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UO2 samples doped with 6, 11, 22 mol% lanthanum were
examined before and after air oxidation. To verify the forma-
tion of uranium–lanthanum-mixed oxide solid solutions, powder
X-ray diffraction (XRD) analyses of the crystalline phases in
the materials were carried out. The presence of oxygen vacan-
cies in the La-doped UO2 samples was identified by Raman
spectrometry. It was evidenced by changes induced in the
Raman spectra by air oxidation. This latter was carried out
either by increasing the Raman laser power or by thermally
treating the samples at 500 K for 370 h. In addition, oxidation
behavior differences of pure and La-doped UO2 samples were
reported by comparing XRD and Raman results of the samples
before and after air oxidation. It was shown that the concen-
tration of the M4O9 (M: U, La) phase increased with increas-
ing content of La, whereas inhibition for the formation of
M3O8 phase was observed.

I. Introduction

T HE lanthanide elements have high fission yields and are
known to form solid solutions with UO2 over a wide

range of compositions. As the yield of fission product lantha-
num in the fission of uranium is relatively high, uranium–lan-
thanum-mixed oxides have been studied by various authors.1–9

Lanthanum is dissolved in UO2 to form a solid solution (U,
La)O2�x with a fluorite structure, where the La3+ ions substi-
tute on the uranium sublattice and can create an oxygen
vacancy environment that is similar to the hypostoichiometric
UO2�x. The crystal chemistry of this solid solution, could be
described as (U4+

(1�x�y),U
5+

(x),La
3+

(y))(O(2+x/2�y/2)) with
the special cases (U1�y

4+,Lay
3+)O(2�y/2) ([U5+] = 0) and

(U4+,U5+,La3+)O2 ([U5+] = [La3+]) and (U4+,U5+,La3+)
O2+x ([U

5+] > [La3+]).
Nevertheless, the effect of lanthanides dopants on the oxi-

dation of UO2 still presents open question calling for further
research.10–14 It is known that there are significant differences
in air oxidation behavior between unirradiated and spent
UO2 fuel.15 Choi et al.13 suggested that dissolved fission
products can modify the oxidation kinetics of the spent fuel.
It was shown that UO2 with lanthanide dopants increases the
stability of the cubic fluorite structure (compared to that of
undoped UO2) with respect to U3O8.

13

In this study, XRD and Raman techniques were used to
characterize the pure and three different uranium–lantha-
num-mixed oxides. The paper is divided into two parts. The

first part describes the La-doping effect on the UO2 structure.
The second part describes the low-temperature air oxidation
effect on pure and La-doped UO2 samples.

II. Experimental Procedure

(1) Samples
La-doped UO2 samples with three different compositions (6,
11, 22 mol%) were prepared by a sol–gel technique.16 Trans-
mission electron microscopy observations on several grains
of La-doped UO2 samples showed that all the samples have
homogeneous compositions and no La or U oxide precipi-
tates were present in the samples.17 The obtained powders
were pressed at 110 MPa into a disk and the compacted
disks were sintered at 1923 K for 6 h under 6% H2/94% Ar
atmosphere to have (U1�y

4+,Lay
3+)O2�y/2, that is, contain-

ing only U4+,18 and the O/M ratios of the three samples are
thus O/M = 1.97, 1.945, ad 1.89, respectively. After sintering,
the samples thickness was ~0.4 mm. The uranium and lantha-
num concentrations of the samples were determined by
energy dispersion X-ray spectroscopy, EDS (Oxford detector
mounted in a Vega Tescan TS5130LSH operated at 30 KeV,
Brno, Czech Republic).

Undoped UO2 samples used are commercial UO2 pellets
(Siemens AG) with an average grain size of about 14 lm.
The pellets were cut and drilled to obtain disks (3 mm diam-
eter and 0.4 mm thickness) similar to the La-doped samples.
The samples were then annealed in an alumina furnace for
10 h at 1500 K under a constant gas flow of Ar 94%/H2 6%
to recover surface defects and to restore the stoichiometry of
the samples.

U4O9 powder was used as a reference material for Raman
analyses. The U4O9 sample was prepared by heat-treatment
of a mixture of UO2 and U3O8 powder.19 UO2 and U3O8

powders were put in a quartz tube where primary vacuum
(3.7 9 10�3 mbar) was made before sealing. It was heated at
1373 K (heating and cooling rate: 573 K/h) for 1 month.
Different batches were prepared and the best quality U4O9

sample was chosen by XRD analyses and used for Raman
measurement.

Subsequently, air oxidation of the pure and La-doped
UO2 samples were performed at 500 K for 370 h.

(2) XRD Measurements
Powder X-ray diffraction analyses were performed to analyze
the phase and lattice parameter of the samples with a Bruker
(Billerica, MA) D8 X-ray diffractometer mounted in a
Bragg–Brentano configuration, with a curved Ge monochro-
mator (111), a ceramic Cu X-ray tube (40 kV, 40 mA) and a
Linxeye detector covering 3° in 2h. Scans were collected from
20° to 120° in 2h using 0.0086° step intervals with counting
steps of 5 s. The lattice parameters of the samples were
obtained from Rietveld refinement (using the Fullprof pro-
gram)20–22 applied to the Fm�3m space group.
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(3) Raman Spectroscopy Measurements
Raman spectra were measured with a Jobin–Yvon� T64000
spectrometer (Kyto, Japan) used in the single spectrograph
configuration. The excitation source was a Kr+ (Santa Clara,
CA) Coherent�continuous wave laser radiating at 647 nm
having a tunable nominal power ranging from 10 to 750 mW
at the exit of the cavity. The power impinging the sample
surface (lower approximately by a factor of 10) was mea-
sured by a calorimeter. Spectra are measured in a confocal
microscope with a 50-fold magnification and long focal dis-
tance. This feature allows obtaining a good spectral resolu-
tion (�1 cm�1) independently of the surface shape, with a
spatial resolution of 2 lm 9 2 lm on the sample surface.
The spectrograph angle is calibrated with the T2g excitation
of a silicon single crystal, set at 520.5 cm�1.23 The spectral
data were acquired with an exposure time of 180 s and accu-
mulations over the wave number range from 200 to
1300 cm�1. It was experimentally found that a 2 mW laser
power at the sample surface has no detectable oxidation
effects on the initial material surface if the exposure time
does not exceed 180 ms. Such power level was therefore
adopted in all the current Raman measurements. The
488 nm line of an Ar+ Coherent laser was also used as an
excitation source for comparison, with a nominal power
varying between 1 and 20 mW.

III. Results and Discussion

(1) UO2 and La-Doped UO2 Samples
(A) X-ray Diffraction: The solid solution between lan-

thanum oxide and uranium dioxide exists in a large range of
compositions. The solubility limits of La were reported as 0–
54 mol% at 2013 K, under vacuum,10 0%–75% at 2023 K,1

0%–82% at 1523 K, 25%–82% at 1823 K, under reducing con-
ditions3,7 and 0%–67% at in oxidizing atmosphere.3,7 In this
study, the XRD results showed that the La-doped UO2 samples
were single-phase solid solutions with a fluorite type structure
for the full doping range (6, 11, 22 mol%) studied (Fig 1).

The defect structure of La-doped UO2 has been previously
studied by different authors.5,24,25 Matsui et al.5 studied the
oxygen partial pressure influence on electrical conductivity
and deviation from stoichiometry for La-doped UO2 sam-
ples. They proposed a complex defect model for (U1�yLay)
O2�x with oxygen vacancies and interstitial oxygens. Desai
also suggested two charge compensation mechanisms for
La3+ in UO2 based on Mott–Littleton simulations.24 Her
calculations showed that in the case La is introduced into
uranium dioxide, the lattice expansion is much larger if the
charges are compensated by oxygen vacancies instead of
U5+. Obviously, these oxygen vacancies have a strong affin-
ity for oxygen and are easily filled by oxygen atoms in an

oxidizing atmosphere.26 Shin and Besmann25 also considered
both mechanisms (oxygen vacancy and U5+ formation com-
pensation) in the sublattice model used to describe the ther-
modynamic properties (oxygen potentials) of the (U,La)O2�x

phase. The types of solid solution formed [(U,La)O2+x or
(U,La)O2�x] are stable in both reduced and oxidized condi-
tions. The stoichiometry variance of La-doped UO2 samples
depends on La concentration and oxidation state of the ura-
nium which is related to the oxygen potential present during
sample preparation.1 However, the precise determination of
the oxygen-to-metal (O/M) ratio for lanthanide-doped ura-
nium dioxides is technically quite difficult. Krishnan et al.,27

performed X-ray photoelectron spectroscopy studies on ura-
nium–lanthanum-mixed oxides. They observed that the sur-
face O/M ratios are greater than two in U-rich mixed oxides
and less than two in La-rich mixed oxides, whereas the bulk
O/M in all the samples are less than two. In this study, La-
doped UO2 samples were U-rich and prepared under reduc-
ing conditions, for which we assume that the uranium is in a
4+ state only. For these samples, the first mechanism (oxygen
vacancy formation) is more relevant. It is known that the
dissolution of trivalent lanthanide oxides in UO2 results in a
negative shift in the lattice parameter except for
LaO1.5.

7,26,28,29 The ionic radius of La3+ (0.1160 nm) is
much larger than that of U4+ (0.1001 nm). Although the
oxidation of U4+ results in a decrease in the lattice parame-
ter, its contribution is less than the increase due to doping
with La ions.8,30 The variation in the lattice parameter of
(U1�yLay)O2�y/2 with the concentration of lanthanum is
shown in Fig 2. The lattice parameter increases linearly with
the increase in the lanthanum concentration and with the lin-
ear correlation a = 5.4712 + 0.0007 [y] [a being the lattice
parameter (�A), y La content %].

(B) Raman Spectroscopy: Raman spectroscopy is sen-
sitive to defects of the O sublattice in UO2. This allows us to
perform a qualitative characterization of hypostoichiometry
in La-doped UO2 samples. According to our knowledge there
is no available reference data on Raman spectrum of La-
doped UO2 materials.

Raman spectra of the undoped UO2 sample were acquired
in a first step (Fig. 3) and the main bands observed were
compared with published data.

Five specific spectral features can be identified in the pure
UO2 Raman spectrum displayed in Fig. 3.

For band (1), group theory predicts that UO2 has one triply
degenerate Raman active mode (T2g),

31,32 characteristic of the
stoichiometric fluorite structure, appearing here at 445 cm�1, in
agreement with existing literature data.32–36 The same Raman
band was observed at 448 cm�1 for UO2 single crystal and
446 cm�1 for UO2 polycrystalline by Graves et al.31

Bands (2) and (5) centered at 575 and 1150 cm�1 were
recently assigned, respectively, to 1 longitudinal optical (LO)

Fig. 1. X-ray diffraction pattern of UO2 and La-doped UO2

samples, a comparison of the Bragg reflection profile in the 110–120
2h reflections from all the samples studied is shown in the inset.

Fig. 2. Lattice constants from pure UO2 to (U1�yLay)O2�y/2

samples as measured by XRD.
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and 2 LO phonons by Livneh and Sterer.37 These authors
soundly proved, with the help of energy- and pressure-depen-
dent Raman scattering, that the broader band located at
1150 cm�1 is a Raman resonant overtone of the LO phonon
band intersecting the Γ limit of the Brillouin zone at
575 cm�1. Manara et al.37 showed that the 2LO band can be
regarded as a fingerprint of a quasiperfect fluorite structure
in UO2.

According to Desgranges et al.,39 band (3) observed at
about 630 cm�1 can be assigned to a Raman mode activated
by the presence of structural defects in the cub octahedral
symmetry of the interstitial oxygens in hyperstoichiometric
UO2. A regular distribution of such interstitial oxygen atoms
leads to the formation of U4O9 crystallites. Therefore, the
Raman mode at 630 cm�1 can be regarded as a sign of the
presence of a defective U4O9 structure.

The broad band around 800–900 cm�1 (4) was attributed
to the presence of uranyl ion-containing phases, which could
be due to a slight air oxidation of the sintered UO2 surface.

40

Figure 4 shows the Raman spectra of La-doped UO2 sam-
ples over the wave number range from 200 to 1300 cm�1.
Measurements were repeated at different points on the sur-
face of each sample to confirm that the recorded spectra were
representative of the whole sample. A loss of relative inten-
sity in the T2g band would indicate deviations from the per-
fect cubic fluorite structure, consistent with the formation of
oxygen vacancies in the lattice.41

The characteristic 1150 cm�1 2LO band of UO2 was
observed only for (U0.94La0.06)O1.97 sample (Fig. 4) and it
disappeared when increasing the La content of the sample.
Similar behavior was observed for hyperstoichiometric UO2

samples.38,42 The intensity of 2LO band decreased by increas-
ing oxygen content of the sample and was not observed for

highly oxidized UO2 samples. In addition, the resonance
Raman effect is often observed when the laser excitation
energy is comparable to the band gap energy.43 Taniguchi
et al.44 reported that when band-gap energy of pure and
Gd3+-doped CeO2 materials matched the excitation energy,
the second-order Raman bands’ intensity dramatically
increased.

A broad band at ~550–570 cm�1 was observed for all the
La-doped UO2 samples (Fig. 4). It slightly shifts to the higher
wave numbers with increase in the La content in the sample.
Defect structure of UO2 was studied with Raman spectros-
copy by He et al. and the broad band between 500 and
700 cm�1 was attributed to UO2 lattice damage due to the
presence of lattice defects.42

Deconvolution of this broad band into three bands for all
the La-doped UO2 samples were shown in Figs. 5(a)–(c). A
band at 540 cm�1 was observed for all the samples. Recently
Razdan and Shoesmith45 studied the trivalent dopant influ-
ence on the UO2 structure and a strong Raman band at
540 cm�1 was attributed to the O vacancies in SIMFUEL,
Gd-doped UO2, and Dy-doped UO2 samples. This feature
was previously shown by similar studies performed on cerium
dioxide,46–48 which has the same crystal structure and many
similar material properties as uranium dioxide and is there-
fore used as a good surrogate material for uranium dioxide
in literature.49–52 For example, McBride et al.46 studied
Ce1�xRExO2�y samples by Raman spectroscopy and they
observed a broad band near 570 cm�1 which was attributed
to O vacancies. They could also obtain similar results consid-
ering oxygen vacancies effect in CeO2 system with Grenn’s
function model calculations. Guimbretiere53 and Desgrang-
es54 also observed a band around 530 cm�1 for He2+

implanted UO2 samples. It has been pointed out that this
band could be the Raman signature of defects in UO2�x

resulting from implantation. Desgranges55 proposed the for-
mation of new types of defect (Magn�eli type defects) for
He2+-implanted UO2 samples. Magn�eli type defects generate
an area with U3+ or U5+ in which formation of the oxygen
sublattice defects would be possible. This is a similar defect
structure as the one formed in M3+-doped UO2 samples.
Raman results of (U, Nd)O2�x samples also showed a band
at 530 cm�1 which was interpreted as a local phonon mode
associated with oxygen-vacancy-induced lattice distortion.56

Moreover, this band is not observed in Th-doped UO2 sam-
ples. As 4+ oxidation state of thorium is stable, it is not sur-
prising that oxygen vacancy clusters are not formed in the
system which also confirms the assignment of this band.57 In
this study, it was also observed that the relative intensity of
the 540 cm�1 band to T2g band, systematically increased with
increasing La3+ content of the samples, consistent with the
increasing oxygen vacancy concentration in the samples with
La content [Fig. 5(d)].

The band at 575 cm�1 has been attributed to longitudinal
optical (LO) T1u vibration mode which is visible in Raman
due to the crystal lattice disorders.37 Graves,31 Guimbretiere
et al.53 and Desgranges et al.,54 observed a similar at
~575 cm�1, attributed to lattice damage resulting from the
Kr and He2+ implantation for UO2 samples, respectively,
and they have reported that the intensity of this band
increased with increasing radiation damage of the sample.

Asymmetric tailing of this broad band toward higher wave
numbers was observed with only a very small contribution
for all the La-doped samples [Figs. 5(a)–(c)]. This high-
energy tail may be associated with the formation of higher
oxides due to the sample surface oxidation during handling.
As mentioned above, the band at 630 cm�1 was recently
attributed to the presence of defective U4O9 (clusters of inter-
stitial oxygen atoms) by Desgranges et al.39

Hence, in this study the Raman spectrum of U4O9 was
measured under the same conditions (Fig. 6) to help the
interpretation of this band in La-doped UO2 samples. Split-
ting of the bands and numerous minor bands of various

Fig. 3. Raman spectra of UO2 (conditions: 647 nm, excitation:
2 mW, exposure time: 180 s, 350–1300 cm�1).

Fig. 4. Raman spectra of (U0.94La0.06)O1.97 (black line),
(U0.89La0.11)O1.95 (red line), and (U0.78La0.22)O1.89 (blue line) samples
(conditions: 647 nm, excitation: 2 mW, exposure time:180 s, 200–
1300 cm�1).
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positions and intensities between 400 and 600 cm�1 were
observed. This was attributed to the existence of trace
amount of U3O8 which was also shown by its XRD pattern
in the prepared U4O9 powder. However, only a sharp and
well defined band is located at ~630 cm�1 as it was previ-
ously reported by Desgranges et al.39 Therefore, one can
conclude that the similar band that is systematically observed
especially for oxidized La-doped UO2 samples (see the fol-
lowing section) should be attributed to the formation of a
M4O9 structure also in these compounds.

A further test was performed in the current research to
check for effects of the potential sample surface oxidation
occurring during the Raman measurements due to the heat-
ing effect of the laser beam. It is known that solid solutions
containing oxygen vacancies are sensitive to oxidation.26 Oxi-
dation of the sample by increasing laser power as a heat
source was reported by Palacious58 on UO2 and J�egou59 on
UO2 and (U1�yPuy)O2 samples. Oxidation of the samples
under Kr+ laser beam was shown by recording the spectra
sequentially on the same point of the sample at the consecu-
tive laser powers (I) 2, (II) 6, and (III) 13 mW (at the exit of

the laser cavity). Figure 7 shows the oxidation of the 11 mol
% La-doped UO2 samples by the laser beam. As can be seen,
the laser beam heated the sample which has an effect,
although not quantified, on the measured Raman spectrum.
By increasing the laser power the intensity of the second
band, also attributed to oxygen vacancies, decreases due to
oxidation. The same tendency was also observed for 6 and
22 mol% La-doped UO2 samples. The presence of the
630 cm�1 band is more clearly revealed. This observation
confirms the attribution of the 540 cm�1 Raman mode to the
presence of oxygen vacancies, and the 630 cm�1 band to the
formation of M4O9.

Raman measurements were also performed on pure UO2,
La-doped UO2 and U3O8 samples with a 488 nm Ar+ ion
laser. The Raman bands of U3O8 were previously reported at
236, 342, 408, 480, 752, 798, and 888 cm�1 by Allen34 and
Butler.60 By comparing the Raman spectra of pure U3O8 and
UO2 samples (Fig. 8) it was found that the pure UO2 sample
was oxidized during the measurement to U3O8 due to
the localized heating of the sample with high laser power.
Figure 8 also shows the Raman spectra of the La-doped

(a)

(b)

(c)

(d)

Fig. 5. Raman spectra recorded on (U0.94La0.06)O1.97 (a), (U0.89La0.11)O1.95 (b) and (U0.78La0.22)O1.89 (c) samples and deconvolutions of
contiguous bands at ~445, 540 and 570 cm�1 (deconvolution with Lorentzian peak model), plot of I540/IT2g with a y value of (U1�yLay)O2�y/2 (d).

Fig. 6. Raman spectrum of a U4O9 sample (conditions: 647 nm,
excitation: 2 mW, exposure time:180 s). Fig. 7. Raman spectra of (U0.89La0.11)O1.95 sample under (I) 2 mW,

(II) 6 mW, (III) 13 mW (conditions: 647 nm, exposure time:180 s).
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UO2 samples recorded under these conditions. The broad
band around 900 cm�1, which was attributed to uranyl-con-
taining phases,40 was observed for all the samples. Compari-
son of the Raman spectra shows the inhibition of the
formation of U3O8 phase with increasing La content, espe-
cially for 22 mol% La-doped UO2 sample as the intensities
of the strong Raman bands at 236, 752, and 798 cm�1 were
decreased and the intensity of M4O9 band increased.

(2) Low-Temperature Air-Oxidized UO2 and La-Doped
UO2 Samples

X-ray Diffraction: To shed more light on the air oxida-
tion of La-doped UO2 samples, this process have studied
more systematically in this research. Air oxidation of pure
and La-doped UO2 samples was performed at 500 K for
370 h. Oxidation of UO2 doped with impurities proceeds via
UO2? U4O9+y ?U3O8. The idea was to study first stage of
oxidation. Therefore, 500 K was chosen for the oxidation
test, as the rate of U3O8 formation is extremely slow below
500 K.61 XRD analyses showed that after air oxidation, the
pure UO2 samples were a single phase with no significant

changes in the X-ray diffraction data, whereas all La-doped
UO2 samples were constituted of two phases (MO2+x and
M4O9). However, further reaction to M3O8 was not observed
for any of the samples. This can be clearly seen in the XRD
patterns in the 2h range from 100° to 120° that are shown in
Fig. 9. Consistently, the weight gain measured in oxidized
La-doped UO2 samples were much higher than in undoped
UO2. This behavior could be due to the more rapid oxygen
diffusion in La-doped samples. Kim and Olander62 reported
that oxygen diffusion in UO2�x is much faster than in UO2,
consistently with the anion vacancy as the primary defect in
UO2�x. La doping causes a lattice expansion in UO2 which
could also increase diffusion of O2� ions in doped UO2

matrix. Furthermore, although oxidation of pure and La-
doped UO2 samples was performed under the same condi-
tions (sample thickness, oxidation temperature, and time),
oxidation of UO2 could also depend on other parameters
such as grain size, density, and orientation effect.61 The grain
size of the current La-doped UO2 samples was in fact much
smaller compared to undoped UO2 (The average grain sizes
of 6, 11, 22 at.% La-doped UO2 and undoped UO2 samples
are 3, 4, 7, and 14 lm, respectively.17 This would also
explain a more rapid oxygen diffusion along grain bound-
aries than into the larger UO2 grains.

61

Thomas et al.15 showed that the presence of lanthanides in
unirradiated UO2 stabilizes the cubic M4O9 crystal lattice dur-
ing air oxidation at low temperature (175°C–195°C) and delays
the formation of M3O8 similar to the oxidation behavior of
Light Water Reactor spent fuel. The phase contributions for
the air-oxidized samples were obtained from Rietveld refine-
ment and the results presented herein show clearly that an
increase La content in UO2 results in higher M4O9 (M = U,
La) phase contribution (Fig. 9, Table I). It shows that increas-
ing La increases the first stage oxidation kinetics [UxLayO2�y/2

to (UxLay)4O9]. Ha et al.63 oxidized the thorium-doped UO2

samples and they observed that the first step of the oxidation
kinetic curves show the same gradient for all the (U1�yThy)O2

samples(y: 0–0.27). In contrast, it was reported by Kim et al.64

that Gd dopant slows down the reaction from (U1�yGdy)O2 to
(U1�yGdy)4O9. These results could be explained by the influ-
ence of doping on the fluorite lattice parameter. In the case
of doping UO2 with La or Th leads to an increase in
lattice parameter, whereas Gd doping causes a decrease. The
expansion of the fluorite lattice increases the oxygen mobility

Fig. 8. Raman spectra of U3O8, UO2, (U0.94La0.06)O1.97,
(U0.89La0.11)O1.95, and (U0.78La0.22)O1.89 samples (conditions: Ar+

laser at 488 nm, excitation: 10 mW, exposure time: 180 s).

(a)

(b)

(c)

(d)

Fig. 9. Bragg reflection profile in the 100–120 2h reflections from X-ray diffraction patterns of UO2 sample (a), (U0.94La0.06)O1.97 (b),
(U0.89La0.11)O1.95 (c), and (U0.78La0.22)O1.89 (d) before (black line) and after air oxidation (red line).
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in the lattice. However, the lattice contraction for the Gd-
doped UO2 gives an opposite effect. It was also reported that
the air oxidation product of Gd-doped UO2 has the composi-
tion (U,Gd)O2.4, which is even more oxygen-rich than U3O7

(UO2.33).
15 Tennery and Godfrey65 obtained O/M = 2.35 for

air-oxidized (U,Pu)O2 samples (Pu/(U + Pu) = 0.25). There-
fore, it cannot be excluded, even in the current research, that
after air oxidation of the La-doped UO2 samples, the resulting
M4O9 phase could have excess oxygen beyond the nominal
stoichiometry of MO2.25.

During low-temperature air oxidation of UO2, formation
of U4O9 and U3O7 intermediate phases were previously

reported by synchrotron X-ray diffraction and neutron dif-
fraction techniques.66,67 Unfortunately, the analysis of the
eventual formation of U4O9/U3O7/U3O8 on the surface of
the UO2 sample is not possible with the powder XRD tech-
nique, and a surface sensitive technique must be employed
(see discussion in the following section).

(A) Raman Spectroscopy: Raman measurements of
the oxidized undoped UO2 and La-doped UO2 samples were
performed under the same conditions as for non-oxidized
samples in order to compare the results. It is known that
pure stoichiometric UO2 in contact with air is readily oxi-
dized, forming an oxidation layer with a depth of approxi-
mately 30 nm.61 A Raman spectrum of the air-oxidized
undoped UO2 sample is shown in Fig. 10. Higher oxides
(U4O9, U3O7, U3O8), which were not observed by XRD, are
likely precipitating in trace amount on the surface after air
oxidation at 500 K for 370 h. Therefore, several bands
related to those phases could overlap which could be the rea-
son of lower quality of the Raman Spectra for the oxidized
samples and makes difficult to analyze the spectra.

Figure 11 shows the comparison of the normalized
Raman spectra of non-oxidized and oxidized La-doped UO2

samples. It was observed that the principal T2g band gets
broadened, shifts to higher wave numbers and significantly
decreases in intensity. Moreover, the intensity of the previ-
ously observed broad band, which covers the 540 cm�1 band
(a signature of oxygen vacancies in the structure of
La-doped UO2) and the 570 cm�1 LO band, dramatically
decreased. Instead, the band at ~630 cm�1, which was attrib-
uted to M4O9, was clearly observed. These results are there-
fore in good agreement with the interpretation of Raman
results from oxidized La-doped UO2 samples by different

Table I. Lattice Parameters and Phase Contributions of the La-Doped UO2 Samples After Air Oxidation (500 K 370 h)

6 mol% La-doped UO2 11 mol% La-doped UO2 22 mol% La-doped UO2

MO2 M4O9 MO2 M4O9 MO2 M4O9

Lattice parameter (�A) 5.474 (2) 5.444 (2) 5.475 (2) 5.454 (2) 5.484 (2) 5.476 (2)
Phase contribution (%) 75 25 55 45 37 63

Fig. 10. Raman spectra of air-oxidized UO2 (conditions: Kr+ laser
at 647 nm, excitation: 2 mW, exposure time:180 s).

(a)

(b)

(c)

Fig. 11. Comparison of the Raman spectra of the non-oxidized (black line) and air oxidized (blue line (smoothed Raman spectra with the
average of 31 points, 630 cm�1 peak was shown by arrow) (a) 6 mol% La-doped UO2, (b) 11 mol% La-doped UO2, (c) 22 mol% La-doped
UO2 (conditions: Kr+ laser at 647 nm, excitation: 2 mW, exposure time: 180 s).
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laser powers. In addition, the formation of M4O9 phase for
the oxidized samples was shown both with XRD and Raman
Techniques.

In summary, the current research confirms that La-doped
uranium dioxide (hypostoichiometric in oxygen) is highly
sensitive to oxidation in air. However, oxidation of La-doped
UO2 samples in air at 500 K for 370 h stops with the forma-
tion of a M4O9 phase.

IV. Conclusions

In this study, UO2 samples doped with La content varying
between 6, 11 and 22 mol% were analyzed using powder
XRD and Raman spectroscopy techniques. A single-phase
fluorite structure was observed for all the samples.

According to our knowledge, the Raman spectra of ura-
nium–lanthanum-mixed oxides have been reported for the
first time with this study. The existence of oxygen vacancies
in UO2 with 6, 11, 22 mol% lanthanum was demonstrated
by the presence of a band in the Raman spectra at
~540 cm�1. Raman spectra taken by a 488 nm Ar+ laser
showed oxidation of both pure and La-doped UO2 samples
under the laser, and the inhibition of the formation of M3O8

was observed with increasing La content.
The second part of this study describes the low-tempera-

ture air oxidation of both UO2 and La-doped UO2 samples
at 500 K for 370 h. The stabilization of a M4O9 structure in
the oxidized La-doped UO2 samples was clearly shown by
XRD and Raman spectroscopy. Moreover, the (U1�yLay)4O9

phase contribution in oxidized samples increased by increas-
ing La content of the samples. Although XRD results did
not show any big difference before and after oxidation for
pure UO2 samples, U3O8 formation on the surface was
detected by Raman spectroscopy. Under the present oxida-
tion conditions (500 K, 370 h under air), this experimental
observation soundly confirms that in La-doped uranium
dioxide the prompt air oxidation process stops with the for-
mation of a M4O9 phase.

The knowledge of the oxidation behavior of M3+-doped
UO2 samples is important in the context of nuclear technol-
ogy. As the spent fuel is a complex material, separate effect
studies have a great value. La is one of the fission products
and therefore these results are important to improve the
understanding of the spent fuel oxidation behaviors.
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