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The redox behaviors, oxygen mobilities, and oxygen storage
capacities of Ce0.6Zr0.4O2 (CZ), Ce0.6Zr0.35Y0.05O2 (CZY), and
0.5 wt% M/CZY (M = Pd, Pt, Rh) as well as the three-way catalytic
performance of the noble metal-loaded CZY materials have been
investigated. It is observed that at a space velocity of 60,000 h−1 and
in an atmosphere close to the theoretical air-to-fuel ratio (i.e., 14.6),
the CZY-supported precious metal catalysts showed good three-
way catalytic activity. X-ray diffraction investigations revealed that
there are two phases (cubic Ce0.75Zr0.25O2, major; cubic ZrO1.87,
minor) in CZ, CZY, and 0.5 wt% M/CZY. These materials are
porous and large in surface area. According to the results of Ce
3d X-ray photoelectron spectroscopic studies, the doping of Y3+

ions into the CZ lattice would cause the concentrations of oxygen
vacancies and Ce3+ ions to increase. The results of H2(or CO)–O2
titration and temperature-programmed reduction–reoxidation ex-
periments indicate the presence of a reversible redox behavior of
Ce4+/Ce3+ couples. The results of 18O/16O isotope exchange stud-
ies show that in the presence of oxygen vacancies and noble metals,
the mobility of lattice oxygen on/in CZY is promoted. Based on
the above outcomes, we suggest that by incorporating Y3+ ions
into CZ and loading Pd, Pt, or Rh on CZY, one can enhance
(i) lattice oxygen mobility, (ii) Ce3+ ion concentration, and (iii)
oxygen uptake capacity of the CZY solid solution, generating a
class of materials suitable for the catalytic conversion of automotive
exhaust. c© 2002 Elsevier Science (USA)
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INTRODUCTION
In the past decades, environmental protection has be-
come an increasing worldwide concern. Automobile ex-
haust is a major cause of air pollution. Three-way cata-
lysts (TWC) which can eliminate CO, HC (hydrocarbons),
and NOx simultaneously have been used to control ex-
haust emissions. A conventional TWC usually contains
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noble metal(s) (Pd, Pt, and/or Rh), BaO, and CeO2 as
well as Al2O3. Recently, CeO2 and related compounds
have attracted much attention. Being facilitated by a facile
Ce4+/Ce3+ redox cycle, the materials exhibit a large oxy-
gen storage capacity (OSC). They also show the abilities
of (i) dispersing the noble metals, (ii) enhancing the ther-
mal stabilization of the Al2O3 support, and (iii) promoting
the water–gas shift reaction. Usually, a TWC shows good
performance in the simultaneous elimination of CO, HC,
and NOx in lean and rich perturbations on each side of the
stoichiometric air-to-fuel ratio (i.e., 14.6) (1). With an en-
hanced redox cycle of Ce4+/Ce3+, the catalytic performance
of a TWC would be improved either in lean-burn or rich-
burn atmospheres. A major drawback with these materials
is CeO2 sintering at high temperatures (e.g., ca. 800◦C) (1).
As a result, a large number of CeO2-based binary oxides,
such as CeO2–Al2O3 (2), CeO2–La2O3 (2), CeO2–SiO2 (3),
CeO2–HfO2 (4), and CeO2–ZrO2 (5–13), have been inves-
tigated for thermal stability and OSC improvement.

Among these binary oxides, CeO2–ZrO2 was intensively
studied for its good OSC and redox properties. The incor-
poration of ZrO2 into the CeO2 lattice yields a Cex Zr1−x O2

solid solution with OSC and redox properties better than
those of pure CeO2. Working on a number of Rh-loaded
Cex Zr1−x O2 (x = 0.1–0.9), Graziani and coworkers (14, 15)
found that the redox behaviors depend mainly on the com-
position and structure of the catalysts; the redox properties
of a solid solution can be associated with the formation of
oxygen vacancies as well as the activation energy for lattice
oxygen mobility. Balducci et al. (15, 16) reported that the
introduction of Zr into a CeO2 lattice lowers the energy
for Ce4+ reduction, and with the high mobility of lattice
oxygen, the diffusion of oxygen from the bulk to the sur-
face promotes the redox action of the Ce4+/Ce3+ couples.
A Cex Zr1−x O2 solid solution can be in monoclinic, tetrago-
nal, or cubic phase, depending on composition and method
of preparation (17). Vidmar et al. (9) claimed that among
the Cex Zr1−x O2 solid solutions, the cubic one at x = 0.4
shows the best redox behavior and the largest OSC value.
Doping a small amount of Y3+ into the Cex Zr1−x O2 lattice
0021-9517/02 $35.00
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would result in an increase in OSC (9, 18), especially at a
dopant level of y = 0.025 or 0.05 (in Ce0.6Zr0.4−yYyO2) (18).
In addition, the incorporation of Y3+ ions facilitates the dif-
fusion of lattice oxygen by creating anion defects and thus
decreases the temperature for the reduction of the solid
solutions (18). Recently, Fally and coworkers pointed out
that an improvement in OSC behavior of CeO2–ZrO2 (as
compared to pure ceria) was independent of surface area
(19), and the OSC enhancement that resulted in the incor-
poration of ZrO2 in CeO2 was not affected by a worsen-
ing of textural properties due to redox-aging (20). To our
knowledge, there is no report on a combined investigation
of redox properties, OSC, and catalytic performance of a
Y2O3–CeO2–ZrO2 ternary solid solution with a noble metal
loaded on it.

In this paper, we report the three-way catalytic per-
formance of 0.5 wt% M /CZY (M = Pd, Pt, Rh; CZY =
Ce0.6Zr0.35Y0.05O2); the reactant mixture was simulated to
resemble an actual automotive exhaust. The redox proper-
ties and OSC of the materials were investigated by means
of temperature-programmed reduction (TPR) and H2–O2

and CO–O2 titrations. The oxygen mobility of Ce0.6Zr0.4O2

(CZ), CZY, and M /CZY was probed using the 18O/16O iso-
tope exchange method. We characterized these materials
by means of techniques such as X-ray diffraction (XRD),
and X-ray photoelectron spectroscopy (XPS).

EXPERIMENTAL

The CZ and CZY solid solutions were prepared by
means of coprecipitation; (i) Ce(NO3)3 · 6H2O (Aldrich,
99%) and ZrO(NO3)2 · xH2O (Acros, 99.5%) for CZ and
(ii) Ce(NO3)3 · 6H2O, ZrO(NO3)2 · xH2O, and Y2O3

(Acros, 99.99%; dissolved in dilute HNO3) for CZY were
mixed in an aqueous solution at the appropriate ratios.
Then, an ammonia solution (3 N) was added dropwise to
reach a pH value of about 10. The resulting precipitate was
filtered, washed with distilled water, and dried in air at 80◦C
overnight. After calcination at 550◦C in air for 5 h, the ma-
terials were cooled, ground, tableted, crushed, and sieved
to a size range of 60–80 mesh.

To prepare the 0.5 wt% M /CZY catalysts, RhCl3 · 3H2O
(Acros, 33 wt% Rh), H2PtCl6 · 6H2O (Acros), and PdCl2
(Acros, 59 wt% Pd) were dissolved in distilled water, and
ammonia solution (3 N) was added dropwise for M(OH)x

(M = Rh, Pt, and Pd) precipitation. The precipitates were
filtered out and washed with dilute ammonia solution until
there was no detection of Cl− ions. The correct amount of
M(OH)x was dissolved in dilute HNO3 and M was loaded
to CZY by means of wet impregnation. The resulted ma-
terial was then dried at 80◦C overnight followed by 5 h of
calcination at 550◦C.
The three-way catalytic activities were evaluated in
a quartz tubular microreactor (i.d. = 10 mm) with the
AL.

reactant mixture being simulated to resemble an actual
automotive exhaust composition corresponding to an oxi-
dants/reductants stoichiometric factor λ = 1.00; λ is defined
as the molar ratio of (2O2 + NO)/(CO + 9C3H6). The con-
centrations of O2, CO, C3H6, NO, H2O, and CO2 in the
feedstock were 1.00%, 1.61%, 500 ppm, 1000 ppm, 10%,
and 18%, respectively, with N2 being the balance. The space
velocity (SV) was 60,000 h−1. The reaction temperature was
regulated from 50–500◦C at a rate of 3◦C min−1 and mon-
itored by means of a thermocouple located at the cata-
lyst bed. We had 0.5 g of the catalyst well dispersed in
3 g of quartz sand and secured between two quartz wool
plugs. Before the experiments, the sample was treated in a
flow of reactants at room temperature for 0.5 h to eliminate
the effect of reactant adsorption on the estimation of cata-
lytic activities. The blank runs with only quartz sand and
quartz wool plugs indicated that TWC activity was negligi-
ble below 550◦C. The concentrations of CO, C3H6, and NO
in the outlet of the reaction system were analyzed online
with a nondispersive infrared analyzer (QGS-08B, BAIF),
a flame ionization detector (NMH 45), and a Chemilumi-
nescent NO/NO2/NOx analyzer (Modal 8840, Monitor), re-
spectively.

The TPR–reoxidation experiments were carried out in a
similar kind of microreactor. For pretreatment, the sample
(50 mg) was heated to 500◦C in a flow of 50% O2–50% N2

(v/v, 50 ml min−1) and maintained at this temperature for
1 h before being purged with N2 at 500◦C for 0.5 h. Af-
ter TPR (from 25 to 950◦C), the sample was reoxidized in
a 50% O2–50% N2 mixture at 850◦C for 1 h. The TPR–
reoxidation cycle was repeated four times. The flow rate of
the 5% H2–95% N2 (v/v) mixture for TPR was 50 ml min−1.
The effluent gases were monitored online by a thermal con-
ductivity detector. The amount of H2 consumed during the
TPR process was quantified by calibrating the peak areas
against that obtained when a known amount of CuO was
reduced according to similar procedures.

For H2–O2 and CO–O2 titrations, the experiments were
performed in a quartz tubular microreactor (i.d. = 4 mm)
by pulsing in O2 and H2 (or CO), alternately. The sample
(50 mg) was placed in the middle of the reactor secured by
two quartz wool plugs. A thermocouple located at the cata-
lyst bed was used for temperature measurement. The size of
each pulse was 50.0 µl. The effluent gases were monitored
online with a mass spectrometer (HP G-1800A). Before
H2–O2 and CO–O2 titrations, the sample was treated in O2

(30 ml min−1) at a desired temperature for 1 h and purged
with He (30 ml min−1) for 0.5 h.

The 18O/16O isotope exchange experiments were for the
investigation of lattice oxygen mobility in the solid solu-
tions. A catalyst sample (0.2 g) was placed in a microreactor
and was thermally treated in He (HKO > 99.995%, 20 ml
min−1) at a desired temperature for 0.5 h. Then 18O2 (HKO,

95–98%) was pulsed onto the sample (He as carrier gas,
20 ml min−1) at various temperatures and the composition
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of the outlet gas was monitored with a mass spectrometer.
The data were taken at the tenth pulse, where the reaction
reached a steady state.

The crystal structure of the catalyst was determined by an
X-ray diffractometer (D-MAX, Rigaku) operating at 40 kV
and 200 mA using Cu Kα radiation. The patterns recorded
were referred to the powder diffraction files–1998 ICDD
PDF Database for identification. The pore sizes and the
surface areas of the catalysts were measured on a Nova
1200 apparatus.

The XPS (Phi Quantum 2000) technique was used for
surface characterization of the catalysts, using monochro-
matic Al Kα as the excitation source. XPS spectra were
recorded on fresh, heated (treated in He at 500◦C for 1 h),
and reduced (treated in 5% H2−95% N2 at 300◦C for 0.5 h
followed by purging with He for 10 min) samples. After
the respective treatments, the samples were mounted and
transferred to the spectrometer in a transparent GLOVE
BAG (Instruments for Research and Industry, USA) filled
with He to avoid exposure to air. Finally, the samples were
outgassed in a vacuum (10−5 Torr) for 0.5 h and then intro-
duced into the analyzer chamber (3 × 10−9 Torr) for anal-
ysis. The C 1s line at 284.6 eV was taken as a reference for
binding energy calibration.

RESULTS

Three-Way Catalytic Performance of 0.5 wt% M/CZY
(M = Pd, Pt, Rh)

Figure 1 presents the catalytic activities of 0.5 wt% M /
CZY as related to reaction temperature at λ = 1.00 and
SV = 60,000 h−1. Figure 1a shows that under the reac-
tion conditions adopted, the 0.5 wt% M /CZY catalysts
exhibited high activities for CO oxidation; we observed a
light-off temperature as low as 60◦C. With a rise in temper-
ature to 100◦C, CO conversion became 12, 5, and 23% over
Pd/CZY, Pt/CZY, and Rh/CZY, respectively. The lowest
temperature for 100% CO conversion was 300◦C over
Rh/CZY, 320◦C over Pd/CZY, and 390◦C over Pt/CZY.
The catalytic activity for CO oxidation increased in the
order 0.5 wt% Rh/CZY > 0.5 wt% Pd/CZY > 0.5 wt%
Pt/CZY. The three catalysts also showed good activities for
C3H6 oxidation (Fig. 1b). We observed C3H6 elimination
at ca. 150◦C. At 500◦C, C3H6 conversions were 79.0, 85.0,
and 78.6% over the Pd-, Pt-, and Rh-loaded CZY catalysts,
respectively. The order of catalytic activity for C3H6 oxida-
tion was 0.5 wt% Pt/CZY ≈ 0.5 wt% Rh/CZY > 0.5 wt%
Pd/CZY. The catalytic performance of 0.5 wt% M /CZY in
NO elimination is shown in Fig. 1c. At equal temperature,
Pd/CZY and Rh/CZY showed similar NO conversions and
were superior to Pt/CZY in performance. One can observe
that at 200◦C, NO conversions were 94.6, 59.1, and 100%,

respectively, over Pd/CZY, Pt/CZY, and Rh/CZY. The
N2O selectivities were 63.2, 69.2, and 58.0% at 80◦C over
RTIES OF THREE-WAY CATALYSTS 3

FIG. 1. (a) CO, (b) C3H6, and (c) NO conversions as related to reac-
tion temperature over (�) 0.5 wt% Pd/CZY, (�) 0.5 wt% Pt/CZY, and
(�) 0.5 wt% Rh/CZY.

Pd/CZY, Pt/CZY, and Rh/CZY, respectively, and decreased
with a rise in reaction temperature (Fig. 2). The cata-
lytic performance for NO elimination followed a sequence
of 0.5 wt% Rh/CZY ≈ 0.5 wt% Pd/CZY > 0.5 wt% Pt/CZY.

Pore Structure, Surface Composition, BET,
and XRD Studies

The surface composition and textural properties of
CZ, CZY, and M /CZY are summarized in Table 1. The

surface area of CZ was 52.9 m2 g−1. The Ce/Zr atomic ratio
(based on XPS results) on the surface of CZ was 0.34. The
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FIG. 2. N2O selectivity as related to reaction temperature over
(�) 0.5 wt% Pd/CZY, (�) 0.5 wt% Pt/CZY, and (�) 0.5 wt% Rh/CZY.

incorporation of Y3+ ions into the CZ lattice resulted in the
generation of a CZY solid solution with surface area and
Ce/Zr ratio equal to 69.1 m2 g−1 and 0.78, respectively. The
loading of 0.5 wt% Pd, Pt, or Rh on CZY caused a decrease
in both surface area and Ce/Zr ratio. The pore-size distri-
butions of CZ, CZY, and 0.5 wt% Pd/CZY are shown in
Fig. 3. Since the profiles of pore-size distribution of Pt/CZY
and Ph/CZY are similar to that of Pd/CZY, they are not
shown here. The materials exhibited a narrow pore-size
distribution (20–80 A

❛

). The pore of CZY was more uniform
in size than that of CZ. When a noble metal was loaded on
CZY, the pore-size distribution became diffuse. The maxi-
mal pore volume was 4.01 ml g−1at pore-size 38.3 A

❛

for CZ,
4.02 ml g−1 at pore-size 35.2 A

❛

for CZY, and 4.01 ml g−1at
pore-size 38.0 A

❛

for Pd/CZY. Above a pore size of 80 A
❛

the pore volumes became very small. The average pore
diameter was 63.5 A

❛

for CZ and 48.7 A
❛

for CZY. We ob-

served that when 0.5 wt% Pd, Pt, or Rh was loaded on CZY,

❛

reaction conditions. The TPR–reoxidation as well as the

the pore size increased to ca. 58 A.

TABLE 1

Surface Area (S), Average Pore Diameter (D), Total Pore Volume (V), Surface Composition, and Ce/Zr Atomic Ratio

Surface composition (mol%)
S D V Ce/Zr

Catalyst (m2 g−1) (A
❛

) (ml g−1) Pd Pt Rh Ce Zr Y O atomic ratio

CZ 52.9 63.5 0.0671 — — — 5.02 14.6 — 80.3 0.34
CZY 69.1 48.7 0.0643 — — — 6.55 8.38 2.44 82.6 0.78
0.5 wt% Pd/CZY 36.3 59.0 0.0536 0.13 — — 5.98 9.30 2.65 81.9 0.64
0.5 wt% Pt/CZY 37.8 57.9 0.0548 — 0.64 — 7.12 11.0 4.14 77.1 0.64

H2–O2 and CO–O2 titration methods were adopted to
0.5 wt% Rh/CZY 36.9 57.5 0.0531 — —
AL.

FIG. 3. Pore-size distributions of CZ (�), CZY (�), and 0.5 wt%
Pd/CZY (�).

Figure 4 shows the XRD patterns of fresh CZ, CZY, and
0.5 wt% M /CZY. Two phases, a major cubic Ce0.75Zr0.25O2

(1998 ICDD PDF No. 28-0271) and a minor cubic ZrO1.87

(1998 ICDD PDF No. 81-1551), were observed in all the
samples. When Y3+ ions were introduced, the intensity of
cubic ZrO1.87 diffraction lines increased. The loading of a
noble metal (Pd, Pt, or Rh) on CZY suppressed the forma-
tion of cubic ZrO1.87. The XRD patterns (not shown here)
of CZ, CZY, and M /CZY after H2-TPR were similar to
those of the corresponding fresh samples.

TPR–Reoxidation Cycle, H2(CO)–O2 Titration,
and 18O/16O Isotope Exchange Studies

A good redox behavior and a strong oxygen storage abil-
ity would render a TWC well behaved under oscillatory
1.98 4.28 6.26 2.75 84.7 0.68
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FIG. 4. XRD patterns of fresh (a) CZ, (b) CZY, (c) 0.5 wt% Pd/CZY,
(d) 0.5 wt% Pt/CZY, and (e) 0.5 wt% Rh/CZY samples.

probe the redox behavior and oxygen storage capability
of the catalysts. The TPR profiles of CZ and CZY are il-
lustrated in Figs. 5 and 6, respectively. For a CZ sample
in the first TPR–reoxidation cycle (Fig. 5a), there was a
sharp reduction band at ca. 570◦C with a shoulder cen-
tered at ca. 450◦C and a broad band at ca. 850◦C. As the
TPR–reoxidation cycle was being repeated three times, the
shoulder at ca. 450◦C gradually disappeared and the re-
duction band at ca. 570◦C shifted slightly to 600◦C. For a
CZY sample, there were two reduction bands at ca. 530
and 830◦C in the first TPR run (Fig. 6a); the 530◦C band
split in two (at ca. 490 and 562◦C) after the second cycle.
Figure 7 shows the TPR profiles of the 0.5 wt% M /CZY
catalysts; two reduction bands were observed in each case:
at ca. 84 and 850◦C over Pd/CZY; at ca. 245 and 830◦C over
Pt/CZY; and at ca. 110 and 810◦C over Rh/CZY. With the
loading of the metals, the reduction band at ca. 530◦C ob-
served over CZY (Fig. 6) vanished. Based on the amount
of H2 consumption observed over a standard CuO sample
in similar TPR procedures, the amounts of reducible (by
H2) oxygen in CZ, CZY, and M /CZY were estimated and
the data are summarized in Table 2. For the first TPR run,
the amounts of reducible oxygen over CZ and CZY were
0.997 and 0.960 mmol g−1. With the loading of 0.5 wt% Pt,
Rh, and Pd on CZY, the amounts of reducible oxygen were
1.07, 1.05, and 0.840 mmol g−1, respectively. After the sam-

ples were reoxidized in a 50% O2–50% N2 mixture at 850◦C
for 1 h, there were no significant changes in the amount of
RTIES OF THREE-WAY CATALYSTS 5

reducible oxygen in the CZ, CZY, 0.5 wt% Pt/CZY, and
0.5 wt% Rh/CZY samples, but there was a decrease over
0.5 wt% Pd/CZY (Table 2).

We conducted H2–O2 and CO–O2 titration experiments
to study further the redox behavior and oxygen storage
ability of the samples and the results are summarized in
Table 3. It can be observed that the O2 uptakes as measured
in H2–O2 and CO–O2 titrations, as well as estimated accord-
ing to the amounts of CO consumed and CO2 produced
in the CO–O2 titration, were roughly the same, indicating
that the data are reliable. In three consecutive cycles of the
H2–O2 or CO–O2 titration, the O2 uptakes estimated ac-
cording to O2 consumption were rather similar, suggesting
that the redox behavior is reversible.

In order to probe the oxygen mobility of the catalysts, we
performed the 18O/16O isotope exchange experiments and
the results are shown in Figs. 8 and 9. Over the catalysts,
exchanges took place above ca. 400◦C and increased with
temperature rise. For the CZ catalyst at 550◦C (Fig. 8a),
the concentrations of 18O2, 16O2, and 18O16O were 82, 17,
and 1.0%, respectively. With Y3+ incorporation into the CZ
catalyst, 18O/16O exchange became significant; 61% 18O2,
FIG. 5. TPR profiles of CZ: (a) Run 1, (b) Run 2, (c) Run 3, and
(d) Run 4.
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FIG. 6. TPR profiles of CZY: (a) Run 1, (b) Run 2, (c) Run 3, and
(d) Run 4.

20% 16O2, and 18.9% 18O16O were observed over the CZY
catalyst at 550◦C (Fig. 8b). Over 0.5 wt% Pd/CZY, the
18O/16O exchange was slightly undermined (Fig. 9a). How-
ever, the loading of 0.5 wt% Pt or 0.5 wt% Rh onto CZY
enhanced the exchange (Figs. 9b and 9c).

XPS Studies

Figures 10 and 11 show the Ce 3d XPS spectra of the H2-
reduced and O2-oxidized CZ and CZY samples. There are
two sets of spin–orbit multiplets (u and v) corresponding
to the 3d3/2 and 3d5/2 contributions; the Ce 3d spectrum
contains three main 3d3/2 features at ca. 900.8 (u), 907.6
(u2), and 916.7 eV (u3) and three main 3d5/2 features at ca.
882.5 (v), 889.6 (v2), and 898.5 (v3) eV. The u3 and v3 fea-
tures could be assigned to 3d9 4f0 photoemission final state,
whereas the (v, v2) and (u, u2) doublets are attributed to the
final states of strong 3d9 4f2 and 3d9 4f1 mixing. These states
arise from the core hole potential in the final state and 4f
hybridization in the initial state (21–24). The signals at 916.7
(u3) and 898.5 (v3) eV could be assigned to the contribu-
tions of Ce4+ 3d3/2 and Ce4+ 3d5/2, respectively. Those of

3+ 3+
Ce 3d3/2 and Ce 3d5/2 appear at 900.8 (u) and 882.5
(v) eV (25). The v and v2 as well as u and u2 features are
AL.

shake-down signals due to charge transfer from ligand
(O 2p) to metal (Ce 4f). As for states v1 at 885.6 eV and u1 at
903.3 eV, according to the assignment convention proposed
by Burroughs et al. (26), they belong to unique photoelec-
tron features from the Ce3+ state. The states v2 at 889.6 eV
and u2 at 907.6 eV are features of that nature from the Ce4+

state. Similar Ce 3d XPS structures have been observed be-
fore over a SrCl2-promoted CeO2 catalyst (27). By quanti-
fying the surface Ce3+ ions according to curve-fitted data, it
is found that after treatment in H2 at 300 and 650◦C, there
were 24.2 and 25.1% Ce3+ in CZ and 30.0 and 33.4% Ce3+

in CZY, respectively. As for the samples treated in O2 at 300
and 500◦C, there were 23.7 and 20.1% Ce3+ in CZ and 20.4
and 18.4% Ce3+ in CZY, respectively. The results indicate
that the presence of Y3+ in the samples would promote the
reduction of Ce4+ to Ce3+ in H2 treatment and the oxida-
tion of Ce3+ to Ce4+ in O2 treatment.

DISCUSSION

Phase Composition and Surface Texture

There has been controversy over the nature of ceria–
zirconia mixed oxides. Generally speaking, the mixed
FIG. 7. TPR profiles of (a) 0.5 wt% Pd/CZY, (b) 0.5 wt% Pt/CZY,
and (c) 0.5 wt% Rh/CZY.
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TABLE 2

The Amount and Percentage of Reducible Oxygen in the Catalysts as Estimated According to H2
Consumption in Four TPR Runs (R1 to R4) of TPR–Reoxidation Experiments

Percentage of reducible oxygen to total
Amount of reducible oxygen (mmol g−1) oxygen in catalysts (%)

Catalyst R1 R2 R3 R4 R1 R2 R3 R4

CZ 0.997 0.951 0.870 0.818 14.2 13.6 12.4 11.6
CZY 0.960 0.941 0.980 1.02 13.7 13.4 14.1 14.7
0.5 wt% Pd/CZY 0.840 0.731 0.662 0.530 12.0 10.4 9.45 7.65

0.5 wt% Pt/CZY 1.07 1.08 0.970 0.960 15.3 15.6 14.0 13.8
0.5 wt% Rh/CZY 1.05 1.02 0.977 0.980 15.1 14.6 14.0 14.0

FIG. 8. O/ O isotope exchange over (a) CZ and (b) CZY. (�) O2,
oxides are considered to be solid solutions. For exam-
ple, Graziani and coworkers, and others, have reported
three different tetragonal phases (t , t ′, and t ′′) and one
cubic (c) phase in a CeO2–ZrO2 solid solution (9, 12,
28–30). Egami et al. suggested that there were actually
mixed phases (a mixture of CeO2 and cubic (Zr, Ce)O2

in a CeO2–ZrO2 system (31)). It has been pointed out
that the cubic phases are thermally more stable than the
tetragonal phases (32, 33). The samples reported in the
present study are composed of cubic Ce0.75Zr0.25O2 and
ZrO1.87. When Y3+ was introduced into CeO2–ZrO2, the
content of cubic ZrO1.87 increased, implying the genera-
tion of additional oxygen vacancies. The particle sizes of
Ce0.75Zr0.25O2 in CZ and CZY were 7.50 and 6.62 nm,
respectively. The results indicate that the distribution of
Ce and Zr in the lattice was not homogeneous. They
were nano-segregated into the Ce- and Zr-rich regions
to produce different crystal grains. Egami et al. (31) pro-
posed that there were exposed high-energy surfaces of
CeO2 at the grain boundaries from which oxygen atoms
could be readily removed. Furthermore, the boundaries be-
tween the nanodomains might provide oxygen vacancies for

TABLE 3

Oxygen Uptakes as Measured in H2–O2 and CO–O2 Titrations
at 450◦C

O2 uptakea (mmol g−1)

H2–O2 titration CO–O2 titration

Sample (A) A B C

CZ 0.38 0.31 0.36 0.32
CZY 0.52 0.50 0.52 0.50
0.5 wt% Pd/CZY 0.70 0.64 0.68 0.67
0.5 wt% Pt/CZY 0.60 0.54 0.55 0.56
0.5 wt% Rh/CZY 0.79 0.68 0.76 0.72

a Average of three cycles. A, Results based on O2 consumption in O2

pulsing. B, Results based on CO consumption in CO pulsing. C, Results

2 production in CO pulsing.
easy oxygen passage. Similar situations would exist in our
samples.

Recently, McCabe et al. (34) reported that the coexis-
tence of several rare earth (Pr, La, and Nd) and alkaline
earth (Ba and Ca) elements in CeO2 exhibited a worsen-
ing effect on OSC behavior. We notice that ionic exchanges
between phases were missing in these materials and there
would be no generation of lattice defects. There are many
reports on the generation of lattice defects upon the doping
of rare earth and alkaline earth elements into CeO2. For

18 16 18
(�) 16O2, and (�) 18O16O concentrations.
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FIG. 9. 18O/16O exchange over (a) 0.5 wt% Pd/CZY, (b) 0.5 wt%
Pt/CZY, and (c) 0.5 wt% Rh/CZY. (�) 18O2, (�) 16O2, and (�) 18O16O
concentrations.

example, the partial dissolution of CaO in CeO2 resulted in
the generation of a fluorite-type CaO–CeO2 solid solution
that is superior in lattice oxygen mobility (35). It has been
suggested that the incorporation of Ca2+ ions into a CeO2

lattice would result in the generation of defect sites that pro-
mote the redox actions between Ce4+ and Ce3+ (36). The

lattice oxygen in nanoscrystalline Cex La1−x O2−y is highly
active, as the material could be reduced by H2 at temper-
AL.

atures as low as 200◦C (37). It is reported that with the
incorporation of Zr4+ ions into CeO2, the temperature for
H2-reduction decreased from ca. 850 to 670◦C, suggesting
that the CeO2–ZrO2 material released oxygen at a much
lower temperature than did pure CeO2 (38). Oxygen va-
cancies in the defective structures of CZY are believed to
be responsible for the good performance observed in CO
oxidation at low temperature (<100◦C) (14, 29) and in NO
removal (29), as well as for the high tendency of oxygen dif-
fusion (14). Solid compounds of different textures usually
show different redox, oxygen storage, and catalytic proper-
ties. Generally speaking, for a catalyst of redox action, it is
desirable to be large in surface area, nanoscale in particle
size, porous in structure, and high in the amount of oxy-
gen vacancies. The CZ sample reported here is a nanoscale
and porous (average pore diameter, 63.5 A

❛

) material with a
large surface area (52.9 m2 g−1). The incorporation of Y3+

into the CZ lattice resulted in a decrease in average pore
size and an increase in surface area (Table 1) but no change
in crystal structure (Fig. 4). When 0.5 wt% Pd, Pt, or Rh
was loaded on CZY, the surface area decreased, whereas a
significant increase in pore sizes was found. We suggest that
these could be a result of strong metal–CZY interaction.

For practical performance, a TWC should be able to stand
a temperature as high as 1000◦C. At such a high tempera-
ture, sintering of nanoparticles would occur. The works of
Fally and coworkers (19, 20) suggest that the OSC behavior
of CeO2–ZrO2 materials is independent of textural prop-
erties. The results in Table 2 indicate that there were only
slight changes in the amount of reducible oxygen in the
FIG. 10. Ce 3d XPS spectra of the CZ and CZY samples treated in
H2 at (a) 300 and (b) 650◦C.



PERFORMANCE AND REDOX PROPE

FIG. 11. Ce 3d XPS spectra of the CZ and CZY samples treated in
O2 at (a) 300 and (b) 500◦C.

samples after cycles of TPR (25–950◦C) and reoxidation
(850◦C). In other words, there was no obvious deterioration
in oxygen mobility, OSC, or redox properties after various
treatments at temperatures above 850◦C. We deduce that
the OSC behavior of these materials is also insensitive to
changes in surface textures, such as sintering of nanoparti-
cles and reduction in surface area.

Three-Way Catalytic Activities of the 0.5 wt%
M/CZY Catalysts

CeO2 is an important component because it acts as an
oxygen buffer under the oscillatory operation conditions.
The materials generated in the incorporation of ZrO2 and
Y2O3 into the lattice of CeO2 reinforce the oxygen stor-
age ability. In order to understand the interaction between
the noble metal and the oxygen storage agent in TWCs,
reactions such as CO and HC oxidation, NO reduction by
CO and HC, and NO decomposition have been studied over
CeO2 and CeO2–ZrO2 loaded with noble metals. However,
very few studies have been done on the actual three-way
catalytic actions over these materials. Graziani and cowork-
ers (7, 10, 30) pointed out that CeO2–ZrO2 loaded with no-
ble metals showed good catalytic activities for NO decom-
position and NO reduction by CO. Luo et al. (39) claimed
that 5 wt% Pd/CeO2 showed a light-off temperature (50%
CO conversion) as low as 45◦C. As shown in Fig. 1, the
0.5 wt% M /CZY catalysts showed good catalytic activities

for CO oxidation and NO reduction. It has been reported
that ZrO2- and/or TiO2-supported Au are good catalysts
RTIES OF THREE-WAY CATALYSTS 9

for CO oxidation at room temperature (40–52). Knell
et al. (53) attributed the activity to the interaction of CO
and surface OH− and the oxidation of the resulted surface
formate species by oxygen adatoms on the Au particles. To
our knowledge, CO oxidation and NO reduction activities
at such impressive levels have never been reported in actual
automotive exhaust atmospheres.

When a CeO2–ZrO2 material is reduced in H2 or CO, a
certain amount of oxygen vacancies (Vo) would be gener-
ated, according to Eqs. [1] and [2]:

2Ce4+ + O2− + H2 → 2Ce3+ + H2O + Vo, [1]

2Ce4+ + O2− + CO → 2Ce3+ + CO2 + Vo. [2]

The ionic radii of Ce4+, Ce3+, and Zr4+ are 0.97, 1.14, and
0.84 A

❛

, respectively. The reduction of Ce4+ to Ce3+ causes
the CZ lattice to expand, and there is a gradual decrease in
the concentration of oxygen vacancies extended from the
surface to the bulk. Such a gradient enables the lattice oxy-
gen to diffuse from the bulk to the surface, promoting the
oxidation of surface Ce3+ ions as a result. Due to the fact
that compared to Ce4+ and Zr4+, Y3+ is lower in oxida-
tion state and larger in size, the incorporation of Y3+ into a
CZ lattice would generate oxygen vacancies and hence pro-
mote the outward diffusion of lattice oxygen. The deduction
is substantiated by the results of 18O/16O isotope exchange
(Fig. 8) and H2–O2 and CO–O2 titration (Table 3) experi-
ments. The oxygen vacancies associated with the Ce3+ ions
near the noble metal particles in CZ-supported catalysts
have been proposed to be the active sites for NO activa-
tion (7, 10). Similar situations could have appeared during
the three-way catalytic reactions over the 0.5 wt% M /CZY
catalysts. For the simultaneous removal of NO and CO, we
propose a mechanism of (i) NO dissociative adsorption on
the noble metals (Eq. [3]), (ii) the generation of N2 and N2O
from N and O adspecies (Eq. [4]), (iii) Ce3+ oxidation into
Ce4+ (Eq. [5]), and (iv) Ce4+ reduction by CO (Eq. [2]).

NO∗ → N∗ + O∗, [3]

4N∗ + O∗ → N2 + N2O + Vo, [4]

Ce3+ + O∗ → Ce4+ + O−, [5]

where ∗ is the adsorption site. As a matter of fact, Eqs. [1]–
[5] constitute a catalytic redox cycle. In the redox process,
CO and NO were eliminated concurrently. Over the three
M /CZY catalysts, the activity for C3H6 oxidation is not as
intense as that for NO or CO elimination. Based on these
results, we suggest that the good TWC performance of
0.5 wt% M /CZY is due to the combined presence of

4+ 3+
(i) oxygen vacancies, (ii) Ce /Ce redox couples, and
(iii) noble metal.
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Oxygen Mobility

It has been pointed out that oxygen mobility is an
important factor to be considered in the catalysis of a
TWC system (54). According to Novakova and coworkers
(55, 56), there are three types of exchanges in 18O/16O in-
teractions over an oxide surface: (i) homoexchange in the
gas phase without appreciable participation of the oxygen
in the oxide (Eq. [6]),

18O2(g) + 16O2(g) → 218O16O(g); [6]

(ii) single heteroexchange with the involvement of only one
oxygen from the oxide surface (Eqs. [7] and [8]), possibly
via the formation of a triatomic surface intermediate,

18O18O(g) + 16O(s) → 18O16O(g) + 18O(s), [7]

18O16O(g) + 16O(s) → 16O16O(g) + 18O(s); [8]

and (iii) multiple heteroexchange with the participation of
two oxygen atoms from the oxide (Eqs. [9]–[11]),

18O18O(g) + 216O(s) → 16O2(g) + 218O(s), [9]

18O16O(g) + 216O(s) → 16O2(g) + 16O(s) + 18O(s), [10]

18O16O(g) + 218O(s) → 18O2(g) + 16O(s) + 18O(s). [11]

Che and Tench (57, 58) and Cunningham et al. (59) sug-
gested that there are two possible mechanisms for the
multiple heteroexchange. One is isotope exchange via a
four-atomic surface intermediate [(O4)

−
ads] and the other

is “place-exchange” via the displacement of a preadsorbed
oxygen molecule by an oxygen molecule from the gas phase.

In the 18O/16O exchange experiments, 18O16O were ca.
1.0 and 18.9%, respectively, over CZ and CZY (Fig. 8),
implying that the exchange in the gas phase was negli-
gible. The logic is that if exchange in the gas phase was
dominant, the 18O16O concentration should be rather
similar over the two samples. Martin and Duprez (54)
detected roughly equal fractions of 18O16O and 16O2 during
18O/16O exchanges over H2-reduced CeO2 and suggested
that the exchange took place equally via the single and
multiple exchange mechanisms. However, due to a failure
in detecting the signals of 16O18O within the 450–650◦C
range, Cunningham et al. (60) proposed a place-exchange
mechanism for oxygen isotope exchanges. Over the CZ and
CZY samples in the present work, exchanges proceeded
above 400◦C. If there were oxygen vacancies on the surface,
O2 would adsorb dissociatively on the noble metal particles
as well as at the oxygen vacancies of the oxide, resulting in
an equal chance of exchange occurring via the single as via
the multiple mechanisms, just as in the case of H2-reduced
CeO2 (54). The mechanism for oxygen isotope exchange

over the CZY solid solution would be rather similar since
there is the formation of oxygen vacancies due to the
AL.

incorporation of Y3+ into the CZ lattice. The deduction
is confirmed by the fact that the concentrations of 18O16O
and 16O2 detected over CZY are rather similar (Fig. 8b).
It is well-known that oxygen adspecies usually dwell at the
oxygen vacancies on/in a solid oxide. The implication is also
inferred from the rise in Ce3+ concentration after yttrium
doping (Figs. 10 and 11) because if the number of oxygen
vacancies remained unchanged, the Ce3+ concentration
should decrease rather than increase. Therefore, it is
reasonable to consider that there was an increase in oxygen
vacancy density due to Y doping. Since the amount of
oxygen vacancies in CZ is smaller than that in CZY, oxygen
isotope exchange would follow the place-exchange mech-
anism. The fact that the amount of 16O2 is higher than that
of 18O16O (Fig. 8a) supports this viewpoint. Furthermore,
a rise in oxygen vacancy density denotes an enhancement
in oxygen mobility inside the CZY solid solution.

Over the 0.5 wt% M /CZY catalysts, oxygen isotope ex-
change could proceed via the migration of 18O adatoms
from the noble metal to the surface as well as to the lattice
of the CZY solid solution (54), resulting in the formation
of the 18O16O species. The product distributions at 550◦C
over CZY and 0.5 wt% Pd/CZY are rather similar (Fig. 9a),
indicating that the chances of having oxygen exchange on
Pd and on CZY are rather equal. Over 0.5 wt% Pt/CZY at
550◦C, the extent of the exchange increased and 18O16O be-
came the dominant species among the products (Fig. 9b),
implying that the exchange occurred mainly on Pt. This
result is in agreement with that reported by Martin and
Duprez (54). Over 0.5 wt% Rh/CZY at 550◦C, 46.6% 18O2

was detected in the effluent gas and 16O2 was the dominant
product. We suggest that the adsorption and desorption
were more facile on Rh than on Pd and Pt, and oxygen
exchange occurred at the Rh/CZY interface. Among the
exchanges over CZ, CZY, and 0.5 wt% M /CZY, that over
0.5 wt% Rh/CZY was the most significant, implying that
oxygen mobility is best promoted by loading Rh to CZY.
Soria et al. (61) pointed out that Rh could be incorporated
into the CeO2 lattice during calcination, an indication of a
strong Rh–CeO2 interaction. We suggest that Rh–CZY in-
teraction is the strongest among the three M /CZY catalysts.

Oxygen Storage and Redox Behavior

As stated before, TWCs work efficiently only within
the operation window around an A/F ratio of 14.6. The
addition of an oxygen storage agent (such as CeO2) is
to enlarge the operation window and hence to achieve
an optimal working efficiency under learn-burn and rich-
burn conditions. Fornasiero et al. (11) reported that in a
TPR–oxidation investigation over CeO2, O2 uptake was
0.50 mmol g−1 whereas over a Ce0.5Zr0.5O2 solid solu-

−1
tion, it was 0.52 mmol g ; apparently there was no sig-
nificant enhancement in OSC after the incorporation of



results of XPS studies. The H (or CO)–O titration and
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ZrO2 into CeO2. However, after measuring the oxygen up-
takes of CeO2 and Cex Zr1−x O2 (x = 0.50–0.68) at 400◦C,
Madier et al. (62) claimed that the oxygen uptakes (0.586–
0.603 mmol g−1) of the Zr-doped catalysts were much higher
than that (0.126 mmol g−1) of the undoped catalyst. As
shown in Table 3, the incorporation of Y3+ into the CZ
lattice increased the O2 uptake by ca. 40%, whereas the
loading of 0.5 wt% M on CZY increased the uptake by ca.
50% (compared to that of CZ). During the oxygen uptake
process, there is the involvement of a redox cycle between
Ce4+ and Ce3+, and the oxygen vacancies generated in Y3+

incorporation facilitate the reduction of Ce4+ to Ce3+ and
the oxidation of Ce3+ to Ce4+ (as revealed in XPS studies
(Figs. 10 and 11)). Therefore, the enhancement in CZY oxy-
gen uptake could be attributed to the generation of oxygen
vacancies. The facile adsorption and spillover of CO and
H2 from the M particles to a CZY surface can facilitate the
reduction of Ce4+ to Ce3+, promoting the redox behavior
and increasing the oxygen uptake capacity as a result. In a
redox cycle between Ce4+ and Ce3+ at 450◦C, there were
37.6, 52.7, 71.0, 60.9, and 80.2% (estimated according to the
amounts of O2 consumed in H2–O2 titration (Table 3)) of
Ce4+ ions reduced to Ce3+, respectively, over the CZ, CZY,
0.5 wt% Pd/CZY, 0.5 wt% Pt/CZY, and 0.5 wt% Rh/CZY
samples. Therefore, after reduction, the chemical compo-
sitions of the samples should be Ce4+

0.6−x Ce3+
x Zr0.4O2−0.5x ,

Ce4+
0.6−x Ce3+

x Zr0.35Y0.05O1.975−0.5x , and 0.5 wt% M/Ce4+
0.6−x

Ce3+
x Zr0.35Y0.05O1.975−0.5x (x = 0.23, 0.27, 0.38, 0.32, and

0.43 for CZ, CZY, 0.5 wt% Pd/CZY, 0.5 wt% Pt/CZY, and
0.5% wt% Rh/CZY, respectively). The concentration of
oxygen vacancies created by incorporating Y3+ into the CZ
lattice as well as during TPR processes decreases in the or-
der of 0.5% wt% Rh/CZY > 0.5 wt% Pd/CZY > 0.5 wt%
Pt/CZY, in good agreement with the catalytic activity for
CO and NO elimination over these catalysts.

It is noteworthy that the OSC measured by means of
H2–O2 and CO–O2 titrations at a desired temperature cor-
responded well to the reduction extent of Ce4+ on the sur-
face and in the bulk of the CZY and 0.5 wt% M /CZY sam-
ples (Table 3). At the first TPR run over CZ (Fig. 5), the
presence of two reduction bands (at 570 and 850◦C) with
a shoulder (at 450◦C) indicates that there are at least two
types of Ce4+ located at different surroundings. The re-
duction band at 570◦C and the shoulder at 450◦C could
be assigned to the reduction of Ce4+ located on the sur-
face and/or subsurface of Ce0.75Zr0.25O2, whereas the band
at 850◦C was due to the reduction of bulk Ce4+. After the
first run, the shoulder disappeared while the two bands were
left unchanged. The disappearance of the shoulder peak
might be due to a change in sample surface texture, a re-
sult of calcination. After the TPR–reoxidation cycles, there
was no further change in TPR profile except that the 570◦C
band detected in the first cycle shifted to 600◦C, suggesting

that there was a slight reduction in oxygen mobility of the
RTIES OF THREE-WAY CATALYSTS 11

solid solution, in agreement with the results reported by
Vidmar et al. (9).

The incorporation of Y3+ in the lattice of CZ led to the al-
ternation of reduction behavior of CZ; comparing the TPR
profiles of CZ and CZY, the first reduction band of CZY is
broader and lower in temperature, possibly due to the pres-
ence of oxygen vacancies. As the TPR–reoxidation proce-
dures were repeated, the reduction band at 530◦C shifted
to lower temperature and spilt into two overlapping bands
with the band at ca. 830◦C unchanged. A key aspect of the
Ce4+/Ce3+ redox process in CZY is the generation of oxy-
gen vacancies via the formation of [Ce3+–Vo–Ce3+] clus-
ters (63). The results of TPR studies over the CZY sample
(Fig. 6) indicate that there are two types of [Ce3+–Vo–Ce3+]
clusters generated during the TPR processes, one was cre-
ated at 490◦C and the other at 562◦C. In other words, two
types of oxygen vacancies existed in the CZY sample after
the TPR treatments.

As Pd, Pt, or Rh (0.5 wt%) was loaded on the CZY, the re-
duction band at ca. 530◦C observed over CZY disappeared,
and the band at ca. 830◦C remained largely unchanged; in
addition, there was a sharp reduction band at low temper-
ature (<250◦C) over each of the M /CZY samples (Fig. 7).
Similar results have been reported before and the reduc-
tion bands at low temperatures were assigned to the reduc-
tion of noble metal oxides (10, 14, 15). Over the Pd-, Pt-,
and Rh-loaded CZY samples, the total amounts of oxygen
reduced during the first TPR run were ca. 0.840, 1.07, and
1.05 mmol g−1 (Table 2), and the percentages of the reduced
oxygen as reflected in the first band (Fig. 7) to the total
amount of reduced oxygen were ca. 42, 51, and 52%, respec-
tively. These values are too large to be reasonably attributed
to the reduction of noble metal oxides, as the amount
(0.5 wt%) of noble metals loaded was far too small. There-
fore, we suggest that the presence of noble metals facilitates
the adsorption and spillover of hydrogen from the M par-
ticles to the interface (and subsequently to the CZY bulk),
resulting in Ce4+ reduction at the M /CZY interface at low
temperature.

CONCLUSIONS

Over the 0.5 wt% M /CZY (M = Pd, Pt, Rh) catalysts
under the conditions of λ = 1.00 and SV = 60,000 h−1, the
catalytic performance followed the order (i) Rh/CZY > Pd/
CZY > Pt/CZY for CO oxidation, (ii) Pt/CZY > Rh/
CZY ≈ Pd/CZY for C3H6 oxidation, and (iii) Rh/CZY ≈
Pd/CZY > Pt/CZY for NO elimination. The CZ and CZY
as well as the M /CZY catalysts are composed of cubic
Ce0.75Zr0.25O2 and ZrO1.87. The incorporation of Y3+ ions
into the CZ lattice caused the oxygen vacancy density
and the Ce3+concentration to rise, as confirmed by the
2 2

TPR–reoxidation results revealed that the redox between
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Ce4+ and Ce3+ is reversible. The outcome of 18O/16O iso-
tope exchange studies showed the promoting effects of oxy-
gen vacancies and noble metals on the mobility of lattice
oxygen. Hence, we conclude that (i) the inclusion of Y3+

ions in the CZ lattice enhances the formation of oxygen va-
cancies; (ii) the presence of oxygen vacancies as well as the
loading of Pd, Pt, or Rh on CZY enhances the oxygen mo-
bility and promotes the Ce4+/Ce3+ redox cycle, as well as
increases the oxygen uptake capacity of CZY; and (iii) the
good three-way catalytic performance of 0.5 wt% M /CZY
can be associated with the enhancements in oxygen vacancy
concentration, redox behavior, oxygen mobility, and oxy-
gen storage ability.
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