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Abstract

Defective structures, surface textures, oxygen mobility, oxygen storage capacity (OSC), and redox properties of RE0.6Zr0.4O2 and of
RE0.6Zr0.4−xYxO2 (RE = Ce, Pr;x = 0, 0.05) solid solutions have been investigated using X-ray diffraction (XRD), temperature-programmed
desorption (TPD), temperature-programmed reduction (TPR), O2−H2 and O2−CO titration,18O/16O isotope exchange, CO pulsing reaction,
and X-ray photoelectron spectroscopy (XPS) techniques. The effects of doping noble metal onto RE0.6Zr0.4−xYxO2 on oxygen mobility and
surface oxygen activities have also been studied. Based on the experimental outcomes, we conclude that: (i) a Pr-based solid solution has
better redox behavior than a Ce-based one; (ii) incorporation of yttrium ions in the lattices of CZ and PZ solid solutions could result in
an enhancement in oxygen vacancy concentration, Ce4+/Ce3+ and Pr4+/Pr3+ redox properties, lattice oxygen mobility, and oxygen storage
capacity; and (iii) doping the noble metal (Rh, Pt, and Pd) onto RE-based solid solution has positive effect on the properties concerned in this
work.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

During the last decade, ceria-based solid solutions have
been intensively studied for their utilization in three-way cat-
alysts (TWCs) due to the multiple positive effects on the en-
hancement of catalytic performance. It is well known that the
materials possess: (i) a large oxygen storage capacity (OSC)
via a facile Ce4+ ⇔ Ce3+ redox process; (ii) an ability of
promoting dispersion of noble metals; and (iii) a promotional
action to the water−gas-shift reaction. Among the properties
of ceria-based solid solutions, the most important is related
to its property of oxygen buffer. Ceria can release oxygen
in fuel rich conditions and uptake it during lean fuel opera-
tion, guaranteeing a high elimination efficiency of three-way
catalysts. In the past year, the oxygen storage capacity, re-
dox properties, and utilization in TWCs of ceria-based solid
solutions such as CeO2–Al2O3, CeO2–La2O3, CeO2–SiO2,
CeO2–HfO2, and CeO2–ZrO2 have been intensively investi-
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gated[1–12]. Among them, CeO2–ZrO2 possesses the best
thermal stability, excellent redox behavior, and high oxygen
storage capacity. It has been recognized that redox behaviors
and oxygen storage capacity of Ce1−xZrxO2 (x = 0.1−0.9)
are related to both composition and structure of solid solu-
tion. Kašpar and co-workers[10,13] have showed that the
Ce0.5Zr0.5O2 displays an unusual improvement on redox be-
havior because of high oxygen mobility within the bulk af-
ter ZrO2 doping. For optimum performance, Trovarelli et al.
[14] and Hori et al.[15] concluded that the content of doped
ZrO2 should not exceed 50% for obtaining good redox prop-
erty and high oxygen storage capacity. According to Madier
et al.[16], Ce0.63Zr0.37O2 is high in oxygen storage capacity
and good in O2 exchange reactivity.

Recently, many efforts have been focused on the in-
vestigation of defective structure, oxygen mobility, redox
properties, effects on the oxygen storage capacity, and new
fabrication methods of CeO2–ZrO2 solid solution[17–21].
According to the work reported by Yashima et al.[22],
the two thermodynamically stable phase (t- and c-phase)
were found in the CexZr1−xO2 solid solutions, respectively,
at high (0.80 mol%) and low (<20 mol%) ZrO2 contents,
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while other two metastable tetragonal phase (t, t′′) phases
were detected at intermediate compositions. It was reported
that thet′′ phase of CexZr1−xO2 solid solutions was respon-
sible for good redox properties. Surface oxygen and oxygen
vacancies are involved in catalytic activity, and enhanced
oxygen mobility enable the occurrence of redox processes
at lower temperatures.

The incorporation of Y3+, La3+ or Ga3+ ions in the
Ce1−xZrxO2 lattice facilitates the diffusion of oxygen by the
formation of anion defects and decreases the temperature at
which the redox process occurs[7,23,24].

We and other authors have reported that doping Y3+ ions
into the lattice of CeO2–ZrO2 have a positive effect on its
redox properties and oxygen storage capacity by creating
oxygen vacancies inside the parent oxide[24].

PrO2 are cubic fluorite-type in structure and can form
solid solutions with other fluorite-type oxides as similar to
CeO2. Narula et al.[25] had investigated the oxygen stor-
age capacities of single oxides (CeO2, PrOy, ZrO2), binary
oxides (CeO2–ZrO2, PrOy–CeO2, PrOy–ZrO2), and ternary
oxides (PrOy–CeO2–ZrO2), concluding that PrOy–ZrO2
shows the best oxygen storage capacity that increases
non-linearly with PrOy concentration. We contemplate that
praseodymium-based solid solutions possess considerable
potential to be another type of oxygen storage additives used
in TWCs, which exhibit higher oxygen storage capacity and
better redox properties than ceria-based solid solutions.In
this work, the defective structures, surface textures, oxygen
mobility, oxygen storage capacity, and redox properties of
RE0.6Zr0.4O2 and of RE0.6Zr0.4−xYxO2 (RE = Ce, Pr;
x = 0, 0.05) solid solutions have been investigated using
X-ray diffraction (XRD), temperature-programmed reduc-
tion (TPR), temperature-programmed desorption (TPD),
O2–H2 and O2–CO titration, 18O/16O isotope exchange,
CO pulsing reaction, and X-ray photoelectron spectroscopy
(XPS) techniques. The effects of doping noble metal on
RE0.6Zr0.4−xYxO2 on oxygen mobility and surface oxygen
activities have also been studied.

2. Experimental

The samples of Ce0.6Zr0.4O2 (CZ), Ce0.6Zr0.35Y0.05O2
(CZY), Pr0.60Zr0.40O2 (PZ), and Pr0.60Zr0.35Y0.05O2
(PZY) solid solutions were prepared by co-precipitation
method from the corresponding chemicals: Ce(NO3)3·6H2O
(Aldrich, 99%), ZrO(NO3)2·xH2O (Acros, 99.5%), Y2O3
(Acros, 99.99%; dissolved with HNO3), and Pr6O11 (Sigma,
99.9%; dissolved with HNO3) at the appropriate ratios. The
precursors were mixed in an aqueous solution, respectively,
and then, an ammonia solution (3 N) was added dropwise
to the solution to reach a pH value of ca. 10. The precip-
itates were washed with distilled water, filtered, dried at
80◦C overnight, and calcined at 550◦C in air for 5 h. The
resulting powders were in turn ground, tabletted, crushed,
and sieved to a size range of 60−80 mesh before use.

The Pd-, Pt-, Rh-loaded CZY and PZY catalysts
(loading = 0.5 wt.%) were prepared by impregnating the
CZY and PZY powders with RhCl3·3H2O (Acros, 33 wt.%
Rh), H2PtCl6·6H2O (Acros) and PdCl2 (Acros, 59 wt.%
Pd) solutions, respectively. Then the materials were dried
at 80◦C overnight and then calcined at 550◦C for 5 h.

The TPR and TPD experiments were preformed in a
quartz tubular micro-reactor. The sample (50 mg) was pre-
treated in a flow of 50% O2−50% N2 (v/v) (50 ml min−1) at
500◦C for 1 h and then purged with N2 at same temperature
for 0.5 h, followed by cooling to room temperature, the tem-
perature ramp rate in TPR is 10◦C min−1. Before perform-
ing an O2-TPD experiment, the sample was first pretreated
in situ in O2 (20 ml min−1) at 450◦C for 1 h, followed by
cooling to room temperature in the same atmosphere and
purging with He (HKO, >99.995%, 20 ml min−1) for 10 min.
After being cooled to room temperature, the sample was
heated from 30 to 900◦C at a rate of 10◦C min−1 for O2
desorption. The flow rates of the 5% H2−95% N2 (v/v) mix-
ture (for TPR) and He (for TPD) were 50 and 20 ml min−1,
respectively. The effluent gases were monitored on-line by
a mass spectrometer (HP G-1800A) in TPD studies and
a thermal conductivity detector in TPR investigations. The
extent of O2 desorption in TPD studies was quantified by
calibrating peak area against that of a standard O2 pulse.
For the quantification of TPR profiles, the amount of H2
consumption was calibrated against that consumed when a
known quantity of CuO was reduced under a similar TPR
condition.

For H2–O2 and CO−O2 titrations, the experiments were
performed in a quartz tubular micro-reactor (i.d. = 4 mm)
by pulsing 50.0�l O2 and 50.0�l H2 (or CO), alternately,
into the system. The sample (50 mg) was placed in the mid-
dle of the reactor secured by two quartz wool plugs. A ther-
mocouple located at the catalyst bed was used to monitor
the temperature. The effluent gases were analyzed on-line by
a mass spectrometer (HP G-1800A). The sample was pre-
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 before the test.

The18O/16O isotope exchange and CO oxidation by lat-
tice oxygen were employed to investigate the mobility of
lattice oxygen in the solid solutions. A sample (0.2 g) was
placed in a micro-reactor and was thermally treated in He
(HKO, >99.995%, 20 ml min−1) at a desired temperature for
0.5 h. Then18O2 (HKO, 95−98%) was pulsed onto the sam-
ple (He as carrier gas, 20 ml min−1) at various temperatures
and the composition of the outlet gas was monitored by a
mass spectrometer. The data were taken at the 10th pulse
where the reaction reached a steady state.

The crystal structure of the catalyst was determined on an
X-ray diffractometer (D−MAX, Rigaku) operating at 40 kV
and 200 mA using Cu K� radiation. The patterns recorded
were referred to the powder diffraction files—1998 ICDD
PDF Database for the identification of crystal structures. The
specific surface area of a catalyst was measured using the
BET method on a Nova 1200 apparatus.
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XPS (Phi Quantum 2000) technique was used to de-
termine the core-level binding energies of the anions and
cations in the samples, using monochromatic Al K� as the
excitation source. After oxidation in O2 at 500◦C or reduc-
tion in 5% H2−95% N2 at 650◦C, followed by He purging
for 10 min, a sample was transferred to a sample holder
without being exposed to air in a transparent Glove Bag (In-
struments for Research and Industry, USA) filled with He.
Finally, the samples were outgassed in vacuum (10−5 Torr)
for 0.5 h and then introduced into the analyzer chamber
(3 × 10−9 Torr) for analysis. The C 1s line at 284.6 eV was
taken as a reference for binding energy (BE) calibration.

3. Results and discussion

3.1. Surface morphology and defective structure

The textural properties and surface composition of the
CZ, PZ, CZY, PZY, 0.5 wt.% M/CZY, and 0.5 wt.% M/PZY
(M = Rh, Pt, Pd) samples are summarized inTable 1. The
surface areas of CZ and PZ are 52.9 and 9.80 m2 g−1. As
Y3+ ions were incorporated into the CZ and PZ lattices,
resulting in the generation of CZY and PZY solid solu-
tions, the specific surface area increased to 69.1 m2 g−1 for
CZY and 54.1 m2 g-1 for PZY, respectively. The doping
of 0.5 wt.% noble metal on the CZY and PZY resulted a
slight decrease in specific surface area. The Ce/Zr and Pr/Zr
atomic ratios (based on XPS results) of CZ and PZ were
0.34 and 0.69, respectively. They are smaller than the theory
ratio of 1.5 (if the distributions of RE and Zr are same on the
surface and in the bulk), suggesting that the enrichment of
Zr on the surface occurred. When Y3+ ions were introduced
into the CZ and PZ lattices, Ce/Zr atomic ratio increased to
0.78, whereas Pr/Zr atomic ratio increased to 1.82, indicat-
ing that the Zr accumulation on the surface was suppressed
and Pr element was enriched on the PZY surface. The
average pore diameters of CZ (63.5 Å) and CZY (48.7 Å)
were smaller than those of PZ (117 Å) and PZY (61.9 Å),

Table 1
Surface area (S), average pore diameter (D), total pore volume (V), average particle sizea (P), surface composition, and Ce(Pr)/Zr atomic ratio

Catalyst S (m2 g−1) D (Å) V (ml g−1) P (nm) Surface composition (mol%) Atomic ratio

Pd Pt Rh Ce/pr Zr Y O Ce(Pr)/Zr

CZ 52.9 63.5 0.0671 7.50 − − − 5.02 14.6 − 80.3 0.34
CZY 69.1 48.7 0.0643 6.62 − − − 6.55 8.38 2.44 82.6 0.78
PZ 9.8 117 0.0292 10.0 − − − 5.95 9.31 – 84.7 0.69
PZY 54.1 61.9 0.0810 4.16 − − − 6.02 3.31 4.36 86.3 1.82
0.5 wt.% Pd/CZY 36.3 59.0 0.0536 14.0 0.13 − − 5.98 9.30 2.65 81.9 0.64
0.5 wt.% Pt/CZY 37.8 57.9 0.0548 22.5 − 0.64 − 7.12 11.0 4.14 77.1 0.64
0.5 wt.% Rh/CZY 36.9 57.5 0.0531 16.1 − − 1.98 4.28 6.26 2.75 84.7 0.68
0.5 wt.% Pd/PZY 50.3 67.8 0.0654 6.25 0.34 − − 6.78 3.97 4.45 84.6 1.70
0.5 wt.% Pt/PZY 51.9 68.9 0.0765 5.62 − 0.67 − 7.10 4.07 4.78 82.7 1.74
0.5 wt.% Rh/PZY 50.7 65.7 0.0740 4.32 − − 1.78 6.08 4.56 4.34 83.2 1.33

a Estimated according to the method of XRD line-broadening.

Fig. 1. XRD profiles of fresh: (a) CZ; (b) CZY; (c) PZ; and (d) PZY
samples.

respectively. The total pore volume was 0.0671 ml g−1 for
CZ, 0.0292 ml g−1 for PZ, 0.0643 ml g−1 for CZY, and
0.0810 ml g−1 for PZY. When the 0.5 wt.% noble metal was
supported on the CZY and PZY, the Ce(Pr)/Zr atomic ratio
and pore volume remained unsignificant changes.

X-ray diffraction investigations on the fresh samples re-
vealed that there were two cubic phases (Ce0.75Zr0.25O2,
major; ZrO1.87, minor) in CZ and CZY, but only one cubic
phase in PZ and PZY (Fig. 1). Based on line-broadening
analysis (Table 1), the average particle sizes of CZ and PZ
were estimated to be 7.50 and 10.0 nm, respectively; the in-
clusion of Y3+ ions in the CZ and PZ lattices caused the
average particle sizes to reduce to 6.62 and 4.16 nm. In other
words, the particle size of CZ was smaller than that of PZ,
whereas that of CZY was larger than that of PZY. After
TPR treatments, no significant changes were observed on
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Fig. 2. XRD profiles of reduced: (a) CZ; (b) CZY; (c) PZ; and (d) PZY as
well as reoxidized (at 500◦C in O2 for 2 h) (c′) PZ and (d′) PZY samples.

the XRD patterns of CZ and CZY (Fig. 2a and b) and the
remarkable changes (Fig. 2c and d) were found on PZ and
PZY. There were two new phases—hexagonal Pr(OH)3 and
hexagonal Pr2O3 in the reduced PZ sample, and hexagonal
Pr(OH)3 and cubic PrO1.83 in the reduced PZY sample. By
treating the reduced PZ and PZY samples (those after TPR
experiments) in O2 at 500◦C for 2 h, one could revert the
samples to their original structures (Fig. 2c′ and d′).

It is well known that the crystal structure of a CeO2−ZrO2
solid solution is dependent on chemical composition and
synthesis procedure. Tani et al.[26] and Duran et al.[27]
reported that below 1000◦C, phase diagram of CeO2−ZrO2
shows a single-phase region of a monoclinic structure with
a CeO2 content<20 mol% and only one cubic phase above
a CeO2 content of 80 mol%, while two metasable tetragonal
phases (t′, t′′) were detected at intermediate compositions
[22]. As suggested by Vidmar et al.[8] the stablet phase
is formed via the decomposition of a diffusional phase, the
metastablet′ phase is generated via a diffusionless transi-
tion, and thet′′ phase is an intermediate between thet′ and c
phases. Up to now, it is a general accepted that the presence
of a single-phase solid solution is preferable compared to mi-
crodomain or non-homogeneous CeO2–ZrO2 mixed oxides,
because the former generally lead to better textural stability
and redox properties[28,29]. As for the CZ and CZY sam-

ples (in which the CeO2 contents are in the 20−80 mol%
range) in this study, two c phases (Ce0.75Zr0.25O2 and
ZrO1.87) were detected as shown inFig. 1a and b. It indicated
that under the conditions adopted in our work for Ce−Zr−O
preparation, there was a phase separation: the excessive
amount of Zr existed as ZrO1.87 and the solid solution turned
out to be Ce0.75Zr0.25O2. For the PZ and PZY solid solutions,
however, there was only one cubic phase. It demonstrated
that, compared to CeO2, PrO2 exhibited a higher ability in
dissolving ZrO2. Although there were hexagonal Pr(OH)3
and Pr2O3 phases in PZ and hexagonal Pr(OH)3 and cubic
PrO1.83 phases in PZY after TPR studies, the original PZ and
PZY cubic phases could be completely restored by means of
reoxidation in O2 at 500◦C for 2 h (Fig. 2c′ and d′). In other
words, PZ and PZY display a reversible reduction/oxidation
character. The formation of a CZY or PZY solid solution
by doping Y3+ and Zr4+ ions into a CeO2 or PrO2 lat-
tice would generate even more oxygen vacancies and/or
RE3+ ions due to charge balance requirement, resulting in
a promotion in the redox properties and oxygen storage
capacity.

3.2. Oxygen storage capacity, oxygen mobility, and redox
properties

The oxygen storage capacity and redox properties of the
samples employed in this work were investigated by TPR,
O2-TPD, as well as O2–H2 and O2–CO titration methods.
The TPR profiles of CZ, CZY, PZ, and PZY are illustrated
in Fig. 3. For CZ, a sharp reduction band at ca. 570◦C with

Fig. 3. TPR profiles of: (a) CZ; (b) CZY; (c) PZ; and (d) PZY samples.
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a shoulder at ca. 450◦C and a broad band at ca. 830◦C
were observed, indicating that there are at least two types
of Ce4+ located at different chemical environments. The
reduction bands at 450 and 570◦C could be assigned to the
reduction of surface and subsurface Ce4+, whereas the band
at 830◦C to the reduction of bulk Ce4+. For CZY, there
were two reduction bands at ca. 528 and 825◦C due to the
reduction of Ce4+ located on the surface (subsurface) and
in bulk, respectively. There were two big reduction bands at
ca. 330 and 475◦C with two shoulders at ca. 420 and 570◦C
over PZ and only one big band was observed at 450◦C over
PZY, suggesting that the reduction of Pr4+ sited in the bulk
occurred, together with the reduction of Pr4+ on surface, at
lower temperature compared to the Ce-based samples. The
amounts of reducible oxygen of the samples were 0.997,
0.960, 1.43, 1.59 mmol g−1, for CZ, CZY, PZ, and PZY,
respectively, based on calculation of H2 consumption during
the TPR experiments.

Fig. 4 illustrates the O2-TPD profiles of CZ, CZY, PZ,
and PZY. Three desorption peaks at ca. 490, 655, and 870◦C
were observed over CZ (Fig. 4a). The extent of O2 desorp-
tion corresponding to the first peak was 3.4×10−3 mmol g−1

and that corresponding to the other two small peaks was
1.1 × 10−3 mmol g−1. With Y3+ incorporation into the lat-
tice of CZ, there were a large peak (extent of O2 desorption,
2.5×10−2 mmol g−1) at ca. 570◦C and a shoulder peak at ca.
490◦C; the third one remained almost unchanged (Fig. 4b).
For PZ (Fig. 4c), a sharp peak at ca. 405◦C and a broad one

Fig. 4. O2-TPD profiles of: (a) CZ; (b) CZY; (c) PZ; and (d) PZY.

Fig. 5. O2-TPD profiles of: (a) 0.5 wt.% Pd/CZY; (b) 0.5wt% Pt/CZY; (c)
0.5 wt.% Rh/CZY; (d) 0.5 wt.% Pd/PZY; (e) 0.5 wt.% Pt/PZY; (f) 0.5 wt.%
Rh/PZY samples.

at ca. 675◦C were observed; the amounts of O2 desorption
were 3.7×10−3 and 1.3×10−1 mmol g−1, respectively. For
PZY (Fig. 4d), there were three peaks at ca. 415, 675, and
870◦C; the corresponding O2 desorption were 1.0 × 10−1,
2.4 × 10−2 and 1.4 × 10−2 mmol g−1.

The O2-TPD profiles of 0.5 wt.% M/CZY and 0.5 wt%
M/PZY (M = Rh, Pt, and Pd) were shown on theFig. 5. Two
O2 desorption peaks at ca. 430 and 860◦C were observed on
the 0.5 wt.% M/CZY samples. Compared to O2-TPD pro-
file of CZY, one can see that the doping of noble metal on
CZY caused a shift of the first O2 desorption peak to lower
temperature, whereas the O2 desorption at around 860◦C re-
mained unchanged. As for 0.5 wt.% M/PZY samples, there
were three O2 desorption peaks observed at near to 400, 660,
and 850◦C. Like in the case of 0.5 wt.% M/CZY, when the
0.5 wt.% noble metals were loaded on the PZY solid solu-
tion, the first O2 desorption peak shifted to lower tempera-
ture. The significant changes of the O2 desorption amount
at ca. 660◦C were exhibited on the O2-TPD profiles of
0.5 wt.% M/PZY samples, indicating that the presence of
noble metal can promoted the heating reduction in bulk for
PZY solid solution.

The O2−H2 and O2−CO titration experiments were con-
ducted to study the redox behavior and oxygen storage abil-
ity of the samples and the results are summarized inTable 2.
It can be observed that the O2 uptakes as measured in O2−H2
and O2−CO titrations as well as the O2 uptakes calculated
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Table 2
Oxygen uptake as measured by O2−H2 and O2−CO titration at 450◦C

Sample O2 uptakea (mmol g−1)

O2−H2 titration O2−CO titration

A A B C

CZ 0.36 0.31 0.36 0.32
CZY 0.54 0.5 0.52 0.5
PZ 0.40 0.37 0.38 0.34
PZY 0.75 0.71 0.69 0.72

a An average of three cycles. (A) Result based on O2 consumption;
(B) result based on CO consumption in CO pulsing; (C) result based on
CO2 production in CO pulsing.

according to the amounts of CO consumed and CO2 pro-
duced in the O2−CO titration were roughly the same, in-
dicating that the data are reliable. In the three consecutive
cycles of the O2−H2 or O2−CO titration, the O2 uptakes
estimated according to O2 consumption were similar, sug-
gesting that the redox behavior is reversible. The oxygen
uptakes of CZ, CZY, PZ, and PZY were ca. 0.3, 0.5, 0.4,
and 0.7 mmol g−1, respectively, showing that Y3+ incorpo-
ration increased the O2 uptake ability of CZ and PZ. One
can observe that PZ and PZY are superior to CZ and CZY,
respectively, in oxygen uptake in the redox cycles.

In a summary, based on the extent of oxygen uptake
(Table 2), one can see that the ability of storing oxygen fol-
lowed a sequence of PZY> CZY > PZ > CZ, coinciding
with the order of the oxygen vacancy density. The process
for oxygen uptake involves a redox cycle between RE4+
and RE3+ (RE = Ce, Pr) and the oxygen vacancies gener-
ated by Y3+ incorporation facilitate the reduction of RE4+
to RE3+. The reducibility of the materials followed an order
of PZY > PZ > CZY ≈ CZ, similar to the sequence of the
amounts of desorbable oxygen (O2-TPD results).

The 18O/16O isotope exchange experiments were per-
formed in order to probe the oxygen mobility of the solid
solutions and the results are shown inFigs. 6 and 7. The
take-off temperatures for exchanges were markedly differ-
ent for the Ce- and Pr-based solid solutions: they were 350
and 450◦C over the Ce- and Pr-based samples, respectively.
The extent of18O/16O exchange increased with tempera-
ture rise. For the CZ sample, the concentrations of18O2,
16O2, and18O16O were 82, 17, 1.0%, respectively, at 550◦C
(Fig. 6a). With the incorporation of Y3+, 18O16O exchange
became significant; 61%18O2, 20%16O2, and 19%18O16O
were detected over CZY at 550◦C (Fig. 6b). For the PZ
sample, the concentrations of18O2, 16O2, and18O16O were
19, 70, 11%, respectively, at 550◦C (Fig. 6c). The incorpo-
ration of Y3+ into the PZ lattice enhanced18O16O exchange
considerably; 0%18O2, 76% 16O2, and 24%18O16O were
observed over PZY at 550◦C (Fig. 6b).

As 0.5 wt.% Pt or 0.5 wt.% Pd was doped onto the CZY
and PZY samples, the take-off temperatures for18O/16O
isotope exchange decreased ca. 50◦C (Fig. 7). For 0.5 wt.%
Rh/CZY and 0.5 wt.% Rh/PZY samples, the take-off temper-

Fig. 6. 18O–16O isotopic exchange over (a) CZ, (b) CZY, (c) PZ, (d)
PZY: (�) 18O2; (�) 16O2; (×) 18O16O concentrations.

atures of the exchange were not observed to have a signifi-
cant change. But the extent of18O/16O isotope exchange at
550◦C increased by doping Rh, Pt, and Pd on CZY and PZY
samples: the concentrations of exchange product (16O2) at
550◦C were 49.6, 38.0, 20.2, 84.7, 86.7, and 87.7%, respec-
tively, over 0.5 wt.% Rh/CZY, 0.5 wt.% Rt/CZY, 0.5 wt.%
Rt/CZY, 0.5 wt.% Rh/PZY, 0.5 wt.% Rt/PZY, and 0.5 wt.%
Rt/PZY samples.

Oxygen mobility is an important factor to consider what
solid oxides can be used as catalysts in the oxidation of
carbon monoxide and hydrocarbons[30] as well as in the
removal of automotive exhaust[31]. As proposed by No-
vakova and co-workers[32,33], 18O–16O interactions over
an oxide surface could proceed according to the three path-
ways: (i) homoexchange in the gas phase without apprecia-
ble participation of oxygen in the oxide (Eq. (1)); (ii) single
heteroexchange with the involvement of only one oxygen
from the oxide surface (Eqs. (2) and (3)); and (iii) multiple
heteroexchange with the participation of two surface oxygen
atoms from the oxide (Eqs. (4)–(6)).
18O2(g) + 16O2(g) ⇔ 218O16O(g) (1)

18O18O(g) + 16O(S) ⇔ 18O16O(g) + 18O(s) (2)

18O16O(g) + 16O(s) ⇔ 16O16O(g) + 18O(s) (3)

18O18O(g) + 216O(s) ⇔ 16O2(g) + 218O(s) (4)

18O16O(g) + 216O(s) ⇔ 16O2(g) + 16O(s) + 18O(s) (5)

18O16O(g) + 218O(s) ⇔ +18O2(g) + 16O(s) + 18O(s) (6)

It has been suggested that there are two possible mecha-
nisms for multiple heteroexchange[34–36]: one is isotope



H. He et al. / Catalysis Today 90 (2004) 245–254 251

0

20

40

60

80

100

250 300 350 400 450 500 550 600

18O16O 

16O2

18O2

0

20

40

60

80

100

250 300 350 400 450 500 550 600

C
on

ce
nt

ra
ti

on
 (

%
) 

0

20

40

60

80

100

250 300 350 400 450 500 550 600

0

20

40

60

80

100

250 300 350 400 450 500 550 600

0

20

40

60

80

100

250 300 350 400 450 500 550 600

Temperature (˚ C) 

0

20

40

60

80

100

250 300 350 400 450 500 550 600

C
on

ce
nt

ra
ti

on
 (

%
) 

C
on

ce
nt

ra
ti

on
 (

%
) 

(a)

(b)

(c) (f)

(e)

(d)

Fig. 7. 18O–16O isotopic exchange over 0.5 wt.% Rh/PZY (a), 0.5 wt.% Pt/ PZY (b), 0.5 wt.% Pd/PZY (c), 0.5 wt.% Rh/CZY (d), 0.5 wt.% Pt/CZY (e),
and 0.5 wt.% Pd/CZY (f): (�) 18O2; (�) 16O2; (×) 18O16O concentrations.

exchange via a four-atom 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. As shown inFig. 6, the 18O16O concentra-
tions at 550◦C were ca. 1, 19, 11, and 24%, respectively,
over CZ, CZY, PZ, and PZY, implying that the exchange
in gas phase was negligible. The logic is that if the ex-
change in the gas phase was dominant, the18O16O con-
centration should be similar over the four samples. Martin
and Duprez[31] detected roughly equal fractions of18O16O
and16O2 during18O/16O exchanges over H2-reduced CeO2
and suggested that exchange took place equally via the sin-
gle (Eqs. (2) and (3)) and multiple (Eqs. (4)–(6)) heteroex-
change mechanisms. Oxygen isotope exchanges proceeded

at or above 450◦C over CZ and CZY. Over PZ and PZY,
however, the exchanges occurred at a lower temperature
and in a bigger extent above 400 and 350◦C, respectively.
These results indicate that: (i) the activity of lattice oxygen
in Pr-based solid solutions was higher than that in Ce-based
solid solutions; and (ii) the inclusion of Y3+ in a CZ or
PZ lattice enhanced the activity of lattice oxygen. Gener-
ally speaking, there are several oxygen adspecies such as
O2

−, O2
2−, and O− on the surface of an oxygen-containing

catalyst. By using the technique of electron paramagnetic
resonance, Martı́nez-Arias et al.[37] detected O2−−Zr4+
and O2

−−Ce4+ on Ce0.5Zr0.5O2. These oxygen species can
intertransform via a sequence of O−

2 ⇔ O2−
2 ⇔ O− ⇔

O2−
lattice at elevated temperatures. According to Seiyama[38]
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and Zhang et al.[39], O2 adsorbed dissociatively to form
O− species at oxygen vacancies on a perovskite-type oxide.
Similarly, O2 adsorption and O− generation are expected
to occur at theVo positions of CZ, CZY, PZ, and PZY. An
O− could pick up one more electron to become O2−

lattice.
On the basis of the fact that the concentrations of18O16O
and16O2 detected over CZY (Fig. 6b) are rather close, one
can deduce that the18O/16O exchanges over CZY proceed
mainly via both the single (Eqs. (2) and (3)) and multi-
ple (Eqs. (4)–(6)) heteroexchange mechanisms, just as in
the case of H2-reduced CeO2 [31]. Above 400◦C over PZ
and above 350◦C over PZY, the concentration of16O2 was
much higher than that of18O16O, implying that18O/16O ex-
changes proceeded mainly via the multiple heteroexchange
mechanism (Eqs. (4)–(6)). This is reasonable because the
amount of oxygen vacancies that are available in PZ and
PZY are higher than that of CZ and CZY. It is apparent that
the incorporation of Y3+ into CZ and PZ increased theVo
concentration (as reflected in the enhanced amount of O2
desorption over CZY (Fig. 4b) and PZY (Fig. 4d)), resulting
in an enhancement in18O/16O exchange. Compared to that
of PZ, the Pr4+ content in Y3+-doped PZ was higher, indi-
cating that there were more oxygen vacancies in PZY than
in CZY at x = 0.05. It is well known that oxygen mobility
in a solid oxide increases with an increase inVo concentra-
tion. Since the amount of oxygen vacancies in CZ is smaller
than that in CZY, PZ or PZY, oxygen isotope exchange over
CZ would preferentially follow the “place-exchange” mech-
anism. The fact that the amount of16O2 is higher than that
of 18O16O over CZ (Fig. 6a) supports this viewpoint.

3.3. CO oxidation by lattice oxygen

In order to understand the lattice oxygen activities of the
two kinds of solid solutions, we used CO as a probe. Before
performing the CO-pulsing experiments, a sample was
heated in He at 500◦C for 1 h to guarantee a complete re-
moval of oxygen adspecies on the surface of the sample. The
results collected within a temperature range of 200–450◦C
are illustrated inFig. 8. The conversion of CO over PZ was
slightly higher than that over CZ. Comparing to CZ and PZ,
CO conversion over CZY and PZY was significantly higher.
Below 350◦C, CO conversion over PZY was similar to that
over CZY; above 350◦C the former was much higher than
the latter. At 450◦C, CO conversions were 32.9, 46.3, 40.0,
and 70.1% over CZ, CZY, PZ, and PZY, respectively. The
results indicate that: (i) the doping of Y3+ into the lattices
of CZ and PZ enhanced the activity of lattice oxygen; and
(ii) lattice oxygen in PZ and PZY showed a high oxidation
activity than that in CZ and CZY, respectively.

3.4. XPS studies

Fig. 9 shows the Ce 3d spectra of the CZ and CZY sam-
ples treated in O2 at 500◦C and H2 at 650◦C. It is observed
that there were two sets of spin-orbit multiplets:u and v
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Fig. 8. CO oxidation in pulse reaction over the CZ (�), CZY (�), PZ
(�), and PZY (×) samples.

correspond to 3d3/2 and 3d5/2 contributions, respectively;
the Ce 3d spectrum contains three main 3d5/2 features at
ca. 882.5 (v), 889.4 (v2), and 898.7 (v3) eV and three main
3d3/2 features at ca. 900.6 (u), 907.7 (u2), and 916.6 (u3) eV;
u3 and v3 could be assigned to the 3d9 4f0 photoemission
final state, whereas the (v, v2) and (u, u2) doublets could
be attributed to final states with a strong mixing of the 3d9

4f2 and 3d9 4f1 configurations. These states arise from the
core hole potential in the final state and 4f hybridization in
the initial state[40–43]. The v andv2 as well asu andu2
features are shake-down signals due to charge transfer from
ligand (O 2p) to metal (Ce 4f). According to the assignment
convention proposed by Burroughs et al.[44], the states at
885.6 eV (v1) and 903.9 eV (u1) belong to unique photoelec-
tron features from the Ce3+ state and the states at 907.7 eV
can be assigned to Ce4+. From Fig. 9, it can be observed
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Fig. 9. Ce 3d spectra of CZ and CZY samples treated: in O2 at 500◦C
(CZ–O2 and CZY–O2); in H2 at 650◦C (CZ–H2 and CZY–H2).
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that: (i) the peaks at 885.6 eV and 903.9 eV are displayed on
the Ce 3d spectra of reduced CZ and CZY samples (Fig. 9
(CZ-H2 and CZY-H2)), whereas they disappear for the ox-
idized CZ and CZY samples, indicating that the amount of
Ce3+ ions decreased in O2 treatment, but increased in H2
treatment; (ii) the intensity of the peak at 907.7 eV decrease
in the order of CZY–O2 > CZ–O2 > CZY–H2 ≈ CZ–H2,
suggesting that the amount of Ce4+ ions increased in O2
treatment, but decreased in H2 treatment and the more Ce4+
ions can be determined on CZY sample than these on CZ
samples in the oxidative condition. In addition, one can also
see that the intensities of Ce3+ ions signals on CZY-H2
spectrum are higher than that on CZ-H2 spectrum, suggest-
ing the more Ce3+ ions existed on CZY sample compared
to CZ samples in the reductive condition.

Similar things occurred for the PZ and PZY samples. The
Pr 3d spectra of PZ and PZY treated in H2 and O2, respec-
tively, are Shown inFig. 10. Two sets of spin-orbit multiples
are observed at binding energies of ca. 953.5 and 933.9 eV,
which represent the 3d3/2 and 3d5/2 of Pr, respectively. Ac-
cording to the results of Narula et al.[25], Matsumura et al.
[45], Sarma and Rao[46], we assign the signals at ca. 933.9,
953.5, and 966.4 eV to Pr4+ and the signals at ca. 929.5,
949.8, and 973.2 eV to Pr3+. The satellites are due to the
spin-orbit splitting. After O2-treatment, the content of Pr4+
over PZY was larger than over PZ, whereas the more Pr3+
ions were examined on PZY than on PZ sample in reductive
condition.

From the results of Ce 3d and Pr 3d spectra studies, we
can gain a conclusion that the introduction of Y3+ into CZ
and PZ solid solutions is beneficial for the RE4+ ⇔ RE3+
redox process, i.e. the reducible-reoxidizable Cen+ or Prn+
ions are increased by the presence of Y3+ in the condition
employed in this work.

920930940950960970980990

-1000

0

1000

2000

3000

4000

5000

6000

7000

BINDING ENERGY (EV)

C/S

PZY-O2

PZ-O2

PZY-H2

PZ-H2

  Pr3+Pr4+Pr3+  Pr4+Pr4+Pr3+|    

Fig. 10. Pr 3d spectra of PZ and PZY samples treated: in O2 at 500◦C
(PZ–O2 and PZY–O2); in H2 at 650◦C (PZ–H2 and PZY–H2).

524526528530532534536
-2000

-1000

0

1000

2000

3000

4000

5000

6000

BINDING ENERGY (EV)

C/S

PZY

PZ 

CZY 

CZ 

| 529.3 eV

| 528.4 eV

| 531.2 eV| 532.6eV

Fig. 11. O1s spectra of CZ, CZY, PZ, and PZY samples treated in O2 at
500◦C.

The O1s spectra for the CZ, CZY, PZ, and PZY samples,
treated in O2 before the test, are presented inFig. 11. Three
different oxygen components can be found at ca. 529 (shift
from 529.4 to 528.4 eV in the sequence of CZ, CZY, PZ,
and PZY), 531.2, and 532.6 eV. The former one can be as-
signed to lattice O2− and the later two is due to the presence
of adsorptive O2 or/and weekly bonded oxygen species.
The intensities of O1s signals at 531.2 and 532.6 eV over
Pr-based solid solution are much higher than over Ce-based
samples, implying the higher activity of surface oxygen on
Pr-based samples than Ce-based materials. It is coincide
with the results of O2-TPD, TPR, and18O/16O isotope
exchange experiments.

4. Conclusion

The CZ, CZY, PZ, and PZY solid solutions existed as
nano-particles and the addition of yttrium caused a reduc-
tion in the particle sizes of CZ and PZ. There were cubic
Ce0.75Zr0.25O2 (major) and ZrO1.87 (minor) phases in CZ
and CZY, whereas in PZ and PZY there was only one cubic
phase. The results of TPR and O2-TPD revealed that the
redox action of Pr4+ ⇔ Pr3+ occurred at lower temperature
than the Ce4+ ⇔ Ce3+ redox process and presence of Y3+
facilitated the redox process. Results of H2 (or CO)−O2
titration revealed that redox of Ce4+/Ce3+ or Pr4+/Pr3+ was
reversible and oxygen storage capacity followed a sequence
of PZY > CZY > PZ > CZ. The outcome of18O/16O ex-
change confirmed the promotional effects of oxygen vacan-
cies on the mobility of lattice oxygen. The results of XPS
studies illustrated that the introduction of Y3+ into CZ and
PZ solid solutions was beneficial for the RE4+ ⇔ RE3+
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redox process, i.e. the amount of reducible-reoxidizable
Cen+ or Prn+ ions was increased by the existence of
Y3+ in the conditions employed in this work. We con-
clude that: (i) a Pr-based solid solution has better redox
behavior than a Ce-based one; (ii) incorporation of yttrium
ions in the lattices of CZ and PZ solid solutions could re-
sult in an enhancement in oxygen vacancy concentration,
Ce4+/Ce3+ and Pr4+/Pr3+ redox properties, lattice oxygen
mobility, and oxygen storage capacity; and (iii) doping the
noble metal (Rh, Pt, and Pd) onto RE-based solid solu-
tion has positive effect on the properties concerned in this
work.
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