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Single atom detachment from Cu clusters, and
diffusion and trapping on CeO2(111): implications
in Ostwald ripening and atomic redispersion†
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Ostwald ripening is a key mechanism for sintering of highly dispersed metal nanoparticles in supported

catalysts. However, our microscopic understanding of such processes is still primitive. In this work, the

atomistic mechanism of the Ostwald ripening of Cu on CeO2(111) is examined via density functional

theory calculations. In particular, the detachment of a single Cu atom from ceria supported Cun (n =

2–10, 12, 14, 16, 18, and 20) clusters and trapping on the CeO2(111) surface is investigated in the absence

and presence of CO adsorption. It is shown that the adsorption of CO on Cu reduces its detachment

energy, which helps in the formation of single atom species on CeO2(111). In addition, the Cu1–CO

species is found to diffuse on the CeO2(111) surface with a much lower barrier than a Cu atom. These

observations suggest an efficient mechanism for the Ostwald ripening of Cu clusters supported on ceria

in the presence of CO. It is further predicted that the Cu1–CO species can eventually migrate to a step

site on ceria, generating a stable single-atom motif with a relatively larger binding energy. Finally, the

single Cu atom catalyst is shown to possess high activity for the oxygen reduction reaction.

1. Introduction

Metal oxide supported copper nanoparticles (NPs) are widely
used as catalysts for a variety of heterogeneous reactions such
as methanol synthesis, methanol steam reforming, the water
gas shift (WGS) reaction, and CO oxidation.1–8 While the
copper NPs are well established as the active phase of the cata-
lysts, their properties are significantly influenced by the nature
of the metal oxide support, which not only provides the dis-
persion medium but also affects both the physical and chemi-
cal properties of the metal NPs.9,10 Despite high catalytic per-
formance, the supported Cu NPs commonly experience sinter-
ing under high-temperature reaction conditions, resulting in
partial or complete loss of the expected catalytic activity.11–13

Such sintering processes manifest as growth of NP sizes at the
expense of smaller NPs, which reduces the surface area of the

active phase and thus the number of active sites. Finding ways
to prevent and minimize sintering is an important but
unsolved problem in heterogeneous catalysis.14,15

It is well established that the sintering of supported metal
NPs can take place following either the Ostwald or
Smoluchowski ripening pathway.16,17 The former mechanism,
which is also called atomic ripening, is thought to involve the
detachment of atomic metal species from a small metal NP fol-
lowed by migration and attachment to another larger NP,
while the latter, also known as particle migration and coalesc-
ence, involves NP migration on the surface and merging with
other NPs. Both mechanisms are driven by thermodynamics,
but kinetics depends on several factors, such as the NP size
and shape as well as its interaction with the substrate.18–20

Extensive experimental evidence has suggested that the former
is often the main mechanism for small NPs.17,21 However, the
detachment of a single atom from metal NPs is often thermo-
dynamically unfavoured mainly due to the high cohesive
energy of metal NPs. As a result, direct formation of single
metal species that are mobile on the oxide support requires an
unrealistically high temperature. Interestingly, common adsor-
bates, such as CO, have been found to play an important role
in the sintering of metal NPs on oxide surfaces,22–27 presum-
ably by weakening the metal–metal bonding in the adsorbed
NPs. For example, a recent study by Ouyang, Liu and Li convin-
cingly established that carbonyl complexes with single Rh
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atoms, rather than bare metal atoms, are the mobile species in
CO-assisted Ostwald ripening of Rh clusters on a TiO2

surface.28 The importance of the mobile adsorbate–metal
species in Ostwald ripening has been demonstrated in several
other theoretical studies.29–35

Among the metal oxides used as supports, CeO2 has
recently attracted considerable attention because of its
unusual sinter resistance and high oxygen mobility.36 Recent
work has revealed that this oxide is unique in trapping single
metal atoms in preparing single-atom catalysts (SACs),37–43 a
new frontier in heterogeneous catalysis.44 The atomically dis-
persed metal atoms on CeO2 have unique chemical and physi-
cal properties, usually different from those of supported NPs.
For example, Qiao et al. found that CeO2-supported Au single
atoms are highly active for CO oxidation at a temperature of
∼80 °C.38 Dvořák et al. pointed out the importance of step
edges in the formation of SACs on ceria.41 Datye and co-
workers reported that Pt could be atomically dispersed on
ceria and exhibits high reaction activity towards CO oxi-
dation.39,43 The first-principles studies of such systems have
shed valuable light on the mechanisms of these SACs.30,32,45–47

The formation of SACs usually requires mobile single-atom
species on the oxide surface, and this atomic redispersion is
thus related to Ostwald ripening. To understand the formation
of SACs, density functional theory (DFT) and ab initio mole-
cular dynamics (AIMD) have been used by Li and co-workers to
gain insight into the stability and dynamics of single atom
species, using Au on CeO2(111) as a prototype.30 These studies
revealed, among other things, that CO can significantly
promote the disintegration of Au NPs through the formation
of an adsorbed Au1–CO complex.

Despite extensive experimental and theoretical efforts, the
mechanism of Ostwald ripening of other metal NPs on ceria
is still unclear because of the complexity of ceria supports
and the challenges of in situ characterization. In this work,
we investigate the atomistic mechanism for Cu detachment
and migration on CeO2 surfaces using a first principles
method. Such systems having practical relevance as Cu cata-
lysts supported by ceria are known to exhibit specific reaction
activity towards several important industrial processes such
as the WGS reaction and methanol synthesis. For example,
Wang et al. demonstrated recently that single-atomic Cu sub-
stituted CeO2 can optimize the CO2 electrocatalytic reduction
to CH4 with a faradaic efficiency as high as 58%, highlighting
the potential catalytic application of the Cu SAC.48 The Cu/
CeO2 system also serves as a prototype for understanding
microscopic mechanisms in Ostwald ripening. It is particu-
larly interesting to compare this system to Au NPs supported
on ceria since the cohesive energy of Cu (3.48 eV) is compar-
able to that of Au (3.81 eV). Specifically, in this work, the
stability of single Cu atoms and Cun clusters (n = 2–10, 12, 14,
16, 18, and 20) and the migration of species containing a
single Cu atom on CeO2(111) and CeO2 steps are investigated
by DFT. The influence of CO on the sintering process is high-
lighted and the implications in the Ostwald ripening of sup-
ported Cu NPs are discussed. Finally, we explore the for-

mation of a possible Cu/CeO2 SAC as a result of the atomic
redispersion on the ceria surface and a potential application
of this SAC.

2. Computational methods

All the spin-polarized DFT calculations were performed
using the generalized gradient approximation (GGA) with the
PW91 exchange–correlation functional49 as implemented in
the VASP code.50–52 The electronic wave functions were
expanded in plane waves up to a cutoff energy of 400 eV and
the ionic core electrons were approximated by the projector
augmented-wave (PAW) method.53 Since the standard GGA
functional fails to accurately describe the highly localized Ce
4f-orbitals, a Hubbard-like term is added in the so-called
DFT+U treatment with U = 4.5 eV applied to the Ce 4f
states.54

The 111 facet of CeO2 is the most stable surface and thus
chosen in our study to gain insight into the sintering of Cu
NPs. Cu clusters supported by CeO2(111) were modelled using
a periodic slab with a unit cell of a = 13.33 Å and b = 15.39 Å
including 32 Ce and 64 O atoms, in which six atomic (Ce and
O) layers with top three atomic layers and the adsorbates were
fully relaxed while the other atoms were fixed. A 1 × 1 × 1
k-point mesh was adopted to sample the Brillouin zone, which
was shown to be converged. Isolated Cun clusters with n equal
to 2–10, 12, 14, 16, 18, and 20 were optimized in a periodic box
with the same size. Although the metal clusters are much
smaller than typical NPs on real catalysts, they are chosen in
our studies because of computational constraints. They should
nonetheless provide insights into the relevant energetics of the
key steps in Ostwald ripening.

For the migration of the atomic Cu species on CeO2(111)
with or without the CO adsorbate, a smaller unit cell of 7.65 ×
13.25 Å2 with 16 Ce and 32 O atoms was adopted with top
three atomic layers, and the adsorbates were allowed to relax
while bottom three atomic layers were fixed. The k-point mesh
was set to 2 × 2 × 1.

For the CeO2 step surface, a low-energy monolayer-high
step was created by removing a large portion of the top layer.
This slab model has the edge of the step oriented along the
[11̄0] direction and contains a total of nine atomic layers,
similar to models used in previous reports.41 This unit cell
contained 40 Ce and 20 O atoms with the bottom three layer
atoms fixed in their bulk positions. A 2 × 1 × 1 k-point mesh
was adopted to sample the Brillouin zone. A vacuum space
larger than 14 Å was employed between the neighbouring
interleaved slabs for all the surface models.

The overall binding strength of Cu in Cun clusters is charac-
terized using the cohesive energy (Ecoh), which is defined
below for gas-phase Cun clusters:

34

Ecoh ¼ ½nEðCuÞ � EðCunÞ�=n ð1Þ
where E(Cu) and E(Cun) represent the calculated energies of an
isolated Cu atom and the isolated Cun cluster, respectively.
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For Cun clusters supported on CeO2(111), the Ecoh can be
computed as:

Ecoh ¼ ½nEðCuÞ þ EðCeO2Þ � EðCun=CeO2Þ�=n ð2Þ
where E(CeO2) and E(Cun/CeO2) represent the calculated ener-
gies of the bare CeO2(111) surface and the CeO2(111) sup-
ported Cun cluster, respectively.

To understand the energy costs for detaching a single Cu
atom from a cluster to the most stable oxygen hollow site on
the ceria surface, the detachment energy (Edet) is defined as
follows:

Edet ¼ EðCun�1=CeO2Þ þ EðCu=CeO2Þ � EðCun=CeO2Þ
� EðCeO2Þ ð3Þ

where E(Cun−1/CeO2) and E(Cu/CeO2) represent the calculated
energies of the CeO2(111) supported Cun−1 clusters and Cu1
atom, respectively.

Similarly, the detachment energy for removing one Cu1–CO
complex from a CO decorated Cu cluster to the most stable
oxygen site (Edet(CO)) is given below:

EdetðCOÞ ¼ EðCun�1=CeO2Þ þ EðCu1–CO=CeO2Þ
� EðCun–CO=CeO2Þ � EðCeO2Þ

ð4Þ

where E(Cu1–CO/CeO2) and E(Cun–CO/CeO2) represent the cal-
culated energies of the CeO2(111) supported Cu1–CO complex
and the supported Cun clusters with a CO molecule adsorption
at an arbitrarily selected corner Cu atom, respectively.

The binding energies for Cun on CeO2(111) are calculated
from the following equation:

Eb ¼ EðCun=CeO2Þ � EðCunÞ � EðCeO2Þ ð5Þ
where E(Cun/CeO2), E(Cun) and E(CeO2) represent the calcu-
lated energies of Cun supported on CeO2, free Cun, and CeO2,
respectively.

The climbing image-nudged elastic band (CI-NEB)55,56

approach was employed to simulate the diffusion of a single
Cu atom or the Cu1–CO complex on CeO2(111). The activation
barrier for diffusion was calculated as the energy difference
between the transition state and the initial state while the
reaction energy for each reaction step was calculated from the
energy difference between the final state and the initial
state. The total energy converges to less than 10−4 eV and the
convergence of relaxation was checked with the 0.05 eV Å−1

criterion.

3. Results and discussion
3.1 Stability and disintegration of Cu clusters on CeO2(111)

We first assess the cohesive energy for isolated Cu clusters
with different sizes, which gives an indication of the average
Cu–Cu bond strength. To this end, we choose the stable struc-
tures of Cun (n = 2–10, 12, 14, 16, 18, and 20) clusters in iso-
lation (Fig. 1(a)), including two-dimensional (2D) and three-
dimensional (3D) clusters determined in previous reports.57–63

The cohesive energy for Cu clusters with different sizes is cal-
culated and displayed in Fig. 2. It can be seen that the cohesive
energy increases significantly with the increasing Cu cluster
size from n = 2 (1.12 eV) to 8 (2.14 eV). For larger clusters with
sizes between 9 and 20 atoms, the increment of cohesive ener-
gies becomes smaller. Extrapolation to a large n (larger Cun
clusters with n = 35, 55, 100 and 230 are included) leads to an
estimate of the copper bulk Ecoh equal to 3.69 eV, in good
agreement with the experimental value of 3.48 eV (ref. 64) (see
Fig. S1 and S2† for details). These results clearly demonstrated
that the Cu–Cu bonding in isolated Cu clusters is strong, and
the detachment of a single Cu atom from the clusters is
expected to be energetically costly.

Since the Cu atoms are oxyphilic, the gas phase clusters are
placed over CeO2(111) in such a way as to maximize their inter-
action with the oxygen atoms on the surface. These structures
are then optimized, and their geometries are illustrated in
Fig. 1(b). It can be seen that the shapes of all the clusters are
not significantly changed upon adsorption, although the Cu–
Cu bond lengths of the interfacial layer typically become
longer. For example, the Cu10 cluster still assumes a three-layer
structure, but the average Cu–Cu distance in the bottom layers,
which is interfaced with the CeO2(111) surface, elongated from
2.45 to 2.67 Å upon adsorption.

The binding energies for these Cu clusters on CeO2(111) are
calculated to be −2.02 – −6.72 eV (Table S1†), indicating that
they are strongly bonded to ceria. We also tested the impact of
defect sites on the adsorption of Cu clusters on CeO2(111). For
example, Cu8 adsorption was studied on the CeO2(111) surface
with an oxygen vacancy and the calculated binding energy of
Cu8 is −3.71 eV, much smaller than that (−4.44 eV) without
any oxygen vacancy. It is thus unlikely for Cu8 to adsorb on the
oxygen vacancy of CeO2. Therefore, the oxygen vacancy was not
considered in the following sections. As a reference, the
binding energy of a single Cu atom adsorbed at the most
stable oxygen hollow site is −2.55 eV, which is much smaller
than the cohesive energy of bulk Cu. The cohesive energies for
the supported Cu clusters are compared with those in the gas
phase in Fig. 2. It is apparent from the figure that the ceria
support, through the formation of Cu–O bonds, leads to
higher cohesive energies than those in the gas-phase. In other
words, the gap between the two cases is largely due to the
binding energy of the cluster on CeO2(111). Similar results
were found for Pd clusters on CeO2 as substantially higher
cohesive energies were obtained, again suggesting the role of
the ceria support in stabilizing the clusters.34 The largest
difference of 1.44 eV is found for Cu3. However, such a differ-
ence becomes smaller with an average value of 0.33 eV when
the clusters have 14–20 atoms.

Now we consider the energy cost for detaching a single Cu
atom from the Cu clusters on CeO2(111). Fig. 3 shows the
detachment energy for removing a Cu atom from Cun clusters
adsorbed on the CeO2(111) surface and placing it on the most
stable oxygen hollow site on CeO2(111). It is clear from the
figure that the detachment is an endothermic process for most
Cu clusters on CeO2(111). There is also a clear size effect for
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Fig. 1 (a) Stable structures of the isolated Cun clusters (n = 2–10, 12, 14, 16, 18, and 20). (b) Optimized structures of the Cu clusters on CeO2(111)
and (c) optimized structures of CO adsorption on the corner Cu atom of Cu clusters on CeO2(111). Color scheme: Ce, yellow; surface O, red; subsur-
face O, coral; Cu, bronze; C, grey.

Fig. 3 Calculated detachment energies of a Cu atom from CeO2(111)
supported Cun clusters (n = 2–10, 12, 14, 16, 18, and 20) with (green
column) and without (red column) CO adsorption. Since the CO adsorp-
tion on Cu5 and Cu6 results in a spontaneous dissociation of clusters to
form a Cu1–CO complex nearby on CeO2(111), the detachment energies
in the presence of CO are not included.

Fig. 2 Calculated cohesive energies of CeO2(111) supported Cu clusters
(black) and the corresponding gas-phase Cu clusters (blue).

Paper Nanoscale

17896 | Nanoscale, 2018, 10, 17893–17901 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 2
3 

A
ug

us
t 2

01
8.

 D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
12

/1
9/

20
18

 1
2:

56
:0

6 
A

M
. 

View Article Online

http://dx.doi.org/10.1039/c8nr06232c


small clusters. For Cu2, for example, the detachment energy is
as low as 0.34 eV. By adding a Cu to form Cu3, this value sig-
nificantly increased to 1.18 eV. The lowest detachment energy
is found for the Cu5 cluster with a value of −0.3 eV, suggesting
that a Cu atom might be facilely separated from the cluster.
For n equal to 6–10, the detachment energies are moderate.
While for n larger than 10, the detachment energy becomes
larger. The detachment energy is determined by the balance
between the interaction energy of the detaching Cu with the
rest of the Cu cluster and with the CeO2(111) surface. We also
calculated the detachment energies as the elementary reaction
step between Cun and Cun−1 + Cu1, where the Cu atom is
placed in the most favorable adjacent site away from its
original position in the Cun−1 cluster. The results are listed in
Table S3.†

Based on these calculated detachment energies, it can be
concluded that atomic detachment for Cu clusters on
CeO2(111) is not impossible but very difficult. High tempera-
tures are necessary. The generally endothermic detachment
also suggests exothermic reattachment of Cu atoms to another
cluster. In addition, some of the clusters might be more stable
than others.

3.2 Influence of CO adsorption on Cu detachment from
CeO2(111)

In order to understand the effect of a molecular adsorbate on
the detachment of a single Cu atom from a Cu cluster on
ceria, we first examined the adsorption of a single CO mole-
cule on Cu clusters on CeO2(111). Fig. 1(c) shows the Cun clus-
ters (n = 2–10, 12, 14, 16, 18, and 20) on CeO2(111) with a
single CO adsorption on a corner Cu atom. For all the clusters,
the calculated C–O bond length is about 1.16 Å, which is
0.02 Å longer than that in its gas phase, and the C–Cu bond is
1.81 Å on average. However, the distances from the Cu atom
with the CO adsorption to other adjacent Cu atoms typically
increase. However, the shapes of all the clusters are not signifi-
cantly changed in the presence of CO.

Detachment energies for Cu clusters on CeO2(111) with a
single CO adsorption are compared with those for the same
supported Cu clusters without CO. As seen in Fig. 3 (green
columns), the adsorption of CO exclusively lowers the detach-
ment energy, except for Cu2. The amount of energy saving,
which is quite significant, differs with the cluster size. For Cu7
and Cu9, for example, we can see that the detachment energy
is significantly reduced from 0.33 and 0.72 eV for bare clusters
to −0.82 and −0.04 eV in the presence of CO, respectively. This
observation suggests that the adsorption of a single CO gener-
ally helps in the detachment. Interestingly, the CO adsorption
on the 2D Cu5 and Cu6 clusters results in a spontaneous dis-
sociation of clusters to form a Cu1–CO complex nearby on
CeO2(111). Such spontaneous formation of carbonyl species
containing single metal (Au) atoms from oxide supported
metal clusters has been reported before in AIMD studies.65,66

Nonetheless, most detachment processes are endothermic,
and thus still require high temperatures. The detachment
energies in the elementary reaction step between Cun–CO and

Cun−1 + Cu1–CO, where the Cu1–CO complex is adsorbed in
the most stable adjacent site away from its original position in
the Cun−1 cluster, are also evaluated. When this method is
used, the adsorption energy is also included for Cu detach-
ment with CO. In this case, the detachment energies for the
spontaneous detachment of Cu5 and Cu6 can be obtained. All
the calculated data can be seen in Table S3.†

Similar results have also been observed on the Pd and Au
clusters on ceria.30,34 For Pd clusters on ceria, it is found that
CO adsorption can reduce the detachment energy for Pdn (n =
5–20) clusters due to the larger adsorption energy (−2.40 eV) of
CO on a detached single Pd atom.34 For Au clusters on ceria, it
is observed from AIMD simulation that an isolated Au atom
spontaneously attaches to a Au NP in the absence of CO, while
Au1–CO is quite stable at the ceria surface.32 This trend can
readily be understood as CO is a strong adsorbate. On a single
Cu atom on CeO2(111), CO has a larger adsorption energy of
−2.26 eV. As shown in Table S1,† the adsorption energies of
CO on the supported Cu clusters are also quite significant, in
the range of −1.50 – −0.50 eV. The lower detachment energy is
partly due to the weaker adsorption of CO. For example, a
small adsorption energy (−0.50 eV) of CO on Cu7 indeed leads
to a low detachment energy of −0.82 eV. We also evaluated
different adsorption sites for CO. The result shows that a CO
can be adsorbed on the top layer of Cu7 and the co-adsorption
of another CO on the bottom layer is not sterically hindered
with a larger binding energy of −0.93 eV. In addition, the
adsorption of CO thus weakens the Cu–Cu bonds in the
cluster. For example, for Cu14, the distances between the
detached Cu and two closest Cu atoms are changed from 2.39
and 2.53 Å to 2.64 and 2.65 Å after CO adsorption.

It should be noted that the result depends on the structure
and adsorption configuration of the Cun cluster on CeO2 and
on the CO adsorption site on the Cun clusters. However, the
qualitative conclusions are not affected. To demonstrate this
point, various cluster adsorption configurations and CO
adsorption sites are tested for Cu8 as an example. Indeed, as
shown in Table S4,† different adsorption states lead to
different binding energies. For each configuration of Cu8, two
CO adsorption sites are considered (Fig. S3†), and the corres-
ponding detachment energies were obtained. We can see from
Table S4† that these values also depend on the initial adsorp-
tion configurations of Cu8. However, the calculated ΔE, the
difference between Edet(CO) and Edet(no CO), is in the range of
−0.50 to −1.17 eV, confirming that the adsorption of CO on Cu
can significantly reduce its detachment energy and help in the
formation of single atom species on CeO2(111).

We also investigated the effect of CO coverage on the energy
cost for detaching a Cu atom from CeO2(111) supported Cu
clusters. It can be seen in Fig. 4 that the detachment process
for Cu8 becomes less endothermic with the reaction energy
changing from 0.30 to 0.11 eV when the number of adsorbed
CO species is increased from 1 (low coverage) to 7 (high cover-
age). For Cu8 on CeO2(111) without CO adsorption, the dis-
tances between the detaching Cu and three nearby Cu atoms
in the cluster are calculated to be 2.52, 2.43, and 2.60 Å. For
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only one CO adsorption on Cu8, these values are found to be
2.66, 2.50, and 2.81 Å. While for seven CO adsorption on Cu8,
these values changed to 2.64, 2.55 and 2.84 Å, indicating that
the interaction between the detached Cu and the nearby Cu
atoms is weakened by the increasing CO coverage. This trend
is consistent with the argument that the CO adsorption helps
in the detachment of a single Cu from the Cu cluster by weak-
ening the Cu–Cu bonds in the cluster. The average binding
energy of CO is about −1.00 eV, indicating the possibility of
the existence of high coverage of CO.

We also tried to evaluate the effect of high CO coverage on
the energy cost for detaching a Cu atom from other clusters on
CeO2(111). However, since the optimization of these structures
with high CO coverage results in very high computation costs,
only two other medium-sized clusters of Cu7 and Cu9 are
explored. From the calculation results, the high coverage of
6 CO adsorbed on Cu7 significantly reduces the detachment
energy from 0.33 eV in the absence of CO to −0.31 eV. For
8 CO adsorbed on Cu9, the detachment energy is about
0.17 eV, which is 0.55 eV lower than that without CO. It should
be noted from Fig. 4 that the detachment energies for Cu7 and
Cu9 under high coverage are more positive than that in the
presence of only one CO, different from the case of Cu8. Based
on these results, we conclude that CO adsorption helps in the
reduction of the energy cost for detaching a Cu atom from the
CeO2(111) supported Cu clusters but the effect of CO coverage
is still unclear. Further calculations for the effect of CO cover-
age on various Cu clusters will be carried out in future work.

The aforementioned theoretical results strongly suggest
that the presence of CO helps in the detachment of atomic Cu
from Cu clusters on ceria. The energetic information provided
by these DFT calculations is still insufficient to provide a quan-
titative gauge on the enhancement. This is because the sizes of
the Cu clusters studied here are still too small to cover the
much larger (∼nm) size clusters in real catalysts. In addition,
extensive kinetic simulations based on NEB and ab initio mole-

cular dynamics (AIMD) calculations are needed to compare
with the experiment. Nonetheless, the role of CO adsorption in
atomic detachment is clearly established.

3.3 Migration of the Cu atom and Cu1–CO complex on ceria

Ostwald ripening includes not only the detachment of single
metal atoms from and attachment to NPs but also the
migration of the single atom species between the two. Here,
we examine the diffusion barriers of both a single Cu atom
and the Cu1–CO complex on CeO2(111). As shown in Table 1,
the binding energy for the atomic Cu to CeO2(111) at the
oxygen hollow site (Fig. 5a) without CO adsorption is −2.55 eV.
This is consistent with the experimental value of ∼−2.32 eV.67

The Cu–O bond distances are 2.03, 2.03 and 2.07 Å. From the
NEB calculation (Fig. 6), the activation barrier for the diffusion
of a single Cu atom from this most stable site to an adjacent
oxygen hollow site (see Fig. S4†) is 0.95 eV (Fig. 6). Another
migration pathway is also considered from the hollow site to
an adjacent oxygen top site, yielding a larger energy barrier of
1.06 eV. These results suggest that the migration of atomic Cu
on CeO2(111) is quite difficult, in contrast to low diffusion bar-
riers for the Pd (0.14 eV)34 or Au (0.26 eV)30 atom on
CeO2(111). The reason might be that the radius (1.28 pm) of
the Cu atom is relatively smaller and the atom is connected to
three O atoms at the oxygen hollow site with a large binding

Fig. 4 Calculated detachment energies of a Cu atom from CeO2(111)
supported Cun (n = 7–9) with (CO)m (m = 0, 1, and 7) adsorption. Color
scheme: Ce, yellow; surface O, red; subsurface O, coral; Cu, bronze; C,
grey.

Table 1 Binding energies of the single Cu atom and the Cu1–CO
complex on adsorption on CeO2(111) and CeO2 step as well as key struc-
tural parameters. The structures can be seen in Fig. 5

Species Site Binding energy (eV) dCu–O (Å) dCu–C (Å)

Cu 111 −2.55 2.03, 2.03, 2.07 —
Step −3.92 1.82, 1.83 —

Cu1–CO 111 −3.05 1.77 1.77
Step −3.55 1.91, 2.04 1.80

Fig. 5 Optimized structures of a single Cu atom (a and c) and Cu1–CO
complex (b and d) adsorption on CeO2(111) and a CeO2 step. Color
scheme: Ce, yellow; surface O, red; subsurface O, coral; Cu, bronze; C,
grey.
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energy of −2.55 eV and an average Cu–O bond length of 2.04 Å.
While in the case of Au, the radius (1.44 pm) of the Au atom is
much larger than that of the Cu atom, leading to a preferred
adsorption configuration at the bridge site between two
surface O atoms. The adsorption energy of the Au atom is cal-
culated to be −1.18 eV, and the Au–O bond distance is about
2.18 Å.68 Au can readily migrate from the preferred site to the
other site, which was confirmed by another DFT work.32

Interestingly, the CO adsorption helps in the migration
process of a single Cu atom on CeO2(111). In Fig. 5b, it is
shown that the Cu1–CO complex prefers to adsorb on top of a
surface oxygen with a tilted angle and the Cu–O distance is
found to be 1.77 Å. It has a comparable binding energy (−3.05
eV) to atomic Cu, but the diffusion of the complex to an adja-
cent oxygen top site on CeO2(111) is very facile with a low
energy barrier of merely 0.32 eV (see Fig. 6). This result is in
sharp contrast to the high barrier (0.80 eV) reported for the
diffusion of the Au–CO species on CeO2(111).

16

3.4 Trapping at step sites

We further investigate the possibility of forming a stable single
Cu species on ceria. It is well known that ceria surfaces, even
the (111) face, contain a large number of defects.69 As reported
in the previous studies, single Pt and Au atoms may be stabil-
ized by the ceria surface defects such as steps.32,39 For
example, Dvorak et al. showed that single Pt atoms can bind
strongly on ceria, most likely at the step edges.41 In this work,
we investigate the possibility of trapping Cu or the Cu1–CO
complex on a unique step site of ceria.32,39 To this end, a low-
energy monolayer (ML) high step was selected as the slab
model with the edge oriented along the [11̄0] direction of
CeO2. The adsorption geometry of the Cu or Cu–CO species at
the step site is shown in Fig. 5c and d. For the single Cu atom,
the binding energy is calculated to be −3.92 eV with Cu–O dis-
tances of 1.82 and 1.83 Å. It is important to note that the

binding energy is larger than the calculated cohesive energy of
bulk Cu (−3.69 eV) and those for smaller clusters (Fig. 2). For
the Cu1–CO complex, on the other hand, the adsorption
energy is slightly smaller with a value of −3.55 eV, and the
bond lengths of Cu–O are equal to 1.91 and 2.04 Å. The
strength of binding is still quite strong. The calculated binding
energy of CO on the Cu SAC is about −0.62 eV, indicating that
CO can facilely desorb from the Cu SAC. Such a single-atom
species is expected to resist sintering, even at very high
temperatures.

Furthermore, the diffusion process of the Cu1–CO complex
from a terrace site to the step site is explored (Fig. 6). This
process was found to be spontaneous. On the other hand, the
Cu atom at the step site is quite stable, and the calculated
barrier is 2.08 eV. The corresponding structural information
for these processes is shown in Fig. S5.†

The Cu atom on the step can probably serve as a SAC for
some reactions. Here, the oxygen reduction reaction (ORR) is
selected as a probe reaction to evaluate its potential catalytic
applications. The calculation details are shown in the ESI.† As
displayed in Fig. S7,† the calculated overpotential of the ORR
on the Cu–CeO2 SAC is about 0.70 V, very close to the lower
limit of 0.69 V for commercial Pt/C (0.69–1.68 V).70,71

Therefore, the CeO2 supported Cu SAC might be a potential
catalyst for the ORR. Further work will be carried out to
explore other possible reactions on this Cu SAC.

4. Conclusions

In this work, we examined the atomistic mechanism of the
Ostwald ripening of CeO2(111) supported Cun (n = 2–10, 12, 14,
16, 18, and 20) by DFT calculations. Our theoretical results
found that the adsorption of CO on Cu clusters not only facili-
tates the detachment of a Cu atom from the Cu cluster onto
the CeO2(111) surface but also lowers the energy barrier for the
diffusion of a single Cu species on CeO2(111). These obser-
vations suggest that the presence of CO can greatly facilitate
disintegration of Cu clusters and atomic redispersion on ceria.
This is largely made possible by the strong CO adsorption on
Cu, which weakens the Cu–Cu bonding in the clusters.
Although the sintering kinetics is not simulated in this work,
the exploration of the energy landscape for the key steps of
Ostwald ripening provides the first step toward a better under-
standing of the atomistic mechanism of this important
process in catalysis.

The possibility of detachment and diffusion of single-atom
species of Cu on CeO2(111) also allows the exploration of the
formation of possible SACs. Our theoretical results suggest
that the CeO2 step edge is a possible site for the location of the
Cu1–CO complex, generating a stable single Cu motif that
resists sintering. Moreover, we also demonstrate that the CeO2

supported Cu SAC might be a potential catalyst for the ORR
due to a low overpotential. This work provides important
physical insights for the design of efficient heterogeneous cata-
lysts, especially the single atom catalysts.

Fig. 6 The diagram for the migration of a single Cu atom on CeO2(111)
and at a CeO2 step as well as the diffusion of the Cu1–CO complex on
CeO2(111) with energy barriers/reaction energies (eV). Color scheme:
Ce, yellow; surface O, red; subsurface O, coral; Cu, bronze; Cu1–CO
complex, blue. The corresponding structural information and the
CI-NEB minimal energy paths for these processes are shown in Fig. S4–
S6.†
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