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aspartate†
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N. Dacheux and N. Clavier *

A simple wet chemistry route towards micrometric spherical UO2 particles was designed through the con-

version of uraniumĲIV) aspartate under mild hydrothermal conditions (T = 160 °C). A multiparametric study

examining the effects of hydrothermal treatment duration, the initial uranium/aspartic acid molar ratio and

magnetic stirring allowed us to point out the role of organic species in the shaping of the particles and to

specify the operating conditions leading to monodisperse and size-controlled particles. In a turbulent flow

regime (i.e. Rea > 104), particles with a diameter ranging from 400 nm to 2500 nm were obtained with a

typical dispersion of less than ±10%. Moreover, the protocol was found to be robust and reproducible, with

only limited size variation from one batch to another (typically less than ±5% on the particle diameter). The

effect of an additional heat treatment step was also investigated which showed that residual traces of water

and organics can be removed after firing at 600 °C without altering the initial morphology. This wet chem-

istry route appears to be very promising for the production of spherical UO2 particles and can be simply

implemented in any nuclear chemistry lab, which paves the way to applications of such materials in various

scientific areas.

1. Introduction

Among the numerous challenges linked to the development
of advanced materials for the nuclear fuel cycle, the elabora-
tion of shape-controlled powders has recently attracted grow-
ing interest, especially for actinide-based oxides.1 In this
frame, most of the efforts concern the synthesis of spherical
particles with prospective uses in various applications. First
of all, as UO2 and (U,Pu)O2 solid solutions are aimed at being
used as fuels in future Gen III and/or Gen IV reactors,2 spheri-
cal oxides with a tailored size could help to improve the
flowing capability of powders used in the fabrication pro-
cess3,4 and could enhance the green density of the pellets be-
fore the sintering step. The design of uranium oxide particles
with a controlled shape and size is also required to qualify
the analytical methods used for nuclear safeguards.5,6 Ura-
nium oxide nanospheres have already attracted some atten-
tion in view of their catalytic properties, particularly in the
framework of the destruction of volatile organic compounds.7

Lastly, polycrystalline spherical particles can be used as

model samples to investigate the early stages of oxide ce-
ramics sintering.8,9

All these fields of research involve the preparation of
spherical grains with variable size ranges, typically going
from nanoparticles to sub-millimetric objects. For example,
Hudry et al. recently prepared thorium, uranium, and even
neptunium and plutonium oxide nanospheres (typically from
1 to 5 nm) from the thermal decomposition (280 °C – 30
min) of a mixture of actinide precursor solutions in highly
coordinating organic media containing benzyl ether, oleic
acid and oleylamine.10–12 On the other side of the length scale,
the production of uranium oxide spheres, typically in the
100–500 μm range, has been reported for a long time from
the initial precipitation of precursors through sol–gel pro-
cesses.13,14 Protocols based on the impregnation of resin
beads using solutions containing actinides and subsequent
heat treatment at high temperature were also studied to initi-
ate dustless processes for the elaboration of AnO2 pellets.

4,15

Conversely, only a few studies were dedicated to the fabri-
cation of spherical actinide oxide particles in an intermediate
size range, i.e. from about 50 to 2000 nm. Physical methods
such as aerosol spray pyrolysis appeared to be suitable for
the production of monodisperse particles, as their size is di-
rectly controlled by the diameter of the droplets forming the
aerosol.5 Nevertheless, this kind of process requires specific
equipment, which might be difficult to implement in nuclear
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facilities aiming to work with radionuclides of high specific
activity. On this basis, simple wet chemistry routes based on
the hydrothermal precipitation of mixtures containing either
thorium, uraniumĲIV) or uraniumĲVI) in acidic solutions, a pre-
cipitating agent (urea) and a shaping agent (PEG, glycerol)
were recently considered.16–18 However, this often yielded po-
rous and/or very small particles (typically from 50 to 250 nm
in diameter). Also, Wang et al. reported accurate size tuning
during the synthesis of ThO2 nanoparticles,

19 but the final di-
ameter remained generally uncontrolled when dealing with
UO2 particles.

This study reports a new and simple wet chemistry route
to spherical UO2 particles from the initial precipitation of
uraniumĲIV) aspartate and its conversion under hydrothermal
conditions. Aspartic acid was chosen as a precipitating agent
owing to its good complexation properties with regard to acti-
nides.20,21 Also, it readily decomposes under hydrothermal
conditions, mainly through deamination.22 The aspartate pre-
cursor was first characterized, then a multiparametric study
of its conversion into uranium dioxide was undertaken, with
the aim of accurately controlling both the size and the shape
of the particles. Finally, the thermal behaviour of the UO2

particles was investigated to evaluate the possible use of the
particles as models for the sintering of nuclear fuels or stan-
dards in nuclear safeguard analyses.

2. Experimental

Caution! Uranium is an α-emitter natural radioelement and as
such is considered a health risk. Its use requires appropriate in-
frastructure and staff training regarding the handling of radio-
active materials.

Chemicals

All the reagents used were of analytical grade and supplied
by Sigma-Aldrich, except uranium sources, while deionized
water (18.2 MΩ cm at 25 °C) supplied by a Merck Milli-Q ap-
paratus was used to prepare all aqueous solutions. The ura-
nium tetrachloride solution was prepared by dissolving ura-
nium metal chips (kindly supplied by CETAMA) in
concentrated hydrochloric acid. The metal pieces were first
rinsed with dichloromethane, acetone and water, washed in
1 M HCl in order to eliminate possible traces of uranium ox-
ide present at the surface, and finally dissolved in 6 M HCl.
The high chloride concentration allowed us to maintain the
tetravalent oxidation state of uranium in solution for several
months.23 The uranium concentration of the final solution
was estimated to be 0.52 ± 0.02 M (4.14 × 10−4 mol g−1) by
ICP-AES measurements.

Preparation of the samples

The synthesis protocol for spherical UO2 particles was based
on the complexation of U4+ with aspartic acid and on the sub-
sequent hydrothermal conversion of the obtained precursor.
It was derived from our previous work undertaken on an

aspartic acid/Th4+ system.24 Aspartic acid (1–1.5 mmol) was
first weighed and dissolved in 10 mL H2O. The pH of the
resulting solution was raised to 2 by addition of 30% NH4OH.
The hydrochloric solution containing tetravalent uranium
(0.5 mmol) was then added dropwise, while controlling the
pH with ammonia. The mixture of solutions rapidly led to
the formation of a greenish precipitate. The concentration of
uranium remaining in the supernatant was analysed by
photo-electron rejecting alpha liquid scintillation (PERALS)25

(Table 1) and revealed quantitative precipitation.
Afterwards, both the solid phase and supernatant were

transferred into a Teflon-lined autoclave (Parr) and treated
hydrothermally at 160 °C for 1 to 30 hours. For several
tests, the reacting media were agitated during hydrother-
mal treatment using a magnetic stirrer (2mag –

MIXcontrol 20). This set-up was chosen to be close to the
unbaffled stirred tank reactors envisaged for precipitation
reactions in the nuclear fuel reprocessing industry.26

Whatever the operating conditions, the autoclave was
cooled down overnight before collecting the final precipi-
tate. The latter was separated by centrifugation, washed
twice with deionized water and twice with ethanol, and fi-
nally dried overnight at 60 °C in an oven.

SEM observations

Before the SEM study, the samples were systematically dis-
persed in ethanol and deposited on a mirror-grade polished
aluminium plate. Scanning electron microscope (SEM) micro-
graphs were then directly recorded from the as-deposited
powders without any additional preparation such as metalli-
zation. An FEI Quanta 200 environmental scanning electron
microscope, equipped with an Everhart–Thornley detector
(ETD) and a back-scattered electron detector (BSED), was
used to record images with an acceleration voltage of 2 kV
under high vacuum conditions.

SEM images were then processed using the ImageJ soft-
ware27 in order to determine the average particle size as well
as the size distribution. In this aim, low-magnification
(5000×) images were recorded with a resolution of 2048 ×
1768 pixels, leading to the analysis of populations of at least
300 particles.

PXRD

Powder X-ray diffraction (PXRD) diagrams were obtained by
means of a Bruker D8 diffractometer equipped with a
LYNXEYE detector adopting the reflection geometry and
using Cu Kα1,2 radiation (λ = 1.54184 Å). PXRD patterns were
recorded at room temperature in the 5° ≤ 2θ ≤ 100° range,
with a step size of Δ(2θ) = 0.01° and a total counting time of
about 3 hours per sample. In order to avoid any radioactive
contamination, the powders were placed in a special sample
holder (a dome-shaped container with an anti-scattering
blade) that could generate an additional peak at around 6°
(2θ).
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NMR

MAS NMR measurements were performed on a Bruker
Avance III 400 spectrometer, equipped with a 4 mm 1H/X
MAS probe. Samples were packed into zirconia rotors and
spun at 12 kHz at room temperature. 13C spectra were
recorded using TMS (liq.) as a reference. 13C CPMAS (cross
polarization) experiments were performed with a contact time
of 2 ms and a recycle delay of 5 s.

FTIR

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectra were recorded in the 380–4000 cm−1 range
thanks to a PerkinElmer FTIR Spectrum 100 device. Pow-
dered samples were deposited at the surface of the single
bounce diamond crystal ATR accessory without any prior
preparation. The spectra collected under such operating con-
ditions exhibited a resolution lower than 2 cm−1.

TG-DT analyses

Thermogravimetric analyses were undertaken thanks to a
Setaram SETSYS Evolution equipped with a type S thermo-
couple (Pt/Pt–10% Rh). After recording a baseline using an
empty crucible (100 μL), weight loss was measured during a

heat treatment up to 1000 °C with a rate of 5 °C min−1 under
an Ar atmosphere. Moreover, the gaseous species emitted
during the heat treatment were identified by means of a
Hiden Analytical QGA analyser using mass spectrometry.

3. Results and discussion
3.1. Characterization of the initial precipitate

The precipitate rapidly obtained after the addition of
uraniumĲIV) hydrochloric solution to aspartic acid was first
characterized through XRD, SEM and 13C NMR. PXRD analy-
sis led to a noisy pattern without any detectable diffraction
line, i.e. characteristic of an amorphous and/or nanosized
sample. This finding was supported by the SEM micrographs
(see Fig. S1 supplied in the ESI†) which revealed that the
powder was mainly composed of small crystallites of some
tenths of nanometers in length, which assembled themselves
in larger aggregates. This aggregation appeared to be widely
disorganized and did not result in any specific morphology.

In order to identify the chemical nature of the precipitate
formed, 13C NMR spectra were recorded and compared to the
reference spectrum obtained for aspartic acid (Fig. 1). The
latter presents two signals at about 175 ppm which were
assigned to the carboxylic moieties. Compared to the

Table 1 Determination of the uranium precipitation yield from PERALS analyses for various durations of the hydrothermal process (T = 160 °C)

Heating time (hours) nĲU) initial (mol.) nĲU) supernatant (mol.) Uranium precipitation yield (%)

0 5.55 × 10−4 (1.1 ± 0.1) × 10−5 98 ± 1
1 4.77 × 10−4 (6.0 ± 0.1) × 10−5 87 ± 2
3 4.78 × 10−4 (3.48 ± 0.07) × 10−5 93 ± 2
6 4.78 × 10−4 (1.68 ± 0.02) × 10−5 96 ± 1
24 4.77 × 10−4 (0.23 ± 0.01) × 10−5 99 ± 2
30 4.78 × 10−4 (0.34 ± 0.01) × 10−5 99 ± 2

Fig. 1 13C NMR spectra of aspartic acid, of the precipitate obtained when mixed with UĲIV) hydrochloric solution, and of the sample obtained after
hydrothermal conversion (T = 160 °C, t = 30 h).
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reference, the spectrum collected for the unknown precipitate
appeared dramatically widened, probably as a consequence
of the paramagnetic character of U4+ and/or of the lack of
sample crystallinity. Nevertheless, this large band occurred
between 180 and 190 ppm, meaning that the two compo-
nents shifted by about 15 ppm in comparison with the
aspartic acid reference. This offset then evidences the com-
plexation of uranium by the two carbonyl fragments, leading
to the precipitation of uraniumĲIV) aspartate, probably as a co-
ordination polymer. One must note that this behaviour
seems to differ from that observed for thorium, for which
only one carbonyl moiety was coordinated to the metal cen-
tre, resulting in a molecular species with the formula
ThĲC4NO4H6)4·4H2O.

24 On this basis, the formula of the ini-
tial precipitate should be probably written as UĲC4NO4H5)2
·nH2O.

3.2. Multi-parametric study of hydrothermal conversion

With the aim of obtaining uranium oxide powders and to ori-
ent their morphology, the hydrothermal conversion of the
amorphous UĲIV) aspartate precursors was undertaken. Recent
studies showed that mild hydrothermal conditions induce
the decomposition of actinide carboxylates, such as
uraniumĲIV) oxalate, leading to the direct formation of UO2 in

solution.28 As the latter results from the hydrolysis of U4+ af-
ter the initial decomposition of the precursor, the pH of the
solution has to be carefully controlled. Preliminary tests were
undertaken to determine the optimal acidity of the reacting
media. For pH ≥ 3, SEM micrographs revealed that the pre-
cipitates consist of strongly agglomerated sub-micrometric
particles (Fig. 2), which probably formed through the fast nu-
cleation of UĲOH)4 and further aging as partly amorphous
UO2. Indeed, Rai et al. already reported that such a com-
pound readily precipitates at pH > 2 at room temperature,29

while the solubility of amorphous UO2 does not sustain im-
portant variations up to 300 °C.30 Under more acidic condi-
tions, i.e. pH = 1 and 2, grains presenting a spherical habit
were systematically obtained. However, they appeared to be
denser and monodisperse (although significantly smaller) for
pH = 2. This condition was then retained for the rest of our
study. Similarly, we decided to maintain the temperature at
160 °C in accordance with the protocol originally designed
for the thorium counterpart.24 In order to optimize the oper-
ating parameters, a multi-parametric study combining the ef-
fects of heating time at 160 °C, of the initial metal/ligand ra-
tio and of magnetic stirring was then undertaken.

3.2.1. Effect of heating time. In a first step, the hydrother-
mal treatment at 160 °C was extended from 1 to 30 hours.
For all the heating times considered, the supernatant was

Fig. 2 SEM micrographs of the powders obtained after hydrothermal conversion of uraniumĲIV) aspartate at 160 °C for different pH values.
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analysed by PERALS25 to quantify the concentration of ura-
nium remaining in solution (Table 1). The uranium precipita-
tion yield was found to increase slightly during the first
hours of hydrothermal treatment, uranium precipitation be-
coming quantitative after heating over 24 hours. On this ba-
sis, the beginning of the treatment (i.e. up to 6 hours) proba-
bly still corresponds to the decomposition of the initial UĲIV)
aspartate precursor, followed by the partial hydrolysis of the
tetravalent uranium in solution. This observation is in very
good agreement with the data reported by Faisal et al.
concerning the decomposition of aspartic acid under hydro-
thermal conditions.31 These authors stated that the main re-
action pathway consists in an irreversible deamination yield-
ing malic acid, followed by a possible decarboxylation
leading to a mixture of pyruvic and lactic acids:

Moreover, based on their determination of kinetic con-
stants at 200 °C and of the activation energy associated with
the decomposition reaction (EA = 144 kJ mol−1), the time re-
quired to decompose 99% of the initial aspartic acid can be
estimated to be about 5.5 hours at 160 °C. Shorter heating
times then should be discarded if one wants to quantitatively
recover U4+ from the decomposition of the aspartate precur-
sor under these operating conditions.

Concomitantly to the increase of the uranium precipita-
tion yield, the powder morphology appeared to be strongly
modified when the duration of the hydrothermal process was
increased. After 1 hour, the morphology was very close to that
observed for the aspartate precursor, with a powder com-
posed of sub-micrometric crystallites (Fig. 3). This was still
found to be the major habit observed between 6 and 24 hours
of hydrothermal treatment, but some scarce spherical grains
tended to form. After 30 hours, the morphology of the sample
drastically changed. The powder appeared to consist of
spherical grains with variable sizes, typically ranging from
200 nm to 1 μm in diameter. On this basis, the operating
conditions for the hydrothermal treatment were fixed to 30
hours and T = 160 °C for all the subsequent experiments.

The changes observed in the morphology of the samples
were also associated with structural modifications. Whatever
the conditions chosen, the XRD patterns collected present
low-intensity and wide peaks characteristic of poorly crystal-
lized and/or nanosized samples, in good agreement with the
SEM observations (Fig. 4). Despite the low resolution of the
XRD patterns, it was still possible to note an evolution of the
structure along the hydrothermal treatment. For samples
heated between 1 and 3 hours, the XRD pattern was very
close to that previously reported for thorium aspartate.24

Compared with the NMR data, which rather suggested the
initial precipitation of an amorphous uraniumĲIV) aspartate
coordination polymer, this result indicates that a transforma-
tion towards a molecular species probably occurred during

the first hours of heat treatment at 160 °C. Under these con-
ditions, short hydrothermal treatment did not allow the con-
version of the precursor into oxide but only resulted in the
transformation and partial crystallization of the initial precip-
itate. Conversely, after 6 hours of heating at 160 °C and for
longer hydrothermal treatments, the characteristic XRD pat-
tern of nanosized fluorite-type UO2 was evidenced32 while the
peaks of UĲIV) aspartate were no longer observed. This indi-
cates full conversion under these operating conditions and
again appears in good agreement with previous studies dedi-
cated to aspartic acid decomposition under hydrothermal
conditions.31 Moreover, the width of the XRD lines was not
significantly modified over time, meaning that the average
crystallite size remained almost unchanged. The spherical
particles observed after 30 hours of hydrothermal processing

are thus formed by smaller entities, resulting in a hierarchi-
cal structure.16

Complementarily, the FTIR spectrum of the sample heated
for 30 hours revealed numerous vibration bands evidencing
the presence of residual organics at the surface and/or within
the UO2 particles (Fig. S2†). Also, the comparison to the refer-
ence spectra of aspartic acid and thorium aspartate, already
discussed in our previous work,24 showed the absence of vi-
bration bands at around 1475 and 3120 cm−1, which are char-
acteristic of the amine functional group and were reported in
the literature for uraniumĲIV)–aspartate complexes.33 This fea-
ture is in good agreement with the reaction path previously
described for the decomposition of aspartic acid under hy-
drothermal conditions,31 during which deamination is the
predominant reaction. On this basis, the organics remaining
in the sample are probably dicarboxylic acids resulting from
the decomposition of aspartic acid, i.e. malic, pyruvic and/or
lactic acid. This hypothesis is corroborated by the existence
of large vibration bands at about 1400 and 1600 cm−1, which
can be assigned to carboxylic acids. At the same time, 13C
NMR spectra did not show any signal (Fig. 1), possibly due to
limited amounts of different organic species still surrounding
the UO2 sample after the conversion of uraniumĲIV) aspartate.

3.2.2. Effect of uranium/aspartic acid stoichiometry. As
the organics resulting from the hydrothermal decomposition
of the uraniumĲIV) aspartate precursor could play a role in the
oxide's final morphology, the metal/ligand molar ratio (i.e.
the uranium/aspartic acid molar ratio) in the initial reacting
media was varied in order to evaluate its influence on the
particle shape and size distribution. First, hydrothermal
treatment of the hydrochloric solution of UĲIV) was performed
at pH = 2 without any addition of aspartic acid. Under such
operating conditions, a small amount of precipitate was
obtained after heating for 30 hours at 160 °C. It had wide
XRD peaks characteristic of the UO2 fluorite-type structure
(Fig. S3†), confirming that the hydrolysis of U4+ was the key

C H NH COOH C H OH COOH CH CO COOH2 3 2
NH

2 3
CO3            

2 2 3
2       H O

2 4
2 C H OH COOH

Asparticacid Malicacid Pyruvicacid Laacticacid
(1)
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step in the formation of an oxide precipitate. Nevertheless,
the powder appeared to be composed of very small grains
(Fig. 5), comparable to the nanoparticles obtained from syn-
thesis via precipitation of hydroxides.32

On the other hand, the introduction of aspartic acid into
the reactant mixture, leading to the formation of the
uraniumĲIV) aspartate precursor, was systematically associated
with the formation of spherical UO2 particles whatever the
initial content considered. The residual organic molecules
detected in the final oxide particles then probably act as sta-
bilizing agents in the orientation of the sample's morphology
towards spheres. Nevertheless, the M/L molar ratio appeared
to strongly impact the size distribution of the particles. In-
deed, under stoichiometric conditions (i.e. M/L = 1/2, based
on the initial precipitation of UĲC4NO4H5)2·nH2O) and for an
excess of 25% (M/L = 1/2.5), the powder was found to be poly-
disperse. The powders were composed of a large population
of small particles (typically between 20 and 150 nm in diame-
ter) but included some larger spheres up to 700 nm in diame-
ter. The latter do not account for a large number of particles
but represent the main part of the volume (see Fig. S4 sup-
plied in the ESI†). On the other hand, an excess of 50% of
aspartic acid (i.e. M/L = 1/3) led to a very homogeneous pow-
der. The statistical analysis of the particles showed that the
size distribution basically follows the Gaussian law, associ-
ated with an average diameter of about 380 nm and a FWHM
of about 60 nm. Owing to a dispersion less than ±10%, the
powder can be considered as monodisperse. One can also
note that increasing the initial excess in aspartic acid

Fig. 3 SEM micrographs of the powders obtained after hydrothermal conversion of uraniumĲIV) aspartate at 160 °C for different durations.

Fig. 4 XRD patterns of the samples obtained after hydrothermal
conversion of uraniumĲIV) aspartate at 160 °C for various durations.
Diffraction lines of thorium aspartate (red)24 and UO2 (black, ICDD
#01-071-4823) are supplied for comparison. The * symbol indicates
the signal due to the anti-contamination dome-shaped container.

CrystEngCommPaper

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

19
 1

1:
19

:2
4 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8ce01352g


CrystEngComm, 2018, 20, 7749–7760 | 7755This journal is © The Royal Society of Chemistry 2018

increases the average diameter of the main particle popula-
tion, typically from around 100 nm under stoichiometric con-
ditions to about 400 nm for 50% excess. On this basis, a mo-
lar ratio of 1/3 between uraniumĲIV) and aspartic acid was
considered for the rest of the study in order to recover sam-
ples with a homogenous particle size.

3.2.3. Effect of magnetic stirring. In a last step, magnetic
stirring was applied during the hydrothermal treatment with
the aim of driving the aggregation of the crystallites towards
spherical particles and to have accurate control over the final
size of the particles. In order to accurately quantify the effects of
stirring through a dimensionless number and characterize the
flow in the reactor as laminar or turbulent, the impeller Reyn-
olds number (derived from the conventional Reynolds number
used to describe flow in pipes) was determined for each stirring
speed studied in the range 200–1100 rpm as follows:

Rea 
N D2


(2)

where N is the impeller (stirrer bar) rotation speed, D is the stir-
rer bar length and ν is the kinematic viscosity. Herein, the liq-
uid medium was assumed to be pure water and we extracted
the viscosity value from the study of Deguchi et al. with ν ≈ 1.8

× 10−7 m2 s−1 at 160 °C.34 The stirrer bar length (12 mm) was
chosen to be about half the diameter of the reactor (25 mm), in
order to create two mixing zones, i.e. free and forced vortexes,
as described by Bertrand et al.35

On this basis, smooth stirring up to N ≈ 200 rpm corre-
sponds to Rea < 2000 characteristic of a laminar flow. In this
case, the particle size increased from about 400 nm (no stir-
ring) to 1200 nm (Fig. 6a, selected SEM micrographs provided
in the ESI,† Fig. S5), meaning that the establishment of a
laminar flow in the reactor likely acted in favour of the ag-
glomeration of the elementary crystallites. Between 200 and
800 rpm (i.e. 2000 < Rea < 10 000), the average particle diam-
eter was found to stabilize between 1.5 and 2 μm. However,
the size distribution appeared to be very wide, meaning that
polydisperse powders were obtained due to the establishment
of a transition regime between laminar and turbulent flows.
Finally, higher agitation speeds led to Rea > 104, characteris-
tic of a turbulent flow. In this case, a clear linear relationship
was established between Rea (stirring speed) and the average
diameter of the spherical UO2 particles (Fig. 6b). Indeed, the
size of the particles was found to decrease from around 2500
nm to 400 nm when the stirring speed was increased in the
900–1100 rpm range. In this case, the interactive force assem-
bling the crystallites as spherical particles was surpassed by

Fig. 5 SEM micrographs of the powders obtained after hydrothermal conversion of uraniumĲIV) aspartate (T = 160 °C; t = 30 hours) for different
metal/ligand ratios.
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the turbulent shear stress. Growth of the particles was then
hindered even though aggregation of the crystallites is
favoured by the increase in the agitation speed.36 Lastly, one
must note that three different batches were prepared at 950
rpm (Rea = 12 000) to verify the reproducibility of the process
developed. Under these conditions, all the powders exhibited
very similar average particle diameters (i.e. 1340 ± 65, 1390 ±
80 and 1410 ± 50 nm) which confirms the accuracy of the size
control provided by the magnetic stirring during the hydro-
thermal conversion.

3.3. Thermal behaviour of UO2 particles

As the spherical UO2 particles prepared following the protocol
detailed previously still exhibit traces of organics and/or water,

an additional heating step was envisaged to recover pure UO2.
The thermal behaviour was then investigated under an argon
atmosphere through TG analysis and SEM observations. The
thermogram displayed in Fig. 7 shows that the weight loss
mainly occurred through two distinct steps. Based on MS mea-
surements, the gases eliminated were associated with the de-
hydration of the sample, on the one hand, and with the ther-
mal decomposition of the residual organics, on the other. The
first one, observed between 100 and 200 °C, corresponds to
the elimination of 0.2 water molecules per formula unit. This
low hydration is in good agreement with the hypothesis of for-
mation of UĲOH)4 followed by aging into UO2·nH2O. Indeed,
the number of water molecules reported in the literature for
such compounds, which can also be written as UO(2−n)ĲOH)2n
hydrated oxyhydroxide, is generally between 0 and 2.30

Fig. 6 Variation of the average diameter of UO2 spherical particles versus the impeller Reynolds number and the corresponding magnetic stirrer
speed (a), and focus on the turbulent flow region (b) (T = 160 °C; t = 30 hours; M/L = 1/3).
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The second weight loss recorded between 200 and 400 °C,
mainly correlated with the emission of H2O, CO and CO2, is
by far the most important (around 10% of the initial mass)
and indicates the presence of residual organics in the system.
Moreover, a slight change in the slope shows that the decom-
position occurred in two steps, which can be associated with
the presence of different organic molecules within the sam-
ple and/or to the existence of intermediates during their ther-
mal decomposition. For example, such behaviour was ob-
served during the decomposition of actinide oxalates, with
the formation of carbonate or oxocarbonate compounds.37,38

Additionally, only very limited amounts of NO and NO2 were
detected during the thermal decomposition of the organic
part of the solid, which confirms that it is mainly composed
of carboxylic acid resulting from the deamination of the ini-
tial aspartate groups.

Finally, it is worth noting that a slight weight loss signal
was recorded between 500 and 1000 °C, associated with the de-
tection of small amounts of CO and CO2, which could be
assigned to the elimination of residual carbon in the sample.
Indeed, the thermal decomposition of MO2 precursors, includ-
ing carboxylates such as oxalates, was systematically associated
with the presence of amorphous carbon within the final ox-
ides.39,40 On this basis, it can be concluded that residual or-
ganics are not only present at the surface of the spherical UO2

particles where they act as shaping agents but also within the
spheres themselves, potentially adsorbed onto the elementary
crystallites. Nevertheless, the amount of carbon still present in
the samples remains low at this stage, and one can consider
that pure UO2 was obtained after heating above 600 °C.

As heating the samples is required to recover anhydrous
and organic-free UO2 samples, SEM observations were under-
taken on powders heated between 600 and 1200 °C to study
potential evolution in morphology (Fig. 8). At 600 °C, despite

the loss of water molecules and residual organics which ac-
count for about 10% of the initial weight, the spherical mor-
phology of the particles is maintained. The more likely hy-
pothesis is that H2O, CO and CO2 gaseous molecules can be
evacuated through small pores remaining between the crys-
tallites constituting the aggregates. Indeed, such meso-
porosity has been previously identified in analogous systems
such as CeO2 and ThO2 microspheres.9,41

In a second step, the morphology of the aggregates slightly
evolved up to 1000 °C as a consequence of crystallite growth
within the particles. Once again, this two-step behaviour is in
good agreement with data reported in the literature. Particu-
larly, Claparede et al.42,43 showed that for MO2 fluorite-type
compounds (with M = Ce and/or Th), the average crystallite
size first slowly increases between room temperature and 700
°C through defect elimination. Conversely, the solid state dif-
fusion processes involved in crystallite growth are triggered
by higher temperature, resulting in a rapid increase in aver-
age size. In this study, such a phenomenon led to a
blackberry-like morphology with crystallites of about 20–50
nm at the surface of the spheres. Finally, the spherical mor-
phology of the particles was kept even after heating the pow-
ders up to 1200 °C. Nevertheless, such a high temperature
led to the initiation of sintering phenomena, as attested by
the observation of numerous necks between the particles on
the SEM micrograph. On this basis, if one wants to recover
individual particles, for example for analytical purposes,
heating above 800/1000 °C should be avoided to limit
coalescence.

4. Conclusion

An easy wet chemistry route to prepare submicrometric
spherical UO2 particles was designed through the

Fig. 7 TG analyses and associated MS signals of water (blue), CO + CO2 (red) and NO + NO2 (green) for UO2 spherical particles prepared after
hydrothermal conversion of uraniumĲIV) aspartate (T = 160 °C; t = 30 hours; M/L = 1/3).
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hydrothermal conversion of uraniumĲIV) aspartate. An initial
amorphous precursor was obtained by mixing a hydrochloric
solution containing tetravalent uranium with aspartic acid,
resulting in quantitative precipitation. The conversion to-
wards UO2 precipitates was then operated via heat treatment
under mild hydrothermal conditions at T = 160 °C. A
multiparametric study then allowed us to specify the operat-
ing conditions leading to monodisperse and size-controlled
particles. 6 hours of hydrothermal treatment were found nec-
essary to completely convert the precursor into dioxide. More-
over, additional heating up to 30 hours appeared to be man-
datory in order to recover only spherical particles. Their size
distribution appeared to be driven by the amount of organics
in the solution, i.e. by the initial uranium/aspartic acid molar
ratio. On this basis, a minimal excess of 50% of ligand (M/L
= 1/3) was required to obtain monodisperse powders, with a
typical variation of about ±10% on the average diameter. Fi-
nally, it was possible to control the particle size by applying
magnetic stirring during the hydrothermal treatment. In a
turbulent flow regime, i.e. impeller Reynolds numbers above
104, a linear variation of the particle diameter versus the stir-
ring speed was observed, with sizes ranging from 400 nm
(1050 rpm) to 2500 nm (900 rpm), which paves the way to ap-
plications of such materials in various scientific areas. Also,

the protocol was found to be robust and reproducible, with
only very limited size variation from one batch to another.

Such a one-pot wet chemistry route appears to be very
promising for the production of spherical UO2 particles and
can be simply implemented in any nuclear chemistry lab. Ad-
ditional experiments are now in progress to extend this meth-
odology to other systems of interest, including mixed oxides
such as (U,Th)O2, (U,Ce)O2 and (U,LnIII)O2−x.
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Fig. 8 SEM observations of the UO2 spherical particles prepared after hydrothermal conversion of uraniumĲIV) aspartate (T = 160 °C; t = 30 hours;
M/L = 1/3) then heating between 600 and 1200 °C under an argon atmosphere.
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