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U(v) in metal uranates: a combined experimental
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Although pentavalent uranium can exist in aqueous solution, its presence in the solid state is uncommon.

Metal monouranates, MguUO,4, CrUO,4 and FeUO,4 were synthesized for detailed structural and energetic

investigations. Structural characteristics of these uranates used powder X-ray diffraction, synchrotron

X-ray absorption spectroscopy, X-ray photoelectron spectroscopy, and *’Fe-Mdssbauer spectroscopy.

Enthalpies of formation were measured by high temperature oxide melt solution calorimetry. Density

functional theory (DFT) calculations provided both structural and energetic information. The measured

structural and thermodynamic properties show good consistency with those predicted from DFT. The
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Introduction

Metal monouranates, MUQ,, are of considerable interest due
to their importance in actinide chemistry and nuclear technol-
ogy."* They are also interesting from the crystal-chemical view-
point, as their structures can incorporate uranium in the
unusual pentavalent oxidation state, U(v). Uranium aqueous
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presence of U%* has been solidly confirmed in CruO, and FeUO,, which are thermodynamically stable
compounds, and the origin and stability of U>* in the system was elaborated by DFT. The structural and
thermodynamic behaviour of U* elucidated in this work is relevant to fundamental actinide redox chem-
istry and to applications in the nuclear industry and radioactive waste disposal.

chemistry associated with geologic, environmental and techno-
logical applications is dominated by U®" because of the greater
solubility of its related uranyl (UO,**) ion. This same ion domi-
nates uranium chemistry in complex uranyl mineral phases,
while in UO, and its associated compounds, the much less
soluble U*" species is present. The intermediate pentavalent
state, U°", is far less common,* but can exist occasionally in
aqueous solutions®” and is expected to occur in monoura-
nates, MUO,, containing trivalent cations M>", while U®*
occurs with divalent M**, Thus these U(v) containing monoura-
nates, with their simple stoichiometries, allow in-depth struc-
tural and stability investigations. In spite of the increasing
attention to these compounds, only some of their structural
characteristics have been studied,»®*>' and among those
studies, few have used spectroscopic methods to probe local
structures.'"'>'7192% The oxidation state of U in MgUO, is
generally regarded to be hexavalent,'"*' yet those of U in
Cruo, and FeUO, are less certain.®® Moreover, there is
limited thermodynamic data available for these simple
monouranates,?*%13716:18

MgUO, was first synthesized by Haag et al.*~ using solid
state methods. It has an orthorhombic structure with the
space group Imam; the lattice parameters are a = 6.52 A, b =
6.59 A, and ¢ = 6.92 A.>*?* X-ray photoelectron spectroscopy
(XPS) was used to measure binding energies (BE) of the main

LZZ

This journal is © The Royal Society of Chemistry 2016


www.rsc.org/dalton
http://crossmark.crossref.org/dialog/?doi=10.1039/c6dt00066e&domain=pdf&date_stamp=2016-03-01
http://dx.doi.org/10.1039/C6DT00066E
http://pubs.rsc.org/en/journals/journal/DT
http://pubs.rsc.org/en/journals/journal/DT?issueid=DT045011

Published on 02 February 2016. Downloaded by Washington State University Libraries on 14/01/2017 19:45:33.

Dalton Transactions

U(4f) and satellite peaks, and to confirm the hexavalent
state of UM

CrUO, belongs to the BiVO, structure type. It was discov-
ered in 1959 by Borchardt® from reaction of Cr,0; and U;Os,
and the pure phase was later synthesized by Felten et al.® Like
other BiVO, type uranates, CrUO, crystallizes in the ortho-
rhombic structure with a symmetry of Phcn®*®*” and has lattice
parameters a = 4.86 A, b = 11.78 A, and ¢ = 5.04 A.5*° It is
argued that the exclusive presence of U®" in this compound is
unlikely due to the easy oxidation of Cr** to Cr*". Presence of
U or equal quantities of U*" and U®" may be more probable.®
Structural analyses using techniques sensitive to local struc-
ture such as X-ray absorption near edge structure (XANES) and
XPS can help potentially resolve this issue. FeUQ,, first studied
in 1967 by Bacmann et al.>® also possesses the BiVO, structure
with lattice parameters a = 4.88 A, b = 11.93 A and ¢ = 5.11 A.*>°
However, the oxidation states of U and Fe in FeUO, remain
unclear, since U and Fe can adopt several possible combi-
nations of oxidation states such as U®-Fe*', U*'/U®"-Fe’",
U**-Fe’", and any mixture of these three configurations. It has
been suggested that U is pentavalent in this compound, based
on a magnetic measurement where a small moment on U was
observed.?’

To obtain a better understanding of the local structure of U
in these compounds, we employed four complementary spec-
troscopic techniques: XANES and XPS that provide direct evi-
dence of the oxidation state of U, extended X-ray absorption
fine structure (EXAFS) that gives the associated bonding infor-
mation, and Mossbauer spectroscopy for determination of the
Fe oxidation state. The results of these studies are complimen-
ted by density functional theory (DFT) calculations of elec-
tronic  structures based on the generalized-gradient
approximation (GGA) with Hubbard-U corrections (see
Methods). The calculations are used to investigate the relation-
ships between the structural features associated with U>*/U®*
cations, the electronic structure and thermodynamic
stability.?** The existence of U>" in CrUO, or FeUO, has been
confirmed to facilitate the formation and stabilize the struc-
ture of both uranates. The predictions of thermodynamic
stability are compared to direct calorimetry measurements of
the formation enthalpies performed in this work.

In addition, the present DFT and calorimetry results for the
formation energies of for MgUO,, FeUO, and CrUO, are com-
pared with previously published experimental results,>"?™*>'%
for MUO, with M = Ca*", Sr*" and Ba*'. CaUO, has a rhombo-
hedral structure with space group R3m; the lattice parameters
are a = 6.25 A and a = 36.0°.3° SrUO, and BaUO, have an
orthorhombic structure with space group Phcm; the lattice
parameters are, respectively, a = 5.49 A, b =7.98 A, c = 8.13 A,*’
and a = 5.76 A, b = 8.14 A, ¢ = 8.23 A.*® Among the uranate
compounds with divalent metals, the formation enthalpy is
found to become increasingly negative as the ionic radius of
M** increases. From an analysis of measured bond lengths
and DFT calculations, these results are shown to be
correlated with trends in Lewis acid/base chemistry across the
compounds.

This journal is © The Royal Society of Chemistry 2016
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Results
Structure and composition

The phase purity, homogeneity and chemical composition of
each synthetic monouranate sample were examined by electron
probe microanalysis (EPMA), and the results are shown in
Table S1 in ESI.¥ The measured contents of Mg, Cr, Fe, and U
are stoichiometric within analytical uncertainties. The
obtained chemical formulae are: Mg 9gU;.0204, Cro.08U1.0204,
and Feq 0oUy.0004-

All the samples were characterized by XRD (Fig. 1) for
phase identification and lattice parameter determination.
Again, no impurities were detected. The refined lattice con-
stants are listed in Table 1 and are generally consistent with
those reported in the literature,®*7>>?° A comparison of the
measurements and the DFT calculated lattice parameters
obtained in this work is also given in Table 1, where it is
shown that computed lattice parameters (volume) overestimate
the measured values by a few percent (4.5-5.9%); such a level
of agreement is similar to that found in calculations in the
current work for UO,, and UO;, and in previous calculations
employing similar DFT + U methods for U;0g.%°

The structure of MgUO, is orthorhombic with space group
Imam.”® Each Mg or U cation is located in an octahedron sut-
rounded by six O>” anions, and there are two types of O~
anions with symmetry-inequivalent nearest neighbors of Mg
and U cations. [MgOg] or [UOg] octahedra form chains parallel
to the ¢ axis via edge sharing, and each [MgOs] octahedral
chain is linked to four [UO4] chains and vice versa through
corner sharing (Fig. 2). The obtained unit-cell parameters of
MgUO, are a = 6.5230(1) A, b = 6.5956(1) A, and ¢ = 6.9232(1) A.
CrUO, and FeUO, have the same structure, which is ortho-
rhombic with the space group Pbcn.”**® Like Mg and U in the
MgUO, structure, each Cr, Fe or U cation is coordinated to six
0”” anions (there are two types of crystallographically distinct
0>" anions), forming [CrOg], [FeOs] or [UOe] octahedra
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Fig. 1 Powder XRD patterns of MgUO, (black), CrUQ, (red), and FeUO,4
(blue).
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Table 1 Unit cell parameters of monouranates refined from XRD and calculated by DFT

a(A) b (A) c(A) Volume (A%) Difference” (%)
MgUO, XRD 6.5230(1) 6.5956(1) 6.9232(1) 297.85(1)
DFT 6.595 6.705 7.038 311.22 4.5
Cruo, XRD 4.87497(9) 11.8002(2) 5.06187(9) 291.19(1)
DFT 4.937 12.054 5.180 308.28 5.9
FeUO, XRD 4.8858(1) 11.9288(2) 5.1072(1) 297.65(1)
DFT 4.975 12.109 5.173 311.65 4.7

“ Differences are obtained from comparison the volume values between the XRD and DFT values.

Fig. 2 Crystal structures of MgUO, (top) and CrUO,; and FeUO,
(bottom). Note that CrUO,4 and FeUO, are isostructural. Blue — [UOg];
Orange — [MOgl, where M is the non-uranium metal cation.

(although [MgO¢] has two different Mg-O lengths whereas all
other octahedra have three Cr/Fe/U-O lengths; Table 2). Neigh-
boring [CrOg] or [FeOg] and [UO¢] octahedra are connected via
corner or edge sharing to form a three-dimensional framework
(Fig. 2). The refined unit cell parameters of CrUO, are a =
4.87497(9) A, b = 11.8002(2) A, and ¢ = 5.06187(9) A. For FeUQ,,
the refined unit cell parameters from XRD are a = 4.8858(1) A,
b = 11.9288(2) A, and ¢ = 5.1072(1) A. Table 2 lists the U-O,
Mg-0O, Cr-O and Fe-O bond lengths obtained from XRD,
EXAFS and DFT. With the exception of some of the U-O bonds
in the CrUO, and FeUO, compounds, where the discrepancy is
as large as 5%, the calculated and measured bond lengths in
Table 2 are seen to agree to within 5%. Note that the U-O
bond lengths of CrUO, and FeUO, are both larger than that of
MgUO,, which is possibly due to presence of U, or to a
mixture of U*" and U®". Because the average bond length
corresponding to a mixture of U*" and U®" is similar to that for
U°", and Pauling’s rules are not violated in either case, crystal

4624 | Dalton Trans., 2016, 45, 4622-4632

Table 2 Interatomic distances (A) in monouranates obtained from XRD
and U EXAFS, and calculated by DFT

XRD“ (A) EXAFS (A) DFT (A)
MgUO, U-0 1.9243 1.9347 1.96
2.1599 2.1349 2.20
2.2052 2.2146 2.20
Mg-O 1.9804 2.04
2.1920 2.21
Cruo, U-0 2.0610 2.0453 2.15
2.1552 2.1499 2.20
2.2189 2.1914 2.26
Cr-0 2.0234 2.01
2.0425 2.01
2.0525 2.04
FeUO, U-0 2.0465 2.0769 2.15
2.1820 2.1510 2.20
2.2154 2.2163 2.26
Fe-O 1.9913 2.02
2.0515 2.03
2.0901 2.06

“Calculated based on our determined unit-cell parameters and the
atomic coordinates reported in literature (ref. 22, 26 and 27).

chemistry solely cannot constrain the oxidation state of
uranium in this structure.

U Ly XANES spectra were collected on all three uranate
samples (Fig. 3). The U Ly spectrum of MgUO, shows an
absorption edge energy (E,) of 17 170.4 eV. This value is con-
sistent with the U®" oxidation state.” The CrUO, and FeUO,

normalized Xp (E)

0.2 ! I 1 I
17120 17170 17220 17270 17320

Energy (eV)

Fig. 3 U Ly, XANES spectra of the three monouranates.

This journal is © The Royal Society of Chemistry 2016
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spectra show lower E, values of 17169.5 and 17 169.7 eV,
respectively. The reported difference between absorption edges
for U(iv) and U(vi) is on the order of 3.0 to 4.0 eV."*™** The U(v)
absorption edge is intermediate between those of U(wv) and
U(v1), and the E, shifts from U(v) to U(vi) are in the range of
0.8-2.0 eV.'”"°™*> However, the absorption edge energy may
not be a sole function of oxidation state and can be affected by
such factors as the type of species, its chemical environment
and bonding characteristics. For instance, E, values for com-
pounds possessing highly covalent, nm-ponded metal ligand
multiple bonds often differ significantly from those for com-
pounds with the same formal valence but exhibiting solely
a-bound ligands.*?

For the U Ly absorption edges of the three uranates, since
the E, values of CrUO, and FeUO, are 0.9 and 0.7 eV, respect-
ively, lower than that of MgU(vi)O,, the U in CrUO, and FeUO,
probably has an oxidation state of U(v). Moreover, EXAFS
fitting of the spectra yielded the coordination number of the
first shell from the central U: N = 6.0 + 0.6, 6> = 0.003 + 0.002
for MgUO,4, N = 5.9 + 0.3, 6> = 0.001 = 0.001 for CrUO4 and N =
6.0 0.4, 6> = 0.001 + 0.001 for FeUQ,, thereby confirming the
octahedral coordination of U despite its different valences in
the three compounds.

XPS was performed to confirm the determined oxidation
states of U. The obtained spectra are shown in Fig. 4. CasaXPS
software V2.3.16 was used to fit the U 4f,,, line after Shirley
background subtraction. U(v) was fit using one peak com-
ponent with a full-width-at-half-maximum (FWHM) of 1.15 eV,
and U(vi) was fit with two peak components with the same
FWHM as for U(v). Each line was fit using a mixture of 60%
Gaussian and 40% Lorentzian including an asymmetric peak
function described in CasaXPS as A(0.3, 0.2) GL(40) to model
the data envelope. In the spectrum of MgUO,, the U4f;,, line
has only one BE for the U®" peak at 381.3 eV. Spectra of CrUQ,
and FeUO, have their main U4f,, energy peaks located at
380.2 eV and 380.4 eV, respectively, indicative of U*. They also
contain minor peaks in the range of 381.4-382.3 eV, represent-
ing U(vi) binding energies (BEs), and U®* satellite structures at
~388.7 eV and ~399.4 eV. Gaussian functions were used to
model U4f,;, (Shirley background) for quantification of U oxi-
dation states (Fig. 4, Table S2 in ESI}). The obtained results
show that the U**/U ratios of CrUO, and FeUO, are 50.7% and
66.4%, respectively. However, because of possible surface oxi-
dation and since XPS is a near-surface technique, these values
do not represent the U valence information for the bulk
samples, as revealed by U L;;; XANES. In fact, XPS showed that
Cr and Fe in CrUO, and FeUOQ, are both trivalent, implying the
occurrence of U or possible mixture of U*" and U®" in the
structure to achieve charge neutrality.

Transmission *’Fe Méssbauer spectroscopy, which is
specific to the *’Fe isotope (a stable isotope of Fe with a
natural abundance of 2.2%) and is a bulk technique, was
employed to characterize the oxidation state of Fe in FeUO,.
Room temperature (RT), 77 K and 35 K (below the Curie tem-
perature, 42 K (ref. 29)), data were collected (Fig. 5). The center
shift (CS) of the intense doublet in the RT spectrum, 0.38 mm s ™"

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 XPS spectra of the U 4f region for MgUO, (bottom), CrUO,4
(middle), and FeUO, (top).

with respect to o-Fe standard, suggests it to be high spin
Fe(m).*® Its quadrupole splitting (QS), 0.21 mm s, is also in
agreement with a non-cubic local environment of Fe, as in the
FeUO, structure. Bacmann et al.>® reported a similar CS value
for Fe in FeUO,. The transformation of the RT doublet to
sextet at 35 K spectrum is predominantly due to magnetic
ordering of Fe in FeUO, (CS = 0.55 mm s~ '; quadrupole shift
parameter (e) is —0.09 mm s'; and magnetic hyperfine field
(H) is 42.6 Tesla). The minor sextet in the 35 K spectrum is due
to the existence of an impurity, probably nano hematite. Fur-
thermore, the combination of room temperature CS and QS
values unambiguously suggests that the local geometry is
different from that in well-known high temperature Fe(i)-
oxide phases that may precipitate under these conditions;
these oxides display QS of 0.5-0.7 mm s~ at room tempera-
ture.*> Given this and absence of sextet features at 77 K and

Dalton Trans., 2016, 45, 4622-4632 | 4625
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Fig. 5 Mossbauer spectra of FeUO, measured at RT (a), 77 K (b), and
35 K (c). Modeled spectra was shown in (c) for showing possible Fe
oxide impurity.

the observed 35 K spectral parameters that are significantly
different than typical Fe-oxides, and similarity of the spectral
parameters to those in Bacmann et al.>® study, it is clear that
Fe(m) exists a non-cubic environment in FeUO,.

Enthalpies of formation

MgUO,. The calorimetric measurement on MgUO, was con-
ducted using 3Na,0-4MoO; molten solvent at 702 °C. We then
derived the enthalpy of formation of MgUO, (AH¢(MgUO,) =
—33.8 + 1.7 k] mol™, Table 3) from its binary oxides (MgO,
v-UO;) based on the following reaction (1) through the thermo-
chemical cycles and known drop solution data of the oxides
shown in Table S3 in ESL

Y-UO3(s 2500) + MO s 250c) — MEUOy (s 25°¢) (1)

The DFT derived enthalpy of formation is —18.1 k] mol ™,
which is less exothermic than the experimental value. The dis-
crepancy may be due to errors from the GGA + U description of
the bonding in the uranates containing divalent metals, as
discussed below. The standard enthalpy of formation from the
elements (AH;, Table 3) of MgUO,, calculated by combining

4626 | Dalton Trans., 2016, 45, 4622-4632
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Table 3 Enthalpies of formation of MUO, urinates from binary oxides
and elements

Uranates  Binary oxides® AH o (K] mol™) AH; (kJ mol™)
BaUO, BaO, y-UO; —216.3 + 3.0% —1988.2 + 2.0%
—221.9 + 4.0™ —1993.8 + 3.3
Sruo, SrO, y-UO; —-170.0 + 1.9**° —1985.1 + 1.4*
CaUO0, CaO0, y-UO, —~142.8 + 2.4° —2001.7 + 2.1°
—-143.1+3.0"® —2002.0 + 3.2"8
-101.4™ —1960.3"
MgUO, MgO, y-UO; -33.8+1.7 —-1859.2 + 1.9
-31.6 + 1.7'%" —1857.0 + 1.3"°
Cruo, Cr,0;, y-UO;, UO,  —33.4+1.3 —1824.6 + 4.5
FeUO, Fe,0;, 1-UO;, UO,  —32.2+2.8 —1599.7 + 3.0

—21.3 +1.7%1%%  _1588.7 +1.2¢

“Binary oxides are the reference phases for deriving AH;, values of
uranates.

AH; o (MgUO,) with reference data,">* is -1859.2 =
1.9 kJ mol™". This value agrees well with a previous measured
AH;, —1857.0 + 1.3 k] mol™,'® obtained using a different solu-
tion calorimetric approach, where strong HNO; or a dilute
aqueous mixture of HF + HNO; was used as the solvent.’

CrUOQ,. The calorimetric measurements on CrUO, and its
related binary oxides Cr,03, UO, and y-UO; were conducted in
molten 3Na,0-4MoO; solvent at 802 °C. Thorough dissolution
of samples occurred at 802 °C but not at 702 °C due to slow
dissolution. The drop solution experiment on uranium oxides
was carried on UO,,, and y-UO;, and their AHys were
measured to be —116.80 + 0.80 k] mol™' and 26.11 =+
1.47 k] mol ™', respectively. AHg5(UO, os) was then corrected for
the presence of additional 0.06 mol of oxygen atoms per
formula unit of U*" (reaction (9) in Table S4 in ESI{). The cor-
rected AHys of UO, was —128.64 + 1.61 k] mol™. To confirm
the accuracy of this value, oxidation enthalpy of UO, to y-UO;
at room temperature derived from AHgs values in molten
3Na,0-4MoO; solvent at 802 °C was compared with reference
data.” Applying the oxidation reaction (10) in Table S4 in
ESI,} the calculated enthalpy of oxidation based on our calori-
metric data is —142.1 + 2.2 k] mol™", and that calculated from
reference data is —138.8 + 1.3 k] mol™.**
about 2%, which is on the order of experimental error. There-
fore, we conclude that AHgys of UO, and y-UO; obtained from
this experiment are accurate and the final state of U in
3Na,0-4Mo0O; molten solvent is U®", regardless of the oxi-
dation state of U (4+ or 6+) in the starting materials.
AHg4(Cr,03) and AH44(CrUQ,), were directly obtained from the
calorimetric measurement. The formation reaction of CruUO,
from its binary oxides at room temperature is:

The difference is

1/27-UOj3(s p50¢) + 1/2UOs p50¢) + 1/2C1205(5 2500,
— CI‘UO4(S‘250C> (2)
AH; ,(CrUO,) was calculated based on reaction (2) from the
measured drop solution data through the thermochemical

cycles in Table S4 in ESL.{ The obtained AH;(CrUO,) is
—33.4 + 1.3 k] mol ™. The DFT derived value the corresponding

This journal is © The Royal Society of Chemistry 2016
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enthalpy of reaction is —29.9 k] mol™, 10% less exothermic
than the measured value. Finally, the standard enthalpy of for-
mation from the elements, AH; (CrUO,), is determined from
experimental measurements to be —1824.6 + 4.5 kJ mol™"
(Table 3).

FeUO,. Since FeUO, dissolves incompletely in molten
3Na,0-4Mo0O; solvent, which generates small heat effects,
molten lead borate (2PbO-B,0;) solvent at 802 °C was used
instead for its drop-solution calorimetric experiment. In a pre-
vious study,’® we measured the AHg, of UO, and y-UO; in
2PbO-B,0; at 802 °C, which are —125.21 + 3.41 k] mol™" and
26.67 + 4.02 kJ mol ™", respectively. Their accuracy can be vali-
dated against the oxidation enthalpy at room temperature. The
enthalpy of oxidation from UO, to y-UOj; calculated from these
two AHgs values is —139.2 + 5.3 kJ mol™, which is 0.3%
different from the value calculated from reference data.'* Com-
plete dissolution of FeUO, was confirmed by a furnace test,
and the heat effect was large enough for accurate measure-
ments. The obtained AH4s and thermochemical cycles in
Table S5 in ESI,T were used to calculate the enthalpies of for-
mation of FeUO, with respect to two different binary oxide
assemblages, (UO,, y-UOs, Fe,O3) and (U3Og, Fe;O,). The
obtained AHg,, values corresponding to reactions (3) and (4)
are —32.2 + 2.8 and —34.6 + 4.2 k] mol ™, respectively.

1/2y-UOj3(s 250c) + 1/2UOys 250¢) + 1/2F€205(s 250¢)
— FGUO4(S‘250C). (3)

1/3U30g(s 250¢) + 1/3F€304(s 250c) — FeUOy(s 250 (4)

The enthalpy of formation calculated by DFT based on reac-
tion (3) is —27.0 k] mol~". This value shows a comparable level
of agreement with experiment as reported above for CrUQ,,
and is 16% less exothermic than the calorimetry value. It is
also noted that our measured value of AH;., for reaction (4),
—-34.6 + 4.2 k] mol™', is more exothermic than a recently
reported AHgo,, —25.2 = 0.6 k] mol™"."® Although the latter
calorimetric experiment also used 2PbO-B,O; as the solvent, it
was at 715 °C in air and the FeUO, sample used contains U;Og
as an impurity phase. The calculated standard enthalpy of for-
mation of FeUO, from the elements based on our own AH¢ .
value is —1599.7 + 3.0 k] mol ™.

Discussion

Structure of uranates

The oxidation state of U in MgUO, was confirmed by both XPS
and XANES to be hexavalent. These results are in agreement
with the GGA + U calculations shown in Fig. 6a and b, which
plot the projected density of states (pDOS) for each type of
symmetry-inequivalent ion in MgUO,. For the U cation, the
results show partial f and d state character below the Fermi
level, which are strongly hybridized with the p states of the 0>~
anions (Fig. 6b). This strong hybridization is consistent with
the covalent character of the U(vi)-O uranyl bond. The pro-
jected total magnetic moment of the U cation is close to zero,

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Projected electronic densities of states (pDOS) calculated by
DFT + U methods are plotted for: MgUQO, for (a) U and Mg states and (b)
the states associated with the two symmetry-distinct O anions; CrUO,4
for (c) U and Cr states and (d) the states associated with the two sym-
metry distinct O anions; pDOS of FeUO, for (e) U and Fe states and (f)
the states associated with the two symmetry distinct of O anions. In
each of the plots up-spin and down-spin states are plotted with positive
and negative values, respectively.

as would be expected for a U cation with nominal U*" oxi-
dation state. A similar plot for the Mg cation is also shown in
Fig. 6a, which has negligible pDOS below the Fermi level, con-
sistent with a Mg”* oxidation state.

Fig. 6 also plots the calculated electronic density of states
for CrUO, and FeUO,; again the pDOS for each symmetry-
inequivalent ion are plotted. In sharp contrast to the results
for MgUQ,, there is a large peak with dominant U f state char-
acter below the Fermi level for both CrUO, and FeUO,. The
peak is only for “up-spin” states, and corresponds to one
unpaired f valence electron, as expected in a U’ cation. In
addition, large peaks with dominant transition-metal d state
character can be observed on the Cr and Fe cations, which cor-
respond to three unpaired spin-up d valence electrons in Cr**
and five in Fe®". The calculated local magnetic moment of
approximately 5ug for Fe is consistent with the Mossbauer spec-
troscopy finding of Fe being in a high-spin Fe*" oxidation state
(see above). Overall, the results of the DFT + U calculations are
consistent with a picture corresponding to the presence of U™,
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Fe*” and Cr’* oxidation states in FeUO, and CrUO,, in agree-
ment with the XANES, XPS, and Mdossbauer results.

Stability of U*" in FeUO,

In CrUO, and FeUQ,, the U*" cation has a magnetic moment
of +1up originating from one unpaired 5f occupied electron
state (Fig. 6). Among many possible combinations of magnetic
moment configurations in a primitive cell of CrUO, or FeUQO,,
the ferromagnetic state was chosen to calculate the enthalpies
of formation of CrUO, and FeUO, based on reaction (2) and
(3), respectively, because it is more stable by 1.9 to 9.6 kJ
mol ™" per primitive cell than all other cases considered in the
calculations. Note that, even if the ferromagnetic state of
CrU0O,/FeUO, would be the ground state at zero temperature,
other magnetic configurations at finite temperatures can still
be accessible.

The DFT + U calculations were also used to probe the ener-
getic stability of U’ in FeUOy,, in comparison with other avail-
able oxidation states. In DFT + U calculations, manipulations
of the initial magnetic moments and effective U parameters
can be used to coax the calculation to converge in different
charge states’” (detailed methods are in ESI}). Using such
approaches it was possible for FeUO, to converge to a configur-
ation with an electronic structure consistent with the presence
of U®" and Fe** in FeUOQ,, as shown in Fig. 7a. In this figure,
the pDOS for the U states are consistent with a U®" oxidation
state, as it is characterized by the absence of a large peak
corresponding to unpaired electronic states with dominant 5f
electron character below the Fermi level. Further, there is a
large peak of spin-down 3d valence electrons in the pDOS of
Fe, which is absent in the corresponding plot for FeUO, shown
in Fig. 6e; this peak reflects a larger number of occupied Fe 3d
states, consistent with an Fe>" oxidation state.

From the relaxed energies of the two different FeUO, elec-
tronic states (corresponding to U®*/Fe** versus U>*/Fe), it is
possible to estimate the energy for the electronic charge-trans-
fer reaction:

Fes+ +U5+ — Fez+ +U6+. (5)

Projected DOS
Projected DOS

3 Z ’ 3 5
0 sE_E'—JeVo 5 0 5

(@ (b)

Fig. 7 Calculated pDOS for FeUO, with different oxidation states for
the Fe and U cations. (a): pDOS for a pair of US™ + Fe?* in FeUQy,; (b):
pDOS for a pair of U cations (U, and U,)) that can be considered as ust
and U** in FeUQy, respectively.

E-Eev 0
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The energy of the compound with the Fe**~U®" pair is cal-
culated to be 143.8 k] mol™" higher than that with Fe’"-U°*
pair, suggesting that reaction (5) is highly unfavorable energe-
tically. This observation is qualitatively consistent with an esti-
mate that can be derived by combining the enthalpies of the
oxidation-reduction reaction of Fe*" — Fe** (147.3 k] mol™),"?
and U°" — U*" (-67.8 k] mol )" at room temperature, yield-
ing 79.5 k] mol™" for reaction (5). The large endothermic
enthalpy associated with reaction (5) can be understood from
the Lewis acid-base interaction.*® U®" has higher acidity than
U™, yet Fe*" is more basic than Fe**, thus Fe**-U®" pair forms
an acid-base reaction that Fe** as a Lewis base may tend to
donate an electron to its Lewis acid U®".
Another possible electronic configuration for FeUO, could
results from the interchange of valence electrons between two
U cations:

2 U — UM 4 UST, (6)

For FeUQ, it was possible to converge to such an electronic
configuration, and the corresponding pDOS of U cations are
shown in Fig. 7b. The pDOS of one U cation (labeled as Uy in
Fig. 7b) is characteristic of a U®*, while the pDOS of the other
U cation (labeled as Uy in Fig. 7b) shows a large spin-down
peak from f valence electron just below Fermi level, and its
absolute magnitude is much higher that the spin-up peak
from f valence electron in U*" in Fig. 6c and e, indicating that
it is qualitatively consistent with a U*" state. The energy of
reaction (6) estimated from the energy difference of the FeUO,
compound with U®*~U*" versus two U°" cations, pair is 134.1 kJ
mol ™, which is again large and endothermic.

It should be noted that the calculated energies for reactions
(5) and (6) reported here depend sensitively on the values of
the Hubbard-U parameter used in the GGA + U computations.
For FeUQ,, we believe the reported energies are reasonable, as
the value for the Hubbard-U parameter used for this com-
pound for Fe and U have been shown in previous work (see
Methods section) to yield reasonable energies for redox reac-
tions involving Fe**, Fe**, U*", U°" and U®" oxidation states.
We are unaware of similar benchmarks having been under-
taken for GGA + U calculations involving Cr*" oxidation states,
so results similar to those reported for FeUO, are not reported
here for CrUO,. Overall, however, the computational results
presented in this section suggest that at least for the perfect
stoichiometric FeUO, compounds, all uranium ions would be
expected to adopt a 5+ oxidation state.

Trends of thermodynamic stability of U** and U* uranates

The enthalpies of formation from oxides for MgUO,, CrUO,
and FeUO, were compared with those of alkaline earth metal
uranates, MUO, (M = Mg, Ca, Sr, and Ba), reported previously
(Table 3). An approximately negative linear trend is observed
(Fig. 8) between AH; ., and the ionic radius r of metal cation:
AHg o, = (138.8 + 18.1) — (263.5 + 21.0)r k] mol ™", R* = 0.9692.
Note the ionic radii of Mg>*, Cr*" and Fe®* were obtained by
subtracting that of O~ from the refined bond lengths of Mg-
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Fig. 8 Enthalpies of formation of MUO, from oxides (M = Ba, Sr, Ca,
Mg, Cr, and Fe). Red circles, representing data points from this work;
and black circles are experimental determined values. Blue and green
circles represent enthalpies data from GGA + U and GGA calculation,
respectively.

O, Cr-O and Fe-O, respectively (Table 2). Although CrUO, and
FeUO, have a somewhat different structure (Cr and Fe are triva-
lent and U is pentavalent) from those of alkaline earth metal
uranates, their AHgo, values follow the linear trend in Fig. 8.
More specifically, AHg,x becomes more exothermic with
increasing ionic radii of the metal cations. The general trend
of increasing energetic stability with decreasing ionic potential
(z/r; z is the formal charge of the metal cation, and r is its
ionic radius) or decreasing oxide basicity reflects the domi-
nance of acid-base chemistry in phase stability,*® and has
been observed in many systems including alkaline and alka-
line earth cation bearing phases.**”>°7’

To elaborate further, we start by noting that in the divalent-
metal-containing MUO, compounds, all of the structures
feature two U(vi)-O bonds that are shorter than the
others.”>*%7*® These bonds are found in the DFT calculations
to display pronounced covalent character (c.f., the results pres-
ented above for MgUO, demonstrating strong hybridization
between O p and U d and f states), and they can be thought of
as being analogous to those found in the uranyl ion. Further,
we consider the U(vi) uranates containing the divalent cations
that are the strongest and weakest Lewis acids in the series,
namely, MgUO, and BaUO,. For MgUOQ,, the relatively strong
Lewis acid Mg>" cation competes with U(vi) for the electron
density on the “yl” oxygen and results in a U(vi)-O bond length
that is longer than the U(vi)-O bond length in BaUO,.>**® This
suggests that the U(vi) cation is able to share more of the “yl”
oxygen ion’s electron density in BaUO, compared to MgUO,,
thereby maximizing the covalent character of the U(vi)-O
bond. An examination of the GGA + U calculated electronic
densities of states of these two uranate systems shows greater
hybridization between O p and U d and f states near the Fermi
level for BaUO, compared to MgUO,, which is consistent with
an increased covalent character of U(vi)-O bond in the former.
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The above analysis suggests that as the Lewis acid character of
the divalent cation decreases (i.e., Ba>" < Sr** < Ca>" < Mg*"),
there is less competition for the electron charge on the “yl”
oxygen ion that forms a highly covalent bond with the neigh-
boring U®" ion. Thus, the covalent character of this bond
increases as the M*" cation becomes more basic, correlating
with the trends towards higher energetic stability in Fig. 8.

In Fig. 8, calculated formation enthalpies have been plotted
from both GGA and GGA + U methods (in the latter the
Hubbard-U correction is made for the U 5f states). It is inter-
esting to note that although both sets of results reproduce well
the trends in the experimental formation enthalpies, the GGA
values show better overall agreement with the absolute magni-
tude of the measured values for all of the divalent U(vi) ura-
nates. In light of the discussion above, this is likely due to the
importance of the hybridization in the U(vi)-O bonds in deter-
mining the energetic stability of the compounds. The introduc-
tion of the Hubbard-U correction is expected to lead to a
higher degree of localization of the U 5f electrons, and thus a
lower degree of covalency with neighboring oxygen ions rela-
tive to GGA. For this class of U(vi) containing compounds, it
appears that GGA provides a more accurate description of the
thermodynamic stability.

Finally, we end by noting that the observation that AHg .
for CrUO, and FeUO, follows the same general trend as the
U(vi) containing MUO, compounds in Fig. 8. This suggests
that the thermodynamic penalty for incorporating a trivalent
metal cation coupled with reduction of U®* to U* in MUO; is
relatively small. This conclusion will be useful for predicting
thermodynamic properties of other U**/U%"-containing multi-
component uranium phases that might be encountered in
current and next generation nuclear reactors, in spent nuclear
fuel, in nuclear waste, and in the transport of uranium in the
environment.

Experimental methods
Sample synthesis

Both MgUO, and CrUO, can be prepared via calcination of
mixed raw materials in air.® However, to achieve better homo-
geneity, we used co-precipitation methods that enable mixing
the components at the molecular level to synthesize MgUO,
and CrUO,. Stoichiometric ratios of uranyl acetate (UO,(CHj;-
C00),-2H,0) and Mg acetate (Mg(CH3;COO),) or Cr acetate
(CgH16Cr,04) were mixed in deionized water in a Teflon
beaker. The solution was warmed at 80 °C with constant mag-
netic stirring. Then ammonium hydroxide was added until the
solution pH reached 9 to form precipitated precursors. The
mixture was then transferred to a platinum crucible and
heated from 150 °C to 500 °C for about 8 hours for complete
drying. The retrieved powder was ground, mixed again, and
calcined under O, at 1200 °C (MgUO,) or 1450 °C (CruO,) for
24 hours.

However, FeUO, synthesis was unsuccessful by regular solid
state synthesis, coprecipitation, or hydrothermal methods."
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Thus we chose a sealed tube method because of its proven
success, though the specific synthesis procedure was modified
to produce more homogeneous FeUO,. A stoichiometric
mixture of dried U;Og and Fe;O4 was produced by hand grind-
ing the starting materials in a mortar for half an hour. This
mixture was pressed into a ~50 mg pellet, contained in a small
covered Pt crucible and then sealed in a silica tube under
vacuum. The loaded silica tube was then heated at 950 °C for 7
days, followed by another heating cycle at 975 °C for 7 days.
Intermediate grinding was done to improve homogeneity.

Chemical and structural analyses

XRD patterns were collected for each synthesis product by
grinding 5 mg of the sample into a fine powder with ethanol
and depositing the paste onto a zero-background quartz slide.
Diffraction patterns were collected from 16 to 83° in 26 with a
step size of 0.011° and a collection time of 2 s per step using a
Bruker D8 Advance diffractometer equipped with CuK, radi-
ation and a solid-state detector. A single phase product was
identified for all the three samples. Lattice parameters were
determined using the Rietveld method®® with the GSAS
program.®® Chemical compositions and sample homogeneity
were checked with EPMA using a Cameca SX50 coupled with
wavelength dispersive spectrometry (WDS), at an accelerating
voltage of 20 keV, a probe current of 10 nA and a spot size of
1 pm. Quantitative WDS was conducted using a lower accelerat-
ing voltage of 15 keV. UO,, MgO, Cr,03, and Fe,O; were used
as analytical standards for U, Mg, Cr and Fe, respectively.

The oxidation state of U was determined by XANES spec-
troscopy at the GSECARS X-ray microprobe beamline (13-ID-E)
at the Advanced Photon Source (APS), Argonne National Labo-
ratory (Argonne, IL USA). XANES spectra were collected in
transmission mode using a 200 mm long, helium filled ion
chamber to monitor incident flux, I, (ADC IC-400-200) and a
50 mm long nitrogen filled ion chamber downstream of the
sample to monitor transmitted flux, I; (ADC 500-50). XANES
spectra were obtained by scanning a Si(111) monochromator
through the U L;; absorption edge (~17 166 eV) and recording
the total absorption. In the XANES region the energy step sizes
were 2.5 eV from 17 066 to 17 146 €V and 0.25 eV from 17 146
to 17191 eV. The EXAFS portion of the spectra was then col-
lected to a distance of 15 A™". Dwell time at each energy step
was 1 s, and up to eight spectra were collected and summed to
improve signal-to-noise ratios. Energy calibration was obtained
using a Y metal foil (first derivative peak defined to be
17 037 eV). The samples were prepared as thin powder layers
mounted between Scotch tapes. The X-ray absorption spec-
troscopy data processing software Athena®® was used for analy-
sis, and software Artemis®® was used for EXAFS fitting.

XPS were performed using a Kratos Axis DLD spectrometer
equipped with a monochromatic X-ray source of Al K, source
(15 mA, 14 keV). The instrument work function was calibrated
to give a binding energy (BE) of 83.96 + 0.05 eV for the Au 4f;,
line for metallic gold and the spectrometer dispersion was
adjusted to give a BE of 932.62 + 0.05 eV for the Cu 2p;, line
of metallic copper. High resolution analyses were carried out
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with an analysis area of 300 X 700 microns and a pass energy
of 80 eV. The Kratos charge neutralizer system was used on all
specimens. Spectra have been charge corrected to the main
line of the carbon 1s spectrum (adventitious carbon) which
was set to 285.0 eV. Spectra were analyzed using CasaXPS soft-
ware (version 2.3.16 PR 1.6).

Mossbauer spectra were collected using a 50-mCi (initial
strength) >’Co/Rh source. The velocity transducer MVT-1000
(WissEL) was operated in a constant acceleration mode (23 Hz,
+5 or 12 mm s '). An Ar-Kr proportional counter was used to
detect the radiation transmitted through the holder, and the
counts were stored in a multichannel scalar (MCS) as a func-
tion of energy (transducer velocity) using a 1024 channel analy-
zer. Data were folded to 512 channels to give a flat background
and a zero-velocity position corresponding to the CS of a metal
iron foil at RT. Calibration spectra were obtained with a 25 pm-
thick a-Fe(m) foil (Amersham, England) placed in the same
position as the samples to minimize errors due to geometry
changes. A closed-cycle cryostat (ARS, Allentown, PA) was
employed for below RT measurements. Sample preparation is
similar to the previously reported procedures.®!

Theoretical methods

DFT calculations were performed with the Vienna ab initio
simulation package (VASP),>"** within the projector augmen-
ted wave (PAW) formalism.?>*® For the exchange correlation
functional we employed the generalized gradient approxi-
mation (GGA) as parameterized by Perdew, Burke, and Ernzer-
hof (PBE).** For the PAW potentials, U (6s>, 6p°, 5f*, 6d", 7s),
Fe (3p°, 3d’, 4s"), Cr (3p°, 3d°, 4s"), Mg (2s?, 2p°, 35?), Ca (3s%,
3p°, 4s%), Sr (4s%, 4p°, 5s%), Ba (55 5p°, 6s%), and O (2s%, 2p?)
electrons were treated as valence states, while the remaining
electrons were frozen as core states. The cut-off energy for the
plane wave basis was 520 eV, and the convergence criterion for
the electron-density self-consistency cycles was 10° eV. For
sampling of the Brillouin zone we employed the Monkhorst-
Pack scheme,®” with (5 x 2 x 5) k-point grids for the Cr,U;04
and Fe,U,0,¢ primitive supercells, (5 x 5 x 5) k-point grids for
Mg,U,0;6, Sr,U,046 and Ba,U,0, primitive supercells, and an
(8 x 8 x 8) k-point grid for the CaUO, primitive supercell used
in the calculations. The k-point grids for simple oxides have
equal or higher densities in the reciprocal space compared
with those for uranate supercells.

The DFT + U formalism by Dudarev et al. was used to
account for the strong on-site Coulomb repulsion for the loca-
lized Fe/Cr 3d states and U 5f states.>® In the implementation
of the GGA + U formalism, the choices for the effective
Hubbard U parameters (i.e., U-J, hereafter referred to simply as
U) were chosen as follows. For iron we used U = 4.3 eV, a value
that has been widely used in the literature for studies of reac-
tions involving charge transfer between Fe** and Fe®" cations.
An example of such an application is the electrochemical reac-
tion for battery cathode materials: LiFePO, — Li' + e~ +
FePO,.®® Values of U in the range of 4.0 to 4.3 eV for Fe have
also been found to yield results comparing well with experi-
ments and higher levels of theory for bulk hematite
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(Fe,03).5*7% For Cr we used U = 3.7 eV, a value recommended
by Materials Project website®” to reproduce the redox reaction
energy between Cr,O; and CrO; as 2Cr,O; + 30, — 4CrO;. A
similar value of U = 3.5 eV for Cr was also widely used for the
calculations of oxidation reactions of transition metals with
0,.%%% For U we used U = 4.0 eV, which was found to provide
good agreement between calculated and measured oxidation
enthalpies of UO, and energetic stabilities of rare earth doped
U02.70’71

Calorimetry

High temperature oxide melt solution calorimetry”>”* was con-

ducted using a custom built Tian-Calvet twin microcalori-
meter.”>”® Powdered samples were hand pressed into small
pellets (~7 mg) and were dropped from room temperature into
~20 g of molten sodium molybdate (3Na,0-4MoO;) at 702 °C
or 802 °C or ~30 g of molten lead borate (2PbO-B,03) at 802 °C
inside a Pt crucible. Dissolution of uranium oxides and their
drop solution enthalpy data in both solvents at different calori-
metric conditions were conducted and obtained pre-
viously>*®”*7> and this work. The calorimeter was calibrated
against the heat contents of ~5 mg a-Al,O; pellets.”>”® O, gas
was continuously bubbled through the melt at 5 ml min™" to
ensure an oxidizing environment and to facilitate dissolution
of samples.”® Flushing O, gas with ~50 ml min~" through the
calorimeter chamber assisted in maintaining a constant gas
environment above the solvent.”® Upon rapid and complete
dissolution of the sample, the enthalpy of drop solution, AHyg,
was obtained. Finally, using an appropriate thermochemical
cycle (Tables S3-S5 in ESI}), the enthalpies of formation from
the oxides, AHx, and from the elements, AH{, at room tem-
perature were calculated.
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