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ABSTRACT: A series of Zn-substituted compounds, Sr2Sc1-xZnxGaOs.o05x, based on the brownmillerite-type oxide ion conductor
Sr2ScGaOs have been synthesized and a single-phase region identified at 0.4 < x < 0.6. The structure and dynamics of
Sr2Sco6Zno4GaOas were investigated by X-ray and neutron diffraction, neutron total scattering and pair distribution function
(PDF) analysis, impedance spectroscopy and neutron spectroscopy. The material was found to be a highly-disordered cubic
perovskite with a remarkable level of oxygen deficiency across a large temperature range. These structural properties lead
to an increase of oxide ion conductivity of about two orders of magnitude relative to the parent Sr.ScGaOs. The presence of
proton conductivity and some water uptake was suggested by the impedance data and corroborated by thermogravimetric
analysis (TGA), solid state nuclear magnetic resonance (NMR), variable temperature X-ray diffraction and neutron spectros-
copy. Both proton and oxide ion conductivity produced a measurable quasi-elastic neutron scattering (QENS) signal and the
onset of each dynamic process could be observed by monitoring the temperature dependence of the elastic and inelastic
scattering intensities measured in fixed window scans. Neutron total scattering and PDF studies revealed a local structure
that is markedly different from the perovskite average structure, and we propose it contains a rare one-coordinate or terminal

oxygen site.

1. INTRODUCTION

The perovskite structure, often adopted by mixed metal
oxides of the general formula ABOs, is one of the most ubig-
uitous in solid state chemistry, owing to the vast number of
combinations of the A and B cations it can support. As a con-
sequence of this chemical versatility, perovskite-type ox-
ides display a number of technologically important physical
properties: ferroelectricity, piezoelectricity, colossal mag-
netoresistance, catalytic activity, fast ion conductivity,
mixed ionic electronic conductivity and others. Oxide ion
conductivity in perovskites is readily induced by aliovalent
(acceptor) doping, generating oxygen-deficient materials.
At relatively low doping levels, the cubic perovskite struc-
ture can be retained, the vacancies are distributed ran-
domly and three-dimensional oxide ion diffusion proceeds
via a vacancy-hopping mechanism.!-3

At higher defect concentrations, ordered structures such
as the brownmillerite structure can be formed. With general
formula A2B20s, this can be viewed as oxygen-deficient per-
ovskite with one-sixth of the oxygen sites vacant. The oxide
ion vacancies are ordered along one crystallographic direc-
tion, resulting in alternating corner-sharing octahedral and
tetrahedral layers formed by BOs;zand BOas,2 groups,

respectively. This structural arrangement means that the
oxide ion conductivities of brownmillerites are typically
lower than their perovskite counterparts, as well as being
predominantly one-dimensional. For example, orthorhom-
bic brownmillerite-type Sr.ScGaOs is a modest oxide ion
conductor (~ 10-¢ S cm-t at 600 °C), whereas the conductiv-
ity of this material in the high-temperature cubic form is
two orders of magnitude higher.#5 We have recently
demonstrated that introducing a small amount of additional
(extrinsic) vacancies into the octahedral layer of Sr2ScGaOs
by Zn-doping increases the oxide ion conductivity relative
to the parent material by up to two orders of magnitude,
while retaining the orthorhombic brownmillerite structure.
We attributed this increase in conductivity and the lowering
of the activation energy to the extrinsic vacancies disor-
dered in the octahedral layers, providing additional oxide
ion migration pathways in the structure.’

An alternative way to introduce disorder into perovskite
derivatives is to change the ratio of numbers of octahedral
and tetrahedral building blocks in the structure. For exam-
ple, Chernov et al.® have described how increasing the GaOs
tetrahedra to ScOs octahedra ratio in the Sr/Sc/Ga/O sys-
tem leads to an evolving family of structures. Sr10ScsGaeO2s
(Sr2ScosGa120s), for example, is perovskite-related, but the

onnectivitxt balance means that coordination polyhedra
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can no longer share all their corners and the structure con-
tains a mix of ScOs/2, GaO4/2 and Ga03,20 units. Tetrahedra
that are not fully corner-linked have been shown to facili-
tate oxide ion mobility in different structural families.”-10

In this work, we have used this design approach to pre-
pare new oxide ion conductors of general formula Sr2Sci-
xZnxGaOs.o5x (x = 0.1-0.6). We show that by increasing the
number of tetrahedral sites in a brownmillerite and increas-
ing the oxygen vacancies beyond the 1/6 level, we can re-
form highly-disordered and highly oxygen-deficient cubic
perovskite materials. We report the proton and oxide ion
conductivity in this system, and the use of variable-temper-
ature powder X-ray and neutron diffraction, neutron total
scattering and pair distribution function (PDF) analysis, and
inelastic/quasielastic neutron scattering to elucidate in de-
tail the structure-property relationships in
SrSco.3Zno2Ga0z.a.

2. EXPERIMENTAL

Synthesis. Polycrystalline samples of Srz2Sc1-xZnxGa0s-o.5x
(x = 0.1-0.6) were synthesized from stoichiometric
amounts of SrCOs (Fisher Chemical, >99.9%), Sc203 (Sigma-
Aldrich, >99.9%), Gaz03 (Sigma-Aldrich, >99.99%), and ZnO
(Alfa Aesar, >99.99%). The starting materials were ground
together and heated at 1200 °C for 12 h. Samples were re-
ground, pressed into 10 mm pellets, and heated at the same
temperature for a further 24 h. This was repeated until the
powder X-ray diffraction (PXRD) patterns no longer
changed with additional heating. A Bruker D8 Advance dif-
fractometer equipped with a Lynx-eye detector and Cu Ka
radiation, was used to monitor the progress of the solid-
state reactions. The same instrument was used over an ex-
tended 26 range with a Si internal standard (a =
5.431195(9) A at room temperature) for accurate cell pa-
rameter determination. Analysis of the diffraction data was
performed using the Rietveld method!! implemented in the
Topas Academic software.'213 Within this work, specific
samples will be referred to by an abbreviated name of the
form SSGO (for Sr2ScGaOs) or SSZ40GO (for
Sr2Sco6Zno4Ga048) where the number in the abbreviation
indicates the percentage of Sc that has been replaced by Zn.

Variable-Temperature X-ray Diffraction. VT-XRD pat-
terns of single phase compositions were recorded on a
Bruker D8 Advance (Lynx-eye detector, Cu Ka radiation)
with an Anton Paar HTK1200 furnace attachment over a
temperature range of 25-1000 °C. Furnace temperatures
were calibrated based on an external Al203 standard.!* Data
were collected every 20 °C on heating and cooling, and re-
sulting patterns were analyzed by Rietveld fitting in Topas
Academic.1213

Neutron Powder Diffraction (NPD). Diffraction data
were collected on a powdered, 6 g sample of SSZ40GO ina9
mm vanadium sample can on the high-resolution powder
diffractometer ECHIDNA?'> at the OPAL reactor at ANSTO,
Sydney. Diffraction patterns were measured using neutrons
with a wavelength of 1.6215 A at room temperature, 200,
300, 400, 500, 700, 800, and 900 °C as well as at =253 °C in
a vacuum furnace and cryofurnace, respectively.

Chemical Analysis. The elemental composition of
SSZ40GO was confirmed by inductively coupled plasma
mass spectrometry (ICPMS) analysis using ~50 mg of pow-
dered sample dissolved in nitric acid with a Thermo Scien-
tific Neptune Plus Higher Resolution Multicollector.

Impedance Spectroscopy. SSZ40GO powder was uniax-
ially pressed into a 10 mm pellet and sintered for 24 h at
1200 °Cyielding a pellet that was 84% dense. The 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 So-
lartron 1260 frequency-response analyser was used to
measure and record impedance spectra every 20 degrees
on heating and cooling in air, dry Nz, and wet N2 (bubbled
through water) using frequency ranges of 0.1-107 Hz and
voltages of 100-2500 mV.

Thermogravimetric Analysis. A PerkinElmer TGA 8000
instrument was used to measure mass changes on heating
and cooling cycles. Multiple samples of SSZ40GO were
heated from 30 to 1000 °C and back to ambient temperature
at 10 °C min-! under an air atmosphere.

Solid state NMR. Static 45Sc and 7'Ga NMR spectra were
recorded at 97.21 and 122.04 MHz respectively, for both
SSZ40GO and SSGO on a Bruker Avance III HD spectrometer
using 1 M Ga(NOs)s and ScClz solutions as references.
WURST-qCPMG pulse sequences!® were used for both ex-
periments yielding spikelet spectra. The 'H NMR spectrum
of SSZ40GO was recorded on a powder sample that had
been exposed to air for 2 weeks following synthesis. A
Bruker Avance III HD spectrometer with tetramethylsilane
as a reference was used for the measurement.

Neutron Total Scattering. Total scattering data on
SSZ40GO were collected on the POLARIS instrument at the
ISIS facility at Rutherford Appleton Laboratory. A ~6 g pow-
der sample was packed into an 8 mm diameter vanadium
can. Rietveld-quality data sets were collected at 45 temper-
atures on heating for 4 mins each. High-quality data sets for
pair distribution function (PDF) analysis were acquired at
room temperature, 600 and 1000 °C in 8 sets of 175 pAh
collections i.e. 8 h at each temperature. The scattering due
to the empty furnace and the empty can were measured at
room temperature for 1-2 h each for background subtrac-
tion. Neutron total scattering data were normalized onto an
absolute scale using GudrunN software;!” the D(r) functions
used for fitting were extracted using a Qmax of 40 A-1 using
standard formalisms'® and Fourier ripples < r = 1.6 A were
removed. Bragg data were extracted using the established
analysis routines in Mantid.!®

Rietveld and large-box local structure analyses were per-
formed using Topas Academic.'>13 The three highest reso-
lution data banks (banks 3, 4, and 5) of POLARIS were used
for variable-temperature neutron refinements covering a
total d-spacing range of 0.15-5.75 A. Bank 3 was selected
for local structure analysis as it offers a good compromise
between resolution and Q-range. For PDF fitting, large-box
models were constructed by converting appropriate small
box models onto a perovskite basis and expanding them to
a close-to isotropic supercell containing between 2000 and
8000 atoms. Atomic coordinates were then refined against
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the data subject to polyhedral constraints to keep local ge-
ometry sensible. Bragg and PDF datasets were fitted simul-
taneously using a fitting range of 2000-20000 ps for Bragg
data and 0-19.5 A for PDF D(r) data. In initial refinement
cycles, coordinate changes were constrained to prevent
large atomic shifts; these constraints were relaxed during
fitting. An equal weighting was applied to each point in the
PDF such that the PDF and Bragg data gave a similar contri-
bution to the overall x2. PDF patterns were calculated di-
rectly from the atomic coordinates of the large box model
and the Bragg scattering was calculated by folding the large-
box coordinates back into a single crystallographic unit cell.
Refinements converged within a couple of hours on a stand-
ard desktop PC. Multiple starting configurations were
tested for each model to ensure the final fit could be repli-
cated.

Inelastic and Quasielastic Neutron Scattering. Inelas-
tic neutron scattering data on SSZ40GO were measured on
both the backscattering spectrometer IN16B, and the time-
of-flight spectrometer IN6-SHARP (run by the Laboratoire
Léon Brillouin), at the Institut Laue Langevin.

The experiment on IN16B used an incident neutron wave-
length of 6.271 A and an energy resolution of 0.75 peV, to
give access to nanosecond dynamics. A 10 g powdered sam-
ple of SSZ40GO was placed in a cylindrical 8 mm diameter
Nb-foil sample holder and measurements of elastic inten-
sity (E = 0 peV) and inelastic intensity at 2 peV, were per-
formed on heating and cooling from 20 to 1000 °C using a
heating rate of 0.04 °C s-1. Data points were collected in
pairs with an elastic intensity (EFWS—elastic fixed window
scan) measured for 30 s, immediately followed by an inelas-
tic intensity (IFWS—inelastic fixed window scan) measure-
ment lasting 2 minutes.2’ -Quasielastic neutron scattering
(QENS) measurements were performed at room tempera-
ture, 300 and 400 °C for 6 h at each temperature (as 12 0.5-
h repetitions) and 900 and 1000 °C for 1.5 h each. An energy
transfer window of +20 peV was used for all QENS data col-
lections. The background scattering from the empty can was
measured for 5 h at both room temperature and 400 °C, and
a vanadium resolution function was acquired for 4 h at 40
°C. The data were reduced and analysed using established
routines implemented in the Mantid code.?®

The IN6-SHARP experiment was performed with an inci-
dent neutron wavelength of 5.12 A and an elastic energy
resolution of 70 peV to give access to picosecond dynamics.
Data were collected at 20, 200, 400, 600, 800 and 1000 °C,
with a collection time of 6 h at each temperature on the
same sample. Background scattering from the empty sam-
ple holder was measured for 6 h at 20 °C and a vanadium
standard was measured at 20 °C for 6 h for normalization
and to describe the instrument resolution function. Data
were processed using Mantid and LAMP software pack-
ages?!, and analyzed using QENSH software.??

3. RESULTS AND DISCUSSION

PXRD patterns for each of the samples are shown in Fig-
ure S1. They suggest that single-phase compounds with
nominal compositions Sr2Sci-+ZnxGaOs.osx (x = 0.4 and 0.5)
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were synthesized successfully. Previous work showed a x =
0.05 sample retained the brownmillerite-type structure
adopted by Sr2ScGaOs® with the same room-temperature
space group I2mb. Evidence for successful substitution was
provided by small changes in the crystallographic a- and b-
axes and in the change in conduction behaviour.5 For com-
positions with 0.4 < x < 0.6, the single-phase product is a cu-
bic perovskite. Increasing the Zn content and B-site disor-
der therefore appears to lead to the room-temperature sta-
bilization of the high-temperature disordered phase that
has been seen in multiple brownmillerites, including
SrzFe20s and Bazln20542324 Compositions with x = 0.1, 0.2
and 0.3 were two-phase, containing the brownmillerite and
an increasing proportion of the perovskite. Rietveld refine-
ment shows that the quantities of perovskite and brownmil-
lerite in the 0.05 < x < 0.4 two-phase region are consistent
with phase separation into Sr2Sco.95Zno.0sGa0O4.975 (SSZ05GO)
and Sr2Sco.6Zno.4Ga04.s (SSZ40GO). Finally, the x = 0.6 sample
contained mainly the perovskite phase but also a very small
amount of an unidentified impurity (top plot in Figure S1).

Since SSZ40GO is a cubic perovskite, we can write its for-
mula as SrSco3Zno2Gaos0z.4. Literature examples of perov-
skites with oxygen contents lower than ABO2s are uncom-
mon and typically found for compounds containing variable
oxidation state transition metals?5-29 (e.g.
BaosSrosCoosFeo203.s where § can be up to 1 depending on
the p02) or in compounds like SrCuO2z and SrFeOz which
have the square planar-based infinite layer structure.30-32
These are frequently made by low-temperature topotactic
reduction of oxygen-rich phases. On the other hand, Takeda
et al.33 reported oxygen deficiency corresponding to the ox-
ygen content of 2.45 (normalized to perovskite) in the
Sr/Ba/Sc/Al/O system. The cubic perovskite materials re-
ported here display even higher oxygen deficiency, corre-
sponding to an oxygen content as low as ABO2asrs
(SSZ50G0), while containing only fixed-oxidation-state cat-
ions.

Average Structure. Powder X-ray and neutron diffrac-
tion patterns of SSZ40GO (Figure 1) can be fully fitted using
an a = 3.9871 A perovskite model in the cubic space group
Pm-3m. The structural model included Sr on the A-site, Sc,
Ga and Zn on the B-site and O sites in their nominal propor-
tions, confirmed by ICP elemental analysis of the cations.
The neutron diffraction pattern shows some structured dif-
fuse scattering that is particularly noticeable at Q = 4.5 A-L.
This suggests that there are local deviations from the aver-
age structure. The fact that this is seen in the neutron pat-
tern but not the X-ray implies that the deviation occurs
mainly on the oxygen sublattice. The local structure of this
material is discussed later.
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Figure 1. Rietveld fits of a simple Pm-3m perovskite model
against the room temperature X-ray (top) and neutron (bot-
tom) data for SSZ40GO. Blue, red and grey curves show the ob-
served, calculated and difference curves respectively. Blue tick
marks indicate the expected peak positions. The peak high-
lighted with an asteriskis as a result of W La incident X-ray con-
tamination. X-ray data are shown on a square root scale to em-
phasize weaker features.

Variable-temperature PXRD was performed across a tem-
perature range of 16-1273 K and some of the data are dis-
played in Figure S2. No major change (peak splitting / ap-
pearance / disappearance) is observed, indicating that
there are no structural phase transitions in this tempera-
ture range. The same conclusion can be drawn from the NPD

data. X-ray and neutron data show no evidence for brown-
millerite-type ordering at low temperature; the fit of the cu-
bic perovskite model to the 20 K NPD pattern is given in Fig-
ure S3.

Conductivity. The conductivity of SSZ40GO was meas-
ured using impedance spectroscopy between 200 and 1000
°C on both heating and cooling. The complex impedance
plots (Figure S4) across the whole temperature range com-
prised two responses: a large semicircle at high frequency
and an electrode response at low frequency. At high tem-
perature the electrode response turned over into a semicir-
cle indicating diffusion through a finite layer, which sug-
gests conductivity is ionic in nature. The capacitance of the
high frequency semicircle was found to be ~10-12 F cm~1us-
ing the relationship wRC=1 at the arc maximum, and is con-
sistent with bulk transport34. Bulk resistance values were
therefore extracted from the high-frequency intercept of
the semicircular signal and the derived conductivities are
plotted in Figure 2a along with those of the parent material
SSGO and related brownmillerite SSZ05G0.5

There is an up to 2 order-of-magnitude increase in total
conductivity in SSZ40GO relative to the parent, and the larg-
est increase occurs at lower temperatures, below 500°C.

In air, the log(o) vs 1/T plot for SSZ40GO (red curve in
Figure 2a) is non-linear, and can be divided into three broad
sections: low-temperature (<300 °C), intermediate-temper-
ature (300-650 °C) and high-temperature (>650 °C). Ap-
parent activation energies for each section were extracted
from a plot of In(oT) vs. 1/T and are 0.94(2), 0.57(1) and
1.51(3) eV, respectively. The changes in slope indicate vari-
ation in the conduction behavior as temperature is in-
creased. This could arise from structural transitions or from
a change in the dominant conduction mechanism. Since no
crystallographic phase transitions were observed by varia-
ble-temperature diffraction, the changes in slope in the
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Figure 2. Conductivity as a function of temperature for SSZ40GO and related compounds. a) comparison of conductivities in air
for the different compounds. b) conductivity under different atmospheres for SSZ40GO c) comparison between conductivities in
dry nitrogen for the different compounds. Data shown for SSGO and SSZ05G are from both heating and cooling cycles.
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conductivity plot are more likely due to changes in the dom-
inant charge carriers.

We also measured the conductivity of SSZ40GO under dry
and wet flowing N2. The results are summarized in Figure
2b. Above ~700 °C, the conductivity is the same in all the
atmospheres, suggesting that SSZ40GO is a purely oxide ion
conductor in the high-temperature regime. In the interme-
diate- and low-temperature regions the conductivity in dry
atmospheres is significantly lower than that in moist atmos-
pheres. This, and the curvature of the moist-atmosphere
plots, are suggestive of the presence of proton conductivity
(with a magnitude comparable to the Gd-doped BaZrOs,
SrZrOs and SrCeOs proton conductors3s). Similar behavior
has been reported for the related Ga-rich perovskite
Sr2ScosGa1s0s-0.13H20.6 The conductivity behavior under
air or wet N2 can be understood in terms of a low-tempera-
ture proton-conducting region, a decreasing proton contri-
bution at intermediate temperature as water is lost under
heating, and a purely oxide ion conducting region at high
temperature once all water has been lost from the sample.
The difference in low-temperature conductivity between
air and water-saturated Nz is small, indicating similar water
uptake under these conditions. Also, the absence of hystere-
sis in the heating and cooling cycles in moist N2 suggests
that SSZ40GO picks up water very quickly on cooling and
starting from high temperatures (~700 °C).

To directly compare only the oxide ion conductivity of
SSGO and the zinc-substituted phases, their conductivities
under dry nitrogen are plotted in Figure 2c. SSZ40GO is a
better oxide ion conductor than SSGO across the entire tem-
perature range, but has a larger activation energy possibly
due to cation disorder and/or defect trapping.3® The low-
and intermediate-temperature oxide ion conductivity of
SSZ40GO is lower than that of the 5%-substituted material
(SSZ05GO0), despite SSZ40GO having a higher-symmetry,
more disordered structure and more oxygen vacancies. This
again suggests the presence of local ordering that traps ox-
ide ions. Comparisons between the conductivity curves ob-
tained in wet and dry atmospheres show an approximately
% an order of magnitude increase due to proton conductiv-
ity in SSGO and SSZ05GO0. SSZ40GO shows a much larger in-
crease (~3 orders of magnitude, Figure 2c) suggesting that
either there are more protons present or they are much
more mobile.

In comparison with other families where the conductivity
mechanism is well established, the oxide ion conductivity of
SSZ40GO at 800 °C (1.3 x 10~4S cm™) is around two orders
of magnitude lower than the benchmark vacancy-type con-
ductor yttria-stabilized-zirconia3” and also BissVs0go.38 The
latter exhibits a complex oxide ion migration mechanism re-
liant on vacancy-hopping through the fluorite-related Bi-O
sublattice, and fast oxide ion exchanges with the V-0 sublat-
tice. 3839 [t is also about two orders of magnitude lower than
the oxygen-excess apatite-type BizLas(Ge0O4)s03, in which
the ionic migration proceeds mainly via interstitial oxygen
exchanges between GeO4 and GeOs groups, with a smaller
contribution from diffusion along the hexagonal channels in
the structure 40-42, and one order of magnitude lower than
oxygen-excess scheelite-type LaNbo9o2WoosOs04 4344 It

5
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compares favorably with perovskite-related
NdosSro1BalnOsgs, which exhibits strongly anisotropic va-
cancy-hopping-based oxide ion diffusion.*

While SSZ40GO is therefore a moderately good oxide ion
conductor in absolute terms, the most significant direct
comparison is the two order of magnitude oxide ion conduc-
tivity increase relative to its parent compound SSGO, likely
related to the changes of local structure described later in
the paper.

Water incorporation into SrSco.3Zno.2Gaoe.s02.4. To sup-
port the conclusion of a proton conductivity contribution in
SSZ40GO, its water uptake was probed with a variety of
methods.'H NMR showed a weak resonance at 3.1 ppm in-
dicating the presence of a small number of protons. TGA
measurements showed two regions of mass loss: between
100 and 400 °C and at 700-800 °C. Multiple TGA measure-
ments (Figure S5) on different SSZ40GO samples gave a for-
mula of SrSco3Zno2Gaos02.4:xH20, with x between 0.025 and
0.1, depending on the exact thermal history of the sample.

Unit cell parameters extracted from VT-XRD also show a
deviation from their extrapolated high-temperature behav-
ior between 100 and 400 °C (Figure 3). This is more appar-
ent in the derived thermal expansion coefficient, which also
reveals a smaller change in slope at ~800 °C. These discon-
tinuities coincide with the mass losses in the TGA and are
therefore likely to be due to the same process. They are also
consistent with the moist-atmosphere impedance data,
where we proposed the proton contribution starts decreas-
ing above ~300 °C and disappears completely from 800 °C.

On first inspection there is an apparent discrepancy be-
tween the TGA data, which show no, or very limited, water
uptake on cooling on the time scale of the experiment (~100
minutes, Figure 3c), and the conductivity data which sug-
gest rapid water uptake even at high temperature (Figure
2b). Interestingly, the VT-XRD data show both behaviors,
depending on how the experiment is conducted. When data
are recorded on loosely sprinkled powder sample on heat-
ing and cooling, the cell parameter changes are irreversible,
suggesting no moisture uptake on cooling, even at the very
slow cooling rate of 0.1 K min-.. In contrast, when data are
recorded on a pressed pellet (similar to those used for im-
pedance measurements) we see clear reversible cell param-
eter behavior, suggesting moisture uptake below 300°C.
Unit cell parameter changes illustrating the reversible and
irreversible behavior are given in Figure S6. Our diffraction
and impedance experiments therefore consistently show
that pelletized samples undergo reversible water uptake,
whereas loose powders show little or very slow water up-
take. This can be rationalized in terms of the enhanced ca-
pillary effects caused by the concave pores on the surface of
the pellet versus the convex surface of the loose powder
grains.46-50
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Figure 3. SSZ40GO cell parameter evolution with temperature
from variable temperature X-ray diffraction (top panel) and de-
rived thermal expansion (da/dT) (middle). Thermogravimetric
analysis over the same temperature range (bottom) on both
heating and cooling cycles. Cell parameters on cooling are
shown in the SL

Probing dynamics in SrSco.3Zno.2Gaos02.4 by inelastic
neutron scattering. Inelastic neutron scattering data were
collected on SSZ40GO on the time-of-flight spectrometer
IN6-SHARP, which probes dynamics on picosecond time-
scales. QENS spectra were recorded at 20, 200, 400, 600,
800 and 1000 °C. Plots of the scattering function
S(Q@=1.92,w) against energy transfer are shown in Figure 4a,
and as color maps of S(Q,w) in Figure 4b. The appearance of
the QENS signal at high temperatures is evident from the
broadening of the elastic peak between 800 and 1000 °C
(red and orange curves in Figure 4a, respectively). Figure
4b shows that this broadening is largest at high Q values.

a) —+ 25°C, heating /
—+— 200 °C, heating i
—— 400 °C, heating
10°4 —— 600 °C, heating
1 —+ 800 °C, heating /
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200 °C, cooling f
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Figure 4. a) Plot of the scattering function S(w) at Q = 1.92 A
showing the QENS broadening of the elastic peak. b) Colour
maps of S(Q,w) at different temperatures to show the evolution
of the QENS broadening at high temperatures and that this is
enhanced at high Q.

This indicates the onset of a high-temperature dynamic
process in SSZ40GO on the picosecond timescale. In order
to demonstrate that this process corresponds to long-range
jump diffusion and calculate jump distance and lifetime, we
considered the Q-dependence of the QENS signal (Figure
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S7). However, the data quality at low Q values precludes us
from drawing a definitive conclusion. While picosecond dy-
namics are observed in SSZ40GO, we did not record clear
QENS broadening signals at a sufficient number of temper-
atures to allow us to extract quantitative parameters such
as the activation energy for this process.

The phonon density of states (PDOS) plots extracted from
the spectra measured at 20, 200, 400, 600, 800 and 1000 °C
are shown in Figure S8. The most prominent change is the
disappearance of a broad feature centered around 80 meV
between 200 and 400 °C. This broad band in the INS spectra
corresponds to librational motions of water molecules.51.52
Water loss in SSZ40GO in this temperature range is con-
sistent with the conductivity, unit cell parameter and TGA
observations discussed above.

Elastic and inelastic fixed window scans carried out on
the backscattering spectrometer IN16B, which is sensitive
to motions on the nanosecond timescale, are shown in Fig-
ure 5aand 5b, respectively. These measurements record the
intensity of the elastic peak (at 0 peV) and the inelastic in-
tensity at fixed energy offset as a function of temperature.
An inelastic energy offset of 2 ueV was chosen based on our
previous measurements of mixed metal oxide systems.>3

On heating, we see a decrease of ~30% in the elastic in-
tensity up to 500 °C. This is a steeper decrease in intensity
than would be expected due to Debye-Waller effects alone.
This can be seen from the shallower gradient at higher tem-
peratures on heating and on cooling (dashed line in the
EFWS in Figure 5a). This loss of elastic intensity coincides
with a peak in the inelastic fixed window scans. Together,
these data suggest a dynamic process occurring in SSZ40GO
at these lower temperatures, which is irreversible on cool-
ing in vacuum. Based on our other experimental evidence,
this dynamic process likely arises from the mobility of pro-
tons and the subsequent water loss. A second decrease of
the elastic intensity and concurrent increase in the inelastic
intensity at 2 peV is observed from 600 °C onwards (Figure
5b). This can be attributed to oxide ion dynamics which
dominate the conductivity at high temperatures.

Full inelastic spectra measured on IN1B spectrometer af-
ter the initial sample heating (i.e., after water had been re-
moved from the sample) are shown in Figure S9. As ex-
pected, no QENS signals were seen in the lower temperature
region. Only a weak indication of broadening was observed
at the highest temperature in our experiment (1000 °C, red
vs blue data points in the bottom panel of Figure S9), despite
the increase in inelastic intensity indicating that the dynam-
ics have entered the energy window of the instrument. In
other words, the second dynamic process, corresponding to
oxide ion conduction, is either too fast or too weak at 1000
°C to be unambiguously and reliably observed from IN16B
data.
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Figure 5. a) Elastic intensity as a function of temperature
summed over all Q-values (0.2-1.75 A-1). Multiple heating and
cooling cycles are shown. The dashed line is a guide to the eye
showing the expected decrease in intensity due to Debye-Wal-
ler effects. Temperatures where QENS spectra were subse-
quently measured are indicated by the red markers on the tem-
perature axis. b) Inelastic intensity at 2 peV energy transfer as
a function of temperature summed over all Q-values (0.2-1.75
A-1). Key features are labelled with the dynamic processes to
which they have been attributed.

It is worth noting that in this study we observed oxide ion
dynamics directly by neutron scattering for SSZ40GO, while
they were not observed for SSGO on either IN6-SHARP or
IN16B spectrometer.> This is consistent with impedance
measurements, which show that oxide ion conductivity of
SSZ40GO at high temperatures (2.9 x 10-2 S cm~at 900 °C)
is about two orders of magnitude higher than that of un-
doped SSGO (3 x 104 S cm~'at 900 °C). These findings are
also consistent with our neutron scattering study of
LazMo209, which exhibits oxide ion conductivity of 2 x 10-2
S cmt at 600 °C (i.e. the same order of magnitude as
SSZ40GO at 900 °C), where QENS signals were observed on
IN16B from 570°C onwards.5*
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Local Structure of SrSco.3Zno.2Gaos0z4. Powder X-ray
and neutron diffraction show that SSZ40GO is a disordered
perovskite on average, but from a chemical perspective we
expect there to be significant local ordering due to the dif-
ferent coordination preferences of the cations, the large
number of oxygen vacancies relative to the ABO3 perovskite
and the diffuse scattering seen in the NPD pattern. In addi-
tion, 45Scand 71Ga solid state NMR spectra (Figure S10) sug-
gest that both species are present in a range of local envi-
ronments.

The local structure was studied in more detail using neu-
tron total scattering and PDF analysis. As a starting point, an
average perovskite model was fitted to the Bragg and PDF
data simultaneously, yielding the D(r) fit shown in Figure
6a. The D(r) data at large r are described fairly well by the
perovskite model, but there are significant deviations below
~8 A. Since these features could not be described using a
simple perovskite unit cell, a series of large-box models
were tested. In each case, an approximately isotropic simu-
lation box containing 2000-8000 atoms was created. Topas
Academic was used to fit the atomic coordinates of the mod-
els to the PDF and Bragg data simultaneously, subject to pol-
yhedral restraints to maintain sensible local chemical envi-
ronments. By including the Bragg data, the local structural
model remains consistent with the average long-range
structure. Models were judged based on the visual fits to
both datasets and the corresponding R-factors, alongside
coordination number, bond length and bond angle distribu-
tions that assess chemical plausibility.

The closely related brownmillerite structural model was
tested first. All Sc atoms were placed on the octahedral sites,
occupying 60% of them. The remaining 40% of octahedral
sites and the tetrahedral sites were populated by Ga and Zn
in their nominal ratios. This distribution reflects the coordi-
nation environment preferences of the atoms based on the
statistical analysis by Waroquiers et al.>> and what would be
expected based on related oxides. The calculated D(r)
shows significant differences to the experimental data, but
the positions of the first two peaks are well-described (Fig-
ure 6b). Here, the shorter bond lengths at ~1.85 A come
from tetrahedra and the longer bonds at ~2.05 A from octa-
hedra. This suggests that SSZ40GO contains these (or simi-
lar) polyhedral units. The octahedral:tetrahedral group ra-
tio (Oh:T) in brownmillerite is 1:1 and this (when combined
with the different scattering lengths) overestimates the
peak due to the longer, octahedral bonds compared to the
experimental data. This calculated overestimate relative to
the experimental data implies that SSZ40GO must contain
more tetrahedral than octahedral groups, and therefore
more of the Zn and Ga occupy tetrahedral sites.

a) Average structure, Rwp = 43.07

D(r) / arbitrary units

0.0 2.5 5.0 7.5 10.0 125 150
riA

Figure 6. Fit of various local structure models (red curve) to the
measured PDF (black markers) data of SSZ40GO. Difference
curves are shown in grey. The Rwp values given are calculated
for 1.5 A < r < 8 A to reflect the fit to the local structure.

The next model tested therefore aimed to maximize the
number of tetrahedra while retaining the polyhedral cor-
ner-connectivity of the brownmillerite and perovskite
structures. An in-house Monte Carlo code was used to con-
struct the polyhedral framework. Starting from a perovskite
structure, oxygen atoms were randomly removed to pro-
duce an oxygen content corresponding to ABOz.4; oxygen at-
oms and vacancies were then swapped to create a network
of chemically-sensible corner-linked polyhedra. The num-
ber of 1,2,3 and 5-coordinate polyhedra were minimized by
the algorithm, and the resulting configuration comprised
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60% 4-coordinate polyhedra, 39% octahedra and 1% 5-co-
ordinate polyhedra, with a ratio of octahedra to 4-coordi-
nate polyhedra of 1:1.5. One consequence of this minimiza-
tion algorithm is the creation of square planar sites along-
side tetrahedra (approximately 20% of the 4-coordinate
sites; the statistically expected number). This is somewhat
undesirable as none of the B-site cations are expected to oc-
cupy square planar environments, but is difficult to avoid.
(Configurations in which we explicitly minimized the num-
ber of square planar sites had a higher number of 1, 2 and
3-coordinate polyhedra, which is chemically less likely.) Af-
ter the construction of the polyhedral network, cations
were initially arranged randomly across all sites to give the
correct overall composition.

This model gave a good fit to the data both locally and on
longer length scales; however, it is not chemically sensible
as the cations don’t have their preferred coordination envi-
ronment.55 For example, analysis of 103 Sc-containing com-
pounds by Waroquiers et al.55 found no occurrences of 4-
coordinate Sc so we can be confident that this random
model is not a likely representation of the real structure.
When a more sensible cation distribution was imposed, i.e.
Scatoms were exclusively placed on octahedral sites and Ga
and Zn were arranged over the remaining octahedral and 4-
coordinate sites, the local fit became significantly worse
with the model again overestimating the peak due to 2.05 A
bond lengths (see Figure 6c).

These observations suggest that SSZ40GO contains more
tetrahedral groups than the Oh:T ratio 1:1.5 indicates. The
only way to attain this with the oxygen content ABOz4 or
ABO:zs is to break the corner-connectivity of the polyhedra
and include some with one-coordinate or terminal oxygen
sites (e.g. M03,201 tetrahedral groups in Niggli formalism).
A small number of perovskite-related compounds with such
units have been reported. The compound Sr10Sc4GaeO2s de-
scribed by Chernov et al.® has an Oh:T ratio of 1:1.5 in which
one third of the tetrahedra have terminal O sites (M03,201).
Several compounds with general formula AsOhiT207s
(where A = Ba, Sr, Na, Ca; Oh =Y, Mn, Erand T = Ga, Co, V,
Al, Si)56-61 have a Oh:T ratio of 1:2, with half the tetrahedra
being M03,201. Structures of Sr10ScaGasO2s and BasErGaz07.s
are included as examples in Figure S11. The compound
Sr2ScosGais0s, also reported by Chernov,® is proposed to
have an even higher tetrahedron content (Oh:T of 1:3), alt-
hough its structure was simply reported as a disordered
perovskite.

Large box models corresponding to A20ho.sT120s (OT1.5)
and A20ho.66T1.3305 (OT2) were constructed based on these
literature structures®>¢ and fitted to the PDF and Bragg data
of SSZ40GO. Both models provide a good description of the
local structure below 8 A. OT1.5 still slightly overestimates
the proportion of the 2.05 A bond lengths (Figure 6d),
whereas OT2 gives a much better agreement (Figure 6e).
The close agreement between this final model and the ob-
served data suggests that terminal oxygen sites are present
in SSZ40GO. Distributions of bond length and angles of the
final model are available in Figure S12.

It is, of course, possible that there are some 5-coordinate
species present in SSZ40GO. This has been suggested, for
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example, in structural models of disordered
BaYo.2sFeo.75025.52 Although Zn and Ga don't have the strong
electronic driving force for 5-coordination exhibited by
some transition metals, 5-coordination is found in some of
their oxides. It is, however, significantly less common than
4- or 6-coordination; Waroquiers give values of
48%:21%:20% and 61%:6%:33% 4:5:6 for Zn and Ga, re-
spectively.>s This tendency is also reflected in molecular
compounds. The 2020 Cambridge Structural Database®3,
shows a ~40%:20%:40% ratio of 4:5:6 coordination for Zn
coordinated solely by O, and 30%:10%:60% for Ga. We also
tested two structural models containing more 5-coordinate
metal sites (a random perovskite model with a
39%:42%:19% 4:5:6 coordination number ratio, and the fa-
vored BaszYFe2075 model of King et al.62 with 25%:25%:50%
Td:SqPy:0h, both with the 6-coordinate sites being exclu-
sively occupied by Sc and Zn/Ga on other sites); both mod-
els gave significantly worse fits to the data. Given the com-
plexity of SSZ40GO and the fact that the contributions from
all the M-0 distances contribute to a relatively narrow re-
gion of the PDF, it is not possible to definitively rule out the
possibility of a small number of five coordinate Zn/Ga, but
we favor our all octahedral-tetrahedral model.

There is a very small overestimation of the peak due to
2.05 A bonds in our final OT2 model, but this is likely to be
due to the fact that the model has an oxygen stoichiometry
of 025 (normalized to perovskite) whereas SSZ40GO has
O24. This could mean that the real material has an even
higher proportion of tetrahedra. Indeed, if all Ga and Zn at-
oms in SSZ40GO occupied a tetrahedral site the Oh:T ratio
would be 1:2.33, but we are not aware of a simple perov-
skite derivative structure corresponding to this composi-
tion. Polyhedral connectivity leading to an Oh:T ratio of 1:3,
as would be expected in the single-phase limit SSZ50GO, is
geometrically possible; however, we are again unaware of
structurally characterized compounds with this ratio. The
local structure of the closely related compound,
Sr2ScosGais0s, has not been fully investigated but evidence
of local ordering was observed as diffuse scattering in elec-
tron diffraction patterns® indicating that small domains of
this connectivity may be plausible. This material was also
shown to decompose in moist atmospheres suggesting this
connectivity pattern is very not stable.

The final OT2 model was also fitted to datasets recorded
at 600 and 1000 °C. No major structural changes are ex-
pected from room temperature since the diffraction pat-
terns show no phase transitions. The structural diffuse scat-
tering in the NPD pattern is also unchanged up to at least
900 °C, so it is unlikely that the local structure undergoes
significant changes. We find that, with the exception of ther-
mal broadening, the experimental PDFs at higher tempera-
tures are comparable with that at room temperature. Ac-
cordingly, the OT2 model gives a good fit to both the 600
and 1000 °C datasets (Figure S13).

4. CONCLUSIONS

We have investigated Zn substitution for Sc in Sr2ScGaOs,
resulting in the formation of a new Pm-3m perovskite phase
for certain Zn concentrations. The composition
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SrSco3Zno2Gaos024 (SSZ40GO) was studied in detail. This
phase is a highly disordered perovskite on average, has a re-
markably low oxygen content, and has a two order-of-mag-
nitude increase in conductivity over its brownmillerite par-
ent at high temperature. It can incorporate a limited amount
of water reversibly into the structure resulting in a measur-
able change in low temperature cell parameters, as well as
a significant proton contribution to the conductivity. QENS
signals were observed for both proton and oxygen dynam-
ics, but they were not large enough to extract quantitative
parameters such as activation energy, jump length and fre-
quency.

The local structure of SSZ40GO is markedly different from
its average structure. Large-box fitting to neutron total scat-
tering data suggests that local polyhedral environments in-
clude 50% of the tetrahedra with a terminal oxygen site.
The terminal oxygen site is an unusual structural feature,
but consistent with observations in related crystallograph-
ically characterized materials. There is significant prece-
dence from our work and that of others that this type of low-
linked tetrahedron can lead to oxygen dynamics at low tem-
peratures,’-10 and this could be a contributing factor to why
SSZ40GO has a higher oxide ion conductivity than its parent
material, SSGO, by two orders of magnitude.
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Structural disorder and oxygen deficiency in cubic perovskite SrScg.3Zng.2Gag.502 4 lead to an increase of
oxide ion conductivity of about two orders of magnitude relative to the parent brownmillerite-type

SryScGaO0s.
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