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Unexpected features in the
optical vibrational spectra of
d-UO3

Tyler L. Spano*, Ashley E. Shields, Jennifer L. Niedziela and
Andrew Miskowiec

Nuclear Nonproliferation Division, Oak Ridge National Laboratory, Oak Ridge, TN, United States

Uranium trioxide displays a complex chemical phase space, with at least six
structurally distinct polymorphs accessible via different synthetic routes.
Remarkably, despite its technological importance, full structural and
electronic characterization of these polymorphs remains an open area of
study. 6-UOs in particular has attracted significant theoretical attention due
to its high point group and space group symmetries, having U (VI) in octahedral
coordination with polyhedra interconnected through corner-sharing to build a
3-D cubic lattice with space group symmetry Pm-3m and Z = 1. Critical
experimental information, such as its optical vibrational spectra, are not
known. Here, we study the Raman and infrared (IR) spectra of §-UOsz
together with the support of density functional theory (DFT) calculations for
spectral interpretation. A symmetry analysis of the DFT-predicted phonon
eigenmodes indicates that §-UOsz should have two IR active modes and no
Raman active modes. Experimental results, however, indicate significant Raman
scattering from §-UOs. We therefore propose four potential explanations for
this apparent contradiction: a possible tetragonal distortion to the cubic cell, the
existence of a surface impurity layer, vacancy scattering, and structural
activation of Raman signal. We use powder X-ray diffraction and confocal
Raman spectroscopy with depth profiling to investigate these possibilities and
suggest future experiments to explore this phenomenon in more detail.
Understanding the lattice dynamics of §-UOs is important for identification
of technogenic U phases via Raman and infrared spectroscopy and our results
indicate that the simple understanding of §-UOz as a high-symmetry cubic
structure should be reconsidered.

KEYWORDS

8-UO3, UO3 polymorphs, uranium trioxide, UOz; Raman spectroscopy, UO3z synthesis

Introduction

The diverse crystal chemistry and resulting variety of optical vibrational (Raman and
IR) spectroscopic features of members of the uranium trioxide polymorph system have
been of interest to researchers for several decades (Sheft et al., 1950; Hoekstra and Siegel,
1961; Cornman, 1962; Sweet et al, 2013). UO; is an important intermediate in U
processing in both front (Cornman, 1962) and proposed back-end (Johnson et al., 2017;
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FIGURE 1
The cubic (Fm-3m) crystal structure of §-UO3, modified from
Weller et al., 1988

Spano et al, 2021) fuel cycle processes. Resultingly, some
polymorphs within UO; phase space, such as the a, y, and
amorphous modifications are easily synthesized with extensive
literature reports of these materials (Loopstra and Cordfunke,
1966; Sweet et al., 2013; Guo et al., 2016; Colmenero et al., 2017).
Other, more exotic polymorphs such as - and e-UO; have only
recently been investigated for their structural and optical
spectroscopic properties (Spano et al., 2020; Spano et al., 2021).

Given its high crystallographic symmetry (Pm-3m) and
simple structure [U(VI) in regular octahedral coordination,
Z = 1, Figure 1], 6-UO; has been an ideal candidate for
numerous computational investigations. For instance, Pickard
et al. investigated 8-UQO3, among other lanthanide and actinide
phases, to confirm the applicability of plane wave ultrasoft
pseudopotential methods for determining structural properties
(Pickard et al., 2000). U-O bond length, covalency, and electron
charge density (Casillas-Trujillo et al., 2017) studies by Casillas-
Trujillo et al. also employed 8-UO; as a model compound.
Similarly, theoretical modeling of U 4f X-ray photoelectron
5-UO; to
photoelectron spectra resulting from variations in U-O bond

spectra used cubic examine differences in
length (Bagus et al., 2013). Additional investigations involving §-
UO; have explored the band gap of uranium oxides (He et al,,
2013) and other electronic, elastic, and structural properties
(Geng et al., 2011; Brincat et al., 2014).

However, despite abundant computational studies regarding
8-UO;, experimental investigations of this phase are limited.
These include an initial report that describes a phase transition

from §-to a mix of a- and y-UO; prior to further thermal
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FIGURE 2
Optical image of §-UO3 showing a large tabular euhedral
crystal that is translucent and brick red in color.

degradation to U3;Og (Cornman, 1962) and the crystal
structure determination for §-UO; (Weller et al., 1988). Other
studies have investigated the applicability of §-UO; as an
insertion compound (Dueber, 1993). Of note, only one
method of preparation is reported for §-UOs3, and it involves
calcination of a B-UO,OH, precursor. Furthermore, an IR
spectrum has been reported for §-UOs3', but Raman
spectroscopic data for this phase do not appear anywhere in
the literature.

We seek to fill the gap in available experimental
5-UO; IR
spectroscopy combined with density functional perturbation

information  for by using Raman and
theory (DFPT) for spectral interpretation. Through synthesis
and computationally guided experimental characterization of
8-UO;, optical vibrational spectra provide new insight into
potential structural complexity of this phase. A central
question raised by this work is our observation of
significant Raman scattering for §-UOs;, despite symmetry
analysis and DFPT predictions indicating that no Raman
active modes should be present in the spectra of this phase.
Herein, we suggest several potential explanations for the
activation of Raman scattering, including a possible
tetragonal distortion of the cubic lattice, the presence of a
secondary Raman-active phase on the surface of §-UO;,
vacancy scattering contributions, or activation of optically

silent modes via perturbation of the cubic symmetry.

Materials and methods

8-UO; was prepared following a method described by Weller
et al. (Weller et al., 1988). First, UO,(NO3),-6H,O (International
Bioanalytics, reagent grade) was heated from room temperature
to 350°C at 1°C/min and held at this temperature for 7 days to
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produce y-UOj;. Formation of y-UO; was confirmed through
examination of powder X-ray diffraction (PXRD) and Raman
this
Supplementary Figures S1A,B). Next, y-UO; was placed in a
23 ml Teflon liner with ~10 ml of deionized H,O and inserted
into a Parr autoclave. Hydrothermal reaction proceeded for 24 h

spectroscopic data collected for intermediate (see,

at 180 °C, after which the contents were retrieved via vacuum
filtration. Formation of B-UO,OH, was confirmed by PXRD
(Supplementary Figure S2). Finally, §-UO; was prepared by
heating the prepared B-UO,OH, to 425 °C for 24h in a
porcelain crucible. §-UO; forms large tabular euhedral crystals
that are translucent and brick red in color (Figure 2), consistent
with literature reports (Weller et al., 1988).

Characterization of 8-UQO; proceeded with PXRD, and
Raman and infrared spectroscopy. Approximately 50 mg of §-
UO; was combined with NIST 640e line standard and transferred
to a zero-background silicon substrate for PXRD analysis. Data
were collected with a Proto AXRD benchtop powder
diffractometer in Bragg-Brentano configuration. The sample
was illuminated with a Cu-Ka (1 = 1.5406 A) X-ray source,
and data were collected with a Dectris Mythen 1K 1D detector
equipped with a p-filter. Incident and diffracted beam Soller slits
and a 0.2 mm divergence slit were used to reduce axial divergence
of the X-ray beam. Data were collected with a step velocity of
0.06" 20/min in the range of 10-80° 20. Zero shift errors were
corrected using the (111), (220), (311), (400), and (331)
reflections of NIST 640e.

Raman spectra were collected for §-UO; using a Renishaw
inVia™ micro-Raman spectrometer. An excitation wavelength
of 785nm was used to collect data in the range of
35-1,000cm™ in 1,200 L/mm
diffraction grating, resulting in a resolution of ~2.5-3.1 cm

combination with a
“'. A holographic notch filter provides spectral sensitivity to
35 cm™' with the 785 nm excitation wavelength. Data were also
collected with a 532 nm laser, in the range of 150-1,000 cm™
with a 2,400 L/mm diffraction grating, resulting in a resolution
of ~0.80-1.01 cm™'. Power densities for both measurements
are ~100 W/cm? based on estimated laser power (10 mW) and
spot size (~1 pum?). Reported spectra from the 785 nm laser are
the sum of 20 accumulations, each with a 10 s exposure time.
Background corrections were done using an asymmetric least
squares method after Eilers (Eilers, 2003). Fitting of Raman
spectra was performed with the Fityk software package using a
series of Voigt functions (Wojdyr, 2010). Several of the peaks
evaluate to zero FWHM for either Gaussian or Lorentzian
component, which is interpreted as pure Lorentzian or
Gaussian peak shape, respectively.

Infrared spectra were collected using a Bruker INVENIO
total  reflectance-Fourier infrared

(ATR-FTIR). of
crystalline powder were transferred to the diamond lens and

attenuated transform

spectrometer Microgram  subsamples

were pressed using the ATR tip. Data were collected in the range
of 100-1,000 cm™". Background spectra were collected in air
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FIGURE 3

Powder X-ray diffraction data collected for §-UOs compared

with simulated diffraction data from the structure of Weller et al.
Reflections from NIST 640e line standard are visible at 28.441,
47.300, 56.120, 69.126, and 76.372°26. Significant broadening

of Bragg peaks is observed and results of Scherrer analysis indicate
small (~23 nm) crystallite domains.

before the measurement of §-UO; and applied for baseline
subtractions.

Geometry optimization of the experimentally determined
structure of Weller (Weller et al., 1988) (Inorganic Crystal
Structure Database Collection Code 65556) and phonon mode
calculations using the DFPT approach were done with the
Vienna ab initio Simulation Package (VASP) using the
generalized gradient approximation (GGA) (Kresse and
Hafner, 1994; Kresse and Furthmiiller, 1996a; Kresse and
1996b; Kresse and Joubert, 1999) with the
PBEsol exchange-correlation functional of Perdew, Burke, and
Ernzerhof, modified for solids (Perdew et al., 1996). The Brillouin
zone was sampled with a I-centered k-point mesh with 0.1 A}

Furthmiiller,

spacing in reciprocal space with a plane-wave cutoff energy of
600 eV. The ions were relaxed until the total free energy
converged to 10°*eV/atom and forces were less than 107 eV/
atom. The Phonopy Python package (Togo and Tanaka, 2015)
was utilized for calculation setup and post-processing of DFPT
data. Eigenvector images were created with VESTA (Momma
and Izumi, 2011).

Results and discussion

Powder X-ray diffraction data collected for §-UOj; are shown
in Figure 3 and are consistent with the reported pattern for this
phase provided by Weller et al., albeit with a slight shift of
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reflections to higher angle (Weller et al., 1988). We note minor
contributions to the diffraction pattern from the y-UO;
precursor and/or the B-UO,OH, intermediate at ~25.8° and
~33° 20, respectively. While these low intensity reflections
suggest that small fractions of bulk material were not fully
converted to §-UO; during calcination, we are confident that
the Raman and IR data collected for our material was measured
for pure §-UOj; due to the highly euhedral appearance of this
phase (Figure 1) relative to the precursors. Lattice parameters,
domain size broadening (with an isotropic model), isotropic
strain broadening, surface roughness, and sample transparency
were refined for our synthesized 8-UO; from crystallographic
information provided by Weller et al. (Weller et al., 1988) using
the GSASII software package (R,, =
Table S1, Supplementary Figure S3) (Balzar et al., 2004; Toby
and Von Dreele, 2013). As can be inferred from the slight 20 shift
to higher angles seen in our diffraction data relative to the pattern

12.40%, Supplementary

reported by Weller et al, minor unit cell contraction and
resultingly, a higher density is observed in our synthesized
material (@ = 4.141 A, p = 6.689), with respect to reported
4.165 A, p = 6.570 Weller
et al., 1988) and results from our geometry optimization (a =
4.162 A, p = 6.586). Significant broadening of §-UOj5 reflections
are observed with increasing angle. Possible physical phenomena

crystallographic information (a =

that can give rise to significant broadening of Bragg peaks include
finite crystallite sizes and/or strain. Because we cannot
distinguish between the effect of strain and finite crystallite
size domains, we attribute the Bragg peak broadening to small
crystallite domains in a phenomenological way. In other words,
we quantify the broadening using a standard Scherrer
approximation (Patterson, 1939), but we remain agnostic as to
the fundamental origin of the broadening. The 10 most intense
reflections originating from §-UOj3 were fit to Voigt peaks using
OriginPro 2021 (Origin Pro, 2021); and using the FWHM (65) of
these peaks, the average crystallite domain size () was calculated
following

(o KA
"~ BcosOj

1)

where A = 1.5406 A, the instrumental broadening factor, B =
0.096 (calculated from line broadening of NIST 640e standard
reference material), and the Scherrer constant K = 0.94 (for
approximately spherical cubic crystals (Langford and Wilson,
1978)). An average domain size of ~23 nm resulted from Scherrer
analysis and is consistent with the crystallite domain size
obtained during full pattern fitting of the §-UO; PXRD data
when determining lattice parameters (44 nm). The small
(~23-44 nm) 5-UO;
incommensurate with the observed crystal size of this phase

domains calculated  for are
(Figure 2), suggesting that either significant strain or internal
disorder is present.

The crystallographic point group of §-UQ; is m-3m (Oy,), and

DFPT predicts three optical phonon modes at 199 (T,,), 233
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TABLE 1 Symmetry analysis for phonon modes predicted from density
functional perturbation theory.

Predicted Frequency (cm™) Character Activity
199 Tou -
233 T IR
518 Ti IR
1.0 —— 6-U03, A = 785 nm
— Fit
------- Components
0.8
3 0.6 1
©
z
0
c
i)
£ 0.4
0.2
0.0 1
0 100 200 300 400 500 600 700 800 900 1000
Raman Shift / cm™!
FIGURE 4

Raman spectra collected for §-UOs (785 nm excitation
wavelength) (blue) with individual Voigt function fit components
(dotted lines) and total fit (red).

(Tyy), and 518 (Ty,) cm™'. Symmetry analysis indicates that all
modes should be Raman silent, with two IR-active T;, modes
(Table 1). Observed Raman spectra, however, show several
notable spectral features (Figure 4, peak fit parameters in
Table 2), the most salient of which are a low-energy feature
located at 127 cm™ and a vibrational mode centered at 532 cm™.
Several broad, low-intensity features are seen in the ranges of
275-325 cm ™" and 625-750 cm™'. Another low-intensity peak is
observed at 890 cm™.

observed below 75cm™
Rayleigh filter cutoff.

Infrared spectra collected for §-UO; are shown in Figure 5,

Significant Raman intensity is also

!, appearing to originate below the

and are in good agreement with spectra provided by Allen and
Holmes (Allen and Holmes, 1987), although these researchers do
not provide data below 250 cm™'. We report here, for the first
time, the IR spectrum in the low frequency (100-250 cm™)
range. Although it is difficult to ascertain the relative
intensities of features in the IR spectra provided by Allen and
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TABLE 2 Fit parameters for Raman spectra of §-UOs. Note that 0 FWHM implies no contribution from indicated lineshape to the Voigt function.

Center (cm™) Area Gaussian FWHM(cm™) Lorentzian FWHM(cm™) Note
108.045 1.00 100.64 0 Background
126.909 031 39.72 0
182.35 0.63 330.03 112.50
532.435 0.50 0 5150
636.06 0.00 18.28 0 Background
682.489 0.03 67.27 0
713.648 0.09 135.04 0
889.48 0.01 341 9.66
breakdown of selection rules via similar mechanisms to those
518 233 199 discussed later for the Raman spectrum of §-UO;. Diffuse
0.00 k£ absorption bands are also seen in the range of ~300-450 cm™,
although the structural origins of these bands remain unclear.
0.05 The vibrational mode found at 518 cm™" in the Raman spectrum
S of §-UO; that, from the eigenvector analysis, corresponds to
*g’ 0101 antisymmetric O stretching vibrations, is absent in the IR data
:c; 015 |- although it should be visible according to symmetry analysis. It is
< possible that the doublet of diffuse absorption bands seen at
§ 020 | ~630 and 684 cm™' originates from the T, mode predicted at
518 cm™' from DFPT. A low-intensity, broad absorption band is
0.25 \’*/\ also observed at ~899 cm™ further suggesting that uranyl-type
bonds may be present.
030 F During investigation of the optical vibrational spectra of -
1000 gcl)o g(l)o 7(I)o ecl)o 560 4(I;o 3(1)0 200 UO;, we used DFPT and phonon eigenvector visualizations to
Wavenumber (cm™) describe the structural origins of features observed in Raman
spectra (Spano et al.,, 2020) and we take a similar approach here
FIGURE 5

Infrared spectra collected for §-UOz with an overlay of DFPT-
predicted phonon mode frequencies.

Holmes, the broad absorption bands observed by these authors
near 900 cm™', 700 cm™', and 525 cm™' are correspondent with
the present work, if shifted to slightly lower wavenumbers in our
experiments. Further, the leading edge of the absorption band
seen in spectra provided by Allen and Holmes is elucidated in our
work to be the result of an absorption doublet at 220 and
198 cm™', and we present an additional absorption band at
158 cm™". IR spectra collected for §-UO; show few vibrational
modes relative to the spectra of other UO; phases. Nevertheless,
several notable bands are observed, and appear to be correlated
with data published for this phase (Allen and Holmes, 1987) and
DFPT-predicted phonon modes. Absorption bands located at
158, 198, and 220 cm™" are seen in the experimental IR spectrum
and may correspond to the 233 cm™ DFPT-predicted T,
phonon mode (Figure 6). We note that this band may also
originate from activation of the mode predicted at 199 cm™
by DFPT via local modifications in symmetry and resulting
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(Figure 6). The T,, mode predicted at 199 cm™ corresponds to
antisymmetric O stretching vibrations along ¢, where O atoms
are displaced into interstices (Figure 6A). Likewise, the 233 cm™
T}, mode predicted from DFPT is attributable to O displacement
along b (Figure 6B). Similarly, an additional Raman-silent Ty,
mode corresponding to antisymmetric stretching of O atoms
along c is predicted at 518 cm ™ from DFPT (Figure 6C), which is
correspondent to the experimentally observed mode at 532 cm™.
However, despite potential correlations between DFPT-predicted
and experimentally observed vibrational frequencies, symmetry
analysis indicates none of these modes should be Raman active. It
is worth noting that the high-intensity feature observed at

~40 cm™!

in the experimental Raman spectrum of §-UO; does
not correlate with any DFPT-predicted phonon modes. One
possible explanation for its appearance could be related to the
‘boson peak’, which is the activation of acoustic phonons that
cannot propagate in amorphous materials. Although §-UO; is
not amorphous per se, the small crystallite domain size may result
in a similar physical effect (Shintani and Tanaka, 2008).
Similarly, the diffuse bands located at 625-750 cm™" and low-

1

intensity peak at 890 cm™ are not accounted for by DFPT

predictions. The band located at 890 cm™ may correspond to
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the presence of some U-O bonds with uranyl-like character, as
the symmetric stretching of UO,*" axial O dominate this spectral
region in other UO; and uranium oxysalt phases (Bartlett and
Cooney, 1989).

Given the symmetry analysis and DFPT results indicating
that no vibrational modes should be observable in the Raman,
several possible explanations for the origin of Raman activity
could be operative. First, a tetragonal distortion from Pm-3m
to P4/mmm with Wyckoff positions a and f, a simple
expansion of one of the lattice constants, would give rise to
a mechanical representation of A2, + B2, + 2E, modes,
however, none of these modes are Raman active either
(Hahn et al,, 1983). To explore if symmetry reduction was
evident in the diffraction data, we collected additional high-
angle (65-120° 20) PXRD data (Supplementary Figure S4) to
search for evidence of peak splitting that could be indicative of
a reduction in space group symmetry and conversion from a
cubic to tetragonal crystal system. Powder diffraction data
(Figure 3, Supplementary Figure S4) did not immediately
show evidence of peak splitting, so select reflections that
would correspond to a tetragonal distortion (Cullity, 1956)
in the powder diffraction data were fit with both one and two
Voigt peaks, and both Bayesian and Akaike information
criteria were used to compare the fits and determine
whether peak splitting was occurring. From these methods,
peak splitting was not definitively observed, nor could it be
ruled out entirely.

Second, we recognize the possibility that because Raman
spectroscopy is a primarily surface-sensitive technique the
observed signal could arise from the presence of a secondary
Raman active phase. To investigate this possibility, we performed
a depth profile analysis on a single crystal of the synthesized
material (See Supplementary Figure S5). An initial spectrum was
collected, followed by nine additional spectra collected in
increasing depth (~10 pm total range) relative to the crystal

10.3389/fnuen.2022.995292

indistinguishable from the initial dataset suggesting that the
specimen is spectroscopically homogeneous.

Third, vacancy scattering could give rise to Raman activity
in the cubic space group due to the local distortion of the
polarizability tensor. Unfortunately, the PXRD data are not
sufficient for us to determine partial occupancy of any of the
lattice sites that may be evidence of vacancy contributions. We
suggest additional studies, including single-crystal X-ray
diffraction, to provide more insight into this possible
mechanism.

Finally, we consider other activation mechanisms of
effects. The
Lorentzian lineshape (Table 2) of the 532cm™ mode

symmetry-forbidden modes wvia structural
indicates a dynamic phonon relaxation mechanism (opposed
to a purely structural distortion that would give rise to a
Gaussian lineshape), such as grain boundary scattering or
defect scattering. For small crystallite domains, the finite
length scale of coherent domains will break the long-range
Pm-3m symmetry and allow Raman activation of the Ty,
essentially by forming nanodomains of lower symmetry.
Activation of the T,, modes predicted from DFPT could
account for the Raman signal observed at 124 and 532 cm™
for 8-UOQ;, although the presence of a mode at 890 cm ™, and
other low intensity spectral features suggests that additional
complexity exists beyond either grain boundary or defect
scattering.

Despite possessing a simple crystal structure that has been
investigated in numerous theoretical studies, the Raman signal
we observe in synthesized samples of §-UO; highlights a
shortcoming in the understanding of the structural details of
8-UO;. Additional measurements and theoretical studies beyond
the scope of this work, including single-crystal X-ray diffraction,
physical property measurements, and neutron spectroscopy are
required to elucidate how underlying structural features in 6-
UO; give rise to signals observed in our optical vibrational

surface. Raman spectra collected in this way were spectroscopic investigations.
A 199 cm™T,, mode B 233 cmt T,, mode c T,,518 cm™ mode
FIGURE 6

Phonon eigenvector visualizations for §-UOs. vibrational modes predicted at (A) 199 cm™, (B) 233 cm™ and, (C) 518 cm™.
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Conclusion

Following examination of the current state of the literature
regarding §-UO;, we recognized a need for a complete study of
the optical vibrational spectroscopic properties of this
polymorph to more completely understand the UO; phase
space. As 8-UQj; is a popular target for theory benchmarking
on U(VI) species, publication of these spectra, which can be
interpreted with ab initio calculations, provides a valuable
experimental standard for further theory studies of this
nature. Resultingly, we have synthesized &-UO; and
performed PXRD for phase identification. We report for the
first time, the Raman spectrum for §-UOj; and expand the range
of IR spectra available for this material. Using DFT and DFPT, we
examine spectroscopic features of §-UQO; through the lens of the
lattice vibrations from which they may originate. The
calculations suggest no Raman active modes should be present
in §-UO;s. Yet, they appear. Four possible explanations for the
activation of Raman signal are investigated: the presence of
tetragonal lattice distortion, a secondary impurity phase,
vacancy scattering, and dynamic relaxation enabled by
structural complexity. Our results cannot definitively assign or
eliminate any of these possibilities, rather, we lay the foundation
for future studies of each of these mechanisms in more detail.
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