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Abstract

The synthesis, structure and thermal stability of the periodate double perovskites A2NalOs
(A= Ba, Sr, Ca) was investigated in the context of potential application for the immobilisation
of radioiodine. Ab initio, thorough structure determinations are presented, revising the
previously accepted space groups using as yet unreported neutron diffraction and DFT
simulation characterisation alongside X-ray diffraction and Raman spectroscopy.The
materials were found to exhibit rock-salt ordering of Na and | on the perovskite B-site;
Ba2NalOs was found to adopt the Fm-3m aristotype structure, whereas Sr2NalOs and
CazNalOs adopt the P21/n hettotype, characterised by co-operative octahedral tilting. DFT
simulations determined the Fm-3m and P21/n structures of Ba2NalOs to be energetically
degenerate at room temperature, whereas diffraction and spectroscopy data evidence only
the presence of the Fm-3m phase at room temperature, which may imply an incipient phase
transition for this compound. The periodate double perovskites were found to exhibit
remarkable thermal stability, with Ba2NalOs only decomposing above 1050 °C in air, which
is apparently the highest recorded decomposition temperature so far recorded for any iodine
bearing compound.



1 Introduction

The release of volatile iodine radionuclides, principally 1-131 and 1-129, arises from
reprocessing of nuclear fuels, degradation of nuclear fuels during reactor accidents and
storage, and nuclear weapons tests. I-129, with a half-life of 15.74 x 108 years is an abundant
fission product in used nuclear fuel with a fission yield of about 0.7% ', whereas the 1-131
isotope has a half-life of 8.04 d. The iodide anion is highly soluble and weakly sorbed on
mineral surfaces, over a range of geochemical conditions, and hence mobile in both the
environment 2, it is also known to bio-accumulate, being concentrated within the thyroid
gland in the human body 3. Therefore, 1-129 is important as a key dose contributor in the
safety case for geological disposal of radioactive wastes ', whereas, I-131 is of critical
importance for dose uptake in nuclear reactor accidents, given the biological half-life of 120
d 4 1-129 is also of importance in population dose uptake in proximity to nuclear fuel
reprocessing facilities, for example data from the Savannah River site in 1989 showed that
while 1-129 composed only 0.00002% of the total radioactive assay released from the site,
it contributed 13% of the offsite population dose °. The iodine biogeochemical cycle is known
to be complex 8, involving iodate (I037) and organo-iodine species, in addition to iodide (1),
depending on the specific biogeochemical conditions, and hence there is high uncertainty in
long term predictions of iodine cycling and migration. Consequently, future regulatory
practice may require immobilisation and geological disposal of 1-129, released from used
fuel reprocessing, in contrast to the current practice of discharge and dilution in the marine
environment.

A wide range of ceramic and glass wasteforms have been proposed as candidates for the
immobilisation and disposal of I-129, which can be categorised as: iodine or iodate salts
(e.g. Agl or Ba(lOs) 7); tailored ceramic or glass compositions incorporating iodine at the
atomic scale (e.g. Pbs(VOa)3l ceramic or (Ag20-nB203)1-x(Agl)x glasses 89); or composites
in which a discrete iodine bearing phase is encapsulated by a metal, ceramic or glass matrix
(e.g. Alz03 ceramic and silicate glass encapsulated Agl '%'"; see Riley et al. for a
comprehensive review '). Within these waste forms, iodine is typically incorporated as the
iodide anion, which is compatible with the speciation arising from the use of sorbent to
recover iodine from the dissolver off gas (e.g. as Agl) . Thermodynamic considerations
suggest that solubility limited iodide wasteforms should be broadly compatible with cool,
non-reducing ground waters, of low dissolved solids concentration, to avoid reductive
dissolution and anion displacement reactions . This would require due consideration in the
site selection for a geological disposal facility or emplacement at shallower depth. In
contrast, immobilisation of iodine as the iodate anion, has received considerably less
attention, with the exception of iodate incorporated apatite ceramics
(Ca1o0(POa4)s(OH15)(103)0.4) and hydrotalcite Bi-O-1 phases '2'3. lodate incorporation within
tailored wasteforms offers the advantageous compatibility with the speciation afforded by
simple caustic scrubbing of the dissolver off gas, as well as the proposed Mercurex, lodox
and Electrolytic scrubbing processes ', which would enable direct iodine incorporation,
without conversion to e.g. an iodide salt. However, although iodate salts of Hg, Ba, Sr and
Ca are resistant to hydrolysis and of moderately low solubility, the solubility of the most
promising candidate, Ba(lOs)z is five orders of magnitude greater than Agl 7. Additionally,
iodate wasteforms are expected to be stable under relatively oxidising conditions and it is



suggested that in the presence of reducing ground waters wasteform dissolution could be
enhanced by reduction of 103™ to I~ 7. Nevertheless, it is known that 103~ is significantly
sorbed on mineral surfaces, in contrast to 1= ' (in 7), which, combined with isotopic
dissolution, and slow dissolution kinetics, may be sufficient to mitigate comparatively higher
solubility.

In considering potential candidate iodate ceramic wasteforms, our attention was drawn to
a family of periodate double perovskites, formulated A2MIOs; with reference to the ideal
perovskite structure, the large (12-coordinate) A-site is occupied by A = Ba?*, Sr?*, Ca?*;
whereas the small (6 co-ordinate) B-site is occupied by an ordered rock-salt arrangement of
I”* and M* = Na, K, Ag cations. The periodate double perovskites offer an iodine
incorporation rate of 25 — 40 wt%, comparable with that demonstrated for the most efficient
iodide waste form counterparts . Conceptually, such a waste form would be compatible with
iodine recovery processes which afford iodate speciation, from which MIO4 (M = Na, K) is
easily prepared '6. Although the periodates compounds are known to be poorly or
moderately soluble, the metaperiodate AgslOs, in contrast, is known to be highly insoluble
1719 Periodate compounds are relatively strong oxidising agents, and hence not obviously
compatible with reducing conditions of geological disposal; nevertheless, redox reactions
yield the iodate species ', which would offer some mitigation as described above.
Therefore, it was considered worthwhile to investigate the synthesis, structure and
properties of the periodate double perovskites as potential ceramic waste forms for 1-129.

The first periodate double perovskites, A2MIOs (A = Ba, M = Ag, Na), were reported by
Sleight and Ward in 1963, formed by solid state reaction of BaO and NalO4 at 400 °C, or
precipitation from a solution of NalO4 or AglO4 by addition of Ba(OH)22°. The compounds
were reported to be cubic (a = 8.4 A) and adopt rock salt ordering of the B-site cations.
Subsequently, De Hair et al. reported the compositions A2MIOs (A = Ba, M = Ag, K, Na, Li;
and A = Sr, M = Na), using similar methods, and reported the Raman and infra-red spectra
21, Kubel et al. reported the first crystal structure determinations for the periodate double
perovskites, A2NalOs (A = Ba, Sr, Ca, Pb), in 2013, synthesised by: solid state reaction
between AF2 and excess of Nal (A= Ba, Sr, Ca); reaction of A(OH)2:8H20 and NalO4 (A =
Ba, Sr), at 650 °C in air; or precipitation from a solution of nitrates with NaOH and NalO4 (A
= A = Ba, Sr, Ca, Pb) ?2. From Rietveld analysis of powder X-ray diffraction data, Ba2NalOe
was reported to adopt the undistorted Fm-3m aristotype structure, whereas, SraNalOe,
Caz=NalOs and Pb2NalOs were reported to adopt the P21/c hettotype structure, with co-
operative tilting of the rock-salt ordered B-site octahedra (Glazer notation, a*bb~) 2224,
However, our bond valence sum analysis 2°, using the reported crystal structure data,
identified substantial deviations from formal valence states, as shown in Table S1, which
may result from the limited accuracy and precision of locating the O positions. As highlighted
by Howard et al., high resolution neutron or synchrotron X-ray diffraction data are preferable
for structure determination of complex perovskites, to reveal subtle distortions of symmetry
coupled with sensitivity to weak supercell reflections diagnostic of the octahedral tilt system
24 which are not always apparent in laboratory X-ray diffraction data. Consequently, a re-
investigation of the synthesis and structure of the periodate perovskites, as reported herein,
was considered a timely endeavour.



2 Experimental

Periodate double perovskites of general formula A2NalOs (A = Sr, Ca, Ba) were prepared
by solid state synthesis. Stoichiometric quantities of the corresponding metal hydroxide
(Ca(OH)2, Sr(OH)2, Ba(OH)2-8H20) and sodium periodate NalO4 (Sigma Aldrich, >99.8%
purity) were hand ground using a pestle and mortar for ten minutes under a dry nitrogen
atmosphere to prevent carbonation of the hydroxide reagents. The powders were then
consolidated into 10 mm pellets, pressed for 1 minute under 2 tonnes pressure. The pressed
pellets were packed into crucibles under a bedding of unconsolidated powder (~1g), to
prevent carbonation of the reagents during high temperature solid state reaction. All pellets
were sintered in an air atmosphere muffle furnace, at 650 °C for 10h, with a heating and
cooling ramp rate of 5 °Cmin~'. Once cooled, the pellets were recovered and gently brushed
to remove any bedding material before regrinding for further analysis.

Initial X-ray diffraction (XRD) phase characterisation was performed on a Bruker D2 Phaser
diffractometer at room temperature in reflection mode, with Ni filtered Cu Ka radiation, A =
1.5418 A, and a Lynxeye position sensitive detector. High temperature X-ray diffraction (HT-
XRD) was performed on a PANalytical XPert® diffractometer, using a parallel beam of Cu
Ka radiation in reflection mode, with a PIXCel 1D position sensitive detector and Anton Parr
1200N high temperature stage. Scanning Electron Microscopy and Energy Dispersive X-ray
(SEM EDX) analysis of product materials were performed using a Hitachi TM3030 SEM
equipped with a Bruker Quantax 70 EDX system, operating at 15 kV and working distance
of 8 mm. Specimens were prepared as a thin dusting of powder dispersed on adhesive
carbon tabs. Thermogravimetric analysis mass spectrometry (TG-MS) measurements were
made using a Netzsch STA 449 F3 Jupiter thermal analyser coupled with a Netzsch QMS
403 Aelos Quadro quadrupole mass spectrometer with synthetic air carrier gas. Raman
spectra were collected on a Horiba X-ploRA Plus microscope with a 532 nm laser.

Neutron diffraction data were collected from BazNalOs, Sr2NalOs and CazNalOs on the
Polaris time-of-flight powder diffractometer at the ISIS pulsed spallation neutron source,
Rutherford Appleton Laboratory, UK 2627, 3.5 g of Ba2NalOs, 2.9 g of Sr2NalOs and 2.5 ¢
Caz=NalOs respectively were each loaded into in 6 mm diameter thin-walled vanadium
sample cans, which were sealed using indium wire, inside a glove box. The sample cans
were mounted on an automatic sample changer in the diffractometer and data collected for
a duration of 175 uAh integrated proton beam current to the ISIS neutron target
(corresponding to 1 hour total neutron beam exposure) from each sample. The diffraction
data were normalized to the incident beam spectrum and corrected for detector efficiency
(using a vanadium standard) and sample attenuation. Data reduction and generation of files
suitable for profile refinement used the Mantid open source software 28. Structure refinement
was made by Rietveld analysis of neutron diffraction data, using the GSAS and EXPGUI
suite of programs 2930 and data from the high resolution back scattering detectors (Bank 5,
20 range 134.6-167.4°, Ad/d = 3x107327),

Bond valence sums (BVS) of the form V = el 25 were calculated for each of the
compounds across all cation-anion bonding pairs, using b = 0.37 for oxides 2°. Tabulated
reference bond lengths of o = 2.285 for Ba-O bonds, rn = 2.118 for Sr-O bonds and rn =



1.967 for Ca-O bonds were used for the alkali earth cations 2°. For I-O bonds, ro = 1.93 was
used 3! and ro = 1.661 for Na-O bonds 2. Observed bond lengths, r, were extracted from

neutron refinement data. Additionally, the global instability index, G/ = (3 2id;)™? 33, where
diis the magnitude of difference between the BVS and the expected valence and N is the
number of atoms in the formula unit, was calculated to give the degree of failure of the BVS
rule.

Density functional theory (DFT) was utilized in this study to investigate the crystal structures
of the periodate double perovskites CazNalOs, Sr2NalOs, and Ba2NalOs synthesized
experimentally. Total energy calculations were carried out using DFT implemented in the
Vienna Ab initio Simulation Package (VASP) 34 In the Kohn-Sham (KS) equations, the
interaction between valence electrons and ionic cores was described using the projector
augmented wave (PAW) method 3536 with Ca(3s23p®4s?), Sr(4s24p®5s?), Ba(5s25p®6s?),
Na(3s'), 1(5s25p®), and O(2s?2p*) electrons treated as valence electrons and the remaining
core electrons, together with the nuclei, represented by PAW pseudopotentials. The
exchange-correlation energy was calculated using the generalized gradient approximation
(GGA) with the parameterisation of Perdew-Burke-Ernzerhof (PBE) °’. The plane-wave
energy cutoff was set to 500eV and a total-energy convergence criterion was fixed to 1
meV/atom. The Monkhorst-Pack scheme 38 was utilized to sample the Brillouin zone with a
3 3 3 k-point mesh. Simultaneous ionic and cell energy-relaxation calculations were carried
out, without the symmetry constraint, until the Hellmann-Feynman forces acting on atoms
were converged within 0.01 eV/A.

Structures obtained from total-energy minimization with GGA/PBE were further relaxed
with respect to Hellmann-Feynman forces until a convergence tolerance of 0.001 eV/A was
reached. Density functional perturbation theory (DFPT) linear response calculations were
then carried out with VASP to determine the vibrational frequencies and associated
intensities. The latter were computed based on the Born effective charges (BEC) tensor,
which corresponds to the change in atoms polarizabilities with respect to an external electric
field. This computational approach was used in previous studies to successfully predict the
vibrational/phonon properties of various crystalline materials 3941
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Figure 1: Indexed XRD patterns of prepared (a) BazNalOs (PDF 01-082-4575), (b) Sr2NalOes (PDF 04-018-
9360) and (c) CazNalOs (PDF 04-018-9361). Tickmarks indicate allowed reflections. R-, M- and X-point
reflections are indexed in red.

3 Results and Discussion

3.1 Synthesis and X-ray diffraction

The powder X-ray diffraction data of the A2NalOs periodate double perovskites synthesised
by solid state reaction at 650 °C are presented in Figure 1. Analysis of these data followed
the methodology recommended by Howard et al. 24 for double perovskites and demonstrated
synthesis of near single phase compounds. EDX analysis of powder specimens afforded
elemental compositions consistent with the target stoichiometry: Baz.oss)Nao.9s(2)l0.95(5)Os,
Sr2.003)Nao.99(3)l1.02(3)0s, and Caz.1(1)Na1.003)l1.1(1)Os (note overlap of | La with Ba La and Ca
Ka emission lines afforded greater uncertainty in determination of these elements; oxygen
stoichiometry was assumed given the poor precision for EDX determination). All compounds
presented as creamy white powders.

The XRD pattern of BazNalOs was first indexed on the basis of a doubled perovskite unit cell
(a=8A), in space group Fm-3m. In this analysis, reflections of the type (eee) represent the
fundamental reflections of the ideal cubic aristotype ABOs structure, in space group Pm-3m
(where e or o denote h k | = even or odd, respectively). Rock salt ordering of cations on the
B-site gives rise to R-point reflections indexed as (000), which were clearly observed as a
result of the high contrast in X-ray scattering factors of Na and | (in the language of group
theory, this ordering corresponds to a symmetry breaking mode described by the irreducible
representation R*1). Anti-phase (-) tilting of B-site octahedra, i.e. rotation of the opposite
sense in successive layers, also makes a small contribution to the intensity of R-point
reflections (irreducible representation R+*4), but this is masked by the dominant contribution
of B-site ordering. Anti-phase octahedral tilting would necessarily further reduce the



symmetry to tetragonal (/4/m) or monoclinic (C2/m), resulting in obvious splitting of
fundamental reflections, which was not observed. No additional reflections could be indexed,
which implied an absence of in-phase octahedral tilting, although such reflections would be
expected to be relatively weak in X-ray diffraction, due to the relatively small scattering factor
of O. From this analysis, we deduce BazNalOeto be a rock-salt ordered double perovskite,
adopting space group Fm-3m with Glazer tilt system aa®a°.

Considering Caz2NalQOs, reflections indexed as (400) and (220) in the Fm-3m cell were
observed to be split and (with others) could be indexed on the basis of monoclinic symmetry
(respectively, (220) (004), in intensity ratio 2:1, and (020) (112) (11-2) (200) in intensity ratio
1:2:2:1). Further inspection identified both M-point reflections of the type (eoo) diagnostic of
in-phase (+) octahedral tilting (irreducible representation M*3), e.g. (013); and, R-point
reflections primarily a signature of B-site cation ordering, e.g. (111). Coupling of B-site cation
ordering and anti-phase octahedral tilting (R-point reflections) and in-phase octahedral tilting
(M-point reflections), is expected to afford additional X-point reflections, of the type (eeo),
which were also apparent, e.g. (021). From this analysis, we deduce Ca2NalOes to be a
double rock-salt order perovskite phase, adopting space group P21/n with Glazer tilt system
a a ct. This systematic analysis validates the previous assignment of space group P2i/c
(a*b™b”) which is the standard setting of P2i/n; the latter is preferred in the perovskite
literature, since it approximates an orthogonal cell with 8 =90 °.

The XRD data of Sr2NalOs also presented reflection profiles and splitting of fundamental
reflections diagnostic of monoclinic symmetry. Additionally, R-point and X-point reflections
(e.g. (111) and (021), respectively) were evident, however, reflection overlap did not allow
unambiguous identification of the M-point reflections (e.g. (013)). Note, however, such
reflections are implicit, since the associated in-phase octahedral tilting, coupled with, rock
salt ordering and anti-phase octahedral tilting, affords significant intensity at the X-point
reflections, which are clearly observed. These observations are sufficient to deduce that
SraNalOs is rock-salt ordered double perovskite phase, isostructural with CazNalOe,
adopting space group P21/n with Glazer tilt system a“a c*; this systematic analysis validates
the previous assignment of the standard setting P21/c (a*b™b").

3.2 Structure Refinement

Rietveld analysis of neutron powder diffraction data utilised an initial double perovskite
model in Fm-3m or P21/n, according to prior analysis of X-ray powder diffraction data. Initial
inspection of data identified diagnostic R-, M- and X-point reflections, in agreement with
analysis of powder X-ray diffraction data. The background was fitted using a fifth order
shifted Chebyshev polynomial function, followed by systematic refinement of lattice,
structure and profile parameters. Rock-salt ordering of Na and | was initially assumed; in the
final stage of the refinement, the potential for anti-site disorder, was examined, but found to
be insignificant, by refinement under constraint of full site occupancy. Additional reflections
were observed in the data of CazNalOs, which could not be indexed in space group P21/n,
which were attributed to unidentified impurities.
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Figure 2: Structures of A2NalOs compounds modelled from neutron diffraction data. a) BazNalOs viewed

down [1 1 0], b) Sr2NalOs and c) Ca2NalOs viewed down [010]. Green spheres indicate respective alkali

earth cations (Ba, Sr or Ca), yellow octahedra indicate sodium cations, purple octahedra indicate iodine
cations and red spheres indicate oxygen anions.

Table 1: Ba2NalOs structural parameters determined from Rietveld refinement of neutron diffraction data.

Space group: Fm-3mZ=4 a=8.3335(2) A V=578.731(4) A3

Formula weight: 520.542 u

Atom Site X y z Uisox 100 (A2)

Ba 8c 0.25 0.25 0.25 0.497(8)

I 4a 0 0 0 0.14(1)

Na 4b 0.5 0.5 0.5 1.27(3)

01 24e 0.22420(3) 0 0 0.937(6)

Powder statistics: X2 = 3.966 Rwp = 3.02% Rp=4.18%
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Figure 3: Rietveld refinement fit (red line) of powder neutron diffraction data (black dots) for BazNalOe. Purple
tick marks indicate allowed reflections in Fm-3m space group. Blue line indicates difference profile.



3.2.1 Structure refinement of Ba2NalOs

Structure refinement converged rapidly to a satisfactory fit with x? = 2.49, Ryp= 2.40%, R,
= 4.05%, for 17 variables including 6 structural parameters. The final structural parameters
are summarised in Table 1, a schematic representation of the crystal structure is shown in
Figure 2, and the profile fit is shown in Figure 3. The determined key bond lengths and bond
valence sums are summarised in Table 2.

The crystal structure of Ba2NalOs was thus determined to adopt cubic Fm-3m symmetry
(tilt system a°a’a). Ba is 12-fold co-ordinated by oxygen at the centre of the cuboctahedral
cavity defined by eight corner-sharing BOs octahedra, occupied alternately by Na and I. The
Na and | cations are fully ordered in a rock salt arrangement on the B site, as expected from
the large difference in charge and ionic radius which affords a substantial contribution to the
total Madelung energy, as shown by Rosenstein and Schor (i.e. the electrostatic contribution
to the lattice energy) #2. The compound is thus isostructural with Ba2NaBOs double
perovskites, with identical charge difference of six units between B and B cations (B = Re,
Os) 4344,

The Goldschmidt tolerance factor 45, t, provides a metric by which to assess bond length
mismatch and potential for structural distortion, with respect to the cubic aristotype structure.
For double perovskites, tis expressed as:

s A+ To
- V2(rp+r0) (1)
where ra, ra, and rodenote the oxidation state and co-ordination specific (mean) ionic radii
determined by Shannon and Prewitt 46 of the A and B cations and O anions. The tolerance
factor, t = 0.98, within the stability field of 0.98 <t < 1.01 typically observed for adoption of
the undistorted Fm-3m structure 4. Bond valence sums are commensurate with the
expected valence of each of the cations and the global instability index Gy = 0.06 v.u,
indicating a stable structure 32.



Table 2: Bond lengths and calculated bond valence sums for A2NalOs perovskites.

Ba2NalOs Sr2NalOs Ca2NalOs
Bond Length (A) BVS Bond Length (A) BVS Bond Length (A) BVS
Ba-O1 (x12)  2.95420(2) 1.97 Sr-01 3.186(2) 1.89 Ca-Oft 3.617(2) 1.95
Sr-O1 2.658(2) Ca-Ot 2.375(2)
Sr-O1 2.550(3) Ca-O1 2.340(3)
Sr-01 3.248(3) Ca-Ot 3.364(3)
Sr-02 2.571(4) Ca-02 2.381(3)
Sr-02 2.790(3) Ca-02 2.683(3)
Sr-02 2.875(3) Ca-02 2.725(3)
Sr-02 3.366(4) Ca-02 3.654(2)
Sr-03 2.819(3) Ca-03 2.574(2)
Sr-03 2.556(4) Ca-03 2.366(2)
Sr-03 3.398(3) Ca-03 3.671(3)
Sr-03 2.846(3) Ca-03 2.961(3)
I-O1 (x6) 1.8684(3)  7.09 | 1-O1(x2) 1.863(2) 7.08 I-O1 (x2) 1.861(2) 712
-02 (x2) 1.870(2) 1-02 (x2) 1.865(2)
-03 (x2) 1.874(2) I-O3 (x2) 1.874(2)
Na-O1 (x6)  2.2984(3) 1.07 [Na-O1 (x2) 2.281(2) 1.12 Na-O1 (x2) 2.341(2) 0.98
Na-02 (x2) 2.275(2) Na-02 (x2) 2.297(2)
Na-03 (x2) 2.286(2) Na-03 (x2) 2.368(2)

3.2.2 Structure refinement of SroNalOs

Structure refinement converged rapidly to an excellent fit with x? = 2.26, Rup = 2.55%, Rp=
3.05%, for 36 variables including 22 structural parameters. The final structural parameters
are summarised in Table 3, the profile fit is shown in Figure 4, and a schematic
representation of the crystal structure is shown in Figure 2. The determined key bond lengths
and bond valence sums are summarised in Table 2. The crystal structure of Sra2NalOs was
thus determined to adopt monoclinic P21/n symmetry (tilt system a“a ct*), with cooperative
anti-phase and in-phase tilting of slightly distorted BOs octahedra, occupied alternately by
Na and | in a fully ordered in a rock salt arrangement. Consequently, Sr adopts a distorted
12-fold co-ordination environment with 8 short and 4 long Sr-O bonds. As indicated by the
Glazer tilt system, the NaOs and 106 octahedra show an in-phase tile and an anti-phase tilt.
These were calculated using the mode decomposition formulism demonstrated for similar
elpasolite structures, yielding an in-phase tilt of 7.8 ° about [001] and an anti-phase tilt of
10.9 ° about [110] #8. Sr2NalOs is thus isostructural with the double perovskite Sr=NaReOs,
although the Re counterpart exhibited considerable disorder of the oxygen sublattice which
was not observed here 4. The tolerance factor of SraNalOs, t = 0.92 is outside the stability



Table 3: Sr2NalOs structural parameters determined from Rietveld refinement of neutron diffraction data.

Space group: P2i/n  a=5.7591 (2) A b=57673(1)A c=8.1341(2)A B =89.934(3)° V=270.172(4) A
Z=2

Formula weight: 421.128 u

Atom Site x y z Uisox 100 (A2)

Na 2a 0 0 0 1.08(4)

| 2b 0 0 0.5 0.24(1)
Sr 4e 0.0057(3) 0.5287(2) 0.2499(3) 0.83(1)
o1 4e -0.0665(4) -0.0177(3) 0.2762(2) 0.72(2)
02 4e 0.2433(4) 0.3071(4) 0.0331(3) 1.12(3)
03 4e 0.3124(4) 0.7608(4) 0.0355(3) 1.24(3)

Powder statistics: X2 =2.561 Rwp = 2.26% Ry = 3.05%
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Figure 4: Rietveld refinement fit (red line) of powder neutron diffraction data (black dots) for SraNalOe. Purple
tick marks indicate allowed reflections in P2i/n space group. Blue line indicates difference profile.

field of 0.98 <t < 1.01 typically observed for adoption of the undistorted Fm-3m structure 47,
but within the range observed for isostructural P21/n perovskites 0.83 <t < 0.98 4’. The Sr
cation is evidently too small for the 12 coordinate cuboctahedral site, resulting in cooperative
octahedral tilting as a result of bond length mismatch. Bond valence sums show the Sr cation
to be under bonded, which is presumably a consequence of maintaining adequate Na-O and
[-O bond lengths, whilst minimising bond length mismatch. This is compensated by
significant overbonding of the Na ion, although | ions remain within the acceptable tolerance
of + 5% around the expected valence. The calculated global instability index arising from the



Table 4: Caz=NalOs structural parameters determined from Rietveld refinement of neutron diffraction data.

Space group: P21/n  a=55365(1)A b=57845(1)A ¢c=7.93522) A §=90.834(2)° V=254.103(8) A3
Z=2

Formula weight: 326.044 u

Atom Site X y z Uisox 100 (A2)
Na 2a 0 0 0 0.62(5)
| 2b 0 0 0.5 0.041(9)
Ca 4e 0.0160(3) 0.5575(3) 0.2447(3) 0.68(3)
o1 4e -0.1108(3) -0.0537(3) 0.2809(2) 0.64(2)
02 4e 0.2243(3) 0.3266(3) 0.0453(2) 0.79(2)
03 4e 0.3381(3) 0.7666(3) 0.0705(2) 0.71(2)
Powder statistics: x2=3.381 Rwp=2.53% Rp=4.27%
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Figure 5: Rietveld refinement fit (red line) of powder neutron diffraction data (black dots) for CazNalOs. Purple
tick marks indicate allowed reflections in P2i/n space group. Blue line indicates difference profile.

BVS is Gy = 0.09 which is approaching the steric strain region 0.1 < Gy < 0.2 v.u., however
still indicates a stable structure 3.

3.2.3 Structure refinement of Ca2NalOs

Structure refinement converged rapidly to an excellent fit with x?> = 3.38, Rup = 2.53%, Ry =
4.27%, for 34 variables including 22 structural parameters. The final structural parameters
are summarised in Table 4, the profile fit is shown in Figure 5, and a schematic
representation of the crystal structure is shown in Figure 2. The determined key bond lengths
and bond valence sums are summarised in Table 2.



The crystal structure of Ca2NalOs was determined to be isostructural with SraNalOs
adopting monoclinic P21/n symmetry (tilt system a ac*). The Ca site adopts a similarly
distorted 12-fold co-ordination environment with 8 short and 4 long Ca-O bonds, arising from
cooperative anti- phase and in-phase tilting of slightly distorted BOe octahedra. Na and |
adopt a fully ordered rock salt arrangement in the B sites; the NaOs and 10s octahedra show
an in-phase tilt angle of 11.7 ° about [001] and an anti-phase tilt angle of 17.8 ° about [110]
48, The greater extent of octahedra tilting in comparison to Sr2NalOs arising due to the greater
mismatch of B site cation sizes. The tolerance factor of CazNalOs, t = 0.89, is within the
range 0.83 < t < 0.98 observed for isostructural P21/n perovskites. The low tolerance factor
of CazNalOs implies considerable bond length mismatch and hence structural strain, since
the Ca cation is too small for the 12 coordinate cuboctahedral site, resulting in cooperative
octahedral tilting. Bond valence sums show the Ca cation to be slightly under bonded, which
is presumably a consequence of maintaining adequate Na-O and I-O bond lengths. The
global instability index is Gy = 0.07 v.u. indicating a stable and well determined structure 33.

3.3 DFT studies

Total energy curves of each periodate double perovskite structure are provided in Figure
6, for model structures crystallizing in the cubic Fm-3m and monoclinic P21/n space groups.
For both CazNalOs and SraNalOs, the monoclinic phase was determined to be energetically
favourable compared to the cubic phase, in agreement with diffraction and Raman
spectroscopy data. The cubic and monoclinic structures of SraNalOs resulted in a relatively
small difference in energetics, compared to CazNalOes. The cubic phase is slightly less
energetically favourable by 0.3 eV/f.u. in SraNalOs and 1.4 eV/f.u. in CazNalOs. For
Baz2NalOs, the monoclinic P21/n and cubic Fm-3m structures were determined energetically
degenerate. This suggests that a mixture of phases could coexist at room temperature, or
the presence of an incipient phase transition. Analysis of neutron diffraction data did not
identify reflection asymmetry, weak supercell reflections or unusual thermal parameters
characteristic of a lower symmetry structure. Likewise, analysis of the Raman spectrum
Baz2NalOs was consistent with Fm-3m symmetry. Future work will examine the possibility of
a Fm-3mto P21/n phase transition in Ba2NalOs at low temperature.

The formation energies of Ca2NalOs, (P21/n), SraNalOs (P21/n), and BazNalOs (Fm-3m)
were calculated using equations (2) and (3):

2M(OH)2 + NalOs — M:2NalOes + 2H20 (2)
Ei= [E(M2NalOs) + E(2H20)] - [E(2M(OH)z2) + E(NalOs)] (3)

The former describes the synthesis of the periodate double perovskites as applied in this
study (where M = Ca, Sr, or Ba), while the latter is the formation energy (Ej) for that reaction.
The calculated formation energies of Caz2NalOs (P21/n), Sr2NalOs (P21/n), and BazNalOs
(Fm-3m) were 5.518, 5.060 and 4.157 eV/f.u. respectively. Ba2NalOs has the lowest
formation energy, followed by SraNalOs and CazNalOs. A similar trend can be seen in the
total energy difference between the cubic Fm-3m and monoclinic P21/n phases, which is the
largest in CazNalOe, followed by SraNalOes and the smallest in Ba2NalOe.
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Figure 6: Total energy curves of (a) Ca2NalOs, (b) Sr2NalOs, and (c) BazNalOes as functions of volume per
formula unit (f.u.) calculated at the GGA/PBE level of theory for structures crystallizing in the cubic Fm-3m
(solid black curves) and monoclinic P21/n (dashed red curves) space groups.

Table 5: Calculated lattice parameters and unit cell volumes of Ca2NalOs, Sr2NalOs, and Ba2NalOe.
Experimental data from this study are also reported for comparison.

Ba:NalOs Ba:NalOs Sr2NalOs Ca2NalOe

Space group Fm-3m, Z=4 P21/n, Z=2 P21/n, Z=2 P21/n, Z=2
DFT Exp DFT Exp DFT Exp DFT Exp
a(A) 8.444 8.3335 8.445 - 5.836 5.7591 5.575 5.5365
b (A) - - 5.971 - 5.949 5.7673 5.844 5.7845
c(A) - - 5.973 - 8.259 8.1341 8.046 7.9352
B(°) 90 90 89.97 - 90.06 89.93 91.03 90.83
V (A3) 602.090 578.731 301.358 - 286.708 270.172 261.752 254.103




The calculated lattice parameters of Ca2NalOs (P21/n), SraNalOs (P21/n), and Ba2NalOs
(Fm-3m) are in excellent agreement with the experimentally determined values, as
summarized in Table 5, with optimised structures also presented in Figure S1. Accordingly,
the simulated XRD patterns from the DFT optimised structures, shown in Figure S2, match
the experimentally determined patterns. The monoclinic P21/n and cubic Fm-3m structures
for Ba2NalOs exhibit nearly identical XRD patterns; the converged atomic positions in the
former structure are not significantly different from those in the latter.

Computed bond lengths and atomic positions are given in Tables S2 and S3 respectively
and show a good agreement with the experimentally derived values, across all three
compositions. For CazNalOs, bond lengths of Ca-OX, [-OX and Na-OX (X =1,2,3) are
overestimated by 0.006 to 0.060 A, the slight overestimation characteristic of the use of GGA
functionals. The calculated bond lengths of SraNalOs are in very close agreement with the
experimental measurements, with differences typically smaller than 0.001 A. For example,
the calculated bond lengths for Sr-O1 are 2.553, 2.658, 3.186, and 3.248 A in excellent
agreement with the experimentally derived values of 2.550, 3.248, 3.186, 3.248 A,
respectively.

The atomic positions in the Ba2NalOs Fm-3m phase (Table S3) are essentially identical to
the experimentally determined Rietveld refinement data, with a small difference of 0.002 A
for the x position of O1. The lattice constants are overestimated by about 0.1 A. The bond
lengths reported for the crystal appear to be in good agreement with the experimental
results, albeit slightly overestimated for the Ba-O1 and I-O1 bonds. Na-O1 share similar
values between the DFT and experimental values due to the effective DFT representation
of the highly electropositive sodium core and its interaction with electronegative oxygens.
Since no experimental data for the hypothetical P21/n BazNalOs crystal are available, only
the DFT bond lengths are reported in Table S3. The Ba-OX bond lengths in the P21/n phase
are predicted to differ by up to 0.01 A. The bond lengths of I-OX in both phases are nearly
identical, yet there is a relatively small difference of 0.008 A between the Na-OX bonds.

3.4 Raman spectra

Raman spectra were simulated using DFPT linear response calculations to obtain

vibrational frequencies. These were assumed to have a natural line broadening of
Lorentzian shape with FWHM of 5 cm™'. These data were combined with experimental
measurements in Figure 7, with Raman active frequencies and mode assignments given in
Table 6. The modelled and experimental data are self-consistent within systematic
calibration error and are consistent with those spectra previously reported 2.

With N = 20 atoms (Z = 2) per monoclinic P21/n cell, CazNalOs and SraNalOs possess 3N
= 60 degrees of freedom. Among these modes of vibration of the Czx point group *° there
are three acoustic modes: I acoustic(3)= Au+ 2By, which corresponds to zero-frequency modes
of translation at the IN-point, i.e., one longitudinal acoustic mode associated with the Ay
irreducible representation (irrep) and two transverse acoustic modes with By irrep. The
remaining 57 optical modes can be represented as IMoptical(57)= 12Ag+ 17Au+ 12B4+ 16B,,
where vibrational modes belonging to the Ay, Ay, By, and By irreps are non-degenerate.
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Figure 7: Raman spectra of (a) CazNalOs (P21/n), (b) SraNalOs (P21/n), and (c) BazNalOs (Fm-3m) simulated
from DFPT at the GGA/PBE level (blue), with experimental measurement (black). Natural line broadening
was simulated from DFPT eigenfrequencies using a Lorentzian lineshape function with a full width at half

maximum (FWHM) of 5 cm™ (red). Insets show detail of low frequency regions for CazNalOs and Sr2NalOs.

According to selection rules for the Czx point group, only the 24 optical modes belonging to
the gerade (g) irreps, i.e., 12Ag + 12By, are Raman active, while all 33 optical modes
belonging to the ungerade (u) irreps, i.e., 17A,+ 16B,, are infrared (IR) active. However,
coupling of the Ay and By modes typically occurs in P21/n perovskite, thus significantly
reducing the number of bands observed in Raman spectra. The 24 Raman-active modes
can be decomposed as:

[ = 6T(3Ag+ 3By) + 6L(3Ag+ 3By) + 6Vs(3Ag+ 3By) + 4va(2Ag+ 2By) + 2vi(Ag+ By),

where low-intensity translational (T) lattice vibrational modes of Ca/Sr (4e sites) are usually
observed in the region 80-240 cm™, low-intensity libration (L) lattice modes of Ca/Sr and
internal oxygen bending modes (vs) of 10s octahedra appear in the ranges 100-280 cm™'and
390-480 cm™', respectively, and broad low-intensity asymmetric oxygen stretches (v2) and
intense symmetric oxygen stretches (v1) of |0s octahedra are present in the regions 600-680
cm™"and 680-950 cm™, respectively.

The cubic Fm-3m unit cell of BazNalOes is composed of 40 atoms (Z = 4), resulting in 120 in
degrees of freedom. The vibration analysis was carried out using the corresponding 10-atom
primitive cell (Z = 1). In the Op point group *° the acoustic modes, I acoustic (3)= 3 T4, belong
the triply-degenerate Ti,irrep, while the remaining 27 optical modes can be represented as
[ optical (27)= Atg+ Eg+ Tou+ 2T2g+ 4T1u+ T1g, Where vibrational modes of the A1y, Egand T
irreps are non-degenerate, doubly- and triply-degenerate, respectively. Among optical
modes, 12 modes belonging to the Ti,irrep are IR active. The 9 Raman-active modes
belong to the I' = A1g+ Eg+ 2 T2girreps, which can be decomposed alternatively



Table 6: Raman-active frequencies (in cm™') and mode assignment of Ca2NalOs and Sr2NalOs (P21/n) and
Ba2NalOs (Fm-3m) simulated from DFPT at the GGA/PBE level, along with Raman band centres measured

in this study.
CazNalOe Sr2NalOe Baz2NalOs
Assign. DFPT Exp DFPT Exp DFPT | Exp
V1 689.7 717 698.9 722 699.2 | 713
V1 689.4 695.7
V2 657.3 650 677.5 647 608.2 | 633
1) 623.3 620.3
) 616.5 617.6
V2 603.0 612.7
Vs 473.8 472 454.6 452 406.2 | 425
Vs 460.1 437 436.5
Vs 457.7 433.8
Vs 442.6 429.5
Vs 426.7 415.9
Vs 415.0 398.3
L 276.7 246 2134 175 108.1 107
L 274.9 216 170.5 152
L 256.9 164.1
L 245.2 158.0
L 222.0 143.8
L 211.9 133.8
T 190.8 177 230.1 175
T 181.9 143 1241 152
T 177.4 B 123.4 120
T 138.9 108.2
T 114.4 93.9
T 114.2 88.9

as: [ = L(Tzg) + vs(T2g) + v2(Eg) + vi(A1g), Where vs, v2, and vi1 have similar meaning as in the
P21/n case, while L corresponds here to libration lattice modes of |0s octahedra. For
perovskites crystallizing in the Fm-3m space group, libration lattice modes L of IOs octahedra
typically appear in the 100-300 cm™' range, the vs mode from the oxygen bending motion in
octahedra occurs in the 300-450 cm™' range, and the strong v1 oxygen symmetric stretch in
octahedra is usually seen in the region 650-900 cm™'. The v2 asymmetric oxygen stretch
band at slightly lower frequency is either very weak or even non-existent in high-symmetry
Fm-3m perovskites and appears as a much narrower peak compared to P21/n perovskites.
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Figure 8: High temperature data for Ba2NalOe. a) TG-MS measurement with normalised m/z channels. b)
HT-PXRD data for ramp to 1000 °C and subsequent cool. Tickmarks indicate allowed reflections.

3.5 High temperature behaviour

The high temperature behaviour of the periodate double perovskites was investigated by
in situ high temperature X-ray powder diffraction (HT-PXRD) and thermogravimetric analysis
(TGA-MS) coupled with mass spectroscopy.

TGA-MS analysis of Ba2NalOs (Figure 8) revealed this compound to remain stable up to a
remarkably high temperature of 1050 °C, above which a sharp weight loss was observed.
This was accompanied by a signal at m/z = 127 and 254 (attributed to I* and I2*,
respectively), and a weaker signals at m/z =16 and 143 (attributed to O2* and 10*). The final
weight loss was determined to be 39.77 wt%, in good agreement with the expected weight
loss of 41.1 wt% for the following decomposition reaction:

Ba>NalOs(s) = 2BaO(s) + Nal(g) + 202(g) (4)

The sample was recovered from the TGA-MS analysis and confirmed to comprise BaO by
XRD. Additionally, the material was characterised by SEM-EDX analysis (Figure S3) which
evidenced the complete loss of Nal from the material, according to the absence of Na Ka
and | La emission, consistent with the above decomposition reaction and XRD analysis. An
additional strong signal arising from Al Ka emission was also evident, attributed to reaction
between BaO and the Al20s crucible used for the measurement. Additionally, SEM images
showed clear evidence for growth in particle size and development of faceting for the
residual BaO which may be a result of a fluxing effect of Nal assisting diffusion (and reaction
with the Al2Os crucible). No MS signal was apparent at expected m/z =23 or 150, attributable
to Na or Nal, respectively, below or above 1050 °C. The melting point of Nal is 661 °C %°,
and, therefore, it undoubtedly plated out in the gas transfer line between TGA and MS, which
was maintained at 500 °C. The decomposition temperature of BazNalOs is higher than that
reported for any periodate or metaperiodate reported in the most comprehensive tabulation
available 5'; hitherto the compound reported to have the highest thermal stability was
Bas(l10s)2, which decomposes above 950 °C.
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Figure 9: High temperature data for SraNalOs. a) TG-MS measurement with normalised m/z channels. b) HT-
PXRD data for ramp to 900 °C and subsequent cool. Black tickmarks indicate allowed reflections for
SraNalOes, red tickmarks indicate the onset of allowed reflections for SrO.

The high temperature behaviour of BazNalOe was also investigated by in situ HT-PXRD, but
limited to a temperature of 1000 °C, as shown in Figure 8. The HT-PXRD data could be
indexed fully on the Fm-3m structure of BazNalOs, up to 1000 °C, and on subsequent cooling
to 50 °C, demonstrating the thermal stability of the compound within this temperature
window, consistent with TG-MS data. In particular, the R-point reflections, diagnostic of rock
salt ordering of Na and | on the B-site, remained clearly observable throughout. Thus, no
order — disorder transition involving Na and | cations on the B-site is apparent up to 1000
°C.

TGA-MS analysis of SraNalOe (Figure 9) revealed this compound to remain stable up to
950 °C, accompanied by strong MS signals at m/z = 127 and 254 and weaker signals for
m/z =16 and 143, as observed for the Ba counterpart. The final weight loss was determined
to be 46.8 wi%, in good agreement with the expected weight loss of 50.79 wt% for the
following decomposition reaction:

Sr2NalOe(s) = 25rOs) + Nalig) + 202(g) (5)

The material recovered from TGA-MS analysis was characterised by SEM-EDX analysis
(Figure S4) which showed the complete loss of Nal, and XRD analysis revealed the product
to be SrO, in agreement with the above mechanism. SEM imaging showed evidence for
some growth in particle size and development of faceting for the residual SrO, though to
less extent than observed in the case of BazNalOe, likely due to reduced kinetics of diffusion
at the lower temperature at which Nal is evolved.

Further investigation of the high temperature behaviour of SraNalOs was made by in situ
HT-PXRD, up to 900 °C, as shown in Figure 9. The HT-PXRD data could be indexed
throughout with the P21/n SraNalOe structure, with a secondary phase of SrO at 900 °C
evident. R-point reflections indicative of rock-salt ordering on the B-site coupled with anti-
phase octahedral tilting (e.g. (111)) and X-point reflections (e.g. (021)) arising from the
coupling of the aforementioned R- and implied M-point reflections were observed only in the
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Figure 10: High temperature data for CazNalOe. a) TG-MS measurement with normalised m/z channels. b)
HT-PXRD data for ramp to 750 °C and subsequent cool. Black tickmarks indicate allowed reflections for
CazNalOe, red tickmarks indicate the onset of allowed reflections for CaO.

room temperature and 50 °C data sets, prior to and after the heating regimen. Therefore, a
reversible phase transition, involving relaxation of the coupled octahedral tilts, may occur
between room temperature and 825 °C, though this must be understood as a tentative
interpretation, given the weak nature of such reflections, and further investigation is
warranted.

Finally, TGA-MS analysis of CazNalOe (Figure 10) revealed this compound to remain stable
up to 730 °C, accompanied by an MS signals at m/z = 127 and 254, as observed for the Ba
and Sr counterparts. Unlike Ba and Sr, a stronger signal corresponding to m/z = 16 is seen
and is not coupled to m/z = 143, which is not apparent in these data. The final weight loss
obtained at 730 °C was determined to be 21.79 wt%, however phase analysis of the post
TGA product revealed this to be a mixture of majority CaO and residual CazNalOs and thus
represents only a partial decomposition at 730 °C. Expected weight loss is 65.6 wt% for the
following overall decomposition reaction:

CazNalOg(s) = 2CaOys) + Nalg) + 202(g) (6)

The material recovered from TGA-MS analysis after ramping to 750 °C was characterised
by SEM-EDX analysis (Figure S5) which showed the complete loss of | but some retention
of Na, and XRD analysis revealed the product to be CaO together with an unidentified
impurity phase. SEM imaging showed evidence for some evidence for sintering of the
residual material, but not the growth in particle size and development of faceting observed
in the case of BazNalOs and SraNalOs. These data suggest that thermal decomposition of
Caz=NalOs proceeds via a different mechanism, compared to the Ba and Sr counterparts,
involving the sequential loss of Oz2and | followed by volatilisation of Na20.

The trend of thermal stability for the A2NalOs compounds is compared to the trend in
formation energy Erin Figure 11. Ba2NalOe is the most thermally stable when heated in air,
showing the onset of decomposition at 1050 C, followed by SraNalOe at 950 C and CazNalOs
at 730 C. As expected, this is inversely correlated to the formation energies previously
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discussed, which established BazNalOs to have the lowest formation energy at 4.517 eV/f.u.,
followed by SraNalOs at 5.060 eV/f.u. and Caz2NalO at 5.518 eV/f.u. The formation energy
indicates the thermodynamic favourability of the compound synthesis. A compound where
the Eris a comparatively large and positive value swings the thermodynamic favour towards
its reagents and thus requires less energy input to initiate its decomposition. This can be
further related to the determined structures of the compounds via the tolerance factor.
Baz2NalOs with a tolerance factor of 0.98 was shown to be an undistorted cubic Fm-3m
symmetry while the lower tolerance factors of the P21/n compounds indicate bond length
mismatch and distortions making them less impervious to thermal stresses.

4 Conclusions

The A2NalOs (A= Ba, Sr, Ca) double perovskites structures were determined from a
combination of powder neutron and X-ray diffraction data, Raman spectroscopy and DFT
calculations. These perovskites are characterised by rock-salt ordering of | and Na on the
B-site; Ba2NalOs adopts the Fm-3m aristotype structure without co-operative octahedral
tilting, whereas SraNalOs and CazNalOes adopt the P2i/n hettotype with cooperative anti-
phase and in-phase octahedral tilting consistent with expectations of group theory. DFT
calculations, established the P21/n structure to be energetically favourable, compared to Fm-
3m, for Ca2NalOs and SroNalOs, consistent with experimental data. In contrast, DFT
calculations determined the P2:/n and Fm-3m structures of BazNalOs to be energetically
degenerate, whereas diffraction and Raman spectroscopy data establish the structure to be



cubic at room temperature. This may point to an incipient low temperature phase transition
in BazNalOe involving the onset of co-operative octahedral tilting.

Ba2NalOs was found to exhibit remarkable thermal stability, decomposing only above 1050
°C (in air), and, as far as we are able to ascertain this compound exhibits the highest thermal
stability of any iodine bearing substance so far documented. The decomposition
temperatures of the A2NalOs perovskites follow the trend of formation energy determined
from DFT, A = Ba > Sr > Ca, with SraNalOs decomposing above 950 °C and Ca2NalOs above
730 °C (in air). Ba2NalOs and Sr2NalOs thermal decompose by evaporation of Nal, whereas
thermal decomposition of CazNalOe proceeds by loss of Oz and Iz, followed by evaporation
of Naz0.

With regard to application of A2NalOs perovskites as an immobilisation matrix for
radioiodine, this investigation has demonstrated considerable potential. These compounds
offer an iodine incorporation rate of 25 — 40 wt%, comparable with that demonstrated for the
most efficient iodide waste form counterparts. The synthesis of A2NalOs phases is achieved
in quantitative yield, by reaction between A(OH)2-nH20 and NalOs4, in one step at relatively
low temperature of 650 °C. This approach is compatible with conventional caustic and other
advanced scrubbing processes for fuel dissolver off-gas which afford radioiodine speciated
as iodate, which can easily be converted to NalO4. Thermal stability in the context of fire
scenarios, is one criterion of interest for selection of a waste immobilisation matrix and, in
this regard, Ba2NalOes surpasses the performance of alternate ceramic options. Future work
will investigate the potential for forming sintered ceramic bodies of the periodate perovskites
to facilitate examination of their dissolution behaviour.
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The crystal structure of the periodate double perovskites A2NalOs (A= Ba, Sr, Ca) is
investigated by combining X-ray and neutron diffraction, with careful examination deriving
the assigned space group ab initio along with structure refinement and octahedral tilt
calculation. These findings are corroborated with independent DFT analyses. Thermal
stabilities of the compounds are investigated, with Ba2NalOs showing remarkable stability.



