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The influence of oxygen vacancy and Ce3* ion positions on the
properties of small gold clusters supported on CeO,.x(111)

Julien Engel,? Elise Schwartz,” C. Richard A. Catlow,? and Alberto Roldan?*

We study the influence of oxygen vacancies on small Au clusters supported on CeO: using dispersion-corrected density
functional theory (DFT-D). Our results show that the effect of oxygen vacancies on Au clusters is highly dependent on the
cluster size and the relative position of the cluster to the vacancy. We found that the Au particles are only affected by the
vacancies if they are located directly within the cluster perimeter. Using Crystal Orbital Hamilton Population (COHP) analysis,
we show that the oxygen vacancy can lead to the formation of Au-Ce bonds under destabilisation of the bonds to the Au
atom at the vacancy site and subsequent distortion of the cluster structure. However, we found that such Au-Ce bond
formation only occurs when the interactions between the Au atom at the vacancy site and the surround Au atoms are not
critical for the overall cluster stability as, for example, in the case of the central atom in a planar Auy cluster. The formation
of an oxygen vacancy can change the charge of the supported gold cluster from positive (on stoichiometric CeO) to neutral
or negative on defective CeOzx. Interestingly, the additional electron density is located only at the Au atom at the vacancy
site and is not redistributed throughout the cluster. Investigation of the electrostatic potential of the cluster surface did not
show any significant changes compared to the stoichiometric surface, which is not caused by structural changes of the Au
cluster.
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demonstrated that electron transfer to the gold occurred over
vacancies. Zhang et al. investigated the structures and
properties of Au clusters with up to 11 atoms, but all their
structures were built under the precondition that one of the Au
Introduction atoms is located at a vacancy site.?® Teng et al. studied the
Supported metal catalysts are used for a wide range of structures and adsorption energies of a series of Au clusters in
industrial chemical processes.1 Gold clusters are of particular the range of 1-10 atoms and they conclude that the oxygen

interest due to their activity and selectivity in many important ~ Vacancy stabilises the Au clusters depending on the size of the

reactions such as hydrochlorination,® low-temperature cluster and the position of the vacancy.?? Both, Zhang and Teng,

oxidation of CO,>® the water-gas shift reaction’, and other
organic reactions.8 The activity of gold clusters is highly size
dependent® and known to decrease above a particle size of clearly influences the structural parameters of the supported
5 nm .1011 This effect has been attributed to various factors, particles such as shape and their electronic properties.?1-23 We
such as a high surface-to-bulk ratio, the availability of low- recently performed a comparative study on the structural and
coordination atoms,1? and the presence of perimeter sites at €lectronic effects of different support materials, namely
the Au-support interface.13 magnesium oxide (Mg0), cerium (IV) oxide (CeO;) and graphene

The Aun/CeO.x system has been the subject of several (C), on small Au clusters with particular focus on the interface
mismatch.2* We limited that study to defect-free surfaces to

did not explore the localisation of the Ce3* ions.
The interface between the oxide surface and the nano-particle

computational studies although most of them focussed on very
small clusters.14-18 Chutia et al.?’ studied single gold atoms and  reduce the complexity of the investigated systems. While the



most stable surface of MgO, i.e. (001),2°> can be prepared
relatively defect-free,2® ceria (CeO,) is highly reducible at low O,
chemical potential leading to the formation of oxygen
vacancies.?’ These defects can influence the properties of the
supported clusters.?8 The present study, therefore, aims to
understand in detail how the vacancies affect the Au, particles.
However, the introduction of vacancies into the Au,/CeO,
model is more challenging than it might seem at first since it is
more complicated than merely removing oxygen atoms from
the surface. First, the creation of such vacancies breaks the
symmetry of the surface and dramatically increases the search
space for the lowest energy structures since the position of the
cluster relative to the vacancy becomes important. Second,
previous studies have shown that the formation an oxygen
vacancy in Ce0O3(111) leads to the reduction of two Ce** ions to
Ce3*. Multiple minima for the localisation of the Ce3* ions exist
even in a naked defective surface with a single oxygen vacancy
with tenths of electron volts difference in energy.?° Since the
environment of Ce ions is influenced by the presence of the Au,
cluster, the magnitude of the energy difference and the number
of non-equivalent positions might increase. Both issues make
this study a highly multidimensional problem and it becomes
difficult to identify the lowest structural or electronic minimum
in static quantum chemical calculations, especially with
increasing system size. The combination of electronic structure
calculations with genetic algorithms might be considered to
explore comprehensively this system, but because of the
interplay of geometry and Ce3* ion localisation a very large
number of configurations would need to be explored, making
the computational expense prohibitive. The problem of vacancy
cluster interactions is, however, highly relevant to any study on
the reactivity of CeO,x-supported Au particles and key
questions can be answered despite the difficulty in identifying
global They concern first,
properties such as its geometry and charge distribution are

energy minima. how cluster
affected by the introduction of an oxygen vacancy, which will
influence the cluster’s reactivity; and secondly, the influence of
variations in oxygen vacancy positions and Ce3* ion positions on
cluster properties, which will guide future studies.

Computational Details

Spin-polarised periodic plane-wave density functional theory
calculations were performed with the Vienna Ab Initio
Simulation Package (VASP 5.4.4).30-32 The density functional of
Perdew, Burke, and Ernzerhoff (PBE)33 was used to calculate the
exchange and correlation contributions. To describe long-range
interactions, which were shown to be necessary for Au,
clusters3* and metal oxide surfaces,3> Grimme’s empirical
dispersion correction DFT-D3 was used.3® It was shown that
PBE-D3 is in good agreement with the vdW-DF optB88 for the
structure of Au clusters.2* The projector-augmented wave
(PAW) formalism3237 implemented in VASP was employed to
describe the core electrons. A plane-wave kinetic cut-off was set
at 500 eV. The Brillouin zone was sampled on a Monkhorst-Pack
grid38 with 7x7x1 k-points for the small surfaces and 3x3x1 k-
points for the large surfaces, respectively (see below for details

on the slab models). A Hubbard approach correction (DFT+U)
using the method of Liechtenstein et al. was used on the Ce 4f-
orbitals.3%-4> The parameters were set to Uegr=4 eV (U=5eV
and J = 1 eV), which better reproduce the reduction of CeO; as
benchmarking calculations?* and previous
reports.*647 Dipole corrections were applied perpendicular to
the surfaces upon adsorption of gold clusters. Bader charges
were calculated to assign partial charges to specific atoms.*8
Crystal Orbital Hamilton Populations (COHP) were calculated
with the Lobster 2.2.1 code.**-52

To determine the distance between the surface and the gold
clusters, the surface height was defined as the average height
of the top oxygen layer and the cluster height as the average
height of all atoms within z < 0.3 A of the lowest gold atom. The
average gold-gold distance within the metal clusters is
calculated as the average of all neighbour distances. Two atoms
are defined as neighbours if the distance between them is
below twice the van-der-Waals radius (ryaw = 1.66 A).53

We calculated the adsorption energies (Eags) from the total
energy of the optimised structure of the gold cluster on the
surface (Eaun-s), the energy of the optimised naked slab (Es), and
the energy of the gold cluster in gas phase retaining the shape
from the supported structure (Eaun).

shown in our

_ Epun-s — (ES + EAun)
Eads - n

(Eq.1)

The cohesion energy per atom (Econ) of the Au clusters was
calculated with equation 2 using the gas-phase energy of a
single gold atom (Eau1).

n- Egyq

E —
Aun (Eq. 2)

Econ =

The electrostatic potential was determined as implemented in
VASP.>4 The energies reported here correspond to the energies
of a particle with a charge of —e within the electrostatic
potential V(r) (equation 3).

Z p(rdr’
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V() = (Eq.3)
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Structures and iso-surfaces were visualised with the program
Visualisation for Electronic and Structural Analysis (VESTA)>>
and CHIMERASS, respectively.

Slab models

As in our previous study, two different slab models of the
Ce0,x(111) were used in this work.?* A three-trilayered oxygen-
terminated slab (3x3x3) with 27 Ce and 53 O atoms (surface
area = 116.5 A?) was chosen for clusters with up to four Au
atoms. Larger clusters were calculated on a two-trilayered
surface (6x6x2; surface area = 466.0 A2) with 72 Ce and 143 O
atoms. In both cases, the slabs were separated by a vacuum
layer of 20 A, and the bottom O-Ce-O trilayer was fixed to the
bulk lattice during the relaxation. The oxygen vacancy was
introduced by removal of one oxygen atom from the top layer



of each slab model, which leads to a stoichiometry of CeO;.96
and CeO;1.99 for the small and large surface, respectively. We
limited our study to vacancies in the top-layer, although
calculations with hybrid functionals predict sub-surface
vacancies to be slightly more stable.>” The reason for this choice
is that the clusters can be expected to stabilise top-layer
vacancies. Moreover, the influence of sub-surface vacancies on
the properties of the supported clusters can be expected to be
greater than that of the top-layer vacancies.
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Figure 1: Structure of oxygen-terminated CeO,(111) with one oxygen vacancy (Vo);
the n,, notation is explained in the text; colour scheme: red — O, green — Ce.

The positions of Ce3* ions were directed to the desired
configuration by increasing the Ce-O distances at the sites
before the optimisation procedure to preferentially
accommodate the larger Ce3* ions. To do so, the Ce ion was first
replaced by a larger La ion and the structure was optimised. The
re-substitution with Ce gave the desired starting structures with
increased distances. The positions of the Ce3* ions are labelled
according to the distance to the O vacancy (see Figure 1). The
notation np, corresponds to a Ce ion in the nth shell around the
defect in the mth cationic layer counted from the surface.?®

Cluster models

The structures of the supported gold clusters were based on
those obtained in our previous study on stoichiometric CeO,.2*
We chose to investigate structures with 1, 2, 3, 7, 8, 10, and 11
Au atoms, which represent a cross-section through the
previously investigated range of cluster sizes including odd- and
even-numbered clusters. As we have noted, the structures we
generate after adsorption on the surface may not be global
minima, but they will still give us the insights needed on the
effect of the vacancies on cluster geometry, electronic
properties and reactivity.

Results and Discussion

Structures and Binding Energies of supported Au clusters on
defective CeO,.x(111)

Based on the structures obtained in our previous study of Aup
clusters on stoichiometric CeO,, we created O vacancies in
different positions. We first discuss the geometric and
electronic properties of the structures with the lowest energies

and describe the influence of the relative vacancy position in
later sections of the text. Further details on the structures can
be found in the Supporting Information (Table S 1).

The results of our calculations suggest that the preferred
vacancy position and the extent of the influence on the cluster
structure are strongly dependent on the cluster size without
showing any obvious trend with increasing size within the
investigated range (cf. Table 1). The vacancy is
preferentially located centrally under the Au cluster (Aui, Auz,
Aug, Auii), under a corner atom of the Au cluster (Aus, Aug,
Auig), or next to the Au cluster (Au;). A significant decrease in
the cluster-surface distance was found for clusters with 1, 3, 4,
and 11 Au atoms compared to the respective clusters on the
stoichiometric surface (cf. Table 1). In these cases, the Au atom
above the vacancy moves into the vacancy site as shown for
Auy/CeO,x in Figure 2 (top). The displacement of the Au atom
into the vacancy site leads to an elongation of the average Au-
Au distances compared to the stoichiometric surface. For Aus
and Auis, the Au coordination number decreases, since some of
the Au-Au distances become longer than the defined threshold
(see Computational Details section) so that the elongation is not
reflected in the average values shown in Table 1. In other cases,
we only observed minor changes in the structural parameters.
Interestingly, Auy is located centrally on top of the vacancy but
no movement of an Au atom into the vacancy site nor was there
any other significant structural distortion. (see Figure 2
bottom).

size

\ Au-Au bond
elongation

Figure 2: Structure of Au, (top) and Au; (bottom) on CeO,.x and on CeO; (transparent).

The strength of the binding of the Au clusters to the support
surface is reflected in the adsorption energies (E.qgs) shown in
Table 1. The values indicate that all clusters except for Auso bind
more strongly to the defective CeO,.x surface than to the non-
defective CeO; surface. The stabilisation of the cluster-surface
interaction by the oxygen vacancy (difference in adsorption
energy) ranges from -1.79eV (Au;) to +0.03eV (Aujo).
Interestingly, the cohesion energy of the Au clusters (Econ),
which is a measure for the strength of the Au-Au interaction is



not significantly decreased for Aus, Aua, or Au;; although these
clusters show the most apparent structural distortion.

Electronic Structure

The underlying reason for the difference in the influence of the
oxygen vacancy on the cluster structure can be found in the
electronic structure of the investigated systems. The adsorption
of Au clusters on stoichiometric CeO,(111) leads to a charge
transfer from the cluster to the surface. The cluster is oxidised
while specific Ce** ions of the CeO; lattice are reduced to Ce3+.24
The number of Ce3* ions depends on the cluster size and
whether the cluster has an odd or even number of Au atoms.
Odd-numbered clusters are open-shell systems and induce the
reduction of an odd number of Ce#* ions while even-numbered
clusters are closed shell and result in an even number of Ce3+
ions (see Table 1; values in brackets). The magnitude of the
charge transfer is approximately proportional to the number of
Ce3* ions. Similarly, the introduction of an O vacancy also
reduces the surface and creates two Ce3* ions. Since the
standard reduction potentials for Au* to Au® (+1.69 V) and Ce**
to Ce3* (+1.72 V) are very similar,>® this change in the local
environment of the remaining Ce** ions can change the redox
behaviour when an Au cluster is adsorbed.

As shown in Table 1, we found that for the undistorted clusters
(Auz, Auz, Aus, and Ausg), the number of Ce3* ions in the CeO,.x
support is indeed the sum of the number of such ions in the
stoichiometric surface with the Au cluster and those from the
vacancy formation as if they are not influenced by each other.
For these clusters, we calculated approximately the same
charge as on the stoichiometric surface. In contrast, we found a
lower number of Ce3* ions for Au clusters with 1, 3, 4, and 11
atom(s), which showed a stronger distortion of the cluster
structure and smaller cluster-surface distances. In these cases,
the number of Ce3* ions equals that found for the stoichiometric
surface, which means that there are no additional Ce3* ions due
to the O-vacancy. These Au clusters are more electron-rich than
non-defective CeO,. Aui, Aus, and Au, are indeed reduced by
the defective CeO,.x surface, while Auj; shows no significant
charge transfer with the support surface. The calculated
charges are in agreement with previously reported values.1519
The two categories of Au clusters that we identified based on
structural parameters and charge transfer also show distinct
features in their density of states (DOS). In general, the DOS of
stoichiometric CeO; shows a bandgap of 2.1 eV between the
valence band consisting dominantly of O 2p states and the
conduction band dominated by Ce 4f states. If a Au cluster is
adsorbed, one singly occupied k-independent discreet Ce 4f
state of each Ce3* ion can be found at Er and directly below.
With increasing Au cluster size, the number of occupied Au-O
bands increases. These bands are occupied by both spins and
overlapping the O 2p band or located in the band gap between
Er and the valence band. They show strong Au d- and O p
character and increasing Au s character with increasing energy.
The DOS of Auj, Aus, Aus, and Auii, which belong to the group
of distorted and electron-rich clusters, feature a new type of Au-
Ce band with contributions from Au s/d, O p and Ce f orbitals

located between the Au-O bands and the occupied Ce 4f states
at the Fermi energy. As an example, Figure 3 (top) shows the
DOS of Aus/CeO,.x. Five narrow bands can be found within the
bandgap between the O 2p valence band and the Ce 4f
conduction band. The first three (a-c) show contributions from
Au s and d states as well as O p states. Band d consists of Au s
and d states and Ce f states. At the Fermi energy, a singly
occupied Ce 4f state can be found, which is localised at the Ce3*
ion. In contrast to this, the DOS of Au;, Auy, Aug, and Auig, which
belong to the group of clusters that are not influenced
significantly by the vacancy, generally resemble the ones of the
same cluster size on the stoichiometric surface with the
addition of two more singly occupied Ce 4f peaks close to Eg.
These additional Ce f bands are simply a result of the additional
two Ce3* ions which are present due to the creation of the
oxygen vacancy. In Figure 4 (top), the DOS of Au;/CeO,x is
shown. Compared to Aus/CeO,.x (Figure 3 top), the number of
states in the O(2p)-Ce(4f) bandgap has increased to nine. Six (a-
f) can be attributed to Au-O bands and three (g-i) to the singly
occupied 4f orbitals of the three Ce3* ions.

Table 1: Summary of structural and electronic properties of Au, cluster on CeO,;
values in bracket for Au,/CeO,; na,: number of Au atom; day.a.: average Au-Au distance;
day-s: Cluster-surface distance; qa,: total charge of Au, cluster; E.q: adsorption energy;
Econ: cohesion energy; nces+: number of Ce3* ions; * structural distortion leads to change
in Au coordination numbers.

Nay  dagau daus[A]l  aaulel  Eaas Econ Nces+  Occ.

[A] [ev] [ev] Au-
Ce
band
1 n/a 1.27 -0.57 -3.08 0.00 1(1) Yes
(1.89) (+0.18)  (-1.30)  (0.00)

2 2.58 1.69 -0.17 -3.03 -1.14 2 (0) No
(2.52) (1.60) (-0.12)  (-1.94) (-1.15)

3 2.79 1.20 -0.57 -4.24 -1.13 1(1) Yes
(2.66) (2.06) (+0.28)  (-3.90) (-1.17)

4 2.77* 1.24 -0.29 -6.10 -1.15 2(2) Yes
(2.76) (1.99) (+0.62)  (-5.37) (-1.17)

7 2.74 1.93 +0.16 -6.45 -1.83 3(1) No
(2.74) (1.98) (+0.20)  (-5.75) (-1.82)

8 2.76 1.93 +0.39 -7.69 -1.68 4(2) No
(2.75) (1.98) (+0.53)  (-7.28) (-1.77)

10 2.83 1.90 +0.38 -8.19 -1.94 4(2) No
(2.87) (2.03) (+0.52) (-8.22) (-1.94)

11 2.89* 1.14 +0.07 -9.72 -1.93 3(3) Yes
(2.89) (2.04) (+0.81) (-9.43) (-1.90)

Influence of the Ce3* ion positions

The number of Ce3* ions varies with cluster size and vacancy
position, and their localisation can have a significant influence
on the total energy of the system.2® We illustrate here, based



on several examples, how different Ce3* positions affect the
properties of the system.

If, for example, the Ce3* ion of Aui/CeO, is shifted from the
most stable 2; position to an 1; or 3; position, the energy
difference between the singly occupied Ce 4f state at Er and the
valence band is increased by 0.44 eV and 0.15 eV, respectively.
However, the bandgap between the O 2p valence band and Ce
4f conduction band (2.1 eV) as well as the general shape of the
DOS (see Figures S3 and S4 in the Supporting Information)
remains unaffected. Therefore, it can be concluded that the
increase in the total energy compared to the localisation in 2;
position of these systems is caused by the occupation of a Ce 4f
state with higher energy, meaning that the occupation of this
state has negligible influence on other states and the properties
of the adatom. The charge transfer between the surface and the
Au atom with Ce3* in 1; position is -0.60 e, only 0.03 e different
from the 2, position. Similarly, the positions of the two Ce3* ions
of Au,/CeO, only have an influence on the total energy of the
system, i.e. with one (2;-1;) or both Ce3* ions located directly
next to the vacancy (1:-11), the energy is +0.05 eV and +0.13 eV
higher, respectively, which, however, has only a minor effect on
the charge transfer (-0.18 and —0.20e). The same was
observed, for example, for Au;/CeO,, which features three
Ce3*ions. Their arrangement in 1;-2;-2; positions, i.e. under (1;)
and next to the cluster (2;), is favoured over a 2;-2;-2;
arrangement with all Ce3* ions next to the cluster. However, the
energy difference is merely 0.04 eV. The Au cluster has a
positive charge of +0.16 e in the former and +0.12 e in the latter
case.

These examples show, that in most cases, there is only a minor
influence of the position of the Ce3* ions on the electronic
structure of the Au clusters and their charge, suggesting that

the implications of the Ce3* ion positions on the herein
investigated cluster properties are in general very low, although
there could be configurations not explored here where it could
be more significant

We should also note a significant observation for Auio/CeO3x.
The lowest energy structure has four Ce3* ions in 1;-1;-1;-3;
positions. In an attempt to localise three of them next to the
corners of the Auig cluster, we obtained a final structure with
only two Ce3* ions, one at a 1; position next to the vacancy
(under the centre of the cluster) and the second one at a 3;
position next to one of the corners of the cluster. The Au atom
above the oxygen vacancy is lowered into the vacancy site and
a strong change in the charge transfer can be observed. While
the Au cluster was oxidised in the lowest energy structure with
a charge of +0.38 e, it is reduced in the structure with only two
Ce3* ions with a charge of —0.35 e. While this newly obtained
structure with a reduced Au cluster is higher in energy by
0.24 eV, it shows that there can be multiple minima with the
same vacancy location, but a different number of Ce3* ions
resulting in significant structural and electronic changes at the
cluster.

Furthermore, it should be considered that our localisation
method using a structural distortion (see Methods section) can
only loosely direct the optimisation procedure to a certain
localisation pattern meaning. Moreover, in a dynamic system,
the vibrations of the support lattice will create temporary
distortions of the structure around the Ce ions. These
distortions will shift the 4f electron density between these ions
in the same way as our intentional distortions to direct the Ce3*
ion positions.>® Inclusion of dynamic effects would be an
interesting future study for this system.
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Figure 3: DOS (top) and COHP (bottom) of Aus/CeO,.; average COHP of all respective pairs with a maximum distance of 4.0 A; energies relative to E.

Influence of the vacancy position

In general, the position of the oxygen vacancy relative to an Au
cluster has a more significant influence on the cluster properties
than the Ce3* ion positions (cf. Table 2). For the first group of
clusters (Auj, Aus, Aug, Aui;), which are more electron-rich than
the respective clusters on the stoichiometric surface, the
vacancy is initially located underneath the cluster. Moving it to
a position outside the cluster perimeter results in an increase of
the number of Ce3* ions to the sum of the number of ions in
Aun/CeO, and the two Ce3* ions in a naked defective CeO,.x
surface. The Au-Ce band disappears from the DOS and the
charge transfer is similar to the stoichiometric surface. For any
vacancy position outside the cluster perimeter, we did not find
an influence of the exact position of the vacancy relative to the
cluster on the investigated properties. For example, for
Aus/CeO,., we calculated two structures with different vacancy
positions next to the cluster (Table 2; entries 5 and 6; see Figure
S1 in the Supporting Information for details). Both structures
are only higher in energy by 0.01 eV with respect to the one
with the vacancy right below the cluster. In both cases, the
oxygen vacancy has no significant influence on the structure
and charge of the trimer compared to the stoichiometric
surface. In the case of Auis, the vacancy can also be positioned
under a corner atom instead of under the centre of the cluster,
which leads to a lower cluster charge of —0.09 e compared to
+0.07 e before.

For Aug and Auio, which belong to the second group of clusters
and are initially unaffected by the oxygen vacancy, we found
that their behaviour is similar to the first group when the
vacancy is placed underneath a corner atom of the cluster. In
both cases (Aug and Aujp), the Au cluster is structurally distorted
and more electron-rich than on stoichiometric CeO,, the
number of Ce3* ions is decreased, and the DOS shows an
occupied Au-Ce band. For example, if the oxygen vacancy is
located underneath a Au atom of the Aug cluster underneath
the second layer Au atom, this atom moves into the oxygen
vacancy site (Table 2; entry 12; Table S1 in Supporting
Information). The average Au-Au distance is decreased from
1.93 to 1.21 A, and the cluster-surface distance is increased
from 2.76 to 2.81 A. The Au cluster is reduced with a charge of
-0.34 e instead of being oxidised with a charge of +0.39 e.
Moreover, two instead of four Ce3* ions can be found in the
surface and the DOS shows occupied Au-Ce bands. We removed
the oxygen atom underneath the lower atom of Au; on CeO,
to create an oxygen vacancy at that position, but the structure
relaxed during the geometry optimisation procedure to one
equivalent to the one described previously.

Table 2: Summary of structural and electronic properties of Au, cluster on CeO,. with
varied vacancy positions; values in bracket for Au,/CeO,; na,: number of Au atom; da,.
au: @average Au-Au distance; dag.s: cluster-surface distance; qa,: total charge of Au,
cluster; ncess: number of Ce3* ions; * structural distortion leads to change in Au



coordination numbers; see Table S1 in the Supporting Information for details on the

effect to those atoms directly at the vacancy. Table 3 shows the

structures. variation in the calculated atomic charges for Aug/CeO,. with
- different vacancy positions relative to the cluster on the
Entry -t Vo daunu [A] df”’s dnlel Mo Oce stoichiometric surface. When the vacancy site is beneath the
position (A Au- central Au atom (a), the charge difference at the central Au
Ce atom of the cluster (Au atom 1) contributes 50 % of the total
band charge difference of the cluster (Aq = —0.07 e). The total cluster
! ! corner n/a .27 037 1) ves charge changes most (Aq =-0.88 e) if the vacancy is located
(1.89) (+0.18) under the corner Au atom under the second layer Au atom (b).
2 1 next n/a .70 016 2(1)  No Our results suggest that the atom at the vacancy site (Au atom
(1.89) (+0.18) 2) contributes with —0.74 e, more than seven times more than
3 2 next 2.58(2.52)  1.60 -0.17 2(0) No the next most influenced atom (Au atom 3; —0.09 e), which is
(1.69)  (-0.12) located next to the vacancy. The impact of an oxygen vacancy
4 3 comer  279(2.66) 120  -0.57  1(1) Yes next to the cluster (c) on the cluster charge is negligible
(2.06)  (+0.28) (-0.03 e) which is reflected in the minor charge differences of
5 3 next 2.66 2.07 +0.24  3(1) No each Au atom. In Aui1/CeO,, the oxygen vacancy is located
(+0.28) centrally under the Aui; cluster. Compared to the
6 3 next 2.66 2.08 +0.25 3(1)  No stoichiometric surface, the total charge of the cluster decreases
(+0.28) from +0.81 e to +0.07 e. The charges at each Au atom show that
7 4 corner 2.77%(2.76)  1.24 -0.29 2(2)  Yes none of the atoms at the cluster interface is affected by more
(1.99)  (+0.62) than +0.03 e. The only significant charge difference can be
8 4 next 2.76(2.76)  1.98 +0.56 4(2) No found for the Au atom at the vacancy with —0.65 e compared to
(1.99)  (+0.62) the stoichiometric surface. This local character of the influence
9 7 centre 2.74(2.74) 193 +0.16 3(1) No of the oxygen vacancy on the charge of the Au atoms has
(1.98)  (+0.20) implications for the catalytic activity of the Au particles. The Au
10 7 corner 2.77(2.74)  1.94 +0.05 3(1) No atoms at the vacancy, which are almost exclusively affected by
(1.98)  (+0.20) the vacancy, are in many cases less or not at all accessible for
11 8 centre 2.76 (2.75)  1.93 +0.39 4(2) No any substrate. Hence, according to the atomic charge
(1.98)  (+0.53) distribution, the reactivity of the catalytically active atoms at
12 8 corner 2.81(2.75) 1.21 -0.34 2(2)  Yes the cluster surface remain practically unaffected.
(1.98) (+0.53) Table 3: Changes of Bader charges of Au atoms in Aug/Ce0,, compared with Aug/CeOy;
13 8 next 2.75(2.75) 1.99 +0.50 4(2) No vacancy located under central Au atom (a), corner Au atom (b), and next to the cluster
(1.98) (+0.53) (c).
14 10 edge 2.83(2.87) 190 +0.38 4(2) No Au atom alevl @) alev] (b) alevl (0
(2.03)  (+0.52)
15 10 corner 2.85* 1.25 -0.39 2(2) Yes 1 -0.07 +0.02 0.00
(2.87) (2.03) (+0.52) 2 0.00 -0.74 -0.03
16 10 next 2.87(2.87)  2.02 +0.49 4(2) No 3 0.00 -0.09 +0.01
(2.03)  (+0.52)
4 -0.02 +0.02 0.00
17 11 centre 2.89* 1.14 +0.07 3(3) Yes
(2.89) (2.08)  (+0.81) 5 -0.01 -0.02 +0.03
18 11 corner 2.83(2.89) 1.37 -0.09 3(3) VYes 6 0.00 -0.06 -0.01
(2.04) (+0.81) 7 -0.02 +0.02 0.00
19 11 next 2.87(2.89)  2.03 +0.86 5(3) No
(204)  (+0.81) 8 -0.01 -0.03 -0.01
sum -0.14 -0.88 -0.03

As the results show, the charge of the Au particle is highly
dependent on the vacancy position. However, it is essential to
consider whether this affects all cluster atoms or if it is a local
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Figure 4: DOS (top) and COHP (bottom) plot of Au;/Ce0,.,; average COHP of all respective pairs with a maximum distance of 4.0 A.

Figure 5: Iso-surfaces of the electron density (iso-value: 0.001 a.u) mapped with the (electrostatic) local potential; colour scale between 20 eV (blue) and <-2.5 eV (red);
Vo: oxygen vacancy position; g: charge of Au, cluster; A: Aug/Ce0O,; B: Aug/Ce0O,., with vacancy next to cluster; C: Aug/Ce0O,.,, with vacancy under corner atom; D:
Aug/Ce0,., with vacancy under central cluster atom; E: Au;;/Ce0,; F: Au;1/CeO,., with vacancy under central atom.

The Bader charge analysis allows us to designate charges to sites of the cluster with other molecules.540-64 Figure 5 shows
single atoms but does not account for the spatial distribution of the electrostatic potential mapped on the 0.001 au electron
the charge density around the respective atoms. We used the density iso-surfaces of the three different Aug structures on the
electrostatic potential to identify sites with low electron defective and stoichiometric surface. The chosen iso-value was
density, which can indicate potential (electrostatic) interaction used in previous studies and approximately corresponds to the



van-der-Waals surface of the molecules.®%83 |n all four images,
o-holes are visible at each corner atom as well as the Au atom
of the second layer in agreement with previous reports.®%.63 The
o-holes at the corner atoms are most pronounced when the
oxygen vacancy is located centrally under the cluster
(Figure 5 D) and least visible when the vacancy is located under
one of the corner Au atoms (Figure 5 C). The images of Aug on
the stoichiometric surface (Figure 5 A) and with the vacancy
next to the cluster (Figure 5 B) show no distinct differences.
However, the decrease of the magnitude of the o-holes cannot
be directly correlated to the charge of the Au clusters as the
vacancy only affects the charge of the gold atoms directly at the
vacancy. Nevertheless, there is an indirect influence of the
vacancy on the distribution of the electron density. We
performed single-point calculations of isolated Ausg clusters with
the same geometry as the ones on CeO, (see Table S2 in the
Supporting Information). The results show that even in the
absence of any surface, the o-holes are more visible in the
structure where the vacancy was located under the Au cluster
compared to the one where the vacancy was located outside
the cluster perimeter. The vacancy induces a small structural
change, namely the movement of the central atom of the first
Au layer, increasing the planarity of the first layer of Au atoms.
The increased planarity enhances the overlap between the Au
atoms while decreasing the electron density on the adjacent
position of the Au atoms. Comparison of the electrostatic
potentials of Aui:z on stoichiometric CeO, (Figure5E) and
defective CeO, (Figure 5 F), shows that the oxygen vacancy
amplifies the o-hole at the top of the cluster under the cluster.
However, the regions with low electron density at the corners
of the second layer of Au atoms decreases. As in the case of Aug,
both differences can also be found for clusters of these shapes
without the support surface (see Tables S3 and S4 in the
Supporting Information) suggesting that they are a result of the
structural change induced by the oxygen vacancy (lower central
Au atom of the first layer) rather than an effect of the charge
transfer between the surface and the cluster. The o-holes at the
Au atoms of the second layer are formed due to interactions
with the central atom of the first layer. Since this atom moves
into the vacancy, the overlap between those atoms and,
consequently, the magnitude of the o-hole decreases. The more
subtle change to the o-hole at the top of the cluster can be
rationalised by a contraction of the atoms in the lower layers,
which concentrates the area of low electron density at the top
of the cluster to a smaller area but increases its magnitude.

These results show that the position of the vacancy relative to
the cluster influences the structure but also on the electronic
structure of the clusters. Depending on the position of the
vacancy, the clusters can be assigned to one of the two
categories: (i)those showing distortion of the cluster geometry,
usually one Au atom in the vacancy site, together with a lower
total charge, lower number of Ce3* ions and formation of a Au-
Ce band and (ii) those in which neither their geometry nor
electronic structure is significantly affected by the vacancy. In
general, it can be said that if the vacancy is not located under
one of the Au atomes, it does not affect the cluster properties.
However, it is less obvious to derive a rule for the different

positions under an Au cluster since the specific properties of the
cluster play an important role.
Rationalisation of the charge transfer/Formation of Au-Ce bonds

To better understand why some clusters exhibit a substantial
change in their properties due to the vacancy, we used Crystal
Orbital Hamilton Population (COHP) and analysed the electronic
structure of the supported clusters. COHP is a powerful tool to
distinguish whether states or regions of the DOS are
contributing to the stabilisation of the structure, or are
destabilising it.#°

The COHP of Aus/CeO,x is depicted in Figure 3, together with
the respective DOS. The COHP is evaluated for Au-Au, Au-O and
Ce-0 pairs to cover all relevant interactions. The plot shows that
the Au-O bands (a-c) have antibonding character within the
cluster between the Au atoms as well as between the Au atoms
of the cluster and the surface O atoms. Note that, the occupied
Ce 4f band e is not visible in the COHP due to its non-bonding
nature. The Au-Ce band (d) is formed by the interaction of a Ce3*
ion with the singly occupied s-dominated Au orbital resulting in
increased electron density at the Au cluster, more precisely at
the Au atom at the vacancy site. The COHP indicates that this
band is strongly antibonding concerning the Au-Au interactions,
which means that it leads to a destabilisation of the Au cluster.
This is reflected in the previously described elongation of the
average Au-Au distances. The iso-surface of this band shows the
strong s character at the Au atom in the vacancy site (see Figure
S16 in the Supporting Information). The same observations can
be made for all clusters of the first group (Aui, Aus, Augs, Auii).
The respective DOS/COHP plots can be found in the Supporting
Information.

The stabilising effect for Au atoms at the vacancy site was
described previously and attributed to the pairing of the Au s
electrons as well as ionic interaction between the Au and Ce
atoms.®> The fact that the DOS (see Figure S2 in the Supporting
Information) shows a shared bonding Au-Ce orbital with
significant contribution by Ce 4f states can be seen as evidence
for some degree of the covalent character of the Au-Ce
interaction.

The clusters of the second group do not show such Au-Ce
interaction although in some cases (Au;, Aug), the vacancy is
preferentially located centrally under the cluster. The COHP of
Au7/CeO,.x shows indeed no significant deviation of the Au-Ce
plot from zero (see Figure 4). The Au-O bands (a-f) are
antibonding with respect to the Au-Au and Au-O pairs, and the
Ce 4f bands (g-i) are non-bonding. The presence of an additional
Ce3* ion in the surface compared to the naked defective CeO,.x
surface indicates that electron density is shifted from occupied
antibonding Au-O states into one of the non-bonding Ce 4f
states. The reason for the absence of an Au-Ce bond can be
found in the geometry of the Auy cluster. The central Au atom
is farther away from the surface than all other Au atoms, which
indicates that a weak interaction.

We artificially distorted the structure of the Au; cluster by
moving the central atom into the vacancy site, but this structure
was found to be unstable and reverted during the geometry
optimisation process. It was discussed previously that the Au



atoms at the vacancy move upward for clusters larger than four
Au atoms due to strong Au-Au interactions.!® Our results show
a more detailed explanation, i.e. the formation of Au-Ce bonds
destabilises the Au-Au bonds within the cluster. However, the
Au-Au interactions at the central atom are particularly crucial
for the stability of the Aus cluster. Its coordination number is
higher than any other Au atom in the cluster and it is connected
to every other Au atom of the cluster. Due to the increased
distance to the vacancy, there is no charge transfer from the
Ce3* ions into antibonding Au-Au bands. The O-Au(corner)-
Au(central) angle is significantly decreased if the central Au
atom moves into the vacancy, which would decrease the
overlap between the orbitals of the corner atoms of the cluster
and those of the surface oxygen atoms. If the vacancy is located
under one of the corner atoms, the rigidity of the planar Auy
structure disfavours the formation of an Au-Ce bond. The
reduced charge transfer compared to the vacancy location
under the central Au atom can simply be explained by the loss
of one of the Au-O bonds. Aus is structurally more flexible than
AU7.

The COHP of Ausg/CeO,« with the vacancy located under the
central Au atom of the first layer shows one band with low
bonding character between Au and Ce (see Figure S7 in the
Supporting Information). This band has mainly contributions
from Au(d) and O(p) states but also a low amount of Ce(f)
character. This interaction with the Ce3* ions under the cluster
can explain the reduced charge transfer (+0.39 e) compared to
the stoichiometric surface (+0.53 e). Our calculations show that,
in contrast to Auy, a vacancy under one of the corner atoms of
Aug can lead to a distortion of the cluster and the formation of
Au-Ce bands. The atom above the vacancy moves into the
vacancy site and the Au atom of the second layer takes its place
in the Auy layer (see Table S1 in the Supporting Information).
The DOS shows three bands with Au and Ce contributions in the
investigated energy range (see Figure S8 in the Supporting
Information). According to the COHP, all three bands are
bonding with respect to Au-Ce pairs. The iso-surface of the most
bonding band between Au and Ce shows significant s character
at the Au atom in the vacancy site (see Figure S22 in the
Supporting Information).

The DOS of Au1p/Ce0,« shows no occupied Au-Ce bands in the
energy range considered when the vacancy is located under the
cluster edge (see Figure S9 in the Supporting Information).
However, there is an unoccupied Au-Ce band with strong
bonding character only 0.16 eV above Ef with strong Au(s),
Au(d), and Ce(f) contribution, meaning that there is a small
energy gap to occupy this band and form an Au-Ce bond, which
explains why we found a structural change when relocating the
Ce3*ions.

For Aui1, we found an Au-Ce band (g) with strong Au(s) and Ce(f)
character located 0.08 eV below Ef (see Figure S10 in the
Supporting Information). This band shows strong bonding
properties between Au and Ce atoms in the COHP Thus, the
difference between Au; to Aui;, which have the same
hexagonal structure at the cluster-surface interface, is that the
central atom of the first Au layer moves into the vacancy
position, which allows for a significant orbital overlap between

the Au(s) states and the Ce(f) states. Such a deformation did not
occur for Auz due to the strong destabilisation of the cluster
structure and the rigidity of the planar Auy structure. The three-
dimensional structure of Aui; decreases the relative importance
of the Au-Au interactions of the central Au atom of the first layer
for the overall cluster stability. Furthermore, the atom from the
second Au layer is located in a position to form an O(surface)-
Au(corner)-Au(2m layer) angle of 170° at all corners, which
allows stronger Au-O interactions as in the case of the distorted
Augy structure.

This analysis shows that the oxygen vacancies can lead to
increased electron density at the Au clusters by the formation
of an Au-Ce bond. The Au-Ce bonds have strong s-character at
the Au atom in the vacancy site. Electron density is shifted from
one of the Ce3* ions into the newly formed orbital, which
explains the lower (or more negative) charge at the Au cluster
but also the local character of the effect. However, this
interaction destabilises the Au-Au and Au-O interactions, which
is reflected in the structural distortion of these clusters.
Whether a cluster of a specific size is affected by the oxygen
vacancy is ultimately decided by the rigidity of the cluster
structure or the importance of the interactions of the Au atom
at the vacancy with the rest of the cluster. Both the rigidity and
the importance of single Au-Au interactions decrease with
increasing cluster size so that it can be expected that they will
tend to fall into the first category. At the same time, the effect
of the vacancy on the exposed cluster interface decreases with
increasing size so that the influence on the reactivity can be
expected to decrease.

Summary and Conclusions

Our DFT-D(+U) study on the influence of oxygen vacancies in
CeO,x on supported Au clusters shows that there are, in
general, two groups of clusters. The first is strongly affected by
the presence of an oxygen vacancy, as reflected in their
structural distortion, lower cluster charge, and the formation of
an Au-Ce bond. The second shows the same properties as on
the stoichiometric CeO, surface. The decisive parameters are
the rigidity of the Au cluster and the importance of the Au-Au
bonds for the overall stability of the cluster, which decrease
with increasing cluster size.

We also found that the increased electron density at the Au
cluster is a local effect and limited to the Au atom at the vacancy
site. Investigation of electrostatic potential maps shows that
any change of the electron density at the exposed cluster
surface can be attributed exclusively to structural changes
without any effect of the additional electron density at the Au
atom at the vacancy.

Our calculations show that, while the position of the Ce3* ions
has a significant influence on the total energy of the system,
other properties such as structure or charge transfer are
surprisingly unchanged. These properties can change
significantly if a vacancy is underneath a cluster or next to it and
the search for the vacancy position with the lowest energy
increases the search space regarding the Ce3* positions for each
successive displacement of the vacancy site from the cluster.



These factors will play an important role in influencing the
reactivity of the clusters.
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