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A series of Au/CeQ, catalysts has been prepared with CeO, of
varying surface areas and tested for low-temperature CO oxidation.
With a higher surface area support, the Au/CeQO, catalysts show a
higher catalytic activity for CO oxidation (0.175 molco gAu" h'at
0 °C). Higher oxygen vacancies provided by the formation of solid
solution of Au,Ce; O, and higher CO chemisorption sites related
to Au species are responsible for the enhanced activity.
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Gold catalysts have generated tremendous interest in
the past two decades due to their high activity for CO
oxidation and various other reactions' . For supported
Au catalysts, factors such as Au particle size,
preparation method, pretreatment conditions and
choice of the support affect their catalytic behavior
for CO oxidation®. Gold supported on reducible CeO,
has been used as catalyst for CO oxidation’, water gas
shift® and selective oxidation’. However, when the
conventional CeO, is used, the supported gold catalyst
is not as active as those supported on other metal
oxides such as TiO, and Fe,O; for low temperature
CO oxidation®. CeO, with high surface area as a
support has several advantages. It can improve the
stability and steady-state activity, and increase the
dispersion of active components and the selectivity” .
Furthermore, nano-scale CeO, crystallite can provide
more active oxygen and promote oxidation reaction'’.
Carrettin er al.® found remarkable enhancement in
activity for CO oxidation by two orders of magnitude
over an Au catalyst supported on a nano-sized CeO,
(Sger = 180 m* g') compared with Au supported on
conventional CeO, (Sggr = 70 m’ g'l). The gold
catalyst supported on nano-sized CeO, has a higher
specific rate than that supported on TiO, or Fe,Os.
They attributed the enhanced activity to the

nanocrystallite CeQO, particles. Based on these
findings, a series of Au/CeO, catalyst were prepared
using CeO, with varying surface areas and tested for
low-temperature CO oxidation. The reasons for
enhanced activity obtained on the high surface area
Au/CeO, catalyst were studied.

Experimental

CeO, was synthesized by a surfactant-templated
method, where CeCl;-7H,0, 99.5 % was used as a
precursor and CHj3(CH,);;SO4Na (99.0 %) as a
template. With the different calcination temperatures
(400, 600, 650 and 700 °C), CeO, with different
surface areas (303, 200, 120 and 59 m’ g’1
respectively)  were  obtained. The  detailed
experimental procedure has been described in our
previous work %,

Au/CeO, catalysts were prepared by depositing
gold on CeQO, support by a deposition-precipitation
method (DP). An aqueous solution of HAuCl,
(100 ml, 1 mg ml™") was heated to 70 °C and pH was
adjusted by the addition of 1 M NaOH solution,
followed by addition of 2.0 g CeO,. When pH 7+0.1
was attained, the suspension was vigorously stirred at
70 °C for 1 h. The solid was then isolated by
centrifugation and washed until free of chloride and
dried at 70 °C for 3 h. The actual Au content was
analyzed by inductively coupled plasma (ICP)
spectrometry. Au-1.86/Ce0,-303 catalyst indicates
that the gold loading is 1.86 wt% and the surface area
of the CeO, support is 303 m* g™

Raman measurements were performed on a
Renishaw RM1000 with a confocal microprobe
Raman system using a 514 nm (Ar" laser) laser as the
excitation source with a resolution of 1 cm™.

Transmission electron microscopy (TEM) images
of the catalysts were obtained on a JEM2010
microscope operated at 200 kV.

In situ diffuse reflectance infrared Fourier
transform (DRIFT) spectra of CO adsorption for the
samples were recorded using a Nicolet NEXUS 670
spectrometer equipped with an MCT detector and a
DRIFTS cell (Harrick) with a resolution of 4 cm.
The ground catalyst (30 mg) was placed in the cell
and pretreated at 100 °C for 0.5 h in He atmosphere to
remove water and carbonate. Subsequently, the
system was cooled to 20 °C, and a background
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spectrum was recorded. After introduction of the gas
mixture (1 % CO in N,, 30 ml min"l) for 15 min, the
catalyst was purged with He to remove the
physisorbed CO, before recording the spectra.

X-ray  photoelectron  spectroscopy  (XPS)
measurements were performed on an ESCALAB 250
high performance electron spectrometer
using monochromatized AI-K, excitation source
(hv = 1486.6 eV)). Binding energies were calibrated
by using the contaminant carbon (C 1s = 284.6 eV).

The catalytic activity of CO oxidation was evaluated
in a fixed-bed reactor (6 mm i.d.), using 300 mg of
catalyst (80-100 mesh) without any pretreatment, as
given in our earlier study'’. The total flow rate of the
feed gas (1 % CO and 1 % O, in N,) was 40 ml min™"
with a space velocity (SV) of 8000 ml g' h™'. The
reaction temperature was kept at 0 °C by immersing the
reactor in a mixture of water and ice.
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Results and discussion

Figure 1 shows the representative high resolution
TEM images of the Au catalysts supported on CeO, of
varying surface areas. It can be seen that the particle
size of the deposited Au is similar (ca. 3-5 nm), despite
the varying surface area of the support. This is due to
the deposition-precipitation method for catalysts
preparation, which leads to almost identical Au
loading on per unit surface area of CeQO,. The inter-
planar distance of 0.23 nm (Fig. 1c) indicates d(111)
plane of gold crystallite’’. XRD experiments were
conducted; however, due to lower loading and smaller
crystallites size, the diffraction peaks of Au were not
observed.

Raman spectra of Au/CeQO, catalysts and CeO, are
shown in Fig. 2. The bands for Au/CeO, show
features similar to those of CeO, samples, with the
bands at 460 and 600 cm’ assigned to the F»,

Fig. 1—High resolution TEM images of (a) Au-1.86/Ce0,-303, (b) Au-2.04/Ce0,-200, and, (c) Au-0.56/Ce0,-59 catalysts.
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Fig. 2—Raman spectra of (a) CeO,, and, (b) Au/CeO, catalysts with varying surface areas.
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vibration mode of fluorite structure of pure CeO, and
the oxygen vacancies'", respectively. Agoo/Aago
values were calculated based on Fig. 2. It is found that
the values for all Au/CeQ, catalysts are higher than
that of the corresponding CeO, support, indicating
that the doping of Au on the CeO, support brings
more oxygen vacancies, probably due to the
formation of Au,Ce; O, solid solution. Also, the
value increases with increasing surface area of CeO,,
implying that more Au,Ce; O, solid solution forms
in the catalyst with higher surface area support. Bera'®
and Venezia!” have reported that the Au,Ce; Oy
solid solution could be easily formed when Au is
supported on CeO,. Moreover, noble metals such as
Pd and Pt may also result in the formation of
Pd,Ce,..0O,5 and Pt.Ce, 0,5 solid solutions'®. The
solid solution not only makes Au® stable but also
promotes the generation of oxygen vacancies, which
is in accordance with the Raman results (Fig. 2b).

Figure 3 shows Ce 3d and Au 4f XPS spectra of the
Au-1.86/Ce0,-303 and Au-0.56/Ce0,-59 catalysts.
The Ce 3d XPS spectra show multiple states arising
from different Ce 4f level occupancies in the final
state'’. Peak-fitting of the Ce 3d XPS spectra (Fig. 3a)
was performed. For Au-1.86/Ce0,-303, binding
energies at 883.6, 889.7 and 899.4 eV are the features
of Ce(IV), while that at 886.0 eV is the feature of
Ce(Ill). Likewise, for Au-0.56/Ce0,-59, binding
energies at 884.0, 890.0 and 899.9 eV are the features
of Ce(IV), and that at 886.2 eV is of Ce(II)***'. The
Ce(IIT)/Ce(IV) atomic ratios i.e. the concentration of
surface oxygen vacancies calculated by the peak area
of Ce(Ill)/the total area of Ce(IV) peaks are 0.14 and
0.08 for Au-1.86/Ce0,-303 and Au-0.56/Ce0,-59,
respectively. The ratio increases with increasing
surface area of CeO,, implying that high surface area
is beneficial for the formation of surface oxygen
vacancies in CeQO,. This is also in agreement with the
Raman results (Fig. 2b).

The Au 4f XPS spectra of Au-0.56/Ce0,-59
(Fig. 3b) could be fitted with two components, with
Au 4f binding energies at 84.6 and 86.8 eV, and in
Au-1.86/Ce0,-303, at 85.1 and 86.9 eV. The low and
high binding energies could be assigned to Au(I) and
Au(Ill) species, respectivelyzz. For Au-1.86/Ce0,-303,
the surface compositions of Au(I) and Au(Ill) are
613 % and 38.7 %, respectively; while for
Au-0.56/Ce0,-59, these are 76.0 % and 24.0 %,
respectively. This indicates that in Au-1.86/Ce0,-303
the percentage of Au(Ill) species is higher than that in
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Fig. 3—a) Ce 3d, and, (b) Au 4f XPS spectra of Au-1.86/Ce0,-303
and Au-0.56/Ce0,-59 catalysts.

Au-0.56/Ce0,-59. Furthermore, the average valence
of surface gold species in these two catalysts was
calculated as:

A Au)
\% _Au — x1
SRR A pu + A Auam)
A Auan <3

A A T A Auam)

where Aayq and Aaygm refer to the peak area of Au(l)
and Au(III) species in the XPS spectra, respectively.

The average valence of the surface Au species in
Au-1.86/Ce0,-303 and Au-0.56/Ce0,-59 catalysts are
1.77 and 1.48, respectively, indicating that the
oxidation state of Au in high surface area CeO, is
higher than that in low surface area CeO,. This is
probably due to the formation of Au,Ce; 0,5 solid
solution in the high surface area catalyst, in which
more Au cations are present as Au’*.

The catalytic activities of CO oxidation at 0 °C over
the Au/CeO, catalysts and Agy/Aseo values are listed in
Table 1. It can be seen that the catalytic activity
increases with increasing surface area of CeO,. Since
bare CeO, is not active at 0 °C, we normalized the
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Table 1—Catalytic activity of CO oxidation at 0 °C over
Au/CeQ, catalysts and Aggy/Ase ratio

Catalyst CO conversion  Specific rate  Agoo/Ase0
(%) (molco gau' h™)
Au-1.86/Ce0,-303 90.4 0.175 0.095
Au-2.04/Ce0,-200 69.8 0.123 0.088
Au-2.00/Ce0,-120 48.8 0.088 0.073
Au-0.56/Ce0,-59 4.82 0.031 0.031

specific reaction rate based on the gold loading. The
highest activity of 0.175 molco ga,' h' at 0 °C is
obtained with the Au-1.86/Ce0,-303 catalyst.
Table 2 shows the activity of the present
Au-1.86/Ce0,-303 and other Au/CeQ, catalysts for
CO oxidation. Carrettin® and Huang® have reported
that the specific rates of Au/CeO, catalysts are 0.37
and 0.15 molco gAu'1 h'at5°C, respectively.

For Au/CeQ, catalysts, it is generally believed that
the reaction takes place at the interface between Au and
the support. The reaction obeys the Mars-van Krevelen
mechanism*. CO was mainly adsorbed on metallic Au
or Au® species”™?’ and the active oxygen species was
generated by chemisorption and activation of oxygen
molecules on CeO, or Au,Ce,_, O, solid solutions®,

To evidence the CO chemisorption on Au/CeO,
catalysts, DRIFT spectroscopy was performed
(Fig. 4). The spectra were collected after the catalysts
were exposed to the gas mixture (1 % CO in He) for
15 min and purged with He for 7-15 min subsequently
at 20 °C. For Au/CeO, catalysts, besides the peaks at
1393, 1508 and 1681 cm™ assigned to the carbonate
species®, a new peak at 2105 cm™ and two peaks at
2360 and 2339 cm” were also detected. The former
may be assigned to the CO chemisorbed® on metallic
Au(0) and the latter two™ to the gaseous CO,. This
implies that CO molecules adsorbed on the catalyst
surface easily react with oxygen species and form
CO,. Moreover, on comparing Au-1.86/Ce0,-303 and
Au-0.56/Ce0,-59 catalysts, it is found that after He
purging for 15 min, the intensity of CO chemisorbed on
Au-1.86/Ce0,-303 is stronger than that on
Au-0.56/Ce0,-59, and the feature bands of gaseous CO,
and carbonate species are much more intense on
Au-1.86/Ce0,-303. This suggests that Au-1.86/CeO,-303
i1s more active for CO oxidation than Au-0.56/Ce0,-59,
and the reaction may go through a carbonate
decomposition pathway’'. Meanwhile, for
Au-1.86/Ce0,-303  catalyst, the intensity of
chemisorbed CO declines with increasing purging
time, indicating that the CO is consumed by the
surface oxygen of the support.

Table 2—Catalytic activity of Au-1.86/CeQ,-303 and other
Au/CeQ, catalysts for CO oxidation

Catalyst Reaction Reaction Specific rate Ref.
gas temp. (°C) (molco ga,' h™)
Au-1.86/ CO/Oy/N, 0 0.175 This
Ce0,-303 1/1/98 work
Au/CeO, CO/air/He 5 0.37 8
0.2/19.8/80
Au/CeO, CO/O,/He 5 0.15 23
1/20/79
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Fig. 4—DRIFT spectra of CeO, and Au/CeO, catalysts by He
purge after CO adsorption.

Also, it is worth noting that the characteristic band
at 2105 cm’' is usually assigned to the CO
chemisorbed on metallic Au(0), which is inconsistent
with the XPS results (Fig. 3) which show that the
surface Au species are cationic (Au(I)+Au(IIl)). This
is probably due to the reduction of cationic Au species
during the CO chemisorption (Au® + CO — Au + CO,),
since the reduction is easy and fast for Au supported
on reducible oxides®>”’.

Moreover, as seen in Table 1, the activity of the
Au/CeO, catalyst increases with increasing Ago/Aaco
ratio, suggesting that the higher concentration of
oxygen vacancies may be responsible for the
enhanced activity. This kind of doped catalyst system
may enhance the activity for CO oxidation, as
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reported by Shapovalov and Metiua, using a DFT
calculation®. Thus, the higher concentration of
oxygen vacancies in the Au/CeQO, catalyst may be a
reason for the higher activity of CO oxidation.

Therefore, the enhanced activity obtained on the
Au catalyst supported on high surface area CeO, may
be attributed to two facts: (i) Au particles formed on
the high surface area CeQO, are favorable for CO
adsorption (Fig. ' and (ii) the high surface area
CeO, provides more oxygen vacancies by the
formation of Au,Ce;,O,; solid solution, on which
oxygen molecules could be transformed to active
species (such as superoxide species) for the reaction®.

The above study shows that gold catalysts
supported on high surface area CeO, are very active
for low temperature CO oxidation. The Raman
spectroscopy results reveal that by the formation
Au,Ce; O, solid solution, oxygen vacancies are
formed, on which active oxygen could be
subsequently generated. DRIFT spectra of CO
adsorption suggest that the gold catalyst supported on
high surface area CeO, provides more chemisorption
sites compared to that supported on low surface area
CeO,. These two factors may be responsible for the
high activity for low-temperature CO oxidation.
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