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Cathode materials for single-phase
solid-solid conversion Li-S batteries
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PROGRESS AND POTENTIAL

The global transition toward

environmentally sustainable

transportation modes, such as

electric vehicles, has resulted in

surging demand for safe, highly

energy-dense, and economically

feasible energy storage systems.

‘‘Shuttle-free’’ lithium-sulfur

batteries (SfLSBs) that operate by

single-phase solid-solid

conversion have been identified

as a promising energy storage

solution. In this review, we discuss

cathode materials for SfLSBs in

both the liquid and solid state to

bolster their progress and provide

inspiration for developing energy

storage technology based on

sulfur chemistry for next-

generation applications and

devices.
SUMMARY

Widespread adoption of lithium-sulfur batteries (LSBs) remains in-
hibited, given their unrealized energy densities, drastic capacity
fade, and severe self-discharge stemming from the polysulfide shut-
tle effect. Although countless endeavors have attempted to over-
come this key bottleneck, ‘‘shuttle-free’’ lithium-sulfur batteries
(SfLSBs) that operate by single-phase solid-solid conversion are a
preeminent technology with vast potential to facilitate universal
adoption of LSBs. In this review, we first provide a fundamental
understanding of SfLSBs by comparing their operating mechanism
with traditional LSBs. Then we present various strategies that have
been used to enable SfLSBs in the liquid and solid state, placing
particular emphasis on cathode materials. Finally, perspectives
ranging from fundamental research to practical engineering design
are provided to bolster future endeavors regarding SfLSB tech-
nology.

INTRODUCTION

The paradigm shift toward renewable energy sources has resulted in development

of various next-generation technologies reliant on clean energy.1 In recent years,

the global surge of battery-powered electric vehicles (EVs) has revolutionized

the transportation industry, mitigating several environmental concerns inherent

to gasoline-powered vehicles. Lithium-ion batteries (LIBs) are an essential compo-

nent of EVs that dictates their range, charging time, cost, and safety.2,3 Although

LIBs have played a vital role in facilitating the transition toward fully electric trans-

portation modes, the 30-year-old technology is on the verge of reaching its theo-

retical energy maximum and suffers from safety concerns that stem from using

highly flammable organic liquid electrolytes.4,5 Conventional LIBs rely on expen-

sive and environmentally limited materials, such as nickel and cobalt, whose use

faces additional scrutiny because of their uneven geographical distribution, supply

chain instability, and unethical mining practices.6–8 Among various next-generation

batteries currently being developed, lithium-sulfur batteries (LSBs) have been iden-

tified as a promising alternative energy storage solution to LIBs. LSBs boast a high

theoretical energy density of 2,600 Wh/kg and utilize non-toxic, abundant sulfur as

the active material.9–12 Although the advantages of LSBs are clear, they suffer from

challenges such as (1) the low electrical conductivity of sulfur (1.0 3 10�30 S cm�1)

and its discharge product Li2S (1.0 3 10�13 S cm�1), (2) severe volume change of

sulfur during (de)lithiation, and (3) poor volumetric energy density.13 A consider-

able challenge that hinders LSB technology stems from gradual dissolution of

lithium polysulfide (LiPS) intermediates into the liquid electrolyte, which results

in ‘‘shuttling’’ of active materials between the cathode and anode, a phenomenon

otherwise referred to as the shuttle effect.14 The shuttle effect has been identified

as a critical bottleneck that limits LSB production because it results in low
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Coulombic efficiency, a short cycle life, unrealized energy density, and self-

discharge.

Over the past decade, countless efforts have been made to suppress the shuttle ef-

fect. A prominent approach has been to encapsulate sulfur in porous carbon hosts,

such as carbon nanotubes, carbon spheres, and graphene.15–17 The carbon hosts

can prevent LiPS dissolution by physical and chemical absorption and mitigate the

shuttle effect as a result.18 Traditional carbonmaterials, however, often have poor af-

finity toward LiPS intermediates and cannot fully prevent their dissolution into the

electrolyte.19 Thus, another strategy to suppress the shuttle effect has been to incor-

porate electrocatalytic materials into the cathode composite.20–24 By doing so, the

LiPS intermediates quickly convert into the electrolyte-insoluble products Li2S2 and

Li2S. Although this is a fruitful strategy, the shuttle effect is still only mitigated rather

than completely prevented. A strategy that can directly address the shuttle effect is to

alter the electrochemical reaction pathway of LSBs so that they exhibit single-phase

solid-solid conversion from S to Li2S. By doing so, dissolution of LiPS intermediates is

completely avoided, and the shuttle effect is directly addressed. Single-phase solid-

solid conversion LSBs, referred to in this review as ’’shuttle free’’ LSBs (SfLSBs), have a

long cycling life, highCoulombic efficiency, low self-discharge rate, high energy den-

sity, and excellent safety.25–27 In the liquid state, SfLSBs have been achieved through

different cathode configurations and in the solid state by replacing the liquid electro-

lyte with a solid-state electrolyte (SSE). These strategies directly address the shuttle

effect and are a promising approach to realizing practical LSBs.28 Despite numerous

studies reporting SfLSBs, a comprehensive review that emphasizes cathode compos-

ite material design and engineering is lacking.

In this review, we provide a fundamental understanding of SfLSBs by comparing their

operating mechanism with traditional LSBs. Then we present various strategies that

have been used to achieve SfLSBs in the liquid state, focusing on sulfur cathode com-

posites based on sulfurized polyacrylonitrile (S-PAN), sulfur molecule confinement,

and chemical stabilization via metal/non-metal doping. A transition is then made

to describing all-solid-state LSBs, which have innate shuttle-free characteristics, us-

ing recent contributions to highlight the design and fabrication of metal-sulfide,

lithium-sulfide, and sulfur-based cathode composites. Finally, we provide perspec-

tives ranging from fundamental research to practical engineering design for the

liquid- and solid state to bolster development of SfLSBs. With this review, we

hope to shed light on the SfLSB system and provide inspiration for developing

next-generation batteries based on sulfur chemistry.
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Fundamental operating mechanism of SfLSBs

The multi-phase redox chemistry of a typical LSB is shown by the voltage profile in

Figure 1A. During discharge, sulfur reacts with incoming electrons and ions to

form long-chain LiPSs (Li2Sx, 4 % x % 8), short-chain LiPSs (Li2Sx, 2 < x % 4), and

finally the discharge products Li2S2/Li2S through solid-liquid-solid conversion.

Long-chain LiPSs are highly soluble in organic liquid electrolytes and diffuse from

the cathode to the anode during cell operation, resulting in loss of active materials,

degradation of the lithium anode, poor utilization of sulfur, and severe self-

discharge, all factors that degrade battery performance.29,30 In contrast, an LSB

that operates by single-phase solid-solid conversion from S to Li2S prevents dissolu-

tion of LiPSs and completely avoids the shuttle effect. The voltage profile of an SfLSB

is shown in Figure 1B. Here, the single plateau is characteristic of single-phase sulfur

redox chemistry, corresponding to formation of Li2S during discharge.
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Figure 1. Voltage profiles of traditional and SfLSBs

(A) Multi-phase solid-liquid-solid conversion.

(B) Single-phase solid-solid conversion.
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Solid-solid conversion SfLSBs have been widely reported for liquid- and solid-state

configurations. For liquid SfLSBs, preventing dissolution of LiPSs is crucial for cir-

cumventing the shuttle effect. In this regard, cathode composite material design

and engineering play a vital role. For solid-state SfLSBs, dissolution of LiPSs is no

longer a concern, and the cathode composite material does not influence the

solid-solid conversion pathway like in liquid SfLSBs. Still, the role of cathode mate-

rials cannot be underplayed because they directly influence the electrochemical

behavior of LSBs.

In the following sections, we delve deeper into SfLSB technology by focusing on

different sulfur cathode composites used in the liquid- and solid-state system. The

liquid state is categorized into four main sections: (1) S-PAN, (2) sulfur molecule

confinement, (3) metal/non-metal doping, and (4) other strategies. The solid-state

consists of three main sections: (1) metal-sulfide cathodes, (2) lithium-sulfide cath-

odes, and (3) sulfur cathodes. Tables that summarize parameters such as cathode

composite composition and sulfur loading used in recent studies are also provided

to guide future endeavors.

VARIOUS SULFUR CATHODESWITH SHUTTLE-FREE CHARACTERISTICS
IN LIQUID LI-S BATTERIES

Chemical bonding via S-PAN

S-PAN represents a class of cathodematerial that has attracted considerable interest

for rechargeable LSBs because of its low cost, excellent thermal stability, and high

electronic conductivity.31–33 In 2002, Wang et al.34 first demonstrated the effective-

ness of S-PAN composite cathodes for LSBs. S-PAN was synthesized by heating

commercial sulfur and PAN powder at 280�C–300�C in an argon atmosphere for

6 h (Figure 2A).34 During the synthesis process, sulfur acts as a dehydrogenation

agent and effectively dehydrogenates PAN, initiating cyclization of its polymer

chains to form a conductive heterocyclic composite material containing uniformly

embedded sulfur atoms. Since their introduction, S-PAN composite cathodes

have gained considerable interest for LSB applications because they enable sin-

gle-phase solid-solid conversion that can effectively circumvent the shuttle effect

by chemically bonding LiPSs onto the carbon skeleton. The single-phase solid-solid

conversion mechanism can be attributed to the two-electron reaction that occurs

during oxidation and reduction (Figure 2B).35 During S-PAN synthesis, the ChN

bonds of PAN convert into C=N bonds to form a cyclized structure. The S-S bonds

in sulfur then break to form C-S and S-S bonds in the side chain of PAN, allowing

short-chain sulfur molecules to graft and anchor into the cyclized structure. The re-

action mechanism of S@C and S-PAN composite cathodes differ greatly, and this
Matter 6, 1–28, February 1, 2023 3



Figure 2. Sulfurized-polyacrylonitrile (S-PAN) cathode composites for SfLSBs

(A) Schematic showing the basic synthesis route for S-PAN. Reproduced with permission from Wang et al.34 Copyright 2002, Wiley.

(B) Two-electron reaction mechanism of S-PAN that enables solid-solid conversion in LSBs. Reproduced with permission from Yu et al.35 Copyright 2004,

Elsevier.

(C) Reaction mechanism of traditional S@C cathodes in ether-based solvents and S-PAN cathodes in carbonate-based solvents. Reproduced with

permission from Yang et al.36 Copyright 2020, Wiley.

(D) 2D PAN/graphene nanosheet (GNS) cathode composite fabricated by an in situ polymerization method. Reproduced with permission from Yin

et al.42 Copyright 2012, Royal Society of Chemistry.

(E) Fabrication process of electrospun S-PAN/CNT cathode composites. Reproduced with permission from Wang et al.43 Copyright 2019, Wiley.

(F) The proposed electrochemical lithiation/delithiation mechanism of the electrospun S-PAN/CNT cathode composites. Reproduced with permission

from Wang et al.43 Copyright 2019, Wiley.

(G) Synthesis route for S-PAN nanosheets. Reproduced with permission from Wang et al.44 Copyright 2021, Royal Society of Chemistry.

(H) Digital photograph of a Li-S-PAN pouch cell using S-PAN nanosheets and the corresponding voltage profile at different cycles. Reproduced with

permission from Wang et al.44 Copyright 2021, Royal Society of Chemistry.
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has been extensively documented in a recent review.36 A distinct feature of S-PAN is

gradual formation of LiPSs during charge/discharge that chemically bond to the sur-

face of the conductive polymer matrix. The formed LiPSs react with the carbonate

electrolyte to form a cathode electrolyte interphase (CEI) layer (Figure 2C). Forma-

tion of the CEI layer ensures that the active sulfur species are fixed to the S-PAN
4 Matter 6, 1–28, February 1, 2023
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particles, preventing their migration and/or segregation. Wang et al.37 exemplified

the importance of the CEI layer by replacing ethylene carbonate (EC) with fluoro-

ethylene carbonate (FEC) in carbonate electrolytes to facilitate formation of a LiF-

rich CEI layer on S-PAN. The LiF-rich CEI film prevents LiPS diffusion from the inner

to the outer surface, enabling an LSB that can run for 4,000 cycles under 6 C with a

capacity retention of 96.8%.37 Because S-PAN composite cathodes operate by a sin-

gle-phase solid-solid reaction mechanism rather than the dissolution-deposition

mechanism in traditional S@C cathodes, they can achieve stable operation in car-

bonate electrolytes.38–41

Over the past decade, many efforts have beenmade to enhance the electrochemical

performance of S-PAN composite cathodes. For instance, Yin et al.42 designed a

PAN/graphene nanosheet (GNS) composite using an in situ polymerization method

(Figure 2D). The pPAN-S/GNS composites exhibited enhanced cycling stability and

rate performance in comparison with bare S-PAN The highly conductive GNS pro-

vides a robust substrate that can alleviate the volume change of sulfur, prevent

agglomeration of sulfur nanoparticles, and shorten the Li+/e� conduction pathway.

In ether-based solvents, S-PAN composite cathodes still suffer from the shuttle ef-

fect, resulting in fast capacity fade and poor electrochemical performance.35,45,46

To tackle this issue, Wang et al.43 fabricated a conductive 3D network of electrospun

S-PAN nanofibers with carbon nanotubes (S-PAN@CNT) in a two-step process (Fig-

ure 2E). This electrode architecture enables a strong interaction between the PAN

backbone and short-chain sulfur molecules (Sx, x = 2,3), resulting in stable cell oper-

ation in ether and carbonate electrolytes. The voltage profile for both electrolytes

shows a single plateau, indicating single-phase solid-solid conversion. LiPS signals

are absent in the NMR and UV absorption spectra, providing evidence of the sin-

gle-step sulfur redox pathway.43 The electrochemical lithiation/delithiation mecha-

nism of the as-prepared S-PAN cathodes suggests that sulfur undergoes single-

phase solid-solid conversion (Figure 2F). Recently, a salt-templating method was

used to fabricate ultrathin S-PAN nanosheets (Figure 2G).44 The high surface area

of the S-PAN nanosheets enables better electrolyte wettability, shortening the redox

pathway and improving the reaction kinetics. When evaluated in pouch cells, the

S-PAN nanosheets deliver a capacity retention of nearly 100% for 100 cycles,

demonstrating their practical viability (Figure 2H). The voltage profiles exhibit a sin-

gle plateau, indicating the shuttle-free capability of S-PAN, even in a pouch cell

configuration.

S-PAN cathodes have shown great promise for enabling LSB technology. However,

their practical application still requires improvement. Currently, the precise structure

of S-PAN remains unclear, especially because its structure changes during cycling.47

Studies that utilize in situ characterization techniques such as Raman spectroscopy,

X-ray photoelectron spectroscopy (XPS), and X-ray absorption near-edge structure

(XANES) are crucial for understanding the structure of S-PAN composite cathodes

and their failure mechanism during cell operation. Low sulfur content is another chal-

lenge that needs to be addressed for S-PAN cathodes. This requires new structural

designs that can accommodate high sulfur loadings above 60 wt % while still main-

taining the shuttle-free characteristics of S-PAN cathodes. In terms of their practical

application, future work should focus on testing S-PAN cathodes in a pouch cell

configuration because the cycle life of typical Ah-level Li-S pouch cells is currently

very poor (<100 cycles).48 This will help bridge the gap between laboratory research

and industrial-scale production of LSBs based on S-PAN composite cathodes.49,50

Finally, the low density of S-PAN limits the volumetric energy density of LSBs, which

is a crucial factor for EV applications. The volumetric energy density can be increased
Matter 6, 1–28, February 1, 2023 5



Figure 3. Sulfur confinement strategies to enable single-phase solid-solid conversion LSBs

(A) Schematic showing sulfur-carbon composite cathodes with metastable sulfur allotropes. Reproduced with permission from Xin et al.55 Copyright

2012, American Chemical Society.

(B) Geometric dimensions of EC and diethylene carbonate molecules, used to illustrate and compare the lithiation process of microporous sulfur-

carbon cathodes with mesoporous sulfur-carbon cathodes in carbonate-based solvents. Reproduced with permission from Li et al.56 Copyright 2014,

Wiley.

(C) Preparation method of ultramicroporous-sulfur cathode composites under a vacuum. Reproduced with permission from Helen et al.57 Copyright

2018, American Chemical Society.

(D) Schematic comparing the reaction pathway of carbon-sulfur composites with varying carbon pore sizes. Reproduced with permission from Helen

et al.57 Copyright 2018, American Chemical Society.
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by reducing the amount of carbon and binder in the cathode composite and by

incorporating materials with higher tap density, such as selenium.38,51–54
Molecular confinement of sulfur molecules

A decade after introduction of S-PAN, Xin et al.55 discovered a new sulfur-carbon

composite cathode based on the metastable sulfur allotropes S2�4 (S2, S3, and S4),

which operate by a single-phase solid-solid conversion mechanism (Figure 3A).

The cathodes were fabricated by coating commercial CNTs with a microporous

carbon (MPC) matrix through a simple solution-based method. A conventional

melt-diffusion technique was then used to impregnate sulfur and obtain S/CNT@

MPC cathode composites. The narrow pores (�0.5 nm) in the MPC layer act as small

reservoirs so that they can only accommodate the short-chain sulfur molecules S2�4
6 Matter 6, 1–28, February 1, 2023
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during the discharge/charge process, completely avoiding the conversion of S8 to

S4
2� and resulting in the single-plateau curve in the voltage profile corresponding

to the single-phase solid-solid conversion mechanism. The S/CNT@MPC cathodes

can achieve stable performance in ether and carbonate electrolytes, exhibiting a

reversible capacity above 1,000 mAh g�1 for over 200 cycles. Then it was reported

that the microstructure of the carbon matrix considerably influences the solid-solid

redox behavior of S2�4 cathodes.56 The nanosized pores of ordered mesoporous

carbon (FDU) blocks direct contact between sulfur species and carbonate molecules

because the pore size (�0.46 nm) is much smaller than the diameter of EC (5.74 Å)

and dimethyl carbonate (7.96 Å) molecules (Figure 3B). The physical barrier the

pores provide helps prevent irreversible reactions between carbonate molecules

and sulfur species, enabling stable operation in carbonate electrolytes. The

pores of FDU also blocked infiltration of ether molecules, hindering dissolution of

LiPSs in ether electrolytes. Consequently, the electrochemical behavior of FDU/S-

40 (S2-4) cathodes (i.e., single discharge plateau, good cycling stability) were similar

in carbonate and ether-based solvents.

For some time, the existence of small sulfur molecules was assumed to be a neces-

sary condition for LSBs to proceed by a single-phase solid-solid conversion pathway.

However, this notion has been largely refuted because this distinct redox behavior

has also been observed in other sulfur species. Helen et al. discovered that linear

polymeric sulfur confined in an ultramicroporous carbon (UMC) matrix could pro-

mote a single-phase solid-solid conversion pathway (Figure 3C).57 Although sulfur

exists in a linear polymeric state rather than smaller allotropes, the micropores of

the UMC (<0.7 nm) can effectively prevent the solvent molecules from penetrating

the matrix (Figure 3D). This work also suggests that the spatial constraints (i.e.,

pore size) of the carbon source are key factors for enabling single-phase solid-solid

conversion LSBs. Still, systematic studies are needed to elucidate the relationship

between the pore size and the single-phase solid-solid conversion pathway in

LSBs because the working mechanism remains ambiguous.

It is important to note the dilemma that arises when employing microporous carbon

matrices. Confining sulfur species in a carbon matrix with small pore size is an effec-

tive way to circumvent the shuttle effect and prevent irreversible side reactions in

carbonate-based solvents. However, when the pore size of the carbon matrix is

small, achieving high sulfur loading is difficult. This is impractical for obtaining

LSBs with high energy density. Future work should focus on elucidating the relation-

ship between pore size and different sulfur molecules. New microporous cathode

designs that can accommodate high sulfur content (>60 wt %) without sacrificing

cycling stability in carbonate-based solvents should be developed. Both thrusts

will help guide materials design for LSBs that apply a sulfur molecular confinement

strategy.

Chemical stabilization of sulfur species via metal/non-metal doping

Chemical stabilization of sulfur species via metal/non-metal doping is another strat-

egy that has been used to achieve SfLSBs in the liquid state. For instance, copper-

stabilized sulfur-microporous carbon composites (MC-Cu-S) were synthesized by

dispersing highly conductive copper (Cu) nanoparticles into a microporous

carbon host and wet-impregnating sulfur (Figure 4A).58 The Cu nanoparticles

chemically interact with sulfur species to form stable Cu-S/LiPS clusters, effectively

circumventing dissolution of LiPS intermediates and enabling stable operation in

carbonate-based electrolytes. Even at a relatively high sulfur loading of 50 wt %,

the MC-Cu-S cathodes operate in the absence of the shuttle effect, demonstrating
Matter 6, 1–28, February 1, 2023 7



Figure 4. Shuttle-free sulfur cathodes via metal/non-metal chemical stabilization

(A) Fabrication process for Cu-stabilized sulfur-microporous carbon composites. Reproduced with

permission from Zheng et al.58 Copyright 2014, Wiley.

(B) CV curves of synthesized heteroatomic TexS1-x molecule/CMK-3 nanocomposites. Reproduced

with permission from Sun et al.59 Copyright 2018, Royal Society of Chemistry.

(C) Schematic of Te-induced SEI layer formation on TexS1-x molecule/ CMK-3 nanocomposites.

Reproduced with permission from Sun et al.59 Copyright 2018, Royal Society of Chemistry.

(D) Cycling performance of S0.94Se0.06/C electrodes at different current densities. Reproduced with

permission from Li et al.60 Copyright 2015, Royal Society of Chemistry.
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the effectiveness of metal stabilization for achieving SfLSBs. In a similar approach, a

mixed Te-S cathode was fabricated by confining heteroatomic TexS1-x (x = 0.05, 0.1,

and 0.2) molecules into mesoporous carbon (CMK-3) using a melt-diffusion tech-

nique.59 Formation of Te-S bonds stabilizes sulfur species in the CMK-3matrix, effec-

tively reducing dissolution of LiPS intermediates. The small cathodic peak that ap-

pears at �2.3 V in the cyclic voltammetry (CV) curves completely disappears in the

subsequent cycles (Figure 4B). This is attributed to formation of an SEI layer that

coats the electrode surface because of side reactions between the polytellurides

and polysulfotellurides with the carbonate electrolyte in the first cycle (Figure 4C).

Although formation of the SEI layer results in unwanted electrolyte consumption,
8 Matter 6, 1–28, February 1, 2023
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it can prevent more side reactions between the electrolyte and active species from

occurring and stabilize the electrode interface so that the shuttle effect is completely

avoided. Li et al.60 proposed amorphous S-rich S1-xSex/C composites to achieve sin-

gle-phase solid-solid phase conversion in LSBs. During the first discharge process, a

small plateau at about 2.5 V can be seen, indicating slight dissolution of polysulfides

into the electrolyte. However, only one discharge/charge plateau around 2.0 V is

observed in the following cycles, suggesting that selenium introduction can effec-

tively circumvent the shuttle effect. The Se-S cathodes deliver stable capacities for

over 500 cycles, even at high rates, demonstrating the effectiveness of sulfur stabi-

lization by trace selenium doping (Figure 4D). Similar cathode composites based on

Se-S and Te-S have been applied to all-solid-state LSBs, which will be discussed in a

following section.

These contributions have demonstrated the effectiveness of metal/non-metal stabi-

lization for achieving single-phase solid-solid conversion in sulfur cathodes. Intro-

duction of metals/non-metals results in enhanced reaction kinetics of the cathode

composite.52–54,60–62 Improving the reaction kinetics is especially important for

SfLSBs because solid-solid conversion is known to be the rate-limiting step in

LSBs. Along with metal/non-metal doping, catalysis is another promising strategy

to improve the reaction kinetics of solid-solid conversion LSBs and should be

explored in future studies.20,23,24,28 Introduction of metals/non-metals also in-

creases the density of sulfur, which greatly improves the volumetric energy density

of LSBs. Future studies should explore low-cost transition metals to maximize the

cost advantage of LSBs. At the same time, different synthesis methods should be

developed to realize mass production to bolster the practical application of LSBs

based on metal/non-metal-stabilized S-based cathodes.

Other strategies to achieve SfLSBs

Recent contributions have demonstrated new cathode architectures and strategies

that can achieve SfLSBs. For example, Zhang et al.63 reported organosulfur/CNT

hybrid cathodes that proceed by a single-phase solid-solid conversion in ether-

based electrolytes (Figure 5A). A sulfur-chain-controlling strategy is used to manipu-

late the chain length of sulfur in disulfide polymers (DSPs) and trisulfide polymers

(TSPs). The non-sulfur organic units and C-S bonds in the sulfur-rich polymers can

effectively circumvent the shuttle effect by chemical absorption and covalent fixing.

Even at a high sulfur loading of over 76wt%, TSPs operate by single-phase solid-solid

conversion and effectively avoid the shuttle effect when employed in an ether-based

electrolyte. In an alternative approach, a superconcentrated dual-salt carbonate

electrolyte was used to form a solid electrolyte interphase (SEI) layer on the surface

of a sulfur/mesoporous carbon composite material (S/CMK-3).64 As depicted in Fig-

ure 5B, the superconcentrated electrolyte induces formation of an SEI layer that can

block migration of LiPS intermediates and solvent molecules. At a high sulfur loading

of 65 wt %, the S/CMK-3 composites deliver a reversible capacity of 1,009 mAh g�1,

demonstrating the importance of SEI design by electrolyte tuning. In another

approach,molecular layer deposition (MLD)was used to deposit a nanoscale alucone

film onto a traditional carbon-sulfur composite electrode (Figure 5C).65 The alucone

film serves as a flexible protective layer that can (1) alleviate the volume change of sul-

fur during cycling and (2) prevent side reactions between LiPS intermediates and car-

bonate molecules. The alucone-coated C-S electrodes deliver a capacity of over 570

mAhg�1 for 300 cycles in carbonate electrolyte (Figure 5D). This work demonstrates a

universal MLD approach that can enable use of conventional carbon-sulfur cathode

composites in carbon-based electrolytes without any re-design or modification of

the composite materials themselves. In a following study, operando XANES was
Matter 6, 1–28, February 1, 2023 9



Figure 5. Examples of other cathode configurations that operate by solid-solid conversion in LSBs

(A) Organosulfur/CNT hybrid cathodes exhibiting shuttle-free characteristics in ether-based solvents. Reproduced with permission from Zhang et al.63

Copyright 2022, Elsevier.

(B) Schematic showing in situ formation of an SEI layer on an S/CMK-3 cathode composite by using a superconcentrated dual-salt carbonate electrolyte

system that enables a solid-solid conversion. Reproduced with permission from Chen et al.64 Copyright 2019, American Chemical Society.

(C) Alucone coating deposited onto a traditional C@S cathode by molecular deposition technique. Reproduced with permission from Li et al.65

Copyright 2016, American Chemical Society.

(D) Cycling performance of alucone-coated C@S cathodes in carbonate- and ether-based solvents at 55�C. Reproduced with permission from Li et al.65

Copyright 2016, American Chemical Society.

(E) Voltage profile of alucone-coated C@S cathodes in carbonate-based solvent. Reproduced with permission from Li et al.66 Copyright 2018, Nature

Research.

(F) Operando XANES of alucone-coated C@S cathodes in ether-based solvents. Reproduced with permission from Li et al.66 Copyright 2018, Nature

Research.
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used to reveal the underlying mechanism of the single discharge-charge plateau

observed in alucone-coated C-S electrodes in carbonate electrolyte systems (Fig-

ure 5E).66 The XANES results suggest single-phase solid-solid conversion, which in-

dicates that cyclo-S8-based cathodes can also operate by this unique redox pathway

(Figure 5F). These studies demonstrate other unique approaches that have been

used to achieve single-phase solid-solid conversion LSBs, such as sulfur-chain con-

trol, high-concentration dual-salt electrolytes, and MLD modification.
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Table 1. Literature review of cathodes with solid-solid conversion in liquid LSBs

Cathode composite Electrolyte
Active material
loading (mg cm�2) Cycling performance Reference

S-PAN 1 M LiPF6 in EC/DMC (1:1, vol %) N/A 600 mAh g�1/50 cycles Wang et al.34

pPAN-S/GNS 1 M LiPF6 in EC/DMC (1:1, vol %) N/A 1,200 mAh g�1/0.1 C/100 cycles Yin et al.42

S-PAN/CNT
nanofibers

1 M LiPF6 in EC/DMC
(1:1, vol %) + 0.2 M LiNO3

2 mg cm�2 1,180 mAh g�1/800 mA g�1/800 cycles Wang et al.43

S-PAN nanosheets 1 M LiPF6 in EC/DMC (1:1, vol %) 5.8 mg cm�2 592.4 mAh g�1/0.2 A/300 cycles Wang et al.44

S(CNT@MPC) 1 M LiPF6 in EC/DMC (1:1, vol %) 1.0 mg cm�2 508 mAh g�1/0.1 C/200 cycles Xin et al.55

FDU/S-40 1 M LiPF6 in EC/DMC (1:1, vol %) 1 mg cm�2 >600 mAh g�1/400 mA g�1/500 cycles Li et al.56

UMC–S 1 M LiTFSI in DOL/DME (1:1, vol %) 2 mg cm�2 �250 mAh g�1/0.05 C/60 cycles Helen et al.57

MC-Cu-S 1 M LiPF6 in EC/DMC (1:1, vol %) 1 mg cm�2 600 mAh g�1/100 mA g�1/500 cycles Zheng et al.58

TexS1-x/CMK-3 1 M LiPF6 in EC/DMC (1:1, vol %) 2.5–2.9 mg cm�2 387 mAh g�1/3,000 mA g�1/500 cycles Sun et al.59

S0.94Se0.06/C 1 M LiPF6 in EC/DMC (1:1, vol %) �0.8–1.5 mg cm�2 910 mAh g�1/1,000 mA g�1/500 cycles Li et al.60

TSP/CNT 1 M LiTFSI in DME/DOL
(1:1, vol %) + 0.2 M LiNO3

�0.6–0.8 mg cm�2 332 mAh g�1/1 C/600 cycles Zhang et al.63

CMK-3/S 6 M LiTFSI in EC/DMC/EMC/FEC �1.5–2.0 mg cm�2 871 mAh g�1/0.5 C/100 cycles Chen et al.64

Alucone-coated
KJ
EC-600/S

1 M LiPF6 + EC/EMC/DEC
(1:1:1, vol %)

0.9 mg cm�2 429 mAh g�1/0.1 C/100 cycles Li et al.65

Alucone-coated
BP2000

1 M LiPF6 in EC/DEC +10 wt % FEC �1.2–
4.0 mg cm�2

870 mAh g�1/320 mAh
g�1/300 cycles

Li et al.66
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As described above, there are several different strategies that can be used to

achieve SfLSBs in the liquid state. Some of these approaches include chemical

bonding via S-PAN, molecular confinement of sulfur, and sulfur stabilization via

metal/non-metal doping. SfLSBs have distinct advantages over traditional LSBs,

which include (1) avoidance of LiPS dissolution, (2) stable operation in carbonate

electrolyte, (3) no self-discharge, (4) low electrolyte/sulfur (E/S) ratio, and (5) less Li

anode corrosion. Although there are many advantages that stem from the single-

phase solid-solid conversion pathway, challenges such as (1) low sulfur content, (2)

poor sulfur utilization (particularly with high sulfur loading), and (3) sluggish solid-

solid conversion hinder practical application of SfLSBs. Table 1 summarizes various

performance parameters of liquid SfLSBs to guide future work.

SOLID-STATE SfLSBs

The development of solid-state batteries (SSBs) has sparked a fascinating paradigm

shift away from traditional liquid-based batteries, giving rise to a new era of energy

storage technologies. The success of next-generation applications, such as electric

planes and aerial drones, hinges on development of new battery chemistries that can

satisfy the strict performance and safety requirements required for their commercial-

ization.67 Although they are still in their infancy, SSBs have potential to transcend

traditional liquid-based systems in aspects ranging from energy density, charging

time, and scalability to, most importantly, safety.68–70 Although many SSB systems

are being developed in parallel, solid-state LSBs (SSLSBs) have been considered

to be among the best candidates for enabling SSB technology with energy densities

over 500 Wh kg�1.71,72 SSLSB technology remains nascent because there are many

technical and scientific challenges that are similar to but also distinct from their liquid

counterparts. Some similarities include the insulating nature of sulfur, severe volume

expansion during (de)lithiation, and sluggish conversion kinetics.73,74 In terms of the

shuttle effect, dissolution of LiPSs is completely avoided in an all-solid-state

configuration.74 Consequently, SSLSBs are shuttle free intrinsically and operate by

single-phase solid-solid conversion without any modification to the cathode. Still,

cathode material design and fabrication has played a pivotal role in addressing

several challenges hindering SSLSB technology. The following sections provide a
Matter 6, 1–28, February 1, 2023 11
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comprehensive overview of different cathode compositions/architectures and fabri-

cation techniques that have been employed for SSLSB applications so far.

MSx-based cathodes

Sulfur and its discharge products are ionically and electronically insulating species

and thus require extra conducting additives for redox to occur efficiently. Because

SSLSBs operate in the absence of a liquid electrolyte that can easily wet the elec-

trodes, a significant fraction of SSE must be incorporated in the cathode composite

to construct Li+ ion-conducting pathways. Thus, a typical solid-state sulfur compos-

ite electrode consists of three components: (1) active material, (2) SSE, and (3)

conductive carbon. A high contact area (so-called triphase interface) between the

three components is essential for facilitating sulfur redox in the cathode composite.

This presents an interesting dilemma because some of the best solid-state conduc-

tors, such as thiophosphates (e.g., Li10GeP2S12 and Li3PS4) decompose when in

close contact with electronically conductive conduits.75,76 During decomposition,

redox-active degradation products passivate the surface of the SSE. These degrada-

tion products are less conductive and impede charge transfer over the triphase inter-

face, which severely compromises Coulombic efficiency in the initial cycles.77 To

address these challenges, various transition metal sulfides (e.g., MS2 or MS, with

M = Fe, V, Mo, Co, etc.) that exhibit high electronic and ionic conductivity as well

as good chemical and interfacial stability with traditional thiophosphate SSEs have

been used directly as active materials for SSLSB applications.

Ulissi et al.78 demonstrated these principles by using carbon-iron disulfide-sulfur

(C-FeS2-S)-based composites as an alternative cathode material, reporting an areal

capacity of 3.55mAh cm�2 at a commercially relevant activematerial loading of 5mg

cm�2 in SSLSB cells. However, these composites still have a relatively low Coulombic

efficiency in the first cycle and can only maintain a stable capacity for less than 10 cy-

cles, likely because of the relatively large amount of carbon additive (20 wt %), which

induces SSE decomposition and poor interfacial contact between FeS2 and S as a

consequence of mixing via ball milling. To overcome these challenges, FeS2@S mi-

crospheres were fabricated using a simple liquid-phase method and used as the

composite cathode material in SSLSBs (Figure 6A).79 In this configuration, a thin

layer of sulfur is embedded in a stable and conductive FeS2 microsphere matrix.

This clever engineering design alleviates the volume change and improves sulfur

redox in the cathode layer, resulting in an excellent rate and cycling performance

at room temperature. The enhanced performance can also be attributed to a smaller

fraction of carbon additive (�10 wt %) in the composite, which minimizes SSE oxida-

tion during charge.

Along with FeS2, linear-chain vanadium tetrasulfide (VS4) has also been investigated

as an alternative positive electrode material for SSLSBs. For instance, Zhang et al.80

synthesized reduced graphene oxide-VS4 nanocomposites with in situ-coated SSE

nanoparticles on the surface (10% reduced graphene oxide [rGO]-VS4@Li7P3S11)

as a cathode composite material (Figure 6B). This combination of VS4, graphene,

and Li7P3S11 SSE enables multi-channel pathways that can facilitate charge transport

in the cathode composite. When applied in an SSLSB configuration, the 10%

rGO-VS4@Li7P3S11 nanocomposites deliver a reversible capacity of 333 mAh g�1

(based on sulfur content) for 500 cycles at a high current density of 0.5 A g�1.

Then Xu et al.81 reported an intercalation-conversion hybrid cathode using vana-

dium disulfide (VS2) nanoparticles with an exquisite flower-like structure (Figure 6C).

Using a simple melt-diffusion method, sulfur is first coated onto VS2 nanoparticles.

After successful sulfur incorporation, the thiophosphate SSE b-Li3PS4 is mixed with
12 Matter 6, 1–28, February 1, 2023



Figure 6. MSx-based cathodes for SSLSBs

(A) Lithiation/delithiation process of FeS2@S microspheres. Reproduced with permission from Mwizerwa et al.79 Copyright 2020, American Chemical

Society.

(B) Synthesis process and reaction mechanism of 10% rGO-VS4@Li7P3S11 nanocomposites. Reproduced with permission from Zhang et al.80 Copyright

2019, Elsevier.

(C) Scanning electron microscopy (SEM) images of VS2 nanoparticles with a flower-like structure. Reproduced with permission from Xu et al.81 Copyright

2021, Wiley.

(D) Schematic showing the effect of the LiI-LiBr catalyst for MoS2 cathodes. Reproduced with permission from Wan et al.82 Copyright 2021, American

Chemical Society.

(E) Fabrication method of cobalt sulfide-Li7P3S11 nanocomposites and their corresponding cycling performance. Reproduced with permission from Yao

et al.83 Copyright 2016, American Chemical Society.
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S@VS2 to obtain S/VS2/b-Li3PS4 composites. This two-step approach is critical

because it maximizes the surface contact between sulfur and the electron conductor

VS2 while establishing an intermediate barrier between VS2 and Li3PS4, which pre-

vents SSE oxidation during charge. When applied in SSLSBs, the S/VS2/b-Li3PS4
composite cathodes exhibit high sulfur utilization of approximately 85% and a

Coulombic efficiency of 96% in the first cycle.

Transition metal sulfides are often challenged with the irreversible conversion be-

tween its lithiated and delithiated products. For instance, in the case of MoS2, its

subsequent regeneration after lithiation is severely hindered by the poor redox ki-

netics of Li2S and S, which leads to rapid capacity decay and poor rate
Matter 6, 1–28, February 1, 2023 13



Table 2. Literature review of MSx-based cathodes for SSLSBs

Cathode composite

Sulfur
content
(%)

Active material
loading
(mg cm�2) SSE interlayer

Capacity after
cycling
(mAh g�1)

Cycle
life

Current
density

Temperature
(�C) Anode Reference

C/FeS2-S/SSE (15-35-50) 15 1.0 LiI-LPS 1,200 20 83.5 mA g�1 20 Li Ulissi et al.78

C/FeS2-S/SSE (15-35-50) 15 4.0 LiI-LPS 790 8 16.7 mA g�1 25 Li Ulissi et al.78

C/FeS2-S/SSE (15-35-50) 15 5.0 LiI-LPS 710 7 16.7 mA g�1 25 Li Ulissi et al.78

C/FeS2@S/SSE (10:40:50) 12 0.8 Li10GeP2S12/75%
Li2S-24% P2S5-1% P2O5

430.7 200 30 mA g�1 25 Li Mwizerwa
et al.79

C/rGO-VS4@Li7P3S11/
SSE (5:45:50)

N/A 0.9 Li10GeP2S12/75%
Li2S-24% P2S5-1% P2O5

333 500 500 mA g�1 25 Li Zhang et al.80

S-VS2/SSE (60:40) 2 1.0 b-LPS N/A 10 0.12 mA g�1 25 Li Xu et al.81

C/MoS2@LiI-LiBr@C/
SSE (10:40:50)

N/A N/A Li10GeP2S12/75%
Li2S-24% P2S5-1% P2O5

437.8 100 200 mA g�1 25 Li Wan et al.82

C/CoxSy/SSE (10:40:50) N/A 1.04 Li10GeP2S12/70%
Li2S-29% P2S5-1% P2O5

421 1,000 1.27 mA g�1 25 Li Yao et al.83
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performance.84,85 To tackle this issue, the catalytic compound LiI-LiBr was intro-

duced into MoS2 (MoS2@LiI-LiBr) to investigate its influence on sulfur redox in the

cathode composite (Figure 6D).82 It was found that LiI-LiBr considerably lowers

the overpotential for Li2S delithiation, enabling good Li2S/S reversibility and

improved reaction kinetics. When mixed with carbon black, the MoS2@LiI-LiBr@C

cathodes can achieve a reversible capacity of 604.8 mAh g�1 at 200 mA g�1 for

100 cycles, demonstrating the effectiveness of catalytic incorporation in MSx-based

cathodes for SSLSBs. In another approach, an in situ liquid-phase technique was

used to fabricate cobalt sulfide nanosheets with Li7P3S11 SSE nanoparticles

(�10 nm) embedded on its surface (Figure 6E).83 In this configuration, there is a

high surface contact area between Li7P3S11 and cobalt sulfide, which is beneficial

for reducing the interfacial resistance between the two components. The cobalt sul-

fide-Li7P3S11 nanocomposites achieve a reversible capacity of 421 mAh g�1 at 1.27

mA cm�2 after 1,000 cycles (Figure 6F), demonstrating their outstanding potential as

alternative positive electrode materials. This approach contradicts some of the con-

tributions presented above, which suggest that intimate contact between the SSE

and electron source results in poor electrochemical performance by exacerbating

SSE decomposition during charge. It can be inferred that a delicate balance should

be achieved between the Li+ and e� conductors in the cathode composite so that

sulfur redox is maximized and SSE degradation is minimized. Identifying ways to

strike a good balance between these components is a crucial step toward achieving

high-performance SSLSBs that employ MSx-based cathodes. Table 2 provides a

summary of recent articles that report MSx-based cathodes for SSLSBs.
Li2S-based cathodes

Using Li2S as the initiating active material presents new opportunities because it can

be coupled with a variety of anode materials apart from lithium, such as silicon, tin,

and graphite.86–88 Anode-free configurations can also be developed using Li2S,

which considerably increases energy density.89–92 A key issue with LSBs is the severe

volume expansion/contraction of sulfur during (de)lithiation.93–95 During this pro-

cess, 1 mol of sulfur converts into 8 mols of Li2S, resulting in a volume expansion

of approximately 80%. In a solid-state configuration, this results in formation of

cracks and contact loss between the activematerials and Li+/e� conducting channels

in the cathode composite, resulting in fewer triphase interfaces and, thus, poor sulfur

redox. Consequently, this volume-induced failure, also referred to as chemo-me-

chanical failure, considerably limits long-term cycling performance and often results

in irreversible capacity.96,97 A common approach that has been adopted to alleviate
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chemo-mechanical failure is employing Li2S rather than sulfur as the active material.

Li2S is in its least dense state (1.66 g cm�3) and, thus, can prevent electrode

pulverization resulting from severe volume expansion during battery operation.98

However, like its delithiated counterpart, Li2S suffers from poor electronic/ionic con-

ductivity (1.0 3 10�13 S cm�1, electronic conductivity) and exhibits a much higher

activation potential.99 Thus, establishing an intimate triphase interface between

Li2S and the electronically/ionically conducting components in the cathode compos-

ite is even more necessary. In terms of its handling, Li2S is unstable under ambient

environmental conditions and has low solubility in most organic solvents and a

high melting temperature (938�C), making it difficult to adopt traditional cathode

fabrication techniques when preparing S-based cathodes, such as melt-diffusion.100

Li2S-based cathodes have distinct advantages that can be leveraged to enable high-

performance SSLSBs. Thus, many efforts have been made to fabricate Li2S-based

cathodes. For instance, Han et al.101 prepared a mixed-conductive Li2S nanocompo-

site using a coprecipitation/carbonization method (Figure 7A). First, Li2S, polyvinyl-

pyrrolidone (PVP), and Li6PS5Cl are dissolved in ethanol and subsequently dried at

100�C to obtain Li2S-Li6PS5Cl-PVP nanocomposites. Upon heating at 550�C in an

argon atmosphere, the PVP carbonizes and forms a carbon matrix, where Li2S and

Li6PS5Cl nanoparticles (�4 nm in size) are uniformly distributed on its surface. The

intimate surface contact between the three components enhances charge transfer

kinetics in the cathode composite and lowers the activation energy of Li2S, enabling

an active material utilization of 71% at a high Li2S loading of 3.6 mg cm�2 at room

temperature. This work demonstrates that a solution-based method can be used

to effectively fabricate Li2S-based cathode composites. It shows that the high

melting temperature of Li2S is a double-edged sword in the sense that it can be

leveraged to enable high-temperature fabrication processes and new synthesis

routes. In a similar approach, ultrasmall Li2S-CNT nanocomposites were prepared

using a simple liquid-phase method (Figure 7B).102 Here Li2S and CNTs are dis-

solved in anhydrous ethanol to obtain a homogenous solution. After thorough mix-

ing, suction filtration is used to obtain a composite consisting of uniformly dispersed

Li2S nanoparticles on a CNT substrate. This stable one-dimensional architecture

considerably improves the electronic conductivity of Li2S while preventing its aggre-

gation. When applied in an SSLSB configuration, the Li2S-CNT nanocomposites

demonstrate excellent cycling stability, delivering a capacity of 651.4 mAh g�1 for

300 cycles at a current density of 1 C. Yan et al.103 fabricated a Li2S@C nanocompo-

site by combustion of lithium metal with carbon disulfide (CS2) (Figure 7C). During

this combustion reaction, Li2S nanoparticles in situ form in a carbonmatrix, establish-

ing a percolated network of electronically/ionically conductive pathways when

mixed with a Li7P3S11 SSE. This unique architecture enables high Li2S utilization of

91% at high areal loading of 7 mg cm�2 and delivers stable cycling for over 700

cycles.

The previous three contributions are examples of fabricating Li2S-based cathodes by

depositing Li2S on different conductive substrates. The inverse has also been

achieved. For instance, a liquid-phase shaking technique was used to prepare

Li2S-Li3PS4 composite materials with in situ-grown Li3PS4 on the Li2S surface (Fig-

ure 7D).104 This was done by first dissolving Li2S and P2S5 in tetrahydrofuran.

Upon heating at 320�C for 1 h, Li2S-Li3PS4 composites with high ionic conductivity

of 1.11 3 10�4 S cm�1 are obtained. When mixed with carbon additives, the com-

posite cathodes deliver a high specific capacity of 772.6 at 0.1 mA cm�2 at a high

active material loading of 50%. This work demonstrates the importance of establish-

ing a high surface area contact between the active material and SSE to improve
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Figure 7. Li2S-based cathodes for SSLSBs

(A) Coprecipitation/carbonization method for synthesizing mixed-conductive Li2S-Li6PS5Cl-PVP nanocomposites. Reproduced with permission from

Han et al.101 Copyright 2016, American Chemical Society.

(B) Ultrasmall Li2S-CNT nanocomposites synthesized by a simple liquid-phase method using ethanol. Reproduced with permission from Jiang et al.102

Copyright 2021, American Chemical Society.

(C) Schematic of Li2S@C nanocomposites synthesized by combustion of lithium metal with CS2 and their corresponding cycling performance.

Reproduced with permission from Yan et al.103 Copyright 2019, American Chemical Society.

(D) Liquid-phase shaking technique used to prepare Li2S-LPS composite materials with in situ-grown LPS on the Li2S surface. Reproduced with

permission from Jiang et al.104 Copyright 2020, Wiley.

(E) Schematic comparing lithium ion and electron transfer in bare Li2S and carbon-coated Li2S. Reproduced with permission from Choi et al.105

Copyright 2018, Elsevier.

(F) Schematic showing the fabrication process of a cathode-supported solid-state cell using a thin sulfide electrolyte. Reproduced with permission from

Xu et al.106 Copyright 2019, American Chemical Society.
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charge transfer kinetics in the cathode composite. It presents an alternative liquid-

phase shaking technique that can be used to fabricate Li2S-based cathodes. In a

similar approach, carbon-coated Li2S cathodes were prepared by heating a solution

containing PAN, 1-methyl-2-pyrrolidinone, and Li2S at 700�C for 5 h in an argon at-

mosphere (Figure 7E).105 The carbon coating drastically increases the electronic

conductivity of Li2S from 9.21 3 10�9 S cm�1 to 2.39 3 10�2 S cm�1. Consequently,

the total fraction of carbon additives in the cathode composite can be reduced,

which is beneficial for maximizing the energy density of the cell. Unique cell designs

have been used to enable thick Li2S cathodes with active material loading of up to

7.64 mg cm�2, correlating to an energy density of approximately 370.6 Wh

kg�1.106 In this approach, a cathode composite consisting of Li2S-LiI, vapor-grown
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Table 3. Literature review of Li2S-based cathodes for SSLSBs

Cathode composite

Sulfur
content
(%)

Active material
loading
(mg cm�2) SSE interlayer

Capacity after
cycling
(mAh g�1) Cycle life

Current
density

Temperature
(�C) Anode Reference

C/Li2S-Li6PS5Cl-C/
SSE (10:60:30)

36 3.6 80Li2S$20P2S5 830 60 0.18 mA cm�2 25 Li/In Han et al.101

C/Li2S-CNT/SSE
(20:30:50)

14 1.27 Li10GeP2S12/75%
Li2S-24%
P2S5-1% P2O5

651.4 300 2.12 mA cm�2 60 Li Jiang et al.102

C/Li2S@C/SSE (10:30:30) 38 1.75 Li3P3S11 748 100 0.5 mA cm�2 25 Li/In Yan et al.103

C/Li2S@C/SSE (10:30:30) 38 1.75 Li3P3S11 644 700 2.0 mA cm�2 60 Li/In Yan et al.103

C/Li2S@C/SSE (10:30:30) 38 3.5 Li3P3S11 1,047 10 0.2 mA cm�2 25 Li/In Yan et al.103

C/Li2S@C/SSE (10:30:30) 38 7.0 Li3P3S11 1,073 30 0.2 mA cm�2 60 Li/In Yan et al.103

C/Li2S/SSE (20/36/44) 36 1.38 LPS 651 30 0.2 mA cm�2 60 Li/In Jiang et al.104

C/Li2S-LPS (20/50:30) 50 1.92 LPS 674 30 0.2 mA cm�2 60 Li/In Jiang et al.104

C/Li2S@C/SSE
(6.25:31.25:62.5)

9 0.68 Li2S-P2S5 730 25 0.05 mA cm�2 25 Li/In Choi et al.105

C/Li2S-LiI/SSE (10:75:15) 43.4 2.54 LPS 636.4 50 0.21 mA cm�2 25 Li Xu et al.106

C/Li2S-LiI/SSE (10:75:15) 43.4 3.82 LPS 725 20 0.32 mA cm�2 25 Li Xu et al.106

C/Li2S-LiI/SSE (10:75:15) 43.4 5.10 LPS 600 20 0.43 mA cm�2 25 Li Xu et al.106

C/Li2S-LiI/SSE (10:75:15) 43.4 7.64 LPS 460 20 0.64 mA cm�2 25 Li Xu et al.106

ll

Please cite this article in press as: Kim et al., Cathode materials for single-phase solid-solid conversion Li-S batteries, Matter (2022), https://
doi.org/10.1016/j.matt.2022.11.019

Review
carbon fibers (VGCF), and Li3PS4 (LPS) was first fabricated and subsequently cold

pressed onto a stainless-steel mesh current collector (Figure 7F). The full cell was

prepared by cold-pressing an LPS-Kevlar SSE on the cathode film and attaching a

piece of lithium foil on top. The thin SSE layer enables employment of thick

cathodes, which is crucial for maximizing energy density and enabling practical

application of SSLSBs.

Significant progress has been made toward developing Li2S-based cathodes for

SSLSB applications. Although using Li2S as the active material does not fully address

all challenges associated with SSLSBs and even gives rise to other issues, such as

high activation energy and moisture sensitivity, this approach provides new oppor-

tunities for SSLSB research and development. As mentioned previously, one of the

biggest advantages of using Li2S over MSx or S is that it can be coupled with Li-free

anode materials and enables anode-free configurations. Currently, work in these

areas remains scarce but they are exciting avenues for more research. A summary

of recent Li2S-based SSLSB reports is given in Table 3.

S-based cathodes

Currently, the initiating active material that will be used for next-generation SSLSBs

remains ambiguous. Sulfur-based cathodes are far superior to MSx and Li2S-based

cathodes when considering cost.107,108 Despite this, the practical energy density

that can be achieved by sulfur-based cathodes in an SSLSB configuration is severely

lacking. There is a dearth of studies that report SSLSB data using practical condi-

tions, such as high sulfur loading and high areal capacity. However, endeavors to

circumvent the fundamental challenges of SSLSBs that employ sulfur-based cath-

odes are hardly scarce.

It is widely known that, in the liquid state, the characteristics of the carbon additives

have a major influence on the electrochemical behavior of LSBs by providing a

conductive matrix that can increase active material utilization, prevent LiPS dissolu-

tion, and alleviate volume-induced failure during cycling.18,19,109 The role of carbon

additives in SSLSBs is also significant and has been demonstrated by recent studies.

For instance, Sakuda et al.110 prepared composite cathodes using mesoporous
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Figure 8. S-based cathodes for SSLSBs

(A) Oxide template method for fabricating composite cathodes using mesoporous carbon. Reproduced with permission from Sakuda et al.110 Copyright

2019, Wiley.

(B) Schematic showing the morphology of PPCFs and the effect of using them as carbon additives in SSLSBs. Reproduced with permission from Sun

et al.111 Copyright 2022, Wiley.

(C) Schematic of SSLSB using the rGO@S cathode composite. Reproduced with permission from Yao et al.112 Copyright 2017, Wiley.

(D) Synthesis of a three-component SSLSB cathode using the SVD method. Reproduced with permission from Alzahrani et al.113 Copyright 2021,

American Chemical Society.

(E) Charge/discharge profiles of SSLSB cathodes prepared using SVD, SLD, and SSD. Reproduced with permission from Alzahrani et al.113 Copyright

2021, American Chemical Society.

(F) Schematic of the microporous S@BP2000 nanocomposite with core-shell morphology for SSLSBs. Reproduced with permission from Han et al.114

Copyright 2019, Royal Society of Chemistry.
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Figure 8. Continued

(G) DFT calculations for the bond breaking and lithiation reaction of the Se2S6 ring and proposed intermediates, followed by the structure of Se2.57S5.43
and Rama spectra for S, Se, and as-prepared Se2S6, SeS2, Se4S4, and Se6S2. Reproduced with permission from Li et al.115 Copyright 2019, Wiley.

(H) Schematic of the microporous S@BP2000 nanocomposite with core-shell morphology for SSLSBs. Reproduced with permission from Li et al.115

Copyright 2019, Wiley.
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carbon with interconnected pores fabricated by a simple oxide template method

(Figure 8A). Compared with a traditional cathode composite using acetylene black,

the as-prepared cathodes deliver a much higher reversible capacity (1,200 mAh g�1

versus 200 mAh g�1) and can successfully operate at a high current density of 5.2 mA

cm�2 at room temperature. In this work, the highmesoporous structure of the carbon

material enables efficient conduction pathways that help facilitate sulfur redox dur-

ing battery operation. In a similar approach, porous carbon fibers with core-shell

morphology were fabricated by tuning the microstructure of PAN-derived carbon fi-

bers (PPCFs) (Figure 8B).111 The porous layer is present only at the surface of the car-

bon fibers, allowing semi-infiltration of sulfur upon melt-diffusion and effective con-

tact between the Li+ and e� conductors. This design is crucial because complete

encapsulation of the sulfur particles impedes contact with the SSE, resulting in

poor sulfur redox. Compared with traditional VGCFs, the PPCFs deliver a much

higher initial capacity of 1,166 mAh g�1, demonstrating the importance of structural

design for SSLSBs cathodes. A sulfur-amine chemistry synthesis method has also

been used to deposit amorphous sulfur nanoparticles (2 nm) onto an rGO substrate

(rGO@S) (Figure 8C).112 Here, the rGO layer acts as a conductive substrate and as a

buffer for sulfur volume expansion. The uniform distribution of sulfur nanoparticles

increases the contact area between the carbon and SSE in the composite, allowing

efficient sulfur redox to occur. When tested in a full cell, the rGO@S cathodes main-

tain a stable capacity of 830 mAh g�1 for 750 cycles, demonstrating the importance

of reducing the ion diffusion pathways and alleviating stress/strain in the cathode

composite. Then Alzahrani et al.113 revealed a new sulfur vapor deposition (SVD)

approach for homogeneously depositing sulfur in a porous carbon matrix (Fig-

ure 8D). Sulfur is evaporated and then condensed so that it can effectively infiltrate

the porous carbon matrix. When mixed with an LPS SSE and applied in a full cell, the

SVD composite cathodes show enhanced rate performance, cycling stability, and

high capacity compared with traditional fabrication routes, such as sulfur liquid

deposition (SLD) and sulfur solid deposition (SSD) (Figure 8E). Recently, a micro-

porous S@BP2000 nanocomposite with core-shell morphology fabricated using a

simple melt-diffusion technique was demonstrated (Figure 8F).114 In this design,

the BP-2000 carbon can alleviate the insulating nature and volume expansion of sul-

fur because of its high surface area (1,739 m2 g�1) and pore volume (2.747 cm3 g�1).

As a result, S@BP2000 nanocomposites deliver a high capacity of 1,391.3mAh g�1 at

0.2 C while demonstrating an excellent cycling stability of over 1,200 cycles at 3 C

with a capacity of 985.3 mAh g�1. Active material utilization in S-based cathodes

has also been enhanced by introducing selenium into the cathode composite in

the form of SeSx solid solutions.115 Using density functional theory (DFT) calcula-

tions, the electron density distributions of an S8 ring and ortho-Se2S6 ring were

compared (Figure 8G). It was found that the electronic conductivity of the SenS8-n
ring was greater than that of the pristine S8 ring because Se substitution induced

more density states in the electronic structure of S atoms. Because the electronic

conductivity of selenium is much higher than that of pure sulfur (1.0 3 10�3 versus

0.5 3 10�27 S m�1 at room temperature), it is expected that SenS8-n cathodes can

achieve superior electrochemical performance when applied as the cathode mate-

rial in an SSLSB configuration.116–118 To investigate the effect of Se introduction in

SSLSBs, a high-loading SeS2-based cathode of 38.2 mg cm�2 (corresponding to
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Table 4. Literature review of S-based cathodes for SSLSBs

Cathode composite

Sulfur
content
(%)

Active material
loading
(mg cm�2) SSE interlayer

Capacity after
cycling
(mAh g�1)

Cycle
life

Current
density

Temperature
(�C) Anode Reference

C/S/SSE (20:40:40) 40 2.6 LPS 1,100 400 1.3 mA cm�2 25 Li/In Sakuda et al.110

C/S/SSE (10:40:50) 36 4.0 Li6PS5Cl 710 220 0.67 mA cm�2 25 Li/In Sun et al.111

C/rGO@S/SSE
(20:30:50)

12 0.5 Li10GeP2S12/75%
Li2S-24% P2S5-1%
P2O5

830 750 0.84 mA cm�2 60 Li Yao et al.112

C/S/SSE (15.4:38.5:46.1) 38.5 1.5 LPS 1,437 100 0.25 mA cm�2 60 Li/In Alzahrani et al.113

C/S/SSE (15.4:38.5:46.1) 38.5 3.0 LPS 1250 50 0.5 mA cm�2 60 Li/In Alzahrani et al.113

C/S/SSE (15.4:38.5:46.1) 38.5 4.5 LPS 950 50 0.75 mA cm�2 60 Li/In Alzahrani et al.113

C/S/SSE (10/30/60) 30 0.45 Li7P3S11 985.3 1,200 2.26 mA cm�2 25 Li/In Han et al.114

C/S/SSE (10/30/60) 30 0.45 Li7P3S11 1,221 500 2.26 mA cm�2 80 Li/In Han et al.114

C/S/SSE (20:20:40) 25 1.3 Li10GeP2S12 998.6 200 0.21 mA cm�2 N/A Li/In Hou et al.121

C/S/SSE (20:20:40) 25 3.8 Li10GeP2S12 1,249.3 20 0.13 mA cm�2 N/A Li/In Hou et al.121

C/S/SSE (20:20:40) 25 5.9 Li10GeP2S12 576.7 20 0.1 mA cm�2 N/A Li/In Hou et al.121

C/CNT@S/SSE
(20:30:50)

26.6 0.5 Li10GeP2S12/75%
Li2S-24% P2S5-1%
P2O5

660.3 400 0.84 mA cm�2 60 Li Zhang et al.122

C/S@CNT/SSE (10:30:40) 26.3 1.07 Li10GeP2S12 1,154 200 0.36 mA cm�2 N/A Li/Al Pan et al.123

C/S@C/SSE (20:50:30) 30 1.3 Li7P3S11 881.3 100 1.09 mA cm�2 50 Li/In Zhu et al.124

C/S/SSE (20:20:40) 25 1.1 Li6PS5Cl 1,066.8 100 0.18 mA cm�2 25 Li/In Zhu et al.125

C/S/SSE (16:24:60) 24 1.06 Li6PS5Cl 1,393 50 0.18 mA cm�2 25 Li/In Wang et al.126

C/S/SSE (15:25:60) 25 1.1 Li2S-P2S5 834.3 1,000 0.176 mA cm�2/
0.44 mA cm�2

25 Li/In Zhang et al.127
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an SeS2 loading of 15.3 mg cm�2) was tested between 1.5 and 3.0 V at 30 mA g�1

and 60�C (Figure 8H). The high-loading cell is fully reversible and maintains an areal

capacity of 11.8 mAh cm�2 at the 10th cycle (94% capacity retention). This work

demonstrates that SeSx solid solutions can enable SSLSBs with high active material

utilization at ultra-high loading. In a similar approach, a tellurium-doped S@pPAN

cathode was fabricated for SSLSBs. The reactivity and cycling stability of the

SSLSBs improve with introduction of tellurium because of its high electronic conduc-

tivity and excellent compatibility with the SSE.119 Our group demonstrated a halide-

based solid-state lithium-selenium battery (SSLSB), showing excellent compatibility

between Se (or LixSey) species with the halide SSE.120 Whether halide SSEs have

similar compatibility with sulfur species and can be used in the SSLSB system is un-

clear but worthy of investigation.

Sulfur cathodes face many challenges that are intrinsic to the sulfur material itself,

such as low conductivity and large volume expansion. Thus, effective use of sulfur

as the initiating active material in SSLSBs heavily depends on cathode composite

design and engineering, particularly regarding the carbon additives, as demon-

strated by previous studies. Future work should investigate new cathode composite

configurations that can enable high active material utilization under high sulfur

loading conditions while minimizing the amount of carbon additives. Table 4 sum-

marizes recent SSLSB reports using S-based cathodes to guide future work.

A solid-state configuration is anassuredway toeliminate the shuttleeffectphenomenon

and enable SfLSBs. Although the cathode composite materials do not play any role in

promoting a solid-solid conversion pathway like in the liquid state, the significance of

the initiating active material, whether that is MSx, Li2S, or S, cannot be understated.

Each material presents its own unique opportunities and challenges that can be

leveraged to enable high-performance SSLSBs for next-generation applications and

devices.
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Figure 9. Future perspectives for liquid/solid-state SfLSBs
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CONCLUSION AND PERSPECTIVES

In this review, we provide a fundamental understanding of SfLSBs by comparing their

operating mechanism with traditional LSBs. Then various strategies that have been

used to enable liquid-state SfLSBs are presented, placing emphasis on cathode

composite materials based on S-PAN composites, sulfur molecule confinement,

chemical stabilization via metal/non-metal doping, and others. A transition is

made toward describing all-SSLSBs, highlighting the design and fabrication of cath-

ode composites depending on the initiating activematerial, such as transition metal-

sulfides, lithium-sulfide, and sulfur. SfLSBs are a promising energy storage system

with vast potential to enable the commercial application of LSBs. However, SfLSBs

are not without challenges, and the timeline for their fruition remains obscure.

Here we present key challenges that impede SfLSB technology and provide a

comprehensive guideline that serves to assist academic and industrial researchers

in their future endeavors regarding this highly promising system (Figure 9).
Liquid SfLSB perspectives

Achieving a low E/S ratio

The critical bottleneck for LSB commercialization stems from the difficulty to realize

practical energy density at the pouch cell level. In this regard, a low E/S ratio (<3 mL

mg�1) is critical for achieving LSBs that can compete with the current state of the

art.128 Dense/thick electrodes and functional binders that can enable a lower E/S ra-

tio without compromising electrochemical performance should be developed.129

This will help increase the energy density of LSBs, which is critical for next-generation

applications such as EVs.

Elucidating the degradation mechanism via advanced characterization

Systematic studies that utilize theoretical calculations and advanced characteriza-

tion techniques, such as NMR and DFT, and synchrotron-based techniques, like in

situ X-ray absorption (XAS) or XANES should be leveraged to elucidate the dynamic

diffusion behavior and the degradation mechanism of LSBs, especially under lean

electrolyte conditions.130–132 This will enable a better fundamental understanding

regarding the working mechanism of practical LSB configurations.
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Controlling the N/P ratio

Concerns stemming from dendrite-induced failure at the anode side during cycling

has severely comprised the areal capacity of LSB cells. Future work should look to

improve the areal capacity of lithium anodes to �4–6 mAh cm�2 without sacrificing

safety and cycling stability.128 A stabilized lithiummetal anode will ensure enhanced

Coulombic efficiency, which, in turn, improves long-term cycling. The ultimate goal

in terms of maximizing the energy density coming from the anode side would be to

employ thin lithium metal.133 In other words, controlling the N/P ratio to �2–3 is

crucial for realizing practical LSBs.

Developing all-climate LSBs

All-climate LSBs that can effectively operate in a temperature range of �60 to 60�C
while possessing excellent electrochemical performance should be developed

because this is a crucial prerequisite for many applications, such as EVs.
Solid SfLSB perspectives

Demonstrating SSLSBs using ideal conditions

Currently, SSLSBs can only achieve satisfactory electrochemical performance under

ideal laboratory conditions, such as at low sulfur content (<30%) and low areal capac-

ity (<1.5 mAh cm�2). Under such conditions, SSLSBs lose one of their strongest

merits: high energy density. For SSLSBs to become a commercial success, future

contributions should look to (1) increase the sulfur loading in the cathode composite

to above 50%, (2) improve the areal capacity of sulfur cathodes to �4–6 mAh cm�2,

(3) employ high-energy-density lithium metal anodes128, (4) decrease the anode-to-

cathode ratio to at least �2–3, and (5) achieve working batteries for a wide range of

temperatures (i.e.,�60�C to 60�C). These criteria must be satisfied to realize SSLSBs

with high energy density, especially at the pouch cell level.

Developing new superionic conductors

Because SSLSBs operate in the absence of a liquid electrolyte that can easily wet

the cathode, a fraction of SSE must be added to the cathode composite simply to

achieve enough ionic percolation for Li+ transport. In this regard, the microstr-

ucture or ‘‘architecture’’ of cathode composites in a solid-state configuration is

critical for guaranteeing non-tortuous conduction pathways and effective ionic

conductivity that can facilitate sulfur redox. Although many SSEs, such as the thi-

ophosphates Li10GeP2S12 and Li6PS5Cl, exhibit high ionic conductivity in the

bulk, their conductivity is severely compromised when composited with other

material, such as sulfur and carbon. Many SSEs, especially thiophosphates, have

a limited electrochemical stability window (�1.7–2.1V vs. Li+/Li). Thus, a large

interfacial contact between the SSE and electron-conductive additives induces

decomposition, leading to poor sulfur redox. This calls for development of new

superionic conductors that possess ultra-high conductivity and excellent voltage

stability.134–137 These two thrusts are critical for achieving practical SSLSBs with

high mass loading and active material utilization.

Fabricating thin SSE membranes

Although oxide-based SSEs are unsuitable as the Li+ conductor in the cathode

composite because of their relatively lower conductivity in comparison with

many thiophosphates, the ionic conductivity of the SSE interlayer can be lower

than the SSE that is used in the cathode composite. In other words, if the SSE inter-

layer is thin, then the ionic conductivity does not need to be so high (i.e., above 10

mS cm�1). Developing methods that can fabricate thin SSE membranes (<30 mm)

without sacrificing their conductive, mechanical, and thermal properties is critical
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for maximizing the energy density of SSLSBs and realizing their commercial

application.129,138–140

Addressing volume change during cycling

Some promising directions to address the volume change of S-based cathodes in

SSLSBs include (1) incorporating polymeric binders in the cathode composite. This

calls for development of highly conductive, ductile, and chemically stable binders

that can effectively suppress the volume change of sulfur without impeding charge

transfer and applying thin-film coatings using atomic/molecular layer deposition

(ALD/MLD) to alleviate volume change and address the insulating nature of sul-

fur.141–143 The development of coatings that can be deposited at temperatures

below the melting point of sulfur (<155�C) is crucial for ensuring effective deposi-

tion. High-temperature ALD/MLD coatings may be used for Li2S-based cathodes

to improve the insulating nature of Li2S. However, the relatively low conductivity

of common coatings, such as oxides and fluorides, will impede charge transfer

at the triphase interface. Thus, ALD/MLD coatings with high conductivity and

ductility should be explored. Applying external pressure (�1–3 tons) is a common

approach to alleviate chemo-mechanical failure during cycling. However, this is

impractical, especially at the pouch cell level, because external systems required

to keep cells under constant pressure increases the volume, weight, and cost of

the entire battery pack, sacrificing overall energy density. Future work should

look to eliminate this pressure reliance through careful material and engineering

design.

Understanding failure mechanism

Currently, the failure mechanism of SSLSBs remains ambiguous. In this regard, gain-

ing a fundamental understanding of the triphase interface that forms between sulfur,

carbon, and SSE is critical. Systematic studies that employ in situ characterization

techniques, such as XAS, NMR, Raman spectroscopy, and XRD are vital for under-

standing the complex interfacial chemistry of SSLSBs.144–146 High-throughput ma-

chine learning can also be used to gain a better understanding of the failure mech-

anism of SSLSBs.147 However, this approach is still nascent.

Improving volumetric energy density

In the solid and liquid state, efforts to enhance the volumetric energy density (Wv)

have been scarce, with many studies focusing on improving the gravimetric energy

density (Wg) and cycling performance. Without achieving a high Wv of above 700

Wh L�1, LSB technology becomes increasingly moot, especially for next-genera-

tion applications, such as electric planes and aerial drones, that must obtain en-

ergy in a confined space.51,148 Future work should pay equal attention to Wg

and Wv. Some ways to improve the Wv of LSBs includes (1) maximizing the sulfur

content of the cathode composite, (2) developing fabrication methods that can

construct compact electrodes, and (3) using active materials with higher density,

such as metal sulfides.

Identifying cost-effective manufacturing routes

Although SSLSB technology is still nascent, it is important to look at the long

term and recognize challenges beyond fundamental research. Identifying cost-

effective manufacturing routes that can easily utilize pre-existing infrastructure

established at battery giga-factories around the world is crucial for realizing

industrial adoption of SSLSBs.149,150 Identifying and developing binders and sol-

vents that are compatible with SSB materials is crucial for industrial success of

SSLSBs.
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