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Thomas Diemant*®® and Joachim Bansmann*®
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The oxidation of CO on planar Au/TiO, model catalysts was
investigated under pressure and temperature conditions similar
to those for experiments with more realistic Au/TiO, powder
catalysts. The effects of a change of temperature, pressure, and
gold coverage on the CO oxidation activity were studied.
Additionally, the reasons for the deactivation of the catalysts
were examined in long-term experiments. From kinetic meas-
urements, the activation energy and the reaction order for the
CO oxidation reaction were derived and a close correspondence
with results of powder catalysts was found, although the overall

1. Introduction

Due to the inertness of bulk gold surfaces,”” the element gold
had been regarded for a long time to be only of minor use in
catalytic applications. Accordingly, the catalytic properties of
gold catalysts had not been tested very intensively for quite a
long time although the few studies on the subject pointed to
some catalytic activity for finely dispersed gold particles.”
Finally, in the late 1980s and the beginning 1990s, Haruta et al.
studied the catalytic activity of extremely fine dispersed gold
catalysts for the CO oxidation reaction in more detail,®™ and
observed a surprisingly high activity for samples with gold
particles of a mean diameter below 4 nm. This discovery led, in
the following years, to a rapid growth of interest in the catalytic
properties of gold catalysts and it was found that a wide variety
of reactions is catalyzed, including partial or complete oxida-
tion, hydrogenation, water-gas shift reaction, and many others
(for reviews see, e.g., ref. [6-10]). Still, most of the work has
been focused on the CO oxidation,"'” because it can serve as
a prototypical model reaction to improve the understanding of
the working principles of supported gold catalysts. Besides the
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turnover frequency (TOF) measured in our experiments was
around one order of magnitude lower compared to results of
powder catalysts under similar conditions. Furthermore, long-
term experiments at 80 °C showed a decrease of the activity of
the model catalysts after some hours. Simultaneous in-situ IR
experiments revealed a decrease of the signal intensity of the
CO vibration band, while the tendency for the build-up of side
products (e.g. carbonates, carboxylates) of the CO oxidation
reaction on the surface of the planar model catalysts was rather
low.

interest in the fundamental processes of catalysis, the oxidation
of CO on this catalyst material is also interesting from a
technical point of view in a number of different possible
applications. Supported gold catalysts have been discussed,
e.g., for the purification of the feed gas (selective CO oxidation
in H,-rich gas mixtures) of low temperature polymer electrolyte
fuel cells (PEFCs),”**'*? because they are already very active in
the temperature range used for this type of fuel cells.

Besides the extreme importance of the gold particle size on
the activity for CO oxidation, studies with disperse gold
catalysts revealed that a number of other factors can influence
the catalytic activity, e.g., the support material,”® the shape of
the gold particles,”™ the oxidation state of the gold particles,**
or the presence of co-adsorbed species.'®?'*" Unfortunately,
also the preparation method and the pretreatment of the gold
catalysts before their use in the CO oxidation have a marked
influence on the structural properties and the catalytic activity
of the disperse catalysts.'”? Nevertheless, the underlying
reaction mechanism was found to follow a Au-assisted Mars-
van Krevelen mechanism, in which only sites directly at or close
to the perimeter of Au nanoparticles on TiO, participate.?**"
Similarly, sites at the Au/TiO, interface were identified as active
sites for O, dissociation in DFT calculations.®*

In order to study the reasons for the enhanced activity of
small gold particles and to establish a correlation of the activity
with the structural and electronic properties of the catalyst
material, the oxidation of CO has also been studied by well-
defined planar model catalysts.*>™*" In most of these studies a
planar TiO, support was chosen, because TiO, powders are also
for more realistic catalysts one of the most promising
supports.” As one result of the model studies, the effect of the
particle size on the activity was confirmed by the Goodman
group®** and it was stated that particles with a height of
two atomic Au layers have a much higher activity compared to
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particles with only one or with three or more layers. Because of
the coincidence of the maximum activity with a transition from
the metallic to the nonmetallic state, which was derived for
particles with two layers from scanning tunneling spectroscopy
(STS) measurements, it was concluded that the enhanced
activity is triggered by the special electronic properties of these
particles. The CO oxidation by gold particles has also been in
the focus of theoretical studies, which investigated the reaction
with density-functional (DFT) calculations.*?*" Strain effects,**¥
the influence of under-coordinated corner atoms on the gold
particles, and active sites at the Au—TiO, perimeter® were
pointed out as possible explanations for the particle size effects.

In this publication, we present the results of an extensive
combined kinetic and IR study on the CO oxidation by planar
Au/TiO, model catalysts, which were created by Au deposition
on fully oxidized, closed TiO, layers on a Ru(0001) substrate (cf.
experimental section for more information). We have studied
the reaction kinetics of the CO oxidation on these model
catalysts under realistic pressure and temperature conditions in
detail and are able to present important kinetic factors such as
the activation energy for reaction and the reaction order(s).
Additionally, the influence of the gold particle size on the
catalytic activity was tested, by variation of the deposited gold
amount. Finally, the long-time performance and stability of the
model catalysts was checked by kinetic and in-situ IR measure-
ments during and XPS measurements before and after this
long-term exposure to the reactive gas mixture. The results
derived for our model catalyst can be compared to those from
powder catalysts, to test if a correlation between both types of
catalyst materials exists.

2. Results and Discussion
2.1. Au/TiO, Model Catalysts

The structure and chemical composition of the model catalysts
were studied by scanning tunneling microscopy (STM) and X-
ray photoelectron spectroscopy (XPS) measurements, respec-
tively.

Figure 1 shows exemplarily STM images of model catalyst
surfaces with a gold coverage (0,,) of (a) 0.3 and (b) 0.6 ML. The
underlying titania films are rather flat and the gold particles
nucleate preferentially at the step defects of the titania
substrate.” In these two examples, the particles have mean
diameters of 2 (0.3 ML Au) and 2.5 nm (0.6 ML Au) and the
particle height distribution has its maximum at particles with 3
layers in both cases, although the fraction of higher particles
increases from 0.3 to 0.6 ML Au. The tendency to formation of
larger gold particles also continues with increasing gold cover-
age, e.g., at 0,,=0.8 ML, particles with a mean diameter of
3 nm and a height of four to five layers are found. Particles with
a height of one atomic layer are only observed at very small Au
coverage below 0.1 ML.

The chemical state of the model catalysts was examined
using XPS. Figure 2 shows a representative XPS measurement
from a model catalyst with 0.43 ML Au. The absence of any
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Figure 1. STM images of Au/TiO, model catalyst surfaces with different Au
coverages (0,,): @) 04, =0.3 ML (49x49 nm?), b) 0,,=0.6 ML (51x51 nm?).
Tunnelling parameters: U;= +2.5V, I;=0.56 nA. Reprinted with permission
from: T. Diemant, Z. Zhao, H. Rauscher, J. Bansmann, R. J. Behm, Top. Catal.
2007, 44, 83-93. Copyright (2007) Springer Science Business Media, LLC.
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Figure 2. Survey XP spectrum of a Au/TiO, model catalyst after preparation
(04, =0.43 ML). Insets: Detail spectra of the Au(4f) (right) and Ti(2p) (left)
region.
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contaminations (like C, etc) is confirmed by the survey
spectrum, the insets show detail scans of the Au(4f) and the
Ti(2p) region, respectively. Characteristically for fully oxidized Ti
atoms in the support (Ti*"),"” a single doublet with peaks at
459.2 eV (Ti2p;5,) and 464.7 eV (Ti2p,,,) is sufficient to fit the
spectrum in the Ti(2p) region. Similarly, also the Au(4f) spectrum
can be fitted by a single peak doublet. The peak position of the
Au(4f,,,) component at 83.9 eV confirms that the gold particles
are in the metallic state. These results are in good agreement
with values reported in literature for gold particles deposited
on TiO,(110)*** and bulk gold."® XPS characterization of the
model catalyst samples was always carried out before and after
experiments in the high-pressure cell.

2.2. Temperature Dependence of CO Oxidation

Before investigating the activity of the model catalyst, the
influence of the sample temperature on the structure of the Au/
TiO, catalyst was investigated. For this purpose, samples with
similar gold loading were heated in 20 mbar of a reactive gas
mixture of two parts CO and one part O, for three hours to
different temperatures between 50°C and 180°C. Sintering of
the gold particles on the titania substrate should become
obvious when comparing XPS measurements before and after
gas exposure by a decrease of the intensity of the Au(4f) with
respect to the Ti(2p) peaks. Up to temperatures of 130°C, XPS
did not show any decrease of the Au(4f)/Ti(2p) intensity ratio
within the error margins of our measurements (approximately
5%). At 150°C a small decrease of the intensity ratio by 7% was
found which increases to 10% at 180 °C. Based on these results
it can be concluded that the particle size on the model catalyst
was not significantly affected at the applied gas pressure up to
130°C. On the other hand, several articles reported that the size
of the gold particles on TiO,(110) single crystal substrates was
affected under similar conditions even at much lower
temperature.®>***® The enhanced stability of the gold particles
on our titania films on Ru(0001) compared to TiO,(110) bulk
crystals can partly be explained by the larger roughness of our
sample surfaces, leading to a stronger adhesion of the particles
on the titania films. Furthermore, UHV-prepared TiO,(110)
crystals are often O-deficient, to ensure sufficient electric
conductivity of the crystal for surface analysis techniques. Due
to the stronger interaction of gold with the reduced titania
substrates, the particle size is smaller on these substrates.*” The
oxidation of the reduced TiO,(110) substrates under high
pressure conditions (in gas mixture containing O,) could there-
fore promote sintering of the particles. In contrast, the model
catalysts used in our study were already oxidized before the gas
exposure and therefore this effect was absent.

In the next step, the dependence of the CO oxidation
activity of Au/TiO, model catalysts on the temperature was
investigated in the temperature range from 50 to 130°C. At
temperatures below 50°C the activity of the model catalysts
was too low to obtain quantitative results. For all experiments
shown here, model catalysts with a similar Au coverage
between 0.6 and 0.8 ML were used and a gas mixture consisting
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of two parts of CO and one part of O, with a total pressure of
20 mbar was applied. The apparent activation energy for the
CO oxidation reaction can be evaluated from Arrhenius type
plots as shown in Figure 3b, the TOF values at these temper-
atures are collected in Table 1. In Figure 3a the increase of the
CO, concentration in the high-pressure cell, which is operated
in the batch mode, is shown. Please note that in the first hours
a linear increase of the CO, concentration is observed at all
reaction temperatures.

The activity of the model catalysts grows with increasing
temperature. As shown in Table 1, the TOF increases from
0.07 5" at 50°C to 0.48 s ' at 130°C. Comparison to results of
activity measurements with more realistic powder catalysts®"”
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Figure 3. a) Increase of the concentration of CO, at different temperatures.
b) Arrhenius plot for the determination of the apparent activation energy of
CO oxidation.

Table 1. TOF of CO oxidation on Au/TiO, model catalysts at different
temperature.

Temperature [°C] 50 80 100 130

TOF [s7'] 0.07 0.14 0.21 0.48
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indicates that the activity of our model catalyst is one order of
magnitude lower under similar pressure and temperature
conditions. This discrepancy may be ascribed to the differing
structural properties of both types of catalyst materials. From
the Arrhenius plot (Figure 3b), the apparent activation energy
for the CO oxidation on this model catalyst surface is evaluated
to be 27 +7 kJ/mole. This value is in excellent agreement with
results reported for measurements with Au/TiO, powder
catalysts, e.g., Schumacher etal®" derived the same value
when using partial pressures of 10 mbar of CO and O, in this
temperature range. Additionally, very similar results have been
reported by Liu etal.®? (24 kJ/mole), Bollinger et al."? (29 kJ/
mole), Cant etal” (32 kJ/mole), and Haruta etal.” (34 kJ/
mole). Choudhary et al.*” came to a value of 16 kJ/mole and Lin
et al.® observed a change of the activation energy from 38 kJ/
mol below 360 K to 10 kJ/mole at higher temperature.

2.3. Reaction Orders of the CO Oxidation

In this section, the effect of the total pressure and of the partial
pressures of the reactants CO and O, on the activity of the Au/
TiO, model catalysts is discussed. For this purpose, the reaction
orders were determined, which give a measure for the influence
of the gas pressure on the activity of the catalyst. The reaction
orders are derived by a description of the reaction by a simple
rate law:

Rco ox =K+ Pco™ - Po, Q)]
The exponents ac, and o, are the reaction orders with
respect to the gas components CO and O,. The overall reaction

order o, is the sum of these single reaction orders.

Qrot =Qco + o, V)

The overall reaction order and the reaction orders for both
gas components CO and O, were determined at 100°C
experimentally. For the overall reaction order, measurements
with different total pressure (5 to 50 mbar) but fixed mixing
stoichiometry of two parts CO and one part O, were conducted.
The reaction order was then calculated from the slope of a
double-logarithmic plot of the reaction rate versus the total
pressure. In this analysis the TOF was used to represent the
reaction rate. Similarly, the reaction orders for the gas
components CO and O, were determined by varying the gas
pressure of one gas component while keeping the pressure of
the other component fixed. For the CO reaction order, the CO
partial pressure was changed from 1.7 to 13.3 mbar while the
O, partial pressure was kept at 6.7 mbar. For determining the O,
reaction order, measurements were performed with gas
mixtures with an O, partial pressure between 6.7 and 53.3 mbar
and a constant CO pressure of 13.3 mbar, respectively. The
reaction orders were determined analogously to the overall
reaction order by a double-logarithmic plot of the reaction rate
versus the respective partial pressure.

ChemPhysChem 2021, 22, 542-552 www.chemphyschem.org

The development of the reaction rate in dependence of the
total pressure and the partial pressures of CO and O, are
displayed in Figure 4. An increase of the reaction rate is obvious
with increasing total pressure (Figure 4a) and with increasing
partial pressure of CO (Figure 4b) and O, (Figure 4c). In all cases,
the increase is linear in the double-logarithmic representation;
therefore, the reaction orders can be determined by the slope
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Figure 4. Determination of the reaction orders for the CO oxidation by the
Au/TiO, model catalysts at 100°C in CO/O, gas mixtures. a) Overall reaction
order 0o, b) CO reaction order aq, ¢) O, reaction order 0,,.
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of the three plots. For the overall reaction order oy, a value of
0.88+0.09 is determined, whereas the CO reaction order o, is
0.72+0.07 and the O, reaction order oo, 0.17+0.05. These
experimentally determined values are in line with the expect-
ation that the overall reaction order should be the sum of the
reaction orders of the two gas components.

The value of the overall reaction order oy, of 0.88 indicates
that the reaction rate is strongly dependent on the total
pressure. Furthermore, the reaction orders ac, and og, show
that the reaction rate mainly depends on the CO partial
pressure, whereas the O, partial pressure is of smaller
importance. For the reaction temperature used throughout
these experiments (100°C), a variation of the CO partial
pressure directly results in a change of the CO coverage on the
Au particles of the model catalyst, because the adsorption
energy of CO is in the range from 65 to 40kJ/mole.
Concomitant IR measurements show that even with a total
pressure of 50 mbar the saturation CO coverage is not reached
at 100°C. The high value of the CO reaction order o, indicates
that the reaction rate depends on the CO coverage on the Au
particles, which is determined by the adsorption-desorption-
equilibrium. In contrast, the O, reaction order oy, has a
comparatively small value (0.17). As a consequence, it may be
assumed that under the reaction conditions used throughout
this study the supply of O, from the gas phase is not a rate
determining step in the reaction mechanism of the CO
oxidation.

The values determined in this work for Au/TiO, model
catalysts can be compared to studies with disperse Au/TiO,
powder catalysts, to get an impression if the CO oxidation
proceeds with a similar reaction mechanism for both types of
materials. For differently prepared Au/TiO, powder catalysts, the
reaction orders for CO and O, were reported before in a number
of studies under different reaction conditions. Haruta et al.”’
derived values of 0.05 and 0.24 for CO and O,, respectively, at
20°C. In contrast, Lin et al.*® derived at the same temperature
for the CO reaction order a value of 0.4, whereas the reactivity
was nearly independent of the applied O, pressure (O, reaction
order 0). Bollinger et al."™? reported values of 0.24 and 0.4 for
the CO and O, reaction order at 40°C. Finally, Cant et al.*® had
derived at 47 °C a reaction order of 0.45 for CO and 0.19 for O,.

The variations observed in this collection of reaction order
values from the literature may in part be explained by the
differing structural properties of the Au/TiO, powder catalysts in
these studies. Nevertheless, an influence of the reaction
conditions on the reaction order is also obvious. Most
prominently, a tendency for an increase of the overall reaction
order is observed with increasing temperature. This observation
has also been confirmed in a systematic study of the influence
of the temperature on the reaction order.®" Using a gas mixture
of one part CO and one part O, at 80°C, an overall reaction
order of 0.88 was determined, which increased to 0.95 at 95°C
and further at even higher temperatures. Similarly, an increase
of the reaction order was reported before by Bollinger et al.
when going from 40 to 80°C.""?

The overall reaction order oy, determined here for a model
catalyst is in good agreement with the results of our group on
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Au/TiO, powder catalysts,®" which were acquired under similar

conditions (temperature and gas pressure). From a comparison
of the results listed above, it is evident that the increase of the
overall reaction order for the Au/TiO, powder catalysts is mainly
due to the increase of the CO reaction order. Analogous to the
model catalysts, the CO coverage also has a strong influence on
the reaction rate of the CO oxidation for more realistic powder
catalysts. In contrast the O, reaction order seems to be quite
constant between 0 and 0.4 for powder catalysts in close
agreement to the value of 0.17 determined for our Au/TiO,
model catalyst. In conclusion, it can be noted that under the
reaction conditions applied in this study, the CO coverage on
the Au particles directly influences the reaction rate of the CO
oxidation. In contrast, the O, pressure is of smaller importance
for the reaction rate. The comparison with Au/TiO, powder
catalysts shows a close resemblance of the results derived for
both types of materials.

2.4. Influence of Gold Coverage on the Activity

The results of a set of experiments to reveal the influence of the
gold coverage are displayed in Figure 5. The objective was to
study the influence of the Au particle size, which is closely
connected to the amount of Au deposited on the surface. The
experiments were conducted at a temperature of 100°C using a
reactive gas mixture with a total pressure of 20 mbar and
consisting of two parts CO and one part O,. After deposition of
very small gold amounts the rate of CO, production was very
low, e.g., a sample with 0.03 ML Au showed no difference to
the background measurement without any gold on the surface.
At this Au coverage, the Au particles consist predominantly of
particles with a single Au layer on the titania substrate and
have a mean diameter of around 1 nm. After deposition of
0.14 ML Au, a small activity is observed, although the calculated
TOF of 0.04 57" is still very low. At this Au coverage the mean
diameter of the particles is about 2 nm and most of them
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Figure 5. Development of turnover frequency (TOF) on Au/TiO, model
catalysts at 100 °C with increasing gold coverage.
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already consist of two or even three Au layers although a large
number of the Au particles still have a height of only one layer.
A small increase of the Au coverage to 0.22 ML leads to a
considerable increase of the activity. In the coverage range
from 0.22 ML to 1.5 ML Au the activity of the samples stays
almost constant, with a typical TOF around 0.2 s™". Within this
Au coverage range, the particle diameter increases from 2 nm
to 4nm and the height from mostly three- to four-layered
particles to five-or higher-layered particles. Eventually, a further
increase of the Au coverage leads to a decrease of the activity.
For a model catalyst with 10 ML Au, a TOF of 0.05s™" is
estimated. Since no STM measurements exist for Au coverages
above 5 ML, the dispersion was estimated in this range by
taking the reciprocal value of the gold coverage, which would
hold true for a closed, smooth gold film on the titania substrate.
The real dispersion will certainly be higher than the value
assumed here, because the XPS results, which show even at
8 ML still the Ti(2p) and O(1s) peak of the titania film, indicate
that gold-free areas on the surface exist even at this high gold
coverage, which would be also in line with reports in
literature,” or that at least some areas of the surface are
covered only by a very thin gold layer, pointing to a rough gold
film. In any case the real dispersion is higher and in turn the
TOF is actually smaller than the values reported here.

To summarize, the Au/TiO, model catalysts with the highest
activity are found for a Au coverage in the range from 0.2 to
1.5 ML and with a mean particle diameter between 2 and 4 nm.
Whereas the activity ceases totally for catalysts with smaller Au
coverage, samples with higher coverage only show a gradual
decrease of the activity. This dependence of the CO oxidation
activity on the Au coverage and therefore on the mean Au
particle size is in general agreement with studies on realistic
powder catalysts™'® and planar model catalysts,***® although a
significantly stronger dependence of the activity on the particle
size was reported for powder catalysts. A comparison with the
results of model catalyst studies shows in some parts a different
outcome. Regarding the dependence of the activity on the
mean particle diameter, our results agree completely with the
results of Valden etal,*® especially with respect to the
decrease of the activity for larger gold particles by an order of
magnitude. Furthermore, Valden et al.?**® proposed that bilayer
particles are the most active species which is in contrast to our
findings that the activity of the Au particles is of a similar order
of magnitude for particles with two to at least five or even six
atomic layers of gold. Thus, the concept of an enhancement of
the catalytic activity due to the special electronic properties of
bilayer Au particles, for which the transition from the non-
metallic to the metallic state occurs, cannot explain our results.

2.5. Deactivation Behavior

The results discussed in the preceding sections were based on a
calculation of the TOF from the increase of the CO, concen-
tration during the first hour of an experiment. In general, within
this period a linear increase of the concentration was obtained,
as expected for a closed system with a constant reaction rate.
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In the next step, the CO, partial pressure was recorded for a
longer time scale in order to test the long-term activity of the
Au/TiO, model catalysts. As an example, the evolution of the
CO, concentration during a long-term experiment of 12 hours is
depicted in Figure 6. This experiment was carried out at a
temperature of 80°C using a model catalyst with 6,,=0.7 ML.
Firstly, it can be noted that the CO, concentration increases
initially almost linearly but that the increase levels off with
increasing time and eventually almost ceases at the end of this
experiment. As the reaction rate is calculated in this batch-
mode experiment from the slope of the increase of the CO,
concentration, it is obvious that the reaction rate declines more
and more with time.

A decrease of the CO oxidation activity of gold catalysts
over the reaction time is not exceptional and was observed
before in a number of studies with Au/TiO, powder
catalysts.'>**'*%* Also in the experiments of the group of
Goodman with model catalysts a rapid decrease of the activity
was observed already within the first hour of the
measurement.*® Different reasons were proposed to explain
the observed deactivation. For Au/TiO, powder catalysts, the
formation of by-products in the CO oxidation was identified as
important source of the deactivation. These by-products such
as formates, carbonates, and carboxylates block the active sites
of the catalyst and inhibit CO oxidation. The formation of such
species is a relatively fast process on Au/TiO, powder catalysts
under reaction conditions, the presence of such species was
usually detected in IR measurements already after minutes.>*
In contrast, the decrease of the activity of Au/TiO, model
catalysts was mainly attributed to the growth of the Au particles
in the presence of an oxidizing environment.*>*®

To test which of the afore-mentioned processes is respon-
sible for the catalyst deactivation, in-situ IR measurements were
done in the course of the long-term experiments. The results of
a measurement are depicted in Figure 7. The upper spectrum in
Figure 7b is the result of an IR measurement at room temper-
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Figure 6. Increase of the CO, concentration during a long-term experiment
(Au/TiO, model catalyst with 8,,=0.7 ML; 12 h at 80°C in a mixture of
20 mbar CO/0, (2:1)).
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Figure 7. IR measurements of a long-term experiment (12 h at 80°Cin a
mixture of 20 mbar CO/O, (2:1)). a) IR spectra recorded in the course of the
long-term experiment. b) Comparison of IR spectra measured before and
after the experiment at room temperature.

ature in the presence of 20 mbar of the gas mixture before the
beginning of the actual long-term experiment. In this spectrum
a single band is detected at around 2110 cm™', which can be
assigned in agreement with literature™'**® to CO linearly
bound on the Au particles. In Figure 7a, IR spectra collected in
the course of the long-term experiment are compiled. Due to
the higher temperature of 80°C during these measurements,
the IR signal intensity of the band at 2110 cm™ is reduced
compared to the result of the measurement at room temper-
ature, pointing to a reduced CO coverage on the Au particles.
Furthermore, in the course of the long-term experiment a
further significant reduction of the IR intensity is obvious, which
is most prominent during the first hours of the experiment.
Already for the second IR spectrum in Figure 7a, measured after
2 h reaction time, a decrease of the signal intensity to 2/3 of the
initial intensity is noticed and a further slow decrease to 1/2 of
the initial intensity after 12 hours is observed in the following
measurements. After the long-term experiment the model
catalyst was cooled down to room temperature and a further IR
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spectrum was recorded (Figure 7-Bottom spectrum). Compar-
ison to the spectrum before the long-term experiment shows a
noticeable loss of IR signal intensity of around 50% again. This
decrease of the IR intensity is indicative for a decrease of the
CO coverage on the Au particles under the assumption that the
IR signal intensity is linearly connected to the CO coverage,
which at least as first order approximation will hold true. This
decrease of the steady-state CO coverage on the Au particles
may also be of importance in the observed deactivation of the
catalysts, because the determination of the pressure depend-
ence of the reaction rate showed a strong influence of the
equilibrium CO coverage on the activity.

The observed decrease of the IR intensity can be caused by
different reasons. Firstly, the surface of the model catalyst might
get blocked by co-adsorbed impurities, which are collected in
the course of the experiment, or similarly due to the formation
of by-products of the CO oxidation, which can prevent CO
adsorption on the surface. Indeed, for Au/TiO, powder catalysts
a fast formation of diverse by-products of the CO oxidation was
commonly observed under the conditions of the CO oxidation.
Formates, carbonates, and carboxylates were instantaneously
detected after the contact of the catalyst material with the
reactive gas mixture."">® The presence of these species is
evidenced by a number of different IR bands in the wave
number range from 1700 to 1300 cm™". In contrast to powder
catalysts, Figure 7 demonstrates that our model catalyst only
shows a minor tendency to the formation of these by-products.
In the IR spectrum collected after the long-term experiment
(Figure 7b - Bottom spectrum) only very weak bands are
observed in this wave number range. In principle, three
different broad bands can be distinguished in this spectrum,
which appear at 1560, 1445, and 1360 cm ™. The relatively weak
band at 1560 cm™' is assigned in correspondence with
literature>**® to carbonate groups bound with two O atoms
to one Ti** center. The signal with the strongest intensity at
1445 cm™' can be ascribed to carbonate groups bound with a
single O atom to the surface.®®®V Bands at 1360 cm™' were
assigned in literature either also to twofold bound carbonate
groups or to formates on the surface."*®¢" The sluggish growth
of these bands in the course of the long-term experiment
(Figure 7a) shows, that the formation of these species is a
relatively slow process. The IR spectrum recorded after the first
two hours of the experiment shows none of the described
bands, a result contradictory to the assumption that the
decrease of the CO coverage on the Au particles is caused by a
blockage of the catalyst surface by these side-products. In any
case, it is worth to mention that in contrast to powder catalysts
only a small tendency for the formation of these by-products is
observed for the model catalysts. This difference can be
explained by the differing structural properties of powder and
model catalysts, with a much higher number of defect sites in
the support material for the disperse powder catalysts. Besides,
the tendency for the formation of side-products seems to be
also influenced by the presence of co-adsorbed species. It has
been reported in literature before that, e.g., hydroxyl groups
accelerate the formation of the by-products.""” Indeed, hydroxyl
groups are still present on the catalyst surface even after a
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calcination step in the catalyst conditioning procedure for most
powder catalysts.”™ In contrast, for the model catalysts the
surface is at least in the beginning of the experiments
anhydrous.

The reduction of the IR intensity might also be caused by a
growth of the Au particles during the long-term experiment
since larger Au particles have a smaller dispersion, i.e., less
adsorption sites (per total Au atom number). Furthermore, the
CO binding strength decreases on larger Au particles and thus,
under the equilibrium conditions of the experiments reported
here, a further decrease of the CO coverage on the Au particles
would be expected upon particle growth. However, the experi-
ments presented in part 2.1 of this paper had shown that a
significant sintering of the Au particles after three hours of
exposure to a gas mixture with the same total pressure and the
same composition only appears at temperatures of 150°C and
above. Therefore, it can be excluded that sintering plays a major
role in this process, because the most significant decrease of
the IR intensity is already observed within the initial two hours
of the long-term experiment.

As a final possible explanation, it can be argued that instead
of a sintering and growth of the Au particles only an internal
modification of the Au particles occurs in the course of the
experiment. As the preparation of the Au particles was carried
out in the UHV section at room temperature, it is reasonable to
assume that the perfection of the faceting of the Au particles is
improved during the course of the experiment.

With this modification under-coordinated defect places on
the Au particles, where CO is bound more strongly, cease to
exist, resulting in a reduction of the overall CO coverage on the
Au particles.

To probe the changes of the chemical and structural
properties of the model catalysts after the long-term experi-
ment in more detail, XPS measurements were conducted after
the transfer of the sample from the reaction cell back to the
UHV section of the system. The survey spectrum of a Au/TiO,
model catalyst with a gold coverage of around 0.9 ML, which
was subjected to a long-term experiment analogous to the one
described before, is shown in Figure 8. The spectrum shows
that no major contaminations can be detected on the surface.

The insets of Figure 8 display detail spectra of the C(1s) and
the Ni(2p) regions, respectively. The detail spectrum in the C(1s)
region was recorded to get more information about the type
and amount of C-containing species, which were collected on
the surface in the course of the long-term experiment. In this
scan two broad peaks at around 285 and 289 eV are detected.
The first peak is assigned to graphitic/carbonaceous impurities.
The second feature is caused by species like carbonates, which
contain besides carbon also oxygen. From the intensity of this
two peaks it can be deduced, that the amount of C-containing
species on the surface of the model catalyst is relatively small,
even when taking into account the low sensitivity of XPS for C
in comparison to other elements. Finally, contamination of the
surface by nickel can be excluded considering the detail scan in
the Ni(2p) region. Metallic nickel deposits are the product of the
decomposition of nickel carbonyls, which can be formed at
high CO pressure by reaction of CO with the stainless steel
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Figure 8. Survey XP spectrum of a Au/TiO, model catalyst with 6,,=0.9 ML
after a long-term experiment (12 h at 80°C in a mixture of 20 mbar CO and
oxygen (2:1)). Insets: Detail spectra of the C(1s) (left panel) and the Ni(2p)
region (right panel).

vessel, if no precautions are taken to omit this possibility.®” It
turned out, that under our experimental conditions the
deposition of nickel on the model catalyst surface remains
below the detection limit of the XPS measurement.

The XP detail spectra in the Au(4f), Ti(2p), and O(1s) region
taken before and after the long-term experiment are collected
in Figure 9. The comparison of the scans in the Au(4f) region
shows that they are essentially identical. Similar to the measure-
ment before the long-term experiment the spectrum recorded
after the experiment can still be fitted by one peak set, and the
Au(4f,,,)-peak is located at 83.9 eV pointing to the persistence
of metallic gold particles.

Similarly, a comparison of the scans in the Ti(2p) region
indicates that no major changes of the state of the Ti atoms in
the TiO, model catalyst support occurred. A set of two peak
components is sufficient to fit the experimental result and the
position of the Ti(2p;,,)-peak at 459.2 eV confirms the oxidation
state to be Ti*". When comparing the ratio of the integrated
signal intensities of the Au(4f) and the Ti(2p) peaks before and
after reaction, a possible sintering in the course of the experi-
ment could be identified by a decrease of this ratio. The
absence of any significant change of this ratio confirms that at
least no pronounced growth of the Au particles has occurred.

In conclusion, we propose that the decrease of the steady-
state CO coverage can be explained as follows: Since a
pronounced sintering of the gold particles can be excluded and
the formation of by-products of the CO oxidation is not
detectable during the first hours of the long-term experiment it
can be assumed that the strong decrease of the IR intensity in
the first hour is mainly caused by an increase of the internal
ordering of the Au particle facets. We do not exclude that the
number of very small Au particles with only a few atoms will
significantly decrease during reaction and this effect may
contribute as well to the initial deactivation. The onset of the
formation of side-products after some hours might then be
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Figure 9. Comparison of detail XP spectra from a Au/TiO, model catalyst
with 0,,=0.9 ML before and after a long-term experiment (12 h at 80°Cin a
mixture of 20 mbar CO and oxygen (2:1)). a) Au(4f) region; b) Ti(2p) region;
(c) O(1s) region.

responsible for the observed further slight decrease of the IR
intensity during this time period.

In contrast to the detail spectra in the Au(4f)- and Ti(2p)-
region, a comparison of the results of the measurements in the
O(1s) region shows the formation of a new component after
the long-term experiment. This component is detected at
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higher binding energies compared to the original peak and has
around 10% of the intensity of the main peak. While the main
component is still centered at 530.5 eV the additional compo-
nent is found at 532.2 eV. The additional component is caused
by O-containing species, which are accumulated during the
long-term experiment on the surface of the model catalyst. To
clarify the origin of the additional component in the O(1s)
spectrum of the XPS measurement, a temperature-programmed
desorption (TPD) experiment (not shown for sake of brevity)
was conducted under UHV conditions. In this experiment, CO,
and H,O were identified as main desorption products, whereby
H,O dominates over CO, by around three times in intensity. In
contrast, evolution of O, from the surface is not detected until
the end of the temperature ramp at 750 K. It is clear that the
CO, is produced by the decomposition of carbonates and
carboxylates during the TPD run. From TPD experiments under
UHV conditions, it is known that H,O should not stay adsorbed/
desorb from a TiO,(110) surface®™® at room temperature,
whereas OH is more strongly bound and is still present.
Therefore, it can be assumed that hydroxyl groups, which may
form during the reaction experiments due to the presence of
trace amounts (~2 ppm) of H,0O in the reactive gas mixture,
remain on the sample under UHV conditions and are detected
in the XPS measurements. These results demonstrate that
hydroxyl groups are also formed besides carbonates on the
surface of the model catalyst during the long-term experiment.

3. Conclusions

The catalytic activity of Au/TiO, model systems was probed
using the CO oxidation as test reaction. The Au particles of the
model catalyst are not very susceptible to a sintering; up to
130°C no significant particle growth is observed in 20 mbar of a
gas mixture of CO and O,. In the kinetic measurements, the
activation energy for CO oxidation (27 kJ/mole) and the overall
reaction order (o, =0.88) and the reaction orders for both gas
components (dco=0.72, 0y, =0.17) were determined. These
values are in close agreement with the results of studies with
more realistic powdered Au/TiO, samples although the overall
reactivity is one order of magnitude lower for the model
catalysts. The close correspondence demonstrates that the
oxidation of CO proceeds with a similar reaction mechanism for
both types of catalyst materials. Furthermore, the dependence
of the CO oxidation activity on the Au coverage, and connected
with this the Au particle size, was studied. A very small activity
was observed for samples with Au particles of a height of only
one Au layer. After the formation of higher Au particles, with at
least two or three layers, a sudden increase of the activity was
observed. Eventually, for larger gold particles, exceeding six or
seven Au layers, again a gradual decrease of the activity could
be noted.

In the long-term experiments a marked decrease of the CO
oxidation activity and at the same time a decrease of the
steady-state CO coverage on the model catalyst surface was
evidenced. These results may in part be due to an increasing
ordering of the gold particles under the reaction conditions
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employed in these experiments. A strong influence of particle
sintering can be excluded on the basis of the ex-situ XPS
measurements, which show a constant Au(4f)/Ti(2p) intensity
ratio. Additionally, in comparison to more realistic powdered
Au/TiO, samples the tendency for the formation and collection
of by-products of the CO oxidation (formates, carbonates,
carboxylates) on the catalyst surface is for the planar model
catalysts rather low, leading to the sporadic formation of
carbonates on the surface. Instead, in the course of the long-
term experiments H,O, which was present in trace amounts in
the gas atmosphere, leads to the formation of hydroxyl groups
on the surface of the model catalyst. It remains an open
question, why the hydroxyl groups do not have a promotional
effect on the CO oxidation activity, as it was observed for
powdered catalysts, although it may be assumed that the
beneficial effect arising from a hydroxylation of the sample
surface is overcompensated by the negative effect due to the
restructuring of the Au particles.

Experimental Section

The experiments reported in this study were done in two separate
UHV systems. The first of these systems was used for scanning
tunneling microscopy (STM) measurements and featured, besides a
home-built single tube STM, standard facilities for surface prepara-
tion and characterization. The second system was equipped with a
reaction cell in which the kinetic and infrared measurements were
carried out, for details, see.® Briefly, the UHV section of this system
contained standard facilities for sample preparation, a quadrupole
mass spectrometer for residual gas analysis and temperature-
programmed desorption (TPD) measurements, and facilities for x-
ray photoelectron spectroscopy (XPS). It was used for the prepara-
tion of model catalyst samples and their analysis before and after
the experiments in the reaction cell. The reaction cell had facilities
for kinetic measurements (differentially pumped mass spectrome-
ter) and IR experiments. For IR measurements in the reflection-
absorption mode two CF16 connections, equipped with home-built
vacuum tight KBr windows, were used.

A Ru(0001) single crystal was used as substrate for the Au/TiO,
model catalysts in both UHV systems. Temperature measurement
was accomplished by a type-C thermocouple fixed to the crystal.
Titania films of around 10 monolayer equivalent (MLE) thickness
were prepared on these substrates by deposition of titanium at
640 K in an atmosphere of 2-10~" mbar oxygen with a deposition
rate yielding around 0.5 MLE/minute. One monolayer equivalent
(MLE) is defined as the amount of titania necessary to completely
cover the Ru(0001) surface by one layer. After this procedure, the
titania films are not fully oxidized“? and were thus treated in
2-10"° mbar oxygen firstly for 15 minutes at 800 K, subsequently at
1000 K for one minute, and finally at 950 K for another minute.
After this procedure the oxygen pressure was maintained during
the cooling down of the samples for another 5 minutes, resulting in
fully oxidized titania films, as evidenced by XPS measurements. The
film growth during Ti deposition can be characterized by a Stranski-
Krastanov growth mode, with big TiO, islands on the 1 ML TiO,. ¥
The oxidative annealing steps lead to a complete oxidation and
smoothing of the layer, the TiO, terraces show on top a structure
equivalent to TiO,(110)-(1x 1) surface. The formation of a closed
and relatively smooth TiO, layer is confirmed by the absence of the
Ru 3d peak in XPS. In the following, gold deposition was carried out
with a rate of around 0.05 ML/min at room temperature. The Au
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coverage is referred to a pseudomorphic overlayer on the Ru(0001)
substrate in this publication, i.e., 1.6-10" Au atoms/cm?

The STM images were recorded at positive sample bias voltages (+
2.0V-2.5V) in a constant current mode (0.56 nA). Careful analysis
of the STM measurements lead to detailed information about the
morphology of the gold particles.”™ Using this information we were
able to calculate the decrease of the dispersion of the Au particles
(fraction of atoms on the surface divided by the total number of
atoms in the particle) with increasing nominal Au coverage, a
prerequisite to determine the turn-over frequency (TOF), i.e., the
number of reacted CO molecules per second and Au atoms on the
surface of the particle. It has to be noted, that the tendency of the
model catalysts to form superposed or merged gold particles at
very high gold coverage, makes the determination of a precise
value for the dispersion in this coverage range difficult.

For the kinetic measurements in the reaction cell, a differentially
pumped mass spectrometer was used to analyze the temporal
evolution of the gas composition. In the experiments, both sides of
the Ru(0001) single crystal were covered with a titania film, because
ruthenium or, more precisely, RuO, (possibly formed under reaction
conditions), is known to catalyze the oxidation of CO.*"%® Back-
ground measurements using samples with a titania film on both
sides but without any gold deposition showed anyway a meas-
urable increase of the CO, concentration, although in literature it
has been reported that pure titania without gold has no activity for
the CO oxidation reaction.®™ This activity can presumably be
ascribed to the edge of the Ru(0001) single crystal, which was not
covered by the TiO, film. To account for the background activity,
measurements with gold-free samples were performed for each set
of reaction parameters (temperature, total pressure, gas composi-
tion) and the measurements with gold-covered samples were
corrected with respect to this effect. In this study, samples with
gold deposited on both sides of the crystal were used to enhance
the CO, production. Based on the knowledge of the dispersion
determined from STM measurements, the TOF was calculated.

Infrared reflection absorption spectroscopy (IRAS) measurements
using a Bruker Tensor 27 spectrometer were performed to study in-
situ the adsorbed species on the surface of the model catalyst
during the reaction experiments. The IR technique is especially
well-suited for experiments at elevated pressure due to relatively
small absorption effects in the gas phase when sufficiently short
beam paths are used.” Nevertheless, the IR measurements are
influenced by the absorption of gas phase CO at a pressure above
1 mbar. Polarization modulation (PM) technique was used through-
out the IR measurements of this study to eliminate the unwanted
gas phase contribution; details of the PM technique have already
been described elsewhere.””? Before polarizing the IR beam by a
ZnSe wire grid polarizer, it is focused by a concave mirror on the
sample, and then reflected by the sample onto a
Mercury—Cadmium—Telluride (MCT) detector. The direction of polar-
ization is constantly modulated between p- and s-polarization by a
photoelastic modulator unit (PEM, Hinds Instruments, 11/ZS37).

XP spectra were recorded at room temperature using non-
monochromatized Al-K, radiation for excitation and a hemispherical
sector analyzer operated in the fixed transmission mode at pass
energies of 20eV and 50eV for detail and survey scans,
respectively. After subtracting a Shirley background, the peaks were
fitted using a nonlinear least squares routine with mixed Gaussian-
Lorentzian peak characteristics.
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