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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Local structure of Na1/2− xLa1/
2− xSr2xZrO3 investigated via neutron
total scattering.

• Small-box modelling shows local-scale
features deviate from the average
structure.

• Big-box modelling shows differences for
bonding configurations of the A-site
cations.

A B S T R A C T

The perovskite structured oxides of composition ABO3 are considered strong candidates for solid-state electrolytes in all-solid-state batteries due to their chemical and
structural flexibility. However, further improvements must be made before they become commercially viable, and this requires a clear understanding of the structure-
property relationships. In this study, the local structure of the perovskite sodium-ion solid electrolyte series Na1/2− xLa1/2− xSr2xZrO3 (NLSZ, x = 1 /4, 1 /6, 1 /8, 1 /16) was
investigated via neutron total scattering. Small-box modelling against the neutron pair distribution function with the orthorhombic Pbnm structure showed local-scale
features that deviate from the average structure. Big-box modelling revealed significant differences between the bonding configurations of the different A-site cations,
which impacts the ionic conductivity of the material. This study demonstrates how understanding local-scale disorder is important for tuning the structure-property
relationships of inorganic solid-state electrolyte materials in sustainable battery technologies.
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1. Introduction

In the transition to a low carbon economy, sodium-ion batteries
(SIBs) have attracted a lot of attention for low-cost grid-scale storage of
renewable energy [1–4]. Additionally, all-solid-state batteries (ASSBs)
are developing to address the major safety concerns of flammable
organic based liquid electrolytes in current rechargeable battery tech-
nologies [5]. The realization of ASSBs requires solid-state electrolytes
(SSEs) which exhibit high ionic conductivity, low electron conductivity,
wide electrochemical window, and low interface resistance between the
electrode and the solid electrolyte [6].

The common sodium-based SSEs can be categorized as inorganic,
polymer or inorganic-polymer hybrids [7]. The inorganic SSEs typically
have good room temperature ionic conductivity and high mechanical
strength. However, they suffer drawbacks with high contact resistance
between SSEs and electrodes and air sensitivity. The properties of
inorganic SSEs can be improved through heteroatom doping and inter-
face engineering [7]. Heavily investigated materials include Na
β-alumina [8], Na superionic conductors (NASICONs) [9–14] and sul-
fides [15]. Perovskite-type materials have also been identified as po-
tential candidates for batteries [6,16]. Perovskites are well known for
their stability and flexible crystal structures, allowing for optimization
of ion mobility through chemical doping. The perovskite structured
lithium-ion conductor Li3xLa2/3-xTiO3 (LLTO) has shown high ionic
conductivity and a relatively wide electrochemical window [17–19].
Chemical doping on the A- and B-sites influences the octahedral tilting
and unit cell volume, which affect the diffusion pathway for Li+ ions
[20–23]. This LLTO system has inspired investigations on Na-based
perovskite analogues, such as Na1.5La1.5TeO6 [24], NaxLa2/3-1/3xZrO3
and NaxLa1/3-1/3xBa0.5ZrO3 [25].

This study investigates the Na1/2− xLa1/2− xSr2xZrO3 (NLSZ, x = 1 /4,
1 /6, 1 /8, 1 /16) perovskite materials, which were shown to exhibit high
ionic conductivity at room temperature for x = 1 /6 [26]. Recent work by
Yang et al. [27] showed that the long-range structure of these materials
is orthorhombic Pbnm (Figs. S1–S3) using a combination of X-ray and
neutron powder diffraction. This surpassed previous studies that indi-
cated the long-range structure to be cubic P213,26 demonstrating the
importance of accurate structural characterization.

With advancements in materials synthesis and automation, the cor-
rect characterization of functional materials is more important than ever
[28,29] to develop a complete understanding of structure-property re-
lationships for rational materials design. Additionally, understanding
the influence of structural disorder and order in compositionally com-
plex materials provides new challenges in this area. Recent studies of
perovskite structured oxides have demonstrated that chemical hetero-
geneity can result in local-scale distortions that are often ignored in the
long-range structure [30–32].

To further understand the NLSZ materials, we investigated the local
structure of the four compositions in the series using neutron pair dis-
tribution function (NPDF) analysis. The NPDF is obtained via Fourier
transform of neutron total scattering data, which encompasses the long-
range features from the Bragg peaks and the short-range features from
the diffuse scattering. Neutrons are sensitive to both the metal and ox-
ygen atoms in this study, providing detailed structural information that
would be missed when using X-rays alone. The local structure was un-
covered using small- and big-box modelling to develop a thorough un-
derstanding of the differences between the local and long-range
structures [33–39].

2. Methods

Details regarding the sample synthesis are outlined in the previous
publication by Yang et al. [27] Neutron scattering data were collected
using the Nanoscale OrderedMAterials Diffractometer (NOMAD) [40] at
the Spallation Neutron Source (SNS) located at Oak Ridge National

Laboratory (ORNL). The samples were loaded into 3 mm quartz capil-
laries. Structural refinements against the Bragg data were conducted
using the software TOPAS [41]. Resultant fits from Rietveld refinements
against the Bragg data are shown in Figs. S4–S7, demonstrating single
phase samples with long-range orthorhombic Pbnm structure. For the
NPDF calculation, the neutron scattering data were corrected for in-
strument background, the incident neutron spectrum, absorption and
multiple scattering, and finally normalized. Software available at the
beamline was used to calculate the NPDF from the NOMAD data. A Qmax
of 31.4 Å− 1 was used for the NPDF calculation. All data were collected at
room temperature. The reciprocal space S(Q) is shown in Fig. S8.
Structural refinements against the NPDF data were conducted using the
software TOPAS [41]. Partial NPDFs from the small-box modelling were
calculated using RMCProfile [42]. Structure representations were drawn
using VESTA [43]. Big-box modelling against the total scattering data
was conducted using RMCProfile. For all compositions, starting config-
urations were generated from their best fit of the Pbnm model to the
NPDF data over 1.2 − 30 Å. Boxes were 10 × 10 × 7 unit cells, con-
taining 14 000 atomic sites and dimensions of ~54 × 54 × 54 Å3. Fits
were conducted against the NPDF over 1.90–20.0 Å and F(Q) over
0.76–31.4 Å− 1. The NPDF was fit using the notation from Eq. 10 in Keen
[44], as the local structure has a greater influence over the RMC fitting
algorithm in this notation. This format of the NPDF was calculated using
the StoG routine distributed as part of the RMCProfile package [42,45].
The Bragg data were omitted from the RMC fitting to emphasise any
differences between the long and short-range structures. The weight
optimization algorithm in RMCProfile was implemented with the NPDF
data being weighted the highest. The bond valence sum (BVS) restraint
was implemented as a soft chemical restraint to reduce unphysical
bonding configurations [46]. The ‘distance-window’ constraint was
implemented to set hard minimum and maximum nearest neighbor pair
distances to prevent unphysical pair distances. Swapping between
different cations occupying the same sites in the ABO3 structure was
allowed. Hence, Na, La and Sr were allowed to swap. RMC refinements
were repeated 20 times to assess variation between the results and to
improve statistics. For interpretation and analysis, atomic displacements
were compared to those of the initial Pbnm structures. Atomic
displacement parameters were calculated from the resultant big-box
using the thermal ellipsoid tool in the RMCProfile.

3. Results and discussion

The room temperature NPDF of the four NLSZ compositions is shown
in Fig. 1a and Fig. S9. Small box modelling was conducted against the
NPDF data using the long-range Pbnm orthorhombic perovskite model
with the resultant fit for x = 1 /6 shown in Fig. 1b and remaining com-
positions in Figs. S10–S13. The partial PDFs for each of these fits over
1.5–4.9 Å is shown in Figs. S14–S17. Viewing the NPDF peaks between
1.5 and 4.5 Å shows the characteristic nearest neighbor peaks of the
Pbnm perovskite structure. These peaks include Zr–O at ~2.1 Å, A–O at
2.3–3.6 Å, O–O at 2.8–3.1 Å, A–Zr at 3.4–3.6 Å, and A-A/Zr–Zr at ~4.1
Å. There are subtle differences between the NPDF of each composition,
with slight broadening of the peaks at ~2.1 Å and ~2.9 Å as x decreases
from 1 /4 to 1 /16. Additionally, there is a slight shift in the peak near 2.5 Å
to lower r (Fig. 1a and Fig. S9), which is solely due to changes in A-O
pairs. Overall, adequate small-box fits were achieved with the Pbnm
model, but there are features that were unable to be fit well. This is most
obvious for the features between 2.3 and 3.2 Å (Figs. S14–S17), corre-
sponding to A-O and O–O pairs in the structure and most likely relates to
the mixed occupancy of the A-site. Additionally, the Rwp is unacceptably
high for a stable crystalline material at room temperature with high
quality total scattering data (Figs. S4–S8). In summary, the small-box
modelling demonstrates the presence of local-scale features that
cannot be described with the long-range Pbnm structure.

To understand the structure further, big-box modelling via an RMC
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fit was conducted. This allowed for many more degrees of freedom to
elucidate the different local configurations of the A-site cations. Example
RMC fits to the NPDF data are shown in Fig. 1c and Figs. S18–S21. The
partial PDFs were extracted with the simplified perovskite ABO3 partials
for x = 1 /8 shown in Fig. 1d, and more detailed partials for all compo-
sitions shown in Figs. S22–S25. The Zr–O and Zr–Zr peaks show very
little change with composition and the peaks are quite symmetrical. This
demonstrates that any local scale deviations from the average structure
do not arise from the Zr. The more interesting information comes from
the oxygen sublattice and the A-site cations.

In the Pbnm model the AO12 polyhedron contains 8 shorter A-O
bonds between 2.4 and 3.0 Å and 4 longer A-O bonds between 3.2 and
3.5 Å (Figs. S1–S3 and Figs. S14–S17). This is due to a combination of
the off-center A-site (relative to a simple Pm 3 m cubic perovskite) and
ZrO6 octahedral tilting. Hence, the broad distribution of the A-O pairs in
Fig. 1d and Figs. S22–S25 is not surprising. Histograms of the nearest

neighbor A-O distances from the RMC model are shown in Fig. 2a for x
= 1 /6 and Figs. S26–S29 for the remaining compositions. This clearly
shows the different A-O distribution for each A-site cation. In the case of
Na, a more symmetric Na–O distribution is observed, which is very
different from the La and Sr distributions, with La exhibiting the shortest
O distances. Comparing these distributions to the partial PDFs from
small-box modelling (Figs. S14–S17) shows that SrO12 shows the
greatest similarity to the Pbnm model and LaO12 appears to be slightly
more distorted, which could be due to increased octahedral tilting.

Observing the A-Zr distances in Fig. 2b and Figs. S26–S29 for the
different A-sites shows a significantly different distribution for Na–Zr
compared to La–Zr and Sr–Zr. The Na–Zr distribution is broader, indi-
cating greater variety of Na–Zr distances and the mean Na–Zr distance is
shorter. Similarly, the A-A distances (Fig. 2c and Figs. S26–S29) show
the largest variation in the Na–Na distances and the smallest variation in
the La–La distances. This is significantly different from the A-A distances
that resulted from the small-box modelling (Figs. S14–S17), where dif-
ferences between A-site cations could not be determined. Observing the
bond angles (Fig. 2d and Fig. S30) shows that Na deviates from La and
Sr. For La and Sr, the distribution of bond angles of the AO12 polyhedra
closely matches the bond angles expected from an orthorhombic Pbnm
structure, with splitting of the peaks at 60 and 120◦. For the NaO12
polyhedron, the peaks in the distribution are significantly broadened
and the intensity of the distinct Pbnm peaks is very different from La and
Sr.

The distribution of Zr–O–Zr angles for different compositions is
shown in Fig. 2e. This angle relates to the degree of octahedral tilting in
the structure, with higher angles indicating less tilting. As the compo-
sition changes from x= 1 /4 to 1 /16, the distribution becomes broader and
the center shifts to lower angles, which indicates increased octahedral
tilting with a lower concentration of Sr. This correlates with the results
observed in Yang et al. [27] Fig. S31 shows the distribution of O–Zr–O
angles across the compositional series. This angle corresponds to the
internal angle in the ZrO6 octahedra. As the composition changes from x
= 1 /4 to 1 /16, the distribution becomes broader, but is still centered at
90◦. This indicates a greater degree of distortion of the ZrO6 octahedra,
which relates to the broadening of the Zr–O peak observed in the NPDF
data.

The magnitudes of displacement of each element in the RMC model
are displayed in Fig. 2f (A-site cations and x = 1 /6), Figs. S26–S29 and
Figs. S32–S39 (Zr and O ions). This displacement is calculated relative to
the initial big-box configuration. The most interesting feature is the
displacement of the A-site cations, with La showing the smallest
displacement and Na showing the largest displacement. This is demon-
strated by the broader distribution and the shift in the peak center. For
comparison, the isometric atomic displacement parameters of the A, B
and O sites calculated from the RMC model are shown in Figs. S40–S43.
As the composition changes from x = 1 /4 to 1 /16, they increase slightly
for Zr and O, while the A-site shows a significant increase, with similar
trends observed in Yang et al. [27] This correlates with the increased
concentration of Na, which is more displaced.

This difference in the displacement of the A-site cations can be
visualized by the 2D projections in Fig. 3 and Figs. S44–S46. These
images correlate strongly with the magnitude of displacement shown
thus far. The Na in particular has a slightly asymmetric distribution with
a greater amount of displacement along the b axis. Overall, there is clear
deviation of the Na away from the A-site position in the Pbnm structure.
The distribution of the O1 (Wyckoff 4c) and O2 (Wyckoff 8d) sites can be
modelled using anisotropic displacement parameters, which is illus-
trated in Fig. 4 for a single RMC run for x = 1 /6. This is indicative of
rotational disorder of the ZrO6 octahedra.

The bond valence sum (BVS) of each of the ions in the structure was
investigated. For the Pbnmmodel, the BVS values are shown in Table S1,
while the mean and standard deviation (std) of the BVS values from the
RMC model are in Tables S2 and S3, respectively. The distribution of the

Fig. 1. a) NPDF data as a function of composition for the NLSZ series over
1.0–20.0 Å. The right panel shows the peaks corresponding to the nearest
neighbor pairs over 1.75–4.45 Å. This is replicated on a larger image in
Figure S9 b) Small box modelling with the orthorhombic Pbnm structure against
the NPDF data of NLSZ with x = 1 /6, with remaining compositions in
Figs. S10–S13 c) RMC fit to the NPDF data over 1.45–4.80 Å with partialNPDFs
plotted below in d). The partials shown are for the main ABO3 perovskite sites,
with more detailed partials and remaining compositions shown
in Figs. S22–S25.
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BVS values from the RMC model are shown in Figs. S47–S50. The dis-
tributions are broadest for the A-site cations and very narrow for O and
Zr, which correlates with the observations thus far. In the initial
configuration, the Na is slightly under bonded (BVS ≈ 0.86), but this
remains the case in the final RMC model (BVS mean ≈ 0.86, BVS std ≈

0.09), despite the large Na displacement. The oxygen is also slightly
under bonded in the initial configuration, but has a mean BVS closer to 2
in the final RMC model. The Zr and Sr show no major changes between
the initial and final configurations and have BVS values close to their

expected valences. The La shows the largest change, with initial BVS
~2.4 and final mean BVS ~3.0. Despite this, the La is the least displaced
and the Na is the most displaced in the RMC model relative to the initial
configuration.

Across the compositional NLSZ series, the long-range structure at
room temperature is orthorhombic Pbnm from x = 0 (Na½La½ZrO3) to x
= 0.5 (SrZrO3) [47,48]. Assuming a 12-coordinate environment, Na+,
Sr2+, and La3+ have ionic radii of 1.39, 1.44 and 1.36 Å, respectively
[49]. Given this, the lattice volume decreases as x decreases. For the

Fig. 2. (a–c) Histograms of atom-atom distances in the RMCmodel of NLSZ with x= 1 /6. d,e) Histograms of the cation-oxygen bond angles in the RMC model of NLSZ
with x = 1 /6. In d), the angles correspond to those within the AO12 polyhedra for NLSZ with x = 1 /6, while in e) the angle correspond to those between neighboring B-
site octahedra for all NLSZ compositions in this study. f) Histograms of the magnitude of displacement of the different A-site atoms in the RMC model of NLSZ with x
= 1 /6.

Fig. 3. Cumulative 2D probability distributions viewed down each orthogonal axis for the A, B and O sites in the RMC model of NLSZ with x = 1 /6. The displacement
of each atom is calculated relative to the initial input configuration. The A site has also been split into the constituent elements. The O site has been split into the O1
and O2 sites from the Pbnm model. The intensity of the color scale in each plot is normalized to itself, which means the maximum intensity between each plot is not
comparable. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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mixed compositions considered in this study, the local structures show
deviations from the long-range structure due to the mixed occupancy of
the A-site, with each metal ion having their own bonding preferences.
This also influences the oxygen sublattice.

When considering La, there is a big shift in the BVS from ~2.4 to
~3.0, but the La does not shift from the original A-site coordinate in the
Pbnm structure. Instead, the O atoms accommodate the La through
greater degrees of octahedral rotation. This correlates with well-known
perovskite chemistry, where for ATiO3 (A = Ca, Sr, Ba) octahedral
rotation increases for smaller A-site ionic radii. Interestingly, the BVS of
the Na does not change substantially between the initial Pbnm and final
RMC model despite the large Na displacement.

The disordered nature of the Na within the NaO12 polyhedra most
likely influences the ionic conductivity. However, a clear trend between
Na displacements and conductivity was not observed. According to Zhao
et al. [26], the conductivity is highest for x = 1 /6, while we have shown
that the Na displacement increases with decreasing x. Given this, there
must be a relationship between Na displacements and lattice volume
that influence the conductivity. The lower values of x result in a smaller
lattice and greater degrees of octahedral rotation, which could reduce
the Na ion mobility. It appears that for higher concentrations of Sr (i.e. x
> 1/6), the lattice expansion reaches a saturation point, where further
expansion no longer improves the conductivity, along with decreasing
the concentration of Na. Further investigation of the local structure of
similar materials with different cations that influence the lattice volume
is necessary to optimize these materials.

4. Conclusion

The local structure of the perovskite sodium-ion solid electrolyte
series NLSZ (x = 1 /4, 1 /6, 1 /8, 1 /16) was investigated via neutron total
scattering at room temperature. Small-box modelling unequivocally
showed that the local structure of these compounds is more complex
than the average structure, which is due to the mixed A-site cations. Big-
box modelling was conducted to characterise the local-scale disorder.
Within the AO12 polyhedron of the perovskite structure the Na is heavily
displaced. The combination of the Na and La results in rotational dis-
order of the ZrO6 octahedra and lattice contraction, while the Sr expands
the lattice, which no longer has a positive impact on the conductivity for
x > 1/6. These structural features influence the Na mobility and hence
ionic conductivity. This local scale understanding of the structure pro-
vides a complete picture of the structure-property relationships that
must be considered when optimising these materials through composi-
tional modification or theoretical modelling. Through studying the local

structures of these compositionally complex materials, the rational
development of high-performance Na-based solid-state electrolytes can
be achieved.
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