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Abstract

Redox and textural/structural properties of high surface area ceria—zirconia mixed oxides with composition ranging from
0 to 85 mol% of Zr@, have been studied using Raman spectroscopy, X-ray diffraction, textural characterization, magnetic
susceptibility measurements, temperature-programmed reduction and oxidation, oxygen storage and buffering capacity mea-
surements. Special attention was given to the effects of aging under redox conditions.

Correlation between chemical composition, textural, structural and redox properties of the oxides is reported. While for
pure ceria almost no reducibility occurs below 773 K, mixed oxides, independently of their composition, exhibit an oxygen
storage and buffering capacity at low temperature, which remains stable even after several oxidation/reduction cycles. This
improvement with respect to CeQs remarkably high in the oxides with high zirconia content and is not affected by
worsening of textural properties induced by redox-aging. Phase transformation and/or structural modification are detected as
a consequence of the redox treatments, which could be at the origin of such effects. © 2000 Elsevier Science B.V. All rights
reserved.

Keywords:CeQ,—ZrO, mixed oxides; Oxygen storage capacity (OSC); €O, mixed oxides; Temperature-programmed reduction/
oxidation (TPR/TPOQ); Oxygen buffering capacity (OBC); Magnetic susceptibility; Raman spectroscopy; X-ray diffraction

1. Introduction

Ceria—zirconia mixed oxides represent the state-of-
* Corresponding author. Fax:39-040-676-3903. art of the so-called oxygen storage capacity (OSC)
E-mail addresskaspar@univ.trieste.it (J. Kaspar) promoters in automotive exhaust-treatment catalysts

10n leave from Instituto de Ciencia de Materiales-CSIC, Avda. -
Americo Vespucio s/n, Isla de la Cartuja, 41092 Sevilla, Spain. [1]. The ability of CeQ-based promoters to act as an

20n leave from Facultes Universitaires Notre-Dame de la Paix, 0XYgen buffer by r_eleaSi_ng/Uptaking oxygen through
Laboratoire LISE, Rue de Bruxelles 61, 5000 Namur, Belgium. ~ redox processes involving the #dCe*t couple,

0926-3373/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
Pll: S0926-3373(00)00138-7



50 H. Vidal et al./Applied Catalysis B: Environmental 27 (2000) 49-63

i.e. the OSC, provides a way to increase the effi- ‘HS’ indicates that the oxide has a high surface area
ciency of three-way catalysts (TWCs) by enlarging (~100n?g~1), and ‘XX/YY’ indicates the Ce/Zr mo-
the air-to-fuel operating window. Improved stability lar ratio (15/85, 50/50, 68/32, 80/20 and 100/0).
against thermal sintering as well as enhanced redox Ny adsorption/desorption isotherms at 77 K were
properties with respect to CeMave been suggested obtained on a Micromeritics 2100E instrument.
as the main advantages of mixed oxides [2—4]. Temperature-programmed reduction (TPR) and
Despite the large number of investigation on the ori- oxidation (TPO) studies were carried out in a conven-
gin of these improved properties (see for example [1] tional system equipped with a thermal conductivity de-
and references therein), which have been published intector (TCD). The amount of catalyst used was 50 mg
the past, except a few studies carried out on highly in all cases. After a standard cleaning pre-treatment
sintered samples [5,6], a systematic investigation of [13], in Oy (5%)/Ar at 823K for 1h, the samples
the influence of textural properties/composition of the were slowly cooled down to 473 K; the flow was then
mixed oxides on the redox behavior has not been re- switched to Ar (20 miminl) and the samples were
ported so far. A systematic comprehension of the in- cooled down to room temperature (RT). TPR was car-
fluence of texture and pre-treatments upon the redox ried out in a flow of 5% H/Ar (25 mImin—t, heating
properties of the Ce©-ZrO, mixed oxides is nec-  rate of 10Kmirm1) up to 1273K. Then the sample
essary, since it has been shown that both these fac-was held at this temperature for 30 min. The flow was
tors affect such properties [7,8]. In the context of the switched to Ar after 15min at 1273 K, and the sample
CEZIRENCAT® European network project we pre- was then slowly cooled down to 700K (or to RT in the
pared low and high surface area ceria—zirconia mixed case of the TPO experiments). At this point the sam-
oxides, whose textural/structural characterization was ple was re-oxidized by pulses of oxygen (0.125 ml)
reported recently [9]. The aim of this projectis to sys- every 75s. To investigate the effects of redox aging
tematically study Ce®-ZrO, mixed oxides of com-  each reducing/oxidizing sequence was performed
parable textural properties but different compositions. three times. A sample subjected to such experiments
The use of well characterized materials should pro- will be hereafter indicated as ‘redox cycled'. In se-
vide a deep insight into the redox properties of these lected experiments the reduction was carried out up
systems, which are of crucial importance for the de- to 773 or 973K and held at this temperature for 1 h
velopment of an advanced TWC technology [1]. before the @ uptake measurements.
The results on the redox behavior of high surface  Magnetic susceptibility measurements were carried
area Ce@-ZrO, mixed oxides are reported here. An out with a Faraday microbalance coupled with a high
important point, specifically addressed in this paper, is vacuum system. The experimental set up and the pro-
the investigation of the effects of redox treatments on cedure for calculation of the magnetic susceptibilities
the chemical/structural properties of these mixed ox- have been described elsewhere [14,15]. The method
ides. Emphasis is given on the effects of a deep reduc-allows the determination of the content of param-
tion/mild oxidation redox treatments. Such treatments agnetic C&" ion. Oxygen buffering capacity (OBC)
were shown to favorably affect the reduction behavior measurement were employed to determine the ability
of a Ce 5Zrp5s02 mixed oxide [7,10-12]. of mixed oxides to attenuate fast oscillations of oxygen
partial pressure. These experiments, whose principles
and methodology are described in [16], consisted in

2. Experimental injecting 0.25ml Q@ (5%)/He pulses, every 10s, in the
60 mimin~! inert gas stream. The LQcontent at the

CEZIRENCAT oxides were synthesized by Rhodia. outlet of the reactor was measured with a TC detector.
A detailed characterization is reported in [9]. Here- The amount of catalyst used in these experiments was

after they will be referred to as CZ-XX/YY-HS, where  200mg.
FT-Raman spectra were obtained on a Perkin—Elmer

3 CEZIRENCAT is a multi-laboratory project in the area of 2000 FT-Raman spectrometer with a dlode—pumped
three-way catalysis funded by the European Union. Home page YAG laser and a room temperature super InGaAs
http://mww.dsch.univ.trieste.it/cezirencat/index.html. detector. The laser power was 100-500 mW.
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Powder X-ray diffraction patterns were collected on after redox cycles [18]. In all cases hysteresis loops
a Siemens D501 diffractometer (CuxK Indexing of are observed, but the porosity is decreasing upon re-
the XRD peaks and calculation of both unit cell param- dox treatment.
eters and mean crystal size were performed according The change in the isotherm/hysteresis is associated
to criteria described in [9]. with a shift in the pore size distribution to higher pore
diameter as shown in Fig. 2. After consecutive redox
cycles, the pore volume decreases significantly, par-
ticularly for CZ-80/20-HS and CZ-50/50-HS. On the
contrary, the pore size distribution remains almost the
same after redox treatment in the case of CZ-15/85-HS
and a high surface area is measured. Analysis of the
As mentioned above characterization of fresh sam- t-plots revealed no significant microporosity for any
ples have been reported previously [9]. Table 1 reports of the samples (results not shown).
the effect of redox cycles on the textural properties
of the CeQ-ZrO, mixed oxides, obtained from N 3.2. Temperature-programmed reduction, oxygen
adsorption isotherms at 77 K. The textural stability of storage and oxygen buffering experiments
the samples appears relatively low under redox con-
ditions, and significant loss of surface area is already 3.2.1. Temperature-programmed reduction
detected after the first redox cycle (Table 1). Previous  TPR profiles of fresh and redox cycled CZ-XX/YY-
observation on high surface area Geshowed that HS mixed oxides are reported in Fig. 3. All fresh sam-
reducing conditions strongly favor sintering of these ples show essentially a single broad reduction feature
materials [17]. A comparison of the isotherms reported centered around 850 K. In contrast to Geample the
in Fig. 1 shows a significant and progressive modifica- well known TPR profile featuring two peaks at 770
tion of the isotherm going from fresh sample to redox and 1100 K (data not shown), which have been, respec-
cycled ones. This behavior, which is representative of tively, attributed to the reduction of the surface and
the whole series of oxides, shows that the isotherm in the bulk [19]. The temperatures of the peak max-
shape progressively modifies from type IV to type Il ima/shoulders and the overall oxygen uptakes mea-

3. Results and discussion

3.1. Textural study

Table 1
Textural properties of the CEZIRENCAT oxides
Sample Number of SBET 52 Cumulative pore Vmicro Average
cycles (m2g1 (m2g1 volume (cnig1) (ecm*g™1) pore
diameter
A
CZ 100/0-HS 0 100 94 0.204 0.0020 65
CZ 80/20-HS 0 111 105 0.212 0.0003 40
1 25 21 0.198 0.0003 220
3 16 11 0.145 0.0019 260
CZ 68/32-HS 0 100 97 0.259 0.0007 65
1 63 57 0.239 0.0010 98
3 28 25 0.200 0.0010 220
CZ 50/50-HS 0 106 99 0.228 0.0018 55
1 41 36 0.181 0.0016 150
3 22 19 0.158 0.0011 220
CZ 15/85-HS 0 95 95 0.324 0.0006 95
1 67 61 0.310 0.0013 125
3 57 53 0.277 0.0003 120

aSurface area detected frofplot.



52 H. Vidal et al./Applied Catalysis B: Environmental 27 (2000) 49-63

150 -
CZ 50/50 HS
Fresh
100
2
£
e
8 50
> [ P
0 - 1 1 1 i 1
0 0.2 0.4 0.6 0.8
Relative Pressure (P/PO)
120
r CZ 50/50 HS
100 + 1 Redox
°
e
e
]
>
0 0.2 0.4 0.6 0.8
Relative Pressure (P/Po)
120
[ CZ 50/50 HS
100 |- 3 Redox
°
B
£
A
g
>

L n " n
0 0.2 0.4 0.6

Relative Pressure (F’/Po)

Fig. 1. Effect of redox cycling on the adsorption/desorption

isotherms of CZ-50/50-HS.

samples predominantly show a single reduction fea-
ture, albeit some peak tailing or minor peaks are
observed above 900K. This broad, Honsump-
tion at high temperatures could be associated either
with some sample inhomogeneity [20],; Hhdsorp-
tion/desorption or some kind of buyoancy effect, i.e.
baseline derive due to sample sintering/compacting
during the experiment. In the case of CZ-15/85-HS
there is an additional reduction feature at moderate
temperature (around 660 K).

The temperature of the main peak in the TPR ex-
periments over fresh samples slightly shifts towards
lower temperature as the ceria content in the mixed
oxides increases (Fig. 4). Consecutive redox-cycling
significantly modifies the TPR profiles (Figs. 3 and 4).
Consistently with previous reports, all the low tem-
perature redox activity is suppressed after the initial
TPR on pure Ce® (results not shown), due to the
loss of surface area [7]. In contrast, all Ce@rO,
samples preserve their redox properties, which are
even improved by redox cycling (notice the forma-
tion of shoulders at low temperatures for the TPR2
and TPR3 profiles in Fig. 3). The overall picture sug-
gests that reduction in the bulk is improved in mixed
oxides compared to pure CeCFurthermore, despite
the initial high surface area of the samples, the re-
dox processes occurring at the surface and in the bulk
cannot be distinguished under our experimental condi-
tions. As shown in Fig. 3, the most significant change
already occurs in the TPR2 experiment and further
redox-cycling does not further modify the TPR pro-
file. Effects of redox-cycling strongly depend on the
Ce content. Apparently, the formation of the low tem-
perature shoulder/peak is favored by an increase in
the Zr content. In fact, in TPR2 and TPR3 profiles of
CZ-15/85-HS the main reduction feature becomes the
new peak formed around 660 K, which is about 185 K
lower than the main TPR peak in the fresh sample. In
contrast, the TPR spectra of CZ-80/20-HS are slightly
affected by the redox-cycling and the improvement of
the reduction at low temperature is hardly visible.

The temperatures of the peak maxima are plotted in
Fig. 4 as a function of Ce content. It appears clearly
that for equal pre-treatment, the temperature at the

sured after the TPR experiments (total-OSC) are re- maximum of reduction is strongly dependent on the Zr

ported in Table 2.

content. Intriguingly, the effect of Zr content reported

A perusal of TPR profiles and data in Table 2 reveals in Fig. 4 depends on whether fresh or redox-cycled

a number of interesting aspects. Fresh ge00,

samples are considered. In the case of Lethe
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Fig. 2. Effect of redox cycling on the pore size distribution of (a) CZ-80/20-HS; (b) CZ-68/32-HS; (c) CZ-50/50-HS and (d) CZ-15/85-HS.

remarkable deactivation induced by redox cycling is ing the reduction temperature. In fact, it has been
caused by the disappearance of the peak at 770 K —shown that the TPR behavior of these mixed oxides
surface reduction — in the TPR profile of the recycled depends on different factors such as pre-treatment
CeQ. For fresh Ce@-ZrO, mixed oxides samples, conditionsdegree of sintering and phase nature
an increase of Ce content induces a decrease of re-[5,7,21]. An important point, however, arises from
duction temperature, while the opposite behavior is the present observations: irrespectively of the fine de-
observed in the redox cycled ones. This observation tails of the redox pre-treatment, i.e. single or multiple
could interpret some contradictory results reported redox-aging, the reduction behavior is strongly mod-
in the literature. It was reported that either high Ce ified and improved by the first deep reduction/mild
[6] or high Zr [5] contents positively affect the redox (700K) oxidation sequence. In contrast, very minor
activity of CeQ—ZrO, mixed oxides, by decreas- changes are observed in the subsequent redox cycles.
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Fig. 3. Effect of redox cycling on the TPR profiles of (a) CZ-80/20-HS; (b) CZ-68/32-HS; (c) CZ-50/50-HS and (d) CZ-15/85-HS.

3.2.2. OSC and TPO measurements The obtained values are reported in Table 2. In

The total-OSC was measured after each TPR exper-principle, two types of OSC measurements may be
iment by re-oxidizing the samples with pulses gf&@ distinguished: dynamic- and total-OSC [19,22]. The
700 K. This procedure, rather than using ¢bnsump- latter value, which is reported here, represents the
tion, was chosen to avoid artifacts due to surface/bulk maximum amount of transferable oxygen at a given
impurities and/or H adsorption/desorption phenom- temperature. As shown by the data reported in Ta-
ena [21]. At 700K the sample is fully re-oxidizedoO  ble 2, despite the strong change of textural proper-
adsorption is negligible and, therefore, the @ptake ties, the total-OSC appears unaffected by the redox

can be taken as the measure of the amount of oxygencycles, since constant values are observed for all the
vacancies created upon reduction [5]. samples.



H. Vidal et al./Applied Catalysis B: Environmental 27 (2000) 49-63 55

Table 2
Temperatures of TPR peak maxima ang @ptakes measured at 700K over the CEZIRENCAT oxides: effects of TPR/oxidation cycles
Sample Number of cycles Peak maximum (K) 2 Gptake (mmol gt)2 Cet (%)
CZ-100/0-HS 0 790, 1170 0.55 38

1 1130 0.57 39

2 1130 0.57 39
CZ-80/20-HS 0 830 0.67 55

1 790, 865 0.70 57

2 790, 865 0.69 56
CZ-68/32-HS 0 830 0.72 66

1 795, 845 0.73 68

2 795, 845 0.72 67
CZ-50/50-HS 0 835 0.74 87

1 805, 835 0.73 87

2 800, 840 0.73 87
CZ-15/85-HS 0 655, 845 0.26 92

1 670, 790 0.26 91

2 660, 790 0.27 93

aStandard deviatior=0.01 mmol gt
b Estimated from the @uptake, assuming a full re-oxidation of the reduced sample.

Fig. 5a shows that the degree of reduction, ex- three samples upon reduction. This indicates that the
pressed as percentage ofCestrongly increases with  differences in structures of fresh samples, e.g. changes
the zirconium content. Thus, the chemical composi- from cubic to tetragonal (tand t') phase decreas-
tion does have an influence on the reducibility of€e  ing Zr content from 80 to 50 mol% [9], are not re-
sites. However, as shown in Fig. 5b, the dptake af- sponsible for the reduced state of these samples after
ter reduction at 973 and 1273 K is almost the same for reduction at high temperature. At a reduction temper-
samples 80/20, 68/32 and 50/50 indicating that a con- ature of 773K the situation becomes different. The
stant amount of oxygen vacancies is created in theseincrease of the Ce content from 15 to 80 mol% results
in a decrease of G& content for the whole range
of the oxides. However, due to the high Ce content,
the OSC is highest in the CZ-80/20-HS sample. Re-
cently, it was observed that the rate-limiting step of
the reduction of Ce®-ZrO, mixed oxides using bl
as reductant changes with the reduction temperature
[23]. This could account for the different dependency
of OSC upon ZrQ@ content with the temperature of
reduction, reported in Fig. 5b.

The extent of reduction of the CZ-15/85-HS sam-
ple appears to be related to the limited amount of
Cé*t available for reduction, besides the differences
in structural properties. As much as 95% of*Cds
indeed reduced during the TPR experiment.

The re-oxidation process was investigated by puls-
ing O, over the catalysts at 700K and by TPO exper-
iments. The results are reported in Figs. 6 and 7. At
Fig. 4. Temperatures of the maximum reduction rate in the TPR 700K re-oxidation easily proceeds into the bulk in all
profiles as function of the composition. the samples investigated (Fig. 6), even if some subtle

5 ey IR

1050

950 1

Peak Temperatures (K)

850

750

Ce0, Content (mol%)



56
100
1 a R
80
;@ 60
&
[
O 403
| * 773 K
n
20 973 K
A 1273 K
0 T T T T T T T
0 0.2 0.4 0.6 0.8 1

Zr mole fraction

2
b
4
619\%
£
N
L _
Q
(&)
f=
- A
x 1.8 1
773K
#973 K
41273 K
1.7 ———
0 0.2 0.4 0.6 0.8 1

Zr mole fraction

Fig. 5. Cerium reducibility as function of the zirconium content (a)
and amount of oxygen vacancies expressed asCe, Zri_,, Oy;
(b) estimated from the Puptake at 700 K. Reduction temperature
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differences exist. In fact, the cumulative oxygen up-
take linearly increases up to 80—-100% of re-oxidation
in CZ-100/0-HS, CZ-50/50-HS and CZ-15/85-HS
samples, while in other cases (CZ-68/32-HS and
CZ-80/20-HS) deviation from linearity occurs when
about 40% of C& is re-oxidized. A linear increase
of the cumulative @ uptake is an indication that all

the & pulsed over the reduced catalysts is consumed,

indicating that the re-oxidation at 700K is fast and

H. Vidal et al./Applied Catalysis B: Environmental 27 (2000) 49-63

100 A T

o]
o
L !

- (CZ-15/85-HS
—©-CZ-50/50-HS
—&-CZ-68/32-HS
-8-Cz-80/20-HS
=% CZ-100/0-HS

40

20 A 3

Cumulative O, uptake (%)

0 2 4 6 8 10
Number of pulses

12

Fig. 6. Cumulative @ uptake obtained in the re-oxidation at
700K of CZ mixed oxides reduced at 1273 kK )(CZ-100/0-HS;
(0) CZ-80/20-HS; (\) CZ-68/32-HS; O) CZ-50/50-HS and<)
CZ-15/85-HS.

samples suggests that in this case re-oxidatigmjtd
take is relatively slow compared to the residence time
of the G pulse over the catalysk(.04 s). Therefore,

it appears that the chemical composition affects the
rate of the re-oxidation process as well. Noticeably,
the kinetics of re-oxidation of each sample remains
almost invariant with the redox cycling (results not
shown).

Excluding Ce@®, which is known to be easily
re-oxidized [24], the re-oxidation of the mixed oxides
is easier with high zirconium content. This trend is
the opposite of what is observed in the TPR profiles
of fresh samples (Fig. 4), but consistent with redox
cycled samples. Since the oxygen uptake was mea-
sured on samples reduced at 1273K, this behavior
should be preferably related to redox cycled ones.
Accordingly, it appears that the promptness of a sam-
ple to release or store oxygen is best correlated with
the TPR behavior of the redox-cycled samples.

The TPO profiles reported in Fig. 7 indicates that
most of the re-oxidation takes place at RT. Only about
10-25% of the total-OSC corresponds to re-oxidation
occurring around 373 K. No further xOadsorption
was detected above 700K (data not shown). Once
again the oxidation behavior of the CZ-68/32-HS and
CZ-80/20-HS sample somewhat differs from that of
the other compositions as detected by the strong tail-
ing of the re-oxidation peak detected at RT. This is in

easy at any degree of reduction. In contrast, the behav-agreement with a slow kinetic for the re-oxidation of

ior observed for the CZ-68/32-HS and CZ-80/20-HS

these samples.
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(e) CZ-15/85-HS.

3.2.3. OBC experiments

Table 3 summarizes the results obtained from the
OBC experiments. A typical OBC experiment is de-
picted in Fig. 8 for the CZ-68/32-HS sample.

Table 3
Oxygen buffering capacity (%) of the CEZIRENCAT oxides as
function of temperature: effects of redox cycling

Sample Number of cycles 673K 923K  1173K

CZ-100/0-HS 0 0 0 <1
1 0 0 <1
3 0 0 <1

CZ-80/20-HS 0 2 28 78
1 5 34 80
3 5 23 76

CZ-68/32-HS 0 1 34 82
1 6 36 83
3 3 36 85

CZ-50/50-HS 0 5 36 83
1 3 44 85
3 4 46 89

CZ-15/85-HS 0 6 29 72
1 3 36 85
3 6 33

L l 1 1
473 573

Temperature (K)

As shown by the data reported in Table 3, the
ability to attenuate fast partial oxygen pressure os-
cillations of both fresh and redox-cycled samples
increases with temperature, from 673 to 1173 K. The
only exception is Ceg@ which showed only neg-
ligible activity. Except at 673K, CZ-68/32-HS and
CZ-50/50-HS systems are more efficient OBC sys-
tems. A remarkable observation is that the OBC is
unaffected by redox cycling despite the strong de-
crease of the surface area (compare Section 3.1).
Generally speaking under dynamic condition, redox
processes should involve mostly the surface [19]. A
constant OBC or even its improvement upon redox
cycling, is a strong indication that under our experi-
mental conditions bulk/subsurface oxygen atoms are
readily available for redox processes. Notice that the
enhancement of reducibility with redox cycling ob-
served in the TPR experiments is confirmed by the
OBC technique. This suggests that the redox behav-
ior as detected by the TPR profiles is relevant to the
redox processes occurring under dynamic conditions.
The increase of OBC with redox cycling is noticeably
high in the case of CZ-15/85-HS. It is consistent with
its TPR behavior and seems to be correlated with the
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Fig. 8. OBC experiments carried on the fresh

changes in the structure underwent by this sample
upon redox cycling (see below).

3.3. Magnetic susceptibility measurements

Magnetic susceptibility measurements were car-
ried out in a magnetic balance under flowing H
(5%)/He. Reduction (5% #He, 1 h) was carried out
by increasing the reduction temperatures from 298 to
973 K. Magnetic susceptibility measurements were
performed after cooling to RT under the same hydro-
gen mixture. Reduction percentages, calculated on
a [Cet]/[Ce3t+Cée*t] basis, are presented versus
temperature in Fig. 9. The redox properties of mixed
oxides are improved compared to Ce@he reduction
begins at lower temperature and higher reducibility is

100
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Fig. 9. Reduction percentages of the;CgZr, O, solid solutions

obtained from the magnetic susceptibility as a function of the
reduction temperature (1 h at each temperature).

CZ-68/32-HS sample at different temperatures.

observed aT<973 K. In addition, no clear distinction
can be made between the reduction of surface and
bulk ions, in agreement with the TPR results. In con-
trast, a quasi plateau in the reducibility curve of GeO
was found between 770 and 870K [25]. This is con-
sistent with a significantly higher contribution of bulk
oxygen species of solid solutions compared to &eO
The total-OSC obtained from the &epercentage
measured in these experiments lead to the same con-
clusion (Fig. 10). A clear improvement of the OSC is
evidenced for CZ- 80/20, 68/32 and 50/50 mixed ox-
ides compared to CeOThe values obtained for these
mixed oxides are remarkably similar. Concerning the
CZ-15/85 HS oxide, although the cerium ions were

0.80
—X-100/0-HS
-5-80/20-HS
0.60 1
- 68/32-HS
-©-50/50-HS
—-15/85-HS

0.40 1

OSC (mmol O,/g oxide)

0.20

873 1073

673

473

Reduction Temperature (K)

Fig. 10. Oxygen loss (mmol of Oper gram of oxide) estimated
from the C&* percentages for the @e Zr,O, solid solutions
calculated from magnetic susceptibility as a function of the reduc-
tion temperature (1 h at each temperature).
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Table 4
Ce*t percentages (%) obtained after reduction at 973 K undef5%)/He, after oxidation under oxygen (40 Torr) of the reduced samples,
at 298K and after oxidation at 823K
x In Ce_,Zr, O, Ce*t percentagés
Treatment conditions

After reduction at 973K At 298K, under 40 Torr @ After heating at 823K
under K (5%)/He under Q (40 Torr)
0.20 54.6 13 0.8
0.32 65.1 15 0.7
0.50 77.2 2.2 1.7
0.85 93.4 0.1 0.0

ace*t percentages estimated from the magnetic susceptibility measurements.

the most easily reduced in the series of mixed oxides processes occurring both at the surface and in the bulk.
(Fig. 9), its OSC is close to that of ceria due to the lim- In order to get insight to which extent the structural
ited cerium content. After reduction at 973 K the high- properties may be related to this kind of behavior, both
est OSC is obtained for @gsZrp3202 (0.71 mmol fresh and redox cycled catalysts have been character-
O2 per gram of oxide). There is a very good agree- ized by powder XRD and Raman spectroscopy.

ment with the OSC values estimated from the pulse

experiments (Table 2), which indicates that only*Ce 3.4.1. FT Raman spectroscopy

reduction is involved. Fig. 11 reports Raman spectra of fresh and redox

RT re-oxidation of the samples reduced at 973K ¢ycled samples. The attribution of the spectral features
was carried outin the magnetic balance by introducing 155 peen previously discussed for fresh samples [9].
small doses of pure oxygen with a leak valve. Table 4 oy some relevant features are reported here. For Ce
gives the residual G& percentages after re-oxidation  ontent higher then 50 mol%, spectra are dominated
of the samples under 40 Torr ob@t 298K and after 5 strong band at 472-478 ch This band is at-

heating at 823K. tributed to the By vibration of the fluorite type lat-
The re-oxidation is fast and nearly completed at (ice The appearance of weak bands around 300 and

room temperature, the residual Cecontent after  130cnr? has been attributed to tetragonal displace-
oxidation at 298K being lower than 2.2%. After the | ent of the oxygen atoms from their ideal fluorite

treatment at 823K, there is only a small change in |attice positions leading to phasé or t [26]. The

this percentage, confirming that the initial oxidation spectrum of the sample CZ-15/85-HS reveals the pres-
state of cerium in the solid solution is almost restored gnce of small amounts (about 5mol%) ofraZrO,

at RT. The absence of a total re-oxidation observed at non-incorporated into the solid solution during the

RT in the TPO experiment is due to a kinetic control  gynihesis. For a assignation of the bands we refer the
of the re-oxidation in these experiments. reader to [9,27].

Finally, it should be underlined that a good agree-  ag 5 general trend, except for CZ-80/20-HS and
ment is obtained between the reduction extents calcu- ce, (data not reported), redox cycling induces no-
lated from the magnetic susceptibility and the weight jiceaple modifications of the Raman spectra. In the
changes during oxygen adsorption. That also indicates .55e of CZ-80/20-HS (Fig. 11, trace a), they Band

that the oxygen vgcancies forme_d during the redugtion is slightly displaced to higher frequency. Typically,
of the solid solutions are associated with the cerium the insertion of Zr into the CeQlattice shifts the

ions. F2g mode to somewhat higher frequencies compared

to CeQ (465cnT1) due to cell contraction. Loss of
3.4. Structural characterization symmetry of the band at 479 cthwith formation of
a shoulder at about 465 crh is found in the case
As shown in Sections 3.2 and 3.3, the reduction of of the CZ-68/32-HS. Some CeGegregation cannot
mixed oxides and hence dynamic and total-OSC imply be excluded as the origin of this shoulder.
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Fig. 11. Raman spectra of fresh and redox cycled (a) CZ-80/20-HS, (b) CZ-68/32-HS, (c) CZ-50/50-HS and (d) CZ-15/85-HS. (Spectra

multiplied by the specified factor).

The more striking effects of redox cycling are ob-
served on CZ-50/50-HS and CZ-15/85-HS. In the Ra-
man spectrum of CZ-50/50-HS the band at 472¢m
disappears and new bands at 437, 463 and 559 cm
are observed. The band at 463Thrcan tentatively
be attributed either to traces of Cg@r to a shift
of the Rg band. The band at 302cmh shifts to
273cm . This indicates that the original symmetry
(t' or t’ is lost upon redox cycling and new phase(s)
are formed. It is also important to note that the in-

tensity of the Raman spectra of recycled samples is

intensity of the By band [28]. It is conceivable that
sintering of the samples under redox conditions leads
to a perturbation of the local symmetry of the M—O
bond, which breaks the symmetry selection rules
[29].

The strong changes of the Raman spectrum of
CZ-15/85-HS induced by redox cycling (Fig. 11d)
can be related to the disappearance of the monoclinic
phase, originally present in the sample as an impurity,
to form a tetragonal solid solution phase).

far smaller than that of fresh ones. Even though the 3.4.2. X-ray diffraction

intensity depends on several factors including grain

Fig. 12 compares the (111) peak of some of the

size and morphology, it should be reminded that sin- redox cycled samples. The (11 1) peak is progressively
tering of CeQ was shown to sharpen and increase the displaced to larger angles as the Zr content increases
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Fig. 12. X-ray diffraction patterns of some CEZIRENCAT oxides
after three redox cycles.

from 20 to 50 mol%. This is due to a contraction of
lattice cell parameter.

After three redox cycles (Fig. 12), CZ-68/32-HS
consists of an almost pure single phase, indicating
that even if some small segregation could occur, no
substantial change of the XRD pattern occurred. This
is not the case for CZ-50/50-HS where some phase
transformations are suspected. In fact, the broad (111)
peak cannot account for the presence of a single phase.
The presence of minor diffraction peaksg%) in this
sample can be noticed. Furthermore, the XRD pat-
tern of the redox cycled CZ-15/85-HS sample reveals
the presence of new minor phase$fo). These new
phases can be attributed to the presence of two solid
solutions: CgaZrge02 and Ce o5Zrg.9502. In addi-
tion, the presence of CeQalready detected by Ra-
man spectroscopy, cannot be excluded. However, it is
worth noting a small peak correspondingneZrO,,
which was not observed in the Raman spectra.

The correlation of the above results with the re-
dox behavior is not straightforward. We have to take
into account that the situation of the sample in each
redox cycle is different, in terms of surface area, crys-
tallite size and composition. We also have to con-
sider that an oxidative treatment could lead to phase
segregation in CZ-68/32 and 50/50 as it has been es-
tablished from thermal stability studies in oxidative
conditions [30]. On the other hand, some of our unpub-
lished results of the thermal stability iptdtmosphere
indicate that segregation is not observed under such
conditions, except for CZ-15/85-HS. The investigation
of the effects of reducing/oxidizing treatments on the
structural properties of Ce©ZrO, mixed oxides is
still in progress, but it appears clearly that the trans-
formations depend on the pre-treatment. However, the
overall behavior of the samples through redox cycles
indicates that the first redox treatment significantly
modifies the structure and the properties of the ox-
ides. The observed structural modifications indicate
that the adopted redox cycling procedure acts as an ef-
fect of a reducing atmosphere rather than an oxidizing
one.

In conclusion, the X-ray study of CEZIRENCAT
oxides submitted to redox cycles leads to observa-
tions that are in good agreement with the character-
ization performed by Raman spectroscopy. As dis-
cussed above, it is clear that structural modifications
take place, the kind of modification being dependent
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on the composition. Phase separations, however, ap-Acknowledgements

pear to be rather limited because of the prevalently
reducing nature of our treatments.

4. Conclusions

The present study shows that the unusual redox be-

havior, e.g. the promotion of reducibility by redox cy-

cling, appears as a general property of high surface

area Ce@-ZrO, mixed oxides. The degree of promo-
tion depends on Zr content: High Zr contents favor
low temperature reduction of the redox cycled sam-
ples. The study of the re-oxidation process leads to
results, which are consistent with those derived from
TPR experiments. Yuptake kinetics, both at 700 K
and as a function of temperature (TPO), depend on
the composition of the mixed oxide, the re-oxidation
of CZ-15/85-HS being the fastest one, however, they
are unaffected by the redox cycling.

Magnetic susceptibility measurements confirm that

reduction/oxidation processes occur at expenses of the

cet/Cce’t redox couple and that no clear distinction

can be made between surface and bulk reduction in

the mixed oxides.

Finally, structural characterization of redox cycled
samples revealed that the structure of redox-cycled
mixed oxides changes with the composition and treat-
ment. At a high Ce content, e.g. CZ-80/20-HS, only
negligible modifications of the lattice are detected.

More significant structural changes are observed at the

intermediate composition where significant distortions

of the oxygen sublattice are detected. It appears rea-
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