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Rechargeable lithium–sulfur (Li–S) batteries have exceptional

theoretical capacity; however, the practical applications are

still elusive to date due to many critical challenges. This

review summarizes the technical issues of the sulfur cathode

and the strategies in recent years to address these issues

from the aspects of lithium polysulfides sequestration, new

mechanism of Li–S reactions, organosulfur cathode

materials, functionality of binders, and the role of the

electrolytes.
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Introduction
The most intriguing property of Li–S batteries is the

assumed high practical specific energy extrapolated from

the theoretical value at �2450 Wh kg�1, which is based

on the theoretical capacity of sulfur and Li with a nominal

voltage of 2.1 V. As a comparison, the theoretical specific

energy of Li-ion batteries is less than 600 Wh kg�1, and

the practical specific energy of Li-ion batteries at cell-

level is typically 40–50% of the theoretical value. If using

the same material-to-cell ratio, the practical specific en-

ergy of Li–S batteries could be estimated at around

1000 Wh kg�1, which would be a revolutionary improve-

ment from Li-ion technologies. However, whether Li–S

batteries indeed have such a promising future requires

closer scrutiny.

Hagen and coworkers reported a detailed analysis on the

specific energy of NCR18650B manufactured by Pana-

sonic, one of the state-of-the-art Li-ion batteries [1�].
Their analysis shows that one NCR18650B cell contains
www.sciencedirect.com 
11.4 g anode materials and 17.4 g cathode materials (in-

cluding all binders and carbon additives), 4.3 g electrolyte

and 14.0 g inactive mass. Assuming a Li–S battery has the

same inactive mass, the practical specific energy of Li–S

batteries can be calculated, as shown in Figure 1, using

the published information including specific capacity of

sulfur, areal sulfur loading, sulfur content in the cathode,

and the amount of electrolyte being used. A number of

statements about Figure 1 are as follows: first, the

18650 cylindrical configuration may not be ideal for

Li–S batteries for maximum specific energy, and the

volumetric energy density cannot be estimated due to

the lack of necessary information in the publications.

Second, only publications with unambiguous description

of electrolyte/sulfur (E/S) weight ratio are included.

Third, the reported E/S ratios are all from coin cell

configuration, which generally requires more electrolyte

than in pouch cells. Therefore the calculation may un-

derestimate the specific energy that can be achieved in

pouch cells to some extent. Finally, in addition to the

assumption of 14.0 g inactive mass, we also assume 100%

excess of Li anode, which is a very optimistic assumption,

due to the non-ideal coulombic efficiency of Li deposi-

tion-stripping.

Despite these approximations, Figure 1 can illustrate the

gap between the current developmental stage of Li–S

batteries and expectations for the future. Figure 1

includes the Li–S cell-level specific energy calculated

from 10 publications since 2014 with an areal loading of

sulfur �4 mg cm�2 [2–10,11�]. All the calculated cell-

level specific energies are not only significantly lower

than the benchmark 350 Wh kg�1 achieved by a proto-

type Li–S pouch cell from Sion Power (2.8 Ah,

1260 mAh g�1 of sulfur, 25 wt.% carbon content in cath-

ode, and 400% Li excess) [12�], but also below that of the

NCR18650B Li-ion cell. Our calculation suggests that the

decisive factor resulting in low specific energy is the high

E/S ratio used in these publications. To the best of our

knowledge, the majority of published Li–S works used E/

S ratios higher than 10, which would significantly increase

the overall weight of the full cells and thus reduce the

practical specific energy. On the other hand, this ratio

(electrolyte to cathode) in Li-ion batteries is typically

only 1/4. It is worth noting that relatively high E/S ratio

may be an inherent requirement in Li–S batteries for two

possible reasons: first, the high surface area of the nano-

porous cathode structure and second in-depth sulfur

utilization by dissolving lithium polysulfides. Neverthe-

less, minimizing the E/S ratio is crucial to the future of
Current Opinion in Chemical Engineering 2016, 13:53–62
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Figure 1
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Calculated cell-level specific energy of Li–S batteries from published

works using NCR18650B configuration and inactive components

assuming 100% Li excess.
Li–S batteries, and the investigation of practical E/S ratio

must be performed in pouch cells assembled with indus-

trial standards.

The brief estimate and analysis above may illustrate a

more realistic picture of the current development of Li–S

batteries. To achieve high practical specific energy, the

three components including the Li anode, electrolyte,

and sulfur cathode have to be considered and designed in

synergy, and each of them is facing steep challenges. In

this review, we only focus on the recent developments of

sulfur cathodes from the aspects of lithium polysulfides

sequestration, new mechanisms of Li–S electrochemical

reaction, cathode materials based on organosulfur com-

pounds, new functionality of polymeric binders, and the

role of electrolytes.

Polysulfides sequestration strategies
A significant challenge to Li–S batteries is a complex

process during discharge and charge: since sulfur typically

exists as cyclo-S8 molecules, the Li–S electrochemical

reaction generates a number of intermediate products

named lithium polysulfides (Li2Sn, 3 � n � 8). Li2Sn

are soluble in the electrolytes so that they can diffuse

into the bulk electrolyte resulting in capacity fading. The

dissolved Li2Sn also directly reacts to Li anode to form

insoluble lithium sulfide (Li2S) precipitate and lower

order polysulfides Li2Sm (m < n). The Li2Sm can diffuse

back to the cathode (driven by concentration gradient)

and being electrochemically oxidized to Li2Sn again dur-

ing charging. Therefore, a steady state during charging,
Current Opinion in Chemical Engineering 2016, 13:53–62 
namely ‘polysulfide shuttle’, can reach between the poly-

sulfides electrochemical oxidation at the cathode and the

polysulfides chemical reduction at the anode. The poly-

sulfide shuttle not only severely impairs the coulombic

efficiency of the battery but also consuming the active

materials. On the other hand, it is recognized that elec-

trolytes capable of dissolving polysulfides are actually

required for a functioning Li–S battery with S8 cathode.

The reason is that both S8 and Li2S are inferior electrical

conductors, so the discharge reaction would be terminat-

ed at a shallow state if sulfur covered by an insoluble and

insulating sulfide shell. Therefore, exposing the fresh

sulfur surface by forming soluble lithium polysulfides is

necessary for the in-depth discharge and reversible charge

reactions.

The most common strategy to sequestrate lithium poly-

sulfides is to use a conductive porous medium as the

sulfur host [13]. Because of good electrical conductivity

and their low weight, porous carbon materials are the most

rational choice, although their porous structure and low

tap density may not be ideal to maximize the volumetric

energy density. Nowadays, it is well recognized that

solely relying on the physical adsorption from the carbon

hosts is not effective enough to sequestrate lithium

polysulfides. The polysulfides sequestration (i.e. capacity

retention) is determined by a dynamic competition be-

tween the time scale of two processes: the electrochemi-

cal Li–S reaction versus the lithium polysulfides

diffusion. Although high discharge-charge currents can

accelerate the Li–S reaction to favor the polysulfides

sequestration, practical approaches to slow the lithium

polysulfides diffusion are required since Li–S batteries

should be able to operate at the full range of current.

Therefore, the host materials and/or additives must pos-

sess strong attraction to the lithium polysulfide species.

In recent years, there have been two emerging approaches

to achieve polysulfides attraction: One is to utilize func-

tional groups containing heteroatoms, particularly nitro-

gen and oxygen, in carbon hosts or additives to attract

lithium polysulfides. The most straightforward mecha-

nism is based on the electrostatic attraction between

the electronegative heteroatoms (due to the lone pairs

of electrons) to the positively charged Li+ ions [14–18].

She et al. [19] and Park et al. [20] independently observed

the shift of Li 1s spectrum when electron-donating func-

tional groups are presented using X-ray photoelectron

spectroscopy (XPS) analysis on the lithiated sulfur cath-

odes, indicating the electrostatic attraction. Song and

coworkers investigated the polysulfides sequestration

mechanism on nitrogen-doped carbon with X-ray absorp-

tion near edge structure spectroscopy (XANES) and den-

sity functional theory (DFT) computation [21]. Their

results suggest that nitrogen atoms promote oxygen-con-

taining functional groups to chemically bond with sulfur,

which immobilizes polysulfides in the cathode. Zhang and
www.sciencedirect.com
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coworkers utilized the oxygen-containing functional

groups in graphene oxide as polysulfides immobilizers

[22]. According to their ab initio calculations and X-ray

absorption spectroscopy (XAS) results, epoxy and hydrox-

yl groups in graphene oxide can enhance the binding of

sulfur to the C–C bonds due to the induced ripples.

The second polysulfides sequestration approach is to use

certain metal oxides as additives, which were demonstrat-

ed as effective polysulfides adsorbers including SiO2 [23],

TiO2 [24–26], Ti4O7 [27,28], NiFe2O4 [29], MnO2

[30,31], and metal organic framework (MOF) [32]. Al-

though polysulfide-adsorbing functionality was found in

various metal oxides more than a decade ago [33], the

detailed mechanisms were only revealed recently with

advanced spectroscopic and computational technologies

such as XPS and DFT. It was found that the adsorption of

polysulfides on metal oxides is due to the electrostatic

attraction between the electronegative polysulfide anions

and the positively charged metal sites on the metal oxide

surface or the MOF frameworks. Tao and coworkers

further discovered that the attraction between polysulfide

anions and Magnéli phase titanium oxide (Ti4O7) is

stronger than that with TiO2 due to the low coordinated

Ti sites on the Ti4O7 surface for preferential polysulfides

adsorption [28]. In light of the excellent polysulfides
Figure 2
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sequestration property of MnO2 demonstrated in their

earlier works [30,31], Liang and coworkers very recently

proposed a novel mechanism of polysulfides mediation

through the formation of polythionates on the surface of

metal oxides based on ‘Wackenroder reaction’ [34�].
Through the proposed reaction, polythionate chains

can be covalently tethered by the surface S2O3
2� groups

as shown in Figure 2a. Liang and coworkers further

revealed that this mechanism is determined by the redox

potential of the metal ions, since the surface metal sites

need to be capable of oxidizing polysulfides to form

polythionates. The metal oxide surface can be regener-

ated in delithiation (charge). As shown in Figure 2b, only

metal oxides such as MnO2, VO2 and CuO within a

certain redox potential window can be polysulfide med-

iators based on this surface redox mechanism.

Between these two different approaches, that is utilizing

heteroatoms or metal oxides to sequestrate lithium poly-

sulfides, the latter approach seems to be preferable.

Because the polysulfides are directly attracted to metal

oxides either electrostatically or covalently, the binding is

strong. On the other hand, the attraction of polysulfides to

the heteroatoms is through the connection of Li+ ions,

thus resulting in relatively weaker binding. Although

there is no direct comparison of these two approaches
Current Opinion in Chemical Engineering
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in open literature, our survey of published works indicates

better capacity retention of sulfur cathodes using metal

oxide additives. However, a potential disadvantage of

metal oxide additives is the introduced electrochemical

‘inactive’ mass. Since the functional sites of metal oxides

are located on the surface, the particle size needs to be

minimized to reduce the required mass and enhance the

polysulfide adsorbing sites.

Solid-state Li–S electrochemical reactions in
liquid electrolytes
In addition to the fundamentally different electrochemical

reactions, one crucial difference between Li–S and Li-ion

batteries is that the lithiation–delithiation of conventional

sulfur cathodes involves liquid phase reactions; due to the

highly insulating nature of sulfur, it has been recognized

that electrolytes capable of dissolving lithium polysulfides

must be employed to achieve high sulfur utilization in-

volving reactions of dissolved polysulfides. Unfortunately,

this prerequisite also severely impairs the cycle stability

and is the reason that the majority of the investigations on

sulfur cathodes focus on polysulfides sequestration as

described above. On the other hand, a solid-state Li–S

electrochemical reaction with in-depth sulfur utilization

without polysulfide intermediates would be highly desir-

able. Fu and coworkers recently proposed a new solid-state

Li–S electrochemical reaction enabled by the sub-nano

confinement of sulfur [35]. Their study demonstrated a

clear correlation between Li–S electrochemical character-

istics and the size of sulfur confinement; when the size of

the confinement was smaller than 1 nm, distinctly differ-

ent Li–S electrochemical characteristics are demonstrated

by cyclic voltammetry (CV) and galvanostatic charge–
discharge (GCD) as shown in Figure 3. Furthermore, such
Figure 3

0.3
(a)

0.2

0.1

0.0

–0.1

–0.2

–0.3

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 
Voltage (V vs. Li+/Li) 

CF10-Spore

CF20-Spore

CF25-Spore

CF30-Spore

C
u

rr
en

t 
(m

A
)

CV scans (a) and GCD curves (b) of sulfur confined in different pore sizes in

CF20-Spore, CF25-Spore, and CF30-Spore, respectively) in TEGDME electroly

Source: adopted from Ref. [35].

Current Opinion in Chemical Engineering 2016, 13:53–62 
anomalous behaviors (single pair redox peaks in CV and

single sloping plateau in GCD curves) were identical in

both tetraethylene glycol dimethyl ether (TEGDME)

electrolyte and ethylene carbonate/diethyl carbonate

(EC/DEC) electrolyte, which does not work for conven-

tional sulfur cathodes. Their hypothesis is that due to the

limitation of the pore size, Li+ ions could only enter the

pores through desolvation. As a result, Li–S reactions

within the sub-nano pores occur in solid-state or quasi

solid-state. The small size of the sulfur clusters or mole-

cules in the sub-nano confinement enable in-depth

lithiation. Their observed Li–S behaviors are actually

consistent with a number of previous investigations using

microporous (sub-nano pore size) carbon materials as sulfur

hosts [36–38]. The well-accepted mechanism to explain

these anomalous Li–S behaviors is that smaller sulfur

allotropes (such as S4) other than cyclo-S8 are confined

in the micropores due to the size limitation so that the low

order lithium polysulfides can be directly generated with-

out soluble high order polysulfides [37]. However, whether

small sulfur allotropes exist in the sub-nano pores under

ambient temperature and pressure is still under debate

without unambiguous evidence either way [35]. Never-

theless, the solid-state Li–S reaction mechanism should be

valid regardless of the form of sulfur in the sub-nano pores.

Also, electrolytes not compatible with conventional sulfur

cathodes, particularly the ones based on carbonate sol-

vents, should work with sub-nano confined sulfur due to

the desolvation mechanism.

Polymeric organosulfur cathode materials
Polymeric organosulfur is a category of compounds

that emerged recently as new sulfur cathode materials.

The concept is to crosslink long sulfur chains (cyclo-S8
Current Opinion in Chemical Engineering
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polymerize at temperatures between 100 8C and 200 8C
as diradicals) using monomers with multiple polymeriz-

able groups enabled by free radical polymerization. Since

the resultant organosulfur polymers consist of mainly

sulfur chains and a small portion of polymers as cross-

linker, this polymerization method is called ‘inverse

vulcanization’; vulcanization refers to the process of

crosslinking natural rubber (mainly polyisoprene) with

a small portion of sulfur chains as crosslinker. A represen-

tative synthesis route of inverse vulcanization and the

resultant organosulfur polymer structure is shown in

Figure 4a. Monomers that have been used as crosslinkers

typically have two or three polymerizable groups includ-

ing vinyl [39–42], ethynyl [43,44], sulfhydryl [45], and

nitrile [46]. The obvious advantage of organosulfur com-

pounds from inverse vulcanization is the high sulfur

content. However, also due to the long-chain sulfur

network, lithium polysulfides from chain cleavage can

still be generated during lithiation. As shown in Figure 4c,

the electrochemical behaviors of inverse vulcanized orga-

nosulfur polymers are almost identical to those of con-

ventional sulfur cathodes. Therefore, issues originating

from polysulfides dissolution may not be effectively

addressed.

Another type of polymeric organosulfur compound is

synthesized by tethering sulfur to polyacrylonitrile back-

bones (S-PAN) [47–49]. Its molecular structure is shown

in Figure 4b. The structure of S-PAN is fundamentally

different from that of the inverse vulcanized organosulfur

polymers, that is polymer chains with sulfur crosslinkers

(or side chains) versus sulfur chains with polymer cross-

linkers. Therefore, its electrochemical behaviors are dis-

tinctly different as shown in Figure 4d. More

interestingly, the electrochemical behaviors of S-PAN

are almost identical to those of sulfur in sub-nano con-

finement (Figures 3 and 4d), indicating similar lithiation–
delithiation processes despite seemingly different molec-

ular/composite structures. One can speculate that the

tightly crosslinked structure with shorter sulfur chains

in S-PAN compounds strongly resembles that of the

sulfur in sub-nano confinement. It is also worth noting

that carbonate-based Li-ion electrolytes also work for S-

PAN compounds with identical electrochemical beha-

viors in ether-based electrolytes. Both sub-nano confined

sulfur and S-PAN derived compounds demonstrated ex-

ceptional cycle stability up to one thousand cycles with-

out capacity decay. However, both materials suffer from

the same disadvantages, including low sulfur content and

large irreversible discharge capacity in the first cycle,

which has not been well understood to date.

New functionality of binders
Polymer binder was often an overlooked component in

Li–S investigations, since its traditional role is merely

to bind the electrode to the current collector. However,

considering the low overall sulfur utilization  and
www.sciencedirect.com 
considerable amount of binder in the sulfur cathode, it

is highly desirable that polymer binders can serve multi-

ple functions to improve capacity and capacity retention.

Early sulfur cathode investigations mostly used polyvi-

nylidene fluoride (PVDF) as binder, adopted from Li-ion

batteries. More recently, poly(vinylpyrrolidone) (PVP)

largely replaced PVDF as the designated binder owing to

its strong affinity with lithium polysulfides through elec-

trostatic attraction between heteroatoms (N and O) and

Li+ ions as shown in Figure 5a [50]. Poly(ethylene glycol)

(PEG), a common polymeric electrolyte based on its

affinity to Li+ ions with ether linkage, was also demon-

strated as an effective binder as it locally modifies the

electrolyte system, suppresses passivation of the cath-

ode, and improves reaction kinetics [51]. More recently,

poly(acrylamide-co-diallyldimethylammonium  chlo-

ride) (PAMAC), poly(diallyldimethylammonium  chlo-

ride) (PDDAC), b-cyclodextrin polycation (shown in

Figure 5b) and gum arabic, which is a mixture of poly-

saccharides and glycoproteins, have also been investigat-

ed as binders showing capability to improve the cycle

stability of sulfur cathodes [52–55]. It seems that the

ionomer binders with positively charged backbones

(polycations) such as PAMAC, PDDAC and b-cyclodex-

trin polycation could be more effective due to the elec-

trostatic interaction between the positively charged

backbones and the negatively charged polysulfide

anions.

Despite the increasing attentions from the community,

investigations on polymer binders are still in their infancy.

The polymer binders containing heteroatoms seem to

have the same functionality as the sulfur host materials

decorated with heteroatoms. Their interaction to poly-

sulfides is through the coulombic attraction to the Li-ions,

which may be less effective than the direct attraction to

polysulfide anions. On the other hand, two types of

ionomer binders, polycations (positively charged back-

bones) and polyanions (negatively charged backbones),

are both studied in the literature and demonstrating

improved Li–S performance. However, the negatively

charged backbones of polyanions (such as Li-ion ex-

changed Nafion) should repel polysulfide anions instead

of attracting. Moreover, the affinity to polysulfides is only

one of the many parameters characterizing the effective-

ness of polymer binders: the affinity to carbon (uniform

distribution of binders in sulfur cathodes), the swelling

behavior in the electrolytes and the electrical conductivi-

ty all are important parameters and affecting each other.

Therefore, the exact functionalities of the polymer bin-

ders must be systematically investigated with careful

cross-comparison to optimize their performance.

Role of electrolytes
Ether-based electrolytes are commonly used in Li–S

batteries due to their good stability, high ion conductivity,

and, most importantly, high polysulfides solubility. The
Current Opinion in Chemical Engineering 2016, 13:53–62
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Figure 4

Ring Opening
Polymerization

T = 185 oC

Inverse
Vulcanization

Poly(Sulfur-random-1,3-
Diisopropenylbenzene) copolymer

Elemental Sulfur
(b)(a)

(d)(c)

Inverse
Vulcanization
T = 185 oC

3

2

1

0

–1

–2

2.8

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

1.0
0 200 400 600 800 1000 1200 0

3.0

2.5

2.0

1.5

1.0

3

4

2

1

0

–1

–2

–3

–4

1.0
Voltage (V vs. Li/Li+)Voltage (V vs. Li/Li+)

Specific Capacity (mAh g–1)
Specific Capacity (mAh g–1 )

V
ol

ta
ge

 (
V

 v
s.

 L
i/L

i+
)

V
ol

ta
ge

 (
V

)

C
ur

re
nt

 (
m

A
)

C
ur

re
nt

 (
m

A
 c

m
–2

)

1.5 2.0 2.5

1st cycle

n

2nd cycle
10th cycle

1st cycle

3 rd
2 nd

1 st

2nd cycle
10th cycle

3.0

300 600 900 1200 1500 1800

2.01.81.6 2.2 2.62.4

C-S copolymer-20%DEB-2h

C-S copolymer-20%DEB-2h

C-S-CB

C-S-CB

2.8

Current Opinion in Chemical Engineering

(a) The synthetic scheme of inverse vulcanization using 1,3-diisopropenylbenzene as crosslinker and the resultant organosulfur polymer, adopted

from Ref. [40]; (b) schematic structure of S-PAN compound, adopted from Ref. [47]; (c) typical electrochemical characteristics, CV scans (top) and

GCD curves (bottom), of inverse vulcanized organosulfurs, which are almost identical to conventional sulfur cathodes, adopted from Ref. [43]; (d)

typical electrochemical characteristics, CV scans (top) and GCD curves (bottom), of S-PAN, which is distinctly different from inverse vulcanized

organosulfurs but identical to the sulfur in sub-nano confinement, adopted from Ref. [48].
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Figure 5
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most common ethereal solvents are TEGDME and a

mixture of 1,2-dimethoxyethane (DME) and 1,3-dioxo-

lane (DOL). DME has high polysulfides solubility, and

DOL can provide a relatively stable solid electrolyte

interphase (SEI) on the lithium anode surface. The most

common salt in ether-based electrolytes is lithium bis(-

trifluoromethanesulfonyl)imide (LiTFSI) because of its

high dissociation constant and compatibility with ethers

despite the potential corrosion of the aluminum current

collector [56]. Lithium hexafluorophosphate (LiPF6),

which is a commonly used salt in Li-ion batteries, is

rarely used in ether-based electrolytes due to the lower

dissociation in ethers.

Lithium nitrate (LiNO3) has recently been used as the

common additive in electrolytes for Li–S batteries due to

its ability to improve cycle stability. Aurbach and co-

workers propose that LiNO3 is able to react with Li anode

and form a passivation layer of LixNOy, which prevents

further reactions between the Li anode and polysulfides

[57�]. On the contrary, Zhang has reported that the

passivation film on the Li anode grows continuously with

the consumption of LiNO3, and LiNO3 will be irrevers-

ibly reduced on the cathode when the discharge (lithia-

tion) potential is lower than 1.6 V [58�].
www.sciencedirect.com 
Ionic liquids (ILs) are another category of electrolyte

additives used to suppress the solubility of lithium poly-

sulfides. Yuan and coworkers first suggested using a room

temperature ionic liquid, N-methyl-N-butyl-piperidinium

bis(trifluoromethanesulfonyl) imide (PP14-RTIL), as the

electrolyte additive [59]. Park and coworkers have inves-

tigated several different aprotic mixtures of ILs and lithi-

um salts as Li–S electrolytes [60]. They propose that the

solubility of polysulfides is governed by the donor ability

of the ILs, and IL electrolytes containing ([TFSI]�),

bis(pentafluoroethanesulfonyl)amide ([BETA]�), and

PF6
� anions can effectively suppress the polysulfides

solubility. In contrast, tetrafluoroborate (BF4
�) and bis

(fluorosulfonylamide) ([FSA]�) anions can chemically re-

act with lithium polysulfides. It is also worth noting that

addition of ILs may increase the viscosity of the electro-

lyte, thus undermining the rate performance of the bat-

teries.

A new concept of Li–S electrolytes is ‘solvent-in-salt’

(SIS), which refers to a high concentration of salt in the

solvent. Suo and coworkers reported that SIS electrolytes

with high concentrations of LiTFSI (up to 7 M) in DME/

DOL could effectively alleviate the dissolution of lithium

polysulfides and protect the Li anode by forming lithium
Current Opinion in Chemical Engineering 2016, 13:53–62
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Figure 6
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Calculated Li–S full cell specific energy as a function of areal sulfur

loading and electrolyte/sulfur weight ratio.
fluoride (LiF) [61]. A similar mechanism was also specu-

lated from the SIS investigation by Kim and coworkers

[62]. However, two critical issues of the SIS electrolytes

are the relatively high density and the high cost associated

with the high quantity of Li salts. The high density of SIS

electrolytes could reduce the full cell specific energy. In

addition to the conventional roles, novel electrolyte sys-

tems can also bring new functionalities. Gordin and

coworkers investigated bis(2,2,2-trifluoroethyl) ether as

a co-solvent to suppress the self-discharge of Li–S batter-

ies by forming protective layer on the Li anode [63]. Chen

and coworkers studied dimethyl disulfide as a co-solvent,

which is electrochemical active thus providing significant-

ly improved capacity [64]. It is worth pointing out that the

separator also plays an important role in polysulfides

sequestration: a recent work by Chang and coworker

demonstrated that the commercial separator coated with

a layer of single-walled carbon nanotubes on the cathode

side could serve as an effective polysulfides barrier [65].

Although current sulfur cathode investigations over-

whelmingly use electrolyte solvents with good solubility

of lithium polysulfides, Cuisinier and coworkers reported

a very interesting study on using a nonsolvent for lithium

polysulfides, namely hydrofluoroether (HFE), as a co-

solvent for Li–S electrolytes [66�]. Their operando

XANES results indicated the formation of polysulfides

during the lithiation process. However, the low solubility

due to the HFE co-solvent effectively limited the poly-

sulfides’ mobility to the vicinity of the cathode, thus

achieving good cycle stability. It is also worth noting

the HFE-added electrolyte resulted in a sloping lithiation

potential profile, which is similar to the ones observed in

the sub-nano confined sulfur and S-PAN compounds,

indicating a quasi solid-state reaction mechanism.

Summary and perspectives
With regard to conventional sulfur cathodes, liquid-phase

reactions involving polysulfides are inevitable. Therefore,

the cycle stability is essentially dependent on the affinity

of the cathode with lithium polysulfides. Cathode com-

ponents, including the sulfur host, additive, and binder,

should all be active to attract lithium polysulfides. Be-

cause polysulfide anions are the active species, the se-

questration functionality should be specifically designed

to directly attract polysulfide anions. Metal oxides show

promising properties in attracting polysulfides, but the

electrochemically ‘inactive’ mass associated with their

use needs to be minimized. Polycation binders also seem

effective to attract polysulfide anions due to the electro-

static attraction, but systematic investigations on binders

are currently lacking. In addition to the polysulfides

affinity, other properties of polymer binders, including

mechanical strength, solubility, and long-term stability in

specific electrolytes, are all important to the optimization

of the binder systems. Furthermore, active binders, that is

polymers capable of reversible lithiation–delithiation
Current Opinion in Chemical Engineering 2016, 13:53–62 
reactions within the Li–S potential window without

sacrificing their mechanical properties, may be a concept

worth pursuing. All the cathode components also should

promote the in-depth sulfur utilization, which is critical to

achieving high full cell capacity. Although the theoretical

capacity of sulfur is 1675 mAh g�1, the achievable capac-

ity demonstrated by the literature is only typically around

1200 mAh g�1.

Although solid-state Li–S reactions are an attractive con-

cept, the realization of such a concept faces critical

challenges, including low sulfur content and large irre-

versible capacity in the first cycle despite the excellent

stability in following cycles. Also, the solid-state Li–S

electrochemical potential seems inherently low at �1.8 V

versus Li/Li+ [35]. Host material/structure design and

synthesis will be critical to achieve the solid-state Li–S

reaction with both superior cycle stability and high sulfur

content. Meanwhile, novel electrolyte systems, such as

the one reported by Cuisinier and coworkers, are critically

important and require further investigations to achieve a

well-balanced Li–S ‘quasi-solid-state’ reaction with in-

depth sulfur utilization. Moreover, the E/S weight ratio

needs to be watched carefully since almost all studies in

open literature used an E/S ratio too high to ever achieve

full cell capacity to surpass the state-of-the-art Li-ion

batteries.

Figure 6 shows the calculated Li–S full cell specific

energy as a function of areal sulfur loading and E/S weight

ratio. The calculation is based on a 14.0 g inactive mass

and 18650-cell configuration with the following optimistic
www.sciencedirect.com
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assumptions: 1200 mAh g�1 specific capacity of sulfur,

75 wt.% sulfur content in the cathode, and 100% excess

of Li anode. It is clear that the development of practical

high capacity Li–S batteries still has a long winding road

ahead to travel.
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