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Abstract

Solid-state batteries (SSBs) are attracting attention as safe, high energy- and power
density electrochemical energy-storage systems. However, they are not yet capable of
outperforming advanced lithium-ion batteries using liquid electrolytes. A critical
obstacle relates to the development of cost-effective, inorganic solid electrolytes (SESs),
combining superionic conductivity with high (electro)chemical stability and mechanical
softness. Realizing intrinsically soft, inorganic SEs is particularly challenging. Glass-
ceramic SEs offer several advantages, but typically exhibit low ionic conductivities.
Given the recent developments of sulfide- and halide-based glass-ceramic materials,
the overall objective of designing superionic (inorganic) SEs, entailing polymer- or clay-
like softness, seems feasible. These SEs benefit from lower processing temperatures
and versatile chemistries that allow for further enhancements. This Review provides a
comprehensive overview of recent developments in the field of lithium glass-ceramic
SEs and maps out factors governing conductivity and mechanical behavior. Finally,
opportunities, challenges, and design principles for next-generation SEs are

discussed.

The increasing demand for safe, reliable, and affordable energy-storage devices for
portable electronics, electric vehicles, and stationary energy storage has triggered
extensive research and development in the last decades.! Conventional lithium-ion
batteries (LIBs) using organic liquid electrolytes (LES) are currently state-of-the-art with
respect to energy and power density; however, they are about to approach their
physicochemical limits. Solid-state batteries (SSBs) possibly enabling the application
of high-capacity anodes (e.g., Li metal or silicon) and fast charging rates, along with

improved safety, are considered as promising alternatives. However, before their
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commercialization, several hurdles mainly related to interface instabilities and scalable
fabrication need to be overcome.?™ In principle, SSBs rely on a solid electrolyte (SE)
which acts as both separator between anode and cathode and as catholyte. This poses
several chemical and mechanical requirements to such materials to ensure stable
battery performance.>’ First, they need to be highly Li-ion conducting with a target
value over 10 mS cm™ at room temperature to enable good performance at high
current rates.® Second, they need to be (electro)chemically stable or form stable
interfaces in contact with the active electrode materials. Third, they must exhibit
appropriate mechanical properties to accommodate volume and morphology changes
of the active electrode materials during charge/discharge and avoid Li dendrite
penetration.®13

The main type of SEs currently under investigations are polymer-, oxide-, and sulfide-
based Li-ion conducting materials. Each of these material classes presents several
advantages and disadvantages referring to the above-mentioned requirements.4-18
For example, polymer-based SEs possess favorable mechanical properties, i.e., they
are soft and allow establishing intimate contact with the active electrode materials and
are additionally easy to implement in current roll-to-roll processing technologies used
for LIB fabrication. Yet, their rather low ionic conductivities (~10™* mS cm™) do not
allow them to be operated at room or low temperatures. Besides, their poor oxidative
stability poses additional challenges to long-term cell operation. Nevertheless,
polymer-based cells with LiFePO4 (LFP) cathode and Li-metal anode operating at 60
°C have been commercialized in the past.1%20

Hybrid or composite SEs, for instance, consisting of a polymer and an oxide-based
material, have been investigated too. However, they suffer from rather low ionic
conductivities and stability issues.?!?* In contrast, oxide-based Li-ion conducting
ceramics possess a high electrochemical stability, allowing combining high-voltage
cathodes with a Li-metal anode. However, they possess moderate room-temperature
ionic conductivities (~1 mS cm™), are very brittle, and need to be sintered at high
temperatures to minimize grain-boundary resistances and reduce porosity. For that
reason, they are difficult to be integrated into SSB cells.?>?8 Sulfide-based SEs would
be much more favorable, as they are soft (low Young’s modulus), can achieve very
high ionic conductivities even if cold pressed, and allow for intimate contact with the
active electrode materials. A few examples of sulfide- or thiophosphate-based Li-ion

conductors have been demonstrated in the past with ionic conductivities similar or even
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higher than LEs, rendering them ideal SEs at first sight. Unfortunately, their
(electro)chemical stability window is very narrow, and therefore, protective (buffer)
layers need to be applied to the cathode active material (CAM) as well as to the anode
to avoid severe (electro)chemical degradation.'’?%30 Generally speaking, it seems
challenging to meet all requirements in one material, thus the quest for advanced SEs
is ongoing. In this line, halide SEs have recently attracted great attention, as they offer
a high oxidative stability, paired with a relatively low hardness, and can achieve
reasonably high ionic conductivities.3-37

All of the above-discussed SEs, except for polymers, are typically well-crystallized
materials. This has been thought to be a necessity for achieving high ionic
conductivities. However, from a chemo-mechanical point of view, glassy or glass-
ceramic SEs consisting of amorphous or mixed amorphous-nanocrystalline phases
would be much more favorable, as they are much softer, need lower processing
temperatures, possess a greater resistance to Li dendrite formation, and have a
diverse chemistry.383° Various oxide-, sulfide-, and halide-based glassy or glass-
ceramic SEs have been reported throughout the last decades, with ionic conductivities
often being too low for application in bulk-type SSBs (unlike crystalline SEs).284° This
paradigm has been overcome given recent developments of highly conducting, sulfide-
and halide-based glassy or glass-ceramic SEs. This research opens up new
opportunities in the development for advanced SEs providing advantages with regards
to electrochemical stability, mechanical softness, combined with high ionic
conductivities. In the following, we give a brief overview of state-of-the-art materials,
summarize factors governing their ionic conductivity and soft mechanical properties,
and finally discuss opportunities and challenges for the development of advanced
glass-ceramic SEs.

Recent Developments of Superionic Glass-Ceramic Solid Electrolytes

In the following paragraph, we outline recently developed superionic sulfide- and
halide-based glass-ceramic SEs. We divide the section into different classes of
materials based on their anion chemistry, referring to halide and chalcohalide
materials, in addition to sulfide and thiophosphate/borohydride SEs. An overview of
measured/reported conductivities is given in Table S1 (Supporting Information).
Sulfide-based glass-ceramic SEs are widely studied, among them the 70Li2S—30P2Ss

system received most attention, as ionic conductivities, comparable to those of liquid
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electrolytes, could be achieved.®®4! The high ionic conductivity within this system can
be assigned to the formation of highly conducting LizP3S11 nanoparticles, crystallizing
from the amorphous precursor blend around 250 °C.*-%3 However, this phase
possesses a poor thermal stability and decomposes to other less conductive lithium
thiophosphates above 280 °C.#? Due to this relatively narrow stability window, and
therefore, difficulties in controlling crystallization and grain-boundary structure, the
reported ionic conductivities of LizP3Sii-based glass-ceramic SEs vary a lot in the
literature.*>4* The highest total conductivity achieved is 1.7-1072 S cm™ (from melt
qguenching and subsequent hot pressing), while the lowest is 2.7:10* S cm™ (from
solution synthesis).*>4¢ Nevertheless, conductivities around 3 mS cm™ seem to be
regularly achievable.**#” The crystallization process and grain boundaries within the
glass-ceramic Li2S—P2Ss system could also be tailored by slightly varying the Li>S-to-
P2Ss molar ratio in the synthesis and introducing additives. Liquan et al. recently used
Al>S3, SiS2, or Gaz2Sz as nucleation accelerant in the 72Li2S—28P2Ss system.*® After
heating at 300 °C, the presence of different nanocrystalline phases (Li7P3S11, LisPSa,
Li2.ssAlo.osPS4) was observed. The unique phase composition of the as-synthesized
composite caused the formation of highly conducting grain-boundary regions, leading
to ionic conductivities of up to 1.3-102 S cm™. There are only few other reported
sulfide-based glass-ceramic SEs with ionic conductivities well above 1 mS cm™. The
first example has been reported based on the Li2S—P2Ss-Lil system.*® Starting from
amorphous 0.33Lil-0.67LisPSa4 prepared by ball milling, the conductivity could be
drastically increased from 0.8 to 6.5 mS cm™ by heating at 180 °C for 30 min.*®*° The
annealing temperature was set to be 10 °C lower than the crystallization temperature
determined from differential scanning calorimetry (DSC) measurements; X-ray
diffraction (XRD) showed no obvious differences before and after the heat
treatment.*%%° For the xLisPSs—yLiBH4 system, ionic conductivities above 6 mS cm™
have been reported, where a complex mixture of amorphous and nanocrystalline
phases has been detected, with various P-S polyhedral units being present.5%52 This
contrasts with recent research on halide and chalcohalide glass-ceramic or glassy
SEs. As indicated in Table S1, several examples of materials exhibiting 10 mS cm™
have been reported by now. Different combinations of glass formers (TaCls, AlCls,
GaFs, etc.) and binary Li salt additives (LiF, LiCl, LiBr, Lil, etc.) were proven to be able
to form amorphous SEs via high-energy ball milling of the respective precursors. This

research has been initiated by the report of Ju-Sik et al., reporting a clay-like 2LiCl-
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GaFz amorphous SE with a room-temperature ionic conductivity of 3.6:102 S cm™ in
2021.% They demonstrated its applicability, where the soft-mechanical properties
allowed filling the SE into pores of the conventional slurry-cast cathode sheet under
pressure (at room temperature). However, due to the poor reductive stability of this SE,
it could only serve as catholyte. The highest conductivity of such halide-based glass-
ceramic SEs was realized by Long et al., who were using the 2LiCI-55AIFs—45GaFs
system and achieved 1.6-102 S cm™ at room temperature. However, SSB
performance has not been reported.>* In the aforementioned examples of halide-based
glass-ceramic SEs, solely GeFs has been used as a glass former in combination with
lithium halide salts. Meanwhile similarly high Li-ion conducting halide-based glass
ceramics have been demonstrated, employing TaCls, NbCls, or HfCls as glass
formers.5*58 For example, Yasuo et al. systematically studied the LiX-TaCls glass-
ceramic SEs with X = F, CI, Br, |, finding that LICI-TaCls and LiF-TaCls can achieve
both high ionic conductivity and good oxidative stability.>> Several of these SEs were
employed in SSBs, together with LiNio.91C00.06Mno.0302 cathodes, and showed high
Coulomb efficiencies (CEs) and excellent cycling stability, though the amorphous SEs
also only served as catholytes to avoid reduction in contact with the InLi anode. Apart
from using lithium halide additives, Li2O has been studied as network modifier, together
with TaCls and HfCls4, by Zhang and colleagues among others, and few oxyhalide-
based SEs have been reported up to now.%6:56:59.60 By compositional optimization,
1.6Li2O-TaCls and 1.5Li2O-HfCls glass-ceramic SEs achieved high ionic
conductivities of 6.6-10°% S cm™ and 1.97-10% S cm™, respectively, and their
performance as catholytes was demonstrated in SSBs.%®

To put the above-mentioned recent developments of highly conducting sulfide and
halide amorphous-nanocrystalline SEs into context, the range of ionic conductivities
given in Table S1 is schematically depicted in Figure la. In principle, the reported
highly conducting glass-ceramic SEs can be grouped into four different classes related
to the anion chemistry, i.e., halide, halide/chalcogenide, sulfide and
thiophosphate/borohydride. A liquid electrolyte with a partial ionic conductivity of 2.7
mS cm™ is represented in the form of a dashed-dotted line for reference. Note that
SEs require a much higher ionic conductivity than liquid electrolytes, primarily due to
more tortuous transport pathways in the electrodes. Unlike in liquid electrolyte-based
systems, where the electrolyte can properly wet the surface of active material, in SSBs,
the (interfacial) contact area between the SE and the active material is much smaller
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(the electrode preparation strongly relies on mechanical mixing). In addition, the
inevitable void space present in SSB electrodes, formed either during preparation or
cell cycling because of detrimental chemo-mechanical processes, further exacerbates
this issue. This makes it challenging to form efficient charge transport paths for fully
exploiting the material’s intrinsic ionic conductivity. Therefore, a target ionic
conductivity of at least 10 mS cm™ has been suggested for SSBs with practical active
mass loadings and reasonable charging rates.®6 lonic conductivities exceeding 10 mS
cm™! have been reported only for halide- and sulfide-based glass ceramic SEs, which
has been established as a threshold value enabling fast-charging SSBs.*#

A meta-analysis for the different classes of SEs reveals generalizable trends, as
depicted in Figure 1b, illustrated in the form of a box-and-whisker plot. In general, it
can be seen that the median ionic conductivity increases in the following order: halides
< chalcohalides < sulfides < thiophosphate/borohydrides. The exceptionally high
values reported for 2LICI-0.5AIF3—-0.5GaFs and 54Li2S-21P2Ss—3Al2S3 can be
considered as outliners, and future work will show if such conductivities can be realized
with other compositions as well.*85* Nevertheless, the best-performing examples of all
four material classes are able to achieve ionic conductivities well above 2.7 mS cm™,
Considering the low number of reported compositions, they present a versatile starting
ground for further optimization of conductivity, electrochemical stability, and

mechanical softness.
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Figure 1. (a) Reported room-temperature ionic conductivity ranges for highly
conducting halide-, chalcohalide-, sulfide-, and thiophosphate/borohydride-based
glass-ceramic SEs as given in Table S1. The partial ionic conductivity of 1 M LiPFs in
EC/DMC is shown for comparison as a gray dashed-dotted line.26! (b) Corresponding
box-and-whisker plot of the ionic conductivities. For halides, chalcohalides, sulfides,

and thiophosphate/borohydrides, n = 30, 14, 5, and 4, respectively.
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Factors Governing Superionic Conductivity and Soft-Mechanical Behavior
Classical theories for crystalline SEs usually take the polyhedral network as a static
framework and the charge carriers hop among available lattice sites, so the crystal
structure and the charge-carrier and vacancy concentrations together govern the ionic
conduction. However, recent studies indicate that the rotational dynamics of
polyanions, known as paddle-wheel mechanism or recently introduced soft-cradle
effect,52 may increase cation diffusivity, thereby enhancing ionic conductivity.6364 The
paddle-wheel and soft-cradle effects, while not exclusive to amorphous SEs, are
indeed more pronounced in amorphous SEs than in their crystalline counterparts,
especially at room temperature. The paddle-wheel effect involves large-angle rotation
of anion groups, whereas the soft-cradle effect is associated with the tilting of
polyanions triggered by ion jumps.? In crystalline SEs with weaker van der Waals
forces between the polyhedral anions, like LisPSsCl and LiioGeP2S12, the [PS4]®" or
[GeSa4]*~ structural units exhibit a reorientation, as indicated by high-temperature ab
initio molecular dynamics (AIMD) simulations or 3!P nuclear magnetic relaxation
studies.®* However, these polyhedral rotations and reorientations are more prominent
in amorphous SEs, likely due to the lower degree of structural confinement and
increased free volume. In glass-ceramic or glassy Li-ion conductors, different
mechanisms, leading to superionic conduction, can be at play, depending on the
elemental and phase compositions.

In the following, we discuss recent examples showing high ionic conductivities in either
sulfide- or halide-based glass-ceramic Li-ion conductors. Although ion conduction in
chalcogenide glasses is well known for decades, a major improvement in ionic
conductivity has only recently been achieved. This refers to the xLi2S—yP2Ss5—zMaSo
and 0.33Lil-0.67LisPS4 material systems. In the former case, Li2S and P2Ss are
combined in ratios closely matching the LizP3S11 phase, and are partially substituted
with Al2Ss, GazSs, or SiS2. lonic conductivities well beyond 5 mS cm™ were achieved
after heating the amorphous precursor mixture at 300 °C for 8 h.*® In the case of Al2Ss
substitution, both LizP3Si1 and Li2.s2Alo.06sPS4 form, accompanied with a ~5 nm
amorphous grain boundary network connecting the crystallites. In the grain-boundary
regions, ions are redistributed due to the difference in chemical potential of the two
nanocrystalline phases, and therefore, a defect-rich region is formed, enabling fast ion
conduction reaching 13.2 mS cm™ (see Figure 2a). This material is among the best-
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conducting crystalline thiophosphates, and the approach possibly presents a novel
route to make glass-ceramic SEs competitive with state-of-the-art (crystalline) SEs. In
this regard, Masahiro et al. studied the crystallization behavior of the 75Li2S—25P2Ss
glass via in situ transmission electron microscopy (TEM).%® They found that heating
below the crystallization temperature determined by DSC already triggers the
formation of Li7P3Si1 nanocrystals, which remain invisible via examination with
laboratory XRD. This example emphasizes that even low contents of secondary
phases may have a profound impact on ionic conductivity, in line with reports about
mixed thiophosphate/borohydride materials. Another intriguing example is the recently
reported material that can be obtained if an amorphous mixture of 1.5Li2S—0.5P2Ss—
0.33Lil (i.e., 0.33Lil-0.67LisPSa4) is subjected to heating at 180 °C for 30 min. Through
this procedure, the ionic conductivity could be increased from around 0.8 to 6.5 mS
cm™1.4950 |t is shown that this annealing step causes the formation of a mixture of
LiaPSal, B-LisPS4, and a thio-lithium superionic conductor (thio-LISICON) Il phase (see
Figure 2b). Thio-LISICON Il phases refer to materials with a similar structure to
Lis.25Geo.25P0.7554.56 Although the mechanism behind the high ionic conductivity in the
0.33Lil-0.67LisPS4 system is yet not fully understood, it can be assumed that in
addition to the thio-LISICON Il phase being responsible for the increase in conductivity,
the presence of a nanocrystalline and highly disordered LisPSal phase is also beneficial
to ion transport, in agreement with recent work.6”-%° The authors reported that the short
heat treatment introduces vacancies in the amorphous phase(s), causing the
increased ionic conductivity.*®7% Although glass-ceramic electrolytes lack long-range
ordering, stable Li sites exist in the amorphous matrix. Despite challenges in identifying
and describing these sites experimentally, MD simulations revealed that in glassy (i.e.,
amorphous) SEs, the number of available sites surpasses the number of lithium atoms.
This enables the ions to hop between vacant sites, thereby forming a conductive
network.”* In the short-term annealed 0.33Lil-0.67LizsPS4 system, the authors found,
by “Li nuclear magnetic resonance (NMR) spectroscopy, that heating improves ion
transport in the amorphous phase. Positron-annihilation lifetime (PLA) analysis
showed a 2.8-fold increase in vacancy concentration, suggesting that the presence of
lithium vacancies is beneficial to the ionic conductivity.*® However, their formation
mechanism remains largely unclear, and further investigations into the local structural
evolution during annealing are required to explain the increased number of lithium-site

vacancies. Overall, the results open up new avenues for the improvement of glass-
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ceramic SEs regarding ionic conductivity, which has been a major obstacle for their

practical application.

Similar to the sulfide SEs, combinations of thiophosphate and borohydride materials
have been shown to also achieve high ionic conductivities. Specifically, the presence
of a complex mixture of amorphous and nanocrystalline phases has been detected,
along with various P-S polyhedral units. It can be concluded that achieving very high
ionic conductivities in fully amorphous sulfide- or thiophosphate-based SEs seems not
feasible and a certain amount of nanocrystalline phases embedded in the amorphous
matrix is necessary. However, due to the lack of systematic investigations into highly
conducting glass-ceramic SEs, targeted synthesis of specific phase compositions
remains challenging.

Transitioning from sulfide- to halide-based glass-ceramic SE materials, it has been
reported that in gallium-containing chalcogenide glasses, adding halides increases the
glass-forming ability. For example, introducing binary alkali metal chlorides into the
GeS>—GazS3 system produces complex polyanions of GaSsCl/GaS:Cl, facilitating
glass formation.”? This agrees with observations that increasing Csl contents in the
GeS2>—In2S3 system causes a decrease in glass-transition temperature, and a softening
point below room temperature has been demonstrated for the Gal-NaCl system.”%73
Various metal halides have also been introduced into other chalcohalide- or fluoride-
based amorphous materials to improve the glass-forming ability and lower the glass.-
transition temperature, which has been hypothesized to originate from the formation of

complex polyanions.’47>
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Figure 2. Thiophosphate-based glass-ceramic SEs based on (a) Li7P3S11 and (b)
LisPS4. Corresponding ionic conductivities are given in Table S1. The figures have
been adopted and reproduced with permission from ref. 48, Copyright 2023 Springer
Nature, and reproduced with permission from ref. 50, Copyright 2021 American

Chemical Society.

The presence of complex polyanionic environments also seems to be a key feature in
halide-based glass-ceramic SEs possessing clay-like mechanical softness. In the
following, four recently reported archetype materials are described. Initially, it has been
shown that if LiCl and GaFs are combined in appropriate ratios and subjected to high-
energy ball milling, a mostly glass-ceramic, clay-like material is formed, with ionic
conductivities of up to 3 mS cm™ achieved for the specific 2LiCI-GaF3z composition.53
Using MD simulations and solid-state NMR spectroscopy, it has been found that if LiCl
and GaFs are processed via ball milling, a partial anion exchange reaction is induced,
leading to the formation of mixed [GaFxCly]**¥)=3- polyhedral units, as schematically
shown in Figure 3a.537677 |t was concluded that the presence of fluorine in the
polyanions limits the binding effect on charge carriers, thus facilitating ion diffusion
through the amorphous matrix.”® Moreover, the formation of a complex polyanionic
composition comes along with the amorphization and formation of a soft clay-like
material, which is beneficial for SSB performance and integration. Gupta et al. recently

investigated other potentially clay-forming compositions consisting of a molecular solid
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and Li-halide, such as 3LiCI-SbFs, 3Lil-GaFs, or 3Lil-InBrs.”” They revealed that
complete anion exchange between the molecular solid and the Li-halide salt may occur
upon high-energy milling and that the as-formed fully anion-exchanged products
separate into macroscopic, crystalline phases (e.g., 3Lil + InBrs — 3LiBr + Inl3). By
contrast, in the case of xLiCl-GaFs, only partial anion exchange occurs, leading to the
formation of different Ge polyhedral environments (see Figure 3a).’® It has been
hypothesized that the intrinsic bonding situation of GaFs kinetically impedes complete
anion exchange and phase separation. Besides, the chemical bonding situation and
ratios of the starting materials play important roles, too. In the halide-based materials
mentioned above, isolated polyhedra are present and most likely responsible for
amorphization, softening, and enhanced ionic conductivity. Such materials deviate
from the classical understanding of the formation of a glass, where usually a 3-
dimensional polyhedral network is formed via covalent bonding.

This brings us to the next example of a novel inorganic halide-based SE, which is the
oxygen-substituted LiAICl2.500.75.%8 This material shows a viscoelasticity comparable
to that of polymers, along with an ionic conductivity of 1.52 mS cm™. The
amorphization is enabled by oxygen substitution in LiAICls, causing structural disorder
through the formation of connected Al-tetrahedra via bridging O atoms (see Figure
3b). However, there is no long-range connectivity. Again, in this case, the appropriate
ratio of O-to-Cl ensures a proper length of the AI-O—Al network, while the remaining
free [AICI]3™> units that are not connected by oxygen also act as plasticizer, both of
which helps to lower the glass-transition temperature to -16.8 °C.%8 The authors
revealed that the presence of Al-O-Al chains also promotes Li-ion conduction via
shortening the hopping distance and motion of the AI-O-Al chains themselves. Note
that the atomistic (local) structure and ion conduction mechanism in amorphous
LiAICI2500.75s have been rationalized based on MD simulations, as experimental
characterization of local structures and related transport processes is very challenging.
Recently, another oxygen-substituted halide-based amorphous SE has been reported,
namely xLi2O—MCly with M = Ta (y = 5) or Hf (y = 4) reaching 6.6 mS cm™ for x = 1.6
and M = Ta® As described previously for other material systems, to achieve
amorphization, the appropriate ratio of Li2O-to-MCls is necessary, lying in the narrow
compositional range of 1.1 < x < 1.8 for TaCls and x = 1.5 for HfCla. If Li2O is reacted
with TaCls via ball milling, the original Ta2Clio dimers dissociate to -TaCls trigonal
bipyramids and further undergo anion-exchange reactions with oxygen forming
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[TaCls-a0a)2" polyhedra (see Figure 3c). Here, oxygen can also act as bridging atom
connecting the Ta-centered trigonal bipyramids.>® Specifically for x = 1.6, the most
distorted polyhedral environment is formed. Based on this structural information,
Zhang et al. concluded that the high ionic conductivity of xLi2O—TaCls amorphous SEs
can be rationalized as follows: The oxygen-substituted disordered [TaCls-a0a]2” (1 < a
< 5) polyhedra cause distorted Li—Cl local arrangements. Moreover, the [TaCls-a0a]3~
polyhedra connected via bridging oxygen lead to the formation of corner-sharing
polyhedral networks (similar to LiAICI2.500.75), which induce distinct distortions in the Li
sites, thereby causing an energy landscape with low ion migration energy. At the same
time, the bridging oxygen atoms enlarge diffusion pathways for lithium, in agreement
with observations made for other oxygen-substituted halide- and sulfide-based
glasses.%®78 In addition, the unsaturated Ta—Cl---Li bonds in the [TaCls-aO4]2" network
have weak Coulomb interactions between Li* and CI~, also facilitating ion diffusion. In
short, oxygen incorporation is beneficial to the amorphization of xLi2O-TaCls and
LiAICI2.500.75, being responsible for their soft-elastic properties and inducing disordered
local structures, which in turn leads to a strong increase in ionic conductivity and a
decrease in activation energy compared to the single-anion 3.2LiCI-TaCls sample.
However, if the LiCl-to-TaCls molar ratio is set to 1:1 (LiCl-TaCls), ionic conductivities
ranging between 6.05 and 10.95 mS cm™ have been reported.>>%" Theoretical and
experimental analyses suggest that the amorphous matrix is composed of LiCls®",
LiCls*~, and LiCle>~ polyhedra, in combination with TaCle~ octahedra sharing common
edges or corners (see Figure 3d). The number of neighboring Cl atoms around lithium
ranges between four and six, whereas the number of Cl atoms around Ta does not
vary, with only TaCle~ octahedra existing within the amorphous matrix. If the LICl
content is increased to x > 1 in xLiCl-TaCls, full amorphization is not achieved
anymore, and the presence of nanocrystalline LiCl is observed, adversely affecting the
total ionic conductivity.>®> A similar local polyhedral environment around Ta has been
reported for related Na- and Mg-ion conducting glass ceramics in the 0.5Na20>—TaCls
® and xMgCl—GaFs (0.5 < x < 1.5) & systems, emphasizing the versatile chemistry
that can be used in the development of post-Li SEs.
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Figure 3. Polyhedral environments reported for (a) 2LiCl-GaFs, (b) LIAICI2.500.75, (C)
LiCl-TaCls, and (d) xLi2O-TaCls glass-ceramic SEs. lonic conductivities are given in
Table S1. The structures in panel (d) have been adopted and reproduced with

permission from ref. %5, Copyright 2023 American Chemical Society.

To sum up, different structural features that are responsible for superionic conductivity
and mechanical softness in newly developed sulfide- and halide-based glass-ceramic
SEs have been identified by now. Although various (ion-conducting) related materials
are known for decades, pushing the ionic conductivity beyond 5 mS cm™ is very
challenging, and has only recently been realized. In the case of sulfide or
thiophosphate materials, very high ionic conductivities have been achieved by tailoring

the phase composition. Typically, amorphization of the precursor mixture is realized by
13



high-energy ball milling, followed by some kind of post treatment via annealing. The
heating profile plays an important role, as it induces, at least to some degree,
nucleation and crystallization, which in turn determines phase composition, crystallite
size, and ultimately composition and structure of the amorphous side phase(s).*¢-°
The physiochemical interplay of the different phases, especially at the grain
boundaries, seems to be the major reason for facile ion transport. This is likely related
to the well-established concept of space-charge layers and associated fast transport
in nano-confined systems.®! The complex microstructure and phase composition also
account for the inherent softness of the discussed sulfide-based materials. However,
rational improvement of ionic conductivity in sulfide-based glass ceramics remains
challenging, as no global descriptors for superionic conductivity are apparent.

However, in the case of halide-based amorphous SEs, different mechanisms are at
play, being responsible for high ionic conductivity and polymer-like softness and
viscoelasticity. So far, all of these types of SEs are based on GaFs, TaCls, NbCls, or
HfCls4, being the integral component responsible for amorphization and superionic
conductivity. Charge carriers are introduced via mixing the aforementioned precursors
with different binary Li salts, such as halides or oxides. In principle, these transition- or
semi-metal precursors can be regarded as molecular solids (except GaFs), in which
dimers or linear polymers (e.g., TazClio or [HfCls]x) are present, forming the crystal
structure exclusively via van der Waals interactions (see Figure 4). Inorganic,
molecular crystals usually have low melting points and are mechanical soft due to weak
intermolecular interactions. Moreover, they are able to undergo anion-exchange
reactions with binary Li salts, which can be achieved by high-energy ball milling. Such
reactions can also be regarded as partial solid-state metathesis reactions and are likely
facilitated and largely dependent on the bonding situation in the binary metal salt used.
For example, the P-S bonds in P4S10 have a strong covalent character compared to
Nb2Clio, and therefore, anion exchange seems more favorable in the latter case. At
first sight, anion exchange might be explained using the HSAB-concept. However,
reaction kinetics likely plays an important role, as in most reported cases, exchange

has been achieved via low-temperature mechanochemistry.
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Figure 4. Basic building units of molecular crystals with the stoichiometry indicated.
AEN refers to the difference in Pauling electronegativity of the different constituents

and represents a simplified measure of the bonding situation.

Opportunities for Development of Sulfide and Halide Glass-Ceramic Solid
Electrolytes

The recent reports about highly conducting sulfide- and halide-based glass-ceramic
SEs represent a promising starting point for further explorations. Especially their
favorable mechanical properties, in combination with superionic conductivity, render
this class of materials very promising for SSB applications. Although only a limited
number of material systems has been reported up to now, the general characteristics
of glass-ceramic SEs in offering a much larger compositional, structural, and synthetic
design space opens up vast possibilities for exploration and tailoring properties (in
contrast to crystalline SEs). More importantly, they also possess much more favorable
mechanical properties, i.e., softness, and are even able to form clay-like materials with
viscoelastic properties similar to organic polymers, as evident for recently developed
halide-based glass-ceramic SEs. This translates into easy processing and integration
into SSB fabrication. Although the development of this kind of SEs is still in its infancy,
the advantages over crystalline materials provide new opportunities in the realm of
developing high-energy SSBs.

In the following section, we outline potential advantages and opportunities in the
development of glass-ceramic SEs referring to ionic conductivity, mechanical

properties, scalable synthesis, and the importance of controlling reaction pathways.

Vast Compositional Space
Since amorphous-nanocrystalline or glass-ceramic materials are not limited in terms

of stoichiometry, they provide a practically infinite compositional (and structural) space.
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This is likely advantageous if several material properties need to be tailored
simultaneously, e.g., (electro)chemical and mechanical properties (for SSB
application).

To obtain an amorphous material (i.e., glass), typically a glass former is needed. In the
case of chalcogenide-type amorphous SEs, the glass former is usually a polyanionic
material possessing a covalently bonded basic building unit (e.g., SiOs*~, PO43",
PS43~, BO3®", etc.) able to produce condensed molecular species (e.g., P2074",
B20s*", P2Se*™, (SiO2)y, etc.) or chains. Therefore, cross-linked 2- or 3-dimensional
networks without long-range order can be formed during melting, being preserved at
room temperature via fast cooling. Similarly, halide-based glasses are well known,
however exhibiting a more ionic bonding character within the glass former (see also
Figure 4) and not being prone to 2- or 3-dimensional network formation (rather, 1D
polymer-like chains).®? To tailor different functionalities of amorphous materials, a
network modifier may be incorporated into the amorphous matrix, also called glass
former. This is usually a binary inorganic salt (e.g., Li2S, Li-halide, etc.), which not only
is able to introduce mobile cation species, but also is able to modify the bonding
situation and network of the glass former. In short, an increased content of network
modifier will disturb the macromolecular, amorphous structure, thus leading to the
presence of isolated basic building units. Consequently, the molar ratio of glass former-
to-network modifier determines, to some extent, the molecular (short-range) structure
of amorphous materials. For example, in the xLi2S—-P2Ss system, the main local
thiophosphate units evolve from chain- (PSs), to corner-sharing (referring to P2S747)
to isolated PS43" tetrahedra, triggered by an increase in Li2S content x from 1 to 2 to 3.
Finally, an additive crystalline phase(s) can be introduced into the amorphous material,
either via partial crystallization or integrating a secondary phase(s). Again, depending
on the amount and chemical nature of the additive salt, the local atomic structure of
the amorphous matrix is altered, and grain boundaries differing from the bulk
composition can be formed.

Aside from tailoring functionalities in glass-ceramic SEs by altering composition in
terms of ratio between glass former, network modifier, and additive, the synthesis
parameters also have a profound effect on the resulting properties. In principle, three
distinct parameters can be identified for glass-ceramic SEs, namely the amorphization
technique, the temperature profile, and the applied pressure during synthesis. Usually,

crystalline precursors are employed, and the first step involves amorphization of the
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blend. This can either be done by high-energy milling (i.e., mechanochemical
synthesis), melt quenching, or solution-based methods. Each technique has its own
advantages and disadvantages with respect to processing time, energy consumption,
and scalability. Amorphization by milling is most often time and energy consuming and
further limited to gram-scale batches, thus limiting practicality for upscaling. Melt-
guenching, industrially well established, is a rather fast process, however requiring
more costly equipment, especially if air-sensitive glasses are to be produced. Solution-
or solvent-based methods offers advantages in terms of scalability, but solvent removal
needs to be considered, too. This synthesis technique offers opportunities to
controlling the product particle size by adjusting parameters, such as the nature of
solvents, concentration of additives, or reaction time. For example, nucleophilic
solvents, such as acetonitrile (ACN), tetrahydrofuran (THF), and pyridine, or
nucleophilic reagents (e.g., lithium thioethoxide) are commonly used to break the
covalent bonds of the P4Si0 precursor and to obtain an amorphous product.8384
However, strong interactions between solvent and precursors might pose a significant
challenge to fully removing the solvent from the product. That is why SEs prepared by
solution-based methods often exhibit lower ionic conductivities than those obtained by
solvent-free synthesis routes. While there have been no reports on wet-chemical
syntheses of halide-based glass-ceramic electrolytes, crystalline halide SEs have been
successfully produced using a water-based approach.®®> For example, LiCl and InCls
precursors readily dissolve into water to form LisInCls-xH20, which upon drying at 200
°C under vacuum yields LizInCles of ionic conductivity 2 mS cm™. Recently, NH4Cl has
been introduced as a coordinating agent to suppress undesired hydrolysis reactions of
chlorides, thereby extending the solution synthesis to other halide SEs.®¢ These
findings indicate the potential for preparing halide-based glass-ceramic electrolytes via
solution-based routes, yet further experiments are required to substantiate this
possibility.

Independent of the technique applied, successful amorphization of the precursor
mixture is generally confirmed by laboratory XRD, with the corresponding patterns
being featureless. Nevertheless, some differences in short-range ordering are likely
present on the atomic scale, which may also have an impact on the global material
properties (see also discussion below).8” Once an amorphous material is obtained, its
nano- and microstructure can be altered by heating at different temperatures for

different periods of times and under external pressure. DSC is a common analytical
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tool used to examine glass transition-, crystallization-, and melting temperatures.
Specifically, temperatures of interest can be identified, and then targeted in the post-
treatment to induce crystallization of a secondary phase. The latter is embedded in an
amorphous matrix in the form of nanoscale precipitates, whose average size can be
tailored through the dwell time, which directly affects the ionic conductivity, either
positively or negatively.4®-°06% The formation of nanocrystalline precipitates from the
amorphous starting material(s) is strongly dependent upon the heating procedure, i.e.,
heating and cooling rates and dwelling time.*°® Although the crystallization of nanoscale
precipitates has been reported to strongly increase conductivity, their detection via
laboratory XRD is challenging and more sophisticated analytical techniques are
required to gain more insights.*84° In addition, beneficial or detrimental effects on ionic
conductivity are hard to be predicted, since during heating multiple phases may start
to crystallize. As mentioned above, DSC can provide valuable insights into glass
transition-, crystallization, and melting temperatures. However, in reality, such process
is much more complex and involves also softening, nucleation, and crystal growth, all
accompanied by volume changes. All of these individual processes can be detected in
situ using a hot-press setup able to simultaneously monitor pressure and resistance
by following a pre-defined temperature program.*>%” In so doing, the optimum
annealing temperature can be more precisely determined. Moreover, it has been
reported that applying external pressure during heating can delay crystallization in the
case of thiophosphate ion conductors.®” Therefore, pressure is another important
parameter in the synthesis of glass-ceramic SEs, not only affecting crystallization
kinetics, but also helping to densify the sample and ultimately to increase ionic

conductivity.42:67

Enabling Superionic Conductivity

Crystalline SEs present microscopic heterogeneity due to the anisotropic nature of
crystals. For instance, ion transport within a crystal might be directionally preferred,
with the presence of grain boundaries impeding long-range ion transport. Note that
inhomogeneous ion transport can lead to increased cell resistance, potentially
deteriorating the SSB performance. In addition, non-uniform current distributions can
give rise to the formation of lithium dendrites. These dendritic structures pose a
significant concern, as they can compromise the battery integrity, leading to safety
problems, such as short circuits, and reduced cycle life. On the contrary, no preferential
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ion diffusion pathways usually exist in amorphous, glass-ceramic SEs, and their low
intrinsic electronic conductivities minimize local ion-current accumulation, which might
be beneficial to uniform Li plating/stripping in SSBs.8 Despite decades of research into
Li-ion conducting glass-ceramics, only recently ionic conductivities comparable to
those of crystalline SEs and liquid electrolytes have been reported. These studies
provide clear evidence that achieving ionic conductivities above 10 mS cm™ is feasible
with sulfide- and halide-based systems.*®5% In the case of sulfide-based glass-
ceramics, the unique interplay of different amorphous and nanocrystalline phases
primarily accounts for the high ionic conductivities.*®-° In particular, the formation of
Li-rich grain-boundary regions, favorable to fast ion transport, appears to be the
enabler for superionic conductivity.*® Enhanced ion transport along space-charge
layers is well known,8:°0 however very high ionic conductivities in bulk samples have
only recently been realized. Therefore, both in situ formation of multiphase,
amorphous-nanocrystalline SEs and artificially mixing different amorphous and
nanocrystalline phases to induce bulk superionic conductivity are promising strategies
for developing future sulfide-based SEs. By contrast, halide-based glass-ceramic SEs
do not rely on conductivity contributions from grain boundaries and/or nanocrystalline
phases. Rather, the highly distorted local environment around the Li-ions in the
amorphous matrix makes them highly mobile.>¢:58 Therefore, in contrast to establishing
favorable interactions between different amorphous and nanocrystalline phases, as
described above for sulfide-based glass-ceramic SEs, local structural distortions seem
to be key to improving ionic conductivity in halide-based materials. So far, all reported
highly ion-conducting systems are based on molecular crystal precursors, where ligand
(anion) exchange between the glass former and the network modifier occurs upon
mechanical amorphization of the starting materials. Nevertheless, the presence of
highly disordered local structural environments seems necessary to achieve
competitive ionic conductivities.>*5658 |n the end, this may relate to compositional
complex or high-entropy materials, although per definition configurational entropies

can only be determined from crystalline species with shared site occupancies.

Enabling Mechanical Softness

It is well established by now that mechanically soft SEs, i.e., with low elastic moduli,
are beneficial for enhancing SSB performance, especially for mitigating capacity
fading.5291-23 Glass-ceramic SEs typically exhibit lower elastic moduli compared to
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crystalline counterparts.1%%* This is due in part to the ability of glass-ceramic SEs to
achieving improved surface wetting and to effectively accommodating electrode
breathing during cycling, thus maintaining cell integrity.®®% To tailor mechanical
properties in glassy (amorphous) SEs, a wide variety of elements can be introduced
into the amorphous matrix, and the proportions of glass former, network modifier, and
additive(s) can be varied with great flexibility. Additionally, the size and distribution of
crystallites and residual porosity play a crucial role in the mechanical properties. The
latter can be optimized by carefully controlling the synthesis conditions.#?%
Furthermore, it is worth noting that the composition of the amorphous and
nanocrystalline phases does not necessarily have to be identical. With precise control
over crystallization conditions, nanocrystalline phases with different compositions from
the amorphous matrix can be realized. This allows customizing the properties of both
phases, offering the potential of achieving superior performance.

Another step toward polymer-like behavior of inorganic SEs has been taken recently
for (oxy)halide-based systems. Here, a key point seems to be precise control over
anion ratio, enabling the formation of flexible glass networks, while the weak
intermolecular interactions in halide- or chalcohalide-based amorphous SEs (similar to
molecular solids) make them intrinsically very soft.”” This leads to some compositions
having a rheology comparable to that of clay-like materials, and further allows the SEs
to be infiltrated into slurry-cast cathodes by applying mild pressure and moderate
temperatures, as schematically depicted in Figure 5.

Although not very well understood at this time, further exploration into anion-mixed,
highly disordered systems could facilitate the development of glass-ceramic SEs that
are capable of outperforming state-of-the-art liquid electrolytes for LIB application.
From the recent examples of halide-based superionic glass-ceramics, it appears that
they have high oxidative but rather poor reductive electrochemical stability. The latter
is most likely related to the presence of transition or semimetal species (i.e., glass
former), which can readily be reduced. Therefore, halide-based superionic SEs might
be applicable only as catholytes, or ultimately as protective surface coatings on high-
voltage CAMs. In contrast, sulfide-based glass ceramics have been reported to form
stable interfaces in contact with lithium metal. However, they suffer from poor oxidative
stability. Consequently, a dual-layer SSB design using both classes of glass-ceramic
SEs appears to be promising for future investigations. In such a design, in addition to
the (electro)chemical stability, the chemical compatibility between the two SEs is of
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great importance and must be considered. For example, LisPSsCl and LisInCls dual-
layer SSB configurations have been found unstable, with a poorly conductive
indium/sulfur-rich interfacial layer forming at the junction.”.°” This reaction appears to
be catalyzed by Ni-rich CAMs, even though the underlying mechanism is still unclear
(of note, more reactions occur at the triple-phase boundary). One theory suggests that
the chemical compatibility between halides and sulfides can be explained by the hard—
soft acid—base (HSAB) principle.®® Specifically, the greater the electronegativity of the
central metal atoms in the halide SE, the more likely it is to form covalent bonds with
sulfur atoms from the sulfide SE, which however can only partially explain the
experimental findings. In this regard, it has been shown that LisInCls and Li2ZrCls are
unstable in contact with LisPSsCI, while LisYCls, LisErCls, and LisScCle apparently
exhibit reasonable stabilities.®® Moreover, anion substitution in halide SEs seems to be
an effective way to enhance their chemical stability against sulfide-based SEs.1%°
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Figure 5. Schematic representation of electrode fabrication by melt infiltration. The

figure is inspired from ref. 58

Synthesis Upscaling and Solid-State Battery Applications

Glass-ceramic materials are commercially produced and used in various important
applications. Therefore, upscaling should be feasible. However, their susceptibility to
degradation under ambient atmosphere requires strict handling under inert conditions,
possibly complicating production. Although, the synthesis does not require prolonged
high-temperature sintering, thus saving time and energy (cost), they are almost
exclusively prepared by high-energy milling (potentially followed by heating at relatively
low temperatures). One important task of future investigations will be to find out
whether similar performance metrics can be achieved if the materials are prepared by
scalable synthesis protocols using melt-quenching or wet chemistry.

When it comes to commercial application and upscaling, another important parameter
is raw material costs. With the globally rising demand for LIBs, the lithium (precursor)

price becomes volatile.1%* Compared to liquid electrolytes, SEs typically exhibit a much
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higher fraction of lithium, thus rendering them more costly.? It has been challenging so
far to reduce the lithium content in SEs while maintaining superionic conductivity; yet,
switching from sulfide- to chalcohalide- or halide-based glass-ceramic SEs seems
promising. Especially the recently reported chalcohalide-based amorphous SEs,
having a relatively low mass fraction of lithium. As can be seen from Figure 6, unlike
sulfides, halide- and chalcohalide-based glass ceramics allow to drastically reduce the
lithium fraction from about 10 to 2 wt.%. In addition to considering lithium content, some
glass formers contain scarce metal species, such as Ge, Ta, Nb, and Hf, presenting
significant cost challenges for large-scale application and thus might be more
applicable as nanoscale CAM coatings. Therefore, it is essential to identify suitable,
earth-abundant alternatives. For instance, the LiAICIl2.500.75 electrolyte, although only
having a moderate ionic conductivity, contains no rare elements and has a relatively
low lithium fraction of ~2 wt.%.°8 Apart from possible cost reductions, the mechanical
flexibility of amorphous-nanocrystalline SEs and the potentially clay-like or viscoelastic
behavior of halide-based SEs further help facilitate the fabrication process of SSBs,

among others, by avoiding time- and energy-consuming wet mixing.
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Figure 6. (a) lonic conductivity of the glass-ceramic SEs given in Table S1 versus the
Li mass fraction. The square and circular reticle symbols in yellow denote crystalline
LizoGeP2S12 and Lis.sPSa.sClo.7Bro.s for comparison.1%193 (b) Corresponding box-and-
whisker plot of the Li mass fractions. For halides, chalcohalides, sulfides, and

thiophosphate/borohydrides, n = 30, 14, 5, and 4, respectively.

Controlling Reaction Pathways
Amorphous-nanocrystalline or glass ceramics can be considered metastable, with the

corresponding thermodynamically stable form being a crystalline material. Therefore,
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kinetic control over reaction pathways is most likely key to isolating metastable SEs
with improved transport and mechanical properties. In classical glass formation, a melt
is rapidly cooled to avoid nucleation and crystallization, thus the metastable, glassy
product can be preserved at room temperature (see Figure 7a). The required cooling
rate depends on the composition of each system, in particular on the diffusion kinetics
(crystallization). As pointed out previously, in the case of sulfide-based SEs, complex
(amorphous-nanocrystalline) compositions/phases and their interplay at grain
boundaries determine the ion mobility. To achieve high conductivities, different
synthesis parameters can be tuned. For example, adding nucleation agents may
support the formation of crystalline, nanoscale precipitates from the amorphous matrix
or setting the annealing temperature slightly below the crystallization temperature may
induce subtle structural changes in the amorphous phase(s).*¢-%° Additionally, external
pressure applied during the heating may play a pivotal role in the phase formation
(thermodynamics/kinetics) by increasing the activation energy for nucleation (see
Figure 7b) or minimizing the reaction enthalpy, thereby opening up a new reaction
pathways and enabling the stabilization of novel phase(s) (see Figure 7¢).67:104

Halide-based amorphous-nanocrystalline or fully amorphous SEs are usually
synthesized via amorphization of crystalline precursors during high-energy milling, i.e.,
GaFs, HfCls, NbCls, or TaCls, together with binary lithium halides or chalcogenides.
From a mechanistic point of view, this can be regarded a mechanochemical solid-state
metathesis reaction, which can be simply expressed as: LiX + MY — MX + LiY. Such
metathesis or double ion-exchange reactions are usually driven by the formation of a
thermodynamically stable byproduct, along with the target material.1°> The combination
of salt precursors (LiX and MY) must entail a thermodynamic driving force for anion
exchange. However, the kinetics of the anion-exchange (metathesis) reaction must be
slow enough or slowed down artificially to avoid complete anion exchange and phase
separation. We assume that this is, at least to some degree, related to the dissociation
energy of binary precursors, particularly the glass-forming metal halides. Further
control is achieved by altering the precursor salt ratio, ensuring that neither of the
compounds is present in much excess. If complete anion exchange occurs, the
products macroscopically separate into crystalline phases, as observed by combining
3LiCl with SbFs or 3Lil with InBrs.”” Complete anion exchange, i.e., metathesis
reaction, must be avoided when aiming at amorphous materials. This means that

intermediate (metastable) products need to be stabilized (see Figure 7a). Overall,
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kinetic control over the metathesis reaction is key to synthesizing novel halide-based
amorphous SEs. We hypothesize that primarily the bonding situation in the
transition/semimetal halide precursor and the ratio with the binary halide salt determine
the reaction kinetics. Hence, controlling these parameters, along with the temperature,
will eventually allow for kinetic control over the reaction pathway and for progress to
be made in the synthetic development of superionic SEs. Another related synthesis
strategy has been reported recently, where the byproduct was removed from the
equilibrium to drive the reaction toward product formation. For instance, oxygen
incorporation into LiAICl2 has been achieved via the following reaction: 4LIAICls +
Sb203 — 4LiAICI2500.75 + 2SbCls. The latter reaction was performed at 250 °C, which
allowed for removing gaseous SbhClz.>® However, to rationally design such reactions,

in-depth knowledge on the processes occurring on an atomistic level is indispensable.
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Figure 7. Schematic energy/reaction coordinate diagrams. (a) Kinetic control over
reaction pathway enabling or preventing product formation, with the possibility of
stabilizing (metastable) intermediates. (b, c) Reaction pathway control is achieved by

changing pressure. The diagrams are inspired from refs. 67,104,105

Guiding Principles for Future Developments and Applications

Sulfide-Based Systems - Grain Boundaries and Complex Multiphase
Compositions

Nanoscale channels and facile percolation pathways for fast Li-ion transport have to
be established via designing a complex phase composition involving amorphous and
nanocrystalline phases. In an ideal case Li-ion mobility is fostered in grain boundary
and bulk regions, however systematic investigations are needed to establish suitable
compositional and synthetically descriptors allowing for rational improvements.
Halide-Based Systems - Distorting the Polyanionic Environment via Anion

Exchange
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For halide SEs, the formation of highly complex and locally distorted polyanionic
environments in halide-based SEs is key, which can be realized by tailoring the anion-
exchange reactions (between lithium salts and molecular crystal-like transition or
semimetal species). This allows for fast ion transport and polymer- or clay-like softness
in halide-based SEs and potentially for developing a broad range of low-cost

(environmentally friendly) compositions.

Application in Solid-State Batteries — Separator, Catholyte, and Surface Coating
Recent examples point toward the possibility of achieving soft-mechanical properties
only in the case of halide-based systems. However, the respective materials only
exhibit high oxidative stability and are not stable in contact with low-potential anodes.
Therefore, they are likely only suited as catholytes (or protective surface coatings at
the positive electrode side'%), where high mechanical flexibility is demanded to
accommodate for cathode volume changes. In contrast, sulfide-based systems are
able to form kinetically stable interfaces with Li metal, present a certain mechanical
strength, and thus seem applicable as separator in SSBs for preventing dendrite
formation/growth. Despite these progresses, the interfacial instability between sulfide-
and halide-based SEs is often overlooked. While the current understanding is limited,
preliminary studies suggest that careful selection of materials and doping strategies
can enhance the chemical stability of interfaces between different kinds of SEs.
However, previous research has primarily focused on crystalline electrolytes, leaving
a significant gap in understanding the interfacial properties of glass-ceramic
electrolytes. Moving forward, efforts in developing dual-layer SSBs should clearly
address the material stability, not only with respect to the positive and negative
electrodes, but also at the junction of the combined SEs.

Conclusions and Outlook

In summary, we have outlined recent developments of superionic halide- and sulfide-
based glass-ceramic SEs for SSB application. In particular, we aimed at giving a brief
overview of the compositional, structural, and synthetic design space for glass-
ceramics, recent examples of highly conducting glass-ceramics, and factors governing
superionic conductivity, among favorable mechanical properties. Finally, we described
potential opportunities and challenges in the further research and development of
advanced glass-ceramic SEs. Especially the newly discovered halide-based systems
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may lead to a paradigm shift in the development of next-generation, bulk-type SSBs.
They present unique examples of combining high ionic conductivities with mechanical
softness, i.e., polymer-like viscoelasticity or clay-like behavior. Overall, this seems to
be a promising approach, as this class of materials entails the possibility of combining
the advantages from polymer and inorganic electrolytes.

We believe that our Review sets the scope for future design of superionic sulfide- and
halide-based glass-ceramic SEs by providing guidelines for targeted material
exploration. Opportunities for achieving significant advancements in performance are
high given the vast number of compositional and structural possibilities, including the

development of ion conductors for post-Li chemistries.
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Quotes from the Review that we would like highlighted

(1) Given their large chemical design space, glass-ceramic electrolytes hold great
potential for major improvements in ionic conductivity, stability, and mechanical
softness.

(2)  Tailoring disorder via compositional and/or structural complexity, referring to
multiphase compositions and distorted polyanion environments, is key to achieving
favorable properties in glass-ceramic electrolytes.

(3) Halide-based glass-ceramics entail the possibility to reduce the lithium fraction

while maintaining high ionic conductivity and realizing clay-like softness.
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