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High-conductivity oxide ion electrolytes are needed to reduce the operating temperature of solid-oxide fuel cells. Oxide mobility
in solids is associated with defects. Although anion vacancies are the charge carriers in most cases, excess (interstitial) oxide
anions give high conductivities in isolated polyhedral anion structures such as the apatites. The development of new families of
interstitial oxide conductors with less restrictive structural constraints requires an understanding of the mechanisms enabling both
incorporation and mobility of the excess oxide. Here, we show how the two-dimensionally connected tetrahedral gallium oxide
network in the melilite structure La, 5,Sr, 4sGa;0; ,; stabilizes oxygen interstitials by local relaxation around them, affording an oxide
ion conductivity of 0.02-0.1 S cm™" over the 600-900 °C temperature range. Polyhedral frameworks with central elements exhibiting
variable coordination number can have the flexibility needed to accommodate mobile interstitial oxide ions if non-bridging oxides

are present to favour cooperative network distortions.

Oxide ion electrolytes with specific conductivities exceeding
107 Scm™! at low (R2500 °C) temperatures are required for solid-
oxide fuel cells'”. The mobile oxide species are usually vacancies
on the anion sublattice®™, but recently there has been growing
interest in systems where excess oxide ions (interstitials) carry
the charge. Mixed electronic and ionic conduction involving
mobile interstitial oxide ions is found in the layered perovskites
La,NiO,,, (ref. 5), scheelite CeNbO,,, (ref. 6), Bi,Sr,CaCu,Oq,
(ref. 7) and fluorite UO,,, (ref. 8). Pure oxide ion conduction by
interstitial anions is rare, for example, it is found in the family of
Lay_ (MO,)605_15. (M =Si, Ge) apatite-structured materials®?
(for example, o~ 0.01-0.06Scm™" over the 600-900°C range
in Lag 75510 ,5(5104)60, 505 (ref. 13)), the scheelite La, ,Pb, WO, ,
(ref. 14) (for example, o~ 0.007-0.07Scm™" at 600-900°C)
and mayenite Cap,Al;,Os; (ref. 15) (0~107*-0.01Scm™" at
500-1,200°C). The apatite is a promising oxide -electrolyte
candidate for solid-oxide fuel cells as its high oxygen transport
number (>0.9) is maintained over a wide (1-10*! atm) oxygen
partial pressure range'. Silicate apatites have conductivities
comparable to those of yttrium-stabilized ZrO, (YSZ), with even
higher conductivity found for germanate apatites'>. These pure
interstitial oxide ion conductors are all based on tetrahedral
oxyanions—apatite and scheelite have isolated anions, whereas
the three-dimensional (3D) corner-sharing network structure of
mayenite'® differs as the interstitial oxygen is bound to extra-
framework Ca’". The local mechanism by which excess oxygen
can be accommodated in the isolated tetrahedral anion materials

498

has been identified for the apatites by lattice dynamics calculations
and structural and NMR studies—excess oxygen transforms
(Si/Ge)O, to (Si/Ge)Os units because of the rotational flexibility
of isolated tetrahedra'®'"'7!®, Isolated complex anion structures
with variable coordination number are rare, so it is important
to identify how mobile interstitial oxide ions can be introduced
into more common structure types based on linked polyhedra.
The demonstration here that the 2D extended corner-sharing
tetrahedral network of the melilite La,,,Sr,_,Ga;O; 5, can both
accommodate excess oxide anions and sustain their mobility
opens up many new structural families of materials as candidate
interstitial oxide conductors.

LaSrGa;O, adopts the melilite structure, which consists
of alternating cationic (La/Sr), and corner-sharing tetrahedral
anionic Ga;O; layers and features five-fold tunnels that
accommodate the eight-coordinate La/Sr as chains of cations". It
is an insulator and is found as a secondary phase in the synthesis of
the Sr, Mg-doped LaGaO; (LSGM) electrolyte®. Rozumek et al.*"*
showed that the La/Sr ratio in the LaSrGa;O, melilite phase can
be extended to La,4Sry,, which afforded a high conductivity
of ~0.1Scm™ at 950°C with an oxygen transport number of
0.80-0.95 above 600°C. Rozumek et al.*** proposed a range of
candidate defect models, favouring an oxygen-deficient model.
On the contrary, Raj ef al.? reported that the La/Sr ratio for this
solid solution can only be extended to La, 4sSr,4sGa; without the
formation of Sr-doped LaGaO; perovskite (LSG) impurity, with a
maximum oxide ion conductivity of ~107> Sem™" at 950 °C.
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The composition and electrical performance of this solid
solution are thus controversial. Precise phase compositions (see
Supplementary Information, Fig. S1) are needed to identify
mechanisms for the introduction of ionic charge carriers. The
starting cation composition La,,Sr; .Ga; for x < 0.6 resulted
in a mixture of a melilite phase (with cell parameters differing
from the parent LaSrGa;O;) and a second phase, LSG perovskite.
The cell parameters of the melilite phases obey Vegard’s law
for 0 < x < 0.6 (see Supplementary Information, Fig. S3).
A single-phase material of composition La, s5,Sr)45GasO;,; was
obtained by reaction at 1,200°C for 12h and 1,400°C for 12h
of a starting material with cation ratios La, s,Sry4Ga;s—the
1.7mol% excess of Ga compensates for volatilization during
the reaction to suppress the formation of the competing LSG
phase. Energy-dispersive spectroscopy (EDS) elemental analysis
in the transmission electron microscope showed a homogeneous
cationic ratio of La, 5451, 5,Gas, compared with La, ¢, Sr; ¢9Gas found
by EDS for the parent LaSrGa;O; phase. Both materials were
phase-pure by EDS. These results agree well with the nominal
composition within the expected errors, and are consistent with the
composition La, 5, Sty 43Ga; found from inductively coupled plasma
(ICP) elemental analysis. The existence of the single-phase melilite
material La, 5,51, 4Ga;0;,,, where the oxygen content is inferred
by the need to balance the charges, confirms the existence of a
La,,,Sr,_,Ga; solid solution deduced from the multiphase samples.

The electrical properties of La, 5,51, 4Ga; O ,; were measured
by a.c. impedance spectroscopy on ceramic pellets with 96% of
the theoretical X-ray density. Impedance data at <500 °C exhibit a
significant Warburg electrode response*** with an associated large
capacitance (>1077 Fcm™) in the low-frequency range (<10 Hz),
which is diagnostic of ionic conduction with partially blocking
electrodes—the bulk and grain boundary responses at higher
frequencies overlap to exhibit part of an asymmetric semicircular
arc, (Fig. 1a; Supplementary Information, Fig. S4), showing that
La, 5,51 .46Ga; O, ,; exhibits typical ionic conduction behaviour. The
intercept of the semicircular arc at low frequency was extracted
as the total resistivity R, + Ry,. Above 500°C, the electrode
response dominated the impedance data and gradually collapsed
to a semicircular arc; the intercept at high frequency was extracted
as the total resistivity. High-temperature four-probe d.c. data
(500-1,000°C) give effectively identical conductivity values (see
Supplementary Information, Fig. S5), validating the impedance
data analysis because the four-probe data do not include an
electrode—electrolyte contribution®.

The Arrhenius plot of the total conductivity of
La, 54Sr946Ga;O;,;, measured in air is shown in Fig. 1c. From
600 to 900°C, this material shows a high total conductivity
of 0.02-0.1Scm™, in agreement with Rozumek et al.**. This
conductivity is slightly lower at above 600 °C than that of LSGM
(for example, La, 4Sry,Gay 53 Mgy 170, 415 (ref. 20)), Gd-doped ceria
(GDCQ) (for example, Ce;9Gd, 0,95 (ref. 27)) and the germanate
apatite (Lay5(Ges5Aly50,,)0, (ref. 12)), but is higher than those
for the silicate apatites and YSZ (Fig. 1d). Below 600°C, the
conductivity of La, s5,Sry4Ga;O;,; is slightly higher than that
of Lays(Gess5Aly50,4)0, (ref. 12) and is comparable to that of
LSGM. The total conductivity of La, 5,Sr,.4Ga;O;,; between 600
and 800°C is independent of oxygen partial pressure over the
1-107% atm range (Fig. le). Electromotive force measurements
using an oxygen concentration cell showed an oxygen transport
number of 0.9-0.95 (Fig. 1f) for La, 5,51 4Ga;O;,;. These data
show that La,; s,Sry4Gas;O,,; is an oxide ion conductor with
negligible electronic conduction. The temperature dependence of
the conductivity in dry and wet O, flow from 200 to 1,000°C is
identical, which suggests that there is no proton conduction for
this material and that protons are only minority defects.
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To identify the mobile oxygen species, we collected
constant-wavelength neutron diffraction data on La, 5,51, 4sGa; O;.,;
at ambient temperature on the BT1 diffractometer at NIST.
Rietveld refinement, initially based on the structure of LaSrGa;O;
(ref. 19), gave R,, = 6.21% and x> = 1.89 and showed that all
of the sites in the framework were fully occupied, ruling out O
and/or A site vacancies. Difference Fourier calculations showed
positive scattering density around the 4e site (~0.33, ~0.17,
~0) between two A cations along the ¢ axis. Refinement of an
interstitial oxygen on this site gave an occupancy of 0.136(5) and
significant improvement in the fit (R,, =5.49% and x* = 1.48).
The interstitial oxygen O4 is located within the tetrahedral layers
at the Gal-Ga2 level in the pentagonal channels between the
La/Sr cations (Fig.2a,b). The refined total oxygen content of
0727y per formula unit agrees well with that inferred from
the cation composition. Refinement of anisotropic displacement
parameters (ADPs) for all atoms significantly enhanced the fit
(Ry, =4.76% and x> = 1.12; see Supplementary Information,
Fig. S10, Table S1), but the size and shape of the ellipsoids of
several atoms (see Supplementary Information, Fig. S11) were
consistent with positional disorder, presumably associated with
structural relaxation around the interstitial oxygen, which appears
underbonded (bond valence sum = 1.21) in this average structure.
Thermogravimetric analysis (see Supplementary Information,
Fig. S7), ICP (see Supplementary Information, Section 5) and
infrared absorption data (see Supplementary Information, Fig. S9)
excluded the possibility of water uptake or hydroxide anions to
balance the bonding for O4. The ADPs of La/Sr and Ga2 (see
Supplementary Information, Fig. S11) suggest that their local
displacement towards O4 is the mechanism by which the structure
overcomes this underbonding. The highly anisotropic displacement
ellipsoids of O1 and O3 similarly indicate relaxation to remove
the three short contacts (~2.2A) from interstitial O4 to the
framework oxides.

A simple model for relaxation around the defect, involving
those Ga2, La/Sr, Ol and O3 species neighbouring O4
being displaced to (Ga2);, (La/Sr);, (Ol), and (O3), sites
(Fig. 2d, Supplementary Information, Figs S11,512, Tables S3-S5;
R,, = 5.18%, and x* = 1.32) was refined. The resulting bulk
structure and the local defect structure at the O4 interstitial oxygen
are shown in Fig. 2c and d respectively. O4 is accommodated by
the synergy of bonding geometry change at Ga2, modification
of polyhedral internal and bridging angles and counterion
displacement. The displacement of (Ga2); towards O4 shortens
this gallium-oxygen bond from 2.13(2) A in the average structure
to 1.81(2) A, clearly showing that the interstitial O enters the
coordination environment of one of the two distinct framework
gallium centres. To form this bond, (Ga2), displaces into
a triangular face of the original tetrahedron (Fig.2e) and
incorporates O4 into one of the axial positions of the trigonal
bipyramidal (Ga2), coordination environment (Fig.2f). The
(Ga2),Os geometry is consistent with similar centres found in
Ga,Te,Oy; (ref. 28) and some gallium phosphates®. This ability
of the d"° Ga’ cation to change coordination geometry is key
to the stabilization of the oxygen interstitial. The associated
displacement of O1, which is not in the coordination sphere of
(Ga2);, to the (O1) position relieves the close O4...01 contact
by changing the Ga2-O1-Ga2 bridge geometry and moves (O1),
towards one of the neighbouring pentagonal channel centres.
The relaxation around O4 thus affects the geometry at all five
Ga centres describing the pentagonal channel, and will disfavour
interstitial occupancy of any of the five nearest-neighbour channel
positions surrounding an occupied interstitial site. In addition
to this formation of a new Ga-O bond, the displacement of
the (La/Sr) counterions towards O4 electrostatically stabilizes
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Figure 1 lonic conductivity of La, 5,Sr, 45Ga;0;.,; (melilite). a,b, Complex impedance plots of La; 5451, 45Ga; 07 57 (@) and the parent LaSrGa;0; (b). ¢,d, Arrhenius plots.

e, p0, dependence of total conductivity for La, 5,Sr; 4Gas0; ;. f, Oxygen transport number over the 600—1,000 °C range measured by the oxygen concentration cell method
for Lay 5451 46Gas 07 57. The numbers in a,b denote the frequency logarithms. In b, the parent LaSrGa;0; shows insulating impedance behaviour, which comprises
well-resolved insulating bulk (large semicircular arc) and grain boundary (gb) (small semicircular arc enlarged in the inset) responses. R, and Ry, denote bulk and grain
boundary resistivities, respectively. ¢ shows the total conductivity of La 5,Sr, 45Gas0; o, compared with the parent LaSrGa;0, and the lightly doped La; 45Srg.g5Ga307 gos:
activation energies (eV) are marked. d compares the total conductivity of La, 5,Sry 45Gas 0 5, with current leading oxide ion electrolyte materials Lag 75Sr.25(5104)5 05,605

(ref. 13) (Si-apatite), Lag 5(Ges. 5Aly.5024) 0, (ref. 12) (Ge-apatite), Zry oYo.101.05 (ref. 4) (YSZ), Lag §Sro .Gag s3Mdp 1702.615 (ref. 20) (LSGM) and Cey ¢Gdy 104 g5 (ref. 27) (GDC).

the interstitial oxide, with the 2.39A contact the shortest to towards O4 is possible because of the lamellar nature of the
(La/Sr), from all of the oxides in the structure. This cation structure. This model increases the O4 bond valence sum to 1.90
displacement within the channels along the interlayer direction and provides a satisfactory description of the bonding around
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Figure 2 Structural relaxation around the interstitial oxide. Accommodation of oxygen interstitials in the melilite La, 5,Sr; 46Ga30- ;. @, 2D Ga;0; corner-shared
tetrahedral layers with La/Sr columns (red) and interstitial oxygen 04 (pink) located in the distorted pentagonal tunnels viewed along the c-axis direction. b, The stacking of
the (La/Sr), and Ga,0; structural units along the ¢ axis shows that the 04 interstitials are located in the Ga; 0, layers. The two distinct Ga-centred tetrahedra are
distinguished by colouring—the fully condensed (Ga1)0, unit is shown in blue. ¢,d, The bulk structure (c) and local defect structure (d) around the oxygen interstitial 04.
(01),_is, unlike (03),, not directly bound to (Ga2), but relaxes away from interstitial 04, accommodated by a change in bond and bridging angles at Ga2. The 02 above the
two Ga2 centres was omitted for clarity. e, The distortion of the (Ga2)0, tetrahedron (geometry taken from the parent undoped LaSrGa,0; structure'®; displacements marked
with red arrows) involves motion of Ga2 into the face of the tetrahedron described by 02 and 03, which displaces to the relaxed (03), position to make the three equatorial
oxides around (Ga2), coplanar and remove a close 04. .. 03 contact. f, The resulting distorted trigonal bipyramidal (Ga2), 05 polyhedron in the defect structure.

the defect. It reveals that displacements of up to 0.45A can
take place within the 2D Ga;O]~ network to accommodate the
interstitial anion.

Maximum-entropy method (MEM) analysis of the
ambient-temperature neutron diffraction data, which minimizes
bias imposed by the structural model, confirmed the existence of
the oxygen interstitial by clearly showing scattering density at the
4e sites at the level of the gallate sheets in the tunnels (Fig. 3a,c
and Supplementary Information, Fig. S14d). The extra scattering
density around all of the atom sites is assigned to positional
disorder associated with the local structural relaxations required
to accommodate the interstitial oxygen.

The structural investigation shows that the interstitial oxygen
located within the A cation tunnels at the level of the gallate
sheets is responsible for the high oxide ion conductivity of
La, 54Sr.46Ga; Oy, ,;, consistent with the conductivity increase over
the parent LaSrGa;O; and the lightly doped La, 45Sr.9sGa; O 455 by
three and two orders of magnitude, respectively. La, 5,51 46Ga;O;.,;
shows a curvature in the Arrhenius plot of the total conductivity
at ~400°C (Fig. 1c). The activation energy (E,) decreased
from ~0.85eV for <400°C to 0.42eV over the 600-1,000°C
temperature range. Variable-temperature synchrotron X-ray
diffraction (XRD) data from ambient temperature to 800°C did
not show evidence for a phase transition in La, 5,51 4Ga;0;.,
but nonlinear thermal expansion in the cell parameters of
La, 5,S19.46Ga;0;,; is observed in the region of the conductivity
anomalies (see Supplementary Information, Fig. S15). The
nonlinear thermal expansion behaviour of the ¢ axis for
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La, 5,S19.4Ga;0; ,; thus coincides with the change in E,, motivating
analysis of the structure at high temperature.

Rietveld and MEM analyses of neutron diffraction data
at a temperature (800°C) where the oxygen interstitials are
mobile revealed that the interstitial oxygen remains in the 4e
sites in the tunnels with a similar local defect structure (see
Supplementary Information, Tables S7-S9) to that observed at
ambient temperature. The ADPs for O4 (see Supplementary
Information, Table S6 from the average structure) are now
extremely flattened within the layer (Fig.4a; Supplementary
Information, Fig. S13 shows a comparison between 800°C and
ambient temperature). This is reflected in a change in the O4
scattering density in the MEM analysis from spherical at ambient
temperature to a half-moon shape at 800°C (Fig. 3b,d). The
highly anisotropic ADPs and scattering density for the interstitial
oxygen at 800°C suggest the diffusion of O4 is constrained
within the Gal-Ga2-04 layers, consistent with the blockage of the
pentagonal channels along the ¢ axis by the La/Sr cations. At 800°C,
there is no continuous MEM scattering density distribution (see
Supplementary Information, Fig. S14c) between the neighbouring
04 sites and between O4 and framework oxygen sites. This is
consistent with a direct interstitial (single particle) mechanism for
the oxygen diffusion rather than exchange between interstitial and
framework oxygen. As each O4 site is surrounded by five nearest
neighbours within the layer, the observed maximum interstitial
content of <1/7 corresponds to all of the potential interstitial
sites neighbouring a given O4 being empty. The O4 path to
neighbouring sites is between the Ga centres defining the five
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Figure 3 Nuclear scattering density maps from MEM analysis for

La, 5,51 4Gas0; 7. a,b, (001) projection at ambient temperature (a) and 800 °C (b)
at the Ga1-Ga2—04 level within a z range of —0.07-0.07 (isosurface level is
0.55fm AfS). ¢,d, Scattering density distribution at the z= 0 section of the (001)
plane at ambient temperature (c) and 800 °C (d). Scattering density from the
interstitial oxygen 04 is marked with an arrow. The MEM scattering density is
constrained by the site symmetry (for example, mirror symmetry at 04), whereas the
ADPs have an artificial centre of symmetry superimposed. Supplementary
Information, Fig. S14 shows the scattering density distribution at the x=0.33
section of the (100) plane at ambient temperature (d) and 800 °C (e).

edges of the pentagonal channel, passing over the bridging oxygen
(01/(01), or O3/(03).). There are three different hopping
paths (Fig. 4a) across the Ga2-Ga2, Gal-Ga2 and Gal—(Ga2)
edges of the pentagonal channel; the narrowest points on these
paths are windows described by three framework oxide anions
(Fig. 4b—d). Consideration of the closest contacts to these window
anions from the circumcentre of the window triangles (taken as
the best representation of the O4 position in transit across the
pentagon edge) reveals that the Ga2—-Ga2 edge is more congested
than the other two paths: the less favourable nature of hopping
via the Ga2—(O1);—Ga2 edge is apparent from the O4 ADP
(Fig. 4a) and MEM density (Fig. 3b, Supplementary Information,
S14c), which is clearly directed towards the other edges. The
most favourable path is via the O3-bridged Gal-Ga2 edge, which
produces a 1.96A closest O4...02/03 approach on passing
through the bottleneck from a static view of the structure, requiring
dynamical opening of the windows to enable the O4 hop. Such
cooperative movement of the framework oxygen is consistent
with the enhanced anisotropy of both the refined displacement
parameters (Fig. 4a) and the MEM-derived scattering density of
all the framework oxygen atoms (see Supplementary Information,
Fig. S14) compared with that at ambient temperature. The observed
relaxation of up to 0.45 A by atoms in the Ga;O; net required to
accommodate O4 in the static structure gives an estimate of the
extent of local reorganization possible within the 2D tetrahedral
framework—as O4 moves from one (Ga2), centre and pentagonal
channel to a neighbour, relaxations of this size must occur to both
return the structure of the original O4 site to that corresponding to
an unoccupied channel and to relax the new channel. Dynamical
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Figure 4 Interstitial oxide migration pathways. a, (001) view of displacement
ellipsoid representation of Lay s,Sry 45Ga; 07 57 at 800 ° C from the average structure
model: four candidate interstitial 04 migration paths across the (03, 03/03,)—
Ga1-03/(03),—Ga2/ (Ga2),—02 window are marked as green arrows (the broken
arrow corresponds to the path over an Ga1—(Ga2), edge bridged by relaxed (03),
rather than the Ga1-Ga2 edge bridged by 03) and the one path across the
02-Ga2—(01),—Ga2—02 edge as a red arrow. b—d, The windows on these edges
separating near-neighbour 04 sites are shown for 02-Ga2—(01),—Ga2-02 (b),
(03),—Ga1-(03),—(Ga2),—02 (c) and (03, (03),)—-Ga1-03—-Ga2—02 (d). The vacant
destination 04 sites are shaded with green squares. The ease of 04 motion across
these paths is defined by the bottlenecks formed by these oxygen atom triangles:
02—(01),-02 in the 02—Ga2—(01),—Ga2—02 window; front and rear 03—(03),—02
triangles in the (03),—Ga1-(03),—(Ga2),—02 window and front (03),-03-02
triangle and rear 03—03-02 triangle in the (03, (03),)-Ga1-03—-Ga2—02 window.
Front triangles are marked by hatching (the rear of the two triangles in ¢ and d are
unhatched) with the distances (&) between each oxygen corner in the triangles. The
largest space in the windows to permit the passage of 04 is via the circumcentres
(defined as the point equidistant to all vertices) of these triangles, which have
contacts to the framework O of ~1.75 A on the 02-Ga2-(01),—Ga2-02

window, ~2.02 A (front triangle) and ~1.88 A (rear triangle) on the
(03),~Ga1—(03),—(Ga2),—02 window and ~1.96 A (front) and ~1.94 A (rear) on the
(03, (03),)-Ga1-03-Ga2-02 window.

relaxation of 0.45A by the window atoms as O4 passes would
give closest O4...0 (framework oxygen) contacts of an acceptable
value of 2.41 A. The proposed interstitial migration pathway thus
requires physically sensible displacements to enable anion motion.
The two close Ga—O4 distances (mean 1.85 A) that arise when O4 is
crossing the pentagon edges via the circumcentres of the triangular
oxide windows are consistent with formation of intermediate
edge-sharing Ga,0y units (0O,Ga—04-GaO,). This would involve
04 becoming a bridging rather than a terminal oxygen between
two five-coordinate Ga centres undergoing dynamically the type
of static structural rearrangement found at (Ga2),, forming an
edge-sharing five-coordinate geometry found for O;V — O,-TeO;
units in V,Te,O5 (ref. 30).

The stability and mobility of oxygen interstitials in melilite
can be assigned to the synergy of specific structural features.
The 5.3A cation separation in the La/Sr cation chains running
perpendicular to the 2D Ga; O}~ network provides sufficient space
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to accommodate the interstitial O, a role also played by the
7.2 A separation between cations on the oxygen channel periphery
in apatite (see Supplementary Information, Fig. S16). In both cases,
the absence of 3D polyhedral connectivity enables electrostatic
stabilization via relaxation of the countercations towards the extra
anion, and the cation size enables it to increase its coordination
number. The formation of a fifth Ga—O bond affords covalent
stabilization of the interstitial oxide, requiring rearrangement of
a polyhedron that forms part of an extended network. Such
relaxation is straightforward for the ‘0D’ isolated tetrahedra of
apatite because none of the oxide anions is involved in, and thus
constrained by, Si-O-Si bridging. It is the different structural roles
of the two crystallographically distinct Ga-centred tetrahedra in the
2D layer (Fig.2a) that give melilite the required flexibility—the
tetrahedron centred on Gal is four-connected with all four
oxygens bridging to other Ga tetrahedra, whereas that on Ga2
is three-connected and has a non-bridging terminal oxygen O2.
The interstitial oxygen O4 thus binds solely to Ga2, which has
the flexibility to reposition the terminal non-bridging oxide O2 in
response. Binding at the Gal node would not be possible because
of the enhanced constraints imposed by involvement of all the
oxides defining this polyhedron in the formation of the layer. The
mobility of the anion interstitials within the layer of corner-sharing
tetrahedra is enabled by mechanisms closely related to those
involved in relaxing the structure around the defect—flexibility of
the windows connecting neighbouring sites arises from rotations
and deformations of the gallium-centred polyhedra. Tetrahedral
networks with non-bridging oxygens exhibit a high density
of low-energy ‘floppy modes™, consistent with the required
deformations being particularly facile in melilite. The extent of
dynamical relaxation required for the O4 charge carrier to move
through the narrowest point between stable sites matches that
found in the static structure around the defect, suggesting the
formation of interstitial-bridged five-coordinate Ga sites as the
anion crosses the pentagon edges.

Mobile interstitial oxides will be accessible in network-based
materials families sharing the key crystal chemical features of
melilite responsible for the high conductivity of La, 5,51, 46Ga;0; ;.
Structurally flexible components are a prerequisite for the
accommodation of excess oxide—large electropositive cations can
readily change coordination number, and the role of La’* and
Sr** in melilite is thus clear. Directionally bonded polyhedral
complex anions enhance interstitial mobility by favouring more
open structures than the close-packing found when large cations
are combined with simple oxide anions. The corner-sharing
gallium oxide tetrahedral network in melilite provides specific
stabilization to the oxide interstitial by formation of a bond.
This needs both a central element that can tolerate increased
coordination number (ruling out P and S) and a mechanism
to assimilate this local geometry change into the extended net.
The key structural feature of melilite is the presence within the
Ga;O; sheet of the three-connected Ga2-based tetrahedral node
with the non-bridging terminal oxide O2; this tetrahedron can
respond with the structural flexibility characteristic of the isolated
anions in apatite to bind the interstitial oxide to the polyhedral
network. These terminal oxide ions can then be used to move
beyond clearly favourable 0D examples such as apatite and identify
partially condensed extended networks as candidate structure
types for interstitial oxide conduction. Tetrahedral network
candidates include 1D (Na,SiO; (ref. 32) and Ba,SisO,¢ (ref. 33))
and 2D arrays, for example, three-connected Na,Si,Os (ref. 34),
(3,4)-connected Ba,CuSi,O; (ref. 35), Ca,Zn(Ge,;5Siy.5)0;
(ref. 35) and nordite LaSrNa;ZnSisO,, (ref. 36). 3D structures
such as langasite (La;GasSiO,,) (ref. 37), which has fully
condensed Si/Ga-based octahedra to give 3D connectivity but
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also the key terminal oxygens within the 2D silicate sheets, are
also potential hosts. (Discussed structures are represented in
Supplementary Information, Section 10.) Terminal oxygens are
found in mixed polyhedral networks—fresnoite (Ba,TiSi,Oj)
(ref. 38) has melilite-like five-rings with pyramidal Ti in the
role of the four-connecting (Gal-like) sites, whereas Si forms the
three-connecting nodes, and could be replaced by elements more
readily able to expand the coordination number; in K,MoAs,Oy
(ref. 39), the three-connected tetrahedral As plays the role of
Ga2; La,TiOs (ref. 40) has 1D pyramidal chains. The mobility
of the stabilized interstitials is related to the flexibility of both
the local coordination geometry and the extended structural
motifs, so the materials above that duplicate both a structural
(Gal) and a flexible (Ga2) node as found in the melilite layer
are particularly important. Interstitial mobility requires ready
dynamical deformation of the framework—melilites adopt a range
of incommensurate structures produced by long-range structural
modulations arising from layer distortions enabled by such
flexibility*"*?, and thus structure types containing terminal oxygens
that exhibit incommensurate structures such as fresnoite” and
Na,Si;0; (ref. 44) are important targets. The example of melilite
suggests specific candidate structural families to accommodate
mobile interstitial oxides—networks of variable-geometry complex
polyhedral ions with relaxation-enabling terminal oxygens and
large electropositive cations.

METHODS

SYNTHESIS

Phase relations of La;O3;—SrO-Ga, s in the La;4,Sr;_;Ga; Oy, 5 range were
investigated by solid-state reaction using La, O3 (99.999%, Alfa Aesar), SrCO3
(99.995%, Aldrich) and Ga,0; (99.999%, Alfa Aesar) as starting materials,
which were mixed in ethanol and calcined at 1,200 °C for 12 h. After regrinding,
the powders were uniaxially pressed into pellets and fired at 1,400 °C for

12 h. Single-phase samples of La; 545t 46Gaz; O ,; were prepared by weighing
starting materials according to the nominal composition La; 545t 46Gas gs—the
slight Ga excess (~1.7% mol) compensates for Ga volatilization during the
high-temperature reaction. A 10 g batch of La, 5451 46Gaz O »7 for the neutron
diffraction studies and dense pellet samples with 96% of the theoretical
density for electrical measurements were made via cold-isostatic pressing with
30,000 psi pressure after being calcined at 1,200 °C for 12 h, followed by the
final firing at 1,400 °C for 12 h. Prolonged firing for 24 h on one sample of
Lay 54S19.46Gaz 07,7 was carried out to check the phase evolution produced by
Ga volatilization with the reaction time. Similarly, the phase-pure (by XRD)
parent LaSrGa;O; and slightly doped Laj ¢5Srg.9sGa3O7 g5 (ref. 23) pellets for
comparison on a.c. electrical conductivity with that for La; 54Sr¢.46Ga3;O7.27
were obtained via the use of a slight excess of Ga,0O3 (~0.4mol%) in the
initial composition.

CHARACTERIZATION

The phase purity was checked by powder XRD data with a Panalytical X’pert
Pro Multi-Purpose X-ray diffractometer (Co Ko radiation A= 1.78901 A) and
data for Rietveld refinement were collected over a 26 range of 10-120°. Silicon
was added as an internal standard during the laboratory XRD experiments to
refine the cell parameter change with the composition.

a.c. impedance spectroscopy measurements in air from 250 to 1,000 °C
were carried out with a Solartron 1255B Frequency Response Analyser, a
Solartron 1296 dielectric interface and a Solartron 1287 electrochemical
interface over the 1072-10° Hz frequency range. The a.c. conductivity as a
function of partial oxygen pressure (pO,) (monitored by a YSZ potentiometric
sensor) was measured between 600 and 800 °C over a pO, range of 1-10~% atm.
The pO, value was controlled over the 1-10~* atm pO, range by dilution of O,
flow with Ar, for 1074~107% atm by using mixed 1%CO in Ar and 1%CO, in
Ar flows and for less than 1072° atm by 5%H, in N, flow. The dwell time at
each p0O, is 7-16 h (~7h for pO, > 10~* atm and 12-16 h for pO, < 10~* atm)
and continuous measurement was carried out to ensure equilibration of the
samples with the gas environment at each point. Oxygen ion transport numbers
were measured over 600—1,000 °C by using air-O, and 5% H, in N,-O, gas
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concentration cells, using a double alumina tube described elsewhere**. The
oxygen ion transport number was calculated from the ratio of the measured
electromotive force from the Keithley 617 electrometer to the theoretical one
from the Nernst equation using the ratio of pO, values. d.c. conductivity
was measured using a four-probe set-up on a columnar sample bar in the
500-1,000 °C temperature range.

Variable-temperature synchrotron X-ray powder diffraction data from 20
to 800 °C were collected on station 9.1 at SRS on a sample diluted with quartz
powder in a 0.7 mm quartz capillary at A = 0.802541 A. Constant-wavelength
neutron diffraction data (A = 1.54030 A) were collected at ambient temperature
and 800 °C on the BT1 diffractometer at NIST. Rietveld refinement was carried
out using the GSAS package*®. Whole-pattern fitting based on the MEM was
carried out using the computer program PRIMA*” with RIETAN-2000 (ref. 48),
with 256 x 256 x 256 pixels. VESTA* was used to draw the nuclear density
maps from the MEM analysis.

Compositional analysis was carried out by using energy-dispersive X-ray
analysis on a JEOL 2000FX transmission electron microscope operated at
200kV on 40 grains and by ICP optical emission spectroscopy, for which
the samples were dissolved in a mixed HNO; /HF solution at 50-100 °C.
Hydrogen-reduction thermogravimetry was used to detect weight loss from Ga
reduction and volatilization up to 800 °C. A ~30 mg sample was placed in an
alumina crucible and heated in a 5%H,-95%N, flow with a ~200 ml min~" flow
rate from ambient temperature to 800 °C with a heating rate of 10°C min~".
The thermogravimetric analysis—differential thermal analysis instrument
(EXSTAR6000) was calibrated using ZrO, as the standard material. Infrared
absorption data were collected using a Perkin Elmer RXI Fourier-transform
infrared spectrometer at 4000-400 cm™! on samples pressed with KBr. The
microstructure of the La; 5451 46Ga; O7 ,7 pellets was examined using a Hitachi
$4800 scanning electron microscope. Before this examination, the pellet surface
was polished, acid-etched with HNO; for 1 min, thermal-etched at 1,300 °C for
30 min and coated with gold to form a thin conducting layer.

Received 4 December 2007; accepted 17 April 2008; published 18 May 2008.
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	Figure 1 Ionic conductivity of La_{1.54} Sr_{0.46} Ga_{3} O_{7.27} (melilite). a,b, Complex impedance plots of La_{1.54}Sr_{0.46}Ga_{3}O_{7.27} (a) and the parent LaSrGa_{3}O_{7} (b). c,d, Arrhenius plots. e, p O_{2} dependence of total conductivity for La_{1.54}Sr_{0.46}Ga_{3}O_{7.27}. f, Oxygen transport number over the 600--1,000 ^o mskip -	hinmuskip mskip -	hinmuskip C range measured by the oxygen concentration cell method for La_{1.54}Sr_{0.46}Ga_{3}O_{7.27}. The numbers in a,b denote the frequency logarithms. In b, the parent LaSrGa_{3}O_{7} shows insulating impedance behaviour, which comprises well-resolved insulating bulk (large semicircular arc) and grain boundary (gb) (small semicircular arc enlarged in the inset) responses. R_{b} and R_{gb} denote bulk and grain boundary resistivities, respectively. c shows the total conductivity of La_{1.54}Sr_{0.46}Ga_{3}O_{7.27} compared with the parent LaSrGa_{3}O_{7} and the lightly doped La_{1.05}Sr_{0.95}Ga_{3}O_{7.025}: activation energies (eV) are marked. d compares the total conductivity of La_{1.54}Sr_{0.46}Ga_{3}O_{7.27} with current leading oxide ion electrolyte materials La_{9.75}Sr_{0.25}(SiO_{4})_{6}O_{2.895} (ref. b13) (Si-apatite), La_{9.5}(Ge_{5.5}Al_{0.5}O_{24})O_{2} (ref. b12) (Ge-apatite), Zr_{0.9}Y_{0.1}O_{1.95} (ref. b4) (YSZ), La_{0.8}Sr_{0.2}Ga_{0.83}Mg_{0.17}O_{2.815} (ref. b20) (LSGM) and Ce_{0.9}Gd_{0.1}O_{1.95} (ref. b27) (GDC).
	Figure 2 Structural relaxation around the interstitial oxide. Accommodation of oxygen interstitials in the melilite La_{1.54}Sr_{0.46}Ga_{3}O_{7.27}. a, 2D Ga_{3}O_{7} corner-shared tetrahedral layers with La/Sr columns (red) and interstitial oxygen O4 (pink) located in the distorted pentagonal tunnels viewed along the c-axis direction. b, The stacking of the (La/Sr)_{2} and Ga_{3}O_{7} structural units along the c axis shows that the O4 interstitials are located in the Ga_{3}O_{7} layers. The two distinct Ga-centred tetrahedra are distinguished by colouring---the fully condensed (Ga1)O_{4} unit is shown in blue. c,d, The bulk structure (c) and local defect structure (d) around the oxygen interstitial O4. (O1)_{L} is, unlike (O3)_{L}, not directly bound to (Ga2)_{L} but relaxes away from interstitial O4, accommodated by a change in bond and bridging angles at Ga2. The O2 above the two Ga2 centres was omitted for clarity. e, The distortion of the (Ga2)O_{4} tetrahedron (geometry taken from the parent undoped LaSrGa_{3}O_{7} structureb19; displacements marked with red arrows) involves motion of Ga2 into the face of the tetrahedron described by O2 and O3, which displaces to the relaxed (O3)_{L} position to make the three equatorial oxides around (Ga2)_{L} coplanar and remove a close O4... O3 contact. f, The resulting distorted trigonal bipyramidal (Ga2)_{L}O_{5} polyhedron in the defect structure.
	Figure 3 Nuclear scattering density maps from MEM analysis for La_{1.54} Sr_{0.46} Ga_{3}O_{7.27}. a,b, (001) projection at ambient temperature (a) and 800 ^o C (b) at the Ga1--Ga2--O4 level within a z range of {-}0.07 --0.07 (isosurface level is 0.55 fm {A}^{-3}). c,d, Scattering density distribution at the z = 0 section of the (001) plane at ambient temperature (c) and 800 ^o C (d). Scattering density from the interstitial oxygen O4 is marked with an arrow. The MEM scattering density is constrained by the site symmetry (for example, mirror symmetry at O4), whereas the ADPs have an artificial centre of symmetry superimposed. Supplementary Information, Fig. S14 shows the scattering density distribution at the x = 0.33 section of the (100) plane at ambient temperature (d) and 800 ^o C (e).
	Figure 4 Interstitial oxide migration pathways. a, (001) view of displacement ellipsoid representation of La_{1.54}Sr_{0.46}Ga_{3}O_{7.27} at 800 ^o C from the average structure model: four candidate interstitial O4 migration paths across the (O3, O3/O3_{L})--penalty z @ Ga1--O3/(O3)_{L}--Ga2/(Ga2)_{L}--O2 window are marked as green arrows (the broken arrow corresponds to the path over an Ga1--(Ga2)_{L} edge bridged by relaxed (O3)_{L} rather than the Ga1--Ga2 edge bridged by O3) and the one path across the O2--Ga2--(O1)_{L}--Ga2--O2 edge as a red arrow. b--d, The windows on these edges separating near-neighbour O4 sites are shown for O2--Ga2--(O1)_{L}--Ga2--O2 (b), (O3)_{2}--Ga1--(O3)_{L}--(Ga2)_{L}--O2 (c) and (O3, (O3)_{L})--Ga1--O3--Ga2--O2 (d). The vacant destination O4 sites are shaded with green squares. The ease of O4 motion across these paths is defined by the bottlenecks formed by these oxygen atom triangles: O2--(O1)_{L}--O2 in the O2--Ga2--(O1)_{L}--Ga2--O2 window; front and rear O3--(O3)_{L}--O2 triangles in the (O3)_{2}--Ga1--(O3)_{L}--(Ga2)_{L}--O2 window and front (O3)_{L}--O3--O2 triangle and rear O3--O3--O2 triangle in the (O3, (O3)_{L})--Ga1--O3--Ga2--O2 window. Front triangles are marked by hatching (the rear of the two triangles in c and d are unhatched) with the distances (A) between each oxygen corner in the triangles. The largest space in the windows to permit the passage of O4 is via the circumcentres (defined as the point equidistant to all vertices) of these triangles, which have contacts to the framework O of {~} 1.75 {A} on the O2--Ga2--(O1)_{L}--Ga2--O2 window, {~}2.02 {A} (front triangle) and {~} 1.88 {A} (rear triangle) on the (O3)_{2}--Ga1--(O3)_{L}--(Ga2)_{L}--O2 window and {~}1.96 {A} (front) and {~}1.94 {A} (rear) on the (O3, (O3)_{L})--Ga1--O3--Ga2--O2 window.
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