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ABSTRACT: A;OhTd,0,¢ materials (where Oh/Td = 6/4 coordinate 2R
metal ions) are a new class of ionic conductors, with potential applications \ O | I
in important technologies such as fuel cells. We report the first results of [ b

ab initio molecular dynamics simulations of oxide ion diffusion in ) | N 4 X

Sr;YGa,0; 5 and identify a sinusoidal diffusion pathway along the c-axis 4 L) ‘\‘ / o 4

direction enabled by the rotation and exchange of oxide ions between % ° Q’P % ‘
corner-sharing GaO, tetrahedra. The highly anisotropic nature of oxide s S ;»\’
ion diffusion revealed by the simulations suggested that chemical Crystallography Molecular Dynamics

modifications aimed at property improvements should focus on improving
rotational flexibility within the tetrahedral layer. We hence used the
simulations to inform subsequent development of materials in the series Sr;YGa,_,Zn,O,_,/, and Ba, ;Sr; ;YGa,_,Zn O, 5_,, (0.05
< x £ 0.20). Structures were characterized with both ambient and variable temperature X-ray and neutron powder diffraction. All
new materials adopt the room temperature C2 and P2/c structures of the parent phases, albeit with significant static disorder in the
oxygen substructure. The Ba-containing materials undergo a phase transition to space group Cmcm at around 700 °C, while
Sr;YGa, ¢Zn(,0,, transforms to space group Ama2 at 850 °C. Impedance studies show that all samples exhibit mixed proton and
oxide ion conductivity, with oxide ion conductivity dominating under dry atmospheres. Sr;YGa, ¢Zn,,0,, exhibits the largest total
conductivity of 5.5 X 107* S cm™', an order of magnitude higher than unsubstituted Sr;YGa,O,.

1. INTRODUCTION A;0hTd,0;; materials (A = 2* cation, Oh = 6-coordinate 3*
cation, Td = tetrahedral 3" cation) have recently been
identified as a promising family of oxygen-deficient perovskite
derivatives."”~"” The basic structure is a 12-fold supercell of
cubic perovskite ABO; (2a, X \/Zap X 3\/2ap) with 17% of
the available oxygen sites vacant. A sufficiently large difference
in ionic radius between the two B-site cations results in the
ordering of the BO,, polyhedra into infinite [(TdO,)(OhOq)],
slabs separated by layers of Td,O, corner-sharing tetrahedra
(Figure 1). The Td,O; subunits are connected by a bridging
oxygen (Oy) and contain two terminal oxygen sites (O,, Figure
1). Terminal oxygens are of particular interest because similar
sites in melilite-type La, 4,Sr(46Ga;0,,, and Ca,Ga,GeO,
impart significant structural freedom, enabling the stabilization
of migrating oxide ions.”'®'” As such these sites are an
indicator of potential ionic conductivity.

Ionic conductivity has recently been demonstrated in
Ba;YGa,0,5 and several closely related materials.>'®
Ba;YGa,0, adopts a monoclinic P2/c structure at room

Oxide ion conductors are important functional materials used
as electrolytes in solid oxide fuel cells (SOFCs), as oxygen
separation membranes or for partial oxidation of fossil fuels
during reforming."”” SOFCs are among the most promising
alternative technologies to traditional energy conversion,
offering high efficiencies (up to 80%) and fuel flexibility.’
Widespread usage of these devices is limited by the high
temperatures (700—1000 °C) at which conventional electro-
lyte materials (yttria-stabilized zirconia and gadolinia-doped
ceria) have sufficient ionic conductivity to be used in practical
devices.””> Materials which conduct at intermediate temper-
atures (450—600 °C) are required to further encourage the
adoption of SOFC technology. The identification of such
materials depends on a greater understanding of the relation-
ships between composition, structure, and ionic conduction
pathways.

Among the compounds that have been identified as
promising oxide ion conductors, there are several families
with tetrahedral disorder, or structurally flexible tetrahedra, as a
common feature.” Examples include La,Mo,0, melilite, Received: February 21, 2025 B
brownmillerite, Bi;,_,V,O, 5,5 and Ba;NbMoOyg ;-derived com- Revised:  April 8, 2025 ;
pounds.”~"* In these and related materials migrating oxide ions Accepted:  April 8, 2025
(interstitial or vacancy) are stabilized via temporary association Published: April 16, 2025
with tetrahedral units, reducing the energy barrier to long-
range ionic diffusion.
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Figure 1. (a) P2/c and (b) C2 A;OhTd,O;; structures with relative orientations of Td,O; units shown with arrows. The underlying cubic
perovskite subcell is indicated with a dashed box in Figure la. Oxygen atom labels are given in (c) with the terminal O8 (O, in text) in cyan. The
bridging O1 (O, in text) is also shown. The ordered arrangement of oxygen vacancies is shown in (d) with unoccupied sites indicated by dashed

circles.

temperature (Figure 1a), but undergoes a reversible first order
phase transition around 760 °C. The high temperature P2,/a
structure contains alternating Ga, O, chains displaced by half a
unit cell, rather than the disorder (—O0y;—Ga—0y:—)
previously suggested for Ba;MALO, 5 compounds.”””" Several
materials obtained by aliovalent substitution in Ba;YGa,O-
(Ba** < La*, Ga*" & Ti*, Ge*, Zn**, and Y** & Zr*") show
the same P2/c <> P2,/a phase transition at approximately the
same temperature.'® These compounds show an increase of up
to an order of magnitude in total conductivity and displayed
different behaviors, with pure oxide ion conductivity observed
for La®*" and Ti*" substituted materials, and mixed oxide ion
and proton conductivity observed for the Zn®' containing
compounds up to 800 °C.

Isovalent substitution of Ba?* for Sr** in the series
Ba;_,Sr,YGa,0,5 (0.0 < x < 3.0) further broadened the
structural and conductivity landscape of A;OhTd,0,
materials.'® Ba-rich materials (x < 0.6) adopt the P2/c
structure at room temperature, while Sr rich phases (x > 2.4)
adopt a related monoclinic structure with space group C2
(Figure 1b).** The reduction in A-site ionic radius results in
the reorientation of the Ga,O; (pyrogallate) groups, producing
an overall C-centered structure. The Sr-rich compounds do not
undergo phase transitions below 1000 °C. The structures of
mixed Ba/Sr compounds (0.6 < x < 2.4) could not be
completely described by either monoclinic model, appearing
orthorhombic at room temperature. HAADF-STEM imaging
identified that Sr** partially segregates to lower-coordination
A-sites, introducing stacking faults that result in an average
orthorhombic cell. These stacking faults were found to be most
evident for the x = 1.5 composition. The mixed A-site
compounds adopt a disordered Cmcm structure when heated,
although local ordering of Ga,0, subunits was suspected.
Increasing the Sr-content resulted in lower total conductivity
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(~6 X 10°° S cm™ for Sr;YGa,0,5) and a reduced proton
component. Despite this, the Sr-rich materials are a potentially
interesting route for further modifications because, unlike the
Ba-rich materials, they are not moisture-sensitive and are stable
under atmospheric conditions.

To date there have been no computational studies on these
materials. These are essential to understand the role of the
Td,O, subunits and terminal oxygen sites in ionic diffusion,
and could enable systematic improvements in properties. In
this paper we report ab initio molecular dynamics (AIMD)
simulations of oxide ion diffusion in A;OhTd,0; materials.
Continuous ionic diffusion pathways were observed arising
from oxygen exchange along the chains of Td,O, groups
(parallel to the c-axis of Sr;YGa,0;;, Figure 1d), indicating
anisotropic ionic diffusion. Analysis of the AIMD simulations
suggested that a targeted modification of the tetrahedral site
could result in significantly increased ionic conductivity.
Accordingly, we prepared two series of new materials:
Sr;YGay ,Zn,075_,/, and Ba,sSrYGa, . Zn.O;5 . (x =
0.0, 0.05, 0.10, and 0.20). Across the two series we observe
changes in conductivity and structural phase transitions
dependent on Zn-content. We report the room- and high-
temperature structures determined using variable-temperature
X-ray and neutron powder diffraction, as well as conductivities
measured by impedance spectroscopy, demonstrating varia-
tions in oxide and proton contribution with varying to Zn-
content. Finally, we correlate the changes in structure and
conductivity with the ion dynamics revealed by the computa-
tional study.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Polycrystalline samples of Sr;YGa,O,5 and
Ba, Sr; ;YGa,0, were prepared from stoichiometric ratios of
SrCO; (Sigma-Aldrich, >99.9%), Y,0; (Sigma-Aldrich, 99.99%),
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Ga,0; (Sigma-Aldrich, >99.99%) and BaCO; (Sigma-Aldrich,
>99%). Reagents were mixed and ground together in ethanol, then
heated in alumina crucibles for up to 100 h at 1200—1300 °C with a
heating and cooling rate of S °C min~". Intermediate regrinding and
pelleting were carried out until powder X-ray diffraction patterns of
each sample were constant. The substituted series
Sr;YGa,_,Zn,055_,,, (x = 0.05 0.10, 0.20, 0.30, 0.40) and
Ba, sSr, sYGa,_,Zn,O;5_,/, (x = 0.0S, 0.10. 0.20) were made by the
same method using additional stoichiometric ZnO (Sigma-Aldrich,
>99.9%). All phases formed as white powders and could be prepared
on a 10 g scale.

2.2. X-ray Diffraction. Ambient X-ray diffraction measurements
were collected on a Bruker D8 Advance Powder Diffractometer in
Bragg—Brentano geometry using Cu Ka radiation and a Lynx-eye
detector. Measurements for final Rietveld analysis were collected with
a 20 range of 10 < 26 < 120°. Analysis was carried via Rietveld
refinement implemented in the TOPAS Academic software.”*™>°

Variable temperature X-ray diffraction patterns were recorded with
an Anton Parr HTK1200 Furnace attachment. X-ray diffraction
patterns were collected on heating and cooling at 20 °C intervals
between 25 and 1000 °C over a 26 range of 10 < 26 < 90°.
Collection times were 30 min at each temperature. Furnace
temperatures were calibrated using an external alumina standard.
The resulting diffraction patterns were analyzed by sequential Rietveld
fitting.

2.3. Neutron Powder Diffraction. Approximately 4 g of each
sample was packed into 6 mm cylindrical vanadium cans. High-
resolution time-of-flight (TOF) powder diffraction patterns were
collected on the High Resolution Powder Diffraction (HRPD)
instrument at the ISIS Neutron and Muon Source (Rutherford
Appleton Laboratory). A 3 h measurement was collected at room
temperature for each sample. For Ba,Sr;YGa,0,5 and
Ba, Sr; sYGa, ¢Zn,,0;, an additional series of 14 min measurements
was collected on heating at 20 °C intervals over a temperature range
of 30—1000 °C using the ISIS ‘Risg¢’ furnace. Data were processed
using routines within Mantid Software and analyzed using TOPAS
Academic. Rietveld fitting was carried out for the two highest
resolution data banks (banks 1 and 2; 260 = 168.567° and 90.2481°
respectively) giving an approximate d-spacing range of 0.65—3.90 A%

Diffraction patterns were also collected on 6 g samples of
Sr;YGa, 9Zny 0,5, and Sr;YGa,sZn;,0,, packed into 9 mm
vanadium cans on the high-resolution diffractometer ECHIDNA at
ANSTO. Patterns were collected at room temperature and 850 °C.*”

2.4. Impedance Spectroscopy. Samples for impedance spec-
troscopy were pressed into 10 mm pellets. These were sintered to
achieve the highest possible density, as summarized in Table SI.
Platinum ink (Metalor) was applied to the faces of each pellet before
mounting on a Probostat A-6 cell placed inside a vertically oriented
tube furnace. Platinum wire electrodes were attached to each face and
set by heating to 1000 °C for 30 min. Impedance measurements were
collected at ~20 °C intervals on heating and cooling between 20 and
1000 °C at 2 °C min~" using a Solartron 1260 frequency response
analyzer. Applied frequencies and voltages of 10™'—10” Hz and 500
mV, respectively, were used. The results were analyzed using the
ZView/ZPlot Software (Scribner Associates). Further measurements
were carried out under dry or wet flowing N, (pH,O ~ 0.02 atm),
with multiple cycles of heating and cooling to ensure equilibrium had
been achieved.

2.5. Ab Initio Molecular Dynamics (AIMD). Density functional
theory (DFT) calculations were carried out using plane wave
pseudopotentials in the CASTEP code on a single cell of
Sr;YGa,0,5.°° The calculations used the generalized gradient
approximation (GGA) Perdew—Burke—Ernzerhof for solids (PBEsol)
exchange-correlation functional and a 3 X 1 X 2 Monkhurst—Pack
grid for k-point sampling. AIMD calculations were performed in an
NVT ensemble controlled with a Nosé—Hoover thermostat using a
geometry-optimized cell as the starting model. A time step of 1 fs was
used, and simulations were carried out or a total of 200 ps at 3
temperatures, 727, 1000, and 1273 °C. MDANSE code and Python
scripts were used for data analysis.”’ The space visited by the atoms
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was visualized in the form of cloud plots using isosurfaces in
VESTA.™

2.6. Thermogravimetric Analysis. Mass changes on heating and
cooling cycles were measured using a PerkinElmer TGA 8000
instrument. Powdered samples of Sr;YGa,Zn;,0,, and
Ba,  Sr; sYGa, ¢Zny,0,, were heated and cooled between 30 and
1000 °C at a rate of 10 °C min~" under flowing air.

3. RESULTS AND DISCUSSION

3.1. Oxide lon Dynamics Investigated by Ab Initio
Molecular Dynamics. The cloud plots showing the regions
visited by atoms over the course of the 1000 °C simulation
(Figure 2) are representative of those observed across all

Figure 2. Representative cloud plots showing the space visited by
oxide ions during AIMD simulations of Sr;YGa,0- at 1000 °C. (a)
The sinusoidal diffusion pathway between Ga,O, units (pink arrows
show O1—08 hopping steps; (b) localized polyhedral rotations that
drive the symmetry-raising phase transition (shown with pink arrows).

simulations. The continuous volume depicted in yellow
indicates a sinusoidal oxide ion diffusion pathway along the
c-direction involving the bridging Oy, and terminal O, atoms
(Figure 2a) of the pyrogallate units. All other atoms remain
effectively localized, vibrating around their starting positions
with no long-range diffusion.

Inspection of the individual trajectories of selected oxygen
atoms (Figure 3) shows that the cloud plots represent an
individual GaO, tetrahedron rotating so that an initial O,
occupies the vacant site between two Ga,O; units. The same
event breaks the existing Ga—Oy—Ga dimer as the O, moves
to replace the migrating O,. This creates a new Ga,0O, subunit
as a second GaO, tetrahedron tilts to stabilize the forming
dimer. The correlated nature of these movements for a given
Ga,0; chain can be seen in Figure 3, where shaded regions
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Figure 3. Coordinates of three atoms involved in the diffusion
pathway along (0, 0, z) during the 1000 °C simulation. Shaded
regions enclose examples of concerted O atom jumps.

indicate that diffusion events occur in the ac plane correlated
to within a few picoseconds.

The volume visited by all O atoms increases with
temperature, as expected (Figure Sla); however, the sinusoidal
pathway remains the same and no other diffusion pathways are
observed. The statistical distribution of the ions within the
trajectory, shown in Figure S1b, displays saddle-point-like
behavior. The number of O, and Oy, jumps (defining a jump as
a deviation in position by 1 A for more than 2 ps, or 2000
simulation steps) increases with temperature (Figure 4a), as
anticipated. The increased oxide-ion motion with increasing
temperature is also manifested in the mean square displace-
ment (MSD) curves (Figure S2). The activation energy for
oxide ion diffusion calculated from the diffusion coeflicients at
the three simulated temperatures (Figure 4b) is 0.31(8) eV,
lower than the experimentally determined value (1.086(1) eV)
from impedance measurements.'® Similar differences between
activation energies obtained from methods that probe atomic-
scale dynamics (AIMD or NMR experiments) and macro-
scopic property measurements (impedance spectroscopy) are
commonly found for ionic conductors.'”'”*' 7> The latter
types of measurement are affected by factors such as particle
morphology, sample porosity and grain boundaries, and
typically give higher activation energy values. The probability
density distribution of O atoms based on the AIMD
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Figure 4. (a) O site hopping frequency at the three simulated

temperatures. (b) Arrhenius plot of diffusion coefficients for all
oxygen atoms calculated from the gradients of the total MSD curves.

simulations was also used to estimate one-particle potential
in the framework of Boltzmann statistics.’® The resulting local
activation barriers are consistent with the long-range diffusion
activation energy. The MSD curves calculated along each
Cartesian direction reveals a high degree of anisotropy of oxide
ion diffusion in Sr;YGa,0,5, with the c-axis being the most
favorable direction (Figure S3). This is consistent with the
crystal structure, as discussed in Section 3.3.

Additional localized dynamics in Sr;YGa,O,s can be
inferred from the trajectories of the nondiffusing O atoms
(02—07, Figures S4—S6). Atoms O2 and O3 in the
[(Ga0,)(YOg)], slabs only undergo small thermal fluctuations
around their equilibrium position. The remaining O atoms
connect the mixed Oh/Td layers to the Ga,O, units. The
atomic trajectories clearly show polyhedral rotations in the ab
plane at a rate approaching the picosecond time scale without
long-range diffusion (Figure 2b, with an animated version
available as SI). At 727 °C, these rotations appear correlated
across the mixed octahedral layers such that all metal—oxygen
polyhedra tend to tilt either all ‘left’ or all ‘right’ (Figure S). At
higher temperatures, the rate of these rotations significantly
increases and the cooperativity between separate layers is lost.
A;OhTd,O,; materials are known to undergo symmetry-
raising transitions upon heating, which are reproduced in our
simulations as the loss of directional polyhedral tilting at 1000
and 1273 °C.">*7 A variety of similar phase transitions have
been observed in MD studies of perovskites.”*™*'

3.2. Synthesis of Zn-Containing Materials. The sinus-
oidal oxide ion diffusion pathway identified from the AIMD
simulations suggested that tailored substitution on the Td

https://doi.org/10.1021/acs.chemmater.5c00426
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Figure S. ‘left’ (L) and ‘right’ (R) orientations of polyhedral tilts in
the ab plane. Rotation between the two takes place on the order of a
few picoseconds. Sr atoms are omitted for clarity.

(=Ga) site should increase conductivity. Synthesis of eight
compounds in the solid solution series Sr;YGa, ,Zn,O;s ./
(0.0 < x £ 0.40) and Ba, sSr; ;YGa, ,Zn, 0, , (0.0 < x <
0.20) was therefore attempted. PXRD patterns of
Sr;YGa, ,Zn O55_,/, samples for x = 0.30 and 0.40 contained
impurity peaks that increased in intensity with Zn-content,
suggesting a solid solution limit of x = 0.2 (Figure S7).

3.3. Ambient Structures of Zn-Containing Materials.
The structures of Sr;YGa,O,5 and Ba,Sr; ;YGa,0,  have
been described in detail previously; here we only highlight the
key structural features needed for further discussion.
Sr;YGa, 0, adopts a monoclinic C2 structure (Figure 1b)
with f =~ 90.6°, while Ba,Sr; ;YGa,O,; appears metrically
orthorhombic due to the intergrowth of Ba- and Sr-rich
regions, but has an overall primitive structure, which we
represent here using a monoclinic P2/¢ model with § = 90°.
These two structural models provide good fits to laboratory X-
ray diffraction patterns of Sr;YGa,O, and Ba, ;Sr; ;YGa,0-
(Figures S8a and S12a, respectively). The PXRD patterns for
the Sr;YGa,_,Zn,O;5_./, (0.0S < x < 0.20) compositions
were all fitted with the same C2 model (Figures 6, 7 and S8b—
d). This gave weighted R-factors (R,,) of 3.25, 3.13, and
3.54% for x = 0.0S, 0.10, and 0.20, respectively (Figure 7a).
The monoclinic angle 3 decreases linearly with x (Figure 7b),
supporting successful incorporation of Zn. For x = 0.20 the
angle is sufficiently close to 90° (= 90.1544(9)°) that peaks
characteristic of the monoclinic distortion (e.g., the 312 and
312 reflections at 260 ~ 31.5°) overlap. The a and b axes
increase linearly as Zn-content increases, while the ¢ axis
decreases (Figure 7b).

The PXRD patterns for the Ba,sSr;YGa, ,Zn,O,5 ./
series were fitted with the P2/c model, which gave good
agreement factors of 5.40, 4.30, and 3.74% (Figure S12b—d)
and f angles very close to 90° (Table 1). The a- and c-
(corresponding to the c- and a-axes in the C2 setting) cell
lengths, respectively, decrease and increase linearly with Zn-
content (Figure S9). There are a few calculated weak peaks
with zero observed intensity (e.g., at 26 ~ 27.3° and 33.7°) in
the Zn-substituted Ba, Sr;YGa,0,5 compositions. This
indicates that the local structure is similar to the unsubstituted
material, with the presence of local C-centering in an overall
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Figure 6. Final room temperature model for Sr;YGa, ¢Zn,,0,,. Gray
= Sr**, green/yellow = Ga*', Zn*", blue = Y** and red/cyan = O*".
The disordered Ola, O8a, and O8b sites are indicated with arrows.

primitive structure, therefore substitution at the Td site does
not impact the formation of Sr-rich regions.

The final refinements for each series used a single isotropic
temperature factor (B;,) for each atom type. For
Sr3YGa, §Zng,074 and Ba, Sty sYGa, 570,07, the By (O)
value was larger than expected at room temgerature, which is
often indicative of disorder.””*’ Samples of
Sr3¥Ga, 9Zng 0745, Sr3YGa, Zng,07,, Bay 81 sYGa, 055,
Ba, sSr) sYGa, 9Zng 0545, and Ba, sSrysYGa, 5Zng,07, were
selected for neutron diffraction studies to further investigate
the oxygen atom arrangement.

For Sr;YGa,¢Zn;,0,,s laboratory X-ray data and two
constant wavelength neutron data sets from ECHIDNA (4 ~
1.622 and 2.4395 A) were simultaneously fitted with the C2
structural model. For Sr;YGa,3Zny,0,, the two highest
resolution banks of neutron diffraction data from HRPD
were used. In both cases large temperature factors at the O,
and O sites indicated disorder, which was modeled using split
sites. The final model consists of 50% occupied O, (O1) and
O, (08) sites, a 25% occupied Ola site near the 2a special
position and 25% occupied O8a and O8D sites. Figure 6 shows
the structure obtained for Sr;YGa,3Zny,0;, The final fits
(Figures S10 and S11 for x« = 0.1 and 0.2, respectively) with
this model gave a R,, of 325 and 4.04%, as well as more
sensible temperature factors (Table S2). Significantly, the site
disorder obtained from diffraction data closely resembles the
shape of the calculated oxygen diffusion pathway in the AIMD
simulations, providing further evidence that this is indeed the
mechanism by which long-range oxide ion diffusion occurs in
these materials.

For Ba, Sr;YGa,0,5, Ba;Sr;YGa,yZn, 0,4, and
Ba, (Sr; sYGa, gZn,,0,, neutron powder diffraction data
were fitted with the P2/c model. Large B, values were
observed at all oxygen sites associated with the pyrogallate
units. These materials contain Ba- and Sr-rich regions and it is
likely that the tetrahedra in the Sr-rich regions are able to tilt in
a manner similar to that in the C2 model (Figure 8a) to satisfy
the bond valence of the smaller Sr** cations. In Ba-rich regions
primitive-type local tilting occurs (Figure 8b). Substantial
improvements in both B, and R, values were achieved by
refining three additional partially occupied oxygen sites to
represent these local distortions. Each of the new sites (O4a,
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Figure 7. (a) Rietveld fits of powder X-ray diffraction patterns of the Sr;YGa,_,Zn,O,;_,/, series and (b) unit cell parameter evolution with Zn-
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Table 1. Sr;YGa, ,Zn O, ;_,/, and Ba, ;Sr; ;YGa, ,Zn O, ./, Unit-Cell Parameters

Zn content a/A b/A c/A p/° V/A3
Sr;YGa, . Zn, 05/
0 17.7122(2) 5.80964(5) 7.81300(7) 90.6377(6) 803.92(2)
0.05 17.7219(2) 5.81470(7) 7.80895(8) 90.5537(6) 804.41(2)
0.1 17.7232(3) 5.8215(1) 7.7934(2) 90.4328(9) 804.06(3)
02 17.72544(3) 5.83508(8) 7.7672(1) 90.1544(8) 803.35(2)
Ba, sSr, sYGa, . Zn O;5_./»
0 7.8727(2) 5.9186(2) 18.0728(5) 90.012(7) 842.12(4)
0.05 7.8690(2) 5.9164(2) 18.0671(4) 90.020(5) 841.12(3)
0.1 7.8605(4) 59172(3) 18.1055(9) 90.046(4) 842.86(4)
0.2 7.8498(2) 5.9166(2) 18.1294(4) 90.006(7) 842.07(4)
Sr Ba improvement was obtained for the x = 0.1 and 0.2 compounds
3.0 3.0 by including the same static disorder at the O, site found for
the Sr-only materials. This model provides good fits to both X-
ray and neutron diffraction data. Final fits and models are
shown and described in Figures S13, S14, and S1S and Tables
S3 and S4.

3.4. High Temperature Structures. The unit-cell
parameters evolution with temperature was determined for
selected samples using variable temperature X-ray or neutron
powder diffraction (Figures 9, S17, and S22b). All compounds

c exhibit essentially linear thermal expansion for the longest cell
Ba1 5 Sr1 5 axis (a for the C2 materials, ¢ for P2/c, red in Figure 9) up to

Figure 8. Tilting of the OhO4 and TdO, polyhedra in A;OhTd,0,
compounds for (a) the C2 structure and (b) the P2/c structure. (c)
Positions refined from neutron data for Ba, ;Sr; sYGa, O, indicating
the presence of C2-type defect layers. A cations are omitted for clarity.

Sa, and 8a) refined to a position on a theoretical rotation from
P2/c to C2-like tilting, indicating this is a reasonable
description of the average structure (Figure 8c). A further
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700 °C and nonlinear behavior below ~300 °C for the axis
parallel to the Ga,0, chains (c for C2, a for P2/c, blue). This
nonlinearity is likely caused by minor H,O loss on heating and
suggests that H,O is located between pyrogallate units (as
previously suggested for Ba,YGa, ¢Zng,0,4)."¢ This is
supported by the observation that the deviation is more
extreme for the Zn-substituted compounds than for
Ba, Sr; ;YGa,0,5, due to the increased basicity of the
substituent and the additional vacancies introduced. The
monoclinic # angle for Ba,Sr;YGa, ,Zn O, ./, materials
remains ~ 90° in the entire temperature range; however, for
the Sr;YGa, ,Zn O, ;_,/, materials # gradually increases up to
250 °C before decreasing. In both series of compounds there is
evidence of phase transitions at high temperatures: the  angle
of Sr;YGaygZn;,0,,, decreases rapidly to 90° at ~850 °C,
suggesting a monoclinic to orthorhombic phase transition,
while for Ba, Sr; sYGa,_,Zn,O;_,/, materials the b-axis shows
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evolution as a function of temperature for (a) Sr;YGa, gZn,,0,4, (b)

Ba, sSr; YGa,0,5, (c) Ba;sSr;YGa, ¢Zny,0,, For cell axes error
bars are smaller than data point size.

a discontinuity from around 600 °C. The temperature of this
discontinuity decreases with increasing Zn-content.

A closer inspection of the variable temperature X-ray
diffraction patterns of Sr;YGa, ¢Zn,,0,, (Figure S16) reveals
a small discontinuous jump in position for several peaks
(Figure S16c). Several known structures could explain the high
temperature pattern, including the Cmcm model discussed in
the introduction or a Pc model similar to the high temperature
structure of Ba;YGa, O, s, but with the C2 type Ga,O; tilting.
This latter model has been identified for some silicates.”"
Neither of these models provided a satisfactory fit to the data
with several weak peaks under- or overcalculated. We therefore
used the exhaustive symmetry distortion method previously
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described for Bi,Sn,O; to identify the best structural
model.**® A subgroup tree from the Cmcm parent to base
child P1 space groups was derived and it was assumed that
Ga,0, chains were disordered. For each subgroup, the relevant
distortion mode amplitudes were refined along with cell
parameters. In order to rank the models, the for each
subgroup was plotted against the number of free structural
parameters (Figure S19). The high symmetry Cmcm model
provided a poor fit to the data (R,, ~ 8%), whereas a
significantly better fit was found for space group Ama2 (R, ~
6%). The Ama2 model gave essentially as good a fit as any
other model (including a triclinic P1 model with ~8 times the
number of free structural parameters). Sequentially fitting both
the disordered C2 and Ama2 models to variable temperature
data shows the models give equivalent fits above ~850 °C
(Figure 10a), in agreement with the temperature at which the
monoclinic angle becomes 90°. A final structural model for
Sr;YGa, ¢Zn;,0,,, obtained through a combined X-ray and
neutron fit, is shown in Figure S18 (along with the fits) and
Table S5.

The discontinuity in the b-axis expansion for
Ba, (Sr; ;YGa,0-5 and Ba,Sr; YGa,3Zn,,0,, above ~600
°C is consistent with a phase transition from P2/c to Cmcm
structures.'” Refinements against neutron powder diffraction
patterns with either the P2/c or Cmcm model indicate that the
latter provides an equivalent fit for both materials above the
transition temperature (Figures 10b,c and S21).
Ba, Sr; sYGa, ¢Zn, ;O 45 experiences a similar but less extreme
deviation in the b-axis expansion (Figure $22b), indicating the
same P2/c to Cmcm transition occurs. The larger radius of the
Zn*" cation likely plays a role in why the Zn-containing
compounds undergo an increase in the b-axis, whereas
Ba, ;Sr; sYGa,0, 5 experiences a decrease. The final Rietveld
fits for Ba,Sr;YGa,O,; (Figure S20 and Table S6) and
Ba, ;Sr; sYGa, 4Zn;,0,, at 1010 °C provide excellent agree-
ment to the data (R, = 2.37 and 2.52%, respectively) using
the Cmcm model (Figure S20c).

3.5. Conductivity of Zn-Substituted Compounds.
Impedance spectroscopy was performed to measure the
conductivity of all materials under either air or N,
atmospheres. Complex plane plots representative of each
series show a depressed semicircular response formed from
two partially overlapping signals followed by a sloped electrode
response that at higher temperatures gradually tapers into an
arc (Figures S23 and S24). This is typical for finite Warburg
type diffusion and such behavior is indicative of majority ionic
conductivity.*’~** Capacitances were calculated from the apex
of each arc using the RC time constant relationship 1/@ = RC.
The overlapping signals were separated into high and low
frequency with capacitances of approximately 107> and 107*°
F indicative of bulk and grain boundary conductivity
contributions.”” Both components persisted down to $400
°C, at which point the data was too noisy to reliably extract
resistance values. Therefore, the total conductivity (o, + ng) is
reported in all cases, extracted from the intercept of the arc in
the complex impedance plane. The relative density of each
pellet along with firing times are given in Table S1. The
conductivity of each compound is shown in Figure 11.

The conductivity of Sr;YGa,O,5 in air shows good
agreement with previous measurements.'® At 1000 °C the
total conductivity in the Sr;YGa, ,Zn,O,;_,/, series increases
with Zn-content, from ~0.69 to 5.5 X 10™* S cm™! between x
= 0 and 0.2. This correlates with an increasing number of
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Rietveld refinements for (a) Sr;YGa;¢Zny,0,, (b)
Ba, sSr; s5YGa,0 5, and (c) BaysSry sYGa, §7n4,0,,.

vacancies. The shapes of the Arrhenius plots are similar across
the series and all substituted materials exhibit small changes of
slope at high temperatures. This occurs for Sr;YGa, gZn,,0;,
at 850 °C, which corresponds to the observed C2 < Ama2
phase transition. A plot of In(cT) against 1/T gives an
activation energy of 0.93(2) eV below the phase transition
temperature and 1.21(2) eV above. A slight change of slope at
~940 °C may indicate a similar transition for both
Sr3YGa, 95Zng 0507475 and Sry;YGa, gZng 05 4s. Activation

3499

energies calculated from the Arrhenius plots below and
above 940 °C were 0.65(1) and 0.89(1) eV for
S1;YGa, sZng 0505 475 and 0.69(1) and 0.89(1) eV for
Sr;YGa, gZng ;O 4s.

Under wet nitrogen Sr;YGa, 95Zng 5O, 4,5 and
Sr;YGa, ¢Zn,,0,, show higher conductivity than in air (Figure
S25). This suggests a proton component to conductivity, due
to water occupying the additional vacant sites. This proton
component decreases with temperature as water is lost on
heating; by 1000 °C both x = 0.05 and 0.20 materials show
similar conductivity under air and wet nitrogen. The presence
of water and its loss on heating is confirmed by TGA
measurements (Figure S27). Under dry nitrogen all
Sr;YGa, ,Zn, O, ., samples exhibit lower conductivities
than in wet nitrogen and air, further confirming a proton
contribution (Figure 11) and suggesting pure oxide ion
conductivity dominates. A proton transport number, t;, was
approximated for each compound from the conductivity in wet
and dry atmospheres, 6., and 64, using

Oyet — Odry
tgy= ——
Gwet

assuming dominant ionic contributions at all temperatures. At
600 °C approximately 60% of conductivity is proton-based,
decreasing to around half at 1000 °C (Table S7).
Sr;YGa, Zn;,0;, retains a larger proton component at the
higher temperature consistent with the increased basicity of
Zn. Proton conductivity has been demonstrated in several
materials above 800 °C.>">* For perovskite barium zirconate-
based materials, the proton contribution at these temperatures
is often small, but it can be as high as 60%, as for
Balng;sZry,50, ¢,5, which exhibits a similar overall conductiv-
ity to Sr3YGal.8Zn0.207.4.53

For the Ba, Sr; ;YGa, ,O,_,/, series overall conductivity in
air increases from ~0.67 to ~2.5 X 107* S cm™' between x = 0
and x = 0.1 at 1000 °C (Figure 11). The higher doped x = 0.2
material has around half the conductivity of x = 0.1 at the same
temperature. Below 720 °C x = 0.2 has a lower conductivity
than the unsubstituted material, suggesting that charge carrier

trapping inhibits ionic mobility. This is supported by the x =
0.05 material having the highest conductivity in the series up to
~640 °C. The Zn-substituted materials exhibit two distinct
regions of conductivity, with activation energies of 0.66(1) and
1.01(4) €V, 0.72(1) and 1.03(2) €V, and 0.67(1) and 1.11(2)
eV below and above ~650 °C for x = 0.05, 0.1, and 0.2,
respectively. The temperature at which this change occurs
approximately coincides with the P2/c to Cmcm phase
transition discussed above. Ba, Sr;YGa,0,; is known to
have a substantial proton component to conductivity up to
~900 °C, therefore it is likely that the lower activation energies
at low temperature represent proton mobility. This is
supported by measurements on Ba, ;Sr;YGa;9Zng 0 45
(Figure S26) which show an increase and decrease in
conductivity under wet and dry N,, respectively. This suggests
dominant oxide ion conductivity in dry conditions and mixed
ionic conductivity in humidified conditions. A proton transport
number (Table S7) calculated at 600 °C (~0.96) indicates that
the majority of conductivity is proton based. Although a small
p-type electronic contribution cannot be ruled out, TGA
measurements on Ba; (Sr; YGa, ¢Zn,;0,,s confirm water
retention up to ~800 °C (Figure S27), further supporting

the high-temperature proton component to conductivity.”
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Figure 11. Conductivity in air (filled points) and dry N, (empty points) of Sr;YGa,_,Zn,0,5_./, and Ba,sSr; sYGa,_,Zn 055,/

3.6. Implications of Substitutional Chemistry. Both
AIMD simulations and diffraction studies indicate the
importance of the facile reorientation of pyrogallate units
during ionic migration. The effect of Zn substitution in these
subunits can help rationalize the changes in ionic conductivity
beyond the simple argument of increasing the number of
vacancies. From the low- and high-temperature structures of
Sr;YGa, Zn(,0;, and Ba, ;Sr; sYGa, 3Zn,,0,,, it is clear that
the introduction of Zn** leads to the reorientation of a number
of Td,O, groups. The fact that these polyhedra tilt in the ac
plane (shown by the positions of the O8a/b and Ola sites in
Figure 6), supports the diffusion pathway identified in the
AIMD simulations. We can imagine that the larger non-O-
linked Ga—Ga distance between separate pyrogallate units in
unsubstituted Sr;YGa, 0, 5 (~4.18 A for Ga—V—Ga vs ~ 3.68
A for Ga—0O—Ga) results in a high energy barrier to the
formation of new units. Increasing Zn>* substitution system-
atically decreases this distance across the Sr;YGa,,Zn O ./
series (Figure 12). Simultaneously, the bonded Ga—Ga
distance increases slightly. The shrinking of the nonbonded
distance will lower the energy barrier to oxygen exchange
between Ga, O, units, making it more facile. Furthermore, Zn—
O bonds are slightly more ionic than Ga—O (electronegativity
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Figure 12. Nonbonded and bonded Ga—Ga distances with increasing
Zn content in the series Sr;YGa, ,O;5_,/,. Errors are on the order of
size of data points.
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difference: Zn—0 = 1.79, Ga—O = 1.63) and Zn** is less
polarizing, which could facilitate the formation and breakup of
Td,O, units in Zn-containing materials relative to the Zn-free
parent phases.

In both series, the activation energy calculated from
impedance increases with Zn-content. Sample densities were
comparable across the series, suggesting a composition-specific
factor causing the increase. Given the one-dimensional
diffusion pathway, a steric factor originating from the size of
the Zn** cation (r,, ~ 0.60 A compared to 0.43 A for Ga**)
may inhibit long-range oxide ion diffusion at lower temper-
atures. This could explain the lower total conductivity of
Sr;YGa, ¢Zn;,0,, below 600 °C in comparison with other
Sr;YGa,_,Zn,0;;_,/, phases, and why proton conductivity (a
smaller charge carrier) dominates at lower temperatures.

4. CONCLUSIONS

We have used a combination of computational and
experimental techniques to investigate the mechanism of
ionic conductivity in A;OhTd,O,s materials. AIMD simu-
lations of Sr;YGa,O-; indicate a one-dimensional pathway of
oxide ion migration involving a series of jumps between
adjacent pyrogallate units parallel to the c-axis. Both the
bridging and terminal oxygen atoms are highly mobile, hence
facilitating the breaking and formation of new pyrogallate
groups. A high degree of anisotropy of ionic diffusion was
observed from visualization of the atomic displacement clouds
as well as the calculated mean square displacements. The
simulations also revealed localized polyhedral tilting dynamics
responsible for the structural phase transitions observed at high
temperatures.

The results of our simulations were used to inform synthetic
work to increase the ionic conductivity of Sr;YGa,O,4 and
Ba, Sr; sYGa,0, 5 through chemical modifications. X-ray and
neutron powder diffraction studies show the Zn-substituted
materials in both series adopt the room temperature structures
of their parent phases (C2 and P2/c, respectively), with
additional disorder introduced through the pivoting of Ga,O,
units as a result of the partial substitution of the larger Zn**
cation at tetrahedral sites and the formation of additional
oxygen vacancies. Sr;YGa,_,Zn O, ,, compounds with x <
0.1 retain the C2 parent structure up to 1000 °C, while
Sr;YGa, ¢Zn;,0,, undergoes a phase transition to an
orthorhombic Ama2 structure at 850 °C. All

https://doi.org/10.1021/acs.chemmater.5c00426
Chem. Mater. 2025, 37, 3492—3503


https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00426?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00426?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00426?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00426?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00426?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00426?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00426?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00426?fig=fig12&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c00426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Ba, sSr; sYGa,_,O,5_ ., compounds undergo phase transitions
to the Cmcm structure at high temperatures, with the transition
temperature decreasing with Zn-content.

Total conductivity was investigated using impedance
spectroscopy. Higher Zn-content increases the total con-
ductivity at 1000 °C across the Sr;YGa,_,Zn O,;_,/, series.
The maximum observed conductivity of 5.5 X 10™* S cm™ is
an order-of-magnitude increase over the parent phase.
Measurements under different atmospheres indicate a
substantial nonoxide ion component to conductivity, with
proton conductivity dominating at lower temperatures. Zn-
substitution also increases conductivity in the
Ba, Sr;sYGa,_,O55_,/, series up to x = 0.1.

The combination of experimental and computational work
presented here can be used to propose chemical modifications
to further improve the properties. For example, aliovalent
substitution at the tetrahedral site with smaller cations could
reduce the steric factors inhibiting long-range ionic diffusion at
lower temperatures. The growth of high-quality large single
crystals would enable impedance measurements on oriented
samples, allowing experimental verification and exploitation of
anisotropic conductivity revealed by the AIMD simulations.
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