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1. Introduction
Due to increasing concern about environmental impact,

there has been tremendous recent interest in developing new
processes that both reduce energy consumption and minimize
pollution in chemical synthesis and processing. Heteroge-
neous catalysis is key to successful development of so-called
“green chemistry” since it is widely used to reduce emissions
from automobile and stationary combustion sources. For
example, emission of CO from automobiles is substantially
diminished by heterogeneous catalysts, such as oxide-
supported platinum-group materials used in the three-way
catalyst.1-3 Heterogeneous catalysts are also essential for
chemical production and processing in the petroleum
industries.4-6 Development of low-temperature processes
would improve the selectivity of important chemical reac-

tions, thus reducing the byproducts and energy consumption
and potentially limiting production of chemicals that may
be unfriendly to the environment or human health.

In this paper, we focus on the use of heterogeneous gold
catalysts for low-temperature oxidative reactions. We also
introduce the concept of using metastable phases of oxygen
as a means of enhancing the activity and selectivity of
catalysts in general and Au-based catalysts in specific.

The discovery that gold is active for heterogeneous
oxidative reactions at low temperaturese.g., CO oxidation7

and selective propene oxidation8smade by Haruta and
colleagues motivated a considerable amount of research on
the activity of gold-based catalysts. The importance of new
processes for low-temperature CO oxidation, for example,
is underscored by noting that current commercial catalysts
for automotive pollution control, which are based on
platinum-group metals, are not very active at low tempera-
ture, leading to the “cold start-up” problem in which much
of the CO produced by incomplete combustion is not
oxidized for operation temperatures below 200°C.1,9,10Gold-
based catalysts oxidize CO at much lower temperature (even
at room temperature or below), although application of the
gold catalysts in conjunction with the platinum-based three-
way catalysts would require improvement in their thermal
stability.1,9-11

The other area where gold catalysts have potential to
enhance performance is in the selective epoxidation of
propene and other olefins.8,12Propene epoxide is an important
starting material in the chemical industry for the synthesis
of polyether polyols, polyurethane, and propene glycol.12,13

Existing commercial processes for producing propene ep-
oxide are the chlorohydrin process and the hydroperoxide
process (Halcon). In the chlorohydrin process, propene first
reacts with hypochlorous acid to produce chlorohydrin
followed by dehydrochlorination using aqueous potassium
hydroxide to produce the epoxide. In the hydroperoxide
process, the propene reacts with alkyl-hydroperoxides which
are produced by the peroxidation of an alkane, resulting in
propene oxide and alcohol as products. The details of those
processes have recently been reviewed,13 and both have
serious drawbacks. The chlorohydrin process produces
chlorinated byproducts which create an environmental haz-
ard. The hydroperoxide process is expensive and also yields
styrene andtert-butyl alcohol as coproducts.13 Ideally,
propene would be directly oxidized using oxygen with the
aid of a heterogeneous catalyst. The primary obstacle to direct
heterogeneous oxidation of propene to propene epoxide is
that the allylic C-H bond in propene is very labile and
subject to attack by oxygen. Silver catalysts, used for
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commercial epoxidation of ethylene, lead to combustion of
propenenot epoxidation because of the activation at the
allylic proton, for example. On the other hand, recent studies
of gold catalysts indicate that they may be commercially
viable for propene epoxidation.14,15

In this paper, we review the current understanding of the
important features of gold catalysts for low-temperature CO
oxidation and propene oxidation with a focus on fundamental
aspects obtained from surface science studies. In the first
part of this paper, we briefly provide an overview of previous
investigations of high surface area and model catalysts and
related theoretical studies. Subsequently, we highlight some
of our work using oxidized Au(111) that is relevant to the
fundamental underpinnings of gold catalysis. In particular,
we introduce the concept of using metastable oxygen species
to promote selective oxidation reactions. Metastable oxygen
on Au(111) has a high activity and selectivity toward both
CO and propene oxidation. Our studies suggest that meta-
stable oxygen species may be useful in a broad range of
reactions on Au. Under reaction conditions, metastable
oxygen phases can, in principle, be created by selecting
appropriate reaction conditions that kinetically control the
state of the surface. Control of the temperature and pressures
(flux) of reactants will affect the state of the surface, even
for high surface area materials.

2. Overview of Heterogeneous Gold-Based
Catalysis

2.1. Low-Temperature CO Oxidation

The discovery that small, nanoscopic gold particles sup-
ported on metal oxides are active for low-temperature CO
oxidation has inspired a considerable amount of research

directed toward understanding the basis for the activity of
Au catalysts. Interestingly, the activities for CO oxidation
for high surface area gold catalysts11,16,17and a model system
with Au supported on a planar oxide support18,19are similarly
sensitive to the gold particle size distribution (Figure 1).

Even though, as mentioned, it has been generally agreed
that the catalytic activity of gold depends on the size of the
gold particles, the underlying physical explanation for the
activity of gold has been the subject of extreme controversy.
The complexity of the gold catalytic system introduces many
possible factors that can contribute to the catalytic activity
of gold. 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. In addition, the presence of moisture, present in
many high-pressure reaction systems, seems to promote
activity of Au for CO oxidation.

Here, we classify the possible contributions to the activity
of Au into two broad categories: factors related to the gold
particle itself and factors related to the oxide support as
outlined in Scheme 1. The size, thickness, or shape of the
gold particles all fall in the first category, and the oxide
support is considered a passive supporting material, the
primary role being to provide sites for the nucleation and
growth of gold nanoparticles. One of the primary explana-
tions for gold activity for CO oxidation is that there are
undercoordinated gold atoms, the prevalence of which is
related to the size, thickness, or shape of the gold particles.
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In the second category, the oxide support is thought to
contribute to the catalytic activity of Au through several
mechanisms: (1) charge transfer to/from the oxide support
from/to the gold particle, (2) supply of adsorption sites for
reactants, in particular, oxidants, that may migrate to the Au
particle, and (3) formation of a reactive gold-oxide interface
and the particle perimeter. In this section, we briefly review
previous studies that address these various points for Au-
induced CO oxidation.

2.1.1. Influence of the Characteristics of Gold Particles on
CO Oxidation Activity

A natural question about the influence of the characteristics
of Au particles on CO oxidation is whether Au that isnot
supported on oxide materials is active for CO oxidation.
Indeed, unsupported gold powder is active for CO oxidation
between 249 and 294 K when a closed recirculation reaction
system is used,20 albeit the rate constant is lower by 2 orders
of magnitude for the Au powder compared to gold nano-
particles supported on titania after accounting for the surface
area of the gold. The diameters of the Au particles (mean
diameter of 3.5 nm) supported on TiO2 were smaller than
the unsupported powder, which had a mean diameter of 76
nm. Thus, it is not clear whether the difference in reactivity

for the supported and unsupported Au is due to the support
or a difference in the gold particle size distribution.

Studies of CO oxidation on supported Au nanoparticles
definitively show that smaller particles are more active on a
variety of oxide supports. Specifically, small gold particles
(2-4 nm in diameter) have an activity at 273 K that is more
than 2 orders of magnitude larger than larger gold particles
(20-40 nm in diameter) irrespective of whether those are
supported on a reducible or an irreducible oxide.21 These
results strongly indicate that Au particle size has a major
effect on activity for CO oxidation. Although the particle
size is clearly an important factor in determining reactivity,
the shape of the particles and, therefore, the coordination
sites available are also important. The shape of the particles
in turn depends on the metal oxide support. For example, a
recent study was performed on gold particles having almost
identical size distributions (∼3 nm) prepared on different
oxide supports using the colloidal deposition method.22 The
differences in the measured rates of CO oxidation for
different supports were attributed to differences in the shapes
of the Au particles on the various oxide supports since the
activities reported did not follow the trend reported by others.
Specifically, gold particles supported on alumina, which was
reported to be inactive by others,21,23 are more active than
those supported on the reducible oxides similar to ZnO.23

Clearly, small gold particles in a variety of environments
are active for CO oxidation, even without a support. This
observation raises the question as to why small-sized gold
is active whereas extended Au surfaces, e.g., single crystals,
are not. Notably, CO is readily oxidized on extended Au
surfaces once oxygen atoms are present on the surface, as
discussed in more detail below; however, there is not a
successful example of extended Au surfaces being catalytic.

Early on it was suggested that the catalytic activity of Au
is due to different electronic properties associated with Au
nanoparticles supported on metal oxides. The onset of

Figure 1. Transmission electron micrograph of Au (3.3%) sup-
ported on TiO2 prepared by deposition-precipitation method (left),
and STM image (right) of Au/TiO2 (110) prepared by physical vapor
deposition method in UHV conditions. The average gold particle
size in both cases is∼3 nm. The reactivity data (turnover
frequencies, TOFs) of gold catalysts in CO oxidation at 300 K as
a function of the average size of gold particles supported on the
high surface area catalysts and TiO2 (110)-(1 × 1). The right
transmission electron micrograph and the plot of TOF versus cluster
diameter are reprinted with permission from ref 18 (www.
sciencemag.org). Copyright 1998 AAAS. The left transmission
electron micrograph is reprinted from ref 137, Copyright 1993, with
permission from Elsevier.

Scheme 1
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catalytic activity of small gold particles supported on
TiO2(110) correlated with a metal-to-nonmetal transition that
was suggested by scanning tunneling microscopy (STM) and
spectroscopy (STS) measurements.18 Specifically, the band
gaps of one-atom-thick gold particles measured by STS were
significantly larger than the gap measured for two-atom-thick
gold particles, which had band gaps in the range of 0.2-0.6
V. Larger particles with a thickness of three atoms or more
were metallic in STS. The proposal that thethicknessof the
gold is important was reinforced by the same group based
on studies of well-ordered monolayer and bilayer films of
Au on a Ti2O3 thin film grown on Mo(112). 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, indicating that the thickness of gold particles is
important.24

However, there is controversy regarding the explanation
of activity based on electronic factors due to quantum size
effects, such as layer thickness. For example, in one model
system, gold particles with various sizes and thickness were
deposited on FeO(111) films, and CO adsorption was found
to be essentially independent of particle thickness since the
relative intensities of CO desorption peaks increase with
increasing gold coverage, not showing unique CO adsorption
behavior with respect to the thickness of gold particles.25

This result is at odds with trends in the isosteric heats of
adsorption (-∆Hads) for CO measured on gold particles
supported on TiO2(110), which depended strongly on the Au
cluster sizesthe highest-∆Hadscorrelates strongly with the
system exhibiting the maximum activity for CO oxidation
in the Au/TiO2(110) system.26 Furthermore, CO oxidation
to CO2 was found to be only weakly dependent on the
particle size when Au particles supported on TiO2 were
oxidized by a supersonic beam of oxygen atoms. In this case,
CO reacts with adsorbed oxygen adatoms at 77 K.27 These
results suggest that the particle size of Au is important in
supplying oxygensin particular, atomic oxygensto CO, not
in determining the binding of CO itself.

An alternative explanation of the origin of the catalytic
activity of small gold particles is the presence of under-
coordinated Au atoms, possibly as sites for binding or
dissociation of O2.21,28-30 Theoretical calculations of the
structures of small Au particles supported on TiO2 predict
that there are a significant number of undercoordinated gold
atoms.31 As would be anticipated, the step densitysdefined
as the fraction of atoms in the particle having seven or less
neighborssincreases continuously as the particle size de-
creases (Figure 2). The theoretical calculations indicate that
gold particles that are bilayers maximize undercoordinated
gold sites for a given particle size, which suggests that the
effect of thickness proposed previously was really a proxy
for the presence of a large fraction of undercoordinated sites
in small gold particles. The importance of undercoordinated
gold sites is further elucidated by the fact that calculated
adsorption energies for both CO and O atoms depend
strongly on the Au coordination number.21 The theoretical
results (Figure 3) show that the strength of Au-CO and
Au-O varies strongly with the gold coordination number,
and both the O and CO adsorption energies are lowered
(stronger bonding) by up to 1 eV going from Au(111)
(coordination number 9) to the Au10 cluster (coordination
number 4).

The theoretical calculations in this case assume that CO
is oxidized by reaction with atomically adsorbed oxygen in

a Langmuir-Hinshelwood mechanism. The Langmuir-
Hinshelwood model has been applied to describe the CO
oxidation mechanism occurring on platinum-group metals,
and it has been confirmed by a number of UHV studies and
steady-state kinetics.32-35 In the Langmuir-Hinshelwood
model, CO oxidation occurs on the surface in the following
steps

Depending on the properties of metals (e.g., metal-oxygen
bond energies), the rate-determining step of this reaction may
be different. For example, if the metal (e.g., Ru) can form
stable oxides (high M-O bond energy), the rate-determining
step will be the reaction between COads and Oads, whereas
for a metal (e.g., Ag) that has a lower M-O bond energy,

Figure 2. Calculated step density for Au particles on TiO2 as a
function of particle size. (O and0) 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. Reprinted from ref 31,
Copyright 2000, with kind permission of Springer Science and
Business Media.

Figure 3. 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. Reprinted from ref 21, Copyright 2004, with
permission from Elsevier.

CO(g)f COads (1)

O2(g) f 2Oads (2)

COads+ Oadsf CO2(g) (3)
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the rate-determining step will be adsorption or dissociation
of molecular oxygen on the metal surface.36

By analogy to the platinum-group metals, gold is expected
to follow the Langmuir-Hinshelwood model for CO oxida-
tion, which means that CO is adsorbed (1) on the gold
surface, oxygen dissociates (2), and the adsorbed CO and
oxygen react to form CO2 (3), which leaves the surface.
However, different from other metals, extended gold surfaces
are not active for this process, primarily because O2 does
not readily dissociate on the surface. Furthermore, CO is
weakly bound on gold single-crystal surfaces only remaining
on the surface at very low temperature, e.g., below 140 K
for Au(110),37 leading to a short surface lifetime for CO
bound to Au near room temperature. Even for the supported
gold particles, CO is weakly adsorbed compared to Pt-group
metals, desorbing below 200 K in UHV conditions from Au
supported on TiO2 which has undercoordinated gold.25

Nevertheless, low-temperature oxidation of CO does, indeed,
occur on both extended Au surfaces and Au particles when
atomic oxygen is present.

The limiting factor in CO oxidation on extended surfaces
is the low rate of O2 dissociation. For example, oxygen does
not dissociate to any measurable degree even at high-
temperature (500 K) and high-pressure conditions (1400
Torr) on clean Au(110).38 In fact, O2 itself is weakly adsorbed
on extended Au, desorbing below 50 K (see Figure 4).39

Adsorption of O2 after exposure of gold to pressures of O2

in the range of 3-6 Torr at 200°C has been traditionally
used to measure gold surface area;38 however, adsorption
has been associated with the presence of impurities, such as
Ca or Si, which promote oxygen adsorption on Au.40

While all evidence indicates that O2 dissociation does not
occur on extended Au surfaces, two recent studies provide
evidence that undercoordinated gold sites can facilitate
oxygen dissociation even on extended gold surfaces. As
expected, there is no measurable dissociation of O2 on
Au(111) under UHV conditions, establishing an upper limit
on the dissociation probability of 10-7.41 Nevertheless,
creation of undercoordinated Au atoms on Au(111) does lead
to measurable O2 dissociation at 400 K (Figure 5). Under-
coordinated Au atoms were created on Au(111) by deposition
of oxygen atoms via electron-induced dissociation of NO2.
Once some oxygen is deposited, the O2 dissociation prob-
ability was measured to be 10-3 (Figure 5). This enhancement

of O2 dissociation was attributed to formation of a rough
surface due to preadsorption of atomic oxygen, leading to
creation of undercoordinated gold sites, which may be
responsible for O2 dissociation.42 The roughening of the
surface was established using scanning tunneling microscopy.
As discussed below, the degree of surface roughening
depends on the oxidation conditions. In an independent study,
O2 dissociation induced by Au was also observed at
cryogenic temperatures.39 In this case, multilayers of O2 (10
ML thick) were condensed on a thick Au film at 22 K, and
Au atoms were subsequently deposited onto this surface.
Evidence for O2 dissociation induced by the Au atoms
impinging on the surface is based on the observation of an
O2 peak characteristic of oxygen-atom recombination at 510
K in temperature-programmed desorption as well as peaks
due to sublimation of condensed O2 at 35 K and desorption
of molecular O2 at 45 K (Figure 4). Both of these studies
indicate that undercoordinated Au atoms can induce O2

dissociation even if they are supported on bulk Au.
Once atomic oxygen forms on goldswhether it be

extended gold surfaces or small particlessCO oxidation
readily occurs at low temperature.39,43-46 Indeed, CO oxida-
tion to CO2 even occurs at a temperature as low as 35 K, as
long as atomic oxygen is present,39 implying that the
activation barrier of the reaction between CO and O is
extremely low. More details of CO oxidation studies using
an oxidized gold single crystal will be addressed in the
following section.

It is also interesting to note that supported gold particles
are exposed to oxygen during catalyst preparation (e.g.,
drying or calcination) and that the pretreatment conditions
affect the CO oxidation activity of supported Au.47 The rates
of CO oxidation at 303 K over Au/TiO2 catalyst are higher
for the oxidizing pretreatment, in comparison to pretreatment
in either an inert or reducing environment. More importantly,
it was also found that the gold phase which was characterized
by XPS and X-ray absorption fine structure (XAFS) is
changed from an oxidized phase to a metallic one as the
calcination temperature increases, and a higher reaction rate
was observed in oxidized gold.

The increase in CO oxidation rate for high surface area
catalysts that are oxidized during calcination or drying (most
probably to a Au2O3-like phase) suggests that positively
charged gold might be more active for CO oxidation than
Au0. In order to address this issue, a MgO-supported Au(III)

Figure 4. Temperature-programmed desorption spectra of O2 from
(a) a 10 ML thick O2 film deposited on the Au substrate and (b) 1
ML of atomic Au deposited on 10 ML of O2 at 22 K. Reprinted
with permission from ref 39. Copyright 2005 American Chemical
Society.

Figure 5. Sticking probability of18O2 on Au(111) as a function
of oxygen precoverage. The oxygen precovered Au(111) was
prepared via electron bombardment of condensed NO2, and18O2
was dosed using background dosing with a pressure of 1× 10-7

Torr for 1 min for all experiments. The sticking probability is
estimated from temperature-programmed desorption experiments.
Reprinted with permission from ref 41. Copyright 2005 American
Chemical Society.
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complex whose oxidation states can be varied using different
reducing conditions (i.e., various CO partial pressures in the
reaction mixture) were used and the reaction rate was
measured as a function of the surface concentration of
positively charged gold (Au+) or metallic gold (Au0).48,49

Each oxidation state of the catalyst was characterized by
extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near-edge structure (XANES) subsequently. Higher
concentrations of positively charged gold (corresponding to
lower partial pressure of CO in the reaction mixture) lead to
higher catalytic activity, suggesting that the simultaneous
presence of metallic gold atoms adjacent to cationic gold is
crucial in the catalytic activity of gold.

2.1.2. Factors Related to the Oxide Support

Anchoring Sites for Gold Particles.Even though metallic
Au is active for CO oxidation, the oxide support does play
a role. Obviously, the oxide support provides sites for
anchoring gold particles so as to maximize surface area (and,
therefore, the fraction of undercoordinated Au atoms). The
support may also affect the dispersion and shape of the Au
particles. The presence of defects on oxide surfaces is known
to provide sites for nucleation and growth of metal particles,
including Au.50-57 As a first example, the role of oxygen
vacancies on TiO2(110) in the nucleation and growth of gold
particles was clearly demonstrated by STM studies.50 By
measuring the number density of oxygen vacancies and gold
particles which are distinguishable in the contrast of STM
images it was found that the density of oxygen vacancies
on TiO2(110) decreases during gold particle growth (Figure
6). Theoretical results also support this experimental obser-
vation by showing that the adsorption energy of a single gold
atom on an oxygen vacancy site is more stable by 0.45 eV
than on the stoichiometric surface.50 The nucleation and
growth features of gold particles on TiO2(110) are often
changed depending on the density of oxygen vacancies on
the terrace, which is usually influenced by sample preparation
conditions. In some cases where the density of oxygen
vacancies on terraces is low, gold particles preferentially
nucleate and grow on the extended defects such as step edges
of the oxide surfaces, as can be seen in Figure 1.54,57

Similar to the TiO2(110) surface, gold particles were found
to preferentially nucleate and grow on defect sites such as

step edges and/or line defects of a well-ordered SiO2 thin
film grown on a Mo(112) single crystal at room temperature
(Figure 7A).51-53 Defective SiO2 surfaces, where the oxygen
vacancies are predominantly on terraces, nucleate gold
particles on the terrace area with higher density than less
defective SiO2 films (Figure 7B). The importance of nucle-
ation and growth of gold particles at defect sites was also
observed in Al2O3 and FeO thin films at room temperature,
confirming that defects are the active sites for anchoring gold
particles.58 The primary effect of defect-mediated nucleation
and growth is to favor growth of small particles that are
relatively strongly bound to the support and thus more
resistant to agglomeration.

Negatively Charged Gold Particles.In addition to the
role of the oxide support for anchoring gold particles, many
studies have pointed out that defect sites (e.g., oxygen
vacancies) might play an important role in charge transfer
to gold particles, resulting in formation ofnegatiVelycharged
gold particles which can enhance the catalytic activity for
CO oxidation.24,59-63 This assertion is diametrically opposite
to proposals that positively charged Au is most active. These
differences may be due to differences in model vs realistic
catalysts which are prepared very differently (e.g., calcina-
tions or drying procedure in the preparation of high surface
area catalysts, not in model catalysts). The study of low-
temperature CO oxidation using gold octamers (Au8) sup-
ported on MgO (001) showed that gold octamers bound to
a MgO surface rich in oxygen vacancies (F centers) can
catalyze CO oxidation, whereas gold particles deposited on
MgO surfaces nearly free of oxygen vacancies are catalyti-
cally inactive.59 This phenomenon was attributed to partial
electron transfer from the F center to the gold particles, which
in turn promotes activation of adsorbed reactant molecules
according to both experimental and theoretical investigations.
The frequency of the CtO stretch of adsorbed CO shifts to
lower frequency by about 25-50 cm-1, resulting from the
back-donation of charge from the gold particles to the
antibonding 2π* orbital of the CO adsorbed on the gold
particle anchored to the F center of the surface.

The importance of negatively charged gold in catalytic
activity was also emphasized in the model study using gold
film grown on a Ti2O3 thin film which was synthesized on
Mo(112).24,61,62The CO stretch energy for CO bound to this
gold film is 2088 cm-1, which is closer to that observed on
gold single crystals than to positively charged gold where
Au is bonded to Ti via oxygen. This observation suggests

Figure 6. Densities of vacancies and Au clusters before and after
deposition of∼0.04 ML Au at different temperatures. 1 ML) 1
vacancy or cluster/TiO2 (110) unit cell) 5.13× 1014 cm-2. The
data were obtained from corresponding high-resolution STM
images. Reprinted with permission from ref 50 (http://link.aps.org/
abstract/PRL/v90/p026101). Copyright 2003 by the American
Physical Society.

Figure 7. STM images (200 nm× 200 nm) of gold particles
supported on a SiO2 thin film annealed at (A) 1200 (less defective)
and (B) 1100 K (more defective). In the film A, gold particles
nucleate and grow preferentially at step edges and line defects, while
more random distributions of gold particles on terrace regions were
observed in the film (B). Reprinted with permission from refs 52
and 53. Copyright 2004 American Chemical Society.
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that Au directly bonds to Ti, which is analogous to gold
bonded to oxygen vacancies of the TiO2 surface. Further-
more, the high-resolution electron energy loss spectroscopy
(HREELS) data indicated a Ti4+-O vibrational feature on
the gold film covered Ti2O3 surface, which again supports
formation of negatively charged Au due to the charge transfer
from Ti3+ to Au. The catalytically active electron-rich gold
thin film (monolayer) was further confirmed by infrared
spectroscopic studies, showing the shift of the CO vibrational
frequency to lower compared to the bulk-like gold film.62

The charge transfer from oxygen vacancies of TiO2(110)
to gold particles was more directly investigated using
photoelectron spectroscopy (PES).63 The PES results show
that the O(2p) nonbonding peak shifts to lower binding
energy accompanied by the disappearance of the Ti(3d) peak
due to the deposition of gold particles on the TiO2(110)
surface. Since the O(2p) nonbonding peak of the reduced
TiO2 appears at higher binding energy due to band bending
associated with extra electrons originating from surface
defects, a red shift of the O(2p) nonbonding peak and
disappearance of the Ti(3d) peak observed in gold deposited
onto the TiO2 indicates loss of extra electrons due to charge
transfer to gold particles.

The importance of negatively charged Au in reactivity was
also emphasized in several theoretical studies50,64-67 and gas-
phase studies of Aun- anion cluster with oxygen.68-70

Particularly, good agreement in gas-phase studies has been
made in the reactivity behavior of odd-even number of gold
atoms for less than 20 Au. The even-numbered anion gold
clusters adsorb O2 and are, therefore, suggested to be active
for CO oxidation, although there has not been a direct
measurement of activity for the reaction, whereas odd-
numbered anion gold clusters do not show reactivity toward
O2 adsorption. This phenomenon was explained by the fact
that the even-numbered anion gold clusters have an odd
number of electrons which enables donating one electron to
the adsorbed O2 molecule in order to achieve the closed
shells/subshells.70

Clearly, there is controversy regarding the degree and
direction of charge transfer to/from the Au particles supported
on TiO2. Apparently, both negatively and positively charged
particles can play a role in CO oxidation, although their
specific roles are not clearly defined.

Interface and Moisture Effects.The role of interface sites
between gold particles and the oxide support has been
regarded as adsorption and reaction sites for CO oxidation.
This was proposed for the first time by Haruta et al. using
high surface area gold catalysts, based on their IR absorption
data where two distinct CO vibrational features were
observed.11 They assigned the CO vibration peak at higher
frequency to a linearly bonded carbonyl on gold particles,
while the lower frequency one was assigned to CO adsorbed
on the interface perimeter. Dissociation of molecular oxygen
at the interface was also suggested in a study using Au
supported on Fe2O3.23 On the basis of CO-O2 titration
experiments, it was claimed that a significant amount of
molecular oxygen can adsorb on the Fe2O3 support and that
this oxygen readily migrates to the interface followed by
subsequent reaction with CO. Atomic oxygen formation
under these reaction conditions was detected by diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS),
indicating that dissociation of molecular oxygen occurs at
the interface.71 A similar picture of the role of the interface
and related CO oxidation mechanisms was also suggested

by studies using various model systems including Au
supported on TiO2 powders and thin films.72

Several theoretical studies have shown that O2 can adsorb
at the interface between the gold particle and the oxide
support and that the reaction barrier for CO oxidation is very
low (0.1-0.4 eV) at the interface.28,73-77 For example, the
energetics of CO oxidation were calculated using three
different Au-MgO interface boundaries with respect to gold
particle size and gold/oxide contact structure (degree of
wetting).76 Excluding the possibility of O2 dissociation due
to a high calculated energy barrier (∼1 eV), a pathway where
an adsorbed CO-O2 reaction intermediate exists in the
interfacial region is energetically favorable. Furthermore, the
results imply that the gold particle which has a nearly
hemispherical shape would have a very low energy barrier
for CO2 formation.

The adsorption energy and reaction barrier were also
calculated for CO oxidation on Au/TiO2(110) and non-
supported Au using density functional theory (DFT).77 Three
important points were derived from these studies: (i) CO
adsorption on Au is quite strong (1.7 eV) irrespective of the
presence of the oxide for models containing two layers of
Au, (ii) O2 can be dissociated with a low barrier (0.52 eV)
at the Au/TiO2 interface (however, O2 dissociation is not
favorable on unsupported Au (Ea > 2 eV)), and (iii) CO
oxidation via a CO-O2 complex has a relatively low barrier
(0.1 eV) at the Au/TiO2 interface but a higher barrier for
the unsupported Au.

Even though many studies (e.g., especially theoretical
studies) suggested that the gold-oxide support interface
plays a role as an O2 adsorption and reaction site, one
question arises how the limited interface area of the gold
catalytic system can be responsible for O2 adsorption prior
to reaction with CO.78 Several groups conclude that the
perimeter of the Au particles is not sufficient to adequately
supply oxygen for reaction and that water adsorbed on the
metal oxide support somehow facilitates transfer of oxygen
to the support.47,78-82 The CO oxidation rate at 270 K over
Au/TiO2 catalysts increases when water is present, up to 200
ppm H2O. At higher humidity, the rate falls.80 Importantly,
the difference in the rate between 0.1 (a highly dried
condition) and 3 ppm (a typical reaction condition) is one
order magnitude, indicating a strong influence of moisture.
More recently, the role of moisture in CO oxidation was
further examined using three different gold catalysts sup-
ported on TiO2, Al2O3, and SiO2 (gold particle size is 3.0,
3.9, and 8.2 nm in mean diameter, respectively).79 Even
though there are some variations in the activity profile
depending on the support material, there is a general increase
in activity with respect to the moisture content over a wide
range of concentration from 0.1 to 6000 ppm H2O.

It is important to note that the effect of moisture on CO
oxidation is strongly correlated with the role of the oxide
support because the oxide support serves as a moisture
reservoir. This aspect was addressed in a recent theoretical
work,78 and several important points were made: (i) water
can dissociate to form hydroxyl species at oxygen vacancies
of TiO2(110) surface, (ii) these hydroxyl species stabilize
O2 adsorption, and (iii) O2 can diffuse along the channel of
Ti (five-coordinated) atoms on TiO2(110) to the Au/TiO2

interface. It was suggested that the origin of O2 adsorption
on the TiO2 surface in the presence of hydroxyl species is
charge transfer from TiO2 to O2 due to the reduction by H
atoms created by water dissociation.
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Another recent theoretical study81 of gold particles sup-
ported on defect-free MgO surface, which avoids charging
due to electron transfer from defect sites of the oxide support,
reported a larger adsorption energy for the coadsorption of
H2O and O2 than those for two individual species, indicating
a synergic effect between H2O and O2. The optimized
coadsorption configuration indicates a hydroperoxyl-like
intermediate accompanied by partial charging of the O2

molecule from H2O, resulting in activation of the O-O bond
and consequently reaction with CO with a small activation
barrier of∼0.5 eV.

In brief, in addition to the primary role of the oxide support
for providing anchor sites for gold particles, the oxide
supportsparticularly defects and interface sitess plays a
crucial role in the enhancement of catalytic activity of gold
in CO oxidation as a provider of extra charge to gold particles
or oxygen to proximity of gold. The former may be related
to more direct activation of molecular oxygen by gold
because electron-rich gold is expected to result in either
increased binding of molecular oxygen to the gold surface
or facile activation of molecular oxygen (i.e., O-O bond
breaking or formation of peroxo or superoxo species) since
more charge can be transferred to the antibonding 2π* orbital
of O2, whereas the latter is associated with indirect activation
of molecular oxygen through interaction with moisture
present on the surface where hydroxyl species from moisture
may either stabilize O2 adsorption or assist charge transfer
to the O2 to be activated.

2.1.3. Active Oxygen Species (Atomic or Molecular)
Although it is clear that CO adsorbs on gold, even if

weakly,83,84and that atomic oxygen adsorbed on Au rapidly
reacts with CO to form CO2,39,43-46 there is still debate
regarding the nature of the active oxygen intermediate in
CO oxidation.78,81,85The debate regarding the oxygen inter-
mediate arises from the fact that the dissociation probability
for O2 on extended Au surfaces and Au nanoparticles
supported on TiO2 is very low, e10-7.41 Accordingly,
molecular oxygen, i.e., a peroxo species, has been proposed
to be the active oxygen species for CO oxidation by
some.81,86,87 On the other hand, there is evidence for O2

dissociation when undercoordinated gold atoms are present
on extended Au surfaces under model conditions.39,41

The possibility that both atomic and molecular oxygen are
active for CO oxidation has been studied theoretically.
Theoretical studies have specifically considered the effect
of Au-Au bond expansion and the presence of steps on the
activation barrier for O2 dissociation using DFT calculations.
The activation energies for O2 dissociation depend strongly
on the coordination number and lattice constant in Au, as
illustrated by the fact that the barriers calculated for 10%-
stretched Au(111), unstretched Au(211), and 10%-stretched
Au(211) are 1.37, 1.12, and 0.63 eV, respectively.88 These
results suggest that small gold particles supported on metal
oxides should have a lower barrier for O2 dissociation
because of the higher concentration of steps expected in
smaller gold particles31 and the lattice strain of gold particles
induced by an oxide support.89 On the other hand, there is
no direct experimental evidence for stretched Au-Au bonds
in nanoclusters. Other DFT calculations find that the lowest
activation barrier for oxygen dissociation (Ea ) 0.93 eV) is
at the step site on Au(211), which is too high to induce O2

dissociation at room temperature based on a rough estimation
of the initial sticking coefficient (So ≈ 10-21) of O2 on Au
steps.90

An alternative model for CO oxidation is direct reaction
with molecular oxygen. Indeed, there is experimental evi-
dence that theη1-superoxide and peroxide react with CO on
gold particles supported on nanocrystalline CeO2-x based on
a comparison of O2 adsorption features in Raman spectra
before and after CO exposure.87 Formation of an asymmetric
four-center O-O-CO metastable intermediate on Au steps
has been suggested based on theoretical studies.90 This
intermediate is proposed to decompose to CO2 and adsorbed
O. The remaining oxygen atoms would react with a second
CO to yield CO2. There is a small barrier for formation of
the asymmetric O-O-CO intermediate,∼0.46 eV. Simi-
larly, formation of a carbonate intermediate from reaction
of CO with molecular oxygen on Au2- has also been
proposed based on DFT calculations.91

The role of water in facilitating CO oxidation is also
important in considering the mechanism for CO oxidation.
One proposal is that H2O imparts a partial negative charge
to O2 through population of the antibonding molecular
orbital, resulting in activation of the O-O bond by forming
a hydroperoxy-like intermediate, whose length extends to
values characteristic of superoxo- or peroxo-like states.81 The
calculated barrier for reaction of the O2-H2O complex with
gaseous CO is 0.5 eV.

On the basis of the existing experimental and theoretical
evidence, both atomic and molecular oxygen may contribute
to CO oxidation activity on Au. The rate of CO oxidation
by atomic oxygen is clearly most rapid; however, dissociation
of O2 is rate limiting. The rate of formation of atomic oxygen
can be facilitated by formation of undercoordinated Au
atoms. Alternatively, molecular oxygen might react with CO
to form both CO2 and adsorbed oxygen atoms that will
subsequently react. The mechanism and active species for
CO oxidation most likely depends on the nature of the Au
species present and the reaction conditions (pressure and
temperature).

2.2. Propene Oxidation

2.2.1. Overview
Interest in partial oxidation of propene using Au-based

catalysts was ignited by the discovery of selective epoxida-
tion of propene by gold catalysts reported by Haruta et al.
in 1998.8 Oxidation of propene by gold has many of the same
issues as CO oxidation, but with the added complexity of
the molecule, there are more reaction pathways to consider
(Table 1). The most selective catalyst consists of gold
particles supported on Ti-containing oxide supportssTiO2

(anatase) and TiO2-SiO2sover which propene is oxidized
to propene oxide (epoxide) with>90% selectivity in the
presence of both hydrogen and oxygen.8,12

The selectivity for propene oxidation depends strongly on
the nature of the metal oxide support, which could be due
to the same set of factors enumerated for CO oxidation. For
example, gold particles supported on Fe2O3 have a low
activity for selective propene oxidation and combustion
predominates.12,92 In contrast, Au particles supported on
irreducible oxides, e.g., SiO2, MgO, and MoO2, yield
propanal, acetone, and acrolein with some C2 oxygenates
(ethanal and acetic acid).92 It is also important to note that
some partial oxidation of propene has been reported for metal
oxide supports, such as Ti- and Al-containing hexagonal
mesoporous silicas (HMS), Ti-modified high silica zeolite,
titanium silicalite, and TiO2(110), in theabsenceof gold
particles.93-95
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A recent review of Au-based propene oxidation highlights
several important points.12 First, both H2 and O2 are necessary
for highly selective epoxidation of propene (>90%). As for
CO oxidation, only small, supported gold nanoparticless
less than 5 nm in diameter96sefficiently promote epoxidation
of propene. The method used for catalyst preparation is also
important with catalysts prepared using the deposition-
precipitation (DP) method, exhibiting high selectivity for
epoxidation, whereas those synthesized using the impregna-
tion method promotes combustion to CO2 and H2O. This
difference is attributed to different contact structures of gold
particles with the oxide support for the two methods. As
noted above, selective oxidation is only observed when either
the anatase phase of TiO2 or titanosilicate (TiO2-SiO2)
supports are used. Finally, conversion of propene to the
epoxide is improved by up to 10% by alkaline and alkaline
earth salts used as promoters.

The mechanism of epoxidation of propene has not been
definitively determined, but a hydrogen peroxo-like species
has been proposed as the oxidant. This proposal is based on
several observations: (i) hydrogen peroxide is traditionally
used as an oxidant in effective epoxidation of propene under
mild conditions,95 (ii) co-fed hydrogen is necessary in
selective epoxidation of propene over supported gold cata-
lysts, and (iii) hydrogen peroxide is produced by the reaction
between hydrogen and oxygen in situ over the Au catalysts.
It is also possible that atomic oxygen might promote
epoxidation, as is the case on Ag catalysts; however, the
low dissociation probability for O2 would limit the rate of
reaction.

Questions remain regarding the propene oxidation process
promoted by supported Au nanocatalysts: (i) What compo-
nents of the catalyst are active for the epoxidationsgold,
the oxide support, or both? (ii) If both components are active,
what are their respective roles? These questions are raised
by the fact that only gold catalysts supported on TiO2- or
Ti-containing oxides promote selective propene epoxidation,
but the details of propene oxidation over gold catalysts
supported on those oxides are different. Even the necessity
of gold particles for propene oxidation is brought into
question since Ti-containing silica or silicate has activity for
epoxidation both with and without gold particles. For
example, selective epoxidation of propene in the presence
of O2 occurs over Ti-containing (34.5% of selectivity) or
Ti- and Al-containing (30.6% of selectivity) hexagonal
mesoporous silicas.93 Ti-modified high silica zeolite with an

Si/Al ratio of 1900 was also found to be effective for propene
epoxidation with O2 as an oxidant.94 Titanosilicate (TS-1)
was also found to catalyze epoxidation of propene using
hydrogen peroxide as an oxidant.95 In addition, the temper-
ature where the selective propene epoxidation occurs is
affected by the oxide support. When Au is supported on TiO2,
selective epoxidation only occurs below 373 K, whereas
selectivity is maintained up to 473 K for titanosilicate
supports, which results in higher conversion.12

The major difference between the two oxide supports is
the presence of four-coordinated Ti sites in titanosilicates
due to formation of isolated Ti4+ sites in the SiO2 matrix.
Notably, the Au particle size distribution was similar for TiO2

and titanosilicate (2-5 nm average diameter).12 It is well
known that atomically dispersed Ti with tetrahedral coor-
dination is present when the TiO2 concentration is less than
15 wt % in high surface area catalysts.97 TiO2 crystallites
phase separate at higher TiO2 concentrations. Moreover,
similar behavior has been visualized by STM using a model
system where atomically dispersed Ti and TiOx islands were
formed on/in silica thin film grown on Mo(112) single-crystal
surface (see Figure 8).52 Ti-modified SiO2 thin films were
prepared by deposition of Ti onto a SiO2 thin film at room
temperature followed by oxidation and annealing. The
morphology of this surface is strongly dependent on the Ti
coverage (Figure 8), initially showing isolated bright spots
on the terrace as well as at the step edges of the SiO2 thin
film at low Ti coverage (<10%) and the appearance of TiOx

islands on the terraces at the Ti coverages up to 20%. The
isolated bright spots were attributed to the atomically
implanted Ti by replacing Si atoms in the SiO2 matrix, which
form a local tetrahedral network within the SiO2 matrix. More
importantly, these four-coordinate Ti sites were demonstrated
to be active nucleation sites for gold particles.52 Recent DFT
calculations also provide support for the assertion that
tetrahedral Ti sites play a role as anchoring sites for Au
clusters due to the introduction of low-lying empty levels
with Ti 3d character in the silica gap. These states could
hybridize with filled orbitals of the adsorbed Au atoms.98

This electronic modification of gold particles by Ti sites on
the support may, therefore, influence the reaction kinetics
and/or reaction mechanism of propene epoxidation.

Alternatively, the tetrahedral Ti sites may serve as adsorp-
tion sites for the hydroperoxy intermediate, which is formed
from the reaction between H2 and O2, or as sites for the
reaction with propene on the SiO2 matrix of the support.12

Table 1. Partial Oxidation of Propene on Gold Catalysts

catalyst oxidant/reductant product selectivity (%) remarks ref

Au/SiO2 O2 acrolein 33 133
acetone 3.5

O2 + H2 ethanal ∼75 @ 200°C 134
propanal ∼15
acrolein ∼10

H2 or D2 propane 135
Au/TiO2 O2 + H2 propene oxide > 90 12

propene oxide 67 <150°C 134
ethanal ∼15 @ 200°C
propanal ∼30
propane 99 (plus any CO2) 136

Au/MgO O2 + H2 ethanal ∼65 @ 200°C 134
propanal ∼20
propene oxide ∼20

H2 or D2 propane 135
Au(111) O acrolein ∼53 further react to form acrylic acid and

carbon suboxide
113

Heterogeneous Gold-Based Catalysis Chemical Reviews, 2007, Vol. 107, No. 6 2717



This mechanism is different than the mechanism proposed
for Au/TiO2 catalysts, where molecular oxygen is taken up
by a Ti3+ cation site to form hydroperoxo-like species directly
through reaction with hydrogen.12 The oxidant adsorbed on
Ti sites is proposed to react with propene, which adsorbs on
the gold particles.

There are still many questions regarding the important
mechanisms and key features of the catalyst for propene
epoxidation over Au supported on metal oxides. Because of
the complexity of the catalyst system and the need for co-
reactants, e.g., H2 or H2O, there is a need for model studies
that can identify key factors controlling selectivity. Neverthe-
less, Au-based catalysts are clearly promising for commercial
application of low-temperature and direct oxidation of
propene to the epoxide.

2.2.2. Stability of the Gold Catalyst

Deactivation of gold catalysts is frequently observed under
realistic reaction conditions. For example, in spite of initial
high activity for CO oxidation, the activity of gold catalysts
gradually decreases as a function of reaction time.99 De-
activation of gold catalysts is generally attributed to either
agglomeration of Au particles (sintering) or poisoning of
active sites by accumulation of byproducts. Indeed, CO
oxidation studied at high-pressure conditions (40 Torr)
combined with STM studies using a Au/TiO2 model system
clearly showed that the activity of CO oxidation is diminished
with respect to the reaction time accompanied with an
increase of gold particle size. The sintering of the gold
particles is thought to be facilitated by high pressures of O2.19

In addition to sintering, accumulation of a carbonate layer

was also proposed for CO oxidation over high surface area
Au/ZrO2 catalysts. This carbonate layer blocks the access
of new oxygen, leading to deactivation of the catalyst.100

Deactivation of the Au catalysts during propene oxidation
(T < 493 K) occurred to a lesser extent when TiO2 was
incorporated into SiO2 or other modified supports compared
to TiO2 itself, for which the propene oxidation activity was
decreased during the first hours of operation. Although there
was catalyst deactivation, sintering of the gold particles was
not observed at the reaction temperature, implying that the
poisoning of the active sites in the catalyst is the primary
reason for deactivation of the gold catalyst in propene
oxidation over these catalysts.101 Furthermore, there is less
deactivation at temperatures above 473 K, suggesting that
either a strongly adsorbed species causes deactivation102 or
the barrier for diffusion of Au across the support is higher
for the mixed TiO2-SiO2 support. The consensus is that the
primary reason for deactivation for propene oxidation is
poisoning by strongly bound byproducts not sintering.101,102

In order to probe for the possible formation of irreversibly
bound species that may deactivate the catalyst, the interaction
of both propene and propene oxide with the catalyst was
investigated using IR spectroscopy.103,104 While propene
desorbs without reaction from the Au/TiO2 catalyst, propene
oxide reacts with acidic OH groups via an acid-catalyzed
epoxide ring-opening reaction. A strongly bound bidentate,
di-propoxy species forms, which leads to deactivation of the
catalyst for propene oxidation.101,103,105

Oligomerization106 or formation of carboxylates105 from
further oxidation of the bidentate propoxy intermediate was
also proposed to lead to catalyst deactivation. In any case, it
is generally agreed that this deactivation is due to blocking
of active Ti sites on the TiO2 surface by byproduct.103 These
results also provide a rationale for the better performance
of Au catalysts supported on Ti-doped SiO2 since Si sites in
this oxide support are not active toward ring opening of
propene oxide and Ti sites are highly dispersed; therefore,
less bidentate di-propoxy intermediate is formed, and oli-
gomerization is expected to occur to a lesser extent.103,106

3. Model Studies on Oxidized Au(111) Single
Crystal

3.1. Oxidation of Au(111)
Model studies using Au(111) can provide insight into the

intrinsic activity of Au in the absence of a support. Oxidized
metal single-crystal surfaces have long been applied to
surface science studies in order to gain fundamental insight
into oxidative catalytic reactions.107-110 Likewise, we and
other groups have studied oxidation of CO and olefins
(propene and styrene) promoted by oxidized gold single-
crystal surfaces.43,111-113 Since the dissociation probability
for O2 and NO2 is low on gold single-crystal surfaces, other
methods of oxidizing the Au surfaces under UHV conditions
have been developed. For example, atomic oxygen has been
prepared on Au(111) by exposure to ozone (O3),114 thermal
dissociation of gaseous O2 using hot filaments,40,111 co-
adsorption of NO2 and H2O,115 application of a radio-
frequency-generated plasma source,116 electron bombardment
on condensed NO2,41 and reactive ion sputtering with
O2

+.117,118It is important to note here that depending on the
atomic oxygen preparation methods, the maximum oxygen
coverages that can be reached are different. For example,
ozone exposure to Au(111) yields oxygen coverages up to

Figure 8. STM images (100 nm× 100 nm) of (A) clean SiO2
thin film and (B, C, and D) Ti-modified SiO2 thin films (TiO2-SiO2)
with Ti coverages of 8%, 11%, and 17%, respectively. The inset
of B shows an atomically resolved STM image (5.4 nm× 5.4 nm)
where bright contrast spots indicate atomically substituted Ti in
the silica lattice. Generally, the TiO2-SiO2 thin film shows initially
atomically dispersed Ti sites followed by formation of TiOx islands
with the increase of Ti coverages. Reprinted with permission from
ref 52. Copyright 2004 American Chemical Society.
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1.2 ML114 whereas electron-induced NO2 dissociation or co-
adsorption of NO2 and H2O only make about 0.4 ML as a
maximum oxygen coverage.41,115In addition, the morphology
of the surface and microscopic distribution of oxygen on the
Au surface depends strongly on the method used for
oxidation.

3.2. Formation of Metastable Oxygen Species on
Au(111)

Oxidation of Au(111) leads to a release of Au atoms from
the surface, leading to a rough surface morphology when
oxidation is rapid (Figure 9). The net result is formation of
oxidized Au nanoparticles on top of the Au(111) surface,
thus eliminating interaction of Au with the support. Oxidation
with ozone, which occurs rapidly, leads to formation of the
oxidized Au nanoparticles on top of the surface (Figure 9).113

Release of Au atoms upon oxidation is facilitated by the fact
that clean Au(111) reconstructs to the well-known “her-
ringbone” structure, which has an excess of 4.5% Au atoms
compared to a bulk (111) plane, some of which are weakly
bound at “elbow”sites.119-121 Small perturbations in the
surface, e.g., the presence of adsorbates, can alter the
preferred structure of the surface.121-124 As reviewed previ-
ously, the presence of excess Au in the surface layer provides
a source of gold atoms that are released when electronegative
atoms, e.g., O and S, release the surface stress when they
are adsorbed on the surface.42,120,125Gold atoms may also
be released from terraces, step edges, and dislocations to form
mobile gold-oxygen complexes (Au-O) during oxidation,
as reported for Cu(110) or Ni(110) surface.126-128

These islands or clusters formed from gold atoms released
from the Au(111) surface during oxygen deposition may
consist of either pure gold or gold-oxygen complexes, but
the latter is more probable since gold atoms are expected to
be very mobile at the temperature ranges used in the studies
(200-400 K) and would be expected to diffuse to step edges.
The apparent height of islands in both surfaces is close to
that of the step height of clean Au, indicating formation of
two-dimensional (2D) islands (Figure 9).113 A narrow size
distribution with the majority of islands having diameters
between 1-5 nm is measured following oxidation with ozone
at 200 K.

The size distribution and microscopic structure of the
oxidized gold islands depends on the temperature used for

oxidation. Larger islands with a broader size distribution were
formed after oxidation at a surface temperature of 400 K
compared to oxidation at 200 K even though the same ozone
flux was used to render the same rate of oxidation (Figure
9).113 This difference is attributed to the greater mobility of
Au and Au-O complexes at 400 K and the greater stability
of the larger and more ordered islands. Importantly, some
of the islands formed by oxidation with ozone at 400 K have
an ordered structure on an atomic scale over the length scales
of 10-20 nm. For example, an ordered (1× 3) structure is
observed with both low-energy electron diffraction (LEED)
and STM after deposition of 0.3 ML of oxygen via ozone
decomposition at 400 K.129

The local bonding characteristics of atomic oxygen also
depend on the coverage and surface temperature used for
oxidation based on interpretation of results of X-ray photo-
electron and vibrational spectroscopic studies. Three distinct
types of oxygen were tentatively identified: (1) chemisorbed
oxygen, (2) surface oxide, and (3) bulk oxide.129 The oxygen
defined as chemisorbed 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 Au-O phase observed when oxidation is carried
out using O3 at 400 K is defined as a surface oxide, in
analogy to the added row structures of oxygen on Ni(110)
and Cu(110).127,128 The bulk oxide contains oxygen in
ordered, three-dimensional structures containing lattice oxy-
gen.

The “chemisorbed” Au-O phase is metastable and
converts to the more ordered phase upon heating. It also has
high activity for both CO and olefin oxidation, as described
below. The small (e5 nm diameter), disordered Au-O
islands form predominantly at low coverages of oxygen (θO

e 0.5 ML) for oxidation temperatures below 300 K. Heating
to 400 K leads to an increase in the size of the islands and
formation of the ordered 2-D oxide, even for coverages below
0.5 ML. The 3-D oxide is formed at higher coverages ((θO

≈ 1ML), even when low oxidation temperatures are used.
The metastable nature of the nanoscale Au-O clusters

containing “chemisorbed” oxygen is further illustrated by
the fact that they are only formed when oxidation is carried
out rapidly with O3 decomposition at low temperature. If
oxygen is deposited using electron-induced decomposition
of NO2, the Au released from the surface upon oxidation
migrates to the step edge, yielding a smoother morphology
and an ordered structure (e.g., (1× 22)) on the terrace with
the serrated step edge morphology, albeit a different structure
from either the herringbone, characteristic of clean Au(111),
or the (1× 3) structure associated with the surface oxide
formed from ozone decomposition.42,129These results indicate
that there are several Au-O phases that can be accessed via
kinetic control of the oxidation conditions.

The importance of the metastable Au-O phases formed
on Au(111) is that, as described below in detail, it establishes
the principle that metastable phases can be exploited for
higher activity and higher selectivity than more stable phases.
Since the metastable phase has a higher free energy than
more stable phases, the energetics for oxidation will be lower
for the metastable phase. Furthermore, these results provide
strong evidence that care must be exercised in applying the
results of theoretical calculations to understanding intrinsi-
cally kinetic processes since electronic structure calculations
focus on the lowest energy binding state. In this vein, we
also note that the ultrahigh vacuum studies donot probe for

Figure 9. Scanning tunneling microscopic images (50 nm× 50
nm) of oxidized Au(111) surfaces where oxygen was deposited at
200 (A and B) and 400 K (C and D) using ozone.113
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possible reactivity of molecular O2 since O2 does not have
a sufficient lifetime on the surface under these conditions to
probe for reaction.

Below we show how the activity and selectivity for
metastable Au-O phases on Au(111) efficiently promote
oxidation of CO and olefins under UHV conditions. Ac-
cordingly, we establish that Au itself, even in the absence
of a metal oxide support, is active for oxidation reactions,
suggesting that one of the most important roles of the oxide
support is to anchor and stabilize nanoscopic Au clusters
that are also active for O2 dissociation. Indeed, recent studies
of catalytic CO oxidation by free-standing nanoporous Au
foams corroborate that the support is not necessary for
oxidation processes to be sustained over Au.130 These results
do not rule out secondary effects of the Au-support
interaction that may have a role in determining selectivity,
but they do establish the efficacy of undercoordinated Au
itself for oxidation processes.
3.3. CO Oxidation Using an Oxidized Au(111)

Carbon monoxide is efficiently oxidized by atomic oxygen
bound to several Au surfaces.39,43-46 Furthermore, the reaction
rate is highest around 200 K under UHV conditions, with a
fall off with both increasing and decreasing surface
temperature.39,43-45 Specifically, CO oxidation on the Au(110)
surface,43 where oxygen atoms were prepared by electron
bombardment of physisorbed O2, showed an increase of the
initial reaction rate between 60 and 180 K followed by a
decrease up to 400 K, showing the highest initial reaction
rate at a temperature of 180 K. Similar results also have been
observed for oxidized Au(110), where oxygen atoms were
prepared by exposure of oxygen through a Pt filament.45

Likewise, the highest initial rate of reaction is observed at
∼200 K when Au(111) is oxidized at 200 K using ozone
decomposition.129 A similar dependence of the CO oxidation
rate on reaction temperature was also reported for small gold
particles oxidized using a hot filament to dissociate O2sthe
highest rate was observed at 180 K followed by the decrease
in initial rate with respect to the increase of reaction
temperature.39

The rate decrease above 200 K is unusual since the rate
constant (kd) of a reaction is generally expected to increase
with respect to temperature. The decrease in the rate of CO2

production for reaction temperatures above 200 K is partly
attributed to a decrease in the CO residence time with
increasing temperature;43,44 however, the distribution of
oxygen on the surface also affects the rate. In the case of
CO oxidation promoted by oxidized Au(111), we specifically
show that the metastable oxygen phase is most active.

The importance of the oxygen distribution and bonding
on the surface is apparent in studies of the dependence of
the CO oxidation rate on the initial oxygen coverage.
Generally, the rate of CO2 production is expected to linearly
depend on the coverage of oxygen and the availability of
CO on the surface. If the oxygen coverage is fixed, the rate
of CO2 production would, thus, depend on the availability
of CO and the temperature dependence in the reaction rate
if all oxygen species are equally reactive. The residence time
of CO on the surface,τ, can be estimated using the desorption
characteristics of CO and the equation

whereA is pre-exponential factor andEd is the activation
energy of CO desorption. Clearly, the residence time of CO

will decrease with temperature, contributing to the decrease
in rate.

In order to further investigate the reactivity related to
oxygen properties, oxygen atoms were prepared on Au(111)
at two different temperaturess200 and 400 Ksand subse-
quently the CO oxidation rate was measured at 200 K.
Notably, 200 K is well above the CO2 desorption temperature
(100-120 K) on Au(111); thus, the rate of evolution of
gaseous CO2 is equal to the oxidation rate of CO.43

The initial rate of CO2 production from CO oxidation at
200 K strongly depends on the surface temperature used for
preparation of the oxygen layer (Figure 10). Furthermore,
there is a significant difference in the dependence of the rate
of CO2 production on oxygen coverage for the two different
temperatures used to prepare the oxygen overlayer (Figure
10). At low oxygen coverages (<0.2 ML), the initial reaction
rate increases with respect to oxygen coverages for both
deposition temperatures. As the oxygen coverage is in-
creased, the behavior of the two surfaces diverges. The rate
of CO2 production increases linearly with increasing oxygen
coverage up to 0.5 ML if the oxygen is deposited at 200 K,
as expected. In contrast, the rate of CO2 production is nearly
independent of oxygen coverage if the oxygen layer was
prepared 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, even though the temperature
used for reaction is the same in both casess200K.

The initial rate of CO oxidation on the O-covered surface
prepared at 200 K reaches a maximum at 0.5 ML of oxygen.
The initial rate of CO oxidation drops by an order of
magnitude between 0.5 and 1.2 ML (saturation coverage)
of oxygen deposited at 200 K. The decrease in rate may
partly reflect the decrease in surface area available for CO
adsorption; however, this does not fully explain all of the
results. Notably, there is no change in the initial rate of CO
oxidation over the same coverage range when the oxygen is
deposited at 400 K. This result strongly implies that the
nature and distribution of oxygen, which is determined by
the conditions of oxidation, influences the CO oxidation rate.

As defined in the previous section, depending on the
oxygen coverage and surface temperature, various oxygen

τ ) kd (T)-1 ) [A exp(-Ed/RT)]-1

Figure 10. Initial rate of CO2 production as a function of oxygen
coverage deposited at 200 (filled circles) and 400 K (open circles).
The initial reaction rate was determined by the initial increase of
CO2 desorption due to CO oxidation in the mass spectrometer
normalized by the total area of CO2 desorption profile for 300 s,
which can be converted to absolute number of CO2 molecules per
area and time (atoms/m2 s), assuming that 1 ML of CO2 corresponds
to the number of gold atoms on the Au(111) surface (1.3× 1019

atoms/m2).129
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states (from chemisorbed to bulk oxide) were formed with
respect to oxygen coverage deposited at 200 K, whereas
larger islands with a well-ordered 2D structure attributed to
a surface oxide formed when oxygen is deposited at 400 K.
On the basis of the initial reaction rate for CO oxidation
combined with characteristics of oxygen overlayer, we assert
that metastable, chemisorbed oxygen species are more active
for CO oxidation than the stable, ordered phase.

These results raise an important issue relevant to Au-based
catalysis: metastable Au-O phases may play a role in
determining activity or be used to enhance activity. Thus,
the many factors that affect the CO oxidation ratesthe
presence of water, reaction pressure and temperature, Au
particle size, and nature of the metal oxide supportsmay
affect the nature of the oxygen species on the catalyst surface.
On the basis of our studies on Au(111), the metastable,
disordered phase of O is favored on small Au particles (2-5
nm in diameter). While it remains to be seen if metastable
phases are available for reaction on supported Au catalysts
under the conditions used for reaction, the concept of using
metastable phases of oxygen to promote activity for, e.g.,
CO oxidation has general significance. By definition, meta-
stable phases have a higher free energy than a stable phase;
therefore, the energetics for reaction involving these phases
will be lower than for a stable phase. Furthermore, metastable
phases are more likely to be trapped at lower temperature
where the mobility of surface species is limited, so that they
are more likely to play a role in low-temperature processes.
Conditions for catalytic activity would need to be optimized
so as to sustain the transient, metastable phase during
reaction. This might be accomplished by a pulsed reactor
scheme.

3.4. Propene Oxidation Using an Oxidized
Au(111)

The generality of exploiting metastable phases for enhanc-
ing activity for surface reactions is established by studies of
propene oxidation. The metastable oxygen phase on oxidized

Au(111) is also active for partial oxidation of propene, based
on temperature-programmed reaction using atomic oxygen
on Au(111) (Figure 11).113 Specifically, atomic oxygen (0.3
ML) was prepared on Au(111) by exposure to ozone at 200
K followed by exposure to propene at 130 K. Although
partial oxidation of propene is promoted by oxidized
Au(111), the epoxide which is formed on supported Au
nanocatalysts is not formed. It is possible that this difference
might be due to an effect of the metal oxide support in the
nanocatalysts. The products of partial oxidation of propene
are acrolein, carbon suboxide, and acrylic acid (Figure 11A
and Scheme 2). Combustion also occurs. Acrolein is evolved
at 255 K, whereas other partial oxidation products are
evolved at higher temperatures: 390 (carbon suboxide) and
440 K (acrylic acid). Parallel studies of allyl alcohol and
acrolein provide insight into the reaction mechanism. Studies
of allyl alcohol (CH2dCHCH2OH), which forms allyloxy,
show that it also forms the same products, indicating that
allyl oxy is formed from propene oxidation (Figure 11C).
Isotopic labeling studies show that the allyloxy is formed
from insertion into the allylic C-H bond of propene.
Allyloxy is subsequently oxidized to acrolein. Evolution of
gaseous acrolein competes with secondary oxidation to
carbon suboxide, acrylic acid, and combustion products
(Figure 11B). All partial oxidation products are evolved at
the same temperatures and similar peak shapes to those from
propene and acrolein oxidation: acrolein (255 K), carbon
suboxide (390 K), and acrylic acid (440 K). The combustion
peaks (CO2 and H2O) are also similar to those from propene
oxidation.

As mentioned, epoxidation of ethene analogs has been
widely observed in surface reactions of metal surfaces, but
there is little evidence of selective epoxidation of propene
in surface science studies except for the observation of some
partial oxidation products (acetone and CO) in oxygen-
covered Ag(111) surface.131 A major reason for the low
selectivity in propene oxidation by silver surface has been
attributed to facile abstraction of allylic hydrogens by oxygen.

Figure 11. Temperature-programmed reaction spectra of (A) propene (CH3CHdCH2), (B) acrolein (CH2dCHCHO), and (C) allyl alcohol
(CH2dCHCH2OH) on oxygen-covered Au(111) (θO ) 0.3 ML). The data shown are the parent ion for each product. The oxygen-covered
surface was prepared by exposing the surface to O3 at 200 K. All reactants were adsorbed on the oxygen-covered Au(111) at 130 K with
a pressure rise of 1× 10-10 Torr for 30 s using direct dosing. Reprinted with permission from ref 113. Copyright 2006 American Chemical
Society.

Heterogeneous Gold-Based Catalysis Chemical Reviews, 2007, Vol. 107, No. 6 2721



Similar to oxygen-covered silver, epoxidation of propene
does not occur to any significant extent on oxygen-covered
Au(111). However, acrolein is clearly produced by oxygen-
covered Au(111), which is very different from Ag, where
only combustion products were produced. Interestingly,
acrolein was also produced by Au/SiO2 high surface area
catalyst (see Table 1) in propene oxidation.

The product distribution and activity for propene oxidation
depend strongly on the conditions used for oxidation of the
gold surface. The oxygen coverage, oxidation method, and
oxidation temperature all effect the selectivity for propene
oxidation, providing additional evidence that the distribution
and local bonding of oxygen on the Au particles, even in
the absence of a metal oxide support, is important for
determining activity and selectivity. For example, the two
different oxygen overlayers prepared on Au(111) by exposure
to ozone at 200 and 400 K have different activities and
selectivities with respect to propene oxidation. As described
above, the gold surface oxidized at 200 K is considerably
more active and yields partial oxidation products, whereas
only combustion occurred on that prepared at 400 K.
Furthermore, the activity for propene oxidation is higher
when the surface is oxidized at 200 K. There is no residual
oxygen on the surface when a saturation amount of propene
reacts on a surface covered with 0.3 ML of oxygen prepared
by oxidation at 200 K. In contrast, a substantial amount of
oxygen (∼46%) remains after reaction even though only
combustion is observed. Taken together, these results
demonstrate that metastable, disordered oxygen on Au is
more active and moreselectiVe for propene oxidation, since
the metastable phase is favored at low temperature.129

Notably, the reaction product distribution is significantly
different from previous studies of propene oxidation on
Au(111) and Au(110), in which the reaction yielded major
combustion products and a small amount of partial oxidation
to products withm/z) 56 (possibly acrolein) and 58.111 This
difference may be due to different oxygen bonding resulting
from the different method and surface temperature: atomic
oxygen was created by passing O2 over a glowing tungsten
filament at 300 K.

Our studies of propene oxidation further illustrate that
metastable oxygen phases on Au can be exploited to improve
low-temperature activity and selectivity. It remains to be seen
if this principle can be applied and exploited in actual
catalytic processes. Nevertheless, the concept of using
kinetically accessible phases to promote model studies of
catalysis is established.

4. Summary and Perspectives
Gold-based catalysts are promising for efficient oxidation

of CO and selective oxidation of propene. This is a

fascinating set of catalytic processes because only nano-
scopic gold is effective as a catalyst. These nanoscopic gold
catalysts are active at much lower temperature compared to
platinum-group catalysts for CO oxidation. Likewise, Au-
based catalysts are effective for selective oxidation of
propene, despite the very labile allylic hydrogen in this
molecule.

Because of the complexity of the Au-based catalysts, there
is significant debate regarding the underlying basis for the
activity of these nanoscale materials. One important factor
is that large Au particles and Au single crystals are not active
for dissociation of O2, which is likely to be a key step.
Dissociation of O2 is clearly related to the size and shape of
gold particles and possibly to interactions with the water
moiety and oxide support. Even the bonding of molecular
oxygen (peroxo-type species), which has been proposed
as a possible intermediate, is affected by the characteristics
of Au. Model studies on oxidized Au(111) demonstrate,
however, that atomic oxygen is very active for low-
temperature oxidation of CO. These model studies further
demonstrate that the interaction of Au with the metal oxide
support is not necessary to impart activity to the Au and
that metastable oxygen phases are particularly active at low
temperature. At the same time, there is still a need to
determine which features of the catalyst determine the long-
term stability of the Au nanoparticles so that practical
improvements can be made for improvement in, e.g.,
automotive catalysts.

Propene oxidation by gold catalyst is less well understood,
in part because of the complexity of the reaction system.
Metastable oxygen phases on Au(111) are active for partial
oxidation of propene; however, acrolein, not the epoxide, is
the primary oxidation product. While these model studies
indicate that disordered phases of atomic oxygen are active
for partial oxidation, there are still many unanswered
questions as to how to efficiently promote epoxidation using
Au-based nanocatalysts. Nevertheless, the efficient oxidation
of propenesan important industrial processsmight be
achieved with Au-based nanocatalysts using O2 as an
oxidant.132 Enhancing the stability of gold catalysts during
propene oxidation is also a critical issue for future com-
mercial application. Even though Ti-modified silica support
is known to enhance the stability of gold catalyst, there is
little understanding of the underlying basis of this phenom-
enon, demanding more systematic study with the assistance
of a model system. This may enable further understanding
the mechanism of propene oxidation by some special gold
catalysts where gold particles are supported on TiO2 or Ti-
modified silica, which may help to design a more efficient
gold catalyst for propene oxidation.

Scheme 2
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