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CuO/Ceq 3Zr( >0, and CuO/CeO, catalysts were prepared via a impregnation method characterized by using FT-Raman, XRD,
XPS and H,-TPR technologies. The catalytic activity of the samples for low-temperature CO oxidation was investigated by means
of a microreactor-GC system. The influence of the calcination temperature and different supports on the catalytic activity was

studied.
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1. Introduction

Carbon monoxide, emitted from many industrial
processes and automobile exhausts, has been considered
as a major air pollution. In order to control the toxic
emission, catalytic oxidation is an efficient way. A
number of catalysts have been studied in the past dec-
ades. Among them, precious metal catalysts have giving
promising results because of their high catalytic activi-
ties for low-temperature CO oxidation [1-6]. However,
the employment of noble metal catalysts is limited due
to their scarce and high cost. Hence, it is important to
find an alternative catalytic component to replace the
noble metal and attentions have been given to base
metal as catalysts, especially copper oxide [7-11].

Ceria, as known to all, is one of the major supports
widely applied in the automotive three-way catalytic
converter and has been widely investigated for the past
few years. Among various functions of CeO,, oxygen
storage action is the most important one, which provided
by the redox couple “Ce** /Ce® "> making more oxygen
available for the oxidation processes [12]. However, it is
known that the pure CeO, has poor thermal stability. A
loss in surface area also occurs due to the changes in pore
structure and in crystallite growth. The structural mod-
ification and perfection of the CeO, lattice by doping
with other rare earth or transition metal oxides may
improve the stability of the surface area of ceria at high
temperature [13]. Recently, there is much interest in a
new generation of mixed oxide containing CeO, and
ZrO,. It has been reported that the addition of ZrO, to
ceria can control the structure or the sites of ceria crys-
tallite and form a Ce-Zr—O solid solution, which causes
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the improvements in the oxygen storage capacity (OSC),
redox property and thermal resistance [1,14-18]. To the
best of our knowledge, few literatures have been reported
on the comparative study of CeggZry,0; solid solution
and CeO, supported copper oxide as catalysts for low-
temperature CO oxidation.

In our present work, we prepared Ceg 3Zry,0, solid
solution employing a conventional co-precipitation
starting from ZrOClI, - 8H,0 and Ce(NOs3); - 6H,O and
CuO/CeggZr;,0, catalysts using a impregnation
method. For the purpose of comparison, CeO, and
CuO/CeO, catalysts were also prepared via the similar
method. The catalysts were characterized by means of
XRD, FT-Raman, XPS and H,-TPR. The catalytic
activities of the catalysts were tested by using a
microreactor-GC system.

2. Experimental
2.1. Catalyst preparation

Nanocrystalline Ce(gZry,0, mixed oxide was pre-
pared by using a conventional co-precipitation. Of
242 g ZrOCl, - 8H,O and 13.04 g Ce(NO3); - 6H,O
were dissolved into 160 mL distilled water under vig-
orous stirring, then 2 mol/L NHj - H,O was added,
drop by drop, into the above solution until the pH=9.
The transparent solution gradually changed into brown-
gray color. The solution was centrifuged, and washed
with deionized water and absolute ethanol until chloride
ions cannot be detected using AgNOj; solution, then the
prepared precipitate was calcined at 600 °C in muffle
furnace for 4 h.

The supported CuO/CegZry,0, were prepared by
the impregnation method using an aqueous solution of
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Cu(NO3), - 3H,0 and Ceg 3Zr( >0, prepared above. The
prepared samples were dried at 800 °C for 12 h, then
calcined at 400, 500, 600 and 800 °C for 4 h in the the
muffle furnace, respectively. The CuO loading was
5 wt.%.

The CeO, support and CuO/CeO, catalysts were
prepared in the similar manner as described above
starting from Ce(NO3); - 6H,O and Cu(NOs), - 3H,0,
respectively. The CuO loading was also 5 wt.%.

2.2. Catalyst characterization

Fourier transform (FT) Raman spectra were recor-
ded with a RTS 100/S FT-RAMAN spectrometer
(BRUKER, Germany) with liquid N, detector, using
the 1064-nm excitation line of Nd-YAG laser. The date
was collected by keeping the power at 60 mW. The
sample powders were pressed into small disc and then
mounted on the analytic chamber.

X-ray powder diffraction (XRD) analyses were
obtained from a D/MAX-2500 diffractometer using
CuKo radiation (40 kV, 100 mA) and scanning in the
region 20=15°-80°. The average crystallite sizes were
calculated from the peak width using the Scherrer’s
equation.

X-ray photoelectron spectra (XPS) were recorded on
a PHI-1600 spectrometer (USA) equipped with a MgKua
radiation for exciting photoelectrons. X-ray source was
operated at an accelerating voltage of 15 kV and 250 W.
The pressure in the ion-pumped analysis chamber was
maintained at 8 x 107'° Torr (1 Torr=133.33 Pa) du-
ring data acquisition. All binding energies (BE) were
referenced to the adventitious Cls line at 284.6 eV
(1eV=1.602 x 107" J).

Temperature-programmed reduction (TPR) experi-
ments were performed under the mixture of 5% H, in
N, flowing (30 mL/min) over 0.1 g catalyst at a heating
rate of 10 °C/min. Prior to TPR, the samples were
treated in air at 200 °C for 30 min. The H, uptake
amount during the reduction was measured by using a
thermal conductivity detector (TCD).

2.3. Catalytic activity

The catalytic activity measurements of the catalysts
were carried out in a fixed bed flow microreactor (7 mm
i.d.) under atmospheric pressure using 0.05 g of catalyst
powder doping with 2.00 g SiO,. The airflow rate was
33.3 mL/min, and the CO gas flow rate was 0.5 mL/min.
The reactant and product composition were analyzed
on-line by a GC-508A gas chromatograph equipped
with a thermal conductivity detector (TCD).

3. Results and discussion

3.1. Catalyst characterization

X-ray diffraction patterns of the prepared CeO, and
Ceg 3Zry,0, supports are shown in figure 1. It was
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Figure 1. XRD patterns of CeO, and Ce gZr(,0, supports.

indicated the presence of a true cubic, fluorite structure
typical of CeO, (indexed in the cubic Fm3m space
group) for the CeO, particles. The structure of the
prepared CejgZry,0, was consistent with that of the
CeO,, and there was no indication of the presence of
other phases. The results indicated that the zirconia
dopant is contained within the lattice and not as a sep-
arate phase. The lack of free ZrO, in the CeggZr, -0,
was also confirmed by Raman spectroscopy (figure 2).

The particle sizes of CeO, and CeggZry,0, were
about 28.2 and 17.5 nm, which were showed in table 1.
Due to the ionic radius of Zr*" (0.72 A) was smaller
than that of Ce*" (1.034 A), the grain size of
CepgZry,0, was smaller than CeQO,. This may also
indicated that the zirconia dopant is contained within
the lattice and Ce and Zr were highly homogeneously
distributed. The different intensity of the two samples
may originate from the different degree of porosity and
crystallinity of CeO, and Ce( gZr(,0,.
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Figure 2. Raman spectra of CeO,, Ce( 3Zry,0,, CuO/CeO, and CuO/
Ce.gZr( 0, catalysts calcined at 500 °C.
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Table 1
Supports particle size of the catalysts

Sample Calcination Particle size
temperature (°C) (nm)
CeO, - 28.2
Ce 321020, - 17.5
CuO/Ceo_ngﬂ_zoz 400 17.5
CUO/Ceo_gZFOQOQ 500 17.5
CuO/CegngI‘O.zOz 600 18.2
CuO/Ceg 32120, 800 30.4
CuO/CeO, 400 24.1
CuO/CeO, 500 26.4
CuO/CeO, 600 23.4
CuO/CeO, 800 92.7

The Raman spectra of the CeO,, Ce(gZr(,0,, CuO/
CeO, and CuO/Ce(gZr(,0, are shown in figure 2. It
was found that there was only one strong adsorption
peak centered at about 464 cm™' for the CeO, and
Ce.3Zr¢ >0, samples, which is typical of the F,, Raman
active mode of a fluorite structured material [19]. The
results were in good agreement with the XRD analyses,
which also indicated the presence of only the cubic,
fluorite structure type. This also suggested the consis-
tence in structure for CeO, and Ceg3Zry,0,. Further-
more, no obvious CuO peak appeared at about
298 cm™! in the Cu0O/CeO, and CuO/Ceg 3Zry,0, cat-
alysts curves, indicating that CuO was highly dispersed
on the surface of the supports.

Figure 3 shows the XRD patterns of the CuO/
Ceg.sZr(-,0; catalysts calcined at different temperatures.
It showed that no obvious peaks attributed to CuO
crystal phase could be observed for the samples calcined
at 400, 500 and 600 °C, which indicated that CuO is
finely dispersed on Ceg gZr(,0,. However, when it was
calcined at 800 °C, two CuO characteristic peaks
appeared obviously. The CeggZry-,0, average sizes in
these catalysts were listed in table 1. It was noted that

CuO
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Figure 3. XRD patterns of CuO/CejgZr,,0, catalysts calcined at
different temperatures.

the supports had similar sizes when the calcination
temperature was lower than 600 °C. While the particle
size increased much larger in the catalyst calcined at
800 °C. It indicated that sample was sintered at high
temperature and the bulk CuO had formed on the
Ceg.sZr(-»0, surface, which may be due to that the CuO
dispersion degree was decreased with the sinter of the
catalyst.

Figure 4 shows the XRD patterns of the CuO/CeO,
catalysts calcined at different temperatures. Table 1
shows the average particle sizes of CeO, in these cata-
lysts. It can be found that the catalysts calcined at 400,
500 and 600 °C had no obvious CuO diffraction peaks
appeared. From table 1 we can see that the particle sizes
of these samples were close to each other. But for the
catalyst calcined at 800 °C, two obvious diffraction
peaks of CuO could be observed and the particle size
increased largely. Compared to CuO/CeggZr(-,0,, the
change of the support particle size in the CuO/CeO,
catalyst calcined at 800 °C was much more obvious.
This might because CuO/CeQO, catalyst was sintered
more seriously than CuO/Ce 3Zr;,0, catalyst and the
dispersion of CuO on the support surface decreased
obviously, which may influence catalytic activity greatly.

Figure 5 shows the XPS spectra of O 1s (1) and Cu
2p (2) binding energies of 5 wt.% CuO/CeO, and
CuO/Ce gZr, >0, calcined at 500 °C for 4 h. It can be
found that O 1s shows two main peaks, one at about
531.4 ¢V is attributed to the absorbed oxygen [20] and
the other at 529.2 eV represents the lattice oxygen
associated with metal oxides [21]. The peaks centered
at 932.3 and 952.3 eV represent the Cu 2p;,, and Cu
2p1 2, respectively. The Cu 2ps), values of these samples
were lower than that of CuO, 933.6 ¢V [22]. We think
that it may suggest the presence of reduced copper
species in the catalysts, however, it was less convincing
to distinguish between Cu,O and Cu® and this needs
further study.
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Figure 4. XRD patterns of CuO/CeO, catalysts calcined at different
temperatures.
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Figure 5. XPS patterns of O 1s (1) and Cu 2p (2) for (a) CuO/CeO,,
(b) CuO/CeO_ngO_ZOZ.

In order to study the reduction ability of CuO sup-
ported on different supports, we did the H,-TPR anal-
yses. Figure 6 shows the typical H,-TPR profiles of
CuO/Ce 3Z1y,0, and CuO/CeO, catalysts calcined at
500 °C. For CuO/CeO,, mainly two reduction peaks a,
and b, were observed at about 132.3 and 201.3 °C.
Meanwhile, there was another peak c¢; presented at
about 830.3 °C due to the reduction of CeO, [23-25].
While there were only two low temperature reduction
peaks a, and b, at about 172.1 and 278.5 °C for CuO/
Ce.gZry-,0,, and peak ¢, can be observed at 777.4 °C
due to the reduction of CeygZrj-,0, [23-25]. The result
showed that the presence of zirconia decreased the
reduction temperature from 830.3 to 777.4 °C, indicat-
ing the increase in reducibility of the support. On the
other hand, at least two reduction peaks were observed
in the catalysts, indicating the existence of different type
of CuO species.

Several groups have investigated the TPR of CuO
supported on CeO, and Ce—Zr-O solid oxide [26-28].
The reduction peaks of CuO in the range 120-170 °C

CuO/CeO2

TCD signal (a.u.)
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0870272
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Figure 6. H,-TPR profiles of CuO/CeygZry,0, and CuO/CeO,
catalysts calcined at 500 °C.

and above 200 °C were observed. While for pure CuO
this occurred above 250 °C, the reduction temperature
decreased for CuO in these literatures and also in our
present study. Meanwhile the similar results have been
observed for CeO, and Ce( gZr,-,0,. This may be due to
the synergistic effects between CuO and the supports,
which result in lower reduction temperature for both
CuO and the supports. According to above analyses, we
believed that the reduction peak a; for CuO/CeO, and
the peak a, for CuO/Ce( gZrj,0, were attributed to the
reduction of highly dispersed CuO strongly interacting
with support. While the peak b; for CuO/CeO, was
attributed to the reduction of larger CuO species on the
ceria surface weekly associated with the support, and the
peak b, for CuO/CegZr(,0, (about 278.5 °C) proba-
bly arose from the reduction of bulk CuO. The TPR
analyses showed that bulk CuO particles did not appear
in the present CuO/CeO, sample and the CuO disper-
sion degree on the CeO, surface support was higher than
that on the CeqgZry,0, support. Furthermore, the
reduction temperature of the CuO supported on CeO,
was lower than that on CeqgZry,0,. The results may
make the CuO/CeO, catalysts have higher catalytic
activity than CuO/Ce gZr(,0, catalysts under the same
reaction condition.

3.2. Catalytic activity for CO oxidation

Figure 7 shows the catalytic activity for CO oxidation
of CuO/Ce 3Zr(,0, catalysts calcined at different tem-
peratures. It can be observed that the CO conversion
increased with the increasing reaction temperature for
all the catalysts. Furthermore, the catalytic activity of
the CuO/Ce(gZr(-,0, catalysts increased with the cal-
cination temperature and the catalyst calcined at 600 °C
exhibited the highest catalytic activity. However, when
the catalyst calcined at 800 °C the catalytic activity
decreased, which may be due to the sinter of CuO/
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Figure 7. Catalytic activity for CO oxidation of CuO/CejgZr(,0,
catalysts calcined at different temperatures.

CeygZry,0, catalyst at high temperature. The “light-
off” temperature for 100% CO conversion over CuO/
Ce(.gZr( -0 calcined at 500 and 600 °C was about 210
and 200 °C, respectively. But the maximal CO conver-
sion date on the catalysts calcined at 400 and 800 °C
were both about 96% in the present case.

Figure 8 presents the catalytic activity for CO oxi-
dation of CuO/CeO, catalysts calcined at different
temperatures. It was noted that the catalytic activity of
CuO/CeO, enhanced with increasing the calcination
temperature from 400 to 500 °C, but it decreased above
500 °C. The “light-off” temperature for 100% CO con-
version over CuO/CeO, calcined at 400, 500 and 600 °C
were about 180, 150 and 180 °C, respectively. When the
calcination temperature increased to 800 °C, the cata-
lytic activity obviously fell down to below 20% in the
present case. This is due to the fact that CuO/CeO, was
sintered more seriously than CuO/Ce 3Zr( ,O, catalysts
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Figure 8. Catalytic activity for CO oxidation of CuO/CeO, catalysts
calcined at different temperatures.

at high temperatures. That is to say, the CuO/
CepgZry-0, had higher thermal resistance than the
CuO/CeO, catalysts. However, the reason needs further
study.

From figures 7 and 8, it can be seen that the CuO/CeO,
exhibited higher catalytic activity than CuO/Ceg gZr( >0,
when the calcinations temperature was lower than
600 °C. But for the catalysts calcined at 800 °C, the result
was just the opposite. Luo et al. [29] suggested that dis-
persed CuO was responsible for the high catalytic activity
for low-temperature CO oxidation. In the present case,
the temperature for 100% CO conversion over CuO/
CeO, and CuO/Ceq 3Zr( 0, calcined at 500 °C was 150
and 210 °C, respectively. According to the above TPR
analyses, the CuO/CeO, catalyst calcined at 500 °C has
higher CuO dispersion degree and lower reduction tem-
perature compared with the CuO/Ce( gZr( -0, catalyst,
which may be the reason for the difference of the catalytic
activity.

4. Conclusions

In this study, only cubic phase were observed for
Ce0,, CegZry,0, and also for the supports in the
Cu0O/Ce0O, and CuO/CegZry-,0, catalysts by XRD
and FT-Raman analyses. Combing the results of XRD,
FT-Raman, XPS, H,-TPR and catalytic activity mea-
surements, we believed that the well-dispersed CuO is
responsible for low-temperature CO oxidation. The
Cu0O/CeO, exhibited higher catalytic activity than CuO/
Ceg.gZr(-,0, catalysts when the calcination temperature
was lower than 600 °C. However, the result was just the
opposite when the catalysts calcined at 800 °C. This
indicated that CuO/CeggZry,0, had better thermal
resistance than CuO/CeO, catalysts and this needs fur-
ther study.
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