings
prepared by the traditional impregnation/reduction method: A) 0.5 wt% Pt;
B) 1 wt% Pt; C) 3 wt% Pt; D) 5 wt% Pt.*%! Reproduced with permission.

2.3.2. Nonporous Materials

Nonporous materials can be defined as materials that do not
have any voids or pores in their structure. These include
metals, foils, glass, hard plastic and some polymers including
polyethylene, polypropylene and other engineered polymers
not included in the porous polymer section (e.g. poly(N,N-di-
alkylcarbodiimide)).”®

Despite the use of these common supports for the prepara-
tion of supported metal nanoparticles, other biomaterials and
biomass have recently been reported as supports for metal
nanoparticles. Following the initial reports by Raveendran
et al.,” and He and Zhao,*® much work has been devoted to
the preparation of different metal nanoparticles on various bio-
polymers including cellulose,®"*? chitosan®** and poly(allyl-
amine) gels.”®

3. Preparation Routes

The preparation of supported metal nanoparticles for a wide
range of catalytic applications has been well developed over
the last few years. However, with sustainability emerging as a
design criterion in nanoparticle synthesis and applications
since the mid-1990s, there is still room for improvement in the
methodologies employed for this purpose.®>”

In the context of nanomaterials, the sustainability concept is
reflected in many of the green chemistry principles.® Ideally,
the metal nanoparticle should be prepared with less toxic pre-
cursors, in water or more environmentally benign solvents (e.
g. ethanol) using the least number of reagents and a reaction
temperature close to room temperature and as few synthetic
steps as possible (one-pot reaction) as well as minimising the
quantities of generated by-products and waste.**® Also, the
nanoparticles should be well dispersed on the support surface
and highly active in their catalytic applications. The use of less
toxic precursors in benign solvents (e.g. metal acetate or ni-
trate solutions in water and/or ethanol) using more environ-
mentally friendly supports (e.g. biopolymers and biomaterials)

24 www.chemsuschem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R. Luque et al.

and less energy-intensive protocols have been the subject of
many recent reports. In this section, we briefly discuss the
main sustainable approaches for the preparation of supported
metal nanoparticles. These can be subdivided into physical
(e.g. sonication, microwaves, UV), chemical (e.g. electrochemi-
cal, impregnation) and physicochemical (i.e. sonoelectrochemi-
cal) routes.

3.1. Physical Routes

The development of a range of green technologies including
sonication, microwaves, UV, laser, plasma and supercritical
fluids in the preparation of supported metal nanoparticles is
evident in the literature. Some examples of reported protocols
are examined herein.

3.1.1. Sonochemistry

Sonochemistry deals with the understanding of the effect of
sonic waves and wave properties on chemical systems. Ultra-
sounds remarkably enhance mass transport, reducing the
thickness of the diffusion layer, and also affect the surface mor-
phology of the treated materials, normally enhancing the sur-
face contact area.™ Deposition and reduction of the particles
(favoured by ultrasonic radiation) takes place almost consecu-
tively so that the heating step normally employed in other pro-
tocols can be avoided,*® making the preparation of supported
metal nanoparticles more energy-efficient and environmentally
friendly. Another interesting feature of the methodology is the
controllable nanoparticle size distribution that can be ach-
ieved. These advantages are related to the acoustic cavitation
phenomena, that is, the formation, growth and collapse of the
generated bubbles in a liquid medium. The extremely high
temperatures (>5000°C), pressure (>20 MPa) and cooling
rates (>10'°°Cs™") lead to many unique properties in the irra-
diated solution.”™ The preparation of metal nanoparticles is
usually performed using a conventional ultrasonic cleaning
bath or a high-power probe (Figure 10).*" However, these ul-
trasonic-assisted protocols sometimes require the additional

Figure 10. Traditional ultrasonic bath (left) and ultrasonic probe (right) em-
ployed for the preparation of supported metal nanoparticles.

ChemSusChem 2009, 2, 18-45
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use of a reductant including sodium borohydride,®” hydro-
gen® and hydrogen/polyalcohols,*>® to further ensure the
reduction of the nanoparticle on the support.

3.1.2. Microwave Irradiation

It has been recently demonstrated that microwaves are a very
effective technology in applied chemistry. Several examples of
microwave-assisted deposition of metal nanoparticles on sup-
ports have been reported, mainly employing solutions of
metal salts as precursors. Microwave irradiation has several ad-
vantages over conventional methods, including short reaction
times, small particle sizes, narrow size distributions and high
purity."®¥ E|-Shall and co-workers have extensively investigat-
ed the use of microwaves for the preparation of a range of
supported metal nanoparticles including Au and Pd.?>%* They
have also prepared capped Au and Pd nanoparticles on metal
oxides using polyethylene glycol and poly(N-vinyl-2-pyrroli-
done) as protective polymers prior to microwave-heating to
further stabilise the nanoparticles from agglomeration. In this
way, the obtained metal nanoparticles were better dispersed
and had a narrower particle size distribution, which in turn in-
creased their activity for the investigated application (e.g. oxi-
dation of CO). They claimed that fast and uniform heating (due
to high dielectric constants of PEG and PVP) achieved under
microwave irradiation allows a quicker reduction of the metal
precursor on the support.%%%

We recently reported the preparation of a range of metallic
nanoparticles on an ordered mesoporous silica SBA-12 struc-
ture® The metallic Au, Ag and Pd nanoparticles were pre-
pared in a very short time (<2 min) under microwave irradia-
tion of a solution of the metal salt precursor in ethanol/water
or ethanol/acetone mixtures without the need of additional re-
ductant.® Both the ethanol and the hydroxy-rich silica surface
facilitate the reduction of the metal nanoparticle on the sup-
port as previously reported.*®¢”’ The microwave protocol af-
forded dispersed and relatively small metal nanoparticles (2,
3.8 and 11.3 nm average particle size for Au, Ag and Pd, re-
spectively; Figure 11), which were highly active catalysts for ox-
idation reactions.

The time of microwave irradiation is a critical parameter in
the preparation of these materials as longer reaction times
lead to substantial particle agglomeration (Figure 12). Our
recent studies were in good agreement with findings by El-
Shall and co-workers.®™ This methodology has, in general, diffi-
culties with respect to controlling the particle size and distribu-
tion of the metal nanoparticle on the support. However, the
polyalcohols added as stabilisers/capping agents have been
shown to help to achieve a more homogeneous and narrow
particle size distribution.”®

3.1.3. Pulsed Laser Ablation

The laser approach involves the vaporisation of metals employ-
ing a pulsed laser (e.g. Nd-YAG) and subsequent controlled
deposition on the surface of the support under well-defined
conditions of temperature and pressure.*>®? Savastenko et al.

ChemSusChem 2009, 2, 18-45
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Figure 11. Top: TEM images of “bare” SBA-12 (x 160000, left; x 300000,
right). Bottom: TEM images of Ag metal nanoparticles (left) and Au metal
nanoparticles (right) supported on SBA-12 (x300000, 50 nm) prepared in a
domestic microwave oven.® Reproduced with permission from the Royal
Society of Chemistry.

Figure 12. TEM micrographs of Pd/SBA-12 prepared in a domestic micro-
wave oven at different times: A) 2 min; B) 10 min; and C) 20 min.® Repro-
duced with permission from the Royal Society of Chemistry.

recently reported the preparation of monometallic Pt and Rh
nanoparticles (1 wt% loading) by the direct deposition on dif-
ferent SiO, supports by means of pulsed ultraviolet (248 nm)
excimer laser ablation of Pt and Rh bulk metals.” The sup-
ported metal nanoparticles had a narrow particle size distribu-
tion (centered at ca. 2.5 nm) and exhibited high activities in
the reduction of NO, compounds. The method has several ad-
vantages for the synthesis of supported metal nanoparticles.
First, it does not usually involve the use of chemical precursors
or solvents and therefore it provides a simple, environmentally
friendly and effective synthetic route for supported contamina-
tion-free crystalline metal nanoparticles.*® Second, almost any
metal or mixtures in any composition and form (e.g. sheets,
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films and powders) can be turned into metal nanoparticles.
Third, metal nanoparticles can directly be supported on cata-
lysts as they are created with a significant number of dangling
bonds and they are strongly adsorbed and anchored onto sup-
ports. Last, and most importantly, no side products are created
and the technique can be scaled up for industrial applica-
tions.?? The sizes and compositions of the generated metal
nanoparticles can be adjusted to generate materials for specific
catalytic applications.?%7”

3.1.4. Supercritical Fluids

Another efficient and green alternative to prepare a wide
range of supported metal nanoparticles has been the use of
supercritical fluids. A very good revision on the subject was re-
cently reported by Zhang and Erkey.”" The conventional pro-
cedure involves the dissolution of a metal precursor in a super-
critical (sc) fluid (e.g. scCO,) and its subsequent incorporation
on a substrate/support under various conditions.””’? The im-
pregnated metal precursor can be reduced to its elemental
form by three different approaches: 1) chemical reduction in
the supercritical fluid (using a reducing agent such as H, or
ethanol);”"”®  2) thermal reduction in the supercritical
fluid;”"7¥ and 3) thermal decomposition (in an inert gas) or
chemical reduction with hydrogen or air after depressurisa-
tion'[71,72,75]

Supercritical fluids offer several advantages as compared to
traditional methods. First, they can provide enhanced mass-
transfer properties owing to their higher diffusivities compared
to liquids and lower viscosities. Second, the lower surface ten-
sion allows better penetration and wetting, avoiding problems
related to partial structure shrinkage or pore collapse on cer-
tain materials (e.g. silica aerogels) that are present in conven-
tional chemical methodologies. Third, it is possible to control
the particle dispersion and morphology on various supports by
employing different metal precursors and by varying the metal
content and reduction temperatures and chemistry.”” Super-
critical CO, has been widely employed for the preparation of
supported metal nanoparticles as it is abundant, inexpensive,
non-flammable and non-toxic.”' 78

Wai and co-workers have shown that it is possible to deco-
rate multiwalled carbon nanotubes with ruthenium and rhodi-
um nanoparticles through hydrogen reduction of the respec-
tive metal precursors and by using scCO, as the delivery
medium for the deposition of the metal nanoparticles.” Sup-
ported particles with good dispersity along the external sur-
face of the tube structure were produced in the 5-10 nm
range (Figure 13). The resultant materials were shown to be
active in the hydrogenation of a range of arenes.”®

However, more studies are needed in terms of the solubility
of the organic precursors in the supercritical fluid and the re-
duction step in order to further develop this technique. Anoth-
er major issue in the widespread use of supercritical fluid is
the cost of the equipment.

26 www.chemsuschem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R. Luque et al.

Figure 13. A) TEM and B) HRTEM images of multiwalled carbon nanotubes
decorated with Rh metal nanoparticles, prepared using supercritical CO,.”
Reproduced with permission from the Royal Society of Chemistry.

3.1.5. Plasma

A novel plasma reduction method at room temperature has
been used to prepare supported metal nanoparticles. Legrand
et al. employed a dihydrogen microwave plasma to reduce var-
ious metal solutions (Au, Pt and Pt-Au) on zeolites.”” The after-
glow of such microwave plasma (2.45 GHz) was found to con-
tain hydrogen atoms at a sufficiently low temperature to effec-
tively reduce the metal ions in solution to small metal nano-
particles (<5nm) on NaY and HY zeolites. The supported
metal nanoparticles were found to be very stable to thermal
treatment.

An Ar-glow discharged plasma has also been employed to
support Pt, Pd, Ag and Au nanoparticles on a range of sup-
ports including nonporous TiO,, y-alumina and H-ZSM-5."® The
metal nanoparticles were found to be homogeneously distrib-
uted on the surface of the support. Oxygen-glow discharge
plasma allowed the preparation of supported metal nanoparti-
cles, but small quantities of metal oxides were also found in
their preparation. This technique is a very promising and
straightforward way to prepare metal nanoparticles as it is an
environmentally friendly, fast and simple methodology and
also a promising alternative to hydrogen reduction at high
temperatures. However, the specialised equipment needed
makes difficult its widespread use.

3.1.6. Other Physical Routes

A range of other physical routes to prepare supported metal
nanoparticles have also been reported, including the use of
gamma radiation”® and Au-Ag exchange.®”

3.2. Chemical Routes

The classical chemical synthesis methods are co-precipitation,
impregnation and deposition-precipitation. Some other novel
greener routes include precipitation from reverse-micelle
(water-in-oil) emulsions, photochemistry, chemical vapour dep-
osition and electrochemical reduction.
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3.2.1. Traditional Methods
3.2.1.1. Impregnation

This methodology entails the “wetting” of the solid support
with a solution containing the metal precursor. The common
method of chemical impregnation is the so-called wetness im-
pregnation. In this method, the metal nanoparticle precursor,
which is normally a salt (e.g. metal nitrate, chloride), is dis-
solved in the minimum quantity of solvent. The resulting metal
salt solution is then added to the porous support, filling its
pores so that a thick paste is formed. The solvent is then re-
moved in a rotary evaporator and the final solid is oven-dried
and subsequently calcined and reduced (if needed) before
being tested as a catalyst (Figure 9 and Figure 14).238" The
metal nanoparticles obtained by this methodology are dis-
persed depending on the metal, support and loading of the
final SO|id.[33'46'81’82]

o

N

100 nm

Figure 14. TEM images of gold metal nanoparticles on different oxide sup-
ports prepared by the impregnation method using citrate as reducing
agent. a) Au/ZrO,; b) Au/CeO,; c) Au/Fe,0;; d) Au/SiO,. Arrows indicate gold
nanoparticles.®” Reproduced with permission.

3.2.1.2. Co-precipitation

The co-precipitation method involves the simultaneous precipi-
tation of the metal and the support.® In this way, the metal
nanoparticles can be incorporated into the structure of various
mesoporous materials.**®*” Barau et al®¥ recently prepared
supported Pd metal nanoparticles on hexagonal mesoporous
silicas (HMS) using a sol-gel approach previously reported.®
Such metallic Pd nanoparticles, with particle sizes around 4-
5 nm, were found to be relatively well dispersed on the silica
surface. However, the presence of the metal precursors in solu-
tion interfere with the polymerisation chemistry of the materi-
al, often resulting in samples with undesirable properties. Also,
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the sol-gel technology cannot be easily applied to polymeric
substrates.”"

Bao and co-workers recently reported a modified one-pot
co-precipitation approach to the preparation of supported Ag
metal nanoparticles on silica.®® The template-directed route
comprises the capping of Ag™ cations in solution with dode-
cylamine, subsequent reduction to Ag metal using formalde-
hyde (CH,0) and eventual self-assembly of the material after
addition of the silica source (e.g. tetraethyl orthosilicate
(TEOS); Figure 15). Compared to conventionally impregnated
materials that were found to have large particles (15-18 nm)
unevenly dispersed on the support (Figure 16), the uniformly
supported metallic silver nanoparticles prepared using this
novel methodology had an average size of 3.5 nm and were
found to be well dispersed and embedded in the silica matrix
(Figure 16).

TEOS
WA Self-
gs‘b assembly

Figure 15. Schematic depiction of the preparation of Ag metal nanoparticles
on silica using a modified co-condensation protocol.® Reproduced with
permission from the Royal Society of Chemistry.

£ d:::i oro_ -
W“'_ﬁtirring

Ag/meso-Si0,

Figure 16. TEM and HRTEM images of a,c) Ag metal nanoparticles supported
on SiO, prepared by a modified co-condensation protocol; b,d) Ag metal
nanoparticles supported on SiO, prepared by conventional impregnation.
The insets show the particle size distributions of silver nanoparticles.®® Re-
produced with permission from the Royal Society of Chemistry.

3.2.1.3. Precipitation-Deposition
This method was initially reported by Haruta et al®” and in-

volves the dissolution of the metal precursor followed by ad-
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justment of the pH (i.e. 5-10) to achieve a complete precipita-
tion of the metal hydroxide (e.g. Au(OH),), which is deposited
on the surface of the support. The hydroxide formed is subse-
quently calcined and reduced to the elemental metal
(Figure 17).[848889

Au/TiO, Au/Al, 0,

c)

Figure 17. TEM micrographs of a) Au/TiO, (violet powder) and b) Au/Al,O;
(grey-blue powder) prepared by the deposition/precipitation method. Scale
bars: 50 nm.® Reproduced with permission.

In general, these methodologies often provide a broad
nanoparticle size distribution and it is difficult to tune the par-
ticle size for a particular application owing to a poor control of
the nanoparticle size (Figures 9, 14 and 17), that also affects
the dispersion and size of the metal nanoparticle with increas-
ing metal loadings (Figure 9). Particle agglomeration is quite a
common phenomena, and the use of liquid solutions has been
reported to create a collapse of fragile supports (e.g. organic
or silica aerogels) as a result of the high surface tension of the
liquid solution.” Furthermore, many of the reported protocols
require the use an excess of external reductant (e.g. NaBH,, H,,
hydrazine) to ensure the complete formation of the supported
metal nanoparticle, that has to be removed after the reaction.

3.2.2. Microemulsions

Microemulsions can be described as homogeneous-like combi-
nations of water, oils and/or surfactants (often in the presence
of alcohol- or amine-based compounds).”” The formation of
reverse micelles was confirmed to be an interesting and envi-
ronmentally friendly alternative to the preparation of metal
nanoparticles. Thus, a solid support is impregnated with a mi-
croemulsion containing a dissolved metal salt precursor,®®%%%
in a similar way to that of the previously described traditional
chemical impregnation. Metal nanoparticles obtained using
this methodology have a more controllable, narrow crystallite
distribution as compared to those obtained through the tradi-
tional impregnation, co-precipitation and precipitation-deposi-
tion methods.®>® This has been attributed to the confined lo-
cation of a limited amount of metal salt in the micelles that
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are subsequently taken up upon interaction with the sup-
port.58%0%2%4 The microemulsion-support interaction can be
enhanced by increasing the hydrophobicity of the support
(e.g. silylation of hydroxy-rich surfaces), making it more chemi-
cally compatible with the microemulsion during the deposition
step.” Wang et al. have also recently reported another inter-
esting approach of this methodology employing a water-
liquid CO, (as oil phase) microemulsion stabilised by sodium
bis(2-ethylhexyl)sulfosuccinate as surfactant and hexane.”® In
this way, Pd, Rh and Pd-Rh nanoparticles with sizes ranging
from 2 to 10 nm could be homogeneously deposited on the
surface of multiwalled carbon nanotubes.

3.2.3. Photochemistry

Only a few reports can be found on photochemical protocols
to prepare supported metal nanoparticles. Kohsuke et al. re-
ported a photoassisted deposition method that allows the for-
mation of Pt and Pd nanoparticles on the photoexcited tetra-
hedrally coordinated titanium species within the framework.””
Similarly, He et al. demonstrated that metallic Au nanoparticles
could be supported on a TiO, support by decomposition and
photochemical deposition of a gold precursor (HAuCl,) em-
ploying a 125 W high-pressure mercury lamp.”® Yu et al. re-
cently prepared bimodal metallic Pt nanoparticles (1-3 nm)
supported on titania nanotubes through photochemical depo-
sition of hexachloroplatinic acid (H,PtClg:6H,0) as the metal
precursor on the titania nanotube.” These materials were
found to be highly active in the hydrogenation of CO, to
methane under mild reaction conditions (100 °C).

In general, the photochemical deposition of metal nanopar-
ticles minimises the use of chemicals and solvents and is there-
fore more environmentally friendly than many of the reported
chemical routes. However, it is still not clear how well the size
and distribution of metal nanoparticles on a solid support can
be controlled.

3.2.4. Chemical Vapour Deposition

Chemical vapour deposition is another promising route for the
preparation of supported metal nanoparticles. It has been re-
garded as a powerful method to generate highly dispersed
metal catalysts in a controlled and reproducible manner."®
This procedure involves the vaporisation (sublimation) of
metals and growth of the metal nanoparticles under high
vacuum in the presence of an excess of stabilising organic sol-
vents (e.g. aromatic hydrocarbons, alkenes and tetrahydrofur-
an) and/or reducing agents (e.g. H,).”*'°""% The metal nano-
particles have a relatively narrow particle size distribution (2-
8 nm, Figure 18). Chemical vapour deposition is claimed to
allow the preparation of metal nanoparticles on a wide range
of organic and inorganic supports under very mild conditions
(<50°C) to afford highly active heterogeneous catalysts,!"**'%¥
thereby avoiding the formation of large agglomerated nano-
particles from other protocols. Nevertheless, the method is
often limited by the vapour pressure of the precursor and
mass-transfer-limited kinetics.””
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Figure 18. TEM images of untreated (left; scale bar: 50 nm) and functional-
ised carbon nanofibers (right, 2.04 wt% Pd; scale bar: 20 nm) with Pd metal
nanoparticles through chemical vapour deposition."* Reproduced with per-
mission from the Royal Society of Chemistry.

3.2.5. Electrochemical Reduction

The electrochemical deposition of metal nanoparticles, al-
though not widely employed, has also been mainly reported
for carbon-based supports.’® The electrodeposition of Pt
nanoparticles under potentiostatic conditions takes places
from acidic aqueous solutions of H,PtCle. The use of stabilisers
(e.g. tetraalkylammonium salts) is needed to prevent the depo-
sition of particles at the surface of the cathode.®”

3.2.6. Other Chemical Methods

Alternative chemical protocols have been reported to prepare
supported metal nanoparticles. Sunagawa et al. prepared a
range of supported metal nanoparticles (Au, Ru, Rh, Pd, Ir and
Pt) using an ion-exchange/reduction approach that involves
the adsorption of metal ions or complexes on the surface of
the support which are subsequently reduced to the metallic
state by heating the solution."® In this way, metal loadings up
to 20 wt% were achieved, allowing a substantial control of the
particle size (below 2 nm).

Metallic Pd nanoparticles have also been prepared by confi-
nation/reduction of palladium acetate onto a urea cross-linked
imidazolium-functionalised silica material.’® These supported
Pd metal nanoparticles were highly active, stable and reusable
in Suzuki-Miyaura couplings (Figure 19) as compared to con-
ventionally prepared silica-supported Pd metal nanoparticles,
which suffered Pd leaching after one reaction cycle.'® These

O e

QM%PC

DMFICs,C0y
130°Cr18 h

O

Figure 19. TEM images of Pd metal nanoparticles supported on functional-
ised silica: a) before (scale bar: 20 nm); b) after first reuse (scale bar:

100 nm); and ¢) after fifth reuse (scale bar: 20 nm) in the Suzuki reaction.!"®®!
Reproduced with permission from the Royal Society of Chemistry.
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methodologies offer a better control of the growth and distri-
bution of nanoparticles. However, some of them involve the
use of an excess of additional reductant (e.g. hydrazine, NaBH,)
to ensure the complete reduction of the metal nanoparticles
and must be removed prior to the use of the supported nano-
particles in the catalytic reaction.

3.3. Physicochemical Routes

A few examples of greener combined physicochemical routes
have been reported, the most common ones being sonoelec-
trochemistry and flame spray pyrolysis.

3.3.1. Sonoelectrochemistry

This approach involves a combination of ultrasound waves and
electrochemistry. Comprehensive reviews about the use of so-
noelectrochemistry have been recently reported.!'” % Ultra-
sounds have beneficial effects on electrochemistry. They en-
hance mass transport, therefore altering the rate and some-
times the mechanism of the electrochemical reaction.”” They
also affect surface morphology through cavitation jets at the
electrode-electrolyte interface, increasing the surface area. Fur-
thermore, ultrasounds reduce the diffusion layer thickness and
therefore ion depletion. Silver-coated TiO, nanoparticles have
been prepared in this way."*

3.3.2. Flame Spray Pyrolysis

This alternative method of preparation was initially reported
by Madler et al.,"" and further reports on the technique ap-
peared recently."" The liquid precursor mixture was fed in the
centre of a methane/oxygen flame by a syringe pump and dis-
persed by oxygen, forming a fine spray (Figure 20). The spray
flame was surrounded and ignited by a small flame ring issu-
ing from an annular gap (0.15 mm spacing at a radius of
6 mm). Product particles were then collected on a glass fibre
filter (Whatmann GF/D, diameter 25.7 cm) with the aid of a
vacuum pump. The technique afforded highly stable support-
ed metallic Pd nanoparticles with small particle size (<5 nm)
that were suitable for various applications.!"%™

3.3.3. Other Physicochemical Routes

Ishida etal. recently reported the deposition of metallic Au
nanoparticles on porous coordination polymers using the so-
called solid grinding approach.'™ This methodology entails
the grinding of volatile organogold complexes (e.g. [Me,Au-
(acac)]) with porous coordination polymers in an agate mortar
in air for 20 min at room temperature and subsequent reduc-
tion of the resulting material in a stream of 10 vol% H, in N, at
120°C for 2 h. The so-prepared materials exhibited small and
well-distributed metallic Au nanoparticles with an average size
of 2 nm compared to larger and less evenly distributed sup-
ported Au metal nanoparticles prepared by chemical vapour
deposition (Figure 21). The reported materials were also highly
active in the aerobic oxidation of alcohols.!'*?
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Figure 20. Scanning transmission electron microscopy images of Pd metal
nanoparticles on a La,0,/Al,0; support: A) as-made material; B) annealed at
800°C; C) after reaction (five cycles from 200 to 1000 °C); d) annealed at
1000°C."" Reproduced with permission from the Royal Society of Chemis-
try.

b) 1404
1054

704

Counts

354

00 1.0 20 30 40 50
Size /nm

1.0 20 30 40 50
Size /nm

Figure 21. TEM images and the respective size distributions of Au metal
nanoparticles supported on a porous coordination polymer ([Cu,(pzdc),-
(bpy)l,; pzdc = pyrazine-2,3-dicarboxylate; bpy = 4,4"-bipyridine) prepared by
a,b) solid grinding (1 wt% Au) and c,d) chemical vapour deposition

(0.5 wt% Au)."* Reproduced with permission.

4, Catalytic Applications

Herein, we aim to highlight some of the most commonly re-
ported supported metal nanoparticles stemming from the
number of publications and applications in catalysis from the
last few decades. An elaborated monography about nanoparti-
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cles and catalysis was recently edited by Astruc.""? Here, we in-
itially divide them into two main groups: supported noble-
metal nanoparticles (i.e. Au, Ag, Pt and Pd) and transition-
metal nanoparticles (i.e. Fe, Ni and Cu). This section, far from
providing a comprehensive revision of all the reported catalytic
applications of supported metal nanoparticles, gives an over-
view of the key applications of such materials in catalysis.
Thus, each metal will be briefly introduced and some of the
different reported methodologies/applications will be de-
scribed.

4.1. Noble-Metal Nanoparticles
4.1.1. Gold

Gold nanoparticles have become increasingly popular in cataly-
sis. Au was originally considered to be chemically inert and re-
garded as a poor catalyst. However, when gold is prepared as
very small (less than 10 nm) and dispersed particles on a suita-
ble support, it can be a highly active catalyst in a wide range
of reactions including oxidations, hydrogenations and related
reactions.""? The most interesting methodologies and applica-
tions of Au nanoparticles has been recently reviewed by Daniel
and Astruc.""® Metallic Au nanoparticles have been reported to
be well dispersed on different supports with nanoparticle sizes
ranging from 1 to 10 nm.“**"""314 They have been widely em-
ployed in the oxidation of CO.***"" The optimum size of
metallic Au nanoparticles is highly dependent on their poten-
tial applications. Haruta and co-workers prepared supported
metallic Au nanoparticles by a precipitation-deposition
method using a basic solution of the gold precursor (HAuCl,)
which is gelated after adjusting the pH (6-10) to the corre-
sponding deposition of the Au(OH); hydroxide on the support
(Figure 17). The catalyst is then washed and dried to give the
supported metallic Au nanoparticles after calcinations at 300-
400°C.B?

Stable spherical metal nanoparticles are formed and their
size can be controlled by the calcination temperature. Haruta
and co-workers showed that the optimum particle size for the
oxidation of CO is 3 nm. This size can be obtained by calcining
the material at 297°C.>" Ti0, is the dominant support for

(b) Aw/AI,O4

100
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(c) Au/siO,
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Figure 22. Turnover frequencies per surface gold atom at 273 K for CO oxi-
dation using a) Au/TiO, (e); b) Au/Al,O; (a), and c) Au/SiO, (m) as a function
of moisture concentration. The superior performance of Au/TiO, in the CO
oxidation is shown (arrow).® Reproduced with permission.
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metallic Au nanoparticles employed for the catalytic oxidation
of CO,>% ¥ regardless of the reaction conditions (Figure 22).

Numerous supported metallic Au nanoparticles have been
prepared and utilised in a wide range of catalytic applications,
indicating the potential in utilising such supported metal
nanoparticles in catalysis. Most of the work carried out with Au
in the last few years has been carried out by the groups of
Corma, Haruta and Hutchings. Some of these are briefly sum-
marised in Table 1.

4.1.2. Palladium

Palladium is probably the most versatile metal in promoting or
catalysing reactions, particularly those involving C—C bond for-
mation (e.g. Suzuki, Heck and Sonogashira), many of which are
not easily achieved with other transition-metal catalysts.'*®
Thus, the preparation of supported metallic Pd nanoparticles
on different supports has been extensively investigated. Sever-
al supported metallic Pd nanoparticles have been employed in

Application Substrate

Table 1. Applications of various supported Au metal nanoparticles in catalysis

Support, method, nanoparticle size Ref.

Hydrogenations of alkenes, alcohols and aldehydes

alcohols

Oxidations

aldehydes

aromatic amines

alkenes

nitroarenes

Oxidative decomposition of alkylamines and dioxins

Direct epoxidation of propylene

C—C coupling reactions

Hydroamination of terminal alkynes

Benzannulation of 2-(phenylethynyl)benzaldehyde

and phenylacetylene

Synthesis of methanol/dimethyl ether from syngas

Hydrochlorination of ethyne

Water gas shift reaction

Various supports [115]
Various methods
NP size: variable

Metal oxides (e.g. Fe,0;, Al,O;, TiO,), carbon
Co-precipitation, impregnation/reduction
NP size: 2-10 nm

Al,O,, SiO,, activated carbon
Impregnation (from metal sols)/reduction
NP size: 2-13 nm

Polymers [118]
Impregnation
NP size: 5-10 nm

Metal oxides (e.g. Al,Os, SiO,), activated carbon, polymers
Various methods
NP size: variable

TiO,, Fe,0;, activated carbon
Deposition/precipitation, impregnation
NP size: 3-5 nm

Fe,0,/La,0; [114]
Deposition/precipitation
NP size:1-10 nm

TiO, (MCM-48) [114]
Deposition/precipitation
NP size: 1-10 nm

Oxides (Ce, Ti, Zr, SiO,)
Deposition/precipitation
NP size: 10 nm

Chitosan, chitosan/SiO, [53]
Impregnation
NP size: 2-6 nm

CeO,, TiO, and C
Impregnation/reduction, precipitation
NP size: 3-17 nm

Zn0, ZnO/Al,0; H-Y zeolite
Impregnation

Activated carbon [117]
Impregnation

Mesoporous TiO,, CeO,
Deposition/precipitation, coprecipitation and gelation
NP size: 2-5 nm

[116,117]

[116d]

[117,119,120]

[121]

[122]

[123]

[124]

[125]
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C—C bond reactions including the Suzuki, Heck, Sonogashira
and related C—C couplings (Scheme 1).1'?"

jas}
)?
~

Sonogashlra
H——
R\ [Pd] Suzuki
— ArB(OH),
X=Cl,Br, I

e
(S
O
O
O

Scheme 1. Selected C—C coupling reactions catalysed by supported Pd
metal nanoparticles.

The Suzuki-Miyaura reaction involves the coupling of aryl
halides (reactivity: iodides>bromides> chlorides) with aryl
boronic acids (Scheme 1). Metallic Pd nanoparticles supported
on alumina- and silica-based oxides,?**%'% commercial mag-
netic nanoparticles,*"% carbonaceous materials,"®"" sili-
ceous mesocellular foams (MCF),"** mesoporous biopoly-
mers,*% natural porous materials,®" and other polymers includ-
ing polyaniline nanofibers,** polysilane,** and related poly-
mers'?*®*! have been reported as highly active and reusable
catalysts in the coupling of various aryl bromides and chlorides
with aryl boronic acids. Budarin etal. prepared highly dis-
persed, active and reusable metallic Pd nanoparticles on bio-
polymers (Figure 8) that afforded quantitative conversion of
bromobenzene (starting material) into the cross-coupled prod-
uct (biphenyl) within a few minutes of reaction
(Scheme 2).['8:3%

B(OH),

S0 — 00

Scheme 2. Suzuki coupling of bromobenzene and phenylboronic acid using

Pd metal nanoparticles on expanded starch.®3

Gallon et al. prepared supported metallic Pd nanoparticles
on polyaniline nanofibers as semi-heterogeneous catalysts for
C—C couplings in water."® The highly dispersed low-loaded
metal nanoparticles were very effective in the Suzuki coupling
of aryl chlorides and phenylboronic acids (Figure 23) as well as
in the formation of phenols from aryl halides."*® The catalysts
were also highly stable and reusable up to 10 times in the
Suzuki reaction.

The Heck reaction is another key C—C bond-forming reac-
tion. It predates the Suzuki methodology and is one of the
most useful derivations of palladium chemistry, giving access
to new extended alkenes through the addition of halides and
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Figure 23. Top: TEM images of Pd metal nanoparticles supported on polyan-
iline (PANI) fibers: A) before reaction; C) halfway through reaction; D) after
two reuses."*¥ Reproduced with permission.

triflates to alkenes (Scheme 1). Several examples of catalytically
active metallic Pd nanoparticles for Heck reactions supported
on similar supports to those reported for the Suzuki reaction
can alSO be found.[18,30,31,33,51,101,129,1303,131,132,135]

Budarin et al. recently reported the preparation of catalyti-
cally active Pd nanoparticles on silica and starch (Figure 8) for
the Heck reaction under microwave irradiation.'®3**¥ This pro-
tocol afforded very good conversions and selectivities to the
C—C coupled products using iodobenzene and methyl acrylate
(Scheme 3 and Table 2) and styrene in a few minutes of reac-
tion, in a similar way to those of related protocols of Cejka and
co-workers using Pd/MCM-41 materials (Scheme 4)."*!

_— OMe

[0}
+ /_U\OMe

Scheme 3. Heck coupling of iodobenzene and methyl acrylate using Pd
metal nanoparticles on expanded starch!"®3% and silica.?

R _»\

Scheme 4. Heck coupling of iodobenzene and styrene using Pd metal nano-
particles on expanded starch.>”

Table 2. Heck reaction of iodobenzene and methyl acrylate using Pd/
starch supported catalysts (adapted from ref. [30]; reproduced with per-
mission from the Royal Society of Chemistry).”

Entry Conv. [mol %] Select. [mol %]
0.5% Pd/starch-1 50 >99
2.5% Pd/starch-2 >90 >90
5% Pd/starch-3 >99 85
0.5% Pd/starch-4 70 >99
2.5% Pd/starch-5 >95 >95
5% Pd/starch-6 >95 85

[a] Reaction conditions 8 mmol iodobenzene, 8 mmol methyl acrylate,
5 mmol triethylamine, 0.1 g catalyst, microwave irradiation, 300 W, 90°C,
5 min. [b] Selectivity for methyl acrylate.
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Another key C—C bond-forming reaction is the Sonogashira
coupling of terminal alkynes (Scheme 1). It involves the alkyny-
lation of aryl or alkenyl halides with alkynes to afford cross-
coupled alkynes together with homocoupled dialkynes as by-
products. Chinchilla and Najera recently reported the use of
supported Pd nanoparticles in the Sonogashira reaction.*”
Many other protocols for the synthesis of various organic com-

pounds of pharmaceutical interest can be found else-
Where.[]8’3°’51’130’134l

Supported Pd nanoparticles have also been used in a wide
range of other catalytic applications including hydrogenations,
oxidations, hydrodechlorinations and C—H activation. The list
of applications is enormous. Some of them are summarised in

Table 3.

Table 3. Selected applications of supported Pd metal nanoparticles.

Application Substrate

Support, method, nanoparticle size Ref.

Hydrogenations

alkynes, cinnamaldehyde

hydroxyaromatic derivatives

nitroarenes

C—H activation and C—C coupling

Decomposition of H,0,

Synthesis of H,0,

Oxidations alcohols

glycerol

CO/NO oxidation

benzene oxidation

alkenes

Conversion of CHCIF,

(gas-phase dismutation, hydrodehalogenation and pyrolysis)

Hydrodechlorination

Hydrogen sorption

Synthesis of vitamin intermediates

Polyaniline
Deposition/reduction
NP size: 200-500 nm (13 nm agglomerates)

[138]

Hydrophilic carbon [139]
Co-precipitation/reduction

NP size: 20-80 nm

Carbon nanofibers
Impregnation/reduction
NP size: 3-7 nm

[140]

Alumina nanoparticles
Impregnation, precipitation

[141]

Polymer resin beads
Impregnation/reduction
NP size: 30-146 nm

[142]

Metal oxides (e.g. Al,O;)
Impregnation, sol-gel method

[143,144]

Metal oxides, mesoporous materials (e.g. SBA-15)
Impregnation, microwaves
NP size: 1-20 nm

[66,144-146]

Metal oxides, mesoporous materials, polymers
All methods
NP size: 1-200 nm

[147]

_ [148]

SBA-15
Impregnation, grafting
NP size: 5-20 nm

[149]

SBA-12 [66]
Microwave irradiation
NP size: 2 nm

Metal fluorides (e.g. CaF,)
Sol-gel synthesis/reduction
NP size: 3-8 nm

[150]

Polymers, carbons, Al,O;, TiO,, ZrO,
Various procedures
NP size: 2-50 nm

[44a,151]

carbon nanotubes, activated carbon, yttrium oxides
Various procedures
NP size: variable

[152]

Polymers
Impregnation/reduction
NP size: 1-2 nm

[153]
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4.1.3. Platinum

The majority of supported Pt nanoparticles have been em-
ployed in hydrogenations”® %1453 or in electrocatalytic oxi-
dations for fuel cell applications.'*®'*”) Recently, Campelo et al.
reported the preparation of metallic platinum nanoparticles
supported on acidic AI-MCM-48 for the hydroisomerisation of
n-alkanes.”® Metallic Pt nanoparticles were found to be highly
dispersed on the support (Figure 9), and their activities were
comparable to those of silicoaluminophosphates and zeo-
|iteS.“58'1591

Metallic Pt nanoparticles have also been supported on mag-
netic nanoparticles through modification of Fe;O, with ionic
liquid groups and subsequent ion-exchange of platinum salts
(e.g. K,PtCl,) with the linked groups and reduction of the Pt
ions with hydrazine (Figure 24) to give highly stable and active

Pt
=0 [ ]
A\ /M °
Fe;04: 5~ NN
'_g,Ss\/\,N\,N S 1, KPICI, %0,
cl 2. NH;NH, e O
MNP-IL-C,-Pt

4

Figure 24. Top: Preparation of Pt metal nanoparticles supported on magnet-
ic nanoparticles (top scheme). Bottom: TEM images of Pt metal nanoparti-
cles supported on ionic liquid modified magnetic nanoparticles (MNP-IL-Cq-
Pt); scale bars: 50 nm (left) and 10 nm (right), respectively."**¥ Reproduced
with permission.

materials for the hydrogenation of alkynes and a,f3-unsaturat-
ed aldehydes (Table 4).1'54

Supported metallic Pt nanoparticles were also very active
and selective in the oxidation of CO," alcohols,*"'*? al-
kenes® and other compounds® including the oxidation of
vitamin precursors such as L-sorbose to 2-keto-L-gulonic

R. Luque et al.

[152] [165]

acid, and the dehydrogenation of methylcyclohexane.
Layered double hydroxide supported nanoplatinum catalysts
were also reported to be good catalysts for the allylation of al-
dehydes, giving moderate to good yields of homoallylic alco-
hols.l'®®

4.1.4. Silver

Silver and silver-based compounds are highly antimicrobial by
virtue of their antiseptic properties to several bacterial strains
including Escherichia coli and Staphylococcus aureus. As a
result, most of the recent applications of metallic Ag nanopar-
ticles have been related to biological/medical areas."®”! Never-
theless, supported metallic Ag nanoparticles have been report-
ed for a variety of catalytic applications.

Supported metallic Ag nanoparticles have become increas-
ingly important in the selective oxidation of alkanes and al-
kenes for the synthesis of industrially interesting products in-
cluding epoxides and aldehydes.®®'®® Metallic Ag nanoparti-
cles supported on alumina’®? and calcium carbonate"®” are
very active and selective in the heterogeneous epoxidation of
ethylene. More recently, Chimentao etal. prepared highly
active and dispersed supported Ag metal nanoparticles on alu-
mina and MgO for the selective gas-phase oxidation of sty-
rene."™ Loadings ranging from 11 to 40% Ag were obtained
as well as different particle sizes and morphologies (from nano-
wires to nanopolyhedra). The activity and selectivity of the
supported metallic Ag nanoparticles was found to be very
strongly dependent on the morphology of the nanoparticles.

Mitsodume et al. recently reported the activity and reusabili-
ty of low-loaded supported metal nanoparticles on hydrotal-
cites (prepared by conventional impregnation-reduction with
hydrogen) in the oxidant-free dehydrogenation of alcohols."””
Materials with less than 0.01 wt% metal and an average silver
particle diameter of 3.3 nm provided extremely good conver-
sions and selectivities to the ketones with exceedingly higher
turnover numbers (TON =600-22000) than previously reported
values for the dehydrogenation of alcohols, and also were re-
usable four times with no decrease in reaction rates. Support-
ed metallic Ag nanoparticles exhibited a superior performance
as well as improved selectivities to dehydrogenation in the re-
action compared to its Ru and Pd analogues (Figure 25).'"

Supported Ag metal nanoparticles have also been employed
in hydrogenations of dyes including methylene blue, eosin,

nanoparticles."**! Reproduced with permission.

Table 4. Hydrogenation of various alkynes and a,f-unsaturated aldehydes® using platinum metal nanoparticles supported on functionalised magnetite

Entry Substrate t [h] Products (yield [%])

1 diphenylacetylene 16 cis-stilbene (95), trans-stilbene (5)

2 1-ethynyl-4-methylbenzene 45 1-methyl-4-vinylbenzene (88), 1-ethyl-4-methylbenzene (12)

3 2-ethynyl-6-methoxynaphtalene 45 2-methoxy-6-vinylnaphtalene (67), 2-ethyl-6-methoxynaphtalene (33)

4 3-phenylprop-2-yn-1-ol 4.5 (2)-methylprop-2-en-1-ol (78), (E)-methylprop-2-en-1-ol (11), 3-phenylpropanol (11)

5 methyl 3-phenylpropiolate 4.5 (2)-methyl 3-phenylacrylate (67), (E)-methyl 3-phenylacrylate (15), methyl 3-phenylpropanoate (18)
6 cinnamaldehyde 12 3-phenylprop-2-en-1-ol (99)

7 2-methyl-3-phenylacrylaldehyde 12 2-methyl-3-phenylprop-2-en-1-ol (90)

[a] Reaction conditions: 0.5 mmol substrate, 5 mL methanol, 90°C, 200 psi H,, 22 mg catalyst.
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Figure 25. Oxidation of cinnamyl alcohol using supported metal nanoparti-
cles on hydrotalcites (HT).'”’ Reproduced with permission.

rose Bengal™" and Rhodamine 6G"7? as well as in the hydro-
genation of acrolein.'”?

4.1.5. Rhodium

Catalytically active supported metallic Rh nanoparticles have
mostly been employed in hydrogenations including the reduc-
tion of 1-alkenes, " arenes,***'” and ketones"”® (Figure 26),
CO hydrogenation,"”® and in the reduction of various o,f-un-
saturated compounds.!'””78

Savastenko et al. reported the lean NO, reduction using sup-
ported metallic Rh nanoparticles on SiO, in the 100-400°C
temperature range and employing a representative test gas

o N &0 @

mﬂ_””m
2 3 4 $

Diameter (mm)

10 nm
—

Figure 26. TEM images and particle size distribution of Rh metal nanoparti-
cles on aluminum oxyhydroxide nanofibers, used in the hydrogenation of
arenes at room temperature with a hydrogen balloon."”” Reproduced with
permission.
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mixture of oxygen-rich diesel engine exhaust gas.”® The results

demonstrated that under cyclic lean/rich operating conditions,
a laser synthesized PtRh/SiO, bimetallic catalyst showed the
highest activity for NO, reduction in the low temperature
range 100-300°C. At 150°C, the activity of this catalyst was
found to be around three times higher than that of a mono-
metallic Rh/SiO, reference catalyst prepared by wet impregna-
tion. The low-temperature NO, reduction activity and the selec-
tivity to N, of the conventional Rh catalyst could also be en-
hanced by additional laser deposition of Pt nanoparticles.””
Bao and co-workers prepared catalytically active Rh metal
nanoparticles confined inside carbon nanotubes for the con-
version of CO and H, into ethanol.™’® The overall formation
rate of ethanol (30 molmolg,~'h™") was found, for the first
time, to be an order of magnitude superior for metallic Rh
nanoparticles supported inside the carbon nanotubes than for
metallic Rh nanoparticles supported on the surface of the
nanotubes, despite the latter supported metal nanoparticles
being more accessible.

Alumina-supported metallic Rh nanoparticles (particle size
4.4 nm) have been investigated in the ring opening of cyclo-
hexane giving n-hexane, n-pentane and benzene as major
products with minor quantities of methylcyclopentane and
light alkenes (C,—C,)."™™ Rh/TiO, materials with extremely low
Rh loadings (0.004% Rh) were also found to be active in the
partial oxidation of propylene, giving yields of about 13% at
275°C.9

4.1.6. Ruthenium

Supported metallic Ru nanoparticles are highly active and se-
lective in various catalytic processes. Alumina- or silica-support-
ed ruthenium selectively reduces nitrogen oxide to nitro-
gen." The hydrogenation of aromatic compounds including
tetralin,"®¥ methyl benzoate,"®? 2-methoxycarbonylphenyl-1,3-
dioxane™® and CO™* using Ru/HY and Ru/Al,O; catalysts has
also been reported. Miyazaki et al. prepared uniformly support-
ed metallic Ru nanoparticles on y-Al,O; with an average diam-
eter of 5 nm and a maximum loading of 6.3 wt% for ammonia
synthesis."® The materials were prepared through reduction
of a ruthenium colloid using ethylene glycol and subsequent
deposition of the Ru metal nanoparticles on alumina. The rate
of ammonia formation with these supported Ru nanoparticles
was found to be 10 times higher than the rate obtained with
non-promoted Ru/Al,O; catalysts prepared by conventional im-
pregnation methods.

Li etal. successfully prepared metallic Ru nanoparticles on
SBA-15 using a simple ultrasound-assisted polyol method,
where the ultrasounds were claimed to provide both the
energy for the reduction of the Ru" ions (by ethylene glycol)
and the driving force for the loading of the Ru® nanoparticles
into the pores of the SBA-15.°7 A loading of 14% Ru ensured
highly active and selective materials (>60% conversion,
>80% selectivity to CO) in the partial oxidation of methane by
oxygen to give a mixture of CO and H, (syngas).

More recently, Pan et al. reported the use of Ru multiwalled
carbon nanotubes for the hydrogenation of glucose to sorbi-
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tol."® The nanotubes were impregnated with a solution of
RuCl; in ethanol for 24 h and then treated at 300°C for 2 h
under He flow. Prior to the hydrogenation reaction, the catalyst
was reduced under H, flow at 400°C for 2 h. The supported Ru
catalyst showed higher activity in the hydrogenation of glu-
cose than Raney Ni and metallic ruthenium nanoparticles sup-
ported on Al,O, and SiO..

The activity of Ru/y-Al,O; materials was also investigated in
the Fischer-Tropsch synthesis at 170 °C and 4 bar (space veloci-
ty 7.2 mLmin""g, H,/CO 1:2 molar ratio).”® The obtained CO
conversion under the reaction conditions was less than 1%,
and the turnover frequency (TOF) of the catalyst was found to
be strongly dependent on the nanoparticle size. The optimum
activity was found for the catalysts with an average particle
size of 10 nm.”*® Che and co-workes reported Ru nanoparticles
supported on hydroxyapatite as an efficient and reusable cata-
lyst for cis-dihydroxylation and oxidative cleavage of al-
kenes."® The catalyst showed excellent activities and selectivi-
ties in these oxidations.

4.2, Transition-Metal Nanoparticles

A wide range of supported transition-metal nanoparticles have
been reported." The most common metal nanoparticles re-
ported to date include Fe, Ni and Cu. These supported metal
nanoparticles have been extensively employed in industrial
processes including hydrogenations, reforming and Fischer-
Tropsch synthesis.['% 88

4.2.1. Iron

Iron is a well-known example of supported transition-metal
nanoparticles. However, most of the reported protocols deal
with the preparation of iron oxide nanoparticles as the com-
plete reduction of Fe?*/Fe*" to metallic iron is highly challeng-
ing as compared to related transition/noble metals owing to
its high electropositive standard reduction potential (Fe**/Fe=
—0.44 V; Fe**/Fe=—0.037 V). Thus, only a few reports can be
found on the preparation, characterisation and activity of sup-
ported metallic Fe nanoparticles. Fe on activated carbon and
on Al,O; materials are highly dispersed, with different particle
size distributions (from 3 to 16 nm) depending on the method
of preparation employed.®® The materials were found to be
differently active in the Fischer-Tropsch process, with the
smaller Fe particles (<9 nm) being remarkably less active than
larger crystallites. Of note was also the influence of the support
in the stability and activity of the supported Fe nanoparticles,
with activated carbon being a better stabiliser and promoter
of the Fe nanoparticle activity compared to alumina.k®
Gonzalez-Arellano et al. recently reported a facile and envi-
ronmentally friendly methodology to prepare supported metal-
lic Fe nanoparticles on a range of supports including MCM-41,
silica, starch and cellulose (Figure 27)."®*® Fe/MCM-41 materials
were found to be extremely active and selective in the oxida-
tion of a variety of alcohols under microwave irradiation using
hydrogen peroxide as green oxidant, with turnover numbers
between 50 and 300 (Table 5). The oxidation was carried out
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Figure 27. TEM images of Fe metal nanoparticles supported on A) MCM-41;
B) DARCO; Q) starch and D) cellulose. The bottom plot shows the TON value
for the supported Fe nanoparticle after the oxidation of benzyl alcohol."®”
Reproduced with permission.

under mild reaction conditions (200W, 70-90°C, 1 h), and the
Fe/MCM-41 catalyst was recyclable, preserving its activity and
structure after three reuses (Figure 27, bottom).

These significant results were a clear improvement on re-
ported protocols for the oxidation of alcohols, ™" and provid-
ed exceedingly higher TON values as well as an important re-
duction in reaction times (from 8-24 h to a maximum of 1 h).

There are other interesting applications of supported Fe
metal nanoparticles, including environmental remediation".
Metallic Fe nanoparticles on anionic hydrophilic carbon (Fe/C)
and polyacrylic acid (Fe/PAA), with a particle size ranging be-
tween 20-100 nm, were employed in the remediation of soil
and groundwater through the dehalogenation of chlorinated
hydrocarbons,®? and the remediation of metal ions such as
Cr¥ and As"'""'% Both trichloroethylene and metal ions (Cr"
and As") were effectively and rapidly reduced under the reac-
tion conditions.

4.2.2. Nickel

Nickel metal nanoparticles have unusual properties and exhibit
excellent catalytic activities.""" Carbon- and silica-supported Ni
metal nanoparticles have been widely investigated in the gas-
phase hydrogenation of aromatic compounds."® Although
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Entry Substrate Product

Table 5. Efficient and selective oxidation of alcohols using Fe/MCM-41%! as catalyst."®

TON®

fectively dissociate hydrogen
molecules in the gas phase to
provide atomic hydrogen that
can be bonded to the carbona-

Select.
[mol %]

Conv.
[mol %]

CHO

o e
CHO
OH
2 /EjA /©/ 294
Cl cl
0]

q 162

@)

290

NN
5 W OHC 46

OH

ceous surface.”® Hydrogen de-
sorption spectra showed that
around 3 wt% hydrogen was re-
leased in the range of 67-247°C.
The hydrogen chemisorption
process facilitated by Ni metal
nanoparticles was suggested as
an effective reversible hydrogen-
storage method.”*"

31 >90

60 >95

38 >99

54 >99

<10 >99
4.2.3. Copper

on alcohol conversion.

[a] 0.2 g substrate, 4 mmol H,0, (0.4 mL, 30 wt% in water), 2 mL acetonitrile, 0.050 g catalyst, microwave irradi-
ation, 200 W, 70-90°C, 1 h. [b] Number of moles of product produced per mole of catalyst. [c] Selectivity based

Supported Cu metal nanoparti-
cles have been prepared on a

the porous silica investigated had a low surface area
(15 m?g™"), the supported Ni metal nanoparticles were found
to be relatively small (<10 nm) and well dispersed, providing
interesting activities that were dependent on the thermal pre-
treatment step in such a way that the presence of NiO parti-
cles has some influence in the hydrogenation process. Ni and
Ni-Cu metal nanoparticles supported on inorganic materials
(e.g. sepiolite, AIPO,) were also investigated in the liquid-phase
hydrogenation of fatty acid ethyl esters!® and propargyl alco-
hols.!"*”

Ni/ZrO, and Ni/Al,O; materials have been investigated in the
steam reforming of methane and combined steam and CO, re-
forming of methane."™ The two supported Ni catalysts (Ni/
ZrO,-CP and Ni/Al,0;-C) exhibited fairly stable catalysis under
low gas hourly space velocities (GHSVs) of CH,, but they are
easily deactivated under high CH, GHSVs. Results of the com-
bined steam and CO, reforming reaction of methane pointed
out that the Ni/ZrO,-AN catalyst may be a promising catalyst
for the production of syngas with flexible H.,/CO ratios (H,/
CO=1.0-3.0) to meet the requirements of various downstream
chemical syntheses.

Supported nanosized nickel on carbon nanotubes can also
catalyse the thermal decomposition of ammonium perchlorate,
which is the most common oxidizer in composite solid propel-
lants.'® The addition of the supported Ni nanoparticles de-
creased the high decomposition temperature of ammonium
perchlorate from 447 °C to 346 °C, increasing the total heat re-
lease (differential thermal analysis) by 1.21 kJg™'. Further burn-
ing-rate experiments revealed that the addition of Ni nanopar-
ticle/carbon nanotube as catalyst increased the burning rate as
well as lowered the pressure exponent of ammonium perchlo-
rate based solid-state propellants.”™®® Hydrogen storage is an-
other interesting application of Ni metal nanoparticles support-
ed on carbonaceous materials including (multiwalled) carbon
nanotubes and mesoporous carbons. Kim et al. recently pre-
pared 6 wt% Ni on multiwalled carbon nanotubes that can ef-
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range of supports and shown ac-
tivity in various catalytic process-
es. Although some preliminary
investigations on the preparation of supported Cu metal nano-
particles appeared in the late 1970s and 1980s,%°? most of the
reported protocols have been published only recently.

Driessen and Grassien prepared Cu metal nanoparticles on
silica and found that their activities in reactions of methyl frag-
ments from methyl iodide dissociation on the catalyst surface
were highly dependent on the oxidation state of the copper,
the hydroxy group coverage on the silica support and the sur-
face roughness of the Cu particles.”® They obtained methane,
ethane (and ethylene only on samples with a low content of
hydroxy groups) as the main reaction products on a reduced
Cu/SiO, surface containing only Cu metal nanoparticles.

Cu nanoclusters (typically 2-4 nm size, 0.8 nm height) sup-
ported on AlLO; films were employed in the reduction of
NO.”*? Also, Cu metal nanoparticles on metal oxides have
been reported as highly active and selective catalysts in the se-
lective dehydrogenation of methanol. The materials, prepared
by reduction under hydrothermal synthesis conditions (pro-
moted by the surfactant cetyltrimethylammonium bromide)
without the use of additional reductant, were found to selec-
tively yield formaldehyde and H, with almost 100% selectivi-
ty.2®! Aziridination and cyclopropanation reactions are other
interesting catalytic applications of Cu metal nanoparticles.”*®
Cu-Al,0O; materials were found to be active and selective in the
aziridination and cyclopropanation of a range of alkenes in-
cluding styrene, cyclohexene and related aromatics, and 1-
hexene in typically 3-4 h, with the cyclopropanation providing
a 30:70 cis/trans ratio. Similarly, the same metal nanoparticles
were employed in the synthesis of 1,2,3-triazoles, affording the
products in moderate to high yields after 3-8 h reaction.”®”
The catalysts were easily recovered by centrifugation and
reused several times without a significant loss in activity.

More recently, supported Cu metal nanoparticles were re-
ported to be active in the water gas shift reaction (Scheme 5).
The reaction involves water splitting after reacting with carbon
monoxide to give carbon dioxide and hydrogen. It is part of
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CO + H0

H, + CO,

Scheme 5. Water gas shift reaction catalysed by supported Cu metal nano-
particles.?®

steam reforming of hydrocarbons and has been considered an
interesting research avenue to produce hydrogen, although it
is limited by the high temperatures used in the process. Cu/
molybdena materials are five to eight times more active than
Cu(100), with activities that are comparable to those of Cu/
CeO, (111) and superior to those of Cu/ZnO (0001) surfaces.”™

5. Future Prospects and Outlook
5.1. Sustainable Preparation

The preparation of supported metal nanoparticles for a wide
range of catalytic applications has been well developed over
the last few years. Thus section aims to provide an overview of
the future prospects of supported metal nanoparticles in view
of their methods of preparation and applications in catalysis.
As it has been highlighted through this Review, the sustainable
preparation of supported metal nanoparticles (e.g. the use of
less toxic precursors in benign solvents,*%'®! environmentally

friendly supports,2®3""5334  |ess  energy-intensive proto-
cols®%%) has been the subject of many recent reports and re-
views.®>7*7"4 Bioreducing agents including sugars, gluta-

thione, starch and a range of plant and algal extracts have also
been employed in the preparation of Au, Ag and Ni metal
nanoparticles with reasonably good control over particle size
and, in some cases, shape.””

Recently, there has been a significant growing interest in the
development of bio-inspired approaches to achieve designer
hybrid nanomaterials.*>" %" For example, Bale et al. reported
the protein-directed preparation of supported Ag metal nano-
particles on carbon nanotubes.”'” A range of proteins were in-
vestigated, including poly-L-lysine, bovine serum albumin, soy-
bean peroxidase and a1-acid glycoprotein. An aqueous disper-
sion of multiwalled carbon nanotubes and protein/polypeptide
were stirred with a solution of silver nitrate for 24 h, and the

conjugates were reduced using sodium borohydride
g
a "
—_—

e

&
&,
%—b
33

Scheme 6. Schematic depiction of the protein-mediated formation of Ag/
multiwalled carbon nanotube materials: a) generation of multiwalled carbon
nanotube-protein conjugates by incubating the nanotubes with an aqueous
solution of protein; b) formation of Ag metal nanoparticles by exposing the
nanotube-protein conjugates to a solution of silver nitrate, washing and
subsequent reducing with sodium borohydride.*'” Reproduced with permis-
sion.
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Figure 28. TEM images of Ag metal nanoparticle formation on a) multiwalled
carbon nanotubes-poly-L-lysine; b) multiwalled carbon nanotubes-bovine
serum albumin; c) multiwalled carbon nanotubes-a1-acid glycoprotein, and
d) pristine multiwalled carbon nanotubes.?'” Reproduced with permission.

(Scheme 6). The dispersion of the Ag metal nanoparticles on
the support was dependent on the protein employed for the
synthesis (Figure 28).

Table 6. Top twelve sugar-derived platform molecules.?'”
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5.2. Sustainable and Future Polymers )
Catalytic Applications Glycerol carbonate Resins 1,2- and 1,3-Propanediol
- ]9 Premecetis | o

Some of the most interesting F?;;g:g: O)ko cl NN
catalytic trends and future pros- GasSZ‘illfr:;tm \_& ? OH
pects for supported metal nano- Cosmetics OH Epichlorohydrin HO\)\
particles include applications in PEZ‘;?;‘;?SVG
fuel cells, the transformation of
platform molecules, environmen- i
tal remediation and more recent- o Mono-, Di- and
ly NMR imaging. "o O OH Triacetn

Pd/Pt nanoparticles supported O(Ac) Acylations Esterifications Methyl-Ethyl esters
on carbonaceous materials have (AC)O\)\/OAC Glyeerol
been reported as promising ma- OAC

terials for hydrogen sorption, to ACOWOAC
be employed as fuel cells in

1151 . . Mono-, Di- and
cars. However, there is still Triacetin
quite a way to go until we see
the full implementation of such o

systems. Recent studies from
Shao-Horn etal. demonstrated
that the stabilities of supported
Pt metal nanoparticles in low-
temperature fuel cells were com-
promised by the degradation of
the electrochemically active sur-
face area in the material through
loss of Pt from fuel cell electrodes and coarsening of Pt parti-
cles.™ Manipulation of the surface structure®" and chemistry
(through deposition of Au clusters on Pt nanoparticles)*'? of
the supported metal nanoparticles can improve the durability.

Transformations of platform molecules (e.g. 1,4-diacids, glyc-
erol) is another interesting research avenue for supported
metal nanoparticles. Platform molecules are generally com-
pounds with various functionalities that can be turned into a
plethora of chemicals and value-added products through dif-
ferent catalytic transformations including oxidations, hydroge-
nations, amidations and esterifications.”’® The US Department
of Energy has generated a list of the so-called 12 top sugar-de-
rived main platform molecules (or building blocks) that should
receive attention in the next few years (Table 6). Glycerol and
succinic acid are two examples of such platform molecules.

Glycerol is a well-known compound that has recently attract-
ed a great deal of attention as it is produced in large quanti-
ties as by-product in the preparation of biodiesel. The glycerol
surplus has challenged both industrial and organic chemists to
come up with potential routes to obtain high-value-added
products from glycerol (Scheme 7). The oxidation and hy-
drogenolysis of glycerol have been extensively investigated
with a wide range of Pt, Pd and Au metal nanoparticles sup-
ported on carbonaceous materials.!'8> 1162 147,214

Succinic acid (1,4-dibutanoic acid) is another important plat-
form molecule. Clark and co-workers recently reported the
preparation of high-value-added products from succinic acid
through different transformations,®2'>2'%! and further investi-
gations are ongoing using supported noble-metal nanoparti-
cles (Pt, Pd, Rh, Ru) in the hydrogenation of succinic acid.?"”
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Scheme 7. Plan for the development of glycerol-based products from specialty to commodity chemicals.

Supported metal nanoparticles have also been recently em-
ployed in a truly sustainable application: environmental reme-
diation. Fe nanoparticles supported on chitosan and silica,*
and Fe and Ni-cellulose acetate materials®'® were employed in
the removal of chlorinated compounds in water. Chen et al.
devised their oxide-supported Au metal nanoparticles
(Figure 14) to work, for the first time, in the light-driven room-
temperature oxidation of volatile organic compounds such as
formaldehyde.®" Upon irradiation with six light tubes of blue
light (wavelength 400-500 nm, 0.17 Wcm™2 irradiation energy),
the initial CH,0O concentration decreased by 64% in 2 h and a
parallel increase in CO, concentration was observed, confirm-
ing the oxidation of CH,O (Figure 29). The activity of the mate-
rials was found to be highly dependent on the support, with
ZrO, being the most effective support regardless of the type
of light employed in the reaction (Figure 30). This effect is as-
sociated with the oxygen adsorbed on the more active sup-
ports (Zr and Ce oxides) that can migrate to the gold nanopar-
ticles, thus accelerating the oxidation.®"

Supported Pt and Pd nanoparticles on AlL,O; were recently
reported to provide para-hydrogen induced polarisation (PHIP)
signals in heterogeneous catalysed gas-phase hydrogenations
(Figure 31).2" PHIP can improve the NMR signals of reaction
intermediates and products by several orders of magnitude,
providing a high sensitivity which is ideal to follow reaction
mechanisms.”?” Furthermore, the combination of para-hydro-
gen with supported metal nanoparticles in hydrogenations will
aid the development of new research tools for fundamental
and practical applications including kinetic and mechanistic
studies and the production of polarized fluids for advanced
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Figure 29. Oxidation of 100 ppm CH,O on Au metal nanoparticles supported
on ZrO, under blue light or sunlight at 25 °C. a) Changes in reactant concen-
tration (CH,O, four upper lines) and product (CO,, four lower lines) under dif-
ferent light intensities as a function of irradiation time. b) Relationship be-
tween CH,O conversion and light intensity.®" Reproduced with permission.
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Figure 30. Influence of the support on the activity of the HCHO oxidation re-
action. Black bars: CH,O conversion (%) under illumination of blue light.
Striped bars: conversion under red light.®” Reproduced with permission.

magnetic resonance imaging (MRI).”?" MRI techniques suffer
from a low intrinsic sensitivity, and many efforts have been de-
voted to the use of homogeneous hydrogenations with para-
hydrogen to produce hyperpolarised contrast agents for bio-
medical and related applications.”?'?! In this context, the use
of active and reusable heterogeneous catalysts will produce
catalyst-free polarised fluids (after separation of the catalyst
from the reaction products) that can be used to prepare polar-
ised gases. MRI has also been employed to study the morphol-
ogy of catalysts and synthesis techniques.’?**?*!

5.3. Implications of Supported Metal Nanoparticles

Despite the development of more sustainable routes to their
preparation as well as their high activities and selectivities in
catalysis, the toxicity issue associated with engineered metal
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Figure 31. Left: '"H NMR spectra recorded in PASADENA®* experiments
during the in situ hydrogenation of propylene using Pt/Al,O; catalysts with
a) 1.1 nm Pt metal nanoparticles and b) 0.6 nm Pt metal nanoparticles. The
two hydrogen atoms in the product from the para-hydrogen molecule are
labeled A and B, and the residual NMR signals of the reactant (propylene)
are labeled 1-3. Right: ALTADENA®?® experiments during propylene hydro-
genation in the Earth’s magnetic field using Pt/Al,O; catalysts with a) 8.5,
b) 3.5, ¢) 1.1 and d) 0.6 nm Pt particle size. The two hydrogen atoms in the
product from the para-hydrogen molecule are labeled A and B. A broad
band in the low-field part of the spectrum corresponds to H,.*'" Repro-
duced with permission.

nanoparticles also needs to be addressed. It is not clear wheth-
er the highly active and dispersed supported metal nanoparti-
cles desired for catalytic applications are hazardous in contact
with human tissues (specially as a result of prolonged expo-
sure) as a consequence of their unique physicochemical prop-
erties or the chemical nature of the metal nanoparticles and/or
support surfaces.”?® Results from unsupported metal nanopar-
ticles point to the absence of cytotoxicity and cellular oxidative
stress, although there is in vitro uptake as well as retention in
cells and tissues of metal nanoparticles (Table 7). Thus, the ap-
proach of covering potentially toxic surface groups with more
innocuous ones to improve the biocompatibility of nanomate-
rials has recently been explored.®*"227:228

6. Conclusions

The 21st century has brought a great interest and expansion
of the nanomaterials field. The timeliness of being “green and
nano” for nanomaterials synthesis has become evident from
the latest developments and publications in the field. Among
them, supported metal nanoparticles are important owing to
their unique properties and various methods of preparation.
Recent advances in the design and preparation of supported
metal nanoparticles confirmed that a numerous variety of
metal nanoparticles can nowadays be synthesized through dif-
ferent preparation routes and supports to give tailored sizes,
shapes and distributions, overcoming the main drawbacks of
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Table 7. Summary of acellular, in vitro, and in vivo findings with Pt nanoparticles.”*’ Reproduced with permission.

Agglomerate size in cell culture medium

in vivo acute inflammation
Retention of Pt nanoparticles in lung tissue
Retention of Pt nanoparticles in lavage cells

Property Technique Result
NP singlet size TEM 11-35 nm
BET surface area N, isotherm adsorption 1-27 m?g™"

Dynamic light scattering

Cell-free oxidant capacity 2',7'-dichlorofluorescin oxidation low

Cytotoxicity Release of lactate dehydrogenase no

Cellular oxidative stress or inflammatory mediator release Luciferase reporter activity; release of IL-6 no

in vitro uptake TEM flowers > multipods

Intratracheal instillation
Atomic emission spectroscopy
Atomic emission spectroscopy

92 (flowers) and 67 nm (multipods)

low; flowers and multipods
flowers > multipods
flowers > multipods

traditional synthetic methodologies. Such designer materials
will have a significant impact in many areas including increas-
ing applications in industrial catalytic processes.

However, we must not forget that the preparation of sup-
ported metal nanoparticles should be promoted in a more sus-
tainable way, reducing waste generation and the use of toxic
compounds with room-temperature aqueous solution proto-
cols, improving manufacturing safety as well as decreasing the
production costs. In addition to that, the implementation of
such catalysts may not come without a price and the environ-
mental impact associated with the preparation of supported
metal nanoparticles must be assessed from many different
points of view (transport, waste, biomagnification in the food
chain) as well as their potential toxicity when released in eco-
systems and humans.
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