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ABSTRACT: In U;,_,Am,O,,; compounds with low americium
content (x < 20 atom %) and oxygen-to-metal (O/M) ratios close
to 2.0, Am""" cations are charge-balanced by an equivalent amount
of UY* cations while the fluorite structure of pure U™*O, is
maintained. Up to now, it is unknown whether this observation
also holds for higher americium contents. In this study, we
combined X-ray diffraction with Raman and X-ray absorption
spectroscopies to investigate a U;sAmgs0,,5; compound. Our
results indicate that americium is again only present as Am"",
while UY* remains below the amount required for charge balance.
Unlike lower americium contents, this leads to an overall oxygen
hypostoichiometry with an average O/M ratio of 1.92(2). The
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cationic sublattice is only slightly affected by the coexistence of large amounts of reduced (Am"™*) and oxidized (U"*) cations,
whereas significant deviations from the fluorite structure are evidenced by both extended X-ray absorption fine structure and
Raman spectroscopies in the oxygen sublattice, with the observation of both vacancies and interstitials, the latter being apparently
consistent with the insertion of UsO,, cuboctahedral-type clusters (as observed in the U,O, or U;0O, phases). These results thus
highlight the specificities of uranium—americium mixed oxides, which behave more like trivalent lanthanide-doped UQO, than

U,_.Pu,0,,; MOX fuels.

B INTRODUCTION

Single and mixed dioxides of actinide (and of some lanthanide)
elements stable in the IV+ oxidation state are known to
crystallize under a fluorite-type structure [space group Fm3m
(No. 225)], which can be described as a face-centered-cubic
sublattice of cations (actinides or lanthanides) in which the
oxygen anions occupy the tetragonal sites or as a simple cubic
sublattice of oxygen in which half of the cubic sites are occupied
by a cation. Most of these elements are, however, also stable
under lower (M™) or higher (M"* and M*™) oxidation states,
which leads to mixed cationic oxidation states in the structure,
compensated for by variations of the oxygen content, often
designated as the oxygen-to-metal (O/M) ratio. From a
structural point of view, these O/M variations can lead to
structural transitions from the fluorite structure, which is the
case for some end members of these systems (such as Pu,0O,,
Am,0;, and UOQ;), but the fluorite Fm3m structure remains
generally stable over wide ranges of O/M ratios, especially at
high temperature, as low as 1.66 and as high as 2.24 in the case
of the U—O system for instance. This wide range is made
possible by the ability of the fluorite structure to accommodate
oxygen vacancies under oxygen hypostoichiometry (in the case
of mixed III+/IV+ oxidation states) and interstitials under
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oxygen hyperstoichiometry (for mixed IV+/V+, or even VI+,
oxidation states). In the case of oxygen hypostoichiometry, the
structural consequence of O/M ratio variation is the formation
of vacancies in the oxygen sublattice, generally without
significant modifications of the cationic one.” In the case of
oxygen hyperstoichiometry, for uranium oxides, for example,
the main distortions of the fluorite structure occur in the
oxygen sublattice, with only minor modifications of the cationic
one. Willis, for example, proposed the formation of 2:2:2
clusters caused by the displacement of oxygen anions in the
(110) and (111) directions, for O/M ratios under 2.25.”* Such
compounds thus correspond to the UO,,; domain, which is
present at high temperatures on the U—O phase diagram."” At
lower temperatures, oxygen hyperstoichiometry leads to the
formation of U,Oy and metastable U;0, compounds through
the insertion of four interstitial oxygen anions in some of the
oxygen cubes and a slight displacement of surrounding cations
to form U40,, cuboctahedra.’™"" The latter are responsible for
additional U—O (close to 2.2 and 2.6 A) and U—U distances, as
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well as the presence of uranium cations surrounded by 9 or 10
oxygen anions.

Concerning mixed actinide oxides, previous studies have
shown that reduced III+ and oxidized V+/VI+ cations do not
typically coexist. In U;_,Pu,O,,5 compounds, for instance,
Pu™* and U™* cations coexist with Pu™ cations in the case of
oxygen hypost01ch10metry but with UY* in the case of
hyperstoichiometry." The structure of such compounds can
thus be approximatively described based on those respectively
reported for PuO,_s and UO,,, domains. Recent studies
showed, however, that the case of U;_,Am 0O,,s compounds
(currently investigated for potential use as americium-bearing
transmutatlon targets for nuclear waste long-term radiotoxicity
attenuation) >~ "> was different. Despite the similarities between
plutonium and americium oxides (both exist for O/M ratios
ranging from 1.5 to 2 wuh similar phase diagrams in the
corresponding domams) and thus the stability of americium
as both Am™ and Am"™", several studies showed that Am"™™"
and UY" cations coexist in single-phase U,_,Am,0,,

17-22

compounds. Using X-ray absorption near-edge spectros-
copy (XANES), Prieur et al. found that U,_,Am,O,,4
compounds with Am/(U + Am) ratios comprised of between
10 and 20 atom % were composed of U™*, UY*, and Am™™*
(but no Am'"*) cations with equivalent UY* and Am™*
contents, leading to O/M ratios of 2.00(1)."” Additional
studies performed by X-ray diffraction (XRD) and extended X-
ray absorption fine structure (EXAFS) showed that this charge
distribution occurs without significant structural modifica-
tions.'”>> Only the direct consequences of the difference in
the ionic radii between the cations (Am™, 1.09 A; U™, 1.00
A; U, about 0.9 A in 8-fold coordination)24 were observed:
shortening of the average U—O distances and lengthening of
the average Am—O distances, as well as a slight increase of the
structural disorder [namely, the Debye—Waller factor from X-
ray absorption spectroscopy (XAS) and microstrain from XRD]
with the Am/(U + Am) ratio.'”'#?%3

In the aforementioned XAS reports, the considered Am
contents remained relatively low [Am/(U + Am) < 20 atom
%], and U™* was always found to be the main cation present,
which might help to explain the preservation of the fluorite
structure and, more precisely, of its oxygen sublattice.
Regarding higher americium contents, some papers report the
synthesis of U,_,Am O,,s solid solutions with x values up to
0.5.>%*>?® Using X-ray photoelectron spectroscopy (XPS) to
study a UysAm,;O, 5 sample, Mayer et al. reported that
americium was only present as Am'", whereas uranium’s
overall oxidation state is above IV+.”” Suzuki et al. applied
density functional theory (DFT) to a stoichiometric
Uy sAmyO, compound and calculated that the americium
and uranium oxidation states would respectively be III+ and V
+% If these studies give a first insight into the charge
distribution in Uy3Am50,,s compounds, no information
related to its structural consequences is discussed. In this
study, we therefore focused on the effect of a high Am/ (U +
Am) ratio (50 atom %) on the local structure of a
U,_,Am,0,,s compound via XRD, XAS (XANES/EXAFS),
and Raman spectroscopy. This report thereby provides the first
recorded Raman spectra of uranium—americium mixed oxides.

B EXPERIMENTAL SECTION

Synthesis. Synthesis of the UysAm0,,s (and UygsAmy,50,,5)
samples used for this study was previously described in detail.”™ In a
few words, the samples were prepared from single UO,,; and AmO,_;
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precursor powders using the UMACS process.”> This process allows
for the fabrication of dense and homogeneous pellets, even from single
oxide precursors (UO, and AmO,), by avoiding reactive sintering and
the chemical and mlcrostructural heterogeneities sometimes reported
for such a process.”” ' The two powders are first mixed by ball
milling, pelletized, and heat-treated at 2023 K for 8 h under flowing
Ar/H,/0, for an oxygen potential of —420 kJ-mol™'. The sample is
then crushed by ball milling, and the obtained powder is used for the
formation of a new green pellet, which is sintered at 2023 K for 4 h
under flowing Ar/H, for an oxygen potential of —570 kJ-mol™". After
synthesis, an Am/(U + Am) ratio of 49(1) atom % was estimated by
thermal ionization mass spectrometry. A UO, reference sample was
also prepared from the same UO,,; powder batch and sintered with
the test samples.

XRD. XRD was performed using a Bruker D8 Advance
diffractometer in 69— Bragg—Brentano geometry, especially modified
for radioactive material measurements. It is equipped with a copper
source [A(Kay/a,) = 1.540598/1.54443 A] and a Bruker LYNXEYE
linear detector with a 3° opening angle. Diffractograms were recorded
from 26 = 25 to 120°, with a 26 = 0.01° step and a counting time of
1.1 sstep”" for a total recording duration of about 3 h. For peak
position correction, Au powder was added as a 26 standard. Analysis
and refinement of the X- Cray diffractograms were performed using the
Fullprof Suite software® by applying the Le Bail method® and a
Thompson—Cox—Hastings function for peak profile description,®* as
previously reported.”®

XAS. XAS measurements were performed at the European
Synchrotron Radiation Facility (ESRF; Grenoble, France) on the
Rossendorf Beamline (BM20) with a current of 170—200 mA in the
storage ring (at 6.0 GeV). The XAS sample was a transmission pellet
prepared from of a mixture of powdered UysAm,sO,,5 and boron
nitride (which is invisible to X-ray). The obtained pellet was double-
sealed in a contamination-free Teflon/polyethylene sample holder.

Spectra were collected at the U Ly, Am Ly, and U Ly edges at
17166, 18510, and 20948 eV, respectively, in both transmission and
fluorescence modes, using Oxford ionization chambers and a Canberra
energy-dispersive 13-element germanium solid-state detector with a
digital amplifier (XIA-XMAP). The beam size and distance between
the sample and detector were adapted to remain in the linear range of
the fluorescence detector. A double Si(111) crystal monochromator
was used for energy selection, and the calibration was performed using
metallic foils whose K edges are close to the edges of interest, ie.,
yttrium (17038 eV), zirconium (17998 eV), and molybdenum (20000
V). XANES spectra were recorded at the U and Am Ly;; edges, while
Am Ly and U Ly, were used for EXAFS measurements (up to k = 18
and 13.5 A™', respectively). U Ly is preferred over U Ly because
neptunium present in the samples (produced by a decay of **'Am)
would limit the EXAFS spectra at U Ly at k = 10.5 A™'. The
temperature of the samples was maintained at approximately 20 K
during the measurements using a closed-cycle helium cryostat. The
contribution of thermal vibrations to ¢* (Debye—Waller factor
determined by EXAFS spectrum refinement) can thus be considered
negligible, so ¢ mainly represents the (static) structural disorder. The
UO, sample was also used as a reference compound for the fluorite
structure for EXAFS measurements. Its structure was checked by
XRD, which indicates the presence of a sole fluorite structure and a
lattice parameter of 5.4708(5) A, close to that expected for an O/M
ratio of 2.00 [5.47127(8) A].**

Data analyses and refinements were performed using Athena and
Artemis software®®”” and FEFF 8.40 for ab initio calculations of EXAFS
spectra. XANES spectra were normalized using a linear function for
pre- and postedge approximation. The first zero crossings of the first
and second derivatives were used to determine the white line (WL)
and inflection point (E,) positions, respectively. The average oxidation
states of the cations were determined by linear combinations of
reference spectra to fit experimental normalized absorption spectra of
the sample considered. The reference compounds used were
U 0200(1)» (U 1/2U 1/2)4091 '” and (Uwz/:,UVI 1/3)308; * as well
as two mixed U/Am™ compounds [an oxide, U, SSAmOISOZO(‘)}l)!
and an oxalate, (U™",Am™*,),(C,0,)5:6H,0"~" Am'*0,,
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whose XANES spectra were previously recorded at the same beamline.
Fourier transforms of the EXAFS spectra were extracted using a
Hanning window between 3.5 and 11 A™' and between 3.5 and 14 A™!
for the U Ly and Am Ly edges, respectively, in both cases with a dk
factor of 2.

Two structural models were used for ab initio EXAFS calculations.
The first one corresponds to a standard fluorite structure in which
each cation is surrounded by 8 oxygen anions at a X \/ 3/4, 12 cations
at a X \/2/2, 24 oxygen anions at a X \/11/4, and 6 cations at a. In
this case, the four corresponding two-legged paths were included to fit
the spectra, as well as two three-legged and two four-legged multiple
scattering paths, based on their relatively high magnitudes. The three-
legged paths are Abs—O2—U/Aml—Abs (Abs representing the
absorbing atom) and Abs—O1—02—Abs. The four-legged ones are
both Abs—O1—Abs—O1—Abs, with angles of 0° (the linear one) or
180° (that for which the first and second oxygen atoms are the same).
The second structural model used is based on the fluorite cluster in
which one of the oxygen atoms in the first shell is replaced by two
interstitial oxygen atoms located in interstitial sites corresponding to
those reported by Garrido et al. for the cuboctahedral oxygen cluster
described for U;0,.” In this case, only five two-legged paths were
included for the fit, corresponding to the two first oxygen atoms in
normal fluorite positions, the two first oxygen atoms in cuboctahedral
positions, and the first cation. Fits were performed between 1.4 and 4.5
A and between 1.6 and 6 A respectively at the U Ly; and Am Ly edges,
with a k weight of 3. The shift in the threshold energy (AE,) was
varied as a global parameter.

Raman Spectroscopy. Raman spectroscopy characterizations
were performed in a hot cell, using a Horiba Jobin-Yvon LabRam
HR800 Raman spectrometer coupled to an optical microscope
developed by Optique Peter (Lyon, France) including a six-objective
turret from which a X 100 was used. The laser employed is a
frequency-doubled YAG (4 = 532 nm) with an output power of 200
mW, which can be adjusted by a variable filter installed at its output. A
600 liness-mm™" network was used, giving a spectral resolution of 1.7
cm™". Further details regarding the apparatus were given in previous
papers.”” ™" Presented spectra were typically collected by the
accumulation of 10 spectra with an acquisition time of 30 s.
Determined band positions correspond to the average of 10 different
spectra, i.e., 10 different locations on the sample. Uncertainties given in
brackets correspond to the dispersion of the band positions in the 10
spectra.

Because only a few Raman spectra of U;_,Am,O,,s have been
reported in the literature (Naji et al. recently reported the spectra for x
= 0.1 and 0.2),*" a 15 atom % Am sample, previously characterized by
XRD and XAS,"” was also analyzed by Raman spectroscopy (after
annealing). The samples used for the measurements were two sintered
pellets, of the respective compositions Uo.ssAmo.lsoz.oo(Uw and
Uy sAmy 50, g3(2) (details regarding the O/M ratio of this sample are
given in further sections). Because the initial aim was to determine
Raman spectra of an undamaged Uj,sAm,sO,,; structure, the pellet
was heated under Ar/H, for 1 h at 1373 K under an oxygen potential
of =550 kJ'mol™" to ensure radio-induced defect recovery,”’ and
Raman spectroscopy measurements were performed 1, 4, and 14 days
after annealing. It has to be noted that such a heat treatment could not
be performed for the XAS samples because they needed to be prepared
in advance. Because during optical microscopy observation the two
faces of the pellet appeared to be contaminated by dust, presumably
because of contact with different surfaces during their preparation,
handling, and storage, measurements were instead performed on the
edge of the pellet.

For each sample, no significant differences between all acquired
spectra were found (not only in active modes and their positions but
also in band relative intensities). Notably, no evolutions of the Raman
spectra with time were observed for the time considered. In a previous
XRD monitoring experiment, in which similar samples were also
annealed under a reducing atmosphere and stored under the same
conditions as those for this study, a partial and progressive oxidation of
the samples during the first weeks following annealing was reported.®
The most probable explanation for this discrepancy is that the analysis
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depth of Raman spectroscopy (several tens of nanometers) is lower
than that of XRD (several micrometers). Thus, if oxidation of the
extreme surface of the sample is complete after less than 24 h, the
progression of oxidation cannot be evidenced by Raman spectroscopy
and, correlatively, the spectra obtained are relative to UjgsAmg 50,5
and UjsAm, 5O, already oxidized under their storage conditions.

Deconvolution of the spectra in several bands was performed using
the Horiba LabSpec software in the 350—750 and 350—800 cm™'
domains respectively for the 15 and 50 atom % Am samples. Prior to
this operation, each spectrum was smoothed and its background
contribution was subtracted. Lorentzian or pseudo-Voigt functions
were used to simulate the bands. Bands were approximately positioned
before the fit, but their positions were not fixed during it.

B RESULTS

XRD. The X-ray diffractogram of UysAmgO,,; recorded
after a storage period very close to that of the XAS sample
(aged for 160 days) is given in Figure 1. Only peaks
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Figure 1. X-ray diffractogram of the UyAm,O,,; sample 160 days
after sintering (asterisks point out peaks corresponding to Au used as a
reference for 20 positions).

corresponding to a single fluorite structure were identified, as
evidenced in previous studies of similar samples.”**° A lattice
parameter of 5.4670(S) A was determined by refinement. The
latter, however, includes a contribution of self-irradiation
effects, which induce lattice expansion over the first months
of storage because of the @ activity of the **'Am isotope (1.3 X
10" Bq-g™!).>**7° An undamaged lattice parameter of
5.454(1) A was determined from the 160-day value and by
using UpsAm;O,,5 radio-induced structural swelling data
reported in the literature.”®

XAS. XANES. The UjsAm,O,, s XANES Am Ly spectrum
(Figure 2) is well aligned with that of the Am"™" reference. The
determined WL positions of these two spectra are also close
[18517.7(5) eV], whereas that of the Am"™ reference is about
4 eV higher [18521.6(5) €V]. Americium thus seems to be
present almost exclusively as Am™" in the sample, which is
confirmed by linear combination fitting of the sample spectrum
with reference compound spectra (presented in Figure 4), with
the best fit for 100% of the Am™* reference spectrum, without
any contributions from AmO,.

At the U Ly edge (Figure 3), the WL position [17177.9(5)
eV] is between those of the hyperstoichiometric reference
compounds U,0, [17176.7(5) eV] and U304 [17179.6(5) eV].
The overall uranium oxidation state thereby lies between 4.5
(U404) and 5.33 (U304). The sample WL shape is similar to
that of U,O, and thus clearly differs from that of UO, (or even
U,;0q), which is mostly caused by distortion of the cubic
symmetry and the resulting additional U—O distances (cf. the
Introduction) in U,Oy The XANES spectrum of the sample,
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Figure 2. XANES spectrum at the Am Ly edge (left) and its second derivative (right) of the UysAm50,,5 sample (in red) compared to those of
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Figure 3. XANES spectra at the U Ly edge (left) and its second derivative (right) of the Uy sAm, O, s sample (in red) compared to those of UO,,
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Figure 4. Fit of the XANES spectra of the Uy sAm, O, 5 sample by the linear combination of reference compounds at the Am Ly (left) and U Ly

(right) edges.

consequently, indicates the presence of such distortions in the
oxygen sublattice. Fitting the sample spectrum with linear
combinations of U,Oy and U;Oy, an average oxidation state of
4.65(3) is obtained [the best fits being obtained for 82(4)%
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U,0, and 18(4)% U;Og]. The residual of the fit is, however,
higher than that observed at the Am Lp; edge because of a
lower disorder in the cationic sublattice in comparison to that

in U,0, (as is notably pointed out by the X-ray diffractogram in
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Figure 1). On the basis of the oxidation state determined by the
linear combination fitting of the XANES spectrum, the O/(U +
Am) ratio of the sample can be estimated at 1.92(2), indicating
an overall oxygen hypostoichiometry of the sample.

EXAFS. The Am Ly; edge EXAFS spectrum is presented in
Figure 5, together with its Fourier transform. This spectrum
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Figure 5. Experimental k’-weighted Am Ly; edge EXAFS spectrum
(upper graph) and its Fourier transform (lower graph) of the
Uy sAmy 5O, gy(2) compound (black) and respective shell fit (red).

corresponds to what is expected in the case of a fluorite
structure, with two main contributions, and is thus consistent
with the XRD results pointing out the presence of a single
fluorite structure. The first peak at about 1.9 A corresponds to
the contribution of the first oxygen shell, and the second peak,
at about 3.8 A, is mainly due to the first cation shell. The fit was
consequently performed using the fluorite model described in
the Experimental Section. The results of the fit are presented in
Figure S and the obtained parameters given in Table 1. The
presence of a fluorite local structure around americium cations
is confirmed by the reasonable agreement between exper-
imental and fitted spectra, as illustrated by the R-factor value of
0.013. Moreover, the coordination number for the cationic
shells is close to the value expected for a nondefective fluorite
structure.

The main difference from a defect-free fluorite structure is
the low coordination number obtained for the first oxygen shell
[about 6.8(5) instead of 8]. This result seems to indicate the
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presence of oxygen vacancies surrounding americium cations,
with about 15(6)% of vacancies. No significant deviation from
the expected value is observed for the second oxidation shell
[22(5) compared to 24], even though a deviation would most
likely be hindered by the larger uncertainty. Regarding
interatomic distances, Am—cation distances are close to those
calculated from XRD. The first Am—O distance is longer than
expected from XRD, which is notably a consequence of the
relatively large ionic radius of the Am"" cation compared to the
other identified cations. Debye—Waller factors are higher than
those determined for a UO, compound, in line with the
presence of vacancies inducing local distortions (i.e., a
broadening of the first U—O distance distribution) in the
oxygen sublattice, notably around americium cations.

The sample spectrum at the U Lj edge appears to be
different from that of a fluorite local structure, as evidenced in
the comparison of k'-weighted spectra of the sample and
several uranium oxide references (UO,, U,O, and U,0s)
presented in Figure 6. Compared to a UO, reference
compound, the sample spectrum shows a discrepancy in the
k region of 3—7 A™', in which the main contribution is that of
the first oxygen shell. Its Fourier transform remains composed
of two main peaks, but their intensity is lower than that for
UO,, especially for the peak around 1.9 A, which is also
significantly broader and seems to include additional
contributions at longer and shorter distances. This spectrum
thus resembles that of the U,Oy compound, particularly the
contribution of the first oxygen shells (R < 2.5 A). The fit was
thus performed using the second model presented in the
Experimental Section, for which some of the oxygen fluorite
positions are replaced by cuboctahedral positions, leading to
two additional U—O bonds.

The fitted results are shown along with the experimental data
in Figure 7, and the obtained fit parameters are given in Table
1. A reasonable graphical agreement is observed between the
experimental and fitted data, further confirmed by a relatively
low R factor. The two additional U—O distances corresponding
to the cuboctahedral positions are determined to be 2.28(1)
and 2.87(1) A, in contrast to the oxygen distance in the fluorite
position of 2.31(1) A, i.e., lower than expected from XRD. On
the basis of the obtained coordination numbers, oxygen anions
remain mostly present in the normal fluorite positions. The
coordination numbers of the first cationic and second anionic
shells, i.e., the unmodified shells, are consistent with a defect-
free fluorite structure, and their interatomic distances are close
to those expected from the XRD results. The Debye—Waller
factors of these two shells are also larger than those obtained
for the americium local environment, which can be attributed
to the disorder increase induced by the presence of additional
oxygen positions, particularly for U-Og,, 1.

Raman Spectroscopy. The best spectra acquired for
UggsAmg;50,00(1) and Uy sAmy O 95y (those with the best
noise/signal ratio) are presented in Figure 8. Some Raman
spectra were acquired up to 4000 cm™', but bands were only
observed up to ~1250 and ~700 cm™, respectively, for the 15
and S0 atom % Am samples. For UpygsAmg 150, 09(1), @ narrow
band (denoted as C in Figure 8) is observed around 446(1)
cm™!, as well as a broad one, denoted as D, around 551(3)
cm™}, which includes a shoulder at 630—640 cm ™!, denoted as
E, and another one at 1148(3) cm™, denoted as F. Some of the
latter bands were also noted in UysAmgsO;gy;) spectra,
notably C [at 457(2) cm™'], D [a broad band centered at
602(5) cm™'], and E [present around 530(10) cm™' as a
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Table 1. Structural Parameters Obtained by Refinement of U, Am,;O0,_; EXAFS Spectra Presented in Figures 5 and 7

sample edge

UO, (reference), U Ly

50% Am (sample), Am Ly

50% Am (sample), U Ly

sphere

(0)

U1l

02

U2

o1
Am/Ul
02
Am/U2
Ocupo 17
Opuo1?
Ocupo2”
Am/U1
Opuo2”

distance (A)

XRD EXAFS
2.369(1) 2.355(5)
3.868(1) 3.866(5)

4.536(1) 4.52(1)

5.471(1) 5.46(2)
2.367(1) 2.422(5)
3.866(1) 3.852(5)

4.533(1) 443(2)

5.467(1) 5.46(2)

2.28(1)

2.367(1) 2.31(1)

2.87(1)

3.866(1) 3.86(1)

4.533(1) 4.52(2)

7.9(5)
11.9(5)
26(5)
6(1)
6.8(5)
11.6(5)
22(5)
6(1)

12 (5)

5.9(5)

1.2(5)

12.0(5)
28(5)

coordination number

Debye—Waller factor o> (A?)

0.0031(5)
0.0015(5)
0.005(2)
0.003(1)
0.0065(5)
0.0047(5)
0.010(2)
0.005(1)
0.003”
0.018(3)
0.003”
0.0053(5)
0.014(5)

correlation factor R

0.008 (domain: 1.6—6 A)

0.017 (domain: 1.6—6 A)

0.013 (domain: 1.41—4.5 A)

“Oxygen atoms noted O and Oy, are those in normal positions (8c Wyckoff sites) for a fluorite structure, whereas those noted O, are those in
sites corresponding to the cuboctahedral clusters (48i Wyckoff sites), as described by Garrido et al.” *Debye—Waller factors for oxygen in

cuboctahedral positions are fixed during the fit.
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Figure 6. k'-weighted EXAFS spectrum (upper graph) and its Fourier
transform (lower graph) of the Uy sAm 50, gy(;) compound at the U
Ly edge compared to those of uranium oxide reference samples (a k'
weight is applied here to highlight the influence of the first oxygen
shell).

shoulder of D]. Two small bands, denoted as A and B, might

also be present in the spectra respectively around 140 and 320

cm™, but no bands were observed around 1150 cm™'.
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Figure 7. Experimental k’-weighted U L; edge EXAFS spectrum
(upper graph) and its Fourier transform (lower graph) for the
Uy sAm 50, 9y(2) compound (black) and respective shell fit (red).

Deconvolution in several bands was performed in the 350—
800 cm ™' range and is presented in Figure 9. The positions of
the different peaks, determined by visual observation or by
deconvolution (when applicable), are summarized in Table 2.
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Figure 8. Raman spectra collected for (upper graph) the

UossAmy 150, 00(1) and (lower graph) the Uop.50Amg 5001 92 samples.
Letters indicate the peaks identified.
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Figure 9. Results of the Raman spectrum deconvolution in the 350—
800 cm™" domain for (upper graph) the UjggsAmg 1505 091y and (lower
graph) the U 50Amy 590 g3(2) samples. Colored dots are the smoothed
experimental data and the lines the fitted results (the red line being the
sum of the different contributions represented as black lines).

In the case of the UysAmy 5O gy(;) sample, deconvolution was
applied to the two spectra presented in Figure 8 and gave
similar results. The average position of each band is thus
reported in Table 2.

T,q and Related Bands. In MOZ compounds with a defect-
free fluorite structure, group theory’' and published data®' >
predict only one Raman active mode (T,,), which corresponds
to the vibration of the M—O bond with the cation M
surrounded by eight oxygen anions in a cubic environment.
The vibration of this band is usually minimally affected by M
nature, and as a consequence, this mode could be expected for
wavenumbers close to that reported for stoichiometric UO,
(445 cm™),>7 as was the case in the study of Naji et al.,, who
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Table 2. Band Positions and Their Respective Assignments
for the Two U,_,Am,0,,; Samples Compared to the
Positions Reported in the Literature for UO,,s and
U,_M"™ 0,_s Compounds

experimental position

(em™! literature data
UpgsAmg ;5O UpsAmgy O position
band 0 82_00(1()) ' 0 51,92(2()] g compound (em™) ref
Byg? 140(5)*  UO,,s 155 57
Byg? 320(5)  UO,4 315 57
Ty 446(1) 453(3) UO, 445 53-57
“U,0y 453(1) U,0y 455 57, 59
A, + F, 540(1) 555(1)  (MVY+, 530 > 58, 60—64
an*l) 595
05
1LO 576(1) 600(1)° U0, 575 42, 53-57,
65, 66
Ay 621(1) 638(2) U0, 630 45, 57
2LO 1148(3)“ Uo, 1150 42, 53-57,
65, 66

“Positions determined visually (and not by deconvolution). °M = U,
Th, Ce. “The assignment of a 1LO mode to the 600 cm™' mode
remains hypothetical based on available data.

reported T, close to 445 cm ~! for U,_,Am,0, samples with x
= 0.1 and 02 S Thus, C modes observed around 450 cm™" for
both samples [respectively at 446(1) and 457(2) cm™" for the
1§ and 50 atom % Am compounds] should be T,

Although the position of T, in UO, is prec1se1y known

(desplte small variations between authors) to be about 445

!, that of AmO, has never been rigorously identified. We
recently reported an Am02 Raman spectrum displaying a single
band close to 390 cm™" that might correspond to T, because
of its high intensity, but thls assignment remains doubtful."* As
discussed by Naji et al,,* a position 50—100 cm™" higher would
have been expected based on the known Tg§ positions of other
actinide dioxides: ThO, (465 cm™),>***® U0, (445
cm™!), 2?7 NpO, (465 cm_l),52 > or PuO, (475

cm ™). Ty of UOSAm050192(2) is blue-shifted by 8
cm™" compared to UO,”" >’ and, more surprisingly, by more
than 60 cm™ compared to the supposed T,y of AmO,, e,
both to higher wavenumbers, while an intermediate band
position could have been expected. The uncertainties
surrounding the true position of T,, of AmO, preclude any
further conclusions about the T, position of the samples. A red
shift of T, with the americium content seems to be observed,
which could be considered to be consistent with a position of
the AmO, T,, at a higher wavenumber than reported.
Nonetheless, the XANES results showed that americium is
only present as Am™ and accommodated in a fluorite
environment in both samples, so the Raman results for
AmO, might not be suitable for comparison here. Am,0,
Raman data are also unfit for comparison because Am,O;, 5 has
stable crystalline structures, Ia3 and P3m1, which differ from
that of U;_,Am0O,,s and UO,SAmO'sO1'92(2).44’46’48’50 The
presence of aliovalent cations could thus result in shifts
compared to the usual T, position for UO,, as observed in
both samples.

For Uy gsAmy 150, (1), deconvolution reveals a second band
denoted as C’ at 452(1) cm™’, ie, at a slightly higher
wavenumber than the T,, band. On the basis of previous
studies, such a band is expected in hyperstoichiometric uranium
oxides (notably in U,0,)*”" even though it was not always
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identified in these compounds, notably because of its proximity
to Ty, This band is accordingly difficult to differentiate from a
higher wavenumber shift of the T, position, as is probably the
case for the U;sAm50,9,;) spectra (for which the Toe
position is about 10 cm™" higher). As observed in both Figures
8 and 9, this band could be neither observed nor deconvoluted
from T,, The presence of such a band would thus indicate
similarities between the sample(s) and the U,O, structure,
which is discussed in more detail in a further section.

1LO and 2LO. In Raman spectra of some MO, compounds
(UO,, PuO,, U,_Pu0, U,_CeO, or U,_ ThO,), the
normally forbidden mode 11O (at 575 cm™) and its overtones,
2LO (1150 ecm™), 3LO (1725 cm™), etc., can sometimes be
observed.*>***37°76%% Liyneh and Sterer showed that the LO
series is activated through a resonance process and is thus
dependent on the laser energy and the sample’s electronic
properties, ie., its band gap, because a laser energy slightly
higher than the gap energy is required.*® For instance, the
spectrum of a UO, sample with a band gap close to 1.9 eV will
present an intense 2LO band (even more intense than its T,,)
when studied with a 514 nm laser (2.41 eV), whereas 785 nm
(1.58 eV) or 632.8 nm (1.96 eV) lasers produce signiﬁcantly
weaker 2LO bands (or even no band at all).****3%%” Further
studies by different research groups also reported that the closer
the O/M ratio to 2.00, the higher the relative intensity of the
2LO band compared to that of T,; and that a significant
deviation from the oxygen stoichiometry could lead to the
extinction of the 2LO band.”*~*’

For UggsAmy 150, 00(1), band F [observed at 1148(3) cm™']
presumably corresponds to the 2LO band, indicating that the
laser used activates the LO series for this composition. The
presence of the 2LO mode would also be consistent with the
O/M ratio previously reported by XANES: 2.00(1)."” This
band is, however, not as intense as it can be for an as defect-free
as possible UO, sample,>*° which might indicate a slight
deviation from the oxygen stoichiometry and/or modifications
of the sample band gap compared to UO,, for instance, because
of the presence of americium. On the basis of the presence of
the 2LO, a band corresponding to the 1LO mode can also be
expected around 575 cm™' and would confirm the results
obtained by deconvolution, which include a contribution
centered at around 575 cm™’, as presented in Figure 9.

The UysAmg0;gy;) Raman spectra do not include any
bands around 1150 cm™!, hence no 2LO mode. Its absence
could be explained by a deviation from the stoichiometry
[which would be consistent with the 1.92(2) O/M ratio
determined by XANES] and/or by significant modifications of
the electronic properties of the sample compared to UO,. On
the basis of DFT calculations, Suzuki et al. concluded that the
band gap of stoichiometric UysAm,;O, was approximatively
1.5 eV, hence larger than that of AmO, (1.3 eV) but still
smaller than that of UO, (1.9 eV).”® The difference between
the band gap of Uy sAm, O, and the laser energy (2.33 eV for
the 532 nm laser) is thus larger than that in the case of UO,,
which could be responsible for a decrease in the 2LO intensity
or even its extinction. The present sample is, nevertheless,
characterized by a significantly lower O/M ratio (based on
XANES) than the theoretical compound of Suzuki et al., as well
as by a modified oxygen sublattice (based on EXAFS), which
might both have modified its electronic properties and band
gap. The current data available thus do not allow for a clear
explanation of the missing 2LO band in the 532 nm Raman
spectrum of UjsAmy O, g5(;). As a consequence, even though
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the absence of the 2LO band suggests that no 1LO mode
should be identified for this sample, the uncertainty
surrounding the reasons for the absence of the 2LO band
precludes exclusion of a hypothetical 1LO mode.

Bands Related to Modifications of the Oxygen
Sublattice. For both samples, the deconvolution attempts
suggest the presence of a triplet of bands. Even though the
closeness of these bands makes it difficult to obtain a perfect
disambiguation of the spectra, it is possible to propose an
identification of these bands based on similar results previously
r(ipog%csl for nonstoichiometric uranium-based oxide sam-
ples.™

The highest-wavenumber band composing the triplet
[respectively identified at 621(1) and 638(2) cm™" for the 15
and S0 atom % Am compounds] is probably a signature of
U,Oq-type cuboctahedral oxygen clusters as previously
reported.””*”** Indeed, in their Raman spectroscopy study of
UO,,s (with & varying between 0 and 0.33), He and Shoesmith
demonstrated the presence of such clusters in UO,
compounds with 6 > 0.15 through a main band close to 630
cm™!, accompanied by two weak bands at 155 and 315 cm™.>’
They based their argument on the analogue tetragonal ZrO,
system, assigning the 630 cm™ intense band to an A, mode
and two smaller bands that they observed at 155 and 315 cm™
(both By, stretch). The latter two might correspond to the
small bands that seem to emerge at around 140 and 320 cm™*
in the U sAm, 50, 9(») spectra (Figure 8). However, their low
intensities do not allow for a clear conclusion. Concerning
UpgsAmg 50, 00(1) no peaks except the one at 622(1) cm™
associated with cuboctahedral oxygen clusters were identified.
The Raman spectra could, nevertheless, be in accordance with
the existence of cuboctahedral oxygen clusters in both samples.

The lowest-wavenumber band [respectively identified at
540(1) and 555(1) cm™ for the 15 and 50 atom % Am
compounds] of the triplet can be attributed to the same mode
for both samples. In similar systems, such as U;_ Ln"™",0,_sin
which Ln™ is a trivalent lanthanide cation, a Raman band at a
comparable position was attributed to a local g)honon mode
caused by vacancies in the oxygen sublattice.”>***” On the basis
of other works on Ce'V* _ .Ln"* 0,_,,, and
Th'"*,_,Ln"™ 0,_,/, solid solutions, this mode could further
be assigned to the M—O bond vibration with M in a cubic MOg
environment, with at least one of the oxygen anions being
replaced by a vacancy.”*°>®> The presence of vacancies in the
fluorite oxygen sublattice of both compounds would thus be in
agreement with the Raman spectrum deconvolution.

For UpgsAmg 50, go(1), all bands observed are thus identified
because the middle band of the triplet was already attributed to
the 1LO mode. The middle band of the U;sAmg ;0 gy;)
triplet, on the other hand, remains unassigned based on the
information available in this study. This band could correspond
to the 1LO mode. The position observed [600(1) cm™] is
indeed rather close to the expected position (around 575 cm™,
based on UO, literature data****7>7%>% and the Raman
spectrum of UggsAmy ;50,001 in Figure 9). Regardless, no
bands that could possibly correspond to a 2LO mode were
observed for this sample. On the basis of the position shift and
the absence of a 2LO mode, which could have clarified the
expected 1LO position, the ascription of the 600 cm™ band to
the 1LO mode remains hypothetical.

Guimbretiére et al. recently reported that the bands
corresponding to oxygen hypo- and hyperstoichiometries
(respectively around 550 and 630 cm™') could be activated
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by ion-beam irradiation (He*") in a UO, sample presenting an
overall O/M ratio of 2.00.°® They assumed that the irradiation-
induced damage generates structural defects corresponding to
local oxygen hypo- or hyperstoichiometries, thus activating the
corresponding Raman bands that they observed at 530 and 635
cm™!, respectively. In U;_,Am,O,,s compounds, the high a
activity of *Am (1.3 x 10" Bq-g™') is known to be
responsible for structural damage such as a slight increase of
the structural disorder with time.'******”7% In the present case,
UpssAmg 150, 001y and Uy sAmg 50 gy(5) were studied up to 15
days after annealing, which respectively corresponds to 0.005
and 0.017 dpa*® For such low accumulated doses, the
contribution from self-irradiation damage is negligible in
comparison to the dose required to activate the ~550 and
~630 cm™' bands observed, especially considering their
relatively high intensities in the Raman spectra of both samples.

B DISCUSSION

O/M Ratio and Oxidation Process. On the basis of the
XANES results, an overall O/M ratio of 1.92(2) is obtained for
the 50 atom % Am sample, in agreement with the absence of
the 2LO mode in its Raman spectra (suggesting a deviation
from the oxygen stoichiometry) and with the lattice parameter
obtained from XRD. The latter is, after correction for radio-
induced lattice swelling, equal to 5.454(1) A, ie. lower than
that expected based on the g, values of other U;_ Am,O,,;
compounds (O < x < 0.4) and assuming a monotonous
variation of the lattice parameters of U;_,Am O, o)
compounds with x.'”'"*?

Concerning the cationic charge distribution, the XANES
results indicate the presence of americium only in the Am™*
state, agreeing with the results obtained by XPS by Mayer et al.
on a similar composition.27 In contrast, uranium is present in a
partially oxidized state, and this compound thus has the same
type of cationic charge distribution as U;_ ,Am O, 5 samples
with lower americium contents (x comprised of between S and
20 atom %)'77*%*”" as well as that calculated by DFT for
UjsAm O, by Suzuki et al.”® Because the linear combination
of the XANES spectrum was performed with U™*/UY* and
UY*/U™ reference compounds (respectively U,O, and U;05),
the mole fractions of these three cations are not directly
available from XANES, but some information can be obtained
otherwise. First, the Suzuki et al. DFT calculations indicate that
uranium is only present as U"* in a stoichiometric UpsAm, O,
compound.”® The observed cuboctahedral clusters are generally
associated solely with UY* cations, of which a large amount are
required for these clusters to form.'® Moreover, the presence of
U™ is not favored by the fluorite-derived structure of
hyperstoichiometric uranium oxides: in the U—O system, the
appearance of U™, for instance, results in the formation of a
U,04 phase."' U™ cation presence should also be detected by
Raman spectroscopy and EXAFS through a broad band around
800—900 cm~'**”* and additional short U—O distances (about
1.7—1.8 A),”"*which is not the case here. The presence of a
significant amount of UY" in the UpsAmg 50, gy(5) sample is
thus doubtful, and U™Y* and UY* can be considered the only
uranium cations present. According to XANES, U™* and U*
mole fractions among cations would thus respectively be 18(2)
and 33(2) atom %.

The determined composition, UjsAmg;0;g,(;), conse-
quently presents a lower O/M ratio than those reported for
samples with lower Am/(U + Am) contents (from 10 to 20
atom %). In another study, Horlait et al. showed that, during
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storage under ambient conditions after heat treatment under
reducing conditions, U;_,Am,O,,s; samples with x ranging
from 7.5 to 50 atom % undergo a significant oxidation during
the first days.”> The O/M ratio estimated several weeks after
the synthesis is thus the result of two successive processes:
reduction during heat treatment under a reducing atmosphere,
followed by oxidation during storage. Considering the low
oxygen potential applied during the heat treatment (about
—570 kJ mol™),”® cations are most likely reduced to a state
close to U™*/Am™*, as was, for example, observed for a
uranium and americium oxide mixture by in situ XRD.*"*°
Because the various XANES studies (including the present
one) showed that americium remained present in the Am™*
state even after the oxidation process under ambient
conditions,” ™" the latter occurs through oxidation of U
cations to UY*, simultaneously with an O/M ratio increase.

In the case of the lowest Am/(U + Am) ratios (i.e., from 10
to 20 atom %), oxidation appears to stop for an O/M ratio
close to 2.00,"” whereas it stopped at a lower O/M ratio for the
present 50 atom % Am compound. Considering the oxidizing
storage conditions (0.2 atm of O,), it is probable that in both
cases this state does not correspond to thermodynamic
equilibrium. It can be noted that the average uranium oxidation
state reached, 4.65(3), is close to the upper limit of the
existence of a fluorite-derived compound for uranium single
oxides, i.e., U30,, in which uranium’s average oxidation state is
4.67.7'%75 In these materials, higher oxidation states of uranium
are only made possible by heating at a temperature above ~500
K, also leading to the formation of U;Og, which presents a
structure significantly different from the fluorite-type one.”®
Furthermore, doped UO, (and notably M™-doped UO,)
materials possess an improved resistance to the formation of
such U;Og-type domains.”*~"? Therefore, the oxidation of
uranium cations in the UjsAmy;O,_ s sample most likely
stopped because the fluorite structure is unable to withstand a
higher uranium oxidation state without structural modifications
in the cationic sublattice and because the storage temperature
(close to 300 K) does not allow the formation of U;Os.
Oxidation of the sample could, however, have occurred through
the oxidation of Am™™* cations to Am™*, but the XANES results
clearly indicate that Am™" cations remain stable. Although this
can be a result of metastability, americium thus truly behaves as
an M™ cation upon substitution for uranium in UQ,, at least
for Am/(U + Am) ratios ranging from 5 to SO atom %, 77!
although Am™*,0j is neither thermodynamically nor kinetically
stable in ambient conditions.*" The identified upper limit of
cationic oxidation states, ie, (U*$’*, Am®"), apparently
corresponds to a metastable state of these mixed oxides,
which might even be applicable not only to U,_,Am0O,,;
compounds with other x values but also more generally to
other similar M"™*UO,, s materials.

Structural Modifications. Although the O/M ratio
estimated by XANES indicates the overall oxygen hypostoichi-
ometry of the sample, it cannot directly give information on the
possible structural modifications induced, notably in the oxygen
sublattice, which can, however, be proposed through a
comparison of the XRD, EXAFS and Raman spectroscopy
results previously presented.

The three methods are in agreement concerning the
conservation of the cationic sublattice of a fluorite-type
structure. The XRD diagram only contains peaks derived
from such a structure, indicating that there are no modifications
of the cationic sublattice. The EXAFS results also concur in the
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preservation of the cationic sublattice because only one first
shell cation—cation distance is observed, in contrast to what is
found for U,Oy or U;O, compounds in which slight
displacements of some cations occur, leading to several
cation—cation distances. Moreover, the interatomic distances
between cations and the coordination numbers obtained are
also consistent with the presence of a fluorite structure, and
Debye—Waller factors do not indicate a steep increase of
structural disorder in the cationic sublattice, although they are
slightly higher than those found in the UO, reference sample,
or even in U_,Am0O,,; compounds with lower americium
contents.'” The presence of the T,; mode in the Raman
spectra, which is characteristic of the MOy cubic clusters of the
fluorite structure, indicates that at least some of the oxygen
anions remain in an environment identical with the only one
existing in a defect-free M"V*O, fluorite-type structure.

Raman spectroscopy also suggests, through the 555(1) cm™
band, the presence of oxygen vacancies in the Uy sAmg 0 gy(5)
fluorite structure. These vacancies are evidenced by EXAFS too,
notably around americium cations, which is to be expected
because americium is only found in a reduced state. Raman
spectroscopy and EXAFS results could also be consistent with
the presence of oxygen cuboctahedral clusters in
UpsAmg50;gy), similar to those found in the U,Oy and
U;0, compounds, even though the deviations observed in the
cationic sublattice of these two compounds are not observed
here.*”""!

The quantitative information obtained on these structural
defects through EXAFS and Raman spectroscopy remains,
nonetheless, limited. Through EXAFS, the oxygen coordination
numbers around americium and uranjum are respectively
6.8(5) and 6.5(5), but the closeness of the three first U-O
distances does not allow for a precise estimation of the ratio of
cuboctahedral clusters and thus of possible oxygen vacancies
around uranium cations. The comparison between Raman
spectra obtained for the Uj;;Am; O, 9,(,) and
UpssAmg 150, 00(1) samples can, however, give some informa-
tion. The Raman spectrum of the 15 atom % Am sample
surprisingly indicates the presence of oxygen vacancies and
cuboctahedral clusters, which were not identified by EXAFS on
similar samples in previous works.'’~*° This discrepancy is due
to the high sensitivity of Raman spectroscopy to modifications
of local symmetry induced by defects such as oxygen vacancies
and cuboctahedral clusters in fluorite-type MO, com-
pounds.’”**®>% These structural defects would then be
present in U;_,Am,O,,5 compounds even for low Am/(U +
Am) ratios (such as 15 atom %) but at a lower content, which
would not be surprising because the vacancies and cuboctahe-
dral clusters are respectively directly and indirectly caused by
the presence of reduced Am™ cations (and the partial
oxidation of uranium to U"", for which they are responsible).
The lower defect concentration in the 15 atom % Am sample
would, however, preclude their detection via EXAFS, which has
a higher detection limit, especially for defects related to light
atoms such as oxygen. The failure of XRD to detect the oxygen
vacancies and cuboctahedral clusters can be reasonably
explained by its even more limited sensitivity to the oxygen
sublattice.

The XRD diagram obtained for UpysAmy30;g,(;) is thus
mostly representative of the cationic sublattice. The retention
of an apparent defect-free fluorite indicates that the
modifications that might occur in the oxygen sublattice do
not have an important impact on the cationic sublattice of the
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fluorite structure. This resilience is made possible by the
capacity of this structure to accommodate various structural
defects, notably related to its low atomic density and the fact
that cations only occupy half of the cubic positions in the
oxygen sublattice. A slight local distortion of the fluorite
structure could be expected in the vicinity of the oxygen
vacancies and cuboctahedral clusters. The presence of such
defects would thus partially explain the microstrain increase
with the americium content determined by XRD in the
U,_,Am,0,,s series (0 < x < 0.5)** because the higher the
Am"™ content (and, in correlation, uranium’s average oxidation
state), the greater the expected amount of oxygen vacancies and
cuboctahedral clusters.

B CONCLUSION

XRD, EXAFS, and Raman spectroscopy were combined to
perform a structural characterization of a mixed uranium—
americium oxide with an Am/(U + Am) ratio close to 50 atom
%. The results obtained highlight the same peculiar charge
distribution as that reported for lower americium contents, i.e.,
the presence of americium only as Am™, whereas uranium is
partially oxidized to U™*/U"*. For such a high americium
content, the equivalent O/M ratio obtained is about 1.92(2)
and is thus significantly hypostoichiometric despite storage of
the sample under ambient, thus oxidizing, conditions.

From a structural point of view, no significant deviations of
the cationic sublattice were evidenced either from XRD,
EXAFS, or Raman spectroscopy because the three techniques
agree on preservation of the fluorite-type Fm3m structure. The
oxygen sublattice, however, presents deviations from the
fluorite structure. In agreement with the low O/M ratio
determined, vacancies were identified through EXAFS (mostly
around reduced Am™ cations) and deconvolution of the
Raman spectra suggests that the bands observed could be
related to oxygen vacancies. These characterization techniques
also point out that oxygen interstitials are present around the
uranium cations. The latter could be present in the form of
cuboctahedral clusters of oxygen anions (similar to those found
in the hyperstoichiometric uranium oxides U,O, and U;0,), as
suggested by the cation—oxygen distances determined by
EXAFS and deconvolution of Raman bands, even though
further work would be required for a nonambiguous attribution
of Raman bands to structural defects in uranium-based oxides.
The combination of the results obtained by these three
techniques would suggest that the Uy sAmg O, g5(,) compound
presents defects corresponding to both hypo- and hyper-
stoichiometric MO, fluorite materials.
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