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ABSTRACT: All-solid-state batteries (ASSBs) have garnered
significant attention as next-generation energy storage systems,
offering high theoretical energy density and enhanced safety, and
are thus considered as potential replacements for conventional
liquid-based lithium-ion batteries (LIBs). Among various solid
electrolytes (SEs), sulfide-based SEs are regarded as leading
candidates due to their outstanding room-temperature ionic
conductivity and excellent processability. Despite their advantages,
the fabrication of ultrathin SE membranes remains a critical
bottleneck for achieving both high energy density and cost-
effective production in practical ASSB systems. In this perspective,
we present an overview of the key challenges associated with
ultrathin sulfide-based SE membranes, along with design criteria and recent strategies to address these issues. Particular emphasis is
placed on state-of-the-art fabrication techniques, including solution casting, dry film processing, scaffold support, and pressurization-
based densification, which enable the formation of ultrathin SE layers. Finally, we provide a perspective on future research directions
toward the reliable integration of ultrathin sulfide SE membranes into large-format ASSBs.
KEYWORDS: all-solid-state batteries, sulfide solid electrolytes, binder, membrane fabrication, scalable approach

1. INTRODUCTION
All-solid-state batteries (ASSBs) have attracted significant
interest in both academia and industry as a promising next-
generation energy storage technology offering enhanced
safety.1 Recent progress in high-capacity anode-free design
has boosted the energy density of ASSBs to over 500 Wh kg−1

(gravimetric) and 1100 Wh L−1 (volumetric) (Figure 1a),
outperforming conventional liquid-based lithium-ion batteries
(LIBs).2 Furthermore, replacing flammable liquid electrolytes
with solid-state counterparts minimizes safety margins and
enables a bipolar electrode structure, driving a further increase
in energy density at the pack level.3

Despite these advantages, numerous challenges remain on
the path to ASSB commercialization. To date, research has
primarily focused on fundamental studies such as enhancing
ionic conductivity,4 widening the electrochemical stability
window of solid electrolytes (SEs),5 and developing cost-
effective synthesis routes.6 Beyond these material develop-
ments, electrode-level manufacturing techniques are crucial for
realizing commercially viable ASSBs but have often been
overlooked.7 In particular, greater attention must be directed
toward scalable fabrication strategies for producing large-area,
sheet-type electrodes and electrolyte films.8 The electrode
manufacturing process for ASSBs generally follows similar
steps to those used in conventional LIBs�including mixing
composite materials into a homogeneous slurry, casting, drying

or granulating, and subsequently calendering, slitting, and
stacking.9 However, the incorporation of SEs significantly
modifies each of these steps. For example, the choice of
solvents and binders must ensure chemical compatibility with
the SEs.10 Slurry formulation and rheological properties need
to be reoptimized to accommodate higher solid content
(SC).11 Drying protocols must be tailored to the thermal
stability of the SE materials.12 Additionally, compaction
processes require further refinement, as precise control of
porosity becomes even more critical in the context of ASSBs.10

One major difference between ASSBs and conventional LIBs
is the insertion of an ultrathin SE membrane between cathode
and anode, which functions both as an electronic insulating
separator and ion-conducting medium (Figure 1b).13 The
design and fabrication of the SE membrane pose substantial
challenges, as multiple property criteria must be met
simultaneously. The SE membrane needs to be made as
uniform and defect-free across large areas, provide sufficient
mechanical strength to prevent lithium dendrite penetration
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and suppress crack propagation caused by the volume changes
of active materials, and maintain enough elasticity to withstand
roll-to-roll processing and calendering stresses.14−16 These
mechanical requirements should not compromise ionic
transport, so the membrane exhibits high bulk ion conductivity
and low charge transfer resistance at both the cathode/
electrolyte and anode/electrolyte interfaces.17−19 Above all, the
SE membrane must be made as thin as possible while still
offering robust mechanical integrity and reliable electro-
chemical performances to maximize the overall energy density
of the battery.20−22 Both gravimetric and volumetric energy
densities are predicted to rise sharply as the thickness of the SE
membrane decreases (Figure 1c).23 In particular, reducing the
SE membrane to below 30 μm is considered essential for
achieving an energy density higher than 400 Wh kg−1.
Among the various SEs under investigation, sulfide-based

SEs stand out as one of the most promising candidates due to
their high room-temperature ionic conductivities (up to 10−2 S
cm−1) and inherent mechanical softness, which eliminates the
need for high-temperature sintering.24,25 This review focuses
on the fabrication of sulfide-based SE membranes for
application in ASSBs. We first outline the primary challenges
associated with SE membrane development, including

minimizing membrane thickness, achieving high ionic con-
ductivity while blocking electronic leakage, ensuring mechan-
ical robustness, and enabling scalable manufacturing. We then
introduce state-of-the-art membrane fabrication techniques
such as solution casting, scaffold-assisted film formation, dry
film processing via binder fibrillation or thermocompression,
and compaction methods such as warm isostatic pressing
(WIP), along with key characterization approaches for
evaluating membrane quality and performance. Finally, we
propose future research directions aimed at facilitating the
integration of ultrathin sulfide-based SE membranes into
commercially viable ASSB systems.

2. OVERVIEW OF SULFIDE SES
2.1. Classification of Sulfide SEs. Sulfide SEs are well-

known for their superionic lithium conductivities at room
temperature and low activation energies, primarily due to the
presence of highly polarizable anions.26 Based on their
structural characteristics, sulfide SEs are broadly classified
into three categories based on their structure: glass, glass−
ceramic, and crystalline electrolytes (Table 1).
Glass electrolytes are fully amorphous materials that lack

long-range structural order. They are typically composed of

Figure 1. (a) Calculated volumetric and gravimetric energy densities of ASSBs of various cell configurations. Reproduced with permission.3

Copyright 2022 Cell Press. (b) Schematic cell configuration of conventional LIBs, ASSBs with a thick and thin SE membrane. Reproduced with
permission.13 Copyright 2020 American Chemical Society. (c) Gravimetric (GED) and volumetric (VED) energy densities of ASSB as a function
of the solid electrolyte separator (SES) thickness. Reproduced with permission.23 Copyright 2021 Wiley-VCH.

Table 1. Summary of Various Sulfide-Based SEs and Their Properties

class/type crystallinity composition

ionic
conductivity (S

cm−1)

shear
modulus
(GPa)45 ref

glass amorphous xLi2S−(100−x)P2S5 10−3−10−4 5−10 46
glass-ceramic partially crystalline xLi2S−(100−x)P2S5 10−3 5−10 47
crystalline argyrodite crystalline Li6PS5X (X = Cl, Br, I···) 10−2−10−3 0 48

thio-LISICON LixM1‑yM′yS4 (M = Si, Ge, Sn, Zr M′= P, Al, Zn, Ga, Sb) 10−3 10−15 49−51

LGPS-type LixMyP2S12 (M = Si, Ge, Sn) 10−2 10−15 44,52,53
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Li2S and various metal sulfides (MxSy, where M = B, Al, Si, P,
Ge, Sn, Sb, with y chosen for charge balance) in different molar
ratios. Compared with their crystalline counterparts, glass
electrolytes often exhibit higher ionic conductivity due to their
isotropic networks, open structure, and large free volume.27

Among these, the binary xLi2S−(100−x)P2S5 system has been
the most extensively studied. In this composition, Li2S acts as a
network modifier, while P2S5 serves as a network former,
producing a range of thiophosphate units such as ortho-
thiophosphate (PS43−), pyro-thiophosphate (P2S74−), meta-
thiodiphosphate (P2S62−), and hypo-thiodiphosphate (P2S64−)
(Figure 2a).28 When the Li2S content lies within the range of
60−80 mol%, increasing Li2S shifts the structural motif from
bridging P2S74− units to isolated PS43− tetrahedra. At an
optimal 75:25 Li2S:P2S5 ratio, where PS43− units dominate, the
material exhibits the highest ionic conductivity and lowest
activation energy.29

Glass-ceramic electrolytes are produced by the partial
crystallization of sulfide glasses through thermal annealing,
producing SEs that contain both amorphous and crystalline
phases. These electrolytes combine the mechanical flexibility of
the glassy matrix with the superior ionic conductivity of the
embedded crystalline domains. Prominent examples include
Li7P3S11 (derived from 70Li2S−30P2S5),30 β-Li3PS4 (from
75Li2S−25P2S5),

31 and HT-Li7PS6 (from 87.5Li2S−
12.5P2S5)

32 (Figure 2b).33 The ionic conductivity of glass-
ceramics is largely governed by the relative fractions of glassy
and crystalline phases, which depend on the annealing
temperature and ball milling conditions. Among them,
Li7P3S11 has garnered significant attention due to its high
ionic conductivity of 1.58 × 10−3 S cm−1 at room
temperature.34

Crystalline electrolytes have attracted intense interest for
their outstanding ionic conductivities, which are comparable to
those of conventional liquid electrolytes. Popular crystal
structures include argyrodite-type (Li6PS5X, X = Cl, Br, or
I),35,36 thio-LISICON-type (LixM1−yM′yS4, M = Si, Ge, Sn, Zr;
M′= P, Al, Zn, Ga, Sb),37 and LGPS-type (Li10GeP2S12)
compounds (Figure 2c−e).36,38,39 The argyrodite structure was
first identified in 1885 from the mineral Ag8GeS6, which
exhibited remarkably high Ag+ mobility,40 and was later
adapted to the lithium analogue (Li6PS5X) by Deiseroth et
al.35 Subsequent development led to a broader family of
lithium argyrodites with the general formulas Li7MS6 or
Li6MS5X (M = P, As, and X = Cl, Br, I),35 among which
Li6PS5Cl and Li6PS5Br exhibit high room-temperature ionic
conductivities in the range of 10−2 to 10−3 S cm−1. Recently,
various families of argyrodite have been vigorously studied to
increase ionic conductivity, such as Li-deficient structure,41

BH4
− substituted argyrodite,42 and Cl−Br codoped structure,43

showing superior ionic conductivity beyond 10 mS cm−1.
Thio-LISICONs, derived from the oxide-type LISICON
conductors by substituting oxygen with sulfur, benefit from
the enhanced polarizability of the sulfide anions, resulting in
improved Li+ mobility. Kamaya et al. reported the LGPS
phase,44 which demonstrates an exceptionally high Li+
conductivity of 1.2 × 10−2 S cm−1 at room temperature. Its
crystal structure is composed of (Ge0.5P0.5)S4, PS4, LiS4
tetrahedra, along with LiS6 octahedra, forming one-dimen-
sional Li+ diffusion pathways along the c-axis (Figure 2e).39

The discovery of these highly conductive crystalline sulfides�
with Li+ conductivities above 10−2 S cm−1�has established
sulfide SEs as one of the most promising replacements for
liquid electrolytes in next-generation ASSBs.

Figure 2. (a) Raman and 31P MAS NMR spectra of Li3PS4 (LPS) glass electrolytes with different (Li2S)x−(P2S5)100−x stoichiometries based on
various thiophosphate building units. Reproduced with permission.28 Copyright 2017 Royal Society of Chemistry. (b) Crystal structures of
representative glass-ceramic electrolytes in the Li2S−P2S5 binary system at various ratios. Reproduced with permission.33 Copyright 2018 Elsevier.
(c) Crystal structure of argyrodite-type Li6PS5X. Reproduced with permission.36 Copyright 2019 American Chemical Society. (d) Schematic of
crystalline structure of a representative thio-LISICON, Li4GeS4. Reproduced with permission.

38 Copyright 2002 Elsevier. (e) Crystal structure of
Li10GeP2S12 (LGPS). Reproduced with permission.39 Copyright 2020 Wiley-VCH.
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2.2. Characteristics of Sulfide SEs. In addition to their
high ionic conductivity, sulfide SEs offer favorable mechanical
properties. With Young’s moduli ranging from 10 to 30 GPa�
considerably lower than those of oxide SEs�sulfides exhibit
inherently ductile behavior (Figure 3a).45,54 Their mechanical
softness allows powders to be cold-pressed into dense
membranes without the need for high-temperature sintering,
thereby promoting intimate interfacial contact between the
electrolyte and electrodes and simplifying the overall
fabrication process. Moreover, their elastic nature accommo-

dates stresses from volume changes of the electrode during
charge/discharge cycles, contributing to sustained interfacial
integrity. However, the low modulus of sulfide SEs also raises
concerns for lithium dendrite penetration and crack
propagation induced by electro-chemo-mechanical stress,
particularly when sulfides are used as separating membranes
(Figure 3b).55 To address these issues, it is important to
develop mechanically robust SE layers reinforced with suitable
binders or scaffolds that can provide sufficient strength while
preserving electrochemical performance.

Figure 3. (a) Ashby plot showing the shear modulus and Young’s modulus for different types of SEs. Reproduced with permission.45 Copyright
2023 Royal Society of Chemistry. (b) Backscattered electron (BSE) images showing the evolution of solid electrolytes during cycling for β-Li3PS4
and Li6PS5Cl, highlighting the formation and propagation of cracks. Reproduced with permission.

55 Copyright 2022 Royal Society of Chemistry.
(c) Decomposition reactions of sulfide SEs in humid air showing hydrolysis of Li2S, P2S7−. Reproduced with permission.56 Copyright 2023 AAAs.
(d) Schematic of the degradation mechanism of Li6PS5Cl electrolyte in humid air and doping strategies to enhance moisture stability. Reproduced
with permission.59 Copyright 2016 Elsevier. (e) Schematic diagrams illustrating the polarity-dependent solvent compatibility of sulfide solid
electrolytes and potential nucleophilic attacks by solvents. Reproduced with permission.62 Copyright 2022 Royal Society of Chemistry. (f)
Electrochemical window of various solid electrolytes and binary lithium compounds. Reproduced with permission.63 Copyright 2015 American
Chemical Society. (g) Cyclic voltammograms of Li−In | Li6PS5Cl | Li6PS5Cl−C half cells, and suggested electrochemical reactions occurring in
Li6PS5Cl electrolyte. Reproduced with permission.64 Copyright 2019 American Chemical Society.
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Sulfide SEs also suffer from severe chemical instability issues.
In ambient air, they hydrolyze even in the presence of trace
moisture, releasing toxic H2S gas and thereby complicating
handling and processing (Figure 3c).56 The irreversible sulfur
loss that occurs during hydrolysis leads to permanent structural
degradation of sulfides.57 This vulnerability can be rationalized
using the hard−soft-acid−base (HSAB) theory. According to
this principle, small hard acid ions�such as P5+ in
thiophophate (PS43−) units�tend to form stronger bonds
with hard base ions like O2− (from H2O), while larger and
more polarizable soft acids (e.g., Sn4+, As5+) preferentially bind
to soft base ions such as S2−.58 Upon exposure to water, the
hard acid P5+ in PS43− interacts with O2−, leading to cleavage of
the P−S bonds and degradation of the electrolyte structure.
One strategy to improve moisture stability involves substitut-
ing P5+ with softer cations such as As5+ or Sb5+, which
enhances the P−S bond strength and reduces reactivity with
water (Figure 3d).59 Other approaches include partial oxygen
substitution (i.e., replacing a portion of S2− with O2−), and
incorporating metal oxide nanoparticles such as ZnO or Bi2O3,
which can capture released H2S gas and mitigate degrada-
tion.7,60,61 Sulfide SEs are also highly sensitive to many polar
solvents. Polar solvents readily react with building units of
sulfides, such as PS43−, P2S64−, to generate nonionic conducting
impurities and induce collapse of their crystal structure (Figure
3e).62 Therefore, nonpolar or less polar solvents are more
suitable for solution processing, as they have only limited
interactions with sulfides. In addition, restrictions on solvent
selection limit the choice of compatible binders, which will be
further discussed in a later section together with the solution
casting of SE membranes.
Another critical challenge associated with sulfide SEs is their

narrow electrochemical stability window. Thermodynamically,

sulfides are unstable at both the anode and the cathode
interfaces. LGPS and Li6PS5Cl are predicted to be electro-
chemically stable only within narrow potential ranges of 1.71−
2.14 and 1.7−2.01 V vs Li+/Li, respectively (Figure 3f).63

However, in practical applications, battery cells typically
operate over a much broader voltage range�from 0 V to
nearly 5 V. This apparent discrepancy is kinetically tolerated
due to the formation of passivating interphase layers and the
intrinsically low electronic conductivity of sulfide SEs.60 For
example, when Li6PS5Cl is in contact with the Li metal, it
undergoes decomposition during cycling, producing Li3P, Li2S,
and LiCl. These products collectively form a stable interphase
that suppresses further electrolyte degradation and inhibits
lithium dendrite growth (Figure 3g).64 However, in SEs
containing semiconducting elements such as Ge or Sb (e.g.,
LGPS), reductive decomposition can yield Li−metal alloys
such as Li3Sb or LixGe. These conductive phases contribute to
undesirable electronic leakage across the interface, accelerating
parasitic side reactions and increasing interfacial resistance.65

Therefore, the design of sulfide SE membranes must carefully
consider the interfacial compatibility with lithium metal. In
many cases, surface protection strategies�such as applying
chemically stable interfacial coatings�are necessary to
enhance interfacial stability and suppress detrimental side
reactions at the electrode−SE electrolyte interface.

3. CHALLENGES IN SULFIDE-BASED SE MEMBRANES
The SE membrane�an essential component unique to ASSBs
and absent in conventional LIBs�must be carefully
engineered to enable the practical realization of ASSB
technology. To achieve high-energy-density ASSBs, the SE
membrane must be made sufficiently thin while still fulfilling
several critical functions: (1) serving as an electronic insulator

Figure 4. (a) Estimated gravimetric and (b) volumetric energy densities for various cell configurations as a function of SE thickness, calculated
based on the “SolidPAC” model.20 (c) Area-specific resistance as a function of SE thickness across a range of SE conductivities. Reproduced with
permission.20 Copyright 2022 Cell Press. (d) Key challenges in reducing the solid-state electrolyte thickness. Reproduced with permission.66

Copyright 2024 Elsevier. (e) Interfacial resistance−pressure relationship and Li surface stress maps under varying stack pressures. Reproduced with
permission.67 Copyright 2020 Cell Press. (f) In situ phase-contrast XCT virtual cross sections during a single plating of a Li|Li6PS5Cl|Li cell.
Reproduced with permission.68 Copyright 2021 Nature Publishing Group.
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to prevent short-circuiting between the anode and cathode, (2)
providing fast and uniform lithium-ion transport, and (3)
offering mechanical robustness to ensure long-term structural
stability during battery operation. In addition to these
performance requirements, process scalability and technoeco-
nomic feasibility are also key considerations for translating
ASSB technology into practical applications. Due to their
extreme sensitivity to moisture, scaling up the production of an
ultrathin sulfide SE membrane presents significant challenges.
The entire manufacturing process must be conducted under
strict environmental controls, such as ultralow dew point dry
rooms or inert atmosphere glove boxes, and supported by
specialized safety infrastructure to manage H2S emissions. In
this section, we discuss the major challenges in realizing
ultrathin sulfide-based SE membranes with a focus on
thickness reduction and mechanical integrity for scalable
manufacturing.
3.1. Thickness Considerations. The thickness of the SE

membrane plays a pivotal role in determining the overall
energy density of the ASSBs. Despite ongoing advancements,
many laboratory-scale studies continue to rely on pelletized
sulfide SE membranes with thicknesses of approximately 800
μm and areas of around 1.5 cm2 to investigate cell chemistries.
However, such thick pellets are impractical for high-energy-
density applications and lead to elevated processing costs due
to their complex fabrication. Therefore, the transition from
bulky pellet configurations to ultrathin, sheet-type SE
membranes is essential for the development of commercially
viable ASSBs. Modeling studies using the SolidPAC toolkit
have quantitatively evaluated the impact of SE membrane
thickness on cell-level gravimetric energy density (Figure 4a
and Table S1).20 For instance, to meet the U.S. Department of
Energy (DOE) target of 350 Wh kg−1, the Li6PS5Cl SE
membrane must be reduced to below 60 μm in NCM811|Li
cells, 29 μm in LiCoO2|Li cells, and 80 μm in S|Li cells. Similar
projections across various cell chemistries suggest that
achieving such energy targets generally requires SE thicknesses
in the range of 20−80 μm. Thinner SE layers also contribute to
the improved volumetric energy density. For example, reaching
the DOE’s volumetric energy target of 750 Wh L−1 would
likely require SE membranes thinner than 200 μm, especially
when combined with bipolar cell designs that minimize
inactive volume compared to conventional monopolar stacking
(Figure 4b and Table S1). Sensitivity analyses further identify
SE membrane thickness as one of the most influential factors
affecting energy density, often surpassing the impact of
parameters such as the N/P ratio or catholyte fraction.20

In addition to the energy density, the SE thickness also
critically affects the internal resistance of the cell. The internal
resistance of the cell can be expressed by the area-specific
resistance (ASR), defined as

= × =R A LASR /

where R is resistance, A is electrode area, L is SE membrane
thickness, and σ is ionic conductivity of SE.
For comparison, a typical liquid electrolyte with an ionic

conductivity of approximately 20 mS cm−1 in a 25 μm-thick
separator yields an ASR of 0.125 Ω cm2, which increases to
3.75 Ω cm2 when accounting for the tortuosity of the porous
separator.69 To achieve a comparable ASR using Li6PS5Cl
(with an ionic conductivity of 10−3 S cm−1), the SE membrane
must be thinned to approximately 40 μm (Figure 4c). In
contrast, LPS-based electrolytes cannot attain a similar ASR

even when reduced to 10 μm thickness, indicating the
importance of both thickness and intrinsic ionic conductivity
of the SE membrane. Reducing the thickness of the SE
membrane not only boosts gravimetric and volumetric energy
density but also plays a key role in minimizing internal
resistance. In practice, SE membrane thicknesses below 30 μm
are typically required for ASSBs to achieve competitive energy
and power performance.
3.2. Mechanical Stability. Producing a uniform, defect-

free SE membrane with a thickness of only several tens of
micrometers�while preserving mechanical stability through-
out processing and cell operation�remains a major challenge.
Although the sulfide SEs are mechanically softer than their
oxide-based counterparts, they are still inherently brittle. The
cold-pressed sulfide pellets, in particular, are prone to cracking
and fracturing.18 Mechanical failure of the SE membrane can
result in (1) internal short circuits caused by lithium dendrite
penetration and (2) structural degradation during cycling
(Figure 4d).66 According to the Monroe−Newman model,
when the shear modulus of SE exceeds at least twice that of Li
(3.4 GPa), dendrite growth can be suppressed.14 Although
sulfide SEs possess shear moduli in the range of 6−11 GPa,
sulfide-based ASSBs still suffer from mechanical failure.70

Mitigating Li dendrite growth and crack propagation depends
not only on the intrinsic mechanical properties of solid
electrolytes but also on the mechanical strength of SE
membranes and the quality of interfacial contact with
electrodes. Ultrathin, freestanding membranes fabricated solely
by pressing the sulfide SE powder are especially susceptible to
crumbling under minimal mechanical stress, and this fragility
becomes even more pronounced as the SE membrane
thickness decreases. The issue is further exacerbated when
scaling up to the large-area sheet-type membranes as thin films
with large lateral dimensions are more vulnerable to stress
accumulation, defect formation, and mechanical damage
during roll-to-roll processing, drying, and handling.
To enhance the mechanical strength, polymeric binders or

scaffold supports are commonly employed as mechanical
reinforcements. Even small additions of binder�typically 0.5−
10 wt% relative to the total SC�can significantly enhance the
toughness and flexibility of the membrane.71 Since even minor
defects or microcracks can serve as initiation sites for crack
propagation, strict quality control during membrane fabrication
is crucial. Inline inspection techniques, along with postprocess-
ing methods such as mild thermal annealing, calendering, and
pressurization, can help minimize surface flaws and internal
voids, thereby improving mechanical reliability.
Furthermore, the SE membrane must maintain stable

interfacial contact with the electrodes under low stack
pressures, typically below 2 MPa. Under such ultralow-pressure
conditions, nonuniform stress distribution and particle-to-
particle contact within the SE layer can lead to increased
internal resistance and potential delamination at the
electrode−electrolyte interfaces (Figure 4e).67 Critically,
interfacial voids have been identified as preferential pathways
for lithium dendrite growth. In situ X-ray computed
tomography (XCT) studies have directly visualized lithium
dendrite propagation along pre-existing interfacial gaps or
microcracks in sulfide SEs (Figure 4f).68 Without sufficient
fracture toughness and fatigue resistance, repeated mechanical
stresses during cycling can accelerate crack formation and
ultimately result in catastrophic cell failure.
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The mechanical and interfacial challenges discussed above
highlight the critical role of fabrication strategies in
determining the performance and reliability of SE membranes
for practical application. Accordingly, the following section
introduces various fabrication approaches for sulfide SE
membranes, outlining their respective principles, advantages,
and limitations.

4. FABRICATION METHODS FOR SULFIDE SE
MEMBRANES
4.1. Preparation of SE Membrane: Free-Standing vs Double

Casting. Generally, the SE membrane is fabricated by one of two
primary approaches: free-standing membrane formation or direct
double casting onto a preformed electrode laminate (Figure 5).7

In the free-standing film approach, a self-supporting electrolyte
membrane is produced independently of the electrodes, either by
solution casting on a sacrificial substrate followed by peel-off, scaffold-
assisted infiltration, or dry film processing. Once fabricated, the
resulting SE membrane is sandwiched between the cathode and anode
and compressed together for cell assembly. This strategy enables
independent and precise control over the membrane thickness and
mechanical properties. Decoupling electrolyte fabrication from
electrode preparation enhances compatibility with diverse electrode
chemistries and allows for separate optimization of electrode and
electrolyte materials. However, producing ultrathin membranes with
sufficient mechanical integrity remains a challenging. Moreover,
surface defects, such as roughness and pinholes, must be minimized to
mitigate the formation of interfacial voids at the electrodes−
electrolyte interface that can occur during layer stacking.72

In contrast, the double-casting approach involves directly coating
an SE slurry onto a preformed electrode laminate. This method can be
applied to both composite cathodes and anodes.73,74 However, casting
slurries directly onto Li metal foils is generally avoided, because Li is
highly reactive with sulfide SEs and many solvents. The double-
casting method forms a conformal and integrated electrode−
electrolyte interface, substantially reducing interfacial resistance.
Additionally, the pre-existing electrode layer provides mechanical
support, allowing fabrication of ultrathin SE layers. However, since
double casting generally relies on solution processing, it requires
careful selection of solvent−binder systems and meticulous control
over slurry formulation, coating conditions, and drying parameters.
Inadequate control can lead to chemical degradation, phase

intermixing, or side reactions that may impair the electrode
performance or compromise interfacial adhesion.
In the following section, various fabrication techniques for SE

membranes, including wet and dry processing, are discussed (Table
2). While thin-film deposition techniques such as physical vapor
deposition (PVD), atomic layer deposition (ALD), and spray coating
are also widely used to produce submicrometer SE layers for thin-film
or model cells, these approaches are costly and unsuitable for
fabricating large-format membranes. Accordingly, this review focuses
on fabrication methods that are scalable for the development of
practical bulk-type ASSBs.
4.2. Solution Casting. Solution casting is a method for preparing

SE layers by first dispersing SE particles and polymeric binders in
solvents to form a uniform slurry, then coating the slurry onto a
substrate using techniques such as slot-die coating, doctor-blading, or
tape casting, and subsequently drying it to yield a robust thin film.
This approach not only enables continuous, large-area processing but
also benefits from existing solution processing infrastructure
developed for liquid-based LIB manufacturing.17 To advance the
scalability of this method, the development of tailored solvent-binder
pairs along with optimized casting, drying, and post-treatment
techniques is critical. In solution processing, film quality strongly
depends on parameters such as coating thickness, slurry viscosity, and
the adhesion properties of the binder. Using this method, SE
membranes with thicknesses ranging from 25 to 75 μm have been
reported.11,75

4.2.1. Key Slurry Parameters: Solid Content and Binder Content.
Solid content (SC), the mass fraction of SE and binder in the slurry,
critically affects the slurry viscosity and coatability, volumetric
shrinkage during drying, and thickness and uniformity of the as-cast
layer. Higher SC increases the slurry viscosity and causes particle
aggregation. At very high SC, the slurry becomes overly viscous for
reliable film thickness control, and rapid solvent evaporation can
induce binder migration and uneven particle distribution, resulting in
surface defects and disrupted conduction pathways.76 By contrast,
excessively low SC promotes the formation of pinholes and cracks in
the dried film. Therefore, SC is typically regulated between 50 and 60
wt%.77 As shown in Figure 6a, increasing SC and BC increases the
slurry viscosity across the whole shear-rate range. This relationship is
crucial, as viscosity directly affects coatability of the slurry and the
presence of casting defects.77

Binder content (BC), the mass fraction of binder relative to the
total solid component sum of SE and binder, is commonly set
between 1 and 3 wt% to ensure the formation of stable, thin film SE
layers.78 While incorporating binder enhances the mechanical strength
of the film, it also reduces ionic conductivity, because most binders
are nonionic polymers that block ion transport between electrolyte
particles. The critical BC at which ionic conductivity begins to decline
varies depending on the chemical structure and the ionic resistivity of
the binder. For instance, when poly(isobutylene) (PIB) was used, the
SE layer retained relatively high ionic conductivity at BC below 2 wt
%. However, once BC exceeded 5 wt%, interfacial resistance increased
sharply, and overall ionic conductivity dropped.78

4.2.2. Solvent Compatibility and Dispersion Stability. Due to
their chemical instability toward polar solvents, solution casting
processes of sulfide SEs are limited to nonpolar or low-polarity
solvents.82 For instance, N-methyl-2-pyrrolidone (NMP), a highly
polar solvent commonly used in LIB electrode fabrication, reacts
vigorously with sulfide SEs, disrupting their crystal structures and
drastically decreasing their ionic conductivity by several orders of

Figure 5. Schematic of two solid electrolyte membrane fabrication
approaches: (a) free-standing membrane formation and (b) direct
double casting onto a preformed electrode laminate. Reproduced with
permission.7 Copyright 2021 American Chemical Society.

Table 2. Comparative Summary of Fabrication Routes for Sulfide-Based SE Membranes

route scalability/cost achievable minimum thickness interfacial quality mechanical robustness materials compatibility

solution casting good good good fair fair
scaffold fair poor fair excellent good
dry film�PTFE fibrillation good fair good good excellent
dry film�thermocompression fair fair good fair good
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magnitude. In contrast, exposure to low-polarity solvents such as p-
xylene preserves the ionic conductivity of sulfides (Figure 6b).74 As a
result, nonpolar solvents such as toluene, xylene, and anisole are
generally used in the solution processing of sulfide SEs.83 When
sulfide SEs are dispersed in nonpolar or less polar solvents, the
suspensions retain the original gray-white color of SEs, becoming only
slightly cloudy. By contrast, polar solvents such as NMP and water
yield dark black or clear yellow solutions, indicating substantial
chemical reactions (Figure 6c).79 More recently, various organic ester
solvents, such as butyl butyrate and hexyl butyrate, have gained
popularity. They uniformly disperse sulfide SEs without agglomer-
ation and preserve high ionic conductivity after drying.84 Although
esters contain polar functional groups, some of them can still be
compatible with sulfides when their alkyl chains are sufficiently long
or their molecular weight is high enough to reduce the overall
polarity. In contrast, strongly polar solvents such as alcohols or
carboxylic acids remain incompatible even when modified with

extended alkyl chains. Furthermore, increasing the molecular weight
to suppress polarity often leads to excessive viscosity, making such
solvents impractical for slurry casting.
An ideal solvent must disperse SE powders homogeneously, possess

adequate viscosity that prevents sedimentation, have appropriate
vapor pressure to avoid rapid evaporation and binder migration, and
dissolve the polymeric binder effectively. Thus, identifying a solvent
with suitable polarity and rheological properties is a top priority in the
slurry formulation of sulfide SEs.

4.2.3. Binder Selection Strategies. Binders control slurry rheology
and play an important role in securing the physical adhesion and
mechanical flexibility of the film. However, the solvent restrictions
imposed by sulfides limit binder selection. Following the “like
dissolves like” principle, nonpolar or low-polarity solvents can only
dissolve polymers with similarly low polarity. As a result, rubber-based
polymers such as polybutadiene (PB),85 polystyrene-polybutadiene
rubber (SBR),86 polyacrylonitrile-polybutadiene rubber (NBR)87 are

Figure 6. (a) Effect of the solid content (SC) and binder content (BC) of the LPS/HNBR slurry on the viscosity change according to the shear
rate. Reproduced with permission.77 Copyright 2023 Elsevier (b) Net dipole moments of various solvents, including typical low-polarity solvents
used for solution-processing of sulfide-based ASSBs, and the ionic conductivity of LPSCl after solvent treatment (24 h of immersion followed by
drying). Reproduced with permission.74 Copyright 2025 American Chemical Society. (c) Color change of common solvents used in battery
electrode processing after the addition of Li7P3S11 and their key properties. Reproduced with permission.79 Copyright 2019 American Chemical
Society. (d) Molecular compatibility between each unit of NBR copolymer and solvents (anisole, toluene, and p-xylene). Reproduced with
permission.80 Copyright 2025 Elsevier. (e) Synthesis of the click binder using the click (thiol−ene) reaction between SBS and mercaptocarboxylic
acid. Reproduced with permission.81 Copyright 2018 American Chemical Society. (f) Schematic illustration of the protection−deprotection
chemistry for the adhesive interaction between the polymeric binder and active material in the composite cathode. Reproduced with permission.10

Copyright 2020 Wiley-VCH.
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commonly used. However, the low polarity of these binders poses
challenges. The adhesive strength of polymeric binders typically arises
from polar−polar interactions between the binder and electrode
components (Figure 6e).74,80 Polymers with low polarity tend to
exhibit weak adhesion, which undermines the primary function of the
binders. To address this, various strategies have been explored to
introduce polar functional groups into the nonpolar polymer
backbone, thereby improving the mechanical strength and interfacial
adhesion. These include grafting carboxylic acid groups through click
reaction (Figure 6e),81 thermally induced post-deprotection after
casting to reveal poly(acrylic acid) (Figure 6f),10 or the use of block
copolymers containing polar blocks such as acrylates.88 In addition to
synthetic rubber-based binders, the semisynthetic polymer type ethyl

cellulose is also broadly used with sulfide SEs, serving as both a
dispersing agent and a moderately polar binder.89

Because most binders are ionically insulating, excessive BC hinders
ion transport and lowers the ionic conductivity of the SE membrane.
Therefore, careful optimization of the binder chemistry, composition,
and content is essential. To overcome this, Li+-conducting binders
including Polyethylene glycol (PEG), polystyrene-PEG (PS−PEG),
and NBR incorporated with LiTFSI have been developed.88 These
ionic conductive binders promote ion transport by forming ionic
pathways between SE particles and reducing interfacial resistance.90,91

For instance, NBR incorporating Li(G3)TFSI ionic liquid binder has
shown improved battery performance by enhancing Li+ transport
across interfaces.92 However, because many Li+ ion-conductive

Figure 7. (a) Schematic illustration of the fabrication procedure of the interpenetrating LPSCl@P(VDF-TrFE) CSEs via an electrospinning-
infiltration-hot-pressing method. Reproduced with permission.93 Copyright 2022 Wiley-VCH. (b) Schematic illustration of nonwoven (NW)
scaffold SE films with two different structures (SE−NW−SE and NW−SE−NW). Reproduced with permission.94 Copyright 2015 American
Chemical Society. (c) Schematic illustrations of the free-standing and flexible SSE film and the intercrossed CELs skeleton coated with a thin
sulfide SSE layer to construct a 3D interconnecting ionic-conducting framework. SSEs represent the sulfide solid-state electrolytes, and CELs
represent the cellulose skeleton. Reproduced with permission.96 Copyright 2021 Wiley-VCH.
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binders include ionic liquids or trace amounts of liquid electrolyte
content, careful control of the slurry rheology, compatibility with
sulfides, and preservation of the electrode microstructure is required
to avoid compromising mechanical or interfacial stability. In some
approaches, the binders are removed after thin film formation through
heat treatment or solvent washing to eliminate insulating
components.64 Yet, the long-term effects of binder removal remain
underexplored. Evaluation in pouch-cell configurations under minimal
external pressure is necessary to assess its impact on cycling
performance. Overall, the selection of a suitable binder requires
systematic consideration of its chemical structure, solubility, electro-
chemical stability, mechanical properties, and ionic resistance.
4.3. Scaffold Support. Scaffold-assisted infiltration involves

impregnating a porous support with an SE slurry, followed by drying
to produce a composite membrane reinforced by the scaffold. The
incorporation of SE powders into scaffold structures has been
extensively investigated since the early stages of ASSB development. A
scaffold is a three-dimensional framework designed to provide
mechanical support and structural integrity to SE membranes. This
strategy enables easy fabrication of thin and flexible SE films with high
mechanical strength and continuous ion-conduction pathways and
mitigates issues such as cracking or short-circuiting. For scaffold-
reinforced SE membranes, reported thicknesses range from 30 to 70
μm.93,94 In practice, they are typically composed of 70−95 wt% of SE
and 5−30 wt% of supporting scaffold.93,95

Scaffolds have been developed using a variety of materials and
architectures, including electrospun polymer networks, nonwoven
polymer mats, porous polymer frame supports, and cellulose-
membrane-based skeletons (Figure 7). Representative examples are
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) polymer
networks,93 poly(paraphenylene terephthalamide) (PPTA) nonwoven
scaffolds,94 cellulose membrane skeletons,96 and porous polyethylene
(PE) separators, all of which have demonstrated the ability to produce
thin, mechanically robust SE membranes. Each design offers distinct
advantages in terms of mechanical flexibility, ionic conductivity,
processability, and scalability for practical applications. This scaffold-
supported approach is promising for scaling up, as it can be integrated
with existing tape-casting infrastructure by substituting the conven-
tional substrates with porous ones to enable the impregnation of the

SE solution. In such processes, nonuniform infiltration of the SE
solution or pore formation during solvent evaporation may increase
interfacial resistance,97 and side reactions between the scaffold and SE
can occur during annealing.98 Therefore, precise control over several
key parameters, including fine-tuning of SE viscosity, and optimization
of casting/infiltration, drying, and postdensification conditions, is
essential.66

4.4. Dry Film Processing. Despite the advantages of solution
processing, the tricky selection condition of the solvent for sulfide SEs
continues to pose a major obstacle.99 Recently, dry film processing has
emerged as an environmentally friendly, cost-effective, solvent-free
fabrication alternative.100 This method prevents solvent-induced
degradation of sulfide SEs, reduces energy consumption by
eliminating solvent drying and recovery processes, and supports a
safer, more sustainable manufacturing process that is both environ-
mentally and worker-friendly. However, the absence of solvents makes
it more difficult to uniformly mix various solid components, a
common challenge in dry processing techniques.

4.4.1. Polytetrafluoroethylene Fibrillation. Polytetrafluoroethy-
lene (PTFE) is the most widely used binder employed in dry mixing
electrode fabrication. Its molecular structure consists of two fluorine
atoms bonded to each carbon atom along a linear C−C backbone,
forming a perfluorinated alkane. This unique chemical structure gives
PTFE one of the lowest coefficients of friction among polymers.
Accordingly, PTFE can undergo fibrillation under shear stress,
allowing it to function as a binder without the need for dissolution
in solvents. PTFE fiber-based dry film processing offers advantages in
lithium-ion diffusion. Unlike many solution-processable binders that
extensively coat SE particles, PTFE forms only limited surface
coverage. Given that binder is insulating, reduced binder coverage on
SE particles enables faster lithium-ion transport.101

When subjected to strong mechanical mixing or extrusion, PTFE
powder stretches into fibrils. The fibrous structures entangle with SE
particles during mixing, reinforcing the composite to form a cohesive
SE membrane. Once the self-standing SE membrane is formed, it is
calendered to achieve the desired thickness (Figure 8a). With an
increasing number of calendering cycles, the degree of PTFE
fibrillation improves. As a result, the tensile strength of the filling
voids and forming a continuous SE membrane increased while ionic

Figure 8. (a) Schematic of an SE membrane made by dry film processing using PTFE as a binder. Reproduced with permission.102 Copyright 2023
Wiley-VCH. (b) Schematic of the thermocompression process for dry-film fabrication. Reproduced with permission.104 Copyright 2024 Wiley-
VCH.
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conductivity decreased slightly.102 Dry film processing is particularly
effective for fabricating thick films, while it is less suitable for
producing ultrathin layers. In contrast, solution processing is easier for
creating thin films but poses challenges in achieving uniform thick
coatings. Using PTFE as a binder for dry film fabrication, SE
membranes with a thickness as thin as 18 μm have been reported.103

PTFE has exceptional chemical stability against acids, bases, and
solvents, along with high thermal resistance. However, it readily
decomposes upon contact with lithium metal. The reduction reaction
propagates through the fibrillated PTFE network, forming an
electron-conductive carbon species. Such conductive pathways trigger
an internal short circuit and obstruct ion conduction, ultimately
destroying the safety and performance of the battery. For this reason,
when PTFE is used in SE membranes, an additional protective
treatment on the anode side may be required to ensure chemical
compatibility.

4.4.2. Thermocompression. The thermocompression process is a
method for producing a dense electrolyte membrane by compressing
SE powder with thermoplastic polymer binders under high temper-
ature and pressure (Figure 8b). This approach effectively reduces
porosity in the SE membrane and improves ion conductivity. By
utilizing polymeric binders with low melting or softening points, hot
pressing at around 100 °C allows the viscous binder phase to flow
between SE powders, filling voids and forming a continuous
percolated SE network.104 Without a binder, the hot-pressed Li6PS5Cl
pellet will be prone to breakage. In contrast, the incorporation of a
polyamide binder and applying thermal compression at 140 °C under
5 MPa yields a self-standing, flexible sulfide film.104 Hot pressing also
provides improved interfacial contacts between particles compared to
cold pressing.105 Through thermocompression of dry films, free-
standing SE membranes with a thickness of 40 μm have been
reported.75

Despite offering benefits such as solvent-free manufacturing and a
broader range of binder options compared with PTFE fibrillation-
based methods, hot pressing requires a more complex thermocom-
pression setup. More critically, it demands the use of specially
designed molds for membrane shaping, which adds to the
manufacturing complexity and cost. In addition, excessive polymer
coverage around SE particles persists as a challenge in this approach,
potentially hindering the ionic conductivity.
4.5. Pressurization Techniques. In addition to the fabrication

strategies for SE membranes, controlling internal pores and defects
within the SE membrane and ensuring strong adhesion of the
electrode/electrolyte interface are also essential for the performance
and reliability of ASSBs. To improve interfacial contact and
densification, various pressurization processes are necessary following
the formation of the SE membrane and electrode stacking. Among
them, calendering106 and WIP107 are widely used (Figure 9).
Calendering is a traditional pressing process in which the electrode

or SE film is passed between two rollers under constant pressure to
achieve uniform thickness.108 This process planarizes the surface,
improves thickness uniformity and particle bonding, and reduces
porosity. Key process parameters include the line load, roll speed, and
roll temperature. In particular, increasing the roll temperature reduces
the required pressure and alleviates springback and interfacial shear
stress.109 However, as it is a uniaxial compression method, calendering
has limitations in applying even pressure distribution, especially in
thick composites with rough surfaces.
WIP applies isotropic pressure to the entire sample using a fluid

(mainly oil or water) as a pressure medium at temperatures below 150
°C. Moderately warm temperature is carefully chosen, not high
enough to cause thermal degradation of electrode materials, yet
sufficiently warm to promote effective interfacial contact.110 Unlike
the rigid roller-based calendering, the fluid in the WIP allows more
meticulous pressure application. As a result, WIP has proven to be

Figure 9. (a) Schematic illustration of the calendering process. Reproduced with permission.106 Copyright 2025, Elsevier. (b) Schematic diagram of
a pressure vessel cavity into which the sample is inserted and subjected to isostatic pressure and temperature conditions, and temperature and
pressure ranges for CIP (blue), WIP (green), and HIP (orange) techniques. Reproduced with permission.107 Copyright 2022 American Chemical
Society.
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highly effective in healing internal defects, achieving a dense SE
membrane, and improving interfacial adhesion through superior
compaction. In fact, it is very difficult to achieve reliably good
electrochemical cycling in ASSBs without WIP at present. For
instance, compared to uniaxial pressing, WIP has been shown to
reduce porosity from 12% to 0.15% and, alongside notable
improvements in membrane density, interfacial adhesion, and
structural completion. In general, WIP for sulfide-based ASSBs is
conducted within a pressure range of 400−600 MPa, most commonly
around 490−500 MPa, at modest temperatures of 60−100 °C for
several tens of minutes, depending on the materials and electrode
stack design.111−113 Despite the benefits, the WIP presents severe
practical challenges. It requires huge space for bulky equipment, long
preparation and processing times, and more complex operation
procedures, making it difficult to implement at an industrial scale.
Identifying a viable alternative to WIP is one of the most pressing
challenges for the commercialization of ASSBs. This calls for the
development of either advanced calendering techniques or entirely
new, scalable pressurization approaches that retain the benefits of
WIP while improving the manufacturability.

5. CONCLUSION
The development of sulfide-based SE membranes is a key
factor for the realization of high-performance all-solid-state
batteries (ASSBs). Sulfide electrolytes provide excellent ion
conductivity and mechanical ductility, enabling low-temper-
ature processing and facilitating the formation of close
interfaces with electrodes. However, the chemical instability
in air and limited electrochemical stability remain important
challenges to overcome. To solve this problem, material-level
strategies such as composition control to improve moisture
stability and surface modification to stabilize electrochemical
interfaces are actively underway.
Beyond materials, scalable and reliable fabrication methods

are essential to bridge laboratory discoveries and industrial
applications. Solution casting remains a versatile method for
thin film fabrication, but it is constrained by solvent and binder
compatibility. In contrast, dry processing approaches, such as
PTFE fibrillation and thermocompression, have emerged as
promising alternatives for producing dense, defect-free SE
membranes with robust mechanical properties. At present,
free-standing SE membranes prepared by solution casting,
PTFE fibrillation, scaffold-based methods, or their combina-
tion could be the most feasible options. Once the relevant
technologies mature, fabrication techniques could be expanded
to solution casting via double casting, which offers particular
advantages for producing ultrathin membranes with intimate
electrode−electrolyte contact. However, as double casting may
cause partial mixing between precast electrodes and the newly
cast solution, careful optimization of processing conditions will
be required. In addition, postfabrication pressurization
techniques, including calendering and WIP, further enhance
membrane densification and interfacial adhesion, both of
which are critical to long-term battery performance.
In the future, the integration of ultrathin, mechanically

reinforced sulfide SE membranes with optimized processing
protocols will be key to realizing ASSBs with high energy
density, cycling stability, and manufacturability. A multi-
disciplinary effort combining materials design, interface
engineering, and process innovation is required to accelerate
the commercialization of next-generation solid-state battery
technology.
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