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ABSTRACT: We have systematically studied the CO
oxidation on various nanosized gold clusters with sizes ranging
from 0.3 to 0.8 nm on the basis of density functional theory
(DFT) calculations. A hitherto unreported trimolecular
Langmuir-Hinshelwood (LH) mechanism is proposed, which
offers new insights into the fundamental mechanism for CO
oxidation on nanosized gold clusters. Specifically, we find that
the coadsorbed CO molecule at a unique triangular Au3 active
site can act as a promoter for the scission of an O−O bond,
leading to the spontaneous formation (due to extremely low
energy barrier) of two CO2 molecules as product. The key step to the O−O bond scission in the OCOO* intermediate is
significantly accelerated due to the electrophilic attack of the coadsorbed neighboring CO molecule on the triangular Au3 site.
This new mechanism is called CO self-promoting oxidation, which can be visualized in real time from the trajectory of a Born−
Oppenheimer molecular dynamics (BOMD) simulation. We also find that such CO self-promoting oxidation is quite universal,
as long as the triangular Au3 reaction site is available. This is demonstrated in two prototype metal oxide supported gold
nanostructure systems: namely, Aun/MgO and bilayer-Au/TiO2. The coadsorbed CO can not only serve as a promoter for its
own oxidation but also promote other oxidation reactions such as styrene oxidation through expediting O−O scission on gold
nanostructures.

1. INTRODUCTION

Nanosized gold clusters have attracted great interest over the past
few decades owing to their unusual catalytic properties not seen
in bulk gold. For example, nanosized gold clusters exhibit high
catalytic activities toward carbon monoxide oxidation,1 selective
oxidation of olefin and alcohol,2,3 and synthesis of hydrogen
peroxide,4 as well as toward the water-gas shift reaction.5 Among
various reactions catalyzed by gold clusters, CO oxidation has
received the most attention and it has become a benchmark for
examining activities of nanogold.6−17 It has been well established
from both gas-phase and supported gold cluster experiments that
gold nanoparticles can catalyze the CO oxidation even below
room temperature, a novel property that can be utilized to
overcome the “cold start-up” problem known with the
conventional Pt- and Pd-based catalysts.
Numerous experimental studies have also shown that the

catalytic activities of nanosized gold clusters are size-depend-
ent.18−29 Au clusters with diameters in the range 0.5−3 nm are
found to be more reactive than those of larger size, and gold
nanoparticles of size greater than 4 nm exhibit a notable decrease

in catalytic activity. Moreover, nanosized Au clusters supported
on reducible oxide substrates such as TiO2 and MgO surfaces
yield enhanced catalytic activity for CO oxidation.19,21−24 To
date, a number of metal oxide supported Au catalysts have been
developed for practical applications, such as high turnover
frequencies, high selectivity and durability, and easy recover-
ability.25−29 However, the active sites and reaction mechanisms
of CO oxidation on nanogold catalysts remains controversial.
Several studies suggested that the apparent catalytic activity of
nanogold is due to the interplay among many factors, including
particle size, electronic properties of the metal oxide support,
preparation methods, etc. To confirm the catalytic nature of gold
nanoclusters, a variety of unsupported gold nanostructures such
as “naked” gold nanoparticules30 and nanoporous gold
(NPG)31,32 have been prepared in the laboratory. All these
unsupported gold nanostructures have been shown to be active
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in catalyzing different oxidation reactions, including CO
oxidation.33

Theoretical calculations based on density functional theory
(DFT) have played an important role in the exploration of the
active site and chemical mechanism for the CO oxidation on gold
nanostructures.34−46 Thus far, the predicted active sites for the
CO oxidations on oxide supported gold clusters can be loosely
classified into two categories: (1) active sites on the gold
nanocluster where CO andO2 are adsorbed and react and (2) the
perimeter interface between the Au cluster and the metal oxide
support. The reaction pathway for CO oxidation on gold clusters
has been commonly described by the bimolecular Langmuir−
Hinshelwood mechanism, which involves the formation of an
OCOO* intermediate first, followed by the breaking of an O−O
bond, as shown in Scheme 1a.

Within the framework of the bimolecular LH mechanism,
several factors have been identified to account for the high
activities of the nanosized gold clusters, which include low-
coordination Au atoms on the surface of gold clusters, electron
transfer between the cluster and support, the interface between
Au and the oxide support, the magic number of electrons, the
quantum effect of clusters, the structural fluxionality of gold
clusters, the water moisture, the heteroatom dopant, etc.34−46 In
particular, the presence of water moisture and reducible metal
oxide support have been demonstrated to notably promote CO
oxidation. The mechanism underlying these promotion effects
has been studied theoretically, and it is believed that the key step
of O2 adsorption and activation is actually promoted by either
water moisture or the reducible oxide support.36 However, few
studies have taken into account the role of coadsorbed CO
molecules during CO oxidation,42−44 although many exper-
imental and theoretical studies have shown the presence of
multiple adsorbed CO molecules on the active sites of gold
clusters, especially at relatively low temperature and elevated CO
pressure.47−54 Wallace et al., Veldeman et al., and Fielicke et al.
reported the size- and pressure-dependent saturation adsorption
of CO on both anionic and neutral gold clusters,47−50 and all
three groups found that the saturation ratio between CO and Au
is close to 1 for Au clusters with up to 13 atoms. Mass
spectrometry experiments and DFT calculations showed that the
adsorption of CO and O2 on the surface of gold clusters is
cooperative, rather than competitive.50−52 Gas-phase experi-
ments combined with DFT calculations demonstrated that the
chemisorption of several CO molecules on small gold cluster
cations or anions (Aum(CO)n

q) can not only alter electronic
properties of gold clusters but also significantly change the

clusters’ structure and reactivity toward the O2 molecule.
55−59 In

particular, recent gas-phase experimental studies indicate that the
presence of multiadsorbed CO molecules affects the activity of
gold clusters. Bürgel et al. found the CO oxidation is self-promoted
on cationic gold oxide species.60 Xie et al. found that neutral
Au3(CO)2, Au5(CO)4, and Au7(CO)5 clusters are more reactive
with O2 than Au3(CO)3 and Au7(CO)4, although it is not clear
whether the enhanced activity is due to the presence of
multiadsorbed CO molecules.61

Apart from the gas-phase gold clusters, measurements of the
rate of CO oxidation on oxide supported gold clusters indicated
that the catalytic activity of Au nanoparticles not only is related to
their ability to bind oxygen molecules but also depends on the
CO partial pressure (order of reaction to CO is nonzero).62

Gates et al. showed that the reaction rate of CO oxidation,
catalyzed by Au/CeO2 at 303 K, is proportional to Pco0.19 and
PO2

0.18 (where P is the partial pressure).63 Evidence of the
nonzero order of the reaction associated with CO oxidation was
also observed in several other experimental measurements.62

Furthermore, comparative studies of the CO adsorption on Au
nanocatalysts produced from different preparation methods
confirmed the adsorption of multiple CO molecules on low-
coordinated Au sites, especially on small gold clusters.64−70

Under the condition that multiple CO and O2 molecules are
coadsorbed around the active site on gold clusters, it is important
to explore the extent to which the nearby adsorbed CO
molecules can affect the CO oxidation. Would the coadsorbed
CO molecules merely lead to certain electronic effects on the
gold cluster, or would they actually be involved in the reaction? In
a previous study of promotion effects due to water moisture, the
mechanism proposed suggests that the water molecule can be
coadsorbed on the neighboring site of preadsorbed CO and O2
molecules,36,40b which first reacts with O2 to produce a key
OOH− intermediate, followed by promotion of the CO
oxidation. Recently, a CO self-promoting oxidation mechanism
on a single-crystal gold electrode in alkaline solution was
uncovered such that the CO and OH− (oxidant) mutually
enhance each other’s binding on the electrode surface, thereby
promoting CO oxidation.71 Also, an unexpected promotion
effect due to a coadsorbed CO molecule on the electrochemical
oxidation of alcohol by OH− on gold was also reported
recently.72

In this work, we carry out a comprehensive ab initio study of
CO oxidation on a series of gold nanoclusters (with sizes ranging
from 0.3 to 0.8 nm), and we propose a new trimolecular LH
mechanism that offers new insights into the high activity of
nanosized gold clusters toward CO oxidation. Specifically, we
show that a coadsorbed CO molecule at the triangular Au3 site
can promote O−O bond breaking via a trimolecular LH
mechanism (see Scheme 1b). Hereafter, we call this mechanism
CO self-promoting oxidation. The paper is organized in two parts.
The first is identification of the active site on nanosized gold
clusters (with sizes 0.3−0.8 nm). To this end, we first investigate
the oxidation path associated with a single CO on different sized
gold clusters, ranging from two-dimensional (2D) flakes (Au7−
Au10), to “flat cages” (Au12−Au14) and to three-dimensional
(3D) hollow-cage (Au16), pyramidal (Au19), and core-shell
structures (Au27−28, Au32−35, and Au55) under the conventional
bimolecular LHmechanism (Scheme 1a). Amain result obtained
in this study is that the core−shell clusters exhibit much higher
activity toward CO oxidation than either 2D “flake”-like clusters
or 3D “flat cage” structures. The surface protruded triangular Au3

Scheme 1. Catalytic Cycle of Two Proposed Oxidation
Mechanisms: (a) Conventional Bimolecular LH Mechanism
and (b) Trimolecular LH Mechanism Involving CO Self-
Promoting Oxidation
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sites are identified as the most active sites of the gold clusters,
which result in lower energy barriers for the CO oxidation. The
second is the self-promoting CO oxidation mechanism. The
triangular Au3 active sites can not only stabilize the OCOO*
intermediate and transition-state structure in the O−O scission
step but also accommodate an additional CO molecule. As a
result, the activation barrier for breaking an O−O bond is
lowered from 0.2−0.5 eV (bimolecular LH mechanism, Scheme
1a) to 0.01−0.2 eV (the trimolecular mechanism, Scheme 1b). In
addition, the CO self-promoting oxidation effect is also predicted
to be viable onmetal oxide supported gold clusters. However, the
effect is less significant on the 2D planar or flat-cage gold clusters.

2. COMPUTATIONAL METHOD AND DETAILS
In this study, atomic structures of all nanosized gold clusters are taken
from previously resolved global minimum structures on the basis of
combined photoelectron spectroscopy (PES) measurements and
density functional theory (DFT) global optimization.73−77 The
geometric structures of intermediates and transition states are optimized
using either restricted or unrestricted DFT methods with the general
gradient approximation (GGA) in the form of a Perdew−Burke−
Ernzerhof (PBE) functional78 or with the hybrid meta-GGA functional
(TPSSh)79 implemented in Dmol3 4.480 and Gaussian 09,81

respectively. For the planar Au7−Au10, cage Au16, and pyramidal Au19
clusters, the TPSSh functional combined with the LAN2DZ basis set
(for Au) and 6-31G* basis set for C and O are used for all energy
computations. The energy reported here includes the zero-energy
correction. For larger gold clusters, the PBE functional with a semicore
pseudopotential (DSPP) is used, together with the double numerical
(DND) basis set for the geometric optimization and transition-state
search.
The reaction pathway for the CO oxidation is computed using a

combination of linear synchronous transit (LST)/quadratic synchro-
nous transit (QST) algorithms with conjugated gradient optimization.
In the calculation of O2 adsorption energy on Au clusters, and the first

transition state to form the OCOO* intermediate, a fixed triplet spin is
used for systems with an even number of total valence electrons, while a
fixed doublet spin is used for systems with odd numbers of total valence
electrons. For all other calculations, including intermediate states and
final (product) states, the spin state of the system is set to be the singlet
or doublet for systems with even or odd numbers of electrons. The
unrestricted DFT is used for transition-state calculations. The
convergence criteria of the geometrical optimization are set to be 1.0
× 10−5 hartree for the energy change, 2.0 × 10−3 hartree/Å for the
gradient, and 3.0 × 10−3 Å for the displacement (in Dmol3

computation), respectively. The smearing parameter is set to be 0.002
hartree in the geometric optimization. A zero smearing parameter is
used for the density of states (DOS) analysis. Note that the spin
crossover effect is not considered in this study, but the relative stabilities
between triplet and singlet spin states of the intermediate and transition
states are examined. Only the lowest energy states are reported.

3. RESULTS AND DISCUSSION

3.1. Identification of Active Sites on Nanosized Gold
Clusters.To illustrate the effect of CO self-promoting oxidation,
we first determined the most active site on the gold clusters. For
the CO oxidation on metal oxide supported gold clusters,
multiple active sites have been suggested, which include either
sites on the gold cluster itself or perimeter sites near the Au and
metal oxide interface. In the case of perimeter sites, a recent joint
experimental/theoretical study shows that the CO molecule
diffuses from the TiO2 surface to the perimeter Au/TiO2 site and
then reacts with the O2 molecule at the dual active site bridging
Ti atom and gold nanowire.26 A similar mechanism has also been
suggested for Au clusters on MgO supports.82,83 Here, our initial
focus is placed on CO and O2 adsorption on the gold clusters
only. First, we examine single CO oxidation on various nanosized
gold clusters (with sizes from 0.3 to 0.8 nm) under the
conventional bimolecular LH mechanism (Scheme 1a). It is

Table 1. Comparison of Activation Energies (Ea in eV) of CO Oxidation under Either Conventional Bimolecular LH or New
Trimolecular Mechanisma

CO Oxidation under Bimolecular LH Mechanism (Involving One CO and One O2 Molecule)

Ea(TS1) Ea(TS2) Ea(TS1) Ea(TS2)

Au8 0.97 0.34 Au7 0.74 0.42
Au10 0.6 0.49 Au9 0.48 0.38
Au12 0.47−0.69 0.25−0.50 Au13 0.10−0.36 0.14−0.41
Au14 0.26−0.69 0.43−0.57 Au19 0.50 0.23−0.26
Au16 0.34 0.63−0.80 Au27 0.05−0.22 0.21−0.44
Au28 0.30−0.55 0.35−0.51 Au33 0.20−0.28 0.16−0.23
Au30 0.25−0.40 0.31−0.39 Au35 0.16−0.29 0.20−0.29
Au32 0.35−0.44 0.14−0.26 Au55 0.13−0.26 0.17−0.22
Au34 0.38−0.43 0.18−0.26

CO Oxidation under Trimolecular LH Mechanism (Involving Two CO Molecules and One O2 Molecule)

Ea(TS1) Ea(TS2)
b Ea(TS2)

c Ea(TS1) Ea(TS2)
b Ea(TS2)

c

Au8 0.9 0.3 0.41 Au7 0.44 0.64 0.46
Au10 0.58 0.55 0.38 Au9 0.59 0.09 0.23
Au12 0.5 0.3 d Au13 d d d
Au14 0.38 0.18 d Au19 0.09 0.05 0.32
Au16 0.29 0.1 d Au27 0.10−0.28 0.01−0.12 0.41−0.65
Au28 0.15−0.61 0.11−0.27 0.42−0.59 Au33 0.17−0.32 0.02−0.13 0.40−0.54
Au30 0.20−0.55 0.06−0.16 0.32−0.67 Au35 0.17−0.29 0.05−0.15 0.38−0.57
Au32 0.27−0.41 0.02−0.16 0.45−0.47 Au55 0.19−0.32 0.01−0.05 0.47−0.49
Au34 0.41−0.54 0.04−0.19 0.48−0.55

aThe definition of steps TS1 and TS2 is given in Figures 1−3. bThe activation energy of O−O bond scission via the neighboring CO promoter.
cThe activation energy of O−O bond dissociation via the direct breaking of an O−O bond. dNo corresponding transition state or reaction path is
located. The corresponding energy data are available in Figures 1−3 and in Figures S1−S3 (Supporting Information). For Au16 and Au19, the
energies are computed at the TPSSh/LANL2DZ (for Au) and 6-31G* (for C and O) levels. Other energies are computed at the PBE/DND level.
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known that strong relativistic effect of Au results in a late
structural transition for anionic gold clusters from 2D to 3D at
Au12.

73−77 Here, we will consider planar clusters (Au7−Au10),
flat- and hollow-cage clusters (Au12−Au14, and Au16), the
pyramid cluster Au19, and core−shell clusters (Au27−28, Au30,
Au32−35, and Au55).

3.1.1. CO Oxidation on Planar and Flat-Cage Gold Clusters
Au7−10 and Au12−14. On the planar clusters, the CO oxidation
reaction tends to occur on an edge site (active site), as shown in
Figure S1 (Supporting Information). The barrier heights for two
elemental reaction steps for the CO oxidation are summarized in
Table 1, which are denoted as Ea(TS1) and Ea(TS2). On the

Figure 1. Energy diagrams of the most favorable pathways of CO oxidations on Au12−Au14 clusters (a−d). Various less favorable pathways at different
sites are given in Figure S2 (Supporting Information). CO oxidation involving two COmolecules (black or pink path) is also shown in (b). The energies
(in eV) are computed at the PBE/DND level. The bond length is in unit of Å. The absolute electronic energies and atomic coordinates of intermediates
and transition states are given in the Supporting Information.

Figure 2.CO oxidation pathways on Au16 and Au19 clusters, involving either one (green path) or two COmolecules (black or pink path). The energy at
each step is computed using the TPSSh functional with the LANL2DZ basis set for Au and 6-31G* basis set for C and O elements. Zero-point energy
correction is included. The absolute electronic energies and atomic coordinates of intermediates and transition states are given in the Supporting
Information.
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planar gold clusters, the formation of the OCOO* intermediate
is the rate-determining step, with the energy barrier in the range
of 0.48−0.97 eV, consistent with previous theoretical studies.84

With an increase in the Au cluster size, a 2D to 3D structural
transition occurs.76,85 The flat-cage clusters Au12−Au14 entail

local structures more diverse than those of the planar clusters.
For example, sharp edge sites and the protruded triangular Au3
sites coexist on the surface. To identify the active sites for CO
oxidation, we have examined various CO oxidation paths on
different surface sites of Au12−Au14, as illustrated in Figure 1 (the

Figure 3.Most favorable pathways for CO oxidations on core−shell gold clusters (a) − (h). The reaction pathways at the same triangular Au3 site but
involving either single (green path) or double (black or pink path) COmolecules are compared. The energies are computed at the PBE/DND level. The
absolute electronic energies and atomic coordinates of intermediates and transition states are given in the Supporting Information.
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most favorable path) and Figure S2 (Supporting Information;
other pathways). The energy barriers for two elemental reaction
steps are summarized in Table 1. Among the flat-cage clusters
Au12−Au14, Au12 and Au13 are predicted to exhibit relatively
higher activity toward CO oxidation than Au14 due to the lower
energy barriers for both OCOO* formation (TS1) and the O−O
bond-breaking step (TS2). In particular, we find that the CO
oxidation can proceed on either the peripheral edge sites or the
protruded triangular Au3 sites. For even-numbered clusters (Au12
and Au14), the CO oxidation tends to occur on the sharp edge
sites due to lower activation energy for both TS1 and TS2 in
comparison to that on the triangular Au3 site (Figure 1 and
Figure S2). In contrast, for the odd-numbered cluster Au13 the
CO oxidation tends to occur on the protruded triangular Au3 site,
at which the highest energy barrier incurred is less than 0.36 eV.
3.1.2. CO Oxidation on Hollow-Cage and Truncated-

Pyramid Gold Clusters Au16 and Au19. In the size range of
Au16 to Au20, the gold clusters undergo structural transition from
hollow cages to pyramids.75 Beyond Au20, the structure of gold
cluster evolves into tubular-like and then core−shell struc-
tures.76,77 Here, we select Au16 and Au19 as representative model
clusters for the hollow-cage and vertex-truncated pyramid
structures, respectively.
On the Au16 cage, the CO oxidation tends to occur at the edge

and the triangular Au3 sites. In Figure 2a, we plot two pathways
for the single CO oxidation at the edge site and triangle site,
respectively. Again, the CO tends to be adsorbed on a less
coordinated Au atom. The adsorption energy of a single CO
molecule on Au16 is −0.96 eV at a corner site of Au16. The
subsequent adsorption of an O2 molecule at the neighboring Au
corner site is slightly exothermic. With the coadsorption of CO
and O2 molecules, the nucleophilic attack of an O2 molecule at
the CO molecule leads to the formation of an OCOO*
intermediate with an energy barrier of 0.34 eV. During this step,
the OCOO* forms a single Au−O linkage at the edge site.
However, the energy calculation indicates that the OCOO*
intermediate formed at the edge site is less stable than the initially
coadsorbed structure by 0.11 eV. Following this intermediate, the
barrier for O−O scission at the edge site is 0.63 eV.
Figure 2a shows an alternative reaction path that involves the

triangular Au3 site. A more stable OCOO* intermediate
structure may form through the conversion of the initially
formed OCOO* intermediate at edge site to that on the
triangular Au3 site, where one O atom in the new OCOO*
intermediate links with two Au atoms on the triangular Au3 site.
The formation of a double Au−O linked OCOO* intermediate
at the triangular Au3 site results in an additional stabilization of
0.33 eV in energy. The energy at the transition state can be
notably lowered for the OCOO* intermediate at the triangular
Au3 site. On Au19, a similar stabilization behavior for both the
OCOO* intermediate and transition state structure is found at
the triangular active site (see Figure 2b). It is expected that the
CO oxidation may proceed more readily through the formation
of an OCOO* intermediate on the triangular reaction site, which
is designated as the most active site on Au16 and Au19.
3.1.3. CO Oxidation on Core−shell Gold Clusters Au27, Au28,

Au30, Au33−35, and Au55. Recent joint experimental/theoretical
studies suggest that the core−shell structures are prevailing for
gold clusters in the size range of 25−64 (up to 1.3 nm in
diameter).76,86 For example, the Au27, Au28, Au30, Au32−35, and
Au55 clusters can be viewed as having an inner Au core (Au1−
Au8) and an outer shell. The shell typically consists of many
slightly perturbed triangular Au3 sites. As shown above, the

perturbed triangular Au3 site can effectively stabilize the OCOO*
intermediate and the transition-state structure on Au16 and Au19
and become the most active site. Likewise, by examining the
reaction pathway of single CO oxidation on different sites, we
confirm that the triangular Au3 sites are still the most active sites
toward CO oxidation, as illustrated in Figure 3 and Figure S3
(Supporting Information). Typically, the adsorption energy of an
initial CO molecule on the core−shell clusters ranges from −0.7
to −1.2 eV, comparable to those on the planar and flat-cage
clusters. Subsequent coadsorption of an O2 molecule at the same
triangular Au3 site is slightly exothermic, with the O2 adsorption
energy ranging from −0.05 to −0.3 eV (Figure 3 and Figure S3
(Supporting Information)), close to the measured value (about
−0.088 eV at 280 K).87

3.1.4. “Odd−Even” Effect. Table 1 summarizes computed
activation energies associated with two elemental reaction steps
at different reaction sites of the core−shell clusters. An
interesting “odd−even” behavior for the activation energies
with respective to the number of gold atoms can be observed in
the formation of the OCOO* intermediate (Ea(TS1)). The CO
oxidation on gold clusters with odd-numbered atoms (Au13,
Au27, Au33, Au35, Au55) generally encounters an activation barrier
to the formation of OCOO* intermediate lower than that on
even-numbered gold clusters (Au12, Au14, Au28, Au30, Au32, Au34).
Such an odd−even effect is more pronounced with the core−shell
clusters, as shown in Table 1. The origin of such an odd−even
effect may be attributed to different extents of activation of theO2
molecule on the odd- and even-numbered clusters. The O2
binding and activation have been considered as key steps during
CO oxidation. Although numerous experimental and theoretical
studies have shown that theO2molecule cannot dissociate on the
gold clusters,88−90 the odd−even effect is already known such
that gold clusters with odd numbers of electrons can bind with
the O2 molecule more strongly, thereby leading to a higher
degree of activation of the O2 molecule. For gold cluster anions
with even numbers of electrons, some electrons can be
transferred to the unoccupied 2π* orbital to active the O2
molecule.91 In particular, a superoxo to peroxo transition for
O2 adsorbed on Au8

− has been detected in a recent study.92 In the
present study, a partial density of state (PDOS) analysis indicates
that theO2molecule adsorbed on an even-numbered gold cluster
preserves the triplet spin state, as in the gas phase. Considering
the spin-conservation paradigm during the chemical reaction, we
expect a spin-flipping process that may occur during the
formation of the OCOO* intermediate on an even-numbered
gold cluster. However, a direct calculation of such a process is
rather complicated. Here, a single-reference DFT method is
utilized to describe TS1 at a different but fixed spin state (e.g.,
singlet or triplet state).

3.1.5. Key Role of Triangular Au3 Active Site. The key role of
the triangular Au3 active site can be understood from its
stabilization effect on the structure of the OCOO* intermediate
and the O−O bond-breaking transition state. In Figure 4, we
illustrate energies of the OCOO* intermediate and the following
O−O bond-breaking state at the edge site and at the triangular
Au3 site, respectively, on Au16, Au19, and various core−shell gold
clusters. The stabilization effect of the triangular Au3 site over the
edge site can be clearly seen in that the OCOO* intermediate is
more stabilized by increasing the number of Au−O linkages on a
triangular active site. The gained stabilization energy ranges from
−0.05 to −0.30 eV on the triangular active site. The energy
barrier for the interconversion between the two different
intermediate structures is computed at various active sites on
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different core−shell gold clusters (Figure S4, Supporting
Information). The energy barrier for the structural transition
from the intermediate with a single Au−O linkage to that with
double Au−O linkages is quite small (<0.12 eV), indicating
possible fast conversion of the OCOO* intermediate from single
to double Au−O linkages. A comparison of the energy barrier of
the next O−Obond-breaking step starting from the two different
intermediate structures suggests that the activation energy of O−
Odissociation decreases significantly (nearly 50% percent) when
the formation of a transition state structure involves double Au−
O linkages, as shown in Figure 4.
The finding of triangular Au3 sites as the most active sites

allows us to determine which factor plays a more important role
in the CO oxidation: for example, electronic effects versus the
local geometric structure. It was previously shown that
unsupported porous bulk gold is active in CO oxidation,
suggesting that the microsurface nanostructure is crucial to the
catalytic activity.31,32a Here, our studies suggest that several gold
clusters, such as Au32, Au33, Au35, and Au55, have comparable or
even slightly higher activities than the magic-numbered cluster
Au34 (see Figure 3 and Table 1). The similarity in activities for
these clusters with different numbers of valence electrons can be
attributed to the universal presence of triangular Au3 active sites,
which not only can favorably adsorb CO and O2 molecules but
also offer additional stabilization to both the reaction
intermediate (OCOO*) and the transition-state structure during
O−O scission. More information regarding this view of active
sites is given in Figure S5 (Supporting Information), which
shows a systematic study of CO oxidation on a series of model
vertex-truncated tetrahedral gold clusters, ranging from Au34 to
Au147 (diameter ranges from 0.4 to 1.9 nm). All of these
calculations indicate that the O−O scission barrier at the
triangular Au3 active site is insensitive to the cluster size.
3.2. CO Self-Promoting Oxidation at the Triangular Au3

Active Site. Having shown that the perturbed triangular Au3
sites are the most active sites on nanosized 3D gold clusters for
the CO oxidation, we demonstrate that multiply adsorbed CO
molecules at a triangular Au3 active site can significantly promote
the CO oxidation as well. As mentioned above, it is known that
coadsorbed water molecule can promote CO or propene
oxidation through activation of an O2 molecule.93 Likewise,
recent studies show that a coadsorbed CO molecule can also
significantly promote alcohol electrochemical oxidation and its

own electrochemical oxidation on gold surfaces.71,72 Nonethe-
less, few studies take into account the role of coadsorbed CO
molecules when discussing the CO oxidation mechanism. In the
case of CO oxidation on gold clusters with or without supports,
several experimental measurements have indicated the possibility
of coadsorption of multiple CO molecules at or near active
sites,64−69 which is also visualized from the molecular dynamics
simulations.70

Here, we consider two CO molecules occupying two corners
of a triangular Au3 active site while anO2molecule is adsorbed on
a neighboring corner as shown in Figures1b, 2, and 3. The energy
diagrams in Figures 1−3 give the coadsorption energies of the
two neighboring CO molecules, which demonstrate that the
coadsorption of two CO molecules at the triangular active site is
energetically favorable. Due to the adsorption of multiple
molecules on the same triangular Au3 site, the triangular Au3
site becomes more protruded. Here, we define an out-of-plane
angle to characterize the degree of protrusion for a triangular Au3
site (see Figure S6, Supporting Information). The calculated out-
of-plane angles on various core−shell gold clusters indicate that
the coadsorption of an additional CO molecule generally
increases the cone angle of the local Au site, thereby increasing
the out-of-plane angle at the same Au3 site. The increased out-of-
plane angle not only slightly enhances the O2 adsorption in
general (see Figures 1−3) but also results in a shorter distance
between the CCO atom and neighboring O atom in the OCOO*
unit. For example, a triangular Au3 site on Au19 gives rise to the
largest out-of-plane angle (62°) among all triangular Au3 sites
examined on 3-D gold clusters larger than Au16, which results in
the shortest CCO···OOCOO* distance (∼2.40 Å). Moreover, the
increased out-of-plane angle also inhibits the conversion of
OCOO* intermediate due to the increased Au−O linkage, even
though this step is energetically favorable under the conventional
bimolecular LH mechanism.
As shown in Table 1, a major effect due to the coadsorbed

neighboring CO molecule on the CO oxidation is that the O−O
dissociation energy barrier (Ea(TS2)) is notably reduced, in
comparison to that in the single CO oxidation path or that in the
direct breaking of a O−O bond without the promotion by the
additional CO. We call such an effect CO self-promoting oxidation
or CO-induced O−O activation. As an example, the Au16 cluster
is a less efficient catalyst in comparison to other clusters due to
the high activation energy required in the O−O scission step
under the bimolecular LH mechanism. In contrast, Figure 2
shows that the neighboring CO molecule can markedly promote
O−O bond breaking under the trimolecular mechanism. Under
the latter mechanism, the first step is the same as that under the
conventional bimolecular LH mechanism in that the O2
molecule attacks nucleophilically a neighboring CO molecule
to form the OCOO* intermediate. In this step, the additional
neighboring CO molecule has little effect on the energy barrier.
The second reaction step can proceed in two possible ways:
direct O−O bond scission from the OCOO* intermediate or the
electrophilic attack of the OCOO* intermediate by the
additional CO molecule. In the latter way, the energy barrier is
as low as 0.10 eV, resulting in the formation of a metastable OC−
OCOO* intermediate, as shown in Figure 2a. The O−O bond is
elongated to 1.52 Å in this intermediate. The OC−OCOO*
intermediate can readily proceed to the breaking of the O−O
bond after crossing a very low energy barrier (0.02 eV), leading to
the spontaneous formation of two CO2 molecules at a time. An
intrinsic reaction coordinate (IRC) analysis was performed to
confirm the formation of the metastable intermediate (Figure S7,

Figure 4. Comparison of reaction pathways of CO oxidation (involving
only single CO) at the edge site (pink path) and triangular Au3 active site
(blue-green path). The energies are computed at the PBE/DND level.
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Supporting Information). As another example, a similar reaction
path is seen in the case of pyramidal Au19. However, we find that
the activation energy of the first OCOO* formation step is
lowered significantly from 0.39 to 0.09 eV when two CO
molecules are coadsorbed on a triangular Au3 site of Au19. In the
second O−O bond-breaking step, the activation energy of O−O
scission due to the electrophilic attack of the additional CO
molecule at the OCOO* intermediate is as low as 0.06 eV,
significantly lower than that (0.33 eV) through a direct
dissociation of the O−O bond from the OCOO* intermediate.
Here, the electrophilic attack from the additional COmolecule at
the OCOO* intermediate on Au19 leads to two CO2 molecules
to complete the catalytic cycle, without the formation of a
metastable OC−OCOO* intermediate. Indeed, for all other
core−shell gold clusters (Au27, Au28, Au30, Au32−Au35, and Au55)
considered, the additional CO also promotes O−O scission at
the triangular Au3 site, as shown in Figure 3 and Table 1. In
particular, we find that such a CO-induced O−O scission effect is
more pronounced on somemore spherical-like gold clusters such
as Au32−Au35 and Au55. The O−O bond-breaking barrier, caused
by the attack of the additional CO molecule, is typically less than
0.1 eV, which is much lower than that from direct O−O
dissociation. Themuch favored CO-induced O−Obond scission
on Au16, Au19, Au32−Au35, and Au55 in comparison to that on
other clusters such as Au27 and Au28 can be attributed to the
smoother surface curvature, where the triangular Au3 sites exhibit
out-of-plane angles ranging from 33 to 62°.
Note that such a CO self-promoting effect is less pronounced

on 2D planar gold clusters (Au7−Au10) and flat-cage clusters
(Au12−Au14). The CO-promoted O−O dissociation barriers for
these clusters are comparable to or even slightly higher than
those via the direct scission of an O−O bond from the OCOO*
intermediate under the bimolecular CO oxidation mechanism
(see Figure 1b and Figures S1 and S2 (Supporting Information)).
The lack of a CO self-promoting effect is understood from a
different structure around the active site. On planar gold clusters,
the transition state structure from the OC···OCOO* inter-

mediate exhibits a dangling conformation at the edge of the
cluster, as shown in Figure S1. In contrast, OC···OCOO* is well
stabilized by the triangular Au3 site on Au16, Au19, and other
core−shell gold clusters, evidenced by the short distance
between the middle O atom in the OC···OCOO* intermediate
and surface Au site, hence leading to a reduced energy barrier.
For flat-cage gold clusters, the triangular Au3 sites typically
exhibit quite large out-of-plane angles (>90°), which result in a
relatively long distance between CCO and OOCOO* atoms and
hence a higher energy barrier during the electrophilic attack of
CCO at OCOO*.
In several previous theoretical studies, the formation of the

initial OCOO* intermediate has been viewed as the rate-
determining step for CO oxidation due to the relatively higher
energy barrier encountered in this step.94,95 However, little
experimental evidence is available to confirm this view. The
present study indicates that the energy barrier to the formation of
the OCOO* intermediate on even-numbered gold cluster is
generally much higher than that on odd-numbered gold clusters
such as Au27, Au33, and Au55. For odd-numbered clusters, the O−
Odissociation step generally entails an energy barrier higher than
or comparable to that of the first step (cf. Table 1). In the present
study, we have shown that the coadsorbed neighboring CO
molecule can notably lower the energy barrier of O−O scission,
which may lead to a high turnover frequency for CO oxidation.

3.3. Evidence of CO Self-Promoting Oxidation from
Born−Oppenheimer Molecular Dynamics (BOMD) Simu-
lation. For all gold clusters considered, Au19 appears to possess
the highest catalytic activity with the assistance of CO self-
promotion. The CO oxidation is nearly barrierless, with the
highest energy barrier to the OCOO* formation being only 0.09
eV. Thus, it is conceivable to observe the O−O scission directly
in molecular dynamics simulations under thermal fluctuations.
Here, three independent BOMD trajectories (each lasts 5 ps) are
attained, all starting from the optimized CO*···OCOO*
intermediate. The BOMD simulations are performed based on
a DFT method with a mixed Gaussian and plane-wave (GPW)

Figure 5. Born−Oppenheimer molecular dynamics (BOMD) trajectory of the CO self-promoting oxidation process: (A) snapshots of intermediate at
different simulation times; (B) computed potential energy and temperature in the course of the BOMD simulation.
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basis.96 The PBE functional with the DZP-MOLOPT97 basis set
is used to compute the exchange-correlation energy; the energy
cutoff is set to be 80 Ry for the plane-wave wave functions. The
interaction between the valence electrons and the atomic cores is
accounted for using the Goedecker−Teter−Hutter (GTH)
pseudopotential97,98 as implemented in the CP2K code.99 The
constant-energy and constant-volume ensemble is adopted in all
simulations.
Indeed, one BOMD trajectory (see the movie in the

Supporting Information) demonstrates the CO-promoted O−
O scission process within 5 ps simulation time. The spontaneous
formation of two CO2 molecules upon the approach of the
OOCOO atom to the CO molecule is observed (see Figure 5). A
more detailed analysis of the potential energy shows an abrupt
drop in the potential energy in the time interval of 1.65−1.75 ps,
accompanied by a dramatic increase of the system temperature.
In this time interval, one can observe that the additional CO
molecule approaches closely to the OCOO* species, leading to
rapid O−O bond breaking to form two CO2 molecules as final
products, consistent with the transition-state picture obtained
from the transition state search (Figure 2b). At the end of the
reaction, the temperature of the system decreases rapidly to
about 300 K, and the original structure of Au19 was well retained.
In two other trajectories starting with different initial velocities,

noO−Obond-breaking event is observed within 5 ps simulation.
Although the same initial structure and temperature are used in
the three independent simulations, different trajectories result
due to the random atomic motion. By examining the OCOO*
intermediate and transition-state structure of CO-promoted O−
O dissociation, we find that the interatomic distance between
OOCOO and CCO in the transition state is much shorter (by 0.7 Å)
than that in the OCOO* intermediate. Hence, an elongated
simulation time is needed in the other two simulations to allow
the close encounter of OOCOO with CCO to occur.
3.4. CO Self-Oxidation on Metal Oxide Supported Au

Nanostructures andMicrokinetic Analysis.We have shown
that the protruded triangular Au3 sites on bare nanosized gold
clusters are highly active sites for CO oxidation. An important
question remains as to whether the CO self-promoting oxidation
mechanism is generic: for example, is also viable on supported
gold clusters or nanostructures. In view of the fact that the metal
oxide support is widely used in heterogeneous gold catalysis to
enhance catalytic activities, we also independently examined two
metal oxide supported Au systems: (1) Au19 on MgO (with or

without oxygen vacancy) and (2) bilayer Au nanostructure on
the (110) surface of rutile TiO2. For the latter, previous
experiments have shown that the bilayer gold nanostructures
exhibit much higher activity than monolayer or trilayer gold
nanostructures.19 It is thus important to cross-examine the
trimolecular LH mechanism with the bilayer gold nanostruc-
tures, which possess abundant triangular sites on the edge faces.
A variety of reaction pathways on different triangular Au3

active sites of Au19/MgO and bilayer Au/TiO2 are attained, from
which we find that the additional COmolecule can also promote
O−O bond breaking via the trimolecular mechanism, regardless
of the local structure of the underlying support. The energy
barriers for the CO-promoted O−O bond breaking are 0.09 and
0.15 eV, respectively, on MgO and F-centered MgO supported
Au19; both are notably lower than those (0.22 and 0.33 eV) under
the conventional bimolecular LH mechanism (see Figure 6). A
similar promoting effect is observed with the bilayer Au/TiO2
system, in which the corresponding energy barriers of O−O
bond breaking are as low as 0.09 and 0.18 eV, respectively, much
lower than that associated with the single-molecule reaction
(0.37 eV; shown in Figure 7). This conclusion is consistent with
that for the bare gold clusters.
To further compare the difference between bi- and

trimolecular mechanisms, we have undertaken detailed micro-
kinetic analysis for the reaction associated with both bare and
supported gold clusters. The details of microkinetic analysis are
given in the Supporting Information as part II. The microkinetic
analysis suggests that the reaction rate of CO oxidation on the
metal oxide supported gold clusters under the trimolecular
mechanism is several times higher than that under the
bimolecular process (see Table 2), which again confirms the
promoting effect of coadsorbed neighboring CO molecules on
the CO oxidation. Note, however, that the order of the reaction
rate under the bimolecular and trimolecular mechanisms is mixed
on the bare gold clusters (see Table S1, Supporting Information).
Some bare gold clusters such as Au16, Au19, Au30, and Au33 favor
the trimolecular mechanism over the bimolecular mechanism
owing to the much higher reaction rate. Note also that the
absolute value of the calculated reaction rate is strongly
dependent on the O2 adsorption energy. Here, the relatively
high reaction rate of CO oxidation on Au19/MgO is largely due to
the strong O2 adsorption.

3.5. Origin of the CO Self-Promoting Oxidation. Finally,
to understand why the coadsorbed neighboring CO molecule

Figure 6. Bimolecular LH and CO self-promoted oxidation of CO oxidation on (a) F-center MgO and (b) vacancy free MgO supported Au19. The
energies are computed at the PBE/DND level.
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can significantly promote the O−O scission, we display
computed Hirshfeld atomic charges of Cco and Oocoo* (in the
coadsorbed neighboring COmolecule and OCOO* unit) for the
OC*···OCOO* intermediate and at the transition state on Au16
and Au19 clusters, respectively (see Figure 8a,b). It is found that

the C atom is positively charged and O atom is negatively
charged in both the intermediate and transition-state structures.
However, when the Cco and Oocoo* atoms approach to each other
and reach the transition state, a charge transfer is observed
between the two atoms: that is, the Cco atom becomes less
positively charged and the atomic charge on Oocoo* becomes less
negative, as shown in Figure 8. The change in the charge on Cco
and Oocoo* atoms plays a key role in the CO-promoted activation
of the O−Obond, which is an indicator of the electrophilic attack
of the neighboring Cco at the OCOO* unit. Moreover, the
computed electronic density corresponding to the HOMOof the
OCOO* intermediate with the presence of a coadsorbed
neighboring CO molecule (Figure 8c) exhibits an overlap of
the molecular orbitals of Cco and Oocoo* due to the short
interatomic distance. Hence, we conclude that the polar nature of
a coadsorbed neighboring CO molecule (with the C atom being
positively charged) on the perturbed Au3 active site (which
causes a shorter distance between CO and the OCOO*
intermediate) contributes altogether to the CO self-promoting
oxidation. On the other hand, due to the electrophilic attack of
the CO molecule at the OCOO* species, the O−O bond length
in the OCOO* species is slightly elongated. From Figures 2 and
3 and Figures S2 and S3 (Supporting Information), the O−O
bond length in the CO-induced O−O activation transition state
(TS2) is in generally less than 1.47 Å, which is much shorter than
that involved in the transition state of direct O−O bond breaking
(generally larger than 1.70 Å). We conclude that the electrophilic
attack of the neighboring CO molecule accelerates the O−O
activation and bond breaking through thermal fluctuation, as
observed in the BOMD simulation (Figure 5).
To further confirm the generic role of the additional CO

molecule in promoting the O−O scission, we have carried out a
separate study of CO- and styrene-promoted styrene oxidation,
as shown in Figure 9. Several previous studies have shown that

Figure 7. Comparison of energy diagrams of (a) bimolecular LH and
(b) CO self-promoting oxidation on bilayer Au/TiO2. In (b), two
different reaction pathways are presented. In reaction path 1, O2 first
attacks the upper adsorbed CO molecule to form an OCOO*
intermediate, and then either the O−O bond breaks directly or the
breaking is induced by the attack of the neighboring CO molecule (in
pink). In reaction path 2, the O2 first attacks the lower adsorbed CO
molecule to form an OCOO* intermediate, and then either the O−O
bond breaks directly or the breaking is induced by the attack of the
neighboring CO molecule. The energies are computed at the PBE/
DND level. The model system includes a three-layer slab of TiO2 and 24
Au atoms. The lengths of the supercell in the x and y directions (parallel
to the slab) are 11.84 and 19.49 Å, respectively, and the length of the
vacuum region in the z direction (normal to the slab) is 15 Å.

Table 2. Calculated Reaction Rates of the CO Oxidation via
Bimolecular and Trimolecular Mechanisms for Metal-Oxide
Supported Gold Nanostructuresa

reaction rate (s−1)

Au system
bimolecular
mechanism

trimolecular
mechanism

Au19/MgO with F center 1.71 × 105 8.19 × 105

Au19/MgO 4.48 × 107 1.59 × 108

bilayer Au/TiO2 3.30 × 10−4 2.31 × 10−3 (path 1)
3.42 × 10−3 (path 2)

aNote that the O2 adsorption energy can significantly affect the value
of reaction rate: that is, because of stronger O2 adsorption, the Au19/
MgO system yields a much higher reaction rate than the bilayer−Au/
TiO2 system. Details of microkinetic analysis are given in the
Supporting Information.

Figure 8. Change of atomic charge from the OCOO* intermediate to
the O−O scission transition state, upon the approach of CCO to OOCOO*
on (a) Au16 and (b) Au19 clusters. (c) Electron density contour of the
HOMO of the OCOO* intermediate on Au16. The Hirshfeld charge
analysis is based on calculations at the PBE/DND level.
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the styrene oxidation on gold catalysts entails a mechanism
similar to that for the CO oxidation, such that the styrene
molecule first forms a CCOO* intermediate, followed by O−O
bond breaking to yield the product.20,100−102 Here, we find that
the coadsorbed neighboring styrene is not as efficient as CO in
promoting the O−O scission, as the corresponding energy
barrier is 0.52 eV, close to that reported previously under the
conventional bimolecular mechanism.102 However, we find that
if the coadsorbed neighboring styrene molecule is replaced by a
CO molecule, the styrene oxidation exhibits a very low barrier of
0.08 eV, suggesting a significant CO promotion effect toward the
O−O bond breaking. After examination of the atomic charges of
reactant and transition state structures, we find amajor difference
is that the terminal C atom in the coadsorbed neighboring
styrene molecule is negatively charged in the course of the
reaction, which would increase the electrostatic repulsion
between C and O atoms in the transition state and hence the
energy barrier. This independent study confirms again that the
polar nature of the CO molecule plays a key role in promoting
O−O bond scission under the trimolecular mechanism.

4. CONCLUSIONS

Our comprehensive DFT studies of CO oxidations on bare and
metal oxide supported gold clusters suggest that the protruded
triangular Au3 site is the main active site on nanosized gold
clusters. The triangular active site can stabilize both the reaction
intermediate (OCOO*) and O−O bond-breaking transition
state in the framework of the classic bimolecular LH mechanism.
On the basis of the uncovered triangular active site, we find that
the coadsorbed CO molecule at the active site can serve as a
promoter for the scission of the O−O bond during CO
oxidation, which can lead to spontaneous formation of two CO2
molecules in one step. The energy barrier of O−O scission
caused by the attack of coadsorbed neighboring CO molecule is
much lower than that for the direct breaking of a O−O bond in
the conventional bimolecular LH process. Our studies also
indicate that such a CO self-promoting oxidation effect is rather
generic, associated not only with bare gold clusters but also with
the metal oxide supported gold clusters such as in the Aun/MgO
and bilayer Au/TiO2 systems. The underlying mechanism for the
CO self-promoting oxidation effect can be attributed to the polar
nature of coadsorbed neighboring CO and the protruded Au3
active site.
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