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ABSTRACT: Uranium trioxide (UOj;) is known to adopt a variety of
crystalline and amorphous phases. Here we applied the Perdew—
Burke—Ernzerhof functional + U formalism to predict structural,
electronic, and elastic properties of five experimentally determined
UO; polymorphs, in addition to their relative stability. The simulations
reveal that the methodology is well-suited to describe the different
polymorphs. We found better agreement with experiment for simpler
phases where all bonds are similar (@- and §-), while some differences
are seen for those with more complex bonding (-, y-, and #-), which
we address in terms of the disorder and defective nature of the
experimental samples. Our calculations also predict the presence of
uranyl bonds to affect the elastic and electronic properties. Phases
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containing uranyl bonds tend to have smaller band gaps and bulk moduli under 100 GPa contrary to those without uranyl bonds,
which have larger band gaps and bulk moduli greater than 150 GPa. In line with experimental observations, we predict the most
thermodynamically stable polymorph as y-UO;, the least stable as @-UO;, and the most stable at high pressure as #-UOs.

1. INTRODUCTION

The uranium oxygen system has been the subject of
considerable research over the last 60 years'™'® primarily due
to the role of uranium dioxide (UO,) in nuclear fuel cycles.
Consequently most research has focused on the UO,
phase,'' "> and hence there is a paucity of data in the
literature for the higher oxides. However, the nuclear fuel cycle
commonly exposes UO, to oxidizing conditions, and other
binary uranium oxides form at various stages (e.g., uranium is
commonly mined as UQO;, and spent fuel is oxidized to
U;0;).> In addition to the relatively well-characterized UO,,
the stable uranium oxides include U,O,, U;0,, U,Os, U;Oy,
and UO;,** covering O/U ratios from 2 to 3 and containing
uranium in IV, V, and VI oxidation states. The crystal structures
of the uranium oxides may be broadly split into two categories,
namely, the fluorite-based materials ranging from UO, to
7-U,0s, which have a more densely packed structure (around
11g cm™), and the layered-type oxides from 5-U,O5 to UO;,
which have more open structures, resulting in lower densities of
approximately 8.5 g cm™.* The UO,,, region for x < 0.5 is
considered to consist of UO, supercells containing arrange-
ments of oxygen defects; point interstitials for x up to
approximately 0.13 and defect clusters for higher values of
5 15192527

The focus of the present work is the oxide of uranium with
the highest oxygen content, UO;, which is most significant to
the front end of the nuclear fuel cycle in the mining, milling,
refinement, and conversion stages that occur prior to isotope
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enrichment.”® Additionally, UO, can be produced from the
refinement of spent nuclear fuel to be reprocessed. The UO;
polymorph formed is characteristic of the particular production
method used; thus, a detailed understanding of the UOj; system
has potential use in nuclear forensics.>’ There are seven known
crystalline modifications of UO; (a-, f-, y-, 6-, &-, {-, and n-)*+°
and one amorphous phase. A number of these oxides (a-, -, -,
and 7-UO;) are reported to feature two shorter, collinear
“uranyl” type bonds akin to those observed in the UQ,*"
(uranyl) ion. & and {-UO; may also contain uranyl-type
coordination; however, the atomic coordinates of these phases
are yet to be resolved, leading to their exclusion from the
present work. This comes despite multiple reports on the
synthesis of {-UO;*"** and &-U0;>*** The most extensive
investigation of UO; was into the thermodynamic properties as
these hold the most significance to the reprocessing and
refining processes through which UO; enters the fuel cycle.*
Thermodynamic properties reported include standard free
energies of formation, enthalpies of formation, entropies, and
heat capacities. Sweet et al. have investigated a number of UO;
polymorphs and their hydration products using optical
spectroscopies with the aim of producing signatures for nuclear
forensics applications.”® X-ray photoelectron spectroscopy
(XPS) was utilized by Bagus et al. to characterize the U(VI)
oxidation state from satellite peaks, establishing that satellite
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intensity is strongly dependent on UQ distance.>**” Girgis et al.
report values for band gaps of some of the UO; phases* but do
not indicate whether they recorded these measurements
themselves or obtained them from elsewhere. The values
presented are significantly larger than those described in
subsequent studies. They also present densities for each phase
that are significantly lower than the other experimental or
theoretically determined values. Idriss also published a review
of uranium oxides in which band gap energies are reported for a
number of UO; modifications.'® Most recently He et al. have
used the Cody, Tauc, and T-L methods to determine the band
gap of a-UO;,*® with the results comparing well to those of
Idriss. Using density functional theory (DFT) (local spin
density approximation (LSDA) + U and HSE) He et al. also
calculated the band gaps of a-, 5-, and y-UO;. Geng et al. also
calculated the band gap of §-UOs using DFT (Perdew—
Burke—Ernzerhof functional (PBE)).** Pickard et al. also
performed DFT calculations on a-, 8-, and 1-UO;, reporting
lattice parameters and atomic coordinates.*’

Previous computational work in the literature is fragmented,
usually dealing only with a single or two UOj; polymorphs. In
the present work we study a-, -, y-, 8-, and #-UO; (including
multiple structures for the a- and y-polymorphs), examining
the structural and elastic properties of each. This is followed by
an assessment of their electronic properties and finally an
evaluation of their relative thermodynamic stability. As such
this work forms the most complete computational study of
UO; to date, with consistent methodology applied throughout
for simple, direct comparison of the results.

2. THEORY

2.1. DFT Methodology. The DFT calculations were all
performed using the Vienna Ab Initio Simulation Package
(VASP*') using the PBE* functional within the projector
augmented wave method. PBE is a generalized gradient
approximation functional (GGA) that builds on the LSDA by
adding the gradient of the local spin density to the system
energy. Consequently the GGA offers improved performance
for calculating lattice parameters, electronic properties, and
energies over the LSDA.

The GGA calculations described here also employ the
DFT + U methodology, implemented within the simplified
rotationally invariant approach introduced by Dudarev.*’ DFT
+ U improves the description of the strongly correlated Sf
electrons, which are falsely predicted to be itinerant by the pure
GGA. By incorporating an energy function that penalises
noninteger f-orbital occupations the localization of f-electrons
on uranium sites is realized. This is achieved in a screened HF-
type manner and requires the input of the spherically averaged
screened Coloumb energy (U) and the exchange energy (J),
although in the Dudarev formulation only the difference
between these two parameters (U,g) is significant. The values
of U (4.5 eV) and ] (0.54 eV) used in this work were derived
from the XPS experiments of Yamazaki and Kotani** on UO,
and have since been used extensively for theoretical work.**~*
We adopted these parameters for use with the UO; phases
discussed here as no experimental values have been derived.
Naturally this is an approximation as the value of these
parameters will vary between compounds as the coordination,
crystal structures, and uranium charges change. Previously,
groups have opted to use the pure GGA for these phases
without established U and ] parameters.®® The uranium
electron configuration in UOj is 5f°, and so there are nominally

no f electrons to be considered; however, as we demonstrate,
using the GGA + U scheme improves predicted structures and
band gaps over the pure GGA. Additionally it follows that the
U Sf° configuration means that there is no magnetic moment
on the uranium atoms so competing magnetic structures and
spin—orbit coupling can be safely ignored.

In each crystal structure under consideration the volume and
internal structure parameters were fully relaxed with uncon-
strained symmetries. The electronic relaxation was performed
until the total energy was converged to at least
1 X 107° eV/atom and the ionic relaxation was performed
until the Hellmann—Feynman forces on each ion were
<0.01 €V/A. Convergence was examined on the smaller,
more symmetrical, a-, 6-, and #-UQOj; systems over the 300—700
eV plane-wave cutoff energy range and 3 X 3 X 3t0 9 X 9 X 9
k-point grids. A cutoff energy of 500 eV was deemed sufficient
to provide satisfactory convergence. An automatically generated
I"-centered Monkhorst—Pack k-point mesh was used for each
calculation. The k-meshes of the larger f-and y-UO; structures
were selected based on the convergence data of the smaller
structures. The precise number and arrangement of k-points
varied between structures: @-UO; a2 § X S X § (39 k points),
B-UO; 4 X 4 X 8 (54 k points), y-UO; (128 atom cell) 6 X 4 X
6 (48 k points), y-UO; (64 atom cell) 6 X 6 X 4 (76 k points),
5-UO; 12 X 12 X 12 (84 k points), and #-UO; 6 X 7 X 7
(64 k points). The k-mesh densities used fall in the range of
0.75—1.2 k—points/A3; well above the threshold we found was
required for convergence (0.5). All figures of structures were
drawn using the VESTA software.*

Finally, to check that the resulting structures were at a true
energy minimum and there were no dynamical instabilities we
calculated the phonon frequencies at the zone center in VASP
using a finite displacements method. Using the PBE + U no
imaginary frequencies were predicted, and so we are confident
in the reliability of the structures. We also performed PBE
calculations (using the same settings as the PBE + U
calculations described above) and predicted a number of
imaginary modes in both y-UO; polymorphs. Despite our
efforts to remove them we could not minimize these structures
without imaginary modes. Therefore, we infer that the U
parameter is essential to simulating UO;. For comparison to the
PBE + U calculations we included the PBE results in the
Supporting Information, highlighting the structures that do
contain imaginary modes.

2.2. Elastic Constants. The calculation of the elastic tensor
is a computationally demanding process that involves
calculating the response of the stress matrix on distortions of
the lattice, atomic vectors, and coordinates. The elastic
constants are then derived from this stress—strain relation-
ship.* The bulk modulus is defined as the measure of a
materials resistance to uniform compression; as such there are
different formulas to calculate it for different lattice types. For a
cubic lattice there are three unique elastic constants (Ci;, Ciy,
and C,,), and the bulk modulus is calculated according to eq 1:

1
B=—(C,+2C
3( 11 12) 1)

In a hexagonal lattice there are five unique elastic constants
(Ciy Cipy Cis Cyy and Cs), and the bulk modulus® is
calculated by eq 2:

2
B==(C;;+ C,, + C;3+ Cy3/2
9( 11 12 13 33) (2)
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Table 1. Predicted Properties of the UO; Polymorphs

lattice parameters (A)

phase method a (A%)” b (A%)* ¢ (A%)*

P3ml a-UO, exp™® 3.97 3.97 4.17

PBE +U  3.85 (-3.1) 3.85 (-3.1) 4.18 (0.4)
(*)C2mm a-UO," exp® 391 6.94 417

PBE +U  3.96 (1.3) 6.81 (—1.9) 4.18 (0.2)
C2 a-UO;° exp*® 391 6.94 417

PBE+U  3.89 (-0.7)) 6.61 (—4.7) 4.18 (0.4)
U0, exp”’ 10.34 1433 391

PBE + U 10.81 (4.6) 14.33 (—0.0)  4.19 (72)
14, y-UO, exp® 6.90 6.90 19.98

PBE +U  7.02 (L8) 7.02 (1.8) 20.68 (3.4)
Fddd y-UO, exp®® 9.79 19.93 9.71

PBE+U 994 (12) 20.68 (4.2) 9.93 (3.1)
5-U0; exp®” 4.17 4.17 4.17

PBE + U  4.20 (0.8) 420 (0.8) 420 (0.8)
7-UO;, exp™ 7.51 547 522

PBE +U 776 (3.3) 5.56 (1.6) 5.34 (2.3)

uranyl bond
A)
¢/a ratio vol/U (A%) p - space energy
(A%)* (A%)* (deg) Ul U2 group? (eV)©
1.08 56.92 1200  2.08 P3m1
1.09 (3.6) 53.64 (—5.8) 1200  2.09 P3m1 —34.34
56.55 900 208 208  C2mm
56.31 (—0.41) 90.0 209 209  C2mm —34.11
56.55 90.0 208 208 (2
53.69 (—5.1) 900 209 209 C2 —34.33
5722 99.0 P2,
64.95 (13.5) 90.8 P2, —34.76
2.89 59.46 900 1.80 189 I4,
294 (1.6)  63.82 (7.1) 900 178 187 I4, —34.97
2.02 59.16 90.0 176 1.88  Fddd
2.08 (29)  63.79 (8.7) 90.0 178 1.87  Fddd —34.97
72.25 90.0 Pm3m
73.89 (2.3) 90.0 Pm3m —34.78
53.62 90.0  1.85/1.80 P2,2;2,
57.60 (7.4) 900  1.84/1.82 P222, 3482

“A% is the percentage difference between our calculated structure and experiment. “Space groups are calculated to a tolerance of 0.001 A using
Materials Studio.* “Reported energies are per uranium atom. 9C2mma-UQ, refers to the experimental structure (with an imaginary frequency (*)).

°C2 a-UQ; is our adjusted structure (with no imaginary frequencies).

For an orthorhombic lattice there are nine independent elastic
constants (Cyj, Cyy, Cs3 Cyyy Cssy Cser Ciay Ci3y and Cy), and

the bulk modulus is calculated according to eq 3:
_ A
(1+a+p) (3)

where A, @, and f are defined by eqs 4, S, and 6, respectively:

A = C + 2Cha + Cyya® + 2C38 + Cyf” + 2C,50p8
4)

o= (Cn - Clz)(c33 B C13) - (C23 B Cl3)(C11 - C13)
(C33 - C13)(C22 - Clz) - (Cl3 - C23)(C12 - Czs)
(8

(sz — CIZ)(CII — C13) — (Cn — CIZ)(C23 — C12)
(sz - Cu)(css - C13) - (CIZ - C23)(C13 - Czs)
(6)

The bulk modulus for monoclinic and triclinic cells, with 13
and 21 unique elastic constants, respectively, were obtained by
averaging the first nine elastic constants (C;;—Cs;), 2 method
that provides equivalent results to the formulas described
above.

The bulk modulus can also be calculated by performing an
expansion (and contraction) of the unit cell and computing the
energy at each point. These data can then be fitted to the
second or third order Birch—Murnaghan equation of state> to
yield the bulk modulus. We tested these methods for hexagonal
P3ml a-UO; and cubic Pm3m 5-UQO;, finding agreement with
our chosen method to within 3%.

ﬂ:

3. RESULTS AND DISCUSSION

We first discuss the predicted structural properties of the UO;
polymorphs along with a comprehensive comparison of the
available previous experimental and computational data
(Section 3.1). We then present the simulated neutron
diffraction patterns (Section 3.2), elastic properties (Section

12255

3.3), and electronic properties (Section 3.4). We conclude with
an assessment of the relative UQ; stabilities (Section 3.5).

3.1. Crystal Structures. Table 1 lists the predicted
structural data of each polymorph (complete crystallographic
data is in the Supporting Information). Validity of our
predicted structures was assessed by calculating the vibrational
frequencies and confirming the absence of imaginary modes.

3.1.1. a-UOs. @-UO; is structurally related to a-U;04 with
uranium deficiencies and is typically prepared by heating of
uranyl peroxide to 400—500 °C.%° The structure was initially
identified to crystallize in a four-atom hexagonal unit cell with
the P3m1 space group by Zachariasen using X-ray diffraction
(XRD)** but was later refined by Loopstra et al.*® and Greaves
et al®' to orthorhombic C2mm and C222, respectively, both
featuring two formula units per cell. Discrepancies between the
experimentally determined densities by Zachariasen and
Loopstra et al, 7.04 and 7.25 g cm™>, respectively, and the
calculated one from Loopstra et al. (8.39 g cm™) are
significant, leading Greaves et al. to conclude that a-UO; is
an imperfect orthorhombic structure with approximately 12%
of uranium lattice sites vacant, reducing the theoretical density
to 7.44 g cm™>, which is closer to experimental observations.
Consequently the structure they obtained is complex and
involves partial occupancy of the uranium and oxygen sites;
information is missing from the available structural data, and so
hindering our simulation efforts. Thus, only the original
hexagonal P3m1 modification (Figure 1a) and orthorhombic
C2mm structure (Figure 1b), which both produce stoichio-
metric unit cells, were considered in the present study. Both
structures have two distinct oxygen sites; O1 is the axial oxygen
contributing to the uranyl-type group, and O2 is found lying in
the equatorial (110) plane. A slight distortion of the O2 atoms
above and below this plane results in distorted hexagonal
bipyramdial coordination.

Table 1 contains the predicted structural properties of P3m1
and C2mm a-UQOj; as well as the calculated energy per uranium
ion, and Figure 1c,d and Figure 2a,c displays their calculated
structures. Overall structural reproduction of the P3ml
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Figure 1. Structures of a-UO; polymorphs; the unit cell is highlighted
in green, uranium ions are black and oxygen are red (a) experimentally
observed P3ml structure, (b) experimentally observed C2mm
structure, (c) PBE + U P3ml structure, and (d) PBE + U C2mm
(Amm2) structure.

Figure 2. PBE + U predicted structures of a-UO; polymorphs: (a)
P3m1 hexagonal unit cell, (b) uranium coordination in P3m1 a-UQ;,
(c) C2mm/C2 orthorhombic unit cell, and (d) uranium coordination
in C2 a-UO;. In (c) pink spheres represent the adjusted (C2)
equatorial oxygen positions.

polymorph is very good, maintaining the same space group and
coordination as reported experimentally. However, contrary to
expectations the unit cell volume is slightly underestimated
(PBE + U normally overestimates lattice parameters). For the
P3m1 modification the PBE + U predicted volume of 53.64 A%/
U matches well with the LSDA + U result of He et al.>® (53.91
A3/U), while Pickard et al. report a larger underestimation of
51.83 A%/U using the Local Density Approximation (LDA).*
The c/a ratio in P3m1 is overestimated by 3.6%, arising from
the slight underestimation of the a lattice parameter.

The experimentally derived C2mm orthorhombic structure
was also well-reproduced by our calculations, albeit with a
distortion to more isotropic coordination (Figure 1b,d), closer
in line to the P3ml structure (Figure lac). However, the
C2mm structure gave a single imaginary frequency, which was
removed by displacing the equatorial oxygen atoms along the
¢ axis above and below the (110) plane (Figure 2c), resulting in
a reduced-symmetry C2 structure. This new arrangement bears
greater resemblance to the P3m1 structure, which also features
equatorial oxygen ions shifted above and below the plane in

puckered hexagonal bipyramidal coordination. On relaxation
the similarity of the C2 polymorph with the P3ml becomes
even more striking with a very small energetic preference for
P3ml1 (0.01 eV/U) and a difference in predicted volumes of
less than 0.05 A*/U (Table 1). By comparison the C2mm
polymorph was predicted to be 0.22 eV/U less stable than
either of the other structures. Six oxygen ions coordinating in
the same equatorial plane clearly destabilizes the structure.
Lifting this structural frustration by shifting the oxygen out of
the plane removes the imaginary vibrational mode, with a
significant stabilization effect (see energies in Table 1).

The predicted axial bond length is 2.09 A in both structures
(compared to an observed 2.08 A). Although shorter than the
other U—O bonds present this is too long for the bonds to be
considered “uranyl’-type. The equatorial bonds are 2.27 A
(P3m1) and 2.24 and 2.28 A (C2) (2.40, 2.02, and 2.16 A in
experiment, respectively) (Figure 2b,d). This represents a loss
of anisotropy in the C2 polymorph, further shifting the
structure toward that of the P3ml modification. Additionally
the space groups for the hexagonal (P3m1) and orthorhombic
(C2) polymorphs are in a group—subgroup relation and so are
linked by symmetry. Considering this preference for more
isotropic bonding as well as “puckered” equatorial coordination
over planar it is logical that the C2mm polymorph is a thermally
averaged structure. In @-UQOj; the equatorially coordinated
oxygen ions exist above and below the plane but have enough
thermal energy to shift their relative positions such that the
equilibrium site lies precisely in the (100) plane (ie. red
spheres in Figure 2c). This fully explains our lower calculated
stability and the imaginary vibrational frequency for C2mm a-
U0,

3.1.2. p-UO;. p-UQ; is produced by calcining the product of
the reaction of uranyl nitrate and ammonia at 450—500 °C; at
lower temperature y-UO; forms so heating must be rapid.
p-UO; was determined to have a monoclinic unit cell with the
P2, space ;roup (Figure 3a—c) using XRD and neutron
diffraction.”®> The structure contains five unique U and 15 O
sites in a semilayered structure: U1—3 are found on the (010)
plane and are connected by O1—35 to form a single UO layer;
U4 and US are situated midway between these layers,
interconnected by O12—15; the remaining O6—11 bridge the
two types of layers. The coordination of uranium at each site, as
reported in the original experimental publication, is either
distorted octahedral (U3, U4, and US) or irregular 7-fold (Ul
and U2), with each featuring a single short U-O bond (1.51—
1.79 A) and five or six U—O bonds at least 0.5 A longer.
However, analyzing the experimentally derived structure with
bond cut-offs set according to the reported shortest and longest
bonds it is revealed that there is only a single distorted
octahedral site (U3) with the other uranium ions in irregular
7-fold coordination (Figure 3a). The distorted coordination
averts the formation of the full uranyl group in each case, even
if there are two shorter bonds (e.g, U4). There is good
agreement between the observed and calculated densities for
this polymorph; 8.25 and 8.30 g cm™, respectively.”® There are
no pre-existing computational studies of S-UO; in the
literature, so this investigation forms the first theoretical
treatment of the phase.

The calculated structural properties of f-UO; can be found
along with the experimental data in Table 1. Figure 3d—f
displays the calculated -UOj structure. The lattice parameters
and unit cell volume are overestimated; giving a total 13.5%
volume increase. The reproduction of individual lattice
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(a)

Figure 3. #-UO; unit cell: (a—c) observed experimental structure and (d—f) PBE + U calculated structure. (a) and (d) show the coordination at the
uranium sites, (b) and (e) show the projection along the z axis, and (c) and (f) show the projection along the y axis.

parameters is considerably better, with 4.6, 0.0, and 7.2%
overestimations of 4, b, and ¢, respectively. The monoclinic
symmetry and P2, space group are retained on minimization,
although there is noticeable change in the bond lengths and
uranium coordination at U2 and U4 sites (Figure 3). The bond
lengths of the relaxed structure are more consistent with the
expected U—O bond lengths for uranium oxides than the
experimental ones with none shorter than 1.76 A (compared to
1.51 A experimentally). There is also the emergence of
collinear, uranyl-type bonding at Ul, U4, and US sites with
bonds ranging from 1.76 to 1.81 A. There is only a slight
increase in average bond length (0.9%); this reflects a decrease
in anisotropy (similar to that in C2 @-UQ;) as there is a clear
preference for more homogeneous UO bonding. The isotropic
shift is also demonstrated by the uranium coordination change
at U2 and U4, where the loosely coordinated oxygen is lost in
each case to give distorted octahedral coordination.

Given the emergence of uranyl-type bonds, more regular
uranium coordination environments, and the loss of the
unphysically short bonds leads us to suggest that a large
amount of disorder is present in the experimental S-UO;
structure.

3.1.3. y-UO;. y-UO; is acknowledged as the thermodynami-
cally stable polymorph at oxygen pressures <10 atm.** It is

prepared by burning uranyl nitrate hexahydrate in air at 400—
600 °C or heating other UO; modifications to 650 °C in 40
atm O, Using XRD Engmann et al. first determined the
structure, describing it as tetragonal with space group I4,,
although with y = 90.34° it is formally monoclinic.> Loopstra
et al. later performed neutron diffraction experiments on y-UO;
over a range of temperatures, identifying it to be orthorhombic
Fddd at <293 K (Figure 4ab) but forming a tetragonal I4,
phase >373 K (Figure Sab), the former space group being a
maximal subgroup of the latter.*® The orthorhombic cell has
twice the number of atoms and is double the volume of the
tetragonal cell. The two cells contain two types of uranium site;
one in distorted octahedral coordination (U1); the other in
distorted dodecahedral coordination (U2) and three unique
oxygen locations. O1 sites form short equatorial bonds with U2
atoms and coordinate in a uranyl manner with Ul sites; O2
atoms are equatorially coordinated to Ul atoms and form the
other type of short equatorial bond with U2; O3 form the
longer equatorial bonds with U2, as well as providing their
uranyl-type coordination. The monoclinic Engmann structure
also shares the bonding and coordination environments of the
Loopstra et al. structures. Calculated densities for the Fddd and
I4, structures are in good agreement (8.00 + 0.02g em™) and
compare favorably with the experimentally determined value for
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Figure 4. Fddd y-UOj; unit cell: (a) and (b) experimental, (c) and (d)
PBE + U calculated.

the Engmann structure (8.02g cm™2).% The 14, polymorph was

modeled using LDA + U by He et al.*® and shows reasonable
agreement with the observed volume (—3%), although no other
structural information is provided.

The monoclinic structure was found to relax to a tetragonal
cell, retaining the I4, symmetry, with the same predicted energy

and bond lengths as the I4, structure reported by Loopstra et
al.>® This leads us to conclude that the observed monoclinic
modification is most likely the same structure as that observed
by Loopstra; indeed, the reported deviation of f# from 90° is
very small (0.34°). The predicted structural data for I4, and
Fddd y-UO; are in Table 1, while Figure 4c,d shows the
calculated Fddd structure and Figure Sc,d shows the I4;
demonstrating the good overall agreement with experiment.

The minimized I4, and Fddd structures are extremely similar;
the predicted volumes and energies per uranium are essentially
identical, and the relaxed bonds are almost the same length.
Indeed, the Fddd structure represents a 45° rotation and \/ 2
expansion of the I4;, polymorph in the x and y directions,
accompanied by a reduction in symmetry in going from a
tetragonal to orthorhombic cell. As the only experimental
difference was the temperature the two structures were
recorded at it follows that DFT does not distinguish between
them well at 0 K. No significant changes are observed in our
relaxed structures; the symmetry and uranium coordination was
retained in both.

The lattice parameters and volume (7.1% for I4, and 8.7%
for Fddd) were overestimated, compared to the under-
estimation of the LDA + U calculations of He et al.*>® (3.0%).
In our calculations, this volume expansion corresponds to
overestimation of each lattice parameter by <3.5% and <4.5%
for the I4, and Fddd structures, respectively. The c/a ratio was
also slightly overestimated in our calculations (1.6/2.9% for
I4,/Fddd); however, this value was not reported by He et al.
The equatorially coordinated U—O bonds are predicted to
lengthen slightly, more so at U2 sites than Ul, with the largest
increase associated with the U2—O3 equatorial bonds. These
are already the longest observed bonds (3.04 and 3.01 A for 14,
and Fddd), and so the increase to 3.23 A signifies very weak
coordination. The uranyl-type bond lengths are predicted to
decrease slightly to 1.87 A. y-UOj is the first UO; polymorph
for which there is an increase in bond anisotropy, particularly at
U2 sites. This change is more or less the same for both

: & °

®o
0o0?®
°®
® o
808
0

(a) ;_'**‘, b4 (c)
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Figure 5. I4; y-UO; unit cell: (a) and (b) experimental, (c) and (d) PBE + U calculated, and (e) PBE + U calculated showing coordination. (f)
Octahedral uranium coordination at Ul and (g) dodecahedral uranium coordination at U2.
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polymorphs given the strong resemblance between the relaxed
structures. Overall these calculations point toward two very
similar structures, with negligible difference in energy for
conversion to occur over the experimentally specified temper-
ature range. This thermal lability between the two structures
implies the presence of disorder. This also explains the
overestimation of lattice parameters and consequently the
deviation of the simulations from the experimental c/a ratio, as
the disorder is absent from our calculations.

3.1.4. 6-UO;. 6-UO; is synthesized by hydrothermally
reacting y-UO,, yielding f-UO,(OH),, and then heating to
375 °C. This polymorph crystalllzes in the Pm3m space group
with the ReO; structure® (Figure 6ab) and has theoretically

9 O O

Figure 6. Structure of Pm3m 5-UO5: (a) experimental unit cell, (b)
PBE + U calculated unit cell, and (c) uranium coordination.

and experlmentally determined densities of 6.99 and 6.57 g
cm ™3, respectively.* 5-UO; contains single U and O sites with
perfect octahedral coordination at the uranium atoms,
signifying a lack of uranyl-type bonding. This comparatively
simple composition has meant 6-UQOj; is the most-modeled
UO; modification.>* *

The predicted structural properties for 6-UQOj; are in Table 1,
and Figure 6b,c shows the PBE + U predicted structure. The
unit cell was well reproduced, with a small change in volume
(2.3%) and bond length increase (0.8%) predicted. The
symmetry and coordination remained identical. Our PBE + U
calculation overestimates the lattice parameters compared to
the underestimation of He et al’s HSE and LDA + U
calculations®® and Pickard et al.’s LDA calculations.** The PBE
calculation of Geng et al* agrees well with our own PBE
calculation (Supporting Information).

3.1.5. n-UO;. Siegel et al. used XRD to derive the lattice
parameters of #- UO3, finding it to have an orthorhombic
P2,2,2, structure® (Figure 7ab). The unit cell contains four
formula units and a single type of uranium atom in 7-fold
(puckered pentagonal bipyramidal) coordination. It features
collinear uranyl-type bonds although the distortion of the
polyhedra produces a slight disparity in the bond lengths (1.84
and 1.85 A experimentally). The Ol sites only feature in
collinear bonds with uranium atoms (the longer of the two).
02 atoms form the shorter collinear bond as well as one of the

(b)‘

'0

o

o‘ QO © 0 O
(Bt

O

(@)

2678A 52 h 22504

Figure 7. Structure of P2,2,2, #-UOj;: (a) and (b) experimental unit
cell, (¢) and (d) PBE + U calculated unit cell and (e) uranium
coordination.

equatorial sites. The O3 sites only participate in equatorial
uranium coordination through two undistorted locations and
one significantly distorted from the regular coordination site.
The precise synthesis of #-UO; has not been described;
however, it was reportedly produced at a temperature of
1100 °C and pressure of 30 kilobars.®® In keeping with this
reputation as the high-pressure modification at 8.86 g cm™
(theoretical and measured) #-UO; has the highest density of
any UO; polymorph, or any layered uranium oxide for that
matter.

Table 1 contains the predicted structural information for
n-UO;, and Figure 7c—e shows the PBE + U predicted
structure, demonstrating the good overall agreement with
experiment. The lattice parameters and volume are slightly
overestimated, but the symmetry and space group are well-
retained. Pickard et al.** predict lattice parameters and volume
slightly closer to the experimental values than our PBE + U
calculation but offer little other structural insight. Although
there is a volume expansion of 7.4% the individual lattice
parameters are all reproduced to within 3.5%. Predicted uranyl
bond lengths are closest to experiment at <1% difference,
compared to a mean difference of 3.2% for equatorial bonds.
The uranyl bonds are slightly more symmetrical than in the
experimental structure, although still not entirely collinear, at
1.82 and 1.84 A. Overall though the bonding comparison is
mostly similar to y-UOj; a tiny increase in anisotropy is
observed on relaxation when the equatorial oxygen is also
accounted for. As with f- and y-UO; the more irregular
coordination, slightly larger discrepancy between calculated and
reported lattice parameters and shift toward more collinear
uranyl bonding on relaxation indicates the presence of disorder

in this polymorph.
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3.2. Simulated Neutron Diffraction Patterns. As
described in the previous section, we simulated all known
UO; polymorphs and showed that the structures are well-
reproduced; particularly @- and 6-UO;, while -, y-, and #-UO;,
are well-reproduced to a lesser extent. We consider that the
methodology correctly captures the nature of the U**—0Q*"
system and that structural discrepancies are caused by intrinsic
disorder and defects. The evidence comes from good
reproduction of the wider variety of U—O bond distances
and coordination found in f-, y-, and #-UQO;. These phases
contain short-range uranyl-type bonds, midrange bonds (as
observed in a- and 6-UO;), and weaker long-range bonds (in
excess of 3 A in y-UO;). UO, phases are usually defined as
layered materials, and as such the inclusion of dispersion forces
would be expected to impact on their structural representation.
We have tested the DFT-D3 method of Grimme®® on y-UO,
(the only phase to contain short, medium, and long-range
bonds) and noted no real improvement. For example in I4,
y-UO; the DFT-D3 lattice parameters are a = b = 6.99 A,
c=20.68 A a=p=y=90° (compared to a = b = 7.02 A,
¢ =20.68 A, a=f=y=90° with PBE + U). The inclusion of
van der Waals interactions is important in discretely layered
materials such as phases of TiS,%” and V,0,%® where the layers
are held together by dispersion forces. In the same way they
would be important in similarly layered uranium minerals such
as studtite or schoepite. However, in all UO; phases the layers
are linked by bridging O atoms, and therefore the inclusion of
vdW does not improve the model compared to DFT + U. This
reinforces the idea that nonstoichiometry and defect chemistry
are responsible for the discrepancy in lattice parameters
reproduced by our stoichiometric structures. A suggestion
that is well-documented as Greaves et al.®" reported non-
stoichiometry in @-UQ;, Hoekstra et al. report a UO, 4 phase,’
while Cornman describes the O/U ratios of their prepared UO;
samples as ranging from 3.03 to 3.07, with {-UO; even higher
at 3.27.%' Synthesis of pure phases is also challenging; Weller et
al. report that their synthesis of 6-UQj, also produced a-UO5,>
and Sweet et al. describe producing 82% S-UO; with 18%
a-U0,>° Additionally as U®* is soluble, hydrolysis and
hydration products are known to form readily under ambient
conditions.””® In this section we will show further evidence of
the generally good comparison between the simulated phases
and experiment by means of simulated neutron diffraction
patterns.

A number of the UOj structures were derived using neutron
diffraction; however, the varying complexity of the patterns
makes comparison difficult. Thus, we chose to calculate
neutron diffraction patterns for each polymorph from the
experimental and PBE + U predicted structures to provide a
better means of comparison. The neutron diffraction patterns
provide a useful visual aid for assessing the similarity between
complex materials when it is difficult to directly visualize the
structures. Patterns for P3m1 a-, I4; y-, and 5-UOj; are shown in
Figure 8, and the remainder can be found in the Supporting
Information. All neutron diffraction patterns were calculated
using the Powder Cell code.”

The principle observation is that the number of peaks, and
their relative intensities, are found to be the same, or similar, for
most of the simulated experimental and predicted structures.
The main difference arises in the angle (260), where theory can
be shifted from experiment. This arises from the difference in
lattice parameters (and bond lengths) and scales with the
agreement of our calculations with experiment.

P-3m1 a-U0;

6-U0;

| l L1

30

Hllﬂ“u“m

70 80

Figure 8. Calculated neutron diffraction patterns for selected UO,
polymorphs (see the Supporting Information for the complete set).
Intensity (y axis) is in arbitrary units and so has not been labeled; angle
20 (x axis) is in degrees (deg). Blue shows the calculated pattern from
the experimentally determined structure, red shows the calculated
pattern for the PBE + U predicted structure.

Accordingly we see the smallest shift between the simulated
experimental and PBE + U patterns in the structures with
closest agreement between experimental and predicted lattice
parameters. The lowest shift (slightly lower 26) is observed for
5-UO, (Figure 8), which also has the best agreement between
our simulated spectra and the peaks reported in the original
work;*® this is indicative of a highly ordered structure. P3m1I
a-UOj; also shows good agreement between experimental and
predicted simulated spectra, although the predicted peaks are
shifted to higher 26, reflecting the underestimation of the
a-UQ; lattice parameters. In the same way f-, Fddd/I4, y-, and
n-UO; have more shifted patterns and show the largest
deviation from the experimentally recorded neutron diffraction
patterns.””® This disparity between the recorded experimental
neutron diffraction patterns and our simulated patterns from
the experimentally derived structures is a strong indication that
these three oxides (the only three to contain uranyl bonding)
are inherently more disordered and defective than the UO;
polymorphs without uranyl bonds.

The neutron diffraction patterns are also useful for
highlighting the similarities of different competing structures.
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Table 2. PBE + U Predicted Elastic Constants and Bulk Moduli for the UO; Polymorphs

elastic constants” (GPa)

phase Cu Cp Cis Cn Cy
P3ml a-UO, 246.5 179.8 41.5
C2 a-UO;, 222.1 182.8 37.6 253.0 439
p-UO; 115.6 222 43.9 142.8 45.0
I4, y-UO, 162.1 63.4 39.5 162.2 39.5
Fddd y-UO, 142.8 39.5 82.6 107.1 40.3
6-UO, 387.6 332
n-UO0; 172.7 55.2 60.7 120.8 70.3

Cis Cm Css Ces bulk modulus (GPa)

519.8 50.7 170.9
521.1 37.0 50.5 499 164.5
167.1 16.7 45.9 74 72.0
107.4 28.9 39.1 38.9 74.8
143.7 38.8 389 49.2 749

27.3 151.3
150.8 29.1 63.7 46.5 89.2

“Independent constants for cubic (3), hexagonal (5), and orthorhombic (9) cells are included, but those for monoclinic (13) and triclinic (21) cells

are not. Details of B calculation are in Section 2.2.

Looking at the two y-UO; polymorphs it is clear that they are
crystallographically extremely similar. They have almost
identical distributions of peaks; the main difference is in their
relative intensities. This is indicative of the different symmetries
of the two structures as the Miller planes will be aligned
differently, affecting the intensity of the detected signal. There
is also a strong match between the patterns for the different
a-UQ; structures, although as there are more structural
differences the patterns do not match as well as those of the
different y-UO; polymorphs.

3.3. Elastic Properties. There is no experimental or
computational data in the literature regarding the elastic
constants of UO;, and so the results presented here form the
first predicted values. Elastic constants were calculated with the
PBE + U (Table 2) for the full set of polymorphs. Elastic
constants for all polymorphs except y-UO; (as these structures
contained imaginary frequencies) calculated using the PBE can
be found in the Supporting Information.

The predicted bulk moduli for the UO; polymorphs range
from ~75 to 171 GPa, with the precise value depending on the
structure of the phase. This range is lower than the denser UO,
(p = 1097 g cm™, B = 209 GPa'?) as would be expected for
more openly structured materials. The highest bulk moduli
belong to a- and 5-UO; (171 and 151 GPa, respectively),
which, intriguingly, are the two lowest-density polymorphs
examined here (7.04 and 6.57 g cm™, respectively).
Considering this with the bulk moduli of f-, y-, and #-UO;
(72,75, and 89 GPa, respectively) and their respective densities
(8.25, 8.00, and 8.86 g cm™>) there appears to be an inverse
relationship between the bulk modulus and density of a UO,
polymorph. However, the most important structural distinction
between these two sets of materials is the presence or absence
of uranyl bonds. Our results strongly suggest that the presence
of uranyl bonding in a UO; polymorph (and possibly other
phases) can be predicted from a determination of the bulk
modulus. If it is less than 100 GPa then the oxide is likely to
contain uranyl bonds (f-, y-, and 7-UO5); if it is 150 or higher
than they are probably absent (a- and 6-UQ;).

3.4. Electronic Properties. The U®" ion has unoccupied 5f
states (5f°), this is confirmed by our results which predict each
UO; polymorph to be a charge-transfer insulator with a valence
band (VB) composed predominantly of oxygen 2p states and
conductance band (CB) comprised mainly of uranium Sf states.
Almost no contribution to the conductance band and small
contributions to the bottom of the valence band from 6d
orbitals were observed for all polymorphs and so these have
also been included in the partial density of states (PDOS),
displayed in Figure 9 (The PBE calculated DOS can be found
in the Supporting Information). Contributions from uranium Sf
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Figure 9. PBE + U calculated PDOS for the UO; polymorphs. Oxygen
2p states are in red, Uranium S5f states are in blue and Uranium 6d
states are in green. Contributions from other states are negligible and
so are omitted from the diagram. Only spin up states are included here
as the spin up and spin down channels are identical. The energy of the
highest occupied state in each case was set to zero eV.

orbitals are observed in the VB and from oxygen 2p in the CB,
which may be attributed to hybridization - the degree of
covalency in the U—O bonds. This accords well with the results
of Bagus et al., who report that a closed shell system (i.e.,, U%*)
screens the 6d orbitals more effectively than a partially occupied
shell (ie, U* and U™"). So we would expect to see greater
contribution from the 6d orbitals in the DOS of U304 (U*/
U%) and an even greater effect in UO, (U*) but not in UOs,

The calculated band gaps are listed in Table 3 and data from
the literature is provided where available. The GGA is
renowned for generally underestimating band gaps, however
it performs well here for f-, y-, and 5-UO;. The predicted
a-UOj; band gap is a considerable underestimate of experiment
in all three of our structures. The band gap in the C2mm
polymorph (the structure containing imaginary frequencies) is
an even more significant underestimate (approximately 20%).
This augments the argument that the equatorial O ions are
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Table 3. Calculated and Experimental Band Gaps of UO;
Phases Containing Uranyl-Type Groups from the Present
Work and the Literature

study phase method band gap (eV)

He et al®® a-UO; experiment 2.63
He et al.*® P3ml a-UO, LDA + U 0.94
HSE 3.10

present work PBE + U 1.59
C2mm a-UO; PBE + U 0.64

C2 a-UO, PBE + U 1.54

Idriss et al.'’ p-UO, experiment 2.17
present work PBE + U 2.11
He et al.®® 7-UO, experiment 2.38
LDA + U 2.35

present work I4, y-UO, PBE + U 2.40
Fddd y-UO, PBE + U 2.39

Idriss et al.'® 0-UO; experiment 2.17
He et al*® LDA + U 2.19
HSE 3.21

Geng et al.*”’ PBE 1.60
present work PBE + U 2.19
present work n-UO; PBE + U 2.67

displaced in C2mm @-UQOj;. The experimentally determined
band gaps of the polymorphs that do not contain uranyl-type
bonds in our calculations (@- and §-UO;, 1.59 and 2.19 eV
respectively) seem to be lower than those that do (y- and
7-UO;, 2.40 and 2.67 eV respectively). However, -UO; (for
which we predict uranyl bonds at three out of five sites) has a
relatively low band gap of 2.11 eV and so this trend is weaker
than the uranyl-bulk modulus relationship noted in the
previous section.

3.5. Thermodynamic Stability. Finally we consider the
relative stabilities of the UO; polymorphs under investigation
with respect to pressure and present them in Figure 10.
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Figure 10. Calculated enthalpy of formation (AH;) for UO; phases
with PBE + U as a function of pressure, results are relative to y-UO;
(the thermodynamically most stable phase).

The enthalpy of formation for a UO; formula unit for each
modification was calculated using the PBE + U computed UO;,
uranium metal, and O, free energies. The predicted energy of a
U atom was found to be —8.43 ¢V, calculated from a-uranium
using the parameters described in Section 2.1 but with a denser
k-mesh of 175 k-points (12 X 8 X 8). The energy of an O atom
was predicted to be —4.93 eV, calculated from an O, molecule
in a 20 A box using the ['-point. Pressure has then been varied

from —25 to 125 kbar (Figure 10) to provide a wide range of
enthalpy values and simulate a range of conditions from high
temperature (negative pressure) to high pressure (approaching
125 kbar). The stabilities in Figure 10 are presented relative to
7-UO;, the thermodynamically most stable UO; polymorph
from experiment,** and our PBE + U calculations.

At zero pressure the results show the PBE + U calculated
order of stability as H = U. Here we can see that y-UO; is the
most stable polymorph and a-UO; is the least stable, in
accordance with experimental measurements.>> The y-UO,
polymorph is predicted to remain the most stable up to
39.5 kbar, at which point 7-UO; becomes most stable. #-UQ; is
the densest polymorph (8.86 g cm™); described as high-
pressure UQOj; it was first synthesized at 30 kbar and 1100 °C.
Our calculations slightly overestimate this value but provide a
good qualitative fit to the experimental data.’® The C2 a-UO,
structure is predicted to be more stable than its P3ml
counterpart over the negative pressures (high temperatures)
examined here but less stable at positive pressures with a
widening stability gap. The large decrease in relative stability of
0-UO; with increasing pressure is most likely due to the
considerably lower density of this polymorph (6.57 g cm™)
compared to the others. Stability seems to be less related to the
presence of uranyl bonding than the other properties that we
have examined here, with no clear trend emerging.

4. CONCLUSIONS

PBE + U calculations of the UO; polymorphs were successfully
applied to predict structural, elastic, and electronic properties,
as well as assess their relative thermodynamic stability. We
established that dispersive interactions are negligible using van
der Waals corrected DFT and so only used DFT + U. We have
demonstrated that the methodology is robust, simulating the
full range of UQ; structures. The best results are achieved for
a- and 5-UQ;, which gives us confidence in modeling these U®*
phases. Those structures (f3-, y-, and #-UO;) where we see
larger differences we infer is due to a greater degree of
nonstoichiometry. Indeed these structures contain a greater
variety of U—O distances and U ions in very different
coordination environments, which we believe is further
evidence for the presence of defects.

We found imaginary modes for the experimentally reported
C2mm a-UOj structure, which were removed by applying small
atomic displacements that lowered the symmetry to a C2
structure more closely resembling the P3m1 polymorph. This
leads us to conclude the C2mm polymorph is a thermally
averaged structure, and the P3ml structure is more
representative of the actual material. Of the three y-UO;
polymorphs that were examined the monoclinic modification
was found to relax to the I4, tetragonal cell, eliminating it as a
viable structure. The I4, and Fddd polymorphs are nearly
identical, differing mainly in symmetry as the predicted energies
and bond lengths are almost the same. As the two structures
were recorded at different temperatures and the DFT
calculations are performed at 0 K it follows that it is not
straightforward to differentiate them using this methodology.

We have made predictions of the elastic constants and bulk
moduli of the UO; polymorphs for the first time, finding them
to generally have a lower bulk modulus than the denser-
structured fluorite UO,. The bulk modulus appears to be linked
to the presence of uranyl bonds as well as the density. Oxides
that contain uranyl bonds (f-, y-, and #-UOj;) have lower bulk
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moduli (<100 GPa), and those without uranyl bonds (a- and
5-UO;) have higher bulk moduli (>150 GPa).

Our calculations generally reproduce experimentally deter-
mined band gaps well and reveal UO; to be a charge-transfer
insulator. Small contributions from U Sf states to the O 2p-
dominated VB and vice versa indicate a degree of covalency in
the U-O bonding. The limited contributions from U 6d
orbitals to the lower VB show the majority of bonding occurs
through the 5f orbitals.

In accordance with experiment, we found y-UO; to be the
most thermodynamically stable, a-UQO; the least stable, and
7-UO; to be the high-pressure polymorph. The lowest-density
polymorph 6-UQ; is predicted to destabilize considerably with

increasing pressure.
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PBE + U predicted structures for each polymorph, including
lattice parameters and atomic coordinates, are provided (Tables
S1-S8). Properties for each polymorph calculated with the
pure PBE functional are also given (Tables S9—S11). Neutron
diffraction patterns, RDFs, and PBE-computed DOS diagrams
can also be found here. This material is available free of charge
via the Internet at http://pubs.acs.org.
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