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Lithium—sulfur batteries, with a high specific capacity, low cost and environmental friendliness, could be
investigated as a next-generation energy-storage system. However, the limitations of lithium—sulfur batteries
in capacity retention are directly related to the role of the electrolyte. Recently, most of the research has
focused on controlling the solubility of polysulfides in the electrolyte to minimize capacity fading. A range of
electrolytes with much improved charge—discharge behavior has been suggested, for example, carbonates,
ethers, ionic liquids and solid polymers as solid inorganic and novel hybrid electrolytes. Understanding real
interactions with these improved electrolytes could lead to performance enhancement up to the levels of

Received 10th April 2021, reliability needed for practical applications. In fact, the successful development of the lithium—sulfur battery

Accepted 20th May 2021 needs a judicious choice of modified electrolyte. Additionally, the electrolyte composition should have good
DOI: 10.1039/d1ma00332a compatibility with the lithium anode as well as the cathode material. This review highlights the recent
research progress for lithium—sulfur batteries with various improved electrolytes, with a focus on the
rsc.li/materials-advances chemistry of polysulfides, including polysulfide solubility and its influence on battery performance.
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1. Introduction

Li-Ton batteries have been used for the past two decades in the
battery market for portable electronic devices. Conventional
Li-ion batteries with a graphite anode and a lithium transition-
metal oxide cathode have low energy densities (theoretically,
350-400 W h kg™ '), which cannot satisfy market demands in
addition to their high cost. Therefore, as the need for the
development of compact and lightweight rechargeable batteries
with a long cycle life increases, Li-S batteries with elemental
sulfur cathodes and a high theoretical specific capacity of
1672 mA h g ' are promising candidates. A sulfur cathode
integrated with a Li metal anode could deliver the theoretical
energy density of 2600 W h kg~ ?, which is far greater than those
of conventional commercial Li-ion batteries." The naturally
abundant, low-cost, and environmentally friendly sulfur cath-
ode could persuade investors to commercialize lithium sulfur
(Li-S) batteries. There are, however, some drawbacks with Li-S
batteries, which have limited their market application, inclu-
ding (1) the insoluble and insulating nature of sulfur and
polysulfide products, (2) the dendrites that form on the surface
of the Li anode during cycling, causing capacity fading, (3) the
large volume changes during cycling due to several redox
reactions, which induce mechanical damage and (4) the dis-
solution of polysulfide in the electrolyte and active material
transferring to the anode side. The dissolution and diffusion of
soluble lithium polysulfides, as well as their migration toward
the anode, are the most significant challenges, and result in
the loss of active materials from the cathode, poor stability,
and severe capacity fading. Various suggestions have been
proposed to solve these problems. Most studies have been
focused on nanostructured host materials such as porous
carbons (nanotubes, nanofibres, and spheres),* graphene,'*"?
graphene oxide,"*™® conductive polymers'’>' and inorganic
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The conducting porous cathode hosts
could enhance the electronic conductivity and confine poly-
sulfides within their framework, subsequently improving the
discharge capacity.>>>® However, the electrolyte improvement
still needs to be investigated exclusively for the high utilization
of active materials. In fact, the approach, which focuses on
electrolyte modification, seems to be effective. Various optimi-
zation approaches have been studied for the electrolytes,
including the use of different solvents, salts, and additives,
and even by applying solid electrolytes to restrain polysulfide
shuttling. Consequently, it has been a major aim for electro-
Iytes to control the transport of polysulfides through the cell.
As a result, the electrolyte solutions have been found to be
pivotal to the electrochemical performance of Li-S cells via
analyzing the migration of polysulfides through the cell. Here,
the most recent articles are studied on recent advances in
electrolytes for Li-S batteries.

2. Electrolytes of lithium—sulfur
batteries

Li-S batteries with a composite cathode and modified separator
have been investigated recently, but only a few of these studies
have focused on the role of electrolyte improvement for high-
performance Li-S batteries. Electrolytes with a high ionic
conductivity, stability, safe chemical reactivity and a high
affinity with the cell component could play an important role
in enhancing the performance of the batteries. Low solubility is
considered as another important factor for electrolyte selection to
hinder polysulfide migration and the shuttle effect. Additionally,
the high potential of ion transport of an electrolyte could
accelerate redox reactions for high-rate Li-S batteries. Fig. 1
shows a schematic of the Li-S cell with a liquid electrolyte.
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Fig. 1 Schematic of the components of a state-of-the-art Li/S battery with an electrolyte consisting of LiTFSI in a 1: 1 mixture of DME and DIOX. Image
reprinted with the permission from ref. 29. Copyright © 2014, Elsevier License-5041171085878.

The electrolyte’s most important functions in a Li/S cell are ion
transport between the electrodes and high chemical and elec-
trochemical stabilities, which are also required for a high-rate
Li-S battery. Migration of highly reduced species, which could
react with the S,>~ from the electrolyte, leads to the formation
of lower order polysulfides (S,_,””). On diffusing back to
the cathode, these species are then re-oxidized into S,”>”. The
known redox shuttle influences both the discharge capacity and
the efficiency of recharging.*

Electrolytes which have been investigated so far in all Li-S
batteries are classified as liquid electrolytes, solid-state electro-
lytes, gel polymer electrolytes, ionic electrolytes, and novel
electrolytes. The concentration of dissolved polysulfides (as
Li,S,) can exceed 10 M in liquid electrolytes like ether-based
electrolytes. Electrolytes with a high polysulfide concentration
could provide an impressive capability for high-rated Li-S
batteries as well as eliminating the problems associated with
solid sulfur. The control of the behavior of polysulfides in
solution should be investigated in all liquid electrolytes. In
the past decade, in addition to working with liquid electrolyte
solutions, several groups have studied solid electrolytes in a
viable Li-S battery. Developing safe and high-ionic-conductivity
electrolytes with novel additives could enhance the cycle
life and increase hope for the commercialization of Li-S
batteries.>*™?

3. Liquid electrolytes
3.1 Carbonate solvents

Carbonate solvents such as ethylene carbonate (EC), diethyl
carbonate (DEC), propylene carbonate (PC) and dimethyl
carbonate (DMC) are commonly used in Li-S batteries. They
provide high ionic conductivity and electrochemical stability.
However, because carbonates can react with soluble poly-
sulfides, the loss of active sulfur further leads to severe capacity

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Charge/discharge performance of SPAN cathode in 1 M LiPFg/EC +
DEC. Image reprinted with the permission from ref. 49. Copyright © 2012,
Elsevier License 5041181200155.

fading of Li-S batteries.***> However, integration of carbonate-
based electrolytes with confined sulfur cathodes®*™** or poly-
meric composite cathodes has shown an enhancement of the
discharge capacity.**™*® To illustrate the effect of a polymeric
sulfur cathode with a carbonate electrolyte, He et al. suggested
the sulfurized polyacrylonitrile (SPAN) cathode in a carbonate-
based electrolyte. The SPAN composite with a sulfur content of
42.0% displayed the best electrochemical performance, with an
initial capacity of over 700 mA h g, and a capacity retention of
over 97% after 80 cycles in the 1 M electrolyte LiPF¢/EC + DEC*
(Fig. 2). A new desolvated gel electrolyte (DGE) is also being
investigated to overcome capacity fading in Li-S batteries with
the S-PAN cathode. The impedance plot obviously demon-
strates a much smaller semicircle under the DGE than for the
common electrolyte, and the charge-transfer resistance is
reduced from 80 Q for the common electrolyte to 27 Q for the
DGE”" (Fig. 3).

3.2 Ether electrolytes

The most famous electrolytes in Li-S batteries are ether elec-
trolytes, which can be operated in Li-S batteries at relatively low
potentials (<3 V) and are much more stable than carbonates.

Mater. Adv,, 2021, 2, 4115-4139 | 4117
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(a) Schematic diagram of the solvation of Li ions in common electrolyte and concentrated desolvated gel electrolyte (DGE) and (b) impedance

plots of Li-S cells with DGE and common electrolyte after the third cycle. Image reprinted with the permission from ref. 50. Copyright © 2014, American

Chemical Society.

They include both linear and cyclic polymeric ethers such as
1,2-dimethoxyethane/1,3-dioxolane (DME/DOL),*">? tetraethy-
lene glycol dimethyl ether (TEGDME),**>® tri(ethylene glycol)-
dimethyl ether (TREGDME), diglyme (DGM or G3), and
poly(ethylene glycol)dimethyl ether (PEGDME).>”*® Ether-
based electrolytes have a high stability toward polysulfides, a
high donor number and a high conductivity with low viscosity,
which could be applicable for all cathodes in Li-S batteries. The
compositions of ether-based electrolytes need to be optimized
to achieve high performance and long cycle-life Li-S batteries.
Key parameters include the viscosity, conductivity, electroche-
mical stability, and safety. In recent studies on high-rate Li-S
batteries, an electrolyte with a mixture of DME and DOL (1 M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in DOL/
DME (1:1 v/v)) has been investigated. These common ether
electrolyte mixtures exhibit low viscosity, high conductivity,
high polysulfide solubility, and satisfactory safety.
Additionally, developing an electrolyte that not only protects
the Li anode from constant side reactions but also avoids the

a)

g e -
- s
‘DBE DME

Fig. 4

dissolution of PS from the cathode is a top priority. Since both
PS solubility and reactivity to metallic lithium decrease when
the molecular polarity of the ether solvent decreases, the
solvent dibutyl ether (DBE) with a strong dielectric constant,
low saturated vapor pressure, and viscosity is wisely chosen.>**°
In another study, an ether-based electrolyte of 4 M LiFSI/DBE
is proposed for Li-S cell which essentially hinders the
dissolution of PS.

The dissolvability of Li,S¢ in DBE and standard ether
solvents (DME, DME/DOL, and TEGDME) used in Li-S batteries
is seen in Fig. 4. The yellow sediment retained the Li,S and
sulfur mixture state. After stirring, the color of the three control
groups changed to a dark red-brown colour. The observed
phenomenon points to a clear inhibition of PS dissolution in
DBE. It remains colorless after standing for more than 50 days,
demonstrating DBE’s efficacy for avoiding PS dissolution and
reaction. Density functional theory (DFT) was used to measure
the molecular orbital energies of DBE and LiFSI in order to
further explain the SEI-forming mechanism at the molecular level.

b) Energy level (eV)
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(a) Photograph of dissolution test of 0.25 M Li,Sg in typical ether solvents by stirring stoichiometric amounts of Li,S and sulfur in the solvents for

24 h. (b) The LUMO and HOMO energy values of DBE and LiFSI obtained by DFT simulations. Image reprinted with the permission from ref. 61. Copyright

© 2018, Royal Society of Chemistry License-1117493-1.
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On the surface of Li metal, LiFSI with a lower LUMO energy
(—1.61 eV) is simpler to minimize than DBE (1.15 eV). As the salt
concentration is increased to 4 M for the low molar ratio of DBE/
LiFSI, the preferential reduction of FSI™ by Li metal is greatly
improved.®!

Several attempts have been made to introduce fluorinated
ethers as solvents, including 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetra-
fluoropropyl ether (TTE) and 1,2-(1,1,2,2-tetrafluoroethoxy)ethane
(TFEE).*>"®” Recently a mixed diisopropyl ether (DIPE)-based
electrolyte was proposed to shield the Li metal anode. The
solubility of Li salts in DIPE is sufficient to provide the necessary
ionic conductivity, while LiPSs are difficult to dissolve in DIPE.*®
As shown in Fig. 5, the deposited Li with the mixed-DIPE
electrolyte showed compact and large area after 50 cycles. In
the case of the EC/DEC and DOL/DME electrolytes, however,
distinct Li dendrites can be seen. The mixed-DIPE electrolyte is
advantageous for suppressing Li dendrite growth and thus
ensuring long-term cycling of the cell. After 50 cycles, the Li
metal anode thickness with the mixed-DIPE electrolyte increased
from 50 to 77 pm, with dead Li accounting for 27 pm. The Li
metal anode in the EC/DEC electrolyte, on the other hand,

View Article Online

Review

experienced significant volume expansion after cycling, to a
thickness of 132 pm.

3.3 Ionic-liquid-based electrolytes (ILs)

Scientists have been drawn to high-performance Li-S batteries
by ionic-liquid-electrolytes with low flammability, high stabi-
lity, high conductivity, and a wide electrochemical potential
window.*>”® N-Methyl-N-butyl-piperidinium (PP14) bis(trifluoro-
methanesulfonyl)imide (TFSI) was considered as the IL electrolyte
because of its acceptable electrochemical stability and suppressed
shuttle effect. A comparison of the cycling performance of two
different cells (Fig. 6) indicated that the use of the IL electrolyte
can not only enhance the discharge capacity but also the cycling
stability of the sulfur cathode.”*

The cell using the PP14-RTIL demonstrated a high reversible
potential of 1055 mA h g™, corresponding to a 63% sulfur
consumption. The reversible capacity of sulfur can be stabilized
at about 750 mA h g~ after a few cycles, demonstrating sulfur’s
greatly improved cyclability compared with conventional
liquid-electrolyte Li/S cells. The suppressed dissolution of
polysulfides in the RTIL electrolyte tends to maintain the sulfur

N~

.

LT ) \ >
Dendrite iy B " Mossy'L

'c"
|
o 2

Fig. 5 SEM images of cycled Li anodes in Li|SPAN full cells after 50 cycles at 0.5 C with (a) mixed-DIPE, (b) EC/DEC and (c) DOL/DME electrolytes. The
corresponding cross-sectional SEM images of the Li foils with (d) mixed-DIPE and (e) EC/DEC. Image reprinted with the permission from ref. 68.

Copyright © 2020, John Wiley and Sons License 5064250079974.
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ref. 71. Copyright © 2006, Elsevier License 5041350380913.
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solvents of [Li(glyme or THF),J[TFSA] mixtures. Image reprinted with the permission from ref. 72. Copyright © 2013, Elsevier License 5041350752944.

cathode’s chemical composition and structure during charge-
discharge cycles.

A new class of ionic liquids (ILs) was investigated recently
through binary mixtures of lithium bis(trifluoromethane-
sulfonyl)amide (Li[TFSA]) and oligoethers (tetraglyme (G,),
triglyme (G;), diglyme (G,), and monoglyme (G,)) or tetrahy-
drofuran (THF). As shown in Fig. 7a, the peak shifted to a
higher frequency in the sequence [Li(THF),] < [Li(G3):] <
[Li(Gy)as] < [Li(Gy)z) The solvate ILs [Li(Gs3):][TFSA] and
[Li(G,)4/3][TFSA] significantly suppressed oxidative decomposi-
tion, contrary to notable decomposition observed in concen-
trated [Li(THF),]-[TFSA] and [Li(G,),][TFSA] solutions at lower
potentials.”

As shown in Fig. 8, the discharge capacities of cells with
[Li(THF),][TFSA] and [Li(G1),][TFSA] are higher than those of
cells with [Li(G5)4/3][TFSA] and [Li(G3),|[TFSA]. The reason is
related to the differences in viscosity and ionic conductivity of
the electrolytes. The viscosities and ionic conductivities of
[Li(THF),][TFSA] and [Li(G1),][TFSA] are low and high, respec-
tively, in comparison with those of [Li(G,),;][TFSA] and
[Li(G3)1][TFSA]. In both [Li(THF),][TFSA] and [Li(G,),][TFSA]
electrolytes, the solubility of lithium polysulfides was rather
high.”

A newly designed ionic liquid (RTIL)-electrolyte has been
suggested to create a trade-off between the solubility and

a)
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diffusion rate of lithium polysulfides by mixing the high lithium
polysulfide solubility of 1,2-dimethoxyethane (DME) and the high
viscosity of N-methyl-N-propyl piperidinium bis(trifluoromethane-
sulfonyl)imide (PP13-TFSI). As shown in Fig. 9, the discharge
capacity values at 0.1 C were 1360 and 1300 mA h g~ ' for the
first and second cycles, which was more than twice that with the
100% DME electrolyte.”*

In another study, the effects of different IL electrolytes were
investigated and it was proved that 1-butyl-1-C4mpyr-TFSI
(methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide) could
be a promising candidate as a Li-S battery electrolyte with a
coulombic efficiency of greater than 99% over 100 cycles. With a
high conductivity and low viscosity, C4mpyr-TFSI could enhance
the battery performance.” In summary, ILs with high conduc-
tivity, high coulombic efficiency, improved capacity retention, and
restrained shuttle effect are promising electrolytes for high-rate
Li-S batteries.”®*””

4. Solid electrolytes (SEs)

Solid electrolytes are essential components for high-performance
Li-S batteries. Batteries with SEs provide better safety, a higher
energy density, a longer life cycle and a suppressed shuttle
effect.>*®* Currently, two main types of SEs are investigated in
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Fig. 8 Cycling performance of Li—S cells with [Li(glyme or THF),J[TFSA] (a) capacity; and (b) coulombic efficiency. Image reprinted with the permission

from ref. 73. Copyright © 2015, Elsevier License 5041351036896.
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Fig. 9 CV curves of Li-S cells with 1 M LiTFSI in PP13-TFSI/DME (2/1, v/v). (a) The first 10 cycles at 0.1 mV s~ and (b) the subsequent 10 cycles. Image
reprinted with the permission from ref. 74. Copyright © 2013, Elsevier License 5041360562040.

which one type is solid polymer electrolytes such as poly(ethylene
oxide), poly(acrylonitrile), poly(vinylidene fluoride), and poly-
(phenylene oxide)®*>®° and the other type is inorganic solid
electrolytes, in particular sulfides and oxides including Li,S—
P,Ss, LigPSsX (X = Cl, Br, I), Li;La3Zr,04,, and Ti/Ge-based
lithium phosphate and perovskites.*™°

4.1 Polymer electrolytes

Polymer electrolytes can be classified into solid polymer elec-
trolytes (SPEs) and gel polymer electrolytes (GPEs). SPEs have
advantages such as a high mechanical stability, the formation
of a stable interface with Li metal, and the inhibition of Li
dendrite formation. To alleviate the polysulfide shuttle effect,
an electrolyte containing PEO,gLi(CF3S0,),N-10 wt% SiO, was
suggested to replace the common organic electrolyte, which
functions to suppress polysulfides. A cell with the PEO;gLi(CFs;.
SO,),N-10 wt% SiO, electrolyte and a cathode containing
60 wt% of the as-prepared sulfur in ordered mesoporous
carbon spheres (S-OMCs) composite, 20 wt% PEO binder and
20 wt% acetylene black was assembled in an argon-filled glove
box. As shown in Fig. 10, the S-OMCs composite exhibits excellent
cycling stability with a discharge capacity of 800 mA h g™ " after
25 cycles and the capacity retention of 65%. Also, the sulfur on the
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lithium anode was low, meaning that this novel cell can readily
provide a good electrical path for the sulfur products during
cycling.'®

Nanostructured block copolymer electrolytes, including
polystyrene-b-poly(ethylene oxide) (SEO) doped with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), were investigated
as a high-ionic-conductivity electrolyte to prevent dendrite
formation. Additionally, it shows a stable interface with the
lithium metal anode.’®*'°> The phase behavior of SEO/Li,S,
mixtures could be better than mixtures of SEO and other
lithium salts. The thermal properties of the SEO copolymers
with Li,S, were investigated in Fig. 11a at a constant concen-
tration of r = 0.085. The melting temperature, Ty,, and the
enthalpy of melting, AH,,,, of the crystalline structures decrease
with increasing polysulfide length. The UV-vis spectra from the
SEO (1.7-1.4)/Li,S, was performed to observe interactions
between the salt and the PEO block. The qualitative similarity
of the spectra of all of the samples in Fig. 11b indicates that all
of the samples include similar species. A dominant peak
at 480 nm in all samples is the most prominent peak in SEO
(1.7-1.4)/Li,S,, confirming the presence of the S,>~ anion in all
samples.'®

Gel polymer electrolytes demonstrate several advantages,
including a higher conductivity than solid polymer electrolytes
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(a) Cycling performance of the Li/S half-cell. (b) EDS spectrum of the surface of the lithium anode with the S—OMCs composite. Image reprinted

with the permission from ref. 100. Copyright © 2011, Elsevier License 5041371180906.
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Fig. 11 (a) DSC traces of SEO (4.9-5.5)/Li S, at r = 0.085 and a heating rate of 10 °C min~%, and (b) UV-vis spectra of dry mixtures of Li>Sy at r = 0.005in
SEO (1.7-1.4) at 30 °C. Image reprinted with the permission from ref. 103. Copyright © 2011, American Chemical Society.

and mechanically stable properties. They have been investi-
gated recently to overcome the capacity-fading issue. A gel
polymer electrolyte (GPE) prepared by combining a porous
membrane with the N-methyl-N-butylpyrrolidinium bis(tri-
fluoromethanesulfonyl)imide ionic liquid exhibits an accepta-
ble thermal stability and high anodic oxidation capability. The
Li/S battery with the GPE electrolyte delivers a low initial
discharge capacity of 1217.7 mA h g, indicating incomplete
conversion of the first-cycle discharge product. As the number
of cycles increases, the cell exhibits good capacity retention,
which may be due to the reduced solubility of the polysulfides
in the GPE electrolyte, which subsequently reutilizes the active
sulfur during the cycling process'®* (Fig. 12a and b). Fig. 12c
and d depicts the non-Arrhenius VTF action of the GPE’s ionic
conductivity as a function of temperature. At room tempera-
ture, the GPE had an ionic conductivity of 2.54 x 10" * S cm ™,
which was comparable to the GEP with a mesoporous SiO, filler
prepared by solution casting.

A free-standing gel polymer electrolyte was prepared by
soaking the membrane in 1 M LiPFs dissolved in a 1:1 (v/v)
mixture of ethylene carbonate (EC) and diethylene carbonate
(DEC) for 30 min. The acronym mGPE was considered for the
as-prepared modified gel polymer electrolyte. The Li/mGPE/S
cell delivers a superior capacity retention of 1050 mA h g~ " after
100 cycles, about 88% of the initial value. The unique porous
configuration of the membrane contributes to the capacity
enhancement, which maintains the electrolyte solution and
suppresses the dissolution of polysulfides'®® (Fig. 13).

The composite gel polymer electrolyte (CGPE) with a 50PEO-
50510, (Wt%) composite-coated separator (C-separator) has been
suggested by Zhang et al. to improve the safety and performance

4122 | Mater. Adv,, 2021, 2, 4115-4139

of the Li-S battery. The cell polarization remains constant when
cycling at a high current density, indicating that the discharge and
charge voltage profiles are identical. The rate capability of the Li/S
cells with a C-separator and CGPE is evaluated in Fig. 14b.
The capacity declined much faster at low current densities.
By increasing current densities and cycle numbers, the capacity
held stable at 550-560 mA h g~ " at the end of the test.'®

Fig. 14c shows the wettability of the liquid electrolyte on the
P-separator and C-separator after a 5 pL liquid electrolyte
droplet was dropped onto the separator from a height of about
1 cm. The liquid electrolyte seemed to have a lower touch angle
and spread further on the C-separator than on the P-separator.
To show the stickiness of the shaped CGPE, a few droplets of
liquid electrolyte were added to the C-separator, and the wetted
separator was instantly used to glue a stainless-steel cup,
discovering that the wetted C-separator could easily pick the
cup up from the desk (Fig. 14d). This progress is due to the
composite coating’s highly porous nature and its high SiO,
content.

Poly(vinylidene fluoride-co-hexafluoropropylene)/poly(methyl
methacrylate)/silicon dioxide (PVDF-HFP/PMMA/SIO,) was inves-
tigated as a GPE by Bakenov et al. The GPE battery delivered
discharge capacities of 809 and 413 mA h g~ " at the 1st and 50th
cycles at 0.2 C, respectively. An impedance plot for the PVDF-HFP/
PMMA/SiO, composite electrode demonstrates no semicircles,
implying that the total conductivity of the polymer electrolyte
originated mainly from the ionic conduction. The GPE mem-
brane delivered a high room-temperature ionic conductivity of
3.12 mS cm™". The CV data of the GPE had no breakdown during
cycling, proving that the GPE is electrochemically stable over the
operation range of the Li/S cell'” (Fig. 15).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The double-layer gel polymer electrolyte is an interesting
idea, which includes the transition layer composed of poly-
acrylonitrile (PAN), polyethylene oxide (PEO) and Lij 3Alg 3.
Ti, (PO,); (LATP) on the Li anode side to alleviate the
passivation effect. Additionally, LATP with a higher ionic con-
ductivity can act as the Li" transport channel to further enhance
the ionic conductivity of the composite membrane. The pure
PAN electrolyte membrane has a T, of 90.1 °C. After adding
PEO, the T, of the PAN decreases to 86.0 °C. The intermolecular
hydrogen-bonding effect between PAN and PEO enables poly-
mer chains to be more chaotic, which increases the amorphous
regions. The endothermic peak of the PAN + PEO electrolyte
membrane further declines to low temperature after adding

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) CV profiles for the Li/mGPE/S cell and (b) charge—discharge versus cycles at a 0.2 C rate. Image reprinted with the permission from ref. 105.

LATP, indicating that the addition of LATP can reduce the
crystallinity'*® (Fig. 16).

In summary, a GPE could function as an efficient electrolyte
material for Li-S batteries with high flexibility and volume
toleration as well as good compatibility with the electrodes.'® "

4.2 Inorganic solid electrolytes

Various inorganic electrolytes such as Li,S-SiS,, Li; sAly 5Ge; 5(PO4)3
(LAGP), LizPS,, thio-LISICON Li;,5Geg5P0.75Ss, LijoMeP,S;,
(M = Ge, Sn, Si), Lig54Si1.74P1.44511.7C10.3, and LigPSsX (X = CI,
Br, I) and oxides (e.g., garnet-type Li,LazZr,0;,, NASICON-type
Ti/Ge-based lithium phosphate, and perovskites) have been devel-
oped as solid electrolytes in all-solid-state Li-S batteries.*>™*°

Mater. Adv., 2021, 2, 4115-4139 | 4123
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Li,S-GeS,-P,S5 thio-LISICON has superior ionic conductivity, but
its low compatibility with lithium metal and the high cost of

4124 | Mater. Adv, 2021, 2, 4115-4139

germanium have limited its practical applications. Other sulfides,
such as SnS, and SiS,, have been considered to substitute GeS,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Working mechanism and stacking model of the PPL-PL electrolyte. (b) Schematic diagram of the intermolecular hydrogen-bonding effect

between PAN and PEO and the passivation-weakening mechanism of CN groups by hydrogen bonds. (c) DSC curves of PAN, PAN + PEO, and PAN +
PEO + LATP. Image reprinted with the permission from ref. 108. Copyright © 2019, Elsevier License 5041391264234.

and to provide superionic conductor materials.'* The application
of an electrolyte using a Li; sPS;3 {60Li,SesoP,Ss (mol%)} was
investigated recently and showed a capacity of 1096 mA h g~*
under 6.4 mA cm™> As shown in Fig. 17, the cycling perfor-
mance of the all-solid-state Li/S cell with Li; sPS; ;3 and Li, ¢PS, 5
were investigated. The coulombic efficiency was approximately
100% over 50 cycles. The cell with the Li; sPS;; electrolyte
displayed an excellent cycling performance. The capacity of the
cell is greater than 1200 mA h g~ for 50 cycles.™"

One of the optimized configurations for the Li-S cell is
classified as Li,S-P,Ss as the glass-type electrolyte, with lithium
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metal as the anode and a graphite-sulfur compound as the
cathode material. The high-capacity retention of 400 mA h g™*
at a working voltage of 2.1 V for the glass-type electrolyte is
higher than that with the common organic carbonate electro-
lytes, which are characterized by a capacity of 150 mAh g ' ata
working voltage of 3.6 V**? (Fig. 18).

By developing a solid-state Li-S battery using 0.75Li,S-
0.25P,Ss, with LizPS, as the electrolyte, the battery delivered a
capacity of 1600 mA h g~ ' with a satisfactory capacity retention.
The XRD pattern showed no peaks matching Li,S and
P,Ss, implying the formation of LizPS,;. Nyquist plots of the
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(a) Discharge curves of the all-solid-state Li/S cells with positive composite electrodes using (a) Li;sPSzz and (b) LisoPS4s. (b) Cycling

performance of an all-solid-state Li/S cell with a positive composite electrode using Li; sPSs.3 and Lis oPS45 under 1.3 mA cm~2. Image reprinted with the
permission from ref. 131. Copyright © 2019, Elsevier License 5041391484159.
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solid- and liquid-electrolyte cells at —20 °C are shown in
Fig. 19b. The solid electrolyte cell (blue squares) displays a
different frequency response. At —20 °C, the Rcr of the liquid
electrolyte cell is much larger than that of the solid electrolyte
cell, demonstrating that the solid electrolyte is very effective in
physically preventing polysulfide migration.'*

All-solid-state batteries with LigPSsBr as the electrolyte have
been suggested using the argyrodite electrolyte for a high-
performance all-solid-state Li-S battery. Adams et al. reported
the cell with LigPSsBr as the solid electrolyte, with a discharge
capacity of 1460 mA h g~ ". After 50 cycles at the rate of C/10,
a cell with 20% S delivered an initial discharge capacity of
1355 mA h g~' and capacity retention of 1080 mA h g~
It demonstrates that in the second cycle, the discharge capacity
decreases to 1150 mA h g%, due to the severe volume change of
the active material during cycling. During cycles 2-50, the
discharge capacity delivered an average fading of 0.13% per
cycle, implying a high-capacity retention of 94% for 49 cycles,
with a reversible capacity of 1080 mA h g~* at the 50th cycle.
The Columbic efficiency had an average value of 100% over
cycles 2-50, suggesting the efficient reutilization of the active
material*** (Fig. 20).

To improve the effect of the inorganic solid electrolyte, the
interface stability between the Li;(GeP,S;, (LGPS) solid electrolyte

4126 | Mater. Adv., 2021, 2, 4115-4139

and Li metal was modified by employing an ionic liquid such
as 1 M lithium bis-(trifluoromethanesulfonyl)imide (LiTFSI)/N-
methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl) imide
(PYR13TFSI) as the interface modifier. The result demonstrated
high sulfur utilization and also an enhancement of the intimate
contact between the electrode and the LGPS solid electrolyte
during the cycling. It can be observed from Fig. 21 that the
Li/LGPS/Li cells modified with 1 M IL showed a flat and highly
stable profile with a small over-potential, even after a prolonged
1200 h, emphasizing a remarkable improvement in the cycling
stability. SEM images on the LGPS surface after long-term strip-
ping/plating cycles proved that the 1 M IL can efficiently protect
against unfavorable side reactions between the LGPS and Li metal,
resulting in the smooth surface morphology observed. However,
LGPS without the IL showed significant voids from unfavorable
reactions with the Li metal, leading to a black color."*

5. Novel hybrid electrolytes

The low cycle efficiency and lithium dendrite formation during
cycling are the most important challenges which hinder the
practical application of the Li-S cell. A new dual-salt electrolyte
composed of Li[N(SO,F),] and Li[N(SO,CF;),] has been

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 (a) Galvanostatic cycling curves of cells with and without 1 M LITFSI/IL at 0.038 mA cm~2 and (b) the cell with 1 M LiTFSI/IL. SEM images after
long-term Li stripping/platting cycles for the cells (c) with and (d) without 1 M LiTFSI/IL. Image reprinted with permission from ref. 135. Copyright © 2019,

American Chemical Society.

suggested to overcome these two problems. The formation of a
unique protection film in the electrolyte solution could improve
the Li crystal growth pattern with the dendrite-free surface of
the anode. Additionally, the high cycling performance and
unique lithium morphology can be achieved even at a high
current density of 10 mA ecm 2. As shown in Fig. 22a, deposition
of Li on the anode surface using the dual-salt electrolyte was
tidy with a dense particle array, implying a suitable site for
forming a high-quality SEI layer. Moreover, Fig. 22b showed no
lithium dendrite formation after 51 cycles at a high current
density of 10 mA cm~2.'3¢

N-Methoxyethyl-N-methyl pyrrolidinium bis(trifluoromethane-
sulfonyl)imide (Pyr; »0,TFSI) and tri(ethylene glycol)dimethyl ether

© 2021 The Author(s). Published by the Royal Society of Chemistry

(TEGDME) in a mass ratio of 7 : 3 were investigated recently as a
novel electrolyte to support the Li-S cell with a high cycling
stability. Moreover, lithium difluoro(oxalate) borate (LIODFB)
was added to enhance the viscosity of the electrolyte. Fig. 23b
shows the CV curves with a scan rate of 0.1 mV s~ for the Li-S
cells with the Pyr; ,0,TFSI/TEGDME electrolyte with LiTFSI or
LiODFB as the lithium salts. The two reduction peaks in the CV
curve of the cell with LiTFSI corresponded to the formation
of long-chain polysulfides at 2.2-2.4 V and then conversion
to short-chain lithium polysulfides below 2.0 V. However, the
CV curve of the cell with LiODFB demonstrates reduction/
oxidation peaks with a small area, indicating the weak redox
reactions."?’
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Fig. 22

(a) SEM micrographs of a Li electrode after 10 cycles at 2 mA cm™

2 in LiFSI-LiTFSI/DOL-DME electrolyte. (b) Cross-section micrograph of

metallic lithium after 5 cycles in the LiFSI-LiTFSI/DOL-DME electrolyte. (c) SEM micrograph of lithium deposited after 51 cycles in LiFSI-LiTFSI/
DOL-DME solution at 10 mA cm~2. Image reprinted with permission from ref. 136. Copyright © 2020, Royal Society of Chemistry License 1116857-1.
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(a) Schematic illustration of the Pyr; >0, TFSI/TEGDME electrolyte with LiTFSI. (b) CVs of the Li-S cells containing the Pyr; 0, TFSI/TEGDME

electrolytes with LiTFSI and LIODFB. (c) Cycling performance and (d) coulombic efficiency of the Li-S cells with the LiTFSI-Pyr; ,0, TFSI/TEGDME and
LIODFB-Pyry 20, TFSI/TEGDME electrolytes. Image reprinted with permission from ref. 137. Copyright © 2015, Elsevier License 5041420221520.

Fig. 23c and d show the cycling performance and coulombic
efficiency of Li-S cells containing the electrolyte with LiTFSI or
LiODFB at 0.1 C. The initial discharge capacity of the Li-S cell
containing LiTFSI-Pyr, ,o,TFSI/TEGDME was 1212.8 mA h gt
and retained a value of 896 mA h g~ ' after 50 cycles. The cell
with the LiODFB-Pyr, ,0,TFSI/TEGDME electrolyte exhibited
severe capacity fading due to the formation of an excessive
passivation film, which hindered the electrochemical reduction
of the polysulfides.”*” In a recent study, composite electro-
lyte membranes consisting of the polyacrylonitrile (PAN)-
Lig sLasZry 5Tag 501, (LLZTO) matrix as well as LiClO, and
Mg(ClO,), dual salts were prepared by electrospinning. It was
found that the cycle stability of the lithium metal battery was
improved by adding the magnesium salt to the electrolyte
membrane. Fig. 24a shows the long-term cycling performance of
the cells with different electrolytes at the 0.5 C rate. The battery

4128 | Mater. Adv,, 2021, 2, 4115-4139

with an electrolyte without magnesium salt shows a capacity of
137 mA h g~ " after 100 cycles, with a capacity retention of 93%.
The capacity of the cell quickly declines to 50 mA h g~*, with a
capacity retention of 34%. For the cell with the magnesium-salt-
containing electrolyte, the capacity of the battery can be
retained at 150 mA h g~ " and there is no fading for 300 cycles.
The cells were disassembled after testing for 200 cycles. The
surface of the lithium metal electrode was investigated by SEM.
SEM images of the surface of the metal lithium electrode of the
cell with the magnesium-salt-containing electrolyte show that it
is relatively smooth with small cracks on the surface of the
lithium foil. It is found that the addition of magnesium salt can
effectively protect the lithium metal anode, alleviate cracking
and hinder the growth of lithium dendrites.'*® Thus, the dual-
salt electrolyte also formed a very thin and dense inorganic
layer that functions as a protective layer to suppress Li dendrite

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Long-term cycling performance of cells with different electrolytes at the 0.5 C rate. (b) SEM image of the surface of the metal lithium

electrode in cells, without the magnesium salt added to the electrolyte, after 200 cycles, and (c) SEM image of the surface of the metal lithium electrode
in the cells, with magnesium salt added to the electrolyte, after 200 cycles. Image reprinted with permission from ref. 138. Copyright © 2020, Royal

Society of Chemistry License 1116857-1.
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formation, resulting in the facial deposition of uniform lithium
grains.

6. Electrolyte additives

The discovery of additives in liquid electrolytes was an innova-
tion for Li protection in Li/S batteries. It has been reported that
LiNO; contributes to the formation of a stable passivation film,
also known as a ‘“‘solid electrolyte interface (SEI),” on the
surface of a Li anode. In a recent study, a freshly prepared
solution of LiTFSI (1 M) in 1:1 v/v DME and DOL containing
lithium nitrate (LINO3 (1 wt%)) was tested with a conductive
coating on the separator. This surface-modified separator and
ether electrolyte with and without LiNO; were investigated, and

© 2021 The Author(s). Published by the Royal Society of Chemistry

the specific capacity and cycling stability of the Li-S batteries
was improved compared with the batteries that had pristine
separators. An initial specific capacity of 1350 mA h g~ " at C/2
and a decay rate as low as 0.09% per cycle over 500 cycles™*® was
demonstrated (Fig. 25).

1 M LiTFSI and 0.5 M LiNOj, in a solvent mixture of DOL
and DME (1:1), was considered as an efficient electrolyte for
polysulfide trapping. The boron (B) dopant with positive polar-
ization in the TiO, structure is inserted as an interlayer on a
glass fiber separator. The B-doped (at 1% and 5%) TiO,-coated
separators with the as-prepared electrolyte delivered higher
capacities of 1001 and 1293 mA h g ', respectively, after
100 cycles at 1 C after 100 cycles**® (Fig. 26).

The addition of LiNO; could contribute to the electrode-
electrolyte interface modification and provide a stable passivation

Mater. Adv,, 2021, 2, 4115-4139 | 4129
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doped TiO, coating swept at 0.1 mV s~*. Image reprinted with the permission from ref. 140. Copyright © 2020, Elsevier License 5040720744337.

SEI layer on the surface of the Li anode. This protective layer
effectively restrains the shuttle effect of polysulfides and self-
discharging. Subsequently, a LiNO;-containing ether electrolyte
could improve the cycling performance and stability in Li-S
batteries.'*'** In another study, the contribution of LiNO; and
polysulfides was investigated as additives to the ether electrolyte,
and the results showed the equally important role of both
additives to form an SEI film to suppress the shuttle effect. This
SEI film consists of two sub-layers. The top layer includes the
oxidized products of polysulfides, and the bottom layer consists of
the reduced products of polysulfides and LiNO;. This suggests
that the presence of LiNO; and polysulfides in the electrolyte
could provide a different structure for the SEI film and lead to
significantly low impedance for Li-ion transfer through the SEI
film'*® (Fig. 27).

LiTFSI and 0.5 M LiNO; in a solvent mixture of DOL and
DME with a novel Fe-doped TiO, coating on the separator have
been developed to enhance the Li-S battery performance. The
cell with a 5 wt% Fe-doped separator and a LiNO;-containing
ether electrolyte showed a low-capacity decay rate of 0.08% per
cycle with a superior capacity retention of 751 mA h g~ * after
500 cycles at 1 C. The polarization potential value for 5%
Fe-doped TiO, was as small as 221 mV. Additionally, the value
of the polarization potential was maintained as the number of
cycles was increased'** (Fig. 28).

Fluorinated ether has been suggested recently as a novel
ether electrolyte that has a low viscosity, low flammability and
stronger electronegative ability as a promising additive for Li-S
electrolytes. Fluorinated ethers could alleviate the dissolution
and diffusion of polysulfides into the electrolyte. The fluorinated
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(a) Illustration of the surface film behavior on lithium anode cycling in different electrolyte solutions. Impedance spectra from the symmetrical

cells containing (b) 0.2 M Li,Se¢/DIOX/DME, (c) 0.2 M LiNO3/DIOX/DME and (d) 0.1 M LiNO3/0.1 M Li,S¢/DIOX/DME. Image reprinted with the permission

from ref. 143. Copyright © 2014, Elsevier License 5041340287373.
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ether could enhance the cell performance through the formation
of passivation layers on the surfaces of both the Li anode and
the sulfur composite cathode."*>'*® Compared with the Li-S cell
using the common electrolyte of 1.0 M LiTFSI DOL/DME (5/5), the
fluorinated electrolyte cell (TTE) showed a much higher capacity
due to the low viscosity and low conductivity of the fluori-
nated electrolyte. Energy-dispersive X-ray spectroscopy (EDS)
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revealed a high sulfur signal, as shown in Fig. 29a. However,
when using the DOL/TTE fluorinated electrolyte, much less
lithium polysulfide deposition was observed in Fig. 29b.
Another highly attractive additive to the fluorinated electrolyte
is LiNO3, which could suppress self-discharging caused by the
reaction of the lithium metal anode with the polysulfide in the
electrolyte.'*”
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Fig. 30 Voltage profile for Li-S cells rested for an extended period of time with DOL/DME-1.0 M LiTFSI and DOL/TTE-1.0 M LiTFSI (a) without LiNO3
and (b) with 0.2 M LiNOs. Image reprinted with permission from ref. 148. Copyright © 2014, IOP publishing, J. Electrochem. Soc.
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To investigate the effect of the self-discharge-suppressing
behavior of the fluoroether solvent, Zhang et al. studied the
preparation of an electrolyte containing DME/DOL, LiTFSI and
LINO; with 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl
ether (TTE). The solvents were dried over activated 4 A mole-
cular sieves for 24 hours and purified by fractional distillation.
The cell containing the DOL/DME-1.0 M LiTFSI electrolyte
without the LiNO; additive showed severe shuttling during
the 1st and 2nd charges. The best performance in suppressing
self-discharge belongs to the cell containing DOL/TTE-1.0 M
LiTFSI with 0.2 M LiNOj;. The LiNO;-containing fluoroether
provides a protective layer on the Li surface, which could
effectively suppress the LiPS diffusion’*® (Fig. 30).

An integrated carbon-sulfur membrane or robust 3D
graphene-wrapped, nitrogen-doped, carbon/sulfur aerogel was
studied recently with additives including an ether electrolyte.'****°
Peng et al. investigated 1 M LiTFSI in DOL/DME, at a 1:1
volume ratio, and 0.1 M LiNO; as the electrolyte and a con-
ductive hybrid carbon aerogel (HCA). The charge/discharge
curves of the Li-S batteries with the HCA interlayers showed
two apparent reduction plateaus (I and II in Fig. 31) corres-
ponding to the reduction of Sg to long-chain polysulfides (Li,S,,
4 < n < 8) and subsequent reduction to solid Li,S,/Li,S. Two
plateaus (III and IV) were found, leading to the reverse reaction
from Li,S/Li,S, to Li,S, and the oxidation of Li,S, to Li,Sg/S,
respectively.””" The Li-S battery with the HCA interlayer
and LiNO; including the ether electrolyte was subjected to a
600-cycle long-term test at a high current density of 4 C, and
exhibited a specific capacity of 597 mA h g~ with a coulombic
efficiency of 100%, where the specific capacity decayed at a rate
of just 0.037% per cycle.

7. Conclusion and outlook

In this review, recent advances in electrolytes ranging from
liquids (carbonates, ethers, and ionic liquid electrolyte) to
solids (polymer and inorganic electrolytes) and also novel
electrolytes have been studied. The advantages and limitations
of various electrolytes for Li-S batteries are summarized in
Table 1. Recent research has shown that certain electrolyte
additives and solid-based electrolytes can reduce polysulfide
solubility, thereby improving the capacity, coulombic efficiency,

4132 | Mater. Adv,, 2021, 2, 4115-4139

cycling ability, and cell life. Electrolyte design was investigated
in two different designs: (1) polysulfide-solubilized and
(2) polysulfide-insolubilized. Both designs have their own
advantages and disadvantages, and it is not possible to deter-
mine a specific electrolyte for practical Li-S batteries.
Polysulfide-solubilized designs allowed dissolved polysulfides
to access to the electrode. But to avoid electrolyte instability,
additives should be used to alleviate low-order polysulfide
precipitation. In Li-S cells with a polysulfide-insolubilized
design, the dissolution of the active species can be hindered,
resulting in a high coulombic efficiency and a long cycling life.
These electrolytes are highly viscous and have a low ion
conductivity, which may affect ion transport. The addition of
low-polar solvents could improve the transport properties. As a
matter of fact, liquid electrolytes with a high ionic conductivity
have some drawbacks, such as lithium dendrite formation,
polysulfide dissolution and shuttle effects. Adding a suitable
amount of conductive organic modifier to pure liquid electro-
Iytes results in a higher and more stable capacity. DOL can
increase the electrode/electrolyte interfacial properties, and
DME modifies the PS solubility, and thus a different proportion
of DOL/DME increases the battery performance. In most cases,
the higher the DOL content, the faster the capacity drops. In the
presence of a higher percentage of DME, both the conductivity
and capacity rise. The capacity is also increased by using a
modified amount of the additive.

Ionic-liquid electrolytes, with a high ionic conductivity
and high protection of the lithium metal anode, have some
drawbacks such as easy evaporation and undesirable by-products
with polysulfides. Because of the difference in viscosity and Li
ion transportation, ionic-liquid cations can impact the battery
capacity. Polysulfide solubility is suppressed by solvate ionic
liquids, resulting in a battery with a stable capacity. Solid electro-
Iytes effectively restrain the dissolution of polysulfides and form
effective solid-electrolyte/solid-electrode interfaces for facile elec-
trochemical reactions. On the other hand, the solid-based electro-
Iyte increases the cell polarization due to sluggish electrochemical
reactions. Further investigations into the reactions between sulfur
and solid-based electrolytes should be carried out to understand
the redox reactions on the surface of the solid electrolytes and
improve the interface properties. The composition of the organic
solvent has an impact on the polymer-electrolyte performance.
While solid electrolytes effectively prevent lithium polysulfide

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Characteristics of different electrolytes in Li—S batteries
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Electrolyte

Typical example

Advantages

Drawbacks

Carbonate solvents

Ether solvents

Ionic liquid-
electrolytes

Polymer electrolytes

Inorganic solid
electrolytes

Novel hybrid
electrolytes

LiPF4/EC + DEC

LiTFSI in DOL/DME

N-Methyl-N-butylpiperidinium (PP14)
bis(trifluoromethanesulfonyl)imide
(TFST)

PEO; sLi(CF;S0,),N-SiO,

Thio-LISICON Lis »5G€0.25P0 7554

Li[N(SO,F),] and Li[N(SO,CF;),]

e High dielectric constant

e Low viscosity

e Stable toward polysulfides

o Low viscosity

e High conductivity

e High polysulfide solubility

e Acceptable electro-chemical
stability

e Wider liquid temperature range

e High conductivity

o Suppressed shuttle effect

e Improving the safety

o Solvent-free

e High mechanical stability

e Prevention of Li dendrite
formation

e High ionic conductivity

e Excellent mechanical integrity
e High ionic conductivity

e Excellent interface compatibility
e Wide electrochemical window
e High conductivity

e Mechanically stable

o Less lithium dendrite

e Sever capacity fading

e Incompatible with polysulfides
e Lithium dendrite formation

e Polysulfides diffusion

e Easy evaporation

e Severe shuttle effect

e Easy evaporation

e Undesirable by-products with
polysulfides

e Low conductivity

e Slow Li" transport

e High cell polarization
e Low conductivity
e Complicated redox reactions

e Poor rate capability

e Low conductivity

e Sluggish electrochemical reaction
e High cell polarization

e High viscosity

o Sluggish electrochemical reaction
e Poor rate capability

e Protect the Li anode

dissolution, there are still many obstacles to be overcome in terms
of appropriate conductivities for ambient-temperature operation
for facile electrochemical reactions. Novel or conducting polymer
solid electrolytes could enhance the conductivity and interface
stability, but their high viscosity may cause capacity fading. As a
result, the selection of functional and hybrid electrolytes must be
developed in tandem with the selection of cathode materials in
order to achieve a higher energy density and excellent stability in
Li-S batteries.
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