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ABSTRACT: CO oxidation at room temperature over the Au/CeO2 catalyst was investigated, of which the induction period
arising from unreduced cationic Au was disclosed. The effect of humidity in reactant stream on catalyst activity was investigated
during induction and deactivation periods. The induction period was significantly reduced from 44.8 min in dry stream to 3.3
min in wet stream containing 0.58 vol % of H2O. The induction period was slightly shortened by further increasing water
concentration in the reactant stream. The maximum initial activity was achieved with a wet stream containing 0.74 vol % of H2O
vapor. In situ DRIFTS measurements suggested that humidity contributed to the formation and consumption of reaction
intermediates [COOH]s and hence enhanced the initial activity. After the induction period, the deactivation phenomena of Au/
CeO2 catalyst at varied rates under both wet and dry streams were observed. In contrast to a slow deactivation under dry stream,
a fast deactivation in wet stream was first observed due to rapid blockage of active sites by water adsorption, followed by a slow
deactivation rate due to gradual formation of surface carbonate species over catalyst with time on stream. A mechanism was
proposed to illustrate the existence of induction period under both wet and dry streams.

KEYWORDS: Au/CeO2 catalyst, CO oxidation, induction period, humidity effect, initial activity, catalyst deactivation

1. INTRODUCTION

Metal-oxide-supported gold nanoparticles have driven increas-
ing research efforts because of their high catalytic activity, in
order to understand their fundamental physicochemical
properties. Catalytic activity of gold nanoparticles relates to
particle size and shape, oxide support materials, coordination
between gold nanoparticle and support, and so forth.1−4

Investigations of the CO oxidation reaction for CO removal
appear to be blooming due to various environment and energy
applications on indoor air treatment, automotive emission
control, and hydrogen fuel cells,5 among others. The humidity
effect on CO oxidation is closely related to individual supported
Au system, especially the support materials used. Efforts have
been made to investigate the humidity effect on CO oxidation
over Au/Fe2O3, Au/CeO2, Au/Al2O3, Au/TiO2, Au/TiO2−
In2O3, and Au/Ti(OH)4 catalysts.

6−14

Metal-oxide-supported gold catalysts for CO oxidation
possess an intrinsic advantage over other catalysts; however,
inevitably, they tend to deactivate with time on stream (TOS)

or during storage.15−23 Two main reasons account for the
catalyst deactivation: (1) carbonate accumulation leading to a
reversible deactivation and (2) agglomeration of Au particles
resulting in an irreversible deactivation. In recent studies, it was
demonstrated that the deactivation is closely related to the
buildup of carbonate species rather than an irreversible
sintering of Au nanoparticles.18−22,24 The presence of water
has a positive effect to alleviate catalytic activity loss on Au/
Fe2O3

18 and Au/Al2O3
19 catalysts, which is attributed to the

conversion of carbonate species to less stable bicarbonate
species. However, water may have a different effect on the
activity of gold catalysts supported on a different metal oxide.
For example, Au/TiO2

13,23 and Au/In2O3−TiO2
13 catalysts

suffer from a loss of activity in the presence of water, which is

Received: December 30, 2013
Revised: August 21, 2014
Published: August 26, 2014

Research Article

pubs.acs.org/acscatalysis

© 2014 American Chemical Society 3481 dx.doi.org/10.1021/cs500614f | ACS Catal. 2014, 4, 3481−3489

pubs.acs.org/acscatalysis


attributed to loss of active sites occupied by excessive water
molecules.
Among most of those studies, gas chromatography (GC) was

employed to measure TOS concentration of CO and CO2,
which requires relatively long time to analyze samples. Due to
long sample analysis interval, the dynamic response of initial
activity during the induction period was not disclosed. In our
recent work, it has been found that formaldehyde oxidation on
the Au/CeO2 catalyst in wet air exhibited a short induction
period. Because CO oxidation at room temperature is attractive
for various environmental applications, in this paper, we studied
the induction period of CO oxidation over Au/CeO2 catalyst at
room temperature, and we investigated the humidity effect on
catalyst activity during induction period and deactivation
period, by activity evaluation and in situ DRIFTS measure-
ments. In order to facilitate the observation of induction period
and catalyst deactivation, the experiments were conducted at a
high WHSV of 300 000 mL·h−1·g−1 and with CO conversion
less than 100%. A rapid-response COx analyzer was employed
online to measure the rapid change in CO and CO2
concentration. A mechanism is proposed to illustrate the
existence and difference of induction period under both wet
and dry streams.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. Au/CeO2 catalyst was prepared by

deposition−precipitation method with urea, as described in our
previous work.24 Five grams of commercial CeO2 powder (Rare-Chem
Hi-Tech Co., Ltd. (RCC), China) were first added into 11 mL of
aqueous HAuCl4·4H2O solution (10 g·L−1), further dispersed into 200
mL deionized (DI) water, and lastly, mixed with 0.16 M urea
(CO(NH2)2) to form a slurry. After the mixture was stirred at 80 °C
for 8 h and aged at room temperature for 12 h, the formed slurry was
filtered and washed with DI water until neutral. The filtered cake was
dried at 80 °C for 6 h and then calcined at 300 °C for 1 h under a
synthetic air (20 vol % O2 balance N2) to obtain the fresh catalyst.
2.2. Catalyst Characterization. The Au loading on Au/CeO2

catalyst was determined by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES, Optima 2000DV, U.S.A.). Specific
surface area measurement was performed by BET method using
nitrogen adsorption−desorption at −196 °C (NOVA2200e, Quan-
tachrome Corporation, U.S.A.). All samples were degassed at 300 °C
for 3 h prior to the measurements. Surface chemical states of Au/CeO2
catalysts were characterized by X-ray photoelectron spectroscopy
(XPS, ESCALAB250 Thermo VG, U.S.A.) using an Al Kα X-ray
source (1486.6 eV) operated at 15 kV and 300 W. The binding energy
was calibrated according to the XPS peak at carbon 1s at 284.6 eV.

High-resolution transmission electron microscopy (HRTEM) micro-
graphs were obtained with a Tecnai G2 20 S-TWIN microscope and
operated at 200 kV.

The redox behavior was evaluated by temperature-programmed
reduction (TPR) technique with Chemisorption Analyzer (Autochem
II 2920, Micromeritics, U.S.A.). TPR experiments were performed
using a gas mixture of 10 vol % H2 balance Ar, at a flow rate of 50 mL·
min−1, a temperature ramping rate of 10 °C·min−1 from 40 to 800 °C.
The catalyst (80 mg) was pretreated in dry air at 300 °C for 1 h before
each TPR experiment.

2.3. Catalytic Activity Evaluation. Catalytic activity evaluation
was performed in a quartz U-tube reactor with inner diameter of 4
mm, surrounded by water bath at 20 ± 1 °C under ambient pressure.
Prior to the reaction, 80 mg of catalyst was first mixed with 40 mg of
quartz sand and then loaded into the quartz U-tube reactor. After the
catalyst was treated with synthetic air at 300 °C for 1 h, a gas mixture
containing 500 ppm of CO, 20 vol % O2 balance N2, was introduced
into the reactor at a WHSV of 300 000 mL·h−1·g−1. Water vapor was
carried by N2 or O2 through a water bubbler at room temperature.
Water concentration was measured online using a dew point
hygrometer (653−2, Testo, Germany), which is expressed as absolute
humidity. Inlet and outlet gaseous products were online analyzed by a
rapid-response COx analyzer (S710, Sick/Maihak, Germany). CO
conversion, XCO, was calculated as follows:

=
−

×X
C C

C
(%) 100CO

CO
in

CO
out

CO
in (1)

where CCO
in and CCO

out represent the concentrations of CO in inlet and
outlet gases, respectively. Because the CO concentration is only
around 500 ppm, the temperature increase in catalyst bed arising from
the exothermic reaction is negligible.

2.4. In Situ DRIFTS Analysis. Infrared spectra were recorded by
an FTIR spectrometer (Tensor 27, Bruker, Germany) equipped with a
liquid N2 cooled Mercury−Cadmium−Telluride (MCT) detector.
Scans were collected from 4000 to 1000 cm−1 at a resolution of 4
cm−1. Catalyst samples were placed in a DRIFTS cell equipped with
CaF2 windows and pretreated in 20 vol % O2 balance He at 300 °C for
1 h prior to DRIFTS experiments. Typical gas mixture was 2000 ppm
of CO, 20 vol % oxygen balance helium. Water vapor was carried into
the gas mixture by helium through a bubbler in a water bath at room
temperature. After a designated amount of time, the CO flow was
switched to a humid stream containing 0.74 vol % water, 20 vol %
oxygen balance helium.

3. RESULTS

3.1. Catalyst Characterization. Au loading on Au/CeO2
catalyst was 0.95 wt % as measured by ICP analysis. BET

Figure 1. XPS spectra of Au 4f, O 1s, and Ce 3d of Au/CeO2 catalyst: (a) before CO oxidation in dry stream, (b) after CO oxidation in dry stream,
and (c) after CO oxidation in wet stream containing 0.74 vol % of H2O.
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surface areas for CeO2 and Au/CeO2 catalyst were 79 and 82
m2·g−1, respectively.
XPS analysis was performed to investigate the chemical state

of Au/CeO2 catalysts before and after CO oxidation in dry and
wet stream. The spectra of Au 4f, O 1s and Ce 3d XP for all
three samples are shown in Figure 1. The main XPS results are
summarized in Table 1. For quantitative evaluation, the XP
spectra of the Au 4f signals were fitted by three different states,
with binding energies of 84.0, 84.6, and 86.0 eV, respectively.
The typical binding energies of Au 4f7/2 at 84.0 and 86.0 eV are
assigned to Au0 and Au3+, respectively.25−27 The assignment of
the peak at 84.6 eV seems a little paradoxical in literatures.27−36

Behm et al. assigned this peak to Au0 in very small neutral Au
cluster, whose binding energy is up-shifted due to particle size
effects.27 However, many studies reported the existence of
interaction between Au and CeO2 surface that involves a charge
transfer from Au to CeO2, leading to the formation of Au+.28−30

Hence, we adopted the assignment of the peak at 84.6 eV to
Au1+.31−36 From Table 1, it is clearly shown that, in Au/CeO2
catalyst before or after CO oxidation, Au existed in the mixed
oxidation states of Au0, Au1+, and Au3+. For fresh catalysts, the
atomic ratios of Au0, Au1+, and Au3+ to the total surface Au
species were 25%, 40%, and 35%, respectively. However, after
CO oxidation in dry stream, the concentration of Au3+ and
Au1+ decreased, although that of Au0 increased to 37%.
Similarly, after CO oxidation in wet stream, the change in
oxidation state of Au followed the same tendency as that in dry
stream, but considerably more Au3+ and Au1+ were reduced to
Au0 (48%). In addition, the peak at 84.6 eV shifted to higher
binding energy after reaction, which may be related to the
change in Au1+ concentration. The XPS results suggested that
in situ reduction of cationic Au occurred during the CO
oxidation at room temperature in both dry and wet streams.
Further information can be obtained from the O 1s spectra in

Figure 1. Two types of oxygen species were distinguished by
deconvolution of the O 1s spectra. The peak with binding
energy at 529.1 ev is related to the lattice oxygen (O2−),
whereas the peak at 531.3 eV is associated with surface oxygen
and/or surface hydroxyl species (Os + OHs).

25,37 As shown in
Table 1, the peak deconvolution results indicate that the
amount of surface oxygen and hydroxyl species is reduced after
reaction. The existence of surface oxygen species is related to
the coexistence of Ce3+ and Ce4+ in Au/CeO2 catalyst, as
evidenced by the Ce 3d XPS results shown in Figure 1 and
Table 1. Due to the presence of Ce3+ in CeO2 lattice, oxygen
vacancies are formed. O2 can adsorb on the vacancies, which
reduces surface Gibbs energy, balances surface charge, and
forms surface active oxygen species.
As shown in Figure 1, the Ce 3d spectra of Au/CeO2 can be

resolved into eight peaks, which is in accordance with many
studies.10,35,38−41 The assignment of each component peak is
defined in Figure 1. The symbols of V and U represent the
spin−orbit coupling of 3d5/2 and 3d3/2, respectively. The Ce
3d5/2 peaks are marked as v (882.5 eV), v″ (889.4 eV) and v‴

(898.6 eV) corresponding to the Ce4+ state, whereas that
denoted as v′ at 885.6 eV is assigned to Ce3+, implying that Ce
exists in mixed valence states in Au/CeO2 catalysts.

10,26 For the
fresh catalysts, the proportion of Ce3+ to total surface Ce on
Au/CeO2 catalyst was 20%. For the used catalysts, the
concentration of Ce3+ under dry and wet conditions were
23% and 20%, respectively, indicating that there is no obvious
difference among the three catalysts.
Figure 2 shows H2-TPR profiles of CeO2 and Au/CeO2

catalysts. Two peaks appear at the temperature ranging from 40

to 800 °C in the TPR profile of CeO2 (Figure 2a), which are
consistent with previous observations in literatures.35,42 The
peaks at 747 and 479 °C represent the reduction of bulk oxygen
and surface capping oxygen of ceria, respectively. Besides the
low temperature peak at 479 °C, a characteristic shoulder at
363 °C is likely due to formation of nonstoichiometric Ce
oxides (CeOx, x ranging from 1.9 to 1.7, or the β phase).43

Compared with that of cerium oxide, the peak related to the
reduction of surface oxygen of ceria, shifts downward to 79 °C
in Au/CeO2 catalyst (Figure 2b). This significant decrease in
reduction temperature implies that the presence of gold
facilitates the reduction of surface oxygen species.
In summary, the shoulder peak at 363 °C and the main peak

at 479 °C are both ascribed to the reduction of surface oxygen
species generated from the structural defects of CeO2. As
mentioned above, surface oxygen species can be formed on the
oxygen vacancies due to the presence of Ce3+ in CeO2 lattice.
These kinds of surface oxygen species can be easily reduced at
temperature lower than 500 °C.35,42,43 In addition, the
reduction of lattice oxygen in CeO2 needs higher temperature.
For instance, the peak at 747 °C is ascribed to the reduction of
Ce4+ to Ce3+. Further reduction of Ce3+ cannot happen within
the range of testing temperature.

Table 1. XPS Analysis of Au/CeO2 Catalyst before and after CO Oxidation in Dry and Wet Streams

catalyst

peak position (eV) proportion (at. %)

Au0 Au1+ Au3+ O2− Os+OHs Au0/Aua Au1+/Aua Au3+/Aua (Os+OHs)/O
b Ce3+/Cec

fresh 84.0 84.6 86.0 529.1 531.3 25 40 35 37 20
used (dry) 84.0 84.9 86.0 529.0 531.0 37 36 27 35 23
used (wet) 84.0 85.0 86.0 529.0 531.1 48 31 21 32 20

aAu = Au0 + Au1+ + Au3+ bO = O2− + Os + OHs
cCe = Ce3+ + Ce4+

Figure 2. H2-TPR profiles of (a) CeO2 and (b) Au/CeO2.
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3.2. Humidity Effect on Catalytic Activity during
Induction and Deactivation Periods. The water concen-
tration in dry stream was determined to be about 300 ppm by a
dew point hygrometer, and those in wet streams are given in
Figures 3, 4, 6, and 7 for each experiment. The CO oxidation

evaluation at room temperature was simulated with a CO
concentration of 500 ppm, a level considered to be practical in
some polluted air.
Figure 3 shows CO conversion with time on stream under

dry and wet conditions. Generally, CO conversion shows two
stages as the induction and deactivation periods. Once the
stream entered the reactor, Au/CeO2 catalyst started to be
activated and reached maximum CO conversion, which is
defined as initial activity. The time period before reaching the
initial activity is defined as the induction period, and the time
after reaching the initial activity is the deactivation period.
In dry stream, the catalyst underwent a long induction period

of 44.8 min before reaching the maximum 46% of CO
conversion. In contrast, the induction period was shortened to
2.3 min in a wet stream containing 0.74 vol % of H2O and
achieved 61% of CO conversion. After the induction period
under wet stream, CO conversion exhibited a rapid decrease in
the next few minutes to 58%, and then a slow decrease
thereafter, in contrast to no fast deactivation stage under dry
stream. Worth noting is that during the slow deactivation
period, the decrease rate of CO conversion in wet stream (with
0.74 vol % of H2O) was faster than that in dry stream, but the
CO conversion in wet stream was still 5% higher than in dry
stream after 120 min on stream (46% vs 41%). The faster
deactivation in wet stream is attributed to faster consumption
of [COOH]s species, as will be discussed later. Similar
phenomena were also observed under wet streams with other
water concentrations such as 0.58, 0.79, and 0.97 vol %.
Theoretically, if water is discontinued as a short induction

period just finished, the fast deactivation might disappear.
However, it is hard to test this idea with our current equipment
setup. Even if the water supply is stopped right after the
induction period, it would take a certain amount of time to
equilibrate the gas system, and thus make it very hard to
monitor the rapid change in activity timely.

Figure 4 shows the initial activity, induction period and
deactivation rate of Au/CeO2 catalyst as a function of water
concentration. Initial activity is expressed as a specific rate at a
time of ti,

· · =
· ·− −

=F C X
m

initial activity (mmol g s )
t t

Au
1 1 CO

in
CO

Au

i

(2)

where ti is the moment ending the induction period or reaching
maximum CO conversion, F is the total flow rate, XCO

t = ti is the

Figure 3. CO conversion versus time on stream (TOS) over Au/CeO2
catalysts at 20 °C under dry stream and wet stream (containing 0.74
vol % of H2O), with 500 ppm of CO/20 vol % O2/N2, and WHSV =
300,000 mL·h−1·g−1.

Figure 4. Dependence of (A) initial activity, (B) induction period, and
(C) deactivation rate of Au/CeO2 catalyst for CO oxidation at 20 °C
on water concentration.
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CO conversion at ti, and mAu is the mass of Au on Au/CeO2
catalyst. As shown in Figure 4A, the highest initial activity was
obtained with ∼0.74 vol % of H2O.
Figure 4B clearly shows the effect of moisture on shortening

the induction period. The induction period was significantly
reduced from 44.8 min with dry stream to 3.3 min with wet
stream containing 0.58 vol % of H2O. Further increase in water
content up to 0.97 vol % only resulted in a slight decrease in
induction period from 3.3 to about 2 min.
Deactivation rate is defined as

μ · ·

=
· · −

−

− −

= =F C X X
t t

deactivation rate ( mol g s )

( )t t t t
Au

1 2

CO
in

CO CO

2 1

1 2

(3)

where XCO
t = t1 and XCO

t = t2 represent CO conversion at two different
times t1 and t2, respectively. In terms of wet condition, two
deactivation stages (fast and slow) existed. For instance, during
fast deactivation stage, t1 equals ti with initial activity, and t2 can
be the time at turning point (donated as tTP) between fast and
slow deactivation stages. However, during slow deactivation
stage, t1 equals tTP, and t2 can be tTP plus 60 min. By contrast, in
terms of dry condition, t1 equals to ti with initial activity, and t2
can be ti plus 60 min. As shown in Figure 4C, the deactivation
rates at slow deactivation stage under wet and dry conditions
were much lower than that at fast deactivation stage. In wet
stream, the deactivation rate at fast deactivation stage rapidly
increased with water concentration, whereas that at slow
deactivation stage only declined slightly with increasing water
concentration. During fast deactivation stage under wet
condition, the increase in deactivation rate with water
concentration is ascribed to an elevated loss of active sites
occupied or blocked by excess of water molecules.42,44

3.3. In Situ DRIFTS Measurements. 3.3.1. Formation of
Intermediates. Figure 5 shows in situ DRIFT spectra of Au/

CeO2 catalyst exposed to 2000 ppm of CO/He at 20 °C. Table
2 summarizes the IR bands assigned to [COOH]s, carbonate,
and water species in the literature. The bands at 1580, 1373,
and 1418 cm−1 on Au/CeO2 catalysts are ascribed to
vas(OCO), vs(OCO), and δ(OH) of [COOH]s, respectively.
The band at 1288 cm−1 is associated with vas(OCO) of

bidentate carbonate species, whereas the bands at 1445 and
1490 cm−1 are assigned to monodentate carbonate.10,45−48

Interestingly, once Au/CeO2 catalyst was exposed to 2000 ppm
of CO, [COOH]s species was formed in the absence of water
and O2, which indicates that CO directly reacts with surface
hydroxyl on Au/CeO2 catalyst to form [COOH]s intermedi-
ates. This is consistent with the existence of hydroxyl species on
Au/CeO2 catalyst, as detected by DRIFTS (see Figure S1). The
existence of hydroxyl groups was further confirmed by CO
temperature-programmed surface reaction (TPSR) profiles in
Figure S2. Starting from 100 °C, H2 was produced owing to
water−gas-shift (WGS) reaction between CO and hydroxyl
groups on catalyst surface. The roles of surface hydroxyl groups
will be discussed in details in Section 4.2.
Figure 6A,B show the change in band intensity of surface

species over Au/CeO2 catalysts with TOS under dry and wet
conditions. Upon exposure to CO in dry stream, the bands
attributed to [COOH]s, monodentate, and bidentate carbonate
species were observed. The band intensity of [COOH]s at 1576
cm−1 increased with time and became stable after 200 min. For
surface monodentate (1490, 1447 cm−1) and bidentate
carbonate (1279 cm−1) species, their band intensities rapidly
increased in the first 50 min, and then only increased slightly
with additional time on stream. In contrast, as shown in Figure
6B, it took only 40 min to reach steady band intensity of
[COOH]s at 1576 cm−1 under wet stream (versus 200 min in
dry stream). Figure 6C plots the change in band intensity of
vas(OCO) at 1576 cm−1 with time on stream. Clearly,
[COOH]s formed much faster in wet stream than in dry
stream. A slow accumulation of monodentate carbonate species
(1490, 1440 cm−1) was also observed in the presence of water.
The intensity of bidentate carbonate species at 1290 cm−1

reached a maximum at 10 min and decreased gradually
thereafter, which indicates that water may facilitate the
decomposition of bidentate carbonate species. It suggested
that the monodentate and bidentate carbonate species on Au/
CeO2 catalysts slowly accumulated with TOS under dry stream,
while only that of the monodentate carbonate species slowly
accumulated under wet stream.

3.3.2. Consumption of Intermediates. Figure 7 shows the
consumption of [COOH]s in various streams measured by in
situ DRIFTS. The Au/CeO2 catalyst was initially exposed to a
standard stream containing 2000 ppm of CO, 20 vol % O2
balance He at 20 °C for 220 min (CO/O2/He, blue curve).
After that, it was exposed to three types of streams: (1) pure

Figure 5. In situ DRIFT spectra of CO adsorption on Au/CeO2
catalyst at 20 °C, under conditions of 2000 ppm of CO balance He
stream, 100 mL·min−1 of flow rate.

Table 2. DRIFTS Band Position of Surface Species on CeO2
and Au/CeO2 Catalyst

species catalyst wavenumbers (cm−1) ref

[COOH]s Au/CeO2 1588, 1374 45
Au/CeO2 1575, 1375, 1358 10
CeO2 1580−1560, 1400−1350 46
CeO2 1560, 1410 48

monodentate carbonate CeO2 1480−1460, 1380−1360 46
CeO2 1454, 1354 48
Au/CePO4 1504, 1351 47

bidentate carbonate CeO2 1310−1250 46
Au/CeO2 1291 45
Au/CeO2 1276 10
Au/CePO4 1289 47

water Au/CeO2 1648 10
Au/CePO4 1630 47
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helium (He, red curve), (2) 20 vol % O2 balance helium (O2/
He, black curve), and (3) 20 vol % O2 and 0.74 vol % H2O
balance helium (O2/H2O/He, olive curve). In order to
determine the consumption rate of [COOH]s, the bands at
1800−1460 cm−1 were resolved into three peaks. Compared
with the initial DRIFTS spectra under standard stream after
220 min of CO oxidation, the band intensity of [COOH]s at

1576 cm−1 decreased in all three types of streams mentioned
above. The highest decrease was observed with the wet stream
(O2/H2O/He), which implies the fastest consumption or
removal of surface [COOH]s species. As listed in Table 3, the

consumption rate of [COOH]s species increased in the
following order: He < O2/He < O2/H2O/He. Clearly, the
presence of H2O and O2 could facilitate the removal of
[COOH]s intermediates. Compared to the initial standard
stream containing CO, the band intensities at 1541, 1490, 1442,
1418, and 1333 cm−1 did not change significantly or just
increased slightly in the three CO-free streams, which in part,
might be ascribed to [COOH]s conversion into stable
carbonates species. However, it should be noted that the
peak at 1576 cm−1 assigned to vas(OCO) of [COOH]s is the
main band of [COOH]s. The bands at 1373 and 1418 cm

−1 are
also related to vs(OCO) and δ(OH) of [COOH]s, possibly
with some contributions from monodentate carbonate
species.39,48 Although the band at 1576 cm−1 is associated
with those at 1373 and 1418 cm−1, those two last bands did not
decrease in the same way as the first one.

4. DISCUSSION
4.1. Physicochemical Properties of Au/CeO2 Catalyst.

Induction period for CO oxidation has been previously
observed and reported over certain Au-containing systems.49−54

To the best of our knowledge, there were no reports
concerning induction period and humidity effect of CO
oxidation over, in particular, Au/CeO2 catalysts. Herein, Au/
CeO2 catalyst prepared by the deposition−precipitation
method with urea was investigated in an effort to discover

Figure 6. In situ DRIFT spectra of CO oxidation on Au/CeO2 catalyst
under (A) dry stream, (B) wet stream in the presence of 0.74 vol %
H2O, and (C) band intensity at 1576 cm−1 versus time under 2000
ppm of CO and 20 vol % O2 balance He, at a flow rate of 100 mL·
min−1.

Figure 7. In situ DRIFT spectra of [COOH]s consumption on Au/
CeO2 catalyst under various streams after its exposure to 2000 ppm of
CO, 20 vol % O2 balance He for 220 min.

Table 3. Consumption Rate of [COOH]s on Au/CeO2
Catalyst under Various Streams

atmosphere He 20 vol % O2/He 20 vol % O2/0.74 vol % H2O/He

ratea 0.22 0.31 0.81
aThe consuming rate of [COOH]s species can be determined based
on the kinetic dependence of DRIFTS band intensity of [COOH]s.
The rate was defined as rate = ΔI/Δt (ΔI: refers to the change in band
intensity at 1576 cm−1 attributed to νas(OCO) of [COOH]s; Δt: refers
to the reaction time of 60 min).
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the existence of induction period during CO oxidation at room
temperature.
H2-TPR and XPS techniques were used to characterize the

physicochemical properties of the Au/CeO2 samples. The
redox properties of ceria were greatly modified after loading
with Au. It suggests that the presence of gold facilitates
activation (dissociation) of hydrogen molecules on metallic
gold particles and leads to the migration of the dissociated
hydrogen species by spillover process from the Au particles to
the support.42 However, when the catalyst contains ionic gold,
the surface oxygen reducibility could be intensified through the
lattice substitution mechanism, as reported by Fu et al.55 In this
case, the interaction of Au with ceria weakens the strength of
surface Ce−O bonds adjacent to gold atoms, leading to a
higher surface oxygen mobility.55−57 The existence of cationic
gold is confirmed in this work by XPS measurements (see
Figure 1 and Table 1), indicating the presence of a strong metal
interaction with support. However, the cationic Au species
undergoes in situ reduction to metallic Au during CO oxidation
in both dry and wet streams.50−54 After CO oxidation in wet
stream, the proportion of metallic Au is higher than in dry
stream, which suggests that the presence of water accelerates
the reduction of cationic Au, as reported previously.53,54,58 The
role of water on reducing cationic Au may be related to its
electron-donation capability.59 The lone electron pair on the
water molecule can be donated to the π orbital of Au. This
electron donation effect keeps Au electron-rich and from being
oxidized.
4.2. Mechanism for Induction Period and Humidity

Effect. Evidenced by the formation of [COOH]s species even
in the absence of water and O2 (see Figure 5), it is proposed
that CO directly reacts with surface hydroxyl groups on Au/
CeO2 catalyst to form [COOH]s intermediates via R1

+ →CO(ad) [OH] [COOH]s
k

s
1

(R1)

According to R1, an abundance of surface hydroxyl groups
can promote the production of [COOH]s intermediates,
whereas water vapor in humid stream can help to generate
more hydroxyl groups via R260−62

+ → +O H O [O] 2OH2 2 s (R2)

Therefore, the extra surface hydroxyl groups generated on
Au/CeO2 catalyst under wet stream facilitate the formation of
[COOH]s intermediates and thus shorten the induction period
and enhance the initial activity.
DRIFTS measurements were conducted to further inves-

tigate the humidity effect on the consumption of [COOH]s
intermediates. As shown in Figure 7, [COOH]s species were
rapidly consumed in the presence of O2 and H2O. The
[COOH]s consumption rate in the presence of water was
nearly 4-fold of that in pure helium, suggesting that water
promotes a complete oxidation of [COOH]s species into CO2
via R363 and R4

+ → +[COOH] [OH] CO H Os s
k

2 2
2

(R3)

+ → +[COOH] [O] CO [OH]s s
k

2 s
3

(R4)

Generally, hydroxyl groups are associated with CeO2, but
some hydroxyl groups may exist on the edge of gold
nanoparticles or near the interface between gold and support,
which may contribute more to R1 and R3 reactions than the
hydroxyl groups on the support. Worth noting is that water not

only promotes the formation of [COOH]s species but also
helps to transform Au+ and Au3+ species into metallic Au.
These two effects are coupled and dependent for the target
reaction.
According to a previous work on Au/CeO2 catalysts

prepared with the same method as in this work (deposition-
precipitation with urea), Au is still in the oxidation state III in a
sample containing 1 wt % Au after calcination, in contrast to Au
on alumina or on titania.64 However, the authors did mention
that XPS analysis induced reduction of part of the gold,65

suggesting that gold particles can be easily reduced at certain
conditions. The sample color of our Au/CeO2 catalyst is gray
after calcination in synthetic air at 300 °C, which indicates that
cationic gold was partially reduced to metallic gold, in
agreement with the observations reported by Delannoy et al.64

The induction period of our Au/CeO2 catalyst is considered
to arise from unreduced cationic Au. The reduction of
unreduced cationic Au can be promoted by water during CO
oxidation, hence the induction period is significantly shortened
in the presence of water. In addition, the length of induction
period is in line with our observation of [COOH]s formation
during CO oxidation with in situ DRIFTS. The induction
period related to the unreduced cationic Au has been observed
in some other catalysts such as Au/SiO2 and Au/ZrO2.

50,52−54

In situ reduction of the cationic Au during CO oxidation
generates metallic Au species that are active for CO
oxidation.52−54 Addition of H2O to the feed gas shortened
the induction period of CO oxidation, due to a rapid reduction
in cationic Au promoted by water.54 In this work, [COOH]s
formation correlated with the induction period, as indicated by
the change in band intensity of [COOH]s at 1576 cm−1 with
time (see Figure 6). However, the saturation of [COOH]s
formation (see Figure 6C) takes longer than the induction
period shown in Figure 3. This difference is related to the
experimental setup of our reaction apparatus and DRIFTS cell.
For activity measurement, catalyst pellets were loosely packed
in the U-tube quartz reactor, which allowed gas passing through
the catalyst bed easily with no diffusion limitation. However, for
DRIFTS experiments, the catalyst was packed in the DRIFTS
cell to form a flat surface. The feed gas could only readily
adsorb on the surface but it took much longer for CO, water
and O2 to diffuse into the bulk to form active surface species.
Therefore, it is not surprising to observe longer induction
period with in situ DRIFTS than with activity measurements.
As illustrated in Figure 8, a mechanism is proposed to explain

the induction period of Au/CeO2, which involves reaction of
adsorbed CO with formed surface [COOH]s species in both
dry and wet streams. Because there are plenty of surface Au+

and Au3+ species in the Au/CeO2 catalyst, as evidenced by XPS
data, it is likely that some OH groups are associated with
surface Au+ and Au3+ species. Before exposure to reactant
stream, a few hydroxyl groups exist on catalyst surface. Under
dry air stream, the surface hydroxyl groups on CeO2 support
slowly migrate to active sites near gold nanoparticles driven by
the formation of [COOH]s. As a consequence, a long induction
period is needed under dry condition to reach maximum CO
conversion. However, in wet stream, there are plenty of surface
hydroxyl groups generated via R2 on the active sites near gold
nanoparticles, which lead to a significantly short induction
period, as shown in Figure 4B. In short, in terms of its effect on
induction period and catalytic activity during induction and
deactivation periods, humidity contributes to rapid formation of
hydroxyl groups and [COOH]s intermediates near catalyst
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surface, and to the consumption of [COOH]s intermediates, via
R3 and R4.
For deactivation, there were two stages in wet stream,

including an initial fast deactivation followed by a slow
deactivation. However, in dry stream, only slow deactivation
was observed, as shown in Figure 3. The fast deactivation in wet
stream is ascribed to the blockage of active sites by water. There
are three possible explanations for the slight deactivation, that
is, aggregation of Au particles, change in chemical state of Au
species, and accumulation of carbonate species. In the
literature,24,44,51−53,60 there was no significant change in particle
size after CO oxidation over various Au catalysts, including
catalysts used in wet streams.44,60 Takeda et al. reported the
reconstruction of (100) facet of gold nanoparticle supported on
CeO2 during CO oxidation at room temperature.66,67 Figure S3
exhibits the HRTEM image and statistic analysis of Au particles
on our Au/CeO2 catalyst. Based on the HRTEM observations,
the mean size of Au particles was around 3 nm before reaction,
after induction period, and after reaction. Because CO
concentration in feed gas was only around 500 ppm, and the
reactor was surrounded by water bath, temperature increase in
catalyst bed arising from the exothermic oxidation reaction was
negligible, and thus had no contribution to catalyst particle
sintering. This is in line with observations in literatures that no
obvious change in the size of gold nanoparticles after
reaction.24,44,51−53,60 Therefore, the induction period of CO
oxidation over Au/CeO2 is related to unreduced cationic Au,
without any contribution from particle size effect. Consistent
with the proposed mechanism, more Au0 species were formed
in wet stream than in dry stream.
Carbonate species were observed with in situ DRIFTS

measurement (Figure 6). As the reaction proceeded, the band
intensity ascribed to carbonated species increased. Therefore, it
can be deduced that catalyst deactivation is closely related to
the buildup of carbonate species, which blocks active sites for
CO oxidation, in agreement with recent findings.18−22

4.3. Humidity Effect Coorelated with Catalyst Sup-
port. Humidity affects CO oxidation differently over Au
catalysts supported on different metal oxides. Over Au/ZrO2
catalyst, moisture addition to the gaseous feed of the CO
oxidation reaction eliminates the induction period.54 In
addition, over Au/Fe2O3 and Au/Al2O3 catalysts, a positive
effect of humidity on alleviated activity loss was observed,18,19

although over Au/TiO2 and Au/In2O3−TiO2 catalysts, a
negative effect of humidity on catalyst deactivation was

observed due to loss of active sites.13,23 Humidity effect on
our Au/CeO2 catalyst is similar to that on some supported Au
catalysts such as Au/ZrO2.

54 For our Au/CeO2 catalyst,
induction period was significantly reduced from 44.8 min in
dry air stream to 2.0−3.3 min in wet stream containing 0.58 to
0.97 vol % of H2O. In summary, in wet stream, the Au/CeO2
catalyst showed higher initial activity, significantly shorter
induction period, but faster deactivation rate than in dry stream.

5. CONCLUSIONS
Induction period caused by unreduced cationic Au was
discovered during CO oxidation at room temperature over
Au/CeO2 catalyst. The effect of humidity on catalyst activity
was investigated during induction and deactivation periods.
Moisture is crucial on CO oxidation with respect to the
induction period, initial activity, and deactivation rate of Au/
CeO2 catalyst. In particular, the induction period was
significantly reduced from 44.8 min in dry stream to 2.0−3.3
min with wet stream containing 0.58 to 0.97 vol % of H2O. The
highest initial activity was achieved in the presence of ∼0.74 vol
% H2O. Humidity promoted the formation and consumption of
[COOH]s intermediates, and thus enhanced initial activity, as
evidenced by in situ DRIFTS measurements. Deactivation of
Au/CeO2 catalyst was observed under both dry and wet
streams. In dry stream, only slow deactivation was observed.
However, in wet stream, the catalyst first showed a rapid
deactivation after the induction period and then underwent a
slow deactivation stage. The rapid deactivation in wet stream is
attributed to rapid blockage of active sites by adsorbed water,
although the slow deactivation is related to gradual buildup of
carbonate species on catalyst surface.
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Catal. 2009, 267, 78−88.
(23) Grunwaldt, J.-D.; Kiener, C.; Wögerbauer, C.; Baiker, A. J. Catal.
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