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Abstract

Heterogeneous catalysis is a chemical process achieved at solid—gas or solid-liquid interfaces. Many factors including the
particle size, shape and metal-support interfaces can have significant influences on the catalytic properties of metal catalysts.
The recent progress in the synthesis techniques and advanced characterization tools allow to understand the catalytic mecha-
nisms at molecular level. In this Review, the size and shape dependent catalytic chemistry of metal nanoparticles and their
electronic properties will be discussed. Then the unique catalytic chemistry at the metal-support interfaces will be discussed
in details. Furthermore, the challenges of bimetallic nanoparticle catalytic chemistry will be discussed.
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1 Introduction

Heterogeneous catalysis is vital to produce fuels, fertiliz-
ers, and fine chemicals. Heterogeneous catalysts offer many
advantages over homogeneous catalysts such as easy cata-
lyst separation and reusability [1-5]. Various methods such
as sol—gel process, chemical vapour deposition, chemical
reduction method, solution-based synthesis, solvothermal,
reverse micelle and co-precipitation methods have been
used for the synthesis of metal nanoparticles. Among these
methods, the chemical reduction-based polyol and col-
loidal synthesis methods are more efficient for preparing
metal nanoparticles with precise structure. When the size
of nanoparticles is decreased to the nanometre scale, the
surface to volume ratio increased and hence impart enhanced
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catalytic activity [6]. The electronic and geometric struc-
tures of single atoms, nanoclusters, and nanoparticles differ
significantly and hence import different catalytic properties
[7]. These structure differences are reflected in both ther-
mal and photo-induced processes. The electronic structures
of mononuclear metal complex depend on their coordina-
tion environment. But for metal clusters and nanoparticles,
the scenario become more complicated due to the overlap-
ping of orbital between metal atoms. For instance, frontier
orbitals of 2D Au, clusters (n <7) consist Au atoms with
unsaturated coordination environment and entirely acces-
sible for the interaction with substrates through the overlap
of electronic orbitals. But for Au clusters above 8 atoms, the
geometric structure of the Au nanocluster will change from
2D to 3D and subsequently the coordination number of the
surface atoms increases and the orbitals of the atoms inside
the clusters/particles overlap less efficiently with substrate
molecules compared to that of smaller clusters/particles
with entirely accessible orbital structures [8]. Geometric
effects were observed when the metal species (single atom
or cluster or particle) anchored on supports. When the sin-
gle atoms anchored on stable supports such as transition
metal oxides and zeolites they can be stabilized by chemical
bonding and have limited geometric transformation com-
pared to highly reactive supports such as organic polymers
under reaction conditions. However, for any metal cluster
with specific atomicity, there are several possible geometric
configurations which depends on the support, reactant and
reaction conditions. NPs with different sizes possess low
coordinated corners and edges on the topmost surface layer
which were demonstrated as most active sites [9]. Moreover,
decrease of particle size changes the electronic structure of
metal NPs. The shapes of NPs also have critical effect on
catalytic activity due to difference in the exposed facets.
High-index faceted nanocrystals are catalytic more active
due to their elevated energy surfaces that increase specific
activity. Development of in situ characterization methods
enabled to identify the electronic and molecular structures
of the catalytic active sites and surface intermediates of
NPs under operating conditions. Surface sensitive spectro-
scopic and microscopic techniques such as Near Ambient-
Pressure X-ray Photoelectron Spectroscopy (NAP-XPS),
X-ray Absorption Spectroscopy (XAS), different vibration
techniques (IR, DRIFTS), high-pressure scanning tunnel-
ling microscopy (STM), transmission electron microscopy,
scanning transmission X-ray microscopy have been used
for this purpose. The high surface energy of NPs increases
their instability and leads to aggregation that cause loss of
catalytic activity. Therefore, stabilizing NPs on supports pre-
vents these drawbacks and results in their higher total sur-
face area and consequently enhanced catalytic performance
[10]. The activity of the NPs supported catalyst at the metal/
oxide interface depends on bifunctional (both NPs as well
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as support) effects [11-13] and/or electronic effects [14—16]
which contribute to modify the bonding strength. However,
it is not possible to distinguish these two effects because they
occur simultaneously [17, 18].

In this review, we provide an overview of size and shape
dependent catalytic chemistry of NPs, electronic and geo-
metric structure of NPs, catalytic chemistry of metal-oxide
interface and challenges of bimetallic metal nanoparticle
catalytic chemistry. Finally, conclusions will be discussed.

2 The Size and Shape Dependent Catalytic
Chemistry of Metal Nanoparticles

Metal nanoparticles with different sizes and shapes exhibit
different catalytic activity for various heterogeneous reac-
tions [5]. In this section, we discuss the effects of size and
shape of nanoparticle catalysts on several catalytic reactions.

2.1 Synthesis of Metal Nanoparticles

Various methods such as sol-gel process, chemical vapour
deposition, chemical reduction method, solution-based syn-
thesis, hydrothermal/solvothermal, reverse micelle and co-
precipitation methods have been used for the synthesis of
metal nanoparticles. Among these methods, the chemical
reduction-based polyol and colloidal synthesis methods are
more efficient for preparing metal nanoparticles with well-
defined structure. In polyol method, the polyol such as 1,2-
diols and ether glycols are used as the liquid organic com-
pound which acts as both as a solvent and reducing agent and
sometimes as colloidal stabilizer. The polyol medium offers
several other advantages. (i) The high boiling point of the
polyols makes them working at high temperature, ensuring
that well crystallized NPs are obtained, (ii) it is ability to
coordinate metal precursors and NP surface through -OH
groups both facilitates the dissolution of the metal sources
and reduces the NP coalescence, (iii) the high viscosity of
polyols provides diffusion-controlled regime for the NP
growth resulting in controlled structures and morphologies
[19]. In colloidal synthesis, the main components necessary
for the synthesis of metal nanoparticles are metal precursor,
surfactant, solvent, and reducing agent. In a typical synthe-
sis, desired precursors are dissolved into the solvent with the
surfactants. The desired metallic nanoparticles were gener-
ated at an elevated temperature in the presence of reduc-
ing agent. Various metal precursors such as metal chloride,
nitrate, sulphate, acetate and acetylacetonate were used.
The aggregation and precipitation of metal nanoparticles
in solution can be prohibited by using a surfactant. Vari-
ous surfactants such as polymers and ammonium salts were
used. The concentration of surfactant and its ratio to metal
precursors determine the particle size and shape of the metal
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NPs. The shape of the metal NPs can be controlled by suit-
able surfactant, as the binding affinity of a surfactant varies
from one crystal facet to another [20].

Two major categories of techniques have been used for
the characterization of metal nanoparticles. One is X-ray
based techniques such as X-ray diffraction (XRD), Small-
angle X-ray scattering (SAXS), Energy-dispersive X-ray
spectroscopy (EDXS), X-ray absorption spectroscopy
(XAS) and X-ray photoelectron spectroscopy (XPS). The
other is microscopy-based techniques such as Transmission
electron microscopy (TEM), selected area electron diffrac-
tion (SAED), scanning transmission electron microscopy
(STEM), High-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM), Electron energy
loss spectroscopy (EELS), Scanning electron microscopy
(SEM), Atomic force microscopy (AFM) and Scanning
Tunneling Microscopy (STM). The other characterization
techniques such as Fourier transform infrared spectroscopy
(FTIR), Nuclear magnetic resonance (NMR) spectroscopy,
Brunauer-Emmett—Teller (BET) surface area analysis, Ther-
mal gravimetric analysis (TGA), UV-Vis spectroscopy, Pho-
toluminescence (PL) spectroscopy, Dynamic light scattering
(DLS), Mass spectrometry (MS) and Differential scanning
calorimetry (DSC) have also been used for the characteriza-
tion of metal nanoparticles.

2.2 Size Effects

The catalytic oxidation of CO to CO, is a well-known het-
erogeneous reaction [21]. In addition, CO oxidation is used
as probe reaction for oxide surface characterization [22].
Bulk Au surfaces are chemically inert. However, in 1987
Haruta and co-workers showed that nanosized (<5 nm) Au

particles deposited on metal oxides can be very effective
catalyst for low temperature CO oxidation [23]. Au parti-
cles ranging from 1 to 6 nm were prepared by Goodman
and co-workers. They observed the relationship between the
turnover frequency (TOF) of CO oxidation. The highest TOF
was observed for Au with an average particle size of 3 nm
[24]. This is due to the quantum size effects related with
small-sized Au catalysts. Au particles with sizes from 2.5 to
6.0 nm supported on TiO, were used to study CO oxidation
reaction kinetics. It was observed that the apparent activa-
tion energies changed from 1.7 to 5 kcal mol™' when the Au
particle size was varied from 2.5 to 6.0 nm. The maximum
specific rate was observed at 3.5 nm suggesting that CO
oxidation reaction is structure sensitive [25]. Although Au
particle size has a major effect on CO oxidation activity,
other factors such as oxidation state of Au [26-28], presence
of low coordinated step and corner Au sites [29], metal-
nonmetal transitions [24] and metal-support interface [28]
are also important.

The Au nanoparticles with the sizes 2—4 nm exhibit CO
oxidation rate more than two orders of magnitude larger than
20—40 nm sized nanoparticles regardless of the reducible
(Ti0O,, Fe,05) and irreducible (Al,05, SiO,) supports [30]
(Fig. 1a). Small Au nanoparticles on various supports adsorb
CO more strongly and therefore support effect observed in
CO oxidation reaction must arise from the interaction of
oxygen rather than CO [31]. Sanchez and co-workers have
prepared magnesia supported size-selected small monodis-
persed Au, (n<20) gold clusters and found that Aug is the
smallest catalytically active size for the low temperature
(T <250 K) CO oxidation [32]. Anderson and co-workers
reported small activities for cluster sizes even smaller than
Aug (Au, with n=3-7) on TiO,(110) single crystal as
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Fig. 1 Measured activities [in mmol CO/(g,,s)] for CO oxidation at
273 K over different Au-based catalysts as a function of the average
particle size (d, in nm). Supports are indicated by the symbol shape.
Open symbols are used for reducible supports and solid symbols for
irreducible supports. The curve shows a 1/d* guide to the eye, show-
ing that the activity of gold catalysts is approximately proportional

TOF (S)
N

2 A Au coverage (ML)
Particle size (nm)

with the number of low-coordinated atoms at the corners of the
gold particles. b Catalytic activity for CO oxidation as a function of
particle size on the TiO,(110) at 353 K. ¢ Au coverage on the Mo
(112) = (8 x2) —TiO, at room temperature (reproduced from Refer-
ences 24, 30, 34)
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substrate [33]. Goodman and co-workers investigated CO
oxidation on Au/TiO, and observed that Au with mean par-
ticle size of ~ 3 nm and a thickness of two atomic layers
produced maximum reaction rate (Fig. 1b) [24]. The well-
ordered monolayer and bilayer films of Au on a TiO, thin
film grown on Mo(112) were studied by same authors and
once again proved that bilayer structure is more active by
more than an order of magnitude than monolayer (Fig. 1c)
[34]. Apart from Au catalysts, size-dependent CO oxidation
was also noticed over other metal catalysts. For example, An
and co-workers prepared Pt/Fe,O; catalysts with Pt particle
sizes of 1.1, 1.9 and 2.7 nm and studied CO oxidation reac-
tion. The size of the Pt determined the Pt chemical states as
well as the strength of metal-support interaction. The rel-
evant metal-support interaction promotes the formation of
contiguous Pt and Fe sites which is crucial for the activation
of CO and O, respectively [35].

Somorjai and co-workers reported that the TOF for CO
oxidation was enhanced by a factor of 5 as the Rh particle
size decreased from 11 to 2 nm and the apparent activation
energy decreased from 27.9 to 19.0 kcal mol ™" (Fig. 2). The
small-sized Rh particles tended to be oxidized more easily
than the large ones as revealed by in situ ambient pressure
X-ray photoelectron spectroscopy (APXPS) measurements.
Moreover, the changes in bonding geometries of CO and O,
were observed due to the presence of oxide phase and this
leads to decrease of activation energy [36].

However, CO oxidation activity for Ru with particle size
6 nm is eightfold higher than 2 nm particles. It was observed
that during the reaction, the metallic Ru transformed into a
Ru@RuO, core—shell structure. The lower catalytic activity
is due to the conversion of smaller Ru particles into thicker
inactive RuO, shell [37].

Fischer—Tropsch synthesis (FTS) is a catalytic process
that converts synthesis gas (CO/H,) obtained from natural
gas, coal and biomass into hydrocarbon fuels and chemicals
[38-45].

Jong et al. studied the size effects of cobalt nanoparticles
on Fischer—Tropsch (FT) synthesis. It was observed that
the catalyst activity increased when the particle size of Co
increases from 2.6 to 6 nm. The activity decreased quickly
when the particle size was higher than 6 nm (Fig. 3). C>*
selectivity decreased from 85 to 51 wt% when the cobalt
particle size was decreased from 16 to 2.6 nm [45]. y-Al,0;
and a-Al,O; supported cobalt with particle sizes 2 to 18 nm
were reported. C7* selectivity exhibited a volcano type curve
against Co particle size with particles of 7-8 nm exhibit-
ing the highest C°* selectivity [46]. 5-Al,0, supported iron
oxide with differing particle sizes (2—12 nm) was studied
for FT synthesis. It was observed that the TOF at 300 °C
was increased from 0.02 to 0.16 s~! when the particle size
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Fig.4 Rate per total mole for Au/Al,O; and Au/TiO, catalysts versus
Au particle size (reproduced from Reference 56)

increased from 2.4 to 6.2 nm and then reached plateau up
to a particle size of 11.5 nm [47]. The effect of the iron
carbide particle size has been studied for FT synthesis. The
TOF increased 6—eightfold when the average iron carbide
size decreased from 7 to 2 nm [44]. Ru is known as the
most active metal than Fe and Co catalysts for FT synthesis.
Carballo and co-workers demonstrated that the TOF of CO
consumption increases with the Ru particle sizes reaching
constant value for larger than 10 nm. The lower activity for
Ru nanoparticles below 10 nm is due to the stronger CO
adsorption and subsequent partial blocking of active sites
[48].

Water—gas shift reaction is an important industrial reac-
tion for the production of high-purity hydrogen for fuel cells
and various industrial applications [49-54]. Mesoporous
CeO, supported Au nanoparticles (Au/CeO,-M) and
nanorod CeO, supported Au nanoparticles (Au/CeO,-R)
were studied for WGS reaction. The smaller particle size of
gold in Au/CeO,-M than in Au/CeO,-R indicates that the
mesoporous CeO, was able to disperse nano-sized gold par-
ticles than nanorod CeO, and leading to enhanced activity
for the WGS reaction [55]. The size effects of Au nanopar-
ticles for Au/Al,O; and Au/TiO, catalysts were also studied
for the WGS reaction. The H, production rate normalized
by the number average Au particle size indicated that the
activity constantly decreased with the increase of Au particle
size (Fig. 4) [56].

2.3 Shape Effects

It is well-known that the catalytic properties of nanocrystals
have a significant effect on their shape which determines
surface atomic arrangement and coordination [57, 58]. Metal
nanocrystals with high-index facets display higher catalytic
activities due to the presence of high-density atomic steps,
edges and kinks which are usually considered active sites
for chemical bond breaking. Somorjai and co-workers were
studied crystal facet dependent iron catalysed ammonia syn-
thesis using (111), (100) and (110) planes. The Fe (111)
plane displayed the highest activity and the activity ratio
were 418:25:1 for the (111), (100) and (110) planes [59].

Somorjai et al. also studied benzene hydrogenation catalyzed
by cubic particles consist of only Pt (100) and cuboctahe-
dra consist of both Pt (100) and Pt (111) surfaces. It was
observed that cyclohexane was the only product formed over
cubic Pt (100), while cyclohexane and cyclohexene were
formed over cuboctahedral Pt (100) and Pt (111) surfaces
[60]. The Pt tetrahexahedral (THH) shaped nanocrystal
enclosed by 24 high-index facets such as (730), (210), and
(520) with large density of atomic steps and dangling bonds
exhibit up to 400% higher catalytic activity than equivalent
Pt surface areas for electro-oxidation of small organic fuels
such as formic acid and ethanol [58]. Zhang et al. studied
triiodide reduction over (100), (111) and (411) facets of Pt
nanocrystals using density functional theory. It was shown
that the activity follows the order, Pt (111)>Pt (411)> Pt
(100). Further, Pt nanocrystals with the above facets were
synthesized and used as counter electrode materials for
dye-sensitized solar cells (DSCs) and observed highest
photovoltaic conversion efficiency on Pt (111) surface in
DSCs confirms the theoretical study [61]. Perez et al. stud-
ied the hydrogen evolution reaction on the low index planes
of single crystal Au electrodes and observed that the cata-
lytic activity increases with atomic density of the surface
and follow the sequence Au (111)> Au (100) > Au (110)
[62]. Chiu et al. prepared cubic, octahedral, and rhombic
dodecahedral gold nanocrystals by a seed-mediated growth
method. It was observed that the catalytic activity for the
reduction of p-nitroaniline to p-phenylenediamine follows
the order (110) > (100)> (111) [63]. Zhang et al. prepared
cubic and octahedral Pd nanocrystals. It was observed that
the (100) facet enclosed Pd nanocubes showed enhanced
catalytic activity than Pd octahedrons with (111) facets for
electrochemical oxidation of formic acid [64]. Shen et al.
prepared spherical and sheetlike Ag/AgCl nanostructures
[65]. The obtained sheetlike Ag/AgCl displayed enhanced
catalytic performances for the photodegradation of methyl
orange compared to spherical Ag/AgCl nanostructures due
to the presence of (111) enriched facets. However, for the
4-chlorophenol or phenol as substrate, the spherical Ag/
AgCl nanostructures displayed superior catalytic activities
compared to sheetlike Ag/AgCl nanostructure indicates
facet-selective but substrate-sensitive catalytic activities.
Yang et al. reported that the anatase TiO, with exposed (001)
facets displayed higher photocatalytic activity than the one
with exposed (101) facets due to the higher surface energy of
the (001) facets than that of the (101) facets [57, 66]. Bi et al.
reported the synthesis of Ag;PO, rhombic dodecahedrons
with exposed (110) facets and cubes exposed by (100) facets.
The photocatalytic activity of rhombic dodecahedrons exhib-
its much higher activities than cubes for the degradation of
organic contaminants due to the higher surface energy of
(110) facets (1.31 J m~2) than of (100) facets (1.12 T m™?)
[67]. Co;0, nanosheets with (112) plane, nanobelts with
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(011) plane and nanocubes with (001) plane was prepared by
hydrothermal method. The catalytic performance for meth-
ane combustion follows the order (112)>(011) > > (001)
[68]. A facet dependent CO oxidation has been reported
over Pd nanocrystal. It was observed that the octahedral and
spherical nanoparticles that mostly exposed the Pd (111)
crystal facets displayed considerably superior catalytic activ-
ity than the palladium cubes that had the Pd (100) crystal
facets owing to the much stronger adsorption strength of CO
molecules on Pd (111) planes than on Pd (100) planes [69].
The toxic Cr(VI) reduction to nontoxic Cr(IIl) was investi-
gated over Cu,O (100) and (111) facets. It was observed that
(100) facets displayed higher activity than on (111) facets
[70]. Pal and co-workers studied nitroarene reduction using
CuO-MnO, composite with (111) and (100) facets. It was
shown that the (111) facet of the composite was more active
than that of the (100) facet [71]. Tetrahexahedral (THH)
Au nanocrystals with 24 high-index (037) facets have been
synthesized by seed-mediated growth. Electrochemical stud-
ies reveal that high-index (037) facets are more active than
octahedral Au nanocrystals with low-index (111) facets [72].
Trapezohedron shaped (TS) In,0; particles with exposed
high-index (211) facets were successfully synthesized by
simple wet chemistry route. It was observed that the gas
sensing activity of TS In,O; particles with high-index (211)
facets is higher than that of octahedron-shaped In,O; par-
ticles with exposed low-index (111) facets [73]. Photocata-
lytic degradation of methylene blue was carried out on two
different hematite nanoplates. It was observed that hexago-
nal nanoplates with (110), (102) and (104) facets exhibit
enhanced photocatalytic activity than hematite cylindrical
nanoplates that expose only (110) and (102) facets [74]. It
was found that mostly exposed planes of (001) and (110) in
the CeO, nanorods are more reactive for CO oxidation than

Fig.5 Geometric electronic
structures of single atom, clus-
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the (111) plane in the irregular CeO, nanoparticles [75].
Zhang et al. reported the preparation of Pt nanocrystals
by solvothermal method. It was found that the high-index
(211) and (411) surfaces displayed much better catalytic
activity in the electro oxidation of ethanol than Pt nano-
cubes with low-index (100) surfaces and the catalytic per-
formances of Pt nanocrystal facets decreased in the sequence
(411)>(211)>(100) [76]. The facet dependent electrocat-
alytic activity of MnO nanocrystals for oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR) were
studied. The MnO exposed (100) facets with higher adsorp-
tion energy of O species were found to be responsible for
higher electrocatalytic activity [77]. Chanda et al. studied
the catalytic activity for the synthesis of 1,2,3-Triazoles on
Cu,0 nanocrystals. It was observed that rhombic dodeca-
hedral Cu,O nanocrystals exposed by (110) facets were
much more catalytically active than Cu,O octahedra expos-
ing (111) facets. However, Cu,O nanocubes showed lower
catalytic activity [78].

3 The Metal Nanoparticles lonisation
at Sub-Nanometer Size

The importance of the size and shape of supported metal
nanoparticles correlated with their electronic structure on
different oxides were studied by thermal and photoinduced
catalytic reactions. The chemical potential versus particle
size across the full size range between single isolated atom
and bulk like limits is reported [79]. Very recently, met-
als for heterogeneous catalysis were surveyed from single
atoms to nanoclusters and nanoparticles [7]. It is considered
that small clusters (< 1-2 nm) lose their bulk-like electronic
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properties (e.g. no Fermi level). For example, they no longer
support the plasmonic excitation characteristic of relatively
large metal nanocrystals (3—50 nm). One could already
infer that the electronic properties of metal particles should
strongly change when going below sub-nanometer (~ 1 nm)
sizes (Fig. 5). It could be expected that metal clusters in sub-
nanosize would interact differently with reactants, showing
distinct reactivity compared to large nanoparticles [80]. The
size-dependent electronic structure is more significant when
the metal nanoclusters consist of less than 40 atoms [81].

With the advent of modern techniques, it is possible to
visualize not only the small clusters but also single atoms
and sub-nanometric metal clusters formed by a few atoms,
by means of the aberration-corrected electron microscopy
[82]. Moreover, new synthesis method such as mass selected
technique allow one to prepare metal moieties with a very
narrow size distribution [83]. Supported and size-controlled
Au clusters can be also prepared with the thiol-ligated solu-
tion-based method [84, 85].

Although considerable progress has been made in nano-
catalysis, it remains great challenge to fully understand the
nature of active sites in the nanoscale. Recently Li et al.
[86] proposed a perspective on the active sites of heteroge-
neous catalysis from the aspect of electronic structure and
geometric structure of nanoclusters and considered how
these clusters function in catalysis. It is difficult to distin-
guish whether the changes of the activities resulted from
the electronic effect or structural effects. Scott Anderson
[83] applied the mass selected technique to prepare Pd (Pd,,
n=1,2,4,7,10, 16, 20, 25) supported on TiO,(110) and
study their CO oxidation activities. The result was that the
cluster size did not vary monotonically with CO oxidation
rate, while the Pd 3d binding energy variation correlated
with that change. The author thus attributed the CO oxida-
tion activities of Pd /TiO, to the electronic structures. The
relationship between the electronic structure and adsorption
properties are described more clearly by studies of density
of states [87].

It is difficult to distinguish electronic and geomet-
ric effects as these two effects occur concurrently. Some
researchers studied the metal clusters in the gas phase to
avoid the complications arising from metal- support interac-
tion [34, 88].

The experimental vibrational spectrum and the DFT
calculations revealed that the Au, cluster would change its
geometries for the different charge states, so that Au;~, Aus,
and Au," could be assigned (Fig. 6a). When the tetrahedral
Au, cluster lost its corner atom, it could be reflected in
the spectrum of Au,y because of the reduction of symme-
try (Fig. 6b). The clusters tend to lessen the average coor-
dination and transform to a more open structure when the
electron density increases. As we all know, the electronic
structure of the nanoparticle is the transition between the
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Fig.6 a The structures of gold clusters containing seven Au atoms
vary for the different charge states. b Comparison of the experimental
and calculated IR spectra for Au;q and Au,,. (Reproduce from [88])
Reference

split-level of the molecule and continuous energy band of
the solid. Therefore, it is difficult to discuss solely the rela-
tion of the electronic structure of individual active sites with
its chemical properties [86].

The size of nanoparticles also plays an important role
in photo and external energy mediated surface chemistry.
Elucidating molecular energy transfer processes at metal
surfaces is challenging because the energy dissipates within
femtoseconds or picoseconds by non-adiabatic electron
excitation (i.e., e-h pairs). Generally, depositing noble met-
als onto a semiconductor surface can appreciably suppress
the rate of exciton recombination as the clusters serve as
electron sinks [89]. When the photogenerated electrons are
produced in the semiconductor, they will probably be trans-
ferred to the metal particles through a Schottky barrier. The
charge transfer rates between oxide nanoparticles and Au
clusters may depend on cluster size. It is well-demonstrated
in the case of ZnO/Au, system displayed in Fig. 7 [90].

Ultrafast spectroscopic measurements showed that when
the Au particle size increases from ca. <2-3 nm (Au,s) to
ca.<3.5 nm (Aug,), the charge-transfer rate also increases,
leading to higher photocatalytic activity in the case of thio-
nine degradation. Such “molecular-like” clusters can be
stabilized on several oxides. Besides small clusters, single
atoms or ions can be stabilized by oxides. In this study, we
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Fig.7 Schematic illustration of charge transfer between ZnO nano-
particles and Au particles with different size. The kinetic curve of
photocatalytic degradation of thionine (a model dye molecule).
(Reprinted with permission from [90]) Reference

focus mostly on “molecular-like” gold clusters (Au,; n<25)
and single gold atoms or gold ions (Au"*; n> 1), which
could contribute to developing further a progressive direc-
tion in heterogeneous catalysis.

Gold nanoclusters (AuNCs) formed on oxide supports
have been found to be catalytically active depending on the
number of atoms forming the clusters [91, 92]. The catalytic
properties depend on the Au—Au distance, the coordination

number and the electronic structure of the cluster [93, 94].
Scanning probe techniques were used to determine the elec-
tronic and structural properties of supported particles as a
function of the number of Au atoms in the particle on MgO
and other doped oxide materials. It was demonstrated how
charge transfer between the support and the particles deter-
mines the shape of nanoparticles [95]. The oxidation of CO
was investigated on Aug clusters on MgO [28, 32]. It was
found that gold octamers bound to oxygen vacancies (F cent-
ers) of the magnesia surface can oxidize CO into CO, at as
low as 140 K. The same clusters bound to oxygen vacancy-
free MgO are catalytically inactive in CO combustion.

Thiol-stabilized gold nanoclusters have attracted signifi-
cant research interest not only in catalysis [28, 96-99], but
also in biomedicine [100] and chemical sensors [101]. X-ray
crystallographic analysis revealed that the Au,s cluster is
based on a centred icosahedral Au,; core capped by an exte-
rior shell composed of the remaining twelve Au atoms, and
the whole cluster is encapsulated by eighteen thiolate ligands
(SR=-SCH,CH,Ph) [84, 102]. Because of strong quantum
size effects, the Au,; cluster shows multiple molecular-like
transitions in its optical absorption spectrum; well-defined
bands are observed in the UV—Vis spectrum at 1.8, 2.75,
and 3.1 eV [84]. For thiol-stabilized Ausg clusters, different
bands were observed at 1.64 and 2.0 eV [99].

Recently Au,s(SR),3 (SR=-SCH,CH,Ph) has been suc-
cessfully deposited on CeO, rods [85], as demonstrated
in Fig. 8. A HAADF-STEM image of the as-synthesized
Au,5(SR),3/CeO, rod catalysts with the UV-Vis spectrum
and MS pattern of the as-synthesized Au,5(SR),g nano-
clusters are displayed. This gold cluster on ceria system
was explored in CO oxidation as a probe reaction. Kinetic
studies, in situ IR and X-ray absorption spectroscopy, and
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Fig.8 a UV-Vis spectrum and b MS pattern of the as-synthesized Au,s(SR);g nanoclusters, ¢ HAADF-STEM image of the as-synthesized
Au,5(SR),4/CeO, rod catalysts. The scale bar represents 2 nm. (Adapted with permission from [85]) Reference

@ Springer



Metallic Nanoparticles in Heterogeneous Catalysis

2161

density functional theory (DFT) were employed to charac-
terize the reaction. The intact Au,5(SR),g on the CeO, rod
was unable to adsorb CO. CO activation occurs after thiolate
ligands are removed and subsequently CO oxidation occurs
below 423 K. Cationic Au sites (charged between 0 and + 1)
are found to play a major role in low-temperature CO oxida-
tion. The particle size of Au (1-1.5 nm) was the same in the
unsupported and the CeO, supported case.

Small, even sub-nanosized clusters can be prepared on
non-oxide type supports as well. The graphene structure is
a good candidate for size selective metal deposition [103,
104]. Very small Au clusters can also be prepared on hex-
agonal boron nitride [105, 106]. It was demonstrated that
for these small clusters [Au,, (n=2-4) on h-BN/Rh (111)
nanomesh] a linear geometry is the most stable. All atoms
in these clusters are negatively charged and might be cata-
lytically active [107, 108]. Porphyrin-related macrocycles
are also able to stabilize different atoms or ions on the sur-
face. Their surface can be modified with co-deposited metal
atoms, substrate metal atoms and oxide lattice ions. Their
catalytic application is well-documented in a recent review
[109].

Recently single atom catalysts (SACs) have been pro-
posed as a highly active catalytic system. Single atom cata-
lysts can have positive benefits of both homogeneous and
heterogeneous catalytic systems [110]. They are both highly
active and stable where all the used metal atoms are active.
Due to the evolvement of surface analysing techniques,
the existence of the supported single atoms can be proved.
EXAFS, HAADF-STEM, FTIR and STM can be powerful
tool for characterization of SACs. In CO oxidation reac-
tion Pt,/FeQ, is~3 times more active than the supported Pt
nanoparticles [111]. Au atoms on CeO, nanorods [112] are
highly active for methanol steam reforming. The hydrocar-
bon conversion towards hydrogen is the heart of the hydro-
gen economy. Single atom platinum supported on CeO, can
convert hydrogen from methanol [113]. These single site
Pt catalysts also convert cyclohexane to benzene and rehy-
drogenate benzene to cyclohexane or rehydrogenate methyl
cyclopentane to toluene.

Maximum dispersion of the active components in Me/
MeO system can be achieved in so-called “solid solution”
for example in the case of ceria support, Ce,_Me, O, 5 with
active component being ionically dispersed within CeO, lat-
tice [114]. Thus, Ce,_,Rh,O,_g solid solution with ionically
dispersed Rh* species is a promising catalysts for reac-
tion of CO oxidation and NO reduction [115, 116]. Initial
Rh-doped CeO, catalysts contained Rh** species ionically
dispersed in CeO, lattice and showed activity in CO+NO
reaction already at room temperature. Reduction treatment
of Rh**-CeO, catalysts resulted in the formation of Rh parti-
cles of ~ 1 nm in size on reduced ceria surface. The catalytic
behaviour of initial and reduced samples was comparable,

indicating the nature of active sites and their dynamic forma-
tion directly under reaction conditions [117].

Titanates with charged skeletons can change and/or adopt
ions into their structures resulted in the atomic dispersion of
the catalysts in the surface as well as the structure.

Titanates are salts of polytitanic acid that can be syn-
thesized as nanostructures in a great variety concerning
crystallinity, morphology, size, metal content and surface
chemistry. Recently, the structure and properties of titan-
ate nanotubes (TNTs) were widely characterized by various
techniques [118—124]. They are open-ended hollow cylin-
ders measuring up to 200 nm in length and 15 nm in outer
diameter [119, 120].

Positively charged Au atom incorporated in ion-exchange
position of titanate nanotubes and the small cluster in Au,s*
strongly contribute to the enhanced activity of titanates in
the photo-assisted CH, decomposition [80]. The adsorbed
methane may be directly activated by small Au clusters
and ions. In previous works [80, 120, 122-124], it was
demonstrated that the XP spectra reflect the formation of
Au™ (gold in ion-exchange position) and small clusters.
HRTEM experiments demonstrated gold clusters in small
size (d=3.1+0.9 nm). The DR-UV-VIS spectrum of Au/
TNT shows a strong absorption band at 2.31 eV (534 nm)
(Fig. 9). This is the characteristic absorption of the surface
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Fig.9 DR-UV-VIS spectra with the calculated bandgap energies of
two different samples. The original spectra are shown by the thick,
grey curves. Bandgap energies were calculated from fitted Gaussian
functions with Tauc’s method in all cases. (Partially reproduced from
Reference [123])
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plasmon of gold nanoparticles (d >3 nm) and arises because
of the collective modes of oscillation of the free conduc-
tion band electrons induced by an interacting electromag-
netic field. The spectrum also shows some unresolved
peaks, mostly at higher energies. After deconvolution we
can identify four absorptions at 1.60 eV (774 nm), (2.68 eV
(426 nm)), 2.93 eV (423 nm), and 3.19 eV (388 nm), due
to small clusters (Fig. 9). These absorptions can be attrib-
uted to molecular-like Au,s clusters. A similar Au,s cluster
was identified on CeO, rod catalyst [85]. Based on these
similarities in the UV-Vis spectra, it was assumed that such
molecular-like clusters may also exist on titanate structures.
The common property of CeO, rods and TNTs is that they
both contain huge amounts of defects necessary for the sta-
bilization of Au,s clusters. It cannot be ruled out the pos-
sibility that the stabilized Au,s cluster has a partial positive
charge, these species may contribute to the higher binding
energy tailing of Au 4f;, [80]. For comparison, the removal
of thiolate ligands from the Au,5(SR),4/CeO, rod catalyst
resulted in three types of Au sites: Au"t (0<n<1), Aut,
Au""(0<n<1) [85]. No negatively charged Au (indicated
by a binding energy peak below the metallic Au position in
the XP spectrum) was observed on titanate nanotubes.

The presence of positively charged Au atom (in ion-
exchange position of TNT) and the small cluster in Auys
possibly in positive charge strongly contribute to the
enhanced activity of TNT in the photo-induced transforma-
tion of CH, and the photo-initiated reaction of CH,+ CO,
with and without H,O [123, 125]. The adsorbed methane
may be directly activated by small Au clusters and ions. The
gold adatom also increased the activity of TNT in the CO,
hydrogenation toward methane [80]. While Au,s clusters and
Au ions cannot be formed on titania we attribute the high
activity of Au/TNT to the presence of Au,s and mainly to
Au™ ions. Both kind of ions may increase the separation
of hole-pair and the activation of CO, leading to methane
formation.

As it was discussed previously in this review, the metal/
oxide interface plays a crucial role in heterogeneous cataly-
sis and gives us the opportunity to design our catalysts by
designing new active interfaces. This will be discussed in
the next chapter.

4 The Unique Catalytic Chemistry
of the Oxide-Metal Interfaces
4.1 Adsorbates Induced Surface Reconstruction
The atoms at the surface of a solid (as catalyst) assume a dif-
ferent structure than that of the bulk. The arrangement of the

surface atoms may be due to the adsorption or surface reac-
tion. It is generally accepted that the adsorption enthalpy is
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sufficient in many cases to break the bonds between surface
atoms of the metals. Surfaces that undergo chemisorption
generally result in more extensive reconstructions than those
that undergo physisorption, as the breaking and formation of
bonds between the surface atoms alter the interaction of the
substrate atoms as well as the adsorbate. This fact may lead
to the surface reconstruction of the metal structures. Surface
reconstructions are important in that they help in the under-
standing of surface chemistry for various materials, espe-
cially in the case where another material is adsorbed onto
the surface. Pt(110) [126-128] and Pt(111) [129, 130] sur-
faces are good examples for this reconstruction when small
molecules (CO, NO, CN groups) are bonded strongly to the
surface. Adsorption of CO on Pt(110) in temperature range
300°T*500 K caused the (1 x2) LEED pattern to change to
a (1x1). Upon desorption of CO at 500 K or a higher tem-
perature the (1 X 2) pattern repaired. This kind of periodicity
may lead to the catalytic oscillation reaction [131, 132]. The
reconstruction is a well-documented phenomenon also in the
field of catalytically active oxide support, for example in the
titania catalysis [133].

4.2 Adsorbate Induced Morphology Changes
of Supported Nanoparticles

The change of the morphology of supported metal nano-
particles in ambient gas atmospheres is of great interest,
because this process is decisively important in the heteroge-
neous catalysis [134-136]. It is widely accepted that gases
adsorbed strongly on the particles can induce morphological
changes of supported metal nanoclusters. A special case of
the particle restructuring on the effect of gas adsorption is
the so-called oxidative disruption and reductive agglomera-
tion of the supported noble metal nanoparticles [137-140].
In these studies, several structure sensitive methods were
applied, like EXAFS, FTIR, STM.

CO-induced disruption and agglomeration was
studied among others by STM over Pt deposited on a
TiO,(110)-(1xn) surface at two coverages and annealed
gently at 400 K [140]. Resulted obtained at 0.02 ML of Pt
coverage shown on the left side of Fig. 10a—d.

The characteristic area imaged before the CO treatments
exhibits Pt nanoparticles of 1-2 nm distributed homoge-
neously (Fig. 10a). On the effect of CO exposure (10 min,
10~ mbar) the particles of 1-2 nm totally disappeared; only
very finally dispersed dots can be seen (Fig. 10b). This fea-
ture can be regarded as a sign for disintegration (disrup-
tion) of Pt nanoparticles. This tendency reverses however,
as the exposure of CO increases (10 min, 107! mbar): the
1-2 nm particles reappear with nearly the same concentra-
tion (Fig. 10c). At higher CO exposure (10 min, 10 mbar),
the agglomeration of the particles proceeds and a few larger
particles (2-3 nm) are readily observed.
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0.02 ML

0.16 ML

Fig. 10 Effects of CO-exposure at 300 K on Pt/TiOx(1 1 0)-(1xn)
surface for two different metal coverages: 0.02 ML, 0.16 ML. a Ini-
tial morphology of the model catalysts; after 10 min exposure of
CO b 102 mbar, ¢ 107" mbar, d 10 mbar. The size of the images:
20 nm % 20 nm (left), 50 nm x 50 nm (right). (Reproduced from Ref-
erence [140])

The same CO treatment was performed for the model
catalyst containing 0.16 ML Pt (Fig. 10, right side). Before
CO treatment, the size of the Pt particles varied in the
range of 1-3 nm (Fig. 10a). Exposing this surface to CO
(10 min, 10~ mbar) at 300 K, only very limited change of
the morphology on the surface was observed: the concen-
tration of the larger nanoparticles increased to some extent
(Fig. 10b). A significant increase in the average particle
size was experienced, however, on the effect of further CO

exposure (107! mbar, 10 min): the concentration and the
average size of the larger particles increased by a factor of
two (Fig. 10c). The disruption and reductive agglomeration
of the supported noble metal nanoparticles was explained
by CO-assisted Ostwald ripening, in which the mass trans-
port proceeds via surface carbonyl intermediates [134—140].
The STM results show that the adsorption-induced processes
are a size dependent reaction. The driving force behind this
process is very probably the higher M-CO bond energy as
compared to that of the M-M bond.

The local heat of adsorption or reaction enthalpy could be
sufficient to destroy the bimetallic structures formed on tita-
nia or titanate substrates. Using surface sensitive techniques,
it turned out that Au-Rh, Au-Pt and Au—Pd bimetallic sys-
tems form a core—shell structure, where the Au completely
and uniformly covers the other metal nanoparticles. FTIR
and LEIS studies demonstrated that CO adsorption promote
the diffusion of Rh to the surface from the Au—Rh bimetal-
lic “core—shell” cluster formed on titanate nanotubes [141].
Similar phenomena was observed recently in the Au-Pt
clusters on TiO,(110) [142]. The same effect was found on
Au-Pd bimetallic model catalysts, synthesized either as thin
films on Mo(110) or as nanoparticles on TiO, film in CO
oxidation at elevated (8—16 Torr) CO pressures [143]. Pd
preferentially segregates to the surface to form contiguous
Pd sites and CO oxidation reactivity is regained.

4.3 Electron Transfer and Spill-Over Phenomena
at Metal-Oxide Interface

The titania and other reducible oxides are very effective
supports for many metal particles not only because of their
high surface but they could shuttle electron transfer from and
to the metal [144, 145]. The direction of electron transport
depends on the electron negativity (work function) differ-
ence between metal and support. The electronic interac-
tion between metal and oxide significantly contribute to the
activity of the catalysts. Positively charged metal particles
via electron transfer could be formed, which are performed
higher activity as it was pointed out in the previous section.

Electron fluctuation from metal to reducible oxides
(CeO,, TiO, and others) may change the concentration of
oxygen vacancies. The highly active redox pair can increase
the activation of adsorbed molecules. From this respect,
the well-characterized Ce**/Ce>* redox pair that is able to
enhance the dissociative activation of CO, [146]. In addition
to the intrinsic properties of cerium oxide, the morphology
of the support with different preferentially exposed faces
has been found to be crucial factor in many reactions, such
as CO oxidation [147], NO reduction [148], methanol syn-
thesis [149] and water gas shift reaction [150]. The source
of face effect of ceria comes from difference of electronic
properties and the concentration of oxygen vacancy. The
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other important physical chemical property of the reduc-
ible oxide support is its reducibility. Redox support such as
ceria improves catalysts stability due to their high oxygen
storage capacity and oxygen mobility. The easily accessible
oxygen can react with carbon species as soon as it forms,
and it keeps the metal surface free of carbon, thus inhibit-
ing deactivation [151, 152]. Oxygen spillover from ceria to
metal particle is also an important factor in the increasing
of the activity of catalysts [14, 153, 154]. Another important
reaction step at the metal-oxide interface is the hydrogen
spill-over phenomena. In this process, the hydrogen activates
on metal surface and the “hot” hydrogen atom migrates to
the oxide resulting in a higher reducibility [155, 156].

4.4 Strong Metal-Support Interaction

Much interest is currently expressed in titania as a support,
mainly due to the interesting observation that the reduction
of TiO,-supported metals at or above 773 K suppresses H,
and CO adsorption [136, 149]. The term strong metal—sup-
port interaction (SMSI) is commonly associated with the
original observation of Tauster and co-workers. As a pos-
sible explanation, the authors first suggested electronic
effects via charge transfer and even rejected metal encapsu-
lation, which is now considered as the main manifestation
of SMSI, based on recent advanced electron spectroscopy
studies [157]. Despite enormous efforts to directly visualize
the encapsulation process, the precise mechanism of encap-
sulation remains unknown.

Thermodynamic considerations favor oxide spillover onto
the metal surface rather than migration through the metal
particle and subsequent segregation to the surface. Although
the metal/TiO, system remains the classic example of SMSI
via encapsulation, several other combinations of reducible
transition metal oxides (TMO) and metals have shown simi-
lar behaviour [158, 159]. Figure 11 demonstrates a STM
experimental series for Rh mobility resulting coalescence
and the build-up of TiO, overlayers on Rh particles as a
function of temperature [159].

The deposition of 0.03 ML of Rh at 330 K onto a
TiO,(110)-(1 %X 2) surface and annealing at 850 K for 10 min
results in 1-2 atomic layer thick Rh nanoparticles with a
diameter of ~1.5 nm (Fig. 10a). The particles preferentially
occupy the bright rows identified with a reduced 1D phase
(Ti,05). The Rh particles post grown at 850 K (deposition
of an additional 0.25 ML Rh onto the surface characterized
in Fig. 10a) are mostly of round shape (Fig. 10b).

The same sequence of experiments was also performed
at 950 K (instead of 850 K, before) (Fig. 10c, d). It can
be observed that nearly round Rh nanoparticles are formed
after the deposition of Rh (0.05 ML) at 330 K and anneal-
ing of the probe at 950 K for 10 min (Fig. 10c). The average
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Fig. 11 The morphology of Rh/TiO,(110)-(1x2) surfaces prepared
by different treatments and detected by STM in cc mode: (A) dep-
osition of 0.03 ML of Rh at 330 K, followed by 10 min annealing
at 850 K; (B) after deposition of additional 0.25 ML Rh at 850 K
onto the surface imaged in part A; (C) deposition of 0.05 ML of Rh
at 330 K, followed by 10 min annealing at 950 K; (D) after deposi-
tion of an additional 0.30 ML Rh at 950 K onto the surface imaged in
part C. Image sizes: (A, B) 20 %20 nm?, (C,D) 50 x50 nm>. (E) STM
image of 400x400 nm? recorded on TiO,(110)-(1 x 1) deposited by
Rh (0.30 ML) at 1050 K. (Reproduce from [159]) Reference

diameter of these nanoparticles is 3 nm, and they consist
of 2-3 atomic layers. The postdeposition of Rh at 950 K
results in mainly elongated particles, independently of their
location (Fig. 10d). Strongly elongated Rh nanoparticles
were formed at high probability after the deposition of Rh
at 1050 K (without seeding before) onto an unreconstructed
titania surface, as is shown in a large-scale STM image of
400-400 nm (Fig. 10e).

Low energy ion scattering spectroscopy (LEIS) is sensitive
almost exclusively to the topmost layer if noble gas ions are
used. The complete absence of the Rh peak after annealing
at 900 K for 1 min (Fig. 11) is a clear sign of the complete
encapsulation of rhodium by the oxide [160]. An alternative
explanation for the disappearance of Rh signal might be that all
the rhodium diffused into the bulk of titania. This is ruled out
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Fig. 12 Rh and Ti LEIS peak areas obtained the 0.8 ML Rh/TiO, sur-
face to different temperatures for 1 min. Rhodium was deposited at
300 K. Inset: area of the Rh 3d XP doublet annealing at different tem-
peratures. (Reproduce from [160]) Reference

by the fact that annealing at 900 K decreased only slightly the
area of the Rh 3d doublet (inset of Fig. 11) (Fig. 12).

5 Challenges of Bimetallic Nanoparticle
Catalytic Chemistry

Bimetallic catalysts started to gain significant commercial
interest in 1960s for their use in hydrocarbon reforming in
Exxon Research and Engineering Company [161]. The term
“bimetallic clusters’ has chosen by John H. Sinfelt for highly
dispersed supported bimetallic systems in which interaction
between two metals is indicated. Bimetallic catalysts often
show electronic and chemical properties that differ from
their individual counterparts offer enhanced selectivity,
activity and stability [162]. Two mechanisms that contribute
to the modification of the electronic and chemical properties
of these systems have been proposed. First, the formation
of heterometallic bonds changes electronic environment of
the metal surface through ligand effect. Second, in bimetal-
lic structure, the average metal-metal bond lengths changes
than that of constituent metals resulting in strain effect that
changes the electronic structure of the metal [163].

It is challenging to distinguish the two effects if both
playing a role. The electronic and chemical properties of
bimetallic catalysts can be tuned through changes in compo-
sition of host and guest metals. Current synthetic protocols
allow careful adjustment of nanoparticles (NPs) size, shape
and composition [164]. The preparation of bimetallic cata-
lysts has been reviewed and summarized by various authors
[164—-167]. The molecular or atomic level understanding is
very important because it will help us to uncover the cata-
lytic mechanisms on the surface of bimetallic catalysts.

Electron microscopy [168—170], scanning tunnelling micros-
copy [171, 172], electron spectroscopy [173, 174], vibra-
tional spectroscopy [175-178], X-ray absorption spectros-
copy [179-182] have been used for structure identification
of bimetallic catalysts. It has been demonstrated that the
surface structure and composition of the bimetallic catalysts
under reactive environment differ from those realised using
high vacuum techniques [183, 184].

Under reactive environment (high temperature and pres-
sure), bimetallic catalysts can undergo various changes
such as surface segregation [185-187], phase transforma-
tion [188] and selective oxidation of one of the bimetallic
catalysts [189]. The advent of several in situ techniques can
be helpful to identify the surface structure and composi-
tion of bimetallic catalysts under reaction conditions [171,
190-200]. Surface sensitive spectroscopic and microscopic
techniques such as Near Ambient-Pressure X-ray Pho-
toelectron Spectroscopy (NAP-XPS), X-ray Absorption
Spectroscopy (XAS), high-pressure scanning tunnelling
microscopy, transmission electron microscopy, scanning
transmission x-ray microscopy have been used for this pur-
pose. The unique chemical and physical properties of active
components emerge from the interactions of their surfaces
with the reactive environments. The presence of complexity
of the solid—gas and solid-liquid interfaces under reactive
environments in heterogeneous catalytic system and their
structural and compositional changes make understanding
catalytic mechanisms extremely challenging.

In the following we will review some of the bimetal-
lic systems that undergo structural and chemical changes
under reactive environments. Tao and co-workers prepared
core-shell Rh, sPd, 5 and Pt;, sPd, 5 bimetallic nanoparticles
by colloidal chemistry method and studied in situ the struc-
ture and composition under reaction conditions in different
gas environments using AP-XPS [201]. Depth-profile analy-
sis using X-ray energies of 1486.6 eV, 850 eV and 645 eV
corresponding to mean free paths of approximately 1.6, 1.0,
and 0.7 nm revealed Rh atomic fractions of 0.52 +0.03,
0.86+0.03 and 0.93 +0.03 respectively. Rh rich shell and
Pd rich core were recognised (Fig. 13a). The surface compo-
sition and chemical state of the Rh, sPd, s bimetallic nano-
particles were studied under oxidizing (100 mtorr NO or
0,), catalytic (100 mtorr NO and 100 mtorr CO) and reduc-
ing (100 mtorr CO or H,) conditions by means of AP-XPS.
The atomic fractions were obtained with an X-ray energy of
645 eV, which corresponds to 0.7 nm shell (Fig. 13b). The
top part of Fig. 13b shows a considerable fluctuation of the
relative atomic fractions as the gas environment changed
from oxidizing to catalytic at 300 °C. In oxidizing condi-
tion, the Rh in the shell was almost completely oxidized
with~94% of the Rh in RhO, form. In reducing condi-
tion, total Rh atomic fraction in the shell decreased from
0.92+0.03 to 0.46 +0.02 and Pd atomic fraction in the core
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Fig. 13 a Surface structure of as-synthesized Rh,sPd,s and b (top)
evolution of Rh (Rh®+Rh®*) and Pd (Pd’+Pd®™*) atomic fractions
in the Rh sPd,, s NPs at 300 °C under oxidizing conditions (100 mtorr
NO or O,) and catalytic conditions (100 mtorr NO and 100 mtorr
CO) denoted in the x axis. (Bottom) Evolution of the fraction of the
oxidized Rh (left y axis) and Pd atoms (right y axis) in the examined
region under the same reaction conditions as the top part of the fig-

increased from 0.08 +0.03 to 0.54 +0.02 (reaction 2 in top
part of Fig. 13b). This result shows that the Pd migrated to
the shell and Rh migrated to the core and RhO, reduced
to metal Rh®. When the reaction is changed to 0x1d121ng
condition (reaction 3 in top part of Fig. 13b), Rh diffuses
back to the shell and oxidized. The reconstructed shell con-
tains ~ 72 + 3% Rh, of which ~90% is oxidized. If reducing
condition is introduced again, the chemical composition
restored as that of reaction 2 in top part of Fig. 13b. The
opposite segregation behaviour of Rh and Pd under oxidiz-
ing and reducing conditions can be explained by considering
the surface energy in the metals and in the oxides. The lower
surface energy of Pd comparative to Rh tends to move Pd
metal atoms to the surface. This is since Rh oxide is more
stable than the Pd oxide provides the driving force for the
segregation and preferential oxidation of Rh at the surface.
In reducing conditions, the oxides are reduced to the metal
and the oxygen atoms react with adsorbed CO to form CO,.
Rh atoms migrate to the core because of its higher surface
free energy and thus decreasing the atomic fraction of Rh in
the shell under reducing and catalytic conditions.
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ure. All atomic fractions in this figure were obtained with an x-ray
energy of 645 eV for Rh3d and Pd3d, which generates photoelectrons
with a MFP of ~0.7 nm. Schematic diagrams above the top of the fig-
ure show the reversible segregation of Rh and Pd under alternating
oxidizing and catalytic conditions. The y-axis data points for reac-
tions 1, 3, and 5 have an associated error of +0.03; for reactions 2 and
4, the error bar is +£0.02. (Reproduced from Reference [201])

Alayoglu and co-workers studied the Au,Pd,_, (x=0,
0.25, 0.5, 0.75, 1) bimetallic nanoparticle restructuring dur-
ing CO oxidation using AP-XPS [202]. Both STEM/EDS
phase mapping and XPS depth-profiles display that the as-
synthesized Au,Pd,_, (x=0.25, 0.5, 0.75) bimetallic nano-
particles exhibit core—shell structures with Pd-rich shells
and Au-rich cores. The atomic fractions of Aug,sPdg 75,
Au, sPd, 5, and Aug 55Pd, ,5 bimetallic nanoparticles under
vacuum and various gas atmospheres are displayed in
Fig. 14. STEM/EDS spectra reveal that with the increase in
Au concentration, the Au core size increases while Pd shell
thickness decreases. AP-XPS studies indicate that the sur-
face composition for the Aug,5Pd, 75 and Au sPd,, 5 bime-
tallic nanoparticles with relatively thick Pd shells remain
unaffected under vacuum, reactive gas atmospheres and
CO oxidation reaction at 200 °C. However, the Au, ;5Pd 55
bimetallic nanoparticles restructures irreversibly to Au-rich
surface state at 200 °C under CO oxidation reaction.

The turnover frequency versus surface composition
were studied and observed that all bimetallic nanoparticles
exhibit higher turnover frequency than monometallic Au
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Fig. 14 Normalized Pd (blue) and Au (gold) fractions are plotted ver-
sus various temperatures and pressure (i.e., CO oxidation reaction)
conditions from ambient pressure XPS analysis using 380 eV X-rays

or Pd nanoparticles. Au,,sPd, ;5 bimetallic nanoparticle
showed highest turnover frequency than the Au, sPd, s and
Au ;5Pd, 5 bimetallic nanoparticles. However, Au,, ;5Pd, »5
bimetallic nanoparticle displayed excellent catalytic activ-
ity in CO oxidation reaction at 200 °C. Because of larger
adsorption energies of CO and O, on Pd than on Au, Pd seg-
regates in Au, ,5Pd,, ;5. However, on Au, ;5Pd,) 5, Au forms
thin shells at 200 °C and covers the nanoparticle surface so
that CO and O, could not bind on the Pd which is present in
the inner shells. Due to the presence of thin Pd shells in the
surface regions of the Au, ;sPd, ,5 bimetallic nanoparticle,
Au could easily exchange with Pd to segregate to the surface.

Musselwhite and co-workers studied the isomerization
of n-hexane catalysed by supported Pt—Rh bimetallic nano-
particles [203]. PtgoRh,,, PtyoRh;, with larger size (6.5 nm)
hereafter referred to as PtgyRh,, (6.5), Pty)Rh,, (6.5) and
PtgoRh,, with smaller size (2.5 nm) hereafter referred to
as PtgoRh,, (2.5) were prepared by colloidal chemistry
approach. The overall TOF of PtggRh,, (6.5) was 0.013 s
and that of PtygRh,, (6.5) was 0.011 s™'. The isomer selectiv-
ity for Ptg)Rh, (6.5) and Pty Rh;, (6.5) bimetallic nanopar-
ticles were 44 and 55% respectively. A plot of isomer TOF
versus near surface composition is shown in Fig. 15. The
maximum TOF was obtained on Pty)Rh,, (93/7 Pt/Rh sur-
face composition) bimetallic nanoparticles. The maximum
isomer formation occurs with the Pt to Rh atomic ratio of 1:5
in an ideal FCC (111) crystal face. This type of behaviour is
termed as ensemble effect where the active metal is diluted
with lesser active spacer atoms to increase the selectivity
of the desired product. In this study, it was found that when
Pt surface was diluted with a more active Rh atom, the Rh

UHV CO+0, UHV UHV
200°C 200°C RT

UHV CO+0, UHV UHV
RT 200°C 200°C RT

for a Au,sPd; s, b AujsPd, 5 and ¢ Au,;5Pdy,5s (Reproduced from
Reference [202])
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Fig. 15 Isomer TOF plotted against the near surface composition of
the 6.5 nm NPs using AP-XPS. The maximum rate occurs on the
bimetallic nanoparticles, where the surface ratio is 80:20 Pt:Rh. The
dotted line represents what would be expected if a linear relation-
ship existed with atomic composition. The actual data exhibits about
a 60% increase in isomer TOF. This type of behavior can be attrib-
uted to an ensemble effect between the surface Pt and Rh atoms. The
images shown are models for (111) fcc crystal facets (reproduced
from Reference [203])

acts to activate the C—H bond and the surrounding Pt atoms
permit for the production of more desired isomer products.

The interaction of gold and rhodium was studied exten-
sively on TiO,(110) and titania-based oxide support recently
[124, 141, 204-206]. The coadsorbed layer were prepared
on nearly stoichiometric titania surface by physical vapor
deposition (PVD) and by impregnation methods on titania
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Fig. 16 (I) LEIS spectra of the 0.8 eqML Au/TiO,(110) surface and
those obtained after subsequent Rh deposition deposition. (II) Char-
acteristic STM images of 20x20 nm? recorded on (a) a TiO,(110)
surface deposited by 0.6 eqML of Au at 320-330 K; b a surface

and titanates surfaces. The layer was characterized by low-
energy ion scattering (LEIS) and scanning tunneling micro-
copy (STM). It was found that because of the strong ten-
dency of Au segregation in the Au-Rh bimetallic system,
Rh atoms that impinged onto Au clusters pre-grown on
TiO,(110) became covered by gold atoms by place exchange
or surface diffusion even at room temperature. The incor-
poration of rhodium led to an increase in the number of Au
atoms on the outermost layer of metal clusters evidenced
by LEIS (Fig. 16 I) and addition to this it leads to a slight
enlargement of gold clusters indicated by STM (Fig. 16 II).
A core—shell structure was formed, and it is plausible that if
the gold completely and uniformly covers the Rh nanopar-
ticles. The observed effect on the bimetallic nanoclusters is
attributed to the different surface free energies of metals. For
Au, this value is much smaller than for Rh, which provides a
driving force for the bimetallic clusters to be covered by gold
atoms. Interestingly, the stability of structure was sensitive
against reactants for example CO adsorption. The adsorption
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formed by postdeposition of 0.6 eqML of Rh on the former Au cov-
ered surface; and ¢ a TiO,(110) surface deposited by 0.6 eqML of Rh
at 320-330 K (reproduced from Reference [204])

of CO on Au-Rh clusters may promote the diffusion of Rh
to the surface of the cluster indicated by the appearance of
CO bands attributable for Rh sites and due to CO adsorp-
tion, the Rh LEIS signal regained as it was demonstrated in
previous chapter.

6 Conclusions

Size and shape dependent catalytic chemistry is of great
interest and importance for designing highly active and
selective catalysts. Although particle size has a major effect
on catalytic activity, other factors such as oxidation state of
the metal NPs and presence of low coordinated step and cor-
ner sites are also playing significant role. Crystals with high
index facets exhibit superior reactivities owing to the pres-
ence of high-density atomic steps, edges and kinks which are
usually considered active sites for chemical bond breaking.
Metal NPs immobilised on support enhances their stability
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and spatial distribution. Unusual high catalytic activity can
be obtained by tuning the metal-support interfaces. The in-
situ characterization techniques can be useful to track the
structural changes of catalysts under reaction conditions.
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