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The relationship between oxide-ion conductivity
and cation vacancy order in the hybrid hexagonal
perovskite BasVWOg 5+
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and Abbie C. Mclaughlin @ *2

Significant oxide ionic conductivity has recently been reported in cation-deficient hexagonal perovskite
BasM’'M”Qg 5 derivatives (M' = Nb; M” = Mo, W), with disordered hybrid 9R-palmierite average structures.
Here, we present a study of the crystal structure and electrical properties of the related compound
BasVWOg 5. Electrical characterization demonstrates that BazVWOQOg 5 is also an oxide ion conductor with
a bulk conductivity of 2.0 x 107> S cm™t in air at 900 °C, thus revealing that it is possible to obtain oxide
ion conducting BazsM'M"Ogs materials with a variety of different M’M” combinations. Whilst
BasNbMoOg s and BasNbWOg s present a random distribution of cationic vacancies, X-ray and neutron
diffraction experiments demonstrate that the cationic vacancies are ordered on the M2 sites in
BasVWOg s, resulting in a structure where M10, palmierite-like layers are separated by empty octahedral
cavities. Bond-valence site energy (BVSE) analysis on the different phases reveals that ordering of the
cationic vacancies hinders long-range oxygen diffusivity parallel to the c-axis in BasVWOg 5 explaining
the reduced ionic conductivity of this compound. These results suggest that, together with the dominant
2-dimensional conduction pathway along the palmierite-like layers, additional diffusion routes parallel to
the c-axis provide a relevant contribution to the conductivity of these BazM'M”Og 5 systems by creation
of a complex 3-dimensional ionic percolation network, the topology of which depends on the particular
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Introduction

Solid oxide fuel cells (SOFCs) are electrochemical devices able to
generate electricity from renewable energy sources, with high
efficiency and low emissions of pollutants.” However, oxide
ion transport in most commercially available solid electrolytes
is enabled only at high working temperatures (>700 °C), thus
making the commercialization of SOFCs particularly chal-
lenging.»»* The high operating temperature reduces the
components’ durability, results in slow start up times and the
necessitation of expensive materials for seals and intercon-
nects.”* In order to overcome these issues, it is desirable to
develop novel electrolyte materials with significant oxide ion
conductivity at intermediate temperatures (300-600 °C). Ionic
conduction in solid oxides is strongly related to the crystal
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arrangement of cation and anion vacancies.

structure, and as a result the discovery and characterization of
novel oxide ion conductors in various structural families has
attained significant attention from researchers.® Several fast
oxide ion conductors have been reported in systems such as
fluorite-type structures,”® silicon and germanium apatites,*
rare earth molybdates (La,M0,0o, LAMOX materials),™
Bi,V,0; -derived oxides (BIMEVOX),'* and compounds con-
taining GaO, tetrahedral moieties."*** High oxide ion conduc-
tivity has also been observed in different cubic and layered
perovskite systems.”™® The perovskite ABO; structure is
generally composed by a framework of corner-sharing BOg
octahedral units, in which the A cations occupy the interstitial
voids. When there is a large difference in size between the
constituent cations, some of the B octahedra share faces to
release the strain caused by the size mismatch between the
cations, resulting in the formation of hexagonal polytypes.”
Mixed combinations of corner-sharing and face-sharing octa-
hedra can give rise to a variety of hexagonal perovskite deriva-
tives able to accommodate cationic and anionic vacancies.'>*"
Recently, we have reported the first hexagonal perovskite
derivative with significant oxide ion conductivity, Bas-
NbMoOg 5.>* BazNbMoOg 5 exhibits bulk oxide ion conductivity
of 2.2 x 1073 S em ™! at 600 °C, competitive with other electro-
Iyte materials, and the conductivity is predominantly ionic in
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a wide pO, range. Ba;NbMoOg 5 is a cation-deficient hexagonal
perovskite derivative with an average structure composed of
a hybrid of the 9R perovskite and palmierite units.>* Variable
coordination M10, polyhedral units are generated within the
palmierite-like layers due to considerable positional oxygen
disorder. Average octahedral and tetrahedral units arise from
partial occupation of two crystallographic oxygen positions (02
and 03),>** with the existence of 5-fold geometries on the local-
scale.”*** The random distribution of intrinsic oxygen vacancies
and available oxygen sites results in a continuous 2-dimen-
sional ionic diffusion pathway for oxide migration along the
palmierite-like layers.”® The cationic vacancies are disordered
on two mutually exclusive metal sites (M1 and M2), leading to
the formation of complex disordered stacking configurations of
M10, and M20O¢ polyhedral units.?**® Substantial oxide ion
conductivity has been discovered in other compounds of the
BazM'M"Og 5 (M’ = Nb; M” = Mo, W) family.>**° In particular,
members of the Baz;Nb; ,V,Mo0Og s series present enhanced
ionic conductivity, with the x = 0.1 composition showing a bulk
conductivity of ~0.01 S cm ™" at 600 °C, one order of magnitude
higher than the conductivity of BazNbMoOg 5.® Furthermore,
BazNbWOg 5 exhibits similar conductivity to Ba;NbMoOg 5 at
600 °C and greater stability in a reducing 5% H,/N, atmo-
sphere.”” High oxide ion and proton conductivity has also been
reported in Ba;Nbs;Mo0O,, a hexagonal derivative with an
average crystal structure composed of a disordered arrange-
ment of 12R hexagonal perovskite and palmierite-like layers,
similar to BazNbMoOgs.** The structures of these cation-
deficient hexagonal perovskite derivatives are versatile and
able to accommodate various transition metal cations, poten-
tially enabling ionic conduction in different disordered layered
systems.

In this study, we present the crystal structure and electrical
properties of the hexagonal perovskite derivative Baz;VWOg 5.
This phase has been synthesized previously, but the conduc-
tivity has not been measured, nor the structure characterized by
neutron diffraction.*” Impedance spectroscopy measurements
reveal that Ba;VWOg 5 is also an oxide ion conductor at high and
intermediate oxygen partial pressures, with a bulk conductivity
of 2.0 x 107> S em™" at 900 °C. Hence, it is possible to syn-
thesise hexagonal perovskite oxide ion conductors without the
elements of Mo and Nb, opening up further opportunities for
discovering novel oxide and/or proton conductors in the
hexagonal perovskite family. While all the Ba;M'M”Og 5 phases
reported so far are isostructural with BazNbMoOgs, in
Baz;VWOyg 5 the cationic vacancies are ordered on the M2 sites,
thus resulting in a structure where M10, palmierite-like layers
are separated by empty octahedral cavities. Bond-valence site
energy (BVSE) analysis on the average structure confirms the
presence of diffusion pathways along the palmierite-like layers
but demonstrates the absence of long-range oxygen mobility
parallel to the c-axis. The relationship between the electrical
properties and BVSE calculations on Ba;NbMoOg 5, Ba;NbWOg 5
and Ba;VWOg 5 suggests that additional pathways parallel to the
c-axis may provide a relevant contribution to the conductivity of
these systems, highlighting the importance of both cation
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disorder and the chemistry of the M'M” cations in defining the
ionic conducting properties of Ba;M'M"Og 5 derivatives.

Experimental

BazVWOg s was prepared by the solid-state reaction of stoi-
chiometric quantities of Ba(NOj;), (99.999%, Aldrich), WO,
(99.9%, Aldrich) and V,05 (=99.6%, Aldrich). The starting
materials were ground, pressed into a pellet and then calcined
in air at 900 °C for 10 hours. The pellet was subsequently
ground, re-pelletized and sintered at 1060 °C for 24 hours in air
with a heating rate of 5 °C min~ ' and then cooled down to room
temperature with a cooling rate of 5 °C min~*. The last sintering
step was repeated multiple times until a phase pure sample was
obtained. The synthesis of Ba;VWOy 5 is very sensitive to sin-
tering temperature and a phase pure material is only obtained
over a very narrow temperature range (1060 °C + 10 °C). This
could be a result of Ba volatilisation. Impurities of BawO, form
above this temperature.

Powder X-ray diffraction (XRD) data were collected with
a PANalytical Empyrean Powder diffractometer with Cu Koy
radiation at room temperature. Data were acquired in the range
10° =< 26 =< 110°, with a step size of 0.013°. Time-of-flight
neutron powder diffraction experiments were performed at
room temperature on the Polaris diffractometer® at the ISIS
pulsed neutron source (Rutherford Appleton Laboratory). A
sample of 5 g of Ba;VWOg 5 was loaded into an 8 mm diameter
cylindrical vanadium can and data were recorded for a total of
350 pA h proton charge to the ISIS target, corresponding to ~2
hours exposure in the neutron beam. Rietveld analysis was
performed using the GSAS/EXPGUI package.** The background
was fitted by the Chebyschev polynomial function and the peak
shapes were modelled using profile function 3, which is
a convolution of a pseudo-Voigt function with two back-to-back
exponentials.

For the impedance spectroscopy measurements, a pellet of
~10 mm diameter and ~1.5 mm thickness was prepared using
a sample of BazVWOg 5 sintered at 1060 °C for 48 hours to
achieve 90% of the theoretical density. Platinum electrodes
were painted on both sides of the pellet using Pt paste (Metalor
6082). Impedance measurements were acquired in the
frequency range 0.1 Hz to 1.0 MHz with a Solartron 1260
impedance analyser with an applied alternating voltage of 0.1 V.
Data were recorded upon cooling from 900 °C to 350 °C in
a sealed tube furnace under a flow of dry air, oxygen, nitrogen
and 5% H,/N, gas mixture. Dry gaseous atmospheres were ob-
tained by flowing the employed gas through a column of
a commercial desiccant (Drierite) (pH,O < 10~* atm). Imped-
ance data were measured every ~15 °C allowing 2 hours equil-
ibration time at each temperature. The recorded impedance
data were corrected using the geometrical factor and analysed
with the ZView software (Scribner Associates, Inc.)

Bond-valence site energy (BVSE) calculations were performed
with the softBV program,***¢ using the structural models from
Rietveld refinement as input. Details about the softBV approach
and the type of force-field employed for the BVS analysis can be
found elsewhere.***® Bond-valence site energy landscapes for
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the interaction of a test 0°~ ion were calculated for a dense grid
of points with a resolution of 0.1 A. Diffusion pathways were
identified with regions of low bond-valence site energy by direct
visualization of the connectivity of the isosurfaces and by
examination of the calculated pathway segments. BVSE models
of migration barriers were plotted from the calculated energy
profiles of the pathway segments.

Analysis of minimum bonding ellipsoids using the PIEFACE
software was employed to evaluate the effect of doping on the
relaxation of the average metal coordination polyhedra.’” The
polyhedral distortion was quantified by the standard deviation,
o(R), of the three principal ellipsoids’ radii (R, R, R;).

Results and discussion

The X-ray diffraction pattern of BazVWOg 5 (Fig. 1) shows that
there are no impurities in the as prepared sample and that the
peaks could be indexed in the space group R3m H, as previously
reported for BazNbMoOg 5.>*

The phase stability of Ba;VWOgs was investigated by
annealing the sample in air at selected temperatures between
550 °C and 900 °C for 24 hours. There is no evidence of Bragg
reflections from impurity phases after annealing, as shown in
the X-ray diffraction data in Fig. 2a. This indicates that
Ba;VWOy 5 is stable in air between 500 to 900 °C. This contrasts
with BazNbMoOyg 5, which is not stable between 650-1000 °C,
with the formation of BaMoO, and Ba,Nbs;Mo00O,, impurities
above 650 °C.”' The BazVWOg ;s sample was also annealed at
900 °C for 24 hours under the flow of a range of different gases
(Oy, Ny, 5% H,/N,). The XRD data demonstrate that the
Ba;VWOg 5 phase is stable in both oxidizing and reducing
environments (Fig. 2b).

AC impedance spectroscopy was used to investigate the ionic
conductivity of BazVWOg 5. Typical complex impedance plane
(z*) plots are displayed in Fig. 3a and b. The bulk (C ~7-12
pF em™ ') and grain boundary responses (C ~30-40 pF cm™ ')
have very similar time constants and overlap in the high-
intermediate frequency regime (Fig. 3a), resulting in a broad
and depressed grain arc.
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Fig.1 X-ray diffraction pattern of BasVWOg 5 which can be indexed by
the R3m H space group.
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Fig. 2 (a) XRD patterns of BasVWOg 5 recorded after a 24 hour anneal
in air at selected temperatures. (b) XRD patterns of BazVWOgs
recorded after 24 hours annealing at 900 °C under different flowing
gases (air, Oy, N, 5% Ho/Ny).

A low-slope electrode signal is observed at low frequencies
above 450 °C (Fig. 3b). This feature indicates finite length
diffusion typical of a Warburg electrode response and is
evidence of ionic conduction in a material with partially
blocking electrodes.*® The electrode response becomes less
resistive upon increasing the oxygen partial pressure, consistent
with oxygen ion diffusion. Total resistivity (R}, + Ryp) values were
obtained from the high frequency intercept of the grain
boundary semicircle on the real axis at all temperatures. The
total conductivity values of Ba;VWOg 5 recorded in a range of
different atmospheres are presented in the Arrhenius plot in
Fig. 3c. BagVWOg s exhibits a total conductivity of 6.2 x
10* S em ! in air at 900 °C, with an activation energy of 1.43
(5) eV. There is no change in the conductivity values recorded in
air, O, and N,, revealing that the total conductivity of
Ba;VWOg 5 is independent of oxygen partial pressure at high
pO, (see ESI Fig. S11), so that pure oxide ion conduction is
observed at high pO,. There is an increase in the conductivity in
5% H,/N,, which reveals that Ba;VWOyg 5 exhibits an electronic
component in the more reducing atmosphere. This is analo-
gous to BazNbMoOg s, where concentration cell experiments
revealed a minor electronic component,” but is in stark
contrast to BazWNbOgs and BazNb, oV, M0Og 5, for which
impedance spectroscopy measurements under 5% H,/N,
revealed a negligible electronic conductivity contribution.?**”

Equivalent circuit analysis was used to extract the individual
bulk (R,) and grain boundary resistivity values (R,p). An equiv-
alent circuit constituted by a series combination of a resistor (R)

This journal is © The Royal Society of Chemistry 2020
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(a and b) Typical complex impedance plots recorded in oxygen at 400 °C, 550 °C, and 625 °C. The inset in (a) shows a magnification of the

high frequency region. The numbers and corresponding filled symbols indicate selected frequency decades. (c) Arrhenius plot of the total
conductivity of BasVWOg 5 recorded in a range of different dry atmospheres (air, O,, N, 5% H,/N,), with the reported activation energy in dry air.
(d) Arrhenius plots of the bulk and grain boundary conductivity of BazVWOQOgs; red lines show the linear fit to the data with the corresponding
activation energies. The bulk conductivities of BasNbMoOg 5 (NbMo, ref. 21), BasNbWOg 5 (NbW, ref. 27) and BasNbg gVo.1M0Og 5 (Nbg oV 1Mo,

ref. 26) are reported for comparison.

in parallel with a constant phase element (CPE) was employed
to model the bulk and grain boundary impedance responses of
the data collected in dry air (see ESI Fig. S21). Representative
equivalent circuit fits of the complex impedance data at 500 °C
and 700 °C are shown in ESI Fig. S3.7 The Arrhenius plot in
Fig. 3d shows the bulk conductivity of Ba;VWOg s compared
with the bulk conductivities of Ba;NbMoOyg 5, Ba;NbWOg 5 and
B;Nby.9Vo.1M0Og 5. The bulk conductivity of Ba;3VWOg 5 is 5.0 x
107> S em ! at 600 °C, two orders of magnitude lower than the
bulk conductivity of BazNbMoOgs (2.2 x 107> S em™ ') and
BazNbWOq 5 (1.8 x 107° S cm™') and three orders of magnitude
lower than the conductivity of the V-doped B3;Nb, ¢V 1M0Og 5
composition (1.0 x 107> S em™'). The grain boundaries of
BazVWOg 5 present reduced conductivity (5.3 x 10 ® S em ™" at
600 °C) and considerably higher activation energy (1.52 (2) eV)
than for ionic transport in the bulk domain (1.13 (1) eV). The
grain boundaries clearly constitute the most resistive part,
dominating the total resistivity of the material, as reported also
for other BasM'M"Og; derivatives.?*?” Materials containing
barium that are sintered at high temperature can have
a different chemical composition of the grain boundaries

This journal is © The Royal Society of Chemistry 2020

resulting in a higher grain boundary resistivity due to the
presence of blocking effects, as in the case of BazNb, gWj -
Og6.”® This is generally caused by barium volatilisation and/or
segregation of secondary phases in the grain boundary region
and is a common problem in various Ba-containing oxide ion
and proton conductors.**** Further sintering studies will be
required in order to reduce the grain boundary resistivity of
Baz;M'M"Og 5 derivatives and further exploit their high bulk
conductivity.

Time-of-flight (TOF) neutron powder diffraction data** were
recorded on the Polaris diffractometer in order to determine the
crystal structure of Ba;VWOg 5 and to obtain accurate oxygen
occupancies. BazVWOg 5 was previously reported to crystallize
with a 9R hexagonal polytype structure with stacking sequence
(hhc)s, in which trimers of face-sharing (V/W)Og octahedra are
connected via corner sharing.*> This model, which contains
purely octahedral coordination of the metals, resulted in a poor
Rietveld fit. The hybrid 9R perovskite - palmierite average
structure previously reported for Ba;M'M"Og 5 (ref. 20, 21 and
27) was therefore employed as a starting model for Ba;VWOyg 5.
In this model, the oxygen atoms occupy three different sites.

J. Mater. Chem. A, 2020, 8, 16506-16514 | 16509
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The oxygen atom at Wyckoff position 184 (O1) is common to
both the 9R and palmierite structures. The 9R perovskite
structure also has an oxygen atom at Wyckoff position 9e (02),
whereas the palmierite structure has an oxygen atom at 6¢ (03).
The hybrid average structural model contains oxygen on all
three sites. The intrinsic oxygen vacancies are randomly
distributed along the pseudo-cubic BaO, ;5 layers, resulting in
partial occupation of the average O2 and O3 crystallographic
sites, and in the formation of mixed average tetrahedral and
octahedral metal coordination units within the palmierite-like
layers. Large positional oxygen disorder along the 02-03
layers leads to local disruption of the crystallographic oxygen
site configurations and generates 4-, 5-, and 6-fold coordination
geometries on the local scale.”®** The barium atoms occupy the
6¢ and 3a Wyckoff positions (Bal and Ba2 respectively), while
the transition metal cations are at Wyckoff position 6¢ (M1) and
at Wyckoff position 3b (M2).>"*” Refinement of the fractional
occupancy of the transition metals in Ba;VWOg 5 from neutron
diffraction data is difficult because vanadium has a low scat-
tering cross section for neutrons.** For this reason, we first
performed Rietveld refinement of the structural model from
high-resolution X-ray diffraction data in order to determine the
fractional occupancies of tungsten and vanadium within the
crystal structure of Ba;VWOsg s.

In the reported hybrid structural model of Ba;M'M"Oyg 5, the
transition metals and the cationic vacancies are distributed in
a disordered pattern over the M1 and M2 sites.**” In contrast,
unconstrained refinement of the W and V site occupancies in
Ba;VWOg 5 reveals that the M1 site is fully occupied, while the
M2 site is empty. Examination of X-ray difference Fourier maps
shows no evidence of significant missing scattering density on
or in proximity of the (0,0,0.5) M2 site (VW in Fig. 4). For
comparison, an X-ray difference Fourier map calculated on
Ba;NbMoOg 5 by setting the occupancy of M2 to zero clearly
reveals un-modelled electron density located at 6¢ (0,0,~0.52)

Electron density

Fig. 4 Volumetric data obtained from the X-ray difference Fourier
analysis on the refined structures of BazVWOgs (VW) and Basz-
NbMoOg 5 (NbMo). The difference Fourier map for BazVWOg 5 shows
no evidence of electron density on or in proximity of the 3b (0,0,0.5)
M2 site. In contrast the map for BasNbMoOg s, calculated by setting the
occupancy of M2 to zero, clearly indicates missing electron density
located for the most part at the 6¢ (0,0,~0.52) site. Sections represent
slices of the volumetric Fourier data seen along the [001] direction at z
= 0.5 (VW) and at z ~0.52 (NbMo). The metal cations are represented
by the blue spheres, while the oxygen atoms are in red (O1), orange
(0O2) and yellow (O3).
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(NbMo in Fig. 4), above and below the nominal 3b position, in
agreement with previous reports of splitting of the M2 site.**>¢

Adopting the vacant M2 model for Ba;VWOsg 5 resulted in
a significant improvement of the goodness of fit parameters,
which were reduced from x* = 5.34, R, = 8.87% to x> = 2.93,
Ryp = 5.55%, and in a good match between the observed and
calculated X-ray diffraction histograms (see ESI Fig. S4 and
Table S1t). The V and W occupancies obtained from the high-
resolution X-ray diffraction data were then fixed in the refine-
ment of the BagVWOg 5 structure from neutron diffraction data.
Refining the oxygen site occupancies from the collected neutron
diffraction data gave an overall oxygen stoichiometry of 8.5; O1
is fully occupied, while the O2 and O3 crystallographic positions
are partially occupied. The fractional occupancies of the Ba
atoms refined to within +1% of full occupancy and were fixed at
1.0. Refinement of the atomic displacement parameters, U, for
all atoms was performed anisotropically. The oxygen atom O3
exhibits large anisotropic thermal displacement parameters U4
= U,, = 0.0706 (6) A% giving evidence of disorder at the O3
apical site of the M10, pseudo-tetrahedron, on the ab plane.
Therefore, the general position 367 was assigned to O3 instead
of the ideal 6¢ position in the palmierite structure, in order to
account for the disorder of the oxygen atoms within the M10,
polyhedra on the 3-fold axis. The splitting of this site has
previously been reported also for Ba;NbMoOg 5.>* The O3 atom
was subsequently modelled by using a single isotropic Ui,
factor. An excellent Rietveld fit to this model was obtained
(space group R3m H; a = b = 5.82254 (6) A, c = 21.1327 (2) A, V=
620.45 (2) A% x* = 4.397, R, = 2.12% and Ry, = 1.53%; Fig. 5,
Table 1).

Significant differences exist between the average structures
of BazVWOg; and BazjM'M"Og;. The average structure of
BazVWOg 5 is composed of M10, polyhedral units spaced by
empty octahedral cavities (Fig. 6a, VW), as a consequence of
ordering of the cationic vacancies on the M2 sites. In contrast

35
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Fig. 5 Fitted neutron diffraction histogram for BazVWOg 5 at ambient
temperature. The TOF neutron diffraction data from the 90° bank
detector of the Polaris diffractometer is shown. Black dots indicate the
observed data, the red line the Rietveld fit, the blue line indicates the
difference between the observed and the calculated patterns, the
green line the background function, and the pink vertical bars the
reflection positions.
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Table 1 Refined atomic parameters from the Rietveld fit to the R3m H model from powder neutron diffraction data®

Atom Site x y z Fraction Uy, = Uy, Uss Ui,

Bal 3a 0 0 0 1 0.0140 (2) 0.0064 (3) 0.00703 (8)
Ba2 6c 0 0 0.20693 (4) 1 0.0111 (2) 0.0148 (3) 0.00559 (8)
M1 6c 0 0 0.39415 (7) 1 0.0097 (4) 0.0137 (7) 0.00480 (2)
o1 18h 0.17269 (4) 0.82730 (4) 0.10188 (2) 1 0.0149 (1) 0.0136 (2) 0.0115 (2)
02 9% 0.5 0 0 0.361 (1) 0.0446 (6) 0.0305 (9) 0.0279 (3)
03 360 0.0526 (4) 0.0103 (9) 0.32659 (6) 0.118 (1) 0.0212 (6) — —

“ Data were refined in space group R3m H with x> = 4.397, R, = 2.12%,

Ryp = 1.53%; refined unit cell parameters; a = b = 5.82254(6) A, ¢ =

21.1327(2) A, V = 620.45 (2) A%, Uy (in A?) represent atomic displacement parameters; Uy; and U, are zero. The M1 site is composed of 50% V

and 50% W.
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Fig. 6 (a) Average crystal structure of BasVWOgs (VW) and Baz-
NbMoOg s (NbMo). The green spheres are the Ba atoms, while the
oxygen atoms are represented by red (O1), orange (O2) and yellow
(O3) spheres. Blue and light blue polyhedra represent the average
M1O, units created by partial occupation of O2 and O3. The grey
polyhedra in VW represents the empty octahedral cavities. M20g
octahedra are represented in magenta in NbMo. (b) Representation of
the ordered stacking of palmierite-like layers and cation vacancies in
BazVWOg 5 (top), and of a possible disordered arrangement of face-
sharing and isolated polyhedral units in BasNbMoOg 5 (bottom). O3 is
represented at 6¢ for simplicity.

the average structure of Baz;NbMoOgs is formed by hybrid
trimer stacks of face-sharing polyhedral units (Fig. 6a, NbMo) in
which the cationic vacancies are disordered on two metal sites
M1 and M2 which, due to the short separation between the
positions, are mutually exclusive and cannot be occupied
simultaneously. The random distribution of cation vacancies
leads to the formation of local complex disordered stacking M1-
vac-M1, M1-M2-vac, or vac-M2-M1 configurations, resulting in
a random arrangement of face-sharing or separated M10, and
M20¢ polyhedral units (Fig. 6b, bottom).**® Instead, the
ordered distribution of cationic vacancies in Ba;VWOg 5 results
in an ordered stacking of palmierite-like layers separated by
empty octahedral sites (Fig. 6b, top). The average structure of
Baz;VWOyg 5 exhibits oxygen disorder similar to BazM'M”Oyg s,
with competitive occupation of the two average crystallographic
02/03 sites leading to the formation of average M1(01;03)
tetrahedral units and average M1(01;02;) octahedral units. It is
expected that the occurrence of neighbouring tetrahedral and
octahedral units, in conjunction with the large positional
oxygen disorder, results in disruption of the local oxygen

This journal is © The Royal Society of Chemistry 2020

configuration and in the formation of local intermediate 5-fold
geometries as reported for Ba;NbMoOg 5.>***

Bond-valence site energy (BVSE) calculations were employed
to analyse the migration pathway and energy landscape of the
oxide ion conduction in the average crystal structure of
Baz;VWOg 5. Bond-valence based methods have been shown to
reproduce well the ionic conduction pathway in several ionic
conductors*”***° and have successfully been employed for the
screening and discovery of new oxide ion conducting mate-
rials.**** Despite being not as accurate, BVSE barriers generally
show a good agreement with results from density functional
theory (DFT) calculations.*® Therefore, BVSE analysis can
provide useful general indicators on the energetics of ionic
migration of inherently complex crystal structures, at a fraction
of the computational cost, and the results can be used as
a proxy, in relative terms, for more detailed studies.*>*” This
approach has recently been employed to further understand the
conduction mechanism and relative energetics of migration in
V-doped Ba;NbMoOg 5.>° BVSE calculations on Ba;VWOyg 5 were
performed with the softBV program. Bond-valence site energy
landscapes describing connecting local minima, saddle points
and relative energy barriers for the interaction of a probe oxide
ion were calculated from the refined structural model. Two-
dimensional 02-0O3 conduction pathways (on the ab plane)
corresponding with the lowest bond-valence site energy barriers
(<0.5 eV) are evidenced along the palmierite-like layers (Fig. 7a,
b), in accordance with previous reports.>***** The oxygen
migration along the palmierite-like layers occurs through two
saddle points. The saddle point S1 is associated with oxide ion
exchange along the connected distribution of partially occupied
oxygen positions (Fig. 7a). The saddle point S2 is perpendicular
to the undulating distribution of crystallographic oxygen sites
(Fig. 7b); its relative energy barrier (E2) can be associated with
the energy necessary for the relaxation of the oxygen atoms
during migration, and is linked to the average distortion of the
M10, polyhedral units, ¢(R).>* In BajM'M"Og;, the average
metal polyhedra are distorted due to the out-of-centre
displacement resulting from the second-order Jahn-Teller
distortion induced by the d° cations.?*?*** The magnitude of
this average distortion depends on the nature and combination
of the M'M” cations.?*?*%*® Ba;VWOg 5 presents ¢(R) similar to
Ba;NbMoOy 5 (~0.0753 A and ~0.0759 A respectively), and the
two systems shows analogous E2 energy barriers (Fig. 7c). The
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Fig. 7 BVSE map of BazVWOgs showing the 2-dimensional ionic
conduction pathway along the palmierite-like layer as seen down the
c-axis (a) and a-axis (b). Isosurface levels are drawn at < 0.5 eV (over
the global minimum). The dotted lines represent the saddle points as
identified by the softBV software. (c) BVSE models of migration barriers
along the palmierite-like layers for BasVWOgs (VW), BasNbMoOg 5
(NbMo), and BasNbWOgs (NbW). Relative bond-valence energy
barriers are reported in eV. Note that the minimum site energies have
relative values.

relative energy barrier E1 is influenced by the populations of the
average O2/03 sites, and its height decreases when the frac-
tional occupancy of O3 increases,*® since a larger number of
lower coordination geometries provides more favourable and
dynamic environments for oxygen transfer."*'*” Fig. 7c shows
that BazVWOg s and BazNbMoOgs have comparable relative
BVSE energy barriers for the 2-dimensional ionic conduction
along the palmierite-like layers, which are considerably smaller
than the barrier for Ba;jNbWOg 5. However, the bulk conduc-
tivity of Baz;VWOgs is significantly lower than the bulk
conductivity of both BasgNbMoOgs; and Ba;NbWOgs (see
Fig. 3d). Therefore, it would seem that other factors are influ-
encing the ionic transport in these systems.

The softBV approach reveals all the possible path segments
that exist for a given structure,® therefore further examination
and comparison of the BVSE maps and pathways besides the 2-
dimensional lowest energy pathway for Ba;VWOgs, Bas-
NbMoOs 5 and Ba;NbWOg 5 can be particularly informative. The
BVSE maps calculated for the average structures of Baj-
NbMoOg 5 and Baz;NbWOg 5 demonstrate sizeable connectivity
between adjacent 01-O2 and 01-01 positions (Fig. 8, right, and
ESI Fig. S51), implying oxygen motion along the edges of the
M10, and M201¢ polyhedra, similar to the migration mecha-
nism in cubic ABO; perovskites.”® The 01-O2 and 01-O1
pathway segments in Ba;NbMoOg 5 have relative BVSE energy
barriers of 0.675 eV and 1.257 €V respectively, and of 1.058 eV
and 1.491 eV in BazNbWOgs. The BVSE map of Ba;VWOg s,
while showing 01-02 exchange (with a relative energy barrier of
0.780 eV), does not present any O1-O1 connectivity along the
edges of the (vac)Ols pseudo-octahedron (Fig. 8, left). In
a previous study, a bond-valence energy landscape (BVEL) map
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Fig. 8 Bond-valence site energy maps calculated for BazVWOg 5 (VW)
and BazsNbMoOg s (NbMo). The cation vacancy (vac) in VW is repre-
sented by the grey octahedron. The dotted lines represent the saddle
points at the median of the O1-02 (S3) and O1-01 (S4) distances, with
bottlenecks constituted by triangles formed by two Ba cations and
one M cation, as identified by the softBV software. Darker colours
indicate the lower isosurface levels (<0.5 eV over the global minimum),
while the lighter colours are for the highest isosurface levels (between
0.7 eV and 1.4 eV over the global minimum).

calculated on a refined structure of BazNbMoOg 5 from single
crystal X-ray diffraction data, modified to contain an ordered
M1-vac-M1 stacking configuration, showed connectivity parallel
to the c-axis via the O1 sites and the vacant M2 polyhedra.”® It
was also proposed that occupation of the M2 site reduces the
ease of oxide ion exchange between the O1 layers and the BaO, 5
layers. We performed a similar BVS analysis with softBV on an
average Baz;NbMoOg 5 structural model with the M2 site occu-
pancy set to zero. While the calculated BVSE map evidenced
sizeable connectivity between 0O1-O1 sites (Fig. S6 in ESI{), in
agreement with the previous single crystal study,” further
examination of the specific pathway segments identified by
softBV reveals that this connectivity does not correspond to
a viable diffusion pathway. The BVS density within the empty
M2 octahedral site is the result of the presence of calculated
interstitial energy minimum sites and the associated exchange
between these sites and O1. There are no such interstitial
oxygen present at the vacant M2 site in Ba;VWOg 5 which would
result in unrealistic O-O separations (<2 A). Hence the calcu-
lated BVS density is chemically infeasible.

The presence of connectivity between oxygen sites is
certainly a prerequisite for the evaluation of a possible
conduction pathway. However, its likelihood as a migration
route needs to be rigorously assessed by examination of both
the relative energy barrier and the characteristics of the
connectivity within the specific pathway segment, to ensure that
the pathway is physically viable.>**

Amongst all the possible pathway segments calculated from
BVSE analysis of the average structure, the 2-dimensional O2-
03 pathway along the palmierite-like layer presents the lowest
relative BVS energy barrier and is most likely the dominant
route contributing to the overall conduction. However, the
presence of a continuous connectivity network formed by O1-
02 and O1-01 pathway segments with accessible relative energy
barriers implies long-range diffusion parallel to the c-axis, so
that the ionic conductivity in the hybrid structure of

This journal is © The Royal Society of Chemistry 2020
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BazM'M"0Og 5 (M’ = Nb; M” = Mo, W) is 3-dimensional.?® The
disorder in the cation sub-lattice, together with the inherent
ability of the cation defects to rearrange themselves in the
hybrid structure,?** allow for the formation of a complex and
dynamic 3-dimensional ionic percolation network, the topology
of which will depend on the average temperature- and time-
dependent distribution of cationic and anionic vacancies. In
contrast, ordering of the cationic vacancies on the M2 sites in
Ba;VWOy 5 disrupts the 3-dimensional conduction/percolation
network by hindering any long-range oxygen diffusion (01-02
+ 01-01) parallel to the c-axis®*® so that the conductivity
mechanism is two-dimensional. The reduction in dimension-
ality results in a dramatic reduction in the bulk conductivity
(see Arrhenius plot in Fig. 3d). Cation ordering in pyrochlore
Gd,(Ti, Zr),0; systems has been reported to have a similar
negative impact on the conductivity and mobility of the oxygen
vacancies, with an analogous reduction in the dimensionality of
oxide ion conduction.®~*> We note that the different chemical
characteristics of the M'M” cations may also influence the ionic
conductivity. If we examine the average M1-0O2 and M1-03
bond lengths, we notice that these are considerably shorter in
Ba;VWOy 5: respectively 2.1160 (9) A and 1.455 (2) A, compared
to 2.2065 (8) A and 1.766 (4) A in Ba;NbMoO, 5.>* These short
distances are typical of V>'O, polyhedra containing vanadyl
bonds®* and may act as a trap for the mobile oxygen atoms along
the palmierite-like layers, further reducing the oxide ionic
conductivity. Such trapping of the mobile oxide ions due to local
structural relaxation/distortion has previously been postulated
also for Ba;Nb;_,V,Mo0Qg 5.%¢

Conclusions

In summary, we have reported the successful synthesis of a new
oxide ion conductor BazVWOg 5. Similar to BasM'M"Og 5 (M’ =
Nb; M” = Mo, W), the average crystal structure of Ba;VWOg 5
contains palmierite-like layers with considerable positional
oxygen disorder leading to the formation of average mixed
coordination M10O, polyhedral units. However, the cationic
vacancies are ordered on the M2 sites in BazVWOg 5, thus
resulting in an ordered stacking of palmierite-like layers sepa-
rated by empty octahedral cavities. Electrical characterization
reveals that Ba;VWOg 5 is an oxide ion conductor at high pO,.
However, the bulk conductivity of this compound is substan-
tially lower than the conductivities of other members of the
BazM'M"Og 5 family. BVSE analysis on the average structure of
Ba;VWOg 5 reveals that the lowest-energy ionic conduction
pathway is along the 2-dimensional palmierite-like layers, in
agreement with previous studies on BazM'M"Og 5 (M’ = Nb; M”
= Mo, W), implying cooperative oxide ion transport via
exchange between the partially occupied average oxygen sites
within the BaO, s layers. The BVSE analysis also shows the
absence of any long-range oxygen connectivity parallel to the c-
axis, in contrast with what has been reported for Ba;NbMoOs 5
and Baz;NbWOg 5 These results suggest that, although the 2-
dimensional conduction pathway along the palmierite-like
layers is the predominant diffusion route, long-range ionic
migration parallel to the c-axis also provides a relevant

This journal is © The Royal Society of Chemistry 2020
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contribution to the conductivity of BazM'M"Og 5 systems, thus
resulting in a complex 3-dimensional ionic percolation
network.” Ordering of the cation vacancies on the M2 sites
most likely disrupts such a network in Ba;VWOg 5, so that the
reduction in conductivity can be ascribed to the reduction in the
dimensionality of ionic diffusion. These findings highlight how
the chemical characteristics of the M'M” couple and the pres-
ence of disorder in the cationic sub-lattice can have a profound
influence on the ionic conducting properties of BasM'M"Og 5
derivatives. Various reports have demonstrated how the pres-
ence of disorder and the particular distribution of cations and
defects in the cation sub-lattice can affect the conductivity of
different oxide ion conductors, and how these generally depend
on the composition and chemistry of the cations.*** These
findings highlight the importance of the oxygen and cation
vacancy disorder in defining the ionic conducting properties of
Baz;M'M"Og 5 hexagonal perovskite derivatives. The results also
demonstrate that it is possible to obtain oxide ion conducting
Baz;M'M"Og 5 with a range of different cations and synthesis of
novel phases with different combinations of M'M” are
warranted.
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