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Bimetallic Au-M (M =Ni, Cu, Ag, Pt, and Pd) catalysts supported on CeO, were prepared by step-by-
step impregnation method for water-gas shift reaction. Among them Au-Pt/CeO, catalyst shows the
highest activity with 78% conversion of CO at 250°C. The action of platinum in Au-Pt/CeO, catalyst

KeywordSI was investigated by means of X-ray diffraction, hydrogen temperature-programmed reduction, UV-vis

Ceria diffuse reflection spectroscopy, and X-ray photoelectron spectroscopy. It is found that the introduction of

gl‘;ltqnum platinum in Au-Pt/CeO, catalyst is responsible for the formation of partly oxidized gold species probably
1

Bimetallic catalyst
Water-gas shift reaction

due to the interatomic charge transfer from Au 5d to Pt 5d band. The presence of both gold and platinum
is beneficial to the reduction of ceria to Ce3* species as well as the creation of oxygen vacancies and makes

the average size of ceria smaller.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The water-gas shift (WGS) reaction is one of the most attrac-
tive reactions, because it can convert carbon monoxide with water
vapor to carbon dioxide and hydrogen and provide a pathway
for the removal of carbon monoxide and the production of pure
hydrogen that can be employed for ammonia synthesis, fuel cells,
and other industrial applications [1,2]. Commercial iron-chromium
oxides and copper-zinc-aluminum oxides are available for WGS
reaction catalysts. However, the working temperatures of these
catalysts are higher than the temperature in fuel cell and they are
not ideal candidates for the application. In recent years, rapidly
accelerating interests have been focused on gold nanoparticles sup-
ported on various oxides as they shows high activities and stability
in low-temperature CO oxidation, WGS reaction, liquid selective
oxidation of organic compounds, and many other reactions [3-11].
It has been well known that support plays a critical role in dispers-
ing nanosized gold active components and determining its catalytic
activity [2,3,12,13]. Ceria has facile Ce**/Ce3* redox performance
and good oxygen storage capacity. Andreeva et al. [14] and Fu et
al. [15] reported that gold catalyst supported on ceria gave good
activity and stability for WGS reaction.

Some studies [16-18] indicate that adding second active metal
to gold catalyst can markedly change the chemical state of active
gold species and promote its catalytic activity in WGS reaction.
Further the second metal can also stabilize gold nanoparticles and
prohibit from sintering active gold species. Venugopal et al. [16]
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found that owing to the strong interaction between Pd and Au, Au
particles became smaller and the activity of gold catalyst was obvi-
ously improved. In previous works, we prepared Au-Pd/SiO, [19],
Au-Pd/Al,03 [20] and Au-Ni/SiO, [21] catalysts and concluded
that there was evident interaction between gold and palladium or
nickel. Here we prepared the bimetallic Au-M/CeO, (M=Ni, Cu,
Ag, Pt, and Pd) catalysts for WGS reaction. Attention was paid to
the action of platinum in Au-Pt/CeO, catalyst by mean of X-ray
diffraction (XRD), hydrogen temperature-programmed reduction
(H,-TPR), UV-vis diffuse reflection spectroscopy (UV-vis DRS), and
X-ray photoelectron spectroscopy (XPS) characterization.

2. Experimental
2.1. Catalyst preparation

Ceria support was prepared by precipitation method. An aque-
ous solution of cerium nitrate was precipitated to hydroxide with
ammonia at vigorous stir. The resulting slurry precipitate went
through filtering, washing repeatedly with deionized water, drying
at 120°C for 12 h. After calcining the solid sample in air at 400°C
for 5 h, yellow ceria was obtained.

The monometallic Au/CeO, or M/CeO, (M=Ni, Cu, Ag, Pt, and
Pd) catalyst was prepared through impregnating ceria support
with an amount of relevant metal salt solution and then wash-
ing, drying, and calcining. To prepare Au-M/CeO, catalyst, the
M/CeO, was impregnated overnight with chloroauric acid solu-
tion. The dried sample was followed by calcination in air at 400 °C
for 4h and obtained Au-M/CeO, catalyst. The Au-Pt/CeO, cata-
lysts were also prepared using different impregnation procedures.
For example, Au-promoted Pt/CeO, was prepared by impregnat-
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ing Pt/CeO, with chloroauric acid solution, denoted as Au-Pt/CeO,,
and Pt-promoted Au/CeO, was prepared by impregnating Au/Ce0O,
with chloroplatinic acid solution, denoted as Pt-Au/Ce0O,, and Au-
and Pt-promoted CeO, was prepared by impregnating CeO, with
the mixture solution of chloroauric acid and chloroplatinic acid,
denoted as Au(Pt)/CeO,. The total metal content maintains at 2 wt%
and Au/M mole ratio in Au-M/CeO5 is 1.

2.2. Catalyst characterization

X-ray powder diffraction (XRD) measurements were performed
on an XRD-6100 powder diffractometer (Shimadzu Analytical
Instrument Co., Japan) employing Cu Ko« radiation. The diffraction
patterns were recorded in a scan rate of 6°/min with 0.02° data
interval.

Hydrogen temperature-programmed reduction (H,-TPR) mea-
surements were carried out on a TP-5000 apparatus (Tianjin
Xianquan Adsorption Instrument Ltd Co., China). The sample in a
quartz tube was first pre-treated with 20 ml/min of nitrogen for
30min at 120°C and then reduced in a mixture gas of 10% hydro-
gen and 90% argon (flow rate 20 ml/min) at elevating temperature
from room temperature up to 800 °C at a rate of 10 °C/min. The con-
sumption of hydrogen over the sample was monitored by a thermal
conductivity detector.

UV-vis diffuse reflectance spectroscopy (UV-vis DRS) was
recorded using a TU-1901 (Beijing General Analytical Instrument
Ltd Co., China) with BaSO, as the internal standard. The scanning
patterns were recorded at 200-800 nm in a step-scan mode with a
step of 5 nm.

X-ray photoelectron spectroscopy (XPS) was recorded on a VG
ESCALAB-210 spectrometer using Mg Ko radiation (1253.6eV) at
200W. All binding energies were adjusted to the C 1s peaks at
285.0eV. All measurements were carried out at room temperature
and at below 2.7 x 106 Pa pressure.

2.3. Catalytic activity measurements

The catalytic performance of bimetallic Au-M/CeO, catalyst for
WGS reaction was evaluated in a fixed-bed flow reactor at atmo-
spheric pressure. The following conditions were applied: 0.5 cm3
of catalyst, 10 ml/min of CO, 31.1 kPa of water vapor. The content
of CO, CO,, and H, were analyzed by on-line gas chromatography
with FID detector and a graphitized carbon black column. A QIC-20
quadruple mass spectrometer (Hiden Analytical Ltd., UK) was also
used to gas detection. The catalytic activity was expressed as CO
conversion calculated by H, amount in outlet mixture.

3. Results and discussion
3.1. WGS reaction activity

The WGS reaction activities over bimetallic Au-M/CeO,
(M=Ni, Cu, Ag, Pt, and Pd) catalysts were evaluated and the
results are shown in Fig. 1a. The activity is found to be as
function of reaction temperature for all the catalysts stud-
ied. And different catalyst shows very different catalytic
activity. For example, the Au-Pt/CeO, catalyst displays a
higher activity than other catalysts. The WGS reaction activ-
ities over these catalysts decrease as the following order:
Au-Pt/CeO, > Au-Ni/CeO; > Au/CeO, > Au-Cu/Ce0, > Au-Ag/Ce0, >
Au-Pd/Ce0O,. Recently, Hurtado-Juan’s work also showed
Au-Pt/CeO, had the highest WGS reaction activity [18]. It is very
clear that the addition of such as platinum or nickel components
brings a positive effect on gold catalysts for WGS reaction.

As shown in Fig. 2, the impregnation procedures of both Au and
Pt active component have some effect on catalytic activity of the
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Fig. 1. Water-gas shift reaction activity over Au/CeO, and Au-M/CeO, (M=Ni, Cu,
Ag, Pt, and Pd) catalysts at 200 and 250°C.
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Fig. 2. Water-gas shift reaction activity over Au-Pt/CeO, catalysts prepared by
different impregnation sequence at 200 and 250°C.

bimetallic catalyst. Relatively, Au-Pt/CeO, catalyst exhibits higher
activity than Pt-Au/CeO, or Au(Pt)/CeO, catalysts. Furthermore,
the activity increases obviously with Pt loadings in Au-Pt/CeO,.
For example, CO conversion is only 8.9% at 200 °C for Au/CeO, cat-
alyst. When the Pt loading reaches 0.5%, 1%, and 2%, CO conversion
improves to 37.6%, 46.5% and 54.1%, respectively.

3.2. XRD patterns

Fig. 3 represents the XRD patterns of bimetallic Au-M/CeO,
(M=Cu, Ni, Ag, Pd, and Pt) catalysts. In the XRD patterns of all
samples, the diffraction lines of Au, Pt or AuxPt, alloy phases are
not visible and the diffraction lines of ceria are typical of the cubic
crystal structure of fluorite type oxide. The fact that the interplanar
crystal space d(11 1) of all studied samples are higher than that of
stoichiometric ceria indicates that the addition of Au and M has an
effect on the structure of ceria, resulting in the creation of oxygen
vacancies and Ce3* species [22]. Moreover, the introduction of Au
and M to ceria makes the size of ceria smaller. According to Scher-
rer’s equation, the average size of ceria particles is 132.4 nm for
pure CeO,; 103.5 nm for Au-Cu/CeO;; 102.3 nm for Au-Ni/CeO,;
101.1 nm for Au-Ag/Ce0O;; 109.1 nm for Au-Pd/CeO5; and 96.9 nm
for Au-Pt/CeO,. The size of ceria particles is an important factor
controlling WGS reaction activity.



326 Q. Yu et al. / Catalysis Today 158 (2010) 324-328

Au-Pd/CeO:
Au-Pt/CeO;

2

= Au-Ag/CeO,

z

172}

=1

8 Au-Cu/Ce0,
Au-Ni/CeO,

‘l CeO,
20 30 40 50 60 70 80

20/°

Fig. 3. XRD patterns of CeO, and Au-M/CeO, (M =Ni, Cu, Ag, Pt, and Pd) bimetallic
catalysts.

3.3. H,-TPR analysis

Ceria is capable of being readily reduced and reoxidized, so
H,-TPR is employed to study the reducibility of ceria-based cat-
alysts. Fig. 4 shows TPR profiles of CeO,, Au/CeO,, Pt/Ce0O,, and
Au-Pt/CeO, samples. The TPR profile of pure CeO, consists of
a low-temperature reduction peak at Tmax =475°C and a high-
temperature reduction peak at Tpyax = 790 °C. The former is assigned
to the reduction of surface ceria and the later is connected to the
reduction of bulk ceria [14]. When gold was supported on CeO,,
the reduction of CeO, remains unchanged but there appears a new
reduction peak at Tpax = 175 °C which could be related to the reduc-
tion of oxygen species on the fine gold particles [2]. In Pt/CeO,, the
high-temperature reduction peak shifts significantly to the lower
temperature at Tpax =720°C, indicating that the reduction of sur-
face ceria can be enhanced by Pt. And moreover, there is an overlap
between the reduction of the PtZ* and the reduction of the sur-
face ceria oxygen species. For bimetallic Au-Pt/CeO, catalyst, the
reduction of oxygen species on the fine gold particles emerges at
145°C and the low-temperature reduction peak of ceria is shifted
to at Tmax =390 °C. These results indicated that the coexistence of
both Au and Pt is beneficial to the reduction of oxygen species on
the fine gold particles and the reduction of surface ceria.
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Fig. 4. TPR profiles of CeO,, Au/CeO,, Pt/Ce0, and Au-Pt/CeO, samples.
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Fig. 5. UV-vis diffuse reflection spectra of CeO,, Au/CeO,, Au-Pt/CeO,, Au(Pt)/CeOs,
Pt-Au/CeO,, and Pt/CeO, samples.

3.4. UV-vis DRS analysis

Fig. 5 shows UV-vis diffuse reflection spectra of CeO,, Au/CeO,,
Pt/Ce0;, Au-Pt/CeO,, Au(Pt)/Ce0,, and Pt-Au/CeO-, samples. Ceria
possesses two characteristic bands centered at 355 and 370 nm,
assigned to the charge transfer band of ceria (Ceyr <— Oyp). After
doping Au to ceria, the two bands disappear and a new band cen-
tered at about 450 nm is observed. The band is assigned to the
typical plasmon resonance absorption of gold nanoparticles [23].
For Pt/CeO, catalyst, the present of Pt also makes the two bands of
ceria disappearance. We do not observe the absorption peak of Pt
in UV region. Au-Pt/Ce0O,, Au(Pt)/CeO,, and Pt-Au/CeO, catalysts
give very similar spectra as Au/CeO,. Due to the presence of Pt,
however, the intensity of Au absorption band enhances distinctly.
It suggests that the addition of Pt promotes the reduction of Au3*
and the production of Au particles.

3.5. XPS analysis

XPS is used to investigate the interaction between gold and
platinum in gold-platinum catalysts supported on ceria. The XPS
spectra of Au 4f, Pt 3d, Ce 3d, and O 1s for the corresponding sam-
ples are shown in Figs. 6-9, respectively, and the derived XPS data
are summarized in Table 1. It can be seen from Fig. 6 that the
Au 4f;), peak is centered at 84.0, 84.1 and 84.3 eV for Au/CeO,,
for Au-Pt/CeO, and for Au(Pt)/CeO,, respectively. According to the
reports of Chastain [24], the Au 4f;, peaks of Au®, Au*, and Au3*
appear at 83.8, 86.2, and 87.3 eV, respectively. So it can be certain
that most of gold in these catalysts is metallic, but part of gold
remains ionic. Moreover, the presence of Pt can achieve a strong
metal-support interaction to stabilize gold ions. While metallic gold
on ceria surface decreases, ionic gold component increases with the
platinum content in the samples. This result is in agreement with
the higher active Au(Pt)/CeO, and Au-Pt/CeO, catalysts.

Two peaks due to Pt 4f;, and Pt 4f;, transitions are detected in
Pt/Ce0,, Au-Pt/CeO,, and Au(Pt)/CeO, samples, as shown by Fig. 7.
According to the literature [25,26], the Pt 4f;, peak at 71.0 eV and
the Pt 4f5), peak at 74.2 eV are assigned to Pt metal; the peaks at
71.9 and 75.1 eV are Pt2* species and the peaks at 74.3 and 77.5 eV
are Pt** species. In three samples studied here, the Pt 4f7/, and Pt
4fs), peaks appear at 73.48, 76.65 eV for Pt/CeO,; 73.25, 76.32 eV
for Au-Pt/CeO5; and 73.63, 76.62 eV for Au(Pt)/CeO,, respectively,
shifting markedly to higher energy region. This indicates that plat-
inum is in +4 state in the calcination process of these samples.
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Fig. 6. Au 4f XPS spectra of Au/CeO,, Au-Pt/CeO,, and Au(Pt)/CeO, samples.

Pt 4f P

PU’CeOz

Au(Pt)/CeO;

Intensity / a.u.

AT RS AT TR SN NN FE T e

70 72 74 76 78

Binding Energy / eV

Fig. 7. Pt 4f XPS spectra of Pt/CeO,, Au(Pt)/CeO,, and Au-Pt/CeO, samples.

The XPS spectra of Ce 3d core electron levels of Au/CeO,,
Au(Pt)/CeO,, Au-Pt/CeO,, and Pt/CeO, samples are illustrated in
Fig. 8. The signal of the 3d level has a very complicated struc-
ture. The Ce 3d XPS spectra are fitting according to eight peaks
[27,28], denoted as two groups (U, U, U, U and v, VI, VI, viil,
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Pt/CeO
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Fig. 8. Ce 3d XPS spectra of Au/CeO,, Au(Pt)/CeO,, Au-Pt/CeO,, and Pt/CeO, sam-
ples.

The peaks of U, U, U and V, VI', VIl refer to Ce(IV) 3d3; and 3ds),,
respectively, while both U' and V! stand for Ce(1Il) 3ds; and 3ds,,
respectively. The Ce 3d spectra for all the catalysts are similar to
pure CeO, spectra, showing well resolved Ce(IV) lines. The 3d level
is formed by two series peaks: one is 3ds, (882.54eV) with two
very pronounced “shake-up” satellites (889.88 and 898.54 eV) and
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Fig. 9. O 1s XPS spectra of Au/CeO,, Au(Pt)/CeO,, and Au-Pt/CeO, samples.

Table 1
The binding energy of Au 4f, Pt 4f, Ce 3d, and O 1s from XPS of all studied catalysts.
Catalysts Au 4f Pt 4f Ce 3d O1s
4f7), (eV) 4fs; (eV) 4f;, (eV) 4fs), (eV) 3ds), (eV) 3ds); (eV) BE (eV) At (%)
V 882.54 U 900.99 529.60 75.78
Au/CeO, 84.01 87.70 73.482 76.652 V! 885.30 U' 904.04 531.85
VI 889.88 U 907.81 533.74
Vil 898,54 U 916.98 530.21
Au(Pt)/CeO, 84.32 88.13 73.63 76.62 883.36 901.80 532.70 80.76
535.21
529.78
Au-Pt/CeO, 84.14 87.87 73.25 76.32 882.95 901.29 532.20 76.22
534.47

2 Pt 4f;, and Pt 4fs, in Pt/CeO;, sample.
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another is 3d3p, (900.99 eV) with the same characteristics (907.81
and 916.98 eV). It should be noted that pure ceria always contains
a small percentage of Ce(Ill) oxide characterized by the presence
of peaks, indicated by U' (904.04 eV) and V! (885.30eV), attributed
to the Ce 3d3, and Ce 3ds;, components of Ce(Ill) [29]. The pres-
ence of Ce(Ill) implies the defect structure CeO,_, due to oxygen
vacancies. This transformation of Ce(IV) to Ce(Ill) driven by oxygen
vacancies may be the key to understanding the catalytic properties
of ceria. It has to be mentioned that the addition of Pt could make
Ce(IIl) components decrease.

XPS spectra of O 1s region of Au/CeO,, Au(Pt)/CeO,, and
Au-Pt/CeO, are shown in Fig. 9. The O 1s peak of Au/Ce0, was fit-
ted with three components (Table 1): the first at about 529.60 eV is
typical of the lattice oxygen of CeO,, the second at about 531.85 eV
is typical of hydroxide species and the third at 533.74eV is due
to the presence of Ce3* surface defects [30]. The binding energies
of the three peaks shift to higher region due to the presence of
platinum, which could be connected with the lower degree of Ce3*
surface defects. Guzman et al. [31] reported that nanocrystalline
CeO, could supply reactive oxygen in the form of surface super-
oxide species and peroxide adspecies at the one-electron defect
site to the supported active species of gold for the oxidation of CO.
This result is in a good agreement with our results. Besides, the
concentration of the surface oxygen of ceria obviously increases
in the presence of Pt. It causes the formation of oxygen vacancies,
located mainly on the catalyst surface. This is why the bimetallic
Au and Pt catalysts possess the higher WGS reaction activity than
monometallic Au/CeO, or Pt/CeO, catalyst.

Andreeva et al. [2,14,22] suggested that on reduced sam-
ples nanosized metallic gold clusters are present in contact with
oxygen-vacancy defects on ceria surface and that these are respon-
sible for high catalytic activity in WGS reaction. The results from
Flytzani-Stephanopoulos’ group documented the importance of the
interaction between gold and the oxygen of ceria by showing that
only the gold species embedded or otherwise associated with ceria
[Au,-0-Ce] are the active sites for WGS reaction [15,26,32,33].
The number of these gold species supported on ceria increases
with decreasing the crystal size of ceria. Similarly, oxidized clus-
ters of platinum bound to ceria, [Pt,—O-Ce], were found and all
the platinum had diffused in the subsurface layers of ceria. While
the presence of metallic platinum and gold nanoparticles on ceria
causes a dramatic reducibility enhancement of the surface oxygen
of ceria, the oxidized species of Au and Pt strongly bound to ceria
are less reducible.

For Au-based bimetallic catalyst, Lee et al. [34] and Sarkany et al.
[35] suggested that the increase in Pd d-band electron density for
Au-Pd bimetallic particles originates from the charge transfer from
the Au 5d'° to Pd d-band. Our previous works on Au-Pd/SiO, [19]
and Au-Pd/Al;03 [20] catalysts indicated that the presence of gold
atoms affected the electrons redistribution in Pd d-band and the
redistribution transferred from the electrons on gold atoms to pal-
ladium atoms and formed partially oxidized gold species. Recently
Bus and van Bokhoven [36] investigated electronic and geomet-
ric structure of Au-Pt bimetallic particles using XPS, EXAFS and
XANES techniques and found that the Pt L3 edge shifted to higher
energy and the Au L3 edge shifted to lower energy. These changes
are considered as the interatomic charge transfer from Au 5d to Pt
5d band, accompanied by intraatomic charge redistributions. These
coincide with our characterization results in that the introduction
of platinum can improve the formation of ionic gold species.

4. Conclusions

Structural and catalytic properties in low-temperature WGS
reaction have been investigated for bimetallic Au-M/CeO, (M =Cu,

Ni, Ag, Pd, and Pt) catalysts. The addition of metal M has an influ-
ence on catalytic activity due to the nature of modifier metal. The
components such as platinum and nickel exert an advance effect on
catalysis by metals for WGSR. The bimetallic Au-Pt/CeO, catalyst
shows higher WGS reaction activities compared to the other sys-
tems. The introduction of gold or platinum active component not
only makes the size of CeO, smaller and but also affects the struc-
ture of CeO,, resulting in the creation of oxygen vacancies and Ce3*
ions. Furthermore, the addition of Pt is conducive to the formation
of Au®* because of the interatomic charge transfer from Au 5d to Pt
5d band, accompanied by intraatomic charge redistributions. The
presence of both metallic and ionic gold species, the high concen-
tration of surface oxygen as well as the low degree of Ce3* surface
defects determine simultaneously the WGS reaction activity of the
bimetallic Au-Pt catalyst.
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