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Abstract

The deactivation of unconditioned Au/TiOy catalysts during CO oxidation at different reaction temperatures (30 and 80 °C) and in different
reaction atmospheres was investigated. Kinetic and in situ IR spectroscopic measurements revealed a close correlation between the exponentially
decreasing CO, formation rate and the CO,q4 coverage (decreasing) and carbonate coverage (increasing) during deactivation, whereas transmission
electronic microscopy imaging revealed no significant changes in Au particle size. Consequences for the deactivation mechanism are discussed.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Oxide-supported Au/MeO, catalysts, particularly Au/TiO;
catalysts, have been shown to be highly active for various oxida-
tion and reduction reactions already at low temperatures [1-3],
the most prominent being the CO oxidation reaction [1,4-8].
But the technical application of these catalysts has been hin-
dered by their rather low stability, that is, by their tendency for
deactivation [9-11]. Recently, it was proposed that the activ-
ity of supported Au catalysts may be related to very small Au
particles (see, e.g. [12]). Au/TiO; catalysts with very small Au
particles, which turned out to be highly active for CO oxidation,
were obtained by, for example, using the standard deposition—
precipitation procedure described by Haruta [13], with subse-
quent drying in air at temperatures around 50 °C [14], rather
than the more rigorous activation procedures commonly applied
[8,15—18]. Interestingly, these unconditioned catalysts showed
no measurable deactivation over reaction times of 50 h [14].
The high activity of these catalysts was attributed to the small
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size of the Au particles [14] rather than to cationic Au®* species
that had been previously proposed as active species [6,19-23].

For comparison, highly active Au/TiO; catalysts pretreated
by calcination at 400 °C in a 10% O,/N; mixture (Au particle
size about 2.5-3 nm) were found to deactivate rapidly during re-
action at 80 °C [24]. The deactivation was attributed mainly to
increased surface blocking due to carbonate formation, whereas
the Au particle sizes were found to be rather stable [24]. The
situation may be rather different for the much smaller Au par-
ticles on the unconditioned catalysts, which are expected to be
much less stable, and particle growth may play a significant
role. It may be speculated that particle growth results in acti-
vation rather than deactivation of the catalyst, following earlier
proposals of an optimum Au particle size of about 3 nm [25].
In addition to structural effects induced by the CO oxidation re-
action, changes in the surface chemical composition also may
be important for the deactivation and may be responsible for
the differences between unconditioned and calcined catalysts.
So far, a direct comparison of the data on conditioned and un-
conditioned Au/TiO, catalysts has not been possible because
of the different catalyst preparation procedures applied in these
previous studies.
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To better understand the effects induced by catalyst con-
ditioning on catalyst activity and stability and possibly also
on the reaction mechanism, we investigated the deactivation
behavior of an unconditioned Au/TiO, catalyst prepared in
the same way as the conditioned Au/TiO; catalysts investi-
gated previously [9,24], in a comparative study under differ-
ent reaction conditions [26]. Besides following the activity for
CO oxidation during time on stream at two different reac-
tion temperatures (30 and 80°C) and in two different reac-
tion atmospheres (standard reaction atmosphere: pco:po, =
1:1 and Op-rich atmosphere: pco:po, = 1:20)—that is, un-
der conditions used in previous catalytic evaluation of uncon-
ditioned Au/TiO; catalysts [14]—we monitored the amount
of adsorbed species by in situ diffuse reflectance infrared
Fourier-transform spectroscopy (DRIFTS) in separate experi-
ments performed under similar conditions. We evaluated pos-
sible reaction-induced changes in Au particle size by trans-
mission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS).

2. Experimental
2.1. Catalyst preparation

The catalyst was prepared by a deposition—precipitation pro-
cedure described previously [24,27]. In short, a commercially
available TiO, powder (Degussa, P25) was suspended in water
at 60°C at a pH of 5-5.5. To this suspension, tetrachloroau-
ric acid (HAuCls-4H,0) was added under vigorous stirring,
with the pH kept constant by adding NayCO3 solution. After
an additional 30 min of stirring, the precipitate was cooled to
room temperature, filtered, and washed. The precipitate was
dried overnight at room temperature under vacuum and then
for 8 h at 50 °C in air. The Au metal loading (3.1 wt% Au) was
determined by inductively coupled plasma atom emission spec-
troscopy (ICP-AES). Before the experiments, the samples were
heated to reaction temperature (30 or 80 °C) in a Ny stream and
kept at that temperature for 30 min.

2.2. Catalyst characterization

The sizes and distribution of the Au particles were deter-
mined by TEM using a Philips CM 20 microscope (operating
at 200 kV). Typically, 500 to >1000 particles were evaluated
for each sample. The relative concentrations and the oxidation
states of Au, Ti, and O were determined by X-ray photoelectron
spectroscopy (XPS; PHI 5800 ESCA system), using monochro-
matized AlK, radiation. Spectra of the catalyst were recorded
before reaction in the nonconditioned state and after 2000 min
of CO oxidation under various conditions. The binding ener-
gies (BEs) were calibrated with respect to that of bulk Ti(2p3/2)
(459.2 eV for Ti*t [28)). Shirley background subtraction and
peak fitting were performed using a public XPS peak fit pro-
gram (XPSPEAK4.1; R Kwok). For fitting the Ti(2p) peak, the
difference between Ti(2p32) and Ti(2p12) was set to 5.71 eV,
and the integral intensity of the Ti(2p1,2) was assumed to be half
of the Ti(2p3/2) intensity. For the Au(4f) peak, the difference

between Au(4f7/;) and Au(4fs,) was set to 3.67 eV, and the in-
tegral intensity of the Au(4fs;) was 3/4 that of the Au(4f72)
peak.

2.3. Activity measurements

Activity measurements were carried out at atmospheric pres-
sure in a quartz tube microreactor under differential reaction
conditions, with typically 65-70 mg of diluted catalyst powder.
To limit the conversion to values typically between 5 and 20%,
the catalyst was diluted with «-AlpO3, which is not active for
CO oxidation. The experiments were carried out with a gas
flow of 60 Nmlmin~! at 30 and 80 °C, respectively, in the dif-
ferent gas mixtures. The gas mixtures were prepared by mass
flow controllers (Hastings HFC-202). Incoming and effluent
gases were analyzed by online gas chromatography (Dani GC
86.10HT or CHROMPACK CP9001), using H; as the carrier
gas. High-purity reaction gases (CO 4.7, O, 5.0, and N, 6.0;
Westphalen) were used. The reaction rates were determined
based on the CO; partial pressure; for more information on the
measurements, see [29]. Mass and heat transport effects were
negligible, because the rates were <107 mols~! cm™3; for de-
tails, see [30].

2.4. Infrared measurements

In situ IR measurements were performed by DRIFTS us-
ing a commercial in situ reaction cell unit (Harricks HV-DR?2)
[31]. The spectra were recorded in a Magna 560 spectrome-
ter (Nicolet) equipped with a MCT narrow-band detector. Gas
mixtures were prepared in a similar way as described above,
using 14-24 mg of a-Al,O3 diluted catalyst (dilution 1:5) as
a catalyst bed. Typically, 400 scans (acquisition time, 3 min)
were co-added for each spectrum. The intensities were evalu-
ated in Kubelka-Munk units (KMU), which are derived from
the reflectance R, via KMU, = (1 — R,)?/2R, and are lin-
early related to the adsorbate concentration for a wide range
of experimental conditions [32,33]. A detailed discussion of
possible deviations from this linear relation has been given pre-
viously [33]. Background subtraction and normalization of the
spectra were performed by subtracting spectra recorded in a
flow of N» at the reaction temperature just before starting CO
oxidation. To remove changes in the reflectivity, the spectra
were scaled to a similar intensity at 2430 cm~!, which did
not interfere with any other signals, and where the shape of
the raw spectrum changed little during the measurements. The
gas-phase CO signal was removed by subtracting a spectrum
obtained on pure «-Al,O3 in CO-containing atmosphere. For
simultaneous analysis of the gas flow, a gas chromatograph
(CHROMPACK CP9001) was connected to the exhaust of the
DRIFTS cell.

3. Results
Fig. 1 illustrates the deactivation of the unconditioned cata-

lyst during reaction under different reaction conditions in both
a standard reaction mixture (1% CO, 1% O, balance N;) and
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Fig. 1. Evolution of the mass-specific CO oxidation rate (left panel) and the relative conversion (right panel) on an unconditioned Au/TiO, catalyst during 2000 min
reaction at 30 °C (a, b) and 80 °C (c, d) in standard reaction mixture (a, ¢) and in O,-rich atmosphere (b, d).

Table 1

Absolute and relative activity, mean particle size, Au(4f):Ti(2p) intensity ratio as well as CO,q, CO, and carbonate related IR intensities of the unconditioned

Au/TiO; catalysts and after 2000 min reaction under different reaction conditions

Catalyst Initial/final Activity after Mean Au Au(4f):Ti(2p) Initial/final CO,y  Initial/final CO, Initial/final carbonate
activity 1000/2000 min particle size ratio related IR related IR related IR
(10_3 mol gay) reaction (%) (nm) intensity (KMU) intensity (KMU) intensity (KMU)
Dried catalyst - - 1.3+£04 0.21 £0.02 - - -
After 2000 min 1.0/0.09 19/9 1.9+£0.9 0.21 +£0.02 4.29/0.40 0.79/0.06 7.3/44.5
reaction at 30 °C,
1% O,
After 2000 min 3.9/0.3 20/7 1.8+£0.7 0.18 +£0.02 1.22/0.35 1.76/0.92 5.7/45.4
reaction at 80 °C,
1% O,
After 2000 min 2.8/0.03 10/1 20£1.0 0.20 +£0.02 2.61/0.06 1.08/0.01 5.9/35.9
reaction at 30 °C,
20% Oy
After 2000 min 5.0/1.5 35/29 1.8+0.7 0.18 £0.02 0.36/0.06 2.37/1.36 5.0/41.7
reaction at 80 °C,
20% Oy

an O-rich atmosphere (1% CO, 20% O,, balance N>) and
at both 30 and 80°C. The left panel depicts the evolution of
the activity under these reaction conditions, described by the
mass specific rate under differential reaction conditions, with
time on stream. The absolute value of the (initial) activity
at 80°C agrees quantitatively with that reported by Willneff
et al. on similarly prepared catalysts under comparable reac-
tion conditions [14]. The right panel shows the deactivation on
a relative scale, relative to an initial activity of 100%. In all
cases, the activity decreased in an approximately exponential
way to a near—steady-state value. Both the initial activity and
the steady-state activity were higher at 80 than at 30 °C; the
ca. threefold increase in the steady-state activity in the standard
reaction mixture (50-fold in the O,-rich gas mixture) corre-
sponds to formal activation energies of 20 and 72 kJmol~!,
respectively. For the initial activities, the corresponding values
were 24 and 11 kJ mol~! (fourfold and twofold increases) (see
Table 1). The relative decay was higher at the reaction temper-
ature of 30 than at 80 °C, lower in the O;-rich atmosphere than
in the standard reaction atmosphere at 80 °C, but higher in the

O;-rich atmosphere than in the standard reaction atmosphere
at 30°C. These findings would agree with an explanation at-
tributing the lower deactivation in an O»-rich atmosphere to
enhanced decomposition of surface-blocking carbonate species,
whereas at 30 °C, this reaction in not yet active. This tentative
proposal was evaluated by DRIFTS observations as described
below.

TEM measurements performed before and after the reaction
revealed a homogeneous distribution of very small Au nanopar-
ticles (Fig. 2a) with a wide particle size distribution, ranging
from subnanometer up to ca. 8§ nm. After drying in air, before
any subsequent reaction, the particle size distribution (Fig. 2b)
resulted in a mean particle size of 1.3 £ 0.4 nm. During the CO
oxidation reaction, the mean particle size increased slightly, by
about 0.5 nm over 2000 min (see Figs. 2c-2f). The increase
was correlated with a further widening of the particle size dis-
tribution; however, the reaction conditions (e.g., reaction at-
mosphere, reaction temperature) had little effect. Intuitively, we
might have expected to find more pronounced particle growth,
at least for reaction in the O;-rich atmosphere, considering the
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Fig. 2. TEM image (a) and particle size distribution (b—f) of the unconditioned Au/TiO, catalyst before reaction (a, b), and after 2000 min reaction at 30 °C (c, d)
and 80 °C (e, f) in standard reaction mixture (c, e) and O,-rich atmosphere (d, ).

enhanced particle growth on calcination in O, both for realis-
tic Au/TiO, catalysts [24] and for Au/TiO>(110) model cata-
lysts [34]. But apparently, the much lower reaction temperature
(80°C, compared with the calcination temperature of 400 °C)
was too low for more pronounced particle growth. This agrees
well with previous observations of a much lesser Au particle
growth on calcination at 200 [18] or 300 °C [24]. The present
results demonstrating very little Au particle growth during reac-
tion at 80 °C should not be confused with previous observations
of negligible Au particle growth at 80 [24] and also at 180°C
[35] on catalysts that were calcined before reaction. In the lat-
ter case, pretreatment led to much more stable Au particles with
particle sizes of ~3 nm, compared with ~1.3 nm in the present
unconditioned catalysts.

Reaction induced changes in the surface composition of the
supported catalyst were characterized by XPS (see Fig. 3 and
Table 1). Survey spectra (Fig. S1 in Supplementary material)
recorded after drying in air and after the different reaction treat-
ments show peaks related to Ti, O, and Au as well as some C(1s)
intensity at BEs compatible with carbon surface contamination
picked up during transport through air (285 eV) and surface
carbonates (289 eV). Detailed spectra recorded in the Ti(2p)
and Au(4f) regions revealed the following trends. The Ti(2p)
spectra showed completely oxidized Ti*+ species (459.2 eV
[28]; Fig. 3, left panel) before and after reaction, indicating that
within the sensitivity range of the measurement, while drying in
air the support was already fully oxidized, and that this state did
not change during subsequent reaction in the CO:0O, mixtures
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Fig. 3. XP spectra of the unconditioned Au/TiO; catalyst, before reaction (a),
and after 2000 min reaction at 30 °C (b, ¢) and 80 °C (d, e) in standard reaction
mixture (b, d) and O,-rich atmosphere (c, e). The left and right panels show the
Ti(2p) and Au(4f) regions, respectively.

used. In the Au(4f) region (Fig. 3, right panel), all samples ex-
hibited a broad (FWHM ~1.5 eV), slightly asymmetric signal
with maximum Au(4f;/;) peaks at about 84.4 eV for the cata-
lyst before reaction and 84.4/84.3 eV after reaction at 30 and
80 °C, respectively. The peak shift and the broadening of the
Au(4f) peak can originate from coexistent cationic and metal-
lic Au species (initial state effect) [12,36] and/or the very small
size of the metallic Au particles (final state effect) [37]. In a
recent in situ XPS study on a unconditioned catalyst, which
equally yielded broad, up-shifted Au(4f) peaks, the authors ex-
plained the peak structure by one state at 84.3 eV and an ad-
ditional, broader component centered at 85.2 eV, indicative of
two Au species that they described as nonionic [14]. Consid-
ering that, based on the TEM results, the catalyst contained
very small Au particles with a continuous and a rather wide
particle size distribution of around 1.3-2.0 nm, and that recent
XPS measurements found clear peak shifts for Au particles of
sizes comparable to the present ones [38], final state shifts must
be expected for our Au(4f) data. Furthermore, these shifts dif-
fer for different particle sizes, which, due to integration over
these different contributions, leads to a wide peak as was ob-
served experimentally. Whereas these final state effects would
be sufficient to explain the observed peak shift and peak broad-
ening [38], a slight positive charge on the Au particles (due,
e.g., to chemical interaction with the support) cannot be ruled
out based on our data. However, a combination of a cationic
Au®t state and of a fully metallic Au® state, requiring parti-
cles >3 nm in diameter, is not compatible with the TEM data
and thus is excluded. This interpretation is supported by the
DRIFTS results discussed below, which showed only C-O sig-
nals with frequencies characteristic of CO adsorbed on metallic
AuC particles.

Further information on the distribution of the two compo-
nents and the Au particle size can be obtained from the respec-
tive peak intensities or, equivalently, the Au(4f)/Ti(2p) intensity
ratios. These are essentially identical before and after reaction
(see Table 1), which also points to negligible changes in the
distribution and size of the Au particles during reaction.

Finally, the accumulation of adsorbed surface species was
followed by in situ DRIFTS measurements performed during
the reaction. Fig. 4 illustrates the resulting signal intensities
due to changes in surface composition in the sets of DRIFT
spectra recorded during the reaction in the standard reaction
mixture at 30 and 80 °C. The spectra reveal characteristic peaks
at 2112-2120 cm™! (CO adsorbed on metallic Au), at 2339
and 2361 cm™! (gaseous CO3), and a set of vibrational fea-
tures in the range of 1200-1550 cm™!, where the latter are
commonly assigned to the C=0 stretch vibration v(C=0) of
bidentate carbonates (~1527 cm™!), the symmetric stretch vi-
bration vs(COO) of monodentate carbonates (1359 cm™!), and
the asymmetric stretch vibration v,4(COO) of monodentate car-
bonates (1430-1530 cm™!), which is hidden under the C=0
stretch vibration of bidentate carbonates. The same holds true
for the asymmetric stretch vibration of carboxylates (for which
the peak should appear at 1560-1620 cm™~!), whereas the sym-
metric stretch vibration appears at 1406 cm™! [39-41]. With
increasing reaction time, the CO,qg- and CO;-related peaks de-
creased in intensity, whereas the carbonate related signals in-
creased significantly. The small peak at 2170 cm~! (Fig. 4, top
left), due to gas-phase CO absorption, was not considered in
the subsequent intensity determination. The general shapes of
the COyq- and CO,-related peaks did not change with time, in-
dicating that the nature of the adsorbed CO species and thus
of the adsorption sites was not modified by the reaction. How-
ever, the peak frequency of the C—O vibration shifted to slightly
higher frequencies from 2112 to 2114 cm™~! with reaction time,
simultaneous with the pronounced loss in intensity, pointing to
a decrease in the local density of the CO adlayer on the Au
nanoparticles with time [42]. This situation was different for
the broad peak in the wavenumber region 1200-1700 cm™".
The intensity of the adsorbed carbonate and carboxylate species
increased during the reaction. At the beginning of the reac-
tion (after 15 min; see Fig. 4 top right), the intensities of the
peaks at 1359, 1406, and 1527 cm~! were about equal. With in-
creasing reaction time, the intensity of the peak at ~1527 cm™!
increased strongly and became significantly more pronounced
than those of the former two peaks. The stronger intensity in-
crease of the peak at 1527 cm™! can be explained by the fact
that this peak comprises contributions from all three species
(monodentate and bidentate carbonates as well as carboxy-
lates), whereas the other two peaks are specific for monodentate
carbonate (1359 cm~!) and carboxylate (1406 cm™!). In prin-
ciple, it should be possible to subtract the varying contributions
from the latter two species to the 1527 cm™! peak by compar-
ing them with the intensity variation of the other two peaks,
but in practice this is not possible, because of the large over-
lap between these peaks (see Fig. 4). On a qualitative scale,
the monodentate carbonate signal at 1359 cm~! was found to
increase under all reaction conditions, whereas the carboxy-
lates were less stable at 80 °C (less intensity increase with time
compared with the monodentate carbonate signal), and the con-
tribution of bidentate carbonates was difficult to evaluate.

Because the catalyst was not conditioned, both water and
OH groups were present on the catalyst before reaction. This is
indicated by, for example, the background spectrum, with sig-
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nals of isolated OH groups at 3724 and 3675 cm™! [43-45],
of the HOH mode of adsorbed water at ~1630 cm™!, and of
the OH vibration at 2500-3300 cm™!. These signals did not
increase with reaction time (Supplementary material, Fig. S2,
right panel); thus, an accumulation of H>O from the gas feed
can be excluded. In fact, the latter signals decrease slightly
at the beginning of the reaction, indicative of a slight loss of
H,O at this time, and then remain of constant intensity. The
initial consumption of water can be most easily explained by
some limited formation of bicarbonate species, which would
also agree with the observed peak at ~1250 cm™! (vs(C—OH)
of bicarbonate) [46]. The latter feature also could arise from
the v,(COQ) vibration of bidentate carbonate, however [39].
Finally, the formate-related C—H vibration appearing at 2800—
3000 cm™!, remained essentially unchanged during the reac-
tion, indicating that formate buildup did not occur under the
present reaction conditions. Accordingly, these species also
were not affected by the ongoing CO oxidation.

For reactions under different reaction conditions (spectra not
shown), at 30 and at 80 °C in O;-rich and standard atmospheres,
the characteristic features were similar, with only the exact fre-
quency values and the intensities and their evolution during
reaction being somewhat different. This is evident in the COgyq-
related peak, which appears at 2112 cm~! for CO oxidation in
the standard reaction mixture at 30 °C and varies between 2120
and 2112 cm™! for different reaction conditions. In all cases,
the frequencies remained constant over time, while the intensity

decreased. Thus, under all reaction conditions, CO adsorption
was observed only on metallic Au® particles during reaction.
The intensity of the carboxylate species was less pronounced
at 80 than at 30 °C.

The temporal evolution of the different peak intensities dur-
ing reaction is illustrated in Figs. 5 and 6, where the integrated
intensity of the CO,q, CO,, and carbonate-related peaks at
2112-2120, 2339-2361, and 1516-1527 and 1359 cm™!, re-
spectively, are plotted as functions of time. (For the carbonate,
related intensity was determined by integrating the intensity be-
tween 1270 and 1750 cm™!.) Fig. 5 shows the evolution of these
intensities with reaction time for reaction in standard reaction
mixture and in O»-rich atmosphere at 30 °C. For the carbonate
intensity, we also included the inverted development of the in-
tensity with time (designated by crosses). We found an almost
exponential decay of the CO,q- and CO,-related intensities and
a similar increase in the carbonate-related intensity over time
(see also the inverted carbonate intensity), independent of the
reaction atmosphere (Fig. 5). As expected, the CO,-related in-
tensity was significantly higher in the O;-rich atmosphere than
in the standard atmosphere, whereas the CO,q intensity de-
creased to about half when going to the O;-rich atmosphere.
However, the final steady-state intensity after 2000 min was sig-
nificantly lower for the COyq- and CO;-related intensity in the
O;-rich atmosphere than in the standard reaction atmosphere,
on both an absolute scale (Fig. 5, left panel) and a relative scale
(Fig. 5, right panel). The increases in the carbonate intensity
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Au/TiO; catalyst at 30 °C in standard reaction atmosphere (left upper panel) and in O;-rich atmosphere (left lower panel). The decay of the respective relative
intensities, the inverted carbonate intensity (x) and, for comparison, of the CO; formation activity (0J), is depicted in the right panels.

and hence in the net carbonate formation were about similar
in both atmospheres (Fig. 5, left panel). In both atmospheres,
the decay of the CO,q-related signal with time closely resem-
bled that of the CO, signal, and the relative activity measured
under differential reaction conditions (data taken from Fig. 1)
closely followed the relative activities of these signals (Fig. 5,
right panel), indicative of a close correlation between CO,q4- and
CO;-related signals and the CO oxidation activity under other-
wise similar conditions.

Fig. 6 plots the corresponding trends of the intensities for
reaction at 80 °C. Again, the COgyq- and CO;-related intensities
decayed continuously (Fig. 6, left panel), but compared with re-
action at 30 °C, the agreement with an exponential decay was
less good and the decay was less rapid (Fig. 6, right panel). Fur-
thermore, the steady-state values were much higher. The much
slower decay and the finite steady-state value of the COyq- and
CO;-related intensities agree well with the behavior of the dif-
ferential activity, which also approached a finite steady-state
value (Fig. 6).

The most pronounced differences between 30 and 80°C
were obtained for the evolution of the carbonate-related inten-
sity. At the reaction temperature of 80 °C, it increased in an
approximately linear way over the full course of the experiment
in both the standard reaction mixture and the O;-rich reaction
atmosphere. The initial increase was less steep than at 30 °C,
but the intensities reached after 2000 min were significantly
greater than the saturation intensities obtained at 30 °C.

It should be noted that due to the higher catalyst activity at
80°C, we could not perform the higher-temperature DRIFTS
measurements under differential reaction conditions. The min-
imum amount of catalyst required to obtain sufficient IR inten-
sity resulted in an initial conversion of ca. 72% for the stan-
dard reaction atmosphere and 94% for the O»-rich atmosphere.
Therefore, we also included the conversion measured by GC
at the exit of the DRIFTS reaction cell in the plot (open cir-
cles in Fig. 6, right panel). In that case, the activity decreases
(to 71% in standard reaction atmosphere and 88% in O;-rich
atmosphere) were much less pronounced than those under dif-
ferential reaction conditions, and the decay was more linear.
But because the IR signals were obtained from the top layer of
the catalyst bed in the DRIFTS reaction cell, where the reaction
conditions should correspond closely to the inlet gas compo-
sition and thus also to the gas composition under differential
reaction conditions, the DRIFTS intensities should be more
correlated with the activity behavior under differential reaction
conditions, with some deviation toward the behavior measured
at the exit of the DRIFTS reaction cell.

Finally, we followed the effect of raising the reaction tem-
perature from 30 to 80 °C during the reaction after close to
steady-state conditions were reached at the lower reaction tem-
perature. The resulting changes in the IR intensities are illus-
trated in Fig. 7; note that the first 2000 min were identical to
those shown in Fig. 5. In the standard reaction atmosphere,
raising the temperature to 80 °C resulted in an instantaneous in-
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Fig. 6. Intensity of the DRIFTS signals characteristic for CO,q (@), CO, (M), and carbonates (A) as a function of time during CO oxidation on an unconditioned
Au/TiO; catalyst at 80 °C in standard reaction atmosphere (left upper panel) and in O;-rich atmosphere (left lower panel). The decay of the respective relative
intensities and, for comparison, of the activity measured under differential reaction conditions ((J) and at the exit of the DRIFTS cell (O), respectively, is depicted

in the right panels.
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Fig. 7. Intensity of the DRIFTS signals characteristic for CO,q (@), CO, (M), and carbonates (A) as function of time during CO oxidation on an unconditioned
Au/TiO; catalyst at 30 °C and subsequent temperature increase to 80 °C in standard reaction atmosphere (left panel) and in O-rich atmosphere (right panel).

crease in the CO; intensity by about a factor of 7, followed by a
slower intensity increase over time. In contrast, the CO,q inten-
sity first dropped by 65% and then increased in a close to similar
way as the COyg-related intensity. The carbonate intensity also
dropped initially and then increased with time in an almost lin-
ear fashion. Thus, in all cases the intensity increased with time
with increasing temperature. The distinct difference between
CO,q intensity (decrease) and CO; intensity (pronounced in-

crease) directly after the temperature increase can be explained
in a simple way: The CO, formation rate and hence the CO,
concentration increased instantaneously due to thermal activa-
tion of the reaction. The CO,q coverage, on the other hand,
decreased initially due to thermal desorption. The subsequent
slow intensity increase in both the CO,q and the CO, signal
over time until a saturation value was reached, together with
the linear increase in carbonate intensity, indicates that after the
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temperature change, the balance between carbonate adlayer and
CO adlayer/CO oxidation activity was modified (see the discus-
sion below).

For reaction in the O-rich atmosphere (Fig. 7, right panel),
the effect of changing to 80 °C was qualitatively comparable,
but the increase in CO; rate with time at 80 °C after the ini-
tial rise by about a factor of 5 reflecting the thermal activation,
was much more pronounced than in the standard reaction at-
mosphere. The COyq intensity first dropped by 54% and then
also increased with time, but much more slowly than the CO5-
related intensity. Finally, for the carbonate-related intensity, the
change in intensity with time was much less pronounced than
for reaction in standard reaction atmosphere, pointing to a much
lower steady-stare intensity (and coverage) of surface carbon-
ates at 80 °C in Os-rich reaction atmosphere than in standard
reaction atmosphere, whereas for reaction at 30 °C, the steady-
state intensities appeared rather similar. It should be noted that,
as discussed in connection with Fig. 6, at 80 °C, differential re-
action conditions were no longer adhered to, but nevertheless
we would expect a gas composition at the upper layer close to
that at the inlet. In total, these experiments demonstrated that in
an Op-rich atmosphere, the growth of carbonates at 80 °C was
much less pronounced than in the standard reaction atmosphere,
pointing to an enhanced O;-induced carbonate decomposition,
and that the simultaneous increase in CO,q and CO; inten-
sity on the one hand and in carbonate intensity on the other
hand after changing to 80 °C indicates an altered balance be-
tween carbonate adlayer and CO adlayer/CO oxidation activity
compared with the situation at 30 °C. A different relationship
between carbonate coverage and COyq coverage/CO, formation
rate at 30 and 80 °C also was obvious from the evolution of the
related intensities with time at these temperatures (see Figs. 5
and 6). Thus, after the temperature was changed to 80 °C, the
system approached a new steady-state situation that was at least
qualitatively comparable to that reached after a sufficiently long
reaction at 80 °C directly.

4. Discussion

The data presented above lead us to draw the following con-
clusions regarding the reaction and deactivation behavior of
unconditioned P25-based Au/TiO; catalysts in the CO oxida-
tion reaction:

1. The absolute activity of the unconditioned catalysts inves-
tigated here agrees well with that reported in an earlier
study [14].

2. Under the reaction conditions of the present study, the
unconditioned catalysts deactivated strongly, much more
pronounced than the conditioned catalysts prepared in the
same way (except for conditioning), in contrast to previous
findings [14]. Apparently, any reaction-induced activation
of the catalyst, compensating for the simultaneous deacti-
vation, was a minor effect compared with the deactivation.

3. Based on the TEM results, which indicate that the average
Au particle size grew only from 1.3 to 1.8 nm, Au particle
growth can be ruled out as main origin for the deactivation.

4. XPS and DRIFTS data in combination show that after dry-
ing in air (50°C), the catalyst consisted of very small,
possibly slightly charged Au® particles and fully oxidized
Ti*+, with negligible contributions of cationic Au’* and
TiO** species, and the chemical composition of the cata-
lyst surface changed very little during the reaction.

5. The deactivation of the unconditioned catalysts was corre-
lated with the build-up of surface carbonates.

6. The COyq coverage (CO adsorbed on the Au nanoparti-
cles), CO, formation rate, and surface carbonate coverage
were closely correlated, as evidenced by the DRIFTS data.

7. At 80°C, surface carbonate formation was reduced in
the presence of O,, which we tentatively attribute to an
oxygen-induced enhanced carbonate decomposition. This
resulted in a slower increase and lower steady-state carbon-
ate coverage in a Op-rich reaction atmosphere under these
conditions compared with those in the standard reaction at-
mosphere.

Considering that Au particle growth during the CO oxidation
was negligible for both the unconditioned catalyst and the sim-
ilarly prepared calcined catalyst [24], the much stronger deac-
tivation of the unconditioned Au/TiO, catalyst compared with
calcined Au/TiO; catalysts must be due to a more pronounced
effect from surface carbonate formation. Because the present
data do not allow a quantitative comparison of the carbonate
coverage (i.e., of the fraction of the titania support covered
by carbonates), the enhanced deactivation of the unconditioned
catalysts may reflect either increased carbonate formation or
an enhanced effect of surface carbonates on CO adsorption
and CO; formation. Experiments are planned to investigate this
question in more detail.

The correlation between carbonate coverage on the one hand
and CO,q intensity/CO; formation rate on the other hand can be
explained most simply through a mechanistic picture in which
the COyq coverage is rate-limiting and CO adsorption sites are
increasingly blocked by adsorbed carbonates. In the literature,
however, the C-O stretch signal at 2112 cm™! is generally at-
tributed to CO adsorbed on metallic Au nanoparticles [13,17],
whereas the surface carbonates associated with the character-
istic IR signals at 1527 and 1357 cm™! are adsorbed on the
TiO, support [39]. Therefore, they should not affect the CO,q
coverage on the Au nanoparticles. Resolving this discrepancy
would require either carbonate adsorption on the Au nanoparti-
cles (which contradicts the commonly accepted assignment of
the IR data) or the presence of a minority species of surface
carbonates adsorbed on Au. Whereas earlier attempts to pro-
duce surface carbonates on Au surfaces were unsuccessful [47],
in contrast to the facile formation of surface carbonates on
Ag(110) [48-50], we cannot rule out carbonate formation also
on the Au nanoparticles. The vibrational feature at 1343 cm™!
observed for carbonates on Ag(110), which was attributed to
the asymmetric O—C—O vibration (v,s(OCO)) of planar car-
bonate on Ag(110), would be buried in the broad vibrational
band of the majority carbonate species adsorbed on the oxide.
Another way to explain the present results is based on a re-
action scheme in which the CO,q supply occurs not only by
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direct CO adsorption on the Au particles, but also (or even
predominately) by adsorption on the TiO; support and subse-
quent reverse spillover on the Au nanoparticles. In that reaction
scheme, the increasing carbonate coverage on the support re-
duces the supply of COyq to the Au nanoparticles and thus also
the steady-state CO,q coverage on the Au particles and, con-
sequently, also the supply of CO,q to the active sites for reac-
tion. As a result, both CO,q intensity and CO oxidation activity
should decay, in agreement with the experimental observations.
This explanation is supported by the observed shift of the C—O
vibration to higher frequencies with reaction time, pointing to a
decreased local density of the CO adlayer on the Au nanoparti-
cles with time [42]. This reaction mechanism closely resembles
our recent proposal for the water—gas shift reaction on Au/CeQO;
catalysts, where we arrived at a similar conclusion based on
the correlation among the Au surface-normalized activity, the
coverage of bidentate formats, and that of reaction-inhibiting
monodentate carbonates [51].

The tentative proposal of an oxygen-induced enhanced
decomposition of the surface carbonate compared with an
oxygen-related inhibition of carbonate formation is supported
by recent data from a temporal analysis of products reactor
showing CO; formation when pulsing O, on a carbonate-
covered Au/TiO; catalyst [52].

The formation of small amounts of bicarbonates, by reaction
of carbonates with H,O and OH groups present on the surface at
the beginning of the reaction, may affect the effective measured
carbonate formation rate by continuous removal of carbonates
through bicarbonate formation and subsequent decomposition.
The steady-state coverage of these bicarbonates must be con-
stant, as evidenced by the constant intensity of the OH- and
H,O-related signals. However, for the reaction mechanism, it is
important to note that this continuous loss of carbonate is small
compared with carbonate formation. Therefore, the buildup of
carbonates on the catalyst remains the decisive factor in the de-
activation of the catalyst; see also [53-56] for information on
the role of H>O in reactivity.

Finally, we mention that the pronounced tendency for car-
bonate formation identified as the main reason for the rapid
deactivation of these Au/TiO, catalysts at low temperatures is,
at least so far, limited to catalysts based on the same TiO, sup-
port material used in this study (P25). Strategies for future work
should concentrate on optimizing the support material toward
reduced activity for carbonate formation or, equivalently, en-
hanced activity for carbonate decomposition. For applications
in fuel gas processing, where CO must be removed from H-
rich feed gases, carbonate formation is less limiting because
of the reduced stability of carbonates in a HyO-containing at-
mosphere, most likely due to preferred formation of less stable
bicarbonates under these conditions (see [8]).

5. Conclusion

Combining kinetic and in situ IR spectroscopic measure-
ments of the reaction and deactivation process, as well as ex situ
catalyst characterization before an after the reaction, we could
demonstrate that unconditioned Au/TiO; catalysts based on

commercial support material (P25) deactivated very strongly
during CO oxidation at both 30 and at 80 °C and in standard
reaction mixtures and in an O;-rich atmosphere. Both before
and after reaction, the catalyst consisted of fully oxidized sup-
port material (Ti**) and very small, possibly slightly charged
Au® particles, with only negligible contributions from Ti** and
cationic Au®t species. The deactivation, which was much more
pronounced than that for calcined Au catalyst prepared from
the same support material, was correlated with and assigned
to the buildup of surface carbonates on the support. Reaction-
induced growth of the very small Au particles was slight, from
1.3 £ 0.4 nm before to typically 1.8 &= 0.8 nm after a 2000-min
reaction, and can be excluded as dominant reason for the deac-
tivation. The close correlation between carbonate buildup and
decay in CO,q coverage (on the Au particles) as well as CO»
formation can be tentatively explained by a model in which
the CO,q supply on the Au nanoparticles occurs to a large ex-
tent through adsorption on the support and subsequent reverse
spillover on the Au particles. Accordingly, increased block-
ing of the support resulted in a corresponding decay of the
COyq steady-state coverage and of the COyq supply for CO,
formation, that is, in a similar decay of the CO; formation
rate.
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