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This paper describes a new way of preparing nanometric powders of uranium oxide, to fit the needs of
studies on UO, oxidation, through the electrochemical reduction of U(VI) into U(IV). These powders can
also be doped with radionuclides if necessary. The precipitation of oxides occurs in reducing and anoxic
conditions. This original method makes it possible to synthesize nanometric UO, powders with a
calibrated size, as well as the Th- and La-doped UO, powders with a predefined composition. The
powder characterization by the X-ray diffraction, X-ray photoelectron spectroscopy and transmission
electron Microscopy shows the formation of spherical crystallites of UO5.y, (Th,U)O2., and (La,U)O05.x
phases. The composition can be defined by the initial Th/(Th+U) and La/(La+U) ratios in solution and the
particle size can be controlled by varying the pH.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The oxidation of uranium dioxide has been studied for more
than 50 years. It was first studied [1 and references therein] for
fuel fabrication purposes and then later on for safety purposes to
design a dry storage facility for spent nuclear fuel that could last
several hundred years [2]. Therefore, knowledge of the changes
occurring during the oxidation process is essential and a sound
prediction of the behavior of uranium oxides requires an accurate
description of the elementary mechanisms occurring on an atomic
scale. Only the models based on elementary mechanisms should
be able to provide a reliable extrapolation of laboratory results
over timeframes spanning several centuries. The oxidation of UO,
powders is usually partitioned in two stages: the first is associated
with a pseudo-parabolic weight gain curve, while the second is
associated with a sigmoid weight gain curve [3]. The pseudo-
parabolic curve, attributed the formation of U409 and U30; on
UO, powders, indicates a diffusion-controlled mechanism [4].
This mechanism was modeled with a finite difference algorithm
[5] that was recently developed. The sigmoid curve is generally
interpreted as the oxidation of U305 into U3Og with a nucleation
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and growth mechanism [6]. This sigmoid curve is still a subject of
debate in its quantitative interpretation. More precisely, the
apparent activation energy for UsOg formation deduced from the
kinetic analysis of the experimental sigmoid curves, based on
Avrami type laws, differs widely from 48 to 194kjmol~!
depending on the authors [6]. It was recently proven [7] that
macro-cracking of the initial UO, sample changes the weight gain
curves from which the apparent activation energy is deduced.
Therefore, the actual activation energy of UsOg can only be
obtained on a sample unaffected by macro-cracking, i.e., powders
with a grain size less than the critical size needed for macro-
cracking [7-9]. The available industrial powders, obtained in dry
or wet conditions, have an inhomogeneous grain size and are
agglomerated. Moreover, some grains are stuck together and can
be separated using oxidation by macro-cracking, which makes
them unexploitable for a study on the UsOg activation energy.
Some UO, nanoparticles were recently produced by irradiating
U(VI) solutions with electrons and y-radiation [10], which yielded
small particles with a narrow size distribution (22-35nm).
However, the powder did not consist of stoichiometric UO,, but
rather of a mixture of oxidation states: U(IV), U(V) and U(VI), with
the likely existence of hydroxide or oxo-hydroxide phases, making
them unusable for a proper study on UO, oxidation.

This paper describes an original method that can be used to
synthesize UO, powders by the wet process, and thus avoid the
drawbacks associated with industrial powders. The method is
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based on the electrochemical reduction of U(VI) into U(IV) and the
precipitation of UO, in reducing and anoxic conditions at a
constant pH. Moreover, the behavior of irradiated UO, depends on
its radionuclide content, which means it is necessary to have
radionuclide-doped UO, powders to reproduce the behavior of
irradiated fuel. It will be shown that this technique can also be
used to obtain UO, powders with different grain sizes and doped
with tetravalent or trivalent elements [11,12].

2. Experimental
2.1. Starting solutions

All solutions were prepared with degassed Milli-Q water
(Millipore, 18 MQ cm) and all chemicals used were of analytical
purity. Stock solutions of U(VI), Th(IV) and La(Ill) were, respec-
tively, prepared by dissolving UO,(NOs), - 6H,0, Th(NOs3),4 - 4H,0
and La(NO3); - 6H,0 in 1 M NaCl. Different starting solutions with
different Th/(Th+U) and La/(La+U) ratios were prepared from
these stock solutions. The HCl and NaOH stock solutions were
prepared in a glove box (MBraun, MB-200 with an extension
model MB-200 MOD-E 1250/1000) under a nitrogen atmosphere,
using the degassed water. The U(IV) stock solution was prepared
in the glove box by electrolytic reduction of the initial U(VI)
nitrate solution in the absence of O,. The pH of this solution was
kept below 1 to ensure the stability of U(IV). The U(IV) absorption
spectrum was monitored periodically by a UV-vis spectrophot-
ometer (Shimadzu, UV-2401PC) connected directly to the glove
box by optical glass fibers (from 350 to 750nm) capable of
indicating a decrease in the U(IV) concentration with a sensitivity
of 1%.

2.2. Synthesis method

All experiments were performed in a glove box under a
nitrogen atmosphere for several days inside a reaction vessel
containing 1M NaCl (50-100mL) at ambient temperature. The
method is based on the electrochemical reduction of U(VI) into
U(IV) using a galvanostat (Radiometer Voltalab 21), with the
precipitation of UO,, doped or not, occurring in reducing and
anoxic conditions (N, bubbling) at a constant pH. Two synthesis
methods were possible depending on the pH.

In the pH-range of 2.5-4, only UO,., and (Th,U)O,., were
studied. In fact, a previous publication showed that the precipita-
tion of La(Ill) with UO,., only occurred for pH higher than 6 [13].
Therefore, an aliquot of the starting U(VI) or (U(VI)+Th) solutions
were added to the NaCl solution under reducing conditions
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(Fig. 1). U(VI) was reduced electrochemically to U(IV) at a fixed pH
and UO,. or (Th,U)O,., precipitated. The pH increases due to the
coulometric titration as compensated by the continuous addition
of necessary quantities of the titration solution (HCl 0.1 M).

In the pH-range of 4-8, this method of synthesis did not lead
directly to the precipitation of U(IV) solid phases, but first to the
formation of schoepite or Na-polyuranates due to the high initial
uranium concentration (0.005 m). Then the reductive dissolution
of the U(VI) phases was too slow to allow for the formation of UO,.
In order to avoid U(VI) precipitation, the dissolved U(IV), or
(U(IV)+Th(IV)), or (U(IV)+La(Ill) (0.03 M, pH<1)) was, therefore,
added slowly using an automatic burette (Titrino 718 STAT
Metrohm), directly to the 1M NaCl solution at the selected pH
value (Fig. 2). The addition of this solution acidified the solution,
which was counterbalanced by adding NaOH (0.1 mol/L) to keep
the pH constant.

The stability of the reducing conditions in starting solutions,
during both the test and sampling, was insured by various
methods. Fig. 3 presents the solubility diagram of U0%"/U*" at
25°C as a function of redox potential (—5<pe<10) for pH
between 4.5 and 10 [14]. The redox potential, pe, is calculated
from the measured potential, Eh, versus the normal hydrogen
electrode (NHE) according to the following equation:

_ Ep(mV)
P¢="593

The solid phases controlling the solubility are also indicated.
Based on this figure, it is necessary to ensure a reduction potential
lower than —150 mV/NHE (pe = —2.5) in the pH-range of 5 to 9 to
remain in the stability range of UOy. This is indicated by the
dotted line (Fig. 3). Hence, the redox potential Eh was fixed at
—300 mV/N.H.E. In the pH-range of 2.5-4, the reduction potential
was obtained by the UO3"/U*" equilibrium, making it possible to
remain in the stability range of water.

Hence, all tests were run under permanent coulometric
reduction conditions, which were ensured by two platinum
electrodes (Radiometer Analytical). These electrodes were spe-
cially engineered for our experiment [11]. Because U(IV) readily
oxidizes into U(VI) in the presence of O, both during the
experiment and sampling, the removal of the oxygen traces of
about 0.1 ppm in nitrogen gas was ensured using a redox cycle
[11,15]. The nitrogen gas, containing oxygen traces (<100 ppb)
was splashed through a NH4VOs3 solution containing a ZnHg
amalgam. The vanadium solution was used as a color indicator.
When the amalgam was no longer efficient, the violet vanadium
(II) was oxidized by oxygen to form red-brown peroxovanadium
cation. The purified nitrogen gas was then saturated with Milli-Q
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Fig. 1. Schematic diagram of the first synthesis method: UO,., and (Th, U)O,., nanopowders obtained in the pH-range of 2.5-4.
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Fig. 3. Solubility diagram of UO3*/U*" at 25°C as a function of redox potential
(—=5<pe<10), for a pH between 4.5 and 10. The solid phases controlling the
solubility are indicated ([U]ior = 10> mol/L). The stability fields of the solid phases
are indicated by the dashed lines. Dotted line indicates the minimum reduction
potential —150 mV/N.H.E (pe = —2.5) to remain in the stability range of UOy(c) in
the pH-range of 5-9.

water and NaCl (1 M) before bubbling in the precipitation cell. The
pH values were maintained constant (within+0.05 unit) with
both synthesis methods using the above-mentioned burette. The
pH values were measured continuously with a Metrohm combi-
nation glass electrode calibrated against NIST pH standard buffers.
In order to keep the system as chemically simple as possible, N5
bubbling makes it possible to maintain CO,-free conditions during
experiments.

Before introducing uranium, the pure 1M NaCl solution was
titrated coulometrically to reach a selected pH value and to
remove any remaining traces of dissolved oxygen.

At the end of the experiments, the samples were filtered using
a 0.22 um filtrate, and the precipitates were washed twice with
ultra-pure water to remove any NaCl traces prior to storage in the
glove box.

2.3. Characterization of powders

X-ray diffraction (XRD) patterns of solid precipitates were
obtained using two different diffractometers:

e an INEL diffractometer equipped with a curved position-
sensitive detector (CPS 120 INEL) and monochromatic Co-Koy
X-rays (4 = 0.17889 nm) obtained with a primary focusing Ge
monochromator,

e an INEL CPS120-equipped powder diffractometer set up in a
horizontal Debye-Scherrer geometry using Cu Ko, radiation
(A =0.154056nm). In this case, Lindemann glass capillaries
were used as sample holders.

The average coherent domain size was calculated from the
broadening of the diffraction peaks using the Scherrer’s equation.
High-resolution transmission electron microscopy (HRTEM)
observations were made with a 200kV cold-type field emission
TEM (Hitachi HF 2000) equipped with a Gatan 666 multichannel
spectrometer for electron energy loss spectroscopy (EELS) experi-
ments. The experimental conditions led to an energy resolution of
0.9 eV full width at half-maximum (FWHM) for the zero loss peak.
The energy dispersive X-ray (EDX) experiments were carried out
with an X-ray detection system Kevex equipped with a Si/Li diode.
The TEM was used to determine the structure of precipitates and
particle size. The spot size was 60 nm, probe convergence semi-
angle, a~2.4mrad and inelastically scattered electrons were
collected inside a semi-angle, f~50 mrad.

Surface area measurements were performed using the BEL-
SORP-mini II apparatus from Apollo Instruments with N, adsorb-
ing gas. Samples (122 mg of powder) were outgassed at 398 K. The
Brunauer-Emmett-Teller (BET) method was used to calculate the
surface area from the isotherm of nitrogen adsorption. The mean
apparent particle diameter of crystallites was inferred from the
surface area based on the assumption that the nanometric
crystallites were smooth and spherical with a narrow granulo-
metric distribution.

The solid surface was also characterized by the X-ray
photoelectron spectroscopy (XPS) (LHS 12 Leybold). Exposure to
atmospheric oxygen was limited to the time necessary to transfer
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the samples into the evacuated sample compartment. XPS spectra
were obtained using the unmonochromatized Mg Ko X-ray
radiation source (1253.6eV). The measured full-width at half-
maximum peak height for the Ag3/? band was (0.87 +0.03) eV. The
energy scale of the spectrometer was calibrated using the
following line positions in the noble metals: Cu3}?, 932.67 eV
and Aujf, 83.99eV. The energy resolution was improved by
reducing the pass energy to 31.5eV.

3. Results of UO,., and (Th,U)0,., synthesis with calibrated
size

The solid phases were first characterized by the XRD. Fig. 4a
shows the XRD diffractograms obtained from a UO,., solid
precipitate at pH 2.5, while Fig. 4b shows those obtained from
two (Th,U)O,.x solid precipitates at pH 2.5 with initial ratios
Th/(Th+U) in solution of 0.1 and 0.5. All XRD diffractograms of the
solid precipitates at pH<4 show several broad peaks indicating
the formation of single fluorite UO.y or (Th,U)O;.x phases.
Concerning UO,.,, the average cell parameter was close to
(0.54474+0.0001) nm, which corresponds to the partly oxidized
phase UO5 19 0.01- Concerning (Th,U)O,.y, the line broadening was
too large to allow for an accurate determination of solids
composition. In a previous publication, however [12],
comparison between the lattice parameters obtained from our
diffractograms and values calculated using the Cohen and Berman
relationship for (Th,U)O,., solid solutions based on the initial
Th/(Th+U) ratios in solution showed that the lattice parameters
obtained from our data were close to the calculated values. Hence,
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this suggests that crystalline (Th,U)O,., phases are formed for this
pH-range with a composition determined by the initial Th/(Th+U)
ratio in solution. The line broadening indicates an average
coherent domain size of about (124+2)nm.

For pH values >3, the line broadening was too large to
accurately determine the lattice parameter (Fig. 4b) due to the
small particle size. Hence, transmission electron microscopy was
preferentially used to characterize solid precipitates. At pH 6.5,
the Scherrer’s equation led to a coherent particle size range of
4-6 nm. The same solid phase was observed by HRTEM. Figs. 5a
and b show that spherical nanocrystallites of UO,., are formed
with a particle size between 4 and 6 nm, in agreement with XRD
results. Moreover, the estimation of the lattice parameter gives
(0.545+0.005)nm from an average diq; interplanar distance of
(0.315+0.003) nm, which corresponds to an average composition
of UO2.11 +0.02-

The BET surface area of this powder is equal to
(10.34+0.1)m?g~". This value is consistent with a moderately
agglomerated powder, since the mean particle diameter deduced
from this value is 53 nm, which is significantly higher than that
obtained by both the XRD and TEM analysis. This difference is
probably due to the sampling. Filtration tends to result in an
agglomeration of the powders that are directly used for BET
analysis, whereas these powders were dispersed for TEM
characterization as seen in Fig. 5a.

Fig. 6 shows nitrogen adsorption-desorption isotherm of UO5.
obtained at pH=6.5. An adsorption step combining
chemisorption and physisorption is revealed by this isotherm
(first branch). This step is followed by a desorption step with
physisorption only (second branch). The desorption branch
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Fig. 4. XRD diffractograms: (a) UO2., and (b) (Th,U)O2.x. 4 = 0.154056 nm.

Fig. 5. HRTEM observation of UO,., powders obtained at a pH 6.5 (a) and (b).
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Fig. 6. Nitrogen adsorption-desorption isotherm of UO,., obtained at pH = 6.5.
plpo is the nitrogen relative pressure.

exhibits a IV-type shape in the IUPAC classification, associated
with capillary condensation in mesopores. Below a p/po relative
pressure of about 0.4, the adsorption is characteristic of
monolayer-multilayer adsorption. At higher relative pressure,
capillary condensation in mesopores takes place, these pores
should result of the nanograin stacking.

Finally, a quantitative analysis of the precipitates was con-
ducted by XPS to determine the U(VI)/U(IV) ratio. In fact, Ugs
bands are very sensitive to the chemical state of the uranium atom
and the binding energies increase with the oxidation state [16].
For example, the U4 band occurs at ~379.9¢eV in UO, and at
~381.6eV in UO5 [17,18]. As seen in Fig. 7, the U5f? photoelectron
line can be resolved into U(VI) and U(IV) components to
determine their relative amounts [19]. The quantitative analysis
of our precipitates gives an U(VI)/U(IV) ratio close to 0.10, which
corresponds to an average composition UO; g9 002 This value is
in good agreement with the TEM-based calculation, and it appears
that the composition of UO,., obtained in our experiments is close
to UO2.10+ 0.02-

Previous tests have shown that it is possible to produce very
small uraninite crystallites of an average diameter of only 3 nm
[20]. In order to allow for the formation of larger UO, particles, it
was therefore necessary to add the acid U(IV) solution (about
~1-10 pl/min) at a very slow rate to decrease the nucleation rate
of UO,. In comparison, the grain size increases when the current
decreases in the pH-range of 2.5 to 4, which corresponds to slower
kinetics, which enhances grain growth [11,20]. It must also be
pointed out that slower kinetics prevent the formation of
schoepite or Na-polyuranates, the reductive dissolution of which
is very slow before UO, formation.

In parallel, the average particle size decreases with an
increasing pH, from 12nm at pH 2.5 to 4-6nm at pH 6.5. This
demonstrates the influence of pH on the surface area. This
observation is in good agreement with a study on the precipita-
tion of nanoparticles in an aqueous medium [21].

Finally, the differences obtained for the O/U ratios are strong
evidence that work should be conducted in an anoxic glove box to
minimize the oxidation of UO, powders, which is known to be
very fast even at 25 °C [22], particularly during the sampling and
the characterization experiments.

4. Results of (ThyU;_,)0,., and (La,U;_,)0., powders with
defined compositions

The role of radionuclides - existing in the fuel after irradiation
- needs to be taken into account, so as to study the oxidation
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Fig. 7. U4? and U3f? XPS peaks of UO,., obtained at pH 6.5. Typical deconvolution
of Uyr has been realized: U(IV) and U(VI) contributions.

kinetics of irradiated UO,. Therefore, our precipitation method
was used to synthesize UO, doped with radionuclides. The first
tests were conducted with Th(IV) and La(Ill). Thorium may
demonstrate homologous behavior to that of other tetravalent
actinides (e.g. Np**, Pu** and Pa*") with respect to the ionic radius
and ionic charge, whereas La is homologous to trivalent actinides
(e.g. Pu®*, Np**, Am>" and Cm>*) with respect to the ionic charge.
The main difference between the behavior of Th(IV) and La(lII) is
due to their own intrinsic solubility. In a previous study,
coprecipitation experiments showed clearly that their precipita-
tion strongly depends on the pH [11]. Hence, the experiments
were conducted in the pH-range between 2.5 and 9 for Th(IV) and
5 to 9 for La(III).

Stock solutions of Th(IV) and La(lll) were prepared by
dissolving both Th(NOs)4-4H,0 and La(NO3);-6H,0 in 1 mol/L
NaCl. The previous U(VI) solution was replaced by different
starting solutions with different Th/(U+Th) and La/(U+La) ratios
prepared from these stock solutions.

As observed for UO,.x, XRD diffractograms cannot be used to
accurately determine the composition/structure of solids due to
the small particle size. Hence, transmission electronic microscopy
was chosen to characterize solid precipitate.

Figs. 8a and b show the HRTEM observations obtained from
UO, powders doped with Th(IV) and La(Ill), respectively. Contrary
to the precipitation of amorphous Th(OH),(am) and La(OH)s(am)
in these conditions [11], spherical nanocrystallites were formed in
presence of uranium in all cases, as was observed in the case of
UO,.x, While no amorphous phases were observed. Moreover,
Fig. 8b shows that the interplanar distance, di;, increases to
0.326+0.007 nm, which is in good agreement with changes in the
lattice parameter of (LayU;_,)0..x solid solution [23].

Moreover, a qualitative XPS analysis provided information on
the environment of the atoms. This technique was used to analyze
the surface of thoria-urania solid solutions during dissolution
experiments [24]. Hence, the Th3}? and Th3f* bands for Th(IV)
occurred at 335 and 344eV, respectively. These energies are in
good agreement with those of ThO,, which indicate (Th-0)
binding [25].

Fig. 9 shows the spectra of La3{ and La3} obtained by XPS.
These peaks are well defined and separated by 16.8 eV equal to the
value given by Moulder [26]. Two contributions clearly appear on
each peak separated by 3.9eV. This signal is characteristic of
(La-0) binding found in La,;05 [27,28].

Finally, in each case, the RN/(U+RN) ratios were quantified in
the solid using EDX, combined with EELS and XPS for thorium and
XPS only for lanthanum. All the Th/(U+Th) and La/(U+La) ratios
determined in the solid were compared with the initial ratio in
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Fig. 8. (ThyU;_,)0z.y (a) and (LayU;_,)Oz.y (b).
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Fig. 9. La3/? and La3/? peaks obtained by XPS for (La,U;_,)O,., obtained at pH 6.5.

solution of 0.126. The values show that the Th/(U+Th) and
La/(U+La) ratios in the solid phase are close to those of the initial
solution.

Hence, all these results show that our method can be used to
synthesize Th- and La-doped UO, powders, with a defined
composition corresponding to the initial ratio in solution. More-
over, these methods makes it possible to control the average
particle size, which decreases with an increasing pH:

e from 4.5nm at pH 6.1 to 3.5 at pH 7.7 and then to 2.7 at pH 8.2
for (ThyU;_,)02+x and
e from 3.7 at pH 5.4 to 3.3 at pH 7.1 for (LayU;_y)O02.4x-.

5. Conclusion

This paper describes a novel synthesis method for obtaining
nanometric powders of UO, from aqueous solutions. The method
is based on the electrochemical reduction of U(VI) into U(IV) and
the precipitation of UO, in reducing and anoxic conditions at a
constant pH. Powder characterization by XRD, XPS and TEM
shows the formation of crystalline UO,., phases (fluorite
structure), whose particle size can be controlled by varying the
pH.

The resulting powders are suitable for studying UsOg during
UO,, oxidation. Firstly, they do not contain any hydroxide or oxo-
hydroxide phases which would modify the oxidation kinetics.

Secondly, even if the powders are agglomerated, the agglomerate
size (around 53 nm) is smaller that the critical size for macro-
cracking (around 0.4pm [7]), which means they should not
exhibit any significant macro-cracking. In any case, their oxidation
state is not UO; ggo. Even though a reducing heat treatment could
be used to achieve UO, stoichiometry, the very high reactivity of
UO, nanopowder to oxygen [1] prevents any accurate study of
UO, oxidation in the vicinity of stoichiometry. This is why the
formation of U30Og should be studied by starting with an already
pre-oxidized UO, nanopowder. Nevertheless, the physical and
chemical state of the surface also can influence the formation
kinetics of U30g [1,7]. In our case, the presence of water on the
powder surface can have a significant impact. This point will be
discussed in more detail following further study.

The proposed technique also makes it possible to obtain UO,
powders doped with tetravalent and trivalent elements, whose
average composition can be defined by the initial Th/(U+Th) and
La/(U+La) ratios in solution. The coprecipitation of Th(IV) and
La(Ill) with UO, always results in mixed and crystallized oxide
(ThyU;_,)02+ and (La,U;_,)0,., precipitation. This approach
seems relevant for simulating the influence of elements, such as
fission products, in the irradiated fuel.
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