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Abstract

Nanostructured Ce0.9Cu0.1O2�d solid solution with high surface area was prepared by improved citrate sol–gel method with incorpo-
ration of thermal treatment under N2. The sample was characterized by TG–DSC, BET nitrogen adsorption, XRD and H2-TPR. Its
catalytic activity for CO oxidation was tested. It was found that the improved method offered catalysts with higher surface area and
smaller crystallite size, which led to higher catalytic activity for low temperature CO oxidation. H2-TPR measurement indicated that
there were three CuO species in the Ce0.9Cu0.1O2�d solid solutions: finely dispersed CuO species on the surface of CeO2, partial Cu2+

penetrated into CeO2 lattice and bulk CuO phase. The finely dispersed CuO species was regarded as the active site for the low temper-
ature CO oxidation.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cerium oxide and its modified derivatives have been
widely studied in recent years due to their high activity
for oxidation reactions [1–6]. A convincing example is
CuO–CeO2, which is efficient for the CO oxidation at low
temperature [7–10]. Due to this promising advantage,
CuO–CeO2 is expected to substitute the noble metal base
catalysts in the future [9]. For years, nanostructure has
attracted great attention due to its unusual electrical, chem-
ical and catalytic properties [11,12]. Particularly, the nano-
structured particles with high surface area provide much
more active sites [1]. In the previous research, it has been
demonstrated that the nanocrystalline nonstoichiometric
Ceria exhibits significantly improved catalytic properties
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at lower temperature compared with their coarse-grained
counterpart [4]. The rate of CO oxidation on Au particles,
supported on nanocrystalline CeO2 was found to be 100
times higher than that reaction on regular CeO2 support
[13].

For the last two decades, the citrate sol–gel method has
become one of the popular techniques for preparing metal-
lic oxide materials with high specific surface area and
homogeneous distribution [14]. Recently, Chen et al. mod-
ified the conventional citrate precursor method by incorpo-
rating a nitrogen protection step before the citrate
precursors were calcined in air, and nanosized MgO parti-
cles with high specific surface area were obtained [15]. Xie
et al. prepared Ce0.8Pr0.2OY solid solution with ultrafine
crystalline sizes and high specific surface area according
to the improved method [2].

In this paper, Ce0.9Cu0.1O2�d solid solution with high
surface area was prepared by the similar method. As a
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Fig. 1. TG–DSC curves of sample N8.
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comparison, other samples were also prepared by conven-
tional method. It demonstrated that the Cu catalyst sup-
ported on high surface area CeO2 showed higher activity
for CO oxidation than the conventionally prepared CeO2

with low surface area.

2. Experimental

2.1. Catalyst preparation

Ce0.9Cu0.1O2�d solid solutions were prepared by two cit-
rate sol–gel methods, using Ce ðNO3Þ3 � 6H2O and Cu
(NO3)2 Æ 3H2O as the starting materials.

Conventional citrate sol–gel method (the conventional
method): A mixture of Ce (NO3)3 Æ 6H2O and Cu
(NO3)2 Æ 3H2O with a molar ratio of Ce:Cu = 9:1 was dis-
solved into deionized water. Then citric acid was added
with two times molar amounts to the premixed solution
of cerium and copper nitrate while stirring. After that,
the solution was heated in water bath until a viscous gel
was obtained. In this process, the mixture color turned
from blue to green. The gel was dried at 110 �C overnight
for the formation of a spongy material, i.e. Ce0.9Cu0.1O2�d

citrate precursor. This precursor was directly calcined in air
at 400 �C or 800 �C for 4 h, denoted as A4 or A8,
respectively.

Improved citrate sol–gel method (the improved
method): Ce0.9Cu0.1O2�d citrate precursor was prepared
in the same procedure as mentioned in the conventional
method. Then the precursor was put in a tube furnace
and heated in the nitrogen atmosphere at 800 �C for 2 h
to result in a black mixture of CuO–CeO2 and carbon pow-
ders (the intermediate mixture), denoted as N8. Subse-
quently, the intermediate mixture (N8) was calcined in air
at 400 �C for 4 h to burn the carbon species, denoted as
N8A4.

2.2. Catalyst characterization

TG–DSC experiments of the intermediate mixture (N8)
were performed using a Netzsch STA 449C instrument.
Since the sample may fly off during the thermal analysis,
all the samples were prepared by crimping a known
amount of sample in an aluminum pan with a lid having
a hole (to vent off the evolving gases). The experiments
were carried out to a maximum temperature of about
800 �C with a heating rate of 5 �C min�1 in air with a flow
rate of 50 ml min�1.

X-ray diffraction (XRD) patterns were collected on a
Philips PW3040/60 automated powder diffractometer,
using Cu Ka radiation (k = 0.1542 nm). The working volt-
age of the instrument was 40 kV and the working current
was 40 mA. The intensity data were collected at room tem-
perature over a 2h range of 20–90� with a scan rate of
1.2� min�1.

Nitrogen adsorption–desorption isotherms were
obtained at 77 K on an Autosorb-1 apparatus. BET and
BJH method were used to determine the surface area and
pore size distribution of the samples.

The reducibility of CuO–CeO2 catalysts were measured
by hydrogen temperature-programmed reduction (H2-
TPR). A 10 mg of sample was placed in a quartz reactor
which was connected to a conventional TPR apparatus
and the reactor was heated from 100 �C to 900 �C with a
heating rate of 20 �C min�1. The reaction mixture was con-
sisted of 5% H2 and 95% N2. The amount of H2 uptake
during the reduction was measured by thermal conductiv-
ity detector (TCD).

2.3. Catalytic activity measurement

The catalytic activity measurement was carried out in a
fixed bed reactor. The catalysts were pressed to pellets,
crushed and sieved to 20–40 mesh. A 500 mg of catalyst
was used for reaction without any pretreatment. In the
reaction, the total gas flow rate was 80 ml min�1, corre-
sponding to a space velocity (S.V.) of 10,000 h�1 and the
reaction was stabilized for 1 h at each temperature. The
composition of inlet gas mixture was 3% CO, 3% O2 in vol-
ume and with N2 as balance gas. The inlet and outlet gas
mixtures were analyzed on an Agilent 6850 gas chromato-
graph equipped with a TCD detector attached with a HP
PLOT column (30 m · 0.32 mm · 12.0 lm).

3. Results and discussion

3.1. Characterization of catalysts

Fig. 1 shows the TG–DSC curves of sample N8. A main
weight loss was observed between 200 �C and 350 �C and
was about 15% with regard to the total weight of the sam-
ple N8, accompanied by a strong exothermic peak at
280 �C, which can be primarily attributed to the combus-
tion of carbon species. Thermal analysis results also indi-
cated that the carbon species in samples N8 could be
completely removed after calcination at 400 �C in air. Since
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calcination at high temperature could result in decline in
the surface area and increase in the crystallite size of cata-
lysts [1,16], the feasible calcination temperature under air
atmosphere was 400 �C.

N2 adsorption–desorption isotherms of sample N8A4,
A4 and A8 were shown in Fig. 2. N8A4 displayed a hyster-
esis loop with a sloping adsorption branch and a relatively
steep desorption branch at a medium pressure (P = 0.4–
0.5Po), which was typical of type IV (IUPAC classifica-
tion), and characteristic of inorganic porous oxides. A4
also exhibited a hysteresis loop but with a smaller sloping
adsorption branch, while the hysteresis loop was hardly
seen on A8. The pore size distributions were obtained
according to the BJH method using Halsey equation for
multilayer thickness. The adsorption pore size distribution
of sample N8A4 was in the narrow range between 1.0 nm
and 9.0 nm (inset of Fig. 5), while those of samples A4
and A8 were much broader. The specific surface areas of
all samples determined by BET were summarized in Table
1. The specific surface area of sample N8A4 was
131 m2 g�1, which was much larger than those of samples
A4 and A8 (60 m2 g�1 and 10 m2 g�1). The specific area
decreased with increasing calcination temperature, which
was due to the particle sintering during calcination at high
temperature [1]. The physical-adsorption results revealed
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Fig. 2. N2 adsorption–desorption isotherms and the pore size distribu-
tions of samples N8A4, A4 and A8.

Table 1
Surface areas, mean crystallite sizes and lattice parameters of
Ce0.9Cu0.1O2�d catalysts

Sample Surface
area (m2 g�1)

Mean crystallite
size (nm)

Lattice
parameter (nm)

N8A4 131 7.2 0.5410
A4 60 9.5 0.5410
A8 10 53.4 0.5406
that the improved method offered material with higher sur-
face area and more mesopores.

XRD patterns of Ce0.9Cu0.1O2�d solid solutions pre-
pared by two methods were presented in Fig. 3. The typical
diffraction peaks of CeO2 were observed in all the samples.
Weak diffraction peaks of CuO phase appeared only in
sample A8, which indicated that CuO species was finely
dispersed on the surface of sample N8A4 and A4. The
mean crystallite sizes of all samples calculated by the Scher-
rer equation were listed in Table 1. The crystallite size of
N8A4, A4 and A8 is 7.2 nm, 9.5 nm and 53.4 nm, respec-
tively. Obviously, the improved citrate sol–gel method
could offer the catalyst with smaller crystallite size. For
the conventional method, the particles underwent sintering
at high calcination temperature [17], which might be the
reason that the A8 had the largest crystallite size. The
incorporation of thermal treatment under N2 atmosphere,
even at 800 �C, was favorable for the small crystallite size,
which was consistent with the results reported by Xie et al.
[2].

The lattice parameters of the samples are also listed in
Table 1. All of them were smaller than that of pure CeO2

(0.5424 nm). This is because the radius of Cu2+(0.079 nm)
is smaller than that of Ce4+(0.092 nm) [18], which leads
to the shrink of CeO2 lattice when Ce4+was partially substi-
tuted with Cu2+. This indicated that the Ce0.9Cu0.1O2�d

solid solution was formed in these catalysts [19].
Fig. 4 shows H2-TPR profiles of Ce0.9Cu0.1O2�d solid

solutions. From the figure, it could be seen that three
reduction peaks (a, b and h) appeared in both profiles of
N8A4 and A4, these peaks were at about 204 �C (a),
240 �C (b) and 850 �C (h), respectively. The position of
low-temperature reduction peak of A4 shifted to higher
temperature about 10 �C compared to N8A4. However,
the A8 shows only two peaks: one was low-temperature
reduction peak centered at 380 �C (c), the other was high-
temperature reduction peak centered at 830 �C (h). The
reduction temperature of peak c was obviously higher than
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Fig. 3. XRD patterns of samples N8A4, A4 and A8.
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Fig. 4. H2-TPR profiles of samples N8A4, A4 and A8.
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Fig. 5. Catalytic activities of samples N8A4, A4 and A8 for CO oxidation.
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that of peak a and b, indicating that the process of prepa-
ration and the way of calcination influence the redox prop-
erties of catalysts distinctively.

According to the literature [20], the peak h was attrib-
uted to the reduction of partial surface oxygen on CeO2.
Since no significant difference in the position of peak h
for the three samples, it was not discussed here. Compared
with the sample A4, the low-temperature reduction peaks
of sample N8A4 shifted to lower temperature, probably
due to the sample with higher surface area and smaller
crystallite size that was easier to be reduced, which was
reported by George Avgouropoulos [9]. The peak a was
ascribed to the reduction of finely dispersed CuO species
on the surface of solid solution, while peak b was due to
the reduction of bulk CuO phase [21]. However, from
XRD patterns, it was found that the Ce0.9Cu0.1O2�d solid
solution was formed, thus there was Cu2+ penetrated into
the CeO2 lattice certainly other than the finely dispersed
CuO species. It was inevitable that a small amount of larger
bulk CuO particle existed on the surface. As above men-
tioned, we believe that peak a was attributed to the reduc-
tion of finely dispersed CuO species on the surface of solid
solution, while peak b was due to the reduction of Cu2+

penetrated into the CeO2 lattice or a little larger bulk
CuO particle.

For the sample A8, the peak a and b disappeared and
only peak c was observed. The disappearance of peak a
was due to the finely dispersed CuO species aggregated lar-
ger bulk CuO phase when the catalyst was calcined at
800 �C, which was consistent with the XRD results. The
reduction temperature of Cu2+ penetrated into the CeO2

lattice or bulk CuO particle increased significantly with
the disappearance of peak a. It was because that the finely
dispersed CuO species was easily reduced to metallic Cu
when peak a was present. And the effect of hydrogen spill-
over on the metallic Cu resulted in the decrease of the
reduction temperature of other CuO species. Therefore,
the disappearance of peak a was the reason of peak b
shifted to higher temperature (peak c), which was in agree-
ment with Jung et al. [22]. That is to say, peak c was also
ascribed to the reduction of Cu2+ species that penetrated
into the CeO2 lattice or to the reduction of larger bulk
CuO phase.

3.2. Activity of CO oxidation at low temperature

Fig. 5 shows the catalytic activities of Ce0.9Cu0.1O2�d

solid solutionsfor CO oxidation. The T90 (the temperature
when the conversion is 90%) for the samples N8A4, A4
and A8 were 60 �C, 80 �C, and 100 �C, respectively. It was
clear that the sample N8A4 had better activity than the
other two. Additionally, the surface areas of N8A4, A4
and A8 were 131 m2 g�1, 60 m2 g�1 and 10 m2 g�1, respec-
tively. Obviously, the higher the surface area was, the better
catalytic activity. The catalysts with higher surface area
could provide more active species [1], which could decrease
the reaction temperature and enhance the activity. Consid-
ering the TPR results, it was found that the better catalytic
activity of N8A4 was also due to lower temperature of peak
a. Compared sample A4 with A8, A4 shows better activity
than A8, which also could be attributed to the existence
of the peak a. As mentioned before, this peak a could be
ascribed to the reduction of the finely dispersed CuO on
the surface of solid solution, which was easier to be reduced
at low temperature. Therefore, it could be concluded that
the finely dispersed CuO species on the surface of solid solu-
tion was the active site for low temperature CO oxidation.

4. Conclusion

The improved citrate sol–gel method can afford the fluo-
rite-like cubic Ce0.9Cu0.1O2�d solid solution with nanopar-
ticles of 7.2 nm and high specific surface area of
131 m2 g�1. The incorporation of thermal treatment under
N2 atmosphere can prevent small crystallite size from sin-
tering and afford a high surface area carrier, thus induces
the CuO species to finely dispersed phase, so enhances
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the catalytic activity for low temperature CO oxidation.
The finely dispersed CuO species on the surface of solid
solution is responsible for low temperature CO oxidation.
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