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The preferential oxidation of CO (CO-PROX) is a hot topic because of its importance in pro-
ton-exchange membrane fuel cells (PEMFCs). Au catalysts are highly active in CO oxidation. Howev-
er, their activities still need to be improved at the PEMFC operating temperatures of 80-120 °C. In
the present study, Au nanoparticles of average size 2.6 nm supported on ceria-modified Al.03 were
synthesized and characterized using powder X-ray diffraction, nitrogen physisorption, transmission
electron and scanning transmission electron microscopies, temperature-programmed hydrogen
reduction (Hz-TPR), Raman spectroscopy, and in situ diffuse-reflectance infrared Fourier-transform
spectroscopy. Highly dispersed Au nanoparticles and strong structures formed by Au-support in-
teractions were the main active species on the ceria surface. The Raman and H»-TPR results show
that the improved catalytic performance of the Au catalysts can be attributed to enhanced strong
metal-support interactions and the reducibility caused by ceria doping. The formation of oxygen
vacancies on the catalysts increased their activities in CO-PROX. The synthesized Au catalysts gave
excellent catalytic performances with high CO conversions (> 97%) and CO: selectivities (> 50%) in
the temperature range 80-150 °C.
© 2016, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

reaction [11,12] and CO oxidation [13,14]. Au nanoparticle
catalysts show excellent catalytic performance in low-temper-

Proton-exchange membrane fuel cells (PEMFCs) have at-
tracted much attention because of their high current densities,
low operating temperatures, and long working lives [1]. How-
ever, the Pt-based anode of a PEMFC is prone to poisoning by
CO at operating temperatures of 80-120 °C [2,3]. Hopcalite
catalysts are generally used for CO removal. Although Cu-based
catalysts have the advantages of low cost and high catalytic
activities in CO oxidation [4-7], they are not suitable for use in
preferential oxidation of CO (CO-PROX) in a Hz-rich stream in
the presence of CO2 and H20 [8-10]. Au nanoparticles are pop-
ular noble-metal catalysts and are used in the water-gas shift

ature CO oxidation, but the catalytic activities of monometallic
Au catalysts are limited to those with competitive oxidation of
Hz at 80-120 °C [15,16]. The development of effective Au cata-
lysts with enhanced catalytic performance in CO-PROX is
therefore needed.

This challenge has been addressed using Au catalysts modi-
fied with reducible oxides such as TiOz [17], MnO2z [18], FeOx
[17,19], and CeO2 [17,20]; these catalysts have potential for use
in CO-PROX. Ceria is an important catalytic material in hetero-
geneous catalysis [21,22]. Ceria-based materials enhance cata-
lytic activities because of the oxygen storage capacity (OSC) of
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ceria, which is associated with the formation of oxygen vacan-
cies, and the excellent Ce4/Ce3+ redox reaction [23]. Ce-
ria-doped Al203 composite materials are promising three-way
catalysts [24]. Yuan et al. [25] reported a uniform ceria nano-
catalyst stabilized by ordered mesoporous alumina as a catalyst
support for Au in CO oxidation; 100% CO conversion was
achieved at room temperature. Appropriate supports such as
carbon materials [26,27] and mesoporous alumina [28,29] can
endow specific catalytic functions by suppressing nanoparticle
agglomeration and enhancing the synergistic effects of strong
metal-support interactions (SMSIs).

Recently, we reported a K-treated Au-Cu/Al203 catalyst
produced using laboratory-synthesized y-Al:03 with a con-
trolled morphology; the catalyst was active and stable in
CO-PROX even in the presence of COz or H20 [30]. It was pro-
posed that the introduction of Cu strengthens CO adsorption on
the catalyst and K treatment significantly increases the stability
of active Cu* species. Based on the above results, a series of
ceria-doped Au catalysts were prepared and investigated using
X-ray diffraction (XRD), transmission electron microscopy
(TEM), Raman spectroscopy, temperature-programmed reduc-
tion of Hz (H2-TPR), and in situ diffuse-reflectance infrared
Fourier-transform spectroscopy (DRIFTS). Ceria addition en-
hanced the reducibility and oxygen activation of the Au catalyst,
resulting in improved CO-PROX activity.

2. Experimental
2.1. Catalyst preparation

All reagents were analytical grade and used without further
purification. The alumina supports were prepared hydrother-
mally [31]. In a typical procedure, KAI(SO04)2:12H20 (2.372 g)
and CO(NHz)z (0.601 g) were separately dissolved in 50 mL of
deionized water. The two solutions were mixed and stirred for
0.5 h. The mixture was transferred to a Teflon-lined stain-
less-steel autoclave and hydrothermal treatment was per-
formed at 180 °C for 3 h. After thorough centrifugation, the
product was washed with deionized water and ethanol several
times, dried at 80 °C overnight, and calcined at 600 °C in air for
2 h; this product is denoted by Al A ceria-doped alumina sup-
port was prepared using an incipient wetness impregnation
method, in which Al was impregnated with a aqueous solution
of Ce(NO3)3:6H20 (0.35 mol L-1). The obtained Ce0O2/Al203
composite was dried overnight at 50 °C and calcined at 500 °C
for 2 h; this product is denoted by CeAL

The Au-Cu/Ce02-Alz203 catalyst was prepared using our re-
cently reported two-step deposition-precipitation (DP) method
[30]. The required amount of Cu(NO3)2:9H20 solution (0.1 mol
L-1) was added to an aqueous suspension of CeAl and the pH
was controlled to ca. 8 by adding (NH4)2CO3 solution (0.5 mol
L-1). The mixture was stirred at 60 °C for 2 h. The Cu/CeAl cat-
alyst was obtained by centrifugation, and then washed and
dried under vacuum. Au was deposited on the Cu/CeAl surface
using HAuCls solution (7.888 g L-1) as the Au precursor and
(NH4)2C0O3 as the precipitant, as in the first procedure de-
scribed above. This sample is denoted as Au-Cu/CeAl. For

comparison, Au/Al203 and Au/Ce02-Al203 catalysts were pre-
pared using the DP method; these are denoted by Au/Al and
Au/CeA], respectively. A K-doped Au-Cu/Ce02-Al203 bimetallic
catalyst was prepared using an incipient wetness impregnation
method. Typically, the required amount of KNO3 solution was
added to Au-Cu/CeO2-Al203 powder with mixing and then
aging at room temperature for 1 h. The mixture was dried un-
der vacuum overnight. The obtained K-doped Au-Cu/
Ce02-Al203 bimetallic catalyst is denoted by Au-Cu/K-CeAl
The Au loading on each catalyst was 1 wt%, and the K loading
was fixed at 2 wt%. All the steps described above were per-
formed under light exclusion by covering the round-bottomed
flask with Al foil.

2.2. Catalyst characterization

XRD was performed using a Rigaku D/MAX-2400 diffrac-
tometer (40 kV, 100 mA) with Cu K« radiation (A = 1.54056 A).
Nitrogen adsorption-desorption isotherms were recorded us-
ing a Micromeritics Tristar 3000 instrument at -196 °C. The
Brunauer-Emmett-Teller surface areas (Sser) and pore size
distributions of the prepared catalysts were calculated using
the BET and Barrett-Joyner-Halenda method, respectively. The
metal loadings on the catalysts were determined using induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES;
Optima 2000 DV). TEM images of the Au catalysts were ob-
tained using an FEI Tecnai G220 S-Twin microscope, at an ac-
celerative voltage of 200 kV. High angle angular dark field
scanning transmission electron microscopy (HAADF-STEM)
and energy-dispersive X-ray spectroscopy (EDX) were per-
formed using an FEI Tecnai F30 electron microscope at an ac-
celerating voltage of 300 kV. Raman spectra were recorded
using a Thermo DXR Raman microscope, at a laser excitation
wavelength of 532 nm. H2-TPR was performed using a Mi-
cromeritics Autochem II 2920 instrument equipped with a
thermal conductivity detector (TCD) to detect H2 consumption.
Before each Hz-TPR test, the fresh samples were pretreated in
an Ar flow at 150 °C for 30 min. After cooling to 40 °C, the gas
atmosphere was switched to 8 vol% Hz/Ar at a rate of 50 mL
min-! and the catalyst was heated from 40 to 800 °C (10 °C
min-1). In situ DRIFTS was performed using a Nicolet 6700
FT-IR spectrometer equipped with a mercury cadmium tellu-
ride detector and a low-temperature DRIFTS cell (Harrick).
Prior to each test, the catalyst was evacuated at 200 °C for 30
min and cooled to room temperature, and the background
spectrum was recorded in an He flow at the desired tempera-
ture before the introduction of 5 vol% CO/He.

2.3. Catalytic activity measurements

The catalytic performance in CO-PROX was investigated us-
ing a fixed-bed flow reactor (i.d. 8 mm) at atmospheric pres-
sure in the temperature range 30-150 °C, at which the wa-
ter-gas shift reaction is negligible. The reaction temperature
was controlled using a thermocouple located at the middle of
the catalyst bed. The feed gas, which consisted of 1 vol% CO + 1
vol% 02 + 40 vol% Hz, and balance N2, was passed through 100
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Fig. 1. XRD patterns of various Au catalysts.

mg of sample at a flow rate of 67 mL min-1 with a space velocity
of 40 000 mL gcar ! h-1. Prior to each measurement, the catalyst
was pretreated in air at 250 °C for 2 h. The composition of the
effluent gas was determined using an on-line Tianmei GC-7890
gas chromatograph equipped with a TCD. The CO conversion
and COz selectivity were calculated as

Xco = ([COJin - [COJout)/[COJin x 100%

Xo2 = ([Oz]in = [0z2]out) /[02]in x 100%

Scoz = ([COJin = [COJout) /(2 * ([O2]in — [02]out)) x 100%

where X represents the conversion of CO or Oz, and S repre-
sents the selectivity for CO oxidation by Oz.

3. Results and discussion
3.1. Catalyst characterization

Fig. 1 shows the XRD patterns of the synthesized Au/Al,
Au/CeAl, and Au-Cu/K-CeAl samples. The diffraction peaks for
the Au/Al sample are characteristic of crystalline y-alumina
(JCPDS 10-0425). The presence of crystalline CeO2 particles can
be observed for the ceria-doped Au/CeAl and Au-Cu/K-CeAl
samples. The (111), (200), (220), and (311) diffraction peaks
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Table 1
Physicochemical properties of synthesized Au catalysts.

Loading? (wt%) Sperb Viotar©
Catalyst Au Cu Ce K (m2g1) (cm3g?)
Au/Al 0.92 — — — 160 0.54
Au/CeAl 0.90 — 7.87 — 143 0.50
Au-Cu/CeAl 0.93 0.31 7.85 — 136 0.51

Au-Cu/K-CeAl  0.98 0.34 7.34 1.95 122 0.42

aThe actual loadings of Au, Cu, Ce and K were determined by ICP.
bSpecific surface area calculated by the BET method.
¢Total pore volume at p/po = 0.99.

can be assigned to cubic CeO2z with the fluorite structure (JCPDS
34-0394). The Au-Cu/K-CeAl diffraction peaks become broad-
er and shift to slightly higher Bragg angles because of the in-
corporation of Ce ions into the alumina lattice, suggesting the
formation of Ce-Al-O solid solutions. This result is similar to
that in our previous work [18]. The mean ceria crystallite size
(10 nm) was estimated using Scherrer’s equation. No diffrac-
tion peaks for Au and Cu are observed, which indicates that the
metal nanoparticles are highly dispersed on the support or the
metallic loadings are low (below 5 wt%).

The BET surface areas and pore size distributions of the
synthesized Au catalysts were determined based on nitrogen
physisorption measurements at -196 °C; the isotherms are
shown in Fig. 2. All the samples show type IV isotherms with
visible type H4 hysteresis loops at relative pressures (p/po) of
0.5-1.0, indicating the presence of slit-shaped pores (Fig. 2(a)).
Fig. 2(b) shows that the samples have broad mesopore distri-
butions. The textural properties of the catalysts are listed in
Table 1. The pore structures of the Au/Al, Au/CeAl, and
Au-Cu/K-CeAl catalysts were only slightly affected by doping
with ceria. However, the BET surface area and total pore vol-
ume of the Au-Cu/K-CeAl catalyst decreased slightly. The ex-
perimental metal contents, obtained using ICP-AES, are in good
agreement with the theoretical values (Table 1).

The morphologies and structures of the Au/CeAl and
Au-Cu/K-CeAl samples were examined using TEM; the images
are shown in Fig. 3. The TEM images of the Au catalyst pre-
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Fig. 2. Nitrogen adsorption-desorption isotherms (a) and pore size distributions (b) of Au catalysts. The Au/CeAl, Au-Cu/CeAl, and Au-Cu/K-CeAl
isotherms were offset vertically by 150, 300, and 400 cm3 g-1, STP, respectively.



1724 Yu-Xin Miao et al. / Chinese Journal of Catalysis 37 (2016) 1721-1728

Fig. 3. TEM images of Au/CeAl (a, b) and Au-Cu/K-CeAl (c, d) catalysts.

pared on a ceria-doped Alz03 support show that Au nanoparti-
cles of size 2.4 nm were highly dispersed without aggregation
(Fig. 3(a) and (b)). The low-magnification image (Fig. 3(c)) of
the Au-Cu/K-CeAl sample shows that Au-Cu nanoparticles
(less than 5 nm) were homogeneously dispersed on the ce-
ria-doped Al203 support, and the particle size distribution was
uniform. The high-magnification image (Fig. 3(d)) shows lattice
fringes with interplanar distances of 0.31 nm, corresponding to
the (111) lattice plane of a ceria solid solution. The average
particle size of ceria species was ca. 8-10 nm; this is consistent
with the average crystallite sizes obtained from the XRD pat-
terns. The addition of ceria clearly changes the size, pore
structure, and BET surface area of the Au/Al catalyst. The XRD,
ICP-AES, and TEM results confirm that a highly dispersed
Au-Cu/K-CeAl catalyst was synthesized.

The structural features of the ceria-modified Au catalysts
were further investigated using HAADF-STEM. The
high-magnification images (Fig. 4(a) and (b)) clearly show the
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Fig. 4. HAADF-STEM images (a, b), typical EDX maps (c) based on se-
lected area shown in (b), and EDX spectrum (d) of Au-Cu/K-CeAl cata-
lyst.

microstructures of the Au-Cu/K-CeAl sample. The small Au-Cu
nanoparticles were highly dispersed, with a mean size of 2.8
nm. The STEM-EDX elemental mappings (Fig. 4(c) and (d))
corresponding to the selected region in Fig. 4(b) confirm that
the Au, Ce, and K species were homogeneously dispersed on
the Al203 support surface over the field of view. More im-
portantly, the Au nanoparticles tended to be supported on
Ce-rich areas; this can be ascribed to enhanced SMSIs.

3.2. Catalytic performance

Fig. 5 shows the catalytic activities and selectivities in
CO-PROX of various Au catalysts. The Au/Al catalyst had high
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Fig. 5. CO conversions (a) and CO: selectivities (b) as a function of CO-PROX temperature over various Au catalysts. Reaction conditions: 1 vol% CO, 1
vol% Oz, 40 vol% Hz, and balance N2; weight hourly space velocity 40 000 mL gear? h-1. (1) Au/Al (2) Au/CeAl; (3) Au-Cu/CeAl; (4) Au-Cu/K-CeAl
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CO oxidation activity and gave maximum CO conversion, i.e.,
100% at 30-50 °C. However, the CO conversion and CO2 selec-
tivity decreased significantly because of Hz oxidation when the
CO-PROX temperature was increased. Ceria addition systemat-
ically increased the catalytic activity compared with that of the
Au/Al sample. The Au/CeAl catalyst gave 100% CO conversion
over the temperature range 30-70 °C; the conversion de-
creased slightly with increasing temperature and remained at
approximately 86% at 150 °C. The CO: selectivity dropped to
50% at 70 °C, and remained stable at around 45% at the
PEMFC operating temperature. The Au-Cu/CeAl and Au-Cu/
K-CeAl catalysts were less active at low temperatures, but the
CO conversions gradually increased with increasing tempera-
ture and reached 100% at temperatures of 140 and 90 °C, re-
spectively. Similar trends have been reported recently for
Au-Cu/Al and Au-Cu/K-Al catalysts [30]. These results show
that, for CO-PROX, the Au-Cu/K-CeAl catalyst benefits from
species in each active phase, i.e, Au® and Cu* species. It gives
complete CO conversion at the PEMFC operating temperature,
as do the Au-Cu/Al and Au-Cu/K-Al catalysts, whereas at
higher reaction temperatures its catalytic behavior is similar to
that of the Au-Cu/CeAl catalyst, with 100% CO conversion at
140-150 °C. Ceria addition systematically enhances the
CO-PROX activity at 80-150 °C compared with those of Au/Al
and Au-Cu/K-Al To the best of our knowledge, the CO-PROX
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catalytic performance of the Au-Cu/K-CeAl catalyst is the
highest reported to date [18].

3.3.  Roles of ceria and Cu species

The ceria-modified Au catalysts were examined using Ra-
man spectroscopy, which provides information on the extent of
disordering and changes in electronic structures. The results
are shown in Fig. 6(a). The spectra all show a Raman peak at
458 cm-1, which can be ascribed to the strong Fzg mode of
fluorite CeO2. The weak peaks at ca. 567-588 cm-! are associ-
ated with the presence of Ce3* and indicate oxygen vacancy
creation [32]. For the Au/CeAl sample, the position of the Ra-
man Fzg vibration peak is similar to that reported in the litera-
ture for pure CeOz (461 cm-1) [33]. For the Au-Cu/CeAl cata-
lyst, the Fzg peak (ca. 562 cm-1) is broader and less intense than
those for the Au/CeAl sample; this indicates that the introduc-
tion of Cu may affect the Ce-O bond symmetry. The Raman
peak near 588 cm-! shifts to lower energy (567 cm-1) on dop-
ing with Cu and K, i.e,, for the Au-Cu/K-CeAl sample. This sug-
gests that the strong interactions between Cu and Ce can be
further enhanced by the introduction of K, which helps to im-
prove the mobility of oxygen vacancies in ceria.

H2-TPR was performed to clarify the relative reducibilities
of the catalysts and to identify the surface oxygen species that
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Fig. 6. Raman spectra (a) and Hz-TPR profiles (b) of various Au catalysts; DRIFT spectra of CO adsorption on various Au catalysts at 30 °C (c) and 80
°C (d); CO adsorbed for 20 min (solid line), after He purging for 10 min (dotted line).
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affect the catalytic performances. Fig. 6(b) shows H2-TPR pro-
files for the synthesized Au catalysts before pretreatment. The
Au/Al sample shows a single peak at 227 °C corresponding to
the reduction of AuxOy species [18]. Au/CeAl and Au-Cu/CeAl
showed two similar reduction peaks, at 77 and 360 °C. The
former corresponds to the reduction of surface oxygen species
and AuxOy reduction, and the latter is associated with surface
ceria reduction [34,35]. The reduction peaks of these catalysts
shifted to lower temperature (77 °C) when ceria was added,
indicating that the presence of ceria species improves the re-
ducibility of surface oxygen in ceria-modified Au catalysts, pos-
sibly by promoting surface reduction of Ce#* to Ce3*. The for-
mation of oxygen vacancies on the catalysts can increase the
CO-PROX activity. More notably, for the Au-Cu/K-CeAl sample,
the lower-temperature peak shifted to higher temperature
(175 °C). This suggests that the discrepancy between the re-
duction peaks might be caused by enhancement of the syner-
getic interactions between Au and ceria species; this was con-
firmed using TEM and Raman.

To explain the high activity and elucidate the surface chem-
ical properties of these Au catalysts, in situ DRIFTS was per-
formed in a CO atmosphere at various adsorption tempera-
tures. Fig. 6(c) shows the room-temperature (30 °C) DRIFT
spectra of Au/CeAl, Au-Cu/CeAl, and Au-Cu/K-CeAl under CO
adsorption or He-purging conditions. After CO adsorption for
20 min at 30 °C, three clear bands were observed, at 2054,
2114, and 2171 cm-1, for the Au/Al sample; these are ascribed
to linear adsorption of Aué--CO, Au®-CO, and Aué+-CO, respec-
tively [31]. Similar vibration bands were observed for the
Au/CeAl sample, and there were no significant differences be-
tween these and the Au/Al bands, except that the intensity of
the peak at 2054 cm-! was lower. This result indicates that
ceria doping had little effect on CO adsorption on the Au/Al
catalyst. The small Au species were highly dispersed on the
support surface, and provide the main active sites for CO oxida-
tion.

Unlike the cases for the Au/Al and Au/CeAl samples, the in-
tensities of the peaks for linear adsorption of CO, at 2105 cm-1,
increased for the Au-Cu/CeAl and Au-Cu/K-CeAl samples. This
suggests that the introduction of Cu strengthens CO adsorption
on Au species. All these Au catalysts were purged with He after
CO adsorption to confirm the conclusions based on the above
analysis. For the Au/Al and Au/CeAl samples, the CO adsorp-
tion band vanished after purging for 10 min with He; this
means that CO adsorption on the Au species was weak and CO
was easily removed, especially at higher temperature (80 °C,
Fig. 6(d)). However, CO adsorption on the Au-Cu/CeAl and
Au-Cu/K-CeAl samples was stronger after purging with He,
showing that Cu species strengthened CO adsorption. This con-
clusion is supported by the activity of Au-Cu/Al203 in CO-PROX
[30].

More importantly, a new band appeared at 2340 cm-L
which was ascribed to gaseous COz [31]. This indicates that the
CO adsorbed on Au® or Cu* readily reacts with active oxygen at
80 °C. In the Langmuir-Hinshelwood mechanism, CO adsorp-
tion and Oz activation are key steps in CO oxidation [36]. In a
previous study [30], we showed that the introduction of Cu

could strengthen CO adsorption on Au-Cu/Al203 catalysts, and
K treatment could significantly increase the stability of active
Cu* species. The mobility and/or reducibility of active oxygen is
therefore another important factor in CO oxidation. Active ox-
ygen is provided by reducible oxide supports such as FeOx and
CeOz. In our study, the TEM images show that the Au-Cu nano-
particles were homogeneously dispersed on the ceria-doped
Al203 support because of the enhanced SMISs. The Raman and
Hz-TPR results show that improved reducibility and formation
of oxygen vacancies on the catalyst can increase the CO-PROX
activity. A combination of the catalytic activity results (Fig. 5)
and the results in this section suggest that the ceria component
in the synthesized Au catalyst has dual roles: (1) anchoring the
Au or Au-Cu nanoparticles on the alumina support and (2)
providing reactive oxygen species for CO-PROX.

4. Conclusions

In this work, we showed that the incorporation of a certain
amount of ceria profoundly affects the catalytic performance of
supported Au/Al catalysts. Au/CeAl and Au-Cu/K-CeAl cata-
lysts were much more active than Au/Al catalysts in CO-PROX
at 80-120 °C. The synthesized Au-Cu/K-Ce-Al catalyst gave a
superior catalytic performance with high CO conversion
(>97%) and COz2 selectivity (>50%) over a wide temperature
range, i.e.,, 80-150 °C. TEM and STEM showed that highly dis-
persed Au and Au-Cu nanoparticles with a narrow size distri-
bution, ranging from 1.5 to 4.0 nm, were generated on the sur-
face of the CeAl composite support. The Au/Al sample showed
lower CO-PROX activities at 80-120 °C. The Raman and Hz-TPR
results suggest that ceria doping enhanced the strong interac-
tions between Au and the composite supports and increased
the reducibility of the Au-Cu/K-Ce-Al catalyst. The formation
of oxygen vacancies on the ceria-modified Au catalysts
strengthened the capability for oxygen activation. Overall, the
results show that synergy between Au and added ceria en-
hances the reducibility and oxygen activation of the Au catalyst,
resulting in improved CO-PROX activity. However, the specific
reaction mechanism is still being explored. These results will be
useful in developing other Au catalysts for heterogeneous ca-
talysis.
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