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ABSTRACT: For nuclear fuel related applications, the oxygen stoichiometry of mixed oxides U1-yMyO2±x is an essential property as 
it affects the fuel properties and may endanger the safe operation of nuclear reactors. A careful review of the open literature indicates 
that this parameter is difficult to assess properly and that the nature of the defects, i.e. oxygen vacancies or UV, in aliovalent cation – 
doped UO2 is still subject to controversy. To confirm the formation of UV, we have investigated the room temperature stable U1-

yLayO2±x phase using several experimental methods (e.g. XRD, XANES and NMR) confirmed by theoretical calculations. This paper 
presents the experimental proof of UV and its effect we identified in both electronic and local structure. We observe that UV is formed 
in quasi equimolar proportion as LaIII in U1-yLayO2±x (y=0.06; 0.11; 0.22) solid solutions. The fluorite structure is maintained despite 
the cationic substitution but the local structure is affected as variations of the interatomic distances are found. Therefore, we provide 
here the definitive proof that the substitution of UIV with LaIII is not accommodated by the creation of O vacancies as has often been 
assumed. The UO2 fluorite structure compensates the incorporation of an aliovalent cation by the formation of UV in quasi equimolar 
proportions.  

1. INTRODUCTION  

The substitution of uranium in UO2 by aliovalent atoms, like 
most of the lanthanides and some of the actinides, can lead un-
der specific conditions to the formation of U1-yMyO2±x solid so-
lutions. These materials are encountered in the nuclear field as 
fuel or transmutation targets but can be also be formed during 
irradiation for example by the accommodation of fission prod-
ucts (FPs) into the UO2 structure. The substitution of U by an-
other cation, of lower valence, implies either the formation of 
oxygen vacancies or of an increase of the U oxidation state. 
Both charge compensating mechanisms modify the overall ox-
ygen to metal ratio (O/M), with ultimate effects on phase stabil-
ity, defect chemistry and oxygen chemical potential of the ma-
terial1–5. The O/M ratio is a strong driver of nuclear fuel prop-
erties and ultimately of reactor performance and safety. An ac-
curate determination of the oxygen stoichiometry of mixed ox-
ides U1-yMyO2±x is hence crucial, along with a detailed under-
standing of the nature of the charge compensating defects and 
their effects on the local structure. 

Although the open literature indicates that the O/M ratio may 
be derived using several methods including thermogravimetric 
analysis (TGA)6–8, X-ray diffraction (XRD)9–11, and thermody-
namical modelling2, the discrepancy of the results often encoun-
tered indicates that an accurate determination remains difficult. 
Indeed, TGA would be the natural method to measure the O/M 
ratio of an oxide but, in the case of a trivalent substituting cat-
ion, one can only assume both initial and final O/M values, or 
rely on a significant change around the 2.0 ratio. In addition, 
applying this method to actinides is even more challenging as 

an accurate control of the atmosphere is required given their 
sensitivity to oxygen2. The O/M has also been investigated by 
XRD using Vegard’s law and has been described as a function 
of the lattice parameter in some U1-yMyO2±x 

9–11
 compounds. 

However, for a trivalent M cation, a limitation rises from the 
hexagonal nature of the sesquioxide M2O3 end-members taken 
into account in the Vegard’s law. Regarding the thermodynam-
ical modelling, such calculations of ternary systems are chal-
lenging and still under development.  

In this context, the purpose of this work is to combine two 
short-range order spectroscopies, i.e. XAS and NMR, to inves-
tigate the electronic and local environments of the U, M and O 
elements in U1-yMyO2±x solid solutions. X-ray absorption near 
edge structure (XANES) spectroscopy is an element selective 
technique providing direct determination of the cation valence 
states and thus of the O/M ratio of U1-yMyO2±x 3,12–15. In addition, 
contrary to XRD, extended X-ray absorption fine structure 
(EXAFS) spectroscopy is sensitive to local environments 
around one specific target element, which permits a comprehen-
sive investigation on the modification of the local structure in-
duced by the presence of aliovalent cations in UO2

3,12–15. More-
over, Nuclear Magnetic Resonance (NMR) of deliberately 17O 
enriched materials should be most suitable to complete this pic-
ture of the cationic sublattice. The 17O nucleus is NMR active, 
therefore providing the O local environment in the oxide 16–
18. In view of future studies on U1-yAnyO2±x, this work is fo-
cused on a model system U1-yLayO2±x (y=0.06; 0.11; 0.22). 
139La was chosen as doping cation as it is a suitable surrogate 
for actinides  and since it is also NMR active 19. In addition, La 



 

is a fission product formed during nuclear power generation, 
hence its incorporation into UO2 is of significant interest. 

 

2. EXPERIMENTAL 

2.1 SYNTHESIS 

The U1-yLayO2±x (y=0.06; 0.11; 0.22) samples have been pre-
pared by gel-supported precipitation, also referred as sol–gel 
external gelation 13,16. Uranyl nitrate and 139La nitrate solutions 
were mixed to achieve a molar stoichiometry of y = La/(U + 
La), as defined above. An organic thickener (Methocel, Dow 
Chemicals) was added to increase the viscosity of the solutions, 
which were then dropped into an ammonia bath where droplet 
to particle conversion took place due to hydroxide precipitation 
of the metals inside the polymer backbone of the droplet. The 
resulting beads were washed, dried, and then calcined at 873 K 
in air (2 h) to remove organics and then at 973 K in Ar/H2 (2 h) 
to ensure uranium reduction. The samples were then enriched 
at about 30% in 17O by heating in 17O enriched gas at 1073 K 
(24 h) and then sintered for 4 hours at 1923 K under Ar/H2. 

 

2.2 CHARACTERIZATION 

2.2.1 XRD 

The X-ray powder diffraction patterns were obtained at room 
temperature with ~10 mg of sample using a Bruker D8 Advance 
diffractometer (40 kV and 40 mA) with a Bragg–Brentano θ/2θ 
configuration and equipped with a Cu Kα1 monochromator and 
a Lynxeye linear position-sensitive detector. The powder XRD 
patterns were recorded using a step size of 0.01 and an integra-
tion time of 2 s across the angular range 25°≤2θ≤120°. The lat-
tice parameter was refined using the Le Bail method with the 
powder option of Jana2006 software. Peak profile fitting was 
done using Pseudo-Voigt functions. 

 

2.2.2 XANES 

XAS data acquisition was performed on the oxide powder 
mixed with BN, the latter being essentially transparent to X-
rays in the energy range of interest. XAS data were recorded at 
the European Synchrotron Radiation Facility (ESRF, France). 
The storage ring operating conditions were 6.0 GeV and 160-
200 mA.  

The U LIII XAS spectra were recorded at room temperature 
in transmission mode at the HZDR-operated Rossendorf Beam-
line (BM20) dedicated to actinide elements 20. A double crystal 
monochromator mounted with a Si (111) crystal was used. The 
energy calibration was achieved using yttrium (K edge: 17038 
eV) foil inserted between the second and third ionization cham-
bers. For each XANES measurement, the spectra of the refer-
ence foil were systematically collected at the same time. To de-
termine the oxidation states of U, XANES spectra at LIII edges 
were compared to those of reference samples, i.e. UIVO2 and 
(UIV

0.5UV
0.5)4O9 4,21, that have been previously collected on the 

same beamline. Oxidation states for each cation were derived 
using a linear combination of these normalized reference spec-
tra. The experimental data were fitted between -20 eV and +30 
eV with respect to the white line position.  

The U MIV and La LIII HERFD-XANES (High Energy Re-
solved Fluorescence Detection) spectra were recorded at the 
ESRF beamline ID26. The incident energy was selected using 
the (111) reflection from a double Si crystal monochromator. 
Rejection of higher harmonics was achieved by three Si mirrors 

at an angle of 3.5 mrad relative to the incident beam. XANES 
spectra were simultaneously measured in total fluorescence 
yield (TFY) mode using a photodiode and in HERFD mode us-
ing an X-ray emission spectrometer 22. The sample, analyzer 
crystals and photon detector (silicon drift detector) were ar-
ranged in a vertical Rowland geometry. The HERFD spectra at 
the U MIV and La LIII edges were obtained by recording the in-
tensities of the U Mβ (~3337 eV) and the La Lα1 (~4647 eV) 
emission lines as a function of the incident energy. The emis-
sion energy was selected using the (220) reflection of five 
spherically bent Si crystal analyzers (with 1 m bending radius). 
The paths of the incident and emitted X-rays through air were 
minimized in order to avoid losses in intensity due to absorp-
tion. To determine the oxidation states of U and La, ULIII and 
La LIIIXANES spectra edges were compared to those of refer-
ence samples that have been previously collected on the same 
beamline. Spectra of the following reference compounds were 
used: UIVO2, (UIV

0.5UV
0.5)4O9 and UVIO3

 and LaIII
2O3 21,23–25. Ox-

idation states for each cation were derived using a linear com-
bination of these normalized reference spectra. In the case of U 
MIV XANES spectra, Iterative Transformation Factor Analysis 
(ITFA) was used to derive the fractions of U(IV), U(V) and 
U(VI). This method has already been successfully applied to the 
EXAFS studies of actinides 25,26. IFTA calculates the relative 
concentrations of components present in each absorption spec-
trum, considering, as an input, two known distributions of ref-
erence systems such as UO2 (100% of U(IV)) and UO3 (100% 
of U(VI)). Note that the method has been fully described by 
Rossberg et al.26.  

Lanthanum L3 edge HERFD-XANES spectra of U1-yLayO2±x 
spectra were calculated using the Finite Difference Method for 
Near Edge Structure (FDMNES) code2027. Such code allows 
the calculation of the occupied and unoccupied projected Den-
sity Of States (DOS) around an absorption edge. Relativistic ef-
fects were taken into account (relativism keyword). The self-
consistent calculation of the Fermi level was performed using 
the SCF keyword. Due to the presence of heavy nucleus (U and 
La), spin-orbit effects were taken into account in the calcula-
tions. Nevertheless, no spin-polarization effect has been no-
ticed. Finally, calculations were performed considering the 
quadrupole 2p3/2-5f transition probability. The atomic cluster 
used as input was built by using the Fm-3m structure of the UO2 
using a cluster radius of 6.0 Å around the central La atom lead-
ing to a cluster containing 75 atoms. The theoretical spectra 
were convoluted considering the La 3d5/2 core-hole (0.83 eV) 
and a Gaussian function of 0.5 eV to reproduced experimental 
broadening. 

 

2.2.3 EXAFS 

The ATHENA software 28 was used to extract EXAFS oscil-
lations from the raw absorption spectra. Curve fitting with 
the ARTEMIS software 28 was performed in k3 space. Experi-
mental EXAFS spectra were Fourier-transformed using a Han-
ning window over the full k range available. Phases and ampli-
tudes for the interatomic scattering paths were calculated with 
the ab initio code FEFF8.40 29. Spherical 7.5 Å clusters of at-
oms built using the fluorite-type structure (space group Fm3̅m, 

i.e. 8 anions at a×√3/4, 12 cations at a×√2/2, 24 anions at 
a×√11/4 and 6 cations at a) were used for FEFF calculations. 
For each shell, the coordination numbers were fitted separately. 
In addition to the three single scattering paths (Me-O, Me-Me 
and Me-O), one multiple-scattering path (Me-O-Me-O-Me) 



 

was also considered in the FEFF calculations. As often em-
ployed for An LIII/LII 

30–32, the amplitude factor (S0
2) was set at 

0.90 for U and La shells. The shift in the threshold energy (ΔE0) 
was varied as a global parameter. 

 

2.2.4 NMR 

 All the 17O NMR experiments were recorded on a 9.4T 
Bruker spectrometer dedicated for the study of radioactive ma-
terials 18. A 4 mm probe was used and the rotor was spun at 15 
kHz. The spectra were reference to H2O (0 ppm) and acquired 
with a Hahn echo sequence using a 2.5 microsecond pulse for 
the 90° and synchronized with one rotor period.  

 

3. RESULTS AND DISCUSSION 

3.1 FLUORITE AND IDEAL SOLID SOLUTION 

The XRD patterns in the Figure 1 show that the three samples 
exhibit a single fluorite-type phase which is stable at room tem-
perature, as would be expected from the solubility range and 
thermodynamical calculations 33–35. The sharpness of the XRD 
peaks indicates a good homogeneity of the material.  

 

Figure 1: XRD patterns of U1-yLayO2±x  

The k3-weighted EXAFS spectra and their corresponding 
Fourier transforms (FTs) are presented in the Figure 2. Imme-
diate inspection of the data indicates no difference in the perio-
dicity of the oscillation. A decrease of the EXAFS signals, in-
versely proportional to the La content, is observed, however. 

The good agreement between the experimental and fitted data 
confirms the validity of the structural model "fluorite solid so-
lution" used in the analysis and described in the section II.2.4. 
The first coordination shell for each composition is fitted per-
fectly considering one eight-fold coordinated oxygen shell, dis-
carding then a splitting into sub-shell of the first shell and the 
presence of O vacancy. 

For the U0.94La0.06O2±x, the first metal shell was fitted with 
only the U-U distance as a U-La distance cannot be reasonably 
used in reason of the low La content. For the higher La concen-
trations, the first metal shell was fitted considering both U-U 
and U-La distances. One can noticed in Table 2 that the calcu-
lated U and La coordination numbers matches quite well those 
expected from the La content. This supports that the La atoms 
are randomly distributed in the cation sublattice, i.e. no cluster-
ing of La atoms is observed in the structure. 

Figure 3 presents the variation of the interatomic distances of 
U1-yLayO2±x (cf. Table 2) compared to UO2.00. With increasing 
La content, the first and second U-O distances decrease linearly 
and both U-U and U-La remains constant. Closely similar be-
haviours have already been observed in other U1-yMyO2±x 
(M=Am, Np) oxides 3,4,12. Likewise, one can notice that the De-
bye-Waller factor is proportional to the La content, which 
agrees with an increase of the structural disorder while the dop-
ing cation concentration rises. 

Table 1: Lattice parameters derived from XRD.  

Composition a (Å) 

U0.94La0.06O2±x 5.4751 (5) 

U0.89La0.11O2±x 5.4798 (5) 

U0.78La0.22O2±x 5.4892 (5) 

 

 

 

 

 

 

 

Figure 2: Experimental and fitted U LIII EXAFS spectra of U1-yLayO2±x 
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Table 2: Structural parameters derived from the k3-
weighted EXAFS spectra (n.c.: not considered in the fit, Nth 
has been calculated from the space group and the chemical 
composition) 

Shell R (Å) N Nth  σ² (Å²) 

UO2.00     

U-O 2.363 (5) 8.0 (5) 8 0.007 (1) 

U-U 3.87 (1) 11.6 (5) 12 0.004 (1) 

U-La n.c. n.c.  n.c. 

U-O 4.53 (1) 24 24 0.008 (1) 

U-U 5.47 (1) 6 6 0.007 (1) 

U0.94O0.06O2±x     

U-O 2.357 (5) 8.0 (5) 8 0.008 (1) 

U-U 3.87 (1) 11.6 (5)2 11.3 0.005 (1) 

U-La n.c. n.c. 0.7 n.c. 

U-O 4.53 (1) 24 24 0.009 (1) 

U-U 5.48 (1) 6 6 0.007 (1) 

U0.89O0.11O2±x     

U-O 2.348 (5) 8.1 (5) 8 0.008 (1) 

U-U 3.87 (1) 10.8 (5) 10.7 0.005 (1) 

U-La 3.89 (1) 1.2 (5) 1.3 0.007 (1) 

U-O 4.53 (1) 24 24 0.010 (1) 

U-U 5.48 (1) 6 6 0.007 (1) 

U0.78O0.22O2±x     

U-O 2.338 (5) 8.0 (5) 8 0.011 (1) 

U-U 3.87 (1) 9.5 (5) 9.4 0.006 (1) 

U-La 3.90 (1) 2.1 (5) 2.6 0.007 (1) 

U-O 4.51 (1) 24 24 0.013 (1) 

U-U 5.47 (1) 6 6 0.008 (1) 

 

 

 

Figure 3: Variation of the interatomic distances and lattice param-
eters of U1-yLayO2±x compared to UO2.00 

 

 

3.2 CHARGE DISTRIBUTION 

3.2.1 ELECTRONIC ENVIRONMENT 

3.2.1.1 La EDGE 

The La electronic environment in U1-yMyO2±x has been stud-
ied by La LIII HERFD-XANES. Figure 4 presents the La LIII 
HERFD-XANES spectra of the U1-yLayO2±x (y=0.06; 0.11; 
0.22) solid solutions and of the LaIII

2O3 reference. The LaIII
2O3 

spectrum shows a single sharp peak at 5491.8 (2) eV. As ex-
pected, the maxima of U1-yLayO2±x white lines are well-aligned 
with this feature. This result is in perfect agreement with both 
experimental and theoretical investigations on La-doped sys-
tems 34–36. In both LaIII

2O3 and U1-yLayO2±x, La remains trivalent 
but their local environments are different, which is illustrated 
by the different shapes of the spectra white lines. Furthermore, 
the lack of difference between the 3 (U,La)O2 HERFD-XANES 
spectra clearly demonstrated that La cations have  the same lo-
cal environment for the three compositions. In the hexagonal 
sesquioxide structure (P-3m1)37, La is indeed surrounded by 7 
oxygen atoms (3x2.365, 1x2.456 and 3x2.732 Å) whereas La is 
surrounded by 8 equidistant oxygen atoms in the cubic fluorite 
structure. To understand the observed difference between La2O3 
and U1-yLayO2±x, XANES theoretical spectra were calculated 
using the FDMNES code. The atomic clusters used as input 
were built using the Fm-3m structure of the UO2 and by substi-
tuting the U central position by one La atom. The difference in 
ionic radii between UIV (1.00 Å) and LaIII (1.18 Å) was taken 
into account with the elongation of the La-O bond length for the 
first coordination shell; 2.55 Å instead of 2.37 Å. The obtained 
theoretical spectrum of U0.94La0.06O2±x  is shown in Figure 5.  

 

 

Figure 4: La LIII HERFD-XANES spectra of U1-yLayO2±x with 
La2O3 reference 

The white line shape is very well reproduced and allows to 
conclude that the cubic symmetry around La atoms induced the 
splitting of the 4d orbital and thus the white line. The projected 
DOS reveals the electronic states that give rise to the pre-edge 
and the white line excitation and is plotted in Figure 5. The 
width of the white line and therefore of the unoccupied d-states 
reflects the number of O neighbors within the first shell around 
the La absorber.  It must be noted these are preliminary results 
as the pre-edge at ~7 eV below the maximum of the La LIII ab-
sorption edge observed in both La2O3 and experimental spectra 
is not reproduced in the theoretical spectrum. This pre-edge fea-
ture is generally attributed to the mixed dipole and quadrupole 
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transitions due the presence of an inversion symmetry at the ab-
sorbing atom 38. Even by taking into account quadrupole contri-
bution during FDMNES calculations, this pre-edge is not pre-
sent quantitatively. Although this task is beyond the scope of 
the paper, a mixed dipole quadrupole and dipole can be envis-
aged and then further calculations considering a distortion of O 
first shell with different bond lengths should be performed. 

 

Figure 5: Experimental and calculated U LIII XANES spectra of 
U0.94La0.06O2±x. DOS of La atom absorber 

 

3.2.1.2 U EDGE 

The U electronic environment in U1-yLayO2±x has been stud-
ied using U LIII XANES which consists into probing the 2p3/2-
5d5/2 electronic transition. The U LIII XANES spectra are pre-
sented in Figure 6 with those of the UIVO2 and (UIV

0.5UV
0.5)4O9 

reference. Although within the resolution, the positions of the 
inflection point and white line, given in Table 3, shows that 
there is a slight shift of the U1-yLayO2±x white lines towards 
higher energies compared to UO2, suggesting the presence of 
UV. 

In the case of U LIII XANES, the resolution is limited by the 
core-hole lifetime of the 2p3/2 level (8.2 eV39) and the intrinsic 
resolution of Si(111) crystal of the monochromator (~2 eV). 
Applying this method to U MIV edge overcomes core-hole life-
time broadening effects thereby providing spectra with sharper 
spectral features. Their widths are then no longer limited by the 
2p3/2 core-hole lifetime but by that of the sharper 3d5/2 level in 
the final state. As an example, the U MIV HERFD-XANES 
spectra of the UIVO2.00, (UIV

0.5UV
0.5)4O9 and (UV

0.67UVI
0.33)3O8 

reference compounds are presented in Figure 6. As previously 
reported 21,40–42, one can see that the U oxidations states are per-
fectly identifiable at MIV edges. Indeed, the HERFD-XANES 
spectrum of UIVO2.00 shows a sharp peak at 3725.2 (2) eV, due 
to the transition from the 3d5/2 core level to the unoccupied 5f5/2 
levels. The (UIV

0.5UV
0.5)4O9 HERFD-XANES spectrum presents 

this same feature characteristic of UIV and also a peak at 3726.2 
(2) which in that case correspond to UV. The (UV

0.67UVI
0.33)3O8 

HERFD-XANES spectrum exhibit a white line at 3726.9 (2) eV 
attributed to UVI and a shoulder at the lower energy side which 
is at the same position of the (UIV

0.5UV
0.5)4O9 peak characteristic 

of UV. 

In the U MIV HERFD-XANES spectra of the U1-yLayO2±x 

solid solutions, presented in Figure 6, all spectra exhibit the 
same sharp peak as UO2.00. At the higher energy side of the 
U0.78La0.22O2±x white line, one can clearly observe a peak which 
is at the same position as the one characteristic of UV in 
(UIV

0.5UV
0.5)4O9, which confirms the presence of UV. In the case 

of the samples with lower La content, this peak is comprised 
between those of UO2.00 and U0.78La0.22O2±x and its amplitude 
decreases with La content. It evidences that UV was also formed 
and that it molar fraction is proportional to that of LaIII. One 
should mention that we previously have shown with theoretical 
calculations that the degree of covalency significantly different 
between UO2 and these La-doped UO2 

41.  

 

Table 3: Position of the inflection point and the white line of the U MIV and LIII XANES spectra. 

Composition 
La LIII edge  U MIV edge U LIII edge 

WL (eV) IP (eV) WL (eV) IP (eV) WL (eV) 

U0.94La0.06O2±x 5491.9 (5) 3724.9 (5) 3725.2 (5) 17169.7 (5) 17175.4 (5) 

U0.89La0.11O2±x 5491.8 (5) 3724.9 (5) 3725.3 (5) 17170.3 (5) 17175.5 (5) 

U0.78La0.22O2±x 5491.9 (5) 3724.9 (5) 3725.3 (5) 17170.3 (5) 17176.4 (5) 

 

Figure 6: U MIV HERFD-XANES and U LIII XANES spectra of U1-yLayO2±x, UO2.00, U4O9 and U3O8 references 
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3.2.2 O/M RATIO 

3.2.2.1 LIII AND MIV XANES 

As described in the Experimental section, the U LIII XANES 
spectra have been fitted with a linear combination of the refer-
ence samples. The U MIV XANES spectra have been analyzed 
by IFTA in order to decompose the XANES spectra into the 
component spectra and the fractions of the components. The 
factor analysis of these ITFA-extracted component spectra al-
lows a good reproduction of the experimental spectra (cf.  

Figure 7).  

 

Figure 7: Experimental (—) and fitted (ο) U MIV HERFD-
XANES derived from IFTA. 

 

The assessed molar fractions are provided in the Table 4. In 
the case of the IFTA of U MIV XANES spectra, molar fractions 
of UVI, inferior to 3 (5) % and ranging in the error bar, have 
been derived.  Even if the presence of UVI cannot be formally 
discarded, it seems however quiet unlikely that U get oxidized 
to UVI while the UV molar fractions are inferior to 30%. In ad-
dition, one would expect that the UVI molar fractions would in-
crease with the UV, while in our case the UVI value remains con-
stant. However, the presence of UVI could also be explained by 
a slight oxidation of the sample surface. Regarding the O/M val-
ues, it seems that the obtained values are slightly higher in the 
case of U MIV XANES that in LIII XANES. Although this dif-
ference is almost in the uncertainty of both measurements, this 
deviation is observed systematically for the three studied sam-
ples. One can argue that MIV molar fractions are more accurate 
as they are derived from MIV HERFD-XANES which has an 
experimental resolution superior to conventional LIII XANES. 
However, this slight discrepancy could also be explained from 
the difference in the detection methods (i.e. transmission at LIII 

and fluorescence at MIV) resulting in a difference of the probed 
volumes (bulk at LIII and surface at MIV (ca. ~0.5 µm)).  

 

3.2.2.2 COMPARISION WITH THE 
REPORTED EXPERIMENTAL 
INVESTIGATIONS 

In the present work, XANES measurements have shown that 
stoichiometric oxide solid solutions have been achieved by sin-
tering in Ar/H2 at 1923 K. According to our knowledge, O/M 
ratios equal to 2.00 have been measured in few studies. Indeed, 
Hill43 has derived the O stoichiometry from the ratio between 
the UIV content and the total uranium measured by chemical 
analyses. Stadlbauer et al. 44 have also reported the formation of 
U1-yLayO2.00 compound for La contents ranging from 0 to 60 at. 
%. Hinatsu et al. 45 have shown the formation of stoichiometric 
U0.85La0.15O2.00 solid solutions measuring the O/M by chemical 
analysis. While studying the whole range of La content in the 
same heating conditions, Herrero et al. 46 have measured by a 
back-titration method the formation of a stoichiometric solid so-
lution for a La content of 56 at. %. Although no attempt to meas-
ure the O/M ratio has been made, Tsuji et al. 47 have assumed 
their materials were stoichiometric based on the employed sin-
tering atmosphere. As the O/M ratios of U1-yMyO2±x solid solu-
tions depends on the oxygen partial pressure during the sinter-
ing 4,5,11,48–52, it cannot be properly determined without experi-
mental measurements. One should mention that the lattice pa-
rameters obtained in the present work, are in very good agree-
ment with the reported stoichiometric solid solutions of Hill 43, 
Hinatsu et al. 45, Stadlbauer et al. 44, Herrero et al. 46 and Tsuji 
et al. 47 (in red on the Figure 8).  

Some of the studies on U1-yLayO2±x suggested the formation 
of hyperstoichiometric materials. Diehl and Keller 56 have 
shown that fluorite phases with various stoichiometries can co-
exist depending on the sintering conditions. Hund and Peetz 54 
have provided evidence that O/M ratios superior to 2.00 were 
obtained while heating in air at 1473 K. For a La content rang-
ing between 30 and 52 % at., Herrero et al. 46 have reported 
similar results for sintering in air at 1673 K. As would have been 
expected those hyperstoichiometric compounds exhibit lower 
lattice parameters than the stoichiometric materials (in blue in 
Figure 8).  

Most of the studies on the U-La-O system have reported the 
formation of hypostoichiometric solid solutions. In opposition 
with Tsuji et al. 47, Wilson et al. 55 qualified as "reduced" their 
solid solutions on the basis that the sintering atmosphere was 
considered as reducing. Hill 41 has also reported O/M ratios in-
ferior to 2 for solid solutions heated in sealed container with 
metallic uranium chips in vacuum.  

 

 

Table 4: UIV and UV molar fractions and O/M ratios derived from the linear combination fitting of the U MIV and LIII XANES 
spectra. 

Composition 
LIII edge MIV edge  

UIV (%)  UV (%)  O/M UIV (%)  UV (%)  UVI (%) O/M 

U0.94La0.06O2±x 94 (2) 6 (2) 2.00 (1) 90 (5) 8 (5) 3 (5) 2.03 (1) 

U0.89La0.11O2±x 89 (2) 11 (2) 2.00 (1) 86 (5) 11 (5) 3 (5) 2.02 (1) 

U0.78La0.22O2±x 72 (2) 28 (2) 2.01 (1) 76 (5) 21 (5) 3 (5) 2.01 (1) 
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Figure 8: Lattice parameters of U1-yLayO2±x compared with previ-
ous works (Tsuji et al. 47: 1273 K / CO/CO2 mixture ; Hill 43: 2023K 
/ Ar-H2 (Δ); Hinatsu et al.45; Stadlbauer et al. 44; Venkata et al.36: 
1873K / Ar-H2; Talip et al.53: 1500 K / Ar-H2; Herrero et al.46: 
1673K / air;  Hund and Peetz54: 1473K / air; Wilson et al. 55: 1823K 
/ vacuum; Hill 43: 1173K / vacuum with U chip (o); the green, red 
and blue symbols refer respectively to hypostoichiometric, 
stoichiometric and hyperstoichiometric solid solutions; the red 
dashed line is assumed to correspond to the stoichiometric solid 
solution) 

Herrero et al. 46 have shown that hypostoichiometric materi-
als (composed of UIV/UVI) were achieved for 0.56<y<0.67. One 
should however note the coexistence of UIV and UVI without UV 
seems unlikely 57 even in the hypostoichiometric domain. In 
those cases, the lattice parameters are significantly higher than 
those of the stoichiometric materials (in green on the Figure 
8).Talip et al. 53 have assumed hypostoichiometric solid solu-
tions are obtained and affirmed that this supposition is corrob-
orated by the loss of relative intensity of the T2g peaks of the 
Raman spectra. Venkata-Krishnan et al. 33,36 have shown that 
the O/M ratios are lower than 2.00 and decrease with increasing 
La concentration. The O/M ratios were indirectly derived from 
the concentrations of UIV and UVI which have been determined 
by measuring the absorbance of these two U cations 58. Hence, 
this method relies on the fact that the U charge distribution is 
not affected by the dissolution of the sintered material in the 
phosphoric acid. In addition, the possible presence of UV cannot 
be considered using this spectrophotometric technique due to its 
diminution in aqueous solution. Surprisingly, our lattice param-
eters are in fair agreement with those of Talip et al. 53 and Ven-
kata-Krishnan et al. 33,36 (green squares and crosses on the Fig-
ure 8). However, the reported stoichiometries do not match 
ours. The lattice parameter being solely affected by the material 
composition, one expects that similar lattice parameters corre-
spond to close U charge distribution and O stoichiometry. The 
difference reported here is hardly understandable and may prob-
ably come from the difficulty of determining the O/M ratios. 
This is actually an excellent example illustrating the difficulty 
of assessing the O/M ratios of U1-yMyO2±x solid solutions with-
out recourse to advanced spectroscopic methods such as XAS.  

Despite this discrepancy, Figure 8 shows an overall good 
agreement between the various studies. Indeed, one can clearly 
observe two domains: one corresponding to the hypostoichio-
metric materials (in green) and one defining the hyperstoichio-
metric compounds (in blue). The reported values for the stoi-
chiometric solid solutions draw a line (in red) which actually 

separates quite well the two domains. Lattice parameters signif-
icantly bigger than those indicated by this stoichiometric ten-
dency are only achieved in very reducing conditions using me-
tallic uranium. The use of reductive sintering under Ar-H2 does 
not seem reductive enough to achieve significant hypostoichi-
ometry, which supports the compensation charge phenomenon 
described with XANES. 

 

 

Figure 9: Experimental lattice volume 43–46,53,53–55,58 of U1-yLayO2±x 
compared with Mott-Littleton simulations from Desai et al. 59. 

 

3.3 17O MAS NMR 

The U1-yLayO2±x
 NMR spectra of the U1-yLayO2±x are pre-

sented in Figure 10 and compared to the one of UO2. The UO2 
spectrum is characterized by a well-defined single contribution 
at 713.5 ppm with a full width at half maxima (FWHM) of 1.9 
ppm attributed to a single O crystallographic site. The spectrum 
of U0.94La0.06O2±x is already more complex even for such a low 
La amount. The spectrum is defined by a main peak at 722.3 
ppm (value obtained from the position of the gravity centre) 
with an FWHM of 107.7 ppm and several spinning sidebands 
are present. This peak is actually the sum of several contribu-
tions. In the case of a pure U(IV) compound, three peaks would 
have been expected: O(UIV)4 (78%), O(UIV)3(La)1 (20%) and 
O(UIV)2(La)2 (2%). However, the present XANES results have 
shown that UIV and UV are both present. Therefore, for a ran-
domly distributed network, six peaks are expected with the the-
oretical relative intensity given in Table 5. The spectrum ob-
tained is accordingly more complicated than for the one ex-
pected with only one U oxidation state. One should also not for-
get the n=0 bands which are overlapping with the central tran-
sition. For the composition U0.89La0.11O2±x, eight peaks (Table 
5) should theoretically be observed in the NMR spectrum, but 
again, as a strong overlapping between them exists only one 
peak at 725.9 ppm with a FWHM of 162.6 ppm can be clearly 
identified. No strong variation of the center of gravity of the 
peak is observed compared to the previous spectrum but there 
is a clear line broadening. The spinning sidebands are still ob-
served contrary to the last spectrum acquired on U0.78La0.22O2±x 
where there is no more resolution even for discriminating the 
central transition from the spinning sidebands. In this case, thir-
teen peaks must be present theoretically in the spectrum. These 
NMR results are quite different from the ones obtained for sim-
ilar fluorite solid solutions, e.g. La-doped CeO2 60 or Y-doped 
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CeO2 61 for which oxygen vacancies do appear. Indeed, such 
drastic loss of resolution was not observed and both central tran-
sition and spinning sidebands were properly identified. How-
ever, a difference lie in that Ce remains tetravalent in presence 
of La contrary to U. This suggests that the presence of multiva-
lent uranium directly affects the NMR spectra. 

 

Figure 10: 17O MAS NMR of UO2 and U1-yLayO2±x. The black ar-
row indicates the peak corresponding to the central transition, the 
other peaks being the spinning sidebands. 

Table 5: Theoretical intensities expected for the 
O(UIV)(UV)(La) units considering a randomly distributed 
network. 

 
Content of La (at.%) 

xLa=6 xLa=11 xLa=22 

O(UIV)4 60 39 10 

O(UIV)3(UV)1(La)0 16 20 16 

O(UIV)3(UV)0(La)1 16 22 16 

O(UIV)2(UV)2(La)0 2 4 9 

O(UIV)2(UV)0(La)2 2 5 9 

O(UIV)2(UV)1(La)1 3 8 18 

O(UIV)1(UV)2(La)1  1 7 

O(UIV)1(UV)1(La)2  1 7 

O(UIV)1(UV)0(La)3   2 

O(UIV)1(UV)0(La)3   2 

O(UIV)0(UV)3(La)1   1 

O(UIV)0(UV)2(La)2   2 

O(UIV)0(UV)1(La)3   1 

 

3.4 FORMATION MECHANISMS OF IDEAL AND 
STOICHIOMETRIC SOLID SOLUTIONS 

The incorporation of non-tetravalent cations in the UO2 struc-
ture is accommodated through the formation of charge compen-
sating defects. In the case of a trivalent cation, such as LaIII, two 
mechanisms have been suggested: oxygen vacancy compensa-
tion and UV formation compensation. The first mechanism is 

associated with the formation of oxygen vacancies in the hy-
postoichiometric range. The structure of these solid solutions 
has been described using a complex defect model implying ox-
ygen vacancies and interstitial atoms 52,62. In the second pro-
posed mechanism, the presence of trivalent cation in UO2 is ac-
commodated via the formation of UV. This mechanism is ex-
pected to be dominant in the hyperstoichiometric region. These 
mechanisms are depending predominantly on the temperature, 
the oxygen partial pressure and the doping cation content. Con-
sidering both above-mentioned mechanisms, thermodynamical 
modeling 34,35, based on the CALPHAD approach 63, have been 
developed to describe the U-La-O ternary system. Contrary to 
the ab initio calculations 59, it was shown by this approach that 
the oxygen vacancy formation is almost negligible in deference 
to UV formation at an O/M ratio of 2.00.  

The accommodation of LaIII into UO2 requires then charge 
compensating defects, i.e. oxygen vacancy and UV formation, to 
be formed in the unit cell, leading ultimately to a variation of 
the lattice volume. Mott-Littleton simulations by Desai et al. 59 
predicted an expansion of the lattice volume for both types of 
defects with increasing La content. However, the volume ex-
pansion predicted from the UV accommodation mechanism is 
less than that encountered in the case of the formation of oxygen 
vacancy. For both charge compensating defects, Desai et al. 
have considered several degrees of association of the defects, 
i.e. isolated defects, dimer defect clusters and trimer defect clus-
ters. Those predictions are compared with our experimental val-
ues and those from the literature in Figure 9. One can observe 
that the predictions involving the formation of oxygen vacan-
cies are matching quite well with the hypostoichiometric do-
main (in green). Similarly, the volume expansion in the hyper-
stoichiometric domain (in blue) is predicted fairly well with the 
dimer configuration of defects in the case of the UV compensa-
tion mechanism. Regarding the data relative to the stoichio-
metric solid solutions, there is a very good agreement with the 
predictions using the UV model around the isolated defect clus-
ter approximation. Then, our data follows the same trend as that 
predicted in the formation of UV defects. This is perfectly in 
agreement with the absence of oxygen vacancy observed in 
EXAFS and the equimolar fraction of LaIII and UV determined 
by XANES.  

 

4. CONCLUSION 

In the UO2 fluorite structure, the substitution of UIV by alio-
valent LaIII is accommodated by the formation of UV in quasi 
equimolar proportion. Despite the cationic substitution, ideal 
solid solutions are obtained and the fluorite structure is main-
tained. However, the local structure is slightly affected com-
pared to pure UO2 with the interatomic distances decreasing 
with UV content.  

In the literature, it is often assumed, and sometimes admitted 
without experimental proof, that the incorporation of LaIII in 
UO2 is accommodated through the formation of O vacancies 
leading then to the formation of hypostoichiometric solid solu-
tion. Our result shows that this assumption is wrong and that the 
O/M ratio cannot be stated without any experimental determi-
nation. This statement can be also extended to other U1-yMyO2±x 
solid solutions.  
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