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Abstract

Gold-supported ceria nanoparticles

(CeOx/Au), an inverse system with respect to

more common  ceria-supported  gold

o)

diffusion-assisted M-vK
Ce,(0,4/Au(111)

nanoparticles, were previously identified as

an excellent catalyst for water-gas shift
reaction, CO and NO oxidation, and steam
reforming of methanol. However, electronic

structure and reactivity of such inverse .
+8ps

catalysts has not been well understood. To T
O diffusion

probe the inherent nanoparticle-support

interactions and the mechanism of catalytic CO oxidation, ab initio molecular dynamics (AIMD)
simulations and static DFT computations have been carried out on Au(111)-supported ceria
clusters (Ce10020/19), a prototype model system of an inverse CeOx/Au catalyst. We have identified
the perimeter of the supported ceria nanoparticle as the most favorable O vacancy formation site;
however, the O vacancy further migrates to an inner interface site during the thermalization process,
simultaneously triggering electron transfer from ceria to Au. Our study shows that the Au(111)
surface always withdraws electron density from ceria, irrespective of the chemical environment,
namely, reducing (Ce10019), neutral (Ce10020), or oxidizing (presence of surface O) environment.
To mimic the realistic catalytic environment, CO and O were at the same time pre-adsorbed on
the surface of the composite catalyst. We find a vacancy diffusion-assisted Mars-van-Krevelen
type of reaction mechanism, in which the first CO molecule reacts with the lattice O atom of ceria
rather than with the activated O,> species forming CO- and leaving one O vacancy behind. This
vacancy becomes subsequently refilled by the O atom diffused from the site of O, reaction with
the second CO molecule, recovering the complete framework of the Ce0O19 and closing the
catalytic cycle. Finally, we discuss the differences and similarities between ceria/Au and Auy/ceria
with respect to such chemical and physical phenomena as the surface dynamics, charge transfer

between the gold and the oxide phases, and the mechanism of CO oxidation.






Introduction

Ligand-functionalized and oxide-supported gold nanoparticles have been intensively studied in
catalytic science over the past three decades, and considerable progress has been achieved in
understanding the underlying catalytic mechanisms.!”” In contrast, the mechanistic understanding
of catalytic processes ocurring on nanoporous gold (np-Au), a three-dimensional nanoporous
material, is still far less developed, even though high activities and selectivities have been observed
in (partial) oxidation reactions.®!? Theoretical studies have been debating on the mechanism of
such reactions with dioxygen on np-Au, especially on the role of under-coordinated surface atoms
and impurities of a less noble metal (usually silver) left over from the preparation of npAu, which
is obtained by selective leaching this less noble metal out of a corresponding Au alloy.!*'® Whereas
most studies suggest a significant participation of the second metal (Ag) in the activation of Oz on
the surface of npAu, some studies also suggest a possible role of chemisorbed oxygen on Au sites

17.19 or as a driving force for Ag segregation to the surface.!>2* The

in facilitating O dissociation,
remarkable catalytic activity and high selectivity of nanoporous gold render this material
interesting for a variety of practically interesting reactions ranging from CO oxidation to more
complex organic transformations.?!** However, an possible limitation when envisioning a use of
npAu in commercial catalysis is the limited thermodynamic stability resulting from the nanosize
of its ligaments in the range of a few 10 nm and its therefore high surface energy. In particular,
adsorbed species may trigger surface diffusion and restructuring, thus leading to coarsening of its
nanoporous structure.” 12528 In other case, the dioxygen atomsphere can increase the stablity of

np-Au.* Our recent theoretical studies'® 13

predicted adsorbate-induced surface restructuring
through —(O—Au)— chain formation on np-Au after the adsorption of O atoms. Importantly,
formation of similar oxygen chain structures was computationally predicted to be favorable on the
Au(111),*" Au(110),>>* and AgAu(211)!” surfaces. The oxygen-driven surface evolution and the
enhancing role for a Ag segregation to the surface of ligaments in nanoporous gold have been
revealed in our previous study based on Ab Initio Molecular Dynamics simulations (AIMD).!3

To reduce thermal and possible reaction-induced coarsening of npAu, deposition of nano-
sized oxide particles (TiO2 or CeO.) has been proven to be an opportunity to drastically improve

the thermal stability of the material and at the same time to increase its catalytic activity.?> 3437



The TiO; and CeO; nano-particles supported on Au(111) and on np-Au have been found to be
effective catalysts for the CO oxidation and NO reduction,3* 3¢ 339 water-gas shift reaction®* 36 40-
42 and steam reforming of methanol.*’

To the best of our knowledge, theoretical studies on gold catalysts functionlized with nano-
metallic-oxides (the inverse systems with respect to oxide-supported Au nanoparticles) are rare (in
fact, we are aware of only one work* that dealt with O vacancy formation for such ceria/gold
system) so that mechanistic details of oxidation reactions on such inverse catalysts still remain
unclear. For the oxide supported Au nanoparticle catalysts, it is generally recognized that the Au—
oxide interfacial perimeter plays an important role.*->° The reactivity of such two-component
catalysts is affected by the structural and electronic properties of Au particles, the interaction
between the support and Au particles, and adsorbates. As a well-studied example, ceria (CeO-) has
been found to be an effective support for nanoparticulate gold catalysts; the high catalytic activity
has been attributed to the easy formation of oxygen defects, the high oxygen storage capacity of
ceria, and the facile acceptance/release of excess electrons.’!? Various studies have identified
interface sites between the ceria support and the deposited gold particles to play vital role for
adsorpiton and activation in the catalytic reactions.’>>® As for the dynamics of such catalyst, the
environmental transmission electron microscopy analyses® revealed that gold nanoparticles on
CeO: support change their shapes at the interfacial area in response to alternating oxidizing and
reducing atmospheres.

The TiO2 and CeO:> supported Au nano-particles have been widely and well studied with
respect to many aspects including catalytic properties and pertinent mechanistic details, chemistry
and physics of the interface, charge transfer.** 47- 3762 In addition to experimental studies, also
theoretical studies have been carried out mainly at the density functional theory (DFT) level,
revealing electronic structures, interfacial dynamics during catalytic processes, even predicting the
dynamics of Au single-atom catalysis mechanism on ceria.*’”- 37 Whereas bulk gold is notoriously
inert, reducible-oxide particles supported on Au surfaces demonstrated remarkable catalytic
activity and high selectivity, as mentioned above. It has been suggested that oxygen vacancies
(denoted Ov hereafter) in the oxide nanoparticles probably play a key role for the enhanced activity

observed for such catalysts.*! Among other oxides (such as titania and also binary oxides) cerium



oxide has been used to functionalize nanoporous gold and a high concentration of O vacancies was
inferred from studying the Ce*/Ce*" ratio with XPS for prepared catalyst.*!*** Another aspect
relevant for such inverse Au catalyst systems are electron transfer processes which are expected to
be different from oxide-deposited Au nanoparticles, since npAu exhibits a (bicontinous) porous
network so that it represents a conducting support. One can thus anticipate that gold-supported
oxide nanoparticles and oxide-supported gold catalysts might show different physical-chemical
behavior, interfacial dynamics, electronic structure and catalytic mechanisms in surface reactions.

In view of these fundamental questions, understanding the restructuring and dynamic
evolution of oxide nanostructures on gold surfaces becomes very intriguing and important for
elucidating the catalytic behavior of functionalized np-Au at the atomic scale. In this work, we use
theoretical models to reveal the structural and dynamic properties of Au supported CeO:
nanoparticle and to investigate the reaction mechanism and dynamics of oxidative catalysis on
such nanoparticles. In our models, a pyramidal Ce10020 cluster will be used to represent a ceria
nanoparticle. This nanoparticle is deposited on a flat Au(111) surface representing the model
system studied here will be used to represent the Au support because this simple surface can
already reflect the chemical nature of extended Au surfaces and can mimics the flat part of np-Au
ligaments, where (111) facets are dominant.® Neither the low-coordinated Au atoms (also abundant
on np-Au) nor impurities of a less noble metal (present in small amounts) are captured by this
simplified model; nevertheless, we argue that such a model is a reasonable starting approximation,
capturing the essential elements of the interaction of a massive Au body with a finite oxide
nanoparticle. The objectives of the present work are to determine the most favorable oxygen
vacancy formation sites at the supported CeO: nanoparticles, to characterize the structural
rearrangements and dynamics in the surface region associated with the dioxygen activation and
CO oxidation reaction. Furthermore, the electronic structure of CeO>/Au(111) system and defect
chemistry and physics during catalytic CO oxidation will be explored as well. Ab initio molecular
dynamics (AIMD) simulations have been carried out to provide deeper insight into such “inverse

catalyst” CeO2/Au(111) model system.
Computational Details

In this work, we applied a combination of ab initio molecular dynamics (AIMD) simulations and



standard (static) DFT computations to study surface and interface evolution and chemical reaction
(CO oxidation) on the gold-ceria bifunctional catalyst. The AIMD simulations allow us to explore
time-evolution of complex condensed-phase systems at a given temperature and to find low-energy
reaction pathways. The static DFT-based approach was used to compute activation barriers, which
are not directly available from AIMD.

We employed a p(5x5) unit cell of the regular Au(111) surface with a slab thickness of 5
atomic layers and ~24 A vacuum space separating the slab from its periodic image in the Z
direction. The bottom 2 layers of the slab were frozen while the top 3 layers were allowed to relax
without constraints. Ceria clusters of various size and shape have been investigated and compared.
We have chosen tetrahedral Ce 0020 as one of the stable ceria clusters of intermediate size for our

13-4 in combination with the Au(111) slab to construct the prototypical gold-supported oxide

mode
model system. The AIMD simulations were performed using the CP2K package.®® All initial
geometries that served as input for AIMD simulations were fully optimized to a local minimum by
means of electronic and geometric structure relaxations performed with CP2K. The computed
electronic properties of ceria are very sensitive to the Hubbard U-J value. We adopt the U-J value
of ~7 eV that was previously found to successfully predict the chemical and electronic properties
of Ce0,.*" The generalized-gradient approximation in the parameterization of Perdew, Burke, and
Ernzerhof (PBE)*-¢7 was used to compute the exchange-correlation energy. The choice of the PBE
functional is justified by its very good performance in describing bulk properties of transition
metals.®®% In view of various interacting adsorbates on the Au(111) surface, the long-range
interaction is none-negligible, thereby, dispersion interaction was considered in all calculations by
using empirical parameterized Grimme (D3) method.”® The valence electrons (5d'%6s' for Au,
4f155%5p%5d'6s? for Ce, 2s*2p* for O and 2s*2p* for C) were described using hybrid Gaussian and
plane-wave (GPW) basis sets,’! and the cutoff energy of 500 Rydberg for auxiliary plane-wave
basis sets was adopted in all computations. We employed special double- valence plus
polarization (DZVP) basis sets optimized to minimize basis set superposition errors.”> Core
electrons were described with scalar relativistic norm-conserving pseudopotentials.”® Brillouin
zone integration was performed with a reciprocal space mesh consisting of only the gamma point.

In the simulations, we used the Nose-Hoover thermostat (NVT) to sample from the canonical



ensemble.”* "> The relatively short time scales of AIMD (time step of 0.5 fs and a total time of a
simulation run of up to 30 ps) limit the sampling to only fast low-energy-barrier events. To rapidly
explore a large phase space volume of surface configurations, statistical sampling was performed
at an elevated temperature of 700 K. This strategy was previously successfully employed in a
number of AIMD studies.’” 7® The structures were relaxed until the force acting on each atom was
< 2x107% eV A™!. Transition states were predicted using the climbing image nudged-elastic-band

method (CI-NEB) with a convergence criterion of 0.05 eV/A.”’

Results and discussion

Structural dynamics and electronic structure of Au(111) supported ceria nanoparticles

The bulk gold is chemically inert, whereas the ceria nanostructures supported on Au(111) or on
np-Au exhibit remarkable catalytic activity, as discussed in the introduction. Therefore, one can
expect that ceria nanoparticles play an important role in generating catalytically active sites in the
CeO2/Au(111) catalytic system. Specifically, in ceria-functionalized np-Au, the oxide component
not only enhances the activity, but also directly contributes to the stability of the np-Au skeletal
framework.*!*? Therefore, understanding the structural dynamics, interfacial chemical-physical
interaction, vacancies formation, and electron transfer between the gold support and ceria
nanoparticles is essential for gaining a deeper insight into catalytic properties of such an inverse
catalyst. In this study, our realistic chemical model of Au(111)-supported ceria cluster (Ce10020 or
a reduced counterpart with one O vacancy, Ce10019) was computationally characterized, and the
structural dynamic evolution, formation of oxygen vacancies, and changes in electronic structure
have been investigated by using AIMD simulations and DFT static computations. Selected
trajectories (from O ps to 24 ps) of the simulated structural evolution of Ce10O20/Au(111) at 700 K
are shown in Fig. S1. The supported stoichiometric ceria nanocluster keeps its pyramidal shape on
the Au(111) surface during the thermodynamically driven evolution, revealing that the
nanoparticle is rigid and stable, which is consistent with TEM experimental observations.*! In this
respect, it i1s interesting to make a comparison to supported Au nanoparticles, for which

experimental and theoretical studies demonstrated that the Au nanoparticles are “melting” and



wetting ceria support.*’ The dynamic structure of Au-supported ceria nanoparticle is found to be
very different. In this work, the binding energy of Ce100O20 on Au(111) was computed at -2.28 eV.
The ceria nanoparticles supported on np-Au have been found to be rich in Oy defects;*! therefore,
exploring the defect chemistry of our supported ceria nanocluster can provide important insights
for understanding mechanism of catalytic reactions. Herein, we investigated the formation of Oy
defect sites at the ceria-gold interface and at various locations on the Ce19O2 cluster, as shown in
Fig. 1a. In a real catalytic system, oxygen vacancies are probably arise through deoxygenation, or
reduction reaction, such as CO + O — COa. For convenient discussion, the calculated vacancy
formation energies are referred to one half of the total energy of Oz molecule (instead of O atom)
plus the energy of the defected Ce10019/Au(111) system, as it has been widely adopted in previous
theoretical studies. The vacancy formation energies E(Ov) are calculated as follows
E(Ov) = E(Ce10020/Aul1l) —1/2E(02) — E(Ce10019/Aulll)

where the E(Cei0020/Aulll), and E(Ce10019/Aulll) are the DFT total energies of the none-
defective, and reduced models, respectively, and £(Oz) is the energy of the gas-phase Oz. There
are four different types of O vacancies determined by the symmetry of the Ce19O2o cluster and the
inequality of once facet due to its interaction with the Au(111) surface. The Oy formation energies
at different sites shown in Fig. 1a and designated as I, I, III, IV are 1.71, 2.13, 1.81,and 3.13 eV,
respectively. The most energetically preferred Ov defect formation site (I) with the lowest £(Ov)
is located at the interface (edge site of the Cei0O20 cluster) between the Ce19O20 cluster and the
Au(111) surface. Hence, our results suggest that the interfacial perimeter between ceria and Au
support should be the most probable place for Oy formation in Au-supported ceria catalysts at
current situation. The formation of two oxygen vacancies was considered as well, and the
computed formation energy of the second Ov at the perimeter was found larger than 4.5 eV, which
suggests that spontaneous formation of more than one defect per this particle size (by simple loss
of O) should be an event of low probability. In our theoretical chemical model, Ce10019/Au(111)
with one O vacancy, two resulting Ce*" centers generate a ratio of 20% Ce’* that is close to the
experimental XPS result.*! Assuming a perfect Au-supported ceria particle without defects,
removal of O atoms through deoxygenation reactions will most likely create Ov at the interfacial

site (I). Alternatively, a vacancy could also be generated at other sites (II/III/IV-Oy), e.g. if CO



react on top of the ceria particle and not at the gold-ceria interface. Eventually, the vacancy
migrates to site I releasing energy during thermalization and equilibration process. The computed
spin density of I-Ov with the spin population value of 1.84 ug is shown in Fig. 1¢. The spin density
implies that the Ov formation will leave two electrons to localize on two Ce sites forming Ce-41>
(Ce*") electronic configuration. We have also computed the low-spin state of the I-Oy structure
with two 4f electrons delocalized at the interface, the low-spin state lying higher in energy than

the localized spin state by 0.98 eV.

O, formation at interface between Ceria and Gold

Fig. 1 a). Computed Oy formation energy £(Ov) (in eV) at different sites of Ce10020. The most
energetically favorable site (I) is located at the interface between Ce10020 and Au(111). b)
Geometry of the Ce10O19 cluster with one O vacancy, ¢) Distribution of the spin density with a
spin population of 1.84 ug on two adjacent Ce atoms.

As mentioned above, we found that the Cei0O20 cluster on the gold surface is
thermodynamically stable as follows from the AIMD simulation during 24 ps at 700 K. Next, we
studied the structural dynamics and stability of the Au-supported reduced Cei10019 nanoparticle
with the Ov defect at the most favorable position I (at the gold ceria perimeter), which should help
us in understanding its catalytic properties. From the AIMD simulation, we found that Oy migrates
from the perimeter site I to the inner bottom site V of the Cei10019 nanoparticle after 1.2 ps of
thermodynamic evolution, as shown in Fig. 2. The computed vacancy formation energy is 0.97 eV

for site V. For comparison, E(Ov) = 1.73 eV in free Ce10020 for O removal at the same site; hence,
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interaction with the support reduces the O vacancy formation energy. Meanwhile, the spin density
vanishes (the spin population value changing from 1.84 to 0 ug) once Oy migration has been
completed (Fig. 2), implying an electron transfer promoted by the Oy migration. In order to
confirm the electron transfer and to reveal the fate of the two 4f electrons initially localized on two
Ce** centers (transfer to interior Au or delocalization on the interface or within the cluster), a
charge density difference analysis was carried out, as shown in Fig. 3a. The increase in charge
density at the gold-ceria interface indicates that the two 4f electrons become delocalized at the
interface between the Au(111) surface and ceria cluster (Ce10O19) after the oxygen vacancy
migration. A Bader charge population analysis shows that the Ce10O19 cluster transfers 1.52 e to
surface Au; the average charge obtained on interfacial Au atoms is 0.16 e. For a stoichiometric
Ce10020 cluster on Au(111), the charge polarization also exists and is shown in Fig. 3b, which also
implies a strong interaction between the gold support and ceria cluster. The charge transfer from
Ce10020 to surface Auis 0.50 e; each interfacial Au atom gains negative charge of 0.13 e, as derived
from Bader charge population analysis. Our study shows that in the inverse CeOx/Au catalyst the
charge transfer direction between gold and ceria is different from the Aun/ceria system, in which
charge transfer direction depends on the redox atmosphere.*’” The charge accumulation at the
interface can provide excess electrons to facilitate the adsorption and activation of the Oz molecule
in aerobic oxidation reactions. The structural dynamics and evolution of the Au-supported Ce10019
cluster with an oxygen vacancy located at the inner position V at the gold-ceria interface was
further evaluated via an AIMD simulation. From a snapshot of the AIMD simulation shown in Fig.
S2, we find that the reduced cluster with oxygen vacancy of type V is very stable. The ceria particle
is found to be rigid, as it maintains its original shape during the simulation. That is different from
the surface wetting by Au nanoparticles in the Aus/ceria system facilitated by charge transfer.5 4’
It is interesting to investigate whether the vacancy migration is reversible, i.e. whether O atoms on
the Au surface would spontaneously fill the vacancy. Therefore, we placed two O atoms near two
bottom corner Ce atoms and carried out an AIMD simulation at 700 K for 24 ps (Fig. S3). No O
atom diffusion to the inner O vacancy of type V was observed. By the end of the simulation, the

O vacancy was still located at the same position within the cluster. Hence, we conclude that
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spontaneous vacancy filling for the vacancy of type V should be a low-probability event due to a

high barrier for vacancy filling.

a) O, at site | b) O, migrates from site | to V
v

Fig. 2 The thermodynamically driven Oy migration from site I to the bottom face-centered site V
of the Ce 0019 nanocluster. a) Structure and spin density of Au-supported Ce10O19 cluster with
Ov at position I (shown in gray color). Two unpaired electrons are localized on two Ce atoms
forming Ce-4f> electronic configuration. b) System evolution after 1.2 ps AIMD simulation. Oy
is transferred to the inner face-centered site V, while the magnetic moment changes from 1.84 to
0 up indicating that two unpaired electrons delocalize resulting in the Ce-4f” electronic
configuration.

a) Ce,,0,,/Au(111) b) Ce,,0,/Au(111)

Fig. 3 Charge density difference analysis for Au-supported ceria nanoparticles: a) a reduced
Ce10019 particle with a V-type vacancy, b) perfect stoichiometric Ce10020 model without a
vacancy. The charge density difference was computed according to Ap = pag -pa - p, where A
and B stand for Au(111) and Ce10019/20. Electron density increase is shown in blue, electron
density decrease is shown in red (isovalue: 0.01 au).

12



To gain deeper understanding of the strong interaction between the Au support and the
Ce10019 cluster, we have computed a one-dimensional potential energy curve for the adsorption of
a defective Ce10019 cluster onto the Au(111) surface. We followed the energy and electronic
structure changes along the reaction coordinate (defined with respect to the cluster-surface distance)
while the cluster was approaching the surface, as shown in Fig. 4. In the initial Ce10O19 cluster far
from the Au surface Oy was located at the center of a facet, and that facet was directed towards
the Au surface as the cluster approached the surface, so that the final geometry corresponded to
Ov in the inner position V at the CeOx/Au interface, the lowest-energy configuration discussed
above. Initially, the Ce00O19 cluster far from the surface had a spin magnetic moment ps = 2 us
corresponding to two unpaired 4f electrons spreading over three Ce centers at the corners of the
defected triangular facet, Fig. 4. However, as we found out earlier (Fig. 2b), in the final geometry
the fully stabilized Ce19O19 cluster on gold has Ce-4f° (Ce*") configuration. The adsorption energy
of the Ce10019 cluster in that adsorption configuration is -3.03 eV. According to Marcus electron-
transfer theory, electron transfer occurs when the potential energy surfaces of two different
electronic states cross. In order to verify the potential energy surfaces crossing, two energy curves
(for the high- and low-spin states) were obtained by varying the distance between the Ce10O19
cluster and Au support as shown in Fig. 4. Two potential energy curves corresponding to the two
different electronic states, Ce-4f> (black curve) and Ce-4f° (red curve), are shown in Fig. 4, where
the crossing between the two potential energy curves indicates a possibility of an electron transfer
(to the Au surface), further implying the oxidation state change from Ce*" to Ce*'. Here, the Ce-
4f2 notation refers to the electronic state of the whole system, implying a formal localization of
two 4f electrons on Ce atoms. These two 4f electrons are, however, distributed between three Ce

atoms according to the calculated spin density (Fig. 4).
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Fig. 4 Potential energy surface scans. Two potential energy curves for the high-spin and low-spin
states denoted Ce-4f> and Ce-4f° were obtained along the reaction coordinate. The reaction
coordinate was generated by a linear interpolation between the geometries of the desorbed and
adsorbed Ce0O19 particle. The values of reaction coordinate correspond to generated images
between the initial and final geometries. These curves cross at some point allowing the transfer of
two electrons to Au. The spin magnetic moment pis changes from ~2 to 0 us in the overall process.

Adsorption and activation of O:

In a previous study, the oxygen molecule has been found to preferentially adsorb at the Ov site of
the ceria-supported gold nanoparticle system to be activated after O vacancy generation from CO
oxidation.*’ That study also found that the O, molecule adsorption on a perfect ceria surface and
the interface is relatively weak.*’ Therefore, it is an interesting and fundamental question, whether
or not the dioxygen adsorption and activation on the gold-supported ceria follows the same
mechanism as on the ceria-supported gold nanoparticle. Here we calculated the adsorption of O»
on the defective (Ov in position V) and perfect models of gold-supported clusters Ce10019/Ce10020.

Possible adsorption sites and geometric configurations of the adsorbed O, molecule on Au-
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supported ceria clusters have been predicted for both chemical models and are shown in Figs. S4
and S5. No O, molecule adsorption on Au atoms other than perimeter sites of Ce10019/Ce10020
nanoparticle was found in our studies, consistent with previous reports of very weak or even
repulsive interaction between O> and Au(111).”8 The adsorption energy of Oz, the O-O bond length,
and the net spin population on the O> molecule adsorbed at several possible adsorption sites are
given in Fig. S4 and S5. The most energetically favorable adsorption site is the same for the
(Ce10019/Au) and perfect (Ce10020/Au) models. O, adsorbs most strongly at the bottom corner
sites of the pyramidal ceria cluster, at the interface between the cluster and the Au(111) surface,
as shown in Fig. 5. The adsorbed O> chemically binds to one unsaturated Ce atom (with the
coordination number 4) and two Au atoms. The spin population values on O atoms in the most
energetically favorable adsorption geometry of O in both cases (Ce10O19 or Cei10020 clusters) are
0, implying a change from a triplet O to a singlet O>*" and a lengthening of the O-O bond from
1.26 to 1.46 and 1.44 A, respectively, as illustrated in Fig. 5. The adsorption energies are -0.80 eV
and -0.75 eV, respectively. The O adsorption energies on Auz or interfacial sites of ceria
supported gold cluster system are predicted to be weaker than -0.2 eV,*’ indicating much weaker
adsorption. The O adsorption on the defective Ce10O19 model is slightly more energetically
favorable than on the perfect model by 0.05 eV. If the Oy is located at the particle perimeter (site
I), the O, adsorption at the vacancy site is even weaker, -0.48 eV. Hence, we propose that the
presence of oxygen vacancies in the gold-supported ceria particles is not the decisive factor for the
oxygen adsorption and activation. As we discussed in the previous section, the electron density
accumulates at the interface between ceria and gold, and that increased electron density region can
promote Oz adsorption and activation. These findings suggest that it is the charge polarization
between ceria and gold that facilitates O, adsorption and activation. In contrast, we found that O»
adsorbs only very weakly on the free Ce10020 cluster, while its adsorption energy on Ce19Oy9 is -
0.60 eV, as shown in Fig. S6. O2 adsorbs on a vacancy site forming O species with the O-O bond
elongated to 1.34 A. The dissociation energy of O on Ce9O19 is 1.02 eV implying a high

activation barrier.
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E..= -0.80 eV
0-0:1.46 A

E,.= -0.75 eV

Ce,,0,/Au(111) Ce,,0,o/Au(111)

Fig. 5 The most energetically favorable O adsorption sites at the Au-supported Ce10019 and
Ce10020 clusters. The corresponding charge density difference for O» adsorption and activation
are shown as well. The charge density difference was computed according to Ap=pas - pa - ps,
where A and B stand for Ce10O1920/Au(111) and Oa. Electron density increase is shown in blue,
electron density decrease is shown in red. (Isovalue: 0.02 au.)

CO oxidation mechanism

The mechanisms of catalytic CO oxidation by O; on ceria-supported gold nanoparticles have been
extensively studied. Three main types of CO oxidation mechanisms have been theoretically
proposed:>!"* °¢ 7 (1) CO oxidation by co-adsorbed O, on Au particles, (2) CO oxidation by
adsorbed O» at the interfacial site and (3) CO oxidation by a lattice oxygen ion from the CeO>
substrate. Recent studies suggested that CO reaction with pre-adsorbed Oz on a gold nanoparticle
or ceria-gold interface is less probable than the reaction with the lattice O because of the weak
adsorption (weaker than -0.2 eV) of O2 on the gold cluster and at the ceria-gold interface (if ceria
is not reduced); instead, they favor Mars-van-Krevelen mechanism (3).***7 The study of ref. 42,
in addition, proposed a formation of Au™-CO species that can detach from Au nanoparticles and
react with lattice O or with O2 adsorbed at a vacancy site. In our current study of CO oxidation on
gold-supported ceria clusters, we find that the O2 molecule strongly binds at the interface in both

defective and non-defective systems with significantly weakened O-O bond preparing it for an
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easy reduction by a CO molecule. It has been reported that the Oy concentration in gold-supported
ceria may vary from 3% to 18% depending on the ceria loading on the gold surface.*’ In our study,
we adopted the Ce10019 cluster model with 5% Oy, which is consistent with the experimentally
determined range above. In the AIMD simulation to be described below, we have started from an
initial state in which CO and O> molecules are pre-adsorbed (O» adsorbs on the gold-ceria interface
and CO adsorbs on Au, as CO adsorption on ceria is too weak, Fig. S6). The adsorption energy of
CO on the Au surface is -0.80 eV for each CO molecule. We find that in the absence of ceria
nanoparticle, the adsorption energy of CO on the Au(111) surface is weaker, about -0.45 eV (Table
S1). The presence of the Cei0O19 cluster on Au(111) increases the magnitude of CO adsorption
energy by ~0.12 eV, and the co-adsorption with O: further slightly increases it by 0.03 eV. When
comparing our calculated CO adsorption energy with experimental and other theoretical values,®"-
81 we conclude that the dispersion-corrected PBE-D3 functional likely overestimates it.

In view of the expected presence of oxygen vacancies in gold-supported ceria catalysts, we have
chosen the defective Ce10019 model to study CO oxidation mechanism. As discussed in the
previous section, the Oz molecule adsorption on Au-supported CeioO19 releases 0.80 eV energy,
which elongates the O-O bond distance from 1.26 to 1.46 A and transfers two electrons to the O»
molecule forming O>> species. We have placed two O and two CO molecules near the Ce19O19
cluster supported on Au(111), so that each O> molecule was adsorbed at one of the three vertex
sites at the bottom of the ceria cluster of Ce10019 and CO molecules adsorbed upright on top of Au
atoms not far from the ceria nanoparticle, as shown in Fig. 6. The average adsorption energy of Oz
in this initial structure is -0.78 eV per Oz molecule. No significant difference in geometry or spin
population was found in comparison to the adsorption of only one O discussed above. Starting
from this initial structure, an AIMD simulation (Fig. 6) was carried out to explore the catalytic
reaction of CO and O at 700 K chosen as simulation temperature. The first CO molecule was
oxidized into COz by the lattice O atom of the Ce10O19 nanocluster rather than by the adsorbed O
molecule after 7 ps simulation, leaving an oxygen vacancy behind. The second CO molecule was
oxidized by the adsorbed O> molecule after further 10 ps of simulation as shown in Fig. 6,
generating atomic O bound to Ce. The atomic O then diffused and filled the oxygen vacancy
generated from the first CO oxidation by lattice O.
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Surprisingly, the first CO molecule reacts with the lattice O atom rather than with the
activated O>* species, while the second CO molecule reacts with the O,> species to form CO;
molecule and an O atom coordinated with the corner Ce atom. Therefore, one oxygen vacancy and
one extra O atom remain on the ceria particle after the oxidation of two CO molecules. Finally,
the O atom migrates to the oxygen vacancy site to recover the complete framework of Ce10O1o9.
The accurate reaction energy profile including reactants, transition states, intermediates, and
products of all elementary steps revealed during AIMD simulation was subsequently refined using

static calculations and is shown in Fig. 7.

Fig. 6 The AIMD simulation of CO oxidation reaction on Au-supported Ce10O19. Color coding
of elements: orange, Au; lime, Ce; red and magenta, O; blue, adsorbed O»; gray, C.

In the first step of the reaction path I-ts1-I1, shown in Fig. 7, the first CO molecule reacts
with the lattice O atom of ceria nanoparticle located at the edge perimeter site to form a CO;
molecule with the activation energy of only 0.21 eV and the reaction energy of -1.16 eV.
Meanwhile, the energy barrier for the CO reaction with the adsorbed O is computed as 0.34 eV,
implying that it is kinetically less preferable in comparison to the CO reacting with the O atom of
the ceria nanoparticle. The generated CO> adsorbs in a monodentate fashion with O atom
coordinated to the basal Ce atom at the O vacancy with a slightly bent O-C-O angle. It can desorb
with the desorption energy of 0.52 eV through the II-III reaction path. The second CO is oxidized
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by the activated O, species forming CO; and an O atom coordinated to a corner Ce atom in the
III-ts2-IV reaction path, for which the activation barrier and reaction energy were computed at
0.30 eV and -3.04 eV, respectively. The formed CO; molecule can directly desorb into the gas
phase; the adsorption energy of CO> on Au is expected to be very weak. As revealed by the AIMD
simulation, the remaining O ad-atom attached to the corner Ce atom, left behind as a result of CO
oxidation is thermodynamically unstable, and thus prefers to migrate to the Oy site, as shown in
the I'V-ts3-V reaction path with the predicted migration barrier and reaction energy of 0.20 eV and
-1.25 eV, respectively.

For comparison, we have also studied the CO oxidation on the Au-supported Ce0020 particle,
although such perfect ceria particles with no vacancies probably do not exist in real catalytic
systems. The reaction path is shown in Fig. S7, in which the first CO oxidation has the activation
barrier of only 0.12 eV; that is even lower than for the CO oxidation on the Au-supported Ce10O19
system. This is not unexpected, because the perfect Au-supported Ce10020 particle has a stronger
oxidizing ability than the Ce10O19 particle due to the higher oxidation state of Ce in the former.
After the first CO oxidation, the Ce10O20 cluster becomes Cei0O19 with one O vacancy of type 1.
The calculated activation barrier for the following CO + O; reaction, 0.41 eV, is slightly higher
than that calculated above for the Cei0O1s/Au(111) nanoparticle with two O vacancies. The
reaction pathway of Fig. S7 does not derive from an AIMD simulation but is based on static DFT
computations. We expect that, most likely, after the first CO oxidation, the O vacancy in position
I should migrate to the basal plane of the ceria cluster in position V (Fig. S8) due to the
significantly lower energy of that isomer, by 0.6-0.8 eV, depending on the positions of adsorbed
O and CO. From that point on, further oxidation will follow the same path as discussed above for

the Ce10019/Au system.
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Fig. 7. Theoretically predicted CO oxidation mechanism catalyzed by the Au-supported Ce10O19
cluster. Left panel gives the energy profile of the reaction path. Right panel shows geometries of
the reactants, intermediates, transition states and products. The whole reaction mechanism includes
three main steps as follows: I-ts1-II-III (*CO + Outtice—=*CO2, *CO2—COy), the first CO
oxidation by an O atom of ceria nanoparticle and the CO; desorption; III-ts2-IV (*CO + O,—*0O
+*C0,), the second CO oxidation by activated O2% IV-ts3-V (*O—Olatiice), O atom migration to
fill the O vacancy. Asterisk symbol indicates adsorbed species. Color coding of elements: orange,

Au; lime, Ce; red and magenta, O; blue, adsorbed O»; gray, C.

Conclusions

In this work, we carried out AIMD simulations and static DFT computations to study the redox
chemistry of a gold-supported ceria nanoparticle with the help of the CeOx/Au(111) computational
model. We found that the defective (with one inner O vacancy at the gold ceria interface) as well
as stoichiometric Au-supported ceria nanoparticles are thermodynamically stable, as inferred from
AIMD simulations at 700 K for 24 ps. For the perfect stoichiometric Au-supported Cei0O20
nanoparticle, the most favorable position for Ov formation is the bottom interfacial face centered
position, which is, however, buried inside the ceria/Au interface, and presumably Ov at such

position cannot be formed directly as a result of deoxygenation. On the surface of the ceria
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nanoparticle, the bottom interfacial O at the particle edge is the most favorable site for Ov
formation. The Ov formation at that site generates two Ce*" atoms with two localized 4f' unpaired
electrons, which prefer to localize on ceria rather than transfer to gold. Nevertheless, the vacancy
at this interfacial position is predicted to migrate to a more thermodynamically stable inner
interfacial site. This rearrangement is accompanied by a delocalization of two unpaired 4f'
electrons on the interface, mainly on interfacial Au atoms. The overall ceria-to-Au charge transfer
is suggested to be responsible for the strong particle-support interaction. In contrast, in the
Auy/CeO; system the direction of charge transfer depends on the presence of O vacancies in the
ceria support, where neutral or positively charged Au nanoparticles were predicted on fully
oxidized ceria, while in the presence of Ce*" cations Au acquires partial negative charge.*’- 8284
The charge transfer facilitates plasticization of the Au nanoparticles in the Au,/CeO> catalyst,
whereas the cerium oxide particle always keeps its rigidity on the Au surface, irrespective of the
charge transfer.

We found that the charge polarization between the Au(111) surface and ceria increases the electron
density at the interface providing electron-rich sites for O» adsorption accompanied by O>
reduction to O,*". The preferable adsorption site of the O> molecule is at the bottom corner Ce atom
at the interface between ceria and the gold surface; the adsorption energies of O» are similar on
reduced and saturated ceria cluster models. The CO molecule barely adsorbs on a ceria
nanoparticle; thus, we did not observe the adsorbate induced supported nanoparticle plasticization.
Neither did we find single atom active sites that have been theoretically predicted for the Au/ceria
system. 4’

Same as suggested for ceria supported Au nanoparticles, we find the interface between Au and
ceria to play a crucial role as active sites for CO oxidation supplying active oxygen atoms from
the ceria lattice and providing adsorption sites for O» adsorbates. Similar to the findings of Kim
and Henkelman for Au,/CeO>,** ¢ in the inverse system CO oxidation also proceeds according to
Mars-van-Krevelen mechanism, where CO oxidation with lattice O and the O reaction with CO
occur at different active sites and generated O atoms fill up the formed O vacancies. Notably, the
O vancancy and atom migration play important roles in recovering the complete framework of the

Ce10019 and closing the catalytic cycle.
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Although the Au(111) surface orientation is predominant in nanoporous gold and our ceria/Au(111)
model provides a first informative insight, one should bear in mind that this is an idealized model.
The possible important role of high-index surface orientations, steps and kinks with low-coordinate
atoms, presence of Ag impurities and chemisorbed oxygen in the sponge-like nanoporous gold
material have not been considered and explored in this work. Further theoretical studies are
underway, including these possibly important elements of the Au support material in combination
with the supported ceria particles, which will offer deeper insight into the catalytic function of

oxide-functionalized nanoporous gold.
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