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Abstract: Lithium-sulfur (Li-S) batteries are deemed as high-promising next-generation energy storage technique due to their

ultrahigh theoretical energy density, where the sulfur cathodes with high specific capacity guarantee the energy density advantage

and directly determine the battery performances. After decades of exploration, the most promising sulfur cathodes are sulfur/carbon

composite (S/C) cathodes and sulfurized polyacrylonitrile (SPAN) cathodes. In this manuscript, recent advances on S/C and SPAN

cathodes in Li-S batteries are comprehensively reviewed. The electrochemical reaction circumstances on S/C and SPAN cathodes

are firstly introduced and compared to reveal the working mechanisms of the two types of Li-S batteries. The S/C cathodes mainly

undergo solid-liquid-solid multi-phase conversion processes with typical double-plateau charge-discharge polarization curves. In

comparison, the SPAN cathodes follow solid-solid conversion and exhibit single-plateau charge-discharge characteristics. Follow-

ing that, key challenges and targeted optimizing strategies of the S/C and SPAN cathodes are respectively presented and discussed.

For Li-S batteries with S/C cathodes, the main optimizing strategies are electrode structure modification, efficient electrocatalyst de-

sign, and redox comediation. For SPAN cathodes, the main optimizing strategies are electrode structure modification, morphology

regulation by co-polymerization, heteroatom doping at molecular level, and extrinsic redox mediation. At last, current research sta-

tus of Li-S batteries with S/C or SPAN cathodes are systematically analyzed through the comparison of several battery parameters,

and perspectives on challenges and opportunities of S/C and SPAN cathodes in Li-S batteries are presented to guide future researches.
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1 Introduction
The global rapid energy consumption drives mas-

sive application of clean energy and the development

of energy storage techniques[1-3]. Electrochemical en-

ergy storage devices, represented by rechargeable

batteries, are widely applied in personal electronics,

electric vehicles, and smart grids[4,5]. Energy density

of rechargeable batteries is regarded as one of the

most significant parameters [6,7]. Among the various

battery systems, lithium-sulfur (Li-S) batteries possess

ultrahigh energy density of 2600 Wh窑kg-1 in theory,

which is 10 times higher than the current commercial

lithium-ion batteries[8,9]. Additionally, sulfur is abun-

dant in resources and cheap in price. The above advan-

tages endow Li-S batteries as one of the most promis-

ing next-generation energy storage techniques[10].

Typical Li-S batteries are composed of lithium

metal anodes, ether-based or carbonate-based elec-

trolyte, and sulfur composite cathodes[11]. Notably, the

theoretical specific capacity of the sulfur cathode is



Figure 1 A brief timeline about the development of S/C and

SPAN cathodes in Li-S batteries.

as high as 1672 mAh窑g-1, which guarantees the ultra-
high energy densities of Li-S batteries [12 , 13]. In this

way, the performance determining factor of Li-S bat-

teries mainly lies in the cathodic performance of the

sulfur active materials[14]. Therefore, developing ad-

vanced sulfur cathodes is the key for constructing

high-performance Li-S batteries. After decades of ex-

ploration, the most promising sulfur cathodes are sul-

fur/carbon composite (S/C) cathodes and sulfurized

polyacrylonitrile (SPAN) cathodes [15], and the mark-

able events during the development of the above two

composite cathodes are depicted in Figure 1. Re-

searches on these two cathodes have made significant

breakthrough very recently. For instance, Cheng et.

al. constructed 700 Wh窑kg-1 rechargeable Li-S pouch
cells based on the S/C cathodes[16]. Chen, Liu, and co-

workers realized stable cycling of Li-S pouch cells

under -60 oC based on the SPAN cathodes[17]. To this

end, a systematical review on S/C and SPAN cath-

odes in Li-S batteries is essentially required to sum-

marize the recent advances and provide insightful

perspectives for future development.

Herein, recent advances on S/C and SPAN cath-

odes in Li-S batteries are comprehensively reviewed.

The electrochemical reaction circumstances on S/C

and SPAN cathodes are firstly introduced and com-

pared to reveal the working mechanism of the two

types of Li-S batteries. Key challenges and corre-

sponding optimizing strategies of the current S/C and

SPAN cathodes are then respectively presented and

discussed. At last, current research status of Li-S bat-

teries with S/C or SPAN cathodes are systematically

analyzed through the comparisons of several battery

parameters, and perspectives on challenges and op-

portunities of S/C and SPAN cathodes in Li-S batter-

ies are presented to guide future researches.

2 Working Mechanism of S/C and SPAN
Cathodes in Li鄄S Batteries
2.1 Working Mechanism of S/C Cathodes
Since elemental sulfur (S8) and its reduction solid

products (i.e., lithium sulfide, Li2S) are electronically

insulating in nature, the electrochemical reactions of

sulfur are highly dependent on the substrate conduc-

tive carbon materials[18]. Therefore, typical S/C cath-

odes are composed of nanosized sulfur and conduc-

tive carbon after ball-milling and heat melting. Wang

et. al. firstly reported the S/C composited material in

2002 and applied it as the cathode in Li-S batteries[19].

In 2009, Nazar爷s group made a breakthrough by de-
veloping highly ordered nanostructured carbon to

accommodate S8
[20]. Since then, S/C cathodes started

their booming development in aspects of carbon opti-

mizations, electrode structural modifications, polar

interface regulations, etc.

Notably, the working mechanism of typical S/C

cathodes obeys the solid-liquid-solid reaction path-

way (Figure 2a). Concretely, taking the discharge pro-

cess as an example, solid S8 is reduced into soluble

lithium polysulfides (LiPSs, Li2Sn, n = 3 ~ 8) dissolv-

ing in electrolyte in the first place, and the LiPSs then

gain electrons and convert into solid Li2S[21]. Based on

the solid-liquid-solid reaction pathway, the sulfur

species are not fixed on the S/C cathodes but 野mo-
bile冶 in electrolyte[22]. In this way, their diffusion and
reaction behaviors in bulk electrolyte and in S/C

cathodes require equally attention during electrode

and electrolyte design[23]. The double-plateau discharge

profiles further reflect the solid-liquid-solid reaction
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Figure 2 Schematic illustration of cathodic reactions and charge-discharge profiles in Li-S batteries with (a)-(b) S/C cathodes or

(c)-(d) SPAN cathodes.

pathway (Figure 2b). Concretely, the first plateau from

2.4 V to 2.1 V represents the conversion process

from solid S8 to soluble LiPSs, and the second

plateau around 2.1 V represents the conversion pro-

cess from LiPSs to solid Li2S[24,25]. In brief, the work-

ing mechanism of S/C cathodes obeys the solid-liq-

uid-solid reaction pathway, thus not only the cathode

itself but also solvated LiPSs in electrolyte play key

roles in the cathodic redox reactions and determining

the battery performances.

2.2 Working Mechanism of SPAN Cath鄄
odes

The SPAN cathode is firstly reported byWang et. al.

in 2002[26]. Concretely, the SPAN powder is synthe-

sized by mixing sulfur and PAN under a weight ratio

of 4颐1 with subsequent ball-milling and furnace heat-
ing[27]. It is widely deemed that polycyclic hexatomic

rings containing carbon and nitrogen atoms are gener-

ated in SPAN, and sulfur atoms serve as side groups

and connect these polycyclic hexatomic rings[28]. Dur-

ing the first discharge process, S要S bonds and some

C要S bonds break, and the conjugated structure in

SPAN can partially storage Li+ [29]. There are sever-

al irreversible reactions taking place in the first dis-

charge cycle of the SPAN cathode, during which the

SPAN structure is reformed and the SPAN cathode is

activated[30]. Once the above activation process is fin-

ished, the SPAN cathode can reversibly cycle during

long-lasting charge-discharge processes.

Worthy to be noted, the working mechanism of

SPAN cathodes obeys the solid-solid reaction pathway

(Figure 2c), which is quite different from the sol-

id-liquid-solid reaction pathway for S/C cathodes [31].

Some previous researches deemed that a robust

cathode-electrolyte-interphase (CEI) layer is formed

through reactions between the sulfur species and the

solvents, which can inhibit subsequent dissolution of

sulfur[32]. As a result, soluble LiPSs will not be gener-

ated during the charge-discharge processes. The

charge-discharge profiles of Li-S batteries with SPAN

cathodes are also quite different from the ones with

S/C cathodes (Figure 2d). A typical single plateau

around 1.9 V is exhibited during the charge and dis-

charge processes, suggesting that Li+ intercalation re-

actions rather than phase conversion reactions occur[33].

Though the actual structure of SPAN is still inexplic-
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it, it can be assured that the capacity for SPAN cath-

odes is provided by the reversible breaking and gen-

eration of S要S bonds[34]. In brief, the working mech-

anism of SPAN cathodes obeys the solid-solid reac-

tion pathway between SPAN and lithiated SPAN

(Li-SPAN), and therefore the structure and functions

of SPAN itself constitute to be the research focus.

3 Challenges and Optimizing Strate鄄
gies for S/C Cathodes

The main challenge for S/C cathodes is the slug-

gish kinetics especially under harsh working condi-

tions (e.g., large current densities, high sulfur loading

and content, lean electrolyte, etc.) [35,36]. The sluggish

cathodic kinetics further render unbearable polariza-

tion and low specific capacity in Li-S batteries [37].

Since LiPSs serve as the key intermediates in regulat-

ing the performances of S/C cathodes, both the LiPSs

diffusivity and reactivity at the cathodic interface are

taken into consideration to tackle the kinetic chal-

lenges[38]. In detail, the LiPSs diffusion pathway can be

tuned by optimizing the electrode structure (e.g.,

porosity, specific surface area, tortuosity, tap density,

etc.), and the LiPSs reactivity can be regulated by in-

troducing polar hosts and electrocatalysts. Addition-

ally, redox mediation and comediation strategies can

improve the reactivity and diffusivity at the same

time. Detailed discussion on these three strategies is

presented in Figure 3.

3.1 Electrode Structure Modification
Previous literatures have reported that introducing

high specific area materials can provide abundant re-

action sites for the sulfur redox reactions, and modi-

fying the pore structure can regulate the LiPSs and

Li+diffusion properties[42,43]. Combining the above two

methods together, Zhang et. al. adopted an ant-nest-

like hierarchical porous carbon with high specific

surface area and regulated pore structure in S/C

cathodes[44]. As a result, both the polarization and the

specific capacity were greatly enhanced, and an ultra-

high area capacity of 11.6 mAh窑cm-2 at a high sul-

fur loading of 10 mgS窑cm-2 could be achieved. Never-

theless, carbon materials with high specific area and

porosity inevitably make the S/C cathode taking up

much electrolytes, which is unbeneficial especially

under lean electrolyte conditions[45]. Recently, Lu and

co-workers balanced the porosity, specific area, and

tortuosity of S/C cathodes, and demonstrated a dense

single-particle-layer cathode (Figure 3a)[39]. Concrete-

ly, compared with the small S/C particles, relatively

large S/C particles on cathode can promote elec-

trolyte penetration and restrain soluble LiPSs out of

the cathodic pores, which efficiently reduces the ca-

pacity loss during cycling. As a result, Li-S cells with

the dense single-particle-layer cathode exhibited su-

perior capacity over 1000 mAh窑g-1 even under lean

electrolyte conditions (electrolyte to sulfur (E/S) ratio

Figure 3 Optimizing strategies for S/C cathodes. (a) Electrode structure modification[39]. Reproduced with permission from Ref [39].

Copyright 2022 Royal Society of Chemistry. (b) Efficient electrocatalyst design[40]. Reproduced with permission from Ref [40]. Copy

right 2021 American Chemical Society. (c) Redox comediation[41]. Reproduced with permission from Ref [41]. Copyright 2020 Elsevier.
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= 4 滋L窑mg-1). Other electrode structure modification
approaches such as designing S/C shell structures

and network structures also obtained favorable ef-

fects[46,47]. In brief, the porosity, specific surface area,

and tortuosity are three significant parameters to be

considered during S/C cathode design, and the S/C

cathodes can exhibit superior performances only when

the above three parameters are well balanced 渊Table 1冤.
3.2 Efficient Electrocatalyst Design
The purpose of introducing electrocatalysts to S/C

cathodes is to strengthen LiPS adsorption and facili-

tate interfacial charge transfer [48]. Previous research-

es have proved that electrocatalysts such as transi-

tion metal compounds, hetero-doped carbon, and

their composites can efficiently reduce the reaction

activation energy and promote the S/C cathode per-

formances[49,50]. Since the solid-liquid-solid reaction

pathway inevitably results partial soluble LiPSs far

away from the cathodic interface and difficult to par-

ticipate in electrode reactions, expanding the interac-

tion range of electrocatalysts is essential. Taking the

above aspect into considerations, Zhao et. al. designed

a semi-immobilized electrocatalyst by grafting the ac-

tive sites (porphyrin) onto soft segments (polypyrrole)

(Figure 3b) [40]. Consequently, the semi immobilizing

strategy in practical Li-S batteries realized superior

rate performances as well as long lifespan, and it also

endowed pouch cells with high energy density up to

343 Wh窑kg-1. Another efficient design is to combin-
ing electrocatalysts with different functions together.

For example, Yang and co-workers demonstrated that

metal oxides (e.g., TiO2) are effective in adsorbing

LiPSs onto the cathodic interface, while metal ni-

trides and sulfides (e.g., TiN and Ni3S2) are expert in

converting LiPSs [51 ,52] . Based on the above discov-

ery, they composited the adsorption-type and conver-

sion-type electrocatalysts together, and endowed Li-S

batteries with superior cycling stability for 3000 cy-

cles. Additionally, since the LiPS electrocatalysis

procedure happens on the electrocatalyst surface, the

surface variation of electrocatalysts should be spe-

cially acknowledged. For instance, the Co4N surface

was sulfurized into CoSxphases during initial cycles[53],

the Mo6S8 surface got lithiation into LixMo6S8 during

the discharge process[54], and the MoS2 surface was

covered by a gel layer due to the solvent simultaneous

polymerization[55]. The above surface reconstruction

behaviors inevitably affect the LiPS electrocatalysis

mechanisms and effects. In brief, electrocatalysts are

introduced to overcome the sluggish charge transfer

kinetics, and their design should fully consider the in-

terfacial issues as well as the solidliquid-solid reaction

pathways in Li-S batteries.

3.3 Redox Comediation on LiPSs
Different from the electrode structural modifica-

tion strategy overcoming the LiPSs diffusion issues

and the electrocatalysis strategy promoting the LiPSs

redox reactivity, the redox comediation strategy can

accelerate the reactivity and diffusivity of LiPSs on

S/C cathodes at the same time. In detail, organic

disulfides and diselenides can serve as redox comedi-

ators (co-RMs) to spontaneously react with LiPSs in

Li-S batteries, afford an additional chemical reaction

pathway besides the original electrochemical path-

way, and promote the overall sulfur redox kinetics[56,57].

For instance, Zhao et. al. introduced di-tertiary butyl

disulfide (DtbDS) into Li-S batteries as a co-RM

(Figure 3c) [41]. Concretely, the S要S bond in DtbDS

breaks spontaneously and the sulfur chains in LiPS

molecules are subsequently intercalated into the

DtbDS molecule to form modified LiPS molecules

grafted with organic groups (i.e ., tb-Sn+1Li). Both the

diffusivity and the reactivity of the modified LiPSs

are higher than those of the pristine LiPSs, which

endow the S/C cathode with reduced polarization,

promoted discharge capacity, and superior rate per-

formances even under lean electrolyte (E/S ratio = 5

滋L窑mg -1) and high sulfur loading (5.0 mgS窑cm -2)

conditions. Compared with sulfur, selenium usually

possesses higher redox reactivity. As a result, dise-

lenides are also considered as promising co-RMs [58].

By adopting the mixture of diphenyl diselenide

(Ph-Se) and dimethyl diselenide (Me-Se), the cathod-

ic kinetics were greatly enhanced considering polar-

ization and discharge capacity, and an actual energy

density of 384 Wh窑kg-1 was achieved in working Li-S
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pouch cells[59]. In brief, the redox comediation strat-

egy is impressively effective in accelerating both the

diffusivity and the reactivity of LiPSs, and it can pro-

mote full-range sulfur redox kinetics on S/C cath-

odes.

4 Challenges and Optimizing Strate鄄
gies for SPAN Cathodes
Main challenges for SPAN cathodes are kinetic

issues as well. However, different from the S/C

cathodes, the optimizing strategies do not aim at

soluble LiPSs but rather SPAN itself. Concretely,

the kinetic issues are originated from the poor elec-

tronic conductivity of micrometer-sized SPAN pow-

ders (around 10 -9 S窑cm -1) [66]. Meanwhile, volume

variation during cycling destroys the structural stabil-

ity of SPAN cathodes, which may further aggravate

the cathodic kinetics issues. Additionally, in ether-

based electrolyte, part of the sulfur species may be

dissolved into the electrolyte, impair the SPAN kinet-

ics, and reduce the cathodic cycling stability[67]. Aim-

ing at the above challenges, major optimizing strate-

gies are proposed, including electrode structure mod-

ification, morphology regulation by co-polymeriza-

tion, heteroatom doping at molecular level, and ex-

trinsic redox mediation (Figure 4).

4.1 Electrode Structure Modification
Since the electronic conductivity of SPAN is rela-

tively low, it is promising to modify electrode struc-

tures by introducing high-conductive carbon materi-

als and constructing efficient ionic and electronic

pathways. For instance, Yin et.al. introduced oxi-

dized graphene (GO) into the SPAN cathodes to

make the SPAN powders evenly dispersed on the

conductive network (Figure 4a) [68]. As a result, Li-S

cells with the GO composited SPAN cathodes could

cycle stably and exhibit a specific capacity of nearly

900 mAh窑g-1 even under a high rate of 6.0 C (1 C =

1672 mA窑g-1). However, GO with high specific area

always takes up much electrolyte and is incompatible

with lean electrolyte conditions. To this end, electro-

spinning processing is reported to compensate the

electronic con ductivity and tolerant low electrolyte

volume at the same time. For example, Wang et al.

mixed carbon nanotubes (CNTs) and PAN together

through the electrospinning method, and then sulfur-

ized them under high temperatures[64]. Consequently,

the SPAN exhibited a nanosized slice morphology on

the CNTs, which endowed the Li-S cells with a spe-

cific capacity of 1180 mAh窑g-1 without capacity fad-
ing over 1000 cycles. In brief, electrode structure

Component
Sulfur loading
(mgS窑cm-2)

Specific capacity
(mAh窑g-1) Cycling lifespan Reference

S/C cathode

G@ppy-por 5.0 940 @ 0.2 C 70 @ 0.2 C Zhao et al.[40]

MoS2 with TEA 4.0 988 @ 0.3 C 100 @ 0.3 C Li et al.[37]

DPDSe 5.0 924 @ 0.1 C 55 @ 0.1 C Zhao et al.[58]

LPC 4.0 1001 @ 0.1 C 100 @ 0.1 C Feng et al.[39]

7TiN:3TiO2-G 1.2 800 @ 1.0 C 2000 @ 1.0 C Zhou et al.[51]

Co4N/NG 4.1 1109 @ 0.5 C 150 @ 0.5 C Zhao et al.[53]

SPAN cathode

Se0.06SPAN 1 ~ 3 1240 @ 0.26 C 800 @ 0.26 C Chen et al.[60]

BEAQ 1.5 1109 @ 1.0 C 160 @ 1.0 C Zhao et al.[61]

Fibrous SPAN 0.672 600 @ 4.0 C 1000 @ 4.0 C Frey et al.[62]

SPAN-CNT20 0.9 ~ 1.1 1106 @ 1.0 C 500 @ 1.0 C Razzaq et al.[63]

SPAN/CNT-12 2.0 1180 @ 0.48 C 1000 @ 0.48 C Wang et al.[64]

Te0.04S0.96@pPAN 3.11 870 @ 0.12 C 100 @ 0.12 C Li et al.[65]

Table 1 Summary of advanced Li-S battery performances with S/C or SPAN cathodes.
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Figure 4 Optimizing strategies for SPAN cathodes. (a) Electrode structure modification[68]. Reproduced with permission from Ref [68].

Copyright 2012 Royal Society of Chemistry. (b) Morphology regulation by co-polymerization[62]. Reproduced with permission from

Ref [62]. Copyright 2017 American Chemical Society. (c) Heteroatom doping at molecular level[65]. Reproduced with permission from

Ref [65]. Copyright 2019 Elsevier. (d) Extrinsic redox mediation[61]. Reproduced with permission from Ref [61]. Copyright 2020 Wiley.

modification mainly concentrates on the SPAN con-

ductivity enhancement. Compatibility with high sulfur

content and lean electrolyte shall be taken into consid-

eration.

4.2 Morphology Regulation by Co鄄Poly鄄
merization

One reason for low conductivity of SPAN cathodes

is that the SPAN particles are rather large in size (in

several micrometers)[69]. Therefore, reducing the SPAN

size is promising. Co-polymerization between PAN

and other polymers is expected to regulate the SPAN

morphology. Based on the above thoughts, Frey et al.

chose the poly(methyl methacrylate)/PAN (PMMA/

PAN) fiber as the precursor to synthesize SPAN (Fig-

ure 4b) [62]. Microscopic images suggested that the

as-obtained SPAN exhibited the fibrous morphology

with around 200 nm in diameter, much smaller than

the SPAN particle. Additionally, the fibrous morphol-

ogy with cylindrical macropores formed eletronic

conduction networks and provided directed Li+ diffu-

sion pathways. As a result, Li-S cells showed high

rate capability up to 8.0 C and excellent cycling sta-

bility over 1200 cycles. In brief, regulating the SPAN

morphology and reducing their size through altering

the precursor composition by co-polymerization is ef-

fective to compensate conductivity and tackle kinetic

issues.

4.3 Heteroatom Doping at Molecular Level
Elemental doping, especially selenium (Se) and

tellurium (Te) doping, is effective in regulating the

chemical and electrochemical properties of SPAN

cathode materials[70]. On the one hand, Se and Te dop-

ing can enhance the electronic conductivity of SPAN.

For instance, Li et al. doped 4at% Te into SPAN and

manifested that the electronic conductivity increased

from 2.0伊10 -9 to 3.5伊10 -9 S窑cm -1 after Te doping

(Figure 4c)[65]. As a result, the Te-doped SPAN cath-

ode was compatible with both ether and carbonate

电化学渊J. Electrochem.冤 2022, 28(12), 2219013 (7 of 13)



electrolytes, and del ivered high capacities of 1507

and 861 mAh窑g-1 at 0.1 and 10 A窑g-1, respectively.

On the other hand, Se and Te doping in SPAN can

generate several Se/Te-S bonds with enhanced elec-

trochemical reactivity[71]. Chen et al. introduced 6at%

Se into SPAN cathode and found that the irreversible

sulfur loss due to sulfur dissolution in ether-based

electrolyte is greatly relieved[60]. The above results in-

dicate that the cathodic reaction rates are greatly ac-

celerated and the capacity decay is inhibited. Conse-

quently, the Se-doped SPAN cathodes can undergo

800 cycles with nearly 100% Coulombic efficiency

and an ultralow 0.029% capacity decay per cycle. In

brief, heteroatom doping can improve the electronic

conductivity and electrochemical reactivity of SPAN

cathodes at the same time, resulting in greatly en-

hanced cathodic kinetics and battery performances.

4.4 Extrinsic Redox Mediation
The morphology of SPAN usually exhibits bulk

particles with several micrometers in diameter, which

inevitably results in long electronic conduction

distance and large contact resistance[63]. From this point

of view, extrinsic redox mediation is expert in

handling the poor electronic conductivity by coupling

a chemical pathway on the original electrochemical

pathway . Zhao et al . adopted the 1 , 5-bis ( 2- ( 2-

[2-methoxyethoxy]ethoxy)ethoxy)anthra-9,10-quinon

(BEAQ) as an extrinsic redox mediator, and the

redox potential of BEAQ is quite compatible with

that of SPAN (Figure 4d)[61]. Concretely, the BEAQ

oxidized redox peak (2.46 V) is slightly higher than

the SPAN oxidization peak (2.42 V), illustrating that

the delithiation of Li-SPAN by the oxidation of

BEAQ is thermodynamically feasible. Consequent-

ly, the redox-mediation-assisted SPAN cathodes ex-

hibited reduced polarization, higher specific capacity,

improved rate performance, and longer cycling lifes-

pan in both ether-based and carbonate-based elec-

trolytes. In brief, the redox mediation strategy

promises to overcome the poor conductivity issue

and enhance the cathodic kinetics, while researches

in this field require to pay more attention.

5 Conclusions and Outlooks
The Li-S batteries with S/C or SPAN cathodes ex-

hibit distinct characteristics (Figure 5). In detail, com-

pared with Li-S batteries with SPAN cathodes, Li-S

batteries with S/C cathodes are relatively advanta-

geous in output voltage, superior in energy density,

and predominant in sulfur content. However, Li-S

batteries with SPAN cathodes exhibit fantastic

lean-electrolyte tolerance, higher rate capability, and

generally longer stability. Note that above arguments

are based on the average level according to reported

literatures. Therefore, Li-S batteries with S/C or SPAN

cathodes face different challenges, and the future re-

search directions shall be different. Key challenges

and opportunities of S/C and SPAN cathodes in Li-S

batteries are respectively presented as follows.

For S/C cathodes, there are mainly three aspects of

challenges: kinetics issues under high rates, kinetics

issues under low E/S ratios, and cathodic incompati-

bility with Li metal anode as well as electrolyte. The

first two kinetic issues are due to the intrinsic sol-

id-liquid-solid reaction pathway, which renders con-

centrated soluble LiPSs with limited charge transfer

rates and low diffusion rates dominating the cathodic

interfacial kinetics. Therefore, both mechanism in-

vestigation and kinetic promoters are specially need-

ed to address this issue. The incompatibility with Li

metal anode is originated from the soluble LiPSs gen-

erating at cathode, diffusing to the anodic compart-

ment, corroding the Li metal, and rendering rapid an-

ode failure. Meantime, the incompatibility with elec-

trolyte refers to limited selection of the electrolyte

component due to the requirement of dissolving

LiPSs. Therefore, exploring the solvating properties

especially the solvation structure of LiPSs in elec-

trolyte is essential to balance the cathodic and anodic

performances, and overcome the cathodic incompati-

bility with Li metal anode as well as electrolyte.

For SPAN cathodes, key challenges mainly exist in

the following three aspects: low sulfur content, un-

clear chemical structure, and sulfur dissolution in

ether-based electrolyte. To increase the sulfur content,

precursor modification and manufacturing optimiza
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t ion are two effective approaches. In detail, tuning

the precursor composition and structure may alter the

PAN crystallinity, and make more elemental sulfur

reacting with the PAN precursor. Optimizing the

manufacturing process (e.g., introducing electrospin-

ning technique), on the other hand, may reduce the

amount of conductive carbon and increase the sulfur

content in turn. Due to the unclear chemical struc-

ture, researches on SPAN cathodes may be confused

at molecular-level structure design. Therefore, in situ
spectroscopies are expected to probe the specific

bonds and their dynamic variation during charge and

discharge processes. To suppress sulfur dissolution in

ether-based electrolyte, explorations on cathodic in-

terfacial changes during cycles should be firstly con-

ducted. Optimizing the electrolyte components by in-

troducing some additives to generate robust CEI with

high ionic conductivity is also promising.

In summary, Li-S batteries with S/C cathodes and

SPAN cathodes are very promising for energy storage

based on the great progresses made in the recent

years. For future application of the two cathode tech-

niques, Li-S batteries with S/C cathodes are expected

to address high-energy-densi ty energy storage cir-

cumstances such as spacecrafts, while Li-S batteries

with SPAN cathodes are promising for large-scale

energy storage due to their advantages of low costs

and long cycling lifespan. Witnessing the recent pro-

gresses of S/C and SPAN cathodes for Li-S batteries,

researchers are full of confidence on the development

of advanced Li-S batteries.
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锂硫电池复合正极研究进展

李西尧1袁赵长欣1袁李博权2, 3*袁黄佳琦2, 3袁张 强1*

(1.清华大学化学工程系袁北京 100084袁中华人民共和国曰 2.北京理工大学前沿交叉科学研究院袁北京 100081袁
中华人民共和国曰 3.北京理工大学材料学院袁北京 100081袁中华人民共和国)

摘要: 锂硫电池因其超高的理论能量密度被视为极具前景的下一代电化学储能体系袁其中高比容量的硫正极提
供了锂硫电池的能量密度优势并直接决定了电池的实际性能遥经过数十年的发展袁最具前景的硫正极体系分别是
硫碳复合渊S/C冤正极和硫化聚丙烯腈渊SPAN冤正极遥 本文系统综述了 S/C正极和 SPAN正极的最新研究进展遥 首
先袁简要介绍了两种正极的工作原理并进行了比较遥S/C正极发生固鄄液鄄固多相转化反应袁充放电表现为双平台特
征遥与之相比袁SPAN正极发生固鄄固反应袁充放电曲线为单平台遥然后袁对两种正极所面临的挑战和目前报道的优
化策略进行了系统的分析与讨论遥 对于 S/C正极袁主要调控策略包括电极结构修饰尧电催化剂设计与辅助氧化还
原介体调控曰对于 SPAN正极袁主要调控策略包括电极结构设计尧电极形貌调控尧杂原子掺杂和外源性氧化还原介
体调控遥 最后袁在电池尺度上对 S/C正极和 SPAN正极进行了综合比较袁并对基于 S/C正极和 SPAN正极的锂硫

电池在未来所面对的机遇与挑战进行了展望遥
关键词:锂硫电池曰硫碳复合正极曰硫化聚丙烯腈正极曰多硫化锂
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