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Actinide colloids and nanoparticles (NPs) currently constitute a topic of strong interest due to their poten-
tial role in advanced nuclear energetics and the environmental migration of radioactivity. A better under-
standing of the physico-chemical properties of nanoscale actinide oxides requires robust synthesis
approaches. In this work, UO,,, NPs were successfully prepared by sonochemistry from U(iv) solutions
previously stabilised in a hydrochloric medium (20 kHz, 65 °C, Ar/(10%)CO). Colloidal suspensions were
found to be composed of crystalline and spherical NPs showing a UO,-like structure and measuring 18.0
+ 0.1 nm (SAXS, HR-TEM and PXRD techniques). In comparison with the controlled hydrolysis approach
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used as a reference, sonochemistry appears to be a simple and original synthesis route providing larger,
better defined and more crystalline UO,,, NPs with a narrower size distribution. These well-defined NPs
offer new opportunities for the preparation of reference actinide materials devoted to fundamental, tech-
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1. Introduction

Much effort is underway to optimize or develop technological
processes that would enhance the sustainability and safety of
nuclear energetics. Increasing attention is especially given to
the preparation and characterization of actinide nanomaterials
whose nanoscale properties could improve, for instance, the
preparation, flowing, burning and reprocessing of nuclear
fuel."”* At the same time, producing nuclear electricity requires
ensuring the safety of the spent fuel under surface or deep
underground storage. One of the major concerns deals with
the corrosion and subsequent leaching of radionuclides when
water comes into contact with nuclear wastes.>* Particular
attention is paid to the possible formation of actinide colloids
which are currently being investigated for their role in the
migration of radioactivity in the geosphere.”” A better under-
standing of the speciation and reactivity of nanosized actinide
oxides, including UO, which constitutes the major component
of the nuclear fuel worldwide,® is of paramount interest for
fundamental studies (size vs. property relationship), energetics
(development of nuclear standards and fuels) and environ-
mental purposes (migration, decontamination, safety storage).
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nological and environmental studies.

Under natural geochemical conditions, uranium principally
exists under +IV and +VI oxidation states. In an aerated aqueous
medium, U(v) tends to rapidly oxidize into the uranyl ion UO,>",
and the process can be limited under anoxic conditions.**'°
Several authors have studied the oxidation kinetics of U(w) into
U(vi) in the presence of O, or H,0,."" ™ Halpern et al. reported
that the oxidation process was dependent on the acidity of the
medium (lower rate with a higher concentration of HClO,) and
was sensitive to the amount of O, in solution."* UO,*" forms
hydrolysed soluble complexes at slightly acidic pHs (2-5)*"?
differing from U(w), which rather yields stable and non-soluble
species supposed to be immobilized under aqueous reducing
conditions.’®"” The sorption of U(iv) ions onto natural colloids
(e.g. clay mineral, silica particles, humic acid, etc.) and their sub-
sequent mobility have been highly reported in the literature.*'82°
U(wv) also shows a strong Lewis acid behaviour depending on the
pH conditions of the aqueous media which results in the hydro-
lysis properties according to eqn (1).”! Intrinsic U(wv) colloids
resulting from the condensation of the as-formed hydrolysed
species represent another potential source of mobility for the
radioactivity and should be taken into account to correctly esti-
mate their behaviour in an environmental context (speciation,
solubility, reactivity, redox, etc.).”>

m[U(OH,),|*" + hH,0 = [U,(OH),(OH,), ,]*™ ™" + hH*
(1)

Few approaches have been reported for the preparation of
UO, nanoparticles (NPs) including sol-gel methods, electro-
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chemistry or radiation-induced syntheses. The synthesis route
can directly influence the physico-chemical properties of the
obtained material such as the particle size distribution, shape,
crystallinity or reactivity.”>>* Other routes involved the
thermal decomposition of uranium(wv) hydroxides, U(vi)
reduction or more original processes (e.g. microwaves,
combustion).?*>® Studies also emphasized that the conversion
of hydrolysed species to polynuclear ones is a highly tempera-
ture-sensitive process.>® Recently, the hydrothermal decompo-
sition of U(v) oxalates under 250 °C allowed the preparation of
spherical agglomerates of over-stoichiometric uranium oxide
NPs (UO,.,) whose size and crystalline properties were found
to be strongly dependent on the experimental conditions (e.g.
pH, temperature, pressure or concentration).”*> Using this
approach, Popa et al. avoided the typical platelet morphology
arising from oxalate precursors also responsible for techno-
logical issues and reported the synthesis of particles ranging
from 4.5 + 0.5 nm to 7.8 = 0.9 nm.>' Recently, the approach
allowed the group to successfully propose homogeneous NPs
of mixed oxides (U,Pu)O,, (U,Am)O, and (U,Pu,Am)0,."** Also,
the recent work of Tabata et al. showed the formation of UO,,,
nanoparticles under hydrothermal treatment (100-450 °C)
from U(wv) or U(vi) nitrates in the presence of organic additives
(ethanol, aldehyde, carbonate, etc.).***> The experimental con-
ditions have an influence on the size, crystallinity and shape
of the NPs, which can be spherical or rectangular.

Gerber et al. prepared UO, NPs measuring 2-3 nm in dia-
meter in the presence of ammonia under a nitrogen atmo-
sphere (pH 8-11). Using microscopy and spectroscopy tech-
niques, the authors demonstrated that freshly prepared UO,
NPs have the same structural and electronic properties as
those of their bulk counterparts which crystallize in a fluorite-
type fcc structure.®® However, the large surface-to-volume
atomic ratio resulting from the nanometric size of the particles
induces a high contribution of surface atoms which increased
the reactivity of the NPs. The UO, NPs were found to oxidize in
the air or during synchrotron X-ray exposure but also under an
inert or even reducing atmosphere (slow process). The high
reactivity of these NPs led to the observation of U,0y which
was accompanied by their significant growth reaching ca.
6 nm.>***” The integration of oxygen occurs as interstitial
defects leading to the formation of hyper-stoichiometric
phases exhibiting the general formula UO,., (with 0 > x >
0.25).%7*% Oxygen incorporation does not affect the cubic
crystal structure as long as the O/U ratio is lower than
2.25.36394% The oxidation of UO,., can continue until UO; is
obtained, passing through the formation of UO, 5 (U,Os) and
U0, ¢ (Usog)-36’39’40

In the present study, sonochemistry was used for the prepa-
ration of uranium(wv) oxide NPs. Sonochemistry deals with the
effects of ultrasound on chemical reactions which do not
directly result from the interactions between ultrasonic waves
and dissolved species. The observed effects rather originate
from the acoustic cavitation phenomenon, which consists of
the successive nucleation, growth and violent implosion of
gas- and vapour-filled micrometric bubbles.*! The final stage
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of collapse yields localized extreme conditions characterized
by the formation of reactive radical species and the generation
of physical effects typically observed when heterogeneous
solid/liquid systems are considered (surface erosion of solids,
fragmentation, depassivation, etc.). Sonochemistry has been
reported to provide interesting alternative approaches for the
dissolution of refractory actinide materials under soft con-
ditions (e.g. UO,, ThO,, PuO,)**™*° or the preparation of Pu(iv)
or U(vi) intrinsic colloids during the low frequency (20 kHz)
sonolysis of powdered PuO, and UO; in pure water.*”>° In par-
ticular, it was observed that the sonication of powdered UO;
led to the polymerization of hydrolysed uranyl species into
intrinsic colloids of 3.8 + 0.3 nm exhibiting a schoepite-like
structure.*® The current study focuses on the bottom-up prepa-
ration of UO, NPs in an aqueous solution under a low fre-
quency ultrasound (20 kHz) under an Ar/(10%)CO atmosphere.

2. Materials and methods

2.1. Chemicals

The used reagents were of analytical grade and were provided
by Sigma-Aldrich. All aqueous solutions were prepared with
Milli-Q water (18.2 mQ cm at 25 °C). Ar and the Ar/(10%)CO
gas mixture used during experiments were supplied by Air
Liquide. Uranium metal chips were supplied by CETAMA.

2.2. Preparation of U(w) chloride solution

The uranium metal chips were first rinsed with dichloro-
methane, acetone and water and washed with 1 M HCI solu-
tion to remove possible traces of uranium oxides on the solid
surface. The metal pieces were then dissolved in 6 M hydro-
chloric acid. The obtained solution was centrifuged to elimin-
ate the solid residues and diluted with pure water to obtain a
final concentration of HCI equal to 1 M. Such a high hydro-
chloric acid concentration allowed stabilization of the tetrava-
lent oxidation state of uranium in the solution for several
months.> A typical UV-Vis absorption spectrum of the as-
stabilized uranium solution is presented in Fig. S1 (ESIt). The
concentration of U in the solution was 0.16 + 0.01 M according
to the characterization studies performed with ICP-OES and
UV-Vis absorption spectroscopy (4 = 650 nm, ¢ = 58 L mol ™"
em™')."? The final U(wv) solution was stored in an inert glove
box until use.

2.3. Experiments under stirring or ultrasound irradiation

Sonochemical experiments were carried out under a low fre-
quency ultrasound (20 kHz) with a 1 cm? titanium alloy horn
connected to a 750 W generator (Sonics & Materials, Vibracell
VCX 750). 50 mL of the solution poured into a tight home-
made glass reactor (Fig. S2, ESI{) was sparged with Ar/(10%)
CO at a controlled flow rate (110 mL min~') for about
20 minutes before sonication and maintained during the
whole experiment (2 hours). The use of CO as a mixture with
Ar avoids the sonochemical formation of H,O, in the medium
due to the scavenging of OH" radicals formed during water

This journal is © The Royal Society of Chemistry 2023
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splitting inside the cavitation bubble.*>** The related phenom-
enon will be presented in more detail in the section “Results
and discussion”. The temperature inside the reactor was
measured with a thermocouple immersed in the solution and
it reached 65 + 2 °C. The calorimetric method was used to
determine the specific acoustic power (P, W mL™") delivered
to the solution that reached 0.36 W mL™' at 20 kHz.>*
Experiments were also carried out without ultrasound under
magnetic stirring to provide a reference experiment under ana-
logous conditions (700 rpm, 50 mL, Ar, 65 + 2 °C).

For all of the experiments, 1.6 mL of the U(w) chloride
mother solution (0.16 M) was injected into water at 65 °C under
sonication (20 kHz) or magnetic stirring providing a 50 mL solu-
tion of 5 mM U in 32 mM HCI (Fig. 1). During the experiments,
sample aliquots were taken from the treated solutions every
30 minutes for analyses with UV-Vis absorption spectroscopy
and SAXS. The experiments were stopped after 120 min of soni-
cation or stirring which was accompanied by the formation of
black colloidal suspensions (Fig. 1). Then, in the first study, the
stability of the colloidal suspensions was evaluated as a function
of time (0-120 min). In the second study, the properties of the
colloidal nanoparticles were evaluated by precipitating them by
slowly adding 0.1 M NaOH (pH 9-10). The solid phase was cen-
trifuged (9000 rpm) and dried at room temperature under
vacuum before characterization with PXRD and HR-TEM, while
the corresponding supernatant was sampled for UV-Vis absorp-
tion spectroscopy. To stabilize the redox behaviour of the par-
ticles towards oxidation, all of the as-synthesized U(w) solid
samples were stored in an inert glove box.

2.4. Analyses and characterization

UV-Vis absorption spectroscopy. During the experiments
carried out under ultrasound or stirring, sample aliquots of
1 mL were collected with a syringe through a septum and fil-
tered with 0.2 pm PTFE filters before analyses. The absorption

Dilution of U(IV)

in water pH=18

120 min of US
or stirring

Formation of U(IV) pH=1.5

colloids

v

Aging 0-120 min | I Adding NaOH 0.1 M

-
o
Stability Precipitation J§
monitoring of NPs .
pH=1.5 pH=9.5

Fig.1 Scheme of the experimental method applied for the treatment
of U(iv) chloride solutions (5 mM, 32 mM HCIl) under 20 kHz ultrasound
(US) or stirring at 65 °C and after addition of 0.1 M NaOH.
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spectra were measured on the liquids in 1 em quartz cells
from 250 nm to 750 nm using a Thermo Evolution 220
spectrophotometer.

Powder X-ray diffraction (PXRD). PXRD diagrams were
recorded using a Bruker D8 Advance X-ray diffractometer
equipped with a linear Lynx-eye detector (Cu Ka, , radiation, A
= 1.51184 A). The data were measured at room temperature
with a 26 value ranging between 5° and 120°, using a step of
0.019° and a counting time of 1.78 s per step.

High-resolution  transmission  electron = microscopy
(HR-TEM). HR-TEM analyses were performed with a Jeol 2200
FS microscope (200 kV) equipped with a CCD GATAN USC
camera. After dispersing a small amount of the powder in
absolute ethanol using an ultrasonic bath, a 10 pL droplet was
deposited onto a carbon-coated copper grid that was then
dried at room temperature before analysis. The particle sizes
were determined from HR-TEM analyses using Image ] soft-
ware. The given average value was determined from at least
30 measurements.

Small angle X-ray scattering (SAXS). SAXS analyses were per-
formed with a molybdenum source producing a 1 mm large
beam of energy (17.4 keV), corresponding to an average wave-
length of 0.7092 A™*. A Fox two-dimensional multi-shell mirror
was used for monochromatization and the collimation of the
beam was made thanks to two sets of scatterless slits. The
liquid samples were placed in capillaries of 2 mm diameter.
The data were acquired in absolute scale after calibration with
high density polyethylene and silver behenate powder. The pat-
terns were measured using a Mar345 two-dimensional
imaging plate with a time of acquisition of 15 minutes. The
beam stop was located in a reservoir filled with He gas in
order to reduce the air scattering. The sample-detector dis-
tance was set at 772 mm. Averaged isotropic 2D scattering data
and scattering intensity I(Q) were obtained with Fit2D soft-
ware. Then, for each sample, I(Q) was normalized using the
acquisition time, transmission and thickness and multiplied
by a normalization constant calculated with the characteristics
of polyethylene (I(Q) = 5.9 cm ™" for Q = 0.35 nm™"). Finally, the
empty cell and solvent contributions were removed to deter-
mine the absolute intensity scattered by the colloids.

3. Results and discussion

Sonication of U(w) chloride solutions (5 mM U, 32 mM HCI) was
carried out under an atmosphere of Ar/(10%)CO gas mixture. It is
known that CO avoids the formation of hydrogen peroxide in
sonicated aqueous solutions by scavenging OH" radicals gener-
ated inside the cavitation bubbles as shown in eqn (2)-(4).”
These experimental conditions prevented the oxidation of
uranium(iv) into U(vi) by HO' radicals or H,0, molecules.”"*"*

H,0 —))) — HO" +'H (2)
H +'H— H, (3)
HO' + CO — CO, + H' (4)
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The UV-Vis absorption spectra acquired during sonolysis of
the 5 mM U(wv) solutions at 65 °C are presented in Fig. 2. At t =
0 min, the characteristic bands of U(wv) are noticeable at 1 =
650 nm, 550 nm, 500 nm and 430 nm."* In comparison with
the reference spectrum provided in Fig. S1 (ESI{), some modi-
fications can be attributed to the presence of hydrolysis pro-
ducts of U(w). In the literature, studies showed that the main
forms of U(w) in aqueous solution at room temperature are
U*", U(OH)** and U(OH),** for pH < 2.>***> The spectrum of
concentrated U(v) acquired in the chloride solution (Fig. S1,
ESIT) was used as a standard and subtracted from the experi-
mental spectra obtained at ¢ = 0 min (i.e. just after injecting
U(wv) into the sonicated water, Fig. S3 ESIT). The resulting
spectra exhibited main absorption bands located at 1 =
621 nm, 529 nm, 500 nm, 471 nm and 405 nm (Fig. S3, ESIT),
which agreed with the spectrum of the U(OH)*" hydrolysed
species reported in the work of Cha et al.> It is important to
mention the absence of oxidation of U(w) into U(vi) under
these conditions. A similar approach was applied in the refer-
ence experiment performed under stirring and it revealed
similar conclusions (Fig. S3, ESIt). The difference observed in
the spectra acquired at ¢ = 0 min illustrated in Fig. 2 can be
attributed to different degrees of hydrolysis in both
experiments.

Strong absorption in the near UV range can be noticed after
30 min of sonication. This observation is attributed to Mie
scattering evidencing the presence of suspended particles in
the solution.>® The evolution of the absorption spectra is also
accompanied by a strong modification of the colour of the
U(w) solution from turquoise before experiments to deep black
after 120 min of treatment (Fig. 3). Such behaviour is opposed
to the observations resulting from sonolyses performed at
20 °C (20 kHz, Ar/(10%)CO) where the absorption spectra
remained unchanged (spectra not shown). In the literature,
different studies illustrated the effect of temperature on the
hydrolysis kinetics of U(iv).>”*® Shock et al. demonstrated that
an increase in the temperature favoured this reaction.® The
experiments performed under magnetic stirring (65 °C,
without ultrasound) led to similar behaviour and absorption
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0.8 ——O0min
0.08 —— 30 min
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——90 min
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< 0.2
0.0
300 400 500 600 700
A (nm)
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Sonolysis
20 °C

Sonolysis
65 °C

Fig. 3 Photos of the glass reactor during the sonication of the U(v)
chloride solution (5 mM) under 20 kHz ultrasound (Ar/(10%)CO, 0.36 W
mL™%, pH = 1.5).

spectra (Fig. 2b). In both cases, the final solution presented a
black colour at the end of the treatment. The evolution of the
pH of the solutions treated in the presence or absence of ultra-
sound is presented in Table S2 (ESIT). A slight acidification of
the medium can be observed in both cases. This phenomenon
can be attributed to hydrolysis reactions going with the release
of protons in solution.

The normalized SAXS diagrams acquired on the U(wv) solu-
tions during treatments in the presence or absence of ultra-
sound at 65 °C are given in absolute units in Fig. 4. For both
cases, the absence of signal noticed at ¢t = 0 min demonstrates
the lack of electronic contrast in the solution before starting
the experiment indicating the absence of detectable poly-
nuclear entities in the initial samples. However, both ultra-
sonic and stirring treatments enable a significant increase in
the scattering of SAXS signals. Regardless of the conditions,
the slope of the scattering curves is Q° for low wave vectors
and tends towards Q* at higher wave vectors. Such a scatter-
ing pattern is typical for three-dimensional objects such as
compact particles.>® Micheau et al. recently observed a similar

Stirring
b. 012 —H,0
0.8 ——0 min
0.08 \ —— 30 min
—— 60 min
—— 90 min
S 0.6 0.04 120 min
s
> 0.00
o
_rgv 0.4- 350 450 550 650
]
o
<
0.2
0.0 §
300 400 500 600 700
A (nm)

Fig. 2 UV-Vis absorption spectra acquired during the treatment of U(v) chloride solutions (5 mM, 32 mM HCL) under (a) 20 kHz sonolysis (65 °C, Ar/
(10%)CO, 0.36 W mL™%, pH = 1.5) and (b) mechanical stirring (65 °C, Ar, pH = 1.5).
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Fig. 4 SAXS diagrams acquired as a function of time under (a) 20 kHz sonolysis (65 °C, Ar/(10%)CO, 0.36 W mL™%, pH = 1.5) and (b) mechanical stir-

ring (65 °C, Ar, pH = 1.5).

SAXS profile for intrinsic plutonium colloids prepared by
hydrolysis of Pu(iv).*

Significant differences can however be noticed on the SAXS
diagrams when comparing both approaches. The scattering
curve of the sonicated solutions evolves between 30 and
60 minutes of treatment (Fig. 4a) before remaining stable.
This evolution is characterized by an increase in intensity and
a shift of the curve inflexion towards lower wave vectors which
demonstrate an increase in the concentration and size of the
particles, respectively. By contrast, the scattering diagrams
obtained under mechanical stirring (hydrolytic colloid) remain
stable during the experiment and are shifted to higher wave
vectors when compared to ultrasound experiments (Fig. 4b).
Such a difference is attributed to a lower concentration and
particle size of the particles prepared under stirring. Also, it is
important to note the appearance of an oscillation on the
SAXS diagram acquired for the sonicated solutions after
30 min. This feature is not observed in the stirred solution and
can be attributed to a lower size polydispersity in the colloidal
suspensions prepared under ultrasound.®®> More generally,
the characteristics of the normalized SAXS diagrams over time
for both treatments confirm the colloidal nature of the
samples in agreement with the UV-Vis absorption spectra. The
SAXS diagrams obtained for both samples after 120 min of
treatment are compared in Fig. 5.

A sphere form factor model was applied to fit the experi-
mental data (procedure, Table S1 and eqn (S1)-(S3) described
in the ESIY). In Fig. 5, the fits of the experimental data (orange
and blue curves) match well with the normalized experimental
diagrams, which generally confirm the spherical shape of the
colloidal particles and their narrow size distribution for the
experiment carried out under sonication. The radii R were
determined considering spherical and filled NPs (ESI}). The
results of the fits are presented in Table 1 and generally agree
with the evolution of the normalized SAXS diagram previously
discussed. For sonolysis, the particle radius increases between
30 and 60 min of treatment from 7.2 + 0.1 nm to 9.4 + 0.1 nm,

This journal is © The Royal Society of Chemistry 2023

10°
« sonolytic colloid
oo sonolytic colloid - fit
h W - « hydrolytic colloid
10" R hydrolytic colloid - fit

I(Q) (cm™)

Q(nm?)

Fig. 5 Normalized SAXS diagrams acquired on the final solutions (red
and blue dots) and corresponding sphere fit models (orange and blue
lines) after 120 min under 20 kHz sonolysis (65 °C, Ar/(10%)CO, 0.36 W
mL™%, pH = 1.5) and mechanical stirring (hydrolytic colloid, 65 °C, Ar, pH
= 1.5), respectively.

Table 1 Simulation results of SAXS diagrams (sphere model) acquired
during 20 kHz sonication or stirring of the U(iv) solution at 65 °C (pH =
1.5). Ip is the intensity for Q — 0 and R is the radius of the sphere

SAXS - sphere model

Time (min) I, (107> ecm™) ®p (1077) R (nm)
Sonolysis 0 — — —

30 14 2.2 7.2+0.1

60 64 4.4 9.4 +0.1

90 83 5.1 9.7+0.1

120 74 4.6 9.6 £ 0.1
Stirring 0 — — —

30 4.7 5.9 3.6 £0.1

60 5.1 5.9 3.7+£0.1

90 5.3 5.8 3.7+0.1

120 5.0 4.8 3.9+0.1
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respectively, before remaining stable. By contrast, the stirred
solution only shows a slight increase in the radius value from
3.6 £ 0.1 nm to 3.9 + 0.1 nm during the 120 min of treatment.
Hence, the measured value is twice as small as the one
observed under ultrasound. Also, the volume fractions @, were
calculated from I, values from the sphere model (Table 1). For
both treatments, the values appear much lower than the
theoretical one (®y, = 1.2 x 10~*) when considering a total U(iv)
conversion into the UO, colloidal species. Such a difference
can be attributed to the additional presence of soluble U(w)
oligomers or monomers in the analysed solutions.

The stability of the colloidal suspensions formed after
120 min in the presence or absence of ultrasound was moni-
tored over time by SAXS under room temperature without
further treatment or addition of any chemicals (Fig. 1). A
similar fitting approach to the one described above was
applied (Fig. 5, Table S1, ESIT); the determined particle sizes
are provided in Table S3 (ESI).>® In the case of the sonicated
solution (Fig. 6a), the absence of evolution of the diagram
intensity or profile was noticed during the 150 min following
the end of the experiment. This behaviour was even faster for
the colloids obtained under stirring which completely dis-
solved after 90 min of storage (Fig. 6b). After these periods,
SAXS data were not usable anymore for both solutions reflect-
ing the instability of the as-prepared colloids over time. Such
behaviour confirmed the dissolution of the colloids into
smaller and ionic U(vi) species as revealed by UV-vis absorp-
tion spectroscopy (Fig. S4, ESIT). In both cases, the spectra are
characteristic of the U(vi) aquo ion which is in agreement with
the literature for such conditions (acidic pH < 2).°*®! These
results confirmed that the as-prepared uranium colloids are
not stable over time.

We prevented the dissolution of the particles by adding a
0.1 M NaOH solution to the colloidal suspension after 120 min
of treatment (stirring or sonication). This increased the pH of
the solution to a value of approx. 9-10 (Table S2, ESI{) which

Sonolysis
0
a. L ® sonolytic colloid
o't ® sonolytic colloid + 90 min
Va4, ® sonolytic colloid + 150 min
. ) sonolytic colloid + 210 min
10" 4 ‘e
£ 107
e L7
g ™,
3
" \\“@q
10* T
10" 10°

Q(nm’)
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provoked the precipitation of the black particles (Fig. 1). The
analysis of the supernatants obtained after centrifugation by
UV-Vis absorption spectroscopy (spectra not shown) indicated
the absence of uranium in the solutions evidencing the com-
plete precipitation of U under these conditions. The formation
of a precipitate in both cases (after sonolysis or stirring) can be
due to a modification of the surface charges of the repelling
particles provoking their agglomeration. Some studies reported
the precipitation of An(w) colloids with an increase in the pH
to alkaline values.®®

The PXRD characterization of these precipitates is presented
in Fig. 7. The diffraction pattern of the sonicated system was
identified to correspond to shifted XRD diagrams of stoichio-
metric UO, which better corresponded to UO,, (ICSD 00-047-
1879).2%°8 Elorrietta et al illustrated in their study that the oxi-
dation of UO, into UO,,, leads to a shift of the diffraction peaks
agreeing with our observations. The observation of hyperstoi-
chiometric UO,., is related to the low stability of the particles
and their surface oxidation that likely occurred during their
exposure to the room atmosphere for several hours during ana-
lyses.>® For comparison, the solid obtained after stirring exhibi-
ted very weak and noisy diffraction peaks that were attributed to
smaller and less crystalline particles.

HR-TEM demonstrated that the precipitate obtained after
sonolysis is composed of quasi-spherical and monodisperse
well-defined NPs measuring ca. 25.2 + 0.7 nm in diameter
(Fig. 8a). The observed NP size is slightly larger than what is
obtained from SAXS (ca. 18 nm in diameter). The high-resolu-
tion mode indicated the superimposed presence of small crys-
talline NPs measuring ca. 5 nm. These particles most probably
result from the additional precipitation of the aforementioned
soluble hydrolysed U(w) species (oligomers) upon addition of
NaOH (Fig. 8b). This can also explain the slightly bigger size of
the particles measured with TEM in comparison with SAXS
due to the additional presence of these smaller particles that
precipitated on the bigger ones. The analogous sample

Stirring
0
b. 10 @ hydrolytic colloid
® hydrolytic colloid + 90 min
@ hydrolytic colloid + 150 min
® hydrolytic colloid + 210 min
107
£ 10?4
g
10°
10* . T

-1

10 .
Q(nm”)

Fig. 6 SAXS diagrams acquired as a function of time at the end of (a) 20 kHz sonolysis (65 °C, Ar/(10%)CO, 0.36 W mL™, pH = 1.5) and (b) mechani-

cal stirring (65 °C, Ar, pH = 1.5).
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Fig. 7 Normalized PXRD diagrams (background corrected) acquired on
uranium precipitates obtained by the addition of 0.1 M NaOH after
120 min of sonolysis (20 kHz, Ar/(10%)CO, 0.36 W mL™, pH = 9.5) or
mechanical stirring (absence of ultrasound, pH = 9.8).

obtained after stirring was far less defined and showed large
and polydispersed agglomerates (Fig. 8d). Related magnifi-
cations demonstrated the presence of different populations of
ill-defined polycrystalline NPs measuring approx. 7.5 + 0.8 nm
and 4.6 + 0.5 nm in diameter, close to the sizes determined
from SAXS analyses (Fig. 8e). However, the observations con-
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trast with the XRD measurements which suggest the presence
of poorly crystalline particles. Such discrepancy can be related
to the low concentration of U particles during measurements
(diffraction peaks can be distinguished in the noisy baseline),
but also to TEM conditions involving vacuum and high voltage
which have been reported to compete in the modification of
the crystallinity of some materials.®®

The important difference in size between sonolytic and
hydrolysed colloids agrees with the SAXS observations. The
aggregation of the NPs is most probably related to the neutral-
ization of their surface charge occurring with the addition of
NaOH but also to the drying step during HR-TEM sample prep-
arations. The diffraction ring distributions observed by
selected area electron diffraction (SAED) are similar whatever
the synthesis procedure (Fig. 8c and f) confirming the pres-
ence of crystalline NPs. The different distances measured on
the patterns are given in Table S4 (ESIt) and are characteristic
of the UO, structure in agreement with the literature. The cal-
culations of the d,/d, values confirmed the cubic crystal struc-
ture (Fm3m space group) as UO,like compounds.”® In
addition, the d-spacing values directly measured in Fig. 8b and
e correspond to the [1 1 1] crystal plane of UO,. These results
are in agreement with the one obtained by PXRD.

The synthesis and characterization of bulk UO,., have been
highly reported in the literature in contrast to analogous
NPs.%”%® Nevertheless, Priyadarshini et al studied the for-
mation of intrinsic U(wv) colloids as a function of the uranium

_~

Fig. 8 HR-TEM analyses of the precipitates obtained by adding 0.1 M NaOH to the U solutions after sonolysis (20 kHz, Ar/(10%)CO, 0.36 W mL™,
pH = 9.5) or mechanical stirring (pH = 9.8). Dashed squares represent the selected areas analyzed by electron diffraction (SAED). (a) and (b) U(iv) pre-
cipitate after sonolysis at different magnifications and (c) the corresponding SAED pattern. (d) and (e) U(iv) precipitate after stirring at different mag-

nifications and (f) the corresponding SAED pattern.
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concentration and the pH value.®” For a 5 mM uranium solu-
tion, they observed colloids with an average diameter of
15.46 nm (light scattering measurements) at pH = 2.74. In our
study (pH = 1.5, Table S2, ESI}), the size of the sonolytic col-
loids is twice that of the hydrolytic ones and is more concen-
trated. This may be due to the effect of ultrasound irradiation
which can enhance the reactivity of U(wv) ions and their hydro-
lysis.*® Cha et al. reported a similar morphology for 20 nm
U(1v) NPs synthesized by a hydrothermal route at pH 2. They
also observed additional smaller crystalline U(wv) particles
(2-3 nm), which may have a uraninite-like structure.>®
Sonochemistry has been widely used for the preparation of
nanomaterials and significant differences in terms of size,
morphology, formation kinetics, and yields have been reported
when compared to conventional approaches. In particular,
hydrolysis of metal ions in aqueous solutions has been
reported to be enhanced under ultrasound due to local
heating occurring in the vicinity of the cavitation bubbles.®®”°
The presence of this transient superheated liquid shell that
surrounds the cavitation bubble has been described to yield
hydrothermal-like conditions.”"”> By comparison with the
work of Cha et al., ultrasonically induced hydrothermal con-
ditions could be invoked to explain the particular morphology
and crystallinity of the NPs synthesized in the current study.
Cha et al. proposed a two-step mechanism for the formation of
crystalline UO, NPs based on the ability of U(wv) ions to form
oxo and hydroxo bonds and the formation of an intermediate
entity (noted M) from the U(wv) hydrolysed species (eqn
(5)).>>73 1t is worth noting that an analogous mechanism has
been recently suggested for Pu(iv).”*

U = U(OH)*" - M — UO;(np) (5)

4. Conclusion

This study reports the ultrasonically assisted synthesis (20 kHz,
65 °C, Ar/10%CO) of the poorly described U(w) intrinsic colloids
from a uranium(wv) hydrochloric solution (5 mM U, 32 mM HCI).
These species, and their corresponding precipitates obtained by
the addition of 0.1 M NaOH, were characterized by SAXS, PXRD
and HR-TEM. The colloidal suspensions were found to be com-
posed of spherical and crystalline well-defined NPs measuring
18.0 = 0.1 nm (diameter). Although both precipitates exhibited a
UOy-like structure, in comparison with the hydrolytic synthesis
performed under stirring (65 °C, Ar, NP size: 7.8 + 0.1 nm), the
sonochemical approach provides better defined NPs also offering
a better crystallinity with a narrower particle size distribution.
The application of ultrasound provides an original and facile syn-
thesis route for the preparation of UO, NPs with controlled pro-
perties of nuclear interest or for environmental investigation pur-
poses (e.g. solubility studies, reactivity, redox, etc.).
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