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All-solid-state batteries (ASSBs) are poised to meet the rising
demand for high energy density storage technologies. Replacing the
liquid electrolyte with a solid-state ion conductor holds several key
advantages over current Li-ion battery technologies, including
improved mechanical and thermal stability, improved safety, and
the potential to improve energy density through use of lithium metal
anodes.” Advancing ASSB technologies is predicated on identi-
fying solid electrolytes (SEs) that simultaneously exhibit high ionic
conductivity and good electrochemical stability with desired elec-
trode chemistries.

Ternary alkali metal halides of the general formula A3MX, (A = Li*,
Na™; M=In*", S, Y*', Yb*', E°"; X=CI", Br, I") have
recently gained attention as candidate solid electrolytes for ASSBs. In
comparison to popular sulfide-based SEs such as Li;(GeP,S,, and the
argyrodites LigPSsX (X = halide, pseudohalide), metal halide electro-
lytes have demonstrated excellent electrochemical stability with high-
voltage oxide cathodes and improved stability against lithium metal
anodes.>* Further, several members of this material family exhibit
improved air and moisture tolerance®’ and may be synthesized by
low-temperature® or solution-phase chemistries and deposited directly
onto electrodes.®”

Recent research efforts in the ternary metal halides have focused
extensively on using chemical substitutions to achieve high ionic
conductivities necessary for Eractical battery cycling. For example,
aliovalent substitution of Zr*" or Hf*" at the trivalent cation site
leads to higher ionic conductivities across multiple A;MXg chemis-
tries and structures due to the formation of mobile ion
vacancies,'®"> while isovalent substitution at the M and X sites
has been shown to impact moisture tolerance® and ion migration
pathways.'®'® Given the relative ease of preparing substituted
members of the A;MXg family and the corresponding impact on
their functional properties, there is a need for a cohesive set of
design principles for how these substitutions influence properties
that are relevant for ASSBs.

In this Review, we aim to codify an understanding of how
aliovalent and isovalent substitutions at the A, M, and X sites impact
the structure, ionic conductivity, and electrochemical stability of
ternary metal halide SEs (Fig. 1). Given the breadth of the chemical
and structural phase space of this family, we have chosen to focus on
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ternary metal halides of the A;MX, family for which the A site is
occupied by either lithium or sodium ions and in which chemical
substitutions have been leveraged as a strategy to modulate electro-
chemical properties for SE applications. We anticipate that the
design principles and composition-structure-property relationships
derived from this smaller subset of the alkali metal halide family
may be readily extended to other ternary metal halide compositions
and structures. For review of the broader ternarly metal halide family,
the reader is referred to the works of Li et al.” and Liang et al.*®

A Brief Primer on Ion Conduction Mechanisms in the Solid
State

In the crystalline solid state, ionic conductivity proceeds through
a thermally-activated process in which mobile ions hop between
neighboring sites within the periodic structure along a minimum
energy pathway.>'™ The energy barrier associated with this
hopping process is known as the migration barrier (E,) and is
dictated by several factors, including the volume of the migration
pathways and the electrostatic interactions between the mobile ions
and the surrounding host structure. Chemical substitutions can be
used as a strategy to lower the migration barrier by expanding the
size of the physical bottlenecks or by moderating the Coulomb
interactions between the mobile ions and the surrounding host
structure. In addition to the migration barrier, the bulk ionic
conductivity is also dependent upon the concentration of defects
(vacancies, interstitials, partial occupancies) that mediate diffusion.
Aliovalent substitutions provide a method to modulate the concen-
tration of mobile ion vacancies, and the energy associated with
forming mobile defects due to these substitutions is characterized by
the trapping energy (E,). Overall, ionic conductivity is governed by
the total activation barrier, E,, which contains contributions from
both E,, and E,. We note that the effects of structure tuning and
substitution on E,, and E, are highly interdependent and are not
easily deconvoluted.

The A3MX¢ Family

Structure types.—The A3;MXe family encompasses a broad
compositional and structural phase space. For the solid electrolytes
in which A=Li" or Na', several distinct structure types are
observed and are shown in Fig. 2. A common structural theme
among the A3;MX¢ family is the local coordination environment of
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Figure 1. Aliovalent and isovalent substitutions in solid electrolytes affect the mobile ion vacancy and interstitial concentrations, migration barrier of the
diffusing mobile ion, and electronic conductivity. Substitutions induce local, and in some cases, global structural changes that affect mobile ion defect

concentrations and migration barriers.
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Figure 2. Structure types commonly found in the A3;MXg solid electrolytes.
Alkali ions (A) are green, metals (M) are magenta, and halide (X) are gold.
The structure types are divided into those that adopt cubic close-packed (ccp)
and hexagonal close-packed (hcp) halide sublattices. A single AXg octahe-
dron (green) is shown to highlight the octahedral coordination environment
of the mobile alkali ions.

the A- and M-site cations. Both the alkali ions and trivalent metal
ions occupy octahedral sites and the different structure types are
distinguished by close-packing of the halide sublattice. Cubic close-
packed (ccp) structures are found for the OD and 2D variants of the
Li3ScClg structure type. We note that the 0D and 2D variants of the
Li3ScClg structure type are effectively identical and are only
distinguished by ordering of the A and M cationic sublattice. A
distorted ccp sublattice is also found in the cryolite “double
perovskite” structure type that is typically observed for larger alkali
ions. The ccp halide sublattices are often found for materials in
which the radius of the M site is small relative to the size of the
coordinating halides.?® Alternatively, structure types with hexagonal

close-packed (hcp) anion sublattices are often found in the AzMX¢
family for larger M-site ions. These structure types include 0D
orthorhombic LizYbClg-type (Pnma), 1D trigonal LizYClg-type
(P3m1), and 0D trigonal NazInClg-type (P31c). An in-depth discus-
sion of how the combination of A, M, and X sites favors particular
structural topologies has been presented elsewhere.'*?%** A com-
piled table of A3MXs structure types and phases relevant to the
remainder of this Review are presented in Table I.

Ion migration pathways.—Packing of the halide sublattice in the
A3MX, family dictates the geometry of the ion migration pathways
and the coordination environment of the interstitial sites through
which mobile ions migrate.*® In ccp structure types, ion transport
proceeds through an oct-tet-oct pathway, in which mobile ions hop
between neighboring octahedral sites through a tetrahedral inter-
stitial (Fig. 3a). In contrast, ion migration in hcp structures occurs
through an oct-oct-tet-oct pathway; mobile ions migrate through the
shared triangular face of two AXs octahedra and then through the
neighboring tetrahedral interstitial site (Fig. 3b). We anticipate that
the differences in migration pathways will affect how aliovalent and
isovalent substitutions impact ion transport in these materials by
impacting the migration barrier as well as the formation of vacancies
and interstitials. The specific effects will be discussed in greater
detail in the respective sections, below.

Aliovalent Substitution

Aliovalent substitution involves replacing ions in the host
structure of the SE with ions of differing formal charge and has
been widely employed to enhance ionic conductivity in the AzMX¢
family as well as other SEs. The enhancement in ionic conductivity
is brought about by two distinct local effects: (a) creation of
vacancies and interstitials, and (b) modification of the energy
landscape in the diffusion channels in a way that lowers the
migration barrier.

The increase in the mobile ion vacancy (or interstitial) concen-
tration is often rationalized by considering that the additional charge
due to aliovalent substitution is compensated by the formation of
charged vacancies or interstitials. This ignores the potential for
electronic compensation, which is only valid for wide-bandgap
materials; these effects will be discussed in greater detail in the
Electrochemical Stability section.

We can understand the thermodynamic origin of the increase (or
decrease) in ionic conductivity by considering how the formation
energy of native defects in an SE change in response to aliovalent
doping. Defect formation energy (AEp,) can be determined from
first-principles calculations,*’™ where D denotes the defect type
(e.g., lithium vacancy Vyi;) and ¢ is the charge state (e.g., VEil).
Computed AEp , are typically presented in the form of a “defect
diagram”, which is schematically shown in Fig. 4. AEp, , of different
types of defects are plotted as a function of the Fermi energy (Ef),
which is referenced to the valence band maximum (VBM). For each



Journal of The Electrochemical Society, 2022 169 040551

Table 1. A;MXg solid electrolytes and structure types discussed in
this Review. Dashes indicate that the composition has not been
reported in the A3;MXg stoichiometry.

Structure Space
Material Type group Reference
L13A1F6 ZH4T3209 C2/c 25
LizAICIs" 1D LizYClg P3ml 26
Li;AlBrg — — —
Li;Allg — — —
Li;ScFg filled P3lc 27
Na,InClg

Li;ScClg 0D LizScClg C2/m 28, 29
Li;ScBrg 0D LizScClg C2/m 30
LisSclg © LisLalg 2 31
Li3IIlF6 —_— P21/m 32
Li;InClg 2D LizScClg C2/m 5,33
Li;InBrg 2D LizScClg C2/m 34
Li3IIlIG —_— —_— —_—
Li;YbFg — — —
Li;YbClg 0D LizYbClg Pnma 35
Li;YbBrg 2D LizScClg C2/m 28
Li;Yblg — — —
Li;ErFg — — —
Li;ErBrg 2D LizScClg C2/m 28
LisErlg 2D LizScClg C2/m 36
Li;YFg — — —
Li;YClg 1D LizYClg P3ml 35, 37
Li;YBrg 2D LizScClg C2/m 28, 37
LisYIg"” LisLalg 2 31
Na3AlFg Cryolite P2,/n 38
Na3AlBr5 — — —
NasAllg — — —
Na3ScFq Cryolite P2,/n 39
NasScClg Cryolite P2,/n 39
Na3zScBrg — — —
Na38016 — — —
NazInFg 0D LizScClg C2/m 40
NazInClg 0D Na3InClg P3lc 41
NazInBrg — — —
Na3In16 — — —
Na;YbFg — — —
Na3YbClg Cryolite P2,/n 42
Na;YbBrg Cryolite P2,/n 43
Na;Yblg — — —
N33EI'F6 — — —
NazErClg Cryolite P2,/n 10
Na3ErBrg Cryolite P2,/n 43
NazErlg — — —
Na3YF5 — — —
Naz;YClg Cryolite P2,/n 44
Na3YBrg Cryolite P2,/n 43
Na;YIe @ 2D LizScClg P2,/n 45

a) Computationally predicted.

defect, the slope represents the charge state at a given Ef such that
defects with positive g are donor-like and those with negative g are
acceptor-like.

For the sake of simplicity, let us consider a SE with negatively-
charged Li vacancies (Vi!) and a positively-charged native donor
defect, as shown in Fig. 4a. The equilibrium Fermi energy (Eg.cq),
denoted by the vertical dashed line, is obtained by self-consistently
solving the condition of charge neutrality between the positive

(@) (b)

Cubic close packing Hexagonal close-packing

AXg On AXg On

Figure 3. Local ion hopping pathways identified for structures with (a)
cubic close-packed and (b) hexagonal close-packed anion structures. Green
ions are mobile alkali ions and gold are halides. We have drawn halide-halide
bonds where relevant to highlight the geometry of the migration pathways.

(+ g defects, holes) and the negative ( — g defects, electrons) charges.
For a more detailed description, see Refs. 47 and 48. It is the
formation energy of the defects at Eg.q that is relevant; in wide-gap
materials such as SEs, Egq generally lies close to the intersection of
the lines representing the lowest-energy acceptor and donor defects.

When a sufficiently soluble donor aliovalent dopant is introduced
in the SE, it creates a donor state with low AEj, , (Fig. 4b). If AE ,
of the donor dopant is lower than the lowest native donor defect,
then Eg . shifts toward the conduction band concomitantly lowering
the formation energy of Vi;. At the same time, excess electrons are
generated because the Eg ¢q now lies closer to the conduction band. It
is worth noting that the excess charge created by the donor
alivovalent dopant is not completely compensated by the formation
of excess V;; excess electrons are generated, the concentration of
which can be relatively low compared to the ionic conductivity
depending on the position of Egq relative the CBM. Whether the
excess electrons (or holes) will contribute to electronic conductivity
depends on the shallow vs. deep nature of the defects. Nevertheless,
the simplified scenario presented in Fig. 4 provides a more detailed
thermodynamic picture of the effect of aliovalent doping and its
impact on the defect energetics.

M-site aliovalent substitution.—Aliovalent M-site substitution
has recently been employed as a strategy to achieve high ionic
conductivities across several members of the A;MX¢ family. Several
closely-related properties impact ion migration. Introduction of
higher-valency ions (e.g., Zr**, Hf*") is compensated by mobile
ion vacancies, which promote fast ion conduction by providing
available sites for mobile cations to jump to during their migration
process.”® Beyond tuning the mobile ion carrier density, M-site
substitution can also impact ion transport through changes to the
underlying crystal structure. Changes in bulk crystal structure and
rearrangement of the close-packed anion sublattice upon substitution
in heterostructural systems modifies the migration pathways and
conduction mechanisms. In isostructural or “alloy” substitution
systems where substitution does not induce a change in crystal
structure, introduction of extrinsic ions of differing size can expand
or contract the migration pathways to affect the migration barrier or
impact the local coordination environment surrounding mobile ions.
Thus far, tetravalent zirconium and hafnium are the most commonly
employed choice for aliovalent substitutions at the M>" site. Both
ions are found almost exclusively in the 4+ oxidation state and
therefore offer good redox stability®'”* and the ionic radii
(r(Zr*") =72 pm, r(H*") =71 pm)>* are most similar to that of
common M’ ions compared to other smaller tetravalent cations.
While M-site aliovalent substitution is a promising strategy for
improving ionic conductivity in ternary metal halides, the relation-
ships between the choice of substituting ion, extent of substitution,
structure, ion migration pathways, and ionic conductivity are
currently not well-understood. Here, we highlight existing studies
of M-site aliovalent substitution in an effort to develop an under-
standing of the complex interplay between structure, substitution,
and ion transport.
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Figure 4. Schematic of a defect diagram where the calculated formation
energy of a defect (AEp,) is plotted as function of the Fermi energy (Ep). (a)
Formation energy of native defects in a solid electrolyte, including the
acceptor Li vacancy (Vy;) and a native donor. The Ef is pinned close to the
intersection between the native acceptor and donor defects; AEp , at the
equilibrium Fermi energy Eg.q is relevant. (b) Formation energy of a
substituted extrinsic donor (e.g., Zr*t at M site in A;MXg) relative to the
native defects. When the donor substitution is favorable, Eg.q is shifted
toward the conduction band such that AEp, of Li vacancies is lowered.
Consequently, Vy; concentration and Li-ion conductivity increases.

Aliovalent substitution often induces a change in the crystal
structure and subsequently impacts ion transport properties. Figure 5
illustrates the trends in ionic conductivity and activation barrier for
M-site aliovalent substitution in several Li;MClg materials, and are
grouped by the crystal structures that are observed with aliovalent
substitution. The structural changes upon aliovalent substitution in
Lis_,Yb,_M.Cls (M'=Zr*", Hf*") are particularly intriguing, as
the observed structures depend on the preparation temperature.
When prepared at low temperatures (7= 350 °C—-400 °C),
Li;YbClg adopts the trigonal Li;YClg structure type (P3ml) with
an hcp anion sublattice (Fig. 5a). Upon substitution, the ionic
conductivities increase by approximately an order of magnitude
from 1075 to 107* S ecm™" for x = 0 to x = 0.1. At 20% substitution,
the structure changes from the trigonal structure type to the layered
2D Li3ScClg structure type (C2/m) characterized by the lessdense
ccp anion sublattice.'>'* At this point, the conductivity plateaus and
then decreases with further aliovalent substitution. Distinct structural
behavior of Li;_,Yb;_,M;Cls is observed when the materials are
prepared at higher temperatures (7'= 550 °C-600 °C), as shown in
Fig. 5b.'*'* The unsubstituted Li;YbCls adopts an orthorhombic
structure (Pnma 1, hep) and transitions to a distorted orthorhombic
structure (Pnma I, hep) upon ~25% substitution of Zr*™/Hf*".
Similarly to the materials prepared at lower temperatures, the
conductivity increases rapidly for x =0 to x = 0.25 and then begins

to decrease with further substitution. The ability to direct the
formation of either ccp or hep structures through judicious choice
of preparation conditions provides an exciting avenue to design
substituted metal halide SEs with desirable structure types.

LizYClg and LizErClg exhibit similar structural behavior upon
Zr*" substitution (Fig. 5¢).>* Both unsubstituted materials adopt the
trigonal LisYClg structure type (P31, hep). The trigonal structure is
retained for Zr*" substitution up to 10%, at which point a mixed
phase region is observed from x = 0.1 to x = 0.4 for both materials.
Above x = 0.4, the substituted structures adopt the distorted orthor-
hombic structure (Pnma II) familiar to the high-temperature poly-
morphs of Li;_,Yb;_,M;Cls (Fig. 5a,b)."314 It is interesting to note
that the general trends in ionic conductivity and activation barrier are
fairly conserved for heterostructural substitutions across the compo-
sitional and structural variants shown in Fig. 5, suggesting that the
underlying migration pathways are impacted similarly by aliovalent
substitution in these heterostructural systems.

Both zirconium and hafnium exhibit low solubility into the host
structures of Li;YbClg, Li;YClg, and LizErClg before bulk changes
in the crystal structure are observed. We attribute the low solubility
limits of Zr*" to the disparate structures of the Li;MClg and Li,ZrClg
endmembers. Li,ZrClg adopts a monoclinic structure (C2/m) with a
cubic close-packed anion sublattice that is nearly identical to the
layered Li3;ScClg structure type. In contrast, the LizMClg materials
presented in Fig. 5 adopt structures with hexagonal close-packed
anion sublattices. We propose that competition between ccp and hcp
sublattices is responsible for driving the phase transitions at low
concentrations of Zr**. While we do not have structural data for
Li,HfCl, the similar sizes and chemistries of Zr*™ and Hf*"
presumably favor the formation of similar structures. Beyond our
speculation, a fundamental understanding the driving forces between
these structural changes is necessary to exploit phase transitions as a
design principle in the AzMXe family.

In contrast to the heterostructural systems discussed above, Zr*"
substitution in Li3;InClg does not induce changes in the crystal
structure or anion close-packing. LizInClg adopts the layered 2D
Li;ScClg structure type (C2/m, ccp) with alternating layers of InClg
and LiClg octahedra (Fig. 2). Upon Zr*" substitution, the C2/m ccp
structure is preserved across the solid solution series between
LizInClg and Li,ZrClg, though Helm et al. note diminished crystal-
linity above x = 0.5.'>'> The ability to alloy LizInCle and Li,ZrCls
presumably stems from the fact that the endmembers are isostruc-
tural; both adopt cubic-close packed structures (C2/m) with layered
slabs of MClg and LiClg octahedra.>>® Therefore, the influence of
Zr** substitution on the ionic conductivity in Li;_In; ,Zr,Clg will
arise from a combination of Li* vacancies and changes in the
volume of the migration pathways rather than changes in crystal
structure or migration pathways.

Zr*" substitution generally appears to increase the ionic con-
ductivity of Liz_,In; ,Zr,Clg (Fig. 6a).'>'> In the study by Helm
et al, the ionic conductivity increases monotonically from
47 x107*Sem™! for LisInClg and reaches a maximum of
12x 102 Sem™" at x=04."" Luoet al. identified a maximum
ionic conductivity at x = 0.1, though it is difficult to identify a trend
in the ionic conductivities with Zr*" concentration.'? Rather, the
ionic conductivities reported by Luo et al. appear to trend roughly
with the unit cell volumes in this study. This result is distinct from
Helmet al. which demonstrated a linear decrease in lattice para-
meters with increasing Zr**.'> The differences observed between the
studies by Helm et al. and Luo et al. suggest that the structures and
ionic conductivities in these materials are highly sensitive to
preparation and measurement methods. Interestingly, both Helm
et al. and Luo et al. identified a substantial increase in cation disorder
upon Zr** substitution. In LizInClg, the InClg and LiClg octahedra
are separated into distinct slabs. Upon substitution, the Lit ions
begin occupying the cation sites within both layers and effectively
enable diffusion along the layer stacking direction. The reorganiza-
tion of the lithium substructure and newly-formed 3D migration
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Figure 5. Relationships between substitution amount, room-temperature ionic conductivity (o300k), and activation barrier (E4) for members of the A;MX¢ family
for which substitution is accompanied by a structure change. The blue and pink shaded regions highlight the concentration ranges of the observed structures;
gradients indicate mixed phase regions. The close-packed planes of the halide sublattices are shown in the structural representations above. M-site aliovalent
substitutions for Li;_,Yb; M’ Clg (M'= Ze*t, HEYY) prepared at (a) low temperatures (350 °C—400 °C) and (b) high temperatures (550 °C-600 °C)."3 1 1n (c),

Zr*" substitution in LisYClg and LisErClg are shown.”*

pathways combined with mobile ion vacancies is proposed to enable
higher ionic conductivities in Li;_,In; ,Zr,Cls. Although it is
challenging to separate the impacts of crystal structure, vacancy
formation, and bottleneck size on ionic conductivity, the ability to
retain the cubic close-packed sublattice while restructuring the
mobile ion migration pathways presents an exciting opportunity to
couple these effects to design A3MXe materials with beneficial ion
transport properties.

The impacts of aliovalent M-site substitution are also readily
extended to the sodium-based analogs. As shown in Fig. 6b, substitu-
tion of Zr*" in Na3YClg'! and NasErClg'° is accompanied by a nearly
five orders-of-magnitude increase in the ionic conductivity from
~107°Sem™ to ~10°Scm™'. Similarly to the example of
Li;_,In; ,Zr,Clg (Fig. 6a), both NazYCls and NazErClg adopt struc-
tures with distorted ccp halide sublattices (cryolite, P2,/n) and the
crystal structures are conserved up to ~85% Zr*", at which point mixed
phases and the Na,ZrCls endmember (trigonal, P3m1) are observed.”’
The ability to alloy ccp structures of NazYClg and NazErClg with the
hep structure of Na,ZrClg is intriguing in the context of the substantial
structural changes observed in the Li-based systems that exhibit
disparate anion sublattices between the endmembers. For example,
only 20% 7t is permitted to substitute in Li;YbClg (hcp) before a
bulk structural change to the structure of Li,ZrClg (ccp) (Fig. 5a). This
observation suggests that either the distorted ccp sublattice of the
cryolite structure type is more amenable to these substitutions or that
the larger size of the Na™ alkali ion stabilizes the ccp structure across a
broader compositional space. The ability to preserve the less-dense ccp
structure while simultaneously tuning the concentration of mobile ion
vacancies therefore presents a materials design strategy for achieving
high ionic conductivities in other members of this SE family.

We can attribute the trends in Na-ion conductivities with Zr*"
substitution to several conflating factors. Schlem et al. noted that the
volume of the octahedral Na' sites in Na;_,Er,_,Zr,Cls remains
fairly constant for x = 0-0.6 despite an overall contraction of the
unit cell.'” This observation suggests that the volume of the Na™

migration pathways is initially unchanged with Zr*" substitution,
and thus the rapid increase in ionic conductivity from x = 0-0.2 is
likely enabled by the formation of Na' vacancies. At higher
concentrations, the increasing number of vacancies competes with
shrinking unit cell volume and the electrostatic stabilization from
reduced Na-Na interactions, resulting in a decrease in ionic
conductivity beyond x = 0.6. These observations suggest a complex
interplay of factors that contribute to the observed Na-ion transport
properties.

The impacts of aliovalent M-site substitution on ion conduction
are, in a large part, based on the presence of a cubic close-packed or
hexagonal close-packed sublattice structure. This is exemplified by
comparing the ionic conductivities of unsubstituted members of the
LizMX¢ family. As shown in Fig. 6, the ionic conductivity of
LizInClg before substitution is substantially higher than other
members of the LizMClg family; the unsubstituted materials pre-
sented in Fig. 5 tend to exhibit ionic conductivities on the order of
107°-10"* S em ™', while LizInClg exhibits an ionic conductivity of
47 x107*Sem™"."> This observation can be rationalized by con-
sidering the close-packing motifs of the anion sublattices; the lower
packing density of the ccp LizInClg structure is conducive to higher
ionic conductivities than the hcp structures types adopted by the
materials presented in Fig. 5.

Close-packing of the anion sublattice further dictates the migra-
tion pathways and the subsequent impact of mobile ion vacancies on
ion transport. As shown in Fig. 3, ion migration in ccp structures
proceeds through an oct-tet-oct interstitial pathway, while ion
migration in hcp structures proceeds through oct-oct-tet-oct
pathway. We hypothesize that mobile ion vacancies will more
strongly impact ion transport in hcp structures compared to ccp
structures. In hep structures, the mobile ions must move between two
adjacent octahedra through the direct oct-oct part of the pathway
without an intermediate interstitial site (Fig. 3b). As such, we
hypothesize that introducing a mobile ion vacancy at the octahedral
sites would lower the migration barrier for this part of the pathway.”'
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Figure 6. Impact of Zr*" M-site aliovalent substitution in cubic-close
packed structures (a) LizInClg'>'® and (b) NasMClg (M = Y**, Er*H)!0!!
on room temperature ionic conductivity (o300k) and activation barrier (E,).
The cubic close-packed anion sublattice is preserved across the substitution
range.

In contrast, the migration pathway for ccp structures involves an
interstitial mechanism (oct-tet-oct) that we hypothesize is less
strongly impacted by the presence of mobile ion vacancies. This
hypothesis is supported by the observed impact of mobile ion
vacancies on the ionic conductivity in hcp vs ccp structures; in hcp
structures (Fig. 5), introduction of lithium ion vacancies is accom-
panied by an order of magnitude increase in ionic conductivity for
even 10% substitution. Conversely, the increase in ionic conduc-
tivity for 10% Zr*" substitution in LizInClg is far less pronounced.

While M-site aliovalent substitutions have focused primarily on
higher-valency ions to introduce mobile ion vacancies as a strategy to
improve ionic conductivity, there have been a small number of studies
focused on substitution of divalent ions at the M-site. In contrast to
Zr*T/Hf*" substitutions that are compensated by mobile ion vacancies,
introducing divalent ions at the M-site would be compensated by filling
mobile ion vacancies or by excess holes as electronic carriers. Thus,
they are not anticipated to be a desirable substitution for improving
charge transport or electrochemical stability in the A3;MXg SEs. This is

exemplified in a study by Tomitaet al., which demonstrated that
substitution of Zn*", Co®", and Fe>™ in LisInBrg was accompanied by a
decrease in ionic conductivity in the superionic phase.'® The authors
attributed this observation to compensation by excess Li' ions.
Interestingly, a computational study by Wan and Ciucci suggested that
Sr** substitution in Liz, .Y, ,Sr,Clg lowers the activation barrier for
Li-ion conductivity despite the excess mobile ions.*® This observation
can be explained by the larger size of Sr** compared to Y>*, which
expands the physical volume of the ion migration pathways. We also
note that divalent ions could feasibly substitute on either the A site or
the M site with little discrimination (as discussed in more detail in the
following section). As these substitutions will have distinct compensa-
tion mechanisms, further studies are necessary to understand the
preferred substitution sites within the structure and how divalent ion
substitution dictates ion transport properties in these materials. Overall,
M-site substitution studies have revealed that this type of material
modification is beneficial to the ionic conductivity via generation of
additional mobile ion vacancies that aid conduction mechanisms. In
heterostructural systems, induced phase transitions alter the structure to
more favorable anion sublattice types that are beneficial to ion
migration pathways.

A-site aliovalent substitution.—Aliovalent substitution at the A
site presents another strategy to modulate the vacancy concentration
of mobile ions to impact ion transport. Divalent alkali earth (AE)
ions are a natural choice for substitution at the A site and may be
compensated by mobile ion vacancies according to the chemical
formula A;_,,(AE) MXe. This is exemplified by studies by Tomita
et al. which demonstrated szystematic substitution of the alkali earth
series (Mg?™ — Ca®>™ — Sr* — Ba®") in the superionic phase of Li
3_2(AE),InBrg.>***% In the superionic phase (7> 314 K), LisInBrg
adopts the layered monoclinic structure familiar to Li;InClg with 2D
conduction lithium-ion migration pathways between the InBrg sheets
(Fig. 7a). Despite the increase in Li* vacancies upon substitution of
the alkali earth ions (AE = Mg2+, Ca2+, Sr2+), the lithium ion
conductivity decreases, as shown in Fig. 7b.°° Interestingly, the
decrease in ionic conductivity with alkali earth substitution in
Lis_»,(AE),InBrg is in direct contrast to recent studies of aliovalent
Ca”" substitution in the halide argyrodite Lig_,,Ca,PSsCl, in which
Ca”" substitution yielded higher lithium ion conductivities.®"*> One
hypothesis for the reduced ionic conductivities in Liz_»(AE),InBrg
is that the AE ions are not substituting at the A site but rather occupy
the trivalent M site. In this scenario, the excess charge could be
compensated by excess lithium ions that leads to lower ionic
conductivities. Alternatively, in the scenario where the AE ions are
replacing Li™ ions, the differences in the structural topologies
between the layered LizInBrg and cubic argyrodite Lig_,,Ca,PSsCl
may be responsible for how AE substitution influences ion conduc-
tion. We hypothesize that the layered structure of Liz;InBrs may
restrict the available lithium ion migration pathways such that
immobile alkali earth ions disrupt the migration pathways for lithium
ions despite the larger number of mobile ion vacancies. In contrast,
the 3D migration pathways available in the argyrodite structure may
provide a larger number of energy-equivalent sites for lithium
migration and are therefore less impacted by the presence of the
immobile alkali earth ions. Further studies of A-site aliovalent
substitution in A3;MXe materials are necessary to understand the
interplay of mobile ion vacancies and the dimensionality of the
migration pathways.

X-site aliovalent substitution.—Aliovalent substitution at the
halide X site is the least commonly observed modification in the
A3MXe family. Unlike substitution at the A or M sites, it is not
possible to form donor defects that modulate the concentration of
alkali ion vacancies through aliovalent substitution at the X site.
Sulfide (S*>7) is the most probable aliovalent substitution at the
halide site, as sulfide has a similar ionic radius to chloride and
sulfide/halide mixing is well-known in other solid electrolyte
families (e.g., LigPSsCL % Lis 3A1S53Clo-*). In the A3MX, family,
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Figure 7. Aliovalent substitution of varying alkali earth (AE) ions at the A
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shown in (a). Experimental ionic conductivities and activation barriers
measured for varying AE ions is shown in (b). Data in (b) are reproduced
from Tomita et al.*

the excess negative charge of the sulfide ion may be compensated by
a halide vacancy, by the inclusion of excess alkali ion
(Liz, «MClg_,S,), or by the inclusion of excess trivalent metal ions
(Li3M1+%xC16,xSx). Electronic charge compensation by excess holes

will likely incur a large energy penalty to further oxidation due to the
filled octets of the constituent ions. To our knowledge, there has only
been one report of aliovalent sulfide substitution in LizInClg by
Yamagishi et al.,” though the compensation mechanism and elec-
trochemical properties of the substituted material have not yet been
reported.

While aliovalent halide substitution by sulfide will not likely
provide desirable defect compensation mechanisms for vacancy
tuning, the large polarizable sulfide ion can potentially impact ion
transport properties through other mechanisms. The larger size of S>~
compared to C1~ expands the unit cell volume in LisIn(CL:S)s,%® which
may yield larger bottleneck sizes for ion diffusion and reduced
activation barriers. Halide/sulfide site disorder is also well-known to
reduce activation barriers across a variety of solid electrolyte chemis-
tries (i.e., LigPSsBr,® Li;3AlS;3Clo7,"* Lis . »,CaPSs Cl;;,%)
and such disorder may provide a similar effect in substituted alkali
metal halides. Finally, the soft and polarizable sulfide ion may soften
the potential energy landscape experienced by the mobile ions to
reduce activation barriers for jon conduction.®”® Altogether, these
effects have been demonstrated to lower the activation barriers for ion
conduction in other materials families, but are still unexplored in the
A3MX, family.

Isovalent Substitution

While aliovalent substitution provides more possibilities for
increasing ionic conductivity through systematic increases in defect
concentrations and lowering of ion migration barriers, isovalent
substitution can similarly influence the host lattice structure to
enhance ion conduction. Isovalent substitution or alloying occurs
when ions in the host structure are replaced by differing guest ions
with the same formal charge. As the substituted ion does not directly

induce a change in the concentration of defects by changing ionic
charge, the primary impacts to the ionic conductivity are the result of
manipulations to the host structure to influence the migration barrier
(E,,). Substituting ions of differing size and polarizability induces
changes in the volume of ion migration pathways and influences
local bonding environments, ion migration energy barriers, and
lattice dynamics to impact ion transport.

M-site isovalent substitution.—M-site isovalent substitutions
involve partially replacing with another cation in 34 formal
oxidation state. As discussed previously, the M-site cation greatly
influences the structure of the A;MXj solid electrolyte. As such, M-
site isovalent substitutions may be categorized into alloys that are:
(1) isostructural, and (2) heterostructural. When M-site substitution
does not trigger a global structural change, it is considered an
isostructural alloy and changes in Li-ion conductivity and other
properties are attributed to local effects. Heterostructural alloying,
on the other hand, is accompanied by structural changes as a
function of degree of substitution. Here, both global and local
effects contribute to battery-relevant properties, including Li-ion
conductivity and electrochemical stability.

Studies that have investigated the effect of M-site isovalent
substitutions (or alloying) are limited to heterostructural In**
substitution in LizY; ,In,Clg. Liet al. found that increasing In
content triggers a structural change from the metastable orthor-
hombic Li;YbCle-type (Pnma) at x =0 to trigonal Li;YClg-type
(P3m1) at x =0.1 to monoclinic 2D Li;ScClg (C2/m) for x > 0.2.°
The transition from hcp structures to the ccp LizScClg structure is
accompanied by a 10-fold enhancement in the room-temperature Li-
ion conductivity for x = 0.2, as shown in Fig. 8. The substantial
increase in ionic conductivity is attributed to the ccp sublattice,
likely due to the lower packing density compared to hcp structures.®
Given the diversity of structures in the A3;MXe family of solid
electrolytes and the ability to control halide close-packing by tuning
the composition, it will be worthwhile to explore the rich and vast
phase space of heterostructural alloys realized through isovalent
substitutions.

In the absence of bulk structural changes, M-site isovalent
substitution can also impact ion transport by tuning the volume of
the migration pathways. Wan and Ciucci computationally investi-
gated the effect of Sc** and La®" isovalent substitutions on ion
transport in Li;YCls.”® The authors found that substitution of Sc®* is
energetically favorable compared to La>", which correlates with
their ionic radii relative to Y (smaller S¢*>* r=0.75 A, larger La>*
r=1.03 A). From ab initio molecular dynamics simulations, expan-
sion of the ion migration pathways with substitution of the larger
La®" is predicted to lower the activation barrier and improve Li-ion
conductivity relative to the unsubstituted LizYCle.

Liuet al.”® systematically explored the Li chlorides in the
Inorganic Crystal Structure Database (ICSD) with fcc and hep anion
sublattices and identified 20 unique structures with renormalized
compositions that can be represented by Li,MCly, by Li,M,,;Cly, and
by LiM,;,Cly. Using high-throughput density functional theory
(DFT) calculations, isovalent and aliovalent substitutions were
performed to realize hypothetical structures that were assessed for
their phase stability, electrochemical stability window, and Li ion
conductivity. In addition to aliovalent substitutions, the study
provides insights into the effect of isovalent substitutions on the Li
substructure. The existence of Li,AlCl, phases also suggest the
possibility of Al isovalent substitutions in LizMXe, even though
LizAlXs does not exist or has not been experimentally realized.

A-site isovalent substitution.—A-site isovalent substitution in the
A3;MXg family and the influence on ion transport are not yet reported,
but we can develop predictions for the resultant properties based on
the effects of alkali substitution in other solid electrolyte systems.
The “mixed alkali effect” has a pronounced and detrimental effect on
the ionic conductivity in the [-alumina-type solid electrolytes.
Gradual sodium substitution for potassium in K-(-gallate is
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accompanied by a sharp, non-linear decrease in ionic conductivity at
20% Na™.”' A similar effect is found when Na™ is gradually
replaced with Li" ions in (B-alumina.”> This effect has been
explained in the context of percolation theory, where local ordering
of the alkali ions at the percolation threshold creates a stabilizing
effect that raises the activation barriers for ion conduction.”

Beyond the “mixed alkali effect”, alkali substitution can impact
the observed structure type, and therefore the ion migration path-
ways, of the A;MX¢ family. As illuminated in Table I, many of the
Na-based metal halides adopt the cryolite “double perovskite”
structure type, while other structure types are observed for the Li-
based analogs. Similarly, perovskite-like structural topologies are
also observed for the larger alkali ions. One consequence of alkali
substitution is the potential formation of cation-ordered perovskite
phases when /5 of the Lit or Na™ ions are replaced with larger
alkalis. For example, replacing two Li* ions with Cs* to form
Cs,LiMX¢ results in an ordered double perovskite (‘“elpasolite”)
structure type, in which the Li* and Cs™ cations form an ordered
sublattice.”” To our knowledge, the elpasolite family does not
exhibit appreciable ionic conductivity.

Between the “mixed alkali effect” and the formation of non-
conducting structure types, we anticipate that alkali mixing will be
detrimental to ion transport properties in the A;MXq family.

X-site isovalent substitution.—Halide substitution directly im-
pacts the physical volume of the ion migration pathways in the
A3;MXg family of materials. Early studies by Tomita et al. demon-
strated the impact of halide substitutions on the structure and ionic
conductivity of LisInBrg.”> Substitution of Br~ with I” was found to
expand the volume of the unit cell and yielded the highest ionic
conductivity and lowest activation barrier for Li;InBr;l;. In contrast,
F~ substitution resulted in a contraction of the lattice and a reduction
in the ionic conductivity.”” The differences in ion transport between
the F™- and I -substituted analogs are attributed to changes in the
volume of the migration pathways and the polarizability of the halide
(to be discussed in greater detail below). In contrast, chloride
substitution has a unique impact on the structure and ionic
conductivity in LizInBrg_,Cl,. LizInBrg is reported to undergo a
phase transition above 7=314K to a superionic phase that is
isomorphous with Li;InCle.”® Interestingly, chloride substitution
stabilizes the superionic phase below room temperature for x > 3 in
LizInBrg_,Cl, and subsequently yields higher room-temperature
ionic conductivities for the substituted analogs despite the decrease
in lattice volume.'” The highest ionic conductivity found for
Liz3InBr;Cl; has been explained by considering changes in the
character of the LiClg vs LiBrg bonding environments.”’

In addition to the physical size of the migration pathways, the
halide sublattice also dictates the observed structure type and anion
close-packing. For example, Liz;YClg adopts the 1D trigonal
structure type (P3ml) with an hcp sublattice, while LizYBrg adopts
the layered LizScClg structure type (C2/m) with a ccp sublattice.*®
When alloyed, Liz;YCl;Br; appears to adopt the ccp monoclinic
structure familiar to the bromide and is reported to achieve room-
temperature ionic conductivities up to 7.2 x 107> Scm™'. This
increase in conductivity can be attributed to occupancy of Li ions
in the tetrahedral interstitial sites enabled by the halide alloying
coupled with the lower-density ccp structure that facilitates higher
ionic conductivities.'®

Halide substitution further offers a handle to tune the polariz-
ability and mechanical properties of metal halide solid electrolytes to
impact a suite of battery-relevant properties. Generally, solid
electrolytes with softer and more polarizable frameworks tend to
exhibit lower activation barriers and higher ionic conductivities, as
more polarizable anion species screen the charge of the mobile ions
to weaken the interactions between the mobile ion and the host
framework. Mechanically softer structures also exhibit lower-energy
lattice vibrations that can assist in ion migration to lower the
activation barriers.®®’®”® Mechanically-soft solid electrolytes also
hold promise for use with lithium metal anodes, as they are
hypothesized to prevent the growth of parasitic Li dendrites that
result in premature battery failures.® Calculations of the elastic
properties of the LizMXq solid electrolytes illustrate that larger
halides universally produce mechanically softer materials regardless
of the choice of M-site cation.>* The trends in mechanical properties
are also generally correlated with ion transport properties. As
discussed above, 1™ substitution in Li3;InBrg increases the ion
diffusivity while the opposite trend is observed for F~
substitution.” This behavior is supported by a computational study
of the Li;YXg series by Wanet al., which demonstrated that the
higher Bader charge on both F~ and Li* and shorter Li-F distances
resulted in higher ionicity of the Li—F interactions that stabilized the
Li ions at the octahedral sites compared to the other members of the
halide series.”®

It is important to note that the impacts of halide substitution (e.g.,
bottleneck size, structure type, mechanical properties) on ion
transport occur in tandem and their contributions cannot be easily
isolated. This is exemplified by LizInBrs_,Cl, and LizYClg_,Br,;
the highest ionic conductivities were found at the 50% alloy
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compositions due to a “Goldilocks” combination of lattice volume,
polarizability of the Li—X bonding environment, and stabilization of
structure types that enable high ionic conductivity.>**7>

Electrochemical Stability

Understanding the impact of chemical modifications on the
electrochemical stability of SEs is paramount to their performance
in full-cell battery architectures. In the present context, we refer to
the electrochemical stability window as the voltage range over which
the electrolyte does not participate in charge-transfer reactions with
the electrodes. The electrochemical stability window is dictated by
several metrics, including alignment of the valence and conduction
band edges of the electrolyte with respect to the Fermi level of the
electrodes, the stability of the electrolyte with respect to changes in
mobile ion concentration, and the phase stability of the electrolyte
with resg)ect to the chemical potential of the constituent
elements.® "> Here, we discuss how substitutions in the AsMXe
family impact their electrochemical stability windows in the context
of the conduction and valence band alignments and in the context of
phase stability.

Band-edge approach to electrochemical stability.—Within the
band-edge approach to electrochemical stability, the electrolyte is
considered stable against oxidation if the energy of the valence band
maximum relative to vacuum (the ionization potential) is lower in
energy than the Fermi level of the cathode. Conversely, the
electrolyte is considered stable to reduction if the energy of the
conduction band minimum relative to vacuum (the electron affinity)
resides above the Fermi level of the anode.”**® Wider band gaps are
therefore typically correlated with improved electrochemical stabi-
lity of SEs.

We have constructed molecular orbital theory diagrams of a
single MX¢ octahedron to provide qualitative insights into the impact
of both isovalent and aliovalent substitutions on the electrochemical
stability windows in this material family. We first consider the
symmetry-adapted linear combinations (SALCs) of the halide ligand
group orbitals in combination with the frontier atomic orbitals of the
trivalent metal. Each of the six halides contributes three filled p
orbitals. Within the O, point group of the octahedron, this produces
6 o-bonding (I'eq=A,+E;+T;,) and 12 m-bonding
(Crea=Tig+ Tog + Ty, + T2,) SALCs (Fig. 9). The six halides
bring 36 total electrons and each ligand group orbital is fully
occupied. When the metal site is occupied by a Group 13 p-block
metal (i.e., In*", Ga’*, AI’"), the A, and T, group orbitals have
the appropriate symmetry and energy to interact with the empty s
and p orbital*s of the metal,* producing a o/o” set with A, ¢ Symmetry
and one o/c and two w/m sets with 74, symmetry. The remaining
SALCs (T1g, Tou» Eg, To,) form a manifold of occupied non-bonding
halide states that do not possess the correct symmetry to undergo
bonding interactions and thus comprise the highest occupied states.
The lowest unoccupied states are dictated by the antibonding Af’;
states derived from hybridized M s — X p states. When the metal site
is occupied by a transition metal (i.e., S¢*T, Y*T, Zr*T, Hf*"), the d
orbitals of the metal are permitted to engage in bonding with the
formerly non-bonding E, and T, ligand group orbitals, as shown in
Fig. 9. If the transition metal d orbitals are empty (d%), then the
remaining non-bonding halide SALCs (T4 T,) comprise the
highest occupied states, while the Tz’i, 7 set dictates the lowest
unoccupied states.

From this simplified molecular orbital theory approach, we can
construct a set of guiding principles for how composition and
substitutions impact the upper bounds on the electrochemical
stability windows in the A3MX4 family. We find that the ionization
potential is pinned at the halide non-bonding states and the oxidative
stability is therefore dictated by the choice of the halide. This
observation is consistent with the observed trends in oxidative
stability across the halide series (F~ > Cl~ > Br~ >1") shown in

Fig. 10a.>*®® This conclusion also holds implications for the
incorporation of aliovalent anions at the halide site. For example,
incorporating the less electronegative S>~ ion will likely push the
ionization potential to higher energies and reduce stability at higher
voltages. From this analysis, we can conclude that metal-site
substitutions will not likely impact the oxidative stability to a first
approximation, assuming that the metal is not redox active. This is
illustrated by the example of Li, ¢Ing 9Zr 1Clg, which demonstrated
comparable oxidative stability to the parent Li;InClg (Fig. 10b)."?
The interaction between the M and X electronic states dictates the
reductive stability of the A;MXs SEs. This is exemplified by the
differences in the reductive stability for different M-site ions
(Fig. 10a). When the M site is occupied by a p-block metal (e.g.,
In*", Bi*"), the lowest unoccupied state is derived from the Af;

state, which resides at lower energies compared to the TZ’Z, set that
forms when the M site is occupied by a d-block metal (Fig. 9) and
produces a smaller bandgap. The smaller bandgap and lower lying
states result in a higher reduction potential of ~2.4 V for In*" and
Bi** compared to <1 V (vs Li/Li") for the d- and f -block analogs.>*

Using this MO theory approach, we can predict the impact of
substitutions on the electrochemical stability window. As shown
in Fig. 9, Zr*" substitution for In>" results in the formation of the
antibonding 7>, 7" set at higher energies than the Af:, set and will

likely improve the reductive stability. This notion is consistent
with a computational study by Kim et al.>* As the electron affinity
is dictated by the M — X interaction, halide substitution also
plays a role in determining reductive stability. For example,
fluoride substitution in LizYBrs;Fg3; improves the reductive
stability relative to Liz;YBre and enables stable cycling against
lithium metal (Fig. 10c).%3

The impact of isovalent subtitution at the M site on electro-
chemical stability windows has been explored computationally in
study by Wan and Ciucci.”® As expected from the MO theory
diagram, substitution of S¢*™ and La®" in Li;YCly does not impact
the oxidative stability that is dictated solely by the chloride states.
The reductive stability limits proceed as LizYslaysClg =
LizYClg < Li3Y5,6Sc16Clg. The higher reductive stability of the
Sc*-substituted material is attributed to the higher electronegativity
of Sc** compared to Y**, which likely pushes the lowest unoccu-
pied states to higher energy.

Furthermore, this analysis also demonstrates that, in order to
retain the desirable electrochemical stability of the host material,
substituting ions should possess a filled shell such that they do not
contribute excess electrons that will populate the anti-bonding states
at the conduction band minimum. This can be rationalized by
considering the MO diagram for the transition metal chloride
octahedron in Fig. 9. The lowest unoccupied states are derived

from the empty TZ, states. However, the inclusion of excess d
electrons would occupy the TZ set and would substantially impact

the oxidative stability limits of the electrolyte. We emphasize that
this MO theory approach does not account for phase stability of the
electrolyte nor the chemical reactions that may occur at the
electrode-electrolyte interfaces. Rather, this method provides a
simple and approximate prediction for how substitutions can impact
the electrochemical stability.

Phase stability.—Although we have demonstrated that a simpli-
fied MO theory approach can predict how substitutions will affect
the upper limits of the electrochemical stability window, the phase
stability of the SE in contact with electrodes or with respect to the
chemical potentials of the constituent elements is critical for
practical device performance. Unfortunately, identifying the che-
mical stability of an electrolyte and the potential decomposition
pathways are not as easily predicted without enlisting first-principles
quantum mechanical calculations to obtain total energies.

We first consider the phase stability of the A;MXs family and
potential decomposition reactions with electrode chemistries. Kim
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Figure 10. (a) Electrochemical stability windows of varied solid electrolytes
of the A3zMXg family (Fig. reproduced with permission from 24 © American
Chemical Society). In (b), Zr*" substitution in Liz;InClg does not impact
oxidative stability relative to the unsubstituted parent compound (Fig.
reproduced with permission from 12 ©2021 American Chemical Society).
In (c), fluoride substitution in Li;YBrs ;F( 3 improves reductive stability (Fig.
reproduced with permission 83 ©2021 John Wiley and Sons).

et al. used computations to identify the decomposition products of
the LizMX¢ family with oxide cathodes and lithium metal. Across
various  oxide cathodes, including LiMn,O, (LMO),
Li(NiMnCo),30, (NMC), and LiCoO, (LCO), common decom-
position products of the LizMXg family include the binary phases
LiX and M>05.>* When in contact with lithium metal, the decom-
position is driven by the reduction of the trivalent metal species to
elemental M° for d- and f -block analogs or by the formation of
Li — M alloys for LizInX¢ and Li;BiXs.”

As the decomposition and phase stability are dictated by the M-
and X-site ions, both aliovalent and isovalent substitutions at these

sites are expected to alter phase stability and decomposition path-
wa}‘ys. Kim et al. used first-principles calculations to evaluate how
Zr*t substitution impacts the phase stability of LizInCls and
LisYCle.>* Zr** substitution in LisInCls does not appear to
substantially impact the electrochemical stability compared to the
parent compound. As supported by our MO theory diagram (Fig. 9),
the Zr—Cl1 anti-bonding states reside at higher energies than the In—C1
states and therefore do not significantly impact the reductive
stability. Reaction of Li,sIngsZrysClg with oxide cathodes is
predicted to form ZrO, as a decomposition product, which likely
reduces the oxidative stability relative to the parent compound.>* In
contrast, Zr*" substitution in LizYClg substantially impacts the
electrochemical stability compared to the parent compound. Zr*"
substitution substantially lowers the bandgap relative to the parent
compound, likely due to mixing of Zr-Cl vs Y—CI hybridized states
at the conduction band minimum. At oxidizing potentials, the
inclusion of Zr** favors the formation of ZrO, phases and results
in poorer oxidative stability. At reducing potentials, the formation of
zirconium chlorides raises the reduction potential by nearly 1 V.>*
We hypothesize that the distinct differences in phase stability for
Zr*" substitution in Liz;InClg vs Li;YClg may arise from structural
differences that dictate the solubility limits of Zr*" into the
respective structures. LizInClg and Li,ZrClg adopt nearly identical
monoclinic structures (2D Li3ScClg structure type) that enables
alloying between the two compositions. > In contrast, Li;YClg
adopts the trigonal P3ml structure type and experimental studies
demonstrate that only 20% Zr*" is permitted to substitute before
different structure types are observed.’* We suspect that these
structural differences impact the proclivity of a given substituted
material to undergo decomposition reactions with the electrodes.

Electronic conductivity—Lastly, we address the subject of
electronic conductivity in aliovalently-doped A3MXs SEs, which
currently does not garner enough discussion. Most SEs, including
oxides, sulfides, and halides typically have ultra-wide band gaps
(>4 eV) and therefore, the argument that large bandgap materials
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tend to be electronic insulators is often invoked to suggest low
electronic conductivities. Fundamentally, it is the concentration and
nature (deep vs. shallow) of the charged defects in a SE that
determine the free electronic conductivity. The tendency of large
bandgap materials to be electronic insulators is an empirical
observation, but not rooted in the fundamental origin of electronic
conductivity.

Recent studies have highlighted the issues of electronic con-
ductivity (o,) in SEs. Han et al. demonstrated that o, as low as 107°
S em™ can trigger nucleation and growth of Li dendrites in SEs.®* It
suggests that the ratio of electronic to ionic conductivity may not be
a sufficient criterion to gauge whether the SE is prone to Li dendrite
formation. Gorai et al. have shown through detailed first-principles
defect calculations that the experimentally-observed o, in topical Li-
and Na-ion SEs are due to the presence of charged point defects in
the bulk, even in undoped SEs.®® In doped SEs, the condition is
further exacerbated because of the creation of additional electronic
carriers (electrons, holes).

While measurements of electronic conductivity in doped A;MXg
SEs are often not available, first-principles defect calculations may
provide insights into the concentration of electronic carriers and
whether they are free carriers that contribute to electronic conductivity
or bound to defects as localized carriers. Figure 11 illustrates two
scenarios for an aliovalent donor dopant: (a) shallow donor, and (b)
deep donor. In a defect diagram, this is gleaned from the charge
transition levels (CTLs), which are the Fermi energy Ef at which the
favorable charge state of the defect changes, as identified by kinks in
the defect lines (Fig. 11b). CTLs correspond to the location of defect
states in the bandgap.

Shallow donors introduce defect states that are either resonant
with the conduction band or introduce defect states close to the
conduction band edge, typically within a few kg7 (kg is Boltzmann
constant). Ionized shallow donors will contribute free electrons to
the conduction band, and therefore, directly increase o,. Therefore,
shallow defects are identified by either an absence of CTLs within
the bandgap or CTLs close to the corresponding band edge, as
shown in the case of a shallow donor dopant in Fig. 11a. In contrast,
deep defects introduce states within the bandgap and are responsible
for trapping electronic carriers (Fig. 11b). In other words, electronic
carriers are bound to deep defect states and cannot be ionized to
form free electrons or holes. In principle, bound (or localized)
carriers cannot contribute to o, and therefore are desired to minimize
o.. In addition, the presence of impurity phases or extended defects,
such as grain boundaries and decomposition phases at the interfaces
with the electrodes, may also affect o, in real samples.

As A3MXg SEs garner more interest, there will be increased efforts
to improve ionic conductivity through aliovalent and isovalent sub-
stitutions beyond the handful that have been discussed in this Review.
In this context, we propose the following doping design considerations
with a focus on electronic conductivity: (1) substitutions should not

increase o, beyond 107°-107°Sem ™!, (2) aliovalent dopants that

increase ionic conductivity and introduce deep defect states are
desirable (vs. shallow states), and (3) o, should be rigorously and
systematically measured in doped A3;MXg SEs.

Outlook and Future Directions

Chemical modifications of A3MXg solid electrolytes through
substitution at the A, M, and X sites have proven to be an effective
strategy to achieving high ionic conductivities, good electrochemical
compatibility with common electrode chemistries, and improved
environmental stability. Yet the relative nascence of these materials
as SEs and the modest number of studies focused on substitutions
presents several opportunities for future study, which we enumerate
below.

® Aliovalent substitutions have thus far been focused almost
exclusively on Zr*" substitution on the trivalent M-site cation.
Identifying other substituting ions for all three sites in A;MXs would
expand the suite of chemical substitutions and deliver a more
complete understanding of the roles of substituting ion size,
polarizability, and structure preference in ion transport in this family
of materials. Along with further studies of aliovalent Zr*™ and Hf*"
substitution, potential candidates to explore for other metal ion
substitutions are higher-valency metals such as niobium (Nb>") or
tantalum (Ta>1); the increased stability of the higher oxidation states
of both ions lends them to better reductive stability compared to
first-row transition metals.®® Additionally, the higher charge differ-
ence between Nb>™/Ta>" and the host M>" may offer an opportunity
to introduce a larger number of mobile ion vacancies for smaller
concentrations of substituting ions. Even though the ionic radii of
Nb>*/Ta’" (r = 64 pm)> would contract the unit cell volume, the
lower degree of substitution required to generate the same number of
mobile ion vacancies could decouple the impacts of vacancies and
lattice volume on ionic conductivity. Molybdenum and tungsten may
also provide a similar avenue for aliovalent substitution, although
the greater number of stable oxidation states for these ions would be
detrimental to the electrochemical stability.

® Given the broad range of chemistries and substitutions that are
accessible at all three sites in the A;MX, family, it is necessary to
develop methods to a priori identify which substituting ions and
concentrations provide desirable properties. Presently, substitutions
in the ternary metal halides are explored through time-consuming
systematic experimental studies using chemical intuition to identify
substituting ions. Defect diagrams have historically been calculated
to identify defects and compensation mechanisms for doping in
semiconductors, and have recently been applied to substitutions in
solid electrolytes.®*"° In future studies, leveraging these compu-
tational methods could guide experimental studies and enable
rational design of substituted ternary metal halides.
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* While some members of the A;MX¢ family are reported to be
relatively tolerant to ambient humidity,® the impact of substituting
ions on the environmental stability of these materials has not yet
been explored in depth. In metal halide perovskites, substitutions at
both the cation and anion sites have been demonstrated as an
effective strategy for improving moisture tolerance,”’ an approach
that may be further extended to substitutions in metal halide solid
electrolytes. In theory, first-principles DFT calculations can be used
to assess the phase stability of substituted LizMX¢ against decom-
position into competing hydrated binary and other phases. Further
efforts in this area are needed to understand how these substitutions
impact air- and moisture-tolerance of these materials.

* Finally, this Review has focused exclusively on substitutions in
the A3MX, family of solid electrolytes, yet several families of ternary
metal halides of differing stoichiometries (i.e., AMX,, A,MX,) have
been identified as potential materials for energy storage
applications.'”’® So far, the impact of chemical substitutions in
these materials is relatively unexplored. Future avenues of research
may focus upon expanding the design principles for substitution in
the A;MXg family to other ternary metal halides.

Conclusions

Ternary metal halides of the general formula A;MXe are an
exciting family of solid electrolytes for all-solid-state batteries that
occupy a rich structural and compositional phase space. In this
Review, we have identified the materials design principles that
govern how chemical substitutions at all three sites can impact
properties that are relevant for applications in all-solid-state bat-
teries. Further, we have identified future avenues of research in this
exciting family of materials. Understanding how changes in compo-
sition and structure can elicit desirable functional properties will
enable transformative advances for all-solid-state batteries and
beyond.
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