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Abstract

The oxygen storage/release capacity (OSC) is one of the important functions required for automobile three-way
catalysts in order to efficiently remove harmful compounds such as hydrocarbons, CO and NOx in automotive exhaust
gases. In this report, three types of CeO,~ZrO, (Ce:Zr=1:1 molar ratio) compounds with different OSC were character-
ized by means of the Ce K-edge and Zr K-edge XAFS. In order to investigate the relationship between the OSC and local
structure, the quantitative EXAFS curve-fitting analysis was applied. By enhancing the homogeneity of the Ce and Zr a-
toms in the CeO,~ZrO, solid solution, the OSC performance increased. Additionally, the local oxygen environment
around Ce and Zr was remarkably modified by enhancing the homogeneity of the CeO,~ZrO, solid solution. It was postu-
lated that the enhancement of the homogeneity of the CeO,~ZrO, solid solution and the modification of the oxygen en-

vironment would be the source for the OSC improvement.
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Figure 1. Removal efficiencies for three-way catalysts as a function
of air to fuel ratio of engine exhaust gas.
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Three-way catalyst system.
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Figure 3. Improvement of an oxygen storage/release capacity
(OSC) of CeO,~ZrO, with the same composition ratio (Ce/Zr=1).
The OSC was estimated at 773 K. These samples were prepared by
following methods. CZ55-1 was prepared by the precipitation
process using CeO, powder and zirconyl nitrate solution. CZ55-2
was prepared by the coprecipitation process using cerium nitrate and
zirconyl nitrate solutions. CZ55-3 was synthesized by the heating
CZ55-2 at 1473 K under reductive condition.
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Figure 4. Fourier-transformed k3x data of (a) Ce K-edge and (b)
Ce Ls-edge EXAFS of CeO,~ZrO, samples.
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Figure 5. Fourier-transformed k3x data of Zr K-edge EXAFS of
Ce0,~Zr0O, samples.
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Figure 6. Zr K-edge XANES spectra of CeO,-ZrO, samples.
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Table 1. Results of curve-fitting analysis for Ce-cation shells®)

Sample Bond CN R (A) Ag?® (A2)
cubic CeO,® Ce—Ce 12 3.826
CZ55-1 Ce—Ce 11.9(2) 3.82(0) 0.0026(1)
CZ55-2 Ce—Ce 8.0(4) 3.78(0) 0.0034(2)
Ce-Zr 3.6(5) 3.71(0) 0.0063(13)
CZ55-3 Ce-Ce 6.0(3) 3.78(0) 0.0016(2)
Ce—Zr 6.0(3) 3.72(0) 0.0022(3)

a) The standard deviation is given in parentheses.
b) Relative Debye-Waller factor
¢) Standard compound

Table 2. Results of curve-fitting analysis for Zr-cation shells®)

Sample Bond CN R (A) Ag2b (A2?)
cubic ZrO,® Zr-Zr 12 3.628
CZ55-1 Zr—7r 6.6(2) 3.66(0) 0.0061(1)
CZ55-2 Zr—Zr 3.0(6) 3.69(0) 0.0124(19)
Zr—Ce 4.0(3) 3.76(0) 0.0030(3)
CZ55-3 Zr—Zr 6.0(4) 3.62(0) 0.0086 (6)
Zr—Ce 6.0(3) 3.75(0) —0.0010(1)

oX New S
-
.2,‘.‘25!§:.
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()

a) The standard deviation is given in parentheses.
b) Relative Debye-Waller factor
c) 8mol% Y-doped cubic ZrO, as standard compound
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Figure 7. Model illustration of cation-cation network for the CeO,~ZrO, samples with the same composition (Ce/Zr =
1). CZ55-1 consists of pure CeO, and ZrO,. A CeO,~Zr0, solid solution forms in CZ55-2, but the Ce rich domain and
Zr rich one still remain. The CejsZr, 50, solid solution in CZ55-3 homogeneously forms at an atomic level.
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Table 3. Results of curve-fitting analysis for Ce-oxygen shells?
Sample Bond CN R (A) Aa?® (A2)
cubic CeO,®) Ce-O 8 2.343
CZ55-1 Ce-O  8.0(1)  2.33(0) 0.0035(1)
CZ55-2 Ce-O 8.0(1) 2.30(0) 0.0052(3)
CZ55-3 Ce-O 8.0(2) 2.27(0) 0.0044(2)

a) The standard deviation is given in parentheses.
b) Relative Debye-Waller factor
c) Standard compound

Table 4. Results of curve-fitting analysis for Zr-oxygen shells?)
Sample Bond CN R (A) Aag?® (A2)
cubic ZrO,® Zr-O 8 2.222
CZ55-1 Zr-O0  4.0(5) 2.17(0) —0.0081(5)
Zr-O0  4.0(6) 2.36(0) 0.0067 (28)
9 Zr-0  6.0(5) 2.19(0) —0.0059(4)
CZ552 Zr-0  2.0(5) 237(3)  —0.0017(11)
CZ55-3 Zr-O0  8.0(2) 2.27(0) —0.0046(2)

a) The standard deviation is given in parentheses.
b) Relative Debye-Waller factor
¢) 8mol% Y-doped cubic ZrO, as standard compound

FEAERT7 4 v F L7, CZ55-1 D& E R L UMAEIT
BRI 1 7¢ tetragonal ZrOy OEIZIT 2> - 7218, CZ55-2 D
Zr-OfERDERL2HOBEAERTT7 4+ v F LD, ZOR
¥ (6+2) 1%, tetragonal ZrO, D& D & 1T 75 - 7=,

—77, CZ55-3 D Zr-O #E&1x, —HOZr-OfBE&I12 LD
T 4w L7, D EDOERLOIEINT Zr FD OWEFE
BlRr BRI D€ T L% Fig. 9 10T, Zr BV OfEE A IR
BEOBAIILL T O X S IC@Ran b, CZ55-1 Tix, ik
7% tetragonal ZrOy, AL TWAH2®, 28 4+4) ©
BB IUEWZr-Ofi&%H-> C\\w5% (Fig.9(a)),

CZ55-2 Ti%, Zr A # /75 cubic CeOy B FICfEA I N5
728, Zr-0 B ORI FRIEIL, tetragonal ZrO, IZ T
I8 E < 7 b, CZ55-2 I 351) 5 Ce0y-Zr0, Fl ¥
RIFH—Tid 77z, Fig. 9(b) i, & Zr [T/ O

(a) CZ55-1

(b) CZ55-2

(c) CZ55-3

Figure 8. Model illustration of oxygen environment around Ce. The Ce—O bond length gradually shortens in the order

of CZ55-1, CZ55-2 and CZ55-3.
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(a) CZ55-1

(b) CZ55-2

(c) CZ55-3

Figure 9. Model illustration of oxygen environment around Zr. In CZ55-1, a pure tetragonal ZrO, forms and has two
sets of short and long Zr—O bond lengths. For CZ55-2, the symmetry of Zr—-O coordination is, on average, somewhat
more centrosymmetric than that of tetragonal ZrO,. The configuration of the oxygen around Zr for CZ55-3 has a good

symmetric 8-fold coordination.

PGSR L TR, ZOVPHHEEL, CZ55-1 & CZ55-
3DOFRIDORETH 5, CZ55-3 D4, cubic #D CeO,
~ZrO, EEMAEA XRD IC L D BBEISNTWELE T &b, Zr
JA 0D OO BT HEO R SRS T & b,
INHORRIL, D CZ55-3 1281 5 Zr-0 OFEALRIFR
M CZ55-1 35 L OFCZ55-2 IC R T W & v Zr K-
edge XANES OfEFR & B < —F L 72,

3.5 OSCHLEAN=ZXL

CeOy N ZrO, YR INIC X % OSC 18] LD ER %, CeOq-
ZrO; O Ce/Zr 53— L UBMERMBREO S, D, L
TOXIICHEL A, £¢, Cett, Ce3* BIUZrit @
AFVERITENFN0I, 1148 LU084ATH
520, Yo T, BEKRHEETIE, Celbt&WOEREI
Cett 05 Ce3* NOEALBICIG U T+ 5, #R:7x
CeO0, DE A, ARBEIEMOLETH AT UVAPEFICKE
Wz, Ce DAL LIIHI SN TL £, KIZ, CeO,
~ZrO; BB OMEBHEREYE 2 5, COBE, Zr 4
AN Zett OBALIRREPIEF ICRE Th D i b idi
TH\V, AT VERONI N Zett 5 Ce BREICHA S
N5 ELICLDEERImEERL, Ce DMiEZ L (Cett
—Ce3t) ZBRBHILTHLDEEZ D, BRFEHRETIT,
FROMOBRGEEFE2 LT LICEVERINS, COENR
Ce0,-Zr0, s (A D Ce 35 LU Zr i F O ¥ — MR
F o TOSCHELR LT AELHEETHS EE 2 5,
Balducci i, avtEa—X¥ I a2l —v a VOB,
5, EF IV cubic CeOy,—ZrO, EEMAIC BT, Zr A
TV ORAIC LD Cett /Cedt D/NV 7 BEILT RIVF—7)H
W45 EaHE L b2, CofERIE, RroLk
FDEBEEEYRTHLDEEZ b,

WIS, BRFEOBMIREEO S, LEE TS, CeOy KT
Ir A FVBRE—ICHASN A LIk, Ce-OfEAIdHE
K70, FZr AVOBEORNHEL LV E Kb, FF
2, CZ55-3 D Zr AV 1T Htk D R\ S FLAZHE & % &

Lo LLAEDDE, CTOXNKBHMEORV 8RS, Zr
IZ &> TEBMICERTH O RLEETD H, H¥LD,
Zrit DA TR (084 A) 13, 027 (1.38A) offiict
NTELL/DPEIN, X512, CZ55-3 D Ce-O &R
13, RETAFE CeOn ICHANL EFL BT &5, Ce
JA 0 OBEFEEAEREE S Zr LFRRRICEE Th 5, FBIC,
CZ55-3 @ cubic Ceg5Zry 50, B AKIL, BLFHSH CIX
LEMTIE L, BREHTH S L0550 ->Tb, §
1000°CLLFTid, CZb5-3 132D w o7, 1200CH
2 HBI0 P OHGEEPEZ D, CZ55-3 D—HPRE
75 CeOQy & ZrO, IC53BEd 5 2 & 4%, XRD Hh ORI T
W5, TOCe s LU Zr AV O FE R AL BRI O L E M
B, WEMEEEEA AL L, OSCH LICEHLS L TWwh &
EZz2bN 5,

LIk, OSCHl EAN = AL T AER LT LD L
LFD X > %, Ce0,1C Zr A 4V A —ICRE T 5
T EICED, BFEEK - IS RBEEIC I A ARV
AMRERE N, Ce DMBEALNES /D, OSC 2 Lk
T5, SBIC, Zr A F VDAL LD, Ce0,~ZrO, A
BAFOCe B LU Zr Y ODMFEOBRNMIERELZEILL,
OSC [a] LiIc&w5-F BMENERT 5 L HELEINT,

4. &BHYIC

HERIRET & JFN L 7o B A S RIE O 72O H B
FBE DB AR 7 AT R T Do X DIOITIE, BERE
DEEAL « FF V-V OMIEEEET « D /zdD TV
HE, cho=>20F—F7 / BY—0DX 575 5FEMiHES
DRBETH 5, RIS, MR ET-> TV AH 41T E -
T, SHEIFEF UV OMBEERGHIIEFICERE L 7> T 5
THHDo COWFELEBL, TAxFHKDHTIDI &% iRd%
Lo, BAHETBEHEMEOBFEICI VT, BRICHAD
V=)l bl TWnA,

RIS, Bt — L L COROFEEHCIHE



WA HF15%5 45 (2002)

72\, FNE, in-situ XAFS HIENTE/RE — AT 4
DRINHE TH Do MIEDTEBEI G T TR OREE A BRI
T5C EiE, MELOFRAENEAMS 5 2 CTHEHETH S, A
fr D CeO,~ZrO, EEARIL, HBEIEOPXGMH T CHE%
B« I+ 54 DO TH Y, in-situ T OEF) % BEE
5T EI2LD OSCRADERFIEA X HICHIEICED,
INHOMAD HEHIBHEIT M OB L PIfF SN 5,
HiAE, PF O—EBC in-situ fHICEY — AT A VhdE I T
WAHZ LIEFfAlo TWwAHE, T4 EIdEVEEV, in-situ
XAFS I DR L ICHERRE L 72 5 Z L & YJIC
S,

HiEE

KL, LT ~OHNhE/BTITbNE L7,
XAFS fB#HTICd L T KIS RN \nWici2 & E L7cHES
RFEOEHILLA, MHolE=0e4, HPRHELE, LA
FHE, FBEICKEL B AT JASRI OFHH
WaktEt, wHEEL, PERFOMABEEL, %60
ICHER OB R EIER, AHPIER, ZHlIEERICL» G~
oL g9, ods, ABgEIL, JASRIOFFRI O & T
(Proposal No. 2000A0143-NX-np & C99B16B2-417N),
SPring-8 ICTHEf I NE L7,

SEHR

1) S. Matsumoto: Toyota Tec. Rev. 44, 10 (1994).

2)  APAFEFFIAR, HEBHAE, 63-116741 (1988).

3) S. Matsumoto, N. Miyoshi, T. Kanazawa, M. Kimura and M.
Ozawa: in S. Yoshida, N. Tabezawa T. Ono (Eds.), Catalysis
Science and Technology, Vol. 1, Kodansha/VCH, Tokyo/
Weinheim, 1991, p. 335.

4) M. Ozawa, M. Kimura and A. Isogai: J. Alloys Comp. 193, 73
(1993).

5)
6)
7
8)
9)

10)

11)

12)

13)

14)

15)
16)

17)

18)
19)
20)

21)

233

T. Omata, H. Kishimoto, S. Otsuka-Yao-Matsuo, N. Ohtori
and N. Umesaki: J. Solid. State Chem. 147, 573 (1999).

G. Vlaic, P. Fornasiero, S. Geremia, J. KaSpar and M. Gran-
ziani: J. Catal. 168, 386 (1997).

Y. Madier, C. Descorme, A. M. Le Govic and D. Duprez: J.
Phys. Chem. B 103, 10999 (1999).

E. Mamotov, T. Egami, R. Brezny, M. Koranne and S. Tya-
gi: J. Phys. Chem. B 101, 11110 (2000).

H. Kishimoto, T. Omata, S. Otsuka-Yao-Matsuo, K. Ueda,
H. Hosono and H. Kawazoe: J. Alloys Comp. 312, 94 (2000).
S. Lemaux, A. Bensaddik, A. M. J. van der Earden, J. H. Bit-
ter and D. C. Koningsberger: J. Phys. Chem. B 105, 4810
(2001).

A. Suda, H. Sobukawa, T. Suzuki, T. Kandori, Y. Ukyo and
M. Sugiura: J. Ceram. Soc. Japan 109, 177 (2001).

Y. Nagai, T. Yamamoto, T. Tanaka, S. Yoshida, T. Nonaka,
T. Okamoto, A. Suda and M. Sugiura: J. Synchrotron Rad. 8,
616 (2001).

Y. Nagai, T. Yamamoto and T. Tanaka: SPring-8 Research
Frontiers 1999/2000, p. 46.

Y. Nagai, T. Yamamoto, T. Tanaka, S. Yoshida, T. Nonaka,
T. Okamoto, A. Suda and M. Sugiura: Catal. Today 74, 225
(2002).

P. Li, I-W. Chen and J. E. Penner-Hahn: J. Am. Ceram. Soc.
77,1281 (1994).

B. K. Teo: EXAFS: Basic Principles and Data Analysis,
Springer, Berlin (1986).

T. Uruga, H. Tanida, Y. Yoneda, K. Takeshita, S. Emura,
M. Takahashi, M. Harada, Y. Nishihata, Y. Kubozono, T.
Tanaka, T. Yamamoto, H. Maeda, O. Kamishima, Y.
Takabayashi, Y. Nakata, H. Kimura, S. Goto and T. Ishika-
wa: J. Synchrotron Rad. 6, 143 (1999).

P. Li, I'W. Chen and J. E. Penner-Hahn: Phys. Rev. B 48,
10063 (1993).

P. Li, I'W. Chen and J. E. Penner-Hahn: Phys. Rev. B 48,
10074 (1993).

R. D. Shannon and C. T. Prewitt: Acta Cryst. B25, 925
(1969).

G. Balducci, J. Kaspar, P. Fornasiero, M. Granziani, M. S.
Islam and J. D. Gale: J. Phys. Chem. B 101, 1750 (1997).



