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Abstract

Recently, there has been increasing evidence that CO oxidation on TiO, supported Au
catalysts proceeds via a Au-assisted Mars — van Krevelen mechanism for reaction
temperatures above room temperature. We here present results of a combined experimental
and theoretical study, aiming at the identification of activated steps in this reaction. O, multi-
pulse experiments, performed in a temporal analysis of products (TAP) reactor at different
temperatures between -80°C and 240°C, revealed that the replenishment of surface lattice
oxygen vacancies at perimeter sites, at the perimeter of the interface between TiO, support
and Au nanoparticles, proceeds with essentially constant efficiency, independent of the
reaction temperature. Hence, this reaction step is barrier-free. Previous studies (D. Widmann
and R.J. Behm, Angew. Chem. Int Ed. 50 (2011) 10241) had shown that the preceding step, the
formation of a surface lattice oxygen vacancy at these sites, is activated, requiring
temperatures above room temperature. Density functional theory based calculations,
performed on a Au nano-rod supported on a TiO, anatase (101) substrate confirmed that the
presence of the Au nano-rod leads to a significant reduction of the vacancy formation energy
at these sites, resulting in a barrier of only ~0.9 eV for vacancy formation by reaction with
adsorbed CO. The reverse process, replenishing the vacancies by reaction with O,, was found
to be activated in the case of individual vacancies, but essentially barrier-free for the case of
pairs of neighbored vacancies. Consequences of these findings for the mechanism of the CO
oxidation reaction on these catalysts, which can be considered as a model system for Au
catalysts supported on reducible oxides, are discussed.
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1 Introduction

Au catalysts consisting of small Au nanoparticles supported on various metal oxides have
attracted considerable attention in the past 30 years due to their high activity for catalyzing
various oxidation and reduction reactions already at rather low temperatures. ' Examples
include, e.g., the CO oxidation,” the water-gas shift reaction, "1
oxidation of hydrocarbons,'®'® or hydrogenation reactions.'”** Among these, the oxidation of
CO represents the by far most often investigated reaction, and often serves as a prototypical
reaction for heterogeneously catalyzed reactions in general.** For the latter reaction, a number
of experimental (for recent examples see, e.g., refs. *>>~°) and theoretical (for recent examples
see, e.g., refs. > *) studies could provide a rather detailed, but also contradictory picture of
the surface processes contributing to the overall reaction, where the key factors are as follows:
i) Under typical reaction conditions, at room temperature and above, CO is mainly adsorbed
on the Au nanoparticles (NPs), while at lower temperatures it is also adsorbed on the oxide
support. For reaction at very low temperatures <-130°C, the latter CO,q species were shown to
represent the reactive species because of the too low surface mobility of CO, on the Au
nanoparticles ((NPs).”’ ii) For reaction at low temperatures, below room temperature,
desorption of CO, product molecules becomes increasingly rate limiting, where the exact
temperature depends on the respective oxide support.”’”! iii) Most controversially discussed is
the activation of molecular O,. In most cases, the reaction was suggested to proceed via an

the selective and total

adsorbed [0-Oqq-CO,q] intermediate,”® where different sites were proposed as active sites,
either undercoordinated Au atoms of the Au cluster (‘gold only pathway’ **) or sites at the
perimeter of the interface between support and Au NPs (‘perimeter sites’), where O, Was
stabilized by additional interaction with the oxide support (‘interface pathway’ *). In a
combined experimental and theoretical study, Green et al. could provide compelling evidence
that for reaction at low temperatures (<145 K) CO,q pre-adsorbed on the TiO, support reacts
with O,.q species adsorbing from the gas phase at the perimeter sites.”’. On the other hand,
Widmann et al. provided equally convincing evidence in a series of quantitative temporal
analysis of products (TAP) reactor studies **~**** that surface lattice oxygen species located
at the support perimeter sites directly participate in the reaction at temperature of about 80°C
and above, and proposed this as the dominant reaction pathway for reaction under these
conditions. In that picture, surface lattice oxygen close to the Au NPs represents the active
oxygen species for CO oxidation (O,), which reacts with CO adsorbed on the Au NPs.
Accordingly, the reaction proceeds via the continuous formation and replenishment of surface
oxygen vacancies by reaction of the catalyst with CO and O,, which was termed as Au-assis-
ted Mars - van Krevelen mechanism.**** A reaction mechanism involving oxygen vacancy
formation was concluded also by Maeda et al. based on electric conductivity measurements.”’

In the meantime, this mechanistic proposal for the CO oxidation on Au/TiO, has been
supported also by results of other experimental studies, applying different techniques such as
electrical conductivity or electron paramagnetic resonance (EPR) measurements.”>* Further
studies indicated that also other Au catalysts based on reducible supports (Au/CeO,, Au/Fe,Oy,
Au/ZrO,, and Au/ZnO) operate in the same way for reaction above room temperature.”~>>°
The field has been recently reviewed.”’
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Moreover, there is also evidence from several theoretical studies that the CO oxidation at
ambient temperature and pressure on Au catalysts based on reducible metal oxide supports
proceeds predominantly via such a redox mechanism, which includes the continuous and, on a
molecular scale, alternating reduction and re-oxidation of the metal oxide support at the
perimeter of the interface between the metal oxide and the Au NPg, 10:43:45:48 Using a Auy
cluster on a TiO, anatase (001) support, Saqlain et al calculated activation energies of 1.2 eV
for reaction of CO, with surface lattice oxygen and of 0.35 eV for replenishment of the
resulting vacancy by reaction with 0,.%#

A third alternative was proposed by Vilhelmsen and Hammer.*"** Based on very detailed DFT
calculations they proposed that the interface between Au nanoparticle and TiO; substrate is
largely oxidized, and that this enhances the activity for O, dissociation at the perimeter sites
of the oxidized interface. This results in adsorbed atomic oxygen, which can then react with
CO to form CO,. Rather similar conclusions were arrived at by Duan and Henkelman for a
model catalyst consisting of TiO, rutile (110) with a Au nanorods deposited thereon.”” They
found that a specific site at the interface, the Au-Tis. site, allows facile dissociation of
molecular O, with an activation barrier of 0.5 eV, and that the resulting atomic oxygen species
can react with CO with a barrier of 0.25 eV, representing a Langmuir-Hinshelwood
mechanism. Alternatively, CO,q could react with surface lattice oxygen with a barrier of about
0.55 eV, which would be part of a Au-assisted Mars — Krevelen mechanism.

Further mechanistic information was derived from a combined TAP reactor and EPR study on
the reactive removal of TiO, surface lattice oxygen (from Auw/TiO,) by CO.* Measurements
performed at various temperatures between -90 °C and +120 °C clearly demonstrated that the
removal of O, is increasingly inhibited with decreasing reaction temperature, very low at -
20°C and not at all possible any more at temperatures of -90°C. Hence, TiO, surface lattice
oxygen cannot represent any more the active oxygen species at these low temperatures, and
there has to be a change in the dominant reaction pathway with decreasing reaction
temperature.” This also fits to previous findings on the dominant reaction pathway for the CO
oxidation on Aw/TiO, at much lower temperatures (down to -150 °C) by Green et al., who
showed that under these conditions molecularly adsorbed oxygen represents the active oxygen
species, forming a [CO-O,] co-adsorption complex.** Although it is evident from these
findings that the removal of TiO, surface lattice oxygen is an activated process, there is still
no experimental proof that this indeed represents the rate determining step in the CO
oxidation reaction for room temperature and higher, as it was proposed previously.”® So far
the activation barriers for the individual reaction steps are still unknown and it is not yet clear,
whether the removal of active oxygen by CO or its formation, via the replenishment of
surface oxygen vacancies by O, from the gas phase, is rate determining. Comparing with
previous theoretical studies it is in particular unclear whether the preference for a Au-assisted
Mars —van Krevelen mechanism is an artifact caused by the use of small Au clusters, or
whether a such mechanism would also work for a more realistic Au/TiO, model system, and
with activation barriers compatible with experimental data. Furthermore, it is particularly
important to consider the full catalytic cycle, rather than focusing on specific reaction
SthS.40;43;45

These questions about the activated steps in the reaction are addressed in the present
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combined experimental and theoretical study, employing TAP reactor measurements and
density functional theory (DFT) based computations. TAP reactor measurements are
particularly suited for such kind of studies since they allow to separate catalyst reduction and
oxidation steps. After a brief description of the experimental procedures and theoretical
methods (section 2), we first focus on the formation of surface lattice oxygen vacancies at the
perimeter sites (section 3.1). This includes multi-pulse experiments in the TAP reactor,
exposing the Au/TiO; catalyst alternately to sequences of multiple CO/Ar or O,/Ar pulses in
order to reactively remove and replenish the O, species, respectively, at 240°C. Furthermore,
it is important to note that all experiments were performed under completely dry conditions,
to exclude any effects that could result from trace impurities of water.”® On the theoretical
side, we calculated the oxygen vacancy formation energy, both in the absence and presence of
Au nanoparticles, and the pathway for lattice surface oxygen abstraction, including also the
kinetic barriers in the individual steps. In the next section (section 3.2), we deal with the re-
oxidation of the oxygen surface vacancies by reaction with adsorbed O,. Experimentally, this
was explored by exposing the pre-reduced catalyst (see above) to O, pulse sequences at
different temperatures. The temperature dependence of the re-oxidation kinetics provides
information on a possible activation energy in this reaction step, revealing whether (and to
which extent) also the re-oxidation is an activated process. This is followed by calculations of
the re-oxidation pathway, similar to those described above for O vacancy generation. The
results are summarized in full catalytic cycles. Consequences of these findings for our
understanding of the dominant reaction pathway on Auw/TiO, at room temperature and above,
and in particular whether the removal of TiO, surface lattice oxygen by CO is the rate
determining step rather than re-oxidation by O, or CO, desorption, will be discussed.

2 Methodology

2.1 Experimental details

Temporal analysis of products (TAP) measurements were performed using a micro-reactor
containing a commercial Au/TiO, catalyst from STREM Chemicals. The catalyst consists of
Au nanoparticles with 1.0 % wt. Au loading, supported on non-porous TiO; from Degussa
(P25, ca. 50 m? gca{l). The TiO, from Degussa contains around 80-90% anatase, and the rest is
rutile.” The catalyst was pre-treated in a 20 Nml min™ Ar gas flow at 100°C for 15 h, passing
a moisture filter to ensure dry conditions. This sample was then calcined in 10% O,/N, at
400°C for 30 min. A mean Au particle diameter of 2.9 + 0.7 nm was determined by
transmission electron microscopy (TEM) measurements after calcination. After cooling the
catalyst to 120°C in a flow of Ar, the micro-reactor was evacuated at 120°C. Subsequently,
the TAP measurements were conducted by exposing the calcined catalyst alternatingly to
sequences of multiple CO/Ar and O,/Ar pulses (CO/Ar = O,/Ar = 1/1). One pulse typically
contains between 2-10"° and 8-10" molecules. Reduction of a fully oxidized Au/TiO; catalyst
by CO/Ar pulses was always realized at 240°C, the highest temperature used for pulse
experiments in this study. After removal of all available active oxygen species (O,) by CO at
240°C, the sample was then rapidly cooled to the desired temperature for re-oxidation
(between -80°C and 240°C) in vacuum, and exposed to O,/Ar pulses. A detailed description
of the TAP reactor can be found in ref. ©.
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2.2 Computational details

Periodic, spin polarized density functional theory (DFT) calculations were performed using
the Vienna Ab Initio Simulation Package (VASP 5.2).°"** Generalized gradient approxima-
tions (GGA) for the exchange-correlation functional were applied within the Perdew, Burke
and Ernzerhof (PBE) formulation.®®® To circumvent the self-interaction error of the GGA
functional, we used the GGA+U approach developed by Dudarev et al.*’” With this approach,
the multiple occupation of d orbitals is penalized, so that the underestimation of the band gap
and electron delocalization is attenuated. In this work, we set the U-parameter to 3 eV for the
3d levels of Ti. A U value of 2-3 eV for the Ti 3d levels has been proposed by Hu et al. to
calculate reaction energies on titania.’® The parameter provides a good qualitative description
of electronic and geometric structures.”’ To describe electron — ion interactions, the projector
augmented wave (PAW) method was used.””' C(2s, 2p), O(2s, 2p), Ti(3s, 4s, 3p, 3d), and
Au(5d, 6s) states were treated explicitly. For electronic relaxations, we used the blocked
Davidson iteration scheme.’*”> During structure optimizations, all ions were allowed to relax
until ionic forces were smaller than [0.01| eV A™.

Calculations of the titania anatase bulk structure was done using a kinetic energy cut-off of
900 eV. A I'-centered K-point grid in the Monkhorst—Pack scheme "* was used, which was set
to (8x8x4). With this computational setup we obtain lattice parameters of ag = 3.803 A and c,
=9.717 A, compared with the corresponding experimental values "> ay = 3.796 A and ¢, =
9.444 A. The deviation of the unit cell volume is 3.27%.

To model the titania anatase (101) surface we used slabs with 5 layers of TiO,. The slabs were
separated by more than 12 A of vacuum and all ions were allowed to relax during structure
optimizations. Depending on the system, we used (2x1) or (2x2) surface super-cells. I'-point
calculations were performed for the structure optimization and wave functions were expanded
in the plane wave basis up to a kinetic energy of 400 eV. Dispersion forces can be important
for the description of the cluster-support interaction.”®”” Therefore, we used the semi-empiri-
cal dispersion correction proposed by Grimme known as the DFT-D2 approach.” It is gene-
rally assumed that the DFT-D2 method produces an overestimate of the dispersion interac-
tions. For this reason we changed the parameters C¢ and Ry of the DFT-D2 approach, as sug-
gested by Tosoni and Sauer.” We denote this method as DFT-D2'. To construct the surface,
we used the bulk lattice parameters obtained with DFT without vdW-correction, which is jus-
tified by the fact that the unit cell volumes of the bulk materials change by much less than 1%.

Au nanoparticles were modeled using Au nano-rods which are periodic in one direction of the
titania surface unit cell. Here we considered two different Au nano-rod models: Au;¢/TiO, and
Au,4/TiO, (Table S1 and Fig. S1, Supporting Information). The Au,, rod was positioned onto
the TiO,(2x1) and the Au,4 rod was positioned onto the TiO»(2x2) unit cell. The rods and the
unit cells of the rods were then optimized without the titania support, respectively. The
resulting lattice parameters in the direction of the rods periodicity are shown in Table 1. The
lattice mismatch between the nano-rod and the support results in a strain on the rod, because
the lattice parameters of the support were kept fixed. The deviation of the lattice parameter of
the free-standing rod from the TiO; lattice parameters is a measure for strain. This deviation is
reported in Table 1. The strain is relatively small, about 1.2-1.3 %.
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Table 1: Lattice parameters and strain of the nano-rods consisting of N Au
atoms. ag(TiO,) is the TiO, lattice parameter in the direction of the rod's
periodicity. ag(Aun, gas) is the optimized lattice parameter of the free-
standing rod. N is the number of Au atoms.

N ao(TiOy) ao(Aun, gas) Deviation
[A] [A] [%]
(2x1) 10 7.69 7.60 -1.2
(2x2) 24 7.69 7.79 +1.3

Adsorption energies were calculated as defined in eqn. (1), where N, the number of gold
atoms in the supported nano-rods, is 10 or 24. E(X) denotes the total energy of the system X.
All components refer to optimized systems. The vacancy formation energy is defined in eqn.
(2). For the Au-free surface, we can formally set N = 0. For the oxidation of CO with oxygen
from the TiO, lattice, the reaction energy can be calculated as shown in eqn. (3).

Eags (Auy/TiO;) = E(Auy/TiO,) — E(Auy) — E(TiO,) (1)
Evo(Auy/TiO,) = E(Auy/Ti0; ) + 3 E(0;) — E(Auy/TiO,) 2)
Erea = E(CO2) + E(Auy/TiO,,) — E(CO) — E(Auy/TiO,) (3)

Atomic charges q were estimated via the Bader decomposition scheme.***' To determine CO
stretching frequencies, harmonic force constants were calculated using the central finite
difference method with 0.02 A displacements in every Cartesian direction. The atoms of the
CO molecule and the Au atom directly connected to CO were allowed to move. No imaginary
frequencies were obtained. Scaled frequencies are defined in eqn. (4), where v(CO,) = 2126
cm” and v*P(CO,) = 2143 em™;

vS€ = v(CO)Ve*P(COy)/v(COy) 4)

To determine transition states we used the climbing-image nudged elastic band (CI-NEB)
method.* In the CI-NEB calculations, images were optimized to obtain the minimum energy
path until forces on ions were smaller than |0.05] eV/A. We did not include zero-point energy
corrections, because they are assumed to be negligible compared to other approximations
inherent to the models used.

3 Results
3.1 CO oxidation with lattice oxygen from TiO;

The oxidation of CO via the Au-assisted Mars-van Krevelen mechanism can be divided into
two parts.’™ The first part is the reduction of the catalyst by surface lattice oxygen
abstraction, due to reaction with CO, the second step is the re-oxidation of the catalyst by
reaction of the vacancy with molecular oxygen. The catalyst is reduced by CO under
formation of CO, according to reaction (5) and re-oxidized according to reaction (6).%
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CO + AWTiO, » CO, + Au/TiOy )
0, + AW/TiOs = AWTiO; + Oy (6)

In the second reaction, one oxygen atom of the adsorbed O, molecule remains on the surface
and can subsequently either react with another vacancy or with a second CO molecule.
Temporal analysis of products (TAP) measurements of the reduction and re-oxidation of the
Au/TiO; catalyst were performed. As described in section 2, the catalyst was first exposed to
CO/Ar pulses at 240°C (Fig. 1). In agreement with previous findings at T > 80°C,*° CO, is
readily formed (note: the resulting CO, pulses are not shown). CO, formation was only
observed during CO pulses, and the total amount of CO, formed equals the total amount of
CO consumed during the whole sequence of CO/Ar pulses (2.7-10" molecules ge'). In
previous studies we have shown that the total amount of CO consumed / CO, formed
decreased at lower temperatures and is finally inhibited at around -20°C and below, indicating
that the removal of active oxygen from the catalyst surface (catalyst reduction) is an activated

process.’**

A

cat

3,04 e CO consumption
4 O, consumption

2,0

CO and O, uptake / 10'"° molecules g

0,0

o s 10 15 200
No. of pulses
Fig. 1: Accumulated amounts of CO and O, consumption during reduction (CO/Ar pulses)
and re-oxidation (O,/Ar pulses) of Au/TiO, at 240°C.

Note that no CO, formation is observed upon exposure of the pristine titania surface to CO
pulses, showing the important role of the Au nanoparticles for the catalyst reduction step.3 0
This is in good agreement with results of our DFT calculations, which show that the oxidation
of CO by reaction with the pristine TiO, anatase surface is endothermic by at least 1.3 eV (see
below). Hence, the reaction barrier is likely to be even higher.

Assuming hemispherical Au particle shapes, and considering the Au loading and the Au
particle size distribution, one can calculate that for a completely surface reduced Auw/TiO,
sample (all reactive surface lattice oxygen atoms are removed), after removal of 2.4:10'* O
atoms g by CO at 240°C (see above), the local vacancy coverage at the interface between
Au and the TiO, support (relative to the total amount of O surface lattice atoms on perimeter
sites) is about 135%. Hence, in accordance to previous results on a similar Au/TiO, catalyst,
the local vacancy concentration at 240°C for a fully reduced catalyst sample is higher than
100%.> This clearly shows that in addition to all available active TiO, surface lattice oxygen
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at the Au-TiO; perimeter sites, additionally also oxygen from neighboring sites was removed.
In our previous studies we had assigned this to the mobility of TiO, surface lattice oxygen /
surface oxygen vacancies at elevated temperatures (for T > 160°C).>

To determine the role of Au in the reduction of the titania substrate, we investigated the
formation of oxygen vacancies in the vicinity of the Au nano-rod theoretically. First of all,
these calculations reveal that the oxygen vacancy formation energy and hence also the CO
oxidation energy is reduced by up to 2.2 eV when the O atom is removed in the vicinity of the
Au rods (Table S1 and Fig. S1, Supporting Information). The reactive formation of the
vacancy Vo l-a under the bigger Au rod (Fig S1 (b), Supporting Information) is even
exothermic, with a CO oxidation reaction energy of -0.44 eV. This vacancy is, however,
located under the rod and is thus not easily accessible for abstraction by reaction with CO.
The stabilization of the vacancies is related to a charge transfer from the vacancy to the Au
rod, when the Au rod is close to or above the vacancy. The transferred electronic charge is
mainly localized on the Au atom(s) close(r) to the vacancy. The ability of the Au rod to accept
and stabilize excess electrons makes the Au/TiO, system more easily reducible than the Au-
free TiO, substrate. Therefore, the stabilization of oxygen vacancies by the Au rods makes the
CO oxidation step roughly thermo-neutral on A<u/TiO; anatase (101). With increasing
vacancy concentration at the Au — TiO, interface perimeter, the Au particles should become
more and more negatively charged at the perimeter. At high vacancy perimeter concentrations,
the negative charge may become more delocalized in the Au particle due to the charge
repulsion. In fact, we previously observed a red-shift of the CO stretching frequency by about
40 cm™ after extensive reduction of the catalyst, indicating a negative charging of the Au
particles. Similar observations were reported also for CO on small Au clusters, if these were
deposited, e.g., on F-centers on MgO % or for small Au clusters on thin, metal supported MgO

films.>*

The above calculations clearly illustrate the effective enhancement of the catalyst reducibility
by the presence of the Au particles. The ability of the Au particles to capture the excess
electrons associated with the vacancies formed at the Au/TiO, perimeter leads to a
stabilization of the vacancies. In the literature, also a different mechanism for the vacancy
stabilization has been proposed, namely the oxidation of the Aw/TiO, perimeter.**"** In that
case, the Au/TiO, perimeter is highly oxidized, leading to only partly reduced oxygen
adatoms with a net charge of less than -2 |e|. These oxygen atoms are able to capture excess
electrons from the vacancies. The oxidation of the Au/TiO, rutile (110) interface was reported
to be exothermic.*'**¥****"*° The thermodynamic stabilization of vacancies and simultaneously
also the decrease of the kinetic barrier for oxygen abstraction at the Au/TiO, rutile (110)
perimeter reported by Saqlain et al. ** is most likely transferable to the TiO, anatase (101)
surface. According to our computations, the adsorption of an oxygen adatom (O,q) at the
Au/TiO; anatase (101) perimeter is exothermic by around 1.8 eV with respect to 2 O,.
However, a substantial amount of interfacial adatoms (O,q) (up to almost 1 ML with respect to
the interfacial Au-Tis, sites) is needed to obtain a significant effect on the oxygen vacancy
formation,*” and during reaction the adatoms may be consumed by oxygen vacancies under
reactive conditions. In the following we will therefore ignore the effect of interfacial oxygen
adatoms on the vacancy formation.
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To investigate the mechanism of the catalyst reduction, we first explored the adsorption of CO
on the Au catalyst. We tested whether the presence of oxygen vacancies has an impact on the
CO adsorption energy by considering stoichiometric and reduced titania supports. The
reduced titania support contained a single surface oxygen vacancy per unit cell. This way we
model a low to intermediate oxygen vacancy concentration at the Au perimeter (max. 25% of
the O 2c perimeter sites). CO is preferably adsorbed on the Au rod, independently of the
presence of oxygen vacancies (Fig. S2, Supporting Information). CO adsorption energies are
in the range of -0.80 to -1.09 eV. The CO adsorption is about 0.15 eV more exothermic in the
presence of the vacancy, the C-O bond length and the C-O stretching frequency on the other
hand are not influenced by the presence of a single oxygen vacancy (Table S2, Supporting
Information).

The next step consists of the abstraction of a lattice oxygen by reaction with the adsorbed CO
molecule, where CO has to be located close to the Au/TiO; interface. We did not investigate
the CO diffusion process on the Au particle, because CO diffusion on the gold rod should
exhibit only minor barriers of around 0.5 eV.*’ To investigate the TiO, lattice oxygen
abstraction, we chose to consider in more detail the formation of vacancy Vo 1-a located at
the perimeter of the Au;¢/TiO; interface (Fig. S1(a), Supporting Information). The reaction
mechanism for the oxygen abstraction process is illustrated in Fig. 2. First, CO adsorbs on the
Au rod, which releases 0.8 eV. Then, the CO molecule approaches the interface, giving an
intermediate (Fig. 2, (c)). The next step is the removal of a TiO, lattice oxygen (Fig. 2 (c-¢)).
This process is approximately thermo-neutral, but exhibits an activation barrier of +0.97 eV.
In Fig. 2 (c-e) we see that the lattice oxygen is removed in a concerted movement of the CO
molecule, the surface oxygen atom and the gold rod. The last step consists of the desorption
of the CO, molecule, which is endothermic by 0.80 eV. These calculations indicate that the
first part of the catalytic cycle requires activation by about 1 eV.

(d) Transition state (f) CO, + AulTiO,.,
CO2 (gas) +

A (a) CO + AulTiO,
CO (gas) +

/i )Z"?"
éD (c) Intermediate

LT e P2

Relative Energy, Egg, [eV]

$ ‘;z"*;@za oy
St g|heBe
-0.75 eV

Reaction coordinate

Fig. 2: CO oxidation via abstraction of a titania surface lattice oxygen. Relative energies are
given with respect to the reactants shown in (a). (b-¢c) The CO molecule adsorbs and
approaches the gold-titania interface. (c-e) CO abstracts a lattice oxygen and a gold
atom ‘refills’ the oxygen vacancy. This process has an activation barrier of 0.97 eV. (f)
The desorption of the CO, molecule is endothermic by 0.8 eV.
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The presence of a barrier for the oxygen abstraction is in good agreement with the experiment,
where CO, formation is increasingly hindered with decreasing temperature and almost
completely inhibited at around -20°C.* Clearly, the barrier for the removal of titania lattice
oxygen will depend on the particular chemical environment of the oxygen atom. There are
three chemically different types of oxygen atoms on the titania anatase (101) surface: one
two-fold coordinated species (2¢-O), and two three-fold coordinated oxygen atoms (3c-O).
Furthermore, the relative position of the oxygen atoms with respect to the Au rod, and the
fluxionality of the rod will have an important effect both on the value of the barrier and on the
stability of the formed oxygen vacancy. Nevertheless, the order of magnitude of the computed
result agrees very well with the experimental observation that surface lattice oxygen removal
is activated at about room temperature.

3.2 Re-oxidation of the catalyst

After the reduction of the catalyst by CO, the catalyst is re-oxidized by O, pulses (Fig. 1). The
reduction by CO and re-oxidation by O, are reversible with stoichiometric amounts of CO and
O, being consumed in consecutive pulse sequences. This is true except for the first sequence
of multiple CO/Ar pulses directly after calcination (0400), which includes also the
irreversible removal of oxygen from the surface of the Au nanoparticles (non-catalytic CO,
formation), which was present after the initial calcination.*® To investigate the temperature
dependence of the re-oxidation step, we first reduced the catalyst by CO/Ar pulses at 240°C,
followed by O,/Ar pulses at different temperatures. The accumulated amounts of oxygen
consumption during the O,/Ar pulse sequences at different temperatures are shown in Fig. 3.
At 240°C, the total amount of oxygen consumed during the whole sequence is around 1.3-10"®
O atoms g . Interestingly, the oxygen uptake at all other temperatures down to -80°C is
only slightly lower than the uptake at 240°C.

1,54
U)U
7))
1S
S
] 1,04
o
=
[0)
S 0,5-
a kY = +30°C
;N 2 +80°C
A +240°C
:
o!o l‘ v ] v ) v ) v ) v )
)} 20 40 60 80 100

O,/Ar pulses

Fig. 3: Absolute, accumulated amounts of O, consumption during re-oxidation of Au/TiO,
by O,/Ar at various temperatures between -80°C and 240°C, where each of the re-
oxidation experiments was performed directly after the catalyst reduction by CO/Ar
at 240°C.
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The total oxygen consumptions during O,/Ar pulse sequences at different temperatures (-80°
to 240°C), after the catalyst reduction at 240°C, are illustrated as filled columns in Fig. 4.
They show almost identical oxygen consumption with (1.0+£0.1)-10'® O atoms ge, ', with a
slightly higher value only at 240°C. The slightly lower values at temperatures below 240°C
are tentatively assigned to a re-oxidation during the cooling process, e.g. by residual traces of
water in the sample environment. The fact that the total oxygen consumption as well as the
initial re-oxidation rate (after catalyst reduction at 240°C) are roughly temperature indepen-
dent clearly demonstrates that the re-oxidation of the reduced Au/TiO,; catalyst readily takes
place also at low temperatures. This is in stark contrast to the activated removal of TiO,
surface lattice oxygen, which was found to decay with decreasing temperature, until it is
eventually completely inhibited at temperatures of -20°C and below.*® If the catalyst is
reduced at a temperature lower than 240°C, less oxygen is abstracted from the catalyst. This is
illustrated by plotting the total reversible oxygen removal and oxygen consumption upon
reduction by CO and re-oxidation by O, pulses at the same temperatures, which is indicated
by empty columns for the respective temperatures in Fig. 4.
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Fig. 4. Filled columns: Absolute amounts of O, consumption during re-oxidation of
Au/TiO; by O,/Ar at various temperatures between -80°C and 240°C, always directly
after reduction by CO/Ar at 240°C. Empty columns: For comparison, we also show
the reversible oxygen removal / oxygen uptake during reduction and re-oxidation by
CO and O, pulses, respectively, at the same temperature.

On a quantitative scale, the O, uptake during O, pulsing, i.e., during re-oxidation, is shown in
Fig. 5 for three different re-oxidation temperatures (240°C, 30°C, -80°C). It shows the
fractional consumption of the O, pulses during re-oxidation. Obviously, independent of the
temperature there is an essentially complete consumption of all O, molecules during the first
ca. 5 Oo/Ar pulses. Afterwards, this decreases due to the lower amount of accessible oxygen
vacancies still present. After around 25-30 pulses there is almost no more O, consumption at
each temperature and, hence, the catalyst is close to being fully oxidized again. Using the O,
pulse sizes (see Fig. S3, Supporting Information), the relative consumption during the O,
pulses can be converted into absolute numbers of O, molecules, which are plotted in Fig. 5.

These results in total clearly demonstrate that the re-oxidation process of the reduced Au/TiO,
catalysts is almost independent of the re-oxidation temperature. Accordingly, the effective
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activation barrier for the replenishment of TiO, surface lattice oxygen vacancies at / close to
the Au-TiO, perimeter sites under present reaction conditions (-80 to +240°C) must be
negligible or even absent, in contrast to the activated surface lattice oxygen removal by CO.
Based on these experimental results, the Au assisted Mars-van Krevelen mechanism is clearly
limited by the activated removal of the active oxygen species from the perimeter sites, while
re-oxidation is facile.

Similar to the vacancy formation process, the process of re-oxidation was simulated also
computationally. Obviously, for the stoichiometric CO oxidation reaction, 2 CO + O, 2> 2
CO,, two CO molecules are oxidized per O, molecule (Fig. 1). In the experiment, the re-
oxidation is realized with molecular oxygen. Accordingly, we need two (neighboring) oxygen
vacancies for the consumption of a single O, molecule. Alternatively, only a single vacancy is
re-oxidized, and the other oxygen atom converts into an adsorbed oxygen (O,q) species. This
second oxygen species may either react with a second CO,q4, or with another oxygen vacancy.
We first considered the latter case by investigating the

Fig. 5:
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replenishment of different isolated oxygen vacancies, both for the Au;¢/TiO, (Fig 6 (a.1-2)),
and for the Auys/TiO,, (Fig 6 (b.1-2)) model systems. An example for the replenishment of
two adjacent oxygen vacancies is then considered for Au,;(/TiO, in Fig. 6 (a.3).

Let us consider in more detail the re-oxidation of the single oxygen vacancy Vo 1-a, Fig. 6
(a.1), which was formed in the process shown in Fig. 2. The formation energy of Vo 1-a at
the Au;¢/TiO; perimeter was reduced by 1.32 eV with respect to the Au-free surface. The
energetics of the re-oxidation process is illustrated in Fig. 7. We start with the adsorption of
molecular oxygen close to the vacancy, which is quite exothermic with an O, adsorption
energy of around 2 eV (Fig. 7 (b)). After adsorption, the oxygen molecule dissociates. This
process is exothermic by around 1.5 eV, and exhibits an activation barrier of 0.16 eV only
(Fig. 7 (c)). Then, one of the oxygen atoms refills the vacancy, an exothermic process, which,
however, exhibits a significant activation barrier of around 0.9 eV (Fig. 7 (d)). Overall, there
is a large energy release associated to the adsorption and dissociation of the oxygen molecule

(b) Auy,ITiO, [Vo1-b
() Auy,ITiO,
Vol-a

+0,

L 08 ™
0\
i Y{?

w

(a.1) -0 (1) O
(a.3)
0] o= o= =
38 dhoer
“Oare .7 )%O =
: 3

+gz 3' ‘7 3\/5'
o,
parte’

Vol-c
e O +0 ] Q
i/ y o’ B )
A CJ" W\ baﬂ\e: Q | WUDT’ -
Gg@\*‘ﬁ (2) o o0 A Odu {\)D&O‘O
£ ; O oA A
b , -
% e et e a%

Fig. 6: (a) Reoxidation of Au;¢/TiO,4. (a.1) Reoxidation of Vo 1-a under formation of
Au;¢/0.¢/TiO;. (a.2) Reoxidation of vacancy Vo 2—-a in combination with the
formation of an O adatom (Au;¢/O,d/TiO;). (a.3) Re-oxidation of two adjacent
oxygen vacancies (Vo 1-a and Vo 2-a). (b) First step of the re-oxidation of
Aups/TiOz4. (b.1) Oxygen adsorption in Vg 1— b under formation of O,/Vo. (b.2)
Oxygen adsorption in Vo 1—c under formation of O,/Vo. The oxygen vacancies are
denoted according to their type and formation energy, see Table S1, Supporting
Information.

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Catalysis

14

(around 3.4 eV in total) but also a substantial barrier (activated process, in contrast to the
experiment).

After the reaction shown in Fig. 7, the catalyst remains with an additional oxygen adatom (O,q)
at the Au/TiO; interface. As described above, this O,4 can (1) diffuse to another vacancy, or (2)
a vacancy can diffuse to the O,q, or (3) the oxygen adatom can be abstracted by reaction with

a second CO,q molecule. In the following, we will shortly go through these three possibilities.

Let us first consider the option of O,q migration. The O,q is strongly bound with an adsorption

energy of -1.80 eV with respect to %2 O,. To obtain a stoichiometric oxidation, these oxygen

adatoms could migrate to an oxygen vacancy and then refill it. We did not address this

pathway computationally, as we assume that either the O,y surface diffusion barrier is

sufficiently low that the O,4 species can reach another vacancy and replenish it, or that O,

rapidly reacts with CO,q4 to form CO,.
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Fig. 7: Refilling of an oxygen vacancy on Au/TiO;. (a-b) O, is molecularly adsorbed at the
gold-titania interface, close to the oxygen vacancy. (c-d) The O, molecule dissociates
with an activation barrier of 0.16 eV. (d-f) One of the oxygen atoms refills the
vacancy. (e) This process includes a barrier of 0.94 eV. (f) A single oxygen adatom
(O,4) remains at the Au/TiO; interface.

The option of vacancy diffusion was investigated by A. Selloni and U. Diebold et. al. for Au-
free titania anatase. They found that the vacancy migration in bulk titania anatase exhibits
activation barriers of only around 0.2 eV.*® To diffuse to the (101) surface, a barrier as large as
1.6 eV was found.®® On the other hand, Wahlstrém et al. have shown that surface vacancies
can easily migrate to a position underneath the Au particle on TiO,-rutile (1 10).Y

As a third option, we investigated the possibility to abstract the O,q by reaction with CO. This
process involves several steps, including the formation of a quite stable O-Au-CO
intermediate (Fig. 8). Wang et al. also reported the formation of the O-Au-CO species during
CO oxidation on a Auy cluster supported on rutile TiO, (110).*” Based on an exploratory
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NEB calculation with a force-threshold of |0.1] eV/A, we estimate an activation barrier of
roughly 1 eV for the O,q abstraction by CO. The complete catalytic cycle involving the O,q
abstraction by CO is summarized in (Fig. 8). In all three cases described above the re-
oxidation involves an activation barrier at some point, which is in contradiction with the
experimental findings.

Contrary to the case discussed above, the replenishment of the vacancy Vg 2—a on Au;¢/TiO;
(Fig. 6 (a.2)), proceeds via the spontaneous dissociation of the O, molecule, once this is
brought into the vicinity of the vacancy. This is a result of the fact that the vacancy is not
largely refilled by an Au atom from the rod, as it was the case for the vacancy Vo 1-a. The re-
oxidation process involving the formation of an O,q (Fig. 6 (a.2)), is exothermic by 4.59 eV
with respect to the gas phase O, molecule. As in the previous case, the re-oxidation process
leaves behind an oxygen adatom, which has to be consumed in some way. Hence, also in this
case, re-oxidation involves an activated step with a barrier of around 1 eV, for the reaction of
the O,q4 species with CO,q.
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Fig. 8: Possible catalytic cycle for CO oxidation on Aul0/TiO; involving the formation of a
single oxygen vacancy and one oxygen adatom. In phase A, a titania lattice oxygen is
abstracted by CO, forming CO; and an oxygen vacancy. In phase B, the oxygen
vacancy is re-oxidized by O,, leaving an oxygen adatom O,q at the Au/TiO, interface.
In phase C, the oxygen adatom O,q is abstracted by CO, under formation of the
second CO, molecule.
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Let us now consider the other case for the re-oxidation at low vacancy concentration at the
perimeter of the Au particle. Here, we investigated the replenishment of two different vacancy
positions at the Auy4/TiO, perimeter (Fig. 6 (b.1-2)). As mentioned before, the fluxionality of
the Au particle plays an important role in the vacancy stabilization and thus in the Au-assisted
Mars-van Krevelen mechanism. In Fig. 6 (b.1-2), we see that the oxygen vacancies are only
partly refilled by a Au atom from the rod, in the sense that only one of the under-coordinated
Ti atoms from the vacancy is close enough to bind to the Au atom from the rod. It seems that
the larger Auy4 rod is less flexible than the Aujo rod. This makes the vacancy more accessible
for the O, molecule, which readily adsorbs inside the vacancy without dissociating, similar as
on the Au-free surface.*® As this situation is similar to the Au-free surface, we assume a larger
barrier for O, dissociation.

As a last case, we consider the high vacancy concentration regime, where adjacent vacancies
are present, as shown in Fig. 6 (a.3). The formation energy of Vo 2—a at the Au;¢/TiO;
interface is 4.20 eV when vacancy Vo 1-a is already present. This is 1.7 eV less than on the
Au-free surface. This further emphasizes the essential role of the Au particle to reduce the
cost of O vacancy formation. In this case, the two vacancies are re-oxidized spontaneously
upon adsorption of the O, molecule. The resulting catalytic cycle for CO oxidation involving
the formation of two adjacent vacancies is summarized in Fig. 9. As the process is barrierless,
we desist from showing an additional energy diagram as in Fig. 7 and summarize the process
in Fig. 9 (phase 5 — 1). The computational findings for the high vacancy coverage regime are
in perfect agreement with experimental findings.

The data presented and discussed so far clearly indicate that the results of the TAP reactor
pulse sequences can be reproduced theoretically. In both cases the removal of surface lattice
oxygen at the perimeter sites is activated, and the size of the computed kinetic barrier, which
for a number of different configurations is around 1.0 eV, fits well to the experimental results.
In fact, a lower barrier in the calculations would be in contrast to the experimental observa-
tions, since it would not be able to explain the observed decay of the efficiency for lattice
oxygen removal, which is essentially fully hindered at -20°C.

On the other hand, for the re-oxidation of the surface oxygen vacancies, which based on
experimental observations proceeds essentially barrierless, calculations also yielded a
substantial barrier when performed with a single vacancy, i.e., in the limits of low surface
oxygen vacancy concentrations. This situation would be typical for reaction gas mixtures with
an excess of O, in the gas phase, i.e., at a O, : CO ratio of 0.5 and higher *. A barrier-free
process, on the other hand, was observed in the presence of 2 adjacent vacancies. This
situation would become increasingly probable for lower O, : CO ratios, well below stoichio-
metric composition. Here we have to keep in mind that the number of configurations tested
for this process was rather limited, and it may well be that there are other single-vacancy
configurations which also show a very low barrier for re-oxidation of the surface oxygen
vacancies. This would also be in better agreement with the experimental observation that
increasing the oxygen excess mostly leads to an increased CO oxidation rate, resulting in a
positive reaction order for 0,.*
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As discussed above, the barrier for re-oxidation is mainly associated with the filling of the O
surface vacancy rather than with the dissociation. For the continuous reaction one could
therefore envision a reaction process where the formation of vacancies is responsible for
facile dissociation of molecularly adsorbed O, 44 in the vicinity of a vacancy, but where in a
next step both of the resulting atomic oxygen species react with CO instead of filling this
vacancy, which as discussed above is a significantly activated step. The resulting barrier for
the reaction of CO,q and O, in the presence of an oxygen vacancy may be lower than in the
absence of a vacancy, which was estimated above to be about 1.0 eV. This process would be
rather similar to the reaction mechanism proposed by Vilhelmsen and Hammer,*""** who also
proposed an atomic oxygen species as reactive species. In their case, however, oxygen
dissociation was activated by a highly oxidized interface, whereas in our case this activation
would be due to surface lattice oxygen vacancies at the perimeter sites.

AulTiO,

E.4(0,) = -7.40 eV COIAUITIO,
0,
.
Q%xj -

400
%
AE =-0.80 eV

Phase C (5-1):
reoxidation
of TiO,

Phase A (1-4):

< ~ CO oxidation
bs e N with TiO, lattice
r Ad}z“ }- Phase B (4-5): oxygen
Q0O CO oxidation

AE = 0.93 eV with TiO, lattice

oxygen
CO,/AuTIO,

: “O-
4()&&6) @Vo(
\ ¥ \
AE = 0.03 eV

v/ - Lo
- B PLIY &

WV,
Ll o d| I N0 N8
AE = 0.80 eV

Fig. 9: Possible catalytic cycle for CO oxidation involving the formation of two adjacent
oxygen vacancies. In phase A, the first titania lattice oxygen is abstracted by CO,
forming CO, and an oxygen vacancy. In phase B, the second lattice oxygen is
abstracted by CO, forming a second CO,. In phase C, the two vacancies are refilled
by 02.
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While we cannot rule out the process proposed by Vilhelmsen and Hammer for continuous
reaction, it can hardly explain the results of the TAP reactor pulse sequences. In the latter case,
reduction by CO pulses would not only remove the oxygen adatoms formed upon O,
dissociation close to the oxidized interface, but also the interface oxygen, at least those
interface oxygen species which are close to the perimeter sites. As a consequence, the highly
oxidized interface, which is essential for facile O, dissociation, is no longer present, and O,
dissociation should become increasingly activated, in contrast to experimental observations
(see Fig. 5). In conclusion, while we cannot rule out this mechanism for the continuous CO
oxidation reaction on Au/TiO, at present, in particular under highly oxidizing conditions, it is
not compatible with the results of the multi-pulse experiments. Similar arguments apply also
to the reaction mechanism proposed Duan and Henkelman, which also requires the presence
of an oxidized interface.*’ The Au assisted Mars — van Krevelen considered here, on the other
hand, is compatible with both reaction conditions, continuous reactions and sequential
reaction in the multi-pulse experiments. In that case it is likely that this also contributes signi-
ficantly to the continuous CO oxidation reaction. This will be explored further in ongoing
work.

Finally we would like to briefly comment on discrepancies between the reaction barrier of
about 1 eV derived from the present work, both experimentally and theoretically, and the
barriers derived from temperature dependent rate measurements. These latter experiments
resulted in a wide range of activation barriers, which also varied with temperature.**' First of
all it should be noted that depending on the reaction conditions such measurements lead to
values which may be anywhere between the actual activation barrier in the elementary CO
oxidation process, and the apparent activation energy, which represents the difference
between reaction barrier and CO desorption barrier.”> For the present case of weak O,
adsorption the O, desorption barrier may participate as well. Hence, the values derived from
such measurements may i) be quite different from the barrier derived for the activated
elementary step, and ii) it may vary significantly depending on the actual experimental
situation. This should be considered when comparing our findings with experimental data.

4. Conclusions

Aiming at a microscopic understanding of the continuous CO oxidation on a Au/TiO, catalyst
under typical reaction conditions, at ambient temperature and above, we have explored
mechanistic aspects of this reaction in a combined experimental and computational study.
This leads us to the following main results and conclusions:

1. The activated removal of titania surface lattice oxygen by reaction with CO, which was
proposed by previous TAP reactor measurements, is confirmed by atomistic reaction
models based on DFT calculations. These calculations reveal a significant reduction of the
oxygen vacancy formation energies (by up to 2.2 eV) at the Au/TiO, anatase (101)
interface perimeter compared to the Au-free TiO, surface. The Au particles closely
interact with the vacancies, whereby a charge transfer from the vacancy to the Au particle
occurs. The ability of the Au particles to accommodate the excess electrons associated to
the vacancies formed at the Au/TiO, perimeter and the coordination of the vacancy Ti
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atoms by Au leads to a stabilization of the vacancies, lowering both the vacancy formation
energies and the kinetic barriers for vacancy formation. Lowering of the vacancy
formation energy does not require the presence of an oxidized interface

2. According to the calculations, the Au-assisted CO oxidation can proceed as follows: CO is
adsorbed on the Au particle with an adsorption energy of around -0.8 eV; CO then
abstracts a TiO; lattice oxygen at the Au/TiO, anatase (101) perimeter with an activation
barrier of around 1.0 eV. In the last step, CO, desorbs, leaving behind an oxygen vacancy,
i.e. the reduced catalyst Au/TiO,. The CO, desorption process is endothermic by around
0.8 eV, which is identical with the kinetic barrier for this process. Hence, the reactive
removal of surface lattice oxygen is the rate determining step, in particular at ambient
temperatures or slightly above.

3. The next step in the Au-assisted Mars - van Krevelen mechanism involves the re-
oxidation of the previously reduced catalyst. Multi-pulse TAP measurements, performed
on a catalyst pre-reduced by CO pulses at 240°C, reveal that neither the total amount of
oxygen uptake, nor the (initial) uptake kinetics change significantly in the temperature
range between -80°C and 240°C. These findings clearly indicate the absence of an
activation barrier for the re-oxidation process. Computationally, we explored various
possible re-oxidation processes and found that the re-oxidation of the catalyst can proceed
barrierless in the case of two adjacent vacancies at the perimeter, i.e., at higher oxygen
vacancy concentration at the Au/TiO, perimeter. In this case the O, molecule can split
spontaneously and refill both vacancies. The replenishment of a single oxygen vacancy by
O, (low vacancy concentration) leads to the formation of oxygen adatoms (O,q) at the
Au/TiO, perimeter. In this case calculations predict a significant barrier for the re-
oxidation process, either for the surface migration of a vacancy, or for the abstraction of
0,4 by CO. Lower barriers for configurations not tested here cannot be excluded.

Overall, these results further support previous proposals of a Au assisted Mars — van Krevelen
mechanism for the CO oxidation on Au/TiO, catalysts under typical reaction conditions, at
ambient temperatures and above. Furthermore, they underline the importance of including
activation barriers and considering the full catalytic cycle in mechanistic proposals and
computational studies. Finally, they emphasize the specific role of Au for facilitating the
formation of oxygen lattice vacancies, since Au can easily accept and stabilize the electron
generated during that process.
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