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Introduction

The influence of cation ordering, oxygen vacancy
distribution and proton siting on observed
properties in ceramic electrolytes: the case of
scandium substituted barium titanatey

Nico Torino,*® Paul F. Henry, @ *12P Christopher S. Knee,§? Tor Svendsen Bjgrheim,®
Seikh M. H. Rahman, &2 Emma Suard,® Carlotta Giacobbe® and Sten G. Eriksson?

The origin of the 2-order of magnitude difference in the proton conductivity of the hydrated forms of
hexagonal and cubic oxygen deficient BaSc,Ti;_,Oz_s (x = 0.2 and x = 0.7) was probed using a combi-
nation of neutron diffraction and density functional theory techniques to support published X-ray diffrac-
tion, conductivity, thermogravimetric and differential scanning calorimetry studies. Cation ordering is
found in the 6H structure type (space group P63/mmc) adopted by BaScg »Tig gO3_s with scandium pre-
ferentially substituting in the vertex sharing octahedra (2a crystallographic site) and avoiding the face-
sharing octahedra (4f site). This is coupled with oxygen vacancy ordering in the central plane of the face-
sharing octahedra (O1 site). In BaScq ;Tips03_s a simple cubic perovskite (space group Pm3m) best rep-
resents the average structure from Rietveld analysis with no evidence of either cation ordering or oxygen
vacancy ordering. Significant diffuse scattering is observed, indicative of local order. Hydration in both cases
leads to complete filling of the available oxygen vacancies and permits definition of the proton sites. We
suggest that the more localised nature of the proton sites in the 6H structure is responsible for the signifi-
cantly lower proton conduction observed in the literature. Within the 6H structure type final model, proton
diffusion requires a 3-step process via higher energy proton sites that are unoccupied at room temperature
and is also likely to be anisotropic whereas the highly disordered cubic perovskite proton position allows
3-dimensional diffusion by well-described modes. Finally, we propose how this knowledge can be used to
further materials design for ceramic electrolytes for proton conducting fuel cells.

materials in energy related applications, sensors and
membranes.>” One active research area is proton conducting

The field of Protonics, a term conceived by Iwahara' to
describe the study of solid-state proton conductors, has
increasingly attracted attention in the last few decades. This is
due mainly to the rich potential of proton conducting
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- solid oxide fuel cells (PC-SOFC), which feature a proton-con-
ducting ceramic electrolyte rather than the oxygen ion con-
ducting ceramic electrolyte found in standard SOFC fuel cells.
The lower activation energy for proton migration (0.4-0.6 eV)°
compared with oxide ion migration (0.5-1.7 €V)’ potentially
allows reduction of the operating temperatures to the inter-
mediate temperature range (400-600 °C), while retaining high
ionic conductivity (>107* S em™),® thus making fuel cells
more affordable and practical.

Proton migration is the result of the incorporation of water
into oxygen vacancies, generated by acceptor-doping the host
ceramic material, which can be expressed in the Kroger-Vink
notation using the equilibrium:

H,0(g) + vg + Of = 20H (1)

Protons are therefore introduced as point defects that
become mobile as the temperature is increased, via the trans-
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port phenomenon known as the Grotthuf mechanism.’ Many
classes of ceramic materials dissolve protons as point defects,
e.g. zirconium'®'" and tin-based pyrochlore systems,'*"* and
rare-earth tungstates'®'®> and niobates.'® However, the largest
material class, containing the most successful systems, is cur-
rently acceptor doped perovskite-type oxides. In particular
systems based on BaCeO; and BaZrOj; are currently considered
the most promising electrolytes.'”'® The highest bulk protonic
conductivity is shown by Y-doped BaZrO;,'® and advances in
the fabrication processes have targeted reducing the proble-
matic grain boundary resistance of this system.**>* The
hydration/dehydration process described by reaction (1) is
usually associated with a significant expansion or contraction
of the crystal lattice*® detrimental to the mechanical stability
of any device. There remain significant drawbacks limiting the
potential use of such materials including the high level of
grain boundary resistance, the high temperatures required for
sintering to form dense ceramics and poor thermodynamic
stability under operating conditions. Addition of small
amounts of sintering additives**** or further complex substi-
tutions with elements with more acidic properties (such as
indium and niobium)***” are among the methods attempted
to address the issues.

BaTiO;, a well-known ferroelectric perovskite, and related
derivative systems have also received recent attention. Phases
such as the perovskite-like Ba,(In;_ Ti,),0s.,>*7° and the
BaTi;_Sc,05_y > 12 systems show significant levels of proton
conduction. The mixed, In/Ti, B-site system displays a phase
transition from the brownmillerite crystal structure to a B-site
disordered cubic perovskite at x > 0.15, and presents an inter-
esting case in point as to how the regularity of the oxide ion
framework plays an important role in proton mobility. The
series shows a maximum in proton conductivity for the com-
position with x = 0.2, where ¢ = 1.1 x 107> S em™" at 450 °C,
under wet nitrogen.** For the x = 0.5 composition, the conduc-
tivity is at least one order of magnitude lower in the same
temperature range and wet atmosphere.** Reverse Monte Carlo
analysis of neutron diffraction data of hydrated
BaTi, sIn, 50, 55 °° reveals that the oxide ion framework results
from a combination of regular InOs and distorted TiOg octa-
hedra, suggesting a negative impact on the proton mobility
from the presence of multiple, size mismatched metal environ-
ments. Scandium substitution should partly alleviate this size
mismatch, as Sc*" (0.74 A) is smaller than In*' (0.80 A) in a
hexa-coordinated environment.*® The BaTi;_,Sc,O3_,» system
forms the basis of our work to understand how structure influ-
ences proton mobility and develop strategies to optimise
doped systems.

Conductivity measurements on BaTigsScos0;.5°" give
superior results to the 50% indium-doped system under
similar conditions, close to unitary proton transference
number below 500 °C in inert atmosphere and significantly
higher total conductivity in oxygen atmosphere, indicating a
p-type electronic contribution. A compositional study on the
BaTi;_,Sc,0;_,/, system from Rahman et al.** presenting X-ray
diffraction, TGA, conductivity and SEM results revealed that
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increasing the scandium content drives a phase transform-
ation from a 6H hexagonal perovskite structure (0.1 < x < 0.2)
to a cubic perovskite (0.5 < x < 0.8) with an intermediate multi-
phasic region (0.3 < x < 0.5). The 6H hexagonal structure
matches that reported for oxygen deficient BaTiO;*” and the
cubic structure appears to be a simple perovskite. However,
the inherent drawbacks of X-ray diffraction cannot reveal infor-
mation about potential scandium/titanium ordering in each
structure-type nor insight into the distribution of oxygen
vacancies. Further, the compositionally driven structural tran-
sition was found to profoundly affect the proton mobility: the
highest proton conductivity of ~2 x 107> S cm™" is measured
for the cubic x = 0.7, while for the hexagonal x = 0.2 sample it
is lowered by two orders of magnitude in the same temperature
range. Subsequent thermodynamics studies on BaTi;_,Sc,O3_y/»
and BaTi;_,In,O3_,, revealed more favourable hydration
thermodynamics for the high x, cubic phases in scandium
doped materials when compared to their indium counter-
parts.*® In addition, the hexagonal, x = 0.2 sample, has the
most negative hydration enthalpy and is fully saturated to
higher temperatures than any of the cubic materials.

Our published results therefore indicate a different degree
of proton trapping and level/distribution of oxygen vacancies
in the hexagonal and cubic members of the series. This is a
strong argument for invoking specific ordering of scandium
and titanium and/or oxygen vacancies between the cubic and
6H perovskite structures that would account for the different
electrochemical performance. In this paper, we directly
address these issues using a combination of experimental
diffraction (X-ray powder and neutron powder) data and pre-
dictions based on density functional theory (DFT) calculations,
coupled to our previous results for representative compositions
of each structure type. Scandium and titanium have a very
large scattering length contrast for neutrons (bs. = 12.29 fm,
br; = —3.438 fm) and one of the other strengths of neutron
diffraction is the ability to probe oxygen and hydrogen posi-
tions in the presence of heavier elements. Neutron diffraction
is therefore the ideal probe to investigate proton sites and
cation ordering. Additional characterisation is by synchrotron
X-ray diffraction, where the high resolution is used to confirm
sample symmetry, and thermogravimetric analysis (TGA), to
provide an ex situ determination of the proton content in the
different compositions investigated. The results are then used
to understand the previously published observed electro-
chemical behaviour of BaTi;_,Sc,O3_y/5.

Experimental methods

Throughout the text the nominal compositions
BaTij gSCo203.5, and BaTig 5S¢, ;0355 will be referred to as
BTS20 and BTS70 respectively, while the suffixes H, D and VD
will be used to refer to the hydrated, hydrated with D,O and
vacuum-dried samples, respectively.

BTS20 and BTS70 were prepared by solid-state reaction,

using carbonate and oxides: BaCO; (Alfa Aesar, 99.8%), TiO,

This journal is © The Royal Society of Chemistry 2017
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(Sigma-Aldrich, 99.8%), Sc,0O; (Alfa Aesar, 99.9%). TiO, and
Sc,0; were annealed at 1000 °C overnight, then stored in a
drying oven at 150 °C, along with BaCOj3, prior to mixing. TGA
was used to assess constant mass before the syntheses.
Stoichiometric mixtures were prepared by manually grinding
the reactants in an agate mortar, with ethanol as suspending
agent to enhance homogenisation. The finely mixed powders
were fired at 1000 °C in a-alumina crucibles, then intensively
ground and pelletised. The same operations were repeated for
every following heating step. Samples were fired at 1200 °C for
12 h, at 1300 °C for 12 h, and at 1400 °C for 48 h with inter-
mediate grinding and pelletising. Final heat treatments for the
BTS20 and BTS70 were different due to the observed phase
purity. BTS20 was fired at 1410 °C for 78 h hours with a
further intermediate regrinding and pelletisation and BTS70
was fired at 1500 °C for 8 h. During the synthesis, loose
powder was used to cover the faces of the pellets in order to
prevent volatilisation of BaO and any unwanted reaction with
the crucibles. Post high-temperature annealing, the samples
were vacuum-dried in a furnace at 500 °C, inside a quartz tube
connected to a turbomolecular pump maintaining a pressure
of 107° mbar, overnight. Each composition was split into three
smaller batches, to undergo hydration, hydration with D,O, or
act as the reference, vacuum dried sample. Hydration was
carried out in a tube furnace through which nitrogen (Air
Liquide Alphagaz 1, containing 6 ppm of H,0) was passed,
after bubbling through a round bottom flask filled with dis-
tilled water, or heavy water, D,O (Sigma-Aldrich, 99.9%). The
temperature of the water was kept constant at 60 °C, providing
a p(H,O/D,0) of ca. 0.2 atm, during the experiments. The
samples were exposed to a set temperature regime, initially
400 °C, then 300 °C then 200 °C, each for 1 h of isothermal
residence time, and finally 185 °C for 2 days. A dynamic pro-
cedure was found to produce better results for our samples.
The higher initial temperature is required to incorporate water
into the structures. Slow cooling, with fixed isothermal steps,
prepares the materials to lock in the protonic defects without
loss of water from the structure. The long final exposure pro-
vides enough time for the phases to reach equilibrium, at a
temperature were superficially bound water is absent and de-
hydration is incipient.

Laboratory X-ray powder diffraction (XPD) data were col-
lected using a Bruker AXS D8 Advance diffractometer equipped
with a copper target, a Ge (111) primary monochromator (pro-
viding Cu K, radiation, A = 1.54056 A), and a solid state
LynxEye detector. Synchrotron X-ray powder diffraction (SXPD)
data were collected at the ID22 (formerly ID31) high-resolution
powder diffractometer at the European Synchrotron Radiation
Facility (ESRF) in Grenoble. VD, H and D samples were sealed
in 0.2 mm (BTS20) or 0.3 mm (BTS70) diameter lithium beryl-
lium borate (Lindemann glass) capillary tubes, and the diffrac-
tion experiments performed at 1 = 0.35477 A. Neutron powder
diffraction (NPD) data were collected at the Institut Laue-
Langevin (ILL) in Grenoble using the D2B high resolution two-
axis diffractometer. Powder samples were loaded into cylindri-
cal 6 mm external diameter vanadium cans and monochro-
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matic data collected at room temperature (RT) and 5 K using
the Ge (335) diffracting plane (1 = 1.594 A) over the 26 range
0.1°-160°, for 8 h, to provide data suitable for full pattern
Rietveld analysis.

XPD, SXPD and NPD data were analysed using the Rietveld
method,*® using the General Structure Analysis System
software, GSAS*® coupled with the EXPGUI interface.”’ All
Rietveld analyses included refinement of standard model
parameters: background (a cosine Fourier
implemented in GSAS), cell parameters, zero shift, scale factor,
profile factors (type 3, as implemented in GSAS), site occu-
pancy factors (SOF), atomic displacement parameters (ADP),
atomic coordinates and phase fractions where required.
Constraints were applied to the models as described in the
results.

TGA measurements were performed on as-prepared, VD,
H and D samples for each composition, in order to determine
the degree of saturation of the oxygen vacancies, according to
(1). Measurements were carried out using a Netzsch STA 409
PC Luxx, during temperature programmes from room tempera-
ture up to 900 °C, at heating rate of 15 °C min™", under a flow
of 20 ml min~" of nitrogen (Air Liquide Alphagaz 1, containing
6 ppm of H,0).

The hydration thermodynamics of cubic and hexagonal
BaTiO; derivatives were investigated through first principles
calculations within the density functional theory (DFT) formal-
ism. The calculations were performed using plane-wave DFT as
implemented in VASP**> adopting the PBE functional with a
kinetic energy cut-off of 500 eV. The calculations were per-
formed on the 6H-BaTiO; structure, and on cubic (Pm3m)
BaTiO;, using 3 x 3 x 1 and 3 x 3 x 3 supercell expansions,
respectively. Electronic integrations were performed over a
I'-centred 2 x 2 x 2 k-mesh for the supercells. The lattice para-
meters of the optimized defect free structures were a,b =
5.7351 A and ¢ = 13.9548 A, and a = 4.0049 A for the hexagonal
and cubic structure, respectively. In the defect calculations,
the lattice volumes were fixed to those of the pristine
structures.

series, as

Results

Pre-neutron characterisation of samples

XPD patterns of the BTS20 and BTS70 compositions for the
VD, H and D samples were in good agreement with those pre-
viously reported by Rahman et al.>* and appeared to be phase
pure. XPD of the sacrificial loose powders used during high
temperature annealing showed differences to as-prepared
BTS20 and BTS70, consistent with loss of Ba, confirming the
necessity to protect the pellets during the final heat treatment.
SXPD data of the BTS20VD sample confirmed a hexagonal 6H
structure for the host material with no evidence for further
symmetry lowering. Close inspection of the data revealed
several very weak impurity reflections indicative of Sc,Os.
BTS20H and BTS20D SXPD patterns were consistent with the
changes in lattice parameters expected on hydration. Some

Dalton Trans., 2017, 46, 8387-8398 | 8389
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asymmetric line broadening was observed but the hexagonal
6H structure type was retained. For BTS70VD, SXPD data
exhibited diffraction peaks that could be indexed using the
simple perovskite cubic unit cell and no evidence of extra
peaks indicative of ordering or phase transitions were observed
in the BTS70H and BTS70D samples. Close inspection of the
data also revealed evidence of the secondary phase BaSc,0,,
near the detection limit of the instrument. Weak, broad
shoulders were also present in the BTS70VD data to the low
angle side of the diffraction peaks that were absent in the
BTS70H and BTS70D samples. These shoulders were also not
observed in the bulk NPD data for BTS70VD. Therefore, we
believe they arose as a result of the BTS70VD -capillary
not being adequately sealed, allowing partial hydration
during transport to, and measurement of diffraction data at,
the synchrotron source. The principal purpose of the
high-resolution SXPD data was to identify peak splitting
indicative of ordering or reduction in symmetry from cubic in
the host materials and on hydration. We concluded from the
SXPD measurements that nothing was observed to
support this hypothesis for either substitution level. As a
result, starting models for Rietveld analysis of the NPD
data for BTS20 and BTS70 compositions were based on
previously published models. Further detail can be found in
the ESL.}

TGA

While Sc** is larger than Ti** (ionic radius in a 6-fold coordi-
nation of 0.74 A vs. 0.60 A) it acts as an acceptor dopant repla-
cing Ti*" in its site (in the Kréger-Vink notation):

. x " %
BaO + (1 — x)TiO, + 550203 — Bag, + (1 — x)Tig

(2)

, 3—x X .
+JCSCT1+TOO+EVO

Using (2) the idealised compositions for BTS20 and BTS70
are BaSc ,Tig 30,9 and BaSc, ;Tip 30, 65 respectively, assuming
that all titanium is present as Ti*" and scandium as Sc*". Upon
hydration, assuming that all oxygen vacancies are filled with
water, the compositions become BaSc, ,Tiy0,.9(H,0).1 and
BaSc ;Tig 30,.65(H20)0.35 respectively. Therefore, the theore-
tical mass losses are 0.77% for BTS20H, 0.86% for BTS20D,
2.72% for BTS70H and 3.01% for BTS70D; the measured
values are 0.77%, 0.75%, 2.81% and 2.87% respectively over
the range RT-900 °C. For both systems the measured and cal-
culated values for the hydrated with D,O samples were signifi-
cantly lower than expected, 12.8% for BTS20D and 4.6% for
BTS70D. For the hydrated samples there was very good agree-
ment for BTS20H, as calculated, and reasonable agreement for
BTS70H, 3.3% more than calculated. This is inconsistent with
the lattice constants extracted from the SXPD data, which
pointed towards equivalent hydration in both systems. A likely
explanation for this anomaly is presented in the structural ana-
lysis section.
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Initial NPD data and pre-refinement characterisation of
BTS20VD and BTS70VD

The RT and 5 K NPD data were compared for evidence of
phase transitions; low temperature data is preferable to locate
hydrogen positions as a result of reduced atomic displace-
ment. However, for cubic BTS70H and BTS70D, weak peaks at
d-spacings of approximately 2.3 and 2.00 A, with similar line-
shape to the hydrated phase, were observed in the 5 K data
that were not present at RT, which could not be indexed using
the simple cubic unit cell. The peaks were also observed in the
BTS20VD sample at 5 K and so phase transitions affecting
proton ordering could not be ruled out. Therefore, all data
analysis presented in this manuscript is based on refinement
of the RT datasets to allow structural comparison and discus-
sion under equivalent conditions. The initial NPD data at RT
and 5 K as well as the low temperature data set refinement
results are presented for comparison in the ESI, with the
assumption for the latter that no phase transitions occurred.
The BTS20VD RT model was pre-refined using the
6H-BaTiO; structure, as in the preceding work by Rahman
et al.®* The hexagonal structure, crystallising in the P6s/mmc
space group, is composed of MO; layers (M = Sc, Ti) stacked in
a (hee), succession, resulting in pairs of MOy face-sharing
octahedra that are linked by corner-sharing octahedra (see
Fig. 1 left). Sc,0; was modelled as a secondary phase using the
cubic model of Schleid & Meyer.*> The initial refinement
results strongly indicated a preference of Sc for the 2a crystallo-
graphic site, while Ti was found in the 2a and 4f sites. For the
two types of oxygen site, O1 displayed larger ADPs than O2,
and stable refinement of the O1 SOF and ADP was possible.
No chemical constraints were imposed on the Sc/Ti ratio, but
the overall SOFs were constrained for the 2a and 4f sites to be
1.0. It was not possible to refine both the ADP and SOF for the
Sc/Ti 4f site, due to serial parameter correlation that arises
from the low occupancy of Sc on the site coupled with the posi-
tive/negative scattering length contrast for Sc/Ti respectively.
This is caused by the relatively low Q.. attainable using con-
stant wavelength powder diffraction (in this case Quax i
7.5 A™") limiting the number of observable unique reflections.
To mitigate this effect, the ADP of the 4f site was fixed to the
value obtained from unconstrained refinement of the mixed
Sc/Ti 2a site. The possibility of Sc doping onto the Ba site was
also investigated and required a similar approach to the 4f Sc/
Ti site. No evidence of Sc doping onto the Ba sites was
observed for either possible site. The refined initial BTS20VD
model obtained was used to build the constrained models for
the subsequent, combined refinements of the BTS20VD,
BTS20H and BTS20D datasets below. In support of the initial
model refinements, DFT calculations on hexagonal BaTiO;
showed that isolated, doubly charged oxygen vacancies on the
O1 site have a formation energy 0.44 eV lower than at the
02 site. Furthermore, the calculated formation energy of iso-
lated Sc dopants were 0.4 eV lower at the 2a crystallographic
sites than at 4f sites. The formation energy differences predict
preferential ordering of oxygen vacancies at the O1 position

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Polyhedral representations of the hexagonal 6H structure (left) and cubic perovskite structure with crystallographic sites labelled where

necessary.

and Sc dopants at the 2a sites and agree well with the initial
diffraction results for BTS20VD.

The BTS70VD RT NPD data were pre-refined starting with
the simple cubic perovskite structure with Pm3m symmetry
and a disordered Ti/Sc B-site (see Fig. 1 right), as in Rahman
et al.>* No extra peaks indicative of transition metal ordering
were observed during the pre-refinement process and so the
simple, cubic perovskite model was retained. A large diffuse
component to the background was observed, which required a
manual fit to the background. Further, free refinement of the
stoichiometry with this model gave significant serial para-
meter correlation between the SOFs and ADPs of the O site but
no chemical constraints were imposed on either the Sc/Ti
occupancy or the O site occupancy in the pre-refinement. As
found for BTS20, no evidence of Sc doping onto the Ba site
was observed. The model obtained was used to build the con-
strained models for the combined refinements as with BTS20.

Combined data-set refinements for BTS20

Due to the limited Q-range available from a constant wave-
length NPD instrument, a combined approach was used to
analyse the hydrated datasets. Both the BTS20H and BTS20D
samples were made from the larger initial batch preparation of
BTS20VD and, as the hydrations were performed at low temp-
eratures relative to the synthesis conditions, it was reasonable
to assume that the metal SOF distributions would be
unchanged. The Ba and O positions were constrained to be
equivalent across all three samples, with only the O position
SOFs of BTS20VD allowed to vary independently. After scruti-
nising the synchrotron data to ensure lattice parameter equi-
valence, the full models for BTS20H and BTS20D were con-
strained to be equivalent, the only difference being the pres-
ence of H or D (with scattering lengths of —3.739 fm and 6.671
fm respectively) in the appropriate phase. The secondary
phase Sc,03; was included in all datasets and constrained to
have the same phase fraction, as all samples were made from
the same initial BTS20VD synthesis batch. In summary, four
phases were entered for three histograms: BTS20VD, BTS20H,

This journal is © The Royal Society of Chemistry 2017

BTS20D and Sc,0; (phase 1-4 respectively) where phases 1
and 4 were flagged for histogram one, phases 2 and 4 for histo-
gram two and phases 3 and 4 for histogram three.

In the initial refinement cycles, the H/D position was
unknown and its SOF was set to zero. Parameter correlation
required the ADP for the 4f Ti/Sc site to be fixed at a value
similar to the 2a site. Sc/Ti metal ordering was allowed on the
2a and 4f sites without any additional chemical constraints.
Oxygen non-stoichiometry was probed systematically by
varying the SOF and ADP for the O1 and O2 sites indepen-
dently. In the BTS20VD phase the O1 site was found to contain
a statistically significant level of vacancies, whereas O2 refined
to a level slightly above 1 and so was set to have full occupancy.
In the hydrated samples, both O1 and O2 were found to refine
to occupancies slightly above one under free refinement of
SOF and ADP and were set to fully occupied. The compositions
for the phases before attempts to locate the H/D positions
were BaScy.199(7)Tio.501(7)02.008(5) for BTS20VD and BaScy.199(7)
Tig.501()O3 for BTS20H.

Attempts to locate the H/D position by difference Fourier
mapping were unsuccessful. Therefore, we turned to DFT to
propose possible H/D positions for the hydrated samples. The
calculations indicated that the protonic defect preferentially
forms on the O1 site in the hexagonal structure. At the O1 ion,
the proton is situated within the plane of the face-sharing TiOg
polyhedron, with the OH:--O bond directed towards the next-
nearest O1 ion. At the O2 site, the OH---O bond is directed
towards an intra-octahedral O2 ion, and the proton site there-
fore resembles the site in the cubic BaTiOj; structure. The OH
and OH---O bonding lengths at the two positions are 0.9936
and 1.8269 A, and 0.9908 and 1.7657 A, respectively, while the
formation energy difference is 0.50 eV in favour of the O1 site.
The O2 site therefore constitutes a high-energy position for the
long-range proton migration path.

The lowest energy H/D position obtained from the DFT ana-
lysis is equivalent to a 12j crystallographic site in the unit cell,
in the proximity of O1. This position was added to the model
for BTS20H and BTS20D, with the SOF for the H and D sites

Dalton Trans., 2017, 46, 8387-8398 | 8391
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constrained to be identical. However, it was not possible to
stably refine the position, SOF and ADP of this site. Fixing the
ADP improved the stability of the overall refinement, but the
fit statistics for the BTS20D dataset were worse than with no
D position. Removal of the constraint on the SOF of the H/D
position led to stable refinements for all three datasets but the
SOF for the D site in BTS20D was close to zero. Hydrogen has
a large incoherent neutron scattering cross section, leading to
higher background levels in NPD patterns. Further inspection
of the raw data showed the background of the BTS20D sample
to be significantly above that of the BTS20VD sample but less
than the BTS20H sample. Partial deuteration would also
explain the large difference reported for the mass loss, com-
pared to the calculated value, on heating for the BTS20D
sample. The only explanation consistent with the refinement
results, TGA and diffraction data was that the BTS20D sample
was incompletely deuterated and/or significant exchange of
deuterons with protons had occurred during storage, transport
and measurement of the samples hydrated with D,O.

When the BTS20D dataset was removed from the combined
refinement, stable models were rapidly achieved where the
SOF and atomic coordinates of the H site could be refined
without the addition of any chemical or bond length con-
straints (R, reduced to 4.79% from 5.03% and Ry reduced to
6.75% from 7.82%). The composition for the hydrated phase
after locating the H position was refined to BaScq 200(6)Tio.s00(6)
O3H.106(10) in good agreement with the expected proton con-
centration from the TGA characterisation. The bond length
extracted for O1-H is 0.970(23) A, again in very good agree-
ment with that predicted by the DFT calculations. The fits
could be further improved by refinement of the ADPs as aniso-
tropic rather than isotropic with small changes to the refined
compositions and bond lengths, but the limited Q-range led to
some non-positive definite thermal ellipsoids and only the iso-
tropic ADP model is presented here. NPD refinements also
showed that the secondary phase content of Sc,03; was approxi-
mately 0.37(2)%, close to the detection limit of the technique.
The final structural models for BTS20VD and BTS20H are pre-
sented in Table 1 and representative Rietveld fits in Fig. 2. The
6H hexagonal structure is illustrated in Fig. 1 (left) with the
refined proton position expanded in Fig. 3 (left). Further
Rietveld refinement data and fits are deposited in the ESL¥

Combined data-set refinements for BTS70

As a result of the incomplete deuteration in the BTS20D
sample, data analysis for the BTS70 system combined only the
BTS70VD and BTS70H datasets. The BaSc,0, secondary phase
that could be seen in the SXPD data could not be resolved in
the NPD data, as a result of the large diffuse scattering com-
ponent reducing the signal to background ratio. Weak peaks
arising from the vanadium sample container were also
observed but not modelled. Two phases were entered for
2 histograms: BTS70VD and BTS70H (phase 1-2 respectively)
with phase 1 flagged for histogram one and phase 2 flagged
for histogram 2.
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Table 1 Summary of the results obtained from Rietveld analysis of NPD

data for BTS20 in the 6H hexagonal structure at RT (space group P63/
mmc)

BTS20 VD H
a (A) 5.7699(1) 5.7624(1)
c(A) 14.1408(3) 14.2242(3)
Volume (A%) 407.70(1) 409.04(2)
Ba(1) 2b (0, 0, 1/4)

Uiso (A%) 0.0047(7) 0.0047(7)

Ba(2) 4f (1/3, 2/3, 2)
Uiso (Az)

0.09662(14)
0.0075(6)

0.09662(14)
0.0075(6)

Sc/Ti 2a (0, 0, 0)
Occ. factor

0.526(3)/0.474(3)
Uiso (AZ)

0.0046(8)

0.526(3)/0.474(3)
0.0046(8)

Ti/Sc 4f (1/3, 2/3, 2)
Occ. {actor
Uiso (Az)

0.84684(23)
0.963(2)/0.037(2)
0.0045

0.84684(23)
0.963(2)/0.037(2)
0.0045

0(1) 6h (x, y, 1/4) 0.51626(21)
0.03242(43)

0.51626(21)
0.03242(43)

Oce. factor 0.899(5) 1.0

Uiso (A%) 0.0145(5) 0.0145(5)

0(2) 12k (x, y, 2) 0.83126(13) 0.83126(13)
0.66244(27) 0.66244(27)

. 0.08241(6) 0.08241(6)
Uiso (A%) 0.0066(2) 0.0066(2)
H/D 12j (x, y, 1/4) 0.354(5)
0.496(5)

Occ. factor 0.098(6)

Uiso (A%) 0.025

Rup (%) 5.88 4.79

Rp (%) 4.33 6.75

The H site was initially given a SOF of zero and the models
constrained to have equivalent Sc/Ti ratios, atomic positions
and ADPs. The single oxygen position SOF was allowed to
freely refine in the BTS70VD phase but fixed as fully occupied
for the BTS20H phase, as suggested by the TGA analysis. All of
the atoms lie on special positions and so ADPs were modelled
as anisotropic as the number of free variables was significantly
reduced cf. the BTS20 system. No chemical constraints were
used for either the Sc/Ti or the oxygen content. The refine-
ments quickly converged but the fits were relatively poor. The
Sc content refined to 0.629(2) and the SOF for O1 to 0.749(4)
suggesting a composition of BaScy ¢29(2)Tio.371(2)02.247(7)- This is
well below the expected composition of BaSc, ;Tip 30,65 from
a simple calculation assuming Sc** and Ti** that is supported
by the level of hydration determined from the TGA results.
Fixing the SOF of oxygen to that expected from the simple cal-
culation for BTS70VD and further refinement gave the compo-
sition BaSc 661(3)Ti0.339(3)02.65- LeBail intensity extractions did
not yield any improvement of the fit statistics obtained by
Rietveld refinement of the cubic models, suggesting the
average structure approach was not ideally suited to analysing
this composition.
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Fig. 2 Refined NPD data for (upper) BTS20VD and (lower) BTS20H at
RT. Experimental data are given as crosses (black), the fitted profile as
the continuous line (red), the difference plot below (blue) and the fitted
background (green).
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Fourier difference mapping on the BTS70H sample failed to
locate the H position directly and once again we turned to DFT
for guidance. As the local Sc/Ti ordering was not known the
DFT calculations were performed using the undoped, cubic
BaTiOj; structure. The position is equivalent to a 24k crystallo-
graphic site in the unit cell and was added with no additional
constraints on the SOF and a fixed ADP. This led to a signifi-
cant improvement in the fit statistics for the BTS70H histo-
gram (R, reduced to 6.27% from 6.66% and R reduced to
15.83% from 17.31%). The H position could also be refined
without the addition of any bond length constraints. The
hydrogen SOF was higher than that expected from the TGA
analysis (0.049(3) ¢f 0.03) but fixing the hydrogen SOF at
0.03 made very little difference to the fit statistics (R,, of
6.32% and Rp 15.43%), reflecting the limitations of the
average structure approach to this disordered system. More
importantly, the atomic position for the H site was found to be
little changed on addition of chemical constraints (O1-H =
1.089(33) A when chemical constraints imposed cf. 1.107(20) A).
While these are longer than those obtained for the BTS20
system and longer than that expected for an O-H bond
(approximately 1 A), they are well within the expected range for
such a disordered structure using the Rietveld method. The
refined compositions with chemical constraints imposed are
BaSc.661(3)Tio.330(3)02.65 for BTS70VD and BaScoe61(3)Tio.339(3)
O3H, 7, for BTS70H. The final chemically constrained struc-
tural models for BTS70VD and BTS70H are presented in
Table 2 and Rietveld fits to the data in Fig. 4. The cubic struc-
ture is illustrated in Fig. 1 (right) with the refined proton posi-
tion expanded in Fig. 3 (right). Further Rietveld refinement
details are deposited in the ESL{

Discussion

The application of synchrotron and neutron diffraction in
combination with DFT modelling has revealed several new
insights into the structure-property relationship of the title

@B -

ScTi

o W
@H ..L [ ]

Fig. 3 Expanded views of the hexagonal 6H structure (left) and cubic perovskite structure (right) showing the refined proton positions and local

coordination.
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Table 2 Summary of the results obtained from Rietveld analysis of NPD
data for BTS70 in the cubic crystal system at RT (space group: Pm3m)

BTS70 A%} H
a(d) 4.15663(3) 4.17150(8)
Volume (A®) 71.816(1) 72.590(3)
Ba 1b (1/2,1/2, 1/2)

Uy = Uy, = Uy (A%) 0.0200(4) 0.0200(4)
Uys = Uys = Usz (A?) 0 0

Sc/Ti 1a (0, 0, 0)

Occ. factor 0.661(3)/0.339(3) 0.661(3)/0.339(3)

Uy = Uy, = Us; (A%) 0.0097(4) 0.0097(4)

Uy, = Uyz = Uy (A?) 0 0

0 3d (1/2, 0, 0)

Occ. factor 0.883 1.0

Up; (A?) 0.0172(8) 0.0172(8)

Upp = Us3 (A7) 0.0291(5) 0.0291(5)

Uip = Uy3 = Uss (AZ) 0 0

H/D 24k (x, y, 0) 0.241(8)
0.399(6)

Occ. factor 0.03

Uiso (A%) 0.025

Ryp (%) 7.46 6.32

Ry (%) 15.50 15.43

phases. In the hexagonal BTS20 system the refined compo-
sition for BTS20VD, BaScg.200(6)Tio.500(6)02.899(5), 1S in very good
agreement with the expected composition, assuming Sc** and
Ti*". DFT and the Rietveld refinement results confirm oxygen
vacancies at the O1 position, analogous to un-doped oxygen
deficient hexagonal BaTiO;_,.”” The NPD data reveal clear
metal site ordering is present with scandium preferring the 2a
crystallographic site. The 2a site forms regular corner-sharing
octahedra and the 4f site forms face-sharing octahedra. The
likely reason for the metal ordering is the short M-M distance,
2.755(7) A, in the face sharing octahedra, which is significantly
less than the shortest M-M distances found in Sc,0j,
3.24-3.26 A,"® and Sc’* is not known in this type of coordi-
nation geometry. The hexagonal-cubic phase transition is
observed between 30% and 50% scandium substitution with
intermediate compositions seemingly exhibiting multiple
phases or phase separation from XPD studies.’> Assuming
complete segregation, full occupancy of the 2a site by scan-
dium gives the composition BaSc 33Tig 603—x With any further
substitution necessarily in the 4f site. It is likely that substi-
tution on the 4f site and the contributions from the increasing
level of oxygen vacancies towards the local coordination of the
face sharing octahedral 4f metal sites result in the hexagonal-
cubic phase transition.

When BTS20VD is hydrated the ¢ lattice parameter
increases and the a lattice parameter is almost unchanged
(volume expansion of approximately 0.33%). This illustrates
the effect of the protons on the structure, as simply filling
01 vacancies with oxygen in the 6H type structure leads to a short-
ening of the c axis lattice parameter.’” The latter can be under-
stood because oxygen vacancy filling requires the face-sharing
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Fig. 4 Refined NPD data for (upper) BTS70VD and (lower) BTS70H at
RT. Experimental data are given as crosses (black), the fitted profile as
the continuous line (red), the difference plot below (blue) and the fitted
background (green).

octahedral metal ions to be oxidised, leading to shorter
average M-O bond lengths and a contraction of the lattice
parameter. In the case of hydration, the oxygen vacancy filling
is charge neutral, as the protons balance the negative charge
introduced by the O>". Simply increasing the coordination
number of a metal atom with constant oxidation state leads to
a lengthening of the average M-O bond lengths, using bond
valence arguments, and so the lattice expands. Alternatively,
the chemical expansion may be rationalised on the basis of a
point defect model in which the effective size of the OH defect
is significantly larger than that of the oxygen vacancy.”®

The refined composition of hexagonal BTS20H, BaScg 00(s)
Tig.s00(6)03Ho.106(10), €quates to 0.098(6) H,O molecules per
formula unit. This corresponds well with hydration of all of
the available oxygen vacancies from the BTS20VD refinement,
0.101(5), and is consistent with the TGA results of a 0.77%
mass loss on heating, where the expected values are 0.77%
and 0.78%, assuming the ideal composition of
BaSc ,Tipg0,.0(H20)o1 and the refined composition of
BaSc »Tio.802.002(H20)0.00s Tespectively. Based on the for-

This journal is © The Royal Society of Chemistry 2017
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mation energies of protons and oxygen vacancies in the cubic
and hexagonal BaTiOj; structure, the DFT calculated hydration
energy of the two structures (dopant free) according to:

H,0(g) + v + 0 = 20H,, (3)

are —0.35 and —1.05 eV, respectively, in good agreement with
our previous TGA/DSC studies of this series of compounds.®
The difference may primarily be attributed the significant
stabilization of the protons at the O1 position in the hexagonal
structure, which is partly counteracted by stabilization of the
vacancy at the same position. Unconstrained refinement of the
position and the SOF of the proton gave a very high level of
agreement with the DFT characterisation. The bond length,
0.970(27) A, for the O1-H (cf. DFT calculation of 0.9936 A) con-
firms that the proton is localised in the 6H structure type in
the same plane as the oxygen belonging to the face sharing
octahedral metal sites. The higher energy site in the proximity
of 02 suggested by DFT was also investigated but we were
unable to refine a chemically reasonable model for site occu-
pancy, position and bond length. Therefore, any significant
proton concentration at this site at RT is deemed to be
unlikely.

In the BTS70 system, the XPD, SXPD and NPD data are all
consistent with the simple cubic perovskite structure under
ambient conditions. No evidence of long-range oxygen vacancy
ordering or symmetry reduction from transition metal order-
ing is observed. Scandium and titanium are statistically dis-
ordered over a single site and only one type of oxygen site is
observed. However, the presence of considerable diffuse scat-
tering in the NPD data, which is much less evident in the syn-
chrotron data, suggests the local ordering is primarily caused
by oxygen in BTS70VD and by both oxygen and hydrogen in
BTS70H. The unconstrained NPD refinement for BTS70VD is
clearly incompatible with the expected oxidation states of scan-
dium and titanium. Refinement of the SXPD data for BTS70VD
with no constraints gives an oxygen occupancy of 0.865(10) cf.
0.749(4) from the NPD data. We attribute this disparity to the
effects of the local ordering on the NPD data meaning that the
average structure is a poor description. Therefore, despite the
fact that NPD is more sensitive to oxygen than SXPD, in this
case the SXPD data was used to support the decision to fix the
oxygen occupancy to a value consistent with the targeted stoi-
chiometry. The refined composition, BaScy.ee1(3)Ti0.339(3)0z2.65
with a fixed oxygen content, is below the target stoichiometry
of BaSc,;Tip303_5. The presence of a small amount of
BaSc,0, in the SXPD data may account for the difference but
the diffuse scattering masked this contribution in the NPD
data and so the bulk secondary phase fraction could not be
determined.

When BTS70VD is hydrated there is only a small expansion
of the lattice parameter (volume expansion of 1.01%). In
BTS70H the NPD and SXPD data are consistent with the asser-
tion that the oxygen vacancies are completely filled with water,
but the diffuse scattering in the NPD data prevented an un-
constrained refinement of the water content. The final model
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can be compared with the TGA results, which show a 2.81%
mass loss on heating, where the expected values are
2.72% and 2.73%, assuming the ideal composition
BaScy ;Tip.302.65(H20)0.35 and refined composition BaSc es1(3)
Tig.330(3)03Ho.72 Tespectively.

The impact of incomplete deuteration in the BTS20D and
BTS70D samples cannot be underestimated from a wider point
of view. It remains generally accepted that deuteration is
necessary before collecting NPD data, due to the large incoher-
ent scattering cross section of H ¢f. D (80.27 barn and 2.05
barn respectively) and the lower coherent scattering cross
section (1.7583 barn and 5.592 barn respectively). These yield
data with low diffraction peak intensities on very large back-
grounds requiring very long data collection times and, gener-
ally, yielding structural models with lower precision. Neutron
source and instrument developments have resulted in new pos-
sibilities to study hydrogenous materials without the require-
ment, cost and associated problems to deuterate,"**® while
also offering relatively short counting times*” and prospects to
take advantage of the scattering length contrast of H ¢f. D
(-3.739 fm and 6.671 fm respectively).*® Here, the hydrogen
concentration is comparatively low and the incoherent scatter-
ing contribution to the background is small. The main issue
arises from mixing of deuterons and protons through
exchange with humidity in the air, compromising attempts to
refine a D site. This is extremely difficult to avoid in systems
where high proton mobility is present. However, combined
refinements using the vacuum dried and naturally hydrated
samples allowed both oxygen vacancy and proton sites to be
determined, a further example of the power of negative scatter-
ing length contrasts in combined dataset approaches with
NPD data.*®® The refinement results are supported by the
TGA data of the deuterated materials, which displayed mass
losses significantly lower than expected assuming complete
deuteration. We cannot rule out the retention of a small
number of protons in the structure during the high tempera-
ture vacuum drying stage, but this cannot account for the
refinement results. Further studies to investigate the rate of
exchange are planned using a combined TGA/mass spec-
troscopy approach as one might expect a correlation between
exchange rate and proton conductivity.

In BTS70VD and BTS70H, the lack of significantly better fit
statistics using LeBail extractions also illustrates the drawback
of the Rietveld method for studying materials with diffuse scat-
tering indicative of local order. LeBail intensity extractions are
modeless and reinforce the theory that the issues lie with the
data collection and analysis method rather than an incomplete
average structural model. Further work is planned on the
cubic phase using total scattering methods, with NPD and
Reverse Monte Carlo (RMC) analysis, in order to investigate
the local ordering in the metal and oxygen sub-lattices as well
as hydrogen position at ambient temperature. Initial test
experiments indicate that the diffuse scattering contribution is
composition dependent within the cubic phase domain,
suggesting that the interplay between metal and oxygen sub-
lattice local ordering is also composition dependent. A long-
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term goal is to understand the evolution of the local structure
as the temperature is increased towards the regime for poss-
ible applications and to couple this to impedance spectroscopy
results.

The refined structures of BTS20H and BTS70H (Fig. 1 and 3)
can be used to rationalise the two order of magnitude differ-
ence in conductivity between the 6H structure and the cubic
perovskite structure under similar temperature conditions.*?
Some of this difference can be attributed to the total number
of protons present in the samples, as higher scandium substi-
tution leads to a higher number of vacancies that can be filled.
The refinements show 0.196(10) protons per formula unit for
BTS20H and 0.72 protons per formula unit for BTS70H.
However, more importantly in the 6H structure, protons are
localised near O1 in the plane of the face sharing octahedra
(Fig. 3 left). Proton migration through the material requires
either mediated diffusion via a non-occupied proton site at
room temperature near O2 or, alternatively, to migrate exclu-
sively between the O1 ions within the ab plane. The migration
path in the ab plane is a 3-step process: inter-octahedral
jumps, rotation around the O-H axis of a particular O1 ion fol-
lowed by an intra-octahedral jump. Therefore, the proton
transport is potentially anisotropic in the hexagonal structure,
but both mechanisms require mediation through higher
energy proton positions that are not occupied in the room
temperature structure. This contrasts with the cubic structure
(Fig. 3 right), where the protons are disordered over the 24k
site associated with the lone oxygen site. Proton migration in
this structure type is well described in published works, both
from simulations and experimental investigations, where
proton migration proceeds by rotation of the O-H axis around
the O ion followed by jump diffusion between nearest-neigh-
bour O ions.>’* We hypothesise that it is the more localised
nature of the proton in the 6H structure type that explains the
experimentally observed conductivity.

Recent literature has illustrated that combining solution
route synthetic techniques with a lower final temperature
annealing produces a metastable cubic phase at low scandium
substitution levels,” which can be converted to the thermo-
dynamically more favourable 6H structure by high temperature
annealing. We intend to test our hypothesis via further investi-
gations of BTS20 with each structure type where the oxygen
vacancies and proton content will be equivalent, combining
TGA, conductivity and diffraction based techniques.

The implication of these results and the ongoing work is
that further avenues of research can be envisaged to identify
materials systems with potential as proton conductors. Some
current research focuses on doping host structures to increase
the number of oxygen vacancies, which are then hydrated for
use in the intermediate temperature range (200-600 °C).>®
This echoes research on the related high temperature oxygen
ion conductors, where substitution is used to stabilise struc-
tures that contain high levels of vacancies to lower tempera-
tures, such as the §-Bi,O5 structure.’® Substitution leads to the
introduction of both lattice and size strain into the host
material, leading to structures where the vacancies are
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ordered/pinned and/or to phase transitions involving dopant
and/or oxygen ordering. Thus, while the number of oxygen
vacancies can be increased, the conductivity falls as the
vacancies pair and order.”” Further, phase transitions and
differing thermal expansion coefficients limit applications, as
lattice parameter mismatches introduce stress at interfaces in
devices and increase failure rates. An attractive alternative
would be to hydrate candidate systems well above room temp-
erature with humid atmospheres, potentially stabilising meta-
stable structures to ambient conditions and reducing/eliminat-
ing lattice strains caused by oxygen vacancies. Experimental
methods allowing the processes (hydration, dehydration and
response under controlled gas flows) and relevant structural
parameters (structural changes, lattice parameters and poss-
ible diffusion pathways) to be investigated in situ over a wide
temperature range are likely to be an invaluable asset. A recent
example where this methodology was applied is on a leading
proton conducting perovskite, BaCe,sYo.0;_5°° where the
phase stability fields of the cubic and orthorhombic structures
at operational temperatures were shown to be highly depen-
dent on the humidity, from high resolution NPD investi-
gations. These findings were explained by an enhanced ten-
dency for tilting of the oxygen octahedra in the hydrated
(deuterated) state.

Conclusions

BTS20 shows clear ordering of both the metal dopant and the
oxygen vacancies in the 6H hexagonal structure type from
direct NPD measurements, supported by independent DFT cal-
culations. Upon hydration, DFT, TGA and NPD measurements
confirm that the oxygen vacancies at the O1 site are completely
filled and that the protons are localised in the plane of the
face sharing octahedra in the 6H structure, close to the
O1 site. In BTS70, SXPD and NPD measurements show that
the oxygen sub-lattice is significantly disordered at the local
scale and that the transition metals are statistically disordered
over a single site within a simple cubic perovskite structure
type. Upon hydration, TGA results are consistent with com-
plete filling of the oxygen vacancies by water and the NPD data
show that the protons are highly disordered around the single
oxygen site in the average structure model, in agreement with
DFT modelling. The structural models obtained allow
interpretation of the previously published conductivity
measurements showing that the lower conductivity found in
the hexagonal structure type is likely a direct consequence of
the proton ordering. This is directly supported by Rietveld ana-
lysis but also indicated by the presence of a large diffuse scat-
tering component in BTS70. Significant problems were
encountered with partial deuteration of materials and the rec-
ommendation is that deuteration techniques should be
avoided when exchange is likely. The negative scattering
length of hydrogen is a distinct advantage in locating proton
positions through combined approaches despite the increased
background arising from the large incoherent scattering cross

This journal is © The Royal Society of Chemistry 2017
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section of hydrogen. Almost all of the outstanding issues in
this material system have been addressed in this work but the
investigations have identified further avenues of research.
These include understanding the oxygen and proton disorder
in highly substituted (Sc > 50%) phases, stabilising low scan-
dium substituted materials in the cubic form to compare
structure types directly and developing approaches to aid
materials design and optimisation.
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