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A B S T R A C T   

This work aims to investigate the behavior of Mo in UO2±x for being an abundant fission product with a high 
fission yield and a complex speciation linked to its interaction with the fuel and other fission product elements. 
UO2-based model compounds containing different Mo contents (between 0 and 15 mol%) were synthesized by a 
wet-chemistry route using hydroxide precipitation. The recovered powders were converted to oxides, pelletized, 
and sintered to obtain densified pellets of UO2 incorporating Mo. PXRD analyses and Rietveld refinement cal
culations indicate that Mo has an almost negligible solubility in the fluorite structures of both UO2 and UO2+x 
samples. SEM, TEM, and EDX characterizations of the produced UO2 + Mo pellets revealed the homogeneous 
distribution of nanosized metallic Mo particles of spherical geometry inside and outside the UO2 grains and 
throughout the whole sample pellets, whatever the amount of Mo added, thus confirming that the solubility of 
Mo in the fluorite structure is way below 0.6 mol% Mo in accordance with the PXRD results. The microstructural 
properties of the UO2 + Mo pellets, including density, porosity, Mo particle size distribution, and UO2 grain size 
variation with Mo content, were also determined. The addition of Mo to UO2 reduced the UO2 grain size as 
compared to UO2 grains in pure pellets, and Mo thus plays an inhibiting role in the UO2 grain growth during 
sintering. The produced UO2 + Mo pellets exhibit a microstructure similar to that of the real spent nuclear fuel, 
except that the UO2 grains are smaller. The Mo metallic nanoparticles in these simplified UO2-based model 
compounds of controlled microstructure could be harnessed as surrogates of the Mo-rich ε-phase metallic 
nanoparticles in the real spent nuclear fuel for future studies.   

1. Introduction 

Knowledge of the chemical state of fission products (FPs) and the 
phases formed in irradiated fuels is of prime importance for the waste 
management of spent nuclear fuels, whether dissolved in nitric acid for 
reprocessing of U and Pu or stored in deep geological repositories for 
final disposal. The irradiated UO2 fuel forms a multicomponent system 
consisting of more than 40 FPs that can be distributed among several 
phases depending on irradiation temperature, pressure, and burnup [1]. 
On the basis of numerous post-irradiation analyses, FPs were classified 
into volatile elements, elements forming metallic or oxide precipitates, 
and elements dissolving in the UO2 fuel matrix [1–3]. Of all the FPs, Mo 
has a unique place and plays a significant role in the chemistry of reactor 
fuel. Mo is one of the most abundant FPs with a high fission yield 

equivalent to that of Xe [1–5], and its abundance alone would justify a 
detailed study of its behavior. In light water reactor conditions, the 
atomic fraction of Mo calculated by the ORIGEN-2 or CESAR code in a 
stoichiometric UO2 fuel at burnups between 55 and 100 GWd.t–1 ranges 
approximately between 1 and 2 mol%, respectively [6]. Moreover, Mo is 
considered to have a large influence on the fuel dioxygen potential, for 
the dioxygen potential of the couple Mo/MoO2 is very close to that ex
pected in a stoichiometric UO2 fuel [1,7]. Mo therefore provides an 
important buffering capacity on UO2 dioxygen potential, or equiva
lently, a sensitive indicator of fuel oxidation state [1,5–8]. 

It is well-known that Mo is a FP that can form both metallic and oxide 
precipitates within the UO2 matrix. To elucidate, Mo associates with Tc, 
Rh, Ru, and Pd to form a noble metal phase, known as the ε-phase, with 
Mo and Ru being the major constituents of the alloy phase in most cases 
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[1–9]. The five-metal particles mostly exhibit a hexagonal close packed 
structure and were identified by electron microscopy as white inclusions 
inside the UO2 grains and within the grain boundaries but also within 
fission gas bubbles [1,9–12]. These metallic particles vary in diameter 
from a few micrometers to 5–20 nanometers, depending on their loca
tion in the fuel [9,11]. In addition, Mo is also identified in the oxidized 
state in Cs2MoO4 and in the so-called gray oxide phases, which are 
dominant perovskite precipitates within the fuel containing primarily 
oxides of Ba, U, Pu, Zr and Mo [1,5]. 

The solubility of Mo in UO2 was investigated in several studies, and 
the reported results are hitherto contradictory. In 1985, H. Kleykamp 
[1] studied the solubility of several FPs in the fluorite structure, 
including Mo. UO2 pellets containing 2 wt% Mo were annealed at 2173 
K for 15 h under Ar high pressures in sealed capsules, and the solubility 
of Mo was measured by X-ray microanalysis. A maximum solubility of 
0.006 mol% Mo in UO2 was proposed at 2173 K, which was at the 
detection limit for Mo by the used analytical technique [1,13]. This 
negligible solubility is in accordance with an earlier study conducted by 
C. Giacchetti and C. Sari [14], who suggested a maximum solubility of 
about 0.06 mol% Mo at temperatures between 1773 and 2873 K in a 
mixed-oxide fuel (U0.85Pu0.15)O2±x by electron probe microanalysis 
(EPMA), independent of fuel stoichiometry. In 2004, P. Martin et al. [8] 
carried out X-ray absorption near-edge structure (XANES) measure
ments on fresh UO2 pellets implanted with Mo ions and annealed at 
1273 K under a reducing atmosphere of Ar + 5 % H2. The experimental 
observations indicated that Mo would be present in a metallic form or in 
a standard Schottky defect in the case of stoichiometric UO2.00 fuel. 
However, in the case of hyper-stoichiometric UO2+x fuel, Mo would be 
oxidized, and a fraction of the Mo ions could be located in the cationic 
sites, in agreement with the computer simulations of S. Nicoll et al. [7]. 
This led the authors to conclude that the Mo solubility in UO2 was likely 
higher than Kleykamp’s value of 0.006 mol%, but the extent of the 
higher Mo solubility predicted was not quantified. In 2010, Y.K. Ha et al. 
[15] prepared UO2 pellets containing different contents of Mo between 
0 and 15 mol% by dry chemistry route from mixtures of U3O8 and MoO2 
powders, followed by sintering at 1973 K for 12 h and annealing at 1473 
K for 12 h under H2 reducing atmosphere. A maximum solubility of 4 
mol% Mo in UO2 was quoted by observing a homogeneous UO2 phase at 
the macroscopic scale for compositions lower than 4 mol% Mo and a 
phase separation by Mo precipitates at higher contents. It was also 
suggested that Mo could be present in Schottky-type defects and that the 
fluorite structure of UO2 would be preserved with possible variations in 
the lattice parameter depending on the Mo content. Nevertheless, the 
authors did not exclude the possibility of the formation of Mo nano
metric precipitates for contents below 4 mol%, which were probably not 
detected during the electron probe microanalyses [15]. A recent study 
by L. Sarrasin et al. [16,17] about the mechanisms of incorporation and 
migration of Mo in UO2 and UO2+x matrices showed that Mo can fit in 
the uranium vacancies of both networks and that its position is stabilized 
by the surrounding oxygen atoms, based on density functional theory 
(DFT) calculations of the electronic structure. In 2018, a thermodynamic 
review by E.C. Corcoran et al. [18] of the U-Mo-O ternary system reas
sessed the solubility limit of Mo in UO2 at the same temperatures as the 
previously cited works. The established thermochemical model (TCM) 
predicts a solubility of 0.12 mol% Mo at 2173 K higher than the limit 
measured by H. Kleykamp [1], 0.1 mol% Mo at 1973 K much lower than 
the threshold proposed by Y.K. Ha et al. [15], and 0.01 mol% Mo at 1273 
K in line with the study of P. Martin et al. [8]. Furthermore, a more 
recent study by M. Khair et al. [19] of the Mo solubility in UO2 as a 
function of dioxygen partial pressure at 1373 K proposes a threshold of 
about 0.03 mol% Mo, which lied at the detection limit of Mo by the 
secondary ion mass spectroscopy (SIMS) used for this measurement. 

Accordingly, the Mo solubility in UO2 is partial, ranging between 
0,006 and 4 mol%, and the position(s) occupied by Mo within the fuel 
structure should be studied. The previously studied samples were either 
prepared by dry chemistry route from mixtures of U and Mo powder 

precursors or by direct ionic implementation of Mo in UO2, followed by 
thermal treatments under different oxidizing or reducing atmospheres. 
The latter techniques have shown large discrepancies in terms of Mo 
distribution within the final fuel oxide as well as in the particle size 
distribution. In the framework of this study, we used the original wet- 
chemistry protocol described by J. Martinez et al. [20] to prepare a 
variety of UO2 pellets with diverse Mo contents by hydroxide precipi
tation. Such a wet-chemistry route leads to better homogeneity of the 
elements in the starting mixture compared to that obtained by 
co-grinding of powders or by ionic implementation, which would 
improve the physicochemical properties of the material. The question 
regarding the solubility of Mo and its behavior within the UO2 fuel 
matrix was re-evaluated in light of the obtained experimental results. 

2. Experimental 

2.1. Preparation of uranium dioxide pellets with different Mo contents 

Uranium oxide compounds of desired Mo contents between 0 and 15 
mol% were synthesized using the hydroxide precipitation route devel
oped by J. Martinez et al. [20]. The preparation of the initial hydroxide 
precursors consisted in mixing solutions of concentrated uranium (IV) 
chloride (0.6 mol.L–1 in 4 mol.L–1 HCl) and molybdenum (III) chloride 
(0.05 mol.L–1 in 1 mol.L–1 HCl) at the desired stoichiometric ratio Mo/(U 
+ Mo). Each mixture was then poured into a large excess of ammonia 
solution leading to the instantaneous precipitation of the elements at 
room temperature. The formed precipitate was further aged in solution 
for 30 min under magnetic stirring in air. Afterwards, the precipitated 
powder was separated from the supernatant by centrifugation at 4500 
rpm and then washed twice with distilled water and once with ethanol in 
order to remove any remaining traces of ammonia. The recovered 
powders were introduced into an Ar glove box and left to dry for one 
week. The hydroxide powder precursors comprising U and Mo were 
converted into oxides in a single calcination step at 1073 K for 4 h under 
a reducing atmosphere of Ar + 4 % H2 (pO2 ≈ 10− 29 atm measured on 
line with JOK’AIR oxygen analyzer, SETNAG). The latter step allowed 
the complete dehydration of the hydroxide samples and their full con
version into oxides, as described in the protocol [20]. 

The chemical composition of each sample was determined by 
inductively coupled plasma atomic emission spectroscopy (ICP-AES) 
after the complete dissolution of a weighed amount of the converted 
oxide powder in 5 mL of 4 mol.L–1 HNO3 at 353 K and then analyzing the 
U and Mo elemental concentrations in the obtained solution that was 
further diluted in 0.2 mol.L–1 HNO3. The supernatants collected during 
the synthesis washing steps were also analyzed by ICP-AES to determine 
the precipitation yield of both U and Mo cations. The intensity of the 
emitted spectral signal was recorded at three characteristic wavelengths 
for each element: λ = 202.030, 203.844 and 204,598 nm for Mo and λ =
367.007, 385.958 and 409.014 nm for U to avoid interferences between 
the emission spectra of the elements. The measurements were calibrated 
by analyzing mixed U and Mo standard solutions prepared by diluting 
1000 ppm reference certified solutions in 0.2 mol.L–1 HNO3. The con
centration of U and Mo elements in solution was calculated from the 
average concentration of at least three replicates. 

The synthesized oxide samples of verified compositions used to 
prepare pellets in this study contained 0, 0.6, 2, 4, 6, 9, and 15 mol% Mo. 
The calcinated oxide powders were first ground in an agate mortar with 
a pestle then compacted using a 5 mm dry-pellet die set of tri-shells 
followed by uniaxial hydraulic pressing at 500 MPa. The cylindrical 
green pellets produced with a 50 % densification rate were all 1–2 mm in 
height and approximately 200 mg in mass. Several pellets of each 
composition were sintered separately at 1873 K for 6 h in an Ar + 4 % H2 
reducing atmosphere. 
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2.2. Characterization of samples 

Structural characterization of the oxide powders obtained after 
calcination at 1073 K for 4 h and of crushed parts from the sintered 
pellets at 1873 K for 6 h under reducing atmosphere was carried out by 
powder X-ray diffraction (PXRD). Samples were ground in a mortar and 
then mounted on Si wafers of zero background effect in confined spec
imen holders with dome-like X-ray transparent caps having knife-edge 
beam stops. The PXRD patterns were recorded on a Bruker D8 
Advance diffractometer equipped with a LYNXEYE detector in parallel 
beam geometry with Göbel Mirror configuration using Cu Kα1,2 radia
tion of λaverage = 1.5418 Å. The data were collected at ambient condi
tions in an angular range 2θ between 5 and 100◦, with a step size of 
0.019◦, and a total counting time of about 3 h. The produced PXRD 
patterns were refined by the Rietveld method using the GSAS-II software 
package [21] to identify the phases present in the prepared urania and 
the potential structural changes in the presence of different Mo contents. 

The density of the sintered pellets was determined by coupled geo
metric and pycnometric measurements using a digital precision caliper 
and a He gas pycnometer (Micrometrics AccuPyc II 1345), respectively. 
From geometric measurements, the bulk density (dgeo) of each pellet was 
evaluated and compared to the calculated density (dcalc) accounting for 
Mo additives, thereby leading to the determination of densification 
rates. Furthermore, measurements by He pycnometry allowed the 
determination of the effective density (dpycno) of the pellets and hence 
the closed porosity. The relative error on the density values reached 1–2 
% and was propagated while determining the porosity values. The total 
porosity (Ptot), closed porosity (Pclosed), and open porosity (Popen) were 
calculated according to the following equations: 

Ptot(%) =

(

1 −
dgeo

dcalc

)

× 100 (1)  

Pclosed(%) =

(

1 −
dpycno

dcalc

)

× 100 (2)  

Popen(%) = Ptot − Pclosed (3) 

In addition, scanning electron microscope (SEM) characterization of 
the oxide powders and the sintered pellets was performed by an envi
ronmental scanning electron microscope (ESEM, FEI Quanta 200 ESEM 
FEG) using a backscattered electron detector (BSE) or a secondary 
electron detector (SE) in vacuum conditions at an optimal working 
distance of about 10 mm. The SEM micrographs of the oxide powders 
(deposition on carbon stickers) were recorded with a low accelerating 
voltage of 2 kV in order to create a beam deceleration effect leading to 
high-resolution images. The SEM micrographs for the inspection of Mo 
distribution in the pellets (surface and interior cut sections) were 
recorded directly without any additional sample preparation, such as 
metallization, with an accelerating voltage of about 10 kV. The chemical 
composition was further checked by energy dispersive X-ray spectros
copy (EDS) coupled with SEM using the same operating conditions. 

The average grain size of UO2 was calculated using the SEraMic 
method developed by R. Podor et al. [22], which was implemented in 
the SEraMic plugin for the Fiji software [23]. This method was per
formed by high-vacuum recording and processing of 5–10 BSE images of 
each selected zone at tilt angles varying between − 5 and +5◦ to 
emphasize the crystallographic orientation contrast of the grains [22]. 
This required wet polishing of the sample to obtain a mirror-like surface 
using a series of SiC papers of different grades followed by a two-step 
final polishing with 1 µm diamond paste for 2 min and colloidal silica 
suspension for about 10 min. The samples were thereafter cleaned ul
trasonically with ethanol for a few minutes. Each series of images was 
aligned and then binarized to extract an average segmented image 
representing the grain boundaries and pores. A set of typically 500–1000 
grains was considered to statistically compute the grain size distribution 
in each sample with distinct Mo content. 

SEM micrographs recorded at high magnification and low accelera
tion voltage of 3 kV under high vacuum were used to determine the size 
distribution of the Mo particles observed at the UO2 pellet surface. These 
conditions allowed the creation of a beam deceleration effect, resulting 
in highly resolved images. The analyzed samples were polished to a 
mirror grade following the same polishing steps used for the SEraMic 
application. A collection of 3–5 BSE images from each sample were 
treated by the Trainable Weka Segmentation plugin [24] in Fiji, which 
combined machine learning algorithms with the selected images to 
produce pixel-based segmentations discriminating between Mo parti
cles, UO2 grains, and present pores. The pores identified as Mo particles 
were eliminated manually. The typical Mo particles considered for each 
sample from various selected zones ranged between 200 and 800 
particles. 

In order to verify the chemical nature of the observed Mo particles, 
electron-transparent ultra-fine cross sections of sintered pellets were cut 
using a FEI Helios 600 NanoLab Focused Ion Beam (FIB) available at 
CP2M (Aix-Marseille University, France). The FIB lamellae were then 
analyzed by transmission electron microscopy (TEM), SEM, and EDS 
using a FEI Tecnai G2 equipped with a 200 kV LaB6 electron source. 

3. Results 

3.1. Characterization of the oxide powders 

The results of the ICP-AES analyses of U and Mo elemental concen
trations in the supernatants collected during the synthesis washing steps 
and in aliquots from the full dissolution of weighed amounts of the oxide 
powders are given in Table 1. The yield of precipitation was thus 
calculated from the concentration of U and Mo in solution and was found 
to be higher than 98 % for both elements. This shows the efficient and 
quantitative precipitation of U and Mo via the hydroxide wet-chemistry 
protocol. Indeed, the molar fraction of the Mo element in the oxide 
powders was not significantly different from what was expected, and 
they were both in agreement for all Mo contents (Table 1). After veri
fying the compositions, the oxide powders containing 0, 0.6, 2, 4, 6, 9, 
and 15 mol% Mo were used thereafter to prepare sample pellets. 

SEM observation of the converted uranium oxide powders containing 
0, 2, 4, and 9 mol% Mo is represented in Fig. 1. It showed that the oxide 
powders obtained after the hydroxide conversion at 1073 K for 4 h under 
a reducing atmosphere of Ar + 4 % H2 did not exhibit a well-defined 
morphology. To add, the oxide powders revealed a similar aspect and 
appeared to be isomorphic, whatever the considered Mo content. These 
prepared oxide powders were composed of nanometric particles, as 
already observed by J. Martinez et al. [20], who studied uranium-cerium 
oxide solid solutions, where the reported heating treatment at 1073 K for 
4 h was sufficient to fully convert the hydroxide precursors into oxides. 
Accordingly, the hydroxide precipitation of U and Mo followed by 
calcination led to the formation of nanosized oxide precursors with a 
strong homogeneity of the initial mixture of elements (Fig. S1). 

Table 1 
Expected and measured molar fractions of Mo and U by ICP-OES in the samples 
prepared by hydroxide coprecipitation. The recovery yields of U and Mo were 
determined by analyzing the supernatants collected during the synthesis 
washing steps.  

Mo/(MoþU)expected 

(mol%) 
Mo/(MoþU)ICP- 

OES (mol%) 
Mo Recovery 
yield (%) 

U Recovery 
yield (%) 

0 – – 99 ± 1 
0.6 0.62 ± 0.06 99 ± 1 99 ± 1 
2 2.15 ± 0.06 98 ± 1 99 ± 1 
4 4.02 ± 0.13 98 ± 1 99 ± 1 
6 6.06 ± 0.05 98 ± 1 99 ± 1 
9 8.75 ± 0.08 98 ± 2 99 ± 1 
15 15.15 ± 0.10 98 ± 2 99 ± 1  
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3.2. PXRD analysis of the oxide samples before and after sintering 

According to literature, the solubility of Mo in UO2 varies between 
0.006 and 4 mol%. Consequently, after the hydroxide conversion step, 
one could anticipate the formation of a mixed (U1-yMoy)O2±x phase 
(0.00006 ≤ y ≤ 0.04) as well as possible Mo precipitates separated from 
the UO2±x matrix. In order to confirm the obtaining of uranium dioxide 
and/or to note the appearance of possible Mo secondary phases linked to 
the addition of Mo and the potential structural changes versus Mo 
content, the recorded PXRD patterns were indexed during Rietveld 
refinement considering the UO2 fluorite-type structure (Fm3m space 
group) and the Mo body-centered cubic structure (Im3m space group) in 
CIF files imported from the Am. Mineralog. Crystal Structure Database 
(AMCSD) [25]. The latter phase of Mo was chosen based on the fact that 
under the highly reducing atmosphere of the carried heating treatments, 
the Mo secondary precipitates (if present) are thermodynamically ex
pected to be stable as a metallic phase with a bcc-type structure [26]. In 
the irradiated spent nuclear fuel, the Mo metallic phase (bcc) together 
with the other metals Ru, Rh, Pd, and Tc form the ε-phase alloy, which 
mostly exhibits a hexagonal close packed structure (hcp) [1,5,10–12]. 

PXRD analysis of both the oxide powders obtained after calcination 
at 1073 K for 4 h and from crushed parts of the sintered pellets at 1873 K 
for 6 h under reducing atmosphere (Ar + 4 % H2) revealed similar 
patterns given in Figs. S2 and 2. To elaborate, in the absence of Mo, the 
PXRD pattern (at the bottom of Fig. 2) shows peaks characteristic of the 
UO2 fluorite structure only, where U4+ ions occupy the octahedral sites 
and O2− ions occupy the tetrahedral sites [27]. This pattern was also 
observed for all the other samples containing different contents of Mo, 
indicating that they all have the fluorite structure of UO2. However, only 
one peak matching the Mo phase was observed around 40.6◦ (2θ) and 
became more defined at high Mo contents. This trend was similar to that 
obtained by Y.K. Ha et al. [15], who presumed the formation of 
(U1-xMox)O2 solid solution for Mo contents lower than 4 mol% in the 
absence of observing any other phase. Another plausible explanation 
could be attributed to the molar fraction of Mo in the powders that was 
too low to detect any additional phase in UO2 or identify extra Mo 

fingerprints at the considered angular range 2θ. To exemplify, recent 
studies regarding UO2 containing 3 mol% of platinum-group metals (Ru, 
Rh, and Pd) did not identify any pattern corresponding to the incorpo
rated platinoid elements at this content by PXRD although they were 
well-observed as separate metallic segregates at the surface of their 
sintered UO2 pellets [28–30]. 

In addition, the lattice parameter variation of the fluorite structure 
versus Mo content is illustrated in Fig. 3. The Mo incorporation in UO2 
should have induced a linear variation of the lattice parameter with Mo 
content following Vegard’s law [31]. Such correlation was absent in our 
case, in which the lattice parameter of the oxide powders obtained after 
calcination at 1073 K (in black) fluctuated randomly in the studied Mo 
range between 0 and 15 mol%, while that of the sintered oxide powders 
at 1873 K (in red) was almost constant or insignificant with Mo content. 
This indicated that the Mo solubility in the fluorite-type structure is 

Fig. 1. SEM micrographs of the converted uranium oxide powders containing 0 mol% Mo (a), 2 mol% Mo (b), 4 mol% Mo (c), and 9 mol% Mo (d).  

Fig. 2. PXRD patterns obtained after both hydroxide conversion and sintering 
thermal treatments under reducing atmosphere (Ar + 4 % H2). 
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almost negligible. Moreover, the lattice parameter value of the calci
nated samples is much lower than that reported in the literature for 
stoichiometric UO2.00 [32–36]. This could be explained by the oxygen 
incorporation in the UO2 fluorite structure in empty octahedral sites, 
resulting in hyper-stoichiometric UO2+x phase (0 < x < 0.25) of the 
same crystal structure with slight lattice distortions [27,37], and the 
random variation observed is dependent on the amount of incorporated 
oxygen and not on the Mo content. Upon sintering the slightly oxidized 
samples obtained after calcination at higher temperatures and for a 
longer duration under reducing atmosphere (Ar + 4 % H2), the lattice 
parameter of the fluorite structure becomes close to that estimated for 
stoichiometric UO2.00, such as 5.47127 ± 0.00008 Å by G. Leinders et al. 

[32] or 5.4704 ± 0.0008 Å by F. Grønvold [33] (Fig. 3). As a result, it 
can be deduced that Mo has an almost negligible solubility in both 
stoichiometric and hyper-stoichiometric uranium dioxide matrices and 
that the sintering step was capable of transforming the 
hydroxide-converted UO2+x + Mo green pellets into nearly stoichio
metric UO2 + Mo sintered pellets. 

3.3. Properties of the sintered UO2 + Mo pellets 

3.3.1. Microstructure of the UO2 + Mo pellets 
In the presence of Mo, the UO2 microstructure for all the sample 

compositions obtained following sintering at 1873 K for 6 h under 
reducing atmosphere revealed the formation of nanosized particles of 
Mo at the surface of UO2 grains and within the grain boundaries, as 
illustrated in Fig. 4. The Mo particles were clearly visible even for 
contents of 0.6 mol% and 2 mol% Mo in UO2, as shown in Fig. 4(a) and 
(b), respectively. This was in agreement with the previous Rietveld 
refinement results, which indicated that Mo was not incorporated in the 
UO2 fluorite structure in the studied range between 0 and 15 mol%. 
Furthermore, the Mo particles observed were commonly light gray in 
color but could also be darker (Fig. 4(a)) within the same sample 
depending on their topographical position at the UO2 surface and their 
interaction with the electron beam during data acquisition. 

In addition, the microstructure obtained for the prepared pellets was 
similar to that of the real spent nuclear fuel, with the ε-phase metallic 
particles of Mo-Ru-Rh-Pd-Tc distributed within the fuel grains and 
intergranularly with a diameter ranging from a few micrometers to 5–20 
nanometers depending on their pellet radial location [1–12]. In this 
study and upon increasing the Mo content in UO2, larger Mo particles 
could be formed at the UO2 surface as observed in Fig. 4(c)–(e). This 
could be attributed to the possible coarsening or bonding of smaller 
nanosized Mo particles driven by diffusion during the sintering step [38, 
39]. Polishing the sample surfaces to a mirror grade allowed the 
depiction of an enhanced view of the homogeneous distribution of Mo 
spherical particles in the UO2 grains and within the grain boundaries, as 

Fig. 3. Calculated lattice parameter values (Å) of the uranium oxide structure 
obtained after hydroxide conversion (in black) and after sintering (in red) as a 
function of Mo content (mol%). Examples of lattice parameter measurements of 
stoichiometric UO2.00 are represented in dashed lines: a = 5.47127 ± 0.00008 
Å by G. Leinders et al. [32] and a = 5.4704 ± 0.0008 Å by F. Grønvold [33]. 

Fig. 4. SEM-SE micrographs showing the presence of Mo particles on the surface of all the sintered UO2 pellets containing Mo: (a) UO2+0.6 mol% Mo, (b) UO2 + 2 
mol% Mo, (c) UO2 + 4 mol% Mo, (d) UO2 + 6 mol% Mo, (e) UO2 + 9 mol% Mo, and (f) UO2 + 15 mol% Mo. 
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represented in Fig. 5. It is worth noting that the homogeneous dispersion 
of the Mo particles was not restricted only to the surface of the pellets 
but was also well-observed in the bulk material too (Fig. S3). Besides, the 
presence of Mo particles was confirmed by EDS mapping (Fig. 5(a)). 
However, very small Mo particles (< 10 nm) were hard to detect with 
the EDS detector although they were visualized during the analyses. The 
Mo particle size distribution was statistically computed following image 
processing of various selected zones, as exemplified in Fig. 5, using the 
Trainable Weka Segmentation plugin in Fiji that allowed the discrete 
discrimination between UO2 grains, Mo particles, and pores once the 
model was optimized. In general, the Mo particle size increased with the 
Mo content in the UO2 samples due to the possible coarsening of smaller 
Mo particles during sintering, as previously mentioned. The bar graphs 
in Fig. 5 show that the Mo particle size distribution ranges approxi
mately from 5 to 50 nm in UO2 samples containing 2, 4, and 6 mol% Mo 
and from 5 to about 100 nm in UO2 + 9 mol% Mo, hence within the 
diameter range of the ε-metallic particles in the real spent fuel. 

The EDS spectrum in Fig. 6 from one of the Mo particles observed in 
an ultra-fine cross section from a UO2 + 2 mol% Mo sintered pellet cut 
by FIB showed the presence of a high Mo content and a low content of 
oxygen. Indeed, under the specified reducing conditions during both 
calcination and sintering heat treatments, Mo was present in the UO2 
samples in the metallic state Mo (0) as expected. Amounts of U and O in 
the spectrum were detected on account of the surrounding UO2 grains. 

3.3.2. Density and porosity of the UO2 + Mo pellets 
Following the sintering at 1873 K for 6 h under reducing atmosphere 

(Ar + 4 % H2), the geometric density of each pellet was measured to 
determine the densification rate, whereas density measurements by He 
pycnometry were carried out to evaluate open and closed porosities 
(Table 2). The geometric densities obtained for the sintered UO2 pellets 
containing Mo between 0 and 15 mol% were in the range between 82 
and 89 % of the calculated density, with no significant impact of the Mo 
addition on the density values. The relatively low values of density could 
be mainly attributed to heating the synthesized hydroxide precursors 
comprising U and Mo for 4 h under reducing atmosphere at a calcination 
temperature of 1073 K that lowered powder reactivity. The density 
could nevertheless be improved by lowering the calcination temperature 
or increasing the sintering temperature. In addition, the total porosity of 
the pellets varied approximately between 11 and 18 %, with a major 
contribution from the open porosity, which was more dominant and 
higher than the closed porosity in all the sample pellets. A general view 
of the surface of some sintered pellet samples (before and after polish
ing) showing open pores is given in Fig. S4. 

3.3.3. Impact of Mo addition on UO2 grain growth 
The average grain size of UO2 shown in Fig. 7 was calculated for the 

studied UO2 pellets of different Mo contents between 0 and 15 mol% 
using the SEraMic method [22] (an example of image processing is given 
in Fig. S5). It is worth reminding that the studied samples were ther
mally treated under the same calcination and sintering conditions. In the 
absence of Mo, the average grain size obtained for pure UO2 was about 
1.8 µm, which was in accordance with that reported by T. Kaczmarek 
et al. [30] using the hydroxide route and similar thermal treatments for 
preparing UO2 (~ 2.5 µm). The average UO2 grain size was significantly 
reduced to about 0.45 µm with increasing the Mo content in UO2 up to 2 
mol% and remained relatively constant at this mean value in the UO2 
samples containing higher amounts of Mo up to 15 mol%. This decrease 
in the UO2 grain size confirmed that the addition of Mo to UO2, which 
manifested in the form of nanosized scattered particles, caused an in
hibition of the grain growth in UO2 during sintering. Consequently, Mo 
is an antagonist to other doping elements, such as Cr and Mn [40,41], 
that promote grain growth within UO2 to obtain enlarged grains in order 
to slow fission gas release. The microstructure obtained for the UO2 +

Mo pellets was thus similar to that of the real spent nuclear fuel, except 
that the UO2 grains were smaller due to Mo addition. 

4. Discussion 

Contrary to other preparation methods of UO2 incorporating Mo, 
such as direct dry mixing of U and Mo precursors or implementation of 
Mo ions at a certain depth in UO2, the hydroxide precipitation route 
starting from U and Mo solutions followed by calcination allowed the 
formation of mixed U and Mo nanosized precursors with remarkable 
homogeneity. Thanks to full-dissolution ICP-OES analyses, the chemical 
composition of the oxide sample powders was verified, and powders of 
Mo content ranging between 0 and 15 mol% were used to prepare 
sample pellets. The PXRD patterns in Figs. 2 and S2 showed peaks 
characteristic of the UO2 fluorite structure in all the studied samples. 
However, the weight percentage of Mo in the synthesized samples was 
quite low (15 mol% is equivalent to about 5 wt% Mo in UO2) and lied 
very close to the detection limit of the diffractometer. This is why the 
diffraction patterns of Mo were of low intensity or absent, even after the 
sintering step. Nevertheless, the low intensity diffraction peak observed 
at about 40.6◦ (2θ) indicated the minor presence of a secondary Mo 
metallic phase in UO2. Moreover, the minimum oxygen potential, 
ΔGO2= RTln(pO2) required for the formation of stable ternary U-Mo-O 
oxide phases (UMoO6, U2MoO8, UMoO5, UMo2O8, UMo7O22, and 
UMo11O35) according to the study of Chattopadhyay et al. [42] at 1000 
K, is about − 1425 kJ.mol− 1 (lowest oxygen potential possible for 
UMoO5). The oxygen potentials during the calcination heat treatment at 
1073 K and the sintering heat treatment at 1873 K under Ar + 4 % H2 
(pO2 ≈ 10− 29 atm) are of about − 596 and − 1040 kJ.mol− 1, respectively. 
Consequently, none of the ternary oxides is expected to form in the 
prepared samples. Furthermore, if Mo were soluble in the fluorite 
structure, this would have induced a linear variation of the lattice 
parameter as a function of Mo content. Nevertheless, such correlation 
was absent in the case of the hyper-stoichiometric UO2+x samples after 
calcination with a random variation of the lattice parameter between 
5.641 and 5.649 Å, depending rather on the amount of oxygen incor
porated. It was also absent in the case of the stoichiometric UO2 samples 
obtained after sintering with a nearly constant lattice parameter of about 
5.47 Å, independent of the Mo content. This implies that Mo has a 
negligible solubility in the fluorite structures of UO2 and UO2+x 
following the applied thermal treatments. The plotted Ellingham dia
gram in Fig. 8 shows the oxygen potential equilibrium values of UO2±x 
based on thermodynamic data equations derived from T.B. Lindemer 
and T.M. Besmann [43], along with the oxygen potentials corresponding 
to the Mo/MoO2 equilibrium based on the approximations calculated by 
J. Bygdén et al. [26]. Under the highly reducing conditions, particularly 
of the sintering step of the pellets prepared from the oxide powders, Mo 
should be thermodynamically stable as a metallic phase Mo (0), crys
tallizing in the bcc-type structure. Therefore, the only two existing 
phases expected in the prepared pellets following the sintering heat 
treatment are Mo (0) and nearly stoichiometric UO2. 

Although the maximum solubility limit of Mo in UO2 proposed by Ha 
et al. [15] is as high as 4 mol% Mo, we were able to detect the 
appearance of nanosized metallic Mo nanoparticles for all the studied 
compositions, even for lower contents of 2 and 0.6 mol% Mo. This 
confirms that the Mo solubility is rather below 0.6 mol% Mo and very 
likely to be negligible, as predicted by the Rietveld refinement results. 
The produced UO2 + Mo pellets were free from cracks and manifested 
congruence in terms of density and porosity with no significant impact 
provoked by Mo addition, apart from the decrease in UO2 grain size due 
to the Mo inhibition of UO2 grain growth during the sintering thermal 
treatment. The mechanism of UO2 grain growth retardation with 
increasing Mo content could be explained by the solute drag effect. The 
existence of Mo particles (solute) at the grain boundaries, even in small 
amounts due to its negligible solubility, could lead to a decrease in grain 
boundary mobility. Whereas other dopants like Cr or Mn, which can 
dissolve significantly in the UO2 fuel matrix, have a positive impact on 
UO2 grain growth [40,41]. 
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Fig. 5. (a) EDS mapping images of a polished UO2 + 9 mol% Mo sample pellet; (b), (c), (d), and (e): high magnification SEM-BSE image examples recorded at 3 kV of 
selected zones in the polished samples for determining Mo particle size distribution by Trainable Weka Segmentation at Mo contents 2, 4, 6, and 9 mol% in UO2, 
respectively. The Mo particles are red-colored, and the pores are blue-colored. 
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As a matter of interest, the Mo nanoparticles were homogeneously 
distributed throughout the entire sample pellets, with a spherical ge
ometry and a diameter in the range of 5–50 nm in the UO2 samples 
containing 2, 4, and 6 mol% Mo and 5–100 nm in UO2 + 9 mol% Mo, 
where an increase in the Mo particle size with Mo content might be 
induced by particle coarsening during sintering. All in all, such simpli
fied UO2-based model compounds incorporating Mo nanoparticles 
mimic the real spent nuclear fuel with the ε-phase metallic nanoparticles 
with regards to the microstructure, except that the UO2 grains are 

smaller. Later, these simplified model compounds can be utilized in 
order to study the specific impact of the metallic Mo phase, representing 
the major component of the ε-phase, on the long-term behavior of the 
irradiated fuel in geological repositories or on the kinetics of dissolution 
of the spent fuel during reprocessing. 

5. Conclusion 

In this study, we used a wet chemistry route to prepare UO2-based 
model compounds with various Mo contents between 0 and 15 mol% by 
hydroxide precipitation in order to investigate the behavior of Mo in 
UO2±x. Although the previous studies suggested a Mo solubility range 
between 0.006 and 4 mol% in UO2, PXRD analyses and Rietveld 
refinement calculations performed in this work indicate that Mo has a 
negligible solubility in the fluorite structure of both UO2 and UO2+x. 
Analyses of the produced UO2 + Mo sintered pellets by SEM, TEM, and 
EDS showed the presence of nanosized Mo particles of metallic nature 
homogeneously distributed at the UO2 surface and within the grain 

Fig. 6. (a) TEM image showing Mo particles in a FIB lamella cut from UO2 + 2 mol% Mo sintered pellet on a copper grid coated with lacey carbon; (b) EDS spectrum 
of the highlighted Mo particle. 

Table 2 
Density and porosity measurements of the prepared UO2 pellets containing Mo 
between 0 and 15 mol% following sintering at 1873 K for 6 h under reducing 
atmosphere (Ar + 4 % H2).  

Pellet composition dgeo/dcalc (%) dpycno/dcalc (%) Pclosed (%) Popen (%) 

UO2 83 ± 1 99 ± 1 0 ± 1 17 ± 1 
UO2 + 0.6 mol% Mo 82 ± 2 99 ± 1 1 ± 1 17 ± 1 
UO2 + 2 mol% Mo 87 ± 1 98 ± 2 2 ± 1 11 ± 1 
UO2 + 4 mol% Mo 88 ± 2 99 ± 1 1 ± 1 11 ± 1 
UO2 + 6 mol% Mo 89 ± 1 95 ± 1 5 ± 1 6 ± 1 
UO2 + 9 mol% Mo 84 ± 1 97 ± 2 3 ± 1 10 ± 2 
UO2 + 15 mol% Mo 82 ± 2 99 ± 1 1 ± 1 17 ± 1  

Fig. 7. Variation of the UO2 average grain size (µm) with Mo addition (mol%).  

Fig. 8. Ellingham diagram showing the Mo/MoO2 (data from [26]) equilibrium 
oxygen potentials with several UO2±x examples (data from [43]), including 
exact UO2.00. 
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boundaries, even for a relatively low content of 0.6 mol% in UO2. Thus, 
the solubility threshold of Mo in UO2 is undoubtedly way lower than 
that suggested by Ha et al. [15] of 4 mol% Mo. Furthermore, the Mo 
addition to UO2 induced an inhibition of the UO2 grain growth during 
sintering, and the obtained UO2 + Mo pellets had thus smaller UO2 
grains compared to those in pure UO2 pellets or pellets incorporating Mo 
at contents below 2 mol%. In addition, the produced UO2 pellets doped 
with Mo metallic nanoparticles exhibit a microstructure similar to that 
of the real spent nuclear fuel with ε-phase metallic nanoparticles. The 
Mo metallic nanoparticles in these simplified UO2-based model com
pounds of controlled microstructure could be harnessed as surrogates of 
the Mo-rich ε-phase metallic nanoparticles in the real spent nuclear fuel 
for other studies in the future regarding the specific impact of the Mo on 
waste management. 
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