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ABSTRACT: To probe metal particle/reducible oxide interactions density
functional theory based ab initio molecular dynamics studies were performed
on a prototypical metal cluster (Au,,) supported on reducible oxides (rutile
TiO,(110)) to implicitly account for finite temperature effects and the role of
excess surface charge in the metal oxide. It is found that the charge state of the
Au particle is negative in a reducing chemical environment whereas in the

presence of oxidizing species coadsorbed to the oxide surface the cluster

obtained a net positive charge. In the context of the well-known CO oxidation reaction, charge transfer facilitates the
plasticization of Au,,, which allows for a strong adsorbate induced surface reconstruction upon addition of CO leading to the
formation of mobile Au—CO species on the surface. The charging/discharging of the cluster during the catalytic cycle of CO
oxidation enhances and controls the amount of O, adsorbed at oxide/cluster interface and strongly influences the energetics of all
redox steps in catalytic conversions. A detailed comparison of the current findings with previous studies is presented, and
generalities about the role of surface—adsorbate charge transfer for metal cluster/reducible oxide interactions are discussed.

1. INTRODUCTION

The need for cleaner, cheaper, and renewable energy has
become a major focus of the scientific and engineering
communities. A critical component in this research is to
advance our understanding of catalytic systems, which are vital
to alternative energy sources as diverse as fuels from biomass
conversion, chemical storage of energy, and creating carbon-
neutral energy sources." Theory and computation have played
an important role in understanding and predicting chemical
reactivity on metal surfaces and nanoparticles™ by providing
detailed mechanistic insights, interpretations of experimental
phenomena, and even prediction of improved catalysts.
Nonetheless, it is still very much a grand challenge to perform
atomistic simulations of complex models of catalysts under
realistic conditions including metal catalyst particles, reactants
and products, support materials, and finite temperature.*”"!
Nowhere is this more true than for catalytic systems exhibiting
strong metal—support interactions (SMs1).'? Prototypical
examples of this phenomena are observed for metal particles
on reducible oxide supports, such as CeO, and TiO,, where in
addition to the above-mentioned complexities, one must also
consider the origin, location, and transport of excess charge
carriers across the metal/oxide interface throughout the entire
catalytic process.’>'¢

The specific aim of the current study is to present results on
~1 nm Au,, particles on partially reduced TiO, surface slab
models in the context of the CO oxidation reaction to elucidate
how finite temperature dynamics of metal particles and
substrate/metal particle charge transfer contribute to the
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catalytic activity of TiO,-supported Au nanoparticles. We
have chosen this particular system for a variety of reasons: (i)
Charge transport and its influence on reactivity has been
relatively well studied in the context of TiO, surface
chemistry.'”>* Specifically, we have chosen the rutile
TiO,(110) surface with excess electrons resulting from the
formation of oxygen vacancies (O,) where extensive studies
have already well characterized the nature of the charge carriers
and their transport.””~>* (ii) Gold nanoparticles, particularly
Au,, have also been well-characterized theoretically in previous
studies with respect to their reactivity toward CO oxida-
tion>>"*” and their well-known strongly anharmonic dynamical
behavior at finite temperature.**~>* (jii) Finally, there exist a
wealth of experimental and theoretical studies using more
traditional (at T = 0 K) potential energy surfaces to compare
and contrast our findings and provide a measure of what new
types of behavior one can expect by including these additional
complexities into catalyst models.

We briefly review our current understanding of this
chemistry. Gold has been widely used as a catalyst ever since
nanosized gold particles supported on reducible oxides were
found to be particularly effective for a variety of important
catalytic reactions by Haruta, Hutchings, and others.>>~>® The
role of the reducing nature of the support is largely attributed
to charge donation t0°" "% or withdrawal from®*~7° gold or the
possible charge build up at the metal/oxide interface or
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both.”*~7* Thus, implicit in our understanding of how reducible
supports influence Au cluster chemistry in the context of the
CO oxidation reaction is the potential to gain insights into
many other similar processes catalyzed by metal clusters
supported on reducible oxides. While reduced metal-oxide
supports seem to be mandatory for gold nanoparticles to be
catalytic,”>™”7 later it was found that small size gold
nanoparticles could also catalyze reactions even on inert
supports.”® Furthermore, subnanometer-sized gas-phase (or
soft-landed) gold clusters are active as catalysts as well.”*~%*

The presence of the oxygen vacancy defects, which engender
excess electron charge carriers at the surface of reducible oxides,
is believed to play an important role in the catalytic oxidation
by facilitating the O, activation or the electronic interaction
with the Au cluster.'”%*7>#3787 However, controversies still
exist on the following issues: the interaction between supports
and gold particles (binding sites, charge transfer, interfacial
effect, etc.),"”®*™** the charge state of supported Au nano-
particles (cationic, anionic or metallic) and its role in the
reaction process,'”>>*>~* and the active site of supported Au
nanoparticles.®>”>#%1%°719 Nonetheless, nearly all theoretical
studies on the Au/TiO, system were based on selected model
clusters on surfaces where the presence of the itinerant excess
electrons in the reducible support was not fully accounted for,
nor were finite temperature effects included, despite the well-
known tendency of Au nanoparticles and surface to exhibit
large amplitude motions and disorder at finite temperatures.

In this work, we have investigated Au,, clusters supported on
partially reduced rutile TiO,(110) surface slab models by using
ab initio molecular dynamics (AIMD) simulations, which allow
for better sampling of possible surface sites and configurations.
Our approach confirms some of the previously proposed
mechanisms of CO oxidation on TiO, surfaces but provides
new insights. It is found that calculated reaction energetics are
highly sensitive to the charge state of the Au cluster for redox
processes, and thus it is critical to evaluate the nature of the
charge state of the surface under operando conditions. We
show that the charge state of the gold nanoparticle is highly
sensitive to the nature of the chemical environments, leading to
significant cluster/support charge transfer across the adsorbate/
oxide interface. More specifically, Au is negatively charged
under reducing conditions and positively charged under
oxidizing conditions. The Au clusters act as a reservoir of
charge throughout the catalytic cycle facilitating both reduction
processes involving the O, molecule and oxidation processes,
such as the transformation of CO to CO,. At finite
temperatures, the stable high-symmetry Au,, cluster becomes
liquid-like (i.e., plastic) upon charge transfer to or from the
surface. Subsequently, large adsorbate-induced reconstruction
takes place allowing for facile transfer of adsorbed CO to the
metal/oxide interface, where the CO, formation reaction
occurs.

2. COMPUTATIONAL DETAILS

The calculations were carried out using density functional theory
(DFT) with the spin-polarized gradient corrected functional of
Perdew, Burke, and Ernzerhof (PBE) as implemented in the CP2K
package.'%7'% The wave functions were expanded in a molecularly
optimized double-{ Gaussian basis set to minimize basis set
superposition errors.'® An additional auxiliary plane wave'®” basis
of 350 Ry energy cutoff was used for the calculation of the electrostatic
energy terms. Core electrons have been modeled by scalar relativistic
norm-conserving pseudopotentia.ls108’109 with 4, 6, 11, and 12 valence
electrons of C, O, Ti, and Au, respectively. The I"-point approximation

was employed for Brillouin Zone integration. To understand the
charge interaction between Au cluster and TiO, support, the accurate
description of redox properties of reduced TiO,_, substrate is
necessary. Thus DET+U theory''® is used with U = 13.6 eV applied
to the Ti 3d electrons within a local spin density approximation. This
value of U adopted was found to adequately reproduce the
experimental band gap, 3.0 eV, work function, W = 5.1 eV,"'! and
location of defect states at ~1.20 eV below conduction band.*>*"> We
point out that the large U value may affect the estimation of the energy
difference for the process involving the direct transfer of excess 3d
electrons such as the binding energy of the Au cluster or O, on a
reduced TiO,_, support, but it will have only secondary affects on the
processes occurring on Au,y/TiO,_, because no excess charges are
found to be localized on Ti 3d states. Further discussion and details are
included in the Supporting Information where the U dependence of all
the main conclusions of this study are examined and discussed.

A rutile TiO,(110)-p(6 X 3) surface slab model was used to model
the TiO, substrate. The slab consists of four O—Ti—O trilayers (12
atomic layers) with the bottom two O—Ti—O layers kept frozen, while
the remaining layers were allowed to relax. All the slabs were repeated
periodically with a 20 A vacuum layer between the images in the
direction of the surface normal. Detailed discussion of the reactivity
and binding energy and their dependence on TiO, slab thickness can
be found elsewhere,”®''® and in general the current approach provides
energetics converged within 0.2 eV with respect to thicker slabs. For
convenience, the TiO, substrate with one bridged oxygen vacancy is
denoted as TiO,_, throughout the document.

A tetrahedral Au,, cluster was chosen to model Au nanoclusters,
because it is a structurally well characterized stable gold
particle.****3%**3% Dye to its closed electronic shell and tetrahedral
symmetry, it is known to be relatively inert.>''* We benchmarked our
current approach with respect to a family of Au,, isomers and found
the current results reproduced structural parameters and relative
energetics in accord with results from the literature; see Supporting
Information. This idealized cluster serves as an extreme case of a gold
cluster that is least likely to react with CO and O, or to have strong
dynamic fluctuations. The schematic diagrams of the reduced
TiO,(110) surface, the tetrahedral Au,, cluster, and the relevant
nomenclature of the various atomic sites described in this work are
shown in Figure 1.

Oy iy, Tise
o, \ % O (b) Ay,

Figure 1. Schematic diagrams of the reduced TiO,(110) surface (a)
and the tetrahedral Au,, cluster (b). The surface layer of TiO, contains
bridged oxygen atoms (Oy), in-plane oxygen atoms (O,,), S-fold-
coordinated Ti atoms (Tis.) and 6-fold-coordinated Ti atoms (Tig.).
The oxygen vacancy is denoted as O,. The two S-fold-coordinated Ti
atoms at the oxygen vacancy site are specially denoted as Tif. The
tetrahedral Au,, contains 4 apex Au atoms (Au,), 12 edge Au atoms
(Au,), and 4 face-center Au atoms (Auy).

All molecular dynamics simulations are performed by sampling the
canonical (NVT) ensemble employing Nose—Hoover thermo-
stats''>''® with a time step of 0.5 fs during more than 30 ps of
well-equilibrated trajectory. The relatively short time scales of AIMD
limit sampling to only very fast, low-energy barrier events and preclude
the observation slow processes. To partially overcome this limitation,
we have performed simulations at both high temperatures (to more
rapidly explore a large volume of phase space) and low ones (to
sample fluctuations relevant to low temperature reactivity). To access
the impact of surface/cluster charge transfer on cluster structure and
facilitate statistical sampling, a temperature of 700 K, where the high
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temperature CO oxidation reaction can occur, was chosen, though
reactivity was simulated at more mild conditions of 120 K to find the
low-energy reaction paths. The calculation of all reaction paths was
performed using the climbing image nudged-elastic-band method (CI-
NEB)!!7!18 including seven replicas. Minimization of our CI-NEB was
performed by ab initio molecular dynamics where each replica of the
NEB is given an initial temperature of 300 K and annealed to 0 K over
a time scale of 1—2 ps leading to a residual maximum component to
the forces on the atoms of less than 1 X 107> atomic units. This
approach allows us to explore the nearby configurations in phase space
to obtain a path that may be substantially different, and lower in
energy, than our initial conditions but does not guarantee that we have
the absolute lowest energy path connecting two intermediates.

The electrostatic (Hartree) potential, Vi, is defined as the
electrostatic energy an electron experiences from all the nuclei and
other electrons in the system and provides a quantitative measure of
the system work function and interfacial dipole layer. Here, Vi is used
as a measure of the interfacial electrostatics and the cluster/support
charge transfer between the Au nanocluster and TiO,, as shown in
previous studies by our group for both Au surfaces and TiO,.''¥'*°
The charge transfer potential is calculated by considering the
difference between Vi of the total system and the sum of the
potentials obtained from the isolated neutral surface slab and Au,,
cluster at fixed geometries. The direction of charge transfer can be
identified from this quantity: increasing for charge transfer from the
substrate to the adsorbate and decreasing for the converse process (see
Figure 2). The net charge transfer, 5q can be estimated assuming a

systems used to illustrate the influence of finite temperature
dynamics on the isolated gold cluster, by both a stoichiometric
and a reduced TiO, substrate, respectively. The final
configurations from our AIMD simulations are shown in
Figure 3a—c. To demonstrate the differences between these

4
A

Figure 3. The final configurations from ~30 ps MD simulations at 700
K: (a) isolated Au, cluster; (b) stoichiometric TiO,(110) supported
Au, cluster; (c) reduced TiO,(110) supported Au,, cluster after
removal of a bridged oxygen atom; (d) reduced TiO,(110) supported
Auy cluster with one extra oxygen atom (blue atom) adsorbed at Tis,
site. (e) Corresponding probability distribution functions P(r,,,) of the
Au atoms relative to the center of mass of the Au,,.
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Figure 2. Schematic representation of the relationship between
Hartree potential (Vy;) and charge transfer. The shape of Vy at the
crystal boundary is schematized as a step function for simplicity.

plate-capacitor model, 5q = AVy/(4npd) where AV is defined as the
change in Vi due to the induced surface dipole potential, p is the
dipole moment density, and d is the separation distance.'*”'*" This
allows us to unambiguously identify charge transfer by directly
accessing the electrostatic terms within the Hamiltonian, circum-
venting the prejudices of various population analysis methods. This
approach is used here to calibrate the traditional Bader charge analysis
on the simplest system such that it can be used with confidence in the
more complex case where we consider the metal cluster, support, and a
high coverage of reactants.

3. RESULTS AND DISCUSSION

3.1. The Adsorption of Au,, on a TiO, Support. The
interaction between gold and the supported oxide plays a
crucial role in the geometric and electronic properties of gold
cluster and strongly affects the catalytic activity, thus it is
important to first understand the structural behavior of Au
particles on the oxide outside the context of the catalytic
process. It is also important to understand the nature and
magnitude of support/cluster charge transfer and how this is
influenced by the presence of reactant and product molecules.

We first consider the result of AIMD simulations at 700 K for
the isolated Au,, cluster and the Au,,/TiO, and Au,,/TiO,_,

systems, the distribution, P(r,,), of the distance of Au atoms
relative to the center of mass of the Au,, cluster is also shown
in Figure 3e; additional quantities obtained from AIMD
simulations are available in the Supporting Information. Due
to its high stability, the isolated Auy, cluster retains its
tetrahedral configuration even at the simulation temperature of
700 K, in accordance with previous work that shows that the
structure does not isomerize below 800 K.*° To quantify the
rigidity or plasticity of the cluster, we consider the quantity, 6,
based on the root mean squared bond length fluctuations:

2 <r,-,-2>—<r,-,->2
R Z ()

i<j

Based on a Linedman type criterion,'** a value of § ~ 5%
would indicate that at 700 K, the Au,, cluster is below its
melting temperature; signified by a value of 6 = 10% or larger.
As a result, the P(r.,) of an isolated Au,, exhibits three well-
defined peaks clearly separated by zero probability density
between them. The peaks with maxima at 1.9, 3.3, and 4.9 A
correspond to the 4 face-centered Au atoms, the 12 edge Au
atoms, and the 4 apex Au atoms, respectively. Similarly, the
supported Au,, on the stoichiometric TiO, surface, exhibits a
distribution probability, P(r,), almost identical to that of the
gas phase cluster, Figure 3be, with 6 = 6%. From the
corresponding trajectory, the cluster can be seen to move freely
along the row of Tis. atoms, while maintaining a Tg-like
configuration. Furthermore, as shown in Figures S6 and S7 in
Supporting Information, the pair distribution functions g(ra,.0,)

and g(ra,—1;, ) do not display well-resolved peaks that would be

indicative of strong Au—Tis. or Au—O,, bonding.

On defected TiO, surface however, oxygen vacancies cause
dramatic changes to the supported Au,, clusters, primarily by
strongly binding through one of the apical Au atoms. In accord
with this observation, experiments by Tong et al. found that
Au* fills the vacancy hole on TiO,(110) surface with O-
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defects.'*® In addition to the strongly bound Au atom, other
parts of the cluster become involved in bonding interactions
with Ti ions along the Tis, row. The pair distribution function
&(rau-mi) (see Figure S6, Supporting Information) also shows

direct evidence of a Au—Ti bond with a distinct peak around
2.8 A. The average total number of Au—Tis. bonding
interactions is ~S.5, which includes both bonds with Tis,
atoms and Ti at the oxygen defect site. While this observation
is in accord with Metiu and co-worker’s recent findings that
show that the presence of the oxygen vacancy activates the Tis,
atoms and leads to interaction with Au cluster,”®”" it is in direct
contrast to Hammer and co-worker’s finding that Au atoms on
top of such vacancy sites prefer to bind mainly to O, rows
rather than reach down to the substrate Ti atoms.®® It is noted,
however, that the former studies are performed on reduced
TiO, models while the latter are models of oxidized TiO,; see
below for further discussion. Finally, compared with the
stoichiometric support, the cluster on the defected-support
exhibits a probability function P(r,,) with significantly broader
peaks and nonzero density between them, indicating that the
cluster has become significantly more plastic. Not surprisingly,
the estimated value of 6 = 26% implies that the Au,, cluster is
essentially melted, consistent with previous observations of
liquid-like properties of supported Au cluster.>>'** Note that
although it has been suggested that at temperatures as high as
700 K SMSI may lead to Au clusters wetting the TiO,
surface,'*>'?° this tendency is not observed in present study.
Let us now consider the question of the charge state of the
adsorbed Au,, cluster. The binding energy, Ey, is estimated to
be ~4.6 eV on the reduced TiO,—Oy surface, which is
significantly larger than the binding energy on the stoichio-
metric surface, ~1.2 eV. The large E, for the reduced oxide
implies significant substrate-to-cluster charge transfer in the
reduced surface case. To understand the electronic nature of
the interaction process between Au cluster and TiO, surface,
we consider the Hartree potential, Vy, see Figure 4,. The charge

T4
54
B4
=
E 0 2 54
> & 24 —— AuTiO,
™~ 3 —— Au,/TIO,
i -Au, O-TIO,
-10 0 5 10

ZiA

Figure 4. The Z projection of Vy for Au,y/TiO,_, (a) and the charge
transfer potentials for Au,y/TiO,, Au,,/TiO,_,, Au,,/O—TiO,_, (b).
Note potentials in panel b are shifted by arbitrary values.

transfer potential for Au,,/TiO, is practically a constant with
little fluctuation at the interface area compared with the step-
like potential when a surface defect is present. This indicates
that no appreciable charge transfer takes place between the
Au,, cluster and the stoichiometric TiO, surface.

For the Au,, supported by TiO,_,, the dipole potential
shows a shift down by ~0.37 eV, indicating that Au,, cluster is
reduced by the surface and becomes negatively charged. The
estimated charge of Au,, based on the plate-capacitor model is
—0.41e”, while the Bader charge analysis of Au, is estimated to
be —1.02¢”. Previous XPS data for clusters on surfaces under
UHV conditions have also provided direct evidence that a

reduced TiO,(110) surface can transfer electrons to adsorbed
Au clusters."”’

It is noted that charge transfer is also expected to occur for
O, molecules that are present in the CO oxidation reaction.
These are expected to be significantly stronger oxidizers than
any gold cluster.””'*® To understand the implications of this
observation we examine a hypothetical model where an oxygen
adatom, O, (a species postulated to exist during catalysis), is
added to the TiO,_, substrate. This can effectively remove the
2e” the two excess electrons created by the oxygen vacancy and
create an O surface-bound adatom as seen in STM
experiments.”"'**'**  Although the TiO, substrate has no
excess electrons, it still differs from the case of stoichiometric
TiO, in that the presence of excess negative charge at the
surface is expected to raise the work function of the oxide
making the surface more likely to be oxidizing. For this model,
it is found that the TiO, surface effectively oxidizes the Au,,
cluster resulting in a metal to substrate charge transfer
estimated by a plate-capacitor model to be +0.19 ¢~ and
Bader population analysis of around +0.08 e~. Moreover, the
Au—TiO, surface bonding changes significantly in that there is
an increase in the total number of direct Au—O bonds to about
S, see Figure S7, Supporting Information. This model shows
that there exist serious implications for the charge state of Au,,
on the surface under an oxidizing environment that can in turn
have appreciable influence on the nature or types of sites
present under reactive conditions. The estimated ¢ value for
this system is ~15%, implying that the oxidized Au,, cluster is
also melted at 700 K. Similarly, Metiu and co-workers also
reported that the adsorption of O, on the oxide changes the
structure of a Au, cluster adsorbed on the surface.'*°

Ultimately, this variation of the charge state of the Auy,
cluster can be traced back to the similarity in the electronic
chemical potential (the work function) of the cluster and the
Ti0,(110) surface. As noted in section 2, for our DFT+U
scheme, we have chosen a U value such that it reproduces the
work function of a partially reduced TiO,. This value was set to
5.1 eV, very similar to the value of the electronic chemical
potential of 5.0 eV calculated for the Au,, cluster. Thus, the
Au,, cluster and the substrate are well matched in terms of
electronic chemical potential. This implies that charge may flow
relatively easily between the cluster and support and can be
strongly influenced by the presence of additional chemical
species at the surface.

3.2. Co-adsorption of O, and Au,,. Given the above
observation, it is necessary to delve deeper into the nature of
the surface/adsorbate charge transfer when both Au,, and O,
molecules are coadsorbed. We note, however, that the amount
of charge available at the rutile TiO,(110) surface with an O,
defect is still a matter of debate. Although, O, defects, in
principle, release 2e” into the lattice (also accounted for in the
above model), it has also been proposed that as many as 4e”
may be available from Ti*" interstitial sites located within the
bulk 2>56%129131 A detailed discussion of this point is beyond
the scope of the current study, and here we will limit ourselves
to considering the case where there are only two excess
electrons available at the surface, though we do consider the
case of higher reduction levels in data included in the
Supporting Information. In addition, it has been noted by
several studies'®'*>'*® that these excess charge carriers are
highly mobile within the bulk and are considered to be able to
move freely to the surface where they reduce strongly oxidizing
adsorbates such as O,. Below we will examine this scenario,
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although we stress that the following arguments are purely
thermodynamic in nature and do not factor in the potential
kinetic complexities, which might arise during surface/
adsorbate charge transfer.

O, is known to bind to rutile TiO,(110) preferentially at an
0, site."!** In the current surface slab model, O, has a binding
energy E, = —5.0S eV and exhibits an O—O bond of 1.49 A
(indicative of an O—O single bond) with a net Bader charge
transfer of 1.35 ¢7, effectively resulting in an adsorbed O,*~
species. Further addition of O, leads to weakly bound (E, & 0.1
eV) physisorbed molecules. No further charge transfer is
observed, because all available excess electrons are scavenged by
the first O,, in accord with previous calculations.'** Further
discussion of other charge states and binding configurations of
0, on the surface can be found in our previous review.”'

We now examine the case of O, adsorption on the Au,,/
TiO, model presented above with the binding energies, bond
lengths, and charge transfer data summarized in Table 1. We

Table 1. O, Adsorption Energies and Bader Charge of Au,,

on TiO,_,, Au,,/TiO,_.*
00, 10, 20, 30,
TiO,_, E -505 —0.11 —0.11
L 149 149,123 149,123 123
Q —135 —134, —1.34, —0.00,
—0.01 —0.00
Auyy/ E -173 —0.83 -0.30
TiO, L 149 149,144 140, 1.44, 1.35
Q —124 —124, —0.92, —1.01,
-0.98 —-0.73
Auyy  —1.02  +0.08  +0.90 +1.17

“E, binding energy (eV); L, O—O bond length (A); Q, charge attained
by O, (¢7). To better understand the charge state of Auy, upon O,
adsorption, we also consider the extra excess electrons from surface
hydroxyl and interstitial Ti (See Supporting Information).

begin with the simple case of considering O, adsorption solely
on the exposed TiO, surface. Similar to the pristine surface,
adsorption of a single O, molecule at a Tis, site leads to the
formation of a chemisorbed O,*” species. In this process, the
Auy, cluster shifts from a net negative charge of —1.24 ¢~ (as
quantified by Bader population analysis) to a net neutral
species, indicating that it has donated electrons to O, via the
intervening substrate, even though it is not directly bound to
the Auy, cluster (See Figure S). In this vein, a second and to a

8]
147 7
6] ‘\‘-\1

4 E(70)
.n- —#—E(270,) with 1 0, preadsorbed

" ]—a—E (3°0,) with 2 O, preadsorbed
Away fromAu  Closeto Au  Interface

Figure 5. O, adsorption on Au,/TiO,. (a) The most stable
adsorption configuration with three O, molecules adsorbed at the
Au/TiO, interface. The other possible binding sites are also denoted
as “1” (close to Au) and “2” (away from Au). (b) The adsorption
energies for O, adsorbed at different binding sites.

lesser extent a third O, molecule can also be adsorbed at a Tig,
site without being in direct contact with the Au,,. We note that
the second O, exhibits a binding energy E, = —0.83 eV with a
bond length 1.44 A indicating an O,*” state, whereas the third
is more weakly bound with E, = —0.30 eV, a charge transfer of
only 0.27 ¢~, and a bond length of 1.35 A, consistent with an
adsorbed O, species. These additional O, species result in the
oxidation of the Au,, cluster increasing its charge up to +1.17
e”. Further addition of O, species does not lead to further
chemisorption nor further oxidation of the Au,, cluster.

These results illustrate a critical principle. Like the surface
without Au,, the ability to adsorb oxygen is attenuated on the
Au,,/TiO, surface by the ability to reduce the adsorbates. The
fundamental difference is that the presence of the Au,, cluster
enhances the charge available at the surface for O, reduction
and thus effectively increases the amount of O, that can be
adsorbed to the surface. As discussed in the Supporting
Information, this trend is also preserved in the hypothetical case
where there is more than 2e7/O, available at the surface to
facilitate reduction.

So far we have demonstrated how surface-mediated charge
transfer can be operative in these systems. As can be seen from
Figure 6, the positive charge arising from the oxidation of the

Figure 6. The electron density difference 8p. (a) Au,y/TiO,_,(110)
without O, adsorption, 8p = Py — Paw, — Prio,- (b) Auyy/
TiO,_,(110) with three O, adsorbed at the interface, 6p = pror — Pauy,
= Prio,., — 3P0, The purple surface indicates the increase of electron

density, and the green surface indicates the decrease of electron

density.

Au,, cluster is preferentially located at the oxide/metal
interface. As a result, chemisorbed (and negatively charged)
0, species will preferential?r reside at this interface as noted by
several previous studies.’®'°”'®" Nonetheless, the higher
surface area of bare oxide implies that some O, species may
reside on the oxide surface in an effective metastable
preadsorbed state. Thus we compared the adsorption energies
for O, adsorbed at different sites in Figure Sb, where it can be
seen that as one transforms molecules from preadsorbed
configurations to interfacial configurations, there is an addi-
tional gain in energy on the order of 0.1—0.3 eV. Thus it could
be concluded that Au cluster acts as a reservoir and the O,
molecules prefer to be activated at the interface.

3.3. CO Adsorption and Diffusion. In this subsection, we
examine CO adsorption in the light of our observations of the
dynamic plasticity of the Au,, particle, and the substrate/cluster
charge transfer. Previous studies on Au clusters have also shown
that they are indeed rather flexible in geometry and easily
expose low-coordinated sites (such as 4-fold or lower) for
binding CO molecules.***35713% To address this issue, we
performed AIMD simulation for CO adsorption on Au,,
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supported by TiO, substrate at 700 K. Two O, molecules are
allowed to preadsorb at the interface, and the third O, molecule
with a physisorption binding energy 0.30 eV is neglected for
further consideration, because it would be expected to desorb
even at relatively low temperatures. The statistical configuration
information of Au,, is shown in Figure 7.

(a) o (b)
G
e 10—, ——
» 8{ —0@Ti0,, ——CO&0,@TiI0,
co/0, 5 6 =5
(] -
) 3 {523~
@ e << 44 ’
i B ; m
!Eii«wu’ = 2] '
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Figure 7. The morphology of Au cluster changes upon CO adsorption
(a) and the statistical distribution curve of low coordinated Au atoms
for Auyy/TiO,, Au,y/TiO,_,, and CO@Au,,/TiO,_, (b).

For isolated Au,y, it is known that Au,, has 4 apex Au atoms
with coordination number CN = 8, 12 edge Au atoms with CN
= 6, and the 4 face-center Au atoms with CN = 9. Because Au,,
keeps the tetrahedral configuration on stoichiometric TiO,
substrate, the number of low coordination sites is very close
to four, corresponding to the four apex Au atoms. Though Au,,
has four low-coordinated sites for binding, the larger Au
clusters often used for catalysis exhibit a far lower percentage of
these sites. When the Au cluster is supported by reduced or
oxidized TiO, surface, the average number of low coordinated
Au atoms does not distinctly change with 4.5 for reduced TiO,
and 3.5 for oxidized TiO,. The slightly low number for oxidized
TiO, can be attributed to the formation of Au—O bonds, as is
discussed in section 3.1. When the difference of the CN
distributions is compared, defects tend to make the
distributions broader, leading to an increase of S-coordinated
Au atoms. Thus one might conclude that there should be little
effect on the ability to adsorb CO between the isolated cluster
and the species present under strongly oxidizing conditions.

This turns out not to be the case. We consider the case
where eight CO molecules are adsorbed on a Au,, cluster with
two oxygen molecules that are allowed to coadsorb at the
cluster/oxide interface as discussed above. The AIMD
simulation shows that Au,, extrudes low-coordinated sites to
bind CO. The statistical number of low-coordinated Au atoms
is found to significantly increase with CO adsorption implying a
strong adsorption-induced surface reconstruction similar in spirit
to that 4previously reported for CO on small gas phase Au
clusters. 135136 Considering the binding energies (shown in
Figure S8, Supporting Information), the system is estimated to
be able to bind up to 10 CO molecules including 2 physisorbed
CO molecules, far exceeding the 4 estimated by counting the
low coordination sites on the bare clusters. The average binding
energy per CO is estimated to be 0.94 eV. In addition, the
charge of surface bound Au,, in the presence of 2 O, and 10
CO molecules is estimated to be +0.80 ¢, which is only 0.10 e~
lower than that with 2 O, molecules without any adsorbed CO,
implying that CO has negligible impact on the charge state of
the cluster. Comparably the isolated Au,, with 4 CO adsorbed
at the apex site has a small net negative charge of —0.14e” and
E, = —1.03 eV per CO.

Since O, species preferentially reside at the gold—oxide
interface, CO mobility toward the interface is vital for CO
oxidation. True to the point, our AIMD simulations reveal a
unique feature of this system, exposed in select snapshots of the
MD trajectory in Figure 8a. It was found that CO is not able to

= g(r} of C-Au bond
=——g(r) of Au-Au bond

Au@O ®C aTi

Figure 8. (a) Selected snapshots of the MD trajectory for Au,y/TiO,_,
to show the diffusion of the OC—Au part. (b) The radio bond
distributions for Au—C and Au—Au bonds.

diffuse freely from one Au site to another Au site; it can
however move easily to the interface by carrying along the Au
atom to which it is bound. To provide a more quantitative
description of this phenomenon, we compare the radial
distribution functions of Au—C and Au—Au contacts, shown
in Figure 8b. In g,,_c(r), there is a zero density regime between
the first two peaks, indicating that once a strong Au—C bond is
formed, it does not break on the time scale of our simulation.
This result is consistent with previous vibrational spectroscopy
observation of highly stable Au—CO complexes in the gas
phase.”” In contrast, the gy, .(r) is broad with appreciable
density between the main peaks, which is indicative of the more
liquid-like state of the Au particles. Therefore, the operative
species for molecular transport is in fact a Au—CO unit that is
indeed not realized by previous studies. As a prominent
example, the recent study by Green and co-workers'*” inferred
that CO adsorbed at the sites on the Au cluster was inactive
because it could not approach the activated O, species at the
interface according to the high calculated barrier of CO
diffusion between two adjacent Au sites. Their discussion on
CO transportation is problematic because the CO transport
process is not done by the diffusion of CO itself but the whole
Au—CO unit.

We note that experimental studies have already demon-
strated CO oxidation catalyzed by TiO,-supported Au
nanoparticles within a large temperature range from 120 to
700 K3¥EFI00MOIH Thyg to explore the existence and
transport of Au—CO species across the entire temperature
range, an AIMD simulation at 120 K was performed, and a
similar picture is observed (See Figure S9, Supporting
Information). This result indicates that the liquid-like proper-
ties of Au,, can even take place in operando conditions at very
low temperature. It is noted that at 700 K, the MD simulation
indeed sees enhanced morphology changes of the Au cluster
and transport of adsorbed CO (see Figure S10, Supporting
Information). These observations are in accord with previous
ﬁndings,141 that at a high-temperature TiO,-supported Au
nanoparticles became much more active for CO oxidation than
at low temperature.

We also note that strong adsorbate induced surface
reconstructions have been suggested to be linked to catalyst
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degradation under operando conditions."**~'** Recently, the
disruption of a small Au cluster (Au;) on the MgO surface has
been reported from static DFT calculations.'*> Yet in the
present study, it is observed that the Au,, cluster on reduced
TiO, substrate remains intact during all MD simulations (~10
ps) even at 700 K, suggesting that the Au cluster would be at
least metastable on the TiO, surface once it is anchored by the
oxygen defect. We point out however that sintering of freely
moving Au clusters at nondefect sites is highly likely.

In conclusion, the emerging picture is that charge transfer
that helps induce plasticity into the Au cluster also has an
influence on transport of species on the particle. As a result, the
supported Au cluster is a very flexible and adaptable catalyst
that both extrudes low-coordinated Au atoms to bind CO and
allows for facile transport of these species to the interface where
the activated O, species exist.

3.4. The Catalytic Cycle of CO Oxidation. We now
consider the role of metal particle plasticity and charge transfer
in the context of the catalytic cycle of CO oxidation. As noted
in several theoretical calculations’® **'>'*® for Au nano-
clusters, the CO can react with O, molecules at the low-
coordinated Au sites or step sites even without the need for a
support. However, for Auy, supported on the TiO, surface,
after considering a large number of different configurations of
adsorbed O, with or without coadsorbed CO, we found that O,
does not adsorb on the Au cluster. We also performed a short
AIMD simulation with seven O, molecules initially close to
different sites of the Au cluster at 120 K and found that after
~10 ps no O, is observed on the Au cluster (See Figure S11,
Supporting Information). This suggests that direct oxidation of
CO on the cluster is not an operative channel for this system, in
accord with the experimental studies®'°>'*~'* showing that
the metal/oxide interface is the preferred reaction site.

To probe the reactivity in an unbiased manner, we performed
an AIMD simulation wherein we start our trajectory with two
chemisorbed O, molecules at the Au,,/TiO, interface and six
chemisorbed CO molecules on the Au cluster at 120 K.
Individual snapshots from this trajectory of reactive events are
shown in Figure 9. What we observe is that CO molecules

(a)

X -~
ece Rl
el f".;

% _:g-""
e.‘r}v

~Ops ~4ps

Figure 9. Snapshots for the reaction process *CO + *O, — CO, + *O
at the Au,(/TiO, interface: (a) Initial configuration; (b) CO
attachment to O, adsorbed at Au/oxide interface; (c) Desorption of
CO,.

quickly attach to the O, species bound at the interface. After
only 4 ps, the CO reacts with the bound O, and releases a CO,
molecule without rupturing the O—O bond a priori. This
mechanism confirms previous findings’**>'°*'*° that CO
oxidation occurs via a CO—QO, intermediate at the interface
and will form the basis of the further analysis presented in this
section. Finally it is emphasized that we have not performed an
exhaustive search for alternate reactive routes nor have we
continued to propagate the trajectory to observe the removal of
the second O atom left behind during the CO, formation step.

We further focus our discussion on the zero temperature
potential energy, which allows us to compare our results with

the large number of studies currently existing in the
: 63,68,70,85,100,151,152 5
literature. Figure 10 shows the lowest energy
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Figure 10. Catalytic cycle and corresponding charge cycle for CO
oxidation at the interface of Au,, supported by reduced TiO, support.
The energies are shown in the outer circle and the charges of the Auy,
cluster are shown in the two inner circles. The red values correspond
to Au/TiO,_, system with two O, adsorbed (positively charged Au,),
while those in blue corresponds to that with only one O, adsorbed
(negatively charged Au,).

pathway for CO oxidation catalyzed by a positively charged Au
cluster supported by a TiO, support, determined from our
simulations. An alternate catalytic pathway can be found in the
Supporting Information. For convenience of discussion, we
tracked the Bader charges on the Au,, cluster throughout this
process for each of the relevant stationary points on the
potential energy surface. In this model, we included two
adsorbed O, molecules to effectively scavenge all available
charge at the surface as discussed in section 3.2, while only a
single CO adsorbed to the cluster was considered for the sake
of simplicity.

In the proposed mechanism, the O, molecule is first
activated at the metal/oxide interface with a bond length of
1.44 A consistent with a description of an adsorbed O,>” and a
CO adsorbed onto the Au,, cluster. As discussed in section 3.3,
this leaves the Auy, cluster partially oxidized with a charge of
+0.9 e. Mobility of CO to the interface is facile where it can
react with the bound O,>~ with a low activation energy barrier
of 0.37 eV to form an O~ adatom bound to TiO, and a CO,,
which desorbs readily. Because the available charge at the
surface remains on the surface-bound O, there is no
appreciable change in the charge state of Au,, which remains
oxidized. At this point, a second CO can also be adsorbed and
transported to the metal/oxide interface to react with the O*~
species and complete the catalytic cycle. The activation energy
of 0.72 eV for this step is larger than the first one, but it is still a
relatively low barrier for processes even at ambient conditions.
Most notably, it is at this stage that the Au,, cluster undergoes a
change in its charge state to become significantly less
(positively) charged. That is, Au,, is acting as a charge
reservoir during the catalytic cycle and after the O*~ adatom is
removed, the surface is able to further absorb additional O,
species. Because both CO, formation steps are highly
exothermic by at least 1.5 eV with relatively low activation
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barriers, CO oxidation via this reaction channel is expected to
be highly active.

In general, our results suggest that the Au cluster acts as a
charge reservoir in the catalytic process. O, adsorption will
scavenge all available surface charge in the oxygen-rich
environment of a CO oxidation reaction. As discussed in
sections 3.1 and 3.2, this would result in a positively charged Au
species under operando catalysis conditions. Nonetheless
reduced Au clusters can be generated transiently after release
of CO, from the surface. However, the excess surface charge
generated in this process can be readily scavenged by excess O,
in the gas phase, and thus CO, production controls the rate of
O, reductive chemisorption. Given the strong O, binding
energy (see Supporting Information) additional doping of the
TiO, to generate a large number of excess electrons at the
surface may well lead to a larger coverage of surface-bound O,
molecules (and thus enhance overall rates), but surface-bound
O, would still only be replenished when a transient reduced
Au-cluster species is produced.

The above discussion of the reaction cycle implies that the
availability of charge at the surface can effectively control the
amount of O, that is present for reaction with CO. To probe
the influence of charge on the calculated energetics of the
mechanism, we consider the same catalytic cycle with only a
single O, molecule at the interface and thus have excess charge
in the system. The barriers and reaction energies are also listed
in the blue font in the outer circle in Figure 10, for comparison
to the values of the catalytic cycle with two O, adsorbed. Not
surprisingly, the first CO, formation event is essentially not
influenced by this difference, because the Au,, cluster does not
itself undergo a redox process. Remediakis et al also reported a
similar barrier (~0.4 €V) on a Au cluster supported by an over-
reduced TiO, support with three oxygen vacancies.”> More
specifically, the energetics for the first CO, production via *CO
+ *0, = *CO, + *O on the reduced TiO, supported Au
cluster (negatively charged)® and an alkaline TiO, supported
Au cluster (positively charged)’”® have been reported by
Hammer and co-workers. Despite the different charge states
of Au clusters in these models, the barriers and the reaction
energies in these calculations are remarkably similar (~0.16 eV
for barriers and approximately —3.0 eV for reaction energies).
Thus, it can be concluded that the charge state of Au cluster has
a negligible effect on the first CO, production because neither
the surface nor the cluster undergoes a redox process.

This is not true for the second CO, formation step where the
Au,, cluster undergoes a significant redox process with its
charge state becoming less (positively) charged. For the
scenario with a single O, at the interface where excess charge
is not completely scavenged and Au, is not fully oxidized, the
activation energy for the second CO, formation is found to be
appreciably lower by 0.2 eV and the overall reaction energy is
about 0.5 eV less exothermic. From a kinetic perspective, this
would imply that the first and second CO, production steps
would be more similar in impact on the global rate of CO,
production as opposed to the second being strongly rate
determining when all excess surface charge is scavenged.
Notably, our conclusion confirms recent experimental findings
by Yates and his co-workers that CO oxidation on a preoxidized
Au/TiO, catalyst is much less active than that on the reduced
catalyst.">> Similarly, Hammer and co-workers also reported a
much smaller barrier (~0.01 eV) for the second CO, formation
on an alkaline (strongly reduced) TiO, supported Au cluster,
which also indicates that the highly reduced surface will be

much more favorable for the second CO, formation. In
addition, the charge state of Au cluster also significantly affects
the binding energy of O, adsorption, as is discussed in section
3.2. According to the energetics of the catalysis, the total
binding of the reactants (CO and O,) will be ~0.5 €V less
favorable when the surface is fully oxidized. Thus, we concluded
that the charge state of Au cluster strongly influences the
energetics of all redox steps in catalytic conversions.

Cooperative effects, arising at high CO coverage, might
influence CO diffusion and potentially even the activation
energy as has already been discussed on oxide-supported Au
clusters in previous studies.'”>'*> However, the adsorption of
additional CO will not alter the relative comparison between
different charge states of Au,, due to the negligible effect this
has on the cluster charge state (see discussion in section 3.3).
The emerging conclusion is that accurately accounting for the
charge state of the cluster/support under operando catalytic
conditions can have a profound impact on the quantitative
information that can be extracted from simulation for steps that
explicitly involve redox processes.

4. CONCLUSIONS

Our study has probed the influence of the charge state of
reducible supports and its role in catalytic activity in
unprecedented detail in the context of the CO oxidation for
a model Au,y/rutile-TiO,(110) interface. In the process, we
have reconciled many (sometimes disparate) observations in
the literature regarding the charge state of Au on these
interfaces and reaction energetics.

In general terms, redox processes to or from the cluster are
strongly dependent upon the chemical environment due largely
to the matching in electronic chemical potentials between the
cluster and the support. This allows charge to flow to or from
the Au cluster depending on what species are adsorbed on the
oxide support. Moreover, the charge state of the Au cluster has
a strong influence on the structure and binding of the cluster to
the surface, plasticity and fluidity of the cluster (and hence the
ability to transport adsorbed molecules to and from reactive
sites), and ultimately the reaction energetics for chemical steps
that explicitly involve a change in redox state of the metal
particle. These results have strong implications for our ability to
properly model reactivity of these systems and point to the
necessity of carefully quantifying and accounting for excess
surface charge for these types of catalytic materials under
reaction conditions.

Our study raises many additional fundamental questions.
Although we believe that charge transfer will similarly influence
reactivity for larger Au clusters, it is not clear at this point how
much the cluster size may influence the amount of additional
O, that can be adsorbed nor the degree to which the charge-
induced cluster plasticity and adsorbate-induced metal surface
reconstructions will be influenced. Generalization of these
findings to a larger class of systems can be achieved by
delineating the role of both redox processes and metal particle—
oxide Lewis acid/base interactions as recently discussed by
Metiu."* Our future work will consider how extensible the
current findings are to other metal/reducible oxide systems,
especially those where the electronic chemical potentials are
not so well matched as for Au/TiO,, including differences in
support materials, reactive metals, and catalytic reactions, as
well as the nature and type of charge- promoting defects in
oxides.
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