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ABSTRACT
The atomistic simulation of supported metal catalysts has long been challenging due to the increased complexity of dual components. In order
to determine the metal/support interface, efficient theoretical tools to map out the potential energy surface (PES) are generally required. This
work represents the first attempt to apply the recently developed SSW-NN method, stochastic surface walking (SSW) global optimization
based on global neural network potential (G-NN), to explore the PES of a highly controversial supported metal catalyst, Au/CeO2, system. By
establishing the ternary Au–Ce–O G-NN potential based on first principles global dataset, we have searched for the global minima for a series
of Au/CeO2 systems. The segregation and diffusion pathway for Au clusters on CeO2(111) are then explored by using enhanced molecular
dynamics. Our results show that the ultrasmall cationic Au clusters, e.g., Au4O2, attaching to surface structural defects are the only stable
structural pattern and the other clusters on different CeO2 surfaces all have a strong energy preference to grow into a bulky Au metal. Despite
the thermodynamics tendency of sintering, Au clusters on CeO2 have a high kinetics barrier (>1.4 eV) in segregation and diffusion. The
high thermodynamics stability of ultrasmall cationic Au clusters and the high kinetics stability for Au clusters on CeO2 are thus the origin
for the high activity of Au/CeO2 catalysts in a range of low temperature catalytic reactions. We demonstrate that the global PES exploration
is critical for understanding the morphology and kinetics of metal clusters on oxide support, which now can be realized via the SSW-NN
method.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5126187., s

I. INTRODUCTION

The past two decades have witnessed tremendous research
interest on Au-based catalysts that may exhibit outstanding low tem-
perature catalytic ability1,2 for a wide range of reactions, e.g., CO
oxidation by atmospheric air,3,4 methanol synthesis,5 NO reduc-
tion,6,7 hydrogenation of ethene,8 and so on. Both the nature of
Au9 (oxidation state and particle size) and the type of oxide sup-
ports10–12 (reducible and irreducible) are found to be critical for the
activity. Among the catalysts, the ceria supported gold (Au/CeO2)
appears to be exceptional: it can catalyze water-gas-shift (WGS)
reactions starting from ∼350 K to produce high-grade hydrogen
and has a high stability.13,14 Since CeO2 is long known to be
a reducible oxide, similar to TiO2, with a good oxygen storage

ability,15 it was long assumed that the oxygen vacancies on the sup-
port play key roles in the Au/CeO2 system.16 However, the sem-
inal work by Fu et al. suggested that oxidized gold (e.g., Au+ or
Au3+) is the active site for the WGS reaction.13 The origin for the
high catalytic activity of Au/CeO2 has been a subject of debate ever
since.

In the first experiment by Fu et al., the catalytic activity has
been measured before and after cyanide leaching for the Au/CeO2
(La-doped) catalyst, which is used to remove large metallic Au
particles on support.13 The nearly identical catalytic performance
after cyanide leaching is thus a proof that small cationic Au parti-
cles or even single Au cations should be responsible for the activ-
ity. Later experiments by Guzman et al. support this conclusion
by showing a direct correlation between the CO oxidation rate
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with the concentration of Au cations, which can be measured by
IR spectroscopy of the Au–CO bond.17 By using in situ extended
X-ray absorption fine structure (EXAFS), Tibiletti et al.18 observed
the Au–Ce short contact, ∼3.35 Å, in the fresh Au/CeO2 catalysts,
which are assigned to the finely dispersed cationic Au on CeO2.
In contrast, Kim et al. conducted leaching experiments similar to
those conducted by Fu et al. for the Au/CeO2 catalyst but observed
that the CO consumption rate in the WGS reaction is significantly
lower after leaching and thus suggested that nanocrystalline Au,
presumably Au0, are also important reactive sites for the WGS reac-
tion.19 In fact, the Au cations are found to be unstable under the
WGS reaction condition and can convert to metallic Au as evi-
dent from in situ time-resolved X-ray spectra [EXAFS and x-ray
absorption near-edge structure (XANES)].18,20 Recently, surface sci-
ence studies by using STM, however, seem to support the earli-
est speculation that there are ample O (subsurface) defects on the
CeO2 thin film.21 The supported Au atoms on these O vacancy
sites are expected to be negatively charged, which is indeed con-
firmed from theory.22 Obviously, the puzzles on the morphology
and oxidation state of Au on CeO2 remain unsettled, which is
partly due to the fact that metallic nanoparticles are present dom-
inantly in real catalysts, and thus, the pursuit for the origin of ultra-
small cationic Au becomes extremely difficult. The key questions,
such as where cationic Au grow and how stable they are, are not
answered yet.

Although first principles calculations are now standard tools for
understanding surface reactions, the simulation of supported metal
catalysts, Au/CeO2 in particular, has been facing two challenges: (i)
the large size of the metal/support system and (ii) the high compu-
tational cost using standard density functionals (e.g., convergence
difficulty in electronic structure) for f -block element Ce due to the
spin polarization and localization when Ce4+ is reduced to Ce3+.23,24
The computation of Au (particles) on CeO2 would easily involve
hundreds of atoms to include the ceria support, not even mention-
ing the exploration for the global potential energy surface (PES)
and the diffusion kinetics of supported Au clusters. Nevertheless,
by using relatively small unit cells, previous theoretical attempts by
many groups (e.g., Liu et al.,25 Zhang et al.,26 and Camellone and
Fabris27) indicated that the Au atom adsorbs on the top of surface
O and is positively charged by transferring one electron from Au to
underneath Ce (thus, Ce4+ to Ce3+), which suggests a strong inter-
action between Au and CeO2 support. As for the catalytic activity,
small Au clusters are found enough to catalyze WGS and CO oxida-
tion.25,28–30 Theory thus suggests that the stability of ultrasmall Au
clusters under reaction conditions should be the key to the activity
of the Au/CeO2 system. It is of significance to search for themost sta-
ble ultrasmall Au clusters, which could turn out to be the key active
site in catalytic reactions.

In this work, we aim to explore the configurations of ultra-
small Au clusters on CeO2 and determine their thermodynamics
and kinetics stability. By using stochastic surface walking (SSW)
global optimization31,32 based on global neural network potential
(G-NN),33,34 i.e., the SSW-NN method,35,36 and enhanced molecu-
lar dynamics (MD),37,38 we reveal the global minimum structure for
Au clusters on different CeO2 surfaces together with the segrega-
tion/diffusion pathways for Au clusters on the pristine CeO2 surface.
Our results provide important new insights into the chemistry of
Au/CeO2 catalysis.

II. METHODOLOGY AND CALCULATION SETUPS
All simulations based on neural network potential were

carried out by using our recently developed LASP software,39
the large-scale atomic simulation with neural network potential
(www.lasphub.com) that implements the data-generation, training,
and evaluation of the global neural network (G-NN) potential.33 In
addition to G-NN functionalities, LASP provides various interfaces
to common first principles density functional theory (DFT) packages
as well as multiple modules for PES exploration. In this section, we
will review briefly the procedure to construct a global NN potential
for the Au–Ce–O ternary system and describe our implementation
of enhanced MD simulation with bias potentials using power-type
structural descriptors (PTSDs).34

A. Global neural network potential for Au/CeO2

The ternary Au–Ce–O G-NN potential is obtained by self-
learning of the SSW global PES dataset that covers a wide range
of AuxCeOy compositions with different structural types (bulks,
surfaces, and clusters). The dataset is calculated by high-accuracy
DFT calculations as implemented in VASP.40 The G-NN training
is achieved by minimizing the difference between NN and DFT
results on the total energy, forces, and stresses. The typical proce-
dure and the hyperparameters utilized can be found in our recent
publications.39,41

In total, more than 107 structures on AuxCeOy PES are visited
by SSW-NN during NN potential generation, and the final training
dataset of AuxCeOy consists of 33 654 structures that are selected
to represent the global PES. The details of the dataset are listed in
Table S1 of the supplementary material, which covers metallic Au,
oxides CeOx and AuOx, and supported Au/CeOx systems. To build
the NN potential, each elementary network (Au, Ce, and O) con-
tains 186 input neurons from different types of PTSDs, associated
with three hidden layers (60-50-50) (see Sec. 1 of the supplementary
material for more details). In total, ∼51 000 network parameters
are utilized to train the AuCeO system. For the final G-NN poten-
tial, the root-mean-square (rms) errors for the energy and the force
are 6.115 meV per atom and 0.152 eV/Å, respectively. We have
benchmarked the NN calculations against DFT results for the target
Au/CeO2 systems, which shows that the energy rms error is below
1 meV per atom (see Table S2 of the supplementary material). This
small error suggests that the NN PES is a good approximation to
DFT PES of AuxCeOy and can be utilized to expedite the global
structure search and pathway determination. Due to the large size of
the supported metal/oxide system, we report all results from G-NN
calculations.

For the G-NN training dataset generation, the plane-wave
DFT calculations as implemented in VASP (Vienna ab initio sim-
ulation package) were utilized to evaluate the energy and forces,
where the DFT functional is at the level of the generalized gra-
dient approximation with the the Perdew–Burke–Ernzerhof func-
tional (PBE)42 with the Hubbard term correction43,44 for on-site
Coulomb interaction (PBE + U, U = 5.0 eV for Ce 4f states) as
typically utilized in recent literature.45–54 This U value has been
shown to yield the correct f -electron localization in the reduced
CeO2 (111) surface24,47–51,54 as well as to produce the lattice param-
eters of CeO2 close to experimental results.47,52,53 The kinetic energy
cutoff was 450 eV, and the projector augmented wave (PAW)
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pseudopotential55 was utilized to describe ionic core electrons. The
first Brillouin zone k-point sampling utilizes the Monkhorst–Pack
scheme56 with an automated mesh determined by 25 times the
reciprocal lattice vectors.

B. Enhanced MD with bias potentials on general
reaction coordinate

In this work, the enhanced MD technique implemented in
LASP was utilized to explore the reaction pathway for Au cluster
segregation and diffusion. To facilitate the barrier crossing and thus
expedite the PES exploration, the enhanced MD methods such as
umbrella sampling38,57 and metadynamics37 impose a bias potential
along the predefined reaction coordinate, ξ, that can be constructed
from the Cartesian coordinates. The reaction coordinate needs to
be capable to distinguish the structures along the desired reaction
pathway. In LASP, we implement the general reaction coordinate
by using the PTSDs34 that are utilized for G-NN generation to dis-
tinguish different structures. For example, a two-body general reac-
tion coordinate, S1i , has the following form, which can be utilized to
distinguish the local coordination environment of atom i:

fc(rij) =
���������
0.5 × tanh3�1 − rij

rc �, for rij ≤ rc
0, for rij > rc, (1)

Rn(rij) = rnij ⋅ fc(rij), (2)

S1i =�
j≠i R

n(rij), (3)

ξ = 1
Natm

�
i
S1i . (4)

In the equations, rij is the internuclear distance between atom i and j;
the cutoff radius rc and the power n are adjustable parameters. In this
work, rc and n are chosen to be 10 Å and 0, respectively. A natural
choice to construct a reaction coordinate ξ is to average the atomic
PTSD value S1i for the entire structure of N atoms (Natm), as shown
in Eq. (4). To give concrete examples for the magnitude of the two-
body ξ, the fcc Au bulk (coordination number, CN = 12) has a value
of 34.68; the Au(111) surface [(1 × 1) three-layer slab with 12 atoms
in total, CN = 9 for surface atom] has a value of 23.62, and a planar
Au4 cluster (CN = 2) has a value of 2.65.

Using the general reaction coordinate ξm (m labels the position
of the window center), we then construct the bias potential Wm in
the quadratic form as Eq. (5), which, as widely utilized in umbrella
sampling, introduces a restraint in the system to enforce the MD
simulation trapping in a local region defined by ξm,

Wm(ξ) = 1
2
K(ξ − ξm)2. (5)

In Eq. (5), the harmonic constant K represents the intensity of the
bias potential. By gradually adjusting ξm, one can, therefore, drive
the reaction to occur by sampling sequentially each window defined
by ξm at them position.

Our MD calculations were performed on the canonical (NVT)
ensemble at the constant temperature 500 K. For each window, the
harmonic constant K was chosen as 30 eV, and the MD simulations
run for 20 ps with 1 fs for each time step. The initial configuration

in the first window adopts the global minimum structure identified
from the SSW global optimization.31,32 Then, the simulation for each
subsequent window utilizes the initial configuration generated from
the last 10% configurations in the previous window, which yields the
closest coordinate value with the current window center.

C. Atomistic model for Au/CeO2

In our simulation, the most stable surface of CeO2, CeO2(111),
is modeled by a (3 × 3) four-layer slab with a (6 × 6) periodicity
per layer, containing 36 CeO2 entities per layer and in total 432
atoms. The bottom two layers were kept fixed at the bulk truncated
position, and the top two layers were allowed to fully relax dur-
ing the SSW PES search. The surface defects are also considered by
either depleting one surface O (O vacancy) or creating a structural
defect (removing a O–Ce–O entity). Differently sized Au clusters
are then added to CeO2 surfaces to represent Au/CeO2 systems.
The large surface area utilized is to diminish the likely interaction
between Au cluster images in periodic cells and also to reduce the
interaction between surface defects. The global minimum for all
the systems has been identified using the SSW global optimization
technique.

III. RESULTS AND DISCUSSIONS

A. Au clusters on pristine and defected CeO2 surface
To identify the stable configuration of ultrasmall Au clusters,

we have explored different Au clusters (up to 12 atom clusters),
i.e., Aux (x = 4, 8, 12), on CeO2 surfaces by using SSW-NN. Three
types of CeO2 surfaces are considered: pristine CeO2(111) denoted
as CeO2-p, CeO2(111) with a surface O vacancy (1/36 ML) denoted
as CeO2-Ov, and CeO2(111) with structural defects modeled by a
CeO2 slab missing a surface O–Ce–O entity denoted as CeO2-SD.
Except for CeO2-Ov where the surface is partly reduced, the
other two surfaces maintain the Ce:O = 1:2 stoichiometry. The
most stable configuration for these surface models is first deter-
mined from more than 105 minima visited by SSW, as shown in
Fig. 1.

Compared to the pristine CeO2(111), no significant surface
reconstruction occurs forCeO2-Ov andCeO2-SD: the surface atoms
remain largely at their lattice position. For CeO2-Ov, the oxygen
vacancy prefers the subsurface position, as already noted previ-
ously.49,58,59 Under the assumption that there is enough bulk oxide
to act as a thermodynamic reservoir,60 the vacancy formation energy
for O vacancy, EOv

form, and O–Ce–O structural defect, ESD
form, can be

calculated according to the following equations:

EOv
form = EOv − Epristine − 1

2
EO2 , (6)

ESD
form = ESD − Epristine − ECeO2 , (7)

where Epristine, EOv , ESD, EO2 , and ECeO2 are the total energy of
CeO2-p, CeO2-Ov, CeO2-SD, a gas phase O2 molecule, and the
bulk CeO2 unit, respectively. Consequently, EOv

form and ESD
form are cal-

culated to be +1.88 eV and +2.49 eV, respectively. Both defects
should be common in CeO2 catalysts. In experiment, the O vacancy
of CeO2 can be created at elevated temperatures or under reaction
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FIG. 1. Most stable structures for three types of CeO2 surfaces. (a) CeO2-p: pristine CeO2(111) surface (top and side views), (b) CeO2-Ov: (111) surface with an oxygen
vacancy (top view), and (c) CeO2-SD: (111) surface with an O–Ce–O structural defect (top view). O atoms are in red/pink, and Ce atoms are in white. For clarity, the surface
layer O and the subsurface O are in different colors, red and pink, respectively. The oxygen vacancy and missing O–Ce–O entities are indicated by dashed shapes with filled
green and blue colors, respectively. Only the top CeO2 layer of the surfaces is shown in the top view.

conditions (by reacting with reductive molecules, CO and H2); the
structural defects can be made at the catalyst preparation stage,
e.g., during synthesizing nanoparticles and the subsequent high
temperature calcination.

Next, extensive SSW-NN simulation has been utilized to search
for the most stable structure configurations for Au clusters on CeO2
surfaces (more than 105 minima searched for each model). For each
cluster with a fixed number of Au atoms, three different surfaces are
considered, and thus, in total, nine systems are explored to deter-
mine the global minimum. They are Au4/CeO2-p, Au4/CeO2-Ov,
Au4O2/CeO2-SD, Au8/CeO2-p, Au8/CeO2-Ov, Au4O2/CeO2-SD,
and Au12/CeO2-p, Au12/CeO2-Ov, Au12O2/CeO2-SD. It should be
emphasized that for Au clusters on CeO2-SD, we have explicitly
added extra two O atoms into the system, which leads to oxidized
Au clusters (the Au clusters with less than two extra O atoms are
also studied as shown in the supplementary material, which are
less stable than those with two extra O atoms). In Figs. 2(a)–2(i),
we illustrate the most stable structure identified from SSW-NN.
The formation energy EAu

form of these most stable Au clusters
can be computed with respect to the bulk fcc Au metal, the
gas phase O2, and the clean surface, as shown in the following
equation:

EAu
form = Eslab − Eclean −NAuEAu −NO × 0.5 × EO2

NAu
. (8)

In Eq. (8), Eslab, EAu, and Eclean are the total energy of the most stable
structure, corresponding to bulk, Au, and clean surfaces (CeO2-p,
CeO2-Ov, or CeO2-SD). NAu and NO are the number of Au and O
atoms in the Au cluster: NO equals 2 for the oxidized clusters on
CeO2-SD and is zero in the other cases. The overall energetic profile
for EAu

form is plotted in Fig. 2(j).
As shown, the EAu

form energetics of Au clusters on the pristine
CeO2 drops gradually from +0.78 eV to +0.69 and to +0.64 eV
(eV/Au atom). They are generally poorer compared to them on
other two CeO2 surfaces, suggesting that the ultrasmall clusters do
not prefer to anchor on the pristine surface, and the larger clus-
ter is thermodynamically more favored. The presence of the O
vacancy, interestingly, does not much increase the EAu

form for the Au
clusters (note that this small energy difference is above the NN
error bar for the supported systems as shown in Fig. S2 of the
supplementary material). The similar energetics for Au on pris-
tine CeO2 and CeO2 with O vacancy indicates that the O vacancy
does not induce much additional charge transfer, e.g., from CeO2
support to Au in forming a negatively charged Au cluster. In fact,
the additional electrons due to the missing of a surface O are
stored in nearby surface Ce atoms, forming two Ce3+. This expla-
nation is supported by our DFT calculations that the net mag-
netic spin for Aux/CeO2-Ov systems is generally larger than 2, sug-
gesting that the Au adsorption does not quench the spin on Ce
atoms.

FIG. 2. Global minimum structures for
various Au clusters on CeO2 determined
by SSW-NN. [(a)–(i)] Structure snap-
shots of Au clusters on three different
CeO2 surfaces. For AuxO2/CeO2-SD,
both the top and the side views are
shown for clarity. Au atoms are in yel-
low, and also see the caption of Fig. 1
for other atoms. The oxygen vacancy is
indicated by dashed circles with/without
the filled green color in Aux /CeO2-Ov.
The embedded Au atom is highlighted
by a blue rectangle. (j) The formation
energy of the Au cluster as computed
from Eq. (8).
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On the other hand, the oxidized Au clusters on CeO2-SD
are much stabilized as reflected by the lower EAu

form. In particular,
Au4O2/CeO2-SD has a negative formation energy, −0.085 eV/Au
atom, which suggests that the CeO2-SD can act as the anchoring
site for ultrasmall oxidized Au clusters below 4 Au atoms. With the
increase in the cluster size, the energetic preference at the CeO2-SD
sites disappears gradually. In the following, we elaborate their atomic
structures.

Aux/CeO2-p. Our results show that the ultrasmall Au clusters
even with only four atoms exhibit a two-layer structure on pristine
CeO2(111). For the Au4/CeO2-p, the most stable configuration is
a Au4 tetrahedron landing on three exposed surface O atoms. Three
Au–O bonds between gold cluster and CeO2 stabilize the cluster, and
the Au–Ce distances are 3.90–3.93 Å for the bottom layer Au atoms.
The Au8 and Au12 clusters have more Au–O bonds, five and six,
respectively, and also exhibit 3-D packing structures. The other Au
atoms grow nearby to glue the Au–O moieties together. We noted
that with the increase in the cluster size, the PES of the Au cluster
becomes flat. In particular, the Au12/CeO2-p has several energeti-
cally degenerate minima, less than 0.11 eV energy difference, and
they differ only slightly in the positions of gluing Au atoms (see
Fig. S2 of the supplementary material for detail).

Aux/CeO2-Ov. The structures of Aux supported on CeO2-Ov
are, in general, similar to their counterpart on pristine CeO2. The
Au clusters in the most stable configuration for Au4/CeO2-Ov and
Au8/CeO2-Ov mimic the corresponding ones on CeO2-p since the
O vacancy is at the subsurface and appears nearby the Au cluster.
In particular, the Au–Ce distances are 3.64–4.07 Å for the bottom
layer Au atoms inAu4/CeO2-Ov. For the Au12 cluster, the O vacancy
is right beneath the Au clusters and at the surface layer. The Au12
cluster already exhibits a close-packing crystal structure with the
seven atoms in the bottom layer (six of them bonding with sur-
face O) and five atoms in the top layer. It is noted that the similar
close-packing pattern has also been reported previously via manual
construction.61

AuxO2/CeO2-SD. The structures of AuxO2 supported on
CeO2-SD are quite different from the other systems without extra O
atoms. For all three systems, we noticed that the missing Ce vacancy
on the surface will always be filled by one Au atom, indicating that
the embedded Au atom is positively charged to replace the miss-
ing Ce4+ cation and the other Aux−1 cluster then grows upon/nearby
this embedded Au. The two extra O atoms tend to either cap a Au3
cluster or to refill the lattice O position. The Au4O2/CeO2-SD has
a Au3O tetrahedron on top of the embedded Au with the three Au
bonding to three surface O atoms. The Au3O tetrahedron structure
is quite similar to the Au4 on pristine CeO2, except the distance
between Au and surface O is now shorter (2.0 Å inAu4O2/CeO2-SD
vs 2.05 Å in Au4/CeO2-p); the Au–Ce distances are 3.33–3.34 Å for
the embedded Au and are ranging from 3.30 to 3.82 for the other
three Au atoms. This very short Au–Ce contact agrees well with the
previous EXAFS measurement by Tibiletti et al. (3.35 Å),18 which
is regarded as the evidence for cationic Au. The Au8O2/CeO2-SD
is based on Au4O2/CeO2-SDwith the growth of other four Au atoms
nearby the Au3O. For the Au12O2/CeO2-SD, the structure is dra-
matically different and can be regarded as a close-packing three-
layer Au10 cluster together with an embedded Au2 cluster. The Au10
cluster has six, three, and one Au atoms in the first, second, and
third layers, respectively. The formation of the large close-packing

Au clusters indicates the diminishing energetic preference at the
CeO2-SD site.

B. Segregation and diffusion of Au clusters
Having determined the stable configuration of Au clusters, we

are now at the position to answer the aggregation/segregation ability
of Au clusters on CeO2. Considering that the pristine surface is the
dominant structural pattern so that the aggregation/segregation will
inevitably involve the migration on the pristine surface, we, there-
fore, focus on the diffusion of Au clusters on pristine CeO2(111). To
this goal, we have selected the Au8/CeO2-p as the model system and
utilized the enhanced MD technique to follow the possible kinet-
ics events by gradually reducing the Au coordination as defined by
the general coordinate ξ in Sec. II. This is done by adding consecu-
tively bias potential ξ, which comprises the pair distance between Au
atoms to reflect the Au coordination [see Eqs. (1)–(4)].

In our simulation, a series of biased MD simulations center-
ing at a different general reaction coordination ξm window were
performed starting from the Au8/CeO2-p global minimum. The ξm
decreases with the increase in m. The simulation was terminated
until the decomposition of the Au8 cluster into smaller clusters
occurs, which takes ∼450 windows. Then, the snapshots along MD
trajectories were quenched to zero temperature by local optimiza-
tion to identify the intrinsic structures that associate with the finite-
temperature MD trajectory. Finally, the reaction pathways between
two consecutive structures were connected and the transition state
(TS) was located by using the double-ended surface walking (DESW)
method62 (more details on the DESW method can be found in the
supplementary material).

Figure 3 shows the reaction energy profile and the reac-
tion snapshots for the Au8/CeO2-p (state A) segregation pathway
into two neighboring Au4/CeO2-p (state G) via five intermediates,
namely, B to F states. The TS structures for A→ B, being TS1 state,
and B → C transition, being TS2 state, are also highlighted. It can
be found that the elementary step between two consecutive inter-
mediates involves an Au–O bond forming or breaking, except for
E → F transition where the Au8 cluster finally breaks into two Au4
fragments.

We may have a close look on how the atom moves in the seg-
regation process. The initial steps, including A→ B and B→ C, are
highly activated, which has a reaction barrier of 1.60 eV. In these
steps, the top layer atoms in the cluster, i.e., the atoms 1, 2, and 4 as
labeled in Fig. 3, move apart to reduce their coordination, namely,
the spreading stage. Specifically, the Au atom 4 moves down to the
first layer and the atoms 1 and 2 shift away from the center of mass.
Together with these top layer atoms’ movement, the bottom layer
Au atom 3moves up to refill the gap due to the splitting of top layer
atoms. Overall, from A to C, the cluster spreads out to occupy more
surface atoms of CeO2 with the average Au coordination decreasing
from 2.72 to 2.25, and in the meantime, the number of Au–O bonds
decrease from 5 to 4.

After the state C, the cluster continues to deform to find the
better configuration, namely, the reclustering stage. The first Au4
tetrahedron appears in the state E, and the transition from C to E
decreases in energy. The transition in C → D is straightforward,
where the Au atom 5 moves up and forms a straight line with the
other three Au atoms at the top layer. From D to E, the Au atoms 1
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FIG. 3. Reaction energy profile (a) and key structure snapshots (b) for the Au8 cluster segregation on CeO2-p. A is the global minimum structure of the Au8 cluster on CeO2-p,
and its energy is set as zero. The minimum energy pathway is obtained by extrapolating the transition state (TS) using a steep descendent local optimization technique toward
two neighboring minima. (b) Key Au atoms are labeled by numbers. In addition, see Fig. 2 caption for the color scheme of atoms.

and 2 at the right corner reform to generate the stable Au4 tetra-
hedron, where atom 2 finally moves to the bottom layer to bond
with surface O. Compared to initial state A, one can see that two
pairs of Au atoms swap their layer positions, 4–5 pair and 2–3 pair,
which suggests that the segregation pathway requires a large struc-
tural deformation of the cluster: at the spreading stage, the top layer
atomsmove downwards to bond with the oxide support, while at the
reclustering stage, the bottom layer atoms move upwards to restore
the local high coordination.

The segregation process is complete until the second Au4 tetra-
hedron forms from E to G. The reaction is again highly activated
with the barrier 1.23 eV due to the presence of a high energy
metastable state F, where the linkage Au atom 3 breaks completely
from the nascent Au4 tetrahedron. The four Au atoms in state
F can rearrange facilely to become a second Au4 tetrahedron in
state G.

It should be mentioned that once the Au4 cluster forms on
the pristine surface, it can migrate with a slightly lower barrier
(1.38 eV) than the Au8 cluster segregation. The lowest energy path-
way for the Au4 migration is shown in Fig. 4. The diffusion of
the Au4 can also be divided into two individual stages, namely,
the spreading and the reclustering. As shown, the highest energy
metastable state (β) has a low Au–Au coordination, where the
cluster has a planar geometry with all four atoms lying on the
surface.

The high barrier of Au cluster segregation (1.60 eV) on the pris-
tine surface implies that the sintering of small Au clusters might
occur only locally between neighboring small Au clusters at low
temperatures (e.g., <500 K). Once the Au cluster reaches to a cer-
tain size, e.g., above 8 atoms, the segregation and diffusion become
difficult kinetically. Our finding is consistent with the observed
high stability of Au clusters for WGS on Au/CeO2 catalysts by
Kim and Thompson, who showed that the sintering was slow and
the deactivation was mainly due to surface fouling by carbonate
species.63

Overall, we found that both the segregation and diffusion of
Au clusters on pristine CeO2 require a high activation energy. From
our results, the most stable Au clusters on CeO2-p, even with only

four atoms, are in 3-dimensional closed-packed morphology. Both
the segregation and migration thus need to deform the Au cluster
significantly, where a number of Au–Au bonds break in the process.
Apparently, the high barrier is related to the corrugated PES for Au
cluster deformation on the CeO2 surface. It is, therefore, important
to understand what controls the PES of the Au cluster on CeO2. The
answer of this would help us to reveal our observations, for exam-
ple, 3-dimensional closed-packed Aux clusters (x < 12) are preferred
on the CeO2 surface, but their counterparts in the gas phase adopt
planar structures.

FIG. 4. Reaction energy profile (a) and key snapshots (b) for the Au4 cluster dif-
fusion CeO2-p. α is the global minimum structure of Au4 cluster on CeO2-p, and
its energy is set as zero. The minimum energy pathway is obtained by extrapolat-
ing the transition state (TS) using a steep descendent local optimization technique
toward two neighboring minima. In addition, see Fig. 2 caption for the color scheme
of atoms.
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C. Electronic structure analysis of Au4 on CeO2-p
We thus go further to compare the electronic structures for two

different Au4 clusters on CeO2-p, i.e., the tetrahedron Au4/CeO2-p
and the planar Au4/CeO2-p, from the pathway of Au4 diffusion on
CeO2-p. A large energy gap, 0.98 eV, is present between the two
states, which is the key reason that Au cluster diffusion on the CeO2
is highly activated. DFT calculations have been performed to con-
verge the wavefunction of the two large systems, which show that
both systems are spin-polarized: the net spin is 1.0 for tetrahedron
Au4/CeO2-p and 0.82 for planar Au4/CeO2-p. This is quite interest-
ing considering that the CeO2-p surface is stoichiometric and the
appearance of spin polarization has to arise from the charge transfer
between Au and CeO2. We, therefore, plotted the spin density for
the two systems in order to identify where the spin state is localized.

Figure 5 shows that the spin electron for both systems has
a f -orbital shape and is localized on the central Ce atom that
is directly beneath the Au cluster. There is no significant differ-
ence in the spin density map between the tetrahedron and pla-
nar Au4/CeO2-p. It should be mentioned that the electron trans-
fer from a single adsorbed Au atom to surface Ce as mediated by
the surface O has been revealed since the work of Liu.25,64 Here,
we emphasize that this important phenomenon, namely, the Au-
to-Ce electron transfer, remains with the increase in the Au clus-
ter size. It is interesting that only one Ce atom is reduced even
if the cluster has four Au atoms and bonds with three surface O
anions.

Overall, according to the spin analysis, one can conclude that
a surface Ce upon Au4 adsorption is reduced from Ce4+ to Ce3+,
and consequently, the Au4 cluster is positively charged as Au4+. The
diffusion of the Au cluster on CeO2 is, therefore, governed by the
PES of positively charged Au cluster on CeO2. For comparison, we,
therefore, first examined the gas phase tetrahedron Au4 (Td symme-
try) and planar Au4 (Cs symmetry) with and without the positive
charge using DFT calculations. We found that in the charge-neutral
case, the planar Au is strongly preferred over the tetrahedron Au4
by 1.05 eV per cluster. This energy preference is much reduced to
0.42 eV per cluster when the cluster is positively charged. Obvi-
ously, the energy preference for the gas phase Au cluster is totally

FIG. 5. Spin charge density (blue) contour plot for two different Au4 conformations
(α: tetrahedron and β: plane) on CeO2-p, including both the top (left) and side
(right) views. In addition, see Fig. 2 caption for the color scheme of atoms.

different from that in Au4/CeO2-p, where the tetrahedron struc-
ture is reversely much favored than the planar structure (by
0.98 eV). This suggests that the presence of Au–O bonding in the
Au/CeO2 system leads to the tetrahedron Au4 structure, where the
top layer Au atom acts as the capping group to fulfill the linear
O–Au–Au bonding pattern of the bottom layer Au. The same can
also be utilized to rationalize the global minimum structure of
Au4O2/CeO2-SD, where one O atom acts as the capping group to
terminate the planar Au3 cluster (Fig. 2).

IV. GENERAL DISCUSSIONS
Now, we are at the position to discuss the chemistry of Au

growth on CeO2. Our results show that the ultrasmall Au clusters
on both the pristine surface and surface with O vacancy are unsta-
ble with respect to the bulk Au metal as reflected by positive EAu

form.
With the increase in the cluster size, the formation energy gradually
drops (Fig. 2), indicating that the Au cluster aggregation is thermo-
dynamically favored. Since the pristine sites should dominate the
surface area of CeO2 support, the growth of crystalline Au nanopar-
ticles for dispersed Au clusters on pristine and O-vacancy sites is
thermodynamically inevitable in catalyst synthesis.

Importantly, we find that an ultrasmall ionic Au cluster, e.g.,
less than four atoms, can attach strongly to the surface struc-
tural defects with a negative EAu

form. It, thus, suggests that once
such defected surface sites are available, they can anchor ultrasmall
cationic Au clusters that are resistant to sintering in catalyst prepa-
ration (our high temperature MD simulations also confirm the high
stability as detailed in Sec. 3 of the supplementary material). Exper-
imentally, these structural defects on oxide can indeed be created
by synthesizing nanosized CeO2 particles,44,65 where the apex, edges,
and boundaries are the common structural defects. For example, Fu
et al. have utilized 10% La doping to achieve ∼5 nm sized CeO2 par-
ticles, where the addition of La was known to reduce CeO2 particle
size and prevent sintering of Au.13,66

In addition to the benefit of CeO2 structural defects to anchor
cationic Au, from our kinetics results of Au cluster segrega-
tion/diffusion, we found that another merit of CeO2 is that the Au
cluster diffusion on CeO2 is highly activated due to the corrugated
PES of the Au cluster. This would help us to reduce the particle size
of Au and thus facilitate the catalytic reactions on Au that generally
involve the low-coordinated sites (e.g., CO adsorption).67,68

The corrugated PES of the Au cluster on CeO2 is related to
both the Au–O (CeO2) bonding and the Au–Au bonding. An obvi-
ous observation for the consequence of Au–CeO2 interaction is,
as also noticed by other groups, the early 2-D to 3-D transforma-
tion of the Au cluster (e.g., Au4) on CeO2,29,61,69,70 considering that
the unsupported (free) Au clusters prefer the 2-dimensional (2-D)
planar structure until Au12 ∼ Au13.71 This strong preference of 3D
structure for the supported Au cluster has been attributed to the
Au cluster interaction with CeO2 surface on two aspects: (i) The
presence of CeO2, in particular, the presence of Au–O bonding at
the interface, alters the Au–Au bond strength and thus changes the
Au cluster potential energy surface.29,69 Previous studies have found
that the early transition metal (TM) atoms (e.g., Ru, Rh, Os, and Ir)
tend to form a stronger TM–O bond and thus favor the 2-D con-
figuration; instead, the late TM atoms (e.g., Pt and Au) prefer the
3-D configuration due to stronger TM–TM bonds.69 (ii) The unique
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charge transfer from the Au cluster to CeO2 support can partially
reduce surface Ce4+ to Ce3+ ions and produce a positively charged
Au cluster.69,70 This positive charge on the Au cluster would enhance
the election localization in the d-states of Au and thus reduce the
d-states hybridization, which is repulsive in nature due to the full
d-shell of Au. According to previous hybrid-DFT72 (Rhn, n = 2–15)
and DFT + U73 (Co13) calculations, an enhancement of the late tran-
sition metal Rh and Co d-states localization increases the stability
of compact 3-D structures relative to the planar 2-D structures. Fol-
lowing this line, Kim et al.29 also postulated that the charge transfer
would break the balance of s-d hybridization and thus drive the
structural evolution from 2-D to 3-D for the Au cluster on CeO2
support.

Finally, we must also add a few more words to distinguish the
two stages in Au/CeO2 catalysis, namely, the catalyst preparation
and the catalytic reaction, which may have very different reduc-
tive conditions. The Au/CeO2 catalyst is synthesized generally in
air under ambient conditions.13,63 From our results, the presence
of cationic Au, e.g., Au4O2/CeO2-SD, is allowed in the thermo-
dynamics equilibrium with the gas phase O2. By contrast, the CO
reactant and H2 product in theWGS reaction are both highly reduc-
tive molecules, and thus, under the reaction conditions, the cationic
Au are thermodynamically unstable and will be reduced to metallic
Au. By distinguishing these two different chemical environments,
we can, therefore, reconcile the observations from experiment and
previous calculations.

For example, Zhang et al. have analyzed the thermodynamics
of the Au adatom under theWGS reaction condition and found that
the cationic Au is not stable compared to Au at the O vacancy.74 The
cationic Au reduction to metallic Au was also observed in exper-
iment by Tibiletti et al. using in situ X-ray adsorption spectra,18
and they suggested that small metallic Au is the active site under
WGS reaction conditions. However, in the studies by Fu et al.13 and
Guzman et al.,17 the cationic Au are characterized as the key reac-
tion site based on the knowledge about the freshly prepared catalyst.
Although Au clusters supported on CeO2 will naturally donate elec-
trons to Ce to become positively charged Au clusters, we emphasize
that the cationic Au clusters do have clear indications in experiment,
e.g., the short Au–Ce contact (3.35 Å) and the characteristic Au–CO
IR frequency. From our results, the extra O atoms in the ultrasmall
Au cluster is the key to produce the cationic Au cluster and the
embedded Au atoms do have the Au–Ce short contact as observed
in experiment.

V. CONCLUDING REMARKS
This work represents the latest theoretical effort toward elu-

cidating the active site structure of the Au/CeO2 catalyst. With
the advent of the SSW-NN method to combine machine learning
and global optimization techniques, it is now feasible to simulate
directly nanosizedmetal clusters on oxide support at a low computa-
tional cost but with the accuracy close to first principles calculations.
As our first application, this work generates the ternary Au–Ce–O
G-NN potential and searches the PES for ultrasmall metal clusters
on oxide, which is relevant to Au/CeO2 catalysis. The segregation
and diffusion pathways are also examined by using enhanced MD to
understand the kinetics stability of ultrasmall Au clusters. Ourmajor
conclusions are outlined as follows:

(i) By training 33 654 first principles global dataset, the ternary
Au–Ce–O G-NN potential achieves a rms accuracy of
6.115 meV/atom in energy and 0.152 eV/Å in force. The
G-NN can be utilized for global optimization and enhanced
MD simulation of Au clusters on different CeO2 surfaces.

(ii) The geometry of supported Au clusters is sensitive to both
the size of cluster and the structure of support and is totally
different from their gas phase counterparts. The SSW-NN
provides a convenient solution to identify the global min-
imum of supported Au clusters. In general, ultrasmall Au
clusters on CeO2 prefer a three-dimensional close-packing
structure, which is due to the strong interaction between Au
and CeO2. Electron transfer occurs generally between the Au
cluster and neighboring Ce that reduces Ce4+ to Ce3+.

(iii) Except for Au4O2 cluster anchoring at the CeO2 structural
defects, all the other clusters investigated, including Au4,
Au8, and Au12 on pristine CeO2 and CeO2 with O vacancy,
Au8O2 and Au12O2 on CeO2 with structural defects, are all
thermodynamically unstable and thus prefer sintering into
large Au particles. The ultrasmall Au cationic clusters (e.g.,
Au4O2) anchoring at the CeO2 structural defects can sur-
vive in catalyst preparation and they are expected to, after
transforming to metallic Au cluster, act as the active site for
catalytic reactions.

(iv) The Au clusters on pristine CeO2 are kinetically stable. The
segregation barrier for a Au8 cluster on CeO2 is 1.60 eV,
which produces two Au4 clusters. The diffusion barrier for
a Au4 cluster is 1.38 eV. The high barrier supports the fact
that CeO2 is a good support material to disperse small Au
clusters.

SUPPLEMENTARY MATERIAL

See the supplementary material for Au–Ce–O global NN
potential construction, description of double-ended surface walk-
ing method, the formation energy of supported Au clusters with
less than two extra O atoms, low-lying structures for Au12/CeO2-p,
high temperature MD trajectory for Au4O2/CeO2-SD, and XYZ
coordination for all supported Au clusters on ceria in Fig. 2.
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