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Redox Property–Local Structure Relationships in the Rh-Loaded
CeO2–ZrO2 Mixed Oxides
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The local structure of the M–O bond in CeO2–ZrO2 mixed ox-
ides is investigated with the aim of finding a correlation between
structural parameters and oxygen exchange properties. It is found
that insertion of ZrO2 into the CeO2 lattice strongly perturbs the
symmetry of the M–O bond. As the content of CeO2 in CeO2–ZrO2

solid solution is increased from 20 to 80 mol%, tetragonal, (t, t′,
t′′) and cubic phases are formed. The local symmetry of the Zr–O
bond is strongly perturbed by the increase in CeO2 content while
no significant modification of the first Ce–O coordination sphere is
found, except for lengthening of the Ce–O bond consistent with lat-
tice parameter increase. The perturbation of the Zr–O coordination
sphere, which leads to highly disordered oxygen in the lattice, is
indicated as responsible for the high oxygen mobility in CeO2–ZrO2

mixed oxides. c© 1999 Academic Press
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1. INTRODUCTION

Pollution problems are an important area of scientific
research. In particular, three-way catalysts (TWCs), which
are used to simultaneously abate NOx, CO, and hydrocar-
bons (HC) contained in automotive exhaust, have been ex-
tensively studied due to the increasingly tight legislation
requirements for pollution abatement (1). Since 1995, the
fourth generation of automotive catalysts has been em-
ployed (2); these are based mainly on precious metals (PMs,
mostly Pd) supported on stabilized Al2O3 and a thermally
stable oxygen storage/release promoter which acts as an
oxygen buffer in the exhaust. The capacity to store and re-
lease oxygen [oxygen storage capacity (OSC)] allows one
to enlarge the operating air-to-fuel (A/F) window, by keep-
ing the oxidant/reductant ratio close to stoichiometric level
where the highest conversions are attained (3). Tradition-
ally, high-surface-area CeO2 has been employed for this
purpose (3). A major drawback of CeO2 is the loss of OSC
1 To whom correspondence should be addressed. E-mail: kaspar@
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on sintering, leading to deactivation of the catalyst (4). In-
sertion of ZrO2 into the CeO2 lattice, leading to formation
of a CeO2–ZrO2 solid solution, has been shown to dramat-
ically increase both thermal stability and OSC (5, 6).

We have investigated OSC in detail and proposed that the
ability of ZrO2 to promote reduction of CeO2 in the bulk
should be related to the structural modifications of the flu-
orite lattice of CeO2 induced by insertion of ZrO2 (7, 8).
In a previous paper the correlation between the reduction
behavior of a Ce0.5Zr0.5O2 mixed oxide and its structural
properties was reported (8). Here we extend our investi-
gation to the whole range of compositions by varying x in
CexZr1−xO2 mixed oxides.

2. EXPERIMENTAL

2.1. Data Collection and Sample Preparation

All the catalysts were from previous studies (6, 7, 9). They
were prepared by solid-state synthesis, by firing mixtures of
the oxides at 1873 K for 1 h. RhCl3 was employed as metal
precursor. Rh nominal loading was 0.5 wt%.

EXAFS spectra of the Zr K edge of standard and catalytic
samples were collected at LURE on beamline EXAFS I us-
ing a Si(331) channel-cut monochromator. Detectors were
two ionization chambers filled with Ar at atmospheric pres-
sure. All samples were crushed in a mortar to obtain a fine
powder and then pressed at 7.6× 108 N m−2 to obtain self-
supporting pellets. Weights of samples were calculated to
obtain a total absorption coefficient of 2.5. Zirconium K-
edge spectra had been collected at room temperature (RT)
in the energy interval 17.9–18.9 keV with 2-eV step and 2-s
integration time.

EXAFS spectra of the Ce LIII edge of standard (CeO2)
and catalytic samples were collected on the same beamline
as Zr K-edge spectra. The ionization chambers were filled
with air at atmospheric pressure. The data were recorded
at RT with a 2-eV step from 5680 to 6190 eV and 2-s inte-
gration time. The samples were prepared by mixing pow-
ders with boron nitride in a mortar and then pressed at
7.6× 108 N m−2. Weights of samples were calculated to ob-
tain a total absorption coefficient of 2.5.
8



Rh-LOADED CeO2–Z

Powder XRD spectra were collected on a Siemens
Kristalloflex Model F Instrument (Ni-filtered CuKα). Cell
parameters were determined from the XRD patterns us-
ing the TREOR90 program. FT-Raman spectra were mea-
sured on a Perkin–Elmer 2000 FT-Raman spectrometer
with diode-pumped YAG laser and a RT super InGaAs
detector. The laser power was 50–400 mW.

2.2. EXAFS Analysis Procedure

Analysis of Zr K-edge EXAFS spectra was performed
by Fourier filtering method using EXAFS pour le Mac soft-
ware (10). The EXAFS signal was isolated from the total
absorption using the following procedure. The threshold
was chosen at half-height of edge jump, then smooth atomic
background was modeled with a third-degree polynomial
function. We interpolated the pre-edge background with a

straight line and then extrapolated data with the Lengeler– second (i.e., metal) and third (i.e., oxygen) neighbors. Val-

Heisenberger method (11) to extract the EXAFS signal.
Analysis of the LIII edge EXAFS spectra of Ce was per-

ues of interval limits changed slightly from one sample to
another.
FIG. 1. k-weighted EXAFS spectra (left) and their FFTs (right) for (
(3) t′′-Ce0.5Zr0.5O2, (4) t′′-Ce0.6Zr0.4O2, (5) c-Ce0.8Zr0.2O2.
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formed in a similar way, but the background absorption co-
efficient was modeled with four cubic splines. Analysis of
LIII-edge EXAFS spectra of Ce presented here is limited
to the first-shell contribution.

2.2.1. Zr K edge. To separate the different atomic shell
contributions present in the EXAFS signal, we performed
a Fourier transform of the k3-weighted EXAFS signal con-
voluted with a Kaiser apodization window (τ = 2.5). The
fast Fourier transform (FFT) was performed in the inter-
val 3.0–12.7 Å−1. In Fig. 1 we show k-weighted EXAFS
signals and the Fourier transform. Modelizations of signals
were performed on back-transformed intervals of the FFT.
We recognized in FFT-transformed signals of every sample
two fundamental contributions: in the interval 1.1–2.3 Å a
first peak due to oxygen first neighbors; then in the inter-
val 2.3–4.2 Å a second peak due to convoluted signals of
a) Zr K edge and (b) Ce LIII edge: (1) t-Ce0.2Zr0.8O2, (2) t′-Ce0.5Zr0.5O2,
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We used experimental phase and amplitude functions for
the Zr–O atom pair to model first peak signal, using BaZrO3

as standard. The nearest neighbors (NNs) to Zr in this com-
pound are six oxygen atoms at an average distance of 2.09 Å
(12). As a definition of a relative scale of σ was needed, we
chose for this standard the arbitrary value σ = 0.07 Å; all
other values of σ for the Zr–O couple are in proportion to
this.

To simulate the second peak signal we used theoretical
functions of McKale et al. (13) since no standard for Zr–
Ce is available. We tested the McKale et al. functions for
the Zr–Zr atom pair on Zr metal: we fixed the distance to
the crystallographic value and the disorder term to the value
calculated at the temperature of 293 K with the model of
Sevillano et al. (14). We obtained a very good simulation
of the Zr–Zr EXAFS FFT-filtered signal and we could esti-
mate the value of the 0 coefficient (0.89 Å−2). This value is
necessary to calculate the mean free path with the simplified
empirical expression proposed by Lee (15):

λ(k) = k0−1.

This value of the mean free path parameter was then used
in the simulation of the second peak of other samples.

All refinements were performed on k-weighted filtered
data. We used mean standard deviations of at least three
k-weighted EXAFS data to calculate χ2 during fitting pro-
cedures. We calculated error bars by standard formulas
based on inversion of the Hessian matrix. The formula for
the number of independent points is (16)

Nind = 21k1R/π + 2,

where 1k is the interval in k space on which the fit is per-
formed and 1R is the back-Fourier transform interval. We
define the degree of freedom of the fit as ν=Nind−Npar,
where Npar is the number of free parameters used.

Due to the different standards available we used differ-
ent fit strategies for the first and second peaks. With respect
to the first peak we investigated the structure of the oxygen
shell to define which was the most probable model. We were
concerned with precisely determining distances and coordi-
nation numbers. To obtain these results, we carefully used
the fitting parameters, decreasing the degree of freedom
only when it was strictly necessary and physically mean-
ingful. In fact we found that it was impossible to properly
simulate the first peak by means of only one Zr–O distance.
We had to use at least two shells of oxygen around a zirco-
nium atom, so the number of fitting parameters increased
and the possibility of producing false results grew consid-
erably. As recently pointed out, in the presence of multiple
minima in the merit function, the use of different1E values

to simulate the scattering contributions of equal scattering
atoms located at similar distances may lead to identifica-
tion of a chemically unreliable solution (17). To avoid these
ET AL.

problems, we systematically used equal 1E values for the
same kind of scattering atom.

The second peak in the FFT contains the contributions of
the metal neighbors [next nearest neighbours (NNNs)] and
the second oxygen neighbors. Here different 1E0 values
for different shells could be necessary to count for differ-
ent oxidation states and distances between the theoretical
standards and the samples. For this reason the fit strategy
was different: we started refining only the contributions of
the metal atoms and limiting the k range between 6 and
12.7 Å−1, so all 1E0 parameters were assigned the same
value. Then we introduced the contribution of the oxygen
atoms and we used a wider range: from 3.0 to 12.7 Å−1. In
this step the 1E0 parameters of the three shells were still
kept equal. Starting from the minimum found in this step,
we allowed the1E0 parameters to have different values. In
almost all cases the values of 1E0 varied only slightly. In
any case the1E0 correction was less than 3 eV. For this rea-
son we present here only the data obtained with the same
1E0 for all three shells. We used only one distance to simu-
late the second oxygen neighbors; this is not coherent with
the results of the first peak analysis, but this simplification
is due only to the limited number of independent points.
On the other hand, the oxygen shells in the second peak
have a limited weight and can be well approximated by a
single shell with a large disorder factor. In fact we obtained
high values for the disorder factor of the oxygen shell (i.e.,
∼0.14 Å).

2.2.2. Ce LIII edge. The k3-weighted EXAFS signals of
the Ce LIII edge were Fourier transformed in the interval
2.41–9.85 Å−1 and the first peak contribution was filtered
in the interval 1.02–2.46 Å. The k-weighted EXAFS signals
and their FFTs are shown in Fig. 1b. To fit the data we
chose CeO2 as standard. The data used to calculate the
scattering phase and amplitude are R= 2.341 Å, σ = 0.07 Å,
0= 1.0, CN= 8. In all samples single-shell calculations were
sufficient to simulate the first peak signal.

3. RESULTS

3.1. Oxygen Exchange Properties (Reduction Behavior)

The reduction behavior and catalytic activity of the re-
duction of NO with CO of the present catalysts were re-
ported previously (6, 7, 9). For the reader’s convenience,
these data are described in brief here. Reduction of highly
sintered Rh/CeO2 features two peaks at 380 and 1110 K. The
peak below 500 K is attributed to reduction of the rhodium
oxide precursor, while the peak at 1110 K is attributed to
reduction of CeO2 in the bulk. No evidence of CeO2 surface
reduction processes is found due to the sintered nature of
the catalyst. The modification of the reduction profile by

insertion of ZrO2 into the CeO2 lattice is striking as illus-
trated by the formation of a new peak at about 600–700 K
(Fig. 2). The position of this new low-temperature (LT)
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FIG. 2. Temperature-programmed reduction profiles of Rh/CeO2 and
Rh/Ce0.6Zr0.4O2.

reduction peak depends both on the nature of the CeO2–
ZrO2 phase and on CeO2 content. This is illustrated in Fig. 3.
For a full discussion of these features we refer the reader to
Ref. (7). Concerning the present paper, the following fea-
tures should be noted: (i) due to the low surface area of
the samples employed here the LT peak is associated with
reduction in the bulk of the CeO2–ZrO2 mixed oxide pro-
moted by ZrO2; (ii) the extent of the promotional effect
increases with ZrO2 content at the CeO2-rich side (cubic
phase) and it decreases at the ZrO2-rich side (tetragonal
phases). These observations suggest that the facility of the
reduction should be associated with the ease of oxygen mi-
gration in the bulk of the mixed oxide (7).
FIG. 3. Temperatures of the LT and HT peaks versus CeO2 content:
(d, s) tetragonal (t, t′) and (m, 1) cubic (t′′, c) phases.
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3.2. XRD and Raman Characterization

According to the cerium content, ceria–zirconia ceramic
alloys exist in three different phases, namely, monoclinic,
tetragonal, and cubic (18). Below 1300 K the monoclinic
and cubic phases appear to be thermodynamically stable;
however, when the ceramic method is employed for synthe-
sis of the solid solution the metastable tetragonal phase is
easily formed in a wide compositional interval and it is fairly
stable at ordinary temperatures (19–23). In our synthesis
we used a nonquenching cooling rate which produces two
phases of tetragonal symmetry referred to as t and t′ (20–
23). These phases exist pure in the compositional ranges
5–20% CeO2 and 40–60% CeO2, respectively, while at a
CeO2 content of 20–40% a mixture of t and t′ is obtained.
The former phase is characterized by a larger orthogonal-
ity (c/a= 1.018) compared with the t′ phase (c/a∼ 1.010)
(24). Recently, a tetragonal t′′ phase was distinguished on
the basis of the Raman spectra. This phase is characterized
by a cation sublattice of Fm3m symmetry and a tetragonal
(P42/nmc space group) distortion of the oxygen sublattice
(20). Since the XRD patterns are sensitive mainly to the
cation sublattice, the c and t′′ phases are often referred to
as a cubic phase. This term will also be used here.

Some representative powder XRD patterns are shown
in Fig. 4. As shown in trace 4, the XRD profiles suggest
that formation of a cubic fluorite-type solid solution oc-
curred for cerium contents>50 mol%. For the composition
Ce0.5Zr0.5O2, both tetragonal and cubic phases may be ob-
tained according to the synthesis conditions. Quick quench-
ing to RT of the calcined mixture produces the cubic phase,
FIG. 4. Powder XRD spectra of (1) t-Ce0.2Zr0.8O2, (2) t′-Ce0.5Zr0.5O2,
(3) t′′-Ce0.5Zr0.5O2, (4) t′′-Ce0.6Zr0.4O2, (5) c-Ce0.8Zr0.2O2, and (6) CeO2.
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FIG. 5. (111) spacing of CeO2–ZrO2 solid solutions as determined by
powder XRD.

while slow cooling leads to the t′ phase as detected by the
splitting of the peaks at about 32◦, 48◦, and 57◦ 2θ . As shown
in Fig. 5, powder XRD spectra confirmed formation of solid
solutions in the present samples. In agreement with the
Vegard rule, d(111) decreases linearly in the cubic region
with decreasing CeO2 content due to the smaller ionic ra-
dius of Zr4+ (0.80 Å) compared with Ce4+ (0.97 Å). In the
range of composition 30–40% CeO2, the constant values of
(hkl) spacing indicate that a two-phase region is present as
expected on the basis of the phase diagram. Consistently,
both Ce0.3Zr0.7O2 and Ce0.4Zr0.6O2 are mixtures of respec-
tively t (77 and 22%), t′ (17 and 67%), and cubic (6 and
11%). All other samples present a single phase.

Due to the low sensitivity of the XRD technique to the
oxygen sublattice, Raman spectra were collected in the
range 100–1000 cm−1 where absorption due to M–O stretch-
ing is observed. The overall picture, reported in Fig. 6, indi-
cates substantial modification of M–O bonding symmetry
on variation of CeO2 content.

Six Raman-active modes of A1g+ 3 Eg+ 2 B1g symmetry
are observed for tetragonal ZrO2 (space group P42/nmc),
while for the cubic fluorite structure (space group Fm3m)
only one F2g mode centered at around 490 cm−1 is Raman-
active (25). In pure CeO2 (Fm3m space group), the F2g

mode is observed at 465 cm−1. The Raman spectra re-
ported in Fig. 6 show the following features: (i) For CeO2

contents above 60 mol%, the spectrum is dominated by a
single strong band which shifts to higher frequencies and
becomes sharper with increasing CeO2 content. This band
is attributed to the F2g mode. Also, some minor peaks at
about 310 and 145 cm−1 are noted. (ii) At high ZrO2 content

(≥80 mol%) the six bands of tetragonal ZrO2 are detected.
(iii) At intermediate CeO2 contents (40–60 mol%), four or
five bands are detected.
ET AL.

The shift in the Raman frequency to higher values with
increasing ZrO2 content is due to the decrease in the lattice
parameter, resulting in short M–O bond lengths. Note that
peaks at 310 and 145 cm−1 are also observed. Such spectral
features were attributed to the t′′ phase (20, 21). Observa-
tion of only four or five Raman modes for the intermediate
CeO2 contents cannot be rationalized on the basis of the
proposed phase symmetries (P42/nmc and Fm3m). It sug-
gests that additional modifications of the oxygen sublattice
may occur at this intermediate CeO2 level. In fact at high
FIG. 6. Raman spectra of CexZr1−xO2: x= (1) 1, (2) 0.9, (3) 0.8, (4) 0.7,
(5) 0.6, (6) 0.5—t′ phase, (7) 0.5—t′′ phase, (8) 0.4, (9) 0.3, (10) 0.2, (11) 0.1,
and (12) 0.
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TABLE 1

XRD Characterization of CexZr1−xO2
a

t′ phase t phaseCeO2 Cubic phase
(mol%) a= b= c (Å) a′ = b′ (Å) c (Å) a′ = b′ (Å) c (Å)

100 5.407
90 5.379
80 5.353
70 5.350
60 5.301
50 5.274
50 5.260 5.304
40 5.298 5.224 5.284 5.142 5.241
30 5.319 5.224 5.284 5.142 5.241
20 5.151 5.239

a a′, b′, and c′ (with a′ = b′ = a
√

2 ec′ = c) are the cell parameters of the
double tetragonal cell.

ZrO2 contents (ii), 6 bands are observed allowing attribu-
tion to the t phase.

The phase attribution and structural parameters as de-
tected from the XRD patterns are summarized in Table 1.

3.3. EXAFS Characterization

On the basis of the Raman and XRD characterization,
five single-phase samples—t-Ce0.2Zr0.8O2, t′-Ce0.5Zr0.5O2,
t′′-Ce0.5Zr0.5O2, t′′-Ce0.6Zr0.4O2, and c-Ce0.8Zr0.2O2—were
analyzed by the EXAFS technique. Both the Zr K and Ce
LIII edges were measured and the results are described in
the following sections.

3.3.1. Zr K edge. The simulation of contribution to the

EXAFS signal of oxygen NNs was carried out by testing a
number of different models (8). The statistical discrimina-
tion was m

ZrO2 confirms the validity of our approach in fitting Zr–O,
i.e., using a single value of1E for all the oxygen subshells.

roach to
ade on the basis of the F test requiring a prob-

TABLE 2

Results of Fitting the EXAFS Signal by Using Different Models for the First Shell of Monoclinic
ZrO2 Compared with the Crystallographic Data

XRD
EXAFS

Average
Model CNa σ (Å) Distance (Å) 1E0 (eV) χ2 ν CN distance (Å)

1 7.2± 0.2 0.102± 0.003 2.142± 0.004 −0.2± 0.2 3.77 4 7 2.159

2 5 0.078± 0.005 2.114± 0.003 −0.2± 0.2 2.81 4 5 2.120
2 2.25± 0.01 2 2.250

3 2 0.04± 0.01 2.049± 0.007 0.1± 0.2 1.40 3 2 2.054
3 2.154± 0.005 3 2.168
2 2.27± 0.01 2 2.250

4 5 0.080± 0.005 2.113± 0.003 −0.6± 0.4 1.83 3 5 2.120

0

Accordingly, we systematically employed this app
2 2.28± 0.01

a Coordination number.
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ability of at least 75% (8). However, before discussing the
data, which concern the CeO2–ZrO2 mixed oxides, it is im-
portant to examine the results of fitting for the reference
model compound m-ZrO2. Zr atom in monoclinic ZrO2 is
surrounded by seven oxygen atoms at seven different dis-
tances: 2.051, 2.057, 2.151, 2.163, 2.189, 2.220, and 2.285 Å
(26). They can be grouped in different ways to reduce the
number of fitting parameters. A number of models and the
average crystallographic distances are reported in Table 2.
The single-shell model can be clearly distinguished with re-
spect to the others on the basis of the χ2 factor; however, it
is interesting to note that a correct CN is obtained by leav-
ing free the CN parameter during the fitting. By keeping
1E0 constant, the three-subshell model (model 3, Table 2)
best fits the XRD data. In fact on the basis of the F -test, the
three-shell model is 75% more probable than the two-shell
model (model 2) and 70% more probable than the one-
shell model (model 1). Remarkably, by leaving the 1E0

independent for the two subshells (model 4), we obtained a
fit that is statistically indistinguishable from the three-shell
fit obtained using single 1E0. Note, however, that the sec-
ond distance differs by 0.03 Å from the average value of the
crystallographic data. In addition, the difference between
the two 1E0 values exceeds 3 eV. Both these arguments
make this model physically unreliable, despite the very sat-
isfactory fit. In Fig. 7 we show average EXAFS signals of
monoclinic ZrO2 and its FFT transform (both modulus and
imaginary part); we show also (in dashed line) the theo-
retical Fourier transform of the three-shell model function
(model 3).

Good agreement between the experimental data and the
fit is observed. In summary, analysis of the Zr–O shell in
2.4± 1.2 2 2.250
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FIG. 7. k-weighted EXAFS spectra of monoclinic ZrO2 (a) and its FFT (b) with simulated FFT of first peak obtained using model 3. —, fit; ---,

experimental.

fit the Zr–O shell of all the samples. An example of the
fitting is reported for t-Ce0.2Zr0.8O2 in Fig. 8. Similar results
were obtained for all the other samples.

A perusal of data reported in Table 3 reveals that (i) a
single shell of oxygen NN atoms to Zr has never been de-
tected for any of the CeO2–ZrO2 oxides investigated, and
(ii) the oxygen shell structure depends on the amount of
ZrO2 inserted into the CeO2 lattice. In the Ce0.2Zr0.8O2 sam-
ple, zirconium appears eight coordinated, with two possi-
ble models for the oxygen shells. Actually we observed that
the two models are equivalent. In fact, the second and third
shells of the 4+ 2+ 2 model are simply approximated by
the second shell in the case of the 4+ 4 model. The sum of
the square of the distance dispersion of the last two shells
of the 4+ 2+ 2 model and their disorder parameters almost

equals the square of the disorder parameters of the second is true for all the peaks analyzed and is in agreement with

shell in the 4+ 4 model. The 4+ 4 model is consistent with
the presence of a tetragonal phase.

XRD data. The disorder parameter decreases in the cubic
samples, indicating a less distorted oxygen lattice as the
FIG. 8. Fitting of EXAFS data at the Zr K edge for t-Ce0.2Zr0.8O2: (a)
to the first and second shells (R space); (c) back-FT of the first peak and the
fit (k space). —, fit; ---, experimental.
When the cerium content increases (50–80 mol%), the
coordination number of zirconium changes. The appropri-
ate model for the cubic samples is 4+ 2. The coordination
number decreases by 2 units with respect to Ce0.2Zr0.8O2.
Due to the increase in the cell parameter, the outer shell
of the oxygen atoms could move too far to be localized
by EXAFS analysis in the first peak of the FFT. In fact its
contribution could be mixed and confused with those of
heavier atoms in the intermediate region between the first
and second peaks.

In the case of tetragonal Ce0.5Zr0.5O2 we obtained a min-
imum for the coordination number of zirconium; its value is
near 5 and should not be confused within the experimental
error (±10%) with 6.

The Zr–O bond distances increase along the series; this
Modulus of the FT of the experimental data and the modeled FTs relative
corresponding fit; (b) back-FT of the second peak and the corresponding
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TABLE 3

Results of Fitting of the EXAFS Signal at the Zr K Edge:
Zr NN Shell

CNa σ R 1E0

Sample Zr–O (Å× 10−2) (Å) (eV) χ2
v ν

t-Ce0.2Zr0.8O2 4 6.2± 0.5 2.086± 0.004 0.4± 0.2 0.50 4
2 6.2± 0.5 2.240± 0.007 0.4± 0.2
2 6.2± 0.5 2.39± 0.01 0.4± 0.2
4 6.3± 0.6 2.089± 0.006 0.4± 0.4 0.69 4
4 10± 1 2.301± 0.01

t′-Ce0.5Zr0.5O2 3 6.5± 0.4 2.117± 0.005 2.1± 0.2 3.02 5
2 6.5± 0.4 2.325± 0.008 2.1± 0.2

t′′-Ce0.5Zr0.5O2 4 8.0± 0.3 2.124± 0.006 0.9± 0.4 1.94 5
2 8.0± 0.3 2.34± 0.01 0.9± 0.4

t′′-Ce0.6Zr0.4O2 4 7.6± 0.3 2.134± 0.003 1.1± 0.2 1.36 5
2 7.6± 0.3 2.328± 0.008 1.1± 0.2

c-Ce0.8Zr0.2O2 4 6.9± 0.3 2.164± 0.003 1.0± 0.2 7.94 6
2 6.9± 0.3 2.329± 0.006 1.0± 0.2

a Coordination number.

cerium content increases. The tetragonal samples show less
dispersion of Zr–O bonds compared with the cubic samples,
suggesting a more ordered oxygen sublattice.

Data obtained for the Zr NNNs are reported in Table 4.
These data were obtained by fitting the contribution of the
second series of peaks shown in the FFT in the range 2.3–
4.2 Å (Fig. 1). This region is associated prevalently with M–
M bonding and some oxygen contribution. As expected, at

both ends of the investigated compositions (Zr contents 20
and 80 mol%)
diate composit

used wavevector domain. This produces a destructive inter-
T peak. This
ebye–Waller
, a single peak prevails, while for interme-
ions two peaks, related to Zr–Zr and Zr–Ce

TABLE 4

Results of Fitting of the EXAFS Signal at the Zr K Edge: Zr NNN Shell

σ R 1E0

Sample Shell CNa (Å× 10−2) (Å) (eV) χ2
v ν

t-Ce0.2Zr0.8O2 Zr–Zr 9.6 8.0± 0.3 3.628± 0.007 −8.7± 0.7 5.37 6
Zr–Ce 2.4 7.0± 0.7 3.66± 0.01 −8.7± 0.7
Zr–O 24 13.4± 0.6 4.19± 0.03 −8.7± 0.7

t′-Ce0.5Zr0.5O2 Zr–Zr 6 10.7± 0.4 3.661± 0.008 −6.9± 0.3 1.94 6
Zr–Ce 6 9.6± 0.3 3.718± 0.007 −6.9± 0.3
Zr–O 24 15.4± 0.5 4.29± 0.01 −6.9± 0.3

t′′-Ce0.5Zr0.5O2 Zr–Zr 6 10.2± 0.3 3.659± 0.007 −7.0± 0.3 1.98 6
Zr–Ce 6 9.3± 0.3 3.719± 0.006 −7.0± 0.3
Zr–O 24 14.4± 0.4 4.28± 0.01 −7.0± 0.3

t′′-Ce0.6Zr0.4O2 Zr–Zr 4.8 10.2± 0.3 3.674± 0.007 −7.4± 0.2 9.63 5
Zr–Ce 7.2 8.9± 0.2 3.729± 0.005 −7.4± 0.2
Zr–O 24 12.9± 0.4 4.300± 0.008 −7.4± 0.2

c-Ce0.8Zr0.2O2 Zr–Zr 2.4 11.1± 0.6 3.66± 0.01 −6.1± 0.1 16.72 7

ference that tends to wipe out the second FF
is also evident from the fitting results: the D
Zr–Ce 9.6 9.3± 0.1
Zr–O 24 9.9± 0.2

a Coordination number.
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FIG. 9. Comparison of Ce–O (s), Zr–O (first subshell, 1; second
subshell, r) distances obtained by EXAFS and metal-oxygen distances
deduced by XRD cell parameters (j) assuming cubic or tetragonal sym-
metry.

bonding, are observed. It is also noted that the amplitude of
the signal of the two contributions to the second FFT peak
decreases when approaching a molar Ce/Zr ratio equal to 1.
This phenomenon, which could suggest a high structural dis-
order and/or decrease in CN, is due to the mixing of the Zr
and Ce phases that differ with respect to π on almost all the
3.771± 0.002 −6.1± 0.1
4.362± 0.003 −6.1± 0.1
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factors of the Zr–Ce, Zr–Zr, and Zr–O pairs do not change
so much to produce such a dumping of the signals. Accord-
ingly we did not find any significant change in NNN CNs as
the Ce/Zr ratio was varied. The alloying between Zr and Ce
oxide with formation of a homogeneous solid solution was
discussed in a previous paper (9). Here we confirm that for
all the compositions investigated, the EXAFS data at the Zr
K edge cannot be modeled without introducing the cerium
contribution with appropriate stoichiometry. One should,
however, be aware that the amplitude accuracy of EXAFS
analysis (±10%) would not allow detecting partial/limited
segregation in the phases.

The average Zr–Zr, Zr–Ce, and Zr–O distances increase
with the Ce content, in agreement with the occurrence of
alloying and formation of a solid solution. This is substan-
tiated by the comparison of the EXAFS data with the cal-
culated (XRD) Zr–Ce distances on the assumption that the
cations statistically occupy special positions of the tetrag-
onal/cubic lattice. There is good agreement on the whole
composition interval, also confirming the validity of the
EXAFS analysis (Fig. 10). Similarly, Zr–O second-shell dis-
tance increases with CeO2 content. In contrast, Zr–Zr dis-
tance seems to be almost unaffected by the alloying. At
present, this is hardly explained as a real structural effect;
future investigation is needed to solve the problem.

In agreement with the results for the first oxygen shell,
the disorder parameter of the NNN oxygen shell is high-
est for the tetragonal samples and lowest at the highest
cerium content. This indicates that the dispersion of oxy-
gen distances decreases in the cubic phase, as the structure
becomes more and more similar to the highly symmetric
structure of CeO2. The fact that the maximum corresponds
to the tetragonal Ce0.5Zr0.5O2 sample is consistent with the
observations done for the first peak analysis. In fact, we
suggest that due to the difficulty of identifying the outer
oxygen shell for distances equal to or higher than 2.5 Å by
the EXAFS technique, we found a low coordination num-
ber. Thus, we observe only five oxygen atoms in the first
peak of the tetragonal sample, which implies a high disper-

sion of oxygen bond distances.

3.3.2. Ce LIII ed
edge are shown in

EXAFS data which showed a good correlation between the
or Zr) bond struc-
ler (DW) factor in
ge. The results obtained at the Ce LIII

Table 5. In all cases the coordination

TABLE 5

Results of Fitting of the EXAFS Signal at the Ce LIII Edge: Ce NN Shell

CNa σ R 1E0

Sample Ce–O (Å× 10−2) (Å) (eV) χ2
v ν

t-Ce0.2Zr0.8O2 8.5± 0.2 8.9± 0.4 2.295± 0.003 0.6± 0.1 0.51 5
t′-Ce0.5Zr0.5O2 7.8± 0.8 7.5± 0.8 2.31± 0.01 −0.7± 0.7 0.21 5
t′′-Ce0.5Zr0.5O2 7.8± 0.2 8.6± 0.3 2.309± 0.003 −0.7± 0.1 2.40 3
′′

mixed oxide composition and Zr–M (Ce
ture. The consistency of the Debye–Wal
t -Ce0.6Zr0.4O2 8.7± 0.2 8.7± 0.2
c-Ce0.8Zr0.2O2 8.5± 0.1 8.2± 0.2

a Coordination number.
T AL.

FIG. 10. Comparison of Ce–Zr distances obtained by EXAFS (s)
and metal–metal distances deduced by XRD data (j) assuming cubic or
tetragonal symmetry.

number of Ce is near eight, in contrast with the results for
the Zr first shell (Table 3). No evidence of splitting in more
shells of the first oxygen neighbors was ever found. Com-
parison of the Ce–O bond distances with those obtained
from the XRD cell parameters is in good agreement with
EXAFS data (Fig. 9), the Ce–O distance increasing with
CeO2 molar percentage.

4. DISCUSSION

The first point to be addressed is whether the present
mixed oxides can be addressed as truly homogeneous solid
solutions. The linear variation of the cell parameter as de-
tected by d(111) in the XRD spectra and lack of evidence of
the presence of the starting materials clearly suggested that
the solid-state synthesis employed here leads to formation
of solid solutions. Their homogeneity is supported by the
2.316± 0.002 −0.5± 0.1 4.31 4
2.330± 0.001 −0.2± 0.1 10.42 4
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the mixed oxides and ZrO2 is a further indication of homo-
geneity. For a domain-type structure, as often suggested for
these materials, one would expect a high DW factor for the
Zr–M bond, due to the fact that the local cell parameter
in the hypothetical Zr-rich and Ce-rich domains should be
rather different, resulting in high DW factors.

Structural analysis of the present CeO2–ZrO2 mixed ox-
ides disclosed a number of unprecedented observations
concerning the local M—O structure. First, while Ce4+ is
the chemically active site for redox activity of CeO2–ZrO2

mixed oxides as no appreciable Zr reduction could be de-
tected (6, 7), the presence of zirconia in the CeO2 lattice
seems to be responsible for strong modifications of the
oxygen sublattice. Let us focus our attention first on the
effects of zirconia addition on evolution of the Ce–O bond.
These modifications appear to be related to ZrO2 content
in a straightforward manner: An increase in ZrO2 content
leads to progressive shortening of the Ce–O bond. This is
consistent with a decrease in the cell parameter, which oc-
curs on substitution of the large Ce4+ by the small Zr4+.
The linear dependency of d(111) and the results of EXAFS
characterization of the Zr–Ce shell strongly suggest that all
the single-phase samples are truly homogeneous solid solu-
tions. Detection of a single Ce–O coordination shell clearly
indicates that in these systems, cerium maintains its coordi-
nation integrity with respect to the fluorite structure of the
parent CeO2. Conservation of this integrity is supported by
the Raman spectra in the CeO2-rich region. The strong in-
tensity of the F2g mode and the linear shift of its frequency
with CeO2 content indicate that Ce–O bond stretching is
the major contribution to this mode. The increasing width
of the band due to the F2g mode with ZrO2 content in the
cubic region is worthy of comment. In pure CeO2 varia-
tion of the width of the F2g Raman mode was detected and
shown to depend linearly on CeO2 particle size: at lower
particle sizes of CeO2, sharper peaks were observed (27).
This modification of the Raman spectra was related to an in-
crease in order of the CeO2 particles as their size increases.
In our case, due to the synthesis method, sintered mate-
rials with high particle sizes were obtained. Accordingly,
variation of the bandwidth cannot be related to a variation
in particle size. In view of the EXAFS characterization,
it appears reasonable to associate this modification to an
increased structural disorder of the solid solution with in-
creasing content of ZrO2. Breaking of long-range ordering
of the oxygen lattice in the solid coupled to a defect-induced
first-order Raman effect was shown to be responsible for
the line broadening of the T2g mode in the FSZs2 (28). Con-
sistently, density measurements suggested the presence of
increasing amounts of defects in these solids (7). As yet we
have not been able to determine the real nature of these
2 The terms partially stabilized (PSZ) and fully stabilized (FSZ) zir-
conia are commonly employed to indicate tetragonal and cubic phases,
respectively.
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defects; however, as cerium is present in the Ce4+ state in
all the mixed oxides (29), substantial amounts of oxygen
vacancies due to reducible cerium should be excluded. Ac-
cordingly, the presence of these defects should rather be
associated with the presence of zirconia. This interpreta-
tion is substantiated by the observed modification of the
Ce–O bond: there is nice agreement between the Ce–O
bond lengths as detected by both XRD and EXAFS and
this confirms the idea that cerium prefers to conserve its
ideal fluorite situation also in the mixed oxide. We recall
that the XRD bond lengths are calculated by assuming that
both the metal cations and the oxygen anions are located
in special positions and no distortion in the oxygen sublat-
tice occurs. Of course, as the amount of the CeO2 in the
mixed oxides decreases, the intensity of the Raman signal
relative to cerium bonding also decreases, making the con-
tribution of the Zr–O vibrations prominent. It is also worth
noting that the DW factors of the Ce–O bond are relatively
constant over the whole range of compositions studied, in
agreement with a “constant” situation around cerium in the
lattice. Detection of an “ordered” structure around cerium
may suggest that the high-temperature peak observed in
the TPR profiles could somehow be related to this local
situation where removal of oxygen should be difficult and
reduction temperatures comparable to those found for pure
CeO2 (1100 K). In fact, we observed that by increasing ZrO2

content in the cubic region, not only did the LT peaks shift to
low temperatures, but also the relative intensity of the HT
peaks decreased (7). Further, the decrease in Ce–O bond
length should make removal of oxygen bonded to cerium
cations more difficult.

As far as the local structure around zirconium is con-
cerned, we find evidence of strong dependency of the local
structure on ZrO2 content and hence the phases present.
However, let us first briefly discuss Zr–O in pure zirconia,
which, obviously, is the related reference material. At RT,
monoclinic Zr–O is stable, unless extremely very fine parti-
cles have been produced in the synthesis which lead to sta-
bilization of tetragonal or even cubic phases (25, 30). Three
Zr–O bond distances were determined in monoclinic ZrO2

(Table 2). The data reported in Table 2 are in a good agree-
ment with the crystallographic values, indicating that our
experimental approach to treating the EXAFS data gives
reliable results. In tetragonal zirconias a CN of 4+4 was de-
tected as predicted by the P42/nmc space group. Typically
the distances for the two subshells are around 2.10–2.35 Å
according to the nature of the stabilizing cation (31–33).
Such a situation is found only for the Ce0.2Zr0.8O2 samples.
The structural parameters appear in good agreement with
previous investigations of CeO2–ZrO2 mixed oxides with
low CeO2 content (34). The CN 4+4 is clearly confirmed by
Raman spectroscopy, which shows six active bands as pre-

dicted by the group analysis. The situation in both the t ′ and
cubic phases appears rather different. In all cases we have
not been able to model the EXAFS signal by employing a
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CN 4+4 subshell structure. Also, Raman spectra strongly
suggest that this coordination is absent in these samples
since six modes are no longer detected. Among the more
than 40 different models tested, we found that for most of
the samples investigated the Zr K-edge EXAFS signal can
be reasonably fitted only by the 4+ 2 model. This imme-
diately gives rise to the following question: Where are the
missing oxygens? A reasonable explanation is that these
oxygen atoms move far from the scattering Zr atom. In the
second shell, in addition to the Ce and Zr cations, 24 oxygen
atoms are present which we have modeled by a single-shell
contribution. The overall contribution of this shell to the
second peak is rather small, making insignificant the con-
tribution of the two missing oxygen atoms.

The modification of the first Zr–O coordination shell is
indeed remarkable: as shown in Fig. 9, the contraction of the
first 4 NNs is rather significant, suggesting that the oxygens
are very close to the Zr4+, shielding it somehow from the
other four oxygens. Accordingly, two oxygens are pushed
to a longer distance, which is comparable to that of the Ce–
O bond. Apparently, eight oxygen atoms around the small
Zr cation are overcrowded which favors the release of the
stress by moving part of them far from the cation. This gen-
erates a tetragonal distortion (t′ phase) which is formed as
long as ZrO2 is the structure-directing factor. The increase
in CeO2 content leads to a decrese in the c/a ratio, mak-
ing the tetragonal distortion unfavorable. In the presence
of trivalent dopants, the oxygen vacancies may migrate to-
ward the zirconium, stabilizing a less crowded situation.
This has been suggested to be the mechanism of the stabi-
lization of PSZs and FSZs with trivalent dopants (31). Of
course, the larger the trivalent cation, the more efficient is
the mechanism of stabilization since small trivalent cations
can compete for the oxygen vacancy. For tervalent dopants,
the mechanism of PSZ and FSZ stabilization is not yet un-
derstood (34). Unless a highly reducible cation is employed,
the above mechanism of stabilization cannot be operative
since no oxygen vacancies are present in the solid. Accord-
ingly, we do not have evidence of significant amounts of
Ce3+ in the as-prepared catalysts. The only way to release
the stress around zirconia is then to increase the structural
disorder by moving part of the oxygens away. In agreement
we note an increase in the DW from c-Ce0.8Zr0.2O2 to cubic-
Ce0.5Zr0.5O2. Differently, in the t′-Ce0.5Zr0.5O2 sample a rel-
atively low DW factor is observed, which is consistent with
a relaxation induced by tetragonal distortion of the cation
lattice. However, as the c/a ratio is close to 1, a full relax-
ation and the CN 4+4 coordination are not allowed yet.
The unavailability of crystallographically pure phases for
cerium contents of 30–40% does not allow to establish how
the transition from this tetragonal CN 4+2 distribution to

the tetragonal CN 4+4 coordination occurs. However, the
observation that for these compositions a biphasic region
is present suggests that the driving force for the formation
ET AL.

of the t phase is very high. This makes the diffusional-type
phase separation favorable.

We infer that the displacement of the oxygen far from zir-
conium is responsible for the promoting effects of zirconia
on the reduction behavior of CeO2. These oxygens appear
to be highly disordered in the lattice. In fact we have not
been able to detect them even at liquid He temperature
(8), suggesting that they are structurally rather than ther-
mally disordered. We guess that highly disordered oxygen
should easily float in the lattice, making the reduction in the
bulk of the material favorable. The higher the disorder, the
higher the reducibility of the mixed oxide as clearly indi-
cated by the comparison of the reduction behavior of t ′- and
t ′′-Rh/Ce0.5Zr0.5O2 samples. This is clearly confirmed by the
DW factors of these two samples. An important point is to
which extent these findings can be extended to rationalize
the OSC property of CeO2–ZrO2 mixed oxides. In fact, it
has been shown that reduction behaviour depends strongly
also on textural properties of the solid solutions. Samples
of different origin and different texture showed different
reduction behavior and even an unusual promotion of re-
duction behavior with sample sintering has been detected
(4, 35). We feel that from the increasing number of pub-
lished papers some conclusions can perhaps be advanced:
CeO2–ZrO2 mixed oxides show improved oxygen storage
due to the availability of bulk oxygen for redox processes.
As indicated in the present study this behavior must be
associated with a significant distortion of the oxygen sub-
lattice, which is generated by substitution of the small zirco-
nium cation for cerium. The extent of these modifications
depends on several factors and, in particular, the relative
CeO2–ZrO2 composition. Although not addressed in this
paper, sample homogeneity and particle size of the CeO2–
ZrO2 solid solution strongly affect redox behavior. It seems
that in high-surface-area CeO2–ZrO2 mixed oxides obser-
vation of a single reduction feature can be attributed to the
presence of a single phase, the presence of different phases
being detected by multiple reduction peaks (36). Also, par-
ticle size affects the distortion of the oxygen sublattice as
detected by Raman spectroscopy: lower particle size favors
a higher symmetry of the M–O bond, suggesting that in the
CeO2–ZrO2 phase diagram a further dimension should be
added, e.g., particle size. Breaking of the M–O bond symme-
try, which creates mobile oxygens in the lattice, was indeed
indicated as a possible origin of the unusual promotion of
reduction behavior on sintering (4).
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