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Abstract

A series of CeO2-supported gold catalysts were prepared and demonstrated to possess very high activities for the water gas shift
a critical step in the production of H2 for use in petroleum refining, chemicals synthesis, and proton exchange membrane fuel cells
some of these catalysts were more active than a commercial Cu-based catalyst, they were susceptible to deactivation. Character
techniques including X-ray photoelectron and infrared spectroscopies indicated that the deactivation was caused primarily by b
the active sites by carbonates and/or formates. These species appeared to be formed by CO and H2, and their formation was facilitated b
oxygen deficient sites on ceria. The catalytic activity was fully recovered by calcination of the deactivated materials in flowing air at
temperatures. Details concerning the deactivation–regeneration behavior and microstructure of the Au/CeO2 catalysts are discussed.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The water gas shift (WGS) is a key reaction in the p
duction of hydrogen for a number of processes, includ
petroleum refining and chemicals synthesis. An emerg
application for the WGS is in the production of hydrog
for proton exchange membrane (PEM) fuel cells. This
action is important because it removes CO, a poison to
fuel cell electrocatalysts, which is produced during the ste
reforming and/or partial oxidation reactions. Copper- a
Fe–Cr-based catalysts have been used commercially fo
WGS; however, they are not suitable for portable and
hicular applications because of insufficient durabilities
activities. Consequently there is substantial interest in
development of better performing and more durable W
catalysts[1–4].

Recently, Andreeva et al.[5,6] reported that gold cata
lysts supported on reducible oxides were highly active
the WGS reaction. Gold was thought to be relatively in
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tive [7,8] until Haruta reported that catalysts with Au par
cles smaller than 5 nm were highly active for CO oxidat
[9,10]. The preferred technique for the preparation of hig
dispersed Au-based catalysts is the deposition-precipita
method [6,9]. The high activity has most often been
tributed to the loss of metallic character and an increas
the electronegativity or ionic character of the particles[11].
In fact, recently, based on results for a series of Au/C2
catalysts from which most of the Au was leached, it w
claimed that ionic Au was primarily responsible for the h
WGS activity[12]. Conversely, Mohr et al.[13] reported tha
the active sites for CO hydrogenation were located on
edges of single crystalline gold particles. The high activi
have also been linked to characteristics of the reducible
ide supports[14,15]. Titania and Co3O4 are reported to b
good support materials for gold-based CO oxidation c
lysts[9], and CeO2 appears to produce the most active W
catalysts[1,16].

For some reactions, supported gold catalysts have
reported to be susceptible to deactivation. There are se
reports describing deactivation mechanisms for gold-ba
CO oxidation catalysts[17–20]. Kung et al.[17] observed
the formation of carbonates during CO oxidation and p
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posed a mechanism involving dehydroxylation of Au–O
There are no reports regarding the deactivation of gold-b
catalysts during WGS; however, ceria-supported Pt cata
have been reported to be irreversibly overreduced by H2 in
the reformate[21].

In the present paper we report the preparation of Au/C2
catalysts that are highly active for the WGS and their dea
vation behavior in a simulated reformate mixture contain
CO, H2O, CO2, H2, and N2. Characterization of the phys
cal and chemical properties of the fresh and used cata
helped define the deactivation mechanism. Finally, we
investigated the regenerability of the spent Au/CeO2 cata-
lysts.

2. Experimental

2.1. Catalyst preparation

The ceria was synthesized via the decomposition
cerium carbonate (Ce2(CO3)3 ·xH2O; Alfa Aesar) or used a
received from Rhodia. The cerium carbonate was soake
a mixture of 75% steam in N2 at 150◦C then calcined in dry
air at 400–700◦C for 4 h. These supports will be designat
based on their calcination temperatures (e.g., CeO2-400 was
calcined at 400◦C). The ceria from Rhodia (CeO2-RD) was
also calcined in dry air at 400–700◦C for 4 h.

Catalysts designed to have loadings of 5 wt% Au w
prepared by the deposition-precipitation method. The s
port material was thoroughly suspended in deionized w
with stirring, and the temperature was held constant at 60◦C.
A Na2CO3 solution (0.1 M) was added as necessary to m
tain the pH at 10. An aqueous solution of HAuCl4 · xH2O
(Alfa) was added dropwise to the suspended CeO2 at a rate
of 3 ml/min. The resulting precipitate material was aged
30 min and then carefully washed with deionized water. T
washed material was then dried under vacuum for 6 h.

The Au/CeO2 powder was pelletized, crushed, and th
sieved to limit the grain size to between 60 and 120 m
(0.125–0.250 mm). A commercial WGS catalyst, Cu–Zn–
(surface area of 60 m2/g) obtained from Süd Chemie Ltd
was used to benchmark the Au/CeO2 catalysts.

2.2. Catalyst characterization

Inductively coupled plasma optical emission spectros
py (ICP-OES) was used to determine bulk composition
the supported gold catalysts. The analysis was performe
Galbraith Laboratories, Inc. The surface areas (SBET) and
pore size distributions were determined with a Microme
ics ASAP 2010. All samples were degassed under vacuu
200◦C until the static pressure was below 3 mm Hg. The
strumental error did not exceed 5%. X-ray diffraction (XR
analysis was carried out with a Rigaku Rotaflex DMAX
rotating anode X-ray diffractometer with a Cu-Kα radiation
source operated at 40 kV and 100 mA. The transmis
t

electron microscopic (TEM) analysis, including Z-contr
imaging and energy dispersive spectroscopy, was perfor
with a JEOL 2010F FEG source operating at 200 kV. Hi
resolution TEM was conducted with a JEOL 3011 UH
microscope operating at 300 kV. To achieve the appro
ate electron transparency, the catalyst was crushed to a
powder, and then a holey carbon film copper grid was dip
into the crushed powder. Particle size distributions were
termined for more than 200 particles from several Z-cont
images from different areas of the samples.

X-ray photoelectron spectroscopy (XPS) was carried
with a Perkin–Elmer Phi ESCA 5400 spectrometer. Appr
imately 100 mg of powder was compressed into a wafer
analysis. Survey scans were used to identify constituen
the sample with binding energies between 0 and 1000
The multiplex scans focused on the Au 4f, O 1s, and C
regions. These regions were scanned at a rate of 0.05/s
and cycled six times.

The Fourier transform infrared (FTIR) characteriz
tion was performed with a Thermo Electron Nexus 6
spectrometer equipped with an in situ diffuse reflecta
(DRIFT) cell and a high-temperature environmental cha
ber. This chamber allowed simulation of the reaction c
ditions. The solid sample was diluted to 30 wt% with in
SiO2 (Alfa, SBET ∼ 5 m2/g). The sample was reduced wi
a mixture of 5% H2 in N2 at 200◦C prior to analysis. After
reduction, the sample was purged with either dry N2 or air,
and then the spectra were acquired. For some experim
a mixture of 3% CO and 6% H2 in N2 was passed over th
sample at 240◦C for 4 h to simulate conditions during cat
lyst deactivation.

Temperature-programmed oxidation (TPO) and CO ch
isorption were performed with a Micromeritics AutoChe
2910 equipped with a Thermo Onix mass spectrometer.
samples were degassed in He at 200◦C prior to analysis.
For TPO, the material was heated from room temperatu
400◦C in flowing air (20 cc/min), and the amounts of CO2,
CO, H2O, and H2 were monitored with the mass spectro
eter. For the CO chemisorption experiments, calibrated
umes (5.1020 ml) of a 10% CO/He mixture were pulsed o
the samples until the surface was saturated. The chemi
tion experiments were carried out at 200◦C, a temperature
that was similar to that used to determine the WGS ra
Prior to exposure of the catalyst to CO, the materials w
pretreated at 200◦C in 5% H2 in Ar.

2.3. Reaction rate measurements

An inert, low-surface-area SiO2 (Alfa, SBET ∼ 5 m2/g)
was used to dilute 15–30 mg of the catalyst to 50 wt%. T
catalyst/SiO2 mixture was loaded into a quartz microreac
and then reduced in a mixture of 4% H2 in N2 for 4 h prior
to the activity measurements. The catalytic properties w
measured at atmospheric pressure and temperatures ra
from 200 to 240◦C with a reactant gas whose compositi
was designed to simulate reformate from gasoline pa
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Fig. 1. X-ray diffraction patterns for (a) CeO2-400, (b) Au/CeO2-400, (c) Au/CeO2-600, and (d) Au/CeO2-700 catalysts.
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Table 1
Microstructural properties for ceria supports

Sample Calcination
temperature
(◦C)

SBET
(m2/g)

Cumulative
pore volume
(cm3/g)

Average
pore size
(nm)

CeO2-400 400 203 0.18 1.6
CeO2-500 500 160 0.15 1.8
CeO2-600 600 122 0.13 2.0
CeO2-700 700 50 0.10 3.6
CeO2-RD-400 400 155 0.12 1.5
CeO2-RD-600 600 105 0.10 1.8
CeO2-RD-700 700 38 0.08 3.6

oxidation. In particular, the CO, H2O, CO2, H2, and N2 con-
centrations were 10, 22, 6, 43, and 19 mol%, respectiv
A high-performance liquid chromatography pump was u
to add H2O (0.04 ml/min liq.) to the reactant. The flow rate
of each gas were controlled ussing mass flow controller,
the dry gases were mixed with H2O in the vaporizer. The ef
fluent was analyzed with a SRI 8610C gas chromatog
with a single Carboxen 1000 column.

3. Results and discussion

3.1. Microstructural properties

Surface areas for the ceria support materials are g
in Table 1. For both the carbonate-derived and commer
ceria, the BET surface area decreased with increasing c
nation temperature. Surface areas for the Au/CeO2 catalysts
were similar to those for the supports (Table 2). The mea-
sured gold loadings are also listed inTable 2; these were
near 5%, the target loading, for materials calcined at 60◦C
or less. It is not clear why loadings for materials calcine
700◦C were lower than 5%, although surface areas for th
materials were considerably lower than those for mate
-

Table 2
Surface areas and gold loadings for Au/CeO2 catalysts

Sample SBET Au content
(m2/g) (wt%)

Au/CeO2-400 193 4.83
Au/CeO2-500 148 4.56
Au/CeO2-600 105 4.35
Au/CeO2-700 45 3.30
Au/CeO2-RD-400 140 4.79
Au/CeO2-RD-600 88 4.44
Au/CeO2-RD-700 35 2.54

calcined at lower temperatures. Assuming atomic disper
and 1015 atoms/cm2, a loading of 2.5 wt% on a support wi
35 m2/g would correspond to a surface coverage of 22%

X-ray diffraction patterns for the Au/CeO2 catalysts did
not reveal evidence of gold particles larger than≈ 20 nm, the
detection limit for the technique (see, for example,Fig. 1).
High-resolution TEM images confirmed that the gold p
ticles were smaller than about 10 nm (see, for exam
Fig. 2). The peak in the particle size distribution was ty
cally near 3 nm, as seen inFig. 3, and the average partic
size was approximately 5 nm.

3.2. Catalytic activity

Whereas CeO2 was inactive for the WGS reaction, th
Au/CeO2 catalysts were initially very active, with rates th
were in some cases superior to those for a commercial
Zn–Al catalyst. WGS rates for the Au/CeO2-400 and Cu–
Zn–Al catalysts are plotted as a function of time on stre
in Fig. 4 and summarized inTable 3. The other Au/CeO2
catalysts behaved in a similar fashion. The initial rate
the Au/CeO2-400 catalyst, the most active of the Au/Ce2
catalysts, was almost four times higher than that of the
Zn–Al catalyst; however, its activity decreased by more t
50% during the first 12 h on-stream. The deactivation tre
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Fig. 2. Z-contrast (a) and high resolution (b) transmission electron micrographs for Au/CeO2-400.
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Fig. 3. Particle size distribution for Au/CeO2-400.

Fig. 4. Water gas shift rates at 240◦C as a function of time on stream for
Au/CeO2-400 (") and Cu–Zn–Al (!) catalysts.

Table 3
Water gas shift rates at 240◦C for ceria, and the Au/CeO2 and Cu–Zn–Al
catalysts

Sample SBET Initial rate Final rate
(m2/g) mmol/(g s) mmol/(g s)

CeO2-400 203 – –
Au/CeO2-400 193 293±15 131±10
Cu–Zn–Al 60 71±8 60±5

are consistent with fouling of the surface[22] but inconsis-
tent with other reports in the literature regarding Au/Ce2
WGS catalysts. In fact, we are not aware of any reports i
cating that Au/CeO2 catalysts deactivate during WGS[1,16].
Some evidence of deactivation has been reported for o
types of reducible oxide-supported noble metal catalysts

Zalc et al. recently attributed the deactivation of CeO2-
supported Pt catalysts during WGS to sintering or ove
duction of the support by H2 in the reformate[21]. Precious
metals are known to catalyze the reduction of oxides
H2 at relatively low temperatures[23]. Given the significan
amounts of H2 in the reformate, sintering or overreductio
could be responsible for deactivation of the Au/CeO2 cata-
lysts.

During use in portable electronics and vehicular ap
cations, the WGS catalysts will be subject to transients
examine responses of the Au/CeOx catalysts to transients
we carried out a series of experiments with the Au/CeO2-400
catalyst in which the gas hourly space velocity (GHSV) w
varied.Fig. 5shows the CO conversion as a function of tim
on-stream with changing GHSV. Increasing the space
locity resulted in the anticipated decrease in the conver
but also aggravated the deactivation. When the space v
ity was decreased to its initial value, the conversion did
recover completely. This suggests that transients may
versibly deactivate the catalysts, a problem that plagues
Zn–Al catalysts. In particular, cycling Cu–Zn–Al catalys
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f
Fig. 5. Carbon monoxide conversion at 240◦C as a function of time on stream for the Au/CeO2-400 catalyst at 150,000 h−1 ("), and space velocities o
150,000 and 600,000 h−1 (!).
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Fig. 6. Normalized WGS rates at 240◦C for the Au/CeO2-RD-400 catalyst
in the presence (") and absence (!) of H2.

and exposing them to condensate causes severe, irreve
deactivation[24,25].

Variations in the deactivation behavior that occurred w
changing conversion suggested that the CO and H2 contents
influenced the deactivation behavior. To assess the effe
H2 on the deactivation behavior, He was substituted for2
in the reactant mixture (all other reaction conditions w
the same). The results under these two conditions for
Au/CeO2-RD-400 (Fig. 6) indicate that H2 did not affect
deactivation characteristics to any significant extent. In a
tion, there was no change in the surface area of the cat
when it was used in WGS. Therefore, sintering and ove
duction of the support were ruled out as causes for de
vation of the Au/CeOx catalysts. Similar results have be
reported for Pd-based catalysts by Wang et al.[26].

Carbon monoxide and H2 in the reactant are likel
sources for the formation of carbonaceous deposits inc
ing formates, carbonates, and/or carboxylates on the ca
surface. To explore this possibility, the Au/CeO2-RD-400
le

f

t

t

Fig. 7. Water gas shift rates for the Au/CeO2-RD-400 catalyst following
pretreatment in H2 ("), CO (!), and a mixture of CO and H2 (Q) at 240◦C
for 6 h.

catalyst was pretreated with CO and H2 separately, then with
a mixture of H2 and CO (20% each in N2). The WGS rates
following pretreatment are illustrated inFig. 7. Separately
H2 and CO did not affect the initial deactivation behavi
however, the catalyst was severely deactivated when
treated with the H2/CO mixture. This result implies tha
deactivation was caused by species formed by CO and2.
Analysis using infrared and X-ray photoelectron spec
scopies was useful in characterizing these species.

3.3. Effect of support calcination temperature

Ceria is capable of existing in an oxygen-deficient s
(CeO2−x with 0 < x � 0.5), even at temperatures less th
450◦C [27]. This oxygen deficiency has been reported to
an important factor with regard to the formation of carbon
and formate species on ceria. Li and co-workers, for ex
ple, reported that the formation of formates was due to
lack of sufficient surface oxygen[27–29]. In the presence o
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Table 4
Initial and final water gas shift rates at 240◦C for various Au/CeO2 catalysts

Sample Initial rate Initial rate TOF Final rate Rfinal/Rinitial
(mmol/(g s)) (mmol/(m2 s)) (s−1) (mmol/(m2 s))

Au/CeO2-400 293 1.5 0.7 0.53 0.35
Au/CeO2-500 225 1.5 0.8 0.64 0.43
Au/CeO2-600 158 1.5 1.5 0.76 0.51
Au/CeO2-700 67 1.4 3.9 0.79 0.56
Au/CeO2-RD-400 205 1.5 0.3 0.39 0.26
Au/CeO2-RD-600 122 1.4 1.2 0.58 0.41
Au/CeO2-RD-700 45 1.2 2.9 0.71 0.59
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CO, CO2, and H2, they observed the formation of carbona
and formate species on the oxygen-deficient sites. The
gree of oxygen deficiency can be adjusted through reduc
of the materials, with the use of reductants like H2 or CO, or
through oxidation of the materials with the use of oxida
like O2 and H2O [30]. Therefore we compared the beha
ior of Au/CeOx catalysts prepared using supports that w
calcined at 400–700◦C in air. The surface area-normalize
initial rates of all samples were very similar; these are gi
in Table 4. The implied result that the CeOx support played
an important role in the initial catalytic performance. Ra
measured after 12 h on-stream did not correlate with the
tal surface area. Increasing the calcination temperature
caused a decrease in the surface area and an improve
in the degree of activity maintenance (Rfinal/Rinitial ). This
implied that increasing the support calcination tempera
decreased the potential for carbonate and/or formate de
tion.

Turnover frequencies were estimated based on the
tial rates and CO chemisorption uptake rates. Although th
is no consensus regarding the appropriate chemisorbat
these types of catalyst, CO seemed to be a reasonable p
given that it is a reactant[11]. The corresponding turnove
frequencies ranged from 0.3 to nearly 4.0 s−1 at 240◦C. Un-
less there were multiple types of active sites, this result s
gested that CO did not selectively characterize active s
on Au/CeOx catalysts calcined at different temperatures.

3.4. Regeneration of the Au/CeO2 catalysts

For many catalysts carbonaceous deposits can be
moved, at least partially, via calcination in air or O2. We
used TPO to determine conditions that might remove the
bonaceous deposits. The signal for CO2 production for the
fresh and deactivated Au/CeO2-RD-400 catalysts are illus
trated inFig. 8. The rate and amount of CO2 produced were
significantly higher for the deactivated catalyst. Most of
carbonaceous deposits reacted with oxygen at tempera
between 150 and 300◦C. The amount of CO2 produced
was equivalent to 1.17 × 1019 molecules/g. For a 5 wt%
Au/CeO2 catalyst, there would be 1.53× 1020 Au atoms/g.
Based on the Au particle size (5–10 nm) and the pred
inant shape (hemispherical), we estimated a dispersio
15–30%. With this assumption, the ratio of CO2 desorbed
-

nt

-

r
e,

-

s

Fig. 8. Mass spectra for CO2 desorbed during temperature-programm
oxidation from the deactivated (- - -), and fresh (—) Au/CeO2-RD-400 cat-
alyst.

to the number of Au atoms exposed on the surface was
proximately 0.40. This value is similar to the relative activ
loss during deactivation of the catalysts, implying that c
bonaceous species blocked active sites for WGS.

Fig. 9(a) illustrates rates for the Au/CeO2-RD-400 at four
different temperatures. The deactivated catalyst was
calcined in flowing air at 400◦C for 4 h and reduced in
mixture of the 5% H2 in N2 (same as the pretreatment f
fresh catalyst). More than 95% of its initial activity wa
recovered after the calcination treatment (Fig. 9(b)). This
observation supports the conclusion that deactivation o
Au/CeOx catalysts was due to surface fouling and not s
tering of the Au or support, or irreversible overreduction
support.

3.5. Surface characterization of the deactivated catalyst

To better understand the cause of deactivation, sur
properties of the Au/CeO2-RD-400 catalyst were characte
ized. Carbon monoxide uptakes were measured prior to
in the WGS reaction, immediately after reaction, and imm
diately after the TPO experiment was carried out. The res
are given inTable 5. The CO uptakes were proportional
the WGS rate, yielding turnover frequencies of 0.3 s−1 for
all of the catalysts at 240◦C.
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at

sh,
(a) (b)

Fig. 9. Water gas shift rates for the (a) fresh Au/CeO2-RD-400 catalyst and (b) deactivated Au/CeO2-RD-400 catalyst following regeneration in dry air
400◦C for 4 h.

(a) (b)

(c) (d)

Fig. 10. X-ray photoelectron spectra in the Au 4f region for the (a) fresh and (b) deactivated Au/CeO2-RD-400 catalyst, and in the C 1s region for the (c) fre

and (d) deactivated catalyst.

sed
vate
u 4f
s

lysts
ox-
alyst
may
X-ray photoelectron and FTIR spectroscopies were u
to characterize chemical species on the fresh and deacti
catalysts. X-ray photoelectron spectra for the C 1s and A
regions are shown inFig. 10. Features in the Au 4f region
d
were nearly identical for the fresh and deactivated cata
and indicated the presence of gold in a relatively high
idation state. We should note that the deactivated cat
was exposed to air prior to XPS analysis, so the surface



C.H. Kim, L.T. Thompson / Journal of Catalysis 230 (2005) 66–74 73
Fig. 11. Infrared spectra for the Au/CeO2-RD-400 catalyst following treatment in (a) CO/H2 mixture for 4 h at 240◦C, (b) air for 1 h at 240◦C, (c) air for 30
min. at 400◦C, and (d) re-exposure to CO/H2 mixture for 1 h at 240◦C.
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Table 5
Water gas shift rates at 240◦C and pulsed CO chemisorption uptakes
200◦C for various catalysts

Sample SBET WGS rate CO uptake TOF
(m2/g) (µmol/(g s)) (ml/g) (s−1)

Au/CeO2-RD-400 (fresh) 140 205 14.6 0.3
Au/CeO2-RD-400 (deactivated) 145 55 2.8 0.4
Au/CeO2-RD-400 (after TPO) 138 201 16.3 0.3
CeO2-RD-400 155 – 0.4 –

have reoxidized, and impurities such as CO2 may have ad-
sorbed to the surface. Deconvolution of the C 1s spe
indicated that there were four different carbon species on
catalytic surface: adventitious carbon (285.1 eV), carbon
sociated with adsorbed CO2 (290.1 eV), R–OH (286.4 eV)
and –COOR:CO32− (288.8 eV)[31]. When the fresh and
deactivated catalysts were compared, the peak at 288.
increased significantly. This was taken as evidence that
carbonate and formate species were formed during W
over the Au/CeOx catalysts.

Evidence for surface carbonates and formates was
observed in the FTIR spectra. Infrared spectra taken a
exposure to various gases are shown inFig. 11. Peaks lo-
cated near 1300, 1500, 2800, and 2900 cm−1 correspond to
formate species, and peaks at 1300 and 1400 cm−1 were
likely due to the presence of carbonates[28,29]. Exposing
the fresh catalyst to the mixture of CO and H2 at 240◦C
for 1 h caused a significant increase in the density of
bonates and formates. After calcination of this catalyst in
at 240◦C, most of the formate species were removed,
evidence of carbonates remained. Calcining the materia
400◦C removed all of the adsorbed species produced
ing CO/H2 exposure. This behavior was reproduced up
cycling of the materials through CO/H2 exposure and calci
nations, suggesting that the deposition of formate and
bonate was reversible.
t

4. Summary

Ceria-supported Au catalysts were prepared and ev
ated for the WGS reaction. Initial activities for some
these catalysts were higher than those for a commercial
Zn–Al catalyst, but the Au/CeO2 catalysts were subject t
deactivation. Results described in this paper indicate tha
activation was due to the formation of carbonates and/or
mates on the catalyst surface. This conclusion is inconsis
with earlier reports that the deactivation of reducible oxi
supported noble metal catalysts was due to overreductio
the support and sintering. Initial activities for the Au/Ce2
catalysts could be fully recovered by calcination of the de
tivated catalysts in flowing air at elevated temperatures.
propose that the deposition of carbonates and/or form
was facilitated by oxygen-deficient sites on the catalyst
face. This implies that deactivation could be managed
conditioning of the CeO2 surface or the addition of con
stituents to minimize oxygen deficiency.
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