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a b s t r a c t

Ce0.67Zr0.33O2 solid solutions synthesized by traditional co-precipitation method (hereafter donated as
CZ-CP) and hydrothermal method (hereafter donated as CZ-HT) were used as supports for preparing
a series of CuO/Ce0.67Zr0.33O2 catalysts. High resolution transmission electron microscopy (HRTEM), X-
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ray diffraction (XRD), temperature-programmed reduction (TPR), CO adsorption in situ Fourier transform
infrared spectroscopy (CO in situ FT-IR) and the activity of CO oxidation model reaction at low temperature
(<200 ◦C) were used to approach the properties of the catalysts. The results showed that the Ce0.67Zr0.33O2

prepared by hydrothermal method facilitate the formation and stabilization of Cu+ on the surface of
support and thus the activity for CO + O2 reaction was improved. A tentative model was suggested that
the difference in the preferentially exposed plane of CZ-CP and CZ-HT leads to the great difference in
dispersion, reduction and reaction activity of the dispersed copper oxide species on these two supports.
. Introduction

Three-way catalysts (TWCs) have been widely investigated for
heir efficiency in controlling pollutant emissions from gasoline
ngine [1–3]. Among TWC catalysts, ceria-containing materials are
ow receiving remarkably increasing interest due to their signifi-
ant applications in TWCs for its unique redox properties and high
xygen storage capacity (OSC), which are crucial for controlling the
atio of oxidants and reductants in automotive exhaust (NOx, CO,
ydrocarbons, etc.) [3–6]. However, as a support, ceria will result

n significant efficiency decrease of the catalysts under thermally
arsh environments, such as loss of surface area of the support,
intering of precious metals and deactivation of ceria [7–9]. Hence,
eO2–ZrO2 mixed oxides have gradually replaced pure CeO2 as oxy-

en storage capacity (OSC) materials in the TWCs to reduce the
mission of toxic pollutants from automobile exhaust, due to their
nhanced reduction behavior and improved thermal stability at
levated temperatures [9–12].
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So far, many techniques including high energy ball milling
[13], co-precipitation [14], sol–gel [15], microwave [16] and
hydrothermal synthesis [17] have been developed to synthesize
CeO2–ZrO2 materials. Among these methods, hydrothermal syn-
thesis has received more attention in scientific researches as it
always offers an extraordinary merit in preparing highly crystal-
lized nanomaterials with controlled shape, size and orientation.
For example, Zhang and Yan reported that homogeneous nanos-
tructured CeO2–ZrO2 solid solution could be prepared by the
hydrothermal urea hydrolysis method [18,19].

Although CeO2–ZrO2 solid solution supported catalysts have
been widely investigated, the dispersion and coordination state
of active species are still not very clear. The interaction between
metal oxide and oxide support has been investigated by many
groups and some useful models have been proposed [20–22]. Based
on a large amount of work and related literatures, “Incorporation
Model” was proposed by our group in early 1990s [23] and has
been used as an effective theory for explaining the dispersion and
coordination state of various metal oxides on different supports
[24–32]. According to this model, the supports are supposed to have

a preferentially exposed plane. For example, ceria crystallizes in a
cubic fluorite structure and exposes the thermodynamically most
stable (1 1 1) surface [33]. Friedrich et al. have reported the high-
resolution scanning tunneling microscopy results on CeO2 (1 1 1)
[34]. Primet et al. considered that the exposed plane are (0 0 1)

http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:gaofei@nju.edu.cn
mailto:donglin@nju.edu.cn
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several times, and then dried at 100 C in air for 12 h. The as-
prepared product was then calcined in air at 550 ◦C for 6 h with the
elevation 1 ◦C min−1. The BET surface area of as-prepared CZ-HT
was 127 m2/g.
Fig. 1. TEM images of Cu/CZ-CP sample with (a) low resolution and (b) high

lane for the anatase TiO2 and (1 1 0) plane for the rutile TiO2
35]. In the work of Jimenéz-Conzaléz et al., it was concluded by
etermination of lattice constant that most of the grains (∼90%) of
-alumina thin film are oriented with the surface normal along the

1 1 0) direction [36]. When metal oxides (e.g., CuO, NiO, etc.) are
ispersed on the supports (e.g., Al2O3, CeO2, TiO2, ZrO2, etc.), the

onic compounds are proceeded by the incorporation of the metal
ations into the surface vacant sites on the support provided that
he loading amounts of the compounds are not higher than their
ispersion capacities. The dispersion capacity of supported cata-

ysts deduced from the “Incorporation Model” is well consistent
ith the independent experiments and some chemical characters

e.g., reduction, adsorption and catalytic character) of the catalysts
re also well explained [20–27].

In this work, Ce0.67Zr0.33O2 solid solutions were synthesized by
ydrothermal and co-precipitation methods respectively and then
sed as supports for a series of CuO catalysts. Different properties
f these two kinds of catalysts such as dispersion, reduction, CO
dsorption and the catalytic activity of CO + O2 reaction were man-
fested. Deducing from “Incorporation Model”, we proposed that
he preferentially exposed plane of the Ce0.67Zr0.33O2 solid solu-
ion prepared by co-precipitation method is (1 1 1) plane while that
repared by hydrothermal method should be (1 1 0) plane. On this
asis, the different properties of these two kinds of catalysts were
lso explained.

. Experimental

.1. Sample preparation

Ce0.67Zr0.33O2 solid solutions (denoted as CZ) were prepared by
raditional co-precipitation method (CP) and hydrothermal method

HT), respectively.

CZ-CP support: Ce(NO3)3 and Zr(NO3)4 solutions with a molar
atio of Ce/Zr = 0.67:0.33 were mixed and stirred for 1 h. Then
mmonium hydroxide solution (25 wt% ammonia) was added to
he mixed solution until the pH value reached 10. The precipitation
tion, and Cu/CZ-HT sample with (c) low resolution and (d) high resolution.

was kept at 100 ◦C for 12 h and then calcined in air at 550 ◦C for 6 h.
The BET surface area of CZ-CP was 58 m2/g.

CZ-HT support: an appropriate amount of Ce(NO3)3, Zr(NO3)4
and urea solution were mixed into the flask and stirred at 80 ◦C
for 72 h. The molar ratio of Ce:Zr:urea was 0.67:0.33:2.5. The total
concentration of Ce and Zr ions was 0.1 mol L−1. The resulting solu-
tion was put into the Teflon autoclave and maintained at 120 ◦C for
another 24 h. The resultant light yellow precipitant was collected,
washed thoroughly with distilled water and absolute ethanol for

◦

Fig. 2. XRD patterns of CZ samples (a) t-ZrO2, (b) CeO2, (c) CZ-CP and (d) CZ-HT.
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aration, the one packed with 13X molecular sieve (30–60 M) for
separating O2, N2 and CO and the other packed with Porapak Q for
separating CO2.

In situ Fourier transform infrared spectroscopy (FT-IR) of CO
adsorption was carried out on a Nicolet 5700 FT-IR instrument
ig. 3. The XRD patterns of (A) CZ-CP supported CuO catalysts with CuO load-
ng: (a–g) 0.3, 0.6, 0.9, 1.2, 1.8, 2.4, 3.0 mmol/100 m2, respectively and (B)
Z-HT supported CuO catalysts with CuO loading: (a–e) 0.48, 0.95, 1.27, 1.59,
.91 mmol/100 m2, respectively.

The CuO/CZ samples were prepared by impregnating CZ sup-
orts with an aqueous solution containing required amounts of
u(NO3)2. Then the samples were dried at 100 ◦C for 12 h. After that,
he samples were calcined in air at 450 ◦C for 5 h with the elevation
◦C min−1. The samples are denoted as xCu/CZ-CP and xCu/CZ-HT,

espectively, e.g., 0.3Cu/CZ-CP corresponds to the CuO supported on
Z-CP support with the CuO loading amount at 0.3 mmol/100 m2.
he CuO loadings of Cu/CZ-CP samples were 0.3, 0.6, 0.9, 1.2, 1.8,
.4, 3.0 mmol/100 m2, respectively. The CuO loadings of Cu/CZ-HT
amples were designed to be 0.3, 0.6, 0.8, 1.0, 1.2, respectively. After
alcination, the BET surface area of Cu/CZ-HT samples reduced to
bout 80 m2/g (while that of Cu/CZ-CP has no obvious change), due
o the collapse of interparticle porous structure of CZ-HT support
see supplementary material 1). Thus, the actual CuO loadings were
.48, 0.95, 1.27, 1.59, 1.91 mmol/100 m2, respectively.

.2. Characterization
The size and morphology of all of the samples were measured
ith a JEOL JEM-2100 high resolution transmission electron micro-

cope (HRTEM).
X-ray diffraction (XRD) patterns were obtained with a

hilips X’pert Pro diffractometer using Ni filtered Cu K� radi-
ronmental 96 (2010) 449–457 451

ation (0.15418 nm). The X-ray tube was operated at 40 kV and
40 mA.

Brunauer–Emmett–Teller (BET) surface area was measured by
nitrogen adsorption at 77 K on a Micromeritics ASAP-2020 adsorp-
tion apparatus.

Temperature-programmed reduction (TPR) was carried out in
a quartz U-tube reactor, and 100 mg sample was used for each
measurement. Before reduction, the sample was pretreated in N2
stream at 100 ◦C for 1 h and then cooled to room temperature.
After that, a H2–Ar mixture (7% H2 by volume) with a flow rate of
40 mL min−1 was switched on and the temperature was increased
linearly at a rate of 10 ◦C min−1. A thermal conductivity cell was
used to detect the consumption of H2 on stream.

The activity tests of the catalysts in “CO + O2” reaction were
measured in a flow micro-reactor with a gas composition of 1.6%
CO, 20.8% O2 and 77.6% N2 by volume at a space velocity of
30,000 mL g−1 h−1, 25 mg catalyst was used for each measurement.
The catalysts were pretreated in a N2 stream at 100 ◦C for 1 h before
being switched to the reaction gas stream. Tail gas was analyzed
using gas chromatograph with a TCD. Two columns for gas sep-
Fig. 4. Quantitative XRD results of (A) xCu/CZ-CP samples and (B) xCu/CZ-HT sam-
ples.
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ig. 5. Schematic diagram for the incorporated Cu2+ ions in the surface vacant sites o
ncorporation of the dispersed Cu2+ species on the (1 1 1) plane of the CZ support, (C)
f the dispersed Cu2+ species on the (1 1 0) plane of the CZ support.

Thermo Electron Corporation, USA) running at 4 cm−1 resolutions.
thin, but intact, self-supporting wafer (≈15 mg) of the adsorbents
as prepared and mounted inside a high temperature cell (HTC-3,
arrick Scientific Corporation, USA). The wafer was pretreated by
2 (99.999%) at 400 ◦C for 1 h. After cooling to ambient tempera-

ure, CO–N2 mixture (10% CO by volume) was introduced into the
TC at atmospheric pressure for 30 min, then the HTC was heated

o 350 ◦C under CO atmosphere at a rate of 10 ◦C min−1 and the
pectra were recorded at target temperatures.

. Results and discussion

.1. TEM

Fig. 1(a) and (b) shows the low and high resolution TEM images
f CZ-CP sample, respectively. From the low magnification image
Fig. 1(a)), we can observe that the sample is not well dispersed and

heir grain sizes are in the range of 5–15 nm. To further investigate
ts crystal structure and exposed plane, the HRTEM image is pre-
ented in Fig. 1(b). Only one kind of periodicity of observed fringes
0.31 nm) can be observed, which is compatible with the distance
xpected between the (1 1 1) reticular planes of CZ. The result indi-
pports: (A) the schematic diagram of crystal structure of CZ and its (1 1 1) plane, (B)
hematic diagram of crystal structure of CZ and its (1 1 0) plane and (D) incorporation

cates that the growth direction of CZ-CP sample is mainly [1 1 1]
and the preferentially exposed plane should be (1 1 1) plane for the
sample prepared by co-precipitation method, which is consistent
with our previous study [31]. On the other hand, the TEM images
with low magnification of CZ-HT sample is given in Fig. 1(c). Similar
to that of CZ-CP sample, the CZ-HT sample also consists of aggre-
gated particles with irregular morphology and their grain sizes are
about 5–15 nm. However, from the HRTEM image (Fig. 1(d)), it can
be observed that the growth direction of CZ-HT sample is mainly
[1 1 0] and [1 1 1], implying that the (1 1 0) and (1 1 1) planes are
exposed outside for the hydrothermal prepared sample. Thus, we
can conclude that the exposed planes should be mainly (1 1 0) and
(1 1 1) planes in CZ-HT samples. However, as the morphology of
CZ-HT sample is irregular, the relative amount of these two kinds
of exposed planes is difficult to be distinguished by HRTEM.

3.2. XRD
Fig. 2 shows the XRD patterns of CZ-CP and CZ-HT samples. For
comparison, the curves of pure CeO2 and t-ZrO2 are also listed. The
results reveal that both samples are Ce–Zr solid solution with cubic
fluorite structures and the lattice parameter obtained from the cal-
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Fig. 6. TPR profiles of (A) some xCu/CZ-CP samples with CuO loading 0.3, 0.9 and
1.8 mmol/100 m2, respectively and (B) some xCu/CZ-HT samples with CuO loading
0.48, 0.95, 1.59 and 1.91 mmol/100 m2, respectively.

Fig. 7. The CO oxidation activity of xCu/CZ-HT and xCu/CZ-CP catalysts.
ronmental 96 (2010) 449–457 453

culation of (1 1 1) peak is about 0.535 nm, which is in agreement
with the product of CZ obtained from other route [37].

XRD patterns of a series of Cu/CZ-CP and Cu/CZ-HT samples
with different CuO loadings are presented in Fig. 3A and B, respec-
tively. For Cu/CZ-CP samples with low CuO loadings (0.3, 0.6 and
0.9 mmol/100 m2 CZ-CP), no crystalline peaks of copper oxides can
be observed, as shown in Fig. 3A(a–c), which suggests that the cop-
per species have been highly dispersed on the surface of CZ-CP.
For samples with high CuO loadings (≥1.2 mmol/100 m2), the typ-
ical diffraction peaks of crystalline CuO (2� = 35.5◦ and 38.8◦) have
been found, as shown in Fig. 3A(d–g), and the intensities of these
peaks increase with the CuO loadings, indicating the formation of
crystalline CuO. Whereas, for Cu/CZ-HT samples (Fig. 3B), the char-
acteristic peaks of crystalline CuO appear in 0.95, 1.27, 1.59 and
1.91Cu/CZ-HT samples, except for 0.48Cu/CZ-HT sample. Accord-
ingly, XRD quantitative analysis results of both series samples are
shown in Fig. 4. The dispersion capacities of copper oxide on CZ-
CP and CZ-HT support are around 1.07 and 0.74 mmol/100 m2 CZ,
respectively. This result indicates that the surface structure of the
two kinds of catalysts should be of great difference.

As we reported previously, the dispersion capacities of bivalent
metal oxides (e.g., CuO, NiO, etc.) on the surface of various supports
have been successfully explained by “Incorporation Model”, e.g.,
CeO2 [26], ZrO2 [27], TiO2 [28], Al2O3 [25,26] and some modified or
complex oxide supports [16,29,30]. For CeO2–ZrO2 solid solution
supported catalysts, the “Incorporation Model” is also applicable
[16,31].

According to the literatures [31,38,39], both ceria and zirconia
have fluorite structures. The (1 1 1) planes, which are thermody-
namically most stable and have cubic vacant sites, are preferentially
exposed on the surface of CeO2 and ZrO2. It is reasonable to suggest
that the (1 1 1) plane is also preferentially exposed on the surface
of CeO2–ZrO2 solid solution, which has a fluorite structure as well.
This assumption is also supported by our HRTEM result. Thus, in
the present work, the preferentially exposed plane of CZ-CP is con-
sidered to be (1 1 1) plane. The scheme of (1 1 1) plane of CZ-CP
is shown in Fig. 5(A) and (B). Considering the lattice parameter of
CZ-CP obtained from XRD results (0.535 nm), the vacancy density is
calculated to be 1.34 mmol/100 m2. When CZ-CP is impregnated by
Cu(NO3)2 aqueous solution, the vacant sites on the surface of CZ-
CP will be occupied by Cu2+ ions, so the dispersion capacity of CuO
should be 1.34 mmol/100 m2. The experimental dispersion capacity
of CuO on the surface of CZ-CP is about 1.07 mmol/100 m2, which
is basically coincided with the theoretic value.

However, for Cu/CZ-HT samples, the dispersion capacity is
only about 0.74 mmol/100 m2, which has obvious difference
with theoretic results of CuO dispersion on (1 1 1) plane of CZ
(1.34 mmol/100 m2). Based on our previous study [28], we tenta-
tively discussed the possible reason by considering the shielding
effect of accompanying NO3

− anions, which may induce the dis-
persion capacity far below the theoretic values. When CZ-HT
was impregnated by Cu(NO3)2 aqueous solution, Cu2+ ions would
occupy the vacant sites on the surface of CZ-HT and the two accom-
panying NO3

− anions would stay at the top of the occupied site as
capping NO3

−, compensating the extra positive charge. The two
accompanying NO3

− anions would prevent some of the neigh-
boring vacant sites on the surface of CZ-HT. Along this line, the
dispersion capacity of CuO on the surface of CZ-HT should be basi-
cally equal to the dispersion capacity of Cu(NO3)2 on CZ-HT. As
reported in literature [40], the effect radius and area of NO3

− is
about 0.19 nm and 0.125 nm2, respectively. Thus, the dispersion

capacity can be calculated to be about 0.66 mmol/100 m2, which is
basically coincided with the XRD results. It seems that the lower
dispersion capacity of CuO could be explained by the shielding
effect of capping NO3

− anions. However, the dispersion capacity
should increase significantly through the double impregnation pro-
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essing. Actually, for our samples, the dispersion capacity after the
ouble impregnation (see supplementary material 2) is only about
.86 mmol/100 m2, which has not obvious increment than that
f one-step impregnation samples (0.74 mmol/100 m2). Therefore,
his assumption may not fit for Cu/CZ-HT samples in this work.

On the other hand, according to the literatures, the prepara-
ion method could affect the exposed plane of the support [38,41].
ccording to the “Incorporation Model”, we calculated the surface
acant sites of some common lattice planes of CZ and found that if
he (1 1 0) plane is considered as the preferentially exposed plane
or CZ-HT support, as shown in Fig. 5(C) and (D), the density of sur-
ace vacant sites can be calculated to be 0.79 mmol/100 m2, which
lso be the theoretical dispersion capacity of Cu2+ ions on the sur-
ace of CZ-HT support. This result matches the experimental results
ery well. Combined with the HRTEM results, it is reasonable to
uppose the preferentially exposed plane of CZ-HT sample should
e (1 1 0) plane.

.3. H2-TPR

Fig. 6(A) is the TPR curves of Cu/CZ-CP samples. For 0.3Cu/CZ-CP
ample, two reductive peaks can be observed at about 155 ◦C and
80 ◦C, with the former peak appears as a shoulder. As discussed in
RD section, all the Cu species are well dispersed on the surface of
Z-CP in this sample. Thus the two peaks could be attributed to the
tepwise reduction of dispersed CuO, i.e., Cu2+ → Cu+ and Cu+ → Cu0

42]. When the CuO loading is 0.9 and 1.8 mmol/100 m2 CZ-CP,
new reduction peak at about 230 ◦C appears, corresponding to

he reduction of crystalline CuO [43,44]. However, for 0.9Cu/CZ-CP
ample, the peak only appears as a weak shoulder, implying the
rystalline CuO exists as small CuO cluster, which is not detectable
or XRD characterization.

Fig. 6(B) is the TPR curves of Cu/CZ-HT samples. For 0.48Cu/CZ-
T sample, two reduction peaks corresponding to stepwise

eduction of dispersed CuO appear at about 155 ◦C and 220 ◦C,

espectively. When the CuO loading exceeds the dispersion capac-
ty, the reduction of crystalline CuO appears at about 240 ◦C. For
.95 and 1.59Cu/CZ-HT samples, the peaks of crystalline CuO only
ppear as shoulders, due to the overlap with the reduction peaks
f Cu+ → Cu0.

Fig. 8. In situ FT-IR spectra of CO adsorbed on (A)
ronmental 96 (2010) 449–457

Compared the TPR results of these samples, it can be observed
that the reduction temperatures of Cu2+ → Cu+ for both series
samples are almost the same (∼150 ◦C). While the reduction tem-
perature of Cu+ → Cu0 is about 45 ◦C disparities (180 ◦C for Cu/CZ-CP
samples and 225 ◦C for Cu/CZ-HT samples), indicating that the Cu+

on the surface of CZ-HT surface are difficult to be reduced, i.e., the
ceria–zirconia solid solution prepared by hydrothermal method has
stabilization effect on dispersed Cu+ species.

3.4. Activity of CO + O2 reaction

The activity tests for CO + O2 reaction were performed for some
Cu/CZ-CP and Cu/CZ-HT samples and the results are shown in Fig. 7.
For both Cu/CZ-CP and Cu/CZ-HT samples, the activities for CO con-
version have similar characters as we have reported previously
[16]. When the Cu contents are below the dispersion capacity, the
CO conversion increases with Cu loading. When the Cu loadings
are much higher than the dispersion capacity, the CO conversion
decreases dramatically. The results indicate that the dispersed Cu
species are active for CO + O2 reaction, while the bulk CuO particles
hinder the process of the reaction, which is in accordance with the
literature [45].

It also can be clearly observed that the activities of Cu/CZ-HT
samples are obviously higher than that of Cu/CZ-CP ones. Contrast-
ing 0.48Cu/CZ-HT and 0.9Cu/CZ-CP samples, in which all the Cu
species are highly dispersed and the Cu content in 0.48Cu/CZ-HT
(∼3 wt%) is even lower than that in 0.9Cu/CZ-CP (∼4 wt%), the turn
over number of each Cu ion per hour at 125 ◦C is calculated to be
12.3 and 38.2 h−1, respectively, indicating the activity of 0.48Cu/CZ-
HT is about three times as high as that of 0.9Cu/CZ-CP sample.

As reported elsewhere, the CO adsorption is a necessary step
in CO + O2 reaction [46,47]. For supported CuO catalysts, as Cu0

and Cu2+ can absorb CO molecules only at extremely low tempera-
ture, the Cu+ species, which have obvious CO adsorption at ambient

temperature, are considered to be active for CO + O2 reaction. As
discussed in TPR section, the CZ supports prepared by hydrother-
mal method facilitate the stabilization of Cu+ on the surface, thus
the CuO catalysts supported on the CZ-HT should have much better
activity than those supported on CZ-CP.

0.9Cu/CZ-CP and (B) 0.48Cu/CZ-HT samples.
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.5. CO in situ FT-IR

To further explore the stabilization effects of support on the sur-
ace dispersed copper oxide species, the CO adsorption in situ FT-IR
pectra of 0.48Cu/CZ-HT and 0.9Cu/CZ-CP samples are recorded,
s shown in Fig. 8. Generally, the adsorption of CO molecules on
u2+, Cu+, and Cu0 gives rise to peaks with characteristic vibra-
ional frequencies at about 2220–2150 cm−1, 2160–2080 cm−1, and
elow 2130 cm−1, respectively, and at the ambient temperature,
u+–CO is most stable adsorption [48–51]. As the support has no CO
dsorption at 2200–2050 cm−1 region, the peak at about 2110 cm−1

n the spectra should be attributed to the vibration of Cu+–CO. It
an be observed that there are similar characters in FT-IR spec-
ra for both samples. The peaks of CO adsorption on the Cu+ are
vident at room temperature and with the elevation of temper-

ture, the peak intensities increase gradually to maximum and
hen decrease until disappearance. The Cu+–CO adsorption peaks at
oom temperature indicate that there are some Cu+ species in the
amples at ambient temperatures. With the temperature increas-
ng, the Cu species are reduced gradually and more Cu+ ions form

ig. 9. The schematic model of (A) and (B) Cu2+ incorporated in the (1 1 1) surface of th
ncorporated in the (1 1 0) surface of CZ. (G) The model of coordinative environment of Cu
ronmental 96 (2010) 449–457 455

on the surface of CZ support, thus the peak intensity increases
gradually to maximum. As the temperature increases continuously,
Cu+ are further reduced to Cu0 and the peak intensity decreases
gradually until disappearance. However, the desorption tempera-
tures of Cu+–CO peaks are greatly different for 0.48Cu/CZ-HT and
0.9Cu/CZ-CP samples. For 0.9Cu/CZ-CP sample (Fig. 8(A)), the max-
imum peak area of CO adsorption on Cu+ appears at about 100 ◦C
and disappears completely at 225 ◦C. Compared with 0.9Cu/CZ-CP
sample, the CO adsorption reaches maximum at about 150 ◦C for
0.48Cu/CZ-CP (Fig. 8(B)) and the desorption process is very slow,
which can be observed even at 350 ◦C. It can be concluded that the
CO adsorption on Cu/CZ-HT is much more stable than Cu/CZ-CP,
i.e., the Cu+ is much more stable in Cu/CZ-HT than that in Cu/CZ-
CP.

Considering the difference in preferentially exposed plane of

these two supports, the following explanation is suggested. For
CZ-CP samples, the (1 1 1) plane is preferentially exposed on the
surface. As the lattice parameter of CZ-CP is 0.535 nm, the maximal
radius that the vacant sites can accommodate is about 77 pm. The
Cu2+, with radius about 73 pm, could totally incorporate into the

e CZ, (C) and (D) Cu+ incorporated in the (1 1 1) surface of CZ and (E) and (F) Cu+

+ on the (1 1 0) surface.
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acant sites. Meanwhile, the capping oxygen covers on the top of
he Cu2+, which forms a penta-coordinative environment of Cu2+

Fig. 9(A) and (B)). When Cu2+ is reduced to Cu+, the dispersion
tates of Cu+ could be schemed as Fig. 9(C). As the radius of Cu+

96 pm) is larger than the size of the vacancy (77 pm), the Cu+

ould not totally incorporate into the vacancy, i.e., the Cu+ should
e slightly elevated and “float” above the plane of surface lattice
xygen anions, as shown in Fig. 9(D), which increase the exposed
rea of Cu+ than Cu2+ in Fig. 9(B). It also can be seen that each
apping oxygen anion is shared by two Cu+ cations, thus the Cu+

ocates in an asymmetric penta-coordinative environment, which
s a much more unstable structure than the coordinative environ-

ent of Cu2+. Therefore, the Cu+ is easier to be attacked by reductive
olecules than Cu2+. Hence, when the Cu2+ is reduced to Cu+, the

u+ could be successively reduced to Cu0 species immediately.
While for CZ-HT samples, the preferentially exposed plane is

upposed to be (1 1 0) plane. The maximal radius that the vacan-
ies can accommodate is calculated to be 98 pm, which is larger
han the radius of Cu2+ (73 pm) and Cu+ (96 pm). Therefore, the
u+ could totally incorporate into the surface vacancies, as shown

n Fig. 9(E) and (F). The Cu+ ion is surrounded by seven oxygen
nions to form a defective octahedral copper oxide species. How-
ver, after absorbing reductive molecules, the coordination of Cu+

orms an octahedral environment (Fig. 9(G)), which is a stable sym-
etric structure, thus the Cu+ should be easy to attach reductive
olecules but difficult to be reduced to Cu0. Thus, the CO absorption

eaks on Cu+ in FT-IR spectra are fairly strong in a wide tempera-
ure range for Cu/CZ-HT sample. The model indicates that the Cu+

n CZ-HT samples are more stable than in CZ-CP samples, which
s in accordance with the TPR, reaction test and CO in situ FT-IR
esults.

. Conclusions

The different preparation methods of CeO2–ZrO2 solid solution
ay lead to the different preferentially exposed planes. In this
ork, the preferentially exposed plane of CZ sample prepared by

onventional co-precipitation method is (1 1 1) plane, while that
f CZ sample prepared by hydrothermal method should be (1 1 0)
lane, which leads to the following different properties for the two
inds of supported CuO catalysts:

. The dispersion capacity of CuO on the surface of CZ-CP
is about 1.07 mmol/100 m2, while the dispersion capacity is
0.74 mmol/100 m2 for CZ-HT supported CuO catalysts. The
vacancy density on (1 1 0) plane is lower than that on (1 1 1)
plane, thus the dispersion capacity of Cu/CZ-HT is much less than
Cu/CZ-CP samples.

. The coordinative environment of reduced Cu+ dispersed on
(1 1 1) plane is a highly distorted penta-coordinative structure,
while the coordinative environment of reduced Cu+ dispersed
on (1 1 0) plane forms a stable symmetrical octahedral structure
after absorbing a reductive molecule. Thus, the surface struc-
ture of CZ prepared by hydrothermal method is easier to absorb
micro molecules and facilitate the stabilization Cu+ on the sur-
face of support, which promotes the activity in CO + O2 reaction
significantly.

cknowledgements
The financial supports of the National Natural Science Founda-
ion of China (Nos. 20873060, 20973091), the Project of Jiangsu
nnovation talent (BK2008001) and the National Basic Research
rogram of China (2010CB732300) are gratefully acknowledged.

[

[

ronmental 96 (2010) 449–457

Appendix A. Supplementary data
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