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Abstract

The effect of moisture on the behavior of the active supported gold catalysts developed by us, Au/Ti(OH)∗4 (I) and Au/Fe(OH)∗3 (II), during
CO activation and CO oxidation in the temperature range 298–473 K was investigated by the temporal analysis of products (TAP) technique. The
oxidation reaction over the Au/Ti(OH)∗4 catalyst was totally suppressed by the presence of water, independent of the water content of 200 and
1000 ppm, the carbon monoxide-to-oxygen ratio, and the temperature. In contrast, the presence of water vapors showed no effect on CO oxidation
over the Au/Fe(OH)∗3 catalyst. For both catalysts, the carbon monoxide adsorption feature was unalterable by the presence of water, namely CO
molecules reversibly adsorbed on the catalyst surface, but the amount of CO adsorbed decreased by increasing water content. When a reaction
mixture at a 1:1 ratio of CO to O2 was pulsed on the catalyst in the absence of water, the CO response curve showed two peaks, whereas in
the presence of water, the TAP response curve showed only one peak. At a 1:3 CO-to-O2 ratio, the CO response curve showed only one peak,
which shifted to a shorter time and narrowed in the absence of water. The shift was more pronounced on catalyst (II). The TAP experiments
provided indirect evidence that CO and water adsorbed together (CO weakly and water strongly) and water blocked [irreversibly for Au/Ti(OH)∗4
and reversibly for Au/Fe(OH)∗3], the adsorption sites for oxygen.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Supported gold nanoparticle catalysts have received intense
and broad interests since the report of Harada et al. [1] of their
high catalytic activity for low-temperature CO oxidation. In-
creasing efforts in both catalytic and industrial chemistry [2–
12] and cluster and theoretical science [13–15] have been de-
voted to clarifying the origins of the unique catalytic properties.
These properties have been related to changes in the electronic
properties, the presence of defect sites, and the existence of
strain for metallic gold nanoparticles [16–20]. Unique catalytic
properties also have been related to the presence of sites associ-
ated with the catalyst support, such as cationic gold species, and
sites at gold–support interfaces [21,22]. The size of Au particles
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[2,3], the nature of the support [23,24], the methods of prepara-
tion and pretreatment [25], and the operating environment have
been proposed to be critical to the high activity. Despite previ-
ous efforts, however, there are still some uncertainty and debate
concerning the precise mechanism of the CO oxidation over
these catalysts and the effect of moisture on the catalytic per-
formance of gold.

To date, there have been several reports, sometimes contra-
dictory, about the effect of moisture on supported gold catalysts.
Daté and Haruta [26] reported that moisture enhanced the reac-
tion by more than 10 times up to 200 ppm H2O, and further
increases in moisture content suppressed the reaction over an
Au/TiO2 catalyst obtained by deposition–precipitation. At low
moisture content, the positive effect was attributed to a change
in the amount of water-derived species, which may activate O2

molecules or modify the electronic state of gold atoms exposed
at the surface. At high moisture content, the suppression of cat-
alytic activity was purportedly due to the adsorption of water
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on oxygen vacancies, which were then blocked for further ad-
sorption of O2.

Augmentation of the oxidation activity in the presence of
water was reported for Au/Fe2O3 [27,28], Au/Al2O3 [28,29],
and Au/Mg(OH)2 [30] catalysts obtained by a deposition–
precipitation method. Bond et al. [31] proposed a possible
reaction mechanism for CO oxidation that involves hydroxyl
species. On the other hand, enhancement of activity by the ad-
sorbed water species was explained by the prevention of the
reduction of cationic gold species for those catalysts with ac-
tive sites consisting of cationic Au+ with a hydroxyl ligand and
neighboring metallic Au atoms [29,32].

For an impregnated Au/TiO2 catalyst, the presence of water
was found to suppress the catalytic activity [33]. The deactiva-
tion of the impregnated Au/TiO2 catalyst by water vapor may
be due to H2O adsorption on TiO2, because water is known to
adsorb both associatively and dissociatively (as OH−) on re-
duced Ti cations and to oxidize the surface [34], thus blocking
the coordinatively unsaturated sites at the TiO2 surface.

Iwasawa and coworkers developed iron and titanium oxide-
supported gold catalysts, Au/Fe(OH)∗3 [35,36] and Au/Ti(OH)∗4
[37], derived from Au–phosphine complex precursor for Au
particles and as-precipitated M(OH)∗x precursors for metal ox-
ide supports, that were very active for CO oxidation, and re-
ported that coexisting water vapor showed no effect and a nega-
tive effect, respectively. Based on FT-IR spectra of CO adsorbed
on Au/Fe(OH)∗3 in the presence of various H2O pressures [35],
the insensitivity of this catalyst to water vapor was linked to
the presence of water, which greatly inhibited CO adsorption
on Fe3+ and dissociatively adsorbed on oxygen vacancies of
the Fe-oxide surface and reacted with CO to form CO2 by the
water-gas shift reaction. Thus, the oxygen vacancies were re-
covered to be available for O2 adsorption. To explain the differ-
ent behavior of the Au/Ti(OH)∗4 catalyst, additional experiments
were envisaged [35]. The key step seems to be CO adsorption.

A careful analysis of literature data leads to the conclu-
sion that the effect of water on the activity of supported gold
catalysts depends on the method of preparation, the nature of
the support, and the Au particle size, dispersion, and oxidation
state.

In the present study, the TAP technique was used to further
investigate the different effect of water on the CO oxidation
over the two catalysts, Au/Ti(OH)∗4 (I) and Au/Fe(OH)∗3 (II).
TAP is a technique sensitive to each step in a heterogeneous
catalytic process. We previously reported TAP studies [38,39]
on the diffusion and adsorption of carbon monoxide, oxygen,
and carbon dioxide adsorption/desorption, as well as catalytic
carbon monoxide oxidation over the titania-supported gold cat-
alyst (I), with all studies performed in the absence of mois-
ture. We found that carbon monoxide molecules reversibly
and weakly adsorbed on the catalyst surface; oxygen adsorbed
molecularly and strongly for high pulse intensities, with life-
times of 4500–6900 ms at 373–423 K; reaction occurred be-
tween adsorbed carbon monoxide and adsorbed molecular oxy-
gen; and lattice oxygen atoms were active in oxygen exchange
only with carbon dioxide. TAP results confirmed the carbon
monoxide oxidation mechanism on the catalysts previously re-
ported by Iwasawa’s group [35,37].

The main goal of the present paper is to reveal those de-
tails of the CO adsorption mechanism and features that provide
insight into the influence of water on CO oxidation activity
over Au/Ti(OH)∗4 (I) and Au/Fe(OH)∗3 (II) catalysts. For this
purpose, single-pulse TAP experiments were performed to in-
vestigate the diffusion of Ar and He and the adsorption of CO
(dry and moisturized) and O2. Pump-probe (or alternating) TAP
experiments were conducted to explore the behavior of the fresh
or oxygen precovered catalysts. The O2 pump molecule was
probed with both dry and moisturized CO at different time in-
tervals to provide information about the reactive surface species
and individual reaction steps. All TAP experiments in the pres-
ence of water were performed at the same temperatures as pre-
viously done in the absence of water: 298, 373, and 473 K. This
allowed a direct comparison of the data and a clear assessment
of the effect of water.

2. Experimental

All experiments were conducted using a TAP reactor sys-
tem as described in detail elsewhere [38,39]. Briefly, the setup
consisted of a catalytic microreactor, a gas delivery system
for introduction of either high-speed gas pulses or a contin-
uous flow of gas, a high throughput, a high-vacuum system,
and a computer-controlled quadrupole mass spectrometer. The
microreactor was a stainless steel tube 2 mm in diameter and
25 mm long. Catalyst samples of 0.024 g were used in these ex-
periments, resulting in catalyst bed length of 10 mm. Through-
out the study, the 250–425 µm fraction was loaded and fixed in
the reactor by stainless steel mesh. The reactor could be heated
up to 773 K by cartilage heaters. The two high-speed pulse
valves could be operated at intervals of up to 50 pulses s−1. The
minimum pulse width was 200 µs. The pulse intensities were
varied between 1013 and 1018 molecules per pulse, allowing the
transport in the reactor to occur through Knudsen diffusion. Be-
fore each experiment, the catalyst was heated up to 473 K for
30 min in vacuum to desorb preadsorbed species. To increase
the signal-to-noise ratio in the response, 25 pulses per atomic
mass unit (AMU) value were monitored and averaged. Alter-
nating and simultaneous pulsing experiments were carried out
using 1:1 He/CO (dry or moisturized) mixture in one valve and
1:1 He/O2 mixture in the second valve. For dry experiments, the
two feeding mixtures were purified by being passed through a
silica trap at a dry ice-acetone temperature. The concentrations
of moisture in CO gas phase were 200 and 1000 ppm, and the
resulting mixtures were designated COm2 and COm10 to differ-
entiate them from the dry CO. These two particular moisture
values were chosen because they were found to be threshold
amounts for the enhancement and suppression, respectively,
of catalytic activity over an Au/TiO2 catalyst obtained by a
deposition–precipitation method [26].

For each experiment, the conversion was calculated accord-
ing to the following equation:

(1)Xi = nin,i − nout,i
,

nin,i
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where n is the total number of mol and X is the conversion for
component i, CO or O2 (mol mol−1). The subscript “in” means
introduced into the reactor, and the subscript “out” means de-
tected at the reactor outlet. Using He as an internal standard
allows a precise determination of the number of molecules at
the reactor outlet. No influence on catalytic activity was found
when the catalysts were kept for one night under vacuum at
the highest temperature used during experiments. Because the
water–gas shift reaction could occur on these catalysts, hydro-
gen production was assessed by monitoring the changes in the
background spectra at AMU of 2 before and after the CO oxida-
tion reaction. Virtually no differences at AMU of 2 were found
before and after the oxidation reaction.

The catalysts were prepared as described in detail elsewhere
[35–37,40]. As-precipitated wet metal hydroxides, M(OH)∗x ,
were obtained by hydrolysis of M(OiC3H7)x (99.999% purity)
with an aqueous solution containing 5% of Na2CO3 (99.9%
purity). The precipitates were then filtrated and washed with
deionized water to pH 7.0. The as-precipitated wet M(OH)∗x
was impregnated with an acetone solution of Au(PPh3)(NO3)
under vigorous stirring, followed by vacuum drying to remove
the solvent at room temperature. The sample thus obtained
was heated to 673 K at a ramp rate of 4 K min−1 and kept
at this temperature for 4 h in a flow of air (30 ml min−1).
Calcination of the samples led to decomposition of both pre-
cursors, Au(PPh3)(NO3) and M(OH)∗x , to metallic Au par-
ticles and TiO2 and Fe2O3, respectively. EXAFS measure-
ments in a transmission mode carried out at Au L3-edge be-
fore and after calcination indicated the formation of Au par-
ticles. The average Au particle size estimated by transmis-
sion electron microscopy was 2.9 nm for Au/Fe(OH)∗3 and
6.6 nm for Au/Ti(OH)∗4. The change in the Au species from
the phosphine complex to metallic particles was accompanied
by the development of the XRD peaks for crystalline TiO2
and Fe2O3 [40–42]. The catalysts thus obtained are denoted
as Au/M(OH)∗x where the term M(OH)∗x is used only to clar-
ify the origin of metal oxide, discriminating the preparation of
the hydroxide-based gold catalysts from that of conventional
Au/TiO2 and Au/Fe2O3 catalysts obtained by an incipient wet-
ness impregnation method. The Au loading on both supports
was controlled at 3.0 wt% [41]. The use of as-precipitated wet
M(OH)∗x as precursors was decisive in obtaining the highly ac-
tive catalyst [35–37,40–42].

3. Results and discussion

The catalysts used in this study were very active for CO oxi-
dation in the absence of moisture. In contrast, in the presence of
moisture, the catalytic activity was totally suppressed for cata-
lyst (I) and remained unchanged for catalyst (II). To understand
the different behavior of the two catalysts in the presence of wa-
ter, single-pulse and alternating-pulse TAP experiments were
performed, and the TAP response curves were analyzed.

3.1. Gas transport

Four single-pulse experiments with inert gases He and Ar
were performed at 298, 373, and 473 K to determine the pulse
intensity window for Knudsen diffusion only. Following the
procedure described previously [38], it was found that for pulse
intensities below 1 × 1018 molecules/pulse, the gas transport
through the catalyst bed fitted perfectly the Knudsen diffusion
flow for nonporous catalysts. The average values for He and Ar
effective Knudsen diffusivities were 0.443 and 0.140 cm2 s−1,
respectively, considering an average porosity of bed of 0.23.
The effective Knudsen diffusivities for CO and O2 reactant
gases against He were 0.167 and 0.156 cm2 s−1, respectively.
The low content of moisture in the CO gas phase induced no
significant difference in the effective diffusivity of CO.

We performed experiments with the two inert gases, which
had significantly different molecular masses, to assess the intra-
particle Knudsen diffusion as if it would have been the case. But
this in fact was not the case, and, because our catalyst behaves
like a nonporous catalyst, we chose to report results relative to
He only.

3.2. CO and O2 adsorption

The interaction of CO and O2 with the Au/M(OH)∗x cata-
lysts was investigated through CO and O2 TAP single-pulse
experiments. Fig. 1 shows the CO, COm10, COm2, O2, and He
area normalized responses obtained when 25 pulses of CO,
CO, COm10, COm2, and O2 in He were passed on catalyst (I)
at 298 K. The normalized responses at 373 and 473 K have
similar shapes, with the only difference in the position of the
cross point, as explained below. Comparing the shape of the re-
sponses for the reactant gases with that for He, we concluded
that irrespective of the concentration of moisture and temper-
ature, CO reversibly adsorbed on the surface, because the CO
response curves crossed the He curve. On the other hand, O2
showed an irreversible adsorption at all temperatures, with the
O2 response curves under the He response curve [43]. The CO
intersection point shifted to a shorter time with increased mois-
ture content in CO at 298 K. The difference grew smaller with
increasing temperature, and there was almost no difference at

Fig. 1. Area normalized responses at 298 K on 0.024 g Au/Ti(OH)∗3 catalyst for
He, CO, COm10, COm2, and O2.
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Table 1
Mean apparent adsorption rate constants for CO, COm2, and COm10, at 298,
373, and 473 K, respectively, and standard deviations

Adsorption rate constant

(s−1) and (σ )/species

Temperature (K)

298 373 473

CO 0.014 (0.0003) 0.021 (0.0004) 0.026 (0.0006)
COm2 0.010 (0.0005) 0.018 (0.00055) 0.025 (0.0008)
COm10 0.007 (0.0006) 0.013 (0.0007) 0.024 (0.0009)

473 K. The shift of the intersection point to shorter times can be
explained as follows. For a reversible adsorption, the time po-
sition at which the reversible adsorption and inert gas response
curves intersect depends on the adsorption and desorption rate
constants. The adsorption rate depends partly on the concentra-
tion of adsorption sites at the surface. If some of the active sites
are occupied with water, then the concentration of active sites
available for CO adsorption decrease and thus the apparent ad-
sorption rate constant decreases, and in this case the influence
of desorption on the intersection point becomes less significant,
leading to a shorter time of the intersection point.

Analysis of the zeroth, first, and second moments of the CO
TAP curves led to simple relations who were used to calculate
adsorption and desorption rate constants [38]. Table 1 presents
the apparent adsorption rate constants for the adsorption of CO,
COm2, and COm10, at 298, 373, and 473 K, respectively. The
apparent rate constants increase with temperature for all three
species considered, and at a constant temperature they decrease
slightly with increasing water content in the moisture. At 473 K,
only slight differences in the CO apparent adsorption rate con-
stants are seen for dry CO and the two moistures.

But are these small differences between values of apparent
adsorption rate constants really significant, or are they due to
experimental uncertainties? To explore this question, the ex-
periments were repeated three times for each temperature and
CO mixture. In all cases, the standard deviation was less than
the difference between the values of apparent adsorption rate
constants. As a general tendency, the standard deviation of all
samples in a pulse response was lower at lower temperature.
The level of noise was higher with higher amounts of water in
the CO mixture.

For the catalyst (II), the adsorption of CO in the absence and
presence of water and O2 adsorption show the same features as
for the catalyst (I). The only difference was in the time posi-
tion at which the CO curve intersects the He curve, which was
shifted to longer time. At 298 K, the time position of the inter-
section of the two curves was shifted 300 ms; in this case, the
apparent adsorption rate constant was 1.5 times higher than on
catalyst (I). Similarly, we can conclude that the shift of the in-
tersection point to longer time is due to the existence of a higher
concentration of active sites for CO adsorption on catalyst (II).
The apparent adsorption rate constant, k′

a , is defined by:

(2)k′
a = asSV (1 − εb)ka

εb

,

where as is surface concentration of active sites (mol cm−2 of
catalyst), SV is surface area of catalyst per volume of catalyst
(cm−1), εb is porosity of the bed, and ka is adsorption rate con-
stant (cm3 of gas mol−1 s−1). The parameter as can be extracted
from the value of k′

a at given values of ka and SV . Therefore,
TAP single-pulse experiments evidenced the fact that the con-
centration of active sites available for CO adsorption is lower
on catalyst (I) than on catalyst (II) and also show that water and
part of CO should adsorb on the same type of adsorption sites
as the concentration of active sites available for CO adsorption
decreases by increasing the water content. Thus, competitive
adsorption of H2O and CO may occur on both catalysts.

To determine how strongly the water was adsorbed on the
two catalysts, the TAP single-pulse experiments on CO adsorp-
tion in the absence of water were repeated after pulsing He over
the catalysts for 30 min. Whereas for catalyst (II), the former
position of CO intersection time with He curve was recovered,
for catalyst (I), the new intersection time of dry CO with the
He curve was shifted to shorter times (about 50 ms at 298 K,
35 ms at 373 K, and about 20 ms at 473 K). On other words,
on catalyst (II), the adsorption of water seems to be weak and
reversible, whereas for catalyst (I), stronger and irreversible ad-
sorption of water seems to occur.

Concerning the oxygen responses at a pulse intensity of
about 1 × 1016 molecules/pulse, an irreversible adsorption oc-
curs on both catalysts. Fig. 1 shows the O2 adsorption features
for catalyst (I) at 298 K. The normalized responses at 373 and
473 K follow the same trend as that at 298 K. The amount of
adsorbed oxygen increases with increasing temperature up to
373 K. Following the procedure described in [38], the oxygen
was found to adsorb molecularly, and the conversion was esti-
mated to be 13% at 298 K and 26% at 373 K, whereas at 473 K,
the oxygen conversion decreased at 11%. We roughly calculate
apparent activation energy to be 11 kJ mol−1 from room tem-
perature to 373 K. For catalyst (II), more oxygen was adsorbed:
14.5% at 298 K, 29% at 373 K, and about 12.5% at 473 K,
and the apparent activation energy was around 7.5 kJ mol−1,
which implies a weaker interaction of adsorbed oxygen with
Fe2+ oxygen vacancy sites. In addition, O2-TPD experiments
suggested that of all the adsorbed oxygen species on catalyst (I)
and (II) are active for CO oxidation at room temperature [35].

To explain the maximum conversion at 373 K, the following
mechanism of the oxygen adsorption was proposed:

O2 + Y ⇔ O2Y
+e−−→ O2-Y.

At low pulse intensities, only reversible physical adsorption
occurs. In this case, the oxygen-adsorbed species could be con-
sidered a mobile precursor for the oxygen chemisorption. If
a molecule adsorbs in the precursor state, it may (i) become
chemisorbed, (ii) be inelastically scattered back into the gas
phase, or (iii) hop to a neighboring site, in which case pathways
(i) and (ii) are again open. For high pulse intensities, as those
used within this study, the oxygen chemisorption becomes com-
petitive with the oxygen desorption. Previous experimental re-
sults have indicated that significant changes in the shape of the
TAP response curves occur when differences in conversions are
at least 9%. Because for both catalysts, the differences in con-
version from 298 to 373 K were >9%, we concluded that these
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data are significant and thus the activation energies for the two
catalysts can be differentiated.

Now the problem is to determine the nature of adsorption
sites on which the competitive adsorption of CO and water oc-
curs. On the Au/Ti(OH)∗4 catalyst, three CO adsorption sites
were characterized by FT-IR spectra at νCO = 2119, 2136, and
2188 cm−1. The band at 2188 cm−1 was assigned to linear
CO on Ti4+, the band at 2119 cm−1 was assigned to linear
CO on Au metallic particles, and the band at 2136 cm−1 was
tentatively assigned to CO on Au particles strongly interact-
ing with the support surface. For the Au/Fe(OH)∗3 catalyst,
only two bands were observed, at 2170 and 2137 cm−1. The
band at 2170 cm−1 can be assigned to linear CO on Fe3+,
whereas the higher-frequency νCO peak at 2137 cm−1 may be
attributed to probably more finely dispersed Au particles com-
pared with Au particles in the Au/Ti(OH)∗4 catalyst [35,37].
The smaller size of Au particles in Au/Fe(OH)∗3 compared with
Au/Ti(OH)∗4 was confirmed by the Au coordination number de-
rived from EXAFS analysis (7.4 ± 1 and 9.8 ± 1, respectively)
[36,40]. The former studies demonstrated that the CO mole-
cules reversibly adsorbed on Au particles and irreversibly on
the metal oxide support surfaces, and that only those adsorbed
on Au particles strongly interacting with the support surface
contributed to the catalytic CO oxidation [35,37]. Therefore,
on both catalysts, a part of CO is expected to adsorb on oxygen
vacancies of the support. The finding of a reversible adsorp-
tion feature of CO on the TAP experiment most likely indicates
that CO adsorbs preferentially on Au nanoparticles, with only
a small amount of CO adsorbing on M sites. The more Au
nanoparticles on the catalyst surface, the greater the CO ad-
sorption.

Moreover, it is highly likely that at low temperature, the
dissociative adsorption of water occurs on coordinatively unsat-
urated M sites that are available for CO adsorption. Increasing
the temperature will likely cause desorption of water from the
surface, making the M sites available for CO adsorption once
again. At 298 K, the number of CO molecules pulsed over the
catalyst in a single-pulse experiment was around 2.5 × 1017.
For the COm10 mixture, the number of water molecules pulsed
together with CO was 2.5 × 1014; for the COm2 mixture, it was
5 × 1013. Because the catalyst surface has about 1020 Ti4+ and
about the same number of Fe3+ sites per gram, the number of
Mx+ sites for a 0.024-g catalyst loading is about 2.4 × 1018.
If all of these sites would have been available for the adsorp-
tion of water, then the amount of adsorbed water would have
been as little as 0.01% of the exposed Mx+ ions for the COm10
mixture and 0.002% for the COm2 mixture. These values are
too low to explain the difference in CO adsorption as a function
of the moisture concentration. More likely, water adsorbs only
on coordinatively unsaturated M(x−1)+ sites adjacent to oxygen
vacancies, which are as little as 1% of the exposed Mx+ ions.

On the other hand, ESR spectra show that O2 also adsorbed
on those sites to form Ti4+–O−

2 species, which may be located
more at the gold interface [37]. The amount of oxygen adsorbed
on the catalyst (I) was 3.1 µmol g−1 [37], meaning that the num-
ber of the Ti3+-oxygen vacancy sites is 1.9 × 1018 sites g−1, or
4.56 × 1016 sites in the TAP reactor. In this case, water can ad-
sorb on 0.5% of the Ti sites at the surface for the COm10 mixture
and 0.1% of the Ti sites for the COm2 mixture.

Taking into account all of these findings, we can assume
competitive adsorption of a part of CO and water on the Ti3+-
oxygen vacancy sites situated at the gold interface, where oxy-
gen has the highest probability to adsorb as well. At low tem-
perature, water, as a polar molecule, has a higher adsorption
probability. Thus, these sites will be blocked for CO adsorp-
tion, and the total amount of adsorbed CO will decrease with
increasing water content.

For catalyst (II), an increased amount of adsorbed oxygen
(3.5 µmol g−1) was found [37]. This indicates a slightly in-
creased number of Fe2+oxygen vacancies at the surface than
of Ti3+ oxygen vacancies, that is, 2.1 × 1018 sites g−1.

3.3. CO–O2 reaction

A series of experiments for CO–O2 reactions were per-
formed in which dry and moisturized carbon monoxide and
oxygen were pulsed over the Au/Ti(OH)∗4 (I) and Au/Fe(OH)∗3
(II) catalysts, either simultaneously or at various time intervals
between the reactant pulses. Fig. 2 shows the normalized re-
sponse of CO when the two reactants CO and O2 (at a 1:1 ratio)
were pulsed simultaneously at 298 K, along with the He re-
sponse, over catalyst (II). The normalized response of CO from
a CO pulse at 298 K is also shown for comparison, providing
a better understanding of the behavior of the catalyst during re-
action. Even at this low temperature, the catalysts shows high
activity for CO oxidation. The CO conversion was 45% and in-
creased to 52% at 473 K for (I) and was between 50 and 79%
for (II). As expected, the TAP conversions are lower than those
obtained under steady-state conditions in a fixed-bed flow re-
actor, in which larger amounts of catalysts were used, that is,
0.200 g instead of 0.024 g.

Fig. 2. Area normalized responses at 298 K on 0.024 g Au/Fe(OH)∗3 catalyst
for He, CO from CO single-pulses and CO from simultaneous CO + O2 pulse.
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Fig. 3. Area normalized responses at 473 K on 0.024 g Au/Ti(OH)∗4 catalyst for
He, CO from CO single-pulses, CO from simultaneous CO + O2 pulse, COm10
from COm10 single-pulses, and COm10 from simultaneous COm10 + O2 pulse.

On both catalysts, the shape of the CO response was differ-
ent from that obtained when CO alone was pulsed. The reactant
curve shifts to shorter time and became slightly narrower. More-
over, after very careful analysis, we concluded that CO as a
reactant gives a response curve with two peaks. The two peaks
can be hardly distinguished at this temperature, but by increas-
ing the temperature to 473 K, the peaks are more pronounced
as shown in Fig. 3. Both peaks show their maxima at shorter
times than that of CO alone, which suffers only adsorption on
the catalyst surface. Taking into account the findings related to
the adsorption of CO, we can assign the first peak from CO re-
sponse to the CO which attempted to adsorb on the same sites as
oxygen and from which it was forced to desorb earlier because
O2 adsorption is stronger than CO adsorption. More CO seems
to be adsorbed on other types of adsorption sites, as demon-
strated by the presence of the second peak in the CO response.

Fig. 3 also shows the responses of COm10 over catalyst (I)
when COm10 was pulsed simultaneously with O2 at a 1:1 ratio
or alone at 473 K. The only difference between the two curves is
the shift to shorter times for COm10 pulsed simultaneously. The
same behavior was found at the other two temperatures studied,
as well for the COm2 mixture. Moreover, no reaction product
was detected when water was present in the reactant mixture.
The suppression of CO2 production by water vapor was also
observed in the catalytic oxidation in a closed circulating sys-
tem. Therefore, the shifts in the COm10 and COm2 responses
are due only to the forced earlier CO desorption in the presence
of O2.

For catalyst (II), the CO adsorption features when CO dry
and O2 were pulsed simultaneously were similar to those ob-
served over catalyst (I), but the maxima appeared earlier. An-
other difference in the behavior of catalyst (II) was the finding
that the presence of water, irrespective of its content, did not af-
fect catalyst activity. Virtually the same conversion of CO was
obtained in the absence and the presence of water.
Fig. 4. Dimensionless responses at 373 K on 0.024 g Au/Ti(OH)∗4 catalyst (a
and b) and on 0.024 g Au/Fe(OH)∗3 catalyst (c and d) for CO2: a and c in the
CO2 pulse, b and d in the CO + O2 pulse.

The CO2 adsorption/reaction features over the two catalysts
were well characterized by comparing the formation of CO2
from the single-pulse of the 1:1 mixture of CO and O2 with
the TAP response of CO2 pulse (see Fig. 4). The dimensionless
CO2 response curve for the CO2 pulse at 373 K was almost sim-
ilar over the two catalysts. Slightly slower CO2 desorption can
be seen over catalyst (I). In contrast, at the same temperature,
the CO2 response curve for the CO + O2 pulse over catalyst (II)
is sharper than that over catalyst (I). This means that the CO2
formation rate is higher on the Au/Fe(OH)∗3 catalyst.

Next, alternating pulse experiments were performed at
373 K over catalyst (I). O2 was pulsed first from the pump
valve and then interrogated with the CO pulse from the probe
valve at time intervals varying from 50 to 10 000 ms. The re-
action product, CO2, was monitored as a function of the time
interval between the two pulses. When dry CO was used as
the probe molecule, CO2 formation increased rapidly with in-
creasing time interval, reaching a maximum at an interval of
1000 ms. CO2 yield decreased with further increases in the time
interval and almost vanished after a 6000-ms interval. These
findings demonstrate the participation of the adsorbed oxygen
and rule out the possibility that lattice oxygen atoms of the cata-
lyst contribute to the oxidation reaction. When COm10 or COm2
was the probe mixture, no reaction product was observed irre-
spective of time interval.

The experimental procedure was repeated for a mixture of
CO and O2 at a 1:3 ratio. When CO and O2 were pulsed simul-
taneously, the CO response showed only a single peak on both
catalysts, which shifted to shorter time and narrowed compared
with the CO response for adsorption only. For example, over
catalyst (I), the time shift decreased with increasing tempera-
ture, from 500 ms at 298 K to 300 ms at 473 K. CO conversion
was 50% at 298 K and 56% at 473 K for catalyst (I), with higher
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conversions obtained on catalyst (II): 53% at 298 K and 82% at
473 K. This finding was expected. Increasing the amount of
oxygen pulsed over the catalyst caused an increase in the num-
ber of active M sites occupied with O2 at the expense of CO.
The greater the quantity of oxygen adsorbed on the M(x−1)+
oxygen vacancy sites at the support–gold interface, the higher
the reaction probability; in other words, the shape of the CO
response curve is increasingly determined by the reaction rate.

No reaction product was detected in the presence of mois-
ture, irrespective of water content and temperature over cata-
lyst (I). Comparing COm10 and COm2 responses resulting from
the simultaneous pulse with oxygen or from their single pulses
over catalyst (I) demonstrated a shift to the shorter time in the
presence of oxygen. But the time shift was constant within the
temperature range, supporting the assumption that in the pres-
ence of oxygen, CO is forced to desorb earlier.

3.4. Au/Ti(OH)∗4 versus Au/Fe(OH)∗3

TAP experiments revealed that the CO oxidation reaction on
the Au/Ti(OH)∗4 catalyst was totally suppressed by the presence
of moisture (200 or 1000 ppm) and that water had no effect on
the activity of the Au/Fe(OH)∗3 catalyst. Previous experiments
also showed the poisoning effect of water on the catalyst (I)
and the insensitivity of catalyst (II) to the presence of mois-
ture [35–37]. TAP also showed that whereas on catalyst (II),
the adsorption of water seems to be weak and reversible, on
catalyst (I), strong and irreversible adsorption of water seems
to occur.

Moreover, in the absence of water, TAP confirmed that the
Au/Fe(OH)∗3 catalyst is more active than the Au/Ti(OH)∗4 cat-
alyst. Other studies have shown that the temperature needed
to start CO oxidation is 50 K lower for the Au/Fe(OH)∗3 cata-
lyst than for the Au/Ti(OH)∗4 catalyst, whereas the temperatures
for 50 and 100% conversions are lower by 100 and 160 K, re-
spectively [40]. The question is why these two catalysts behave
differently, given that they were prepared and pretreated in the
same way and had the same gold content (3 wt%). Experimental
results to date have confirmed the same mechanism for CO ox-
idation on the two catalysts [35,37]. This mechanism involves
reversible CO adsorption on the Au nanoparticle surface; O2
molecular adsorption, probably as O−

2 bonded to Ti or Fe ions
as indicated by ESR [36] on oxygen vacancies on the oxide
support near to the Au nanoparticles; and subsequent reaction
between the adsorbed CO and O−

2 to form a CO2 molecule and
an active oxygen atom, which rapidly reacts with CO to form
another CO2 [35,37].

The efficiency of supported gold catalysts depends on gold
dispersion and the gold–support interaction on one hand, and
on the nature, crystalline type, and pore structure of metal oxide
supports, on the other hand. The catalytic activity may change
by several orders of magnitude due to the effect of the Au–Au
coordination number, making this effect dominant and crucial
for catalysis by Au [44]. More CO that may adsorb on the Au
nanoparticles is seen on the Au/Fe(OH)∗3 catalyst than on the
Au/Ti(OH)∗4 catalyst. On the other hand, as the size of the Au
nanoparticles decreases, the number of the O2 adsorption sites
at the gold–oxide support interface increases. Oxygen vacan-
cies on TiO2 and Fe2O3 are electrically compensated for by
the formation of Ti3+ and Fe2+, on which O2 adsorbs to form
Ti4+–O−

2 species and Fe3+–O−
2 species. The former species is

more stable than the latter species. Indeed, the temperature peak
in TPD of oxygen adsorbed on the Au/Fe(OH)∗3 catalyst, 400 K,
was 50 K lower than that for the Au/Ti(OH)∗4 catalyst [35]. The
stronger adsorption of O2 on the Ti(OH)∗4 support may lead to
the lower reactivity with CO.

To explain the different behavior of the two catalysts in the
absence and presence of water, the support effect also should
be considered. In our opinion, the difference in the electronega-
tivity of their cations from the supports is responsible for the
stronger dissociative adsorption of water on the Au/Ti(OH)∗4
catalyst, which leads to lower reactivity to adsorbed CO to form
CO2 by the water–gas shift reaction. The water–gas shift re-
action is more facile on the Au/Fe(OH)∗3 catalyst, and the Fe
sites become free for oxygen adsorption by the water–gas shift
reaction, allowing further reaction to occur. Andreeva’s stud-
ies on low-temperature water–gas shift over gold catalysts [45,
46] prepared by a modified deposition–precipitation technique
(i.e., gold hydroxide deposited on freshly precipitated metal hy-
droxide) showed a large variation in activity depending on the
nature of support. Thus, the temperature for 50% conversion
was 423 K for the Au/FeO3 catalyst with 3.5-nm-diameter Au
particles, but 573 K for the Au/TiO2 catalyst with Au particle
diameters <3 nm. Moreover, a recent DRIFTS study combined
with mass spectrometry showed that the water–gas shift reac-
tion occurred even at room temperature over an Au/Fe2O3 cat-
alyst obtained by co-precipitation, with an Au loading of 4.48%
and Au particle sizes of 3–5 nm (mean size, 2.8 nm) [47]. The
adsorptive mechanism comprising CO adsorption on Au parti-
cles, formation of carbonates and bicarbonates at the Au–Fe2O3
interface, and their decomposition to CO2 appears to prevail
at low temperature, whereas at around 473 K, the regenerative
mechanism is dominant. Under these conditions, the catalyst
support Fe2O3 is easily reducible in the presence of Au. The
study also revealed that the Au particles are essential for H2
production and the reoxidation step involving H2O as the re-
actant. The greatest effect is associated with the presence of a
higher concentration of low-coordinated sites on the surface of
smaller particles on the Au/Fe(OH)∗3 catalyst, which leads to
a higher stabilization of reaction intermediates, such as CO or
oxygen, on the surface of gold.

4. Conclusion

The TAP study revealed that moisture in the reactant gas had
different effects on the activity of Au/Ti(OH)∗4 and Au/Fe(OH)∗3
catalysts with respect to CO oxidation. Whereas the activity of
the Au/Ti(OH)∗4 catalyst was totally suppressed irrespective of
the water content between 200 and 1000 ppm, no effect was
observed for the Au/Fe(OH)∗3 catalyst. When the CO:O2 ratio
was 1:1 in the absence of water, CO oxidation was character-
ized by a two-peak feature in the CO response curve, with only
one peak seen in the presence of water. At a CO:O2 ratio of
1:3, the CO response curve exhibited one peak with a peak
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shift to shorter time. These TAP results indicate that CO and
water absorbed competitively and that water blocked the ad-
sorption sites for O2 irreversibly on Au/Ti(OH)∗4 and reversibly
on Au/Fe(OH)∗3. The CO adsorption was weak and reversible,
whereas O2 adsorption was strong and irreversible, but weaker
on Au/Fe(OH)∗3 than on Au/Ti(OH)∗4.
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