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/0w X The energy storage and vehicle industries are heavily investing in advancing all-solid-state batteries to overcome critical

limitations in existing liquid electrolyte-based lithium-ion batteries, specifically focusing on mitigating fire hazards and
improving energy density. All-solid-state lithium-sulfur batteries (ASSLSBs), featuring earth-abundant sulfur cathodes, high-
capacity metallic lithium anodes, and non-flammable solid electrolytes, hold significant promise. Despite these appealing
advantages, persistent challenges like sluggish sulfur redox kinetics, lithium metal failure, solid electrolyte degradation, and
manufacturing complexities hinder their practical use. To facilitate the transition of these technologies to an industrial scale,
bridging the gap between fundamental scientific research and applied R&D activities is crucial. Our review will address the
inherent challenges in cell chemistries within ASSLSBs, explore advanced characterization techniques, and delve into
innovative cell structure designs. Furthermore, we will provide an overview of the recent trends in R&D and investment
activities from both academia and industry. Building on the fundamental understandings and significant progress that has
been made thus far, our objective is to motivate the battery community to advance ASSLSBs in a practical direction and
propel the industrialized process.
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brought attention to significant concerns surrounding the energy

density, safety, and supply chain risks associated with conventional Fig. 1 (A) Comprehensive comparison illustrates the volumetric and gravimetric
energy densities of different rechargeable batteries. (B) Energy cost comparison

rechargeable batteries, emphasizing the need for next-generation /. = "~ .o rechargeable batteries.

battery systems that can provide substantially improved energy
density while maintaining economic viability. Among the various

candidates, lithium-sulfur (Li-S) batteries, which utilize sulfur as the - P8 a -
cathode material and lithium metal as the anode material, have frereporeres lepd cueratgie ceosost
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Li-S batteries lies in their high theoretical energy, with sulfur boasting

1,672 mAh g! and lithium reaching 3,860 mAh g~'. As a result, Li-S . .

batteries can achieve up to 600 Wh kg! of energy density (Fig. 1A).! (mkismLiSatey Oven Boiohes 5
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attractive choice among post lithium-ion battery systems.”
Significant advancements have been achieved in Li-S batteries,

including the design of cathode structure and electrolyte additives (Fig.

Fig. 2 Advancement of Li-S batteries with liquid and solid-state electrolytes.

2). However, despite these achievements, several challenges, such as
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development of all-solid-state Li-S batteries (ASSLSBs).!> When
comparing Li-S batteries utilizing different electrolyte types, it is
crucial to note that the reaction mechanism of sulfur differs (Fig. 3).
The sulfur process is
Sit+2xLi*+2xe =xLi2S. In liquid and polymer electrolytes-based Li-S

overall redox represented  as
batteries, the conversion of elemental sulfur (Ss) follows a multi-phase
transformation involving transitions between solid, liquid, and then
back to solid states, exhibiting two voltage plateaus in the discharge
voltage profile (Fig. 3A and 3B). Through a multi-step process,
intermediate products, namely polysulfides (Li2Sy, 6 < x < 8) are
formed. The polysulfides dissolve into the liquid or certain polymer
electrolytes and subsequently undergo reduction, ultimately into solid
lithium sulfide (Li2S). Further characterization of the observed
polysulfide shuttling in the polymer electrolyte will be covered in
detail in Chapter 3.3. In contrast, inorganic solid electrolyte-based Li-
S batteries undergo a single-phase solid-solid conversion, showing
only one voltage plateau in the discharge voltage profile (Fig. 3C). In
a single-step process, the elemental S is reduced to solid Li2S in
single-phase transformation due to the absence of a polysulfide
solvating medium. The substitution of liquid electrolytes with solid-
state electrolytes is expected to address many of the drawbacks
associated with liquid electrolyte-based Li-S batteries, such as
polysulfide shuttle effect and Li dendrite propagation.'® !” Moreover,
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Fig. 3 Comparison of reaction mechanisms and properties between (A) liquid, (B)
polymer, and (C) inorganic solid electrolytes-based Li-S batteries.

the integration of solid-state electrolytes enhances safety from fire
hazards, mainly originating from flammable organic solvents in liquid
electrolytes.'® 1

In pursuit of meeting commercial demands for the superhigh energy
density of all-solid-state Li-S batteries, calculations were performed
on their gravimetric energy density by varying the parameters of
electrode components (Fig. 4). The gravimetric energy density of all-
solid-state Li-S batteries, assuming 100% sulfur utilization, was
calculated using various solid electrolytes, including polymer
(polyethylene oxide, PEO), sulfide (LisPSsCl, LPSCI), oxide
(LizLasZr2012, LLZO), and halide (LisInCls) (Fig. 4A). Among these
batteries, the cell using PEO exhibited the highest energy density,
followed by LPSCI, LisInCle, and LLZO, at the same sulfur loading.
This order of energy density is in inverse proportion to the density of
each solid electrolyte: 1.2 g cm=3 (PEO), 1.64 g cm 3 (LPSCI), 2.59 ¢
cm™3 (LisInCle), and 5.1 g cm™3 (LLZO). When utilizing the same
solid electrolytes, the gravimetric energy density increased with the
increase of sulfur loading. Besides, varying the N/P ratio of the cells
showed that the gravimetric energy density decreased with an
increasing N/P ratio (Fig. 4B). A smaller N/P ratio closer to 1 resulted
in a higher energy density. Moreover, as the amount of sulfur
increased (whether the sulfur content increased at the same loading or
the sulfur loading increased at the same content within the composite),
the gravimetric energy density of the cell also increased (Fig. 4C and
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Fig. 4 (A) Calculated gravimetric energy density versus areal sulfur loading for all-solid-state Li—S pouch cells utilizing various solid electrolytes, including polymer
(polyethylene oxide, PEO), sulfide (LisPSsCl, LPSCI), oxide (Li;LasZr,01,, LLZO), and halide (Li3InClg), assuming 100% sulfur utilization. (B) Calculated gravimetric energy
density versus N/P ratio for all-solid-state Li—S pouch cell utilizing LPSCI as a solid electrolyte with various areal sulfur loadings, assuming 100% sulfur utilization. (C, D)
Calculated gravimetric energy density versus sulfur loading for all-solid-state Li—S pouch cell utilizing LPSCI as a solid electrolyte with sulfur content from 30% to 70%
within the composite cathode, assuming sulfur utilization of (C) 60% and (D) 100%. (E) Calculated gravimetric energy density versus areal sulfur loading for all-solid-
state Li—S pouch cell utilizing LPSCI as solid electrolyte with sulfur utilization from 40% to 100%.

4D). Furthermore, when the sulfur loading and content were the same,
higher sulfur utilization resulted in a higher gravimetric energy
density (Fig. 4E). For instance, in the case of LPSCl-based Li-S
batteries, if the sulfur utilization is only 60%, the sulfur loading should
be higher than 15 mg cm2 with a sulfur loading over 60% to achieve
an energy density over 500 Wh kg (Fig. 4C). Meanwhile, if the
sulfur utilization can reach 100%, the sulfur loading of the cell can be
as low as 8 mg cm2 with a sulfur loading of 50% (Fig. 4D). Overall,
to realize all-solid-state Li-S batteries with an energy density
exceeding 500 Wh kg2, it is crucial to have a sulfur loading and
utilization of at least 6 mg cm2 and 80% or 4 mg cm~2 and 100%
when utilizing LPSCI as a solid electrolyte. For the simulations, the
composition of the cathode composite (sulfur:carbon:solid
electrolyte) was set to 5:2:3 in weight ratio unless otherwise
indicated, except for Fig. 4C and 4D. In all cases, the thickness of the
solid electrolyte layer was 30 um, and the N/P ratio was set to 2 unless
indicated, except for Fig. 4B.

Extensive research efforts have been dedicated to the development
of all-solid-state Li-S battery technology by both academia and
industry, but it still faces significant challenges on the path towards
commercialization. 2>-2* Bridging the gap between basic research and
applied development activities, often referred to as the "valley of
death," remains a significant hurdle in transforming early-stage
discoveries into mature and deployable technologies. It is crucial and
urgent to provide a comprehensive and authoritative summary of the
latest achievements from both academic research and industrial
investigations to expedite the implementation of all-solid-state Li-S
batteries. This review aims to offer a detailed overview of the most
recent developments (since 2020) in all-solid-state Li-S batteries.
Given the complexity and challenges involved in this system, the
engagement of research students, professors, and scientists from
diverse backgrounds in materials science, electrochemistry, chemistry,

This journal is © The Royal Society of Chemistry 20xx
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engineering, physics, and more is essential to addressing the
fundamental barriers. Furthermore, the active participation of industry
is critical to transform innovative discoveries into mature and
deployable technologies. Within this review, our focus will be on the
design of high-performing solid-state electrolytes, fundamental
understanding of all-solid-state Li-S batteries, structural design of
cathodes, anodes, and electrolytes, as well as insights into interfacial
electro-chemo-mechanical issues under realistic operating conditions.
Additionally, it will provide valuable experience and industrial
perspectives on the development of solid-state electrolytes and cells
towards the practical application of all-solid-state Li-S batteries.

2. Overview of solid-state electrolytes

Solid-state electrolytes have gained renown for their ability to
mitigate the fire hazard risk associated with conventional liquid
electrolytes.’*?° Representative solid-state electrolytes can be
categorized into polymer, inorganic, and their composite types (Table
1). Polymer electrolytes are soft, adhesive, and offer excellent
processability, enabling excellent solid-solid contact and eliminating
the need for stack pressure during operation. However, in polymer-
based all-solid-state batteries, the dissolution of polysulfides within
certain types of polymer matrices, along with their shuttling
throughout the cell, presents significant obstacles. In addition, their
low ionic conductivity restricts their functionality to high-temperature
conditions. In contrast, inorganic solid electrolytes, including sulfide,
oxide, and halide electrolytes, generally exhibit higher ionic
conductivity. Given the low ionic conductivity of sulfur and lithium
sulfide, it is essential to utilize solid electrolytes with significantly
high ionic conductivity. Moreover, a higher ionic conductivity is
always preferable. Additionally, due to the low electronic conductivity
of sulfur, a significant amount of carbon is typically added to the

J. Name., 2013, 00, 1-3 | 3
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Table 1 Electrochemical, mechanical, and chemical properties of various solid-state electrolytes.

Polymer Composite Inorganic solid electrolytes
Sulfide Oxide Halide
lon Conductivity (S cm™) 10° 104 10%10* 104-10° 10°%-10°
Electrochemical Stability Window (V) 0-4.5 0-6 15-25 0-3.5(LLZO) 0.5-4 (Chloride)
2-4 (LATP) 0.5-3 (Bromide)
0-3 (Liz0Cl)
Processability Good Good Good Poor Good
Mechanical Strength Poor Moderate Moderate Good Moderate
Air Stability Good Good Sensitive to H20 Mostly Good Sensitive to H.0

cathode composite in all-solid-state Li-S batteries. Given carbon’s
high surface area and low density, employing a low-density solid
electrolyte would be more effective in establishing a continuous ion
conduction pathway within the composite. In addition, solid
electrolytes encounter challenges related to poor physical contact
between particles, necessitating high external pressure during both
fabrication and cell cycling. In certain cases, high-temperature
sintering is required for oxide electrolytes. Issues of chemical and
electrochemical instability pose significant obstacles for solid-state
electrolytes. Fortunately, most solid-state electrolytes are compatible
with sulfur cathodes, as their electrochemical stability window falls
within the operational voltage range of sulfur (1.5—2.8 V). However,
some solid reduction reactions may still occur. By employing solid-
state electrolytes instead of their liquid counterparts, battery packs can
achieve bipolar stacking, thereby reducing packaging costs, and
further increasing their energy density. This trend bodes well for the
future of solid-state electrolytes.

2.1 Polymers

Polymer electrolytes have attracted attention in research owing to
their unique elasticity and favourable interfacial compatibility with
the electrodes.?”- 2 Among the various polymers studied, polyethylene
oxide (PEO) stands out as the most extensively investigated subject.?®
PEO has a wide electrochemical window of 0-4.5 V (vs. Li/Li*),
making it well-suited for use with lithium metal and sulfur cathodes
in all-solid-state Li-S batteries. Additionally, its soft nature facilitates
robust solid-solid contacts with electrode components, eliminating the
need for stack pressure during cell cycling. Despite its prominence,
PEO suffers from very low room-temperature ionic conductivity,
measuring approximately 0.01 mS cm™!, which severely limits its
application to elevated temperatures above 60 °C.3% 31 To improve the
ionic conductivity of PEO, researchers have primarily focused on
reducing its crystallinity by incorporating heterogeneous polymers or
forming composite electrolytes with inorganic particles to reduce the
crystallinity of PEO and facilitate Li-ion conduction through the
segmental motion of free polymer chains. One significant drawback
of incorporating PEO in all-solid-state Li-S batteries is its
susceptibility to the dissolution of polysulfides, which leads to the
undesirable shuttle effect. Similar to liquid electrolytes, PEO solvates
polysulfides, enabling the dissolved polysulfides to migrate from the
cathode to the anode side. This shuttling causes the corrosion of
lithium metal and the loss of sulfur, ultimately leading to rapid cell
failure and further compromising its practical viability.®? 3 These

4| J. Name., 2012, 00, 1-3

(LLZO sensitive to H20, COz)

limitations have prompted researchers to explore the combination of
multiple polymers together3+2® or the implementation of cross-linking
techniques.® 37 38 These efforts aim to improve the mechanical
strength of the electrolyte, minimizing lithium dendrite propagation
and effectively trapping polysulfides to prevent shuttling, thereby
enhancing overall stability and conductivity. On the other hand, novel
polymer electrolytes different from PEO have been developed.
However, many of the newly developed electrolytes require adding
small amounts of liquid to achieve sufficient ionic conductivity. In
practical terms, these are categorized as gel or quasi-solid-state
electrolytes, thereby not strictly aligning with the definition of all-
solid-state batteries. It is important to note that introducing liquid
components may alter the rheological properties of electrodes and
disrupt the bipolar stacking of cells. Despite these challenges, there
are promising emerging approaches, such as polymer electrolytes
utilizing salt-mediated crystal formation, which have gained
popularity in recent studies.®® “° In some cases, polymer electrolytes
are created through in situ polymerization within the cell using a
precursor solution instead of pre-formed polymers. When the
polymerization and subsequent drying process occur at temperatures
above the boiling point of the solvent for a sufficient duration, the
resulting electrolyte can be considered a solid-state electrolyte rather
than a liquid-state or quasi-solid-state counterpart.

2.2 Composites

An alternative approach involves composite electrolytes, which are
a combination of multiple solid-state electrolytes.*!: 2 The majority of
reported composite electrolytes consist of polymer electrolytes filled
with inorganic fillers. These fillers can be categorized as active fillers
(e.g., sulfide electrolyte,**> oxide electrolyte,*%° hydride
electrolyte®) or passive fillers (e.g., In203,** Al.O3,%! fullerene,> BN,
53 ceramic nanosheets,® MOF*®) depending on whether the fillers
conduct Li-ions or not. In composite polymer electrolytes, Li-ions can
conduct through several pathways: along the polymer chains,* across
the interfaces between the fillers and polymer,” or through the
fillers.58 Composite electrolytes with passive fillers primarily utilize
the first two mechanisms, whereas those with active fillers take
advantage of the Li-ion conducting properties of the active
components. Incorporating fillers in polymer electrolytes offers
significant benefits while retaining the advantageous characteristics
of traditional polymer electrolytes, such as excellent processability.
Firstly, it enhances the ionic conductivity and widens the
electrochemical stability window of the composite electrolyte

This journal is © The Royal Society of Chemistry 20xx
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compared to using polymer electrolytes alone. The fillers contribute
to facilitating ion conduction and suppressing unwanted side
reactions, leading to improved overall performance and safety.
Secondly, the mechanical robustness of the composite electrolyte is
greatly improved. The fillers reinforce the polymer matrix, making it
more resistant to mechanical stress, while maintaining the desired
deformability of the polymer electrolytes.

2.3 Sulfides

Among the inorganic solid electrolytes, sulfide electrolytes stand
out as a highly promising candidate due to their exceptional room-
temperature ionic conductivity that can reach up to 10 mS cm~'.%°
These sulfide electrolytes are categorized into glass (e.g. Li2S-P2Ss),%
glass-ceramics (e.g. LisPSs, LizP3S11),5! and crystalline solids (e.g.
Argyrodite-type LisPSsX (LPSX, X=Cl, Br, I, and their combination),
62,63 | GPS-type Li1oGeP2S12%4) based on their crystal structures. Early
research predominantly focused on glasses and glass-ceramics. These
often involved the mechanical synthesis of compounds like Li2S and
P.Ss alongside various sulfide, oxide, and halide compounds,
followed by subsequent heat treatment. These initial efforts yielded a
comparatively modest ionic conductivity of 0.1 mS cm1.% The late
2000s and following the 2010s marked an era of significant
advancement in sulfide electrolytes by novel structures and synthesis
techniques, including liquid-phase synthesis. Argyrodite structured
sulfides gained popularity for their impressive ionic conductivity,
utilization of cost-effective raw materials, and decent electrochemical
stability in both oxidation and reduction.®® Various LGPS-type
sulfides attracted a surge of interest for their exceptionally high ionic
conductivity, reaching as high as 25 mS cm~',57 but their application
was hindered by instability against reduction when in contact with Li
metal. Many of the sulfide electrolytes containing metallic or semi-
metallic elements such as Sn, Si, and Ge suffer from the continuous
growth of the conductive solid electrolyte interphase (SEI) at the
Li—electrolyte interface. Another appealing advantage of sulfides lies
in their ductile mechanical properties. Sulfides are soft enough to
establish good interfaces between particles through cold-pressing
alone, eliminating the need for additional high-temperature sintering.
While stack pressure remains essential to maintain close particle-to-
particle contacts throughout the charge and discharge cycles, the ease
of processing significantly simplifies the manufacturing process. On
the other hand, a persistent drawback of sulfide electrolytes is their
susceptibility to moisture and polar solvents. When exposed to a
humid environment, sulfides undergo structural deterioration, leading
to a sharp reduction in ionic conductivity to significantly lower levels.
Moreover, the oxidation of sulfide produces toxic Hz2S gas, imposing
additional constraints.%® Another limitation pertains to their inherently
narrow electrochemical stability window, typically confined to 1.5—
2.5V. This restricts their compatibility with Li metal, high-voltage
layered oxides, and even sulfur cathodes.®® Nevertheless, intriguing
exceptions have arisen under specific kinetically constrained
conditions. Notably, some of the sulfide electrolytes, such as LPSCI,
have demonstrated successful operation within an expanded
electrochemical window spanning from 0 to 4.3V, showing decent
electrochemical performance with high-nickel LiNixMnyCo1xyO2
(known as NCM or NMC) cathodes and Li metal electrodes.”® ™
Sulfides are highly appealing for use in all-solid-state Li-S batteries

This journal is © The Royal Society of Chemistry 20xx
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because their electrochemical stability window overlaps with the
typical operation voltage of sulfur cathodes (1.5—2.8 V). This overlap
eliminates concerns regarding poor electrochemical stability in
sulfide-based all-solid-state Li-S batteries.

2.4 Oxides

Oxide electrolytes are an appealing choice for good chemical
stability’> Representative oxide crystals are NASICON (e.g.
Li1.3Alo3Ti17(PO4)s (LATP)),”® LISCION (e.g. Li2+2xZni—xGeQOa),™
garnet (e.g. LizLasZr2012 (LLZO)),” perovskite (e.g. LixLazzx3TiO3
(LLTO))"® and anti-perovskite (e.g. LisO(CI, Br))’” structures.
Unfortunately, the oxides generally exhibit inadequate room-
temperature ionic conductivity around 0.1 mS cm~.78 Moreover, their
inherent mechanical rigidity results in insufficient solid-solid contact
and remarkably high grain boundary resistance. Consequently, oxide
electrolytes necessitate either high-temperature sintering processes’®
or the incorporation of liquid/polymer components to achieve
effective interfaces.®° However, since sulfur sublimes at much lower
temperatures than the sintering temperatures of oxides, co-sintering
oxide catholytes and sulfur together are not feasible. This necessitates
the development of alternative cathode composite preparation
methods. Besides the critical current density (CCD), the maximum
current density before the cell suffers from short-circuiting due to Li
dendrite penetration stands at a mere 0.05 mA cm-2 for oxides, while
sulfides typically exhibit values higher than 0.4 mA cm=2.8! LLZO
demonstrates an impressively wide electrochemical stability window
spanning from 0 to 3.5 V. In contrast, LATP maintains stability only
within the range of 2—4 V, owing to its diminished reductive stability
stemming from the reduction of metallic Ti elements upon contact
with Li metal. Conversely, LisOCI exhibits exceptional reductive
stability, rendering it a suitable material against Li metal. However,
its oxidative stability falls short, leading to an electrochemical
stability window of 0-3 V.82 Fortunately, many oxide electrolytes are
recognized for their robust chemical stability.®® Nevertheless, LLZO,
a widely used oxide electrolyte, degrades to form LiOH and Li.COs
upon exposure to H20 and COz, and Li3OCl is sensitive to moisture.
Additionally, an interesting point to note is that anti-perovskites
possess relatively lower melting points, approximately 280 °C,
facilitating melt-infiltration processing.8*

2.5 Halides

Halide-based electrolytes, identified by the chemical formula
LiaMXp (with X = F, CI, Br, and 1), encompassing diverse metal
elements, have aroused notable attention due to their impressive
room-temperature ionic conductivity, achieving around 1 mS cm,
coupled with commendable oxidation stability.®> The landscape of
halide electrolytes dates back to the 1970s, yet most of these initial
formulations exhibited low room-temperature ionic conductivity,
leading to limited interest in halides as electrolytes. However, a
turning point was marked by the discovery of highly ion-conductive
LisYXs (with X = CI, Br) in 2018,%¢ which catalyzed rapid
advancements in its application to all-solid-state battery technology.
Subsequently, an array of halide solid electrolytes, including
LisErCle,8 LisScCle,®8 and LisHoBre®® emerged on the research
horizon. Yet, the extensive reliance on rare earth metals for these
formulations raised economic concerns, prompting research

J. Name., 2013, 00, 1-3 | 5
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Fig. 5 Challenges in all-solid-state Li-S batteries.

endeavours aimed at developing cost-effective alternatives such as
Liz+xZri-xFexCls.*® These materials are typically synthesized through
ball-milling with subsequent annealing or water-mediated synthesis.
Besides the shared advantages of high ionic conductivity and
malleability akin to sulfides, one of the most distinct benefits of
halides lies in their robust stability at elevated voltages. This feature
enables their compatibility with cathode materials like LiCoO2 (LCO)
and high-nickel NCM without necessitating surface protective
coatings, a challenge commonly encountered with sulfides. !
However, a significant limitation of halide electrolytes pertains to
their inadequate reductive stability, resulting in a restricted
electrochemical stability range of 0.5-3 V.% 9 The insufficient
stability at the anode necessitates the incorporation of at least one
supplementary solid electrolyte partner when interfacing with lithium
metal, % thereby presenting a subsequent challenge due to the disparity
in solid electrolyte compatibility.®> Similar to sulfide electrolytes,
halide electrolytes are also susceptible to humidity-related issues.%
However, it is noteworthy that these electrolytes form hydrated
intermediate complexes that can be regenerated through heating, a
more optimistic scenario compared to sulfides. Meanwhile, halides
are soft enough to be easily processed. Yet, akin to other ceramic
electrolytes, halide electrolytes require a certain degree of stack
pressure during cycling to maintain favourable solid-solid contacts.

3. Challenges and advanced characterization of
all-solid-state Li-S batteries

6 | J. Name., 2012, 00, 1-3

3.1 Fundamental challenges

While the potential advantages of all-solid-state Li-S batteries are
promising, it is crucial to acknowledge the significant challenges that
must be overcome in various material aspects, including design
considerations of cathodes, anodes, and solid-state electrolyte layers,
in addition to considerations regarding cell packaging and operational
conditions (Fig. 5).9" % Achieving high energy density batteries
exceeding 500 Wh kg requires targeting an areal energy density
greater than 6 mAh cm2. This objective necessitates a high sulfur
loading within the cathode, exceeding 4 mg cm-2 when assuming a
sulfur utilization of 90%. Similar to other all-solid-state batteries, a
thinner solid electrolyte layer is desirable for improved performance,
with a thickness of around 30 um considered suitable. Additionally,
reducing the thickness of the lithium metal anode can further enhance
energy density, with an N/P ratio close to 1 being preferable; ratios
between 1.05 and 1.1 are acceptable. It is essential to optimize various
key parameters to achieve the goals, with the primary objectives
including achieving high capacity from a high sulfur loading cathode
with high sulfur utilization for long cycle life. However, similar to
liquid electrolyte-based Li-S batteries, limited sulfur utilization
remains a critical concern in all-solid-state Li-S batteries owing to the
inherently low Li-ion and electronic conductivities of sulfur and
lithium sulfide. In contrast to layered oxide cathode materials such as
LiCoO:2 and LiNixCoyMn;Oz, which exhibit considerably high ionic
and electronic conductivity and may not require carbon additives in
the cathode composite, sulfur cathodes necessitate a significant
amount of carbon. This poses challenges for both processing and
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electrochemical performance. The large surface area of carbons
makes it difficult to process the cathode laminate using solution
processing, as they absorb solvent extensively. Additionally, a large
amount of carbon additive may facilitate detrimental solid electrolyte
degradation. Thus, achieving high sulfur utilization without
compromising fabrication conditions and cycle life is crucial. Another
challenge lies in the substantial volume expansion and contraction of
sulfur particles which can expand by as much as 80% during the
transition from elemental S to Li2S. This magnitude of volume change
is much larger than that observed in other cathode materials, making
it much more difficult to maintain close contact. This issue becomes
notably pronounced when considering all-solid-state configurations.
The absence of fluidic components exacerbates this issue by causing
a complete rupture in the ionic pathway, subsequently leading to poor
interfacial contact. On the other hand, the propagation of lithium
dendrites poses another formidable challenge to the viability of all-
solid-state Li-S batteries. Numerous strategies have been investigated
to mitigate the issue of Li plating and stripping in all-solid-state
batteries. These approaches encompass applying protective coatings
to Li metal, incorporating electron-insulating compounds through
doping or infusion into solid electrolyte materials and enhancing the
mechanical strength of the solid-state electrolyte layer. However, an
ideal solution has yet to be found. Precise calibration of cycling
temperature and the delicate balance in stack pressure—demanding
adequate pressure to minimize void formation during stripping while
preventing excessive pressure that could lead to penetration of Li
metal into the solid electrolyte during plating—emerge as critical
factors. A noteworthy merit of inorganic solid electrolyte-based Li-S
batteries is the alleviation of the polysulfide shuttling problem, as
there is no medium for polysulfide generation and dissolution.
Conversely, polymer electrolyte-based Li-S batteries encounter the
same issue as their liquid electrolyte-based counterparts, which
continues to be a significant drawback. Besides, certain solid
electrolytes undergo either oxidative or reductive decomposition
during charge and discharge cycles, warranting careful consideration.

3.2 Solid-state cell design for in situ/operando characterization

For a comprehensive understanding of the intricate electrochemical
reaction mechanisms, battery researchers have employed a range of
material characterization tools with cross-length-scale resolution.
However, the inherent all-solid nature of ASSLSBs presents a series
of challenges in post-cycling material analysis. Once meticulously
assembled in cells, the electrode materials in all-solid-state Li-S
batteries become interwoven, forming a cohesive unit that
complicates easy disentanglement. This agglomeration not only
hinders the extraction of individual components but also leads to
cross-contamination among them, blurring the distinctive properties
of the materials under scrutiny. Moreover, the fragile nature of these
cells makes them susceptible to the formation of new cracks during
disassembly, further complicating the distinction between cracks that
emerged during cycling and those formed during the subsequent
sample preparation for analysis.

To overcome these obstacles, in situ or operando characterization
tools offering real-time information during battery cycling emerge as
an appealing solution. A variety of in situ/operando characterization
technologies, including optical, scanning probe, neutron, electron-
based microscopic imaging, magnetic resonance, and x-ray
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Fig. 6 Schematic illustration of various solid-state cells for in situ/operando
characterization: (A) air-tight coin-cell, (B) virtual electrode cell, and (C) pressure-
controlled cell.

spectroscopy, have been thoroughly explored in all-solid-state battery
systems.®® In the context of in situ/operando analysis within all-solid-
state battery setups, especially those incorporating Li metal or air-
sensitive solid electrolytes, specialized cell designs are essential to
shield cell components from exposure to oxygen or moisture. The
most straightforward and widely utilized approach for creating an air-
tight environment involves the use of coin-cell casings with Kapton
windows.'® These cell casings are crafted with aligned openings on
both the cell cases and spacers, with the openings on the cases covered
by Kapton tape (Fig. 6A). This configuration enables the penetration
of x-rays or light sources during cell operation while preserving an
inert atmosphere within the cell. When examining components of the
solid electrolyte interphase (SEI) or observing the nucleation and
growth of metallic Li formations on solid electrolyte surfaces, the
virtual electrode concept is often employed.’s: 192 This approach
involves the application of e-beams or UV photons, which serve to
supply negative or positive charge to the surface under analysis (Fig.
6B). In these cases, the surface of solid electrolytes is directly exposed
to the ambient air, as any form of tape is removed to eliminate any
hinderance to characterization. Therefore, the sample cells must be
positioned within a humidity-controlled glovebox or, at the very least,
within a controlled dry room environment during operation.
Considering that inorganic solid electrolyte-based all-solid-state
batteries inherently demand the application of external pressure
during cycling, pressure-controlled cells are an essential prerequisite
for achieving in situ/operando characterization (Fig. 6C).1% Taking
into account factors such as the beam size and the depth of energy
source penetration, meticulous attention is given to the design of the
thickness and diameter of the polymer tube encasing the samples for
operando pressure-controlled cells. Furthermore, the material of this
encasing tube should be thoughtfully chosen to prevent interference
with the characterization process.

3.3 Sluggish/irreversible sulfur redox reaction

All-solid-state Li-S batteries encounter difficulties akin to those
observed in liquid electrolyte-based Li-S batteries, primarily linked to
the sluggish sulfur redox reaction. These challenges arise from the
inherently poor Li-ion and electron conductivity of elemental sulfur
and lithium sulfide.1 The slow reaction kinetics of all-solid-state Li-
S batteries have been elucidated through in situ imaging techniques.
Bradbury et al. visualized the distribution of lithium within a
composite sulfur cathode during cycling, employing operando
neutron radiography and in situ neutron tomography. They observed
the sulfur reduction propagating from the solid electrolyte layer
toward the current collector side upon discharge, suggesting that the
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Fig. 7 (A) Dynamic evolution of lithium distribution in the all-solid-state Li-S batteries utilizing sulfide electrolytes (LisPSsCl) using operando neutron radiography as the
degree of discharge (DoD) increases. Reproduced from ref. 105 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2023. (B) Time-voltage profile of
the all-solid-state Li-S batteries utilizing Lis 4PS4.4Cl; ¢ sulfide electrolytes and the corresponding operando Raman intensity mapping during the cell testing. Reproduced
from ref. 107 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2023. (C) In situ OM images of all-solid-state Li-S battery utilizing LiTFSI/PEO/LLZTO.
Images captured at open circuit potential (OCP), and after the first discharge and charge. Reproduced from ref. 111 with permission from Elsevier, copyright 2021.

sluggish effective ion transport is the rate-limiting step (Fig. 7A).1%
Wang et al. demonstrated that Li-ion diffusion in Li2S plays a
dominant role in its reversibility in solid-state Li-S batteries through
in situ transmission electron microscopy (TEM) observation.1% These
limited sulfur redox Kinetics highlight the critical need to establish
effective pathways for both Li-ion and electron transport.

While the discharge process of sulfur in liquid electrolyte-based Li-
S batteries shows two voltage plateaus, indicative of a multi-phase
sulfur redox mechanism, the discharge curve of inorganic solid
electrolyte-based Li-S batteries displays a solitary plateau. This
distinction implies that inorganic solid electrolyte-based Li-S batteries
follow a different reaction mechanism. However, the details of this
mechanism remained unclear and ambiguous (Fig. 3). Recently, Cao
et al. proposed a reaction pathway wherein metastable Li2S2 was
formed during the transition of S to Li2S. Importantly, this reaction
mechanism is characterized by the absence of polysulfide such as
Li»Ss, Li2Se and Li2Ss, as evidenced by operando Raman
spectroscopy and ex situ synchrotron x-ray absorption spectroscopy
(XAS) (Fig. 7B).2" Meanwhile, Xiao et al. also utilized ex situ XAS
to examine the discharge mechanism of sulfur cathode. Their findings
disclose that sulfur underwent a stepwise reduction without the
disproportionation reaction in sulfide electrolyte (LisPSa4)-based Li-S
battery. Initially, it forms long-chain polysulfide (Ss%), followed by a
subsequent reduction to midchain polysulfide (S4%), short-chain
polysulfide (S2*), and ultimately into Li2S.1%

In inorganic solid electrolytes-based Li-S batteries, the lack of a
medium for polysulfide dissolution makes them free from the
polysulfide shuttle effect.’%® However, this challenge persists in
polymer electrolyte-based Li-S batteries, similar to the liquid
electrolyte-based ones. The generation of polysulfides, their
dissolution into polymer electrolytes, migration to the Li anode, and
the resulting deterioration of Li metal have been subject to extensive
investigation including in situ optical microscopy (OM),"° in situ
atomic force microscopy (AFM),*! in situ scanning electron
microscopy (SEM), and operando ultraviolet-visible spectroscopy

8| J. Name., 2012, 00, 1-3

(UV-VIS).12 Notably, Song et al. captured the change in the colour
of polymer electrolytes, from bright-white to light-brown, a clear
indicator of polysulfides dissolving into the electrolyte. (Fig. 7C).

3.4 Deterioration of solid-state electrolytes

Solid-state Li-S batteries face challenges associated with the
irreversible chemo-mechanical failure caused by the deterioration of
the solid electrolytes. The substantial volume expansion and
contraction during the conversion of S into Li2S exert significant
internal stress on the surroundings, solid electrolytes, conductive
agents, and current collectors. As a result, the integrity of particle-to-
particle contacts within the composite cathode loosens, leading to the
formation of voids and cracks. Unlike their liquid or polymer
electrolyte counterparts, inorganic solid electrolyte-based Li-S
batteries lack a flowable medium; thus, this absence exacerbates the
impact of these morphological changes, resulting in severe capacity
fading.113116 Besides, the oxidative and reductive degradation of
sulfide solid electrolytes further detrimentally impacts the overall
electrochemical performance.!” Owing to the overlapping voltage
ranges where sulfide electrolyte decomposition and sulfur redox

+S
\ ps‘*ﬂ:“

P-{S},-P

Fig. 8 Redox reaction of PS> thiophosphate unit of sulfides within sulfur
charge/discharge voltage window.
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occur, polysulfidophosphates (—P-Sn—P-) are formed and disappear
in a reversible manner as a result of the reaction between PSs*
thiophosphate unit of sulfides and sulfur during the charge and
discharge of sulfur (Fig. 8).118 A positive aspect is that this reversible
reaction of solid electrolytes occasionally contributes supplementary
capacity to the sulfur redox capacity.!1%122 Nonetheless, prolonged
cycles of solid electrolyte oxidation and reduction could deteriorate
its effective ionic conductivity, ultimately leading to poor cycling
performance over time.’?®> Commonly, the decomposition of solid
electrolytes is analyzed through x-ray diffraction (XRD), x-ray
photoelectron spectroscopy (XPS), and Raman spectroscopy analysis
after battery cycling. Additionally, dynamic electrochemical mass
spectrometry (DEMS) provides real-time detection of gas evolution
resulting from the degradation process in cell operation.1?*

3.5 Lithium degradation

The challenge of lithium dendrite propagation persists within the
realm of all-solid-state batteries.!?> Numerous microscopic imaging
tools have captured the propagation of lithium dendrites within solid
electrolytes, a phenomenon directly linked to short circuit failures.*?¢-
128 Interestingly, Liang et al. examined the accumulation of dead Li in
sulfide solid electrolytes using operando nuclear magnetic resonance
spectroscopy (NMR) in a recent study (Fig. 9A).1% In polymer
electrolyte-based lithium metal batteries, the penetration of lithium
dendrites into polymer electrolytes arises from the low mechanical
strength of the polymers.’*® In contrast, despite their considerably
higher yield strength, the inorganic solid electrolyte-based lithium
metal batteries remain susceptible to dendrite penetration. Various
theories have been suggested to elucidate this phenomenon. For
instance, one theory suggests that lithium tends to propagate along
surface defects present on solid electrolyte grains.*3! Additionally, the
inadequately low electronic conductivity of solid electrolytes can
induce the reduction of lithium ions to metal.*3? Furthermore, during
the deposition of lithium metal, cracks are formed and propagate,
providing pathways for the propagation of dendrites. Ning et al.
utilized in situ x-ray computed tomography (XCT) to demonstrate that
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lithium plating induces cracks first, followed by the growth of lithium
dendrites through these cracks (Fig. 9B).13® The growth of lithium
dendrite within ceramic electrolytes ultimately leads to short circuits
or, at the very least, soft shorting.13*

The interphase formed between solid electrolytes and Li metal can
also contribute to chemomechanical failure. This phenomenon
becomes particularly pronounced when ceramic electrolytes
containing metallic or semi-metallic elements (such as Ti, Ge, Sn, and
Si) contact with Li metal. In these scenarios, the interphase presents
mixed ionic-electronic conductor (MIEC) characteristics that
continue to expand over time. The expansion of this interphase
induces fractures within the material, causing an increase in interfacial
impedances.!3®

Another noteworthy factor in the failure of all-solid-state lithium
metal batteries is the development of voids at the interface between
the solid electrolyte and the lithium metal layer during the stripping
process.*3 Voids are formed when lithium is removed more rapidly
than it is replenished. Over successive cycles, these voids accumulate,
leading to an elevation in the local current density. Ultimately, this
locally intensified current density drives the formation of dendrites
during the electroplating process, resulting in short circuits, and
eventual cell breakdown.'3" 138 Through the application of XCT,
Lewis et al. observed the generation of voids during the process of
lithium stripping in sulfide electrolyte-based symmetric cells (Fig.
9C). This contact loss has been recognized as the primary cause of cell
failure in the case of solid electrolytes with MIEC-type interphase
when short circuits are absent.!%

3.6 Stack pressure

The operation of all-solid-state batteries becomes more intricate
when considering the influence of external stack pressure (Fig. 10). In
the context of the composite cathode, these batteries require
significant external pressure during cycling.'® 41 Throughout the
charge/discharge process, the active materials undergo repeated
expansion and contraction, often leading to the disconnection of

Fig. 9 (A) Contour plot of operando 7Li NMR spectra and the corresponding charge/discharge voltage profiles of an anode-free battery employing Li;P3S1; (LPS).
Reproduced from ref. 129 with permission from Nature Publishing Group, copyright 2023. (B) /n situ phase-contrast XCT virtual cross-sectional images captured during
plating of a Li| LigPSsCl| Li cell. Reproduced from ref. 133 with permission from Nature Publishing Group, copyright 2021. (C) Operando x-ray tomography cross-sectional
images of a Li|Li;oSnP,S1, | Li cell (left) before and after cycling, and (right) before and after stripping. Reproduced from ref. 139 with permission from Nature Publishing

Group, copyright 2021.
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Fig. 10 Stack pressure considerations in various aspects of all-solid-state batteries.

electrode particles from each other and the formation of cracks and
voids. To ensure close contact and minimize interface resistance, it
becomes essential to apply external stack pressure. However, when
dealing with the lithium metal anode, excessively high stack pressure
can result in the unwanted penetration of metallic lithium into the
solid electrolyte layer, potentially causing short circuits.*?
Conversely, if too low stack pressure is applied, the creep-induced
deformation of lithium metal fails to replenish the vacant sites where
lithium is stripped away, leading to numerous voids formed at the
solid electrolyte/Li metal interface and an increase in interfacial
resistance.!#® 144 Therefore, it is essential to apply the appropriate
pressure to establish a robust solid electrolyte/Li metal interface.
Nevertheless, for the practical scalability of batteries, applying
significant stack pressure may not be feasible. Hence, there is a need
to reduce stack pressure to the lowest possible level while considering
technological and cost-effectiveness factors.!*% 146 Operando pressure
monitoring has been thoroughly studied to examine volume
fluctuations, corresponding changes in internal stresses, and cell

pressure during battery operation.!4”- 18 To measure these differences,
a pressure sensor is typically inserted into the stacked cell housing.

4. Strategies to improve performance

In this section, the state-of-the-art technologies for fabricating all-
solid-state Li-S batteries are explored (Table 2). The primary focus
here is placed on the novel material designs and unique processing
strategies of each electrode component, namely solid electrolytes,
cathodes, anodes, and binders. These aspects, tailored to the
requirements of all-solid-state batteries and distinguished from their
liquid-based counterparts, are the central focus of this exploration.

4.1 Solid-state electrolytes

Elevating the ionic conductivity of solid-state electrolytes stands as
a fundamental and widely adopted strategy for enhancing the
electrochemical performance of all-solid-state Li-S batteries. The
improvement in ionic conductivity directly influences both sulfur
utilization within the cathode composite and Li-ion transport in the
solid electrolyte layers. One common strategy to enhance the ionic
conductivity is doping, or the substitution of heteroatoms within the
lattice of inorganic solid electrolytes.'%7-172 When foreign ions with
varying charges or sizes are introduced into the solid electrolyte
structure, they generate vacancies and expand ion transport channels,
thereby facilitating the more facile conduction of Li-ions through
these pathways. Moreover, the addition of doping compounds during
synthesis serves to restrict the formation of low-conductivity
polyhedral units, thus promoting the synthesis of highly ion-
conductive phases.”® This, in return, results in a significant increase

Table 2 A summary of the electrochemical performance data from the latest research papers on all-solid-state Li-S batteries.

Active material

Current Initial

Cathode Solid electrolyte Anode loading in cathode density areal capacity Capac_ity Temp. Ref.
(mg cm) (mA cm) (mAh cm?) retention €0
Li.S 80L.i2S-20P2Ss Li 0.37 (Li2S) 0.13 0.37 79.6%@100cyc 60 149
S 65Li1.6PS2-35Lil Li-In 4.8(S) 8.0 6.4 91%@100 cyc 45 150
c@s PEO/LLZTO/Mg(TFSI). Li 0.5 (S) 0.4 0.17 94.1%@300cyc 60 151
KB@S LisPSs-2LiBH4 Li-In 2.57 (S) 2.15 2.6 77.5%@800 cyc 60 152
Li>S/LisPO4/Li,SOs  LisPSs Li-In 10 (Li2S) 1.17 8.5 82.4%@100 cyc 25 153
rGO@Ss Li1oGeP2S12 Li 0.4 (S) 0.67 0.37 89.2 %@750 cyc 60 154
KB@S LisPS4 Li-In 1.5(S) 0.25 2.6 84.5% @100cyc 60 155
C-novel @S LisPSs Li-In 2.6 (S) 13 3.12 91.7%@400cyc 25 156
Co@AB/S LisPSsCl Li-In 45(S) 2.2 5.1 59.5%@300cyc 60 157
Li2S/LiVS2 Lis5PS45Clis Li-In 2 (Li2S+LiVS2) 1 0.95 77%@100cyc 25 158
Li2S/IAQT PEO/LITFSI Li 0.7 (Li2S) 0.08 0.8 88%@20cyc 60 159
MoS:@CNT@S LisPSsCl Li-In 4(S) 1 51 63.9%@250cyc 30 160
CMK-3@S PEO/LITFSI Li 0.6 (S) 0.1 0.44 70.3%@400cyc 35 161
AB@S Lio.54Si1.74P144S11.7Clos Ag-C@LisB4 1.3(S) 0.42 17 82%@60cyc 60 162
KB@S Li1oGeP2S12 Lil@Li 0.45 (S) 0.2 0.59 80.6%@150cyc 25 163
BC@S PEO/PGA/LITFSI/Py1sTFSI L 1.5(S) 05 0.9 89%@100cyc 50 164
c@s Li1oGeP2S12 Li-In 1.3(S) 0.21 13 95.3%@30cyc 25 165
c@s LisPSsCl Li-In 2(S) 0.3 3.2 65%@400cyc 25 166
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in the ionic conductivity of the sulfide electrolyte. Furthermore,
research has shown that the adjustment of the P/S ratio to a higher
value in lithium phosphorus sulfide electrolytes effectively enhances
ionic  conductivity, consequently yielding  superior rate
performance.' To ensure the presence of sufficient Li-ion pathways
between sulfur active materials in high-sulfur content cathodes, Wang
et al. suggested employing solid electrolytes with low density. A low-
density solid electrolyte enabled sulfur cathodes with a higher
proportion of solid electrolyte volume, resulting in a more uniform
cathode composite and facilitating high sulfur utilization (Fig.
11A).1%2 In alternative approaches, achieving close contact between
the electrode components was often accomplished through the in situ
synthesis of sulfide electrolytes onto the surface of the active material
(Fig. 11B).174 175 On the one hand, broadening the electrochemical
stability of solid electrolytes is a crucial aspect of their design. In this
context, Hakari et al. reported that substituting conventional sulfide
catholytes with lithium oxyacid salts, such as LisPOs and Li2SOsa,
enhanced the oxidation stability of the Li2S cathodes (Fig. 11C).1%

In polymer or composite electrolyte-based Li-S batteries,
substantial efforts have been directed toward mitigating polysulfide
shuttle and lithium dendrite issues. Functional ionic salt additives
were introduced to precipitate polysulfides on the cathode, blocking
their shuttling. Simultaneously, these additives contribute to building
a favourable SEI on the lithium metal anode, suppressing dendrite
formation.'> 176 Moreover, novel anion structures were designed to
increase chemical compatibility with polysulfides during cycling and
induce facile decomposition to form ionic conductive SEI
components.t’?

4.2 Cathode

The cathode design is crucial for optimizing the cell performance
of all-solid-state Li-S batteries. Given the inherent ionic and electronic
insulating nature of both sulfur and lithium sulfide, it becomes
imperative to integrate a substantial amount of conductive agents,
predominantly carbon, along with solid electrolytes and active
materials. Therefore, ensuring a homogeneous mixture of components
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Fig. 11 (A) Schematic illustration depicting enhanced Li-ion pathways with
increased solid electrolyte volume content (decreased density) in the sulfur
cathode. Reproduced from ref. 152 with permission from Nature Publishing
Group, copyright 2023. (B) Schematic illustration detailing the preparation of a
sulfur cathode composite by in situ coating of sulfide electrolyte on carbon fiber
followed by sulfur infusion. Reproduced from ref. 175 with permission from
Elsevier, copyright 2020. (C) Relationship between the discharge capacities in all-
solid-state Li,S batteries with cathode composites incorporating Li salts and the
oxidation onset voltages of Li salts. Reproduced from ref. 153 with permission
from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2021.
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in the composite cathode to increase sulfur utilization in the redox
reactions is a critical consideration.

To establish a well-connected triphase encompassing sulfur active
material, carbon, and solid electrolytes, efforts have been directed
towards reducing the dimensions of both active material and solid
electrolyte particles'*® 178 or minimizing the crystallinity of sulfur by
preparing it in an amorphous state.!> The predominant strategy
employed to reduce the size and crystallinity of sulfur while
enhancing electronic conductivity is the incorporation of sulfur into a
carbon structure. In a recent paper, a novel approach has emerged,
replacing traditional solid electrolytes and carbon with lithium halide
as a dopant to increase the ionic conductivity of lithium sulfide.
Additionally, MoS2 was utilized as a high electronic conductivity
additive in this design.*”®

Additionally, recent studies have explored the integration of
various redox mediators into the cathode to further improve the sulfur
redox reaction and minimize polysulfide diffusion. Alongside
advancements in material properties, various compositing processes
have been investigated, aiming not only for superior battery
performance but also enhanced productivity. A cutting-edge
technology has been developed to repair the damaged interfaces that
occurred during cycling in all-solid-state Li-S batteries. This
innovation involves incorporating iodine into sulfur, lowering the
melting point so that by heating the cells to 100 °C, the integrity of the
interfaces can be restored, improving the overall performance and
longevity of the battery.180

4.2.1 Sulfur-impregnated carbon

Various methods have been employed to create sulfur-impregnated
carbon cathodes, including mechanical milling,*8! solution
infusion,82 18 melt infusion,*®* and vapor deposition.*> Mechanical
milling is executed by mixing the powder mixture using a planetary
ball-mill apparatus. In the solution infusion method, sulfur is reduced
from a sulfur-amine complex precursor solution. The melt infusion
method involves melting sulfur in a sealed vessel at approximately
150 °C, while vapor deposition encompasses the sublime of sulfur at
temperatures higher than 300 °C. Among these techniques, vapor
deposition stands out as the most effective method for fully
amorphasizing sulfur, although melt infusion and mechanical milling
are somewhat less efficient (Fig. 12A). However, it is noteworthy that
the more effective methods tend to be more complex and less cost-
effective.

The sulfur loading level in the sulfur-impregnated carbon cathode
and its electronic conductivity depends on the type of carbon used.
Therefore, various carbon materials have been explored to understand
and optimize these properties. To increase sulfur loading, it is
preferable to use interconnected meso/microporous carbons with high
porosity and a larger surface area, allowing for a larger volume to
accommodate sulfur content (Fig. 12B).1%6. 185-187 Qne-dimensional
(1D) carbons, such as single or multi-walled carbon nanotubes
(CNTSs) or vapor grown carbon fibers (VGCFs), are often used to
establish continuous paths for excellent electron conductivity. 188 189,
190 The fabrication of continuous carbon fiber frequently employs the
electrospinning method. Wang et al. fabricated lithium lanthanum
titanium oxide (LLTO)/C nanofibers by electrospinning a mixture of
LLTO precursor and polyacrylonitrile, followed by a subsequent
calcination process.*®* Afterwards, sulfur nanoparticles were
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introduced onto the LLTO/C nanofibers using a straightforward dip-
loading method. This led to the formation of ionic/electronic
conductive double-phase interfaces of sulfur-LLTO/C, demonstrating
enhanced sulfur utilization.

Beyond carbon structural design, the incorporation of heteroatoms
and nanosized additives onto the carbon surface has become a widely
recognized strategy for enhancing sulfur redox kinetics (Fig. 12C).19%
193 Single-atom catalysts, such as nickel and cobalt, which exhibit a
strong chemical affinity with sulfur, accelerated the sulfur conversion
and prevented the agglomeration of sulfur particles.*>” In polymer
electrolyte-based Li-S batteries, single-atom electrocatalysis has also
demonstrated its efficacy in minimizing the formation of dead lithium
polysulfides as well.1%

4.2.2 Redox mediator

nical Society Reviews @ -

Chem Soc Rev

Redox mediators participate in the conversion reaction of sulfur,
reducing the activation energy. They encompass a broad range of
compounds, including metal sulfides and organic molecules. Metal
sulphides such as VS2,1% Y2S3,19 Al,S3,%7 FeS,,1%, and CuS® have
been discovered in sulfide-based Li-S batteries due to their
compatibility with both sulfur and sulfide electrolytes. These metal
sulfides contribute to the reversible capacity of cells in addition to
sulfur. Unlike the poor ionic/electronic conductivity of sulfur and
Li2S, many metal sulfides exhibit mixed ionic-electronic conducting
conductivity, serving as dual-charge carrier transport channels.
Additionally, they also play a role in mitigating the severe volume
change of sulfur during cycling. In its role as a mediator, VS
possesses a redox potential slightly higher than that of the Li2S active
material, enabling efficient engagement in the sulfur redox reaction
(Fig. 12D). If TiSz, another popular metal sulfide compound, were
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Fig. 12 (A) XRD pattern for sulfur—carbon composites prepared via solid deposition (SSD), liquid deposition (SLD), and vapor deposition (SVD) methods (left) and third
charge/discharge voltage profiles of samples prepared using various methods. (right). Reproduced from ref. 155 with permission from American Chemical Society,
copyright 2021. (B) Schematic illustration of the structural influence of carbon additives on conducting pathways within the cathode. Reproduced from ref. 188 with
permission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2021. (C) Schematic illustration of the catalytic mechanism involving single-atom catalysts decorated
on carbon additives in sulfur redox kinetics. Reproduced from ref. 157 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2023. (D) Schematic
illustration of the Li,S oxidation reaction mechanism mediated by VS,. Reproduced from ref. 158 with permission from Royal Society of Chemistry, Copyright 2023. (E)
Cyclic voltammetry profile of the quinone-based redox mediator (AQT) (left) and charge/discharge curves of Li,S cathodes using various redox mediators during the first
activation cycle (right). Reproduced from ref. 159 with permission from American Chemical Society, copyright 2021. (F) Schematic illustration (left), Raman mapping
(middle) and spectra (right) of the interfaces formed between sulfur and sulfide electrolytes depending on the mixing method—whether dry or wet. Reproduced from
ref. 160 with permission from American Chemical Society, copyright 2023.
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utilized instead, it would not be a feasible mechanism due to its lower
potential relative to that of Li»S.1%8

In polymer electrolyte-based Li-S batteries, organic molecules
were studied as potential redox mediators. Among these, the
anthraquinone-type redox mediator met two essential criteria:
solubility in PEO polymer electrolyte and a redox potential slightly
higher than that of Li2S (Fig. 12E).*% Notably, it effectively reduces
the energy barrier for Li2S oxidation, demonstrating its functionality
in enhancing cycling stability.

4.2.3 Fabrication strategies

Ball milling is a basic method for processing composite cathodes.
When utilizing a planetary ball-milling apparatus, particle distribution
becomes more homogeneous compared to mortar mixing. Multi-step
ball-milling, incorporating different speeds, further improves the
interfacial area between sulfur and solid electrolytes.?® Iwao et al.
employed the hot-melt kneading technique for the scalable processing
of sulfur/carbon composites. In this process, powder was fed into a
twin-screw kneader, undergoing exposure to controlled heat and shear
forces. The heater temperature was adjusted to selectively melt sulfur,
allowing carbon to be embedded within the sulfur matrix, thereby
improving the electrochemical performance.?°!

Solution processing stands as a commonly adopted strategy for
achieving intimate solid-solid interfaces. In this method, solid
electrolytes were either synthesized in situ from precursors through a
liquid-phase process, forming a thin coating on the surfaces of active
materials and carbon additives,” or pre-synthesized solid electrolytes
were prepared by dissolution-precipitation. In another approach, both
solid electrolytes and sulfur were dissolved in a solution and
infiltrated into porous carbon structures.?®> Meanwhile, Kim et al.
pointed out the importance of solvent selection in the solution
processing of sulfur cathode.'6° Wet milling of cathode composites
with a weakly polar solvent induced a chemical reaction between
elemental sulfur and sulfide solid electrolytes. As a result, a
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Fig. 13 (A) Schematic illustration of the fabrication process for the interconnected
bilayer framework of LLAZO-based Li-S batteries. Reproduced from ref. 203 with
permission from Elsevier, copyright 2022. (B) Schematic illustration of the
fabrication process of the cathode-supported-electrolyte and free-standing
electrolyte type cell configurations. Reproduced from ref. 204 with permission
from American Chemical Society, copyright 2020.
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polysulfido-intermediate phase formed at the interfaces, establishing
excellent solid-solid contacts (Fig. 12F).

4.3 Interface modification

Beyond fabrication methods, researchers have determined cell
layer configurations to enhance Li-ion conduction, exploring double-
layer fabrication techniques distinct from traditional batteries with
separated layer compositions. The focus has been on creating
interconnected  cathode-electrolyte  bilayers, with strategies
categorized into two types. The first type involved a design where the
oxide electrolyte framework interconnects the cathode matrix and
electrolyte layer (Fig. 13A).2 Yan et al. achieved it by
electrospinning LizLasZr2012 (LLZO) precursors  with
polyvinylpyrrolidone (PVP), followed by inkjet-printing the LLZO
precursor onto the top of the first layer. Subsequent calcination
resulted in the decomposition of the oxide electrolyte precursor into
the garnet phase, while PVVP was carbonized. This process resulted in
the cathode consisting of a continuous bilayer of LLZO@CNF filled
with sulfur at the bottom and an LLZO layer on top. The second type
involved a cathode-supported electrolyte approach (Fig. 13B).%%
Here, a sulfur electrode slurry was blade-cast onto the current
collector, fully dried, and then a PEO solution was directly cast onto
the electrode layer. In both continuous cathode-electrolyte double-
layer fabrication approaches, the two layers exhibited intimate
interfacial contacts, ensuring they were not easily peeled off from
each other. Moreover, these configurations facilitated the construction
of continuous ionic conduction pathways within the cell, contributing
to enhanced overall performance.

In polymer electrolyte-based Li-S batteries, a popular strategy to
address the challenge of polysulfide shuttling involves the insertion of
interlayers between cathode composite and solid electrolyte. One such
method integrated carbon nanotubes or graphite, either alone!®%. 2% or
in combination with graphene oxide,?% into the polymer electrolyte.
These mixed ion/electron conducting interlayers served to absorb
polysulfides, preventing their migration across the polymer
electrolyte. In another study, alumina was applied as a thin nanolayer
on the cathode to block polysulfides.?’” The introduction of these
interlayers between the cathode and polymer electrolyte layers
successfully prohibited polysulfide shuttling, leading to an improved
cycle life.

4.4 Li anode

Addressing the significant challenge of poor interface stability
between the metallic lithium anode and solid electrolytes remains a
key focus for achieving prolonged cyclability.?®® A range of
engineering strategies have been developed to establish stable
interfaces, including the insertion of protective layers at interfaces,
implementing chemical and structural modifications to the lithium
metal itself, and fine-tuning of solid electrolyte characteristics (Table
3).20

Protective interlayers were strategically inserted to suppress
parasitic reactions at lithium metal and sulfide electrolyte interfaces,
facilitating uniform lithium plating and stripping. A notable example
was the application of a silver and carbon mixture (Ag-C) film, which
proved effective in anode-free all-solid-state Li metal batteries.”® 162
In addition, from a processing perspective, this Ag-C layer could be
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Table 3 A summary of the electrochemical performance data from the latest research papers on all-solid-state Li metal batteries.

. . . Current density Areal capacity . Temp.

Li Metal anode design Solid electrolyte (mA cm ?) (mAh cm?) Time (h) C) Ref.

SE layer|AgC|Li-20wt% B alloy Lio ceSit 1aP1eS1e+Cl 05 2 1800 60 162

(AC=10 pm thick Ag:C in 50:50 wt%) fosiSli LS Tl03 ‘

SE layer|LNI-CNTILi . . . 600 o 210

(LNI-CNT=15mg LizN2I:CNT in 95:5 wt%) 172

SE layer|Mg1sBig|Li LigPSsCl 1.2 1.2 2700 25 212

SE layer|CPE|LI Li1sAlosGeis

(CPE=20 pm thick PEO/LITFSI/Zeolite) (POs)s 01 01 1000 60 205

SE layer|LilLi LiGeP,S 0.15 0.15 800 2% 163

(Li1=1.5 pm thick) hof5eF2512 :

SE layer|Li2NH-Mg|Li-1wt%La alloy LisPSsCl 7 7 300 60 214

SE layer|LiF-LhMlLi LizoGeP2S 0.2 0.2 140 25 216

(LiF-LixMg= Mg(TFSI)/LiTFSI/DME@SE) lof5€F2512 : :

PEO/LIFSI/LiNa|Li iﬁ\?’ LiFSy 0.1 0.2 700 70 217
3

PEO/LIFSI/ LiC(CN)|Li PEO/LITFSI/LIC(CN)s 0.1 02 500 70 218

PEO/PGA/ALOY/LITFSI/Py1sTFSI|Li PEO/PGA/ALO/LITFSI/Py1TFSI 0.2 02 2800 50 164

easily inserted at interfaces due to its weak adhesion to the substrate,
allowing for easy separation and utilization as an interlayer. In
addition to silver-carbon mixture, researchers have explored various
materials to mix with carbon for use as protective interlayers between
the solid electrolyte and Li metal. Wang et al. demonstrated the
effectiveness of a mixture of LizN-2I and carbon nanotubes, which
were inserted as a porous lithiophobic mixed ionic/electronic
conductive interlayer.?’® Meanwhile, Ye et al. developed a
silicone/graphite composite interlayer that facilitates the mechanical
constriction of silicon to facilitate the plating and stripping of Li
metal. 2! Another approach involves incorporating a highly ion- and
electron-conductive metallics such as magnesium and bismuth, which
can form an alloy with lithium.?*2 This interlayer helps to mitigate
pressure changes during lithium deposition and suppresses the growth
of lithium dendrites. In oxide-based all-solid-state Li metal batteries,
a polymer composite interlayer comprising PEO, LiTFSI, and zeolite
was introduced between LiisAlosGe1s(PO4) (LAGP) and lithium
metal. The purpose of the interlayer addition was to reduce interfacial
resistance, contributing to the enhanced electrochemical stability of
lithium metal.?®® The construction of an artificial solid electrolyte
interlayer (SEI) stands out as a widely adopted strategy for ensuring
robust interface stability. The principal function of an artificial SEI is
also to impede direct contact between highly reactive lithium and the
solid electrolyte while maintaining efficient Li-ion transport.
Typically, artificial SEls are designed with high ionic conductivities
and low electronic conductivities. Importantly, they are intended to
have robust mechanical properties, capable of withstanding
mechanical stresses such as volume changes in lithium or dendrite
penetration during cycling. Intelligent artificial SEls compensate for
the inherent drawbacks of some native SEls, which may lead to
continuous and fatal degradation of lithium metal. Various fabrication
methods and materials have been employed to build these artificial
SEls on the lithium metal surface. Specifically, a well-known Li-ion
conducting binary compound, Lil, was formed through chemical
vapor deposition of iodine vapor on the lithium metal surface (Fig.
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14A).163 213 Other methods to create artificial SEI involved
modification of the lithium surface by rolling or rubbing material onto
it. Wan et al. introduced Li2NH-Mg composite interlayer between Li-
1wt% La metal and LPSCI.?* Subsequent heat treatment led to its
decomposition, resulting in the formation of LisPSsCI|LiMgSx|LiH-
LisN|LiMgLa multilayers in situ. These artificially formed SEls Li
served as a self-passivating layer, effectively suppressing Li dendrites
and stabilizing the lithium/electrolyte interface (Fig. 14B).
Concurrently, efforts were made to regulate the microstructure of the
lithium metal anode, aiming to control the generation of interfacial
pores during the stripping process (Fig. 14C).25

Moreover, researchers have explored the incorporation of doping
or salt additives into solid electrolytes as a strategy to improve the
interfaces between lithium metal and solid electrolytes. In sulfide-
based all-solid-state batteries, a liquid electrolyte solution comprising
Mg(TFSI)2/LiTFSI/DME  was carefully applied to the LGPS
surface.?!6 This process aimed to create a lithiophilic LixMg-
lithiophobic LiF gradient interphase. Similarly, in polymer-based all-
solid-state batteries, various nitrogen-containing additives, including
LiNs,2Y7 LiC(CN)3?® and polyethylene glycol azobenzamide
(PGA),*8* were introduced into PEO. This strategic integration
constructed SEI enriched with a well-known and favourable
component, LisN, thereby enhancing the interfacial compatibility of
metallic lithium and solid electrolytes (Fig. 14D).

4.5 Binder

Polymeric binders play a crucial role in composite electrodes,
facilitating intimate particle contacts to maintain structural robustness
and electrode firmness, while also controlling slurry properties.?*’
Despite their critical role, research on binders has been relatively
underexplored in Li-S batteries. The extensive use of carbon as a
conductive agent poses a challenge in binder selection owing to its
high surface area, which absorbs a significant amount of solvents,
making it difficult to form a homogeneous slurry with modest
viscosity. To address this, Yuan et al. studied silicone rubber as a

This journal is © The Royal Society of Chemistry 20xx
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Fig. 14 (A) Schematic illustration of the fabrication of the Lil-coated Li metal via chemical vapor deposition, along with top and cross-section images. Reproduced from
ref. 163 with permission from Royal Society of Chemistry, Copyright 2022. (B) Schematic illustration of the preparation of the LigPSsCl| LiMgS,| LiH-LisN | LiMg interface
and voltage profile of the Li metal symmetric cell with developed interlayer tested at increasing current densities. Reproduced from ref. 214 with permission from
Nature Publishing Group, copyright 2023. (C) Schematic illustration of creep deformation at the interface for LLZO with fine and coarse grains, accompanied by a creep
deformation mechanism map of lithium. Reproduced from ref. 215 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2022. (D) Schematic illustration
of the reaction mechanism for LiN3 containing polymer electrolytes. Reproduced from ref. 217 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright

2017.

thickener and binder to be added to a slurry using n-hexane solvent to
regulate its viscosity and dispersion.l®® Typically, water and N-
methylpyrrolidone (NMP) serve as solvents for slurry mixing in
liquid-based batteries. However, in the case of all-solid-state batteries
using solid electrolytes with poor chemical stability, like sulfides,
these solvents can degrade the ionic conductivity of the solid
electrolytes. Consequently, only solvents with low polarity are
suitable. Therefore, the range of binder options is limited to those with
low polarity that can be dissolved in such solvents. Considering that
most highly adhesive binders consist of polar functional groups, this
restriction in binder selection can be detrimental to the mechanical
integrity of cathode composites. In sulfur cathodes, another challenge
arises from the nonpolar characteristics of both carbon and sulfur
surfaces, making it difficult to find binders with high adhesion
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Fig. 15 (A) Schematic illustration of the fabrication process for the LGPS
electrolyte layer using plasticized PEO as a binder. Reproduced from ref. 220
with permission from Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2020. (B)
Schematic illustration of the fabrication of the sulfur cathode using dry
electrode processing. Reproduced from ref. 166 with permission from Wiley-
VCH Verlag GmbH & Co. KGaA, copyright 2023.
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strength to the electrodes. Li et al. plasticized PEO binder as an
adhesive polar binder, by incorporating it into LGPS powder and hot-
pressing to fabricate membranes (Fig. 15A).22 However, limited
studies have been conducted on the wet electrode processing approach
due to the chemically unstable nature of sulfide solid electrolytes
complicates the search for suitable solvent-binder pairs. Besides, dry
electrode fabrication technology. Employing polytetrafluoroethylene
(PTFE) as a binder, has garnered interest in academia and industry
(Fig. 15B).165. 221, 222 Dry electrode processing technology offers
comparable advantages over wet processing, particularly for sulfide-
based all-solid-state batteries, as it eliminates the challenges
associated with solvent selection. Additionally, it is advantageous in
terms of manufacturing costs and environmental impacts. When a
powder mixture containing electrode materials and a PTFE binder is
subjected to shear force during processing, the PTFE fibrillates and
connects electrode particles, effectively acting as a binder. While most
dry electrode binders consist primarily of PTFE, a recent study
explored the use of ethylene vinyl acetate (EVA), a thermoplastic
elastomer, as an alternative binder.??> Although some studies on
several binders in all-solid-state sulfur cathodes exist, further efforts
are needed to improve both production processes and electrochemical
performance. Given the significant volume expansion and contraction
of sulfur during charge and discharge cycles, the development of
novel binders with high elasticity and adhesivity would be particularly
effective in elevating the overall performance of all-solid-state Li-S
batteries.

5. Industrial applications and progress

The manufacture of all-solid-state Li-S cells on an industrial scale
faces challenges arising from the high cost of raw materials and the
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intricate fabrication processes needed for solid electrolytes, cathode
composites, and lithium metal anodes. Addressing these challenges
requires the development of more cost-effective and efficient
processing methods. Despite the complexities associated with
production, the substantial benefits offered by all-solid-state Li-S
technology, including its superhigh energy density and enhanced
safety features, position it as an appealing choice for large-scale
battery applications, particularly in the defense and aerospace sectors.
Consequently, the ongoing advancement of this technology holds
paramount significance.

5.1 Solid-state electrolytes manufacturing

With the growing interest in all-solid-state batteries across the
industry, there is substantial emphasis on advancing solid-state
electrolytes manufacturing techniques. While the preparation of
polymer and composite electrolytes may be relatively straightforward
and well-developed, similar to other commercial polymer engineering
processes, the synthesis and manufacturing of ceramic electrolytes
require substantial progress.

In  the synthesis of sulfide and halide electrolytes,
mechanochemical synthesis is commonly employed on a laboratory
scale, using ball-milling (Fig. 16A). However, this method is suitable
only for small-batch synthesis.??* At an industrial level, liquid-phase
synthesis, encompassing suspension or dissolution-precipitation
synthesis, is favoured due to its economic feasibility (Fig. 16B).2% In

(8)

Suspension synthesis

St o= Rl e
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suspension synthesis, solid electrolytes are synthesized from
precursors dispersed in solvents, while dissolution-precipitation
synthesis involves fully dissolving pre-synthesized solid electrolytes
in a solvent and then precipitating them. Both liquid-phase syntheses
require solvent evaporation and heat treatment to attain the desired
crystal structure of the target solid electrolytes. Although the chemical
and electrochemical properties, such as ionic conductivity, of sulfides
synthesized from current solution methods may not be as robust as
those from ball-milling, ongoing research aims to discover more
feasible synthesis methods. Hwang et al. employed a novel wet
synthesis approach assisted by microwave, resulting in comparatively
high Li-ion conductivity with a more facile and time-saving
process.??8 In addition, moisture control is another crucial factor in
sulfide-based solid electrolyte synthesis. Given the high susceptibility
of sulfides to moisture, efforts are required to enhance their air
stability and minimize adverse effects during manufacturing.
Strategies such as the modification of polyanions, surface coating of
sulfide particles,?’ or the addition of H2S absorbents are proposed to
lower reactivity or, at the very least, suppress the toxic influence
generated from the hydrolysis of sulfides (Fig. 16C).228 Although
studies have improved the air stability of sulfides, achieving very high
Li-ion conductivity simultaneously appears challenging. Instead,
carrying out all manufacturing under an inert atmosphere within a
glove box or dry room remains an option, albeit one that significantly
increases cost burdens and reduces the quantity of material that can be
prepared.
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Fig. 16 (A) Schematic illustration of the manufacturing of solid-state electrolytes using mechanochemical synthesis. Reproduced from ref. 224 with permission from
Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2022. (B) Schematic illustration of the liquid-phase manufacturing for sulfide electrolytes using suspension or
dissolution-precipitation synthesis. Reproduced from ref. 225 with permission from Nature Publishing Group, copyright 2019. (C) Schematic illustration of strategies
aimed at alleviating H,S evolution. Reproduced from ref. 228 with permission from American Chemical Society, copyright 2021. (D) Schematic illustration of the
ultrafast high-temperature sintering (UHS) synthesis of oxide electrolytes. Reproduced from ref. 229 with permission from American Association for the Advancement
of Science, copyright 2020. (E) Schematic illustration of the sequential decomposition synthesis (SDS) processing of oxide electrolytes. Reproduced from ref. 79 with
permission from Royal Society of Chemistry, Copyright 2022.
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In the synthesis of oxide electrolytes, a major challenge in the
processing line is encountered during the sintering stage. Oxides
obtained from solid-state or sol-gel reactions require a sintering
process to attain a pure crystalline phase and densify the particles,
typically involving high-temperature heating for extended times.®! To
overcome these limitations, innovative approaches, such as ultrafast
high-temperature sintering processes®?® and sequential decomposition
synthesis methods,”® were developed (Fig. 16D and 16E). These
methods aimed to either reduce the processing time or lower the
temperature, ultimately targeting cost reduction.

5.2 Solid-state cell design and manufacturing

Scale-up technologies for solid-state cells are under development,
following a trajectory similar to or in comparison with established
techniques in conventional liquid-based lithium-ion batteries.
Depending on the type of cell architecture for all-solid-state batteries,
which can be either a cathode-supported electrolyte and anode two-
layer cell or an individual cathode-electrolyte-anode three-layer cell,
the manufacturing process involves casting electrode and electrolyte
layers, followed by drying and calendaring of these layers, laser
cutting, sheet stacking, pressing, and ultimately packaging (Fig. 17).
The planar pouch cell format is commonly adopted in solid-state
battery manufacturing, offering compatibility with various types of
solid electrolytes.?®® For the fabrication of the polymer electrolyte
layer, various wet casting techniques, such as drop, blade, spin, and
spray coating, are employed. Inorganic solid electrolyte layers are
produced through thin-film deposition methods, such as physical
vapor deposition (PVD), chemical vapor deposition (CVD), and
atomic layer deposition (ALD), mainly for nano-scale layers. Bulk-
type solid electrolyte and composite electrode layers are fabricated
using methods like tape casting, solution impregnation, hot or cold
pressing, extrusion, and 3D printing.?32% Tape casting has been
extensively utilized to produce thin ceramic layers. In this process,
first, the active material powder is blended with conductive additives,
a solid electrolyte, and binder into a solvent to make a homogenous
slurry. Afterward, the mixture is applied to the current collector foil,
which undergoes roll-to-roll processing. Precise thickness control can
be achieved by modifying the slurry viscosity and scraper height.
Following casting, solvent evaporation and calendaring for

Chemical Society Reviews

densification are carried out.?3® For oxide-based films, additional
sintering is necessary. Then, the fabricated electrode and solid
electrolyte layers are cut into the desired geometries.?®” Li metal
anodes are manufactured through foil extrusion, melt/infiltration,
electrochemical deposition, and vapor deposition methods.> However,
producing very thin lithium foil poses challenges due to its high
adhesivity and reactivity. For the assembly of all-solid-state batteries,
the cathode, solid electrolyte, and anode layers are sequentially
stacked. Additional pressing or heating of the cell stack is then applied
to ensure intimate contact between the layers.?® All-solid-state
batteries, which use solid electrolytes exclusively, enable a bipolar
architecture where the anode of each cell shares the same bipolar
cathode as the neighbouring cell.?®® This design reduces the space
needed for welding joints and minimizes packaging requirements. 24°
Subsequently, the current collectors are welded and connected to the
tabs. Finally, each unit cell is stacked into modules, housed in the case,
and sealed.?4% 242

5.3 Industrial trends and applications

Led by Toyota, which holds one of the largest number of patents
related to solid-state batteries, numerous battery and electric vehicle
(EV) companies worldwide are actively pursuing the development of
bulk solid-state battery technology (Fig. 18). Many automakers are
choosing to form joint ventures, such as Toyota with Panasonic,
Volkswagen with QuantumScape (based in California, USA),
Stellantis and Hyundai with Factorial Energy (based in
Massachusetts, USA), or invest in startups. Examples include BMW,
Ford, and Hyundai investing in Solid Power (based in Colorado,
USA), the Renault-Nissan-Mitsubishi alliance and Hyundai investing
in lonic Materials (based in Massachusetts, USA), and Mercedes
investing in ProLogium (based in Taiwan).?*

A significant focus for many of these companies is the synthesis of
solid electrolytes. For instance, Solid Power, QuantumScape,
Ganfeng Lithium (based in China), Ohara (based in Japan), Solid
Ultrabattery (based in Canada), Murata (based in Japan), NEI (based
in New Jersey, USA), and Ampcera are developing sulfide, oxide, or
both ceramic electrolytes. lonic Materials, Brightvolt (based in
Washington, USA), Sion Power (based in Arizona, USA), Bollore
(based in France), and HydroQuebec (based in Canada) are producing
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Fig. 17 Schematic illustration of all-solid-state cell manufacturing process adopting individual cathode-electrolyte-anode three-layer cell configuration.
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Fig.18 A global overview for all-solid-state battery technologies, encompassing sulfur cathodes, solid electrolytes, anodes, and cell manufacturing.

polymer electrolytes, while Basquevolt (based in Spain), Nio (based
in China), and Qingtao Energy Development (based in China) are
producing composite electrolytes. In addition to solid electrolytes,
various companies including llika (based in the UK), SES (based in
Massachusetts, USA), and Samsung (based in Korea) are researching
anodes such as silicon and lithium metal, as well as anode-less
electrodes. Sakuu (based in California, USA), Intecells (based in
Michigan, USA), and Embatt (based in Germany) are focusing on cell
manufacturing techniques like 3D printing and bipolar electrode
fabrication.

Nevertheless, some companies have chosen to discontinue their
efforts in solid-state battery development, such as Bosch-Seeo (based
in California, USA), Dyson-Sakti3 (based in Michigan, USA), Oxis
Energy (based in UK), and Fisker (based in California, USA).

In the case of Li-S batteries, although there is still progress to be
made, a few companies like Conamix (based in New York, USA), are
commercializing them. Regarding all-solid-state Li-S batteries, there
are relatively fewer companies known to be actively working in this
area, but Theion (based in Germany) aims to establish itself as a
pioneer in this emerging field. Zeta Energy (based in Texas, USA),
and LG Energy Solution (based in Korea) are actively developing
sulfur cathodes with the aim of commercialization. Regarding all-
solid-state Li-S batteries, there are relatively fewer companies known
to be actively working in this area, but Theion (based in Germany)
aims to establish itself as a pioneer in this emerging field.

The Li-S battery stands out as an exceptionally promising
contender for future energy storage devices, thanks to its outstanding
gravimetric energy density and economic feasibility. These batteries
show great potential for utilization in various large-scale battery
applications, including electric automobiles and grid energy systems.
Furthermore, the all-solid-state Li-S battery, with its unique
advantages of lightweight design and high safety standards, holds
tremendous potential for applications in the aerospace industry,
particularly in aircraft and advanced air mobility.244-250
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6. Conclusions and perspectives

In the last decade, substantial progress has been made in advancing
the development of all-solid-state Li-S batteries (ASSLSBs),
positioning them as a promising choice for the next generation of
energy storage technology. ASSLSBs utilize earth-abundant sulfur
cathodes and high-capacity lithium metal anodes, with the expectation
of achieving remarkably high energy densities. Moreover, the
incorporation of non-flammable solid electrolytes adds an extra layer
of safety to these innovative solutions. Due to the cost-effectiveness
of sulfur compared to metal oxides containing Ni and Co, ASSLSBs
present a more economical choice than other ASSBs. The light weight
and high capacity of sulfur make ASSBs particularly attractive in
terms of gravimetric energy density, which further enables their
development in air mobility energy storage applications. However, in
terms of volumetric energy density, ASSLSBs do not enjoy a more
favourable position. Additionally, the low operating voltage of sulfur
may limit the power density of ASSLSBs. Nevertheless, its strongest
point lies in its remarkably high energy density. Furthermore, its low
operation voltage may provide enhanced safety. While ASSLSBs may
not be suitable for all energy storage needs, finding the right
application that leverages their advantages—low cost, light weight,
high energy density, and safety—is crucial for their successful
utilization. The expanding battery market aims for broader
applications, including the electrification of vehicles, marine
shipping, and aviation. According to the United States Advanced
Battery Consortium (USABC) and the Advanced Research Projects
Agency-Energy (ARPA-E), cell-level batteries should achieve energy
densities and costs of over 700 Wh kg*and $ 100 kWh for electric
vehicles (EVs), and 1000 Wh kg-tand $ 0.3 kWh! for energy storage
systems (ESS) and aviation (Fig. 19).25% 22 Given the industry’s
ambitious goals, achieving these benchmarks is a challenging task,
making ASSLSBs stand out. To reach these objectives, achieving a
500 Wh kg energy density is the first goal in the near future. This
necessitates an areal energy density exceeding 6 mAh cm2, requiring
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Fig.19 Cell-level battery roadmap required for targeted energy storage
applications.

a sulfur loading within the cathode exceeding 4 mg cm=2 with a sulfur
utilization of 90%. Additionally, a solid electrolyte layer thickness of
less than 30 um and an N/P ratio less than 1.1 are necessary.

The state-of-the-art ASSLSBs primarily rely on sulfide-solid
electrolytes. Sulfide electrolytes offer exceptionally high room-
temperature ionic conductivity and exhibit good compatibility with
sulfur or lithium sulfide active materials. Recent research has made
significant progress in improving the energy density of ASSLSBs
through innovative material design and processing techniques. Some
studies have reported impressive initial areal capacities of over 5-6
mAh ¢cm~2, coupled with a high sulfur loading of 4-5 mg cm2, while
maintaining 90% capacity retention over 100 cycles. However,
despite these advancements, several challenges hinder their practical
application. Only a few studies have demonstrated long-term and
stable electrochemical performance over several hundred cycles.
Many research efforts have shown inadequate cell performance during
extended cycles. While some have achieved decent capacity retention,
they often do so at the expense of sulfur loading, which is reduced to
relatively low values. This trade-off results in high retention over
longer cycles but overall low areal capacity. Additionally, many
reports have conducted cycling tests at elevated temperatures of 60°C
to promote Li-ion transport at both the cathode and anode.
Furthermore, challenges related to increasing current density (or C-
rate) remain critical in most studies. Moreover, the use of Li-In alloy
instead of pure Li, which is detrimental to increasing energy density,
is a topic left for further research. Beyond sulfide solid electrolytes,
there has been limited exploration of alternative materials, and notable
breakthroughs in this direction are yet to be achieved.

This review systematically addresses these challenges and provides
a comprehensive overview of cutting-edge advancements from
laboratory experiences aimed at surmounting these hurdles. Key
challenges included insufficient sulfur redox reactions, the severe
polysulfide shuttle effect, continuous side reactions in solid
electrolytes, lithium metal dendrite propagation, and complexities in
scalable manufacturing. To address these challenges, significant
efforts have been focused on enhancing the efficiency and
reversibility of sulfur utilization, as well as lithium stripping and
plating under feasible operating conditions—such as high cell areal
capacity and low stack pressure. Innovative cathode designs have
been proposed, involving structural and chemical modifications to
carbon, the addition of redox mediators within the triphase interface
of sulfur-carbon-solid electrolytes, and improvements in cathode
fabrication strategies. In-depth insights into the underlying reaction

This journal is © The Royal Society of Chemistry 20xx
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mechanisms in all-solid-state systems have been acquired through the
invention of various in situ/operando characterization techniques. In
the future, understanding the working principles of solid-state pouch
cells under realistic conditions will become essential to accelerate the
commercialization process. Furthermore, a variety of novel solid
electrolytes, spanning sulfide, halide, oxide, polymer, and their
composites, have been discovered with attributes including superior
ionic  conductivity, low electronic conductivity, broadened
electrochemical stability, robust mechanical properties, and air
stability. It is important to note that none of these has emerged as a
perfect candidate for ASSLSBs yet, and many efforts to discover new
solid electrolytes or combine different solid electrolytes together are
continuously under development. Addressing the critical interface
between solid electrolytes and lithium metal, various strategies have
also been explored, including the addition of protective interlayers and
the formation of artificial SEls. While the optimal manufacturing
scheme for all-solid-state batteries remains undetermined, ongoing
research is actively addressing this aspect in tandem with optimizing
electrode materials.

This review also highlighted industrial research and development,
providing valuable insights into the advancement of solid electrolytes
and solid-state cells for the practical application of ASSLSBs. With
the expanding investment trend in ASSBs, the maturation of relevant
technology is eagerly anticipated in the coming years, enhancing its
competitiveness and establishing it as a complementary technology to
the well-established LIB technology. Consequently, the application
scope of ASSLSBs is poised to expand from automotive to electric
aircraft, marking a significant step forward toward practical
applications.
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