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Abstract

The catalytic activity of Au-TiO,-In, O3 catalyst in the oxidation of CO in the presence and absence of added water vapour and using different
pretreatment conditions was tested and compared with that of a Au-TiO, sample prepared using a commercial support used as a reference catalyst.
The Au-TiO,-Inp O3 samples showed less activity than the standard Au-TiO, sample but could be reused after reaction up to 500 °C without loss
of activity. The activity of Au-TiO,-InyO3 catalysts for CO oxidation was relatively insensitive to the pretreatment procedures but showed quite
distinct light-off curves compared with those of Au-TiO,. Differences between the catalytic behaviour of the two Au-supported catalysts indicate
differences in the relative ease by which the oxides become dehydroxylated by thermal treatments. Results for Au—TiO—In, O3 are consistent with
a scheme in which at low temperatures (<264 °C), CO; formation involves gold sites with participation of hydroxyl groups of the support. Above
this temperature, dehydroxylation of the support leaves the gold component with low activity, and the rate of CO, formation becomes equivalent
to the rate obtained over the support alone. Cooling the samples back to room temperature recovers the initial activity of the gold, confirming
that deactivation is completely reversible. Experiments conducted involving deliberate addition of water show that the deactivation caused by an
excess of HyO for both Au-TiO, and Au-TiO»-Iny O3 is also reversible, and that the extent to which water is retained is quite different for the

two catalysts. Reaction mechanisms, taking into account the involvement of H>O, are discussed.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Following the observation in the late 1980s that gold in
the form of small particles displays significant catalytic prop-
erties [1], the activity of gold has become widely recognised
for various reactions [2,3]. Catalytic properties of these gold
nanoparticles depend on particle size, the nature of the oxide
support material, the interaction between gold nanoparticles
and the support oxide, and the shape of the gold nanoparti-
cles [2,4,5]. Despite high initial activity, gold catalysts often
deactivate with time on line [6-9]. This deactivation has been
attributed to sintering of gold during reaction [10], reduction
of oxidic gold to metallic gold [11], accumulation of carbon-
ate on the surface [9,12] and the presence of moisture [13].
It has been suggested that the effect of the oxidation state of
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gold is about as important as that of the particle size of metallic
gold [14]. The issue of active sites is receiving considerable at-
tention and remains a matter of debate [15-17]. Some authors
suggest that oxidic gold is more active [18], whereas others sug-
gest that metallic gold is more active than oxidic gold [8,19].
The presence of both metallic and oxidic gold has been de-
tected in working catalysts [20]. This may be due to the fact
that the activity of supported gold particles varies with pre-
treatment. This is another controversial issue, because there is
no general agreement on the optimal calcination temperature
for the supported gold particles for CO oxidation [2,5,21,22].
However, it is generally observed that calcination at high tem-
perature results in a catalyst with low activity. This has been at-
tributed to sintering [23] and/or a change in particle shape [24].
The activity of Au-TiO, has been compared after pretreatment
in different gas atmospheres; one study found that reduction
gave a catalyst with higher activity than oxidized catalyst [25],
whereas another reported that specific reduction—oxidation pre-
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treatment resulted in active catalyst [26]. Recently, using ap-
propriate thermal pretreatment, Au—Fe,O3 catalysts were able
to achieve high selectivity in the competitive oxidation of CO
in the presence of excess Hp, H>O, and CO; [27]. The two-step
calcination was thought [27] to result in the removal of residual
cationic gold that is otherwise active for the reverse water—gas
shift reaction, which would otherwise limit the overall conver-
sion of CO.

In terms of moisture sensitivity, some researchers report
positive [14] and others report negative [7,8,13,28] effects of
moisture on the activity of supported gold catalysts. In fact, pre-
viously proposed reaction mechanisms [29] include the role of
hydroxyl groups. It has been shown that for Au-TiO,(P25), the
amount of moisture adsorbed by the catalyst is key to explain-
ing the differences observed [30]. The rate of CO oxidation as
a function of moisture content takes the form of a curve that
passes through a maximum and gives low activity at high mois-
ture content due to the blocking of active sites by water [30].
The ability of supported gold catalysts to tolerate water contents
of the order of 0-10 vol% and at temperatures around 80 °C is
essential if these catalysts are to find application in preferential
CO oxidation from hydrogen-containing feed-streams (PROX)
for polymer electrolyte fuel cell applications [27].

Composite oxide supports have been successfully applied
to stabilize small metal particles, although introduction of a
second oxide component into TiO; also causes surface modi-
fication that may modify activity [31], particularly if interfacial
sites are involved in the reaction. Addition of InyO3 is expected
to modify interfacial sites and expose Lewis acid sites of dis-
similar character to those of titania; these may be influential in
activating water molecules, which are suspected to play a key
role over Au/TiO; [28]. In the present study, a composite TiOy—
In, O3 support was prepared, and the sensitivity to pretreatment
conditions and to the influence of water vapour in the CO oxi-
dation reaction was tested.

The catalytic behaviour of this sample was compared with a
sample of equivalent Au loading (2%) but using Degussa P25
as a support, because the later can be considered a benchmark
for reference purposes and the moisture sensitivity for CO oxi-
dation has been reported previously [30].

2. Experimental
2.1. Preparation of Au-TiO»

TiO, (Degussa P25) was suspended in 180 cm? of distilled
water at room temperature and stirred. Then 4 cm? of HAuCly
[2.538 x 10~2 M] was added, and the mixture was stirred con-
tinuously. Subsequently, 4 cm? of KOH solution (0.2 M) was
added, and stirring continued for another 10 min. The catalyst
was separated from the supernatant liquor by centrifugation,
and the powder was dried at ca. 120 °C and ground before use.
A portion of the catalyst was washed, and the washings were
tested for chloride ion using AgNO3. No evidence of chloride
was found. The nominal loading was 2%, although ICP-MS re-
vealed the final catalyst had a loading of 1.9 wt% gold.

2.2. Preparation of TiO»—Iny 03 support

A 1.0-g sample of titanium n-butoxide diluted with 7.5 cm?
of ethanol was placed in a round-bottomed flask and heated un-
der reflux to 70°C under constant stirring. Then 0.2 cm® of
nitric acid was added as hydrolysis catalyst and allowed to con-
tinue for 10 min before the dropwise addition of an aqueous
solution of In(NO3)3 (calculated to provide a 5 wt% loading of
indium oxide in the final support). Water was then added until
gelling occurred. The system was then maintained under reflux
for 3 h at 70 °C, followed by drying of the gel thus obtained in
an oven at 70 °C. The sample was then calcined at 400 °C for
4 hin a flow of air (100 cm® min~).

2.2.1. Preparation of Au-TiO»—Iny03

The Au-TiO,-In,O3 was prepared by a deposition—precipi-
tation method, using HAuCly - H>O as a source of gold. A gold
solution was prepared using the gold precursor in deionised wa-
ter and by adding ammonia solution at room temperature to
give a final pH of 7. The choice of this pH was based on selec-
tion of a value between 6 and 10 whereby partially hydrolysed
[Au(OH), Cl4_,]~ (n = 1-3) is formed, which can then react
with the support surface [3]. The support was added and sus-
pended in this solution, and the mixture was stirred for another
30 min. The sample was aged for 24 h and filtered, after which
the solid slurry was washed with deionised water several times
and dried overnight in an oven at 120 °C. Analysis by ICP-MS
revealed that the final catalyst had a gold loading of 1.8 wt%
even though the nominal loading was 2%.

2.3. DRIFT and activity tests

Samples (50 mg) were loaded into a DRIFTS cell with
CaF, windows and a heating system that allowed operation
under different atmospheres at temperatures up to 600 °C. Spec-
tra (resolution, 4 cm L average of 50 scans) were recorded
with a Perkin-Elmer 1720 FTIR. Inlet gases were provided
via a computer-controlled gas blender, and exit gases from the
DRIFS cell were monitored using a Baltzers Prisma QMS. All
inlet and outlet lines were heated using external heating tape
to avoid condensation of water. Catalyst pretreatment involved
heating in air, N, or Hy (gas flow, 40 ml/min) for 30 min
at the desired temperature, followed by cooling to room tem-
perature and exposure to the reactant gas mixture (CO 1%,
air 4.7%, balance N). For light-off experiments, samples were
heated at 6.7 °C min~! to 500 °C while simultaneously record-
ing DRIFT spectra and monitoring the m/e signals. Pretreat-
ment of the samples involved in situ calcination at different
temperatures (200 and 300 °C), denoted as C200 and C300, re-
spectively. Other pretreatment involved heating in flowing Nj
at 200 °C; this sample is denoted as C200N,. Some of the cat-
alysts were also prereduced at 200 °C in H, postcalcination;
these are denoted as C300R200 and C200R200. The dried sam-
ple prereduced in Hy using uncalcined catalyst is denoted as
R200. Pretreatment of the support involved prereduction in H,
at 200 °C; this is denoted as support R200.
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To test the stability of the gold catalyst under selected re-
action conditions, and also to study the influence of cooling
in different gas atmospheres, several reactions were performed
by conducting cycles of experiments. Fresh sample was loaded
into the cell and pretreated in flowing nitrogen. After cooling
to room temperature, the reactant mixture was introduced. At
the end of the first run, the reaction mixture was replaced by
flowing Nj (at 500°C), and the sample was cooled to room
temperature before introducing the reacting mixture and per-
forming the second run. In the case of Au-TiO-In,03, after
the first run and cooling of the sample in N, CO was intro-
duced for 5 min at room temperature before the introduction
of air. The activity measurement was carried out as before to
generate the second curve (second run). Again at the end of
the second run, flowing N, was introduced and the sample was
cooled to room temperature. Similar procedures were followed
to generate the activity curve for the third run. In another ex-
periment, the sample was cooled in air instead of Ny, and the
activity profile was carried out as in the first run.

For experiments involving the use of water, 100 ul was in-
jected by syringe into the reactant stream, where the gases
were preheated above 110°C to avoid condensation. The ef-
fect of this additional water was then monitored as a function of
time under isothermal conditions at 70 °C. Laser Raman spectra
were obtained using a Renishaw InVia Microscope at 633 nm
excitation.

3. Results
3.1. Au-TiO; (P25)

3.1.1. Temperature-dependent activity

Fig. 1 depicts the temperature-dependent activity of the
2 wt% Au-TiO, catalyst at 25-500°C. The profile shows
an initial 50% CO conversion at room temperature, rising to
around 90% at around 150 °C. The sample was cooled in 100%
N, flow after the first experiment to test the stability of the cata-
lyst under the conditions used. Comparing the two curves shows
that in the second run, a higher initial activity was obtained and
the onset of light-off was reduced by ca. 16 °C relative to the
first run, showing that the catalyst had been further activated
either during the reaction or by the cooling process in nitrogen.

The differences in measured activities at 40 °C are shown
in Table 1. The relative difference in activity between consec-
utive runs decreased with increasing temperatures (or conver-
sion), and the two curves coincide at ca. 400 °C (Fig. 1). Apart
from the separation with respect to temperature/conversion, the
shapes of the two profiles (first and the second runs) are almost
identical; that is, the curves consist of a sharp rise in activity
up to ca. 170°C, followed by a modest increase and then a
levelling-off at temperatures above 300 °C.

3.1.2. Influence of water

Fig. 2 shows the impact of water on the conversion profile for
the CO oxidation over the 2-wt% Au-TiO,. The sample was
heated to 70°C in a flow of CO/air/N; this temperature was
chosen because the catalyst shows activity at this temperature
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Fig. 1. CO conversion as a function of temperature over uncalcined 2 wt%
Au-TiO,.

Table 1
Comparison of catalytic activities obtained for the different samples and after
different pre-treatment conditions

Catalyst Pretreatment Reaction Activity
temperature (°C) (mol gc_a% s_l)
2.4%Au/TiO; [7] Calcined at 400°C 40 0.63 x 1076
1.8% Au/SiO, [3] Reduced at 450°C 40 6.9x 1078
1.9% Au/TiO5 (P25) Uncalcined 40 7.4 %1070
1.9% Au/TiO, (P25) After CO oxidation 40 9.7 x 107°
to 500°C
1.8%Au/TiO»-Iny O3 Calcined at 200°C 40 42 x107°
1.8%Au/TiO,-Inp O3 Nitrogen at 200°C 40 3.57x 1076
1.8%Au/TiO-Inp O3 Calcined at 300°C 40 3.72 x 1070
1.8%Au/TiO»-InyO3 Reduced at 200°C 40 3.57 x 1076
1.8%Au/TiO—-Inp O3 Calcined 200, then 40 3.72 x 1070
reduced at 200 °C
1.8%Au/TiO-In; O3 Calcined 300, then 40 45x107°
reduced at 200 °C
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Fig. 2. Influence of HyO on CO oxidation activity (m/e = 44 trace for CO,)
over uncalcined 2 wt% Au-TiO;.
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(Fig. 1) and because operation in PEM fuel cell applications
requires temperatures of ca. 80 °C. Fig. 2 also shows the cor-
responding mass spectrometer H>O and Hj signals. Soon after
the injection of water into the gas stream, water began to ad-
sorb onto the catalyst surface, accompanied by a rapid decrease
in CO oxidation activity. After 33 min, the activity reached its
lowest value under wet conditions (but retained some activity).
Between 25 and 33 min, the H,O and H, signals remained con-
stant (Fig. 2). Note that the mass spectrometer signal gives the
concentration of the species in the exit stream, so that while
H>O was being adsorbed onto the surface, the concentration of
H>O0 or H; in the exit stream exhibited no change in concentra-
tion, as indicated by constant values up to 33 min (Fig. 2). From
33 to 119 min, the activity (CO, formation) was fairly low but
showed a gradual recovery. Within this time interval there was
a sharp increase in the concentrations of H,O and Hj in the
exit stream, which, after some time, reached a plateau at the
119-min point. Beyond this point, the HyO/H; signals showed
modest increases, and the CO oxidation activity recovered to
above its original value and then remained roughly constant be-
yond the 146-min point. Interestingly, after 146 min (i.e., after
the CO oxidation activity had reached a maximum), there was
a rapid decrease in the H>O signal, followed by a further mod-
est decrease up to ca. 228 min, after which the signal remained
constant. Similar (although slightly less pronounced) features
were observed in the H» signal (see Fig. 2). The H,O and H;
profiles were always roughly similar, with a change in the H,O
signal in the exit stream being accompanied by a change in the
H; signal.

3.2. Au-TiO»—Iny0;3

3.2.1. Sample characterization

Nitrogen adsorption—desorption isotherms show that the
TiO,-Iny O3 has a mesoporous structure, with an average pore
radii of 3 nm. The BET area of the catalysts after calcina-
tion was 100 m? g~!. XRD patterns for TiO,-InpO3 showed
only peaks due to TiO, (anatase), indicating that InyO3 was
either present as small crystallites or as an amorphous phase,
or with In ions exchanged into the TiO, lattice. No additional
features were detected by the same technique after addition of
gold. Possible evidence of incorporation of In exchange into
the titania lattice was the inhibition of the anatase to rutile-
phase transformation, which had not occurred after heating to
600 °C, whereas pure TiO, underwent this phase transition at
the same temperature. Raman spectra of the Au-TiO;—Iny03
sample (Fig. 3) exhibit a clear 7-cm~! shift in the E, signal
at 142 cm~! for an anatase standard. Although this could be
attributed to a change in particle size, it is equally likely that
the changes in band position of the E, signal and bandwidth
of all of the anatase signals result from changes in lattice para-
meters caused by substitution of In, O3 into the TiO; structure.
In either case, the In is clearly highly dispersed though the ti-
tania matrix, which should maximise its effect on the surface
properties of the support material. TGA (not shown) exhibited
a weight loss due to water at 75-150 °C, representing ca. 5% of
the total sample mass. At 150-350 °C, the weight loss was less
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Fig. 3. Laser Raman spectra (633 nm excitation) showing an anatase standard
(lower two traces) and the TiO»-Inp O3 sample (upper plot).

significant, giving a total of ca 7%. Increasing the temperature
to 500 °C caused only slight further loss (ca 1%). The gold-
containing sample was exposed to CO at 25 °C after evacuation
at the same temperature. Adsorbed CO could not be detected
by FTIR under these conditions.

3.2.2. Influence of pretreatment

Table 1 summarises the influence of pretreatment on cat-
alytic activities at 40 °C and also compares activities obtained
with the Au/TiO;, (P25) and with data for supported Au cat-
alysts from the literature. Fig. 4a shows the activities for the
2-wt% Au-TiO,—In,03 catalyst preoxidized in air before ac-
tivity measurements. Fig. 4b shows the same for catalysts re-
duced after calcination and others directly reduced without
precalcination or pretreated in a Np flow. In general, the ac-
tivities of the Au-TiO,-InpO3 catalysts were inferior to those
of Au-TiO;, and the temperature/conversion plots display pro-
file shapes quite unlike those of the Au—TiO; catalysts (Fig. 1).
The profiles show an initial sharp rise up to ~93 °C (region I),
followed by gradually increasing conversion (region II) up to
~300 °C, then a steeper rise in activity (region III) and finally a
plateau above 361 °C.

To account for the profile shapes and to determine the extent
of reactions occurring on the support material alone, the support
was studied under identical conditions (Fig. 4b). Below 264 °C,
the activity was less than that of Au-TiO,-InyO3, but it rose
slowly with increasing temperature until the onset of a sharp
rise in conversion at 264 °C. At around 300 °C, the activity
curve for the support coincided with those of Au-TiO—In;03;
this continued to 361 °C, at which point the activity began to
level off.

Fig. 5a shows FTIR spectra of Au-TiO,-In,O3 after pre-
treatment before introduction of the reaction mixture. An in-
tense, broad band at 3500-2800 cm™! in the OH-stretching
region characterizes this spectrum. In the 1800-1200 ¢cm™!
region, an intense band at 1630 cm™' due to §(HOH) and
medium- to low-intensity bands at 1547, 1450, and 1360 cm™!
are seen. The former pair seems to grow together, suggesting
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Fig. 4. (a) Temperature dependent activity curves for Au-TiO>-In,O3 fol-
lowing pre-treatment at different temperatures and under different gaseous
atmospheres. (b) Light-off curves for Au-TiO;-In;O3 following calcina-
tion/reduction or reduction pre-treatment alone at different temperatures.
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Fig. 5. FTIR spectra recorded during CO oxidation measurements over
Au-TiOy-InyO3: (a) after heating in N, and then (b—e) in CO and air at (b)
200, (c) 242, (d) 332, and (e) 450 °C, then after (f) cooling in flowing N, to
room temperature.

that they may be due to the same surface species and corre-
spond to bands assigned to monodentate carbonate species [7],
although carboxylate species also have absorption bands in
the same region, that is, va5ym(OCO) at 1575-1540 cm~! and
Vsym(OCO) at 1410-1330 cm™~! [7]. The band at 1450 cm~!
may alternatively be assigned to uncoordinated carbonate [7].
Surface formate species [32], (bands at ~2880, 1597, and
1374 cm™!) were not detected. Introducing the reaction mixture
into the cell and heating to 200 °C resulted in decreasing inten-
sity of the band due to 6(HOH) but increasing intensity of the
bands due to carboxylate/carbonate species (Fig. 5b) indicating
that the latter were generated during the reaction. Activity data
(Fig. 4) at 200 °C showed a modest increase in CO conversion
(region II). At 242 °C (Fig. 5c), the spectra showed that these
surface species were slowly depleted, whereas CO conversion
exhibited a moderate increase (Fig. 4). At 332°C (Fig. 54d),
almost all of the surface carboxylate/carbonate species was de-
pleted, corresponding to the second rise in CO conversion lev-
els (region III). Decomposition of these surface species may
have contributed to the release of CO; at these temperatures.
By 450°C, these species decomposed completely, and the ac-
tivity curve reached a plateau. In this zone, the rate of CO;
formation on the support was comparable to that formed over
Au-TiOy-InyO3. Results (Fig. 4) suggest that below 300 °C,
CO; formation may arise from reaction mainly on gold sites
(or sites activated by the presence of Au), and above 300 °C,
CO, formation arises from reactions on the support. Compar-
ing Figs. 4 and 5 reveals that region II (Fig. 4) is characterized
by enhanced carbonate/carboxylate surface species, which then
decompose at above 242 °C.

3.2.3. Introducing air/O; to a CO-covered surface

Cycles of reaction were conducted over Au-TiO;—InyO3
catalyst to investigate catalyst stability and also to evaluate the
importance of the order of exposure of each reactant. FTIR
experiments [32,33] suggest that CO and oxygen are compet-
itively adsorbed on gold sites; thus, initial activity is expected
to be different when the two reactants are introduced simulta-
neously rather than sequentially. In this experiment, after the
first reaction run and cooling to room temperature in Np, CO
was introduced for 5 min before air was introduced at the same
temperature, followed by the start of the heating ramp to gener-
ate the second curve. This was followed by cooling in N and
then this same procedure (i.e., introducing CO for 5 min before
air) to generate the third curve. Light-off curves are displayed
in Fig. 6; the corresponding H, and H,O signals are depicted
in Figs. 7 and 8, respectively. The CO conversion curve for the
second run started at the same point as the first run (Fig. 6),
however, beyond room temperature, there was a rapid increase
in CO, formation above that observed for the first run. In the
third run, CO; formation was observed even at room tempera-
ture as soon as the second reagent (O;) was introduced. The sec-
ond and third runs coincided almost completely above 40 °C,
confirming the reproducibility of the results and the absence
of irreversible deactivation. All three curves coincided at tem-
peratures above 170 °C (Fig. 6). The similarity between runs
2 and 3 and their contrast with run 1 can also bee seen in the
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Fig. 7. MS signal due to hydrogen detected during CO oxidation (as Fig. 6) over
Au-TiO7-Iny O3 during (i) the first run, (ii) the second run, and (iii) the third
run.

hydrogen (Fig. 7) and water (Fig. 8) traces recorded as func-
tions of temperature, hinting at a role of one or both of these in
determining catalyst behaviour. CO conversion was somewhat
similar to Au-TiO; conversion (Fig. 1) in that both catalysts ex-
hibited improved low-temperature activity after exposure to the
reaction mixture or after cooling in inert gas.

3.2.4. Effect of introducing CO to a surface pre-exposed to
oxygen

Given the enhanced activity after heating in the reaction mix-
ture and cooling in inert, the activity of Au-TiO>—In;O3 was
tested after a light-off test, followed by cooling in air. This
procedure was adopted to determine whether the high level of
initial activity after cooling in nitrogen was a consequence of
starting with an Au surface in a fully reduced state, whereas
cooling in air would leave the surface with a covering of oxy-
gen. The activity curves are shown in Fig. 9; the sample after
cooling in air shows greater activity than the fresh catalyst at
temperatures below ca. 50 °C, but then the conversion profile

2nd and 3rd runs

L T -

1st run

Mass Spec. Signal (a.u)
hl

25 100 175 250 325 400 475
Temperature (°C)

Fig. 8. MS signal due to water during CO oxidation (as Fig. 6) over
Au-TiOp—Inp O3 during (i) the first run, (ii) the second run and (iii) the third
run.
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Fig. 9. Repeat light-off curves showing the effect of cooling the
Au-TiOp—Iny O3 catalyst in air (i) the first run, both CO and air were intro-
duced simultaneously at 20 °C, (ii) the second run, cooled in air from 500 °C
to 20 °C before addition of CO and then air.

is displaced to give slightly poorer performance relative to the
fresh catalyst in the range of 50-130°C (i.e., region I). Be-
yond this temperature (regions II and III), the two curves co-
incided almost exactly. Mass spectrometry signals due to water
increased with the sample at 300-500 °C (not shown) during
the first run without a corresponding change in hydrogen sig-
nal. During the second run, neither water nor hydrogen signals
showed an appreciable response to changes in temperature.

3.2.5. Influence of water

The influence of HyO on CO oxidation activity over Au-—
TiO2-Inp O3 was investigated at 70 °C, a temperature corre-
sponding to region 1, where the catalyst was active for CO but
not for H, oxidation (Figs. 7 and 8) and where no activity was
found for the support alone. The time-dependent activity show-
ing the effect of added water on Au-TiO,—In;O3 is depicted in
Fig. 10 (as was shown for Au-TiO; in Fig. 2); corresponding
FTIR spectra are shown in Fig. 11. Spectra were recorded at the
times indicated by the letters shown in Fig. 10 during the collec-
tion of activity data. Fig. 10 also includes the H,O and H, mass
spectrometry signals. The overall shape of the formation curve
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Fig. 10. Influence of HyO on CO oxidation activity of Au-TiO>-In,O3 cata-
lyst. Heating in CO/air to 70 °C in the absence of water vapour (points a and b),
after injection of water (points d, e, f, and g), and during recovery of CO oxida-
tion activity (points e, f, and g).

for CO, was generally similar to that for Au-TiO, (Fig. 2),
with a loss in activity after injection of water (point ¢) but with-
out reaching 0% CO conversion, followed by recovery after a
certain time to achieve an activity level at least equivalent, if not
greater, than the original. The recovery of CO oxidation activ-
ity was slightly faster for Au-TiO», with signs of recovery seen
after 86 min (Fig. 2), compared with ca. 100 min for Au-TiO,—
Inp O3 (Fig. 10). After the introduction of CO + air and initiation
of temperature ramping, the activity increased, as shown by in-
creased CO; levels. Note that although the conversion to CO,
increased, the signals of H,O and H; decreased until ca. 27 min
(during dry conditions). At this point, the temperature was held
constant at 70 °C, and water was added to the reaction mixture,
as indicated in the figure. The 38th minute marks the onset of
activity loss; after 70 min, the activity reached its lowest value
under wet conditions. The corresponding H>O and Hj signals
indicate fairly constant values during this time (38—70 min). It
can be assumed that during this time, HyO was being adsorbed
by the catalyst. The breakthrough time was significantly greater
(32 min) than the 8 min exhibited by the Au/TiO, (P25) ref-
erence sample (Fig. 2). This was confirmed in FTIR spectra
(Fig. 11), in which the signal in the OH stretching region in-
creased and reached its maximum value during this time. After
70 min, the levels of H,O and H; in the exit stream began to
increase, suggesting desorption of these species (H>O and Hy)
from the surface, until after 139 min, when the rate of increase
of the HO signal diminished. The H; signal did not increase
significantly after 139 min. At this point, the activity began to
recover (Fig. 10, point e), accompanied by a decreased signal
in the OH-stretching region (Fig. 11e). Because the intensity of
the FTIR band at ca. 3400 cm ™! is related to the amount of ad-
sorbate on the surface, it is clear that the CO oxidation activity
began at a stage when the level of H,O on the surface was still
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Fig. 11. In situ FTIR spectra during CO oxidation measurements showing the
influence of HO. Spectra were recorded at times corresponding to points dur-
ing the activity profiles shown in Fig. 10. Heating in CO/air to 70 °C in the
absence of water vapour (points a and b), after injection of water (points d, e, f,
and g), and during recovery of CO oxidation activity (points e, f, and g).

greater than it had been at the onset of the experiment; that is,
the intensity at 3400 cm ™! at point e was greater than it was be-
fore the introduction of H,O (compare spectra a and e in Fig. 11
and point e in Fig. 10). At point g (Fig. 10), the activity had re-
covered to almost original levels, although water levels on the
catalyst surfaces (Fig. 11g) were still higher than those before
water injection (Fig. 10a). The rise in activity to the original
value (before the H,O was added) while the adsorbed level of
H,O was still high (Fig. 11 curves b and g) and the decrease
in HyO signal during the initial rise in CO conversion (up to
27 min) suggest the possibility that HyO- and/or HyO-derived
species are involved in reactions leading to the formation of
CO,. Decreasing levels of both H,O and H, during light-off
(before water injection), and the relatively constant value of the
Hj signal during recovery of CO oxidation (under wet condi-
tions) rule out H, oxidation as playing a significant role under
the conditions used in this study.

Results for Au—Fe;O3 [34] show that adding water at 80 °C
not only enhanced surface carbonate levels, but also led to
changes in peak frequencies. It has been suggested that wa-
ter assists in the conversion of thermally stable carbonates into
more labile bicarbonates, the latter of which are identified by
maxima at ca. 1640, 1430, and 1221 cm™! [35]. Spectra were
recorded at the beginning of the reaction in dry conditions and
then again under wet conditions, to determine whether such
species were formed at the expense of surface carbonates. The
insert in Fig. 11 shows that with the exception of the band at
1630 cm~! due to §(HOH), which increased after exposure to
H»O0, in the other bands the shapes and the intensities remained
fairly constant throughout the reaction. That is, no additional
stable species were detected during light-off (when the activity
rose under dry conditions), or when the activity dropped under
wet conditions or during the recovery of CO oxidation, and,
by implication, no new surface CO-containing species were
formed as a result of the presence of H,O.
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4. Discussion
4.1. Activity of Au-TiO> (P25)

The 2-wt% Au-TiO, exhibited high stability, with lower [28]
or higher [7] activity than reported for Au/TiO, (P25) (Fig. 1
and Table 1). One challenge encountered when using gold cata-
lysts is dealing with activity loss during reactions due to particle
aggregation [36,37]. The similarity in repeat light-off experi-
ments for Au-TiO, here (Fig. 1) is a consequence of a stable
dispersion due to the preparation procedure used. Our results
confirm not only that gold particles are stable after operation
at 500 °C, but also that the catalyst is further activated in the
reaction mixture, as reported previously [8,25]. The activity
of the Au-TiO, catalyst (Fig. 2) was obtained without acti-
vation, consistent with observations for Au-TiO, prepared by
deposition—precipitation [38], where calcination had no signifi-
cant effect on CO oxidation activity.

4.2. Au-TiO»—Iny0;3

Light-off curves for Au-TiO,-InpO3 (Fig. 4) were quite
different from those for Au-TiO; (Fig. 1). Results of the cy-
cling experiments (Fig. 6) coupled with the FTIR data (Fig. 5)
help explain the unusual shapes of the light-off plots for Au—
TiO»—-In,O3. Because similar curves are obtained in the sec-
ond and the third runs (Fig. 6), and because agglomeration of
gold nanoparticles is irreversible [39], the transition from re-
gion I to region II (Fig. 4) did not arise from deactivation due
to sintering. The repeatability of the reaction without deacti-
vation (Figs. 6 and 9) suggests that these gold particles were
relatively stable against sintering under our conditions. FTIR
spectra (Fig. 5) show that carboxylate/carbonate surface species
were formed within region II (Fig. 4) concomitant with the tran-
sition from region I to region II, suggesting that the activity
may be affected by their formation, possibly due to blocking
of key reaction sites [7,12,13]. These species were gradually
decomposed at higher temperatures (Fig. 5), consistent with
a modest increase in CO, formation, until a sharp rise in ac-
tivity was observed above 264 °C (Fig. 4). Thus, the latter in-
cludes a contribution from the decomposition of these surface
species. Results in Fig. 4 allow differentiation of the roles of
gold and the oxide support [32,33]. Below ca. 300 °C, CO; for-
mation occurred mainly on gold sites or at sites activated by
Au; above ca. 300 °C, CO, formation arose mainly from reac-
tions over the support. Results (Fig. 4) support the scheme that
carbonate species formed on the support through interaction of
CO with lattice oxygen atoms [28,32,33,40] and/or hydroxyl
groups [9,41] have little (if any) contribution to CO, forma-
tion at low temperatures, but may inhibit CO oxidation (region
I — region II).

The differences in the profiles for Au-TiO, (Fig. 1) and
AuTiO,-Iny03 lead to the suggestion that the surface species
responsible for the region I — region II transition form as
a result of differences in the nature of the TiO,(P25) and
TiO,—In, O3 support materials, or that these surface species are
less stable over titania (P25) and decompose rapidly. Despite

the role of InpOs3 in suppressing the anatase-phase — rutile-
phase transformation of TiO», there was no evidence of com-
pound formation between TiO, and Inp;O3, which is in ac-
cordance with previous observations for this composite oxide
when heated to 1073 K [42]. Note that the surface of InyO3
had stronger Lewis acid sites than the surface of TiO; [42]; this
may be significant in terms of the differences between P25 and
TiO2—InyO3. The longer breakthrough time for water over Au—
TiO2—In, 03 (Fig. 9) compared with Au-TiO, (Fig. 2) is con-
sistent with the strong adsorption of molecular water at these
Lewis acid centres.

It is clear that the Au-TiO,—InyO3 may be further activated
in a reaction mixture (Figs. 6 and 9). It is known that prolonged
exposure to the reaction mixture may reduce ionic gold species
to metallic gold [11]. Similarly, cooling in inert gas and detec-
tion of activity at room temperature above the level of a fresh,
uncalcined sample (Figs. 1 and 6) provides further evidence
against the need for oxidised Au surfaces for activity. In fact,
cooling in either inert or in air had similar effects on the profile
of the reused catalyst, leading to the conclusion that the state of
the gold may not be the overriding factor leading to the loss of
the contribution from gold at high temperature (region III) but
recovery of activity at room temperature.

If CO and O, were competitively adsorbed on gold sites
[32,33], then different initial activities from simultaneous and
consecutive addition of reagents would be expected. Introduc-
ing CO for 5 min to a surface cooled in inert gas before in-
troducing O» led to a rapid evolution of CO; (for the second
and third runs) not found in the first run, in which the two
reacting molecules were introduced simultaneously. This differ-
ence was seen within region I, in which the oxidation reaction
is assumed to involve gold sites. To account for this competi-
tive adsorption, a reaction pathway involving activation of CO
on the surface and perimeter of gold particles and activation
of oxygen at the perimeter interface to form OC-Au-O in-
termediate species has been proposed [32,33]. Results of CO
adsorption on Au-TiO; suggest that CO can also adsorb at the
gold—oxide interface [43]. Due to sequential addition of re-
acting molecules (Fig. 6), competitive adsorption of the two
reacting species at the same gold sites does not offer a plau-
sible explanation as to why more CO; evolved initially (for the
second and the third runs), because the sites where the two re-
acting molecules compete (step sites closer to the borderline
with the support [32,33]) and/or the perimeter interface or gold—
oxide interface [43]) should be already populated by CO before
the oxygen is introduced. Noting that first introducing CO onto
the catalyst surface led to sites completely covered with CO
and that there are virtually no sites for O, adsorption on gold
sites, it was suggested on the basis of EPR experiments [44]
that adsorption of CO reduces the TiO; support by eliminating
oxide ions (lattice oxygen atoms) at the sites closest to the gold
particles. Molecular oxygen is not adsorbed directly on gold
particles, but is absorbed at the oxygen vacancy sites on oxide
support adjacent to gold particles [28,40]. These considerations
suggest that population of sites by CO molecules close to the
interface with the support [43] leaves the surface of the oxide
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support material (TiO2—In,O3) as the site for molecular oxygen
adsorption and activation.

Involvement of molecular oxygen may lead to the forma-
tion of carbonate species (CO3%7) [45]; however, in region I,
the contributions of carbonate/carboxylate species to the for-
mation of CO, were apparently negligible (Fig. 5), consistent
with isotopic experiments results [28,46]. This rules out carbon-
ate species as intermediates. Once such carbonates are formed,
they are thermally stable [9] (Fig. 6) and may contribute to
the plateau area in region II as a result of inhibition of the ac-
tive Au-based sites. Reactions within regions I and II depended
only on the concentration of Au—CO surface species, whereas
above region III, the activity on the support alone coincided
with that of Au-TiO,—InyO3 catalyst, suggesting that reactions
occurred over the support without participation of Au sites. Cal-
cination of Au-Fe;O3 catalyst at 673 K led to a drastic decrease
in the concentration of the surface OH/H>O species [47,48],
which affected catalyst activity. The reduced concentration of
surface OH/H;O species at high temperature (Fig. 5c—e) and the
equivalent activity of Au-TiO»>—In;O3 and TiO>-Iny O3 support
above region III are consistent with a scheme in which dehy-
droxylation diminishes the activity of Au-TiO;-In;O3 to that
of the TiO,—InyO3 support alone. This proposed role of hy-
droxyl groups in the CO oxidation reaction over supported gold
catalysts is consistent with previous findings [9,16,41,47,48].
This high-temperature loss of activity was reversible; activity
was recovered after the catalyst was cooled to room temperature
and was independent of the gaseous atmosphere used. The very
different responses of Au-TiO, (Fig. 2) and Au-TiO>-In,03
(Fig. 10) to water vapour and the relative breakthrough times
for detection of water vapour are consistent with the differing
extent of hydrophilicity of the different supports and explain the
lack of high-temperature deactivation exhibited by Au-TiO;

(Fig. 1).
4.3. Influence of added water

The effect of water on the CO oxidation reaction over sup-
ported gold catalysts has been studied before, with conflicting
results [7,8,14]. Irreversible deactivation of Au-TiO; due to the
presence of moisture has been reported [7], in which removing
water vapour from the feed did not restore the original activity,
and activity could be restored only after calcination and reduc-
tion at 473 K. Grunwaldt et al. [8] observed reversible deacti-
vation of Au-TiO, by water. Our results demonstrate (Figs. 2
and 10) that the effect of water on the activity for CO oxidation
was reversible for both TiO»-InyO3- and TiO; (P25)-supported
Au catalysts. Our results also show that activity was recovered
at a stage where the level of surface H,O was still higher than
at the beginning of the experiment and that activity could be
fully recovered before water levels drop significantly (Fig. 2).
For Au-TiO», the final activity was greater than the activity be-
fore water was added. The rise in activity to the original value
(before the addition of water) while the H>O level on the sur-
face was still high (Fig. 11, curves b and g), the decrease in H,O
signal at the beginning (up to 27 min) with the rise in activity,
and the rise in activity to greater than the original value before

the addition of water (Fig. 2) suggest that HyO- and/or H,O-
derived species may facilitate the formation of CO; [29] or
contribute to producing an active catalyst surface. Excess water
can significantly suppress the reaction, however. Results indi-
cate that hydrogen oxidation is not of significance under these
conditions, consistent with results of Schubert et al. [46], who
observed a sharp decrease in Hy oxidation in the presence of
water. A proposed reaction mechanism for Au-TiO; involving
the effect of water in the CO oxidation reaction [49] involves the
dissociative adsorption of water on the TiO; surface, followed
by the formation of the formate species (Au—-COOH™), which
are decomposed to CO; and Hj. No spectral contributions due
to formate or bicarbonate were detected here to support such a
scheme, indicating that they were formed but in small concen-
trations and were rapidly decomposed or they were not formed
at all. Because H» evolution was not accompanied by changes
in the rate of CO; formation (Figs. 2 and 10), the latter is the
preferred explanation.

Another important observation is the rise in hydrogen signal
after the adsorption of water on the catalyst surface, suggesting
hydrogen production during the reaction (Figs. 2 and 9). Date
et al. [50] did not detect H, during similar experiments. Hy evo-
lution after the addition of water suggests that the catalysts may
have been active for the water—gas shift reaction [49]. However,
because the onset of Hy after 70 min (Fig. 10) was not accom-
panied by a change in the rate of CO, formation, and because
the rate of CO; formation increased when the H; signal began
to level off after 119 min (Fig. 2) and after 139 min (Fig. 10)
(i.e., recovery of activity was accompanied by a constant level
of Hy in the exit stream), it is unlikely that CO; and H, forma-
tion arose from the same reaction.

H,O is adsorbed at coordinatively unsaturated Ti** sites on
the surface of Au-TiO;, because CO is readily displaced by ex-
posure of H>O to a CO-covered surface, and adsorbed CO is not
detected after exposure of CO on a H,O-covered surface [32].
For the same reason, HyO apparently displaces CO from gold
sites close to the gold—oxide interface [32]. The fact that the
infrared band for CO molecules bound to atop sites on gold
particles is detected after exposure of H,O to a CO-covered
surface and/or exposure of CO to a HyO-preadsorbed surface
[32,40] suggests that HoO molecules may not prefer these atop
sites on Au particles. In fact, this band due to CO on gold was
red-shifted in the presence of H,O and was explained in terms
of the coadsorption of electron-rich species (H,O and/or OH™)
on sites close to the gold—oxide interface [32]. Adsorption of
H>0O molecules on oxygen vacancy sites reduces the concentra-
tion of oxygen vacancies and/or O, superoxide radicals on the
surface, which are required for CO oxidation, and is consistent
with observed deactivation in the presence of excess H,O and
in line with the results of Date and Haruta [30], who demon-
strated that large amounts of H,O had a negative influence on
the activity of Au/TiO, (P25) catalysts. The possible reactions
that are considered important in these experiments and are con-
sistent with our observations are shown in Scheme 1.

Exposure of molecular oxygen to defect-rich TiO, results in
dissociation of O, at oxygen vacancy sites. One O atom fills
the vacancy, whereas the other is bound to a Ti** site, which



M_.A. Debeila et al. / Journal of Catalysis 239 (2006) 162—172 171

(i) Hp O dissociation:
HO04ds + Oads + H2Oags = 20Hygs + HpOygs, (€8]
HyOqds = OHags + Hags- (2)

(ii) Combination of dissociated products:

Hads + Hads = Haads = Ha(g), 3)
Hads + Oads = OHags, 4)
Hads + OHags = HpO4qs, (5)
20H,ds = Oads + H20qds, (6)
COygs + Oads = CO2ads = CO2(g). @]

(iii) Dissociation of molecular oxygen:

Ti** (F*HOH?+)(~40=0%") — Ti** (OH)(OOH). 8)

Scheme 1. Proposed reaction sequence showing the effect of water on the chem-
istry of the Au-TiO,—In, O3 catalyst.

plays a role in the dissociation of H,O [51]. During recombi-
nation of OH groups [reaction (6) in Scheme 1] and subsequent
desorption of HyO, the O4qs remains on the surface and can
dissociate further H>O molecules during repetitive adsorption
and desorption experiments [51]. In reaction (1), the ratio of
H>0:0; is not 1:1, in accordance with experimental results for
Pt(111) [52]. Theoretical projections suggest that the final state
(20H + H;0) is more stable than the initial state (2H,O + O)
through hydrogen bonding interactions, resulting in a decreased
reaction barrier; that is, the second HO molecule plays a cat-
alytic role in OH formation [53]. This reaction channel is not
the only one present, because it produces OH groups as its sole
product, whereas H»(g) was detected here (Figs. 2 and 11).

Oxygen vacancies may play arole in H,O dissociation on ru-
tile single crystals [54]. In some cases, Hy was detected during
desorption experiments after exposure of H,O onto defect-rich
TiO, surfaces [54]. The dissociated products (OH and H) are
both bound to Ti*t sites. Dissociation of H,O has also been
suggested for Au-TiO; and Au-ZnO, although uncoordinated
gold sites are presumed responsible [32]. For Au-TiO», it has
been suggested that the resulting H atoms from H>O dissoci-
ation are stabilized on TiO, as O-H-localized groups; that is,
atomic hydrogen is produced by coadsorption of CO-H;O on
Au-ZnO, but not on Au-TiO, [32].

From the foregoing observations [32,54], it is reasonable to
assume that the introduction of water on the surface is initially
dominated by dissociation [reactions (1) and (2) in Scheme 1].
Reaction (1) probably occurs at T*H/In3T, because Ougs [51]
and H,O molecules [32,51] are adsorbed on these sites. Re-
action (2) occurs on oxygen vacancy sites and is stabilized on
Ti*t sites close to vacancy sites [51]. Because: (i) the presence
of gold on the oxide surface facilitates the migration of oxygen
vacancies from the bulk to the surface of oxide [55], (ii)) CO
molecules adsorbed on gold sites create oxygen vacancies by
reacting with lattice oxygen atoms adjacent to the gold parti-
cles [44], and (iii) Oyqs results from adsorption and dissociation
of molecular oxygen at oxygen vacancy sites [51], reactions (1)
and (2) also may occur at sites adjacent to gold particles. These
reactions may proceed as long as oxygen vacancies and O,gs are

available. Reactions (1) and (2) deplete the surface of O,q5 and
oxygen vacancy sites required for molecular oxygen activation
(027) [28], which may explain in part the observed decrease
in activity (Figs. 2 and 10). Note that reaction (4) also con-
sumes Ogqs, and its contribution to the activity drop may also
be significant. Reaction (4) also increases the concentration of
OH,gs. It is reasonable to assume that OHyqs and Hygs species
dominate the first surface layer and that subsequent layers are
dominated by molecularly adsorbed H,O interacting through
hydrogen bonding, as indicated by the growth of v(O-H) at ca.
3400 cm~! and §(HOH) at ~1629 cm~!. The latter finding con-
firms that H,O is adsorbed molecularly [32].

Our results (Figs. 2 and 10) indicate that H atoms combine
to form Hj(g), which desorbs along with H;O molecules. Re-
action (3) depletes the surface of H,gs and thus decreases the
extent of reactions (4) and (5). Over time, possibly when the
water vapour levels are sufficiently depleted, Hy is desorbed to-
gether with undissociated HyO (and/or recombined OH group)
molecules [reaction (6)]. This continues until all of the H, is
desorbed, as indicated by constant signal beyond 139 min, and
the H>O levels on the surface drop (Fig. 10). Note that some of
the HyO desorbing from the surface might arise from recombi-
nation of OH groups [reaction (6)]. As more H,O molecules are
removed, reaction (6) becomes favoured. Note that reaction (6)
leaves O,gs on the surface, as suggested previously [51]; as
more O,qs becomes available, reaction (7) is favoured, and thus
recovery in activity occurs [point (e), Fig. 10]. This does not
rule out the possibility that other mechanisms may contribute
to CO, formation, however.

From the preceding discussion, because O~ molecules are
stabilized on surface Ti** sites [28,40] and H>O molecules are
also adsorbed at these sites (Ti4+ ions) [32], it is possible, as
was suggested before [51], that O,gs and H>O molecules sta-
bilize on surface Ti*t, leading to reaction (1) and that O~
stabilized on these surface ions may abstract protons from H,O
molecules adsorbed at the same Ti** ion to form OOH radi-
cals, as reflected in reaction (8). Similar species were proposed
to arise from the interaction of the superoxo species adsorbed
on metallic gold sites and H atoms of H,O molecules in the gas
phase, which provide oxygen for CO oxidation [56]. These are
similar to the highly oxidizing intermediate radicals produced
during photochemical decomposition of organic molecules on
the surface of TiO; [57]. It is clear from reaction (8) that HyO
assists in dissociating the superoxide radical (O, 7).

5. Conclusion

The Au-TiO-In;O3 catalyst exhibited lower CO oxida-
tion activity than the benchmark Au-TiO, (P25) catalyst but
was highly resistant to irreversible deactivation due to sinter-
ing even after reaction up to 500 °C. Characterization of the
TiO2-Inp O3 composite oxides showed that the presence of
Iny O3 is highly dispersed through the anatase matrix and mod-
ifies the surface properties of titania. Pretreatment in different
gaseous atmospheres have no significant influence on the per-
formance of the Au-TiO,-In,O3 catalyst for the CO oxidation
reaction. The temperature-dependent activity curves for Au—
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TiO2—Iny 03 and Au-TiO; (P25) were quite different. Light-off
profiles were consistent with a scheme in which two indepen-
dent reactions for CO, formation occur. At low temperatures
(£264 °C), CO, formation occurred on gold sites but probably
involved hydroxyl groups of the support. Dehydroxylation oc-
curred more readily for TiO,—InyO3 than for TiO; (P25) and
led to reversible deactivation of the catalyst using the former as
a support. At higher temperatures, CO;, formation arose mainly
from reaction over the support. Cooling in any gas led to recov-
ery of activity at room temperature due to rehydroxylation of
the support surface.
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