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Abstract. Uranium oxides have attracted much attention not only in
the context of nuclear energy generation but also for their application
as pristine catalysts or as supports for other (transition metal) oxides
and (precious) metals. Their propensity to adopt high coordination
numbers and manifest multiple oxidation states (from +II to +VI)
makes them attractive candidates for catalyzed transformation reac-

tions. Herein, we report a new synthesis route to phase-pure, crystalline
UO, nanoparticles via microwave-assisted decomposition of a molecu-
lar uranium(IV) precursor. The electronic structure and optical absorp-
tion properties of these nanocrystals were investigated using spectro-
scopic methods to evaluate their suitability for photo(electro)catalytic
applications.

Introduction

Uranium oxides possess intrinsic electronic properties that
make them attractive for electro- and photocatalytic applica-
tions. The fact that the U 5f orbitals can hybridize!'! and thus
enable multiple electron transfer reactions in combination with
bandgap energies in the range of 2 eVI?! make uranium oxides
potential candidates for efficient photoelectrocatalysis that are
effective under visible light illumination. Despite their favor-
able physical and chemical properties, there are only few re-
ports on functional properties of uranium oxide nanomateri-
als.’! This results mainly from the facile valence dynamics,
which makes the stoichiometric control and preparation of
phase pure nanomaterials rather difficult.

The pronounced valence switching of uranium oxides in
combination with a high surface-to-volume ratio in nano-
materials, makes it challenging to generate uranium(IV) oxide
nanocrystals with the ideal stoichiometry (U:O = 1:2), since
interstitial oxygen can easily intercalate into the UO, fluorite
lattice resulting in the formation of hyperstoichiometric
UO,,, (0 < x < 0.25).1 There are a several examples in the
literature for the synthesis of uranium oxide nanoparticles via
solution-based methods.!>! A brief review of selected uranium
oxide nanoparticle syntheses relevant to this report follows. In
2003, O’Loughlin et al. reported the formation of UO, nano-
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particles via reduction of uranyl acetate with hydroxysulfate
green rust. The obtained nanoparticles were reported to be
polydisperse spheres with a diameter of 2-9 nm.!®) Wu et al.
reported on the synthesis of monodisperse UO, nanoparticles
via thermal decomposition of uranyl acetylacetonate in a mix-
ture of oleic acid, oleylamine, and octadecene solutions. This
reductive method generated spherical nanoparticles (ca. 5 nm)
that were surface passivated by oleylamine through chelating
bidentate interactions as suggested by IR spectroscopy.!”-®
Wang et al. prepared spherical UO, nanoparticles with an
average diameter of 100 nm via hydrothermal reduction of
uranyl acetate using ethylenediamine. The reaction was per-
formed in an autoclave heated at 160 °C for 48 h.°! A room
temperature and surfactant-free synthesis of UO, nanoparticles
was presented by Nenoff et al. in 2011.1'°7 The reduction of
uranyl nitrate was achieved using gamma irradiation of a
80Co-y source. However, the samples needed to be exposed
to the irradiation for at least 7 d.1'%1 All synthetic approaches
described above used uranium(VI) species so that an additional
in-situ reduction step for the synthesis of UO, nanomaterials
was inevitable. The synthesis of AnO, nanoparticles based on
An'v starting materials via hydrothermal and thermal decom-
positions has been reported recently.['!!

In this work, we report on the straight-forward and fast
(10 min) synthesis of UO, nanoparticles via microwave-as-
sisted decomposition of the previously reported uranium(IV)
heteroaryl alkenolate.''?! This procedure does not require an
additional reduction step (UY'—=U'Y) and the synthesis takes
place without addition of catalysts or co-precursors. Spectro-
scopic investigations, such as X-ray photoelectron spec-
troscopy (XPS), X-ray absorption spectroscopy (XAS), spec-
tromicroscopy, and in-situ XAS at the oxygen K-edge under
illumination confirmed the phase composition as well as the
presence of photocatalytically active orbitals in the UO, nano-
material.
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Results and Discussion

To synthesize UO, nanoparticles without an additional re-
duction step of uranium(VI) starting materials, a microwave-
assisted decomposition using the uranium(IV) compound
tetrakis[n2-N,0-1-(4,5-dimethyl-oxazol-2-yl)-3,3,3-trifluoro-
prop-en-2-olato] uranium(IV) [U(DMOTFP),] was performed.
This compound exhibits preformed U-O bonds and predeter-
mined breaking points, which enables a single-step decomposi-
tion of the precursor and nucleation of UO, nanocrystals.
TG/DTA analysis (performed under nitrogen atmospheres) of
the precursor compound revealed a decomposition temperature
of ca. 267 °C and complete combustion at ca. 322 °C (Fig-
ure 1).121 The DTA graph showed two endothermic signals in
this region corresponding to the melting and evaporation pro-
cesses accompanied by the loss of two DMOTFP-H ligands
and two [(Me,C3;NO)(C,CF;3)] species. The theoretical
(74.6 %) and experimentally observed (74.8 %) weight losses
are in very good agreement with the formation of UQO,.
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Figure 1. TG-DTA analysis of [U(DMOTFP),] performed in a nitro-
gen atmosphere with a heating rate of 10 K'min~!. The predetermined
breaking points are indicated in green.

The crystallization process occurs at 475 °C as elucidated by
the small exothermic signal in the DTA. The energy required to
decompose the precursor to give UO, nanoparticles was pro-
vided by microwave heating (electromagnetic radiation in the
frequency range of 0.3 to 300 GHz). The microwave approach
used in this work is suitable for high throughput synthesis with
short reaction times and high yields can be achieved, while
still having a precise control of reaction parameters.l'* One of
these reaction parameters was the choice of the solvent. Due
to the microwave heating mechanism, the selection is limited
to polar solvents with a high permanent electric dipole. Water
exhibits a dipole of 1.9 and thus would be appropriate to use,
however, the uranium precursor is not water-soluble. In ad-
dition, water displays a boiling temperature of 100 °C, which
is too low for the decomposition reaction to occur. Therefore,
different solvents were screened with respect to their polarity,
boiling temperatures and affinity towards solutes. The ones
most suitable for the fabrication of UO, nanoparticles were
found to be diethylene glycol (DEG), triethylene glycol (TEG),
N-methyl-2-pyrrolidone (NMP), oleylamine, and benzyl
alcohol. Preliminary tests were performed using the pure sol-
vents and their mixtures with water. Since either no nanoparti-
cle formation was observed (for DEG, TEG and NMP) or
lower yields were obtained with pure solvents (oleylamine),
further experiments were conducted using water-solvent mix-

tures with different ratios of the respective organic additive. A
DEG:water mixture with a ratio of 4:2 was found to produce
small particles (<10 nm) with a narrow size distribution and
good yields. Besides precursor concentration, power, reaction
temperature, and pressure, the microwave reaction time was
varied from 5 to 30 min to investigate the influence on the
particle size and crystallinity. As expected, the hydrodynamic
diameters increased (even though only slightly, Adyy4 =
13 nm) with increasing reaction time. The corresponding pow-
der X-ray diffraction (XRD) patterns (Figure 2) revealed that
crystallization of UO, already occurred after a 10 min reaction
time. With increasing reaction time enhanced crystallinity of
the nanoparticles was observed, which has also been reported
for the microwave-assisted synthesis of CeO, quantum
dots.['* In all patterns (except for the amorphous 5 min sam-
ple), the Bragg reflections were unambiguously assigned to the
cubic fluorite-type UO, (JCPDS [36-0089]). A quantitative
Rietveld refinement was performed for the sample synthesized
in 30 min. The experimental powder XRD pattern (data, Fig-
ure S1, Supporting Information) was modeled using the bulk
structure of UO,"5! and the fitting (fit, Figure S1) was found
to be in good agreement with the experimental data. Slight
deviations result from the signal noise of the experimental
pattern. The crystallite sizes, determined using the Scherrer
formula from the three most intense Bragg reflections (111),
(220) and (113), exhibited average crystallite sizes of
6.9 =0.9 nm for a reaction time of 10 min and 7.4 =0.2 nm
for reaction times of 20 and 30 min.
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Figure 2. Powder XRD patterns of UO, nanoparticles synthesized with
different microwave durations. The average crystallite sizes were de-
termined using the Scherrer equation and were found to be 6.9 nm
(10 min) and 7.4 nm (20, 30 min).

These results are in good agreement with the statistically
determined diameters from TEM images (Figure 3). The par-
ticles synthesized with a microwave duration of 10 min are
spherical and exhibit a mean size of 6.4 = 1.2 nm. In addition,
the particles reveal a relatively narrow size distribution and
are crystalline as confirmed by the electron diffraction pattern
(Figure S2, Supporting Information). The difference in size de-
termined via DLS (d},yq, = 121 nm) and TEM or powder XRD
measurements can be attributed to the agglomeration of nano-
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particles. In addition, SEM images of as-prepared and washed
nanoparticles (three times with a cyclohexane/ethanol mixture)
revealed that these were still embedded in a residual DEG ma-
trix. Only after further several washing steps, the excess of
polymer was distinctly removed as confirmed by TEM analy-
sis. This is consistent with literature reports on DEG-mediated
microwave reactions, which show that DEG coordinates and
thus, acts as a stabilizing agent during the nanoparticle synthe-
sis. However, even after washing and drying processes, par-
ticles contained DEG residues in quantities at the level of a
monolayer.!®!

Figure 3. Transmission electron microscopy image of UO, nanopar-
ticles generated via microwave decomposition of [U(DMOTFP),] with
predefined parameters: 7 = 220°C, t = 10min, p = 12bar, ¢ =
8.3 mg'mL~!, DEG:H,0 = 4:2.

The surface characteristics of thoroughly washed UO, nano-
particles (synthesis time, 10 min) were investigated by FI-IR
and XPS analysis. The IR spectrum (Figure4) showed
vibrational bands at 3500-3000 cm~' for Vv(O-H),
3000-2800 cm™! for v(CH,), 1450-1250 cm™' for 8(CH,), and
1200-1000 cm™! for v(C-0), which is consistent with reported
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Wavenumber [cm ]

Figure4. IR spectrum of UO, nanoparticles with a mean
size of 6.4=*12nm prepared via microwave decomposition of
[U(DMOTEFP),]. The insets show the structural formulas of DEG and
diglycolic acid.

values for DEG.I'7! The band at 1750-1650 cm™' [v(C=0)]
corresponded to carbonyl groups, which can either be ascribed
to carbonic acid formed by adsorbed atmospheric CO, or to
diglycolic acid formed through partially oxidized DEG. There
are several publications on CO, activation using molecular
uranium compounds, in which the metal-mediated redox trans-
formation led to formation of CO and uranium carbonate spe-
cies with higher oxidized central uranium atoms.['3! The oxid-
ation of DEG to diglycolic acid is a common step in the re-
duction of metal salts to give metal nanoparticles (polyol
route).!'%]

However, since the molecular uranium precursor already ex-
isted in the U™ oxidation state, DEG did not act as reducing
agent during the nanoparticle synthesis in this work. The re-
duction to lower valent U™ and U° species is unlikely to occur
due to the high negative reduction potentials of —0.63 V and
—1.70 V (Scheme 1) and the propensity of uranium(IIl) to dis-
proportionate. 20!

0.16 V 054V -0.63V

. -1.70V
Ubt———— |t ——— = ¥t — Yt —>

| 036V T

Scheme 1. Formal reduction potentials of uranium in V vs. SHE mea-
sured in 1 M HCIO, at 298 K.[?!]

It has been reported, that primary alcohols are decomposed
at surfaces of single crystalline UO,(111) to give the corre-
sponding aldehyde via dehydrogenation.??! The (111) surface
exhibits the lowest surface energy and is thus the most stable
surface. The powder XRD pattern of UO, nanoparticles syn-
thesized herein revealed the highest intensity in the (111)
Bragg reflection and thus oxidation of DEG at the UO, nano-
particle surfaces is likely to occur to a certain degree. When
any residual solvents were removed by several washing steps,
the deprotonated diglycolic acid acts as stabilizer for the UO,
nanoparticles. UO, is characterized by two very broad bands
at 340 and 470 cm™! in the IR spectrum. However, since DEG
exhibits a band in this region, an assignment of UO, is diffi-
cult. In contrast, the higher oxides of uranium (U4Oo, a-U30g,
UO5) all show a characteristic band at 740 cm™', which corre-
sponds to stretching vibrations of the U-O bond in the
—0-U-O-U- chain, and was used by Allen et al. to distinguish
binary uranium oxides with different U:O ratios.!?3! Since this
band was absent in the IR spectrum of the synthesized UO,
nanoparticles, the presence of higher oxidized uranium species
can be excluded. Thus, the presence of organic surfactants
might stabilize the central U™ atom since no oxidation of U™
is observed despite atmospheric conditions during the micro-
wave reaction.

The XPS survey scan (Figure 5a) of the UO, nanoparticles
showed solely signals for carbon (61.0at.%), oxygen
(32.8 at. %), and uranium (6.2 at. %). The high carbon content
indicates the adsorption of DEG at the UO, nanoparticle sur-
face, which is consistent with the IR results. Neither nitrogen
nor fluorine was detected, pointing toward a clean decomposi-
tion of the molecular uranium compound. To obtain detailed
information on the oxidation state of uranium, the two U 4fs,,
and U 4f,, signals in the high-resolution U 4f spectrum (Fig-
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ure 5b) and the O Is signal (Figure 5c) in the binding energy
range of 536-522 eV were investigated. The peak energies of
the U 4f5,, and U 4f;,, are in good agreement with literature
reported values?# for single crystal UO, thin films (Table S1,
Supporting Information). The shake-up satellites, which are
characteristic for UO, and should exhibit a distance of 6.9 eV
from the basic U 4f signal, are observed at 384.58 eV and
396.00 eV. The large FWHM of both the U 4f and O 1s signals
could arise from the coordination of DEG to the nanoparticle
surface; the existence of higher oxidized uranium species was
ruled out by IR analysis. This would be consistent with the
shift of the O 1s signal toward lower peak energies.

o
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Figure 5. (a) Survey XPS scan and high resolution XPS spectra of (b)
U 4f and (c) O 1s states of thoroughly washed UO, nanoparticles with
a mean size of 6.4 = 1.2 nm. The signals in the high-resolution spectra
were fit by a Gaussian-Lorentzian function.

To unambiguously determine the oxidation state of the syn-
thesized nanomaterials, XAS spectromicroscopy was per-
formed. For this purpose, UO, nanoparticles were dispersed in
ethanol and drop coated onto a Si;N, membrane. Since the
particles were stored in ethanol for a period of three months
without sonication, the agglomeration had progressed further.
The STXM images (at different magnifications) and the corre-
sponding O XAS spectrum collected from the particles shown
in (c) are displayed in Figure 6. A series of images was col-
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Figure 6. (a) Decomposition of the O K-edge spectrum acquired from
UO, nanoparticles deposited from an ethanol dispersion, shown with
a fit consisting of a sum of an arctan function and four Gaussian peaks.
(b) Scanning transmission X-ray micrograph of agglomerated UO,
nanoparticles acquired with a photon energy of 728 eV. Scale bar, 1
micron. (c¢) Uranium map of the region shown in (b), generated by
measuring the difference in absorbance at 728 eV and 740 eV.

lected in an energy range from 510.0-570.0 eV for the oxygen
K-edge. The signal collected from the particles (dark areas)
was normalized to the photon flux extracted from the SisNy
window (bright area, low level of absorption). The background
was subtracted from the resulting spectrum and the decomposi-
tion of the peaks was performed using a Gaussian fitting meth-
odology.

The peak positions are in agreement with the energies re-
ported for polycrystalline UO, powders by Jollet et al.’>>! UO,
crystallizes in the cubic space group Fm3m and exhibits a for-
mal ionic ground state configuration of U 6p®5f26d°7s° O 2p®,
which can be abbreviated as 52. For the oxygen K-edge XAS,
an oxygen 1s electron is promoted to the empty oxygen 2p
levels, which results in an oxygen ls hole and a mixture of
uranium 5f> and 5f?6d'configurations. Since in a cubic crystal
field, the d orbitals are split into e, (lower energy) and t,,
(higher energy) orbitals, two configurations are possible for
the 5f26d' configuration, i.e. 5f26de,' and 5f26dt,,'. These
configurations were attributed to peaks 2 and 3. Peak 1 and
the small shoulder towards lower energies, which results from
spin-orbit splitting, were assigned to the hybridized 5f> states.
In accordance with simulated data, the hybridized U 5f states
are lower in energy than the U 6d ones.[>’! In addition, the
U 5f-O 2p hybridization is smaller than the U 6d-O 2p hybrid-
ization as indicated by the lower intensity of peak 1 compared
to peaks 2 and 3. The very broad signal at energies higher
than 540 eV (peak 4) was attributed to hybridized 7s(7p)-O 2p
states.

In-situ XAS in the dark and under light illumination at the
oxygen K-edge of powder-dried UO, nanoparticles with a
mean size of 6.4 = 1.2 nm was performed to evaluate the pho-
tocatalytically active orbitals. As previously reported, the spec-
tral features strongly depend on the preparation method.>®! In
case of the UO, powder, the signals corresponding to the hy-
bridized uranium 5> states were more pronounced than in the
dispersed sample. In Figure 6 and the reference spectrum by
Jollet et al., the 5f3 states appear as “shoulders” towards lower
energies of the 5f?6de,' signal, whereas in the UO, powder
both signals are distinguishable and exhibit comparable inten-
sities (Figure 7). Upon illumination with incident light (350-

——dark
illuminated

O K-edge
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Figure 7. In-situ XAS spectrum in the dark (black) and under illumina-
tion (red) of UO, nanoparticles with a mean size of 6.4 = 1.2 nm pre-
pared in this work via microwave-assisted decomposition.
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750 nm), both the 5f* and 5f?6de,' states show decreased in-
tensity, whereas the 5f26dt,,' is not affected. Since the inten-
sity of the signals is directly proportional to the amount of
unoccupied states, light illumination promotes charge carrier
dynamics at these sites.

The decreased intensity may imply that electrons are excited
from the valence band to the conduction band under illumi-
nated conditions. Thus, UO, exhibits properties allowing the
study of its possible application as a photocatalyst, which has
been the subject of other studies, not in the focus of this work,
in our group. In addition, the optical absorbance of the UO,
nanoparticles with a mean size of 6.4+ 1.2 nm was investi-
gated by UV/Vis-spectroscopy. The broad non-symmetric band
between 250 and 500 nm (Figure S3, Supporting Information)
consists of at least two signals which is consistent with re-
ported spectra for UO,.1?”) The band maximum at 218 nm cor-
responds to the 5f2 — 6dt,,5f" transition, while the lower en-
ergy band can be assigned to the 52 — 6de,5f" transition with
a shoulder from spin orbit splitting.!?®! However, DEG also
exhibits an absorption band with a maximum at ca. 325 nm.
Charge-transfer transitions (2p — 6de,) occur at higher photon
energies (ca. 8 eV).[?8] Whereas the oxygen K-edge XAS mea-
surements suggest a f—f type band transition, the optical spectra
propose that UO, is a f—d type since upon excitation neither
the O 2p nor the U 5f electrons can access the unoccupied 5f
state but only the unoccupied 6d state according to dipole se-
lection rules.!?®! The bandgap of the material was determined
using the Tauc formula for direct bandgap materials. The linear
part of (ahv)? vs. hv extrapolated to the baseline yielded the
value of the bandgap (inset Figure S3, Supporting Infor-
mation). Bulk UO, was reported to exhibit a bandgap of 2-
2.3 eV.I?] The higher value of 2.5 eV found for UO, nanopar-
ticles is likely explained by the quantum confinement effect.

To investigate the role of the microwave method compared
to pure thermolysis, the following experiments were per-
formed: (a) thermal decomposition of [U(DMOTFP),] at
330 °C in air, (b) heating up the precursor in DEG to 330 °C
and (c) hot-injection of a solution of [U(DMOTFP),] in oleyla-
mine into preheated (350 °C) trioctyl phosphine (TOP).[3!
Whereas simple heating of the precursor only yielded a black,
amorphous powder, both thermolysis in air and hot-injection
resulted in the formation of crystalline UO, as shown by XRD
analysis (Figure S4, Supporting Information). The higher in-
tensity of the diffraction peaks in the sample prepared via pure
thermolysis is likely explained by the formation of bulk UO,
due to the sintering effect. The average crystallite size of the
sample prepared via hot-injection was determined to be
9.1 £0.3 nm using the Scherrer formula. Although both hot-
injection and microwave decomposition produced small par-
ticles (<10 nm), the microwave approach was deemed more
suitable as it drastically shortened the reaction time and tem-
perature, while still retaining a precise control of size, shape,
composition, and crystal phase.

Conclusions

In this contribution, we have presented the fast and
simple synthesis of phase pure UO, nanoparticles via micro-

wave assisted decomposition of the uranium(IV) complex
[U(DMOTFP),] without the need of additional reducing agent
or co-catalyst. The particles show a narrow size distribution of
6.4 = 1.2 nm. XAS studies, the bandgap value of 2.5 eV and
the overall absorption in the visible light region as well as the
existence of optoelectronically active hybridized U 5f-O 2p
and U 6d-O 2p states, point towards the possible implementa-
tion of UO, nanomaterials for photo(electro)catalytic applica-
tions.

Experimental Section

Chemicals: Diethylene glycol (DEG, 99.5 %, Acros), ethanol (abso-
lute, Merck), oleylamine (97 %, Acros), trioctyl phosphine (97 %,
Sigma Aldrich) and cyclohexane (p.a., Sigma Aldrich) were used as
received without further purification. The synthesis and chemical char-
acterization of tetrakis[n2-N,0-1-(4,5-dimethyl-oxazol-2-yl)-3,3,3-tri-
fluoropropen-2-olato] uranium(I'V) [U(DMOTFP),] was performed ac-
cording to literature procedure.!'?!

Synthesis of UO, Nanocrystals: For the preparation of UO,
nanoparticles all solvents were degassed prior to use to prevent oxid-
ation of the precursor. Standard procedure: In a 25 mL flask 50 mg of
[U(DMOTEFP),] were dispersed in 4 mL DEG. The green dispersion
was transferred to a microwave tube equipped with a stirring bar. Just
before the start of the microwave reaction, 2 mL of water were added.
The microwave parameters were adjusted (dynamic mode, 50 W,
12 bar, 220 °C) and the reaction time was set to 10 min. Subsequently,
the black dispersion was transferred to a centrifuge tube and centri-
fuged for 15 min at 11000 rpm. The supernatant was decanted and the
black precipitation was washed with an ethanol/cyclohexane (25 ml/
15 mL) mixture and sonicated for 10 min prior to centrifuging again.
This washing cycle was repeated for 3 times, then repeated with 40 mL
of ethanol, and finally with 40 mL of water. After the last step, the
samples were redispersed in ethanol for further analysis. Microwave
decompositions were performed in a Discovery S system (CEM) in
10 mL glass pressure vessels and in the dynamic mode.

Thermal Decomposition of [UMDMOTFP),] in DEG:
[U(DMOTEFP),] (50 mg) was dispersed in DEG (4 mL) and heated to
140 °C under vacuum for 20 min. Subsequently, the mixture was
heated to 330 °C in a nitrogen atmosphere and refluxed for 20 min.
After the mixture was cooled to room temperature, the brown disper-
sion was transferred to a centrifuge tube and centrifuged for 15 min at
11000 rpm. The supernatant was decanted and the brown precipitate
was washed with an ethanol/cyclohexane (25 ml/15 mL) mixture and
sonicated for 10 min prior to centrifuging again. This washing cycle
was repeated for 3 times, then repeated with 40 mL of ethanol, and
finally with 40 mL of water. After the last step, the samples were dried
for XRD analysis.

Thermolysis of [UDMOTFP),]: [UDMOTEP),] (50 mg) was heated
to 330 °C under air for 10 h at a heating rate of 10 K-min~'.

Hot Injection Method: [U(DMOTFP),] (200 mg) was suspended in
oleylamine (10 mL). The mixture was heated to 140 °C and stirred for
1 h, resulting in a brown solution. Subsequently, the solution was in-
jected to 8 mL trioctyl phosphine, which was preheated to 350 °C. The
mixture was stirred for 45 min at this temperature. Subsequently, the
orange dispersion was transferred to a centrifuge tube and centrifuged
for 15 min at 11000 rpm. The supernatant was decanted and the black
precipitate was washed with an ethanol/cyclohexane (25 ml/15 mL)
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mixture and sonicated for 10 min prior to centrifuging again. This
washing cycle was repeated for 3 times, then repeated with 40 mL of
ethanol, and finally with 40 mL of water. After the last step, the sam-
ples were dried for XRD analysis

Characterization: TGA/DTA measurements were performed with a
STARe-system from Mettler-Toledo, equipped with a TGA/DTA1 unit
and a GC100 gas controller. UV/Vis spectra were recorded with a
Lambda 950 (Perkin-Elmer) device. FT-IR spectra were recorded with
a Spectrum 400 (Perkin-Elmer) instrument. X-ray photoelectron spec-
troscopy (XPS) measurements were carried out using a spectrometer
(® 5600ci, Perkin-Elmer) at a pressure below 10~ mbar under a non-
monochromatic Al-K,, excitation source (186.6 ¢V) with an ESCA M-
Probe spectrometer (Surface Science Instruments SSI). Correction to
the binding energies was done in reference to the Cls-signal
(284.8 eV). Spectral corrections and composition calculations were
performed using CasaXPS. TEM measurements were carried out using
a ZEISS LEO 902 microscope operating at 120 kV with LaB4 cathode
in a bright field mode. The samples were deposited onto a carbon
coated copper grid. The mean diameter was statistically determined
from a varying number of nanoparticles from bright field micrographs.
The hydrodynamic radii of the particles were measured with a Malvern
Instruments Zetasizer Nano ZS (operating wavelength: 633 nm). XRD
measurements were performed on a STOE-STADI P using either
Cu-K,, radiation (4 = 1.5418 A) or Mo-K,-radiation (4 = 0.7093 A).
The in-situ XAS measurements of the O K-edge were carried out in
TEY mode at BL20A1 at the National Synchrotron Radiation Research
Center in Taiwan. The spectra were recorded in the dark and under
illumination (1.5 AM solar simulator, HAL-302, Asahi Spectra, Ja-
pan). XAS measurements were performed at the scanning transmission
X-ray microscope (STXM) end station of the Advanced Light Source-
Molecular Environmental Sciences Beamline 11.0.2 at the Lawrence
Berkeley National Laboratory in Berkeley, CA, USA.B3!

Supporting Information (see footnote on the first page of this article):
The Supporting Information includes the Rietveld refinement, electron
diffraction pattern, TEM image and UV-vis spectra of UO, nano-
particles prepared via microwave decomposition. In addition, XRD
patterns of UO, materials synthesized via thermal decomposition are
displayed.
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