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a b s t r a c t

Lithium-sulfur (Li-S) batteries have been regarded as the candidate for the next-generation energy stor-

age system due to the high theoretical specific capacity (1675 mAh/g), energy density (2600 Wh/kg) and

the abundance of elemental sulfur, but the application of Li-S batteries is impeded by a series of prob-

lems. Recently, all-solid-state Li-S batteries (ASSLSBs) have drawn great attention because many draw-

backs such as safety issues caused by metallic lithium anodes and organic liquid electrolytes can be over-

come through the use of solid-state electrolytes (SEs). However, not only the problems brought by sulfur

cathodes still exist, but more trouble arouses from the interfaces between SEs and cathodes, hampering

the practical application of ASSLSBs. Therefore, in order to deal with the problems, enormous endeavors

have been done on ASSLSB cathodes during the past few decades, including engineering of cathode active

materials, cathode host materials, cathode binder materials and cathode structures. In this review, the

electrochemical mechanism and existing problems of ASSLSBs are briefly introduced. Subsequently, the

strategies for developing cathode materials and designing cathode structures are presented. Then there

follows a brief discussion of SE problems and expectations, and finally, the challenges and perspectives

of ASSLSBs are summarized.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The increasing depletion of fossil fuels and the application

limitations of traditional energy sources have stimulated the de-

velopment of advanced energy storage technologies [1–3]. Under

the situation like this, electrochemical energy storage systems have

shown increasing importance in a wide range of applications. After

years of development, lithium-ion batteries have replaced many

traditional energy storage batteries and are used in portable elec-

tronic devices, electric vehicles and other fields, greatly changing

the global energy storage market and related industries [4,5]. How-

ever, conventional Li ion batteries with liquid electrolytes (LEs)

suffer from safety concerns, including flammable organic elec-

trolytes, thermal instability, Li dendrite growth and toxic chemicals

[6–9]. Therefore, using solid-state electrolytes (SEs) and assemble

all-solid-state batteries without organic LEs is a feasible choice to

overcome the shortcomings of traditional liquid batteries [3,6-8].
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It was proved by researchers that both safety performance and en-

ergy density could be improved by replacing LEs with SEs [10,11].

The demand for energy is increasing nowadays, but the energy

density of lithium-ion intercalation reaction energy storage is

gradually approaching its theoretical limit, which is difficult to

meet the demand for energy in the future. In addition, due to the

high cost of manufacturing using lithium-ion batteries, the devel-

opment of large-scale energy storage will also be hindered [4,12].

Therefore, to meet the growing demand for more efficient and

economical energy storage, it has become necessary to explore al-

ternative battery technologies with new chemistries and economic

advantages for charge carrier storage. The two-electron redox reac-

tion between S and Li, simplified as S8 +16Li+ →8Li2S, can exhibit

specific capacities of the two electrodes (1675 mAh/g for sulfur

and 3860 mAh/g for Li) [1–3,13,14], which is about ten times as

much as a Li ion battery (170 mAh/g for LiFePO4 and 372 mAh/g

for graphite as an example). Although the operating voltage of the

battery is about lower compared to conventional Li ion batteries,

the theoretical energy output of lithium-sulfur (Li-S) batteries is

close to 2600 Wh/kg and the actual specific energy is expected to

be greater than 500 Wh/kg, which shows a significant advantage

compared with the 380 Wh/kg of intercalation type Li ion battery

https://doi.org/10.1016/j.cclet.2022.107783
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Fig. 1. Schematic illustration of the outline for ASSLSB cathodes. Active materi-

als: (a) elemental sulfur; (b) lithium sulfide; (c) transition metal sulfide; (d) S-

containing polymer. Reproduced with permission [20]. Copyright 2020, Elsevier.

Reproduced with permission [21]. Copyright 2020, Elsevier. Reproduced with per-

mission [22]. Copyright 2018, American Chemical Society. Reproduced with per-

mission [23]. Copyright 2020, Elsevier. Host materials: (e) porous carbon host for

elemental sulfur; (f) carbon coating for lithium sulfide; (g, h) functional hosts

for active materials. Reproduced with permission [24]. Copyright 2020, American

Chemical Society. Reproduced with permission [25]. Copyright 2018, Elsevier. Repro-

duced with permission [26]. Copyright 2017, Royal Society of Chemistry. Reproduced

with permission [27]. Copyright 2021, American Chemical Society. Dual conductive

structures: (i) 3D cathode framework; (j) dual-conductive interlayer. Reproduced

with permission [28]. Copyright 2020, American Chemical Society. Reproduced with

permission [29]. Copyright 2022, Elsevier.

[1,2,14]. In addition, sulfur which is one of the most abundant

elements in the earth’s crust, costs low and it is a by-product

produced in large quantities in the process of hydrodesulfurization

in the refining industry [15]. Therefore, lithium-sulfur batteries are

expected to replace lithium-ion batteries as a new generation of

energy storage batteries in the future.

Taking safety as well as high capacity into account, to meet the

energy demand of the future, there is a need for all-solid-state

Li-S batteries (ASSLSBs) [3,16,17]. SEs for ASSLSBs are usually

divided into three types: inorganic solid electrolytes (ISEs, i.e. ionic

conductive glass or ceramic materials), solid polymer electrolytes

(SPEs, i.e. ionic conductive polymers) and composite polymer

electrolytes (CPEs, i.e. ionic conductive composites consisting of

polymers and inorganic materials) [3,8,18,19]. Recent reviews

about ASSLSBs are mostly focused on anodes and SEs, paying little

attention on cathodes. However, it cannot be ignored that the re-

search on various cathode active materials (Figs. 1a-d) [20–23], the

development of binders and host materials (Figs. 1e-h) [24–27],

and the configurations of cathode structures (Figs. 1i and j) [28,29]

are driving the development of ASSLSBs. Therefore, this review

summarizes the studies on ASSLSB cathodes for the first time,

focusing on the measures researchers have taken to overcome

the defects of ASSLSB from the cathode aspect. In this review,

the reaction mechanism of ASSLSBs and the defects that ham-

pering practical application are introduced at first. Subsequently,

the studies in cathode materials including active materials, host

materials and binder materials aiming at solve the problems of

ASSLSBs are discussed. Then, some efforts in cathode structure

designation to improve the performance of ASSLSBs are presented,

followed by a brief discussion of SEs. Finally, the challenges and

perspectives of ASSLSBs are summarized. This review will provide

ideas for future researches on ASSLSB cathodes and solutions to

ASSLSB cathode problems from multiple perspectives.

2. Mechanism and main problems of Li-S batteries

The working mechanism of a LE-based lithium-sulfur battery

contains a series of reactions, in which Li ions leave from Li an-

ode to sulfur cathode during discharging and return from cathode

to anode during reverse charging [17,30]. As shown in Fig. 2a, dur-

ing discharge process, S8 first undergoes a ring-opening reaction

to form higher-order polysulfides (PSs), as known as lithium poly-

sulfide intermediates. As the reactions go on, the higher-order PSs

undergo processes of gradually chain shortening, during which the

valence state of S continues to decrease, and subsequently reacts

with more Li ions to generate lower-order polysulfides, and finally

form Li2S [1,31,32]. However, the PSs are soluble in electrolytes

and likely to migrate from cathode into the electrolyte, losing elec-

trical contact with the cathode body and further shuttling to the

anode, where they react with metallic lithium to form a solid pre-

cipitate, resulting in irreversible capacity loss, known as the “shut-

tle effect” [19,32–34].

Using SEs to assemble ASSLSBs is a feasible measure to prohibit

shuttle effect (Fig. 2b). In SPE/CPE-based systems, although PSs are

soluble in some polymer electrolytes such as polyethylene oxide

(PEO) [15,35–37], many solutions can be applied to inhibit the for-

mation of PSs [16] or prohibit PSs from shuttling [38–40]. While

in batteries using other polymer electrolytes such as polyvinyli-

dene fluoride (PVDF) in which PSs are insoluble, PSs are mostly

restrained in cathode region [41,42]. In ISE-based ASSLSBs, the

shuttle effect can be eliminated because there is no PS generated

according to the charge-discharge curves in which the plateau re-

gions representing the reactions about PSs are absent [20,43–45].

The advantages of ASSLSBs have attracted many researches on

Li anodes and SEs. However, there are still a number of short-

comings in sulfur cathodes which hinder the implementation

of ASSLSBs [2,30,47–49]. To begin with, the electronic and ionic

conductivity of sulfur is weak, and because of which, a composite

cathode is usually fabricated by mixing sulfur, conductive carbon

and SE, that contributes to limited loading of active material.

Moreover, the charge-discharge cycle of Li-S batteries can cause

severe volume changing in sulfur cathodes, which is destructive

to cathode structures, separating insulating sulfur from conductive

hosts and resulting in irreversible losses of active materials. It

is also worth mentioning that replacing a traditional liquid-solid

interface with a rigid solid-solid one weakens the transportation

of Li ion in electrolyte/cathode interface (Fig. 2c), and is unlikely to

make full use of active materials [50]. Therefore, in order to ensure

the applicability of ASSLSBs and give full play to the advantages

of the high theoretical capacity, many efforts have been done

with cathode materials and cathode structures to overcome the

drawbacks.

3. Engineering of cathode materials

Much effort on the innovation of cathode materials has been

done to overcome the drawbacks of traditional sulfur cathodes.

There are many researches on active materials which are regarded

as the most promising solutions, including optimizing the prepara-

tion method of traditional types of cathodes and developing new

types of active materials. Additionally, the developments of host

materials and binder materials for cathode active materials also

help to improve the performance of all-solid-state lithium-sulfur

batteries.

3.1. Engineering of active materials

Being the most significant part of a composite cathode, ac-

tive material should be carefully selected and designed. To remedy

the above shortcomings, a number of measures were developed,
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Fig. 2. (a) Schematic illustrations of traditional sulfur cathode performances. Reproduced with permission [33]. Copyright 2021, Springer Nature. (b) Schematic illustrations

of LE-based, quasi-solid-state and ASSLSBs. Reproduced with permission [46]. Copyright 2020, Elsevier. (c) Different electrolyte/electrode interface of LE-based and ASSLSBs.

which could be simply divided into two dimensions: optimizing

the preparation methods of traditional cathodes, and synthesiz-

ing novel active materials with better performance than traditional

ones. Examples of these materials will be presented in the follow-

ing sections.

3.1.1. Elemental sulfur

Combining sulfur with carbon materials and SEs is a com-

mon way to prepare conductive cathodes. Two-step mechanically

mixing, consist of a combination of sulfur with carbon and an-

other combination of S/C with SE, is generally applied to prepare

sulfur-carbon-SE composites [51]. According to Nagao and cowork-

ers [52], cathodes prepared by ball-milling method showed better

discharge-charge performance than that prepared by mortar grind-

ing, demonstrating that smaller particles are more likely to achieve

the intimate contact among sulfur, carbon and SE. Additionally, the

impact of ball-milling temperature [53] and time [54] were also

studied, indicating that a temperature of 155 °C (Fig. 3a) [53], a

time of 20 h (Figs. 3b and c) [54] for the second step were two

of the most favorable parameters in ball-milling process. Based on

the fact that sulfur melts at 155 °C [13,53,55], another mixing way,

known as heating treatment was applied to combine sulfur with

carbon materials and replace the first ball-milling step in cathode

preparation, in order to achieve a sufficient contact between sul-

fur and carbon without destroying the structure of carbon mate-

rial (Fig. 3d) [45,56]. Xu et al. [45] reported a composite cathode

prepared by heating treatment and ball-milling, where sulfur and

reduced graphene oxide (rGO) were mixed at 155 °C for 24 h under

argon atmosphere precede ball-milling with Li9.54Si1.74P1.44S11.7Cl0.3
electrolyte. Sulfur was loaded on rGO after heating, and a uniform

dispersion was also achieved (Fig. 3e). The ASSLSB based on the

composite cathode delivered an initial discharge capacity of 969

mAh/g at 0.05 C, and a reversible capacity over 827 mAh/g after

60 cycles.

Hou et al. [56] studied the interfacial electronic contact between

sulfur and carbon hosts, and demonstrated that heating treatment

was able to form more intimate contacts and achieve more effec-

tive electron transfer than mechanically milling. The key to solving

the poor electron transport in sulfur cathodes is to form intimate

contact between sulfur and conductive hosts. In order to obtain ho-

mogeneous mixtures and to form conductive percolation construc-

tion among sulfur and conducting additives, other methods such as

sulfur liquid deposition or sulfur vapor deposition were employed

and proved to reach better electrochemical performance than that

fabricated through heating treatment [45,57–59].

Sulfur liquid deposition is mainly divided into two forms. Sul-

fur can be deposited on the host as a reaction product [26,57] or

it can be precipitated out of solution as a solute [24,44,60,61]. Un-

like mechanically mixing, after the procedure of liquid deposition,

the original morphology of the conductive host can be preserved

[62]. Zhou et al. [57] reported a liquid deposition method, through

which sulfur was produced by the reaction of sodium thiosulfate

with hydrochloric acid at room temperature and deposited onto

Ketjen black (KB). Composites of sulfur and KB prepared by me-

chanically mixing (S+KB) and heating treatment (S-KB) were used

for comparison in the study. The S@KB fabricated by liquid de-

position possessed the lowest BET surface area among the three

kinds of samples, indicating the most excellent surface coverage

and pore-filling of KB. Furthermore, the diameter of particles in-

creased after the sulfur deposition, but the composite preserved

the shape as the original KB particles, implying the uniformity of

sulfur coating (Fig. 3f).

Through sulfur liquid deposition, nano-scale elemental sulfur

can be obtained and sulfur morphology can be controlled. Zhang

et al. [44] deposited sulfur on carbon nanotubes (CNTs) from a sat-

urated solution in which sulfur was dissolved in tetrahydrofuran.

The cell assembled with S-CNT cathode showed no capacity fading

for the first 400 cycles and a discharge capacity of 834.3 mAh/g

at 0.25 C after 1000 cycles, corresponding to a capacity retention

of 85.1%. The electrochemical performance was attributed to the

small size of sulfur. Fig. 3g showed sulfur nanoparticles with size

of 10-20 nm, and after 50 cycles, nanoparticles of 5-10 nm were

obtained, indicating that the size of sulfur particles decreased dur-

ing the cycling and that the volume expansion was relieved to

achieve a better reversible reaction ability. Yao et al. [60] reported

a cathode consist of Li10GeP2S12 (LGPS) SE, acetylene black (AB),

and rGO@S composite, which was fabricated by sulfur liquid de-

position onto rGO. The solution for deposition contained a certain

amount of sublimed sulfur and anhydrous ethylenediamine. Fig. 3h

showed the nanosheet structure of rGO@S composite, where sulfur

particles uniformly deposited on both sides of rGO surface and the

thickness of sulfur layer was estimated below 2 nm. The ASSLSBs

using the composite cathode showed a high initial discharge capac-

ity of 1629 mAh/g at 0.05 C at 60 °C. At 1.0 C, a high discharge ca-

pacity of 830 mAh/g was retained after 750 cycles, demonstrating

good long-term cycling stability. Zhang et al. [61] dissolved sulfur

into anhydrous ethylenediamine to form precursor solutions, and

subsequently dropped sulfur precursor solution into the CNTs dis-

persion to yield CNTs@S composite. The cathodes were synthesized

by ball-milling CNTs@S, LGPS and AB. The study demonstrated that

3



S. Yang, B. Wang, Q. Lv et al. Chinese Chemical Letters 34 (2023) 107783

Fig. 3. (a) The first charge-discharge curves of ASSLSBs using S/AB composites prepared by mechanical milling at room temperature (curve a) and 155 °C (curve b) with 0.064

mA/cm2 at 25 °C. Reproduced with permission [53]. Copyright 2013, Wiley-VCH. (b) The relationship between the first discharge capacity and the milling time in the second

milling step of composite cathode. (c) The first discharge–charge cycle curves of ASSLSBs with composite cathodes prepared with the milling time of 3 h (curve a), 20 h (curve

b) and 40 h (curve c) in the second milling step. Reproduced with permission [54]. Copyright 2014, Elsevier. (d) TEM images of the ordered mesoporous carbon after the

heating treatment with sulfur. Reproduced with permission [55]. Copyright 2011, Elsevier. (e) TEM images of S/rGO composite. Reproduced with permission [45]. Copyright

2017, Wiley-VCH. (f) TEM images of KB (left) and S@KB (right). Reproduced with permission [57]. Copyright 2020, Elsevier. (g) STEM images of the S-CNT composites before

cycling with red circles to point out sulfur nanoparticles (left) and the S-CNT composites after 50 cycles (right). Reproduced with permission [44]. Copyright 2018, Royal

Society of Chemistry. (h) AFM images of amorphous rGO@S-40 composite on a Si substrate. Reproduced with permission [60]. Copyright 2017, Wiley-VCH. (i) Schematic

illustration of synthesis of ASSLSB cathode using sulfur vapor deposition method. (j) TEM images of sulfur-carbon composite prepared by sulfur vapor deposition method. (k)

Discharge-charge profiles of samples prepared by sulfur vapor deposition, sulfur liquid deposition, and sulfur solid deposition at 60 °C and 0.5 C. Reproduced with permission

[58]. Copyright 2021, American Chemical Society.

a sulfur content of 44% in CNTs@S composite well inherit the tube

structure of CNTs, and at 60 °C, the ASSLSBs using CNTs@S-44%

cathodes delivered reversible discharge capacities of 1193.3, 959.5,

813.1, 569.6 and 395.5 mAh/g at the rate of 0.1, 0.5, 1, 2 and 5 C,

respectively.

Sulfur vapor deposition can be regarded as an improvement

of traditional heating treatment, for the heating temperature is

enough to sublimate elemental sulfur. The sublimation helps ele-

mental sulfur to adequately cover the surface of the host, which

means the huge surface area of porous carbon can be fully uti-

lized. Alzahrani et al. [58] reported a sulfur vapor deposition

method (Fig. 3i), where sulfur and KB were mixed and heated

up to 300 °C to fabricate a composite with homogeneous distri-

bution (Fig. 3j). Mixed with Li3PS4 (LPS) electrolyte, the compos-

ite cathode showed a capacity retention of 92% after 100 cycles,

and delivered a discharge specific capacity of 1792 mAh/g (as-

cribed to the capacity contribution of LPS electrolyte) at 0.1 C at

60 °C. Compared at 0.5 C and 60 °C, the cathode prepared by

sulfur vapor deposition exhibited a higher capacity than cathodes

prepared by sulfur solid deposition and sulfur liquid deposition

(Fig. 3k). Moreover, it was indicated that composite cathodes pre-

pared by vapor deposition showed more uniform and confined sul-

fur distribution within the KB carbon than that prepared by liq-

uid deposition, although both methods had similar sulfur content.

However, although sulfur cathodes prepared by vapor deposition

show better performance, the thickness of sulfur layer and deposit-

ing processes cannot be easily controlled, which is a defect com-

pared to liquid deposition.

Electrochemical performance of some rationally designed sulfur

cathodes is summarized in Table S1 (Supporting information). The

innovation in preparing sulfur/carbon/electrolyte composite cath-

odes will tighten the connection and improve the conductivity,

leading to better electrochemical performance. Some studies also

succeeded in increasing the loading of sulfur, achieving compos-

ite cathodes with high active material loading. However, accord-

ing to these reports, the specific capacities of cathodes always de-

cline with the increasing of sulfur loading [44,53,58]. It can be in-

ferred that excess sulfur will impair the conductivity of cathodes

and make little contributions to electrochemical performance.

3.1.2. Lithium sulfide

Lithium sulfide (Li2S) is the final discharge product of Li-S bat-

teries with a theoretical capacity of 1166 mAh/g [13,59,63], and

Li2S is regarded as a pre-lithiated cathode material, which is appli-

cable for assembling Li-S batteries with lithium-free anodes [64],

negating the necessity of metallic lithium anode which is likely

to cause danger. Compared with sulfur cathodes, Li2S cathodes

suffer no volume expansion problems because Li2S cathodes un-

dergo a volume shrinkage process in the first charging process,

providing voids to buffer the volume expansion during discharge

[31]. Additionally, Li2S can be found in many electrolytes, which

means the application of Li2S cathode in a sulfide electrolyte-based

ASSLSB can alleviate the problem of Li ion transport. However, the

pre-lithiated material still suffers from poor conductivity as sulfur

does, so similar measures should be done to synthesize Li2S-based

cathodes.
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Traditionally, Li2S cathodes are prepared by two-step milling

method [65,66], in which the first step is to combine Li2S with

electronic conductive materials while the second is to combine

the composites with solid-state electrolytes. Through two-step me-

chanical milling, compared with artificial grinding, smaller Li2S

particles which are beneficial to the close contact between active

materials and conductive materials can be attained [65]. To sim-

plify the traditional method while reserving its advantages, Chang

et al. [21] integrated the two ball-milling steps and reported a

one-step method to prepare Li2S cathodes. Compared to two-step

ball-milling, one-step method could combine Li2S, solid-state elec-

trolyte and AB more homogeneously.

However, although optimized mechanical milling method can

improve the electrochemical performance of Li2S cathode, some

newly developed methods [67–69] such as microwave treatment

and liquid deposition were able to product nanostructured Li2S

that was unlikely to be achieved by mechanical milling. Hany et al.

[67] reported a microwave approach to synthesis nanostructured

Li2S for ASSLSBs. According to their report, nanostructured Li2S

was prepared using a 20-min microwave-assisted heating treat-

ment of a tetraglyme solution containing sulfur and lithium tert-

butoxide at 200 °C. The composite cathode containing Li2S, LPS

solid-state electrolyte and KB displayed well cycling stability and

achieved capacities of 440 mAh/g after 400 cycles at a cycling rate

of 100 μA/cm2.

Spark-plasma sintering (SPS), a process to promote material

transfer and produce dense polycrystalline microstructures using

microscopic electrical discharge between particles, was applied to

prepare a composite of Li2S and AB with according the report by

Takeuchi and coworkers [69]. Li2S and AB were mingled by ball-

milling precede a SPS process at 600 °C to produce Li2S-C com-

posite, which was then mixed with sulfide SE to form composite

cathode. The composite of Li2S and AB treated by SPS exhibited

the initial charge and discharge capacities of 1010 and 920 mAh/g,

respectively.

Liquid deposition based on chemical reaction can also be

used to prepare nanostructured Li2S, Lodovico et al. [68] synthe-

sized amorphous Li2S by coprecipitation of the constituents in

ethylenediamine. The mechanism of the generation of amorphous

Li2S was also studied, indicating that during the reaction, Li2S

and lithium sulfenamide are formed and co-precipitate to form

ethylenediamine-embedded Li2S (Li2S-En), hampering the forma-

tion of crystalline Li2S. The material has been tested in ASSLSBs

using sulfide electrolyte, and has shown an improved electrochem-

ical performance compared to crystalline Li2S. This was because of

the better contact between amorphous Li2S and SE, which not only

improved the ionic conductivity but also allowed it to cycle re-

versibly from the first cycle. By comparison, crystalline Li2S should

undergo many cycles to reach a good contact with SE. Moreover,

the Li2S-En can be heated to carbonize ethylenediamine to yield

carbon-coated Li2S, achieving the close contact between Li2S and

conductive carbon host.

Electrochemical performance of some rationally designed Li2S

cathodes is summarized in Table S2 (Supporting information). In

ASSLSBs, Li2S is a potential substitution for sulfur because it pre-

lithiates to alleviate volume expansion and it is thermally stable

enough to allow carbon coating. With the optimization of prepara-

tion, intimate contact between Li2S and conductive materials were

achieved to relieve the low conductivity of active material thus im-

proving the electrochemical performance of Li2S-based cathodes.

However, other problems of Li2S such as instability in the air

[68] make the preparation more difficult and need tighter controls

than sulfur cathodes, which still hinders the further development

of Li2S cathode. Not only high electrochemical performance, but

also facile fabrication methods must be considered in the selection

of active materials.

3.1.3. Transition metal sulfides

Transition metal sulfides, being electrochemically active in a

similar voltage range of sulfur, are known to improve electrochem-

ical performance of ASSLSBs by increasing the electronic conduc-

tivity of cathodes, alleviating the volume expansion, and provid-

ing additional reactions to increase capacities [70–72]. Addition-

ally, transition metal sulfides will be compatible with sulfide SEs

in all-solid-state batteries with sulfide-sulfide interfaces [72], and

unleash their full potential that cannot be achieved in LEs-based

batteries. These features make transition metal sulfides prospective

substitution for traditional active materials for ASSLSB cathodes.

Copper sulfide (CuS) was used as cathode active materials in

the early studies of ASSLSB. In 2004, Machida et al. [73] reported

a CuS/S/C composite cathode synthesized by ball-milling and its

electrochemical performance. The same year, Hayashi et al. [74] re-

ported a CuS/S/C composite cathode and looked into the influence

of S/Cu composition. Fig. S1a (Supporting information) showed the

existence of Cu and CuS, which was believed to enhance the elec-

trochemical performance of ASSLSBs by increasing the electronic

conductivity of composite cathode as well as acting as active ma-

terials (CuS). Hosseini et al. [70] reported their study on high CuS-

loading CuS/S/C composite cathodes for ASSLSBs in 2020. The re-

search indicated that during discharge, CuS transformed into Cu2S

and finally formed metallic Cu which improved the conductivity.

Moreover, as the proportion of CuS in CuS/S/C composite cathode

increased, although the initial capacity declined because of the low

specific capacity of CuS (590 mAh/g), the cycle performance im-

proved (Figs. S1b and c in Supporting information).

Similar with CuS, when iron disulfide (FeS2) is applied as cath-

ode active material, metallic Fe can emerge during discharging and

disappear after charging [22,71]. In LE-based batteries, FeS2 can

show anchoring/trapping effects on lithium polysulfides, support-

ing the conversion from sulfur to Li2S [71]. However, in ether-

based systems, the use of FeS2 leads to the capacity fading due

to the dissolution of iron which results in the shuttling and depo-

sition of iron sulfide at anode region. Considering the advantages

and disadvantages of FeS2 active material, Ulissi et al. [71] first

reported the application of FeS2 active material in ASSLSB. With

LiI-LPS (LPSI) electrolyte to inhibit shuttling, the C-FeS2-S com-

posite cathode prepared by mechanical milling exhibited a ca-

pacity of 1200 mAh/g over 20 cycles at 83.5 mA/g at 20 °C
(Fig. S1d in Supporting information). Based on the successful ex-

amples of FeS2, Mwizerwa et al. [22] synthesized a thin sulfur

layer-embedded FeS2 (FeS2@S) microsphere composite as the ac-

tive material (Fig. S1e in Supporting information). FeS2 micro-

sphere was fabricated by liquid-phase method, in which sulfur

was also deposited to form FeS2@S composite, enabling the in-

timate contact between FeS2 and sulfur. Attribute to the micro-

sphere structure, the FeS2@S composite can retain a capacity of

430.7 mAh/g for sulfur at 1000 mAh/g after 200 cycles at room

temperature (Fig. S1f in Supporting information).

Some transition metal sulfides can irreversibly transform into

elemental metal and sulfur during the first discharge process

[75,76], providing electronic conductive paths to improve the bat-

tery performance. The application molybdenum disulfide (MoS2)

cathode [75] has been studied in LE-based batteries and proved to

form elemental sulfur and Mo nanoparticles after full discharge, in

which the existence of Mo not only increased conductivity but also

restrained shuttle effect. Chen and coworkers [75] studied the per-

formance of MoS2 active material in Li6PS5Br (LPSBr) electrolyte-

based cell and found that 3 nm Mo nanoparticles dispersed in

cathode after the first full discharge (Fig. S1g in Supporting infor-

mation). After 700 cycles, the battery delivered a reversible capac-

ity of 270 mAh/g at 0.2 C and a capacity retention of 85% at 1 C at

70 °C (Fig. S1h in Supporting information). Vanadium tetrasulfide

(VS4) is another prospective alternative of sulfur which shows a
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similar behavior as MoS2 does. Zhang et al. [76] reported a rGO-VS4
nanocomposite synthesized through one-pot hydrothermal method

and studied the reaction mechanisms (Fig. S1i in Supporting in-

formation). Mixed with Li7P3S11 electrolyte, the composite cathode

rGO-VS4@Li7P3S11 was attained, exhibiting a reversible capacity of

611 mAh/g at 0.1 A/g at room temperature after 100 cycles. More-

over, it was observed that metallic V nanoparticles emerged and

remained chemically inert while after the first discharge process,

while amorphous elemental S uniformly distributed on the surface

of rGO after the subsequent charging.

Possessed with a higher theoretical capacity (837 mAh/g) than

MoS2 (670 mAh/g), molybdenum trisulfide (MoS3) was also studied

as cathode active material and showed better electrochemical per-

formance (Fig. S1j in Supporting information) [72,77]. Zhang and

coworkers [72] synthesized nanostructured MoS3 via liquid-phase

reaction that was loaded on rGO to prepare the composite cathode.

After the first discharge process, unlike MoS2, MoS3 went through

an irreversible conversion reaction and transformed into LixMoS2
and Li2S. The battery using rGO-MoS3 cathode delivered reversible

capacities of 553.4 mAh/g at 0.1 A/g after 100 cycles and 414.1

mAh/g at 1.0 A/g after 500 cycles.

The electrochemical performances of some ASSLSBs using tran-

sition metal sulfide cathodes are presented in Table S3 (Supporting

information). Transition metal sulfides mentioned above showed

higher conductivity than traditional active materials, and improved

the electrochemical performance of ASSLSBs with different mech-

anism. However, the internal mechanism of some transition metal

sulfide cathodes is still vague and needs further research and dis-

cussion. Additionally, the application of transition metal sulfides

in SPE, CPE or other ISE systems has not been discovered, which

arouses the question whether transition metal sulfide cathodes can

only be applied in sulfide electrolyte-based cells.

3.1.4. S-containing polymers

Organic polymers have gained much attention because of their

ability to immobilize sulfur and inhibit the dissolution of poly-

sulfides in liquid-electrolyte-based Li-S batteries [78]. Gracai et al.

[35] used inverse vulcanized sulfur copolymer as cathode active

material for PEO-based Li-S cells in order to mitigate the poly-

sulfide shuttle effect and improve electrochemical performance of

ASSLSB. A certain ratio of sulfur and 3,5-divinylbenzene were used

to synthesize the copolymer (p(S-DVB)), which was then mixed

with KB and PEO electrolyte to form a composite cathode. The

discharge/charge performance of p(S-DVB) cathode was compara-

ble that of traditional sulfur cathode, and ASSLSB with p(S-DVB)

cathode delivered a capacity of 650 mAh/g at 0.1 C at 70 °C af-

ter 50 cycles. Moreover, the post-mortem analysis indicated that

S-containing polymer as active material in the cathode could di-

minish PS shuttle effect in PEO-based cells.

Sulfurized polyacrylonitrile (SPAN) was first reported in 2002

to replace sulfur as cathode active material [79], and has attracted

much attention as cathode active material. SPAN composite is a

vulcanized polymer that makes use of the interaction between the

polymer’s nitrile groups and elemental sulfur to destabilize PAN

and promote dehydrogenation and cyclization [59]. The lone elec-

tron pair present in the nitrile group of PAN can easily interact

with Li through coordination bonds [59]. Moreover, SPAN cathode

does not form long-chain PS during discharge, where Li2S can be

directly formed [23,78]. These features make SPAN cathode possess

high sulfur utilization, high columbic efficiency, as well as cycling

stability [78]. Trevey et al. [80] first reported the use of SPAN cath-

ode in ASSLSB, which showed an initial reversible capacity of 722

mAh/g (calculated based on the weight of the PAN-S active mate-

rial) and a reversible capacity of 605 mAh/g after 50 cycles at a

current density of 26.5 mA/g.

Sun et al. [81] reported a SPAN cathode using Se as eutectic ac-

celerator and synthesized SexS1−x@pPAN material, in which when

x=0.05 the cathode delivered an initial capacity of 840 mAh/g at

0.1 C and capacity retention of 81% for 150 cycles under 25 °C. The
reason why the electrochemical performance of Se0.05S0.95@pPAN

cathode was better than SPAN cathode without Se (delivered a

capacity of 436 mAh/g at 0.1 C) was also studied. According to

the report, both the electronic conductivity and ionic conductiv-

ity of Se0.05S0.95@pPAN cathode are higher than those of SPAN

cathode. Moreover, density functional theory (DFT) calculation was

used to find the Li ion diffusion barrier of cathodes, indicating

that Se0.05S0.95@pPAN (0.39 eV) has a smaller diffusion barrier than

SPAN (1.33 eV). Zhang et al. [82] reported a SPAN cathode using Te

as eutectic accelerator and synthesized Te0.05S0.95@pPAN material,

which delivered specific capacities of 935 mAh/g after 100 cycles

and 665.3 mAh/g after 500 cycles at 0.3 C under 60 °C. The use

of Te, similar with the use of Se in Sun’s study, successfully im-

proved the electronic and ionic conductivity of cathode active ma-

terial, and the electrolyte coating also increased the Li ion diffusion

coefficient ratio from 1.4 to 1.8.

The electrochemical performances of some ASSLSBs using S-

containing polymer cathodes are presented in Table S4 (Support-

ing information). In S-containing polymers, sulfur atoms are usu-

ally dispersed in the polymer chains. As for conductive polymer

like SPAN, that kind of dispersion can facilitate the battery reac-

tions, resulting in the high utilization of sulfur. However, according

to these reports the specific capacity of SPAN still declines with

the increase of sulfur content, which is similar to traditional sulfur-

carbon based cathodes. Furthermore, the content of active material

in SPAN cathodes (including Se or Te doped SPAN) is low [79], as a

result, the specific capacity calculated based on the weight of com-

posite cathodes may not be compatible to other kinds of cathodes.

3.2. Engineering of host materials

The conductivity of active materials for ASSLSB cathodes is

quite low, and this requires the application of conductive host for

ASSLSB cathodes. The ideal host of active materials should be pro-

vided with high conductivity, large surface area, electrochemical

and mechanical stability [31], so carbon materials are used for

loading active materials. Additionally, other problems such as in-

homogeneous solid-to-solid contact between active materials and

SEs, low utilization of active materials, also demand the applica-

tion of functional hosts.

3.2.1. Conductive carbon hosts

Conductive host materials were not applied in cathodes during

the early researches in ASSLSBs, where cathodes were simply fabri-

cated by mechanically milling active materials and conductive ma-

terials. In early studies, because the conductivity of as-prepared S/C

composite was far from satisfactory, copper metal was used as a

conductive addition in ASSLSB cathodes [73]. With the help of Cu,

sulfur and Li2S cathodes can get the conductivity to work prop-

erly in all-solid-state systems [74,83,84]. However, the application

of Cu increases the mass of composite cathodes and decreases the

content of active materials. Moreover, the low surface area of con-

ductive materials fails to load more active materials, hindering the

improvement of cathode performance. Therefore, it is significant to

develop conductive host to load active materials instead of simply

mixing them with conductive materials [31,85].

Carbon materials, known with high electronic conductivity,

facile synthesis, stable structure, are regarded as the ideal host

for cathode active materials [31,85–87]. Traditionally, due to the

porous structure and high specific surface area, porous carbon ma-

terials such as KB and AB are applied in most studies about Li-S

batteries.
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Fig. 4. (a) FE-SEM images of (left) CMK-3 and (right) sulfur/CMK-3 composite. Reproduced with permission [88]. Copyright 2013, Elsevier. (b) HRTEM images of (left) CMK-3

and (right) S/SE/CMK-3 composite. Reproduced with permission [24]. Copyright 2020, American Chemical Society. (c) FE-SEM images of carbon replicas with various pore

sizes (c1-c3) and the corresponding sulfur/carbon replica composite materials (c4-c6). Reproduced with permission [89]. Copyright 2016, Elsevier. (d) Schematic illustration of

the fabrication of Li2S-LPSCl-C nanocomposite. Reproduced with permission [90]. Copyright 2016, American Chemical Society. (e) Cyclic performance and coulombic efficiency

of the bare and carbon-coated Li2S. Reproduced with permission [25]. Copyright 2018, Elsevier.

Mesoporous carbon (CMK-3) acts as an excellent conductive

host of sulfur, attracting much attention in studies of ASSLSB cath-

odes. Nagao and coworkers [88] reported a mesoporous carbon

material, CMK-3, synthesized from a templet of SiO2. The S/C com-

posite was prepared by heating the mixture of sulfur and CMK-3 at

300 °C precede another heating treatment of 170-230 °C to remove

any sulfur outside the particles, achieving a thin sulfur layer on

CMK-3 surface rather than filling every pore in the carbon matrix.

Sulfur was introduced into mesopores between carbon rods and

did not change the CMK-3 structure, enabling the contact between

sulfur and solid-state electrolyte (Fig. 4a). The composite cathode

delivered capacities of 1300 mAh/g and 1000 mAh/g at 25 °C at

0.09 C over 20 and 50 cycles, respectively. In order to achieve

better ionic conductivity in S/CMK-3 cathode, Yue and coworkers

[24] reported a composite cathode fabricated by infiltrating a solu-

tion with Li3PS7 (mixture of LPS electrolyte and S) active material

into CMK-3, with which the mesoporous structure of S/SE/CMK-

3 was successfully retained (Fig. 4b). As a result of the intimate

contracts among sulfur, CMK-3 and electrolyte, the ASSLSB cath-

ode benefited from high and balanced mixed conductivity and de-

livered a capacity of 1025 mAh/g after 50 cycles at 60 °C at 1/8

C.

Had taken it into consideration that the two-dimensional car-

bon rod structure of CMK-3 resulted in a large carbon ratio in com-

posite cathode, Nagao and coworkers [89] optimized the structure

of mesoporous carbon using a carbon replica. Using furfuryl alco-

hol as carbon source, oxalic acid as catalyst, carbon replicas were

synthesized from SiO2 sphere templets, which were prepared in

varying size were to control the pore size. As shown in Fig. 4c,

different from CMK-3, the carbon replica showed a highly ordered

porous structure uniformly distributed pores, of which the size was

successfully controlled by SiO2 sphere templates. Sulfur-carbon

composite was prepared by heating treatment while the compos-

ite cathode consisting Li3.25Ge0.25P0.75S4 electrolyte was prepared

through ball-milling. Electrochemical experiments indicated that

among ASSLSB cathodes prepared in the study, the one with car-

bon replica synthesized by 12 nm SiO2 templates delivered the

highest first discharge capacity of 1864 mAh/g at a current density

of 0.13 mA/cm2.

As for active materials with high thermal stability such as Li2S,

carbon coating method can be applied to improve the conductivity.

This kind of method needs a heating treatment with high temper-

ature to carbonize the carbon precursor coating on active material,

so it is not suitable to sulfur-based cathode. Han et al. [90] re-

ported a mixed-conductive Li2S nanocomposite fabricated by car-

bon coating, using polyvinylpyrrolidone (PVP) as the carbon pre-

cursor. Li2S, PVP and Li6PS5Cl (LPSCl) solid-state electrolyte were

mingled in ethanol, dried at 100 °C to prepare a Li2S-LPSCl-PVP

composite, which was then heated at 550 °C to carbonize PVP,

forming a Li2S-LPSCl-C composite (Fig. 4d). By contrast, both elec-

tronic and ionic conductivity of Li2S-LPSCl-C composite (2.2×10−5

S/cm and 9.6×10−6 S/cm, respectively) were higher than those of

bare Li2S (∼10−13 S/cm and ∼10−9 S/cm, respectively). However,

the conductivity is still not high enough so that Li2S-LPSCl-C com-

posite alone is not capable to be the cathode for an ASSLSB. Ac-

cording to the report, Li2S-LPSCl-C composite was ball-milled with

carbon black and LPSCl to yield ASSLSB cathodes which delivered

a reversible capacity of 830 mAh/g for 60 cycles at 50 mA/g. Choi
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et al. [25] selected PAN, of which the carbonization yields greater

than 50%, as the carbon precursor for carbon coating. Li2S and PAN

were mixed and heated at 600 °C to obtain carbon-coated Li2S,

then were ball-milled with KB and Li8P2S9 to prepare composite

cathode. According to the comparison between carbon-coated Li2S

and bare Li2S, the former one showed a lower resistance of 42.2

�/cm (318.8 �/cm for bare Li2S) and delivered a higher capacity

of 730 mAh/g (490 mAh/g for bare Li2S) after 25 cycles (Fig. 4e).

Carbon coating method can lead to intimate combination of Li2S

and carbon, improve the conductivity, and furthermore, reduce the

amount of extra conductive carbon in ASSLSB cathodes.

Besides high electronic conductivity, large specific surface area

is also a necessary characteristic of conductive carbon hosts, be-

cause the large-area contact of insulated active materials and car-

bon hosts is essential for high reaction efficiency. However, the low

ionic conductivity of carbon materials hinders the improvement in

ASSLSB, because active materials and SEs have a different contact

area than active materials and carbon hosts. As a result, host mate-

rials with high Li ion conductivity or special functions to facilitate

reactions of Li ion and active materials are also needed to improve

the electrochemical performance of ASSLSBs.

3.2.2. Other functional hosts

Different from LE-based Li-S batteries where cathodes are

fully infiltrated with electrolyte, ASSLSBs are faced with a serious

interface problem that the inhomogeneous solid-to-solid contact

between active materials and SEs severely hinder the transporta-

tion of Li ion. To alleviate this problem, Li ion conductive materials

can be attached to the electronic conductive materials to reach

a dual-conductive host. Zhang et al. [26] reported a GO-PEG@C/S

dual-conductive cathode for ASSLSB, using PEO-based SE. The

GO-PEG host, a structural framework (Fig. S2a in Supporting

information) containing Li ion conductive polyethylene glycol

(PEG), was synthesized via an esterification reaction of carboxyl

groups from GO and hydroxyl groups from methoxy polyethylene

glycol (mPEG). Subsequently, in the suspension where GO-PEG

was achieved, PVP, Na2S2O3 and HCl were added to accomplish

the depositing of sulfur, precede adding super P to the solution

to yield GO-PEG@C/S. The battery using GO-PEG@C/S composite

cathode delivered an initial discharge capacity of 1225 mAh/g at

80 °C at 0.2 C, and retained a discharge capacity of 531 mAh/g

after 100 cycles at 80 °C at 1 C (Fig. S2b in Supporting informa-

tion). EIS spectra also indicated that the use of PEG decreased

the resistance of cathodes (Fig. S2c in Supporting information).

Furthermore, although PSs are soluble in PEO, the highly reactive

functional groups of GO and GO-PEG’s 3D framework can trap PSs

during discharge and charging, inhibiting the shuttle effect of PSs.

Besides Li ion conductive polymers, ISEs can also be applied in

SPE/CPE-based ASSLSBs and act as functional hosts for cathode

active materials. Tao et al. [40] reported a Al3+/Nb5+ co-doped

cubic Li7La3Zr2O12 (LLZO) nanoparticle-decorated porous carbon

foam (LLZO@C, Figs. S2d and e in Supporting information), used

as the host for sulfur. The LLZO@C was synthesized via a facile

one-step Pechini sol-gel method, and loaded with sulfur through

heating treatment to form S@LLZO@C. LLZO, known as an oxide SE,

was applied in the sulfur host to improve the ionic conductivity

of ASSLSB cathodes. S@LLZO@C, carbon black and LLZO-PEO-LiClO4

electrolyte dispersed in acetonitrile solution were used to for-

mulate the composite cathode, with which the battery delivered

specific capacities of 1556, 1210 and 900 mAh/g at 70, 50 and

37 °C, respectively. As shown in Fig. S2f (Supporting information),

attributed to the functional LLZO@C host, the battery based on

S@LLZO@C exhibited a higher specific capacity than that based on

traditional sulfur-carbon composite.

High ionic conductivity and large specific surface area are

also demanded in ionic conductive hosts which are similar to

conductive carbon hosts, for Li ions should be transported as

much as possible to active materials during discharge and to

electrolyte during charging. Besides, some other host materials can

also help to facilitate Li ion transportation through different paths.

Zhao and coworkers [27], inspired by liquid Li-S batteries where

intercalation metal oxides were applied in cathodes, reported the

application of intercalation host Nb18W16O93 (NWO) in sulfur

cathodes to relieve the poor transportation of Li ion (Fig. S2g

in Supporting information). Possessed with a unique structure

to accommodate Li ion with great quantities, NWO is expected

to serve as the ionic conductive material in composite cathodes

to improve electrochemical performance. NbCl5 and WCl6 were

dissolved in isopropanol, going through a hydrothermal reaction

and a heating treatment to fabricate NWO, which was then heated

with sulfur and CNTs at 155 °C to yield S/NWO/CNTs composite.

S/NWO/CNTs was ball-milled with super P and Li7P3S11 SE to form

composite cathode, which delivered a reversible capacity of 1262

mAh/g after 1000 cycles at room temperature at 0.5 C, higher

than composite cathodes without NWO (Fig. S2h in Supporting

information). The lithiation/delithiation in S/NWO/CNT during

the process of discharge/charge were indicated in XRD images

(Fig. S2i in Supporting information), proving that the application

of NWO accelerated the redox reactions between Li and sulfur by

facilitating the transportation of Li ion.

As mentioned in former chapter, researchers tried to increase

the content of cathode active materials to improve electrochemical

performance of ASSLSBs, but only to find the decline of specific

capacity. Hakari and coworkers [91,92] applied LiI as a host to

prepare a Li2S-LiI solid solution, with which the cell showed

high utilization of Li2S and delivered a reversible capacity of

980 mAh/g at 25 °C at 2 C for 2000 cycles (Figs. S2j and k in

Supporting information). The solid solution was synthesized by

ball-milling Li2S and LiI at a ratio of 80:20, and the composite

cathode was prepared by ball-milling Li2S-LiI, LPS SE and vapor

grown carbon fiber. The high utilization of Li2S was ascribed to the

extra electrochemical reaction sites provided by LiI. The Li2S-LiI

solid solution also showed a high Li ion conductivity of over 10−6

S/cm, but this was not regarded as the main reason for high Li2S

utilization according to the study, for Li2S-LiCl and Li2S-LiBr solid

solutions were simultaneously synthesized and showed high Li ion

conductivity (Fig. S2l in Supporting information) but lower specific

capacity than Li2S-LiI solid solution.

In sulfide electrolyte-based ASSLSBs, high-P/S-ratio SEs used in

cathodes can improve the electrochemical performance by enhanc-

ing sulfur reactivity [93]. Nagata and coworkers [94] replaced sul-

fide SE with P2S5, increasing the P/S ratio to enhance the activation

of sulfur active material. The composite cathodes were synthesized

by ball-milling sulfur, activated carbon and P2S5 or SE at 60:10:30.

Compared with ASSLSBs with cathodes using SE, the battery with

a cathode using P2S5 delivered a higher discharge capacity of 1042

mAh/g at 1 C (Figs. S2m and n in Supporting information). To

further study sulfur cathodes using P2S5 and figure out the reason

of higher capacity, Tanibata et al. [95] synthesized a composite

cathode by ball-milling sulfur, KB and P2S5 at 50:10:40, with

which the cell delivered a discharge capacity of 1288 mAh/g and

a charge capacity of 942 mAh/g at 25 °C at 0.1 C. The discharge-

charge mechanism of the S-KB-P2S5 composite electrode is shown

in Fig. S2o (Supporting information), sulfur element in amorphous

P2S5+x which is formed after ball-milling react with electrochemi-

cally inserted Li ion to yield LPS and Li2S in discharge process. The

use of P2S5 provides more reactive sites for battery reaction and

improved the utilization of sulfur. However, the reason why charge

capacity is much lower than discharge capacity is not mentioned

in the report, neither cyclic performance test of the cell. Appar-

ently, although using P2S5 to replace sulfide SEs in cathode could

be a prospective measure, there is still much work to be done.
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Taking the recent advances in ASSLSB cathode active materials

and host materials into account, each kind of active material has

its suitable kind of host material. The combination of porous car-

bon and intercalation materials with high specific surface area can

be the promising host for elemental sulfur; carbon hosts prepared

by carbonizing are suitable for active material with good heat

resistance, such as Li2S and transition metal sulfides; S-containing

polymers may not need host materials because sulfur atoms are

immobilized on the polymer chains.

3.3. Engineering of binder materials

Binders are also integral materials in ASSLSB cathodes, even

though the contribution of which is often underestimated. In LE-

based cells, binders are used for the mere effect to combine active

materials and conductive materials. However, in ASSLSBs where

the problems of solid-solid interfaces remain unsolved, the ex-

istence of conventional binders will decrease the ionic/electronic

conduction, leading to the performance loss of SSLMBs [96]. As a

result, binders for cathodes should be further studied to improve

the performance of ASSLSBs.

PVDF can be regarded as a binder in sulfur cathodes to in-

hibit shuttle effect. Fang et al. [16] employed PVDF binder with

low donor number in the sulfur cathode to prohibit the produc-

tion of PSs. Tested in PEO-based ASSLSBs, the composite cathodes

coated with PVDF demonstrated higher capacity retention (77% af-

ter 60 cycles) than those coated with PEO electrolyte (49% after 19

cycles), indicating a higher utilization of sulfur.

In ISE-based systems where shuttle effect can be ignored, cath-

odes designed with low binder content can benefit the construc-

tion of electron and Li ion transmission channel. Yuan et al. [43] re-

ported a slurry coating method to fabricate composite cathodes

with low binder content for ASSLSBs. Silicone rubber (SR) was em-

ployed as binder material and n-hexane was selected as the sol-

vent to disperse sulfur and LGPS electrolyte for its weak polarity,

low dielectric constant and chemical stability. The ASSLSBs using

cathodes with SR content of 2 wt% delivered an initial capacity of

1031.9 mAh/g and a capacity retention of 95.8% after 30 cycles at

0.1 C. The low content of binder showed insignificant influences on

charge transfer capability in cathodes.

Polytetrafluoroethylene (PTFE) binder allows a technique known

as dry battery electrode (DBE), which creates a ‘powder to film’

route to fabricate electrodes [96,97]. According to the report of Hu

and coworkers [98], PTFE binder in a low content (1 wt%) was ap-

plied in composite cathodes containing sulfur, LPS and CNTs, and

demonstrated a unique fibrous distribution in cathodes. The elec-

trodes prepared by DBE technique showed higher ionic and elec-

tronic conductivity (6.3×10−4 S/cm and 0.25 S/cm, respectively)

than those prepared by traditional wet coating method (3.9×
10−4 S/cm and 0.13 S/cm, respectively). In traditional wet coating

methods, binders usually infiltrate the voids between the particles,

resulting in the indirect contact between active materials and con-

ductive materials. However, DBE technique makes binders exhibit

3D fibrous network connections, which can remain the directly in-

timate contact between active materials and conductive materials.

4. Engineering of cathode structures

The innovations in cathode materials showed their effect in

overcoming the defects of ASSLSBs, but it is inadvisable to ig-

nore the significance of cathode structures while developing new

materials. Considering that SEs cannot spontaneously infiltrate

cathodes to ensure ionic conductivity as LE does, it is of vital sig-

nificant to make composite cathode itself an electron/ion dual-

conductive one [30,99,100]. Lu et al. [101] synthesized Ta-doped

garnet Li6.4La3Zr1.4Ta0.6O12 (LLZTO) electrolyte and employed trace

amount of LE while assembling Li-S cells. Although the conduc-

tivity of cathodes was improved, the advantage of ASSLSB’s high

security was also diminished by the application of LE. As a result,

designing cathode structures instead of using LEs seems necessary

to overcome the drawbacks of SEs.

Compared with ISEs, SPEs and CPEs show advantages in flex-

ibility, malleability, and are more likely to form intimate contact

with active materials, reducing the interface resistance [16,102].

Besides, because conductive polymers are usually dispersed in so-

lutions (suspensions) while synthesizing, the formation of SPEs and

CPEs requires a vaporing process to eliminate the solvent. Tak-

ing these features into consideration, integrating SPE or CPE with

an electronic conductive framework loaded with active material

is a feasible measure to form a dual-conductive cathode struc-

ture [28,103,104]. Through this approach, Yuan et al. [104] fabri-

cated a cathode-supported-electrolyte configuration with high me-

chanical strength and intimate electrolyte/cathode contact which

can decrease the interfacial resistance. In this report, high

molecular-weight PEO and lithium bis(trifluoromethanesulfonyl)

imide (LiTFSI) were not only used in polymer electrolyte but also

the binder for composite cathode. After casting PEO/PVDF/LiTFSI

electrolyte on the cathode glued by ionic conductive binder, com-

pact interface was achieved (Figs. S3a and b in Supporting informa-

tion) and Li ion transport paths were successfully inserted to real-

ize a dual-conductive structure. As shown in Fig. S3c (Supporting

information) the ASSLSB with cathode-supported-electrolyte con-

figuration delivered capacities of 1034 and 387 mAh/g at 55 °C at

0.1 and 1 C, respectively. By contrast, the cell with laminated cath-

ode delivered a lower capacity of 903 mAh/g at 55 °C at 0.1 C,

which was attributed to the higher interfacial resistance.

CPEs are possessed with the advantage of SPEs and ISEs [102].

For active filler-reinforced CPEs, the ISE ceramic phase acts as plas-

ticizer, which reduces the polymer crystallinity and increases the

portion of amorphous structure thus improving the mobility of Li

ions [102]. Zhu and coworkers [103] reported a bilayer electron/ion

dual-conductive framework in which a 3D carbon nanofiber/sulfur

(CNF/S) cathode and 1D ceramic Li0.33La0.557TiO3 nanofiber-PEO

CPE (PEO/LLTO) were integrated to serve as both cathode and elec-

trolyte for an ASSLSB (Fig. S3d in Supporting information). CNF

was prepared by the carbonization of PAN nanofibers, and CNF/S

was fabricated through liquid deposition in S/CS2 solution. Facili-

tated with the bilayer structured cathode, the batteries delivered

reversible capacities of 384, 358 and 262 mAh/g at room tem-

perature at current densities of 0.05 C, 0.1 C and 0.2 C, respec-

tively (Fig. S3e in Supporting information). The similar structure

can be achieved using other hosts for active materials, and ac-

cording to the report of Wang and coworkers [28], an electron/ion

dual-conductive cathode framework synthesized via dropping elec-

trolyte slurry on the surface of rGO/S cathode. The rGO/S cath-

ode showed a porous framework in which one-dimensional CNTs

connected with rGO-wrapped sulfur to form a successive electron-

transport network, and the PEO/LLZTO electrolyte slurry filled the

pores to achieve a dual-conductive configuration (Fig. S3f in Sup-

porting information). Tested at 60 °C, the electrolyte composite

cathode demonstrated higher specific capacities and lower resis-

tance (Figs. S3g and h in Supporting information) than the normal

sulfur cathode, indicating that dual-conductive structure in cath-

ode was capable to overcome the low conductivity of sulfur.

To overcome the defect and build a dual-conductive structure

in ISE-based ASSLSB, Yan and coworkers [29] built an electrolyte-

cathode double layer based on Li6.28La3Al0.24Zr2O12 (LLAZO)-

LLAZO@CNF structure (Fig. S3i in Supporting information). On the

one hand, through high-voltage electrospinning, the porous sul-

fur host LLAZO@CNF matrix was fabricated and demonstrated a

high conductivity of 218 S/cm; on the other hand, with a precisely

controlled structural fabrication, a transition region was created

9



S. Yang, B. Wang, Q. Lv et al. Chinese Chemical Letters 34 (2023) 107783

between LLAZO electrolyte and composite cathode, providing con-

tinuous Li ion pathways to improve the ionic conductivity. To

compensate for the surface roughness of the garnet network and

to reduce the interfacial impedance, thermal-initiated poly (ethy-

lene glycol) diacrylate average (PEGDA) polymer is applied to fill

the empty spaces in LLAZO network and form PEGDA(LiTFSI)-

LLAZO which demonstrated an ionic conductivity of 0.251 mS/cm

at room temperature (Fig. S3j in Supporting information). Assem-

bled with the double layer framework, the ASSLSB delivered a ca-

pacity of 1055 mAh/g at 50 °C at 0.2 C and a retained capacity of

939 mAh/g after 50 cycles, corresponding to a capacity retention

of 89% (Fig. S3k in Supporting information).

Compared with cells with laminated cathode, those with dual-

conductive structures exhibited higher specific capacity and bet-

ter cycle performance. Different from the innovations in cathode

additives, construction of new structures can be achieved through

improvements in fabrication methods, which is able to lower the

cost in materials. However, the inherently low Li ion conductivity

of polymers at room temperature remains. Therefore, exploring for

solid polymers with high Li ion conductivity is still necessary for

dual-conductive cathodes for ASSLSBs while structural designations

such as polymer casting and interlayer introducing are the ways to

take full advantage of Li ion conductive polymers.

5. Solid electrolytes

As an essential part of ASSLSBs, SEs should meet the demands

such as high ionic conductivity, high Li ion migration number, suf-

ficient chemical and electrochemical stability, sufficient mechanical

properties, and good compatibility with electrodes [11,105]. In the

researches of LE-based Li-S batteries, the electrolytes are usually

liquid solutions including LiTFSI, linear ether, cyclic ether solvents

and small amounts of lithium nitrate (LiNO3) [31]. However, in the

studies of ASSLSB cathodes, the SEs researchers used were all dif-

ferent, reflecting the fact that there is not an ideal SE for ASSLSBs.

ISE, SPE and CPE all have their own advantages and disadvantages

(Fig. S4 in Supporting information).

For ISEs, the ionic conductivity is equivalent to LEs and the sta-

bility is higher than LEs, but high hardness and low toughness

cause weak Li ion transportation in electrolyte/electrode interface

and make it difficult to assemble pouch batteries [37,106,107]. For

SPEs, the fine flexibility overcomes the defects of ISEs, but the in-

ferior stability, mechanical strength and ionic conductivity show

great disadvantages [15].

Compared with others, CPEs are regarded as promising SEs for

ASSLSBs and are widely studied recently. The existence of poly-

mer can create homogeneous electrolyte/electrode interface and

make SE films more flexible to assemble pouch cells [96]. Ox-

ide electrolytes such as LLZO and LLZTO were usually used to

fabricate CPEs for ASSLSBs. Lee et al. [108] reported a CPE con-

sisted of PEO, LiClO4 and LLZO, which exhibited an ionic con-

ductivity of 3.8×10−4 S/cm at 70 °C. Chen et al. [109] reported

a CPE containing PEO, LLZO, LATP, LiTFSI and succionitrile, which

showed conductivities of 1.16×10−4 and 7.26×10−4 S/cm at room

temperature and 60 °C, respectively. According the recent reports,

the conductivity of sulfide electrolytes is generally lower than ox-

ide electrolytes, and sulfide electrolytes are possessed with good

deformability and moderate mechanical strength [110–112]. Zhu

et al. [111] reported a flexible CPE film synthesized by cellu-

lose and LPSCl. The CPE film reached an ionic conductivity of

6.3×10−3 S/cm at room temperature and showed good flexibil-

ity to assemble pouch cells. However, compared with oxide elec-

trolytes, sulfide electrolytes exhibit lower air conductivity and

more complex preparation, which need to be overcome in future

studies [110].

In some researches, similar types of SEs were used both in

ASSLSBs and Li-ion batteries [28,58,111,113]. In spite of this, it

is worth mentioning that compared with batteries using LiFePO4

or NMC cathodes, some indicators should be paid more atten-

tion when choosing SEs for ASSLSBs [3,105]. Firstly, SEs should be

chemically and electrochemically stable with sulfur, for high SEs

content is usually needed in ASSLSB cathodes. Secondly, because

sulfur cathodes are low-voltage cathodes, SEs which are not com-

patible with high-voltage cathodes are still applicable in ASSLSBs.

Thirdly, SEs should be able to inhibit the diffusion of sulfur and PSs

which can cause capacity fading, which means in ASSLSBs, PEO-

based electrolytes will be replaced by others in the future even

though they have shown great performance in all-solid-state bat-

teries.

6. Summary and perspectives

In summary, recent advances in cathode materials and cathode

structures of ASSLSBs have been reviewed and discussed. To over-

come the defects of traditional ASSLSB cathodes, the fabrication

methods of traditional active materials are optimized, and new ac-

tive materials are developed. For the hosts of the active materials

which also play important roles, conductive carbon hosts and other

functional hosts are studied to improve the electronic conductivity

and ionic conductivity of cathodes.

Compared with sulfur carbon composites synthesized through

straightforward mixing ways, rationally designed conductive car-

bon hosts with high surface area enable higher sulfur loading and

provide more electron transportation paths in cathodes. Apart from

carbon hosts, other functional hosts such as ionic conductive mate-

rials and intercalation materials have also been applied in cathodes

to facilitate the reactions involving Li ions. The application of host

materials with high surface area and conductivity is a feasible solu-

tion to the shortcomings such as poor conductivity and low active

materials loading which hampers the practical application of Li-S

batteries.

As for binder materials, the development of DBE technique

brings solutions for the low conductivity and low active substance

content of ASSLSB cathodes. However, in cells using PEO-based

electrolytes where PSs are soluble, functional binders such as PVDF

seems more feasible.

Although many methods have improved the specific capacity,

conductivity and stability of cathodes for ASSLSBs, the high uti-

lization of high loading amount of active material is still unable

to be achieved both, which may become one of the biggest prob-

lems of ASSLSBs in the future. New researches should look into

the problem to find out the inherent reason why specific capaci-

ties decline with the addition of active materials. Besides, not only

smaller particles size of active materials and larger surface area of

host materials are needed to solve this problem, but innovations

in structures or additives should also be carried out to immobilize

active materials as well as control their performance in discharge-

charge process, eliminating the drawbacks aroused by high active

materials loading amount.

In addition to the developments in new cathode materials,

dual-conductive structures have been rationally designed to un-

leash the full potential of cathode materials. Studies in this field

were mostly inspired by LE-based Li-S batteries, in which dual-

conductivity was naturally formed by the homogeneous con-

tact of composite cathode and electrolyte. In SPE/CPE-based sys-

tems, casting SEs on 3D cathode frameworks can be applied to

form a dual-conductive structure because ionic conductive poly-

mer can infiltrate composite cathode before solidification as LE

does. Similar method can also be applied in ISE-based systems, but

ionic conductive polymer is only used in the composite cathode

and the ISE/cathode interface, rather than electrolyte. The dual-
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conductivity has always been a vital issue in ASSLSB cathodes.

Although the use of conducting polymers can result in a bet-

ter electrolyte/cathode interface, two kinds of conductive materi-

als are still required in cathode to maintain dual-conductivity, af-

fecting the conduction efficiency. Therefore, it can be a feasible

measure to create dual-conductive materials with both desirable

ionic conductivity and electronic conductivity, which can replace

or partly replace the traditional conductive materials in composite

cathodes, contributing to more effective electron/ion transportation

and higher percentage of active materials.

Last but not least, now that there is not an ideal electrolyte for

ASSLSBs, the research on SEs still needs to be further developed.

If the SE does not meet the requirements, no matter how good

the cathode performance is, the ASSLSB will not be significantly

improved. CPEs have more practical potential than ISEs and SPEs

in the future, according to recent advances in SEs. Different poly-

mers and inorganic fillers for CPEs have different applicable fields,

so each CPE should give full play to its advantages and avoid the

weaknesses. With the developments of materials science and elec-

trochemical research, the problems faced by ASSLSBs will be ex-

pected to be solved in the future, and ASSLSBs will be expected to

be applied in the future energy system.
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