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Innovative three-way catalysts containing ceria–zirconia solid solutions (CZ) with a ZrO2 content ranging from 5
to 75 mol% were developed. Such catalysts have very high oxygen storage/release capacity (OSC). The OSC of cata-
lysts containing first-generation CZ was found to increase linearly with the amount of zirconia dissolved in the solid
solution in the 0–20 mol% ZrO2 range. The thermal stability of the catalyst containing first-generation CZ was higher
than that containing ceria. Second-generation CZ with greater OSC than first-generation CZ was developed by a homo-
geneous coprecipitation process, followed by heat-treatment below 1000 �C, enabling dissolution of zirconia into ceria
up to 75 mol% zirconia as estimated by XRD. Third-generation CZ, CZ-doped alumina (ACZ), was developed by ho-
mogeneous coprecipitation based on the ‘‘diffusion barrier concept’’. The OSC of ACZ was 23 times larger than that of
pure ceria. The NOx emission over the catalyst containing ACZ was reduced by about a factor of five compared with that
containing pure ceria. Toyota Motor Corp. has put three-way catalysts containing first-, second-, and third-generation CZ
into practical use globally.

Two fundamental technologies are used consistently in au-
tomotive catalysis for purifying pollutants in the exhaust from
internal combustion engines; one concerned with control of
precious metals, the other with exchange of oxygen. In the for-
mer technology, precious metal particles are always controlled
in a state of high dispersion, in which their catalytic activity is
maintained high on the catalysts. In the latter technology, oxy-
gen is exchanged between the catalyst and the exhaust gas. The
diluted pollutants in the exhaust gas need to be enriched on the
precious metal catalysts (e.g., Pt, Rh, Pd),1,2 and simultaneous-
ly, the activity of the catalysts maintained at a maximum. The
conversion rate of pollutants needs to approach 100% at the
stoichiometric point3,4 so that the exhaust contains neither ex-
cess nor insufficient oxygen. Thus, for the catalyst to store
oxygen under oxygen-rich conditions and release oxygen un-
der oxygen-lean conditions, it is essential that constituents of
the exhaust gases be maintained at the stoichiometric point
of the catalyst. The two technologies mentioned above consti-
tute the foundation of research and development on automo-
tive catalysts, even if they face stricter exhaust emission regu-
lations. This review is mainly concerned with the exchange of
oxygen.

The automotive three-way catalyst system operates under a
certain range of air-to-fuel (A/F) ratios, controlled by an elec-

tric fuel-injection system5–9 linked to an oxygen sensor de-
vice.10–12 However, even the exhaust gases controlled by the
system alternate between slightly rich to slightly lean condi-
tions with an inevitable time lag in the system as it adjusts
the ratio. This time lag lowers the conversion rate of the pol-
lutants on precious metal catalysts, especially when the differ-
ence between their degrees of enrichment on the catalyst is
large and the alternating period is long. This problem is largely
solved by the use of an oxygen storage material13–15 as a cata-
lyst component. The material stores oxygen during oxygen-
lean conditions and releases it during oxygen-rich conditions.

Since transition metals such as copper, iron, cobalt, and
nickel have the capability to change their valence state, all
of their oxides could store and release oxygen in exhaust gas
containing a large amount of carbon dioxide. In 1972, re-
searchers found that copper/copper oxide can both store and
release oxygen in an automotive exhaust system.16–19 Howev-
er, materials such as copper/copper oxide can easily fragment,
which is accompanied by a large volume change. Thus, cop-
per/copper oxide could not be used in practice in our Toyota
vehicles. This problem was finally solved (for the most part)
by the use of an oxygen storage medium such as a ceria
(CeO2)

15,20–23 or ceria–lanthana (CeO2–La2O3) solid solu-
tion24–27 as a catalyst component because ceria retains its cubic
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crystal structure even during the alternate storage and release
of oxygen and its volume change is very small. However, a
small amount of iron(III)/iron(II) oxide has been used as a
component of automotive catalysts.28,29 In 1980, the use of
NiO with CeO2 in three-way catalyst systems was explored
by Cooper and Keck with respect to transient oxygen storage
and water gas shift activity observed in lean-rich-lean exhaust
composition experiments.30,31 Thus, oxygen storage/release on
transition metals/metal oxides in exhaust gases has been a fun-
damental concept in automotive catalysts for the past 30 years
or more.

In 1977, the Toyota Motor Corp. in Japan utilized a three-
way catalyst in the exhaust system of an automobile powered
by a spark ignition combustion engine for the first time.32 The
catalyst was aimed at the simultaneous purification of pollu-
tants such as carbon monoxide (CO), hydrocarbons (HCs),
and nitrogen oxides (NOx).

Common three-way catalysts mainly consist of precious
metals (platinum (Pt), rhodium (Rh), and/or palladium (Pd))
on an alumina support with an oxygen storage material, usual-
ly ceria (CeO2), as an auxiliary catalyst. The addition of CeO2

into the three-way catalyst improves the dynamic performance
for the simultaneous removal of CO, HCs, and NOx. In an ex-
haust gas with rich-lean A/F variation, CeO2 in the catalyst
can provide oxygen for oxidizing CO and HCs adsorbed on
the catalyst under oxygen-lean conditions to CO2 and H2O,
and can remove oxygen on the catalyst for reducing NOx ad-
sorbed on the catalyst to nitrogen (N2) under oxygen-rich con-
ditions. Ce4þ changes spontaneously into Ce3þ in the CeO2

lattice under oxygen-lean conditions and Ce3þ changes sponta-
neously into Ce4þ in the CeO2 lattice under oxygen-rich con-
ditions, owing to its non-stoichiometric behavior.21 However,
oxygen is only used on the surface of CeO2. Besides, use of
the catalyst in the automotive engine system under severe ther-
mal conditions leads to significant degradation including loss
of the specific surface area of alumina, sintering of precious
metals supported on alumina and deactivation of cerium con-
tained in the catalyst. Such problems have been largely solved
by development of the oxide solid solution in the CeO2–ZrO2

system and the application of the solid solution to the three-
way catalyst.33–36

1. Three-Way Catalyst Containing First-Generation CZ

In 1985, we conducted an important study on zirconia sup-
ports for automotive Pt/Rh catalysts and oxygen sensors.
Yttrium-stabilized zirconia (YSZ) has been employed as a sol-
id-state electrode for oxygen sensors.6,10,37,38 YSZ has a higher
ionic conductivity39 due to the ease of migration of oxygen
ions above 300 �C because of oxygen defects present in
YSZ. However, the valences of zirconium(IV) and yttrium(III)
ions in YSZ hardly change with oxygen pressure in simulated
exhaust gases, according to our unpublished data. This implies
that the level of oxygen defects is constant in pure oxides such
as ZrO2 and Y2O3. We assumed that the oxygen mobility in
zirconia is high if zirconia is stabilized by cerium ions. More-
over, due to the possible valence change of the cerium ion
from III to IV or from IV to III, cerium-stabilized zirconia
or zirconia-stabilized ceria should have the ability to store or
release more oxygen, thus, the valence change should be ac-

companied by an increase/decrease in the number of oxygen
defects.

Based on this principle, a new oxygen storage material,
namely first-generation CZ, and three-way catalysts containing
this material were developed in 1987 and in 1989, respective-
ly.33,34 The three-way activity of these catalysts was enhanced
through the combined use of CZ and lanthana or ceria–zirco-
nia–lanthana solid solutions or solutions comprising ceria, zir-
conia and another rare earth metal oxide such as Y or Nd ox-
ide. This chapter focuses on the effect of OSC and describes
the activity of three-way catalysts containing first-generation
CZ on the lattice constant, relative surface area, and particle
size of CZ.

Table 1 shows the crystal phase, lattice constant, crystallite
size and surface area of ceria–zirconia mixed oxides
(Ce1�xZrxO2) for different zirconia contents (0 � x � 0:3) pre-
pared by impregnation using CeO2 powder and aqueous zirco-
nium(IV) bis(nitrate) oxide hydrate, followed by heat-treat-
ment at 1000 �C.40 As shown in the table, in the range of
0 � x � 0:2, the lattice constant decreases linearly with the
amount of zirconia dissolved in the ceria–zirconia mixed oxide
(Ce1�xZrxO2). CZ in the 0:05 � x � 0:2 range is called first-
generation CZ. This is explained by the different in the radii
of Ce4þ (0.10 nm) and Zr4þ (0.084 nm) ions in an oxide solid
solution with a fluorite-type structure.41 The results indicate
the formation of a cubic phase solid solution of Ce1�xZrxO2

(x � 0:2), which is consistent with the phase diagram in previ-
ous studies.42–44 The data also suggest that the dissolution of
zirconia into ceria prevents the grain growth of ceria crystalli-
tes at high temperatures and thus improves the thermal stabil-
ity of ceria. OSC involves the catalytic reaction of a reactant
such as CO with oxygen at a surface active site of ceria.
Figure 1 shows the oxidation activity of CO to CO2 on
Ce1�xZrxO2 (x ¼ 0, 0.1, 0.2, 0.3) at varying temperatures (up
to 600 �C) and CO pulse numbers at 600 �C.40,45 As shown
in Fig. 1, the dissolution of zirconia into ceria substantially im-
proves the oxidation activity of CO. Figure 2 shows the aver-
age conversion of CO and NO over model alumina-supported
platinum catalysts containing Ce1�xZrxO2, CeO2, ZrO2 with-
out any oxygen storage material under static and dynamic con-
ditions at 550 �C.40,45 The gases used were (a) a constant com-
position stream with an A/F ratio of 14.6 (static condition) and
(b) a cycled feed stream with an A/F ratio amplitude of 4% at
1 Hz with a time average A/F ratio of 14.6 (dynamic condi-

Table 1. Phases Formed in the CeO2–ZrO2 (Ce1�xZrxO2)
System at 1000 �C40

Lattice Crystallite Surface
X Phase constant size area

/nm /nm /m2 g�1

0 CeO2 0.5412 110 2.9
0.1 CeO2s.s. 0.5391 22 9.1
0.15 CeO2s.s. 0.5385 16 —
0.2 CeO2s.s. 0.5380 12 9.5
0.25 CeO2s.s. 0.5381 11 —
0.3 CeO2s.s. + C1 0.5381 9 12.5
0.4 CeO2s.s. + C1 — — —

s.s.: solid solution; C1: zirconium-rich complex oxide.
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tion). The conversion data in Fig. 2 show that the static per-
formance is almost exactly the same over the catalysts with
and without Ce1�xZrxO2 solid solution, however, the dynamic
performance of the catalysts without Ce1�xZrxO2 solid solu-
tion is lower than the static performance of the same catalysts
because of the deviation from the stoichiometric A/F ratio in
the dynamic measurement. That is to say, the conversion data
obtained under dynamic conditions revealed that the activity
for CO and NO removal was more enhanced by the addition
of Ce1�xZrxO2 solid solution than by that of only CeO2. This
indicated that the ceria–zirconia solid solution was a promising
oxygen storage material in a three-way catalyst. Thus, a high
performance three-way catalyst was designed on the basis of
the research on complex oxides in the ceria–zirconia system.
Catalysts containing Ce1�xZrxO2 solid solutions were subject-
ed to tests under several modes of engine operation to evaluate
their performance. Figure 3 shows the activities of the devel-
oped catalyst containing Ce1�xZrxO2 solid solution and the ref-
erence catalyst containing ceria under severely high tempera-
ture, simulating use in the USA and Europe.46 The application
of the ceria–zirconia solid solution in practical catalysts result-
ed in a significant improvement in catalytic removal perform-
ance of CO, NOx, and HCs as well as long-term durability un-
der the high thermal stress which occurs for engines in the

USA and Europe.45,46 Thus, in 1989, three-way catalysts con-
taining first-generation CZ were installed in vehicles to meet
the exhaust regulations in Europe and other countries.

Many studies have been conducted on ceria–zirconia solid
solutions for automotive exhaust catalysts since the subject
was first reported in the patent literature33,34 and papers40,45

by Ozawa et al. Studies on the use of ceria-based oxides in au-
tomotive three-way catalysts were summarized and presented
in great detail by Kašpar et al.47 Many research groups report-
ed the OSC of ceria–zirconia mixed oxides fabricated by high
energy mechanical milling in dry conditions,48,49 impregna-
tion,35,40 conventional and modified coprecipitation,50–55 and
sol–gel processes55–63 followed by heat-treatment below
1000 �C in air, and the same processes under reduced pressure.

2. Three-Way Catalyst Containing Second-Generation CZ

How can we develop a new process to prepare a nearly per-
fectly homogeneous solid solution of ceria–zirconia? This was
one of the most important themes for improvement in three-
way catalysts in the early 1990s. In addition, the prepared ce-
ria–zirconia solid solution should be of a single phase, prefera-
bly a cubic phase, rather than a double or mixed phase. The
assumption was that a single phase solid solution would not
experience a large volume change and fragment, and would
be retained in the same phase under cycling of oxygen-rich
and oxygen-lean conditions at high temperature. We also as-
sumed that it would be easier to store oxygen in, and release
oxygen from, the lattice of a cubic phase oxide than from that
of a tetragonal or monoclinic phase oxide.

The thermodynamically stable cubic phase of the ceria–
zirconia solid solution has already been identified in the
ZrO2–CeO2 system.42–44,64–66 The phase diagrams reveal that
zirconia is almost 100% soluble in ceria when a 50/50 mixture
of Ce/Zr is heated to approximately 1600 �C in air. These sol-
id solutions exhibit a high OSC.67 However, their specific sur-
face area is too low to allow their use as automotive catalysts
because, as mentioned earlier, a low specific surface area re-
stricts the rate of oxygen storage/release.

For use as an oxygen storage component of an automotive
catalyst, a ceria–zirconia solid solution needs to be prepared
with large specific surface area and a zirconia content of not
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(0.5 wt%) catalysts with and without ceria–zirconia mixed
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less than 20 mol%, and if possible, above 50 mol% to enhance
OSC.

2.1 Preparation Process and Structure of Second-Gener-
ation CZ. Among the processes we investigated for preparing
ceria–zirconia solid solutions by heat-treatment below 1000 �C
in air, we will elaborate on a modified coprecipitation process
using surfactant and/or oxidizer followed by heat-treatment
(called ‘‘homogeneous coprecipitation’’),68 and on near-
room-temperature synthesis of ceria–zirconia solid solutions
by milling ceria powder using a zirconia mill and zirconia balls
in ethanol or water (called ‘‘high-energy wet attrition mill-
ing’’).69–71

Certain solid solutions can easily be fabricated using the co-
precipitation process with aqueous solutions as starting mate-
rials. The conventional coprecipitation process typically in-
volves two steps: (i) obtaining a precipitate such as a hydrox-
ide by adding an alkali such as ammonia to an aqueous solu-
tion of several elements to neutralize, precipitate, and age;
and (ii) obtaining an oxide solid solution by heating the precip-
itate. In the conventional coprecipitation process, however, as
the pH value of the neutral point at which ions are neutralized
and precipitate upon the addition of an alkali is different for
cerium and zirconium ions, the composition of a coprecipitate
from cerium and zirconium ions is not always uniform.50 The
neutral point of Ce4þ, Zr4þ, and Ce3þ with alkalis in aqueous
solution strongly depends on the pH value of the aqueous solu-
tion: Ce4þ reacts spontaneously with alkalis at a pH of about
1.0, Zr4þ in the pH range of 2.4–16, and Ce3þ in the pH range
of 7.3–7.6.72 Thus, a perfect solution is unlikely to be obtained
by the conventional coprecipitation process. Further dissolu-
tion will occur by heat-treatment at 500 to 900 �C to produce
a powder, however, the powder will not always be perfectly
homogeneous due to the different pH values for coprecipita-
tion of cerium and zirconium ions. Depending on the heat-
treatment, grain growth and sintering will easily form multiple
phases, such as cubic and tetragonal, as the cubic phase is
compatible with CeO2 (e.g., CeO2(ZrO2) solid solution) and
the tetragonal phase is compatible with ZrO2 (e.g.,
ZrO2(CeO2) solid solution) at temperatures below 1000 �C.50

Thus, the specific surface area of the powder is decreased,
and the particle diameter of the crystallites in the powder is in-
creased.

The concept of the process for forming a perfectly homoge-
neous solution of ceria and zirconia by conventional homoge-
neous coprecipitation is shown in Fig. 4. As shown in the fig-
ure, the new concept entails forming precipitate nuclei of Ce–
O–Zr on the hydrophilic side of a micelle formed from a sur-
factant such as alkylbenzenesulfonic acid.68 The nuclei are ob-
tained by adding the surfactant and an alkali such as ammonia
to an aqueous solution containing cerium and zirconium ions.
Preparation in these conditions leads to interaction between the
hydrophilic group of the surfactant and the nucleus of the pre-
cipitated hydroxide. Subsequent heat-treatment yields uni-
formly condensed solid solution particles. Thus, the surfactant
improves the homogeneity of the precipitate particles. As a re-
sult, the solid solubility is promoted, and the average diameter
of crystallites is reduced. Thus, a ceria–zirconia solid solution
with a high solid solubility of zirconia in ceria can be prepared
using the homogeneous coprecipitation process followed by

heat-treatment below 1000 �C. The solid solubility of zirconia
in ceria–zirconia mixed oxides should be defined by the fol-
lowing equation:

the solid solubility of zirconia

in a ceria{zirconia mixed oxide (%)

¼ 100� ðthe amount of zirconia dissolved

in the total amount of ceriaÞ
=ðthe total amount of zirconiaÞ: ð1Þ

The solid solubility, s, of the ceria–zirconia mixed oxides
can be expressed by:

s ¼ ðx=CÞð100� CÞ=ð100� xÞ � 100; ð2Þ

where x is given by equation (3) and C is the zirconia content
(mol%) of the ceria–zirconia mixed oxides.

x ¼ ð5:423� aÞ=0:003; ð3Þ

where a is the lattice constant ( �A) of the ceria–zirconia mixed
oxide for a given zirconia content, and x is the amount of zir-
conia (mol%) dissolved in the ceria–zirconia solid solution.
When x is 0% or 100%, the lattice constant attains the values
indicated on the JCPDS (Joint Committee on Powder Diffrac-
tion Standards) card as the lattice constants for pure ceria and
cubic zirconia, i.e., 0.54 and 0.51 nm, respectively.73 Based on
equations (1) to (3), the solid solubility of ceria–zirconia
mixed oxides is drawn as a series of solid lines in Fig. 5, which
plots a as a function of C.

Figure 5 plots the lattice constant calculated from the (311)
phase of the fluorite type structure found in the ceria–zirconia
mixed oxides as a function of zirconia content for oxides pre-
pared by homogeneous coprecipitation using an aqueous solu-
tion containing cerium(III) nitrate, zirconium(IV) bis(nitrate)
oxide hydrate, hydrogen peroxide, and alkylbenzenesulfonic
acid mixed in the molar ratios Ce/Zr ¼ 75=25, 7/3, 6/4, 5/
5, 4/6, 3/7, and 25/75, followed by heating in air at 400
�C.68 The lattice constant of the mixed oxides follows
Vegard’s rule,74 where the lattice constants of pure ceria and
cubic zirconia are 0.54 and 0.51 nm,73 respectively. This indi-
cates that ceria and zirconia form an almost perfectly homoge-

Precipitate nuclei of Ce-O-Zr on a 
hydrophilic side of a micelle grow into 
fine CZ-particles under heat-treatment. 

CeO2-rich phase and ZrO2-rich 
phase particles grow separately 
under heat-treatment.

a) with surfactant micelles b) without surfactant micelles

CeO2-rich

ZrO2-rich

micelle

precipitate nuclei of Ce-O-Zr 

hydrophilic side

Fig. 4. Schematic mechanism of promotion of perfect dis-
solution in each oxide of plural oxides by homogeneous
coprecipitation. a) with surfactant micelles: precipitate nu-
clei of Ce–O–Zr on the hydrophilic side of a micelle grow
into fine CZ-particles under heat-treatment. b) without sur-
factant micelles: CeO2- and ZrO2-rich phase particles
grow separately under heat-treatment.
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neous solution in mixed oxides containing less than 75 mol%
zirconia. The solid solubility of zirconia in these mixed oxides
was 100%. XRD results indicated that the mixed oxides had a
uniform, cubic fluorite-type structure, although the structure
has to be identified from Raman spectra of the solid solutions
in the strict crystallographic sense.56,66 No other phase, such as
ZrO2, was detected, at zirconia contents of 0 to 75 mol%, and
surprisingly, the solid solubility of zirconia in the ceria–zirco-
nia mixed oxides was almost 100% above 50 mol% ZrO2. In
the absence of a surfactant, the solid solubility of zirconia in
the mixed oxide (Ce/Zr ¼ 50=50) was 38%; in the absence
of surfactant and hydrogen peroxide, that value was 18%.
The reason why the solid solubility is lower in the absence
of hydrogen peroxide is because fewer cerium(III) ions replace
cerium(IV) ions without an oxidizing agent in the aqueous so-
lution. However, even if cerium(IV) nitrate is used with zirco-
nium(IV) bis(nitrate) oxide hydrate as a starting material, the
solid solubility is increased by the ultra-high-speed agitation
in the aqueous solution or by the addition of a large amount
of surfactant in the coprecipitation process.68

Figures 6 and 7 show, respectively, the X-ray diffraction
patterns of ceria–zirconia mixed oxides (Ce1�xZrxO2) prepared
by high-energy attrition milling (S-CZ) formed during the
milling of CeO2 powder (120 m2/g, corresponding to 7 nm)
with a zirconia mill and zirconia balls in ethanol near room
temperature69–71 and those prepared by reduction at 1200 �C
in the presence of graphite (R-CZ) followed by heating at
500 �C in air.75 The crystal structures of these oxides are sum-
marized in Table 2.76 All S-CZs have a uniform, cubic fluorite-
type structure with a crystallite size approaching 20 nm, as es-
timated from the specific surface area of approximately 45 m2/
g with increasing milling time.71 Trovarelli et al.49 have also
reported a cubic fluorite-structured CeO2–ZrO2 prepared by
a 9-h high-energy mechanical milling run using CeO2 and
ZrO2 as starting materials under dry conditions, similar to S-
CZ55. On the other hand, the reduced mixed oxide (R-CZ) ex-
hibits various crystal phases depending on zirconia content. R-
CZ at 0:3 � x < 0:5 is found to be a �-CeZrO4 phase-ceria
solid solution, while R-CZ at 0:5 < x � 0:8 is found to be a
mixture of the �-CeZrO4 phase and tetragonal ZrO2.

Figure 8 shows the Ce/Zr atomic ratio in nanometer-sized

regions in TEM images of Pt/CeO2–ZrO2 determined by
EDX (energy dispersion X-ray spectroscopy) analysis during
TEM observations.77 Although the Ce/Zr ratio for R-CZ at
x ¼ 0:5 (R-CZ55) is almost constant at 1.0, this ratio varies be-
tween 0.2 and 1.4 for S-CZ at x ¼ 0:5 (S-CZ55). This means
that the distribution of zirconium ions in the CeO2 framework
in S-CZ55 is not as homogeneous as in R-CZ55.77 This is con-
firmed by X-ray absorption fine structure analysis.78,79 On the
basis of these analyses, Figure 9 schematizes the atomic coor-
dination in S-CZ55, R-CZ55, and cubic ceria and zirconia,
viewed normal to the (100) plane.78–80 R-CZ55 has almost
the same structure as �-phase CeZrO4, in which the atomic co-
ordination is in an ordered state, as described by Kishimoto et
al.81,82 S-CZ55 is assumed to have the same structure as the
solid solution with an irregular distribution of cerium and zir-
conium ions. A mixed oxide (Ce/Zr ¼ 50=50) prepared by the
above homogeneous coprecipitation process would have the
same structure as that of the solid solution with an irregular
distribution of cerium and zirconium ions similar to S-CZ55.

Figures 10 and 11 show the lattice constants calculated us-
ing the (311) peak of the fluorite structure in S-CZ and R-CZ,
respectively, as a function of the amount of zirconia.69,75,83 In
Fig. 11, the (622) peak ascribable to the pyroclore structure (�-
phase Ce2Z2O8) was regarded as the (311) peak of fluorite
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presence of graphite, followed by heating at 500 �C in
air: : fluorite structure of ceria; : �-CeZrO4 phase;
: monoclinic zirconia; : tetragonal zirconia.75
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structure because the value of the calculated lattice is one half
of the real lattice constant of the pyroclore structure. The de-
pendence of the lattice constant on the zirconia content obeys
Vegard’s law in the series of S-CZs in Fig. 10. This shows that
the milled powders consist of almost single phase ceria–zirco-
nia solid solutions above a zirconia content of 50 mol% re-
gardless of milling time, as estimated from XRD results as
well as the solid solutions prepared by the homogeneous co-
precipitation process. The bend in the curve at 50 mol% zirco-
nia in the series of R-CZs in Fig. 11 confirms the identification
of the structure in Table 2.

Since 1995, dissolution of ZrO2 into the CeO2 lattice has
been reported over the entire composition range, yielding a cu-
bic fluorite-type solid solution for ZnO2 content not exceeding

Table 2. Structure of Ceria–Zirconia Mixed Oxides, Ce1�xZrxO2
76

Symbol x Crystal phase MaterialaÞ

S-CZ x ¼ 0 cubic ceria
S-CZ 0 < x 5 0:7bÞ cubic ceria–zirconia s.s
(S-CZ55 x ¼ 0:5 cubic ceria–zirconia s.s)

R-CZ x ¼ 0 cubic ceria
R-CZ 0 < x < 0:3 cubic ceria–zirconia s.s
R-CZ 0:3 5 x < 0:5 cubic �-CeZrO4 phase-ceria s.s
R-CZ55 x ¼ 0:5 cubic �-CeZrO4 phase
R-CZ 0:5 < x 5 0:8 cubic, tetragonal �-CeZrO4 phase-zirconia mix
R-CZ x ¼ 0:9 tetragonal, monoclinic zirconia-�-CeZrO4 phase mix
R-CZ x ¼ 1 tetragonal, monoclinic zirconia

a) s.s: solid solution, mix: mixture. b) S-CZ is a s.s. even in the range of 0:7 5 x, when it takes time
longer than 45 h to mill according to our unpublished data and the ceria–zirconia mixed oxides pre-
pared by the homogeneous coprecipitation process with aqueous ammonia using Ce(III) nitrate and
Zr(IV) bis(nitrate) oxide hydrate, are also s.s. similar to S-CZ, as estimated XRD results.68
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Fig. 9. Schematic illustration of atomic coordination: (a)
cubic ceria, (b) cubic zirconia, (c) S-CZ55 and (d) R-
CZ55 viewed perpendicular to the (100) plane.78–80
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Fig. 11. Lattice constant calculated from the (311) peak of
the fluorite structure as a function of ZrO2 content in the
ceria–zirconia solid solution (R-CZ). For the pyroclore
structure, the (622) peak was regarded as the (311) peak
of the fluorite structure assuming that the value of the cal-
culated lattice constant is one half of the real lattice con-
stant of the pyroclore structure.75
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50 mol% through the sol–gel process followed by heat-treat-
ment at temperatures below 1000 �C.55–63

2.2 OSC of Second-Generation CZ and Catalytic Per-
formance of Catalyst Containing Second-Generation CZ.
The extent and rate of the oxidation–reduction process are
dependent on the state of the dispersion of the ceria–zirconia
mixed oxide, the presence and dispersion of precious metal
components, and on the temperature and partial pressure of
gaseous agents.22 In general, oxygen storage/release capacity
(OSC) is measured by temperature-programmed reduction
(TPR) and total OSC is detected as pulse re-oxidation at a
fixed temperature. Quantitative dynamic-OSC measurements
are carried out on the sample by increasing the temperature
in a stepwise manner, and during the isothermal steps, alter-
nately pulsing H2 or CO and O2 over the sample.22,57,84,85

To quantify oxygen storage/release capacity (OSC) of ce-
ria–zirconia mixed oxides, we define the total and partial
OSC as follows:80,83 (1) the total OSC (mmol-O2/g-specimen)
is defined as the weight loss/gain of a specimen, as measured
by a thermogravimetric analyzer, upon exposure to a feed
stream of hydrogen or oxygen in nitrogen at a fixed tempera-
ture until no more weight loss/gain occurs; and (2) the partial
OSC (mol-O2/mol-Ce) is calculated from the total OSC as the
amount of oxygen released from one mole of CeO2 in the
specimen in a reducing atmosphere. Thus, the total OSC cor-
responds to OSCC (oxygen storage capacity complete) as de-
fined by Yao et al.21

Figure 12 shows the total OSC value at 500 �C as a function
of the zirconia content in mixed oxides (Ce/Zr ¼ 9=1, 8/2,
75/25, 7/3, 6/4, 5/5, 4/6, 3/7, 25/75, 2/8, or 1/9) prepared
by homogeneous coprecipitation followed by heat-treatment
at 400 �C in air. In the figure, the OSC was not less than
250 mmol-O2/g for Ce/Zr ratios between 75/25 and 25/
75.68 In particular, at a Ce/Zr ratio of 5/5, the OSC was at a
maximum: about 450 mmol-O2/g. This value corresponds to
about 0.14 mol-O2/mol-Ce of the partial OSC; it also means
that about 55% of Ce4þ is converted into Ce3þ for cerium ions
in the mixed oxide when the ratio of Ce/Zr is 5/5 because the
partial OSC reaches the ideal value of 0.25 mol-O2/mol-Ce
when all Ce4þ ions transform into Ce3þ. Fornasiero et al.55

and Balducci et al.56 have obtained similar values (50–60%
Ce3þ) for the O2 uptake (corresponds to partial OSC) of a

Ce0:5Zr0:5O2 solid solution prepared by a homogeneous gel
route from [Ce(acac)4] and Zr(OBu)4 precursors.

Figure 13 shows the total OSC value at 500 �C as a function
of the zirconia content in mixed oxides (Ce/Zr ¼ 7=3, 6/4, 5/
5, 45/55, or 3/7) after thermal aging at 700 �C in air.86 The
value of the maximum OSC in Fig. 13 was almost the same
as that in Fig. 12; however, the value shifted to a zirconia con-
tent of 55 mol%. At the same time, the specific surface area
decreased with increasing aging temperature. This is presuma-
bly because of the rearrangement of cerium and zirconium ions
in the mixed oxide and the concomitant increase in the number
of oxygen atoms surrounded by zirconium ions, which surpass-
es the number of oxygen atoms surrounded by cerium ions in
the Ce/Zr < 1 range. This is because oxygen surrounded by
zirconium ions is easier to store and release under lean and
rich conditions, respectively, as assumed from the formation
of pyroclore-type Ce2Zr2O7,

87 which will be discussed later.
Figures 14 and 15 plot the specific surface area and average

crystallite diameter, respectively, as a function of heat-
treatment temperature for a ceria–zirconia solid solution
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Fig. 12. The total OSC at 500 �C as a function of the ratio
of cerium to zirconium (Ce/Zr) in mixed oxides prepared
by homogeneous coprecipitation: The OSC of the oxides
with 1.0 wt% Pt was measured.68
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id solutions (Ce/Zr ¼ 5=5) prepared by homogeneous co-
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(Ce/Zr ¼ 5=5) prepared by homogeneous coprecipitation us-
ing cerium(III) nitrate, zirconium(IV) bis(nitrate) oxide hy-
drate, ethylene oxide-propylene oxide block copolymer
mono(2-ethylhexyl) ether as surfactant and hydrogen peroxide
as oxidizing agent.66 As can be seen in Figs. 14 and 15, even
when the ceria–zirconia solid solution was heated in air at
1200 �C, the solid solution had a specific surface area of about
6 m2/g, which is relatively large. Further, the average diameter
could be maintained below 25 nm even though the specific sur-
face area decreased with temperature.

The temperature dependence of the partial OSC of the ce-
ria–zirconia solid solution prepared by the high-energy ball
milling process is shown in Fig. 16.83 The OSC in Fig. 16 is
directly related to the nonstoichiometry of cerium oxide. Thus,
the increase of OSC with temperature suggests the increased
occurrence of nonstoichometry change in ceria with tempera-
ture. In ceria, nonstoichiometry is related to the occurrence
of oxygen vacancies. Thus, OSC increases with the number
of oxygen vacancies, which occur easily at higher tempera-

tures in ceria. The extrapolation of the data for a given temper-
ature yields 0.25 mol-O2/mol-Ce for the 500–900 �C temper-
ature range. This value can only be realized if every ceri-
um(IV) transforms into cerium(III). This indicates that the ce-
rium ion transforms completely into cerium(III) in extremely
diluted solid solutions. Below 500 �C, the transformation to
cerium(III) is incomplete. Only 30% of the cerium ion in pure
ceria can be reduced to cerium(III), even at 900 �C. The OSC
(Fig. 16) at temperature T for a solid solution (Ce1�xZrxO2)
with x mol% ZrO2, Qðx; TÞ, can be approximated by the fol-
lowing equation:

Qðx;TÞ ; fð100� xÞqð0; TÞ þ xqð100; TÞg=100: ð4Þ

The variables qð100;TÞ and qð0;TÞ denote the OSC at T of
pure cerium oxide and of an extremely diluted solid solution,
respectively.

The dependence of OSC on ZrO2 content in the solid solu-
tion suggests that the presence of Zr ions promotes the occur-
rence of cerium(III). The effective ionic radii of Ce4þ, Ce3þ,
Zr4þ, and O2� are 0.097, 0.114, 0.084, and 0.138 nm, with co-
ordination numbers of 8, 8, 8, and 4, respectively, based on
that of O2� (0.140 nm) with a coordination number of 6.41

Thus, the change of cerium(IV) into cerium(III) results in a
volume increase, which would restrict further change due to
the increased stress energy. The presence of the smaller Zr4þ

ion could compensate for the volume increase. This is presum-
ably the main reason why the presence of Zr ions promotes the
valence change from IV to III, or III to IV in cerium ions, and
the increase of OSC. The release of oxygen starts in a fully
dense solid, a process which would be difficult, as shown in
Table 3.83 By contrast, in the storing process, oxygen has to
migrate into the solid under the presence of oxygen vacancies,
which is simpler than the release process. Thus, tr � ts, as
shown in the table. Under the presence of Pt particles, HC,
CO, and H2 are rapidly oxidized, which means that either
the reductive molecules or O2� is activated by Pt. The escape
of oxygen from the solid solution requires the transfer of elec-
trons from oxygen to Ce4þ to Ce3þ, and a reaction with H and
C. In the process, the reductive molecules play important roles
in the release of oxygen in the atomic or ionic forms of H and
C rather than in a molecular form. Pt activates these processes
and shortens the reaction time. On the other hand, in the stor-
ing process, the migration of oxygen into the solid solution on-
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Fig. 15. The average crystallite diameter of ceria–zirconia
solid solutions (Ce/Zr ¼ 5=5), prepared by homogeneous
coprecipitation using cerium(III) nitrate, zirconium(IV)
bis(nitrate) oxide hydrate, ethylene oxide-propylene oxide
block copolymer mono(2-ethylhexyl) ether and hydrogen
peroxide as a function of heat-treatment temperature.68

Fig. 16. Temperature dependence of partial OSC at a fixed
temperature of ceria–zirconia solid solutions (S-CZ) mil-
led in ethanol as a function of ZrO2 content in the speci-
mens. The OSC of the oxides with 1.0 wt% Pt was mea-
sured. Each line was drawn by the least square method.83

Table 3. Time to Reach the Saturation of Storing and
Releasing Oxygen and the Amount of Oxygen Stored or
Released83

Time or amount With Pt Without Pt

Saturation time
under oxidation condition 3 min 3 min
in 50%O2/N2 : ts

Saturation time
under reduction condition 3 min 90 min
in 50%H2/N2 : tr

Amount of oxygen
stored or released

384
mmol-O2/
g-catalyst

384
mmol-O2/
g-catalyst
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ly needs the transfer of electrons from Ce3þ to oxygen, which
is a much simpler process than the release process. The sim-
plicity of the process, along with the presence of vacancies
and smaller zirconium ions, explains why ts is shorter than tr.

Figure 17 plots total OSC vs zirconia content for ceria–zir-
conia mixed oxides (S-CZ) prepared by high-energy attrition
milling or solid–solid reaction at 700 �C (M-CZ) with or with-
out subsequent heating under reducing conditions at 1200 �C
(R-CZ).75,83 As seen in Fig. 17, the OSC of the sample pre-
pared by the milling process increases with zirconia content
in the lower-zirconia-content region, and remains constant in
the relatively higher-zirconia-content region. The maximum
OSC of the solid solution prepared by the milling process
(S-CZ55) is three times larger than that obtained by solid–solid
milling (M-CZ55). The maximum OSC of the reduced solid
solution occurred at the composition of Ce/Zr ¼ 5=5 (R-
CZ55), and was about 753 mmol-O2/g, which is about 1.8
times the maximum value (416 mmol-O2/g) for the attrition
milled solid solution and 5 times higher than that correspond-
ing to the first-generation CZ (150 mmol-O2/g). OSC is re-
sponsible for the difference in the solid solubility of zirconia
in CZ. Considering only the high oxygen storage–release ca-
pacity, the reduced CZ (Ce/Zr ¼ 5=5) should yield a pyro-
clore-type Ce2Zr2O7 as a final structure because partial OSC
reaches a maximum, or the ideal value of 0.25 mol-O2/mol-
Ce, when all of the Ce4þ in the reduced CZ changes into
Ce3þ. As Ce and Zr in the solid solution often form the �-
phase Ce2Zr2O8

81,82 or pyroclore-type Ce2Zr2O7,
87,88 the

OSC of the solid solution is higher. The number of surface
oxygen atoms was estimated from the specific surface area
of the attrition milled S-CZ55, reduced R-CZ55, and impreg-
nated M-CZ55 mentioned in chapter 2.2.77,89 That number
should be about 3 mmol/m2 for S-CZ55, R-CZ55, and M-
CZ55. However, the experimental values were 530, 15.5,
and 1.7 mmol/m2 for Pt/R-CZ55, Pt/S-CZ55, and Pt/M-
CZ55, respectively. Thus, the reduction of Pt/M-CZ55 is re-
stricted at the surface. In Pt/S-CZ55, reduction proceeds up
to about 5 layers into the surface. Of course, in Pt/R-CZ55,

all bulk oxygen atoms participate in the redox process.
Under real automotive catalyst operating conditions, the ex-

haust gas oscillates at a frequency of the order of 0.1 to 10 Hz.
Thus, the first part of the total OSC is an important contribu-
ting factor in the catalytic reaction. Table 4 shows the apparent
activation energy for oxygen release from Pt/S-CZ55, Pt/R-
CZ55, and Pt/M-CZ55.77 The apparent activation energy for
Pt/R-CZ55 was about 100 kJ/mol. This value is close to the
activation energy of oxygen hopping in stabilized ZrO2.

90 In
Pt/R-CZ55, which has a very low specific surface area, bulk
oxygen contributes to OSC. Thus, the activation energy mea-
sured for Pt/R-CZ55 reflects the energy for oxygen hopping
in the bulk of R-CZ55 oxide. The apparent activation energies
of Pt/S-CZ55 and Pt/M-CZ55 are lower than that of Pt/R-
CZ55. Reduction in these oxides is restricted to the surface
or the sub-surface region. In such CZ oxides, the activation en-
ergy reflects the energy required for oxygen migration at the
surface or subsurface. Figure 18 shows the conversion of CO
at 200 �C under simulated automotive exhaust gas conditions
over Pt/S-CZ55, Pt/R-CZ55, and Pt/M-CZ55 catalysts.77

Pt/S-CZ55 showed the highest catalytic activity. The order
in activity is well correlated with the order in the initial rate
of oxygen release at 200 �C. This indicates that the initial rate
of oxygen release (OSC) would be the best parameter to mea-
sure in order to get an insight on the catalytic activity under
actual operating conditions.

Thus, we found that the ceria–zirconia solid solutions pre-
pared by the homogeneous coprecipitation process and by
the high energy attrition milling process both gave a maximum
OSC at around 50 mol% zirconia. We have called these sec-
ond-generation CZs. OSC of the catalyst containing second-
generation CZ was about three times as high as that containing
first-generation CZ and was superior to the latter in NOx emis-
sion reduction performance by about 40%.76 As a result, in
1997 the modified three-way catalyst containing the second
generation CZ was installed in vehicles in accordance with
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Fig. 17. Total OSC at 500 �C of ceria–zirconia mixed ox-
ides reduced at 1200 �C in the presence of graphite fol-
lowed by heating at 500 �C in air (R-CZ), milled in etha-
nol (S-CZ), and prepared by a solid–solid process fol-
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mens.75,83

Table 4. Apparent Activation Energy of Oxygen Release
from Pt/CeO2–ZrO2 Catalysts77

Catalyst Apparent activation energy

Pt/M-CZ55 11 kJmol�1

Pt/S-CZ55 32 kJmol�1

Pt/R-CZ55 103 kJmol�1
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Fig. 18. CO conversion at 200 �C in the simulated exhaust
reaction oscillating around the stoichiometric condition.77
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the more stringent Low Emission Vehicle (LEV) exhaust reg-
ulation in California and in other places.

3. Development of the Third-Generation CZ (ACZ)
and the Three-Way Catalyst Containing ACZ

In the latter half of the 1990s, even the three-way catalyst
containing second-generation CZ for purifying exhaust gases
would fail to satisfy the more severe exhaust regulations to
be applied after 2000. Thus, it was necessary to develop a
three-way catalyst with better heat resistance and greater oxy-
gen storage capacity than that containing the second genera-
tion CZ.

Figures 19 and 20 plot the specific surface area, mean par-
ticle size and OSC of a 1-wt%-Pt-pellet-catalyst added ceria
zirconia solid solution corresponding to a second-generation
CZ (the CZ pellet catalyst) as a function of temperature during
severe durability tests at high temperature for 3 h in air.94,96

OSC of the sample was measured by calculating the amount
of oxygen consumed from the amount of CO2 generated at
500 �C by the alternate flow of 1% O2 in nitrogen, followed
by 2% CO in nitrogen. Specific surface areas were measured
by the BET method. As shown in Figs. 19 and 20, the specific
surface area and OSC of the CZ pellet catalyst decreased with
temperature during the severe durability test, while the average
size of the CZ particles in the pellet catalyst increased with
temperature.

A new diffusion barrier concept was established to improve
the heat resistance of the second-generation CZ, which is
shown in Fig. 21.80,94–96 In general, particles of a particular
kind will easily coagulate or sinter at relatively low tempera-
tures in air (Fig. 21b). However, if one particle type is isolated
by another particle type, which does not react with neighboring
particles at high temperature, the former particles do not coag-
ulate or sinter (Fig. 21a). Based on this new diffusion barrier
concept, we developed a catalyst containing third-generation
CZ (ACZ),91–93 consisting of nanometer-sized mixed oxides
composed of alumina (A) and CZ having the same composi-
tion as second-generation CZ.

3.1 Preparation Process and Structure of Third-Genera-
tion CZ (ACZ). Third generation CZ (ACZ) was developed
using the same homogeneous coprecipitation process as men-
tioned before and a sol–gel process, followed by heating of the
precipitate. This concept is described in Fig. 22 and Table 5.
Figure 22 shows an SEM micrograph of the cross section of
ACZ particles prepared by homogeneous coprecipitation after
being subjected to a thermal durability test for 10 h at 1000
�C.95 In Fig. 22, the dark portions correspond to alumina;
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Fig. 21. New diffusion barrier concept: (a) ACZ, with alu-
mina particles as dispersoids in CZ, inhibiting the grain
growth of CZ and of the alumina itself; (b) and CZ, with-
out any dispersoids, resulting in grain growth and decrease
in activity.80,94–96

CZ

100nm

Al2O3

Fig. 22. SEM photograph of the cross section of ACZ pow-
der after a 10-h durability test at 1000 �C in air.95
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the bright portions correspond to CZ. The CZ particles in the
ACZ are several nm in diameter and are dispersed in the alu-
mina matrix as diffusion barriers. In addition, EDX analysis re-
vealed that the X-ray intensity ratios of Ce/(Al + Ce + Zr)
and Zr/(Al + Ce + Zr) were almost constant over several mi-
crometer-sized regions in the SEM image. Thus, ACZ had a
uniform constitutional distribution at the micrometer scale,
even after a 10-h heat resistance test at 1000 �C. Figure 23
shows the XRD profiles of an ACZ-containing catalyst and a
CZ-containing catalyst after a 5-h durability test at 1000 �C
in air. These profiles indicated that the ceria components in
both catalysts were in the presence of ceria–zirconia solid so-
lutions. Table 5 shows the particle diameter of the precious
metal (Pt) on the catalyst and the crystal size of the CZ in
the catalyst after a lean/rich cyclic durability test at the inlet
temperature of 900 �C.94–96 As seen in Table 5, the sintering
of Pt on the ACZ-containing catalyst is inhibited more effec-
tively than that on the CZ-containing catalyst. Thus, the nano-
structure of ACZ is regarded as an embodiment of the diffu-
sion barrier concept. Figure 24 shows the specific surface area
of ACZ and second-generation CZ as a function of tempera-
ture under a 10-h durability test in air. In Fig. 24, the specific
surface area of the ACZ was, as expected, larger than that of
the CZ after durability testing in air between 900 and 1200
�C. ACZ retains a larger specific surface area than CZ does
even at the high temperature region around 1000 �C.94–96

3.2 OSC of ACZ and Catalytic Performance of a Cata-
lyst Containing ACZ. Figure 25 shows the partial OSC of

Pt/ACZ and Pt/(Al2O3 + CZ) catalysts as a function of tem-
perature after a 5-h thermal durability test at 1000 �C in air.
The OSC of ACZ is higher than that of CZ throughout the tem-
perature range.95 The addition of ACZ improved OSC, espe-
cially at low temperature (�300 �C). The high OSC activity
of the Pt/ACZ catalyst at lower temperatures is responsible
for the smaller particle size of the CZ in ACZ as compared
to the CZ in the CZ–Al2O3 mixture (Table 5). Figure 26 shows
the catalytic performance for HC, CO, and NOx emissions of
ACZ- and the CZ-containing catalysts after a 100-h durability
test, evaluated by installing these catalysts in vehicles with
2.2-liter engines.96 The temperature at 50% conversion for
HC, CO, and NOx on the ACZ-containing catalyst is about

Table 5. Particle Diameters of Pt and CZ after Lean–Rich
Cycling Durability Test at Inlet Temperature of 900 �C
(at Catalytic Temperature of about 950 �C)94–96

ACZ-containing CZ-containing
catalystaÞ catalystbÞ

Pt
19.6 nm 23.7 nm

particles

CZ
8.7 nm 17.2 nm

particles

a) ACZ-containing catalyst contains the third-generation CZ
(ACZ). b) The CZ-containing catalyst contains the second-
generation CZ.

30 40 50 60 70

2   / °  (CuK    )

(a)

(b)

θ α
Fig. 23. XRD profiles of (a) ACZ-containing catalyst and

(b) CZ-containing catalyst after a 5-h durability test in
air at 1000 �C: : CZ; �: �-alumina.94–96
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15 �C lower than that on the CZ-catalyst.
Thus, ACZ can be used, not only as an oxygen storage ma-

terial, but also as a support for precious metal particles. Even
when exposed to exhaust gases at high temperature, the alumi-
na in ACZ plays an important role as a diffusion barrier, and
grain growth of CZ is suppressed. Besides, the specific surface
area of ACZ is larger than that of second-generation CZ. The
partial OSC of the catalyst involving third-generation CZ was
about 2.5 times higher than that containing second-generation
CZ. The catalyst containing third-generation CZ is superior to
that containing second-generation CZ in NOx emission reduc-
tion performance by about 20%.94–96 Thus, in 2001, the modi-
fied three-way catalyst containing ACZ was installed in
vehicles in accordance with the more stringent Low Emission
Vehicle II(LEVII) exhaust regulation in California, the year
2000-regulation in Japan. In 2002, vehicles were equipped
with the modified catalyst containing ACZ in accordance
with the most stringent Partial Zero Emission Vehicle (PZEV)
exhaust regulation in California.97

4. Manufacturing Technique for Three-Way
Catalysts Containing ACZ

Figure 27 shows the improvement in partial OSC for first- to
third-generation CZ, compared to that of pure ceria in the pres-
ence of Pt. As shown in Fig. 27, the OSC of a three-way cata-
lyst containing ACZ is about 23 times higher than that contain-
ing ceria.80 Figure 28 shows the improvement in NOx emission

for three-way catalysts containing first- to third-generation CZ,
compared to that containing pure ceria. The precious metal
catalyst containing oxygen storage materials could significant-
ly reduce the NOx emission. These oxygen storage materials
have greatly contributed to catalytic systems for automotive
exhaust gases. NOx emission over a catalyst containing ACZ
is reduced to about 20% of that containing ceria. Thus, the
loading amount of precious metal over the catalyst containing
ACZ was reduced to about 1/2 that containing pure ceria.

The above-mentioned catalysts containing first- to third-
generation CZ are manufactured by wash-coating a slurry
composed of precious metal particles, CZ, and alumina on
the surface of a honeycomb substrate wall, however, this man-
ufacturing technique is complicated. The technique for each
generation CZ was conformed for the first time to succeed in
the control of the CZ particle size and surface features of the
catalyst.

The Toyota Motor Corp. has put automotive three-way cat-
alysts containing first-, second-, and third-generation CZs into
practical use globally in 1989, 1997, and 2001, respectively.

X-ray diffraction analysis and electron diffraction analysis
have recently revealed that a pyroclore phase Ce2Zr2O7 (space
group: Fd �33m) left in air for about one year is transformed to a
meta-stable Ce2Zr2O7:5 (space group: F �443m).98 This indicates
that the Zr4þ ion is much more likely to combine with 7 oxide
ions and hence exhibit a coordination number of 7, rather than
6 or 8, in the presence of cerium ions in the lattice of the ceria–
zirconia solid solution in air at room temperature. This proper-
ty of the Zr4þ ion, i.e., its strong tendency to exhibit a coordi-
nation number of 7 is thought to be the driving force behind
the oxygen storage/release capacity. EXAFS, Raman spectros-
copy,99 and pulse neutron diffraction analysis100 reveal that
there is somewhat of a difference in the local arrangement of
oxide ions between the two kinds of solid solutions identified
as having the same structure by XRD. Furthermore, studies
have been reported on oxygen migration processes in ceria–
zirconia solid solutions and on dynamic changing from Ce3þ

to Ce4þ or Ce4þ to Ce3þ using, respectively, Isotope Exchange
reactions101,102 and in situ Time-Resolved Energy-Dispersive
XAFS.103

Studies on lattice metal and lattice oxygen will soon yield a
new mechanism for high oxygen storage and release capacity.

We lead the research and development through patents, lec-
tures in domestic and international conferences, general and
interpretive articles, and publications. These series of technol-
ogies have become a de facto standard in the field of three-way
catalysts in the world.

The authors wish to thank Dr. Kamigaito, the former presi-
dent of Toyota Central R&D Labs., Inc. for his helpful advice
throughout the work. The authors also wish to thank Professor
Dupretz and Dr. Descorme of Poitier University for their col-
laborative advice and Professor Kašpar and co-workers of
Trieste University for their valuable discussions. The authors
are also grateful to their co-workers for their continued support
and would like to acknowledge that the development of auto-
motive exhaust catalysts containing first- through third-gener-
ation CZ was the result of a joint effort by the Toyota Motor
Corp. and the Toyota Central R&D Labs., Inc. in Japan.
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Meriani, A. Trovarelli, and M. Graziani, J. Catal., 151, 168
(1995).
68 EP 0778071A1, Filed 06/12/1996; USP 5958827,

Filed 04/12/1996; JP 3238316, Filed 07/12/1995; A. Suda, H.
Sobukawa, T. Suzuki, T. Kandori, Y. Ukyo, M. Sugiura, M.
Kimura, H. Hirabayashi, and Y. Ikeda, JP Laid-Open No. 9-
155192, Filed 07/12/1995: JP 3341973, Filed 26/11/1996; A.
Suda, H. Sobukawa, T. Suzuki, T. Kandori, Y. Ukyou, M.
Sugiura, and M. Mareo, JP Laid-Open No. 9-221304, Filed 26/
11/1996.
69 A. Suda, T. Kandori, N. Terao, Y. Ukyou, H. Sobukawa,

and M. Sugiura, J. Mater. Sci. Lett., 17, 89 (1998).
70 A. Suda, T. Kandori, Y. Ukyou, H. Sobukawa, and M.

Sugiura, J. Ceram. Soc. Jpn., 108, 473 (2000).
71 A. Suda, H. Sobukawa, T. Kandori, Y. Ukyou, and M.

Sugiura, J. Ceram. Soc. Jpn., 109, 570 (2001).
72 G. Charlot, ‘‘L’analyse Qualitative et Les Reactions en

Solution,’’, 4th ed., Masson, Paris (1957), Chap. 11, p. 81, and
references therein.
73 No. 34-0394 for CeO2, No. 27-0997 for ZrO2 in JCPDS

(Joint Committee on Powder Diffraction Standards) Cards.
74 C. S. Barrett, T. B. Massalski, ‘‘Structure of Metals,’’ 3rd

ed, McGraw-Hill, New York (1966), Chap. 13, p. 338, and refer-
ences therein.
75 A. Suda, Y. Ukyou, H. Sobukawa, and M. Sugiura, J.

Ceram. Soc. Jpn., 110, 126 (2002).
76 M. Sugiura, Syokubai (Catalysts & Catalysis), 45, 301

(2003).
77 T. Tanabe, A. Suda, C. Descorme, D. Duprez, H. Shinjoh,

and M. Sugiura, Stud. Surf. Sci. Catal., 138, 135 (2001).
78 Y. Nagai, T. Yamamoto, T. Tanaka, S. Yoshida, T.

Nonaka, T. Okamoto, A. Suda, and M. Sugiura, J. Synchrotron
Radiat., 8, 616 (2001).

79 Y. Nagai, T. Yamamoto, T. Tanaka, S. Yoshida, T.
Nonaka, T. Okamoto, A. Suda, and M. Sugiura, Catal. Today,
74, 225 (2002).
80 M. Sugiura, Catal. Surv. Asia, 7, 77 (2003).
81 T. Omata, H. Kishimoto, S. Otsuka-Yao-Matsuo, N.

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

H. Hosono, and H. Kawazoe, J. Alloys. Compd., 312, 94 (2000).
83 A. Suda, H. Sobukawa, T. Suzuki, T. Kandori, Y. Ukyou,

and M. Sugiura, J. Ceram. Soc. Jpn., 109, 177 (2001).
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