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Despite extensive studies of transition metal (TM) clusters supported on ceria (CeO2), fundamental issue as the role
of the TM atoms in the change of the oxidation state of Ce atoms is still not well understood. In this work, we report
a theoretical investigation based on static and ab-initio molecular dynamics density functional theory calculations of
the interaction of 13-atom TM clusters (TM = Pd, Ag, Pt, Au) with the unreduced CeO2(111) surface represented
by a large surface unit cell and employing Hubbard corrections for the strong on-site Coulomb correlation in the
Ce f -electrons. We found that the TM13 clusters form pyramidal-like structures on CeO2(111) in the lowest energy
configurations with the following stacking sequence, TM/TM4/TM8/CeO2(111), while TM13 adopts two-dimensional
structures at high energy structures. TM13 induces a change in the oxidation state of few Ce atoms (3 of 16) located
in the topmost Ce layer from CeIV (itinerant Ce f -states) to CeIII (localized Ce f -states). There is a charge flow from
the TM atoms to the CeO2(111) surface, which can be explained by the electronegativity difference between the TM
(Pd, Ag, Pt, Au) and O atoms, however, the charge is not uniformly distributed on the topmost O layer due to the
pressure induced by the TM13 clusters on the underlying O ions, which yields a decreasing in the ionic charge of
the O ions located below the cluster and an increasing in the remaining O ions. Due to the charge flow mainly from
the TM8-layer to the topmost O-layer, the charge cannot flow from the CeIV atoms to the O atoms with the same
magnitude as in the clean CeO2(111) surface. Consequently, the effective cationic charge decreases mainly for the
Ce atoms that have a bond with the O atoms not located below the cluster, and hence, those Ce atoms change their
oxidation state from IV to III. This increases the size of the CeIII compared with the CeIV cations, which builds-in a
strain within the topmost Ce layer, and hence, it contributes also to affect the location of the CeIII cations and the
structure of the TM13 clusters.

1 Introduction

Transition-metal (TM) nanoparticles (NP) supported on
ceria (CeO2) have been considered as important catalysts
for a wide range of applications. For example, they pro-
mote or facilitate water-gas shift reaction for hydrogen
production (CO + H2O −−→ H2 + CO2),1–4 provide con-
trol gaseous exhaust automobile emissions (unburned
or partially burned hydrocarbons, CO, NOx),5–8 etc. The
combination of ceria with TM NP gives rise to unique
synergic properties, namely, ceria support stabilizes NP
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against dispersion, controls the activity of NP, stores and
releases oxygen and enhances rates for a number of im-
portant reactions due to the interactions with supported
metals.5,9 Thus, a wide range of studies employing the
combination of experimental and theoretical techniques,
or addressed independently by both approaches, have
been reported for TM/CeO2 with the aim to understand
the role of the TM−CeO2 interactions in the figures of
merits of TM/CeO2, e.g., Cu,3,10–13 Rh,2,13–15 Pd,2,13,14,16–19

Ag,11–13,20,21 Pt,1,2,5,13,14,22–24 and Au,1,3,11–13,25–29 however,
our understanding is still far from being complete, as we
show below.

CeO2 crystallizes in the fluorite structure,30 where all
the Ce atoms are eightfold coordinated with an oxida-
tion state IV. The occupied and unoccupied Ce f -states
are delocalized in CeO2,31 while Ce atoms have oxida-
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tion state III and localized f -states in bulk Ce2O3.31,32

The formation of the most stable CeO2 surface, namely,
the unreduced oxygen-terminated CeO2(111),16,22,33 does
not change the oxidation state or the itinerant nature of
the f -states. However, the creation of an O vacancy in-
duces an oxidation state change from CeIV to CeIII, which
has been explained by the localization on the Ce atoms of
the two electrons left over by the formation of the O va-
cancy.34–36 The CeIII cations are distributed in the vicinity
of the O vacancy, where they minimize the strain build-
in by the increasing of the atomic size of CeIII cations
(1.14 Å) compared with CeIV (0.97 Å).37 It has been as-
sumed that the change in the oxidation state determines
the energy magnitude for O vacancy formation, which
is a key parameter to understand the oxygen storage ca-
pacity.38–40

Thus, the adsorption of TM particles (atoms, clus-
ters, NP) on reduced or unreduced CeO2(111) surface
only contributes to increase the complexity of the ef-
fects that take place at the TM/CeO2 catalysts. Gold
adsorption studies on CeO2(111) revealed that surface O
vacancies and defects play a crucial role as deep traps
for Au atoms,29 while Au particles, that are deposited
on CeO2(111) films, preferentially nucleate at the step
edges.25 Furthermore, the growth of three-dimensional
(3D) Ag particles on CeO2(111) films is characterized by
a high sticking probability coefficient at room temper-
atures.11,20,20,21,41 In addition, several studies have sug-
gested that the adsorption of TM particles on unreduced
or reduced CeO2(111) surfaces can result in oxidation
state change of few Ce atoms from CeIV to CeIII,42–45

which have been explained by charge transfer from the
TM particles to the ceria surface,23,27 which is expected
based on the electronegativity concept,46 however, no
clear picture has been reported yet.

The electronic structure characterization of ceria and
ceria-supported TM particles is a challenge for den-
sity functional theory (DFT) calculations,31 as local
or semilocal (gradient corrected) exchange-correlation
(XC) functionals are not capable to take into account
the localized nature of the Ce f -states. Plain DFT
yields a metallic solution for bulk Ce2O3 and reduced
CeO2(111) surface.31 Therefore, DFT corrected for on-
site Coulomb interactions with a Hubbard U parameter,
DFT+U,11–16,18,22,26,28,31,32,47,48 or including the nonlocal
hybrid XC functional,29,31,35,48 has to be applied. Several
DFT investigations have been reported on the adsorption
of single TM atoms on CeO2(111), e.g., Cu,11,12,49 Rh,14,15

Pd,14,16,18 Ag,11,12 Pt,14,22,48 and Au.11,12,26,27,47,50 Szabova
et al. suggested that instead of the nucleation of Cu par-
ticles at the surface O vacancies, in oxidizing conditions,

there is a formation of oxide-like CuO4 motifs. Further-
more, Lu et al.14 found out that Rh adatoms bind stronger
to the CeO2(111) surface than Pd and Pt adatoms, which
was recently explained by Piotrowski et al.13 based on
the nature of the Rh−O binding. In addition to that, it
was found that Rh atoms have a preference to occupy
Ce vacancy sites instead of O vacancy sites,15 which is
expected as Rh can form strong bonds with O atoms and
not with Ce atoms, as was also observed for Au.26

The study of TM clusters supported on the re-
duced or unreduced CeO2(111) surface have been re-
stricted mainly to small TMn clusters, namely, Cu4,13

Cumonolayer,
49 Ru4,13 Rh4,13,14 Pd4,13,14,18 Ag4,13 Ag5,21

Os4,13 Ir4,13 Pt4,13,14 Pt8,23 Au1-11,27 Au3,27,28 Au4,13,27

and Au13.51 From those studies, it was found that Cu4,
Pd4, Ag4, Pt4, and Au4 clusters form 3D tetrahedron
structures on CeO2(111),13,14 while Ru4, Rh4, Os4, and
Ir4 clusters form two-dimensional (2D) zig-zag arrays on
the CeO2(111)-(2×2) substrate. It was shown that the for-
mation of the 3D and 2D configurations depends on the
strength of the TM−TM and TM−O interactions, which
was discussed based on the occupation of the bonding
and antibonding TM d-states and the hybridization with
the O p-states. An increase in the size of the TMn clus-
ters, namely for Ptn and Aun, increases the size of the 3D
conformations, which is expected. Zhang et al.27 found
that the Au atoms (Au11-layer) in direct contact with the
topmost O atoms are positively charged, which can be
explained by the charge transfer concept. As mentioned
above, TM particles supported on CeO2(111) indicate
change in the oxidation state of few Ce atoms from CeIV

to CeIII, which has been attributed to the charge transfer
from TM atoms to the ceria surface,13,17,21,52 however, no
clear mechanism for that has been presented.

Most of the theoretical studies reported for
TMn/CeO2(111) focused on single TM adatoms or small
clusters composed by few atoms. For example, to our
knowledge, only two of those studies have considered
clusters of more than 10 TM atoms on ceria surfaces.
Moreover, despite the suggestion about the main role of
charge transfer between the TM and ceria surface played
in the change of Ce oxidation state, there is no report
that accounts for an atomistic mechanism for that. To
improve our understanding of the interaction of TM clus-
ters with the CeO2(111) surface, in this study, we report a
theoretical investigation of 13-atom TM clusters53,54 (TM
=Pd, Ag, Pt, Au) supported on the unreduced CeO2(111)
surface based on DFT+U calculations employing a large
(4×4) CeO2(111) surface unit cell. In addition, in our
work, we explain the mechanism of the charge transfer
in the Ce oxidation states due to the adsorption of these
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larger TM clusters on CeO2(111) based on Bader charge
concept.

2 Theoretical approach and computational
details

2.1 Total energy calculations

Our total energy calculations are based on spin-polarized
DFT55,56 within the Perdew-Burke-Ernzerhof57 (PBE)
formulation of the generalized gradient approximation
(GGA) as implemented in the Vienna ab-initio simula-
tion package (VASP).58,59 In order to correctly describe
the itinerant or localized behavior of the Ce f -states, it
is important to account for the strong on-site Coulomb
correlations.13,31,32,35,60,61 Therefore, in this work all ce-
ria systems were described by using DFT-PBE within a
Hubbard correction term U (DFT+U). We applied the
rotationally invariant approach proposed by Dudarev
et al.62 with an effective Hubbard parameter of 4.50 eV,
which is the difference between the Coulomb, U, and
exchange, J, parameters (Ueff = U − J). Among sev-
eral values of the Ueff parameter applied previously31,63

the Ueff of 4.50 eV was found to be appropriate for sys-
tems containing cerium atoms.13,35,61 It yields results sim-
ilar to those obtained from hybrid-DFT with the Heyd-
Scuseria-Ernzerhof64 (HSE) functional for the unreduced
and reduced CeO2(111) surfaces.35 In contrast with ceria-
based systems, plain DFT can yields a good description
of TM clusters.65

The electron-ion interactions were represented by pro-
jector augmented wave (PAW) potentials66,67 provided
within VASP. The following electronic states were con-
sidered as valence, 5s14d9, 6s15d10, 6s15d9, 6s15d10, 2s22p4,
4 f 15s25p65d16s2, for Pd, Ag, Pt, Au, O, and Ce, respec-
tively. The Kohn-Sham states were expanded in the
plane wave basis with a cutoff energy of 466.46 eV ap-
plied for all total energy calculations. To model the
TM13/CeO2(111) systems, we employed a hexagonal 4×4
surface unit cell (a = 15.30 Å) within the repeated slab
geometry with six atomic layers separated by a vac-
uum region of about 16 Å. For those calculations, we
employed the theoretical CeO2 equilibrium lattice con-
stant,68 5.48 Å, which is slightly overestimated (0.07 Å)
compared with the experimental result (5.41 Å).30 The
TM13 clusters were adsorbed only on one side of the
slab. The positions of all atoms, except for the bottom
layer atoms (oxygen), were optimized. The gas-phase
TM13 clusters were simulated using a cubic box of 20 Å
size length.

For the total energy calculations, the Brillouin zone
integrations for the TM13 and TM13/CeO2(111) systems,

were performed using only the Γ-point due to the large
size of the unit cells, however, a (2×2×1) Monkhorst-Pack
(MP) k-point grid was used for the density of states calcu-
lations. The total energy calculations for the bulk CeO2
structure (cubic fluorite phase) were performed using a
10×10×10 MP k-point grid. For TM13 clusters and bulk
CeO2 calculations, we employed a Gaussian smearing
parameter, σ, of 0.01 eV, whereas for TM13/CeO2(111), it
was increased to 0.10 eV to improve the electronic con-
vergence of the calculations. For all calculations, we op-
timized the atomic forces until the forces on each atom
were smaller than 0.025 eV/Å, with a total energy conver-
gence of 1.0 × 10−5 eV. To obtain a better understanding
of the charge transfer among the chemical species, we
calculated the Bader charge69 on every atom, which re-
quired a high density Fast Fourier Transform (FFT) grid
in VASP (three times larger).

2.2 Atomic structure generation

To identify a set of reliable model structures (lowest
energy configurations) for the TM13/CeO2(111) systems
(TM = Pd, Ag, Pt, Au), we carried out the following pro-
cedure. We selected 13-atom clusters as this particular
size has high stability among several TM systems.53,54,70

(I) First, we obtained a reliable set of atomic configura-
tions for the TM13 clusters from our previous DFT-PBE
studies (about 60 configurations for each system),53,71

which were obtained using ab-initio knowledge based
on structural principles and are discussed elsewhere.53

All those configurations were reoptimized using a cutoff
energy of 466.46 eV. (II) For TM13/CeO2(111), ab-initio
molecular dynamics (MD) simulation was performed,
using an energy cutoff of 300 eV for about 30 ps, for an
initial temperature of 2000 K, which was decreased grad-
ually down to about 0 K. For that, we considered packed
and planar TM13 configurations supported on CeO2(111).
For that, only the clusters and the two topmost sur-
face layers were allowed to relax along the simulation.
(III) We selected about 18 atomic configurations equally
spaced along the MD simulation, which were optimized
using the conjugated gradient algorithm as implemented
in VASP. (IV) The obtained lowest energy configurations
of TM13/CeO2(111) were subsequently used for crossover
calculations among the different TM13/CeO2 systems.

3 Results

3.1 Gas phase TM13 clusters

The putative lowest energy structure and a selected high
energy isomer for the TM13 clusters are shown in Fig-
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Pd13 Ag13 Pt13 Au13

0.17

0.00

0.22

0.00 0.00 0.00

0.220.33

Fig. 1 The lowest energy (lower row) and selected high energy
(upper row) configurations of the TM13 clusters in gas-phase.
The relative total energy per cluster (in eV) are indicated.

ure 1. The relative total energies (∆Etot = E
Config-i
tot −

Elowest
tot ), effective coordination number (ECN) in num-

ber of nearest neighbors (NNN),72–74 average weighted
bond length (dav), binding energy per atom (Eb), and to-
tal magnetic moment (mT) are summarized in Table 1.
Furthermore, the ∆Etot results for all configurations are
reported in the supporting information. As discussed
previously,53 instead of the compact 13-atom icosahe-
dron (ICO) structure with ECN = 6.46, the Pd13, Ag13,
Pt13, and Au13 clusters adopt structures with ECN from
3.78 (Au13) to 5.66 (Ag13), which are −0.27, −1.26, −3.43,
and −1.78 eV/cluster lower in energy than ICO, respec-
tively. As expected from the occupation of the bonding
and antibonding states in the TM13 clusters,53 we ob-
tained shorter bond lengths for Pd13 and Pt13 due to the
partial occupation of the d-states, while they are larger
for Ag13 and Au13 due to the occupation of the antibond-

Table 1 Structural, energetic, and magnetic properties of the
TM13 clusters. Relative total energy per cluster (∆Etot),
effective coordination number (ECN) in number of nearest
neighbors (NNN), average weighted bond lengths (dav),
binding energy per atom (Eb), and total magnetic moment
(mT).

TM13 ∆Etot ECN dav Eb mT

(eV) (NNN) (Å) (eV) (µB)
Pd 0.17 5.37 2.67 −2.20 6

0.00 5.65 2.67 −2.37 8
Ag 0.22 5.05 2.81 −1.45 1

0.00 5.66 2.83 −1.67 1
Pt 0.33 4.36 2.59 −3.46 0

0.00 4.28 2.58 −3.79 2
Au 0.22 4.97 2.78 −1.91 1

0.00 3.78 2.68 −2.13 1
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Fig. 2 Relative total energies with respect to the lowest energy
structure for all model TM13/CeO2(111) structures considered
in this work. The structures indicated by label are shown in
Figure 3.

ing d-states, and hence, the binding energy follows the
same trend, Table 1. For Au13, the ground state is a
2D structure, however, its first high energy isomer is a
3D structure, which becomes the ground state structure
upon the addition of spin-orbit coupling for the valence
states.53 We found that magnetic moments for all the low-
est energy clusters are larger for Pd13 (mT = 8 µB) due to
the stronger localization of the 4d-states compared with
the 5d-states of Pt and Au.

3.2 TM13/CeO2(111)

To improve our understanding of the interaction of TM13
clusters with CeO2(111), we performed several analy-
ses. The results are shown in Figures 2 (relative energy
trends), 3 (lowest energy configurations), and 4 (density
of states), Tables 2 (geometric parameters) and 3 (Bader
charges). In agreement with previous DFT+U calcula-
tions,13,35,44,75 we found that all the Ce atoms are in the
oxidation state IV in the unreduced CeO2(111) surface,
the Ce f -states show an itinerant behavior, and small in-
terlayer relaxations are observed for the topmost surface
layer (∆dO−Ce = 1.39 %) due to the strong stability of the
CeO2 lattice (Coulomb interactions among the ions).
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3.2.1 Relative total energies Despite the geomet-
ric similarity among the model structures calculated for
the Pd13, Ag13, Pt13, and Au13 clusters supported on
CeO2(111), we found that the relative total energy spans
over the energy window of 4.20, 3.11, 5.62, and 3.31 eV,
respectively, Figure 2, which corresponds to the energy
difference between 3D and 2D structures. The smallest
energy range occurs for the TM13 systems with a com-
plete occupation of the bonding and antibonding d-states
(Ag, Au), which is consistent with previous results for
gas-phase and supported TM clusters.13,53

3.2.2 Atomic structures In the lowest energy con-
figuration (A1, B1, C1, D1), the TM13 clusters form
3D pyramidal-like compact structures on CeO2(111), in
which eight TM atoms are in direct interaction with the
oxygen terminated CeO2(111) surface. The TM8 atoms
form a hexagonal-like base, which can be attributed to
the hexagonal symmetry of the surface layers and to the
tendency of the TM atoms to form compact structures.
Four TM atoms are located on the hollow sites on the
8-atoms layer, and the last TM atom is located on the hol-
low site formed by the second 4-atom layer, which can
be seen in Figure 3. That is, we obtained the following
stacking, TM/TM4/TM8/CeO2(111), for all studied sys-
tems. We would like to stress that this particular config-
uration was not provided as input, i.e., the pyramidal-
like structures are formed from high-temperature MD
simulation starting even from a 2D configuration.

In the highest energy configurations (A4, B4, C4, D4),
all the 13-atom clusters form 2D structures on CeO2(111),
which are 4.20, 3.11, 5.62, and 3.31 eV higher in energy
than the 3D pyramidal-like structure for Pd13, Ag13, Pt13,
and Au13, respectively. Thus, at first sight, we would
conclude that the Pd13 and Pt13 clusters have a stronger
preference for 3D structures, however, this is in contrast
with our analysis taken into account the magnitude of the
binding energy among the TM atoms. For example, the
ratio between the relative total energy (∆Etot) and cluster
binding energy (Eb) is nearly the same for Pd13 and Ag13
(i.e., 1.77 and 1.86) and for Pt13 and Au13 (i.e., 1.48 and
1.55). Thus, it indicates a stronger preference of 3D struc-
tures for Pd13 and Ag13 supported on CeO2(111) than for
Pt13 and Au13, which is consistent with the smaller ECN
results obtained for Pt13 and Au13 in gas-phase.

The pyramidal-like structure is far away from the low-
est energy gas-phase TM13 structures, Figure 1. For ex-
ample, we found a decrease in the ECN of Pd13 and Ag13
on CeO2(111) by 9.38 and 10.60 % compared with gas-
phase clusters, while it increased by 17.52 and 28.31 % for
Pt13 and Au13, respectively. However, we found small
changes in the average TM−TM bond lengths, which in-

creases from 0.02 Å for Pd13 and Ag13 to 0.09-0.14 Å for
Pt13 and Au13, which indicates that the TM−TM bonds
are not strongly affected by the substrate.

3.2.3 The role of the Ce oxidation states in the
strain release The TM13–CeO2(111) interaction induces
a change in the oxidation state of few Ce atoms located in
the topmost Ce layer from CeIV to CeIII, which is in agree-
ment with previous results,11–13,15,17,21,23,25,52 and can be
identified by the local magnetic moments and localiza-
tion of the Ce f -states (density of states). For example,
CeIV has a zero local magnetic moment, while it increases
up to 1 µB for CeIII cations due to the Ce f -localization.
The differences in the localization of the f -states affect the
electronic screening, and hence, the size of the atomic ra-
dius of the Ce cations (0.97 Å for CeIV, and 1.14 Å for
CeIII).37

For all TM13/CeO2(111) configurations, the CeIII are
located in the topmost Ce layer (dark green atoms in
Figure 3), and hence, there is a compressive strain built-in
in this layer. Thus, relaxations should occur to release the
strain energy, however, due to the constraint imposed by
the slab (xy-plane), deformations can occur only within
the xy-plane and perpendicular to the xy-plane. Thus,
there is a decreasing in the in-plane distance between the
CeIV atoms, which contributes to increase of the distance
between the CeIV and CeIII atoms. Furthermore, as a
consequence of the Ce oxidation state change, there is
an increase in the Ce−O bond lengths. For example, the
CeIV−O bond lengths are smaller (2.35 Å to 2.36 Å) than
those between CeIII−O (2.47 Å).

3.2.4 Location of the CeIII atoms Although the TM
atoms play a key role in the change of the oxidation
state, the CeIII atoms are not located directly below the
TM atoms for all configurations. For example, in the
lowest energy configurations, the CeIII atoms are located
in the vicinity of the TM13 clusters, however, at high en-
ergy configurations, the CeIII atoms can be located below
the cluster, which is the case for the 2D configurations.
The location of the CeIII atoms have two origins, namely,
surface distortions and the charge transfer between the
TM and O atoms. Furthermore, we would like to point
out that only few Ce atoms change their oxidation state,
namely, 18.75 % (3 in 16 Ce atoms in the topmost surface
layer). This finding differs from our previous work13

on the TM4/CeO2(111) systems where, depending on the
TM element, the number of Ce atoms in the CeIII oxida-
tion state increases from 25 % to 50 %, for Pd4, Pt4 and
Ag4, Au4 clusters, respectively, which can be explained
by the smaller size of the unit cell than that applied in
the present work.
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3.2.5 Adsorption energy To obtain a better under-
standing of the interaction of TM13 with CeO2(111), we

calculated the adsorption energy, Ead, using the follow-
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Table 2 Structural, energetic, and magnetic properties of the lowest energy TM13/CeO2(111) configurations. Effective
coordination number (ECN) of pyramidal TM13 clusters supported on CeO2(111) in number of nearest neighbors (NNN), average
weighted bond length distances (dTM−TM, dO−TM, dCeIV−O, and dCeIII−O), interlayer spacing relaxations (∆d12 and ∆d23), adsorption
binding energy of the TM13 cluster, calculated with respect to the energy of a gas-phase cluster (Ecluster

ad ) and with respect to the
TM13 layer (Elayer

ad ), and the total magnetic moment (mT).

TM13 ECN dTM−TM dO−TM dCeIV−O dCeIII−O ∆d12 ∆d23 Ecluster
ad E

layer
ad mT

(NNN) (Å) (Å) (Å) (Å) (%) (%) (eV) (eV) (µB)
Pd 5.12 2.69 2.07 2.36 2.47 11.89 2.30 −6.24 −10.47 5.15
Ag 5.06 2.85 2.22 2.35 2.47 11.57 2.36 −4.84 −9.11 3.00
Pt 5.03 2.67 2.05 2.35 2.47 13.36 1.96 −7.29 −13.06 4.59
Au 4.85 2.82 2.15 2.35 2.47 9.98 2.22 −4.35 −9.34 3.00

ing equation,

Ead = E
TM13/CeO2(111)
tot − E

CeO2(111)
tot − E

TM13
tot , (1)

where E
TM13/CeO2(111)
tot is the total energy of the lowest en-

ergy TM13/CeO2(111) configuration, E
CeO2(111)
tot and E

TM13
tot

are the total energies of the lowest energy structure for
the clean CeO2(111) surface and TM13 clusters, respec-
tively. For the adsorption energy with respect to the
gas-phase TM13 clusters, we computed Ecluster

ad , using the
total energy of the TM13 clusters in gas-phase. How-
ever, as mentioned above, the atomic structure of the
supported TM13 clusters is different from their respec-
tive gas-phase lowest energy structures. Therefore, to
take into account only the TM13–CeO2(111) interactions
without effects from the structure deformations, we cal-
culated the adsorption energy with respect to the TM13

layer, E
layer
ad , where E

TM13
tot is the total energy of 13-atom

clusters calculated using the same unit cell as for clean
surface and frozen atomic positions obtained from the
TM13/CeO2(111) system. Both adsorption energies are
summarized in Table 2.

We found that the absolute value of Ecluster
ad decreases

with the increased occupation of the d-states, from Pd
to Ag, and from Pt to Au, which is in agreement with
previous results obtained for TM4/CeO2(111),13 and it
can be explained by the interaction of the O p-states with
the occupied TM antibonding states for Ag and Au, and
the occupation of the antibonding d-states contributes to
decrease the adsorption energy. In comparison to single
TM atoms76 or TM4 clusters supported on CeO2(111),13

the adsorption energy, Ecluster
ad /atom, distinctly decreases

for larger cluster size, which can be explained by the
number of TM atoms that bind directly to the oxygen
surface, i.e., three TM atoms for TM4/CeO2(111) (75 %),
while there are only eight TM atoms for TM13/CeO2(111)
(62 %).

As expected from its definition, |Ecluster
ad | < |E

layer
ad |, how-

ever, the same trends are observed for both adsorption
energies, which shows that the structure relaxations do
not affect the trends. We found that the differences in the
adsorption energies (∆ad = Ecluster

ad − E
layer
ad ) range from

4.2 to nearly 5.0 eV, which indicates large deformations
in the TM13 and CeO2(111) systems. Using the total
energies employed to calculate E

layer
ad , we found an en-

ergy gain due to the relaxation of the CeO2(111) surface
upon removing the TM13 layers from 2.87 (Ag) to 3.81 eV
(Pt), which indicates a strong perturbation of the top-
most CeO2(111) layers due to the deformations of the
topmost layers to release the compressive strain gener-
ated by the change in the oxidation states of the Ce atoms
and the changes generated due to the interaction with the
TM atoms. The energy gain upon the relaxation of the
TM13 layers without the substrate varies from 0.75 (Ag)
to 1.63 eV (Au).

3.2.6 Charge transfer (Bader analysis) To obtain a
better understanding of a charge flow among the TM13
clusters and the CeO2(111) surface, we calculated the
charge transfer between the chemical species in the low-
est energy configurations using the Bader charge con-
cept.77,78 The average Bader charges, QB, for the TM13
clusters and topmost three layers (OL1−CeL2−OL3) are
summarized in Table 3, while the Bader charge for every
atom is reported in the supporting information. Here,
we defined the effective charge in number of electrons
(e) on every atom as Qeff = Zv − QB (Zv = 6 e, 10 e, 11 e,
12 e, 10 e and 11 e for O, Pd, Ag, Ce, Pt, and Au, respec-
tively), and hence, a negative or positive values for Qeff
indicate an anion or cation, respectively. Applying the
charge neutrality condition within the cluster and top-
most three layers, ∆Qeff =

∑

i(Zi
v −Qi

B), we obtained that
∆Qeff = 0.19 e, 0.22 e, −0.13 e and 0.15 e for Pd, Ag, Pt, and
Au on CeO2(111), respectively, which implies a maxi-
mum difference of about 3 × 10−3 e/atom. Thus, we can
conclude that almost 100 % of the charge transfer from
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Table 3 Average Bader charge, QB (in number of e), on
different atoms of the TM13/CeO2(111) systems. Here, TMtop,
TMmid, and TMbot indicate the TM atoms in the top, middle,
and bottom layer of the pyramidal TM13 cluster supported on
CeO2(111). The TMbot atoms (8-atom hexagonal layer) are
separated into two groups, namely, center atom, TMbot-c, and
border atoms, TMbot-b. The 16 Ce atoms in the topmost Ce
layer are separated into two groups, namely, CeIII and CeIV,
while the 16 O atoms in the topmost surface layer are
separated by OL1

CeTM (for O atoms bound to Ce and TM atoms)
and OL1

Ce (for O atoms which bind only to Ce atoms), while OL2
Ce

indicates the O atoms in the second O layer.

Atom Pd13 Ag13 Pt13 Au13
TMtop 10.08 11.01 10.22 11.16
TMmid 10.00 10.96 10.01 11.03
TMbot-b 9.88 10.86 9.90 10.88
TMbot-c 9.72 10.84 9.64 10.77
CeIII 9.86 9.96 9.87 9.86
CeIV 9.63 9.71 9.64 9.62
OL1

CeTM 7.13 7.13 7.10 7.13
OL1

Ce 7.21 7.15 7.21 7.20
OL2

Ce 7.21 7.17 7.22 7.21

the 13-atom clusters is located within the three topmost
CeO2(111) surface layers.

Due to the large difference in the electronegativity of
the Ce (1.12) and O (3.44) atoms,46 one may expect a large
charge transfer between the Ce and O atoms, which is

indeed supported by our results. For example, Q
CeIV

eff =

2.40 e and QO
eff = −1.20 e in the crystalline bulk CeO2

phase, which are nearly the same as in the topmost layers
of the clean CeO2(111) surface (i.e., 2.38 e and −1.20 e).
This indicates only a tiny perturbation in the effective
charge due to the surface and is consistent with the small
interlayer CeO2(111) relaxations.

For the TM atom in the topmost layer of the pyramidal
TM13 structure, QTM

eff = −0.08 e (Pd), −0.01 e (Ag), −0.22 e
(Pt), and −0.16 e (Au), which shows the differences in
the localization of the 4d- and 5d-states. However, the
effective charge is nearly zero for the TM atoms of the
second layer, namely, QTM

eff = 0.00 e (Pd), 0.04 e (Ag), 0.01 e
(Pt), and 0.03 e (Au), which indicates a bulk-like behavior.
For the third TM layer, which is in a direct contact with
the O atoms, the effective charge on the TM atoms is
positive due to the charge transfer from the TM atoms
to the CeO2(111) surface. This can be explained by the
electronegativity difference of the Pd (2.20), Ag (1.93),
Pt (2.28), Au (2.54) and O (3.44) atoms. We found an
effective charge transfer from the Pd13, Ag13, Pt13, and
Au13 clusters to the CeO2(111) surface of 1.04 e, 1.29 e,

0.80 e, and 0.79 e, respectively, which should affect the
effective charge on the O and Ce atoms.

The Bader charge of the O atoms that bind directly
to the TM and Ce atoms (8 atoms), OL1

CeTM, is decreased
compared with the clean CeO2(111) surface, while that
of the remaining eight O atoms is increased slightly
(i.e., nearly 0.01 e to 0.03 e per O atom). This can be
explained by the pressure exerted by the TM13 cluster on
the surface. Thus, we found that in comparison with the
clean CeO2(111) surface, the topmost O layer also looses
charge, on the average, 0.47 e, 0.95 e, 0.71 e and 0.55 e for
the Pd/Ce, Ag/Ce, Pt/Ce, and Au/Ce systems, respec-
tively. The effective charge in the Ce layer increases,
respectively by 0.92 e, 2.26 e, 1.08 e and 0.79 e compared
with the clean surface, while the changes in the second
O layer depend on the TM cluster. For example, the sec-
ond O layer gains 0.17 e, 0.33 e and 0.17 e for Pd, Pt, and
Au clusters while it decreases the charge by 0.47 e for
Ag13/CeO2(111).

The above trends can be explained as follows. Due
to the electronegativity differences between the Pd, Ag,
Pt, Au and O atoms, there is a charge transfer from the
TM clusters to the CeO2(111) surface, which will be ac-
cumulated in the O layers. The pressure induced by
the cluster decreases the charge on the O atoms below
the cluster and increases it for the remaining O atoms,
however, there is a net decrease in the total electronic
charge. Thus, due to the charge transfer from the TM to
the O atoms and the pressure induced by the TM clus-
ter, the charge cannot flow from the CeIV atoms to the O
atoms as in the case of a clean CeO2(111) surface, where
the cationic and anionic charges on the Ce and O atoms
are 2.38 e and −1.20 e, respectively. Thus, the effective
cationic Bader charge decreases for all Ce atoms, in par-
ticular, it decreases substantially (nearly by 0.25 e per Ce
atom) for few Ce atoms that have a bond with the O
atoms not located below the cluster (O atoms with the
largest ionic charges).

A small change in the effective charge (i.e., ∼0.05 e) of
the CeIV atoms is not enough to induce a change in the
nature of the Ce f -states, however, an effective change
of 0.25 e affects the behavior of the Ce f -states, namely,
from itinerant (CeIV) to localized (CeIII). For the four TM
systems, the number of CeIII atoms is the same in the
lowest energy configurations, however, there are small
differences in the magnitude of the charge transfer from
TM clusters to the surface, which indicates that the strain
build-in by the large size of the CeIII atoms compared
with CeIV might play a crucial role.

3.2.7 Electronic structure To obtain a better under-
standing of the electronic properties, we calculated the
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Fig. 4 Atom resolved local density of states (LDOS) for the
TM13/CeO2(111) systems in the lowest energy configuration
for each system. For comparison the uppermost panel shows
the LDOS of the clean CeO2(111) surface. The vertical dashed
line (black) indicate the Fermi level.

atom resolved local density of states (LDOS), which was
averaged for the TM, O, CeIII, and CeIV atoms located in
the TM13 clusters and two topmost surface layers. The
results are shown in Figure 4. As expected, for the clean
CeO2(111) surface, in the energy range from −8.0 eV to
the Fermi level (zero energy), the valence band is dom-

inated by O p-states derived from the O 2p and CeIV

d-states (bottom of the valence band, derived from Ce
5d-states) and itinerant Ce f -states (top of the valence
band, derived from Ce 4 f -states). The center of grav-
ity of the peak of the remaining unoccupied Ce states
is located at about 2.5 eV above the Fermi level, with a
bandwidth of about 1.0 eV, and an energy separation of
about 2.0 eV between the occupied and unoccupied Ce
f -states.

As mentioned above, the adsorption of the TM13 clus-
ters changes the oxidation state of few Ce atoms on
CeO2(111) from IV (itinerant) to III (localized), which
implies a narrow bandwidth for the localized Ce f -states
(located near to the Fermi energy), while the itinerant Ce
f -states have a wide bandwidth as in the clean CeO2(111)
surface and start at about 1.0 eV to 2.0 eV below the lo-
calized states. Thus, it results that the localization of the
Ce f -states creates an energy gap in the valence band
between the localized and the itinerant Ce states. Fur-
thermore, the O p-states near to the Fermi level is al-
most negligible, and hence, we expect a small (large)
hybridization between the O p-states and the localized
(itinerant) Ce f -states. The unoccupied f -states derived
from the CeIV atoms are located 1.0 eV above the Fermi
energy, while the unoccupied f -states derived from the
CeIII start at about 4.0 eV above the Fermi level. That
is, compared with the CeIV cations, the localization of
one of the Ce f -states, which is occupied by nearly one
electron, increases the split between the occupied and
unoccupied f -states associated with that particular CeIII

cation. We would like to mention that the exact position
of the unoccupied Ce f -states derived from CeIII ions
depend on the magnitude of the effective Hubbard U
parameter, namely, Ueff.

As expected, the DOS associated with the TM atoms is
dominated by the TM d-states, and the main difference
is only at the Fermi level. The Pd/Ce and Pt/Ce sys-
tems have a small DOS contribution at the Fermi level,
which decreases to zero for the Ag/Ce and Au/Ce sys-
tems. However, the Au d-states spread over a wider
range compared with Ag d-states. Furthermore, one can
notice that the Pd and Pt d-states spread over a wider en-
ergy range than the Ag and Au d-states with a tail above
the Fermi level, which can explain the stronger binding
of the Pd and Pt atoms to the surface and large charge
transfer between Pd, Pt and O atoms.

To obtain further insights from the electronic
TM13/CeO2(111) states, we calculated the center of grav-
ity of the occupied TM d-states with respect to the Fermi
level, ǫd, which correlates with the magnitude of the ad-
sorption energy of small chemical species on the TM sys-
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Table 4 Center of gravity of the occupied d-states for the
gas-phase TM13 clusters, frozen TM13 clusters (without
CeO2(111) substrate), TM13 clusters supported on CeO2(111),
compact TM(111) surface, and the bulk TM. ǫav

d
indicates the

average of the d-band center, while L1, L2, and L3 indicates
the first layer, second, and third layers in the pyramid-like
TM13 structures supported on CeO2(111), and first and second
layers in the TM(111) surfaces. All results are given in eV.

ǫav
d

ǫL1
d

ǫL2
d

ǫL3
d

Bulk Pd fcc −2.20
Pd(111) −1.86 −2.26
Gas-phase Pd13 −1.75
Pd13/CeO2(111) −1.96 −1.25 −1.90 −2.09
Frozen Pd13 −1.61 −1.41 −1.84 −1.53

Bulk Ag fcc −4.19
Ag(111) −4.00 −4.23
Gas-phase Ag13 −3.90
Ag13/CeO2(111) −3.84 −3.70 −3.89 −3.84
Frozen Ag13 −4.07 −4.35 −4.22 −3.96

Bulk Pt fcc −3.02
Pt(111) −2.47 −3.01
Gas-phase Pt13 −2.49
Pt13/CeO2(111) −2.52 −1.66 −2.43 −2.68
Frozen Pt13 −2.14 −2.06 −2.41 −2.02

Bulk Au fcc −3.76
Au(111) −3.31 −3.67
Gas-Phase Au13 −2.36
Au13/CeO2(111) −3.32 −3.09 −3.30 −3.35
Frozen Au13 −3.05 −3.37 −3.23 −2.91

tems.79,80 Furthermore, for comparison, we calculated
also the d-band center for the bulk, gas-phase TM13 clus-
ters, frozen TM13 clusters (without CeO2(111) substrate)
and the TM(111) surfaces. For TM(111), we employed
our previous surface results.81–83 All results are summa-
rized in Table 4.

As expected, we found that a reduction in the coor-
dination of the TM atoms shift the center of d-states to-
wards the Fermi level, which can be seen for all systems
compared with their respective bulk phase and compact
clean surfaces. For example, the topmost TM atom in
the pyramidal-like structure has the lowest coordina-
tion, and hence, we observed a strong shift towards the
Fermi level, however, the magnitude of the shift depends
strongly on the chemical species. For Pd and Pt, it is
nearly 1.0 eV, while is about 0.30 eV for Ag and Au. Fur-
thermore, the center of gravity for the TM8 layer, which
is in contact with the CeO2(111) surface, are nearly to
the values observed for the compact surfaces. Thus,

although the TM atoms are in direct contact with the
O topmost surface layer and charge transfer take place
from TM8 to the surface, the effect on the d-states is not
strong as the reduction in the coordination. From the
present results, we can conclude that a wide range of
values for the center of gravity can be observed for large
TM particles supported on CeO2(111), which can play a
crucial role in chemical reactions.

4 Summary

In this work, we reported a DFT+U investigation of the
interaction of 13-atom clusters (Pd13, Ag13, Pt13, Au13)
with the unreduced CeO2(111) surface employing a (4×4)
surface unit cell, which is important to account for the
strain built-in in the topmost surface layers. Our model
structures were based on ab-initio MD simulations start-
ing from 2D to 3D 13-atom configurations supported on
the CeO2(111) surface. In the lowest energy configura-
tions, we found that the TM13 clusters form pyramid-like
structures on CeO2(111) with the following stacking se-
quence, TM/TM4/TM8/CeO2(111), i.e., eigth TM atoms
interact directly with the O-terminated CeO2(111), four
of them are located in the hollow sites formed by the
8-atom layer, and the remaining TM atom is located on
top of the second layer (hollow). Thus, compared with
the gas-phase TM13 clusters, the ECN value decreases
for Pd13 and Ag13, and increases for Pt13 and Au13, as
Ptn and Aun clusters have a strong preference for nearly
2D configurations in gas-phase. The high energy con-
figurations form 2D layered structures, which indicates
that those structures can be observed only at very high
temperatures.

As expected from previous studies, we found that the
adsorption of TM13 clusters on CeO2(111) changes the
oxidation state of few Ce atoms (3 of 16) from CeIV (Ce
f -states are itinerant) to CeIII (Ce f -states are localized),
which are located in the topmost Ce layer. The differ-
ences in the localization of the f -states affect the elec-
tronic screening, and hence, the size of the atomic radius
of the Ce cations (0.97 Å for CeIV and 1.14 Å for CeIII),
which was verified by the Ce−O bond lengths, i.e., larger
for CeIII−O. Thus, there is a compressive strain built-in in
the topmost Ce layer, which is released by decreasing the
distance between the CeIV atoms in-plane and by increas-
ing the distance between the CeIV and CeIII atoms. In the
lowest energy configurations, the CeIII atoms are located
in the vicinity of the TM13 clusters, however, at high en-
ergy configurations, the CeIII atoms can be located below
the cluster, which is the case for the 2D configurations.

Based on the Bader charge concept and above analy-
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ses, we can explain the change in the Ce oxidation states
due to the adsorption of TM13 clusters on CeO2(111) as
follows. There is a charge flow mainly from the TM8
layer to the surface, in particular, to the topmost O layer,
which can be explained by the electronegativity differ-
ence between the Pd, Ag, Pt, Au) and O atoms, however,
the charge is not uniformly distributed on the O layer
due to the pressure induced by the cluster on the under-
lying ions and it modifies the electron density (strong
TM−O bonding), which yields a decreasing in the ionic
charge of the O ions below the cluster and an increasing
in the remaining O ions. Due to the charge flow from
the TM8-layer to the topmost O layer, the charge cannot
flow from the CeIV atoms to the O atoms located in the
topmost layer with the same magnitude as in the clean
CeO2(111) surface (2.38 e for Ce and −1.20 e for O). Con-
sequently, the effective cationic charge decreases mainly
for few Ce atoms (3 in 16 using a (4×4) surface unit cell)
that have a bond with the O atoms not located below the
cluster (nearly 0.25 e per Ce atom), and hence, those Ce
atoms change their oxidation state from IV to III.

The TM atoms have an electronegativity smaller than
O, and the binding of TM atoms with O atom is relatively
stronger, which plays an important role in the pressure
induced by the clusters on O ions located below the clus-
ter. Thus, the present explanation is general and it can
be applied to explain the interaction of TM particles with
CeO2 oxides.
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