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Highly crystalline UO, nanoparticles (NPs) with sizes of 2—-3 nm were produced by fast chemical depo-
sition of uranium(v) under reducing conditions at pH 8-11. The particles were then characterized by
microscopy and spectroscopy techniques including high-resolution transmission electron microscopy
(HRTEM), X-ray diffraction (XRD), high-energy resolution fluorescence detection (HERFD) X-ray absorp-
tion spectroscopy at the U M, edge and extended X-ray absorption fine structure (EXAFS) spectroscopy at
the U Lz edge. The results of this investigation show that despite U(v) being the dominant oxidation state
of the freshly prepared UO, NPs, they oxidize to U4Og with time and under the X-ray beam, indicating the
high reactivity of U(iv) under these conditions. Moreover, it was found that the oxidation process of NPs is
accompanied by their growth in size to 6 nm. We highlight here the major differences and similarities of
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Introduction

Uranium dioxide remains one of the most essential uranium
compounds due to its application as a nuclear fuel in most of
the commercial nuclear reactors worldwide." The structural
chemistry and physics of the U/O system are very complicated
but highly important for reactor performance, spent nuclear
fuel storage and its further geological disposal. While bulk
UO, has been intensively studied, it is still not clear if the
investigated properties remain the same at the nanoscale.>” It
is known that actinide (An) nanoparticles (NPs) form aggre-
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the UO, NP properties to PuO,, ThO, and CeO, NPs.

gates of various sizes.*” In particular, UO, NPs may be formed
by redox reactions from either the reduction of U(vi) by
y-irradiation,® minerals,” ' microorganisms,"*™” and redox-
active chemicals™® or due to corrosion of metallic U in contact
with water.****° They can also be formed via hydrolysis of
U(wv) solutions® * or by decomposition of U(iv) compounds.>*

Under environmental conditions, uranium mineral NPs are
found to be ubiquitous and have been identified in a number
of studies.”?*® As a highly hydrolysable cation, U(iv) migrates
predominantly in the form of pseudo-colloids and intrinsic
colloids rather than in the soluble complexed form. UO, NPs
formed as a result of bacteria mediated redox reactions have
an influence on U migration in the far-field conditions of repo-
sitories. Accidental (like Chernobyl and Fukushima) and
routine releases of radionuclides into the environment result
in the formation of U oxide NPs.”*™*
that the dissolution of spent nuclear fuel may result in the for-
mation of UO, NPs that should be taken into account in the
performance assessment of repositories,*** considering that
conditions in deep geological repositories are expected to be
reducing.

The peculiarities of nanoscale objects affect their pro-
perties.” Nanoscale UO, is readily oxidized with the formation
of UO,.,, while the crystal structure does not significantly
alter.>*™’ Similar AnO,., NPs with a structure close to bulk
AnO, were also observed for plutonium,*® which is not surpris-
ing as both UO, and PuO, are isostructural to the fluorite-type
fce structure with a very similar lattice parameter. However,

It has also been shown
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recent publications show that PuO, NPs do not contain other
oxidation states except for Pu(iv)*>*® and their structural pro-
perties are close to the bulk. Similar predictions were made for
CeO, NPs, with the suggestion that CeO,_, NPs were expected
to be predominantly composed of Ce(wv), which can be
reduced to Ce(m).*! Later, the absence of the Ce(ur) oxidation
state was confirmed for NPs even for 2 nm particles.*>** This
could lead to the assumption that there is a similar trend for
all highly-hydrolyzed tetravalent Ln or An cations. However, to
the best of our knowledge, the pure tetravalent oxidation state
for UO, NPs has never been proven.

The main difference between U and Pu lies in multivalent
behaviour. Under oxidizing conditions, PuO, is the sole stable
oxide, but more than ten stable U binary oxides — UO,,, — are
known. Similar to plutonium, CeO, is the only stable oxide
under oxidizing conditions, however both Ce(wv) and Ce(im)
ions may be present in solution. Later we briefly compare the
differences and similarities of various An and Ln oxide NP pro-
perties, based on the results reported here.

Experimental
Nanoparticle synthesis

UO, NPs were synthesized from U(v) aqueous solution by
adding ammonia under reducing conditions. Due to the
highly sensitive nature of U(wv) towards oxidation, all synthetic
processes, including the preparation of samples for the follow-
ing characterization methods, were done in a glovebox under a
nitrogen atmosphere (<10 ppm Oy).

Special care was taken to avoid any contact with oxygen
before and during the measurements. U(wv) stock was prepared
by galvanostatic reduction of 0.1 M U(vi) in 0.5 M HCIO,
(5 hours, 20 mA). The presence of only U(v) and the stability
of the solution were verified by UV-vis spectrometry (AvaSpec-
2048x14, Avantes, Fig. S17). Each U(wv) solution (0.1 M and 0.01
M) was divided into two parts. The first set of aliquots was
added to 3 M NH; in the volume ratio 1:10 under continuous
stirring. The pH of the 3 M ammonia solution was 12.5, but
the pH slightly decreased due to the interaction with the U(w)
solution, most likely due to hydrolysis reactions. This set of
samples was named “0.1 M/0.01 M U(v) pH > 11”. The second
set of aliquots of stock U(wv) was added to water in the volume
ratio of 1: 10, after which several drops of 3 M NH; were added
under continuous stirring to reach pH 8. This set of samples
was named “0.1 M/0.01 M U(v) pH 8”. In all syntheses, the
mixing rate and vessel geometry were kept constant. The pre-
cipitation process for all samples started shortly (within ten
minutes) after addition of all reagents. A black precipitate was
formed, and the reaction was continued for about 2 hours to
reach equilibrium. Then, the pH and redox potential of the
formed suspensions were measured (Table S1). The UO, refer-
ence was made by pressing industrially obtained uranium
dioxide powder into a pellet followed by sintering at 1700 °C
under a H,/Ar stream. The industrial uranium dioxide, in its
turn, was obtained from UFs by the gas-flame method, fol-
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lowed by annealing under reducing conditions at
600-650 °C.** The reference was characterized by X-ray diffrac-
tion (XRD) and polarography; the oxygen coefficient of UO,.,
was found to be on the order of x = 0.001.

Characterization

Transmission electron microscopy (TEM). TEM investi-
gations were performed at the Helmholtz-Zentrum Dresden-
Rossendorf (HZDR) using an image-Cs-corrected Titan 80--
300 microscope (FEI) operated at an accelerating voltage of 300
kv. In particular, selected area electron diffraction (SAED) pat-
terns using a SA aperture of 40 um and high-resolution TEM
(HRTEM) images were recorded.

Powder X-ray diffraction measurements. Powder X-ray diffr-
action (PXRD) data were collected at room temperature at the
HZDR. XRD diffractograms were collected with a MiniFlex 600
diffractometer (Rigaku, Tokyo, Japan) equipped with a Cu Ka
X-ray source (40 keV/15 mA operation for X-ray generation) and
the D/teX Ultra 1D silicon strip detector in the Bragg-Brentano
6-26 geometry at a scanning speed of 2 degrees per min. The
FWHM and peak position were determined with Fityk software."®

X-ray absorption near edge structure (XANES) in high-energy
resolution fluorescence detection (HERFD) mode at the U M,
edge and U L; extended X-ray absorption fine structure
(EXAFS) spectroscopy. The HERFD spectra at the U M, edge
were collected at the CAT-ACT beamline of the KARA
(Karlsruhe research accelerator) facility in Karlsruhe,
Germany.*® The incident energy was selected using the [111]
reflection from a double Si crystal monochromator. The esti-
mated flux at the sample position was on the order of 10° ph
s~! at an incident energy of 3.8 keV."”” The U HERFD spectra at
the M, edge were obtained by recording the maximum inten-
sity of the U My emission line (3339.8 eV) as a function of the
incident energy. The emission energy was selected using the
[220] reflection of one spherically bent Si crystal analyser (1 m
bending radius) aligned at a 75° Bragg angle. Samples were
prepared and sealed in a special argon-filled container at the
licensed laboratory of HZDR and transported to KARA under
inert conditions. All samples were mounted in the form of wet
pastes within triple holders with an 8 pm Kapton window on
the front side, serving as the first confinement. Three of such
holders were mounted in one larger cell, with a 13 pm Kapton
window on the front side (the second confinement, Fig. S27).
The second confinement chamber was constantly flushed with
He. The entire spectrometer environment was contained
within a He box to improve signal statistics. An energy range
from 3710.5 to 3790.5 eV was scanned with a step size down to
0.1 eV using a 1 s dwell time per energy point. All samples
were tested for short-term beam damage. First an extended
timescan (>2 min with 0.1 s step) above the excitation edge
was performed before data collection, to monitor any long-
term variations in the fluorescence signal. Later a preliminary
fast HERFD scan (<2 min) was collected and compared with all
HERFD data collected per sample. Based on that procedure,
the estimated X-ray exposure time has been derived for each
sample.

Inorg. Chem. Front., 2021, 8, 102-1110 | 1103
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The U L; edge (17 166 eV) EXAFS spectra were collected at
BM26A, the Dutch-Belgium beamline (DUBBLE) at the ESRF
(the European Synchrotron) in Grenoble, France.*® The energy
of the X-ray beam was tuned by using a double-crystal mono-
chromator operating in a fixed-exit mode using a Si(111)
crystal pair. Measurements were performed in transmission
mode with N,/He and Ar/He filled ionization chambers.
Energy calibration was performed by recording the EXAFS
spectrum of the K-edge of metallic Y (~17 038 eV) which was
collected simultaneously with the sample scans for each
sample. The samples were measured at room temperature
using a double-confined, heat-sealed polyethylene holder.
Energy calibration, averaging of the individual scans, EXAFS
data extraction and fitting were performed with the software
package Demeter."’

Results and discussion

Due to the chemical reactivity, the ideal structure of UO, can
be easily perturbed (even in the bulk crystal).>>*®*" The par-
ticle size distribution and crystallinity could also differ
depending on the synthesis route.®'"**>* The HRTEM data
reported in Fig. 1a and Fig. S37 confirm that regardless of
U(v) concentration and pH conditions, similar NPs are
formed (with respect to their size distribution and crystalli-
nity). A comparison of the SAED patterns (Fig. 1a and Fig. S3+
(insets)) and the diffractograms from XRD measurements
(Fig. 1b) with bulk UO, shows that the crystalline structure of
the NPs is similar to that of bulk UO, (ICDD 03-065-0285).
However, the diffraction peaks are broad, indicating the nano-
size dimensions of the samples. The crystallite size was esti-
mated from XRD with Scherrer’s equation and found to be
similar for all samples, varying in the range of 1.7-2.5 nm
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(Table S2+) with respect to the fact that Scherrer’s equation is
supposed to give information about coherent domains rather
than crystallites. Nevertheless, the diffraction peaks of NPs
obtained at pH 8 are slightly narrower than those for pH > 11,
indicating that pH has a small but notable effect on the NP
size. It was unexpected as previous research showed that syn-
thesis conditions highly impact the UO, shape and size. For
example, Hu and coauthors® made UO, in the form of NPs,
nanoribbons and nanowires, changing the precursor/organic
solvent ratio and temperature. There are many other
examples, where the size of the obtained UO, NPs varied
from several nm up to several microns depending on the syn-
thesis route (radiolytic reduction, organic precursor-assisted
syntheses, U(v) hydrolysis, biogenic reduction etc.) as well as
starting precursors and reaction conditions.®'3?>73%36763 our
HRTEM results (Table S21) also confirm the nanosize of the
crystallites.

For U-O systems, the number of stoichiometric binary
oxides and solid solutions with various compositions are
known. Uranium upon oxidation may form various oxides with
mixed oxidation states of U (like U,05, U305, U;0q, U30g).5*°
The fluorite structure of UO, can accommodate a large
amount of excess oxygen up to UO, s, therefore XRD, giving
information about coherent scattering domains, is generally
less sensitive to this kind of alteration. In other words, the
XRD patterns of U,;0y and UO, are very similar and the pres-
ence of those species in UO, NPs cannot be detected by XRD
(Fig. S47). Further oxidation of UO, ,5 (U4O9) may lead to the
formation of UO,., oxides with 0.25 < x < 0.33 accompanied
by a change of the crystal structure. Subsequent oxidation may
proceed through the formation of UO,s (UyOs) and UO,;
(U30g) until UO; is formed.

To further complicate the matter, there is a peak broaden-
ing effect for NPs in XRD, making reliable analysis nearly

Intensity, a.u.

inert atmosphere]

NH,

0.01M U(IV) pH 8

0.1M U(IV) pH 8

0.01M U(IV) pH >11

0.1M U(IV) pH >11

Fig. 1

(a) HRTEM image of 0.01 M U(iv) pH 8 NPs and the corresponding SAED pattern (inset), (b) XRD patterns of UO, reference and the precipitates

from U(iv) with different pH and concentrations. The inset shows the schematic drawing of UO, NP synthesis.
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impossible, especially in the case of extremely small NPs. This
is where synchrotron-based high-energy resolution fluo-
rescence detection (HERFD) X-ray absorption spectroscopy at
the U M, edge really comes into use. Thanks to its high sensi-
tivity, it can easily detect even the tiniest oxidation state impu-
rities, which are present in many uranium oxides (U,0q, U30Os,
U;0,).7194%66°69 The HERFD method at the An M, edge
probes An 3d-5f electronic transitions and is thus highly
effective for the detection of the 5f electron configuration and
for oxidation state identification.®'?3%1%:46:65.77 Moreover, the
shapes of the recorded data on various mixed uranium oxides
are so distinct®>®” that recorded HERFD spectra on uranium
systems can be straightforwardly analyzed by a fingerprint
approach to detect the presence of U,0,/U;Og impurities in
UO, NPs.

Fig. 2 shows the U M, edge measurements on four UO, NP
samples compared to the spectrum of the UO, reference. All
spectral features of UO, NPs are very similar, corresponding to
those of the UO, reference, thus confirming the results from
XRD and HRTEM. The shape of the main absorption peak in
the HERFD spectrum of the UO, reference shows an asym-
metric profile, which was observed before,’® however for NP
spectra the asymmetry of the peak increases, leading to a high-
energy shoulder (Fig. S51). It is expected that the asymmetry of
the peak originated from partial oxidation and the presence of
oxidized uranium species. However, the theoretical calcu-
lations of the U(iv) My HERFD spectra (c¢f. ESI, Fig. S61) show
that nanoscale distortion or even different coordination
environments have a strong correlation with the high-energy
shoulder in U M, HERFD. It is not easy to distinguish between
the influence of the presence of a higher oxidation state in
NPs and the distortion contributions to the asymmetry of the
peak. However, theoretical results clearly indicate that the dis-
tortion at the surface and random changes of the coordination
number for surface atoms will affect the intensity (increase
and decrease) of the higher energy U M, HERFD shoulder.

4 HERFD -
U M, edge

0.01MU(IV) pH 8

Intensity, a.u.

0.1M U(IV) pH 8
0.01M U(IV) pH >11

0.1M U(IV) pH >11

|
(]
(]
(]
(]
(]

T T T 1
3.728 3.730 3732 3734

Energy, keV

T T
3722 3724 3.726

Fig. 2 U M4 HERFD experimental data recorded for the four UO, NP
samples and compared with a UO, reference.
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Regardless of the asymmetry origin, one can conclude that
U(wv) is the dominant oxidation state for UO, NPs. To the best
of our knowledge, this has never been shown and reported for
UO, NPs at a high sensitivity that HERFD gives for redox
speciation.

The crystallinity of the NPs was investigated for structural
disorder by uranium L;-edge EXAFS studies (c¢f. Fig. S7 and
Table S31). EXAFS is actively used for uranium®'%®*%7% o
investigate the local chemical environment. It has also been
used previously to determine the oxidation state of uranium
due to the different U(x)-O bond lengths (where x is the oxi-
dation state of uranium) and static disorder contributions. Our
U L;-EXAFS data and shell fit results indicate a UO,-like struc-
ture, with characteristic distances of 2.33 A and 3.85 A for U-O
and U-U, respectively (Fig. S71). The absence of other shorter
or longer U-O distances suggests that there is no need to
invoke different U oxidation states or a substantially different
structure (e.g. U,0q or U(v)-O). However, the reduced CN for
the U-O shell and high Debye-Waller factors are suggestive of
the particle-size effect and static and thermal disorder, which
was previously observed on similar particles.®%"%¢371

Taking into account: (1) the significant disorder revealed by
EXAFS and (2) the theoretical prediction of the distortion
effects on the high-energy shoulder of the U M, HERFD
spectra, surface distortion might be the predominant reason
for the experimental observation of the intensity variation of
the high-energy shoulder in U M, HERFD data between
various UO, NPs.

Reactivity of the UO, NPs

The reactivity of UO, NPs under different conditions was
studied previously. It was found that sintering leads to NP
growth.®"® Rath et al. found that UO, NPs obtained with
y-irradiation oxidize in several hours under air conditions,
while Singer et al. and Wang et al. did not find any changes
after 2 months of ageing or several days of air exposure.'’>*°
However, visual observations of the change in residue colour
by UV-vis spectroscopy or the U L; edge XANES (used in pre-
vious studies) may not be sufficient to detect other oxidation
states of uranium.

Here we investigate in detail the reactivity and phase stabi-
lity of the synthesized UO, NPs. First, we noticed the impact of
the synchrotron X-ray beam on the freshly synthesized
materials. In order to verify the damage of samples by X-ray
irradiation, all samples were scanned several times at the exact
same position to examine how the beam exposure affects the
samples. Fig. 3a shows the average of the first U M, spectral
scans on UO, NPs synthesized from 0.01 M U(v) pH > 11 and
its comparison with the last scans after 45-60 minutes of X-ray
exposure. With each subsequent scan (which takes 5 min) the
shoulder of the HERFD high-energy side increases and can
even be resolved as an individual component, indicating the
partial oxidation of the sample to U(v) and U(vi). Other
samples were oxidized under exposure as well, leading to the
conclusion that beam exposure is responsible for uranium oxi-
dation in NPs. In order to obtain data on freshly made

Inorg. Chem. Front., 2021, 8, 102-1110 | 1105
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Fig. 3 HERFD M, edge spectra: (a) for 0.01 M U(v) pH > 11 before and after beam damage with references. (b) For fresh and 1-year-aged 0.1 M
samples with references. The HERFD spectra of the UO3z and U,Oq references have been reproduced from data, reported by Leinders et al. and have

shown here for clarity.”

materials, HERFD measurements have been made on the
newly synthesized UO, NPs (reported in Fig. 2), with a short
X-ray exposure time (15 min in total over several scans) on
samples sealed in a special inert gas-filled container (more
info is given in the Experimental section and ESIf).

The recorded U M, HERFD data on oxidized UO, NPs are
reported in Fig. 3 and compared with the spectra of UO,,
U,40, and UO; (reproduced from Leinders et al.®’). It should
be noted that despite the longer duration of L;-edge EXAFS
measurements beam damage does not take place in this
case due to the lower unfocused beam intensity, compared
to My-edge HERFD measurements. Several scans made on
the same sample position were reproducible and oxidation
(or significant differences from the UO, structure) was not
detected.

Moreover, the stability of NPs over time has also been
studied. Two samples synthesized from 0.1 M U(wv) concen-
trations were kept as wet pastes under inert conditions and
ambient temperature for a year in closed 2 mL plastic tubes
with a tiny amount of water left after washing the NPs.
Afterwards these samples were analysed with HRTEM, XRD
and M, edge HERFD techniques. It was found that the size of
NPs increases (Table S2 and Fig. S8, S97) after aging (likely due
to the dissolution—precipitation processes®”), while partial oxi-
dation was observed by HERFD (Fig. 3b). An increase of U(v)
contribution in the damaged NPs is shown (Fig. 3a), though it
is clear by the difference in peak intensity ratios that the NPs
have not fully converted to pure U Oq. Bulk U0y has equal
amounts of U(v) and U(v), yet the peak intensities in HERFD
are not the same due to the different probability of the absorp-
tion process, i.e. different absolute absorption cross-sections
of U(iv) and U(v).®” Therefore, a significant amount of U(wv) is
still retained in our damaged samples. The HERFD spectra on

106 | /norg. Chem. Front., 2021, 8, 102-1110

the aged NPs show higher contribution of U(v) compared to
U(wv). Overall, it leads to the conclusion that small NPs oxidize
to U,09 and grow up to 6 nm over time. The size of 6 nm was
determined from the XRD data and is in agreement with the
HRTEM size estimations (Table S27).

The strong influence of the X-ray beam and the aging
behaviour of the UO, NPs are clear evidence of the low stability
of the samples; therefore, special care must be taken to avoid
sample oxidation and destructive effects of the X-ray beam.
The reasonable solution is to keep samples under reducing
conditions as long as possible before performing any experi-
ments, to record relatively quick scans and to choose new
sample positions for every scan to limit sample exposure.
Measurements under cryogenic conditions might also over-
come the issue of beam damage, but this has not been tested
yet on the UO, NPs.

Comparison between various An and Ln oxide NPs

Tetravalent cations (Cat) undergo extensive hydrolysis
accompanied by the formation of mono- and oligomeric
species. Eventually CatO, NPs originate from aqueous solu-
tions. Besides uranium, the formation of small (2-4 nm) crys-
talline NPs was observed for cerium,** thorium,”* neptunium”?
and plutonium.”* Dioxides of these elements demonstrate
similar crystallographic properties: a fluorite-type structure
with a similar lattice parameter. However, the redox properties
of these elements are different. Thorium is redox inactive,
while Ce, U, Np and Pu may be present in different oxidation
states. The correlation between UO, and PuO, NPs is of high
interest as both U(wv) and Pu(wv) are mobile in their colloid
form.>”>7® The redox conditions in deep geological reposi-
tories are expected to be reducing. Therefore, U(w), being
stable under these conditions, could be a reference for Pu(wv)

This journal is © the Partner Organisations 2021
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as well, due to the similarities in An(iv) ionic radii and crystal-
lographic properties of their dioxides. Our investigation shows
that there are many resemblances between these An(iv) NPs. It
was shown® that neither super stoichiometric AnO,., nor
other higher oxide phases are present in PuO, NPs though it
could be expected due to the stability of Pu(iv) under these
conditions. Similar behaviour can be predicted for NpO, NPs;
however, to the best of our knowledge the presence of other
oxidation states in NpO, NPs has not been studied yet by the
HERFD method.

In contrast to Pu and especially Np, Ce(m) is stable in
aqueous solutions; therefore, one can expect that Ce(u) is
present in the hydrolysis products. Nevertheless, it was
found***? that CeO, NPs do not contain even slight amounts
of Ce(m), leading to the conclusion that CatO, NPs formed by
fast chemical deposition retain Cat(v) as the dominating oxi-
dation state regardless of their redox affinity. In this study we
confirmed that it is also valid for UO, NPs, synthesized by the
fast chemical deposition method at pH 8-11. These results do
not include the possibility that the formation of other phases
or other oxidation states takes place under different synthesis
conditions.

Conclusions

It is reasonable to believe that the properties of UO, in bulk
and at the nanoscale are different. Due to a larger surface-to-
volume ratio, UO, NPs are expected to be more reactive and,
therefore, to exist as UO,.,, with some of the U oxidized at the
surface.’*"*” However, it was found that U(w) is the dominant
oxidation state of the UO, NPs, synthesized by the fast chemi-
cal deposition method at pH 8-11, but their stability is signifi-
cantly lower than bulk UO, in terms of time and oxidation sen-
sitivity. They are easily oxidized not only in air, but also slowly
under inert conditions or during X-ray exposure. Therefore,
special care has to be taken while investigating reactions with
UO, NPs and their properties.

The electronic and local structures of the freshly syn-
thesized UO, NPs with a size of 2-3 nm were revealed by com-
bination of the U L;-edge EXAFS, U M,-edge HERFD, XRD and
HRTEM methods. We show here that the structural and elec-
tronic properties of fresh ultra-small UO, NPs (2-3 nm) are
similar to those of bulk UO, when inert or reducing conditions
are maintained. It was found that high reactivity of UO, NPs in
time and under X-ray beam exposure leads to the formation of
the U,04 species complemented by the growth of the NP size
to 6 nm. We believe that these findings are beneficial for the
fundamental understanding of nuclear fuels and for tailoring
the functionality of UO, since most previous studies focused
on large-bulk UO,.
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