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ABSTRACT: The charge distributions in a-Na,UO,, Na;NpO,, o-
Na,NpO,, Na,NpO;, NagNpOg, Na,PuO;, Na,PuOs, and NagPuOy are
investigated in this work using X-ray absorption near-edge structure
(XANES) spectroscopy at the U-L;, Np-L;, and Pu-L; edges. In addition, a
Rietveld refinement of monoclinic Na,PuO;, in space group C2/c, is
reported for the first time, and the existence of the isostructural Na,NpO,
phase is revealed. In contrast to measurements in solution, the number of
published XANES data for neptunium and plutonium solid phases with a
valence state higher than IV is very limited. The present results cover a wide 0=
range of oxidation states, namely, IV to VII, and can serve as reference for
future investigations. The sodium actinide series show a variety of local
coordination geometries, and correlations between the shape of the XANES
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spectra and the local structural environments are discussed herein.

B INTRODUCTION

Considerable interest in the structural, thermomechanical, and
thermodynamic properties of the phases forming in the Na—
(U,Np,Pu)—O systems has existed since the 1960s because of
their technological importance for sodium-cooled fast reactors
(SERs)."” Among the six designs retained by the Generation IV
International Forum (GIF), the SFR is the most advanced
concept and probably the first one to move to a demonstration
phase and commercial deployment." Sodium is particularly
interesting as a metallic coolant as it shows a high boiling point
(1156 K), a high heat capacity, and a good thermal
conductivity."?
however, to gain a thorough knowledge of the products of

From safety perspectives, it is essential,

interaction between the sodium metallic coolant and the
nuclear fuel, as the two might come into contact in the
accidental event of a breach of the stainless steel cladding.
(U,Pu)O, mixed oxide (MOX) fuels are currently the preferred
choice for SFRs as substantial experience has already been
gained in terms of fabrication, reactor operation, reprocessing,
and risk assessment. In addition, the incorporation into the fuel
of the minor actinide elements (Np, Am, Cm) generated during
irradiation in the current fleet of nuclear reactors is also
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envisaged to reduce their radiotoxicity by transmuting them
into radioactive elements with shorter half-lives.”*

The chemistry of the sodium and (U,Pu,Np,Am,Cm)O,
nuclear fuel interaction is complex. The potential reaction
products are numerous: Na,NpO;, Na,PuO;, NaUO;,
Na3zAnO,, Na,UO,, Na,NpO,, Na,AnO;, Na,An,0O,,
NaNpOg, and Na;PuOg (An = U, Np, Pu), but not all well
characterized.”™” Past studies carried out in the 1980s have
shown that the reaction between sodium and (U,Pu)O, fuel
leads in the temperature range of the fuel during operation,
close to the pellet rim (around 893—923 K'°), to the formation
of sodium urano—plutonates Na,(U,_,Pu,)O,"' ™" of lower
density and lower thermal conductivity relative to the mixed
oxide fuel."*'® Such a situation can induce further cladding
failure, restrain the flow of coolant within a subassembly of fuel
pins, or result in a contamination of the primary coolant with
the fuel elements comprising plutonium, minor actinides, and
fission products."*'® For a thorough safety assessment of the
interaction, a sound knowledge of the sodium actinide oxide
phases is hence required.
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Table 1. Summary of the Synthesis Conditions Used in This Work to Prepare the Sodium Uranates, Neptunates, and Plutonates

material reactants container
sodium uranates
NaUO;, provided by NRG (Petten)
Na,UOq provided by NRG (Petten)
a-Na,UOQ, (U0,:Na,CO,) = (1:1) alumina
sodium neptunates
Na,NpO; (NpOZ:NaZOI_H(l)) = (1:22) stainless steel
a-Na;NpO, (NpO,:N2,0, 141)) = (1:2.4) stainless steel
a-Na,NpO, (NpO,:Na,0, 141)) = (1:2) alumina
Na,NpO, (Np0O,:Na,CO,) = (1:2) alumina
NagNpOy (NpO,:Na,CO;) = (1:3) alumina
sodium plutonates
Na,PuO, (Pu0,:Na,CO;) = (1:2) alumina
Na,PuOgq (Pu0,:Na,CO;) = (1:1.9) alumina
Na;PuOg (Pu0,:Na,CO;) = (1:3) alumina

gas

T (K) color impurity mass fraction

orange none
orange none

1103 (48 h) orange (0.2% Na,UOj;)

1073 (24 h) black (1.8% NpO,)

1123 (24 h) red/brown none

943 (48 h) forest green none

1093 (70 h) lime green (0.5% Na,NpO,)

1093 (60 h) forest green none

1123 (24 h) black (2.8% PuO,)

1093 (34h) red (4.5% NaPuO, + 1.7% PuO,)

1093 (34h) black none

Temperature and oxygen potential within the nuclear fuel
and sodium coolant are the two fundamental parameters that
control the chemistry of the interaction. To assess the margin
to the safe operation of SFRs, the valence state of the actinide
cation in the various sodium actinide oxide phases must be
known as the latter determines the oxygen potential threshold
required for the formation of the ternary compounds.'’~"’
Thermodynamic calculations have in particular shown that the
threshold for pentavalent Nay(U,_,,Pu,)O, phases was reached
with the in-pile conditions.'” X-ray diffraction allows one to
identify the nature of the phases formed and characterize their
structures. It cannot give a definite signature of the oxidation
state of the actinide cation, however. X-ray absorption near
edge structure (XANES) spectroscopy can provide information
on the charge distribution, which is key for the safety
assessment of the SFR.

In the present work, XANES spectroscopy measurements of
a-Na,UO,, Na;NpO,, a-Na,NpO,, Na,NpO;, NasNpOg,
Na,PuO;, Na,PuO;, and Na;PuOy are presented at the U-L;,
Np-L;, and Pu-L; edges, covering a wide range of valence states,
namely, from IV to VIL. We also report for the first time the
structural refinement of monoclinic Na,PuQOj;, and the existence
of Na,NpO; is revealed. By contrast with neptunium and
plutonium phases in solution, there is a real lack in the
literature of Np and Pu solid state XANES data with an
oxidation state higher than IV.”° Our work can serve as
reference for future investigations, to determine either the
valence state of an unknown composition or the ratio between
different valence states in a mixed valence state compound.

B MATERIALS AND METHODS

Solid State Synthesis. The NaUO; and Na,UO4 materials were
kindly provided by NRG (Nuclear Research and Consultancy Group,
Petten, Netherlands). The remaining phases were prepared by
grinding together accurately weighted samples of depleted uranium
dioxide (**UO, from JRC-ITU stocks), neptunium dioxide (*’NpO,
from ORNL, Oak Ridge National Laboratory), and plutonium dioxide
(PuO, from JRC-ITU stocks with the isotopic composition 0.05%
238py, 86.10% *¥Pu, 13.39% **°Pu, 0.32% **'Pu, 0.14% ***Pu, 1.45%
*Am (thermal ionization mass spectrometry and high resolution
gamma spectroscopy measurements) with sodium oxide (Na,O 82.1%
+ Na,0, 14.8%, ABCR GmbH & Co, ie, Na,O, 4;)) or sodium
carbonate (Na,CO; 99.95%, Sigma).

28U is an @ emitter with a very long half-life (4.47 billion years),”"
making it only weakly radioactive. >’Np decays to >**Pa by a emission
with a half-life of 2.14 million years. The **Pa daughter product is a 5~

emitter with a very short half-life (27 days) and significant y dose rate
[1.335 x 107 (mSv/h)/MBq].>" The plutonium batch used in this
work showed an appreciable amount of highly radioactive **'Am (half-
life of 432.2 years) and associated y dose rate [8.479 X 1075 (mSv/h)/
MBgq].*" The handling of those materials requiring considerable safety
precautions was therefore done with limited quantities in alpha-glove
boxes.

Sodium oxide was carefully stored in the dry atmosphere of an
argon-filled glovebox because of its hygroscopic nature. The
synthesized materials were moreover handled exclusively in nitrogen-
filled or argon-filled alpha-glove boxes and stored under vacuum as
some of the phases were found to be hygroscopic and to decompose
over several months to Na,Np,O, by reaction with atmospheric water.
The integrity of the products was also verified shortly before the
XANES experiments using X-ray diffraction.

The mixtures were placed into an alumina crucible or a tightly
closed stainless steel container and heated under argon or oxygen flow
in a tubular furnace to stabilize the actinide cation in its oxidation
states IV/V or VI/VII, respectively. Because of the significant y dose
rates of the neptunium and plutonium materials, the syntheses were
performed with no more than 60 mg of neptunium dioxide or
plutonium dioxide. Successive regrinding and 12 h heating steps were
used to improve the crystallinity. A summary of the synthesis
conditions for each composition is provided in Table 1.

X-ray Powder Diffraction. The samples were characterized at
room temperature by X-ray diffraction using a Bruker D8 X-ray
diffractometer mounted in the Bragg—Brentano configuration with a
curved Ge monochromator (111) and a ceramic copper tube (40 kV,
40 mA) and equipped with a LinxEye position sensitive detector. The
data were collected by step scanning in the angle range 10° < 20 <
120° with an integration time of about 8 h, a count step of 0.02° (20),
and a dwell of S5 s/step. Structural analysis and quantification of
eventual impurities were performed by the Rietveld method with the
Fullprof2k suite.”> The material purity was found to be better than
97.2% (except for the Na,PuO; material pure at 93.8%) (see Table 1).
The error introduced by those impurities on the position of the
inflection points and white lines is within the uncertainty range of the
XANES method at the An-L; edges (An = U, Np, Pu).

X-ray Absorption Near Edge Structure (XANES) Spectrosco-
py. XANES measurements were performed at the Rossendorf
BeamLine (ROBL)>® of the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). Small amounts (5—10 mg) of powdered
sample were mixed with boron nitride (BN) in an argon-filled alpha-
glovebox and pressed into pellets for the measurements. The storage
ring operating conditions were 6.0 GeV and 170—200 mA. A double-
crystal monochromator mounted with a Si(111) crystal coupled to
collimating and focusing Rh-coated mirrors was used.

XANES spectra were collected at room temperature in transmission
mode at the U-L;, Np-L;, and Pu-L; edges. A step size of 0.5 eV was
used in the edge region. The energy E, of the edge absorption
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Table 2. Summary of the Structural Parameters at Room Temperature of the Sodium Uranates, Neptunates, and Plutonates, y-
UO;, and UO,(NO;),6H,0

compound NaUO, Na,UO; a-Na,UO, 7-UO; UO0,(NO3),:6H,0
U valence A% VI VI VI VI
symmetry orthorhombic tetragonal orthorhombic tetragonal orthorhombic
V4 4 2 2 16 4
space group Pbnm (62) I4/m (87) Pbam (SS) I4,/amd (141) Cmc2, (36)
a (&) 5.7739(2) 7.5172(1) 9.7623(3) 6.9013(5) 13.197(3)
b (A) 5.9051(2) 7.5172(1) 5.7287(2) 6.9013(5) 8.035(3)
c (A) 8.2784(2) 4.6325(2) 3.4956(1) 19.9754(18) 11.467(3)
B (deg) 90 90 90 90 90
vol. (A%) 282.26(1) 261.78(1) 195.496(11) 951.39(1) 1215.9(1)
ref 25 29 28 31 32
compound Na,NpO, Na;NpO, a-Na,NpO, Na,NpOs NagNpOg
Np valence v v VI VI VII
symmetry monoclinic orthorhombic orthorhombic tetragonal monoclinic
V4 8 8 2 2 2
space group C2/c (69) Fmmm (69) Pbam (SS) I4/m (87) C2/m (12)
a (A) 5.999(3) 13.353(3) 9.715(3) 7.535(3) 5.829(3)
b (A) 10.371(3) 9.629(3) 5.732(3) 7.535(3) 9.996(3)
¢ (A) 11.796(3) 6.673(3) 3.459(3) 4.616(3) 5.757(3)
B (deg) 109.97(1) 90 90 90 110.73(1)
vol. (A%) 689.77(1) 857.99(1) 192.59(1) 262.08(1) 313.78(1)
ref this work 30 6 30 30
compound Na,PuO;, Na;PuO, Na,PuOg NasPuOg
Pu valence v A% VI Vil
symmetry monoclinic orthorhombic tetragonal monoclinic
V4 8 8 2 2
space group C2/c (69) Fmmm (69) 4/m (87) C2/m (12)
a (A) 5.965(3) 13.302(2) 7.519(2) 5.823(3)
b (A) 10.313(3) 9.634(2) 7.519(2) 9.985(3)
¢ (A) 11.772(3) 6.651(2) 4.619(1) 5.752(3)
S (deg) 109.97(1) 90 90 110.79(1)
vol. (A%) 680.56(1) 852.34(1) 261.14(1) 312.65(1)
ref this work 30 9 19

threshold position was taken at the first inflection point of the
spectrum by using the first node of the second derivative. The position
of the white-line maximum was selected from the first node of the first
derivative. Several acquisitions were performed on the same sample
and summed up to improve the signal-to-noise ratio. Before averaging
the scans, each spectrum was aligned using the XANES spectrum of a
metallic reference foil located between the second and the third
ionization chambers and measured at the same time as the sample.
Yttrium (17 038 eV) was used at the U-L; and Np-L; edges, while
zirconium (17 998 eV) was used at the Pu-L; edge. The ATHENA
software (Version 0.9.20)** was used to remove the background and
to normalize the spectra.

B RESULTS AND DISCUSSION

Structural Properties of the Sodium Actinide Ternary
Oxides. The structural parameters of the sodium actinide
ternary oxides investigated herein are summarized in Table 2.
Tetravalent UO,, NpO,, and PuO,, which are not mentioned in
the table, are cubic, in space group Fm3m. Pentavalent NaUO,
has a perovskite structure, in space group Pbnm.”> NaNpOj and
NaPuO; were never reported in the literature and can probably
not be synthesized as stable phases. Pentavalent Na;NpO, and
Na;PuO, are orthorhombic, in space group Fmmm.”® The case
of trisodium uranate Na;UQ, is particularly complex”” and not
discussed further in the present work. We refer the reader to
refs 26 and 27 for more detail on this particular composition.
Hexavalent @-Na,UO, and a-Na,NpO, are isostructural and

show orthorhombic symmetry, in space group Pbam.”**

Na,PuO, could not be synthesized as a stable phase, however.
The Na,AnO; (An = U, Np, Pu) composition is common to all
three systems with a tetragonal structure, in space group I4/
m.>?*3° Heptavalent NagNpOg and NasPuO4 are both
monoclinic, in space group C2/m.'”* All of these ternary
oxide phases show 6-fold-coordinated actinide cations as
described in detail in the following sections. Moreover, the
mean U—O, Np—O, and Pu—O distances in the AnOgq
octahedra decrease when the valence state of the actinide
cation increases, which is expected from the size of the
respective ionic radii, as reported in ref 26.

Structural Characterization of Na,PuO; and Na,NpO;.
The case of Na,PuO; requires particular attention, as the
assignment of its crystal structure is not straightforward. Bykov
et al. suggested two possible indexations: a rhombohedral cell
in space group R3m and a monoclinic cell in space group C2/c
based on the model of Na,CeO3.*>** None of the descriptions
were completely satisfactory, however, and could reproduce all
the observed reflections. In addition, the authors reported
slightly different X-ray diffraction patterns depending on the
synthesis conditions. In fact, a similar situation was already
described for Na,RuO;,>> which was refined using a super-
position of two phases with rhombohedral (R3m) and
monoclinic (C2/c) symmetries, corresponding to a disordered
and ordered state, respectively. Bykov et al. reported refined
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atomic positions based on the rhombohedral model in space
group R3m (the corresponding refinement excluding some of
the experimentally observed reflections between 16.5° and
28.0°). However, the authors also suggested that a description
using a partial ordering model was needed, with a degree of
ordering varying depending on the synthesis conditions. The
structural properties of Na,PuO; were therefore reinvestigated
in this work in an attempt to settle the unresolved issues raised
in the paper of Bykov et al.” In addition, the possible existence
of Na,NpO; was examined. Although there is no report in the
literature of the existence of such a phase for neptunium, one
could expect Na,NpO; to be stable as the ionic radius of 6-fold-
coordinated Np** (0.87 A) is the same as for Ce** (0.87 A) and
slightly larger than for Pu*" (0.86 A)3°

Na,PuO; was prepared using a different synthesis route
compared to the work of Bykov et al,,” who heated a mixture of
plutonium dioxide and sodium oxide under argon either in an
alumina boat or in a tightly closed stainless steel container. In
this work, plutonium dioxide and sodium carbonate were mixed
in a PuO,:Na,CO; = 1:2 ratio and heated in an alumina boat
under argon flow at 1123 K for 24 h (Table 1), leading to the
formation of Na,PuO; together with unreacted PuO, (2.8%).
Na,NpO; was synthesized for the first time by mixing
neptunium dioxide and sodium oxide in a NpO,:Na,Oy 141
= 1:2.2 ratio, and heating the mixture at 1073 K for 24 h in a
stainless steel container tightly closed under the purified Ar
atmosphere of the glovebox (Table 1). The synthesis route
using sodium carbonate was also attempted but led to the
formation of pentavalent Na;NpO,,* due to the less reducing
atmospheric conditions.

The monoclinic model of Na,CeO;, in space group C2/c,
was selected for the refinement of the X-ray diffraction data of
Na,PuOj in favor of the thombohedral one (space group R3m),
as the latter structure failed to reproduce the low-intensity
reflections observed at 26 values 17.2°, 17.3°, 18.0°, 20.2°,
23.6°, and 27.7° (Figure 1). The refinement yielded cell
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Figure 1. (a) Comparison between the observed (Y, in red) and
calculated (Y, in black) X-ray diffraction patterns of Na,PuO;. Y, —
Yo in blue, is the difference between the experimental and calculated
intensities. Bragg reflections are marked in green. (Top) Na,PuO;.
(Bottom) PuO,. Measurement at A = Cu Kal. The broad featureless
response at low 20 angles and excluded region (corresponding to a
broad reflection) are coming from the glue used for encapsulation of
the plutonium sample. (b) Crystal structure of Na,PuO; (Pu atoms in
gray, Na atoms in yellow, O atoms in red).

parameters as a = 5.965(3) A, b = 10.313(3) A, ¢ = 11.772(3)
A, and f# = 109.97(1)°. The refined atomic positions and bond
lengths are listed in Tables 3 and 4. The corresponding cell
volume, ie, 680.56(1) A% is sligthly smaller than for the
isostructural cerium compound, which is consistent with the
ionic radii of Pu** and Ce**.*°

Our results provide for the first time a refinement of the
Na,PuO; structure based on the ordered monoclinic model of
Na,CeO;. However, complementary studies involving “quench-
ing” experiments are needed to clarify the relationships between
the ordered (monoclinic) and the disordered (rhombohedral)
structures of Na,PuOj; obtained using different synthesis routes,
as illustrated by the present results and those of Bykov et al.”

The X-ray diffraction pattern obtained for Na,NpO; showed
again small reflections at 20 values of 17.1°, 17.2°, 17.9°, 18.2°,
20.0°, 23.4° and 27.5° suggesting the monoclinic model
should also be selected. The crystallinity of the sample was
unfortunately not good enough to perform a Rietveld
refinement. A Le Bail fit’” yielded cell parameters as a =
5999(3) A, b = 10.371(3) A, ¢ = 11.796(3) A, and g =
109.97(1)°, which corresponds to a cell volume of 689.77(1)
A3, These data are compared in Figure 2a, 2b, and 2c to those
reported for Na,PdO;,”* Na,RuO,,”> Na,PtO;,”” Na,TbO,,**
Na,PrO;,** and Na,CeO;,*" which all have the same
monoclinic structure, as was done in the work of Bykov et
al.” The unit cell parameters and volume of Na,NpO; are in
very good agreement with the general trend along this series.
Interestingly, the isostructural uranium compound was never
reported. It is probable that Na,UO; cannot form as a stable
phase due to the rather large ionic radius of U*" (0.89 A)
Bnggared to Np* (0.87 A), Ce** (0.87 A), and Pu*™* (0.86

XANES Spectroscopy of Sodium Uranates. XANES
spectra of NaUOj; and Na,UOjs collected at the U-L; edge were
recently published,5 together with the energy positions of the
inflection points and white lines due to (2p — 6d) transitions.’
Those results have confirmed the uranium valence states,
namely, V and VI for NaUOj; and Na,UQj, respectively. In the
present work, we report the XANES spectrum for a-Na,UO,
(Figure 3) to complete this series of measurements. The
inflection point and white line (WL) positions of a-Na,UO,,
listed in Table S, are perfectly aligned with those of uWo,,
Na,UVOs, and UMO,(NO;),-6H,0. These results are hence
consistent with uranium being exclusively in the oxidation state
VI in a-Na,UO, and therefore having a [Rn]Sf° electronic
configuration. With increasing formal valence state, the values
of the inflection points are shifted to higher energy as a
consequence of the decreasing Coulomb energies in the final
stateke%reen the 5f and excited 6d electrons and the 2p;, core
hole.™™

It can be noted in Figure 3 and Table S that the reference
UM™O, compound shows a single WL peak, while the sodium
uranates of higher valence state show double-peaked WLs. The
low-energy shoulder observed in NaU(V)O3 is an intrinsic
feature of the uranium unoccupied 6d electronic states of the
U(V).” The double-peak WL feature in U(VI)O3 was
interpreted in terms of core-ionized final states with different
5f occupancies in reported work.*”*" Bertram and co-workers
performed in the 1980s a high-pressure XANES experiment on
UO; at the U-L; edge and found that the distance between the
two WLs was reduced with pressure as well as the relative
intensity of peak A compared to peak B (see Figure 3). The
application of pressure induces an increased Sf covalency. Peak
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Table 3. Refined Atomic Positions in Na,PuO,”

atom ox. state Wyckoft 5
Pul +4 4e 0

Nal +1 4e 0

Pu2 +4 4e 0

Na2 +1 4e 0

Pu3 +4 4e 0

Na3 +1 4a 0

Na4 +1 8f 0.036(4)
01 -2 8f 0.247(8)
02 -2 8f 0.249(9)
03 -2 8f 0271(9)

“R,, = 18.60, R, = 11.92, y* = 2.44.

y z B, (AZ) occupancy
0.835(5) 0.25 0.27(2) 0.35
0.835(5) 0.25 0.27(2) 0.65
0.169(3) 0.25 0.27(2) 0.65
0.169(3) 0.25 0.27(2) 0.35
0.498(2) 0.25 0.27(2) 1
0 0 0.27(2) 1
0.340(4) 0.013(2) 0.27(2) 1
0.495(9) 0.142(4) 1.00(8) 1
0.141(5) 0.175(3) 1.00(8) 1
0.839(9) 0.132(4) 1.00(8) 1

Table 4. Selected Bond Lengths, R, for Na,PuO; Derived
from the X-ray Diffraction Refinement”

bond N R (A) bond N R (A)
Pu(1)-0(1) 2 2.30(9) Na(3)-0(1) 2 2.61(5)
Pu(1)-0(2) 2 2.47(6) Na(3)-0(1) 2 2.54(4)
Pu(1)-0(3) 2 2.47(6) Na(3)-0(2) 2 2.46(7)
Pu(2)-0(1) 2 2.41(9) Na(4)—-0(1) 1 2.27(9)
Pu(2)—0(2) 2 1.99(5) Na(4)—0(1) 1 2.64(8)
Pu(2)-0(3) 2 2.36(8) Na(4)-0(2) 1 2.79(5)
Pu(3)—0(1) 2 2.25(5) Na(4)-0(2) 1 2.92(6)
Pu(3)-0(2) 2 2.07(5) Na(4)-0(3) 1 2.44(6)
Pu(3)—0(3) 2 2.28(7) Na(4)-0(3) 1 2.75(8)

“Standard deviations are given in parentheses. N is the number of
atoms in each coordination shell.

A, whose position is not influenced by the application of
pressure, was thereafter mainly attributed to a Sf° final-state
configuration. Peak B, whose intensity is increased and whose
position is shifted to higher energy, was assigned to a Sf*/5f'
covalently mixed state.

The shape of the XANES spectra is often related in the
literature to the local coordination environment around the
actinide cation. In particular, the shoulder and reduced peak
amplitude observed in U(VI) compounds about 15 eV above
the U edge (y-UO, for instance which shows two U—O
distances at 1.887(5) A in the axial direction and four U-O
distances at 2.230(3) A in the equatorial plane of the UQj
octahedra) is a feature attributed to the linear [0=U=0]*"
group of the uranyl compounds, which causes localized
multiple-scattering resonance.”” Among the sodium uranates
measured herein, only a-Na,UO, shows the uranyl type of
coordination, with two short bonds at 1.903(2) A along the
axial direction and four longer bonds at 2.013(4) A (Table 6) in
the equatorial plane of the UOg octahedra. However, the
presence of a secondary shoulder is not obvious in this case.
The spectrum shows a rather unexpected shape: the two WLs
seem to merge and are less resolved, while the main WL is
found about 4 eV above the WL of UO;. More surprisingly,
Na,UOj; which has the “reverse” uranyl type of configuration,
with two long axial bonds at 2.3163(1) A and four short
equatorial bonds at 2.013(1) A, shows a spectrum very similar
to that of y-UO; As for UO,(NO,),"6H,0, finally, the
inflection point and main white line are well aligned with
those of y-UO; and Na,UQq, but the secondary shoulder is
found at much higher energy (about 20 eV above E,). In this
case, the uranyl group with U—O distances at 1.770(7) and
1.749(7) A, respectively, is surrounded in the equatorial plane

by four oxygen atoms belonging to the bidentate nitrate groups
and two water oxygens. The uranyl angle in the axial direction
is nearly linear (179.1°). The present results therefore suggest
that the XANES features usually associated with multiple
scattering of the U(VI) uranyl could have a different origin,
possibly core ionized final states with different 5f occupancies,
as suggested in the work of Bertram and co-workers.*"*'

XANES Spectroscopy of Sodium Neptunates. The
XANES spectra of the sodium neptunate phases collected at the
Np-L; edge are shown in Figure 4 together with the spectrum
of the Np"")O, reference material. The energy positions of the
inflection points and of the white lines are provided in Table 5.

The valence states of the sodium neptunates were recently
revealed in our research group by **’Np Mdssbauer spectros-
copy from the values of their respective isomer shifts.”**"**
This technique gives direct insight into the hyperfine
interactions between the nucleus and its surrounding
electrons.* In particular, it yields information on the electronic,
magnetic, and local structural properties of the materials
investigated through the measurement of the electric monopole
(Coulomb) interaction (or isomer shift), magnetic coupling,
and electric quadrupole coupling constant, respectively. The
isomer shift yields a univocal signature of the Np valence state.
The values obtained in our research group, shown in the
correlation diagram in Figure S, correspond to Np(V) for
Na;NpO,,*® Np(VI) for a-Na,NpO,* and Na,NpO,*’ and
Np(VII) for NagNpO,.**

The XANES series for neptunium is particularly interesting
as the results can be compared with those obtained by *"Np
Mbssbauer spectroscopy. Figure 6 shows a linear variation of
the absorption edge threshold E; determined by XANES versus
the Mossbauer isomer shift values. The isomer shift results
from the Coulomb interaction between the nuclear charge and
the charge of the surrounding electrons. It is proportional to
the difference in electronic charge density (Ap,) between the
source material and the absorber at the nuclear origin: o5 =
a-Ap,(0) (a being a calibration constant). Ap, mainly
originates from s,,, and p,/, shells. However, the f shells also
have an influence on this number as they produce a shielding
effect on the charge density of the inner shells. A removal of 5f
electrons, corresponding to reduced shielding, leads to an
increase of p,(0). As for the inflection point, it is shifted to
higher energy with increasing formal valence state as a
consequence of the decreasing Coulomb energies in the final
state between the 5f and excited 6d electrons and the 2p;, core
hole**™** as stated before. It is hence not surprising to find a
correlation between those two quantities. In the 1980s, Bertram
and co-workers already reported a similar relationship between
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Figure 2. (a and b) Evolution of the unit cell parameters and (c) unit
cell volume along the Na,MOj; series (M = Pd, Ru, Pt, Tb, Pr, Ce)
(M) and Na,AnO; series (An = Np,Pu) (O) as a function of the ionic
radius of the M*" (respectively, An**) cation.’

the isomer shift and the weighted mean position of the white
line peaks for neptunium nonmetallic compounds.””*’

In a similar way to the uranium series, the reference Np(IV) 0O,
compound exhibits a single WL peak, while the measured
sodium neptunates, which all have a higher Np valence state,
exhibit double-peaked WLs. The same observation was already

— ™o
16 2 .
Nau™o,

—_— D)
U0,
Na,u"o

— D),
a-Na,U"0,

[ ——u"0,(N0,),.6H,0

1.2 +

0.8

U-L; absorbance (arb. units)

= Lo
17140 17160 17180 17200 17220
Energy (eV)

Figure 3. Normalized XANES spectra of UO,(NO;),"6H,0, a-
Na,UO, (present work), NaUO;, Na,UOj;, together with UO, and
UO; reference materials.

Table S. Energies of the Inflection Points and White Lines of
the U-L;, Np-L;, and Pu-L; XANES Spectra®

white line (eV)

inflection point

compound (eV) ref

uranium

uo, 17 169.9(5) 17 175.5(5) S
NaUO;, 17 170.4(5) 17175.1(5)  17180.1(5) 5
7-UO; 17 172.8(5) 17177.7(s)  17186.7(5) S
Na,UO; 17 172.7(5) 17177.6(5)  171865(5) 5
a-Na,UO, 17 172.5(5) 17 181.9(5) v
UO,(NO,),- 17 172.8(5) 17176.7(s)  17192.7(s) °

6H,0

neptunium

NpO, 17 612.1(3) 17 618.3(3) b
Na,NpO, 17 613.4(5) 17 618.5(5) b
a-Na,NpO, 17 614.2(5) 17 624.3(5) b
Na,NpOs 17 614.1(5) 17618.8(5)  176256(5) °
NagNpOy 17 615.1(5) 176190(5)  176269(5) °
plutonium

PuO, 18 062.4(5) 18 067.6(5) b
Na,PuO, 18062.1(5) 18067.7(5) b
Na,PuO, 18062.9(5) 18067.3(5)  18073.3(s) °
NasPuOy 18 063.5(5) 18069.0(5)  180823(s) °

“The secondary white line, if present, is listed in italics. “This work.

made in the literature for the Na4(Np(V)O ),C1,0,-8H,0,
Nasz(VI>207, BaZCONp(VI)Oé, and Csz(VH?jO4 compounds
when compared to Npl; and NpO,*”*" and was interpreted in
terms of core-ionized final states with different Sf occupancies.
Unfortunately, the latter authors did not report the values of
the inflection points and white lines for their data, so that a
direct comparison with the present measurement is not
possible.

In contrast to the cubic symmetry of the neptunium cation in
Np™O,, the sodium neptunates show distorted local
structures in 6-fold coordination (Table 7). Na;Np(V'O, and
a-Nasz(VUO4 both have a neptunyl type of coordination, with
two close oxygen neighbors in the axial direction at 2.066(6) A
for (NpO,)* and 1.762(5) A for (NpO,)*, respectively (Table
8). Nay;Np(VO, shows the characteristic secondary shoulder
and reduced peak amplitude expected for the neptunyl but not
a-Na,Np"™O,. In fact, the spectrum of a-Na,NpO, resembles
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Table 6. Local Geometry, Bond Lengths, and Bond Angles around the Uranium Cation in UO,, NaUOQ;, ®-Na,UO,, Na,UOj, y-
UO;, and UO,(NO;),6H,0

bond length or angle (A or deg)

U-0(1)
U-0(2)
U-0(3)
0(1)-U-0(1)
0(2)-U-0(2)
0(3)-U-0(3)
0(1)-U-0(2)
0(1)-U-0(3)
0(2)-U-0(3)

bond length or angle (A or deg)

U0,
2.369(5) (x8)

70.5(1)

y-uo;™!

NaUO;>

2.151(1) (x2)
2.142(2) (x2)
2.151(2) (x2)
180
180
180
914
91.6
89.1

bond length or angle (A or deg)

a-Na,UO,*®
1.903(2) (x2)
2.191(1) (x4)

180
180

90

Na,UOg*
2.3163(1) (x2)
2.013(4) (x4)

180
180

90

UO,(NO,),-6H,0*

U-0(1) 1.887(5) (x2) 2.344(6) (x2) U-0(1) 1.770(7) (x1)
U-0(2) 2230(3) (x4) 2.274(5) (x2) U-0(1) 1.749(7) (x1)
U-0(3) 1.796(6) (x2) U-0(2) 2.504(3) (x2)
U-0(3) 3.045(6) (x2) U-0(3) 2.547(6) (x2)
0O(1)-U-0(1) 180 712 U-0(4) 2.397(3) (x2)
0(2)-U-0(2) 180 130.8 0(1)-U-0(1") 179.1
0(3)-U-0(3) 174.6
0(1)-U-0(2) 88.8 79.0
0(1)=U-0(3) 133.0
0(2)-U-0(3) 91.1
:‘E T T T T T 30F = \INaSi\IpOL T T T T ]
= 16
_: 25} N .
(5
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Figure 4. XANES spectra collected at the Np-L; edge.

that of a-Na,UO,. Na,NpO; has the “reverse” neptunyl

Isomer shift 8 (mm-s1/ NpAl,)

Figure 6. Absorption edge threshold E, relative to NpO, versus

configuration, with two long axial bonds at 2.31(1) A and

isomer shift measured by Mdssbauer spectroscopy.

Figure S. Isomer shifts versus NpAl, of Ng(IV), Np(V),

Np0,00CCgHg.4H,0-2
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Table 7. Local Geometry, Bond Lengths, and Bond Angles around the Neptunium Cation in NpO,, @-Na;NpO,, a-Na,NpO,,

Na,NpOs, and NagNpOyg

bond length or angle (A or deg) NpOzA'4

Np—O(1) 2.353(5) (x8)

Np—0(2)

Np—0(3)

0O(1)-Np—0(1) 70.5(1) 87.0(1)
0(2)-Np—0(2) 93.0(1)
0(3)-Np—0(3) 179.0(3)
0(1)-Np—0(2) 177.0(1)
0(1)-Np—0(3) 89.6(2)
0(2)-Np—-0(3) 90.4(1)

(X-Na3NpO426

2.417(6) (x2)
2.300(6) (x2)
2.066(6) (x2)

ot-NaszO46
1.762(5) (x2)
2.086(5) (x4)

N:1\4Np053’0
2.31(1) (x2)
2.05(1) (x4)

NaszOa30
2.08(1) (x2)
2.07(1) (x4)

180 180 180
180 180 180
90 90 85.8(1)

Table 8. Local Geometry, Bond Lengths and Bond Angles
around the Plutonium Cation in PuO,, Na,PuQ;, and
Na;PuOg¢

bond length or angle (A or
e

deg) PuO,™ Na,PuO;”  Na,PuOg"’
Pu—0(1) 2.336(5) (x8) 2.31(1) 2.09(1)
(xx2) (x2)
Pu—0(2) 2.03(1) (x4) 2.03(1)
(x4)
0(1)-Pu—0(1) 70.5(1) 180 180
0(2)-Pu—0(2) 180 180
0(1)-Pu—0(2) 90 87.0(1)

four short equatorial bonds at 2.05(1) A. In this case, a low-
energy shoulder is observed instead of the secondary shoulder
mentioned for the uranium analogue. The latter could result
from the unoccupied 6d states of the neptunium having the
[Rn]5f" electronic configuration. Finally, the NpOy octahedra
of Nasz(VH)06 are distorted with an axial O(1)—Np-O(1)
bond tilted by 85.8(1)° with respect to the equatorial plane
(Figure 7). The two WLs are well separated for this compound
with [Rn]Sf° electronic configuration. Their relative intensities
(the second WL being the most intense) are identical to that
reported for the NpO,(OH),>~ complex"**” formed in strongly
alkaline solution.

0(3)

- 0(1)

o(1)

(c) NayNpOs5 (d) NasNpOg

Figure 7. Sketch of the NpOg octahedra in (a) Na;NpO,, (b) a-
Na,NpO,, (c) Na,NpOs, and (d) NasNpOg.

XANES Spectroscopy of Sodium Plutonates. The
XANES spectra of the sodium plutonates collected at the Pu-
L; edge are shown in Figure 8 together with the spectrum of
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Figure 8. XANES spectra collected at the Pu-L; edge.

the Pu™)0, reference material.">*' The energy positions of the
inflection points and of the white lines are provided in Table 5.
Conradson et al.’' reported an extensive review of XANES
results obtained at the Pu-L; edge for Pu(0)—Pu(VII) phases
both in solution and as solids covering a multitude of bonding
environments (chalcogenides, chlorides, hydrates, hydroxides,
nitrates, carbonates, oxo—hydroxides, etc.). The authors looked
in particular at the effects of ligand polarizibility, local disorder,
and medium in addition to the usual correlations in terms of
valence and site symmetry”' on the energy and shape of the
XANES spectra and showed the interpretation was manifold
and rather complex.

The inflection point and white line values of Na,PuQO; are
very close to those of Pu™Q,, indicating a pure Pu(IV)
valence state. As for Na,PuO; and Na,PuQy, isostructural with
Na,NpOj; and NagNpOy, they correspond to pure Pu(VI) and
Pu(VII) valence states, respectively. An increase in the edge
absorption energy is observed with increasing formal Pu
valence state in the same manner as for the uranium and
neptunium phases (Table 5), and a shoulder is observed after
the main absorption peak for Pu(VI) and Pu(VII) compounds.
The edge absorption energies of Pu(IV) and Pu(VI) sodium
plutonate phases are found slightly lower than for the solid
carbonate complexes Pu™(CO;)*~ and Pu™0,(CO;);* as
reported by Conradson et al.”' This comparison illustrates the
effect on the edge energies of the ligand polarizability and its
correlation with bond lengths,51 suggested the following
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spectroscopic series for the ability to lower the edge energy:
actinyl oxo > $*~ > Te*” > Se*” > B>” > CI” > O*” > OH™ >
0SiO > CO;*™ > NO;~ > H,0, in good agreement with the
present experimental observations. The difference obtained
herein in the edge absorption energy between Pu(IV) and
Pu(VI), i.e,, 0.8 €V, is also smaller than for the solid carbonate
complexes (1.4 eV). The local symmetries are the same as for
the uranium and neptunium structural analogues: Na,PuOq
shows the reverse plutonyl configuration with bonds at 2.03(1)
and 2.31(1) A. The PuOg octahedra are distorted in the case of
NagPuOg, with an axial bond forming an angle of 87.0(1) A
with respect to the equatorial plane. The shape of the XANES
spectrum of Na,PuOj is similar to that Na,NpOjs. The relative
intensities of the first and second WLs in NagNpO4 and
NayPuOg (noted Na;_,PuQ,_, in Figure 8) are inverted, while
the features appear slightly less resolved for the plutonium
phase. The latter inversion is rather surprising as the relative
intensities of Np(VII) and Pu(VII) were found identical for the
complexes formed in alkaline solution.*”** One could therefore
question the valence stability of Na;PuO4 under the X-ray
beam, especially since the edge absorption energy of Pu(VII)
(18063.5(5) eV) is found very close to that of Pu(VI)
(18062.9(5) eV). No change was noticed, however, during the
successive acquisitions of XANES spectra. Alternatively, the
sample might have absorbed water during transport to the
beamline and decomposed to Pu(VI). Complementary studies
are needed to clarify this point.

XANES Systematics along the Series U-Np—Pu. The
present results have shown that the correlations usually
established between the shape of the XANES spectra, local
coordination environment, and associated multiple scattering
resonance could be more intricate. In particular, the shoulder
and reduced peak amplitude found about 15 eV above the edge
absorption threshold do not seem to be an exclusive
characteristic of the actinyl compounds.

It is also instructive to compare the edge absorption
thresholds E, measured for the sodium actinide oxide series
relative to the edge absorption thresholds for the tetravalent
actinide dioxides Eo(MO,) (M = U, Np, Pu). The neptunium
series shows a linear variation of E, — E,(MO,) versus the
formal valence state of the actinide cation, but this is not true
for the uranium compounds (Figure 9). The latter feature could
be related to the degree of “localization” of the 5f electrons and
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Figure 9. Absorption edge threshold E, relative to MO, (M = U, Np,
Pu) versus valence state for the sodium actinide ternary oxides.

to the difference between the formal valence states assigned by
XANES and XRD and the real charge distributions. However,
electronic density calculations would be required to substan-
tiate such interpretation.

The energy needed to excite an electron from the 2p core-
hole to the 5f/6d electronic states diminishes along the series
U—Np—DPu as clearly illustrated by the isostructural compounds
Na,UO,/Na,NpO, and Na,UO;/Na,NpOs/Na,PuO;. This
behavior is expected in relation with the decreasing size of
the cationic radii (or number of Sf electrons) and specific
bonding characteristics of the 5f shells. The Sf electrons from
thorium to neptunium show an “itinerant” or “delocalized”
character, meaning they are available for covalent bonding.”” By
contrast, the S5f electrons from americium to lawrencium are
more “localized”. Plutonium stands at the limit between the two
behaviors and shows localized or delocalized characteristics
depending on conditions of pressure, temperature, and
magnetic field.>® For a given oxidation state, the more localized
the 5f electrons are (toward Pu) and the more numerous the 5f
shells are, the greater is the Coulomb energy and hence the
easier it is to eject an electron from the 2p core—shell.

B CONCLUSIONS

A Rietveld refinement of monoclinic Na,PuQ;, in space group
C2/c, has been reported for the first time in this work, and the
existence of Na,NpO; has been revealed. In addition, XANES
spectra of Np(IV), Np(V), Np(VI), Np(VIL), Pu(IV), Pu(VI),
and Pu(VII) sodium actinide ternary oxide phases have been
collected in the solid state. The sodium actinate series provide a
variety of local coordination geometries around the 6-fold-
coordinated actinide cation (actinyl, reverse actinyl, distorted
octahedra). The present studies have shown that the XANES
features usually attributed to multiple scattering resonance of
the actinyl compounds could also be found for other types of
geometry. This observation suggests that the mechanisms in the
solid state are probably more intricate and that other factors
could be at play for the latter geometries. The double-peak WL
features of the An(V), An(VI), and An(VII) compounds (An =
U, Np, Pu) could possibly originate from core-ionized final
states with different 5f occupancies, as already pointed out in
the literature on the basis of high-pressure XANES experiments
at the U-L; edge. We can also suggest possible effects of the
degree of localization of the Sf electrons. Electronic density
calculations would be required to provide more insight into the
underlying mechanisms.

Finally, the reported data can serve as a reference for mixed
oxide compounds with sodium, ie., sodium urano—plutonates
and sodium urano—neptunates, which are of particular
relevance for understanding the interaction chemistry between
the nuclear fuel (UNp,Pu)O, and the sodium coolant in
sodium-cooled fast reactors. Indeed, the information on the
valence state can be used to assess the oxygen potential
threshold required within the fuel and sodium coolant for the
formation of these sodium actinide ternary oxides and therefore
to estimate the margin to the safe operation of SFRs.
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