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Lithium-sulfur (Li-S) batteries have attracted
significant attention due to their high theoretical
energy density and cost-effectiveness, leading to
notable progress in recent years. However, a huge
gap between fundamental research and practical
implementation remains a major obstacle to com-
mercialization. This review first outlines critical de-
sign parameters and technical challenges in realizing
practical high energy density Li-S batteries, and sum-
marizes the recent advancements. It then systemati-
cally discusses potential strategies to address these
challenges, focusing on cathode kinetics, electrolyte
optimization, and anode interface engineering. The
review further explores the opportunities, chal-
lenges, structural designs, and capacity enhance-
ment strategies for next-generation all-solid-state
Li-S batteries. Finally, future research directions are

Introduction

The rising demand for electric vehicles and portable
electronics has accelerated the development of energy
storage systems with higher energy density, lower cost,
and greater environmental sustainability. Lithium-ion
batteries (LIBs), currently the dominant technology, are
widely adopted due to their reliable performance. How-
ever, their energy density is approaching the theoretical
limit (~250-300 W h kg™, restricting their ability to meet
future energy requirements.”? In addition, the limited
availability and high cost of critical materials such as
cobalt and nickel challenge the sustainability of large-
scale deployment. In this context, lithium-sulfur (Li-S)
batteries have garnered increasing interest owing to their
DOI: 10.31635/ccschem.025.202506213
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proposed to guide the continued development of
high energy density Li-S battery technologies.

Liquid Li-S battery
Li*
. 24

</ @

Triple-phase interface

. Low E/S ratio

Electrolyte structure design

High electron/Li* conductivity

-—

Low N/P ratio

Interface optimization

e
o Process optimization

@ @
x,;yﬁj < > JUIJJ SRR kinetics improvement
High S loading P Rapid Redox mediator for SRR

Facilitating SRR Kinetics All-solid-state Li-S battery

Keywords: lithium-sulfur batteries, high energy den-
sity, cathode kinetics, electrolyte optimization, all-
solid-state electrolyte

high theoretical energy density (2600 W h kg™) and the
advantages of sulfur’s natural abundance, low cost, and
environmental friendliness.®*

The development of Li-S batteries dates back to 1962,
when Herbert and Ulam first proposed sulfur as a potential
cathode material.> However, progress remained limited
due to an incomplete understanding of material proper-
ties and electrochemical reaction mechanisms. In 2009,
Nazar and coworkers® introduced mesoporous carbon
CMK-3 as a sulfur host, which improved electronic con-
ductivity, suppressed the polysulfide shuttle effect, and
alleviated volume expansion, thereby improving sulfur
utilization and cycling stability. This work established a
foundation for practical Li-S batteries, although chal-
lenges such as lithium polysulfides (LiPSs) shuttling and
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lithium dendrite growth persisted. In the 2010s, research
entered a phase of rapid advancement. To mitigate LiPSs
shuttling, various strategies—such as tailored cathode
architectures, chemical adsorption, and electrocatalysis
—were developed to accelerate reaction kinetics and ex-
tend cycling life.”® Concurrently, electrolyte formulations
and lithium anode protection strategies were devised to
stabilize the electrode-electrolyte interface and further
suppress the shuttle effect.®’® Since 2014, increasing
attention has been directed toward improving the energy
density of Li-S batteries. It was revealed that a low
electrolyte-to-sulfur (E/S) ratio is critical to increase the
energy density. This understanding has led to the devel-
opment of practical pouch cells by optimizing the E/S
ratio, sulfur areal loading, and lithium excess, thus en-
abling improvements in both energy density and cycling
performance.?”

Over the past decade, substantial progress in high-load-
ing electrode fabrication and cathode design has
addressed key challenges such as electrode cracking and
incomplete sulfur utilization. These innovations have en-
abled sulfur loadings to increase from 1to 2 mg cm™ to
over 5 mg cm™ without compromising electrochemical
performance. Simultaneously, advances in electrolyte en-
gineering have reduced the E/S ratio to below 5 pL mg™,
significantly improving energy density under lean

electrolyte conditions.” State-of-the-art Li-S pouch cells
have demonstrated record energy densities of 695 W h
kg™ at the cell level,” while typical systems reach 300-
400 W h kg™. However, these pouch cells generally suffer
from limited cycle life of less than 100 cycles. Despite
energy densities comparable to commercial LIBs, the poor
cycling stability—far below the >1000 cycles of LIBs coun-
terparts—remains a major limitation for Li-S batteries.

This review presents a comprehensive overview of
recent advances in high energy density Li-S batteries.
We first outline the critical design parameters and cor-
responding technical challenges hindering practical im-
plementation. Strategies to address these challenges are
then discussed with a focus on cathode, electrolyte, and
anode engineering. The review also highlights advances
in all-solid-state Li-S batteries (ASSLSBs), including their
structural designs, capacity enhancement strategies, and
inherent challenges. Finally, future research directions for
developing practical high energy density Li-S batteries
are proposed.

Principles and Challenges
Principles of Li-S batteries

A typical Li-S battery consists of a sulfur cathode, a
lithium metal anode (LMA), separator, and electrolyte
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Figure 1| Battery configurations and fundamental mechanism of the Li-S battery. (a) Typical Li-S battery configura-
tion and its working principle. (b) Typical discharge and charge voltage profile of the Li-S battery in one cycle.
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(Figure 1a). During discharge, electrons flow from the
LMA to the sulfur cathode via the external circuit, while
Li* ions are released from the LMA, solvated in the elec-
trolyte, and migrate toward the cathode under an electric
field. At the cathode, Sg molecules accept electrons,
undergo ring-opening, and react with Li* to form soluble
lithium polysulfides (Li>S,, 2 < n < 8), which are subse-
quently reduced to insoluble Li,S (Figure 1a).>™ The
overall discharge process involves a stepwise 16-electron
reduction of Sg. The voltage profile typically features two
distinct discharge plateaus: the high-voltage plateau
(~2.3 V), where Sg is reduced to soluble Li»,S, via a
combination of electrochemical and disproportionation
reactions, involving four electrons per Sg molecule and
delivering 418 mA h g™; and the low-voltage plateau
(~2.1 V), where Li»S, is further reduced to solid Li,S,
transferring 12 electrons per Sg molecule and providing
an additional 1254 mA h g™' (Figure 1b).”®'® Upon charging,
this process reverses, with Li»S gradually oxidized back
to solid Sg. This solid-liquid-solid conversion pathway is
characteristic of ether-based electrolytes, which remain
the most extensively studied system in Li-S battery
research.

Parameters and challenges of high energy
density Li-S batteries

Gravimetric energy density is a critical parameter for
evaluating the practical viability of Li-S batteries. Over
the past two decades, significant efforts have been made
in electrode structure design, interfacial engineering, and
electrolyte formulation, markedly improving the cathode
capacity and cycling stability. Coin cells now routinely
deliver capacities exceeding 1200 mA h g and demon-
strate stable cycling over 1000 cycles, even at high
current rates. However, these results are often obtained
under idealized conditions, including low sulfur loading,
excessive electrolyte volume, and excess Li, which di-
verge from practical application scenarios. To date, few
Li-S batteries have demonstrated energy densities great-
er than 500 W h kg™. While specific energies surpassing
300 W h kg™ have been reported, their cycle life typically
remains below 100 cycles, falling short of practical
requirements.”™® Table 1 summarizes representative
Li-S systems that have achieved high energy densities.

Identifying the key determinants of energy density is
crucial for guiding material design, optimizing cell archi-
tecture, and bridging the gap between laboratory re-
search and practical applications. We first examine the
primary factors affecting the energy density of Li-S bat-
teries to support the development of high energy density
Li-S technologies. A typical pouch Li-S battery comprises
multiple double-sided sulfur cathodes and lithium
anodes, along with a multilayer separator and electrolyte,
as illustrated in Figure 2a.“' It also includes positive and
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negative current collectors, tabs, and an aluminum-lami-
nated film package. The energy density calculation is

based on the following equation:>4?

Energy density=2,567 W h kg™ X Rueight X Renergy

where Ry.eight represents the total mass percentage of
both S and active Li, and Renergy represents the energy
utilization ratio, expressed as follows:

C‘sulfur Vcathode
1675mAhg™ 22V

Renergy =

M
pﬁfs My (1 - Rpackage)
2

ma+m. M
+%+mseparator+PERE/Smsl + MSU RN/Pmsl
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where Cgirr denotes the specific discharge capacity of
sulfur; Veathode IS the average discharge voltage of pouch
cell; Miizs, M, and Mg represent the molar mass of Li,S
(45.947), Li (6.941), and S (32.065), separately; mg illus-
trates the areal sulfur loading in the cathode; Rpackage
indicates the mass ratio of package over the total cell
mMass; Reathode denotes sulfur mass fraction in cathode;
and myj, Mey, and Mgeparator represent mass of current
collectors and separator. pg is density of electrolyte,
estimated with 11 mg pL™; Rg/s represents E/S ratio;
Rnysp represents negative to positive electrode ratio
(N/P ratio).

Based on this model, Fei and Li*? systematically exam-
ined the influence of key parameters on energy density.
They found that energy density increases exponentially
with decreasing E/S ratio decreases, highlighting its crit-
ical importance (Figure 2b). Similarly, reducing the N/P
ratio significantly enhances energy density by minimizing
excess lithium (Figure 2b). Increasing sulfur loading from
1to 5 mg cm™ markedly improves energy density, al-
though further increases beyond 8 mg cm=2 yield dimin-
ishing returns (Figure 2c¢). Under lean electrolyte (E/S
<3 uL mg™ and low N/P (<2) conditions, sulfur content
becomes a dominant factor (Figure 2d). Achieving prac-
tical energy densities above 300 W h kg™ requires con-
current optimization of key parameters: S loading >4 mg
cm™ E/S <2.7 uL mg™, N/P <3, and Csuirur 21,200 mA h g™
Under extreme conditions—such as sulfur loading of
15 mg cm™2, 70% sulfur content, reversible capacity of
1200 mA h g7, an E/S = 1.2 pL mg™, and N/P = 1.2—the
energy density could reach 630 W h kg™. However, this
estimation assumes ideal electrochemical performance,
including a discharge capacity of 1200 mA h g™ and an
average voltage of 2.2 V. In practice, achieving such
performance is challenging, particularly at high sulfur
loadings (>5 mg cm™) and lean electrolyte conditions
(E/S <3 pL mg™), where increased viscosity and sluggish
Li»S precipitation kinetics lead to capacity fade and volt-
age hysteresis, ultimately reducing the Renergy-
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Table 1| The Parameters and Electrochemical Performance Comparison of Li-S Batteries
Energy
S Loading E/S Ratio N/P Operating Capacity  Density
Cathode (mg cm™) Electrolyte (uk mg™  Ratio Conditions  Retention (Wh kg™ Ref
S/MWCNTs-70% 7.4 0.1 M LiTFSI DME 1.7 ~1 25 °C One cycle 685 13
2.0 wt % LINO3 0.03C
20 mM DMDSe
S-KB-CFy 6.42S 0.4 MLITFSIO2M 25 1.87 25 °C One cycle 661 12
2.67 CF, LiINO3z DME/MTBE 0.2 mA cm™
KB/S-70% 8 1.0 M LiTFSI 0.6 M 1.2 / 25 °C, C/30; One cycle 481 19
LiINOz DOL/DME 1.7 55 °C, C/30 415
TiS,/S / 0.4 M LiITFSI 0.2 M 0.9 1.1 25 °C ~40% 460 20
LiNOz DME/MTBE 1.3 2 0.3 mA cm™; 17 cycles; 370
0.3 mA cm™ 80%
75 cycles;
LiyMoS,/S 7.5 1.0 M LITFSI 0.2 M 2.4 / 25 °C 85.2% 441 17
>70% LiINOz DOL/DME 2 mA cm™2 200 cycles
S-CoFe DASC 12.7 1.0 M LiTFSI 2.8 1.29 25 °C ~68% 436 21
DOL/DME ~0.03 C 10 cycles
1wt % LINOz
S/MWCNTs-70% 7.5 1.0 M LiFSI ~2.8 ~1.2 25 °C / 428 22
5 wt % LiNO3 02c¢C 1 cycles
DOL/DME
20mM DMDSe
C/S-70% 10.0 1.0 M LIiTFSI 2.6 2 25 °C 74.2% 417 z
TizC,T, MXene DOL/DME 0.2C 100 cycles
@CuC0O,0,/PE 1wt % LiINO3z
S/CNT/MoS, 7.1 1.0 M LiFSI ~3 ~1.3 25 °C ~48.1% 4164 24
5.0 wt % LINOz 0.05C 16 cycles
0.10 M Lil
DOL/DME
Cos.47N@NC/S 5.6 1.0 M LiTFSI 2.8 / 25 °C 90% 41 18
DOL/DME 01C 40 cycles
1wt % LiINOz
KB/S 5 1.0 M LIiTFSI 2.7 ~1 28 °C One cycle 410 25
2.0 wt % LiNO3 80 mA
1% LiPO5F,
DOL/DME
S/CNT-80% 17.3 0.6 M LiTFSI 0.4 M 4.0 / 25 °C ~72.2% 402 26
NiSe, catalyst LiINOz DOL/DME ~0.05C 10 cycles
Co-PCL/S-70% 2.7 1.0 M LiTFSI 3 1.9 30 °C 83.6% 330 27
3.4 2.0 wt % LINO3 2.4 1.5 0.05C 20 cycles ~400
DOL/DME
S/CNT-70% 7.6 1.0 M LIiTFSI ~3 ~1.2 25 °C 56% 387 28
2.0 wt % LINO3 0.025C 27 cycles
DME/DOL/HME
S/CPC@FeS,-83% 8.4 1.0 M LITFSI 0.2 M 3.5 / 25 °C 98.5% 338 29
7.1 LiNOz DOL/DME 4.0 o1cC 30 cycles 372
S/CoTe,/Co-O-NC 6.7 1.0 M LiTFSI 4 / 25 °C ~71.4% 368 30
1.0 wt % LiNOz 01cC 25 cycles
DOL/DME
(Continued)
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Table 1| (Continued)
Energy
S Loading E/S Ratio N/P Operating Capacity  Density
Cathode (mg cm™) Electrolyte (uL mg™  Ratio Conditions  Retention (Wh kg™ Ref
MogSs/Ss 69S 0.6 M LiITFSI 0.4 M 1.2 3 25 °C 10 cycles 366 31
6.8 MogSg  LiINOz DOL/DME 1 mA cm™
CNT/S-80% 6.5 1.0 M LiTFSI 3 / 25 °C 93.0% 359 32
G-mSn0O,/SnSe» 2.0 wt % LINOz 0.05C 40 cycles
separator DOL/DME
Super P/S-80% 6.7 1.0 M LIiTFSI 4 / 25 °C / 357 33
NbN-NbC DOL/DME 0.05C 25 cycles
separator 1.0 wt % LINO3z
CNT/S-70% 7.3 0.2 M LiTFSI ~3 ~1.2 25 °C One cycle 353 34
5.0 wt % LINOz 3 0.05C
DOL/DME
3d-omsh/ZnS, ~6 1.0 M LITFSI 0.2 M 4 ~2.6 25 °C ~74% 317 7
Co-N-C/S-75% LiINOz DOL/DME 2.5 0.05C 80 cycles ~352.4
G@ppy-por/C/S 7 1.0 M LIiTFSI 3 / 25 °C 91.8% 343 35
5.0 wt % LiNOz 0.025 C 12 cycles
DOL/DME
CNT/S-80% 5.1 1.0 M LIiTFSI 3 1.08 25 °C >95% 341 36
FVO/CNT@PP 1.0 wt % LiNO3z 0.05C 12 cycles
separator DOL/DME
GF/S-75% 4 1M LITFSI CPME 3 1.87 40 °C ~65% 331 37
50 mM BDTS / 24 cycles
FeNC-EEB-1/S- 8.4 1.0 M LIiTFSI 3 2.1 25 °C 81% 309.1 38
70% 2.0 wt % LiNO3 3 2.3 0.05C 80 cycles 320.2
DOL/DME
IKB/S-80% 4-6 1.0 M LIiTFSI 0.3 M 2.5 / 25 °C ~62% 313 39
LiINOz DOL/DME 0.05C 5 cycles
GF/S-80% 4.6 0.5 M LiTFSI 4 1.63 25 °C 86.7% 307 40
0.8 M LiNOg 01cC 20 cycles
DME/DOL/HMPA

MTBE, methyl tert-butyl ether; DASC, diatomic site catalysts; HME, hexyl methyl ether.

To achieve practical high energy density Li-S batteries,
it is crucial to reduce the E/S ratio while maintaining high
sulfur utilization (>1,200 mA h g™ at high sulfur content
(>70%) and areal loading (>4 mg cm™). Due to the
unique sulfur redox mechanism, the electrolyte volume
strongly influences sulfur utilization, necessitating the
co-optimization of electrode architecture and electrolyte
formulation. Minimizing the N/P ratio is a secondary but
still important consideration; however, doing so often
compromises cycling stability. In pouch cells, parasitic
reactions between LMA and the electrolyte—leading to
lithium pulverization and electrolyte depletion—are the
primary failure modes. Thus, achieving a Coulombic
efficiency (CE) of >99.9% through stable electrolyte
systems or robust solid-electrolyte interphase (SEI) en-
gineering is essential for enabling long-cycle-life, high
energy density Li-S batteries.
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Facilitating Sulfur Reduction
Reaction Kinetics for High Loading
Electrodes

Achieving high energy density Li-S battery critically
depends on maintaining high sulfur utilization under lean
electrolyte and high sulfur content conditions. However,
thick cathodes with high sulfur loading often suffer from
nonuniform reaction kinetics. Under lean electrolyte con-
ditions, the limited solubility of LiPSs impedes their dis-
solution-diffusion-conversion pathways.** Furthermore,
the gradual accumulation of insulating Li>S on the cath-
ode surface blocks electron and ion transport, reducing
the effective reaction area. This results in sluggish reac-
tion kinetics, increased polarization, and poor utilization
of active materials. Additionally, the dissolution of
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Figure 2 | (a) Schematic diagram of a multilayer Li-S Pouch cell. Reprinted with permission from ref 41. Copyright 2019
Wiley-VCH. (b-d) Visualization of the cell energy density of Li-S batteries with different sulfur loadings and E/S ratios
(b), with different E/S ratios and N/P ratios (¢), with different sulfur factions, sulfur loadings, and N/P ratios. Reprinted

with permission from ref 42. Copyright 2024 Wiley-VCH.

abundant LiPSs intermediates aggravates the shuttle
effect, leading to active material loss and lithium anode
corrosion.

The development of stable and multifunctional cath-
odes is essential for achieving high capacities in high-
loading Li-S batteries. To enhance overall electrode con-
ductivity, various porous carbon materials and conduc-
tive polymers have been explored as host frameworks.
However, the nonpolar nature of carbon limits its affinity
for LiPSs. Polar materials, in contrast, effectively adsorb
dissolved LiPSs and provide electrocatalytic sites that
accelerate sulfur conversion into short-chain species,
enhance sulfur utilization, and mitigate the shuttle effect.
Introducing electrocatalysts has thus emerged as a
promising strategy to construct high energy density
Li-S batteries. These sites typically exhibit strong affinity
toward sulfur species. Transition metal compounds—in-
cluding sulfides,”® carbides,*® oxides,** and nitrides®—
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have shown great promise as electrocatalysts. Addition-
ally, heteroatom-doped carbons,?” quantum dots, and
single-atom catalysts** also demonstrate strong electro-
catalytic activity toward LiPSs. Integrating catalytic
materials—as hosts, additives, or separator coatings—
accelerates reaction kinetics and facilitates the develop-
ment of high-energy-density Li-S batteries. MogSg, fea-
turing fast Li-ion transport, high electronic conductivity,
and intrinsic capacity contribution, serves as an ideal
framework for sulfur immobilization. A pouch cell with
an intercalation-conversion hybrid cathode achieves
366 W h kg™ and 581 W h L™ under low carbon content
and a low E/S ratio.®* The lithiation of conductive and
lyophilic 1T-phase MoS, nanosheets can enhance Li* ad-
sorption, accelerate electrochemical kinetics, and pro-
mote efficient polysulfide conversion, delivering a high
energy density of 441 W h kg™ and 735 W h L™ Ji and

coworkers* demonstrated that the metal center
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containing exactly two iron atoms maximizes atomic
efficiency and regulates sulfur intermediate conversion,
achieving 23.8 mA h cm™ at a high sulfur loading of
21.8 mg cm The Cos.47N@NC demonstrates remarkable
catalytic activity for polysulfide conversion by modulat-
ing the d-band center of cobalt atoms, maintaining
1314 mA h g™ at a sulfur loading of 5.7 mg cm™ and E/
S ratio of 4.0 yL mg™. A 1.0 A h pouch cell assembled with
this material achieves an energy density of 411 W h kg™."®

The rapid development of catalyst designs has driven
deeper investigations into underlying catalytic mechan-
isms. Electrochemical and in situ characterization tech-
niques facilitate the identification of key discharge
products and elucidation of their reaction pathways. In
situ Raman spectroscopy and electrochemical measure-
ments reveal that Li»S, is the key intermediate governing
sulfur reduction reaction (SRR) kinetics, whereas Li>Sg
remains electrochemically inactive and exacerbates the
shuttle effect.*® Nitrogen and sulfur dual-doped holey
graphene frameworks accelerate LiPSs conversion, en-
abling rapid depletion of soluble species at elevated
potentials, thereby suppressing the shuttle effect and
enhancing discharge voltage. In situ UV-vis spectrosco-
py, synchrotron-based techniques, and theoretical cal-
culations reveal that SRR kinetics are enhanced by
increasing LiPSs concentration at the catalyst surface,
governed by its antibonding orbital occupancy.” This
finding enables the modulation of SRR kinetics in various
metal catalysts via antibonding orbital engineering.
Leveraging this kinetic principle, composite CoZn/
carbon catalysts have been developed, delivering
stable cycling at high sulfur loading (5 mg cm™) and
high current density (8.0 C). Additionally, Liao and
coworkers* developed in situ liquid-cell electrochemical
transmission electron microscopy (EC-TEM), enabling
atomic-scale dynamic, real-time observation of interfa-
cial reactions of the cathode. This technique reveals that
Mo NCs/N-G metallic active centers gather soluble LiPSs
into droplet-like dense phases, inducing instantaneous
crystallization rather than classical step-by-step transfor-
mation. Moreover, machine learning has emerged as a
powerful tool for catalyst design and optimization. Zhou
and coworkers? developed a machine-learning-assisted
binary descriptor for battery performance, consisting of
band match (/gang) and lattice mismatch (/ att), Which
together capture the key electronic and structural
features of cathode materials. The NiSe,, exhibiting mod-
erate /gang and the lowest /| 4y, is predicted—and experi-
mentally confirmed—to accelerate SRR kinetics and
improve cycling stability, even at 15.0 mg cm™2 and
—20 °C. A NiSe,-based pouch cell delivers a specific
energy of 402 W h kg™.

Although numerous materials exhibit promising
redox catalytic activity toward sulfur, mechanistic
insights into the electrocatalytic process—including re-
action pathways and intermediates—remain limited. The
DOI: 10.31635/ccschem.025.202506213

Citation: CCS Chem. 2025, 7, 3235-3258
Link to VoR: https://doi.org/10.31635/ccschem.025.202506213

lack of standardized metrics for evaluating catalytic ac-
tivity and efficiency further impedes the development of
rational design strategies. To enable the targeted design
of Li-S battery electrocatalysts, a deeper mechanistic
understanding and the establishment of performance
benchmarks are urgently needed. Additionally, many
electrocatalysts are electrically insulating and do not
contribute to capacity, necessitating conductive addi-
tives that compromise both gravimetric and volumetric
energy densities. Therefore, enhancing intrinsic catalytic
activity and optimizing active sites are central to advanc-
ing electrocatalyst performance. Furthermore, economic
viability is also critical; ideal electrocatalysts should
be low-cost, scalable, and compatible with industrial
manufacturing processes.

Electrolyte Design Strategies to

Reduce the E/S Ratio

The E/S ratio significantly influences the overall energy
density of Li-S batteries. To achieve an energy density
over 300 W h kg™ requires reducing the E/S ratio to <3 pL
mg~, with the sulfur electrode’s discharge capacity ex-
ceeding 1,200 mA h g. However, sulfur undergoes a
solid-liquid-solid  transformation during discharge,
where the solubility of intermediate LiPSs governs the
reaction kinetics. Consequently, the discharge capacity
depends heavily on the electrolyte volume, often
showing a direct proportionality. In conventional 1,3-
dioxolane/1,2-dimethoxyethane (DOL/DME)-based elec-
trolytes, the maximum LiPSs solubility (~6 mols L™
corresponds to an E/S ratio of ~5.2 pL mg™. When the
E/S ratio falls below 3 pL mg™, a substantial portion of
LiPSs remains undissolved, limiting active material ac-
cessibility. Moreover, insulating Li,S precipitates passiv-
ate the electrode surface, impeding further reactions and
reducing sulfur utilization—ultimately lowering energy
density.

Enhancing the LiPSs solubility theoretically facilitates
liquid-phase sulfur conversion, even at low E/S ratios.
This has driven the development of high-solvating elec-
trolytes (HSEs). Conversely, suppressing LiPSs solubility
enables quasi-solid-state conversion reactions and miti-
gates dependence on electrolyte volume, motivating
interest in sparingly solvating electrolytes (SSEs). These
two electrolyte systems exhibit opposing solubility beha-
viors, leading to distinct discharge mechanisms and cor-
responding challenges. The following sections discuss
the key features and limitations of each system.

Highly solvating electrolyte for
Li-S batteries

The dissolution of LiPSs is primarily governed by molec-
ular interactions between electrolyte components and
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LiPSs species. Solvents with high donor numbers (DN) or
dielectric constants (e), such as dimethyl sulfoxide,
dimethylformamide, and 1,3-dimethyl-2-imidazolidinone,
exhibit strong solvation due to their pronounced Lewis
basicity and high polarity.*”*® Moreover, high-DN sol-
vents also modulate the acid-base environment of coor-
dinated Li*, facilitating the formation of trisulfur radical
anions (Sz*7).*° During discharge, Sz*~ acts as an efficient
redox mediator, accelerating the conversion of sulfur and
long-chain polysulfides to short-chain species, thereby
enhancing active material utilization.®® In addition, the
strong Li* coordination of high-DN solvents increases the
Li,S solubility and suppresses its deposition kinetics,
leading to diffusion-controlled, hemispherical growth via
three-dimensional (3D) progressive nucleation.”” This
produces porous, spherical Li,S particles and delays
electrode passivation. During charging, Li»S dissolution
and Sz*~ mediation synergistically lower the oxidation
overpotential, enhancing redox reversibility.

Although high-DN solvent-based HSEs enhance sulfur
utilization under lean electrolyte conditions via improved
product solubility and radical-mediated pathways, they
still face critical challenges. Their strong reactivity with
LMAs leads to unstable Li deposition/stripping and con-
tinuous electrolyte degradation, compromising cycling
stability. Moreover, the elevated solubility of LiPSs
exacerbates the shuttle effect, accelerating capacity de-
cay, lowering CE, and causing severe anode corrosion.

To address these challenges, significant efforts have
focused on improving HSEs stability electrolytes via sol-
vent structure modulation, compositional optimization,
and tailored structural design, thereby promoting their
development and practical implementation. For instance,
dual-functional high-DN solvent 3-fluoropyridine is de-
veloped to simultaneously enhance LiPSs solubility and
LMA compatibility (Figure 3a).5? This HSE exhibits stable
cycling performance even at a high areal sulfur loading of
8 mg cm™. Additionally, a core-shell structured HSE has
been designed through intermolecular interactions
between DME/DOL and hexamethylphosphoramide
(HMPA), achieving high CE and energy density in Li-S
batteries (Figure 3b).*° Moreover, high-DN co-solvents
have also proven effective in improving LiPSs solubility
and sulfur utilization.>®***

In addition to high-DN solvents, strongly coordinating
compounds that interact with Li* or S,> species can
further improve the solubility of LiPSs or Li,S. For exam-
ple, high-DN anions (e.g., Br-, NOz~, Tf") in DOL/DME
electrolytes promote LiPSs dissolution and Li>S deposi-
tion by enhancing Li" coordination, thereby improving
the discharge capacity.®®>’ Recent study reveals that
anions tend to enter the first solvation shell of LiPSs,
modulating their solvation structure and formation ener-
gy to regulate the reaction kinetics.*® Furthermore, spe-
cific anion receptor is reported to coordinate with S
atoms to regulate LiPSs structure and improve Li,S
DOI: 10.31635/ccschem.025.202506213
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solubility, promoting 3D Li,S growth and enhancing dis-
charge capacity under lean electrolyte or low-tempera-
ture conditions (Figure 3c).*° Ji and coworkers®®
demonstrated that cobalt phthalocyanine (CoPc) inter-
acts with sulfur anions in LiPSs, altering their dissociation
equilibrium in a DME/DOL electrolyte (Figure 3d). This
CoPc-modified electrolyte reduces the cationic LiPSs
concentration, effectively suppressing their electromi-
gration toward the LMA during charging. As a result, a
high reversible areal capacity of 42 mA h cm™@ is
achieved at a high sulfur loading of 5.0 mgcm™ and a
low E/S ratio of 3 uL mg™. Xi and coworkers® demon-
strated that 4-mercaptopyridine (4Mpy), serving as a
redox regulator, forms lithium-pyridinethiolate, which
reversibly participates in LiPSs conversion during
charge-discharge cycles, accelerating reaction kinetics
and promoting the formation of a 3D Li,S structure. The
Li-S battery with 4Mpy delivers an areal capacity of
10.05 mA h cm™ under a high sulfur loading of 10.88 mg
cm~2 (Figure 3e).©

Extensive research has led to significant progress in
HSEs, enhancing electrochemical performance and
deepening mechanistic insights into reaction pathways.
However, challenges related to cycling stability persist.
Addressing these issues requires focused efforts in sev-
eral key areas. First, molecular-level design of bifunction-
al solvents that simultaneously stabilize LMAs and
promote radical-mediated reactions could significantly
improve cycle life. Second, rational cathode architec-
tures are essential to confine soluble LiPSs, suppress the
shuttle effect, and promote uniform solid-phase deposi-
tion. Third, a deeper understanding of anode interphase
evolution and the development of effective passivation
strategies—such as high-efficiency additives or artificial
SEls—is crucial for mitigating lithium corrosion and sta-
bilizing electrode-electrolyte interfaces. Finally, ad-
vanced in situ techniques, including in situ Raman
spectroscopy and X-ray absorption spectroscopy, offer
unprecedented insights into LiPSs solvation structures
and transformation pathways, providing a theoretical
foundation for electrolyte and electrode design. Coordi-
nated efforts across these directions may unlock high-
performance Li-S batteries with enhanced energy densi-
ty and cycling stability, accelerating their practical appli-
cation in energy storage systems.

Sparingly solvating electrolytes for Li-S
batteries

Compared to HSEs, SSEs exhibit extremely low LiPSs
solubility (1-10 mM), inducing a transition in the sulfur
conversion mechanism from the traditional solid-liquid-
solid pathway to a quasi-solid-state process. While trace
levels of dissolved LiPSs and localized interfacial reac-
tions may persist, the overall electrochemical conversion
becomes largely independent of LiPSs dissolution,
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Figure 3 | (a) Effect of dual functional high donor electrolyte on the sulfur cathode, LMA, and LiPSs redox mechanism.
Reprinted with permission from ref 52. Copyright 2022 American Chemical Society. (b) The reaction path of LiPSs and
the interface characteristics of LMA in core-shell highly solvating electrolytes. Reprinted with permission from ref 40.
Copyright 2025 Wiley-VCH. (c) The schematic mechanism for Li>S deposition in harsh conditions in tris(oentafluor-
ophenylDboron electrolytes. Reprinted with permission from ref 59. Copyright 2022 American Chemical Society.
(d) The schematic representation depicting the correlation between’Li NMR findings and the solvation status of Li>Se.
Reprinted with permission from ref 60. Copyright 2024 Wiley-VCH. (e) The reaction mechanism of redox mediators
and redox regulators in Li-S batteries; the optimized configurations of 4Mpy, Li>Ss and 4Mpy-Li-Se specie and their
calculated binding energy. Reprinted with permission from ref 61. Copyright 2024 Wiley-VCH.

rendering the process minimally dependent on electro-
lyte volume. This makes SSEs particularly attractive for
lean-electrolyte Li-S battery systems.

Various electrolyte systems can be classified as SSEs
owing to their low LiPSs solubility. Room-temperature
jonic liquids (RTILs), composed of organic cations (e.g.,
imidazolium, pyrrolidinium, piperidinium, and quaternary
ammonium) and diverse anions (e.g., TFSI, BETI, Tf,
and BF,7), represent a prominent class of electrolytes
with limited LiPSs solubility.®? The solubility of LiPSs in
RTILs is governed by the anion Lewis basicity and cation
steric hindrance, which collectively affect reaction
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mechanisms and kinetics. Similarly, solvated ionic liquids
(SILs), prepared by equimolar mixing of long-chain
glymes (G3 or G4) with lithium salts ([Li(glyme)1[X1),
show reduced LiPSs solubility due to the formation of
stable chelate complexes between glymes and Li*, which
suppress the coordination ability of ether oxygen
atoms.®® Highly concentrated electrolytes (HCEs) also
suppress LiPSs solubility by increasing the Li*/solvent
ratio, promoting contact ion pair (CIP) and aggregate
(AGG) formation, thereby reducing free solvent availabil-
ity.¢* However, these systems—including RTILs, SILs,
and HCEs—often suffer from high viscosity and low ionic
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conductivity. To overcome these limitations, low-polarity
solvents are often introduced to form localized highly
concentrated electrolytes (LHCEs), which preserve fa-
vorable ion-solvent interactions while improving ionic
conductivity and discharge performance.®® Moreover,
weakly solvating solvents with low dielectric constants
and Lewis basicity have emerged as promising media for
SSEs.®® Their inherently low ability to solvate LiPSs ef-
fectively mitigates the shuttle effect while preserving
high ionic conductivity. These solvents also promote
anion-rich CIP structures even at low salt concentrations,
facilitating the formation of anion-derived interphases
that stabilize LMAs—crucial for long-life, high energy
density Li-S batteries.

Although the SSEs reduce the volume dependence and
suppress the shuttle effect via quasi-solid-state conver-
sion pathways, their practical application is hindered by
inherently sluggish reaction kinetics, often requiring ele-
vated temperatures and low discharge rate. To address
this limitation, our group introduced toluene as a novel
diluent which reconstructs the electrolyte microstructure
by disrupting aggregates and creating sulfur dissolution
microdomains. The toluene-based electrolyte signifi-
cantly enhances ionic transport, accelerates sulfur redox
kinetics, and reduces polarization during operation
(Figure 4a).’”” Additionally, other low-density diluents,
such as n-hexane and fluorobenzene, have also been
explored to optimize the structure of LHCEs for high
energy density Li-S batteries.®®®® Additionally, we ex-
plored SSEs incorporating the weakly solvating solvent
cyclopentyl methyl ether (CPME). By introducing organ-
ic-phase-mediating molecules into CPME-based SSEs,
surface-localized polysulfide solvation is promoted,
which improves sulfur reaction kinetics and rate capabil-
ity (Figure 4b).*” In parallel, Manthiram and coworkers®®
developed a weakly solvating electrolyte using pure tet-
rahydropyran, enabling stable cycling with high sulfu-
rized polyacrylonitrile (SPAN) loadings (%5 mg cm™)
and 5 pL mgspan~' across a wide temperature range from
0 to 50 °C. Furthermore, cosolvating weakly and moder-
ately solvating solvents has also proven effective in bal-
ancing LiPS solubility and improving sulfur kinetics.”®
Although this does not fully establish a quasi-solid-state
pathway, it enables high specific capacity at room tem-
perature and mitigates side reactions between LiPSs and
LMAs, thus extending the cycle life of high-loading cells
(Figure 4c¢).”" The low polarity solvents such as hydro-
fluoroether (HFE),” di-isopropyl sulfide,’? and hexyl
methyl ether” have also been shown to enhance electro-
lyte performance. Zhang and coworkers” further identi-
fied activation polarization, arising from the higher
charge-transfer activation energy in rate-determining
step, as the primary kinetic limitation. They also observed
a two-stage variation with increasing weakly solvating
solvent content, determined by whether the solvent
penetrates the inner solvation shell of LiPSs. Once the
DOI: 10.31635/ccschem.025.202506213
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weakly solvating solvent directly coordinates with LiPSs,
the charge-transfer kinetics significantly deteriorate, ac-
companied by a sharp increase in activation polarization.
To address this, the incorporation of electrocatalysts has
been shown to reduce polarization, prolong cycling sta-
bility, and enable high practical energy densities of
607 W h kg™.”* Huang and coworkers’® also demonstrat-
ed the activation polarization corresponding to polysul-
fide oxidation to elemental sulfur is the primary case of
discharge capacity loss at high rates. To address the
kinetic challenge, the benzo[1,2-b:6,5-b’]dithiophene-
4,5-dione was proposed as a redox mediation to accel-
erate LiPSs oxidation kinetics, thereby improving the rate
performance of pouch cells.

The SSEs offer a promising pathway toward high en-
ergy density Li-S batteries, but sluggish reaction kinetics
remain a major challenge. Future efforts should focus on
several critical directions: (1) rational design of cathode
architectures to enhance both electronic and ionic trans-
port, thereby facilitating smooth quasi-solid-state sulfur
conversion; (2) in-depth mechanistic investigations of
sulfur cathode reactions in SSEs using advanced in situ
electrochemical, spectroscopic, and computational tech-
niques to guide kinetic optimization; and (3) molecular-
level engineering of electrolyte structures to modulate
surface-solubilized LiPSs species and address kinetic
barriers at ambient temperature.

Low N/P Ratio for Li-S Batteries

Alow N/P ratio (<3) is essential for achieving high energy
density Li-S batteries, motivating efforts to minimize it in
practical cell configurations. However, LMAs undergo
continuous capacity fading due to persistent SEl recon-
struction and accumulation of inactive “dead” lithium.”®
Ongoing side reactions between LMAs and the electro-
lyte induce lithium pulverization and electrolyte deple-
tion, both of which are dominant failure modes in Li-S
pouch cells. In conventional ether-based electrolytes
with a CE of 99%, the capacity retention will drop to
80% after 120 cycles at an N/P ratio of 2 solely due to
anode degradation. In addition, parasitic reactions be-
tween LMAs and LiPSs produce ionically insulating Li»S>/
Li,S species, which elevate interfacial resistance and
consume active material, further reducing capacity.
These challenges underscore the inferior cycling stability
of Li-S cells compared to LIBs, emphasizing that N/P
ratio optimization is vital not only for energy density but
also for long-term cycle life.

Over the past decade, substantial progress has been
made in electrolyte design, SEl engineering, and anode
architecture. As the component directly interfacing with
LMAs, electrolytes play a critical role in regulating Li
deposition/stripping by modulating Li* coordination
structures. Anion-derived SEI layers, enriched with
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inorganic components, have demonstrated improved
cycling stability.*””” Building on this insight, various elec-
trolyte systems featuring anion-Li* coordination—such
as HCEs, LHCEs, and weakly solvating electrolytes—have
been developed. These systems, characterized by abun-
dant CIPs and AGGs structure, exhibit low LiPSs solubility
and are categorized as SSEs. However, their practical
application is hindered by sluggish interfacial kinetics.
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Notably, additives can effectively regulate Li deposition
morphology and SEI composition, providing new strate-
gies to overcome these limitations. The potassium
3-thiophenetrifluoroborate (KPTB) facilitates the forma-
tion of F-rich SEl and polythiophene-based protective
layers on LMA electrodes via preferential redox of PTB~
and K'-mediated electrostatic shielding, thereby sup-
pressing LiPS corrosion and preserving electrode
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integrity. The electrolyte enables excellent Li-S battery
performance across a wide temperature range (=25 to
50 °C) (Figure 5a).”® The In,Sez functions as a dual-role
additive, simultaneously enhancing both cathode and
anode performance in lithium-free cells. In,Sez catalyzes
LiPSs conversion at the cathode and improves Li depo-
sition reversibility by forming an in situ LilnS,/LilnSe,-
containing SEI derived from dissolved In® and Se? ions.
This additive enables excellent cycling performance in
Li-free Li,S cells (Figure 5b).”®

The formation and accumulation of “dead” Li signifi-
cantly deteriorate the battery stability and pose serious
safety risks. To address this issue, Huang and coworkers’®
introduced phenethylamine (PEA) to reactivate inactive
Li in Li-S batteries. The PEA reacts with inactive Li at the
anode to form an organic polysulfide R-LIPEA, which
subsequently reacts with the sulfur cathode to generate
O-LiPEA. The reversible redox cycle between R-LIPEA
and O-LiPEA facilitates lithium reactivation and mitigates
capacity fading (Figure 5¢).”® Alloying lithium with metals
such as Mg, Al, and Sn offers an effective strategy to
stabilize Li anodes by suppressing dendrite formation
and buffering volume changes. The anticorrosion
Cu-Ni-P (CNP) alloy layer protects the Cu current collec-
tor from corrosion and exhibits strong affinity for Li*,
facilitating their Li/Li* redox rates and promoting uni-
form, low-porosity Li deposition (Figure 5d).%° Li-S bat-
teries with passivated current collectors, a low N/P ratio
(1.5), and lean electrolyte (5 pL mg™) exhibit a tenfold
increase in cycle and calendar life. Furthermore, a 3D
framework strategy can simultaneously buffer volume
fluctuations during Li plating/stripping and suppress
dendrite growth by homogenizing current distribution.
Zuo and coworkers® developed a metal-coordinated 3D
porous covalent organic framework (NiS4-TAPT) incor-
porating Ni-bis(dithiolene) moieties and nitrogen-rich
sites (Figure 5e). The high porosity and uniform channels
enhance electrolyte wettability, ensuring homogeneous
Li* flux distribution and rapid ion transport. Additionally,
the abundant N and Ni sites anchor and catalyze poly-
sulfides, suppressing the shuttle effect and improving CE.
A full cell using NiS4-TAPT as both cathode and anode
host exhibits high sulfur utilization and stable cycling
performance.

Achieving high energy density and long cycle life in
Li-S batteries necessitates overcoming challenges asso-
ciated with LMAs, particularly nonuniform Li deposition/
stripping and polysulfide-induced corrosion. To facilitate
the practical deployment of Li-S batteries, this work
outlines two critical research directions: (1) Elucidating
interfacial phenomena at the lithium metal/electrolyte
interface, including solvation structures, SEI composi-
tion, and Li nucleation/growth dynamics; (2) Evaluating
anode protection strategies under practical conditions,
including high current densities, high areal capacities,

DOI: 10.31635/ccschem.025.202506213
Citation: CCS Chem. 2025, 7, 3235-3258
Link to VoR: https://doi.org/10.31635/ccschem.025.202506213

and lean electrolyte volumes suitable for high-loading
cathodes.

All-Solid-State Li-S Batteries

Although liquid Li-S batteries have made significant
progress in energy density in recent years, ASSLSBs offer
a groundbreaking advantage. By using nonflammable
solid electrolytes, ASSLSBs not only resolve safety issues
but also exhibit remarkable potential for higher energy
density. Sun et al.®? systematically evaluated key para-
meters—including sulfur content and cathode loading—
in pouch cell configurations to compare the energy den-
sities of liquid and ASSLSB. ASSLSBs outperform their
liquid counterparts. For instance, at a cathode loading of
6 mg cm~2 and 80 wt % sulfur content, ASSLSBs deliver
743 W h kg™, and the energy density exceeds 1,100 W h
kg™ at 18 mg cm™. These values not only surpass those of
liquid Li-S batteries but also exceed the international
industry target of 500 W h kg8 This quantitative
comparison underscores the superior energy density
performance of ASSLSBs.

However, the intrinsic characteristics of solid-state
systems pose unique challenges for designing sulfur
cathodes. In liquid electrolytes, the electrolyte readily
infiltrates electrode pores, enabling continuous ionic
transport. In contrast, ASSLSBs require efficient charge
transport across complex multiphase interfaces involv-
ing active materials (S/Li»S), conductive carbon, and
solid electrolytes.® Furthermore, the solid-solid interface
between the solid-state electrolyte and composite cath-
ode introduces two primary limitations to charge con-
duction:®’ first, electronic transport is impeded by the
intrinsically insulating nature of sulfur; second, ionic con-
duction is limited by poor interfacial contact between
solid phases. These combined transport limitations ren-
der conventional carbon-network-based design strate-
gies less effective in ASSLSBs.

Improvement of electronic and ionic
conductivity

In ASSLSB systems, electron transport efficiency critical-
ly determines the kinetics of electrochemical reactions.
Due to the inherently low electronic conductivity of both
Sg and Li,S, establishing efficient electron-conductive
pathways is essential to sustaining redox processes.®® To
achieve energy densities exceeding 500 W h kg™, high
areal capacities over 5 mA h cm™ are required, which
necessitate the use of thick electrodes.®?> However, in-
creased electrode thickness introduces significant chal-
lenges. The tortuosity of the triple-phase interfaces
(sulfur/conductive additive/solid electrolyte) rises
sharply, substantially elevating charge-transfer resis-
tance. Simultaneously, active material utilization drops
markedly, often falling below 60%.8% A more critical issue
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Figure 5| (a) Schematic diagram of Li deposition process based on the electrostatic shielding of K* in KPTB-
incorporated electrolyte. Reprinted with permission from ref 78. Copyright 2025 Wiley-VCH. (b) The effects of
In®* and Se® ions in electrolyte on the formation of the SEI layer on Cu anode and possible reaction Schemes for SEI.
Reprinted with permission from ref 79. Copyright 2023 Wiley-VCH. (c) Schematic diagram of the reactivation
mechanism of inactive Li through organic polysulfide redox developed from PEA in Li-S batteries. Reprinted with
permission from ref 76. Copyright 2025 American Chemical Society. (d) Schematic illustration of the CNP alloy coating
preparation and the Li deposition process on the CNP surface with PSs. Reprinted with permission from ref 80.
Copyright 2025 Wiley-VCH. (e) Design diagram of a Li-S full battery with NiS4-TAPT as both the sulfur host material at
the cathode side and the lithium host material at the anode side. Reprinted with permission from ref 81. Copyright

2024 American Chemical Society.

in thick electrodes is that sulfur particles embedded deep
within carbon pores fail to maintain effective contact
with the solid electrolyte. Moreover, the heterogeneous
distribution of the conductive network leads to localized
electron transport bottlenecks. Collectively, these fac-
tors severely limit the practical capacity output of
ASSLSBs.?° Therefore, a comprehensive understanding
and optimization of electron transport mechanisms—
particularly through the rational design of conductive
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networks—are vital for enabling high energy density
ASSLSBs.

Researchers have explored various strategies to con-
struct efficient and stable electron transport networks,
with carbon materials receiving the most attention due to
their excellent electrical conductivity and structural tun-
ability.®°°2 To enable uniform carbon distribution and
effective interfacial contact under high sulfur loading,
Luo et al.®® designed a hierarchical carbon nanocage
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(hCNC) that forms a continuous conductive network
(Figure 6a). By leveraging multidimensional structural
engineering at the particle, interface, and electrode
levels, they achieved an ultrahigh areal capacity of
9.95 mA h cm™ under a high sulfur loading of 6 mg
cm™. Beyond carbon architecture, strategies such as
halogen/Se doping and nanosizing have also shown to
significantly improve sulfur’s intrinsic electronic conduc-
tivity.®8% For instance, Liu et al.°® demonstrated that
iodine doping into the sulfur lattice to form Sg 3l molecu-
lar crystals significantly increases the conductivity to
~5.9 x 1077 S cm™ at 25 °C—an enhancement of 11 orders
of magnitude compared to elemental sulfur. The iodine
doping introduces new energy states within sulfur’s
bandgap, facilitating electron transport and promoting
the formation of electrochemically active polysulfides
during cycling. Furthermore, the low melting point of
Sozl (~65 °C) enables periodic remelting, which helps
heal interfacial damage during operation. As a result,
ASSLSB using Sgzl as the cathode material exhibited
stable cycling over 400 cycles with 87% capacity reten-
tion. This work addresses the long-standing challenge of
sulfur’s poor conductivity and offers a promising material
design strategy for high energy density ASSLSBs.

Although carbon-based conductive networks marked-
ly improve the electronic conductivity of sulfur cathodes,
their excessive use in ASSLSBs significantly reduces the
active material content, ultimately limiting the achievable
energy density. Additionally, sluggish Li* transport in
solid-state sulfur cathodes severely limits redox kinetics,
particularly under high sulfur loading, underscoring the
urgent need to optimize ion transport pathways. Various
innovative strategies have been proposed to address
these challenges.

In interfacial engineering strategies, Whang et al.*® de-
veloped an innovative FeS-Li,S system that leverages
the dual functionality of transition metal sulfides to si-
multaneously facilitate electron and ion conduction with-
out relying on carbon additives. By optimizing the FeS:
Li»S ratio, the system achieved an areal capacity over
6 mA h cm™ with loading of 10.0 mg cm™2.%¢ Zhong et al.”’
employed atomic layer deposition (ALD) to fabricate a
lithium phosphorus oxynitride (LPO) interfacial layer on
carbon/sulfur particles. The LPO layer serves multiple
functions: enhancing Li* transport efficiency as an ion-
conducting medium, suppressing interfacial side reac-
tions between carbon and electrolyte, and buffering me-
chanical stress to prevent contact degradation during
cycling. This design enabled the full cell to achieve a
capacity of 1322 mA h g at 0.2C with 86.4% retention
over 300 cycles, and an exceptional areal capacity of
11.7 mA h cm™2 at 60 °C, highlighting the effectiveness of
ALD for interfacial optimization.

The core contradiction in improving electronic and
ionic conduction lies in the imbalance between electron
transport and ion transport at the interface between solid
DOI: 10.31635/ccschem.025.202506213
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electrolytes and sulfur cathodes. The operating voltage
window of the sulfur cathode is higher than the oxidation
potential of the electrolyte, rendering the electrolyte
susceptible to oxidative decomposition. Meanwhile,
highly conductive carbon materials exacerbate electron
transport at the interface, further promoting electrolyte
oxidation. Therefore, balancing electron and ion trans-
port at the interface has become a critical challenge. In
terms of structural design, Wang et al.°® designed a
hierarchical core-shell ion-conducting architecture via
anion exchange at the LissPS45Clis/LizYBrg interface
(Figure 6b). The LissPS45Cli s core facilitates fast intra-
particle conduction (>5 mS cm™), while the LizYBrg shell
facilitates interparticle Li* transport (>1 mS cm™). This
architecture enables the cathode to retain 85% of its
capacity over 1000 cycles at a high areal loading of 8 mg
cm™, and the pouch cell retains 76.9% after 500 cycles.
Inspired by the polar group design in liquid-electrolyte
Li-S batteries, Nazar and coworkers® regulated the
charge density and chemical environment at the sulfur
host/argyrodite (AG) interface to suppress AG oxidation
while preserving ion transport. They adopted a carbon
nitride (CzNy)-nitrogen-doped graphene (CNG) com-
posite as the sulfur host. The wide bandgap of C3zN4
limits interfacial electron transport, while pyridinic N sites
in CNG strongly interact with Li* in AG, effectively tuning
the interfacial chemical environment. This configuration
inhibits S —>S° oxidation in AG and prevents subsequent
decomposition into insulating by-products. As a result,
the battery shows minimal resistance growth over 250
cycles, maintaining an areal capacity of 2 mAh cm™.
Under high sulfur loading, an ultrahigh areal capacity of
11.3 mAh cm™ is attained, offering insights into interface
engineering for sulfide-based all-solid-state batteries.
The aforementioned studies underscore the impor-
tance of precisely tuning interfacial chemical environ-
ments and spatial charge distributions to enhance ion
transport efficiency. This insight has spurred new strate-
gies in mixed conductor design that synergistically inte-
grate electronic conduction networks and ion transport
channels at the molecular scale—addressing the intrinsic
charge transport imbalance in conventional composite
electrodes. Cao et al'®® employed operando neutron
imaging and Raman spectroscopy to investigate lithium
kinetics in graphite interlayers. Their results revealed the
spontaneous formation of Li-graphite interlayers during
battery assembly, with Li* preferentially depositing at the
interface during charging. Continued plating led to the
growth of metallic Li dendrites, causing short circuits.
Simulations showed that lithium transport is governed by
the low nucleation barrier at the interface, shedding light
on the complex mechano-chemo-electrochemical cou-
pling in mixed-conductive interlayers. Wang et al.” pro-
posed a Li-Ti-P-S mixed ionic-electronic conductor
(MIEC) as a replacement for conventional solid electro-
lytes, effectively reducing the tortuosity of sulfur
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Figure 6 | (a) Schematic diagram illustrating the advantages of hCNC over AB in enhancing kinetics. Reprinted with
permission from ref 93. Copyright 2024 Wiley-VCH. (b) lon-conduction failure in sulfur cathodes and unitized
encapsulation design. Reprinted with permission from ref 98. Copyright 2025 Royal Society of Chemistry.

composite electrodes. This design establishes a continu-
ous dual-conduction network (electronic conductivity:
107% S cm™, ionic conductivity: 1.2 mS cm™), enabling a
high active sulfur content of 87.3%. Experiments con-
firmed the formation of a uniform, Ti-rich interfacial layer
on sulfur particles, with synchrotron analysis revealing
structural reversibility during cycling. Compared to tra-
ditional triple-phase boundary designs, this strategy in-
creased sulfur loading to 50 wt %, enabling stable cycling
for 1000 cycles at 6.8 mA cm™ with a conversion rate
exceeding 94%. Moreover, this MIEC strategy was ex-
tended to other high-energy conversion-type cathodes,
consistently achieving enhanced active material utiliza-
tion and rate performance—demonstrating its universal-
ity and multifunctionality.

In contrast to conventional composite cathodes
that require conductive additives to enhance mixed
conduction, Cui et al'®? developed an intrinsically
DOI: 10.31635/ccschem.025.202506213
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mixed-conductive, zero-strain cathode material, Li; 75Ti»
(Gepr5P07553.85€02)3, synthesized via cold pressing.
This material exhibits outstanding dual-conductivity—
ionic conductivity of 0.22-0.66 mS cm™ and electronic
conductivity of 242-412 mS cm™'—during cycling, while
undergoing minimal volume change. The homogeneous
cathode, composed entirely of this material, enables
ASSLSBs to achieve remarkable cycling stability, retain-
ing 70% of their capacity after 20,000 cycles at 2.5C, and
delivering a high energy density of 390 W h kg™ at 0.1C.
These advances not only clarify the underlying mechano-
chemo-electrochemical coupling mechanisms in mixed
conductors but also provide a theoretical framework for
designing next-generation, high-efficiency ion transport
networks.

The rational design of efficient electron/ion transport
networks is the crucial key for enhancing electronic and
jonic conductivity. Future research should focus on
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precisely tuning parameters such as pore size distribu-
tion and morphology of porous carbons via advanced
fabrication strategies. Concurrently, sulfur loading meth-
ods must be optimized to ensure intimate contact with
the conductive matrix while preserving sufficient path-
ways for electrolyte infiltration. These advances will sta-
bilize transport channels and hold significant potential
for improving the performance of ASSLSBSs.

Kinetics enhancement of the sulfur cathode

In optimizing reaction kinetics for ASSLSBs, the syner-
gistic design of interface engineering and catalysis has
shown significant promise. Liu et al.'”® modulated the p-
band center of the tetrahedron in LigPSsCl through Sb/O
codoping, enabling the in situ formation of a stable
LixSbyS, protective layer at the anode interface. This
protective layer stabilized the lithium symmetric cell for
over 4000 h while concurrently suppressing sulfur side
reactions at the cathode. Simultaneously, this approach
suppressed sulfur side reactions at the cathode interface.
The fabricated ASSLSB exhibited a specific capacity of
932.6 mA h g at 0.1C and maintained 83.7% capacity
over 150 cycles, with the pouch cell also demonstrating
excellent cycling performance and safety. Cao et al.®
encapsulated small-molecule sulfur and catalyst clusters
within sub-2 nm micropores, constructing molecular-
level sulfur-catalyst-carbon interfaces. This strategy re-
solved the longstanding challenge of achieving molecu-
lar contact in solid-state catalysis and buffered sulfur
volume fluctuations via a micropore volume of 2.0 cm?®
g”. The assembled battery exhibited a specific capacity
exceeding 1000 mA h g™ at 1.0 C, with a capacity reten-
tion rate of over 85% after 1400 cycles. Expanding on the
understanding of discharge mechanisms, Sun et al.
revealed that the discharge products comprise both Li,S
and Li»S,,'°° challenging the conventional assumption of
Li»S dominance. By tuning the discharge cutoff potential
and incorporating trace Lil as a solid-state catalyst, Li>S»-
rich products were favored. This approach enabled the
cell to achieve a reversible capacity of 979.6 mA h g™' at
25 °Cunder 2.0 A g'and maintain stable cycling for 1500
cycles. Their work not only redefines ASSLSB discharge
chemistry but also offers a viable pathway for perfor-
mance enhancement.

Redox mediation, a proven strategy for accelerating
reaction kinetics in liquid Li-S batteries, also offers dis-
tinct advantages in ASSLSBs. Yu et al.'® designed an
innovative Li»S-LixIn,S3s composite cathode, where In,Sz
serves as a redox mediator, forming a bifunctional mate-
rial via high-energy ball milling with Li>S. This architec-
ture mitigates ion/electron transport limitations and
volume expansion, delivering an initial areal capacity of
3.47 mA h cm™2 (78% Li,S utilization) at a 4.0 mg cm™
sulfur loading, with 82.35% capacity retention over 200
cycles. Notably, a high areal capacity of 4.08 mA hcm=2is
DOI: 10.31635/ccschem.025.202506213
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maintained even at a sulfur loading of 6.6 mg cm™ To
address interfacial instability in sulfide electrolytes, Shen
et al'?” developed a novel LigixP1xW,Ssl (LPWSI) elec-
trolyte that enhances interfacial redox reversibility. The
WS,-derived mixed conductive network facilitates the
reversible conversion of Li4P>S; to LizPS4, preventing
irreversible P,S;% accumulation (Figure 7a). ASSLSBs
employing the LPWSI electrolyte deliver an initial areal
capacity of 1.95 mA h cm™ at 0.2C, with 92.2% capacity
retention over 400 cycles, and stable cycling for 1000
cycles at high rates (1C/2C). This work offers insights into
electrolyte engineering for high-capacity conversion-
type electrodes. Most notably, Pang’s team'®® developed
a lithium thioborophosphate iodide (LBPSI) glass elec-
trolyte, where the I7/1,/15~ redox shuttle significantly pro-
motes efficient sulfur-to-Li,S conversion, enabling a fast-
charging capacity of 432 mA h g™ at 150 C and 60 °C
(Figure 7b,c). More impressively, the assembled battery
demonstrates extraordinary cycling stability, retaining
80.2% capacity after >25,000 cycles at room tempera-
ture. This breakthrough performance stems from LBPSI’s
multifunctional nature: during fast charging, surface-
generated |, and I3~ transform the constrained three-
phase interfacial reaction into a more favorable two-
phase reaction, dramatically improving solid-solid sulfur
redox kinetics. This achievement not only reinvigorates
confidence in Li-S batteries but also opens new avenues
for high energy-density ASSLSBs.

In summary, there are still three issues regarding the
kinetics of ASSLSBs at present. First, the interfacial reac-
tion kinetics remain to be optimized. Second, the con-
version mechanism of discharge products is unclear, and
the misjudgment of conversion pathways makes it diffi-
cult to precisely regulate the reaction kinetics. Third,
sluggish kinetics under high sulfur loading lead to sub-
stantial performance degradation. From the perspective
of material design, future research needs to break
through the density limitation of traditional redox med-
iators, and develop low-molecular-weight, high-activity
lightweight materials. These materials should be able to
accelerate the electron transfer between S and LisS
through reversible redox reactions, while forming stable
nanoscale contacts with sulfur and electrolytes, thereby
alleviating performance degradation under high loading.

Process optimization

Optimizing the performance of ASSLSBs demands a
holistic design strategy that integrates multiscale struc-
tural engineering with kinetic regulation. At the micro-
scopic level, tailoring the interfacial chemistry between
active materials and electrolytes enhances mass trans-
port. At the mesoscale, optimizing pore architecture and
conductive network distribution reduces ionic and elec-
tronic transport resistance. At the macroscopic level,
electrode architecture and processing strategies
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Copyright 2025 Springer Nature.

critically influence mechanical integrity and cycling sta-
bility. This multiscale, integrated approach offers a prom-
ising paradigm for overcoming intrinsic performance
limitations in ASSLSBs.

In the development of ASSLSBs, researchers have
tackled key challenges through multidimensional innova-
tions. Wang et al'® reported a liquid-phase synthesis
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method to produce a low-density (1.491 g cm™), small-
sized (~500 nm) LizPS4-2LiBH, glass-ceramic electro-
lyte, significantly improving the electrolyte volume ratio
in cathodes. This strategy enabled cathodes with 60 wt %
sulfur loading to achieve 1,144.6 mA h g™ capacity at
60 °C by establishing efficient ion transport pathways
in high-loading electrodes. Future research should focus
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on developing new sulfide/halide electrolyte systems
with inherently low lattice density, while simultaneously
optimizing particle morphology and packing configura-
tions to control electrolyte density without compromis-
ing ionic conductivity."™® Such intrinsic material-based
lightweight strategies offer distinct advantages over
composite modification approaches, particularly in si-
multaneously achieving high ionic conductivity and in-
terfacial stability. This approach provides a more robust
and fundamental route toward high energy density
ASSLSBs by addressing inherent material properties
rather than relying on secondary modifications.

While optimizing electrolytes is essential, advancing
electrode fabrication techniques is equally crucial for
improving the performance of ASSLSB. Current strate-
gies involving the mixing of sulfide-based solid electro-
lytes with sulfur solutions™"? or the addition of minimal
liguid-phase solutions™"™ can achieve interfacial integra-
tion but often require expensive and complex processing
steps. In contrast, Kim et al.™ proposed a two-step ball
milling method that integrates high-energy milling with
gentle mixing. This dry processing method not only
avoids complex liquid treatments but also facilitates the
in situ formation of lithium-ion conductors via chain
reactions between sulfur and LigPSsCl (LPSCl. The
method preserves the high ionic conductivity of LPSCI
and markedly enhances three-phase interfacial contact
within the sulfur cathode. Using this method, the cath-
odes delivered an areal capacity of 10.1 mA h cm™ at
30 °C and retained 92.0% capacity retention after 150
cycles. This strategy offers a simpler and more scalable
route for fabricating high-loading sulfur cathodes.

The development of practical ASSLSBs faces signifi-
cant challenges in electrode fabrication technology.
While lab-scale powder pressing enables high-quality
electrodes, it is unsuitable for large-scale production due
to its complexity and inefficiency. This limitation is par-
ticularly pronounced for pouch cells and high-loading
electrodes, which require scalable, continuous electrode
sheet manufacturing.™ Although conventional slurry-
casting methods can produce sheet electrodes, they
suffer from undesirable reactions between solvents and
sulfide electrolytes. To address this, solvent-free dry
processing has emerged as a promising alternative. No-
tably, Hippauf et al."” developed a 150 pm-thick electro-
lyte membrane using a polytetrafluoroethylene (PTFE)
binder, achieving a conductivity of 2.7 mS cm™. Hu et al.™
successfully assembled pouch cells delivering a dis-
charge capacity of 9.2 mA h at a sulfur loading of
2 mg cm™ Fiedler et al.™ fabricated self-supporting
cathodes with just 0.1 wt % PTFE, achieving 1661 mA
h g at 0.1 C and 72% capacity retention after 400 cycles.
Yang and coworkers”® developed high-performance
ASSLSBs using a dry-processing technique to fabricate
sulfur-composite cathodes and solid electrolyte mem-
branes. The cathodes achieved an areal loading of 4.5 mg
DOI: 10.31635/ccschem.025.202506213
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cm™2 with sulfur content of 40 wt %, remaining 76%
capacity retention over 100 cycles at 0.5 mA cm™2 and
0.1C, comparable to conventional powder-based electro-
des. The dry-processed electrolyte membrane exhibited
a high ionic conductivity of 1.26 x 10 S cm™. Full cells
with prelithiated silicon anodes retained 1067.4 mA h g™
after 30 cycles at 1 mA cm=2 (0.2C).

These studies reveal that advances in dry processing
not only bridge the gap between laboratory research and
industrial scale-up but also lay the groundwork for the
commercialization of high energy density ASSLSBs. By
eliminating solvent-related side reactions, enabling con-
tinuous manufacturing, preserving electrochemical per-
formance, and offering scalability, this method emerges
as a promising platform technology for next-generation
solid-state batteries. Despite these breakthroughs, sig-
nificant challenges remain for large-scale manufacturing.
Future research should prioritize the development and
optimization of dry fabrication technologies tailored for
industrial needs. In particular, designing highly compati-
ble composite binders is crucial to enhancing interfacial
adhesion among electrode components while ensuring
compatibility with electrolytes, active materials, and oth-
er cell constituents. These improvements are essential for
boosting the mechanical integrity and cycling stability of
ASSLSBs.

Conclusions and Outlook

This review systematically examines the fundamental
mechanisms and key technical challenges of high energy
density Li-S batteries. Under practical conditions, achiev-
ing theoretical energy densities remains hindered by the
limited capacities of high sulfur loading cathodes oper-
ating with lean electrolytes. The N/P ratio serves as a
dual-functional parameter, simultaneously affecting both
energy density and cycle life. We summarize recent
advances in cathode kinetics, electrolyte formulation,
and lithium metal interface engineering, highlighting ef-
fective modification strategies. Given the potential of
ASSLSBs for improved safety and energy density, strat-
egies to enhance areal discharge capacity are discussed,
focusing on electrode architecture, solid electrolyte de-
sign, interfacial modulation, and scalable fabrication.
Despite progress, practical Li-S systems still face major
barriers to concurrently achieving high energy density
(>400 W h kg™ at the cell level) and long cycle life (500
cycles with 80% capacity retention). To address this,
future research should prioritize the following areas:

Cathode Design: Develop multifunctional hosts with
high electronic conductivity, fast Li* transport, and effi-
cient polysulfide confinement. For high sulfur loadings
(>5 mg cm™), design architectures with controlled po-
rosity and advanced binders that minimize inactive
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content while preserving mechanical integrity. Crucially,
performance metrics should be evaluated under realistic
conditions—high sulfur loading and lean electrolyte us-
age (E/S <3 uL mg™.

Electrolyte Engineering: Employ integrated designs
that balance polysulfide solubility and stabilize the SEI
on the LMA. Tailoring solvation structures and elucidat-
ing composition-property relationships will be key to
enhancing redox kinetics and interfacial stability.

Lithium Metal Protection: Robust, scalable strategies
are needed to support low N/P ratio operation while
ensuring long-term cycling stability. These approaches
should ensure uniform lithium deposition, suppress par-
asitic side reactions with polysulfides, and achieve Cou-
lombic efficiencies >99% under practical conditions.

Solid-State Battery Development: Realizing practical
ASSLSBs requires breakthroughs in cathode-electrolyte
interfacial stability and redox kinetics. Solid electrolytes
should combine high ionic conductivity with chemical
and electrochemical stability. For lithium metal,
approaches such as lightweight alloying and conductive
frameworks with low tortuosity may mitigate dendrite
growth and volume changes. Additionally, dry electrode
processing and innovative cell designs will be vital to
enable scalable, high-performance ASSLSBs for next-
generation electric vehicles, drones, and other emerging
technologies.
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