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Abstract

High surface area Ce©ZrO, mixed oxides were treated at 900-960ither under wet air or under successive reducing
and oxidizing atmospheres in order to study the evolution of the oxygen storage capacity (OSC) of these solids after different
aging treatments. Several complementary methods were used to characterize the redox behavior: temperature programmed
reduction (TPR) by K, TPO, magnetic susceptibility measurements to obtain th& €entent, FT-IR spectroscopy of
adsorbed methanol and a method to compare the oxygen buffering capacity (OBC) of the oxides.

All the results confirm that the mixed oxides exhibit better redox properties than pure ceria, particularly after aging. The
enhancement in the OSC at moderate temperature has to be related to a deeper penetration of the reduction process from the
surface into the under-layers. Redox cycling aging promotes the reduction at low temperature of all the mixed oxides, the
improvement being much more important for low surface area aged samples. The magnitude of this effect does not depend
on the BET surface areas which have similar values after cycling. This underlines the critical influence that the preparation
and activation procedure have on the final OSC behaviors of the ceria—zirconia mixed oxides. © 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction ognized to improve the catalytic activity, and generally
speaking, it is related to the capacity of a system to
The improved oxygen storage capacity (OSC) of release or to retake oxygen, during the different rich
CeQ—ZrO, mixed oxides compared to Ce@ now or lean phases that occur during the regulation of the
a well established fact [1-6] and justifies their general exhaust gases composition. For ceria supports, several
use for three-way catalysis applications. OSC is rec- factors contribute to decrease the OSC during aging,
and sintering may be one of the important causes for
"+ Corresponding author. Tekt334-72-43-15-87: the_z OSC_: loss [7]. However, for cerig—zirconia mixe_zd
fax: +334-72-44-81-14. oxides, it was observed that an aging or a reduction
E-mail addressvincent.perrichon@univ-lyonl.fr (V. Perrichon) treatment at high temperature is beneficial for OSC
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Table 1

[8-10]. Therefore, the objective of this study is to . o .
General properties of the ceria—zirconia mixed oxides

know further how the OSC is modified when these

systems are submitted to classical aging under air or Sample Molar Number of Sger

to successive redox cycles at high temperature. composition redox cycles  (hy™)
The term OSC itself, or more generally the redox Ce (at.%) Zr (at.%)

properties, may cover different characteristics of the - 100/0-Hs 100 0 0 100

oxides and there is no means to measure OSC in an
absolute way since it depends on the technique and the
conditions of measurements. However, the redox state €Z-80/20-HS ~ 80.2 19.8 0 111

CZ-100/0-LS 0 20

of an oxide can be characterized by several distinct ; ig
parameters such as the oxygen released, the oxygen
vacancies or the number of &eions. The oxygen  CZ-80/20-LS 0 15
species involved in the processes may also concern the é ig
surface or/and the bulk, be desorbed at high tempera-
tures or require a reductant. Also, the kinetics of reduc- Cz-68/32-HS  68.2 318 1 0 61300
tion or oxidation may vary with the aging treatments. 3 o8
Therefore, to investigate in detail the different aspects

: L o : . CZ-68/32-LS 0 23
of OSC of a series of ceria—zirconia mixed oxides, it 1 21
is hecessary to use complementary techniques in or- 3 20
der to characfterlze them with certainty. In this study, CZEOE0.HS 50 50 0 106
several experimental methods were used to character- 1 a1
ize the redox behavior of these mixed oxides: TPR 3 22
with a classical TCD detectqr or couple_d_ \_/vith amass -, como.Ls 0 21
spectrometer, TPO, magnetic susceptibility measure- 1 18
ments to obtain the G& content during redox treat- 3 17

ments, FT-IR spectroscopy with a methanol probe al-
lowing characterization of the surface and a method
to compare the oxygen buffering capacity (OBC) of
the oxides, i.e. the amount of oxygen of the oxide that
can be exchanged with the surrounding atmosphere.their textural and structural characterization are given
We present the results obtained after high temperatureelsewhere [11]. Their exact compositions are given in
aging (900-95€C) either under oxidizing or reduc- Table 1 with their BET surface areas.
ing atmosphere in order to reproduce the exhaust gas In order to minimize the differences between the
oscillations between fuel lean and fuel rich composi- samples studied by each laboratory, standard aging
tions. In order to have cubic or related to the ceria cu- treatments were applied to the oxide samples.
bic phase starting materials [11], the study was limited 1. The LS samples were prepared by aging the initial
to mixed oxides with a Ce contept50 at.%. HS oxides for 140 h at 90C€ under wet air and then
cooling to ambient temperature (rt). The BET sur-
face area was lowered to abouti2®n? g~ (Table

2. Experimental 1). Note that the surface area obtained with ceria is
rather high (20 rAg—1) and comparable to those of
The starting Ce@-ZrO, oxide samples were sup- ceria—zirconia. From the literature, it is known that

plied by Rhodia. In addition to pure ceria, three mixed ceria exhibits a rather low thermal stability. For ex-
oxides were studied corresponding to the following ample, in a previous study on another ceria sample
nominal compositions expressed as Ce/Zr molar ratio, from Rhéne—Poulenc, it was observed that the sur-
CZ-80/20, CZ-68/32 and CZ-50/50. The initial solids face area dropped from 115 to 5! after a less
were homogeneous and their specific surface areas severe treatment (6 h at 88D under air) [12]. The
were close to 1004y~ (HS samples). Details on higher stability obtained in the present study after a
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thermal treatment at 90C must be attributed toan  the magnetic susceptibility was calculated according
improved preparation process as described in [13]. to the usual procedure and after extrapolation at infi-

2. A second aging procedure based on redox cycling nite field [15]. The percentage of €ewas calculated
was applied to the HS and LS series. It consisted of using the Curie-Weiss law determined on,Og[16].
1 h reduction at 95CC under a flow of H(5%)/Ar, The OBC technique consisted of injecting 0.25ml
followed by a treatment under Ar at the same tem- pulses of Q(5%)/He at high frequency (0.1 Hz) into a
perature and cooling to rt. Afterwards, the oxidiz- flow of He (60 mImirr1) passing through the sample
ing part of the cycle was carried out by heating for (200 mg). The oscillations in the oxygen pressure were
1h at 550C under flowing Q(5%)/He and then  followed by a TCD device. The attenuation of the
low cooling under the same atmosphere toI50  signal was a measure of the OBC, ranging from 0 to
and desorption at this temperature. This cycling 100% [17]. The measurement was done between rt
treatment was carried out either once or three times and 900C.
(referred as 1C or 3C). As shown in Table 1, the  Forthe IR studies of adsorbed methanol, the sample
surface areas of the HS samples decreased signif-was pressed into a disk (ca. 10 mgci All the acti-
icantly after the successive redox cycles, whereas vation, reduction and adsorption treatments were per-
almost no change was observed for the LS series. formed in situ in a quartz cell. Spectra were recorded
Before each experiment and for each technique, the at rt with a Nicolet Magna 550 FT-IR spectrometer

sample was also systematically pretreated accordingand treated using the Nicolet OMNI® software.

to the standard conditions defined previously [14]. In

fact, they correspond to those adopted for the oxidiz-

ing part of the redox cycle, i.e. heating in a flow of 3. Results

02(5%)/He at 10C min— up to 550C (1 h) and then

cooling to 150C for evacuation. In this way, a re- 3.1. TPR study of the reducibility of the mixed oxide

producible oxidation state could be obtained for the

oxides with an almost clean surface. In the case of Fig. 1 gives the TPR profiles obtained with TCD

the magnetic balance, the samples were evacuated di-analysis on the CZ-LS samples, i.e. after aging the HS
rectly at 550C after the oxidation treatment, since no

significant change in the G content was observed
after evacuation at 150 or 5%50.

The TPR experiments were carried out by passing
H,(5%)/Ar at a flow rate of 25 mI min® (heating rate
10°C min~1) from rt to 1000C over the standardized
oxide (50 mg). A TCD device monitored theyldon-
sumption. Experiments with a mass spectrometer were
performed to confirm the results by analyzing the wa-
ter formation. Oxygen uptake measurements were also
performed in the same system by injecting oxygen
pulses (0.125ml) every 75s on the catalyst, either at
rt or at 427C.

Magnetic susceptibility were obtained using a Fara-
day microbalance in order to follow the reduction
of the diamagnetic C& ions of the mixed oxides
into paramagnetic ¢ species. After the standard
pretreatment, the reduction was performed step by
step for 1 h at different increasing temperatures under
H2(5%)/He flow. The maximum temperature studied
was 700C. Each measurement was done after cool- Fig. 1. comparison of the TPR profiles of the ceria—zirconia LS
ing the sample at rt under the same atmosphere andsamples.

100/0
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0 200 400 600 800 1000
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samples under air. The curve for ceria presents two
peaks at 480 and 896. In a simple approach, they |
can be attributed to the successive reduction of the
surface and the bulk of ceria [18,19]. For the mixed
oxides, only one peak is observed, with a maximum at
570-590C, the temperature of which increases with
the zirconium content. At higher temperatures, some
H» consumption can be noticed, but with a lower ex-
tent than for ceria. The TPR profiles also show that
for the CZ samples the Hconsumption starts at lower
temperatures than for ceria and that if the main peak
can be tentatively adjusted in two peaks, there is no . . . .

. .. . 0 200 400 600 600 1
evident distinction between the surface and the bulk Temperature (°C)
as it is for ceria. Since the surface areas of the LS ox-
ides are not very different, it is clear that compared
to ceria, the main peak corresponds to a much higher
H, uptake than that needed for the surface reduction. I
It implies that several layers of the mixed oxide con-
tribute to this peak and that the mobility of the involved
oxygen atoms, although originated from the bulk is
close to that of the ceria surface. It must be mentioned
that these features are identical to those observed for
the initial CZ-HS samples, except the intensity of the
main H, peak which is lower for the aged oxides [20]. | TPR1

The influence of redox cycles was studied in situ by
performing the reoxidation at 42C at the end of each
TPR, after 30 min at 100€ (15 min under H(5%)/Ar 2 20 40 &0 80 1
and 15 min under pure Ar). Figs. 2 and 3 are related to Temperature (°C)
the consecutive TPR carried out on CZ-100/0 and 0N ¢y 5 consecutive TPR performed on CZ-100/0-HS and
CZ-68/32 chosen as typical examples. Both HS and ¢z-100/0-LS cerium oxide. After each TPR up to 1000 the
LS samples were examined in order to study the influ- samples were reoxidized at 427.
ence of the surface area. For ceria, the profile for the
HS sample is almost the same as already observed for
a similar oxide [21]. Itis clear that decreasing the sur-  For the CZ-68/32-HS and LS samples, there is
face area from HS to LS lowers the hydrogen uptake essentially one peak at 570 followed by a weak
of the low temperature peak. The small differences in hydrogen uptake at high temperature, stronger on the
the profiles and the nonsymmetrical shape of this peak CZ-68/32-LS sample compared to CZ-68/32-HS. It
can be attributed to the presence of impurities as car- indicates that to fulfill the reduction, higher reduction
bonates held by the ceria surface [19,21]. For both HS temperatures are required for the low surface area
and LS samples reduced at 1000 the TPR 2 and  sample. This lower reducibility is probably ascribable
TPR 3 profiles give evidence of the almost complete to the change in the texture of the solid. The slight
elimination of the low temperature surface reduction structural modifications of the sample observed after
peak, whereas the peak related to the ceria bulk re-the treatment at 90C under air may also be con-
duction remains almost unchanged throughout the cy- sidered [11]. During the successive TPR, the peak at
cles. The absence of a surface reduction peak accounts70°C practically remains unchanged in its position
for a strong sintering of ceria reduced at 1000in and its intensity, but develops a shoulder on the low
agreement with the low thermal stability previously temperature side, evidencing an improvement of the
observed for Ce®under reducing conditions [12]. reducibility after redox cycling. It must be underlined
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better for the LS mixed oxide. Thus, although the ini-
tial oxidizing treatment at 90C of the HS samples
decreases its reducibility, it seems to be favorable for
the subsequent reducibility improvement obtained
after redox cycling.

3.2. Quantitative and kinetic aspects of the OSC

To avoid artifacts due to $adsorption/desorption,
we have directly measured the OSC by oxidizing the
sample at 427C after each TPR run [2]. Preliminary
experiments were carried out by introducing oxygen
pulses at rt until no more Ouptake was detected
and then by performing a TPO up to 10@ It was
observed that most of the oxidation took place at rt,
with some complementary oxidation at around D0
Complete reoxidation was obtained at 4€7for all
the samples, i.e. no additional,Qvas adsorbed by
the oxide at higher temperatures. Thus, the up-
takes at 427C can be considered as a measure of the
OSC-1000C, i.e. the amount of oxygen vacancies cre-
ated by the reduction at 1000. The results are given
in Table 2 for all oxides studied. Three main conclu-
sions can be established:

e The OSC after reduction at 1000 is not modified
by aging under air or redox cycling at high tem-

600
Temperature (°C)

Fig. 3. Consecutive TPR performed on CZ-68/32-HS and
CZ-68/32-LS ceria—zirconia mixed oxide. After each TPR up to
1000°C, the samples were reoxidized at 427

that, at the same time, the BET surface area of the
CZ-68/32-HS sample decreases from 100 to 63 and
28nm? g1 after one and three redox cycles, respec-
tively. Thus, improved redox properties are obtained
in spite of a much lower surface area, indicating the
absence of a direct relationship between the BET sur- e
face area and the redox properties. The same observa-
tions can be seen for the CZ-68/32-LS sample. In this
case, the BET surface area does not change (from 23
to 21 n? g~ 1) but the low temperature reducibility of

the oxide is improved by redox cycling, as evidenced e
by a pronounced shoulder appearing at 3502€0&n

the TPR profile. Moreover, the comparison between
the profiles for the HS and the LS samples indicates
that the improvement at low temperature is much

perature although the BET surface area has largely
decreased. This absence of variation has to be re-
lated to the high temperature reduction, since it has
been shown in Figs. 2 and 3 that the TPR profiles
exhibit no marked difference far>800°C. Thus, at
1000°C, the maximum of transferable oxygen has
been achieved and it does not vary with aging. The
only exception is the case of CZ-50/50-LS sample,
for which aging has decreased significantly the OSC
value. It could be related to structural changes since
the transition from a cubic to a tetragonal structure
is observed at this composition [11].

OSC is higher for the mixed oxides than for ceria.
Moreover, expressed per gram of oxide or on a mo-
lar basis (CgZry_,,O,), it does not vary too much
for zirconium content comprised between 20 and
50%.

If OSC is expressed in the €& ion content, the
reduction percentage at 10@ increases with the
zirconium content, evidencing the influence of the
chemical composition on the reducibility of the
cerium ions.
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Table 2
O, uptake measured at 422 for the CZ-HS and CZ-LS samples subjected to TPR up to AD0O0
Sample Number of redox cycles 2Qiptaké (mmolg1) X in CeuZri_, O.P Ce*t (%)
CZ-100/0-HS 0 0.55 181 37.9
1 0.57 1.80 39.5
2 0.57 1.80 39.2
CZ-100/0-LS 0 0.58 1.80 40.2
1 0.58 1.80 40.1
2 0.55 181 37.6
CZ-80/20-HS 0 0.67 1.78 54.2
1 0.70 1.77 56.7
2 0.69 1.78 55.9
CZ-80/20-LS 0 0.69 1.78 55.9
1 0.68 1.78 55.5
2 0.70 1.77 56.5
CZ-68/32-HS 0 0.72 1.78 65.8
1 0.73 1.77 67.5
0.72 1.77 66.7
CZ-68/32-LS 0 0.72 1.77 66.2
1 0.71 1.78 65.3
2 0.72 1.77 66.2
3 0.73 1.77 67.2
CZ-50/50-HS 0 0.74 1.78 87.1
1 0.73 1.78 86.5
2 0.73 1.78 86.5
CZ-50/50-LS 0 0.62 1.82 73.1
1 0.65 1.81 76.6
2 0.66 1.81 78.0

astandard deviatiorn:=0.01 mmol gL.
b Estimated from the @uptake.

Differences between the samples were also ob- different temperatures between rt and 700n flow-
served in the kinetics of reoxidation at 427, Fig. 4 ing Ho(5%)/He using magnetic balance. The forma-
gives the cumulative @uptakes expressed in mmol tion of oxygen vacancies ¢y can be associated with
O, per mmol oxide vs the number of pulses in the the reduction of C& ions into Cé" ions according
case of the LS series. The reoxidation process is to the following reaction:
slightly slower for the 80/20 and 68/32 compositions i o o+
than for pure ceria or the CZ-50/50. Compared to the 2C€™ + 07 +Hz — 2Ce™ + H20+ Vo

initial HS samples, it was found that the LS samples Thys, by determining the magnetic susceptibility and
have slower reoxidation kinetics. Moreover, the O  then the C&" content, one can estimate the corre-

uptake rate slightly decrgases aft.er the se.cond and thesponding OSC. Moreover, with 1 h reduction time at
third TPR at 1000C. This trend is opposite to that  each step, one can consider that a quasi-equilibrium
observed for the reducibility behavior, since redox (Osc at each temperature is obtained. It must be men-

cycling promotes the reduction. tioned that for better precision, the measurements were
performed at rt under HHe. The reversible K ad-
3.3. Magnetic balance study sorption process which may account for only a few

percent in the C& content [22] was not taken into
The OSC was measured by determining thé'Ce  account in the present study and its contribution ne-
ion content of the mixed oxides after 1 h reduction at glected in the OSC values reported hereafter.
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Fig. 4. Cumulative evolution of the Ouptake during the pulse  decreases the surface area by a factor around 5, and at
experiments carried out over the CZ-LS oxides at°427 the same time diminishes the redox properties.
The influence of redox cycling was studied on the
68/32 and 50/50 compositions. Although submission
The results concerning the LS samples are given of CZ-68/32-HS to three redox cycles induces a de-
in Fig. 5 and compared with those determined in the crease of surface area from 100 to 28gn’, no
same conditions on the HS series [20]. In agreement change in the reduction percentage is observed after
with the TPR results, the reducibility of the oxides in- cycling for reduction temperature lower than 3680
creases with the zirconium content. Moreover, at mod- (Fig. 6). At higher temperatures, the reducibility is
erate temperatures, the reducibility of the LS mixed slightly higher for the recycled sample, in agreement
oxides is clearly lower than that of the HS samples. with the appearance of a shoulder on the TPR profile.
Thus, aging the HS mixed oxides under air at 900  For the oxide CZ-50/50-HS-3C (Fig. 7), the begin-

100

® 901 [=sozons 90
g i omm 29 rewon
s 70+ A 68/32-LS @ 70 - |—*—50/50-HS (Recycled 3x)
3 60 —e—50/50-HS 2 60 -
g 50 |[~o-sosoLs ?’ 50
o —%—100/0-HS )
s 497 g 40 -
E 2?, S 30
€ 4. % 20 -

0 - 10 -

0 200 400 600 800 0 %= ¥ T T
Reduction temperature (°C) 0 200 400 600 800

Reduction temperature (°C)
Fig. 5. Cerium reduction percentages (1080€e*t +Cett) of
the CZ-LS and HS mixed oxides determined from the magnetic Fig. 7. Cerium reduction percentages (108Q€e*t+Ce*) vs
susceptibility as a function of the reduction temperature (1h at reduction temperature of the CZ-50/50-HS mixed oxide: influence
each temperature). of three redox cycling.
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ning of reduction starts at a higher temperature, but
an improvement of reducibility is observed for high
reduction temperatures. Thus for the HS samples, re-
dox cycling slightly improves the reducibility in spite
of a lower BET surface area.

This enhancement is much more important for the
LS series. Between 200 and 5@ the reduction per-

centages, and therefore the OSC values, are even much

higher than those observed for the corresponding HS
samples (Figs. 8 and 9). The improvement of reducibil-
ity is observed after only one redox cycle, as evi-
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Fig. 9. Cerium reduction percentages (1080€e**+Ce*t) vs
reduction temperature of the CZ-50/50-LS mixed oxide: influ-
ence of the number of redox cycling and comparison with the
CZ-50/50-HS sample.
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denced for CZ-50/50-LS-1C (Fig. 9). It is clear that
the reducibility of the recycled mixed oxides is not
controlled by the BET surface area.

TPO has shown that the oxidation of the reduced
solids was occurring readily at rt. We have checked this
point by introducing oxygen (6 kPa) at rt in the mag-
netic balance on the sample after reduction at’@0
and desorption under vacuum at 700 Table 3 gives
the residual C& percentages after reoxidation of the
samples at 25C and after heating at 55Q, always
under 6kPa @. All the reduced samples were eas-
ily oxidized by oxygen and the oxidation was nearly
complete at 25C for the HS samples while an addi-
tional heating treatment under oxygen was necessary
to achieve full C&t oxidation of the LS series and the
recycled samples. In addition to the aging treatment,
the chemical composition also influences the extent
of reoxidation at rt. The latter increases when Zr con-
tent decreases. For CZ-50/50-LS, almost 10% of the
cerium ions remain in the Gé state after oxidation
at rt. This relatively high content of cerium ions still
remaining in the reduced state undes & rt, again
gives evidence of the slower reoxidation kinetics after
redox cycling, contrary to the reducibility behavior.
It is quite possible that the migration of the oxygen
species is favored during the reduction step because
reduction expands the structure due to the bigger size
of the C&* ion compared to the G& ion. On the
contrary, when oxygen is introduced on the reduced
sample, the oxidation of the first surface layers prob-
ably contracts the outer lattice, thus inhibiting the mi-
gration of oxygen in the bulk. It can also be supposed
that since H is a partner of the reduction, the diffu-
sion of OH species could be favored compared to that
of oxygen. However, as shown below, the same im-
provement of the redox properties after cycling is ob-
served with the OBC measurements, although they are
performed in the absence of hydrogen. Consequently,
this second hypothesis does not seem determining.

Table 3 gives also the oxygen loss of the oxides after
reduction at 700C calculated from the Gé percent-
ages. These OSC values are a little lower than those
obtained for the samples issued from TPR. It is con-
sistent with the lower reduction temperature applied in
the magnetic balance (700 instead of 100) Calcu-
lated in mmol Q per gram of oxide, the highest OSC
at 700C was obtained for CZ-68/32-LS recycled 3
times (0.74 mmol gb).
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Table 3
Ce** percentages obtained after reduction at°TD@inder H(5%)/He, then after oxidation under oxygen (6 kPa) of the reduced samples,
at 25C and after oxidation at 55C

Sample Treatment conditions
After reduction at 700C At 25°C under Q After oxidation at 550C
under H(5%)/He (6 kPa), C&" (%)2 under Q (6 kPa), C&" (%)?
Ce*t (%) O, los® (mmolg1)

CZ-100/0-HS 21.2 0.308

CZ-80/20-HS 54.6 0.675 1.3 0.8

CZ-68/32-HS 65.1 0.709 15 0.7

CZ-50/50-HS 77.2 0.654 2.2 1.7

CZ-80/20-LS 44.0 0.544 1.9 1.1

CZ-68/32-LS 49.0 0.534 5.2 11

CZ-50/50-LS 56.0 0.474 9.9 2.6

CZ-68/32-HS-3C 67.5 0.735 6.1 15

CZ-50/50-HS-3C 83.6 0.708 5.0 1.7

CZ-68/32-LS-3C 61.1 0.665 3.3 14

CZ-50/50-LS-3C 71.3 0.604 2.6 0.8

aEstimated from the magnetic susceptibility measurements.
b Calculated from the Ge percentages.

3.4. OBC measurements available for redox processes at high temperature. Be-
fore running the OBC experiments, the samples were

The redox behavior of the CZ mixed oxides was always submitted to the in situ standard pretreatment.
also investigated by using the OBC technique in which  For ceria, no OBC can be measured below°@50
pulses of Q(5%)/He are injected every 10 s into aflow for which the value is 5%. For the initial mixed oxides
of helium passing through the mixed oxide [17]. Due (HS series), the OBC is much higher and reaches val-
to the interactions of the oxide with oxygen, the os- ues close to 80% at 960G [20]. As shown in Fig. 10,
cillations become attenuated and this attenuation mea-aging the HS samples at 90D under air to obtain the
sures the OBC. OBC is expected to increase with tem- LS series lowers the OBC. The OBC also decreases
perature, since more oxygen is supposed to becomewhen Zr content increases.
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Fig. 10. OBC of the CZ samples measured at different temperatures: effect of aging under air and of the zirconium content.
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Fig. 11. OBC of the CZ samples measured at different temperatures: effect of redox cycling on HS and LS samples.

Redox cycling has a negligible effect on the OBC Ce*t [23,24]. The peak around 1065 cris assigned
measured on the CZ-68/32-HS oxide in spite of a de- to bridged species [23,24]. The reciprocal intensity of
crease of the surface area. At the same time, cycling the two bands of type | allows us to determine the
increases the OBC of CZ-68/32-LS and CZ-50/50-LS cationic proportion at the surface [25].

(Fig. 11). Therefore, although no similar beneficial ef- After reduction of the sample by hydrogen treat-
fect was found for the CZ-80/20-LS sample, the OBC ment at 673 K, the surface presents the same features
of the aged LS oxides has been improved by redox concerning exposed zirconium cations (Fig. 12B), zir-
cycling. Itis in agreement with the TPR and magnetic conium not being reducible in these conditions. On
balance results mentioned above and again gives evi-the contrary methoxy groups are preferentially twofold
dence of the beneficial effect of the reducing treatment coordinated over G& (peak I, 1080 cnT1), but they
performed during the redox cycling. can also present a band around 1120 tmiue to lin-

ear species over Gé. The reciprocal intensities of |
3.5. Study of the surface by FT-IR measurements  (Ce) and If bands allows us to estimate the surface

reduction degree.

Methanol is a very powerful molecular probe that Thus, in order to give an evidence of a possible
can be used to study the surface of the CZ oxides by change in the surface chemistry when the oxide was
IR spectroscopy. Upon adsorption, it dissociates, giv- submitted to redox cycling aging, we have studied the
ing selective coordination states on Zr and Ce cations, CZ-50/50-HS sample before and after three redox cy-
either in the oxidized or the reduced state. It has been cles. For the sake of clarity, spectra in Fig. 12 are not
found that OCH groups are sensitive to the cationic in the same scale, since the aged sample has a lower
site arrangement and to the reduction grade of the surface area, then a lower number of exposed adsorp-
sample [23-25]. By following the evolution of the tion sites. Nevertheless, it is interesting to notice that
methoxy groups on the surface, it is possible to ob- the integration of the bands due to methoxy species
tain information on the surface composition and on the (both in thevOC or in thevCH stretching ranges) re-
different reduction steps of the oxide. In fact, as illus- veals that the thermal treatment has reduced the num-
trated in Fig. 12A for the CZ-50/50-HS oxide, the band ber of adsorbed molecules by a factor 2.5-3. On the
at 1155 cnm! is due to methoxy groups linearly coor-  contrary surface area has decreased by a factor 5. It
dinated over Zt* [26], while the band at 1105 cnt seems, therefore that we have almost the double of the
represents methoxy groups linearly coordinated over expected methoxy groups on the aged sample.
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Fig. 12. FT-IR spectra of methoxy species on CZ-50/50-HS sample before (dotted lines) and after (full lines) three redox cycles. Methanol
has been adsorbed at room temperature either on the (A) oxidized or (B) reduced surfaces.

The adsorption of methanol on the CZ-50/50-HS tion process from the surface into the under-layers
sample (Fig. 12A) after cycling (3C) reveals a virtu- in agreement with the TPR and magnetic balance
ally homogeneous distribution of Ce and Zr cations results.
on the surface when compared with the fresh sam- When performed on the cycled aged sample, the
ple and suggests that there are no significant differ- OSC measurements have also shown that the re-
ences of surface chemical composition between the ducibility after cycling has increased. However, a
oxides. Nevertheless, a deeper analysis of the spec-quantitative analysis was not possible. In fact, as
tra indicates a slight lowering of the band assigned to described elsewhere [23,28], OSC evaluation by IR
linear species over zirconium, compensated by an in- spectroscopy applied on methanol adsorption is based
crease of the type | (Ce) bandwidth in the cycled sam- on the progressive reoxidation of the surface after
ple. This might suggest that cerium on the surface has introduction of successive well-known doses of. O
slightly increased. A similar phenomenon can also be In the case of the cycled sample, oxygen introduction
observed on the reduced sample (Fig. 12B). Further- leads to a sudden reoxidation of the surface, with local
more, the overall, even if only slight, widening of the heat releasing and the consequent probe destruction.
bands in the cycled sample and the small decrease ofTo avoid this problem, we have tried to use a weaker
the | (C&+) feature could reveal a more heterogeneous oxidizing agent, such asA0. In this case methanol
surface. resists on the surface, but we cannot obtain a complete

Concerning the reduction process itself, the study reoxidation of the sample without heating it at least
of the shift in thevOC stretching wave number and at 100C under oxidizing atmosphere. In any case
of the overall intensity of this band has shown [27] the OSC value measured before the reoxidation limit
that on the initial CZ-50/50-HS, the reduction by hy- at room temperature is higher than for the untreated
drogen begins at 25C. A stable highly reduced state sample when reduced in the same conditions.
is reached at ca. 28C and is maintained at least up These results show that cycling could produce a sur-
to 600°C, independently from bulk reduction. The face with higher reactivity and, at the same time, a
OSC measured on this mixed oxide after reduction at bulk-like more stable reduced state. Perhaps a struc-
300°C corresponds to that obtained at 5GCfor pure tural distortion towards G®s3 phase or the formation
ceria, suggesting a deeper penetration of the reduc-of a superstructure should be hypothesized, as FT-IR



384 F. Fally et al./Catalysis Today 59 (2000) 373-386

skeletal analysis seems to suggest. An investigation in  For the LS series, i.e. HS samples aged under air, re-
this sense is in progress. dox cycling improves the redox properties by increas-
ing the reducibility at mild temperaturd £500°C),
despite the surface area remaining constant. After
4. Discussion three redox cycles, the improvement is very signifi-
cant, and the OSC at mild temperature becomes the
The objective of this work was to put together an highest among the studied samples, including the HS
ensemble of techniques to study in detail the influ- series. Thus, the oxidizing aging treatment at “@D0
ence of aging on the redox properties of ceria—zirconia of the HS samples would be a favorable parameter
mixed oxides. The first point to underline is that the in the subsequent reducibility improvement obtained
data obtained by TPR, OSC, OBC or magnetic bal- on redox cycling. This observation can be paralleled
ance are complementary and lead to convergent con-with the results obtained previously for CZ-68/32-LS
clusions. In particular, the concordance of the results which exhibits reversible changes in its redox prop-
obtained by TPR-TPO and magnetic balance clearly erties by alternating the reoxidation temperature after
shows that the measured Teions content are asso- reduction at 950C [29]. Thus, after reduction at
ciated with the formation of oxygen vacancies in the 950°C under pure K, the sample reoxidized at mild
oxide. The IR and OBC results do not allow a direct temperature (55@) exhibited better redox proper-
comparison of the OSC values because they concernties than if reoxidized at high temperature (960Q.
essentially the surface. However, the results obtained This change in the redox properties was reversible
by adsorbing methanol on the reduced oxides show and could be reproduced several times. In the present
that the reduction of the surface is achieved at lower study, before each measurement, all the samples were
temperature on the mixed oxides than on ceria. This standardized by an oxidizing treatment at 427850
conclusion is in agreement with the bulk techniques i.e. a mild oxidation treatment. After such a standard-
which indicate a high mobility of the oxygen species ization, one should therefore obtain optimized redox
not only at the surface but also in the bulk, this mo- properties for all the oxides. Consequently, the im-
bility increasing with the zirconium content. provement observed after the redox cycles must cer-
This mobility also is modified by aging treatments. tainly be attributed to the reduction step of the redox
Aging under air at 900C the HS mixed oxides with  cycle.
a high surface area decreases the BET surface area by If the pretreatment conditions appear to play a key
a factor around 5. At the same time, the redox prop- role in determining the redox behavior of the resulting
erties are somewhat lowered. Aging the same solids oxides, the chemical composition is also an important
by a redox cycle, including first a reduction step at parameter. It is clear that the reducibility at low tem-
900/1000C and then an oxidation at 427/5%D), leads perature is increased when the zirconium content in-
to very different results. Whereas the BET surface area creases. Thus, introduction of zirconium ions in the
of the HS samples is progressively decreased by the cubic ceria widens the operating window by favoring
successive cycles, the redox properties are preservedhe reduction of the mixed oxide at low temperature.
or even become slightly better as a consequence of On a quantitative basis, OSC is not proportional to the
redox aging. No quantitative data could be obtained Zr content, because the amount of oxygen available
on OSC with IR spectroscopy on the cycled sample for the reduction is associated with the cerium ions
because the reoxidation of the surface was too fast and therefore this number decreases when Zr content
and destroyed the adsorbed methanol probe. However,ncreases. In fact, for the three compositions studied
IR spectra show that almost two times more sites ad- and for one specific type of treatment (aging or redox
sorb methanol on the cycled sample. This suggestscycling), the OSC calculated in mmob®er gram of
that there are more sites able to react on the surface ofoxide at a given temperature are very close. This sug-
the cycled oxide which could explain the higher reac- gests that any mixed oxide with a zirconium content
tivity of this oxide in spite of a much lower surface. between 20 and 50% would give a convenient support
As discussed below, surface composition and surfacefor TW catalysts. This remark is in agreement with
structure are other important parameters. previous observations which indicated that the OSC
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at 400C was the maximum for the intermediate 2O measured after reduction at 10@) more distinct
contents (25-50 mol%) [2]. behaviors are obtained at lower reduction tempera-
In addition to the chemical composition, the surface ture. FT-IR results, using OCGHspecies to probe the
chemistry is another parameter to discuss. As said pre-reduction extent of the sample, are also in agreement
viously, there is no direct relationship between OSC or with this enhanced reducibility and easy reoxida-
OBC and the BET surface area. Moreover, the mixed tion. Thus, for CZ-50/50-HS, the reduction started
oxide do not exhibit a reduction behavior character- at 250C and a highly reduced state of the surface
ized by well separated surface and bulk reduction stepscould be observed at 300, compared to 50@C
as for ceria. These results indicate a high oxygen re- for ceria, suggesting a deeper penetration of the re-
activity in the mixed oxides at low temperature, the duction process from the surface into the under-
difference between the surface and the bulk not being layers.
very great. The high mobility of the oxygen speciesis  After aging of the HS samples under air at 900
confirmed by the easiness of the oxidation of the re- the reducibility of the mixed oxides is depressed to
duced oxides that is almost complete at rt, as shown some extent. More important is the effect of redox
by the low C&" content obtained after reoxidation. cycling which greatly improves the redox properties
Notice, however, that an expanded lattice is present in of both HS and LS ceria—zirconia mixed oxides, but
the reduced Ce£-ZrO, moiety [2]. This mobility has particularly for the LS samples. The redox proper-
been shown to be increased by successive high tem-ties exhibited are independent of their BET surface
perature redox cycles, the effect being stronger for the areas which have similar values after cycling. The
LS than for the HS oxide. Since there is no significant adsorption of methanol on the cycled sample also
change in the BET surface area, local modifications shows that there are almost two times more adsorb-
are probably involved to explain these differences. The ing sites than expected from the surface area values.
results obtained with the methanol probe showed a sur- These observations underline the critical influence that
face cationic distribution not very different between the preparation and activation procedure have on the
the initial 50/50-HS sample and the cycled one. Only surface chemistry and the final OSC behavior of the
a slight enrichment of the surface in cerium ions was ceria—zirconia mixed oxides. It should be recalled that
evidenced. Therefore, the interpretation is far from be- in this respect the reoxidation temperature has a de-
ing evident. However, since the surface composition cisive influence on the reducibility of these systems
could be more heterogeneous, it can be supposed thaf29]. The origin of these modifications of reducibility
the redox treatments induce nanostructural modifica- is under study. IR results indicate that the surface com-
tions which may improve the reducibility of the cerium  position could be slightly more heterogeneous after re-
ions in the first layers of the cycled oxides. XPS, struc- dox cycling. Therefore, the improvement of reducibil-
tural and HREM studies are under progress in the ity of the cerium ions in the first layers of the cycled
CEZIRENCAT network and should help to verify this  oxides could be due to nanostructural changes in the
hypothesis. oxide induced by the successive thermal treatments in
reducing or oxidizing environments. A future publica-
tion from the CEZIRENCAT network, based in partic-
5. Conclusion ular on structural and HREM studies, will discuss this
hypothesis.
Compared to pure ceria, the ceria—zirconia mixed
oxides show improved reducibility, particularly at
mild reducing conditions T<500°C). It is clearly
evidenced by the TPR profiles and the OSC val- Acknowledgements
ues obtained for the HS and LS series and by the
reduction curves obtained in the magnetic balance. The authors are grateful to the European Com-
The OSC values are a function of the temperature mission for the financial support received from the
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