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A B S T R A C T

CuO-CeO2-ZrO2 catalysts were prepared via facile dry oxalate-precursor synthesis and tested for CO

oxidation. The effect of Cu contents was investigated by N2 adsorption, TEM, XRD, XPS, H2-TPR, CO-TPD

and Raman techniques. The results show that CuO dispersion, SBET and adsorbed CO amount exhibit a

volcano trend with increasing the Cu content. The highest activity was achieved over the catalyst with

18 mol% Cu with the CO conversion being 99% at 85 8C. The superior performance of the catalyst

prepared by this method is attributed to the finely dispersed CuO species and the strong interaction of

CuO with ceria-zirconia phase.

� 2015 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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Introduction

CO emitted from vehicle exhausts and many industrial
processes, has become a major air pollutant [1]. Noble metal
catalysts, such as Au, Pt, and Pd, have proved to be very effective for
CO oxidation at low temperatures [2]. However, their sensitivity to
sulfur poisoning and the high cost as well as limited availability of
noble metals limit their extensive applications. Therefore, increas-
ing researches are focusing on new catalysts containing cheap
transition metals. Recently, it has been found that the Cu-based
catalysts show excellent catalytic performance for low-tempera-
ture CO oxidation. Among them, CuO-CeO2 catalysts have been
widely applied in the elimination of CO at relatively low
temperatures due to the high activity of this system which is
attributed to the strong interaction between the CuO nanoparticles
and the CeO2 support as well as the high oxygen storage capacity
(OSC) of CeO2 [3].

On the other hand, many studies have shown that the addition
of zirconium (Zr) into CeO2 can form a Ce-Zr-O solid solution,
which improves the OSC, redox property and thermal resistance of
CeO2 [4]. In that point of view, ZrO2 was introduced to the typical
CuO-CeO2 catalyst by many researchers to improve its catalytic
performance for CO oxidation [5–9].
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It has been well illustrated that the performance of the CuO-
CeO2-ZrO2 catalyst was greatly affected by its preparation methods
and conditions. Presently, Cu-Ce-Zr mixed oxide catalysts are
usually prepared by impregnation [5,7–11] and co-precipitation
[9,12] techniques. For the catalysts prepared by impregnation
method, the low dispersion of Cu species and the easy formation of
bulk CuO on the surface of support inevitably reduce the activity
for CO oxidation [13]. On the other hand, although the co-
precipitation method can produce well-mixed Cu-based catalysts,
this process often have disadvantages, such as tedious multistep
processing and the need for delicate pH/temperature control
[14]. Additionally, the final catalyst prepared from the co-
precipitation method usually suffers from the contamination of
alkaline metals as well as the formation of mass of environmental
wastes (e.g., salts from hydrolysis and washing water) [15]. There-
fore, the development of novel and effective techniques for
preparing highly active CuO-CeO2-ZrO2 catalysts is imperative and
significant.

Xin and co-workers [16] developed a novel solid-state synthesis
approach, in which solid state metathesis reactions occur between
hydrated transition metal salts and organic ligands (or hydro-
xides), to yield metal complexes, metal clusters or oxides with
uniform sizes and shapes. This method has attracted extensive
research interest because it is a simple, rapid, solvent-free, and
energy-saving process [17,18]. To the best of our knowledge,
however, this method has not been used to prepare the CuO-CeO2-
ZrO2 catalyst.
hed by Elsevier B.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiec.2015.06.038&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiec.2015.06.038&domain=pdf
http://dx.doi.org/10.1016/j.jiec.2015.06.038
mailto:dsmao@sit.edu.cn
http://www.sciencedirect.com/science/journal/1226086X
www.elsevier.com/locate/jiec
http://dx.doi.org/10.1016/j.jiec.2015.06.038


G. Fu et al. / Journal of Industrial and Engineering Chemistry 31 (2015) 283–290284
In this present work, a series of CuO-CeO2-ZrO2 catalysts were
prepared via a practical soft reactive grinding route based on dry
oxalate-precursor synthesis. The effect of CuO content on the
catalytic performance of the CuO-CeO2-ZrO2 catalysts for CO
oxidation was investigated. The prepared catalysts were charac-
terized extensively by N2 adsorption–desorption, XRD, TPR, TEM,
CO-TPD, XPS, and Raman techniques. Furthermore, the catalytic
performances of the catalysts were discussed in relation to the
results of physicochemical characterizations.

Experimental

Catalyst preparation

A typical procedure for preparing the Cu-Ce-Zr mixed oxide
catalysts is as follows. Firstly, analytical grade Cu(NO3)2�3H2O,
Ce(NO3)3�6H2O and Zr(NO3)4�5H2O were blended to form a
homogenized premix, in which the molar ratio of Ce:Zr was 7:3.
Then oxalate ((COOH)2�2H2O), a ligand for the metal cations of
Cu2+, Ce3+ and Zr4+ was added to the premix and ground in an agate
mortar at room temperature. After being ground for 30 min, all the
reactants transferred to a uniform, viscous and muddy precursor
for the CuO-Ce0.7Zr0.3O2 catalyst. Thereafter the precursor was
dried at 110 8C for 12 h and further calcined in air at 500 8C for 4 h
at a rate of 5 8C min�1. To investigate the effect of different Cu
contents on the catalyst, Cu content was set from 0 to 33% molar
percentage based on [Cu/(Cu + Ce + Zr) � 100%], and denoted as 0-
CCZ, 9-CCZ, 18-CCZ, 26-CCZ and 33-CCZ, respectively.

Furthermore, for the comparative purpose, the supported CuO/
Ce0.7Zr0.3O2 catalyst with 18% Cu was prepared by the conventional
impregnation method using an aqueous solution of Cu(NO3)2�3H2O
and Ce0.7Zr0.3O2 solid-solution prepared according to the above
method. It was dried at 110 8C for 12 h, further calcined in air at
500 8C for 4 h, and was signed as 18-C/CZ.

Catalyst characterization

The BET surface areas of the samples were determined by N2

desorption isotherms at 77 K with the Brunauer–Emmet–Teller
(BET) method, using a Micromeritics ASAP2020 M+C apparatus.
The samples were evacuated at 200 8C for 10 h prior to N2 dosage.

The crystal structure of different catalysts was determined on a
Rigaku Uitima IV diffraction meter using Cu Ka radiation and a scan
rate of 608 min�1. The intensity data were collected in a 2u ranging
from 10 to 808. The average crystalline size was calculated from the
X-ray line broadening, according to Scherrer’s equation.

High resolution transmission electron microscope (HRTEM)
investigations were carried out using a Tecnai G2 F30 instrument
at an acceleration voltage of 200 kV.

X-ray photoelectron spectroscopy (XPS) analysis was carried
out by an X-ray photoelectron spectrometer (Axis Ultra DLD,
Kratos) with a monochromatic X-ray source of Al Ka radiation
(1486.6 eV). The XPS data from the regions related to the Cu 2p and
Ce 3d core levels were recorded for each sample. The binding
Table 1
Physicochemical properties of the CuO-CeO2-ZrO2 catalysts.

Catalyst SBET (m2 g�1) DCeO2

a (nm) 

0-CCZ 60.8 6.3 

9-CCZ 56.3 6.1 

18-CCZ 78.7 6.1 

26-CCZ 65.5 5.8 

33-CCZ 60.9 5.9 

18-C/CZ 51.8 6.2 

a From line broadening of CeO2 (1 1 1) peak in XRD, lattice parameter calculated by Br
b From line broadening of CuO (1 1 1) peak in XRD.
energies were calibrated internally by the carbon deposit C 1s
binding energy (BE) at 284.8 eV. The deconvolution of XPS spectra
was fitted by Gaussian function.

Raman measurement was carried out by a DXR Raman
Microscope scanning with a Diode-pumped solid state (DPSS)
single-frequency laser of 532-nm. The sample powders were
pressed into small disc and then mounted on the analytic chamber.

Temperature-programmed reduction (TPR) was carried out by
using 10 vol% H2/N2 as a reducing gas in a quartz micro reactor.
Approximately 50 mg of a freshly calcined catalyst was placed on
top of glass wool in the reactor. The outlet of the reactor was
connected to a glass column packed with molecular sieve 5 Å in
order to remove the moisture produced from reduction. The flow
rate of the reducing gas was kept at 50 mL min�1, and the
temperature was raised from 50 8C to 600 8C at a rate of
10 8C min�1. The consumption of H2 was measured by a thermal
conductivity detector (TCD).

The temperature-programmed desorption of CO was measured
in a fixed bed reactor. The samples (�100 mg) were loaded
between quartz wool plugs in the middle of the reactor and
pretreated by He (45 mL min�1) with a rate of 10 8C min�1 from
room temperature (RT) to 300 8C. And then the samples were
cooled down to RT under the flow of He. The CO adsorption was
performed at 30 8C under a flow rate of 20 mL min�1 for 30 min,
then the samples were ramped to 500 8C at a linear heating rate of
10 8C min�1. The analysis of the effluent gases was carried out with
a mass spectrometer (Pfeiffer Omnistas mass spectrometer).

Catalyst activity measurement

The activity measurement was made in a fixed bed reactor
using 200 mg of catalyst (40–60 mesh). The catalyst was loaded
between quartz wool plugs in the middle of the reactor. The feed
gas consists of 4% CO and 10% O2 in N2 with a flow rate of
30 mL min�1. The samples were heated in N2 (40 mL min�1) at a
rate of 10 8C min�1 from RT to 200 8C and held at this temperature
for 1 h in order to remove possible impurities. After cooling to RT in
N2, the feed gas was introduced into the system. The gas
composition after the reaction was analyzed by an on-line gas
chromatography with a TCD, connected with a computer integra-
tor system. Before the data point was taken, the catalyst was
equilibrated under reaction conditions for 30 min; after this time
typically a stationary state was reached. Then the temperature was
increased stepwise to assess the performance of the catalysts at
different temperatures.

Results and discussion

Textural and structural properties of the catalysts

Main physicochemical properties of the prepared CuO-CeO2-
ZrO2 catalysts are collected in Table 1. It can be seen that the SBET of
the samples with different CuO contents takes on a volcano
variation trend from 0-CCZ to 33-CCZ and a maximum of
DCuO
b (nm) Cell parametera (nm) F2g (cm�1)

– 0.531 474

– 0.529 456

– 0.535 456

– 0.528 458

13.2 0.531 456

29.7 0.531 466

agg’s law.



Fig. 1. XRD patterns of the different samples.
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78.7 m2 g�1 is found for 18-CCZ. The SBET of 18-C/CZ is 51.8 m2 g�1

and it is significantly lower than that of 18-CCZ, indicating that the
CuO-CeO2-ZrO2 catalyst prepared by the present dry oxalate-
precursor synthesis method possesses a significantly larger surface
area than that prepared by the conventional impregnation method.

Fig. 1 shows the XRD patterns of the CCZ catalysts with different
Cu contents. It can be seen that there are four main reflections at 2u
of 28.8, 33.3, 47.9, and 56.88 for all the samples, which can be
ascribed to the cubic, fluorite structure of CeO2 [7]. The diffraction
peaks attributed to ZrO2 were not found, suggesting that it has
been incorporated into the CeO2 lattice to form a solid solution
while maintaining the fluorite structure [5,19]. In addition, the cell
parameter of the Ce-Zr mixed oxide is 0.531 nm, which is strictly
following the Vegard’s law. It was noted that the XRD peaks of CeO2

became broader and the relative peak intensity became weaker
with the increase of Cu loading. This result indicates that the
addition of Cu can suppress the sintering of Ce-Zr-O solid solution
during the calcination process [20], which was verified by their
smaller particle sizes determined by Scherrer equation as shown in
Table 1. It was reported that Cu2+ (0.072 nm) could substitute Ce4+

(0.097 nm) into the CeO2 cell and reduce the CeO2 cell size [4]. On
the contrary, the increasing amount of reduced Ce3+ (0.1143 nm)
could expand the CeO2 cell dimension [21]. Coexistence of these
two opposite effects in the solid solution leads to the irregular
changes in the CeO2 cell size as presented in Table 1.

Furthermore, only very weak diffraction peak of CuO at 2u of
35.68 could be observed in these samples except for the 33-CCZ
sample, as shown in Fig. 1. This result suggests that the Cu species
mainly exist as highly dispersed states on the support surface
which cannot be detected by the XRD instrument, or as a Cu-Ce-Zr-
O solid solution or a combination of the two phenomena [20,22–
24]. Comparatively, evident diffraction lines of CuO appear at 2u of
35.6 and 38.88 for the 33-CCZ sample, indicating that the presence
of bulk CuO should be ascribed to the aggregation of excessive CuO
species on the support surface.

XRD pattern of the 18-C/CZ sample is also given in Fig. 1. It can
be seen that the characteristic peaks of CuO appear evidently at 2u
of 35.6 and 38.88 in the 18-C/CZ catalyst, indicating the severe
aggregation of CuO on the support surface. Comparing with the
18-CCZ catalyst with the same Cu content, it can be inferred that
the conventional impregnation method is unfavorable for the
dispersion of Cu species on the surface of support CeO2-ZrO2.

In order to obtain the intuitive particle sizes and the
morphologies of the representative 18-CCZ and 18-C/CZ catalysts,
TEM measurements were carried out. The low and high resolution
TEM images of the two catalysts are shown in Fig. 2. It is clear from
(a) and (c) that the crystalline sizes of the Ce-Zr-O solid solution in
these two samples are almost the same (about 6 nm), which is
consistent with the result obtained by XRD as shown in
Table 1. From the HRTEM images of the two samples presented
in (b) and (d), there is only one kind of fringes ascribed to the
(1 1 1) crystallographic planes of CeO2 [20,24]. On the other hand,
no crystal planes of copper can be seen in the lattice-fringe image
of the 18-CCZ sample, indicating the total incorporation of Cu into
CZ lattice [20]. However, another kind of fringes (0.27 nm) is
detected in 18-C/CZ sample, which corresponds to the CuO (1 1 1),
indicating the existence of bulk CuO. These results are in good line
with those obtained by XRD as described above.

Fig. 3 shows the Raman spectra of the CCZ catalysts with
different Cu contents. The band located at �474 cm�1 for 0-CCZ
sample can be attributed to the F2g vibration of the fluorite-type
lattice of Ce-Zr-O solid solution [25]. No Raman peaks due to ZrO2

could be observed in the spectra of all the CCZ catalysts in line with
XRD results described above. According to the literature [26], six
Raman active modes (A1g +3Eg +2B1g) are expected for tetragonal
ZrO2 (space group P42/nmc) while for the cubic fluorite structure of
ceria (space group Fm3m) only one mode is Raman active. This
result again suggests the formation of Ce-Zr-O solid solution,
which is consistent with the XRD result.

As presented in Fig. 3, the F2g band of Ce-Zr-O solid solution
shifts to lower frequencies (from 474 to about 456 cm�1) with the
addition of Cu. The shift behavior of the band may be attributed to
the increase of oxygen vacancies and/or the strong interaction
between Cu and ceria-zirconia phase or the change of lattice
parameter [20,27,28]. The lattice parameter of the CCZ samples
change nonlinearly with the increase of Cu content according to
the result of XRD described above. So, the most probable
interpretation of the shifting of the F2g band is the increase of
oxygen vacancies and/or the strong interaction of copper species
with ceria-zirconia phase, corresponding to stoichiometry CeO2�d,
which was related to a change of Ce-Zr-O solid solution
environment in the presence of copper due to the formation of
Cu-Ce-Zr-O solid solutions [20,29].

The Raman spectrum of the 18-C/CZ catalyst is also shown in
Fig. 3. It can be seen that although the F2g band also shifts to a lower
wavenumber (466 cm�1), the shift extent was evidently smaller
than that on 18-CCZ. The result suggests that a smaller number of
copper species doped into the lattice of Ce-Zr-O solid solutions on
18-C/CZ than on 18-CCZ.

XPS characterization

The XPS spectra of the representative samples are shown in
Fig. 4. As seen from Fig. 4A, the Cu 2p XPS spectra contained a
strong shake-up peak at 940–944 eV and the Cu 2p3/2 peak was
centered at 933.7–934.4 eV. More specifically, the Cu 2p3/2 peak of
9-CCZ is located at 933.7 eV, and it increases to 934.4 eV and
934.3 eV with the Cu content increasing to 18 and 26%,
respectively. According to Ref. [30], the Cu 2p3/2 binding energy
value at around 933.6 eV and the presence of shake-up peaks are
characteristic for CuO. Thus, it can be concluded that the Cu species
are in +2 oxidation state over these CZZ samples. Moreover, the
binding energy values of these CZZ samples are higher than the
reported one, which is generally in the range of 933–933.6 eV
[31]. These results indicate the strong interaction of copper species



Fig. 2. TEM images of (a, b) 18-CCZ and (c, d) 18-C/CZ.
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with ceria-zirconia phase, which is in agreement with those
obtained by XRD and Raman characterizations as described above.

For the XPS spectra of Ce 3d (Fig. 4B), the absolute distinctions
between 3d94f2Vn�1 and 3d94f2Vn�2 final states for Ce3+ (v0, u0)
and Ce4+ (v, u) could not be resolved due to the complex electronic
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Fig. 3. Raman spectra of the different catalysts.
structure [32]. The curves of Ce 3d spectra are composed of eight
peaks corresponding to four pairs of spin-orbit doublets. Letters u
and v refer to the 3d3/2 and 3d5/2 spin-obit components,
respectively. The peaks marked as u (900.8–901.3 eV), u00

(907.6–908.5 eV) and u000 (916.6–916.9 eV) arise from Ce4+ 3d3/2,
while the peaks labeled as v (882.6–883.61 eV), v00 (889.0–
889.6 eV) and v000 (898.5–898.9 eV) arise from Ce4+ 3d5/2. The
couples corresponding to one of the two possible electron
configuration of the final state of the Ce3+ species are labeled as
u0 (903.1–903.4 eV) and v0 (884.1–885.1 eV). In general, the
presence of Ce3+ was assigned to the generation of oxygen
vacancies according to the charge compensation [33,34]. The
surface relative Ce3+/Ce4+ molar ratio is calculated from the
normalized peak areas of Ce4+ and Ce3+ core level spectra, and the
results are summarized in Table 2. As proposed above, the contents
of Ce3+ or oxygen vacancies are the main factors that influence the
lattice parameter in this work. By combining Tables 1 and 2, it can
be found that the variation trend of lattice parameter is similar to
that of concentration of Ce3+ in 9-CCZ, 18-CCZ and 26-CCZ. This
result is in good agreement with the fact that Ce3+ has a larger
effective ionic radius than that of Ce4+, thus the increase of Ce3+

would result in an expansion of CeO2 fluorite lattice.
As shown in Fig. 4C, a main peak was shown at around 530 eV,

which is assigned to the lattice oxygen of CeO2, ZrO2 and CuO
phases. A shoulder peak located at 532.4 eV may be attributed to
the existence of lattice oxygen vacancies [35]. Holgado et al. [36]
regarded this lateral peak of oxygen (Olat) as highly polarized oxide
ions at the surface (and interfaces) of the nanocrystallites with an
unusual low coordination. The percentage of this Olat peak is
shown in Table 2. It can be seen that the percentage of Olat peak in
18-CCZ (32.6%) is relatively higher than those in 9-CCZ (29.5%) and
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Fig. 4. XPS spectra of the different catalysts: (A) Cu 2p; (B) Ce 3d; (C) O 1s.

Table 2
XPS data measured for various catalysts.

Catalyst Binding energy (eV) Ce3+/Ce4+ (%) Olat
a (%)

Cu 2p Ce 3d5/2 Ce 3d3/2

9-CCZ 933.7 898.7 901.2 13.7 29.5

18-CCZ 934.4 898.5 900.8 14.5 32.6

26-CCZ 934.3 898.5 901.0 13.3 31.5

a Percentage of the lateral species of oxygen (Olat) in the O1s spectra.
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26-CCZ (31.5%). It shows the same variation trend to that of the
surface Ce3+/Ce4+ molar ratio as described above.

The reducibility of catalyst

In order to investigate the reduction behavior of the CCZ
catalysts, H2-TPR measurements were carried out and the results
are given in Fig. 5. The reduction profile of Ce-Zr-O solid solution
gives a weak reduction peak appearing at 495 8C (Fig. 5) which can
be ascribed to the reduction of surface Ce4+ to Ce3+ [3,9,21,35]. It is
obvious that the reduction behavior of the Ce-Zr-O was dramati-
cally changed by the addition of copper. The reduction peak at
495 8C disappeared; the reason is that the reduction peak of surface
CeO2 shifts to low temperatures promoted by Cu species and
overlaps with that of CuO [22].

The reduction profiles of the CCZ catalysts with different Cu
contents exhibit a broad band of H2 consumption in the range of
100–250 8C, which is lower than the reduction temperature of pure
CuO (280 8C) [7,35]. This result suggests that CeO2-ZrO2 support
can enhance the reducibility of Cu species [7]. To gain more
insights into the TPR results, the board bands are deconvoluted to
two or three peaks (named as a, b, and g, respectively). Based on
the above XRD results, the a, b, and g peaks are attributed to
reduction of the finely dispersed CuO, Cu2+ doped into the support
CZ, and the bulk CuO, respectively [28]. The peak positions and the
relative contributions of a and b peaks to the TPR pattern are
summarized in Table 3.

As shown in Fig. 5, there are two peaks (a and b) being detected
in 9-CCZ and 18-CCZ, which indicates that two kinds of Cu species
mainly existed in the samples with relatively lower Cu contents.
The high contribution of b peak indicates that a large amount of Cu
is introduced in to the ceria-zirconia lattice, which is also
demonstrated by the XRD, Raman, and XPS results. Moreover,
no significant changes are found in the positions of a and b peaks
with the increase of Cu contents. However, the fractions of a peak



Table 3
Temperature of reduction peaks and their contributions to the TPR pattern over the

CCZ catalysts.

Catalyst Temperature of

reduction peaks (8C)

Contribution of a and b peaks (%)

Ta Tb Tg Aa/(Aa + Ab + Ag) Ab/(Aa + Ab + Ag)

9-CCZ 137 167 – 20.9 79.1

18-CCZ 135 165 – 32.6 67.4

26-CCZ 138 167 185 20.3 26.6

33-CCZ 143 170 193 16.3 22.8

18-C/CZ 144 167 187 14.0 34.4
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increase from 20.9% to 32.6% with the increase in the Cu content
(Table 3). Increasing Cu content up to 26%, another peak (g) is
found. The appearance of g peak indicates the formation of bulk
CuO species. In addition, no obviously changes occur in the
positions of a and b peaks accompanied by a decrease in the
fraction of a peak in 26-CCZ. With further increase in Cu content,
the reduction peaks shift toward higher temperatures accompa-
nied by a decrease in the relative contribution of a peak. The shift
of g peak to a higher temperature suggests the further aggregation
of the CuO nanoparticles, which is in line with the XRD results.

The H2-TPR pattern of the 18-C/CZ catalyst is also given in
Fig. 5 for comparison. It can be seen that three peaks (a, b, and g)
are detected in 18-C/CZ in contrast with only two peaks (a and
b) detected in 18-CCZ. Furthermore, the intensity of a and b
peaks in 18-C/CZ is lower than that in 18-CCZ, indicating less
CuO is finely dispersed on the surface and/or doped into the Ce-
Zr-O solid solution in excellent agreement with the Raman
results. Likewise, the appearance of g peak suggests the
formation of bulk CuO particles in 18-C/CZ, which is consistent
with the result of XRD. This result suggests that the solid state
method adopted in this paper is more favorable for the
dispersion of Cu species on the surface and/or the incorporation
of Cu into the Ce-Zr-O solid solution than the conventional
impregnation method.
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CO-TPD analysis

Fig. 6 gives the CO-TPD patterns of the CCZ catalysts with
different Cu contents. Different desorption curves can be found for
the five samples. No obvious CO or CO2 desorption peaks were
observed in CeO2-ZrO2 sample until the temperature increases to
350 8C, indicating that the adsorption behavior barely occurred on
the support CeO2-ZrO2, which is consistent with the result of Luo
et al. [37]. Comparing with the position of CO desorption peak
(�80 8C), the CO2 desorption peak over the Cu-Ce-Zr-O catalysts
appear at higher temperature area (110–120 8C), which can be due
to bidentate carbonates species produced by interaction of CO with
lattice oxygen in the finely dispersed CuO on the surface of the Ce-
Zr-O solution [37]. Furthermore, it is evident that the intensity of
two desorption peaks increase with the increase in Cu content, and
the strongest desorption peak can be detected in the 18-CCZ
catalyst. However, further increase in Cu content would result in
the decrease in the intensity of the two desorption peaks,
indicating that high Cu contents (�26%) result in the loss of sites
for CO adsorption and reaction, which is due to the aggregation of
CuO on the surface of the support. It is in good agreement with the
XRD and TPR results.

The CO and CO2 desorption profiles of the 18-C/CZ catalyst are
also shown in Fig. 6. It can be observed that the intensity of both CO
and CO2 desorption peaks of 18-C/CZ is remarkably smaller than
that of 18-CCZ, which is attributed to the smaller amounts of active
sites for CO adsorption and reaction due to the aggregation of CuO
on the surface of support CeO2-ZrO2.

Catalytic performance

The catalytic activity results of the CCZ catalysts with various
Cu contents for CO oxidation reaction at different temperatures are
given in Fig. 7, in which that of the 33-CCZ catalyst was omitted for
the sake of clarity. The results present a similar behavior that the
CO conversion of all the CCZ catalysts increased with the increase
in the reaction temperature. The ‘‘light-off’’ temperatures for 99%
CO conversion of the catalysts are presented in Fig. 8. It can be seen
that the activity of the catalysts takes on a volcano variation trend
with the increase in Cu content. More specifically, the activity of
Ce-Zr-O solid solution is quite low; however, it increases obviously
with the addition of Cu. Moreover, it can be observed that the
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Fig. 8. The relationship between T99 and onset temperature in TPR with CuO content

of the CuO-CeO2-ZrO2 catalyst.
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activity sequence of the CCZ catalysts with various Cu contents is:
0-CCZ<<9-CCZ<33-CCZ<26-CCZ<18-CCZ. That is to say, the
catalytic activity of the CCZ catalysts increases firstly with the
Cu content increasing, but starts to decrease when the Cu loading
exceeds 18%. The result indicates that increasing the Cu content
cannot always promote the catalytic activity, and the 18-CCZ
catalyst exhibits the highest catalytic activity with a 99%
conversion of CO at 85 8C.

Different conclusions were obtained from many other research-
ers who have investigated the effect of Cu content on the catalytic
activity of the CuO-CeO2-ZrO2 catalysts for CO oxidation. For
example, Yuan [7], Wu [38], and Dong [39,40] research groups
found that the CO conversion increased with the increase in Cu
contents when they were below the maximum dispersion
capacity; however, it decreased dramatically with the Cu contents
increased further. In other words, the excess Cu would form the
bulk CuO which is known as an insulator, contributes very little to
the total active area and prevents the synergetic effect between the
ceria and copper oxide phase. On the other hand, Zhong and Wang
et al. [41,42] reported that the CO oxidation activity increased with
increasing the Cu-loading in the range of CuO dispersion threshold
and stabilized after it exceeds. That is to say, the activity hardly
changed with the further increase in Cu-loading. Obviously, our
result is consistent with the former conclusion [7,38–40].

It is well recognized that the highly dispersed CuO on the
surface of the support is the active site in the CO catalytic oxidation
Table 4
Comparison of CO oxidation activity of CuO-CeO2-ZrO2 catalysts prepared by different

Catalyst (CuO content) Preparation method 

CuO/Ce0.8Zr0.2 (5 wt%) Impregnation method 

CuO/Ce0.8Zr0.2 (10 wt%) Citrate method 

CuO/Ce0.8Zr0.2 (25 mol%) Surfactant-assisted method 

CuO/Ce0.7Zr0.3 (18 mol%) Dry oxalate-precursor synthesis 
[17]. When copper content is much higher than the dispersion
capacity, the catalytic activity decreases dramatically [43]. There-
fore, the variation trend of the catalytic activity is easy to
understand by considering the similar trend of dispersion of CuO,
which had been demonstrated by the XRD and TPR measurements.
Specially, the onset temperature of the first peak in TPR exhibits
the same variation trend with the catalytic activity as shown in
Fig. 8. This result indicates that the reducibility of the catalyst is the
key factor that affects its activity [44]. Moreover, the Raman results
indicate the same variation trend of the concentration of oxygen
vacancies and the strength of the interaction between CuO and
ceria-zirconia phase. According to the results of XPS, the variation
trends of the concentration of Ce3+ and the content of the defect
oxygen are identical with the catalytic performance. This is
because the increase of Ce3+ would form more oxygen vacancies
and unsaturated chemical bonds on the surface of catalyst; as a
result, the formation of reactive oxygen species would be
promoted [45] and/or more oxygen would migrate from the gas
bulk to catalyst surface [46]. Thus, more CO would be oxidized to
CO2 on the surface of catalyst, which has a promotional effect on
CO oxidation.

As reported elsewhere, CO-TPD is an important report to
interpret the activity of the CCZ catalysts in CO catalytic oxidation
[40]. Because the actual reaction temperature is usually lower than
300 8C, it is concluded that CO adsorption at low temperatures over
the CCZ catalysts will be favorable for the oxidation of CO [47]. The
intensity of the CO desorption peaks depends crucially on the
amount of the active sites. According to the CO-TPD results, the
pattern of 18-CCZ shows the biggest CO and CO2 desorption peak,
suggesting more active sites presented in it which is responsible
for the highest activity of the 18-CCZ sample.

The catalytic performance of the 18-C/CZ catalyst for CO
oxidation is also shown in Fig. 8. It is obvious that the activity of the
18-C/CZ is significantly lower than that of the 18-CCZ sample,
which may be attributed to the poor dispersion of CuO species and
less number of Cu incorporation into the CeO2-ZrO2. Two evident
characteristic peaks of CuO appear on the diffraction line of 18-C/
CZ in the XRD result (Fig. 1), indicating the appearance of more
bulk CuO on the surface of the catalyst. Low intensity of the
reduction peak of finely dispersed CuO and high intensity of
reduction peak of bulk CuO are shown in H2-TPR pattern of the 18-
C/CZ catalyst. At the same time the onset temperature of the first
peak in TPR for 18-C/CZ is higher than that in 18-CCZ. Moreover,
the Raman and XPS results also indicate that the concentration of
oxygen vacancies in 18-C/CZ is lower than that in 18-CCZ. Besides,
the CO-TPD results show the less number of active sites as a result
of the poor dispersion of CuO on the surface of Ce-Zr-O solution. All
these are responsible for the lower activity of the 18-C/CZ catalyst
compared with the counterpart of 18-CCZ.

The lifetime test of the 18-CCZ and 18-C/CZ catalysts was
carried out over a 150 h period. The result (not shown here)
showed that both 18-CCZ and 18-C/CZ catalysts can keep 100%
conversion of CO for the whole test period, which indicates that the
CCZ catalyst has excellent stability for CO oxidation reaction. The
 methods.

Reaction conditions T100 (8C) Reference

GHSV = 40,560 mL/(gh)

CO = 1.4%

200 [19]

GHSV = 40,560 mL/(gh)

CO = 1.4%

180 [30]

GHSV = 11,000 mL/(gh)

CO = 10%

90 [7]

GHSV = 9000 mL/(gh)

CO = 4%
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result also suggests that the preparation method has no noticeable
effect on the stability of the CCZ catalyst for CO oxidation.

The comparison of the catalytic activity of the CuO-CeO2-ZrO2

catalyst prepared by the present dry oxalate-precursor synthesis
and those from the literature (Table 4) confirms that our best-
performing catalyst (18-CCZ) show activities comparable to or
even better than the literature systems. It suggests that the use of
simple, fast, environmentally friendly and energy-efficient
method as employed here can lead to appreciable activities,
comparable to or even better than those achieved by other
complex methods.

Conclusions

A series of CuO-CeO2-ZrO2 catalysts have been prepared by the
soft reactive grinding route based on dry oxalate-precursor
synthesis and tested in CO oxidation. Cu content greatly influences
the dispersion of Cu species and thus the catalytic activity for CO
oxidation. The catalyst with 18% Cu exhibits the best activity due to
its highest dispersion of Cu species and the highest concentration
of oxygen vacancies and content of Ce3+. This method was found to
be a simple, fast, environmentally friendly and energy-efficient
method for the preparation of highly effective CuO-CeO-ZrO2

catalyst for low-temperature CO oxidation.
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