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Abstract

With the diversification of energy storage technologies and the pressing demands for
high-performance batteries, separators have transcended their conventional role as inert
barriers to emerge as critical enablers of performance, safety, and longevity. To address the
unique operational challenges across emerging battery chemistries - including lithium-ion,
lithium-metal, and multivalent-ion systems - innovative separator design has become a key
research focus. This review begins by outlining the fundamental properties and essential
functions of separators to provide guiding principles for functional engineering. It then
critically surveys recent advances in separator development tailored for diverse battery
systems, systematically analyzing their critical roles, performance improvements, and
persistent challenges. Emphasis is placed not only on modification strategies and
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implementation techniques, but also on the underlying working mechanisms and design rationales behind emerging
functional separators. The realized functions are classified and discussed in detail, offering insights into how
separators can be engineered to meet specific electrochemical and interfacial requirements. Finally, forward-looking
perspectives on future research directions are provided, aiming to bridge fundamental understanding with practical
application. By synthesizing current knowledge and highlighting future opportunities, this review seeks to foster the
rational design of high-performance separators and accelerate their deployment in next-generation energy storage
systems.

INTRODUCTION

A battery is an energy conversion and storage device that transforms chemical or physical energy into
electrical energy through chemical reactions or physical processes. In a narrow sense, it typically refers to a
chemical battery, a device that converts chemical energy into electrical energy!. If this device can only
convert chemical energy into electrical energy, it is called a primary battery; if it can convert chemical energy
into electrical energy and vice versa, it is called a secondary battery™’.

A classic battery structure consists of four primary materials - cathode, anode, electrolyte, and separator -
along with other auxiliary materials"). Within this system, the separator is one of the critical internal
components, positioned between the cathode and anode. Its primary function is to prevent direct contact
between the electrodes, thereby avoiding battery short circuits, while simultaneously allowing ions to pass
through to facilitate controlled electrochemical reactions'>*. Considering the two primary functions, the
former is more critical and fundamental than the latter. If the separator did not permit ion transport, the
battery system would be incapable of energy conversion. However, if the separator failed to isolate different
electrodes, it would often signify a complete loss of control over the battery reaction. Therefore, the foremost

[7,8

characteristic of a separator is the ability to isolate the electrodes and prevent short circuits”*. To achieve
this, the separator must possess sufficient stability - the capacity to maintain its structural integrity under any

conditions, thereby ensuring effective electrode separation®.

As battery technologies advance toward higher energy density, faster charging, and longer cycle life,
separators have evolved beyond passive physical barriers"”. Their microstructural features - including pore
size distribution, porosity, and tortuosity - not only influence ionic transport but also dictate the spatial
distribution of charge carriers within the cell’"'?). Uneven distribution of ions can locally amplify
concentration gradients, leading to concentration polarization at electrode surfaces. Over repeated cycling,
such microstructural variations can be progressively magnified, manifesting as inhomogeneous reactions,
differential solid electrolyte interphase (SEI) formation, and variations in long-term cycling stability* ..

Beyond structural constraints, however, a more critical limitation arises from the intrinsic material nature of
separators employed in current commercial systems. Widely used polyolefin separators, while offering good
mechanical robustness and chemical stability, are inherently inert and exhibit minimal active interaction
with electrolyte species or electrode interfaces'>'®'”). This chemical passivity fundamentally restricts their
ability to regulate ion solvation environments, control the spatial distribution of functional additives, or
modulate interfacial reaction kinetics, rendering them increasingly inadequate under demanding operating
conditions"**"!. Consequently, modern separator design has progressively shifted from a paradigm of
“passive isolation” toward one of “active regulation,” in which separators are recognized not merely as
structural components, but as key functional materials that shape the internal electrochemical environment,
govern interfacial processes, and ultimately determine overall battery performance and durability.
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Table 1. Separator design framework table

Separator design feature

Controlled
parameter

Targeted failure mode

Representative metric

Thickness/Porosity/Tortuosity!?-2¢!

Poresize!?7-301

Surfacepolarityt3!

Thermaldimensionalstability*¢-3)

Mechanicalcomplianceandstructuralresiliencet*o-+2

lon transport; lon flux
distribution; Electrolyte uptake

lon transport;
Size of shuttle species,

Wettability; Dynamic
evolution of the solvation
process; Interfacial ion supply

Structural integrity under
abuse;

Thermal regulation of pore
structure

Transport continuity under
deformation or
plating/stripping

Concentration
polarization, Local
depletion, Dendrite growth

Concentration
polarization;
active-species shuttling;
Interfacial instability

Li/Na plating;
Li/Na/Zn dendrites;
Unstable SEI;
Unstable Li* flux

Internal short circuit,
Side reactions shuttling,
Thermal runaway

pore collapse under
compression, dendrite
penetration

lonic conductivity;
Transference number; Gurley
value;

MacMullin number

lonic conductivity; Gurley
value;
CE

Contact angle; Electrolyte
uptake;
Ret; CE

Thermal shrinkage;
71,72, 73

Cycling stability,
Tensile/compressive strain

CE: Coulombic efficiency; SEI: solid electrolyte interphase; T1: the onset temperature of thermal runaway; T2: the trigger temperature of thermal
runaway; T3: the maximum temperature of thermal runaway.

Building on this perspective, this review provides a comprehensive overview of the role of separators in
regulating battery performance across different systems. To enhance narrative coherence and distill
transferable separator design principles, a unified framework is adopted that links separator parameters with
the physicochemical processes they regulate, the failure modes they target, and the key performance metrics
used for evaluation [Table 1]. Within this framework, the critical properties of separators and their influence
on ion transport, interfacial stability, and thermal safety are first discussed. It then analyzes, in the context of
lithium-ion, lithium-metal, and multivalent-ion batteries, the challenges associated with each system and
how separators, through structure-function design, can mitigate these issues. The review highlights the
critical considerations for developing advanced separators and outlines future research directions to guide
the research of next-generation battery technologies.

PROPERTIES AND REQUIREMENTS OF SEPARATORS
The stability imperative: preventing internal short circuits
From the perspective of stability, primary batteries differ from secondary batteries in that they do not
undergo repeated material and energy conversion processes internally'*?. The storage duration of primary
batteries typically far exceeds their discharge time, so separators used in primary batteries generally prioritize
stability during long-term storage. For example, in zinc-manganese batteries, paper-based separators could

[44]

meet stability requirements!**!. Subsequently, rechargeable secondary batteries gradually became
commercialized. In nickel-cadmium batteries, separators are primarily made of materials such as non-woven
fabrics and nylon. However, these materials possess limited mechanical strength and chemical stability,
making them inadequate for meeting the demands of high-performance batteries"*?. Lithium-ion batteries
impose far more stringent requirements on separator stability because they operate with longer cycle life,
larger cell capacity, higher energy density, and more severe consequences once electrochemical runaway

24,46]

occurs!

The preliminary answer is polyolefin separators. In the first generation of commercial lithium-ion batteries,
microporous membranes made from polyolefin materials such as polyethylene (PE) and polypropylene (PP)
were widely used"”. First, polyolefin materials exhibit excellent chemical and electrochemical stability,
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remaining inert to all substances within the battery system - neither undergoing chemical reactions nor
electrochemical interactions during storage or operation**. Second, polyolefin microporous membranes
exhibit excellent mechanical stability, including high tensile strength, puncture resistance, and peel
strength!””. Finally, these membranes possess thermal stability, maintaining structural integrity below their
melting point while closing their pores above their melting temperature to block the lithium-ion flow,
thereby providing a safety mechanism”. Building upon these properties, composite-structured polyolefin
microporous membranes have been developed, such as the PP/PE/PP three-layer structure. This design
combines the advantages of different materials, delivering relatively superior thermal stability and
mechanical strength™').

Another design significantly enhancing thermal stability and mechanical strength is the ceramic-coated
separator based on polyolefin microporous membranes, which represents the mainstream technical solution
currently used in commercial lithium-ion batteries”*>*. Inorganic ceramics (such as alumina or boehmite),
binders, dispersants, and other components are dispersed in a liquid (typically water) to form a slurry. This
slurry is then coated onto the surface of the polyolefin microporous membrane. After removing the liquid
phase, an inorganic ceramic coating is obtained”*. The inherent mechanical and thermal stability of the
inorganic ceramic layer further enhances the overall properties of the separator, achieving tensile strength of
1,000 kg cm?, puncture resistance of 300 g/20 um, and thermal stability exceeding the melting temperature of
polyolefin*’l. Specifically, when heat-resistant polymer materials such as polyimide, aramid, or
polydopamine are incorporated into the inorganic ceramic layer, the dimensional integrity and mechanical
stability can be maintained at temperatures exceeding 200 °C*>*,

The designs of current commercial lithium-ion battery separators predominantly rely on polyolefin
microporous membranes; their mature manufacturing processes enable mass production, offering significant
advantages for current applications. While optimizing these established polyolefin-based separators remains
a key research focus, the development of next-generation separator technologies that move beyond
polyolefins is widely recognized as a critical challenge. Exploring alternative materials has yielded promising
candidates with superior properties, albeit often at a higher manufacturing cost. For instance, polyimide
(PI)*") nonwoven separators exhibit excellent high-temperature stability and electrolyte wettability;
cellulose-based separators, inspired by early separator designs, allow for more intricate pore structure
engineering®; poly(ether ether ketone) (PEEK)", through sulfonation and lithiation - a concept adapted
from fuel cell proton exchange membrane modifications - enables the design of advanced functional groups.
Notably, polymers of intrinsic microporosity (PIMs) form microporous solids due to their rigid'*>*"/,
contorted macromolecular chains that pack inefficiently; lacking a cross-linked covalent network, PIMs are
soluble in organic solvents, facilitating their processing into films, coatings, or fibers. Currently, the practical
application of these non-polyolefin-based separators is constrained by manufacturing costs and process
maturity. Nevertheless, they hold significant promise for elevating separator performance and expanding
applications beyond lithium-ion batteries to other energy storage systems. For example, the application of
PIMs in zinc-ion batteries will be discussed in detail in the following section Tuning size effects through
pore-structure engineering.

Structural design for ion permeability: porosity vs. thickness

In the previous section, we primarily focused on the stability aspects of battery separators. Beyond this
insulating function, however, a high-performance separator must simultaneously facilitate efficient ionic
conduction to sustain reversible electrochemical processes and enable battery operation. This requirement is
primarily fulfilled through the absorption of liquid electrolyte and the establishment of continuous
ion-transport pathways within the separator matrix'®!. This is why the polyolefin separator, the preliminary
solution mentioned in the previous section, requires fabrication into microporous membranes. Building on
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this foundation, considering that polyolefin microporous membranes have become the cornerstone of
commercial lithium-ion battery separator manufacturing, we must approach pore-related issues with greater
caution and rigour'®.

First, critical issues remain regarding the pore structure parameters, specifically size and distribution.
Concerning pore size, to effectively inhibit the diffusion of cathode materials to the anode side, the
membrane’s pores must be designed with diameters smaller than the characteristic particle size of the
electrode active materials'®*?. As for porosity, it is directly correlated with the electrolyte absorption capacity
of the separator. Higher porosity enhances electrolyte uptake, thereby facilitating ion transport between the
electrodes and reducing the internal resistance of the battery'*”. However, high porosity can compromise the
mechanical integrity of the separator, thereby posing potential risks to the safety performance of the battery.
Hence, the porosity should be maintained in a reasonable range, generally 40% ~ 60%°***. Overall, the pores
of traditional polyolefin separators are smaller than 1 um, and the porosity is about 40%, effectively
eliminating potential safety hazards'.

Second, pore morphology also constitutes a critical factor that requires careful consideration. If the
electrolyte uniformly saturates the pores within the separator, unobstructed ion transport channels can be
maintained throughout battery operation"?!. Conversely, an inhomogeneous pore distribution within the
separator can lead to localized insufficient wetting. This results in a non-uniform current distribution and a
correspondingly uneven ion flux, which may readily promote dendrite formation”". In addition to pore
uniformity, the specific pore morphology should also be taken into consideration. In polyolefin microporous
membranes, faster phase separation tends to yield finger-like macropore structures, whereas a slower phase

[72

separation process generally results in sponge-like pore morphology”™”. It is necessary to control the process
and reasonably regulate these two morphologies to ensure that the pores possess a certain degree of
tortuosity without excessively prolonging the ion migration path!””. Regarding specific characterization
methods, direct observation techniques such as electron microscopy can be employed to examine whether
the desired pore morphology has been achieved”. Provided that the membranes are produced under an
identical manufacturing process, parameters such as the Gurley value and MacMullin number can be utilized
for characterization - offering a practical assessment of membrane permeability in terms of both gas and

liquid transport - based on considerations of testing convenience and cost-effectiveness”.

Furthermore, it is essential to evaluate the relevant parameters of separator pores in conjunction with its
thickness. Since the separator does not participate directly in electrochemical reactions, it does not
contribute to the energy density of the battery””. Amid the ongoing pursuit of higher energy density in
batteries, it may appear advantageous to minimize the mass and thickness of the separator through
optimized manufacturing processes”*””. Currently, leading separator manufacturers can produce polyolefin
separators as thin as 4 pm or even less at their process extremes. However, questions arise regarding whether
excessively thin and porous separators possess sufficient inherent strength to meet stability requirements*”..
Simultaneously, concerns persist about whether the relevant pore parameters of separators produced at these
process extremes can maintain long-term stability. In fact, a closer examination reveals that the
aforementioned separator characteristics - including porosity, pore size, and pore morphology - exert an
indirect yet significant influence on overall battery performance!™. Recent studies over the past five years
have shown that the ion conductivity of commercial polyolefin separators typically ranges from 0.3 to 0.9 mS
cm'. The design of different separators significantly impacts the ion conductivity of the battery”**'\.
Consequently, while pursuing thinner separators, manufacturers often reduce porosity and alter pore
morphology to maintain structural integrity, which can adversely affect electrolyte wetting properties'™’. In
practical separator development, a holistic optimization of thickness and pore-related parameters is essential
to achieve an optimal performance balance. Currently, polyolefin separators for power lithium-ion batteries
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have reached thicknesses as low as 7 pum, while those for energy storage and consumer electronics typically
measure around 9 um'®!. Correspondingly, at these thickness levels, the characterization and control of pores
have matured within the industry, with established development approaches aimed at achieving a balanced
performance profile across all aspects.

Functional evolution: from passive conduit to active promoter

Based on achieving an optimal balance between properties such as porosity and thickness, separators have
been engineered, manufactured, and deployed. Notably, polyolefin separators have emerged as the preferred
option across diverse battery systems'®*. However, under real-world operating conditions - which often
deviate substantially from idealized laboratory environments - the exclusive reliance on polyolefin separators
proves inadequate.

Take power lithium-ion batteries as an example: First, the intrinsic design requirements of power batteries
necessitate higher energy and power density, driving the need for separators with reduced thickness and
optimized porosity®*. Second, the dynamic charge/discharge profiles encountered during vehicle
acceleration and deceleration differ substantially from the steady-state conditions typical of laboratory
testing, elevating the risk of electrical abuse such as overcharge or over-discharge. Third, operational
accidents can subject battery packs to mechanical abuse - including impact, compression, or penetration.
Finally, heat accumulation during normal operation or resulting from the aforementioned electrical or
mechanical abuse can induce thermal runaway (TR)™. In summary, when considering the specific design
requirements, operational dynamics, and potential abuse scenarios, it is evident that conventional polyolefin
separators alone are insufficient to meet the critical performance and safety demands of power lithium-ion
batteries!™'.

To address these critical performance and safety requirements, researchers are conducting targeted R&D on
separators to endow them with specific technical properties - a process widely referred to as functionalization
or functional modification®**”. Based on the intended performance outcomes, functional modification can
be broadly categorized into two main types: enhancement of intrinsic properties and integration of
supplementary functionalities. The former typically focuses on improving separator stability, further
enhancing its reliability as a battery component separating the cathode and anode while balancing factors
such as porosity and thickness'®”). This approach has seen considerable research and application, and the
most common method for enhancing the intrinsic functions of separators is the ceramic-coated separator
mentioned in Section The stability imperative: preventing internal short circuits. The inorganic ceramic
layer significantly improves the overall dimensional stability, mechanical stability, and thermal stability of the
separator™, which will not be elaborated upon here.

Regarding the integration of supplementary functionalities, this concept originated primarily from the
practical demands of industrial battery manufacturing'™. In actual battery manufacturing, separators and
electrodes are assembled into formed cells through winding or stacking processes, followed by encapsulation
in rigid cases or aluminum-laminated film pouches and subsequent electrolyte filling. During this process,
challenges such as gas entrapment, interfacial gaps between the separator and electrodes, and separator
wrinkling inevitably arise’’. Such macroscopic defects at the interface lead to uneven internal resistance
distribution. During battery cycling, localized over-charging or over-discharging may occur, thereby
affecting battery consistency and cycle stability®'!. The most widely adopted solution involves coating the
separator with a thin polymer layer, typically polyvinylidene fluoride (PVDF), and introducing an additional
hot-pressing step during cell assembly. This process promotes electrode-separator adhesion, eliminates
entrapped air within the interfacial gaps, and in practice, also enhances the structural rigidity of the cell while
maintaining uniform thickness consistency. Furthermore, the strong affinity of PVDF for the electrolyte
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enhances the interfacial electrolyte retention capacity, thereby contributing to improved battery
performance’®'. Consequently, researchers have shifted focus toward integrating supplementary
functionalities into separators to enhance their adaptability across diverse application scenarios.

Moreover, inspired by advances in solid-state electrolyte technology, a growing number of studies no longer
regard separators merely as “passive” physical barriers. Instead, they are focusing on developing them into
“active” multifunctional integrated components>*?'. In solid-state batteries, solid electrolytes serve dual roles
as both separators and electrolytes. Considering the technological continuity in transitioning to solid-state
batteries, researchers are beginning to treat separators and electrolytes as an integrated system, evaluating
their interactions and overall performance holistically”!. Currently implemented semi-solid and quasi-solid
batteries adopt this strategy, actively advancing novel integrated electrolyte-separator materials. These
materials function as the primary ion-transport medium while concurrently providing mechanical support
and interfacial stabilization>*l.

Compared to complex electrolyte compositions, separators feature simpler structures, clearer functional
mechanisms, and more diverse control methods, making them a preferred focus for related research®’. Such
studies can generally be classified into two categories: one involves modifying the separator’s surface or bulk
structure to impart ionic conductivity, while the other enhances the ionic conductivity of electrolytes within
the porous network and at interfacial regions through molecular or chemical interactions®®’. The most
representative approach in this field involves leveraging the abundant pore structures within the separator to
construct functionalized networks that enhance ionic conductivity. This strategy of leveraging tailored pore
structures represents a distinctive advantage inherent to separators, a dimension seldom explored in
solid-state electrolyte research. A detailed overview of this research trend - transforming separators from
passive ion-permeable components into active ion-conducting elements - will be provided in Section The
optimization of solvation structure.

The separator value chain: from laboratory to commercialization

Whether employing passive or active separators, their functional design is grounded in empirical rationale.
In general, the function of separators originates from the practical requirements of battery systems, while
their performance parameters are often critically dependent on the manufacturing process employed.
Indeed, such functional modifications are guided by specific research, development, and manufacturing
paradigms. A fundamental principle is that any given separator must be paired with a tailored preparation
technique’’.

The following are representative preparation methods for common separator types: PP microporous
separators are typically fabricated using dry-stretching processes; PE microporous separators employ
wet-stretching methods; polymer nonwoven separators are prepared via electrospinning, meltblown
spinning, or centrifugal spinning; ceramic-coated separators rely on anilox roll-coating techniques; and
polymer-coated separators are generally manufactured through spray-coating of dilute slurries!®>**l.
Polyolefin membranes form the established foundation of separator technology. Accordingly, the following
discussion will focus on their two primary manufacturing processes: dry and wet processing.

The dry process involves a sequence of four principal steps: melting, extrusion, annealing, and stretching,
which collectively induce porosity to form the microporous membrane. The process begins by heating and
extruding the polymer into a thin sheet. Subsequently, thermal annealing is performed to develop oriented
microcrystalline structures. The final pore structure is then created through controlled uniaxial or biaxial
stretching"™!. Uniaxially stretched separators possess anisotropic tensile properties, with significantly higher
strength in the longitudinal direction than in the transverse direction. This directional strength profile
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therefore helps minimize breakage during demanding assembly operations like winding. Comparatively,
biaxially stretched separators, while having lower overall tensile strength, offer markedly better thermal
shrinkage resistance!"*. This type of method is only applicable to semi-crystalline polymers, such as PP resin.

The wet stretching process is primarily applied to PE and operates on the principle of thermally induced
phase separation for pore formation. Initially, a high-boiling-point nucleating agent is blended and melted
with the polyolefin to create a homogeneous mixture. Upon rapid cooling, the polyolefin crystallizes into a
film, while the pore-forming agent induces phase separation. Subsequently, the film is stretched to finalize
the microporous membrane structure. The pore-forming agent is subsequently extracted, thereby creating a
permanent porous network at the sites where it was originally dispersed"**'*\. The phase inversion process,
involving polymer dissolution, film casting, and solvent precipitation, relies on a ternary system of polymer,
solvent, and non-solvent. The mutual diffusion of solvent and non-solvent induces thermodynamic
instability, which is the fundamental mechanism for phase separation and subsequent pore generation. Thus,
pore morphology can be adjusted by precisely controlling the phase separation process'*'*.

Given that separators are essential battery components, research must be firmly rooted in application
requirements. Therefore, after identifying a preparation method, the research approach - especially for
functionalization - should systematically convert battery-level challenges into precise technical specifications
and target parameters for the separator*). Take power lithium-ion batteries as an example. Separator
research in this context must address the actual operating conditions, which include high energy density,
large single-cell capacity, fluctuating currents, and the critical need for stability under TR scenarios triggered
by mechanical abuse!"””'*®l. Extensive data from traditional battery systems allows researchers to simplify
requirements into a few key metrics, making performance improvements more targeted.

In transitioning from laboratory validation to industrial production, the decisive factor often shifts from
technical feasibility to comprehensive cost optimization, provided multiple methods meet the core
requirements. For example, in fabricating high-temperature-stable separators, both polydopamine and
phenol-formaldehyde resin coatings achieve the target of enhanced dimensional stability"*). However, the
significantly lower cost of phenol-formaldehyde resin renders its application and potential further
modification a more commercially viable and industrially rational choice*. Comprehensive cost evaluation
also accounts for process complexity, not just material expense. Consider polymer-coated ceramic
separators: although gravure and spray coating both achieve coverage, the gravure process requires iterative
slurry formulation, frequent material swaps, and extensive roller maintenance during development and
production. This inherent complexity often makes spray coating a more efficient and cost-effective industrial
choice'*. The latter only necessitates preparing polymer dilute solutions at a fixed concentration, with actual
development involving spray flow rate control to produce membranes with different polymer loadings"***I.
Consequently, the current large-scale production of PVDF-coated separators is predominantly based on the
spray coating method using aqueous dilute slutions.

Therefore, in functional separator research, battery application constitutes both the origin and the final
destination of the development cycle. This closed-loop approach necessitates not only bench-level testing of
the separator’s physicochemical properties but, crucially, its system-level validation within complete battery
cells!"*") Typically, both separator manufacturers and battery cell producers conduct independent yet
collaborative evaluations of functional separators within full battery systems, using established benchmark
data.

Consequently, a universal framework for functionalized separator research is proposed. It encompasses the
translation of specific battery requirements into concrete separator parameters, the application of tailored
functionalization methods, and the critical integration of cost and manufacturability assessments,



Chen et al. Energy Z 2026, 2, 200005 Page 9 of 48

culminating in validation within full battery cells"'?!. This framework aims to achieve the desired
performance while fulfilling the initial application requirements.

Separator theoretical design: simulation modeling for battery separator failure analysis

The design of battery separators plays a pivotal role in the performance and safety of modern energy storage
systems. As battery technology advances, relying solely on traditional experimental methods to predict
separator behavior under diverse conditions becomes increasingly difficult. Simulation modeling techniques,
such as finite element analysis (FEA) and molecular dynamics (MD), have proven invaluable in addressing
these challenges by offering critical insights into separator failure mechanisms. These models predict
separator behavior under stress conditions like mechanical deformation, thermal runaway, and electrolyte
degradation!"">""*), By simulating environmental factors such as temperature, pressure, and chemical
interactions, researchers can identify potential failure points early in the design process and improve
separator integrity.

In addition, the pore structure of separators significantly influences lithium-ion transport and interfacial
stability. Changes in pore structure can impact lithium-ion solvation dynamics, affecting transport efficiency
and interfacial stability!"'*). Simulation techniques help model these effects, enabling the development of
separators that optimize both ionic conductivity and mechanical strength. This approach ultimately
enhances battery safety and performance. Integrating simulation modeling into separator development
accelerates innovation, reducing the time and costs typically associated with experimental testing. By
predicting separator performance based on design parameters like pore size and surface characteristics,
researchers can optimize separator design and ensure the development of high-performance, reliable battery
systems.

SEPARATOR DESIGNS FOR LITHIUM- AND SODIUM-ION BATTERIES

The pursuit of higher energy density and ultrafast charging makes the electrochemical and thermal processes
in lithium-ion batteries more intense and more strongly coupled, thereby creating a more complex internal
reaction environment®**""”1. As a consequence, local imbalances and parasitic reactions are more likely to
accumulate, increasing the susceptibility of the system to TRI""***°/, Extensive studies have systematically

[121

analyzed the TR process in batteries!*). Among these, Feng et al. proposed a representative framework that
divides TR evolution into distinct stages marked by three characteristic temperatures (T1, T2, and T3)!">'>?],
The onset of TR originates from the breakdown of the SEI on the anode. Once the SEI protection is lost, the
exposed anode active materials react directly with electrolyte solvents, triggering self-heating within the cell.
The temperature at which self-heating initiates is defined as T1, representing the initial stage of TR"**.. With
continuous heat accumulation, interfacial side reactions are progressively amplified, accelerating the heat
generation rate; the temperature at which the self-heating rate reaches 1 °C min™ is defined as T2, denoting
the triggering point of TR"*. Extensive studies have shown that structural failure of the separator at this stage
often serves as a critical trigger for TR"*>"**). Once the separator collapses or melts, direct contact between the
electrodes induces intense Joule heating, rapidly initiating a cascade of exothermic reactions accompanied by
the generation of large amounts of flammable gases!"””". As a result, the cell temperature rises sharply,
potentially leading to combustion or even explosion. The maximum temperature reached during TR is
defined as T3, representing the severity of the event. Relying solely on enhancing the thermal limit of
separators is insufficient to fundamentally suppress the initiation and propagation of TR"**'*\. Addressing
this challenge requires comprehensive safety strategies that account for the full TR pathway and provide
protection at critical exothermic stages and structural failure events. The separator not only functions as a
physical barrier to effectively prevent direct contact between the cathode and anode, but also serves as a
reservoir and transport medium for the electrolyte, establishing extensive and intimate interfacial contact
with the electrodes. During the evolution of battery TR, the separator acts as a passive barrier in the
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subsequent reaction processes, mitigating TR propagation and severity by delaying structural failure and
restricting the transport of reactive species and heat!"*"\.

Moreover, sodium-ion batteries, benefiting from the abundant availability, wide distribution, and low cost of
sodium resources, are widely regarded as an important complement to lithium-ion batteries. Compared with
lithium-ion systems, they generally exhibit superior fast-charging capability and low-temperature
adaptability, endowing them with distinct potential for high-power and low-temperature energy-storage
applications"*.. However, this also implies that separator design for sodium-ion batteries cannot simply
follow the design principles established for lithium-ion batteries. Instead, beyond ensuring reliable safety
isolation, it must also accommodate rapid Na* transport, sustained wettability under low-temperature
conditions, and stable interfacial regulation*". In particular, the hard-carbon anode often suffers from
unstable sodium-storage behavior, facile SEI instability, and irreversible sodium loss during cycling, further
underscoring the critical role of separator design in regulating interfacial reactions and improving overall
system stability.

The passive barrier: halting thermal runaway at the separator

The primary function of a separator is to prevent direct electrode contact while enabling stable ion transport,
making its dimensional stability under thermal and mechanical stress critical for battery safety'””.. However,
commercial polyethylene separators have inherently limited thermal dimensional stability. Under high-rate
cycling or thermal abuse conditions, they are prone to shrinkage or local melting, compromising electrical
isolation and potentially triggering internal short circuits [Figure 1A]"”. Separator shrinkage at this stage is
also considered a decisive factor influencing the T2 stage during TR propagation. To mitigate this, organic or
inorganic coatings can form high-modulus support networks that partially restrict shrinkage and pore
collapse!"*?!. Yet, once the polymer substrate softens at elevated temperatures, the coating provides only
partial restraint, revealing the intrinsic limitation of this approach. Strengthening the interfacial interactions
between the coating and substrate - for instance, through hydrogen bonding or covalent linkages - can
enhance multiphase interfacial stability and further delay membrane shrinkage at high temperatures [Figure
1B]"**. Furthermore, achieving an integrated separator architecture via outer-layer encapsulation represents

134]

an effective strategy for improving overall thermal dimensional stability [Figure 1C]'

However, as battery operating conditions extend to higher temperatures, increased energy densities, or
extreme abuse cases, the inherently low melting point and poor thermal stability of polyolefins present a
critical bottleneck"*". Therefore, structural approaches that merely retard failure are insufficient for safety;
instead, a more fundamental solution requires shifting to substrate materials with higher intrinsic thermal
stability, such as PIl7#15129),

The fabrication of high-dimensionally-stable polymer membranes primarily relies on techniques such as
phase inversion, electrospinning, papermaking, and casting. The different mechanisms of membrane
formation and porous structural construction inherent to each method directly govern key performance
parameters of the final membrane, including its pore size distribution, porosity, and long-term dimensional
stability in service®**?. Guo et al."*! employed solvent-nonsolvent exchange-induced phase separation to
construct a continuous porous framework, which was subsequently stabilized via curing or imidization to
stabilize the pore architecture. This approach enables precise control over porosity, pore size distribution,
and pore connectivity while preserving the intrinsic thermal stability of the PI membrane [Figure 1D]"*). In
contrast, Chen et al."*" exploited the structural design flexibility of coaxial electrospinning to fabricate a
polyacrylonitrile (PAN) core/PVDF-HFP shell membrane, integrating a thermally robust PAN framework
with vermiculite nanoparticles dispersed in the shell layer. This layered structure effectively prevents
structural collapse at high temperatures, maintaining relatively stable dimensional stability even at 160 °C. In
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Figure 1. (A) Schematic illustration of the correlation between TR evolution and separator failure in lithium-ion batteries; (A) are reprinted
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comparison, polyolefin separators have completely shrunk [Figure 1E]"*'. Although selecting substrate
materials with enhanced dimensional stability can significantly increase the separator’s failure temperature,
the high cost of such materials contradicts the development principles of current lithium-ion batteries,
preventing their widespread adoption.

While advances in materials and structural design can markedly enhance separator thermal dimensional
stability and delay high-temperature physical failure, battery TR is an inherently continuous process driven
by coupled chemical and transport dynamics, not a mere outcome of structural collapse!**'**. Hence, merely
raising the thermal tolerance of separators cannot fundamentally curb TR onset and propagation. It is
noteworthy that, beyond serving as a physical barrier isolating the electrodes, the separator also acts as a
reservoir and transport medium for the electrolyte, establishing extensive and intimate interfacial contact
with the electrodes. Consequently, during the evolution of battery TR, the separator can function not only as
a passive barrier in subsequent reaction processes but also provide protection at critical exothermic stages
and structural failure points - through strategies such as optimizing interfacial stability and restricting the
transport of reactive species and heat- thereby mitigating the propagation and severity of TR. The following
discussion will focus on how separator functionalization can systematically enhance battery performance
throughout the entire TR process.
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Interfacial stability: separator engineered with a protective layer

During the progression of TR in lithium-ion batteries, interfacial stability is a critical determinant of its
initiation, while the accumulation of byproducts from parasitic reactions can compromise the steady-state
integrity of the electrode interface!"*". The separator, as a key component preventing direct electrode contact,
adheres closely to the electrode surface and can be modified with functional surface coatings to scavenge
these reactive byproducts, providing passive protection that mitigates local imbalances and side-reaction
accumulation*.

Among common commercial electrolytes, LiPF_is widely used due to its excellent ionic conductivity,
favorable interfacial film formation, and industrial maturity"*’. However, it suffers from intrinsic thermal
and chemical instability: in the presence of trace water or under elevated temperatures, LiPF, readily
decomposes to generate HF, which can severely damage electrode structures and current collectors. By
enabling the in-situ capture or neutralization of HF, functionalized separators such as A1,O,, SiO,,
polydopamine (PDA), and metal-organic frameworks (MOFs) can reduce its reactivity, thereby shielding
both electrode interfaces and current collectors from corrosive attack."* =%,

Beyond electrolyte-induced crosstalk at the electrodes, layered cathodes with high capacity face systemic
structural degradation under high-voltage and high-temperature conditions. This includes oxygen release,
the dissolution of transition metals like Mn and cation migration"*"*?. These dissolved metal ions migrate to
the anode, not only disrupting ion transport and SEI stability but also, in the case of Mn*, actively catalyzing
electrolyte decomposition reactions!"*”. To address these risks, an interfacial engineering strategy involves
incorporating functional moieties onto the separator that selectively impede transition-metal migration while
preserving unimpeded Li** mobility, thereby synergistically stabilizing the electrode-electrolyte
interface!"**'**. To inhibit transition-metal shuttling, separators are modified through physical blocking (e.g.,
reduced pore size, graphene/carbon barriers) or chemical adsorption using polar-group-rich materials like
polydopamine, polyethyleneimine, boehmite, and zeolitic imidazolate framework (ZIF)-8. A representative
example is the work by Callegari et al., where a coating of chitosan-modified alumina nanoparticles on the
separator selectively captured Mn’>* and Ni** via chemical adsorption, thereby mitigating crossover and
enhancing cycling stability [Figure 2A]".

Thermal safety: separator with smart pore-closing functionality

As internal cross-talk reactions intensify, the released heat accumulates, causing the cell temperature to rise.
Once the temperature reaches the separator’s melting point, direct contact between the anode and cathode
may occur, triggering TR. Commercial polyolefin separators, with their abundant porous structure, facilitate
such cross-talk reactions, while their relatively low melting point renders them prone to shrinkage, thereby
increasing the risk of internal short circuits"*’.

Although the mechanisms of parasitic cross-talk reactions are complex and multifaceted, they fundamentally
rely on the electrolyte as a propagation medium within the cell"**. As a critical component, the separator can
be designed with materials of differentiated thermal shrinkage behavior to achieve thermally responsive pore
regulation, thereby blocking the propagation of parasitic reactions and mitigating TR®'**'**/, In addition,
designing electrolytes that undergo in situ solidification at elevated temperatures to block separator pores has
also been widely employed to suppress cross-talk reactions and enhance battery thermal safety. Liu et al.
reported a thermoresponsive electrolyte system that undergoes a Diels-Alder reaction at elevated
temperatures to form oligomeric species"*. This transformation simultaneously reduces ionic conductivity
and blocks separator pores, enabling a two-step intelligent regulation of TR, ranging from an early-warning
response at approximately 100 °C to complete shutdown at 120 °C. Notably, the separator maintains
dimensional stability after shutdown [Figure 2B]"*\.
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Beyond TR caused by thermal abuse, battery failure also stems from electrochemical abuse (e.g.,
overcharging, high-voltage transients) under extreme conditions. Such abuse similarly triggers core failure
mechanisms - including transition-metal dissolution, uncontrolled lithium plating, and current-collector
corrosion - which severely degrade interfacial stability, accelerate parasitic reactions, and ultimately lead to
TR To address this issue, a design strategy inspired by thermal-shutdown separators can be adopted by
constructing a potential-responsive functional coating on the separator surface. This coating can induce
adaptive pore contraction or closure under abnormal polarization or overpotential conditions, thereby
effectively suppressing detrimental ion transport, blocking the amplification of side reactions, and ultimately
enhancing the intrinsic safety of batteries under electrochemical abuse conditions. For example, Wang et al.
employed electroactive carbazole-based polymers as functional separator coatings, in which voltage-triggered
electrochemical state transitions under overcharge conditions induce reversible closure of the separator pore
structure, thereby effectively regulating ion transport during abnormal voltage excursions**..

Fire resistance: separator enhanced with flame-retardant additives

In the late stages of TR, continued exothermic reactions and structural degradation heat the electrolyte,
inducing its decomposition and generating flammable gases. Under conditions such as internal short-circuit
heating or oxygen release from the cathode, these gases can ignite, further exacerbating the severity of the
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TR, Given the high flammability and volatility of commercial electrolytes, their decomposition products
largely govern flame propagation and combustion intensity"*”. Serving as the main electrolyte carrier, the
separator provides a platform for integrating flame-retardant components. This functionalization proactively
regulates electrolyte combustion and represents a direct and scalable route to reducing battery fire risks.

Flame-retardant coatings on separators are a well-established strategy to suppress electrolyte combustion
during TR. Based on their dominant mechanism, they are classified as inorganic or organic. Inorganic
coatings [e.g., boehmite, AI(OH),] undergo endothermic decomposition at high temperatures, releasing
water vapor that quenches flames via localized cooling and dilution of flammable gases*”'**. Organic
flame-retardant coatings, in contrast, often incorporate P-, F-, or Br-containing additives. These act either by
quenching radical species to terminate gas-phase combustion chains, or by forming an insulating char
barrier through high-temperature carbonization, thereby impeding heat and fuel diffusion"*. Leveraging
these distinct but synergistic mechanisms, flame-retardant coatings on separators deliver an effective strategy
for reducing fire intensity and alleviating the severity of TR incidents. Peng et al.'" developed a thermally
stable and flame-retardant smart separator by constructing an Al,O,/ ammonium polyphosphate (APP)
sandwich structure on a polyethylene membrane and encapsulating it with phenolic resin; upon heating,
APP carbonizes to form a protective barrier that suppresses combustion and enhances battery safety. ARC
test results show that, compared to the unmodified membrane, the peak temperature during TR (T3) is
reduced by approximately 280 °C [Figure 2C]""!. In addition, core-shell separator designs that encapsulate
flame retardants within organic or inorganic shells enable temperature-triggered release and represent an
effective strategy for mitigating TR. As an example, Liu et al. designed silica microcapsules that encapsulate
both phase-change materials and flame-retardant agents to demonstrate a strategy for thermally triggered
retardant release'*”. This approach effectively suppresses electrolyte combustion during the late phase of TR
[Figure 2D]".

Constructing separators from materials that combine high thermal stability with intrinsic flame retardancy is
an effective materials-level strategy to enhance the safety of lithium-ion batteries. Engineering polymers such
as PI, poly (p-phenylene terephthalamide) (PAA), and PEEK not only exhibit high dimensional stability, but
also demonstrate excellent inherent non-flammability due to their high bond-energy backbones. During TR,
these separators can maintain structural integrity over a broad temperature range while avoiding becoming
combustible themselves. Their stable porous frameworks also retard rapid electrolyte release and
atomization, thereby reducing the instantaneous generation of flammable vapors. In addition, some
high-thermal-stability polymers form continuous carbonaceous layers upon decomposition, which act as
thermal and mass-transfer barriers to suppress thermal feedback and limit fuel supply. Furthermore,
synergistic integration with flame-retardant coatings can further enhance the separator’s ability to mitigate
TRI7172,

Overall, separator-based flame-retardant strategies integrate two complementary mechanisms: active
functional coatings that mediate combustion via endothermic decomposition, radical scavenging, or
triggered release during late-stage TR, and passive, intrinsically nonflammable materials that bolster safety by
preserving structural integrity, retarding electrolyte release/vaporization, and forming high-temperature
carbon barriers. Together, these event-responsive and material-intrinsic approaches provide synergistic
safety enhancement for high-energy-density batteries.

The active regulator: separator-enabled electrolyte engineering for battery longevity

Owing to its intrinsic chemical inertness, the separator has long been regarded as a passive safety component
in battery systems. However, growing understanding of transport phenomena and interfacial reactions has
revealed that the separator can also actively influence electrolyte behavior across multiple length scales.
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Because the separator maintains continuous contact with both electrodes and its three-dimensional porous
structure is fully infiltrated by electrolyte, it can regulate ion transport at the interfacial scale and influence
electrolyte distribution and retention at the bulk scale, placing it at a critical nexus of multiscale
electrochemical processes. Accordingly, rational structural and chemical design of separators provides a
means to modulate electrolyte-related physicochemical processes, which in turn can influence reaction
kinetics, interfacial stability, and long-term cycling behavior. In this section, separator-enabled electrolyte
engineering is discussed from three interconnected dimensions: microscopic regulation - control of the local
solvation structure, interfacial regulation - control of film formation reactions, and spatial regulation - design
of electrolyte distribution and transport continuity

Molecular-level design: regulation of ion transport behavior

Interfacial stability is primarily dictated by the uniformity of interfacial ion flux and the rational regulation of
the dynamic Li* desolvation process!"”’.. For separators, pore architecture and thickness are the principal
parameters governing ion transport. In general, high porosity, large pore size, and reduced thickness
facilitate lower transport resistance, thereby improving ion supply at the interface and promoting interfacial
stability. Nevertheless, optimal separator design should not pursue transport performance alone, but instead
balance ion-transport efficiency with mechanical robustness.

From a mechanistic perspective, regulating interfacial Li* desolvation kinetics essentially involves tuning the
binding energy between Li* and solvent molecules!”*""*), as well as the corresponding decoordination process.
Because the separator remains in continuous contact with both the electrodes and the electrolyte, its surface
chemistry provides a valuable handle for modulating interfacial ion-transport behavior. By grafting polar
functional groups onto the separator surface or introducing polar coatings, the interactions with solvent
molecules and anions can, to some extent, reconstruct the local solvation environment and lower the energy
barrier associated with Li* desolvation, thereby improving interfacial reaction kinetics"””". Meanwhile, the
increased surface polarity of the separator also enhances electrolyte wettability and promotes electrolyte
enrichment at the interface, which in turn alleviates concentration polarization arising from excessive local
ion-flux gradients. Collectively, these effects help suppress interfacial lithium plating and favor the formation
and evolution of a more stable SEI"”*'”). For example, Cheng et al. used a copper-based metal-organic
framework functionalized hydroxyapatite/bacterial cellulose (Cu-MOF@HB) separator with abundant Cu*
sites to accelerate Li* desolvation and, combined with a high transference number of 0.74 and high ion
conductivity of 0.95 mS cm™, achieve uniform interfacial ion release, suppressing Li accumulation on the
anode""). These results indicate that the synergistic design of separator structure and chemistry can reduce
the binding energy between lithium ions and solvent molecules, while optimizing the desolvation and
transport processes, thereby directly enhancing the kinetic performance and interfacial stability under
fast-charging conditions [Figure 3A]"".

Interfacial regulation: controlled release and anchoring of electrolyte additives

Beyond preventing direct electrode contact and enabling ion transport, the separator can also serve as an
important functional reservoir within the battery. Its abundant porous structure provides effective sites for
the storage and localized enrichment of sparingly soluble electrolyte additives. Accordingly, separators with
larger pore size and higher porosity are generally more favorable for additive loading and electrolyte
retention. The accompanying decline in mechanical strength can, however, be mitigated through
surface-engineering strategies such as ceramic coatings.

Additives such as LiNO,"* and sulfonates"®", can be gradually released through slow dissolution from the

separator, thereby promoting an increased inorganic fraction in the SEI. This modification boosts ionic
transport and thermal stability, which collectively sustain the structural and electrochemical reversibility of
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the anode interface during high-temperature, high-load operation. Furthermore, although phosphorus-based
flame retardants help improve battery fire resistance, their direct addition to the electrolyte can trigger
interfacial side reactions with the graphite anode, degrading Coulombic efficiency. In contrast, anchoring
them onto polyolefin separator surfaces via radiation-induced grafting maintains flame-retardant
functionality while eliminating interference with the anode interface"®. Along the same line, chemically
grafting flame-retardant additives into separator coatings offers an additional route to balance safety
enhancement with electrochemical stability. By immobilizing the active species within the coating matrix,
their flame-retardant function can be retained while avoiding direct participation in interfacial
electrochemical reactions.

Spatial regulation: designing electrolyte distribution

In lithium-ion batteries, solvent molecules serve as the primary transport medium for Li* ions. Adequate
electrolyte wetting within porous electrodes, together with its stable retention during cycling, is essential for
sustaining continuous ion transport, suppressing interfacial side reactions, and ensuring long-term
operational stability of the cell [Figure 3B]™!. Commercial polyolefin separators, owing to their intrinsically
low surface energy and nonpolar chemical nature, exhibit limited wettability and retention toward polar
electrolytes"*”. This deficiency not only retards electrolyte infiltration during cell fabrication but also
promotes nonuniform electrolyte distribution at the electrode/separator interface during prolonged cycling,
leading to locally hindered ion transport and even electrolyte-depleted regions. Although separators with
larger pore size and higher porosity can, to some extent, facilitate electrolyte penetration, the improvement
remains limited. Conventional modification strategies primarily enhance the wettability of the external
separator surface, while the internal pore channels still retain their low-surface-energy and nonpolar
characteristics, thereby hindering complete wetting throughout the entire pore network!®!.
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Under conditions of thick electrodes or restricted electrolyte volume, this limitation further exacerbates
uneven electrolyte distribution and interfacial instability"*'*). Accordingly, fundamentally enhancing the
wetting and retention of electrolyte within the separator requires systematic modulation of both the polymer
matrix and the surface chemistry of the pore network. Among various strategies to enhance electrolyte
affinity of separators, y-ray irradiation is recognized as a representative bulk activation method. Sheng et al.
systematically varied the y-ray dose (20-100 kGy) applied to commercial PE separators, demonstrating that
high-energy irradiation effectively cleaves the polymer chains and induces surface oxidation, thereby
introducing polar functional groups such as C=0 and C-O within the separator matrix [Figure 3C]"*?).
Beyond physical irradiation approaches, chemical modification of the polyolefin backbone has also
demonstrated notable advantages in tuning polarity. Na and colleagues reported a strategy introducing
catechol functional groups into the polyolefin main chain, which significantly enhanced the surface polarity
and wettability of the material, enabling more stable interactions with polar media"*".

For high-volume-expansion anodes, sustained mechanical compression can cause traditional microporous
separators to collapse or locally block their pores, markedly hindering ion transport, amplifying electrode
polarization, and accelerating performance degradation"*”'**. Under extreme conditions, such mechanically
induced transport limitations may even act as a potential trigger for cell failure [Figure 3D]"*. Enhancing
the flexibility and deformation adaptability of separators during cycling is a key strategy to mitigate
mechanical mismatch at the interface between silicon-based anodes and the separator. Compared with
conventional polyolefin separators, high-performance polymers such as PI, PAN, and bacterial cellulose
exhibit lower elastic moduli and superior toughness, enabling them to absorb mechanical stress from the
anode through reversible deformation"*.. These materials can be processed into porous fibrous networks via
electrospinning as functional coatings or directly fabricated into self-supporting membranes, preserving
continuous ion transport pathways while reducing the risk of microstructural damage caused by electrode
volume expansion.

From lithium-ion battery to sodium-ion battery

Sodium-ion batteries, due to the abundant natural reserves and low cost of sodium, are widely regarded as an
ideal complement to lithium-ion batteries'*****. The relatively smaller Stokes radius of Na* compared to
lithium ions facilitates faster ion migration within the electrodes and lowers the desolvation energy barrier,
enabling sodium-ion batteries to maintain excellent power performance even under high-rate and
low-temperature conditions"**'**. Therefore, they are particularly well-suited for high-power devices and
applications in high-altitude or cold environments. From a separator design perspective, minimizing ion
transport resistance by reducing separator thickness and optimizing pore structure has become a key focus in
the development of sodium-ion battery separators!**'**/. At the same time, under low-temperature
conditions, the increased electrolyte viscosity together with the decline in separator wettability can further
weaken electrolyte infiltration and retention within the pore network, thereby hindering ion transport and
aggravating interfacial polarization. Therefore, separators for sodium-ion batteries must not only exhibit low
transport resistance, but also maintain excellent low-temperature wettability and electrolyte retention to
ensure continuous and stable ion transport under sub-ambient conditions. In addition, effective control of
separator cost remains a critical factor in enabling the broader adoption of sodium-ion batteries.

Although sodium-ion batteries generally exhibit lower energy density than lithium-ion batteries, this does
not necessarily translate into improved safety. The hard carbon anodes commonly employed in sodium-ion
systems tend to form quasi-metallic sodium clusters and SEI layers rich in soluble components, leading to
intrinsically poor interfacial thermal stability and an increased propensity for severe exothermic reactions
under abusive conditions"*>*”). In addition, the interplay between Na* desolvation energy and deposition
potential renders sodium plating more favorable at the anode surface, thereby exacerbating interfacial
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instability and leading to irreversible sodium loss"**'***l. Correspondingly, sodium-ion batteries have been
reported to undergo noticeable self-heating at lower temperatures compared with lithium-ion systems,
suggesting relatively poorer interfacial thermal stability"*). Accordingly, stabilizing the hard carbon anode
interface represents a key challenge for advancing sodium-ion batteries. As in lithium-ion batteries,
functional surface engineering of separators offers an effective strategy to regulate the dynamic evolution of
ion desolvation at the molecular level while enhancing Na* transport, thereby improving interfacial stability
and retarding early-stage heat generation”**>**) Meanwhile, the intrinsic thermal stability of the separator
remains a fundamental prerequisite for sodium-ion battery design!**>*>***),

SEPARATOR DESIGNS FOR LITHIUM METAL BATTERIES

As conventional lithium-ion batteries approach their intrinsic energy-density limits, further gains from
optimizing electrode composition or microstructure become increasingly limited. This limitation arises from
the restricted capacity of intercalation-type anodes and the unavoidable fraction of inactive components. In
this context, redesigning the anode at the system level emerges as a necessary strategy to overcome

210

energy-density bottlenecks”. Lithium metal, with its ultrahigh theoretical specific capacity (3,860 mAh g)
and lowest electrochemical reduction potential (-3.04 V vs. SHE), not only enables significant improvements
in both gravimetric and volumetric energy density but also simplifies anode architecture and reduces inactive
mass, providing a fundamental materials basis for high-energy systems. Consequently, replacing
conventional graphite with lithium metal is widely recognized as a critical pathway to surpass the current
energy-density ceiling of lithium-ion batteries and support long-range electric vehicles and advanced
stationary storage applications. However, this transition introduces new challenges in interfacial stability,
dendrite formation, and overall safety, driving the concurrent evolution of electrolyte, separator, and

interface engineering strategies.

Research progress of separators for lithium metal anodes

The electrochemical reaction in the graphite anode, a typical porous electrode, proceeds via the bulk
insertion/extraction of Li* ions. This mechanism is distinct from surface-limited reactions, as it occurs
throughout the entire electrode volume. [Figure 4A]*"'***l. Conversely, the lithium metal anode is a
conventional planar electrode. Its electrochemical reaction - the plating and stripping of lithium - is
primarily an interfacial event, predominantly occurring at the electrode surface[Figure 4B]******. Unlike a
porous electrode, the flat surface of lithium metal cannot homogenize the high local current density inherent
to its plating/stripping reactions. The resulting concentrated ionic flux promotes inhomogeneous lithium
deposition, which manifests as dendrite growth, severe interfacial fluctuations, and cumulative degradation
of the SEI. The separator is not merely a physical barrier but a critical determinant of lithium metal anode
behavior. In direct contact with the lithium surface, its structural and chemical properties profoundly affect
local current distribution, dendrite growth patterns, and the stability of the interfacial films. Consequently,
optimizing the separator design to regulate lithium deposition behavior has emerged as a key and more
targeted strategy for solving interfacial problems in lithium metal batteries, as it is far more effective and
direct than managing the interface through a porous electrode matrix.

ITon transport regulation via pore structure design

The function of separators in lithium metal batteries has transcended their conventional role as passive
physical barriers between the cathode and anode, evolving into a critical functional component that governs
ion transport kinetics and interfacial stability. From a structural perspective, typical polyolefin separators
consist of a polymer matrix and a three-dimensionally interconnected pore network. The polymer matrix
provides essential mechanical strength, chemical stability, and structural integrity, yet its intrinsic
ion-insulating nature precludes direct involvement in ion conduction. In contrast, the electrolyte-saturated
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pore network serves as the primary pathway for lithium-ion transport, “matrix-pore” dual-phase composite
structure renders ion transport within the separator highly dependent on its microstructural characteristics.
Structural defects such as non-uniform pore size distribution, inadequate pore connectivity, or excessively
high pore tortuosity impose significant geometric constraints on lithium ions during transmembrane
migration, leading to increased overall ionic transport resistance and heterogeneous local flux distribution.

Critically, the inherent ion-blocking property of the polymer matrix results in spatially discontinuous ion
flux distribution within the separator, forcing ionic transport to concentrate within a limited number of
effective channels. For lithium metal anode systems, such heterogeneous ion supply directly exacerbates
interfacial polarization, causing local current densities to deviate substantially from the macroscopic average.
This disruption in the kinetic equilibrium of lithium deposition/dissolution promotes preferential
heterogeneous nucleation and oriented growth of lithium in regions of high ion flux, ultimately leading to
dendritic morphologies””'”. Conversely, in areas with insufficient ion supply, discontinuous lithium
deposition and repeated fracture-reconstruction cycles of the SEI occur, thereby accelerating interfacial
degradation processes.

This insight has redirected separator design for lithium metal batteries (LMBs) from maximizing porosity to
precisely modulating ionic flux distribution®. Ideally, Li* migration across the separator should follow a
vertical trajectory. To achieve this, vertically aligned or low-tortuosity pores are engineered to specifically
reduce diffusion resistance, ensuring a continuous and uniform ionic flux along the thickness direction. This
effectively mitigates concentration gradients and local polarization effects at the electrode-separator interface
that arise from transport limitations. As demonstrated by Lee et al.”**, separators with deliberately designed
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tortuosity gradients - exhibiting finger-like (LT, t = 1.13), mixed finger-sponge (MT, t = 1.52), and
sponge-like (HT, t = 2.88) morphologies [Figure 5A] - were simulated to reveal that vertically aligned
channels in the LT separator enable homogeneous Li* distribution by suppressing through-thickness
concentration gradients [Figure 5B]. This uniform ion supply reduces interfacial reaction heterogeneity on
the lithium metal anode, promoting smooth deposition and ultimately yielding a stable LT-Li [NCMs11 full
cell with 80% capacity retention after 205 cycles.

Building upon this foundation, hierarchical pore architectures extend the design space for pore-structure
regulation. In such architectures, macropores establish low-impedance, fast ion-transport pathways, while
meso- and micropores function as local “flux regulators” near the electrode interface. In this context, Yi et
al."* developed the S7540 separator, which integrates ultra-high porosity with a broad, multimodal pore-size
distribution, thereby leveraging a synergistic ion-transport mechanism across macro (> 1 pm) and
micro-/mesoporous (< 100 nm) regimes. This hierarchical architecture enables length scale coupled
enhancement of ionic conduction (2.45 mS cm™). Beyond hierarchical porosity, gradient pore architectures
represent another effective design strategy, in which the pore size varies continuously across the separator
thickness!®!. Separators with asymmetric or graded pore distributions offer a distinct advantage: a higher
pore density or smaller pore size on the lithium metal side forms an interfacial ionic-flux buffering layer,
while the bulk of the separator retains high overall transport efficiency!**"”.. This spatially asymmetric design
enables the pore architecture to actively modulate lithium deposition kinetics, transforming it from a passive
ion-conduction medium into a dynamic interfacial regulator.

Beyond the physical architecture, the chemical nature of separator pore surfaces also plays a critical role in
regulating lithium metal interfacial behavior. Pores are not merely channels for ion transport; they form
confined microenvironments where the chemical functional groups on pore walls significantly influence the
solvation structure of Li*, the extent of anion participation, and the orientation of solvent molecules.
Compared with the bulk electrolyte, this confined environment enhances surface-ion interactions, thereby
governing ion distribution and transport kinetics within the pores. Accordingly, various surface grafting and
modification methods - such as ultraviolet, electron-beam, plasma, and y-ray irradiation - have been



Chen et al. Energy Z 2026, 2, 200005 Page 21 of 48

developed in recent years. These techniques enable the introduction of diverse functional groups while
preserving pore connectivity. The chemical and electronic properties of these groups directly dictate local
solvation configurations and ion-transport behavior. Specifically, introducing functional groups with varying
polarities, Lewis acid-base characteristics, or charge properties onto the surface and pore walls of separators
enables selective interactions with solvent molecules and/or Li*, thereby reconstructing the local solvation
environment within the confined pores”*. For example, functional groups such as amino (-NH,), carboxyl
(-COOH), and fluorinated (-F), which exhibit distinct electronic effects’?*'!, are able to form weak
coordination interactions with Li*. These interactions establish interfacial hopping sites along pore surfaces,
promoting partial de-solvation and enabling Li* migration through surface-assisted pathways. Consequently,
ion transport transitions from solely relying on bulk electrolyte conduction to a hybrid mechanism that
combines bulk diffusion with interfacial surface conduction. Conversely, charged or strongly polar functional
groups can selectively adsorb or restrict anions, thereby raising the Li" transference number. Representative
examples such as sulfonate groups (-SO,) have demonstrated effective regulation of anion distribution and

improved uniformity of Li* transport"®. The incorporation of such ion-selective sites alleviates concentration
gradients and polarization caused by pore-scale heterogeneity or local electrolyte depletion - a factor
especially critical for lithium metal anodes governed by interfacial reactions.

Based on the above mechanism, the function of separator pores has gradually evolved from the traditional
role of serving as passive electrolyte reservoirs to acting as chemically active microenvironments capable of
regulating ion behavior. Within the confined pore space, the introduction of functional groups with Li*
affinity or coordination capability can modulate the local solvation structure, facilitate the partial
de-solvation of Li*, and create continuous ion migration sites along the pore walls. As a result, Li* transport
can be guided along preferential pathways to a certain extent. In this context, separator designs that endow
pore surfaces with ion-regulation capability can be regarded as a form of “active separator”.

It should be emphasized that although this “active” characteristic shares certain similarities with the
ion-transport behavior observed in solid polymer electrolytes, ion conduction within separators still
predominantly relies on the liquid electrolyte confined in the porous structure. The functional groups
introduced on the pore walls mainly regulate the ion solvation structure, local ion concentration, and
migration pathways through interfacial interactions. Their role is therefore essentially associated with
interfacial regulation and transport assistance, rather than forming a continuous primary ion-conducting
phase. Consequently, the function of such modified separators should be understood as modulating the local
ion-transport environment and interfacial reaction kinetics, rather than replacing the electrolyte as the
dominant medium for ion conduction.

From this perspective, the concept of “active separators” reflects an important evolution in separator design
philosophy, shifting from purely structural optimization toward a comprehensive strategy that integrates
structure, surface chemistry, and interfacial behavior regulation. By modulating ion flux distribution,
solvation structures, and interfacial reaction processes at the pore scale, such functionalized separators can
more effectively address key challenges associated with lithium metal anodes, including dendrite growth,
interfacial instability, and enhanced polarization. Consequently, these advanced separator designs provide
new insights and promising pathways for the practical implementation of lithium metal batteries.

Interfacial stabilization via separator-mediated SEI control

Building upon the discussion of how the separator’s pore structure - both physically and chemically -
regulates Li* solvation in the electrolyte, this influence extends beyond the liquid phase to include bulk-phase
solvation effects on interfacial processes. This chapter will now examine functional coating strategies for
separators, with a focus on how tailored coating designs can enhance the formation and stability of the SEI
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layer.

Polymers, due to their wide variety of chemical systems, have been widely favored for designing coatings
with different mechanical, transport, and electrochemical properties. Huang et al.”* recently discussed the
role of polymer coatings in addressing the various stages of lithium heterogeneous deposition. They found
that inert polymers like PDMS or PEO could suppress interfacial side reactions, thereby improving the
composition of the SEI layer. Moreover, Wang et al.”*! developed a high-performance separator for lithium
metal batteries by coating a PP separator with a functional polymer layer composed of polyaniline (PANT)
and polyvinylidene fluoride-hexafluoropropylene (PVDE-HFP) [Figure 6A]. From the perspective of ion
transport properties, the PSPH@PP separator exhibits a higher ionic conductivity (0.947 mS cm™) than the
pristine PP separator (0.768 mS cm™). Consistently, the Li* transference number of the PSPH@PP separator
(0.765) is also significantly higher than that of the PP separator (0.451). The conjugated structure of PANI in
the PSPH coating promotes electron delocalization and interface homogenization, significantly reducing the
tip effect caused by uneven current density and resulting in a more uniform SEI structure. Moreover, the
synergistic interaction between the n-conjugated structure and -NH" groups in the coating further facilitates
anion decomposition, thereby promoting Li* desolvation and optimizing SEI composition [Figure 6B and C].
The high content of inorganic components notably enhances the structural stability of the SEI [Figure 6D].
Yang et al.”” synthesized a lithium-affinity donor-acceptor polymer (ArMT), based on a triazine ring, and
coated it onto a PP separator, as shown in Figure 6E. The study indicates that ArMT exhibits a stronger
binding affinity toward ethylene carbonate/ diethyl carbonate (EC/DEC) solvent molecules than toward Li".
Compared with the pristine PP separator, the Li" transference number of the ArMT@PP separator increases
from 0.55 to 0.67. This behavior suggests that the preferential interaction with solvent molecules can stabilize
the local solvation environment, which in turn facilitates the formation of a more uniform and stable SEI
[Figure 6F and G]. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) depth profiling reveals a
shallow distribution of LiF,” and PO, on the SEI surface [Figure 6H and I], indicating that passivation is
confined mainly to the surface and results in a thinner, more stable SEI layer. This SEI structure improves Li*
conductivity, mitigates uneven lithium deposition during cycling, and enhances battery cycling stability.

In addition, sacrificial polymer coatings have also attracted considerable attention. These coatings can be
functionalized with reactive groups to promote targeted reactions with lithium metal, thereby facilitating the
formation of a favorable SEI composition. Jin et al.”** utilized a fluorinated self-assembled monolayer
(F-SAM, 3,3,3-trifluoropropylsilane) as a sacrificial layer, as shown in Figure 6]. The C-F bonds in this
structure react with lithium metal during cell fabrication and early cycling to form a stable SEI layer. Beyond
such fluorinated sacrificial layers, other polymers - such as those containing ether or amide groups - can also
serve as functional coatings.

Encapsulating functional additives within the pore structure of porous materials enables their gradual release
during charge-discharge cycles, thereby allowing continuous modulation of the SEI. Liao et al.”*"! used
high-surface-area hollow mesoporous silica (HMS) as a LINO, storage carrier to obtain the commercial
polyolefin separator (CSN) [Figure 7A]. The results indicate that the coating interface enriches NO,,
promoting its involvement in regulating the interfacial solvation structure of Li*. X-ray photoelectron
spectroscopy (XPS) analysis further reveals that the continuously released LiNO, is reduced on the lithium
anode surface, forming an SEI layer rich in highly ion-conductive lithium nitride (Li,N) [Figure 7B], thereby

enabling long-term stable and uniform migration and deposition of Li'.

Based on these developments, organic framework materials featuring highly tunable structures and abundant
functional sites - notably MOFs and covalent organic frameworks (COFs) - have emerged as a prominent
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research focus. Chang et al.”” reported the successful in-situ growth of ZIF-8 on a PP separator, enabling the
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Figure 6. (A) Current density distribution on the lithium metal surface and the corresponding magnified image; (B) Percentage of LiF and
Li;N components in the SEl under different separators; (C) Schematic of SEIl formation under PP and PSPH@PP separators; (A-C) are
reprinted with permission from Reft?23), Copyright © 2025 Wiley; (D) Chemical structure of ArMT; (E and F) Cls and Lils XPS spectra of
lithium metal under PP and ArMT@PP separators after cycling tests; (G and H) TOF-SIMS depth profiling maps showing radial
distributions of Li-, C-, LiF,,, and PO, fragments from lithium metal under corresponding PP and ArMT@PP separators; (1) Schematic
illustration of SEI formation mechanisms for conventional separators versus FSL-coated separators; (D-I) are reprinted with permission
from Reft®?), Copyright © 2025 Wiley; (J) Schematic image of SEI formation mechanism; (J) are reprinted with permission from Reft?24,
Copyright © 2024 Wiley. PSPH: PP: polypropylene; ArMT: a lithium-affinity donor-acceptor polymer; SEl: solid electrolyte interphase;
F-SAM: fluorinated self-assembled monolayer; FSL: 3,3,3-trifluoropropylsilane sacrificial layer; XPS: X-ray photoelectron spectroscopy;
TOF-SIMS: time-of-flight secondary ion mass spectrometry; ArMT@PP: a lithium-affinity donor-acceptor polymer on PP separator.

realization of a 350 Wh/kg lithium metal pouch cell, demonstrating the potential of MOF materials in
improving battery energy density. In certain framework structures, the presence of functional groups such as
-SO,H, -NH,, and -F can further enhance the stability of the SEI. Chen et al.”* proposed a PP separator
modified with an anionic covalent organic framework (Bd-COF) [Figure 7C]. The abundant -SO,H groups
in the Bd-COF channels strongly interact with Li(EC),*, promoting partial desolvation of Li*. This effectively
reduces solvent-related side reactions on the electrode surface and significantly lowers interfacial impedance
[Figure 7D]. Yao et al.”” employed a cationic COF - composed of positively charged organic units and
weakly bonded F~ ions - to modify a commercial PP separator (COF-F@PP, Figure 7E). The positively
charged framework confines anions and interacts strongly with solvents, enhancing Li* desolvation and
raising the Li* transference number to 0.66 [Figure 7F], while simultaneously suppressing interfacial
decomposition and promoting the formation of an LiF-rich SEI [Figure 7G-I].

Similarly, encapsulating functional substances or additives within the pore structures of such organic
frameworks enables precise regulation of the SEI. For instance, embedding polyoxometalates (e.g.,
phosphotungstic acid, PW ,)**”" or LiINO,"**! into UIO-66 for coating modification of commercial PP
separators represents an effective approach. In the former case, PW , promotes the desolvation of Li* within
the UIO-66 pores, thereby accelerating ion transport and facilitating the formation of an SEI enriched with
LiF [Figure 8A-C]. In the latter, the gradual release of LiNO, contributes to a homogeneous, inorganic-rich
SEI (primarily composed of LiF, Li,N, LiN,O,), which effectively stabilizes the lithium metal anode during
long-term cycling [Figure 8D and E].
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Figure 7. (A) Schematic diagram of the protection mechanism of HMS@LiNO; particles; (B) XPS analysis of SEI layers on Li metal surfaces
by adopted CSN separator; (A and B) are reprinted with permission from Reft220! | Copyright © 2025 Elsevier; (C) Schematic diagram of
transport and desolvation processes of Li* within COF channels; (D) Schematic diagram of transport and desolvation processes of Li*; (C
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Dendrite inhibition via functional separator design

The uneven distribution of Li" at the interface leads to localized current density concentration, resulting in
heterogeneous nucleation and preferential growth of lithium metal along with additional deposition
overpotential. Research indicates that the overpotential generated by accelerated electrodeposition
accumulates at dendritic tips, forming localized “hot spots” that further lower the nucleation barrier and
promote directional dendrite growth. This process is exacerbated under coupled electrochemical-thermal
effects, creating an unstable dendrite-prone environment. Therefore, enhancing interfacial heat dissipation
and reducing local thermal accumulation have been recognized as effective strategies to suppress dendrite
growth. Building on this, Han et al."?*"! designed a rapid-heat-dissipation separator by coating a
high-thermal-conductivity graphene layer onto a PP separator. During battery operation, this separator
functions as a “heat sink”, significantly improving the effective thermal conductivity at the lithium metal
interface, reducing local temperature gradients, thereby inhibiting dendrite formation and enhancing the
overall stability of the lithium metal anode interface.

However, passive strategies such as thermal management or mechanical confinement alone are insufficient
to fundamentally eliminate the risk of dendrite growth and separator penetration. Inhomogeneous lithium
deposition at the interface is inevitable, and localized current concentration can still promote preferential
dendrite growth. Sole reliance on mechanical suppression offers limited physical restraint, leaving
short-circuit risks unresolved. Consequently, introducing functional reactive coatings on the separator anode
side has emerged as a more proactive regulatory approach. Materials such as silicon” and black phosphorus
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Figure 8. (A) Schematic representation of POM@MOF-coated separators enabled selective ion-transport behavior; (B) Binding site of Li*
with EC, DEC, UlO-66, and PW,,; (C) 1s, Li 1s and F 1s XPS spectra of cycled Li anode with PW,,@UI066-PP; (A-C) are reprinted with
permission from Reft?2”), Copyright © 2025 Wiley; (D) Rational design of LNO@UIO-66F/P| separator in LMBs; (E) Diagram illustrating
the SEI composition and its key components formed during cycling with the designed separator; (D and E) are reprinted with permission
from Reft?28), Copyright © 2025 Wiley. POM: Polyoxometalate; MOF: metal-organic framework; PP: Polypropylene; EC:ethylene carbonate
DEC: diethyl carbonate; PW,,: phosphotungstic acid; PW,,@Ul066-PP: phosphotungstic acid doped on polypropylene-modified UIO-66;
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(21 Jeverage their reversible reactions or alloying characteristics with lithium. When dendrites contact the
coating, these materials preferentially consume active lithium, reconstitute the interfacial composition, or
induce uniform interfacial reactions. This mechanism passivates and self-suppresses dendritic tips, effectively
reducing the likelihood of continued dendrite growth and separator puncture, thereby significantly
enhancing battery safety and cycling stability.

Towards advanced separators for lithium metal batteries: design and engineering exemplified by Li-S
systems

Lithium metal batteries can directly supply lithium from the anode and therefore enable the use of
high-capacity lithium-free cathodes such as sulfur and oxygen?. However, these conversion-type cathodes
rely on conversion reactions rather than intercalation mechanisms. Although they increase energy density,
they also tend to aggravate interfacial degradation of the lithium metal anode, thereby posing significant
challenges to commercialization. As a critical battery component, the separator faces more demanding
performance requirements in such systems. The following section will take lithium-sulfur batteries as an
example to systematically analyze the challenges they impose on separator design and the corresponding
mitigation strategies!*****),

In lithium-sulfur batteries (LSBs), the solid-liquid-solid reaction mechanism rather than a simple two-phase
transformation is central to their electrochemical processes. During discharge, S, is reduced to a series of
soluble long-chain lithium polysulfides (Li,S, — Li,S, — Li,S,). As further lithium is added, these polysulfides
are converted into shorter-chain solid compounds (Li,S, — Li,S, — Li,S)"**>**. However, long-chain

polysulfides exhibit significant solubility in the electrolyte, allowing them to diffuse from the cathode to the
anode, where they react with lithium metal, forming insulating compounds like Li,S, and Li,S. This leads to
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the well-known polysulfide shuttle effect, which results in severe loss of active sulfur material, low
Coulombic efficiency, and accelerated degradation of the lithium metal anode. This solid-liquid-solid
mechanism is inherently more complex than the simple ion insertion and extraction seen in traditional
intercalation electrodes®”**. It not only requires the dissolution and migration of materials but also involves
their subsequent redeposition, which necessitates careful design and optimization of separators, electrolytes,
and electrode materials to ensure efficient cycling and minimize issues such as polysulfide shuttling, dendrite
formation, and capacity fade.

As aresult, the separator must not only allow efficient ion transport but also manage the interactions
between the dissolved species and the electrode materials. Therefore, the separator design must ensure: (1)
Effective Containment: Preventing the migration of soluble reaction intermediates across the separator,
which can lead to capacity loss and other unwanted side reactions; (2) Improved Ionic Conductivity:
Facilitating the efficient transport of lithium ions across the separator without introducing significant
resistance, particularly during the dissolution and redeposition processes of active materials; (3) Interface
Stability: Providing a stable interface between the electrolyte and electrode to support the complex
dissolution-redeposition cycles, preventing degradation of the separator and maintaining overall battery
performance.

Design strategies for physical isolation and confinement

In Li-S batteries, the polysulfide shuttle effect leads to distinct formation and evolution mechanisms of the
SEI on the lithium metal surface compared to graphite anodes. Graphite anodes generally develop a stable
SEI layer that suppresses side reactions, whereas the SEI on lithium metal anodes is inherently unstable and
subjected to far greater impact than transition metal crossover in lithium-ion batteries. This is because
polysulfide dissolution and migration are intrinsic to the reaction pathway of Li-S batteries. Dissolved
polysulfides migrate across the separator along the concentration gradient during charge-discharge cycles
and reach the lithium metal anode surface. Due to the absence of a stable, graphite-like SEI barrier,
polysulfides react directly with lithium metal, forming non-conductive species such as Li,S,. This process not
only continuously depletes active sulfur species but also promotes lithium dendrite growth and SEI fracture,
thereby accelerating battery performance degradation®"/,

Therefore, in Li-S batteries, the selective barrier function of the separator is particularly critical. The
separator must not only provide Li* conducting channels but also serve as an effective barrier to prevent
polysulfide migration. Physical blocking represents one of the most direct and widely adopted strategies to
suppress polysulfide shuttling. This strategy mainly regulates the transport pathways and diffusion behavior
of polysulfides, delaying or even blocking their transmembrane migration at the structural level, thereby
effectively confining active sulfur species within the cathode region.

A widely adopted strategy involves incorporating an independent interlayer on the cathode side of
commercial polyolefin separators. This design aims to suppress polysulfide migration by constructing more
tortuous diffusion pathways. Carbon-based materials, including carbon black, graphene, and carbon
nanotubes, are commonly employed as interlayer materials owing to their excellent conductivity, mechanical
stability, and processability. These materials not only mitigate polysulfide shuttling but also enhance overall
separator performance by improving electrical conductivity and providing a stable scaffold for efficient sulfur
utilization. As early as 2012, Su et al. introduced a microporous carbon paper (MCP) interlayer between the
cathode and separator to facilitate polysulfide adsorption in the electrolyte®™?. Experimental results indicated
that after 100 cycles, the specific surface area of the MCP decreased substantially from 659 m* g" to 61 m’ g,
and the total pore volume declined from 1.94 cm® g to 0.28 cm’ g'**?l. These changes directly demonstrate
the effective accommodation and retention of soluble polysulfides within its pore structure during cycling.
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Furthermore, this conductive carbon material acts as a secondary current collector, enhancing
active-material utilization. With this conductive porous interlayer, a pure sulfur cathode delivered an initial
discharge capacity of 1,367 mA h g and retained about 85% capacity after 1,000 cyclesat 1 C (1 C = 1,675
mA g"), with an average Coulombic efficiency of 97.6%**..

Building upon the independent interlayer approach, researchers have further extended their efforts to the
separator body itself, directly constructing functionalized coatings on the separator surface. This strategy
enables more precise regulation of the polysulfide migration pathways. Wang et al. coated a polypropylene
(PP) separator with a two-dimensional porous carbon sheet (LPC) that combines nanoscale thickness with
naturally stacked layered structures, effectively suppressing polysulfide migration”*”. Beyond carbon-based
materials, coating compositions have been extended to include inorganic ceramics and polymers. In
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addition, Wang et al.”**! proposed a novel functionalization strategy for PP separators through the in-situ
polymerization of thioctic acid (PTA). Compared with direct coating methods, this heat-triggered
ring-opening polymerization process not only simplifies operation but also preserves the intrinsic
nanoporous structure of the separator”**). The abundant carboxyl groups in the PTA side chains
electrostatically stabilize polysulfides on the cathode side of the separator, thereby promoting polysulfide

conversion and significantly enhancing overall battery performance.

Multilayer structure design is also one of the key strategies to enhance the physical isolation effect of
separators. A typical asymmetric separator usually features a dense barrier layer on the cathode side,
combined with a porous support layer, introducing a gradient of pore size and transport resistance along the
thickness direction of the separator. For instance, Zhou et al. developed a bilayer-coated separator
(SPLAOMS) by combining LiAlO, nanorods (LAO) and conductive carbon (SP)"***. In this structure, the
Super P layer primarily acts through physical isolation to inhibit the diffusion of polysulfides, thereby
improving sulfur utilization, while the LAO layer enhances ion flux by optimizing Li* conductivity. This
structural design effectively balances the issues of ion conduction and polysulfide shuttle suppression,
becoming an important direction in the development of physical isolation-type separators. Furthermore,
functional polymer coatings can utilize steric hindrance or electrostatic interactions to suppress the shuttle
effect of soluble polysulfides and facilitate Li* deposition kinetics. Ko et al. explored clay-based layered
materials with low lithium-ion diffusion barriers, such as lithium-montmorillonite (0.15 eV), zinc sulfide
(ZnS, 0.494 €V), magnesium oxide (MgO, 0.45 eV), aluminum oxide (Al,O,, 1.22 eV), and cerium oxide
(CeO,, 0.66 eV)*l. These materials enable facile lithium-ion diffusion within the sulfur cathode, thereby

improving the electrochemical performance of Li-S batteries™*.

Overall, physical isolation-dominated separators provide an important structural foundation for suppressing
polysulfide shuttling in lithium-sulfur batteries, and their design concepts have, to some extent, improved the
cycling stability of the battery. However, under the practical operating conditions of high-energy-density
lithium-sulfur batteries, relying solely on physical isolation is often insufficient to achieve long-term stable
polysulfide confinement. This limitation has prompted further research into integrating chemical adsorption
and catalytic functionalities, which can synergistically work with the physical isolation effect to enhance the
overall performance and stability of the separator.

Design strategies for chemical adsorption and immobilization

Due to the weak adsorption energy of van der Waals forces, physical adsorption or electrostatic repulsion
alone is insufficient to effectively prevent polysulfide diffusion. In contrast, chemisorption - with its stronger
adsorption energy - restricts polysulfide migration through electron transfer, exchange, or sharing with
polysulfides. Taking polar molecules as an example, their separated positive and negative charge centers
result in uneven charge distribution or electric dipoles, forming polar covalent bonds. Atoms with lower
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electronegativity in these molecules exhibit relatively positive characteristics within the covalent bonds.
Consequently, polar-polar interactions can occur between these less electronegative atoms and polysulfide
ions carrying excess negative charge, thereby enhancing polysulfide adsorption. In recent years, designing
separators modified with polar materials has become one of the most effective strategies for suppressing
polysulfide shuttling.

Introducing heteroatoms to non-polar carbon materials can create quasi-polar sites, and thus help to
enhance the interaction between carbon materials and polysulfides. By using graphene as a model, the
graphene nanoribbons with different doped heteroatoms (e.g., B, N, O, F, P, S, and Cl)**” have been used to
evaluate polysulfide-entrapping capabilities of heteroatoms Figure 9A and B). Heteroatoms with high
electronegativity and appropriate sizes, such as N and O, facilitate the formation of doping atom-Li bonds
and enable the adsorption of polysulfides through electrostatic dipole-dipole interactions. Li and co-workers
demonstrated that the pyridine N-doped and pyrrolic N-doped graphene exhibited high binding energy of
1.85 eV and 1.40 eV toward Li,S,, respectively, both much higher than that of graphene (0.01 eV)®*. The
Bader charge transfer analysis demonstrated that the polysulfide trapping mechanism of N-doped graphene
was due to the neutral = network of the pristine graphene being influenced by N heteroatoms, which
effectively facilitated the transfer of charge from polysulfides to the N-doped graphene. Fang and co-workers
reported a functional PP separator coated with N-doped porous carbon nanosheets (G@PC/PP) for LSBs
[Figure 9C-E]™*\. Profiting from high N content and high specific surface area, the G@PC/PP separator with
a low carbon loading of 0.075 mg cm™ exhibited a more favorable polysulfide-entrapping capability than the
G@PC/PP separators with lower N contents and the nonpolar carbon material modified PP separators. The
LSB with a G@PC/PP separator and a sulfur loading of 3.5 mg cm™ delivered a high initial discharge capacity
of 851 mAh g and maintained a discharge capacity of 754 mAh g after 500 cycles at 1 C. In addition to
single element doping, Huang and co-workers designed a lightweight sulfur-nitrogen dual-doped graphene
(SNGE) interlayer to inhibit the polysulfide shuttling [Figure 9F]*°.. Apart from abundant pore structures
coupled with a high heteroatom doping concentration, the SNGE interlayer also has a good electrical
conductivity, which can effectively modulate the transformation of Li,S,/Li,S. Likewise, introducing
heteroatoms with lower electronegativity (e.g., B and P) can construct relative electrically positive sites to get
strong interaction with electronegative polysulfides. Chen’s group fabricated a N, P co-doped
honeycomb-like carbon structure (HNPC) to modify separators'. The strong adsorption of HNPC toward
polysulfides was attributed to the formation of strong N-Li and P-S bonds between N, P heteroatoms and
polysulfides. An HNPC-modified separator coupled with a high sulfur loading cathode (4 mg cm™) enabled a
high initial specific capacity of 1,387 mAh g and the cell maintained 930 mA h g after 200 cycles at 0.2 C.
In addition to the heteroatoms-doping strategy, the introduction of polar functional groups can also regulate
the polarity of carbon materials. Hydroxyl®>***, carboxyl®*, ether?****), ester’””), and amino groups have
been proven to be able to inhibit the shuttle effect through their interactions with polysulfides [Figure
9G] =228,

Traditional carbon-based coatings, while capable of adsorbing polysulfides, face limitations in their
adsorption capacity due to the inherent surface chemistry of the materials, and they often perform poorly at
high discharge rates. To effectively address the issues of polysulfide dissolution and migration, several novel
materials, including metal oxides, sulfides, nitrides, and organic framework materials (MOFs, COFs), have
been proposed for separator coatings®®>*?. These materials have shown great potential in the adsorption and

stabilization of polysulfides. Metal oxides, such as TiO, and Al,O,, are particularly effective in adsorbing

polysulfides due to their surface chemical reactivity. This helps inhibit the dissolution and migration of
polysulfides in the electrolyte, thus improving the cycling stability of the battery. However, their low
conductivity limits their performance at high discharge rates. By combining them with conductive materials,

this drawback can be mitigated, enhancing their overall performance. Meanwhile, metal sulfides like MoS,
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and FeS, not only exhibit strong chemical adsorption but can also catalyze the conversion of polysulfides,
further slowing down the shuttle effect and improving the overall stability of the battery. Their high catalytic
activity allows the battery to maintain excellent performance over extended cycles, and their relatively high
conductivity ensures good rate performance.

In addition, organic framework materials (MOFs and COFs) have become important in lithium-sulfur
battery separator research due to their highly tunable pore structures and multifunctional surface
modification capabilities. The pore size, morphology, and surface chemical functionalities of these materials
can be precisely designed to limit the diffusion and migration of dissolved polysulfides, particularly
preventing their entry into the electrolyte. By forming strong chemical interactions with polysulfides, these
framework materials not only enhance the adsorption of polysulfides but also stabilize them by tuning the
interfacial solvation structure. The metal ions or organic ligands in MOFs and COFs provide abundant
coordination sites that interact with the sulfur atoms of polysulfides through van der Waals forces, hydrogen
bonds, and coordination bonds, thereby significantly increasing their adsorption strength and inhibiting the
dissolution and migration of polysulfides in the electrolyte. Especially in MOFs, the tunability of metal
centers allows different types of metal ions to form stable coordination structures with various sulfur atoms
in polysulfides, optimizing the adsorption and stabilization of polysulfides. Additionally, the large surface
area and pore volume of MOFs and COFs enable the accommodation of more polysulfide molecules and,
through the molecular sieve effect within the pores, facilitate directional adsorption of polysulfides. More
importantly, these materials can precisely control the diffusion pathways of polysulfides through pore size
regulation, effectively preventing their free migration in the electrolyte. This significantly improves the
energy efficiency and cycling life of lithium-sulfur batteries.

Design strategies for catalytic conversion and redox mediation

In addition to the severe polysulfide shuttle effect, the sluggish kinetic conversion of polysulfides also affects
the electrochemical performance of LSBs. More specifically, at the beginning of the discharge process, the
highly soluble long-chain polysulfides would inevitably diffuse into the electrolyte under the concentration
gradient and gradually move toward the counter electrode, especially in the case of high sulfur loading
conditions. Therefore, accelerating the conversion of highly soluble Li,S_ (4 < n < 8) to insoluble Li,S,/Li,S is
of vital importance to polysulfide shuttle suppression. Similarly, if the kinetically sluggish Li,S,/Li,S cannot be
oxidized to long-chain polysulfides swiftly during the charging process, there will be irreversible loss of active
materials and increased polarization. Therefore, in Li-S batteries, the separator should not only confine
polysulfides to the cathode side but also accelerate the conversion kinetics of these intermediates, thereby
evolving into a truly functional “active separator” capable of modulating interfacial reactions.

Metal-free catalysts have garnered significant attention in Li-S batteries due to their light weight, low cost,
and abundance. Carbon nitrides, for instance, exhibit unique electron distributions that enable effective
polysulfide adsorption and catalysis. Garapati et al. employed g-C,N, nanosheets (GCN) coated on a
carbon-fabric gas-diffusion layer (GCN-GDL) to adsorb and catalyze polysulfides**!. Beyond strong
adsorption, the GCN-GDL interlayer enhanced electron transfer and Li* diffusion, leading to sharper CV
peaks and shifted redox potentials - indicating accelerated polysulfide conversion kinetics. Zheng et al.
developed a multifunctional ion-sieve composite of g-C.N

3774

BN, and graphene sheets. In this design, the 3 A
nanopores of g-C,N, selectively sieve polysulfides while permitting Li* migration; graphene provides
conductive pathways, and BN acts as a catalytic bridge between graphene and g-C,N, to promote polysulfide

redox*. Given its ability to form P-S and P-Li bonds with polysulfides, red phosphorus (RP) has also been
explored as a weak Lewis-base coating on PP separators. DFT and XPS analyses confirm that RP donates
electrons to establish these bonds. The resulting polythionate complexes indicate strong immobilization and
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catalytic conversion of polysulfides. Surface O=P-O groups on RP further transform into Li,PO, during

cycling, promoting Li* transport and accelerating polysulfide reaction kinetics.

SEPARATOR DESIGNS FOR MULTIVALENT BATTERIES

Multivalent-ion batteries differ fundamentally from monovalent-ion batteries in solvent selection due to the
distinct physicochemical characteristics of multivalent ions.

This necessitates the use of strong polar solvents (such as H,0O) as the electrolyte for multivalent-ion
batteries. This also presents a different challenge for the optimization of the separators of multivalent-ion
batteries [Figure 10A]"**\. On the one hand, the strong polarity and high dielectric constant of water enable
effective dissolution of most multivalent-ion salts. On the other hand, aqueous solvents offer practical
advantages, including wide availability, low cost, and environmental benignity. Due to the universality of
aqueous electrolyte, this chapter focuses more on the optimization strategies of the separator under aqueous
conditions.
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Whether it’s a multivalent or monovalent ion battery separator, most strategies involve using fiber-based
separators [e.g., glass fiber (GF) separators] to accommodate aqueous electrolytes. However, the
optimization of the monovalent ionic battery separator system often cannot be directly applied to the
multivalent-ionic battery separator system. As mentioned before, modern separators for monovalent-ion
batteries have gradually shifted from a paradigm of “passive isolation” to one of “active regulation”. The
“active regulation” and “passive isolation” in separator design becomes significantly more intricate for
multivalent-ion batteries. Regarding active regulation strategies, multivalent systems impose far more
stringent requirements for homogenizing ion flux. This requires a multifaceted strategy that addresses several
factors, including the large ionic radii of multivalent cations, the precise engineering of sieving pore sizes,
high desolvation energy barriers, complex anion solvation dynamics, local pH modulation, suppression of
the hydrogen evolution reaction (HER), and mitigation of salt hydrolysis (e.g., the hydrolysis of ZnSO, )%,
Conversely, concerning passive isolation strategies, while the non-flammability of aqueous electrolytes
alleviates thermal runaway concerns, the design focus shifts critically toward optimizing the wettability and
affinity between the separator and the aqueous medium. Furthermore, overcoming the inherent mechanical
limitations of conventional fiber-based separators (such as GF) to ensure structural integrity against dendrite
penetration remains a pivotal challenge in these aqueous multivalent systems.

Besides, the use of aqueous electrolytes also imposes more stringent requirements on the physical and
chemical properties of separators. Firstly, aqueous systems require separator materials or interfaces with
sufficient hydrophilicity to ensure adequate electrolyte wetting and continuous ion transport. Secondly, the
inherently high desolvation energy of multivalent-ions necessitates separators that can facilitate or accelerate
the desolvation process during ion migration. Finally, the relatively narrow electrochemical stability window
of aqueous electrolytes demands that separators be capable of regulating water activity at the electrode
interface, thereby suppressing parasitic reactions such as HER and electrode corrosion.

To address these challenges, GF separators (e.g., Whatman) are commonly used in multivalent-ion batteries.
However, these separators were originally designed for filtration applications, and their highly tortuous and
disordered pore structures are not optimized for electrochemical energy storage systems. To fundamentally
overcome these limitations and develop separators suitable for multivalent-ion batteries, it is essential to
refocus on the intrinsic properties of the charge carriers. Accordingly, the modification of separator materials
through “active regulation” and “passive isolation” should be guided by the high charge density of
multivalent-ions and their specific solvation characteristics.

The physicochemical properties of separators directly determine the cycling stability and safety of batteries.
Because aqueous electrolytes are nonflammable, passive-isolation strategies for separators in multivalent-ion
batteries should balance electrolyte affinity with suppression of free water. These strategies should
alsoconsider the relationship between separator mechanical properties and resistance to zinc dendrite
penetration. In this context, the affinity between the electrolyte and the separator is a critical issue in
multivalent batteries. Conventional polyolefin separators, such as PE and PP, are widely used in
monovalent-ion batteries but are inherently hydrophobic and poorly compatible with the aqueous
electrolytes commonly used in multivalent-ion systems. As a result, fiber-based separators are often adopted
instead. However, their high porosity can make suppression of free water more difficult, thereby
exacerbating HER at the negative electrode interface and promoting electrode corrosion. To achieve superior
mechanical properties, the thickness of the fiber-based separator is much greater than that of the commercial
polyolefin separators. However, the excessively high thickness often further restricts the application of
multivalent-ion batteries and to some extent limits the "active control" strategy. For active separator-control
strategies in multivalent-ion batteries, greater attention should be paid to the difficulty of regulating solvation
structures caused by high ionic charge density, including low transference numbers, high desolvation energy
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Table 2. The ionic radii and hydrated ionic radii of K*, Na*, Li*, Ca?*, Mg?* and Zn**

K277 Na-*i276] Lj+2741 Ca2+1276] Mg2+12751 Zn2+2731
Non-hydrated radius (A) 133 1.02 0.68 0.99 0.72 0.74
Hydrated radius (A) 3.30 3.60 3.80 410 4.30 <4.30

barriers, anion solvation, and large solvation-shell sizes. Generally, these differences originate from the high
charge density of multivalent-ions"**”?:: (1) The high charge density of multivalent-ions leads to distinctive
hydration characteristics. As summarized in Table 2”7, which compares the difference between ionic radii
and hydrated ionic radii of K*, Na*, Li*, Ca*", Mg®" and Zn*". Li" and Mg** have comparable ionic radii, yet
their hydrated radii are also similar; In contrast, Li* and Na* differ significantly in ionic radius but exhibit
comparable hydrated radii. The unique hydrated radii of multivalent ions necessitate more rigorous design
considerations for separators in multivalent batteries. Key structural features - such as porosity, pore
geometry, and pore-size distribution - must be carefully tailored accordingly; (2) The high charge density of
multivalent-ions is accompanied by high desolvation energy barriers. As a result, strongly polar electrolytes
are usually required to effectively solvate multivalent-ions, in order to provide sufficient concentrations of
charge carrier for multivalent-ion batteries. Thus, electrolyte-separator compatibility is a critical requirement
for separators in multivalent-ion batteries, particularly when highly polar electrolytes are employed. Given
the strong coupling between ionic charge density and solvation behavior, the deployment of multivalent-ion
batteries elevates the demands on the physicochemical characteristics of separators.

Commonly used separators in multivalent-ion batteries (e.g. Magnesium-ion and zinc-ion batteries) include
the following categories!**?">7*27; (1) Polyolefin separators (PE, PP). Due to their low cost, ultrathin
thickness and high mechanical strength, polyolefin separators are widely used in batteries. However, the low
porosity and poor compatibility with polar electrolytes (such as aqueous electrolytes) further limited their
application in multivalent-ion batteries; (2) Cellulose-based separators. As the most abundant biomass
material, cellulose has been widely applied in various fields owing to its low cost, environmental friendliness
and renewability. As an eco-friendly separator material, cellulose-based separators have garnered
considerable attention owing to their excellent wettability, high porosity, flexibility, and good thermal
stability. However, cellulose is prone to degradation in electrolytes, which can break down its mechanical
strength. This raises safety concerns such as internal short circuits and dendrite penetration during
long-term cycling; (3) GF separators. Benefiting from mature industrial manufacturing processes and
excellent wettability toward aqueous electrolytes, GF separators have become a popular choice in academic
research. Composed primarily of SiO,, GF separators feature a three-dimensional fibrous network
characterized by high porosity and outstanding electrolyte wettability. This architecture provides efficient
transport pathways for multivalent-ions, anions, and their solvation shells, thereby supporting rapid reaction
kinetics in batteries. While GF separators serve as an important reference in aqueous multivalent-battery
research, commercial products like “Whatman” glass-microfiber filters carry a design legacy rooted in
filtration, not electrochemical systems. Their properties and surface functionalities are not tailored for
electrochemical use, often exhibiting inherent deficits such as highly tortuous pores, inadequate mechanical
strength, excessive hydrophilicity (promoting side reactions), and excessive thickness. These characteristics
hinder their ability to meet the requirements of modern battery technologies for high energy density and
long cycle life [Figure 10B]"7.

In order to enable separators for multivalent-ion batteries to be compatible with modern battery technologies
and manufacturing processes, they are generally expected to possess the following functionalities through
“active regulation”: (1) High ionic transport kinetics: The separators should enhance the transference
numbers of multivalent-ion and their solvation structure (interacted with anions) with distinct radii; (2)
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Table 3. Optimization strategies for the separators of multi-valent ion batteries

Battery Separator Modified material Ref.

The regulation of internal electric field

Zinc-ion GF MXene [282]
Zinc-ion Nanofiber B [280]
Zinc-ion GF PANI [283]
Zinc-ion PTFE PDA/BTO [293]
Magnesium-ion GF Graphene@PVP [284]

Tuning size effects through pore-structure engineering

Zinc-ion GF UlO-66 [285]
Zinc-ion GF PEDOT:PSS [286]
Zinc-ion PIM Polymer [601]

Magnesium-ion GF ZIF-8 [287]

The optimization of solvation structure

Zinc-ion GF -CN [289]
Zinc-ion Cellulose -CFSO, [288]
Zinc-ion Gel Zinc alginate [292]
Magnesium-ion GF Ether/-NH, [294]
Magnesium-ion SPEEK -SO;H [291]

GF: Glass fiber; PANI: polyaniline; PTFE: polytetrafluoroethylene; PDA: polydopamine; BTO: barium titanate; PVP: polyvinylpyrrolidone; PIM:
polymer of intrinsic microporosity; PEDOT:PSS: poly(3,4-ethylenedioxythiophene):polystyrene sulfonate; ZIF: zeolitic imidazolate framework;
SPEEK: sulfonated poly(ether ether ketone).

Superior mechanical performance and chemical stability: The separators should resistance to electrolyte
corrosion or degradation under long cycle life, ensuring the safety and operation of multivalent-ion batteries.
(3) Good compatibility with electrolytes: the separators should exhibit a well-balanced
hydrophilic-hydrophobic character. On the one hand, it must retain sufficient aqueous electrolyte to enable
rapid ionic transport and stable battery operation; on the other hand, excessive water uptake should be
suppressed to avoid interfacial side reactions, such as hydrogen evolution and dendrite growth. Although
separators do not participate directly in electrochemical reactions, they serve as critical regulators of ionic
transport in the electrolyte, as well as stabilizers of interfacial processes. Beyond their primary role of
physically isolating the cathode and anode, the pore structure and interfacial properties of separators can
tune ion solvation structures and transport behaviors, thereby enhancing the performance of multivalent-ion
batteries. The design of separators for multivalent-ion batteries is often optimized through “active
regulation” strategies surface modification, interfacial coatings, and in situ formation, including (1)
regulation of internal electric field, (2) tuning size effects through pore-structure engineering and (3)
optimization of desolvation energy [Table 3], leading to the improvement of mechanical property, electrolyte
compatibility and electrochemical performance. The design strategies of separators will be discussed below
(take zinc-ion batteries as representative examples):

The regulation of internal electric field

In zinc-ion batteries, uneven ion flux accumulation and inherent corrosion in aqueous electrolytes
deteriorate interfacial heterogeneity, resulting in dendrite formation and battery failure”******1, The electric
field is the driving force for the migration of multivalent-ions between the electrodes, hence, regulating the
internal electric field in separators could benefit the uniform multivalent-ion flux and the delayed growth of
dendrites. The Butler-Volmer equation is usually used to described the interaction between electric field
distribution and local current density, which highlights that uniform electric field is essential for smooth
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deposition. To enhance the performance of multivalent metal anode, the dielectric materials are incorporated
with separators to form the uniform electric field for deposition, suppressing uneven metal deposition and
dendrite growth.

Mxene and PANTI are common conductive materials used in the modification of separators [Figure
10C]#*>>*]: Mxene displays adjustable dielectric constants and offers directional electrical field to expedite
Zn’* flux and repel anions, while PANI-modified layer weakens the zincophilicity of the separator surface to
prevent the growth of zinc dendrites toward the separator, homogenizes the interfacial electric field
distribution, and induces uniform Zn*" plating/stripping, thereby significantly enhancing the reversibility of
the zinc metal anode. Additionally, graphene@PVP (polyvinylpyrrolidone) layer on separator could establish
an internal electric field, thereby promoting charge transfer in magnesium-ion batteries”*.

Tuning size effects through pore-structure engineering

Based on Sand’s time equation, the initial growth time of dendrites could be delayed by reducing the current
density, increasing the transference number of cations or limiting the anion transport. In hence, tuning size
effects through pore-structure engineering such as MOFs and functional groups with unique structure. Song
et al.”™ reported that the unique pore-structure of UIO-66 could effectively enhances the transport ability of
charge carriers and demonstrates preferential orientation of (002) crystal plane, which is favorable for
corrosion resistance and dendrite-free zinc deposition [Figure 10D]. The
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) upper layer on a GF*), possesses
intrinsic ionic/electronic conductivity and abundant sulfonic acid groups, enabling a more uniform
electric-field distribution and unique “cage” structurer while effectively suppressing anion migration. As for
Mg**-transport, ZIF-8 with large-area and defect-free MOF membrane eliminating the nonselective
inter-crystalline diffusion of electrolytes and enabling selective transport of Mg*" ions, while simultaneously
precisely excluding solvent molecules from the MOF channels®”. Furthermore, Tan et al. constructed a PIM
layer with a rigid twisted structure and sub-nanometer-sized micropores (0.5 ~ 0.9 nm) on the membrane
surface, the unique pore-channel confinement effect is utilized to uniformly distribute the Zn*" flux and
hinder the mobility of anions, eliminating local electric field concentration®. At the same time, the process
of Zn’* desolvation is accelerated to reduce the erosion of active water molecules on the interface. Thus, in
the absence of external additives, the physical/electrochemical inhibition of zinc dendrites and the efficient
blocking of hydrogen evolution/corrosion side reactions are achieved simultaneously. This significantly
improves the cycling stability and Coulomb efficiency of aqueous zinc-ion batteries!™.

The optimization of solvation structure

Due to the high charge density of multivalent-ions, Zn*" is prone to form stable solvation structures with
solvents and anions, which is not conducive to the uniform deposition of working ions. Zhou et al.!***
developed a sulfonated cellulose separator with low thickness, exceptional mechanical strength and large
ionic conductivity [Figure 10E]. Benefiting from the electrostatic repulsion between the -SO,” groups and
SO,” anions, as well as the strong interactions between -SO, groups and Zn’* ions, the migration of SO,
anions can be effectively restricted, facilitating the desolvation of hydrated Zn** ions. Furthermore, Li et al.>*
designed a PAN-zinc trifluoromethanesulfonate (ZnTFSI) nanofibre synergistic glass fibre (PZ-GF) to
modulate the interfacial deposition kinetics. Effective synergistic interactions between abundant C=N
functional groups and Zn*" ions lead to a homogeneous electric-field distribution on the electrode surface,
thereby promoting uniform Zn** deposition on the zinc anode and significantly suppressing rapid dendrite
growth. Additionally, a strongly nucleophilic amidogen (such as -NH, and -SO,H) donor for competing
solvation coordination has been demonstrated to be effective in regulating the solvation energy of Zn**
ions*>),
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Although numerous separator-modification strategies have been developed for multivalent-ion batteries and
have shown encouraging performance gains, their practical deployment still faces three major challenges: (1)
balancing thickness with mechanical strength to resist dendrite penetration; (2) optimizing separator mass
fraction relative to battery energy density; and (3) developing passive-isolation strategies that simultaneously
enhance affinity for strongly polar solvents (e.g., water) while suppressing interfacial side reactions. In
conclusion, starting from the application requirements of multivalent-ion batteries, targeted modification of
separators is essential for performance enhancement and large-scale application of multivalent-ion batteries.

CONCLUSION AND OUTLOOK

In electrochemical energy storage systems, such as lithium-ion batteries, the separator plays an irreplaceable
role by physically isolating the anode and cathode to prevent internal short circuits while maintaining the
ionic transport channels required for electrochemical reactions. Key physical properties of the separator,
including thickness, pore structure, wettability, and thermal dimensional stability, directly influence the
battery’s electrochemical performance, safety, and cycle life. The design and improvement of separators must
be fundamentally rooted in the functional requirements imposed by the battery. The design principles
underlying existing commercial separators, in fact, provide valuable references for the development of
separators in battery systems that have not yet been fully commercialized. While the development directions
and characteristics of different battery systems vary, modification strategies for separators must address both
common requirements for fulfilling basic functions and distinctions dictated by the specific application
demands of each system. Furthermore, it is noteworthy that modifying one property of a separator often
leads to corresponding changes in its other inherent characteristics. Therefore, a deep understanding of these
intrinsic interrelationships is essential for balancing performance requirements while meeting the demands
for the commercial application of separators.

With the rapid development of high-energy-density batteries, lithium metal, sodium-ion, solid-state
batteries, and other emerging systems, traditional polyolefin separators are increasingly unable to meet the
growing demands for safety, rate performance, and cycle stability due to insufficient heat resistance,
electrolyte affinity, interface compatibility, and mechanical strength. This challenge has driven separator
research from being a passive isolation material to an active functional component, with significant progress
achieved through surface modification, composite designs, novel polymers, and inorganic-organic hybrid
strategies. As battery applications continue to expand into electric vehicles, grid-level energy storage,
wearable electronics, and extreme environments, separator design must evolve further toward
multifunctionality, system adaptability, and intelligent architectures.

Future separator designs should, while ensuring basic safety functions, focus on enhancing dimensional
stability and interface integrity under complex electrochemical conditions and abuse scenarios, particularly
ensuring the reliability of ultrathin separators under the coupled stresses of chemistry, electrochemistry,
thermodynamics, and mechanics. Additionally, separator design must address the differentiated needs of
various battery systems, optimizing the balance among key factors such as mechanical strength, ionic
transport, thermal stability, electrolyte compatibility, energy density, cost, and scalability.
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