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We investigated the oxygen storage capacity (OSC) of Au/TiO2 catalysts as well as its correlation with the
activity for CO oxidation and in particular the influence of the Au particle size on these properties in
kinetic measurements and in temporal analysis of products (TAP) reactor measurements. Catalysts with
identical Au loading but different Au particle sizes were prepared by calcination of the same raw catalyst
in air at different temperatures; the Au particle sizes were characterized by transmission electron micros-
copy and X-ray diffraction. TAP multi-pulse data indicate that oxygen stored on the catalyst surface reacts
with CO; both the OSC and the activity for CO oxidation increase with decreasing Au particle size. From
the small amount of removable oxygen, between 0.4 and 1.0% of the total surface oxygen of the support
material, and its almost linear relation with the perimeter sites of the interface between the gold particles
and the support, we suggest that the removable oxygen species are located at these interfacial perimeter
sites. Furthermore, these oxygen species are shown to represent the active oxygen in the CO oxidation
reaction under the present reaction conditions.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Oxide-supported gold catalysts and in particular Au/TiO2 cata-
lysts are well known for their high activity for CO oxidation even
at low temperatures [1–5]. Despite extensive efforts to unravel
the reaction mechanism and the physical origin of their high activ-
ity on a molecular scale (for reviews see [4,5]), essential features of
the reaction such as (i) the nature of the active site, (ii) the activa-
tion of oxygen and the nature of the active oxygen species, (iii) the
effect of the Au particle size on the catalyst activity, and (iv) the
role of the support and of metal-support interactions in the reac-
tion and their influence on the catalytic activity are not yet
resolved and are still under debate. For instance, while most
groups agreed on small Au0 nanoparticles as reaction dominating
species (see, e.g., [4,5]), other groups proposed that cationic Au
species play an essential role in the reaction [6–8]. Under-coordi-
nated sites on the Au nanoparticles [9–11], support-induced
strained Au [12], or ‘perimeter sites’ at the interface between Au
nanoparticle and TiO2 support [8,11,13–15] (or step sites at the
perimeter [16]) were suggested as active sites. Furthermore, while
there is a general agreement that CO is largely adsorbed on the Au
nanoparticles (only for very low temperatures/high CO partial
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pressures CO is also adsorbed on the TiO2 support), the activation
of O2 for the reaction is equally unresolved. The latter question,
which is a central topic in the reaction mechanism, includes the
nature of the active adsorbed oxygen species, e.g., a molecular spe-
cies or an atomic one, and that of the active site for oxygen activa-
tion and its location on the catalyst, e.g., on the Au particle, on the
TiO2 support surface, or at the perimeter of the interface between
these two.

In the present study, the latter questions were investigated by
TAP reactor (‘temporal analysis of products’) measurements, focus-
ing on two questions: (i) whether measurable amounts of oxygen
species reactive for the CO oxidation can be stored on the surface
of a Au/TiO2 catalyst at a typical reaction temperature of 80 �C
and, if so, (ii) whether the oxygen species reversibly stored and
removed on the surface are also the active oxygen species in the
dominant reaction pathway for CO oxidation. Further mechanistic
information, in particular on the nature of the active site, is ex-
pected from possible correlations between the catalytic activity,
oxygen storage capacity, and Au particle size at constant Au
loading.

With the TAP reactor method introduced by Gleaves et al. [17],
it is possible to detect and quantify even small amounts of reac-
tants which are reversibly or irreversibly adsorbed on dispersed
catalysts under ultra-high vacuum (UHV) conditions. This method
has been applied for numerous studies on the mechanism and
dynamics of adsorption and catalytic reaction processes on catalyst
surfaces (see, e.g., Refs. [18] and [19,20] and the following papers
in that Special Issue). In the recent years, this method was also ap-
plied for studies of the CO oxidation reaction on Au/TiO2 catalysts
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[21–25]. The authors of these studies concluded that (i) O2 and CO
adsorb reversibly at room temperature and above (irreversible
molecular oxygen adsorption at high pulse intensities), while CO2

was proposed to adsorb irreversibly as carbonate-like species, (ii)
CO does not react with lattice oxygen, (iii) the lifetime of adsorbed
CO is long enough that it can react with a subsequent O2 probe
pulse (time delay between 50 and 10.000 ms), and (iv) the reaction
involves molecular oxygen as reacting species. Recently, we used
TAP reactor measurements to detect and quantify the amount of
active oxygen species, active for CO oxidation, on the surface of a
Au/CeO2 catalyst [26]. These measurements not only revealed that
CO clearly reacts with oxygen present on the catalyst, in the
absence of a simultaneous O2 pulse, but also revealed that the
reactively removed oxygen can be reversibly ‘refilled’ by O2 pulses
and that oxygen removal leads to an activation of the catalyst for
CO oxidation during simultaneous CO and O2 pulses [26]. Obvi-
ously, these results, which contrast those reported by Olea et al.,
were obtained on a catalyst (Au/CeO2) that was different from that
studied by Olea et al. (Au/TiO2), and CeO2 is known for its facile
participation of lattice oxygen in catalytic oxidation reactions
[27–29] (in a Mars-van Krevelen type reaction mechanism [30]).
Nevertheless, it seems to be highly interesting to exploit the high
stability and reproducibility of our home-built TAP reactor [31] to
perform similar studies also on a Au/TiO2 catalyst, and in addition
test for Au particle size effects on the above-mentioned properties.

For the present study, we prepared Au/TiO2 catalysts with con-
stant Au loading, but varied the Au particle size by using different
temperatures in the subsequent conditioning step (calcination
between 400 and 700 �C). The morphology, structure, and chemical
composition of the resulting catalysts were characterized by trans-
mission electron microscopy (TEM), X-ray photoelectron spectros-
copy (XPS), X-ray diffraction (XRD), and low-temperature nitrogen
adsorption. The amount of active oxygen species on the catalysts
was investigated by multi-pulse and single-pulse TAP reactor mea-
surements; the CO oxidation activities of the catalysts were evalu-
ated both under close to ultra-high vacuum (UHV) conditions (TAP
reactor) and under atmospheric pressure (fixed bed reactor). The
resulting correlations between reversibly removed/stored oxygen,
CO oxidation activities, and Au particle size or Au surface area
are discussed in terms of the different mechanistic concepts, with
special emphasis on the nature of the active oxygen species and its
adsorption site.
2. Experimental

The Au/TiO2 catalyst was prepared via a deposition-precipita-
tion method using commercial, non-porous TiO2 (P25, Degussa)
as support material (surface area 56 m2 g�cat1) [32,33]. The Au load-
ing was 3.4 wt.% Au for all samples. The synthesis procedure, the
activity of these catalysts for CO oxidation at atmospheric pressure,
and their deactivation behavior were described in detail previously
[32,33]. To obtain catalysts with different Au particle sizes, the cat-
alyst was pre-treated ex situ in air by calcination at temperatures of
400, 500, 600, and 700 �C for 2 h, the different procedures are de-
noted as C400, C500, C600, and C700, respectively. For comparison,
in previous reaction measurements catalyst pre-treatment in-
volved 30 min calcination at 400 �C (10% O2, rest N2), and calcina-
tion was performed in situ in the reactor directly before the
reaction measurement [34,35]. To exclude subsequent modifica-
tions of the catalysts with time [36], the samples were stored in
the dark in a refrigerator. The resulting Au/TiO2 catalysts were
characterized by (i) transmission electron microscopy (TEM), (ii)
X-ray photoelectron spectroscopy (XPS), (iii) X-ray diffraction
(XRD), and (iv) low-temperature nitrogen adsorption (BET) to ob-
tain information on (i) the size and (ii) the oxidation state of the
gold nanoparticles, (iii) the particle size and crystal phase of the
titania support, and (iv) the surface area of the catalysts.

Catalytic activities were measured at atmospheric pressure and
at 80 �C in a quartz tube microreactor (i.d. 4 mm), heated by a cera-
mic tube furnace with a gas flow rate of 60 Nml min�1 (1 kPa CO,
1 kPa O2, and balance N2). High-purity gases from Westphalen
(CO 4.7, N2 6.0, and O2 5.0) were mixed via mass flow controllers
(Hastings HFC-202). The effluent gases were analyzed by on-line
gas chromatography using H2 as a carrier gas (DANI, GC 86.10).
Further details on the reactor set-up, the gas-mixing unit, and
the data evaluation are given elsewhere [37]. The catalysts were
diluted with a-Al2O3, which is not active for the reaction under
the present reaction conditions, to obtain differential reaction con-
ditions (CO conversion below 10% for all kinetic measurements)
and hence to avoid mass and heat transport limitations as well
as to guarantee isothermal reaction conditions.

The pulse experiments were carried out in a home-built TAP
reactor [31], which is largely based on the TAP-2 approach of
Gleaves et al. [38]. In short, piezo-electric pulse valves were used
to generate gas pulses of typically 1 � 1016 molecules per pulse.
The pulses were directed into a quartz tube microreactor with a
length of 90 mm, an outer diameter of 6 mm, and an inner diame-
ter of 4 mm. The reactor was heated by a ceramic tube furnace
(Watlow GmbH), which can reach temperatures up to 900 �C.
Thirty milligrams of the pure pre-treated catalyst were fixed in
the central part of the reactor tube by stainless steel sieves (Haver&
Boecker OHG), which are catalytically inactive under these condi-
tions. This results in a catalyst bed length of about 6 mm. After
passing through the catalyst bed and a differentially pumped gate
valve, the gases propagated into the analysis chamber where
they were analyzed by a quadrupole mass spectrometer (Pfeiffer
Vacuum, QMG 700). In the analysis chamber, a base pressure of
<2 � 10�9 mbar was generated by two turbomolecular pumps
(Pfeiffer Vacuum, TPU 2101P and TMU 1001P) and was measured
by a full range pressure gauge (Pfeiffer Vacuum, PKR251). The
home-developed differentially pumped gate valve can (i) connect
the end of the reactor directly to the analysis chamber, (ii) close
the reactor and analysis chamber for sample exchange, or (iii) close
only the analysis chamber and open the reactor to be pumped off
or being operated under continuous flow conditions at atmo-
spheric pressure [31]. Typically, the TAP measurements were
performed at 80 �C, either in multi-pulse experiments for the
determination of the OSC, pulsing subsequently only 80% O2/20%
Ar or 80% CO/20% Ar mixtures, or with simultaneous pulses of
the O2/Ar and CO/Ar mixtures to test the catalyst activity for CO
oxidation. In both cases, the Ar component in the gas mixture
was used as an internal standard for the data evaluation. With
multi-pulse experiments, we quantified the amount of removable
oxygen which can be reversibly stored and reactively removed
on the catalyst surface. For this purpose, the fully oxidized catalyst
was first reduced using a sequence of 100 pulses of CO/Ar and sub-
sequently re-oxidized using a sequence of 100 pulses of O2/Ar with
separations of 30 s (CO) and 5 s (O2) between the individual pulses,
respectively. (The different waiting times between the pulses were
chosen because of the different decay times of the reactant/product
responses in the respective pulse sequences.) This way, two alter-
nating sequences of CO/Ar and O2/Ar pulses result in one complete
reduction/re-oxidation cycle. This procedure was repeated at least
five times on all samples. Prior to a change of the gas mixture, it
was ensured that there was no more CO or O2 consumption, i.e.,
that the catalyst was completely saturated with or replenished of
removable oxygen. Because of the rather low temperature and
the duration of the pulse sequences (8 min for the O2 pulse se-
quence and 50 min for CO), oxygen storage can be assumed to be
an essentially pure surface reaction. CO conversion on the Au/
TiO2 catalysts with different Au particle sizes under vacuum condi-



Table 1
Physical properties, catalyst activity, and oxygen storage capacity (OSC) of the Au/
TiO2 catalyst after different pre-treatment procedures as indicated.

C400a C500a C600a C700a

Au diameter (nm)b 3.5 ± 0.9 4.8 ± 1.0 6.7 ± 1.5 11.6 ± 3.1
Au surface area (m2 g�1

cat)
c 3.0 2.2 1.6 0.9

Length of the perimeter of the
Au-TiO2 interface (m2 g�1

catÞ
1.6 � 109 8.6 � 108 4.5 � 108 1.5 � 108

Particle size rutile (nm)d 31 34 41 73
Particle size anatase (nm)d 21 21 23 22
Catalyst surface area (m2 g�1

cat)
e 46 46 41 28

Initial TOF (s�1) 0.35 0.28 0.21 0.08
TAP: CO conversion (%) in

steady-state
83 63 46 21

TAP: OSC (molecules O2 g�1
catÞ 2.2 � 1018 1.4 � 1018 9.6 � 1017 5.3 � 1017

a Au loading 3.4 wt.%.
b Determined by TEM.
c Assuming half spherical particles.
d Determined by XRD.
e Determined by low-temperature nitrogen adsorption (BET).
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tions was measured by simultaneous pulses with a time delay of
30 s between subsequent pairs of pulses.

XPS measurements were performed on a PHI 5800 ESCA system
(Physical Electronics), using monochromatized Al–Ka radiation.
TEM images were acquired in the Central Facility for Electron
Microscopy, employing a Philips CM 20 instrument (200 keV).
XRD and BET measurements were carried out in the Institute of
Nano and Micromaterials (Ulm University, Siemens diffractometer
D5000) and in the Institute of Inorganic Chemistry (Ulm Univer-
sity, Autosorp MP1, Quantachrome), respectively.

3. Results and discussion

3.1. Catalyst characterization

The morphology of the Au/TiO2 catalysts after the different pre-
treatment procedures is well resolved in the TEM images shown in
Fig. 1. They clearly demonstrate the increase of the Au particle size
with increasing pre-treatment temperature. For the Au particle
size determination, we averaged over several hundred particles
for every catalyst (>500 particles for C400 ? >300 particles for
C700). The mean diameter of the Au particles increased in the
following order: 3.5 ± 0.9, 4.8 ± 1.0, 6.7 ± 1.5, and 11.6 ± 3.1 nm
for C400, C500, C600, and C700, respectively (see also Table 1).
Moreover, the distribution of the Au particle size became wider
with increasing pre-treatment temperature, which is illustrated
in the particle size distributions shown in Fig. 2. The Au surface
area was calculated assuming hemispherical particles, which re-
sulted in values of 3.0, 2.2, 1.6, and 0:9 m2 g�1

cat, respectively [39].
XPS measurements of the catalysts (ex situ after conditioning)

showed that Au mainly exists in its metallic state (Au0) (Au(4f)
binding energy �84.0 ± 0.1 eV) after pre-treatment and that the
amount of Au3+ (Au(4f) binding energy �85.9 ± 0.1 eV) is about
the same (�5%) for all samples (spectra not shown).

In addition to the growth in Au particle size, the TEM images
also revealed a significant growth of the TiO2 support particles,
at least for the C700 sample. Therefore, additional XRD measure-
ments were performed on the C400–C700 samples, where diffrac-
tion spots indicative of rutile and anatase phases could be
identified. (P25 consists of a mixture of anatase and rutile phases.)
Fig. 1. Representative TEM images of the Au/TiO2 catalyst after calcination in a
Evaluation of the diffractograms via the Scherrer equation showed
that the domain sizes of the rutile phase increase with increasing
pre-treatment temperature, resulting in mean widths of 31 nm
(C400), 34 nm (C500), 41 nm (C600), and 73 nm (C700), respec-
tively. On the other hand, the domain size of the anatase phase
was almost constant for all samples (21, 21, 23, and 22 nm). At
the same time, the relative amount of rutile phase increased with
increasing pre-treatment temperature, indicated by the increasing
rutile and a decreasing anatase signal intensity with increasing
annealing temperature. This can be explained by a phase transition
of TiO2 from anatase to rutile at higher temperatures and a parallel
growth of the rutile particles due to sintering, which is especially
prominent at the highest pre-treatment temperature (C700).

Measurements of the surface area of the samples by nitrogen
adsorption (BET) performed after the different pre-treatment pro-
cedures confirmed this trend, showing a decrease in the surface
area with increasing temperature from 46 m2 g�1

cat for the C400
and C500 samples to 28 m2 g�1

cat for the C700 sample. The resulting
structural data are summarized in Table 1.
ir for 2 h at (a) 400 �C, (b) 500 �C, (c) 600 �C, and (d) 700 �C, respectively.
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Fig. 2. Particle size distributions of the Au/TiO2 catalysts after calcination in air for 2 h at (a) 400 �C, (b) 500 �C, (c) 600 �C, and (d) 700 �C, respectively.
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3.2. Kinetic measurements

The activities of the differently pre-treated Au/TiO2 catalysts for
CO oxidation and their development with time were determined in
a standard reaction mixture (1 kPa CO, 1 kPa O2, and rest N2) at a
reaction temperature of 80 �C. The results of the activity measure-
ments are presented in Fig. 3. To correct for effects induced by Au
particle growth, the reaction rates were described in terms of turn-
over frequencies (TOF, molecules CO2 per Au surface atom per sec-
ond), which are normalized to the Au surface atoms of the respec-
tive catalysts. (For Au surface atoms see Table 1, absolute rates can
be calculated by using the relations 1 s�1 = x mol CO2 g�1

Au s�1, with
x = 5.2 � 10�4 (C400), x = 3.1 � 10�4 (C500), x = 1.7 � 10�4 (C600),
and x = 3.4 � 10�5 (C700).) The C400 data showed a typical reac-
tion behavior of these catalysts, with an initial decay of the activity
by 20–30%, while the activity was lower than that in the previous
measurements [35,40]. The latter may be related to the slightly
different calcination procedure (ex situ calcination including
subsequent exposure of the catalyst to air) and the longer calcina-
tion time (2 h vs. 30 min).

As expected, the initial activity of the samples decreased with
increasing pre-treatment temperature and increasing Au particle
0 200 400 600 800 1000
0.0

0.1
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0.3
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F 
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Fig. 3. Turn-over frequencies (TOF) during CO oxidation on differently pre-treated
Au/TiO2 catalysts after calcination in air for 2 h at 400 �C (N), 500 �C (s), 600 �C (j),
and 700 �C (h) (reaction temperature 80 �C, 1 kPa CO, 1 kPa O2, and balance N2).
size. The corresponding TOF numbers are 0.35, 0.28, 0.21, and
0.08 s�1 respectively (see also Table 1). Similar Au particle size ef-
fects, using Au size-normalized TOF numbers, were reported previ-
ously by a number of other groups [11,41–45] and were explained
by different effects, ranging from quantum size effects [44] via a
size-related decrease in the number of under-coordinated Au sites
[10,11,46] or under-coordinated Au sites at the perimeter of the
interface between Au nanoparticle and TiO2 support [8,11,13–15]
to cooperative effects between metallic and cationic Au species
[6–8]. In X-ray absorption measurements, Miller et al. found that
only Au atoms in particles smaller than 3 nm can be partly oxi-
dized in air and suggested these to be active for CO oxidation [47].

We need to consider, however, that in addition to the Au parti-
cle growth the size of the rutile particles also increased and that
anatase was transformed to rutile. The crystalline structure of
the TiO2 support may also affect the catalytic behavior of Au/
TiO2. For instance, Haruta et al. reported that the reaction pathway
on their Au/TiO2 catalyst in the conversion of propylene in a gas
stream containing hydrogen and oxygen differed for rutile- and
anatase-supported Au/TiO2 [48]. On the other hand, a higher activ-
ity of Au/TiO2 catalysts with rutile supports than that of those
supported on anatase can hardly be the dominant reason for the
observed decrease in the activity of C400–C700 catalysts, since
the transition from anatase to rutile phase and the parallel growth
of the rutile domains became significant only for the C700 sample,
while the activity had already decreased for the C500 sample com-
pared to the C400 sample. The C500 and C400 samples are essen-
tially identical in TiO2 phase composition and particle size, and
differ only in the Au particle size. Therefore, we assume that the
decrease in the catalyst activity (TOF numbers) with calcination
temperature is mainly related to the increase of the Au particle
size. Most simply, this can be explained by a decrease in the abso-
lute number of Au surface atoms, of under-coordinated Au atoms,
or of Au atoms at that perimeter sites of the interface between the
Au particles and the support, though other effects cannot be ex-
cluded as the physical origin.

3.3. TAP experiments

3.3.1. Multi-pulse TAP experiments
Multi-pulse TAP experiments, exposing the pre-reduced cata-

lyst to a sequence of O2 pulses or the pre-oxidized catalyst to a



Fig. 4. Pulse responses during a multi-pulse experiment performed at 80 �C over the Au/TiO2 catalyst after calcination in air for 2 h at 400 �C (C400).
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sequence of CO pulses, were carried out on all of the differently
pre-treated catalysts. In the first sequence, the ex situ-calcined cat-
alyst was exposed to O2 (no adsorption observed) and then to
alternating sequences of CO pulses and O2 pulses. Representative
pulse responses for the multi-pulse experiments on the C400 and
C700 samples are presented in Figs. 4 and 5, respectively.

The shapes of the CO and O2 signals closely resemble that of the
Ar signals, with no significant broadening. Accordingly, the interac-
tion between the species detected in the pulse response and the
Fig. 5. Pulse responses during a multi-pulse experiment performed at 80 �C o
Au/TiO2 catalyst is rather weak. On the other hand, the CO2 signals
are significantly broader, and their trailing edge reaches up to the
next pulse after 10 s, pointing to a stronger interaction with the
catalyst (slower desorption/re-adsorption). This is illustrated and
discussed in more detail in the following section, together with
Fig. 9.

The pulse sequences clearly show that after passing through the
catalyst bed, the first CO pulses have a significantly lower intensity
than the later ones. Parallel to the loss of CO, the formation of CO2
ver the Au/TiO2 catalyst after calcination in air for 2 h at 700 �C (C700).
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was observed during the CO pulses, in spite of the absence of gas
phase O2, indicating that CO reacts with oxygen species already
present on the catalyst surface. For all CO pulse sequences, the
total amount of CO missing was highest at the beginning of the
CO pulse sequence, where essentially no CO was transmitted
(100% conversion), and it decreased with increasing pulse number
until it decayed to zero after about 50 pulses for the C400 sample.
In the first sequence, the amounts of CO consumed and of CO2 pro-
duced were higher than those consumed and produced in the sec-
ond and following ones, where they remained on the same level. In
contrast to the CO consumption, however, the CO2 formation first
increased during the first �10 pulses and then decreased again
steadily, following an approximately exponential decay. Finally, it
decayed to the detection limit after �60 pulses. After typically
100 CO pulses, the catalyst was exposed to a sequence of 100 O2

pulses (see lower trace in the bottom panel of Fig. 4). Also in this
sequence, part of the oxygen was consumed initially, until after
�40 pulses oxygen consumption was no longer measurable. In
contrast to CO pulsing, the amount of oxygen consumed was the
same in all O2 pulse sequences. Moreover, we did not observe
any CO2 formation during the O2 pulses. Thus, there is no reactive
CO adsorbed on the catalyst any more after the time delay of about
5 s between the last CO pulse and the first O2 pulse. Instead, the
‘consumed’ oxygen is stored on the catalyst.

The C700 sample (Fig. 5), and also the samples calcined at inter-
mediate temperatures, exhibited an adsorption/reaction behavior
that was qualitatively similar to that observed for the C400 sample.
The total amount of O2 and CO consumed at the beginning of each
sequence, however, was less than that consumed after C400 pre-
treatment (see Table 1). Furthermore, a significantly lower number
of CO pulses were required to remove the reactive surface oxygen
on the C700 sample than that required for the C400 sample, about
�25 pulses compared to �50 pulses, and a similar trend was also
observed for oxygen replenishment (�20 vs. �40 pulses, respec-
tively), pointing to a lower OSC on the C700 sample than on the
C400 catalyst.

The total amount of the removable oxygen is rather small,
depending on the catalyst it is between 0.4% (C700) and 1.0%
(C400) of the entire surface oxygen content. (The surface oxygen
content was calculated by using the surface area of the catalyst
given in Table 1 and a density of surface oxygen atoms of 1.0� 1015

atoms cm�2.) Furthermore, the OSC decreases with increasing
pre-treatment temperature, and hence with increasing gold parti-
cle size. Relating the OSC to the number of Au surface atoms yields
a value of about 0.1 removable oxygen atoms per Au surface atom
(C400: 0.13, C500: 0.11, C600: 011, and C700: 0.10.). In order to
compare with previous ideas on the active site, we plotted the
amount of reversibly removable oxygen present on the different
catalysts in Fig. 6 against the calculated total length of the accessi-
ble perimeter of the interface between Au nanoparticles and TiO2

support, assuming hemispherical particle shapes and the particle
size distributions shown in Fig. 2. The data show an approximately
linear correlation between the OSC and the Au perimeter length,
with local oxygen coverages of 0.89 (C400), 1.04 (C500), 1.36
(C600), and 2.21 (C700), where the coverage is again defined as
ratio between oxygen atoms and Au perimeter atoms. Except for
the C700 value, this corresponds to approximate saturation of the
Au perimeter sites. Based on previous calculations, oxygen is likely
to be adsorbed in a molecular state [15], which leads to molecular
coverages between 0.45 (C400) and 1.1 (C700). Although the good
agreement between the availability of perimeter sites and the OSC
is no definite proof for the perimeter sites as active sites for oxygen
adsorption, the good correlation between OSC and Au-TiO2 inter-
face perimeter is definitely a strong support for this assignment.
Furthermore, considering the above numbers, essentially all the
perimeter sites need to be active for oxygen storage/reactive oxy-
gen removal. Further structural requirements such as ‘step sites
at the perimeter’ are hardly compatible with the measured OSC.
The physical origin of the increasing OSC per Au perimeter atom
with increasing calcination temperature and Au particle size, in
particular for the C700 species, is not clear yet. (Note that devia-
tions from the assumed hemispherical shape may also affect these
values.) Other possibilities for active oxygen storage, such as the
incorporation of (atomic) oxygen in oxygen surface vacancies of
the support or the stabilization of molecularly adsorbed oxygen
on these vacancies, appear unlikely, because in the first case it
could hardly be rationalized how oxygen could be removed in
the subsequent CO sequence from the resulting perfect TiO2 sur-
face, and in the second case reversible removal and replenishment
should also be possible on pure TiO2, in the absence of Au nanopar-
ticles. Test measurements clearly demonstrated that this is not the
case, the presence of Au nanoparticles is mandatory for reversible
oxygen storage on the catalyst under the present reaction condi-
tions. A more detailed discussion of the nature of the active oxygen
species will be given at the end of Section 3.3.2.

Also in this case, possible effects of the TiO2 phase of the cata-
lyst cannot be ruled out per se. Similar to the catalyst activity, how-
ever, the OSC changes to a significant amount for the C500 sample
compared to the C400 sample, and continues to change for higher
annealing temperatures, in contrast to the changes of the crystal-
line phase, which are appreciable only for the highest calcination
temperature (C700). Therefore, we consider OSC modifications re-
lated to the change in substrate phase only as a secondary effect.

Fig. 7 shows the consumptions of CO and O2 on the C400 sample
in several sequences of the multi-pulse experiment at 80 �C. Except
for the first sequence, constant and stoichiometric amounts of CO
and O2 were consumed, i.e., the amount of CO consumption was
twice the amount of O2 consumed, indicating a completely revers-
ible oxidation-reduction behavior of the surface after the first
reduction sequence. Only in the first sequence, the amount of con-
sumed CO was significantly higher (8:6 � 1018 molecules g�1

catÞ, by
about a factor of two, than that consumed in the following se-
quences (4:3 � 1018 molecules g�1

catÞ. At the same time, the amount
of CO2 detected was also higher than that detected in the following
sequences, but this difference was somewhat smaller than that ob-
served for reactive CO removal, with 7:4 � 1018 molecules g�1

cat

during the first sequence and � 4:3 � 1018 molecules g�1
cat in the

subsequent ones. The more pronounced CO2 formation in the first
sequence points to a higher amount of reversibly removable ‘ac-
tive’ oxygen after calcination as compared to re-oxidation via O2

pulsing. The higher amount of missing CO as compared to CO2 for-
mation in the first cycle, in contrast, points to a process for CO con-
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sumption which involves stable CO (or CO2) deposition. Previous
in situ IR studies detected the rapid buildup of surface carbonates
during CO oxidation on Au/TiO2 catalysts [34,35,49–51]. Accord-
ingly, the consumption of excess CO, without CO2 formation, is
attributed to the formation of surface carbonates, which are
adsorbed irreversibly on the catalyst surface, as the most plausible
reaction pathway.

The total amount of CO storage via carbonate formation, which
was around 1:5 � 1018 molecules g�1

cat for the C400 sample, was
found to vary measurably, which may be related to details in the
pre-treatment procedure and hence to different carbonate cover-
ages (residua after calcination) at the beginning of the experiment.
For the C500–C700 treated samples, carbonate formation was too
little to allow quantitative statements. Carbonate decomposition
upon exposure to O2 during O2 pulses, as it was observed upon cal-
cination of Au/CeO2 catalysts [52], was not detected and must be, if
occurring at all, below the detection limits.

Our data differ distinctly from previous findings by Olea et al.,
which were obtained in TAP experiments using partly hydroxyl-
ated Au/TiO2 catalysts ðAu=TiðOHÞ�4Þ [21,22]. By performing
pump-probe CO oxidation experiments with O2 as a pump mole-
cule and CO as a probe molecule, these authors found that the
CO conversion and CO2 formation decrease with increasing time
delay between the O2 and CO pulses and concluded that lattice
oxygen does not contribute to the CO oxidation reaction. Instead,
oxygen adsorbed from the gas phase was proposed to be necessary
for the formation of CO2. Although our multi-pulse experiments
differ from the above pump-probe measurements in that the time
between the (last) O2 pulse and the (first) CO pulse was not varied,
they clearly indicate that surface oxygen of the catalyst can partic-
ipate in the reaction in well-defined amounts. In fact, in additional
experiments not described explicitly it turned out that the ‘active’
oxygen was stable over hours. On the other hand, from the results
of CO pump/O2 probe experiments the above authors also derived
that CO remains sufficiently long adsorbed on the catalyst surface
to react with a subsequent O2 pulse after up to 10 s, which is in
clear contrast to our observation of no CO2 formation during the
O2 pulse. The different results may be due to a different surface
chemistry of the Au/TiO2 catalysts used in the two studies. Another
and to our belief more likely possibility to explain the claimed
stronger adsorption of CO may be differences in the TAP experi-
ments, including the catalyst bed packing, and hence in the CO dif-
fusion time. The initial removal or replenishment of oxygen is
possible only in measurements based on the time-resolved analy-
sis of single pulses, whereas in the commonly used pulse shape
analysis, using an average of several hundred pulses for improving
the signal-to-noise ratio, the initial differences in the pulse inten-
sities would be lost. Furthermore, in the above study, the CO pulses
extended over significantly more than 10 s, i.e, even after 10 s
there was still gaseous CO in the catalyst bed, and it was not nec-
essary to invoke ‘stronger’ CO adsorption. In our experiments, in
contrast, the CO pulse had decayed to intensities below the detec-
tion limit after �3 s significantly before the next O2 pulse.

3.3.2. Simultaneous-pulse TAP experiments
In a second series of experiments, the development of the CO

oxidation activity (CO2 formation) was followed during sequences
of mixed CO/O2/Ar pulse (CO: O2 = 1.1:1) at a reaction temperature
of 80 �C together with the consumption of CO and O2, starting with
the calcined catalyst sample. These data allow us to determine (i)
the balance between CO and O2 consumption on the one hand
and CO2 formation on the other hand, and (ii) the balance between
CO consumption and O2 consumption as a function of time during
the reaction. In Fig. 8, the amounts of the reactants consumed (CO
and O2) and CO2 formed during these pulses are plotted for the
C400 sample as a function of the pulse number.

Both O2 consumption and CO2 formation started at rather low
values and increased with time. The consumption and conversion
of CO, in contrast, were highest at the beginning, and then
decreased with time. (Note that the first lower CO value is an
experimental artifact, which occurs reproducibly and should be
disregarded [26].) After an initial period of about 45 pulses, the
amount of CO2 produced and the consumption of CO and O2,
respectively, reached a constant value. From there on, stoichiome-
tric amounts of the two reactants were consumed, and a corre-
sponding amount of CO2 was formed, hence the consumed CO
and O2 are quantitatively transformed into CO2. These results lead
to two conclusions: First, they clearly indicate that the reaction of
CO with oxygen from the catalyst surface occurs even in the pres-
ence of gas phase O2. This is more far reaching than our conclusion
from the multi-pulse experiments, where we showed that reaction
with oxygen on the catalyst surface is possible in the absence of
gaseous O2. Second, the results demonstrate that at the beginning
of the reaction sizable amounts of CO are reactively consumed
without leaving the catalyst bed as CO2, but remain adsorbed on
the catalyst surface. As discussed in the preceding section, a simple
storage of CO adsorbed on the catalyst surface can be excluded, and
the loss of CO is attributed to the formation of stable adsorbed spe-
cies, presumably surface carbonates (see also Section 3.3.1), in the
very initial phase of the reaction. From the difference in the CO and
CO2 balance, the total amount of adsorbed carbonate species can be
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estimated to 4.2 � 1016 molecules (1:4 � 1018 molecules g�1
catÞ on

the C400 pre-treated catalyst equivalent to a density of
3.1 � 1012 molecules cm�2. For the other catalysts pre-treated at
higher temperatures, the corresponding numbers are 3:1 �
1016 molecules ð1:0 � 1018 molecules g�1

catÞ or 2.3 � 1012 mole-
cules cm�2 (C500), 2:7 � 1016 molecules ð9:0 � 1017molecules g�1

catÞ
or 2.2 � 1012 molecules cm�2 (C600), and 2:5 �1016 molecules
ð8:2 � 1017 molecules g�1

catÞ or 2.9 � 1012 molecules cm�2 (C700).
Quantitative comparison of the above numbers leads to the conclu-
sion that within the limits of their precision (see Section 3.3.1) the
resulting carbonate coverages (per catalyst surface area) are simi-
lar on all samples. Pulse experiments over pure TiO2using labeled
C18O2 (not shown here) clearly demonstrated that the Au-free sur-
face also strongly interacts with CO2, up to the facile exchange of
oxygen. Most probably, this occurs via the formation and (CO2 in-
duced) decomposition of surface carbonates, supporting our above
interpretation that the additional consumption of CO is due to CO2

formation and its subsequent reaction to surface carbonate species.
From the steady increase in CO2 formation with increasing

pulse number, it is clear that the Au/TiO2 catalysts are activated
in the initial phase of the CO oxidation reaction. The activation,
however, is mainly due to the decreasing consumption of CO
and/or CO2 for surface carbonate formation rather than due to a
lower CO uptake at the onset of the reaction in the first pulses.
The latter in fact decreases during the initial stage of the reaction
(see above). The consumption of CO/CO2 for surface carbonate for-
mation occurs in parallel with the initial removal of surface oxygen
from the catalyst, i.e., it is likely that part of the surface oxygen is
used to react CO to CO2, which is then transformed to a surface
carbonate.

Fig. 9 shows the TAP pulse responses of the CO, O2, and CO2 sig-
nals and, for comparison, of the Ar signal, after reaching a constant
value on the C400 catalyst (catalyst temperature 80 �C). For better
comparison, these signals are normalized to the same height. As
noticed for the multi-pulse experiments before, the O2 and CO
pulse shapes are similar to the Ar pulse shape, with a similar
broadening due to diffusion through the catalyst bed, which points
to weakly adsorbed species with negligible contributions from re-
adsorption/desorption. The CO2 pulse shape, in contrast, shows a
much longer tailing, which we attribute to contributions from
desorption and re-adsorption of CO2 and hence to a stronger inter-
action of CO2 with the catalyst. Based on previous DRIFTS measure-
ments, the decomposition of stable surface species such as
formates or carbonates is too slow at 80 �C to be responsible for
a pulse broadening on a second scale [53]. Our interpretation dif-
fers from that by Olea et al., who also observed a comparable
broadening of the CO2 pulse on their Au=TiðOHÞ�4 catalyst and as-
signed this to the existence of a less reactive oxygen species and/
or the slow decomposition of intermediate carbonates, which are
built up on the catalyst surface during reaction [21]. Two indepen-
dent pathways for the CO oxidation, a rapid direct oxidation of CO
on the surface of the metallic Au particles and a slow reaction
‘‘involving the surface lattice oxygens of the support and the bor-
derline of the gold particles”, were suggested also by Boccuzzi
et al. for CO oxidation on Au/ZnO and Au/TiO2 catalysts [49]. Based
on our present data, however, we consider such a mechanism for
CO2 pulse broadening as unlikely, since all CO, gaseous and
adsorbed CO, left the catalyst bed after 3 s. Therefore, reaction of
CO with a less reactive oxygen species cannot explain a CO2 pulse
broadening over 10–20 s, since there would be no CO available to
react with.

The reaction behavior after higher pre-treatment temperatures
(C500–C700) is qualitatively the same as described above for the
C400 sample. On all samples, there is an increasing O2 consump-
tion and CO2 formation parallel to the decreasing CO consumption
directly after the calcination in air at the beginning of the activity
measurement. The data are accessible as Supplementary
information.

Similar to the variation of the OSC with Au particle size, we also
evaluated the variation of the CO conversion (CO consumption)
during simultaneous CO and O2 pulses under steady-state condi-
tions at the end of the pulse sequence with the Au particle size.
Fig. 10 shows a plot of the steady-state CO conversion vs. the
Au-TiO2 interface perimeter length. Also these data show an about
linear correlation between CO oxidation activity and the Au-TiO2

interface perimeter length, similar to the observations for the
OSC in the multi-pulse experiments (previous section). The devia-
tion of the C400 sample, however, is larger than that in the OSC
shown in Fig. 6. We have to keep in mind, however, that the reac-
tivity data represent the integrated conversion of CO over the cat-
alyst bed, which for higher conversions as obtained on the samples
pre-treated at lower temperatures (see Table 1) are not propor-
tional to the rates for the given gas composition, but generally low-
er. Though a quantitative correction for this effect is not possible
without extensive assumptions, this would shift the rates to
increasingly higher values for decreasing calcination temperature
[54].

The comparable variation of the OSC (Section 3.3.1) and of the
CO oxidation activity with the Au-TiO2 interface perimeter length
indicates that the removable oxygen detected in the multi-pulse
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experiments acts also as active oxygen species in the CO oxidation
reaction in the presence of gas phase O2 and CO in the simulta-
neous pulse experiments. In that case, the stable adsorbed oxygen
species can be considered as direct precursor for the CO oxidation
reaction in the dominant pathway (see also [15]), while weakly ad-
sorbed oxygen contributes at most in a minority reaction pathway
under present reaction conditions. Furthermore, the about linear
increase of the amount of stable adsorbed oxygen with the
Au-TiO2 interface perimeter length can be considered as strong
evidence for an adsorption site at the perimeter of the interface
between gold nanoparticles and the support. Finally, it should be
noted that the trend in the CO conversion obtained under close
to UHV conditions in the TAP measurements resembles that
observed in the kinetic measurements under atmospheric pressure
(Fig. 3), pointing to a similar reaction pathway and active oxygen
species in both cases.

While it was possible to clearly identify the strongly adsorbed
oxygen species as active reaction precursor, we cannot decide from
these experiments on its specific nature, i.e., it is not possible to
determine whether it is an atomic or a molecular species. In princi-
ple, this would be possible by reaction of C16O with isotope labeled
18O2 (or vice versa). For reaction with a molecular O2 species pro-
ceeding via a carbonate like transition state, one would expect a
2:1 ratio between C16O18O and C18O2 [55]. Unfortunately, this exper-
iment provides only limited information in the present case because
of the rapid oxygen exchange between CO2 and the TiO2 support of
the Au/TiO2 catalyst [21]. In the case of a molecular oxygen species
acting as a reaction precursor, the reaction with CO would lead to
a ‘remaining’ Oad intermediate on the surface, possibly on the Au
nanoparticles. Since pre-adsorbed atomic oxygen on Au surfaces is
well known to react at very low temperatures with CO [56], the
remaining atomic Oad species can be expected to rapidly react with
another CO molecule without slowing down the reaction.

Likewise, we cannot distinguish between lattice oxygen (paral-
lel to a local formation of Ti3+ at the surface) and adsorbed oxygen
at the perimeter sites on the basis of the present experiments. A
further possibility, reversible reduction and oxidation of cationic
Au3+ species as active oxygen source, appears unlikely in our
experiments, since it does not explain the systematic differences
in the OSC on the differently pre-treated samples (the total amount
of Au+3 species derived from XPS was about the same for all cata-
lysts). Nevertheless, though unlikely, it cannot be fully ruled out if
the systematic differences are induced by other effects.

Comparable results from TAP measurements were reported also
by Daniells et al. for a Au/Fe2O3 catalyst [51] and by Widmann et al.
for a Au/CeO2 catalyst [26]: The former authors observed in simul-
taneous-pulse TAP experiments that adsorption of oxygen on the
fresh Au/Fe2O3catalyst was not possible, and occurred only after
CO oxidation. (Note that the catalyst was used without drying
and/or pre-treatment.) They concluded that O2 was stabilized by
oxygen vacancies on the catalyst surfaces that had been or had
to be created during a preceding CO oxidation reaction. Further-
more, they proposed that the adsorbing oxygen species was of
molecular nature, most likely a superoxide O�2 species. Definite
proof of this assumption, however, was not presented [51]. Wid-
mann et al. reported that during CO oxidation in simultaneous
CO/Ar and O2/Ar pulses both the consumption of CO and the forma-
tion of CO2 increased steadily during an initial reaction phase. The
calcined Au/CeO2 catalyst underwent an initial activation period
for CO oxidation, which was attributed to the creation of oxygen
vacancies by reduction of the catalyst surface with CO. The amount
of oxygen vacancies under steady-state conditions was determined
to �7% of the available surface oxygen. These vacancies were pro-
posed to act as active sites for the adsorption and activation of
molecular oxygen from the gas phase [26]. A similar initial reduc-
tion process also occurs for the present Au/TiO2 catalysts, and the
same is also true for the initial activation process, at least as judged
by the initial increase in CO2 formation. In contrast to the Au/CeO2

catalyst, however, we do not observe an initial activation period for
the CO oxidation reaction, when using the CO consumption as
measure for the reaction. On the fully oxidized Au/CeO2 catalyst
also the amount of CO consumed per pulse increased with increas-
ing number of pulses, while on Au/TiO2 it decreased until reaching
steady-state conditions. Hence, considering that also the surface
carbonate species formed on the surface result from CO2 which
was formed on the catalyst and instantaneously reacted to this car-
bonate species, the fully oxidized Au/TiO2 catalyst is highly active
for CO oxidation, in contrast to Au/CeO2. Partial surface reduction
of the catalyst occurs on both catalysts during reaction in a 1.1:1
mixture of CO and O2 at 80 �C. The amount of reversibly removable
active oxygen, however, is much less for Au/TiO2 (1% of the surface
oxygen for C400) than for a similarly pre-treated Au/CeO2 catalyst
(16% of the surface oxygen) [26]. On Au/TiO2, the initial surface
reduction does not affect the activity for CO oxidation as judged
by the consumption of CO, in contrast to the significant activation
of Au/CeO2 catalyst [26]. This also means that the composition of
the reaction gas phase, which will determine the extent of surface
reduction under steady-state conditions, will be less important for
the CO oxidation activity for the Au/TiO2 catalyst than for the Au/
CeO2 catalyst.
4. Summary and conclusions

We have investigated the CO oxidation reaction on Au/TiO2

catalysts with different Au particle sizes by kinetic measurements
under atmospheric pressure and by multi-pulse and single-pulse
experiments in a TAP reactor at close to UHV conditions, focusing
on the correlation between oxygen storage capacity and CO oxi-
dation activity, and their relation with the Au particle size. Cata-
lysts with different Au particle sizes were prepared by deposition/
precipitation of Au on non-porous TiO2 particles and subsequent
calcination at different temperatures between 400 and 700 �C.
TEM measurements showed that the Au particle size increased
with calcination temperature, from 3.5 ± 0.9 nm after 400 �C calci-
nation to 11.6 ± 3.1 nm after 700 �C calcination. Based on XRD
measurements, calcination also leads to a growth of the rutile
TiO2 particles and a parallel transition of anatase to rutile parti-
cles. Pronounced effects occurred, however, only after 700 �C
calcination. After calcination, Au was present as metallic nanopar-
ticles (Au0).

The main results of the kinetic measurements and TAP mea-
surements and the resulting conclusions are as follows:

1. Exposing the calcined or O2 dosed catalyst to CO pulses results
in CO2 formation, i.e., CO can react with stable oxygen that is
reversibly stored on the catalyst surface, and which can be
replenished by O2 pulsing. Hence, gas-phase oxygen is not
required for the CO oxidation reaction on these Au/TiO2 cata-
lysts.
The amount of stable surface oxygen is constant for a given cat-
alyst and increases about linearly with increasing number of Au
perimeter sites, at the perimeter of the interface between the
Au nanoparticles and the TiO2 support. This relation provides
strong support for an assignment of these sites as active sites
for the adsorption of stable, but nevertheless reactive oxygen.

2. CO is weakly adsorbed and desorbs instantaneously. Pump-
probe measurements do not detect any CO2 formation during
an O2 probe pulse 5 s after a CO pump pulse.

3. Both the kinetic measurements and the single-pulse TAP mea-
surements (simultaneous CO and O2 pulses) show a distinct
decrease in the CO oxidation activity with increasing Au particle
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size. Based on the about linear correlation between CO conver-
sion with the number of Au perimeter sites, comparable to that
between OSC and number of perimeter sites, we propose that
these perimeter sites are the active sites for the CO oxidation
reaction and that the reversibly stored oxygen species detected
in the multi-pulse experiments represents also the precursor
for CO oxidation on the Au/TiO2 catalyst under present reaction
conditions. From the qualitatively similar reaction characteris-
tics in the TAP reactor measurements and in reaction measure-
ments under atmospheric conditions (similar particle size
dependence), we suggest that this mechanistic assignment is
valid also in the latter case, for reaction under atmospheric
pressure.

4. The nature of the active oxygen species cannot be decided upon
from the present measurements; atomic or molecular adsorp-
tion on the support, however, can be excluded, since these spe-
cies cannot be formed in the absence of Au nanoparticles, where
the OSC and the CO conversion are negligible under present
reaction conditions.

5. In multi-pulse experiments, the amount of reversibly removed
oxygen is significantly higher in the first sequence of CO pulses,
on a freshly calcined Au/TiO2 catalyst, than that in the second
and subsequent ones, while oxygen replenishment is constant
in all sequences. Therefore, the amount of strongly adsorbed
reactive oxygen is higher after calcination in air at atmospheric
pressure than that upon O2 pulsing. Finally, from the behavior
of the CO and CO2 pulses during the initial phase of the simul-
taneous CO and O2 pulses, we conclude that the catalyst under-
goes an activation process during this phase based on the
apparent CO2 formation per pulse. Looking at the CO consump-
tion, however, the catalyst deactivates slightly with increasing
number of pulses, in contrast to Au/CeO2, where also the CO
consumption increases with increasing number of pulses. The
difference between CO2 formation and CO consumption is
attributed to stable CO adsorption in the very initial phase of
the CO oxidation reaction, most likely via the formation of sur-
face carbonates. Similar effects are also observed during multi-
pulse experiments.

6. The steady-state of the Au/TiO2 catalyst during CO oxidation is
somewhere in between the states obtained after oxidation by
calcination or by O2 pulsing, and that obtained after reduction
by CO pulsing. Accordingly, the surface composition of the cat-
alyst surface will sensitively depend on the stoichiometry of the
reaction gas mixture. In contrast to Au/CeO2, the specific surface
composition has less effect on the CO oxidation activity.
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