
Catalysis Today 54 (1999) 93–100

Influence of high temperature treatments under net oxidizing and
reducing conditions on the oxygen storage and buffering properties of a

Ce0.68Zr0.32O2 mixed oxide

H. Vidal b,∗, S. Bernala, J. Kašparb, M. Pijolatc, V. Perrichond, G. Blancoa, J.M. Pintadoa,
R.T. Bakera, G. Colonc, F. Fallyd

a Departamento de Ciencia de los Materiales e Ingenierı́a Metalúrgica y Qúımica Inorgánica, Universidad de Cadiz,
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Abstract

TPR, TPO, O2 pulses and magnetic balance experiments have been performed to study the effect of two different aging
treatments, in oxidizing atmosphere and in reducing conditions, on the redox behavior of a Ce0.68Zr0.32O2 mixed oxide.

It has been observed that, although the samples resulting from both treatments have similar textural properties, their redox
behavior is significantly different. In particular, aging in H2 improves the oxygen storage capacity (OSC) at low temperatures
by decreasing the temperature at which reduction takes place. Also, the oxygen buffering capacity (OBC) is enhanced after
aging under reducing conditions. In addition, the study of the re-oxidation of the samples reveals that the rate of the O2 uptake
increases if compared with the fresh sample or that aged in air. High resolution electron microscopy and Raman spectroscopy
data have also been used to obtain information on the possible origin of such effects. ©1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

For several years, ceria/zirconia mixed oxides have
constituted a real alternative to ceria in the formulation
of three way catalysts (TWCs) due to their improved
redox properties. In particular, they exhibit high OSC,
which is related to the occurrence of bulk reduction at
a moderate temperature [1]. Moreover, this property
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has been found to remain stable even after submit-
ting the oxides to consecutive redox cycles consist-
ing of reduction at high temperature followed by mild
re-oxidation [2]. On the other hand, very recently it
has been reported that a pre-treatment in an oxidizing
atmosphere at high temperature may depress the OSC
of these oxides [3]. In summary, the precise origin
of these effects is still a matter of discussion and no
clear understanding seems to exist yet regarding the
influence that different treatments from those already
investigated might have on the CeO2–ZrO2 system.
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The main objective of the present work is to
compare the effects on the redox behavior of a
ceria–zirconia mixed oxide of two different thermal
treatments: one under severe reducing conditions
(1223 K) followed by oxidation at moderate temper-
ature (823 K), and a second under oxidizing atmo-
sphere also at very high temperature (1173 K). The
oxide investigated was a Ce0.68Zr0.32O2 synthesized
in the frame of the so-called CEZIRENCAT1 project,
a research network which benefits from the expertise
of nine different labs in several complementary tech-
niques to perform chemical, textural and structural
characterization of a series of ceria–zirconia mixed
oxides. Recently, we reported the first results obtained
in the study of these oxides [3–5].

It is well known that TWCs operate under condi-
tions that fluctuate rapidly between oxidizing and re-
ducing atmosphere. Therefore, to simulate as much
as possible the actual operating conditions of these
systems, not only the OSC but also the capacity to
attenuate quick fluctuations of the oxygen pressure
(OBC property [6]) have been analyzed. To our knowl-
edge, no similar approach has been used previously
in the literature to investigate the redox behavior of
CeO2–ZrO2 mixed oxides.

The close-coupled application of TWCs demands
new materials with improved both thermal stability
and oxygen storage/release capacity. Thus, the inves-
tigation of the textural and structural, and not only
chemical effects induced by high temperature treat-
ments under both oxidizing and reducing conditions
should be considered as a major objective in the char-
acterization of these materials. In this sense, this work
also contributes in an original way to the existing
knowledge of ceria–zirconia systems by complement-
ing the chemical information with some data derived
from structural characterization. As in Ref. [4], Raman
spectroscopy and high resolution electron microscopy
(HREM) have been chosen as main techniques for this
purpose.

2. Experimental

Three Ce0.68Zr0.32O2 mixed oxides, hereafter re-
ferred to as HS, LS and SR oxides were investigated

1 CEZIRENCAT project is described at http://www.dsch.univ.
trieste.it/cezirencat/index.html.

(compare Table 1). The starting sample (HS) was
kindly supplied by Rhodia [4,5]. The LS sample was
prepared by heating the HS oxide under wet synthetic
air at 1173 K (140 h). The SR oxide was obtained by
severe reduction (SR) of the LS sample in flowing
H2, at 1223 K (5 h) followed by evacuation in a flow
of He at 1223 K (1 h) and re-oxidation at 823 K (1 h)
in 5% O2/He.

The textural characterization was performed in a
Micromeritics 2100E instrument by using N2 adsorp-
tion/desorption at 77 K and the BET method for the
measurement of the specific surface area.

Temperature-programmed reduction (TPR) experi-
ments were carried out in a system equipped with a
VG Spectralab SX200 Mass Spectrometer analyser.
The amount of catalyst used was 200 mg in all cases.
After a standard cleaning pretreatment in 5% O2/Ar at
823 K (1 h) according to [5], the samples were slowly
cooled down to 473 K, and from there to room tem-
perature in pure Ar (20 ml/min). The TPR was then
carried out in a flow of 60 ml/min of 5% H2/Ar at a
heating rate of 10 K/min up to a maximum tempera-
ture of 1223 K.

The total OSC measurements were performed in
a conventional system equipped with a thermal con-
ductivity detector (TCD) as previously described [7],
i.e. after reduction at the selected temperature for 1 h,
the samples were oxidized by pulsing periodically
0.125 ml of O2 at 75 s intervals in a flow of Ar at
700 K.

Temperature-programmed oxidation (TPO) was
also applied using the same equipment and pulse fre-
quency as in the experiments at 700 K. In this case,
each mixed oxide, previously reduced at 1273 K for
1 h, was submitted to pulses of O2, first at room
temperature (until no more uptake was detected) and
then under a heating rate of 5 K/min up to 1273 K.
As for the OSC experiments 50 mg of sample was
used.

Oxygen buffering capacity (OBC) measurement ac-
counts for the capability to attenuate fast oscillations
of oxygen partial pressure. These experiments, whose
principles and methodology are described in Ref. [6],
consisted of injecting 0.25 ml 5% O2/He pulses at 10 s
intervals into a 60 ml min−1 inert gas stream. The O2
content at the outlet of the reactor was measured by
TCD. The O2 content is the result of the balance of
the oxygen injected, consumed and released by the
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Table 1
Textural properties of the Ce0.68Zr0.32O2 samples

Samplea SBET (m2/g) St
b (m2/g) Cumulative pore volume (cm3/g) Vmicro (cm3/g) Average pore diameter (Å)

HS 100 97 0.259 0.001 65
LS 23 15 0.167 0.003 220
SR 19 15 0.174 0.001 220

a HS: high surface area sample; LS: low surface area samples; SR: severely reduced sample.
b Surface area determined from thet-plot.

sample. The amount of catalyst used in these experi-
ments was 200 mg.

Magnetic susceptibility measurements were carried
out with a Faraday micro-balance coupled to a high
vacuum system. This technique has proved to be par-
ticularly useful in characterizing the redox behavior of
ceria-based catalytic materials [8–10].The experimen-
tal set up and the procedure for calculation of the mag-
netic susceptibilities have been described elsewhere
[8,11]. The experiments were performed on 200 mg
of mixed oxide placed on quartz wool in a pure sil-
ica bucket. All the susceptibility valuesχ were cor-
rected for the ferromagnetic impurities (<3 ppm Fe or
15 ppm Ni) by plottingχ versus the reciprocal mag-
netic field and extrapolation to infinite field. They were
calculated using cobalt mercurithiocyanate for calibra-
tion. The susceptibility of the samples under vacuum
after the initial standard pretreatment in 5% O2/He at
823 K was ca. –0.03× 10−6 emu cgs g−1

oxide (to be mul-
tiplied by 12.56 to obtain SI units in m3 g−1). This
value is close to the expected value for a diamag-
netic ceria sample containing only Ce4+ ions. It was
taken as a reference corresponding to 0% reduction
of the mixed oxide. As in pure ceria, the reduction
of ceria/zirconia mixed oxides transforms diamagnetic
Ce4+ into paramagnetic Ce3+ species. Thus, the evo-
lution of the magnetic susceptibility as a function of
the step by step reduction treatment provides direct in-
formation about the changing redox state of the oxide.
For each treatment, the extent of reduction was esti-
mated from the susceptibility values obtained at 298 K
after cooling the sample under hydrogen and using the
value of 11.4× 10−6 emu cgs g−1 as the susceptibility
for pure Ce2O3 [12].

Raman spectra were collected on a Perkin–Elmer
2000-FT-Raman spectrometer equipped with a
diode-pumped Nd-YAG laser and a room temper-
ature super InGaAs detector. The laser power was
100–500 mW.

HREM images were obtained in a JEOL 2000 EX
microscope with a top entry specimen holder and an
ion pump and with a structural resolution of 2.1 nm.

3. Results and discussion

3.1. Textural properties

Table 1 summarizes the textural properties of the
three mixed oxides. All the samples are mesoporous
solids showing only negligible amounts of microp-
ores. The high surface area of the starting HS sample
is associated with its appreciable pore volume and rel-
atively small average pore diameter. Both LS and SR
sample show remarkably similar textural properties, in
spite of different redox behavior (further discussed).
The SBET of the HS sample is not correlated with its
redox properties (see below). Therefore, the origin of
the differences noted must be in the structural rather
than in the textural properties.

3.2. Temperature-programmed reduction and OSC
measurements

Traces corresponding to the Mass Spectrometer sig-
nal 18, which accounts for water evolution from the
samples as a consequence of the reduction process oc-
curring during the TPR experiments, are included in
Fig. 1. Fresh HS sample features a major peak around
850 K and a minor one around 500 K. The oxidizing
treatment leading to the LS sample depresses the re-
duction at moderate temperature and the main reduc-
tion feature is shifted from 850 to 873 K. Note that
this treatment decreases the surface area from 100 to
23 m2 g−1. Despite a similar loss of surface area the
TPR–MS study reveals the enhanced reducibility of
the SR sample, as denoted by the shift of the main
reduction peak from 850 (HS) to 673 K (SR).
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Fig. 1. TPR–MS profiles of the Ce0.68Zr0.32O2 samples.

Table 2
OSC (ml/g) after consecutive reduction treatments (1 h, 5% H2/Ar)
as measured from O2 pulses experiments at 700 K

Tred (K) HS LS SR

473 0.2 0.2 1.5
623 2.0 1.2 6.9
773 9.5 6.7 10.2
973 13.0 9.8 13.4

1173 15.6 13.9 15.3
1273a 16.1 16.1 16.5

a Separate experiment. Reduction time: 15 min.

The degree of reduction, e.g. the overall oxygen
storage was measured as O2 uptake at 700 K after
reduction at different temperatures, and confirms the
TPR findings (see Table 2). In fact, consistently with
the TPR measurements, and in spite of the relatively
low specific surface area of the SR oxide, the improve-
ment of its redox properties in comparison to the start-
ing HS sample is noticeable at temperatures below
773 K. It is noteworthy that the OSC of the SR sample
is between three and five times higher than that of the
HS and LS oxides after reduction at low temperatures
(473 and 623 K). It is also noticed that the LS sample
shows lower O2 uptake over the range of temperatures
473–1173 K compared to the HS sample, which indi-
cates an unfavorable effect of aging under oxidizing

Fig. 2. Reduction percentage [Ce3+/Ce3+ + Ce4+ × 100] in the
Ce0.68Zr0.32O2 samples obtained from the magnetic susceptibility
measurements as a function of the reduction temperature (1 h at
each temperature).

conditions. In contrast after the reduction at the highest
temperature investigated (1273 K), almost equal OSC
is obtained for all the three samples investigated.

3.3. Magnetic balance measurements

Magnetic susceptibility measurements have been
carried out to study the Ce3+ content in the oxide
samples after reduction at different temperatures. For
this purpose, after being reduced in flowing 5% H2/He
for 1 h at the selected temperature, the samples were
cooled under the same atmosphere down to room
temperature. It was verified that reversible hydrogen
chemisorption was limited on the mixed oxides to a
few percent, ensuring that all the Ce3+ present in the
samples were associated with the inherent creation of
oxygen vacancies [13].

As shown in Fig. 2, a great enhancement of the re-
ducibility is observed for the SR sample, which be-
comes more reducible than the HS and LS oxides in
the whole range of temperatures studied. This is in
good agreement with the results obtained by TPR–MS.

3.4. Oxygen buffering capacity (OBC)

The redox properties of these systems under ki-
netically controlled conditions were investigated by
means of the OBC technique [6]. Noticeable differ-
ences among the three oxides are found in their ability
to buffer fast oscillations of the oxygen partial pres-
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Fig. 3. OBC experiments of the Ce0.68Zr0.32O2 samples at the
indicated temperatures. Percentage of attenuation of 0.25 ml 5%
O2/He pulses measured at the indicated temperature is reported.
Pulsing frequency: 0.1 Hz.

sure. TCD signals registered during these OBC experi-
ments are plotted in Fig. 3. Remarkably, also under ki-
netic regime, the different effects of the two aging pro-
cedures are clearly evidenced. In fact, in the LS sam-
ple a significant deactivation of the oxide is observed
(the OBC at 1173 K falls from 81.6% to 69.2%). By
contrast, the further high temperature reduction of the
LS oxide allows the recovery of the OSC and OBC
values, they becoming even better than those of the
starting HS sample.

3.5. Kinetics of the O2 uptake at 700 K/TPO study

The re-oxidation process was investigated by mea-
suring the O2 uptake at 700 K. The results expressed
as cumulative O2 uptake are reported in Fig. 4. As in-
dicated in Section 2, these data were obtained by in-
jecting O2 pulses at 700 K over the reduced sample
(1273 K, 1 h). All of the samples reach approximately
the same overall O2 uptake, indicating that the cumula-
tive oxygen storage is unaffected by the initial texture
of the sample. However, the SR sample shows a linear
type of behavior up to complete re-oxidation indicat-
ing that every O2 pulse is completely absorbed until
a full re-oxidation is achieved. On the contrary, both
HS and LS already show a decreased O2 uptake after
the second pulse, indicating that the kinetics of the O2

Fig. 4. Cumulative evolution of the O2 uptake during the pulses
experiments carried out at 700 K over the Ce0.68Zr0.32O2 samples
reduced at 1273 K for 1 h.

Fig. 5. Pulses at 298 K followed by TPO experiments of the
Ce0.68Zr0.32O2 samples reduced at 1273 K for 1 h.

uptake are significantly slower. This is confirmed by
the TPO study (Fig. 5). Most of the O2 uptake already
takes place at room temperature, although the com-
plete re-oxidation requires heating up to 373 K. The
oxygen pulse experiment at 298 K confirms the faster
re-oxidation of the SR sample as denoted by the extra
room temperature re-oxidation peak for the HS and
LS samples. It should be also noticed that the kinetics
of the re-oxidation of the LS sample are remarkably
slower compared to the starting HS sample.

In summary the results of the investigation of redox
properties clearly show that a high temperature oxi-
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Fig. 6. Raman spectra of the Ce0.68Zr0.32O2 samples.

dizing pre-treatment strongly depresses the ability of
the Ce0.68Zr0.32O2 mixed oxide to undergo efficient
redox processes at low temperature. This effect, how-
ever, cannot be attributed to a simple decrease of sur-
face area due to a thermal sintering, since when the
same degree of sintering is achieved under a reduc-
tive atmosphere, the low temperature redox process is
strongly improved compared to the initial HS sample.

3.6. Raman spectroscopy

In order to provide some insight into the origin of
these observations, modifications of the oxygen sublat-
tice were investigated by Raman spectroscopy (Fig. 6).
There are indeed indications in the literature that mod-
ifications of oxygen sublattice induced by the insertion
of ZrO2 into the CeO2 lattice do occur [14]. All the
three samples show a strong band at 473–478 cm−1,
which is attributed to the single Raman active mode
of F2g symmetry allowed for perfect fluorite lattice
[15]. However, the presence of weak bands approxi-
mately at 300 and 135 cm−1 is an indication of a par-
tial breaking of Fm3m symmetry due to a tetragonal
displacement of the oxygen atoms from the tetrahe-
dral sites [16]. Such spectral features are therefore at-
tributed to the presence of at′′ phase, which is tetrag-
onal phase with the axial ratioa/c equal to 1 [16].
There are however some subtle differences in the three
spectra. The increase of intensity of theF2g mode at

477–478 cm−1 after the oxidative aging is consistent
with a sample sintering, which apparently leads to a
relatively ordered situation of the oxygen polyhedra
around the cations [17,18]. In contrast, the broadF2g
feature observed in the HS sample suggests a partial
breaking of the selection rules due to the small particle
size, leading to peak broadening [17]. The same ex-
planation, however, does not hold for the SR sample,
which is sintered to the same degree as the LS sample.
Accordingly, the broadening of the band at 473 cm−1

in the spectrum of the SR sample is indicative of the
breaking of the local symmetry around the cations,
suggesting either a high structural disorder in the cubic
oxygen sublattice or different geometry of the M–O
bonds [14,19]. We suggest that such a phenomenon,
which may generate loosely bound — mobile — oxy-
gen atoms in the lattice [14], could be responsible for
the improved redox properties of the SR sample.

3.7. High resolution electron microscopy

As a complement to the Raman characterization,
the three oxides were also investigated by HREM.
Two representative images obtained through this study
are reported in Fig. 7. The LS sample shows a typi-
cal image of a fluorite type structure as confirmed by
the digital diffraction pattern (DDP) obtained from it
and reported in the inset. After the severe reduction
treatment (SR), a new phase is frequently observed in
which at least some of the linear unit cell dimensions
double in size as shown in Fig. 7. This could be caused
by displacement of O ions from the fluorite positions,
ordering of the Ce and Zr cations or both of these in
concert. This doubling effect has never been observed
in the HS and LS samples. At the present we do not
have clear evidence to which extent this phenomenon
can be related to the redox properties of the SR sam-
ple, however, it should be noted that formation of dif-
ferent CeO2–ZrO2 phases under reducing atmosphere
has been reported [20,21]. Work is in progress to elu-
cidate this point.

4. Conclusions

1. The effect of high temperature treatment un-
der both oxidizing and reducing conditions
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Fig. 7. HREM micrographs of the LS and SR Ce0.68Zr0.32O2 samples with corresponding DDPs inset.

on a Ce0.68Zr0.32O2 oxide sample has been
investigated.

2. Aging in air leads to a sample (LS) that shows
slow kinetics for both reduction and re-oxidation
processes. In contrast a severe reduction treatment
leads to an oxide (SR) which presents high capa-
bility to both release and take up oxygen, as de-
tected by TPR, TPO, OBC, OSC and magnetic
balance experiments.

3. The improvement of the redox behavior of the
SR sample compared to the HS and LS is related
to the occurrence of redox processes at moderate
temperature. Modifications of the oxygen sublat-
tice are suggested to be responsible for this im-
provement. In contrast, a high temperature reduc-
tion (up to 1273 K) leads to an equal degree of
reduction, in agreement with a phase stability of
these mixed oxides under the present experimen-
tal conditions.
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