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Measurements were made of the dynamics of CO oxidation over
a series of fresh and aged CeO2–ZrO2 catalysts of different com-
position. In order to evaluate the varying contributions to oxygen
storage/release capacity, we carried out the reaction under tran-
sient “anaerobic environment” (in both pulse and cycling mode) and
steady-state conditions. The presence of ZrO2 was of little or no ben-
efit to stoichiometric CO oxidation carried out under stationary con-
ditions. Under these conditions, catalytic activity is strongly depen-
dent on surface area and on the number of exposed cerium atoms.
The highest performance level is achieved with pure ceria. The ben-
eficial effect of CeO2–ZrO2 mixed oxides on catalytic performance
was observed when CO oxidation was carried out in transient pulse
mode or under cycling feedstream composition. In this case, cat-
alysts having the composition CexZr1−xO2 with 0.5< x< 0.8 show
an increased catalytic effectiveness correlated to their oxygen stor-
age capacity and redox activity. The promotional effect of ZrO2

was much more evident after severe aging. The decrease in oxy-
gen storage activity with pure CeO2 was higher than that observed
for ceria-zirconia and was mainly correlated to the drop in surface
area. In contrast with ceria, the low-temperature activity of CeO2–
ZrO2 solid solutions for CO oxidation under anaerobic conditions
was positively dependent on the degree of reduction of the mate-
rial. A quantitative estimate of the contribution of bulk diffusion
to the overall performance was carried out by calculating the O2−

diffusion coefficient. These values were calculated from conductiv-
ity measurements using the Nernst–Einstein relation. It is shown
that, in the temperature range investigated, bulk diffusion was
approximately two orders of magnitude higher for ceria–zirconia
than for ceria and may have been responsible for the enhancement
of CO conversion observed with respect to ceria–zirconia-based
catalysts. c© 2000 Academic Press
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INTRODUCTION

Ceria–zirconia is one of the main components of the cur-
rent new generation of three-way catalysts (TWC) for the
treatment of noxious pollutants from car exhaust (1). It has
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gradually replaced pure cerium oxide (CeO2), whose char-
acteristics were inadequate to sustain the high degree of
conversion and the thermal resistance required for catalytic
converters to comply with increasingly severe regulations
regarding emissions of CO, NOx, and hydrocarbons (HCs).
The main features which contribute to the success of these
components are: (i) higher thermal resistance, compared to
conventional ZrO2-free TWCs (2); (ii) a higher reduction
efficiency of redox couple Ce4+/Ce3+ (3, 4); (iii) the possibil-
ity of preventing the undesired formation during reaction of
CeAlO3, which contributes to the deactivation of the cata-
lyst (1); and (iv) excellent oxygen storage/release capacity
(OSC), compared to pure ceria (5–9).

Oxygen storage capacity is related to the ability of the
catalyst to sustain deviation from stoichiometric composi-
tion in the feedstream while maintaining a high degree of
conversion, to release oxygen during oscillations in the rich
composition side (enhancing CO and HC conversion), and
to take up oxygen in the lean portion of oscillation (en-
hancing NOx conversion to N2) (10). These oscillations oc-
cur with a frequency of approximately 1 Hz. Nevertheless,
during driving cycles, and especially on acceleration and
deceleration, strong deviations from this value can occur,
leaving the catalyst under lean/rich conditions for a longer
time. This implies that the mechanism by which oxygen is
stored and released must be fast, in order to be able to
provide/remove oxygen in the time scale of oscillations,
but it must also be capable of sustaining conversion during
longer excursions on the rich and lean side, respectively.
In this regard, it is important to differentiate between total
OSC and dynamic, or fast, OSC. The former is related to the
total degree of reduction at a given temperature whereas
the second is a measure of the amount of oxygen transferred
in a transient regime which best simulates the oscillations
which the exhaust gas may undergo. It therefore represents
the oxygen which is kinetically available during the fast
transitions between reduction and oxidation environments.
It is a more important value than the total O2 uptake since
a large uptake is of no consequence unless it is reversible
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on the time scale of exhaust fluctuations. The actual impor-
tance of this process during dynamic operations is thus de-
termined first by the rate of variation in the oxygen content
and second by the oxygen capacity of the material, i.e., its
reducibility.

Several research groups have recently investigated the
reduction properties of ceria–zirconia catalysts, which are
related to their oxygen-storage capacity (3–14). It has been
found that the introduction of the smaller Zr cation into
the cubic lattice of ceria strongly promotes the reduction
of Ce4+ to Ce3+, especially at low temperature. More-
over, reduction properties seem to be rather independent
of surface area, in contrast to what happens with pure
ceria, where the first 20–30% reduction is strongly influ-
enced by morphology and surface area (15). Composition
(Ce/Zr ratio) can also significantly change reduction be-
havior. This is a consequence of the change in the con-
centration of active redox element Ce4+ and of different
structural features in the solid solutions. Results seem to
indicate that cubic CexZr1−xO2 (0.5< x< 0.8) has a supe-
rior performance in terms of overall reduction and total
oxygen storage (1, 16). This behavior is consistent with a
structural modification of the fluorite cell induced by the
introduction of zirconia, which brings about a higher la-
bility in some oxygen ions, thus enhancing their diffusion
rate (3, 5). Recently, however, other interpretations have
been put forward. Hori et al. (7) suggested that surface pro-
cesses, rather than migration of oxygen in the bulk, were
limiting the reduction process rate. Although both textural
and structural factors certainly govern the redox behav-
ior of these mixed oxides, there are many aspects, espe-
cially of high surface area systems, that still deserve further
investigation.

In the present work, we studied CO oxidation over a se-
ries of CeO2–ZrO2 mixed oxides having different compo-
sition. To evaluate the contribution of true oxygen storage
to overall CO oxidation activity, we carried out the reac-
tion under different experimental conditions using catalysts
with different compositions. CO oxidation activity mea-
surements under stationary steady-state conditions should
indicate the catalyst performance when both reagents (CO
and O2) are fed simultaneously, with the oxygen storage/
release contribution kept to a minimum. In contrast, CO
oxidation under pulsed conditions is a measure of catalyst
oxidation/reduction ability, which is more related to the to-
tal OSC, or to values characteristic of significant deviation
from stoichiometry. The oxidation of CO carried out un-
der oscillating feedstream conditions carries contributions
both from CO oxidation with gas-phase oxygen and from
redox reaction from the support. This gives a more precise
indication of the efficiency of the OSC for these catalysts
under conditions of rapid variation in the stoichiometric

composition, which are closer to those found in catalytic
converters.
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EXPERIMENTAL

Characterization of Materials

Fresh, high-surface-area samples of ceria and ceria–
zirconia were generously provided by Rhodia, and their
characteristics are summarized in Table 1. The structural
and textural details of these supports have been the subject
of recent investigations and are available in the literature
(17, 18). Samples of intermediate (MSA) and low (LSA)
surface area were obtained by calcination in the tempera-
ture range 773 K<T< 1173 K for 3–5 h.

For catalytic measurements, the supports were previously
treated under air flow (60 N ml/min) from room tempera-
ture to 773 K at a rate of 10 K per minute and kept under
an oxidizing atmosphere for 1 h.

The effects of redox aging were investigated for Ce0.50

Zr0.50O2 and CeO2. The samples were prepared in situ by
heating under H2 to 1273 K (50 N ml/min at 10 K/min)
and keeping at this temperature for different times in or-
der to reach similar surface area with both compositions.
Thus ceria was treated for 10 min while a 2-h treatment was
needed for Ce0.50Zr0.50O2 under identical conditions. After
this treatment, the samples were cooled to 773 K and reox-
idized for 1 h before catalytic measurements. Final surface
areas were 5 m2/g for CeO2 and 11 m2/g for Ce0.50Zr0.50O2.

Surface-area measurements were carried out with a
Sorptomatic 1900 instrument (Carlo Erba) using the BET
method.

Catalytic Activity

CO-oxidation experiments were carried out with three
different reactor configurations in stationary, pulse, and cy-
cling modes. Details of the systems are given below.

Steady-state reactor working under stationary and cycling
feedstream conditions. The gas manifold consists of five
mass flow controllers which supply reaction and treatment
gases to the reactor. Downstream of the flow controller, a
three-way valve system allows the reactor to be operated
under stationary or cycling feedstream conditions. Under
stationary conditions, a mixture of CO (4% in He) and
O2 (2% in He) was fed to the reactor at a total flow of

TABLE 1

Characteristics of Samples Used in This Study

Surface area (m2/g)

Samples Composition Fresh HSA MSA LSA

CZ100 CeO2 97 59 10
CZ80 Ce0.80Zr0.2O2 108 34 12
CZ68 Ce0.68Zr0.32O2 99 41 12

CZ50 Ce0.5Zr0.5O2 105 68 16
CZ15 Ce0.15Zr0.85O2 92 54 18
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0.1 N l/min. The reactor consists of a 6-mm o.d. by 4-mm i.d.
by 440–mm-long quartz tube vertically mounted in a single-
zone furnace, which allows the catalyst temperature to be
maintained between 298 and 1273 K. A chromel–alumel
thermocouple enters the top of reactor and measures the
catalyst-inlet temperature (i.e., reaction temperature). The
powdered catalyst (0.01–0.1 g) is loaded after being mixed
with an equal amount of quartz beads (200<Ø< 350 µm)
and is located at the center of furnace, supported in the
reactor on a quartz-wool bed.

The cycling operation was effected using a system of five
electronically driven solenoid valves. A software handle
switched the valves at a desired frequency according to pre-
defined sequences. This enabled the reactor to be fed with
a gaseous mixture whose composition cycle lies between
defined values. A vent pressure regulator was used to main-
tain the system outlet flow at a constant level to control flow
into the reactor and prevent pressure bursts. At the reac-
tor outlet, the gas flow passed through a mixing zone and
the time-averaged concentration of the outlet mixture was
analyzed by a gas chromatograph. The reactor was loaded
with 0.01–0.1 g of catalyst and was fed at a total flow of
0.12 N l/min. The composition was cycled alternately be-
tween CO (4%) and O2 (2%) with a short cycle, consisting
of 1 s in CO and 1 s in O2 with a 2 s pulse of He in between.
This was done in order to ensure flushing of gas species be-
tween pulsing, thus limiting direct reaction between CO and
O2, which could otherwise have mixed before reaching the
reactor. No mixing of CO and oxygen before contact with
the catalyst was observed, as verified by a mass spectro-
meter located before the catalyst bed. A short-system re-
sponse time with limited pulse dilution was achieved by us-
ing miniature fast-response solenoid valves and 1/16-in o.d.
stainless steel tubing for connections upstream of the reac-
tor. A dilution volume (0.2 N l) was placed after the reactor
to analyze the time-averaged concentration of outlet gases.
Proper mixing of the gases was checked through the empty
reactor for flow rates ranging from 40 to 120 N ml/min by
comparing the composition of the mixture with that calcu-
lated for the gases if they had been fed simultaneously into
the reactor. The results of this test indicated that complete
mixing was achieved before analysis. We therefore used the
time-averaged CO2/(CO+CO2) ratio as a measure of the
oxygen storage capacity of the samples.

Pulse reactor. Other more conventional OSC measure-
ments were carried out in a pulse reactor, according to a
previously reported procedure (19). The catalyst (0.01 g)
was placed on a bed of quartz in a stainless steel tubular
microreactor (φ= 1/4 in, L= 150 mm) and was kept at the
desired temperature (673 K) using a couple of heating resis-
tances. Pulses of reacting gases were injected into the carrier
gas (He, 30 N ml/min) through a four-way valve connected

to a gas-sampling loop of 0.5 ml. Five O2 pulses (2% in He)
injected every 2 min were followed by a pulse of CO (4%
ET AL.

in He). The OSC of the catalyst was measured as µmol of
CO2 produced per gram of catalyst. A gas chromatograph
equipped with a TCD detector was used to determine the
O2, CO, and CO2 contents of the exhaust gas.

RESULTS AND DISCUSSION

The effect of temperature on CO conversion measured
for ceria and ceria–zirconia under stationary and cycling
conditions is reported in Figs. 1 and 2, respectively. As can
be seen in both cases, a typical “smooth” light-off behavior
is observed and conversion increases slightly with tempera-
ture. The shape of the curves shows that conversion is neg-
ligible at low temperatures, increases at around 500–600 K,
and approaches total conversion for the most active sam-
ples at T> 750–800 K. Although the absolute value of over-
all conversion collected under the two experimental modes
cannot be directly compared in a quantitative manner, the
data deserve some qualitative comments. The overall con-
version is generally higher when measured under oscillating
conditions in the range of temperatures examined. This is
true for all samples except for pure CeO2 and CZ15 (and
at high temperatures for CZ80), where conversion under
steady-state conditions is higher than that measured in os-
cillating mode. It seems that cerium is responsible for the ac-
tivity of the mixed oxides under stationary conditions while
the presence of zirconium significantly contributes to the
activity changes observed in oscillating mode. This situa-
tion closely resembles that observed by Gonzalez-Velasco
et al. (20), who found that, for CO oxidation under station-
ary conditions, cerium is expected to be responsible for the
activity of the mixed oxides. The effect of composition is

FIG. 1. CO conversion under stationary conditions versus temper-

ature for various Ce/Zr mixed oxides. Reaction conditions: total flow
0.10 N l/min, P(CO)= 15.2 Torr, P(O2)= 7.6 Torr, balance He; cat. wt.
10 mg. (h) CZ100, (s) CZ80, (4) CZ68, (3) CZ50, (.) CZ15.
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FIG. 2. CO conversion under cycling feedstream conditions versus
temperature for various Ce/Zr mixed oxides. Reaction conditions: total
flow 0.12 N l/min, cycling frequency ca. 1 Hz, P(CO)= 30.4 Torr, P(O2)=
15.2 Torr, balance He, cat. wt. 10 mg. (h) CZ100, (s) CZ80, (4) CZ68,
(3) CZ50, (.) CZ15.

better evidenced when reaction-rate values are calculated
under the two different regimes (Fig. 3). In one case, the
rate is almost proportional to the amount of ceria whereas,
in the other situation, the rate reaches a maximum when
CeO2 content is within the range 50–80 mol%. For that
reason, since the surface area of all samples is similar (see
Table 1), it seems that the rate under stationary conditions is
determined by the number of exposed redox sites (Ce4+). In
contrast, under oscillating conditions, there is an optimum
composition where a maximum of reaction rates is found.
This indicates that purely surface factors cannot readily ex-
plain CO oxidation behavior in fast oscillating mode and
that CO oxidation paths in the presence of ZrO2 probably
include a number of contributions.
FIG. 3. Reaction rate per gram of catalyst under cycling (d) and sta-
tionary (j) conditions for various Ce/Zr compositions (T= 533 K).
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CO oxidation may follow various reaction mechanisms,
according to experimental conditions and catalyst composi-
tion. CO oxidation on pure ceria occurs according to a Mars
van Krevelen redox-type mechanism (15), in which CeO2

is alternately reduced by CO and oxidized by gas-phase
oxygen. Under these conditions, if oxygen is present in the
gas phase, it will soon reoxidize the support and the sur-
face site will be mainly involved in the process. If oxygen is
not present, CO oxidation will depend first on surface oxy-
gens of ceria and then, when these are consumed, on the
availability of bulk oxygens. Under these conditions, the
reaction mechanism is therefore connected to the intrinsic
ability of the oxide to store and release oxygen, provided
that surface steps are faster than bulk oxygen diffusion and
migration.

We carried out CO oxidation measurements on the two
supports under totally anaerobic conditions in a pulse re-
actor to discriminate between the role of bulk oxygen mi-
gration and surface reactivity in the oxygen storage of ce-
ria and ceria–zirconia. In this case, conversion of CO to
CO2 is a measure of the ability of the catalyst to donate
its oxygen. Since conversion occurs in the total absence
of gas-phase oxygen, it may be indicative of the perfor-
mance of the catalyst under conditions of substantial de-
viation from stoichiometry. Figure 4 shows a typical pulse-
oxidation experiment conducted on CZ80 at 673 K. The
oxygen released per pulse was measured in terms of micro-
moles of CO2 per gram of catalyst. In these experiments, the
amount of CO in one pulse was sufficient to reduce CeO2
FIG. 4. A representative experiment of CO oxidation measured un-
der pulse conditions in the absence of gaseous oxygen over CZ80. For
conditions see text.
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FIG. 5. Oxygen-storage capacity measured under pulse conditions for
various Ce/Zr mixed oxides. Values measured after first pulse. Left bar,
high-surface-area materials; middle bar, MSA; right bar, LSA.

to approximately CeO1.97. However, in all cases, CO con-
version was less than 50% and total CO consumption was
not a limiting factor in the reaction. Conversion per pulse
decreases rapidly in the first five pulses (from ca. 50% to
15%) and then slowly when conversion is less than 10%.
The results of total OSC are reported in Fig. 5 for all sam-
ples investigated. For each composition, three samples with
different surface area were used. The best overall behavior
was found for solid solutions with an intermediate com-
position (CexZr1−xO2 with 0.5≤ x≤ 0.8). This result is in
agreement with previous studies which investigated tran-
sient CO oxidation in similar samples (8). The difference
in total CO consumption is due to the higher space ve-
locity used in our investigation. Similar results were also
obtained recently by Madier et al., who investigated ex-
change of oxygen under similar conditions (21). A maxi-
mum at a different composition (CexZr1−xO2 with x= 0.75)
was found for transient CO oxidation at 873 K by Hori
et al. (7). This maximum was shown to be sensitive to sample
preparation and aging treatment, shifting to lower x values
as aging temperatures increased. Other results based on the
total reduction operated by H2 instead of CO gave qualita-
tively similar behaviors (1), although the effect of prepara-
tion can substantially shift the maximum toward different
compositions (6).

If the results are reported to highlight CO reacted per
cerium content, the highest activity for fresh samples is
at a lower cerium composition (Fig. 6). This may point to

an enhanced Ce4+ reducibility for a Ce0.15Zr0.85O2 system.
However, a substantial amount of cerium is required for an
ET AL.

FIG. 6. Oxygen-storage capacity per cerium atom vs composition.
Values measured after first pulse.

efficient oxygen-storage capability, so an optimum balance
must be found between the increased Ce reducibility and
the concentration of ceria in the mixed oxides. This also
explains why the conversion of CZ15 under oscillating
mode is slightly lower than that observed under stationary
conditions.

The participation of bulk oxygen in the process is evi-
denced in Fig. 7, which shows the amount of oxygen taken
in every CO pulse (normalized to the number of oxy-
gens initially available on the surface). This was calculated
on the basis of one available surface oxygen out of four,

FIG. 7. Oxygen released (normalized to number of initially avail-

able surface oxygens) against pulse number for MSA samples: black bar,
CZ100; gray bar, CZ15; white bar, CZ80.
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corresponding to the reduction of Ce4+ to Ce3+, and con-
sidering a cubic crystal of ceria with an interlayer distance
of 0.541 nm with preferential exposure of (111), (110), and
(100) surfaces. For ceria–zirconia, lattice constants were
derived from the literature (3), and the number of avail-
able oxygens were calculated on the basis of composition
(0.25 ∗ total number of surface oxygen ∗ x), assuming that
there was no surface enrichment of Ce and Zr, consider-
ing that Zr atoms do not participate to the storage process
and that (111), (110), and (100) surfaces are equally dis-
tributed on the surface. This approach, although not fully
accurate for a model, gives a reasonable estimate of surface
oxygens and has already been used for this purpose (21).
For mixed oxides, it is shown that the quantity of surface
oxygen was totally depleted after approximately five pulses
and bulk oxygen was utilized for oxidation. With CeO2, only
part of the available surface oxygen was utilized. This agrees
well with the known tendency of high-surface-area ceria to
be reduced only on the surface or in the near-surface region
in this temperature range (22, 23). Formation of surface va-
cancies is a much more favored process than the extraction
of oxygen from the bulk (24–26). For ceria–zirconia, reduc-
tion studies indicate that the difference is less marked, with
surface and bulk reduction occurring almost simultaneously
(1, 3–6).

In general, the reduction of an oxide causes the forma-
tion of surface vacancies, which then migrate into the bulk.
The rate-determining step can be either the formation of
surface vacancies or their migration into the bulk. We mea-
sured the oxygen-storage and release properties of ceria
and ceria–zirconia as a function of the degree of reduction
with the specific intention of discriminating between the ef-
fects of surface (i.e., surface-active cerium atoms) and bulk
(i.e., bulk transport of oxygen) phenomena. Figure 8 shows

FIG. 8. CO oxidation under pulse conditions: CO2 formation (nor-

malized to number of surface oxygens available after each pulse) as a
function of degree of reduction. (j) CZ100, (d) CZ68, (m) CZ50, (r)
CZ15.
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the oxygen storage capacity of different samples plotted
against the degree of reduction. By measuring OSC at dif-
ferent reduction degrees, two situations arise: one is the
decrease in the surface Ce4+ ions available for reduction,
which limits the number of surface redox sites; the other
is the increase in oxygen diffusion due to the greater num-
ber of oxygen vacancies. Diffusion of oxygen in ceria oc-
curs through a classic hopping mechanism by means of va-
cancies, and diffusion coefficients depend positively on the
degree of reduction (27). Thus, if diffusion controls OSC,
oxygen released on the surface would be expected to in-
crease as the material is progressively reduced. In contrast,
reduction progressively empties the surface of active Ce4+

sites, which would limit the oxygen available for reduction.
If we normalize OSC to the total number of surface-active
sites available after each pulse, we can highlight the effect
of diffusion by looking at the slope of the OSC vs degree of
reduction curve. We see that the slope changes from neg-
ative to positive as x in CexZr1−xO2 goes from 1 to 0.15.
This indicates that pure CeO2 (or mixed-oxide composi-
tions with x> 0.8) exchanges less oxygen as more vacancies
are created, demonstrating that in this case it is the genera-
tion of a new surface vacancy, and not diffusion of oxygen,
that limits OSC and that bulk oxygen is not involved in the
process. On the other hand, CexZr1−xO2 mixed oxides with
a composition of x< 0.8 show similar, or even enhanced, re-
leased oxygen as the material is progressively reduced and
more vacancies are formed. An increase in oxygen storage
as the number of surface redox sites is depleted can be ex-
plained only by an increase of oxygen diffusion, suggesting
that oxygen-ion diffusion is involved in the reduction pro-
cess, at least under these process conditions.

This result corroborates previous findings by Fornasiero
et al., who indicated that enhanced bulk oxygen diffusion
may be responsible for the higher reducibility and the
higher oxygen uptake observed in ceria–zirconia solid so-
lutions (3, 28). In contrast, Hori et al. recently hypothe-
sized that the rate-determining step in CO oxidation under
anaerobic conditions is the creation of a new vacancy and
not diffusion of O2− in the lattice (7, 29). The origin of
this discrepancy may be due to the different range of tem-
peratures employed in the two studies as outlined by the
authors. Moreover, Hori et al. calculated the flux of oxy-
gen from the bulk to the surface, which was reported to be
several orders of magnitude higher than the experimen-
tally measured reaction rate. However, when estimating
the diffusion rate of O2− at temperature of 873 K, these
authors extrapolated the values reported for pure ceria by
Steele and Floyd (30), which are valid only in the temper-
ature range 1123 K<T< 1423 K. This probably gives an
over-generous estimate of the oxygen diffusion coefficient
in the lower temperature range (activation energy is not

constant), which could lead to an over-estimation of the
migration rate of O2− in the system.
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As far as we know, direct measurements of bulk diffu-
sion coefficients for these materials, especially for ceria-
rich compositions, have not been reported in the literature,
while only a few data exist for the Zr-rich side (31). So,
to corroborate our hypothesis, we carried out a quantita-
tive estimation of the contribution of bulk diffusion to the
OSC of ceria and ceria–zirconia mixed oxides by calculating
the bulk diffusion coefficients of oxygen from conductivity
data. For the calculation of diffusion coefficients, we used
the expression (32)

D = f σi kT

Ci (Ze)2
, [1]

where D (cm2 s−1) is the diffusion coefficient, σ i (Ohm−1

cm−1) is the ionic contribution to conductivity, k is the
Boltzmann constant (JK−1), f is a correlation factor, often
called the Haven ratio, whose value for an f.c.c. structure is
0.78146, T is the temperature (K), Ci is the concentration of
charge carriers (O atoms ∗ cm−3), and Ze their charge (C).
The conductivity was estimated from the experimental val-
ues of conductivity and transfer numbers measured recently
by Chiodelli et al. (33), who reported these data for ceria–
zirconia solid solutions in the ceria-rich composition side.

Figure 9 shows that the calculated bulk diffusion co-
efficient of oxygen ions is approximately two orders of
magnitude higher for ceria–zirconia mixed oxides than
for pure ceria and that the composition CexZr1−xO2 with
0.5≤ x≤ 0.7 shows the highest values in the temperature
range 573–773 K. The values calculated for coefficients
are reasonably close to those reported in the literature for
FIG. 9. Calculated diffusion coefficients vs composition at various
temperatures: (d) 573 K, (s) 673 K, (m) 773 K, (4) 873 K, (j) 973 K,
(h) 1073 K, (r) 1173 K, (3) 1273 K.
ET AL.

quasi-stoichiometric ceria or for ceria-doped solid solutions
in the appropriate temperature range. Steele and Floyd give
a value of D= 3.1× 10−8 cm2 s−1 for polycrystalline CeO2

with an anionic vacancy concentration of less than 0.01%
at 1273 K (30). Recently, Kamiya et al. found a value of ca.
2× 10−10 cm2 s−1 at a temperature of 1273 K (34). Martin
and Duprez measured a value of D= 5× 10−18 cm2 s−1 for
Rh/CeO2 at 723 K (35), which is lower than our estimate.
However, it is worth noting that the measurement of the
bulk diffusion coefficient of oxygen ions in ceria and ceria–
based catalyst often depends on the concentration of impu-
rities and the texture of samples. Moreover, there is little
agreement in the data reported in the literature.

Using the above diffusion coefficients, we also estimated
the diffusion rate of O2− in ceria and CeO2–ZrO2 crystal-
lites using the monodimensional form of the Fick’s law of
diffusion,

N = D(Cb − Cs)

Li
, [2]

where N (molecules ∗ cm−2 ∗ s−1) is the molecular flux, D
(cm2 ∗ s−1) is the diffusion coefficient, C (atoms ∗ cm−3) is
the concentration of oxygen ions per unit volume in the
bulk (b) and in the surface (s), and L is the characteris-
tic length of the diffusion, i.e., the radius of particles. We
assumed that Cb is the bulk concentration of O2− as the
particles were fully oxidized (5.04× 1022 atoms ∗ cm−3 for
ceria) and Cs is the surface concentration considering a de-
gree of reduction of 1–4%, which is a typical value in our
experiments with a time scale of less than 60 s. A radius
of particles of ca. 7.8× 10−7 cm was used for fresh ma-
terials, according to recent findings (18). By multiplying
the diffusion flux N by the BET surface area (cm2 ∗ g−1),
the rate of oxygen migration per gram of catalyst can be
obtained and compared with the observed reaction rates
(Fig. 10). It appears that, excluding pure ceria, calculated
and experimental values are very close, suggesting the pos-
sible participation of bulk oxygen in the oxygen storage
process. With pure ceria, the time scale of bulk diffusion
is too great to be of importance. Calculated rates are re-
markably lower than those found experimentally, suggest-
ing that at these temperatures the redox process is confined
only to the surface. This is also in agreement with what was
found by Nibbelke et al. (36), who did not consider bulk
oxygen diffusion when modeling CO oxidation under cy-
cling conditions, even for a frequency of 0.25 Hz (i.e., a time
scale of 4 s).

Aged Samples

CO oxidation measurements were also carried out on se-
lected samples that had been subjected to redox aging. It
is known that one of the most relevant features of ceria–
zirconia-based catalysts is their ability to maintain excel-

lent oxygen storage/release properties even when treated at
high temperature under reducing conditions. For example,
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FIG. 10. Comparison between rates of CO2 production measured un-
der pulse conditions (filled symbols) and those calculated from diffusion
data (open symbols). (d, s) MSA samples, (j, h) LSA samples. For
calculating rates a degree of reduction of 1% was assumed.

it has been reported that redox aging often leads to im-
proved reduction behavior at moderate temperature, as
measured by temperature-programmed reduction (1).

The aim of these experiments was therefore to ascertain
if, and to what extent, CO oxidation activity (in both sta-
tionary and cycling modes) is influenced by redox treat-
ments. High-temperature aging treatments were carried
out under different conditions for ceria and mixed oxides.
The reason for this was to obtain aged catalysts with sim-
ilar surface area. The results, comparing activity for fresh
and aged CeO2 and Ce0.5Zr0.5O2, are reported in Figs. 11

FIG. 11. CO conversion under stationary conditions for fresh (closed

symbols) and aged (open symbols) CZ100 (d, s) and CZ50 (j, h). Re-
action conditions: total flow 0.10 N l/min, P(CO)= 15.2 Torr, P(O2)=
7.6 Torr, balance He; cat. wt. 80 mg.
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FIG. 12. CO conversion under cycling feedstream conditions for fresh
(closed symbols) and aged (open symbols) CZ100 (d, s) and CZ50 (j, h).
Reaction conditions: total flow 0.12 N l/min, cycling frequency ca. 1 Hz,
P(CO)= 30.4 Torr, P(O2)= 15.2 Torr, balance He, cat. wt. 80 mg.

and 12, while light-off temperatures are summarized in
Table 2.

Regardless of the catalysts used, the aging treatment
causes an increase in light-off temperatures, which, depend-
ing on sample and conditions, span a range of more than
100 K. For CO oxidation under stationary conditions, aging
treatment affects ceria and ceria–zirconia in the same way,
and the light-off temperature increases by approximately
50 K for both compositions, with pure ceria being more
active than ceria–zirconia. This again supports the thesis
of an oxidation mechanism which relies on the presence
of surface-active sites alone. The drop in surface area pro-
duced by aging causes a decrease in the number of active
sites, which affects both supports equally.

The introduction of ZrO2 considerably reduces deactiva-
tion after aging if the reaction is carried out in oscillating
mode. The light-off temperature of CO oxidation increases
from 623 to 773 K with pure ceria, while for the mixed
oxides there is an increase of only 60 K. In this range of
temperatures, there is no diffusion of vacancies into the
bulk of ceria, according to the calculated diffusion rates.

TABLE 2

Comparison between Light-Off Temperatures of Fresh
and Aged Materials

T (50%) steady-state T (50%) cycling
conditions conditions

Sample Fresh Aged 1T Fresh Aged 1T
CZ100 584 635 51 633 756 123
CZ50 615 666 51 617 673 56
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The effects of aging at high temperature cause the drop
in surface area on both ceria and ceria–zirconia, but the
latter, because of the higher mobility of bulk oxygen, suf-
fers a more limited deactivation. With ceria, bulk oxygen
is involved only at temperatures higher than 773 K. In the
range of temperatures investigated, the exchange of oxy-
gen involves almost exclusively the surface. In this case,
aging affects activity dramatically. For solid solution, the
bulk oxygen ions are involved at a lower temperature and
compensate for the loss of activity due to the drop in surface
area.

Higher mobility of bulk oxygen, related to the intrinsic
properties of the material, therefore becomes more impor-
tant for aged samples. In samples of low surface area, the
amount of surface oxygen available for exchange is lower
and the contribution of bulk oxygen is more significant in
the overall redox process.

Other contributions may also be important to explain
the higher activity of ceria–zirconia after redox aging
conditions. It has been recently reported that structural
modifications take place when Ce0.5Zr0.5O2 is subjected
to redox aging cycles. Depending on reduction/oxidation
temperature, the redox treatments induce the formation of
a modified tetragonal fluorite-related structures (5) or even
pyrochlore-type phases CeZrO4 (37). While our treatment
temperatures were probably not high enough to allow for-
mation of pyrochlore, structural transformation to other
fluorite-related phases is likely. These structures are char-
acterized by a displacement of oxygens from their ideal
positions, which brings a higher lability of lattice oxygens.
This can contribute to a further increase of the overall O2−

mobility, thus giving the aged materials an excellent oxygen
release ability at low temperatures, even if surface areas are
lower than those found in fresh materials.

CONCLUSIONS

In summary, it was shown that oxygen diffusion plays an
important role in the enhancement of the redox proper-
ties of ceria–zirconia in comparison to ceria, especially if
measurements are carried out under dynamic, cycling con-
ditions at relatively low temperatures. This agrees well with
other studies, in which the effect of bulk properties of the
samples were investigated under different redox environ-
ments (3–6, 21, 38).

To see substantial improvements in OSC, the time scale
of oxygen ion diffusion into the bulk must be of the same
order as the period of one oscillation between a rich and a
lean composition. The difference between ceria and ceria–
zirconia is highlighted especially at low temperatures (650–
750 K) and with longer deviation from the stoichiometric
composition. At high temperatures (T> 850 K), when oxy-

gen diffusion is faster than the time scale of fluctuation,
other factors may become important. The situation remains
ET AL.

uncertain in the intermediate temperature range, where,
depending on the experimental conditions employed, dif-
ferent contributions can be highlighted (3, 7, 29).

Sintering, which causes an increase in the mean crystallite
size, is responsible for deactivation in both ceria and ceria–
zirconia. However, the extent of deactivation is much less
important in mixed oxides, thanks to the greater availability
of bulk oxygen.
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Trovarelli, A., and Graziani, M., J. Catal. 151, 168 (1995).
4. de Leitenburg, C., Trovarelli, A., Llorca, J., Cavani, F., and Bini, G.,

Appl. Catal. A Gen. 139, 161 (1996).
5. Fornasiero, P., Balducci, G., Di Monte, R., Kašpar, J., Sergo, V.,
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