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Abstract

The discovery of the LIMOCI, (M = Nb, Ta) oxyhalides is exciting for the field of solid-state batteries
as they offer similar benefits to other halide solid electrolytes in terms of electrochemical stability, but
with high ionic conductivities exceeding 10 mS-cm™. Analogous materials have also been synthesised
with Na* as the mobile cation making them attractive for Na-ion solid-state battery applications as well.
However, challenges remain, for example, their poor reduction stabilities necessitate additional
separator layers when used with metal anodes. In this perspective, we provide an overview of the known
compositions, their structures, stabilities, syntheses, and their suggested conduction mechanisms, with
an outlook into what developments are needed to see their adoption into solid-state batteries. A
comparison will be made between the LiMOCI, and NaMOCI4 materials, highlighting the experimental
and theoretical challenges when working with this class of materials. While these oxyhalides are
promising for use in solid-state batteries, research in this class of materials is still in its infancy, and
further research into understanding their structure, processability in air and with solvents, and their
potential usage as cathode coatings needs to be explored in greater depth.
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Introduction

As the demand for renewable energy sources has grown, so has the requirement for safe energy storage
solutions.® Conventional Li-ion batteries currently offer high volumetric and gravimetric capacities;
however, the flammable liquid electrolyte employed is susceptible to ignition.? By replacing the liquid
electrolyte with an non-flammable solid one, all-solid-state-batteries have the potential to offer further
increased energy and power densities, e.g., by enabling the use of Li metal anodes.> While solid
electrolytes have shown promise, challenges remain in discovering materials with sufficiently high ionic
conductivities, redox stabilities, and chemical stability towards moisture, air, solvents and active
electrode materials.*

Several classes of solid electrolyte have been investigated for their applications in solid-state batteries.
Of which, different halide solid electrolytes have been of recent interest due to their wide
electrochemical stability windows®, cost-effectiveness®’, and ease of production®. However, the ionic
conductivities of halide solid electrolytes are generally low (in comparison to, for example, sulphide
solid electrolytes®) as the close packed CI~ frameworks result in high-energy trigonal coordination
pathways that are not conducive for fast ionic conductivities.’®!! This has made it difficult to achieve
the 10 mS-cm™ threshold required for high power-density cells using halide solid electrolytes in
composite cathodes.*

By incorporating oxygen into the halide anion lattice, it has been possible to form non-close packed
(oxy)halides with vastly improved ionic conductivities. Notably, the LiMOCI, (M = Ta, Nb) class has
demonstrated ionic conductivities exceeding 10 mS-cm™, matching that of some liquid electrolytes.'
These materials represent an attractive new direction for solid electrolyte research as they mitigate one
of the key issues inhibiting the commercialisation of solid-state batteries with halide solid electrolytes,
namely, their often-poor ionic conductivities. These new materials have also been synthesised with Na*
as the mobile cation (NaNbOCI, and NaTaOCls) which also have high ionic conductivities in the
mS-cm! range!®!* making these oxyhalides attractive for post-lithium-ion batteries as well.*® Figure 1
outlines some of the key requirements of solid-state electrolytes and how the AMOCIs materials might
be used to meet them.
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Figure 1. Requirements for solid electrolytes and how AMOCIs materials might be used to meet them in
all solid-state batteries.
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Despite these benefits, several challenges remain with AMOCI, solid electrolytes including their poor
reduction stabilities in addition to several current unknowns such as their processability in air or with
solvents. Unfortunately, these challenges may also be difficult to address as obtaining an all-
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encompassing description of these materials is tricky as much about them is still unknown. One of the
challenges that makes these materials hard to pin down is their structure as, in the case of LiNbOClIs,,
three have been proposed thus far — something that will be discussed in detail below. In addition, there
seems to always exist a mixture of an amorphous and (semi-)crystalline product with varying coherence
lengths and, currently, the relative contributions of these factions towards the overall properties of the
material remains unknown.'® This makes studying this class of material challenging as, for example,
when changes are made to the composition, it may be difficult to establish how these changes are
distributed across the different fractions of the product. This uncertainty also propagates into atomistic
simulations because, as the predicted properties are a direct result of the typically small-box used for the
simulation, it needs to be considered which structure is used in the calculations, how different fractions
of the material interact with each other, and which modelling approaches should be used/developed for
crystalline, glassy and glass-ceramic materials. This also has implications for their adoption as, if the
crystalline and amorphous fractions have significantly different electrochemical and mechanical
properties, the weight fractions of each will need to be optimised and their interactions understood.

The electrochemical properties of AMOCI, (A = Li, Na; M = Nb, Ta) solid electrolytes make them viable
candidates for adoption into commercial all-solid-state-batteries. However, the additional complexities
that surround them provide a multitude of challenges that first need to be addressed. In addition, much
is still unknown, particularly the A = Na* materials, making them ripe for further study. One such
challenge is the cost of the M®" cation, which would significantly inhibit their commercial adoption.
However, to effectively substitute these cations (or to design new materials without them) without also
significantly inhibiting the electrochemical properties, a detailed understanding of why these materials
behave in the ways they do needs to be obtained.

Therefore, starting with the A = Li* materials (as these are slightly better understood), this perspective
aims to provide a discussion of different aspects of AMOCI, solid electrolytes including their synthesis,
structure, electrochemistry and stability, and highlight how each of these properties may contribute
towards or hinder their efficacy in all-solid-state batteries. To overcome many of these challenges, and
to enable their rapid development and validate experimental findings, a strong theoretical understanding
is also needed. However, the same challenges listed above, particularly regarding their glass and glass-
ceramic behaviour, impede standard modelling approaches for solid electrolyte materials. As such, we
further provide a perspective on the challenges of modelling these compounds and potential avenues
towards gaining a better theoretical understanding. Finally, we will give focus to what advancements
and new understandings would be required to see the adoption of AMOCI, materials into commercial
all-solid-state batteries.

On the challenge of establishing the structure

The structural arrangements of the cations and anions in the LiMOCI, (M = Nb%*, Ta®") materials are
somewhat ambiguous as the powder diffraction patterns of these materials are difficult to interpret due
to broad and low intensity reflections. While the structures of the LiMOCI4 materials are somewhat
debatable, pragmatically, the crystal structure of a solid electrolyte does not matter so long as they
perform well in cells. However, it does become an issue when trying to explain structure-property
relationships as it inhibits a fundamental understanding of why these materials behave in the ways that
they do. Without it, our abilities to make informed decisions on how these materials can be further
optimised or how we can design other materials with similar properties are also restricted. With
LiMOCI, in particular, the existence of (semi-)crystalline fractions that are embedded in an amorphous
matrix further increases the difficulty in tracking how changes to stoichiometry or synthesis can
influence the structure and properties of the material as it may be unknown how those changes are
distributed across the different fractions.®



These difficulties in studying the crystal structures originate from short coherence lengths and high
strains present that form as a result of the required mechanochemical synthesis procedures, which are
retained even after subsequent annealing.”8 Despite attempts to optimise the annealing conditions, it
has not yet been possible to synthesise these compounds with larger coherence lengths, possibly because
the oxyhalides are metastable with formation energies that are ~19 meV/atom above the convex hull.*°
As such, annealing temperatures are limited to a maximum of ~150 °C for LiNbOCI, else it decomposes
to form LiCl, Nb,Os, and NbOCI5'"?, although LiTaOCl4 has a slightly higher thermal stability having
previously been annealed at 300 °C*2, Directly after milling some Bragg peaks are visible for LINbOCl,,
whereas LiTaOCly is fully amorphous. However, after heating the milled products at 100 °C and 300
°C, respectively, there does not appear to be any significant difference in crystallinities between the two
materials — although this has not yet been confirmed.!?

Much of the research into the structure has focused on LiNbOCI,4, which is likely due to the lower cost
of Nb relative to Ta, and it more readily crystallising relative to LiTaOCl4. Here, it is generally agreed
that the incorporation of O into crystalline LiNbCls breaks the hexagonal close packing of CI~ anions?
resulting in the formation of 1D [NbOCI4]..” chains of trans-[NbO,Cl]*~ octahedra that are apex sharing
at the O* anion, and these chains are then surrounded by various Li* cation sites. It is firstly important
to note that, when discussing the structure of LiIMOCI,, it is necessary to distinguish between whether
one is referring to the local or long-range structure. This is important as the [MO,Cl4]*" octahedra are
highly deformable with dynamic rotational disorder'’®, meaning that there seem to be varying (and
random) dihedral angles between adjacent octahedra along the [MOClI4].. chains.

This fact is important to consider, as differences in the terminal CI~ positions and M-CI bond lengths on
these chains need to be accounted for in models of the local structure, but the in the long-range, space-
and time-averaged models (such as those determined by powder diffraction), rotations and deformations
of the [MOCl4]* octahedra can equalise the “observed” bond lengths and atomic positions. Considering
this distinction, three different structure models have been proposed thus far for LiNbOCI4, which can
be split into two categories based on whether they describe local or long-range structure data (Figure 2).
These structures potentially also apply to LiTaOCls, however, the same in-depth analysis has not yet
been performed on this material.
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Figure 2. The proposed structures of LiNbOCI, and their simulated G(r) data using each model. a)
Firstly, in space group Cmc2;'? constructed based on Nb®*-for-V** and CI -for-F~ substitutions in the
hypothetical material, LiVOF4, and b) secondly in space group 14/m, which was later proposed based
on more plausible bond chemistries *8. The Li* positions in the 14/m model were first determined based
on global stability index calculations but are shown here using Li* positions determined from
refinements of neutron diffraction data *®. ¢) A local structural model of LiNbOCI, in Cc was later
proposed based on the observation of multiple Nb-Cl and Nb-O bond lengths in the PDF of the material
17 Structures and fits were redrawn from data in refs ** and ¢

For the long-range structure describing the Bragg data, LiNbOCI, was first proposed to crystallise in
Cmc2; based on substitutions in the computationally predicted phase, LiVOF4.22 However, this structure
model results in many of the expected Bragg peaks showing zero intensity indicating the need for a
higher symmetry model.® In addition, it was noted that the Cmc2; structure model contains Nb-Cl bond
lengths that range considerably from 1.96 A to 3.00 A, whereas TINbOCI, (with similar 1D [NbOCl]..”
chains) contains a tight range of Nb-Cl bond lengths from 2.38 A to 2.41 A.?

As such, this model was later refined to a higher symmetry 14/m structure model based on more plausible
bond chemistries.’® Here, in an attempt to construct a long-range structural model that was more
compatible with the observed superionic conductivity, the 14/m model was refined with three partially
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occupied Li* positions, which were determined based on global stability index calculations.'® However,
these Li* positions were later determined experimentally based on co-refinements against X-ray and
neutron diffraction data.!® In these co-refinements, to better fit the data with fewer unphysical
parameters, the authors also split Nb** site to account for the different expected Nb-O bond lengths
observed in the local structure (which is discussed below). The 14/m long range structure model is
supported by the fact that LiNbOCI, does not give a Second Harmonic Generation (SHG) signal
indicating that it is indeed centrosymmetric on large length scales.'® While the 14/m long-range structure
model does improve upon the fit of powder diffraction data of LiNbOCI,, it cannot be used to model the
local structure as multiple Nb-Cl and Nb-O bond lengths are observed in the X-ray Pair Distribution
Function (G(r), PDF). In addition, it also does not effectively account for the expectation of second
order Jahn-Teller (SOJT) distortions associated with the Nb*>* cation. To account for these factors, a Cc
structure model was proposed for the local structure of LiNbOCI4.Y” As such, the 14/m model can be
used to describe the long-range structure of LiNbOCI,, and Cc the local structure.

Although both the 14/m and Cc structure models can be used to somewhat adequately fit the diffraction
data of LiNbOCI., respectively, it would be hasty to describe either as the definitive long-range or local
structures, as there are still uncertainties associated with both. For example, in co-refinements of the X-
ray and neutron diffraction data of LiINbOCI,, it was still found that it was not possible to obtain physical
atomic displacement parameters for O*" using the 14/m model for the long-range structure, which likely
reflects the fact that Nb®" will not safely sit in the centre of the [NbO.Cl4]*~ octahedra on a local scale.
Whereas one would expect to observe one long and one short Nb-O bond, and O-Nb-O bond angles that
are not 180° - similar to what is observed in other oxychlorides such as NbOCIs?* and TINbOCI,Z.
Similarly, the Cc model of the local structure can be used to adequately fit the G(r) of LiNbOCI, without
the need for any unphysical parameters, and is supported by density functional theory based structural
relaxation and a calculated phonon dispersions without imaginary modes.'” However, it was also shown
that LiNbOCI, contains a mixture of amorphous and (semi-)crystalline fractions and it is unknown how
these contribute to the overall G(r).1® As such, care needs to be taken to ensure that the Cc model does
not fit the local structure of LiNbOCI, better solely due to there being more open parameters.

In addition, it was also shown that LiNbOCI, contains substitutional disorder of the 0>~ and CI~ anions
at the bridging site between [NbO.Cl4]*" octahedra that had not been accounted for in any model of the
local or long-range structures.'® This substitutional disorder on the bridging anion site in these chains is
somewhat unexpected considering the considerably different ionic radii, polarizability, and charges of
the O> and CI anions, which is likely why it was overlooked in structural models described above. This
structural disorder likely originates from the high energy ball-milling resulting in the kinetic stabilisation
of these substitutions, which is similarly observed in X/S*" disorder in Li-argyrodites upon heating.?®

The existence of the anionic substitutional disorder is important to consider in these materials as it was
shown that the anion ratio is proportional to the coherence length of the crystalline fraction in
Li;—xNbO;«Clsx, Which in turn affects the obtainable ionic conductivities.® Here, it was proposed that
this proportionality exists as the O>" anions cannot occupy the terminal CI~ sites of the chains and was
evidenced by the absence of the expected peak at ~1000 cm™ in the Raman spectra, even in samples
that were made O* rich. Therefore, any excess of O* results in a disruption to the overall chain length
(Figure 3) potentially leading to a breaking of those chains and amorphization. This trend in the
conductivity and crystallinity has also been observed in other reports of LiNbOCI. where controlling
the annealing conditions results in improved crystallinities and therefore higher ionic conductivities.*?*’
This however is not the case for all halide solid electrolytes as, for example, the ionic conductivity of
amorphous LiTaClg is six orders of magnitude greater than when it is fully crystalised.?!-2®
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Figure 3: a) Diffraction patterns and ionic conductivity of Li;-xNbO1-Cls+x highlighting how they
correlate with the Li* content and anion ratio (redrawn from ref. 1%). The asterisks highlight the
reflections associated with LiCl. b) The ionic conductivities of Lii-xNbO:-Cls+x materials highlighting
how they corollate with the obtained coherence lengths. c) A schematic showing how an O~ excess in
LiNbOCI, may lead to shortened chain lengths as it cannot occupy the terminal sites of the [NbOCl4]..
chains.

The existence of second order Jahn-Teller distortions may also affect the obtained ionic conductivity in
these materials. For example, NaTaCls exhibits a P2:/c structure?” with distorted [TaCls]” octahedra in
comparison to the higher symmetry P4,/m NaSbCls?® material with no expressed SOJT distortions. This
is important to consider as the distorted octahedra in NaTaCls also results in a different ordering of the
mobile Na* cations. As such, it is currently unknown how the SOJT distortions of the [MO,Cl,]*~ effects
the Li* positions in the LiIMOCI, materials, and therefore their mobilities and ionic conductivities.

It is important that the structures of both LiMOCIs materials are carefully determined. However, to
achieve this, several considerations need to be made. Firstly, routes towards fully crystallising these
materials need to be demonstrated so that the structure and properties of the crystalline fraction can be
disambiguated from the amorphous matrix. This is important as, while it is known that the ionic
conductivity is proportional to the coherence length in these materials?®, it is unknown exactly why and
to what extent the transport properties vary in different fractions of the material. It would also allow for
any structural modifications to be tracked when doping the material as it is currently unknown how any
compositional changes may be distributed across different fractions of the product. In addition, when
synthesising LiIMOCI, from LiOH and MCls, care needs to be made to ensure that there are no protons
in the materials that could influence the obtained structure or conductivities via *H NMR. After these
considerations, both the local and long-range structures of LiMOCIs will need to be carefully re-
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established using a combination of both diffraction and spectroscopic techniques, as well as theoretical
studies into the energies and stabilities of those structures. Here, the use of neutron-based techniques at
low temperatures is especially important to track the positions and occupations of the light Li* and O*~
ions.

Finally, we emphasise that care must be taken when selecting a structural model of LiMOCI, for
refinements and simulations, and the limitations of each model for analysing different data sets should
be carefully assessed. For example, understanding if a measurement technique is probing the average
long-range structure (e.g. X-ray / neutron diffraction and SHG) or the average local structure (e.g.
Raman spectroscopy, NMR spectroscopy, extended X-ray absorption fine structure (EXAFS)
spectroscopy, and pair distribution functions). It should also be noted that, while these models have been
studied for the structure of LiINbOCI4, they may not necessarily apply to LiMOCI, materials where M is
a metal that does not exhibit a second order Jahn-Teller distortion.?® As such, the structure remains an
important aspect of this class of materials that is yet to be fully understood, and research efforts into
new synthetic routes towards highly crystalline LIMOCI, materials (discussed in more detail later) are
still highly important.

Computational exploration of glass-ceramic oxyhalides.

Computational methods are powerful complements to experimental techniques when studying complex
electrolyte materials such as the AMOCIs family, capable of validating experimental observations®,
guiding rational doping strategies®, and elucidating intricate structure-property relationships® that are
otherwise inaccessible by experiments alone. Despite these motivations, the glass-ceramic or semi-
crystalline nature of the various AMOCIls materials make them inherently challenging to study using
standard atomistic simulation methods. In non- or semi-crystalline solid electrolytes, the absence of
long-range periodicity undermines the applicability of conventional first principles materials modelling
techniques, which typically rely on periodic boundary conditions to model a small, representative unit
of an extended crystalline lattice.

In ordered crystalline materials, observables can often be accurately predicted by sampling the ground
state structure alone, since it dominates the thermodynamic ensemble that describes the real-world
behaviour of the material due to its low energy and symmetry-constrained degeneracy. However, in
disordered or amorphous systems, no single small-box structure is likely to meaningfully represent the
full thermodynamic ensemble. Observables can instead be modelled as ensemble averages over a
distribution of microstates, each weighted by its Boltzmann factor®233, as illustrated in Figure 4. Recent
DFT studies on LiIMOCIs compounds have revealed that many proposed structural variants differ in
energy by only a few meV per atom — less than the thermal energy at room temperature (~25 meV).*
These small energy differences imply that multiple distinct configurations are thermally accessible, and
may all need to be considered to obtain a comprehensive understanding of atomistic structure-property
relationships in these systems.
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Figure 4: Comparing the configurational density of states and modelling approaches of disordered and
ordered materials. For both cases, the observable property P is a weighted average of all the microstates
in the ensemble of each material. For the ordered material only the ground state has a significant
Boltzmann weighting, for the disordered material, an ensemble of states needs to be sampled to derive
an accurate average.

There are not just multiple structural microstates to consider in AMOC]., but also significant vibrational
and rotational disorder. Capturing this dynamic disorder requires simulation times sufficiently long to
resolve structural rearrangements, and timescales typically sufficient for sampling ion transport (e.g.,
Li* or Na* diffusion) in rigid frameworks may be too short to sample relevant structural fluctuations in
dynamically evolving frameworks. Short or single-trajectory simulations therefore risk underestimating
lattice flexibility and overlooking transient structural configurations that contribute to vibrational
properties. Accurate characterisation therefore demands both extended simulations and ensemble
averaging across structurally distinct trajectories, capturing both thermally accessible structural states
and their time-dependent evolution.

While ensemble sampling is essential for capturing functional properties, it also challenges the use of
single-structure formation energies as proxies for thermodynamic stability. In ordered materials, this
metric can be meaningful, as a single structure dominates the finite-temperature ensemble. But in
disordered materials, the actual thermodynamic state is distributed across many low-energy
configurations. The energy above hull calculated from any one structure is therefore highly sensitive to
which minimum is chosen and may not meaningfully reflect the stabilisation observed experimentally,
either because there is no synthetic route to isolate purely the ground state structure, but in addition such
calculations tend to omit entropic contributions. For example, vibrational and configurational entropy
can be substantial in solid electrolytes with disordered or flexible frameworks, and can stabilise
materials at finite temperature that would appear thermodynamically or dynamically unstable at 0 K.34%

Taken together, these limitations illustrate that the combination of a single static configuration and a
zero-temperature framework makes it especially problematic to rely on single-structure energetics when
modelling disordered materials like AMOClLs. Without incorporating thermal effects and ensemble
averaging, formation energies and hull distances risk misrepresenting both the stability and functional
behaviour of real materials. Predictive modelling of such systems must move beyond conventional
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approaches, adopting ensemble-based frameworks that account for configurational diversity, thermal
accessibility, and the statistical nature of the structure—property landscape.

Two practical strategies are commonly used to generate such ensembles. The first is a hypothesis-driven
approach that incorporates known local structural features (such as coordination geometries or motifs
inferred from spectroscopy or total scattering) into initial configurations.®® This is effective when the
form of disorder is relatively well constrained. Such structures could be used for example, to investigate
the local structure around anion-substitutional defects in LiNbOCI..*® The second approach involves
attempts at a first-principles derivation of representative structures (or an ensemble of structures). This
has involved using techniques such as melt-quench molecular dynamics®”® — an approach recently
taken to study dynamics in xNa.O-TaCls glass electrolytes® — structure enumeration® or statistical-
mechanical models® to produce disordered models that are consistent with known chemistry and (once
suitably averaged) can be used to assist in the interpretation of experimental data. Because constructing
and sampling sufficiently large ensembles is often computationally demanding (especially at the DFT
level) lower-cost models such as classical potentials® or, increasingly, machine-learned interatomic
potentials are used to access longer timescales and larger supercells.

These approaches are often complementary: motif-based models can be used as starting points for
further sampling, while statistically averaged structures may help refine or constrain structural
hypotheses. In systems like AMOCI4, where both static and dynamic disorder are relevant, and where
experimental measurements reflect ensemble behaviour, a combination of these strategies is typically
required. Moreover, computed quantities such as structure factors, vibrational densities of states, and
diffusion coefficients depend sensitively on the underlying ensemble. As such, computing the properties
and structure-property relationships in AMOCI, materials requires consideration of how accurately the
simulated ensemble represents the as-synthesised material.

Tentative Structure-Property Relationships

Gaining an understanding how the Li* conductivity in LiMOCIs materials is influenced by the —
potentially vibrationally and rotationally disordered — [MOCI4]..” chains is highly valuable as it allows
us to design and identify other materials with high ionic conductivities based on their structural motifs.
It would also allow us to efficiently optimise the ionic conductivities of these materials based on
informed doping strategies.

Halide solid electrolytes such as LisInCls** and Li>ZrClg*? have higher Li-ion densities than what is
found in LiIMOCI,. Despite this, the LiMOCI, materials still have far higher ionic conductivities.
Considering their low mobile ion concentrations, this indicates that these materials also have extremely
high ionic mobilities (Figure 5a).* This is important as it has previously been estimated that about 40%
of the Li* in a solid-state battery is being used up in the solid electrolyte rather than contributing towards
the capacity.* Therefore, having electrolytes with low Li* densities is advantageous for minimising costs.
However, it should be noted that the cost of the metal cation is also significant in the case of the LIMOCI,
materials. Nevertheless, by studying the LiMOCI, class of materials and developing an understanding
of what makes their mobilities so high can help us to design and identify other high-performance and
cost-effective solid electrolytes.
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Figure 5. a) The ionic conductivity of LIMOCI, in comparison to other classes of solid electrolytes
highlighting its high Li* mobility and low Li* carrier density. The data set containing the Li* carrier
densities and mobilities of different solid electrolytes was obtained from ref.  with supplement from ref.
3 The mobilities of LiMOCI4 were calculated from the ionic conductivities of each material in ref. 2,
and the Li* carrier density was calculated from using the Cc local structural model*’ of LiINbOCl,. b)
Bond valence sum energy (BVSE) model of LiNbOCI4*® showing the low energy barriers for Li*
migration along 1D paths (parallel to the [MOCl4].. chains) in comparison to LisInCls*. c) Calculated
BVSE isosurfaces showing possible migration pathways in the 14/m long-range structural model. The
coloured spheres represent the same Li* sites as in b (recalculated and plotted from the methods in ref.
18). d) Structure property relationships in LiINDOCI,. The correlated motion of [MO.Cl4]*" octahedra
and Li* (left), and the flexible [MOCI4]..~ chains (center) lead to a flat energy landscape for Li*
conduction. Meanwhile, the 1D nature of the [MOCls]..~ chains (right) form unimpeded conduction
pathways.

11



Clearly, to ascertain structure-property relationships in LiIMOCI, materials, their structures need to be
better understood. This includes gaining a comprehensive understanding of the local and long-range
structures, as well as an understanding of the vibrational and rotational disorder present in these systems.
While each of the three proposed structure models could be used to fit the diffraction data, it would be
problematic to use any of these alone to obtain structure-property relationships as they are static models
and therefore do not incorporate the vibrational or rotational disorder needed to study Li* migration.
Therefore extended simulations and ensemble averaging are required. Nevertheless, while the crystal
structure for the LiMOCI, materials may yet need to be more specified, the 1D [MOCIs].~ chains
certainly are a part of it and are thought to influence the mobile ion migration in three main ways, as
depicted in Figure 5.

Firstly, Jun et. al. studied diffusion processes in LiNbOCI, using ab initio molecular dynamics (AIMD)
and the difference in probability between an [NbO.Cl4]*>" octahedral rotation along the z axis and the Li*
ions either hopping or not hopping.*® In doing so, they found that the tilting (< 30°) of the individual
octahedra in the [MOCI4]..~ chains allows for the correlated hopping of Li* ions through the soft-cradle
effect resulting in an optimised energy landscape for Li* migration.

Secondly, it was also observed through AIMD simulations that there are large variations in the inter-
chain distances as a result of a low chain rigidity in LiNbOCI4, which was supported by the low
calculated bulk modulus of 22.7 GPa indicating the relatively ductile nature of the material.*” This, along
with the deformable [NbO-Cl4]*~ octahedra, results in flexible [NbOCI.]..~ chains that stabilise different
Li* positions which further flattens the energy landscape for Li-ion migration.

Thirdly, in addition to there being a flat energy landscape, there is little in the LiMOCI, structure that
can impede the migration of Li* ions. For example, through bond valence sum energy (BVSE)
calculations, it has been shown that, due to the 1D nature of the [NbOCI4]..~ chains, the Li* ions can
move parallel to the chains with activation energies as low as 0.04 eV (Figures 5b, 5¢).18 In addition, it
has been proposed that the low spatial density of the M®* cations results in a decreased likelihood of the
migrating Li* ions being repulsed within the diffusion channels.*®

As stated, gaining an understanding how the Li* conductivity in LIMOCI, materials is influenced by the
[MOCl4]. chains is highly valuable as it allows us to design and identify other materials with high ionic
conductivities based on their structural motifs, and to also make informed doping strategies. To achieve
this, the LiMOCIs materials need to be studied in greater depths than typical “diffraction then
impedance” experiments. Before the mechanisms underpinning their high ionic conductivities can
meaningfully be deduced, both the local and long-range structures of crystalline and amorphous
LiMOCI, will need to be carefully re-established using the considerations provided earlier. This will
then allow for the structure-property relationships to be examined by studying the movement of Li* over
various time and length scales using impedance spectroscopy, pulse-field gradient NMR, NMR
relaxometry, and quasi-elastic neutron scattering®, as well as by computational techniques such DFT
and ab initio molecular dynamics. To achieve an in-depth understanding of the structure property-
relationships in LiMOCIs, these materials also need to be substituted, and the influences of those
substituents tracked. For example, introducing M-cation substitutions that influence the [MOCl,]..” chain
rigidity could help to establish the extent to which this structural feature benefits the ionic conductivity.

While this knowledge is highly valuable, we note that, it is likely not the ionic conductivities of the
LiMOCI, materials that would impede their development into commercial cells. Rather, it is the lacking
reduction stabilities, and the costs associated with their production that would limit their adoption.
However, an understanding of the structure and structure-property relationships is still needed to
overcome these challenges.
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Cell Performance and Redox Stability

In addition to high ionic conductivities, electrolytes require wide voltage windows in which they can
operate. Like most halide solid electrolytes, both LiIMOCI4 materials (M = Nb and Ta) are predicted to
have good oxidation stabilities of up to 4.06 V vs Li*/Li°, which agrees with the experimental value of
4.1V for LiTaOCl4*. In contrast, the reductive stabilities of the LiMOCI, materials are relatively poor
as LINbOCI, and LiTaOCls decompose at 2.9 V and 2.2 V, respectively, which is associated with the
reduction of the M°* cation.!?1°

Here, it should be noted that the incorporation of oxygen does not improve the redox stability of the
LiMOCl, relative to LiMCle, as LiTaCls has a stability window of 2.3 V — 4.4 V.2® Figure 6a shows the
calculated stability windows of the LiMOCI, materials in comparison to other halide*’, sulfide*® and
oxide* solid electrolytes highlighting their lower reduction stabilities. However, this is not necessarily
an issue, depending on the electronic and ionic transport properties of the resulting interphase. For
example, while the calculated stability window of the LisPSsCl is quite narrow, in reality it is much
wider due to the kinetic stabilisation by the solid electrolyte interphase®®>2 (SEI) and hence can be used
as an interfacial layer between the halide solid electrolytes and metal/alloy anodes®. In fact, both
sulphide? and oxide® solid electrolytes have been used as interlayers between oxyhalide materials and
Li/Liln anodes. Unfortunately, as NaTaOClI,4 forms less ionically conductive interphase between it and
Na metal*4, the same is likely true for LiIMOCI, making them incompatible with Li metal anodes. As
such, the LiMOCI, materials may effectively be used as catholytes, but not as separators without an
additional interlayer.5®
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Figure 6. a) The calculated electrochemical stability windows of LiNbOCI, and LiTaOCl.* in
comparison to other halide*’, sulfide*® and oxide*® solid electrolytes. b) Capacity retentions of cells
containing LiNbOCI, and LisPSsCl catholytes with the same LiNio92C00.04Mno 04O, cathode. Data
digitised from ref. %°. ¢) Capacity retentions of cells containing amorphous LiTaOCl, catholytes with
LiNio.9C00.0sMno0s02 (NCM955) cathodes, highlighting the increased capacity retention when a ZrO;
cathode coating is used. Data digitised from ref. *°.

The poorer reduction stabilities of the LiIMOCI4 materials are a general concern associated with halide
solid electrolytes (such as LisYCls and LisInClg®) as the requirement of a stable interlayer® reduces the
obtainable volumetric and gravimetric capacities. As such, additional research should be spent on
studying their decomposition products and trying to improve the reduction stability of these materials.
This also relates back to the need to gain a deeper understanding of the crystal structure in these materials
as a prerequisite for computationally screening their redox stabilities.

These materials also have the advantage of possessing low bulk moduli (values of 8.5 GPa'® and
22.7 GPal" were calculated for LiNbOCI, at 0 K) indicating that they exhibit a high compressibility. As
a result, they can easily form good contact with positive electrode particles in cells with little applied
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pressure, and it may allow them to compensate for volume changes inside a cell on cycling. This, along
with the high oxidation stabilities of LiIMOCI,, may make them suitable for use as catholytes or coatings
with high voltage cathodes. As a result, cells containing LiNbOCI4 have demonstrated capacity retention
of 97% over 100 cycles at 0.3C with LiCoO,'2, and 96% over 1000 cycles at 1C with
LiNi0.02C00.04Mno.040,%, highlighting its effectiveness as a catholyte (Figure 6b).

In contrast, it was found that a lower capacity retention of 71.1% was reached after only 300 cycles at
1C when amorphous LiTaOCls was used as a catholyte with an uncoated LiNig9C0005Mngos0:
(NCM955) cathode material (Figure 6¢).*® Here, the LiTaOCls was made amorphous as no annealing
step was used. It is not immediately clear where this difference in capacity retention originates from as
similar cell setups were used. However, in this case, the cycling instability of uncoated NCM955 against
LiTaOCl4 was attributed to suppression of the H2-H3 phase transition in the observed dQ dV* curves
resulting in a faster capacity fade. This therefore leads to the open question whether the cation, the
crystallinity, or another feature entirely also influences the differences in cycling stability of cells
containing LiNbOCI, and LiTaOCl, catholytes. Nevertheless, by using ZrO, coated NCM955 with the
LiTaOCl, catholyte, an improved capacity retention of 83.7% could be achieved after 500 cycles at 1C
with reduced loss of the H2-H3 transition. Here, it is also worth mentioning that some halides such as
AZrCls undergo anion exchange with ZrO, forming interphase layers with higher ionic conductivities
leading to improved capacity retention in cells.®® Although the exact mechanism behind this behaviour
has not yet been identified, it has been suggested that some halide solid electrolytes such as LizInClg can
form a detrimental interphase layer with LiNio.sC00.1Mno102 (NCM811) upon aging due to their poor
reduction stabilities®”, and the reduction stability of LiTaOCl, is likely poorer still*°.

Considering the wide electrochemical window and high cycling stabilities of cells containing LINbOClI.,
the use of these materials as cathode coatings may also be considered. This may be further motivated by
the fact that a LixTaO«Fsx coating was proposed to form on the surface of LiNigsC001Mng10-
(NCMB811) by heating the cathode material with 1% TaFs at 200 °C.58 This resulted in the in-situ reaction
of gaseous TaFs with residual Li species on the surface of NCM811, such as Li.CQs. In doing so the
authors were able to achieve an improved capacity retention of 94.0% over 500 cycles using the Li-Ta-
O-F coated NCM811. Whereas, using bare NCM811, a capacity retention of just 71.8% over 100 cycles
could be achieved using the same conditions.

Using LiNbOCI, coatings (rather than Li-Ta-O-F) may also be effective in improving the cycling
stability of cells. While LiNbOCI, decomposes at temperatures above 150 °C, it may still be able to be
used as a coating via mechanofusion, similar to how LisInCls has been coated onto
LiNiosC00.15Al00502.%° As such, LiNbOCI, may also form effective cathode coatings by milling the
cathode active materials with the raw reagents. The feasibility of this may also be indicated by the fact
that Li-Nb-O based cathode coatings have already been shown to improve the capacity retention in solid-
state batteries with NCM955% and LiNiosMn1s0, (LMNO)® cathodes, and the electrochemical
properties of these coatings may be further improved through halogenation.

Regardless of the cell architecture, the hazards associated with the electrochemical decomposition
products of LiMOCI, also need to be considered in this class of material. For example, upon oxidation,
LiMOCly, is expected to form MOCIs as well as toxic Cl, gas.'® Further still, the decomposition products
of these materials upon heating or moisture exposure likely involves the evolution of HCI and presents
additional potential hazards that need to be considered. % This is similar to sulphide solid electrolytes
that evolve toxic H,S upon moisture exposure, however this may be mitigated though the use of
scavengers® or dopants®*. Therefore, compositional and synthetic optimisation may help mitigate some
of these challenges.

Composition and Optimisation
14



While there are several factors impeding the adoption of LiMOCI4 materials into commercial solid-state
cells, adjustments in composition and synthesis methods could help overcome these issues. This includes
the need to improve the reduction stability, incorporate more cost-effective elements, tune interphases,
and improve the crystallinity, all while retaining (if not improving) their high ionic conductivities. In
addition, exploring the structure and properties of other similar and doped materials can help elucidate
the ground structure. The inherent costs associated with the M®* cations (particularly Ta%") is especially
important to consider as it may limit the feasibility of commercial cells containing these materials. It
also needs to be considered that both Nb and Ta are considered “critical minerals” by the United States
Geological Survey (USGS) indicating that the supply chains associated with their production are
vulnerable to disruption.%

However, due to their infancy, there has been little work done thus far on compositional modifications
to LiMOCI, materials to optimise their properties. Nevertheless, substitutions of the M>* cation, or either
of the two anions (O* or CI"), could provide multiple degrees of freedom through which their properties
may be optimised. For example, studies into the stability of LIMOCI, (M = Nb, Ta, Sb), and LiMXCl,4
(M =Ti, Zr, Hf, Sn; X = Cl, F) predicted that the materials LiZrFCl4 and LiHfFCIl4 have the most potential
for synthesis,'® and may hint at potential doping strategies to further improve the performance of
LiMOCI, materials. The anion stoichiometry is also important to consider as the O*" content in both A
= Li* and Na* materials correlates strongly with the crystallinity and conductivity.'6¢® Therefore, careful
control of the anion ratio and anionic substitutions will be important for optimising the performance of
AMOCI, materials. In addition, aliovalent substitutions on the A site have not yet been considered which
may lead to further improved conductivities by introducing additional vacancies®”%, or may stabilise
the material by inducing greater columbic attractions connecting the chains.

Other materials with similar chemistries have also been investigated and, through these, routes towards
optimising of properties of elucidating the structure of the LiMOCI, materials may be uncovered. For
example, amorphous LiTaCls has been reported with ionic conductivities of ~10 mS-cm™ and can be
made with varying anion stoichiometries such as LiTaClsX7,,, where X =F~, CI", Br-, I", 0, OH", and
S?7.26 However, in this case, care needs to be made to ensure their amorphous nature as crystalline
LiTaCls has conductivities of ~107° mS cm™.%° Other A-M-O-Cl solid electrolytes have also been
studied. For example, AAIOLCls—2« (A = Li* or Na*) materials have also been synthesised with polymer-
like viscoelasticity and ionic conductivities of up to 1.52 mS-cm™ allowing for improved contact with
electrode materials.>*™ In addition, the amorphous xLi,O-HfCl, materials have been synthesised, with
the composition Li,HfOCI, (x = 1) demonstrating an ionic conductivity of 0.93 mS-cm™* and, similarly,
amorphous LizLaosTaosOCl4 has been produced mechanochemically’? hinting at the possibility of stable
La®* or Hf* for M®* substitutions in LiIMOCI,. As such, the investigation of solid solutions between
LiMOCI, and these other similar materials may lead to further improved ionic conductivities.

Notably, while there are many degrees of freedom with which the LiMOCI, materials may be optimised,
the potential strategies listed above do not reflect a rational or targeted approach towards desired
properties. This need again highlights the importance of a combined experimental and theoretical
approach as it is not possible to rationally target desired properties if the mechanisms behind those
properties are unknown. For example, as mentioned earlier, introducing M-cation substitutions that
influence the [MOCl.]..~ chain rigidity could help to establish the extent to which this structural feature
benefits or hinders the ionic conductivity, and could help to uncover the underlying crystal structure.
From this point, it would then be possible to work backwards and target compositions or structures with
designed chain rigidities specifically to maximise the ionic conductivity. However, again, this is not
possible with representative atomistic structures being unknown.

15



While compositional optimisation is needed to improve the electrochemical properties, new synthesis
routes are needed to make LiMOCI4 materials at scale and with high crystallinities. Not only is this
important for understanding the structure-property relationships in these materials, but it has been also
shown that the ionic conductivities are proportional to the coherence lengths in these materials.*6%’
Therefore, synthetic (as well as compositional) optimisations can also provide routes towards improved
electrochemical performances in LiMOCl..

Synthesis and Processing

To see their adoption into commercial solid-state cells, both the synthesis and processing techniques for
producing LiIMOCI,s materials also need to be optimised. Thus far, two mechanochemical synthesis
routes towards LiMOCI, (M = Nb®", Ta*") have been identified. These materials were first synthesised
by milling LiOH and MCls together at high energies for 40 hours before annealing them at 100 °C and
300 °C for LiNbOCI, and LiTaOCl,, respectively, all under inert conditions. In this reaction, LiCl and
MOCI; are produced as intermediates with gaseous HCI as a by-product (Reaction 1).2° LiNbOCl, has
been also shown to be synthesisable directly from the LiCl and NbOCI; intermediates (Reaction 2),
avoiding the formation of corrosive HCI.?

LiOH + MCIs — LiCl + MOCI; + HC1t — LiMOCl, Reaction 1
LiCl + MOCI; — LiIMOCI, Reaction 2

The LiMOCI, materials possess the advantage that their synthesis is simple and scalable, and it has been
further shown that milling times can be shortened to just 4 hours whilst still achieving a high ionic
conductivity of 5.03 mS-cm™ in LiTaOCl..*® Although the LiMClg materials have ionic conductivities
that approach that of LiMOCIs when amorphous, actually making these materials amorphous requires
milling times exceeding 140 hours® and has limited reproducibility?'. As such, the mechanochemical
route to produce LiMOCI, can therefore be advantageous due to the rapid synthesis times. Despite this,
the evolution of the corrosive and gaseous HCI byproduct when LiOH and MCls are used needs to be
dealt with appropriately to ensure safety and the pressure limits of synthesis containers are not exceeded.
In addition, upon their synthesis, the absence of HCI / proton contamination in LiMOCI, would need to
be verified by *H NMR to confirm that there is no loss of active species that are being replaced by H*,
and to prevent any potential damage to the other cell components. Even if LiCl and MOCI; were used
as starting reagents, the use of MOCI; may incur additional expenses associated with its synthesis or
purchase that would need to be considered.

These materials may also be synthesised using other O?" sources avoiding the formation of HCI, similar
to some other Li-M-O-ClI glasses. For example, an amorphous XxLi,O-TaCls series (1<x<2)™, as well
as LiTaClsO05%, can be synthesised mechanochemically from Li,O and Li.O,, respectively (although
these also incur their own respective cost and hazard risks). The LiTaOCls composition has also been
reported to be synthesised by milling LiTaOs, TaCls and LiCl together.” In this case, only peaks form
a poorly crystalline LiTaOs-like phase are observed in the diffraction patterns. Here, the authors achieve
an ionic conductivity of ~8 mS-cm for their LiTaOCl, and suggest this is due to the substitution of CI-
for O? in LiTaOs. However, as no annealing step was performed, it is feasible that the LiTaOCl, was
simply fully amorphous the LiTaOs-like product is simply unreacted starting material. While this is
another potential route towards LiMOCI, avoiding the formation of HCI, more research needs to be
performed to study the structure and composition of LiMOCI4 materials synthesised using this method.
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Regardless of these processing complexities, due to the softness of these materials, the
mechanochemical synthesis procedure also results in powder products that have poor crystallinities
making them difficult to study with diffraction-based techniques. As such, the depth of structural
information one can obtain is inherently limited by using the current mechanochemical synthesis routes.
In addition, as the ionic conductivities of LIMOCI, are proportional to their coherence lengths®®, it will
also hamper their performance in cells. Finally, it may also limit one’s ability to tune the particle size
distribution, which is important to consider as differences in microstructure and void space between
particles in the cathode composite can impede charge carrier transport resulting in lower obtainable
capacities in cells.” This again highlights the need for a combined experimental-theoretical approach
where the synthesis of metastable materials may be realised e.g. through the kinetic control of a
reaction.” Clearly, alternative synthesis routes towards LiMOCI, materials are needed to mitigate the
complexities and safety concerns originating from the HCI by-product. For example, a deeper
understanding of their stability in air and solvents would potentially allow for their synthesis and
processing using alternate routes, or in dry rooms using high throughput mechanochemical synthesis
apparatus’®’8, rather than in purely inert atmospheres.

More research is also needed to understand how these materials may be processed into cells after
synthesis. The processing of powders into solid-state batteries can additionally be challenging as
appropriate binder-solvent combinations are often required to make high quality films, and the solid
electrolyte must be compatible with both.” Currently, solid electrolytes can be processed into all-solid-
state-batteries using solvents in one of two ways. Either through slurry casting®# where the solid
electrolyte material is not dissolved, or through an infiltration / coating process®28® where the electrolyte
is dissolved. Either way, the compatibility of LiIMOCI, with different solvents and binders needs to be
assessed. However, it is unlikely that the LiMOCI4 materials will be able to be recrystallised from (or
be stable in) protic solvents, as the presence of structural H* is already a concern.

A viable alternative to producing LiMOCI, films with solvents is via a dry-film process — although this
is less well established.®* This has the added advantages of reduced costs, waste, and use of poisonous
solvents. However, it also comes with its own added complexities as making homogenous mixtures of
dry powders is inherently harder without the use of a liquid medium.®® In addition, carefully tuned
particle sizes are also needed for dry-film fabrication and the particle size distributions of the LiMOClI,4
materials are difficult to control, and the optimal particle sizes for film production may not be optimal
for cell performance. Nevertheless, the low annealing temperature of 100 °C for LiNbOCI4'? may allow
for cathode composites to be hot pressed resulting in improved contact between grains and improved
crystallinity while avoiding any decomposition reactions between it and the active material®#’.

How these materials are processed at end-of-life should be considered before they can be effectively
implemented into solid-state batteries. This includes, as mentioned earlier, considering their
decomposition products, but also how they may be recycled or reclaimed from used solid-state
batteries.2 A summary of the challenges that need to be addressed in the synthesis and processing
optimisations of LiMOCI, is given in Figure 7.
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Figure 7: The steps required to take LiOH and MCls make them into an all-solid-state-battery containing
LiMOCI, and highlighting the challenges and unknowns (indicated with ““? ) associated with each step.

Further, as discussed earlier, the poor reduction stability of these materials would also result in an
increased cost of manufacturing cells containing LiMOCI, separators, as they would likely have to
contain an interfacial layer with the anode that would incur additional costs and reduce volumetric and
gravimetric capacities.>® As such, the cost of Nb°" and Ta®" may decrease the economic viability of
LiMOCI, materials as either catholytes or as separator layers. Nevertheless, any issues related to cost
may be significantly mitigated if LIMOCI, materials can be used as cathode active material coatings
instead, as only very small amounts of material are needed - typically around 1 wt% of the mass of the
active material.%88°

Comparing lithium and sodium in NaMOCI4 and LiMOCl,

Much of the research on AMOCI4 has focused on Li-containing materials, however both A = Na*
materials (NaNbOCI, and NaTaOCls) have also been synthesised®*'4% and exhibit several key
similarities and differences. Starting with their synthesis, both the A = Na* materials have been produced
mechanochemically starting with NaOH and MCIs**4, and NaNbOCI, also with NaCl and MOCI;®. As
such, these materials also have the advantage of an efficient and scalable synthesis procedure, and
without the formation of HCI if it is required. To achieve a HCI-free synthesis, other oxygen sources
may also be employed, such as Na,O, and Na,O, which has been used to produce xNa,O>-TaCls* and
xNa,O-TaCls* glasses, respectively.

When synthesised using NaOH and MClIs, both NaMOCI, materials show no, or extremely broad,
reflections in their diffraction patterns®!* indicating that they have even shorter coherence lengths or
more disordered chains than in the A = Li* analogues (Figure 8a), and again the M = Nb*" compounds
generally show slightly higher crystallinities than those with M = Ta>*. In contrast, when synthesised
using NaCl and NbOCIs, NaNbOCI, samples showed improved crystallinities allowing them to be
studied via powder diffraction.®® Through which, it was suggested that the NaNbOCI, also exhibits the
14/m long-range structure — although detailed structural refinements have not yet been performed.
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Figure 8. A comparison of the a) X-ray diffraction patterns of LiTaOCl,** and NaTaOCl,*, and b) X-
ray PDF of LiNbOCI,*" and NaTaOCl,*. The inserts show the structures of the MO,Cl, polyhedra that
can be inferred from the PDF data. Data digitised from refs 21317,

Due to different techniques being used to study different AMOCI, materials that are made also using
different procedures, it is currently difficult to directly compare the structures of the A = Li* and Na*
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materials. As such, Figure 7 compares the X-ray diffraction patterns of LiTaOCl;** and NaTaOCl,",
and the X-ray pair distribution functions of LiNbOCI4*" and NaTaOCl,* — all of which were synthesised
using AOH and MCls. However, it should be noted here that these samples were also prepared using
different annealing temperatures; 300 °C for the LiTaOCl, sample studied by X-ray diffraction, and 100
°C for the remainder. Nevertheless, this data is presented to show that NaMOCI, is expected to retain
the 1D [MOCL].~ chains that are surrounded by various A* cation sites, as was observed in
LiNbOCI,4.231* However, in contrast to LiINbOCl., there is no clear indication of two different M-O bond
lengths in NaTaOCl, indicating that it might retain a higher symmetry local structure (Figure 8b).
However, without neutron PDF on the A = Na* materials to detect the light O% relative to Nb® or Ta%",
this is difficult to say with confidence. As such, no definitive local or long-range structural model has
yet been proposed for either of the NaMOCI, materials. Therefore, many of the challenges in
understanding the structure-property relationships in the Li* materials are amplified for Na*, and it
becomes harder still to make informed choices into how certain dopants may benefit or hinder the
properties of the NaMOCI, materials.

The ionic conductivities of the of NaNbOCI, and NaTaOCl, are about an order of magnitude lower than
the A = Li* materials at 1.2 and 1.5 mS-cm™, respectively.!* As such, their optimisation remains a
priority. It should also be noted that NaTaCls has reported ionic conductivities of 4 mS-cm= when made
amorphous.®® As this has an ionic conductivity higher than that of NaTaOCl., the incorporation of O?-
needs to be better justified if it does not significantly improve the ionic conductivity relative to the pure
amorphous halide.

Nevertheless, while the NaMOCI, materials have not yet been optimised for their ionic conductivities,
similar materials have been substituted, providing several potential routes towards further improved
properties. For example, it has been shown that it is possible to achieve a solid solution across the entire
range of Nai+M;xZrCls (M = Nb®>*, Ta®"), with the ionic conductivity being maximised when x = 0.5
in each.®? As such, this may indicate that Zr* for M5* substitutions in NaMOCI, may be energetically
favourable and may lead to further improved ionic conductivities.

Similar redox stabilities have also been observed for the A = Li* and Na" materials. For example,
NaTaOCl, has reduction and oxidation potentials of 2.5 V and 4.0 V respectively vs Na*/Na.'® As such,
the NaMOCI, solid electrolytes are also unstable against Na metal anodes, resulting in them requiring
the use of an additional separator layer if they are to be used as catholytes or seperators.** Nevertheless,
when using NaTaOCl, as a catholyte with a NazsNiysMn2z0, cathode active material, a capacity
retention of 89.5% could be obtained over 250 cycles at 1/3C.23

These findings show that both the A = Li* and Na* face similar challenges in their optimisation for
adoption in commercial solid-state batteries. Despite this, the extremely poor crystallinity of the
NaMOCI, materials will likely make understanding the chemistry behind these challenges harder still.
However, they do still possess high mobilities and an efficient and scalable synthesis procedure that
advantages them for use in post Li-ion batteries. While only the A = Li* and Na* materials have been
discussed in depth here, the existence of materials with similar chemistries but with different mobile
ions, such as KMCls (M = Nb and Ta), hints that the broad compositional flexibility that may be offered
by the AMOCI, class of materials for other applications.%*%

Outlook and Key Challenges

The AMOCI, class of materials present many attractive properties for use as Li* and Na* ion conductors.
This is primarily due to their high ionic conductivities which are enabled by the correlated motion,
flexible 1D chains, and unimpeded conduction pathways. In addition, their high oxidation stability
makes them usable as catholytes with high voltage cathode active materials, and their simple and fast
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synthesis routes make these materials suitable for industrial scale up. As such, these materials are an
attractive option for use as catholyte or cathode coatings in all solid-state batteries. Despite these
benefits, several key challenges and unknowns remain.

Many of the challenges that surround the AMOCI, materials can be traced back to the required
mechanochemical synthesis procedure. Not only because the formation of a HCI by-product risks
exceeding the pressure limits of containers (although this can be mitigated by using MOCIs), but also
because it results in the formation of a glass-ceramic product with extremely short coherence lengths.
This in turn means that a full structural solution cannot be developed, structure-property relationships
cannot be inferred, and theoretical models that rely on long range ordering cannot be used. As a result,
this also restricts our ability to make informed optimisation strategies or to design other materials with
further improved properties for use in solid-state batteries.

In addition to synthesis, structure, and property related challenges, there are several unknowns related
to the processing and handling requirements of the AMOCI4 materials that need to be addressed. Firstly,
their chemical stability against different cathode active materials and coatings needs to be fully assessed.
In addition, their poor reduction stabilities require the use of an additional separator layer that is stable
against the anode resulting in higher costs and thickness in cells if they are used as catholytes. It is
further currently unknown, which solvents and binders are most compatible with AMOCI, materials, nor
how their particle sizes can be tuned, all of which are essential for the industrial scale production of
solid-state batteries.

Future research into these challenges will help to mitigate their detrimental effects. Here, we emphasise
the requirement of a two pronged experimental and theoretical approach when tackling the challenges
surrounding the AMOCI, materials. For example, studying reaction kinetics and thermodynamics in
attempts to synthesise AMOCI, with longer coherence lengths, using diffraction and spectroscopic
techniques alongside structure relaxations to uncover the structural ground states, as well as studying
dopant effects and simulations to elucidate the structure-property relationships. In all, this oxyhalide
class of ionic conductors appears more challenging to understand than previous fast ionic conductors.
However, the currently existing data suggests that, once these prior research challenges have been
addressed, the LiIMOCI, and NaMOCI, materials represent promising candidates for adoption into all-
solid-state-batteries.
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