Open Access Article. Published on 21 June 2022. Downloaded on 4/16/2026 11:40:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

7 ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue

Defects and disorder in apatite-type silicate oxide

['.) Check for updates‘
ion conductors: implications for conductivityt

Cite this: J. Mater. Chem. A, 2022, 10,
14576 _ . _ _
Chloe A. Fuller,® Matthias J. Gutmann,® Chris D. Ling, ©° Chun-Hai Wang, ©¢

Weiguo Zhang,® P. Shiv Halasyamani, © ¢ lvana Radosavljevic Evans & *?
and John S. O. Evans™*?

The structure and composition of La-silicate apatite oxide ion conductor, La;oSiO57, in which the types of
defects it contains are controversial, has been thoroughly investigated. Large crystals were grown using the
floating zone method, and their structure was characterised by X-ray and neutron single crystal diffraction
and second harmonic generation measurements. Structure refinements reveal extensive positional disorder
on the oxygen substructure, the presence of La vacancies and no evidence of sites occupied by excess

oxide ions. The actual composition of the crystal was determined through SEM-EDX and density
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Accepted 20th June 2022 measurements and was found to be Lag 4Sis 77026, differing significantly from the nominal composition

but in agreement with the structure refinements. Structural models considering the actual composition,
DOI: 10.1039/d2ta02328h ; : :
the disorder on the O sublattice, and local relaxations around these defects were able to reproduce the

rsc.li/materials-a key features of the diffuse scattering observed in single crystal neutron diffraction patterns.

There are, however, certain inconsistencies which preclude
full understanding of these materials. Firstly, reported

Introduction

The development of solid oxide ion conductors for use as
electrolytes in solid oxide fuel cells relies on improving the
conductivity of the materials by design, to make them suitable
for lower operating temperatures. Tetrahedrally coordinated
cations have been identified as structural motifs that can
contribute to the oxide ion conductivity mechanisms in mate-
rials belonging to different structural families, including
brownmillerites,* melilites,*® 3-Bi, 03 derivatives,®®
A;0hTd,0, 5 compounds,”® apatites," ™ scheelites"*™® and
hexagonal perovskites."”**

La-containing apatite-type silicate materials, Lag 33.,(SiO4)e-
Oye+1.5¢ (0 = x = 0.67), are particularly interesting owing to their
high thermal and chemical stability, low toxicity and low cost.
They comprise a network of cornerlinked LalOs and SiO,
polyhedra with the La2 and remaining O atoms (O4) residing in
1D channels along the c-axis (Fig. 1). The structure has been
reported to accommodate both La-site vacancies and oxygen
interstitials, and the presence of the latter has been thought to
underpin the high ionic conductivity.**>*
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conductivity values for polycrystalline samples of the Lag 33+,
SigOz641.5x (0 = x = 0.67) series vary significantly for materials of
the same nominal compositions, even when measured on

Fig. 1 Structure of a La;pSigO,¢ apatite. Green and blue polyhedra
show Lal and Si sites, respectively. Green and red spheres indicate La2
and O sites, respectively. The O4 site at the centre of the O4 channels
is labelled and highlighted in cyan.

This journal is © The Royal Society of Chemistry 2022
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pellets of similar densities in the same temperature ranges. For
example, the reported conductivity of La;,SisO,; varies by
around an order of magnitude, between 1.8 x 10> and 3.2 x
1072 S cm™! at 800 °C2232529 whereas Lao 33510, has a re-
ported conductivity range of 6.0 x 10 *-5.0 x 10 * S ecm " at
the same temperature.>~>*>>3%3! Unit cell parameters also show
significant differences between different reports in the
literature.

A second factor is the uncertainty in reported oxygen-excess
compositions, stemming mainly from the formation of La-rich
impurities such as La,SiOs during synthesis. This is
commonly observed when attempting to synthesise compounds
with a large number of excess oxide ions.***”** These findings
suggest that the upper solubility limit is around Lag ¢;Si5O26.5,
above which, La,SiOs forms.**** Formation of this impurity
phase reduces the La : Si ratio in the target apatite, resulting in
more La-site vacancies and the incorporation of fewer intersti-
tial oxygens.

Finally, there is no agreement over the position of the excess
oxygens in the structure (see Fig. S1t for illustration). Multiple
powder diffraction studies put the interstitial site at the O4
channel periphery,*?****3¢ consistent with low energy sites
found by computational prediction of the oxide ion migration
pathway.>** However, these lie close to the SiO, and recent
NMR results indicate that interstitial oxygens do not have
bonding interactions with SiO,4.** Others suggested positions in
the centre of the channel,** or failed to identify distinct sites
altogether.***

Interestingly, there have recently been a few reports of Si-
deficient apatites.***” In these compounds, vacancies on La
and Si sites form at the expense of interstitial oxide ions,
resulting in oxygen-stoichiometric compounds with 26 oxygen
atoms per formula unit. Of the several reports of the phase with
composition La;(Sig0,7,>>**>7***® few provide compositional
analysis,”®***® and those relied mainly on elemental analysis
from EDX or ICP, resulting in only a La : Si ratio and not an
absolute chemical composition.

To further develop apatite-type silicate oxide ion conductors
into useful solid electrolytes, it is important to establish the type
of defects present and which one(s)/combinations lead to high
conductivities. This work moves towards this goal by reporting
a detailed study into the nominal oxygen excess compound
La;0Si¢0, (hereinafter referred to as LSO). Large single crystals
have been grown, their average and local structures investigated
using neutron diffraction and their compositions determined
by measurement of density and SEM-EDX characterization. All
the experimental evidence points towards there being no
significant oxygen beyond the O, composition.

Experimental
Synthesis

A 20 g polycrystalline sample of nominal composition
La;(Si¢0,7 (LSO) was prepared using a sol-gel method.”” A
stoichiometric amount of Si(OC,Hj;), (Sigma Aldrich, >99.0%,
~14 g) was dissolved in the minimum amount of H,O/ethanol
(1:1, ~10 mL) to form a cloudy solution. Acetic acid was

This journal is © The Royal Society of Chemistry 2022
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added dropwise until the solution appeared clear (pH 1). La,O3
(Alfa Aesar, >99.9%, ~17 g), dried at 1000 °C for 12 h, was dis-
solved in 10 mL dil. HNO;. The two solutions were mixed,
heated to 80 °C and stirred for 6 h to form a gel. The gel was
dried in an oven at 90 °C for 12 h yielding a sticky white powder
which was ground then sintered at 600 °C for 7 h, 800 °C for 6 h
and finally 1400 °C for 20 h with intermittent grinding.

The 20 g of LSO was pressed hydrostatically at 30 MPa into
two rods of ~5 mm diameter and sintered for 10 h at 1600 °C. A
large single crystal was grown from these rods using the floating
zone method. The rods were melted using four 500 W halogen
lamps at 84% power, rotated at 30 rpm throughout the growth
and translated through the lamp focus at 1-3 mm h™'. The
growth atmosphere was a 4 : 1 mixture of Ar and O, to simulate
dry air.

Single crystal X-ray diffraction

The resulting crystal rod was broken into pieces and screened
under a polarising microscope to assess crystal quality. Some
small crystal pieces were selected for lab single crystal X-ray
diffraction to confirm the unit cell. A complete data collection
was also performed on a piece of the large crystal used for
neutron diffraction (see below). All measurements were done
using an Oxford Gemini S Ultra diffractometer with a charge-
coupled detector (CCD) using Mo Ko radiation (0.71073 A). An
Oxford Cryostream Plus Controller was employed to keep the
sample temperature at 120 K. Raw datasets were indexed,
integrated and reduced in the CrysAlisPro program (Agilent
Technologies), and structure refinements were performed in the
Jana2006 software.** Visualisation of the structure was done in
VESTA.>*

Powder X-ray diffraction

Some small crystals were crushed, and the powder sprinkled on
a vaseline coated Si disc. PXRD patterns were recorded on
a Bruker D8 Advance in Bragg-Brentano geometry with a Lynx-
eye detector and Cu Ku radiation. A 2¢-range of 5°= 26 = 140°
was measured in steps of 0.02° for 5.5 h. Analysis of powder
patterns was done by Rietveld refinement® implemented in
Topas Academic.*

Second harmonic generation measurements

SHG measurements were performed on 200 mg of the crushed
crystal. The sample was placed in fused silica tubes with
a diameter of 4 mm. A 1064 nm pulsed Nd:YAG laser (Quantel
Laser, Ultra 50) was used to generate the fundamental light and
the SHG intensity was recorded at room temperature by a digital
phosphor oscilloscope (Tektronix, TDS3032). Intensity
comparisons were made with the known SHG material a-SiO,
under the same conditions.

SEM-EDX

A large crystal was polished smooth and set in resin. A strip of
gold paste was applied around the resin to connect both sides of
the crystal, and the whole assembly was coated in a conductive
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carbon layer to prevent charge build-up. The elemental
composition and morphology were analysed using a Hitachi SU-
70 field emission gun scanning electron microscope optimised
to an energy of 12 keV and calibrated with a standard cobalt
chip. 15 area spectra at 5 sites on the crystal were used for
quantification at three different magnifications to confirm
homogeneity across different scales for a total of 225 spectra.
Oxygen content was calculated based on charge balancing the
measured La and Si content.

Specific gravity measurements

The mass of several crystals (>0.05 g) were measured, in air and
in ethanol, and the density was derived from the difference
following eqn S1.1>° Further information can be found in the
ESLt

Single crystal neutron diffraction

A large piece of the crystal (~4 mm diameter) was selected for
neutron diffraction experiments on the SXD beamline®® at ISIS
neutron and muon facility, Didcot, UK. The crystal was attached
to a goniometer head using adhesive Al foil and placed in
a rotating bottom-loading CCR. The sample environment was
evacuated, and data were collected on 10 crystal orientations for
3 h each at 40 K. This was followed by a further 4 orientations
(3 h each) at 295 K. Initial data integration and reduction was
performed in SXD2001%” within the IDL virtual machine, then
refinement of the structural model was carried out against F in
Jana2006. For both 295 and 40 K datasets, reflections were
counted as unobserved if I < 3¢(I) and outliers if |Fops—Fealc| >
100 and were omitted from the refinements.

Diffuse scattering modelling

Single crystal neutron diffuse scattering was modelled qualita-
tively using a direct Monte Carlo (MC) approach. An atomistic
model was constructed by expanding the refined average
structure to a 32 x 32 x 32 supercell. Thermal diffuse scat-
tering was modelled using a nearest-neighbour ball and spring
model, following the procedure from Welberry et al*® MC
moves were accepted based on the spring energies, with the
average bond distance defined as the ideal and the starting
force constant ratios taken from ref [**]. Force constants were
adjusted at the end of every MC cycle (one cycle corresponds to
the number of moves required to displace each atom in the
model once on average) until the simulated isotropic atomic
displacement parameters (ADPs) remained constant, and
consistent with the experimental ones.

Occupational disorder was added into the model using
random number generators following the balls-and-springs
model. Correlations between neighbouring defects were
implemented using the MC algorithm and an Ising spin-like
energy function. Defects were assigned ‘spins’ of £1 depend-
ing on the sites they occupy. The interaction energy between
them was then defined as

n
Ei = E 7kijo'i0'j
=1
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where E; is the energy of atom i, k; is the exchange interaction
between atom i and its neighbour j, g; is the assigned spin of
atom i and n is the number of neighbours of atom i. Ordering of
the spins is achieved by specifying the correlation coefficient

> 0i0;

n

and accepting the MC moves which decrease the difference
between the current and desired correlation. A positive corre-
lation results in clustering of like defects, while negative
correlations favour the opposite.

Diffuse scattering sections from the models were calculated
using the method laid out by Butler and Wellberry.*® In all
calculations, average scattering was subtracted and the noise
from the finite Fourier summation was mitigated by summing
the scattering from 200 smaller sections of the model crystal,
each containing 10 x 10 x 10 units cells.

Results and discussion

The diffraction studies described below showed that the
synthesis of the precursor powder and subsequent crystal
growth were successful. The crystal rod was broken into
multiple crystal pieces: one large for neutron diffraction,
various smaller crystals for laboratory analysis and smaller-still
pieces that were crushed into powder. Preliminary single crystal
X-ray diffraction measurements using a laboratory (Mo Ko)
instrument confirmed that all crystals had the expected ~9.7 x
9.7 x 7.2 A hexagonal unit cell. A powdered sample was found
to be SHG-active, indicating a non-centrosymmetric structure.
The centrosymmetric P6;/m model reported for Lag 33Si6O0,6 by
Okudera et al.,** was therefore transformed into space group
P6;. This model gave satisfactory fits to both the powder
(Fig. S2t) and single crystal X-ray diffraction. However, refine-
ment of the La occupancies indicated that the composition
differed from the nominal La,;,SigO,;, with the La site occu-
pancies refining to 0.845(4), 0.904(4), and 0.999(4) for sites
Lal_1, Lal_2 and La2, respectively in the single crystal refine-
ment. Assuming full Si and O occupancies, this corresponds to
a composition of Lag 50(2)SigO26-

Compositional analysis

This deviation from the nominal composition prompted further
compositional analysis. SEM micrographs were taken of the
polished surface of a piece of the large crystal, and EDX analysis
was performed. An SEM micrograph is shown in Fig. S3.1 A total
of 225 EDX spectra were measured across the surface, with the
ratio of La:Si determined for each one. Fig. S4af shows
a histogram of the measured ratios fitted with a Gaussian
distribution with a mean of 1.684(2) and a standard deviation of
0.026. The measured La : Si ratio is slightly higher than its
nominal ratio 1.667 : 1. A mean ratio of 1.684 gives a composi-
tion of Lag ¢,Si5 740,6 when normalised to O,¢. If normalised to
full La occupancy, it corresponds to La;(Sis.04026.85-

The densities of different pieces of crystal, including a piece
of the same crystal that had been used for neutron diffraction
and SEM, were measured using a purpose-built specific gravity

This journal is © The Royal Society of Chemistry 2022
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apparatus. The overall average density was 5.41 g cm > with
a standard deviation of 0.02 g cm™>, with no significant differ-
ences between the different crystals. This density is significantly
lower than the theoretical density (5.62 g cm™®) of La;,SigO,5
using cell parameters from powder diffraction (a = 9.71786(2)
A, ¢ = 7.18543(2) A, y = 120°), suggesting that the crystal
contains significant vacancies. We can calculate a theoretical
density based on the fixed La : Si ratio from EDX, a particular La
content and an oxygen content from charge balance according
to LaXSixll.6840[3x+4(x/1‘684)]/2~

By combining this with the measured density, we produce
the graph in Fig. 2. The intersection of the blue and red lines
gives the region of the true composition of our crystal, consis-
tent with the density and EDX analysis. The dotted line makes
a different assumption and shows the calculated density
assuming a fixed oxygen content of O,s and a Si content suffi-
cient to charge balance it (La,Si55_3y4026). Compositions
below the dotted line would have fewer than 26 oxygens in the
unit cell; examples of this are not known in the literature. The
best estimate for the actual composition of this crystal is
therefore likely to lie on this dotted line, with a La content of
9.64 and a density of 5.42 g cm . This would correspond to the
charge-balanced formula Lag 4(3)Sis.77(3)O26 (see ESIT for further
information).

Average structure from single crystal neutron diffraction

Example reciprocal space sections from single crystal neutron
diffraction experiments are given in Fig. S6b.t The P6; X-ray
model was used to fit the neutron single crystal diffraction
data at 40 and 295 K. Atomic positions and anisotropic ADPs
were refined for all atoms as well as the occupancies of the La
sites, the resulting structure is shown in Fig. 3.

5.60
— Measured density = 5.41 g cm™?
5.55 4 — Calculated density assuming
La/Si = 1.684 from EDX L
5.50 4 ---Calculated density g oL
assuming Ozs L2l g
® 9 6\\6
£ 5.45 + B
o
(o)) -
E‘ 5.40 4
@
& 5.35 -
=
5.30
5.25 4
5.20 T T T T T T
94 95 96 97 98 99 10.0
La Content

Fig. 2 A graph summarising the elemental analysis. Shaded regions
represent one standard deviation away from the mean. For the blue
calculated density, this corresponds to using La : Si ratio limits of 1.684
+ 0.026. The blue composition ranges from Lag33Sis540251 to
La;10SigO57. The red line shows the measured density and uncertainty
of our crystal; the area of intercept with the dashed and blue lines gives
an indication of the uncertainty in the final composition.
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At room temperature, the La occupancies refined to 0.78(1),
0.988(10) and 0.997(8) for sites Lal_1, Lal_2 and La2, respec-
tively, showing a preference for vacancies solely on the La1 site
in the polyhedral network and full La2 occupancy, similar to
that found from X-ray diffraction. Therefore, the occupancy of
La2 was fixed at 1 in further refinement cycles. The Si site
occupancy was initially fixed as it refined to 1.008(9). The large
elongated thermal ellipsoids of two oxygen sites (O3_2, in
orange, and O4, in blue) indicate substantial positional
disorder. Interestingly, the behaviours of O3_1 and O3_2 are
quite different. The O3_2 site can be modelled slightly better by
splitting it into two and refining occupancies and isotropic
ADPs, but this is not the case for O4. Lal_1, and La1l_2 sites also
have slightly anisotropic ADPS, likely owing to the displacement
of La atoms near vacancies.

Fourier difference maps, F(obs)-F(calc), calculated using this
model showed the only significant residual density peaks were
very close to existing atoms, and indicated no obvious addi-
tional sites. The residuals were largest near the O4 sites, sug-
gesting that the ADPs were insufficient to accurately model the
scattering density in that part of the structure. This was inves-
tigated further by removing all O4 oxygens in the channel and
re-calculating the difference map (Fig. 3b). The nuclear density
is centred at (0,0,0.25), and the spread along the z-axis is
extensive. Shoulders on either side of the central peak at
(0,0,0.21) and (0,0,0.30) at 40 K, and slightly further apart at
(0,0,0.15) and (0,0,0.33) at 295 K, suggest that three oxygen sites
could be contributing to this density. Similar conclusions were
drawn in other single crystal studies'*>*® where the disorder
was represented as three distinct sites.

Accordingly, the O4 site was split into three (04, 04’ and 04")
sites, the z-coordinates of all three were refined freely, Ui,
values were constrained to be equal, and occupancies were
constrained to sum to one. At 40 K, this resulted in one of the
sites having a negligible occupancy. There was no R-factor
improvement over the model just using anisotropic ADPs,
probably because at this low temperature, the three sites are too
close together to distinguish in the fit. However, at room
temperature, using three sites did improve the fit to the
diffraction data slightly, bringing wR down from 6.34% to
6.16%, and the refined positions and occupancies were stable.
The refined occupancies suggest that around half of the O4
atoms are displaced away from the ideal (0, 0, 0.25) position.
These O4 sites cannot be simultaneously occupied without
significant local distortion as they are only approximately 1.3 A
apart. A Fourier difference map calculated using this model
gave no significant residual density. As such, no other possible
sites were detected that would result in an O content of >26.
This suggests that there are no, or only a very small number, of
interstitial oxygen atoms present, consistent with the compo-
sitional analysis.

The consistency of the neutron model with the experimen-
tally measured composition (Fig. 2) was checked by introducing
additional composition constraints. The previous best models
at 40 K and 295 K were altered so that the Lal_1 and Lal_2 site
occupancies were constrained to give an overall La content of
Lag 64 and the Si site occupancy was fixed at 0.9617 to give a Si

J. Mater. Chem. A, 2022, 10, 14576-14584 | 14579
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(a) Initial refined structure of LSO at 295 K. ADPs are represented as ellipsoids drawn at 50% probability. Oxygen atoms of interest are

highlighted in orange (O3_2) and cyan (O4) and other important atoms are labelled. (b) A section of the Fourier difference map calculated at 295
K with O4 atoms removed. The isosurface is drawn at 2.7 fm A= and the cross sections are coloured by scattering density with red being the

highest. The scattering density along 0,0,z is also plotted on the right.

content of Sis;,. Split O site occupancies were constrained to
keep the overall sum at 1, and their isotropic ADPs were
equated. R factors did not change significantly under these new
constraints, and the final structures and refinement parameters
are given in Tables S2 and S3, and the room temperature
refined structure is displayed in Fig. S7.7

Diffuse scattering modelling

Significant diffuse scattering was observed in the single crystal
neutron diffraction patterns of LSO at both 40 K and 295 K. The
most intense features were diffuse planes normal to ¢* in the Ax/
sections, and hexagonal patterns in 2 k 0.5n sections. The
former is incommensurate with the Bragg positions and so does
not indicate the presence of simple supercell ordering. It would
be consistent with rod-like local ordering along c in direct space.
Similarly, the hexagonal patterns have complex intensity
modulations and are different at each value of n, making them
hard to interpret directly. To try and relate this scattering to the
defect model suggested by the average structure, an atomistic
ball and spring model, based on the refined average structure at
40 K, was constructed. The split 04 and O3_2 sites were initially
modelled as just one site each (see below), and an appropriate
number of vacancies were distributed randomly across the
Lal_1, Lal_2 and Si sites.

Firstly, the thermal diffuse scattering was simulated by
adjusting the spring constant until the atomic displacements
were consistent with the size of the experimental Ujg,. This
resulted in the expected spherical distribution of atoms around
their equilibrium positions, as shown by the grey clouds in
Fig. S8a.f The simulated diffuse scattering patterns produced
by this model are shown in Fig. S8b,{ alongside corresponding
experimental patterns. The deviation of atoms from their
average position causes the intensity of the diffuse scattering to
increase with Q* according to the Debye-Waller factor, resulting

14580 | J Mater. Chem. A, 2022, 10, 14576-14584

in high intensities at the edges of the simulations. Some addi-
tional intensity patterns can be seen on top of this due to the
correlated motion between neighbouring atoms. The presence
of vacancies does not give rise to any structured diffuse scat-
tering in these simulations as they are randomly distributed,
and so cause isotropic scattering. Comparing the experimental
and simulated patterns in Fig. S8b,t it is clear that thermal
motion alone cannot account for the most intense features
observed experimentally, indicating that some other local
correlations exist in LSO. Thermal motion was not simulated in
the following models to allow clearer distinction between
different models.

A second potential source of diffuse scatter is local relaxation
around the La and Si vacancies. This was modelled by displac-
ing neighbouring atoms along the bond vector either towards or
away from the vacant site and produced more defined diffuse
scattering patterns (Fig. S91). However, the scattering was again
not entirely consistent with the experimental patterns.

Disorder on the O4 site is another likely source of diffuse
scattering, based on the large ADPs in the average structure and
the regions of reciprocal space where it was observed. Building
from the previous model, O4 atoms were distributed across the
three sites identified from the room temperature average
structure, as shown in Fig. 4a. 50% of the central O4 sites were
occupied and the remaining 50% of atoms were distributed over
the upper and lower sites equally. An Ising-like energy function
was used to create different correlations in the O4 positions,
both within and between individual columns. Example config-
urations are given in Fig. S10b and S10c.T In the model, these
correlations correspond to O4 atoms with the same vertical
displacement being clustered together along c, i.e. if one O4 is
displaced downwards, its neighbour will likely be displaced
downwards as well. This approximates the correlated displace-
ments that would result from electrostatics in a real material.
The corresponding anti-correlation, where adjacent O4s prefer

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) The average structure highlighting areas where disorder has been introduced and corresponding schematics of the disorder included

in the final model. (b) Selected experimental and corresponding simulated diffuse scattering h k [ sections. Calculated patterns are indicated with
a black circle and the dividing line between calculated and experimental patterns is shown by a red dashed line. Intensities of the calculated
patterns are arbitrary and are coloured to match the experimental patterns.

to be displaced in opposite directions, would model the effects
of elastic strain. Further information on the production of these
models can be found in the ESI,i and the calculated diffuse
scattering from the various models is shown in Fig. S11.7

From these models, we can deduce that LSO has 04
displacements that are positively correlated in columns along
the c-axis, but there is no relationship to correlated displace-
ments in neighbouring columns. This is the only one of the
models tested which produced the diffuse planes normal to c*
in the experimentally observed positions. However, none of the
above models produce diffuse scattering patterns which match
the experimental ones for the & k 0.5n sections. Coupling the O4
displacements with the displacements of the O; atoms, which
also show significant disorder in the average model, did not
significantly change the scattering patterns relative to the
previous model. Various other models, including the ordering
of La and Si vacancies, were tested, but each model either
resulted in no additional features, or features that were not
observed experimentally.

Another option is to couple the O4 displacements to
a contraction of the coordination triangle made by neighbour-
ing La2 atoms as was suggested by Fujii et al.*> A schematic of
this distortion is shown in Fig. 4b, and was added to the model
where the O4s were positively correlated along the c-axis. If an
04 atom was displaced away from the central position, each
neighbouring La atom was set to move towards the O4 by 10%

This journal is © The Royal Society of Chemistry 2022

of the La-O4 distance, resulting in displacements of around
0.25 A. At a local level, this distortion helps 04 retain a close-to-
ideal bond valence sum. The simulated diffuse scattering
patterns are given in Fig. 4b. This model is significantly better at
reproducing the hexagonal patterns in the % k 0.5n sections than
any of the previous models, with both the shape and relative
intensity of the experimental scattering patterns being repro-
duced reasonably well. Similarly, in the # 0.5n [ sections, the
diffuse scattering in planes perpendicular to c* is predicted due
to the correlations in the O4 chains, but the La2 triangle
contractions modulate the intensity in a similar way to the
experimental patterns.

While the general diffuse features are well reproduced, there
are some discrepancies between the predicted and experimental
patterns. The hexagonal patterns in the experimental / k 0.5n
sections are tilted at an angle relative to the vertical axis, and
this angle is not exactly matched in the simulated patterns. The
models also predict diffuse scattering in the 4 k 0.5 plane, which
is not observed experimentally, suggesting that the crystal has
some more complex local correlations. Despite this, the overall
good agreement between the calculated and experimental
patterns shows that just three types of local distortion can
explain the most striking diffuse features: breathing distortions
around randomly distributed La and Si vacancies, positively
correlated O4 displacements in individual chains along the c-
axis and the contraction of La2 triangles as O4 atoms displace.
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Because the magnitudes of each distortion and other parame-
ters are not being refined against the data, this only gives
a qualitative picture. It is, however, fully consistent with the
average model from the Bragg data and the composition from
elemental analysis. We can therefore conclude that both
average and short-range structural features of LSO are consis-
tent with there being no excess interstitial oxide ions.

Implications for properties

With regard to the ionic conductivity properties, there are two
important structural findings from this work: Si and La vacan-
cies are more favourable than oxygen interstitials beyond O,g;
and, while there is significant local disorder in the structure,
this is mainly static with simple correlations and local distor-
tions able to explain most of the diffuse scattering we observe.
Assuming these findings hold for other reported La;,SicO,;
samples, they have implications for the sinusoidal interstitial
conductivity mechanism down the O4 channel, and the
hypothesis that higher conductivities can be achieved by adding
more interstitial oxide ions. A lack of additional oxide ions in
the structure implies that the proposed mechanism would be
less likely as the mobile oxide ions would have to diffuse from
their equilibrium sites to an interstitial site before travelling
down the channel, likely increasing the activation energy of
migration. Our findings are more consistent with the alternative
suggestions by Béchade®® and Ledn-Reina®** where migration
relies on the formation of O4 vacancies. This would agree with
the observed disorder on the O4 site, where only one of three
possible sites are occupied at any one time, and a high level of
local distortion can be accommodated.

Both our diffuse scattering model and previous work by Fujii
et al.*® suggest that O4 displacements are connected to the
distortions around the cations, hinting that (assuming the real
conductivity mechanism does involve the O4 site) cation
vacancies will have a significant impact on conductivity. Inter-
estingly, there are some reports that oxygen stoichiometric
compounds with A-site vacancies outperformed those without
vacancies,*®* or those with interstitials.**** More recently,
compositions with Si vacancies have also been shown to have
high conductivities.*>*® Again, these suggest that the important
factor in determining conductivity is the presence of cation
vacancies rather than excess oxide ions. Our work demonstrates
that the previously reported high conductivity La;oSigO,
compounds, are likely to have been La- and Si-deficient,
strengthening this hypothesis. Because of the uncertainty in
these compositions, a systematic study with careful elemental
analysis is needed to properly correlate defects to conductivity,
but an emphasis on cation vacancies might lead to new doping
studies not previously considered.

Conclusions

In conclusion, a combination of powder and single crystal
neutron and X-ray diffraction experiments, coupled with
elemental analysis and physical property measurements, have
shown that a nominal La;,SisO,, oxygen excess apatite contains
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significant cation vacancies leading to a composition close to
Lag 64Si5.7,7026. A P63 model of this composition explains all
features of the X-ray and neutron diffraction patterns, and
difference Fourier maps show no evidence for oxygen atoms
beyond O,6. The average structure from single crystal diffrac-
tion data suggests La vacancies are predominantly on the Lal
sites and that several O sites show significant positional
disorder. This is particularly true for the O4 species thought to
be important for transport parallel to the c-axis. Neutron
diffraction data also shows significant diffuse scattering even at
40 K. The essential features of this scattering can be explained
through a combination of three correlated local structural
distortions. A breathing distortion of oxygens around vacant
cation sites and a contraction of the La2; triangle coordinating
04 produce the hexagonal patterns in the a*b* plane, while
correlated O displacements of around 0.7 A from their ideal site
along the 04 channels, with no correlation between adjacent
channels, lead to diffuse rods normal to c*. A simple structural
model then explains both the average and local structure.

The work shows the importance of careful consideration of
the true defect structure of apatite silicate oxide ion conductors,
and suggests that cation vacancies may be more important in
optimising O~ migration than interstitial oxygens beyond Oy.
In this regard, the silicates differ significantly from related
germanates, and the mechanism of migration must also differ.
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