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Although barium(i) ions play an important role in the natural weathering of the mineral uraninite (UO5,,)
and are expected to therefore do the same for spent nuclear fuel in geological disposal, the detailed
structural understanding of this role is rather limited. In this work, we report the synthesis and
characterisation of two new uranium oxide hydrate (UOH) phases with barium(i) ions, a layer-structured
UOH-Bal constructed with undulating uranyl oxide hydroxide layers incorporating hydrated interlayer
barium(i) ions; and UOH-Ba2 forming a complex three-dimensional structure by linking six different
types of uranium polyhedrons with barium(i) ions located in the narrow channels. Both crystal structures
were revealed using synchrotron single crystal X-ray diffraction and confirmed with powder X-ray or
electron diffractions. While vibrational modes were elucidated by Raman, electronic structures and the
presence of pentavalent uranium were investigated using diffuse reflectance spectroscopy. This work
has provided insights into the complexity of uranium crystal chemistry in the presence of barium(i) ions
and has implications to both uranium geochemistry in terms of the natural weathering of uraninite and
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1. Introduction

Uranium minerals and synthetic compounds have been exten-
sively studied, owing to the revived interest in nuclear energy to
mitigate the effects of climate change.' The in-depth under-
standing of uranium geochemistry and structural chemistry is
directly relevant to the current uranium-based nuclear fuel cycle.”
The uranium oxide mineral uraninite (UO,.,: x = 0-0.25)° has
been used as the natural analogue for the study of spent nuclear
fuel (SNF) as the SNF discharged from the nuclear reactor, usually
in the form of UO,, is highly radioactive and poses significant
risks to the general public.* As one of the candidate solutions, the
direct long-term disposal of this SNF in the geologically stable
underground repository is the most attractive SNF management
strategy for countries where SNF reprocessing facilities are not
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the disposal of spent nuclear fuel in the underground repository.

available.”” As an international pioneer, Finland is on schedule to
operate the world first underground repository for SNF in 2024.°
However, there are still concerns on the possible interactions
of SNF including fission products and radionuclides from the
decay process with the surrounding materials in the presence of
underground water.” While the geological repositories are
designed to have a reducing environment where SNF will remain
stable, a possible accident could occur where underground water
may be in contact with SNF during the long-term storage, leading
to the alteration of SNF.'® A 10-year long drip-test conducted in
the 1990s has confirmed that SNF undergoes the same oxidation—
hydration alteration pattern to that of uraninite.'*

Comparable to the natural weathering of uraninite, the
alteration of SNF can be viewed as an oxidation-hydration
process where tetravalent U** is progressively converted to
hexavalent U®". The U®" is prominently present as uranyl ions
(U0,)**,'*'3 which are further bonded with O/OH ligands in the
equatorial planes to form tetragonal, pentagonal, and hexa-
gonal uranium polyhedra. These uranyl moieties then link
together via edge- or corner-sharing to form uranyl oxide
hydroxide layers which will incorporate either water molecules
(if the layers are charge neutral) or interlayer cations from the
nearby environment to form uranium oxide hydrate (UOH)
phases/compounds.**" So far there are more than two dozen
UOH minerals incorporating monovalent (alkali),*®!” divalent
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(alkaline earth, transition metals and p-block metals),"*>°
combination of mono- and divalent metal ions>" as interlayer
cations for charge compensation. They differ mainly in the
secondary metal ions and the O/OH ratios largely dependent on
the fluid chemical composition and pH.' In addition, the
uranyl oxide hydroxide layer topologies for various UOH miner-
als have been comprehensively reviewed.*

Hydrothermal synthesis in the laboratory has been used to
assist the formation of the UOH compounds in a simulated natural
environment. To date, more than two dozen of synthetic UOH
compounds have been made with interlayer cations including
alkali,?*** alkaline earth,>?*® lead,” limited 3d transition
metal®®*° and lanthanide ions.**** Complicating these UOH
systems are a further number of compounds which have a slightly
different structure where the apical oxygen of the uranyl ions on the
layer shares the equatorial oxygen with an interlayer uranyl ion
acting as a pillar, resulting in an open three-dimensional (3D)
framework structure typically incorporating various cations in the
framework channels. Synthetic compounds of this type of structure,
with various cations such as (NH,)",*® Sr*,*® Y*" and Tb**,*” Eu*',
Gd**,*® sm®* and U™ ions have been synthesised and exten-
sively studied, highlighting the complexity and flexibility of the
UOH systems. Furthermore, other types of 3D structures with Cs**®
and Pb*>"’ are also being revealed.

In examining the SNF environment, barium is anticipated to
play an important role during the early alteration of SNF due to its
abundance in rocks and groundwater (0.0425% in the Earth
crust),”* and more importantly being a fission product from the
nuclear fission of 235-uranium (up to 2% in the SNF depending on
the fuel burn up).** Several uranyl minerals containing barium
exist in nature including protasite (Ba[(UO,);03(0OH),](H,0)s),**
billietite (Ba[(UO,);0,(OH);],(H,0),),** bauranoite (Ba[(UO,)(O,
OH)](H,0),5),"> and in trace amount as in calciouranoite [(Ca,
Ba, Pb)U,0,-5(H,0)],*® meta-calciouranoite [(Ca, Na, Ba)U,O--
2H,0],"® and wdlsendorfite [(Pb, Ca, Ba)U,0,-2H,0].*” With
these minerals making up a reasonable percentage of the UOH
minerals in the early stage of the alterations of uraninite, this
appears to confirm that barium is likely to be involved in the
alteration pathways of SNF. Detailed study of protasite and
billietite have found that both minerals form layered UOH
structures stabilised by the interlayer barium cations. However,
protasite has an o-U;Og type uranyl layer structure whilst billietite
adopts both the o-U;Og and B-U;Og uranyl layer structures
(Fig. 1), suggesting geological factors influence the preferred
formation of one structure type over the other. Limiting the
understanding of these factors is the scarcity of structural infor-
mation, with the crystal structure of bauranoite unknown.*®
Interestingly, the significant difference in the charge deficiency
per anion (CDA) value between protasite and billietite, a value
being used to measure the degree of oxidative alteration with a
higher value indicating a later stage of alteration, suggests the
possible existence of unexplored intermediate phases that could
elucidate the factors governing the transition from B-U;Og to
a-U;04 type uranyl oxide hydroxide layer in UOH-Ba system.
With the difficulties in finding the suitable single crystal in
nature and the limited number of minerals of which to study,
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Fig. 1 Polyhedral views of uranyl oxide hydroxide layers: o-UsOg type (a)
and B-UzOg type (b).
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hindering this progress, the recent success in the hydrothermal
synthesis of UOH compounds can ideally overcome this challenge.**

There is only one reported synthetic UOH-Ba phase, made
via a hydrothermal reaction of schoepite and barium nitrate
at 200 °C for 10 h. The compound was characterised using
X-ray diffraction and IR but no detailed structural data were
available.”® Thus, there still exists the need to obtain the
structural details of these UOH-Ba phases, along with their
derived CDA values, in order to provide an insight into their
alteration pathways towards the safe management of SNF via
long-term disposal in the geological repository.

The search for these intermediate UOH-Ba phases was carried
out in this project using hydrothermal synthesis, which resulted
in the successful formation of two new UOH-Ba compounds.
Importantly, the crystal structures of both compounds were
obtained with synchrotron single-crystal X-ray diffraction and
verified by powder X-ray and/or electron diffractions. Whereas
the UOH-Bal compound forms a unique corrugated layered
structure with interlayer Ba®* ions, the UOH-Ba2 is made up of
a complex 1D and 2D arrays of both pentagonal and tetragonal
uranyl polyhedra forming narrow opened channels which house
the Ba*>" ions. Diffuse reflectance spectroscopy further confirmed
the existence of pentavalent uranium in an octahedral coordina-
tion environment in UOH-Ba2. The results from this work,
together with existing literature, provide a foundation to enhance
our current understanding in the possible alteration pathway of
SNF when in contact with a fluid containing Ba®>" ions under an
oxidative environment.

2. Experimental

2.1. Materials synthesis

In the literature, a few UOH minerals are known to contain Ba**
ions, major in bauranoite, billietite and protasite, and minor in
calciouranoite, meta-calciouranoite, and wolsendorfite.**™*”
However, the UOH minerals can provide only limited structural
information on the role of Ba>" ions in the natural weathering of
uraninite and the subsequent formations of various uranyl miner-
als. More detailed structural understanding requires further
studies through synthetic phases. Unfortunately, only one syn-
thetic compound with the general formula of BaU,0,(H,0); (refer
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Table 1 Summary of synthetic UOH compounds with Ba?* ions
Synthesis conditions Final product
Temp. U/Ba
Compound Precursors U/Ba Time Formula pH O/OH Ref
UOH-Ba (UO,)s0,(0H);,-12H,0 11 200 °C BaU,0,(H,0); — 2 48
Ba(NOs), 10 h —
UOH-Bal U,04 1/2 240 °C Ba(H,0),[(U0O,),05(OH),] 3.62 4 This work
Ba(NO;), and Na,CO; 24 h 2.75
UOH-Bals (UO,)s0,(OH),,-12H,0 Ba(NO;),  1/2 240 °C Ba(H,0),[(U0,),05(0H),] — 42.75 This work
72 h
UOH-Ba2 UO,(NO3;),-6H,0 11 240 °C Ba,[(UO,);0U0,(OH) (H,0),5]  3.51 5.5 This work
Ba(NO3), and NaOH 24 h 5.25

to UOH-Ba in Table 1) was made via a hydrothermal reaction of
schoepite and barium nitrate solution at 200 °C.*® Although it was
characterised by elemental analysis, PXRD and TGA, crystal
structure data were not available.

Schoepite [(UO,)s0,(0H);,-12H,0],*° uranium oxide (U;O0g)
and uranyl nitrate hexahydrate with natural uranium isotopic
abundance were used as the uranium precursors. Compounds
containing uranium are radioactive and should be handled in
the regulated laboratories. Other chemicals in A. R. grade were
purchased from Sigma-Aldrich (Merck).

2.1.1. Synthesis of Ba(H,0),[(UO,);05(OH),] (UOH-Ba1).
Uranium oxide UzOg (0.0905 g, 0.11 mmol) and Ba(NOj;),
(0.1582 g, 0.60 mmol) were added to a glass vial with 5 mL of
deionized water (DIW), and then mixed with 5 mL of NaCOj;
solution (1 mM) under stirring. The mixture was transferred
into a 30 mL Teflon vessel, sealed in a steel autoclave, heated in
an oven at 240 °C for 24 h, and then cooled to room tempera-
ture at 5 °C h™'. An orange needle crystalline product of
compound UOH-Ba1 (0.0939 g, > 85 wt% of yield) was obtained
from the liquid with the final pH of 3.62 and dried at 50 °C in
air. Compound UOH-Bal was also successfully synthesised
using schoepite as a uranium precursor [Schoepite (0.1005 g,
0.32 mmol), Ba(NO3), (0.1581 g, 0.60 mmol) in 5 mL of DIW]
under the similar hydrothermal conditions (240 °C for 72 h) as
a needle crystalline product, refer to UOH-Bals, with a good
yield (0.0942 g, > 89%).

2.1.2. Synthesis of Ba,(H,0)[(UO,);0UO,(OH)s(H,0),] (UOH-
Ba2). Uranyl nitrate hexahydrate (0.0504 g, 0.1 mmol) and barium
nitrate Ba(NOs), (0.0261 g, 0.1 mmol) were dissolved in 10 mL of
DIW. The solution pH was adjusted to 4.50 by adding dilute
NaOH solution (1 mM) under stirring, then transferred into a
30 mL Teflon vessel and sealed in a steel autoclave, heated in an
oven at 240 °C for 24 h. It was then cooled slowly to room
temperature at 5 °C h™". An orange block crystalline product of
compound UOH-Ba2 (0.0266 g, 82 wt% of yield) was obtained and
dried at 50 °C in air.

2.2. Materials characterization

2.2.1. Powder X-ray diffraction. The powder X-ray diffraction
(PXRD) data were collected on a Bruker D8 Focus diffractometer
(Bruker Corporation, USA) equipped with Cu-Ko (4 = 1.5418 A)
radiation, in the range 5° < 20 < 80°, with a step size of 0.02°
(20) and an acquisition time of 2 s per step.

13288 | New J. Chem., 2023, 47,13286-13296

2.2.2. Scanning and transmission electron microscopies. A
Zeiss Ultra Plus SEM (Carl Zeiss NTS GmbH, Oberkochen,
Germany) was operated under an accelerating voltage of
15 kV to check crystalline morphologies and determine the
U:Ba ratios. Transmission electron microscopy (TEM) analysis
was carried out with a JEOL 2200FS (JEOL Ltd, Japan) operated
at 200 kV, fitted with an Oxford X-Max silicon drift detector for
Energy Dispersive X-ray analysis (EDX). TEM specimens were
prepared by crushing crystalline compounds in ethanol and
dispensing them on holey carbon supported films.

2.2.3. Raman spectroscopy. Raman spectra were collected
on a Renishaw inVia spectrometer (Renishaw, UK) equipped
with a 785 nm excitation Ar laser in the range of 1000-100 cm ™"
with a spectral resolution of ~1.7 cm™".

2.2.4. Diffuse reflectance spectroscopy. Diffuse reflectance
spectra in both UV-vis and NIR regions were measured on an
Agilent Cary 5000 spectrophotometer (Agilent Technologies,
USA), equipped with a Labsphere Biconical Accessory and
referenced to a Labsphere certified standard (Spectralon).

2.2.5. Thermogravimetric stability. Thermogravimetric
analysis (TGA) measurements were carried out on a SEIKO 6300
Thermal Analyzer (SEIKO Instrument Inc., Japan) at a heating rate

of 10 °C min~" and an air or argon flow rate of 300 cm® min .

2.3. Synchrotron single crystal X-ray diffraction

The single crystal data for UOH-Bal (CSD-2247026) and UOH-Ba2
(CSD-2247027) were collected at 100(2) K on the MX2 beamline®®
at the Australian Synchrotron employing silicon double crystal
monochromated synchrotron radiation (/4 = 0.71078-0.71093 A).
Data integration and reduction were undertaken with XDS.”'
SADABS was applied to the data for absorption corrections.>
The structures were solved by direct methods® and refined with
SHELXL-2014>* using the Olex* graphical user interface.”” All
atoms except hydrogen were located on the electron density maps
and refined anisotropically. Hydrogen atoms on possible hydroxyl
groups and water molecules were unable to be located and thus
were omitted in the final structure refinements. Note the diffrac-
tion data for UOH-Ba1 could be indexed to either the monoclinic
or triclinic space groups. However, the subsequent structure
refinement for the monoclinic structure did not make chemical
sense. So the final crystal structure was refined in the triclinic P1
space group. The data completeness was a bit low due to only one-
circle data collection possible.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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3. Results and discussion

3.1. Synthesis and characterization

In this work, two new UOH compounds were successfully
synthesised hydrothermally at 240 °C. Compound UOH-Bal
was synthesised using a mixture of U;Og and Ba(NO3), in water
and pH adjusted with Na,CO;. It was also synthesised via a
hydrothermal reaction of schoepite and Ba(NO3),. On the other
hand, compound UOH-Ba2 was made by a hydrothermal reaction
of UO,(NO3)-6H,0 and Ba(NOj;),, with pH adjusted by adding a
diluted NaOH solution. Both UOH-Bal and UOH-Ba2 formed in
solutions with a narrow range of final solution pH 3.62 and 3.51,
respectively, underpinning the importance of solution pHs in
governing the uranyl hydrolysis and subsequent effects on the
formation of synthetic UOH phases.'* However, uranium precur-
sors also affect solution pH and uranium hydrolysis, further
influencing the formation and structure of the final UOH phases.
The synthetic UOH phases with Ba®>" ions discussed above,
together with synthesis conditions are summarised in Table 1.

Both compounds were subsequently characterised for struc-
ture, microstructure, and elemental ratios. PXRD patterns of
both compounds matched the simulated patterns calculated
from their single crystal data (Fig. S1, ESIt), confirming that pure
phase materials were obtained. The backscattered SEM images
(Fig. 2) showed a needle (UOH-Bal) or a block (UOH-Ba2) crystal
morphology, different from the previously reported thin-plate
crystal morphology for layer structured UOH compounds.?'~*
SEM-EDS multipoint analyses confirmed that they contain U, Ba,
and O with the U/Ba ratio of 4 and 5.5 for UOH-Ba1/UOH-Bals
and UOH-Ba2, respectively (Fig. S2-S4, ESIT).

3.2. Crystal structures and discussion

The single crystal data and structural refinement details for both
compounds are summarised in Table 2, with selected bond
lengths and angles listed in Tables S1-S2, ESL.{ Compound
UOH-Ba1 crystallises in the triclinic P1 space group. The crystal
structure is constructed with undulating uranyl oxide hydroxide
layers with interlayer hydrated Ba>" ions (Fig. 3). There are two
unique uranyl moieties (U1 and U2) in pentagonal bipyramidal
polyhedrons, with the U=0 bond lengths ranging from 1.77(3)
to 1.79(4) A and 0—=U=O0 angles from 176.3(18)° to 177.3(17)".

o SN W/
Fig. 2 Backscattered SEM images of UOH-Bal (a) and UOH-Ba2 (b).
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The U-O bond lengths in the equatorial planes range from
2.20(4) to 2.37(4) A (Table S1, ESIf). These typical U=0 and
U-O bonds for the uranyl moieties are similar to other com-
pounds containing uranyl ions such as UOH minerals and
synthetic compounds.®® Either U1l or U2 polyhedrons share
edges to form 1D zigzag arrays that are connected to each other
repeatedly via corner-sharing between the two types of arrays to
form the corrugated uranyl oxide hydroxide layers with interlayer
Ba®" ions (Fig. 3). The Ba®" ions are 11-fold coordinated with
seven uranyl O atoms (01/01'/02/02'/04/04'/05), two equatorial
O atoms (03 and 06), and two H,0 molecules (09/09’), with Ba-
O bonds ranging from 2.72(3) to 3.08(3) A for uranyl O atoms,
3.26(4) to 3.29(3) A for equatorial O atoms and 2.865(5) to
2.869(5) A for H,0 molecules (Table S1, ESIt). Note the relatively
longer Ba-O distances for the equatorial O atoms (O3 and O6)
are just beyond the normal Ba-O bond range, suggesting
weak bonding nature. Such weak bonding between equatorial
O atoms and interlayer cations are unique and can exist only
in layered UOH compounds with corrugated uranyl oxide hydrox-
ide layers.

Compound UOH-Ba2 crystallises in the monoclinic C2/c
space group. The complex 3D structure comprises of six unique
uranium centres, four (U2-U5) in pentagonal bipyramids, one
(U1) in a square bipyramid, and one (U6) in an octahedral
geometry (Fig. 4). The crystal structure is constructed as stacking
of multiple layers of three different building arrays repeatedly,
parallel to the (001) plane (Fig. 4a and b). The first 1D chains are
formed by edge-sharing of double U1 and U2 polyhedra (Fig. 4c).
The second 1D chains are formed by corner-sharing of a
repeated edge-sharing U3-U4 pairs (Fig. 4d). The third 2D nets
are formed by corner-sharing of U5 and U6 polyhedra at an angle
of approximate 76.786° with each U5 linking to two U6 and each
U6 linking to four U5 (Fig. 4e and f). The 2D nets are linked to
the 1D arrays of U3-U4 pairs on both sides, with one side
rotating 90° forming the sandwich-type structural building
blocks that are linked between 1D arrays of U3-U4 and U1-U2
(Fig. 4c), via the parallel 1D arrays of U1-U2 by rotating 90°
constantly (Fig. 4a and b). The 1D arrays of U3-U4 are connected
by the 1D arrays of U1-U2 via uranyl cation—-cation interactions
resulting in a tilting of approximately 115°. The overall structure
could be simplified as layers of U3-U4 and U5-U6 sandwiching
layers of U1-U2 to form a 3D open framework, with Ba>" ions in
the narrow channels (Fig. 4a and b).

For uranyl U2-U5, the U=O bond lengths range from
1.773(7) to 1.828(7) A with O—=U=O0 angles from 176.7(3) to
178.7(3)°, and U-O bond lengths in the equatorial planes ranging
from 2.196(7) to 2.583(7) A (Table S2, ESIt). For Ul a in square
bipyramid, U=0 bond lengths are 1.838(7) and 1.841(7) A with
the O—U=—O0 angle of 175.9(3)°, and U-O bond lengths in the
equatorial plane from 2.139(7) to 2.422(7) A. The U6 does not
show a uranyl centre and it has an octahedral coordination
environment with six U-O bonds from 2.052(7) to 2.102(7) A.
The Ba®" ion is in a 10-fold coordination environment, eight
uranyl O atoms with Ba-O bond lengths from 2.717(7) to
2.947(8) A, and two H,O molecules with Ba-O bond lengths of
3.073(7) and 3.306(6) A (Table S2, ESIt). The longer than normal

New J. Chem., 2023, 47,13286-13296 | 13289
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Compounds UOH-Bal UOH-Ba2
Empirical formula BaO,,U, Ba,040.50U11
Formula weight 1361.46 3541.01
Temperature/K 100(2) 100(2)
Crystal system Triclinic Monoclinic
Space group Pi C2/c

al/A 4.2320(9) 13.251(3)
b/A 8.1990(16) 10.389(2)
c/A 10.649(2) 25.130(5)
ol° 87.40(3) —

B 78.01(3) 90.33(3)

9° 75.01(3) —
Volume/A® 349.79(14) 3459.5(12)
zZ 1 8

Peatelg cm > 6.463 6.799
wmm™* 49.001 53.640
F(000) 560.0 5792.0
Radiation Synchrotron (4 = 0.71093) Synchrotron (4 = 0.71078)

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections

3.904 to 49.928
—4<h<4,-9<k<9,-12<I<12

3.242 to 51.996

—15<h<15-12 <k <12, —29 <1< 29

Data/restraints/parameters
Goodness-of-fit on F* 1.143

Final R indexes [I > =20 (I)]° R, = 0.0812, WR, = 0.2197
Final R indexes [all data]® R, = 0.1128, WR, = 0.2902
Largest diff. peak/hole/e A3 4.84/—4.59

“ Ry = Z|Fo| — |Fell/|Fol; WRy = {Z[W(Fo? - F2)P)Z[W(F2P T2

Fig. 3 Crystal structure of compound UOH-Bal: a 2D layered structure
with interlayer Ba* ions (a), and two types of pentagonal bipyramidal
uranium polyhedrons (U1 and U2) linking into the corrugated uranyl oxide
hydroxide layers (b).

Ba-O bond range exists for 021, a disordered H,O molecule in
two partially occupied positions.

13290 | New J. Chem., 2023, 47,13286-13296

3822 21522
1079 [Rint = 0.0601, Reigma = 0.0630] 3316 [Rint = 0.0516, Reigma = 0.0325]
1079/105/94 3316/309/236

1.092

R, = 0.0295, wR,, = 0.0751
R, = 0.0303, R, = 0.0757
3.49/-3.10

The bond valence sums (BVS)***” were calculated using U®*

parameters (Ry_O = 2.051; B = 0.519),>” with BVS results for
both compounds listed in Tables S3-S4 (ESIt). The BVS values
for UOH-Bal (6.60 for U1, 6.59 for U2 and 2.14 for Bal in
Table S3, ESI{) suggest hexavalent uranium for uranyl groups
and Ba®" ion. In addition, majority of O atoms are O, with OH
for O7 and 08, and H,O for 0O9. The unit cell contains four
uranyl units (2U1 and 2U2), one Ba>" ion, three O (03 and 06),
four OH™ (207 and 208) and two coordinated H,O molecules
(209), leading to the formula Ba(H,O),[(UO,),05(OH),]. While
four uranium centres (U2-U5) in UOH-Ba2 are indicative of
hexavalent, both U1 and U6 in 8-fold coordination may be in
pentavalent state with BVS values of 5.66 and 5.78 (Table S4, ESIt).
The BVS values also suggest Ba>" (2.21) and majority of O atoms as
0O, with OH for 03, 013 and 017, and H,O for O9 and O21. The
presence of U(v) in the octahedral environment was confirmed
using DRS (Section 3.5 below). The unit cell contains 8 Ba>" ions,
44 U (40 uranyl units and 4 octahedrons), 164 O (128 O, 24 OH
and 12 H,0), leading to the formula Ba,(H,0)[(UO,);,UO;,(OH),
(H>0),].

So far, three UOH minerals incorporating only Ba>* ions in
their crystal structures have been identified, demonstrating the
importance of Ba>" ions in the natural weathering of uraninite.
Protasite and billietite were first reported in 1987,** with
billietite structure being revisited in 2006.** However, crystal
structure of mineral bauranoite (Ba[(UO,)(O,0H)](H,0),.5)
remains unknown.”®> While protasite contains the o-U;O5 type
uranyl oxide hydroxide layers (Fig. 5a) with interlayer hydrated
Ba”* ions, billietite adopts both the ¢-U;Og and B-U;0g uranyl
oxide hydroxide layers (Fig. 5c). In contrast to the two known
UOH minerals with Ba®>" ions, the uranyl oxide hydroxide layers

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 4 Crystal structure of UOH-Ba2: overall 3D polyhedral crystal structure (a), the same as in (a) but without Ba* ions (b), double U1 and U2 edge-
sharing to form Zigzag 1D chains (c), pairs of edge-sharing U3 and U4 connected by corner-sharing to form 1D chains (d), U5 and U6 connected by
corner-sharing to form 2D nets [(e) and (f)]. Uranium polyhedrons: Ul and U2 are in yellow, U3 and U4 in scarlet, U5 and U6 in orange; Ba in blue spheres.

for compound UOH-Bal contains two types of pentagonal
pyramidal uranyl polyhedrons linking parallelly to form oppo-
site distorted triangles between them in zigzag pattern (Fig. 5b).
As such, UOH-Bal has corrugated uranium oxide hydroxide
layers that is not common but observed previously in UOH
mineral curite®® and a few synthetic UOH compounds such as
Na[(U0,)40,(0H)5](H,0),>° and Ca(UO,),0;(0H),(H,0),.”>

In the literature, two synthetic UOH compounds (UOH-Sr*°
and UOH-Pb*’) were found to have the similar 3D structures
with UOH-Ba2 and their structural similarities and differences
are summarised in Table 3. Apart from having the same

&

(b)
&

b
€
€
€

monoclinic C2/c space group and similar cell parameters, the
obvious difference is the smaller  angle for UOH-Ba2 (90.33°)
in comparison to around 103.20° for UOH-Pb and UOH-Sr. It is
also interesting to note that only 2+ metal ions with relatively
large ionic radii (1.35-1.52 A) such as Pb*', sr*" and Ba®>' can
stabilise this structure type. It seems to suggest that the larger
2+ metal ions allow high coordination numbers (9 to 10), which
may be the key factor for stabilising such a complex 3D
structure, highlighting the complexity and flexibility of UOH
systems in the presence of larger 2+ metal ions. As U(v) in the
octahedral coordination environment was confirmed for both

(c)
: AQ A M4 2
VA PAN
% 3% %
BAVLWAR
e Vv S Ol

~z

V 4

Fig. 5 Polyhedral uranyl oxide hydroxide layers: a-UszOg type layer in protasite (a), UOH-Bal (b), and B-UsOg layer in billietite (c).
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UOH-Sr and UOH-Ba2, it is very likely that UOH-Pb would have
the U(v) centre as well.

3.3. Transmission electron microscopy

Compound UOH-Bal was further studied by TEM. The key
elements of U, Ba and O were confirmed by TEM-EDS. Bright
field TEM images of UOH-Bal (Fig. 6a and b) showed long
needle crystals. Selected area electron diffraction (SAED) patterns
in[—-1 —1 —1] zone axis (Fig. 6¢) and [2 —1 —1] zone axis (Fig. 6d)
were both indexed to triclinic P1 space group, consistent with the
results from single crystal and powder XRD.

3.4. Electronic structures and uranium valences

As the calculated BVS values indicating the possible presence of
pentavalent uranium in the octahedral coordination site in
UOH-Ba2, the electronic structures were investigated by DRS.
The DRS spectra of UOH-Bal and UOH-Ba2 in the UV-vis region
(Fig. 7) showed the similar strong and broad absorption bands
reflecting the charge transfer feature for U(vi) ions.®™*> However,
the spectra in the near infrared (NIR) region clearly showed the
presence of pentavalent U in UOH-Ba2 as the sharp absorption
band at 1448 nm due to U(v) ion in 5f' configuration.***® The
absorption band (1448 nm) is very close to the value (1445 nm)
observed for the non-uranyl U(v) centre in an octahedral coordina-
tion environment,** consistent with the crystallographic result in
this work. In contrast, U(v) in an 8-fold coordination environment
would give the absorption band at much longer wavelengths
(~1615).%” Note the presence of U(v) in several oxides including
minerals and synthetic compounds were reported earlier, but none
of them contain pentavalent uranyl ion.®® The weak and broad
absorption for UOH-Bal in the same area was due to the presence
of H,0O molecules. As such, UOH-Ba2 is a UOH compound with
mixed U valences, major in U(vi) and minor in U(v). Mixed uranium
valences are rarely observed in UOH systems,””®® and a complex 3D
UOH structure with mixed-valence uranium in UOH-Ba2 would be
rather rare.

3.5. Vibrational modes

Raman spectroscopy was used to probe the vibrational modes.
Similar to earlier studies, the signature vibrations for both UOH-
Bal and UOH-Ba2 (Fig. 8) arise from the uranyl vibrations, with
1,(U0,)*" in strong and sharp peaks between 700 and 900 cm ™,
1(U30) and y[U3(OH);] in medium and broad peaks at 300 to
600 cm ™', 1,(UO,)*" in weak and broad peaks at 200 to 300 cm ™"
and lattice vibrations at <150 cm *.7°7* It is apparent that

1,(U0,)*" vibrations split in both compounds reflecting the
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Fig. 6 TEM of UOH-Bal: A bright field TEM image (a), a TEM image
showing grains in higher magnification (b), SAED patterns from a grain in
[-1 -1 —1] zone axis (c) and a grain in [2 —1 —1] zone axis (d) indexed to the
P1 space group.

subtle differences in uranyl moieties. For UOH-Bal, the three
11(UO,)*" vibrations at 779.6 cm ™" (strong), 799.5 cm ' (weak)
and 834.6 cm ™' (strong) correspond to the estimated U=0 bond
lengths of 1.78 to 1.83 A.”* In contrast, UOH-Ba2 shows multiple
splitting bands for v,(UO,)** vibrations, at 740.2 cm™" (weak),
774.8 cm™* (strong), 809.4 cm ™" (strong), and 875.0 cm ™" (weak),
corresponding to the calculated U=O bond lengths of 1.88,
1.84, 1.80 and 1.74 A, respectively.”* These inferred U=0 bond
values from the Raman vibrations are broadly consistent
with the crystal structures with U=0 bond lengths ranging from
1.773(7) to 1.841(7) A.

3.6. Thermal stability

The thermal stability of UOH-Bal was further investigated.
Based on the thermogravimetric and differential thermal analysis
results (Fig. S5, ESIt), the thermal decomposition of compound
UOH-Ba1l went through a few steps: (1) gradually lost half lattice
H,O molecules from 50 to 240 °C with an endotherm at 135 °C
(calc. 0.66%, measured 0.6%); (2) lost all H,O molecules and three
OH groups from 240 °C to 600 °C in two steps (calc. 5.74%,
measured 5.7%); (3) lost final O through UO; to UO,,, reduction

Table 3 Crystal and chemical comparisons of UOH-Ba2 with similar structured UOH-Sr and UOH-Pb compounds

Synthetic phase and formula Structure Cell parameters

M-ionic

[nIM radii (A) M-O (A) U(v)

UOH-Pb*’
Pb,(H,0)[(UO,)10U0O;2(0OH)s(H,0)s]
UOH-Sr*°
Sr,(H,0)[(UO,)10UO1(OH)s(H,0)s]
UOH-Ba2 (this work)
Ba,(H,0)[(UO,)10UO;,(OH)6(H,0),]

C2/c
C2/c

C2/c

13292 | New J. Chem., 2023, 47,13286-13296

a =13.281(5), b = 10.223(4), ¢ = 26.10(1) A; f = 103.202(6)° [9]
a =13.289(3), b = 10.170(2), ¢ = 26.139(5) A; f# = 103.04(3)° [10] 1.36

a =13.251(3), b = 10.389(2), ¢ = 25.130(5) A; f# = 90.33(3)° [10] 1.52

1.35  2.53(3)-3.073)  —
2.574(18)-3.004(10) yes

2.717(7)-3.306(6)  yes

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 7 DR spectra of UOH-Bal (a) and UOH-Ba2 (b) with an inset of the
spectra in the near infrared regain (1300 to 1600 nm).
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Fig. 8 Raman spectra of UOH-Bal (a) and UOH-Baz2 (b).

from 800 to 900 °C, with the final residue (BaUO, + U;0;) (calc.
93.0%, measured 93.5%).

3.7. Implications

The charge deficiency per anion (CDA) is a measure of the
charge imbalance in the structural units of UOH minerals.
As these minerals undergo alteration starting from uraninite, the
CDA value increases. The CDA value is closely tied to the average
coordination number of oxygens in the structural unit and plays a
vital role in determining the crystal-chemical properties of UOH
minerals, such as the pH of the liquids they can crystallise in."* The
CDA values, in combination with the U/OH and Me/U ratios, are
used to assess the degree of alteration in UOH minerals.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Although having more secondary cations in the structure,
compound UOH-Bal has a CDA value of 0.19, in between the
values for billietite (0.15) and protasite (0.22), indicating that it
is in between the two minerals in terms of alterations from
uraninite. Compound UOH-Ba2 on the other hand has the
same CDA value (0.14), the U/OH ratio (1.83), and the Me/U
ratio (0.18) to those of compounds UOH-St*° and UOH-Pb,*’
indicating they could be of the same alteration stage during the
oxidative weathering of uraninite.

A weathering path could be seen based on the CDA values of
all UOH minerals and synthetic compounds with Ba®" ions,
together with selected UOH minerals (Table 4). An oxidative
alteration of SNF starts from UO, (similar to uraninite) to a
mixed valence uranium in UOH-Ba2 with CDA = 0.14 similar to
billietite with CDA = 0.15 by gradually taking in Ba®* ions and
balanced by the rearrangement of the pentagonal and square
uranyl bipyramidal polyhedra. Up on further alteration, all
square bipyramidal uranyl ions transform into pure pentagonal
bipyramidal polyhedra while taking in even more interlayer
cations resulting in compound UOH-Bal with CDA = 0.19. The
final stage involves the rearrangement of the pentagonal uranyl
polyhedra resulting in a stable o-U;Og type structure in protasite
with CDA = 0.22. However, this is only the observation from the
limited information on synthetic UOH materials. The presence of
U centres in the square bipyramidal coordination environment
among uranyl phosphate hydrate minerals such as autunite
(Ca[(UO,)(PO,)],-10-12H,0)"* clearly highlights the importance
of thermodynamic and kinetic factors in controlling the for-
mation of other types of uranyl minerals and synthetic phases.

Hydrothermal synthesis in the laboratory has shown to be
an important method in closing the knowledge gap that is
critical to the understanding of the oxidative weathering of UO,
both as mineral uraninite and SNF. The successful synthesis
and characterisation of UOH-Bal and UOH-Ba2 have filled in
the knowledge gaps in the structural understanding on the
formation of UOH phases in the presence of Ba>* ions. This
work further reinforces that solution pH plays a vital role in
controlling uranium hydrolysis and subsequent formation of
UOH phases. Besides, the choice of uranium and secondary
metal precursors also affects solution pH value, metal ion
hydrolysis speciation and the final product. It is anticipated
that a reasonably well designed UOH system can lead to the
formation of a variety of UOH products with chosen secondary
metal ions, leading to an improved fundamental understand-
ing of potential alteration of SNF under long-term storage/
disposal in a geological repository.

4. Conclusions

The primary aim of this work was to reveal the missing
structural links in the UOH-Ba system, subsequently to improve
our intrinsic understanding the role of Ba>" ions in the natural
weathering and oxidative-hydrolysis alteration of SNF in long-
term storage and geological disposal. Consequently, two new
synthetic UOH compounds with Ba>* ions were successfully

New J. Chem., 2023, 47,13286-13296 | 13293
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Table 4 Structural units and structural-chemical characteristics (CDA — charge deficiency per anion; Me/U — metal to U ratio; [n]U - average U

coordination number) for selected UOH minerals and synthetic compounds

UOH minerals and formula™ Structural unit CDA“ U/OH Me/U [n]u
Schoepite [(UO,),0(0H)g]° 0.08 0.67 0 [7]
[(UO2);0(0H)6](H,O)s

Vandendriesscheite [(UO,)1006(0OH), 1>~ 0.14 0.91 0.150 [7]
Pbl.S[(UOZ)looﬁ(OH)11](HZO)11

Becquerelite [(UO,);0,(OH);]"~ 0.15 1.00 0.333 [7]
Ca[(U0,);0,(0H);],(H,0)s

Gauthierite [(UO,),05(0H), >~ 0.17 1.00 0.256 [7]
KPb[(UO,),05(0OH),](H,0)s

Fourmarierite [(UO,),05(OH),]"~ 0.19 1.00 0.250 [7]
Pb[(UO,)05(0H),)(H20),

Masuyite [(UO,);05(0H),J*~ 0.22 1.50 0.333 [7]
Pb[(U0,);05(0H),](H,0);

Curite [(UO,)04(OH)6]*~ 0.24 1.33 0.375 [6]/[7]
Pb;(H,0),[(UO,)s05(0OH)6|(H20)s

Spriggite [(UO,)s05(OH),]*~ 0.29 3.00 0.500 [61/[7]
Pb;[(U0,)s05(0OH),](H,0)3

Billietite [(UO,);0,(0H);]*~ 0.15 1.00 0.333 [7]
Ba[(UO,)30,(0H);]5(H;0)4

Protasite [(UO,);05(0H), >~ 0.22 1.50 0.333 [7]
Ba[(UO,);03(0H),](H,0);

Synthetic UOH compounds Structural unit CDA® U/OH Me/U [n]U
UOH-Pb*’ [(UO,);0U0,(OH)s]*~ 0.14 1.83 0.18 [61/[7]
Pb,(H,0)[(UO,)10UO;2(0OH)s(H,0),]

UOH-S1*° [(U04)10UO1,(OH)6]" 0.14 1.83 0.18 [6)/[7]
Sr,(H,0)[(UO,)10U01,(OH)6(H,0),]

UOH-Ba1 (this work) [(UO,);05(0H), >~ 0.19 1.00 0.25 [7]
Ba[(UO,),0;3(0H)4|(H;0),

UOH-Ba2 (this work) [(UO,)1U0,,(OH)s]*~ 0.14 1.83 0.18 [6[7]

Ba,[(UO,)10U0;,(OH)s(H20)](H20)1 5

% CDA - charge deficiency per anion: calculated as the effective charge of the structural unit divided by the anions in the structural unit. The
effective charge is the formal charge plus the charge contributed by the (H)-bonds in the structural unit = n x 0.2.

synthesised hydrothermally and characterised using a variety of
structural and spectroscopic techniques. The crystal structures
were determined using synchrotron single-crystal XRD and
confirmed with PXRD and/or TEM. Compound UOH-Bal has
an undulating layered structure with interlay Ba>* ions while
UOH-Ba2 has a complex 3D structure built up with several types
of uranium polyhedra. The presence of pentavalent U in the
octahedral coordination environment in UOH-Ba2 was con-
firmed with DRS.

The successful synthesis and characterisation of these UOH
compounds have unravelled the complexity and flexibility of the
uranium oxide hydrate system in the presence of Ba>* ions. The
results from the current work, together with the related litera-
ture, help not only to improve our fundamental understanding
on the possible alteration of SNF but also pave the way for future
studies especially on the effect of various synthesis factors such
as choices of uranium and secondary metal precursors and
controlling of the solution final pH on the formation and
structures of UOH phases with other secondary metal ions.
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