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AbstractLithium-sulfur battery (LSB) technology has drawn enormous attention during the last decade. Benefitting
from the high theoretical specific discharge capacity (1,675 mAh g1) and energy density (2,600 Wh kg1), LSBs have
proved to be a suitable candidate for electric vehicles and large-scale power grid electrical energy storage systems. How-
ever, the commercialization of LSB is hindered by various barriers, which include the high insulating nature of sulfur
and its discharge products, severe polysulfide shuttling phenomenon, extreme volume expansion during charging/dis-
charging, and poor stability of Li metal anodes. Additionally, LSB technology faces considerable battery design chal-
lenges, which allows high sulfur content and/or sulfur-loading while simultaneously maintaining a low electrolyte/
sulfur ratio. Therefore, in this review, we highlight recent effective strategies that lead to more practical and commer-
cial LSBs. We restrict ourselves to various cathode architectures designed specifically to absorb dissolved polysulfide
catholyte. The integration of dissolved lithium polysulfide catholyte with specially designed cathode substrates effi-
ciently allows ultra-high sulfur loading and/or sulfur-content with low electrolyte/sulfur ratio while still exhibiting rea-
sonable electrochemical performance and cycling stability. The effect of concentration variation of dissolved lithium
polysulfide catholyte on the cell performance is also discussed in detail. Therefore, the present review encapsulates fea-
sible strategies with practical parameters to address the problems associated with LSBs.
Keywords: Lithium-sulfur Battery, Cathode, Lithium Polysulfide Catholyte, Electrochemical Performance, Practical Param-

eters

INTRODUCTION

The rapid consumption of fossil fuels and the associated envi-
ronmental pollution has forced the search for other green energy
technologies with higher efficiency and less hazardous nature that
can be used for energy conversion and storage, such as superca-
pacitors and batteries [1-10]. Lithium-ion batteries (LIBs), based
on intercalation electrochemistry, have already been established as
forefront runners in today’s battery market [11-16]. Launched back
in the 1990s, LIBs provide a relatively high operating potential vs.
Li/Li+, high gravimetric/volumetric energy density, and stable cycling
life [1,2,17-21]. However, LIBs are insufficient in energy and power
density to power rapidly expanding sectors of portable electronics,
electric vehicles (EVs), hybrid electric vehicles (HEVs), and grids
[3,22-24]. The currently available commercial graphite/LiCoO2 sys-
tem has a much lower energy density (<250 W h kg1) than the
required values in EVs and large grids [25]. Such hybrid systems
require a much higher energy density at a lower cost compared
with the presently available commercial LIBs to provide uninter-
rupted power back-up [26]. Therefore, exploring new technologies
with matched energy and power density values is of utmost im-
portance.

Among the currently existing alternatives to LIBs, lithium-sulfur

batteries (LSBs) have attracted significant attention worldwide and
emerged as a promising candidate for the next generation high
energy density storage systems [27-33]. Unfortunately, the practi-
cal application of LSBs in the real world is currently hindered by a
number of fundamental drawbacks. First, the low electrical con-
ductivity of sulfur (5×1030 S cm1 at 25 oC) and Li2S (1013 S cm1

at 25 oC) makes sulfur utilization difficult in the first step of the
discharge curve, which continuously deteriorates during repeated
cycling as sulfur is unable to accept electrons from the current col-
lector [34-38]. In addition, the insulating Li2S accumulates on the
exterior of conductive matrix, leading to an abrupt drop in the cell
voltage associated with high self-discharge or fast capacity fading
[39-41]. Second, the intermediate long-chain lithium polysulfides
(LiPSs, Li2Sx; 4x8) generated during discharge process are highly
soluble in the ether-based organic electrolytes, the most widely used
electrolyte in LSBs [42-45]. These soluble and high-order polysul-
fides act as a double-edged sword in LSBs. They are beneficial in
providing high sulfur utilization to some extent and increase reac-
tion kinetics by providing good interaction with the conductive
matrix [17]. However, the dissolution of LiPSs in the electrolyte intro-
duces more disturbing challenges. Due to the concentration gradi-
ent, the dissolved LiPSs diffuse rapidly from the sulfur cathode
and penetrate the separator to react with the Li metal anode and
reduce to form short-chain LiPSs electrochemically, leading to the
passivation of the anode with irreversible deposits on its surface
[17,46-48]. Furthermore, a few parts of these short-chain LiPSs, travel
back to the cathode under an induced electric field to be oxidized
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again to high-order LiPSs [17]. Thus, the generated high-order LiPSs
again move towards the anode, reduce there to short-chain LiPSs
and continue until the entire sulfur content is consumed. This vicious
cycle of inter-conversion is well-known as the “shuttle effect” in LSBs
[49-52]. This parasitic reaction results in a continued charging pro-
file, low Coulombic efficiency, and fast capacity decay. The third is
the significant volume expansion of sulfur over repeated cycling.
During discharge, S8 is converted to Li2S through the intermediate
LiPSs. The higher crystal density of sulfur (2.07 g/cm3) compared
to Li2S (1.66 g/cm3) leads to a significant volume expansion of ~80%
[53-58]. The repeated expansion and contraction during continu-
ous cycling results in pulverization/isolation of active materials,
which results in poor reaction kinetics and fast capacity degrada-
tion. Finally, the low stability of Li metal anodes is another chal-
lenging issue in the development of stable LSBs. The reduction
potential of Li metal is much lower (3.045 V vs. Li+/Li) than most
of the solvents in the electrolytes, which leads to decomposition of
electrolytes by forming a solid electrolyte interphase (SEI) [59]. How-
ever, pulverization of the active materials due to repeated cycling
deteriorate the SEI layer, exposing the new Li metal surface, which
leads to continuous consumption of the electrolyte, resulting in
low Coulombic efficiencies of Cells [60,61].

To resolve the above-mentioned issues, a number of effective
schemes have been adopted, which mainly includes the immobili-
zation of LiPSs using physical (porous structured carbon hosts)
and/or chemical (oxygenated functional groups, heteroatom dop-
ing, and polymer/metal oxide coating) means within a conductive
framework such as metal compounds, carbon nanotubes, carbon
nanofibers, and graphene/graphene oxides [49,62-71]. A schematic
illustration of various carbon hosts for enhancing Li ion storage
properties is shown in Fig. 1, which includes carbon hosts with
different structure dimensions (0-D, 1-D, 2-D, 3-D), electrical con-

ductivity (nitrogen-doped carbon, functional CNTs, etc.,) pore size
(micro-, meso-, macro-) and various polar species (metal-oxides,
-sulfides, -selenides) for efficient polysulfide anchoring. The devel-
opment of specially designed carbon architecture is also reported
[49,62-71]. For instance, Park et al. introduced a honeycomb-like
N-doped carbon host, which is prepared using lignin followed by
KOH activation [70]. Undoubtedly, the methods have tremendously
enhanced the reaction kinetics and cycling performance of LSBs
by improving the ionic and electronic conductivity of the sulfur-
carbon framework and suppressing the lithium polysulfide diffu-
sion by restricting them within the cathode domain. However, it is
very difficult to completely immobilize the LiPSs due to the rela-
tively weak interaction between the nonpolar carbon and polar
LiPSs [72]. Moreover, the improvement in electrochemical perfor-
mance in most of the previous works is generally achieved as a
tradeoff for the impractical battery parameters needed for com-
mercialization [73]. For instance, the typical sulfur loading in car-
bon-sulfur composites remains below 2.0 mg cm2 with a sulfur
content of less than approximately 70 wt% in the cathode [55,74-
79]. Additionally, the amount of the electrolyte, i.e., electrolyte/sul-
fur (E/S) ratio, is also very high (more than 10 mL/gsulfur) [80-83].
Low sulfur loading is generally associated with low areal capacity
and poor energy density. Wang et al. reported that LSBs should
deliver an areal capacity greater than 4 mAh cm2 to be compara-
ble with LIBs [84]. Furthermore, the sulfur content should not be
lower than 70 wt% in the cathode to achieve a high volumetric
energy density. So far, a sulfur content as high as 95 wt% in the elec-
trode has been reported [85]. Similarly, a high electrolyte E/S ratio
results in misleading extraordinary cell performance and compro-
mises battery stability during the electrochemical process. For the
unambiguous depiction of LSB electrochemical process, the amount
of electrolyte inside the cell should not be higher than 4 mL/gsulfur

[17,86,87]. Overall, for LSBs to outperform commercial LIBs hav-
ing an areal capacity ~4 mAh cm2 with an average output voltage
of ~3.6 V, the designed LSBs must have a sulfur content of at least
70 wt%, a sulfur loading of greater than 5 mg cm2, an areal capac-
ity of over 6 mAh cm2, and an E/S ratio of not more than 4 mL/
gsulfur [87-89]. Despite many studies on LSBs, only a handful of arti-
cles have focused on addressing the critical parameters for practi-
cally viable LSBs.

A novel approach of soluble polysulfide catholyte has recently
gained worldwide attention instead of sulfur-carbon composites
[90]. This facile strategy allows homogeneous dispersion of sulfur
as active material in the conductive matrix, leading to higher utili-
zation and enhanced battery performance [91]. Besides, incorpo-
rating a catholyte (i.e., a cathode present in liquid-phase) with
different substrates such as a conductive carbon matrix effectively
addresses issues such as ultra-high sulfur loading/content and low
E/S ratio simultaneously while still exhibiting outstanding electro-
chemical performance and cycling stability [92]. Therefore, the pur-
pose of this review is to provide a precise and exact overview of
recent research achievements and effective strategies adopted for
the development of advanced and practically feasible LSB technol-
ogy entirely based on dissolved polysulfide catholyte and the respec-
tive Li-LiPS (Li-lithium dissolved polysulfide catholyte) cells.

We discuss the working of typical LSBs, followed by a brief

Fig. 1. Schematic illustration of various carbonaceous materials as
cathode hosts for Li-S batteries classified according to struc-
tured type, electrical conductivity, pore size, and polysulfide
anchor.
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introduction and characteristics of lithium polysulfide catholyte.
Afterward, relevant works on suitable cathode matrix/scaffolds are
highlighted in line with dissolved polysulfide catholyte. Finally, we
attempt to cover more crucial aspects of a viable lithium-sulfur
batteries based on the dissolved polysulfide catholyte, i.e., cathol-
yte concentration, and its effect on the electrochemical perfor-
mance, sulfur content/loading based on the dissolved polysulfide
catholyte, and finally, the E/S ratio. We believe that this review,
which is explicitly based on Li-LiPS cells, will provide a fundamen-
tal direction or understanding for future research on developing
feasible LSBs that involves catholyte.

Fig. 2. (a) SEM image of CMK-3/Sulfur before heating, (b) CMK-3/Sulfur after heating at 155 oC, results in sulfur encapsulation, first charge-
discharge profile of without heated CMK-3/Sulfur (c) and CMK-3/Sulfur heated at 155 oC (d) (current density=168 mA g1), (e) Sche-
matic representation of sulfur encapsulation (yellow color) inside the interconnected mesopores structure of CMK-3, (f) XRD com-
parison of CMK-3/Sulfur before and after heating, and (g) charge-discharge profile of polyethylene glycol (PEG)-modified CMK-3/S-
155 at 168 mAh g1 (reproduced with permission from Ref. [103]).

WORKING PRINCIPLE OF LITHIUM-SULFUR 
BATTERIES (LSBs)

LSBs work on the reversible redox electrochemistry of elemen-
tal sulfur (16Li++S8+16e8Li2S), thus yielding a high theoretical
capacity of 1,675 mAh g1 (2e per sulfur atom) and high energy
density of 2,600 W h kg1 or 2,800 W h L1 (considering the aver-
age cell voltage of 2.15 V), which can easily outperform commer-
cialized LIBs (150-250 W h kg1) [53,93-98]. Moreover, LSBs differ
from typical LIBs that work on the topotactic intercalation electro-
chemistry with reversible insertion and removal of Li-ions without



464 R. Saroha et al.

March, 2021

changing the host structure [99]. Moreover, the natural abundance
of sulfur (5th most common element on Earth) and inexpensive-
ness further proves its suitability for energy conversion and stor-
age systems [99,100]. In the same manner as LIBs, the proof-of-
concept of LSBs can also be traced back to the 1960s when lith-
ium-sulfur cells were tested at high and consisted of sulfur as cath-
ode and Li metal as the anode [101,102]. However, the early re-
search on LSBs was phased out because of the poor cycling life of
batteries that originated from the insulating nature of sulfur. It was
only after the marvelous work conducted by Nazar et al. on LSBs
in 2009 that this technology again came into the limelight of the
world research community [103]. Nazar et al. reported a highly
ordered nanostructured carbon-sulfur cathode, i.e., CMK-3/S, which
demonstrated stable, high, reversible capacities (~1,320 mAh g1)
with significantly improved cycling performance. The changes
appearing in the CMK-3/S before and after heating at 155 oC can
be clearly seen from the scanning electron microscopy (SEM)
images shown in Fig. 2(a), (b). The complete disappearance of sul-
fur suggests that the elemental sulfur diffuses completely inside the
mesopores of CMK-3 after heating. This difference in morphol-
ogy is clearly reflected in the charge-discharge profile of the CMK-
3/S sample obtained before and after heating (Fig. 2(c), (d)). The
authors claim that the filling of mesoporous channels with sulfur
provides inner pathways for the efficient diffusion of Li-ions, and
mesoporous carbon effectively confines the polysulfide anions as
shown in Fig. 2(e). The XRD results are also in good accordance
with the above explanation (Fig. 2(f)). The authors further enhanced
the electrochemical performance using surface functionalization
by polyethylene glycol (PEG) coating over CMK-3 to trap the poly-
sulfide species more effectively, which resulted in a very high dis-
charge capacity of 1,320 mAh g1 (Fig. 2(g)). This marvelous work
opens up new frontiers for developing advanced strategies to fur-
ther improve the electrochemical performance of LSBs.

After the work conducted by Nazar et al., LSBs have attracted
tremendous attention and have undergone remarkable develop-
ment. Fig. 3(a), (b) depicts a typical LSB working, which consists
of a sulfur cathode, a soaked separator in an electrolyte, and a lith-
ium metal anode. During lithiation (discharge), sulfur (cyclo-sul-
fur, S8) reacts with lithium ions to form lithium sulfides through
LiPSs [104]. The lithiation reaction takes place in four interrelated
steps, which occur in different voltage ranges wherein sulfur is
present in different phases (Fig. 3(b)) [104,105]. In the first step at
2.4 V, solid sulfur (S8) reacts with lithium to form long-chain LiPSs
(Li2Sx; 6x8) through a solid-liquid reaction mechanism. During
the second step, i.e., in the range of 2.4-2.2 V, LiPSs formed in the
first step are further reduced to short-chain polysulfides (Li2Sx;
4x6) via a liquid-liquid reaction process. These two steps gen-
erally account for the upper voltage plateau (or upper capacity
region) with a total theoretical capacity contribution of 418 mAh
g1 (25% of theoretical value) [99,106]. The further reduction of
lower order polysulfides (Li2S4) occurs at approximately 2.2 V to
form Li2Sx; x=2 or 1, as represented by a long plateau. A liquid-
solid two-phase reaction process governs this step. In the last step,
i.e., below 2.1 V, Li2S2 is reduced to Li2S as an end product through
a solid-solid reduction. The last two steps account for the remain-
ing 75% of the theoretical capacity (1,257 mAh g1) [106]. This

multistep reduction process endows LSBs with an ultra-high spe-
cific discharge capacity of 1,675 mAh g1 and an energy density of
2,600 W h kg1 (with an average output voltage of around 2.15 V).
In the following delithiation (charging) process, Li2S is reversibly
oxidized to elemental sulfur (S8) through the formation of interme-
diate LiPSs (Li2Sx; 4x8). The following equations show the step-
wise electrochemical reaction taking place in a typical LSB [107-
111]:

S8+2Li++2eLi2S8 (1)

Li2S8+2/3Li++2/3 e4/3Li2S6 (2)

Li2S6+Li++2e3/2Li2S4 (3)

Li2S4+2/3Li++2/3e4/3Li2S3 (4)

Li2S3+Li++e3/2Li2S2 (5)

Li2S2+2Li++2e2Li2S (6)

The intermediate long-chain LiPSs (Li2Sx; 4x8) generated during
discharge are highly soluble in the ether-based organic electrolyte,
the most widely used electrolyte in the case of LSBs. These solu-
ble, high order polysulfides act as a double-edged sword in LSBs,
which are beneficial in providing high sulfur utilization to some
extent and increase reaction kinetics by providing good interac-

Fig. 3. (a) Working Mechanism of a Li-S battery involving forma-
tion of lithium polysulfides, (b) Charge/discharge profile show-
ing contribution of different state of Sulfur during lithiation
and delithiation (reproduced with permission from Ref. [105]).
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tion with the conductive matrix [17]. Nevertheless, their dissolu-
tion in the electrolyte brings more formidable challenges. In the
next section, we will discuss polysulfide catholyte in more detail
and its effect on the LSBs in terms of various parameters, such as
concentration, sulfur content/loading, and electrolyte-sulfur ratio
of polysulfide catholyte, which are beneficial for the assessment of
LSBs with more practical parameters.

LITHIUM POLYSULFIDE CATHOLYTE

The use of dissolved polysulfide catholyte as an active cathode
material in batteries was first reported by Rauh et al. in 1979 [112].
Among the most commonly used cathodes in LSBs under ambi-
ent conditions is elemental sulfur in the form of cyclo-S8. As demon-
strated in Fig. 3(a), (b) and Eqs. (1)-(6), during discharging, the
cyclic-S8 present in the crown-shaped structure tends to form
polysulfide chains of different lengths (i.e., Sn

2; n=18) in vari-
ous voltage regions and the reverse occurs during charging. The
di-radical sulfur atoms (i.e., S) present at the two ends of a nucle-
ophilic polysulfide ion (Sn

2) react with lithium to form different
types of LiPSs with a general formula of Li2Sn (n=18) [113]. The
optimized molecular structure of different LiPS is shown in Fig.

4(a) [114,115]. Orthorhombic -S8 is the most stable allotrope of
sulfur, which opens up during discharge and forms various LiPSs.
Generally, S8 exists in a puckered-type ring structure with D4d crys-
tal symmetry with S-S bond length around 2.06 Å [116]. Among
these polysulfides, higher and middle-order LiPSs (i.e., Li2S8, Li2S6,
and Li2S4) are highly soluble in the ether-based electrolytes solvents,
which subsequently leads to the well-known “shuttle-effect” (Fig.
3(a)) [117]. Density functional calculations have revealed that sol-
uble polysulfides exhibit C2 crystal symmetry compared with other
insoluble (or solid type) polysulfides that display C2v symmetry
[116]. The so-called polysulfide shuttling effect is responsible for
the loss of active material and low sulfur utilization, leading to infe-
rior electrochemical performance. Fig. 4(b) shows the various LiPSs
dissolved in 1 M LiTFSI electrolyte, which displays different col-
ors ranging from reddish-brown for the dissolved long-chain poly-
sulfides to green-yellow for short-chain polysulfides [118]. It can
be seen that higher-order polysulfides, i.e., Li2S8 and Li2S6, are com-
pletely soluble in organic electrolytes, whereas middle-order poly-
sulfides, i.e., Li2S4 and Li2S2, are similar to a colloidal suspension
and, therefore, partially soluble. On the other hand, lower-order
Li2S polysulfide is least soluble or insoluble in organic electrolytes.
However, the solubility of middle-order polysulfides largely depends
on their concentration and the type of solvent used. The typical
solvent used for LSBs is 1,3-dioxolane/dimethyl ether (DOL/DME,
1 : 1, v/v) in which Li2S4 dissolves partially [118,119].

Considering the soluble nature of higher order polysulfides, most
research articles, therefore, have used Li2S8 or Li2S6 for the synthe-
sis of lithium polysulfide catholyte. Although, among two polysul-
fides, Li2S6 is preferred for several reasons. First, the oxidation state
of the sulfur atom in Li2S6 is 1/3, which lies between the lowest
(2) and highest (0) possible oxidation state for the sulfur atom.
Therefore, the Li-dissolved polysulfide catholyte battery can be
either discharged or charged first. Secondly, Li2S6 can bear the
deviation of the lithium to sulfur ratio to maintain the equilib-
rium and solubility, which is evident from the following equation:

Soluble Li2S+insoluble S (3-7)Soluble Li2S6±2 (7)

The above equation allows Li2S6 to exist in equilibrium with other
higher-order soluble polysulfides [120]. Overall, the dissolved poly-
sulfide catholyte solubility is the most important factor as it is
directly associated with the uniform distribution of sulfur in the
cathode region leading to high cathode capacity. Polysulfide cathol-
yte concentration is another critical parameter that solely controls
the capacity density of the cathode and, therefore, is on equal foot-
ing with the solubility parameter. Based on this discussion, we will
discuss in detail the effect of concentration of dissolved polysul-
fide catholyte on the electrochemical performance of Li-LiPS cells.
However, it is reasonable to discuss specially designed cathode sub-
strates before catholyte parameters as the cathode architecture’s
physicochemical characteristics are the keys to improve Li-LiPS
battery performance.
1. Specially Designed Cathode Substrates

In this section, we restrict ourselves to the cathode substrates
that are designed specifically to absorb dissolved polysulfide cathol-
yte. The cathode substrate or matrix acting as a sulfur host must
possess few intrinsic characteristics such as sufficient porosity for

Fig. 4. (a) Molecular structure of various Lithium polysulfides (repro-
duced with permission from Ref. [114]), and (b) Visual demon-
stration of chemically synthesized different lithium polysulfides
(i.e., Li2Sn; n=1, 2, 4, 6, 8) in DOL/DME solvents with 0.2 M
concentration calculated using elemental sulfur only (repro-
duced with permission from Ref. [118]).
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efficient encapsulation of active material, and conductive path-
ways for Li-ion/electron transport. Likewise, the cathode skeleton
must have sufficient chemisorption sites for trapping and reusing
sulfur species during the charge-discharge process. Based on these
parameters, Fig. 5(a)-(c) displays various cathode matrix struc-
tures specifically designed to withstand the high concentration and
high sulfur content/loading of dissolved polysulfide catholyte. Fig.
5(a) represents the unique structural design of the cathode sub-
strate using a facile synthesis approach, which is inspired by the
ant-nest (inset image), and therefore, the authors named it as an
“ant-nest-like” (AN-like) cathode [81]. The authors used poly(vinyl-
idene fluoride-hexafluoropropylene) (PVDF-HFP) and carbon nano-
fibers (CNF) in a definite mass ratio to produce a free-standing
thin film resembling an ant-nest-like structure. Based on the actual
ant-nest structure, which possesses an open framework on the
surface (pores with different diameters) and extends underneath,
the interconnected structure was therefore believed to fulfill the
requirement needed for a matrix to act as a sulfur host, i.e., stor-
age (active material accommodation), blocking (LiPSs), and trans-
port (Li-ion/electron). The phase-inversion technique is believed
to entirely control the formation mechanism of the ant-nest-like
structure as it allows the separation of polymer-rich (CNF/PVDF-
HFP) and polymer-poor (NMP, N-methyl-2-pyrrolidone) phases
through the exchange of solvent and non-solvent liquids (Fig. 5(a),
lower panel). This controlled material synthesis of the cathode

matrix resulted in the microporosity with fast diffusion of ions/
electrons and more practical cell-fabrication parameters (discussed
later in the following section).

A graphene/cotton-carbon structure and its microstructure anal-
ysis as a cathode substrate is represented in Fig. 5(b(i), (ii)) [73].
The graphene/cotton-carbon substrate provides enormous con-
ductive pathways to outshine the insulating nature of elemental sul-
fur/Li2S and active sites for efficient anchoring of dissolved poly-
sulfides. Besides, the high conductive graphene was believed to
induce a shielding effect on the carbon nanofiber (CNF) frame-
work to prevent direct interaction with the dissolved polysulfide
catholyte. However, this resulted in a decrease in the total surface
area and pore volume of the synthesized cathode substrate com-
pared with the pristine cotton-carbon substrate. Overall, the dis-
tinctive design results in improved electrochemical performances
with more practical Li-LiPS features. Similar observations were
recorded for the carbonized cotton substrate used as a cathode
matrix for Li-LiPS cells (Fig. 5(c)) [121]. Although various carbon
substrates are designed as a promising cathode host for Li-LiPSs
electrochemistry, the non-polar nature of carbon hosts traps poly-
sulfides that cannot be reutilized, which therefore inhibits the effi-
cient conversion of polysulfides during cycles. To solve this problem,
many unique structured polar cathodes are studied for Li-LiPSs
cells, which include free-standing TiO2 nanowire-embedded graphene
hybrid membranes, TiS2-polysulfide cathode encapsulated within a

Fig. 5. Specially designed cathode substrates. (a) Microstructure analysis of an ant-nest-like (AN-like) cathode prepared using phase-inver-
sion process and the corresponding elemental distribution (right panel), possible formation mechanism of nanopores during phase
inversion (below panel) (reproduced with permission from Ref. [81]), (b) illustration of cotton-carbon/graphene synthesis and their
respective microstructure, (i) cotton-carbon scaffolds and (ii) graphene/cotton-carbon matrix (reproduced with permission from Ref.
[73]), and (c) Representation of the synthesis process for carbon-cotton cathodes, (i) Digital photographs of cotton (ii) and carbon-
ized cotton (reproduced with permission from Ref. [121]).
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carbon electrode shell, 3D structured rGO sponges, bacterial cellu-
lose carbon nanofiber aerogel, Co-decorated N-doped carbon nano-
fiber membrane, 3D structured graphitic carbon foam-graphene@
Mo2C, and N, S-co-doped graphene sponges synthesized using
hydrothermal reaction and freeze-drying [56,122-127]. Heng et al.
reported a hybrid TiS2-polysulfide cathode encapsulated within a
carbon electrode shell, which showed a high areal capacity and
energy density of 10 mAh cm2 and 20 mWh cm2, respectively
with a high sulfur content (65 wt%), high sulfur loading (12 mg
cm-2), and low E/S value (4.2 mL g1) [127]. Likewise, Zhou et al.
developed a free-standing TiO2 nanowire-embedded graphene
(TiO2 NW/G) membrane and utilized this polar cathode host for
Li-LiPSs cell architecture. Li-LiPSs cell employing TiO2 NW/G as
a carbon host with a high sulfur content (62 wt%) and high sulfur
loading (3.2 mg cm2) display stable cycling performances [128].

In general, cathode substrates with high porosity and pore vol-

Fig. 6. (a) SEM images of Li anode obtained after 60 cycles of Li stripping and deposition with four different concentrations of polysulfide
catholytes (reproduced with permission from Ref. [132]). (b) Schematic illustration of Li-polysulfide cell and free-standing MWCNT
as electrode (i) and cycling performance of Li-dissolved polysulfide cells using different polysulfide concentration (1.0, 1.5, and 2.0 M
of sulfur) at C/5 rate (ii) (reproduced with permission from Ref. [91]). (c) Li2S6 catholyte preparation in various solvents: (1) dime-
thoxy ethane /1,3-dioxolane (DME-DOL (1 : 1 v/v)), (2) tetraglyme (TEGDME), (3) dimethyl sulfoxide (DMSO), (4) tetra-methylene
sulfone (sulfolane), and (5) N-methyl-2-pyrrolidone (NMP) (i), First discharge profiles of LSB at C/5 rate assembled using different
catholytes with 4.0 M concentration of sulfur (ii), Graph between discharge capacity vs. cycle number at different C-rates with 4.0 M
concentration of sulfur in the form of Li2S6 (iii), and Discharge capacity/ Coulombic efficiency vs. cycle number graph at C/5 rate for
cells injected with 8.0 M concentration of sulfur (iv) (reproduced with permission from Ref. [119]).

ume are highly desirable for encapsulating an active material inside
the designed substrate’s micro and mesopores. However, such a
high surface area also requires more electrolyte to fill the micropo-
res for better reaction kinetics and stable cycling performance
[129,130]. Therefore, there is always a tradeoff between the poros-
ity and the amount of electrolyte consumed, which is also related
to the concentration of polysulfides. Besides, high-concentration
dissolved polysulfide catholyte (or high sulfur loading) is required
for high energy density LSBs, which subsequently need more elec-
trolyte volume to maintain a fixed E/S (electrolyte/sulfur) ratio.
2. Effect of Polysulfide Concentration on Cell Performance

It is necessary to do a comparative study of how the concentra-
tion of dissolved polysulfide catholyte could affect the electrochem-
ical performance of Li-LiPS cells. As discussed above, lithium
polysulfides are believed to form during the initial discharge accord-
ing to Equations i-vi and diffuse through the separator to reach
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the Li surface, resulting in the self-discharge phenomenon. There-
fore, the polysulfide concentration in anodic region is of great
importance as it considerably affects the Li-anode performance.
Generally, polysulfide catholyte is prepared as a diluted solution
with not more than 3.0 M of sulfur concentration [131]. However,
there are reports in which polysulfide concentration used was as
low as 0.01 M and as high as 8.0 M [119,132]. Talian et al. studied
the effect of high-concentration polysulfides (1.0 M sulfur concen-
tration in the form of Li2S8) on lithium stripping and deposition
using electrochemical impedance spectroscopy (EIS) [132]. The
group observed that the presence of high concentration polysul-
fides (1.0 M) effectively suppressed the lithium dendrite growth
compared with the low concentration polysulfides (0.01 M and
0.1 M) (Fig. 6(a)). However, because of the volume limitation of
cathode current collector to accommodate a liquid-phase polysul-
fide catholyte, it is very challenging to use high-molar polysulfide
solutions.

Owing to the marvelous development of free-standing (3D-
structures) cathodes with fine structure and high surface area, it is
now possible to use and observe the effect of highly concentrated
dissolved polysulfide catholyte on Li-LiPSs battery performance.
Fu et al. reported a lithium/dissolved polysulfide cell based on self-
weaving, free-standing multiwalled carbon nanotube (MWCNT)
paper as a matrix for dissolved polysulfides with different sulfur
concentration (1.0, 1.5, and 2.0 M) in the form of Li2S6 solution
(Fig. 6(b)) [91]. The free-standing MWCNT electrode used was
40-50m thick, 1.2 cm in diameter, and 1.9-2.3 mg in mass (Fig.
6(b)(i)). The cyclic performance of the Li-LiPS cell at the C/5 rate
with different concentration of the polysulfide catholyte is shown
in Fig. 6(b)(ii). The authors attributed the Li-LiPS cell’s excellent
reversibility to the unique morphology of the highly integrated
MWCNT electrode scaffold. Moreover, authors reported that to
achieve good cyclability accompanied by high capacity, Li-LiPS cells
employing MWCNT electrode and polysulfide catholyte must
operate with 2 M of sulfur concentration at low or medium C-
rates (<1.0 C). With higher polysulfide catholyte concentration
(3 M) or high sulfur content (>60.0 wt%), the density difference
between sulfur and its discharge product, i.e., Li2S, leads to signifi-
cant volume change during repeated charge-discharge and, hence,
substandard discharge capacity or poor cycling. However, for ultra-
high sulfur loading electrodes, polysulfide catholyte with extremely
high concentration are desired.

The solubility of ultra-high concentration polysulfide strongly
depends on the type of solvent used for catholyte preparation. In
view of this, Manthiram et al. reported Li-LiPS battery performance
using lithium polysulfide catholyte concentration as high as 8.0 M
by employing multi-walled carbon nanotubes (MWCNTs) as free-
standing electrodes [119]. The group studied the effect of differ-
ent solvents on the voltage enhancement and cyclic performance
of LSB. Fig. 6(c)(i) shows the Li2S6 polysulfide catholyte prepared
using various solvents: (1) dimethoxyethane/1,3-dioxolane (DME-
DOL), (2) tetraethylene glycol dimethyl ether (TEGDME), (3)
dimethyl sulfoxide (DMSO), (4) sulfolane, and (5) N-methyl-2-pyr-
rolidone (NMP). The effect of various solvents on the discharge
voltage, shown in Fig. 6(c)(ii), reveals that the DME-DOL and
TEGDME solvents offer the highest discharge voltage. Similarly,

the cyclability of cells injected with 4.0 M sulfur at different C-rates
is shown in Fig. 6(c)(iii), which indicates no significant difference
over prolonged cycling. Besides, Fig. 6(c)(iv) shows a graph between
the discharge capacity and Coulombic and energy efficiencies when
MWCNT current collectors were injected with 8.0 M concentra-
tion of sulfur in the form of Li2S6. The authors observed that the
increase in capacity density from 2.85 mAh cm2 (4.0 M concen-
tration of sulfur) to 6.0 mAh cm2 (8.0 M concentration of sulfur)
had a minor impact on the cell performance, which indicates that
high concentration polysulfides have huge potential for viable,
high-energy-density LSB with practical parameters.

Although, an increase in the concentration of dissolved polysul-
fides beyond a certain limit results in high viscosities and, there-
fore, makes it difficult for polysulfides to disperse homogeneously
in the cathode substrate [133-135]. Also, the higher concentration
difference between bare electrolyte (usually 1.0 M) and a dissolved
polysulfide catholyte leads to the higher dissolution of LiPSs in the
cathode matrix according to Fick’s law (Eq. (8)) and, therefore, a
lower specific discharge capacity and decrease in capacity reten-
tion over prolonged cycling [136-138].

(8)

where J represents the diffusion flux (cm2s1), D is the diffusion
coefficient (cm2s1), and dC/dx is the concentration gradient. Apart
from these reports, other works have employed different concen-
trations of dissolved LiPSs with a specially designed cathode matrix
[56,92,124-126,133]. These studies indicate that the high-concen-
tration polysulfide catholyte requires a suitable cathode substrate
for a more uniform distribution of active material. Nevertheless, it
is worth mentioning that the high concentration catholyte deliv-
ers ultra-high areal capacities. Based on this discussion, we attempt
to cover the studies that have employed ultra-high sulfur content
or loading based on dissolved polysulfide catholyte in the follow-
ing section.
3. Effect of Sulfur Content/Loading on the Electrochemical
Performance

There has been a significant improvement in the electrochemi-
cal performance of LSBs over the past decade, which exhibit exper-
imental capacity (calculated on the mass of sulfur) approaching the
theoretical capacity with stable cycling. However, these enhance-
ments mainly originated due to the low sulfur content (<60 wt%)
or active material loading (<7.0 mg cm2) in the cathode region,
which subsequently led to low cathode resistance [73,139-141].
Therefore, it is highly desirable that the sulfur content in the cath-
ode region should be sufficiently high to truly reflect the chemical
and electrochemical state of LSBs. Based on the polysulfide cathol-
yte as a sulfur source, a handful of studies have used high or ultra-
high sulfur content to examine the electrochemical performance
of Li-dissolved polysulfide cells. For instance, Yu et al. designed an
ant-nest-like cathode as a conductive scaffold using a phase inver-
sion process [81]. The obtained porous structure exhibited good
rate capability at high sulfur content/loading, as shown in Fig. 7(a).
Even at a high sulfur content of 75 wt% (11.5 mg cm2), Li-poly-
sulfide cells showed slightly lower capacity compared with those at
a sulfur content of 70 wt% (8.6 mg cm2). The high-rate perfor-

J    DdC
dx
-------
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mance clearly envisaged a broad cycling performance, as displayed
in Fig. 7(a) (lower panel). The authors attributed the excellent elec-
trochemical performance of the Li-dissolved polysulfide cells to
the unique structure of the cathode. The presence of macro-voids
at the surface allowed high encapsulation of the active material,
and fast ion/electron pathways resulted in superior cycling stabil-
ity with low self-discharge. Likewise, Chung et al. reported a novel
and facile approach to synthesize graphene/cotton-carbon cath-
ode substrate that can withstand an ultra-high sulfur loading of
46 mg cm2 (70 wt%) [73]. The respective electrochemical perfor-
mance of the hybrid graphene/cotton-carbon matrix is shown in
Fig. 7(b). The authors analyzed the electrochemical performance
at different E/S ratio and observed that for an E/S ratio of 10 and
sulfur loading of 30 mg cm2, the Li-LiPS cell delivered a dis-
charge capacity of 1,450 and 1,300 mAh g1 at C/10 and C/5 rates
(left panel). When the E/S ratio was decreased to 6 and the load-
ing was raised to 46 mg cm2, discharge capacity values were
observed to be around 1,050 and 926 mAh g1 at C/10 and C/5
rates (right panel). Besides, the Li-LiPS cell delivered enhanced
battery performance (bottom panel) with practical parameters far
above the standard values or the commercial graphite/LiCoO2

arrangement. Thus, the designed cell exhibited an areal capacity of
35 mA h cm2, volumetric capacity of 881 mA h cm3, and energy

density of 74 mW h cm2 at C/5 rate with 46 mg cm2 sulfur load-
ing at a low E/S ratio of 5. The same group reported similar work
with even more ultra-high sulfur content/loading of around 80wt%
(61.4 mg cm2) (Fig. 7(c)) [121]. These results clearly indicate that
practically feasible LSB batteries can be designed by closely moni-
toring the hybrid cathode substrate with high conductivity and
porosity, which allows fast redox reactions and ultra-high encapsu-
lation of active material (sulfur in the form of dissolved polysul-
fide catholyte) with a low E/S ratio. In addition, a few more studies
reported high sulfur content or active material loading with nearly
practical features; however, these works are not as appealing as the
above-mentioned studies [142,143]. Undoubtedly, high sulfur con-
tent and high loading are indispensable parameters for a practical
LSB with high energy density; however, such a cell configuration
cannot outperform a commercial LIB if it uses an excessive or low
volume of electrolyte [144]. Therefore, we will next discuss the
effect of E/S ratio on the electrochemical performance of Li-dis-
solved polysulfide catholyte.
4. Effect of Electrolyte/Sulfur Ratio

An electrolyte is generally considered an inactive component in
a battery system that only acts as a medium for the smooth diffu-
sion of ions during battery performance; therefore, it is not sup-
posed to contribute to the electrochemical process. However, in

Fig. 7. (a) Rate capability of AN-like cathode with different sulfur loading/content of 8.6 mg cm2/70 wt% and 11.5 mg cm2/75 wt% (above
panel), Cycling performance of AN-like cathode at 8.6 mg cm2 and 11.5 mg cm2 (below panel) (reproduced with permission from
Ref. [81]). (b) Cyclability of graphene/cotton-carbon matrix at different sulfur loading and same sulfur content (60 wt%) with active
material loading of 30 mg cm2 and 46 mg cm2 (above panel), long-term cycling performance at a high sulfur content/loading (70 wt%/
46 mg cm2) shown at lower panel (reproduced with permission from Ref. [73]). (c) Dynamic cycling performance of carbon-cotton
cathodes at C/10 and C/5 rates for 80 wt% sulfur content and 30.7 mg cm2 sulfur loading (left), Volumetric capacity performance at
identical rates (middle), and cycling performance for ultra-high sulfur content of 30.7 and 61.4 mg cm2 (80 wt%) at C/10 rate (right)
(reproduced with permission from Ref. [121]).
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LSBs, the E/S ratio plays an essential role in sulfur utilization, reac-
tion kinetics, and overall cell performance. Besides, this factor
becomes more prominent if the active material is in dissolved
polysulfide catholyte form. As the active polysulfides dissolve in
the electrolyte itself to form a catholyte, the volume of the electro-
lyte in total increases significantly inside a Li-LiPS cell, which sub-
sequently leads to higher inactive mass inside the cell. The ratio of
electrolyte to sulfur commonly used in LSBs is more than 10 : 1
(i.e., 10 mL g1) in most of the studies [145]. However, for practi-
cal application, this ratio value should be as low as 4 mL g1 for
the high energy density of the cell [87]. Moreover, an ultra-low E/S
value generally results in a high unutilized sulfur percentage because
of inadequate electrode wetting, especially at high C-rates [143]. On
the other hand, a high electrolyte volume indeed improves the
reaction kinetics as it not only compensates for the electrolyte con-
sumption, particularly for ultra-high sulfur electrodes, but also
results in a decrease in the absolute energy density. Therefore, to

obtain a high energy density with high sulfur loading, an opti-
mum electrolyte volume is highly desirable. Manthiram et al. inves-
tigated the effect of different E/S ratios (10, 8, 6, and 5) on the
electrochemical property of a graphene/cotton-carbon substrate
employing a dissolved polysulfide catholyte as the active material
(Fig. 8(a)-(f)) [73]. The sulfur content and sulfur loading were
approximately 60 wt% and 30 mg cm2. For an E/S value of 10, the
initial discharge capacity of about 1,450 and 1,300 mAh g1 was
obtained at C/10 and C/5 rates, respectively (Fig. 8(a)). With a
decrease in the E/S ratio value to 6, the discharge capacity was
found to decrease marginally, i.e., 1,240 mAh g1, at C/10 rate (Fig.
8(c)), which further reduces to 1,056 mAh g1 at C/10 rate for an
E/S ratio of 5 (Fig. 8(d)). The authors believe that the low nanopo-
rosity could be the possible reason for the good electrochemical
performance, especially at a low E/S ratio. Besides, even with an
increase in sulfur loading from 30 to 46 mg cm2 and sulfur con-
tent from 60 to 70 wt% for a low E/S value of 5, the Li-LiPS cells

Fig. 8. Cycling performance of graphene/cotton-carbon cathode matrix with different E/S ratio at 30 (60 wt%) and 46 mg cm2 (70 wt%) of
sulfur loadings. (a) E/S=10, (b) E/S=8, (c) E/S=6, (d) E/S=5, (e) E/S=6, and (f) E/S=5 (reproduced with permission from Ref. [73]).
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delivered discharge capacity of approximately 926 and 765 mAh g1

at C/10 and C/5 rates, respectively (Fig. 8(f)). These results clearly
suggest that the combined strategy of synthesizing advanced cath-
ode substrates employing a dissolved polysulfide catholyte could
result in more viable Li-LiPS cells with ultra-high sulfur loading,
high sulfur content, and low E/S ratio. In a similar work, Xiao et
al. discussed the influence of the sulfur/electrolyte (S/E) ratio on
the electrochemical performance of LSB [146]. However, they used
a sulfur composite for their study instead of a dissolved polysulfide
catholyte. Overall, the E/S ratio is a crucial parameter for deter-
mining the stable electrochemical performance with better protec-
tion of Lithium anode, especially at a low E/S ratio. Table 1 compares
the overall electrochemical performance of various cathode hosts
for LSBs reported in the literature in terms of various key parame-
ters. The high sulfur content, high sulfur loading, and low E/S
ratio are crucial parameters to determine the actual efficiency of
the Li-S battery system. In general, low sulfur loading is associ-
ated with the poor energy density and low areal capacity of LSBs.
Additionally, LSBs recommend providing an areal capacity of at least
4 mAh cm2 for comparison with the current commercial LiCoO2-
graphite system [147,148]. As presented in the Table 1, most of the
works show areal capacity value higher than 4.0 mAh cm2. Among
all, Chung et al. reported a graphene/cotton-carbon cathode with
ultra-high loading of 46 mg cm2 with an overwhelming areal
capacity value of 25 mAh cm2, which is 6.25-times higher than
that of LIBs. Additionally, the cathode showed ultra-high energy
density values of around 74 mA h cm2, which is almost 7 - higher
than the LIBs (10.0 mW h cm2). The results clearly suggest that
the rational design of the Li-S nanostructured hosts not only envis-

ages the feasibility of viable metal-sulfur batteries but also outper-
forms the presently available commercial LIBs architecture.

FUTURE CHALLENGES AND RESEARCH 
DIRECTIONS

The feasibility of LSBs based on a dissolved polysulfide cathol-
yte as an active material (Li-LiPSs) for commercial applications
such as large-scale grids and EVs/HEVs can be realized only by
optimizing battery characteristics in terms of high sulfur loading,
high sulfur content, and low E/S ratio. Above all, an advanced
cathode substrate with a highly porous structure that can accom-
modate a high amount of an active material, tolerate large volume
variations, and provide sufficient conductive channels for the
smooth diffusion of lithium-ions during the charge-discharge pro-
cess is highly indispensable. Therefore, we believe that this review
paper provides preliminary directions for developing viable Li-dis-
solved polysulfide catholyte batteries that can offer atypical electro-
chemical performance and can compete with presently available
LIB technology.

One of the biggest challenges LSBs based on a dissolved poly-
sulfide catholyte face is the development of a flexible power sup-
ply. As the majority of the active material is present in the form of
a catholyte, which is dissolved in the electrolyte itself, the total vol-
ume of the liquid component inside the Li-LiPS cells is very high,
which causes safety issues for the development of future portable/
wearable electronic devices. Therefore, more efforts are needed in
the development of standard designs with clearly tested bench-
marks for porosity/surface area, flexibility, active material loading

Table 1. Comparison of electrochemical performance of various cathode hosts in terms of cathode host, sulfur loading, and E/S ratio

Cathode host Sulfur/loading
[wt%/mg cm2]

E/S
[mL g1]

Initial capcity/
Rate [mAh g1/C]

Final capacity/Rate/
Cycle [mAh g1/C/]

Final areal capacity/Rate/
Cycle [mAh cm2/C ] Ref.

Cobalt decorated
N-doped C nanotubes -/4.19 - 1166/0.2 938/0.2/300 -

5.46/0.2/100 [56]

Graphene/cotton C 70/46 5 765/0.2 750/0.2/25 25/0.1/100 [73]
Ant-nest-like C fiber/

PVDF-HFP 70/8.6 9 629/0.1 500/0/.1/150 -
7/0.2/- [81]

3-D graphene sponge -/2.2 - 1607/0.1 -/1.0/200 3.53/0.1/- [124]
Cellulose carbon 80/2.74 - 1360/0.2 1033/0.2/200 - [125]
Agaric-like Mo2C/

graphene/
N-doped C foam

70/3.5 10 862/1.0 597/600/1.0 -
10.2/0.1/100 [126]

TiO2 nanowire embeded
graphene 62/3.2 20.8 1270/0.2 1053/0.2/200 - [145]

Core-shell structured C 70/17.3 8 639/0.1 447/0.1/100 7.7/0.1/100
9.3/0.1/100 [146]

3-D structured C paper 80/17 3.9 593/0.1 545/0.1/100 9.3/0.1/100 [147]
rGO/CNTs aerogel

embedding FeP nanocubes 60/2.4 - 950/1.0 800/1.0/500 8.5/0.2/50 [150]

Vertically alligned carbon
nanotubes -/2.3 - 775/0.02 550/0.02/50 4/0.1/50 [151]
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and E/S ratio. Such flexible high energy density Li-LiPS cells could
be a potential alternative for future electronic and unmanned devices
that require high power and volumetric energy density to operate.

Another challenge that requires cutting edge research is the smooth
functioning of Li-LiPS cells at high temperature (50 oC). At high
temperature, a fraction of electrolyte, which is present in high vol-
ume inside the cell, could evaporate and increase the cell’s total
vapor pressure, which poses a threat to the cell. By using suitable
electrolytes with optimized solvents, more realistic and safer Li-LiPS
cells can be imagined. Therefore, to expand the commercial appli-
cation of Li-LiPS cells, the critical issues mentioned above must be
addressed satisfactorily.
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