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Research on sulfide-based all-solid-state lithium batteries (ASSLBs) has predominantly focused on primary
components such as active materials, solid electrolytes, and conductive carbons. In contrast, polymer binders
have received relatively little attention, despite their critical influence on cell performance. The lack of sys-
tematic understanding and rational design strategies for binder materials hinders their effective contribution to
the practical development of ASSLBs. While previous studies have primarily emphasized the binders’ mechanical
integrity and processability, their potential contribution to ionic conductivity and interfacial stability remains
largely unexplored. Departing from this traditional focus, this review highlights the essential role of polymer
binders in enhancing interfacial adhesion and maintaining continuous Li" ion conductive pathways within
electrodes and solid electrolyte sheets. Binder design should aim to integrate mechanical robustness with ionic
functionality to promote uninterrupted ion transport. From this perspective, polymer binders are redefined as
essential design elements that not only provide mechanical cohesion but also compensate for ion transport
limitations and stabilize internal interfaces. Their strategic integration at the film level is anticipated to be a

decisive factor in advancing ASSLBs technologies.

1. Introduction

The accelerating consumption of fossil fuels in the 21st century has
exacerbated climate change, prompting global efforts to transition to-
ward green energy technologies and implement stricter regulations on
greenhouse gas emissions [1]. In response, the automotive industry has
increasingly shifted from internal combustion engines to electric vehicle
(EV) platforms to achieve decarbonization goals [2,3]. However, con-
ventional lithium-ion batteries (LIBs) employing liquid electrolytes face
inherent limitations in terms of energy density and safety [4,5]. These
challenges have intensified the development of next-generation all-so-
lid-state lithium batteries (ASSLBs) [6]. Among the various solid elec-
trolyte materials, sulfide-based electrolytes (e.g., LigPSsCl, LigPSy,
Li;0GeP3S12) have emerged as particularly promising candidates due to
their high ionic conductivities at room temperature (~102s cm'l),
excellent mechanical properties, and favorable processability [7-10].

* Corresponding authors.

Over the past years, extensive research has focused on optimizing pri-
mary components, including active electrode materials, solid electro-
lytes, conductive carbons, and polymer binders. Most studies have
emphasized morphological control, doping strategies, and surface
modifications, typically evaluated at the powder level using torque-cell
configurations [11-15]. While these approaches provide valuable in-
sights into the performance of individual components, they fall short in
evaluating the practical reliability and integrability essential for the
development of viable ASSLBs [16]. Consequently, a research paradigm
shift is currently underway, from the material level to the film level,
where the focus expands to include structured films or sheets, such as
composite electrodes and thin solid electrolytes (Fig. 1). At this stage,
the development of polymer binders becomes critical. Polymer binders
play an essential role in maintaining interfacial adhesion, accommoda-
ting mechanical stress, and preserving Li* ion conduction pathways, all
of which directly influence the electrochemical performance of ASSLBs
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[17-19]. In addition, the interfacial stability of polymer binders must be
ensured to prevent side reactions with solid electrolytes and to achieve
long-term cycling stability [20]. It is also noteworthy that, beyond
polymer binders, recent studies have reported viscoelastic inorganic
glass electrolytes that exhibit polymer-like deformability, inherently
maintaining interfacial contact without the need for additional binder
phases [21]. In this way, film-level engineering serves as a crucial bridge
between material innovation and practical cell integration [22]. It
provides a strategic framework for translating accumulated
material-level knowledge into viable device architectures. In particular,
polymer binders are indispensable for fabricating film-type structures
compatible with large-scale pouch cells. However, despite their impor-
tance, research on polymer binders remains considerably underexplored
compared to studies on other key battery components.

This article aims to assess the current status of polymer binders for
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the practical development of ASSLBs. In addition, we propose a design
strategy that goes beyond conventional approaches by integrating pro-
cess compatibility with structural control, thereby enabling sustained
ion conduction within electrode and solid electrolyte sheets. The dis-
cussion is organized according to film-type components, composite
cathodes, various types of anodes, and solid electrolyte sheets, with each
section evaluating how polymer binders influence cell performance
based on representative studies. Through this approach, we aim to
establish a film-level binder design strategy tailored for the practical
development of ASSLBs, thereby reframing the research agenda and
laying the foundation for next-generation all-solid-state battery engi-
neering. In doing so, we redefine polymer binders not merely as me-
chanical supports or processing aids, but as ion-conductive design
elements integral to the functionality of electrode and electrolyte sheets
— an aspect that has been largely overlooked in the existing literature,
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Fig. 1. Schematic overview of material design strategies for sulfide-based ASSLBs. The illustration depicts a development pathway that begins with the engineering
of polymer binder materials (top), progresses to the design of films or sheets incorporating tailored binders (middle), and culminates in the integration of these films

or sheets into cell architectures for practical battery manufacturing (bottom).



S.-B. Hong et al.

particularly in the context of sulfide-based ASSLBs.
2. Composite cathodes

In ASSLBs, cathode active materials undergo continuous mechanical
stress during cycling due to their intrinsic volume changes [23].
Therefore, recent advances in active material design must be taken into
account when discussing polymer binders in the context of ASSLBs.
Compared to conventional LIB cathodes, cathode active materials for
ASSLBs face unique challenges, including particle isolation, interfacial
delamination from solid electrolytes, and undesirable interfacial re-
actions [24]. To address these issues, strategies such as gradient con-
centration design, morphology engineering of primary particles via
high-valence doping, and surface coatings have been explored
[25-27]. These approaches have contributed to enhancing the me-
chanical robustness of cathode active materials and minimizing void
formation, thereby supporting the maintenance of continuous Li*
conduction pathways within the composite cathode. Consequently, the
design of composite cathode is expected to evolve in parallel with in-
novations in cathode active materials, with the polymer binder serving
as a critical bridge between film-level performance and particle-level
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engineering. In the composite cathodes for ASSLBs, two key re-
quirements must be fulfilled: (1) the formation of well-defined Li" ion
conduction pathways, and (2) mechanical stability against stress and
volumetric changes. Polymer binders should not be regarded as passive
fillers, but rather as functional components that preserve ion conduction
pathways, prevent void formation, and stabilize interfacial contacts
[28]. However, most studies have primarily focused on their mechanical
integrity, often overlooking their critical roles in ionic conduction.
These limitations underscore the need for a paradigm shift in redefining
the purpose and design of polymer binders. Design strategies must also
take into account the constraints imposed by fabrication processes. In
dry processes, the absence of organic solvents helps preserve the ionic
conductivity of the solid electrolyte but introduces challenges related to
binder distribution [29,30]. Therefore, dispersibility and fiber-forming
capability become critical design parameters. In contrast, the wet
slurry-casting process presents its own challenges, including solid elec-
trolyte degradation and binder migration driven by density gradients
during drying [31-33]. These constraints underscore the importance of
evaluating polymer binders within a process-specific framework, which
is essential for practical implementation. With this in mind, the
following section is divided into two main parts, based on design
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Fig. 2. (a) Fibrous PTFE binder for densification of composite cathodes [37]. Representative optimization strategies for enhancing electrochemical performance
through control of PTFE properties: (b) tuning particle size [38], (c) adjusting the degree of crystallinity [39], and (d) controlling molecular weight [40]. Utilization
of covalent bonding in binder systems: (e) in-situ vulcanization of butadiene rubber to form 3D-dimensional network [41], (f) deprotection to enable ionic in-
teractions through active functional groups [42], and (g) thiol-ene click reaction for carboxyl functionalization of SBS to improve polarity and dispersion stabil-

ity [43].
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strategies targeting high energy density and high rate capability.

2.1. Binders for high energy density

Enhancing the energy density of ASSLBs can be achieved by
increasing the areal capacity through thickening the composite cath-
odes. However, increasing active material loading alone does not
guarantee proportional improvements in cell performance. As the
cathode thickness increases, ion transport becomes less efficient due to
the disruption of Li* ion conduction pathways in thick electrode [34,
35]. To overcome these limitations, several strategies have been
explored. Electrode densification reduces film thickness and enhances
mechanical contact, while tailored binder systems buffer volume
changes and suppress the formation of microcracks. Improving interfa-
cial adhesion among cathode components also contributes to reducing
internal resistance. This section highlights representative studies aimed
at improving the mechanical integrity and electrochemical performance
of thick composite cathodes.

In dry-processed cathodes, polytetrafluoroethylene (PTFE) has been
commonly employed to bind cathode components and promote elec-
trode densification [36]. Fraunhofer research group demonstrated that
even a minimal amount of PTFE binder was sufficient to ensure both
structural integrity and electrochemical performance in dry-processed
composite cathodes (Fig. 2a) [37]. As a highly crystalline polymer,
PTFE undergoes fibrillation under shear force, forming an inter-
connected fibrous network. These structures not only enhance me-
chanical integrity but also facilitate the binding of electrode
components. Their study highlights how the tunability of binder mo-
lecular weight serves as a critical design parameter for morphological
control in dry-processed composite cathodes. During the fabrication of
free-standing cathode films under applied shear force, insufficient
fibrillation can lead to structural defects within the cathode. Subsequent
studies have focused on refining cathode architecture by directly
modifying and optimizing the PTFE binder. For instance, Lee et al.
proposed a strategy to improve the packing density between cathode
components and mitigate inhomogeneous contact at the active material
- solid electrolyte interface by tuning the particle size of PTFE (Fig. 2b)
[38]. The use of smaller PTFE particles promoted a more uniform binder
distribution within the cathode, resulting in simultaneous improve-
ments in both mechanical strength and ionic conductivity. This study
provided experimental evidence that optimizing PTFE binder dispersion
can not only address distribution-related limitations in dry-processed
electrodes but also minimize electrochemically inactive regions within
the composite cathode. The crystallinity of PTFE has emerged as a key
parameter governing the mechanical stability of the cathode (Fig. 2¢)
[39]. The physical properties of PTFE vary depending on its degree of
crystallinity. Adjusting PTFE crystallinity directly influences its binder
function: highly crystalline PTFE enhances mechanical strength, while
amorphous domains introduce free volume that facilitates Li" ion
transport. Thus, tuning the crystallinity of PTFE contributes to both
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structural stability and ionic conductivity. In addition, recent studies
have shown that the molecular weight of PTFE significantly influences
its fibrillation behavior. Structural defects in the composite cathode can
arise when fibrillation is insufficient under shearing conditions. To
address this issue, Lee et al. investigated the molecular weight in which
PTFE undergoes adequate fibrillation (Fig. 2d) [40]. It was found that
high-molecular-weight PTFE, with longer chain lengths and greater
chain entanglement, forms more cohesive and uniformly distributed
fibrous networks. The thick composite cathodes inevitably undergo
significant volume changes, mechanical stress, and interfacial instability
during repeated cycling. To effectively address these issues, it is essential
to simultaneously tailor the physical properties of PTFE, such as particle
size, crystallinity, and molecular weight through molecular design. A
summary of PTFE binder properties and their influence on the electro-
chemical performance of ASSLBs is presented in Table 1.

Despite the fiber network-based binding offered by dry-processing
technologies utilizing PTFE, they still face unresolved challenges,
particularly with respect to scalability for mass production. To overcome
these limitations, wet-slurry casting processes used in conventional LIB
electrode fabrication have attracted increasing attention. A unique
approach in wet processing involves leveraging the chemical reactivity
of polymer binders to form covalent linkages within the cathode struc-
ture. Unlike fibrillated PTFE, which primarily relies on the formation of
physical networks, these chemically cross-linkable binders enhance
interfacial stability and structural integrity by utilizing the inherent
chemical functionalities of reactive groups incorporated into the binder
structure. For example, in-situ cross-linkable rubber-based binders can
initiate vulcanization reactions through the incorporation of sulfur into
butadiene rubber (Fig. 2e) [41]. This approach is particularly effective
under low stack pressure conditions, as it helps preserve the structural
integrity of the cathode and suppress void formation during repeated
cycling. In this process, sulfur is introduced into the butadiene rubber,
triggering cross-linking reactions during the slurry-casting step. By
forming polymer networks within the composite cathode, this strategy
offers a promising film-level solution to address one of the critical bar-
riers in ASSLBs development. Binders based on deprotection chemistry
have also been designed to ensure compatibility with non-polar solvent
systems (Fig. 2f) [42]. Upon thermal activation during the drying pro-
cess, these polymers undergo chemical conversion into polar functional
groups, thereby enhancing their interfacial affinity with cathode com-
ponents. A similar concept has been applied to click reaction-enabled
binders, in which carboxylic acid groups are introduced into the poly-
mer to promote hydrogen bonding and improve interfacial adhesion
(Fig. 2g) [43]. To precisely control the degree of functionalization,
thiol-ene  click chemistry = was employed using  styr-
ene-butadiene-styrene copolymers. This approach addresses the
intrinsic limitations of rubber-based binders by achieving an optimized
balance among interfacial adhesion, slurry processability, and ionic
conductivity. In addition, leveraging binder functionality has emerged
as an effective strategy to address technical challenges in thick

Table 1
Summary of the molecular design parameters affecting the performance of PTFE-based dry-processed composite cathodes.
Design parameter Property Cathode active material Active material loading Cell performance Ref.
(mg em™) O . . .
Initial discharge capacity Capacity retention
(mAh g'l) (% @ n cycle)
Particle size 492.3 pm LiNig.gC00.15Al0.0502 15 165.7 @ 0.2C 65.7 % @ 100 [38]
87.73 pm 1823 @ 0.2C 85.1 % @ 100
6.44 ym 188.7 @ 0.2 C 90.4 % @ 100
Crystallinity 18.8 % LiNig gCog.1Mng 102 20 162@0.1C* 64.1 % @ 200 [39]
41.3 % 165@0.1C~ 69.6 % @ 200
88.1 % 167 @ 0.1C~ 84.1 % @ 200
Molecular weight 1.2 x 10° g mol? LiNig g2C0¢.10Mng 0802 22.5 121.8 @ 0.5C 83.5 % @ 300 [40]
1.8 x 10° g mol* 1352 @ 0.5C 89.3 % @ 300
3.2 x 10° g mol™! 1442 @ 0.5C 97.4 % @ 300

" Data were obtained from published figures because exact numerical values were not available.
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composite cathodes for high energy density, particularly mechanical
degradation caused by the gradual accumulation of particle cracks
during repeated cycling. In liquid electrolyte-based LIBs, such cracks
remain electrochemically active due to the infiltration of the liquid
electrolyte, which maintains Li" ion accessibility. In contrast, the for-
mation of microcracks in ASSLBs can disconnect active materials from
the ion conduction network, resulting in electrochemically inactive or
“dead” particles [44]. Given the rigid ion conduction framework of
ASSLBs, mitigating crack propagation in active materials has become a
critical engineering priority. To address this issue, recent studies have
incorporated stress-relieving and crack-healing additives into composite
cathodes. Kim et al. demonstrated that the introduction of LiPO,F; into
dry-processed cathode effectively reduced mechanical stress at the
interface between the active material and the solid electrolyte, while
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promoting cathode densification [45]. Owing to its fine and narrowly
distributed particle size, the additive enabled uniform stress transfer and
facilitated bimodal particle packing, thereby improving both structural
cohesion and ionic conductivity. Furthermore, upon decomposition on
the active material surface, LiPOyF, formed a protective layer that
mitigated the oxidative degradation of LigPSsCl, resulting in enhanced
cycling stability. Lee et al. demonstrated that a nitrile butadiene rubber
(NBR) binder used in wet-processed cathodes exhibited self-healing
behavior over extended cycling [46]. Their study showed that cathode
electrolyte interphase-forming species gradually filled microcracks
formed under mechanical stress, effectively restoring Li* ion conduction
pathways and reducing interfacial resistance. This report suggests that
binders can function not only as mechanical frameworks but also as
dynamic matrices that accommodate decomposition products and
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Fig. 3. Representative binder design strategies to enhance Li* ion conduction pathways within composite cathodes. Li* ion conductive binders (a) using PTFE-based
copolymer [47], and (b) incorporating borate-based single-ion conducting polymer [52]. Enhanced interfacial ionic connectivity by (c) incorporating Li* ion
conductive SIL into the NBR binder [53], and (d) employing a polymer electrolyte [54]. (e) Minimizing blockage of Li* ion conduction pathways at the active
material-solid electrolyte interface by using EMG binder with spatially localized distribution [55]. (f) Controlling NBR binder dispersion via co-solvent ratio to reduce
interfacial obstruction and enhance Li* ion transport [57].
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promote structural recovery. Such functionality opens a new avenue for
designing multifunctional binders that address both mechanical degra-
dation and interfacial instability in high-energy ASSLBs.

2.2. Ion-Conductive architectures for high rate capability

Enhancing the rate capability of sulfide-based ASSLBs requires so-
phisticated binder designs that go beyond providing mere mechanical
integrity. In particular, recent efforts have focused on ensuring contin-
uous and efficient ion conduction pathways within composite cathodes.
This strategy marks a shift from conventional approaches that primarily
aimed to bind electrode components and improve electrode densifica-
tion. A major challenge lies in the electrochemical isolation of cathode
active materials due to insufficient interfacial connectivity. This issue,
which becomes particularly severe at high current rates, leads to
increased overpotential and reduced cell efficiency [35]. To overcome
this problem, two complementary strategies have emerged: (1) endow-
ing insulating polymer binders with ionic conductivity and (2) spatially
controlling binder distribution to avoid blocking Li™ ion transport
pathways. This section highlights recent advancements in these two
areas, with a particular emphasis on how polymer binder design governs
ionic transport within the composite cathode.

In dry-processed systems, while the absence of organic solvents helps
preserve the intrinsic conductivity of sulfide electrolytes, it often results
in poor component dispersion and discontinuous ion-conduction net-
works. To address these limitations, ion-conductive binders specifically
tailored for dry processing have been explored. For example, Hong et al.
reported an ionomer binder incorporating ion-conductive functional
groups as side chains, while maintaining the oxidative stability of per-
fluorinated polymer (Fig. 3a) [47]. Unlike PTFE, which forms physical
fibrous networks, the ionomer exhibited dot-like binding that directly
interfaces with both active material and solid electrolyte particles. This
design enhances mechanical cohesion and facilitates ion transport
within the composite electrode, thereby reducing ionic resistance and
mitigating heterogeneity commonly observed in PTFE-based systems.
Ion conduction in functional polymer binders primarily occurs through
polar segments and amorphous domains that provide dynamic coordi-
nation sites for Li* ion migration [48]. At the same time, the formation
of polymer-solid electrolyte interfacial networks facilitates continuous
Li* ion transport and mitigates local potential gradients, thereby
enhancing ionic conductivity across heterogeneous interfaces [49,50].
In addition, the viscoelastic properties of polymer binders effectively
buffer interfacial stress and prevent contact loss during cycling, leading
to improved interfacial stability and structural integrity. Similar studies
using a Nafion binder have also been reported in follow-up research on
sulfide-based ASSLBs [51]. In a related study, Thomas et al. developed a
fixed-anion-type binder that simultaneously provides mechanical
robustness and ionic conductivity in dry-processed electrodes (Fig. 3b)
[52]. This strategy involved incorporating borate-based ionic sites into a
fluorine-free polycarbonate backbone, creating a framework in which
fixed anions facilitate selective Li* ion conduction. By optimizing the
binder’s glass transition temperature, the authors achieved a balance
between mechanical flexibility and ionic mobility — both critical for
maintaining interfacial contact under high mass loading and
low-pressure conditions. Such structural tuning effectively addresses
bottlenecks in ionic transport while preserving long-term mechanical
durability. Promising results have also been reported in wet-processed
electrodes. A representative example involves the use of solvate ionic
liquid (SIL)-based composite binders engineered for both slurry
compatibility and ion conduction (Fig. 3¢) [53]. In this study, Li(G3)
TFSI (G3: triethylene glycol dimethyl ether) salt was incorporated into
an NBR matrix, and a low-polarity solvent was used to minimize unde-
sirable reactions with sulfide electrolytes. Magic angle spinning (MAS)
NMR measurements confirmed that Li* ion conduction occurred
through the binder phase, indicating its active role as an ion transport
network. In a subsequent study, a dry polymer electrolyte was
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introduced to address the thermal instability of the SIL-based binder
(Fig. 3d) [54]. A solid polymer electrolyte based on poly(butylene adi-
pate) incorporating LiTFSI was employed, offering high thermal stability
and improved processability. Notably, the binder exhibited robust
electrochemical stability and high-rate capability under various extreme
conditions, including high mass-loading and temperature fluctuations.

As an alternative design concept, a novel approach focusing on the
spatial control of insulating binders within the cathode has been pro-
posed. Due to the inherently low ionic conductivity of polymer binders,
their widespread distribution within the composite cathode obstructs
ion conduction pathways. Accordingly, this strategy aims to maximize
direct contact between active materials and solid electrolytes, thereby
ensuring effective ion transport channels. In this context, a design
methodology was introduced to localize the binder only to critical re-
gions, thus promoting the efficient formation of continuous ion con-
duction networks. Hong et al. demonstrated that tailoring binder
distribution through variation in functional groups enables the forma-
tion of core ion-conduction pathways while maintaining adequate me-
chanical cohesion (Fig. 3e) [55]. Compared to the conventional NBR
binder, the poly(ethylene-co-methyl acrylate-co-glycidyl methacrylate)
(EMG) binder, which exhibits lower dissociation in the same solvent,
showed a more localized distribution without excessively infiltrating the
interface between active materials and solid electrolytes. This spatial
selectivity facilitated the formation of effective conduction pathways
and resulted in improved rate performance. In their report, theoretical
calculations based on density functional theory (DFT) supported the
experimental findings, confirming that the strong binding affinity of
EMG could be predicted in advance, thereby enabling rational binder
selection prior to experimental validation [55]. Collectively, these re-
sults highlight the importance of controlling the distribution of
non-conductive polymer binders to promote ion transport, suppress in-
ternal cracking, and maintain interfacial integrity. The compatibility
between polymer binder and solvent can be quantitatively assessed
using the Flory-Huggins interaction parameter (y) and the Hansen sol-
ubility parameter (8), both of which describe the thermodynamic af-
finity between the two species [56]. These parameters enable prediction
of the degree of polymer chain dispersion or aggregation under specific
solvent environments, providing insight into how molecular interactions
govern the uniformity of the binder phase. Such quantitative under-
standing provides a rational basis for optimizing solvent-polymer com-
binations to achieve proper binder distribution during slurry casting,
thereby enhancing the structural integrity and ionic conduction path-
ways of the resulting composite electrodes. Another strategy for
achieving spatial control involves adjusting the solvent composition
during slurry preparation. Kim et al. tailored the ratio of co-solvents,
dibromomethane and hexyl butyrate, to modulate the dispersion state
of NBR (Fig. 3f) [57]. Higher fractions of hexyl butyrate resulted in more
compact binder domains, thereby preserving ionic connectivity while
maintaining structural cohesion. ToF-SIMS and MAS-NMR analyses
confirmed the localized distribution of the binder, and electrochemical
evaluations demonstrated enhanced interfacial conductivity and rate
capability. These findings underscore the role of polymer binders as
spatial regulators that facilitate efficient ion transport. Whether by
enhancing their intrinsic ionic conductivity or by controlling their
spatial arrangement within the electrode, binders are increasingly
recognized as critical enablers of high-rate performance in ASSLBs.
Their design, therefore, requires strategic consideration in alignment
with both processing methods and cathode architecture.

Finally, Table 2 presents a comparative summary of binder type and
content with the achievable areal capacity in sulfide-based ASSLBs,
highlighting the strong correlation between them.

2.3. Concluding remark

Polymer binders in composite cathodes, once regarded as passive
mechanical integrators, are now recognized as active design elements
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Table 2
Binder type and content versus achievable areal capacity in the composite cathodes of sulfide-based ASSLBs.
Active Solid Conducting Binder Binder content Active Areal Ref
material electrolyte carbon type (wt. %) material capacity
loading (mAh cm™®)
(mg cm®)
NCM90 LPSCl VG-CNF PTFE 0.1-1.0 [37]
NCA LPSCl CNF PTFE 1.0 15 3 [38]
NCMS811 LPSClI CNF PTFE 1.0 14 2.8 [39]
NCM821008 LPSCI Super C PTFE 1.0 [40]
NCM701515 LPSCly sBro 5 Super C65 Polymeric binder 1.5 4.2 [41]
NCM701515 LPSCl Super P TBA-b-BR binder 2.0 16 [42]
NCM701515 LPSClI Super P C10 binder 2.0 2.7 [43]
NCMS811 LPSCl Super C PTFE 1.0 49 8.7 [45]
NCM701515 LPSCly sBro s Super P NBR 25 [46]
NCM712 LPSCl1 Carbon Tonomer 2.0 [47]
nanofiber binder
NCM701515 LPSCl Carbon Nafion-Li* 2.0 16.2 29 [51]
nanofiber
NCM811 LPSCl CNF Lithium borate polymer 5.0 3 [52]
NCM701515 LPSCl Super C65 NBR + LiG3 6.0 31.5 5.2 [53]

that influence ionic conduction and interfacial stability in sulfide-based
ASSLBs. To satisfy the dual requirements of high areal capacity and rate
capability, recent studies have introduced fibrillated PTFE, chemically
cross-linked systems, and spatially engineered binders that facilitate
efficient Li* ion transport. However, challenges remain for large-scale
implementation, as factors such as film thickness, pressure gradients,
and interfacial heterogeneity affect binder performance. Uneven binder
distribution can disrupt conduction pathways and degrade overall cell
performance. Future research should adopt a system-level approach,
integrating  processing-structure-property  relationships = with
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quantitative mapping and multiscale modeling. Ultimately, binder
design and integration in composite cathodes are critical to realizing
next-generation ASSLBs with both high energy and high power
densities.

3. Anode
The advancement of sulfide-based ASSLBs toward high energy den-

sity relies not only on innovations in cathode design but also on the
development of compatible and efficient anode configurations. An
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Fig. 4. Schematic illustration of charging mechanisms and comparative properties of different anode systems for ASSLBs.
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active anode material with a high specific capacity and a low redox
potential is essential for maximizing the energy density of ASSLBs. While
extensive research has focused on transition metal oxide-based com-
posite cathodes, such as LiNiyCoyMn.x.yOx2, the optimal anode structure
for ASSLBs remains less clearly defined [58]. As illustrated in Fig. 4, a
wide range of anode materials for ASSLBs has been investigated. In
sulfide-based ASSLBs, the anode benefits from the absence of solid
electrolyte mixing due to the inherent lithium diffusivity within the
anode. This simplification enhances energy density and reduces cost by
eliminating the need for expensive solid electrolytes [19,59,60]. How-
ever, the broad range of candidate materials and structural configura-
tions introduces significant design complexity and has hindered the
establishment of standardized anode frameworks for ASSLBs. In this
context, anode systems are categorized into two distinct groups based on
the theoretical limit of their lithium storage capacity. Limited-lithium
storage (LLS) systems include intercalation and alloy-type anodes,
such as graphite and silicon, which possess intrinsic lithium storage
capacity [61]. In contrast, unlimited-lithium storage (ULS) systems,
such as lithium metal and anode-less configurations, rely on the elec-
trochemical deposition of lithium during cycling and offer theoretically
unrestricted capacity [62]. In LLS systems, Li* ions migrate across the
solid electrolyte-anode interface and are stored via intercalation or
alloying with the active material. Therefore, maintaining a stable
interfacial environment between the active material and the solid elec-
trolyte, as well as among the active material particles themselves, is
essential for facilitating homogeneous lithium-ion flux [63]. However,
the inherent volume fluctuations of active materials, particularly silicon,
induce mechanical stress and void formation, which disrupt ion and
electron transport and accelerate cell degradation [64]. In these systems,
polymer binders are expected to provide both strong interfacial adhe-
sion and mechanical compliance, buffering volume expansion while
preserving percolation networks for continuous conduction. The me-
chanical role of binders becomes even more critical in ULS systems,
particularly in anode-less configurations, where lithium is electro-
chemically deposited onto a current collector. These systems undergo
extreme volume changes and are highly susceptible to interfacial
instability. Lithium deposition occurs via reduction at the surface of the
current collector or a lithiophilic alloy (e.g., Li, Ag-C). Although these
systems offer superior energy density, they face significant challenges
due to parasitic reactions at the lithium-solid electrolyte interface [62,
65]. Sulfide-based solid electrolytes are especially vulnerable because of
their narrow electrochemical stability window, which leads to chemical
decomposition upon contact with freshly deposited lithium metal [66].
To mitigate these interfacial reactions, recent studies have focused on
developing protective interlayers that decouple lithium from direct
contact with the solid electrolyte while maintaining efficient Li* ion
transport. In parallel, polymer binders have been engineered to
accommodate the substantial volumetric changes during cycling and to
maintain chemical compatibility with both lithium metal and
sulfide-based electrolytes. As such, hybrid approaches that combine
interface-specific binders with protective interlayers have gained
attention as an integrated strategy to stabilize lithium deposition
morphology and suppress undesired interfacial reactions. Building upon
this dual approach, considerable research has focused on developing
soft-matter architectures that function not only as mechanical supports
but also as active components for interfacial regulation. To accelerate
the practical realization of sulfide-based ASSLBs, it is essential to
establish system-specific design strategies that optimize both binder
properties and protective layer functionalities. This section systemati-
cally addresses the design principles for both lithium storage-limited
and storage-unlimited anode configurations, with the aim of redefin-
ing the role of soft materials in enabling scalable and high-performance
ASSLBs.
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3.1. Limited-Lithium storage (LLS) anode

Graphite, used in current lithium-ion batteries, stores lithium
through intercalation into its layered structure. Despite its relatively low
specific capacity (~372 mAh g), it has been widely used due to its
excellent electrochemical and chemical stability [67]. Graphite un-
dergoes minimal volume expansion during cycling, thereby maintaining
good interfacial contact with solid electrolytes, making it a promising
candidate for application in sulfide-based ASSLBs [68]. However, its
limited lithium storage capacity constrains the achievable energy den-
sity, necessitating alternative strategies to enhance lithium storage ef-
ficiency. In this context, Kim et al. proposed a diffusion-dependent
graphite anode structure that omits solid electrolytes from the elec-
trode formulation [19]. Owing to the mechanical deformability of
graphite, the particles maintain intimate contact under pressure,
enabling continuous Li" ion diffusion. The diffusion-dependent graphite
electrode exhibited a comparable areal capacity to that of a composite
anode containing 38 wt. % solid electrolyte, while also achieving a
higher volumetric capacity. Nevertheless, the interfacial resistance
remained relatively high, leading to reduced areal capacities under high
current densities. To address this limitation, Shin et al. introduced a Li™
ion-conducting binder into a diffusion-dependent graphite electrode
(Fig. 5a) [69]. Li-substituted carboxymethyl cellulose (Li-CMC) was
synthesized via a two-step ion-exchange process. First, Na-CMC was
obtained by substituting H in virgin CMC with Na™ under acidic con-
ditions. Then, Li-CMC was prepared by reacting Na-CMC with LiOH-H20
solution. The Li-CMC binder exhibited strong adhesive properties even
at low binder content due to its CMC backbone, while the presence of
substituted Li* ions facilitated interfacial Li* ion transport. These im-
provements enabled the electrode to reach the theoretical capacity of
graphite under high mass loading conditions. These findings reveal that
efficient Li™ ion transport at the interfaces of graphite-based anodes is
critical for achieving high electrochemical performance. Despite these
advances, graphite-based anodes remain fundamentally limited by their
low capacity. As a result, considerable research efforts have focused on
incorporating silicon as an anode material in ASSLBs [61]. Silicon ex-
hibits a high theoretical specific capacity of about 4200 mAh g!, making
it a highly attractive anode candidate for high-energy ASSLBs. Tan et al.
fabricated p-Si-based anodes for ASSLBs [70]. During the initial
charging process, p-Si formed a Li-Si alloy phase, providing continuous
pathways for both Li" ion and electron transport within the electrode
and enabling uniform lithiation. The absence of conductive carbon and
solid electrolytes in the anode minimized the formation of by-products
such as LiyS, which are typically generated by the reductive decompo-
sition of sulfide electrolytes at the solid-solid interface. As a result, the
p-Si anode exhibited high coulombic efficiency and stable cycling
behavior, highlighting its potential to enhance the energy density of
ASSLBs. These findings demonstrate the feasibility of significantly
improving the energy density of ASSLBs by employing a pure Si-based
anode. Despite these advantages, the practical application of Si re-
mains limited due to its substantial volume expansion during cycling,
which leads to cracking and deterioration of interfacial contact with
solid electrolytes [71,72]. Although nanostructured Si (e.g., nanowires
or nanoparticles) has been proposed to alleviate stress accumulation and
accommodate volume changes, interfacial degradation remains a key
challenge [73,74]. To address this issue, recent research has focused on
using materials capable of effectively accommodating the volume
changes of Si. Pre-lithiated Si with low modulus provides mechanical
buffering capability and facilitates both ionic and electronic transport
within the anode [74,75]. Yan et al. developed Si-based anodes
composed of pre-lithiated silicon and hard carbon [76]. The
pre-lithiated Si mitigated interfacial degradation caused by the pro-
nounced volume expansion of silicon during cycling, while simulta-
neously forming a percolating network that facilitated both Li* ion and
electron transport. Complementarily, hard carbon acted not only as a
mechanical buffer but also as a secondary lithium reservoir, effectively
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Fig. 5. Representative research strategies for polymer binders in graphite and silicon-based LLS anode systems. (a) Graphite electrodes employing a non-conducting
binder (Na-CMC) or a Li* ion conducting functional binder (Li-CMC), along with their electrochemical performance [69]. (b) Cycling mechanisms in ASSLBs for Si,
pre-lithiated Si (LiSi) anodes, and LiSi-hard carbon composite anodes [76]. (c) Polymer size and viscosity of binder solutions, and schematic illustrations of polymer
domains and solvent compatibility in NBR copolymer units [80]. (d) Double-cast process using DCH solvent and TPU binder [82].

suppressing dendritic growth and stabilizing the electrode structure.
This dual-component architecture established a three-dimensional
conduction network within the anode, enabling homogeneous electro-
chemical activity and reducing the risk of soft short circuits (Fig. 5b). As
a result, the anode exhibited excellent cycling stability in sulfide-based
ASSLBs, demonstrating that Si—carbon hybridization can simultaneously
address both interfacial instability and structural degradation in
high-capacity anodes. This approach has sustained interest in
Si-graphite (Si-Gr) composites, which offer a promising balance be-
tween energy density and structural stability. In these systems, lithium
first alloys with silicon, followed by intercalation into graphite during
charging [77]. This sequential lithiation process effectively mitigates the
risk of internal short-circuits caused by lithium metal plating on graphite
surfaces [78]. Moreover, the inherent electronic conductivity of graphite
compensates for that of silicon, while also reducing overall volume
expansion compared to pure Si-based electrodes. These advantages are
further enhanced under stack pressure, which is commonly applied in
ASSLBs configurations [79]. Consequently, the Si-Gr composite has
emerged as a promising candidate for high-energy sulfide-based ASSLBs.
However, interfacial instability arising from the inherent volume
changes of silicon remains a persistent challenge. To address this issue,
Choi et al. proposed a solvent polarity—driven binder design strategy
aimed at enhancing interfacial adhesion between the active material and
binder [80]. They improved the solubility of the NBR binder by using
anisole, which has a higher polarity than the conventionally used
toluene. The increased solvent-binder affinity promoted the formation
of larger NBR domains with enhanced activation of nitrile functional-
ities (Fig. 5c¢), thereby strengthening both cohesion and interfacial
adhesion within the electrode. As a result, the anode fabricated using
NBR dissolved in anisole exhibited superior mechanical integrity,
attributed to the improved activation of nitrile groups in the binder. It

demonstrated higher capacity retention and greater coulombic effi-
ciency than its toluene-processed counterpart, even under reduced stack
pressure. As discussed in the composite cathode section, a large amount
of polymer binder generally hinders Li" ion transport pathways.
Nevertheless, this study suggests that in electrodes incorporating
high-volume-change active materials such as Si, interfacial adhesion
should be prioritized over ionic conductivity to suppress void formation
and maintain continuous Li* ion transport within the electrode. In
addition, interfacial contact becomes even more critical under
low-pressure conditions, which are essential for the practical imple-
mentation of ASSLBs. Accordingly, the use of highly polar polymer
binders is beneficial for enhancing interfacial contact. However, highly
polar solvents are limited in sulfide-based ASSLBs due to their poor
chemical compatibility with sulfide-based solid electrolytes [81]. To
overcome this challenge, Oh et al. introduced a new solvent-binder
system optimized for Si-Gr composite anodes (Fig. 5d) [82]. They
employed 1,6-dichlorohexane (DCH) as a solvent with unique confor-
mational behavior: its gauche conformer exhibits a high dipole moment
that enables the dissolution of highly polar polymers, while its
anti-conformer maintains chemical compatibility with sulfide-based
electrolytes due to its relatively low polarity. This dual-character sol-
vent allowed the application of thermoplastic polyurethane (TPU) as a
binder, which provides strong ion-dipole interactions through urethane
functional groups. TPU was effectively dissolved in DCH and incorpo-
rated into the composite anode despite its high polarity. The resulting
electrode exhibited minimal thickness variation during cycling, attrib-
uted to enhanced interfacial cohesion. It maintained stable operation of
ASSLBs at room temperature and under significantly reduced stack
pressure. These studies highlight that polymer binder design in LLS-type
anodes should not only aim to provide mechanical stabilization through
interparticle adhesion but also contribute to the formation of continuous
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conduction pathways. This role becomes particularly critical under the
low-pressure conditions required for the practical operation of ASSLBs,
underscoring the emerging paradigm of polymer binders as multifunc-
tional, ion-conductive design elements.

3.2. Unlimited-Lithium storage (ULS) anode

Lithium metal is widely regarded as an ideal anode material for
ASSLBs due to its high specific capacity and low redox potential [83].
However, direct contact between lithium metal and sulfide-based solid
electrolytes readily triggers unfavorable side reactions, leading to the
formation of decomposition products such as LisS and LisP [66,84].
These interfacial reactions increase interfacial resistance and induce
localized current inhomogeneities, thereby accelerating dendritic

Unlimited-Lithium Storage Anode System
Lithium Metal Anode System

Energy Storage Materials 83 (2025) 104756

lithium growth and compromising cycling stability [85]. To address
these challenges, recent studies have explored the protective interlayers
capable of decoupling lithium metal from the solid electrolyte while
permitting efficient Li" ion transport. For example, Ji et al. proposed a
dendrite formation mechanism and outlined three essential design
criteria for effective protective layers: (1) thermodynamic stability
against lithium, (2) high ionic conductivity coupled with low electronic
conductivity, and (3) high interfacial energy with lithium to suppress
uncontrolled nucleation (Fig. 6a) [86]. Interlayers based on LiF and
LisN, which meet these criteria, were fabricated and shown to suppress
electrolyte decomposition and enable more stable cycling. In pursuit of
higher energy density, recent strategies have focused on creating
compact, nanometer-scale protective layers that act as artificial solid
electrolyte interphase (SEI). These SEI layers, composed of compounds
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Fig. 6. Research strategies for polymer binders and protective layers in lithium metal and anodeless-based ULS anode systems. (a) Li dendrite formation mechanism
in solid electrolytes [86]. (b) Schematic configuration of ASSLBs using Li3PO4 and LisN-coated Li metal, Li plating/stripping behavior, and corresponding electro-
chemical performance [89]. (c) Elastic recovery of the spandex during lithiation/delithiation, and electrochemical performance of Ag-C layers with PVdF and
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using W interlayer on Mg-based anodeless layer, and cross-sectional SEM and EDS images after Li plating [100]. (f) Comparison of interfacial properties during
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such as LiF, Li3N, Li»0, and LizPO4, have demonstrated effectiveness in
mitigating interfacial reactions and suppressing dendrite growth
[87-90]. Su et al. successfully fabricated a hybrid protective layer
composed of LizPO4 and LisN by sequentially spraying H3PO4/THF and
LiNO3/THF solutions onto lithium metal, followed by solvent evapora-
tion [89]. The lithium metal with the protective layer exhibited high
ionic conductivity and interfacial stability with sulfide-based solid
electrolytes, owing to the presence of LigPO4 and LigN, which possess
high interfacial energy toward lithium metal (Fig. 6b). Similarly, Sim
et al. demonstrated that a dip-coating method using nitromethane and
dimethoxyethane formed a compact SEI that effectively suppressed
dendrite growth and stabilized the lithium interface [90]. These
solution-based surface treatments are particularly attractive due to their
simplicity and scalability for large-area lithium electrodes. Despite these
advances, the practical application of lithium metal still faces technical
challenges. During cycling, lithium tends to propagate into the pores of
solid electrolytes under elevated stack pressure, particularly when thin
electrolyte sheets are employed [91,92]. To address this issue, the
development of mechanically robust protective layers and the fabrica-
tion of dense, pore-free solid electrolyte sheets are essential to prevent
lithium penetration.

Anode-less systems, in which lithium is electrochemically plated
onto a current collector or metal seed, have emerged as a promising
strategy to maximize energy density [93]. In these systems, lithium is
initially stored as Li-M alloys, followed by homogeneous lithium
deposition [94]. Among notable examples, Lee et al. developed
Ag-C-based anode-less architectures that employed a carbon black
interlayer to prevent direct contact between the plated lithium and the
solid electrolyte [95]. During charging, lithium first alloys with silver
before metallic deposition occurs, and the resulting volume-expanded
alloy is extruded toward the current collector to relieve internal stress
[94]. This charging mechanism effectively prevents direct contact be-
tween the deposited lithium and the solid electrolyte, thereby sup-
pressing undesirable side reactions. However, internal expansion within
the Ag-C layer may lead to a loss of interfacial contact. To address this
issue, Oh et al. developed a spandex-based binder composed of flexible
polyethylene glycol (PEG) segments and urethane/urea functional
groups capable of forming hydrogen bonds with Ag particles (Fig. 6¢)
[96]. The spandex consists of soft segments derived from PEG and hard
segments containing urethane and urea groups, which facilitate
hydrogen bonding within the Ag-C composite. These hydrogen bonds
promote the uniform dispersion of Ag particles and the formation of a
dense, low-porosity Ag-C layer. As a result, the Ag-C composite
exhibited improved particle dispersion, reduced porosity, and excellent
mechanical integrity. The electrodes incorporating the spandex binder
demonstrated lower overpotential, enhanced coulombic efficiency, and
significantly reduced void formation after cycling, compared to those
using a conventional PVdF binder. These findings underscore that even
in ULS configurations, robust polymer binders that provide cohesive
strength and interfacial integrity are critical for stable battery operation.
Beyond their mechanical function, chemically engineered interlayers
have also been investigated for their ability to regulate interfacial
chemistry. For example, Lee et al. demonstrated that silver fluoride
(AgF) can be converted in situ into a uniform LiF layer between the
deposited lithium and the solid electrolyte (Fig. 6d) [97]. This LiF
interlayer, facilitated by the low nucleation overpotential and high
lithiophilicity of Ag, enabled uniform lithium plating and suppressed
side reactions. However, the excessive lithiophilicity of Ag can lead to
inhomogeneous alloying and dendritic growth. To address this issue,
alternative metal seeds such as Mg have been explored [98]. Due to its
low lithium diffusivity, Mg supports lithium accumulation within the
seed layer and promotes stable deposition by generating lithium con-
centration gradients. In addition, MgF»-based anode-less layers have
been proposed to form protective LiF interlayers upon contact with
lithium [99]. These results indicate that tailored interlayers can effec-
tively suppress detrimental interfacial reactions, regardless of the seed
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material used. In a related study, Oh et al. introduced a tungsten inter-
layer with high interfacial energy toward lithium metal on an Mg-based
anode-less layer (Fig. 6e) [100]. The 30 nm-thick tungsten layer enabled
sufficient Li™ ion diffusion while effectively isolating the deposited
lithium from the solid electrolyte. This interfacial architecture inhibited
chemical decomposition and suppressed dendrite formation, offering a
viable pathway for high-rate and stable ASSLBs operation. To accom-
modate volume changes during cycling, a Ti3CoTx MXene buffer layer
was introduced beneath the Mg-based layer [101]. MXene exhibited
excellent shape recoverability under external pressure due to its high
elasticity. As a result, MXene helped maintain smooth contact between
the solid electrolyte and the anode-less layer, enabling stable ASSLBs
operation under low external pressure conditions. This approach mirrors
LLS strategies and underscores the importance of volume-adaptive
interfacial materials for ASSLBs operating under low pressure.
Recently, various metal seeds have been actively explored for anode-less
systems to improve the cycling stability of ASSLBs. In this system, the
establishment of optimized design criteria for metal seeds has become
essential. Recent studies have proposed the use of multiple metal seeds
with distinct lithiation potentials, rather than relying on a single metal
seed, to facilitate more uniform lithium deposition [102]. This
multi-seed strategy enabled a broader range of lithiation pathways and
promoted uniform lithium nucleation across different voltage ranges. As
depicted in Fig. 6f, polymer binders with superior adhesive properties
are also being investigated to enhance interparticle contact within the
metal seed layer.

In summary, binder design for ULS systems should extend beyond
conventional mechanical functions to include interfacial regulation and
dispersion control within complex architectures. When integrated with
protective interlayers and seed materials, these multifunctional binders
can effectively address critical challenges, such as dendrite suppression,
interfacial stabilization, and volume accommodation, paving the way
toward safe, high-energy sulfide-based ASSLBs. A comprehensive sum-
mary of reported binder types, binder contents, and corresponding areal
capacities of anodes in sulfide-based ASSLBs is provided in Table 3,
highlighting the diverse design strategies and their resulting electro-
chemical performance.

3.3. Concluding remark

To realize practical sulfide-based ASSLBs, various anode systems
have been developed with a focus on increasing energy density. In LLS
systems, binder design has remained relatively simple, primarily serving
as mechanical buffers to accommodate volume changes. In contrast,
cathode binders have evolved to enhance both interfacial contact and
Li* ion transport. This distinction underscores the importance of binders
in preventing stress-induced interfacial degradation within anodes. ULS
and anode-less systems require multifunctional binders that suppress
parasitic reactions and ensure uniform lithium deposition [108].
Anode-less configurations, free from pre-existing lithium or composite
anodes, offer the highest energy density. As shown in Fig. 7, their
compatibility with low-pressure operation and lack of sulfide electrolyte
in the anode layer reduce binder-related challenges. Ultimately,
advancing high-performance anode systems requires an integrated
strategy combining materials design, processing, and interfacial engi-
neering. Accordingly, the polymer binders for anode must be redefined
as active elements that control ion transport, structural integrity, and
cycle life, essential for commercializing next-generation ASSLBs.

4. Solid electrolyte sheets

Previous studies on electrodes incorporating polymer binders have
demonstrated notable improvements in cycling stability and rate capa-
bility, primarily attributed to the formation of optimized ion conduction
pathways and enhanced mechanical stability. These findings have
driven a paradigm shift in the design of solid electrolyte sheets, which
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Table 3
Summary of binder types, binder content, and corresponding areal capacities of anodes in sulfide-based ASSLBs.
Active Solid Conducting Binder Binder Active Areal Ref
material electrolyte carbon type content material capacity
(wt. %) (mg cm?) (mAh em'®)
Graphite - - Li-CMC 3.0 5.1 1.8 [69]
+ SBR
Si + HC - - PTFE 5.0 2.1 0.7 [76]
Gr + Si LPSCl - NBR 4.0 2.2 [80]
Gr + Si LPSCl1 - TPU 2.5 [82]
Ag + Carbon black - - PVdF 7.0 [95]
Ag - Carbon Spandex 2.0 0.86 [96]
AgF - - PVdF 2.5 0.24 0.98 [97]
Mg - - PVdF 10 0.36-0.45 1.8 [98]
MgF, - Carbon PVdF 19 1.4 [99]
Mg + Ag + Sn - Elastane 10 0.45 2.7 [102]
Graphite - Super P PVdF 10 [103]
Graphite LPSClo.sBro.s - NBR 25 [104,105]
Si - - PVdF 0.5 1.6 [106]
Si - - Ag@PAP 20 0.4-0.6 0.8-1.2 [107]
1 40 i Reference ‘L
0 (In order of increasing stack pressure)
Graphite 103, 104, [19, 105], 67
804 silicon [70, 106], 74, 107, 63
Si-C 82, 80, 79
Lithium 91, 85, 108, 23, 90
60 - Qo Anode-less [95, 100], 99, 101, 102
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Fig. 7. Comparison of stack pressure for various anode configurations in ASSLBs.

serve as critical components between the two electrodes in ASSLBs.
While traditional solid electrolyte sheet fabrication has prioritized me-
chanical robustness through the use of binder-based scaffolding, such
approaches often result in significant compromises in ionic conductivity.
In this section, we deal with recent strategies aimed at enhancing ion
transport in solid electrolyte sheets while preserving their mechanical
integrity in thin-sheet form, categorized into three main approaches.

4.1. Dry-processed solid electrolyte sheets

One widely adopted method for preparing free-standing solid elec-
trolyte sheets is the dry process, in which polymer fibrillation is induced
by applying shear force to PTFE binder. A key advantage of the PTFE-
based dry process is the elimination of solvents during fabrication,
thereby avoiding the degradation of solid electrolytes caused by solvent
exposure. Thanks to these benefits, numerous studies have reported that
this method enables the fabrication of thin sheets and offers excellent
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scalability for large-area applications. For instance, Zhang et al.
demonstrated the fabrication of an ultrathin (30 um) sulfide-based solid
electrolyte sheet with exceptionally high ionic conductivity (8.4 mS cm
D) using a dry process involving PTFE binder (Fig. 8a) [109]. Moreover,
they demonstrated that electrolyte sheets with dimensions of approxi-
mately 5 x 7 cm? can be continuously and scalably fabricated via a hot
calendaring process, highlighting their potential for industrially feasible
large-scale production. Building on a similar technique, Lee et al.
emphasized the importance of controlling PTFE fibrillation to achieve
optimal electrochemical stability, addressing challenges such as ion
blockage and current leakage that could compromise cycling perfor-
mance. Their study highlighted the significant influence of processing
parameters on the performance of dry-processed solid electrolyte sheets,
paving the way for enhanced cycling stability (Fig. 8b) [110]. However,
PTFE-based sheet fabrication presents two major drawbacks that hinder
its practical application at the cell level. First, PTFE exhibits poor
reductive stability at low potentials (< 1.0 V vs. Li/Li"), which can lead
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of mechanical robustness via polymer chain entanglement [116].

to increased cell resistance and deteriorated electrochemical perfor-
mance [111,112]. Second, the dry process suffers from limited film
homogeneity due to the uneven distribution of fibrillated polymer
binders [40]. As a result, it is common practice to punch and evaluate
multiple regions of the PTFE-based sheet to assess film quality, under-
scoring the difficulty in achieving uniformity across large-area films (>
50 cm?), a critical requirement for the practical development of ASSLBs.

4.2. Wet-processed solid electrolyte sheets

An alternative approach for fabricating solid electrolyte sheets is the
wet casting method, which involves dissolving polymer binders and
mixing them with solid electrolytes prior to film formation. Although

this method typically yields lower ionic conductivity, it offers improved
film homogeneity and greater simplicity in processing. Accordingly, this
section introduces advanced strategies aimed at overcoming the con-
ductivity limitations of wet-processed solid electrolyte sheets. One such
strategy involves enhancing ionic conductivity through chemical
bonding of organic components to maximize interfacial adhesion.
Xiaolei et al. developed a composite solid electrolyte sheet using a
polymer matrix composed of poly(ethylene glycol) diacrylate (PEGDA),
dimethyl aminoethyl methacrylate (DMAEMA), and LiTFSI via in-situ
polymerization and slurry casting (Fig. 8c) [113]. This chemically
bonded structure enabled uniform dispersion of solid electrolytes within
the polymer matrix, resulting in a continuous ion-conductive network
and improved mechanical cohesion. Notably, this design ensured
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interfacial stability even under solvent exposure in wet processing. A
similar approach based on cross-linked bonding has been reported, in
which the chemical cross-links serve as a conductive network in addition
to the inorganic electrolyte, thereby enhancing overall ionic conduc-
tivity. Specifically, this strategy involves the chemical cross-linking of an
ion-conductive polymer to construct an additional ion-conducting
network alongside the inorganic solid electrolyte. Lee et al. introduced
a PEGDA-based polymeric network to overcome the limitations of con-
ventional non-conductive binder systems. By mixing PEGDA with LiTFSI
followed by thermal treatment, a three-dimensional ion-conductive
network was formed, satisfying both mechanical adhesion and ion
transport requirements (Fig. 8d) [114]. This polymer network exhibited
comparable thickness and flexibility to PTFE-based solid electrolyte
sheets, offering advantages in scalability and thin-film fabrication, and
thus demonstrating compatibility with commercial manufacturing pro-
cesses. It effectively addressed the uniformity issues observed in
dry-processed PTFE sheets and the reduced ionic conductivity typically
associated with conventional wet-cast films. Furthermore, the develop-
ment of such an organic-inorganic hybrid conductive system established
a successful precedent, demonstrating the feasibility of designing hybrid
solid electrolytes that bridge organic and inorganic networks, an insight
that may prove pivotal in the future design of solid electrolyte sheets. In
addition to constructing ion-conductive networks, recent efforts have
focused on the control of non-conductive binder distribution within
solid electrolyte sheets to minimize resistance pathways. Hong et al.
reported a strategy using poly(ethylene-co-methyl acrylate-co-glycidyl
methacrylate) (EMG), which tends to aggregate and form localized re-
gions with high binder concentration, thereby reducing the overall
volume of ionically insulating domains (Fig. 8e) [115]. The acrylate of
EMG enhanced interfacial adhesion, enabling stable Li" ion transport
and mechanical robustness through conventional slurry casting. Anna
et al. aimed to simultaneously enhance structural integrity and ionic
conductivity by leveraging the physical properties of polymer binders,
specifically focusing on polymer chain entanglement (Fig. 8f) [116]. By
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systematically varying the molecular weight and concentration of a poly
(isobutylene) binder, they evaluated its effects on both mechanical
strength and ion conduction within the solid electrolyte sheet. Their
findings revealed that increasing the molecular weight promoted greater
chain entanglement, resulting in improved mechanical stability. How-
ever, excessively high molecular weight led to increased grain boundary
resistance and reduced critical current density, ultimately compro-
mising ionic conductivity. These results underscore the critical impor-
tance of balancing the mechanical properties of polymer binders with
the preservation of efficient ion conduction pathways in solid electrolyte
sheets.

4.3. Solid electrolyte sheets via scaffold-assisted architectures

A scaffold-assisted fabrication method for ultrathin solid electrolytes
has been reported, in which Kang et al. proposed preparing a polymer
framework followed by the infiltration of a solid electrolyte slurry
(Fig. 9a) [117]. The electrolyte was uniformly embedded within the
scaffold, resulting in an ultrathin sheet with high ionic conductivity and
mechanical durability. A follow-up study optimized the internal void
structure of the scaffold by employing a laser-processed high-porosity
film to enhance slurry infiltration and structural support (Fig. 9b) [118].
By using a high-porosity film as the scaffold, this process achieved both
efficient slurry infiltration and reliable retention of the solid electrolyte.
Another approach employed an electrospun polyimide membrane as a
thermally stable scaffold for solid electrolyte infiltration (Fig. 9¢) [119].
This strategy enabled the pre-structuring of a mechanically robust
scaffold with a controllable pore architecture tailored for efficient ion
conduction. As a result, a 40 um-thick solid electrolyte sheet combining
structural stability and flexibility was fabricated without compromising
ionic conductivity. In a separate study, a high-strength polymer fiber
material was used as the reinforcing agent, followed by hot pressing to
densify the composite structure (Fig. 9d) [18]. This approach enhanced
mechanical durability and reduced interfacial voids, thereby improving
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ion transport across the solid electrolyte sheet.

4.4. Concluding remark

A representative design strategy for polymer binders aims to ensure
both ionic conductivity and structural integrity in thin solid electrolyte
sheets. Recent research emphasizes chemical functionalization, spatial
distribution, and physical property control to form efficient ion-
conductive networks [120]. These advances highlight the need to
redefine polymer binders as active ion-conductive components rather
than passive mechanical supports. The ionic conductivities and thick-
nesses of solid electrolyte sheets fabricated by different processes are
summarized in Table 4. As shown in the table, the thickness of the
electrolyte sheets is generally greater than 30 um. Therefore, further
reduction below this level is essential to enhance the energy density of
ASSLBs for practical implementation [121]. As production scales up,
maintaining uniform ionic conductivity and mechanical integrity over
large areas becomes increasingly important. Future efforts should focus
on understanding binder—electrolyte interactions, assessing processing
effects on ion transport, and developing hybrid binders with both con-
ductivity and stability, paving the way for the industrial realization of
high-performance ASSLBs.

5. Outlook and future directions for binders in ASSLBs
5.1. Large-Scale production

From a practical standpoint, it is essential to design polymer binders
that enable uniform dispersion of components during the scalable
fabrication of composite electrodes and solid electrolyte sheets. In the
dry process, both the electrode and solid electrolyte sheets are typically
fabricated through the following sequence. First, the powder compo-
nents are homogeneously mixed to ensure uniform dispersion of the
active materials, conductive additives, and binders. Next, the mixed
powders are compressed into freestanding films using a roll-to-roll
process. Finally, in the case of electrode fabrication, the film is lami-
nated onto the current collector. A major challenge in large-scale roll-to-
roll fabrication lies in maintaining uniform pressure and consistent
interfacial contact across the entire surface. Uneven pressure distribu-
tion can compromise the mechanical integrity of the electrode and lead
to variations in density and interfacial resistance. From this viewpoint,
the polymer binder must distribute the applied pressure uniformly
throughout the film during the roll-to-roll process, thereby ensuring
intimate particle contact and mechanical stability in large-area
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electrodes. In the wet process, although solvents facilitate the dispersion
of polymer binders within the slurry, precise control over solvent-binder
interactions is required to achieve uniform dispersion. Emley et al. re-
ported that excessive solvent increases the distance between solvent
molecules and polymer chains, weakening binder-particle interactions,
whereas insufficient solvent causes binder aggregation due to excessive
molecular proximity [122]. Therefore, tailoring the interactions be-
tween the polymer binder and solvent is crucial for achieving homoge-
neous dispersion and a mechanically stable microstructure in composite
electrodes and solid electrolyte sheets. In addition, mitigating polymer
binder migration during solvent evaporation is essential. Slurries are
often dried rapidly at high temperatures to improve process efficiency
[123]; however, such conditions can induce binder migration, resulting
in compositional inhomogeneity that deteriorates both the mechanical
integrity and electrochemical uniformity of the electrode. Hence,
developing polymer binders that minimize migration during rapid dry-
ing is critical for maintaining electrode uniformity and long-term
performance.

5.2. Low stack pressure operation

The fabrication and evaluation of composite electrodes and solid
electrolyte sheets incorporating polymer binders for ASSLBs have been
actively investigated, as discussed in the previous sections. Most of these
studies utilized pellet-type torque cells with small-sized film, operated
under stack pressures exceeding 10 MPa, conditions that are far from
practical cell configurations. To facilitate the transition of ASSLBs from
laboratory validation to commercial implementation, large-area films
must operate reliably in pouch or prismatic cell formats [22]. Accord-
ingly, the development of binder systems capable of maintaining reli-
able performance under low stack pressure and large-area conditions is
of critical importance (Fig. 10a). The most significant distinction be-
tween torque cells and scalable pouch cell formats lies in the limitation
of applicable stack pressure. In lab-scale torque cells, stack pressures
typically range from 10 to 70 MPa, which can effectively compensate for
mechanical gaps caused by electrode volume changes during cycling. In
contrast, pouch and prismatic cells generally operate under significantly
lower stack pressures (< 4 MPa), presenting markedly different pro-
cessing conditions compared to the lab-scale environment involving tens
of MPa [55,124]. Therefore, ASSLBs must ensure sufficient interfacial
contact between the electrodes and solid electrolyte sheets even under
low stack pressure conditions. Achieving this requires adherence to
several technical criteria. First, uniform composition and density are
essential to prevent interfacial delamination and surface mismatch.

Table 4
Summary of solid electrolyte sheet properties prepared by different fabrication methods.
Fabrication method Solvent Electrolyte sheets Thickness (pm) Tonic conductivity (mS em™) Ref.
Dry-process Lis 4PS4.4Cl1 ¢ 30 8.4 @ 25°C [109]
+ PTFE
LigPSsClL 1.28 -1.71 [110]
+ PTFE @ 25°C
LigPSsCl 25 2.3 @25°C [112]
+ PTFE
Wet-process Acetonitrile LigPSsCl + DMAEMA + PEGDA + LiTFSI 40 1.23 @ RT [113]
N-butyl butyrate LigPS5Clg.5Brog 5 75 0.83 @ 25 °C [114]
+ PEGDA + LiTFSI
Dichlorobenzene LigPSs5Cl + EMG 110 1.88 @ 60 °C [115]
+ n-butyl butyrate
Toluene PIB 81-114 0.08 - 0.5 [116]
@ RT
Scaffold-assisted process Toluene LigPSsCl + NBR 31-66 0.18-0.55 [117]
@Nylon membrane @ RT
Anisole LigPSsCl + NBR 27 0.39 @ 27 °C [118]
@Ilaser-driled PI film
Ethanol LigPS5Clo sBro.s 40 - 70 0.06 - 0.20 [119]
@PI nonwoven @ 30°C
LicPSsCl + Vectran 98 29@25°C [18]
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Actual Challenges for Scalable Film Fabrication and Integration

*  Optimized pressing method during fabrication

*  Low stack pressure during operation

*  Stable interfacial contact in large-area films

*  Scalable production of compositionally uniform film

Computational Exploration of Adhesive and lon-Conductive Materials

*  Identification of highly adhesive binding materials via DFT calculation

*  Simulation-guided selection of binders for stable adhesion during cycling

*  MD-based discovery of highly ion-conductive structures

*  Evaluation of binder flexibility and chain mobility vie MD simulation

Fig. 10. Schematic illustration of future research directions for (a) scalable ASSLBs film integration and (b) computationally guided polymer binder design.

These factors become increasingly critical at larger scales and are vital
for maintaining consistent interfacial adhesion across wide contact
areas. Second, intimate inter-film and intra-film contact must be estab-
lished during the assembly process, even under minimal external pres-
sure. To meet this requirement, polymer binders must provide sufficient
adhesiveness and high ionic conductivity under limited pressing con-
ditions. Moreover, films or sheets should achieve the necessary densi-
fication and adhesion through conventional roll-pressing techniques,
rather than relying on specialized and costly equipment such as warm
isostatic pressing systems [125]. These strategies are expected not only
to facilitate the fabrication of large-area ASSLBs, but also to enhance
their stability under low stack pressures, thereby advancing their suc-
cessful commercialization.

5.3. Computational approaches

As discussed in previous section, a wide range of variables, particu-
larly those related to binder properties, have been investigated through
experimental studies. While experimental data are essential for under-
standing the relationship between material properties and performance,
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the complex interactions among polymer structure, composition, and
processing parameters make comprehensive experimental testing
impractical. To navigate this design space, computational methods such
as molecular dynamics (MD) simulations and DFT calculations have
emerged as valuable tools. These approaches are increasingly being
applied to the development of polymer binders (Fig. 10b). For instance,
Hong et al. employed DFT calculations to investigate the interactions of
methyl acrylate and glycidyl methacrylate groups in the EMG binder
with both cathode active materials and solid electrolytes, thereby con-
firming strong binding characteristics at the interface [55]. In addition,
Cha et al. employed DFT calculations to elucidate the strong interfacial
adhesion of fluorinated copolymer binder with both active material and
solid electrolyte surfaces, revealing enhanced binding energies consis-
tent with its experimentally observed stability [126]. Similarly, Li et al.
demonstrated via DFT that poly(vinyl acetate) (PVAC) forms robust
Li-O coordination bonds at the PVAC/LPSCI interface, a finding later
validated by its high ionic conductivity and mechanical durability
[127]. Collectively, these studies demonstrate how theoretical pre-
dictions can rationally guide binder design and selection prior to
experimental verification. These theoretical analyses corroborated the
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experimentally observed enhancement in interfacial adhesion. Howev-
er, these studies did not consider the binder’s ability to accommodate
the volume fluctuations of active materials, a factor that is also critical
for long-term cycling performance. In such cases, the ability to quanti-
tatively predict interfacial degradation and void formation during
repeated cycling would provide more direct insights into the practical
evaluation of cell performance. This predictive capability is particularly
valuable for polymer binders, whose properties are highly dependent on
polymer structure, making it impractical to synthesize and experimen-
tally evaluate all possible variations. These challenges highlight the
need for advanced computational tools capable of reliably simulating
binder performance under realistic electrochemical conditions. In
another example, Ponce et al. employed MD simulations to investigate
Lit ion transport and thermal behavior at the SEI interface [128]. They
quantitatively analyzed Li* ion hopping through the SEI layer and
interfacial speciation induced by electric fields. These atomic-scale an-
alyses provided valuable insights into the structural robustness and ionic
conductivity of SEI layers. While the study offers meaningful insights
based on a nanoscale model and limited time range, its applicability to
more complex battery systems may be inherently constrained. To
broaden the predictive capabilities of MD simulations, future research
must focus on improving both spatial and temporal resolution through
continued methodological advancements. Taken together, DFT- and
MD-based strategies are poised to become integral tools for the rational
design of polymer binders in ASSLBs. These simulations not only
elucidate intrinsic material properties but also enable quantitative pre-
diction of interfacial behavior under realistic cell fabrication conditions.
Moving forward, computationally guided methodologies will be essen-
tial for refining binder architectures and optimizing interfacial engi-
neering strategies, ultimately enabling the scalable production of
high-performance ASSLBs.

6. Conclusion

To accelerate the commercialization of sulfide-based ASSLBs, this
article redefines the role of polymer binders from passive mechanical
components to active design elements that construct and sustain ion-
conductive architectures. While previous research has largely focused
on the intrinsic properties of binder materials, we emphasize the ne-
cessity of adopting a practical, cell-level approach that prioritizes
continuous Li" ion conduction alongside mechanical resilience and
interfacial compatibility. This paradigm shift calls for binder systems
that can serve as integrated ion transport media across composite
cathodes, anodes, and solid electrolyte sheets, particularly under low
stack pressure, a critical condition for practical pouch and prismatic cell
formats. We stress that polymer binder development must be aligned
with scalable manufacturing requirements, necessitating properties such
as solvent compatibility, compositional uniformity, and low-
temperature processability. In addition, the application of computa-
tional tools such as DFT and MD simulations is expected to grow. These
methods enable predictive modeling of interfacial behavior and trans-
port phenomena, offering atomistic-level insights that inform binder
design strategies. Their integration will be crucial for elucidating the
complex relationships among polymer chemistry, electrode architec-
ture, and real-world cell performance. Ultimately, this perspective un-
derscores that polymer binders are not secondary components, but key
enablers of the electrochemical and mechanical reliability of ASSLBs. By
establishing ion-conductive networks and maintaining structural integ-
rity across both electrodes and electrolytes, polymer binders will play a
central role in the realization of next-generation ASSLBs technologies.
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