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Abstract: Lithium-sulfur batteries, with ultrahigh energy density(2600 Wh kg™!) and cost efficiency, face critical
challenges hindering commercialization: poor conductivity of S/LixS, polysulfide shuttling, Li dendrite growth, and
severe volume expansion. Functionalized separators emerge as a pivotal solution, integrating ion-sieving architectures,
catalytic conversion, electrostatic repulsion, and chemisorption to suppress polysulfide migration while ensuring Li*
transport. Advanced materials-carbon-based frameworks(graphene, CNTs), conductive polymers(PPy, PANI), porous
MOFs/COFs, and inorganic compounds (transition metal oxides/sulfides)—synergistically enhance conductivity,
anchor polysulfides, and accelerate redox kinetics. Heteroatom doping and heterostructure designs optimize adsorption
and catalytic activity, achieving capacities >900 mAh g' and cyclability >1000 cycles. Flexible architectures
demonstrate practical viability under mechanical stress. Future priorities include scalable fabrication of ultrathin
separators, multifunctional integration (polysulfide suppression, dendrite inhibition), and compatibility with high-sulfur-
loading cathodes. Bridging lab-scale innovations to industrial deployment requires harmonizing material design,
electrolyte optimization, and advanced characterization to address interfacial instability and energy loss mechanisms.
Keywords: Lithium-sulfur batteries; Functionalized separators; Polysulfide shuttling; Catalytic conversion

1 INTRODUCTION

With the rapid progress of human society and the high-speed growth of the economy, traditional non-renewable fossil
fuels are increasingly depleting and causing serious environmental pollution and other problems. There is an urgent
need to develop sustainable clean energy to solve the current energy crisis[1,2]. Therefore, it is particularly urgent to
replace fossil energy with clean and renewable energy. However, intermittent renewable energy requires an efficient
energy storage system[3,4]. Batteries, as an effective means of electrochemical energy storage and release, play a
crucial role[S](Figure 1).
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Figure 1 Comparison of Energy Densities among Different Secondary Battery Systems and the Evolution of Battery
Energy Requirements over Time[13]

Secondary batteries, as clean and efficient portable energy storage devices, have become the main power source for new
energy electric vehicles. Among them, lithium-ion batteries (LIBs) have surpassed traditional lead-acid batteries and
nickel-metal hydride batteries in the market share of portable electronic products and are one of the most popular
secondary batteries in current commercial applications[6]. However, limited by the energy storage mechanism of LIBs,
that is, inserting lithium ions into layered electrode materials such as graphite anodes and lithium metal oxide
cathodes[7,8], since lithium ions can only be inserted into some specific positions topologically, its theoretical energy
density is only 387 Wh kg*!, resulting in an actual energy density of less than 200 Wh kg='[9,10], which cannot meet the
energy demands of new energy vehicles and others in the long term. In addition, the expensive cathode materials of
LIBs limit their application in large-scale storage systems. Therefore, surpassing LIBs undoubtedly requires exploring
new energy storage systems with higher energy density and lower cost[11-13].

Lithium-sulfur batteries(LSBs) are a new type of lithium secondary battery, using sulfur and its composite materials as
the cathode and lithium metal as the anode. Compared with the "intercalation-deintercalation mechanism" of LIBs, the
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working principle of LSBs is not intercalation but is based on the metal electroplating and stripping on the lithium
anode side and the conversion reaction on the sulfur cathode side[9,11]. This non-topological nature of the reaction
endows the Li anode and S cathode with high theoretical specific capacities of 3860 mAh g' and 1673 mAh g,
respectively[14]. In addition, elemental sulfur has the advantages of environmental friendliness, low cost, and abundant
reserves. Therefore, LSBs are considered a particularly attractive low-cost energy storage technology[15,16].

LSBs are one of the battery systems developed earlier, dating back to the 1960s. Herbert and Ulam[17] first proposed
the concept of Li-S batteries in 1962, assembling a Li-S battery using alkaline perchlorate as the electrolyte, metallic
lithium as the anode, and elemental sulfur as the cathode. Since then, the research on LSBs has mainly focused on the
selection and use of electrolytes(Figure 2). In 1983, the team of E. Peled[18] studied the complex electrochemical
conversion behavior of sulfur in organic electrolytes, which laid an important foundation for the subsequent screening
of suitable organic electrolyte components for Li-S batteries. Despite decades of research, the problems of low
discharge capacity and rapid cycling capacity decay of LSBs have not been well solved. At the same time, as LIBs
showed more stable cycling performance and then became commercialized, the research on LSBs once entered a
stagnation period[19]. After 2000, with the rapid development of new applications such as electric vehicles, the energy
density of traditional LIBs relying on intercalation chemistry has reached its limit, and there is an urgent need for
batteries with higher specific energy[20-22]. In 2009, a major breakthrough was achieved in the research of LSBs. The
team of Nazar[23] used CMK-3 (a mesoporous carbon) as a nanoscale channel to carry sulfur and achieved a high
discharge capacity with stable cycling for more than 20 times. Since then, the research on LSBs has experienced a
significant increase, and major progress has been made in specific capacity and cycling performance. So far, as one of
the hotspots in the field of electrochemical energy storage, the research on LSBs focuses on optimization strategies to
improve Dbattery performance: composite sulfur cathode design[24], separator optimization[25], binder
improvement[26], electrolyte optimization[27], and lithium metal protection[28].
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Figure 2 Timeline of Performance Improvements and Representative Design Strategies for LSBs[29]

LSBs are composed of an anode, electrolyte, separator, cathode, and current collector. The cathode is composed of
elemental sulfur and a conductive framework. Elemental sulfur has more than 30 allotropes, among which Sg has a
crown-like structure (including 8 sulfur atoms), giving it excellent thermodynamic stability[30,31]. However, due to the
poor conductivity of elemental sulfur, the cathode generally coats elemental sulfur or a composite material added with a
conductive material on the conductive current collector[32].

The working principle of LSBs is the electrochemical reaction Ss+16Li = 8Li2S. During the discharge process, metallic
lithium (anode) is oxidized to form lithium ions and electrons. Lithium ions pass through the electrolyte to reach sulfur
(cathode). At the same time, electrons also reach sulfur(cathode) through the external circuit, generating electrical
energy. In the cathode part, sulfur undergoes a reduction reaction with lithium ions and electrons to form lithium
sulfide. During the charging process, lithium ions and electrons return to the anode through the electrolyte and the
external circuit respectively, and the electrical energy is converted into chemical energy and stored[7-9].

(1)Discharge process:

Anode: Li — Li+ +¢

Cathode: Sg + 16Li" — 16¢ + 8Li2S

(2)Charging process:

Cathode: Li* + ¢ — Li

Anode: 8Li>S — Sg + 16Li" + 16¢

LSBs exhibit a dual-platform charge-discharge curve. During the discharge process, sulfur is first lithiated to form a

series of long-chain polysulfide intermediate species, corresponding to Sg— Li2Ss — Li2S¢— Li2S4. These intermediate
species are easily soluble in the ether-based electrolyte, which is manifested as a high voltage platform(2.3 V), and the
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discharge specific capacitance is 418 mAh g!(this process contributes 25% of the theoretical capacity of sulfur). Then,
sulfur is further lithiated, and the soluble long-chain polysulfides are reduced to insoluble short-chain sulfide species,
corresponding to Li>S4— Li>S;—Li>S, which is manifested as a low voltage platform(2.1 V), and the discharge specific
capacitance is 1255 mAh g'(this process contributes the remaining 75% of the theoretical capacity of sulfur). The
opposite situation occurs during the charging process[7-9]. In short, LSBs will undergo a solid — liquid — solid
transformation during the discharge process, which is also different from other batteries.

2 CHALLENGES AND OPTIMIZATION STRATEGIES FOR LSBS
Although LSBs have many advantages, the following challenges still need to be overcome for commercialization:
2.1 Low Electrical Conductivities of Elemental Sulfur and Lithium Sulfide

The electrical conductivities of elemental sulfur and lithium sulfide at room temperature are only 5x10-3° and 1x10713 S
cm’!, respectively. This will limit the redox kinetics on the sulfur cathode side, reducing the utilization rate of active
sulfur and ultimately resulting in a low specific capacity of the battery [33,34]. The insulating property of lithium
sulfide makes it difficult for solid-state(Li»S>) to transform into solid-state(Li>S), manifested as incomplete conversion
of higher-order lithium polysulfides(LiPSs) into Li>S, with the final product being a mixture of Li>S; and LixS. In
addition, the precipitation during the discharge also leads to the passivation of the cathode surface, which also reduces
the discharge capacity of the battery[35-37]. Therefore, adding conductive functional host materials to form composites
with sulfur[38], and optimizing the deposition of reduction products Li>S; and Li>S at the interface[39] are important
methods to improve sulfur utilization.

2.2 Shuttle Effect of Polysulfides

During the cycling process, the formed long-chain LiPSs(Li2Ss4 to Li>Sg) dissolve in the ether-based electrolyte,
resulting in the loss of active substances. In addition, LiPSs will diffuse through the separator to the lithium anode and
undergo chemical reduction (rather than electrochemical reduction)[35]. The electrochemical reduction reaction is a
direct chemical reaction between polysulfides and lithium ions without outputting charge to the circuit, leading to
energy loss. Subsequently, the lower-order LiPSs diffuse back to the sulfur cathode and are re-oxidized into higher-
order LiPSs, completing the re-migration of LiPSs. The phenomenon of LiPSs shuttling back and forth between the
anode and cathode and undergoing irreversible chemical reactions is the shuttle effect[40,41]. The shuttle effect of
polysulfides is essentially an internal short circuit of the battery, which is the root cause of the battery's self-discharge
and low Coulombic efficiency. Therefore, research on suppressing the shuttle effect mainly focuses on the material
optimization of the sulfur cathode[42], the construction of a barrier for the separator[43], and the effective protection of
lithium metal[44].

2.3 Volume Expansion of Sulfur During Lithiation

The densities of sulfur and lithium sulfide are 2.03 and 1.66 g cm™. When sulfur is completely converted into lithium
sulfide, the volume will expand by about 80% of the original, causing irreversible damage to the electrode[45].

2.4 Uneven Solid Electrolyte Interface(SEI)

Metallic lithium is very reactive and will react with the electrolyte to form an unstable SEI on the surface of metallic
lithium. This SEI can only conduct ions but not electrons. In addition, the unevenness of the SEI leads to continuous
side reactions between the electrolyte and lithium, constantly consuming the electrolyte and lithium, ultimately resulting
in a decrease in battery capacity and unstable performance[46].

2.5 Dendrite Growth of Lithium Metal

The uneven deposition of lithium ions on the surface of lithium metal leads to the formation of lithium dendrites.
Uneven lithium dendrites can pierce the separator, causing a short circuit in the battery and even safety
accidents[47,48]. In addition, the growth of lithium dendrites will cause continuous rupture and reconstruction of the
SEI, resulting in continuous loss of lithium metal and electrolyte and increasing the polarization of the battery[49,50].
The broken lithium dendrites will detach from the anode and become "dead lithium", reducing the utilization rate of
lithium metal and further decreasing the Coulombic efficiency[51]. Therefore, artificially constructing a uniform SEI
layer[52] and optimizing electrolyte additives[53] are effective measures to protect lithium metal.

3 OPTIMIZED SEPARATOR REQUIREMENTS FOR LSBS

As one of the core components of the battery, the separator is used to separate the anode and cathode to prevent internal
short circuits of the battery and is required to have the ability to transport ions through its internal pores. Currently
commercialized battery separators include porous polymers such as single-layer polypropylene separators(PP), single-
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layer polyethylene separators(PE), and three-layer PP/PE/PP composite separators[54]. However, commercial
separators have large pore gaps. While allowing lithium ions to pass through, polysulfides can also penetrate, leading to
a serious shuttle effect. In addition, the poor wettability of commercial separators is also an important factor affecting
battery performance, which will seriously deteriorate the cycling performance of the battery[55]. Studies have found
that designing functionalized separators can effectively inhibit the shuttle effect and achieve uniform lithium nucleation
growth[56,57]. The optimization strategy of the separator for LSBs can help enhance the interfacial performance
between the cathode and the separator, thus achieving the effect of stabilizing the metal anode. In addition, the
conductive modified separator on the sulfur cathode side can be regarded as a "secondary electrode" to improve the
conductivity of the sulfur cathode, reactivate the "dead sulfur" during the cycling process, minimize the loss of active
sulfur, and ultimately achieve the goal of improving the utilization rate of active substances[58].

An ideal functionalized separator should meet the following requirements(Figure 3):

3.1 Optimal Separator Thickness

The thickness of the separator is a key characteristic affecting battery impedance, ion transport, and mechanical
strength[59]. Currently, the thickness of commercial polyolefin separators is less than 25 micrometers, and the thickness
of inorganic coating layers such as metal-organic frameworks[60], metal oxides[61], and polymers[62] can exceed 25
micrometers, and the thickness of carbon-based coating layers and even some composite coating layers[63] can exceed
100 micrometers. Optimizing the conductive materials of the separator is beneficial for the reactivation of LiPSs. At the
same time, with the increase in conductive materials, the problem of increased battery thickness requires more
electrolyte. Therefore, finding the optimal conditions between the addition of conductive materials and thickness
control is an effective way to maximize battery performance[64].

3.2 Excellent Electrolyte Wettability

Wettability is an important characteristic affecting the relative permeability and ionic conductivity of the battery.
Currently, commercial polyolefin separators have low surface energy and strong hydrophobicity, resulting in poor
electrolyte wettability, which in turn affects the ionic conductivity and lithium ion transference number of the
battery[65].

3.3 Reasonable Structural Design

Reasonable structural design is one of the effective ways to maximize the role of functionalized separators. In the
design process, parameters such as porosity, pore volume, and pore size distribution need to be considered[65].

3.4 Stable Safety Performance

Stable safety performance plays an important guarantee role in the battery. The structure and physical and chemical
properties of the separator directly determine the safety of the battery. In LSBs, special attention needs to be paid to
safety hazards such as the lithium metal anode and flammable electrolytes. In addition, polyolefin separators are prone
to thermal shrinkage in high-temperature environments, which may lead to local penetration of the separator, causing
the electrodes to come into direct contact and triggering battery short circuits and other consequences[66,67]. Therefore,
to achieve a safe battery, it is crucial to construct and optimize materials with high heat resistance, flame retardancy,
and mechanical stability as the materials for functionalized separators[68].
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Figure 3 (a) The Physical Properties of the Functionalized Separator; (b) The Influence of the Structure of the
Functionalized Separator on LSBs; (c-f) The Importance of Safety for LSBs and the Related Characterizations[69]

4 MECHANISMS OF FUNCTIONALIZED SEPARATORS IN LSBS

Current research has physically and chemically modified commercial separators. The action mechanisms of
functionalized separators are mainly divided into the following four types: ion sieving, catalytic conversion,
electrostatic repulsion, and surface chemical adsorption, as shown in Figure 4a-d.

4.1 Ion Sieving

Cover the large pore structure of the separator surface with functionalized materials, allowing the separator to allow
lithium ions to pass through while preventing polysulfides from passing through, achieving the purpose of ion
sieving[70]. High microporous volume with appropriate curvature is beneficial for inhibiting the migration of
polysulfides, and the high surface area provides a "secondary capture" site for polysulfides. Due to its advantages of
high specific surface area, adjustable pore structure, and excellent electrical conductivity, porous carbon is used as a
material for designing functionalized separators[71,72]. The team of Manthiram[71] first reported a porous multi-walled
carbon nanotube paper inserted between the cathode and the separator. Due to size exclusion, it can effectively block
the passage of polysulfide intermediates, thereby improving the cycling stability of the battery(Figure 4e). Yang[72] et
al. designed a hybrid coating composed of graphene and LisTisO12 nanospheres. The space between the nanospheres
acts as a Li" transport channel and also plays the role of ion sieving, effectively preventing the migration of
polysulfides. In addition to carbon-based functionalized separators, the ion sieving effect also widely exists in porous
intermediates composed of other materials. He[73] et al. designed a Celgard interlayer modified with a hollow CooSs
array. The CooSg array, as an efficient polysulfide capture agent, enables the battery to provide a high initial discharge
capacity and stable cycling performance(Figure 4f).

4.2 Catalytic Conversion

The "solid-liquid-solid" conversion mechanism in the sulfur cathode of LSBs leads to the slow redox kinetics of the
conversion from the liquid phase (soluble LiPSs) to the solid phase (lithium sulfide) in the second stage. Therefore,
adding an electrocatalyst to the functional separator is a favorable means to improve the sulfur redox kinetics[74,75].
Studies have shown that introducing carbon nanotubes and graphene into the conductive network can accelerate
electron transfer, accelerate LiS> nucleation, and reduce the reaction activation energy, ultimately promoting the redox
kinetics of polysulfides[76]. Metal sulfides have been proven to be materials for catalytic conversion. Li[77] et al.
anchored vertical MoS; nanosheets on conductive carbon nanotubes using the Mo-O-C covalent coupling method.
MoS: enhances the affinity with polysulfides, accelerates the reaction kinetics of polysulfide conversion, and thus
exhibits efficient electrochemical performance(Figure 4g). In addition, metal oxides also exhibit high catalytic activity
for the reduction reaction of polysulfides. Song[78] et al. designed to coat MnO: on a PE separator. MnO; not only
adsorbs polysulfides but also catalyzes the conversion of soluble polysulfides, greatly inhibiting the lithium polysulfide
shuttle effect and improving the cycling performance of the battery(Figure 4h).

4.3 Electrostatic Repulsion
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Designing functional groups with negative charges on the separator surface can generate electrostatic repulsion against
polysulfides, thereby suppressing the polysulfide shuttle effect. Xu[79] et al. reported a sulfonic acid group-rich COF
and applied it to modify the separator of Li-S batteries. Due to its strong electronegativity, it repels polysulfide anions
via electrostatic interactions, strongly inhibiting the shuttle effect(Figure 4i). Huang et al.[80] introduced Nafion into
the Celgard separator. The sulfonate groups, being negatively charged, allow Li+ to pass while repelling negatively
charged polysulfide species. This forms a charge shield in the interlayer, preventing the shuttle of polysulfides(Figure

4j).
4.4 Chemical Adsorption

In the process of designing functionalized separators, adding modifiers to utilize chemical interactions (such as polarity-
polarity interactions, Lewis acid-base interactions, and chain-like interactions) can achieve the fixation of polysulfides.
Therefore, selecting materials with strong affinity for polysulfides is a key strategy for using chemical adsorption[81].
Polar molecules can adsorb and fix polysulfides through strong polarity-polarity interactions. Doping heteroatoms into
carbon materials can achieve strong polarity-polarity interactions[82]. Per[83] et al. prepared a G@PC/PP
functionalized separator by nitrogen-doping porous carbon nanotubes. The nitrogen-doped carbon nanotubes exhibit
polarity-polarity interactions with polysulfides, thereby inhibiting the shuttle of polysulfides. In addition, transition
metal sulfides are also used as coatings for functional separators due to their excellent electrocatalytic activity.
Ghazi[84] et al. designed a MoS»/Celgard composite separator, which has good lithium ion conductivity and can
significantly inhibit the shuttle of polysulfides, ensuring the long lifespan and charge-discharge performance of the
battery(Figure 4k).
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Figure 4 (a-d) Ion Sieving, Catalytic Conversion, Electrostatic Repulsion, and Surface Chemical Adsorption
Mechanisms[85]; (e) The Cycling Performance Diagrams of LSBs with and without the MWCNT Interlayer[71]; (f)
The Mechanism Diagram of the Co9Sg-Celgard Separator during the Charging/Discharging Process[73]; (g) The
Schematic Diagram of the Catalytic Conversion of Polysulfides by MoS@CNT[77]; (h) The Catalytic Process
Schematic Diagram of the MnO>@PE Separator[78]; (i) The Interaction Between Polysulfides and Different COF
Monomers[79]; (j) The Schematic Diagram of the Cation-Selective Membrane Inhibiting the Shuttle of
Polysulfides[80]; (k) The Schematic Diagram of Using the MoS,/Celgard Separator[84]

5 MODIFYING MATERIALS OF FUNCTIONALIZED SEPARATORS

5.1 Modification with Carbon Materials
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Carbon-based materials can achieve the purpose of ion sieving for LiPSs by reducing the pore size. In addition, due to
their excellent electrical conductivity, they are beneficial for electron transfer and can improve the utilization rate of
cathode active materials. Introducing heteroatoms into carbon materials can significantly enhance the chemical affinity
for LiPSs, thereby improving battery performance[86,87]. On the other hand, carbon materials can improve the
conversion kinetics of LiPSs by increasing the conductivity of the separator and enhancing the electron mobility, and
reduce the formation of Li dendrites by decreasing the local current density and Li surface reactions.

Graphene, as a two-dimensional(2D) material, has excellent properties such as electrical conductivity, mechanical
strength, thermal stability, and high functionalization. It can effectively adsorb LiPSs and transfer electrons better, thus
improving battery performance[88]. Ou[89] et al. reduced the pore size of the PP/PE/PP membrane by transferring a
graphene layer onto the Celgard membrane. The battery cycling performance of the separator modified with graphene
was significantly improved. Graphene is usually modified by doping heteroatoms(N/S) to better adsorb LiPSs. Qi[90] et
al. performed nitrogen doping on graphene. As shown in Figure 5a-b, the battery assembled with the designed PP/NG
functionalized separator showed a higher capacity retention rate. Theoretical calculations proved that nitrogen doping
significantly improved the adsorption ability for LiPSs. Composites composed of graphene and polar metal
oxides/sulfides have been proven to be helpful for the chemical capture of LiPSs. Jing[91] et al. added vanadium
nitride(VN) nanoparticles to enhance the reduction and oxidation kinetics of LiPSs. The test results showed that the
addition of VN could promote the nucleation and growth of Li>S, and thus promote the redox kinetics of LiPSs(Figure
5c¢). In addition, graphene can also greatly improve the utilization rate of active sulfur. Mo[92] et al. integrated vertical
graphene nanosheets and continuously filled macropores. The hierarchical fibers have high electrical conductivity and
large pore volume, which can significantly enhance electron transfer and effectively improve the storage capacity of
sulfur species(Figure 5d).

Carbon nanotubes, due to their excellent electrical conductivity, can promote electron transfer to accelerate the
conversion of LiPSs. However, carbon nanotubes alone cannot effectively adsorb LiPSs, while metal oxides/sulfides
can adsorb LiPSs well, thus making full use of active substances and improving redox kinetics. Therefore, carbon
nanotubes are often composited with them. Wang[93] et al. uniformly deposited three-dimensionally ordered
macroporous N, Co-doped titanium oxide on the CNFs network to form a dense-structured adsorption/catalytic
multifunctional interlayer(N, Co-TiOx/NCNT@CNFs). This functional layer not only provides an effective physical
barrier for the diffusion of polysulfides but also promotes the catalytic conversion kinetics. In addition, carbon
nanotubes can be easily functionalized with other groups, thereby improving the adsorption force with other groups.
Yang[94] et al. grafted the organic small molecule tris(hydroxypropyl)phosphine(THPP) onto hydroxylated multi-
walled carbon nanotubes(CNT-OH) as a functional intercalation material. As shown in Figure 5Se-g, it can accelerate the
catalytic conversion of polysulfides, effectively inhibit the shuttle effect of polysulfides, and reduce the formation of
lithium dendrites.

Carbon nanofibers have a special interwoven structure, so they have strong mechanical strength and flexibility. In
addition, their electrical conductivity is beneficial for the effective transfer of electrons[95]. However, the fiber surface
is smooth and has a low surface energy, which is not conducive to the adsorption of LiPSs[96]. Therefore, research
efforts are dedicated to introducing functional groups to increase the adsorption energy of LiPSs[97]. For the self-
supporting CNF interlayer with polar oxygen-containing functional groups, calculations show that CNF has a high
adsorption energy for Li>Se. These results confirm that the oxygen-containing groups of the CNF separator have a
strong chemical interaction with LiPSs, and the CNF separator can effectively inhibit the migration of polysulfides
through steric hindrance and chemical anchoring(Figure 5h) [98].

Porous carbon materials have good adsorption for LiPSs and can improve the transfer of electrons and Li*, showing a
good synergistic effect[100]. Low-cost carbon black is also used to coat the separator or cathode due to its high surface
area characteristics, so as to improve the electrochemical performance of the battery[101] In addition, many other
carbon materials are also applied to the modification of the interlayer.
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Figure 5 (a-b) The Battery Schematic Diagram of the Ni3Sno/NG Modified Separator and the Comparison Diagram of
the Cycling Performance of the Modified Separator[90]; (c) The Potentiostatic Discharge Curve of the Battery with the
NG/VN Separator at a Voltage of 2.05 V[91]; (d) The Mechanism Diagram of VGMFs@CoSe2[92]; (e-g) The
Conversion Schematic Diagram of Lithium Polysulfide on THPP, the Comparison Diagram of the Adsorption Energy
of Various Materials for Polysulfides, and the Free Energy Diagram of the Conversion of Sg to Li2S[94]; (h) The
Adsorption Schematic Diagram of Li»Ss and CNF[99]

5.2 Modification with Conductive Polymers

The abundant charged functional groups on the surface of polymers can enhance the interfacial electrical conductivity
and mechanical properties. The adjustable structure can inhibit the shuttle effect of LiPSs, and the affinity for the
electrolyte can significantly improve the wettability of the separator and facilitate ion transport[102].

Polypyrrole(PPy) is widely used in the modification of separators due to its strong affinity for the electrolyte and
excellent adsorption ability for LiPSs, which can improve the physical/chemical properties of the interface and inhibit
the shuttle effect of LiPSs. Li[103] et al. introduced an ultrathin and lightweight PPy functional layer on the surface of
the Celgard separator through a simple vapor phase polymerization method. As shown in Figure 6a, the modified
separator can ensure the uniform flow of lithium ions on the one hand, thus achieving the uniform deposition and
stripping of metallic lithium on the lithium anode, and can effectively anchor lithium polysulfide on the other hand,
inhibiting the shuttle effect of lithium polysulfide.

Polyaniline(PANI), as a typical conjugated conductive polymer, can expand its conjugated structure by combining with
certain heteroatoms, such as protonic acids, inorganic metal compounds, and other molecules with inherent
conductivity, thereby enhancing its ionic conductivity[104]. Jo[105] et al. designed a polyaniline-coated hollow cobalt-
iron Prussian blue analogue(CFP@PANI) for separator modification. As shown in Figure 6b, the CFP@PANI-PP had a
capacity retention rate of 83.5% after 100 cycles at 1 A g’!, indicating that the modified layer effectively inhibited LiPSs
and thus improved the electrochemical performance.

Poly(3,4-ethylenedioxythiophene)(PEDOT) is often used together with polystyrene sulfonate(PSS) to produce a
conductive polymer called PEDOT:PSS[106]. PEDOT can also form a chelating structure with LiPSs. Abbas[107] et al.
sprayed a layer of PEDOT:PSS on the cathode side of the commercial separator. As shown in Figure 6c¢, since the
surface of the modified membrane is negatively charged, it can effectively alleviate the shuttle effect through
Coulombic repulsion, reducing the charge decay rate by 67%. In addition, the hydrophilicity increases with the
modification of PEDOT:PSS, resulting in improved electrolyte wettability and a 14% reduction in the charge transfer
resistance of the LSB.

5.3 Modification with Organic Frameworks

Both metal-organic frameworks(MOFs) and covalent organic frameworks(COFs) exhibit highly porous structures.
MOFs have various properties, including strong functionality, large porosity and specific surface area, adjustable pore
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size, biomimetic catalysis, and biocompatibility. Similar to MOFs, COFs, as a class of organic polymers, contain a
certain porosity and a large number of polar groups[108].

MOFs with appropriate pore sizes can be introduced into the battery as ion sieves to regulate ion transport. Bai[109] et
al. first reported the application of MOFs as separators for LSBs. The MOF@GO separator was prepared by a simple
filtration method, and its pore size distribution is approximately 0.9 nm, which can fully play the role of an ion sieve.
As shown in Figure 6d, this composite separator can effectively inhibit the shuttle of polysulfides to the anode without
affecting the transport of Li*, and the cycling test shows a very low capacity decay rate(0.019% per cycle after 1500
cycles). However, during the cycling process, GO may be partially reduced to conductive rGO, leading to a short
circuit. At the same time, the mechanical properties of the composite separator are poor and cannot meet the
requirements of practical applications. Therefore, on this basis, a new type of MOF@PVDF-HFP separator that can
both capture polysulfides and protect the lithium metal anode was prepared using a similar method[110]. Compared
with the MOF@GO separator, the MOF@PVDF-HFP separator has better flexibility. As shown in Figure 6f-g, the
fabricated pouch battery can still provide a high capacity of 936 mAh g™! after 200 cycles at 0.1 C, which further proves
the practicality of this separator. Chang[111] et al. decorated the MOF channels with a negatively charged sulfonic acid
polymer(NSP), which can simultaneously change the charge environment of the MOF channels Figure 6e. By forming a
repulsive force between polysulfides and NSP, it promotes the transport of lithium ions, thus greatly reducing the initial
"sulfur loss" and voltage polarization. This not only reveals the influence of the pore size and metal position on the
performance of MOF-based separators but also proposes a new strategy for improving the performance of MOFs.

COFs exhibit high chemical adsorption ability for LiPSs. The adsorption mechanism is attributed to the uniform
coexistence of electron-rich atoms and electron-deficient atoms, which can adsorb Li* and S«* respectively. In addition,
the ordered structure of COFs allows for a higher heteroatom doping ratio, as well as more uniform sulfur distribution
and redeposition, resulting in good electrode kinetics[112]. Yan[113] et al. synthesized a C@COF coated separator
using a simple sonochemical method. As shown in Figure 6i-g, C@COF has strong chemical adsorption and electron-
ion co-conductivity on the surface of LiPSs, giving full play to the "absorption-conversion" catalytic effect. The COF
containing boroxyl groups provides rich sulfur-philic and lithium-philic sites, while carbon nanotubes promote electron
transfer. Therefore, the barriers for the deposition and decomposition of Li>S are reduced, thus achieving the
bidirectional catalytic conversion of LiPSs.
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Figure 6 (a) The Structure Schematic Diagram of the PPy/Celgrad Separator and the Comparison Diagram of the
Cycling Performance[103]; (b) The Schematic Diagram of the CFP@PANI Functional Separator[105]; (c) The
Mechanism Diagram of the Separator Modified with PEDOT:PSS[107]; (d) The Mechanism Diagram of the MOF@GO
Separator and the Comparison Diagram of the Cycling Performance[109]; (¢) The Mechanism Diagram of Ms-9.0-
NSP[111]; (f-h) The Battery Structure Schematic Diagram of the MOF@PVDF-HFP Separator, the Cycling
Performance of the Flexible Li-S Pouch Battery, and the Digital Photos of Different Separators after 1000 cycles[110];
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(i-j) The Battery Working Process Schematic Diagram of the C@COF Improved Separator and the Adsorption Energy
Diagram between COFs and LiPSs[113]

5.4 Modification with Inorganic Materials

Inorganic materials with polar sites exhibit strong adsorption ability for polar LiPSs, which can effectively inhibit the
shuttle effect of LiPSs. In addition, some inorganic materials can also increase the transference number of Li*, thereby
improving the electrochemical performance.

Transition metal oxides have excellent environmental stability and high catalytic activity. They can catalyze the
conversion of LiPSs through Lewis acid-base interactions and oxygen vacancy fixation and exhibit excellent
electrochemical performance when modifying separators[114]. Xiao[115] et al. designed a graphene/TiO>
functionalized separator. The porous graphene nanosheets establish a highly conductive framework and can physically
limit LiPSs, and the strong adsorption ability of TiO> for LiPSs can further inhibit the shuttle effect of LiPSs. However,
metal oxides with poor electrical conductivity have slow redox kinetics, which will reduce the utilization rate of active
substance S. Introducing highly conductive metal-based catalysts is a favorable way to improve conductivity and
accelerate catalytic conversion. Zhou[116] et al. proposed a TiO>-TiN heterojunction structure, which combines the
advantages of highly adsorptive TiO; and conductive TiN to achieve the capture-diffusion-conversion process of LiPSs
at the interface. By loading this heterostructure onto graphene as a physical barrier, a dense film was prepared on the
separator, which can greatly inhibit the shuttle of LiPSs even under high sulfur loading. The test shows that the capacity
retention rates at sulfur loadings of 3.1 and 4.3 mg cm are 73% and 67% respectively after 2000 cycles. Using the
bimetallic oxide strategy can give full play to the synergistic reaction of chemical interactions and catalytic activity.
Lv[117] et al. designed a functionalized separator of metal oxide composite material(NiCo204@rGO). The calculated
energy barrier on the surface of NiCo204 is 0.15 eV, as shown in Figure 7a-b. Compared with ordinary PP or rGO/PP
separators, the NiCo204@rGO/PP separator shows a significantly higher Li* diffusion coefficient. The metal oxide
composite material NiCo,04@rGO/PP separator with a low Li* diffusion energy barrier enables the LSBs to achieve a
capacity retention rate of 92% after 400 cycles. The heterostructure composed of multi-metal oxides contains abundant
oxygen vacancy defects, thus exhibiting strong adsorption for LiPSs.

Transition metal sulfides possess abundant metal centers for polymer adsorption. Figure 7¢ shows the adsorption
energies of various LiPSs on MoS, nanosheets[118]. Transition metal sulfides exhibit high affinity for LiPSs, as
evidenced by their highly negative adsorption energies. Liu[119] et al. modulated the d-band electronic structure of
molybdenum disulfide electrocatalysts through p/n doping to promote polysulfide conversion and inhibit polysulfide
migration in LSBsies. As shown in Figure 7d, the p-type V-MoS: catalyst demonstrates more pronounced bidirectional
catalytic effects. Electronic structure analysis(Figure 7e-f) further reveals that the excellent anchoring and
electrocatalytic activity originate from the upward shift of the d-band center and the optimized electronic structure
induced by bimetallic coupling.
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Figure 7 (a) The Detailed Schematic Diagram of NiC0204@rGO/PP during Charging; (b) The Schematic Diagram of
the Lithium Ion Diffusion Energy Barrier on the Surface of Nickel-Cobalt Oxide and Carbon materials[117]; (c) The
Adsorption Energy of Sg and Li>Sx (2<x<8) on MoS>[118]; (d) The Calculated Adsorption Energy of Soluble
LiPSs(Li2S4, Li2Se, and Li2Sg) on the Surfaces of MoS,, Mn-MoS», and V-MoS;; (¢) The PDOS of MoS,, Mn-MoS,,
and V-MoS: Respectively; (f) The Conceptual Illustration of the d-Band Shift after Doping Various Foreign
Atoms[119]; (g) The Schematic Diagram of the Interaction between P-CooSs@SC and Polysulfides; (h) The Density Of
States(DOS) of Co on the Surfaces of CosSs and P-CooSs; (i) The CV Curve of P-CosSs@SC[120]

CooSg, with its metallic properties and abundant active centers, can facilitate polysulfide conversion in LSBs.
Zhang[120] et al. investigated P-doping in CooSs to further enhance electrocatalytic and adsorption performance(Figure
7g). On one hand, the polar surface exhibits strong affinity for polysulfides, enabling effective anchoring and inducing
rapid nucleation of Li»S»/LizS. On the other hand, the abundant catalytic sites in P-CooSs accelerate polysulfide
conversion and mitigate the shuttle effect(Figure 7h). The retention of reduction-oxidation peaks in symmetric cell CV
scans with increasing scan rates indicates rapid redox reactions of polysulfides(Figure 7i). The assembled battery
demonstrates an initial capacity as high as 961 mAh g'! and maintains stable performance over 1000 cycles at 1C.

6 SUMMARY

This review systematically examines LSBs from material design, mechanistic insights, and performance optimization
perspectives. It focuses on functionalized separator strategies to address critical challenges, including polysulfide
shuttling, poor conductivity, and interfacial instability. Key advancements in catalytic conversion, ion regulation, and
multifunctional integration are highlighted, alongside future directions for scalable and practical LSB development.

6.1 Challenges

LSBs suffer from insulating S/Li>S, polysulfide shuttling (causing self-discharge, low Coulombic efficiency), Li
dendrite risks, and 80% volume expansion during cycling. Unstable SEI exacerbates electrolyte degradation.

6.2 Separator Mechanisms

Ion-sieving blocks polysulfides via microporous structures; catalytic materials (e.g., CooSs, MoS2) lower redox
activation energy; electrostatic layers repel anions; polar groups enable chemisorption.

6.3 Material Strategies
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Carbon frameworks enhance conductivity and act as secondary current collectors; conductive polymers improve
wettability; MOFs/COFs offer tunable pores for selective ion transport; inorganic compounds (e.g., TiO2, VN)
synergize adsorption and catalysis.

6.4 Performance Advances

Optimized separators enable >900 mAh g! initial capacity, >1000 cycles, and flexible designs (e.g., MOF@PVDEF-
HFP) for practical cells. Heterostructures (TiO,-TiN) and doped catalysts (P-CosSsg) boost conversion efficiency.

6.5 Future Directions

Scalable fabrication of ultrathin, robust separators; multifunctional integration (thermal stability, dendrite suppression);
compatibility with lean electrolytes and high-sulfur cathodes; in situ characterization to guide interfacial engineering.
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