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ABSTRACT: FeUO, was studied to clarify the electronic structure of U(V) in a metal monouranate compound. We obtained the
peak splitting of spectra utilizing high-energy-resolution fluorescence detection—X-ray absorption near-edge structure (HERFD-
XANES) spectroscopy at the U Lj-edge, which is a novel technique in uranium(V) monouranate compounds. Theoretical
calculations revealed that the peak splitting was caused by splitting of the 6d orbital of U(V) in FeUO,, which would be used to
detect minor U(V) species. Such distinctive electronic states are of major interest to researchers and engineers working in various

fields, from fundamental physics to the nuclear industry and environmental sciences for actinide elements.

U ranium (U), used as a fuel for nuclear power generation,
is an important element in actinide chemistry, nuclear
technology, and environmental science due to its usefulness as
an energy resource and chemical toxicity.' The oxidation state
of U is a critical factor in understanding its migration behavior
in the environment. It is predominantly present in the
environment as U(IV) and U(VI) species. U(V), a minor
chemical species of U, is less common. However, recent studies
have reported that U(V) is relatively stable in magnetite,” >
goethite,” and depleted U.” Its unique characteristics were
reported as intermediates during the reduction of U(VI) to
U®IV).>**7"" Therefore, U(V) compounds have attracted
attention in geological, environmental, and actinide chemistry
studies.

FeUO, (Figure 1) is a metal monouranate compound
containing U(V). It was first studied by Bacmann et al. in
1967." 1t has a BiVO,-like structure in space group Pbcn with
lattice constants a = 4.88 A, b = 11.93 A, and ¢ = 5.11 A."® The
U and iron (Fe) coordination environments in FeUO, consist
of distorted octahedra, [UO] and [FeOy], with two short axial
U-0 (2.0465 A) and Fe—O (1.9913 A) bonds and four long
equatorial U—O (2.1820 and 2.2154 A) and Fe—O (2.0515
and 2.0901 A) bonds. Recently, Crean et al. found that FeUO,
was produced in association with depleted U in the
environment.” The occurrence of FeUO, demonstrates the
stability of this phase for more than 25 years in the surface
environment. Furthermore, Akiyama et al. reported that
FeUO, could be generated under the Fukushima Dai-ichi
Nuclear Power Station’s severe accident conditions.'* Few
studies exist on the electronic structure of FeUO,.”"*™'° Guo
et al. reported that all U ions in FeUO, would be a S+
oxidation state by DFT+U calculations (DFT = density
functional theory), whereas the U*/U ratio in FeUO, is
66.4%, as determined by X-ray photoelectron spectroscopy
analysis in the U 4f region."” Because of the possibility of
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surface oxidation, the U**/U ratio does not represent the U
valence information for the bulk samples. Detailed analysis is
indispensable to discuss the electronic structure of U in the
FeUO, compound.

X-ray absorption near-edge structure spectroscopy
(XANES) has been widely used for characterizing the
electronic structure of U materials.”~'® This is due to its
several advantages, including element-selective measurement,
easy sample preparation, and nondestructive analysis. U L- and
M-edge XANES spectroscopy has been used to analyze U
compounds. The energy range of the U M-edge lies in soft X-
ray region (3.5—3.7 keV), which makes the XANES measure-
ment difficult due to X-ray absorption by air compared to U
L;-edge XANES measurements. The U has a Li-edge (17.2
keV) in the hard-X-ray region, and consequently the
radioactive samples can be sealed by films for safety of the
experiments. Because of these advantages, several U(V)
compounds'” and FeUO,"'>'® have been analyzed so far by
U L;-edge XANES spectroscopy. Soldatov et al. showed that
there is a small preedge shoulder in the absorption spectra of
NaUO;, KUO;, and RbUQ,."” They also reported the XANES
spectra of KUO; and RbUO; in a perfect perovskite structure
with two more notable postedge shoulders. Misa et al. reported
the XANES spectrum of TL,U,O;, another uranium(V)
uranate in a defective pyrochlore structure with significant
shifts in the energy positions of the white line and postedge
shoulder.'® The occurrence and positions of pre- and postedge
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Figure 1. (a) Representation of the FeUO, unit cell, exhibiting an ideal structure. The oxygen atoms form a framework of oxygen octahedra around
each U atom and Fe atom. This figure was created using VESTA3 software. (b) Simplified and schematic overview of the U theoretical valence
configuration evolution during XANES (normal XANES and HERFD-XANES) for U* valence states at the U L,-edges. Note that only the shells
involved in the measured transitions are reported. The core—shells are in brackets to distinguish them from the valence shells. (c) Schematic
overview of the difference of normal XANES and HERFD-XANES spectra.

shoulders depends on the structure of the U(V) compounds. A
detailed study on the differences between these peaks is
expected to be useful in discriminating compounds containing
U(V). Some researchers reported the U L;-edge XANES
spectrum of FeUO,, a small preedge shoulder.'”'® However,
the origin of the characteristic microstructures of the U L;-
edge XANES spectrum of FeUO, was not discussed in the
previous literature.

Recently, high-energy-resolution fluorescence detection
(HERFD)-XANES has been applied to various U compounds
as a more sensitive method for analyzing the electronic
structures."” ™’ The energy resolution of a normal XANES
spectrum depends on the core—hole lifetime broadening in the
final state. In a standard transmission mode of the U L;-edge
XANES experiment, the 2p;/, core—hole lifetime broadening is
7.8 eV for U.”® In a fluorescence mode of the U L,-edge
XANES experiment, the XANES spectrum is obtained by
monitoring the La; emission line (Figure 1b). The overall
spectral energy resolution is limited by the energy resolution of
the solid-state detector (SSD) because the energy resolution of
the SSD is 100 eV or even worse. The spectral feature of
XANES is limited by the lifetime of the 3ds,, core—hole in the
final transition state, which is affected by the large lifetime
broadening of the 2p;,, core—hole (Figure 1c). On the other
hand, using an X-ray emission spectrometer, a high-energy
resolution of a few electronvolts can be achieved, which
enables measurement of the spectral width below the inner-
shell core—hole lifetime width. In this case, the spectral feature
of XANES is limited not by the lifetime of the 2p;,, core—hole
but by the lifetime of the sharper 3ds), states (4 eV) of the final
state”” (Figure Ic). Kvashnina et al. reported a change in the
peak shape of UO, by performing U L;-edge HERFD-XANES
measurements.”> The peak shape showed that crystal-field
splitting of the U 6d states between e, and t,; orbitals. Bao et
al. reported peak splitting of the Th;_ U, O, compounds in the
thorium (Th) L;-edge HERFD-XANES spectra and observed
the crystal-field splitting (~3.5 eV) between the 6d eg and t,,
orbitals in Th,_,U,O, compounds.’® Therefore, the HERFD-
XANES spectra exhibit distinctive microstructures that were
invisible in the normal XANES.

As an example of HERFD-XANES analysis of uranium(V)
monouranate compounds, KUO; has recently been re-
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ported.”>”” Finite-difference methods for near-edge structure
(FDMNES)®" simulations showed that the peak-splitting width
of the U(V) compound is about 7 eV,”’ indicating that the
characteristic peak splitting of U(V) in FeUO, could be
observed by measuring with an energy resolution sufficiently
higher than the width of the 3ds;, core—hole lifetime.

In this paper, our group presents the results on the measured
HERFD-XANES spectra of FeUO, for the first time. To our
knowledge, this is the first report of such measurements in
published literature. Furthermore, we have achieved a high
energy resolution of ca. 1.7 eV by using incident X-ray with a
high energy resolution (1.2 eV) and by precisely focusing X-ray
fluorescence (XRF) with an X-ray emission spectrometer.zs’32
By measuring with the high energy resolution, we succeeded in
detecting a specific peak splitting of U(V) in FeUO,, which
could not be detected in normal XANES spectra. We here
discuss whether theoretical calculations by FDMNES correlate
this peak splitting with the 6d orbital at the transition state by
comparing it with UO, and UO,(NO;),(H,0), for which
HERFD-XANES analysis and FDMNES simulations have
already been reported."”

The FeUO, sample that we used in HERFD-XANES
measurements was already characterized in previous liter-
ature.'”'® X-ray diffraction profile of the FeUO, sample is
shown in Figure S1. Fe species in FeUO, were evaluated to be
trivalent by Fe K-edge XANES spectroscopy and *’Fe
Mossbauer spectroscopy. The HERFD-XANES experiments
were performed at beamline BL39XU, SPring-8, as previously
reported.26 A combined (incident convoluted with emitted)
energy resolution of ~1.7 eV was achieved in the experiments,
as determined by measuring the full width at half-maximum
(fwhm). The detailed conditions of the experiment are
described in the Supporting Information (SI). The HERFD-
XANES spectrum at the U L;-edge of UO,, FeUO,, and
UO,(NO;),(H,0); collected by monitoring the La; emission
line and the corresponding XANES spectrum collected in the
conventional fluorescence mode are compared in Figure 2. The
white line at approximately 17178 eV in the conventional
XANES spectrum of FeUO, mainly originates from the
electronic transition from U 2p;/, to unoccupied 6d states.
Soldatov et al. reported that a lower-energy shoulder observed
in the U L;-edge XANES spectrum is an intrinsic feature of the
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Figure 2. (Solid line) U L;-edge HERFD-XANES spectra of UO,
(black), FeUO, (red), and UO,(NO;),-6H,0O (blue) recorded using
the X-ray emission spectrometer set to the La; emission energy.
(Dotted line) Conventional XANES spectra of UO, (black), FeUO,
(red), and UO,(NO;),-6H,0 (blue) collected in fluorescence mode
by a SSD.

unoccupied U 6d electronic states of the U(V) compound by
measuring the normal XANES spectra of NaUQO;, KUO;, and
RbUO;."” The XANES spectrum of FeUOQ, was characterized
by a shoulder around 17172 eV and a peak top around 17180
eV. The features of the XANES structure of FeUO, were
consistent with previous publications in the literature.">"'® The
HERFD-XANES spectrum of the same sample, the red line in
Figure 2, showed more remarkable features: the white line was
split into two peaks in the HERFD-XANES spectra. The
conventional and HERFD-XANES spectra of UO, and
UO,(NO;),(H,0)s measured at the same energy resolution
are also shown in Figure 2; no peak splitting was observed in
the case of UO, and UO,(NO;),(H,0)s.

The experimental FeUO, HERFD-XANES spectra were
compared to that calculated by FDMNES in Figure 3. In a
previous study, the preedge feature of the HERFD-XANES
spectra was attributed to the quadrupole component of the

25 T T T T
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Figure 3. U L;-edge HERFD-XANES spectrum (red line) of FeUO,
and comparisons with the theoretical calculations (FDMNES) with
(blue line, Theory quadrupole) and without (black line, Theory)
2p;/, = Sf electronic transitions. The first peak is labeled A, and the
second peak is labeled B.

electronic transitions from 2p;/, to the partially empty U f
shells."””* Calculations were performed with and without
consideration of the 2p;,, — 5f transitions, and no
experimental broadening was included. The theoretical
calculation showed a split into two energy levels, reflecting
the splitting of the 6d band. The simulated split width of the
theoretical calculation was about 8 eV, which is almost
consistent with the experimental peak splitting width of about
6 eV (Table 1). Furthermore, all theoretical spectra of FeUO,

Table 1. Energy Positions (eV) of the Experimentally
Observed and Calculated U L;-Edge HERFD-XANES Edge
and Postedge Spectral Features

FeUO, (this study) KUO; (ref27)

feature experimental  calculated experimental calculated

A 17172(1) 17171.3(2) 17173(1) 17173.3(2)

B 17178(1) 17179.5(2)  17179.6(5) 17180.2(2)

energy 6(2) 8.2(4) 6.6(1.5) 6.9(4)
separation

reproduced the general shape and number of postedge
resonances in the HERFD-XANES spectra, as shown in Figure
S2. The postedge structure labeled in C (17228 eV; Figure S2)
was also reproduced by the calculation (17225 €V). Despite
the minor difference between the FDMNES calculations and
experimental HERFD-XANES possibly due to the mufhin-tin
approximation in the simulation, the theoretical calculation
reproduces the experimental spectra reasonably well. These
differences could be improved by more precise electronic
structure calculations. Therefore, the peak splitting of the
FeUO, HERFD-XANES spectrum was observed from both
experiments and simulations.

On the other hand, when the UO, sample was measured
with the same energy resolution, no peak splitting was
observed, as mentioned earlier (Figure 2). As shown in Figure
S3, the simulation assumes a splitting of the 6d band (ca. 4 eV)
of UO,. Kvashnina et al. reported a change in the peak shape of
UO, by performing HERFD-XANES measurements using
XRF of the Lf; line. The broadening of the spectral features in
the Lp; line is related to core—hole lifetime broadenings for
the U 5d and 2p levels,”* which showed a smaller core—hole
lifetime broadening effect compared to using the La; line
(3dy/, states) for HERFD-XANES measurements.””** How-
ever, use of the Lo, line is better to increase the sensitivity of
the method, which should be important in applying the
method to more dilute samples such as environmental samples,
which is our target in the future. They also reported that no
change in the peak shape was observed when the La; line was
used,”” as found in our study. Compared to the FDMNES
simulation results for FeUOQ, (Figure 3) and UO, (Figure S3),
the peak height of the first (~17171 eV) and second (~17180
eV) intense peaks had almost the same heights and widths in
the simulation of FeUO,. In contrast, the peak around 17172
eV was of low intensity, and the peak width was thinner than
that of the peak around 17176 eV in the simulation of UO,
(Figure S3). Furthermore, Figure S3 shows that the width of
the peak splitting was also small, about 4 eV. For these reasons,
the peak splitting of UO, could not be observed. Therefore,
the intensity and width of the band of FeUO, would be a
factor in observing the peak splitting.

In the HERFD-XANES spectra of U compounds, the
participation of 5f orbitals in U—O bonding has been discussed
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by several authors.'”**** To estimate the participation of 5f
orbitals in the peak splitting, we compared the U unoccupied
angular momentum projected density of states (d/f-DOS).
Figure S4 shows that the mixing of U d and U f empty valence
states on the absorption edge was observed around 17170 eV.
However, no distinct preedge peak around 17165 eV from the
quadrupolar 2p,,, — Sf electronic transition was observed
compared to measurements of the [UO,Py,][KL,Py,] and
UO0,(NO;),6H,0 compounds, which have been reported in a
previous study.'” The peak splitting in the HERFD-XANES
spectrum of FeUQ, is not significantly affected by 2p;,, — Sf
electronic transitions and is due to splitting of the 6d orbital, as
in the case of KUO;.”

The results indicate that the peak splitting of the HERFD-
XANES spectrum of FeUO, originates from the 6d orbital.
The HERFD-XANES spectrum of KUO; was measured as a
compound of U(V) in previous reports.”>*” Table 1 shows the
observed HERFD-XANES peak positions in FeUO, and
KUQO;. The calculated peak-splitting width was 8.2 eV for
FeUQ,, which is larger than the 6.9 eV value for KUO;.”” The
result showed that the crystal-field splitting of FeUQ, is larger
than that of KUO;, which is one of the reasons that the peak
splitting was clearly observed in FeUO,. In the FDMNES
simulations of KUO;, a peak splitting at about 7 eV was
observed because of strong crystal-field splitting, but the peak
splitting was not fully deconvoluted in the experimental spectra
in the previous studies. They performed the HERFD-XANES
measurement with an energy resolution of 3.7 eV, which is the
closest value to the lifetime width of 3ds/,, resulting in a larger
broadening of the peak shape. However, in our study, the peak
splitting of the HERFD-XANES spectrum of FeUO, was
almost the same as the theoretical calculation that was
observed by measuring HERFD-XANES with extremely high
energy resolution (<1.7 eV). These results indicated that the
high energy resolution at the HERFD-XANES measurements
was indispensable for detecting the characteristic peak splitting
of U(V) in FeUQ,.

In conclusion, we obtained the HERFD-XANES spectrum of
FeUO,, a U(V)-containing compound. Using a high-energy-
resolution (ca. 1.7 eV) X-ray emission spectrometer, we
observed a peak splitting of the HERFD-XANES spectrum of
FeUOQ, that has not been observed in conventional XANES.
The results indicated that HERFD-XANES measurements of
U(V) in FeUO, with high energy resolution provide spectra
with remarkable microstructure. Theoretical calculations with
the FDMNES code indicated that the peak splitting was due to
the 2p;/, — 6d electronic transition. Theoretical calculations
reproduced the peak splitting well, indicating that HERFD-
XANES was useful for a detailed understanding of the
electronic structure of U(V) compounds. This peak splitting
could be observed in other U(V) compounds, and we are
currently analyzing other U(V) compounds and planning to
clarify the origin of the peak splitting by discussing the
differences in the crystal structure.
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