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a b s t r a c t

Catalytic properties of CuO supported on CexZr1�xO2 and WO3/CexZr1�xO2 with different Ce/Zr molar
ratios are studied by using XRD, TPR, FT-IR and testing catalytic activities in low temperature CO + O2

reaction. The results show that with the addition of Zr, dispersion capacity and CO oxidation activities
will decrease; H2 reduction and CO adsorption behaviors are also different. However, for copper oxide
supported on CexZr1�xO2 pre-modified with WO3 full monolayer, i.e., CuO/WO3/CexZr1�xO2 samples, all
these catalytic properties are similar and independent of the Ce/Zr molar ratios. Experiment results have
been tentatively discussed by considering the change of surface structure of these supports.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Recently, the studies of CeO2–ZrO2 solid solution as catalysts’
supports attract lots of attention due to its excellent OSC (oxygen
storage capacity), redox properties and thermal stability compared
with pure CeO2 [1–5]. CeO2–ZrO2 solid solution supported catalysts
show excellent activity in many important reactions, especially as
model three-way catalysts (TWCs) in the treatment of automotive
exhaust gas.

It is well documented that CeO2 and ZrO2 could form homoge-
neous solid solution in a wide range of ceria concentration in suit-
able condition, and Ce/Zr ratios in solid solution would play an
important role on tuning its physical and chemical properties.
Many studies have been carried out to investigate the influence
of the Ce/Zr ratios on the properties of solid solution and also the
active component supported on solid solution [4–8]. However,
due to the complexity of the surface structure and the difficulty
to identify the surface interaction between active component and
support, nature of the influence is still not clear.

For supported catalysts, the state of active component would
be greatly influenced by support, especially the surface of support
which interacts with active component directly. Many studies use
other components to modify the surface structure of supports as
ll rights reserved.

: +86 25 83317761.
to promote catalytic activity. However, modification also affects
the original interaction between active component and support.
For CexZr1�xO2 solid solution supported catalysts, it might be
helpful for approaching the nature of the influence of Ce/Zr ratios
on the properties of active components by pre-modifying the so-
lid solution supports and investigating the role of the modifying
components on the interaction between active component and
support.

It has been proved that tungsten oxide can be highly dispersed
on the surface of different metal oxide supports, like TiO2, Al2O3,
ZrO2, CeO2 etc., and form a close-packed monolayer as loading
amount reaches the maximum, dispersion capacity. Experiment
results prove that the measured dispersion capacities of WO3 are
very close to the theoretical value of monolayer, i.e., 0.82 mmol/
100 m2 [9–11]. Along this line, in this study, we use full monolayer
tungsten oxide as modification component, and theoretically,
amount of tungsten oxide in different CeO2–ZrO2 supports will
be same, which can make the analysis clearer. Copper oxide is
chose as active component, since it is widely used in catalytic
reactions and can be characterized by various methods. Accord-
ingly, in this paper, dispersion, reduction, CO adsorption behaviors
and catalytic activities (CO + O2) of CuO supported on CexZr1�xO2

and WO3 pre-modified CexZr1�xO2 have been studied. The atten-
tions are mainly focused on (1) influence of Ce/Zr ratios of sup-
ports on the properties of copper oxide species and (2) influence
of WO3 monolayer on the interaction between copper oxide spe-
cies and CexZr1�xO2 supports.
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2. Experiment

2.1. Catalysts preparation

CeO2–ZrO2 solid solution was prepared by co-precipitation of
Ce(NO3)3 � 6H2O and Zr(NO3)4 � 5H2O aqueous solution with differ-
ent molar ratios of Ce/Zr (3:1, 1:1 and 1:3) using aqueous solutions
of ammonia (25% ammonia). The precipitate was dried at 100 �C
for 12 h and then calcined in a flowing air stream at 600 �C for
5 h. CeO2 and t–ZrO2 were obtained in a similar process, with pre-
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Fig. 1. XRD patterns of 08Cu-CxZy (A) and 08Cu-08W-CxZy (B).
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Fig. 2. TPR profiles of 08Cu-CxZy
cipitation of Ce(NO3)3 and ZrOCl2 only. The obtained five kinds of
supports were noted as C, C3Z1, C1Z1, C1Z3 and Z for short and
BET surface areas were 50, 50, 49, 44 and 70 m2/g, respectively.

WO3/CexZr1�xO2 samples were prepared by impregnating
CexZr1�xO2 supports with an aqueous solution of ammonium meta-
tungstate [(NH4)6H2W12O40] containing theoretic amount of WO3

forming monolayer (i.e., 0.8 mmol/100 m2) followed by drying at
100 �C for 12 h and then calcined in air at 500 �C for 5 h. No detect-
able crystalline WO3 diffraction peaks were found in XRD patterns
of these modified supports.

CuO/CexZr1�xO2 and CuO/WO3/CexZr1�xO2 were prepared by
impregnating corresponding supports with an aqueous solution
containing the requisite amount (0.8 mmol/100 m2 CxZy) of
Cu(NO3)2, then dried at 100 �C for 12 h and calcined at 450 �C in
air for 5 h. Samples were denoted as zCu-CxZy and zCu-08W-CxZy.
For instance, 08Cu-C3Z1 meant the sample with copper oxide load-
ing of 0.8 mmol/100 m2 on C3Z1.

2.2. Catalysts characterization

Samples were characterized by using Brunauer–Emmett–Teller
(BET) surface areas, X-ray diffraction (XRD), H2–temperature-pro-
grammed reduction (TPR) and Fourier transform infrared spectros-
copy (FT-IR) of CO adsorption under CO–N2 mixture flow (10% CO
by volume and 5 cm3/min, atmospheric pressure). Catalytic activ-
ity measurements for CO + O2 reaction were carried out in a mi-
cro-reactor using following conditions: 25 mg catalyst, feed
steam (30,000 ml g�1 h�1) with fixed composition: 1.6% CO, 20.8%
O2 and 77.6% N2. The details about these characterization methods
can also be found in our previous paper [12].

3. Results and discussion

In X-ray diffraction patterns of CexZr1�xO2 supports (not shown
here), no separated CeO2 or ZrO2 peak is found, indicating the for-
mation of homogeneous solid solutions. Fig. 1 shows the XRD pat-
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terns of copper oxide supported on CexZr1�xO2 and WO3/
CexZr1�xO2. In Fig. 1A, the diffraction peaks attributed to crystalline
CuO would appear when Zr content is higher than 50%, and the
peaks are especially evident in 08Cu-Zr. This result indicates that
introduction of Zr ions into ceria lattice would affect the dispersion
capacity of copper oxide on CexZr1�xO2 supports, as the loading
amount of copper oxide is the same, i.e., 0.8 mmol/100 m2, in all
supports. While in Fig. 1B, with monolayer WO3 modification, no
detectable crystalline CuO is found in all samples, which is differ-
ent from the situation above. These results tentatively indicate that
monolayer WO3 modification can decrease the affection of differ-
ent supports on the dispersion of copper oxide.

Fig. 2A shows the H2-TPR results of 08Cu-CxZy samples. All cer-
ium contained samples have two reduction peaks before 195 �C.
According to our previous works, it is presumed these peaks are
caused by the stepwise reduction of dispersed copper oxide spe-
cies, i.e., Cu2+–Cu+ and Cu+–Cu0 [13–15], though small amount of
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Fig. 3. IR spectra of 08Cu-CxZy (A) and 08Cu-08W-CxZy a
ceria in supports may participate in the reduction. Stepwise reduc-
tion is likely due to the promoting effect of Ce3+ on stabilizing Cu+

during reduction [16–18]. It is found that ratio of the two peaks’
areas (first peak’s area/second peak’s area) increases with Zr con-
tent, probably depending on the content of cerium in the support.
The shoulder peaks after 195 �C are due to the reduction of crystal-
line CuO. However, for 08Cu-Z sample without cerium, only one
reduction peak of dispersed copper oxide is observed at about
155 �C, while the peak at 215 �C is ascribed to crystalline CuO,
according to the evident crystalline peak in XRD pattern. Obvi-
ously, reduction behaviors of these samples are greatly influenced
by the composition of supports. Fig. 2B shows TPR profiles of 08Cu-
08W-CxZy samples. All samples only have two peaks: one for dis-
persed CuO (around 190 �C) and another for crystalline CuO
(around 290 �C). The disappearing of stepwise reduction just like
in 08Cu-Zr seems indicating that cerium species cannot effect on
dispersed CuO species in these modified samples. The reason for
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this will be discussed later. Besides, it is noticed that no crystalline
CuO is found in XRD results above. We think this is because the
size or amount of crystalline CuO is too small and beyond the
detecting limit of the XRD instrument. It is interesting that inten-
sity of crystalline peak in all samples is very small but comparable.
While for dispersed species, positions of these peaks are very close,
suggesting dispersed copper oxide species in these samples are in
similar state. So reduction behavior of surface copper oxide species
in monolayer WO3 modified samples is independent, at least much
less dependent, on Ce/Zr ratios in solid solution, much different
from the result before modification.

Fig. 3 shows the FT-IR spectra of 08Cu-CxZy and 08Cu-08W-
CxZy under CO + N2 flow from 25 to 300 �C. For the sake of brevity
and clarity, only the IR spectra of samples using CeO2, Ce0.5Zr0.5O2

and ZrO2 as supports in the region of 2200–2050 cm�1 are pro-
vided. All spectra mainly show one band in this region. Separate
experiment finds no band is detected for CexZr1�xO2 and WO3/
CexZr1�xO2 supports. So according to the position of this band
and also the fact that Cu0–CO and Cu2+–CO are not stable in current
temperatures [19–21], this band is reasonable to be ascribed to the
adsorption of Cu+–CO species. For 08Cu-CxZy samples shown in
Fig. 3A, this band is around 2110 cm�1. As temperature increases,
intensity of this band firstly increases to a maximum value and
then decreases until disappears. This phenomenon is probably
caused by two factors. One is reduction of surface copper oxide
species and another is heat effect on CO adsorption. At room tem-
perature, small amount of surface copper oxide could be reduced
to Cu+ ions and adsorb CO molecule [19,22]. This forms the initial
band in all three samples. As temperature increases, Cu2+ ions are
reduced to Cu+ and intensity of Cu+–CO band will increase. Though
increase of temperature will favor desorption of Cu+–CO, reduction
of Cu2+ is the dominant factor here. As temperature increases fur-
ther, temperature effect will take the priority or Cu+ ions would be
reduced to Cu0. Both of them will lead the band decrease until dis-
appear. Noticeably, as Zr content increases, the temperatures at
which this band reaches the maximum are 75, 100 and 150 �C,
respectively in three samples. Increase of Zr content seems to make
samples harder to be reduced by CO. For 08Cu-08W-CxZy samples,
the band attributed to the adsorption of Cu+–CO species moves to
2138–2128 cm�1. Band position is closely related to the environ-
ment of Cu+ ions [21,23], which is influenced by surface structure
of supports. Modification of WO3 monolayer must have signifi-
cantly changed the surface structure of supports, and following
the adsorption of CO on Cu+ ions. However, in all 08Cu-08W-CxZy
samples, this band appears in similar position and would reach the
maximum at 225 �C and even exist at 300 �C, which seems inde-
pendent of Zr content. It is noticed that modified samples have
higher CO reduction temperature.

Fig. 4 shows the CO oxidation activity of 08Cu-CxZy and 08Cu-
08W-CxZy under different reaction temperatures. Obviously, for
08Cu-CxZy samples, the light-up temperature (at which the cata-
lytic activity is 50%) would increase with the Zr content in sup-
ports; while for 08Cu-08W-CxZy samples, light-up temperatures
of these samples are much higher than those of 08Cu-CxZy but
similar to each other, which seems independent of the Zr content.
Generally, it is recognized that CO reduction temperature can im-
ply the catalytic activity in CO + O2 reaction. Lower CO reduction
temperature usually means higher activity. The CO oxidation activ-
ities are consisted with the CO adsorption results.

So it is found that catalytic properties of copper oxide (including
dispersion, H2 reduction, CO adsorption and catalytic activity) are
closely related to the composition of supports. This is because dif-
ferent Ce/Zr ratios will influence the surface structure of supports
then the surface interaction with active component, CuO, and final-
ly affect catalytic properties. However, when CexZr1�xO2 supports
are modified with 0.8 mmol/100 m2 tungsten oxide, a close-packed
oxygen anion monolayer would form on the surface of supports.
Further supported copper oxide is mainly dispersed on WO3 mono-
layer, instead of CexZr1�xO2 supports. Formation of close-packed
monolayer seems to block the interaction between copper oxide
and supports. A schematic model is shown in Fig. 5. Thus in TPR
experiment, modified samples do not show stepwise reduction.
In a word, state of copper oxide on modified CexZr1�xO2 is mainly
dominated by the interaction with WO3 monolayer, much different
from on CexZr1�xO2. WO3 monolayer has relatively stable structure
in all supports, so state of copper oxide in modified samples is
independent of Zr content in supports. In other words, after WO3

modification, CexZr1�xO2 supports contribute little in deciding the
properties of supported copper oxide. This proves the excellent
catalytic properties of CuO/CexZr1�xO2 come from the direct sur-
face interaction between CuO and CexZr1�xO2.
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4. Conclusion

Catalytic properties of copper oxide species on CexZr1�xO2 sup-
ports are closely related to the Zr content in solid solution. The di-
rect surface interaction between copper oxide and supports plays a
crucial role on the catalytic properties of CuO/CexZr1�xO2 samples.
So the modification of supports’ surface will greatly influence cat-
alysts. As for CuO/WO3/CexZr1�xO2 samples, the WO3 monolayer
would block the interaction between copper oxide and CexZr1�xO2

supports. Therefore, catalytic properties of surface copper oxide in
these samples would be independent of the Zr content. Besides, for
CO + O2 reaction, addition of WO3 to CuO/CexZr1�xO2 catalysts is
not efficient.
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