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Abstract

Oxidation properties of CeO2-ZrO2 catalysts were investigated as a function of oxidation temperature by a combination of TPR and O2

pulse injection methods. Ce3+ species formed from the CeO2 phase in the CeO2-ZrO2(5/1) catalyst and CeO2 were very sensitive to oxygen
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nd the amount of oxygen stored was reproducible by the oxidation at temperatures as low as 373 K. However, Cespecies formed in th
olid solution of the CeO2-ZrO2(1/1) catalyst were relatively stable. The formation of solid solution facilitated the reducibility of Ce4+ species
t low temperature. It was speculated from the titration profile that there were a few steps to oxidize Ce3+ species distributed from surface
ulk in the CeO2-ZrO2(1/1) catalyst.
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. Introduction

Since the strict regulations of emission level on automo-
ile exhaust gases have been required for the environmental
rotection, the efforts to develop a new catalyst system for

he operation under hard conditions have been continuing.
erium oxide is well known as one of essential materi-
ls for automotive exhaust catalysts[1]. The major role of
erium oxide in the catalysts is to control of oxygen con-
entration by storage and release under the reaction envi-
onment. This property is so-called oxygen storage capacity
OSC). Now, in order to achieve the low emission level by
he catalytic reduction, further OSC performance has been
xpected under operation conditions at either lower or higher
emperatures.

The CeO2–Al2O3 system has been widely used as the
omponents in commercial catalysts to operate automotive
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three-way catalysts (TWCs) for long period; cerium ox
contributed to the thermal stability of alumina supp
at higher temperatures and the widening the windo
temperatures of catalytic operation. From our tempera
programmed reduction (TPR) study[2–6], cerium oxide
on alumina was found to react with alumina at tempera
above 1173 K under the reduction condition and the CeA3
phase formed did not restore to the initial CeO2–Al2O3
system except for the oxidation at temperatures as
as 1173 K. This property induces the decrease of su
area of the catalyst and the deteriorating OSC b
1173 K because the reduced Ce3+ species in CeAlO3
are never oxidized at lower temperatures such as 7
This, indeed, is the barrier to the improvement of OSC
CeO2–Al2O3 systems under hard conditions required. It
necessary to develop new CeO2 related materials instead
CeO2–Al2O3.

CeO2-ZrO2, on which attention has been curren
focused, was developed as excellent oxygen storage m
als[7,8]. The formation of CeO2-ZrO2 solid solution leade
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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to enhance greatly reducibility of CeO2. Structural modifi-
cations of CeO2 lattice by the insertion of Zr4+ ions were
suggested to be responsible for the unique reducibility behav-
ior of CeO2-ZrO2 solid solution. This is explained as the
generation of highly mobile lattice oxygen with the increase
of distortion of the symmetry of the MO bonds by the for-
mation of solid solution. In addition, the advantage of CeO2-
ZrO2 solid solution is to maintain the reversible Ce3+/Ce4+

redox property at lower temperatures even after exposure to
the reduction condition above 1173 K. Thus, most of stud-
ies were focused on the preparation of solid solutions with
different Ce/Zr ratios and the evaluation of redox behavior
correlated closely with OSC[9–20]. In fact, the practical use
is expected as the advanced TWCs. However, although the
improvement of OSC by the solid solution structure has been
widely accepted, it is also evident that the behavior of OSC is
strongly influenced by several factors in the preparation pro-
cedure of CeO2-ZrO2 such as starting material, temperature,
atmosphere, kind of additive etc.

In the present work, oxidation properties of CeO2-ZrO2
catalysts with molar ratios of 1/1 and 5/1 were evaluated
by the combination of O2 pulse injection and TPR meth-
ods. From sequentially cyclic TPR-oxidation analyses, the
CeO2-ZrO2 catalysts were easily oxidized as low as 373 K,
suggesting the high reactivity of Ce3+ species with oxygen.
The titration profiles with 5 ml of 1 vol.% O/He pulse at
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Cu K� radiation at 30 kV and 20 mA. Line broaden-
ing was used for the determination of the crystallite
sizes.

2.3. Temperature programmed reduction (TPR)
measurements

In order to characterize the oxidation behavior on those
catalysts, TPR measurements were carried out up to 1273 K
with a heating rate of 10 K min−1. During the measure-
ments 10 vol.% H2/Ar was introduced into the reactor
with a flow rate of 100 ml min−1. The consumption of
H2 was recorded by using an on-line gas chromatograph
(Shimadzu GC-8A) equipped with a thermal conductivity
detector (TCD). The oxidation behavior of the reduced CeO2-
ZrO2 catalyst was investigated in the following manner.
A first TPR run was carried out using 0.25 g of the cat-
alyst placed in the reactor without any treatments (fresh).
Next the catalyst was cooled to room temperature in a
stream of H2/Ar, and then the catalyst was consecutively
oxidized at desired temperatures (e.g. 773 K) for 1 h in a
stream of 10 vol.% O2/He. Finally, TPR was carried out
again. The measurements were repeated at 573 and 373 K,
respectively. The TPR profile comprises the amount of oxy-
gen stored at temperatures below 773 K when the catalyst
was reduced. If the reactivity with oxygen is low, i.e. the
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73 K after TPR up to 1273 K provided the oxidation beh

or of the CeO2-ZeO2 catalysts and CeO2. The Ce3+ formed
as very sensitive to oxygen on those samples. The ox
onsumption per mol-CeO2 was improved by the formatio
f solid solution phase. It was presumed that the solid s

ion phase prevented the sintering at 1273 K and the resu
mall crystallite size promoted effectively the increas
obile oxygen estimated as OSC at 773 K.

. Experimental

.1. Catalyst preparation

CeO2-ZrO2 catalysts were prepared by a co-precipita
ethod. Briefly, appropriate amounts of Ce(NO3)3·6H2O

Kishida Chemical) and ZrO(NO3)2·2H2O (Kishida Chemi
al) were dissolved in a distilled water, and then amm
olution (3%) was poured into the mixed solution un
tirring. The precipitates were dried at 383 K for 24 h,
owed by the calcination at 773 K for 5 h. The molar ra
f CeO2/ZrO2 prepared were 1/1 and 5/1. The catalysts w
amed CeO2-ZrO2(1/1) and CeO2-ZrO2(5/1), respectively
eO2 (BET surface area of 130 m2g−1) powder was als
mployed for comparison.

.2. Structure of CeO2-ZrO2 catalysts

Structure of CeO2-ZrO2 catalysts was examined
-ray diffraction (XRD, RIGAKU RINT 2000) usin
e O bonding is strengthened after the consecutive ox
ion, the peak area of TPR will decrease. The stabilit
e3+ in different oxidation temperatures can be estima

oo.
Those measurements (TPR–oxidation–TPR) w

terated at different oxidation temperatures. It should
ointed out that the experiment is performed with

he exposure to air and without the replacement of
atalyst on repeated runs. In the experimental condition
eproducibility of TPR profile was confirmed by the iterat
easurements at different temperatures. We attem

he same experiment on the CeO2-Al2O3 catalyst. As
escribed before, no oxidation at 773 K was obse
ecause of the formation of stable CeAlO3 after TPR up to
273 K.

.4. Estimation of OSC

The OSC of the CeO2-ZrO2 catalyst at 773 K was es
ated by O2 pulse injection. The catalyst placed in a rea
as reduced in flowing 10 vol.% H2/Ar with the same heatin

ate of TPR. After reaching at 1273 K, the temperature
ept for 30 min, and then the catalyst was cooled to 7
n a stream of He. The pulse of 5 ml of 1 vol.% O2/He was
njected at a regular interval until no more loss of O2 injected
as detected.
The consumption of oxygen at 773 K was obser

y using an on-line gas chromatograph (Shimadzu
A) equipped with a thermal conductivity detec
TCD).



1080 N. Kakuta et al. / Journal of Alloys and Compounds 408–412 (2006) 1078–1083

Fig. 1. X-ray diffraction patterns of CeO2-ZrO2 catalysts: (a) fresh and (b) after the aging at 1273 K for 1 h.

3. Results and discussion

3.1. Characterization of catalyst

X-ray diffraction measurements of catalysts calcined at
773 K and aged at 1273 K were carried out. Due to the
detailed analysis concerning the formation of solid solution,
the XRD patterns with the diffraction angle from 25◦ to
35◦ are presented inFig. 1. In fresh catalysts (Fig. 1(a)),
the first peaks of both CeO2-ZrO2 catalysts shift to higher
angle with increasing CeO2 content compared to the peak
of CeO2 itself, indicating the insertion of ZrO2 into CeO2
lattice, i.e. the formation of CeO2-ZrO2 solid solutions at
773 K. The XRD pattern of the CeO2-ZrO2(1/1) catalyst is
attributed to Ce0.5Zr0.5O2 but the structure of the CeO2-
ZrO2(5/1) is not assigned clearly. When the catalysts were
aged at 1273 K for 1 h, the sharp peaks, assigned to CeO2,
are detected on the CeO2-ZrO2(5/1) catalyst as shown in
Fig. 1(b). The crystallization induced by the aging treatment
is found pronouncedly on the CeO2 as well as the CeO2-
ZrO2(5/1) catalyst, suggesting that the presence of CeO2
phase acts positively to promote the sintering. XRD peaks
assigned to ZrO2 are not detected in CeO2-ZrO2 catalysts.

As the catalysts were cyclically treated from room tem-
perature to 1273 K for TPR measurements, changes in BET
surface area and crystallite size are listed inTables 1 and 2,
r reas
d h the
d talysts

T
B 3 K

C
C
C

Table 2
Crystallite size of CeO2-ZrO2 catalysts calculated from the first peak in
Fig. 1

Fresh (nm) 1273 K for 1 h (nm)

CeO2 8 45
CeO2-ZrO2(5/1) 11 21
CeO2-ZrO2(1/1) 5 8

to evaluate the oxidation behavior are the catalysts with low
surface area and large crystallite size.

3.2. Oxidation behavior of catalysts

TPR spectra of CeO2 are displayed inFig. 2. TPR spec-
trum of fresh CeO2 has two reduction peaks at 757 and

F era-
t ents.
espectively. The result shows that BET surface a
ecrease drastically, while crystallite sizes increase wit
ecrease of BET surface areas. Therefore, the target ca

able 1
ET surface area of CeO2-ZrO2 catalysts before and after the aging at 127

Fresh (m2 g−1) 1273 K for 1 h (m2 g−1)

eO2 130 5
eO2-ZrO2(5/1) 103 13
eO2-ZrO2(1/1) 30 5
 ig. 2. TPR spectra of CeO2. Temperatures in the figure means the temp

ures carried out the consecutive oxidation for 1 h after TPR measurem
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1085 K, respectively. The first peak is due to the reduction
of surface oxygen species adsorbed on CeO2 because the
first peak disappeared from TPR spectra after the consecu-
tive oxidation. The second peak is attributed to the formation
of Ce2O3. TPR spectra after the consecutive oxidation show
only one peak at 1093 K and the peak areas are almost the
same, even the oxidation at 373 K, suggesting that the amount
of oxygen stored is independent on the oxidation temper-
atures when CeO2 is reduced at 1273 K. This means that
the reduced CeO2 is very sensitive to oxygen as reported El
Fallash et al.[21] and the same amounts of oxygen species
reacted are reversibly consumed in the reductive atmosphere.
In addition, the surface oxygen species, weakly adsorbed on
CeO2, do not exist and most of oxygen consume for the reac-
tion with Ce3+ species. As given inTable 2, the crystallite
size estimated is 45 nm and so large. The amount of active
oxygen around 1000 K will be improved if the crystallite size
can be kept to be small above 1000 K.

Fig. 3 shows TPR spectra of both CeO2-ZrO2 catalysts.
The CeO2-ZrO2(1/1) catalyst provides TPR spectra with one
peak as shown inFig. 3a. The peak from the fresh catalyst
appears at 844 K and is shifted to at 888 K after the con-
secutive oxidation. The peak areas decrease with decreasing
the oxidation temperature although the peak positions are
the same at 888 K. Assuming that the consumed oxygen in
Fig. 3a is derived from the reduction of Ce4+ to Ce3+, the oxi-
d
s
c

c d
C h
c t the
s . The
s cutive
o r of
C of
C

Fig. 4. TPR spectra of CeO2-ZrO2 catalysts after the consecutive oxidation
at 773 K for 1 h.

The first peak around 863 K appears at the similar temperature
observed on the CeO2-ZrO2(1/1) catalyst. TPR results sug-
gest that the CeO2-ZeO2(5/1) catalyst contains two phases:
one is a solid solution phase; the other is CeO2, although
XRD pattern of the CeO2-ZeO2(5/1) catalyst was assigned
to CeO2 (Fig. 1(b)). The solid solution phase acts effectively
to form mobile oxygen species at lower temperatures and
various solid solution phases presumably exist from the peak
shape. Moreover, the reduction of CeO2 phase becomes read-
ily by the interaction of the solid solution phase, resulting in
the lower reduction temperature than CeO2 itself (Fig. 2).

Fig. 4 shows TPR spectra of those catalysts after the
consecutive oxidation at 773 K, where the peak intensity is
converted to “/g-CeO2”, for comparison. The reducibility
corresponding to the amount of mobile oxygen species is
enhanced by the formation of solid solutions. The positive
effect on the solid solutions phase observed in this experi-

F eO2-Zr out the
c

ation activity is correlated with the stability of Ce3+ in the
olid solution phase. Thus, the Ce3+ in the CeO2-ZrO2(1/1)
atalyst is more stable than that in the reduced CeO2.

On the other hand, the TPR profile of CeO2-ZeO2(5/1)
atalyst is different from the CeO2-ZrO2(1/1) catalyst an
eO2. The result displays inFig. 3b. The profiles of the fres
atalyst and after the consecutive oxidation are almos
ame: two reduction peaks around 863 K and at 1070 K
imilar TPR spectra are observed even after the conse
xidation at 373 K. This is the same oxidation behavio
eO2. The peak at 1070 K, attributed to the formation
e2O3, is shifted from 1083 K observed on CeO2 (Fig. 2).

ig. 3. TPR spectra of CeO2-ZrO2 catalysts: (a) CeO2-ZrO2(1/1) and (b) C
onsecutive oxidation for 1 h after TPR measurements.
O2(5/1). Temperatures in the figure means the temperatures carried
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Fig. 5. O2 consumption profiles of CeO2-ZrO2 catalysts. A pulse of 5 ml of 1 vol.% O2/He was injected at 773 K after the reduction at 1273 K.

ment, i.e. the generation of a large number of mobile oxygen
at low reduction temperatures, is consistent with others previ-
ously reported[10,17,22]. As the crystallite size of the solid
solution contributes strongly to the generation of OSC[7],
the next subject on the improvement of OSC is to attempt the
preparation of thermally resisted CeO2-ZrO2 catalysts.

3.3. Estimation of OSC by O2 pulse injection

Fig. 5 represents the oxidation behavior examined by
means of the O2 pulse injection at 773 K. The O2 uptake
is plotted as ordinate—1 indicates the storage of 100% O2 in
5 ml of 1 vol.% O2/He. The number of injected pulses until the
saturation are 81 for CeO2, 113 for the CeO2-ZrO2(5/1) cata-
lyst and 93 for the CeO2-ZrO2(1/1) catalyst, respectively. The
amounts of oxygen stored (OSC) are summarized inTable 3.
The result is similar to those estimated by O2 pulse injec-
tion [22–24] although they did not mention the number of
O2 pulse and the O2 consumption profile as shown inFig. 5.
Assuming that Ce4+ species in CeO2 are completely reduced
to Ce3+ species, 250 mmol (mol-CeO2)−1 is the largest value.
Thus, about 50% of Ce species in the CeO2-ZrO2(1/1) cat-
alyst participates in the Ce3+(1273 K)/Ce4+(773 K) change.
The amount of oxygen stored in the CeO2-ZrO2(1/1) catalyst
is 1.5 times as large as CeO2 itself. The order inTable 3is well
a r-
m obile
o alytic

T
O

C
C
C

operation of automotive catalysts. The profiles shown in
Fig. 5a are reflected the oxidation behavior of surface and
bulk on the catalysts. The oxidation by first a few O2 pulses
occurs only on the surface and next the bulk in the catalysts
contributes to the oxidation. The bulk oxidation presumably
is controlled by the diffusion rate of mobile oxygen at 773 K.
Fig. 5a is divided into three parts: (1) O2 pulse region of
0–20 inFig. 5b; (2) O2 pulse region of 20–50 inFig. 5c; (3)
O2 pulse region above 50 inFig. 5d. On CeO2, oxygen in
the pulse is consumed completely during the first 15 pulses
and the number of pulses consumed completely decreases to
four pulses on the CeO2-ZrO2(5/1) catalyst. However, on the
CeO2-ZrO2(1/1) catalyst, only 95% of oxygen is consumed
even at the first pulse. Therefore, the order of reactivity of
Ce3+ is CeO2 > CeO2-ZrO2 (5/1) > CeO2-ZrO2(1/1) and the
Ce3+ species in the reduced CeO2 phase are very sensitive to
oxygen at 773 K. This is in good agreement with TPR result of
CeO2 itself. As the O2 consumption is influenced by the sur-
face concentration of Ce+, the concentration decrease in the
series of CeO2, CeO2-ZrO2 (5/1), and CeO2-ZrO2(1/1), too.
The high activity of the CeO2-ZrO2(5/1) catalyst indicates
the presence of the reduced CeO2 on the surface. Although it
is difficult to distinguish between the surface oxidation and
the bulk oxidation from the profiles, the analysis of change
in the consumption rate of O2 estimated from the profile
is attempted. The consumption rate per pulse nonlinearly
d
c ce,
t ofile
g e
s ption
r
c bulk
o ively.
I on-
s

greement with the result inFig. 4, suggesting that the fo
ation of solid solution phases assists the increase of m
xygen species, which are essential for the smooth cat

able 3
SC estimated from O2 pulse injection at 773 K

O2 (mmol g−1) O2 (mmol (mol-CeO2)−1)

eO2 0.50 85
eO2-ZrO2(5/1) 0.52 107
eO2-ZrO2(1/1) 0.45 133
ecreases with increasing O2 pulse on the CeO2-ZrO2(1/1)
atalyst. If Ce3+ species are distributed only on the surfa
he oxidation rate will decrease linearly. The nonlinear pr
ives the information with respect to the distribution of C3+

pecies in the reduced catalyst. Three kinds of consum
ates are speculated from the profile on the CeO2-ZrO2(1/1)
atalyst. The rates might be the surface oxidation, the
xidation at near surface and the bulk oxidation, respect

n order to elucidate the oxidation behavior from the c
umption rate, further investigations are necessary.
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However, the analysis by O2 pulse injection is very
useful to characterize the surface concentration of Ce3+

formed on the catalyst, particularly, with both the same
Ce/Zr ratio and the different preparation method. Because
the oxygen injected is react only with Ce3+ species and
the behavior of consumed oxygen is correlated with the
distribution of Ce3+ on the surface. We believe that the
oxidation profile measured by the O2 pulse injection will
help to understand the change in the oxidation activity on
the catalyst prepared by either the same or the different
methods. Further experiments are required to establish as
the analytical technique on the CeO2-ZrO2 catalysts, too.

4. Conclusions

The oxidation behavior on the reduced CeO2-ZrO2
catalysts was evaluated. Ce3+ species formed from the CeO2
phase were very sensitive to oxygen but Ce3+ species formed
in the solid solutions were relatively stable. The formation of
solid solution facilitated the reducibility of Ce4+ species at
low temperature and the oxygen consumption per mol-CeO2
was improved, too. It was presumed that the solid solution
phase prevented the sintering at 1273 K and the resulting
small crystallite size promoted effectively the increase of
mobile oxygen estimated as OSC at 773 K. Finally, the O2
p erize
t e
s y the
t
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