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ABSTRACT: Functional oxides showing high ionic conductivity have many important technological applications. We re-
port oxide ion and proton conductivity in a family of perovskite-related compounds of general formula A;OhTd,O,; where
Oh is an octahedrally and Td a tetrahedrally coordinated metal ion. The high tetrahedral content in these ABO, 5 compo-
sitions relative to that in perovskite ABO; or brownmillerite A,B,Os structures leads to tetrahedra with only three of their
four vertices connected in the polyhedral framework, imparting a potential low-energy mechanism for O>- migration. The
low and high temperature average and local structures of Ba;YGa,O, (P2/c a = 7.94820(5) A, b = 5.96986(4) A, ¢ =18.4641(1)
A and B = 91.2927(5) ° at 22 °C) are determined by Rietveld and neutron pair distribution function (PDF) analysis, and a
phase transition to a high temperature Pu2,/a (a =12.0602(1) A, b = 9.8282(2) A, ¢ = 8.04982(6) A and y = 107.844(3)° at 1000
°C) structure involving migration of O~ ions is identified. Ionic conductivities of Ba;YGa,0,s and compositions substituted
to introduce additional oxide vacancies and interstitials are reported. Most phases show proton conductivity at lower tem-
peratures and oxide ion conductivity at high temperature, with Ba;YGa,O, retaining proton conductivity to high temper-
ature. Ba,4La,,YGa,0, 55 and Ba;YGa, 4Ti,.0; .55 appear to be dominant oxide-ion conductors with conductivities an order of

magnitude higher than the parent compound.

INTRODUCTION

Solid ionic conductors are an important class of crystalline
materials characterized by their ability to transport current
via the diffusion of ions (here O* and H*) through the
structure. This valuable property can be harnessed for a
wide range of technological applications, including oxygen
sensors and pumps,' separation membranes® and electro-
lyte materials in solid oxide fuel cells.3 Understanding how
specific elemental compositions, structural features and
microscopic dynamics underpin high conductivity is vital
for the development of new materials. In particular, it may
pave the way to devices that can operate at lower temper-
atures than current technology, giving significant cost and
durability benefits. In this paper we report high conduc-
tivity in a new family of perovskite derivatives using the
design concept of incorporating “flexible tetrahedra” into
the solid state structure.

After the well-known fluorite derivatives (stabilized
zirconias, 8-Bi,O;, etc.), some of the best performing oxide
ion conductors are perovskite derivatives of composition
ABO,_s. These can be broadly split into two categories:
AMBMQ,-derived compounds where conductivity is typi-
cally maximized for 6 < 0.2; and A"BVO3 to A'"B!025 com-
positions which either retain the disordered perovskite
structure or order to structure types such as brownmillerite

as o increases. This latter family tends to have maximum
conductivities for higher values of 6. For example, Baz2In20s
has the brownmillerite structure and contains alternate lay-
ers of fully corner-linked octahedra and tetrahedra—OhOs,2
and TdOa/2, respectively, in Niggli formalism.# In its low-
temperature ordered structure it shows moderate 02~ con-
ductivity (o =10 S cm™ at 750 °C), but the conductivity
rises (o # 10 S cm™ at 950 °C) above phase transitions to a
tetragonal then cubic structure where the tetrahedral or-
dering is lost.> Its conductivity is one of the highest in the
BaZr1-4dnx03-x2 series.

Tetrahedral disorder is a common feature in several
other 02~ conductors including Ge-apatites,”** scheelites,
8 melilites,9>° derivatives of the &-Bi,O; structure,>>
La,Mo,0,24% and other brownmillerites.?627 The structural
flexibility imparted by the tetrahedral units promotes the
stabilization and transport of oxygen interstitial or vacancy
defects, enhancing ionic conductivity. There is also signif-
icant literature precedence that tetrahedra that are not
fully linked to other framework polyhedra (e.g. TdO,,0
groups) can give oxide ion mobility at low temperatures.
Terminal oxygens are reported to facilitate rotations of the
Td,Os groups in ZrW,0s*® and related compounds Zri-
1Sn,Mo,0s* below room temperature, and they were iden-
tified as a critical structural feature underpinning the high
conductivity of various melilites.’



Figure 1. Relationship between the perovskite structure (left) and the A;OhTd,O, 5 structure proposed by Abakumov et al.
(right). The unit cells of both structures are shown in dotted and bold solid lines respectively, viewed from two different
directions; origin shifts are shown in the right hand figures. The numbers above the arrow indicate the transformation matrix
needed to go from the perovskite to the A;OhTd,O, 5 structure. Blue, green and red colors indicate the A, B/Oh and O sites
respectively; purple and yellow show the Td sites, with yellow used to highlight the Td,O, tetrahedra containing terminal O

We have recently reported high 02~ conductivity in
Sr,Sco.6Zn,.4,Ga0,4 57 which has the average structure of a
highly oxygen deficient ABO., perovskite, but was de-
signed using similar ideas to those of Chernov et al3° to
contain a ~2:1 ratio of cations favoring tetrahedral coordi-
nation over octahedral, such that its formula can better ex-
pressed as Sr;(Sco.9Zno,)on(Zno.4Gay)1d05.. Total scattering
(PDF) studies revealed that its local structure was closely
related to that of a family of A;OhTd,O,s compounds, that
are shown on the right of Figure 1. Crucially, this structure
contains a TdO, tetrahedron with only three of its four cor-
ners linked to the other framework polyhedra (TdO,,,0),
and we suggested that the one-coordinate oxygen atoms
and the associated structural flexibility were linked to the
substantial increase in  conductivity seen in
Sr,Sco.6Zn,,,Ga0, g relative to its Sr.ScGaO5 brownmillerite
parent.

Several compounds with this
A;(OhOg,)(TdO,.,)(TdO,,0) connectivity are known but
have not, to our knowledge, been studied in the context of
ionic conductivity. The earliest work we are aware of is by
Kovba et al. who reported A;OhTd,O,;compounds follow-
ing explorations of the BaO-Y,0;-ALO;* and BaO-Ln,O;-
Ga,0;* (Ln = lanthanide) phase diagrams. Their work was
later expanded on by Abakumov et al. who discussed the
structure of compounds with A = Ba, Oh = Ln/Y and Td =
Ga/Al3 The room temperature structures were described
with perovskite-related unit cells (V = 12xVperovskite) as
shown in Figure 1. They contain infinite 2D slabs of
4[(0h0g,)(TdO,/;)]*" fully-connected polyhedra perpen-
dicular to the longest cell axis. These are interleaved by
layers containing Td,O, groups which have two of their
four corners unconnected to the rest of the framework
(00,,,Td-0-TdO,,0). A-site cations sit in four different
perovskite-like sites within this framework with coordina-

tion numbers of 10, 8, 11 and 10 (average 10 when site mul-
tiplicities taken into account). It is worth noting that the
addition of extra O atoms on the sites between Td,O,
groups along a and midway between each purple and yel-
low tetrahedron of Figure 1 would create the ABO; fully-
connected perovskite framework.

Monoclinic space groups P2/c or Pc were reported for
Ga and Al compounds, respectively, with monoclinic an-
gles of ~91.2°. Coordinates were only reported for P2/c
Ba;ErGa,O, 5 (hereafter referred to as the Abakumov struc-
ture). A few other compounds have since been shown to
adopt  similar monoclinic  structures, including
Ba;YCo,0,5,34 Ba,YFe,O, % Na;MnV,0,°  and
(K,;5Ca,/5);CaSsi,0, 537 with all four being assigned the space
group P2/c at room temperature. The latter two com-
pounds have a metrically orthorhombic cell, with reported
monoclinic angles very close to 9o° (90.03° and 90.005°, re-
spectively). Compounds in the Sr;LnALQO, s series (Ln = Tb
to Lu) have the same polyhedral connectivity, but have a
different polyhedral tilting pattern, resulting in space
group C2.38

Interestingly, related structures with different tetrahe-
dral ordering patterns within the Td.O, layers have also
been identified in some silicate systems by Tamazyan et al.
(Na,BaeSi,0.5)3 and Kahlenberg et al. (Na,CaeSi, O,s5).4°
This ordering is compared to the Abakumov pattern in Fig-
ure 2a and Figure 2b. In the Abakumov structure, Td,O,
groups have the same positions between each
(OhO¢,)(TdO,,,) fully-connected slab. In the Tamazyan
ordering they are offset by a/2 of the Abakumov cell. The
Tamazyan-type ordering means that the unit cell becomes
monoclinic with cell parameters a=11, b=9, c=7 Aand y=107°
in space group Pu2,/a. These two orderings correspond to
alternate choices for removing oxygens in the hypothetical
transformation from the perovskite to Abakumov connec-



tivity. As shown in Figure 2c, a disordered material con-
taining a mixture of these two Td,O, positions would, on
average, display orthorhombic symmetry with highest
space-group symmetry Cmcm.

In fact, several of these compounds have been reported
to undergo phase transitions to orthorhombic symmetry at
high temperature. Abakumov reported that a monoclinic-
to-orthorhombic transition happens between 177 and 377
°C for different compounds, with the transition tempera-
ture increasing with the size of the Ln atom. While full
structural models of the high temperature phase were not
reported, high temperature electron diffraction data were
used to confirm orthorhombic symmetry for Ba;LnALO,,
with space group Cmcz, suggested. If the phase transition
involves oxygen disorder along the Td.O, chains it could
be associated with the onset of oxide ion mobility.

In this paper, we report a study on the structural prop-
erties and conductivity of a family of compounds derived
from Ba;YGa,0,;. We determine the room temperature
structures using powder neutron diffraction and show that
a structural transition involving rearrangement of the ox-
ide ions occurs at high temperature. We report the first
studies on the conductivity of an A;OhTd,O, s compound,
which reveal both oxide and proton contributions to the
conductivity of Ba;YGa,0,5. The effect of substitution on
the A, Oh and Td site is investigated and compositions
such as Ba, (La,,YGa,0, 55 and Ba;YGa, oTio,0;.55 are found
to have significantly enhanced oxide ion conductivity.

EXPERIMENTAL

Synthesis. 2 g polycrystalline samples of Ba;YGa,O,s
(BYGO) were synthesized from stoichiometric amounts of
BaCO, (Fisher Scientific, 99%), Y,O; (Sigma Aldrich,
99.99%) and Ga,O; (Sigma Aldrich, = 99.99%). Starting
compounds were ground together in ethanol, pelletized
and heated in alumina crucibles at 1200 °C for 12-18 h. Sam-
ples were reground, re-pelletized and reheated until no
changes in the powder X-ray diffraction pattern occurred,
requiring a maximum heating time of 180 h. For neutron
diffraction, the same method was scaled up to 10 g batches.

The substituted series Ba;-La,YGa,0; 505 (X = 0.05, 0.1,
0.15, 0.2, 0.5), Ba;YGa,,TixO, 5:05¢ (X = 0.05, 0.1, 0.15, 0.2),
Ba;YGa,+Zn O, 5.05x (x = 0.1), Ba;YGa,«GexO; 5105 (X = 0.1)
and Ba;Y,-Z1:Ga,0; s540.5¢ (x = 0.05, 0.1) were made using the
same method using La,O; (Acros Organics, 99.99%), TiO,
(Aldrich, = 99.5%), ZnO (Alfa Aesar, 99.99%), GeO, (Acros
Organics, 99.999%) and ZrO, (Aldrich, 99 %). La,O; was
dried at 1000 °C for 12 h prior to weighing. Compounds
were heated for a maximum of 300 h but those that formed
single phases needed < 100 h total heating time.

X-ray diffraction. A Bruker D8 Advance diffractometer in
Bragg-Brentano geometry using Cu Ka radiation and a
Lynx-eye PSD detector was used for all ambient-tempera-
ture X-ray diffraction. An internal Si standard (a =
5.431195(9) A at room temperature) was used for accurate
cell parameter determination. Analysis of the diffraction
data was performed using the Rietveld method+ imple-
mented in the Topas Academic software.+>4

a) Ordering pattern 1 Abakumov

Figure 2. Examples of different ordering patterns in the
Td,O, layers. The two possible positions for Td,O, groups
are shown in yellow and pink.

Variable-temperature X-ray diffraction patterns were
recorded over a temperature range of 25-1000 °C in 20 °C
steps with an Anton Paar HTKi200 furnace attachment.
Furnace temperatures were calibrated with an external
ALO; standard and held constant during each measure-
ment.# Diffraction data were measured for 10 < 289 £120° in
0.02° steps on heating and cooling for between 20 min and
3 h for all single-phase samples. All resulting diffraction
patterns were analyzed by sequential Rietveld fitting in
Topas Academic. Thermal expansion coefficients were ex-
tracted by numerical differentiation of smooth (spline) fits
to the experimental cell parameters.

Neutron diffraction and total scattering. 10 g powdered
samples of Ba;YGa,O, ;and Ba, ,La,,YGa,0, 55 were synthe-
sized for neutron total scattering experiments. Once phase
purity was achieved, the samples were dried at 1200 °C
overnight then quench-cooled to room temperature. ~6 g
of each sample was then immediately sealed in 8 mm di-
ameter vanadium cans, and data collected on the POLARIS
instrument of the ISIS facility at the Rutherford Appleton
Laboratory.



High-quality datasets for pair distribution function
(PDF) analysis were acquired for each sample at room tem-
perature and 1000 °C for 8 h each. Scattering due to the
sample can was measured for 2 h at room temperature and
scattering from the empty sample can in the furnace, and
the empty furnace were measured at room temperature for
8 h and 5 h, respectively. While heating to 1000 °C, short 15
min datasets were collected on both samples for Rietveld
analysis of the Bragg scattering.

Neutron total scattering data were normalized onto an
absolute scale using GudrunN software;* the D(r) func-
tions used for fitting were extracted by merging data from
all detector banks using standard formalisms#S resulting in
a usable Qma of between 35 and 39 A7; Fourier ripples at r
< 1.1 A were removed. Bragg data were extracted using the
established analysis routines in Mantid.+

All structural analyses were performed using Topas Ac-
ademic. Rietveld fits were performed using the three high-
est resolution data banks (banks 3, 4, and 5; detector 2%
angles 52.2°, 91.5% 146.9°% dmac~ 5.1 A, 3.5 A, 2.7 A, respec-
tively) of POLARIS, covering a total d-spacing range of
0.15-5.0 A. Bank 4 was selected for the combined analysis
of Bragg and PDF data as it offers a good compromise be-
tween resolution and Q-range. Rietveld models were ex-
panded into large-box models by constructing supercells
that were as close to isotropic as possible. Each model con-
tained approximately 2500 atoms. Where the Rietveld
model reflected some disorder in the structure, in-house
C++ code was used to distribute atoms appropriately based
on random number generators. Atomic coordinates were
then refined against the data subject to bond length and
angle restraints with a y2 penalty applied if the local geom-
etry deviated too much from the ideal. The ideal angles
were those in perfect octahedra or tetrahedra, and the ideal
bond lengths calculated from bond valence sums as appro-
priate. Bragg (from bank 4) and PDF datasets were fitted
simultaneously using a fitting range of 4000-19500 ps (d =
0.75-3.6 A) for Bragg data and 030 A for PDF D(r) data. In
initial refinement cycles, coordinate changes were con-
strained to prevent large atomic shifts; these constraints
were relaxed during fitting. An equal weighting was ap-
plied to each point in the PDF such that the PDF and Bragg
data gave a similar contribution to the overall 2. PDF pat-
terns were calculated directly from the atomic coordinates
of the large box model, and the Bragg scattering was calcu-
lated by folding the large-box coordinates back into a sin-
gle crystallographic unit cell.

Scanning Transmission Electron Microscopy (STEM).
AC-STEM data in Z-contrast HAADF (high-angle annular
dark-field) imaging mode was collected from powdered
Ba,YGa,O0,; samples. The powder was lightly ground in an
agate mortar and pestle before loading onto holey carbon-
coated Cu TEM grids. A JEOL JEM2100oF with a CEOS aber-
ration corrector for the electron probe was used at 200 kV
to image the sample.

Thermogravimetric analysis. Mass changes on heating
and cooling from 30 to 1000 °C at 10 °C min™* under flowing
dry air were measured using a PerkinElmer TGA 8000 in-
strument. Experiments were performed on freshly cooled
Ba;YGa,0, 5 (heated at 1150 °C for 8.5 h and cooled to 150 °C
at 5 K min') and on samples of Ba;YGa,O,s,
Ba;YGa, 4Zn,.0;.45 and Ba,¢La,,YGa,0, s after exposure to
laboratory air for 3 days.

Solid State '*H NMR. The hydration behavior of
Ba;YGa,0, s was investigated using proton NMR. The sam-
ple was heated to 1000 °C for 12 h then quench-cooled to
room temperature. The 'H NMR spectrum was recorded
immediately on a Bruker Avance III HD spectrometer with
tetramethylsilane as a reference. The sample was then
placed in a 74% relative humidity chamber for 1 week, and
the proton spectrum was re-collected under the same con-
ditions.

Impedance spectroscopy. Powders for impedance meas-
urements were uniaxially pressed into 10 mm pellets and
sintered. Samples, sintering times and temperatures, and
final densities are given in Table S1. Each pellet was coated
in platinum ink and mounted on a Probostat A-6 cell. The
electrodes were set by heating at 1000 °C for 1 h. A Solartron
1260 frequency-response analyzer was used to measure and
record impedance spectra approximately every 20 °C. Fre-
quency ranges of 0.1-107 Hz and voltages of 100-1000 mV
were used for the measurements, and results were ana-
lyzed in ZView (Scribner Associates). For standard meas-
urements, the impedance was recorded on cooling at 2 °C
min™ from 1000 °C to room temperature in air. Where nec-
essary, further measurements were then performed on
heating back to 1000 °C. The impedance of certain samples
was also measured under dry flowing N., and/or wet N,
(pH,O =~ 0.021atm). Where gases were used, the impedance
was recorded over multiple heating and cooling cycles to
ensure equilibrium had been achieved. The details of ex-
periments performed for each sample are in Table Si.
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Figure 3. a) Joint Rietveld refinement against multibank neutron and X-ray diffraction patterns of Ba;YGa,O, 5 collected at
room temperature. b) View of the refined structure and corresponding HAADF-STEM image; blue and white arrows are used
to emphasize Ba positions relative to the dotted yellow lines. In a) blue, red and grey curves are observed, calculated and

difference plots, respectively.

RESULTS AND DISCUSSION

Ambient structure of Ba;YGa,0,;. We are only aware of
a single structural model of an A;LnGa,O,s compound:
that of Ba;ErGa,O, 5 reported by Abakumov where the Pz2/c
space group and unit cell were confirmed by electron dif-
fraction and the structure determined by Rietveld refine-
ment against laboratory X-ray diffraction data.3 Figure 3a
and Table Sz show the results of a joint structural refine-
ment against X-ray and neutron data for Ba;YGa,O,
(BYGO) starting from this model. Neutron datasets from
the three highest resolution detector banks (3-5) on
POLARIS and a laboratory X-ray dataset were simultane-
ously fitted, with neutron and X-ray data weighted such
that they contributed roughly equally to the overall y2. Cell
parameters, atomic coordinates and individual isotropic
atomic displacement parameters were refined, yielding a
final Ry, of 3.07%. There were no features of the diffraction
patterns that were not fitted with this model, and thus it is
a satisfactory description of BYGO at room temperature.
Bond distances and angles (Table S3) and bond valence

sums are within expected ranges. The local structure of
BYGO was also investigated using total neutron scattering
(PDF analysis). This confirmed (Figure S2) that the average
structure model also describes the local structure well at
room temperature.

The structural model was also investigated by HAADF
STEM imaging. Figure 3b shows an image corresponding
to a single unit cell viewed down the a-axis averaged from
a larger area image containing 106 unit cells (see Figure S1).
Similar images were obtained from all crystallites studied.
Bright spots correspond to columns of Ba, Y/Ga and Ga at-
oms in the structure. The “up/down” displacement of Ba
columns observed experimentally (shown in Figure 3b with
white/blue arrows emphasizing shifts relative to the yellow
dashed guide lines) is consistent with the Rietveld model.
The “stretched” ellipses observed for Y/Ga and Ga columns
are consistent with the Rietveld-derived offsets of these
sites along the c-axis, while their tilts relative to the yellow
dashed lines are consistent with the Rietveld-derived off-
sets along the b-axis.
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Figure 4. a) Powder X-ray diffraction patterns of Ba;YGa,O,sas a function of temperature as a color map with blue and red
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occurs.

High temperature structure. Variable temperature dif-
fraction was performed to investigate any high-tempera-
ture structural changes that might have implications on
the ionic conductivity of BYGO. The variable temperature
X-ray diffraction pattern and derived unit cell parameters
are shown in Figure 4. The data clearly show a first order
phase transition between 757 and 770 °C on heating, re-
vealed by merging of various reflections, including the two
most intense. Additionally, some weak peaks at Q = 1.75,
1.82, 1.93 and 2.23 A" appear above the phase transition;
these are highlighted in Figure 4b and can be clearly seen
on a logarithm scale. Phase transitions have not been re-
ported previously in Ga-containing compositions.?®>° For
convenience we will label the low and high temperature
phases as a and B, respectively.

The cell parameters in Figure 4c were extracted by
Rietveld fitting our P2/c model to each dataset. They show
an abrupt increase in a and c cell parameters and a de-
crease in cell angle B to 90.0° at the phase transition; =
90 suggests a change to orthorhombic symmetry at high
temperature. The transition is fully reversible, with room
temperature patterns before and after heating matching
well. Thermal hysteresis, consistent with the first order na-
ture of the transition, is observed with the phase transition
on cooling ~20 °C lower (736-757°C) than on heating. This
hysteresis seems substantially larger than that reported for
Ba;NdALO,, which was no greater than 2 °C,3 although
measurements intervals of 20°C intervals mean that there

is a significant margin of error. The volume thermal expan-
sion coefficient is displayed in Figure 4d, using data from
both cooling and heating experiments. Features similar to
the “hump” at 200 °C have been attributed to water uptake
in other materials.># The fact that data on heating and
cooling overlay perfectly suggest that, if this is caused by
water uptake, equilibration with atmospheric moisture oc-
curs on the experimental timescale (approximately 30
minutes per pattern).

The most obvious choice for the high temperature
structure would be the disordered orthorhombic Cmcm
structure shown in Figure 2c. However, neither this model,
nor any subgroups with the same unit-cell size can explain
the four weak peaks observed at high temperature. We
find, however, that the positions and intensities of these
peaks can be fully explained by a model with Tamazyan
type ordering of Td,O, groups in space group Puz,/a. Fig-
ure 5 shows Rietveld fits to neutron and X-ray data col-
lected at 1000 °C, with the weak additional peaks high-
lighted. The monoclinic angle of this unit cell refines to
y=107.844(3)°, which corresponds to an angle of
B=89.986(3)° when transformed to an equivalent setting to
the low temperature o. P2/c unit cell. We therefore con-
clude that for this composition the apparent monoclinic to
orthorhombic transition is in fact a first order transition
from monoclinic P2/c to monoclinic Pu2,/a caused by a
change in Td,O, ordering.
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Figure 5. Rietveld fits of X-ray and two neutron datasets.
Arrows indicate the peaks fitted by the Tamazyan model
but not the Cmcm or Abakumov models.

The possibility of oxygen disorder along the Td.O, chains
parallel to a (Abakumov cell) was investigated by allowing
partial occupancies of sites associated with the alternative
yellow and pink tetrahedra of Figure 2c during the Rietveld
fitting. Free refinement converged to an ~80:20 distribu-
tion of Tamazyan and Abakumov ordering, respectively.
PDF and Rietveld analysis at 1000 °C (Figure S2) shows the
expected increase in thermal motion of O1 (Td-O1-Td) and
O8 (terminal) oxygen sites at high temperature, but we see
no evidence for the much more significant oxygen disorder
that would be associated with a Cmcm structure. As shown
in Figure 2b, the -Ba;YGa,O, 5 structure has a significant
“unwinding” of polyhedral tilts relative to the low temper-
ature a structure, with Ga,O, groups close to a staggered
configuration and octahedra and tetrahedra of the
YOs/GaO, slabs essentially untilted. The structural
changes at the phase transition thus provide a potential
mechanism for the twinning observed by high resolution
electron microscopy in related compositions by Aba-
kumov.3

Water uptake in Ba;YGa,0,;. Water uptake in anion de-
ficient perovskites is important both in terms of proton
conductivity (see below) and sample stability. TGA studies
recorded immediately after cooling samples in air from 1150
°C over 3 h showed a gradual 0.3% mass loss up to 950 °C
on reheating under dry air (Figure S3). This is consistent
with a low level of water retention to high temperature.
BYGO is stable when stored in sealed vials at room temper-
ature and under the high temperature conditions used for
the diffraction studies of Figure 4 and the conductivity
studies discussed below. BYGO will, however, react with

atmospheric moisture over longer periods at room temper-
ature. In situ X-ray studies (Figure S4) suggest a stability
half-life of around 10 h, such that it can be handled in nor-
mal atmospheres for short periods without issues. TGA ex-
periments on a sample deliberately exposed to moisture
until it became X-ray amorphous (Figure Ss, S6) showed a
mass loss of ~19.5% on reheating to 1000 °C. This is con-
sistent with a composition of~Ba;YGa,0,510H,O, or the
water content required to fully convert to metal hydroxides
(e.g. 3Ba(OH),.H,O + Y(OH); + 2Ga(OH); or equivalent
mixed metal hydroxides would correspond to 10.5H,0).
Proton uptake is confirmed by solid state NMR (Figure S7),
but we can’t rule out additional carbonate formation. In
situ powder diffraction experiments during dehydration of
this amorphous sample on heating (Figure S8) showed
crystallization events coinciding with TGA mass losses and
the rapid reformation of BYGO at ~goo °C.
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Figure 6. Arrhenius plots of the conductivity of
Ba;YGa,O,; in different atmospheres.

Conductivity of Ba;YGa,O,;. Initial conductivity
measurements were performed on BYGO using impedance
spectroscopy under air, and both dry and wet N, atmos-
pheres. Results are given in the log plot of Figure 6, and
show that BYGO attains a conductivity of 4.5x10> S cm™ at
800 °C. The a—p structural phase transition is revealed in
the plot as a small discontinuous change in conductivity at
~750 °C. This suggests that the reordering of the Ga,O,
groups influences the conductivity; however, the increase
is relatively small. This implies a largely ordered high tem-
perature phase as opposed to significant dynamic disorder,
consistent with our structural studies. Data measured in
different heating and cooling cycles coincided except close
to the phase transition, where small thermal hysteresis was
seen. Activation energies extracted from log(cT) vs 1/T
above and below the phase transition were 1.09(2) and
0.921(3) eV, respectively.



The conductivity under wet N, is comparable to that in
air with a similar small discontinuity at the o—f phase
transition. Under dry N, we see a reduction in conductivity
which suggests a significant proton contribution in moist
atmospheres. This could occur via a 0§+ H,0+ Vg -»20H;
type hydration or H,O uptake into sites between Td,O,
groups; either could give rise to mobile protons. The pro-
ton contribution reduces at high temperature but does not
fall to zero, consistent with the TGA data of Figure S3. This
kind of high-temperature proton conductivity is seen in
perovskite-type compounds such as BaZrO,;, SrZrO; and
SrCeO; which show a significant proton contribution up to
at least 850 °C.4849 We note, however, that proton/oxide
conductors such as BaZr,,Y(O; s have a significant hole
contribution to their conductivity at high pO,.5°5' We can't
fully exclude a similar hole contribution in BYGO purely
from these data.

Table 1. Purity of substituted compositions from PXRD;
oxygen content is calculated by charge balance.

>99% A;OhTd.O,;

>90% A;0hTd.O,

<90% A;OhTd.O,

Baz.gsLao.0sYGa:07.525

Ba..ssLao.sYGa.0;.575

Ba.sLaosYGa.Oy.s

Ba.oLao.YGa,0;.55*

Ba.sLao.YGa.0;.6

Ba;YGa05Tio.0sO1.525

Ba;YGai85Ti0.507.575

BagYGal.gTiOJO%ss*

Ba;YGai5Ti02076

Ba;YGal.ano.xO7.45*

Ba;YGaigGeo.O5.55

Ba3Y0.05Z10.05Ga207.525*

Ba;Yo0.0Z10.Ga.0;.s55

Increasing conductivity through chemical substitu-
tion. Several compounds substituted with a variety of ac-
ceptor (Zn** on Td) or donor (La3* on A, Zr# on Oh, Ti#+* on
Td) species were prepared with the aim of improving con-
ductivity through the introduction of extra oxygen vacan-
cies or interstitial oxygen defects. A summary of the com-
positions targeted, and sample purities achieved is given in
Table 1.

The room-temperature diffraction patterns of all sub-
stituted materials could be fitted well with the P2/c model
indicating the substituent elements are in a low enough
concentration not to induce major structural changes. Cell
parameters of each composition were obtained by X-ray
diffraction on dry samples using a Si internal standard. The
resulting cell volumes are plotted in Figure Sio.

Single phase compositions with the highest substituent
content (indicated by a * in Table 1) were chosen for further
investigation. Variable temperature diffraction shows that
all the compositions with interstitial oxygens have similar
temperature-dependent behavior to BYGO, exhibiting a
similar abrupt change in cell parameters at the a—f phase
transition. The temperature of the phase transition is not
greatly affected by the presence of the substituent and oc-
curs at 750+20 °C (i.e. within one temperature step) for all
the compounds measured. Above the phase transition,
substituted compounds display the weak peaks associated
with Tamazyan-type ordering, and the structures of

Ba.,La,,.YGa,0,55 above and below the phase transition
was confirmed using neutron and X-ray diffraction. We
attempted to locate the additional O sites from PDF-
quality neutron diffraction data by introducing excess ox-
ygen at sites midway between Ga,O, groups. However, the
relatively low excess oxygen content, equivalent to 0.2 ad-
ditional O per unit cell on average, gave insufficient con-
tributions to the scattering to definitively locate these at-
oms. Figure Su shows the neutron Bragg and PDF fits us-
ing this model.

Figure S12 shows the temperature evolution of selected
cell parameters extracted by Rietveld refinement.
Ba,YGa, 4Zn,,0,,45 shows somewhat different behavior to
the other compounds. There is a significant deviation from
the expected trend in the a cell parameter between 200 and
400 ° C followed by a gradual decrease in 8 before the phase
transition at 750 °C. This behavior is consistent with the
additional vacancies caused by lower-valent Zn substitu-
tion and its higher basicity leading to additional water up-
take at low temperatures. It is known from other systems
that Zn incorporation can increase H,O uptake, even be-
yond the level expected based on the extra vacancies gen-
erated.>> The most striking difference in cell parameter
evolution between Zn-substituted and other samples is in
the a-axis, which is parallel to the chains of Ga,O, groups.
This suggests that water sites may be located within these
chains.

Conductivity of substituted compounds. The conduc-
tivity of each single-phase substituted sample was meas-
ured in moist air and under dry flowing N, and is shown in
Figure 7.

In air, we see that Zr substitution does not improve
conductivity relative to BYGO, and the conductivity does
not increase significantly at the phase transition. Activa-
tion energies remain very similar to BYGO across the tem-
perature range. Zn-substituted Ba;YGa,4Zn,,0,, again
shows a similar conductivity to BYGO at high temperature,
but at T < 700 °C the conductivity is up to one order of
magnitude higher. This is consistent with a higher proton
conductivity contribution and is expected given the cell
parameter changes on heating described above. The La-
and Ti-substituted excess oxygen compositions both show
very different behavior to the other compounds. Both have
a larger activation energy than BYGO at low temperatures,
a substantial increase in conductivity at the phase transi-
tion and an approximate one-order-of-magnitude increase
over BYGO at the highest temperatures. The conductivity
of Ba,,lan.YGa,0,ss is  slightly  higher  than
Ba,YGa, ¢ Tis.O,.55 at all temperatures and it has a lower ac-
tivation energy above the phase transition. The conductiv-
ity of Bas.gsLao.osYGa.0,.55 (not shown) shows similar be-
havior and lies between BYGO and Ba,,La,.YGa,0;.5 at
high temperature. BYGO, Ba,gslacosYGa,0,55 and
Ba. 4La,.YGa,0, 55 reach conductivities of 4.5x1075, 6.9x107
and 7.9x10* S cm™ at 8oo °C as the interstitials increase
from o to 0.05 per formula unit.
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Figure 7. Conductivity of substituted BYGO compounds in air (filled points) and dry N, (open points). Ba;YGa,O, plot is
repeated in the lower panel to allow easier visual comparisons with all substituted compounds.

Under dry nitrogen, the high-temperature conductivi-
ties of Zr- and Zn-substituted samples are the same as in
air, but the low-temperature conductivity is decreased rel-
ative to moist atmospheres. This suggests a proton contri-
bution is present up to around 800 °C in both composi-
tions. Above 800 °C, the conductivities are independent of
the atmosphere, suggesting oxide ion conductivity domi-
nates. This contrasts with BYGO, where a small proton
contribution seems to remain up to 1000 °C. In the absence
of this proton contribution, substitution with either Zr or
Zn slightly improves the conductivity at all temperatures
relative to BYGO. The conductivities of Ba,La,,YGa,0, s
and Ba;YGa,4Ti,,0,5 are essentially invariant between
moist air and dry nitrogen, suggesting they are dominant
oxide ion conductors under these conditions.

Pure BYGO is the only compound with a high-temper-
ature conductivity that is different under wet and dry at-
mospheres at all temperatures. As discussed above, this
could be due to a p-type electronic conductivity contribu-
tion, or a proton conduction contribution retained to an
unusually high temperature. p-type conduction might be
expected to increase for acceptor doping with Zn?*, but this
is not observed in Ba;YGa,¢Zn,,0,,s whose conductivity
appears predominantly due to oxide ions at high tempera-
ture. BYGO also shows little difference between the con-
ductivity in moist air and moist N,. This suggests a proton

contribution at high temperature in BYGO, though exten-
sive further studies under controlled pH,O/pO, would be
required to confirm this.

CONCLUSIONS

Powdered samples of Ba;YGa,0,5 (BYGO) were success-
fully made using solid state synthesis, and its average
room-temperature structure was determined using X-ray
and neutron powder diffraction, supported with HAADF-
STEM imaging. A phase transition was identified at 750 °C
during which the Ga,O, groups in the structure reorder
from an Abakumov-type ordering pattern to a Tamazyan-
type pattern. The local structure does not deviate signifi-
cantly from the average structure at room temperature or
1000 °C.

BYGO shows ionic conductivity with o= 4.5x10 S cm™
at 8oo °C, with a proton contribution amounting to around
a half an order of magnitude increase in conductivity in
moist atmospheres up to 1000 °C. BYGO needs to be pro-
tected from the atmosphere at low temperatures to avoid
reaction with moisture, but is stable at the higher temper-
atures where ionic conductivity is significant. The BYGO
structure accepts a range of substituents at <10% level, in-
cluding those resulting in the incorporation of oxygen va-
cancies or interstitials. Samples of the substituted compo-



sitions retained the parent structure between room tem-
perature and 1000 °C, exhibiting the same Abakumov-
Tamazyan phase transition.

Two types of conductivity behaviors were observed in
the substituted samples. Zr- and Zn-substituted composi-
tions retain similar conductivities and activation energies
as BYGO, but have slightly altered proton contributions.
Zn substitution gives a larger proton contribution below
the a—p phase transition, and this is consistent with water
losses inferred from variable temperature diffraction stud-
ies. Ti- and La-substituted compositions have a large in-
crease in conductivity around the the a—f phase transi-
tion, making them the most conductive samples at high
temperature. The La-substituted sample shows no evi-
dence of proton conductivity, and appears to be an essen-
tially pure oxide ion conductor.

In conclusion, the work reported here shows that ma-
terials with the relatively unexplored A;OhTd,O, struc-
ture type show significant proton and oxide-ion conductiv-
ity that derives from the unusual structural features asso-
ciated with their Td-rich composition. The family repre-
sents a novel chemically-flexible platform in which to de-
velop new ionic conductors, and the study of related com-
positions is in progress.
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