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Different types of planar Au/TiO, model catalysts are produced
on TiO,(110) single-crystal substrates and thin TiO, films on
Ru(0001) by physical vapor deposition of gold under ultrahigh-
vacuum (UHV) conditions or by micelle-based chemical routes.
Both the Au nanoparticles and the support are characterized
by surface-science-based methods (such as atomic force mi-
croscopy and X-ray photoelectron spectroscopy) as well as by
transmission electron microscopy. Finally, the activity of the

1. Introduction

Since the pioneering work by Haruta in the late 1980s," sup-
ported Au catalysts have attracted much attention due to their
unusual catalytic activity. For example, the oxidation of CO is
possible at temperatures far below 100°C (for an overview, see
refs. [2,3]). In spite of numerous experimental and theoretical
efforts with sometimes contradictory results (e.g., importance
of metallic** oxidic,®” non-metallic® Au species, Au particles
of bilayers height™®), a detailed understanding of the CO oxida-
tion reaction is still missing. It is generally accepted that not
only the Au nanoparticles but also the nature of the support
material influences the catalytic activity considerably, and—
among others—also TiO, was discussed as “active support
material”."” Recently, it was suggested that a modification of
the chemical and physical properties of the TiO, support can
affect the catalytic activity,""'? and that the TiO, support
might be more than a spectator in the reaction. The up to
now unsolved mechanism might also be related to the possi-
bility that differently prepared (powder as well as model) Au/
TiO, catalysts indeed follow different reaction pathways. Re-
cently, a discussion was started about the influence of oxygen
vacancies and Ti interstitials on the catalytic activity of planar
Au/TiO, model systems. New results indicate that oxygen sur-
face vacancies are, from an energetic point of view, less impor-
tant for the catalytic activity due to their instability in reactive
gases compared to Ti interstitials.">'¥ Segregation of Ti inter-
stitials from the bulk to the surface and formation of additional
layers (see e.g., refs. [15,16]), which is characteristic for reduced
titania, might play an important role in the heterogeneous cat-
alysis of gold.

Due to their reduced structural complexity, planar Au/TiO,
model catalysts have been widely used to get a better under-
standing of the fundamental principles of their catalytic activi-
ty. Since surface-science-based experimental methods, espe-
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model catalysts in the CO oxidation reaction is analyzed in a
microflow reactor. Au/TiO,(110) model catalysts with a stoichio-
metric TiO,(110) support exhibit only a low catalytic activity
compared to those with a reduced crystal and Au/TiO, model
catalysts with thin TiO, films on Ru(0001) as a substrate. The
possible influence of Ti interstitials in the reduced TiO,(110)
substrates on the CO oxidation activity is discussed.

cially scanning tunneling microscopy (STM) and other electron-
based techniques, often require an appropriate electrical con-
ductivity of the substrate, reduced rutile TiO,(110) substrates or
(ultra)thin TiO, films on metal surfaces (mostly refractory mate-
rials such as Mo, Re) have been used for the respective experi-
ments. Reduced (as well as afterwards re-oxidized) and stoi-
chiometric TiO,(110) substrates possess quite different chemi-
cal and physical properties (not only in their electric conductiv-
ity) and are expected to show different behaviors as model
catalysts in combination with Au. Apart from a different ability
of both surfaces to adsorb oxygen,’% also the binding
strength of Au atoms on the stoichiometric TiO,(110) surface is
significantly smaller compared to the reduced surface.”” The
higher density of defects on the reduced surface and the
higher binding strength are responsible for different particle
sizes on reduced and oxidized surfaces after evaporation of
AU.[22'23]

Herein, we report on the structural and electronic properties
of differently prepared Au/TiO, model catalysts and their cata-
lytic activity. The first part of the manuscript is related to the
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TiO, support, namely, thin TiO, films on Ru(0001) as well as sto-
ichiometric and reduced TiO,(110) substrates, the second part
to the corresponding properties of Au nanoparticles on these
supports, and finally, their catalytic activity in the CO oxidation
reaction is addressed. The data will be discussed with respect
to other Au/TiO, model catalysts and theoretical models.

2. Results and Discussion

2.1. Structural, Electronic and Chemical Characterization of
Planar Au/TiO, Model Catalysts

In our experiments on planar Au/TiO, model catalysts, Au has
mainly been thermally evaporated in situ onto fully oxidized
and bulk-reduced TiO,(110) substrates and TiO, films on
Ru(0001). Moreover, Au/TiO, samples have been produced ex
situ by using the micelle-deposition technique. Since the sup-
port as well as the Au nanoparticles have an influence on the
catalytic activity, both parts of the model catalysts are charac-
terized regarding their geometric and electronic/chemical
structure.

Structure of the TiO, Substrates

The surface topology of the differently prepared titania surfa-
ces is displayed in Figure 1. Figures 1a,b show non-contact
(nc) atomic force microscopy (AFM) images on TiO,(110) surfa-
ces and Figure 1¢ an STM image obtained from a TiO, film on
Ru(0001). Figure 1a shows a well-ordered stoichiometric sur-
face, with broad, atomically flat terraces with a typical width of
about 100 nm separated by monolayer steps, which is ob-
tained by annealing in air at 950°C (as outlined in ref. [24]).
Figure 1b shows, similar to Figure 1a, a flat surface of a bulk-
reduced TiO,(110) substrate obtained after repeatedly anneal-
ing stoichiometric TiO,(110) in UHV at 730°C (30 min); howev-
er, the step density is clearly enhanced. As known from reduci-
ble metal oxides, an annealing process under vacuum condi-
tions causes mainly a loss of oxygen in the surface and subsur-
face region of the substrate.”” In the case of TiO,(110), it leads
to the presence of Ti interstitials (i.e., Ti"* cations at interstitial
sites). The latter defects can easily diffuse in reduced TiO,(110)
and are made responsible for many interesting phenomena of
this material.™>** Figure 1c displays an STM image obtained
from an in situ prepared TiO,(110)/Ru(0001) film (thickness:

Figure 1. Surface morphology of differently prepared TiO, supports: a) stoichiometric TiO,(110) surface, b) surface
of bulk-reduced TiO,(110) after annealing to 730°C in UHV (AFM images: 800 nm x 800 nm), c) thin TiO, film on

Ru(0001) (STM image: 120 nm x 120 nm).

ChemPhysChem 2010, 11, 1430- 1437

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ARTICLES

10 ML) which shows titania islands of different heights (diame-
ter: 20-30 nm) with atomically flat and well-ordered TiO,(110)
surfaces on top.”® X-ray photoelectron spectroscopy (XPS)
data do not reveal any Ru-related peaks and confirm that the
whole Ru surface is covered with Ti0,.?5%"

Additional cross-section images using high-resolution trans-
mission electron microscopy (HR-TEM) on both types of
TiO,(110) supports show planar surfaces with a small rough-
ness. In contrast to the stoichiometric TiO,(110) substrate (left
column in Figure 2), which nicely shows the periodic rutile

Figure 2. Bright-field overview (a and b) and HR-TEM (c and d) images of
the surface of stoichiometic (a, ¢) and bulk-reduced (b,d) TiO,(110). The bulk-
reduced TiO,(110) sample shows massive crystalline defects such as holes
and dislocations. Image (a) (upper left panel) shows, additionally, Au nano-
particles from a micelle-based deposition process, see. Figure 6.

structure, the images from the bulk-reduced substrate (right
column in Figure 2) display an inhomogeneous structure with
many holes and dislocations. Although it is well known that a
bulk-reduced TiO,(110) substrate exhibits defects, mostly
oxygen vacancies and Ti"" atoms at interstitial sites in the sub-
surface region, the observed degree of disorder does not rep-
resent the internal structure of
such substrates. During the
preparation of the sample for
cross-section TEM investigations,
ion-milling processes (Ar ions
with energies up to 5keV)
strongly interact with defects in
the crystal and create the hole-
like structure (cf. Figure 2) by re-
moving  preferentially atoms
close to defect sites. However,
the surface remains intact and
shows a flatness similar to that
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of the stoichiometric sample. The depth of the inhomogene-
ous defective crystal structure corresponds to the thickness of
the reduced TiO,. This state is determined by the history of the
sample and the defect depth increases with time and tempera-
ture of the heat treatment starting from stoichiometric rutile
substrates.

Au Nanoparticles Produced by Thermal Evaporation on TiO,
Supports

The CO oxidation reaction on Au/TiO, catalysts is characterized
by a strong dependence of the catalytic activity with respect
to the size of the Au nanoparticles with a maximum at about
3 nm.®?® Whereas this value denotes the diameter of (more or
less) spherically shaped particles on high surface area materi-
als, it refers to the lateral diameter of Au particles on planar
TiO, surfaces. The corresponding height of evaporated Au is
usually between two and four monolayers. Since the size distri-
bution of thermally evaporated Au islands depends on the
substrate and its preparation conditions,?? this point was in-
vestigated in situ for the planar Au/TiO, catalysts using AFM
[TiO,(110) substrates] or STM [TiO, films on Ru(0001)]. The size
and shape of Au nanoparticles strongly depend on the Au cov-
erage: at very low coverage, only mono- or bilayer islands are
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formed whereas hemispherical objects occur at intermediate
Au coverages (0.5 ML), finally reaching a nearly spherical shape
at coverages of more than 1 ML.*® The driving force determin-
ing the particle shape is the ratio of the respective surface en-
ergies y of TiO, and Au, which favors a 3D growth mode
(Y1102 < Vau)- The height distribution of Au nanoparticles on stoi-
chiometric TiO,(110) supports has already been investigated in
detail using nc-AFM.B? At a low Au coverage (0.2 ML), most
particles have a height of only 1-2 layers (Figure 3 left); the
height increases slightly when the system is annealed under
UHV conditions to 400°C for 5 min. More details about the
height distribution for different Au coverages and the stability
in reactive gases can be found in ref. [31]. The height distribu-
tion of Au nanoparticles on bulk-reduced supports, however,
shows its maximum around 2-3 layers (Figure 3 center) for a
re-oxidized surface with a similar Au coverage. Due to the
strong tip convolution, the lateral diameter of the Au nanopar-
ticles cannot be determined using AFM. Analogous investiga-
tions were performed on thin TiO, films on Ru(0001) by means
of STM,1?*?7 the results for a coverage of 0.3 ML Au are shown
in the right part of Figure 3. The height distribution on the
thin films shows a similar behavior as on the TiO,(110) support
when taking into account the slightly higher Au coverage. The
STM image clearly shows that most particles are located at
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Figure 3. Top: nc-AFM and STM images obtained from different planar Au/TiO, model catalysts: left: 0.2 ML Au on fully oxidized TiO,(110), middle: 0.2 ML Au
on bulk-reduced and re-oxidized TiO,(110), right: 0.3 ML Au on TiO,/Ru(0001). AFM images: (175 nm X 175 nm), STM image (right part: 50 nm x 50 nm,

U;=2.5V, ;=562 pA). Bottom: corresponding Au-particle height distributions.

1432

www.chemphyschem.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemPhysChem 2010, 11, 1430- 1437


www.chemphyschem.org

Planar Au/TiO, Model Catalysts

step edges, only a few particles exist on the flat terraces. In
general, particles at step edges are slightly higher than those
on the terraces. The typical lateral diameters of the Au nano-
particles are in the order of 2 nm for the Au coverage used in
this experiment. Similar to the findings for Au/TiO,(110) model
systems, the size distribution does not change significantly
after annealing to 400°C under UHV conditions, excluding the
possibility of considerable sintering under these conditions.”®

The chemical state of the Au/TiO, model catalysts was inves-
tigated using XPS. The results of these measurements are dis-
played in Figure 4, which shows both Ti(2p) and Au(4f) peaks.

ARTICLES

(BE) might occur for very small Au particles, usually below
1nm [as in the case of Au nanoparticles on TiO, films on
Ru(0001) for an Au coverage of about 0.06 ML®]. These XPS
BE shifts result from final state effects in photoelectron spec-
troscopy (i.e., an interaction of the outgoing photoelectron
with the positively charged Au after photoexcitation), whereas
ionic BE shift are related to initial state effects (BE shifts before
photoexcitation). The results presented in Figure 4 demon-
strate that the differently prepared TiO, supports always lead
to metallic Au nanoparticles with similar electronic and chemi-
cal properties.

Ti (2p)

Au Nanoparticles Produced by
the Micelle-Based Technique on
TiO, Supports

0-TiO(110)

Micelle-based  planar  Au/TiO,
model catalysts have the advant-

Intensity / arb. units

t 1

r-TiO2(110)

age of a well-defined narrow
particle size distribution and
well-defined interparticle distan-
ces, which can both be tuned by
modifying the type of polymer
used for the micelle shell and

the metal salt loading.®¥ Typical
values for particle sizes lie in the
range of 2 to 10 nm, interparticle
distances can be varied between
25 and 100 nm depending on

TiOz / Ru(0001)

80 82 84 86 88 90 92 456 460

binding energy / eV

Figure 4. XPS spectra of the Au(4f) peaks (left) and Ti(2p) peaks (right) taken from stoichiometric (top), bulk-re-
duced (middle) planar Au/TiO,(110) and Au/TiO,/Ru(0001) (bottom) model catalysts. Au coverage: 0.2 ML.

The XPS spectra of all the TiO, supports show identical binding
energies and shapes, which correspond to fully oxidized titania
lie. Ti**, Ti(2ps,) binding energy reference: 459.2 eV®]. This
result was expected for the stoichiometric TiO,(110) support
(topmost panel). In the bulk-reduced TiO,(110) supports, the
defect density (oxygen vacancies and Ti interstitials) is below
the detection limit of XPS (= 1%) and thus, no energy shift or
shoulders occurring from other valences than Ti** can be de-
tected (middle). Similar to the TiO,(110) substrates, also the
TiO, film on Ru(0001) shows Ti(2p) features, which cannot be
distinguished from the bulk sample (lower diagram). Analo-
gous to the results of the measurements of the Ti(2p) peaks,
also the Au (4f) spectra show for all three types of model cata-
lysts nearly identical results. A feature is observed, which can
be fitted by a single set of peaks at the position typical for
metallic Au [binding energy (BE) of Au(4f,,) peak: 84.0 eV].
The presence of Au oxide species would lead to additional XPS
peaks at higher binding energies (e.g., Au**: BE 85.9eV),
which are not visible in the Au(4f) related data of Figure 4, and
can thus be excluded after Au deposition under UHV condi-
tions. Additionally, small peak shifts to higher binding energies

ChemPhysChem 2010, 11, 1430- 1437
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the particle size. Details on this
technique have been described
elsewhere 2434

Thus, these hexagonally or-
dered model systems are ex-
tremely well suited to study any
structural rearrangement of the
Au particles under reaction conditions such as sintering or
shape deformations. Such investigations have previously been
carried out in different gases.””

Figure 5 shows a nc-AFM image of micelle-based Au nano-
particles on a stoichiometric TiO,(110) support recorded under
UHV conditions. The corresponding height distribution ob-
tained by AFM is displayed in the right part with a mean
height of (3.1+£0.9) nm. The particle array has a high degree of
hexagonal order with a mean interparticle distance of 25 nm.
Details regarding the degree of order are published else-
where.? Since AFM can only give reliable information on the
height of the nanoparticles, we have additionally analyzed the
particles by means of HR-TEM in a new series of experiments.

The left part of Figure 6 displays a high-resolution TEM
image of a single Au nanoparticle on fully oxidized TiO,(110),
all particles on the support have been capped in situ with a
SiO, layer to prevent them from any damage during the TEM
preparation steps. To exclude an influence of the SiO, capping
layer, additional experiments have been performed with other
capping materials (e.g., boron nitride). The image shows a
spherically shaped Au nanoparticle with nearly equal height

464 468
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Figure 5. Micelle-based planar Au/TiO,(110) model catalysts: nc-AFM image (400 nm x 400 nm) (left) and corre-

sponding height distribution evaluated from AFM imaging (right).

height / nm

Due to the misfit of the re-
spective lattice constants of TiO,
(@, b: 0.295 nm, c: 0.459 nm) and
Au (0.408 nm) in combination
with the extremely small inter-
face, one would not expect an
epitaxial order of the Au nano-
particles on TiO,(110). Diffraction
experiments performed at indi-
vidual Au nanoparticles during
the HR-TEM study confirm a stat-
istical ordering. Similar results
have been obtained in in situ re-
flection high-energy electron dif-
fraction (RHEED) experiments;
annealing up to 400°C did not
show any changes. Shibata
etal®” also found an incoher-

3.0 5.0

abundance

3.0 3.5

Figure 6. Left: cross-sectional high-resolution TEM image from a single micelle-based Au nanoparticle on
TiO,(110); scale bar: 2 nm. Note: Figure 2 (upper left panel) shows an area with several Au nanoparticles.
Right: Height distribution of micelle-based Au nanoparticles (mean diameter: 3.8 nm) on TiO,(110).

and diameter. The mean height (3.94+0.4) nm and the mean
width (3.8+0.8) nm of the Au nanoparticles, see right part of
Figure 6, has been determined from a series of HR-TEM images
of different Au nanoparticles. Note that the height distribution
for micelle-based Au nanoparticles is much narrower compared
to thermally evaporated Au particles of a respective size.

As a consequence of the spherical shape, the interface be-
tween the TiO,(110) support and the Au nanoparticles is very
small and thus, the bonding of the particles to the TiO, surface
is rather weak; in fact, the Au particles can easily be removed
at air by wiping. Although micelle-based planar Au/TiO,(110)
catalysts represent nearly perfectly ordered model systems,
their application as catalysts has to be shown. Besides the very
low Au coverage, which already requires a modified detection
technique with higher sensitivity, the small perimeter at the in-
terface might cause additional problems in the CO oxidation
reaction. Haruta and co-workers suggested a model that scales
the catalytic activity of Au/TiO, catalysts with the length of the
perimeter of the Au nanoparticles at the interface, where the
crucial step of the CO oxidation reaction should take place.
Measurements on the catalytic activity of these micelle-based
Au nanoparticles are currently underway.
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ent-type hetero-interface for par-
ticles larger than 2 nm.

2.2. Catalytic Activity of Planar
Au/TiO, Model Catalysts

The catalytic properties of the
model catalysts for the CO oxi-
dation were investigated in two
different reactors: 1)a home-
built batch reactor equipped
with a quadrupole mass spec-
trometer (QMS)®® (used for the
Au/TiO,/Ru samples) and 2) the
microflow reactor described in
the Experimental Section. In the
first reactor, turn-over frequencies (TOF) of about 0.14+
0.04 site”'s™' have been observed for Au nanoparticles with
different sizes on TiO, films (initial Au coverage: ranging from
0.2 to 0.6 ML) at 80°C®#"3%% (total pressure: 20 mbar, CO:0,=
2:1). This type of model catalysts [0.5 ML Au on TiO, films on
Ru(0001)] has also been investigated in the microflow reactor
and a CO, concentration of (3.3+0.2)% was measured in the
gas stream behind the reactor. From the CO, concentration,
we calculate the corresponding TOF (0.16£0.01 site™'s™" at
60°C), which is in good agreement with the result obtained on
TiO, films on Ru(0001) in the batch reactor. The results from
other measurements on planar Au/TiO,(110) are compared to
this sample which serves as a reference.

The TOF measured from Au nanoparticles (similar Au cover-
age and similar Au size distribution) on a stoichiometric and
nearly defect-free TiO,(110) substrate, however, is about one
order of magnitude smaller than that of the planar Au/TiO, cat-
alyst on Ru(0001). The respective CO, conversion rate is within
the QMS background signal, which is caused by CO, produc-
tion in the presence of the reaction gases (CO and O,) at the
hot filament of the QMS; the TOF can be estimated to be
smaller than 0.003 site™'s™'. Contrary to this finding, measure-
ments of similarly prepared planar Au/TiO,(110) catalysts on

ChemPhysChem 2010, 11, 1430- 1437
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bulk-reduced supports show CO, conversion rates well above
the detection limit, but roughly a factor of five below the
value obtained from Au/TiO, film/Ru(0001) model catalyst (see
Table 1). Since the particle size distribution does not vary sig-
nificantly from those on stoichiometric supports, as shown in
Figure 3, the turnover frequency directly scales with the con-
version rate and has been determined to be
0.03440.010 site "s™". These experiments were repeated sev-
eral times with nearly identical results.

ARTICLES

give rise to slightly shifted CO stretching frequencies (around
2110 cm™") and thus, these Au nanoparticles are considered as
electron-rich Au®~ species."

In situ IR investigations on our Au/TiO,/Ru(0001) model cata-
lysts“? during exposure to reactive gases (pure CO and CO/O,
gas mixtures) mainly showed CO stretching frequencies
around 2110 cm™". Only at higher CO pressure (50 mbar), an
additional peak was observed at 2060 cm™', which remained
after decreasing the CO pressure. This band was attributed to
a flattening of the Au nanoparti-
cles on more strongly reduced

Table 1. Turn over frequency (TOF) obtained from different planar Au/TiO, model catalysts at 60 °C. titania films, according to the re-
) o ) ] ducing influence of CO. The pro-

TiO,/Ru(0001) oxidized reduced TiO,(110) TiO,/Ru(0001) . . .
(batch reactor) Ti0,(110) cess is reversible when exposing
the system to oxygen. However,

Au coverage [ML] 0.2-0.8 0.54+0.05 0.54+0.05 0.5+0.05 the infl f cuch effect

CO, concentration - <0.05% (0.74£0.2)% (3340.2)% € Influénce of such etfects on
TOF [site™'s™"] 0.1440.04 (80°C) <0.003 0.03440.010 0.16+0.01 the catalytic activity is still not

The experimental results shown above strongly suggest an
important—if not critical—influence of the TiO, support on the
catalytic activity, although often other criteria are discussed in
the literature (size effects, extraordinary activity of Au bilayer
systems,” presence of oxidized Au species®). Goodman and
co-workers®" outlined the importance of reduced titania sup-
ports (or at least TiO, surfaces with many oxygen defects):
1) reduced titania surfaces enable the adsorption of oxygen
and 2) the presence of Au nanoparticles on surface defects
leads to a stronger interaction, which results in flatter particles
and a partial negative charge on Au due to charge transfer
from oxygen vacancies.

Recently, Wahlstrém et al.“*? showed, by means of STM stud-
ies, that oxygen vacancy defects on reduced TiO,(110) surfaces
are mobile, assemble under Au nanoparticles, and the high
number of statistically distributed vacancies on the native sur-
face decrease dramatically after Au evaporation and particle
formation. At low Au coverages, the authors were able to cor-
relate a mean number of vacancies to the number of atoms in
Au nanoparticles. Moreover, Rodriguez et al.*®’ proposed that
the presence of Au on reduced supports i) stabilizes oxygen
vacancies at the surface and i) modifies the exchange rate of
oxygen defects between the surface and the bulk to an extent
that leads to a stabilization of the Au nanoparticles (i.e., more
oxygen vacancies in surface position on the cost of subsurface
vacancies). It is important to note that a small amount of the
negative charge from oxygen vacancies, although delocalized
to a certain extent, can be transferred to the Au nanoparti-
cles,?"*%1 3 process that is not possible for stoichiometric
TiO,(110) samples. This additional charge may partly be located
at the Au-TiO, interface.”” Depending on the size of the Au
nanoparticles and the amount of charge transfer, this effect
could be visible in infrared (IR) spectra of CO adsorbed on
these particles by shifts to higher or lower wavenumbers de-
pending on the sign of the charge." Whereas the CO stretch-
ing frequencies on single-crystal Au surfaces are located at
2124 cm™', bilayer Au particles on reduced TiO,(110) supports

ChemPhysChem 2010, 11, 1430 - 1437
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clear. Unfortunately, similar ex-
periments on TiO,(110) supports
are not possible in the microflow
reactor, since the surface is not directly accessible to IR spec-
troscopy.

Recent publications mention that surface oxygen vacancies,
which are often made responsible for the catalytic activity in
Au/TiO, catalysts, might only play a minor role in catalysis.">'¥
Oxygen vacancies are easily filled in the presence of reactive
gases (such as O, and H,0) and, from an energetic point of
view, they seem to be less favorable to promote the CO oxida-
tion reaction, as discussed in the literature before. Several pub-
lications!>'>*“3) focus on the influence of Ti interstitials which
are present when TiO,(110) supports are annealed at higher
temperatures in UHV. These defects can easily move in TiO, at
elevated temperatures and preferentially diffuse to the surface
when oxygen is present in the gas phase. As a consequence,
several authors observed the formation of new TiO, layers on
top of the existing TiO,(110) sample at temperatures above
200°C and an O, pressure of 107° mbar.">*-*¥ The influence of
these additional layers on the catalytic activity is still under dis-
cussion.['647]

Wendt et al.' proposed that Ti interstitials in the near sub-
surface regime should promote the catalytic activity of planar
Au/TiO, model catalysts by lowering the energetic barrier of
the CO oxidation. The presence of surface vacancies alone
(e.g., created by sputtering with Ar ions) should not lead to
enhanced conversion rates, but together with Ti interstitials, it
should again have a preferential influence on the catalytic ac-
tivity. First results from our group confirm these predictions:
Kielbassa®" found that the CO, conversion rate measured on a
stoichiometric TiO,(110) support with a high number of
oxygen vacancies is nearly equal to a sample without surface
defects. On the other hand, Au/TiO, model catalysts with bulk-
reduced TiO, supports clearly show an enhanced TOF com-
pared to stoichiometric supports. This is a clear indication that
the presence of subsurface oxygen defects caused by the seg-
regation of Ti interstitials has a strong influence on the catalyt-
ic activity.
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3. Conclusions

Herein, we have presented experimental results on differently
prepared planar Au/TiO, model catalysts. A direct comparison
of stoichiometric and reduced TiO,(110) supports shows that
the catalytic activity of these model systems strongly depends
on the preparation of the underlying support. Au nanoparticles
created under UHV conditions on a stoichiometric support
have a very low catalytic activity which is about one order of
magnitude below the respective value for a reduced TiO,(110)
support. According to our results, surface oxygen vacancies,
which have often been made responsible for the higher activi-
ty on reduced substrates, cannot solely explain the different
catalytic activity and thus seem to play only a minor role in
this process. The segregation of Ti interstitials from TiO, bulk
regions to subsurface regions in the presence of reactive gases
and subsequent chemical processes at the TiO, surface and
Au-TiO, interface are expected to have a high impact on the
catalytic activity, most likely by lowering energetic barriers for
the CO oxidation. Our experimental results are generally in
agreement with the recently published model calculations re-
garding the influence of Ti interstitials by Wendt et al. and con-
firm the minor importance of oxygen vacancies at reduced sur-
faces. The size or the height of the Au nanoparticles on the ti-
tania surface might have an additional influence on the reac-
tivity; however, this was not the subject of the study presented
here.

Experimental Section

Most of the planar Au/TiO,(110) model catalysts were prepared by
thermal evaporation of Au at room temperature (RT) in a UHV
chamber and afterwards characterized in situ using a home-built
nc-AFM™® and an XPS equipment. The preparation procedure for
fully oxidized TiO,(110) crystals (TBL Kelpin, one side polished,
10 mmx 10 mmx 1 mm) is given in ref. [30].

For obtaining bulk-reduced TiO,(110) substrates, clean and used
bulk-reduced supports were always annealed two times in UHV to
730°C for 30 min and sputtered with Ar ions (600 V, 30 min, 3 pA)
in between. New samples were found to show reproducible reac-
tion rates after at least six cycles of annealing and sputtering. It is
important to mention that the temperature has to be increased
slowly to avoid damages in the supports. Moreover, the tempera-
ture of 730°C has to be controlled carefully for obtaining reprodu-
cible results, since the concentration of defects in the samples
scales with an Arrhenius law. The used samples were usually sput-
tered for 1.5 h to remove the Au nanoparticles before starting the
annealing procedure. Before evaporating Au under UHV condi-
tions, the support was checked with XPS for cleanliness. When con-
taminations such as Si, C, and Ca were detected, the procedure
was repeated until the surface was free from contaminations in the
XPS spectrum.

For the preparation of the Au/TiO, film/Ru(0001) model catalysts,
firstly a fully oxidized film (thickness~10 ML) was prepared on
Ru(0001) by Ti deposition in an O, atmosphere and subsequent an-
nealing in O,. Afterwards, Au was deposited again, at RT, on the
films (details are described in ref. [26]). The structural and chemi-
cal/electronic properties of this model catalyst system were deter-
mined by STM and XPS measurements.
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Micelle-based Au/TiO,(110) model catalysts were prepared using re-
verse micelles. Commercial PS[312]-b-P2VP[74] diblock-copolymers
(Polymer Source Inc.) form spherical micelles in water-free toluene
at a concentration of 5 mgmL~"2* The numbers in brackets reflect
the average number of monomer units in the polymer. After one
week of stirring at ambient temperature, HAuCl, salt was added as
Au nanoparticle precursor. The salt totally dissolved into the hydro-
philic cores of the reverse micelles within a couple of days. Fully
oxidized, atomically flat rutile TiO,(110) substrates were dipped
into the solution and emerged at a constant velocity of
15 mmmin~"'.B**% Here, a monolayer of Au-salt-loaded micelles
was deposited on the rutile substrates. By means of oxygen radio-
frequency (rf) plasma treatment (13.6 MHz, 50 W, 5 Pa, 300 K), the
polymer was completely etched within 30 min, thereby forming
well-separated Au nanoparticles. In the present case, the procedure
led to particles with a mean diameter of 3 nm at a mean interparti-
cle distance of 25 nm, which is largely determined by the length of
the polymer (for details, see ref. [24]).

Generally, the samples were transferred in situ into a UHV-compati-
ble reaction cell attached to the main UHV preparation and charac-
terization chamber (micelle-based samples must, of course, first be
transported under ambient conditions into the UHV system). The
home-built microflow reactor (volume~2 uL)®" was used for the
characterization of the activity of the Au/TiO,(110) model catalysts
in CO oxidation. The gas composition used in the experiments pre-
sented here consists of 6.7% CO and 3.3% O, in 170 mbar Ar, the
chemical composition (ratio of CO to O,) of the gases was varied
to obtain the highest CO, conversion rates.

The analysis of the product gases was performed in a quadrupole
mass spectrometer (QMS) located in a different UHV chamber. The
QMS was connected to the reactor by a thin fused silica capillary,
which adjusted the gas flow to about 1 Nulmin™'; details about
the reactor are given in ref. [31]. To reduce the inevitable CO, back-
ground production at the QMS filament in the presence of the re-
action gas mixture of CO and O,, an yttrium-oxide-based filament
was used, which reduces the CO, background by about one order
of magnitude when compared to a tungsten filament. The error
bar in the CO, concentration was found to be +0.2% due to statis-
tics and the CO, background signal.

While for AFM and STM no additional surface treatments were
needed, transmission electron microscopy (TEM) investigations of
cross-sectioned samples demanded a special procedure. The sam-
ples were cut into stripes, glued face-to-face, and embedded into
3 mm Ti grids. Then, these sandwiches were grinded, dimpled, and
polished down to a thickness of about 5 um. Low-angle (< 8°) Ar-
ion etching (2 to 5 keV) was finally applied until electron transpar-
ency was reached (sample thickness < 100 nm). Since Au nanoparti-
cles do not stick very well on TiO, surfaces, a thin film of SiO, was
deposited onto these samples prior to the mechanical treatment
to cover the nanoparticles and thus avoid unwanted damage
during thinning. The TEM investigations were carried out using an
FEI Titan 80-300 microscope operating at 300 kV, equipped with
an imaging side aberration corrector. The aberrations of the objec-
tive lens were corrected up to a phase plate of 20 mrad (corre-
sponding nominal point resolution<0.1 nm). High-resolution
images were recorded on a slow-scan CCD camera (Gatan Ultra-
scan 1000).
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