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ABSTRACT

The origins of the deactivation of a Au/Ce0,-Co304 catalyst during CO preferential oxidation (PROX) are
investigated in detail by means of high-resolution transmission electron microscopy (HRTEM), X-ray dif-
fraction (XRD), X-ray photoelectron spectroscopy (XPS), temperature-programmed reduction of hydro-
gen (H,-TPR), temperature-programmed oxidation of oxygen (0,-TPO), and diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). A possible mechanism involving -OOH intermediate is pro-
posed and used to explain the deactivation in the long-term stability test of CO PROX. The aggregation
or sintering of the Au particles is excluded from the origins of deactivation by HRTEM and XRD. The deac-
tivation of the catalyst is mainly due to an intrinsic transformation in the chemical state of the gold spe-
cies and the support oxides in the Au/CeO,-Co304 catalyst. The XPS, XRD, and H,-TPR results
demonstrate the reduction of ionic Au to metallic Au and of cobalt oxide to cobaltous compound. The
changes of the chemical states imply a structure reordering of the catalyst surface, which will suppress
the supplement of active oxygen and the formation of ~-OOH species, inhibit the CO oxidation reaction,
and lead to the deactivation of the catalyst. The accumulation of carbonates and H,0 on the deactivated
catalyst is revealed by XPS, DRIFTS, O,-TPO, and a regeneration test. They are responsible for the complete
deactivation of the catalyst. The hydration of the catalyst surface may play a more important role than the
formation of carbonates in the deactivation of the catalyst.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have at-
tracted much attention as a potential power source of electric vehi-
cles due to their low operation temperature, excellent energy
efficiency, and zero-emission of air pollutants. Hydrogen is the pre-
ferred fuel for PEMFCs. However, there are still many problems re-
lated to the issue of hydrogen distribution and storage. On board
reforming of liquid fuels followed by water-gas shift (WGS) reac-
tion is one of the alternatives to produce hydrogen for fuel cells.
In addition to hydrogen, the resulting reformer gas still contains
a trace amount of CO, which has a devastating effect on the energy
conversion efficiency of the fuel cells via CO-induced poisoning of
the Pt anode catalyst [1].

Among the current available methods, CO preferential oxidation
(PROX) seems to be the most economic and straightforward one to
reduce the CO contamination to the parts per million level. Cata-
lysts so far proposed for this process are mainly the platinum
group metal (Pt, Ru, and Rh) catalysts [2-4], Cu-based catalysts
[5], and gold-based catalysts [6]. The platinum group metal cata-
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lysts have desirable activity and stability at a temperature in the
range of 150-200 °C, but they are not selective enough in the pres-
ence of H,O and CO,, and their high cost may limit their applicabil-
ity for transportation applications [7]. The performance of CuO-
CeO, mixed oxide catalysts is superior to that of Pt group-based
catalysts, since they are more active and remarkably more selec-
tive at a lower reaction temperature [8]. Gold-based catalysts have
recently been proposed as promising candidates for the selective
removal of CO from reformate streams [1,6,9-12]. They are found
to be more active than the platinum group metal catalysts and
Cu-based catalysts at relatively low temperatures. Extensive efforts
have been put into the preparation, characterization, and testing of
gold catalysts, however, as commented by Bond and Thompson,
one of the unsatisfactory aspects of gold catalysis research is that
the possible changes in the conversion with time on stream are
typically not reported or only qualitatively mentioned [13,14]. As
the commercial application of gold catalysts is being pursued, it
is essential to understand the mechanism for the reaction and
deactivation [15].

As for the mechanism concerned, the most representative mod-
el was proposed by Bond and Thompson in 2000 [16]. Au atoms at
the interface between the Au particle and the oxide are the active
oxidation centers. However, it is unclear whether cationic Au or
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metallic Au is the active site of gold [17,18]. Steyn et al. reported
that the reduction of ionic Au is responsible for CO PROX over
Au/TiO, [19]. Haruta [20] has reassessed the mechanism of CO oxi-
dation developed by Bond and Thompson. It is suggested that CO is
activated by adsorption onto Au® on the surface of the gold nano-
particles, and that O, is activated by the atoms at the boundary be-
tween the support and the gold nanocrystals. The atoms at the
boundary are proposed to be oxidic Au species in nature. As for
the deactivation of the gold catalyst, the accumulation of carbonate
species and growth in the size of the gold particles are the gener-
ally accepted mechanisms [21]. It is suggested that the severe
deactivation might result from the sintering of the Au nanoparti-
cles under a hydrogen atmosphere, but several studies have shown
that hydrogen treatment of gold catalyst favors the formation of
smaller Au particles [22,23]. It has been suggested that the carbon-
ate and water formed on the oxygen-deficient sites cause the deac-
tivation of the gold-based catalysts [24]. Burch suggested that a
high concentration of CO, inhibits the activation of O, and causes
a destruction of the intimate contact between the gold particles
and the support, and that the role of water is to accelerate the
destruction of the interaction between the Au particles and the
support [25]. In addition, the performance and deactivation of
the gold catalyst have also been linked to the characteristics of
the reducible oxide supports [26]. Up to date an exact mechanism
for gold-based catalysts has not been fully revealed.

Recently, we reported the preparation and catalytic activity
tests of Au/Ce0,-Co30,4 with different Ce/Co atomic ratios for CO
PROX in a Hy-rich stream [27]. The catalyst Au/Ce0,-Co304 with
Ce/Co atomic ratio being 0.2 exhibits much higher stability; the
stability test lasts for about 306 h with the CO conversion being
between 94% and 15% and PROX selectivity being between 52%
and 35%.

The objective of this work is to gain some information on the
chemical and physical origins in the deactivation of the Au/CeO,-
Co304 catalyst. Therefore, after the long-term life test of CO PROX
the deactivated Au/Ce0,-Co304 (Ce/Co = 0.2) catalyst is character-
ized in detail by means of high-resolution transmission electron
microscopy (HRTEM), X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), temperature-programmed reduction of
hydrogen (H,-TPR), temperature-programmed oxidation of oxy-
gen (0,-TPO), and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) of CO adsorption. Based on the investiga-
tion, the possible mechanism for the PROX reaction of CO on
Au/Ce0,-C050,4 is proposed and employed to explain the deacti-
vation process of the catalyst.

2. Experimental
2.1. Catalyst preparation

Ce0,-Co30,4 composite oxide was prepared by sol-gel precipita-
tion as described elsewhere [27,28]. Briefly, the alcosol was ob-
tained through the hydrolysis of Co(NOs), -6H,0 and
Ce(NOs); - 6H,0 in ethanol under stirring. The precipitation was
achieved with sodium hydroxide solution at an ambient tempera-
ture. After aging, washing, and exchanging water with ethanol, the
wet precipitate was dried at 120 °C and was finally calcined at
500 °C in air for 3 h. Au-supported catalyst was prepared through
deposition-precipitation method. HAuCl, and NaOH aqueous solu-
tions were added dropwise into the suspension of CeO,-Co0304
composite oxide under vigorous stirring with a constant pH value
of 8.0 at a temperature of 70 °C. After aging and filtration, the pre-
cipitate was washed several times with deionized water till no
chlorine ions were detected by AgNO; solution. The resulting
material was then dried at 120 °C for 12 h and was calcined at

200°C for 2 h. The Ce/Co atomic ratio was 0.2 for the CeO,-
Co304 composite oxide and the Au loading was 1 wt.% for the
Au-supported catalyst. The composition of the catalyst was
measured by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES).

2.2. Catalytic tests and analytical procedure

The catalytic test for CO PROX in a hydrogen-rich stream was
carried out in a quartz tubular flow microreactor with an internal
diameter of 6.0 mm at atmospheric pressure as described previ-
ously [27,28]. The catalyst was evaluated in the fresh state without
any pretreatment. The reacting stream consisted of 1.0% CO + 1.0%
0, +50.0% H, (by volume), balanced with Ar, and the space veloc-
ity was 30,000mlg~' h~'. CO and CO, in the effluent gas were
periodically analyzed online with a gas chromatograph equipped
with a column packed with carbon molecular sieve, a post-column
methanator that converted CO and CO, into CH,4, and a flame ion-
ization detector (FID). The consumption of oxygen was also period-
ically determined online with a gas chromatograph equipped with
a column packed with 13X molecule sieve and a thermal conduc-
tivity detector (TCD). The activity was then evaluated on the basis
of CO and O, conversion, which can be calculated with the CO and
0, concentrations in the reactant gas and in the effluent gas. The
selectivity of CO PROX was defined as the fraction of O, consump-
tion for the CO oxidation to CO, over the total O, consumption.

2.3. Catalyst characterization

XRD was performed on an advanced X-ray diffractometer (Bru-
ker AXS D8, Germany). The diffraction patterns of the samples
were recorded at room temperature with Cu Ko radiation in the
range of 20 between 10° and 85°. The average crystallite size was
estimated from the line broadening of the most intense XRD reflec-
tions with Scherrer formula [27,28].

The HRTEM images of the samples were obtained using a JEM
2010 microscope operating at 200 kV and equipped with an en-
ergy-dispersive X-ray (EDX) instrument. The catalyst was crushed
to a fine powder, and then a holey carbon film copper grid was
dipped into the crushed powder.

H,-TPR was performed in a quartz microreactor, and about
50 mg sample was used in each measurement as described else-
where [27,28]. The fresh catalyst was first pretreated under an
air flow at 200 °C for 1 h, and was then purged with Ar at the same
temperature for 1 h and cooled to room temperature. The flow of
5% H, in Ar (30 ml/min) was then switched into the system, and
the sample was heated up to 500 °C from room temperature at a
rate of 10 °C/min. For the deactivated sample, the same procedure
was carried out except the pretreatment. The amount of H, uptake
during the reduction was measured by TCD, which was calibrated
by the quantitative reduction of CuO to the metallic copper.

XPS was performed on a VG MiltiLab 2000 spectrometer with
Mg Ko radiation and a multichannel detector. Approximately
100 mg of the sample powder was compressed into a wafer for
analysis. The survey spectra were measured in the range of 0-
1100 eV binding energy (BE), and detail spectra of the Au 4f, Ce
3d, and Co 2p regions were measured in the ranges 80-90 eV,
875-925eV, and 775-810 eV, respectively. The BEs were cali-
brated using the C 1s signal located at 284.6 eV.

0,-TPO was performed in a quartz microreactor, and about
50 mg sample was used in each measurement. The samples were
purged in an Ar flow at 200 °C for 1 h and were cooled to room
temperature prior to the analysis. The flow of 6% O, in Ar (30 ml/
min) was then switched into the system, and the sample was
heated up to 500 °C from room temperature at a rate of 10 °C/
min. The amounts of O,, CO, CO,, Hy, and H,0 in the outlet gas
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were measured with a mass spectrometer OmniStar equipped with
the software Quadstar 32-bit. The intensity of CO and H, signals
was calibrated using CO(5%)/Ar and H,(5%)/Ar, respectively. CO,
signal was calibrated by the pulse of pure CO, with a six-port puls-
ing valve.

DRIFTS was carried out on a Nicolet 380 FT-IR spectrometer
equipped with a MCT/A detector at a spectral resolution of
4 cm™! (accumulating 32 scans). Prior to the measurement, the
sample was treated in situ at 200 °C in 5% O/Ar (30 ml min~!) to
eliminate possible water traces. After cooling to room temperature
in a flow of pure argon, a background spectrum was collected for
spectra correction. Then, a flow of 3% CO or 1% CO + 50% H, with
or without 1% O, in Ar was introduced into the DRIFTS chamber,
and the spectra of CO adsorption on the catalyst samples were
collected.

3. Results and discussion
3.1. Long-term stability test

The long-term stability test on Au/CeO,-Co030,4 catalyst for CO
PROX in a hydrogen-rich stream was carried out at 80 °C, as shown
in Fig. 1. During the first 100 h of time on stream (TOS), the CO con-
version and CO, selectivity decreased drastically from 94% to 71%
and 52% to 37%, respectively, and then leveled off in the following
160 h. The O, conversion did not change observably during the first
260 h of TOS. However, in the subsequent 40 h, the decrease in
both 0, and CO conversion speeded up. The catalyst lost its activity
at various rates in the different periods of TOS, which may imply
that the origins of the deactivation are different in the correspond-
ing periods of the CO PROX process. Therefore, the used catalyst
was then characterized in detail in comparison with the fresh cat-
alyst. The possible changes in the physical and chemical properties
of the catalyst during the reaction process were studied, and then
an explanation for the observation in the stability test was
proposed.

3.2. XRD

XRD patterns of the fresh and deactivated Au/CeO,-Co30,4 cata-
lysts are shown in Fig. 2. Ceria fluorite and Co;0,4 spinel phases are
present in the fresh catalyst. The crystal sizes of CeO, from fluorite
(111) plane and Co304 from spinel (311) plane are 3 nm and
13.1 nm, respectively. These two phases are also present in the
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Fig. 1. Long-term stability test for CO PROX on the Au/CeO,-Co504 catalyst at 80 °C.
Reaction gas: 1.0% CO, 1.0% O,, 50.0% H,, balanced with Ar; space velocity,
30,000ml g ' h™ .
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Fig. 2. XRD patterns of the fresh and deactivated Au/CeO,-Cos04 catalysts.
Crystalline phases detected: + CeO,; e Co30,4; ¢ CoO.

deactivated catalyst, but their diffraction intensity decreases sig-
nificantly, indicating that such crystals in the bulk may transfer
to amorphous phase. Meanwhile, a new phase ascribed to CoO is
observed in the deactivated catalyst, indicating a phase transfor-
mation from Co304 to CoO. The transformation of the phases re-
veals that the chemical state of the support oxides changes, and
that the catalyst surface restructure is present during the long-
term stability test. No diffraction peaks of gold species are detected
in any catalyst samples.

3.3. HRTEM

The HRTEM images of the fresh and deactivated Au/Ce0,-C0304
catalysts are shown in Fig. 3. The reflection with a d spacing value
of 0.31 nm corresponding to CeO, (11 1) plane and the CeO, (200)
reflection with a spacing value of 0.27 nm are observed in the fresh
sample. In the deactivated catalyst, besides the lattice plane (111)
and (220) of fluorite CeO,, the reflection of CoO (11 1) with a spac-
ing value of 0.26 nm is detected. However, no reflections related to
gold species are detected either in the fresh catalyst or in the deac-
tivated catalyst although the presence of Au in the samples has
been confirmed by the EDX spectroscopy and ICP-AES analysis.
Combined with the XRD result, the observation indicates that nei-
ther aggregation nor sintering of the gold particles occurs during
the long-term CO PROX reaction process.

3.4. H>-TPR

The H,-TPR profiles of the fresh and deactivated Au/Ce0,-C0304
catalysts are shown in Fig. 4, and the quantitative result is listed
out in Table 1.

In the fresh catalyst, the following reaction may be involved in
the H,-TPR process:

Au,0 + H; — 2Au + H,0 (1
2Ce0; + Hy; — Ce,05 + H,0 (2
C0304 +H; — 3Co0 + Hzo (3
CoO + H,; — Co + H,0 (4

Na RGN NE

The consumption of H, below 100 °C is attributed to the reduction
of surface oxygen species and Au species in high valence (Eq. (1)) as
discussed in the previous work [27]. Above 100 °C, two reduction
peaks at 175 °C (o) and ca. 350 °C () are detected for the fresh cat-
alyst. With respect to H,-TPR of Au/CeO, catalyst [27], the peak «
should be attributed to the reduction of Ce** to Ce>* (Eq. (2)). How-
ever, as listed out in Table 1, the H, consumption of peak « is



H. Wang et al./Journal of Catalysis 264 (2009) 154-162 157

Fig. 3. High-resolution transmission electron microscopic images of the fresh (a)
and deactivated (b) Au/Ce0O,-Co304 catalysts.
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Fig. 4. H,-TPR profiles of the fresh (---) and deactivated (—) Au/Ce0,-Co0304
catalysts.

Table 1

H,-TPR results for the fresh and deactivated Au/CeO,-Co30, catalysts.

Catalyst® H, uptake Reducible Co30,° Reducible CoO¢  Reducing
(1mol/g) (nmol/g) (nmol/g) degree? (%)
Peak Peak
o B

Fresh 2110 7872 1247 4131 91

Deactivated 1585 7091 722 4925 82

2 The atomic ratio of Ce/Co is 0.2, corresponding to CeO, content of 1726 pumol/g
and cobalt atom content of 8627 pmol/g in the Au/Ce0,-C030,.

b Reducible Co304 (R;) is calculated from the H, uptake of peak o (Ho) with the
deduction of the H, uptake (863 umol/g) due to the reduction of CeO,:
Ry =Ho — 863.

¢ Reducible CoO (R;) is calculated from the H, uptake of peak § (Hg) with the
deduction of the H, uptake due to the stepwise reduction of CoO to Co that origi-
nated from the reduction of Co304: R, = Hy — 3R;.

d Reducing degree is determined as the proportion of Reducible Co30, and CoO
(Ry +Ry) to the stoichiometric number of cobalt atoms (N = 8627 umol/g) in the
catalyst.

2110 pmol/g, which is much higher than the amount of hydrogen
required for the stoichiometric reduction of CeO, to Ce,O3
(863 umol/g), so the extra hydrogen consumption (1247 pumol/g)
should be ascribed to the simultaneous reduction of Co30,4 to Co**
(Eq. (3)). The peak g is ascribed to the reduction of Co** to Co°
(Eq. (4)) [27,29]. The corresponding hydrogen consumption is
7872 pumol/g. After deduction of the H, uptake for the subsequent
reduction of CoO from Co304 (Eq. (3)), the hydrogen consumption
for the original CoO in the fresh catalyst is about 4131 pmol/g. In
other words, 1247 umol/g of Co304 and an extra 4131 pmol/g of
CoO in the fresh catalyst are reduced to Co° in the whole H,-TPR
process. The stoichiometric number of cobalt atoms (N) is
8627 pmol/g in the Au/CeO,-Co504 catalyst with the Ce/Co atomic
ratio of 0.2, so the proportion of reduced cobalt to N is about 91%.

For the deactivated catalyst, the temperature of the peak « is
110 °C higher than that for the fresh Au/Ce0,-Co0304 catalyst, indi-
cating that the reduction of ceria and cobalt oxide becomes diffi-
cult in the deactivated catalyst due to the change in the
interaction between ceria and cobalt oxide. The position of peak
B does not change obviously. However, a small broad peak at
472 °C becomes observable, which is ascribed to the reduction of
CoO interacting with ceria [29]. From the quantitative result as
listed out in Table 1, it can be seen that the H, consumption of both
peak o and peak p decreases. The reduced Co304 and an extra CoO
are of 722 and 4925 pmol/g, respectively, in the deactivated cata-
lyst. The proportion of reduced cobalt ions is about 82%, which is
less than that in the fresh catalyst, indicating that the reduction
of cobalt oxide becomes difficult in the deactivated catalyst.
Although the reducible cobalt ions decrease, the amount of CoO re-
duced increases. This result suggests that more CoO is present in
the deactivated catalyst than in the fresh catalyst, which is consis-
tent with the HRTEM and XRD results.

3.5. XPS

To examine the chemical species on the fresh and deactivated
catalysts, XPS measurement was performed.

The XPS spectra in the Au 4f region of the fresh and deactivated
catalysts are shown in Fig. 5. Deconvolution of the Au spectra indi-
cates that both metallic and ionic gold species are present in the
fresh catalyst. The first doublet with peaks at 84.0 and 87.7 eV is
the characteristic of Au®, and the peaks at 84.9 and 88.6 eV are as-
signed to Au®* [30]. However, only metallic gold is observed in the
deactivated catalyst. Since Au®" is considered to be the more active
species than Au® for CO oxidation, the reduction of Au®* is one of
the reasons for the deactivation. The surface concentrations of gold
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Fig. 5. X-ray photoelectron spectra in the Au 4f region for the fresh (a) and
deactivated (b) Au/CeO,-Co304 catalysts.

measured by XPS are about 0.43 at.% (the atomic ratio of Au to the
total metal atoms) and 0.35 at.% on the fresh and deactivated cat-
alysts. Both of them are lower than the bulk gold content
(0.48 at.%). The group of Flytzani-Stephanopoulos [12,31] also
found that the surface gold content of Au/CeO, decreases after
PROX reaction. They suggested that only strongly bound gold in
ceria appears to be involved in catalyzing the PROX reaction.
Therefore, it is deduced that the disappearance of Au®" may indi-
cate the destruction of the strong interaction between gold and
ceria and a decrease in the amount of strongly bound gold to ceria
in the deactivated catalyst.

Fig. 6a shows the XPS spectra in the Ce 3d region. The four main
3ds), features at 882.7, 885.2, 888.5, and 898.3 eV correspond to V,
V', V", and V” components, while the 3ds, features at 901.3, 903 .4,
907.3, and 916.9 eV correspond to U, U’, U”, and U” components,
respectively [32]. The signals V' and U’, characteristics of Ce>*, exist
in the fresh catalyst [33], but they are not so evident for the deac-
tivated catalyst. The presence of Ce>" is contributed to the interac-
tion between ceria and the surrounding atoms. Kang et. al [34]
reported that the interaction between ceria and cobalt oxide may
lead to a transfer of the lattice oxygen in ceria into the lattice of co-
balt oxide and retain cobalt at the high-valent state. It was also re-
ported that the gold at the perimeter of the gold nanoparticles with
the ceria or the ultrasmall Au clusters located near an oxygen va-
cancy may bear a positive charge [35]. Liu et. al [36] investigated
the most likely binding site of Au on ceria. They found that Au
atoms can be oxidized by the surface Ce atoms (Au — Au®" and
Ce** - Ce®") even though there is no direct Ce-Au bonding. This

is the reason for the presence of Au®" and Ce®" in the fresh Au/
Ce0,-Co30,4 catalyst. Combined with the H,-TPR result, it is de-
duced that Au prefers to interact with ceria with respect to cobalt
[27]. In summary, the decrease of Ce>* and Au®" in the deactivated
catalyst indicates the weakness of the interactions both between
ceria and gold and between ceria and cobalt oxide.

Fig. 6b shows the XPS spectra in the Co 2p region. It is difficult
to distinguish Co?* from Co>* by Co 2p spectra due to the small dif-
ference in their BE values. The spin-orbit splitting of the Co 2p
peaks (AE) is found to be well correlated with the oxidation state
of cobalt [37]. The value of AE is 16.0 eV for CoO [38], 15.0 eV for
the cobaltic compounds (Co,05), and 15.2 eV for the mixed-valence
Co0304 [37]. The AE values of Co 2p features in the fresh and deac-
tivated Au/CeO,-Co30,4 catalysts are listed out in Table 2. The AE
value of 15.2 eV is detected for the fresh catalyst, so Co30;4 is the
main phase in the fresh sample. In the deactivated catalyst, how-
ever, the value of AE is observed to be 15.5 eV, indicating an in-
crease of CoO phase in the material. This result is in good
agreement with that of XRD and HRTEM. The increase of the cobalt
oxide in low valence means a weakness of the interaction between
cobalt oxides and ceria, which leads to a decrease of the oxygen
vacancies [39].

The Ce/Co atomic ratios on the catalyst surface determined by
XPS are listed out in Table 2 as well. It is noticed that the surface
Ce/Co atomic ratios, 0.44 for the fresh catalyst and 0.35 for the
deactivated one, are remarkably higher than the nominal value
(0.2) in the catalyst bulk. The increase of the ratios suggests that
the surface is cerium-rich, which is consistent with the result of
HRTEM. Compared with the fresh catalyst, the surface Ce/Co of
the deactivated catalyst decreases, indicating that the cerium-rich
oxide structure is reordered [40].

The XPS spectra of O 1s shown in Fig. 6¢ show two BE peaks for
both the fresh and deactivated catalysts. The lower BE band at 529-
530 eV corresponds to O~ anions of cerium oxide and cobalt oxide,
and the higher BE band at ca. 531 eV corresponds to O~ of the sur-
face carbonates and hydroxides of cerium and cobalt [40]. For the
deactivated catalyst, the O~ peak tends to shift toward higher BE
value than for the fresh catalyst. Combined with the observation
that the surface Ce/Co atomic ratio decreases in the deactivated
catalyst, it can be deduced that the low contribution of the oxygen
from CeO, to the catalyst surface leads to the increase of the O 1s
BE.

The C 1s spectra shown in Fig. 6d indicate the presence of two
different carbon species on the catalyst surface: adventitious car-
bon (284.6 eV), and formate or carbonate (288.4 eV) [24]. The sur-
face carbonate-like species increases on the deactivated catalyst
than on the fresh catalyst, which can be taken as the evidence that
carbonate-like species form during the CO PROX reaction process
on the Au/Ce0O,-Co30,4 catalyst.

In summary, the result of XPS demonstrates that the chemical
species on Au/Ce0,-Co30, catalyst endure changes after the
long-term reaction of CO PROX. The ionic Au and cobalt oxide are
reduced to metallic gold and CoO, respectively. To some extent,
the surface cerium-rich oxide structure is destroyed, and the accu-
mulation of the surface carbonate-like species is also observed. The
chemical or structural reordering may be responsible for the deac-
tivation of Au/Ce0,-Co30,4 catalyst.

3.6. 0,-TPO

As described above, the XPS reveals the increase of the carbon-
ate-like species on the deactivated Au/CeO,-Co30,4 catalyst. For
many catalysts, carbonaceous species accumulation can be re-
moved, at least partially, via calcination in air or O, so 0,-TPO is
performed to determine the possible presence of the carbonaceous
species on the Au/Ce0O,-Co30,4 catalysts.
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Fig. 6. X-ray photoelectron spectra in the Ce 3d (a), Co 2p (b), O 1s (c), and C 1s (d) regions for the fresh and deactivated Au/Ce0,-Co30, catalysts.

The mass spectra of O, CO,, and H,0 in O,-TPO processes on the
deactivated Au/Ce0,-C0304 catalyst are illustrated in Fig. 7. No CO,
is detected for the fresh catalyst (not shown), while large amounts
of CO, and H,O0 are produced on the deactivated catalyst at temper-
atures between 150 and 250 °C accompanied with the consumption
of oxygen. The oxidation of surface carbon is reported at about
450 °C[41], so the production of CO, and H,0 at such a low temper-
ature is probably due to the decomposition of carbonate-like spe-
cies. The consumption of oxygen calculated from the mass signal
of O, is about 1926 pmol/g, which is ascribed to the oxidation of
Co?*. The results demonstrate the formation of carbonate-like spe-
cies and a reduction of the support oxides during the CO PROX reac-
tion process on the Au/Ce0,-Co304 catalyst.

3.7. DRIFTS of CO adsorption in different atmospheres on the Au/CeO,-
Co304 catalyst

In order to gain some insights into the CO PROX reaction mech-
anism and the role of the mixed oxides support, in situ DRIFTS of CO

Table 2
XPS results for the fresh and deactivated Au/CeO,-Co30, catalysts: binding energy of
Co 2p and atomic ratio of Ce/Co on the sample surface.

Catalyst Binding energy (eV) Ce/Co
Co 2p3p2 Co 2p1p2 AE Ce 3ds),

Fresh 779.4 794.6 15.2 882.4 0.44

Deactivated 779.8 795.3 15.5 882.3 0.35

adsorption in different atmospheres was performed. For all the
samples, the bands in the region of 2300-2400 cm'are assigned
to gaseous CO,, the bands in the region of 2050-2200 cm™!are as-
cribed to CO-related species [37], and the weak peaks at 1050 and
1120 cm™! are attributed to carbonates [42].

3.7.1. CO adsorption
Fig. 8a shows the spectra of CO adsorption on the Au/CeO,-
Co304 catalyst in the CO/Ar flow at room temperature, namely
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Fig. 7. Mass spectra of CO,, H,0, and O, during 0,-TPO on the deactivated Au/
Ce0,-Co304 catalyst.
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20 °C. In the carbonyl region (2000-2200 cm™!), the bands at 2170
and 2120 cm™! are ascribed to the absorption of CO gas. No car-
bonyl species related to Au are detectable in the measurement,
which may be due to the Au carbonyl species that are so active
at ambient temperature: as soon as they are produced, they react
with the lattice oxygen of the catalyst to form CO,. In fact, the
CO adsorption on supported Au is generally measured at a very
low temperature such as —183 °C [43].

Upon CO admission, two strong bands ascribed to gaseous CO,
are observed at 2359 and 2340 cm™!, suggesting that the CO oxida-
tion has taken place over the catalyst even at an ambient temper-
ature. In the first 3 min, the intensity of CO, increases with the
adsorption time, but then it decreases gradually and almost disap-
pears finally. Upon heating, as shown in Fig. 8b, the intensity of CO,
increases with an increase in the temperature. Combined with the
H,-TPR result, the formation of CO, at a temperature below 100 °C
may originate from the reaction between the adsorbed CO and the
surface adsorbed oxygen species, while it can be mainly ascribed to
the participation of lattice oxygen of CeO, and Co304 oxides in the
CO oxidation reaction at a temperature above 100 °C.

The result suggests that the role of the CeO,-Co30, composite
oxide in CO oxidation is not only in providing active centers for
the oxygen activation but also in releasing-uptaking oxygen
through redox processes realized by Ce**/Ce*" and Co>*/Co?" cou-
ples. At room temperature, the CO molecules adsorbed on gold
sites react with the surface oxygen species to form CO,. After the
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Fig. 8. DRIFTS spectra of CO adsorption in the 3% CO/Ar flow on the Au/Ce0,-Co0504
catalyst. (a) At room temperature (20 °C) with the adsorption time of 1, 2, 3, 4, 6,
and 8 min; (b) at different temperatures of 20, 40, 60, 80, 100, 120, 140, 160, 180,
and 200 °C.

readily surface oxygen species are depleted, the CO oxidation rate
decreases. Upon heating, the bulk lattice oxygen migrates to the
surface of the oxides and reacts with the adsorbed CO molecules
to form CO, again [44].

3.7.2. CO/H; co-adsorption

CO/H; co-adsorption on the Au/Ce0,-Co304 catalyst at different
temperatures is shown in Fig. 9. Upon CO/H, admission, the bands
corresponding to CO, appear at room temperature. Compared with
the DRIFTS spectra of CO adsorption shown in Fig. 8, the presence
of H, enhances the CO oxidation at a temperature below 80 °C,
which means that the presence of H, may accelerate the surface
lattice oxygen mobility to some extent. However, it is noticed that
the CO oxidation rate shows no difference at a temperature above
80 °C. Under the condition without oxygen, hydrogen might react
with the lattice oxygen of the oxides to form H,O and/or —OH
group. The positive effect of H, for CO oxidation at near ambient
temperature has been reported before [45]. It is suggested that
such an effect is attributed to the formation of the surface hydrox-
yls species adjacent to the gold in the presence of H,, which can re-
act with the adsorbed CO to produce CO, [46]. However, the
adsorption of the surface hydroxyls may suppress the adsorption
of CO and inhibit the reaction between CO and hydroxyl [47]. Thus,
the formation of the surface hydroxyls leads to both the positive ef-
fect via the supplementary pathway for CO oxidation and the neg-
ative effect via the competitive adsorption with CO on the same
sites. Thus, the stable rate of CO oxidation at above 80 °C may be
the result of the balance between the positive and the negative ef-
fects of the surface hydroxyls.

The very weak peaks at 1050 and 1120 cm ™' observed above
100 °C are ascribed to the surface carbonate species over CoO
[42]. Such species are formed through the reaction of CO with
the lattice oxygen of Co30,4. Since no oxygen is present in the gas
stream to oxidize the reduced centers, the produced CO, can ad-
sorb onto the centers to form surface carbonate.

3.7.3. CO/H5/0; co-adsorption

Fig. 10 shows the CO/H,/0, co-adsorption at different tempera-
tures on the Au/Ce0,-Co30, catalyst. It is noticed that the intensity
of CO, increases with an increase in the temperature. Obviously,
the addition of oxygen improves the CO oxidation rate. The intense
band located at ~1620 cm™! is ascribed to the §(HOH) vibration
mode of adsorbed water. A large band develops quickly in the
3500-3200 cm™! region, which is related to the v(O-H) vibration
mode in hydrogen-bonded hydroxyl groups and water adsorbed
on the catalyst surface [48]. As a matter of fact, Quinet et al. have
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Fig. 9. DRIFTS spectra of CO/H, co-adsorption in (1% CO + 50% H,)/Ar flow on the
Au/Ce0,-Co304 catalyst at different temperatures.
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recently detected a DRIFTS band centered at ~3250 cm™' on
unsupported gold under PROX conditions [49]. Piccolo et al. pro-
posed that the bands at ~3250 cm™! are related to OH (or OOH)
species loosely bonded on the Au particles and/or at their periph-
ery [48]. A recent kinetic study shows that the direct synthesis of
water over silica-supported gold nanoparticles relies on the forma-
tion of hydrogen peroxy surface species (-OOH) from the reaction
between the associatively adsorbed oxygen on gold and dissocia-
tively adsorbed hydrogen [50]. Thus, the band at 3500-
3200 cm~! observed on the Au/Ce0,-Co30, catalyst may also be
ascribed to the —~OOH species. As soon as the catalyst comes in con-
tact with the PROX mixture (CO/O,/H, atmosphere), surface gold
species are covered with these —~OOH species. Generation of hydro-
peroxy intermediates from synergy between H, and O, would be
driven by the formation of O-H bonds that enhance O-Au interac-
tions [51]. Actually, these highly oxidative intermediates in differ-
ent systems have been identified by means of high-resolution
scanning tunneling microscopy (STM) [52], inelastic neutron scat-
tering [53], and UV-vis/X-ray absorption spectroscopy [54]. More-
over, several other studies on the promotional effect of hydrogen
or water have shown the ability of water-related species to oxidize
CO [46,48]. In the absence of CO or propylene, these species would
be readily converted to water via OH intermediates [50].

The possible reaction mechanism involving hydroperoxy inter-
mediates is proposed. The CO PROX over Au/Ce0O,-Co304 catalyst
may proceed via the reaction of Au-bonded CO with hydroperoxy
(OOH) intermediates. Firstly, the Au undergoes oxidation to form
an effective “Au-oxide” (Au®") species as confirmed by XPS, and
H, dissociatively adsorbed on gold recombines with the atomic
oxygen in the Au-oxide to form —~OOH and/or -OH species. CO ad-
sorbed on metallic Au sites then reacts with the highly active -
OOH intermediate to form CO,, and simultaneously leaves behind
a hydrogen atom (H") and an oxygen vacancy in the Au-oxide. Next,
an O, molecule is adsorbed and activated on the oxygen vacancy,
which subsequently reacts with the remaining H" to form new -
OOH species and gets the CO oxidation running.

On the other side, the pathway through the conversion and
decomposition of carbonate-like species to CO, induced by water
cannot be excluded from the reaction mechanism. In comparison
with the CO/H; adsorption over Au/Ce0O,-Co0304 catalyst, the peaks
related to surface carbonates disappear in CO/H,/O, co-adsorption.
The reasons maybe that (1) the reoxidization of the reduced cen-
ters by the oxygen in the stream suppresses the formation of car-
bonate species; (2) the formation of water through the reaction
of hydrogen with oxygen under the PROX condition induces the
conversion and decomposition of carbonate species [55].

Absorbance (a.u.)

3000 2500 2000 1500 1000
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Fig. 10. DRIFTS spectra of CO/H,/0, co-adsorption in (1% CO + 1% O, + 50% H,)/Ar
flow on the Au/Ce0,-Co30, catalyst at different temperatures.

3.7.4. Origins of the deactivation on the Au/Ce0,-Co30, catalyst

The HRTEM images and XRD patterns of the Au/Ce0,-C0304
catalysts show that the Au particles are not obviously aggregated
or sintered. Thus, sintering of the Au particles can be excluded
from the origins of deactivation.

The deactivation of the catalyst is due to an intrinsic transfor-
mation in the catalytic properties of Au/Ce0,-Co0304, including
the change in the chemical state of gold species (Au®* or Au®)
and the support oxides. The XPS study reveals that both Au® and
Au®" species are present in the fresh catalyst. The result supports
the hypothesis suggested by Bond and Thompson that both Au®
and Au® are essential for CO PROX [16]. These two species play
important roles for the CO adsorption and the -OOH formation,
respectively. Meanwhile, the experiment demonstrates a reduction
of the active Au®" species in the deactivated catalyst. The disap-
pearance of Au®* may indicate that the interaction between gold
and support is weakened. Therefore, it is deduced that the reduc-
tion of Au®" may be the origin of the high deactivation rate on
the Au/Ce0,-Co30, catalyst during the first 100 h in the CO PROX
reaction process as shown in Fig. 1.

The reduction of the support oxides surrounding the gold parti-
cles in the reducing operating conditions is also confirmed to be an
origin for the deactivation of the Au/CeO,-Cos0,4 catalyst in CO
PROX. The HRTEM, XRD, XPS, and H,-TPR studies demonstrate that
Co304 is reduced to CoO, the interaction between CeO, and Co304
is destroyed, and the defects sites for oxygen activation decrease
very much. All these may suppress the supplement of active oxy-
gen and the formation of ~OOH species, inhibit the CO oxidation
reaction, and lead to the deactivation of the catalyst.

The deactivation of the Au/Ce0,-Co30,4 catalyst is also attrib-
uted to the formation of carbonates and H,0 in the CO PROX pro-
cess via the blockage of the active sites as confirmed by DRIFTS and
0,-TPO. Moreover, the DRIFTS spectra clearly show that intense
H,0 and a marginal increase in the amount of carbonate species
are present in the CO/H,/0O, co-adsorption on the Au/Ce0,-C0304
catalyst, while only carbonate-like species are detected in the CO
adsorption and CO/H; co-adsorption. The phenomena indicate that
hydration of the catalyst surface, which is closely related with the
presence of oxygen in the reaction gas, might play a great or even
greater role than the formation of carbonate-like species in the
deactivation of the catalyst. Furthermore, the water produced via
the H, oxidation will condense inside the pores, and therefore CO
and H, concentrations at the catalytic sites will be massively influ-
enced by the mass transfer phenomena. Although the formation of
carbonate and H,O0 is continuous in the PROX reaction process, the
effect becomes fatal in the final period of the catalyst deactivation
due to the full blockage of the active sites, which directly causes a
decrease in the conversion of both O, and CO. Thus, the blockage of
the catalytic sites by carbonates and condensing H>O combined
with the hydration of the catalyst surface (the latter may be more
important) may be responsible for the complete deactivation of
Au/Ce0,-C0304 catalyst during the last 40 h in the CO PROX reac-
tion process as shown in Fig. 1.

Anyway, the deactivation is reversible. When the deactivated
Au/Ce0,-Co304 catalyst is calcined in a flowing air at 200 °C, its
initial activity is almost fully regenerated. The release of CO, and
water detected in the regeneration process provides evidence that
the hydration of the catalyst surface and the accumulation of car-
bonates are the origins of the deactivation.

4. Conclusions
The origins of the deactivation of a Au/Ce0,-Co030,4 catalyst dur-

ing CO PROX are investigated in detail by HRTEM, XRD, XPS, H,-TPR,
0,-TPO, and DRIFTS. A possible mechanism involving ~OOH inter-
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mediate is suggested and used to explain the deactivation process.
The deactivation of the catalyst is mainly due to an intrinsic trans-
formation in the chemical state of gold species and the support oxi-
des in the Au/Ce0,-Co50, catalyst. The reduction of Au®* to Au® and
of Co304 to CoO, accompanied with a structure reordering, sup-
presses the supplement of active oxygen and the formation of -
OOH species, inhibits the CO oxidation reaction, and leads to the
deactivation of the catalyst. The blockage of the active sites by car-
bonates and H,0 formed during the reaction process is responsible
for the complete deactivation of the catalyst, and the hydration of
the catalyst surface may play a more important role than the forma-
tion of carbonate-like species in the deactivation of the catalyst.
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