
Journal of Alloys and Compounds 408–412 (2006) 1132–1135

Redox behavior of CeO2–ZrO2–Bi2O3 and CeO2–ZrO2–Y2O3 solid
solutions at moderate temperatures

K. Minamia, T. Masuia, N. Imanakaa,∗, L. Daib, B. Pacaudb

a Department of Applied Chemistry, Faculty of Engineering and Handai Frontier Research Center, Osaka University,
2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

b Research and Development Department, Anan Kasei Co. Ltd., 210-51 Ohgata-cho, Anan, Tokushima 774-0022, Japan

Received 30 July 2004; received in revised form 15 December 2004; accepted 15 December 2004
Available online 14 June 2005

Abstract

A CeO2–ZrO2–Bi2O3 solid solution for a promoter in the automotive three-way catalysts was synthesized by the calcination of the co-
precipitated oxalate powder at 1273 K. Compared with the conventional binary CeO2–ZrO2 and ternary CeO2–ZrO2–Y2O3 solid solutions,
the present CeO–ZrO –Bi O solid solution can release and store oxygen efficiently at lower temperatures (600 K). The reason for such a
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ehavior is attributed to the formation of oxygen vacancies to enhance the oxide anion mobility by substituting Ce4+ or Zr4+ site with Bi3+,
nd also to the simultaneous reduction of Ce4+ and Bi3+ in the CeO2–ZrO2–Bi2O3 solid solution.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The exhaust gases from gasoline vehicles, especially
O, NOx and hydrocarbons (HCs), have caused several
nvironmental problems and the automotive three-way
atalysts are widely used to eliminate these toxic compounds
1–4]. In the three-way catalysts, CeO2 plays a significant
ole in adjusting the air/fuel ratio where the catalysts can
urify the toxic gases in the converters effectively[1],
ecause CeO2 acts as an oxygen buffer by storing/releasing
xygen due to the Ce3+ and Ce4+ redox couple [5].
igher oxygen storage/release capacity (OSC) of the
atalyst becomes higher conversion efficiency is generally
bserved.

However, CeO2 has a poor thermal stability and is known
o be easily sintered at high temperatures[6]. In order to
ncrease the OSC and the thermal stability, ZrO2 is dissolved
nto the lattice of CeO2 [7,8]. Although these properties have
een improved by the ZrO2 addition, the OSC at low tempera-
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tures is not enough to meet the regulations of the autom
exhaust gases, which become stricter year by year. T
fore, it has been required to enhance the redox activiti
the catalysts at low temperatures.

Furthermore, removal of the particulate matters rele
from diesel vehicles has been attracted in recent years
siderably, because it is not only useless but also harmfu
human beings and environment. In addition, stringent re
tions on the emission of the particulate matters have also
established. Therefore, it has been required to develop
catalysts, which can adapt to the regulations, which bec
stricter year by year.

As a work on this line, we have prepared a Ce2–
ZrO2–Bi2O3 solid solution not only to improve the OSC b
also to promote combustion of soot included in the particu
matters at low temperatures. The reasons for choosing B2O3
as the third component are as follows: (1) Bi2O3 in itself has
high oxide anion conductivity, (2) Bi2O3 is easily reduce
to release oxygen[9–11] and (3) Bi3+ has lower valenc
(trivalent) than Ce4+ and Zr4+ (tetravalent), which promote
the formation of oxygen vacancies. In order to elucidate
E-mail address: imanaka@chem.eng.osaka-u.ac.jp (N. Imanaka). effectiveness of the Bi2O3 doping, a CeO2–ZrO2–Y2O3 solid
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solution was also synthesized to compare the redox property
with that of the CeO2–ZrO2–Bi2O3 sample.

2. Experimental

The CeO2–ZrO2–M2O3 (M = Bi or Y) samples were pre-
pared by the co-precipitation method. In these samples,
the molar ratio of Ce:Zr:M (M = Bi or Y) was adjusted
to be 64:16:20. A mixed solution of 1 mol L−1 Ce(NO3)3,
1 mol L−1 ZrO(NO3)2 and 0.1 mol L−1 Bi(NO3)3 aqueous
solutions was dropped into a 0.5 mol L−1 oxalic acid aque-
ous solution with stirring. After dropping the mixed solution,
3 mol L−1 ammonia water was added into the mixed solution
until the pH value of the solution became 3.2. After stirring
overnight, the precipitated oxalate was filtered off and then
dried at 353 K overnight. The dried powder was ground in an
agate mortar and was calcined at 1273 K in air for 1 h. In the
case of the CeO2–ZrO2–Y2O3 sample, a 1 mol L−1 Y(NO3)3
aqueous solution was used instead of Bi(NO3)3. In addition,
the binary CeO2–ZrO2 solid solution (Ce:Zr = 80:20) was
also prepared for comparison.

The samples obtained were characterized by X-ray pow-
der diffraction (XRD, Rigaku MultiFlex), X-ray fluorescent
analysis (Rigaku ZSX100e) and Raman spectroscopy (Kaiser
Optical Systems, Inc. Holoprobe). Reduction behavior was
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Fig. 1. XRD patterns of the samples: (a) Ce0.86Zr0.14O2.0, (b)
Ce0.64Zr0.16Bi0.20O1.9 and (c) Ce0.61Zr0.17Y0.22O1.89.

in their Raman spectra as depicted inFig. 2. In the binary
Ce0.86Zr0.14O2.0 sample, only a singleF2g mode of the cubic
fluorite structure was observed at 470 cm−1 [12]. On the
other hand, some minor peaks were additionally observed at
315 and 573 cm−1 in the Ce0.64Zr0.16Bi0.20O1.9 sample and
only one additional peak was observed at 562 cm−1 in the
Ce0.61Zr0.17Y0.22O1.89 sample in addition to the main strong
band around 470 cm−1. Such a spectral feature is attributed
to the formation oft′′ phase, which is a kind of tetrago-
nal structure containing oxygen displacement[13]. Since the
peak at 315 cm−1 was not observed in Ce0.61Zr0.17Y0.22O1.89,
it is considered that the displacement of the oxide anions
from the ideal tetrahedral sites is relatively smaller than that
of Ce0.64Zr0.16Bi0.20O1.9. Therefore, it is expected that the
reduction temperature of the Ce0.64Zr0.16Bi0.20O1.9 sample
is much lower than that of Ce0.61Zr0.17Y0.22O1.89, although

F
C

etermined by temperature programmed reduction (TP
pure hydrogen flow (80 mL min−1) at a heating rate o
K min−1. Oxygen storage capacity was measured afte
PR measurement by a pulse method at 700 K. The com

ion temperature of soot (CABOT CAS No.1333-86-4) w
valuated by thermogravimetric (TG) analysis using the s
les containing 2 wt% of soot in a flow of air (20 mL min−1).

. Results and discussion

The sample composition determined by the X-ray fl
escent analysis was mostly in agreement with the the
cal composition as summarized inTable 1. Fig. 1 shows
he XRD patterns of the samples. All of the profiles w
ttributed to the cubic fluorite structure. Because the p
f Ce0.64Zr0.16Bi0.20O1.9 and Ce0.61Zr0.17Y0.22O1.89 shifted

o the higher angle compared with Ce0.86Zr0.14O2.0, it is con-
idered that Bi3+ or Y3+ dissolves into the CeO2–ZrO2 lattice
o form solid solutions.

It seems that the XRD patterns of the Ce0.86Zr0.14O2.0, the
e0.64Zr0.16Bi0.20O1.9 and the Ce0.61Zr0.17Y0.22O1.89 sam-
les are similar. However, a clear difference was obse

able 1
omposition of the samples

heoretical composition Analyzed composit

e0.80Zr0.20O2.0 Ce0.86Zr0.14O2.0

e0.64Zr0.16Bi0.20O1.9 Ce0.64Zr0.16Bi0.20O1.9

e0.64Zr0.16Y0.20O1.9 Ce0.61Zr0.17Y0.22O1.89

ig. 2. Raman spectra of the samples: (a) Ce0.86Zr0.14O2.0, (b)
e0.64Zr0.16Bi0.20O1.9 and (c) Ce0.61Zr0.17Y0.22O1.89.
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Fig. 3. TPR profiles of the samples: (a) Ce0.86Zr0.14O2.0, (b)
Ce0.64Zr0.16Bi0.20O1.9 and (c) Ce0.61Zr0.17Y0.22O1.89.

both reduction temperatures should become lower than that
of the binary Ce0.86Zr0.14O2.0 sample.

TPR profiles of the Ce0.86Zr0.14O2.0, the
Ce0.64Zr0.16Bi0.20O1.9 and the Ce0.61Zr0.17Y0.22O1.89
samples are illustrated inFig. 3. The Ce0.64Zr0.16Bi0.20O1.9
solid solution released oxygen at the lowest temperature
(590 K) among them and it was 300 K lower than that
of the Ce0.86Zr0.14O2.0 sample due to the formation of
the t′′ phase accompanying with the production of the
oxygen vacancies. However, the temperature at which the
Ce0.61Zr0.17Y0.22O1.89 sample released oxygen was not as
low as 590 K, although the Ce0.61Zr0.17Y0.22O1.89 sample
also has thet′′ structure and oxygen vacancies exist in the
lattice. The reason for this different behavior is attributable to
the reduction of Bi3+ in addition to the different extent of the
oxygen displacement. In Ce0.64Zr0.16Bi0.20O1.9, both Ce4+

and Bi3+ are reduced simultaneously, while only Ce4+ is
reduced in Ce0.61Zr0.17Y0.22O1.89. As a result, the reduction
temperature of the former becomes much lower than that of
the latter. In fact, the OSC value of Ce0.64Zr0.16Bi0.20O1.9
is twice as high as that of Ce0.86Zr0.14O2.0 as summa-
rized in Table 2. On the other hand, the OSC value of
Ce0.61Zr0.17Y0.22O1.89 was a little smaller than that of
Ce0.86Zr0.14O2.0, because the amount of Ce4+ ion in
Ce0.61Zr0.17Y0.22O1.89 decreases by the substitution of Ce4+

site with Y3+.
e
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Fig. 4. TG analysis for the evaluation of soot combustion temperature;
Ce0.86Zr0.14O2.0 + 2 wt% soot (©), Ce0.64Zr0.16Bi0.20O1.9 + 2 wt% soot (�),
Ce0.61Zr0.17Y0.22O1.89+ 2 wt% soot (�) and soot only (×).

Bi2O3 that it is reduced to metallic Bi easily, and a slight
phase separation of Bi2O3 was observed in the reoxidized
samples after the TPR measurement up to 1273 K. However,
the TPR profiles can be reproducible when the reduction
was carried out up to 873 K, and no phase separation was
observed. Therefore, we believe that these materials could
be applied to alternative catalyst components, especially for
motorcycles in which the catalysts have to work at lower
temperatures than those in automobiles.

Fig. 4 shows the TG analysis for soot combustion in
these catalysts. The combustion temperature became low-
est when the soot was mixed with the Ce0.64Zr0.16Bi0.20O1.9
catalyst. However, the soot combustion temperature for
Ce0.61Zr0.17Y0.22O1.89 was almost the same as that of
Ce0.86Zr0.14O2.0. These results correspond to their reduc-
tion temperatures, because active oxygen released from
Ce0.64Zr0.16Bi0.20O1.9 bulk at low temperatures promotes the
soot combustion. Consequently, it can be concluded that low
temperature reduction behavior is considerably effective to
the low temperature combustion of soot.

4. Conclusions

Bismuth oxide was dissolved into the CeO2–rO2 lat-
t ich
c . The
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The Ce0.64Zr0.16Bi0.20O1.9 material we proposed in th
resent study utilizes one of the unique characteristic

able 2
xygen storage capacity (OSC) of the samples

omposition OSC (�mol O2 g−1)

e0.80Zr0.20O2.0 482
e0.64Zr0.16Bi0.20O1.9 1036
e0.61Zr0.17Y0.22O1.89 361
ice in order to synthesize a new solid solution, wh
an release and storage oxygen at low temperatures
e0.64Zr0.16Bi0.20O1.9sample obtained can release oxyge

he temperature lower than 300 K compared with the cas
he conventional Ce0.86Zr0.14O2.0. However, such a behavi
as not observed when Y2O3 is dissolved into CeO2–ZrO2,
learly indicating the superiority of the bismuth doping. T
eason for such effectiveness is attributed to the syner
ffect of the easy reduction of Bi2O3 in itself and the forma

ion of thet′′ phase by the Bi doping, which accelerates o
on migration at low temperatures.
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[1] J. Kǎspar, P. Fornasiero, M. Graziani, Catal. Today 50 (1999) 285.
[2] R.J. Farrauto, R.M. Heck, Catal. Today 51 (1999) 351.

[3] M. Shelef, R.W. McCabe, Catal. Today 62 (2000) 35.
[4] J.T. Kummer, J. Phys. Chem. 90 (1986) 4747.
[5] H.C. Yao, Y.F. Yao, J. Catal. 86 (1984) 254.
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