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One of the first reports of shape-controlled uranium oxides with hierarchical structure and their
mechanism of formation.
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Abstract :

An easy way of preparation, based on the precipitation of U*" or UO,*" cations by urea
in presence of PEG at T = 90-120°C, was set up to prepare shape-controlled spherical
uranium oxides. Parametrical study of heating time and temperature allowed to tailor the size
of the mesocrystals obtained, which varied from 50 to 250 nm. For U(IV)-based samples,
advanced characterization thanks to the combination of SEM and HR-TEM observations,
PXRD and SAXS measurements revealed a hierarchical organization of the powder with three
different levels. The first one corresponded to small crystallites of about 3 nm, which grouped
into spherical agglomerates of 15-20 nm then again aggregate to produce the bigger spheres
observed (up to 200 nm in diameter). On the other hand, U(VI)-bearing spherical aggregates
were found to be more likely a meta-stable form, evolving towards the precipitation of
crystalline meta-schoepite. In a last step, the samples prepared at low temperature were fired
between 700 and 1000°C under various atmospheres in order to tailor the final O/M ratio in
the resulting oxides. In spite of the important chemical modifications associated, the
precursors were generally found to present pseudomorphic conversion towards the final high
temperature oxides, and still exhibited a spherical habit, provided the conditions of calcination

were properly selected.
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1. Introduction

For decades, self-assembly of nanoparticles leading to the formation of superstructures
with well-defined shapes is getting more and more interest in the literature '. These objects
are frequently depicted under various appellations including superparticles %, mesocrystals > or
hierarchical materials *, but all result from the aggregation of nanometric crystallites into
bigger structures through the action of molecular interactions, i.e. van der Waals, Coulombic
or hydrogen bonding, that differ from usual covalent, ionic or metallic bonds °. Among
several other compounds, the control of the morphology of the final assembly takes on a great
importance for oxides and hydroxides based materials as it could lead to significant
modifications in their behaviour. Particularly, monitoring the shape of inorganic materials
could be considered as a promising way to tailor several physico-chemical properties of
importance in various applications such as catalysis ® or electrochemistry .

Although they are far less mentioned in the literature, the need of shape-controlled
oxides also constitutes a great challenge for actinide-based materials *, and more specifically
for uranium oxides. As instance, uranium oxide nanospheres have already attracted some
attention in view of their catalytic properties, particularly in the framework of the destruction
of volatile organic compounds °. More importantly, as uranium oxide constitutes the reference
fuel for the current nuclear reactors and for several future Gen IV concepts '°, the design of
spherical uranium oxides with tailored size could allow the preparation of powders with
interesting properties, such as improved flowability ' '2. Also, such nano-, meso- or micro-
spheres could appear as helpful models to study various processes involved in the fabrication
of nuclear fuel, and particularly the early step of sintering of ceramic pellets.

In this framework, the precipitation of uranium oxide precursors through sol-gel
processes was reported for long, and usually produced spheres in the range of 100 to 500 um
1314 "On an opposite scale, some more recent works demonstrated the possibility to prepare
uranium oxide nanospheres (typically from 1 to 5 nm) through non-aqueous synthesis in
highly coordinating organic media > '®. Hence, there seems to be a lack of data concerning
the preparation of uranium oxides with controlled shape, and particularly spherical objects, at
the mesoscale, i.e. from about 10 to 100 nm, which is the classical domain of size obtained for
hierarchical structures. On this basis, this study reports the design of uranium-based
mesospheres via the initial preparation of precursors through simple aqueous precipitation of
either U*" or UO,*" cations. The influence of several parameters impacting directly the final
shape and size of the superstructures obtained, such as temperature or heating time, will also
be examined. Advanced characterization of the mesospheres by SAXS and HR-TEM will then
be used to propose some insights on their mechanism of formation. Finally, the conversion of
the precursors under oxidative or reducing atmospheres will be investigated in order to obtain

uranium oxides with tailored O/M ratios.
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2. Experimental

Chemicals. All the reagents used were of analytical-grade and supplied by Sigma-Aldrich,
except uranium sources. The preparation of uranium tetrachloride solution was performed by
dissolving uranium metal in hydrochloric acid. The metal pieces were first washed in 2M HCl
in order to eliminate possible oxide traces present at the surface, rinsed with water and ethanol
and finally dissolved in 6M HCI. Such high chloride concentration allowed us to maintain the
tetrapositive oxidation state of uranium in solution for several months ", thus avoiding
possible bias coming from the presence of U(VI) in the reacting media. The uranium
concentration of the final solution was estimated to 0.74 £ 0.02 M using the titration method
developed by Dacheux et al. ' '®. All the scraps coming from the preparation of U(IV)
hydrochloric solution were further oxidized by dissolution in concentrated nitric acid.
Uranium (VI) was then separated from impurities by adding H,O, and precipitating meta-
studtite (UO4.2H,0) 1 This latter was finally dissolved again in fresh nitric acid to reach a
final U(VI) concentration of 0.1 M.

Preparation of the samples. The synthesis of uranium oxides mesospheres was adapted from
the protocol previously reported by Wang et al. *° for the preparation of CeO, powders with
controlled morphology. Such process is mainly based on mixtures of solutions containing the
cations, urea as a precipitating agent, and a surfactant ensuring the spherical morphology of
the final product.

During our study, two different methods were investigated, starting either from
uranium(IV) in hydrochloric media or from uranium(VI) in nitric media. Even if the counter-
anion was modified depending on the system considered, no significant difference was
expected in terms of reactivity in solution, the thermodynamic constants of complexation of
uranium versus NO;™ and CI” being very close »'. Thus, whatever the starting solution and
redox state considered, 10~ mole of uranium was first poured in 50 mL of PEG solution (2.10"
*M). The mixture was then aged for 30 minutes, before addition of 5g of urea. The
precipitation was then finally performed by heating between 90 and 120°C, either on a sand
bath or in an oven. All these steps were performed under magnetic stirring in order to
maintain the precipitate in suspension.

For all the samples prepared, the solid phase was finally separated from the
supernatant by centrifugation, washed several times with deionized water then ethanol, and

finally dried overnight at 60°C in an oven.

SEM observations. Prior to their observation, the samples were dispersed in acetone and
deposited on a vitreous carbon sample holder. Scanning Electron Microscope (SEM)

micrographs were further directly recorded from the as-deposited powders without additional
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preparation such as metallization. A 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 30kV

under high vacuum conditions.

PXRD. Powder X-Ray Diffraction (PXRD) diagrams were obtained by the means of a Bruker
D8 diffractometer equipped with a Lynx-eye detector adopting the reflexion geometry, and
using Cu Ka; 5 radiation (A = 1.54184 A). PXRD patterns were recorded at room temperature
in the 5°<20 < 120° range, with a step size of A(20) = 0.03° and a total counting time of
about 1.5 hours per sample.

All the PXRD patterns were refined by the Rietveld method using the Cox-Hastings
pseudo-Voigt profile function > implemented in the Fullprof suite program **. During all the
refinement, the conventional profile/structure parameters were allowed to vary, i.e. zero shift,
unit cell parameters, scale factors, global thermal displacement and asymmetric parameters.
Moreover, the modelling of the intrinsic microstructure parameters was performed for each

phase by applying an anisotropic size model.

SAXS. SAXS experiments were performed in the transmission geometry, using a
molybdenum anode delivering a wavelength of 0.71 A. The monochromation was achieved
using a Xenocs Fox2D multishell mirror. Two sets of scatterless slits allowed the beam to be
collimated and to have a squared shape of side 0.8 mm. SAXS patterns were recorded on a
MAR345 2D imaging plate, which enabled the simultaneous detection over scattering vectors
q ranging from 0.3 to 10 nm™. In situ temperature SAXS measurements were performed using
an oven specially designed for the SAXS set-up, in which glass capillaries can be used as
sample holders. In such experimental conditions, the solid phase appeared to be suspended in
solution during the first 2 hours of reaction, then settled down to the bottom of the capillary

for longer durations.

TEM. Transmission Electron Microscope (TEM) observations were performed thanks to the
advanced technology of the JEOL JEM-ARM200F who allowed unprecedented atomic scale
analysis. This device combined a spherical aberration corrector CEOS™ and a cold field
emission gun (CFEG) which allowed information transfer below 75 pm at 200 kV. These
experimental conditions led to directly image the atomic arrangement of the samples along
various indexes zone axis. Prior to the observations, samples were simply deposited on the

grid in a solvent droplet after ultrasonic dispersion.

TG-DT Analyses. Thermogravimetric analyses were undertaken thanks to a Setaram Setsys

Evolution equipped either with a type-S thermocouple (Pt / Pt-10%Rh) when working in air
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or with W5 device (W-5%Re / W-26%Re) for analyses performed under reducing
atmosphere. After recording of a baseline using an empty crucible (100 uL), weight loss was

measured during a heat treatment up to 1000°C with a rate of 10°C.min".



CrystEngComm

3. Results and discussion

3.1. Influence of time and temperature over size and morphology

The formation of uranium-bearing mesospheres was first investigated as a function of
the heating time considered to perform the precipitation at 100°C. In such operating
conditions, the kinetics of precipitation appeared to differ significantly depending on the
starting solution used, then on the redox state of uranium. On the one hand, using
hydrochloric U(IV) solution as uranium source led to the formation of a black precipitate after
about 45 minutes. On the other, syntheses starting from uranium(VI) in nitric media
systematically led to the precipitation of a yellow powder after only 25 minutes of heating.

On this basis, the SEM observations of the U(IV)-bearing samples performed after 1
hour of heating (Figure 1) revealed the formation of spheres of about 120 nm in diameter.
Moreover, the powder could be almost considered as monodisperse since the variation in size
of the spheres was found to be very limited. A prolongation of the heating time then did not
lead to a significant increase of the spheres’ size, which was still estimated around 120 nm.
Nevertheless, from 1h30 of heating, the initial spheres start to agglomerate, leading to bigger
particles that exceed 1 um in length. This aggregation process was then pursued for longer
heating times. Again, the resulting micrometric particles observed after 2 hours seemed to
adopt a spherical habit. These observations thus confirm the capability of such easy way of
synthesis to form hierarchical microstructures.

In parallel, the powdered samples were analysed through PXRD in order to evidence
the nature of the solid obtained. Whatever the heating time considered, the patterns recorded
for U(IV)-based compounds (Figure 2a) all exhibited the characteristic PXRD lines of a
fluorite-type structure, even if the large FWHM accounted for a partly crystallized and/or
nanosized solid. On this basis, the samples obtained were identified to hydrated uranium(IV)
dioxide, UO,.nH;0. The formation of such nanosized and/or amorphous oxide at relatively
low temperature probably resulted from the initial formation of colloidal UO; in the solution,
which was already reported in the literature, either for synthetic samples or in natural systems
24,25

Moreover, the Rietveld refinement of the PXRD patterns allowed us to estimate the
average size of the coherent domains, i.e. the size of the crystallites that constitute the
elementary brick of the hierarchical structure, to about 3 nm. The hierarchical structure of the
UO,.nH,O particles then presented three different levels of organization. Indeed, the
mesospheres of about 120 nm initially obtained already resulted from the self-organization of
smaller nanoparticles, and then tend to form bigger aggregates when increasing the heating
time. Also, heating time was not found to induce significant growth processes, as the

crystallite size value was systematically found around 3 nm. Again, this result appears to be
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consistent with the initial formation of small UQO, colloids in the aqueous solution, followed

by their aggregation into spheres.

Figure 1. SEM observations of U(IV)- and U(VI)-bearing microspheres versus heating
time at 100°C.

Samples obtained from the precipitation of uranium(VI) source exhibited a rather
different behaviour versus heating time at 100°C. First, as already mentioned, precipitation
occurred significantly faster, leading to the formation of spherical grains as soon as after 35
minutes of heating (Figure 1). Even though a significantly shorter precipitation time was
considered, the size of the U(VI)-bearing superparticles was found to be twice that of
UO,.nH,0 mesospheres, with an average value close to 250 nm in diameter. Again, the
distribution in size appeared to be rather homogenous, resulting in a monodisperse powder.
Such features were further conserved after 45 minutes, but appeared to be drastically modified
when reaching 55 minutes of heating. For such operating conditions, the spherical
superstructure of the particles was no longer observed and gave way to plate-like crystals

(3

arranged into “sand-rose” aggregates. These latter appeared to be bigger than the initial
spherical particles and reached up to 3-5 pm in length.

This spectacular variation of the powder’s morphology was also linked with important
modifications in the PXRD pattern of the samples (Figure 2b). First, the spherical particles
obtained between 25 and 35 minutes of heating at 100°C mainly corresponded to an

amorphous material. In a similar way to what was observed for U(IV) samples, this could
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argue for the initial formation of colloids in the solution, that frequently appeared to be poorly
crystallized. Indeed, even occurring through a complex hydrolysis mechanism, the formation
of colloidal U305 from UOz2+ molecular ions was already described in the literature 26 After
45 minutes, the apparition of a small and wide diffraction line at about 13° seemed to indicate
the initiation of a crystallization process. This latter was confirmed by the apparition of sharp
diffraction peaks on the pattern at t = 55 min., which were assigned to the formation of a

27,28 29
**%, schoepite

mixture of ammonium uranate (with general formulae (NHy4),U,O5.nNH3)
and meta-schoepite *° ([(UO,)sO2(OH)12](H20)10.12). On this basis, prolonging the heating
time during the preparation of U(VI)-based samples did not result in an amplification of the
aggregation processes, like for U(IV). Most likely, it probably induced a combination between
hydrolysis and dissolution/precipitation mechanisms to reach the precipitation of crystallized

phases.
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Figure 2. PXRD patterns of the samples prepared from U(IV)- (a) and U(VI)-bearing (b)
solutions versus holding time at 100°C. Theoretical diffraction lines of UO,
(JCPDS 071-6416)*" are gathered for comparison purposes.

In a second step, the morphology of the samples prepared was investigated as a
function of the temperature of precipitation in the range 90-120°C. In this purpose, the heat
treatment duration initially considered, i.e. 1 hour for U(IV) compounds and 35 minutes for

U(VI) samples, was conserved. Nevertheless, it was not found to be sufficient to reach the

-9.-
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precipitation of a solid phase at 90°C. For this lower temperature, heating times of 3 and 2.5
hours were achieved for U(IV) and U(VI) samples, respectively.

Conversely to the heating time, the temperature appeared to significantly modify the
size of the UO,.nH,0 mesospheres (Figure 3). Indeed, their formation at 90°C resulted in the
preparation of very small superparticles of about 15 to 20 nm in diameter, thus corresponding
to the aggregation of a dozen of elementary crystallites. As previously evidenced, the size of
these aggregates increased by a factor of 5 to 10 when heating at 100°C, and reached about
120 nm. Once again, this result indicated that the formation of U(IV)-bearing mesospheres is
not driven by nucleation/growth mechanisms, but more likely by aggregation processes, that
are usually encountered in self-assembly inorganic materials °. This tendency was then
confirmed by the micrographs recorded on the samples prepared at 120°C for which the size
reached up to 250 nm diameter. Nevertheless, this increase of the spheres’ size also appeared
to be accompanied by a moderate change of morphology, illustrated by slightly angular edges.
The spherical shape of the superparticles then seemed to evolve to a cubic habit which should

be the most stable one, owing to the fluorite-type structure of uranium(IV) dioxide.

U(v)

UV

Figure 3. SEM observations of U(IV)- and U(VI)-bearing microspheres versus heating
temperature. The minimal reaction time required to observe precipitation was
considered for each temperature investigated.

In a similar way to what was stated when looking at the influence of heating time, the

effect of temperature over the morphology of U(VI)-bearing samples was found to differ from

-10 -
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that of UO,.nH;0. Indeed, solely the temperature initially chosen to perform the preparation
of shape-controlled U(VI)-based samples (100°C) allowed the formation of mesospheres. For
lower temperatures, the important slow-down of the precipitation kinetics led to poorly
defined grains of about 500 nm in length, composed of smaller nanoparticles. Conversely,
increasing the temperature up to 120°C resulted in the early formation of sand rose-like
aggregates that suggest the crystallization of schoepite, meta-schoepite and ammonium
uranate. From these observations, the formation of the mesospheres thus appeared to be a
transient step, which probably occurs during a progressive hydrolysis reaction leading from
amorphous U(VI)-bearing colloids in solution to crystalline phases. Hence, in this particular
case, neither the heating time nor the temperature could be used as a pertinent process
parameter to monitor the size of the spherical particles obtained. However, such size control
might be achieved by varying chemical parameters, and especially the initial concentration of

surfactant within the reacting media.
3.2. Investigation of the aggregation mechanism

In order to obtain further insights into the formation mechanism of the mesospheres, in
situ small angle X-ray scattering (SAXS) experiments were performed on the reacting media
containing U*" cations. After having measured the SAXS diagram of the starting mixture at
room temperature (see the “O min.” pattern in Figure 4a), temperature was set at 90°C.
Scattering patterns of the sample were then recorded every 20 minutes, which therefore
corresponded to our time resolution (Figure 4).

After 20 minutes at 90°C, the SAXS profile appeared to be very close to that recorded
from the unheated reacting media. No signal coming from nanometric objects was therefore
detected. Conversely, a signal emerged at low angle after 40 minutes, and then grew until 120
minutes of heating at 90°C. Moreover, the shape of this signal slightly evolved with the
heating time. In particular, a shift in the positions of oscillations towards smaller scattering
vector values was observed. After 120 minutes of heating, the positions of the oscillations no
longer evolved, but a progressive decrease of the signal at low scattering vectors was
observed.

The signal observed at small angle values was thus fitted with a mathematical function
reproducing the form factor of non-interacting spheres *2. The sphere diameter was adjusted in
order to get the best agreement between the numerical simulation and the experimental data.
An example of such an adjustment is given as supplementary information for the spectra
recorded after 120 minutes of heating (Figure S1). For each simulation, a Gaussian
distribution of diameter was considered in order to take into account the polydispersity of the
objects. For the 40 min. profile, the mean diameter of the spheres was found to be about 9 nm
with a Gaussian distribution of full width at half maximum (FWHM) of 4 nm. Then, the mean

-11 -
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sphere diameter increased up to 13 nm (FWHM =5 nm) after 60 minutes and finally reached a
nearly constant diameter of 16 nm (FWHM = 5 nm) after 80 minutes (Figure 5).
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Figure 4. SAXS profiles of the starting mixtures at T = 90°C, recorded each 20 minutes
between 0 and 120 minutes (a) and between 120 and 200 minutes (b). The
diagram denoted “0 min.” was recorded at room temperature.

Moreover, the fitting procedure performed allowed the measurement of the volume
concentration of spherical objects in the reacting medium. The evolution of the number of
spheres of mean diameter 16 nm is thus depicted in Figure 5 and clearly presented two
distinct steps. During the first phase (between 40 and 120 minutes), a quick increase of the

-12 -
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number of spheres was observed until a maximum was reached after 120 minutes of heating.
Also, it is important to note that only the spheres with a diameter of 16 nm were numbered,
but spheres of smaller diameter were also detected after 40 and 60 minutes. Therefore, this
first phase appeared to correspond to a “growth” regime, probably driven by the aggregation
of the elementary crystallites previously evidenced by Rietveld refinement of the PXRD
patterns. During the second phase, the size of the spheres no longer evolved. Moreover, one
can observe a linear decrease of the spheres concentration in the sample. Such evolution could
be related to the progressive sedimentation of the spheres to the bottom of the sample holder.
The spheres thus progressively exit the probed volume and settled down. Small amounts of
powders were indeed visible at the bottom of glass capillaries at the end of the experiment.
This phase could then be illustrated as the “sedimentation” of the 16 nm mesospheres initially
formed from the elementary crystallites. Similar process might also have occurred during the
first phase, but was probably less significant and hindered by the growth of the aggregates.
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Figure 5. Evolution of the volume concentration of UO,.nH,O mesospheres with

diameter = 16 nm (M) and of the mean sphere diameter (0) in the synthesis
medium.

The hierarchical structure suggested by combining PXRD and SAXS analyses was
finally verified by performing HR-TEM observations of the U(IV)-based samples prepared at
90°C (Figure 6). The micrographs recorded with an atomic resolution revealed several scale
of organization which appeared in good agreement with the results previously exposed. First,

the existence of small coherent domains was clearly evidenced by the presence of numerous

-13 -
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lattice fringes (see green circle on Figure 6), resulting in a crystallite size close to the value of
3 nm determined through PXRD. These crystallites themselves arranged into bigger particles
(blue circle), of about 10 to 20 nm in diameter. Such objects probably constitute the spheres
detected during SAXS measurements. Also, one can note that both single mesospheres and
aggregates built from several of them were evidenced. This tendency to the aggregation then
probably contributed to the sedimentation step evidenced by SAXS. Moreover, these
observations again confirm the assumption previously evocated concerning an higher level of
organization, that led to spherical objects with sizes typically varying from 100 nm to 1 pum,
depending on the heating time and temperature considered. Finally, EDS analyses coupled to
the HR-TEM observations also permitted to reveal the presence of carbon as residual organic
material inside the aggregates (see the orange insert in Figure 6). This latter probably
originates from the presence of PEG as a surfactant in the initial reacting mixture, and was not

fully eliminated by the various washing steps performed.

Figure 6. HR-TEM observations of the U(IV)-bearing samples prepared after heating for
3 hours at 90°C. The dimensions of the zone detailed in insert are
5.12 x 3.65 nm.

3.3. Conversion toward uranium oxides

In order to finally perform the preparation of uranium oxides with controlled
morphology, the conversion of the precursors synthesized was performed through a heat
treatment at high temperature. In this purpose, two different atmospheres of calcination were

considered, i.e. air and reducing Ar/H,, to tailor the final O/M ratio of the oxides.

-14 -
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The transformation of the two precursors prepared into final oxide samples was first
investigated through thermogravimetric analyses (Figure 7). For mesospheres obtained from
uranium(I'V) solution, similar behaviour was observed when working under reducing or
oxidative atmospheres. Under Ar/H,, a progressive weight loss of about 6% of the initial mass
was observed when heating up to 400°C, and was assigned to the departure of one water
molecule leading to anhydrous UO,. On this basis, and considering the results obtained from
the XRD characterization of the precursor sample, the initial formulae of U(IV)-bearing

mesospheres could be written as UO,.H,O.
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Figure 7. TG analyses performed during the decomposition of U(IV)- (a) and U(VI)-
bearing (b) precursors under Ar/H, (black) or air (red) atmosphere.
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More surprisingly, the relative weight loss measured in oxidative conditions appeared
to be higher than that recorded in reducing atmosphere. Indeed, if the dehydration process of
uranium(I'V) oxide hydrate was found to take place in a similar range of temperature, an
additional loss of about 2 to 3% of the initial mass occurred above 400°C. This feature could
be correlated to the more efficient elimination of the residual carbon content evidenced in the
samples from the TEM observations under air 33, Moreover, no weight gain correlated to the
oxidation of U(IV) was observed. Nevertheless, such phenomenon only accounted for a small
weight variation and probably occurred concomitantly to the dehydration process.

On the other hand, the thermograms recorded during the decomposition of U(VI)-
bearing precursors appeared more complex owing to the mixture of phases obtained initially.
Nevertheless, the various steps observed when heating under reducing conditions fitted well
with that reported in the literature for the dehydration then the decomposition of meta-
schoepite **. Indeed, a first loss of about 8 % was measured up to 400°C and assigned to the
successive dehydration of meta-schoepite into related schoepite, then anhydrous schoepite.
The second step was recorded from 400 to 450°C and corresponded to the reduction of
UO;.H,0 to UsOg, resulting in an additional loss of 5% of the initial mass. Finally, the last
transformation, that appeared to occur progressively between 550 and 650°C, was correlated
to the complete reduction of uranium as U4+, leading to the formation of UQ,.

As it was observed for UO,.H,0, the decomposition of U(VI)-bearing precursor in air
led to an higher weight mass loss. Again, this result was assigned to the more efficient
elimination of residual carbon species under oxidative atmosphere. On this basis, the
progressive weight loss observed from room temperature to 500°C probably corresponded to
the simultaneous dehydration of the precursor and to the oxidation of uranium(IV) into
uranium(VI), leading to the formation of UO;. The final and sharp weight loss of about 4%
evidenced at 600°C was further assigned to the formation of U;Og.

The nature of the uranium oxides obtained after heating at 1000°C (t = 1 hour), either
under reducing or oxidative conditions, was further checked by the means of PXRD (Figure
8). As expected from the TGA results, the modification of the operating conditions chosen for
the heat treatment allowed us to tailor the O/M ratio in the final samples. Whatever the
starting precursor considered, UO, was obtained when working under reducing Ar/H,
atmosphere. For both samples, PXRD patterns exhibited the typical diffraction lines of the
well-known fluorite type structure of uranium dioxide. Moreover, Rietveld refinement (Table
1) led to values of the unit cell volume that appeared to be slightly higher than those reported
in the literature (typically about 163 A® in our study versus 161 A’ for stoichiometric UO,
samples 3 4). This large value of the lattice could again account for the presence of carbon in
the samples, which was not fully eliminated during the calcination step under reducing

atmosphere. From these data, the carbon material appears to be directly inserted in the
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fluorite-type structure of UQO,, probably as interstitial defects. This result appeared to be in
good agreement with the unit cell volumes already reported in the literature for UO, samples
prepared from metal-organic precursors, such as oxalates, for which the thermal conversion
under reducing conditions systematically led to the presence of residual carbon into the lattice
35

Similarly, heating the precursor in air always led to the preparation of orthorhombic
(pseudo-hexagonal) UsOg (space group Amm2) °°. In this case, the unit cell parameters
determined through Rietveld refinement fit well with those reported in the literature (a =
4.148 A, b =11.966 A, c= 6.717 A "), thus excluding the presence of large amounts of
impurities inserted in the structure.
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Figure 8. PXRD patterns of the oxide phases obtained from the heat treatment of U-
bearing mesospheres at 1000°C under Ar/H, (black) or in air (red) atmosphere.
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Table 1. Unit cell parameters of the oxide phases obtained after heat treatment at 1000°C.

Atm. Compound a (A) b (A) c(A) V (A%
vav) air U0y 4.1463(1) 11.9476(3) 6.7207(2)  332.94(2)

Ar/H, U0, 5.4695(1) - 163.62(1)
. air U0y 4.1454(1)  11.9378(3) 6.72102)  332.60(1)

Ar/H, U0, 54671(1) - 163.40(1)

In a last step, the morphology of the powders obtained after heating at high
temperature, either under oxidative or reducing atmosphere, was examined by the means of
SEM observations (Figure 9). Whatever the starting compound considered, heat treatment
under air generally led to significant modifications of the morphology of the powders. Indeed,
samples heated at 1000°C for 1 hour did not evidenced any spherical habit but more likely
angular grains that already started to sinter. The initiation of this densification step is
particularly marked by the formation of numerous grain boundaries. Such important
difference compared to the initial shape of U(IV)- and U(VI)-based precursors probably
originates from the O/M values in the oxides considered that are frequently associated to an
acceleration in the grain growth and sintering kinetics ¥ Indeed, uranium diffusion in
orthorhombic U;Og proceeds at rates much faster than in UO, ¥ with Dy values comparable
to that determined in super-stoichiometric UO; 2,. Such difference in the diffusion coefficients
could be as high as 3 orders of magnitude when comparing log Dy at 1500°C for UO, and
U0, ™.

Lower heating temperature must thus be considered to still obtain U3Og mesospheres.
Based on the results obtained by TG analyses, additional heat treatments were then performed
at 700°C. Despite the important weight loss associated to such operating conditions, they
yielded in the pseudomorphic conversion of both U(IV) and U(VI) precursors and to the
production of UsOg spherical grains. Nevertheless, these latter exhibited smaller sizes than the
initial mesospheres. This trend was limited when starting from U(VI)-based compounds, as
the final diameter of the objects was found to be about 220 nm. On this basis, the
decomposition associated to the heat treatment probably led to the creation of an important
amount of porosity within the sphere and did not result in its densification. Such behaviour
was already observed during the conversion of other metal-organic systems into fluorite-type

.. 41, 42
dioxides "

. Conversely, the samples prepared for U(IV)-bearing precursors presented a
significant shrinkage, with a final size close to 60 nm, which might be assigned both to the
redox reactions taking place during the conversion leading from UQO, to U3;Og, and to the

smaller size of the initial grains.
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SEM observations of uranium-bearing samples obtained after heating at 700°C
or 1000°C under various atmospheres.
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Uranium(IV) and uranium(VI)-based mesospheres prepared at low temperature also
exhibited different behaviours when heating at high temperature under reducing conditions.
Indeed, the conversion of the initial U(VI) precursors, thus their reduction into UO,, did not
cause significant modifications, neither concerning the morphology nor the size. In a similar
way to what was observed in air, UO, spheres produced thus must present important amounts
of porosity. Conversely, the calcination of UO,.nH,O precursor resulted in a strong
coalescence of the grains. Such phenomenon illustrates the first step of the powder’s sintering,
which is characterized by the formation of necks between the grains. In this case, the kinetics
of bridging must have been fastened by the small size of the grains initially considered, close
to 100 nm, which is usually associated to a strong reactivity of the powder then to an
important sintering capability. Nevertheless, even if the operating conditions chosen did not
allow the preparation of spherical objects, they should probably be obtained by considering

lower temperature of calcination.

-20 -



CrystEngComm

4. Conclusion

An easy way of synthesis, based on the use of wet chemistry methods, was developed
to prepare shape-controlled uranium oxides. In this aim, several precursors were obtained by
mixing acidic solutions containing either U*" or UO,*" cations, with urea acting as a
precipitating agent and PEG as surfactant. For several of the experimental conditions
explored, either in terms of heating time or temperature, this protocol yielded in the
preparation of uranium-based spheres, with sizes varying typically from 50 to 250 nm. In this
sense, these objects constitute one of the first shape-controlled actinide compounds with a
hierarchical structure reported in the literature.

Moreover, the study of the influence of heating time and temperature allowed to
precise the mode of formation of such uranium-based mesospheres, which appeared to depend
on the redox state initially considered. On the one hand, for all the conditions studied, U(IV)
was found to form from UO,.H,O colloids that demonstrated a strong tendency to
aggregation. Indeed, the combination of SEM and TEM observations with SAXS
measurements revealed a hierarchical organization of the powder with three different scales.
The first one corresponded to small crystallites of about 3 nm and acted as the elementary
brick of construction. These latter then grouped into spherical agglomerates of 15-20 nm then
again aggregate to produce the bigger spheres observed, that can reach up to 200 nm in
diameter. On the other hand, the preparation of spherical objects incorporating UO,*" cations
was found to be more dependent on the precipitation conditions. As very distinct
morphologies and crystal state were evidenced when varying heating time or temperature, the
formation of U(VI)-bearing mesospheres could be considered as a meta-stable form, finally
leading to the precipitation of crystalline meta-schoepite.

Finally, the compounds prepared at low-temperature were generally found to present
pseudomorphic conversion towards the final high temperature oxides, which still exhibited a
spherical habit, provided the conditions of calcination were properly selected. This study thus
paves the way to the preparation of a wide variety of shape-controlled actinide oxides.
Particularly, the study of thorium-based compounds is now under progress and will provide

interesting models exempt from redox reactions.
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