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We have observed that the insertion of trivalent cations into the
lattice of Ce0.6Zr0.4O2 solid solution improves the oxygen storage
capacity at low temperatures by decreasing the temperature of the
reduction in the bulk of the solid solution compared to the undoped
sample. The effect depends on the type of dopant and its concen-
tration. Reduction of the solid solution at moderate temperatures
is strongly improved upon aging in H2/Ar independently of the ex-
tensive sintering of the sample. c© 1997 Academic Press

INTRODUCTION

CeO2 is present in the majority of the formulations of
the three-way catalysts (TWC) due to its well-known mul-
tiple effects on the catalyst state and performance: (i) oxy-
gen storage and release capacity (OSC); (ii) stabilization
of metal dispersion; (iii) promotion of the water gas shift
reaction. The role of CeO2 as an efficient “oxygen buffer”
is directly related to its capability to undergo effective re-
duction and reoxidation under rich and lean conditions, re-
spectively. By storing and releasing oxygen, CeO2 keeps the
reductant/oxidant ratio in the exhaust close to the stoichio-
metric value where the highest conversions of all the pol-
lutants are attained (1, 2). Moreover, transient but highly
productive exhaust conversion was observed for reduced
CeO2 containing TWCs (3). All these factors point to the
importance of the Ce4+/Ce3+ redox couple in improving the
TWCs performances. A major drawback of CeO2 is that
significant deactivation of the redox couple occurs due to
sintering of the CeO2 particles when it is used at high tem-
perature in the driving conditions (4). A great number of
CeO2-based systems (e.g., CeO2–Al2O3 (5), CeO2–SiO2 (6),
CeO2–La2O3 (5), CeO2–HfO2 (7)) have been examined
with the aim of increasing the thermal stability of CeO2

and preventing the decline of OSC. We investigated the
CeO2–ZrO2 solid solutions extensively and have shown

1 On leave from J. Stefan Institute, P.O.B. 100, 1001 Ljubljana, Slovenia.
2 Corresponding author. Fax: +39-40-6763960. E-mail: kaspar@

univ.trieste.it.

that by structural doping of CeO2 with ZrO2, it is possi-
ble to obtain systems of very high OSC due to the occur-
rence of reduction in the bulk of the solid solution at mod-
erate temperatures (8). Remarkably, this property allows
us to maintain the high OSC in these systems even after
drastic sintering (9). We have also tested the catalytic effi-
ciency of these systems as model TWCs. The metal-loaded
CeO2–ZrO2 solid solutions have shown a high catalytic ac-
tivity for the NO+CO reaction (10). We also observed that
a gradient of oxygen vacancies generated in the bulk of the
solid solution by a reduction, induces a NO reduction at ex-
pense of the Ce4+/Ce3+ redox couple (11). This points out
the importance of improving the reducibility of the mixed
oxide in the bulk.

The aim of the present work is to investigate the influ-
ence of trivalent dopants on the redox properties of the
CeO2–ZrO2 system. It is well known that fluorite type ox-
ides of IV group elements containing low-valent cations
are good ionic conductors, frequently used as electrochem-
ical oxygen pumps.

The stability of the redox properties against thermal
treatments was also investigated since a close coupled lo-
cation of the converter is nowadays employed in the auto-
motive applications where the TWCs reach temperatures
up to 1200 K.

Our previous study showed that among the CemZr1−mO2

(m= 0.1–0.9) solid solutions investigated, those with the
highest ZrO2 content compatible with a cubic symmetry
showed the best redox properties and the highest OSC (8).
The phase transition from the tetragonal CemZr1−mO2 to
the cubic phase is located close to m= 0.6 even if, due to
its metastable nature (9, 12, 13), an exact location of this
boundary is still a matter of debate. Here we have syn-
thesized high surface area Ce0.6Zr0.4−xMxO2−x/2 (M=Y3+,
La3+, Ga3+, x= 0.01–0.10) and investigated their redox
properties.

EXPERIMENTAL

The Ce0.6Zr0.4−xMxO2−x/2 mixed oxides (M=Y3+, La3+,
Ga3+) were synthesized from nitrate precursors by

0021-9517/97 $25.00
Copyright c© 1997 by Academic Press
All rights of reproduction in any form reserved.

160



                

REDOX BEHAVIOUR OF Ce0.6Zr0.4−xMxO2−x/2 MIXED OXIDES 161

TABLE 1

Textural Properties and Particle Size of Ce0.6Zr0.4−xMxO2−x/2

Average particle
size (nm)b

St surface Micropore
areaa volume 773 1273 1273

Sample Chemical composition (m2 g−1) (cc g−1) Kc Kd Ke

Ce0.6Zr0.4O2 89 0.031 5.1 13.9 14.8
Y(1) Ce0.6Zr0.39Y0.01O1.995 79 0.027 5.0 14.7 15.5
Y(2.5) Ce0.6Zr0.375Y0.025O1.9875 98 0.035 4.8 17.9 15.6
Y(5) Ce0.6Zr0.35Y0.05O1.975 103 0.036 5.2 19.9 16.4
Y(10) Ce0.6Zr0.30Y0.10O1.95 111 0.039 4.8 19.1 17.8
La(2.5) Ce0.6Zr0.375La0.025O1.9875 111 0.040 4.6 16.2 17.2
Ga(2.5) Ce0.6Zr0.375Ga0.025O1.9875 91 0.032 4.7 22.4 17.4

a St calculated from the t-plot.
b Estimated by the line broadening method.
c Fresh samples.
d Samples, calcined at 1273 K for 5 h.
e Aged samples.

complexing the cations with the citrate (14). In the follow-
ing text, the doped samples will be denoted by the symbol
of the dopant and its concentration in the brackets (com-
pare Table 1). In short the preparation is carried out as
follows. After dissolving Ce(NO3)3 · 6H2O (41.15% CeO2,
Aldrich) and ZrO(NO3)2 · xH2O (35.58% ZrO2, Aldrich) in
methanol (99.8%, AnalaR), the solutions of the dopant’s
salt (Y(NO3)3 · 5H2O; 99.9%, Aldrich; La(NO3)3 · 6H2O;
99.99%, Merck–Schuchardt; Ga(NO3)3 · 8H2O; 99.99%,
Fluka) and of citric acid (99.7%, Prolabo) in methanol were
added. The resulting solution was stirred at room tempera-
ture for at least 12 h. The solvent was then eliminated using
a rotary evaporator. First, a transparent gel occurred and
after the evolution of nitrogen oxides, a solid was obtained.
This was flash decomposed at 773 K and then calcined at this
temperature for 5 h to obtain a yellow powder. Hereafter
these samples are indicated as fresh ones.

Powder X-ray diffraction patterns were collected on
a Siemens Kristalloflex Mod.F Instrument (Ni-filtered
CuKα). Cell parameters were determined by using the
TREOR90 program which employs the Visser algorithm.
The peak deconvolution was carried out after the sub-
traction of contribution of the Kα2 line to the spectrum.
Pearson VII functions were employed for the peak decon-
volution. Rietwield analysis was carried out by using the
RIETAN-94 program. FT-Raman spectra were performed
on a Perkin Elmer 2000 FT-Raman instrument with diode
pumped YAG laser and a room temperature super InGaAs
detector. The laser power was 500–600 mW. N2 adsorption
isotherms at 77 K were obtained on a Micromeritics ASAP
2000 analyzer.

Temperature programmed reduction (TPR) was carried
out as previously described (9). In order to minimize the
contribution of adsorbed species, prior to TPR analysis, the

sample (0.05 g) was heated in a flow of Ar up to 900 K,
for 5 h. A typical reduction was carried out in a mixture
Ar+ 5% H2 up to a temperature of 1273 K which was main-
tained for 15 min. The heating rate was 10 K min−1. H2 con-
sumption in the TPR experiment was estimated from the
integrated peak areas by comparison with those obtained
by using CuO as a standard. After the TPR, the sample
was outgassed under an Ar flow at 1273 K for 30 min and
cooled in approximately 15 min down to 700 K, where the
O2 uptake was measured by a pulse technique. Pulses of O2

(0.092 ml) were injected into the flow of Ar passing over the
sample until the breakthrough point was attained. In order
to investigate the effects of aging on the redox properties of
the samples, the above described TPR/oxidation cycle was
typically repeated four times. Afterwards, the samples were
subjected to a new TPR up to a selected temperature (650,
750, and 850 K) and reduced for 2 h at this temperature.
Hereafter this treatment will be referred to as “isothermal
reduction,” since the major contribution to the reduction is
due to prolonged exposition in the H2 mixture at constant
temperature. The samples were then cooled (or heated) to
700 K in Ar flow, H2 desorbed for 1 h and the O2 uptake
measured. Samples obtained from these treatments, here-
after are indicated as “aged” ones. A final TPR up to 1273 K
was recorded on the aged samples.

RESULTS

Characterization of the Fresh Samples

The chemical composition and the textural properties of
the undoped and doped CeO2–ZrO2 solid solutions inves-
tigated in this work are summarized in Table 1. The influ-
ence of the amount of inserted trivalent dopant was inves-
tigated for Y3+ while the dependence on the nature of the
dopant was studied at a dopant loading of 2.5 mol%. All
the samples show relatively high surface area. Except for
the Ga(2.5) sample, a dopant content equal to or higher than
2.5 mol% favors an increase of surface area compared to
both the undoped and 1 mol% Y3+ doped sample. For all
the samples N2 isotherms of type IV with a hysteresis of type
H2 were obtained. The presence of microporosity was de-
tected. The surface areas were therefore calculated by the t-
method (Table 1). The micropore volumes slightly increase
from 0.027 to 0.040 ml g−1 as the surface area increases from
79 to 111 m2 g−1, respectively (Table 1), as calculated from
the desorption isotherms by the Dubinin–Radushkevich
method. Accordingly, the total pore volume increases from
0.067 to 0.084 cc g−1 as evaluated from Gurtvich rule. The
similarity of the texture of all the samples clearly points
out that the textural properties are related to the synthesis
conditions rather than to a particular composition.

The powder X-ray pattern of the fresh Ce0.6Zr0.4O2 is
shown in Fig. 1, trace 1. It features broad symmetric peaks
attributed to the presence of small crystallites which are
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FIG. 1. Powder XRD patterns of: (1) fresh Ce0.6Zr0.4O2; (2) Ce0.6Zr0.4

O2 calcined at 1273 K; (3) Ce0.6Zr0.39Y0.01O1.995 calcined at 1273 K;
(4) Ce0.6Zr0.375Y0.025O1.9875 calcined at 1273 K; (5) aged Ce0.6Zr0.375

Y0.025O1.9875; (6) aged Ce0.6Zr0.4O2. The peaks marked with ∗ are due to
quartz or Al holder.

formed after the calcination at 773 K. Similar profiles were
also obtained for the other samples. An estimate of the aver-
age particle sizes obtained by the line broadening method
is given in Table 1. The relatively constant value around
5 nm observed for the fresh samples is in agreement with
the observation that the initial texture and also particle size
are strictly related to the method of synthesis. The width of
the XRD peaks does not allow unequivocal assignment of
the reported pattern to a cubic phase since the presence
of the tetragonal (t′) phase is usually detected by broaden-
ing and splitting of the peaks observed in CeO2 at about
47◦ and 59◦ (2θ) which are indexed respectively as (220)
and (222) planes in the Fm3m space group (12). We re-
call, that three different tetragonal phases (t, t′, and t′′)
were reported for the ceria-zirconia system which can be
distinguished on the basis of XRD and Raman spectra
(13, 15, 16). Of these, the t-form is a stable one formed
through a diffusional phase decomposition, the t′-form

is obtained through a diffusionless transition and is
metastable, while the t′′-form is intermediate between t′ and
c. It shows no tetragonality and it exhibits an oxygen dis-
placement from ideal fluorite sites (13). The t′′ phase is gen-
erally referred as a cubic phase because its XRD pattern is
indexed in the cubic Fm3m space group. This is due to the
fact that the XRD pattern is generated essentially by the
cation sublattice. Consistently, we refer the term cubic both
to c and t′′ phase.

All the samples were calcined at 1273 K for 5 h and the
nature of the phase examined. Selected XRD patterns are
reported in Fig. 1. The width of all the XRD peaks decreases
upon calcination at 1273 K, which is an indication that sin-
tering of the samples occurred (compare Fig. 1, traces 1 and
2). The average particle sizes of the calcined samples are re-
ported in Table 1. The resulting particle size depends on the
nature and the amount of the dopant. Except for the Y(10),
an increase of the Y3+ dopant favors the sintering of the
powders. Generally speaking, the presence of surface va-
cancies increases the rate of sintering, which might suggest
that some Y3+ may be located also on the surface. As dis-
cussed below, for the highest (10 mol%) Y3+ content, Y2O3

separation is favored which may account for the somewhat
lower particle size compared to the 5 mol% loaded sample.

Note that after calcination at 1273 K, the powder XRD
pattern shows a visible tailing at the high 2θ ; see, for ex-
ample, the (111), (220), and (222) reflections (at about 29◦,
48◦, and 60◦, (2θ)) in both the Ce0.6Zr0.4O2 and Y(1). This
suggests the presence of a mixture of two phases and some
tetragonality of the obtained phase as suggested by the split-
ting of the (311) and (400) reflections at about 70◦ and 80◦

(2θ). Only, after increasing the dopant amount to and above
2.5 mol%, the symmetry of the peak profiles increases which
indicates that formation of a single phase is favored (Com-
pare Fig. 1, traces 2, 3, and 4). This phase is indexed in the
Fm3m space group according to Meriani and Spinolo (12).
No evidence for extra peaks due to nonincorporated Y2O3

was found in any XRD spectrum of both the fresh and cal-
cined samples, suggesting that the citrate route employed
in the present syntheses provides an efficient route of incor-
porating the dopant cations in the host lattice. Formation
of a single homogeneous cubic phase is confirmed by the
Rietwield analysis of the XRD profile of the calcined
Y(2.5). The comparison of the calculated and the experi-
mental profiles is reported in Fig. 2. The obtained cell pa-
rameter of a= 5.3256(6) Å compares well with the value
of 5.312 Å calculated upon application of the Vegards rule
according to Ref. (17).

La3+ also effectively stabilises the cubic phase and a sin-
gle cubic phase is detected in the La(2.5) after calcination
at 1273 K. Similarly, about 80% of cubic phase is detected
in the Ga(2.5), the remaining is the tetragonal t′ phase.

The Raman spectra of the fresh samples appear very sim-
ilar: they exhibit a strong peak at about 475 cm−1 and two
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FIG. 2. Profile-fitting patterns of the Ce0.6Zr0.375Y0.025O1.9875 calcined
at 1273 K. The profile of the sample was deconvoluted using the Fm3m
symmetry (cations in the statistical occupancy). The reliability factors
are: Rp= 5.6% and Rwp= 8.3%. Fitting results: a= 5.3256(6) Å, density
5.35 g cm−3.

weak features at 307 and 125 cm−1 as exemplified in Fig. 3
for Ce0.6Zr0.4O2 and Y(2.5). The patterns suggest some dis-
tortion of the oxygen lattice which is consistent with the
presence of t′′ phases. After calcination at 1273 K, the width
of the peak at 475 cm−1 decreases due to the sample sinter-
ing (18). No additional peaks are observed, suggesting that
no detectable structural modification occurred and that the
t′′ symmetry was conserved.

Reduction Behaviour and Oxygen Uptake

The TPR profiles of the fresh samples are plotted in Fig. 4.
To eliminate the contribution of the adsorbed carbonates to

FIG. 3. Raman spectra of: (1) fresh Ce0.6Zr0.4O2; (2) Ce0.6Zr0.4

O2 calcined at 1273 K; (3) aged Ce0.6Zr0.4O2; (4) fresh Ce0.6Zr0.375

Y0.025O1.9875; (5) Ce0.6Zr0.375Y0.025O1.9875, calcined at 1273 K; (6) aged
Ce0.6Zr0.375Y0.025O1.9875.

FIG. 4. Temperature programmed reduction of fresh (1) Ce0.6Zr0.4O2;
(2) Ce0.6Zr0.39Y0.01O1.995; (3) Ce0.6Zr0.375Y0.025O1.9875; (4) Ce0.6Zr0.35

Y0.05O1.975; (5) Ce0.6Zr0.35Y0.10O1.95; (6) Ce0.6Zr0.375La0.025O1.9875; (7)
Ce0.6Zr0.375Ga0.025O1.9875.

the TPR profile, all samples were thermally treated before
the first TPR experiment following the standard procedure
described in the experimental (9). Such a treatment leads
to a small reduction of the sample (<3% of Ce4+); however,
this does not modify the TPR profiles of the fresh samples as
confirmed by separate experiments in which an oxidation
at 700 K and an O2 desorption step were included in the
pretreatment procedure.

The fresh Ce0.6Zr0.4O2 mixed oxide features a peak at
822 K with a shoulder at 700 K (Fig. 4, trace 1). This shape
is not modified by doping the system with 1 mol% Y3+

(Fig. 4, trace 2). By increasing the Y3+ content up to 5 mol%
(Fig. 4, traces 3, 4), the maximum of the peak shifts down
to 796 K while the contribution of the shoulder at about
700 K becomes smaller, compared to the undoped and
1 mol% doped sample. At a constant dopant concentration
(2.5 mol%) (Fig. 4, traces 4, 6, 7), the reduction profiles are
very similar. The reduction temperature increases to 813 K
in the case of the La(2.5), while the broad feature observed
for the Ga3+ containing sample is shifted down to 785 K
(Fig. 4, trace 7).

The redox properties of both CeO2 and Ce0.5Zr0.5O2 are
strongly related to texture, which is modified by thermal
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FIG. 5. Temperature programmed reduction of Ce0.6Zr0.375Y0.025

O1.9875: (1) fresh sample; (2) sample recycled from three consecutive TPRs
up to 1273 K and subsequent oxidations at 700 K; (3) TPR up to 750 K fol-
lowed by isothermal reduction for 2 h of sample recycled from (2); (4) TPR
of sample recycled from (3).

treatments (9). We have therefore investigated the influ-
ence of subsequent TPR/oxidation experiments on the re-
duction behaviour (see experimental section). A typical se-
quence of the TPR profiles obtained on the doped samples
is reported in Fig. 5 for the Y(2.5). As previously described,
the fresh samples show a single intense peak and a shoul-
der at lower temperature (Fig. 5, trace 1). After oxidation
at 700 K, the subsequent TPR featured two new peaks:
the first one is strong and located at a low temperature,
while the second is at a temperature close to the above-
described shoulder (Fig. 4, trace 3). The shift towards low
temperatures of the reduction of the solid solution after
the first TPR is remarkable and strongly contrasts what
is usually observed for CeO2 where no reduction below
900 K is observed in the second TPR (9). The TPR profile
shown in trace 2 of Fig. 5 was not significantly modified upon
further TPR/oxidation cycles until the sample was subjected
to the reduction treatment at 750 K in trace 3 of Fig. 5. In
the following TPR (Fig. 5, trace 4), two broad features with
maxima at 680 and 722 K were observed, suggesting that the
isothermal reduction has induced a further modification of
the sample. Such a modification is not observed for isother-
mal reduction below 750 K. The final TPR profile (Fig. 5,

trace 4) was not further modified by subsequent redox cy-
cles. In this profile, the position of the low temperature
peak (Fig. 5, trace 2) is shifted to higher temperatures and
the peak is somehow overlapped with the second one. Both
peaks now show a comparable intensity (compare Fig. 5,
trace 4 and Fig. 6, traces 3, 4, 5). The behaviour shown
in Fig. 5 is common for the La(2.5) and Y(5.0). Ga(2.5)
has a different evolution of the redox behaviour. The first
TPR of this sample (Fig. 4, trace 7) exhibits a single peak
which is significantly broader than those of all other sam-
ples. After oxidation at 700 K, in the second TPR, the initial
broad peak disappears and two overlapped peaks are ob-
served which are not further modified by the isothermal
reductions. The final shape is reported in Fig. 6, trace 7. The
TPR profiles of both Ce0.6Zr0.4O2 and Y(1) also change al-
ready after the first TPR, reaching the final aspect shown in
traces 1 and 2 of Fig. 6. The recycled Ce0.6Zr0.4O2 features
three broad peaks centred at 650, 720, and 840 K which
indicates that part of the reduction process has shifted to
lower temperatures compared to the fresh sample, while
the most prominent feature is at somewhat higher temper-
atures (840 K compared to 822 K). A similar behaviour, e.g.,
a shift of the reduction temperature towards higher values

FIG. 6. Temperature programmed reduction of aged samples: (1)
Ce0.6Zr0.4O2; (2) Ce0.6Zr0.39Y0.01O1.995; (3) Ce0.6Zr0.375Y0.025O1.9875; (4) Ce0.6

Zr0.35Y0.05O1.975; (5) Ce0.6Zr0.35Y0.10O1.95; (6) Ce0.6Zr0.375La0.025O1.9875;
(7) Ce0.6Zr0.375Ga0.025O1.9875.
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is also observed for the Y(10). In this case, the final pattern
was observed already after the first TPR/oxidation cycle.

In Fig. 6, the TPR profiles of all the aged samples are
compared. At a constant dopant loading (2.5 mol%), Y3+

leads to the most beneficial alteration of the reduction be-
haviour of the CeO2–ZrO2 mixed oxide since the reduction
occurs at the lowest temperature. It is also worth of noting
that, a minimum dopant concentration, e.g., 2.5 mol%, is
required to modify the reduction behaviour with respect to
Ce0.6Zr0.4O2 as shown by the reduction profiles observed for
the Y3+ doped sample (Fig. 6, traces 1–5). Increase of the
Y3+ content favors the reducibility up to 5 mol%, while for
the highest content investigated (10 mol%), the reduction
temperatures increase, compared to the Y(2.5) and Y(5)
samples (Fig. 6, traces 3–5).

Oxygen uptakes at 700 K measured after reduction at
different temperatures are reported in Table 2. The H2 con-
sumption in the reduction before the oxygen uptake mea-
surements were also evaluated. The values (not reported)
correspond to the oxygen uptakes. This is in agreement with
the observation that the thermal pretreatment eliminates
the contributions from adsorbed species and any other arte-
fact (9). Almost constant oxygen uptakes were measured
after all the TPRs carried up to 1273 K, including those
of the aged samples. The average values are reported in
Table 2 for all the samples. The values measured after the
isothermal reductions were obtained on the samples which
were cycled for four times in the TPR/oxygen uptake exper-
iment (compare experimental section). It is worth noting
the unusually high efficiency of the Ce4+/Ce3+ redox pro-
cess which involves up to 80% mol of the Ce4+present in the
lattice after the reduction at 1273 K. The redox process is at-
tributed to the Ce4+/Ce3+ redox couple since no significant
Zr4+ reduction was detected (9, 11, 19). The overall amount

TABLE 2

Oxygen Uptakes at 700 K Measured over Reduced
Ce0.6Zr0.4−xMxO2−x/2 and CeO2

O2 consumptiona (Ce3+)
(m mol O2 g−1) (%)

Sample (1273 K)b (650 K)c (750 K)c (850 K)c

Ce0.6Zr0.4O2 0.76 (77) 0.46 (46) 0.63 (64) 0.65 (66)
Ce0.6Zr0.39Y0.01O1.995 0.77 (78) 0.45 (45) 0.62 (63) 0.70 (71)
Ce0.6Zr0.375Y0.025O1.9875 0.76 (77) 0.57 (58) 0.64 (65) 0.68 (69)
Ce0.6Zr0.35Y0.05O1.975 0.74 (75) 0.54 (55) 0.62 (63) 0.67 (68)
Ce0.6Zr0.30Y0.10O1.95 0.68 (69) 0.17 (17) 0.46 (46) 0.59 (60)
Ce0.6Zr0.375La0.025O1.9875 0.76 (78) 0.58 (59) 0.63 (65) 0.67 (68)
Ce0.6Zr0.375Ga0.025O1.9875 0.80 (80) 0.57 (58) 0.69 (70) 0.73 (74)
CeO2 0.50 (35) 0.01 (1)d

a Standard deviation: ±0.01 m mol O2 g−1.
b TPR up to 1273 K, average value measured from all the TPR.
c Isothermal reduction carried out at the indicated temperature (see

experimental).
d Isothermal reduction at 700 K.

of the reducible Ce4+ slightly decreases as the amount of
Y3+ increases. At 700 K, the oxidation of the reduced sup-
port is complete (8, 9) which allows to calculate from the
oxygen uptakes the composition of the oxygen deficient ox-
ides obtained in the TPR. By considering a general formula
Ce0.6Zr0.4−xYxOy for the reduced Y3+ containing oxides, we
calculate values of y= 1.77, 1.76, 1.75, 1.74, respectively for
x= 0, 0.01–0.025, 0.05, and 0.10 after reduction at 1273 K.
A value of 1.75 is calculated for La(2.5) and Ga(2.5). This
relatively constant value may suggest that formation of a
common oxygen-deficient phase might be limiting the over-
all degree of reduction; however, a simple coincidence due
to the same TPR procedure cannot be discounted.

A perusal of the oxygen uptakes measured postreduc-
tion at 750–850 K (Table 2) reveals a very high efficiency
of the Ce4+/Ce3+ redox cycle in all the samples, except for
Y(10), confirming that such a high dopant level does not
favor the OSC. As the reduction temperature is decreased
down to 650 K, a remarkable effect of dopants on the OSC
is found. There is a 20% increase of the OSC in the M3+

(2.5–5 mol%) doped samples compared to the Ce0.6Zr0.4O2

and Y(1). This is an important achievement, since improve-
ments of OSC at low temperature are highly desirable. This
result is consistent with the different evolution of the TPR
profiles upon the cycling of the sample in the redox cycles.
It is important to note that after the final TPR, no appre-
ciable decline of the OSC was measured in comparison to
the initial TPRs up to 1273 K. For comparison, the O2 up-
takes previously measured on a CeO2 sample (9) are also
included.

Characterisation of the Aged Samples

The observed TPR behaviour indicated a significant
modification of the present solid solutions induced by the
redox processes. The aged samples were therefore charac-
terized by both the Raman and XRD techniques. As shown
in Fig. 1, trace 5, the powder XRD patterns reveal signifi-
cant modifications of both the undoped and Y(2.5) samples
as denoted by the appearance on new strong peaks at 13◦–
25◦ (2θ). Note that these low diffraction angles correspond
to interplanar distances of about 3.6–6.8 nm.

The two spectra are reported here as examples; however,
the same kind of modifications of the XRD patterns were
observed for the other samples, suggesting that all of them
have undergone a similar transformation during the redox
processes. It is worth noting that the appearance of the new
peaks does not produce any significant change in the posi-
tions and relative intensities of the peaks due to the cubic
phase. Nevertheless, as shown in Fig. 7, the relative intensi-
ties of the peaks located at 13–25◦ (2θ) change with respect
to those due to the cubic phase. The increase of the relative
intensities of the peaks below 25◦ (2θ) upon increase of
the Y3+ content suggests that the observed transformation
might be favored by the presence of the trivalent dopant.
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FIG. 7. Ratio of integrated intensities of the peaks at 10–25◦ (2θ) to
the (111) reflection in the powder XRD patterns of the aged mixed oxides.
(d) Y3+ doped samples, (j) La(2.5), and (m) Ga(2.5).

We detected traces of Y2O3 in the recycled Y(10) which may
account for the similar ratios of this and the Y(5) sample.

We were not able to attribute the observed XRD pat-
tern to any known CeO2–ZrO2 phase. The high interplanar
distances could be associated with a long-range ordering in
the lattice, even if the opposite cannot be disregarded. A
highly disordered phase may well present only a long range
ordering.

The Raman spectra showed a net decrease of the inten-
sity of the peak at 475 cm−1 attributed to the symmetrical
T2g stretching of the M–O bond in the fluorite lattice. This
suggests that significant distortions were induced by the re-
dox cycles in the oxygen sublattice (13).

DISCUSSION

The present results disclose important effects of the ad-
dition of trivalent cations to the Ce0.6Zr0.4O2 solid solution.
First, consistent with the ability of trivalent cations to pro-
gressively stabilize ZrO2 in the tetragonal and cubic forms,
the same effect is present in the CeO2–ZrO2 solid solution.
We, indeed, observe that sample homogeneity and forma-
tion of a cubic phase is favored upon increasing the dopant
content to and above 2.5 mol%. The present results strongly
suggest that there is a minimum content of the dopant cation
necessary to observe significant effects of the doping: both
the characterization and TPR behavior reflect the equiva-
lence of the Y(1) and the undoped sample.

Research for methods of synthesis of the CeO2–ZrO2

has received attention in the literature; for example, in ad-
dition to the classical coprecipitation route (20), recently
the use of a high energy demanding ball milling method
was proposed for the synthesis of ZrO2 containing mixed
oxides (21–23). The characterization of the fresh samples
points out some important features of the synthesis of the
present CeO2–ZrO2 solid solutions via the citrate route;

high surface area, appreciable pore volume, and low cal-
cination temperatures may be employed to obtain an effi-
cient incorporation of both ZrO2 and the trivalent dopant
into the CeO2 lattice. Obviously, the first two properties
would be very important for precious metal deposition in
the preparation of the TWCs. Recent studies highlighted
the favorable effects of close contact between the metal
particles and the CeO2 support on the stabilization of metal
dispersion (24). In addition, sample homogeneity and well-
characterized textural properties are important factors in
determining both the redox properties (9) and textural sta-
bility of these systems (25). The increase of the surface area
at high Y3+ contents is consistent with the previous obser-
vation that the presence of a single homogeneous phase
stabilizes the high surface area of the CeO2–ZrO2 solid so-
lutions (25). It is worth noting that at a 2.5 mol% content
of the dopant both the Y3+ and La3+ favor formation of a
single phase which is not the case for the undersized Ga3+.
The critical radius, e.g., the cation radius which gives no cell
expansion upon substitution of Zr4+, is very close to that of
Y3+ (1.1015 Å) while La3+ (1.18 Å) is an oversized cation.
EXAFS studies suggested that oversized cations are more
efficient than the undersized ones in stabilizing the ZrO2,
since the latter cations compete with Zr4+ for the oxygen
vacancies in zirconia, resulting in sixfold oxygen coordina-
tion and a large disturbance to the surrounding next-nearest
neighbors (26). Consistently, our recent EXAFS investiga-
tion disclosed a sixfold coordination around zirconia in the
Ce0.5Zr0.5O2, since the two nearest oxygens are pushed away
to a nonbonding distance (19). This represents a mechanism
for the release of the stress generated by insertion of the
smaller Zr4+ into the CeO2 lattice and at the same time it
is responsible for the high oxygen mobility in the bulk by
generating mobile oxygens in the lattice itself. In contrast,
the Ga3+ which has an ionic radius of 0.62 Å (sixfold coor-
dination) is appreciably undersized and definitely smaller
than Zr4+ (0.72 Å in sixfold coordination). This suggests
that Ga3+ may easily compete with Zr4+ for the low coor-
dinated sites, not allowing an efficient release of the stress
in the lattice. This makes formation of a single phase unfa-
vorable.

The TPR behavior appears to be governed by both tex-
tural and structural properties, depending on whether the
behavior of a fresh or a cycled sample is considered. As
observed previously, an 1 mol% doping does not mod-
ify the properties of the Ce0.6Zr0.4O2 appreciably. Consis-
tently, these two samples present the same redox behavior.
Reduction of the fresh sample substantially shows a sin-
gle reduction feature, suggesting that reduction of the sur-
face and in the bulk occur almost concurrently. Indeed, in
the TPR of the fresh sample a collapse of surface area and
pore filling occur which hinder the concomitant reduction of
the surface. Conversely, the presence of Zr4+ favors the oxy-
gen mobility in the bulk. As shown by atomistic simulation
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of the solids, the energy for the Ce4+→Ce3+ reduction in
the CeO2–ZrO2 solid solutions is comparable to that cal-
culated for the CeO2 surface (27) which is in turn lower
than that calculated for the reduction of CeO2 in bulk (28).
Upon the assumption that quasi-equilibrium conditions are
attained during the TPR (8), due to the fast oxygen mo-
bility in these fluorite type solids, one would expect the
occurrence of two peaks, accounting for the reduction of
surface and in bulk of CeO2 and only a single feature for
the CeO2–ZrO2 mixed oxide. This is in agreement with ob-
servations reported for the high surface area samples. Two
peaks at 770 K and 1100 K are observed for CeO2 (29)
while all the single-phase mixed oxides show essentially a
single reduction peak (Fig. 3). Accordingly, the small shifts
of the reduction peaks observed in the fresh samples could
be related to an increase of oxygen mobility induced by the
dopant cation. The assumption of quasi-equilibrium con-
ditions is indirectly supported by the observation that the
final composition attained after the TPR is constant in all
the samples, suggesting that formation of a nonstoichio-
metric oxygen-deficient phase may be limiting the overall
degree of reduction.

Modification of the reduction behavior after the first TPR
is an important innovative property of these materials. In
the presence of H2 as in the TPR, sintering of the high sur-
face area samples is strongly enhanced, compared to oxidiz-
ing/inert conditions (9, 30). Accordingly, a strong crystallite
growth and a decline of surface area below 10 m2 g−1 were
observed after these treatments (9). This produces highly
crystalline, ordered solid solutions whose TPR is now chara-
cterized by two reduction features, the second one being at-
tributed to a clustering of oxygen vacancies in the reduction
process (8). In the TPR of the fresh sample, the latter pro-
cess may be well hindered by the collapse of surface area
and pore filling.

An important observation is the improvement of the re-
duction at low temperatures of the sintered samples com-
pared to the fresh ones (Fig. 5). Such a behavior is attributed
to an increase of oxygen mobility in the bulk of the solid
solution induced by sintering. As shown by the Raman spec-
tra, the local symmetry of the oxygen bonding around the
zirconium cation is progressively broken, which generates
mobile oxygens in the lattice (9, 19). Such a behavior is crit-
ically related to the presence of ZrO2 in the CeO2 lattice,
since in pure high surface CeO2 the low temperature redox
processes which are related to the surface are depressed by
the sintering (9, 31). In addition to this effect, the role of the
bulk oxygen vacancies created by the incorporation of the
trivalent dopant and their association for M3+ contents
higher than 8 mol% cannot be discounted. Consistently,
the reduction of the Y(2.5) is favored over the Y(10), even
if the particle size of the former sample is smaller.

An intriguing aspect is the sample modification occurring
during the isothermal reduction (Y(2.5), Y(5), and La(5))

and the TPR experiment (Ga(2.5) and La(10)). As shown
by the results of the characterization of the aged samples,
these treatments lead to modifications of the XRD and
Raman spectra. On the basis of the present evidence, we
are unable either to attribute the observed XRD pattern
to any known phase or to ascertain whether phase separa-
tion has occurred. It should be noted that the CeO2–ZrO2

phase diagram is far from being completely understood
(32, 33). For example, formation of a new cubic 8′ phase
in the ZrO2–CeO2–CeO1.5 ternary system and a new cubic
phase for reduced CeO2 were reported (31, 33). Neverthe-
less, there are indications that the formation of a new phase
with the same composition might have occurred. As, in fact,
diffusional phase separation triggered by the reduction has
been observed in the CeO2–ZrO2 system only above 1473 K
(34, 35). In our case, at 750 K a significant diffusion of the
cationic sublattice is unfavorable. A diffusionless transfor-
mation of the mixed oxides is further substantiated by the
presence of the peaks due to the initial cubic phase. This
suggests that no enrichment in either ZrO2 or CeO2 oc-
curs during the phase transformation. The increase of the
relative intensity of the peaks below 25◦ (2θ) suggests that
the phase transformation is assisted by the presence of the
trivalent dopant. The undersized Ga3+ appears to be the
most efficient cation for modifying the XRD pattern. Dif-
fusion of small cations in a lattice is favored, compared to
the oversized ones, which suggests that some dopant migra-
tion cannot be discounted.

It is important to recall, however, that despite the trans-
formation of the mixed oxides, the degree of reduction at
1273 K is unaffected (Table 2) which may suggest some
kind of structural correlation between the fresh and the
aged samples.

Also worth noting is that all the samples retain very high
oxygen exchange capacity at low temperatures as denoted
by the TPR profiles reported in Fig. 6.

The very high values of the OSC reported in this work
(Table 2) deserve some comment: in highly sintered Rh/
Ce0.6Zr0.4O2 prepared by a solid state synthesis at 1873 K
(surface area ≈1 m2 g−1) (8), the degree of reduction mea-
sured as y in Ce0.6Zr0.4Oy was 1.76, which is almost equal to
the value measured in the present work for the same com-
position of the solid solution. This suggests that the syn-
thesis route does not affect the overall OSC. Conversely,
the different initial texture of the solid solution modifies
the reduction temperatures in the TPR and affects the be-
havior in the redox cycles. Consistently, y= 1.85 was mea-
sured after the reduction of a mixed oxide Ce0.5Zr0.5O2,
prepared both by high energy mechanical alloying (surface
area 16 m2 g−1) (36) and by a synthesis from alkoxide precur-
sors (9) (surface area 64 m−2 g−1), despite the different TPR
profiles.

A major finding appears well established from the pre-
sent work, e.g., that very high oxygen storage capacities
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at low temperatures are obtained on these Ce0.6Zr0.4−x

MxO2−x/2 systems. The insertion of the trivalent cation in
an appropriate amount improves the OSC at low temp-
eratures, compared to the undoped solid solution. Remark-
ably, this effect is observed in the aged samples, despite
the fact that they underwent a significant sintering. High
OSC at low temperatures represents a major objective of
the research for the improved vehicle cold-start technology.
Moreover, even if a phase modification was observed, the
high OSC at low temperatures is preserved, which suggests
that a limited thermal deactivation should be aspected un-
der the real exhaust conditions. In fact, the independence
of the redox behavior with respect to surface area is the
most important aspect of these materials. Loss of OSC
due to a drop of surface area upon thermal aging is one
of the major pathways for the TWCs deactivation.

CONCLUSIONS

In summary, the present investigation has identified an
important role of trivalent dopants in improving the oxygen
exchange at low temperatures in the Ce0.6Zr0.4O2 mixed ox-
ide, compared to the undoped system. This effect is clearly
shown in the sample subjected to extensive sintering in-
duced by redox cycles. The addition of an appropriate triva-
lent cation affects the textural properties and, most impor-
tantly, it favors the homogeneity of the cubic phases. Use
of citrates is indicated as an efficient route for an efficient
cation insertion into the host CeO2 lattice.
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