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1. INTRODUCTION

Gold ([Xe]4f145d106s1) is one of the most ancient themes of
investigation in science and arts, and its renaissance now leads to
an exponentially increasing number of publications, especially in
the context of emerging nanoscience and nanotechnology,
catalysis, and self-assembled monolayers (SAMs). Gold pos-
sesses a rich organometallic and coordination chemistry1 but
has been historically considered as an inert substance because
bulk gold surfaces readily chemisorb few molecules.2 Addition-
ally, gold nanoparticles smaller than 10 nm in diameter are
somewhat difficult to synthesize due to the low melting point of
gold,3 which is vital for tuning active sites of a catalyst. Although
there were a number of early but scattered investigations
regarding the use of gold as a catalyst, none of them showed
that gold was superior to other catalysts.4 This situation was
changed by the seminal discoveries by Haruta5 and Hutchings;6

they clearly demonstrated the unique chemical properties of gold
catalysts. In 1989, Haruta et al. pioneered a method for preparing
gold nanoclusters on several metal oxides, which possessed high
reactivity for CO oxidation and propylene epoxidation, particu-
larly at low temperatures.7 Remarkably, the CO oxidation can
proceed at temperatures as low as 200 K, which later leads to a
series of applications of gold catalysts at and below room
temperature.

Since then, gold-based heterogeneous catalysts have attracted
much attention, particularly for low-temperature CO oxidation,
epoxidation, the water�gas shift reaction, and selective oxi-
dation.8 These subjects are now more intensively investigated,
due to fundamental and applied aspects relevant to the support,
particle size and shape, and structural sensitivity, especially in the
context of catalysis, surface science, biology, nanoscience, and
nanotechnology.4,9�13 A variety of investigations have attempted
to draw the correlation between the electronic and structural
properties of the Au surfaces and particles with the catalytic
activity. For example, the gold single-crystal surfaces covered
with atomic oxygen are highly reactive in a variety of reactions.
The particle size of Au clusters and the nature of the support are
critical in determining catalytic activity. Moreover, it has been
proposed that the interface between the Au nanoparticles and the
oxide support are active sites. However, size distribution and
shapes of gold nanoparticles often vary widely, and the particle
structure, particularly at the metal�oxide interface, is generally
not well-defined.14 Owing to these complexities, the nature of
active sites of Au-based catalysts remain unclear.10 Therefore,
detailed mechanistic studies aimed at understanding gold’s
promising catalytic characteristics are urgently needed. Fortu-
nately, fundamental investigations of reactive chemistry on gold-
based model catalysts can provide significant insights into the
mechanistic details of these reactions since it is possible to
carefully control surface structure and reaction parameters as

well as to circumvent the problem of agglomeration of supported
gold nanoparticles in some cases.15

There are many excellent reviews regarding gold cataly-
sis;1,3,4,10�12,16�30 however, these reviews primarily focus on
(i) the interaction of gold nanoparticles/clusters with the sup-
port (predominantly TiO2 andCeO2), (ii) oxidative reactions on
high-surface-area catalysts, (iii) theoretical studies, and (iv)
organometallic chemistry. For example, a classical review written
by Meyer et al. in 2004 deals with the surface structure of gold
single crystals and supported gold clusters and primarily focuses
on the surface chemistry of CO oxidation.10 Min and Friend
provided an excellent overview on the reactivity of Au(111) and
Au/TiO2(110) with regard to the oxidation of CO and
propylene.19 Indeed, there has been a lack of comprehensive
reviews on gold-based model systems (e.g., Au single crystals,
gold-based inversed catalysts, gold-based bimetallic, and Au
clusters supported on various substrates) and their chemical
reactivity. Therefore, this review aims to provide an overview of
the current status of research regarding the surface chemistry of
gold-based model systems. Of particular note, the electrochem-
istry of gold, optical properties (e.g., photonics and plasmonic),31

and the formation and application of self-assembled monolayers
of various components (particularly thiols)16,32 require their own
separate reviews. The review will focus on issues in structural,
electronic, and chemical properties of gold-based model catalysts
published throughDecember 2011. Results will be presented from
simplicity (gold single crystals) to complexity (deposited gold
particles) with a discussion of their relevance to real catalysts.

The review begins with a brief overview of surface structures
and electronic properties of various gold single-crystal surfaces.
We will also examine adsorption phenomena on Au macroscopic
crystalline surfaces. Next, reactive chemistry on gold surfaces will
be discussed, particularly recent work on oxidized Au(111) that is
relevant to the fundamental underpinnings of gold catalysis. The
sections on Au-based inverse and bimetallic model systems will
focus on the relationship between gold and the metal oxides or a
secondary metal with regard to structure and reactivity and the
contribution of these investigations to the catalysis community.
Lastly, we will discuss recent progress regarding investigations on
the electronic and structural properties of supported gold clusters
on variousmetal oxides and its correlationwith reactivity. Wewill
also provide an overview of the challenges and opportunities for
research in gold heterogeneous catalysis with an emphasis on the
roles that model catalyst systems can play in the near future.

2. SURFACE STRUCTURES OF AU SINGLE CRYSTALS

Gold crystallizes as a face-centered cubic (fcc) structure.
Three low Miller indexed surfaces, (100), (110), and (111)
(see Figure 1), are usually considered. The coordination number
of atoms at the surface for these three different facets is 7
[Au(100)], 11 [Au(110)], and 9 [Au(111)]. The surface en-
ergies of gold are 0.08, 0.10, and 0.05 eV/Å2 for the clean (100),33

(110),34 and (111)35 surfaces, respectively. The classical arrange-
ment of the atoms associated with each of the facets is not
necessarily the most stable (e.g., minimum surface free energy);
therefore, all three surfaces undergo reconstruction.

The (111) facet of gold has the lowest surface energy among
other surfaces, as reflected in the growing tendency for thin film
in the [111] direction. Gold has the highest ductility and
malleability of any element.38 It is the only metal for which the
close-packed (111) surface of an fcc crystal has been observed to
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reconstruct,38 which is attributed to relativistic effects in the large
electronic core of gold.39 The reconstruction of Au(111) has
been investigated by low-energy electron diffraction (LEED),40

helium atom scattering,38 scanning tunneling microscopy
(STM),37,41,42 and density functional theory (DFT) calcula-
tions.43 Reconstructed Au(111) has a 22 � √

3 herringbone
structure (Figure 2a). This structure is the result of a balance
between two opposing tendencies:44 the surface layer undergoes
contraction to compensate for its reduced coordination, whereas
opposing this contraction the underlying substrate potential
favors a commensurate surface layer.37 The misfit between the
substrate and the surface layer induces a periodic array of pairs of
partial dislocations, leading to the separation of alternating
domains where surface atoms occupy fcc and hexagonal close-
packed (hcp) sites (Figure 2b). The surface atoms at the
dislocation lines occupy bridge sites instead of hollow sites.37

The unit cell of this reconstruction contains 23 surface atoms
instead of 22, thus allowing a 4.4% contraction along the [110]
direction in the surface layer.45

Reconstruction of the Au(110) surface into the (1 � 2)
pattern is formed by a “missing row” along the {110} direction
in the surface layer, which was first observed by Fedak et al.
employing LEED48 and has been intensively studied sub-
sequently7,12,15�22 [similar superstructures have also been ob-
served on the (110) faces of platinum49 and iridium50].
A schematic of the missing row reconstructed Au(110) (1 � 2)
surface along with an atomic resolution STM image is illustrated
in Figure 3. Themissing row reconstruction leads to three type of
surface atoms (e.g., top, side of row, and trench) with different
coordination numbers; this structure is strongly related to the
adsorptive behavior of the surface.51 The sides of the rows in the
reconstructed surface are similar in structure to the fcc(111)
surface and are typically referred to as (111) microfacets.10 The

arrangement on the surface leads to a distortion in the underlying
layers. A variation of the first two layer spacings and a row pairing
in the second layer have usually been considered.52 Moritz and
Wolf reported that spacing of the top layer was contracted by
∼20% in the vertical direction, while a lateral displacement of
0.07 Å was observed for the second layer.52 Additionally, Gritsch
et al. found that structural defects such as steps interacted with
the reconstruction.51 The stabilization of the (111) microfacets,
at step edges, was generally found to govern the step terrace
topography of these surfaces. The presence of trace impurities
was correlated with an increase to (1 � 3) structural units along
the [110] direction, leading at first to a decrease in (1 � 2)
domain size and, at higher densities, to structures such as (1� 7),
(1 � 5), and finally a (1 � 3). This result exhibits periodic
arrangements of (1 � 3) units as the common building
principle.51 For the defect-free surface, the order�disorder
transition of the (1 � 2) reconstruction appears at a critical
temperature of (670 ( 20) K.53

Compared to the other two low indexed surfaces, the recon-
struction of the Au(100) surface is somewhat controversial. A
(1� 5) reconstruction was first observed by Fedak andGjostein48

and soon after by Mattera et al.55 However, later in 1967, Fedak
and Gjostein resolved a splitting in the LEED spots for Au,
leading to a (5� 20) rather than (1� 5) superstructure, and first
proposed a hexagonal overlayer on the square substrate mesh as a
model for the surface rearrangement.56 Since then, various
models have been put forward including a (5 � 20) with
rotation,57 a c(26 � 68),40 a (24 � 48) with rotation,58 and a
hexagonal (5 � 28)R0.6�.59 A (5 � 20)-based reconstruction is
now widely accepted, and the surface can be described as a quasi-
hexagonal top layer, in which interatomic distances are shortened
by about 4% with respect to the bulk fcc values.26,32 An atomic
resolution STM image of the characteristic (5� 20) reconstruc-
tion is shown in Figure 4.

The reconstructed surfaces experience various combinations
of the above-mentioned structures depending on the surface
temperature and the step density.22,33 The reconstruction is
generally limited to the first layer, suggesting that the more
compact surface arrangement is favored.10 However, based on
electron density calculations and He diffraction, Rieder et al.
showed that the complex LEED patterns observed for Au(100)
were due to the secondary structural features such as minor
atomic displacements in both topmost and lower layers.60 Marks
and Smith suggested that the reconstruction could be due to
Shockley partial dislocations.61 Their high-resolution electron
microscope (HREM) images indicated that small displacements
could occur on unreconstructed Au(100). They concluded that a
majority of mass transfer for the reconstruction takes place
through a mechanism involving the observed dislocations.61

Using first-principles calculations, Takeuchi et al. ascribed the

Figure 2. (a) STM image of the reconstructed Au (111) surface. Inset
shows atomic resolution of the edge dislocations (depressions) which
are present at the elbows of the herringbone reconstruction. (b) In-plane
structure of the Au(111) reconstructed surface. The circle and crosses
correspond to atoms in the first and second surface layers, respectively.
Reproduced with permission from ref 37. Copyright 1992 American
Association for the Advancement of Science.

Figure 1. (100), (110), and (111) fcc crystal surfaces. Reproduced with permission from the NIST Surface Structure Database.36
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reconstruction of Au(100) to its d orbital being involved in
bonding,62 as is the case for Au(111).33 Mochrie and co-workers
studied the reconstruction of Au(100) as a function of tempera-
ture employing X-ray scattering and found that above 1170 K the
surface undergoes a structural phase transition [i.e., (1 � 1)
superstructure] marked by a reduced asymmetry in the specular
reflectivity.63

3. ADSORPTION OF MOLECULES/ATOMS ON AU SIN-
GLE-CRYSTALLINE SURFACES

3.1. Adsorption of Oxygen
There have been many efforts over the years to investigate the

interaction of oxygen with gold surfaces to better understand the
unique oxidative catalytic properties of gold catalysts. Gold
single-crystal surfaces do not measurably chemisorb oxygen
either molecularly or dissociatively under ultrahigh vacuum
(UHV) conditions64 or at elevated temperatures and pressures;17,65

however, molecular oxygen physically adsorbs up to ∼50 K
(physisorbed oxygen cannot be transferred to a chemisorbed
state by simply annealing the surface).17,66 Although some earlier
investigations reported chemisorption of molecular oxygen on
gold surfaces,67�70 researchers presented evidence later showing
that the observed oxygen dissociation was actually induced by
calcium71,72 or silicon73 impurities.

The inability to populate gold surfaces with oxygen via exposure
to gaseous, molecular oxygen has motivated researchers to
develop other means of creating atomic oxygen precovered gold
surfaces. Successful approaches primarily include thermal dis-
sociation of gaseous O2 on hot filaments,74�76 ozone decomposi-
tion,77�80 coadsorption of nitrogen oxides (e.g., NO2 or N2O4)
and H2O,

81,82 O+ sputtering,83�86 electron bombardment of
condensed oxygen or NO2,

66,87�90 and a radio frequency (RF)
generated oxygen plasma.91�94 It is notable that the achievable
saturation oxygen coverages and surface structures are strongly
dependent on the preparation methods and surface temperature.
3.1.1. Thermal Dissociation of Gaseous O2 on Hot

Filaments. Ford et al. first reported the oxidation of gold films
by atomic oxygen formed through dissociation of molecular
oxygen on a hot metallic filament.74 As measured by a surface
potential method, adsorption of atomic oxygen proceeded from
77 K to room temperature, and desorption began at 400 K.74 Eley
and Moore, however, questioned the preparation method, as
they detectedmetallic oxides on the gold surface originating from
the filament.75 Subsequently, Canning et al. successfully cracked
molecular oxygen using a hot platinum filament (1400 K) and
exposed atomic oxygen to a polycrystalline gold sample.76 They
showed that the surface oxide completely decomposed upon
thermal treatment and oxygen desorbed recombinatively around
650 K (with an activation energy of∼163 kJ/mol).76 The Madix
group later used the same method to populate atomic oxygen on
Au(110), which yielded a single desorption peak at 590 K upon
heating.95�97 Davis and Goodman further extended this ap-
proach to Au(100) and Au(111) surfaces [a saturation oxygen
coverage of 1.5 monolayers (ML) was achieved, Figure 5a and 5b].98

They observed a peak desorption maximum of 470 K for all
oxygen coverages from Au(100), whereas for Au(111) the
desorption peak temperature increased with an increase in the
oxygen coverage up to 0.5 ML (e.g., 505 K of 0.1 ML vs 535 K of
0.5 ML).98 No ordered overlayer structure on either surface was
observed by LEED.98

3.1.2. Oxygen Sputtering. Pireaux et al. deposited atomic
oxygen on Au(111) by DC reactive sputtering with oxygen and
demonstrated that the formed oxide is Au2O3 (auric oxide),
which decomposed under thermal treatment in the temperature
range of 390�590 K. It was assumed that Au2O (aurous oxide) is
a possible intermediate in this reduction.83 Gottfried et al.
systematically characterized the chemisorbed oxygen species
produced by bombardment of a Au(110) (1 � 2) surface with
oxygen ions (O+/O2

+).84 Temperature-programmed desorption

Figure 4. High-resolution STM image of the reconstructed Au(100)
(5 � 20) surface (size 5.3 � 5.3 nm2). Reproduced with permission
from ref 54. Copyright 1998 American Physical Society.

Figure 3. Schematic missing row reconstructed Au(110) (1� 2) surface with (a) top view and (b) cross-section. Reproduced with permission from ref
46. Copyright 2003 Elsevier. (c) STM image of Au(110) (1 � 2) with an atomic-scale spatial resolution. Reproduced with permission from ref 47.
Copyright 2002 American Physical Society.
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(TPD) revealed four states of oxygen desorption appearing at
415, 545, 620, and 680�850 K, respectively. The two peaks at
lower temperatures were associated with the surface oxide and
chemisorbed oxygen species as reported earlier.66 The peak at the
highest desorption temperature grew and shifted to higher
temperatures with an increase in ion energy and sputtering time
and thus could be assigned to oxygen atoms dissolved in the
bulk.21

3.1.3. Ozone Decomposition. Koel’s group showed that
exposure of Au(111) to ozone (the O�O bond strength in
O3(g) is only 96 kJ/mol) at 300 K formed an atomic oxygen
adlayer, which desorbed to produce a single TPD single peak at
550 K (activation energy of 117 kJ/mol based on first-order
desorption kinetics).78,79,81 The saturation coverage of oxygen
on Au(111) was about 1.2 ML, and the O2 TPD peak shifted to
lower temperatures at very low coverages (e.g., 0.1ML) as shown
in Figure 5c.79 The small change in the desorption activation
energy for O2 could be due to inductive electronic effects
whereby adsorbed oxygen withdrew charge from Au surface
atoms and increases the subsequent interaction between Auδ+

and Oδ�.79 No ordered oxygen overlayer on Au(111) was
reported, and a small oxygen coverage (e.g., 0.1 ML) was
sufficient to cause the surface reconstruction.78,79

Recently, Min et al. showed that oxidization of Au(111) by
ozone (which occurs rapidly) leads to the formation of oxidized
Au nanoparticles on top of the surface (Figure 6).101 Release of
Au atoms upon oxidation is facilitated by the characteristic

“herringbone” structure of clean Au(111) with an excess of
4.5% Au atoms compared to a bulk (111) plane, some of which
are weakly bound at “elbow” sites.102 These gold islands or
clusters formed on the Au(111) surface were suggested to consist
of either pure gold or gold�oxygen complexes, but the latter is
more likely since gold atoms were expected to be highlymobile in
the studied temperature ranges (200�400 K) and would diffuse
to step edges.19,99 A narrow size distribution, with the majority of
islands having diameters between 1 and 5 nm, is measured
following oxidation with ozone at 200 K (Figure 6a).99 Three
distinct types of oxygen—chemisorbed oxygen, surface oxide,
and bulk oxide—were identified depending on the coverage and
surface temperature (Figure 6e).29,99,100,103 The chemisorbed
oxygen (also called “metastable oxygen species”,19,104 which
readily formed at low oxygen coverage and deposition
temperature) does not have long-range order and consists of
mobile Au�O complexes and disordered Au�O clusters that are
∼5 nm in diameter. The well-ordered two-dimensional (2D)
Au�O structure observed when oxidation was carried out using
O3 at 400 K is defined as a surface oxide. The bulk oxide, formed
at high coverage and/or deposition temperature, contains oxy-
gen in ordered, three-dimensional (3D) structures.19 For exam-
ple, an ordered (1 � 3) structure is observed with both LEED
and STM after deposition of 0.3 ML of oxygen via ozone
decomposition at 400 K.99 As will be discussed later, the
reactivity of oxygen species on Au surfaces is strongly dependent
on the structure. The same group using DFT calculations further

Figure 5. Oxygen TPDs following depositing atomic oxygen on (a) Au(111) and (b) Au(100) via thermal dissociation of gaseous O2 on a glowing
filament (Reproduced with permission from ref 98. Copyright 2000 American Chemical Society.); (c) exposures of ozone on Au(111) at 300 K
(Reproduced with permission from ref 79. Copyright 1998 Elsevier.); (d) low-energy electron (500 eV) bombardment of physisorbed oxygen
precovered on Au(110) at 28 K. Reproduced with permission from ref 66. Copyright 2002 Elsevier.
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confirmed that the coordination of the gold atoms to which
oxygen is bound is an important factor in the energetics of oxygen
adsorption.105 Oxygen interacted favorably with semiundercoor-
dinated gold in the form of terrace vacancies, steps, and 2D
islands but not with single adatoms or 3D islands, which suggests
that atomic oxygen could break up bigger islands leaving just
oxygen bound to 2D islands with three atoms, since oxygen
bound to a 3-fold site is more stable.105 They also showed that
atomic oxygen, at low coverages, has a repulsive interaction with
adatoms and an attractive interaction with vacancies, this latter
interaction being responsible for the release of gold atoms from
the surface in the presence of oxygen.105

The surface structure of gold indeed affects the nature of
oxygen adsorbed on the surface.106 Kim et al. covered a Au(211)
surface with atomic oxygen (with a saturation coverage of
∼0.9 ML) via O3 decomposition and showed that step sites
bound oxygen adatoms more tightly than terrace sites.107 In the
low-coverage regime (θO < 0.15 ML), the O2 TPD peak
appeared at 540 K (with a desorption energy of ∼138 kJ/mol)
and did not shift with coverage, which was ascribed to oxygen
adatoms at the steps on the Au(211) surface. Upon increasing
coverages, an additional lower-temperature desorption peak ap-
peared, shifting from 515 to 530 K at saturation coverage, owing to
oxygen adsorbed on the (111) terrace sites of theAu(211) surface.107

LEED patterns indicated an oxygen-induced step doubling on
Au(211) at low coverages (0.08�0.17ML) and extensive disruption
of the 2D ordering at saturation coverages of oxygen.
3.1.4. Co-adsorption of Nitrogen Oxides and H2O.

Wang and Koel pioneered a convenient approach for generating
oxygen adatoms on gold in UHV. They examined the coadsorp-
tion of NO2 (or N2O4) and water�ice on Au(111) at 86 K and
found that adsorbed atomic oxygen up to 0.5 ML could be
reliably obtained from this reaction.81,82,108,109 They noticed in
TPD measurements that the atomic oxygen adlayer recombina-
tively desorbs producing a single peak at ∼520 K.82,109 Interest-
ingly, oxygen atoms were only formed following multilayer
adsorption of NO2 (present as N2O4) and only if the adsorption
was on amorphous ice clusters and not crystalline ice.82,109 It was
proposed that the extent of these reactions was proportional to
the concentration of “free OH” groups on the ice film, indicating

that water molecules with only two hydrogen bonds were
required to initiate these reactions by strongly hydrating
N2O4.

109

3.1.5. Electron-Induced Chemisorption of Oxygen.
Gottfried et al. induced chemisorption of oxygen via irradiating
a Au(110) surface precovered with physisorbed oxygen with
500 eV electrons at 28 K.66,87�89 Two desorption peaks for
oxygen were observed (Figure 5d); the low-temperature feature
appeared at 490 K at high coverage (>1.0 ML) and was assigned
to the decomposition of a thermally unstable Au2O3 surface
oxide, and the second peak at 550 K was associated with
chemisorbed oxygen on the surface.87,88 At monolayer coverage,
chemisorbed oxygen lead to a work function increase of 0.9 eV,
indicating charge transfer from gold to oxygen.88

Electron bombardment of NO2 condensed on Au(111) at
100 K also leads to the formation of atomic oxygen (with a
saturation coverage of ∼0.4 ML) on the surface.90,110 The peak
temperature for O2 evolution appeared at 550 K (corresponding
to a desorption energy of 138 kJ/mol) independent of oxygen
coverage, implying pseudofirst-order kinetics for recombinative
desorption. Interestingly, Deng et al. showed that, on a recon-
structed Au(111)-herringbone surface, the presence of trace
oxygen adatoms (prepared by electron bombardment of NO2)
enhanced the dissociation probability of O2 by at least 3 orders of
magnitude compared to the clean surface at 400 K.90 This
observation indicates that O2 dissociation is very sensitive to
the structure of the surface and particularly the creation of small
gold islands possibly formed by Au atoms released from the
surface.99,101 Indeed, Mills et al. found that a rough surface (i.e.,
the presence of coordinatively unsaturated atoms) promotes the
adsorption of molecular oxygen.111 Odd numbers of electrons
enhanced the binding of oxygen, although negligible effect was
observed on the flat Au(111) surface.65 The reactivity of rough
surfaces and clusters could be due to a highly localized highest
occupied molecular orbital (HOMO), which promotes the
charge transfer to O2. In contrast, smooth surfaces cannot
chemisorb O2 because the HOMO is delocalized.111

3.1.6. Radio-Frequency-Generated Oxygen Plasma.
Employing a home-built oxygen atom source based on a design
by Pollard,112 Mullins and co-workers populated atomic oxygen

Figure 6. STM images (50 nm� 50 nm) of oxidized Au(111) surfaces where oxygen was deposited at 200 (a and c) and 400 K (b and d) using ozone.
Reproduced with permission from ref 99. Copyright 2006 American Chemical Society. (e) Diagram illustrating the percentage of each oxygen type at
each dosing temperature and oxygen coverage. Each square is shaded by the amount of oxide character of the surface. Reproduced with permission from
ref 100. Copyright 2009 American Chemical Society.
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onto Au(111) using a RF-generated plasma source that produced
a supersonic beam of O atoms from an 8% (vol.) O2 in Ar gas
mixture.91,113,114 A flux of oxygen atoms of ∼0.04 ML/s115

(1 ML is defined as 1.387 � 1015 molecules/atoms cm�2

referring to a single atomic layer of close-packed gold) was
typically achieved, and a saturation oxygen coverage was esti-
mated to be ∼2.0 ML.92�94 Chemisorbed O2,a is present on
Au(111) after exposure to the plasma-jet source, but the surface
concentration is very small (less than 0.02 ML).116,117

Oxygen desorption at low coverage (e.g., 0.16 ML) produces a
peak around 520 K, and with increasing oxygen coverages this
peak shifts to higher temperatures, indicative of first-order
kinetics.93,118 At saturation coverage, a desorption peak for
oxygen was observed at ∼550 K.93 The desorption activation
energy of oxygen fromAu(111) based on the Redhead analysis119 is
∼126 kJ/mol at an atomic oxygen coverage of 0.16 ML,
increasing to ∼134 kcal/mol at 1.0 ML, consistent with values
reported for oxygen atoms prepared by other methods. DFT
calculations show that increasing coverages of oxygen atoms lead
to a broadening of the surface atom d-bands and a consequent
reduction in the average energy of the d-band center due to
conservation of the d-band filling. The reduction in the energy of
the d-band center leads to a correlated increase in the adsorption
energy.120

3.2. Adsorption of Carbon Monoxide
Adsorption of CO has been widely examined as a probe of the

surface structure of metals. Early work showed that CO weakly
adsorbed on gold films compared to most other metals, and the
heat of adsorption of CO was∼36.7 kJ/mol.65 On Au(111), CO
adsorbs on the surface at cryogenic temperatures (e.g., <77 K)
under UHV conditions. However, at elevated pressures, CO
strongly interacts with the Au(111) surface.121 Employing sur-
face X-ray diffraction (SXRD), Peters et al. observed the lattice
expansion of Au(111) upon CO exposure between 0.1 and 400
Torr at 300 K, although the long-range herringbone structure
was intact.121 The original reconstruction was disordered when
Au(111) was exposed to CO at 80 Torr and 600 K. Since the
surface remained disordered after evacuation of the CO, a
thermally activated chemical reaction (dissociative adsorption

of CO) was suggested.121 Recently, in a more careful study by
Piccolo et al., CO-induced modification of the surface morphol-
ogy (22 � √

3 f 1 � 1 transition) was examined by STM and
reflection absorption infrared spectroscopy (RAIRS) when Au-
(111) was exposed to CO at room temperature and elevated
pressures (10�3�103 Torr of CO); CO chemisorption is favored
at low-coordinated sites, with the classical trend: terraces < steps
< kinks < adatoms.122

Outka and Madix studied the interaction of CO with Au(110)
(1� 2) at surface temperatures down to 125 K and found no CO
adsorption in the investigated temperature range.95 Recently, in a
related lower-temperature study by Gottfried et al., five adsorp-
tion states were identified (Figure 7a): α (multilayer at 32 K), β
(second layer at 37 K), γ (physisorbed first layer at 55 K), δ
(physisorbed first layer at 67 K), and ε (chemisorbed at 145 K).123

For any coverage studied, no ordered overlayer structures were
observed in LEED patterns. The ε peak saturated at ∼0.13 ML,
lower compared to CO adsorption on other metals.65 On the
basis of results from ion bombardment experiments (for artifi-
cially producing surface defects), the authors conformed that the
ε peak was not related to defects.123 Polarization resolved
ultraviolet photoelectron spectroscopy (UPS) measurements
indicated that chemisorbed CO on Au(110)125 orients parallel
to the surface,123 which was further supported by a lack of
intensity for the 5σ orbital contribution. Additionally, Goodman
and co-workers showed that, with increasing CO coverage, the
CO RAIRS absorption shifted red from 2118 to 2108 cm�1 on
Au(110); they obtained an adsorption energy of 45.6 kJ/mol for
the low coverage limit,126 which is slightly lower than what
Gottfried et al. reported (59 kJ/mol).123

High coverages of chemisorbed CO on Au(110) could be
obtained by raising the CO pressure at elevated temperatures
(e.g., 300 K).127 Jugnet et al. observed two C�O stretching
features in their RAIRS study: νCO of 2110 cm�1 at pressures
above 10�2 Torr attributed to weakly chemisorbed CO (assigned
to on-top adsorption), and νCO of 2141 cm�1 at pressures higher
than 100 Torr associated with physisorbed CO species.127 How-
ever, the intensity of chemisorbed CO decreased upon increasing
exposure time, indicating that CO could dissociate on the surface.
STM and polarized RAIRS results confirmed a lifting of terrace

Figure 7. (a) TPD of CO/Au(110) (1� 2) for an initial coverage of 2.9ML. The desorption activation energies (kJ/mol) for the first-layer peaks γ� ε
were calculated by Redhead analysis; those for α and β were obtained by leading-edge analysis. Reproduced with permission from ref 123. Copyright
2003 Elsevier. (b) CO TPD with various CO exposure (0.0025�50 L) on Au(211) at 85 K. Reproduced with permission from ref 124. Copyright 2006
American Chemical Society.
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anisotropy and surface roughening accompanied by surface carbon
deposits under the studied conditions.127

The heat of CO adsorption on Au(100) was estimated to be
59 ( 3 kJ/mol,128 which is consistent with values reported for
Au(110)123 and Au(332) (55 kJ/mol).129,130 No ordered adsorp-
tion structures of Au(100) were observed in LEED patterns.128

Kim et al. have recently examined adsorption of CO on a
Au(211) stepped surface.124 Two adsorption states of CO were
reported: α (from step sites) and β (from terrace sites)
(Figure 7b). RAIRS and TPD results showed that CO was
weakly adsorbed at atop sites of Au(211) but was more strongly
bound at step sites (50 kJ mol�1) than at terrace sites (27�38 kJ
mol�1).124 The νCO band underwent a red shift from 2126 to
2112 cm�1 with increasing CO coverage.124 This could be due to
the combination effect of steric repulsion between the filled d
band of gold and the CO 5σ.

3.3. Adsorption of Sulfur-Containing Molecules
3.3.1. Sulfur. Sulfur is well-known for its poisoning effect in

heterogeneous catalysis; however, the role of sulfur in gold
catalysis is fairly unusual due to its promotional effect.131,132

The Au�S interaction is also one of the most intensively studied
systems as it plays an important role in Au ore formation133 and
controls the structure and dynamics of thiol-based self-assembled
monolayers.11,16,32,134�136

Sulfur adsorbs on Au(111) from either S2�, SH�,137 or H2S
138

in aqueous electrolyte solutions [for electrochemical scanning
tunnel microscopy (EC-STM) measurements], or from S2

139

and SO2
140,141 in the gas phase. In all cases, the adsorption of

sulfur on the surface results in a strong covalent bond and
different structures according to the surface coverage. It was
believed that sulfur started to physisorb at terraces142,143 fol-
lowed by chemisorption at step edges.144 Rodriguez et al.
examined sulfur adsorption (deposited via S2 gas) on Au(111)
with high-resolution photoemission spectroscopy.139 At small
coverages, sulfur adsorbed on fcc hollow sites of the “herring-
bone” structure of the gold substrate, which was energetically
more favorable compared to adsorption on bridge or atop
sites.139,145 Sulfur behaved as a weak electron acceptor but
substantially reduces the density-of-states that gold exhibits near
the Fermi edge.78 DFT calculations139,146 agreed with the earlier
report by Gottschlack and Hammer147 that sulfur preferentially
adsorbed at the 3-fold hollow site at low coverages and induced a
reconstruction to a

√
3 � √

3 R30� pattern as indicated by
LEED.143,148 Upon increasing sulfur coverage, a weakening of

the Au�S bonds was observed that facilitated changes in
adsorption site and eventually resulted in S�S bonding. At sulfur
coverages above 0.4 ML, S2 is the more stable species on the gold
surface. Formation of Sn (n > 2) oligomers (e.g., tetramer, octamer)
occurred at sulfur coverages higher than a monolayer.139 An S8
octamer model has been frequently applied for describing
rectangular surface features in STM images,137,138 which were
suggested on the basis of a static model that the positions of Au
atoms keep intact upon interaction with sulfur.149 A similar
phenomenon was reported for sulfur adsorbed on polycrystalline
gold139 as well as on Au(111) from electrolyte Na2S solutions.

148

However, a recent study on SO2 adsorption on Au(111)
indicated that the rectangles contain AuS rather than polymeric
S (e.g., S8

137,138).141 The AuS is created by a corrosion process
accompanied with a reconstruction of the Au surface, resulting in
the formation vacancy islands. The AuS stoichiometry was
estimated to be 1 at a sulfur coverage of 0.5 ML upon annealing
the sample to 450 K.141 Theoretical calculations showed that the
presence of S significantly influences the chemistry of Au(111)
(e.g., enhancing the adsorption of CO150).141 Although no
conclusive evidence was provided regarding the presence
of AuS (the proposed stoichiometry was based on STM
images but not spectroscopies), this interesting phenomenon
is worth detailed experimental and theoretical investiga-
tions.136 Particuarlly, the influence of surface temperature, the
role of the environment (gas phase or electrolyte solutions), and
the energy involved in the chemical reactions should be
elucidated.151

3.3.2. Hydrogen Sulfide. Unlike many other transition
metal surfaces, adsorption of hydrogen sulfide (H2S) on clean
Au(111) (Figure 8a),152 Au(110) (Figure 8b),153,154 and Au-
(100) (Figure 8c)155 has been found to be completely reversible.
Jaffey and Madix first studied the adsorption of H2S on Au(110),
and they found that H2S molecularly adsorbed (with the S atom
bonding on top sites156) with unit sticking probability on the
clean surface at 105 K up to completion of the monolayer.153

They also observed∼2% of a monolayer of H2S decomposed on
Au(110) upon electron bombardment.153 Hydrogen desorbed at
215 K, suggesting the presence of a decomposition channel,
while a desorption feature for H2S at 270 K was ascribed to a
disproportionation reaction of SH groups.153 However, in a later
investigation by Fruhberger et al., Jaffey and Madix’s results
regarding the electron-stimulated dissociation of H2S were
attributed, rather, to the existence of surface defects, since
Fruhberger and co-workers observed similar adsorption behavior

Figure 8. H2S TPDs following exposures of H2S on (a) Au(111) at 90 K (Reproduced with permission from ref 152. Copyright 1994 Elsevier.); (b)
Au(110) at 105 K (Reproduced with permission from ref 153. Copyright 1991 Elsevier.); and (c) Au(100) at 80 K (Reproduced with permission from
ref 155. Copyright 1999 American Institute of Physics.). Detailed explanations regarding various desorption features (α1, α2, α3, etc.) can be found in
corresponding references.
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on their freshly sputtered Au(110) surfaces.154 Similar phenomena
have also been observed on the Au(100)155 and Au(111)152

surfaces. Additionally, Bondzie et al. explored the adsorption
dynamics of H2S on clean Au(100) (5 � 20) employing
molecular beam techniques.155 They showed that H2S adsorp-
tion at between 80 and 100 K occurred via a precursor mecha-
nism,157�162 in which the impinging H2S molecules initially
adsorbed into a mobile, physisorbed precursor state and then
migrated on the surface until they either located an empty
physisorption site on the surface or desorbed.155 The initial
sticking probability was 0.95 ( 0.05, and it remained constant
until the first monolayer of H2S was adsorbed onto the surface.
The apparent sticking probability then dropped to 0.1( 0.05 as a
dynamic equilibrium was reached between adsorption and
desorption into the physisorbed precursor state. At 110 K
reversible Langmuir adsorption kinetics were observed due to
the much reduced surface residence time in the precursor
state.155

3.3.3. Sulfur Dioxide. Sulfur dioxide (SO2) also molecularly
adsorbs on defect-free gold single crystals163 [similar to Ag-
(100),164 Ag(110),165 and Ag(111)166]. Rodriguez and co-work-
ers showed that, for SO2 adsorption at 100 K, only one distinct
monolayer peak with a tail extending to higher temperature
appears in TPD, in addition to the multilayer desorption feature
at∼130 K.163 The difference in desorption temperature between
the monolayer and multilayer is only ∼15 K, indicating a weak
binding between Au and SO2. In contrast, a difference of∼50 K
was observed on Ag(111), and three submonolayer peaks
appeared at 204, 176, and 155 K (from Ag(111)), which were
assigned to desorption from defect sites, terraces, and a com-
pressed layer, respectively.166 More interestingly, sulfur dioxide
readily decomposes on copper surfaces [Cu(100)167,168 and

Cu(111)168,169] at temperatures above 200 K with SO or SO3

as an intermediate. The different behavior of SO2 on coinage
metal surfaces could be due to the differences in the electronic
properties of Au, Ag, and Cu (e.g., poor electron donation into
the lowest unoccupied molecular orbital (LUMO) of SO2 leads
to weak molecular adsorption of the molecules).163

3.3.4. Alkanethiols. For alkanethiols on gold surfaces, it is
commonly accepted that stable SAMs involve thiolate radicals
upon cleavage of the H�S bond via the reaction shown in
eq 1.32,135

H—ðCH2Þn—S—H þ Au f H—ðCH2Þn—S—Au þ H2

ð1Þ
However, even in the simplest scenario—well-characterized

surfaces at UHV conditions—several fundamental aspects of the
initial stage of adsorption and self-assembly process are still con-
troversial.135 Ironically, adsorption of methanethiol (CH3SH),
the simplest alkanethiol, on Au(111) is probably the most
controversial example. Nuzzo et al. first examined the adsorption
of methanethiol and dimethyl disulfide (CH3SSCH3) on Au-
(111) experimentally and found that methanethiol underwent
molecular adsorption, while dimethyl disulfide chemisorbed
dissociatively.170 In fact, adsorption of methanethiol has fre-
quently been examined in UHV by exposing the surface to gas-
phase dimethyldisulfide,136 which is dissociated to methane-
thiolate.170,171 Similar features of chemisorption of methanethiol
on Au(111) were later confirmed by Liu et al. (Figure 9a);
however, they also observed the desorption of dimethyl disulfide
and methane as decomposition products at 470 and 540 K,
respectively, upon CH3SH exposure on Au(111) at 100 K.163

Recently, Yates and co-workers showed evidence of no S�H

Figure 9. (a) Evolution of hydrogen (2 amu), methyl radical (15 amu), and methane (16 amu) during TPD for 1.5 L methanethiol exposure on
Au(111) at 100 K. A very weak peak for desorption of dimethyl disulfide is at ∼470 K (not shown). (b) TPD spectra for thiophene adsorption on
Au(111) at 100 K as a function of exposure. The parent ion signal (84 amu) was monitored.α1 was attributed to a defect adsorption state, as also seen on
Cu(111).181 α2 was assigned to desorption from a chemisorbed monolayer on terraces with a flat-lying adsorption geometry; α3 can be ascribed to
another chemisorbed state on terraces with a tilted adsorption configuration; βwas assigned to a physisorbed multilayer of thiophene. Reproduced with
permission from ref 163. Copyright 2002 Elesiver.
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(or C�S) bond cleavage observed during the adsorption of
methanethiol (and CH3SSCH3) on the Au(111) surface at
temperatures below 220 K.172 Thus, the decomposition could
be attributed to surface defects, as supported by DFT calcula-
tions173�175 that showed the adsorption of SCH3 is stabilized by
about 0.8 eV upon introducing vacancy defects on Au(111).173

DFT calculations further suggested deprotonation of metha-
nethiol occurs on the terraces of Au(111).175 The effect of
surface defects was also found on the adsorption of thiophene
on Au(111), where themain desorption peak at 186 K had a high-
temperature shoulder extending out to 330 K (Figure 9b).163

More recent DFT calculations showed methanethiol chemi-
sorbs at atop fcc sites without S�H bond scission on the
Au(111) terraces [i.e., reaction 1 is not valid].176 The S�H bond
was only broken at defects populated on Au(111).176 However,
ordered structures of chemisorbed methanethiol were observed
on Au(111) upon adsorption of dimethyl disulfide on Au(111) at
200 K followed by quenching at 320 K177 or at room temperature
without quenching.178

The situation for larger alkanethiols on Au(111) is simpler
compared to methanethiol. They can easily chemisorb from the
gas or liquid phases at room temperature followed by decom-
position.136,179 Lavrich et al. demonstrated that annealing a
decanethiol-covered surface could increase the possibility of
cleavage of S�H bonds.180

Madix and Jaffey examined the surface chemistry of various
thoils on Au(110). They showed that adsorbed ethanethiol on
Au(110) underwent S�H bond cleavage below 350 K to form
ethyl thiolate; H2 and H2S were evolved between 150 and
350 K.182 Isotopic labeling experiments suggested that H2S was
formed from the transfer of hydrogen atoms in the thiol molecule
directly adsorbed to sulfur rather than via the recombination of
surface-bound sulfur and hydrogen atoms. Ethyl thiolate further
decomposed in the same temperature range, producing a mixture
of ethylene, ethane, ethanethoil, and diethyl sulfide. The decom-
position kinetics were found to be dependent on surface sulfur
coverage.182 Similar reaction patterns were also observed on
benzenethiol (C6H5SH)

183,184 and tert-butyl thioalcohol [(CH3)3-
CSH].185 Unlike the complicated chemistry of larger alkanethiols
on Au(110), butanethiol exhibited reversible adsorption on clean
Au(100).186 However, on a sulfur precovered Au(100) surface,
decomposition of butanethiol led to the desorption of 1-butene
at 500 K and surface-bound sulfur that could either desorb or
diffuse into the bulk above 700 K.186 Since a small amount of
sulfur could induce decomposition, the authors speculated that
defects or impurities could be responsible for decomposition on
“clean” gold single crystals.186 These results suggest that the
surface chemistry of alkanethiols on gold could be very structu-
rally sensitive.
Details of many other significant aspects concerning organo-

sulfur SAMs on gold single crystal surfaces, such as adsorption
dynamics, binding geometry, surface structure, role of defects,
and effects of end group and chain saturation, can be found in
several excellent reviews.16,32,134�136

3.4. Adsorption of Chlorine
Bonding of strongly electronegative halogen atoms on gold

surfaces is of fundamental significance in understanding adsorp-
tion dynamics. Of particular interest is the interaction of chlorine
on Au(111),103,187�193 which has advantages for various applica-
tions: Au(III) chloride has been used as a homogeneous catalyst
for many important organic reactions. In heterogeneous chemistry,

chlorinating reagents with gold can be used, for instance, to
remove mercury emissions from coal-fired boilers.194 Chlorine
also increases the selectivity of styrene epoxidation on Au-
(111)195 and acts as a poison for CO oxidation on supported
gold particles.196

The interaction of gaseous chlorine (Cl2) with Au(111) has
been examined over the temperature range of 120�1000 K.188,189

Kastanas and Koel found that chlorine dissociatively adsorbed at
all temperatures above 120 K with an apparent activation energy
of �8.4 kJ/mol.189 The saturation coverage of Cl atoms was
estimated fromAuger electron spectroscopy (AES) calibration to
be 2.9 ML. A (

√
3 � √

3)R30� LEED pattern was observed at
temperatures below 230 K. A structural model was proposed for
the LEED pattern in which there were four Cl atoms per unit cell
in a closest-packing arrangement with atomic radii of 1.24 Å,
giving θCl = 1.33 ML.189 Two desorption features were found—
an atomic desorption peak at 790 K (Figure 10a) and a molecular
desorption peak at 640 K (Figure 10b)—with desorption
activation energies estimated to be 163 and 201 kJ/mol, respec-
tively. Interestingly, no formation of gold chlorides was detected
by Kastanas and Koel,189 whereas in an earlier TPD study
Spencer and Lambert found a surface chloride (AuCl3) during
chlorine adsorption on Au(111) at 298 K.188 This contradiction
has been addressed by Friend and co-workers via careful DFT
and STM investigations,190,192,193 where they showed that the
interaction of chlorine with Au(111) was a rather dynamic
process involving multiple stages at different chlorine coverages.
At low coverage (e.g., θCl < 0.33 ML), Au atoms were released
from the herringbone reconstruction to relieve surface stress.

Figure 10. Chlorine TPD spectra of (a) Cl+ (35 amu) and (b) Cl2
+

(70 amu) after Cl2 exposure on Au(111) at 120 K. Reproduced with
permission from ref 189. Copyright 1993 Elesiver. STM images of (c)
∼0.3 ML and (e) ∼0.8 ML (with honeycomb structure) chlorine on
Au(111); inset in (c) shows LEED pattern of the surface. (d) Zoom-in
image of (c) showing a (

√
3�√

3)R30� atomic arrangement. The inset
of (e) shows that each unit in the hexagon adopts a dimer structure.
Reproduced with permission from ref 190. Copyright 2008 American
Chemical Society.
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Continuous chlorine adsorption led Cl atoms to bind on top of a
Au(111) (1� 1) layer, ultimately forming theAu(111)-(

√
3�√

3)-
R30�-Cl overlayer at 0.33 ML coverage (Figure 10c and 10d).190,197

At higher coverage, more Au atoms were removed from the surface
and a surface chloride compound was formed (Figure 10e).103,190

3.5. Adsorption of Nitrogen-Containing Molecules
Nearly all nitrogen-containing molecules (nitrogen, ammonia,

amines, nitrogen oxides, nitriles, etc.) that have been investigated
undergo reversible/molecular adsorption on clean gold single-
crystal surfaces.

Ammonia binds weakly (with the N atom bound at atop
sites198) without dissociation to clean Au(111).199,200 TPD
spectra showed a submonolayer peak with a shift to lower
temperature (135 f 105 K) with increasing coverage up to
onemonolayer.200 Adsorption energies of 26 and 32 kJ/mol were
estimated for 1/4 ML and 1/9 ML of ammonia, respectively.198

Higher NH3 coverages give rise to a multilayer peak at lower
temperature (∼ 90 K).199,200 Adsorption of amines results in a
bond to a gold atom via the nitrogen lone pair, and the NH2 unit
is held parallel to the surface plane while the functional group
(e.g, methyl, ethyl, propyl, phenyl) is tilted with respect to the
surface normal.201 Adsorption energetics revealed that preferen-
tial binding occurs in undercoordinated sites (e.g, on atop
sites).201 Like ammonia, propylamine weakly adsorbs and des-
orbs molecularly at ∼140 K.202 Repeated exposures of propyla-
mine on Au(111) provided reproducible TPD spectra and Auger
electron spectra (without cleaning in between) and confirmed
that no dissociation products (i.e., residual carbon, surface bound
oxygen, and/or nitrogen) remain on the surface.202

Koel and co-workers studied the adsorption of nitrogen oxides
on Au(111).108,203 NO2 adsorbs reversibly, exhibiting a mono-
layer desorption peak at 220 K (with first-order kinetics and an
activation energy of 58 kJ/mol) and a multilayer desorption peak
at 150 K.108,203 Vibrational spectroscopies108,203,204 and DFT
calculations205 showed that the molecule is uprightly bonded to
the surface through its two oxygen atoms. Significant dimeriza-
tion of NO2 to N2O4 was observed for multilayer films.206

Bartram and Koel were unable to observe adsorption of either
NO or N2O on Au(111) for temperatures above 95 K.203

However, McClure et al. showed that NO molecularly adsords
on Au(111) at 77 K, and upon heating a peak desorption
temperature of ∼150 K was observed.92 Rienks et al. estimated
the strength ofNOchemisorption onAu(100) to be 57( 4 kJ/mol.
They also observed formation of the unreconstructed phase
of Au(100) after NO exposure at 170 K.207 On the stepped
Au(310) surface, the desorption maximum of NO at 120 K
corresponds to an adsorption energy of 30 kJ/mol.208

Koel’s group also looked into adsorption dynamics of nitro-
benzene (C6H5NO2)

209 and nitromethane (CH3NO2);
210 they

undergo reversible adsorption without decomposition on Au-
(111). Neither ordered phases nor surface reconstruction were
observed for both molecules. For nitrobenzene, three peaks were
observed in TPD at 290, 210, and 195 K due to the desorption
from monolayer, bilayer, and multilayer, respectively. RAIRS
measurements showed that nitrobenzene exhibits a flat geometry
for low coverages up to 1.0 ML.209 For nitromethane, similar
desorption features were reported.210 No significant chemical
shifts at monolayer and submonolayer coverages were observed
compared to multilayer films. The authors suggested that nitro-
methane adsorbs on Au(111) with Cs symmetry in monodentate
geometry with one oxygen atom (unlike NO2, which is doubly

bonded) binding to the surface with a large tilt of the C�N bond
away from the surface normal.210

Reversible adsorption of acetonitrile (CH3CN) and benzoni-
trile (C6H5CN) on Au(100) was examined by Christmann and
co-workers.211 Acetonitrile is oriented preferentially with the
nitrogen lone pair being directed toward the surface (with the
C�C�N axis), which exhibits a binding energy of 46 kJ/mol.211

In contrast, benzonitrile interacts significantly more strongly
with Au(100) (Ead = 75 kJ/mol) with the molecular plane
parallel to the surface bonded through three ring carbon
atoms.211

Molecular nitrogen only physisorbs on the gold single-crystal
surface below 77 K.17,65 However, via nitrogen ion irradiation
(with kinetic energies of 500 eV), Siller et al. demonstrated the
presence of two nitrogen species formed on Au(110), which
were identified as nitrogen chemisorbed to gold as a nitride
(Au3N is the most likely nitride stoichiometry based on theore-
tical calculations212), and molecular nitrogen trapped beneath
the gold surface.212,213

3.6. Adsorption of Hydrocarbons and Oxygenates
Understanding adsorption of hydrocarbons and oxygenates

on gold surfaces is important with increased interest in exploring
partial hydrogenation and oxidation reactions that have been
catalyzed by gold. The general consensus is that hydrocarbons
and oxygenates weakly and molecularly adsorb on gold single-
crystal surfaces.
3.6.1. Hydrocarbons. Outka and Madix have studied the

adsorption of ethylene (C2H4) and acetylene (C2H2) on Au-
(110)96 and found that acetylene molecularly adsorbs on the
surface without decomposition, producing a single broad de-
sorption peak between 125 and 200 K.96 The plausible explana-
tion for this broad desorption profile was that the non-hydrogen-
bondedmolecules are so weakly attracted to the surface that they
have no well-defined binding site.96 A rough estimate of the
desorption activation energy for acetylene was 42 kJ/mol.96 A
nearly identical desorption feature was observed for ethylene
(also with the absence of decomposition products).69,96

Davis and Goodman demonstrated that the reversible adsorp-
tion of propylene on both Au(111) and Au(100) surfaces was
remarkably similar.98 Energy loss spectra suggested that propy-
lene adsorbs with its molecular plane tilted slightly with respect
to the surface normal.98 Two desorption peaks—a multilayer at
120 K and a monolayer peak at 140�145 K—were observed in
TPD. A desorption activation energy of 39 kJ/mol and very small
shifts of the vibrational frequencies from their gas-phase values
indicated weak interaction between propylene with the surface.98

DFT calculations yielded a very weak bonding energy (∼0.07 eV)
on clean Au(111).214 The difference between experiment and
theory may originate from the failure of the existing functionals
to describe dispersion forces.
C6-based molecules have also been frequently examined on

gold surfaces.69,110,215,216 Nondissociative adsorption of cyclo-
hexene (c-C6H10), benzene (C6H6), and n-heptane (n-C7H16)
was observed on both Au(111) and a stepped Au(766) surface by
Chesters and Somorjai.69 In contrast, naphthalene (C10H8)
dissociated on both surfaces at room temperature.69 Syomin
and Koel further showed that cyclohexane (c-C6H12) and
cyclohexene are reversibly adsorbed on Au(111), with desorp-
tion peak temperatures of 198 and 213 K from the adsorbed
monolayer, respectively, and 143 K from bothmultilayer films.215
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Helium atom reflectivity and theoretical modeling have been
used to study the adsorption of a series of n-alkanes, 1-alkenes,
and cyclic hydrocarbons on Au(111).217,218 For the long-chain
n-alkanes studied (C6H14�C12H26), the physisorption energy
increases linearly with the chain length by 6.2 ( 0.2 kJ/mol per
additional methylene unit. The physisorption energies of the
1-alkenes (C6H12�C11H22) showed a similar linear dependence
on chain length but are slightly higher than those of the
corresponding alkanes.217 A bond-additive model was presented
for predicting the adsorption energy of various saturated and
unsaturated hydrocarbons.217 A summary of desorption activa-
tion energies for various hydrocarbon molecules is presented in
Table 1.
As derivatives of alkanes, the adsorption and reactivity of alkyl

iodides on gold surfaces have been investigated due to their
importance in radical- and photochemistry. Paul and Bent found
that, on a well-annealed (to 900 K) Au(111) surface, CH3I
remains molecularly intact on the surface.219 However, on
sputtered or incompletely annealed surfaces, a small amount of
ethane was formed at 270 K, which can be attributed to partial
dissociation of CH3I at defect sites and subsequent coupling of
methyl.219 Interestingly, considerable quantities of ethane were
produced from CH3I adsorption on Au(100). The coupling
reaction on Au(100) occurred at 330 K and proceeded slower
than that on Au(111), probably due to a stronger Au�CH3 bond

on Au(100).219 Additionally, methyl coupling could be blocked
by coadsorption of trimethylphosphine (TMP).219 Higher io-
doalkanes were more reactive than iodomethane (e.g., the
coupling reaction of iodoethane was about 5 orders of magnitude
faster than that of iodomethane).220,221 For C2�C4 iodoalkanes,
disproportionation and coupling reactions took place in the same
temperature range (260�270 K), although they were not
competitive. Iodoethane produced C2H4, C2H6, and C4H10 at
∼270 K on both Au(111)221 and Au(100).220 However, the yield
of ethene and ethane saturated at a rather low C2H5I coverage,
whereas the yield of butane continued to increase until the C2H5I
monolayer was saturated. The coupling reaction was strongly
favored on the Au(100) surface, whereas disproportionation
reactions readily occurred on Au(111). Further examination of
higher iodoalkanes showed an increased preference for dispro-
portionation with increasing carbon number.65,221 Syomin and
Koel observed the formation of biphenyl (with the molecular
plane parallel to the surface) from the coupling reaction via
iodobenzene decomposition.222 Iodobenzene partially decom-
posed at 200�250 K on a roughened surface and at 250�300 K
on defect-free, well-ordered Au(111) surfaces; desorption of
formed biphenyl occurred at 400 K.222

Recently, Xie and co-workers systematically studied SAMs of
alkane molecules with different carbon chain lengths (from
n-C14H30 to n-C38H78) on reconstructed Au(111) surfaces using
STM (Figure 11).223,224 Gold reconstruction plays a significant
role in formation of SAMs. The alkane monolayers adopt a
lamellar structure in which the alkane molecules are packed side-
by-side.224 The carbon skeletons are found to lie flat on the
surfaces. The authors also showed that two-dimensional chiral
lamellar structures were formed for alkanes with an even carbon
number due to the specific packing of alkane molecules in a tilted
lamella.224

3.6.2. Oxygenates. On clean Au(100), Au(110), and Au-
(111) surfaces, oxygenates including alcohols, ketones, alde-
hydes, and epoxides are weakly adsorbed and desorb
molecularly.81,96,97,115,118,225�229 For example, three states were
observed in methanol desorption spectra on Au(111), which are
assigned to monolayer (155 K), amorphous multilayers (143 K),
and crystallized multilayers (134 K).227 However, on a stepped
Au(310) surface, methanol decomposed via a O�H bond
scission (occurred above 150 K), resulting in an adsorbed
methoxy species which was stable until 500 K.230 The structural
sensitivity of Au(310) can be attributed to the presence of special
sites formed by (110) steps and (100) terraces on the surface.
Formaldehydemolecularly desorbs at∼160 K onAu(110) with a
single broad peak.97 Similar to methanol, acetone reversibly
adsorbs on Au(111), with thermal desorption peaks at 160,
137, and 132 K corresponding to acetone desorption from the
monolayer, second layer, and multilayer, respectively.225 RAIRS
results indicated that acetone binds through the oxygen atom
with a tilted geometry at low coverages. Upon increasing cover-
age to ∼1 ML, the orientation changed so that the C�O bond
was parallel to the surface and the molecular plane is perpendi-
cular to the surface.225 Adsorption of acrolein at 80 K onAu(111)
gave rise to a series of sharp RAIRS bands due to a CH2 out-of-
plane wagging vibration [ω(CH2)] successively with increasing
coverage, indicating discrete adsorption states, i.e., 964f 978f
991 f 1003 cm�1.229 All these states have the molecular plane
parallel to the surface; bands at 964 and 978 cm�1 are in an
isolated state, and the band at 991 cm�1 is in an associated state
with a two-dimensional arrangement, whereas the band at

Table 1. Desorption Activation Energies for Hydrocarbon
Moleculesa

molecule

observed energy

(kJ/mol)

calculated energy

(kJ/mol)

deviation

(% error)

methane 14.5 14.4 fitted

ethane 24.1 24.1 fitted

butane 40.5 41.4 2.2

hexane 55.9 56.2 0.5

heptane 62.7 62.4 �0.5

octane 69.7 68.6 �1.6

nonane 75.2 74.8 �0.5

decane 80.1 81.0 1.1

dodecane 93.6 93.4 �0.2

ethylene 27.0 24.9 �7.8

trans-2-butene 41.7 43.5 4.3

cis-2-butene 44.5 43.5 �2.2

2-

methylpropene

45.4 44.3 �2.4

1-hexene 56.6 57.4 1.4

1-octene 70.1 69.8 �0.4

1-nonene 76.2 76.0 �0.3

1-decene 81.1 82.2 1.4

1-undecene 87.8 88.4 0.7

cyclohexane 50.6 50.4 �0.4

cyclooctane 63.1 67.2 6.5

benzene 57.9 56.7 �2.1

toluene 66.1 66.3 0.3

propylene 35.0 34.2 �2.2

allene 34.2 35.4 3.5

1,3-butadiene 46.2 43.8 �5.2
aReproduced with permission from ref 217. Copyright 1998 American
Chemical Society.
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1003 cm�1 is due to an ordered multilayered structure.229

Adsorption of formic acid on gold surfaces was suggested to be
structurally sensitive; Outka and Madix showed that formic acid
desorbed at 210 (monolayer) and 175 K (multilayers) on
Au(110) with dissociation,97 whereas the formation of formic
anhydride as a surface intermediate on Au(111) was reported by
Chtaib et al.231,232 TPD peaks of ethylene oxide on Au(211)
appear at 115 K from the multilayer film and 140 and 170 K from
the monolayer. Desorption at 140 K was attributed to ethylene
oxide desorption from terrace sites and that at 170 K to
desorption from step sites.228

3.7. Adsorption of Other Molecules
3.7.1. Hydrogen. Molecular hydrogen does not dissociate

readily on gold single-crystal surfaces. Sault et al. successfully
produced atomic hydrogen on Au(110) via thermal decomposi-
tion of dihydrogen on a hot filament; recombinative desorption
of hydrogen was observed in a single peak at 216 K.64 Interest-
ingly, Stobinski found that, while hydrogen and deuterium
adsorbed on sintered gold films (deposited on a Pyrex glass
cell), molecular chemisorption occurred on as-prepared films at
78 K.233 Adsorbed hydrogen and deuterium started to desorb at

120 K.233 The authors suggested this chemisorption occurs on
surface Au atoms with low coordination number as a result of
formation of AuH2 complexes, similarly to the compounds
arising due to H2 interactions with isolated Au atoms.234

3.7.2. Water. Water reversibly adsorbs and desorbs with a
single peak∼160 K on Au(111)94,199,235,236 and with monolayer
(190 K) and multilayer (185 K) peaks on Au(110).96 Monte
Carlo simulations showed that most of the water molecules
are adsorbed with the molecular plane parallel to surface, while
others adsorb with one of the O�H bonds parallel to the surface
and the other bond pointing toward the bulk liquid phase.237 The
fact that H2O TPD does not display a well-resolved submono-
layer peak suggests that H2O binds more strongly to itself than to
the Au substrate, causing it to segregate into 3D islands sub-
sequent to adsorption.238 STM results showed that that H2O first
adsorbs on Au as a planar, amorphous, monolayer-high film with
the subsequent growth of H2O clusters occurring atop this
film.239 The growth dynamics and structure of amorphous solid
water films on gold surfaces is dependent on deposition tem-
perature and conditions.239,240

4. REACTIONS ON AU SINGLE-CRYSTALLINE
SURFACES

Investigations of surface reactions on gold single crystals have
primarily focused on oxidative chemistry. Hydrogenation reac-
tions on gold surfaces are of great interest area but have been
rarely explored largely due to the intrinsic inability of gold to
dissociate molecular hydrogen (it only significantly adsorbs
molecularly at very low temperature).241 Indeed, theoretical
study has revealed that (i) gold has a filled d-band, causing
repulsion when hydrogen interacts with the surface due to filling
of the antibonding orbital, and (ii) the extent of orbital overlap
for gold is high compared to silver or copper, leading to a large
orthogonalization energy cost. These factors determines the
unique adsorption properties of gold.241

Atomic oxygen activates copper, silver, and gold surfaces
toward reactions with a variety of molecules. One of the principal
mechanisms for this activation is a Br€onsted base reactivity where
atomic oxygen abstracts an acidic hydrogen atom from an adsorbed
molecule.96,242 In the absence of oxygen adatoms, some of these
molecules are completely unreactive, particularly on gold
surfaces.243

4.1. Reaction of Water and Oxygen Atoms
Water chemisorbs more strongly on oxygen-modified gold

surfaces than it does on clean gold. Outka and Madix showed
that, following the adsorption of water on an oxidized Au(110)
surface, a new water peak was observed at 215 K ascribed to
either oxygen-stabilized water or disproportionation of surface
hydroxyl groups.96

Similar to Au(110), water strongly interacts with oxygen
atoms on Au(111) to make a water�oxygen complex or
hydroxyls81,93,94,235,236 as indicated by a new TPD feature with
its peak near 175 K, in addition to the water desorption feature at
155 K characteristic of the clean surface (Figure 12a).94 Water
�oxygen interactions also produced oxygen scrambling on Au-
(111) as evidenced from isotopic mixing in the oxygen evolution
in TPD measurements (Figure 12b and 12c).94 Oxygen atoms
from adsorbed water exchanged with adsorbed oxygen adatoms
on Au(111) due to rapid diffusion of transient OH groups with
subsequent reversible reactions between two nearby adsorbed

Figure 11. STM images of self-assembled n-alkanes (from n-C14H30 to
n-C38H62) on the reconstructed Au (111) surfaces. Images from (b) to
(h) exhibit the well-ordered structures of n-alkanes for n from 18 to 26.
Images (a), (i), (j), and (l) are from n-C14H30, n-C28H52, n-C30H62, and
n-C38H78, respectively, and show the representative alkanes for n < 18
and n > 26 with even n. Images (d), (g), and (k) are representative for
odd nwith n= 21, 25, and 33, respectively. Arrows on images indicate the
[011] direction. All images are of 20 nm � 20 nm at the tunneling
condition of Vb = 0.1 V, It = 1.5 nA. Reproduced with permission from
ref 224. Copyright 2004 Wiley-VCH Verlag GmbH & Co. KGaA.
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hydroxyl groups to adsorbed water and oxygen.94,236 DFT
calculations showed that hydroxyls were readily formed by water
on oxygen precovered Au(111) due to the small calculated
activation barrier of 0.11 eV (Figure 12d).94 The final state
(Figure 12d, point D) of this reaction was only 0.05 eV higher in
energy than the initial state (Figure 12d, point A), indicating that
hydroxyl formation would be very rapid and reversible between
nearby H2O and O atoms on the surface.94 Quiller et al.
presented details regarding the extent of oxygen exchange and
the nature of formed hydroxyls on Au(111) via TPD and
RAIRS.236 They showed that the degree of oxygen exchange
depended on the initial coverage of oxygen, the surface tempera-
ture when preparing oxygen adatoms, and the water coverage. It
was suggested that isolated stable hydroxyls may not be formed

and could be more transient in character,236 which agrees with
the result obtained from DFT calculations.94 They also found
that chemisorbed oxygen was critical in the formation of hydro-
xyls and stabilizing water, whereas gold oxide did not contribute
to these effects.236

4.2. Oxidation of Carbon Monoxide
4.2.1. Reaction Aspects. CO oxidation was first examined

on Au(110) by Madix’s group95 and later by Christmann and co-
workers.89 Outka and Madix observed the production of CO2 at
room temperature on Au(110) precovered with atomic oxygen
upon CO exposure.95 From isotopic experiments with C18O they
showed that CO did not dissociate on the surface because
C18O16O was the only reaction product evolved.95 Note that

Figure 12. (a) TPD (β = 1 K/s) of 0.6ML of H2
18O on clean Au(111) surface (green curve), 0.6ML of H2

18O on 0.18ML of 16O covered surface (red
curve), and 0.1 ML of H2

18O on 0.18 ML of 16O covered surface (blue curve). TPD (β = 3 K/s) of oxygen after dosing (b) 0.37 ML of 16O and (c)
0.6 ML of H2

18O in addition to 0.37 ML of 16O on Au(111) surface. All exposures at 77 K. (d) The reaction paths of formation of hydroxyls from water
and atomic oxygen with a barrier of 0.11 eV. Reproduced with permission from ref 94. Copyright 2008 American Chemical Society.

Figure 13. (a) CO2 production during CO exposure to O/Au(110) (1� 2) (an initial O coverage of 1.3ML and a CO pressure of 1� 10�6 mbar). (b)
CO TPD spectrum (1.0 ML initial CO coverage). (c) CO2 spectrum from a CO2 and Oa coadsorbed surface (initial CO2 coverage 1.0 ML, O coverage
1.3 ML). Reproduced with permission from ref 88. Copyright 2003 Elesiver. (d) CO oxidation over O/Au(110) (1 � 2) (an initial O coverage of
0.45 ML and a CO pressure of 1 � 10�6 mbar) as a function of time at various reaction temperatures. Reproduced with permission from ref 89.
Copyright 2004 Elesiver.
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no evidence of carbonate formation (CO + O2 f CO3) was
observed, which was proposed as a possible reaction intermediate
in CO oxidation.95 An apparent activation energy of ∼41.8 kJ/
mol was obtained for an oxygen coverage of 0.25 ML. Interest-
ingly, both instantaneous and initial oxygen coverages deter-
mined the reaction rate,95 which is probably due to the tendency
of atomic oxygen to form Au�O islands at high oxygen
coverages; CO oxidation occurs via an island consuming me-
chanism under reaction conditions.95

Gottfried et al. scrutinized the same reaction on Au(110), which
was precovered with 1.3 ML of atomic oxygen before being
exposed toCO.89,123 Three desorption peaks of CO2were observed
(Figure 13a�13c). CO2 from the peak at 105 K could be
desorption-limited as this coincided with the desorption tempera-
ture of CO2 from clean Au(110). The small CO2 peak around 67 K
suggested that at least some CO2 produced was sufficiently excited
by the reaction to overcome the desorption barrier. The peak at
175 K was attributed to the reaction-limited production of CO2.

123

The authors also studied the reaction with an initial oxygen atom
coverage of 0.45ML as a function of temperature and observedCO2

production over time (Figure 13d).89 They found that the reaction
rate increased with increasing temperature until ∼170 K, at which
point the production rate of CO2 began to decrease. The surface
reaction was no longer the rate-limiting step at temperatures above
175 K.89 The surface-bound oxygen enhanced the binding of CO,
leading to a decrease in the reaction rate with time.89 An activation
energy was estimated to be 57 kJ/mol.89

Likewise, the highest CO2 production rate on Au(111) was
observed at 200 K when the surface was oxidized at 200 K using
ozone decomposition.99 Min et al. investigated the dependence
of the rate of CO2 production on oxygen coverage for the two
different temperatures (200 and 400 K) used to prepare the
oxygen overlayer (Figure 14a).99 The initial rate of CO oxidation
on the O-covered surface prepared at 200 K reached a maximum
at 0.5 ML of oxygen. The initial rate dropped by an order of
magnitude for Oa coverages between 0.5 and 1.2 ML for ozone
exposures conducted at 200 K. Gong et al. also observed a similar
dependence when the Au(111) surface was populated with
atomic oxygen via an O-plasma at 77 K (Figure 14b).93 In
contrast, Min et al. observed that the rate of CO2 production was
nearly independent of oxygen coverage if the oxygen layer was
prepared with ozone at 400 K. At an oxygen coverage of 0.5 ML,

the rate of CO2 production for the oxygen layer deposited at
200 K is approximately a factor of 3 greater than for the oxygen
layer created at 400 K (Figure 14a). As discussed in the previous
section (e.g., Figure 6e), depending on the oxygen coverage,
surface temperature, and possibly preparation method, various
oxygen states (from chemisorbed to bulk oxide) can be formed
upon oxygen deposition. The order of reactivity of atomic oxygen
in CO oxidation was classified by Friend and co-workers as
chemisorbed (metastable) oxygen > oxygen in a surface oxide
(i.e., well-ordered 2D Au�O phase) > oxygen in a bulk gold
oxide (i.e., 3D structures containing Au and O).19,99 Oxide-like
domains could predominantly exist at the higher coverages/
deposition temperature, while chemisorbed oxygen on Au(111)
plays a more dominant role at the lower coverages/deposition
temperatures. Additionally, Koel and co-workers observed CO
oxidation at 250�375 K on Au(111) populated with atomic
oxygen (via ozone decomposition at 300 K) and obtained an
apparent activation energy of �10.5 kJ/mol.81

Recently, CO oxidation has been investigated on stepped gold
single-crystal surfaces.124,244,245 Koel’s group has carried out a
transient kinetics study of CO oxidation on Au(211) precovered
with atomic oxygen created by ozone decomposition at
85 K.124,244 CO oxidation on Au(211) was somewhat similar
to that on the Au(111) and (110) surfaces. The reaction rate was
dependent on the initial oxygen coverage (maximum initial rate
of CO2 production occurred at an oxygen coverage of∼0.5 ML),
and the apparent activation energy for CO oxidation was
determined to be �7.0 kJ mol�1 for an initial oxygen coverage
of 0.9 ML.244 The reaction was proposed to proceed via a
Langmuir�Hinschelwood (LH) mechanism with an activation
barrier of 20�43 kJ/mol for CO oxidation, which was compara-
tively lower than the value of 67 kJ/mol predicted on Au(211) by
theoretical calculations.246 Additionally, Fajin et al. calculated the
reaction barrier for CO oxidation by molecular or atomic oxygen
on a Au(321) surface.245 They showed that the reaction by
atomic oxygen occurred almost without any energy cost on a
reconstructed surface, whereas a moderate barrier of 58 kJ/mol
was obtained for the direct reaction with molecular oxygen.245

4.2.2. Role of Water/Hydroxyl.Water or moisture plays an
important role inmany oxidative reactions.247 Understanding the
role of water in CO oxidation on gold has been a subject of recent
research efforts due to its underlying significance in the

Figure 14. (a) Initial rate of CO2 production at 200 K as a function of oxygen coverage for deposition at 200 K (filled circles) and 400 K (open circles),
respectively. The atomic oxygen was prepared via ozone decomposition. Reproduced with permission from ref 99. Copyright 2006 American Chemical
Society. (b) CO2 signal from atomic oxygen precovered Au(111) surfaces at 77 K during CO molecular beam impingement. Atomic oxygen was
precovered on Au(111) at 77 K via an O-plasma. The CO beam starts at 10 s for all oxygen coverages. Reproduced with permission from ref 93.
Copyright 2007 Springer.
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water�gas shift reaction. Date and Haruta showed that the
addition of moisture in the feed stream enhances the CO
oxidation reaction over supported gold particles by as much as
2 orders of magnitude.247,248 They postulated that water pro-
motes the reaction by either activating molecular oxygen on the
surface or assisting in the decomposition of carbonates that may
accumulate on the surface in order to accommodate additional
reactants on the surface.248 Indeed, water reacts with oxygen
atoms to form transient hydroxyls, which are directly involved in
the reaction of CO oxidation on Au(111)93,94,235,249,250 as shown
from the evolution of C16O18O after C16O impingement on a
surface covered with both oxygen (16Oa) and isotopically labeled
water (H2

18O) (Figure 15a). With 0.08 ML of 16O preadsorbed
on the surface,∼ 70%more CO2 production is observed at 140 K
when 0.1 ML of water is added to the surface.235 DFT calcula-
tions indicated that, in the presence of H2O, the barrier for CO
oxidation for a selected pathway is reduced to 0.11 eV (see
Figure 15b) compared to 0.25 eV for CO oxidation on oxygen
precovered Au(111) without H2O. This reduction is attributed
to a concerted hydrogen transfer from one hydroxyl to another
that acts to stabilize the transition state for CO oxidation and
promote CO oxidation at temperatures as low as 45 K.94

Rodriguez and co-workers systematically investigated the
role of formate, carbonate, and carboxyl (HOCO) species as
possible intermediates in the OHads + COgasf CO2,gas + 0.5H2,gas

reaction on Au(111) using synchrotron-based core level
photoemission, near-edge X-ray absorption fine structure
(NEXAFS), and RAIRS.251 Adsorbed HCOO, CO3, and OH
species were prepared by adsorbing formic acid, carbon dioxide,
and water on Au(111) precovered with ∼0.2 ML of atomic
oxygen, respectively (CO3 formation will be discussed in detail
later).251 The results of NEXAFS, IR, and DFT calculations
indicated that the formate adopted a bidentate configuration
(η2-O,O) on Au(111). Since the formate groups are stable on
Au(111) up to temperatures near 350 K, it is not likely that
formate is a key intermediate for the OHads + COgasfCO2,gas +
0.5H 2,gas reaction at low temperatures.251 They did not detect
HCOO nor CO3 during the reaction of CO with OH on

Au(111) at 90�120 K. However, the results of photoemission
and IR spectroscopy pointed to HO T CO interactions, con-
sistent with the formation of an unstable HOCO intermediate
that has a very short lifetime on the gold surface.251

Shubina et al. theoretically studied the interaction of CO with
OH and subsequent formation of COOH on Au(110).249 They
found that the reaction barrier within the same unit cell was
0.25 eV.249 In a similar investigation, Rodriguez showed that in
alkaline media CO and OH can enhance each other’s binding
through what appeared to be a local gold-mediated electron-
transfer mechanism that is driven by a change in the local
electrostatics, which consequently increased the reaction prob-
ability for COOH formation.250

4.2.3. Effect of Annealing. The reactivity of oxygen can be
changed by controlling its pre- and postadsorption conditions.
Gottfried et al. reported that annealing decreased the intensity of
desorption features of CO from the clean Au(110) surface and
attributed this effect to a reduction in the surface defect
concentration.123

Regarding Au(111), atomic oxygen adsorbed at low tempera-
tures (i.e., 77 K) is trapped in a metastable state from which the
barrier to further reaction is lowered.252 Annealing the adsorbed
oxygen (from 100 to 400 K) can stabilize the oxygen overlayer,
thereby increasing the barrier to reaction; this phenomenon also
applies to CO oxidation (Figure 16a). Specifically, CO2 produc-
tion decreased with increasing annealing temperature, with the
highest CO2 production occurring when there was no surface
annealing.252 This is consistent with results showing that the
amount of unreacted oxygen remaining on the surface after a
constant exposure to CO increases with increasing annealing
temperature (Figure 16b).
These results could provide insights into the nature of oxygen

on gold surfaces related to the catalytic oxidative reactivity. The

Figure 16. (a) CO2 evolution at 77 K from 0.37 ML 16O covered
Au(111) surfaces annealed to varying temperatures at β = 1K/s and
cooled to 77 K in each case before a 10 s CO dose from a molecular
beam. (b) TPD spectra of unreacted O2 remaining on Au(111) after CO
oxidation in each of the above cases. The lowest curves represent (a)
CO2 evolution from an unannealed surface and (b) TPD of the
remaining oxygen on the unannealed surface. The insets show the
normalized amount of (a) CO2 produced and (b) unreacted oxygen as a
function of annealing temperature. Reproduced with permission from
ref 252. Copyright 2009 American Chemical Society.

Figure 15. (a) Evolution of CO2 at 140 Kwhile impinging a continuous
CO beam (from 10 to 40 s) at the surface. The red curve represents mass
44 C16O16O and the blue curve represents mass 46 C16O18O with (i)
0.08 ML of 16O preadsorbed, (ii) 0.1 ML H2

18O in addition to 0.08 ML
of 16O atoms preadsorbed on Au(111) at 77 K. Reproduced with
permission from ref 235 Copyright 2006 American Chemical Society.
(b) Energy landscape for three reaction mechanisms of CO oxidation in
the presence of H2O. In pathway I (red), there is no hydrogen transfer
from H2O. In pathway II (orange), hydrogen transfer occurs before CO
oxidation. In pathway III (blue), hydrogen transfer occurs concertedly
with CO oxidation, leading to the lowest overall barrier for CO oxidation
(0.11 eV). Reproduced with permission from ref 94. Copyright 2008
American Chemical Society.
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effect of annealing can be attributed to the relaxation of highly
reactive (e.g., metastable oxygen species at low temperatures)
into a less reactive state (at high temperatures).252 At least two
discrete atomic oxygen species reside on the surface.252 As
discussed earlier, three types of oxygen on Au were identified
as chemisorbed metastable oxygen (indicating oxygen bound to
the Au (111) surface or small disordered gold islands), a surface
oxide (corresponding to a well-ordered two-dimensional Au�O
phase), and a bulk oxide (ordered 3D structures containing Au
and O).99 Upon annealing the O�Au(111) surface from 77 to
400 K, the state of oxygen could undergo a gradual evolution
from chemisorbed (metastable) oxygen (i.e., 77�200 K) to
Au�O oxides (e.g., 200�400 K) leading to a decrease in the
reactivity. It was suggested that the mobility of oxygen species on
the surface is crucial to the reactivity. Compared to metastable
oxygen, oxygen in ordered structures (i.e., Au�O oxides) is
certainly less mobile and would react more slowly with probe
molecules.252

4.2.4. Formation of Carbonate from CO2 and Oxygen
Adatoms. The carbonate formation and decomposition (CO3

T CO2 + Oa) reaction on gold is important regarding low-
temperature CO oxidation since it has been considered as a
possible reaction intermediate in reactions where CO is
involved.253

A surface carbonate is readily formed on oxygen-precovered
Ag(110) upon exposure to CO2 at 300 K.254 In spite of
similarities between silver and gold, carbonate formation and
decomposition went undetected previously on Au(110)95 and
Au(111)81 likely due to a low reaction probability. Recently,
Ojifinni et al. detected the surface carbonate on Au(111) via
reaction of preadsorbed16O atoms and gaseous C18O2, which
decomposes to form either C18O2 or C18O16O while leaving
either 16Oa or

18Oa adatoms on the surface, respectively. Upon
heating, the oxygen atoms recombinatively desorb to form 16O2

and 16O18O (and negligible 18O2).
253 Therefore, carbonate

formation and decomposition were measured by monitoring
the presence of mass 34 (18O16O) in the TPD spectra. An
increase in 16O18O desorption was observed from C18O2 and
16O coadsorbed on Au(111) compared to the solely 16O covered
surface (black and red curves in Figure 17a). An Arrhenius plot of

the reaction probability (∼10�3�10�4) for two oxygen cov-
erages (0.5 and 1.0 ML) yielded similar apparent activation
energies of Ea = �0.15 ( 0.08 eV (Figure 17b), suggesting a
competition between carbonate formation and CO2 desorption
on the O/Au(111) surface.253 The difference in carbonate
formation on silver and gold is related to surface structure and
energetics. DFT calculations provided the difference in ener-
getics and reaction paths for CO3 formation on Au(111),
Au(110), Ag(111), and Ag(110) (Figure 17c).253 The formation
of CO3 on Ag(110) was spontaneous and occurred with only a
very small barrier of 0.04 eV on Ag(111). For Au, however, there
was a significant barrier to CO3 formation [particularly on the
(111) surface] and CO3 was bound much more strongly to Ag
than to Au, consistent with the experimental results.253,254

Changing the order of deposition of CO2 and Oa led to
different reaction phenomena and mechanisms.255 By directing
an 16O atomic beam toward C18O2 preadsorbed Au(111) (blue
curve in Figure 17a), the formed carbonate increased signifi-
cantly (by a factor of ∼4) compared to exposing C18O2 to the
16Oa precovered Au(111) surface, indicating that the nature of
the adsorbed atomic oxygen (i.e., excited or ground state) plays a
significant role in carbonate formation reactions.255 Such a
reaction followed a hot-precursor-mediated mechanism.255 The
authors deduced that these results may provide insight into the
related reaction between CO and adsorbed molecular oxygen to
make CO2 in which a “hot” oxygen adatom is produced that
could encounter other adsorbed moieties on real or model
catalysts and react further.

4.3. Selective Oxidation of Olefins
4.3.1. Propylene. Another area in which supported gold

catalysts can potentially enhance catalytic performance is the
epoxidation of propylene to propylene oxide.17 However, the
epoxide that is formed on supported Au nanocatalysts is not
formed on gold single crystals.98,256 This difference might be due
to the effect of the metal oxide support (e.g., the presence of
oxygen vacancies).
Davis and Goodman explored oxidation of propylene on

oxygen-covered Au(111) and Au(100).98 At high oxygen cover-
age, the reaction yielded combustion products (CO, CO2, and

Figure 17. (a) TPD spectra of 16O18O after (black curve) dosing 1.3 ML of 16O on clean Au(111); (red curve) backfilling 30 L of C18O2 on Au(111)
precovered with 1.3 ML of 16O; (blue curve) dosing 1.3 ML of 16O on Au(111) precovered with 30 L of C18O2 via backfilling. Reproduced with
permission from ref 255. Copyright 2008 American Chemical Society. All doses and/or backfillings were done at 77 K, and the heating ramps were 3 K/s.
(b) Arrhenius plot of C18O2 reaction probability using a constant C

18O2 exposure of 30 L for 1.0 ML (upper plot) and 0.5 ML (lower plot) of atomic
oxygen on Au(111). (c) DFT calculations of carbonate formation on Au and Ag (111, upper plot) and (110, lower plot) surfaces. Energy barriers (ΔEc)
are labeled for each reaction pathway. Reproduced with permission from ref 253. Copyright 2008 American Chemical Society.
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H2O), whereas a small amount of partial oxidation products with
m/z 56 (possibly acrolein) and 58 (possibly propylene oxide)
was produced.98 Interestingly, in a similar but more recent study
by Deng et al., the products of partial oxidation of propylene on
0.3 ML atomic oxygen precovered Au(111) were found to be
acrolein (desorbed at 255 K), carbon suboxide (OdCdCdCdO)
(390 K), and acrylic acid (440 K) as well as combustion products
(Figure 18a).256 Control experiments suggested that allyloxy was
a reaction intermediate formed via insertion of oxygen into the
allylic C�H bond, which was subsequently oxidized to acrolein.
The similar mechanism was also observed for the activation of
phenyl-substituted propenes on atomic oxygen-covered Au-
(111).257 Evolution of gaseous acrolein competed with second-
ary oxidation to carbon suboxide, acrylic acid, and combustion
products.256 The discrepancy in the two studies might be due to
the fact that different methods were used for oxygen deposition
(O2 thermal cracking and deposited at 300 K vs O3 decomposi-
tion at 200 K on the surface) since the structure and morphology
of the Au surface strongly depend on themethod used for oxygen
deposition and the surface temperature.19

4.3.2. Styrene. It has been shown that that the reaction of
nonallylic olefins with atomic oxygen on coinagemetal surfaces is
governed by the cycloaddition character of oxygen, leading to the
formation of epoxides or other cyclic adducts that incorporate
oxygen atoms in the ring.25 As a representative of nonallylic
olefins, styrene oxidation has been studied, and the results are
discussed here as an example.
On 0.2ML atomic oxygen-precovered Au(111), in addition to

combustion, a majority portion (∼80%) of the adsorbed styrene
was selectively oxidized to styrene oxide, benzoic acid, and
benzeneacetic acid (Figure 18 b).110 Oxametallacycle was a
possible intermediate for the formation of styrene oxide on
Au(111)110 as also indicated by DFT calculations,259 and indeed
has been widely adopted by researchers to successfully explain
the product distribution in the oxidation of olefins.25 Reactions of
the combustion intermediate, derived from the oxametallacycle
via β-H elimination, led to phenylacetaldehyde, phenylketene,
and phenylacetic acid as well as adsorbed benzoate and products
derived therefrom.110,260 The activation energy for epoxidation
of styrene on Au(111) was 87.4 kJ/mol.110 Notably, the reaction

pattern on Au(111) is similar to that on Ag(111).261 The
presence of both the CdC bond and allylic C�H bond in
bifunctional allylic olefins leads to competing oxidation. Liu et al.
studied trans-β-methylstyrene on atomic oxygen-precovered
Au(111) which undergoes both CdC bond and allylic C�H
bond cleavage, resulting in the formation of epoxide, benzoic
acid, and cinnamic acid (Figure 18c).258

Chlorine coadsorbed on Au(111) significantly enhances the
selectivity of styrene epoxidation by inhibiting secondary oxida-
tion, especially combustion and the deposition of residual
carbon.195 The effect of Cl can persist over several turnovers.
The authors found a shift in the peak for O2 evolution from 540
to 525 K when Cl was present, suggesting adsorbed chlorine
induced a change in the bonding of O to Au (e.g., distribution
and geometric arrangement of the O-covered Au surface).195

STM experiments indicated that Cl enhanced the dispersion of
Au�O complexes on the surface,191 which would account for the
suppression of multiple oxidation steps leading to combustion,
formation of organic acids, and nonselective decomposition of
the styrene.195

Subsurface oxygen on Au(111) created from O2
+ sputtering

had little effect on either the product distribution or the conver-
sion rate of styrene. Surface roughness led to an increase of the
overall amount of styrene that was oxidized but reduced the
selectivity of the epoxide.85

4.4. Oxidative Dehydrogenation of Alcohols
The hydroxyl group is the primary functional group in

aliphatic alcohols and has greater gas-phase Brønsted acidity
than water. Consequently, the reactions of alcohols on oxygen-
covered coinage metal surfaces are initiated by the activation of
O�H bonds by adsorbed atomic oxygen to form adsorbed
alkoxy and water.25 Subsequent reaction steps involve C�H
bond cleavage; the differences in the product distributions of
various alcohols depend on the structure of the alkyl groups as
well as the atomic oxygen coverage. The oxidation of alcohols on
gold surfaces shares some common character with those on silver
and copper, but significant differences have been reported,25,243

which can be ascribed to the different reactivity of formed alkoxy
groups.

Figure 18. Temperature-programmed reaction spectra of (a) propylene (Reproduced with permission from ref 256. Copyright 2006 American
Chemical Society.), (b) styrene (Reproduced with permission from ref 110. Copyright 2005 American Chemical Society.), and (c) trans-β-
methylstyrene (Reproduced with permission from ref 258. Copyright 2010 American Chemical Society.) on 0.3 ML, 0.2 ML, and 0.2 ML oxygen-
covered Au(111), respectively. The adsorption temperature of propylene and styrene was 130 K and of trans-β-methylstyrene was 200 K. For all three
molecules, multiple layers were adsorbed initially. The heating rate for TPD was ∼10 K/s.
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4.4.1. Methanol.Methanol was oxidized on Au(110) via the
activation of the O�H bond by adsorbed atomic oxygen (θO =
0.25 ML) to form methoxy at 200 K, which further reacted to
frommethanol, hydrogen, and methyl formate at 250 K and CO2

at 350 K.96 Unlike on Cu(110)262 and Ag(110),263 formation of
gaseous formaldehyde was not observed. This discrepancy could
originate from a fundamental difference in the bonding of
methoxy to the gold surface, rendering it more susceptible to
attack by the aldehyde.25 Methoxy decomposed to adsorbed
formaldehyde on gold at a lower temperature (250 K) compared
to silver, so that its reaction with adsorbed methoxy to form
methyl formate was more likely due to a longer surface lifetime
during heating. On silver or copper, formaldehyde desorbed
much faster at the relatively higher decomposition temperatures
of methoxy, although some methyl formate was observed on
Ag(110) at sufficiently high coverages of methoxy.262,263 Nota-
bly, formate also existed as a stable intermediate on Au(110)
through secondary oxidation of formaldehyde.96 The decom-
position temperature of the formate onAu(110) was 350K, lower
than that observed on Ag(110) (400 K) and Cu(110) (475 K).97

The oxidation ofmethanol on Au(111) also involves the cleavage
of the O�H bond forming surface bound methoxy.81,118,264�266

Gong et al. and Lazaga et al. only detected H2O, CO, and CO2 as
the decomposed product of methoxy,81,118 whereas Xu et al.
observed the formation of methyl formate (220 K), formalde-
hyde (250 K), and formic acid (280 K).264 The formation of
methyl formate via coupling of formaldehyde with methanol was
attributed to the fact that the decomposition temperature of
methoxy via β-H elimination is lower than the desorption
temperature of the aldehyde formed.264 The cross-coupling of
methanol with other alcohols such as ethanol and n-butanol has
been reported by the same group.267 There are three possible
reasons that can account for the differences in these studies: (i)

the method for preparing oxidzed Au(111) surface was different,
possibly leading to differences in the bonding environment of the
oxygen; (ii) in the study by Xu et al., methanol was exposed to the
surface at a higher temperature (160 K), close to the temperature
where water leaves the surface; (iii) the extent of the esterifica-
tion reaction appears to be low, so the methyl formate may have
gone undetected if the mass spectrometer detector is far away
from the sample. Remarkably, the selective oxidative coupling of
methanol to methyl formate has been reported on nanoporous
Au prepared by the dealloying of AuAg alloys, which yields a
selectivity to methyl formate above 97% at ∼200 K.268

Xu et al. creatively designed additional experiments that
further proved the coupling mechanism on atomic oxygen cover
Au(111).265,269 They first created a gold surface populated with
methoxy that was readily formed from reaction of methanol with
oxygen (∼0.05 ML) and subsequently used four different
aldehydes—formaldehyde, acetaldehyde, benzaldehyde and
benzeneacetaldehyde—as probe molecules to investigate the re-
activity of methoxy. For all of the aldehydes, they uniquely
observed the evolution of respective methyl esters that were
selectively formed via cross-coupling of methoxy and aldehydes
(Figure 19a).265 A proposed reaction mechanism under their
investigated experimental conditions is shown in Figure 19b.
4.4.2. Ethanol. Interestingly, unlike methanol chemistry on

O�Au(111), ethanol was selectively oxidized on Au(111) as
indicated by the formation of acetaldehyde and water
(Figure 20a) for low oxygen coverages [preadsorbed on Au(111)
via O-plasma].115 No other partial oxidation products, such as
methane, ethane, ethylene, ethenol, acetic acid, ethylene oxide,
and methyl formate, or C1-containing species (e.g., CO, CO2,
formaldehyde, and formic acid) were detected during the
reaction.115 A trace amount of ethyl acetate was detected during
the reaction. Isotopic experiments provided evidence of the

Figure 19. (a) TPD spectra of four esters formed from the cross-coupling of methoxy with aldehydes: (i) formaldehyde, (ii) acetaldehyde, (iii)
benzaldehyde, and (iv) benzeneacetaldehyde. Atomic oxygen was generated via ozone decomposition at 200 K; the initial coverage was ∼0.05 ML.
Methanol and the various aldehydes were sequentially introduced to the O/Au(111) surface at 140 K. (b) Schematic mechanism for coupling of
methanol and aldehydes on oxygen-covered Au(111). Reproduced with permission from ref 265. Copyright 2010 Nature Publishing Group.
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absence of cleavage of the C�O and the γ-C�H bonds. At
higher oxygen coverages (e.g., 1.0 ML), in addition to acetalde-
hyde and water, CO2 was also formed during the reaction due to
the cleavage of the γ-C�H bond and the C�C bond.115 Similar
to methanol, a different oxygen preparation method and reaction
condition led to a different product distribution. Liu et al. showed
that, in addition to molecular acetaldehyde, ethyl acetate (230 K)
and acetic acid (450 and 545 K) were formed on Au(111)
precovered with 0.4 ML atomic oxygen, when prepared by
decomposition of O3 at 200 K (Figure 20b).270 At oxygen
coverages below 0.1 ML, ethyl acetate was the sole product.227,270

Friend and co-workers noted that the product distribution under
their experimental conditions was in good agreement with those
of ethanol oxidation in aqueous solution at 3.5MPa pressure over
supported gold catalysts.227,271 They, thus, deduced that the
mechanistic origin of the formation of ethyl acetate and acetic
acid under high pressure, industrial conditions can be well
explained by the reaction pathways obtained on single-crystal
surfaces, providing an illustration of the link between ultrahigh
vacuum studies and heterogeneous catalysis.25,227

4.4.3. Other Alcohols. Reactions of other alcohols that have
been investigated on preoxygenated gold surfaces include
propanol,226 2-butanol,272 allyl alcohol,256 cyclohexanol,273 and
2-cyclohexen-1-ol.273 In all cases, aldehydes or ketones were
formed as major products; no ester was produced. The activation
energies for β-H cleavage of alkoxys were found to decrease with
increasing the chain length, e.g., Emethoxy > Eethoxy > Ebutoxy.

269

Cleavage of the C�O bond was observed since, for example, the
oxygen-exchange phenomenon occurs when the Au(111) sur-
face is covered with both 18Oa and C2H5CH16OHCH3.

272

Propaldehyde was formed at 200 K, acetone at 180 K,226

2-butanone at 185 K,272 and acrolein at 255 K.256 As for allyl
alcohol, in addition to acrolein, at least two other partial
oxidation products were detected, acrylic acid and carbon
suboxide.256 Both of them are considered to be produced from
secondary oxidation of the intermediate species acrolein. The
formation of carbon suboxide could be facilitated by the planar π
system in acrolein that brings all the hydrogen atoms close to the
surface and makes them subject to attack by excess surface

oxygen.256 For cyclohexanol and 2-cyclohexen-1-ol, cyclic ke-
tones—cyclohexanone (240 K) and 2-cyclohexen-1-one (240 K)—
are the major products of selective oxidation. The produced
ketones also experience activation of secondary ring C�H
bonds. The product distributions based on TPD spectra reflect
a substantial difference in the secondary reactions for these two
ketones, which correlate with their gas-phase acidity.273 The
allylic alcohol (2-cylohexen-1-ol) shows a greater degree of ring
C�H activation, yielding the diketone (2-cyclohexene-1,4-
dione) and phenol.
From oxidative chemistry of alcohols on gold surfaces, one

could learn that adsorbed atomic oxygen acts as a strong
Brønsted base that would effectively react with acidic O�H
bonds below 200 K to form stable adsorbed alkoxy. The
subsequent decomposition of the primary and secondary alkoxy
typically occurs via β-H elimination to form acetaldehyde or
ketone simultaneously. However, whether the aldehyde evolves
into the gas phase depends on (i) the decomposition tempera-
ture of alkoxy, (ii) its stability on gold surfaces, (iii) its reactivity
with other surface species (e.g., alkoxy or oxygen), and (iv) the
presence of other functionalities such as the CdC double bond
in the alkyl group.25 Due to these factors, esters and other
products can also be produced dependent on the specific alcohol.
Notably, the reaction selectivity and product distribution can be
tuned by varying the initial surface coverage of both alcohol and
oxygen as well as surface temperature. Selective oxidation to
aldehyde or ketone is favorable in oxygen-lean environments.

4.5. Surface Chemistry of Nitric Oxide
Fundamental understanding of NOoxidation is important due

its underlying association with NO reduction under oxygen-rich
conditions. McClure et al. showed that NO reacted with an
atomic oxygen-covered Au(111) surface to form nitrogen
dioxide.92 They observed an increased NO uptake in the
presence of oxygen adatoms, likely owing to electronic or
structural changes in the Au surface.92 At temperatures above
200 K, NO2 production became limited by the surface lifetime of
the adsorbed NO species. Below 200 K, nitric oxide can react
with surface oxygen to form a chemisorbed NO2 product.

92 On

Figure 20. (a) TPD spectra of ethanol (β = 1 K/s) following adsorption of 1.67ML ethanol on∼0.46ML atomic oxygen-precovered Au(111) at 77 K.
Atomic oxygen was prepared via O-plasma and directed on Au(111) using molecular beam. Reproduced with permission from ref 115. Copyright 2008
American Chemical Society. (b) TPD spectra of ethanol (β = 1 K/s) on O/Au(111) for two different initial oxygen coverages: 0.05 (red) and 0.2 ML
(black). Ozone and ethanol were sequentially dosed at a surface temperature of 200 and 180 K, respectively. Reproduced with permission from ref 270.
Copyright 2009 American Chemical Society.
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the basis of an analysis involving a kinetic competition between
desorption of the NOmolecule and reaction with O adatoms, an
activation energy of 0.21 ( 0.02 eV was estimated for the
0.95 ML O/Au(111) surface.92 This value is comparable to
theoretical results obtained from DFT calculations.274,275

The Koel group found that, when NO2 was dosed on an
oxygen covered Au(111) surface, a second NO2 desorption
feature began to appear at 175 K,81 along with the normal
NO2 desorption feature at 225 K. As the atomic oxygen coverage
was increased, the normal NO2 desorption feature (∼225 K)
decreased while the second NO2 desorption feature (∼175 K)
grew, resulting in complete suppression of the normal TPD
feature at oxygen coverages greater than 1.0 ML.81 Koel and co-
workers speculated that this feature may be due to the formation
of a nitrate species (NO3,ads) on the Au(111) surface, but due to
inherent experimental difficulties they were unable to verify this
spectroscopically via high resolution electron energy loss spec-
troscopy (HREELS) measurements.81

Interaction of NO with hydrogen adatoms on Au(321) was
also studied using DFT calculations.276 The presence of hydro-
gen greatly reduced the dissociation barrier of NO on the surface.
The kinetically most favorable route was the one producing
nitrogen adatoms and water, (i.e., NO* + 2H*fN* +H2O*) via
the NOH* intermediate. This reaction was exothermic (1.1 eV),
and the energy barriers for the separate NO* + H*fNOH* and
NOH* + H* f N* + H2O* reactions were 0.5 eV.

276

4.6. Selective Oxidation of Ammonia and Amines
Selective catalytic oxidation of ammonia to nitrogen and water

is potentially an ideal technology for removing ammonia from
oxygen-containing waste gases, thus selectively avoiding the
conversion of nitrogen into its oxides. Pt and Ir are the most
active catalysts for NH3 oxidation, but they produce significant
amounts of nitrogen oxides. However, the selectivity of the
catalytic oxidation of ammonia to N2 or to NO on Au(111)
was controllable, to some extent, by the amount of surface-bound
oxygen.200 N2 recombination was hindered by a barrier of 0.95 eV,
whereas that of NO was 1.03 eV.200,277 For Au(111) with low
oxygen coverages, ammonia selectively decomposed to form water
and N2 without any trace of nitrogen oxides (Figure 21).200

Abstraction of hydrogen from ammonia via the high basic
character of O atoms was the initial step in the surface decom-
position of NH3.

200,277,278 The formed hydroxyl was also a

stripping agent for NHx dehydrogenation.
277 Atomic oxygen or

hydroxyl-assisted dehydrogenation steps had lower barriers than
recombination reactions.

As derivatives of ammonia, amines can be selectively oxidized to the
associated nitriles and aldehydes dependent on oxygen coverage.202

For example, at low oxygen coverage (i.e., θO < 0.5ML) propylamine
initially underwent N�H bond breaking to produce propionitrile
andwater, while the formation of propionitrile, propaldehyde, water,
CO, CO2, and N2O was observed at higher oxygen coverages.202

Weigelt et al. observed a condensation reaction via covalent
interlinking between a dialdehyde and octylamine coadsorbed on
Au(111) employing STM.279 The self-assembled structures of
formed diimine were visualized, and the reaction barrier was
theoretically estimated to be ∼1.2 eV.279

4.7. Other Reactions
Rettner and Auerbach studied the reaction dynamics of H

atoms with Cl chemisorbed (via Cl2 decomposition at 400 K) on
Au(111).280,281 Employing molecular beam time-of-flight meth-
ods with quantum-state-specific detection, they resolved angular
and velocity distributions of the HCl product as well as its
rotational and vibrational state distributions and thus revealed the
concurrence of two dynamically distinct mechanisms (Eley�Rideal
and Langmuir�Hinshelwood) during the reaction.280 The
formed HCl via the Eley�Rideal mechanism leaves the surface
with a high kinetic energy in a narrow angular distribution that
displays a “memory” of the direction and energy of the incident
hydrogen atoms. HCl molecules produced through the Lang-
muir�Hinshelwood mechanism have a near-thermal energy
distribution and an angular distribution that is close to that of
a cosine function.280,281

Outka and Madix explored the oxidation of acetylene adsorbed
on oxygen-precovered (θO = 0.6 ML) Au(110). Temperature-
programmed reaction spectroscopy (TPRS) experiments yielded
water (205 K) and carbon dioxide (525 K) as reaction products.96

Adsorbed acetylene was dehydrogenated in the presence of oxygen
to formwater, which readily desorbed. Subsequently, the carbon left
behind on the surface from further reacted with atomic oxygen at
higher temperatures.96 In a related study, no oxidation reaction
occurred when ethylene was adsorbed on the same surface.96

Formaldehyde also reacts with atomic oxygen-covered Au-
(110). Oxidative products of H2O at 215 K, H2 at 230 K, and
CO2, H2O, and HCOOH at 340 K were observed.97 Another

Figure 21. (a) TPD spectra from the adsorption of 0.18ML of O atoms on Au(111) at 77 K followed by 0.23 ML of NH3 at 77 K. The heating rate was
1 K/s to 400 K, then 3 K/s to 600 K. Reproduced with permission from ref 200. Copyright 2006 American Chemical Society. (b) N�N recombination
energy plots at two different coverages: p(2� 2) and p(3� 3). Yellow and blue spheres represent Au and N atoms, respectively. Relevant energies are
shown in eV. Reproduced with permission from ref 277. Copyright 2006 American Chemical Society.
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CH2O desorption feature evolved at 300 K, probably stabilized
on the surface by adsorbed formate groups. The oxidative
reaction of formic acid on Au(110) was also reported by the
Madix group.97 Upon heating the sample precovered with
0.25 ML of O atoms and 0.1 ML of formic acid at 100 K,
desorption of formed water was observed at 200 K and the
formate produced subsequently decomposed to CO2, H2O, and
formic acid at 340 K with an activation energy of ∼84 kJ/mol.97

Deng et al. successfully designed experiments in which a nitrogen
(Na and NHa) functional group could be inserted into styrene on
Au(111).282,283 They first developed a strategy for preparing sur-
face-bound NH and/or atomic nitrogen by electron bombardment
of condensed NH3 at 110 K.

283 The relative concentrations of NHa

andNa can be varied depending on the temperature used to prepare
the surface. Reactions of styrene produced 2-phenylaziridine (380K),
ethylbenzene (290 K), benzonitrile (385 K), and benzyl nitrile
(410 K). The formation of 2-phenylaziridine was favored when
NHa was the predominant species (Figure 22a), whereas nitrile
(benzo- and benzyl-) formation was favorable when adsorbed Na

was present (Figure 22b). Therefore, the authors concluded that
styrene aziridination, hydrogenation, and nitrilation were pro-
moted with adsorbed NH, H, and N, respectively (Figure 22c).

The Friend group has recently reported on the acylation of
dimethylamine on oxygen-precovered Au(111).284 Dimethyla-
mine was initially reacted with O/Au(111) at 120 K, and then
formaldehyde was adsorbed on the surface. The selective cou-
pling product, N,N-dimethylformamide [(CH3)2NC(H)dO],
evolved at∼175 K into the gas phase upon heating the surface. A
small amount of N-methylformamide [H3NHC(H)O] was also
observed at ∼350 K.284 The selectivity for N,N-dimethylforma-
mide from coupling decreased with the initial oxygen coverage
employed. At low initial oxygen coverages (e.g., 0.15 ML), the
selectivity approached 100%. As the initial oxygen coverage
increased, the selectivity dropped (e.g., 30% at θO = 1 ML),
where combustion reactions dominated.284

5. GOLD-SINGLE-CRYSTAL-BASED INVERSE MODEL
CATALYSTS

In this section, we overview the use of low-dimensional
nanostructures supported on single-crystal metal surfaces to

model catalytically relevant reactions and processes. The so-
called inverse model catalyst is a useful concept for studying the
chemical properties of the oxide�metal phase boundary and for
investigating the promoter effect that the minority oxide phase
may exert on the reactivity of multicomponent metal�oxide
catalysts.285 An “inverse model catalyst” consists of a metal-
single-crystal surface, which is decorated with a metal oxide (or
other metal compounds such as sulfides, carbides, and nitrides)
structure: it contains, therefore, the bifunctional site properties of
the metal/oxide interface.286 An important phenomenon affect-
ing the structure and the catalytic performance of oxide-sup-
ported metals concerns the encapsulation of metal particles with
a thin layer of the support material, which has been suggested to
be at the basis of the so-called strong metal�support interaction
effect (SMSI).287�289 Such encapsulation is a more general
phenomenon since it occurs frequently when the oxide phase
is in a monolayer form. The SMSI effect is frequently used to
describe the change in catalytic activity (e.g., favoring hydro-
genation) observed when group VIII-B metals supported on
reducible oxides (e.g., TiO2, CeO2, Fe2O3, and V2O5) are
annealed in a reducing atmosphere.290

The interaction ofmetal oxides, includingTiO2 andCeO2,
3,291�294

with Au nanoparticles has recently been the subject of intense
study. For example, gold nanoparticles supported on metal
oxides, particularly TiO2, are highly active oxidation catalysts,
and a pronounced particle size effect was observed (as will be
discussed in detail in section 7).3,291 This finding has caused
considerable controversy regarding the underlying reason for the
high activity of supported Au nanoparticles. A number of models
have been proposed to explain the unusual catalytic properties of
gold nanoclusters ranging from metal�support interactions to
finite-size effects.291 Gold-single-crystal-based inverse catalytic
systems have attracted attention since they can be used as models
for reactivity studies of isolated oxide nanoparticles [Au(111)
undergoes surface reconstruction under UHV conditions and is
ideally suited as an inert support for the oxidation of metals since
neither O2 nor NO2 decomposes on the bare surface] and for
understanding the metal�support interaction.295 Gold-based
inverse catalysts can also couple the special reactivity of the
oxide nanoparticles to the reactivity of gold to produce highly

Figure 22. TPD spectra of styrene on (a) NHx (predominant) and (b) Na (predominant) covered Au(111). The surface was prepared by adsorption of
NH3 at 110 K followed by electron bombardment (100 eV) with a total exposure of 1.4 � 1011 electrons/cm2. The sample in (b) was subsequently
heated to 300K to remove part of adsorbedNHx. The styrene layer was condensed at 150 K prior to reaction. The average heating rate was 6( 1K/s. (c)
Schematic of styrene reactions on NHx-covered Au(111). Reproduced with permission from ref 282. Copyright 2008 Elsevier.
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active catalysts. One of the characteristics of this system is that
oxygen vacancies on the oxide particle can be produced by
annealing in vacuum at elevated temperatures or by direct
reaction with CO or H2. Supported metal oxides are also easier
to reduce than the corresponding bulk phases of the oxides.295

The reducibility of the oxide/Au(111) systems can be an
important property since many bulk oxides exhibit a low
reactivity and become chemically active only after the generation
of oxygen vacancies.

5.1. TiOx/Au(111) and CeOx/Au(111)
5.1.1. Preparation and Surface Structure. TiOx nanopar-

ticles/films on Au(111) are typically formed via subsequent
oxidation of titanium particles predeposited on the gold
surface.296,297 Biener et al. used physical-vapor deposition
(PVD) of Ti at 300 K preparing regular arrays of titanium
nanoparticles at the elbow sites of the herringbone reconstruc-
tion of Au(111).296 After subsequent O2 exposure, two- and
three-dimensional titanium oxide nanocrystallites formed with
either a triangular or a hexagonal shape during annealing in the
temperature range from 600 to 900 K (Figure 23a and 23b). The

oxidation state of the titanium oxide nanoparticles varied with
annealing temperature (Figure 23c and 23d).296 Annealing to
900 K resulted in the formation of stoichiometric TiO2 nano-
crystals as evidenced by the Ti(2p) binding energies measured
via X-ray photoelectron spectroscopy (XPS).296

Another method for preparation of compound nanoparticles
(e.g., oxides, carbides, sulfides, and nitrides) is reactive-layer
assisted deposition (RLAD). In this method, a multilayer of one
reactant (e.g., H2O, NO2, and C2H4) is first adsorbed on a
support, and the second reactant (i.e., metal atoms) is then
deposited onto this layer. After the metal atoms react with the
molecular multilayers, raising the substrate temperature causes
any unreacted adsorbed molecules and volatile reaction products
to desorb from the substrate surface; the final product compound
is then left on the surface in the form of an ensemble of
nanoparticles. Song et al. employed this method synthesizing
TiOx nanoparticles on Au(111) in which Ti was initially depos-
ited on a multilayer of H2O (or NO2) on a Au (111) substrate at
90 K (Figure 24).298,299 In the case of a H2O reactive layer, Ti was
completely oxidized to stoichiometric TiO2 at room tempera-
ture. Intermediate oxidation states such as TiO, Ti2O3, and
Ti3O5 were found over the temperature range from 90 to
150 K.299 At least three distinct morphologies of TiO2 nanocrys-
tallites (5�20 nm wide) were formed. The majority of the crystal-
lites (about 70%) had a hexagonal geometry; the atomic structure
of these nanocrystals was identified as rutile with a (100) face

Figure 23. STM images of 2D and 3D titanium oxide nanocrystallites
prepared by oxidation (O2, 5� 10�5 mbar� 200 s) of (a) 0.25 ML Ti
and (b) 0.5 ML Ti, respectively, followed by annealing at 900 K
(10 min). The crystallites are aligned with the substrate and have
triangular or hexagonal shape. Additional features such as needlelike
crystallites (inset I) and embedded hexagons (inset II) are observed for
the higher Ti starting coverage (b). The contour lines, equally spaced by
0.5 nm, are used to visualize the crystallinity of the 3D Ti oxide particles.
The images correspond to an area of (a) 160 � 160 nm2, inset 32 �
32 nm2, and (b) 200 � 200 nm2, insets 50 � 50 nm2 (I), 52 � 52 nm2

(II), and 30 � 30 nm2 (III). (c) Ti(2p) and (d) O(1s) XPS spectra
collected from TiO2(110), titanium-covered Au(111) surfaces before as
well as after oxidation (6.6 � 10�5 mbar O2 � 200 s) at 300 K, and
subsequent annealing at different temperatures. All the spectra were
collected at 300 K. Reproduced with permission from ref 296. Copyright
2005 American Institute of Physics.

Figure 24. STM images of TiO2 nanoparticles supported on Au(111):
(a) prepared by depositing 0.1 ML Ti on a 30 ML thick H2O layer on a
Au surface at 90 K and then annealed to 300 K. The size of the TiO2

particles is∼1 nm. The particles preferentially aggregate near the elbow
sites of the Au herringbone reconstruction. (b) Prepared by depositing
0.1ML of Ti onto a 30ML thick NO2 layer on Au(111) at 90 K and then
annealed to 300 K, (c) 500 K, and (d) 700 K. The particle size in (b) is
∼1 nm and in (d) is ∼5 nm. TiO2 particles prepared by NO2 reactive
layers are randomly distributed on the surfaces. The image size of (a) is
400� 400 nm2; the inset is 40� 40 nm2. The image size of (b) is 200�
200 nm2; the inset is 40 � 40 nm2. The image sizes of (c) and (d) are
40 � 40 nm2. Reproduced with permission from ref 299. Copyright
2005 American Chemical Society.



3010 dx.doi.org/10.1021/cr200041p |Chem. Rev. 2012, 112, 2987–3054

Chemical Reviews REVIEW

parallel to the substrate. The remainder of the crystallites had
either a three-dimensional ridgelike morphology, also identified
with rutile, or a structure consisting of nanosheets of octagon-
shaped TiO2.

298 For the Ti/NO2/Au(111) system, upon react-
ing with the NO2 reactive layer, Ti (0.1 ML) was fully oxidized to
TiO2, even at 90 K, which aggregated randomly on the surface
(Figure 24b).299 Unlike the H2O-layer process, the Au herring-
bone structure was eliminated immediately after the NO2

deposition because of a much stronger interaction of the NO2

with the Au surface.299 However, heat treatment of the sample
resulted in the reappearance of the herringbone structure, but
with a highly disordered state (Figure 24c and 24d).299 Heat
treatment also induced coalescence and ripening of the TiO2

particles for both systems. Upon further annealing to 700 K, the
TiO2 particles gradually turned into a flat-crystalline structure,

299

similar to what was observed by Biener et al.296 This crystalline
structure is composed of a mixture of rutile and anatase phases,
each having a variety of different exposed facets.299

CeOx supported on Au(111) has been intensively investigated
due to the catalytic importance of CeO2 for many reactions,
particularly the water�gas shift (WGS) reaction. The RLAD
technique has also been used to prepare CeOx/Au(111) model
systems.300,301 Zhao et al. noticed cleavage of the O�H bond
breaking and the formation of Ce(OH)x species upon the
adsorption of water at 300 K on disordered Ce�Au(111)
alloys.300 Further thermal treatment to 500�600 K caused the
decomposition or disproportionation of surface-bound OH
groups to H2 and H2O as well as the formation of Ce2O3 islands
on the gold substrate.300 The intrinsic interactions between Ce
and H2Owere further explored by inversely depositing Ce atoms
on Au(111) precovered with water multilayers; the metal

adatoms were readily oxidized to Ce3+.300 Upon annealing of
the sample to room temperature, finger-like islands of Ce(OH)x
were formed on the gold substrate (Figure 25a). The hydroxyl
groups dissociated at 500�600 K, leaving Ce2O3 particles on the
surface. In both systems, Ce cannot be fully oxidized by water
under UHV conditions. A complete Ce2O3fCeO2 transforma-
tion was seen upon reaction with O2 and NO2 (Figure 25b).

300,302

The formed ceria islands preferentially anchored on defect sites
of the gold substrate, and their shape did not change substantially
when going from Ce2O3 to CeO2 or vice versa.

302

The same group developed two different additional proce-
dures to prepare ceria nanoparticles on Au(111).294,300,302,303 In
the first, alloys of Ce/Au(111) were exposed to O2 (∼5� 10�7

Torr) at 500 �700 K for 5�10 min.300,302 The CeO2 particles
grew dispersed on the herringbone structure of Au(111)
(Figure 25c) and had a rough three-dimensional structure that
did not exhibit any particular face of ceria (Figure 25d).294 In the
second procedure, Ce was vapor deposited onto Au(111) under
an atmosphere of O2 (∼5� 10�7 Torr) at 550 K and then heated
to 700 K. The CeO2 particles grew preferentially at the steps
between the terraces on the Au(111) substrate (Figure 25e) and
displayed regions with a CeO2(111) orientation.294 Groups or
clusters of O vacancies were also resolved in STM images
(Figure 25f).294 This result is similar to what was found on bulk
CeOx(111).

304 High-resolution XPS showed that Au atoms did not
incorporate into the ceria lattice.300 Au(4f) spectra taken at photon
energies of 240�380 eV, probing only two to three layers near the
surface, confirmed the absence of the features expected for Au
cations incorporated into ceria.305

5.1.2. Chemical Properties.Magkoev, employing reflection
absorption infrared spectroscopy, showed that CO chemisorbed

Figure 25. STM images (200 nm� 200 nm) of a Ce/H2O/Au(111) system upon heating to (a) 300 K, (b) followed by subsequent reaction with 10 L
of O2. Reproduced with permission from ref 300. Copyright 2007 Elsiever. (c, d) STM images taken after oxidizing a Ce�Au(111) alloy in O2 at 550 K
and subsequent annealing to 690 K. The sizes of the images are (c) 200 nm � 200 nm and (d) 25 nm � 27 nm. (e, f) STM images acquired after
depositing Ce in an atmosphere of 1.5� 10�7 Torr of O2 at 550 K followed by annealing to 700 K. The sizes of images are (e) 200 nm� 200 nm and (f)
15 nm � 15 nm. Reproduced with permission from ref 294. Copyright 2007 American Association for the Advancement of Science.
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on the TiO2/Au perimeter interface, whereas only very weak
adsorption was observed on the Au(111) and titania surfaces,
respectively.306 Madix, Friend, and co-workers investigated the
reactivity of methanol on TiO2/Au(111) and compared their
results with those from bare TiO2(110).

307 The TiO2 nanopar-
ticles on Au(111) produced methane from methanol, while the
TiO2(110) stoichiometric surface did not.

307 This difference was
attributed to undercoordinated titanium cations present on
facets of the nanoparticles, such as those found on {011}-faceted
TiO2(001) planes, which led to methane formation. The results
suggested that the three-dimensional, local structure played a
significant role in the reactivity of these nanoparticles toward
methanol.307 Rodriguez et al. found that TiO2/Au(111) catalysts
were highly reactive in the water�gas shift reaction (Figure 26a).294

This high catalytic activity has been associated with the increase
in the concentration of oxygen vacancies, as inferred from XPS
measurements, which are most likely located near the oxide�
metal phase boundaries. Water dissociated on oxygen vacancies
of the TiOx nanoparticles, and CO adsorbed on gold sites located
nearby leading to subsequent reaction steps that took place at the
metal�oxide interface (Figure 26b and 26c).294 The intermedi-
ate that preceded the formation of CO2 and H2 in the WGS
process was a HOCO species (eqs 2�7). COx (x = 1, 2) species
were observed on the surface of the catalysts after the WGS, and
they could be simple spectators when strongly bound to the
oxide nanoparticles. In this inverse system, it was believed that

the moderate chemical activity of bulk gold94,251 was coupled to
that of a more reactive titanium oxide.294

COgas f COads ð2Þ

H2Ogas f H2Oads ð3Þ

H2Oads f OHads þ Hads ð4Þ

COads þ OHads f HOCOads ð5Þ

HOCOads f CO2, gas þ Hads ð6Þ

2Hads f H2, gas ð7Þ
Zhao et al. showed that particles of CeO2 dispersed on

Au(111) did not interact with water at 300 K or higher
temperatures and exhibited the same reactivity as the periodic
CeO2(111) surface.

300 On the other hand, the Ce2O3/Au(111)
and CeOx/Au(111) (x < 2) surfaces readily dissociated H2O at
300�500 K due to the presence of oxygen vacancies. Water
decomposed into OH groups on Ce2O3/Au(111) or CeOx/
Au(111) without completely oxidizing Ce3+ into Ce4+.300 An-
nealing to temperatures over 500 K removed the hydroxyl
groups, leaving behind CeOx/Au(111) surfaces, suggesting that
the activity of CeOx/Au(111) for water dissociation could be

Figure 26. (a) Production of hydrogen during the WGS reaction on a Au(111) surface partially covered with ceria or titania. The ceria nanoparticles
were prepared according to two different methodologies denoted as CeO2�I [alloys of CeAux/Au(111) were exposed to O2 (∼5 � 10�7 Torr) at
500�700 K for 5�10 min] and CeO2�II [Ce was vapor deposited onto Au(111) under an atmosphere of O2 (∼5 � 10�7 Torr) at 550 K and then
heated to 700 K]. Each surface was exposed to a mixture of 20 Torr of CO and 10 Torr of H2O at 573 K for 5 min. (b) Calculated reaction profile for the
WGS on Au(100), a free Ti2O4 cluster, and TiO2/Au(111) model catalysts. Transitions states are denoted as TS1, TS2, and TS3. (c) Optimized
structures for the different steps of the WGS on TiO2/Au(111). Large yellow spheres, Au; large gray spheres, Ti; small red spheres, O; small white
spheres, H; small dark gray spheres, C. Adsorbed species are denoted by asterisks (*). Reproduced with permission from ref 294. Copyright 2007
American Association for the Advancement of Science.
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easily recovered.300 This same group demonstrated that CeOx/
Au(111) showed excellent reactivity in the water�gas shift
reaction and were comparable to those of good WGS catalysts
such as Cu(111), Cu(100), or Cu nanoparticles dispersed on a
ZnO(0001) (Figure 26).308 Several potential intermediates in-
cluding formates (HCOO), carbonates (CO3), and carboxylates
(HOCO) were considered and tested experimentally for the
reaction.303 Adsorption of HCOOH and CO2 was used to create
HCOO and CO3 on the CeOx/Au(111) surface, respectively.
HCOO had great stability with desorption temperatures up to
600 K, while CO3 only survived on the surface up to 300 K.303

Formed OH groups (from the dissociation of H2O on oxygen
vacancies) were stable on the surface up to 600 K and interacted
with CO to yield weakly bound intermediates. When there is an
abundance of Ce4+, the OH concentration was diminished and
the likely intermediates were carbonates. As the surface defects
increased, the OH concentration grew and both carbonate and
formate species were observed on the surface after dosing CO on
H2O/CeOx/Au(111).

303

5.2. MoOx/Au(111)
Mo has three stable oxidation states: Mo6+, Mo5+, and Mo4+.

MoOx nanostructures supported on Au(111) are typically pre-
pared by oxidation of Mo nanoclusters using oxygen or NO2.
Nanoparticles of Mo are prepared on Au(111) generally by two
methods: physical-vapor deposition of Mo and chemical-vapor
deposition (CVD) through a molybdenum hexacarbonyl pre-
cursor [Mo(CO)6]. While bulk MoO3 is a bilayered material,
these MoO3 clusters exhibit a unique single-layer structure with
Au replacing the other half of the bilayer. Epitaxy with the
Au(111) substrate is achieved via straining the in-plane Mo�O
bonds, which gives rise to electronic properties that are different
from bulk MoO3.

309

Chang et al. prepared Mo nanoparticles on Au(111) by
dissociation of Mo(CO)6 molecules at 500 K.310 At low coverage
(e.g., 0.05 ML), these Mo nanoparticles exhibited very low
reactivity toward O2, and molybdenum oxides were not formed
between 300 and 850 K; at higher coverage (e.g., 0.22 ML), O2

reacted with Mo, partially transforming the metallic Mo to
Mo4+.310,311 However, the Mo particles can be fully oxidized
by NO2 to formMoO3 at 500 K, as evidenced by both Mo and O
photoemission spectra. Formed Mo oxides consisted of two-
dimensional islands covering a substantially larger fraction of the
Au surface than the metallic Mo, suggesting that the morphology
change starts with the diffusion of oxide clusters (ramified-
cluster-diffusion mechanism311), followed by their breakdown
to highly disordered two-dimensional islands of molecular
MoO3.

311 The MoO3 clusters were stable on the surface below
600 K but disappeared (accompanied by a reduction of Mo6+ to
Mo5+) on the surface above 700 K.310 The poor thermal stability
of the MoOx clusters could be due to their limited size or a
consequence of weak interactions with the Au(111) substrate.

Friend and co-workers prepared a crystalline MoO3 structure
via repeated cycles of Mo deposition and oxidation, for example,
alternate exposures of the Au(111) surface to 1 L of Mo(CO)6
and 10 L NO2 at 450 K followed by annealing to 600 K for 1 min
after every 4 cycles of dosing for a total of 16 cycles.309,312,313 The
location of the deposited Mo clusters dictated the initial nuclea-
tion sites as well as the shape and orientation of the MoO3

islands, which preferentially grew at the step edges.312 The
monolayer MoO3 islands showed a well-ordered c(4� 2) LEED
pattern indicating the formation of a crystalline epitaxial Mo

oxide.312,313 Deng later studied the selective reduction of these
monolayer nanocrystals of MoO3 on Au(111) upon annealing at
650 K and above and found that, similar to bulk MoO3, the
reduction of these single-layer MoO3 nanocrystals proceeded via
shear defect formation, which results from one-dimensional
ordering and elimination of oxygen vacancies.313 The oxidation
state ofMo associated with these shear-plane defects was +5. The
percentage of Mo5+ species increased as a function of annealing
time, up to a maximum of 50% at 650 K. Further reduction
toward Mo4+ was not observed.

313

Nanocrystalline MoO3 islands on Au(111) were also synthe-
sized by PVD of Mo followed by oxidation using NO2 at
temperatures between 450 and 600 K.313,314 The main difference
between the PVD and CVD methods manifested in the spatial
distribution of the Mo clusters on the Au(111) surface prior to
oxidation: terrace (PVD) versus step-edge decoration (CVD).
The morphology of the MoO3 islands strongly depends on
deposition and oxidation temperatures. For deposition tempera-
tures at 525 K or above, NO2 induced dealloying of a Mo�Au
surface alloy formed during Mo deposition as observed via STM
measurements.314 This, in turn, led to the formation of em-
beddedMoO3 islands, which nucleated at the steps of Au vacancy
islands. The oxidation temperature also affected the growth
kinetics of MoO3 islands: diffusion of MoO3 precursor species
is kinetically controlled at 450 K, which led to an irregular shape
of MoO3 islands with a high aspect ratio. With further annealing
the islands changed in size and shape via Ostwald ripening.314

5.3. VOx/Au(111)
The V�O phase diagram shows the existence of many

stoichiometric compounds such as VO, V2O3, VO2, and V2O5.
315

Similar to other oxides, the herringbone reconstruction of Au(111)
provides suitable sites for stabilizing the oxide nuclei of vanadium
oxides.316

The gold�gold distance on the Au(111) surface (2.88 Å) and
the average lateral oxygen�oxygen distance on the V2O3(0001)
surface (2.86 Å) are very close, which is a good base for epitaxial
growth. The V2O3(0001) film (e.g., 100 Å) on Au(111) can be
prepared by evaporation of metallic vanadium (e.g., 50 Å) in an
oxygen atmosphere (1 � 10�7 mbar) followed by annealing at
600�700 K in 1 � 10�7 mbar of oxygen for 15 min and
annealing in vacuum at 850 K for 10 min.317�324 The crystalline
nature of such films has been verified by the hexagonal super-
structure visible in LEED and the well-ordered atomic arrays
resolved in the STM (Figure 27a).320

The V2O3(0001) surface exposes a close-packed layer of
vanadyl groups (they are stable on the surface up to temperatures
of more than 1000 K),325 which can form a bulk-truncatedO or V
termination at strongly oxidizing320 or reducing conditions
(Figure 27b).326 As will be discussed later, the vanadyl termina-
tion is chemically inert due to the closed-shell electronic struc-
ture of the VdO groups, and thus surface defects are crucial for
adsorption.317 Two kinds of point defects were identified:
vanadyl defects where a complete VdO group is missing and
oxygen defects (vacancies) with only the vanadyl oxygen being
detached from the VdO.Whereas the former is present naturally
in the as-prepared film, the latter needs to be created via electron
bombardment. Oxygen defects have been connected with the
catalytic activity of the vanadia surface, for instance, in the
oxidation of methanol.327

Electron bombardment can also remove oxygen atoms of the
vanadyl layer, leading to a surface terminated by vanadium
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atoms.317 Adsorption of oxygen on reduced V2O3(0001) occurs
both dissociatively and molecularly. Formation of a negatively
charged molecular oxygen species was observed at 90 K. Upon
annealing, the oxygen species dissociated, reoxidizing the re-
duced surface by the formation of vanadyl species.317 DFT
calculations and RAIRS spectra suggested that the surface-bound
oxygen species could be η2-peroxo (O2

2�) lying flat on surface,
bonded to the surface vanadium atoms.317,321

Water interacts only weakly with the vanadyl-terminated
V2O3(0001)/Au(111) surface and desorbs below room tem-
perature. On the vanadium-terminated reduced surface, water
partially dissociates and forms a layer of hydroxyl groups with a
surface coverage of ∼1.6 molecules per unit cell.318 These
hydroxyls recombinatively desorbed from the surface upon
annealing at 600 K. No evidence of surface reoxidation was
provided after water desorption.318 Two factors could account
for the different reactivities of the two surfaces: (1) the capping of
the vanadium atoms by oxygen atoms on the vanadyl-terminated
surface that hinders access to the vanadium atoms in contrast to
the situation on the reduced surface, and (2) the lower oxidation
state of the vanadium atoms on the reduced surface. Carbon
monoxide, propane, and propylene molecules all molecularly
adsorb on both oxidized and reduced V2O3(0001)/Au(111)
surfaces; the binding of these molecules to the reduced V-termi-
nated V2O3(0001) surface is stronger than that to the oxidized
surface.319

While the oxidation of vanadium under oxygen pressures in
the 10�7�10�6 mbar range results in the formation of V2O3 and

VO2, Guimond et al. developed a method for the preparation of
fully oxidized, well-ordered V2O5(001) thin films on Au(111) by
oxidizing physically evaporated vanadium with 50 mbar of
oxygen at ∼673 K for 10 min.328,329 Small isolated V2O5(001)
crystallites started to grow after the completion of a two layer
thick V6O13(001)-like interface (following the oxidation of about
1.56 ML V/Au(111)).329 They had the tendency to grow into
large crystallites and “dewet” the interface layer; however, growth
by multiple steps of V deposition and oxidation led to flat films
having a surface with a low density of point defects (Figure 27c
and 27d). Unlike other vanadium oxides, O vacancies on V2O5

did not form randomly on the surface but rather appeared as pairs
or rows, indicating a concerted reduction process. The films were
stable up to 773 K and started sublimating above this tempera-
ture. Significant thermally induced reduction of the films oc-
curred above 833 K.328

Oxidation of methanol was used as a probe reaction to study
the reactivity of V2O5(001)/Au(111) (grown by three cycles of
deposition of 6 Å of vanadium followed by oxidation).330 TPD
showed that fully oxidized, bulk-terminated surfaces were not
reactive, whereas reduced surfaces produced formaldehyde
(accompanied by water), which desorbed between 400 and
550 K. STM results indicated that methanol formed methoxy
groups on vanadyl oxygen vacancies. The methoxy groups can be
stabilized at room temperature only when the surface was free of
hydroxyl groups since otherwise methoxy and hydroxyl groups
may react to form methanol, which desorbed between 230 and
300 K.330

5.4. FeOx/Au(111)
Iron- and iron-oxide-based catalysts are widely used in many

important industrial processes, such as the synthesis of ammonia,
Fischer�Tropsch synthesis, and gas-sensing applications. Iron
has two oxidation states, Fe2+ and Fe3+. It forms three natural
oxides with different stoichiometries and crystal structures—
FeO (w€ustite), Fe3O4 (magnetite), andα-Fe2O3 (hematite), and
two other artificially synthesized oxides (γ-Fe2O3 (maghemite)
and ε-Fe2O3).

331 Catalytic and chemical properties of iron oxides
depend on the oxidation states and crystal structures. This
difference is evidenced, for instance, by the experimental ob-
servation that Fe3O4(111) and α-Fe2O3(0001) are capable of
chemically adsorbing ethylbenzene and styrene, whereas FeO-
(111) is inert to both molecules.332

Nanoparticles and thin films of iron oxides such as FeO(111),
Fe3O4(111), and α-Fe2O3(0001) can be synthesized on Au-
(111) depending on the growth conditions such as O2 pressure,
oxidation temperature, and Fe coverage.332 For example, FeO
was grown by exposing the Fe nanoparticles to molecular oxygen
at 323 K, followed by annealing at 500�700 K. XPS results
indicated that FeO was formed after room-temperature oxida-
tion.333,334 Two-dimensional, bilayer iron oxide particles with
irregular hexagonal shape formed after annealing to 700 K
(Figure 28a). FeO nanoparticles either resided on the terraces
or embedded in the step edges. At Fe coverages above 1 ML, the
oxides began to form a continuous film with small islands, which
exhibited a moire structure. STM results suggested an overlayer
lattice with a short periodicity of 3.3 Å modulated by a larger
periodicity of approximately 35 Å.333

Changing the oxidizer leads to the formation of iron oxide with
a different oxidation state. Deng and Matranga oxidized pre-
deposited Fe particles on Au(111) using NO2 (1� 10�8 mbar),
at elevated temperature (e.g., 327 to 450 K) followed by

Figure 27. (a) STM image (20 nm� 20 nm) of a 10 nm V2O3(0001)
film grown on Au(111). Reproduced with permission from ref 321.
Copyright 2006 Springer. (b)Models of structure of the reduced and the
vanadyl-terminated surface. The surface unit cell (5.5 Å � 5.5 Å, angle
α = 53.75�) is indicated. Reproduced with permission from ref 318.
Copyright 2006 Elsevier. (c) STM image (5 nm � 2.8 nm) of a V2O5

(010) film formed by the oxidation of 5.2MLV/Au(111) under 50mbar
of oxygen. The surface unit cell (3.6 Å � 6 Å) is indicated by a gray
parallelogram. (d) Schematic representation of a V2O5 single crystal in
its stacking along the (010) direction. Gray circles represent V atoms;
light and dark blue circles represent O atoms. Reproduced with
permission from ref 328. Copyright 2008 American Chemical Society.
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annealing in UHV at 700 K for 10 min, to form α-Fe2O3

nanoparticles, evidenced by the value of binding energy of the
Fe 2p3/2 (710.9 eV) peak and an atomic ratio of O to Fe ≈
1.5:1.335 STM images revealed an ordered three-dimensional
structure of Fe2O3 with an O-terminated (0001) surface on
Au(111). The α-Fe2O3 particles adopted either a triangular or
hexagonal shape and resided mostly on the terraces of the
Au(111) surface (Figure 28b). The morphology of the α-
Fe2O3 structures was dependent on the coverage, varying from
nanoparticles at low coverage to islands at high coverage. These
Fe2O3 structures had nearly identical heights of 5�6 Å at all
coverages. showing a hexagonal unit cell with a lattice constant of
∼3 Å.335

Thermally induced reduction of the α-Fe2O3(0001) nano-
structures to Fe3O4(111) occurred upon annealing in UHV to
750 K.336 XPSmeasurements yielded the composition of the iron
oxide, showing a broadened Fe 2p3/2 peak owing to the existence
of both Fe2+ and Fe3+ species, and a decrease in atomic ratio of O
and Fe (from 1.5 to 1.3). Fe3O4 appeared as nanoparticles at
coverages below 1 ML (Figure 28c), and formed thin films on
Au(111) at ∼2 ML of iron. Two ordered hexagonal super-
structures with periodicities of∼50 and∼42 Åwere observed on
Fe3O4 particles; the 50 Å periodicity was the dominant super-
structure observed on the continuous Fe3O4 thin films.336 The
Fe3O4 structures on Au(111) had a hexagonal unit cell with a
∼3 Å periodicity.

5.5. MSx/Au(111) (M = Mo, Ti, and Ru)
5.5.1. MoSx/Au(111). Molybdenum sulfide is the most

widely used hydrodesulfurization (HDS) catalyst in the chemical
and petroleum refining industries. MoSx can be prepared by
chemical-vapor deposition of Mo via decomposition of Mo-
(CO)6 at elevated temperature (e.g., 400�500 K) followed by
reaction with S2 at 300 K.337 MoS2 nanoclusters can also be
prepared by physical-vapor deposition of Mo in a background of
H2S (1 � 10�6 mbar) at 400 K, followed by annealing at 673 K
for 15 min while maintaining the H2S background pressure.338

Besenbacher and co-workers have systematically studied the
atomic-scale structure, surface morphology, and catalytic proper-
ties of MoS2 nanoclusters supported on Au(111). These clusters
comprised a single S�Mo�S layer oriented with the (0001)
facet in parallel with the substrate, and the morphology of the

MoS2 nanocluster was triangular independent of the cluster size
(Figure 29a).339�341 The protrusions on the basal plane of the
cluster reflected hexagonally arranged S atoms in the topmost
layer of MoS2 (Figure 29b). The protrusions at the edges were,
however, out of registry with the S protrusions at the basal plane;
a characteristic and pronounced bright brim with high electron
state density extended along the cluster edge.342 Both the bright
brim and the apparent shifted registry of the edge protrusions can

Figure 28. Room-temperature STM images (100 nm � 100 nm) of (a) 0.3 ML FeO, (b) 0.25 ML α-Fe2O3, and (c) 1 ML Fe3O4 on Au(111). Iron
oxide particles were prepared from Fe oxidation in (a) oxygen at 323 K and (b) NO2 at an elevated temperature (from 327 to 450 K), followed by
annealing inUHV at 700K. Fe3O4 particles were synthesized from annealingα-Fe2O3 inUHV at 750K for 10min. The insets are high-resolution images
(8 nm� 8 nm) of (a) FeO and (b) α-Fe2O3 particles. The larger structure highlighted with a circle in (c) displays an ordered hexagonal superstructure.
Reproduced with permission from refs (a) 333, (b) 335, and (c) 336. Copyright 2008 Elsevier, 2009 American Chemical Society, and 2010 Elsevier,
respectively.

Figure 29. Single-layer MoS2 nanoclusters on Au(111) grown by
deposition of metallic Mo on the surface in an H2S atmosphere and
subsequent heating to 673 K. (a) STM image (75 nm� 72 nm) showing
the predominant triangular shape of MoS2 nanocrystals. (b) Atom-
resolved STM image (4 nm� 4 nm) of a single-layer MoS2 nanocluster.
(c) Ball model (top view above and side view below) of the edge
structure determined as the Mo edge covered with S2 dimers. Mo atoms
are shown in blue, and S atoms are yellow. (d) STM simulation of the
edge structure based on DFT calculations. (e) STM images of individual
clusters illustrating the structural progression of the MoS2 nanocrystals
as a function of size, where n denotes the number of Mo atoms on the
cluster edge. The lower part shows ball models (top view) associated
with theMoS2 triangles observed by STM and the corresponding cluster
composition MoxSy. Reproduced with permission from ref 340. Copy-
right 2007 Elsevier.
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be traced back to the presence of two distinct one-dimensional
electronic edge states on the fully sulfidedMo edges (Figure 29b).
DFT calculations regarding the nature of the edge structures342,343

indicated that only the (100) edges of Mo with a full coverage of
sulfur (forming S2 dimers on the edge) were energetically stable,
and STM simulations were consistent with experimental results
(Figure 29c and 29d).
Besenbacher and his group also reported an interesting

structural size effect on MoS2 nanoclusters.
340,344 The clusters

with an even number of Mo atoms (n = 6, 8, 10, 12, ...) on the
edge are more stable, likely due to the formation of a super-
structure involving pairing of S2 dimers, as seen in STM images
as alternating bright�dark patterns of the edge protrusions
(Figure 29a,e).344 Figure 29e shows atom-resolved STM images
of seven clusters with different size. Notably, for clusters with
n e 6 the authors observed a change in edge structure and
brighter appearance of the interior of the cluster, which are likely
caused by a structural rearrangement in response to a decrease in
the S:Mo.344 This phenomenon suggests that the bonding energy
of sulfur and the tendency to form the catalytically active S
vacancies along the cluster edges have a similar dependence on
cluster size. Additionally, size-dependent reactivity patterns for
MoS2 nanocrystals should be observed through appropriately
tuning the size of the nanoclusters.340

It should bementioned that the electronic edge state ismetallic in
nature, whereas bulk MoS2 is a semiconductor with a band gap of
1.2 eV.341 The fully S-saturated Mo edges (shown in Figure 29c)
have been considered the active sites for HDS345,346 and the
hydrogen evolution reaction.347 They were rather different from
that originally assumed, so-called S vacancies on the edges of the
clusters as the only type of active site.345 The evidence was provided
via selectively adsorbing thiophene (C4H4S) molecules337 and
hydrogen on the MoS2 clusters, and several bean-like features
appeared adjacent to the edges.345,346 These structures were
thiophene-related reaction intermediates originated from partial
hydrogenation on the metallic brims. DFT calculations indicated
that these reaction intermediates were cis-but-2-ene-thiolates
(C4H7S�) coordinated through the terminal S atom to the metallic
brim, which were formed by a sequential hydrogenation of one of the
double bonds in thiophene followed by C�S bond cleavage.345

Smaller MoSx nanoclusters have also been synthesized via
mass-selected cluster deposition using a molybdenum target and
a sputtering gas of H2S in Ar.

348 White and co-workers elegantly
prepared and characterized Mo4S6 clusters supported on Au-
(111).349 These clusters bind strongly to the surface (three times
more strongly with the Au(111) than with Mo6S8

350) via three
Au�S�Au bridge bonds that slightly distort the cluster geome-
try but leave the cluster framework intact. Auger spectroscopy
and 13CO thermal desorption demonstrated that Mo4S6 clusters
behaved independently up to coverages of ∼0.15 ML, while at
higher coverages, cluster crowding or island formation resulted in
no net increase in Mo-atom adsorption sites.349 CO preferen-
tially binds on the Mo-atom top site (with a binding energy of
0.7 eV) compared to the side sites. In contrast to CO, NH3 did
not adsorb on the clusters at 85 K.349 This difference suggests the
role of Au(111) in modifying the electronic structure and
chemical behavior of the supported cluster. The Mo4S6 clusters
on Au(111) are stable up to 500 K as indicated by CO uptake
measurements, which were consistent with diffusion of intact
clusters along the Au surface and the formation of 2D islands.349

Due to the unique stoichiometry of the Mo4S6 clusters, aggre-
gates formed by cluster diffusion could exhibit distinctly different

chemical behavior compared to MoS2 nanoclusters or amor-
phous thin films.
5.5.2. TiS2/Au(111). TiS2 is a semiconductor with a small

band gap and a promising candidate for electronic applications
for its two-dimensional electronic structure.351 The structure of
bulk TiS2 is hcp layers of S atoms with Ti octahedral sites
between every other pair of S layers. The lattice constant of the
hexagonal unit cell of bulk TiS2 is 3.45 Å.
TiS2 has been prepared by conventional CVD or plasma-

assisted CVDusing TiCl4 and S-containing species (e.g., H2S and
thiols) as precursors. The formed films are, however, typically in
an amorphous state and contaminatedwith carbon and oxygen.352,353

Remarkably, Biener et al. prepared single-layer, triangular TiS2
nanocrystallites (similar to MoS2 nanostructures) on Au(111) by
physical-vapor deposition of Ti onto two-dimensional AuS islands
followed by subsequent annealing (670�800 K). The well-ordered
AuS overlayers (with a S coverage of∼0.5 ML) were generated by
exposing the clean Au(111) surface to SO2 at a pressure of∼1mbar
for 15 min at room temperature, followed by annealing at 450 K in
UHV for 10 min.354

These TiS2 nanocrystallites have a similar structure to bulk
TiS2. STM and LEED showed a Moire superlattice with a repeat
distance of 17.3 Å resulting from the coincidence of five TiS2
units with six Au atoms.354 The triangular-shaped islands in-
dicated a preference for one of the two possible edge termina-
tions. The growth of the islands with a preferred orientation upon
annealing was consistent with Ostwald ripening.354

5.5.3. RuS2/Au(111). Ruthenium sulfide (RuS2) exhibits the
highest catalytic activity for HDS processes among all the
transition metal sulfides,355 making it a promising candidate to
replace the current MoS2-based catalyst in some reactions to
meet new and more stringent refinery requirements. Ruthenium
sulfide has a pyrite-type cubic structure, where sulfur exists in S2
discrete units with S�S distances close to an S�S single bond. The
RuS2 single crystal cleaves easily along the (100) plane in an ideal
bulk-terminated surface that is unreconstructed and very stable. In
contrast, the hexagonal (111) plane is the polar and less stable
surface that may exist in several different stoichiometries (e.g., sulfur
vacancies).356 Theoretical calculations have suggested that the
(111) plane is responsible for its catalytic activity.357

Cai et al. investigated the effect of preparation method on the
morphological structure of RuS2.

356 Upon sulfidation of Ru
nanoclusters (with a coverage of ∼0.06 ML) preadsorbed on
Au(111) by chemical-vapor deposition of Ru3(CO)12,

358 ruthe-
nium sulfide was formed with small sizes (a diameter of about
1.3 nm, smaller than that of the original Ru nanoclusters)
and only a small fraction of flat islands (Figure 30a).356 This

Figure 30. Schematic preventatives of effect of preparation method on
surface morphology of Ru2S nanostructures on Au(111). Reproduced
with permission from ref 356. Copyright 2004 American Chemical
Society.
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phenomenon is probably due to the diffusion of ruthenium
atoms into the gold lattice, leading to Ru atoms embedded in
the gold substrate;359 during sulfur adsorption, Ru segregated at
the surface and reacted with S, producing mainly clustered RuS2
islands. The sulfide clusters were not uniformly anchored at the
elbow sites but sintered and formed islands confined in the fcc
region on the Au surface.356 Interestingly, when Ru3(CO)12 was
deposited on a sulfur-modified gold substrate at elevated tem-
perature, flat hexagonal islands of ruthenium sulfide were formed
exclusively with a narrow size distribution centered at 30 nm2 in
terms of island area (Figure 30b). The flat islands were single-
layer RuS2 nanocrystals with a (111) surface termination that
exhibited an ordered array of sulfur vacancies.

5.6. MoCx/Au(111)
Transition metal carbides offer advantages of selectivity and

resistance to poisoning over the parent metal, and for certain
reactions their catalytic behavior approaches and even surpasses
that of the group VIII noblemetals.360Molydenum carbide is one
of the most actively studied systems and is active for many
reactions such as hydrocarbon conversion, ammonia synthesis,
hydrodesulfurization, hydrodenitrogenation, and the water�gas
shift reaction.361,362

The stoichiometry of bulk molybdenum carbide is Mo2C,
although the phase diagram exhibits a wide range of Mo/C
stoichiometry, including MoC (1:1) phases with hexagonal
(γ-MoC, η-MoC) and cubic (δ-MoC) structures.363 Surfaces
of the carbide can be carbon or metal terminated, and non-
stoichiometric Mo/C ratios were observed on carburized Mo
surfaces that exhibited reactivity strongly dependent on the
surface composition and annealing temperature.364,365

The most common preparation method of molybdenum
carbide surfaces is the thermal cracking of ethylene on a
molybdenum metal surface at high temperatures.363,366 How-
ever, Mo/Au(111) is less reactive towardmost adsorbates, due to
spontaneous encapsulation of Mo by Au atoms at temperatures
above 300 K, making it impossible to carbide the Mo particles by
exposure to simple carbon containing molecules (ethylene,
butadiene) at temperatures below which the herringbone struc-
ture of the Au(111) substrate is stable (<800 K).367 Fortunately,
Horn et al. successfully generated MoCx nanoparticles employ-
ing the RLAD method via Mo deposition onto a reactive multi-
layer of ethylene, which was physisorbed on a Au(111) substrate
at low temperatures (<100 K), followed by annealing to
700 K.363 The resulting clusters had an average diameter of
∼1.5 nm and, unlike Mo clusters deposited by PVD, aggregated
in the fcc troughs located on either side of the elbows of the
reconstructed Au(111) surface. An average Mo/C atomic ratio of
1.2( 0.3 was obtained for nanoparticles annealed above 600 K.363

The chemical reactivity of these MoCx nanoparticles was
probed via the decomposition of cyclohexene.367 It was observed
that gold encapsulated the MoCx nanoparticles to some extent
upon annealing; this encapsulation can be removed by ion
sputtering at room temperature. Au-encapsulated MoCx nano-
particles were also reactive for the partial dehydrogenation of
cyclohexene at 320 K to produce benzene and molecular
hydrogen.367 The overall reactivity was low with only 0.04 ML
of cyclohexene undergoing dehydrogenation, whereas the selec-
tivity to benzene was above 95%. The high selectivity originated
from Au atoms blocking high reactivity sites on the MoCx

clusters that are otherwise responsible for complete cyclohexene
dissociation. Comparatively, MoCx nanoparticles without Au

encapsulation possessed a higher reactivity with ∼0.67 ML of
cyclohexene reacting with the surface, but partial dehydrogena-
tion to benzene was only aminor reaction pathway (6%).Most of
the cyclohexene either decomposed completely to form surface
carbon (35%) and hydrogen or was hydrogenated to cyclohexane
(20%).367

6. GOLD-BASED BIMETALLIC SYSTEMS

Alloys or bimetallic components have been widely used as
heterogeneous catalysts via the addition of a second metal to
improve activity and/or selectivity.368 The complex interplay
between elemental constituents that leads to superior catalytic
performance has been discussed in terms of ligand and ensemble
effects.369,370 Ligand effects refer to the change in catalytic
properties due to electronic interactions between the two
elements of a bimetallic alloy. Ensemble effects refer to the
spatial distribution of atomic sites that host reactants. Some
reactions that require larger ensembles of reactive atoms to
catalyze the transformation are halted when the active atom is
monodispersed throughout an inert lattice.

Au(111) represents a unique substrate due to the “herring-
bone” reconstruction (namely, 22 � √

3 reconstruction). The
periodic arrangement of elbows and ridges caused by changes in
surface domain orientation induces a long-range order in the
reconstructed surface, which often acts as preferential nucleation
sites for deposited atoms. Island growth near the elbows of the
Au(111) reconstruction has been observed in the deposition of
metals such as Pd, Ni, Co, Pt, Fe, V,Mo, Ru, andTi, but not of the
other metals such as Al, Cu, and Ag.371 The preferential nuclea-
tion at elbows of the Au(111) reconstruction is attributed to the
higher surface energies and heats of sublimation of grown metals
compared to gold,371 which presents common features such as
the position of nucleation sites and island faceting along the
close-packed Æ110æ directions.372 Since different gold-based
bimetallic systems share many similarities regarding the growth
mechanism and surface aggregation,373 we choose Pd�Au as a
representative, considering the increasing attention this system
has attracted, to illustrate the various phases of nucleation and
growth. Other bimetallic surfaces will also be reviewed individu-
ally, but an emphasis will be placed on surface properties and
chemistry, from which a general picture could be drawn regard-
ing the growth mechanism of admetals on gold surfaces.

6.1. Pd�Au
Pd�Au is known to form a nearly ideal, completely miscible

alloy at all compositions.374 It can effectively catalyze a number of
reactions such as CO oxidation, vinyl acetate (VA) synthesis,
cyclotrimerization of acetylene to benzene, selective oxidation of
alcohols to aldehydes or ketones, oxidation of hydrogen to
hydrogen peroxide or water, and hydrocarbon hydrogenation.375,376

The alloy of Pd�Au possesses the same number of valence
electrons per atom. The phase diagram of the Au�Pd system has
ordered L12 structures for Au3Pd and AuPd3 compositions, while
for the equiatomic composition the structure has not been
determined.377

6.1.1. Growth and Surface Structure. Several types of
model Pd�Au alloys have been developed including: (1) bulk
alloys with specific Pd/Au stoichiometries (e.g., PdAu and
Pd3Au), (2) thin film surface alloys prepared by the deposition
of Pd onto a single crystal of Au or vise versa, and (3) Pd and Au
thin films synthesized by their deposition onto a refractory metal
substrate, for example, molybdenum single crystals. The latter
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two systems offer considerable flexibility in varying the surface
composition simply by varying the deposition and annealing
temperature and thus are ideal methods for studying the struc-
ture and composition of bare alloy surfaces. A characteristic of the
Pd�Au alloy is the significant enrichment of Au on the surface as
a consequence of surface free energy minimization (i.e., the
surface free energy for Au is 1.63 J/m2, much lower than the
corresponding value for Pd, 2.04 J/m2).378

Pd, the lattice constant of which is about 4.8% smaller than
that of Au, grows epitaxially on Au surfaces and forms flat, well-
ordered overlayers. While alloy formation takes place for Pd
deposition on Au(100) and Au(110), the structure of Pd over-
layers on Au(111) is somewhat controversial.
The growth mechanism of evaporated Pd islands on the

reconstructed Au(111) 22 � √
3 herringbone surface has been

studied by STM (Figure 31).372,379 Atomically resolved STM
images at the very early stages of growth at room temperature
provide a direct observation of the mechanisms involved in
preferential Pd island nucleation at the elbows of the herringbone
structure of Au(111) (Figure 31c). At low Pd coverage the
herringbone structure remains substantially unperturbed and
isolated Pd atoms settled in hollow sites between Au atoms were
near the elbows and the distortions of the reconstructed
surface.372,380 In the same regions, at extremely low coverage
(0.003ML) substituted Pd atoms in lattice sites of Au(111) were
also observed, suggesting a place exchange mechanism. The
substitution plays a fundamental role in the nucleation process,
forming aggregation centers for incoming atoms and thus leading
to the ordered growth of Pd islands on Au(111). Pd islands were
grown in a close-packed arrangement with lattice parameters
close to the interatomic distance between gold atoms in the fcc
regions of the Au(111) surface.372,379 Distortion of the herring-
bone structure for Pd coverages higher than 0.25 ML indicates

strong interaction between the growing islands and the topmost
Au(111) layer.372

The degree of mixing depends on surface temperature (see
Figure 31).379 Pd deposition at a low temperature (e.g., 80�300 K)
yields isolated Pd monomers in the surface layer, and room-
temperature alloying resulted in the growth of arrays of Pd
islands.380�385 A maximum in the density of Pd monomers
occurs at 0.5 ML Pd on Au(100) and at 1/3 ML Pd on Au(111)
(coverages correspond to the Au(100)-c(2 � 2)-Pd and Au-
(111)-(

√
3 � √

3)R30�-Pd structures, respectively).378,383

However, the authors did not observe such well-ordered surface
structures, likely because Au and Pd are completely miscible over
the entire range of compositions. The lower surface energy of Au
favors its surface enrichment.386 The isolated Pd atoms both in
and under the Au surface had an electronic structure almost
identical to gold, except for very small charge depletion from the
Pd near the peak in the Au surface state. Deposition at a sample
temperature of 380 K led to the majority of Pd atoms being
alloyed substitutionally into the surface layer in the vicinity of the
edge dislocations at the elbows of the herringbone reconstruc-
tion (Figure 31b). At high temperatures (>400 K), Pd diffused to
more stable sites in the subsurface and bulk of Au
(Figure 31a),379 and a Pd2Au alloy with a (

√
3 � √

3)R30�
structure was obtained at a surface temperature of 450 K.381

Koel et al. prepared Pd ultrathin films (up to 3 ML) on
Au(111) by vapor deposition and studied the growthmechanism
over the substrate temperature range 150�650 K.387 The growth
mode of vapor-deposited Pd films on Au(111) at 150 K was
described well by an epitaxial layer-by-layer mechanism for the
first few layers.388�391 However, for Pd deposition at substrate
temperatures of 300 K and above, low-energy ion scattering
(LEIS) spectra using 1 keV Ne+ ions indicated the formation of a
surface alloy, with the extent of Au interdiffusion (alloying)
increasing with temperature.387 Annealing at 550 K restores a
roughened, Pd overlayer to an atomically flat alloy surface.385 For
higher coverages, the electronic properties of Pd films approach
those of macroscopic Pd(111).392,393

Several studies have been reported on the deposition of Pd
over Au(110) (1 � 2).394�397 The surface alloy with a (1 � 2)
superstructure was formed via a mechanismwhereby Pd adatoms
fill in the missing rows of the reconstructed Au(110) surface and
are subsequently covered by Au atoms. With further Pd deposi-
tion (e.g., above 2ML), a nearly pure Pd layer was formed on top
of the initially mixed Pd�Au interface, revealing a (1 � 1)
pattern for up to 8 ML Pd.395

On the open Au(100) surface, the epitaxial growth of Pd
adlayers has been studied by LEED, AES, and STM.398,399 For
the first 6 ML, Pd grew pseudomorphically on Au(100) with a
lateral expansion of 4.5% with respect to bulk Pd. The first
palladium layer started on both the terrace and gold islands that
were formed from the lifting process of the reconstructed
Au(100) surface and then proceeded two-dimensionally. The
following palladium layer was found to grow mainly from the
deposited palladium region on top of the gold islands. The shape
of the gold island could be identified even after four palladium
layers were deposited.399 The strain in the expanded commen-
surate (1� 1) Pd layers on Au(100) occurred with Pd coverages
between 6 and 9 ML by formation of a compressed Pd film with
respect to the Au(100) surface, and the compression increased
continuously with thickness. For ∼20 ML of Pd the lattice
constant of the film is nearly identical to bulk Pd, and three-
dimensional Pd islands develop at around 30 ML. Due to the

Figure 31. Temperature dependence of incorporation site of Pd in
Au(111) (side-view schematic and corresponding STM image). (a)
After a 0.005 ML Pd deposition of 460 K, the majority of the Pd atoms
reside in the subsurface layer and appear in the STM image as three-
lobed depressions (highlighted by red triangles). (b) At a lower sample
temperature (380 K) during 0.01 ML Pd deposition, Pd atoms are
incorporated in the surface and subsurface layers. Subsurface Pd atoms
appear as three-lobed features, whereas surface Pd atoms are protru-
sions. (c) Upon deposition (0.005 ML) at 290 K, Pd atoms exchange
place with Au atoms at the edge dislocations and then serve as nucleation
centers for the growth of monolayer high islands on top of the Au surface
that are a Pd-rich mixture of Pd and Au. Reproduced with permission
from ref 379. Copyright 2010 American Chemical Society.
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formation of Pd�Au surface alloy, no superstructure was found
for coverages from monolayer up to 30 ML Pd on Au(100).398

The growth and surface structure of gold particles/films on Pd
surfaces have also been studied and characterized by photoelec-
tron spectroscopy,400�402 LEED,385,403 LEIS,404 and STM.385,405

Taking Au/Pd(111), for example, gold grows in a layer-by-layer
fashion (interdiffusion of gold into palladium is negligible) on
Pd(111) at 300 K. Upon heating to above 600 K, gold starts to
diffuse into the bulk to form a random substitutional surface
alloy,401,403,404,406�408 reflecting bulk miscibilities and the small
lattice mismatch of the metal components. Weak repulsion
between Au and Pd atoms may drive local ordering.409 Unlike
the Pd/Au(111) system, which forms an ordered (

√
3 �√

3)R30� surface alloy upon annealing, Au/Pd(111) shows no
ordered LEED patterns except for the substrate (1 � 1) Bragg
spots that are also observed during annealing.406 STM images
demonstrated that a flat alloy surface with no islands on the
terraces can only be obtained by annealing at 925 K.405 It is
interesting to note that alloying (intermixing) occurs at a lower
temperature than does surface smoothing.
For Au/Pd(110), the surface structure also depends on cover-

age and annealing temperature.410�413 The structural transfor-
mations were accompanied by an intermixing of gold and
palladium at temperatures above 500 K, which can be predicted
by the bulk phase diagram.414 Schmitz et al. found that, for Au
coverages below 1.5 ML, the (1 � 1) overlayer structure was
independent of the substrate temperature during gold deposition
in the temperature range 130�800 K.410 A transformation from
(1 � 1) to (1 � 2) (θAu = 3 ML) and (1 � 3) (θAu = 4 ML)
structures was observed upon increasing gold coverage and
annealing the surface to temperatures above 300 K. Additionally,
a dynamical LEED analysis was performed by Kaukasoina et al.,
who proposed the formation of a Au/Pd(110) (1� 2) structure
after annealing of a 2 ML gold film at 640 K.415 In a medium-
energy ion scattering (MEIS) study, the thinnest gold films with
anisotropic strain were found to be 25 ML.412 Three different
growth behaviors were proposed by different researchers: a
Stranski�Krastanov mode (layer plus island),410 a Franck�van
der Merwe mode (layer by layer),412 and a multilayer growth
mode (0.3�2.5 ML gold).414

The surface composition of the Pd�Au alloy was elegantly
determined via LEIS by Goodman and co-workers as a function

of annealing temperature (Figure 32a).416 LEIS is inherently
sensitive to the outermost layer and is used to correlate the
relationship between the bulk and surface compositions.417 They
first confirmed that Pd�Au interdiffusion and/or alloying spon-
taneously occurred during Pd deposition onto Au films at room
temperature (e.g., a 5 ML Pd/5 ML Au/Mo(110)), which
yielded mainly flat and Æ111æ-like facets nearly independent of
substrate.418,419 Upon annealing, the surface concentration of Pd
gradually decreased with an accompanying increase in the Au
concentration. Heating the sample to different temperatures
allows one to control composition of the alloy in a single
experiment. This approach is important because the precise
determination of surface coverage of gold or palladium as a
function of the fraction of each element in the bulk of the alloy is
crucial in understanding the relationship between composition
and surface chemistry. The equilibrium surface composition
(e.g., Au0.8Pd0.2) was reached at 700 K independent of the
deposition sequences.416 Additionally, STM images of the AuPd-
(100) surface suggest that the gold and palladium atoms are not
randomly distributed. The number of nearest-neighbor (bridge)
palladium atoms was lower than expected for a random distribu-
tion, and the number of next-nearest neighbor sites was
higher.420 DFT and Monte Carlo simulations explained that this
phenomenon could be due to net repulsive interaction between
gold atoms in the alloy that leads to a larger proportion of isolated
atoms than would be expected from a random distribution.409 As
will be discussed later, the surface composition of the alloy can be
affected by the presence of adsorbates. A phase diagram of a
surface alloy of Pd�Au supported on Mo(111) was conse-
quently obtained by varying ratios of Pd/Au but maintaining a
constant total thickness of 10 ML (Figure 32b).
6.1.2. Chemical Properties. The surface chemistry of the

Pd�Au alloy is more complicated due to the coexistence of
various active ensembles and changes of these ensembles (e.g.,
surface segregation) at different reaction conditions. These
changes depend on a variety of factors such as reactant pressure,
composition, and reaction temperature. The complexity of an
alloy catalytic system could mean that the simple structure-
insensitivity situation observed for single-metal catalysts may not
be retained for the alloy. In other words, reaction kinetics with a
bulk alloy may be very different from supported particles due to
factors that might affect surface atomic composition and

Figure 32. (a) Surface concentration of Au and Pd (measured by LEIS) of 5 ML Pd/5 ML Au/Mo(110) as a function of annealing temperature. The
sample was annealed at each temperature for 20 min. Reproduced with permission from ref 378. Copyright 2006 Elsevier. (b) Surface concentration of
various Pd�Au alloys onMo(110)measured by LEIS compared to the corresponding bulk concentration. The sample was annealed at 800 K for 20min.
Reproduced with permission from ref 416. Copyright 2005 American Chemical Society.
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distribution, e.g., very different bulk compositions versus the
surface composition for bulk alloys as well as particles.421

The temperature-programmed desorption experiment is one
of the most useful methods for probing the surface chemistry.
However, the interpretation of TPD results of adsorbents from
bimetallic systems can be complicated by the continuous change
in the surface composition due to alloying occurring during TPD
experiments. For example, CO desorption continues until well
above the onset of Pd diffusion in the absence of CO. Therefore,
TPD measurements may not give a reliable estimate of the
different types of a single adsorbent present on the surface and
may give a lower bound on the desorption activation energy
(since the desorption may be induced by Pd interdiffusion and
loss of adsorption sites).
Adsorption and Reaction of CO. Carbon monoxide is very

useful for probing the surface structures of alloys since CO
stretching frequencies are very sensitive to the nature of the
adsorption site. The utility of carbon monoxide as a probe for
adsorption sites on gold�palladium alloys has been illustrated in
many relevant investigations.401,406,416,418,422�426

Gold can modify the CO adsorption capability of Pd. Photo-
emission and HREELS results indicated that the binding of CO
on the Pd monolayer on Au(111) was weaker compared to bulk
Pd owing to a decrease in electron density near the Fermi
level.427,428 This was later confirmed by Sellidj and Koel, who
showed that the binding energy of CO is slightly reduced at very
low Pd coverages.422 However, if the surface was fully covered
with a Pd layer, adsorption of COwas similar to that on Pd(111).
CO RAIRS has been used to quantitatively determine the

formation of surface Pd monomers for Pd/Au(100) and Pd/
Au(111) (Figure 33a). Intense vibrational features of CO
between 1900 and 2000 cm�1, which correspond to CO
adsorption on 2-fold bridging and/or 3-fold hollow sites, respec-
tively, were observed for multilayer Pd on Au(100) and Au(111)
deposited at or below room temperature.381,383,387 Upon anneal-
ing Pd/Au(100) or Pd/Au(111) at 600 K, the CO features in
RAIRS corresponding to bridging and/or 3-fold hollow sites
disappear, while the intensity of the features corresponding to

atop sites between 2080 and 2125 cm�1 increases significantly.
The results indicate that upon annealing contiguous surface Pd
ensembles are eliminated, leaving exclusively isolated Pd sites or
monomers, i.e., Au4Pd on Au(100) and Au6Pd on Au(111).383

Additionally, due to the presence of gold atoms, the bimetallic
PdAu(111) surface was found to have better resistance to sulfur
poison than the Pd(111) for CO adsorption.150

Desorption features for CO on Au/Pd(111) occur at 120, 255,
334, 383, and 451 K (Figure 33b). The CO desorption peak at 120
K with a 2112 cm�1 RAIRS feature was assigned to CO adsorption
on gold atop sites.383,401 The 255 K feature was assigned to CO
adsorbed on two adjacent atop sites (with a characteristic RAIRS
peak at 2144 cm�1), where one CO desorbed at low temperatures,
allowing the secondCO tomove to amore stable site. The 334, 383,
and 451K features came fromdesorption on atop (2086�2089 cm�1

RAIRS), bridge (1911�1934 cm�1 RAIRS), and 3-fold hollow
(<1900 cm�1 RAIRS) sites of Pd, respectively.401 DFT calculations
reveals that the adsorption site has the considerable influence on the
heat of adsorption, while lateral interactions are less important.424

The Au/Pd(100) alloy is arguably the simplest alloy surface
considering CO occupies only bridge sites on clean Pd(100).429

CO binds on different sites on Au/Pd(100) alloys dependent
upon the surface coverage (or fraction) of Au, and CO desorbs
with features at 120, 220, 350, and 480 K (Figure 33c). Li et al.
prepared gold�palladium alloys by initially depositing 4 ML of
gold on Pd(100) and then by annealing to various temperatures
in UHV to produce the desired Au/Pd atomic ratio.425 The low-
temperature features observed at lower palladium coverages are
probably due to the presence of low-coordination gold sites that
obscure the atop palladium site. Atop palladium sites were
occupied as the gold coverage decreased, and CO desorbs at
∼350 K, corresponding to a desorption activation energy of
∼117 kJ/mol. The 480 K feature is from the CO desorption on
palladium bridge sites only for palladium coverages greater than
0.5 ML, indicating that next-nearest neighbor sites are preferen-
tially populated by palladium atoms.425

CO also induced a change in surface structure for Pd�Au
alloys at certain conditions. At CO pressures lower than

Figure 33. (a) RAIRS spectra for CO adsorption on Pd/Au(100) and Pd/Au(111) surfaces at 100 K showing the presence (300 K anneal) and absence
(600 K anneal) of contiguous Pd sites. The Pd/Au(100) and Pd/Au(111) surfaces were prepared by depositing 4 ML of Pd at 100 K, then annealing to
300 and 600 K, respectively, for 10 min. The annealing temperatures are indicated on each spectrum. Reproduced with permission from ref 383.
Copyright 2005 American Association for the Advancement of Science. TPD spectra obtained following an exposure of 10.0 L of CO collected at 28 amu
on various (b) Au/Pd(111) (annealing to different temperatures yields different surface compositions) and (c) Au/Pd(100) alloys. A heating rate of
3.6 K/s was used. Reproduced with permission from refs (b) 401 and (c) 425. Copyright 2007 and 2010 Elsevier, respectively.
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∼1 � 10�3 Torr, Pd segregates to the AuPd(100) surface as
evidenced by the enhanced CORAIRS band intensity on isolated
Pd sites with increasing CO pressure,430 which is consistent with
DFT results.431 However, the extent of segregation was insuffi-
cient to form contiguous Pd sites on a well-annealed sample
surface. At CO pressures higher than ∼0.1 Torr, Pd segregation
was enhanced such that contiguous Pd sites were formed.430 The
binding energy of CO on contiguous Pd sites is lower than that
on isolated Pd sites. These contiguous Pd sites are active
in dissociating O2, providing atomic oxygen for the reac-
tion.430,432,433 Oxygen adatoms generated at contiguous Pd sites
“spills over” to Au/isolated Pd sites to react with chemisorbed
CO,430,432 resulting in enhanced activity compared to Pd
crystals.434 This reaction pathway likely occurs at relatively low
temperatures (<400 K) since the weak interaction between CO
and Au precludes CO adsorption on Au sites at elevated
temperatures.
NO reduction by CO was investigated over a AuPd(100)

model catalyst at near atmospheric pressures by Gao and
Goodman.435 The alloy exhibits higher CO2 formation rates
and overall selectivity for N2 production below ∼550 K than
does pure Pd, although the binding energy of NO on the alloy
surface is substantially smaller (i.e., its dissociation tendency is
much less). This behavior can be rationalized by the fact that the
low CO/NO binding energies with the alloy surface provide a
substantial population of empty ensembles for NO dissociation
at relatively low temperatures. The reaction orders in CO and
NO pressures are vastly different from Pd crystals due to the low-
binding energies of CO and NO on the alloy surface. Low-
pressure NO promotes the CO + O2 reaction via gas-phase NO2

formation; the latter dissociates to form O(ads) more efficiently
than does O2 below ∼600 K. However, when the NO pressure
exceeds a critical value, gas-phase NO2 causes surface oxidation
and thus inhibits CO2 formation.435

Adsorption and Reaction of Hydrogen and Oxygen. Direct
synthesis of hydrogen peroxide on supported Pd�Au nanopar-
ticles has attracted considerable attention following the pioneer-
ing work by Hutchings and his group.436 The Pd�Au-based
catalysts are highly efficient near room temperature, and, as will
be discussed in the next section, the supporting materials play a
crucial role in most cases. Possible reaction schemes include a
two-step mechanism starting from a superoxo precursor on
supported particles and its subsequent reaction with two hydro-
gen atoms located at neighboring 3-fold positions.375,437 A
competitive reaction involving dioxygen dissociation leads to
the nonselective formation of water.438 The presence of surface
gold atoms blocks this dissociation and increases the selectivity
toward H2O2. Under UHV conditions, Weissman�Wenocur
and Spicer investigated the oxidation of hydrogen to water on a
Pd0.8Au0.2(111) surface grown on Pd(111). The reaction prob-
ability of hydrogen with an adsorbed oxygen layer was lower on
Pd�Au compared to Pd.439 However, Lam et al. had earlier
shown that the addition of Au to Pd can significantly enhance its
overall catalytic activity for the oxidation of hydrogen with large
oxygen excess, and they observed a nearly 2 orders of magnitude
increase for Pd0.3Au0.7 compared with Pd.440 This apparent
discrepancy can be ascribed to the gold-induced lowering of
the O�Pd binding energy through a ligand effect, which would
favor hydrogen adsorption, a rate-limiting step only in the
conditions of Lam et al.
Piccolo et al. studied the H2�O2 reaction over Pd70Au30(111)

at elevated pressures (0.1�10 Torr) and compared the results to

Pd(111) and Au(111).441 The presence of palladium atoms
promotes the dissociation of hydrogen and oxygen.442 The
activity for hydrogen oxidation followed the order: Pd(111) >
Pd70Au30(111) . Au(111). This can be explained by an
observation that oxygen chemisorption is hindered by surface
gold atoms on Pd�Au(111); thus, the majority of hydrogen
adatoms are not readily oxidized and, consequently, are free to
diffuse into the bulk of the material. For the near-stoichiometric
ratio of hydrogen to oxygen, the reaction order with respect to
oxygen is unity on both Pd(111) and PdAu(111). Under this
condition, dissociative chemisorption of oxygen is the rate-
limiting step, which follows a Langmuir�Hinshelwood mecha-
nism.441 Bulk dissolution of hydrogen strongly competes with its
surface oxidation on both Pd(111) and Pd70Au30(111); the latter
absorbs more hydrogen than the former in the presence of
oxygen. The decrease of the oxidation rate on Pd(111) through
the reaction cycles is correlated with an increase in the amount of
dissolved hydrogen, until stabilization of the kinetics. Diffusion of
dissolved hydrogen atoms toward the surface determines the
oxidation rate under low hydrogen pressure.439,441

Surface Chemistry Relevant to Synthesis of Vinyl Acetate.
Acetoxylation of ethylene to vinyl acetate monomer
(CH3COOH + C2H4 + H2O f CH3COOCHCH2 + H2O)
over Pd�Au-based catalysts is an excellent example of how the
addition of Au to Pd can greatly enhance overall catalytic activity
of Pd, selectivity, and stability. Commercially, acetoxylation of
ethylene to produce vinyl acetate has been carried out on Pd�Au
bimetallic nanoparticles supported on silica promoted with
potassium acetate (KOAc). Here I will discuss the surface
chemistry of acetoxylation, beginning with the simplest phenom-
enon, namely, the interaction of a single species (e.g., acetic acid,
ethylene, and vinyl acetate) with Pd�Au surfaces, then extend
discussion to more complex issues such as the nature of the key
reaction intermediates, the mechanism, and the active ensemble
for reaction on the surface.
Tysoe and his group employing TPD and RAIRS system-

atically looked at the interaction of ethylene,407 acetic acid,408

and vinyl acetate443 on Au/Pd(111) alloys formed by depositing
5 ML of gold on a Pd(111) surface and annealing to various
temperatures in order to obtain a variety of surface compositions.
All three molecules adsorb molecularly and desorb intact on
Pd�Au surfaces with gold fractions greater than 0.5. Ethylene
adsorbs primarily on gold sites for gold coverages greater than
∼0.7, molecularly desorbing at 200�230 K with activation
energies of ∼50�57 kJ/mol. At gold coverages between ∼0.5
and ∼0.7, ethylene adsorbs on palladium sites in a π-bonded
configuration, desorbing with an activation energy of between
∼57 and 62 kJ/mol. Further reducing the gold coverage causes a
nearly linear increase in the desorption energy of ethylene with
increasing palladium content until it eventually reaches a value of
∼76 kJ/mol reported for clean Pd(111).407

For mole fractions of gold greater than ∼0.5, acetic acid
adsorbs on Pd�Au surfaces molecularly and desorbs intact at
∼200 K with an activation energy of∼52 kJ/mol. The molecule
forms a structure of catemers, which depends on gold
concentration.408 When the relative gold coverage is less than
∼0.33, acetic acid forms η1-acetate species on the surface upon
adsorption at 80 K and annealing to ∼207 K. Further annealing
leads to the decomposition of the η1-acetate to eventually evolve
hydrogen, water, and COx, or the formation of η2-acetate species
(C�COO plane oriented perpendicularly to the surface).408,444

The surface coverage of the formed η2-acetate species increases
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with a decrease in gold concentration in the near-surface
region.408

Vinyl acetate adsorbs weakly on gold sites on Pd�Au alloys
and desorbs at∼210K (with an activation energy of∼55 kJ/mol),
independent of the particle size of the gold ensembles.443

In contrast, alloying strongly influences the adsorption of VA
on palladium. Vinyl acetate desorbs from isolated palladium sites
on the alloy with an activation energy of∼70 kJ/mol, close to the
value reported on pure Pd(111).443 With increasing number of
palladium dimers and larger ensembles in the alloy, the heat of
adsorption of vinyl acetate increases. A maximum value of ∼80
kJ/mol was reported at a gold coverage of ∼0.5, but without
significant thermal decomposition of the vinyl acetate. This result
is attributed to the creation of a more distorted vinyl acetate
where the acetate group is more remote from the surface due to
the rehybridization of the vinyl group. As the gold coverage
decreases to∼0.35 and lower, thermal decomposition products,
such as methane (∼360 K), acetaldehyde (410 K), and hydrogen
(>400 K), were found similar to those on Pd(111).443

Chen and Goodman nicely draw a correlation between the
active site and reactivity in vinyl acetate synthesis and provided a
major insight into the mechanism of the promotional effect of
gold in a Pd�Au alloy catalyst (Figure 34).378,383,445 They found
that the active site is made up of two noncontiguous, suitably
spaced Pd monomers and the role of Au consists of isolating
single Pd sites.383 The pair of isolated Pd sites thus allows the
coupling of critical surface species to vinyl acetate monomers and
inhibiting byproduct formation (CO, CO2, and surface carbon)
through an ensemble effect.383 Specifically, both ethylene and
CO more weakly bind on a Pd�Au surface without continuous
Pd sites compared to a Pd surface. Considering that CO is a
reaction intermediate or byproduct in the reaction, the strong
interaction of CO on continuous Pd sites may poison the active
sites and thus decrease the activity.446 Additionally, the surface
species are different on continuous and isolated Pd. Ethylene and
ethylidyne species with the di-σ bonding were formed on
continuous Pd sites, which could further decompose into carbon
species and thus block and poison the active sites.378

The reaction mechanism for vinyl acetate synthesis remains
elusive; however, two pathways have generally been considered:
(i) adsorption and subsequent activation of ethylene to form a
vinyl species, which then couples with a coadsorbed acetate

species to form vinyl acetate,447 and (ii) adsorbed ethylene reacts
with an adsorbed acetate nucleophile to form an ethyl acetate-like
intermediate, which then undergoes ß-H elimination to form
vinyl acetate.448 Both mechanisms assume that coupling of a
surface ethylenic species and acetate to form vinyl acetate is the
rate-limiting step.383,449,450 A possible coupling reaction between
a surface ethylenic and acetate species over a pair of Pd sites is
illustrated in Figure 34b. According to the bond lengths of the
parent molecular species, the optimum spacing between two
active sites for the coupling reaction was estimated to be∼3.3 Å.
On Au(100), the spacing between two neighboring Pd mono-
mers is 4.08 Å (Figure 34a, inset), which is close for coupling of
the adsorbed surface species. However, the nearest distance
between two noncontiguous Pd monomers is 4.99 Å on the
Au(111) surface (Figure 34a, inset), which accounts for a much
lower rate of vinyl acetate formation compared with Pd/Au-
(100).383 The maximum VA formation rate on a pair of Pd
monomers on Pd/Au(100) is almost two orders magnitude
higher compared to an isolated Pd site.
Hydrogenation of Alkenes.The surface coverage and binding

energy of hydrogen and alkenes control hydrogenation kinetics
over Pd/Au bimetallic surfaces.375,451,452 Piccolo et al. looked at
the reactivity of Pd70Au30(111) and Pd70Au30(100) toward the
gas-phase hydrogenation of 1,3-butadiene at elevated pressures
(∼5 Torr) in a static reactor and compared to those of Pd(111)
and Au(111).453 Both surfaces exhibited a (1 � 1) structure.
Annealing the (111) and (110) surfaces to ∼723 K led to gold
concentrations of 75% and 85% in the top layers, respectively.
The fresh Pd�Au(111) surface, highly enriched in gold, was
weakly active, probably due to the decreased binding and cover-
age of hydrogen and/or butadiene molecules in the presence of
gold. This finding is consistent with DFT results, indicating that,
in increasing the Au surface composition, alkenes (e.g., ethylene)
become more weakly bound.451 The surface was highly activated
upon cycling, ascribed to adsorption-induced modifications of
the surface. At steady state, the butadiene-to-butenes conversion
rate on the fresh model catalysts follows the order: Pd(111) >
Pd�Au(110) > Pd�Au(111) > Au(111) ≈ 0. Gold atoms with
low-coordination numbers have a positive effect on the reaction
process, most likely through stronger adsorption of reactants.
Unlike on Pd(111), the production rate of butane was fairly low
and the selectivity to butenes reached ∼100% on Pd�Au(111).

Figure 34. (a) Vinyl acetate formation rates (TOFs) as a function of Pd coverage on Au(100) and Au(111). The VA synthesis was carried out at 453 K,
with acetic acid, ethylene, and O2 pressures of 4, 8, and 2 Torr, respectively. The total reaction time was 3 h. The two insets show Pd monomers and
monomer pairs on the Au(100) and Au(111) surfaces. (b) Schematic for VA synthesis from acetic acid and ethylene. The optimized distance between
the two active centers for the coupling of surface ethylenic and acetate species to form VA is estimated to be 3.3 Å.With lateral displacement, coupling of
an ethylenic and acetate species on a Pd monomer pair is possible on Au(100) but implausible on Au(111). Reproduced with permission from ref 383.
Copyright 2005 American Association for the Advancement of Science.
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Indeed, the presence of gold could facilitate desorption of
butenes and thus hamper their hydrogenation to butane. Con-
versely, low-coordinated sites and surface defects promote
butane formation.453 The authors also noted that hydrogen
diffusion toward the bulk Pd�Au surfaces plays a significant
role in the reaction. Along with adsorption-induced segregation
and/or surface restructuration, the formation of a surface hydride
could be responsible for the excellent reactivity of Pd�Au
surfaces. Unlike butenes, a high coverage of butadiene molecules
sterically hinders hydrogen absorption. The reaction of hydrogen
with adsorbed hydrocarbons competes with the absorption
process.453

Selective Oxidation. Hutchings and co-workers recently dis-
covered a range of bimetallic AuPd catalysts with exceptional
activity and selectivity toward the oxidative dehydrogenation of a
variety of alcohols and toluenes.454,455 For example, these metal
nanoparticles supported over titania yields up to 25-fold rate
enhancements for alcohol aerobic oxidation under mild solvent-
free conditions, while the introduction of Au also improves
selectivities to aldehydes and ketones compared to monometallic
Pd catalysts. Chemical mapping analysis employing high-resolu-
tion scanning transmission electron microscopy (STEM) indi-
cated the active nanoparticles comprise a Pd-rich shell
encapsulating a Au-rich core, and surface Au atoms could be
vital in regulating the electronic structure and thus promoting the
reaction over Pd surfaces.454

Inspired by this work, Lee et al. employing time-resolved XPS
and TPD studied the effect of annealing temperature (leading to
different surface compositions of Pd and Au) on the reactivity of
selective oxidation of crotyl alcohol (CH3CHCHCH2OH) to
crotonaldehyde (Figure 35a).456 Crotyl alcohol reversibly che-
misorbs over thick gold overlayers epitaxially grown on Pd(111)
with 153 K multilayer and 183 K monolayer desorption states456

and reaction products (e.g., aldehyde and alkene457). Gold-rich
AuPd surface alloys possessed moderate activity for the oxidative
dehydrogenation of crotyl alcohol to crotonaldehyde, which
desorbs intact at room temperature with minimal competing

side-reactions. Comparatively, palladium-rich alloy surfaces con-
vert 100% of a crotyl alcohol adlayer to crotonaldehyde, although
nearly half of the formed aldehyde subsequently decarbonylates
to produce gas-phase COx, hydrogen, and propene at 300�450 K
(Figure 35b and 35c), leaving small amounts of residual carbon
(e30% of a monolayer). This is a contrast to the surface
chemistry of Pd(111) for which only dehydration (butene and
water) and decarbonylation (CO and propene) desorption
products were observed.456 The yield of crotonaldehyde in-
creases with an increase in surface Pd content, reaching a
maximum for the Au2Pd3 surface obtained after being annealed
at 973 K (Figure 35a).
Other Reactions. The promotional effect of gold incorpora-

tion into Pd surfaces has also been demonstrated for ethyne
cyclotrimerization to benzene.385,406,458 The genesis of Pd6Au
ensembles reduced hydrocarbon decomposition and promoted
desorption of benzene, which is consistent with analogous
studies on dispersed AuPd colloids.458 The similar enhancement
phenomenon has also been observed for the reaction of propy-
lene oxide and 2-butanol.459 The surface chemistry of these
molecules is strongly affected by the formation of a dilute Au/
Pd(111) alloy (with a gold coverage of∼8%) as compared to the
chemistry on pure Pd(111).459 On the alloy surface, propylene
oxide decomposes via a proposed oxametallacycle at ∼190 K,
which finally decomposes at ∼250 K to yield adsorbed CO and
ethylidyne species; on clean Pd(111), it desorbs without reacting.
2-Butanol completely thermally decomposes on the alloy at
exposures below ∼0.4 L to yield hydrogen and CO, while any
additional adsorption produces 2-butanol by 2-butoxide rehy-
drogenation or 2-butanone via a β-hydride elimination
reaction.459 Interestingly, Gao et al. showed that propylene oxide
does not adsorb strongly enantiospecifically on a 2-butanol-
modified surface, and the extent of total decomposition of
2-butanol is not affected by the presence of propylene oxide.
However, the reaction of the 2-butoxide species to form 2-buta-
none or 2-butanol is strongly enantioselective, where values
of enantioselective excess of 100% toward the formation of

Figure 35. TPD spectra for (a) crotonaldehyde production from a saturated crotyl alcohol adlayer adsorbed on oxygen-precovered 3.9MLAu/Pd(111)
surface alloys at 100 K as a function of annealing temperature. Reproduced with permission from ref 456. Copyright 2009 Elsevier. (b) 3 L
crotonaldehyde and (c) 3 L C3H6 adsorbed on oxygen-precovered Pd(111) and Au/Pd(111) (XAu = 0.56, obtained upon 4 ML Au film annealed to
773 K) at 120 K. Reproduced with permission from ref 457. Copyright 2010 Royal Society of Chemistry (the PCCP Owner Societies).
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R-2-butanol when coadsorbed with R-propylene oxide are found.
It is suggested that this is controlled by the initial enantioselective
decomposition of 2-butanone, which leaves a surface enriched
with the R-2-butoxide species.459

6.2. Ni�Au
The bulk Au/Ni phase diagram manifests a large miscibility

gap,460 which suggests no alloy formation at low temperature.461�463

However, for bothAu/Ni(111) andAu/Ni(110) systems, STM,461,464

AES,465 LEED,462,465 LEIS,462 and theoretical calculations461,466,467

have confirmed that a surface alloy restricted to the outermost
layer is energetically favorable. Both Au and Ni have fcc crystal
structures; however, due to a 15.7% lattice mismatch (Au, 4.079 Å;
Ni, 3.524 Å), formation of a pseudomorphic Au monolayer on
Ni(111) is energetically unfavorable and considerable strain was
likely produced at the interface. DFT calculations indicated that
it is an activated endothermic process with an activation energy of
1.7 eV.468 Indeed, Nielsen et al. found that, although Au atoms
initially alloy into the Ni(110) surface, phase separation (e.g.,
dealloying) occurs for gold coverages larger than 0.4ML, which is
due to the surface stress induced by the substituted gold
atoms.464,469 Umezawa et al. reported that the growth of a
(9 � 9) Au overlayer on Ni(111) occurs in two discrete modes,
which strongly depend on the growth temperature during
deposition.462 This finding was supported by Jones et al.470

and Zafeiratos et al.,471 who concluded that the density of Au is
substantially higher in the ultrathin film compared to bulk Au.

The initial growth of Ni forms 2D clusters at the elbows of the
Au(111) herringbone reconstruction, which eventually leads to a
pseudomorphic structure.473,474 These clusters influence the
growth of subsequent layers of Ni, causing a relatively rough
morphology for Ni films (e.g., 8�13 ML).475,476 Upon anneal-
ing, Au diffuses through the Ni films to the surface layer, which
eventually generates a Au monolayer on a Ni-rich subsurface
region. Complete loss of Ni into the bulk occurs following an
anneal to higher temperatures (e.g., 630 K).476 A diagrammatic
representation of the annealing behavior of Ni on Au(111) is
illustrated in Figure 36,472 which was also supported by DFT
calculations.477

For the reconstructed Au(110) (1� 2) surface, submonolayer
coverages (e.g., 0.25 ML) of Ni deposited between 130 and
180 K grow in themissing row.463 After adsorption at 130 K, Ni was
very evenly distributed over the surface, and no alloy was formed.

However, island-assisted alloying took place upon increasing the
deposition temperature to 300 K.478 Substitutional Ni atoms are
between adislands in the top Au rows of the terrace.478,479 An
asymmetry in their lateral distribution with respect to adislands
along the [110] direction was found, suggesting that these Ni
atoms are incorporated during island ripening, when small
clusters of adatoms, in a double row configuration, merge to
form 2D adislands.478,480

Adsorbents can also induce reconstruction of Au�Ni surface.
Vestergaard et al. showed that CO induces a phase separation of
the surface alloy Au/Ni(111) at high pressures and observed the
removal of Ni atoms from the surface layer upon CO
exposure.481,482 DFT calculations indicated that Au atoms bind
the CO ∼1 eV more weakly than the Ni atoms and that the
thermodynamic driving force for the phase separation is the Au-
induced compression of the COoverlayer with a resulting dipolar
repulsion.481 Holmblad et al. concluded from a TPD study that
the binding energy of a CO molecule is reduced by ∼0.3 eV/
molecule as the Au concentration in the surface layer increases
from 0 to 0.7 ML,483 which is consistent with theoretical
results.468,484

Au/Ni(111) has been reported by Lahr and Ceyer to catalyze
low-temperature CO oxidation.485 Through a combination of
HREELS and molecular beam scattering, they showed that
molecularly adsorbed oxygen is stabilized on the Au/Ni(111)
surface alloy at 77 K, which is very reactive for the CO oxidation
reaction at low temperature. The necessity of a molecularly
adsorbed species, as opposed to gas-phase O2, for reaction with
COwas validated from the absence of reactivity upon exposure of
the CO-covered surface alloy to O2.

485 At an O2 coverage below
0.5 ML, the reaction probability of CO with molecularly ad-
sorbed O2 was estimated to be between 0.5 and 1. Between 105
and 125 K, CO2 production coincides with O2 dissociation,
suggesting a “hot atom” mechanism. Above 125 K, CO and O
bound to Au react directly, resulting in CO2 formation.485 In an
extended study, Knudsen et al. revealed increased low-tempera-
ture CO2 formation upon addition of Au, which blocks active
sites for the formation of carbonate.486 In contrast to the model
of molecularly adsorbed O2 by Lahr et al., DFT calculations
suggested that NiOx surfaces accumulated upon saturation with
O2 play a central role in catalyzing CO oxidation at 100 K.486

Addition of gold into nickel decreases the catalytic reactivity.
Besenbacher et al. showed that addition of gold to Ni(111)
induced a decrease in dissociation activity of methane.466 The
initial sticking probability ofmethane on aAu/Ni(111) with 0.25ML
of gold decreased to ∼10% of the sticking value of the bare
Ni(111) surface.483 DFT calculations demonstrated that the
dissociation barrier of CH4 on a Ni atom (the barrier to
dissociation on a Ni(111) atom is ∼100 kJ/mol) increased by
16 kJ/mol in the presence of a single Au neighbor.406,487 Two
neighboring gold atoms lead to a 38 kJ/mol increase of dissocia-
tion energy. Since the methane molecule interacts with the d
states of nickel during dissociation, the loss of activity can be
explained by a lowering of the d-band center whenNi is in contact
with Au.466 The gold-covered nickel surface also showed a reduced
tendency to bind carbon stronger and form graphite (which
accounts for the deactivation of catalyst). The same group further
synthesized a conventional Au/Ni/MgAl2O4 catalyst (16 wt % Ni,
0.3 wt % Au) and obtained an enhanced durability compared to a
pure Ni catalyst for steam reforming of methane.466

The adsorption of α-amino acids and α-hydroxy acids on
Raney Ni or supported Ni catalysts has attracted consideration

Figure 36. Diagrammatic summary of the effect of annealing an 8 ML
Ni film on Au(111). Reproduced with permission from ref 472. Copy-
right 2010 Elsevier.
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attention for enantioselective catalysis, particularly for the hydro-
genation of β-ketoesters.472 In order to elucidate the effect of Ni
alloying with Au on the selectivity of the reaction, Baddeley and
co-workers looked at the reaction of tartaric acid (HOOCCHO-
HCHOHCOOH)488 and glutamic acid (HOOCCH2CH2CHN-
H2COOH)

472 on Au/Ni bimetallic surfaces. The adsorption of
both species is dependent on surface composition and induces
the surface segregation of Ni, resulting in activeNi-rich regions of
the surface. Taking glutamic acid, for example, adsorption is facile
and at 300 K on Ni-rich surfaces, which causes the formation of
nickel pyroglutamate species via the dehydration and internal
cyclization of glutamate. On the other hand, segregation of Ni to
Au-rich bimetallic surfaces was observed upon adsorption of
glutamic acid even at 300 K. This is probably due to the
formation of nickel pyroglutamate on the surface. Segregation
can be reversed by annealing the adsorbate-covered surface to
400 K, the onset temperature for decomposition/desorption of
pyroglutamate species.472

6.3. Pt�Au
6.3.1. Growth and Surface Structure. Nahas et al. exam-

ined the morphology of Pt�Au(111) with low Pt coverages
(0.02 ML�0.4 ML) and observed a competition between the
ordered growth of nanodots and a random intermixing between
Pt and Au via STM.489 Pt deposition on the Au(111) surface at
room temperature shows an ordered growth limited by the
insertion of Pt atoms into the surface layer and the subsequent
modification of the herringbone surface pattern.489

Relatively speaking, the growth mechanism of platinum films
of gold surfaces is somewhat controversial. Matthews and Jesser
first studied this system by depositing Pt thin films on Au(111)
and Au(100) surfaces employing molecular beam epitaxy
(MBE), and used ex situ transmission electron microscopy
(TEM) to examine morphology of the films.490 Growth at 313
and 573 K yielded identical results for both surfaces; no 3D nuclei
were formed at any stage of growth, and the Pt films remained
planar with misfit dislocations (with a spacing of ∼25 nm)
appearing at a critical thickness of ∼1 nm. Accordingly, they
suggested the Frank�van-der-Merwe mode (layer by layer) for
Pt/Au growth.490 In contrast, Sachtler et al. examined MBE
growth of Pt on Au(100) using in situ LEED and AES and
concluded the Volmer�Weber growth mode (island formation)
for Pt/Au(100) growth at temperatures between 423 and
473 K.491 Sugawara and Nittono found, consistent with Matthews
and Jesser and at variance with Sachtler et al., that growth
occurred via the Frank�van-der-Merwe mode.492 Recently,
Uosaki and co-workers electrochemically deposited Pt thin films
to Au(111) at room temperature using electrolytes containing
the [PtCl6]

2� complex.493 They characterized morphological
evolution using in situ STM and presented clear evidence of
layer-by-layer Frank�van-der-Merwe growth albeit with
some increase in surface roughness.493 In contrast, Waibel
et al. performed a very similar study using both [PtCl4]

2� and
[PtCl6]

2� containing electrolytes and showed evidence for the
Volmer�Weber growth,494 which was supported by a theoretical
study by Chang and Carter.495 However, simulation studies by
Haftel et al. predicted a fairly complex evolution of the Pt film,
which could be best described as the Frank�van-der-Merwe
growth.496 Additionally, Pedersen et al. studied the initial growth
(up to 2.5 ML) of Pt on Au(111) at 373 K using STM and
suggested the growth in the Frank�van-der-Merwe mode.
Specifically, marginal surface alloying was limited to the first

monolayer; subsequent monolayers grew as pure Pt with a flat
morphology conformal to the substrate without nucleation of
islands,.497 Notably, Mathur and Erlebacher revisited this system
with hopes to understand and clarify differences in the growth
mode observed in electrochemical deposition studies and in
UHV systems .498 They grew thin (1�10 nm) films of Pt on
Au(111) via a PVDmethod and found that Pt grows in a layer-by-
layer growth mode on a smooth Au(111) surface. However,
upon exposure of the gold substrate to an acidic environment
prior to Pt deposition, the substrate became nanoscopically
rough (islanded) and a pseudo-Stranski�Krastanov growth
mode (forming both layer and island) was suggested.498

The surface structure of gold-covered Pt surfaces has also been
investigated dynamically.499,500 Sachtler and Somorjai showed
that deposition of Au on Pt(111) at 300 K produces an epitaxial
Au layer consisting of 2D islands that leave large ensembles of
Pt(111) uncovered. With increasing coverage of gold, the islands
grow until the monolayer is completed, before the second layer
begins to form.499 Adsorption of Au atoms on Pt(100) causes a
local lifting of the reconstruction.500 Rectangular islands with
monolayer height were observed during the initial stage of Au
deposition. STM images showed that Pt atoms were diffused into
the first-layer Au islands, contributing to∼20% of the island area.
The first-layer islands preferably nucleate at step edges over flat
terraces. Structural defects on Pt surfaces also serve as nucleation
sites. Interestingly, growth of the second monolayer islands
occurs prior to the completion of the first monolayer.500 Further
growth proceeds in a quasi-layer-by-layer mode; with a film
thickness higher than 4ML, a (1� 7) surface reconstruction was
observed.500

The morphology and surface composition of the Au�Pt
surface is strongly dependent on temperature, showing an
ordering effect at room temperature.489,499 Kobiela et al. char-
acterized the electronic and surface structures of gold films
deposited on Pt(111), and from UPS analysis showed that
annealing the surface to 750 K and higher results in diffusion
of Au into the Pt bulk (initiated at the step edges).501 The Au�Pt
surface alloy is formed between 950 and 1050 K. At 1150 K the
depletion of Au is completed.501 STM investigations of the
alloyed surface showed that the bright areas consist of Au�Pt
surrounded by darker patches of clean Pt, suggesting that the Au
diffusion into the Pt substrate is initiated at the step edges.501

6.3.2. Chemical Properties. In a study of CO adsorption.
Pedersen et al. observed a decrease in binding energy of CO for
thin platinum films on Au(111).497 However, as a decline of
platinum coverage, the binding strength of CO was decreased, as
also confirmed via DFT calculations.502 A maximum desorption
temperature of CO at a 1.3 ML of Pt was∼40 K higher than that
of Pt(111).497 Increase of CO binding energy can be ascribed to a
shift in the valence states of the Pt atoms in the Pt�Au surface
alloy. The d band shift could be originated from the lattice
expansion by the Pt islands.497,503

In the opposite case of Au atoms alloyed into a Pt(111)
surface, a strong dependence of desorption temperature of CO
on Pt concentration in the surface alloy has been reported by
Sachtler and Somorjai499 and later confirmed by Kobiela et al.501

Particularly, when the Au surface concentration was increased,
and thus the Pt ensembles became smaller, CO interacted more
strongly with the surface compared to clean Pt(111). This result
is in contrast to the Pt�Au(111) system, which can be explained
via the mechanism responsible for the increased desorption
temperature of CO from the first-layer islands of Pt�Au on
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Au(111).497 The concentration dependence of the d-band shift
of Pt in a Pt�Au alloy for a Pt�Au alloy on Au(111) and Pt(111)
is shown in Figure 37.497

One should also note that the CO binding is stronger on both
the Pt/Au and the Pd/Au overlayer systems and on the PtAu
surface alloys with a coverage of more than 1 ML compared to
the pure metal surfaces. This suggests that depositing a more
reactive metal on gold surfaces with a larger lattice constant (the
lattice constant of Pt is about 5% smaller than that of Au, similar
to that of Pd compared to Au) could make it more reactive.504

The intermixing of Pt and gold upon annealing the Au�Pt
surface to high temperature leads to a reduction of Pt
ensembles,499 which has a profound effect on the catalytic
properties. The surfaces with only small Pt ensembles are more
active than pure platinum and have a high selectivity for reactions
like isomerization, while surfaces with an unaltered site distribu-
tion behave as pure Pt.499,505 Yeates and Somorjai observed a
surface structure sensitivity of Au�Pt alloys (Au�Pt(100) and
Au�Pt(111)) using n-hexane as a probe molecule,505 which
converted into 2- and 3-methylpentane (isomerization), methyl-
cyclopentane (C-5 cyclization), benzene (aromatization), and
hydrogenolysis products.499 The activity of the Au�Pt(100)
alloy decreased linearly with increasing surface atom fraction of
gold. The Au�Pt(111) alloy showed an enhancement in reac-
tivity as the surface atom fraction of gold was increased from 0 to
0.4, and then fell off with a further increase in the surface
concentration of gold atoms.499

Introduction of gold onto Pt stepped surfaces in some cases
decreases the catalytic reactivity due to the blocking of active
sites. Skelton et al. showed that gold deposited on Pt(335) (it has
four-atom-wide (111) terraces separated bymonatomic (100) steps)
blocks the step sites, which are active sites for dissociation of NO,
molecular oxygen, and hydrogen on Pt(111) (Figure 38).506�508

The presence of gold on the Pt(335) surface, therefore, reduces
the catalytic reactivity of reactions involving dissociation of
adsorbents at step sites, e.g., CO oxidation507 and hydrogen
oxidation.508 This is consistent with a previous study of CO
oxidation on Pt(100) with a submonolayer gold coverage, where
the presence of Au atoms essentially reduces the adsorption
probability for oxygen and the diffusion coefficient for

chemisorbed CO.509 Considering the dissociative adsorption of
NO (Figure 38a) and oxygen (Figure 38b), for instance, on bare
Pt(335) oxygen adsorbs dissociatively above 200 K with recom-
binative desorption peaks at 700 and 850 K from the terrace and
step sites, respectively. Oxygen dissociation takes place predo-
minantly at the step sites, with only a 5% probability of dissocia-
tion on the terrace sites. On the 0.3 ML Au/Pt(335) surface, the
step sites were filled by Au; however, the saturation oxygen
coverage was reduced by only 20% compared to bare Pt-
(335).506,507 Desorption of oxygen is also exclusively from the
terrace areas of the surface that remain unblocked by the Au.
Although the sites at which oxygen would initially dissociate on
bare Pt are filled with Au, the oxygen molecules still find
dissociation sites, although far less efficiently.507 Because a partial
Au overlayer has a much weaker effect onO2 dissociation than on
NO dissociation, a Pt(335) surface with 0.45 ML Au is at least
100 times more active for O2 dissociation than for NO
dissociation506 This result could explain how the oxygen-pump-
ing electrodes work in a NOx sensor.

506

6.4. Ru�Au
Few studies regarding the structure and reactivity of ruthe-

nium clusters on gold surfaces have been reported, probably due
to the relative difficulty in depositing Ru directly from a metal
source under UHV conditions. Cai et al. prepared submonolayer
Ru nanoclusters on Au(111) via decomposition of Ru3-
(CO)12.

358 Carbonyl molecules were partially decomposed after
adsorption at room temperature, and Ru preferentially nucleates
at the elbow sites of the Au(111) herringbone reconstruction,
forming ordered arrays of nanostructures. The decarbonylation
was complete at ∼500 K, at which aggregation and the emer-
gence of islands of Ru were observed.358 Surface morphology and
the nature of the nucleation sites depend on the deposition
conditions. Strbac et al. electrochemically deposited Ru on
Au(111) using RuCl3 and then demonstrated that the nucleation
of Rumonolayer islands proceeds mainly in the fcc regions of the
reconstructed surface, rather than at the elbow sites of the
Au(111) electrode.510,511

The structure of gold deposited on Ru surfaces (e.g., Ru-
(0001)) is dependent on the surface coverage and temperature.

Figure 37. Ab initio LMTO calculations of the d-band shift of Pt atoms in (a) a Pt�Au alloy on Au(111) and (b) a Pt�Au alloy on Pt(111). On the basis
of these calculations, the d-band shift of Pt in Pt�Au alloy on Au(111) is independent of Pt coverage, whereas a strong dependence is shown for Pt in the
Pt�Au alloy on Pt(111). This could be an explanation for the observation of a concentration dependence of the CO desorption from a Pt�Au alloy on
Pt(111).499 The increase in CO desorption temperature seen when the Au coverage was increased can be explained by an upward shift of the Pt d-state in
the Pt�Au alloy formed. Reproduced with permission from ref 497. Copyright 1999 Elsevier.
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As a general tendency, lower substrate temperatures favor an
island growth of the Au (e.g., Stranski�Krastanov growth
mechanism),513 whereas higher Ru temperatures lead to a more
pronounced spreading and dispersion of the Au atoms (e.g.,
layer-by-layer growth up to 2 ML514,515).516 The hcp(0001) face
is a close-packed surface with the same two-dimensional packing
of atoms as Au(111). Au wets the Ru surface, but neither forms
alloys with Ru nor diffuses into the Ru(0001) substrate.517

Submonolayer films of Au deposited on Ru(0001) at room
temperature form dendritic islands,518,519 which, upon annealing
to 650 K and above, evolve into a herringbone pattern.512

Figure 39a is an STM image of a 1 ML Au film on a large Ru
terrace. The stripe domains are organized into a herringbone
pattern with the elbows separated by about 100 nm.512 On
terraces narrower than about 100 nm, the stripe domains are not
ordered into a herringbone. Instead, the stripes form random
rotational domains with no long-range order (Figure 39b). The
average separation of Au atoms along a close-packed row is 2.78 Å
(Figure 39c).512 That is, the Au atoms in a 1 ML film are
contracted ∼3% relative to bulk Au. Interestingly, a trigonal
structure develops when Au grows up to two layers and above on
Ru(0001). Considering that the misfit (strain) between bulk Au
and bulk Ru is 6.2%, the authors concluded that the interface
reconstruction in the first Au layer relaxes the in-plane spacing of
the second Au layer to nearly the bulk Au spacing.512

The growth of Au on Ru(100) at 300 K was found to follow a
nonpseudomorphic, simultaneous multilayer mode,520 con-
firmed by oxygen uptake measurements, where Poulston et al.
showed that oxygen chemisorption was not completely sup-
pressed up to a Au loading of 2.5 ML.521 For Au precoverages
lower than 2.5 ML, exposure to oxygen resulted in the formation
of characteristic O/Ru(100) LEED patterns, c(2 � 4) followed
by (2 � 1), indicating oxygen adsorption on free Ru sites. The
presence of oxygen on the surface weakens the Au�Ru
interaction.520

6.5. Cu�Au and Ag�Au
Copper, silver, and gold are metals that have many uses in

catalysis and plasmonics. Although they are coinage metals found
in the same group of the periodic table, their catalytic behavior, in
some cases, is quite different. Heterogeneous copper and silver
catalysts are well-established hydrogenation and oxidation cata-
lysts, e.g., in the production of methanol, while nanosized gold
has been recognized as an active heterogeneous catalyst more
recently.

Cu and Ag have electron affinities that are much smaller
compared to Au and thus can donate net electrons when present
on gold surfaces.368 Copper and silver are among metals not
preferentially nucleated at the elbows of the Au(111) herring-
bone surface, macroscopically due to the lower surface energies

Figure 38. Desorption of (a) NO, (b) O2, and (c) H2 from Pt(335) and partially Au-covered Pt(335) as a function of Au coverage (denoted as x, ML).
The NO dose was sufficient to fill the step sites with just a small amount on the terrace on bare Pt(335). Three H-coverages are shown: 1%, 44%, and
saturation. The same scale is used for all curves on bare Pt(335). Reproduced with permission from refs (a) 506, (b) 507, and (c) 508. Copyright 2001,
1999, and 2000 American Chemical Society, respectively.

Figure 39. STM images of 1MLAu film grown on Ru(0001). (a) Herringbones on a large terrace. (b) Random distribution of rotational stripe domains
on a narrow terrace. The image is differentiated to show the stripes on all four Ru terraces. (c) Atomic structure of the elbow at the boundary where two
stripe domains meet. As shown by the Burgers circuit (yellow line), a perfect edge dislocation exists at the intersection (elbow) of the two partial
dislocations. The extra row of atoms at this dislocation core starts on the convex side of the intersecting partial dislocations. The substrate temperature
was held at 423 K during Au deposition, and the deposited Au films were flash annealed to∼800 K to achieve a well-ordered surface. Reproduced with
permission from ref 512. Copyright 2006 Elsevier.
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and heats of sublimation compared to gold.371 The phase
diagram for the Cu�Au binary system (with lattice parameters
of 3.615 Å and 4.079 Å, respectively) indicates that they can form
a continuous solid solution at high temperature, whereas at lower
temperatures superlattices are formed around the Au3Cu, AuCu,
and AuCu3 compositions.13,522 Regarding electrochemical de-
position, Cu forms (

√
3 � √

3) or (1 � 1) ordered overlayers
on Au(111) and no intermixing between Cu and Au was
reported.523,524 Under UHV conditions, reflection high-energy
electron diffraction (RHEED) patterns showed that Cu pseudo-
morphically adsorbed on Au(111) at submonolayer coverages,
while intermixing takes place above one monolayer coverage.525

However, the formation of a pseudomorphic layer at submono-
layer coverages is somewhat questionable, because RHEED
allows a structural analysis but not an elemental content analysis.
Indeed, ISSmeasurements have clearly shown that Cu intermixes
with the Au(111) surface at 300 K or higher temperatures.
However, a considerable fraction of Cu is present on the Au(111)
surface upon deposition at 100 K.526 The intermixing and alloy
formation at and above room temperature occur for Au/Cu-
(100),527,528 Au/Cu(110),529 Au/Cu(111),530 and Au�Cu
films.460 A similar phenomenon has also been reported for silver
growth on Au(111) under UHV conditions.531�533 Theoretical
calculations for Cu/Au(111) further showed that Cu atoms
penetrating into the substrate are more energetically stable than
those staying on the surface (Figure 40).526,534,535

Hsieh et al. studied Ag epitaxial overlayers on Au(111) and Au
epitaxial overlayers on Ag(111).536 Ag and Au have a negligibly
small lattice mismatch, and the overlayers grow in a layer-by-layer
fashion with few stacking faults at the interface under UHV
conditions.532,536�539 At submonolayer coverage, Ag nucleates at
steps and grows across terraces; rapid surface diffusion without
rapid edge diffusion leads to the formation of finger-like
structures.540 Electrochemical deposition of Ag on Au(111)
follows a Stranski�Krastanov mode, where two epitaxial layers
of Ag were sequentially formed prior to the heterogeneous
nucleation of 3D Ag crystallites which preferentially developed
on steps.541 Similar to Cu�Au, intermixing and alloy formation
of the Ag�Au system starts to occur at room temperature.

Cu542 or Ag543,544 deposited on Au(110) (1 � 2) at 300 K
leads to a Au/Cu/Au(110) or Au/Ag/Au(110) sandwich struc-
ture. The introduction of the Cu or Ag underlayer causes the
topmost Au layer to change from a missing-row structure to a

more densely packed rotated phase.542�544 A similar structure
has also been reported for the growth of Au on Ag(110)545 and
iron on Au(100).546

Zhao et al. examined the chemical properties of Cu/Au(111)
using SO2

526 and glycine547 as probe molecules. Surface compo-
sition has a significant influence on SO2 adsorption. DFT
calculations revealed electronic perturbations in the Cu overlayer
contributing to the enhancement of chemical reactivity. The
value of θCu determines the binding energy of SO2; the presence
of more Cu atoms in the surface leads to stronger bonding
energies toward SO2.

526 Cu/Au(111) also behaves differently
from pure Cu. Surprisingly, a temperature increase does not
cause cleavage of the S�O bond on the bimetallic surfaces.
Instead, the Cu atoms in the surface migrate into Au, accom-
panied by SO2 desorption. It is likely that ensembles of the active
sites required for the dissociation of SO2 are not available. For
Cu/Au(111), ensemble effects clearly overcome electronic
effects.526 In the Cu submonolayer range, glycine physically adsorbs
on Cu/Au(111) in its zwitterionic form (NH3

+CH2COO
�) and

completely desorbs at 350 K.547 The binding energies of
molecules monotonically increase with Cu coverage, and the
admetal is alloyed with Au rather than forming overlayers on the
Au(111) substrate. Upon increasing the amount of deposited Cu
over 1 ML, part of the glycine overlayer transforms from the
zwitterionic state to the anionic form (NH2CH2COO

�) and
chemically adsorbs on the surface with the N 1s binding energy
shifted by �2.3 eV.547 Glycine adsorption induces Cu segrega-
tion from the subsurface region onto the top layer of the
substrate. As the Cu coverage further increases to 6 ML, part
of the chemisorbed glycine decomposes upon heating to
450�500 K.547

CO adsorption and oxidation were dependent on the local
configuration of Au and Ag. On a Au-enriched Ag(110) surface,
the presence of Au enhanced CO adsorption. Au substitution
into the second Ag subsurface layer led to a lower reaction
barrier.548 While the CO adsorption energy for Au substituted at
the second layer was not as strong as that for Au substituted in the
top overlayer, it led to the best CO oxidation performance.
Although DFT calculations showed that both the ER and LH
mechanisms are plausible, the activation barriers of the ER
mechanism decrease more upon Au substitution and the ER
transition states are energetically more accessible. Therefore, the
authors concluded that the ER mechanism plays an increasingly

Figure 40. (a) Various optimized configurations for depositing one monolayer of Cu on a Au(111) surface. For each configuration, the upper and the
lower drawings display the top and side view, respectively. i, ii, iii, iv, and v correspond to different configurations with a Cu concentration (θCu) on the
surface of 100%, 75%, 50%, 25%, and 0%, respectively. (b) Calculated surface stability of Cu/Au(111) as a function of θCu. Here the stability is expressed
in reference to the case of a Cu overlayer on Au(111) with a Cu concentration on the surface of 100% as shown in (i) of (a). Reproduced with permission
from ref 526. Copyright 2005 Elsevier.
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important (though not necessarily dominant) role in CO oxida-
tion on the Au�Ag(110) bimetallic system.548

6.6. Ir�Au
Au is not miscible with Ir. Upon deposition of gold on Ir

surfaces (or vice versa), the Au overlayer is compressed due to a
lattice mismatch with Ir, where one can expect enhancement of
the electron density at the surface.549

Ir�Au, however, can form near-surface alloys, and has pro-
mise for hydrogen-related applications.549 Some near-surface
alloys bind atomic hydrogen as weakly as the noble metals, while
retaining an ability to dissociate molecular hydrogen more read-
ily than the noble metals.550 Okada et al. prepared Au films
(1�10ML) epitaxially grown (with a (1� 1) LEED pattern) on
an Ir(111) surface;551�553 the first Au layer grew in a complete
layer at 100 K, whereas higher Au layers were found to grow in a
3D island mode.554 The island shape and island density strongly
depend on the underlying layer and sample temperature. The
first-layer islands have a dendritic shape with a triangular
envelope. The second-layer islands have a triangular compact
shape at 300 K and an irregular compact shape at 100 K, and the
third- or higher-layer islands are irregularly shaped at both
temperatures.555 Island density at 100 K is much higher than
that at 300 K.

Interestingly, these gold films on Ir(111) were able to
dissociate molecular hydrogen.551�553 The formed hydrogen
atoms on Au/Ir(111) recombinatively desorb at lower tempera-
tures (<400 K) than from the Ir(111) surface, suggesting that
hydrogenation chemistry (iridium itself has remarkable capabil-
ity in activating C�C and C�H bonds) could be catalyzed by
Au/Ir bimetallic nanoclusters/surfaces.551 The annealing of the
thin Au films induces no changes in the reactivity of hydrogen
dissociative adsorption.551 The authors also suggested that
hydrogen can be trapped in the interface between Au and Ir, if
hydrogen is first dissociated on Ir and Au is overlaid on the Ir�H
system.552,553,556 Contrary to this behavior, we note that Au
overlayers on Pt(111) were not able to dissociate H2, although Pt
itself is active in breaking the H�H bond.557 The dissociative
adsorption of hydrogen on the surface of Au�Ir can be explained
by changes in the surface electronic structure induced by the Au
overlayer on the Ir surface. Mavrikakis and co-workers observed
an upshift in the d-band center of the remaining surface Ir atoms
as Au is progressively alloyed into the surface.558 The center of
the d-band of Au�Ir(111) is expected at 4.15 eV below EF,

559

which is located below the d-band centers of pure Ir (2.11 eV)
and pure Au (3.56 eV).

6.7. Na�Au and K�Au
The interaction of alkali metals with gold surfaces has been

investigated theoretically and experimentally for decades, be-
cause of its importance in catalysis (alkali metals are often used as
promoters in many reactions), particularly, fundamental under-
standing of how surface coverage of alkali metals affects structural
properties of surface and consequent reactivities.

Barth et al. observed via STM intermixed layers on Au(111)
upon deposition of Na at 300 K.560,561 A (4 � 2) metastable
substitutional structure evolved at a coverage of 0.5 ML, and a
mixed NaAu2 structure was observed in the topmost layer upon
annealing the sample to 600 K. The NaAu2 structure with a
hexagonal lattice possesses a (1.08

√
3 � 1.08

√
3)R30� geome-

try, in which a honeycomb structure of Au atoms is formed and
occupied by Na atoms. This lattice mismatch induces a regular
hexagonal Moire pattern with ∼38 Å periodicity and ∼0.5 Å

corrugation.562 For K�Au(111), the same group carried out
LEED and STM measurements to study coverage�structure
dependence at various temperatures.563 At room temperature, a
structural sequence (22 �√

3)f (
√
3 �√

3)R30� (θK = 0.33
ML) f (2 � 2) (θK g 0.5 ML) was observed by LEED; the
(
√
3�√

3)R30�f (2� 2) structures were assigned to an adlayer
and an Au�K intermixed layer from STM experiments.563

There is only one alkali metal system for Au(110)—
K/Au(110), in which a c(2 � 2) structure is formed. This
structure was first observed by Behm et al. when they deposited
0.5 ML of potassium on Au(110) (1 � 2) at 100 K followed by
flashing to 400 K.564,565 The c(2 � 2) structure was interpreted
as a result of diffusion of surface Au atoms to occupy the half
missing-row sites. This was later confirmed by first-principles
total-energy calculations566 and medium-energy ion-scattering
analysis.567 Barth et al. observed the evolution of Au(110) (1� 2)
to Au(110) c(1 � 2) employing STM.568 At very low coverages
(i.e., <0.1ML), the K atoms stabilize missing-row-type structures
with deep (1 � 3) channels. A (1 � 2) missing-row structure,
identical to that of the clean surface, was found in the coverage
range between 0.15 and 0.25 ML. At coverages beyond 0.25 ML,
the K atoms disrupt the densely packed Au atomic rows of the
surface, and highly anisotropic elements of a c(2 � 2) structure
consisting of a mixed K�Au surface layer are formed.568

Surface Au atoms on clean Au(100) are rearranged to a surface
structure of (5 � 20) in the presence of alkali metals. For
instance, Neumann et al. based on LEED patterns showed a
structural sequence of (5� 20)f (2� 1)f (2� 2)f (2� 2)
on Au(100) with an increase in Na coverage at 300 K.569 At a
lower deposition temperature (i.e., 130 K), a different sequence
was observed, e.g., (5� 20)f (5� 20) + (1� 1)f c(2� 2).
However, the structural evolution as a function of K coverage on
Au(100) at 300 K is somewhat controversial.570 Okada et al.
reported the sequence of (5� 20)f (l� l)f (2� 1)f c(2� 8)
f (2 � 6),571 while Neumann et al. observed the sequence of
(5 � 20) f (2 � 1) f (4 � 4).569,572 At low temperatures,
results from both groups are consistent. That is, the (5 � 20)
structure gradually changes to a (1 � 1) structure as the
potassium coverage is increased. Higher K coverages lead to
the formation of islands of a K-induced reconstruction, which
subsequently grow with increasing coverage.573

The interaction of acetonitrile and benzonitrile with a potas-
sium covered Au(100) (5 � 20) surface was studied by Christ-
mann and co-workers in UHV between 100 and 500 K.574 Both
molecules molecularly adsorbed on the surface irrespective of K
coverage; potassium only exerts a stabilizing effect on the
adsorptive bonding of molecules. Additionally, the same group
found that themolecular interaction with coadsorbed alkali metal
atoms reduces the CtNbond length in the acetonitrile molecule
by 0.04 Å (Na) and 0.07 Å (K), respectively.575

Potassium-precovered Au(111) can also stabilize the binding
of CO2, which leads to the formation of a CO2

� anion radical.
Farkas and Solymosi illustrated that potassium adsorbs in
cationic form on Au(111) at low coverage, depolarizing to a
neutral metallic state at high coverage based on work function
measurements.576 An enhancement of a weakly held, unper-
turbed CO2 also occurred on K-covered Au(111), which was
attributed to the formation of an unstable cluster compound
(CO2)n 3CO2

�. The surface concentration and the reactivity of
the CO2

� radical depend sensitively on the K coverage and on
the state of potassium. At low K coverages, CO2

� dissociated
into CO(a) and O

�
(a). At higher coverages, it disproportionated
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into stable CO3
�
(a) and CO(a)

�; these species decomposed to
CO2 and CO and desorbed only above 500 K (Figure 41).576

Further enhancement of the electron transfer from K-covered
Au(111) to CO2 can be achieved by the illumination of adsorbed
CO2.

577

6.8. Other Gold-Based Bimetallics
In addition to most gold-based bimetallic systems as discussed

above, preference of nucleation at or close to elbows of the
Au(111) surface was also reported for many other metals, such as
Fe,333,578 Co,316,579 Rh,503,580 Ti,296 and Mo.314,338 In contrast, for
other metals (e.g., Al,581 Ce,302 Ag,538,540 and Cu542) nucleation
was found to be homogeneous and independent of the meso-
scopic order of the (

√
3 � 22)-reconstruction.371,373 Generally,

metals with higher surface energy than Au(111) will preferen-
tially adsorb at elbow dislocations; the adatoms then become
favored nucleation centers for island growth if the bond between
adatoms is stronger than that formed with gold atoms.368,371 This
energy balance is inversed for metals that prefer homogeneous
nucleation.371,373 For example, Ce nanoparticles nucleate and
grow homogeneously on large terraces of Au(111), and the steps
are almost fully decorated by small ceria particles.302 At low
coverage, a larger fraction of the Ce clusters was found at the
elbow dislocations while homogeneous nucleation on the terrace
sites is less favored. These energetic arguments are fairly uni-
versal since they basically can explain all experimental results
reported so far.373

From a thermodynamic point of view, the growth mode (e.g.,
layer-by-layer or Frank�van-der-Merwe growth, layer-plus-is-
land or Stranski�Krastanov growth, and island or Vol-
mer�Weber growth) of metal films on gold surfaces heavily
relies upon the relative surface free energies of the pure admetal
(γA), the gold substrate (γS), and the interface (γA‑S).

368 The
ideal layer-by-layer mode is typically applied when Δγ = γA +
γA‑S� γS < 0. The island mode is expected whenΔγ = γA + γA‑S
� γS > 0. The γA‑S term strongly depends on the nature of the
bimetallic bond. The sign and magnitude of this term determines
the growth behavior at surfaces. One should note that this
analysis model for the growth modes of a metal film on Au
surfaces is correct only if thermodynamic equilibrium is
established.368 However, inmany cases, film growth occurs under
conditions far from equilibrium. For example, in both the Fe/
Au(100)546 and Cu/Au(110)542 systems, the equilibrium status
does not match any of the growth modes described above.
Instead, a Au�Cu�Au or Au�Fe�Au sandwich structure was
reported at equilibrium conditions.368 The formation of these

“sandwiches” is thermodynamically driven by the differences in
surface free energies between Cu and Au or Fe and Au.

7. GOLD NANOPARTICLES SUPPORTED ON METAL
OXIDES

In the real world of heterogeneous catalysis, gold clusters are
usually supported on a supporting carrier. Therefore, the role of
the support and the origin of differences in catalytic reactivity
between gold catalysts on various supports are of particular
interest.3,65 Lack of knowledge regarding the atomic/molecular
structure of powdered Au�oxide catalysts and difficulties in
controlling particle size, morphology, degree of hydration, etc.
render careful and thorough model studies a necessity. Investiga-
tions on model systems involving metal particles supported on
planar oxide substrates (single crystals or thin films) under well-
controlled conditions can provide fundamental knowledge on
structure�reactivity dependence of supported gold clusters.
Furthermore, surface science studies of planar model catalysts,
if designed appropriately, could bridge the materials gap between
“real” catalysts and metal single crystals.65,582�584

This section reviews the current understanding regarding
important features of gold�metal oxide catalysts, particularly
model systems. We organize the structure of this section based
on the type of metal oxides used to support the gold nanopar-
ticles. We place an emphasis on Au/TiO2—the most popularly
investigated gold catalyst—and discuss a variety of aspects of this
system, such as nucleation and growth of gold, electronic proper-
ties, and adsorption and reactions of several molecules. We also
provide an overview of similar aspects for several other gold
�metal oxidemodel systems (e.g., Au/CeO2, Au/MgO, and Au/
FeOx), but in a relatively brief manner.

7.1. Nucleation and Growth of Gold
Gold manifests a high electronegativity (2.3 eV) and ioniza-

tion potential (9.2 eV), which make it a poor electron donor.
Consequently, gold weakly interacts with many oxides. Defects
such as oxygen vacancies play a crucial role in the adsorption,
nucleation, and growth of gold particles on oxide surfaces.
Preparation methods, pretreatments, and reaction ambient can
all influence the structure and thus reactivity of gold particles on
metal oxide surfaces.
7.1.1. Au/TiO2. Au/TiO2(110) is the most intensively in-

vestigated system among gold model catalysts. Surface structure
and the chemistry of the TiO2(110) rutile surface have been
examined in detail with STM and other surface science
techniques (see the classic review by Diebold290). The TiO2(110)

Figure 41. TPD spectra for (a) CO2, (b) CO, and (c) K from the CO2 + K/Au(111) system as a function of K coverage. The CO2 exposure was 8.0 L.
Reproduced with permission from ref 576. Copyright 2009 American Chemical Society.
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(1 � 1) surface possesses alternating rows of titanium and
oxygen atoms with one-half of the titanium atoms covered by
bridging oxygen (Figure 42). This unique structure results in the
formation of both 6-fold-coordinated Ti (as in the bulk) and
5-fold-coordinated Ti (the bright spot along the rows in
Figure 42b)18 as well as 3-fold-coordinated oxygen (as in the
bulk) and 2-fold-coordinated oxygen (bridging oxygen).290 Due
to coordinative undersaturation, the bridge-bonded oxygen
atoms can be easily removed to form point defects or color
centers (i.e., the additional bright spots between the ordered
rows in Figure 42b). Defects of this sort can be created by
sputtering with Ar+ or annealing in UHV.290 The removal of an
oxygen atom on the TiO2 surface causes a redistribution of
charge over the Ti ions surrounding the vacancy, leading to
negative and positive binding energy shifts in the binding energy
of the 5-fold- and 6-fold-coordinated Ti atoms, respectively.585 A
strongly reduced TiO2(110) surface can form a (1 � 2)
reconstructed structure.65,290 The nature of surface defects of
TiO2(110) are strongly dependent on sample preparation,586

which, in turn, affects particle shape, adsorption energy, and
electronic structure of deposited Au nanoparticles and thus their
catalytic properties. Au nanoparticles on defect-rich titania were
found to be much more chemically active than on defect-
deficient titania.132,587

The initial growth of gold on reduced TiO2(110) has the
following characteristics:291,586,588�603 (1) Au particle growth at
low coverage (<0.1 ML) below room temperature follows a two-
dimensional growth mode and then transitions to a three-
dimensional growth mode upon increasing coverage; (2) Au
particles, during the early stages of growth, are elongated in the
direction of bridge-bonded oxygen rows; (3) Au particles
nucleate preferably at the sites of oxygen vacancies; and (4)
the number of Au particles increases while the average particle
size decreases with an increase in the number of oxygen vacancies
(schematic shown in Figure 43). Notably, themode of nucleation
and growth of gold particles on TiO2(110) is dependent on the
density of oxygen vacancies on the terrace, which is typically
affected by sample preparation conditions (Figure 43).19,594 In
the case that the density of oxygen vacancies on the terraces is
low, gold nanoparticles preferentially nucleate and grow on the
extended defects (e.g., the step edges of the oxide surfaces).593

The critical Au coverage, at which transformation of Au
nanoparticles from 2D to 3D growth occurs, increases with
increasing defect density of the TiO2 surface. On the pristine

surface, the critical gold coverage for the transition is∼0.09 ML,
whereas ∼0.22 ML of Au was reported for the sputtered
surface.590 The critical coverage also decreases with an increase
in temperature, e.g., 0.19 ML for gold deposited at 160 K versus
0.09 ML at 300 K.590 The Au islands grow either larger or thicker
as the surface temperature increases.588

The crucial role of oxygen vacancies of TiO2(110) on the
growth of gold has been investigated both experimentally and
theoretically.18 DFT calculations have indicated that Au particles
bind more strongly to a defect-rich surface and that charge
transfer could occur from titania to the Au particles.594 High-
resolution STM coupled with DFT calculations confirmed that
bridging oxygen vacancies are the active nucleation centers for
the growth of Au nanoclusters on titania, and that each vacancy
site can averagely host about three Au atoms.594 The adsorption
energy of a single Au atom on an oxygen vacancy is ∼0.45 eV
higher compared to the stoichiometric surface.604,605 While
Ti sites along the (001) direction of rows are essentially
energetically equal, diffusion along the protruding rows requires
a high energy barrier.604,606 This could explain why gold nano-
particles are frequently elongated in a particular direction on
TiO2(110). Additionally, DFT calculations byWang and Hwang
demonstrated that neighboring oxygen vacancies further in-
creased the interaction between gold and the defect site.607 A
similar phenomena regarding the adsorption of gold on oxygen
vacancies has been observed for aTiO2(101) anatase surface.

608�610

Semiquantitative analysis of oxygen vacancies on the reduced
TiO2(110) surface has been performed by deposition of Au
followed by UPS measurements.18 Emission at a binding energy
of 0.9 eV in UPS spectra was evident from a Ti3+ electronic level.
Two neighboring Ti atoms are reduced from Ti4+ to Ti3+ on an
oxygen vacancy site. Thes Ti3+ defects can be completely
reoxidized using oxygen. Upon following deposition of Au, a
decrease in the Ti3+ intensity suggests that Au atoms adsorb at
oxygen vacancy sites.
Figure 44a is a STM image of 0.25 ML (one monolayer

corresponds to one Au atom per surface Ti4+) of Au deposited on
TiO2(110) at 300 K followed by annealing at 850 K for 2 min.291

The atomically resolved TiO2(110) surface consists of flat terraces
with atom rows separated by ∼0.65 nm. Au nanoparticles have a

Figure 42. (a) Schematic structural model of TiO2(110) with empty
circles indicating the surface oxygen vacancies and blue rectangle
representing a unit cell, and (b) high-resolution STM image of TiO2-
(110). Reproduced with permission from ref 18. Copyright 2006
American Chemical Society.

Figure 43. Densities of oxygen vacancies and Au clusters before and
after deposition of∼0:04 ML Au at different temperatures. OneML = 1
vacancy or cluster/TiO2(110) unit cell = 5.13 � 1014 cm�2. The data
were obtained from corresponding high-resolution STM images. Re-
produced with permission from ref 594. Copyright 2003 American
Physical Society.



3031 dx.doi.org/10.1021/cr200041p |Chem. Rev. 2012, 112, 2987–3054

Chemical Reviews REVIEW

relatively narrow size distribution, and surface morphologies can
be seen as bright protrusions.18 Schematics of the 1D, 2D, and
3D Au structures with one-, two-, and three-atomic-layer thick-
nesses are illustrated in Figure 44b�44d.
The nucleation and growth of gold with large coverages

(0.2�12 nm) on TiO2(110) have been examined by Madey
and co-workers.588,611 High-resolution scanning electron micro-
scopy (SEM) images revealed that a new stage of growth started
at thicknesses above 1.5 nm. A Volmer�Weber mode has been
proposed in the range 160�475 K at these coverages; three-
dimensional Au clusters are separated by areas of clean TiO2

surface.588 Continued deposition of gold led to a decrease in
island density owing to further coalescence, until a granular gold
film was eventually formed at a coverage of ∼12 nm.611 Upon
annealing these islands, the particle density was intact, whereas
the thickness of islands increased, leading to the formation of
faceted structures and appearance of more of the TiO2 surface
underneath. This phenomenon agrees with the island thickening
model suggested by Campbell for metals grown on oxides584 but
in contrast to the annealing effect at lower coverages, in which
both ripening and coalescence led to a decrease in particle
density.65,588

Using high-resolution SEM images, the Madey group showed
the formation of highly faceted particles of gold on TiO2(110).
When gold nanoparticles were deposited on TiO2(110) at 300 K
followed by annealing to 770 K, the (111)Au//(110)TiO2

orientation was preferred, while direct deposition at high tem-
perature (e.g., 775 K) preferentially results in the (112)Au//(110)-
TiO2 orientation.

586,612 Similar results were later confirmed by
Lazzari et al. using grazing incidence X-ray scattering techni-
ques.599 No deformation of the Au lattice was found even though
there is small strain to overcome for TiO2 epitaxy, suggesting a
weak interaction between gold and titania.612 The situation,
however, is somewhat different on anatase titania. A strong
epitaxial relationship between the support and gold was observed
due to the small misfit (0.9%) between the Au(111) facet and the
TiO2(112) plane.613 Even though theoretical studies showed
that small gold nanoparticles prefer icosahedral and decahedral
shapes,65 the strong interaction of gold and titania enables the
epitaxial growth of large gold particles with a (111) orientation.612

7.1.2. Au/CeO2. In its most stable phase, bulk CeO2 adopts a
fluorite-type Fm3m crystal structure, in which each metal cation
is surrounded by eight oxygen atoms.614 One of the most
interesting properties of ceria is its ability to undergo a transition
between +4 and +3 states. Ceria is also a wide-band-gap (∼5 eV)
insulator; thus, one has to overcome sample charging problems,
which are usually circumvented by annealing at elevated tem-
peratures (up to 1200 K) leading to a partial reduction of the
ceria single crystals.615 This problem is less critical for thin films
of ceria, which possess excellent electrical and thermal conduc-
tivity while employing surface-sensitive analytical tools. In addi-
tion, oxygen diffusion in the thin films can be easily controlled as
opposed to the crystal samples.
Figure 45a shows the structure of a perfect CeO2(111) surface.

The top layer consists of O atoms, but there are holes within this
layer leading to the exposure of Ce cations to the second layer.
Although both oxygen and cerium vacancies have been consid-
ered as the nucleation sites of gold nanoparticles, the cerium
vacancy is harder to form and is less stable than the oxygen
vacancy, regardless of the presence or absence of gold on the
surface.616,617 DFT calculations on Au atom adsorption on an O
vacancy and a Ce vacancy on both CeO2(111) and CeO2(110)
indicated that Au atom adsorption on a Ce vacancy causes a large
distortion on the surface; an oxygen vacancy is produced
correspondingly, and an oxygen atom near the Au atom becomes
very reactive compared to the stoichiometric surface.618,619 Gold

Figure 44. (a) STM image of Au/TiO2(110) (1 � 1) with a Au
coverage of 0.25 ML. Reproduced with permission from ref 291.
Copyright 1998 American Association for the Advancement of Science.
(b, c, and d) Schematic structural models for 1D, 2D, and 3D structures,
respectively, with two-atomic- and three-atomic-layers thick Au particles
on TiO2(110). Reproduced with permission from ref 18. Copyright
2006 American Chemical Society.

Figure 45. (a) Ball model of an ideal CeO2(111) surface. The first layer contains only O cations (red spheres) and the second Ce cations (black
spheres). Reproduced with permission from ref 616. Copyright 2007 Springer. STM images of 0.1 ML of gold deposited at 300 K on (b) fully oxidized
and (c) partially reduced CeO2(111) films. The reduced film was prepared by oxidation at 4� 10�8 mbar, which is an order of magnitude lower than
used for the fully oxidized film. Image size is 150 � 150 nm2. Reproduced with permission from ref 628. Copyright 2007 Springer.
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adsorption at the oxygen vacancy site is preferred over that on the
cerium vacancy; the latter becomes favorable only near the
extreme oxygen-rich limit, which would not be achievable under
reaction conditions.620�623 Additionally, Huang and co-workers
have found that Au(I) species and metallic Au nanoparticles
compete for the surface oxygen vacancies on CeO2, and the
presence of Au, in turn, promotes the generation and stabiliza-
tion of these oxygen vacancies.624

Rodriguez et al. have demonstrated that gold nucleates on
oxygen vacancies forming 3D islands on CeO2(111) upon
depositing gold at 300 K based on XPS analysis.616,625,626 DFT
calculations also suggested that the Ce 4f states play a pivotal role
in Au adsorption on the stoichiometric and reduced CeO2

surfaces.622 Freund and co-workers have prepared well-ordered
CeO2(111) films epitaxially grown on Ru(0001) and reported on
the morphology of deposited Au particles using scanning tunnel-
ing microscopy (Figure 45b and 45c).627�629 The results show
that most of the Au particles preferentially nucleate at the step
edges of terraces on fully oxidized CeO2(111), while the particles
on terraces presumably grow through the decoration of point
defects typically associated with oxygen vacancies on reduced
surfaces,628 which is in good agreement with the theoretical
predictions of Castellani et al.630 The Au particles grow homo-
geneously on the flat CeO2(111) terraces only at high coverage,
suggesting a 3D growth mode from the onset. A similar observa-
tion has also been reported byWeststrate et al on both oxides and
reduced CeO2(111) films.631,632 Additionally, Akita et al. using
high-resolution TEM showed that Au particles on polycrystalline
CeO2 grow by an Ostwald ripening process through surface
diffusion forming 3D islands; the hemisphere-like Au clusters
have the top facet possessing a hexagonal shape, suggesting a
(111) surface and side facet of a (100) feature.633�635

7.1.3. Au/MgO.MgO, with its simple rock salt structure, has
been considered the prototype of an ionic oxide. Early TEM
work illustrated that the interaction between gold particles and
MgO could be weak so that deposited particles would diffuse
readily on the surface, forming a favorable epitaxial orientation
such as (111)Au//(001)MgO or (110)Au//(110)MgO.

636 Interest-
ingly, Au particles did not grow epitaxially on air-cleaved MgO
crystals, and instead the orientations were random until thick
films (100 Å) were formed. Sputtering the MgO substrates with
Ar ions prior to gold deposition leads to an increase in the density
of Au particles.637

Hojrup-Hansen et al. recently have revisited growth of gold
nanoparticles on MgO(100) with atomic force microscopy
(AFM).638 They found that the density of clusters rapidly
reached saturation with increasing deposition time. Longer
deposition time causes a decrease in the cluster density
owing to coalescence. The authors thus concluded that nuclea-
tion on point defects should be a prevailing process; a homo-
geneous nucleation mechanism was not supported by their
observations.638 In a similar study, gold particles were found to
continuously rearrange to ensure the lowest-energy structure at
room temperature.639 High-resolution electron microscopy
images showed that the Au(100) layers and the MgO surface
layers were both strained at the interface to compensate lattice
constants.640

A number of investigations have been reported regarding gold
growth on epitaxially grown MgO(100) films. There are well-
established recipes to prepare single-crystalline MgO(100) on
Mo(100) and Ag(100).641 The adsorption of Au on MgO(100)
films is strongly influenced by themetallic substrate in the limit of

thin MgO films and approaches bulklike properties with increas-
ing MgO layer thickness.642 The preferential nucleation sites are
identified as the low-coordinated oxygen sites located along the
oxide step edges.643 For example, on an 8 ML thin MgO film, Au
adsorbs preferentially on oxygen vacancies and annealing to
room temperature yields three-dimensional clusters, resembling
essentially the situation encountered for Au adsorption on the
MgO(100) surface.644 In contrast, Au adsorption takes place
both on magnesium and oxygen sites, and after annealing,
clusters stay two-dimensional on a 3 ML thin MgO film. DFT
calculations predicted a stabilization of negatively charged 2D
particles as opposed to neutral 3D ones on bulklike MgO.645,646

These results support the suggestion that the properties of Au
atoms and clusters can be tuned by the MgO layer thickness.
7.1.4. Au/FeOx. Ordered thin films of iron oxide have

recently attracted considerable interest as an oxide substrate
for model systems. FeO(111), Fe3O4(111), and Fe2O3(0001)
surfaces can be obtained by varying cycles of iron deposition and
subsequent oxidation on a Pt(111) substrate.332 Similar to other
oxide supports, deposited gold nanoparticles on the FeO(111)
film first decorate step sites.647 The density of gold on FeO was
approximately one-half that of gold on Al2O3/NiAl(110) films

641

with the same deposition rate of Au. This result implies that gold
diffusivity on the supports could be fairly different even though
they are both very thin and terminated by oxygen.648 The higher
mobility of gold on FeO probably could be due to a lower defect
density of the FeO films compared to alumina. Additionally,
STM images indicated the formation of monolayer islands of
gold on FeO(111) at low coverage.649 The growth of Au
nanoparticles up to 7 nm in diameter was observed with an
increase in gold coverage.650 The (111) top facets of Au could be
formed upon epitaxial growth.
Fe3O4(111) films grown on Pt(111) yield a regular surface

terminated by Fe3+ cations.332 Gold diffusion on Fe3O4(111)
films is rather limited compared to FeO due to the presence of
vacancy defects.651 A relatively broad distribution of Au particle
size was observed for Au/Fe3O4 at room temperature. However,
heat treatment to 500 K induced an aggregation of Au particles
with a average size of ∼4 nm and a narrowing of the size
distribution.647 The histogram analysis based on STM images
displayed that the number of layers in the cluster increases as Au
particles grow. The annealed particles exhibited mostly ordered
hexagonal and trigonal structures. Small lattice mismatch (∼3%)
between Au(111) and Fe3O4(111) leads to the exposure of the
(111) surface of Au nanoparticles.648

STM results for α-Fe2O3(0001) films are rather similar to
those found on Fe3O4 films. Three-dimensional Au particles are
homogenously distributed on the oxide surface with a hemi-
spherical shape. One should note that surface termination of the
Fe2O3 films is strongly dependent on the preparation
conditions,65,647 and therefore the nucleation phenomenon is
currently a subject of investigation.

7.2. Sintering of Au Nanoparticles
Supported Au catalysts are usually much less active than the

other supported metal nanoparticles in Pt group. It is primarily
due to the poor dispersion of Au particles compared to other
supported noble metals originated from the intrinsic properties
of Au— the low melting point and weak binding energy of gold
to an oxide support. When prepared by the impregnation
method, Au particles are usually larger than 30 nm in diameter,
whereas Pt clusters have a mean size around 3 nm.652 Indeed, the
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melting point of Au is considerably lower compared to Pd or Pt
(Au, 1336 K; Pd, 1823 K; Pt, 2042 K). Due to quantum-size
effects, the melting point of Au particles with a diameter of 2 nm
is even lower (i.e., 600 K653). These relatively small Au nano-
particles tend to sinter, forming larger Au particles upon calcina-
tion, which causes poor dispersion and low catalytic activity.
7.2.1. Au/TiO2. Since facile sintering is typically considered as

a culprit for deactivation of supported Au catalysts, considerable
efforts have been made on the understanding of the sintering
process and, thus, design and synthesis of sinter-resistant gold-
based catalysts. Goodman’s group showed that gold nanoparti-
cles deposited at 120 K on a TiO2(001) thin film underwent
serious sintering between 120 and 400 K.654 Zhang et al. reported
on substantial agglomeration of Au nanoparticles upon the
dosage of 3 ML of gold (5 nm average diameter) followed by
annealing at 775 K.588 However, no encapsulation of gold by
TiOx was detected under reducing or annealing conditions, as
has been observed for both platinum and palladium nanoparti-
cles owing to the strong metal support interaction;65 hence,
diffusion of gold particles into the oxide is not likely to occur.
STM images witnessed severe sintering upon annealing of gold
particles on TiO2(110) up to 773 K;

655,656 the particle density of
gold dropped dramatically, and the average particle size increased
from 2.7 to 5.5 nm, accompanied with an increase in particle
height 0.45 to 0.75 nm. Annealing also leads to the strong binding
of gold particles with defects on the TiO2 surface.

655 Interest-
ingly, Lee et al showed that sintering of Au deposited as Au+ at 1 eV
kinetic energy is negligible at temperatures of 300 K and below but
becomes significant at higher temperature.657 The possible explana-
tion is that the kinetic energy of Au+ may cause some local disorder
that reduces the mobility of gold on the surface.
It is generally agreed that the sintering of titania-supported Au

nanoparticles occurs mainly via the Ostwald ripening mecha-
nism.18,656,658 Ostwald ripening, first described by Wilhelm
Ostwald in 1896, describes the energetically preferred mechan-
ism that causes large particles to grow, drawing material from
smaller particles, which shrink. This spontaneous process driven
thermodynamically takes place since larger particles are more
energetically favored due to their smaller ratio of surface area to
volume. As the system minimizes its overall energy, molecules or
atoms on the surface of the smaller (energetically less favorable)
particles diffuse and add to the larger particles. Consequently, the
smaller particles continue to shrink, while the larger particles
keep growing. Note that particle diffusion to coalescence, where
two or more particles merge to form a larger particle, may occur
and even dominate under certain reaction conditions. Parker and
Campbell have developed an improved kinetic model, based on
the pioneering model of Wynblatt and Gjostein, for the sintering
of supported metal nanoparticles that can be used to more
accurately predict the particle distribution as a function of
reaction time.658,659

Understanding the sintering of supported Au nanoparticles
under reaction conditions is even more important, which has
been found to be significantly different than in a vacuum
environment (Figure 46). Gold particles on TiO2(110) experi-
ence sintering via Ostwald ripening upon exposure to oxygen at
room temperature.660 Oxygen-induced sintering of Au particles,
particularly small ones, is likely related to the influence of O2 on
the interface bonding since O2 can adsorb and dissociate on Au
particles or at the interface of Au/TiO2(110).

3,661 The adsorp-
tion and dissociation of O2 could heal the surface defect and
restrict the interface bonding between the defects and Au

(evidenced by a small shoulder at the low binding energy side
of the XPS Ti 2p3/2 peak in Figure 46c),

291 which would further
destabilize small Au particles due to their low coordination
numbers.662 Ripening in a reactive environment (e.g., O2 and
CO) is even stronger.660,662�664 For example, at a pressure of 10
Torr (2:1 CO/O2) (Figure 46), small clusters grew to from 2.6 to
3.6 nm in diameter and from 0.7 to 1.4 nm in height.291,660

Surprisingly, several smaller clusters less than 1.5 nm in diameter
were also present on the surface. In contrast, no ripening was
found for larger particles with an average size of 4.2 nm upon
exposure to 10 Torr of oxygen at room temperature, suggesting
the ripening process is associated intimately with the reactivity of
the particles. Yang et al. suggested that the stabilization of larger
Au particles larger than 4.2 nm is less dependent on the interface
bond and thus less influenced by oxygen-induced inhibition of
the interface bond.662 Additionally, for gold deposited on poly-
crystalline titania, Sykes et al. observed extreme sintering of gold
when exposed to oxygen or air at room temperature. Both
Ostwald ripening and coalescence probably account for sintering
of the particles.592

The mechanism of the ripening process is currently unknown,
but the formation of a volatile metal�adsorbate complex (e.g.,
oxide)—a general explanation for the decay of metal particles—
seems unlikely. Au particles supported on TiO2(110) are stable
in pure CO gas and have a much slower sintering rate in pure O2

than when subjected to CO oxidation. If the formation of a
metal�oxygen complex gives rise to sintering, the presence of
CO should inhibit the concentration of the metal�oxygen
complex and result in a slower rather than an accelerated
sintering rate.662 Instead, the synergetic sintering effect of a
CO and O2 mixture might be explained by a reaction-induced
mechanism. DFT results by Liu et al. suggest that CO oxidation
on Au/TiO2(110) can proceed with high efficiency without O2

dissociation; the barrier (0.10 eV) for the direct bimolecular
pathway to produce CO2 is much lower than the dissociation
barrier (0.52 eV) of O2 on Au/TiO2(110).

665 The production of
each CO2 molecule releases 2.9 eV.666 The energy generated
from CO oxidation could very well be transferred to electrons at
the surface of the Au particles and excite hot electrons, which
induce the detachment of Au monomers from supported Au
particles, initiating the sintering process.662,666

Figure 46. STM images of Au/TiO2(110) (1� 1) before (a) and after
(b) 120min of CO�O2 (2:1) exposure at 10 Torr. The Au coverage was
0.25 ML, and the sample was annealed at 850 K for 2 min before the
exposures. All of the exposures are given at 300 K. The size of the images
is 50 nm by 50 nm. (c) Corresponding core-level spectra (Ti 2p)
measured at grazing (45�) emission from the crystal normal. Repro-
duced with permission from ref 291. Copyright 1998 American Associa-
tion for the Advancement of Science.
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Chen and Goodman have researched the design and synthesis
of sinter-resistant Au-TiO2-based model catalysts. An excellent
example is the preparation of a highly ordered, reduced titania
surface on a silica covered Mo(112) substrate (denoted as
TiOx�SiO2�Mo(112)).18,23,667�672 Ti diffuses into the surface
producing Ti�O�Si linkages at low coverage and TiOx 3D
islands at a relatively higher coverage.667,669 In this model, seven
Ti atoms decorate every eight Mo atoms along the Mo(112)
trough, binding to the surface via Ti�O�Mo bonds and to each
other via Ti�O�Ti linkages. On the rutile TiO2(110) surface
(Figure 42a), the two Ti atoms nearest to an oxygen vacancy are
reduced to Ti3+, whereas a monolayer of reduced Ti3+ sites was
observed for the (8� 2) TiOx surface.

668,670 Accordingly, strong
interaction between Au and the TiOx surface is proposed. As a
result, two-dimensional growth of Au up to 1 ML on the TiOx/
SIO2/Mo(112) contrasts with the growth of Au on TiO2(110)
where 3D clustering occurs at a coverage greater than 0.1 ML.672

Indeed, formation of well-ordered Au monolayer and bilayer
structures with Au completely wetting the surface has been
reported upon deposition of Au onto this (8 � 2) TiOx surface
followed by annealing to 900 K.668 The two ordered structures,
designated as (1 � 1) Au�TiOx and (1 � 3) Au�TiOx, were
formed at Au coverages of 1 and 1.3ML, respectively (Figure 47a
and 47b). TPD spectra of gold indicated stronger Au�TiOx

interaction compared with the Au�Au binding (Figure 47c),
consistent with the unusual stability of these ordered Au
nanofilms.672

The addition of a metal (e.g., Pt), which interacts strongly with
reducible oxide supports like titania and becomes encapsulated

with a reduced layer of the metal oxide upon heating, into Au-
TiO2(110) could somewhat suppress the sintering of Au parti-
cles. Chen and co-workers prepared bimetallic Au�Pt clusters
on TiO2(110) by depositing Au on existing Pt particles.673 In
contrast, the deposition of Au followed by Pt leads to pure
clusters of Pt and Au instead of nucleation of Pt at Au seed
clusters. The rate of sintering for the clusters decreases with
increasing Pt composition probably due to the formation of
stronger Pt�Pt and Au�Pt bonds compared to Au�Au.673 LEIS
spectra demonstrated that the deposition of Au on Pt does not
produce core�shell structures with Au on top as predicted for
the bulk phase. Instead, surface compositions of the Au�Pt
clusters are 10�30% richer in Pt compared to the overall
compositions. For the Au�Pt clusters, the extent of encapsula-
tion from SMSI effects is controlled by the Pt composition;
reduced titania covers the Pt regions at the cluster surface, but the
presence of Au inhibits migration of titania onto the surface of the
clusters.673

7.2.2. Au/CeO2. Au/CeO2 has relatively better thermal
stability compared to Au/TiO2. Lu et al. showed that no sintering
of gold particles occurred upon annealing Au/CeO2(111) to
500 K in UHV even for high gold coverages (e.g., 2 ML).628

Additionally, employing thermal stability measurements in va-
cuum, Naya et al. revealed that positively charged Au species
remain intact at 350 K on reduced CeO2(111) and were finally
converted to neutral Au species at 400 K while keeping similar
particle size.674 Gold nanoparticles supported on CeO2(111) are
even stable in an O2 ambient up to 10 mbar, while gold sintering
starts to occur at CO pressures above ∼1 mbar. Sintering of the
Au particles, which mainly proceeds along the step edges of
CeO2(111), was observed in a CO andO2mixture (1:1) at much
lower pressure (∼10�3 mbar).628

Employing high-resolution TEM, Majimel et al. showed that
the thermal stability of the gold nanostructures on polycrystalline
CeO2 is strongly affected by the particle size. For small nano-
structures (<5 nm), reversible shrinkage of gold, layer by layer,
onto the ceria surface was observed. The driving forces for the
shrinkage are the local temperature rise and the creation of
oxygen vacancies on the ceria. For larger particles, a progressive
and irreversible encapsulation by a CeO2�x layer was found.

675

Emergence of gold sintering is more ready under CO oxida-
tion reaction conditions for both Au/ceria and Au/titania
systems compared to individual CO and O2 gas exposures. This
phenomenon implies that the structural stability of supported Au
nanoparticles is inherently dependent on its reactivity.

7.3. AdsorptionandReactionsonSupportedAuNanoparticles
7.3.1. Low-Temperature CO Oxidation. Overview. The

seminal discovery by Haruta that gold nanoparticles supported
on metal oxides are highly active for low-temperature CO
oxidation has spurred a considerable amount of research directed
toward understanding the nature of activity of Au catalysts.
However, the factors determining the reactivity of CO oxidation
and the reaction mechanism and are still not fully understood.
This is partially the complexity of various supports and prepara-
tion procedures, which causes contradictory reports on the
catalytic reactivity and the dependence of the experimental
variables. Both the metal oxide and the Au itself may be
important in determining the activity. In particular, edge sites
and electronic perturbation of the Au due to its interaction with
the support have been suggested to be important for activity.
Supported gold catalysts for CO oxidation can be generally

Figure 47. Structural model and atomic resolved STM image of (a)
Mo(112)-(1 � 1)-(Au,TiOx) and (b) Mo(112)-(1 � 3)-(Au, TiOx).
(c) TPD spectra of Au on Mo(112) with coverage of ∼1 ML and on
TiOx/Mo(112) with various Au coverages. The binding geometries of
Au on the Mo(112) and TiOx/Mo(112) are schematically shown for
comparison.672 Reproduced with permission from ref 668. Copyright
2004 American Association for the Advancement of Science.
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classified into four groups. When carbons (e.g., activated carbon)
and polymers (e.g., PMMA and porous coordination polymers)
are used as supports, Au nanoparticles are not active at all, even at
temperatures above 373 K, strongly indicating the direct involve-
ment of the support in the reaction.676 On nonreducible metal
oxides such as Al2O3 and SiO2, Au nanoparticles are not active at
200 K but exhibit catalytic activity at room temperature in the
presence of moisture.677�679 On reducible metal oxides such as
TiO2, Fe2O3, CeO2, and Co3O4, Au nanoparticles smaller than
5 nm are highly active both in the absence and in the presence of
moisture. The catalytic activity in terms of turnover frequency
sharply increases with a decrease in the mean diameter of Au
nanoparticles. The fourth group is Au clusters deposited onmetal
hydroxides (e.g., Be(OH)2, Mg(OH)2, and La(OH)3);

676 these
hydroxides have been found to be effective as supports for Au
nanoparticles and exhibit catalytic activity for CO oxidation
at 200 K.
In a classical review, Bond and Thompson have summarized

the following observations:8,680 (i) the size of catalytically active
gold nanoparticles is dependent on the type of metal oxide
support and is typically less than 8 nm in diameter; the highest
reactivity has been frequently obtained at sizes of 2�3 nm
(Figure 48); and (ii) the preparation method of catalyst, the
choice of support, and the pretreatment are crucial factors
controlling the reactivity. A possible mechanism involving reac-
tion at the perimeter interface between gold particles and the
support has been proposed.681 Likewise, Haruta has recently
concluded that three major factors determine the performance of
Au nanoparticles: the particle size of gold, the contact structure
to the oxide support, and the nature of the support, with
the contact structure being the most important.682 In contrast
to the perimeter model, Goodman’s group stated that the
primary role of the TiOx support is to serve as a dispersant and
a promoter based on their bilayered Aumodel in which the access
of the support by the reactants is blocked.668,683 Theoretical
calculations also highlight the significance of the interface
periphery between gold nanoparticles and the oxide support, e.
g., the adsorption tendency of O2 on finite-size Au particles is
increased particularly at low-coordinated sites.22,684,685

Nature of the Active Site. Although extensive experimental
and theoretical investigations have been performed to elucidate

the origin of the unique activity of supported gold nanoparticles,
the nature of the active Au species still remains unclear. Gen-
erally, the origins of the catalytic activity of Au have been believed
to stem from one or more of three contributions:18,19,23 (i)
quantum size effects; (ii) the presence of low coordination Au
sites; (iii) charge transfer between Au and the support (e.g., the
oxidation state of gold).
Quantum Size Effect. The activities of highly dispersed Au

nanoparticles on oxide surfaces strongly correlate with the Au
particle size (for example, see Figure 48).4,7,8,18�20,23,291,668,685�693

Small Au particles adsorb CO more strongly.647 Goodman and
co-workers achieved the maximum reaction rate for CO oxida-
tion on Au/TiO2(110) under realistic reaction conditions with
Au mean particle size of ∼3 nm and a thickness of two atomic
layers (Figure 48b).291 The importance of the thickness of the
gold was further comfirmed by the same group based on studies
of well-ordered monolayer and bilayer films of Au on a TiOx thin
film grown on Mo(112) (Figure 48c).668 The activity for CO
oxidation at 5 Torr was more than an order of magnitude higher
for the gold bilayer compared to a one-layer-thick film. Camp-
bell’s group noticed a decreased CO adsorption capacity (but
with an enhanced binding energy) over the thinner gold
particles.661Valden et al. ascribed this maximized activity to the
transition between nonmetallic and metallic particles.687 An
increase in the binding energy of COwas observed with declining
gold size from 1.8 to 3.1 nm; the maximum reactivity for CO
oxidation was obtained with the highest CO binding energy.691 A
similar effect of particle size was also reported by Haruta et al. on
the corresponding high-surface-area supported Au/TiO2

catalyst.7 The size of gold particles are crucial to the adsorption
and activation of molecular oxygen, since CO oxidation to CO2

at 77 K on Au/TiO2(110) is only weakly dependent on the
particle size when the surface is populated with oxygen
atoms.91,661,694,695

The size range in which the highest reactivity is attained
depends upon the nature of the support and preparation method
of the catalyst. For example, for a Au/TiO2 catalyst prepared
using a modified deposition�precipitation method and a new
reductive conditioning method, the maximized reactivity was
observed with particle sizes below 2 nm.696 Hutchings and co-
workers observed the highest catalytic activity in CO oxidation

Figure 48. Measured activities (in mmol CO/(gAus)) 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/d3 guide to the eye, showing that the activity of gold catalysts is approximately proportional with the number of low-coordinated
atoms at the corners of the gold particles. Reproduced with permission from ref 686. Copyright 2004 Elsevier. (b) Catalytic activity for CO oxidation as a
function of particle size on the TiO2(110) at 353 K. Reproduced with permission from ref 291. Copyright 1998 American Association for the
Advancement of Science. (c) Au coverage on the Mo(112)-(8 � 2)-TiOx at room temperature. Reproduced with permission from ref 668. Copyright
2004 American Association for the Advancement of Science.
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on FeOx covered with bilayer gold clusters that are ∼0.5 nm in
diameter and contain ∼10 gold atoms.697 Several groups used
deposition of size-selected cluster cations to study CO oxidation
on Aun/MgO(100)685,698 and Aun/TiO2(110),

690,692 observing
significant reactivity for clusters as small as Au8 and Au1, respecti-
vely. In particular, supported Au55 clusters (see review

699) show
strong oxidation resistance and unusual chemical behavior.700

Low-Coordination Au Sites. The presence of undercoordi-
nated Au atoms at the corner, edge, and surface of small particles
could account for the origin of the active sites, at which the
binding of CO andO2 are higher compared to the terrace and the
smooth surface.2,19,23,594,650,686,701�705 Theoretical calculations
showed that carbon monoxide and oxygen only adsorb on gold
atoms with a coordination number less than 8,701 which was
confirmed by CO IR adsorption on Au nanoparticles supported
on TiO2, ZrO2, and FeO.

650,706 Mavrikakis et al. predicted from
theoretical calculations that a significant number of coordina-
tively unsaturated gold atoms are present on Au nanoparticles
supported on TiO2.

2 In fact, Figure 49a illustrates that the step
density (i.e., the fraction of atoms in gold nanoparticles with
seven or less neighbors) increases with a decrease in the particle
size (Figure 49a). The importance of coordinatively unsaturated
gold sites has been further addressed by (i) calculated results
showing that adsorption energies for both CO and O strongly
depend on the coordination number of Au,686 and (ii) experi-
mental observations that nanoporous unsupported gold that is
highly active for CO oxidation contains a high density of low-
coordinate surface sites, such as step and kink atoms.707,708

Figure 49b indicates the relationship between the strength of
Au�CO and Au�O and the gold coordination number and that
binding energies of both O and CO decrease by ∼1 eV from
Au(111) (with a coordination number of 9) to the Au10 cluster
(with a coordination number of 4).19 In contrast, a lower catalytic
activity for monolayer Au (coordination number of 3�4) was
reported by Chen and Goodman compared to bilayer Au
(coordination number of ∼6) (Figure 48c).23 Additionally,
although the density of the corner or edge sites increases
continuously with a decrease in particle size (Figure 48b), the
reactivity of supported Au nanoparticles declines when the size is
below 3 nm. Therefore, low-coordinated corner or edge sites of
gold alone are not the only factor that determines catalytic
activity.18

Oxidation State of Active Gold Nanoparticles. The interac-
tion between Au and the support induces a change in electronic
structure of Au nanoclusters, which results in high catalytic
activities for low-temperature CO oxidation (see refs 4, 19, 20,
23, 26, 65, and 680). In particular, despite a large number of
studies, the oxidation state (Au0, Auδ�, or Auδ+) of the active site
of gold particles remains controversial. However, most studies,
particularly based on model systems, have shown that metallic or
slightly negative Au is responsible for the unique catalytic
activities. The oxidation state for Au species is frequently
obtained on the basis of the infrared spectra of CO. A blue shift
(with respect to CO in the gas phase (2143 cm�1)) of the νCO
band typically occurs on electron-rich Au clusters, whereas a red
shift has been reported on electron-deficient clusters; the extent
of the shift can thus be correlated with the electronic charge on
Au. It has been generally accepted that metallic gold possesses a
CO stretching band at∼2110 cm�1. The absorption bands in the
2200�2150 cm�1 region are usually assigned to Auδ+�CO
bonds.18 Hadjiivanov and co-workers have proposed that the
bands at∼2140 cm�1 should be originated from CO adsorption
on the Au+ sites on the surface of the metallic Au particles but not
on the oxide support.709 Naya et al. showed that the majority of
Au deposited at 85 K on a reduce CeO2(111) surface is positively
charged, giving ν(CO) peaks at approximately 2130 and
2145 cm�1,674 consistent with a previous CO-XPS study by
Weststrate et al.632 Negatively charged Auδ��CO species
lead to vibrational bands in the range between 1800 and
2050 cm�1.18,641,644,710 The nature of intermediate bands be-
tween 2110 and 2140 cm�1 is less understood, which may be
associated with partially oxidized gold711,712 or small metallic Au
clusters.65

Haruta3 and Campbell713 have proposed that the active
species could be small metallic gold particles. It is generally
believed that the activation of CO occurs on the metallic surface
of gold nanoparticles while the boundary between the support
and gold is the active site for dioxygen.3 Goodman and co-
workers employing a Au/TiO2(110) model system found that
metallic gold is indispensable to obtain high catalytic
activity.291,668 Gates and co-workers reported that cationic Au
was rapidly reduced completely to Au0 under CO oxidation
conditions investigated on Au/FeOx/TiO2 using extended X-ray
absorption fine structure (XANES) and EXAFS.714 These results

Figure 49. (a) Calculated step density for Au particles on TiO2 as a function of particle size. (O) and (0) correspond to the total and “free” step sites on
the Au particles. “Free” are the step sites not in direct contact with the support. Lines through the two sets of points are only drawn as a guide to the eye.
Insets illustrate the corresponding Wulff constructions for selected particle sizes. Reproduced with permission from ref 2. Copyright 2000 Springer. (b)
Correlation between the binding energies, for CO molecules and O atoms, with respect to the coordination number of Au atoms in a series of
environments. Binding energies, in eV, reported are referred to gas-phase CO and O2; for O2 the energies are given per O atom. Reproduced with
permission from ref 686. Copyright 2004 Elsevier.
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provide strong evidence for the presence of Au0 rather than
cationic Au in the working catalysts. Schwartz et al. performed an
X-ray adsorption spectroscopy (XAS) study on Au/TiO2 cata-
lysts and concluded that oxidized gold may not be necessary for
high activity.715 The necessity of metallic Au for high CO
catalytic oxidation rates was also confirmed for Au/TiO2 by
Kung and co-workers based on combinational results from in situ
XAS, microcalorimetry, and TEM experiments.716 With XANES
and 13C isotopic transient experiments, Calla et al. also con-
cluded that active Au/TiO2 and Au/Al2O3 catalysts contain
predominately metallic Au.717

Negatively charged gold particles can also be formed upon
transfer electron from defect sites (e.g., oxygen vacancies) to gold
nanoparticles. DFT calculations showed that gold atoms can
stabilize oxygen vacancies at the CeO2(111) surface and attract
the excess electrons of the defect.718 Perturbing of the electronic
structure of gold (Au�) via strong interaction between the metal
and oxygen vacancies in the oxide could promote the catalytic
activity.713,719 As discussed earlier, the active sites could be
located on the perimeter of the gold�oxide interface or Au
particles.713,720,721 Yoon et al. showed that CO oxidation readily
occurs on gold octamers (Au8) supported on MgO(001) that
possesses abundant oxygen vacancies (i.e., F centers); in con-
trast, the similar system nearly free of oxygen vacancies is
catalytically inactive.710 A correlation has been drawn between
the activity of Au particles and the surface concentration of
F-centers (defects) of a MgO support, indicating a vital role of
surface F-centers in Au/MgO catalysts.644,722 Regarding the
monolayer and bilayer structure of gold proposed by Goodman’s
group, Aumonolayer on reduced titania yields a single νCOmode
(∼2107 cm�1) corresponding to CO adsorbed on an atop Au
atom. For the bilayer structure, CO can access to both the first
and second layers of Au atoms, leading to a broad νCO feature at
2109 cm�1, which can be split into two bands at 2107 and
2112 cm�1.668 These two features are ascribed to adsorbed CO
on first-layer and second-layer Au, respectively, and CO binds
more tightly to the first layer.668 High-resolution electron energy
loss spectroscopy measurements indicated a Ti4+�O vibrational
band on the TiOx surface covered by a gold film, which supports
the argument regarding formation of negatively charged Au due
to the charge transfer from Ti3+ to Au.671 Additionally, photo-
electron spectroscopy has also been employed to study the
charge transfer from oxygen vacancies of TiO2(110) to gold
particles.723

Electron-rich Au (Auδ‑) nanoparticles facilitate activation of
CO and adsorb O2 more strongly; activation of the O�O bond
occurs via charge transfer from Au forming a superoxo-like
species.18,686 Moreover, Mullins and co-workers showed that
molecularly chemisorbed oxygen on Au/TiO2(110) can react
directly with CO to form CO2 without O2 dissociation.

117,724

This agrees with the observation that electron-rich Au facilitates
activation of the O�O bond and the reaction pathway for CO
oxidation on small Au particles proceeding via a dioxygen species
rather than atomic oxygen.725

The crucial role of cationic gold (e.g., Au+ and Au3+) in CO
oxidation has been reported in a variety of investigations. The
general consensus is that reactivity of supported gold catalysts
increases with a decrease in an average particle size of gold, which
leads to increased contact perimeter between gold and the
support and a change in the electronic nature of the gold
atoms.4 Indeed, the active species in Au catalysts has been
suggested to be AuOx nanoparticles or more specifically cationic

species.23,726�733 Lee and Schwank were among the first to
propose that cationic gold is the active sites in Au/MgO and
Au/SiO2.

726 Bond and Thompson have suggested that gold
atoms at the peripheral interface of gold and the oxide could
be cationic in character, and it is these atoms that are responsible
for the activation of dioxygen in oxidative reactions.680 Kobayashi
et al. concluded that cationic gold is the active species for CO
oxidation since the highest activity was found on a Au/Mg(OH)2
catalyst with the largest amount of Au+ .727 Guzman and Gates
performed XAS measurements to investigate the valence state of
Au particles with a diameter of ∼3 nm supported on MgO for
CO oxidation728 and found increased formation rate of CO2 with
an increase in Au+ concentration. Under reaction conditions
metallic gold is not likely present; thus, the authors concluded
that cationic gold was essential for COoxidation.728,734However,
the reaction rate of ∼2 � 10�3 s�1 over Au/MgO observed by
Guzman and Gates is far lower than rates found for active
metallic Au nanoparticles.18,668 The same group also found both
cationic and metallic gold are present in Au/CeO2 and directly
correlated the reactivity for CO oxidation with the Au3+

concentration.293 Hutchings and co-workers investigated the
oxidation states of Au in Au/Fe2O3 catalysts for CO oxidation
using X-ray absorption and M€ossbauer effect spectroscopies and
showed that the most active catalysts contain abundent Au3+

species.731 These reports, however, cannot rule out the contribu-
tion of metallic gold to the catalytic activity; it is very likely that
cationic Au may assist metallic Au in catalytic CO oxidation. One
should note that the TOF of CO oxidation on 5 wt %Au/Fe2O3

in Hutchings0 experiments is much lower than those observed for
metallic Au catalysts by Haruta and Goodman.5,291 Boyd et al.
showed that Au+ was active, but again the combined role
of cationic gold species with Au0 could not be ruled out
(a schematic proposed by Bond and Thompson is shown in
Figure 50).730 It should be noted that a body of data shows that,
although cationic Au is active for CO catalytic oxidation, its
activity is significantly lower than the activity of metallic Au
nanoparticles.
Although there have been numerous studies to date, including

model systems, there is a lack of a definitive study concerning the
exact roles of the active oxidation state of gold nanoparticles for
CO oxidation. Clearly, it is still an area that attracts much
attention in which contributions from surface science can play
a significant role.
Role of Moisture. As discussed earlier, a number of investiga-

tions have shown that the adsorption and activation of O2 could

Figure 50. Proposed model for the active site of a supported gold
catalyst incorporating the essential features of cationic gold at the
interface of the gold nanoparticle with the support, surface vacancies,
and the involvement of a hydroxy group. Much of the current experi-
mental evidence is in agreement with this proposal.680
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occur at the interface between gold and oxide support. However,
there is a lack of fundmental understanding regarding how the
interface area, although limited, is responsible for the activation
process.19,735 It has been shown that adsorbed water, frequently
at the interface or the oxide surface, has a promotional effect,
particularly when the perimeter of interface is not sufficient to
provide enough oxygen for the reaction.247,677,735�738 Haruta
and co-workers demonstrated that turnover rate of CO over Au/
TiO2 at 270 K increases in the presence of water (e.g., up to
200 ppm)while the rate decreases at higherwater concentrations.677

The reaction rate with 0.1 ppm of water is 1 order of magnitude
higher compared to 3 ppm of water (a typical reaction con-
dition). Gao et al. have shown that the presence of water in the
reactant had two effects on reactivity of Au/TiO2(110):

739 (1) a
decrease in CO coverage, and (2) the appearance of a carbonate
species. The authors noted that since both effects inhibit CO
oxidation the promotional effects of water reported previously
are probably validated only for adsorption and activation molec-
ular of oxygen. UHV results presented by Ting el al. support the
finding by Gao and Goodman in which the production of CO2

decreases on a water precovered surface due to reduced uptake of
CO.740 These results further inferred that carbonate species is
first formed on the TiO2 surfaces prior to the diffusion to Au sites
and that surface hydroxyl species may play the same promotional
role as adsorbed water.
The influence of moisture on CO oxidation is strongly

dependent on the type of the oxide support.19 In a recent
theoretical study,735 Liu et al. showed that oxygen vacancies on
TiO2(110) are active sites for the dissociation of water to form
hydroxyl species, which are able to facilitate the adsorption of O2

adsorption. The resultant hydrogen atoms induce the charge
transfer from the oxide to upcoming oxygen.19 Bongiorno and
Landman using DFT calculations examined the role of water in
CO oxidation on gold nanoparticles supported on a perfect
MgO(100) surface.738 They found a hydroperoxyl-like inter-
mediate in the optimized coadsorption configuration and that
charge transfer to oxygen induced its activation.
Active Oxygen Species. Numerous attempts have been made

to determine the structure of active oxygen, but the nature of
active oxygen species in CO oxidation is still elusive. It possibly
depends on the structure of the Au species and oxide supports as
well as the reaction conditions. Three type of oxygen species—
atomic oxygen, activated molecular oxygen, and peroxide-based
species—are typically considered catalytic reactive.
Although gold surfaces only weakly bind CO molecules, upon

being covered by atomic oxygen it readily catalyzes CO to form
CO2.

19,91,661,695 Despite the rapid reaction observed in the
presence of atomic oxygen, dissociation of molecular oxygen
has been considered as the rate-limiting step. Indeed, dissociation
probability of molecular O2 on bulk Au surfaces and supported
nanoparticles is fairly low (in the level of 10�7).90 However, the
presence of undercoordinated Au atoms could promote the
dissociation of molecular oxygen.90,741 Results from DFT calcu-
lations showed that activation barriers for O2 dissociation are
dependent on coordination number and the lattice constant of of
Au106 and suggested that smaller gold nanoclusters supported on
oxides should have a lower barrier for O2 dissociation due to the
higher concentration of steps.2

Alternatively, molecular oxygen can be dissociatively adsorbed
on defect sites (e.g., oxygen vacancies) of reducible oxide
supports. It has also been proposed that a peroxo species
(�HO2), or its transformative form, could be the active oxygen

species for CO oxidation.106,117,293,724,738,742 For example, Xu
and Mavrikakis observed the reaction of CO with η1-superoxide
or peroxide on Au/CeO2�x.

106

Mullins and co-workers employed molecular beam scattering
measurements which showed that molecular oxygen could also
directly react with CO on a Au/TiO2(110) surface.117,724

Theoretical calculations suggested the formation of O�O�CO
metastable intermediate (with an activation barrier of∼0.46 eV)
on Au steps246 or very small gold clusters (e.g., Au2

�743). This
intermediate could further undergo decomposition to form CO2

and adsorbed O; the latter could again readily react with CO.
7.3.2. Propylene Oxidation. The seminal discovery by

Haruta et al. regarding selective epoxidation of propylene using
gold catalysts has spurred the general interest in this reaction.744

This reaction shares many similarities to CO oxidation, but
mechanistic aspects such as reaction pathways are more compli-
cated. Min and Friend have elegantly reviewed product distribu-
tions and possible reaction paths on various gold-based
catalysts.19

Campbell and his group demonstrated that propylene only
adsorbs on the specific sites at the interface between gold
particles and the support.745 With a 1.5 ML gold coverage
TiO2(110), two distinct peaks (i.e., 150 and 240 K) were
observed from propylene desorption at low coverages. The
low-temperature desorption peak was originated from bulk gold
surfaces.98 A third peak appeared at 190 K with an increase in
coverage of propylene, corresponding to desorption from titania.
The authors speculated that sites located at the particle�support
interface could account for the high-temperature peak.745

The pathway of propylene oxidation strongly depends on the
type of metal oxide.19 Selective oxidation only occurs when either
the anatase phase of TiO2 or titanosilicate is used as a support for
gold nanoparticles.746 Gold nanoparticles supported on TiO2

(anatase) are among the most selective catalysts, in which a 90%
selectivity to propylene oxide can be obtained in the presence of
both oxygen and hydrogen.744,747,748 TiO2�SiO2 nanocompo-
sites with mesoporous crystalline structures are active for this
reaction as well, and an optimized Ti:Si ratio is typically below
3:100.749�754 Au/Fe2O3 is not selective to propylene oxide and
catalyzes the combustion reaction effectively.755 Additionally,
partial oxidation products such as acetone, acrolein, and C2

oxygenates evolved on Au nanoparticles supported on irreduci-
ble oxides (e.g., SiO2, MgO, and MoO2).

755

Several excellent reviews have pointed out experimental
requirements in order to obtain high selectivity to partial oxida-
tion products.19,747 Both hydrogen and oxygen are essential for
high attaining high selectivity of propylene oxide.756,757 A particle
size effect for this reaction require average particle size of gold
less than 5 nm to efficiently catalyze the reaction.758 The
selelectivity and reactivity of this reaction also strongly depends
on the preparation method of catalysts. Specifically, the depos-
ition�precipitation method is suitable to synthesize catalysts
with high selectivity for epoxidation, whereas combustion is
predominant for catalysts produced employed the impregnation
method.19 This could be originated from different contact
structures (e.g., interface) of gold particles with the oxide support
as well as electronic properties of gold and the oxide. Addition-
ally, alkaline ions have often been used as promoters for this
reaction.756,759

A hydrogen peroxo-like species has been proposed as the
active oxygen species for the epoxidation of propylene, although
it is largely based on speculations from experimental
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results.759�763 Atomic oxygen could also be reactive for the
epoxidation as seen on Ag-based catalysts, and dissociation of O2

could be the rate-limiting step due to the high activation
barrier.19,759

The nature of active sites for the epoxidation is still elusive,
which needs to be answered in future investigations. As men-
tioned eariler, only TiO2- or Ti-containing oxide supports
promote the reaction, but the differences in elementary steps
are not clearly known. Haratu and co-workers proposed a
possible reaction pathway for the epoxidation reaction over
Au/TS-1 (Figure 51).759 Specifically, molecular oxygen reacts
with H2O on gold nanoclusters to produce �OOH species; the
�OOH species reversibly diffuse from gold surfaces to neighbor-
ing Ti sites to form Ti�OOH species, which are responsible for
subsequent epoxidation. It is likely that during the reaction O 3

radicals would be produced and further used to oxidize C3H6 to
propylene epoxide, acrolein, and CO2,

764 which was also ob-
served on Au(111).256 Therefore, selectivity of propylene ep-
oxide should be improved by tuning the reactivity of O radicals
over the surfaces of gold nanoclusters.759 Another puzzle is
regarding the exact role of gold nanoparticles in this reaction
since bare Ti-containing silica or silicate is highly reactive for the
epoxidation.765,766

Another issue we need to mention is the underlying basis for
the thermal stability of gold catalysts for the oxidation of
propylene since the deactivation is frequently reported. Accu-
mulation of byproducts (e.g, carbonates767) on active sites or
sintering of Au nanoparticles are two major culprits accounting
for the deactivation; the former could be the primary reason
for the deactivation.768 High pressures of O2 under realistic
reaction conditions would even accelerate aggregation of gold
nanoclusters.
7.3.3. Water�Gas Shift Reaction. Hydrogen energy has

attracted much attention for the past few years, particularly
considering the depletion of conventional fossil fuels. Commer-
cial production of hydrogen always accompanies a certain level of
CO that must be removed, for example, via the water�gas shift
reaction, before feeding fuel cells (CO deactivates the Pt-based
electrode catalysts). The reaction typically requires a catalyst
with superior activity at low temperatures (e.g., below
250 �C).769 Cu-based catalysts, both pure and supported on
metal oxides, fall among the more active and promising for the
water�gas shift reaction, although the origin of their reactivity is
not fully understood but has been suggested to be highly
dependent on the synthesis conditions and/or the nature of

the oxide support.292,770 Either metallic Cu or Cu+ cations have
been considered as the active sites for the WGS reaction.292

Oxide mixtures of CuO�ZnO or CuO�ZnO/Al2O3 are com-
mercially used for this reaction at temperatures between 450 and
525 K. However, these catalysts are pyrophoric, and standard
activation steps before usage are rather lengthy and
complicated.771 Gold nanoparticles supported on oxides possess
the required high activity, but the feasibility of using these
catalysts under real conditions is still questionable.
The use of gold catalysts for the water�gas shift reaction at

low temperature was first reported by Andreeva’s group for Au/
Fe2O3 catalysts.

772,773 Subsequently, Venugopal et al. added Ru
to Au/Fe2O3 catalysts and found a significant enhancement in
catalytic performance.774,775 Hua et al. reported that certain types
of metal oxides can also act as promoters for the Au/Fe2O3

catalyst.776 Daniells et al. examined the same catalysts and found
that traces of water enhance the reaction at ambient temperature,
but much higher temperatures are required at higher concentra-
tions of water.777 Haruta’s group has shown that Au/TiO2 is also
active for this reaction.778

CeO2 has recently attracted considerable interest as a support
for the water�gas shift reaction since the seminal discovery by
Flytzani-Stephanopoulos and co-workers, who found that Au/
CeO2 was more active than Au/TiO2.

770,779,780 The same group
also reported an enhanced catalytic activity upon treatment of the
Au/CeO2 catalyst with CN� ions.292 Most of the gold (e.g.,
particularly metallic) was leached from this treatment, and the
authors proposed that cationic gold could be the active species. Yi
et al. illustrated that strong bonded Aun�O�Ce species could be
the active sites for the reaction.781,782 Indeed, DFT calculations
demonstrated that the presence of empty localized nonbonding f
states in CeO2 facilitate the oxidation of Au, thus enabling CO
adsorption.783 The active site for the water�gas shift reaction
could consist of Au clusters of 4�6 atoms anchored on an oxygen
vacancy on the CeO2 surface.

4 However, gold cations are not
thermally stable at the elevated temperatures at which the
water�gas shift reaction is carried out, and thus these theoretical
results are more relevant to reactions at ambient temperature, for
example, CO oxidation. Haruta and co-workers employing
transient experiments with CO and H2O pulsing into H2 and
He discovered that the WGS reaction took place at the interface
of Au nanoparticles and reduced CeO2 surfaces.

784 Tibiletti et al.
used NEXAFS and XANES coupled with theoretical approaches
to study Au/CeO2 catalysts and found that both metallic and
cationic gold species could be active for the water�gas shift
reaction, although the amount of the oxidized species is below
the detection limit of the XANES.785

In order to draw a better correlation between WGS activity
and surface structure, Rodriguez and his group systematically
investigated Au/TiO2(110) and Au/CeOx/TiO2(110) surfaces
as a function of Au coverage (Figure 52).786,787 The Au/TiO2-
(110) systems are active in theWGS reaction, but the reactivity is
considerably lower than that of Au/CeOx/TiO2(110).

771 The
Au/CeOx/TiO2(110) catalyst is also more reactive compared to
Au/CeO2(111),

626 Cu/ZnO(0001),626 CeOx/Au(111),
294 and

copper single crystals.626,787 It has been proposed that the
concentration of active sites is proportional to the number of
ceria regions in contact with gold nanoparticles.786,788 ISS
measurements indicated that only 12% of the titania support
was covered by ceria regions; thus, the Au/CeOx/TiO2(110)
catalyst should be at least 300 timesmore active than Cu(100) on
a per-active-site basis.626,786 Even more active WGS catalysts

Figure 51. Possible route for propylene epoxidation with O2 + H2O
over Au/TS-1 (TS-1 was pretreated by alkaline soultion). Reproduced
with permission from ref 759. Copyright 2009 Wiley-VCH Verlag
GmbH & Co. KGaA.
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were found after depositing Cu and Pt on CeOx/TiO2(110).
788

In the M/CeOx/TiO2(110) (M = Cu, Au, Pt) systems, there is a
strong coupling of the chemical properties of the admetal and the
mixed-metal oxide.786,788 The high catalytic activity of M/CeOx/
TiO2(110) is likely to be ascribed to the unique chemical
properties of the Ce2O3 dimers supported on titania. The
dissociation of water is commonly considered as the rate-
determining step in theWGS reaction .789 The Ce3+ sites present
in CeOx/TiO2(110) easily dissociate water,

788 but highly stable
HCOx species are formed on the oxide surface upon exposure to
CO and there is no production of H2 or CO2 gas. The Au/CeOx/
TiO2(110) systems are bifunctional catalysts: oxide sites facil-
itate the adsorption and dissociation of water and CO adsorbs on
metal nanoparticles. The subsequent reaction steps happen at
interfaces between the oxide and metal nanoparticles. Notably, it
has been verified in experiments with high-surface-area powder
Pt/CeOx/TiO2 catalysts, which in many aspects show a behavior
similar to that seen for Pt/CeOx/TiO2(110) surfaces.790 The
approach could generally apply to catalysts containing ceria,787

spurring research interests in controlling catalytic activity via
coupling appropriate pairs of oxides.
We need to note that even though Au/CeO2 catalysts are

significantly more reactive than commercial Cu-based catalysts,
they are easily deactivated by carbonates and/or formates.791

Stability and Deactivation of Gold Catalysts. Burch769 and
Bond792 have provided excellent overviews concerning under-
lying reasons for the deactivation of gold catalysts for the

water�gas shift reaction. The deactivation is generally attributed
to the sintering of gold nanoparticles769,792,793 and changes in the
valence state of gold and/or support cations.780,794 Additionally,
formation of the formate species791 or monodentate CO3

�, at
least at high CO2 concentrations

793 could be responsible for the
catalyst deactivation. Therein, the formation path of the CO3

�

species is unclear, but it could decompose at higher temperature.
Considerable efforts have been made to improve the stability of
gold-based catalysts for the WGS reaction. For example, the
presence of traces of O2 (e.g., 0.5%) slows down the deactivation
of Au/CeO2.

795 Another strategy is to stabilize the Auδ+ species
at the interface between gold nanoparticles and the support in
order to enhance the binding energy of chemisorbed CO.783

Different deactivation mechanisms could be applied to the
same catalyst simultaneously dependent on reaction condi-
tions.769 For instance, sintering of gold nanoparticles became
severe at higher temperatures, leading to the irreversible loss of
the contact length between gold nanoparticles and the
oxide.785,796�798 At intermediate temperatures, carbonates could
be readily formed, which gradually blocks the active sites and
causes a slow deactivation.770,791,795 In the presence of moisture
at low temperatures, the irreversible loss of activity could be
ascribed to a decrease in surface area of the support.770 The
ultimate loss of reactivity occurs upon the complete destruction
of interaction between gold particles and the support.769

Proposed Mechanisms for WGS.769,792. A large number
of investigations have attempted to elucidate the reaction

Figure 52. (A�C) Morphology of Au/CeOx/TiO2 (110). (A) STM image of a CeOx/TiO2(110) surface. Ce was deposited at 600 K under an
atmosphere of O2 (∼1� 10�7 Torr), and then the sample was annealed at 900 K in O2. (B) STM image for a Au/CeOx/TiO2(110) surface. The gold
was deposited on the same area shown in A at 298 K. Approximately 6% of the surface was covered with Au. (C) STM image obtained after annealing the
system in B to 600 K. All of the STM images correspond to an area of 20� 20 nm and imaging conditions of Vt = 1.5 V and It = 0.03 nA. (D) TheWGS
activity of Au/TiO2(110) and Au/CeOx/TiO2(110) as a function of Au coverage. The area of TiO2(110) covered by CeOx was measured with ISS,
before depositing gold, and found to be∼12% of the clean substrate. The reported values for the production of H2 andCO2were obtained after exposing
the catalysts to 20 Torr of CO and 10 Torr of H2O at 625 K for 5 min. The number of H2 and CO2 molecules produced is normalized by the sample
surface area. (E) Comparison of the WGS activity of Cu(100), Au(111), and 0.5 mL of Au supported on TiO2(110), CeO2(111), or CeOx/TiO2(110).
Reproduced with permission from ref 786. Copyright 2009 the National Academy of Sciences of the United States of America.
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mechanism for the low-temperature WGS reaction over gold-
based catalysts.769,792 In their seminal reviews, Burch769 and
Bond792 have summarized possible mechanisms for the reaction,
among which two types of mechanisms (the redox mechanism
and the associative mechanism) are most commonly accepted
(Figure 53). Surface carbonates or carboxylates have often been
considered as major intermediates involved in the rate-determin-
ing step for both mechanisms. As discussed earlier, the mechan-
istic pathway strongly relies on reaction conditions, and one
cannot easily validate a sole mechanism while ruling out others,
even for the same catalyst.
A possible universal mechanism for the WGS reaction has

been proposed based on experimental and theoretical investiga-
tions.769We should note that the applicability of any part of this
model is a function of the experimental conditions and should
include the choice of support (Figure 53). A key part of this
universal mechanism is the recognition that all the mechanisms
proposed in the literature are subsets of a single process. This is
clear from the “formate” model where the decomposition of a
“carbonate” is needed to complete the catalytic cycle. Moreover,
if the first and last steps are separated in time, then this is a
statement of the “redox” model.769,792

Figure 53a and 53b represents proposed mechanisms for the
reverse and forward WGS reactions, respectively. It is obvious
that both carbonates and carboxylates play a crucial role in both
cases. The reversibility of this mechanism could help understand
the nature of active sites of catalysts for both the forward and
reverse reactions. A possible universal mechanism for the WGS
reaction proposed based on experimental and theoretical investiga-
tions is shown in Figure 53c.769 The production of formate could be
most energetically favorable in this mechanism, particularly when H
andCOboth adsorbed on the gold surfaces (note that smallmetallic
gold particles can dissociate and adsorb hydrogen799).

7.3.4. Adsorption and Reaction of SO2. SO2 is a repre-
sentative of phenomena that the interaction of adsorbates with
supported gold nanoparticles is different compared to single-
crystal surfaces. Rodriquez et al., employing XPS, observed the
dissociation of SO2 on gold nanoclusters on TiO2(110) with an
average size of 2.6 nm (versus only SO4 produced on clean
TiO2(110)),

132 even though the binding of SO2 is weak on bulk
gold surfaces.163 The authors proposed that the role of gold is to
enhance the exchange of vacancies between the surface and the
bulk of TiO2, while the electronic structure of gold can be, in
turn, altered by oxygen vacancies. Indeed, DFT calculations also
indicated that the presence of gold nanoparticles on these oxygen
vacancies greatly facilitated dissociation of SO2.

132,616,625 The
importance of the oxygen vacancy was also reported for Au/
CeOx(111). The heat of adsorption of SO2 on Au nanoparticles
supported on stoichiometric CeO2(111) was 4�7 kcal/mol
larger compared to Au(111).625 Negligible decomposition of
SO2 was observed on Au/CeO2(111); however, upon introduc-
tion of oxygen vacancies on the ceria surfaces, SO2 experienced
complete dissociation. AuOx/CeO2 were reported to be much less
chemically active compared to Au/CeO2(111) or Au/CeO2�x-
(111) catalysts. The active sites in (Au +AuOx)/ceria catalysts were
suggested to be gold nanoparticles in contact with O vacancies.625

Rodriguez and co-workers also examined the effect of support
by comparing adsorption behaviors of SO2 on Au/TiO2 to Au/
MgO.800 No dissociation of SO2 was observed on Au/MgO,
although the heat of adsorption of SO2 was ∼7 kcal/mol larger
than on Au(111). Corner sites (i.e., Au atoms with a low
coordination number) on the Au nanoparticles were proposed
to be responsible for this difference.800 Additionally, considering
that the particle size of Au was about the same on both substrates,
the authors suggested that the metal�support interaction plays a
significant role in determining the surface reactivity.800 One

Figure 53. (a) Proposed “carbonate/carboxylate”mechanism for the reverse WGS reaction. (b) Proposed “carbonate/carboxylate”mechanism for the
WGS reaction. (c) Proposed “universal” mechanism for the WGS reaction. Note H species attached to Au particles are not intended to imply a stable
species, but simply a very transitory species that provides a route to spillover hydrogen and may be formed at surface defects or via assisted adsorption.
Reproduced with permission from ref 769. Copyright 2006 Royal Society of Chemistry (the PCCP Owner Societies).
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should also note that an effect of charge polarization induced by
Au�C interactions was observed for SO2 dissociation on a
Au�TiC(001) surface.801

8. SUMMARIES AND PERSPECTIVES

Heterogeneous catalysis by gold is now under burgeoning
development and has been explored via a considerably increased
number of experimental and theoretical investigations including
both nanosized gold clusters and gold single crystals. It is clear,
from the extensive literature presented, that these gold-based
model catalysts are very active for low-temperature oxidation of
CO, water�gas shift reaction, and oxidations of hydrogen,
ammonia, amines, NO, olefins, and alcohols.

From a surface science perspective, it is difficult to standardize
preparation techniques and characterize physicochemical prop-
erties for real catalyst systems. Indeed, in many cases the various
results, which were obtained for the same catalysts but reported
by different groups (reproducibility is also an issue802), seem to
be directly contradictory. Therefore, mechanistic aspects regard-
ing the activity of supported gold nanoclusters are still under
debate, particularly for the active site structure, particle size depen-
dence, stability, and molecular oxygen activation process.10,803

Fortunately, surface science approaches using model systems could
make strong contributions with this respect, although bothmaterials
and pressure gaps have to be considered.804,805 Themost important
characteristic of the model system is that one can start from
simplicity to complexity in a stepwise manner, which would, in
principle, sort out the effect of each experimental variable via surface
phenomena observed. Employing a variety of surface science techni-
ques, we are now somehow able to specifically design and prepare the
catalysts with tunable reactivity and selectivity for certain reactions.

The structural discrepancy between the practically used con-
ventional catalysts and the planar model systems should always
be taken into account. Bridging this materials gap could be even
more challenging and complicated than overcoming the pressure
gap, which requires systematic work. A comparison of various
facets of an oxide support covered with Au nanoclusters of
defined size in terms of adsorption and reaction properties could
be a first step toward this goal. Subsequently, a better under-
standing of surface structure and morphology of these catalysts
accompanied with detailed kinetic analysis could help design
practically relevant Au and oxide catalysts.806

One of the major remaining challenges is regarding the
structural and electronic nature of the active site for supported
gold nanoclusters. Numerous investigations have proved it a
highly controversial subject. For example, why high reactivity is
typically obtained with restricted gold size range is not yet fully
understood.291,668 We need to recall that in catalytic reactions at
least one of the reactants is chemisorbed on gold surfaces, even if
it sometimes spills over onto the support. Surface gold atoms,
particularly those on sufficiently small particles, lack metallic
character due to their low-coordination number and often have
better chemisorptive ability.8 This ability could also be originated
from surface mobility and the electronegativity of gold. Addi-
tionally, the details of the sintering mechanism and the design/
synthesis of functional oxide supports to enhance the gold�
support interaction and to retard particle sintering should also be
explored. We must recognize that it is difficult to really define
active sites because there is no real information about the
morphology of the catalytic surfaces under reaction conditions.
Detailed in situ STM and/or TEM experiments and quantum

mechanical studies of model systems and their interactions with
reagent molecules are an urgent necessity.

The activation of molecular oxygen on gold-based materials is
obviously another important concern. Both large Au particles
and Au single crystals are not active for dissociation of O2, which
could be a key step in reactions. It is clear that the size and
shape of gold nanoparticles influence the dissociation of O2, and
the water moiety could also affect interactions of oxygen with
oxide support.19 However, there is no general consensus regard-
ing the identity of active oxygen species for high-surface-area gold-
based catalysts;742 the most frequently suggested adsorbed species
include atomic oxygen, hydroperoxy ( 3HO2) intermediate when
moisture is present, and activated molecular oxygen. Detailed
mechanistic studies aimed at understanding the identity of the
activated oxygen species are urgently required. Model studies on
oxidized Au(111) demonstrate, however, that atomic oxygen is
very active for low-temperature oxidation reactions, which could
illustrate elementary reaction steps on “real” gold catalysts. Further
model catalytic studies of oxidative reactions over gold single-
crystal supported inverse metal oxide [i.e., TiOx/Au(111) and
CeOx/Au(111)] aswell as size-selectedAu clusters onmetal oxide
may help elucidate these mechanistic details and design a more
efficient gold catalyst for commercial application.

Even though mechanistic aspects of low-temperature CO
oxidation are relatively well manipulated, most other reactions
catalyzed by gold are less understood, partially due to the
complexity of the reaction system. Taking the propylene oxida-
tion, for example, the underlying basis regarding how Ti-based
support promotes catalytic stability of catalysts is not exactly
known.19 Surface science investigations on a number of reac-
tions, including CO preferential oxidation (PROX) in hydrogen-
rich gas streams, oxidation of volatile organic compounds
(VOCs), and hydrogenation reactions, are fairly limited, which,
in turn, renders future model studies an opportunity. Notably,
Pan et al. have very recently reported on hydrogenation of
acetaldehyde to ethanol on Au(111) precovered with atomic
hydrogen.807 The recent developments in aberration-corrected
scanning transmission electron microscopy and X-ray adsorption
techniques (e.g., XANES and EXAFS) offer great opportunities
to better understand the complexity of practically used catalysts,
which is particularly well-exemplified by recent elegant investiga-
tions on the Au/TiO2 catalyst.

808 On the one hand, we need to
specify the real active species present in practically used catalysts from
a mechanistic point of view and to address if this species for all the
reactions. After all, it is very likely that several different sites could
exist on the same catalyst, at which the activity can be regulated to a
specific reaction.803This point has not been achieved yet andperhaps
represents the currentmajor challenge for gold-based heterogeneous
catalysis. Model systems and theoretical studies would be vital in
attaining this understanding; contribution of expertise frommaterials
scientists would also be essential to rationally design a catalyst with
specific structures and catalytic efficacy. Elegant model and theore-
tical research will direct the way in this new era of gold catalysis.

Gold-based bimetallics are another subject worth substantial
attention. While in many cases addition of an inactive metal leads
to a decrease in activity, in some cases there is an initial increase.
It has frequently been ascribed to a decrease in the mean size of
the active ensemble, which, in turn, minimizes the formation of
strongly bonded surface species that could lower the rate of the
desired reaction, although sometimes improving its selectivity.
The probability of finding an active ensemble of a specified size is
a function of the ratio in which the twometals are present, but the



3043 dx.doi.org/10.1021/cr200041p |Chem. Rev. 2012, 112, 2987–3054

Chemical Reviews REVIEW

component of lower surface energy to segregate preferentially at
the surface that would occupy low-coordination-number sites.
Additionally, a number of reports show that gold can improve the
activity of palladium in reaction involving only hydrogen. For
instance, bimetallic catalysts containing gold show activity super-
ior to that of either compound separately in the synthesis of
hydrogen peroxide and vinyl acetate and several other selective
oxidations. However, sound explanations for these effects are not
always available even frommodel systems, although it is clear that
the role of gold is to favorably modify the performance of the
palladium. Detailed surface science investigations of bimetallic
surfaces and supported bimetallic clusters, not limited to the
Au�Pd system, would spur considerable interest and attention in
the research community.

There are numerous opportunities emerging in gold-catalyzed
heterogeneous reactions, particularly, for example, in the field of
selective chemical synthesis. Increased attention has been paid to
the direct synthesis of hydrogen peroxide and the selective
oxidation of OH functional groups.27,809 Gold catalysts have
also been proven to be highly active in the conversion of
biorenewable feedstocks such as sugars and glycerol. Addition-
ally, although acetylene is highly reactive on gold catalysts, the
reactions of other alkenes have been less reported, which could also
be a key opportunity.803 Other reactions, such as photocatalytic
hydrogen production, hydrogenation reactions, and decomposition
of halogen-containing compounds, are potentially interesting but
are relatively less investigated and thus underdeveloped. Overall, the
real opportunity stems from a combination of expertise of synthetic
methods and theoretical and experimental model studies.
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