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Sr3V20g exhibits sizeable oxide ion and proton conductivity at 800 °C. In order to investigate any correlation
between the crystal structure and electrical properties of Sr3VoOg, a variable temperature neutron diffraction
study has been performed. Results show that there is no change in crystal symmetry upon heating. However, the
VO4 tetrahedra are observed to become more distorted upon heating and more oblate in shape. The distortion
arises due to a shortening of the apical V-O1 bond length and accompanying increase of the V-02 bond length

with temperature. Bond valence site energy analysis show that there is a reduction in the energy of the migration
pathways for movement of the oxide ions as the Sr—V-Sr bottlenecks expand upon heating.

1. Introduction

Oxide ion and proton conductors find applications in numerous
hydrogen-based energy devices such as electrolytes in ceramic fuel cells
(solid oxide (SOFC) and proton ceramic (PCFC) fuel cells) as well as solid
oxide electrolysers (SOEC) [1-5]. Currently, the greatest issue with
these technologies is the high operating temperatures (>700 °C)
required to allow the ionic species to diffuse through the electrolyte [2,
6,7]. It is therefore imperative that new materials are discovered which
exhibit high oxide ion and/or proton conductivity at lower temperatures
(400-600 °C) to act as intermediate temperature electrolytes in the next
generation of ceramic fuel cells which will increase component lifespan
and reduce start-up times. The ionic conductivity displayed by a mate-
rial is strongly related to the crystal structure with the presence of
structural disorder, oxygen vacancies and the arrangement of the cations
being important features [4,8]. Ionic conduction has been reported for
various crystal systems including cubic ABO3 perovskite oxides such as
sodium bismuth titanate (NBT) and doped lanthanum gallates (LSGM),
hexagonal perovskite derivatives, LasM0209 (LAMOX) materials,
brownmillerite structures (including BasInyOs) and pyrochlores
(including GdaTizO7) [9-19].

We have recently shown that several phases which crystallise with
the hexagonal perovskite derivative structure can exhibit significant
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oxide ion and/or proton conductivity. For example, BasNbMoOg 5 ex-
hibits a bulk oxide ionic conductivity of 2.2 x 1073 s em™! at 600 °C
[12]. Ba;NbsMoOy displays bulk ionic conductivity of 3.16 x 107> S
cm lina dry environment at 600 °C [12,14]. However, when exposed
to a humidified environment at 450 °C, the bulk ionic conductivity of
BayNbsMoOs increases to 3.55 x 107> S ecm ™! confirming the presence
of significant proton conduction [14].

The hexagonal perovskite derivatives described above are composed
of perovskite and palmierite-like layers. The 9R perovskite is composed
of [AO3] layers forming the (hhc)s stacking sequence. The palmierite
structure displays the same (hhc)s stacking as the 9R perovskite. How-
ever, the palmierite structure is formed by oxygen-deficient [AO3] (c’)
layers resulting in isolated tetrahedral units separated by octahedral
vacancies [20]. A disordered combination of the 9R perovskite and
palmierite moieties are found in the palmierite-like (P-L) layers in both
the BasM’M”Og 5 (M’ = Nb/V, M" = Mo/W) family and BayNb4MoOx. It
is within these P-L layers that ionic conduction pathways have been
determined [15,21-23]. Other hexagonal perovskites such as BagEry.
AlyZrO,3 which contain different structural features alongside tetrahe-
dral units have also been found to exhibit significant oxide ion and/or
proton conductivity [24]. BasErsAlZrO; 3 is a 10H hexagonal perovskite
formed of cubic [BaO3] layers (c) and oxygen deficient [BaO] layers (h’)
displaying a stacking sequence of (cch’cc)o. Two tetrahedral units are

Received 4 September 2023; Received in revised form 14 December 2023; Accepted 18 December 2023

Available online 19 December 2023

0022-4596/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:a.c.mclaughlin@abdn.ac.uk
www.sciencedirect.com/science/journal/00224596
https://www.elsevier.com/locate/jssc
https://doi.org/10.1016/j.jssc.2023.124512
https://doi.org/10.1016/j.jssc.2023.124512
https://doi.org/10.1016/j.jssc.2023.124512
http://creativecommons.org/licenses/by/4.0/

D.N. Tawse et al.

connected via a shared apical oxygen on the h’ layers resulting in the
formation of an Al,O7 unit. These oxygen deficient h’ layers are vital in
the proton conduction mechanism for BasEryAl;ZrO,3 with proton sites
present on the apical oxygen sites upon absorption of water onto the
intrinsic oxygen vacancies. BasErpAl,ZrO;3 is a p-type electronic
conductor under dry air but displays proton conductivity with a proton
transport number >0.99 from 300 to 600 °C in humidified air. At 500 °C,
BasEr,Al,ZrO; 5 exhibits a high proton conductivity of 3.0 x 107> S em ™
[24,25].

We recently investigated the electrical properties of the palmierites
A3V30g (A = Sr, Ba), to see if materials with pure palmierite layers could
also exhibit ionic conductivity. Sr3V,0g was found to display substantial
ionic conductivity with a bulk conductivity of 3.2 x 107> S cm ™! in dry
air and 1.0 x 10™* S em™! in humidified air at 600 °C showing the
presence of both oxide ion and proton conduction [26]. The proton
positions upon hydration were suggested through bond-valence site
energy (BVSE) and density functional theory (DFT) calculations. Ionic
conduction pathways were ascertained through BVSE and ab initio mo-
lecular dynamic simulations showing proton diffusion predominantly
along the ab plane. Protons are present at the apical oxygen site (O1) and
proton hopping arises across the O1 anions as well as from O1 to O2.
Oxide ion diffusion pathways were simulated using ab initio molecular
dynamics on models of Sr3V,0g with and without oxygen vacancies.
When no oxygen vacancies were present, long-range diffusion and VO4
rotational disorder was absent. However, upon introducing oxygen va-
cancies into the system both elements are present. Therefore, the oxide
ion diffusion in Sr3V,Og was determined to be vacancy driven and arises
when an oxygen atom shifts from a VO4 tetrahedron to a vacant site
present on an oxygen deficient VO3 group through an intermediate V,07
group [26].

In this study, we have performed a variable temperature neutron
diffraction study of Sr3V,0g from 25 °C to 700 °C to investigate tem-
perature related structural changes and their relationship to the elec-
trical properties.

2. Experimental

Sr3V20g was prepared by the solid-state synthesis of stoichiometric
amounts of SrCO3 (>99.9 %, Aldrich) and V505 (99.95 %, Aldrich). The
starting materials were ground, pressed into a 13 mm pellet, and
transferred to an alumina crucible to be heated at 1200 °C for 10 h
before cooling to room temperature at 5 °C min~'. The sample was
reground, pelleted, and reheated until a phase pure product was ob-
tained. Laboratory X-ray diffraction was performed using a PANalytical
Empyrean diffractometer equipped with a Cu Ka tube and Johansson
monochromator to determine sample purity. Data were collected in the
range 5 < 20 < 120° with a step size of 0.013°. For data collected at
700 °C, the sample was measured using an Anton Paar HTK 1200 N high
temperature oven stage.

Variable temperature neutron diffraction data were collected at
selected temperatures between 25 and 700 °C in air on the high-
resolution diffractometer D2B at the Institut Laue-Langevin (ILL) in
Grenoble, France. A 5 g sample was loaded into an open quartz tube and
heated to the desired temperature and the data were recorded at A =
1.59432 A for 2 h. Measurements were performed on the empty quartz
tube at selected temperatures to allow for its contribution to the back-
ground to be subtracted from the sample data. The GSAS/EXPGUI
package was used to perform Rietveld refinements on the obtained data
[27,28].

Minimum bounding ellipsoid fitting was performed using the PIE-
FACE software package to investigate the polyhedral distortion, o(R),
and ellipsoidal shape, S, upon heating [29]. To quantify polyhedral
distortion the standard deviation of the three primary ellipsoid radii,
where R; > Ry > Rs, was determined.

The programme softBV was used to determine the bond valence sums
(BVS) for the ions within the structure and perform bond-valence site
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Fig. 1. Crystal structure of A3B;0g which contains isolated VO, tetrahedra.
Colours: green, Sr; orange, V; red, O.
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Fig. 2. Rietveld refinement fit to the R 3 mH model of Sr3V,0g from neutron
diffraction data recorded on the D2B instrument at the ILL at room temperature
(top) and 700 °C (bottom). Black crosses show observed data, red line the
Rietveld fit, green line is the background function, blue line the difference

between the observed and calculated patterns, and vertical pink lines the
reflection positions.

energy (BVSE) calculations on the structural models produced from
Rietveld refinements [30,31]. BVSE landscapes for the interaction of a
test 0%~ jon were calculated for the unit cell of the structural model
which had been split into a dense grid with a resolution of 0.1 A [30].
Regions of low BVSE could be determined through direct visualisation of
the connectivity of the isosurfaces and by studying the calculated
pathway segments which allowed diffusion pathways to be assigned.
Relative energy barriers of the diffusion pathways could be extracted
from the results of the BVSE model.

3. Results and discussion

The X-ray diffraction (XRD) pattern showed that Sr3V,0g was phase
pure and could be indexed with the space group R 3 m H (Fig. S1). The
crystal structure displays isolated tetrahedra separated by vacant octa-
hedral units as shown in Fig. 1. Due to the low scattering cross section for
neutrons displayed by vanadium, it was imperative to perform an initial
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Fig. 3. Thermal variation of unit cell parameters a and c (inset). Both the a and
¢ parameters show normal thermal expansion upon increasing the temperature.

Rietveld refinement using X-ray diffraction data to determine the frac-
tional occupancies of V. The Sr atoms occupy two Wyckoff sites with Sr1
present on the 3a site and Sr2 on the 6¢ site. V can be found on the 6¢
position while the oxygen atoms are found on two positions: O1 on the
6¢ site and O2 on the 18h site. The V fractional occupancy was allowed
to refine freely in the XRD refinement and refined to within +1 % of the
full occupancy, and hence was subsequently fixed at 1.0. The refinement
displayed a good match between the calculated and observed histograms
and the following statistical parameters were obtained: y? = 4.56, Ry, =
4.85 %, Ryp = 6.82 % (Fig. S2 and Table S1). X-ray diffraction data were
also recorded at 700 °C and the Rietveld refinement and refined atomic
parameters are shown in Fig. 3 and Table S2 respectively. The results
show there is no change in crystal symmetry upon heating and the V site
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Fig. 4. Thermal variation of V-O1 (blue) and V-02 (purple) bond lengths. The

V-01 bond length decreases while the V-O2 bond length increases as the
temperature rises.
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remains fully occupied.

The previously reported palmierite structure obtained from Rietveld
refinement with High-Resolution Powder Diffractometer (HRPD) data
on the HRPD instrument at ISIS (Rutherford Appleton Laboratory,
Harwell, Oxford, UK) was used as a starting model for the variable
temperature neutron refinements [26]. The atomic displacement pa-
rameters were modelled anisotropically for all atoms except V over the
whole temperature range. When allowed to refine either isotropically or
anisotropically, the atomic displacement parameters for V were unre-
alistic and were therefore set to Ujso = 0.00127 A2 as obtained from the
initial refinement from the HRPD data. All Sr and O fractional occu-
pancies refined to within +1 % of the full occupancy at all temperatures
and were subsequently fixed at 1.0 with V atoms fixed to 1.0 as previ-
ously determined from the XRD refinement results.

An excellent Rietveld refinement fit to the R 3 mH model is observed
at all temperatures from 25 °C to 700 °C, as shown in Fig. 2, so that there
is no change in crystal symmetry upon heating. The statistical parame-
ters at 25 °C and 700 °C are respectively y? = 3.81, Ry, = 4.91 %, Ryp =
5.33 % and )(2 = 2.27, Rp = 4.09 %, Ryp = 4.29 %. The Rietveld fits for
400 °C and 600 °C are shown in Fig. S4. The results from the Rietveld
refinement are displayed in Table S3.

The thermal variation of the unit cell parameters is displayed in
Fig. 3 and regular thermal expansion of both the a and ¢ parameters is
observed from 25 °C to 700 °C. Upon increasing the temperature, the
V-01 bond length decreases alongside an accompanying increase in the
V-02 bond length (Fig. 4 and Table S4). All Sr—O bonds were found to
show a small increase in length upon heating from 25 °C to 700 °C. As
the temperature increases subtle changes are observed for the 01-V-02
and 02-V-02 angles. The O1-V-02 angle increases from 108.6(7) ° to
110.0(7) ° and the 02-V-02 angle decreases from 110.3(7) ° to 108.9(7)
° at 25 °C and 700 °C respectively.

The variation of the unit cell parameters and bond lengths with
temperature show no anomalies upon heating so that no structural
rearrangement is observed for Sr3V,Og from 25 °C to 700 °C. This is in
contrast with other hexagonal perovskite derivatives that contain P-L
layers such as BagNbMoOg 5 and BayNbsMoOy [12,14]. A structural
rearrangement has been reported for BasNbMoOg 5 above 300 °C which
involves an increase in the ratio of tetrahedral: octahedral Nb/MoOy
units [12]. BayNbsMoO9q displays a similar structural rearrangement
above 300 °C in which there is an increase in lower coordination envi-
ronments as a result of the change in the fractional occupancies of the
corresponding O crystallographic sites [14]. The structural rearrange-
ments arise due to the ability of these materials to absorb a considerable
amount of water which causes a redistribution of metal cations from the
M1 site on the P-L layers to the vacant octahedral M2 site upon hydra-
tion. DFT calculations have suggested that the presence of a proton in a
position between the M1 and O1/02 sites forces this movement of the
M1 cation onto the M2 site. Upon heating, the cations move back to the
M1 site as a result of water loss from the P-L layers which further cor-
roborates that it is the presence of water that induces the structural
rearrangements for BasNbMoOg 5 and Ba;NbsMoOyg [14,23].

We recently reported that the proton concentration for SrgV;Osg is
considerably lower than both BagNbMoOg s and BayNbsMoO, with
Sr3V,0g displaying a water concentration of 0.024 molecules of H>O per
formula unit compared to 0.80 and 0.20 for BagNbMoOg 5 and BayNb,.
MoO2y, respectively [26]. These higher levels of hydration occur as the
cation sublattice of BagNbMoOg s and Bay;NbsMoOy; both show high
flexibility regarding the movement of cations from the M1 to M2 site
allowing these structures to accommodate for higher levels of water
uptake [14,23,26]. We recently performed a variable temperature
neutron diffraction study on Ba3VWOg 5 in which only subtle changes to
the 02/03 fractional occupancies were witnessed from 30 to 800 °C and
therefore no structural rearrangement occurs. TGA-MS data showed no
significant water loss from 25 to 1000 °C indicating the uptake of water
by BagVWOg 5 is very small. It was concluded that the ordering of the
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Fig. 5. Thermal variation of polyhedral distortion (navy) and the ellipsoidal
shape parameter (orange) of VO, tetrahedra. Polyhedral distortion increases
alongside a decrease in the ellipsoidal shape parameter upon heating.

metal cations onto the M1 site, due to the preference of V>* to adopt a
tetrahedral geometry, inhibits the uptake of water by BagVWOg 5 [32].
Hence, the absence of a structural rearrangement for Sr3VoOg most likely
also results from the significantly lower proton concentration.

The PIEFACE software package was used to analyse the minimum
bounding ellipsoid at each temperature. The minimum bounding ellip-
soid of interest can be described as the ellipsoid of the smallest volume
which contains all the atoms of the VO4 tetrahedral units [29]. Minimum
bounding ellipsoid analysis allows for facile determination of polyhedral
distortion 6(R) and the ellipsoidal shape parameter (S). 6(R) is described
as the standard deviation of the three principal ellipsoid radii (Ry, Ry and
R,). Shas arange of —1 < S <1, where a sphere is represented by S =0,
while S < 0 indicates an oblate ellipsoid and S > 0 a prolate ellipsoid.

The polyhedral distortion for Sr3V,0Og increases as the temperature
rises (Fig. 5, top), with 6(R) increasing from 6.963 x 1073 A at 25 °C to
1.569 x 1072 A at 700 °C. Hence, the VO4 units become more distorted
as the temperature rises. The ellipsoidal shape parameter decreases with
an increase in temperature (Fig. 5, bottom) from —0.00862 at 25 °C to
—0.0194 at 700 °C. Therefore, axial compression of the polyhedra is
observed, so that the VO4 units become more oblate. These changes to
the VO4 units are observed alongside the changes in the V-O1 and V-02
bond lengths. The O1 z position decreases upon heating which leads to
shortening of the apical V-O1 bond length. The O2 x position decreases
alongside an increase in the O2 y position from 25 °C to 700 °C causing
the V-02 bond length to increase. These changes to the positions of the
oxygen atoms cause the tetrahedral units to become increasingly dis-
torted as temperature rises. No trends are observed for the vanadium z
position or the out-of-centre displacement (D) therefore these factors are

Table 1
Calculated bond valence sums from the neutron diffraction bond lengths at 25 °C
and 700 °C.

Atom Bond valence sum (25 °C) Bond valence sum (700 °C)
Srl 1.79 1.69

Sr2 1.93 1.77

\'21 5.01 5.05

o1 -1.82 —-1.94

02 —2.00 -1.91
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Fig. 6. (a) BVSE map for a test 02~ ion in Sr3V,0g showing exchange between 01-01 (1), 01-02 (2) and 02-02 (3) positions. Isosurface levels are drawn at < 0.65
eV. (b) Part of the refined structure of Sr3V,0g showing the Sr—V-Sr bottlenecks for 01-01, 01-02 and 02-02 oxide ion migration respectively.

independent of temperature. Hence, the tetrahedral distortion is exclu-
sively related to the positions of the O1 and O2 ions rather than changes
in the position of the vanadium atom. The thermal variation of the
distortion of the VO4 tetrahedra in Sr3V,Og is hence different to the
distortion of the (Nb/Mo)Oy polyhedra reported in Ba3NbMoOg 5, where
a change in the polyhedral distortion with temperature is driven by the
second order Jahn-Teller effect [33]. The bond valence sums [34] for the
different atoms within the Sr3V,0g structure are shown in Table 1. At
25°C Srl and O1 are both underbonded. The results show that the subtle
distortion of the VO4 tetrahedra at 700 °C relieves the underbonding at
the O1 site. However both Sr1 and Sr2 become more underbonded as the
01 and O2 atoms move away from the Srl and Sr2 site upon heating.
Bond valence site energy (BVSE) calculations show three dimen-
sional connectivity across the different oxygen positions as previously
reported (Fig. 6(a)) [26]. The relative energy barriers at 25 °C and
700 °C are respectively 0.238 eV and 0.216 eV for O1-O1 hopping;
0.328 eV and 0.246 eV for O1-02 hopping and 0.628 eV and 0.426 eV
for 02-02 hopping. The results suggest that the BVSE barriers for oxide
ion migration from O1-O2 and 02-02 are reduced upon heating to
700 °C. The Sr—V-Sr triangular bottlenecks for oxide ion migration are
shown in Fig. 6(b). A potential reason for the reduced energy barriers
would hence be a result of an increase in size of the Sr-V-Sr bottlenecks
because of the thermal expansion of the unit cell upon heating.

4. Conclusions

A variable temperature neutron diffraction study has been performed
on the dual ion conducting hexagonal perovskite derivative Sr3VoOs.
The R 3 mH space group is observed at all temperatures and the VO4
tetrahedra become more distorted upon heating from 25 °C to 700 °C.
Structural rearrangements have been previously reported for the hex-
agonal perovskite derivatives BasNbMoOgs and Ba;NbsMoOzo upon
dehydration above 300 °C. The hydration of Sr3V.Og is significantly
lower than reported for BasNbMoOg 5 and Ba;NbsMoOq so that there is
no evidence of a structural rearrangement upon heating. BVSE calcu-
lations have been performed and the results suggest that the energy
barriers for movement of the oxide ions from O1 to O2 and O2 to O2 are
reduced due to an increase in the size of the Sr—V-Sr bottlenecks with
thermal expansion of the unit cell. This could result in enhanced oxide
ion conductivity with temperature, and a potential route to increase the
oxide ionic conductivity in Sr3V,Og further could be to add chemical
dopants that are known to expand bottlenecks such as Cs* and Bi3* [35].
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