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Oxygen adsorption, activation, and exchange over a wide range
of CexZru—x02 (x=0, 0.15, 0.5, 0.63, and 1) mixed oxides were
monitored by FT-IR spectroscopy. Oxygen adsorption at room tem-
perature on preoxidized samples results in the formation of surface
superoxides (O;) that are well characterized by a sharp band at
1126 cm~L. The variation along the oxide composition of the rela-
tive amount of superoxide species present at the surface, deduced
from the integrated area of this vo_o vibration band, appeared to
correlate with the oxygen storage capacity (OSC) of the oxide mea-
sured at 400°C. Furthermore, 1602’ superoxide species adsorbed
on ceria-zirconia samples were shown to be very reactive and se-
lectively exchangeable to 1802’ species via the so-called multiple
exchange mechanism. The key role of superoxides as “initiators”
and/or “intermediates” in the activation of oxygen prior to further
diffusion on ceria-containing solids is proposed to explain the simi-
larities observed between previous OSC measurements, 160/180 iso-
topic exchange experiments, and the present FT-IR study results.
(© 2000 Academic Press
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1. INTRODUCTION

Ceria-zirconia mixed oxides have been intensively stud-
ied in the past few years. In 1950, Duwez and Odell es-
tablished the first phase diagram of this binary system (1).
Since then the structure of these mixed oxides has been
widely investigated either XRD, Raman spectroscopy, and
EXAFS (2-8). Until now, five different phases have been
identified depending on the cerium content: one monoclinic
phase, three tetragonal phases, and one cubic phase. The
physicochemical properties of these solids have also been
extensively studied. Along with the influence of the prepa-
ration method (9-12), the thermal stability (13-15), redox
behavior (16-20), oxygen storage capacity (21-27), and oxy-
gen mobility (28), as well as catalytic activity (29-37), were
checked.

! To whom correspondence should be addressed. Fax: +335 49 45 34 99.
E-mail: claude.descorme@campus.univ-poitiers.fr.

Despite all of those studies, only a few efforts were made
to characterize the surface reactivity of these oxides. In
fact, Finocchio et al. (38) were the only group to investigate
the surface composition of mixed oxides using FT-IR with
methanol as a probe molecule. CH3;OH adsorption leads to
the formation of CH3O-M"™ species and the frequency of
the vc_o vibration band is characteristic of the M"* cation.
By following the thermal evolution of methoxy surface
species, they evidenced the absence of surface segregation
and subsequent surface enrichment in zirconium or cerium.

Looking at the surface chemistry, the aim of this pre-
liminary study was then to identify surface oxygen species
potentially involved in the oxygen storage process and to
test their reactivity in the exchange pathway. Oxides under
study in this paper have already been fully characterized
by XRD, CO transient oxidation, and O/**QO isotopic
exchange and the results were presented in an earlier pub-
lication (28).

2. EXPERIMENTAL METHODS

2.1. OSC Measurements

OSC measurements were carried out at 400°C in a pulse
chromatographic system described elsewhere (39). The
sample (0.02 g) is introduced in a U-shaped fixed-bed re-
actor and heated to the temperature of the measurement
(10°C - min~?) under flowing He (30 cm®- min~1, less than
1 ppm impurities). The catalyst is then pretreated in situ un-
der O; pulses. After 10 min of outgassing, the injection of
CO pulses (loop volume =0.267 4 0.003 cm?) every 2 min
up to a maximum reduction of the sample (10 pulses) is
followed by another 10 min of outgassing and 5 pulses of
O,. Practically, the OSC was calculated from the amount of
CO, formed after the first CO pulse and expressed either in
micromoles of CO per gram from the CO consumption or
in micromoles of O per gram from the oxygen consumption.

2.2. Oxygen Isotopic Exchange

Isotopic exchange experiments were carried out in a re-
circulated batch reactor coupled with a quadrupole mass
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spectrometer (Balzers QMS 420). The home-made appara-
tus used for these studies was described in earlier publica-
tions (40-43).

On oxide-supported metals, the whole process of ¥0/**0
exchange occurs through a sequence of well-differentiated
steps: adsorption—desorption on the metal particle, transfer
from the metal to the support, and surface migration.

In the case of heteroexchange experiments, pure 20,
is initially introduced in the reactor and the formation of
8080 and %0, is monitored as a function of time. Strictly
looking to oxygen surface migration on oxides, that is, as-
suming no bulk diffusion and no direct exchange, two types
of heteroexchange can occur according to either Boreskov
(44), Winter (45), or Novakova (46):

(i) Simple heteroexchange (type Il, R!, R’). Between
one oxygen atom of a dioxygen molecule and one oxygen
atom of the solid: 80,(g) + 1°0O(s) — 0¥®0(g) + *O(s).

(i) Multiple heteroexchange (type Ill, R?, R”). Be-
tween a dioxygen molecule and two oxygen atoms of the
solid: 180,(g) + %00 (s) — 0,(g) + PO BO(s).

Information on the mechanism of exchange may be ob-
tained from the relative evolution of oxygen isotopomers
partial pressures at the beginning of the reaction. In fact, the
formation of isotopomer 34 as a primary product indicates
that exchange proceeds via a simple heteroexchange mech-
anism (i) while isotopomer 32 reveals a multiple exchange
mechanism (ii). The type of mechanism is also expected
to give some indication of the nature of mobile oxygen
species.

2.3. FT-IR Spectroscopy

FT-1R spectroscopy can be used to identify surface dioxy-
gen species formed upon oxygen adsorption and to study
the reactivity of such entities during oxygen exchange
reactions.

IR studies of O, adsorption were performed using self-
supported oxide wafers (~50 mg). In order to ensure totally
contaminant-free surfaces prior adsorption, the “cleaning”
procedure had to be optimized in agreement with earlier
studies (47). Samples were pretreated in situ in flowing O,
at 400°C over 12 h in order to eliminate any remaining sur-
face pollutants. From CO and CO; adsorption studies on
ceria, surface contaminants were identified to be mainly
carbonates (48-50). After being cleaned the IR cell is evac-
uated for 1 h at 400°C before adsorption studies. Spectra
were collected at a resolution of 4 cm~! on a Nicolet Magna
550 FT-IR spectrometer.

Two types of measurements were carried out: oxygen ad-
sorption and surface oxygen species exchange.

Oxygen adsorption takes place at room temperature.
Oxygen is introduced in the IR cell as successive doses of
18Q,, increasing the pressure from 0.5 to 20 mbar. To follow
the evolution of surface oxygenated species as a function of
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the oxygen pressure, a spectrum is recorded at every given
pressure (0.5, 1, 5, 10, and 20 mbar).

After the adsorption of oxygen (*%0,), the exchange of
the oxygenated surface species with 0, may be followed
by FT-IR spectroscopy to check their reactivity and get in-
sight into the mechanism of such a process. To ensure that
80, is really exchanging with surface oxygen species, and
not directly adsorbing on the surface, the surface saturation
in %0 must be maintained before introduction of ¥0, in the
gas phase. This condition is fulfilled when the 10, pressure
is kept to 0.35 mbar before the introduction of 0, over-
pressures. The exchange between 20, in the gas phase and
surface oxygen species is fast and increases with the ¥0,
overpressure in the IR cell. With the introduction of pure
180, the total pressure is progressively increased t0 0.5, 1, 5,
10, and 20 mbar. A spectrum is recorded at every given 20,
overpressure to follow the evolution of exchanged surface
oxygen species.

All spectra presented hereafter were normalized per unit
of mass. Furthermore, as the spectrum of the sample it-
self after pretreatment is systematically subtracted, every
spectrum corresponds to the spectrum of the adsorbed
phase.

3. RESULTS

3.1. Surface Oxygen Species

Surface oxygen species formed upon oxygen adsorption
on CeyZr1—x02 (x=0, 0.15, 0.5, 0.63, and 1) at room tem-
perature were tentatively identified by FT-IR spectroscopy.

On preoxidized mixed oxides, the formation of surface
superoxide species was systematic and characterized by a
very narrow band at 1126 cm~1. Nevertheless, let us note
that all IR spectra were acquired at room temperature. The
residence time on the surface of such species at 400°C is far
too short to be observed by classical FT-IR spectroscopy.
Indeed, due to their very short lifetime, these species were
not even detectable by EPR above 200°C.

In fact, upon O, adsorption on ceria, the formation of
O, species had already been well characterized by their
O-0 vibration at 1126 cm~! and its overtone at 2237 cm™*
(51-56). Nevertheless, no such study had ever been ex-
tended to mixed oxides. Under our conditions, due to the
relatively high oxygen partial pressure introduced in the
cell, the influence of the oxygen partial pressure was shown
to be negligible. Especially on mixed oxides, the formation
of surface dioxygen species is instantaneous and complete
after the introduction of the first dose of oxygen.

We observed for the first time that the population in sur-
face superoxide species varies with the composition of the
oxide. The relative amount of O, species formed at the ox-
ide surface at room temperature was quantified from the
integrated area of the 1126 cm~! band and normalized per
unit of mass.
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FIG. 1. Correlation between the oxygen storage capacity at 400°C
and the amount of superoxides formed upon oxygen adsorption at room
temperature on a series of preoxidized CexZr_x)O2 mixed oxides (x=1,
0.63, 0.5, 0.15, and 0).

Additionally, our previous measurements on a series of
CexZr1-x0O, samples had confirmed that the introduction
of Zr in the ceria lattice induces an increase of the oxide
OSC (28). In fact, the OSC of Ceg3Zrg370, was measured
to be 4 times larger than the OSC of ceria. An optimum
was commonly observed for CexZr_xO> oxides with x be-
tween 0.6 and 0.8 (21-28). Comparing these results, it was
clear that the OSC measured at 400°C roughly varies with
the population in surface dioxygen species (Fig. 1). In fact,
the optimum superoxide surface coverage is observed for
Ceo.63Zr0.370,. Therefore, it could be postulated that such
O, species may be involved in the oxygen transport and
storage.

Furthermore, this correlation seems to indicate that the
population in superoxides measured at room temperature
is also representative of what is on the surface at 400°C.
The only difference would be the very short lifetime of such
species at 400°C.

3.2. Reactivity of Surface Oxygen Species: Correlation
with Surface Mobility

It was concluded from isotopic exchange experiments
that oxides may exchange their oxygen via different ex-
change processes (28). For example, it was shown that
mixed oxides of any composition predominantly exchange
their oxygen via a multiple exchange mechanism (Fig. 2B).
In fact, we clearly see that, at the beginning of the exchange,
the increase of mass 32 is the fastest. This observation would
mean that both oxygen atoms of the dioxygen molecule are
exchanged simultaneously. So, it appeared interesting to
parallel the predominance of multiple exchange during iso-
topic exchange reactions with the presence of such binu-
clear oxygen species on the surface.
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Inthis study we used FT-IR to test the reactivity of surface
dioxygen species previously identified. The oxygen isotopic
exchange reaction over CeO, and Ceg3Zr3702 was then
tentatively reproduced in the IR cell.

After the first oxygen adsorption at room temperature,
two types of experiments were performed:

(i) Inthefirstcase, inorderto characterize the most reac-
tive species, surface 1605 species were directly exchanged
by 0, and eventually retroexchanged or back-exchanged
with 80,. Practically, the total pressure (**0,) in the IR
cell was reduced from 20 mbar (final adsorption pressure)
to about 0.35 mbar and spectrum 1 was recorded. Overpres-
sures of 80, were then introduced in the IR cell to bring
the total pressure (**0, +*20,) t0 0.5, 1, 5, 10, and 20 mbar
(spectra 2 to 6).

(i) In the second experiment, after the first set of ad-
sorptions, the IR cell was evacuated at room temperature
under high vacuum (10~® mbar) for 1 h. %0, was then
again adsorbed (P=0.5, 1, 5, 10, and 20 mbar) before ex-
change with 10,. Finally the pressure in %0, was lowered
to 0.35 mbar (spectrum 1) and overpressures of 20, (total
pressure=0.5, 1, 5, 10, and 20 mbar) were introduced on

22 o 24

P. 2

5 w| A a:/" 1.9

2 1 & 8

= ~ ’
o 161 - Py L17 0O
Y ry -
3 14 o~ it 15
2 s e g
£ " A A 1a R
= 13 o

B L 1.2

t >

iy L1

L1

0.9

450

™~

®©

a

E

o ]
[

3 -

®

» 3

1] o

T -

o &

_‘—! a

t

©

o

400 410 420 430 440 450
Temperature (°C)
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on CeO; (A) and Ceg 63210 370, (B). Nature of the mechanism of exchange.
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the sample (spectra 2 to 6). In that case only the most stable
oxygenated species remained on the surface.

After oxygen adsorption and exchange, three different
superoxide species could potentially be observed: *°0;,
18080~ and 0O, . Based on a simple theoretical calcu-
lations and earlier studies on ceria (52, 57), characteris-
tic vibrations of *0®0~ and 0, are expected around
1094 cm~! and 1062 cm™1, respectively.

In the first set of experiments we observed that nonla-
beled superoxide species (1602‘) directly convert to fully
labeled superoxide species 0, (Fig. 3). In the spectrum
the 1126 cm~! vibration band entirely disappears in favor
of a new band at 1062 cm~. Both oxide supports behave
approximately in the same way with both oxygen atoms
of the superoxide species being exchanged simultaneously.
Nevertheless, let us recall that the amount of superoxides
to be exchanged on Ceqg3Zr.370- is almost 4 times larger
than that on CeOs..
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FIG. 3. IR spectral changes in the adsorbed phase on CeO, (A) and

Cep63Zr0370, (B) samples upon exchange of 1602‘ superoxide species
(spectrum 1) by gaseous #0; at room temperature. Evolution as a func-
tion of 180, partial pressure (spectra 2 to 6). The total pressure inside the
IR cell varies from 0.5, 1, 5, 10, to 20 mbar.
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FIG. 4. IR spectral changes in the adsorbed phase on Cegg3Zr(370>

upon retroexchange of 130; superoxide species (spectrum 1) by gaseous
160, at room temperature. Evolution as a function of 0, partial pressure
(spectra 2 to 6). The total pressure inside the IR cell varies from 0.5, 1, 5,
10, to 20 mbar.

Furthermore, one can see on ceria that the exchange does
not exclusively lead to surface 1802‘ species and that part
of the superoxides are “lost.” In fact, the subsequent for-
mation of carbonates has been observed. The formation of
such carbonate species could be the result of the interac-
tion of carbonaceous residue from the preparation, com-
ing back from the bulk, and oxygen or dioxygen activated
species. In the case of Ceqg3Zr0370, the exchange process
is more clearly reversible. In fact, even after retroexchange,
almost all the 1126 cm~! band intensity is recovered (Fig. 4).
Almost no carbonates are formed on ceria-zirconia solids.
In conclusion we could say that the most reactive surface
dioxygen species exchange their oxygens via a multiple ex-
change mechanism.
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change of stable surface 160; superoxide species (spectrum 1) by gaseous
180, after heating at 180°C (spectrum 2).

In the course of the second type of experiment, the be-
havior of both samples changes drastically. On mixed oxides
exchange still proceeds at room temperature via a multiple
exchange mechanism. Only one new band is observed at
1062 cm~! (Fig. 5). In contrast, on ceria exchange becomes
more difficult and occurs only after heating of the sample
to about 180°C. Furthermore, exchange takes place exclu-
sively via a simple exchange mechanism. In fact, a new band
at 1094 cm~! is observed characteristic of 1°0*0O~ species
(Fig. 6). In conclusion, even after evacuation at room tem-
perature for 1 h, an abundant population of superoxide
species exchanging oxygen via a multiple exchange mecha-
nism still remains on the ceria—zirconia sample. In contrast,
on ceria, the same “treatment” would lead to the almost
complete disappearance of O, species. Only a small num-
ber of “stable” superoxides, exchanging oxygen viaa simple
mechanism, remain on the surface. This difference between
those two samples could explain their different “selectivity”
in the formation of 80, at the beginning of exchange during
isotopic exchange experiments.

4. DISCUSSION

4.1. Oxygen Storage and Isotopic Exchange

The presence of zirconium was shown to be associated
with the presence of structural defects responsible for a high
oxygen mobility in these oxides and an enhanced OSC. In
the cubic structure, the stress induced by the decrease of the
unit cell volume, upon Ce substitution by Zr, strongly favors
the formation of defects (58). In fact, Rietveld refinement
of XRD spectra led to the conclusion that the number of
vacancies in ceria—zirconia mixed oxides was much higher
than that in pure ceria (59).

In addition, as concluded from temperature-program-
med isotopic exchange experiments, the specificity of mixed
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oxides was shown to be the participation of bulk oxygen in
the storage process (28). Calculations showed that at least
one subsurface oxygen layer is involved in the storage pro-
cess (22, 28).

Furthermore, it should be noticed that all of these oxides
have a fluorite-type structure, which appears to be an im-
portant parameter. In the cubic phase, Zr maintains a less
crowded coordination (longer metal-oxygen bonds) and as
the cell parameter decreases, more and more labile oxy-
gens are generated in the lattice (7). Indeed, Fornasiero
et al. concluded from Raman spectroscopy studies that a
tetragonalization of the cell both shortens and elongates
M-0O bonds and that oxygen anions move closer to octahe-
dral sites (16). Moreover, Hagenmuller deduced from theo-
retical calculations that the displacement of oxygen anions
toward octahedral sites would result in a more energetically
favorable path for oxygen migration in the fluorite structure
(60). The formation of “diffusing” channels was also pro-
posed by Fornasiero et al. The channel radius was shown to
have an optimum between 60 and 80 mol% in Ce (58).

4.2. Surface Oxygen Species

According to the similarities between previous isotopic
exchange results and FT-IR results, it appears that binu-
clear oxygen species must be involved in the whole process
of oxygen storage and mobility on ceria—zirconia mixed ox-
ides. These species could be seen either as intermediates in
the activation of oxygen on the oxide surface (storage) or as
oxygen “carriers” throughout the oxygen surface migration
process (diffusion).

To go further, the formation of surface superoxide species
could potentially be explained by the interaction between
molecular oxygen and a reduced cerium center (Ce3"). This
type of interaction would result in the reoxidation of cerium
to Ce** and the subsequent formation of O, species. In
a more simplistic approach, this interaction could be pre-
sented as the transfer of one electron from the sample to
the oxygen molecule:

ce’™...0+ 0, — Ce*"...0;.

In fact, notably in the case of cerium-zirconium mixed ox-
ides, reduced centers were shown to remain in the sample
even after oxidation.

Similarly, the formation of peroxide species (ng) onpre-
reduced solids, observed in earlier studies (52, 56, 57), could
be understood as the result of the reaction of molecular
oxygen with two neighboring reduced cerium centers. In
that case two electrons are transferred from the solid to the
oxygen molecule, which means that the sample needs to be
“deeply” reduced.

Another indication of the formation of superoxide spe-
cies could be the interaction of gaseous dioxygen molecules
with oxygen vacancies associated with reduced cerium
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centers. Such vacancies could be structural defects or the
result of the removal of oxygen anions upon reduction
of the sample. In that way, dioxygen would be somehow
stored in the oxygen vacancy. The parallel between the
amount of superoxide species formed upon oxygen adsorp-
tion on preoxidized samples and the OSC may then become
clearer.

In fact, superoxides had also been presented as “virtual”
intermediates in the complete reoxidation route of CeO,_y,
where electrons are progressively transferred from the solid
to the dioxygen molecule (56, 61):

O2gas = Ozads = Oy,qs(SUperoxide)

2—

— 0% (peroxide) — 20, — 202

Moreover, we showed in this study that Ce/Zr oxides give
rise to surface dioxygen species upon contact with oxygenin
high concentrations compared to ceria. We also observed
by FT-IR spectroscopy that superoxides on mixed oxides
exclusively exchange through a multiple exchange mecha-
nism. Previously, looking at the mechanism of exchange on
mixed oxides by mass spectrometry, it appeared that oxy-
gen isotopic exchange mainly proceeds via a multiple ex-
change mechanism (28). Furthermore, the predominance of
the multiple exchange mechanism also seemed to resultin a
high activity in the oxygen exchange reaction. Considering
these common features, the implication of superoxides in,
at least, the oxygen activation process prior migration may
then be underlined.

Furthermore, a thermodynamic description of defects in
cerium-zirconium mixed oxides attempted by Janvier et al.
(62) suggested that in the case of CexZr_xO2 mixed ox-
ides, the oxygen sites at or near the surface can be greatly
disturbed compared to the bulk without changing the peri-
odicity of the structure, nor the electrical neutrality at the
surface or in the bulk. The higher ability of Ce/Zr mixed
oxides for oxygen storage could then be related at first to
the higher concentration of oxygen vacancies at the sur-
face. In fact, in such systems, the stabilization at or near the
surface of nonstoichiometric defects in high concentrations
could result in an enhanced ability to activate oxygen as
superoxides. These species could thus be seen just as “ini-
tiators” of the whole storage process. The efficiency in the
storage of oxygen would then be directly correlated with
the concentration of vacancies at the gas/solid interface.

Moreover, these same authors showed that mainly the
surface region contributes to the oxygen exchange between
the gaseous phase and the oxide and that oxygen migration
basically proceeds, after oxygen activation by the surface,
by diffusion into the bulk via oxygen vacancies. It is fur-
ther postulated that oxygen molecules are dissociated into
oxygen ions before their migration into the bulk. Thus, the
higher oxygen mobility of oxygen in ceria-zirconia oxides
could be explained both by the enhanced ability of these

DESCORME, MADIER, AND DUPREZ

oxides to activate oxygen and by the higher density of oxy-
gen vacancies in such systems.

In conclusion, the specificity of these oxides would be
their ability to activate oxygen as superoxides which seems
to be the ideal initiation step for a further migration and
storage of oxygen in such cerium-containing systems.
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