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1. INTRODUCTION

During recent years, ceria-based mixed oxides with general
composition Ce1�xLnxO2�x/2 have been considerably studied,
mainly as a potential solid electrolyte for intermediate-tempera-
ture solid oxide fuel cells (IT-SOFCs), since such materials
exhibit great ionic conductivity and are thermodynamically stable
at IT-SOFCs working temperature.1�5

Moreover, these ceramics are often proposed to foresee the
behavior of nuclear fuels since ceria is commonly used to simulate
actinides dioxides, particularly plutonium dioxide.6 Indeed, CeIV

O2 crystallizes in the same structure as PuIVO2 and UIVO2

(fluorite, Fm3m space group: JCPDS files 01-081-0792,7 00-
051-0798,8 and 01-073-2293,9 for CeO2, PuO2 and UO2, re-
spectively), and Ce4+ ion presents a close ionic radius compared
to plutonium whatever the coordination considered.10 Similarly,
lanthanide oxides (LnIII2O3) are usually envisaged as nonradio-
active analogues for actinide sesquioxides (AnIII2O3) such as
Am2O3 and Cm2O3. In these conditions, Ce1�xLnxO2�x/2

oxides can stand as model compounds for advanced nuclear
fuels considered, for instance, in the framework of the develop-
ment of the fourth generation of nuclear reactors.11�13 Indeed,
several concepts like sodium-cooled fast reactor (SFR) or gas-
cooled fast reactor (GFR) plan to operate the recycling of minor
actinides, including neptunium, americium, and curium, within
fuels such as (U,Pu)O2 mixed oxide (MOx) or inside UO2-based
blankets surrounding the core.11,14 The effect of the incorpora-
tion of trivalent cations in the fluorite-type AnO2 oxides on
several properties of interest such as the sintering capability and
the chemical durability is not clearly established. Investigation of

the crystal structure of LnIII-doped ceria was first undertaken as a
preliminary study, before future works on Th1�xLnxO2�x/2 and
U1�xLnxO2�x/2 models.

Several papers have been already dedicated to the structural
investigation of ceria-basedmixed oxides.15 In particular, it is well
known that CeO2 crystallizes in the fluorite structure (noted F).
Incorporation of a trivalent lanthanide in CeO2 is then obtained
through direct substitution of Ce4+ by Ln3+ along with formation
of one-half an oxygen vacancy to counterbalance the lack of posi-
tive charges16�19 as follows

Ln2O3 + 2Ce
�
Ce + O

�
O sf

CeO2
2Ln

0
Ce + 2CeO2 + V

••
O ð1Þ

Formation of a cubic superstructure (Ia3 space group, thereby
noted C) is generally observed for x g 0.4 (depending on the
nature of the doping rare-earth element)18�29 [JCPDS file 00-
028-0267], except for La doping.30,31 This structure is main-
tained up to x = 1 for lanthanides ranging from europium to
lutetium, the C-type structure being stabilized for the sesqui-
oxides based on these cations.32�34 For lighter lanthanides (such
as La, Nd, and Sm), Ln2O3 does not commonly crystallize in the
C structure and a secondary phase is then formed for high xLn
values. Indeed, as La2O3

30,31 and Nd2O3 are often reported with
the hexagonal structure (space group P31m, noted A in the
following sections, [JCPDS file 00-043-1023]),32,35 incorpora-
tion limits in CeO2 are reported for xLa ≈ 0.530,36 and for xNd ≈
0.7.18�22 Besides, since Sm2O3 is often obtained in the
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monoclinic form depending on the synthesis conditions32,35

[JCPDS file 00-043-1030], a secondary phase was reported for
xSm g 0.9 in Ce1�xSmxO2�x/2.

18,24

Nevertheless, it appears that such solubility limits of LnIII in
CeO2 F- and C-type structures differ strongly depending on the
studies. In particular, some data tend to confirm that they are
influenced by the chemical route of synthesis and/or the condi-
tions of heat treatment. For instance, while Malecka et al.28

obtained single-phase Ce1�xLuxO2�x/2 solid solutions for the
whole composition range after heating at 950 �C under O2

atmosphere, they observed formation of two phases, i.e., with F-
and C-type structures, when heating the samples containing
40�70% of lutetium up to 1100 �C. This phase separation was
also stated by Shuk et al.23 for Ce1�xEuxO2�x/2 samples prepared
through hydrothermal conditions (T = 260 �C, autogenous
pressure). Conversely, Mandal et al.24 obtained single-phase
samples after heating to 1400 �Cwhatever the europium amount
initially considered by using a solid state route from mixtures of
Eu2O3 and CeO2. Several other examples concerning Ce1�x

GdxO2�x/2,
25,37 Ce1�xLaxO2�x/2,

38 and Ce1�xSmxO2�x/2
22,24

solid solutions were also mentioned and pointed out that
formation of F- and C-type solid solutions seems to strongly
depend on these two key parameters: the synthesis route and the
heat treatment conditions.

Moreover, even if several data sets are available in the literature
for various Ce1�xLnxO2�x/2 systems, no systematic study has
been undertaken in the whole REE series to investigate the effect
of incorporation of trivalent lanthanides in CeO2 structure,
especially in terms of unit cell deformation. In this context, this
paper presents a study of the effect of the temperature of heat
treatment on the two structures stability limits existing for
Ce1�xNdxO2�x/2 solid solutions prepared from oxalate copreci-
pitates. The quantitative and homogeneous precipitation of
lanthanide elements with oxalic acid was chosen to prepare
precursors of expected solid solutions since such precursors are
usually linked to an improvement of the final sample homo-
geneity39�44 and to optimization of some properties of interest,
such as sintering capability or chemical durability.43�48

After preliminary investigation of Ce/Nd mixed oxalate pre-
cursors and their conversion to oxide, this paper describes
structural andmicrostructural characterization of Ce/LnIII mixed
oxides with the general formula Ce1�xLn

III
xO2�x/2 (Ln = La, Nd,

Sm, Eu, Gd, Dy, Er, or Yb). In particular, the study concerning
Ce1�xNdxO2�x/2 and Ce1�xErxO2�x/2 compounds was empha-
sized in order to compare the systems incorporating light and
heavy rare-earth elements.

Finally, X-ray powder diffraction (XRD) and μ-Raman spec-
troscopy were employed as complementary techniques to under-
line the effect of heat treatment on the solubility limits of
neodymium in F- and C-type structures, on the one hand, and
to explore the effects of Ln3+ incorporation on the crystal
structure obtained, on the other. Furthermore, the variation of
the unit cell parameters versus the LnIII substitution ratio in
Ce1�xLnxO2�x/2 solid solutions was examined.

2. EXPERIMENTAL SECTION

Synthesis. CeCl3 3 7H2O and LnCl3 3 nH2O (Aldrich, g 99.9%
chemical purity) were used as starting reagents for synthesizing
mixed-oxide samples. They were dissolved with the desired stoichiom-
etry in 0.5 M HNO3 solution to obtain final concentrations of about
0.1M in cations. Themixture was then quickly poured into a large excess

of 0.45 M oxalic acid (Merck,g99% purity) at room temperature under
stirring, leading to instantaneous precipitation of oxalates solid solutions
as follows

ð1� xÞCe3+ + xLn3+ + 3
2
H2C2O4

+ yH2O sf
0:5M HNO3

Ce1�xLnxðC2O4Þ1:5 3 yH2O + 3H+ ð2Þ
The oxalate precipitates were then filtered, washed several times with
deionized water, and dried at 90 �C. Their characterization by means of
μ-Raman spectroscopy confirmed formation of oxalate-based metal
organic frameworks40,49,50 through observation of characteristic C�C
and C�O related vibration modes, while XRD patterns systematically
revealed single-phase compounds fitting well with the P21/c space group
of the Ln(C2O4)1.5 3 5H2O lanthanide oxalates [JCPDS file 00-020-
0268].51 The μ-Raman spectrum and XRD pattern of Ce0.715Nd0.285-
(C2O4)1.5 3 5H2O are given in the Supporting Information as examples.

Furthermore, the lanthanides elementary concentrations were deter-
mined in the supernatant for all samples by means of ICP-AES analyses
(performed on a Spectro Arcos EOP). Whatever the sample considered,
less than 1% of the total amount of lanthanide elements remained in
solution, showing that lanthanide oxalate precipitation was quantitative
(precipitation yield higher than 99%), as expected from the low
solubilities reported in the literature for trivalent lanthanide oxalates.52

Oxalate samples turned into oxides by heating at 1000 �C in air for 1 h
in alumina boats, as described in eq 3. Under these oxidizing conditions,
CeIII was spontaneously oxidized into CeIV.

CeIII1 � xLn
III
x ðC2O4Þ1:5 3 yH2Osf

1000�C, 1h
CeIV1 � xLn

III
x O2�x=2

+ ð2� x=2ÞCO v + ð1 + x=2ÞCO2 v + yH2O v ð3Þ

TG/TD Analysis. Thermal conversion of Ce/Nd mixed oxalates to
the corresponding mixed oxides was followed using TG/TD
(thermogravimetric/thermodifferential) analyses performed on a Setsys
Evolution model (Setaram). The furnace was operating from room
temperature to 1000 �C with a heating rate of 5 �C 3min�1 in order to
reproduce the conditions employed for oxalate conversion.
XRD Measurements. X-ray powder diffraction (XRD) patterns

were collected between 15� and 80� (θ�2θ mode) using a Bruker D8
Advance X-ray diffractometer (Cu KR1,2 radiation, λ = 1.5418 Å)
equipped with a linear Lynx-eye detector. The XRD pattern of cor-
undum (NIST standard reference material 676a) was used as a reference
to estimate the resolution of the apparatus. A step of 0.01� (2θ) and a
counting time of 1.5 s 3 step

�1 were routinely considered and increased
to 0.005� and 6.4 s 3 step

�1 for accurate peak analysis. Moreover, as
lanthanum oxide is known to be hygroscopic,53 Ce1�xLaxO2�x/2 solid
solutions were dried several hours at 90 �C and then transferred into an
anoxic and anhydrous glovebox to be sealed in hemispheric airtight
sample holders before XRD measurements.

The lattice parameters were refined from powder diffraction profiles
using a profile matching procedure implemented in the Fullprof suite
software.54

Average ionic radii (RiA) reported in Table 1 were calculated such as

RiA ¼ ð1� xLnÞRiðCeÞ + xLnRiðLnÞ ð4Þ
where xLn is the mole ratio of the considered lanthanide element and
Ri(Ce) and Ri(Ln) are the ionic radius of Ce4+ and Ln3+ ions in 8-fold
coordination.10

μ-Raman. μ-Raman spectra were collected with a Horiba-Jobin
Yvon Aramis apparatus equipped with an edge filter and using a He�Ne
(λ = 633 nm) laser. The laser beam was focused on the sample using an
Olympus BX 41 microscope, resulting in a spot area of about 1 μm2. At
least two different locations were investigated at the surface of each
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sample, usually considering a dwell time of 3 s and an average of 10 scans.
μ-Raman bands areas were then determined from a Gaussian�
Lorenzian fitting using the Labspec 5 software. For experiments
performed with samples heated at various temperatures, heat treatment
was directly carried out in the μ-Raman apparatus by using a Linkam
TS1500 hot stage cooled by a water flow. The sample was placed in a
platinum crucible and brought to the chosen temperature at a rate of
50 �C 3min�1. After thermal stabilization for 15 min at the given
temperature, the sample was cooled down in order to record the μ-
Raman spectra at room temperature, thus avoiding blackbody radiation
disturbances.
SEM. SEM observations were performed with a FEI Quanta 200

environmental scanning electron microscope (ESEM) using a field-
emission gun. Optimal imaging conditions were determined for each
compound, leading to the use of different detectors (LFD, large-field
detector under low vacuum, or BSED, back-scattering electron detector
under high vacuum) and various settings of acceleration voltage
(typically between 8 and 15 kV) and working distance (5�9 mm).
EDS. At the same time, the precise mole ratios of cations, x, in

CeIV1�xLn
III
xO2�x/2 mixed oxides were determined from energy-dis-

persive spectrometry (EDS) analyses coupled with the SEM device
using a Bruker AXS X-Flash 5010 detector. Prior to making such
analyses, each sample was sintered for 10 h at 1400 �C in air, then
embedded in an epoxy resin, polished to the 1 μm grid, and carbon
coated. EDS results were then obtained from at least 12 different
analyses (20 for polyphasic samples). At least 400 000 counts spectra
were collected by the EDS detector using an optimal working distance of
11.4 mm and an acceleration voltage of 15 kV.

3. RESULTS AND DISCUSSION

3.1. Characterization and Conversion of Precursors.
Chemical analysis. The stoichiometry of the mixed oxides
obtained after heat treatment was evaluated by EDS and com-
pared to that expected from the initial quantities of cerium and
lanthanide introduced in the starting mixture (Table 1). The
comparison of both expected and experimental ratios is plotted
in Figure 1 for Ce1�xNdxO2�x/2 series. For single-phase samples,
successive analyses always showed a weak dispersion of the xLn
values, meaning that these solid solutions were homogeneous.
Therefore, taking into account the uncertainty linked to the
apparatus, the average x values determined for each compound
were assumed to have an absolute accuracy of(0.005.Moreover,
the good agreement between calculated and experimental values
(along the first bisector straight line) clearly confirms that both
Ce andNdwere quantitatively precipitated as lanthanide oxalates
and then converted to the expected mixed oxides by heating.
Indeed, only slight composition deviations were noticed and
were mainly correlated to uncertainties associated to the EDS
measurements and/or to the hygroscopic behavior of the starting
lanthanide salts. The reproducibility of the precipitation method
was also checked for several chemical compositions examined
and led to less than 1% of deviation between replicates. More-
over, the results gathered in Table 1 show that only slight
deviations of chemical compositions were also observed for the
other Ce1�xLnxO2�x/2 series compared to the calculated values.
In these conditions, oxalic precipitation appeared to be quanti-
tative whatever the trivalent lanthanide ion considered.
Oxalate to Oxide Conversion. TG/DT analyses were per-

formed in order to determine the hydration rate of the oxalate
precursors and to underline the chemical reactions occurring
during conversion leading to lanthanide oxides for several Ce/
Nd mixed samples (with xNd = 0, 0.285, 0.59, 0.765, and 1). For

Table 1. Experimental (EDS) and Expected Mixed-Oxide
Compositions with Corresponding Unit Cell Parameters (a),
Crystalline Structures, and Average Ionic Radii
of Cations (RiA)

loading

element

expected x

(Ce1�xLnx-

O2�x/2)

experimental x

(EDS)

RiA

(Å) phase type

F or C

unit cell

parameters (Å) a

CeO2 0.000 0 0.970 F 5.41134 (8)

La 0.100 0.085 0.986 F 5.43464 (5)

0.300 0.280 1.023 F 5.49759 (10)

0.600 0.580 1.080 F 5.61684 (14)

Nd 0.100 0.100 0.984 F 5.43022 (8)

0.200 0.200 0.998 F 5.45084 (11)

0.250 0.240 1.004 F 5.45943 (13)

0.300 0.285 1.010 F 5.46671 (9)

0.350 0.340 1.017 F 5.47365 (10)

0.400 0.390 1.024 F b 5.4814 (2)

0.450 0.420 1.028 C 5.4884 (2)

0.500 0.480 1.037 C 5.49910 (13)

0.600 0.590 1.052 C 5.5066 (2)

0.700 0.675 1.064 C 5.5214 (2)

0.730 0.720 1.070 C 5.5268 (2)

0.750 0.730 1.071 C + A 5.5291 (2)

0.800 0.765 1.076 C + A 5.5311 (2)

0.900 0.900 1.093 C + A 5.5312 (3)

0.980 0.965 1.104 C + A + B

1.000 1.000 1.109 A

Sm 0.100 0.075 0.978 F 5.42153 (9)

0.300 0.275 1.000 F 5.44415 (9)

0.600 0.620 1.037 C 5.46245 (14)

1.000 1.000 1.079 A

Eu 0.100 0.075 0.977 F 5.41816 (6)

0.300 0.285 0.997 F 5.4356 (9)

0.600 0.605 1.028 C 5.44395(14)

Gd 0.100 0.075 0.976 F 5.41679 (8)

0.300 0.260 0.991 F 5.42908 (10)

0.600 0.635 1.023 C 5.42905 (14)

Dy 0.100 0.105 0.976 F 5.41180 (9)

0.300 0.275 0.986 F 5.40936 (8)

0.600 0.615 1.005 C 5.38747 (14)

Er 0.100 0.100 0.973 F 5.4081 (2)

0.150 0.145 0.975 F 5.40650 (9)

0.200 0.195 0.977 F 5.4052 (3)

0.250 0.245 0.978 F 5.4019 (4)

0.300 0.285 0.980 F 5.39705 (11)

0.400 0.390 0.983 C 5.38539 (9)

0.450 0.405 0.984 C 5.38545 (15)

0.500 0.505 0.987 C 5.37380 (10)

0.600 0.585 0.990 C 5.3624 (2)

0.750 0.745 0.995 C 5.3342 (2)

0.800 0.795 0.997 C 5.32243 (7)

0.900 0.900 1.001 C 5.2985 (3)

1.000 1.000 1.004 C 5.27622 (7)

Yb 0.100 0.080 0.971 F 5.40528 (9)

0.300 0.285 0.974 F 5.38309 (9)

0.600 0.600 0.979 F + C 5.3376 (2)

a For comparison purpose, only a and a/2 were reported for F- and
C-type structures, respectively. Standard uncertainties are given with
refinement results by Fullprof. bC phase was detected by μ-Raman.
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each compound, two successive water losses were observed
(Table 2). The first one (endothermic) occurred between 60
and 250 �C and was associated to the loss of 5�9 water
molecules depending on the sample considered. The second
weight loss was located between 250 and 350 �C depending on
the initial xNd mole ratio and was associated to loss of one
additional water molecule. Finally, the hydration rate of the initial
oxalate precursors was found to range from 6 to 10 water
molecules depending on the initial composition, which agrees
well with the results obtained from XRD characterization.51

Thermal conversion leading from anhydrous oxalate to oxide
was found to be associated with oxidation of Ce3+ into Ce4+. For
low xNd values (up to x = 0.59), the transformation occurred in a
single step and can be written

Ce1�xNdxðC2O4Þ1:5 f Ce1�xNdxO2�x=2 + ð2� x=2ÞCO v

+ ð1 + x=2ÞCO2 v ð5Þ

For higher xNd values, the oxalate decomposition occurred in two
steps, which might indicate partial formation of carbonate or
oxo�carbonate intermediate(s), as already observed during thermal
decomposition of lanthanide oxalate by coupling TG/DT experi-
ments with IR spectroscopy.55,56 Moreover, the oxalate decomposi-
tion temperature increased along with xNd from about 310 �C for
Ce(C2O4)1.5 3 4H2O to 600 �C for Nd(C2O4)1.5 3 5H2O.
Microstructural Characterization. SEM micrographs of sev-

eral Ce1�xNdx(C2O4)1.5 3 y H2O oxalates (with x = 0, 0.285,
0.590, 0.765, and 1 and 3e y e 5) and of corresponding mixed
oxides are presented in Figure 2. The fast mixing of the solutions
containing the reagents led to formation of slat or needle-shape
precipitates for all oxalate precursors observed. These grains
exhibited an average length of a few micrometers, while their
thicknesses reached about 100 nm.
Direct comparison of the morphology of the oxide powders

obtained after heating at 1000 �C with that of the initial oxalate
precursors showed that such morphology was generally maintained
during thermal conversion, proving that the oxalate to oxide
conversion could be described as a pseudomorphic transformation.
Micrometric slat-shape aggregates were formed for CeO2 and

Ce0.715Nd0.285O1.86, while for higher xNd values, the mixed

oxides adopted a square-plate shape. However, for xNd = 0.765,
the thin slats initially formed turned into cubic aggregates (not
shown) which could be linked to the separation of the single
phase mixed oxalate in two mixed-oxide structures. This point
was determined by μ-Raman and XRD (see following sections)
and through SEM observation of the surface of a sintered
Ce0.235Nd0.765O1.62 pellet (Figure 2) where two different phases
were clearly evidenced.
From examination of lanthanide oxidesmicrographs (Figure 2,

right column), all oxides prepared were found to be formed by
agglomeration of nanometric crystallites. XRD patterns were
then used to determine the average size of such crystallites
through application of the Scherrer formula57 on the seven more
intense and independent reflections of the Ia3 and Fm3m
structures that are (111), (200), (220), (311), (400), (331),
and (420) planes for Fm3m structure (Miller indices have to be
doubled in the case of the Ia3 structure). The average crystallite
sizes were then found to range between 30 and 90 nm depending
on the composition but did not appeared to be strongly affected
neither by LnIII incorporation nor by the crystal structure of the
samples prepared.
3.2. Cerium�Neodymium Mixed Oxides. XRD Character-

ization. XRD patterns of Ce1�xNdxO2�x/2 mixed oxides pre-
pared via oxalate precipitation are gathered in Figure 3. The XRD
diagram of pure CeO2 only showed the characteristic lines of the
fluorite structure (Fm3m) according to JCPDS File 01-081-0792.
The XRD patterns remained unchanged for xNde 0.39, showing
that neodymium incorporation did not modify the symmetry of
the crystal in this range of composition. On the contrary,
additional XRD lines were observed for xNd g 0.42 (at about
20�, 34.5�, 38.5�, 42�, and 51� as pointed out by the asterisks in
Figure 3), which accounted for formation of the cubic Ia3
superstructure [JCPDS file 00-028-0267].58�60

The structural modifications occurring during LnIII loading are
illustrated through the description of F- and C-type structural
types (Figure 4). First, Figure 4a represents the typical fluorite
structure, the cations being drawn as green atoms surrounded in a
cubic environment by eight oxygen atoms (represented in red).
In the F structure, the oxygen vacancies, created along with
substitution of CeIV by LnIII, are randomly located by occupying
oxygen sites. On the contrary, the increase of incorporation rate
leads to their ordering, thereby to the C-type superstructure. This
structure can then be built by replacing one oxygen atom by one
vacancy at each of the four positions along the [111] direction
from the fluorite unit cell60�63 and by displacing the cations
located at the center of the faces in the cubic fluorite cell to a new
crystallographic site (24dWyckoff site, corresponding to the blue
spheres in Figure 4b and 4c). These modifications lead to the
description of the new structure through the doubling of the unit
cell size, i.e., to an assembly of eight unit cells of the initial fluorite
structure.
In order to follow more easily the variations of the unit cell

parameters during incorporation of trivalent lanthanide elements,
the values reported in Table 1 thus correspond to the a parameter
for the fluorite structure and to a/2 for the C-type phase.
Looking back at Figure 3, observation of supplementary XRD

lines for xNdg 0.73 indicated the presence of a two-phase system
composed by the C-type compound and additional A-type
Nd2O3 [hexagonal, space group P31m, JCPDS file 00-043-
1023]. The unit cell of the latter is depicted in Figure 4d. The
contribution of this A-type phase to the XRD patterns increased
with xNd up to pure neodymium sesquioxide. This additional

Figure 1. Variation of experimental xNd mole ratio determined by EDS
versus the expected values (corresponding to the initial lanthanides
quantities in the starting mixture). The gray dashed line represents the
first bisector (i.e., experimental xNd = expected xNd).
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phase was also pointed out on the SEM micrographs of sintered
Ce0.235Nd0.765O1.62 pellets (Figure 2), where it lied along grain
boundaries of the main C phase.
Moreover, the variation of the unit cell parameter of Ce1�x-

NdxO2�x/2 mixed oxides versus x clearly exhibited the appear-
ance of a maximum value above x = 0.72 (Figure 5), which was
correlated to the solubility limit of neodymium in CeO2.
Similarly, the refined unit cell parameters determined for the
A-type phase remained close to that of pure Nd2O3, thus
indicating a very weak incorporation of cerium in this phase.
μ-Raman Characterization. Besides XRD characterization,

further exploration of Ce1�xNdxO2�x/2 samples was carried out
by μ-Raman spectroscopy (Figure 6). In ceria F- and C-type host
structures, it is well established that incorporation of a trivalent
element is accompanied by formation of one-half an oxygen vacancy
for each CeIV ion substituted with respect to the charge balance. As
first reported by McBride et al.,64 Raman spectroscopy allows
studying the cations�oxygen bonds in Ce1�xLnxO2�x/2 samples
and is thus particularly convenient to point out the presence of
oxygen vacancies.
In order to compare the variation of μ-Raman band intensities

observed when increasing the neodymium loading xNd, all
spectra were normalized to get the same intensity for the
465 cm�1 band (except for the pure Nd2O3 spectrum in which
this band was not observed). Indeed, the latter was the only band
observed in the Raman spectrum of CeO2. It corresponds to the
F2g vibration mode of the M�O bond when the cation is
surrounded by eight oxygen atoms.64,65

A shift toward lower wavenumbers of the F2g band from 461
(CeO2) to 453 cm

�1 (Ce0.61Nd0.39O1.805) with increasing mole
ratio xNd in the F-type solid solutions was observed. The same
tendency was also observed for the C-type solid solutions as the
F2g band varied from 466 (Ce0.58Nd0.42O1.79) to 452 cm�1

(Ce0.215Nd0.785O1.61). Some authors mentioned the decrease
of M�O distance in fluorite-type Ce1�xLnxO2�x/2 from X-ray
absorption fine structure (XAFS) results when increasing the
LnIII content.66,67 This diminution could thus be linked to
contraction of M�O bonds.
Besides, an important shift toward the higher wavenumber

values was observed between Ce0.61Nd0.39O1.805 (453 cm�1)
and Ce0.58Nd0.42O1.79 (466 cm

�1) spectra. It was likely assigned
to the transition from the F-type to the C-type structure.
Supplementary bands appeared when increasing the neody-

mium content. In particular, the broad band located at around

580 cm�1 was assigned to theM�OA1g and F2g vibration modes
but with M surrounded by at least one oxygen vacancy.64�69 The
observation of this vibration mode was always correlated to that
of an unreferenced band for Ce1�xLnxO2�x/2 at about 275 cm

�1,
which followed the same trend in intensity. This band is
consistent with that observed at 260 cm�1 (A1g) from polarized
Raman experiments on Ce1�xYxO2�x/2 compounds by Nakajima
et al.68 which they correlated to the presence of oxygen vacancies.
Furthermore, when the neodymium amount increased in solid
solutions, the relative intensity of both 275 and 580 cm�1 bands
increased compared to the F2g band, confirming the progressive
incorporation of trivalent lanthanide through coupled formation of
oxygen vacancies.4,16

The additional band detected at 370 cm�1 for 0.42 e xNd e
0.965 is usually reported as a vibration mode for the cubic Ln2O3

C-type structure.26,27 This band was observed all along the field
of existence of the C-type structure in Ce1�xNdxO2�x/2

(determined from XRD). It was thus correlated to the presence
of the Ia3 superstructure and was probably linked to formation of
a second cationic site in the C-type structure as enlightened in
Figure 4c. Formation of the C-type structure also appeared to be
linked with the observation of a shoulder on the 580 cm�1 broad
band associated to oxygen vacancies.
Whatever the additional band considered, these characteristic

vibration modes for the C-type structure were also weakly observed
for xNd = 0.39, which was found to belong to the F-type structure
from XRD patterns. This discrepancy was already reported by
Mandal et al.26 during their study of the Ce1�xErxO2�x/2 mixed
oxides and underlined the sensitivity of μ-Raman spectroscopy to
detect weak amounts or subnanometric phase domains of C-type
phase compared to other techniques such as XRD.
Finally, for the highest xNd contents, Nd2O3 related bands

appeared at 320, 430, and 480 cm�1, which agreed well with the
spectrum recorded by Denning et al.70 using a similar incident
laser wavelength (633 nm He�Ne radiation). Although the
A-type phase amount was very low (probably less than 1 wt %)
in the mixture obtained for xNd = 0.73 (Figure 3), the band
centered at 320 cm�1 was easily observed, showing again the high
sensitivity of μ-Raman spectroscopy regarding to the presence of
Nd2O3 in the prepared samples.
Limits of Incorporation of Nd in F- and C-Type Ceria. Several

authors determined the solubility limit of Nd in the C-type CeO2

structure.On this basis, the value obtained in this work (xNd≈ 0.73)
appeared in good agreement with the results reported by Ikuma

Table 2. Results of DTA/TGA Experiments Associated with the Oxalate to Oxide Conversion

xNd (experimental, determined by EDS)

0.000 0.285 0.590 0.765 1.000

first water loss

number of involved H2O 7 9 5 7 9

temp. range (�C) 80�200 100�200 70�250 60�220 70�250

second water loss

number of involved H2O 1 1 1 1 1

temp. range (�C) 230�290 250�320 260�350 290�380 320�380

total hydration number 2y 8 10 6 8 10

temp. range of oxalate/oxide conversion (�C) 280�340 330�390 370�450 390�500a 390�660a

temp. at maximum heat flow (�C) 310 370 410 410 and 450a 550 and 640a

aOxalate to oxide conversion observed in two steps.
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et al.18 (xNd = 0.75) and by Chavan et al.
20 (xNd = 0.70) despite the

significant differences in the chemical ways of preparation
(ammonia coprecipitation followed by a calcination step at
800 �C in air and the solid state route from CeO2 and Nd2O3

mixture heated at 1400 �C, respectively). Moreover, on the basis of
our results, the limit reported byNitani et al.22 (xNd = 0.6), who also
used a solid-state route from CeO2 and Nd2O3, diverged signifi-
cantly probably because of a heterogeneous distribution of the
cations in the sample. On the contrary, the synthesis routes
involving coprecipitated precursors similar to that employed in

the present study usually led to a homogeneous cationic distribution
and then to a maximal solubility of neodymium in the CeO2

structure.
On the other hand, Ikuma et al.18 and Hagiwara et al.21

reported a transition between F- and C-type structures for
0.40 e xNd e 0.45, which was close to the limit determined in

Figure 2. SEM micrographs of powdered Ce/Nd oxalates and of the
corresponding oxides. The image of sintered Ce0.235Nd0.765O1.62 pellet
shows the presence of two phases: Nd2O3 (A-type) being present along
grain boundaries of the C-type phase.

Figure 3. XRD patterns obtained for the Ce1�xNdxO2�x/2 series. F =
F-type Fm3m structure, C = C-type Ia3 structure, and A = A-type P31m
structure (Nd2O3). Additional main XRD lines assigned to the C-type
(*) and A-type (Δ) structures are pointed out.

Figure 4. Perspective view of F-type unit cell (a) compared with C-type
structure (b) and its projection along the c axis (c). In C-type structure,
Ln1 green spheres denotes 8b Wyckoff positions while Ln2 blue ones
shows 24d positions.60 (d) Unit cell of A-type crystalline structure.



7156 dx.doi.org/10.1021/ic200751m |Inorg. Chem. 2011, 50, 7150–7161

Inorganic Chemistry ARTICLE

this work (0.39 e xNd e 0.42). However, Chavan et al.20

reported this transition to occur for 0.500 e xNd e 0.525, while
Nitani et al.22 obtained amixture of both F- andC-type structures
for xNd = 0.40. Once again, these differences could be associated
to some cationic heterogeneity resulting from the solid state
elaboration route.
In addition to the synthesis route, heat treatment seemed to

have a great influence on both C- and F-type stability ranges for
Ce1�xLnxO2�x/2 systems. In order to shed light on its role,
samples of Ce0.61Nd0.39(C2O4)1.5 3 3H2O (oxalate precursor of
the F-type oxide) and Ce0.27Nd0.73(C2O4)1.5 3 4H2O (oxalate
precursor of the C-type oxide) were heated between 600 and
1400 �C for 1 h and then analyzed by XRD at room temperature.
Since the main objective was to examine formation of the C-type
form for Ce0.61Nd0.39O1.805 and of the A-type form for Ce0.27
Nd0.73O1.635, XRD measurements were focused in the domains of
interest corresponding to the strongestXRD lines of both structures.
Besides, μ-Raman spectroscopy was also used to evidence the

effects of the heating temperature for three compositions: xNd =
0.39 and 0.59 in order to check formation of the C-type super-
structure, on the one hand, and xNd = 0.73 to determine the
sensitivity of Nd solubility in the C-type phase toward tempera-
ture, on the other.
XRD patterns obtained for Ce0.27Nd0.73O1.635 (Figure 7b) re-

vealed the presence of weak XRD lines corresponding to the A-type
form between 600 and 1000 �C. On the contrary, they were clearly
observed at 1200 �C and then disappeared at 1400 �C.
μ-Raman spectra confirmed these results (Figure 7a) and allowed

pointing out more accurately the temperature of formation of the
A-type phase. Indeed, the characteristic Raman band of this latter
phase (located near 330 cm�1) clearly appeared above 800 �C. Its
relative intensity compared to the F2g vibration bandwas then found
to be almost constant up to 1000 �C and then started to decrease,
correlating to the possible extension of Nd stabilization in the
C-type solid solution for the highest temperatures of heat treatment.
Direct comparison of both techniques involved showed small

discrepancies coming from various conditions of heat treatment
(heating and cooling rates, holding time). It also suggested that
μ-Raman spectroscopy was used as an advantage to detect
smaller phase amounts than XRD. Thereby, domains of the
A-type phase were probably formed at 800 �C with the heat

treatment conditions applied for μ-Raman experiments and
remained stable up to 1400 �C.
The relative stability limit between the F- and C-type struc-

tures was also studied as a function of heating temperature. As the
C-type structure results in an ordering of oxygen vacancies in the
fluorite lattice, the irreversible phase transition from the F-type to
the more ordered C-type structure was examined by μ-Raman
spectroscopy at high temperature for xNd = 0.39, i.e., close to the
limit determined between both structures at 1000 �C (Figure 8).
The relative intensity of the band associated to this structure
(located at 370 cm�1) increased between 700 and 900 �C and
then remained stable up to 1400 �C. Similar results were also
obtained for xNd = 0.59 with a progressive increase of the
370 cm�1 band between 600 and 1100 �C (see Supporting In-
formation).
For the three compounds studied, the results evidenced that

formation of the superstructure, thus ordering of oxygen vacan-
cies, was thermally activated. Moreover, the μ-Raman study
between 500 and 1000 �C systematically revealed a progressive
shift of the F2g band to the upper wavenumbers associated to its
progressive narrowing, which was generally linked to an increase
of the crystallinity of these samples with temperature.
The results of μ-Raman experiments concerning the tempera-

ture dependence of the F/C and C/C+A phase transitions for
Ce1�xNdxO2�x/2 solid solutions produced via oxalic homoge-
neous precursors are summarized in Table 3. The fluorite-type
structure remained stable at low temperature even for high Nd
content, proving that the ordering of oxygen vacancies associated
to formation of C-type structure was thermally activated. For-
mation of additional A-type phase appeared above 800 �C for
Ce0.27Nd0.73O1.635, which clearly underlined the effect of tem-
perature on this second limit.
However, the heating temperature could be also responsible

for somemodifications in the crystalline structures stability range
and in the solubility limits essentially through the increase of
crystallites sizes induced by heat treatment. Indeed, it was proved
for other mixed systems that the solubility limit of an element in a
solid solution could be shifted by the size71,72 or even the shape73

Figure 5. Variation of Ce1�xNdxO2�x/2 unit cell parameter versus xNd
substitution rate. Figure 6. μ-Raman spectra recorded for Ce1�xNdxO2�x/2 samples.

Surrounded letters denote A A-type Nd2O3 characteristic bands,70 B
νM�O F2g Raman mode of CeO2 fluorite, C C-type structure related
band, and D νM�O band with M surrounded by at least one oxygen
vacancy.
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of the crystallites. Thus, in this study, both heat treatment and
crystallite size parameters could be responsible for the observed
extended solubility of Nd in the cubic phase of Ce0.27
Nd0.73O1.635 below 800 �C.
3.3. Cerium Lanthanide Mixed Oxides: Variation of Unit

Cell Parameters. Cerium�Erbium Oxide Solid Solutions. In order
to compare the effect of incorporation of heavy rare-earth element
(thus exhibiting smaller cationic radii) in the CeO2 structure with
that of a light REE such as neodymium, samples of Ce1�xErxO2�x/2

solid solutions were prepared and then characterized through XRD
in the same way as the Ce1�xNdxO2�x/2 series (Table 1). From
XRDpatterns, erbium-doped ceria samples were found to adopt the
fluorite structure for xEr e 0.29. The ordering of oxygen vacancies
occurred for higher erbium amounts (xEr g 0.39), leading to
formation of the C-type structure. As this structural organization
also corresponds to the stable form of Er2O3, it was found to be
maintained in the whole range of composition (0.39 e xEr e 1).
Moreover, the samples were always found to be monophasic,

conversely to the data reported byMandal et al.,27 who argued on
formation of a two-phase system composed by the F- and
C-types solid solutions. Since the main XRD lines of the F-type
structure overlapped with the main ones of the C-type structure,
accurate analysis of the XRD lines corresponding to the (022)
and (311) planes (respectively, the (044) and (622) planes for

C-type) was carried out for several Ce1�xErxO2�x/2 samples
(xEr = 0.39, 0.595, and 0.745) in order to check the proposed as-
sumption (Figure 9). Such XRD lines were particularly examined
since they were intense and expected to split in two components in
the case of a phase separation. Nevertheless, the symmetric shape of
the peaks unambiguously confirmed that only single-phase Ce1�xErx
O2�x/2 solid solutionswere prepared in thewhole composition range
for the oxalate precipitation route, confirming the interest of such
chemical route to prepare homogeneous and single-phase mixed
oxides.
Lanthanum-, Samarium-, Europium-, Gadolinium-, Dyspro-

sium-, and Ytterbium-Based Compounds. In order to generalize
both studies, several samples with the general chemical composi-
tion Ce0.90Ln0.10O1.95, Ce0.70Ln0.30O1.85, Ce0.40Ln0.60O1.70, and
Ln2O3 were prepared with various trivalent lanthanide elements
(Ln = La, Sm, Eu, Gd, Dy, or Yb) and then characterized through

Figure 7. μ-Raman spectra (a) and XRD (b) of Ce0.27Nd0.73O1.635 for
several heating temperatures (500 �C e T e 1400 �C).

Figure 8. μ-Raman spectra of Ce0.61Nd0.39O1.805 for heating tempera-
tures ranging from 500 (bottom) to 1400 �C (top).

Table 3. Field of Existence of Ce1�xNdxO2�x/2 Crystalline
Structures Determined from μ-Raman Experiments As a
Function of Temperature of Heat Treatment

composition of mixed oxides

heating temp.

(�C)
Ce0.61

Nd0.39O1.805

Ce0.41
Nd0.59O1.705

Ce0.27
Nd0.73O1.635

500 F F F

600 F F F

700 C C C

800�1400 C C C+A
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EDS (Table 1) and XRD. The XRD patterns of Ce0.40Ln0.60O1.70

are reported as Supporting Information. For xLn≈ 0.10 and 0.30,
all samples exhibited the fluorite-type structure from lanthanum
to ytterbium. Conversely, samples with the general composition
Ce0.40Ln0.60O1.70 were found to crystallize with the C-type
structure, except for Ce0.41La0.59O1.70 where the F-type phase
was maintained27,30,36,74,75 and for Ce0.40Yb0.60O1.70 which was
the only composition leading to a mixture of two C-type
structures (as evidenced by the split of all XRD lines of this
pattern). Additionally, the lanthanide sesquioxides were found to
crystallize with the C-type structure from Eu2O3 to Yb2O3.
Moreover, Sm2O3 was obtained with a monoclinic structure,
while Nd2O3 and La2O3 kept the A-type structure.
Unit Cell Parameter Variation in the Ce1�xLnxO2�x/2 Series.

While formation of a solid solution should suggest a linear trend
when plotting the unit cell parameters of Ce1�xLnxO2�x/2

compounds versus the x substitution rate, the variation of the
lattice parameters of Ce1�xErxO2�x/2 samples (Figure 10) ob-
viously followed a polynomial law as already reported for others
in the Ce1�xLnxO2�x/2 series. Bevan et al.

75 first proposed to fit
this variation according to the following quadratic function

a ¼ AxEr2 + BxEr + C ð6Þ
where a is the unit cell parameter (expressed in Angstroms) and
A, B, and C are three parameters obtained from the fitting of
experimental results.
On the basis of XAFS measurements22,66,67 and molecular

dynamics calculations,76 some authors reported that the shrink-
age of Ce�O or Ln�O bond lengths and the decrease of
oxygen/oxygen repulsions in the structure led to nonlinear
contraction of the unit cell.
Besides, construction of a CeIV1�xEr

III
xO2�x/2 solid solution from

CeO2 could be described as a progressive substitution of
(8)CeIV ions

(i.e., Ce4+ ion in an cubic environment) by (8)ErIII ions. Along with
this cationic substitution, replacement of (4)O2� ions by oxygen
vacancies must be also considered. On the basis of this point, a
theoretical variation of the unit cell parameter was calculated using an
ion-packing model, as already proposed by Hong and Virkar,19 i.e.

amodel1 ¼ k1
4ffiffiffi
3

p Rð8ÞErIII + ð1� xErÞRð8ÞCeIV

h

+ ð1� 0:25xErÞRð4ÞO�II + 0:25xErRð4ÞVO

i
ð7Þ

where R(4)Vo is the estimated ionic radius of an oxygen vacancy
determined by Hong and Virkar19 (1.164 Å), the other Ri
symbols denote the ionic radii from Shannon’s table10 (1.00,
0.97, and 1.38 Å for (8)ErIII, (8)CeIV, and (4)O�II, respectively),
and k1 is a factor used to correct the uncertainties coming from
the accuracy of ionic radius values (here k1 = 0.997119).
Calculation of this function led to the dotted green line
presented in Figure 10. The results of this function fitted well
with low erbium mole loadings and then diverged from the
experimental results from xEr = 0.285 and for higher mole
loadings because this model did not take into account neither
the transition to the C-type structure nor the decrease of
coordination numbers of erbium and cerium ions from 8 to 6
with increasing xEr.
On the other hand, the second model considered started

from a C-type Er2O3 structure which would fit the unit cell para-
meter of the solid solution for the composition range 0.745 e
xEre 1, as drawn by the dotted orange line in Figure 10. Similar
to model 1, it could be considered at high xEr that Ce

IV ions
were inserted in Er2O3 with a coordination number of 6 along
with addition of oxygen ions. Since the ion-packing model
could not deal with the effect of oxygen insertion in the C-type
structure, this second model was not applicable. The combina-
tion of both linear models could fit in a better way the
experimental variation of the unit cell parameters and explain
their deviation from the Vegard law. Finally, even if the
variation of the a parameter versus xEr did not respect Vegard’s
law,77,78 it remained compatible with formation of single-phase
solid solutions as evidenced for other mixed systems, such as
(Ga1�xZnx)(N1�xOx)

79or BaxSr1�xSO4.
80 It also confirmed for-

mation of single-phase compounds on the whole range of compo-
sition instead of mixtures of F- and C-type structures.
The variation of the unit cell parameters obtained for all

Ce1�xLnxO2�x/2 solid solutions (Ln = Nd, Sm, Eu, Gd, Dy, and
Er) examined are gathered in Figure 11. In order to underline
more evidently the effects of incorporation of the studied rare-
earth elements, the variation of the unit cell parameter was
plotted versus the average ionic radii of cations RiA

10 calculated

Figure 9. Analysis of the (044) and (622) XRD lines of Ce1�xErxO2�x/2

samples (xEr = 0.39, 0.595, and 0.745). Characteristic lines of C-type
superstructure are pointed out by asterisks (*). Figure 10. Variation of the experimental unit cell parameters of

Ce1�xErxO2�x/2 versus the erbium mole loading (xEr). Blue triangles
refers to F-type samples (xEre 0.29), while black diamonds refer to a/2
values for C-type samples (xErg 0.39). Gray dotted line corresponds to
the result of fitting taking into account a quadratic function. The
representation of Vegard’s law (straight black line) as well as the
expression of both models described are also reported.
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according to eq 4. Due to preparation of polyphasic systems, the
data obtained for Ce1�xNdxO2�x/2 with xNd g 0.73 and for
Ce0.4Yb0.6O1.7 are not reported in Figure 11. Moreover, since we
always obtained Sm2O3 in the monoclinic form and Nd2O3 with
the A-type structure, the unit cell parameters reported for the
cubic Ia3 forms were used (JCPDS files 00-043-1029 and 03-
065-3184,81 respectively).
As already evidenced for Ce1�xErxO2�x/2, the unit cell para-

meter variations were always correctly fitted by using the
following quadratic fitting function

a ¼ A0 � R2
iA + B

0 � RiA + C
0 ð8Þ

The variation of the unit cell parameter of the Ce1�xNdxO2�x/2

and Ce1�xErxO2�x/2 series versus average ionic radius was then
fitted by means of eq 8, leading to values of the A0, B0, and C0
parameters gathered in Table 4. In order to compare the
influence of the trivalent lanthanide cation, indicative values
were also proposed for the other Ce1�xLnxO2�x/2 solid solutions
for which only three experimental points were considered (along
with CeO2 and corresponding Ln2O3 reference data). Also, it is
worth noting that the refinement results from the Ce/La solid

solutions were disturbed by the hygroscopic character of
La2O3,

53,82 leading to greater uncertainties for this series.
On this basis, the variation of the unit cell parameter of

Ce1�xLn2�x/2 solid solutions (Figure 11) revealed three differ-
ent behaviors depending on the considered REE:
• For Ln = La and Nd, the unit cell parameter kept increasing
on the whole range of composition while increasing RiA
(increasing xLn).

• For Ln = Sm, Eu, and Gd, the a value first increased up to
about x = 0.6 and then slightly decreased.

• For Ln = Dy, Er, and Yb, the solid solution lattices shrank
continuously from x = 0 to x = 1.

Such differences were explained through the competition of two
opposite effects. The first one, already discussed, laid in the decrease
of the O�O repulsion and then tends to contract the unit cell.
Conversely, substitution of Ce4+ by larger Ln3+ cations led to
expansion of the lattice. In these conditions, the effect of the oxygen
vacancies appeared to be predominant for heavier REE, i.e., from Dy
to Lu. On the contrary, as the difference between Ce4+ and Nd3+ or
La3+ is greater (see Table 4), the contraction effect due to the oxygen
vacancies was not strong enough to counterbalance the cell size
increase due to the increase of RiA for these two series.

Figure 11. Variation of the unit cell parameters of Ce1�xLnxO2�x/2 versus the calculated average cationic radius in the structure. Solid black lines result
from the fitting reported in Table 4. Dotted lines denote the tendencies observed for a given substitution ratio of cerium in Ce1�xLnxO2�x/2.

Table 4. Results of Fitting of the Unit-Cell Parameters Variation for Ce1�xLnxO2�x/2 Solid Solutions According to Eq 8

loaded LnIII La Nd Sm Eu Gd Dy Er Yb

Ri(Ln) in 8-fold coordination10 (Å) 1.160 1.109 1.079 1.066 1.053 1.027 1.004 0.985

fitted parameters

A0 3.94 �5.366 �7.126 �8.95 �13.61 �31.46 �105.95 �583.62

B0 �6.20 12.10 15.07 18.46 27.47 61.46 205.14 1128.04

C0 7.72 �1.281 �2.502 �4.072 �8.43 �24.60 �93.886 �539.66
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Furthermore, when comparing the RiA values (Figure 11)
with the determined or cited solubility limits of Ln in C-type
ceria, it appeared that these limits were driven by steric
constraints linked to the average cationic radius. Indeed, from
the results obtained for Ce0.27Nd0.73O1.635, the limit was
obtained for RiA = 1.073 Å. Moreover, the observation of a
secondary phase in the Ce1�xSmxO2�x/2 and Ce1�xLaxO2�x/2

series was commonly reported for various synthesis routes,
respectively, for about xSm = 0.918,24 (i.e., RiA = 1.068 Å) and
xLa = 0.523,28,31 (i.e., RiA = 1.065 Å). This showed that this limit
mainly depends on steric issues, since it occurred around RiA =
1.07 Å, as evidenced by the limit between C-type and C+A-type
domains (Figure 11). Furthermore, it also explained why no
additional phase was obtained for the other Ce1�xLnxO2�x/2

series (from Eu to Yb), since the determined RiA limit value could
not be reached for these series even for xLn = 1.
On the contrary, as the transition of the F-type to C-type

structure was mainly driven by the amount of oxygen vacancies
(which occurs for an LnIII mole loading of about xLn≈ 0.4), this
phase limit was not significantly affected by steric effects.

4. CONCLUSION

Ce1�xLnxO2�x/2 mixed oxides were investigated in order to
point out the structural deformations induced by incorporation
of aliovalent cations and subsequent formation of oxygen vacan-
cies in the fluorite-type unit cell of theMIVO2 dioxides. Whatever
the trivalent lanthanide considered, the initial fluorite structure
was found to be stable up to about x = 0.4, where rearrangement
of oxygen vacancies led to apparition of a cubic superstructure.
The stability of the latter versus the substitution rate then
strongly depended on the lanthanide considered: while incor-
poration reached a maximum value for lanthanum, neodymium,
and samarium, pure end members were obtained from europium
to ytterbium.

A comparison of the values obtained in this study with that
previously mentioned in the literature first evidenced the benefits
of wet chemistry methods of preparation in terms of cation
homogeneity. Indeed, the oxalic coprecipitation used in this work
generally led to incorporation rates higher than that usually
obtained through solid state chemistry. Also, the joint use of
XRD and μ-Raman spectroscopy of the solids allowed us to point
out more accurately the stability limits of the various crystal
phases considered.

On the basis of these results, the variation of the refined unit cell
parameters of Ce1�xLnxO2�x/2 (Ln = La, Nd, Sm, Eu, Gd, Dy, Er,
and Yb) solid solutions versus x was described through a quadratic
fitting function. Such experimental data could appear useful for
the preparation and characterization of new compositions of
Ce1�xLnxO2�x/2 and/or An

IV
1�xLnxO2�x/2 (An

IV = Th, U) sam-
ples, which stand as model oxide fuels.44�48,83,84

Furthermore, they could be directly correlated to the mod-
ifications of the physicochemical properties of such compounds
with chemical composition. Indeed, both deformation of initial
unit cell and formation of oxygen vacancies are expected to
modify significantly several properties of interest. First, forma-
tion of structural defects along with incorporation of trivalent
elements could act as a sintering aid through their strong impact
on the densification kinetics. These differences as well as that
encountered in the structural type stabilized could generate
important variations in the final microstructures of the cohesive
materials prepared. Finally, the presence of oxygen vacancies

could be also of importance when performing leaching tests on
such samples. Since they could induce important modifications
of lattice cohesion energies, a strong variation of the normalized
dissolution rates is expected.
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