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Abstract

Extended X-ray absorption fine structure (EXAFS) experiments at the Ce K- and La K-edges were performed on ceria–lanthana–

alumina three-way catalysts promoters prepared by sol–gel routes, in order to investigate the effect of lanthanum doping on the ceria

structure. The formation of Ce1�xLaxO2�x/2 solid solution, already observed by X-ray diffraction, was confirmed by EXAFS

analysis, while no experimental evidence of a Ce–Al interaction was found. In presence of cerium and aluminum, lanthanum is

involved in the formation of solid solution with CeO2 and of La–Al compounds. When the La:Al molar ratio is sufficiently high, the

growth of a tridimensionally ordered LaAlO3 perovskite compound is observed. For increasing values of x=1� x in the solid

solution Ce1�xLaxO2�x/2, the Ce–O distance decreases, while La–O distance remains nearly constant.

r 2003 Elsevier Inc. All rights reserved.

Keywords: Lanthanum-doped ceria; EXAFS; Solid solutions; Oxygen storage capacity; Alumina stabilization; Lanthanum aluminate
1. Introduction

The abatement of pollutants to non-toxic products in
automobile exhausts is performed by the so-called three-
way catalysts (TWCs) that, in most of the present-day
formulations, are constituted of ceria-based compounds
[1,2] in synergic cooperation with a precious metal and
supported on transition aluminas (usually, g-alumina).
As well known, the most peculiar property of ceria is

its ability of acting as an oxygen buffer with respect to
the reaction environment. This property, usually called
oxygen storage capacity (OSC), depends on the mobility
of oxygen in the ceria network and can be greatly
enhanced by suitable modification of the host lattice
with various dopants. When the doping is performed
using trivalent species, in particular lanthanum [3,4], the
improvement of oxygen mobility is due to the anion
vacancies that are formed to fulfill the condition of
lattice charge neutrality.
A drawback of the use of transition aluminas as

support for TWC systems can be the big surface area
reduction taking place during the transformation to
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a-alumina (corundum) between 800�C and 900�C. As
these temperatures are easily reached and even exceeded
in operating conditions by the catalytic converters,
g-alumina is stabilized against thermal deactivation by
different methods such as addition of barium [5],
zirconium [6], or rare-earth compounds [7]. In particu-
lar, it has been demonstrated that lanthanum improves
the thermal stability of g-alumina [8–10], although its
exact role is still under debate. To this concern, two
interpretations meet a general agreement: according to
the most widely accepted hypothesis, lanthanum forms
compounds (LaAlO3 [11], La2O3 � 11Al2O3 [12], La2O3
[13]), which coat the alumina surface and hinder
the diffusion processes that lead to the formation of
the a-phase; alternatively, it was also proposed [14,15]
that lanthanum is incorporated in g-Al2O3, producing a
stabilization of the structure up to 1100�C.
In a previous paper [16] we reported the synthesis of

several Ce–La–Al compounds by two different sol–
gel routes, involving the introduction of all the
components in a single step. A careful phase analysis,
carried out by Rietveld refinements of the X-ray
diffraction (XRD) patterns, proved that lanthanum
formed a substitutional solid solution in ceria and that,
in agreement with the behavior of anionic conductivity
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in trivalent rare-earth-doped ceria, the best OSC was
reached in correspondence of a well-defined composi-
tion of the solid solution. Moreover, it was possible to
demonstrate by XRD that lanthanum interacts also with
aluminum, giving rise in some of the investigated
samples to a perovskite LaAlO3 phase. In other cases
no direct evidence of a La–Al compound could be
achieved. However, taking into account that in all Al-
containing samples the overall La amount that could be
determined by XRD was less than the input one, it was
hypothesized that a noteworthy fraction of La could be
dispersed in the alumina matrix.
X-ray absorption spectroscopy (XAS) has been

already used for the structural characterization of
ceria-based TWC [17] systems, of pure CeO2 [18–20],
of lanthanide-[21,22] or Zr-doped CeO2 [23,24]. There is
only one XAS study on La-doped ceria concerning the
X-ray absorption near-edge structure at Ce- and La LIII-
edges [25]. Extended X-ray absorption fine structure
(EXAFS) investigations on La-doped CeO2 at the LIII-
edge present some difficulties due to the superposition of
the La LIII-edge over the Ce LIII-edge; also the close
proximity of the La LII-edge to the La LIII-edge
constitutes a problem, since it truncates the useful range
over which data can be collected, as it is underlined by
an EXAFS study on lanthanum oxide [26]. On the other
hand, due to the high photon energies required, the
K-edge has been rarely employed in studies on ceria-
based compounds, although some investigations are
now emerging [27]. To the best of our knowledge, only
one EXAFS study [22] exists regarding the local
structure of La-doped ceria at the La K- and Ce
K-edges, that is focused on the relationships between
ionic conductivity and local order around host and
dopant cations with different ionic radius. However,
although the cited paper deals with different kind of
dopants or doubly doped ceria compounds, it does not
take into account the effect of different dopant
concentrations on the local order around Ce and La.
The interactions between lanthanum and alumina have
been already studied by different techniques such as
NMR and FT-IR [28], EPR [29], XPS [30], and
computer simulation [31], but only one XAS study on
lanthanide oxides supported on g-alumina exists [32],
showing that the strong interaction between the carrier
and the supported phase modifies the white line intensity
at the lanthanide X-ray absorption edge.
This paper reports the structural study carried out by

EXAFS analysis on the ceria–lanthana–alumina sam-
ples previously investigated by XRD [16]. In particular,
this EXAFS study has been carried out to get
information about the interaction of lanthanum with
alumina that could be only partially investigated by
XRD, and about the La–O and Ce–O interactions in the
fluorite ceria–lanthana phase. Taking advantage of the
high energies available at the European Synchrotron
Radiation Facility (ESRF) in Grenoble (France), all the
EXAFS experiments have been performed at the Ce-
and La K-edges.
2. Experimental

2.1. Materials

The sol–gel preparation routes were already described
in our previous paper [16]. In summary, the samples are
prepared in a single step, starting from inorganic nitrate
precursors and using as gelling agent citric acid (the
‘‘Cit’’ synthesis) or polyethyleneglycol (PEG). The PEG
route allows the synthesis at the same time of both the
oxide components and of the Pd-containing phase. An
overview of the materials investigated in this paper is
provided in Table 1, giving also the key for decoding
the acronyms designating the compounds, the respec-
tive molar ratios of La, Al and Ce exploited in the syn-
thesis and the composition of the solid solution
Ce1�xLaxO2�x/2. The latter parameter was determined
from the XRD data, assuming a linear dependence of
the lattice constant of the mixed oxide on the La content
[16]. Besides these samples, the EXAFS experiments
were carried out also on cerium oxide prepared by the
PEG sol–gel route and on two reference compounds,
CeO2 (Aldrich, powder, o5 mm, 99.9%) and LaAlO3
(Alfa Aesar, a Johnson Matthey Company, 99.9%
metals basis).

2.2. Data collection

EXAFS experiments at the Ce (40.443 keV) and La
(38.920 keV) K-edges have been performed at the ESRF
on the Swiss-Norwegian beamline (SNBL, BM1). The
incident X-ray beam was monochromatized by a Si(111)
channel-cut monochromator. The energy calibration
was carried out with the CeO2 and LaAlO3 reference
compounds. EXAFS measurements were performed in
transmission geometry, with two krypton/nitrogen-filled
ionization chambers to detect the incident (I0) and the
transmitted (It) beam. For each sample at least two
scans were collected.
The samples have been crushed by grinding in a

mortar, pressed in self-supporting wafers and mounted
in an in situ EXAFS cell [33] filled with helium. The
EXAFS experiments were carried out at liquid nitrogen
temperature to limit the thermal disorder effects which
damp the EXAFS oscillations.
The edge jumps in total absorption were greater than

0.7 for all the samples, allowing to get a good signal-to-
noise ratio. The absorption jumps calculated on the
basis of the samples nominal composition were in
good agreement (to within a few percent) with the



ARTICLE IN PRESS

Table 1

Investigated samples and nominal La:Ce, Al:Ce, La:Al, Pd:Ce molar ratios. The x=1� x values in the Ce1�xLaxO2�x/2 solid solutions, calculated by

XRD analysis, are reported

Samplea La:Ce Al:Ce La:Al Pd:Ce x=1� xb

CeO2 — — — — —

CeO2–PEG — — — — —

LaAlO3 — — 1 — —

CLAP1 0.40 3.56 0.11 — 0.17

CLAP2 0.37 6.96 0.05 — 0.14

CLAP3 0.40 17.5 0.02 — 0.04

CLAP4 0.38 24.2 0.01 0.05

CLAC1 0.39 3.58 0.11 — 0.08

CLP1 0.25 — — — 0.20

0.33

PdCLAP 0.42 4.29 0.10 0.06 0.15

CLAP5 0.39 3.53 0.11 — 0.19

aC, cerium; L, lanthanum; A, aluminum; P, PEG synthesis route; the second C, Cit synthesis route.
bLa:Ce ratio in the Ce1�xLaxO2�x/2 solid solution, determined by XRD.

F. Deganello et al. / Journal of Solid State Chemistry 175 (2003) 289–298 291
experimental values, so ensuring that the syntheses were
carried out without loss of reagents.

2.3. Data analysis

Data extraction and EXAFS analysis were carried out
by the GNXAS package [34,35]. This procedure allows
to analyze raw X-ray absorption spectra without the
necessity of data pre-treatments such as EXAFS
extraction and Fourier filtering. The approach is based
on a fitting procedure that optimizes the agreement
between a model absorption signal amodðEÞ and the
experimental one aexpðEÞ: The non-linear multipara-
metric fit is performed by using the CERN library
subroutine MINUIT, that allows to carry out a detailed
error analysis on the fitting parameters to achieve a
good estimate of the confidence interval on the final
results. The statistical errors on parameters are evalu-
ated according to the size of ellipses which enclose in the
parameter space w2 values with a confidence of 95% [36].
The model absorption is a function of the photon energy
and is given by

amodðEÞ ¼ Js0ðEÞ½1þ S20wmodðE � E0Þ
þ abackgroundðEÞ þ aexcitationðEÞ
: ð1Þ

The EXAFS model wmodðE � E0Þ is calculated ac-
cording to the multiple scattering (MS) approximation
[34]. In the GNXAS analysis, the local atomic arrange-
ment around the absorbing atom is decomposed into
model atomic configurations containing 2; 3;y; n

atoms. For each configuration the atomic phase shifts
are calculated using the most opportune exchange and
correlation potentials in the muffin–tin approximation.
The use of complex Hedin–Lundqvist potentials permits
a correct inclusion of the effects due to inelastic losses.
The contributions to the EXAFS signal are expressed
in terms of irreducible n-body gðnÞ functions which are
calculated considering the effects of all the possible
single and MS paths between the n-atoms. The
theoretical EXAFS signal wðkÞ is given by the sum of
the gðnÞ:

wðkÞ ¼
X

n

gðnÞ; ð2Þ

where k ¼ ½ð2me=_
2ÞðE � E0Þ
1=2 is the modulus of the

photoelectron wave vector.
The parameter S20 in Eq. (1) is the constant reduction

factor for EXAFS intensity and accounts for an effective
many-body corrections to the one-electron cross-sec-
tion. s0ðEÞ is an arctangent step-like function account-
ing for the atomic cross-section of the absorption of
the atom of interest. The edge jump J accounts for the
actual surface density of the photoabsorber atoms and
is optimized by MINUIT. The background term
abackgroundðEÞ is a smooth polynomial spline function
accounting for the pre- and post-edge contribution of all
absorption channels. The knots of the splines are
defined in the analysis, while MINUIT optimizes the
spline coefficients. The last term aexcitationðEÞ can take
into account the possible multielectron excitation in the
absorber atom adding one or more edges to the above
reported equation [37].
Fig. 1a shows the edge of the reference CeO2 and

Fig. 1b the term accounting for atomic absorption. The
non-monotonic atomic-XAFS determined by the spline
procedure is in good agreement with literature data [38]
on CeO2 K-edge. Confirming the comparative analysis
performed by Fonda et al. [22] on the Ce K- and LIII-
edges of CeO2, it was not necessary to take into account
multielectron excitations. The edge energy E0 was
refined in a range of 75 eV around the maximum
derivative of the absorption coefficient vs. energy data.
All the spectra were analyzed by a k-weighting scheme,
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Fig. 1. (a) X-ray absorption spectrum of the reference CeO2 com-

pound at the Ce K-edge. (b) EXAFS oscillations (dashed line) and

atomic absorption (solid line) obtained from the raw data of Fig. 1a by

subtraction of the pre-edge contribution and fitting of Eq. (1).
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Fig. 2. (a) Experimental (circles) and fitted (solid line) kwðkÞ pattern of
the reference CeO2 compound. The difference pattern is reported in the

bottom part of the drawing. The two-body contributions relative to
ð2Þ ð2Þ
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in order to get a detailed information about the
interactions of cerium and lanthanum with the light
species present in the samples. The suitability of the
model was evaluated also by comparison of the Fourier
transform (FT) of the experimental EXAFS signal,
calculated in the k-interval 3–17 Å�1, and of the sum of
the model gðnÞ functions.
the Ce–O (g1 ) and, respectively, to the Ce–Ce (g2 ) interactions are
shown in the topmost part of the figure. (b) FTs not corrected for

phase shift of the experimental (circles) and calculated (solid line)

kwðkÞ functions. The FT of the Ce–O and Ce–Ce components are also
shown.
3. Results and discussion

All the EXAFS spectra at the Ce K-edge were
analyzed with two frequency components, correspond-
ing to the Ce–O and Ce–Ce(La) first neighbors
interactions proper of the fluoritic structure, respec-
tively. Owing to the nearly equal atomic number, Ce
backscatterer could not be discriminated from La in the
lanthanum-doped samples. The experimental and calcu-
lated kwðkÞ functions of the reference CeO2 compound
are reported in Fig. 2a, while the respective FTs are
given in Fig. 2b. Fig. 3a reports the Ce K-edge kwðkÞ
signals of the investigated Ce–La samples and, for
comparison, also those of CeO2 and CeO2–PEG. The
calculated signals are built up with the two frequency
components shown in Fig. 2a, obtaining satisfactory
agreement with the experimental data, as it is demon-
strated also by comparison of the respective FTs shown
in Fig. 3b. The attempt of introducing in the model also
contributions from cerium aluminate, defined on the
basis of crystallographic data [39], was discarded by
MINUIT. This confirms that the formation of CeAlO3
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Fig. 3. (a) Experimental (circles) and fitted (solid lines) kwðkÞ patterns
of the investigated Ce–La samples at the Ce K-edge. For comparison,
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patterns are generated with the two gð2Þ functions reported in Fig. 1. (b)
Experimental (circles) and calculated (solid lines) FTs. The FT’s are

uncorrected for phase shift.

F. Deganello et al. / Journal of Solid State Chemistry 175 (2003) 289–298 293
is inhibited by the presence of lanthanum [40]. The
reliability of this conclusion is supported, on the other
hand, also by the consideration that cerium aluminate
can normally be synthesized at high temperature and in
reducing environment [7]. By inspection of the best-fit
parameters reported in Table 2, it results that the
coordination numbers of the first shell around the
absorber are generally close to the value N ¼ 8 proper
of the fluoritic environment. On the contrary, the
coordination numbers of the second Ce(La) shell are
definitely smaller than the value N ¼ 12 of the reference
CeO2 in all the samples synthesized by sol–gel and in
particular in CeO2–PEG. For the sol–gel samples, the
Debye–Waller factors of the oxygen shell are system-
atically larger than those of the second shell. This
behavior is not surprising, taking into account that the
thermal disorder affects to a greater extent the light
atoms. The coordination numbers of the first shell
demonstrate that the building blocks of CeO2–PEG and
of the ceria–lanthana solid solutions are mostly con-
stituted by eight-coordinated cerium. However, as
proven by the low metal–metal coordination numbers,
these building blocks form a defective tridimensional
lattice. Similar results, concerning both coordination
numbers and Debye–Waller factors, were found also in
other EXAFS studies on oxide materials. In particular,
Feth et al. [41] reported that titania–zirconia samples
grown by sol–gel are constituted by edge-connected
chains of (Ti/Zr)O6 octahedra (with, therefore, metal–
metal coordination numbers close to 1), while Lee et al.
[20] demonstrated that nanocrystalline ceria have, even
for very small (B2 nm) crystallite size, about eight
oxygen first neighbors and only eight Ce second
neighbors.
The La K-edge analysis of the reference compound

LaAlO3, having a distorted perovskite structure, was
carried out on the basis of the distances of the crystal
structure corresponding to the space group R-3c [42]. A
similar compound, LaCoO3, belonging to the same
space group, was recently investigated at Co and La K-
edges [43]. A satisfactory fitting was achieved taking into
account: (i) three La–O distances at about 2.49, 2.67,
and 2.98 Å that give rise in the FT to a composite La–O
shell; (ii) an average La–Al distance corresponding to
the two close distances in the crystalline compound at
about 3.30 Å; and (iii) one La–La distance at 3.79 Å.
Besides the above-quoted two-body interactions, also
a three-body La–O–La term was taken into account. As
the angle between the two La–O bonds is about 180�,
MS becomes relevant. This contribution corresponds to
a La–La distance of 5.34 Å (twice the La–O at 2.67 Å
distance) and is therefore characteristic of the long-
range order in crystalline LaAlO3. The details of the
EXAFS signal reconstruction are reported in Fig. 4a
and the corresponding Fourier transforms are given in
Fig. 4b.
Due to the absence of aluminum in the composition,

the analysis of CLP1 required only two components
corresponding to the fluorite-type La–O and La–Ce(La)
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Table 2

Best fit achieved at the Ce K-edge

Sample x=ð1� xÞ gð2Þ1 Ce–O gð2Þ2 Ce–Ce(La)

R (Å) N s2 (Å2) R (Å) N s2 (Å2)

CeO2 2.32(1) 8 2.6(5) 3.80(2) 12 2.8(6)

CeO2–PEG 2.31(1) 7.9(4) 3.2(6) 3.77(2) 6.5(5) 1.0(1)

CLAP3 0.04 2.32(1) 6.5(4) 6.6(5) 3.80(2) 3.7(4) 1.0(1)

CLAP4 0.05 2.32(1) 7.9(4) 4.6(5) 3.79(2) 4.6(5) 1.0(2)

CLAC1 0.08 2.33(2) 8.0(4) 5.8(5) 3.80(3) 3.8(4) 1.0(1)

CLAP2 0.14 2.29(1) 6.2(4) 7.1(5) 3.79(3) 2.8(7) 2.0(1)

PdCLAP 0.15 2.29(1) 8.0(4) 5.3(5) 3.79(2) 4.5(5) 2.0(1)

CLAP1 0.17 2.27(1) 8.0(4) 4.0(1) 3.79(3) 6.6(5) 3.0(2)

CLAP5 0.19 2.27(1) 8.0(4) 4.8(5) 3.78(2) 4.9(5) 1.9(4)

CLP1 0.24 2.26(1) 8.0(4) 6.6(4) 3.79(3) 4.0(4) 2.3(5)

The samples are ordered according to increasing La content in Ce1�xLaxO2�x/2.
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distances. The respective gð2Þ functions are shown in
Fig. 5, showing also the comparison between the
resulting calculated pattern and the experimental
EXAFS spectrum.
In principle, the aluminum-bearing samples could be

characterized by the simultaneous presence of both the
perovskite- and fluorite-type contributions shown in
Figs. 4 and 5. In Fig. 6a the experimental EXAFS
signals (circles) are reported for all the investigated
samples at the La K-edge. Sample CLAP3 is reported as
well, although the pattern could be recorded only to
about 14 Å. The corresponding FTs in Fig. 6b present
the MS La–O–La shell for those samples (CLAP5,
PdCLAP, CLAP1, and CLAP2) having also a recogniz-
able LaAlO3 contribution in the XRD pattern [16]. The
presence of the perovskite phase in these samples finds a
further evidence in the La–Al shell midway between the
La–O and the La–Ce(La) ones. The fluorite-type La–O
and La–Ce(La) distances are very similar to the La–O at
2.49 Å and, respectively, to the La–La distance at 3.79 Å
in LaAlO3. So, the analysis of the EXAFS La K-edge
signals were carried out with: (i) two La–O distances
(that could be attributed to the fluorite-type atB2.46 Å
and, respectively, to the average perovskite-type La–O
at B2.67 Å); (ii) one La–Al perovskite-type distance at
about 3.3 Å; (iii) one La–Ce(La) frequency component
accounting simultaneously for the perovskite- and
fluorite-type contributions; and (iv) the La–O–La MS
perovskite-like term. The samples CLP1, CLAC1,
CLAP3, and CLAP4, not showing in the respective
experimental FTs (see Fig. 6b) the peaks characteristic
of the perovskite phase, were analyzed on the basis of
the two fluorite-like components La–O and La–Ce(La).
The complete fitting results on the La K-edge are
reported in Table 3, while the solid lines in Fig. 6a and b
report, respectively, the calculated EXAFS signals and
the corresponding FTs.
Clearly, with the approximations used to model the

EXAFS signals of the samples CLAP5, PdCLAP,
CLAP1, and CLAP2, the coordination numbers re-
ported in Table 3 represent merely an overall weight of
the respective composite shells; the s values, generally
large and without a well-defined behavior through the
different shell, are probably influenced by the structural
disorder about lanthanum and by the spread of
distances of the composite shells. From inspection of
Fig. 6b, the perovskite characteristic peaks are more
evident in PdCLAP; according to the results reported in
Table 3, the smaller s values point to a more ordered
perovskite phase, although it is not possible to say, on
the basis of the available data, if palladium has a specific
role in determining this behavior. Some clue about the
inclusion of La in alumina can be achieved from CLAP3
and CLAP4. In fact, these materials, characterized by
the largest molar ratio between aluminum and heavy
metals (see Table 1), present not only a quite small ratio
between the La–Ce(La) and La–O peaks in the FT, but
also small La–O coordination numbers. Therefore, it is
likely that a noteworthy fraction of La is also present
in the alumina matrix, with a distorted environment of
oxygens. This situation probably holds for all the
samples, although it is not so evident as in CLAP3
and CLAP4, due to larger La:Al ratios (see Table 1). A
possible interpretation of these results is that lanthanum
can be hosted in the ceria network as a dopant, or
interact with aluminum to form a mixed oxide; when the
La:Al molar ratio is sufficiently high, the perovskite
LaAlO3 network can grow. From the comparison of the
respective FTs and taking into account the very similar
composition reported in Table 1, the EXAFS analysis
relative to CLAC1 and CLAP1 allows to conclude, in
agreement with the XRD results, that the citrate method
is likely to favor the dispersion of lanthanum in the
alumina matrix.
Among the three phases present in the investigated

three-way catalysts, the OSC is effectively provided by
the Ce1�xLax02�x/2 solid solution. In Fig. 7a and b the
Ce–O and La–O distances are reported, respectively, as



ARTICLE IN PRESS

4 6 8 10 12 14 16 18

k(Å-1)

Residual

 Experimental
 Calculated

k·
χ(

k)

γ 2

5

η3

1

γ 2

4

γ 2

3

γ 2

2

γ 2

1

0                               2                                 4 6
R (A)

0

0.1

0.2

0.3

F.
T

.  
M

ag
ni

tu
de

Experimental
Theory
La-Al component
La-La component
La-O component
La-O-La MS component

(a)

(b)

Fig. 4. (a) Experimental (circles) and fitted (solid line) EXAFS signal
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2 ) interactions are

shown in the topmost part of the figure.
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a function of x=1� x in the Ce1�xLax02�x/2 solid
solution. From inspection of Fig. 7a, it is possible to
observe that for very small x=1� x values the Ce–O
distance is almost constant and decreases for increasing
La content. The La–O distance, Fig. 7b, seems to be
nearly constant, although the uncertainty in the
determination of this parameter is larger. The Ce–O
contraction was already found by EXAFS experiments
on ceria doped with Y, Yb, Gd, Sm, Nd [21,44], but
it is the first time that exhaustive experimental data
concerning the Ce–O distance are given for the ceria–
lanthana mixed oxide. The metal–oxygen distances
shown in Fig. 7a and b and the nearly constant metal–
metal fluorite-type distances reported in Tables 2 and 3
confirm the results of molecular dynamics (MD)
calculation [45] on ceria–lanthana at different dopant
concentration. There is agreement also between the MD
simulation, forecasting that the oxygen diffusion coeffi-
cient attains a maximum in correspondence to an
optimal dopant content, and the data reported in our
previous paper [16], accounting for a maximum of OSC
in correspondence of x=1� x ¼ 0:18; interestingly, also
the anionic conductivity of ceria–lanthana [46] gets to a
maximum in correspondence of the same La content
(x=1� x ¼ 0:18). This agreement is by no means
surprising, as both OSC and anionic conductivity are
strictly dependent on oxygen diffusivity in ceria–
lanthana network.
4. Conclusion

Two sol–gel routes leading to the formation of
three-way ceria–lanthana–alumina catalysts in a single
preparation step have been studied by EXAFS spectro-
scopy. In the presence of cerium and aluminum, La is
involved in the formation of a fluorite-like
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Ce1�xLaxO2�x/2 solid solution and of the perovskite-like
LaAlO3 compound, suggesting a competition between
the two different environments in hosting lanthanum.
Moreover, the EXAFS analysis allowed us to get an
indication that La is hosted also in the alumina phase,
supporting the hypothesis that it plays an important role
in the thermal stabilization of g-alumina. No experi-
mental evidence of perovskite-type CeAlO3 distances
was observed, thus confirming the hypothesis that the
formation of a cerium aluminate phase is unlikely under
the exploited reaction conditions. The EXAFS analysis
allowed in particular to obtain structural data concern-
ing the Ce1�xLaxO2�x/2 phase, that is relevant for OSC.
Cerium in ceria–lanthana prepared by sol–gel has a
nearly complete (NB8) first shell of oxygen atoms, but
reduced second shell coordination numbers. This
behavior is similar to that recognized in titania–zirconia
mixed oxides prepared by sol–gel [41], characterized by
regular coordination around the metal, but having a
highly defective metal–metal correlation. The results
of the EXAFS analysis confirm the MD calculations
of Hayashi et al. [45] as it concerns the dependence of
metal–oxygen and of metal–metal distances on the
dopant content in Ce1�xLaxO2�x/2. This agreement
extends also to the similar dependence on La concentra-
tion between the theoretical forecast of MD on oxygen
diffusion coefficient and the measured OSC of the
investigated materials [16].
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Table 3

Best-fit parameters at the La K-edge

Sample La:Al gð2Þ1 La–OI gð2Þ2 La–OII gð2Þ3 La–OIII gð2Þ4 La–Al gð2Þ5 La–Ce(La) Zð3Þ1 La–O–La (Ce)

R (Å) N s2 (Å2) R (Å) N s2 (Å2) R (Å) N s2 (Å2) R (Å) N s2 (Å2) R (Å) N s2 (Å2) y (�) N s2 (Å2)

LaAlO3 0.5 2.49(1) 3 5.3(2) 2.67(2) 6 1.7(4) 2.98(2) 3 5.6(4) 3.30(2) 8 0.53(5) 3.79(2) 6 2.3(4) 181(1) 12 4.3(2)

CLAP5 0.11 2.46(2) 6.5(6) 5.5(2) 2.66(2) 0.8(1) 0.9(1) 3.30(3) 1.8(5) 2.5(8) 3.83(3) 3.6(5) 2.6(8) 180(1) 0.8(6) 1.9(4)

CLAP1 0.11 2.46(2) 4.8(9) 6.6(7) 2.67(2) 0.5(4) 1.4(1) 3.31(3) 1.9(7) 4.3(5) 3.85(2) 2.9(7) 3.82(7) 180(2) 0.5(7) 2.7(2)

PdCLAP 0.1 2.47(2) 4.0(7) 9.84(5) 2.66(2) 0.4(5) 0.5(1) 3.29(2) 1.7(7) 0.82(6) 3.83(3) 1.8(7) 2.8(3) 178(2) 0.4(5) 0.95(2)

CLAP2 0.05 2.45(2) 7.9(5) 3.5(7) 2.68(2) 0.6(5) 1.7(4) 3.35(3) 1.7(7) 10.5(8) 3.85(2) 2.0(7) 3.54(7) 180.01(2) 0.6(5) 1.7(9)

CLAP3 0.02 2.46(2) 3.5(7) 10.2(7) 3.84(3) 1.2(9) 9.32(9)

CLAP4 0.01 2.45(3) 2.8(6) 6.04(7) 3.84(3) 1.0(9) 2.91(9)

CLP1 0 2.43(2) 7.9(5) 3.5(7) 3.85(3) 7.2(8) 3.3(7)

CLAC1 0.11 2.46(2) 3.8(7) 4.2(9) 3.85(3) 3.4(7) 3.2(8)

The samples, with the exception of CLAC1 (see text), are ordered according to decreasing La:Al ratio.
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