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An EXAFS and HR-XANES study of the uranyl
Cite this: Dalton Trans., 2014, 43 peroxides [UOZ(nZ'OZ)(HZO)Z]'nHZO (n = 0: 2) and
4400 ~uranyl (oxy)hydroxide [(UO,)4O(OH)gl-6H,O+

Aurora Walshe,? Tim PriRmann,? Tonya Vitova*® and Robert J. Baker*®

The solid-sate structures of the two uranyl peroxides studtite, [UOz(nz-Oz)(HZO)Z]-ZHZO, and metastudtite
[UOz(nz-Oz)(HZO)zl have been determined by U-Ls; edge extended X-ray absorption fine structure
(EXAFS) spectroscopy and show that upon removal of the interstitial water in studtite there are structural
changes with a small shortening of the U-Operoxo and small lengthening of the U-O,; bonds. High-
energy resolution X-Ray absorption near edge structure (HR-XANES) spectroscopy has been used to
probe the differences in the local electronic structure and, supported by ab initio FEFF9.5.1 calculations,

Received 4th September 2013,
Accepted 20th November 2013

DOI: 10.1039/c3dt52437j

dehydration causes a shift to higher energies of the occupied O p-DOS and U d- and f-DOS of meta-
studtite. The HR-XANES spectrum of schoepite, [(UO,)4O(OH)¢l-6H,0O, has been measured as the White Line
intensity can give information on the mixing of metal and ligand atomic orbitals. There is an indication for
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Introduction

The safe stewardship of both legacy, current and future
nuclear waste is one of the most important concerns for all
countries that generate electricity from nuclear fission. Given
the long half-lives and high specific activities of the trans-
uranic elements, particularly Np, Pu, Am and Cm, long term
storage represents a significant technical challenge. One
method that is currently favoured by the EU is the storage in a
geological repository.” The majority of spent nuclear fuel (SNF)
contains UO,, which under moist oxidising repository con-
ditions is thermodynamically unstable and will oxidise to UO;
via a number of phase-altered materials.> In tests on actual
SNF? and surrogate UO,,* a number of these phases have been
identified. However, these phases are also susceptible to
further reactivity for example, schoepite [(UO,),O(0OH)¢]-6H,O
and its dehydrated congener metaschoepite [(UO,),0-
(OH)g]-5H,0 are found to be replaced by studtite, [(UO,)(n*0,)-
(H,0),]-2H,,0, over the course of two years in deionized water.”
Further work have shown that studtite, and its dehydration
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higher degree of ionicity for the U-OH bond in schoepite compared to the U-O, bond in studtite.

product metastudtite [(UO,)(n*-0,)(H,0),], can be formed by
dissolution of UO,,° or the phase-altered materials,” in the
presence of H,0,. Studtite has also been characterised on the
surface of SNF,® ‘lava’ from the Chernobyl Nuclear Plant acci-
dent,” and in naturally occurring uranium ores.'® Moreover,
under alkaline conditions different behaviour results and spectro-
scopic and structural studies have shown that peroxides can
displace carbonate ligands'' from aqueous [UO,(CO;);]*” to
form [UO,(0,)(CO5),]*” and in the presence of hydroxide ions
at pH = 12, spectroscopic evidence for [UO,(0,)(OH),]*~ and
[UO,(0,),(OH),]*™ has been presented.'” At a pH range of 9.5
to 11.5, [UO,(0,)(OH)]” and [(UO,),(0,)(OH)]” were identi-
fied.™ Two lithium salts of [UO,(0,);]*~ have also been struc-
turally characterised.® Perhaps most spectacularly, under
alkaline conditions uranyl peroxides can self-assemble into
nano-sized clusters'® that have also been implicated as
uranium speciation products in the crippled reactors in the
Fukushima-Daiichi power plant."® Clearly the coordination
chemistry of uranyl peroxides is developing rapidly and has
relevance to environmental applications as well as fundamen-
tal uranyl chemistry.

The formation of studtite on SNF has been ascribed to the
production of H,0, via o-radiolysis of water, which is sup-
ported by the observation of studtite and metastudtite upon
o'’ p*® and y'° irradiation of UO, surfaces, and the thermo-
dynamic stability has been assessed using high temperature
oxide-melt solution calorimetry.”® For storage in geological
repositories, an understanding of how the phase altered
products interact with other radionuclides is important.
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Caesium®' and strontium®” have both been shown to be
sorbed onto studtite, whilst °°Sr, **’Cs, ?°Te, *’Np and **°Pu
have been observed to concentrate in metastudtite on the
basis of a 2 year immersion study of SNF.>* Interestingly,
*IAm and ***Cm do not concentrate to such a degree. There
also appears to be a preference for **’Np incorporation into
metastudtite over metaschoepite (6500 ppm and <10 ppm
respectively), although batch dissolution studies showed that
>’Np is then released into the aqueous phase.** We have
recently used solid-state electrochemistry to probe the redox
properties of studtite and shown that this could oxidise Np(v)
to Np(v) thus allowing a transport mechanism for water
soluble neptunium migration.*® Other possibilities such as
substitution of a {UO,}*" fragment for a {NpO,}" fragment also
requires a charge balancing step within the mineral structure,
whilst recent evidence suggests that interaction of Np contain-
ing solutions allow for a direct {NpO,}** substitution in copper
uranyl phosphates.>®

We have recently initiated a study on the chemical and electro-
chemical behaviour of some uranyl minerals and we noted
that the electronic structure of studtite and metastudtite were
different, with a band-gap measured at the absorption edge in
the diffuse-reflectance UV-vis spectrum of 3.45 eV and 2.71 eV
for studtite and metastudtite, respectively.>> This is somewhat
surprising as only interstitial water molecules (i.e. those not
directly coordinated to the uranium) are removed in the dehy-
dration, whilst the coordinated water and peroxide do not
change, as observed by the similarities in the Raman
spectra.>® In order to understand this unexpected difference
we have utilised U-L; edge extended X-ray absorption fine
structure (EXAFS) and high-energy resolution X-ray absorption
near edge structure (HR-XANES) spectroscopic techniques; the
latter is a recent development that allows the U unoccupied
d and f density of states to be more effectively probed.>”
The experimental results are supported by calculations by the
ab initio quantum chemical code FEFF9.5.1.% In this contri-
bution we report the solid-state characterisation of meta-
studtite for the first time experimentally and compare the
HR-XANES spectra of studtite, metastudtite and schoepite.

Results and discussion
EXAFS study of studtite, metastudtite and schoepite

Whilst schoepite®® and studtite®® have been structurally
characterised by single crystal X-ray diffraction, there has not
been such a determination of the molecular structure of
metastudtite. The solid state structure of studtite comprises of
infinite chains of uranyl peroxides and a bent U-(0,)-U di-
hedral angle. The interstitial water molecules connect two
chains by hydrogen bonding. Powder X-ray diffraction data has
been reported for studtite,®® synthetic*®> and naturally occur-
ring metastudtite.'®” Studtite and metastudtite have been the
focus of ab initio*® and DFT studies.>"*> We have analysed the
U-L; edge EXAFS spectra of both studtite and metastudtite in
order to explore the structural changes around the uranium
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Fig. 1 U-Ls edge Fourier transformed EXAFS and vertically shifted used
single scattering paths (a), k* weighted (b) and g weighted (c) EXAFS
spectra and best fits for studtite.

centres upon removal of the interstitial water molecules. The
spectra and best fits are shown in Fig. 1 and 2. The obtained
structural data is collected in Table 1 (for numbering scheme
see Scheme 1). The U-L; edge EXAFS results for studtite
compare well for the U=0y; and U-Oproxo to the single-crystal
X-ray results (for comparison see Table 2). The U-Oyaer iS
about 0.1 A longer than that measured by XRD. Such differ-
ences are possible due to the sensitivity of the EXAFS spec-
trum, in contrast to XRD, to structural defects and disorder
affecting the average inter-atomic distances and coordination
numbers. DFT reports longer distances than obtained from
XRD and EXAFS except for the U-Oy,r distance, which is
0.1 A longer in the EXAFS results. The EXAFS data of metastud-
tite differ somewhat significantly from the recent compu-
tations.>»*® The EXAFS reports similar U=0y; bond length in
metastudtite and studtite. This can be confirmed by inspec-
tion of the Raman and infrared spectra (Fig. S1 and S21)*° of
both studtite and metastudetite, as there is no observable differ-
ence in either the O-H or U=O stretching or bending modes.
There is however a small shortening in the U-Operoxo bond
length of 0.04 = 0.01 A upon dehydration of studtite to meta-
studtite. Whilst we are unable to measure the O-O bond length
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Fig. 2 U-Ls edge Fourier transformed EXAFS and vertically shifted used

single scattering paths (a), k* weighted (b) and g2 weighted (c) EXAFS
spectra and best fits for metastudtite.

from the EXAFS data, the IR and Raman spectra show no
change in the O-O stretching mode, implying that this dis-
tance does not change. The U-L; edge EXAFS spectrum of
schoepite is shown in Fig. 3. The solid-state structure of schoe-
pite has a sheet topology whereby the uranium (oxy)hydroxide
sheets are linked to another sheet by hydrogen bonding to
interlayer water molecules. The local coordination around the
uranium is a pentagonal bipyramid, with the -yl oxygens in

View Article Online
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Scheme 1 Schematic of the structures of studtite, metastudtite and
schoepite with the numbering scheme (the —yl oxygens of schoepite are
perpendicular to the page).

Table 2 Bond lengths (A) for studtite and metastudtite

Studtite Metastudtite
Bond EXAFS X-ray*” DFT?’ EXAFS DFT*?
U=0y, 1.78 1.769 1.83 1.79 1.85
1.80
U=Operoxo 2.36 2.365 2.38 2.32 2.39
U-Oyater 2.50 2.395 2.41 2.52 2.42

the apical positions. There are two different uranium centres,
one of which is coordinated by 5 p3;-OH groups and one that
has 4 p3-O/OH and one p,-OH group (Scheme 1). Our data cor-
relates well with previous EXAFS studies,®” and we can clearly
distinguish between 02/03 and O4. It is also worth noting
that structural®® and ab initio calculations®® on schoepite and
metaschoepite show difference in hydrogen bonding upon
dehydration.

HR-XANES spectroscopy

Whilst EXAFS gives information on the structure, XANES data
provides detailed information on the oxidation state and elec-
tronic structure. The experimental and calculated U-L; edge
HR-XANES spectra of studtite and metastudtite are shown in
Fig. 4, along with the calculated U d- and f-DOS of studtite and
metastudtite. Energy positions and intensities of the three
main features viz. pre-edge (A), most intense resonance (white
line, WL, B) and post-edge (C), agree reasonably well between
experiment and calculation. As previously observed,>”““? the
pre-edge in U(vi)-L; HR-XANES spectra mainly describes weak

Table 1 Summary of EXAFS results for studtite, metastudtite and schoepite. From left to right is given: the name of the mineral (Mineral), scattering
path (Path), coordination number (N), average U-O distance (R(A)) energy shift of the ionization potential (AE(eV)), mean squared atomic displace-
ment/Debye-Waller factor (5> (A?), goodness of fit (r factor)

Mineral Path N R(A) AE (eV) o (A% r factor
Studtite U-01 2+0.2 1.78 £ 0.01 —-0.6 £ 0.6 0.003 + 0.0005 0.01
U-02(peroxo) 4+05 2.36 + 0.01 0.6 + 0.6 0.004 + 0.002 0.01
U-03yater) 2 2.5 +0.01 0.6 + 0.6 0.004 + 0.002 0.01
Metastudtite U-01 1.7+0.3 1.79 £ 0.01 -1+0.9 0.004 + 0.0007 0.02
U-02(peroxo) 2.0+1.3 2.32 +0.01 ~1+0.9 0.007 + 0.002 0.02
U-02(peroxo) 2 2.33 +0.01 -1+0.9 0.007 + 0.002 0.02
U-O3water) 1.4+0.3 2.52+0.01 -1+0.9 0.002 + 0.0018 0.02
Schoepite U-01 1.9+0.2 1.77 £ 0.01 -1+0.8 0.003 + 0.0009 0.01
U-02/3 3.5%1 2.32 +0.02 -1+0.8 0.013 + 0.002 0.01
U-04 2.4+0.6 2.51 + 0.02 -1+0.8 0.008 + 0.002 0.01
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Fig. 3 U-L;z edge Fourier transformed EXAFS and vertically shifted used
single scattering paths (a), k? weighted (b) and g® weighted (c) EXAFS
spectra and best fits for schoepite.

quadrupole transitions of uranium 2ps,, electrons to electronic
states with dominating f character. The f-DOS intensity domi-
nates at this energy position, whereas no significant unoccu-
pied s- (shown in Fig. S4t) or d-DOS contribution is visible
(Fig. 4 bottom). Note that dipole transitions at this energy
position are also possible. The FEFF code is based on the real-
space Green’s function formalism applied in the Fermi’s
Golden rule avoiding explicit calculation of the computation-
ally difficult final states. Additionally, relativistic Dirac-Fock
approach is used to evaluate the spin-orbit coupling of atomic
states and semi-relativistic approximation for scattering and
propagation of the photo electron. FEFF calculates the scatter-
ing potentials self-consistently within the spherical muffin-tin
approximation.”® This approach might need corrections for
small anisotropic systems. The good agreement between
experimental and calculated XANES spectra for the crystalline
solid state materials investigated herein confirm the validity of
the used theoretical approach.*’

It is known that the energy distance (AE) between features
B and C (B-C) decreases upon elongation of the U(v/vi)-O,y
bonding (R) following the relation AE-R* = cst typical for all An
with -yl type of bonding.”" Additionally, it has been shown for

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Experimental (top) and calculated (middle) U Lz-Edge HR-XANES
spectra and calculated U d- and f-DOS (bottom) of studtite and meta-
studtite. The Ef line separates the occupied from the unoccupied DOS.

Np in a theoretical study using the FEFF8.2 code, that B-C
weakly decreases by about 0.5 eV for 0.2 A shortening of the
Np(v/v)-Oeq bond length, whereas by 4 eV for 0.08 A elonga-
tion of the Np(v/vi)-O,, bond length.*" The modelling of the
spectra with three pseudo Voigt (PV) profiles and an error
function reports 1.3 eV + 0.1 shorter B-C distance for meta-
studtite compared to studtite (Table S1, Fig. S5 and S67) indi-
cating that the 0.01 A difference of the U-0,, bonds suggested
by EXAFS might be indeed present. EXAFS finds 0.04 = 0.01 A
shorter U-Operoxo fOr metastudtite compared to studtite, which
is unlikely to influence significantly the B-C energy distance.
The occupied O p-DOS and U d- and f-DOS of metastudtite
(225 atoms), plotted in Fig. 5, are shifted to higher energies
decreasing the band gap of metastudtite by about 1.3 eV com-
pared to studtite (arrow in Fig. 5 middle). By calculating DOS
of small studtite and metastudtite atomic clusters with a
radius of about 2.6 A (9 atoms) by varying the U-O,y, Operoxo OF
Owater distances, we found that U-O,, distance has the largest

Dalton Trans., 2014, 43, 4400-4407 | 4403
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Fig. 5 The O p-DOS (top), U d-DOS (middle) and f-DOS (bottom) of
metastudtite. The Ef line separates the occupied from the unoccupied
DOS.

influence on the reduction of the size of the band gap. For 9
atoms cluster considering distances obtained from the EXAFS
analyses, the band gap is reduced by about 0.6 eV for meta-
studtite compared to studtite. This electronic structural change
is in agreement with the difference in the band gaps (0.74 eV)
determined by diffuse reflectance spectroscopy.

Therefore, on the basis of the EXAFS and HR-XANES
spectra, we can suggest that upon dehydration of studtite the
U-Operoxo bond lengths slightly decreases, whilst the U-Oy
bond lengths slightly increases, which might decrease the
energy gap between the peroxo m type orbitals of the HOMO
and the 5f non-bonding orbitals of the LUMO.

The bonding in molecular uranyl peroxides such as
[UO,(0,)(H,0);] has been the subject of some recent compu-
tational studies and shown to have some covalent character by
an Atoms-in-Molecules approach,’” and in the compounds
[UO,(0,),]>" there is increased mixing between the uranium d
and peroxo m orbitals.”® In models of uranyl peroxo clusters,
the HOMO has been alternatively described as either compris-
ing of the uranium 6p orbitals overlapping with the peroxo n
orbital,** or the uranium f,, orbital overlapping with the
peroxo n* orbital; the overlap is enhanced by the bending of

4404 | Dalton Trans., 2014, 43, 4400-4407
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Fig. 6 The experimental U Ls-edge HR-XANES of schoepite and
studtite.

the U-(0,)-U dihedral angle.*”> Therefore in molecular com-
pounds there may be enhanced covalency but in clusters the
bonding has been argued as principally ionic with a small
amount of covalency.”® Interestingly, the uranyl-hydroxo inter-
action is considered to be predominantly ionic,">***® so a
comparison of studtite and schoepite will test the ability of the
U-L; edge HR-XANES technique to discriminate between small
amounts of covalency in these systems. The HR-XANES spec-
trum of schoepite (Fig. 6) exhibits slightly higher WL and pre-
edge intensity compared to the WLs and pre-edge structures of
studtite and metastudtite possibly indicating less mixing of
metal and ligand atomic orbitals, i.e. higher degree of bonding
ionicity (see also Fig. S6t). The core-hole lifetime broadening
is reduced from 7.4 eV to 4.2 eV in U-L; HR-XANES compared
to standard XANES;*” however the broadening affecting the
U-L; edge spectra is still large, therefore it is not possible to draw
accurate conclusions about the bonding difference between
schoepite and studtite. Future U-M edge HR-XANES and
valence-band inelastic X-ray scattering experiments will
reliably probe the U f unoccupied and f and d occupied states
and thereby provide additional insights into the nature of
bonding in studtite and schoepite.?”

Conclusions

We have used EXAFS spectroscopy to compare the structure for
studtite and its dehydrated congener metastudtite, which rep-
resents the first experimental elucidation of the structure of
the latter species. The EXAFS data show that the major struc-
tural change upon dehydration is the 0.04 A shortening of the

This journal is © The Royal Society of Chemistry 2014
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U-Operoxo bond length, whereas the U-Oy; might be elongated
by 0.01 A. These structural differences might induce a decrease
of the HOMO-LUMO energy gap and account for the experi-
mental observations from diffuse reflectance UV-vis spectro-
scopy. Evaluating the electronic properties for Uranyl
peroxo species using more molecular suited theory could
provide additional insight in terms of the changes in HOMO-
LUMO gap, nature of the transitions and excited states,
covalency and bonding structure. Novel spectroscopy tech-
niques such as U-M edge HR-XANES and VB-RIXS are expected
to have valuable contribution to the discussion about the
nature of the bonding in schoepite and studtite.

Experimental

Schoepite,*® studtite and metastudtite®® were prepared as
described in the literature and purity was checked by powder
X-ray diffraction (Fig. S7-97). Powder diffraction was per-
formed on a Siemens D500 using a Bragg-Brentano geometry
with step size of 0.02° at 16 s each for metastudtite and schoe-
pite and 0.05° at 2.8 s each for studtite. 20 mg from each
uranyl compound was ground with cellulose powder (100 mg)
and pressed into 1 cm diameter pellets of homogeneous char-
acter. The EXAFS and HR-XANES measurements were per-
formed at the INE-Beamline, ANKA synchrotron radiation
facility, Karlsuhe, Germany. The primary X-ray beam was verti-
cally collimated by a cylindrically bent Rh coated mirror,
monochromatized by a Ge(422) double crystal monochromator
and focused by a toroidal double-focusing Rh-coated mirror to
500 x 500 um?* onto the sample. For detailed description of the
INE-Beamline see ref. 49.

The initial alignment of the multi-analyzer crystals spectro-
meter (MAC-spectrometer) was performed by using the elasti-
cally scattered from a Teflon sample incident X-rays with
energy of 9570.4 eV diffracted by five Ge(555) analyzer crystals
(Saint-Gobain Crystals, France) set at 82.55° Bragg angle. The
experimental energy resolution was estimated by measuring
the full-width at half maximum of the elastically scattered
peak. The obtained value is 0.1 eV larger than the calculated
value 1.9 eV and implies minor deviations of the positions of
the sample, crystal and/or detector from the ideal Rowland
circle geometry and/or source size effects.

The emitted fluorescence from the uranium minerals was
diffracted by the 5 Ge(777) analyzer crystals and focused on a
SDD VORTEX. The sample, crystals and detector were posi-
tioned on a Rowland circle in the vertical plane with diameter
of 1 m equal to the bending radius of the spherically bent ana-
lyzer crystals. The multi analyser crystal spectrometer (MAC-
Spectrometer) was set at the maximum of the U Lal emission
line (77.39° Bragg angle), whereas the primary energy was
scanned to obtain U L; edge (17 166 eV) HR-XANES spectra. It
was not possible to measure the experimental energy resolu-
tion at this photon energy due to the low elastic scattering
cross section.

This journal is © The Royal Society of Chemistry 2014
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The oscillating y(k) (EXAFS) part of the X-ray absorption
spectroscopy (XAS) spectrum was extracted, Fourier trans-
formed (FT) and modelled by using the ATHENA and
ARTEMIS programs, respectively, parts of the IFFEFIT program
package.>® The single scattering paths were generated with the
FEFF8.2 code® by using the structural models reported in ref.
30 and 35. The y(k) spectra within 2.5-14.5 A~ range were
weighted by k = 1, 2 or 3. Hanning windows with sills equal to
2 (dk = 2) were used. The fit was performed in R space for
1.07-2.38 A range. For each shell, the coordination number
was first fixed and the change in distance and the Debye
Waller (DW) factors were varied. In a second step, the coordi-
nation number was varied simultaneously with the obtained
from the first step DW factors, whereas the change in distance
was fixed. The number of variables was kept always half or less
the number of independent data points. The obtained good-
ness of fit (r factor) reports 1% (r = 0.01, studtite, schoepite) or
2% (r = 0.02, metastudtite) difference between data and model.

The background subtraction and normalization of the
XANES part of the experimental spectra was performed with
ATHENA. The HR-XANES and angular momentum projected
density of states (DOS) were calculated by the FEFF9.5.1
ab initio quantum chemical theoretical code based on the
multiple scattering theory.*® The scattering potentials were calcu-
lated on a cluster of 225 or 9 atoms by including the U f states
in the self-consistent loop (FMS, SCF and UNFREEZEF
cards).”’¢ Final state rule approximation was used to account
for core-hole effects (default). The core-hole lifetime broaden-
ing was reduced by 2.8 eV and the Fermi energy was shifted by
1 eV to lower energies. Electronic transitions to 5f states were
allowed (MULTIPOLE card). Hedin-Lundqvist exchange corre-
lation potential was used.
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