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Abstract

Lithium-sulfur cells are among the most promising candidates for next-generation
energy-storage systems because of their high theoretical capacity (1,675 mA-h g") and
energy density (2,600 W:h kg™). The low cost and environmental benignity associated with
sulfur's natural abundance further position lithium-sulfur cells as sustainable solutions for
large-scale applications such as electric vehicles and grid storage. This review summarizes
recent advances and remaining challenges in three critical aspects that govern the
performance of practical lithium-sulfur cell: high-loading sulfur cathodes, thin lithium-metal
anodes, and lean-electrolyte configurations. High-loading cathodes continue to suffer from
limited sulfur utilization, sluggish redox kinetics, and structural instability, all of which
restrict the achievable high charge-storage capacity. Thin lithium-metal anodes, while
essential for reducing the negative-to-positive capacity (N/P) ratio, are prone to rapid
deterioration arising from unstable interfaces, uneven lithium deposition, and dead-lithium
accumulation. Lean-electrolyte systems, which are essential for achieving high energy
density, face additional challenges associated with polysulfide dissolution, resulting in
increased cell impedance and shortened cycle life. Recent progress in multifunctional
binders, catalytic sulfur hosts, and engineered separators or interlayers offers promising
pathways to mitigate these interrelated challenges. By integrating these material and
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architectural strategies, lithium-sulfur batteries are steadily progressing from laboratory demonstrations toward
industrial scalability, opening viable opportunities for high-energy, low-cost rechargeable storage.

INTRODUCTION

The commercialization of lithium-ion batteries in 1991 marked a major milestone in portable energy-storage
systems, initially delivering energy densities of approximately 100 W-h kg™ and 200 W-h L"'. Over the
subsequent three decades, continuous improvements in electrode materials, understanding of reaction
mechanisms, and manufacturing techniques have enabled second- and third-generation lithium-ion systems
to surpass 300 W-h kg and 700 W-h L, nearly tripling the performance of early devices" . These systems
operate through the reversible intercalation and deintercalation of lithium ions between graphite anodes and
layered or tunneled oxide cathodes, a mechanism that provides long cycle life, high Coulombic efficiency,
and low self-discharge”*. Despite these strengths, the intercalation chemistry that underpins lithium-ion
batteries is approaching its theoretical limit, creating a widening gap between current battery technologies
and the requirements of long-range electric vehicles and grid-scale energy-storage systems, which often
demand energy densities above 500 W-h kg%, This limitation has intensified global interest in alternative
rechargeable chemistries capable of delivering higher energy density, reducing cost, and improving
environmental sustainability, as illustrated in Figure 1.

Lithium-sulfur cell electrochemistry

Among the various alternatives under investigation, lithium-sulfur cells stand out for their high theoretical
energy density of 2,600 W-h kg™, which is five to eight times greater than that of conventional lithium-ion
systems"®. This advantage arises from pairing a lithium-metal anode (3,860 mA-h g") with a sulfur cathode
(1,675 mA-h g'). In addition to its high specific capacity, sulfur is naturally abundant, inexpensive, and
environmentally benign, making lithium-sulfur cells attractive for large-scale applications!>.

Lithium-sulfur cells differ fundamentally from intercalation-based systems. Their operation proceeds
through a multistep solid-liquid-solid conversion involving the electrochemical transformation of solid
sulfur (S,) into liquid lithium polysulfides (Li,S , 4 < n < 8) and ultimately into solid lithium sulfide (Li,S)"*"":
S, + 16Li" + 16e” — 8Li S. Although this multistep pathway enables specific energy exceeding 500 W-h kg™, it
also introduces key challenges”*. Both sulfur and lithium sulfide are electronically insulating, and the
intermediate polysulfides readily dissolve in ether-based electrolytes. Their migration between electrodes

leads to active-material loss, parasitic shuttle reactions, and poor discharge/charge efficiency.

To mitigate these challenges, sulfur is commonly incorporated into conductive carbon, metal, or oxide hosts
that provide improved electronic conductivity and confinement of polysulfides in the cathode region".
Beyond solid sulfur composites, liquid polysulfide catholytes (e.g., Li,S,) and pre-lithiated Li,S have been
investigated to improve reaction kinetics and simplify electrode fabrication™” .. On the anode side, lithium
metal remains the standard choice, but the use of thinner, more mechanically stable lithium layers has
become important for reducing the negative-to-positive capacity (N/P) ratio. Approaches such as thermal
melting, electroplating, and vapor deposition have been employed to promote uniform lithium
deposition™>'. Electrolyte formulation is equally critical. Ether-based solvents, such as 1,3-Dioxolane (DOL)
and 1,2-Dimethoxyethane (DME), combined with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salts
and LiNO, additives, remain widely used because of the formation of stable passivation layer on the lithium

surface and the reduction of polysulfide shuttling®*"".
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Figure 1. Schematic diagram of the development of lithium-ion batteries of different generations with the battery materials,
electrochemistry, and cell configurations (circles representing energy density ratios).

Development of lithium-sulfur batteries

Lithium-sulfur cell research has progressed significantly over the past two decades, shifting from
fundamental mechanistic investigations toward application-driven cell engineering strategies. Between 2000
and 2015, efforts largely focused on understanding sulfur redox behavior, polysulfide solubility, and the
shuttle mechanism>”'>". These foundational studies enabled the development of key innovations, including
carbon-sulfur composite cathodes, LINO,-containing electrolytes, and nanostructured electrode designs®”'*!.

A major milestone emerged in 2009 with the development of ordered mesoporous carbon-sulfur cathodes,
where molten sulfur is infused into conductive porous frameworks. Confining sulfur within ordered porous
frameworks reduces the dissolution of polysulfide and maintains the continuous electronic pathways, thus
enhancing the utilization and cyclability of sulfur cathode"*. During this period, the crucial role of LiNO, as
an electrolyte additive became widely recognized, as it forms a protective layer on lithium and suppresses

[15-17]

parasitic reactions with polysulfides, resulting in discharge/charge efficiencies above 99%!"*'7\.

Since 2013, research has increasingly emphasized electrode-architecture engineering. Porous current
collectors capable of supporting sulfur loadings above 50 mg cm™, while maintaining high areal capacities,
have demonstrated that thick electrodes can remain electrochemically accessible"**). Conductive interlayers
and separator coatings further suppress polysulfide migration and strengthen charge-transfer kinetics'>*' .
Concurrently, efforts on the lithium-metal anode focused on stabilizing the solid electrolyte interphase (SEI)
through the application of materials such as lithium nitride (Li,N), lithium fluoride (LiF), and other
protective layers to mitigate dendrite formation and improve operational safety?**. Three-dimensional
porous current collectors also played a significant role in promoting more uniform lithium distribution and
enhancing long-term stability”'..

The development of practical electrolytes has also progressed. Ether-based systems remain standard, yet they
are limited by volatility, flammability, and polysulfide solubility, motivating interest in solid-state and hybrid
electrolytes that offer improved mechanical stability and competitive conductivity!”'*'**>*I_ Electrolyte
additives such as LiINO, and Li,PO, remain crucial for suppressing parasitic reactions and enhancing cycling
stability! >,

Since 2015, the field has increasingly prioritized practical engineering parameters aligned with commercial
requirements. These include sulfur loadings above 5 mg cm™, sulfur contents above 60 wt%, and areal
capacities of 2-4 mA-h cm™ with corresponding energy densities of 10-15 mW-h cm™****7, For the anode,
thin lithium foils with N/P ratios below 5 have become essential for evaluating realistic lithium utilization
and the reversibility of the plating and stripping processes''******"\. Regarding the electrolyte, lean-electrolyte
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Table 1. Summary of lithium-sulfur cells with practical cell fabrication parameters (high sulfur loading, low N/P ratio, or low E/S ratio)

Target® -b >60.0¢ >5.0¢ <5.0¢ <5.0f <5.0¢ -h >2-4i >10-15/
73 2024 64.0 8.0 - 6.0 9.2 0.05 52 10.9

78 2023 76.5 6.0 - 7.0 8.0 0.5 53 11

80 2023 61.2 8.2 - - - 1.0 6.5 13.6

56 2025 86.0 4.0 1.0 5.0 4.0 0.05 5.0 101

29 2023 43.0 6.0 24 6.0 51 0.5 35 7.4

31 2024 62.5 6.0 2.0 4.4 42 0.1 6.3 13.2

90 2025 60.0 8.6 2.8 - - 0.1 7.8 16.3
105 2023 64.1 12.0 - 4.0 53 0.2 9.1 19.1

10 2023 78.0 5.4 - gel gel 0.1 54 n3

2Reference number; ®Publication year; “Sulfur content (wt%); “Sulfur loading (mg cm2); ¢N/P ratio; 'E/S ratio (uL mg™); ¢E/C ratio (uL mAh™);
"Cycling rate (C); ‘Areal capacity (mA-h cm?); EEnergy density (mW:h cm).

lithium-sulfur cells, characterized by electrolyte-to-sulfur (E/S) ratios below 5 pL mg™' and
electrolyte-to-capacity (E/C) ratios below 5 uL mA-h™, are now widely recognized as essential for evaluating
practical viability"”***7.

As a result, coordinated progress in sulfur-based cathode design, lithium-metal anode stabilization, and
electrolyte formulation has advanced the development of lithium-sulfur technology from basic research to
practical device implementation. This review synthesizes these developments by examining the
interconnected roles of high-loading sulfur cathodes, thin lithium-metal anodes, and lean-electrolyte
operation, with a focus on identifying remaining barriers and outlining emerging opportunities for achieving
commercially viable lithium-sulfur technologies. Over the past decade, the development of lithium-sulfur
batteries has transitioned from fundamental mechanistic studies under idealized conditions to device-level
engineering for practical applications. Over time, the research focus has shifted from low sulfur loadings
(<2 mg cm™) and excess electrolyte volumes (> 10 uL mg™) towards practical configurations featuring high
sulfur loadings (> 5 mg cm™) and lean-electrolyte conditions (< 5 uL. mg™). This trend reflects a growing
emphasis on practical performance evaluation and underscores the increasing challenges of maintaining
electrochemical stability under restricted conditions. This historical progression toward practical metrics is
summarized and benchmarked in Table 1.

FUNDAMENTAL MECHANISMS AND PRACTICAL CONSTRAINTS

Although lithium-sulfur cells provide clear benefits in theoretical energy density, their practical use depends
on satisfying several strict performance and design criteria*>***°!. High-sulfur-loading cathodes with
sufficient sulfur content are essential for attaining the gravimetric and volumetric energy densities
anticipated for next-generation energy-storage systems. Moreover, thin lithium-metal anodes with controlled
N/P ratios are necessary to minimize excess lithium, reduce cell mass, and lower material costs!"**"*].
Additionally, lean-electrolyte configurations, characterized by low E/S and E/C ratios, are crucial in

[32,43]

enhancing system-level energy density"***..

However, the combination of high sulfur loading, thin lithium-metal anodes, and limited electrolyte volume
often causes significant performance loss under typical laboratory fabrication conditions. These limitations
stem from both intrinsic factors related to the chemical and physical properties of sulfur and lithium metal,
as well as extrinsic factors involving practical cell design and fabrication. Therefore, to effectively discuss
high-loading cathodes, thin lithium-metal anodes, and lean-electrolyte configurations, it is important to
revisit the fundamental electrochemical processes that govern lithium-sulfur batteries and to understand how
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practical fabrication parameters affect cell performance.

Working mechanism of lithium-sulfur batteries

Lithium-sulfur batteries operate through a conversion-type electrochemical mechanism that is
fundamentally different from the intercalation chemistry lithium-ion batteries. During discharge, elemental
sulfur (S,) undergoes a series of reversible reduction reactions, progressively transforming from soluble
long-chain lithium polysulfides (Li,S, — Li,S, — Li,S,) into insoluble lithium sulfides (Li,S,/Li,S)"”". The
charging process proceeds in the opposite direction, oxidizing solid lithium sulfides stepwise back to sulfur.
However, the electrochemical oxidation of Li,S is kinetically sluggish due to its insulating nature and strong

interfacial polarization, often requiring high overpotentials to initiate delithiation!***"\.

This sequence of reactions leads to several intrinsic challenges [Figure 2A]. First, the formation of soluble
lithium polysulfide induces the continuous shuttling of active materials between dissolved polysulfides and
solid sulfides at the anode. This phenomenon, commonly referred to as the shuttle effect, results in the loss of
active material, parasitic reactions at the anode, and a decrease in Coulombic efficiency. Second, both sulfur
and lithium sulfides are electronically insulating, which limits redox kinetics, requires the addition of
conductive additives in the cathode, and makes it challenging to increase overall sulfur content. Third, the
significant volume change (~80%) between sulfur and lithium sulfide causes continuous mechanical stress
within the cathode during cycling, gradually damaging its structural integrity"=*”*.

In addition, the lithium-metal anode further complicates cell operation. Dissolved polysulfides may react
chemically with lithium metal, resulting in the formation of unstable interfacial layers that promote uneven
lithium deposition and accelerate electrolyte depletion'>*'*). These processes define the fundamental
limitations of lithium-sulfur chemistry. Under practical cell configurations, these challenges become even
more significant.

Intrinsic material science and engineering

The intrinsic properties of sulfur and lithium-metal electrodes pose fundamental challenges for
lithium-sulfur cells. Elemental sulfur, the active material in charged state, has low electronic conductivity
(~107° S cm™), while its fully discharged product, lithium sulfide, is similarly insulating (~10"* S cm™)®".,
The poor conductivity limits reaction kinetics and induces significant polarization during cycling.
Meanwhile, polysulfide intermediates are highly soluble in ether-based electrolytes. Their dissolution and
subsequent migration away from the cathode lead to active-material loss, severe shuttle effects, and rapid
capacity fading">*.

Lithium metal presents additional intrinsic challenges. With a standard reduction potential of -3.04 V verses
the standard hydrogen electrode, lithium exhibits high reactivity towards both electrolyte components and
dissolved polysulfides'**. Such reactions cause the ongoing formation and degradation of the SEI, thereby
increasing interfacial resistance and impeding lithium-ion transport. The instability of this interphase also
promotes uneven lithium deposition, dendrite formation, and the accumulation of dead lithium, collectively
compromising cycling stability and safety">*.

Efforts to mitigate these intrinsic issues have traditionally involved several approaches. Cathodes are often
formulated with large fractions of conductive carbon to improve electronic conductivity. Excess electrolyte is
frequently used to dilute polysulfides and suppress shuttling effects, while an abundant lithium supply helps
compensate for irreversible lithium loss. Although these conditions are valuable for studying sulfur-cathode
behavior in half-cell configurations, these conditions deviate significantly from practical full-cell conditions
and obscure the true challenges of lithium-sulfur chemistry. Therefore, design strategies need to focus on

solving the fundamental issues of electronic insulation, polysulfide solubility, and interfacial instability.
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Figure 2. (A) Schematics of the intrinsic challenges that lithium-sulfur batteries face and (B) the influence of extrinsic fabrication
parameters on practical cell performance.

Extrinsic cell-fabrication parameters

Beyond intrinsic material limitations, practical cell-fabrication parameters strongly influence the
electrochemical performance of lithium-sulfur cells. Many academic studies rely on low sulfur loading, thick
lithium-metal foils, and excessive electrolyte volumes. These conditions artificially enhance cycling stability
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and do not reflect realistic device-level constraints. Thus, sulfur loading, electrolyte volume, and
lithium-metal thickness must be strictly controlled when evaluating lithium-sulfur cell performance!*".

Sulfur loading governs areal capacity and practical energy density. Achieving application-level targets (above
5 mg cm” to reach 2-4 mA-h cm™ and 10-15 mW-h cm™) is essential but introduces significant transport and
structural challenges. Higher loading increases the thickness of the cathode, prolongs ion diffusion pathways,
and elevates local polysulfide concentrations, thereby intensifying concentration polarization. As a result,
high-loading cathodes frequently encounter issues such as incomplete sulfur utilization, sluggish redox

52,53

kinetics, and structural degradation”**. These challenges have driven the development of catalytic sulfur

hosts, multifunctional conductive frameworks, and robust confinement architectures.

Although excess electrolyte enhances ionic transport and dilutes polysulfides, it lowers practical energy
density and masks intrinsic limitations. Under lean-electrolyte conditions (typically defined as E/S ratios
below 5 uL mg™ and E/C ratios below 5 uL mA-h™), polysulfide concentration sharply increases, mass
transport becomes diffusion-limited, cathode wettability deteriorates, and sulfur-lithium sulfide conversion
kinetics are hindered***. Elevated viscosity, electrolyte depletion, and intensified concentration gradients
further accelerate capacity fading and interfacial instability’****.. Under lean-electrolyte operation, electrolyte
formulation optimization, interfacial regulation strategies, and catalytic conversion mechanisms become
indispensable for sustaining stable cycling.

Thin lithium-metal anodes (N/P < 5) are less tolerant to irreversible lithium loss because of their limited
lithium inventory, exposing intrinsic instability that is often masked by thick lithium foils. Reducing lithium
thickness intensifies non-uniform current distribution, dendritic growth, repeated SEI rupture, dead-lithium
accumulation, and accelerated electrolyte depletion®*. These interfacial degradation processes are further
aggravated by polysulfide shuttling, leading to rapid performance decay and shortened cycle life, especially

29,56

under lean-electrolyte conditions®**!. Accordingly, the utilization of artificial interphases, lithiophilic
three-dimensional hosts, and deposition-regulation strategies is crucial for stabilizing thin lithium-metal

anodes under practical constraints.

As shown in Figure 2B, sulfur loading, electrolyte volume, and lithium thickness are tightly coupled rather
than independent. Higher sulfur loading intensifies polysulfide diffusion and transport limitations; lean
electrolyte increases viscosity and concentration polarization; thinner lithium aggravates interfacial
instability and lithium depletion. Their combined effects define the key bottlenecks of practical
lithium-sulfur systems. Therefore, strict control of these parameters is essential for realistic performance
evaluation and for bridging the gap between laboratory studies and commercial applications.

HIGH-LOADING SULFUR CATHODE

Realizing commercially viable lithium-sulfur cells requires sulfur cathodes that deliver both high areal
capacity and high energy density. Given that the average discharge voltage of lithium-sulfur cells is ~2.15 V,
achieving practical performance typically requires sulfur loadings above 5 mg cm™ and sulfur contents of
60-80 wt%, thereby enabling areal capacities of 4 mA-h cm™. Nonetheless, increasing sulfur loading
introduces a series of interrelated challenges. The intrinsically low electronic conductivity of sulfur increases
electrode resistance, while intensified polysulfide concentration gradients exacerbate shuttling. Thicker
cathodes also face mechanical issues, uneven coating, crack formation, aggravated volume expansion, and
higher diffusion resistance, all of which slow sulfur redox kinetics during cycling*.

These limitations result in elevated impedance, reduced sulfur utilization, sluggish conversion kinetics, poor
rate capability, and shortened cycle life. As a result, despite the importance of high-loading cathodes for
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practical device integration, research progress in this area remains comparatively limited, with many studies
still dependent on low-loading electrodes that do not meet commercial standards®>***”). This section
highlights recent advances in electrode materials and design strategies that address these long-standing
challenges and enable sulfur loadings exceeding 5 mg cm™ with 60-80 wt% sulfur content.

Materials and the corresponding synthesis methods

Materials engineering is central to overcoming the intrinsic limitations of high-loading sulfur cathodes.
Innovations in binders, active materials, and conductive substrates have all contributed to the improvement
of structural stability, reaction kinetics, and sulfur utilization of high-loading sulfur cathodes.

An effective binder must maintain electrode integrity, preserve conductive networks, tolerate substantial
volume fluctuations, suppress polysulfide migration, and facilitate ion/electron transport while remaining
electrochemically and mechanically stable at low binder contents. Although Poly(vinylidene fluoride)
(PVDF) is widely adopted, its weak adhesion, poor ability to accommodate volume change, and limited
polysulfide affinity limit its applicability for high-loading electrodes!**”. Recent multifunctional binders offer
promising solutions. For instance, Sul et al. fabricated crack-free, high-loading sulfur cathodes by fibrillating
a polytetrafluoroethylene (PTFE) binder via a dry-processing approach. By eliminating solvent evaporation
and its associated capillary stress, this method enabled the formation of free-standing electrode films with an
interconnected network. This unique structure significantly improved the mechanical integrity of thick
sulfur electrodes. Thus, cells assembled with dry-processed cathodes at a high sulfur loading of 8 mg cm™
exhibited noticeably improved cycling stability compared with counterparts prepared by conventional
slurry-based processing [Figures 3A-C]"".

Under high-loading conditions, the electrochemical oxidation of Li,S becomes increasingly challenging due
to aggravated polarization and restricted ionic accessibility. Direct use of Li,S cathode mitigates lithium
consumption and improves initial Coulombic efficiency due to its pre-lithiated nature, but requires catalytic
activation to lower nucleation barriers. Introducing catalytic sites into sulfur or Li,S hosts effectively reduces
the activation energy and accelerates redox kinetics!***’!. Representative catalytic materials include
single-atom sites, transition-metal species, metal oxides, nitrogen-doped carbons, and other nanoscale
architectures”*”. By employing an electroless plating strategy, Kung et al. developed a Sn/S nanocomposite
in which sulfur particles were uniformly encapsulated by a conductive metallic tin shell. This well-defined
core-shell architecture effectively alleviated the high interfacial impedance typically associated with thick
sulfur electrodes, while simultaneously suppressing polysulfide dissolution and shuttling during cycling. As a
result, even at a high sulfur loading of 6 mg cm?, the assembled cells exhibited improved electrochemical
utilization, achieving stable rate performance from C/10 to C/2 and maintaining continuous operation for
500 cycles at a C/2 rate”. These results demonstrate metallic electrocatalysts effectively address kinetic and
stability limits in high-loading lithium-sulfur batteries, enabling longer cycle life for practical cell operation
[Figures 3D and E]"".

Tailoring the structure and surface chemistry of carbon substrates enhances conductivity, ion accessibility,
and polysulfide confinement. Strategies include surface decoration with catalytic or adsorptive species and
optimization of pore structure”*>**I To overcome sluggish redox kinetics and mitigate the polysulfide
shuttle effect, Bai et al. designed a hierarchical nitrogen-doped porous carbon substrate incorporating
uniformly distributed TiN and TiO, heterostructures'®. This interfacial engineering approach enables
effective polysulfide immobilization while simultaneously promoting their catalytic conversion via a
synergistic adsorption and catalysis mechanism. As a result, the corresponding cells showed stable rate
performance in the range of C/2 to 1C and maintained reliable cycling over 200 cycles, even at a high sulfur
loading of 8.2 mg cm™. These results demonstrate that rational construction of heterostructured
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Figure 3. (A) Architectural schematics, (B) surface SEM images, and (C) cycling performances of dry-processed and slurry-processed
sulfur electrodes. (A-C) are adapted with permission from”3! Copyright © 2024 Wiley-VCH GmbH. (D) lllustration of the fabrication and
SEM images of the tin-plated sulfur nanocomposite. (E) Cycling performance of Sn-25% with a high sulfur loading of 6 mg cm2. (D and E)
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working mechanisms of TiN/TiO,@NMPC. (G) Cycling performances of the TiN/TiO,@NMPC cathode at 1C under high sulfur loading. (F
and G) are adapted with permission from % Copyright © 2023 Elsevier.

electrocatalysts provides an effective strategy for alleviating kinetic limitations in high-energy-density
lithium-sulfur batteries [Figure 3F and G]*.

As a result, advances in binder chemistry, catalytic modification, and carbon-framework engineering have
significantly improved the structural stability, electronic/ionic transport, and reaction kinetics required for
high-loading sulfur cathodes to function under practical conditions.

Current progress

High-loading sulfur cathodes remain constrained by several interrelated challenges, including mechanical
instability, elevated interfacial impedance, sluggish polysulfide conversion kinetics, and incomplete sulfur
utilization®**?. These issues become increasingly pronounced as electrode thickness increases, ultimately
limiting achievable areal capacity, rate capability, and long-term cycling stability***¢>727>75-51],
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Recent progress has demonstrated that these limitations can be partially alleviated through coordinated
materials and structural engineering. Multifunctional binders with enhanced adhesion and polysulfide
affinity help preserve electrode integrity under large volume fluctuations!**”"”7?/. The introduction of
electrocatalytic components within sulfur hosts accelerates polysulfide redox reactions and reduces
charge-transfer resistance”*7*7”’), while rationally engineered carbon frameworks improve electronic

28,55,80,81]

conductivity, ion accessibility, and sulfur confinement in thick electrodes!

Further progress requires a more detailed integration of these strategies with scalable fabrication processes
and realistic lean-electrolyte conditions. In particular, optimizing catalyst dispersion, binder functionality,
and electrode architecture at the device level will be critical for advancing high-loading sulfur cathodes from
laboratory demonstrations toward practical lithium-sulfur batteries.

THIN LITHIUM-METAL ANODE

The implementation of thin lithium-metal anodes is essential for advancing lithium-sulfur cells toward
practical, high-energy-density configurations. Lithium metal possesses a high theoretical capacity and the
lowest reduction potential, making it an ideal anode for next-generation battery systems*?. However, the
common laboratory practice of using excess lithium might obscure the true anode limitations, artificially
enhance cycling stability, and lead to unrealistic estimates of attainable energy density. Therefore, employing
thin lithium-metal anodes and maintaining a low N/P ratio is critical for accurately evaluating lithium
utilization and ensuring practical cell designs'®.

Reducing lithium thickness amplifies the intrinsic challenges of lithium metal. With a limited lithium
reservoir, non-uniform ion flux becomes severe during repeated plating and stripping, accelerating dendrite
initiation, interfacial instability, and significant volume fluctuations. The high chemical reactivity of lithium
with liquid electrolytes further accelerates the degradation of the SEI, leading to cycles of fracture and
regeneration. This instability consumes both active lithium and electrolyte, increases interfacial resistance,
and promotes the formation of dead lithium. These degradation mechanisms reduce Coulombic efficiency
and shorten cycle life, especially in conditions with lean electrolytes and high-loading cathodes!****!. While
these issues make long-term stability more difficult, they better represent the real electrochemical

84,85)

performance of practical lithium-sulfur cells!

Despite the difficulties associated with thin lithium, recent advances in materials design and interface
engineering have demonstrated promising solutions. Current strategies focus on surface and interface
engineering and advanced composite electrode design.

Materials and the corresponding synthesis methods

Interfacial engineering remains one of the most effective strategies for stabilizing thin lithium-metal anodes.
Artificial and reinforced SEIs can suppress dendrite formation, strengthen interfacial stability, and minimize
parasitic reactions with dissolved polysulfides'>*"**/. For example, Luo et al. developed a
copper-nickel-phosphorus (CNP)-coated current collector with excellent corrosion resistance. The
lithiophilic CNP coating enabled stable deposition of thin and stacked lithium layers during cycling®. The
CNP coating exhibits high lithium affinity, enabling uniform, dense lithium deposition and strong corrosion
inhibition during cell cycling [Figure 4A]. This modification enabled a stable lithium symmetric cycle for
more than 1,000 h and extended full-cell operation at an N/P ratio of 1.04 [Figure 4B]"". Lu et al. proposed
an artificial SEI comprising poly(methyl methacrylate) (PMMA), polypropylene carbonate (PPC), and LiNO,
to enhance lithium-sulfur cyclability under a low N/P ratio [Figure 4C]. The fabricated symmetric cells with
20 pm lithium can operate for 1,300 h, and the full cells can cycle stably with a N/P ratio of 1.67
[Figure 4D]>,
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Figure 4. (A) Schematics of the CNP alloy coating. (B) Cycling performance of the CNP thin-lithium cell. (A and B) are adapted with
permission fromt¢ Copyright © 2025 Wiley-VCH GmbH. (C) Schematic and working mechanism of the PMCN-SEI. (D) Cycling
performance of the PMCN-SEI thin-lithium cell. (C and D) are adapted with permission from®? Copyright © 2023 Elsevier. (E) Schematics
of the Janus film electrodes and cell. (F) Cycling performance of the Janus film electrodes full cell. (E and F) are adapted with permission
from®", under CC BY 4.0 license. (G) Schematic and working mechanism of the NiCoP materials for both cathode and anode. (H) Cycling
performance of the NiCoP full cell. (G and H) are adapted with permission from® Copyright © 2025 Elsevier.

Moreover, bifunctional composite electrode materials support high mass loadings of cathode active materials
and provide structural reinforcement, with lithiophilic sites that homogenize lithium-ion flux and
accommodate volume changes in the anode. With both enhancements, the thin lithium-metal anode cell can
achieve stable cycling performance with low N/P ratios®**). Um et al. incorporated Mo,C-coated carbon for
Janus-type electrodes”'. The Janus-type electrodes suppress polysulfide diffusion at the cathode and provide
bottom-up growth of uniform lithium at the anode with high current densities [Figure 4E], demonstrating
enhanced cell cycling with a 100 pm thin lithium-metal anode and 6 mg cm™ high-loading sulfur cathode
with an N/P ratio of 2 [Figure 4F]®". Yang et al. also developed a bifunctional electrode material with NiCoP
nanofibers grown on carbon cloth. The designed electrodes exhibit strong interaction with lithium atoms,
thereby enhancing homogeneous lithium distribution and deposition during cell cycling and suppressing
lithium dendrite growth [Figure 4G]". Such electrodes provide > 1,000 h of stable lithium symmetric cell
cycling and enabled lithium-sulfur full cells to deliver 901 mA-h g at 8.6 mg cm™ sulfur loading and a low
N/P ratio of 2.8 [Figure 4H]""\.
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Overall, these findings demonstrate that both interfacial engineering and the design of composite hosts are
vital for the stabilization of thin lithium-metal anodes. Artificial interphases regulate SEI chemistry and
suppress parasitic reactions, while composite architectures provide mechanical robustness and lithiophilicity,
facilitating uniform lithium deposition. The integration of these strategies offers a promising path toward
practical lithium-sulfur cells operating under thin-lithium conditions.

Current progress

Thin lithium-metal anodes suffer from severe active lithium depletion, accelerated dendrite formation, SEI
instability, and high volume change. These issues become increasingly pronounced as the active material
loading increases, accompanied by higher discharge and charge current densities, ultimately resulting in
lower cycling stability and reduced battery capacity. These results highlight the significant challenges
associated with low-N/P-ratio lithium-sulfur cells">**"**57**!l_Moreover, to accurately investigate these
dynamic degradation mechanisms, besides conventional ex situ observations, advanced characterization
methods, such as in situ microscopy, cryo-electron microscopy, and operando spectroscopy, have been
increasingly recommended to monitor the morphological and chemical evolution of the lithium metal anode
during cycling!*7#>!,

To address these issues, recent studies have focused on lithium-anode protection through stabilization of the
SEI and the development of composite electrode architectures”*?. Interfacial engineering using artificial SEI
layers and protective coatings suppresses parasitic side reactions and reduces active lithium
consumption!'®2*20se858930  Composite electrodes reduce the nucleation energy of lithium sulfide at the
cathode and promote uniform lithium deposition at lithiophilic sites!?*2*#>°>242¢] A]l methods have
demonstrated improvements in Coulombic efficiency, dendrite suppression, and cycling stability under low
N/P conditions.

Future directions for thin lithium-metal anodes in lithium-sulfur cells require the development of protective
interphases, electrolyte regulation, and advanced composite architectures to enhance lithium deposition
stability and mitigate active lithium loss during cycling. Realizing these goals can accelerate the transition of
lithium-sulfur technology from laboratory demonstrations toward commercial implementation.

LEAN-ELECTROLYTE CELL

Developing lean-electrolyte lithium-sulfur cells is crucial for achieving high energy density and advancing
toward commercialization™>*'). However, reducing the electrolyte reveals several intrinsic limitations of
lithium-sulfur chemistry. A lower volume of electrolyte decreases the wettability of thick sulfur cathodes and
results in a higher concentration of dissolved polysulfides, thereby intensifying their uncontrolled shuttling
during cycling. An increased concentration of polysulfides elevates viscosity, reduces ionic conductivity,
increases impedance, and decelerates the kinetics of redox conversion””. Moreover, insufficient electrolyte
supply leads to incomplete sulfur utilization, polysulfide aggregation, and deposition of insulating sulfides on
electrode surfaces. These effects result in large polarization, diminished rate capability, reduced specific
capacity, and shortened cycle life.

In many laboratory studies, excess electrolytes have been used to mask these problems. Although high
electrolyte volumes dilute polysulfides and improve apparent cycling stability, they reduce achievable energy

32,33,35,50,61

density and provide limited relevance for practical device integration™ I. Therefore, lean-electrolyte
operation with E/S ratios below 5 pL. mg™* and E/C ratios below 5 uL. mA-h™ has become a critical benchmark

for realistic evaluation of lithium-sulfur cells®*>"),
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Materials and the corresponding synthesis methods
To overcome the challenges associated with lean-electrolyte operation, significant advancements have been
made in optimizing cathodes, separators, interlayers, and electrolytes.

For cathodes, materials engineering plays a decisive role in enabling lean-electrolyte operation. Rational
cathode architectures, multifunctional binders, and catalytic sulfur hosts collectively improve electrolyte
wettability, electronic connectivity, and polysulfide conversion kinetics!”***". These strategies effectively
mitigate sluggish redox reactions and capacity fading under restricted electrolyte conditions®*********’\. For
example, Wu et al. developed a core-shell cathode architecture by encapsulating liquid polysulfide catholyte
within a conductive carbon tissue through a scalable fabrication process'*”. Physical confinement of active
species limited diffusion while the interconnected carbon network ensured efficient charge transport and
conversion kinetics. Under practical conditions of high sulfur loading at 12 mg cm™? and an E/S ratio of
4 pL mg™, the cell achieved high capacity, good rate performance, and stable cycling over 200 cycles. These
results demonstrate the effectiveness of architecture-driven strategies for lean-electrolyte lithium-sulfur cells
[Figure 5A and B]".

To address the intrinsic constraints of lean-electrolyte operation, targeted engineering of separators,
interlayers, and electrolytes has become increasingly important"®’. Functional separators and interlayers
incorporating catalytic and adsorptive components effectively suppress polysulfide migration while
promoting redox kinetics and ion transport. In parallel, hybrid gel and solid-state electrolytes offer a viable
route to immobilize polysulfides and stabilize interfacial ion flux, thereby reducing impedance and sustaining

108-110

electrochemical activity under lean-electrolyte conditions"*""°". Huang et al. developed a dual-functional
asymmetric cellulose gel electrolyte by integrating a cationic cellulose matrix (QACA) with a defective

UiOs6/black phosphorus heterostructure coating (Di-UiO66/BP). This electrolyte architecture couples
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chemical immobilization with catalytic regulation. The Di-UiO66/BP layer effectively anchors polysulfides
and facilitates their conversion, whereas the QACA framework homogenizes lithium-ion transport and
suppresses dendrite growth. As a result, the engineered gel electrolyte enabled stable symmetric cycling
beyond 2,000 h and delivered areal capacities of 3.67-5.39 mA-h cm™ at sulfur loadings of 3.2-5.4 mg cm™.
These results highlight the effectiveness of asymmetric gel electrolyte designs in simultaneously addressing
polysulfide shuttling and anode instability under lean-electrolyte conditions [Figures 5C-E]"".

Current progress

Lean-electrolyte operation further exposes the fundamental limitations of lithium-sulfur chemistry,
including insufficient electrode wettability, intensified polysulfide shuttling, elevated polarization, and
sluggish sulfur conversion kinetics. These effects become especially pronounced in thick, high-loading
cathodes, often resulting in rapid capacity decay and poor rate capability, thereby underscoring the challenge
of maintaining electrochemical activity under electrolyte-restricted conditions!**»*>1+1),

To address these issues, recent progress has focused on coordinated optimization of individual cell
components. At the cathode level, strengthening conductive networks, introducing hierarchical pore
architectures, and employing multifunctional binders and catalytic sulfur hosts have improved electrolyte
accessibility and accelerated polysulfide conversion. Functional separators and interlayers incorporating
adsorptive or catalytic sites further suppress polysulfide migration while maintaining efficient ion transport.
Furthermore, gel- and solid-state electrolyte systems have emerged as effective approaches for immobilizing
soluble intermediates and stabilizing electrode interfaces, particularly at the lithium-metal anodel"*>"*°\.

Opverall, advancing lean-electrolyte lithium-sulfur cells will require transforming material innovations into
practical cell designs that ensure efficient sulfur conversion, stable interfaces, balanced ion transport, and
limited electrolyte use. Achieving such integration is essential for bridging the gap between laboratory-scale
demonstrations and practically relevant, high-energy-density lithium-sulfur batteries.

CONCLUSION AND OUTLOOK

Key points for advanced lithium-sulfur cells

Commercially viable lithium-sulfur cells require coordinated advancements in both the sulfur cathode and
the lithium-metal anode to achieve high areal capacity and competitive gravimetric energy density. A widely
accepted performance target includes a sulfur loading above 5 mg cm™ with a sulfur content of 60-80 wt%,
conditions that typically enable areal capacities exceeding 4 mA-h cm™ and energy densities above
15 mA-h cm™. As summarized in Table 1, most reported studies fail to simultaneously satisty all practical
fabrication constraints while achieving the target cell performance. This indicates that the coupled
constraints and trade-offs among sulfur loading, electrolyte amount, and lithium utilization remain the
primary barriers to the commercialization of lithium-sulfur batteries.

High-loading cathodes still face persistent challenges associated with the intrinsic insulation of sulfur species,
structural degradation in thick electrodes, and sluggish redox kinetics. Recent progress demonstrates that
advanced polymeric binders can better accommodate large volume fluctuations, maintain mechanical
integrity, and suppress polysulfide shuttling by providing strong chemical affinity. Incorporating
electrocatalytic species into sulfur hosts has further accelerated polysulfide conversion, reduced impedance,
and improved sulfur utilization, thereby enhancing rate capability and cycle stability.

Thin lithium-metal anodes are equally essential for realistic assessments of cell-level energy density.
Maintaining an N/P ratio below 5 minimizes excess lithium use and improves practical relevance.
Stabilization strategies for thin lithium can be broadly categorized into interfacial engineering,
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electrolyte-additive design, and composite anode architectures with lithiophilic or conductive frameworks.
These approaches mitigate dendrite formation and suppress parasitic reactions while promoting uniform
lithium deposition.

Lean-electrolyte operation is typically defined by an E/S ratio below 5 uL mg" and an E/C ratio below
5 uL mA-h"'. Under these stringent conditions, cathode architectures must integrate efficient ion/electron
pathways, effective sulfur encapsulation, and multifunctional binders with strong polysulfide affinity. In
addition to cathode engineering, separators and interlayers continue to evolve toward architectures that
suppress polysulfide diffusion and promote catalytic conversion, while gel and solid-state electrolytes offer
additional control over ion transport and dendrite suppression. On the anode side, advances in SEI
engineering help minimize electrolyte consumption and improve stability during repeated cycling.

In summary, these coordinated advancements in cathodes, anodes, and electrolytes are progressively
advancing lean-electrolyte lithium-sulfur cells toward commercially viable configurations that incorporate
high-loading sulfur cathodes, thin lithium-metal anodes, high energy density, and long-term cycling stability.

Potential issues to be addressed
Despite rapid progress, several critical challenges still hinder the seamless integration of these components,
making it difficult to achieve the aforementioned practical cell-fabrication parameters simultaneously.

For high-loading cathodes, the low electronic conductivity of sulfur, increased electrode thickness, and
pronounced concentration gradients elevate impedance and intensify polysulfide migration. These effects
accelerate electrode degradation and reduce sulfur utilization, especially under high-rate or long-term cycling
conditions. Moreover, the solid-liquid-solid conversion mechanism and associated volume expansion hinder
charge transfer and promote the accumulation of inactive sulfide species. Improving sulfur encapsulation,
reaction kinetics, and mechanical robustness remains important for further development.

For thin lithium-metal anodes, the intrinsic reactivity of lithium with both the electrolyte and dissolved
polysulfides continuously destabilizes the SEI. This instability drives continuous lithium consumption,
increased interfacial resistance, and rapid accumulation of dead lithium. Non-uniform ion flux intensifies
dendritic growth and large volume fluctuations, increasing the risk of short-circuiting. Complicating matters,
many reported studies still rely on thick lithium foils, which mask the degradation pathways inherent to thin
lithium and result in overly optimistic cycling performance. Future efforts must focus on robust SEI coatings,
optimized electrolyte formulations, and composite host structures that promote homogeneous lithium
deposition.

For lean-electrolyte cells, low E/S and E/C operation presents additional constraints. A limited electrolyte
volume increases polysulfide concentration, viscosity, and polarization, while reducing ionic conductivity.
These conditions slow sulfur redox kinetics, promote insulating sulfide deposition, and accelerate capacity
fade. Although advancements have been achieved through the utilization of multifunctional binders, catalytic
interlayers, and tailored porous structures, many studies still depend on excess electrolyte, compromising
energy density and limiting practical relevance.

Moving forward, meaningful progress requires maintaining strict lean-electrolyte conditions while
advancing materials and architectures that ensure efficient sulfur utilization and stable interfaces under
realistic thin lithium operating constraints. Introducing artificial intelligence (AI) into battery research also
represents a critical future direction. Such data-driven approaches can significantly accelerate the
optimization of coupled cell fabrication parameters and the screening of advanced materials for practical
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lithium-sulfur batteries*".

Conclusions

Advancing lithium-sulfur cells toward commercial implementation requires an integrated strategy that
simultaneously addresses the limitations of the sulfur cathode, lithium-metal anode, and electrolyte system.
High-loading sulfur cathodes with high sulfur content must combine mechanical stability with efficient
sulfur utilization, which can be achieved through improved binder chemistry, optimized conductive
frameworks, and catalytic additives that accelerate polysulfide conversion. Thin lithium-metal anodes require
protective and lithiophilic strategies to promote uniform deposition, stabilize the SEI, and maintain
long-term cycling performance at realistic N/P ratios. At the same time, lean-electrolyte operation with
necessary low E/S and E/C ratios demands enhanced ionic conductivity, improved redox kinetics, and more
effective polysulfide confinement. With continued advances across all cell components, lean-electrolyte
lithium-sulfur cells utilizing high-loading sulfur cathodes and thin lithium-metal anodes demonstrate
considerable potential as next-generation energy storage systems characterized by high energy density,
economic viability, and wide applicability potential.
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