SAND2024-16673)
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The phase transitions and thermodynamics of stoichiometric a—, B—, and y—UO2(OH). polymorphs are investigated using

density functional perturbation theory (DFPT). The pressure-induced B(Pbca) = a(Cmca) phase transition is reproduced by

calculations, with a volume reduction of AV/V = -14.7% similar to experiment. Consistent with observation, a temperature-

driven y(P21/c) = B(Pbca) phase transition is predicted near 533 K. At 298.15 K, the computed standard molar heat capacity
of a—U02(OH)2 is Cp° = 112.1 J.mol2.K?, only 1.6% smaller than the value of C,° = 113.96+0.12 J.mol2.K'! measured by
calorimetry. Cp° = 112.4 and 104.8 J.mol*.K! are predicted for the f— and y—UO(OH). polymorphs, respectively. The

calculated molar enthalpy and Gibbs energy functions of the a—, B—and y-=UO2(OH). polymorphs are also reported.

Introduction

Understanding the relative stability and structure-property
relationships of uranyl-bearing materials is of paramount
importance to determine the paragenesis and chemical
evolution of uranium minerals in the environment. In particular,
predicting the fate of uranyl alteration phases produced from
spent nuclear fuel (SNF) degradation is crucial to assess the
overall performance and safety of deep geological repositories
for the disposal of long-lived radioactive waste.123.4 While
uranium transport in the environment is limited under reducing
conditions, oxidative dissolution of UO; by weathering can
occur relatively fast and release significant amounts of uranyl
ions (VIUO,%*) in geochemical fluids. This process can greatly
accelerate the mobility of U(VI) molecular complexes in highly
oxidizing aqueous environments.

Change in solution chemistry from oxidizing to reducing
conditions leads to the precipitation of various uranyl phases,
with chemical composition and structures depending on the
local environment. Uranyl oxide hydrates and hydroxides
represent an important subgroup of mineral phases formed
upon precipitation of hexavalent uranium. These minerals
typically crystallize as polyhedral sheets with composition
[(UO;)xO,(OH),](2x2y-2) 56,78 Among uranyl oxide hydrate and
hydroxide minerals without cations in their interlayer space,
schoepite, metaschoeptite and dehydrated schoepite are
topologically related. The structures of schoepite,
[(UO2)s02(0OH)12]-12H,0 (or U03-2.25H,0), and metaschoepite
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(UO2)s02(0OH)12]-10H,0 (or UO3:2H,0), consist of edge-sharing
UOy7 pentagonal bipyramids, arranged as (UO3)40(OH)s sheets,
and only slightly differ by their uranyl group orientation relative
to the layers.%10 Dehydrated schoepite was suggested to form
an omission solid-solution with a general formula (UO32)Oo.2s-
x(OH)1s42¢x (0 £ x £ 0.25) (or UO3:xH,0 (0.75 < x < 1)). The
stoichiometric dehydrated schoepite phase, a—UO3(OH),, is
made of edge-sharing UOg hexagonal bipyramids arranged as
UO;3(OH); sheets.11.12 Both schoepite and metaschoepite
structures were shown to be related to a—UO;(OH), by the
substitution 2(OH) = 0% + vacancy in uranyl sheets.!2

The alteration of schoepite — the most thermodynamically
stable corrosion product formed upon UO; dissolution — to
dehydrated schoepite occurs through a multistep process.
Following the initial loss of interlayer H,0, atomic
rearrangement sheets to produce a
metaschoepite-like structure, with a final rearrangement to a
a—UO>(OH)>-type sheet structure.!?2 Dehydration of schoepite
to a—UO3(0OH); can occur rapidly in air at ambient temperature
or slowly in water or humidity around ~100°C.!2 The 3% unit-cell
volume decrease and H-bonds rearrangement accompanying
the slow transformation of schoepite (Vo = 3551.2 A3, space
group P2ica) into metaschoepite (Vo = 3445.5 A3, space group
Pbna) do not produce enough strain energy to fully convert
U03-2.25H,0 to UO3-2H,0. However, this excess strain energy
is sufficient to initiate to the fast transformation of residual
schoepite into dehydrated schoepite, when altered crystals are
exposed to moderate external stress.!2 Upon contact with
moisture and H,0; produced by water a-radiolysis near the UO;
surface,13.1415 dehydrated schoepite can rapidly transform into
the mineral studtite, (UO2)02(H20)4, another corrosion phase
resulting from SNF degradation.!2.16,17,18,19

occurs  within



While the structural relationships and stability fields of
schoepite, metaschoepite and dehydrated schoepite have been
extensively investigated, only limited information is available on
UO3(OH); polymorphs. Early experimental investigations
showed that UO2(OH); can be synthesized hydrothermally from
UOs3 and H30, resulting in the distinct crystalline a, B and y
polymorphs.2021 Using X-ray diffraction (XRD) and neutron
scattering methods, the crystal parameters of these
polymorphs were determined in the seminal studies by Taylor
et al.11.22.23,24 and others.2526 Based on experimental studies and
natural occurrences,>27 Finch et al. predicted the approximate
thermal stability fields of a—, B—and y—UO3(OH); polymorphs in
water (with H,O activity of aw=1), i.e., ~¥95-125°C for y, ~95—
3250C for 3, and ~95-345°C for a.12 All three polymorphs might
exist under potential thermal conditions of interest for SNF and
uranium-containing nuclear waste disposal in geological
repositories. The mineral Paulscherrerite, with a simplified
structural formula UO2(OH);, was recently identified as
dehydrated schoepite crystallizing in the monoclinic symmetry
(pseudo-orthorhombic, with P2, P2;, P2/m, or P2;/m space
group). Paulscherrerite is isostructural with synthetic o—
UO;3(OH),, adopting the orthorhombic Cmca space group
symmetry.11,23,28

Two phase transitions were reported in early experimental
studies of UO3(OH), polymorphs, namely a temperature-driven
v—=>B irreversible phase transition in the vicinity of 125°C,26 and
a pressure-induced B> a martensitic-like phase transformation
with a volume of contraction of ca. 14%.242°30 To the best of
knowledge, phase UO;(OH);
polymorphs have never been investigated using computational
methods. In addition, the thermodynamic properties of
UO;(OH); were studied experimentally with a focus on the a
and B polymorphs.31,3233.34 However, discrepancies of up to
~18% were found between the standard molar entropy values
derived from differential scanning calorimetry (DSC)
by Hemingway32 and the calorimetry
measurements by O’Hare et al.33 or the value estimated from
Latimer's rule by Cordfunke and O'Hare.3! The thermodynamic
functions of stoichiometric UO,(OH), were also computed by
Weck and Kim35 and Colmenero et al.3¢ using first-principles
methods, but were limited to the a phase.

In this work, the crystal structures and thermodynamic
properties of the a—, f—and y—UO;(OH), polymorphs, as well as
the pressure-induced B=>a phase transition and temperature-
driven y=>B phase transition, are investigated within the
framework of density functional theory (DFT). Details of the
computational methods utilized in this study are given in the
next section, followed by a discussion of our results and
conclusions.

our transitions between

measurements

Computational methods

Total energy calculations were conducted using spin-polarized
DFT implemented in the Vienna Ab initio Simulation Package
(VASP).37 The exchange-correlation energy was computed
within the generalized gradient approximation3® (GGA), with
the parameterization of Perdew, Burke, and Ernzerhof3° (PBE).

Previous studies showed that standard density functionals, such
as the PBE or PW91 functionals, correctly describe the structural
parameters and properties of uranium oxides and uranium
compounds characterized experimentally.3536,40,41,42,43,44,45,46,47
While computational approaches beyond standard DFT are
often required to account for strong on-site Coulomb repulsion
between uranium 5f electrons (e.g. in VUO;), previous DFT
investigations of crystalline uranyl oxide hydrates and
hydroxides (e.g., schoepite, metaschoeptite and dehydrated
schoepite) demonstrated that standard DFT is sufficient
describe these systems.35:36,45,48,49

The projector augmented wave (PAW) method was used to
describe the interaction between valence electrons and ionic
cores.’051 In the Kohn-Sham (KS) equations, U(6s,6p,6d,5f,7s)
and O(2s,2p) electrons were treated explicitly as valence
electrons and the remaining core electrons, together with the
nuclei, were represented by PAW pseudopotentials.
Davidson’s32 blocked iterative matrix diagonalization scheme
was used to solve the KS equations. The plane-wave energy
cutoff for the electronic wavefunctions was set to 500 eV,
ensuring convergence of the total energy of the system to
within 1 meV/atom.

The crystal structures of a—, B— and y—UO3(OH); polymorphs
were optimized with 3D-periodic boundary conditions applied.
lonic relaxation was carried out using the quasi-Newton method
and the Hellmann-Feynman forces acting on atoms were
calculated with a convergence tolerance set to 0.01 eV/A.
Structure optimization and properties calculations were carried
out using the Monkhorst-Pack special k-point scheme>3 with
5x3x5, 5x5x3 and 5x5x5 meshes for integrations in the Brillouin
zone (BZ) of the bulk a—, B—, and y-UO(OH), polymorphs,
respectively. The tetrahedron method with Blochl corrections>*
was used for BZ integrations. Periodic unit cells containing 28
atoms (Z = 4) for the a and B phases and 14 atoms (Z = 2) for the
vy phase were used in the calculations. Based on previous studies
of uranyl crystal structures with various cell sizes, the size of the
3D-periodic simulation cells does not significantly impact the
accuracy of the calculations.3536,43,44,45474849 |onic and cell
relaxations of the experimental bulk structures!!.222426 ysed as
guesses, were performed simultaneously,
symmetry constraints applied.

Density functional perturbation theory (DFPT) implemented
in VASP was used to compute the forces exerted on atoms of
the bulk a—, B—, and y—-UO3(OH), structures and phonon
frequencies were derived. Phonon analysis was performed at
constant equilibrium volume to derive the Helmholtz free
energy, calculated according to:

initial without

F(T) = ;X ho +ksTEIn[1—e ], (1)

where h is the reduced Planck constant, Aw is the energy of a
single phonon with angular frequency w, kg is the Boltzmann
constant, T is the temperature of the system, and § = (kgT)™ 1.
Thermal properties at constant pressure (e.g., the Gibbs free
energy and the isobaric heat capacity) were predicted within
the quasi-harmonic approximation (QHA), based on a set of
phonon calculations in the vicinity of the computed equilibrium



crystal structures. The QHA introduces a volume dependence of
phonon frequencies as a part of anharmonic effect.>> All the
thermodynamic properties were obtained using the Phonopy
software.>> Within the QHA, the Gibbs free energy is defined at
a constant pressure by the transformation:

G(T,p) = min[UO) +FTV) +pV], (2)

where miny [function of V] corresponds to a unique minimum
of the expression between brackets with respect to the volume
V, U is the total energy of the system, and p is the pressure
applied. The isobaric molar heat capacity versus temperature
was calculated as the second derivative of the Gibbs free energy
with respect to the temperature T:

%G

CP(T) = _Tﬁ

3)

The molar entropy was obtained by integration of the isobaric
molar heat capacity:

s =[=Dar. ()

Results and discussion

Crystal structures

Fig. 1 Crystal unit cells of (a) a—UO2(OH): (Z = 4, space group Cmca), (b) B—
UO3(OH)2 (Z = 4, space group Pbca), (c) y —UO2(OH)2 (Z = 2, space group P2:/c),
relaxed with DFT at the GGA/PBE level of theory. O—H-O(uranyl) hydrogen
bonds are represented by dashed lines and U coordination polyhedral are also
displayed. Color legend: U, blue; O, red; H, white.

The equilibrium crystal unit cells of a—, B— and y—UO3(OH),
polymorphs relaxed with DFT at the GGA/PBE level of theory are
shown in Fig. 1. The optimized lattice parameters are a = 4.233
A b=10344 A, c=6.970A, a = 8=y =90°, V=305.2 A3 (7= 4,

space group Cmca, IT No. 64) for orthorhombic a-UO3(OH),, a =
5.848 A, b=6.204 A, c=9.867 A, a = 8=y =90°, V=358.0 A3 (Z
=4, space group Pbca, IT No. 61) for orthorhombic B-UO;(OH),,
anda=5.891A,b=53224,c=6.369 A, a=y=90°, 6=113.8°, V
=182.73 A3 (z=2, space group P2:/c, IT No. 14) for monoclinic
y-UO2(OH),. These optimized structures are in overall good
agreement with the polymorph structures characterized
originally from XRD and neutron scattering techniques by Taylor
and co-workers!1.22.23.24 gnd others?5.26 (see Table 1).

Table 1. Structural parameters of a—, f—and y—UO2(OH). polymorphs.

a phase a(A) b(A) c(A) 8(°) V(A3) Symmetry
DFTeb 4.233 10.344 6.970 90 305.2 Cmca
DFT-D2 4.222 10.304 6.938 90 301.8 Cmca
DFT-D2¢ 4.2309 10.3104 6.9195 90 301.87 Cmca
Expt. 4.242(1) 10.302(1) 6.868(1) 90 300.1(1) Cmeca,C2cb
Expt.c 42455(6)  10.3183(16)  6.8648(10) 90 300.7(1) Cmeca,C2cb
Expt/f 4.288(2) 10.270(6) 6.885(5) 90.39 303.2(2)  P2,P21,P2/m
B phase a(A) b(A) c(A) 8(°) V(A3) Symmetry
DFT? 5.848 6.204 9.867 90 358.0 Pbca
Expt.9 5.6438(1) 6.2867(1) 9.9372(2) 90 352.6(1) Pbca
Expt. 5.635(7) 6.285(8) 9.919(8) 90 351.3 Pbca
y phase a(A) b(A) c(A) 8(°) V(A3) Symmetry
DFT? 5.891 5.322 6.369 113.8 182.7 P21/c
Expt./ 5.560(3) 5.522(3) 6.416(3) 11271 181.7(5) P21/c

9This study; ®Weck and Kim, 2014; “Colmenero et al., 2018; “Taylor, 1971;
Taylor, Kelly and Downer, 1972; fBrugger et al., 2011, mineral
Paulscherrerite approximately isostructural with a—UO2(OH)2; 9Bannister
and Taylor, 1970; "Roof et al., 1964; ‘Siegel et al., 1972.

In the a phase, the UO,(OH); layers are linked by O-H-O (uranyl)
hydrogen bonds and the uranium coordination number is eight, with
a puckered hexagonal arrangement.23 In the B phase, the uranium
centers possess a coordination of six in with octahedral arrangement
and the stacked UO,(OH), layers are also linked by O-H-O (uranyl)
hydrogen bonds.22 The location of hydrogen atoms in the a and B
phases were confirmed by the neutron powder diffraction studies of
Taylor and Hurst.1! In the y phase, the configuration about uranium
atoms is a distorted coordination octahedron with variable U-O
distances and the overall structure shows strong similarity to B-
UO,(OH),.

The b/a and c/a ratios calculated with DFT are, respectively, 2.444
and 1.646 for the a phase, 1.061 and 1.687 for the B phase, and 0.903
and 1.081 for the y phase. These ratios are close to the
corresponding experimental values of 2.429 and 1.619 for the a
phase characterized by Taylor? (a = 4.242(1) A, b = 10.302(1) A, c =
6.868(1) A, V=300.1(1) A3), 1.114 and 1.761 for the B phase reported
by Bannister and Taylor?? (a = 5.6438(1) A, b = 6.2867(1) A, ¢ =
9.9372(2) A, v = 352.6(1) A3), and 0.957 and 1.154 for the y phase
solved by Siegel et al.26 (a = 5.560(3) A, b = 5.522(3) A, c = 6.416(3) A,
V = 181.7(5) A3). The equilibrium unit-cell volumes of o—, p—and y—
UO,(OH); predicted with DFT are ca. 1.7%, 1.5%, and 1.1% larger,
respectively, than experimental estimates, owing to the tendency of
GGA-type functionals to overestimate bond distances.



In addition, since dehydrated schoepite polymorphs are made of
stacked UO(OH); layers linked by O—H-O(uranyl) hydrogen bonds
(Fig. 1), previous first-principles studies of the a phase utilized DFT
corrected for dispersion®6 (DFT-D) to account more accurately for
long-range interactions between adjacent sheets.3>36 The DFT-D
method of Grimme>7 (DFT-D2) used in those studies slightly improves
the agreement between calculated and experimental lattice
parameters at low temperature (see Table 1). This method describes
dispersion interactions
between fluctuating charge distributions via a simple semi-empirical
pair-wise force field potential. The DFT-D2 calculation of the a—
UO,(OH), interlayer spacing (i.e., b/2 = 5.152 A) essentially
reproduces the value of b/2 = 5.151 A measured by Taylor!! and
reduces the difference between measured and computed unit cell

resulting from dynamical correlations

volumes to ~0.6%. However, simple semi-empirical pair-wise force
field potentials used to represent dispersion interactions in DFT-D2
are typically optimized for low-temperature crystalline structures.
This may lead to inaccurate prediction of thermal properties at
higher temperature. For this reason, standard DFT was used in the
remainder of this study.

Energetics of UO,(OH); polymorphs
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Fig. 2 Variation of the total energy as a function of the crystal volume per
formula unit (f.u.) of a—, B—and y—UO2(OH). polymorphs calculated at 0 K with
DFT at the GGA/PBE level of theory.

Fig. 2 shows the evolution of the total energy U as a function of the
crystal volume per formula unit (f.u.) of o=, B— and y=UO,(OH)
polymorphs predicted with DFT at the athermal limit. Calculations
predict that monoclinic y, with the largest equilibrium volume, is the
most energetically stable phase, followed by the orthorhombic 3
phase, and the orthorhombic a phase. The pressure-induced B>a
and y=>a phase transitions, from open octahedral structures with six
O atoms coordinated to uranium metal centers to puckered
hexagonal sheets with 8-coordinated uranium atoms, lead to
theoretical volume reductions of AV/V = -14.7% and -16.4%,
respectively. This result exactly matches the volume contraction
value for the B> a martensitic-like phase transformation measured
by Taylor et al.24 using dilatometry and XRD techniques. The B>a
transformation occurs by shear deformation, without breaking
hydrogen bonds, with a slip of ~1 A between the UO,(OH); layers and

with the line of demarcation of the a and B phase lying in the
diagonal plane, since the edges of both phases are of the type
{111}.24 This B2>a phase transition taking place along a <110>
dipyramid  direction appears to fit Buerger's displacive
transformation classification.??

Moreover, the present finding that y and B polymorphs become
energetically degenerate upon volume contraction, as they convert
to the a polymorph, explains the grinding experiments of Siegel and
co-workers26 postulating the existence of a shear relationship
between the y and B structures. In these experiments, it was found
that, on the one hand, grinding B-phase crystals resulted in pressure-
induced conversion to a phase, together with a minor amount of y
phase. On the other hand, grinding y-phase crystals also led to the
formation of a phase, with small amount of B phase. Complete
conversion to the high-density a phase was eventually achieved by
continued grinding of either f— or y-UO,(OH); starting materials.

Thermodynamic properties

The thermal properties, i.e., Gibbs free energy, isobaric heat
capacity, entropy, enthalpy and Gibbs energy functions, of bulk
a—, B—, and y—UO(OH), were obtained from DFPT calculations,
used to compute the forces exerted on atoms of the bulk
polymorph structures and associated phonon frequencies.

T B e B s S
-52.1]
-52.2
-52.3
-52.4|
-52.5
-52.6
-52.7
-52.8
-52.9

— DFPT/PBE, «, this study

— DFPT/PBE, B, this study

— DFPT/PBE, v, this study

---- DFPT/PBE, y — B (P = 0 GPa), this study
-—- Expt., y — B (Siegel et al., 1972)

Gibbs free energy (eV/f.u.)

-53.1
-53.2

L e e U s s s B B I B L B B |

A R N S R R SRR A
150 200 250 300 350 400 450 500 550 600 650
Temperature (K)

-53.3 —

[
50 100

<

Fig. 3 Variation of the Gibbs free energy as a function of the crystal unit-cell
volume per formula unit (f.u.) of a—, B— and y-UO2(OH): polymorphs
calculated with DFPT at the GGA/PBE level of theory. The y=>B phase
transition temperature observed by Siegel et al. (Ref. 26) (green dash-dotted
line) is indicated for comparison with the present DFPT/PBE results (blue
dotted line).

Fig. 3 displays the thermal variation of the Gibbs free energy
(Eg. 2) of bulk a—, B—, and y—UO,(OH), predicted with DFPT.
Similar to the evolution of the total energy in Fig. 2, y-UO2(OH),
is the lowest-energy, most stable phase at low temperature, in
line with the expectation that the least dense polymorph shows
increased stability relative to denser polymorphs.26 DFT
calculations show a temperature-driven y=>B phase transition
occurs in the vicinity of ~533 K, in good agreement with the
experimental observation by Siegel et al.,26 who reported a
major change of the crystal unit-cell angle from 8=112.71° in
P21/c y—UO,(OH), to a value close to 90° in Pbca B—UO2(OH),



above ~553 K (~280°C). The relatively small differences in
computed Gibbs free energy between y and B phases in the
temperature range ~400-650 K suggest that the y=> B transition
sluggish, with  thermo-analytical
experiments indicating that the y phase may start slowly

is rather consistent
converting to the B phase at temperatures as low as ~400 K
(~125°C).26

The thermal evolution of the isobaric molar heat capacity,
C,, calculated with DFPT for stoichiometric bulk a—, p—, and y—
UO3(OH); polymorphs is depicted in Fig. 4 . Excellent agreement
is obtained between the isobaric molar heat capacity calculated
in this study for a—UO2(OH); and the corresponding calorimetry
data of Gurevich et al.34 in the temperature range 14-316 K. At
298.15 K, the predicted standard molar heat capacity is C,° =
112.1J).mol1.K1, i.e., underestimating the experimental value of
C,0 = 113.9610.12 J.mol-1.K-* measured by Gurevich et al.34 by
only 1.6%. However, this computed C,° value is 2.8% larger than
the value of 109.0 J.mol1.K1 estimated by Hemingway for
stoichiometric a—UO3(OH); (i.e., UO3-H,0), extrapolated from
DSC measurement of dehydrated schoepite as UO3:0.77H,0.32
Indeed, Hemingway reported in the temperature range 298.15—
700 K such experimental heat capacity estimates of a—type
dehydrated schoepite corrected to the compositions of
UO3-0.85H,0 and UOs3:H,O through addition of the heat
capacity of the appropriate amount of H,O as steam at the
temperature of the experimental data point.32 As pointed in
calorimetry experiments, dehydrated schoepite can have
various hydration levels, with observed compositions typically
in the range (UO2)00.25x(OH)15:2¢ (0 £ x < 0.25) [or UO3-xH,0
(0.75 < x < 1)].1232 For example, thermal gravimetric analysis
(TGA) indicated that the composition of dehydrated schoepite
is approximatively UO3-0.8H,0 in the temperature range 293—
413 K,20 while other differential gravimetric analyses (DGA) and
TGA studies showed that dehydrated schoepite corresponds to
UO3-0.75H,0 up to ca. 450 K.29.58,59
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Fig. 4 Thermal variation of the isobaric molar heat capacity of a—, B—and y—
UO;(OH)2 polymorphs calculated with DFPT at the GGA/PBE level of theory.
DFPT-D/GGA/PBE calculations for a—UO2(OH), (Weck and Kim, 2014) and
calorimetry estimates for a-type UOs3:xH20 (x = 0.77, 0.85, 1.00) are also
shown for comparison purpose (Hemingway, 1982; Gurevich et al., 1997).

To estimate standard C,° values over the full compositional
range UO3:0.75H,0 to UOs'H,0, the method developed by
Kellogg,®® which consists in summing the various contributions
from cationic and anionic groups in compounds (i.e.,
C,9(298.15K) = ZX[Hcations)+Hanions)]), was utilized and
yielded values of 118.0 J.mol-1.K-1 for UO3-H,0 and 109.0 J.mol-
1K1 for UO3-0.75H,0, using a cationic contribution of 4U)=
26.78 J.mol1.K1 and anionic contributions of #0O)= 18.41 J.mol"
1K1 and HH)= 8.79 J.mol1.K?! Kellogg’'s C,° estimate for
UO3-H,0 is 3.5% larger than the corresponding calorimetry
value reported by Gurevich et al.3* and 5.3 % larger than the
value calculated with DFPT in this study, while Kellogg’s
estimate for UO03-0.75H,0 is C,° = 109.0 J.mollK?, je.,
reproducing the value extrapolated by Hemingway for
stoichiometric a—type UOs3-H,0. Therefore, it can be inferred
that, near room temperature, the heat capacity estimates of a—
type dehydrated schoepite corrected by Hemingway32 to the
compositions of UO03:0.85H,0 and UOsH,O may be
underestimated.

C, computed with DFPT is 115.4 J.mol-1.K1 at 316 K, the
highest temperature probed by Gurevich et al3* with a
measured heat capacity of 117.0 J.mol-1.K! (-1.3%) for a—type
UO3-H,0. However, the calculated isobaric molar heat capacity
is larger than the corresponding estimates by Hemingway32 for
a—type UOs-H,0 between 360 K and 507 K, with computed
values of 122.8 and 139.4 J.mol1.K1, respectively, and DFPT
predictions tend to underestimate experimental results by less
than 0.8% over the temperature range 507-650 K. Let us note
that an upper temperature limit of 650 K was chosen in this
study owing to the approximate thermal stability field of ~95—
345°C (~368-618 K) reported by Finch et al. for a—UO3(OH); in
water.!2 Heating dehydrated schoepite beyond its thermal
stability limit usually results in the formation of UOs and,
eventually, of U30g.25 At 650 K, the calculated C, value of 150.3
J.mol-1.K? remains ca. 14% below the Dulong-Petit asymptotic
value of Cp, = n3R = 174.6 J.mol-1.K'1, where n is the number of
atoms per f.u. and R is the universal gas constant.

Moreover, as shown in Fig. 4, DFPT predictions of C, for a—
UO3(OH); in this study are in overall better agreement with the
calorimetry data of Gurevich et al.34 and estimates provided by
Hemingway32 than previous first-principles calculations using
dispersion-interaction corrections (DFPT-D2), which
systematically underestimate empirical heat capacity.35:3¢ For
example, the standard molar heat capacity C,° predicted with
DFPT-D2 by Weck and Kim35 and by Colmenero et al.3¢ are
107.21 and 103.85 J.mol1l.K?1, i.e. underestimating the
experimental value of Gurevich et al.3* by -5.9% and -8.9%,
respectively. Near 650 K, differences larger than 10% appear
between DFPT-D2 predictions by Colmenero et al.3¢ and the C,
values extrapolated by Hemingway for stoichiometric o—
UO3(OH);. Such simple corrections, using semi-empirical pair-
wise force field potentials to represent dispersion interactions,
are typically optimized to improve the description of low-
temperature crystalline structures, but may lead to inaccurate
prediction of thermal properties at higher temperature, for
which for force-field parameters are not optimized.



The thermal variation of the isobaric molar heat capacity of
the B— and y—UO,(OH), polymorphs calculated in this study is
also depicted in Fig. 4. The predicted of C, of the 3 phase is
systematically larger than a—UO,(OH), for temperatures below
~320 K, and the heat capacity of the lowest-density y-UO,(OH).
polymorph is consistently smaller than other polymorphs. The
standard molar heat capacity values predicted with DFPT for —
and y=UO,(OH), are C,° =112.4 J.mol-1.K-* and 104.8 J.mol1.K1,
respectively. These values are 4.7% and 11.2% smaller than
Kellogg’s C,° estimate for UO,(OH),.

Fig. 5 shows the thermal variation of the molar entropy of
o—, B—and y-UO,(OH), polymorphs calculated here with DFPT,
along with previous DFPT-D2 calculations by Weck and Kim?33
and by Colmenero et al.3® and calorimetry estimates for
UO3-xH,0 (x = 0.64, 0.85, 0.90, 1.00) reported by Hemingway32,
O’Hare et al.33 and Gurevich et al.3*
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Fig. 5 Thermal variation of the molar entropy of a—, B— and y—UO;(OH).
polymorphs calculated with DFPT at the GGA/PBE level of theory. DFPT-
D2/GGA/PBE calculations for a-UO2(OH), (Weck and Kim, 2014) and
calorimetry estimates for UO3-xH20 (x = 0.64, 0.85, 0.90, 1.00) are also shown
for comparison purpose (Hemingway, 1982; O’Hare et al., 1988; Gurevich et
al., 1997).

The standard molar entropy values of a—, B— and y—
UO;(OH); obtained here using DFPT are S0 = 123.1, 135.3 and
119.0J.mol1.K1, respectively. These predictions are close to the
experimental estimate of SO = 128.10+0.20 J.mol1.K1 reported
by Gurevich et al.3* for a—UO,(OH),, as well as the calorimetry
data by O’Hare et al.33 ranging from S° = 13745 J.mol1.K1 for
stoichiometric UO3-H,0 to 118+5 J.mol-1.K? for UO3-:0.64H,0
and Latimer’s estimate of S° = 13448 J.mol-1.K1 for —UO,(OH),
provided by Cordfunke and O'Hare.3! Here, the standard
entropy of UO,(OH), was estimated using Latimer’s rule®162
according to:

§0 = §(298.15K) = (?) (InMy +41nMg + 2 In My + 7 Rs', (5)

where R = 8.3145 J.molL.K! is the universal gas constant, the
constant s’ = —0.94 was determined empirically by Latimer
from the standard entropy of KCl, and My, Mgand My are the
atomic masses of U, O and H, respectively. For stoichiometric

UO3-H,0 (i.e., UO3(OH),), Latimer’s estimate is predicted to be
S9 = 152.05 J.mol.K1, while for UO5-0.75H,0 Latimer’s rule
yields S° = 149.22 J.mol-L.K1. This Latimer’s estimate for
UO3(OH); is in line with the value of 156.6 J.mol-1.K-1 derived by
Hemingway32 based on a combination of reaction data by
Sergeyeva et al.63 and other thermodynamic data from Robie et
al.%4 and adjusted compositionally through addition of
appropriate amount of H,0 as steam at the temperature of the
experimental data point. Such compositional adjustment was
made because H,O in this material was shown in previous
studies to behave approximatively like zeolitic water,%5 and this
approximation was believed to be valid within the experimental
error of the DSC values. Similarly, Hemingway estimated S° =
150.7 J.mollK! for o-type UO3-0.85H,0 and provided
extrapolated molar entropy values to 700 K.32 However, as
shown in Fig. 5, the standard molar entropy provided by
Hemingway3? for UO3:0.85H,0 is ~22.5% larger than the
corresponding value of O’Hare et al.33 However, applying a-27.7
J.mol1.K1 shift (AS® =123 — 150.7 J.mol-1.K1) to entropy results
given by Hemingway to close the gap between S° values of
O’Hare et al. and Hemingway results in better revised molar
entropy estimates (see magenta open circles in Fig. 5).

The thermal variations of the isobaric molar heat capacity Cp,
calculated with DFPT for a—, B— and y—UO,(OH), polymorphs
were fitted in the temperature range 100-650 K using nonlinear
least-squares regression to a Haas-Fisher-type polynomial,

Co(T) =a+bT +cT™2+dT %% +eT?,  (6)

with the resulting optimized coefficients summarized in Table 2.
The sum of squared differences (SSD) between DFPT-calculated
and fitted data remained below 0.35 over the temperature
range considered for all polymorphs.

Table 2. Coefficients of the Haas-Fisher isobaric molar heat capacity
polynomial Cy(T) for a—, B—and y—UO2(OH). polymorphs calculated with DFPT
at the GGA/PBE level of theory. The range of validity of the fit is 100-650 K.

ax10? bx10? cx104 dx10? ex10* SSD?
() (T) (T2) (T03) (™)
a 1.0971 2.0777 1.024871 -7.9375 -1.545 0.25
1.3031 1.6305 7.235009 -9.6752 -1.273 0.34
Y 1.1127 1.7974 5.242618 -8.3219 -1.411 0.33

2 Sum of squared differences between calculated and fitted data.

Using the coefficients of the Haas-Fisher polynomials in
Table 2, the enthalpy function, (Hy — Hygg45).T™1, was
obtained for a—, B— and y-UO>(OH), polymorphs by analytical
integration of the fit to the isobaric heat capacity according to
the formula:

(Hy — Haop15). T = [} (a+bT + cT™2 + dT~%5 + eT?)dT. (7)

Fig. 6 displays the calculated molar enthalpy function of
stoichiometric a—, f—and y—UO,(OH),, along with experimental
estimates for a—type U0O3:0.85H,0 derived from calorimetric
data by Hemingway32 and the DFPT-D2 results for a—UO;(OH);
by Weck and Kim3> and by Colmenero et al.3¢ Similar to previous



findings for C,, the calculated molar enthalpy functions of a—
and B-UO,(OH), are very close, while values for the lowest-
density phase y-UO,(OH), appear significantly smaller (-6.4%
and -7.1% smaller than the corresponding values for the 3 and
a polymorphs at 500 K). The a—UO3(OH), molar enthalpy
function values calculated with DFPT in this study are
systematically larger by several percents than previous DFPT-D2
results accounting for dispersion correction interactions. At 500
K, for example, the molar enthalpy function value predicted in
this study is 3.9% and 4.8% larger than values obtained by
Colmenero et al.3® and Weck and Kim,3> respectively. As
expected, the present DFPT predictions for a—UQO3(OH); slightly
overestimate the experimental values for a—type UO3-0.85H,0
derived from calorimetric data by Hemingway,32 with
differences of up to 2.4% near 640 K.
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Fig. 6 Thermal variation of the molar enthalpy function of a—, B— and y—
UO;(OH)2 polymorphs calculated with DFPT at the GGA/PBE level of theory.
DFPT-D2/GGA/PBE calculations for a—UO2(OH). (Weck and Kim, 2014;
Colmenero et al., 2018) and calorimetry estimates for a-type UO3:0.85H20 are
also shown for comparison (Hemingway, 1982).

Finally, the Gibbs energy function, —(Gy — Hy9g15). T2,
was obtained using the expression:

—(Gr — Hyog15). T™" = Sp — (Hy — Hpog15).T™",  (8)

where Sr is the molar entropy obtained by integration of the
isobaric molar heat capacity according to Eq. (4). Fig. 7 shows
the DFPT-computed molar enthalpy functions of stoichiometric
o—, f—and y-UO,(OH),, with original and revised experimental
estimates for a—type UO3:0.85H,0 provided by Hemingway,32
as well as the DFPT-D2 results for a—UO,(OH), by Weck and
Kim35 and by Colmenero et al.3® The standard molar Gibbs
energy function values predicted with DFPT are 123.1, 135.2
and 119.0 J.mol-1.K? for a—, f— and y—UO;(OH), polymorphs,
respectively. The standard value calculated here for a-
UO,(OH), is 6.0% larger than the corresponding DFPT-D2
prediction of Weck and Kim3>, although it is smaller by -1.6%
than the DFPT-D2 estimate by Colmenero et al.3® Those
differences between the present DFPT result and the previous

DFPT-D2 calculations of Weck and Kim and Colmenero et al. are
consistent with the corresponding standard entropy differences
of +6.0% and -1.7% shown in Fig. 5 for a—UO,(OH),. As depicted
in Fig. 6, differences in enthalpy functions between the present
calculations and previous DFPT-D2 results for a—UO3(OH), are
relatively small, and the entropy term in Eq. (8) is responsible
for the largest differences between the Gibbs energy functions.
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Fig. 7 Thermal variation of the molar Gibbs energy function of a—, f—and y—
UO;(OH)2 polymorphs calculated with DFPT at the GGA/PBE level of theory.
DFPT-D/GGA/PBE calculations for a—UO2(OH) (Weck and Kim, 2014) and
calorimetry estimates for UO3-0.85H,0 are also shown for comparison
(Hemingway, 1982).

In addition, as discussed above, applying a AS?=-27.7 J.mol-
1 K-t shift to the original entropy estimates by Hemingway leads
to a standard molar Gibbs energy function value of 123.0 J.mol-
1K1 for UO3-0.85H,0, significantly improving the agreement
with the DFPT value predicted in this study for a—UO,(OH),.

Conclusions

In summary, the phase transitions and thermodynamics of
stoichiometric dehydrated schoepite a—, f—, and y—UO;(OH);
polymorphs were investigated within the framework of density
functional perturbation theory. The lowest-density monoclinic
v polymorph is the most energetically favorable phase, followed
by the orthorhombic B phase, and the orthorhombic a phase.
The pressure-induced B(Pbca)2>a(Cmca) and y(P2:i/c)>
a(Cmca) phase transitions from open octahedral structures
with six O atoms coordinated to U metal centers to puckered

hexagonal sheets with 8-coordinated U atoms, lead to
theoretical volume reductions of AV/V = -14.7% and -16.4%,
respectively. This computational result for the B—=>a

martensitic-like phase transformation exactly matches the
volume contraction value measured by dilatometry and XRD
techniques. Calculations show that y and B polymorphs become
energetically degenerate upon compression as they convert to
the a polymorph, explaining the presence of f—and y—UO,(OH).
mixtures in grinding experiments. In addition, Gibbs free energy
calculations predict the temperature-driven y—=>B phase

transition to occur in the vicinity of 533 K, consistent with the



experimental observation of a major change of the crystal unit-
cell angle near 553 K.

The thermodynamic properties of a—, B—, and y—UO3(OH),,
such as the molar isobaric heat capacity, entropy, enthalpy and
Gibbs energy functions, were computed using phonon
frequencies calculated with DFPT. At 298.15 K, the predicted
standard molar heat capacity for a—UO,(OH), is C,° = 112.1
J.mol1.K3, i.e., only 1.6%. smaller than the calorimetry value of
C,0 = 113.9620.12 J.mol-1.K1, and C,° = 112.4 and 104.8 J.mol-
1K1 for f— and y-UO,(OH),, respectively. The standard molar
entropy values of a—, f—and y—UO,(OH), obtained in this study
are S° = 123.1, 135.3 and 119.0 J.mol-1.K1, respectively. These
predictions are in close agreement with the experimental
estimate of S°=128.10+0.20 J.mol-1.K1 reported by Gurevich et
al. for a—UO;(0OH),, as well as the calorimetry data by O’Hare et
al. ranging from S9 = 13745 J.mol1.K? for UO3-H,0 to 118%5
J.mol-1.K-* for UO3-0.64H,0 and Latimer’s estimate of S°= 13448
J.mol-1.K* for B—UO,(OH), provided by Cordfunke and O'Hare.

Finally, based on the present DFPT calculations and existing
calorimetry data, applying a ASO = -27.7 J.molL.K1 shift to
entropy results given by Hemingway is proposed here to close
the gap between S%values of O’Hare et al. and Hemingway and
to provide better molar entropy estimates at high temperature.
DFPT calculations suggest that a reexamination of the high-
temperature calorimetric data of dehydrated schoepite
polymorphs might be necessary.
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