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Nanosized Ce;Cu,Oy, materials were prepared by complexation—combustion method. The
structural characteristics and redox behaviors were investigated using X-ray diffraction
(XRD), temperature programmed reduction (H,-TPR), UV—Vis, and Raman spectroscopies.
In XRD patterns, no evidence of CuO diffraction peaks are observed for the Ce;_xCuxOy
samples calcinated at 650 °C for 5 h, until the Cu/(Ce + Cu) ratio is higher than 0.4. The
stepwise decrease of the 26 value of CeO, in Ce;CuxOy with the increasing of Cu
concentration suggests that the Cu?* ions incorporate into the CeO;, lattice to form Ce;.Cu,Oy
solid solutions for low Cu/(Ce + Cu) ratios (x < 0.1). The CuO phase begins to segregate
from the solid solutions with the further increasing of Cu/(Ce+Cu) ratio. The Raman mode
at 1176 cm! ascribed to the enhanced defects appears for CeO, and the Cey¢Cuq10y solid
solution. Compared with CeO, alone, the Raman mode of cubic CeO; shifts from 462 to 443
cm™?! for the Cep9Cuq 10y solid solution. The H, consumption of the fresh Cego5CUo.050y is
1.65 times higher than that needed to reduce CuO to Cu, and it increases to 2.4 after a
reoxidation of the partially reduced Ceg¢5Cug0s0y at 300 °C, which indicates that the CeO,
phase is also extensively reduced. Compared with the high Cu/(Ce+Cu) ratio sample Ceg 7-
Cug 30y, the Ce9Cug10y solid solution shows high and stable redox property even after
different reoxidation temperatures. When the reoxidation temperature exceeds 200 °C, the
o peak (~170 °C) ascribed to the reduction of surface oxygen disappears, and the § peak
(~190 °C) ascribed to the reduction of Cu®* species and the partial reduction of bulk CeO,
shifts to higher temperatures with the H, consumption 1.16 times higher than that for fresh
sample. The result demonstrates that the redox property of the CeO; is significantly improved
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by forming the Ce;—,Cu,Oy solid solutions.

Introduction

Recently, CeO, and CeO;-based materials have at-
tracted much attention in catalysis because of their
unique catalytic activities in reactions associated with
environmental concerns.’=3 The facile Ce**/Ce®* redox
cycle often leads to higher oxygen storage capacity
(OSC) with reversible addition and removal of oxygen
in the fluorite structure of ceria. For further improve-
ment of the redox cycle between Ce** and Ce3", various
Ce0,-based binary oxides, such as CeO,—Al,03,* CeO,—
La203,5 CEOZ_HfOZ,e CeOz—Sm203,3 CeOz—Ti02,7 and
Ce0,—Zr0,,%9 have been widely investigated. A general
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conclusion is that the incorporation of MOy into the
CeO;, lattice forms Ce;—xMxOy solid solutions with higher
OSC and better redox properties than those of CeO;
alone.

However, only a few investigations have been
reported!®-13 on the preparation, property, and applica-
tion of transitional metals or noble metals-doped CeO,
solid solutions, although some studies of CeO»-based
solid solutions were focused on as materials for solid
oxide fuel cells, oxygen sensors, and catalyst support-
ers.114 As a matter of fact, ceria-containing materials
have been applied in various catalytic reactions owing
to the unique SMSI (strong metal—support interaction)
between the surface oxygen vacancies and the metal
oxide species and its effects on redox property and on
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catalytic activities.'> For example, CuO/CeO, catalysts
were reported to exhibit high catalytic activities toward
NO reduction and oxidations of CO and hydrocar-
bons.16-23 A synergistic reaction pathway was proposed
to explain the enhanced catalytic activity in CO
oxidation,?*~2% in which both the CeO; and the copper
oxides are simultaneously reduced or oxidized with CO
or O, respectively. It turned out that the electronic
interaction between CuO and CeO; plays an important
role in enhancing the catalytic activity. This fact was
further confirmed by cyclic voltammetry investigations
and temperature-programmed reaction studies.?’

The enhanced redox property of CeO, could be ob-
tained by incorporating a transitional metal to the cubic
Ce0;, lattice to form solid solution.?8 However, it is still
difficult to obtain the Ce;—,CuxOy solid solutions using
traditional preparation methods such as impregnation,
coprecipitation, and decomposition—precipitation. In the
present study, nanosized Ce;—CuxOy (x = 0.1) solid
solutions are prepared by the complexation—combustion
method. The structural evidence of the solid solutions
with the enhanced oxygen vacancies was provided by
XRD, UV—vis, and Raman spectra studies. The H,-TPR
experiment further indicates that the reduction of CeO,
is not limited to the surface oxygen but extends to the
bulk oxygen in the reduction—oxidation processes, which
is the reason for the enhanced redox property in the
solid solutions.

Experimental Section

Sample Preparation. The Ce;-,CuO, materials were
prepared by citric acid complexation—combustion method. Ce-
(NO3)3+6H,0 and Cu(NO3),:3H,0 were dissolved in deionized
water in such a manner to give solution of 1.0 M. Citric acid
was added with 1.2x molar amounts to the premixed nitrate
solutions of cerium and copper with different Cu/Ce ratios. The
solution temperature was kept at 70 °C for 2 h. In the process,
the mixture color changed from blue to green and the pH value
was about 1.0. Once the gel formed, the temperature was
elevated to 150 °C quickly, the gel foamed, with production of
nitrogen oxide vapors, and burnt with sparks. A solid product
was obtained after the sparks were extinguished. For this
process, it is suggested to select open containers (such as a
Bunsen beaker), and it is safe to operate in a ventilated
environment. The resulting powder calcined at 650 °C for 5 h
in air is referred to as fresh sample. The notation of x, y in
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Table 1. BET Surface Areas and Pore Parameters of

Ce1-xCuxOy
BET pore volume pore diameter
sample (m2/g) (ccl/g) x 1072 A
x =0.05 345 8.8 102.0
x=0.1 29.8 8.8 118.5
x=0.3 175 5.3 120.3
x=0.5 16.8 4.6 108.3

the samples means the atomic ratio. The reference Ce/Cu
sample is a physical mixture of CeO, and CuO with an atom
ratio of 1:1.

Catalyst Characterization. The specific surface areas of
the samples were obtained at 77 K using a Micromeritics ASAP
2010. The BET area and the pore size were calculated by using
the adsorption and desorption branches, respectively. Prior to
measuring, the samples were pretreated in vacuo at 300 °C
for 2 h.

X-ray powder diffraction (XRD) patterns were recorded on
a Rigaku Rotaflex (RU-200B) powder diffractometer using
nickel-filtered Cu Ka radiation. The mean crystallite size of
cubic phase was calculated from the Scherrer equation, where
the Scherrer constant (particle shape factor) was taken as 0.89.
The lattice parameters were calculated according to the Cohen
procedure.?®

UV—Visible diffuse reflectance spectra were recorded on a
JASCO V-550 UV—Visible spectrophotometer.

UV Raman spectra were recorded on a homemade UV
Raman spectrograph which had four key parts: a UV cw laser,
a Spex 1877d triplemate spectrograph, a CCD detector, and
an optical collection system. A line at 325 nm from a He—Cd
laser with an output of 25 mW is used for excitation source of
the UV Raman spectroscopy. The laser power measured at the
samples was below 4.0 mW for 325 nm radiation.

Visible Raman spectra were recorded on a Jobin-Yvon
U1000 scanner with a 532-nm single-frequency laser. Samples
were mounted in a spinning holder to avoid thermal damage
during the spectrum scanning, which usually takes about 5
min. The Raman signal was collected with a 90° geometry.
The spectra of all samples were recorded at room temperature.

Temperature-programmed reduction (TPR) was conducted
using a conventional apparatus equipped with a TCD detector.
A molecular sieve trap was placed before the detector to adsorb
the produced water. TPR was performed by heating the sample
(50 mg) at 10 °C/min to 500 °C in a 5% H,—N, mixture flowing
at 40 mL/min. Then, the reduced samples were reoxidized at
300 °C for 2 h with 20% O,/N,. Repeated temperature-
programmed reduction measurements were performed follow-
ing the reoxidation after cooling the sample in pure Na.

Results and Discussion

Structural Characteristics of Ce;—xCuxOy Mate-
rials. Table 1 gives the surface areas and pore structure
parameters of the samples being calcinated at 650 °C.
It can be seen that the BET area decreased with the
increase of the Cu/Ce + Cu ratio in the samples. With
the increasing of the Cu molar ratio from 0.05 to 0.3,
the specific surface area of the samples decreased from
34.5 to about 17.5 m?/g, whereas further increasing the
ratio of Cu from 0.3 to 0.5 did not cause any decrease
in surface area. The dependence of the pore volume on
the content of Cu in the samples is consistent with that
of the BET area. However, the N, adsorption and
desorption experiments showed that the pore size is not
uniform — in the range from 10 to 12 nm for all the
samples.
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Figure 1. XRD patterns of Ce;4Cu,Oy (x = 0.05, 0.1, 0.15,

0.2, 0.3, 0.4, 0.5) calcinated at 650 °C.

Figure 1(a) shows the XRD patterns of Ce;—CuyOy
samples with different copper ratios. It can be seen that
no CuO phases can be identified for Cu/(Ce + Cu) ratios
lower than 0.15, and very weak CuO reflections are
observed with x ranging from 0.2 to 0.3, whereas
apparent CuO diffraction peaks appear when x = 0.4.
Meanwhile, the corresponding particle size of CeO, was
found to increase with increasing Cu molar ratios. The
CuO diffraction peaks previously observed to appear in
a CepgsCup 150y prepared by magnetron sputtering
method and calcinated at 500 °C, further apparent
intensity was observed when it was calcinated at 650
°C.30 In the present study, the CuO diffraction peaks
become distinct only when the Cu/(Ce + Cu) ratio is
higher than 0.4. The usual explanation is that either
the CuO is amorphic or it is well dispersed on the
surface of ceria in the form of small clusters that cannot
be detected by XRD.26 Taking the calcination temper-
ature and the BET surface area into account, the
temperature at 650 °C is enough for the formation of
CuO crystalloid, and the surface area about 17.5 m2/g
is too small to well disperse the CuO on the surface of
CeO; for the Cep.7Cuq30y sample. Therefore, it is highly
possible that CuO is incorporated into the CeO, lattice
at low Cu/(Ce + Cu) ratios instead of being strongly
bounded and well dispersed on the surface of ceria in
the form of small clusters.

The decrease in lattice parameters of ceria in the
Ce;-xCuyOy samples also provided evidence that some

(30) Tschope A.; Trudeau M. L.; Ying J. Y. J. Phys. Chem. B 1999,
103, 8858.
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Figure 2. UV—Vis results for A, CuO; B, Ce9Cu10y; C,
Ce0,/CuO = 1:1; D, CeOs,.

Cu?* ions are incorporated into ceria lattice to form the
Ce;—xCuyOy solid solutions by considering the radius of
Cu?* ions (0.072 nm) is smaller than that of Ce*" ions
(0.101 nm). As shown in Figure 1(b), the position of CeO,
diffraction peaks gradually shifted to low 26 values with
increasing the Cu level from 0.05 to 0.3. The further
reduced 26 values of CeO, diffraction peaks were
observed when x = 0.4. The stepwise decrease of 26
values with the increase of Cu/(Ce + Cu) ratio also
indicated that the distribution of Cu species depends
on the Cu/(Ce + Cu) ratio. Most Cu?" ions incorporate
into CeO, to form solid solutions at x < 0.15, and the
Cu?* ions segregate gradually from Ce; «CuxOy solid
solutions with further increase of Cu content. The
Ce1-xCuxOy solid solutions and small CuO clusters
coexist in the x range from 0.15 to 0.3, and the Cu?*
ions are mainly in the form of bulk CuO at higher Cu/
(Ce + Cu) ratios.

Figure 2 shows the UV—Vis spectroscopies of CeO,,
CuO, Ce/Cu, and Ceg9Cug10y samples. A featureless
spectrum is obtained for pure CuO. Two broad bands
at 260 and 367 nm, respectively, in a physical mixture
of CeO, and CuO are attributed to CeO,, no contribution
from CuO can be observed. In the CepoCup10y solid
solution, the constant band at 260 nm can be ascribed
to the intrinsic character of CeO, accordingly, while the
adsorption edge at 367 nm is blue-shifted and weak-
ened. This blue shift may indicate the formation of
CeO,—CuO solid solution, which results in the increas-
ing of splitting between appropriate electron levels and,
as a consequence, increasing energy of transition. So it
can be concluded that the 367-nm band is related to the
defect structure of CeO,. The shift and the reduced
intensity of the 367-nm band might be ascribed to the
enhanced defect structure due to the formation of Ceg o-
Cug.10y solid solution.

Figure 3 shows the UV—Raman spectra recorded by
using a laser at 325 nm as the excitation source. A broad
band with relatively high intensity was observed at 462
cm~? for cubic CeO; in the CegoCup 10y solid solution
together with two bands at about 584 and 1176 cm™1.
Compared with CeO,, the physical mixture (CeO,/CuO
= 1:1) sample showed the reduced Raman modes due
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Figure 3. Raman spectra of samples excitated by 325-nm
laser line.

to the strong adsorption of CuO in the region; whereas
the enhanced Raman modes were observed in the
Cep.9Cuq 10y solid solution that increased the defects by
creating more oxygen vacancies. This fact also provides
direct evidence that the Cu?* ions incorporate in the
CeO; lattice, instead of dispersing on the surface of
Ce0,. But the Cu?* ions in the CeO, lattice do not
change the cubic structure of CeO,, which is confirmed
by the present of the band at 462 cm~1. Therefore, the
bands at 584 and 1176 cm~! can be assigned to the
defects of ceria fluorite structure. A weak peak between
550 and 600 cm~! and a weaker second-order peak at
about 1184 cm™1 (relative to the 462 cm™1), which were
attributed to the presence of CeO; defects, were reported
in the literature when using a laser at 488 nm as the
excitation source.3! However, in the present study, a
weak peak at 584 cm~! and a peak at 1176 cm™! with
intensity similar to that of the peak at 462 cm~! were
observed. The increasing peak intensity at 1176 cm™1
might be due to the resonance Raman enhancement.

Figure 4 further compares the visible Raman spectra
between the pure CeO, and the CeggCug10y solid
solution. A sharp peak at 462 cm~! ascribed to cubic
CeO, was observed, whereas the peak shifted from 462
to 443 cm~! and became broad in the Ceg oCuo 10y solid
solution. This shift may imply that changes in the lattice
parameter with particle size have occurred, as it was
previously reported that a change of the particle size of
CeO; from 6 nm to 5 um leads to a shifted peak position
about 10 cm~1.31 Another reason of shifting and broad-
ening may be the presence of oxygen vacancies, corre-
sponding to stoichiometry CeO,_s, which is related to a
change of CeO; environment in the presence of copper
due to the formation of solid solution.

Redox Property of Ce;—xCuxOy Materials. The
TPR profiles of Ce;-,Cu,Oy samples are shown in Figure
5. The hydrogen consumption can be roughly divided
into two parts with the maximum reduction tempera-

(31) Spanier, J. E.; Robinson, R. D.; Zhang, F.; Chan, S. W
Herman, I. P. Phys. Rev. B 2001, 64, 245407.
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Figure 4. Raman spectra of samples excitated by 532-nm
laser line.
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Figure 5. TPR profiles of Ce; ,Cu,O, (x = 0.05, 0.1, 0.2, 0.3,
0.4, 0.5).

tures, which are named a and f, respectively. The
intensity of o peak initially increased with increasing
Cu/(Ce + Cu) ratio for solid solutions (x = 0.1), then it
reduced gradually with the further increase of Cu ratio.
The phenomena demonstrate that the o peak is related
to the formation of solid solutions. As for the  peak, it
is more complex. The reduction temperature was higher,
as well as the peak with shoulders was broader and the
intensity increased with an increasing Cu/(Ce + Cu)
ratio. For example, the reduction temperature shifted
from 190 to 310 °C when x increased from 0.05 to 0.5.
It is named as y peak for the samples x > 0.2. These
TPR profiles also indicated that the distribution of Cu?*™
species strongly depends on the Cu content in the
Ce;-xCu,Oy materials as described in XRD results. For
lower Cu/(Ce + Cu) ratio samples (x < 0.2), the reduc-
tion temperature of Cu2t species in the solid solutions
is reduced, the § peak is mainly contributed to its
reduction. With increasing x, the reduction behavior of
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Figure 6. TPR profiles of Ce; xCu,Oy (x = 0.05, 0.1, 0.2, 0.3,
0.4, 0.5) after reoxidation at 300 °C for 2 h.

CuO dispersed on the surface of CeO, plays an impor-
tant role. The broad y peak indicates several Cu?"
species coexist; meanwhile, a stepwise reduction mech-
anism controlled by the Kinetic diffusion in bulk CuO
is also suggested for higher Cu/(Ce + Cu) molar ratio.

Figure 6 shows the TPR profiles of Ce;—xCuxOy sam-
ples reoxidized at 300 °C after the preliminary Hx-TPR
measurement. Different from the TPR behaviors of the
fresh samples, with the reduction temperature in-
creases, the o peak almost disappeared and the 5 peak
with several shoulders overlapped into a broad peak for
the solid solution samples (x < 0.1), whereas no obvious
change was found for the higher Cu/(Ce + Cu) ratio
samples. The possible explanations for this phenomenon
could be that the transfer between the surface oxygen
and the bulk oxygen occurred in the solid solution
samples during the reduction—oxidation processes. The
reduction of CeO; is not limited only to the surface
oxygen, but extends to the bulk oxygen as well. So, the
B peak is ascribed to the reduction of Cu?* species and
the reduction of part of the bulk CeO,, whereas the
redox behavior of the CuO dispersed on the surface of
CeOs is affected slightly by CeO,. Thus, the similar TPR
profiles are observed and the reduction temperature is
slightly higher than that of fresh samples when x > 0.2.

Figure 7 is a plot of a quantitative analysis of H;
consumption, where the calculated value was obtained
by assuming a complete reduction of the CuO compo-
nent to Cu, i.e., the ratio of H, to Cu is 1.0. For the fresh
samples, the Ceg.g95Cuo 050y showed the highest Hy/Cu
ratio, which is about 1.65. A decreased ratio of H, to
Cu is also obtained for Ce.9Cug 10y, but it is still higher
than 1.0. This implies that the surface reduction of Ceria
is taking place at low temperatures in the low Cu/(Ce
+ Cu) ratio samples. However, for the samples consist-
ing of solid solution and CuO clusters (x = 0.15, 0.20),
the ratio of H, to Cu is even lower than 1.0. There are
two possibilities for this observation. One possibility is
that the CuO cannot be completely reduced to metallic
copper because of the kinetic diffusion limitations
caused by the smaller BET surface and pore volume.
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Figure 7. H, consumption of Ce;—4Cu,Oy (x = 0.05, 0.1, 0.15,
0.2, 0.3, 0.4, 0.5).

However, this cannot be a major factor because the lack
of CuO particles for the Cu content range from 0.15 to
0.3 as mentioned in the XRD results. The other pos-
sibility is that Cu?* ions in the Ce; xCuxOy solid solu-
tions are not completely reduced due to the structure
stability, which leads to the decrease of H, uptake
although partial reduction of CeO; is considered. At high
Cu/(Ce + Cu) ratio (x = 0.3), most Cu species exist in
the form of CuO that can be reduced completely.
Combined with the reduction of surface oxygen of CeO,
a higher ratio of H, to Cu than 1.0 was obtained again.
Concerning the samples after reoxidation at 300 °C, the
ratio of H, to Cu was higher than that of fresh samples
when x < 0.2. In contrast, for the samples x > 0.3, it
was not only lower than that of fresh samples but also
lower than 1.0.

On the basis of these observations, the TPR results
can be grouped into three parts: x < 0.1, 0.15 < x <
0.2, and x = 0.3. For the samples with Cu/(Ce + Cu)
ratio < 0.1, the redox property is dominated by the
formation of Ce;-,CuxOy solid solutions. The incorpora-
tion of CuOy introduces structural defects into the ceria
lattice. In this case, cerium ions situated on this axis
are six-coordinate, with their near-neighbors being
seven-coordinate.? This indicates that the ceria sub-
lattice is not strongly perturbed by the defects, which
instead cause the formation of a defective oxygen
sublattice. The defect is therefore not localized in one
single oxygen site but instead extends into additional
surrounding oxygen positions. So, many oxygen vacan-
cies are generated with the formation of solid solutions.

The adsorbed oxygen on the Ce;—xCu,Oy solid solu-
tions with the oxygen vacancies can be reduced at lower
temperature, and the o peak was ascribed to its reduc-
tion. So, the H; uptake excesses to the calculated value
although the Cu?" ions in the solid solutions are not
completely reduced. The redox property of the solid
solutions is also associated with the formation of oxygen

(32) Trovarelli, A., Ed. Catalysis by Ceria and Related Material-
sIlmperial College Press: London, 2002.
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vacancies. The electron transfer between Cu, O, and Ce
species and oxygen vacancies in the reduction—oxidation
processes decreases the redox potentials of CuO and
promotes the diffusion of oxygen from the bulk to the
surface which enhances the redox action of the Ce**/
Ce®* couples. This accounts for the fact that H, uptake
of solid solutions increased after the samples were
reoxidized at 300 °C.

In the Cu content ranging from 0.15 to 0.2, Ce;,Cu,Oy
solid solutions and small CuO clusters coexisted as
evidenced by XRD results. The small CuO clusters
covered part of the oxygen vacancies that led to the
decrease of adsorbed oxygen, and the Cu?* ions in the
solid solutions were not reduced completely. So the
intensity of o peak reduced and the H, uptake was less
than the calculated value for fresh samples. Although
the redox property of the catalysts was also enhanced
due to the formation of solid solutions, consequently the
highest H, uptake was observed for the samples after
being reoxidized at 300 °C as compared with the
calculated value and fresh samples.

The bulk CuO played an important role in the
samples when x = 0.3. As shown in the XRD results,
most Cu?* ions exist in the form of small clusters or
bulk CuO, which can be wrapped by CeO; during the
reduction—oxidation processes. Because of this defect,
the CuO and CeO, are difficult to reduce and reoxidize
due to the kinetic diffusion, resulting in poor reduction
capability and redox property.

The redox properties between CepgCuo10y and
Ceo.7Cup 30y are further compared. Figure 8(a) shows
the Ho-TPR profiles of CepoCuo .10y treated at different
conditions. The numbers in the figure are the ratios of
the H, consumption at different conditions to that of
the fresh sample, representing the reoxidation degree.
Compared with the fresh sample, enhanced a, 5 peaks
were observed for the sample oxidized at 300 °C for 2 h
before the H,-TPR experiment with the reoxidation
degree of 1.17. This suggested that the fresh sample is
in an unsaturated state and it is oxidized deeply at 300
°C. After the H,-TPR experiment, the sample was
reoxidized at different temperatures. When it was
reoxidized at 100 °C, the o, § peaks were restorable
partly. With increasing reoxidation temperature up to
200—300 °C, similar H,-TPR profiles were observed with
the a peak disappeared and the 5 peak broadened and
shifted to higher reduction temperatures. The reoxida-
tion degree was 1.16 and 1.22, respectively, which is
almost consistent with 1.17 in the sample oxidized at
300 °C previous to the H,-TPR experiment. These
results indicated that the energy required to reduce and
reoxidize the surface adsorbed oxygen and the Cu?"
species is low, and that the oxygen transfers from the
surface to the bulk during the reduction and reoxidation
processes at higher reoxidation temperatures due to the
formation of solid solution with oxygen vacancies. So
the o peak disappeared and the increased energy was
required for the reduction of bulk oxygen, which ex-
plained the broad and shifted 3 peak.

The same experiment process was performed for the
Ceo.7Cup 30y sample where most CuO dispersed on the
surface of CeO,. As shown in Figure 8(b), the reoxidation
degree was only 0.21 for the sample reoxidized at 100
°C, corresponding to part CuO. The reoxidation degree
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Figure 8. TPR profiles of CepsCuo10y (a) and Ceq7Cug 30y
(b) treated at different conditions: A, fresh sample; B, reoxi-
dation at 100 °C; C, reoxidation at 200 °C; D, reoxidation at
300 °C; E, oxidation at 300 °C before H,-TPR experiment.

increased with increasing temperatures, but it was still
not higher than 0.80 even at 300 °C, and no evidence
for the reduction of CeO, was observed. This phenom-
enon is ascribed to the impediment of oxygen transfer
from CuO and CeO; in the reduction and reoxidation
processes due to the lack of oxygen vacancies. In
summaury, it is concluded that the reduced redox poten-
tials of the copper and cerium species are available in
the CegoCuo.1Oy solid solution.

The H;, consumption during the reduction and reoxi-
dation cycles at 300 °C is shown in Figure 9. It can be
seen that the CepoCup10y shows the stable redox
property with an error less than 5%. This result
confirmed again that the Cu species in the solid solution
are stable, and the structure of solid solution is not
damaged even by undergoing several reduction and
reoxidation cycles.
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Figure 9. Redox property of CeoCup10y undergoing several
reduction—oxidation cycles.

Conclusions

The distribution of Cu species in CeO, strongly
depends on the Cu contents, i.e., the Cu2" ions incor-
porate into CeO, to form solid solutions only at low Cu/
(Ce + Cu) ratio (x = 0.1), and the Ce;—4Cu,Oy solid
solution and small CuO cluster coexist for x in the range
from 0.15 to 0.3. The formation of bulk CuO is observed
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at higher Cu/(Ce + Cu) ratios. The reduction property
is also associated with the distribution of Cu?* species.
The Ce;—xCuyOy solid solutions (x < 0.1) have lower
reduction temperature and higher H, consumption than
the high Cu/(Ce + Cu) ratio samples that consist of
small CuO clusters and bulk CuO. A gquantitative
analysis of H, consumption suggested that the Cu?* ions
incorporated in the CeO, lattice are not completely
reduced at low temperatures (<500 °C), but the reduc-
tion of CeO, is enhanced. The comparison of redox
property between CeggCug10y and Cep 7Cug 30y at dif-
ferent reoxidation temperatures shows that the mobility
of oxygen in surface region and bulk of Ce9Cug 10y solid
solution becomes very high, indicating that the redox
property of CeggCug10y solid solution is remarkably
improved.
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