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This study presents the synthesis of actinide mixed oxides by solution combustion synthesis (SCS) using
citric acid as fuel. The approach was chosen because of the promising results on surrogates and both
uranium and plutonium pure oxides. The amount of fuel for SCS and the effect of the Pu/(U + Pu) com-
position were studied to optimize the characteristics of the powders. A solid solution (U,Pu)O,,, was
obtained for all conditions, and the resulting oxides exhibit a homogeneous cationic distribution of
uranium and plutonium and nanometric features. A Ug goPuo1002+x powder was selected for pressing
tests and sintering due to its industrial interest for the production of MOX fuel for PWR reactors. It was
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possible to obtain a pellet with a density of 88%TD, characterized by a low-temperature sintering due to
the nanometric size of the powder. Despite presenting large macropores, due to the presence of residual
carbon in the powder before sintering, the sintered pellet presents the expected round-shaped pores and
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Introduction

Nuclear power is an important source of low-carbon energy,
providing approximately 10% of the world’s electricity. In
nuclear reactors, uranium fission leads to the formation of
fission products and transuranic compounds formed by
neutron capture and p-decay.' For PWR reactors with UO, fuel
enriched to 3.5% **°U, irradiated for 3 years at 33 GW day per t,
the spent fuel contains approximately 95.5 mass% of uranium,
3.5 mass% fission products, 0.9 mass% plutonium, and
approximately 0.1 mass% minor actinides (Np, Am, Cm,
etc.).” Plutonium and minor actinides are the main contribu-
tors to the long-term radiotoxicity of spent nuclear fuel.?
Managing these transuranic elements poses significant chal-
lenges concerning the long-term environmental impact,
societal issues associated with nuclear waste storage, and
storage conditions, as the radioactivity of these elements
affects the thermal properties of storage. Spent fuel recycling
is a tool to manage nuclear waste by reducing by a factor of 5
the volume of the waste generated by the fuel and by a factor
of 10 its activity.* In addition, plutonium has fissile isotopes
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a very homogeneous plutonium distribution.

239 d 241

Pu an Pu, which represent an energy potential. One
promising solution to these problems is recycling the valuable
elements in the spent fuel through the production of Mixed
OXide (MOX) fuel, which is composed of (U,Pu)O, oxide. The
use of MOX fuel can significantly reduce the amount of long-
lived nuclear waste generated, as well as decrease the demand
for uranium resources,” as a closed cycle of MOx production
decreases by 25% the need for uranium.*

Despite the potential benefits of MOX fuel, its fabrication is
a complex and challenging process. In particular, the pro-
duction of homogeneous MOX fuel has proven to be difficult
due to the different physical and chemical properties of the
two powders.*” Indeed, the preparation of MOX fuel is gener-
ally achieved by a multi-step process, including mixing and
grinding of plutonium and uranium dioxide powders before
shaping and sintering to obtain pellets.®'° Additionally, the
production of plutonium dioxide through oxalic precipitation
and calcination may result in residual carbon contamination
of the powder, which can lead to challenges in the sintering
process.*

In recent years, significant progress has been made in the
development of MOX fuel fabrication techniques, including
the development of new powder metallurgy techniques, the
use of advanced ceramic materials, and new sintering
processes.'>"?

In addition to the advances in homogeneous MOX fuel fab-
rication using powder metallurgy, there is also interest in
developing a liquid-based synthesis method for MOX

This journal is © The Royal Society of Chemistry 2026
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fuel."'*>* This approach involves dissolving plutonium and
uranium in a suitable solvent, followed by precipitation and
sintering to produce the final fuel. The liquid-based synthesis
methods offer greater homogeneity of the nuclear fuel without
requiring a grinding step, limiting the dispersion of fine par-
ticles. This could enable the production of MOX fuels with
optimized isotopic compositions, leading to improved fuel
burnup and reduced waste generation.

Among the liquid routes, another promising approach to
the fabrication of MOX fuel is through the combustion of acti-
nide oxides in solution.”**® Compared to sol-gel or precipi-
tation synthesis methods, these synthesis methods offer the
advantage of being very simple to implement, greatly minimiz-
ing effluent production and potential actinide leaks, and
relying on a very fast reaction, making them highly capacitive.
Solution combustion synthesis (SCS) was discovered in the
1970s.>* It is a self-propagating, exothermic process used to
prepare materials, including oxide powders, for various appli-
cations such as energy fuels, catalysts, and electrodes.””*® The
SCS involves a redox reaction between a metal nitrate (oxidant)
and an organic compound (reducing agent) dissolved in
aqueous solution. The first step in SCS is the dehydration of
the solution to form a dried solid gel containing the reactants.
Further thermal treatment results in ignition within the
mixture, which is characterized by its rapidity and strong
exothermicity. It allows high temperatures (500 ©°C-
1500 °C)*”*° to be reached in a short time range with low
energy input, as the ignition temperature is typically low
(200 °C-250 °C).>*> The size of the resulting mixed oxide par-
ticles is determined by the ignition process.?”"**

The SCS method can lead to the formation of mixed oxides
with homogeneous cation distribution, and the resulting
powder characteristics are strongly correlated to the flame
temperature reached during combustion.>®**?> The selection
of the fuel for the combustion is critical, and the stoichio-
metric amount of fuel required for the reaction can be deter-
mined based on the reactants and the fuel-over-metal molar
ratio (Fuel/Metal).*® According to the theory developed by Jain
et al., it is possible to calculate the stoichiometric conditions
of the reaction by considering the reducing and oxidizing
valences of the species (Vpgel and Vyecar)->° Under equilibrium,
the reaction is stoichiometric when the richness parameter ¢
defined by Jain is equal to one, according to:

VFuel Nruel
—_— >< _

b= -1

VMetal ~ NMetal

where 7npyer and Myerar are the stoichiometric coefficients of the
SCS reaction (see the SI).

The synthesis of actinide oxide (UO, and PuO,) by SCS,
with citric acid (CA) as fuel for the combustion, has been
reported.>**>?” Studies have shown that it is possible to
reduce U(+VI) into U(+IV) to obtain UO,,, with the SCS
method without further reducing treatment. The oxides
obtained by this method exhibit small crystallite sizes. The
optimal fuel/metal ratio was experimentally determined for the
plutonium/citric acid and uranium/citric acid systems®’*® to
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be 0.6 and 1.1, respectively, considering the characterizations
of the powders after the combustion.

The SCS method also proved to be of interest for mixed
oxides. Indeed, several studies reported the synthesis of (U,Ce)
O, oxides with the SCS method using citric acid and
glycine,?*3%39™1 but only a few studies have examined the
effect of the fuel/(U + Ce) ratio on the powders. Maji et al.*?
and Monnier*? reported the synthesis of U, sCey50, using
citric acid and glycine, with the fuel/metal ratio varying.

The aim of this work is to present the results of the first
synthesis of (U,Pu)O, oxides by SCS with citric acid. The effect
of the fuel/metal ratio was studied on U, sPu, 50, synthesis in
order to determine the optimal conditions for the combustion.
Furthermore, using these results, the MOX synthesis was
tested for different Pu contents to assess the efficiency of the
synthesis method in order to produce fuels with different
levels of Pu doping.

Experimental

Chemicals

238 239
P P

Caution:
241

u, u, **°Pu and ***Pu are o-emitters, and
Pu is a B -emitter, which are considered as health risks.
Experiments involving actinides require appropriate facilities
for handling radioactive materials. Experiments were con-
ducted at the ATALANTE facility (Marcoule Center, France) in a
glovebox under air or nitrogen (pellet fabrication and charac-
terization) atmosphere. The criticality risk associated with the
use of plutonium was controlled in our case by the mass of
plutonium considered. In the case of scaling up, the subcriti-
cal geometry of industrial equipment should be considered.

The plutonium solution (isotopic composition of ***pu
(0.1%), >*°Pu (84.9%), **°Pu (14.3%), >**'Pu (0.3%) and ***Pu
(0.4%)) was purified via a standard anion-exchange method in
order to remove **'Am, which is produced by the p decay of
>*1py. Plutonium was stabilized in the +IV oxidation state in
1.9 mol L™' HNOj; solution in order to avoid hydrolysis.
Plutonium stock solution was titrated using a UV-visible spec-
trophotometric method, on a Varian Cary 6000i device using
diluted mother solution in 1.0 mol L' HNO,; media. The
signal was deconvoluted from certified Pu(+III), Pu(+IV) and
Pu(+VI) reference samples, in 1.0 mol L™" HNO; media, to
obtain a value of Cp, = 0.22 + 0.02 mol L.

Uranyl nitrate was obtained by dissolution of U;Og powder
in nitric acid. The solution was then dehydrated at 180 °C in
order to obtain a yellow powder, which was ground in an agate
mortar and characterized.

Citric acid CcHgO (Sigma Aldrich ACS reagent grade, purity
>99.5%) was used as fuel for the SCS reaction.

Synthesis

200 mg of actinides were used for each combustion with
several compositions (i.e. Pu/(U + Pu) ratio). Solutions for com-
bustion synthesis were prepared by dissolving the appropriate
amount of citric acid and uranyl nitrate in plutonium nitric
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solution. The solution was diluted with 1 mol L' HNO; in
order to keep Cyo,- = 1.9 mol L™, as in previous work.””

First, the effect of the amount of citric acid (CA/(U + Pu)
ratio) was studied in the range 0.6 to 1.2 to determine the
optimal ratio with a set composition containing 50 mol%
uranium and 50 mol% plutonium. Once the optimal ratio was
determined, the effect of the composition was studied by pro-
ducing samples from 11 mol% Pu to 50 mol% Pu.

After dissolution of the fuel in the actinide nitric solution,
the solutions were dehydrated in an alumina crucible on a hot
plate at 120 °C for one hour to obtain a dried gel containing
the reactants. The resulting gel was then heated in a Lenton
tubular furnace, under a 10 NL h™' air flow, from 120 °C to
300 °C at 10 °C min~* heating rate, to ensure gel dehydration,
with a final 10 min step at 300 °C, allowing the sample to
reach this setpoint temperature. After cooling to room temp-
erature, the obtained powder was ground in an agate mortar.
The powders were characterized as-prepared before a further
thermal treatment under reducing atmosphere (Ar-96%/H,-
4%) for 1 h at 1100 °C.

Characterization

X-ray diffraction characterization of the powders was per-
formed with a Bruker D8 diffractometer equipped with a
Lynxeye detector and using Cu Ko radiation (4 = 1.54184 A)
and Bragg-Brentano geometry. The powders were prepared in
adapted sample holders in order to avoid any potential radio-
active contamination. XRD patterns were recorded at room
temperature in the 10° < 20 < 100° range with a step size of
0.02° and a counting time of 2 s per step. Metallic gold
(99.96%, Alpha Aesar) was used as an internal standard in
order to calibrate the angular positions of the observed XRD,
in accordance with PDF 00-004-0784.*> The addition of this
internal standard is necessary due to the method of preparing
radioactive samples for XRD analysis, which can have a signifi-
cant impact on specimen height. Metallic gold was chosen as
a standard because of its chemical stability, which avoids
lattice parameter variation, and because the peaks of the fluor-
ite phase of gold do not overlap with those of (U,Pu)O,.,.
FullProf software was used for XRD data treatment.*’ The
refinements were carried out by approximating the peaks
obtained on the experimental XRD-patterns with the modified
Thomson Cox-Hastings pseudo-Voigt profile function (TCH-Z).
Lattice parameters were calculated using the Rietveld method.
The crystallite sizes were determined by refining the para-
meters of the Lorentzian component after subtracting the
experimental contribution of the diffractometer to the
peak broadening. For this, a reference sample of LaBs was
measured and its Gaussian contributions were retained for
subtraction.

Thermogravimetric analysis (TG) of the resulting powders
was carried out in flowing air up to 1100 °C at a heating rate of
5 °C min~" using a STA449 Netzsch device coupled with micro-
gas chromatography modules (uGC). The residual carbon
content of the powders was calculated by integrating the signal
of CO and CO, peaks obtained in pGC, using two Agilent
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3000 modules (non-polar gas module with a molecular sieve as
the stationary phase and polar gas module with grafted silica
as the stationary phase) with a micro thermal conductivity
detector (TCD) and He used as vector gas. pGC calibration was
achieved by using gas bottles containing calibrated CO and
CO, concentrations ranging from 500 to 10000 ppm (Air
Liquide).

Scanning Electron Microscopy (SEM) observations were con-
ducted using powder samples deposited on carbon adhesive
sticks and metallized with gold, using a Tescan Mira3 elec-
tronic microscope equipped with a secondary electron detector
(SE) under high-vacuum conditions with an accelerating
voltage of 5 kV.

The HERFD-XANES experiments were performed at beam-
line BM20 of the European Synchrotron Radiation Facility
(ESRF) in Grenoble (France).*® The incident energy was
selected using the [111] reflection from a double-crystal Si
monochromator. Two mirrors, placed before and after the
monochromator, were used to collimate the beam and sup-
press higher harmonics. The beam size was estimated to be
~50 pm (vertically) by ~2 mm (horizontally). HERFD-XANES
spectra at the M, edge (3728.0 eV for U and 3970.0 eV for Pu)
were recorded with an X-ray emission spectrometer,*> by
measuring the intensity of the U Mg (3339.8 eV) or Pu Mg
(3534.0 eV) emission line as a function of the incident energy
near the corresponding M, edge. The spectrometer was
aligned separately for each actinide using oxides UO, or PuOs,.
The alignment was performed in the non-resonant emission
mode (i.e. with incident energy above the X-ray absorption
edge) by selecting the maximum of the corresponding emis-
sion line. The emission energy was selected using the [220]
reflection of five spherically bent Si crystal analyzers (1 m
bending radius) aligned at specific Bragg angles: 75.2° for U
and 66.0° for Pu. The optical paths of the emitted X-rays were
optimized using a helium-gas-filled bag to minimize intensity
losses due to air absorption. The calibration of the incident
energy was performed by assigning the maximum of the
HERFD-XANES spectrum of UO, to 3725 eV, and that of PuO,
to 3971 eV. The measurements were conducted at 25 °C. 1 mg
of powder was diluted with 200 mg of boron nitride and
pressed into a pellet. The pellet was sealed in a specific
sample holder consisting of two nested screwed envelopes and
a Kapton window (5 pm). This multi-confinement method was
chosen in order to allow the manipulation of the radioactive
sample under safe conditions, with non-contamination con-
trols performed on both sample envelopes. The measured
HERFD-XANES spectra were deconvoluted with a reference
dataset using the Microsoft Excel solver. A linear combination
of references was used to generate a model. Each reference
corresponds to a specific oxidation state of actinide (see the SI
for descriptions of the references).

The particle size distribution of the powder was measured
using a Malvern Spraytec device. A fraction of the powder was
diluted in 100 mL of water with a drop of dispersant (Dolapix
CE 64). The solution was maintained under constant stirring
to avoid particle precipitation and to ensure circulation of the

This journal is © The Royal Society of Chemistry 2026
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solution in the measurement cell. The curves resulting from
the merging of three data sets were recorded.

Pellet shaping and sintering

700 mg of the UggoPup 00,4 powder was used for pellet
shaping using an Osterwalder automatic hydraulic floating
press at 450 MPa in a 6.08 mm die. The densification behavior
of the pellet was studied using a DIL402 E/7 Netzsch horizon-
tal dilatometer. The furnace was composed of a graphite
heating resistor protected by an alumina tube. The tempera-
ture heat treatment was composed of three phases: a heat
ramp to 1700 °C at 2 °C min ', an isothermal heating at
1700 °C for 4 hours, and a temperature decrease to room temp-
erature at 6 °C min~". The treatment atmosphere was set to Ar
95.7%/H,, 4.3% with 1200 vpm of H,O (corresponding to pO, =
4.3 x 107%® atm at 650 °C) using a Setnag GenAir zirconia-
based oxygen pump gauge.

The sample density was determined by hydrostatic
measurement based on the weight of the dry sample,
immersed in bromobenzene, and finally impregnated with
bromobenzene at a controlled temperature. These measure-
ments were replicated three times, enabling the determination
of the sample’s hydrostatic density compared to the theoretical
density of the oxide (%TD), as well as the open and closed
porosity of the pellet.

The Ug.90Pug.100,:+, pellet was mounted in a polyester resin
and submitted to a longitudinal cut and a mirror polish.
Optical imaging was performed with an optical microscope
installed by Optic Peter and equipped with objectives and a
camera (Olympus). The porosity size analysis (which also pro-
vides an estimation of the total porosity) was performed by
means of the FIJI software.*®

The uranium-plutonium spatial distribution in the polished
pellet was characterized using a CAMECA SX100 electron
probe microanalyzer, in which the electron source is made of a
tungsten wire. Before analysis, the sample was coated with a
few tens of micrometers of carbon. Measurements were per-
formed at 20 kV, with a probe current of 50 nA. The data were
collected at the O K, (524.9 eV), U Ma (3170.8 eV) and Pu M,
(3534 eV) fluorescence lines. The Pu Mg line was used instead
of PuM,, (3345 eV) in order to avoid interference with the U Mg
line (3336.7 eV). Under these conditions, the probed volume
for the actinides M lines in (U,Pu)O, is about 0.8 um in dia-
meter and 0.5 pm in depth (as calculated with the CASINO
V3.3 Monte Carlo software””). 2D maps were collected by stage
mapping, each for an area of 1024 x 1024 ym?, with vertical
and horizontal steps of 1 pm, a counting time of 20 ms per
step on the peak, without background subtraction. For a better
description of the plutonium distribution homogeneity, an
additional mapping was recorded at 200 nA with a counting
time of 100 ms per step, over a 512 x 512 pm® area.
Quantitative measurements were performed along several
800 pm long lines with a 1 um step and counting times of 15 s
on the peak and 2 x 5 s on the background. Mass fractions
were obtained using the X-PHI method*® integrated in the
CAMECA Peak Sight V6.5 software, using a UO, pellet for O
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and U calibrations and a PuO, pellet for Pu. The interference
of the U M, (3521.0 eV) signal on the Pu Mj was corrected,
using the same UO, pellet. The Pu maps were then pseudo-
quantified using a linear relation between the count number
and the Pu content.” The parameters were determined by com-
paring the count number in the Pu maps distribution to that
of the Pu mass fraction measured along the lines.

The oxygen stoichiometry (O/M ratio with M = U + Pu) in
the polished pellet was evaluated using Raman spectroscopy.
Data were acquired using a Horiba Jobin-Yvon iHR320 Raman
spectrometer coupled via optical fibers to a confocal optical
microscope. The measurements were performed with a x100
objective lens and a green laser (A = 532 nm), along a
1200 groove per mm grating. This configuration enables a
resolution of +1 cm™.*® The incident power was limited to
1.0 mW in order to preserve the integrity of the surface. The
reproducibility of the spectra was verified by repeated acqui-
sitions on the same areas, which revealed no modification of
the Raman signal. To ensure frequency accuracy, a silicon stan-
dard with a Raman line frequency of 520.5 cm™" was used to
calibrate the spectrometer. Subsequently, light from a neon
lamp was introduced into the path of the scattered light to
ensure a permanent frequency calibration of the spectrometer.
The resulting instrumental uncertainty on the position of the
Raman lines was estimated at +0.5 cm™". The spectra were col-
lected between 90 and 1960 cm™". To assess its homogeneity,
spectra were collected along a 3 mm line (whole diameter of
the pellet) with a 2 pm step. In total, 1851 spectra were
acquired with an acquisition time of 60 s per point, and two
successive acquisitions to improve the signal-to-noise ratio.
The data acquisition and treatment were performed using the
LabSpec v6.7.1.10 software (Horiba). The background was
modelled using a linear function. Thereafter, each Raman
band was fitted with a combination of mixed functions
(Gaussian + Lorentzian) of the same frequencies and widths,
enabling the determination of the position, width, and inten-
sity of each band.

Results and discussion

Effect of fuel/metal ratio on U, sPu, 50,., oxides synthesis

The influence of the CA/(U + Pu) ratio on the reduction of
uranium(+VI) to uranium(+IV) has been previously demon-
strated in the literature. In these studies, a secondary U;Og
phase can be observed in some cases, depending on the ratio
considered, indicating the presence of residual uranium(vi)
that was not reduced during combustion.*****"*° However,
the reducing conditions can be reached under a specific CA/(U
+ Pu) ratio, as previously reported in the literature.>**>*! Such
a situation can also be observed in the synthesis of mixed
uranium and cerium oxides, where the (U,Ce)O, fluorite phase
can be observed along with a secondary uranium-rich U;Og
phase.32’33’37’41

In the present case, diffraction patterns of the powders con-
taining 50 mol% uranium and 50 mol% plutonium show the

Dalton Trans., 2026, 55, 2948-2963 | 2951


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02138c

Open Access Article. Published on 07 January 2026. Downloaded on 4/22/2026 6:59:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

formation of a single-phase compound, with no evidence of a
secondary phase (Fig. 1). The obtained oxides all crystallized
in a fluorite-type structure, Uy sPug 505

However, the lattice parameter of the Uy 5sPuy 50,., oxides is
significantly lower than the theoretical lattice parameter
according to Vegard’s law between the pure UO, and PuO,
endmembers (a = 5.4335 A)*°~? (Table 1), which could indicate
an over-stoichiometry of the oxides. This difference seems to
be particularly sensitive in the case of the oxide obtained with
a low CA/(U + Pu) mole ratio, which may indicate an insuffi-
cient amount of citric acid for the reduction of uranium, or
that the SCS reaction does not lead to complete uranium
reduction under these combustion conditions.

The effect of the fuel/metal ratio on the crystallinity of
oxides obtained by SCS has been demonstrated for plutonium
oxides,*”*® or cerium oxides.** In the literature, the increase in
the size of cerium oxide CeO, crystallites has been attributed
to an increase in flame temperature.** Optimal ratios for the
combustion of plutonium nitrate and uranyl nitrate into PuO,
and UO, with citric acid have been determined to be 1.1°7 and
0.6,*® respectively.

The crystallite sizes calculated from the X-ray patterns
range between 9 (+1) and 30 (+1) nm and reach a maximum
value for the CA/(U + Pu) ratio between 0.73 and 0.89 (Table 1).
These results are consistent with the crystallite size previously
determined for pure PuO, and UO, samples obtained by SCS
reaction with the optimal ratio (26 + 1 nm and 51 + 1 nm,
respectively).’’*® The crystallite sizes are small due to the

* Sample holder

CA/(U+Pu) = 1,21

CA/(U+Pu) = 1.05

Normalized intensities (a.u.)

* *
WP N——, V.
CA/(U+Pu) =0.89
* *
CA/(U+Pu) =0.73
* *

RefU,;Pu, .0,

Ref Au ! !
lllllllllllllllllIIIIIIIllllllllllllIllllllIlllIllllllllllllllllllllllllllll

10 20 30 40 50 60 70 80
2:0 (°)

Fig. 1 X-ray patterns of UgsPugsO,.« powders obtained by citric acid
assisted SCS in an air atmosphere.
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Table 1 Crystallographic data and residual carbon content of

U 5Pug 502, powders obtained by citric acid assisted SCS (theoretical
value of lattice parameter for Ug sPug 50;.4: @ = 5.4335 A)

CA/(U + Lattice Crystallites size  Residual carbon
Pu)ratio  parameter,a (A) (nm) content (%mass.)
1.21 5.408(2) 8+1 2.4+0.2

1.05 5.4094(1) 15+1 1.5+0.1

0.89 5.4073(1) 271 0.3+0.1

0.73 5.4061(1) 30+1 0.8+0.1

0.58 5.3921(1) 16+1 1.2+0.1

almost instantaneous ignition and rapid dissipation of heat
during the SCS reaction.

Therefore, based on the PXRD results, the optimal CA/(U +
Pu) molar ratio to trigger the SCS reaction seems to be
between 0.73 and 0.89. This reaction led to oxide phases with
a characteristic fluorite structure that exhibit lattice para-
meters significantly lower than the values expected for
Uy 5Puy 50,, which could be correlated to an over-stoichiometry
of the oxides (Table 1).

The hypothesis of an over-stoichiometry of the oxides has
been studied with the aid of HERFD-XANES measurements
performed at the uranium and plutonium M, edges on the
powder with an initial ratio CA/(U + Pu)/An = 0.89. The spectra
obtained clearly indicate the presence of a very large amount
of uranium(+V) and (+VI) in the sample (Table 2), corres-
ponding to approximately 44% and 55% of the uranium
content, respectively. This very high level of overoxidation,
which exceeds that generally accepted for actinide oxides with
a cubic structure, can be explained both by the stabilization of
the cubic phase by the presence of the plutonium, and by the
kinetics of the SCS reaction (very rapid temperature rise during
combustion followed by thermal quenching), which do not
favor the exsolution of uranium oxide. The HERFD-XANES
measurement performed at the plutonium M, edge evidence
that plutonium is mainly in the +IV oxidation state in the
oxide (contribution around 85%), but that there is also a sig-
nificant contribution of plutonium in the +V oxidation state
(contribution around 13%), which is rarely encountered in the
oxides,”® as will be discussed further in the article. These
results lead to an estimate of the empirical formula of the
over-stoichiometric oxide as being Uy 5Pug 50, 4.

The SCS method, which involves the use of organic mole-
cules, can result in residual carbon contamination in the
obtained powders. A high CA/(U + Pu) ratio can lead to a sig-
nificant amount of residual organic content (Table 1) while a
low CA/An ratio leads to a lack of organic reactant and there-
fore an incomplete combustion.?®>* Thus, the smallest carbon
contamination should be obtained for the stoichiometric reac-
tion. Optimal ratios for the combustion of plutonium nitrate
and uranyl nitrate into PuO, and UO, with citric acid have
been determined as 1.1°” and 0.6, respectively, considering a
maximum crystallite size and a minimum carbon content. In
this study, the smallest carbon contents were found for
samples with a CA/(U + Pu) ratio between 0.73 and 0.89, in line

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02138c

Open Access Article. Published on 07 January 2026. Downloaded on 4/22/2026 6:59:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

View Article Online

Paper

Table 2 HERFD-XANES spectra recorded at the uranium (left) and plutonium (right) M, edges for the powders Ug sPug 502, powder, synthesized

with CA/(U + Pu) = 0.89, and deconvolution results

—uv) — Model
—U(V) Experimental
—U(VD)

‘Normalized intensity (a.u.) ~

Pu(III) — Model

Pu(Iv) > Experimental
Pu(V)

Pu(VI)

T T T T T T
3722 3724 3726 3728 3730 3732 3734

Incident energy (eV)

3736 3964

T T T T T T T
3966 3968 3970 3972 3974 3976 3978 3980

Incident energy (eV)

Oxidation state

Contribution in Uy 50PUg 5005+, powder”

Uranium(+IV)
Uranium(+V)
Uranium(+VI)

Plutonium(+I1II)
Plutonium(+IV)
Plutonium(+V)

Plutonium(+VI)

1%
44%
55%

2%
85%
13%
0%

“For the quantification of the different oxidation states, the error is estimated as 5%.

with the value previously determined from -crystallite size
determination.

Since the optimal CA/(U + Pu) ratio also seems to be located in
the range between 0.73 and 0.89 for a 50/50 mixture, based on
both the crystallite size and the carbon contamination of the oxide
formed, it appears to be coherent with a linear or pseudo-linear
relationship between the uranium and plutonium pure poles
(experimentally determined to be 1.1 and 0.6, respectively,’””
leading to a pondered value of 0.8 for a 50/50 mixture).

This ratio is also in line with the value that can be calculated
according to the richness hypothesis proposed by Jain et al.*®
Indeed, the optimal ratios for the pure poles have been calcu-
lated to be CA/U = 10/18**3% and CA/Pu = 20/18,*” and, consider-
ing a 50/50 mixture, the expected optimal ratio would be:

CA
U+ Pu

20 10 15
=05X—4+05X-—=-—=20.83
18 18 18

Therefore, the experimentally determined optimal CA/(U +
Pu) ratios correspond to the expected values derived from the

This journal is © The Royal Society of Chemistry 2026

linear relationships determined for pure poles, as well as the
theoretical values issued from Jain’s theory.

In order to ensure the complete reduction of uranium
during the combustion without an additional thermal treat-
ment, a synthesis of Uy 5sPu, 50,., was performed under a redu-
cing atmosphere (ArH,, 4%) instead of air. A CA/(U + Pu) ratio
of 0.89 was chosen to optimize the combustion, according to
the first part of this work. Under these conditions, the com-
bustion does not require an external source of O, as an
oxidant.?® The diffraction pattern of the powder after the syn-
thesis under a reducing atmosphere shows a solid solution as
obtained in air (Fig. 2) with no evidence of a secondary
uranium-rich phase. The formation of a solid solution indi-
cates that the ignition and combustion occurred during the
experiment, even in the absence of oxygen, which confirms the
stoichiometric conditions.?® The lattice parameter (a = 5.4157
+ 0.0001 A) is closer to the theoretical one for U, 5Pu, 50, (a =
5.4335 A) than the powder synthesized under an air atmo-
sphere (Table 1). This result highlights a better reduction of
uranium(+VI) than when the syntheses were performed in air.

Dalton Trans., 2026, 55, 2948-2963 | 2953
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Fig. 2 X-ray diffraction patterns of the powder obtained under air and
under a reducing atmosphere (ArH,-4%) Pu/(U + Pu) = 50%.

However, this reduction is still incomplete, as the lattice para-
meters remain far from the reference value, and O/M = 2.00
was not reached. Therefore, it appears that the direct use of
SCS under a reducing atmosphere does not allow a perfectly
stoichiometric (U,Pu)O, oxide to be produced. Depending on
the intended use of the powder, a further reducing treatment
may be necessary to improve the characteristics of the oxides.

Effect of Pu/(U + Pu) composition

Mixed oxide syntheses were carried out with a variable Pu/(U +
Pu) ratio ranging from 10 to 50 mol% in order to characterize
the homogeneity of the powder obtained under optimal
mixing conditions of citric acid and actinides. The obtained
oxides all crystallized in a solid solution U;_,Pu,O,., structure,
as shown in the X-ray diffraction patterns presented in Fig. 3.
The diffraction patterns do not exhibit any extra peaks that
could indicate phase separation due to over-oxidation. In the
case of the uranium oxide (100% uranium sample), the Bragg
peaks corresponding to the (111) and (200) reflections are
asymmetrical and present a shoulder respectively at 32.5° and
47°, which indicate a tetragonal distortion of the cubic lattice
due to over-stoichiometry.>>*® This deformation led to the
tetragonal structure of U;0;_,, which was indeed identified for
the uranium sample.>®

However, the lattice parameters of the as-prepared mixed
oxides are lower than those predicted, indicating an over-stoi-
chiometric oxygen content (Fig. 4). This appears to affect the
uranium cations as the deviation from the value expected for
the stoichiometric oxide increased with the uranium content.

The over-oxidation is evidenced by the HERFD-XANES
spectra at the uranium M, edge for the 26 mol% Pu and
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Fig. 3 X-ray diffraction patterns of U;_,Pu,O,,, powders obtained by
citric acid assisted SCS.
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Fig. 4 Retger's law plot with lattice volume of the U;_,Pu,O,.,
powders obtained by citric acid assisted SCS. *The unit cell volume of
uranium oxide obtained by SCS is taken from a previous study,*® and the
values are presented in volume units to account for the over-oxidation
of uranium oxide, which has resulted in a tetragonal distortion of the
fluorite unit cell.>85°
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Table 3 HERFD-XANES spectra recorded at uranium and plutonium M, edges for the Ug 74Pug 2602.x powder, and deconvolution results
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Oxidation state

Contribution in Uy 74Pug 2605+, powder”

Uranium(IV)
Uranium(V)
Uranium(VI)

Plutonium(1II)
Plutonium(IV)
Plutonium(V)

Plutonium(VI)

1%
31%
68%

3%
79%
18%

0%

“For the quantification of the different oxidation states, the error is estimated as 5%.

50 mol% Pu powders, which show contributions from
uranium(+VI) and (+V) (Tables 2 and 3). The coexistence of
uranium(+V) and uranium(+VI) is consistent with an oxygen
excess in the structure, leading to a hyperstoichiometric oxide
(O/M > 2), as expected from the PXRD results. Although the Pu
M, edge spectra show the characteristic shape of plutonium
(+1v), they also reveal the presence of a fraction of Pu(+V) in
the Ug74PUg 2602+ and Uy soPug.50054,. This contrasts with
typical results reported for cubic (U,Pu)O,., oxides synthesized
by conventional methods, where plutonium is predominantly
tetravalent,®” or reduced into Pu(+III) after sintering.’®

Moreover, the spectrum of the PuO, powder, also obtained
by SCS with an optimal CA/Pu ratio (details of the synthesis
are reported in previous work’’), shows no evidence of pluto-
nium(+V) in the PuO, end member. The presence of pluto-
nium(+V) in the (U,Pu)O,., mixed oxides does not appear to be
correlated with the nanometric nature of the powders, since
PuO, powder, which presents a close crystallite size, does not
exhibit this oxidation state of Pu.

Therefore, overoxidation of plutonium is related to the over-
oxidation of uranium and the very specific conditions encoun-

This journal is © The Royal Society of Chemistry 2026

tered in the SCS reaction. Indeed, this method is characterized
by a near-instantaneous reaction under an air atmosphere,*®>*
which may limit the complete reduction of uranium cations
initially present as U(+VI) in the uranyl nitrate precursor,*®
thus affecting the plutonium oxidation state. The SCS method,
due to its exothermic and rapid character, may trap these
intermediate oxidation states within the fluorite lattice,
especially given the very small crystallite size (10-30 nm), limit-
ing oxygen diffusion and cation rearrangement.

The carbon residual content of the oxides was determined
using micro-gas chromatography analysis, and all were below
0.5% mass, which is consistent with oxides of actinides
obtained by the SCS process without further thermal
treatment®*”” (Fig. 5).

SEM images do not appear to show significant differences
in structure with changes in the plutonium content (Fig. 6).
The powders form aggregates with a diameter of several
hundred micrometers. A cross-sectional view of the material
reveals a porous, foam-like structure (Fig. 6), similar to the
sample containing 100 mol% Pu presented in a previous
work.>” However, the latter exhibited surface macroporosity

Dalton Trans., 2026, 55, 2948-2963 | 2955
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Fig. 5 Residual carbon content of the U;_,Pu,O,,, powders obtained
by citric acid assisted SCS (determination by p-GC).

in,*” a phenomenon that is only observed in the sample with
the highest plutonium content in this work (Fig. 6D).

The powders were calcined at 1100 °C under a reducing
atmosphere (Ar-96%/H,-4%) in order to verify the Pu/(U + Pu)
content. The diffraction patterns indicate a recrystallization of
the products (Fig. 7), which remain a solid phase solution. The
lattice parameters after calcination evolve linearly between the

A) 10%Pu B) 26%Pu

View Article Online

Dalton Transactions

two theoretical pure end members, UO, and Pu0,.’°> The
additional calcination step under ArH, allows the uranium to
be reduced, as indicated by the lattice parameter of the oxides
after the thermal treatment (Fig. 7).

Pellet shaping and sintering of Uy 9oPUg.1005+x

The Uy 9oPug.100,+x powder was chosen because it is represen-
tative of the MOX used in PWR Generation III reactors. The
fuel/metal ratio was selected to optimize the powder’s charac-
teristics toward pellet shaping and sintering. Analysis of the
powder by laser granulometry before pelletizing shows a broad
volume distribution of particle sizes (Fig. 8). The average
volume particle size is 77 um, which is consistent with the
observations made by SEM (Fig. 6). The broad distribution of
particle sizes is consistent with the manufacturing method.
This can be explained by the absence of mechanical treatment
of the powder (grinding), with the powder being de-agglomer-
ated by hand in a mortar. The granulometric distribution
allows for the identification of particles with a very high granu-
lometry, corresponding to agglomerates.

The dilatometric curve of the pellet sintering indicates a
low-temperature sintering (with a maximum shrinkage temp-
erature at 800 °C). Most of the shrinkage thus occurs before
1000 °C, which is extremely low compared to the sintering be-
havior of powders prepared using powder metallurgy,> even
when sintered in very oxidative atmospheres.®® This can be cor-
related with the nanometer-scale dimensions of the powders
prepared by the SCS process as well as with their high specific
surface area, which is higher than the powders of enriched
uranium oxide used for the fabrication of UO, fuel (6.6 m* g™,
compared to typically 2-3 m> g~* for powder metallurgy®'). A
second shrinkage step can be observed starting around

C) 33%Pu D) 50%Pu

*.50 pum

Fig. 6 SEM micrographs of (U,Pu)O,.. powders with Pu/(U + Pu) = (A) 10%, (B) 26%, (C) 33%, and (D) 50%.
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Fig. 8 Particle size used for

fabrication.

distribution of the powder pellet

1250 °C, which corresponds to the sintering temperature gen-
erally observed for MOX fuel.'® Fig. 9 indicates an overall
shrinkage of 19.1%, which is consistent with the geometrical
measurement performed on the pellet with a 18.1% variation
in height and 18.3% variation in diameter.

The density of the pellet was determined by the geometric
method (86.7%TD) and the hydrostatic method (91.7%TD).
Based on hydrostatic measurements, the open porosity was

This journal is © The Royal Society of Chemistry 2026

Fig. 9 Dilatometric analysis of the Ug 9oPug 1002+« pellet in Ar 95.7%/H,
4.3%.

determined to be 3.3%, and the closed porosity was 5.0%,
meaning a total porosity of 8.3%.

The optical micrographs of the longitudinal cut of the
pellet show significant open and closed porosity. Imaging ana-
lysis reveals a total porosity of 15%, corresponding to a density
of 85%. Two modes appear in the distribution: a first one cen-
tered on a few micrometers, which corresponds to the expected
round-shaped microporosity observed in Fig. 10B, and a
second one corresponding to macropores with an ECD larger

Dalton Trans., 2026, 55, 2948-2963 | 2957
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Fig. 10 Optical view of the polished cross-section of the Ug 90PU0.1002+x pellet after sintering (longitudinal cut), (A) whole cross section showing
the macropores, (B) detail showing the microstructure obtained between the macropores (the diagonal grey line is a scratch resulting from the

sample preparation).

than 100 um (Fig. 11). Considering the large size of the macro-
pores, the open porosity might, however, be underestimated by
the hydrostatic method, and the actual density might be closer
to that measured by the geometric method.

The important and large porosity could be explained by the
evacuation of organic residues from the powder (measured at
3000 ppm for the initial powder). Moreover, the oxidation state
of uranium in the initial powder can influence the behavior
during sintering and so the porosity, as the initial powder con-
tains an important fraction of uranium(+VI). The residual
organic content and the presence of uranium(+VI) induced a
5% weight-loss during sintering. Besides, the broad distri-

bution size of the particles can lead to difficulties during
pellet pressing. An additional grinding step or sieving could
improve the pellet shaping and the behavior during sintering
to reach higher pellet densities.

Element mapping analysis indicates a very homogeneous
cationic distribution (Fig. 12) in perfect agreement with the
analyses carried out on the precursor powder, which reveal a
solid solution (U,Pu)O,., in X-ray diffraction (Fig. 3). Fig. 13A
presents the plutonium distribution extracted from the three
1 mm® maps (dots), compared to what would be obtained for a
perfectly homogeneous sample (line). Almost no differences
are observed between the sample and the theoretical homo-

3
x10 12
LN ] .....................
14 . '
- .
. -10
) £
~12 4
S : : :
= g =
£ 10 - . 8 g
2 : : -
& :
© 8 ¢ | o
2 . - =
«© . @ s
=] .
= . . L4 =
: . 2
4 4 .
3 e . B
. 2 J
2 ¢ .
.
e .
O-nnnnnnnni'.. 0
' R ey T T - Tt er— - e -
0.1 1 10 100 1000 0.01 0.1 1 10 100 1000

Equivalent diameter of pore size (um)

Equivalent diameter of pore size (um)

Fig. 11 Distribution of pore sizes in the Ug goPuo 1002« pellet after sintering, determined using ImageJ software.
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Fig. 12 SE (secondary electron), oxygen, uranium and plutonium mappings obtained by EPMA on the 512 x 512 pm? area polished cross-section of

the sintered Ug 9gPUg 1002« pellet.
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Fig. 13 (A) Pu content distribution extracted from the EPMA mappings compared to the expected distribution for a perfect homogeneity (broaden-

ing of the peak due to the measurement conditions). (B) inverse cumulated area fraction as a function of the Pu content extracted from the same
three maps and compared to that obtained on two pellets fabricated from conventional UO, and PuO, powders.>°

geneous reference. Even when the counting rate is significantly
increased (by increasing the probe current and counting time;
red curves in Fig. 13A), the only observable deviation from the
perfect homogeneity is a small shoulder in the lower pluto-
nium contents. Fig. 13B compares the inverse cumulative area
fraction as a function of the plutonium contents for the three
1 mm?® maps to that obtained in (Ug.ooPuy.10)O, pellets fabri-
cated from powders prepared from UO, and PuO, (respectively
through co-grinding and freeze granulation routes). This com-
parison highlights the absence of Pu-rich spots in the pellet
obtained from the SCS method. Less than 0.01% of the map-
pings have Pu/(U + Pu) ratios greater than 20 wt%, whereas it
is more than 1% for the sample obtained by co-grinding.

The average signal of 1851 Raman spectra is shown in
Fig. 14 (left). This spectrum is typical of a fluorite-type struc-

This journal is © The Royal Society of Chemistry 2026

ture, as observed in UQ,, PuO, and (U,Pu)0,.**%*"® No other
band corresponding to a hypothetical secondary phase can be
seen. The main bands observed correspond to the T,, mode at
449.6 + 0.5 cm™ ", the Ty, (LO) at 575.8 + 0.5 cm™" and 2LO at
1152.1 + 0.5 cm™ " The presence of the Ty, (LO) band, which is
not activated for a perfect fluorine structure, is attributed to a
slight local distortion due to the difference in ionic radii
between uranium(+IV) and plutonium(+1v).** As shown by
Medyk et al.,*” the position of the Ty, line in a (U,Pu)O,_,
structure is directly linked to the plutonium content and the
O/M ratio. Using the Medyk et al.®” relation for a stoichio-
metric compound (O/M = 2.00), a 449.6 + 0.5 cm™ " position
corresponds to 9.4% = 0.3% Pu/(U + Pu). This is the same
value determined by EPMA, as shown in Fig. 13. The dis-
persion of the T,, band position over the 1851 spectrum col-
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Fig. 14 Left: Average Raman spectra collected on the Ug 90Pug 100; pellet. Right: Position dispersion of the T,4 band in the 1851 Raman spectra.

lected is plotted in Fig. 14 (right). This curve corresponds
almost perfectly to a Gaussian distribution as shown by the fit
(Fig. 14, right), with a maximum at 449.3 cm™" and a full
width at half maximum of 0.7 cm™'. The slight difference
between the average spectrum and distribution is within the
uncertainty. Nevertheless, considering the 9.4% plutonium
content measured by EPMA, a Ty, band at 449.3 cm™" corres-
ponds to an O/M ratio of 1.9985. The O/M ratio of the sample
can be considered equal to 2.00, given the experimental uncer-
tainty of the Raman analysis, and this oxygen stoichiometry is
homogeneous over the whole pellet.

Conclusion

The synthesis of mixed oxides (U,Pu)O,., by the SCS method
using citric acid as a fuel was carried out. This choice was
based on the promising results obtained on UO,?**?® and
Pu0,.*” A parametric study on the amount of fuel was con-
ducted to determine the optimal CA/An ratio required to
trigger the ignition. The characterization of the powders pro-
duced by SCS under optimal conditions showed the formation
of a homogeneous solid solution for all tested plutonium con-
centrations (Pu/(U + Pu) = 10, 26, 33 and 50 mol%). The
obtained oxides presented a high over-stoichiometry due to
the over-oxidation of uranium, which was characterized by
PXRD and confirmed by HERFD-XANES. The presence of plu-
tonium(+V) revealed by HERFD-XANES results is interesting
because it had not been observed in PuO, that was also syn-
thesized by SCS and had similar characteristics, such as crys-
tallite size. This could be attributed to the specific conditions
encountered during the SCS reaction and the presence of

2960 | Dalton Trans., 2026, 55, 2948-2963

highly oxidized uranium in the lattice, which could stabilize
Pu(+V). To better understand this phenomenon and precisely
characterize the local structure around Pu and U atoms,
several complementary approaches can be used. Especially,
EXAFS spectroscopy, which is sensitive to distortions induced
by Pu(+V) and U(+VI), could help to accurately determine
interatomic distances and local coordination.

A sintering test of a UggoPug 100, pellet was carried out
under conditions representative of the MOX of PWR reactors
of Generation III. A density of 88%TD (geometric measure-
ment) with homogeneous cationic distribution was achieved.
Although the (U,Pu)O,., powder prepared by the SCS method
exhibits high over-stoichiometry, the final O/M ratio obtained
in the sintered pellet is 2.00. This result demonstrates the
feasibility of manufacturing stoichiometric pellets from
powder obtained by the SCS method under conditions similar
to those currently used in MOX manufacture. The very low sin-
tering temperature is indicative of the nanocrystalline
nature of the powders, a characteristic of the SCS. These
results constitute a solid basis for optimizing the synthesis of
mixed oxide powders of actinides and the subsequent step of
pellet fabrication to obtain (U,Pu)O, pellets with more than
95%TD.

This work demonstrates the feasibility of the synthesis of
actinide mixed oxides by the SCS method using citric acid as
fuel. However, adjustments are necessary to control the stoi-
chiometry of the as-prepared oxides produced, for example, by
controlling the synthesis atmosphere or considering sub-
sequent thermal treatment. In addition, a better understand-
ing of the combustion phenomenon could allow the optimiz-
ation of the amount of fuel in the mixture and thus minimize
the amount of organic residues in the final powders. Although

This journal is © The Royal Society of Chemistry 2026
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the feasibility of sintering has been demonstrated on a single
example, future work is needed to optimize fuel fabrication to
produce dense pellets of MOX fuel.
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