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Lithium-sulfur batteries using lithium as the anode and sulfur as the cathode can achieve
a theoretical energy density (2,600 Wh.g~") several times higher than that of Li ion
batteries based on the chemical conversion reaction of 6Li + Sg <> 8Li»S. The cost
effectiveness, together with the intrinsic high energy density of the Li-S batteries, enables
it to be an important option for the next generation energy storage devices. However,
lithium-sulfur batteries using the liquid electrolyte would lead to the dissolution and
“shuttle effect” of polysulfides, which greatly decrease the cycle life and specific capacity.
In order to realize long cycle life of the lithium-sulfur battery, it is crucial to address
the uncontrolled diffusion of polysulfides. Replacing the liquid electrolyte with the solid
electrolyte, which can address the polysulfide dissolution and diffusion problem, inhibit
the growth of lithium dendrites on the anode side, and greatly improve the safety and the
cycle stability of lithium-sulfur batteries. In spite of the above merits, the performance and
application of solid state Li-S batteries are strongly constrained by their low discharge
capacity, poor rate performance and unsatisfied cycle life, which need to be overcome
by advances in both the materials and the battery design. In this mini-review, the recent
research progress of solid-state lithium-sulfur batteries in several aspects, including the
sulfur-cathode design, different types of solid electrolyte and Li-S batteries based on
them is described/summarized. New insights and synthesis approaches for the stable
lithium anode are also summarized. We particularly emphasize the role of the interface
in impeding the battery reaction, as well as the construction of the “solid/solid/solid”
three-phase reaction boundary. At last, the prospects and challenges in further advancing
the scientific understanding and enabling the battery technology viable are presented to
shed light on the upcoming research efforts.

Keywords: all-solid lithium-sulfur battery, anode, solid electrolyte, cathode, interface engineering

INTRODUCTION

Lithium sulfur batteries use lithium metal as the negative electrode and sulfur elemental or
sulfide as the positive electrode (Xu, 2004; Bruce et al, 2011; Chen R. et al., 2016). Among
them,the lithium-sulfur battery using the elemental sulfur as the active cathode material has the
highest theoretical specific energy density in gravimetric (2,600 Wh/kg) and capacity density
(2,800 Wh/L), based barely on the mass of active materials. Prototype Li-S pouch cells can
already deliver specific energy as high as 600 Wh/kg, which is much higher than that of
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the existing Li ion batteries (250 Wh/kg) and can meet the
target of enabling the electric cars with >300 miles driving
range. Lithium-sulfur batteries also have the advantages of high
output power, abundant sulfur reserves and low cost, and have
become one of the commanding heights of energy storage battery
technology competition (Xu, 2004; Goodenough and Kim, 2010;
Bruce et al., 2011; Chen R. et al., 2015).

Although the performance of lithium-sulfur batteries has been
initially verified, the safety and the cycle performance are still
standing out as the big barriers in the practical application
of lithium-sulfur batteries (Kamyshny et al, 2007; Barchasz
et al,, 2012; Zhang, 2013). At present, lithium-sulfur batteries
using the sulfur cathode usually employ the liquid electrolyte
with LiTFSI dissolved in ether solvent, such as 1, 3 dioxane
(DOL), dimethoxy-ethane (DME), etc. In general, lithium-sulfur
batteries with the liquid electrolyte have achieved success in
demonstrating the huge potential of this sulfur battery, but
large scale deployment and application are still out of their
capability due to the following aspects: (a) During the charging
and discharging process of the battery, a long-chain lithium
polysulfide intermediate can be formed, which is easily soluble
in the liquid electrolyte. The continuous dissolution of the
polysulfide increases the viscosity of the electrolyte, meanwhile
it also destroys the structure of the cathode. In addition, the
precipitation of polysulfides will turn into the insulating LiS on
the surface of the cathode, which would hinder the electronic
and ionic migration, and reduce the utilization of sulfur active
substances (Xu et al., 2015; Peng et al., 2017). (b) The dissolved
long-chain polysulfide diffuses from the cathode to the anode,
and the long-chain polysulfide will be reduced to short-chain
polysulfide on the anode surface, which then migrates back to the
cathode and reconverts into the middle of the chain of lithium
polysulfide. The infinite motion of the polysulfide between the
cathode and the anode is known as the “shuttle effect” of
the polysulfide. During the charging and discharging process,
the shuttle effect of the polysulfide causes the low coulombic
efficiency and corrosion of the lithium metal anode (Mikhaylik
and Akridge, 2004; Bruce et al., 2011). (c) The electrolyte solvent
becomes unstable with fresh and porous Li metal anode after
corrosion with polysulfides. On which, the electrolyte is gradually
consumed until it is exhausted, and the reaction generates gas
which may cause the expansion of the battery,and even explosion
(Zhang, 2013; Jozwiuk et al., 2016; Schneider et al., 2017; Hancock
et al,, 2018). When used under high temperature conditions, the
organic solvent is also easily ignited which increases the safety
hazard (Chen W. et al,, 2018). (d) The uncontrolled lithium
deposition in liquid electrolyte leads to the dendrite growth. The
uncontrollable dendrite growth leads to the formation of “dead
lithium” with low coulombic efficiency, and may even trigger the
internal short circuit and catastrophic failure (Cao et al., 2015;
Cheng et al,, 2017).

In order to overcome the above problems and further improve
the performance of lithium-sulfur batteries, researchers have
studied a series of countermeasures, including the design of
sulfur cathode (Song et al., 2013; Rosenman et al., 2015; Li
et al., 2016; Pang et al., 2016; Ye et al, 2018), the protection
of lithium anode (Wu et al, 2014, 2015; Cheng X. B. et al,

2016; Jiaqiang et al., 2017), and the optimization of electrolytes
(Arumugam et al,, 2014; Zhang S. et al., 2015). In terms of the
electrolyte optimization, solid electrolytes including gels, solid
polymers, inorganic ceramics and inorganic-organic composite
electrolytes are gaining more and more attention (Figure 1).
Solid electrolytes can cure many problems caused by liquid
electrolytes. In the past few years, a growing body of researches
have proved the advantages of solid electrolytes (Liu et al,
2016; Wang S. et al, 2016; Tao et al., 2017). This mini-
review is intended to summarize the recent progress of Li-
sulfur batteries based on the solid electrolytes, including the pros
and cons of using gels, solid polymers, inorganic and organic-
inorganic composites as solid electrolytes; and the progress of
solid state Li-sulfur batteries based on either the sulfur cathode
or lithium metal anode. The challenges to further advance this
battery technology and progress it from laboratory interest to
commercial feasibility are also presented, which might shine a
light for the development and large-scale applications of the solid
lithium battery.

MERITS OF SOLID ELECTROLYTE

As an important part of lithium-sulfur batteries, the electrolyte
plays an important role in the transportation of ions. The liquid
electrolyte can realize fast kinetics, but also brings about many
concerns on the safety and the cycle life of the battery. The
electrolytes currently used are all organic electrolytes of ethers
or carbonates. Such electrolytes have poor thermal stability and
are prone to leakage and cause safety accidents. Although ionic
liquids are highly safe and non-flammable, they are expensive
and have certain environmental hazards, and are not suitable for
large-scale application in battery systems.

There is an urgent requirement to study the new electrolyte to
avoid the “shuttle effect” of the polysulfide (Li,Se, Li»S4) formed
during the charging and discharging process on the premise
of ensuring high lithium ion conductivity, thereby improving
the utilization of active sulfur species and the cycle life of
lithium-sulfur batteries. Solid electrolytes are usually classified
into four types: gels, solid polymers, inorganic and inorganic-
organic composite electrolytes. Table 1 lists the composition and
properties of the different electrolytes. In general, an ideal solid
electrolyte should have the properties of higher ion conductivity,
better electrical insulation, wider electrochemical window, stable
chemical properties, and stable chemical reactivity with the
positive and negative electrodes.

Gel Electrolyte

One of the main reasons hindering the commercialization of
all solid-state batteries presently is the poor ionic conductivity
of all solid electrolytes at room temperature, which mean the
discharge specific capacity of all solid-state batteries is far from
the requirement of practical application. In order to solve the
problem of poor ionic conductivity of the solid electrolyte at
room temperature, the gel electrolyte with a certain amount of
liquid electrolyte was developed. The lithium ion transport of the
gel electrolyte is basically the same as that of the liquid electrolyte.
At the same time, due to the presence of the electrolyte, the
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FIGURE 1 | Li-S battery diagram based on different electrolytes.

TABLE 1 | Comparison of composition and performance of different electrolytes.

Electrolyte Composition lonic conductivity = Mechanical Advantages Disadvantages
S.cm~'@ 25°C properties
Gel Polymer + liquid ~10-38 General High ionic conductivity and Low interfacial Poor thermal stability; Low
electrolyte impedance; Suppress LiPSs shuttling to mechanical strength
some extent
Solid-state Polymer + lithium salt <107° Good Low interfacial impedance; Good thermal  Low ionic conductivity; Low
polymer + additive stability; Suppressing LiPSs shuttling mechanical strength
Inorganic Inorganic + lithium salt 10-5 104 Strong High ionic conductivity; Excellent thermal ~ High interfacial impedance;
stability; Low ionic conductivity
Preventing LiPSs shuttling; Suppressing Li
dendrite growth
Inorganic-organic  Polymer/Organic Fiber 107%10~ Strong Low interfacial impedance; Good thermal  Low ionic conductivity

composite + Inorganic

stability; Suppressing LiPSs shuttling;
Suppressing Li dendrite growth

adsorption capacity of the polyvinylidene fluoride is poor, and
the shuttling effect of the lithium polysulfide intermediates
cannot be effectively limited. In order to solve this problem,
polar sites are introduced to entrap the dissolved lithium
poly-sulfides. The polymer with oxygen-containing functional
group and metal oxide particles have been added into the gel
polymer electrolyte as fillers to blocks the diffusion effect in
the gel electrolyte. By the adding of organic solvents [such as
ethylene carbonate (EC), propylene carbonate (PC), dimethyl
carbonate (DMC), dimethyl Carbonate (DEC)] and lithium
salts in polymer matrices [such as polymethyl methacrylate
(PMMA), polyethylene glycol (PEG), Polyethylene oxide (PEO),
etc.], Gel polymer electrolyte (GPE) or Gel electrolyte can
possess the advantages of the liquid electrolyte and the solid

electrolyte (Zhang et al, 2013; Jeddi et al., 2014). It has high
ion conductivity >107* S/cm at room temperature and low
interface impedance. The GPE is capable of adsorbing a large
amount of liquid electrolyte and isolating the contact between the
liquid electrolyte and the sulfur electrode, thereby inhibiting the
dissolution of the polysulfide and blocking the “shuttle effect” to
some extent.

All-Solid-State Polymer Electrolytes

The all-solid polymer electrolyte does not contain the liquid
electrolyte, which has benefits, such as good thermal stability,
high mechanical strength and easy to form film, chemical and
electrochemical stability, the ability to perform structural design
at the molecular level, etc. It can effectively inhibit the dissolution
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of the polysulfide while the all-solid polymer electrolyte and the
electrode are in close contact.

The all-solid polymer electrolyte is usually composed of a
polymer matrix with a higher dielectric constant and a lithium
salt with a lower lattice energy. Among them, the common
polymers are PEO, PMMA, PVDEF [Poly(vinylidene fluoride)],
PAN (polyaniline) and the like. The ionic conductivity of PAN
can reach 1072 S/cm at a certain temperature, due to the higher
Lit migration number and electrochemical stability window of
the PAN, but the disadvantage is that PAN can react with lithium
metal anode (Abraham and Alamgir, 1991; Wang et al., 1996;
Ryoo et al.,, 1998). Therefore, it is difficult to apply to lithium
sulfur batteries on a large scale. The mechanical properties of
PMMA are too low to inhibit the growth of lithium dendrites.
PVDF has a high dielectric constant, which can fully ionize the
lithium salt, thereby increasing the ionic migration number, but
the interfacial stability between PVDF and lithium metal is poor,
and the LiF is generated to cause safety problems (Choe et al,,
1995). In the currently studied solid polymer electrolyte(SPE),
poly(ethylene oxide) (PEO)-based SPE has good compatibility
with electrode interface, excellent electrochemical stability and
an acceptable LiT migration number (Scrosati et al., 2001;
Hovington et al.,, 2015). The problem of PEO-based polymer
electrolytes remains to be the poor ionic conductivity (<10~°
S/cm) at room temperature. Therefore, a large number of studies
are devoted to exploring the microscopic mechanism of the
kinetic transport of the ions in polymers. For PEO-based polymer
electrolyte, the dissociation of lithium salt with ether oxygen
bonds in the PEO chain, while the chain end motion drives the
transport of lithium ions. PEO is amorphous and has satisfactory
ionic conductivity above the glass transition temperature but
has a relatively low ionic conductivity (1077 S cm™!) at room
temperature. This is because, at high temperatures (above
60°C), PEO has a similar molecular structure to the polyether
liquid electrolyte. Thus, the conductivity can be improved.
The Li+ conducting behavior of PEO-based Li-S cells at high
temperatures may be similar to that of a typical liquid electrolyte
Li-S battery, so it is not effective at inhibiting lithium polysulfide
at higher temperatures. In contrast, at room temperature, since
PEO has the rigidity of a solid polymer film, lithium dendrite and
polysulfide dissolution can be effectively suppressed. Li/PEO/S
cells were investigated by in-situ scanning electron microscopy
(SEM) and UV-vis spectroscopy at higher temperatures. The
results show that the polysulfide will dissolve in the SPE and
diffuse into the anode. In addition, the type of polysulfide during
discharge is different from the charging process. Si_ is formed
during discharging, but S? is formed during charging. An
insulating sulfur-rich layer is formed on the Li metal anode to
increase internal resistance and limit capacity. In the past few
years, researchers have focused on reducing the glass transition
temperature and on increasing the ionic conductivity of PEO at
room temperature to achieve high cycle performance of Li-S cells
around room temperature.

Inorganic Solid Electrolytes
Compared with the GPE and the SPE, the inorganic solid
electrolyte has excellent thermal stability, low flammability,

wide electrochemical window, and can effectively block the
shuttle of the polysulfide, and inhibit the growth of lithium
dendrites. Moreover, the inorganic solid electrolyte can maintain
a good chemical stability over a wide temperature range.
The inorganic electrolyte includes the ceramic electrolyte (also
referred to as a crystalline electrolyte) and the glass electrolyte
(also referred to as an amorphous electrolyte). The ceramic
electrolyte is a good conductor of lithium ion, which has high Li™
conductivity and Li* migration number at room temperature,
but the preparation process of it is complicated. The glass
electrolyte has a large change in composition, so it is easy to
obtain a high room temperature ionic conductivity. Therefore,
compared to the ceramic electrolyte, the glass electrolyte has the
advantages of higher ionic conductivity, conductive isotropic,
smaller particle interfacial charge transfer resistance and a more
simple preparation process (Lee et al., 2002; Tatsumisago, 2004;
Xu and Wen, 2005).

Many inorganic ceramic solid electrolytes, such as NASICON
type electrolytes, perovskite electrolytes and garnet type
electrolytes have been studied. The perovskite electrolyte
whose chemical formula can be described as ABO3 has a high
ionic conductivity (~107* S/cm, room temperature). The
LisxLas/3_xTiO3(LLTO) is a typical perovskite electrolyte. At
the A site, Lit and La®" are disorderly distributed between
the cubic phases and are sequentially placed between the two
perovskite structures. The LLTO type electrolyte exhibits a high
electrochemical stability at high potential (8-9 V) and excellent
air stability (Bohnke, 2008). The NASICON type electrolyte
has a stable structure and fast ion conductivity. Its chemical
formula can be abbreviated as MA,(BO4); where M, A, B
represent metal ions and different vacancy states, respectively.
The ionic conductivity of the typical NASICON such as
Li; 3Ti;7Alg3(POg)3 can be as high as 7 x 10~* S/cm at room
temperature (Arbi et al., 2007). The basic chemical formula of
the garnet-type lithium ion solid electrolyte is LisLazM,O1, (M
= Nb or Ta), wherein LigBaLa; Ta, O has an ionic conductivity
of 1.69 x 10™> S/cm at 25°C, a poor ion conduction activation
energy (0.40eV) (Kokal et al,, 2012). The ionic conductivity
of Lig4LaszZr;¢TageO12 at room temperature is up to 1073
S/cm (Li et al., 2012). In addition, garnet-type electrolytes have
attracted much attention because of the wide electrochemical
stability window and high stability relative to the Li anode. It
has been reported that (Li Y. et al., 2017) reduced the interfacial
impedance of the solid electrolyte with the lithium negative
electrode by adding 2 wt% of LiF to LigsLa3Zr; 5Tag5012. Han
et al. (2017) prepared an ultra-thin Al,O3 film on the surface of
LiyLay 75Cag 25Zr1.75Nbg 25017 electrolyte with the atomic layer
deposition technique, which effectively decreased the interfacial
resistance from 1,710 to 1 Q/cm?. In general, the advantages of
inorganic ceramic solid electrolytes are outstanding, however,
due to the complicated preparation process, the industrial
development is greatly limited.

In order to overcome the shortcomings of ceramic solid
electrolytes, researchers have turned their attention to inorganic
glass electrolytes. Glass electrolytes have the advantages of
anisotropic ionic conductivity, zero grain boundary impedance,
easy to form the film, and low cost. Glass electrolytes can be
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divided into two major categories: the oxide-type amorphous
electrolyte and the sulfide-type amorphous electrolyte. The
former has good electrochemical and thermal stability but
the room temperature ionic conductivity is extremely low
(1078~107° S/cm) (Jing et al., 2017). Conversely, the latter type
at room temperature has a higher conductivity (1073~10~*
S/cm) but it is very sensitive to the moisture and difficult to
prepare. Sulfide glass electrolytes include Li,S-P,Ss, LiyS-SiSy,
and Li3PS4 (Chen R. et al., 2016; Manthiram et al., 2017).

Inorganic-Organic Composite Solid

Electrolytes

In order to compensate for the shortcomings of inorganic solid
electrolytes, researchers have designed a series of inorganic-
organic composite electrolytes in combination with the
organic electrolytes. Composite electrolytes (CPE) are typically
synthesized by chemical or physical methods from ceramic
materials to polymers or organic materials such as organic fibers,
cellulose, and organic electrolytes. The composite electrolyte
contains inorganic and organic moieties that combine the
advantages of each material, such as high Li ion conductivity,
the good mechanical strength of the inorganic portion, and
good interfacial contact of the organic portion. Therefore,
the use of the composite electrolyte in the Li-S battery can
not only solve the problems associated with the shuttling
effect of polysulfide species but also solve the interface contact
problem. The interfacial compatibility between the electrolyte
and the electrode decreases the interfacial impedance; and the
inorganic substance also has the ability to adsorb the polysulfide.
Therefore, the inorganic-organic composite electrolyte is
expected to simultaneously improve the battery safety and the
electrochemical performance. Common composite electrolytes
are: polymer-inorganic ceramics, organic liquid-inorganic
ceramics, polymer-active fillers, and the like. Generally, complex
electrolytes operate at higher temperatures to achieve high
ionic conductivity. Among various composite solid electrolytes,
PEO-based composite electrolyte is the research focus. Lithium-
ion conductive nanoparticles, such as LLZO, Lig33Lag557TiO3
(LLTO), LiAlO, and Li;¢SnP,S;, (LSPS), are embedded in the
host PEO polymer matrix to reduce the crystallization of the
PEO polymer chain and promote the amorphous region, thereby
increasing the ionic conductance rate.

ADVANCES IN SOLID STATE Li-SULFUR
BATTERIES

Li-Sulfur Batteries Based on GPE

The PVDEF-based GPE, prepared by solvent casting and swelling
with a liquid electrolyte solution, can effectively stabilize the
high-loading (e.g., 70% S) sulfur composite cathode, reduce
the dissolution of sulfur, and slow the diffusion of polysulfide to
the anode. And with the GPE based electrolyte, Li-sulfur batteries
can achieve a capacity which is close to the theoretical limit of the
Li-S battery (1,675mA h g’l) (Agostini et al., 2017). Composite
gel electrolytes based on PEO and poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) have also improved the

safety and cycle performance of lithium-sulfur batteries (Ho Park
et al., 2010; Zhang and Tran, 2013). A novel small molecule of
the GPE was prepared by mixing the 1,3-dioxolane, dimethyl
ether and the lithium salt. When the mass fraction of small
molecules was 8.3 wt%, the ionic conductivity was the highest,
reaching 6.43 x 1073 S/cm. The initial discharge specific capacity
of the sulfur positive electrode at 0.1C is 1,008 mAh g~!
(Zhu et al.,, 2017). Wu et al. (2016) designed a novel sandwich
layered polymer electrolyte, in which the PVDF layer absorbs a
large amount of ether-based liquid electrolyte, thereby increasing
the migration of Li ions, and the PMMA layer prevents the
liquid electrolyte from reacting with the metal lithium. The
initial capacity of the lithium-sulfur battery based on the GPE
reaches 1711.8 mAh g~! and has a good cycle performance.
This “sandwich” GPE provides a new idea for the design of the
electrolyte structure of lithium-sulfur batteries. In addition to the
PVDE the PMMA is also a good candidate for gel polymer. The
electrospun polypropylene eye (PAN)/PMMA film absorbing the
polyethylene glycol dimethyl ether (PEGDME) and the lithium
salt is used as the electrolyte, and the composite material of
carbon nanotubes and sulfur is used as the positive electrode. The
excellent chemical compatibility between the PAN/PMMA film
and the sulfur cathode improves the conductivity of the positive
electrode and suppresses the shuttle of the polysulfide, thereby
improving the electrochemical performance (Rao et al., 2012).
There is also a report on the preparation of a novel gel polymer
consisting of an alkyl carbonate mixture solution and a lithium
salt dispersed in PVDF-HFP/PMMA (Zhao et al., 2013; Zhang
Y. et al, 2014). The poly(vinylidene fluoride) (PVDEF)-based
gel polymer electrolyte (GPE), with a dense morphology, was
prepared using a simple solution casting method, incorporating
the poly(ethylene oxide) and the nano-zirconia to improve the
absorption of the liquid electrolyte and the LiT mobility (Gao
etal., 2017) (Figure 2A).

The in-situ synthesis method has the characteristics of simple
process and low cost, which provides the possibility of realizing
the large-scale application of the solid electrolyte for high-
performance lithium-sulfur battery. The in-situ synthesized
pentaerythritol tetra-acrylate (PETEA)-based GPE has an ionic
conductivity of 1.13 x 10-2 S/cm at room temperature, and
the electrolyte/electrode interface is tightly bonded leading the
good compatibility, which in turn decreases the impedance of
the interface (Liu et al., 2016). At the same time, a flexible
and stable passivation layer is formed on the surface of the
sulfur electrode, which can limit the movement of the polysulfide
(Figure 2B) and improve the cycle performance of the lithium-
sulfur battery. The polysulfide can also be used as an additive
for gel electrolytes (Agostini and Hassoun, 2015), resulting in a
significant improvement in the performance of the electrolyte
(Figure 2C). In order to improve the room temperature ionic
conductivity of GPEs, some optimization of GPEs is conducted.
For example, ball milling of GPEs can cause certain changes
in microstructure and promote the ionic interactions, thereby
improving the ionic conductivity (Shin et al., 2002a). In addition,
decreasing the crystallinity of the gel polymer can also increase
the ionic conductivity. The jonic conductivity of the crosslinked
amorphous polyepichlorohydrin terpolymer-based GPE reached
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FIGURE 2 | Li-sulfur batteries based on gel polymer electrolyte (GPE). (A) The illustration of Li* ion transport and polysulfide blocking mechanism for the membrane
of PPZr-GPE. Reproduced with permission (Nair et al., 2016). Copyright 2017, Journal of Materials Chemistry A. (B) The immobilization mechanism for polysulfide.
Reproduced with permission (Zhang et al., 2013). Copyright 2016, Nano Energy. (C) Temperature dependence of the ionic conductivity for PEO, PEO-Li»S and
PEO-Li»Sg electrolytes and, in inset, the photographic images of the membranes (PEO, white color; PEO-Li>S, yellow color; PEO-Li»Sg, red color). Reproduced with
permission (Rao et al., 2015). Copyriht 2015, Sci Rep. (D) lllustration of a classical sulfur cross-linking structure as well as lithium ion-oxygen coordination structure. A
possible lithium ion transportation mechanism is also described. Reproduced with permission (Jin et al., 2012) Copyright 2017, Polymer. (E) Schematic illustration of
coin cells incorporated with GPE and GPE/CNF membrane, respectively. (F) PP separator, GPE membrane, and GPE/CNF membrane before and after thermal
treatment. (E,F) Reproduced with permission (Baloch et al., 2016). Copyright 2017, Chemistry—An Asian Journal.

PP separator

GPE membrane

1073 S/cm at room temperature (Figure 2D; Choudhury et al.,
2017). The nano-scale microfibrillated cellulose is prepared by a
thermally induced polymerization method and can be used as
the support for GPE electrolyte, which exhibits excellent ionic
conductivity, thermal stability and interfacial stability (Nair et al.,
2016). Based on the polyimide (PI)-based electrospun polymer
film, a new type of GPE was prepared by activating the PVDF-
HFP and further coating the nano-Al,O3. The specific capacity
of the Li-S battery can still reach 820 mAh g~! after more than
100 cycles (Rao et al., 2015). A free-standing trimethylolpropane
ethoxylate triacrylate gel polymer electrolyte was synthesized
by the chemical crosslinking method, and the crosslinked gel

polymer electrolyte (Figures 2E,F) exhibited an excellent thermal
stability at a high temperature of 130°C. Moreover, the GPE
combined with carbon nanofibers (CNFs) can effectively prevent
the polysulfide dissolution and enhance the electrochemical
properties, including the high capacity of 1,177 mAh g~! in the
first cycle and the capacity retention of 64% after 300 cycles (Choi
etal., 2017).

Although GPEs are physically able to block the transfer of
the polysulfide, the dissolution of the polysulfide is still present
due to the employment of the liquid electrolyte. Recently, ionic
liquids (ILs) have been found to be an attractive addition for
GPE because the combination of ILs and GPE can effectively
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control the polysulfide diffusion and protect the lithium metal
from reacting with the dissolved polysulfides and electrolyte
solvents (Shin and Cairns, 2008; Jin et al.,, 2012; Rao et al,,
2012). Many studies have shown that this mixed electrolyte
can also decrease the crystallinity of the polymer and improve
the thermal/chemical stability of the electrolyte. 1-propyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(PMImTFSI) was used for GPE (Kim, 2017), based on which
the Li-S battery has an initial discharge capacity of 1,029 mAh/g
at 0.1C and 885 mAh g ! after 30 cycles. The gel polymer
electrolyte (GPE), combining the porous membrane with the N-
methyl-N-butyl pyrrolidine bis (trifluoromethanesulfonyl)imide
ionic liquid, exhibited good thermal stability and excellent
interfacial stability (Baloch et al., 2016). The corresponding
lithium-sulfur battery provided an initial discharge capacity
of 1217.7 mAh g~! and maintained a reversible capacity of
818 mAh g~! after 20 cycles at a current density of 50 mA
g~ ! (Jin et al,, 2012). Cheng et al. (2018) proposed a novel gel
polymer electrolyte (GPE) in which a nanostructured ionic
liquid (IL) was introduced into the gel polymer electrolyte
matrix prepared by electrospinning. After bonding with the
nanostructured IL, the new GPE exhibited good mechanical
properties, improved the absorption of the electrolyte (552
wt%), and had an ionic conductivity up to 0.64mS cm™! at
room temperature, as well as a high lithium ion transfer number
(tLir = 0.60).

It can be seen from the above analyses that the GPE has
high ionic conductivity at room temperature, good interfacial
contact, and can significantly inhibit the shuttle of the polysulfide,
which can significantly improve the cycle life of lithium-sulfur
batteries. However, the GPE still contains a certain amount
of liquid electrolyte, which is difficult to fundamentally solve
various problems of liquid electrolyte, such as the polysulfide
shuttle and poor thermal stability. It is necessary to further study
the polymerization mechanism pf the precursor and the in-situ
synthesis method, giving full play to the advantages of lower GPE
interface impedance and higher ionic conductivity.

Li-S Batteries Based on Solid Polymer
Electrolyte

At room temperature, the polymer electrolyte like PEO usually
has the poor ionic conductivity due to the high crystallinity
and the high glass transition temperature (Verma et al., 2014b).
In order to decrease the crystallinity and the glass transition
temperature to obtain PEO-based electrolytes with high ionic
conductivity, researchers have conducted extensive researches
and have found that adding certain inorganic fillers, such
as oxides and sulfides to polymer electrolytes, can effectively
enhance the ionic conductivity. The glass transition temperature
decreases with the increase of the amorphous region, thereby
increasing the ionic conductivity and the mechanical strength
at room temperature (Croce et al., 1998). The (PEO),oLiTFSI-
10% (w) y-LiAlO, type SPE was applied to a lithium-sulfur
battery (Zhu et al.,, 2005), showing an initial discharge specific
capacity of 450 mAh g=! at a current density of 0.1C.
Subsequently (PEO);gLiTFSI-10% (w) SiO, type SPE was used

in a lithium-sulfur battery whose positive electrode material was
sulfur/mesoporous carbon sphere, and the first discharge specific
capacity was 1,265 mAh g~! (Liang et al.,, 2011a).

Typical oxide fillers such as TiO,, Al;O3, SiO; (Verma et al.,
2014a) and ZrO; are widely used in all-solid-state polymer Li-
S batteries, Liang (1973) added the A1,03; to polycrystalline
Lil to conduct ion without chemical reaction. To explain this
phenomenon, Maier (1995) proposed a space charge effect,
which is believed that can affect the ionic conductivity of
the two-phase interface, so that the ionic conductivity can
be improved by introducing an inert ceramic filler into the
inorganic polymer. Bronstein et al. synthesized a novel hybrid
solid polymer electrolyte consisting of organically modified
aluminum silicon (OM-AISi) formed in the PEO-LIiTFSI phase,
which was highly effective in increasing the dielectric constant
and ionic conductivity (Bronstein et al., 2004). Shin et al. (2002b)
added titanium oxide (TinO,_1, n = 1, 2) to PEO [lithium
bis(fluorosulfonyl)-imide] (LiFSI) SPE, which could increase
the ionic conductivity of PEO-based SPE and improve the
interfacial stability between the Li metal anode and the SPE.
The research group also prepared nano-AlO3 as a filler of
PEO(LiBF4) SPE by ball milling. It was found that the addition
of Al,Oj3 filler decreased the spherulite size and crystallinity
of PEO, thus improving the ionic conductivity of the PEO-
based electrolyte (Jeong et al., 2005). As well as that, the solid
polymer electrolyte prepared with Al,O3 filler improved the
cycle performance of lithium-sulfur batteries (Jeong et al., 2007).
This is because the unique structure of PEO-Al,O3-based SPE
allows the free transport of lithium jons and prevents the
transport of polysulfide anions through the physical absorption
and electrochemical deposition, which can effectively reduce the
shuttle effect and the loss of active materials (Zhang Z. et al,
2014). Bing-joe Hwang et al. also added TiO, to the PEO-
based solid electrolyte improving the performance of the battery
effectively (Lee et al., 2017) (Figure 3A). The specific capacity of
the polymer electrolyte with nano-sized TiO; is >1,450 mAh g~ ?,
and the capacity retention after 100 cycles is 87%. In contrast, the
capacity retention using the pure PEO is 38%. Calculations and
Raman measurements indicate that nano-sized TiO, particles
can interact with and anchor to polysulfide species through
adsorption mechanisms, preventing them from diffusing to the
Li anode (Figures 3B,C). Besides, the incorporation of TiO,
nanoparticles increases the amorphous phase of PEO and the
ionic conductivity.

In addition to oxides, sulfides and other inorganic materials
are often used as fillers for polymer electrolytes in all-solid
lithium sulfur batteries. Hassoun and Scrosati (2010) prepared a
SPE film by hot pressing PEO (LiFSI) with adding the nano ZrO,
and Li;S to stabilize the Li metal anode/electrolyte interface,
while increasing the ionic conductivity and Li+ transfer number.
Sheng et al. (2017) prepared novel poly(ethylene oxide) (PEO)
solid polymer electrolytes (SSPEs) containing ionic liquid grafted
oxide nanoparticles (IL@NPs) (Figure 3D), and the IL containing
CI™ increased the free lithium ion conductivity by weakening the
interaction between the lithium ion and the PEO chain. At the
same time, the ion-grafted oxide nanoparticles also increased
the ion channel leading the high ionic conductivity at low
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temperatures. In addition, the difference between the IL@NPs
based on ZrO,, TiO,, and SiO, was compared (Figure 3E).
Among these modified electrolytes, the ZrO, filled electrolyte
has the highest ionic conductivity. Similarly, the Lewis acidic
metal-organic framework [MIL-53 (Al)] can be added to the
polymer electrolyte to improve the cell performance (Zhu et al.,
2014). MIL-53 (Al) was used as the filler for polyethylene oxide
(PEO) based SPE. With the participation of MIL-53 (Al), the
ionic conductivity of the solid electrolyte increased from 9.66
x 107* S/cm to 3.39 x 1073 S/cm at 120°C, and the oxidation
potential increased from 4.99V to 5.10 V. Simultaneously, the
addition of MIL-53 (Al) can effectively inhibit the dissolution
and shuttle of the polysulfide in all-solid lithium-sulfur batteries.
The discharge capacity at 0.2 and 80°C is 1,520 mA h/g, and the
1,000th cycle discharge capacity at 4C is still as high as 325 mA
h g7, indicating that the battery has excellent rate performance
and cycle life (Zhang C. et al., 2015). According to the EIS
spectrum, there was no semicircle caused by the polysulfide
shuttle and the electrolyte/Li interface reaction, demonstrating
that the polysulfide did not dissolve. After 10 discharge/charge
cycles, the XPS spectrum on the surface of the Li anode
showed that the sulfur and polysulfide didn’t transfer from the
cathode to the anode. The group also used the natural halloysite
nanotubes (HNT) as the solid electrolyte filler. Lithium ions were
immobilized on the outer tube wall (negative electrode) of HNT
with a 3D channel structure. The TFSI™ anion was adsorbed
on the inner tube wall (positive electrode). Since the surface of
the HNT particles has the charge opposite to that of the lithium
salt, the dissociation of the lithium salt is promoted, and the 3D
channel accelerates the transmission of LiT (Lin et al., 2017).
Zhang Y. et al. (2015) fabricated a solid polymer electrolyte
using PEO, LiTFSI and montmorillonite (MMT). The PEO-based
solid electrolyte containing 10 wt% of MMT exhibited an ion
conductivity of 3.22 x 10™* S/cm at 60°C, which satisfied the
operational requirements of the all-solid lithium-sulfur battery.
An initial discharge capacity of 998 mAh g~! was provided at
0.1 C, and a reversible specific discharge capacity of 634 mAh g~*
was still available after 100 cycles.

Apart from adding inorganic fillers, the design of the
molecular structure also has a great effect on the performance of
the PEO-based SPE. The PEO forming the pleated structure by
the cross-linking method improves the mechanical strength while
decreasing the crystallinity. Ben Youcef et al. (2016) prepared
a SPE with semi-interpenetrating network by UV-induced the
cross-linking of poly(ethylene glycol) diacrylate (PEGDA) and
divinylbenzene (DVB) in a PEO (LiTFSI) matrix. The addition
of DVB crosslinker decreased the crystallinity of PEO from 34
to 23% and the melting temperature from 50 to 34°C. The
SPE showed a high electrochemical stability of 4.3 V. The actual
conductivity value exceeds 107* S/cm at 70°C.

In summary, all solid polymer electrolytes, such as PEO based
electrolyte and its derivatives, have the disadvantage of poor ionic
conductivity at room temperature, the battery based on which
generally needs to operate at high temperatures. Such polymer
electrolytes become viscoelastic at high temperatures and migrate
through the polymer segments to drive their coordinated lithium
ions. In addition, the mechanical strength of PEO-based polymer

electrolytes at high temperatures is decreased, and the short
circuits of the battery are likely to occur (Agrawal and Pandey,
2008). In order to realize the practical application of the polymer
solid electrolyte, it is necessary to further increase the room
temperature ionic conductivity of the polymer, develop a single
ion conductor polymer electrolyte with ion mobility close to
1, and improve the mechanical properties of the polymer
solid electrolyte.

Li-S Batteries Based on Inorganic Solid

Electrolyte

Fu et al. (2017a) reported for the first time a 3D double-
layer garnet electrolyte (Figure4A). The thickness of the
dense layer reduced to a few microns and still maintained
good mechanical stability. The thicker porous layer acts as a
mechanical support for the thin dense layer and a body for
the high loading cathode material. The Li-S battery exhibited
high initial coulombic efficiency (>99.8%) and high average
coulombic efficiency (>99%) in subsequent cycles. Recently,
Yu et al. (2016) applied another NASICON-type lithium ion
conductor, Lij 4 Y¢Zr,_«(POy4); (LYZP) as a solid-electrolyte
(Figure 4B). The initial discharge capacity of the Li-S battery
assembled with this oxide solid electrolyte reached 1,100 mAh
¢! and retained ~90% of the initial capacity after 150 cycles
at0.2 C.

Recently, Machida et al. (2004) studied the lithium-sulfur
battery based on Cu,S/S cathode and the solid electrolyte of
Li,S-SiS,. The first cycle discharge had a specific capacity of
480 mAh g~!, which was higher than the theoretical capacity
of Cu,S. Similarly, Hayashi et al. (2003) successfully prepared
an all-solid-state battery using a sulfur-based cathode material
and a Li;S-P,Ss glass-ceramic electrolyte, which showed good
cycle performance at room temperature. The battery maintained
a high capacity of more than 650 mAh g~! after 20 cycles.
Zhang et al. (2017) obtained a glass phase of xLi,S-(100-
x)P2S5(65 < x < 75, mol%) by the mechanical ball milling,
followed by rapid quenching and tempering. Among them,
the 70Li,S-30P,S5; sample showed the ionic conductivity up
to 1.58 x 1073 S/cm (Figure 4C). The excellent performance
is attributed to the precipitation and heat treatment of the
high conductivity thio-LISICON III phase, which reduces the
grain boundary and improves the grain morphology. The
lithium-sulfur battery with 70Li,S-30P,Ss glass ceramic as
the solid electrolyte has the first discharge specific capacity
of 1,055 mAh g=! and has excellent coulombic efficiency.
Hayashi et al. (2008) constituted an all-solid battery adopting
the Li;S-Cu composite electrode prepared by the mechanical
milling method and the Li;S-P,S5 glass ceramic electrolyte.
The first cycle showed a specific discharge capacity up to
490 mAh g’l. Xu et al. (2017) studied the MoS,-doped
Li,S-P, S5 glass ceramic electrolyte (LizP29S10.85Mo0g01), which
exhibited an ionic conductivity of 4.8 x 1073 S/cm at room
temperature and a wide electrochemical window as high as
5V (relative to Li/LiT). In order to prove the high stability
of the MoS;-doped electrolyte with the lithium metal, the all-
solid lithium-sulfur battery was assembled with Li;P3S;; and
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LizP29S10.85Mo0g01 as solid electrolytes, respectively. The Li-
S battery with Li;P39S10.85Mo00,01 electrolyte showed a high
discharge capacity of 1,020 mAh g~!, which was superior to that
of the Li;P3S1; electrolyte (Figure 4D).

In order to improve the interface problem between the
electrode and the electrolyte, and further improve the utilization
of the active material simultaneously, the sulfide electrolyte is
often used as the cathode additive to prepare the composite
electrode (Kobayashi et al., 2008; Agostini et al., 2013). However,
this type of electrolyte has a low ionic conductivity. In order
to increase the ionic conductivity, Nagata and Chikusa (2016)
added the Lil to the Li;sPS33 solid electrolyte for the first
time, which improved the ionic conductivity effectively. Kato
et al. (2016) reported a new sulfide-type lithium ion fast
conductor (LISICON) solid electrolyte Lig 45Si1.74P1.44511.7Ci03
with ultra-high conductivity (2.5 x 1072 S/cm) and high
electrochemical stability. The crystal structure of the Li;0GeP,S;,
(LGPS) is shown in the figure, and its ionic conductivity is
the highest among the existing LISICON solid electrolytes. In
general, the inorganic solid electrolyte has the high transfer
number of lithium ions higher than that of SPE and GPE,
high ionic conductivity at room temperature and the ability
of theoretically completely blocking the diffusion of S2~ (4
< n < 8) to the metal lithium negative electrode. However,
the inorganic solid electrolyte also has many disadvantages,
including a difficult preparation process, low mechanical
strength, and large interface impedance with the electrode,

which all limit the practical application of the inorganic
solid electrolyte. Thus, we need to find a higher quality
composite solid electrolyte to solve the above shortcomings.

Li-Sulfur Batteries Based on Composite
Electrolyte

So far, researchers have found a large number of active inorganic
fillers that can increase the ionic conductivity of solid electrolytes.
The active filler itself has the ionic conductivity and can be used
as the solid electrolyte alone. Typically, researchers add the active
fillers to the all-solid polymer electrolyte to form a polymer-active
filler composite electrolyte to further enhance the performance
of all-solid-state batteries. Capuano (1991) firstly combined the
spherical active filler y-LiAlO; with a diameter of <1 pum with
the PEO and the LiClOy4 to prepare a composite solid electrolyte,
and found that the performance using this composite electrolyte
was greatly improved. Choi et al. (2015) fabricated a composite
electrolyte complexing the tetragonal phase of Li;La3Zr,O1; with
a PEO matrix, which showed a ionic conductivity as high as 4.42
x 107* S/cm at 55°C.

The LijoGeP,S;, with a very high ionic conductivity (1072
S/cm) is dispersed into the PEO-based electrolyte, which
enables the electrolyte a high ionic conductivity of 1.21 x
1073 S/cm at 80°C (Zhao et al., 2016). Blanga et al. (2016)
prepared a composite LijoSnP;S;> (LSPS)/polyethylene oxide
(PEO) electrolyte containing 25-50 wt% polymer which could
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act as a good barrier to suppress the shuttle of the polysulfide
in Li-S battery. Meanwhile, a new composite Lijo4+xIxSnP2S;2
(LISPS)/P(EO)3/Lil solid electrolyte was formed by adding the
saturated Lil salt and annealing at 90°C. The solid electrolyte has
an jonic conductivity of 0.1-0.3 mS/cm at room temperature,
and the increase in polymer content or temperature can
further improve the total ionic transport in the LISPS/PEO
system (Figure 5A). Judez et al. (2017) studied a composite
electrolyte of lithium bis(fluorosulfonyl)imide/poly(ethylene
oxide) (LiFSI/PEO) containing lithium jon conductive glass

ceramics (LICGC) and inorganic Al,O3 fillers. The CPE with
Al, O3 filler improved the stability of the Li/electrolyte interface.
The Li-S cells based on LICGC-based CPE provided a specific
capacity of 1,111 mAh g-1 and an area capacity of 1.14
mAh/cm?. Fu et al. (2016) reported a 3D lithium ion-conductive
ceramic network based on the garnet-type Lig4LazZryAlp2012
(LLZO) lithium ion conductor, which provided a continuous
Lit transmission channel in a polyethylene oxide (PEO)
based composite (Figure 5B). While increasing the mechanical
properties, the ionic conductivity is also improved, and the
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(E) Schematic illustration for the preparation route of SISE. (F) The suppression mechanism for Li dendrite growth by capitalizing on SISE as solid electrolyte.

(E,F) Reproduced with permission (Wang Q. et al., 2017). Copyright 2016, Adv. Energy Mater.
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ionic conductivity at room temperature is 2.5 x 10~ S/cm.
Wang Q. et al. (2016) newly designed a gel-ceramic multilayer
electrolyte as shown in Figure 5C, which blocked the polysulfide
shuttle, exhibiting excellent electrochemical performance and
an initial discharge specific capacity up to 725 mAh g=! with
almost no self-discharge, and maintained 700 mAh g~ after 300
cycles at C/2 (Figure 5D). Xia et al. (2017) prepared a PVDF-
HFP/LAGP composite electrolyte by adding the nano-fast ion
conductor filler to the gel electrolyte, which had a high lithium
ion migration number (0.51) and exhibited the electrochemical
stability compared with the commercial liquid electrolyte. The
solid lithium-sulfur battery assembled with the composite
electrolyte showed an initial capacity of 918 mAh g~! at 0.05C,
and good cycle performance. Zhou et al. (2016) fabricated a
new SiO; hollow nanosphere electrolyte (SiSE) by the adsorption
and in situ polymerization of tripropylbenzodiacrylate (TPGDA)
monomer with the addition of the SiO, hollow nanosphere
(Figure 5E). The silica layer not only enhanced the mechanical
property of the electrolyte but also provided a high ionic
conductivity (1.74 x 1073 S/cm) at room temperature, which
effectively inhibited the growth of lithium dendrites (Figure 5F).

Although the polymer-inorganic composite electrolyte can
effectively inhibit the shuttle of the polysulfide and control
the growth of lithium dendrites to prevent the internal short
circuit of the battery, the lithium jon conductivity is still too
low, compared with the organic liquid-inorganic composite
electrolyte at room temperature. The poor conductivity and
migration number of the Li ions greatly limit the application
of polymer-inorganic composite electrolytes. Wang et al. (2014)
successfully realized the development and utilization of the
organic liquid-inorganic composite electrolyte. When used in
lithium-sulfur battery, the initial discharge specific capacity
reached 1,528, 1,386, and 1,341 mAh g~! at C/20, C/5, and
C/2 rates, respectively, and remained 720 mAh g~! after 40
cycles at C/5 rate. However, the researchers found that the active
material is inevitably lost during the cycle process, resulting
in a rapidly decline in capacity. In order to make full use
of the active material and improve the cycle life, the group
(Wang Q. et al,, 2017) coated a carbon layer on the one side
of the Lil.5A10.5Gel.5(PO4)3 (LAGP) facing the sulfur cathode.
The innovative configuration not only improved the electron
transport capacity of the sulfur-containing active material, but
also improved the wettability of the ceramic electrolyte to the
liquid electrolyte, thereby improving the cycle performance of
the sulfur-containing active material. The interracially modified
hybrid Li-S battery had an initial discharge capacity of 1,409 mAh
g~! and remained at 1,000 mAh g~! after 50 cycles at a rate of
02C.

All in all, the overall performance of the inorganic-organic
composite electrolyte has been improved compared to the
single all-solid polymer or inorganic electrolyte; stability,
interfacial compatibility, safety and mechanical properties,
and the ability of inhibiting the polysulfide shuttle have all
improved. Therefore, it demonstrates great potential for use
as an electrolyte for lithium-sulfur batteries, but the ionic
conductivity at room temperature is still too low to meet the
practical application.

SULFUR CATHODE DESIGN FOR SOLID
STATE Li-S BATTERIES

For the sulfur cathode of the solid-state Li-S battery, the
electrochemical reaction occurring in the “solid/solid/solid”
three-phase boundary is more difficult to occur than
“solid/liquid/solid” in the traditional liquid counterparts.
Therefore, it is necessary to design the structure of the sulfur
cathode elaborately and to develop the efficient preparation
technology of the electrode to obtain the sulfur cathode with
excellent ionic and electronic transport network. As well as that,
it is necessary to maintain the relative stability of the electrode
structure, eliminating the influence of volume expansion
and contraction of the active material during discharge and
charge cycles.

Other Types of Sulfur Cathode

Apart from choosing the elemental sulfur as the cathode material
for Li-S batteries, the researchers have also studied the sulfide
used as the cathode material instead of the sulfur. The common
sulfides include the inorganic sulfides and the organic sulfides
(Jing et al., 2017). The inorganic sulfides, such as FeS and CuS
have an electronic conductivity of 2.1 x 1072 S/cm (Zeng et al.,
2014) and 1073 S/cm, respectively (Lai et al., 2011). Table 2
summarizes the electrochemical performance of some inorganic
sulfides as the positive electrode for the all-solid cells (Machida
and Shigematsu, 2004; Machida et al., 2004; Kim et al., 2005;
Hayashi et al., 2008; Sakuda et al., 2010; Tomonari et al., 2010;
Asoetal., 2011; Lin et al., 2013a; Matsuyama et al., 2013; Chen M.
et al,, 2015; Long et al., 2016). The same in-situ growth method
as the method used in fabricating the sulfur elemental positive
electrode can also reduce the impedance of the interface and
improve the cycle performance of the solid lithium-sulfur battery.
Yao etal. (2016) fabricated the CoS,-Li;P3S;; composite material
using the in-situ liquid phase method fabricated (Figure 6A).
The composite material maintained the nano-sheet structure of
CoS,, and the Li;P3S;; particles with the diameter of about
10nm were distributed uniformly on the surface of the CoS,.
The all solid-state lithium-sulfur battery was assembled with
the CoS,-Li;P3S;; composite material prepared with w(CoS;-
Li;P3S11):w(Li;P3S;;):w(super P) = 4:5:1 as the cathode, the
Li;P3S1; as the electrolyte, the lithium metal as the anode,
exhibiting the specific capacity of 421 mAh g~ ! at 1.27 mA /cm at
25°C after 1,000 cycles. The Li,S-Lig PS5 Cl-C composite prepared
by Han et al. (2016) (Figure 6B) exhibited an ionic conductivity
of 107> S/cm at room temperature at 50mA g~! and a high
load of Li,S (3.6mg cm™2) in the next 60 cycles also show a
large reversible capacity of 830 mAh g~! (Li,S utilization reaches
71%). Lin et al. (2013b) synthesized the Li3sPS4+n with adding the
Li3PS4 and S to the THE, showing the ionic conductivity of 3 x
107> S/cm at room temperature. The assembled all-solid lithium-
sulfur battery showed the specific capacity of 600 mAh g~! after
300 cycles at 0.1 C at 60°C.

Like the inorganic sulfide, the organic sulfide is also a research
hotspot for Li-S battery. The sulfurized polyacrylonitrile is
the most commonly used organic sulfide among the organic
sulfide cathode materials. Yu et al. (2004) fabricated the cathode
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TABLE 2 | The electrochemical performance of inorganic sulfurized cathode in solid-state Li-sulfur battery.

Active Anode Solid electrolyte Cathode Current Specific Cycles References
substance density (mA capacity
cm™2) (mAh g~)

S/CuS w(S): w(Cu): WAB): W(SE) =  (Li2S)e0(SiS2)40 LissGe 0.064 980 10 Kim et al., 2005
27:21.4:1.6: 50

FeS W(FGS)Z W(SE) =70:30 |_i3_25G80_25P0_7584 Li-In 0.191 430 15 Sakuda et al.,

2010

Li»S-Cu w(LiSz-Cu): w(AB): W(SE) = (Li2S)s0(P2Ss)20 In 0.064 350 20 Tomonari et al.,
38:5:57 2010

LipS-Cu w(Cu):w(AB):wW(SE) = (Li2S)g0(P2Ss)20 In 0.64 60 50 Agostini et al.,
38:5:57 2013

LipS-C W(LioS):w(AB):W(SE) = LigPO4-LioS-SiS, In 0.67 750 10 Aso et al., 2011
1.5:1.5:7

LipS w(LioS):w(super P):w(SE) = PEOoLICF3SOz+10 Sn/C 0.01 800 90 Matsuyama et al.,
35:35:30 Wt%S-ZrO3(EC/DMC:LIPF 2013

=6 mol/L)

SnS Ww(SnS):w(SE):w(VGCF) = (Li2S)g0(P2Ss)20 Li-In 0.13 1090 3 Lin et al., 2013a
38:57:5

TiSs W(TiSz+S):w(AB):W(SE) = (LioS)80(P2Ss)20 Li-In 0.064 320 10 Chen M. et al.,
40:6:54 2015

LisPS,@LixS W(LigPS4):w(C):w(PVC) = B-LiPS, Li-Ni 0.02 720 100 Long et al., 2016
65:25:10

MoS, W(MoSy):w(LisPSsBr): LigPSsBr Li-In 0.04 270 100 Yao et al., 2016
w(super P) = 40:56:4

NiS W(NIS):w(SE): w(AB) = (LioS)70(P2S5)29P20s/ Li 1.43 400 20 Han et al., 2016
40:50:10 LiwoGePQSm

LiPSsCl nanoparticle @ LiS nanoparticle [l PVP matrix

L]
- h"‘o ’ !!.! .i ey * 0%
o o..\'.'o.’.. -.... .."'.
o‘..
Ll
= LiLiB, alloy
® metal Li
e
T v T T v T v T v T
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FIGURE 6 | Sulfur cathode and Lithium anode design for solide state Li-sulfur batteries. (A) Schematic illustration of the synthesis strategy for cobalt sulfide, cobalt
sulfide-LizP3S11 nanocomposites, and neat LizP3S11 electrolyte. Reproduced with permission (Lin et al., 2013a). Copyright 2016, Nano Letters. (B) Schematic
illustration of the bottom-up synthesis of the mixed conducting Li>S nanocomposite. Reproduced with permission (Yu et al., 2004). Copyright 2016, Nano Letters.
(C) Cycling efficiency of lithium deposition/dissolution for Li-B alloy (30 wt% B) and metallic Li electrodes. Reproduced with permission (Bucur et al., 2016). Copyright
2014, Journal of Materials Chemistry A.
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materials using the sulfurized polyacrylonitrile as the active
material of the positive electrode and a small amount of solid
electrolyte and carbon black. The sulfur electrode was prepared
by the mixing method, and the assembled all-solid lithium-
sulfur battery was charged and discharged at a current density
of 1C at 70°C, which exhibited the specific capacity of 385
mAh g=! after 40 cycles. Zhang C. et al. (2015) assembled the
all-solid lithium-sulfur battery with the PANI@C/S-280 as the
cathode, the MIL-53 (Al) metal-organic framework modified
solid electrolyte as the electrolyte, and the lithium metal as the
anode. When charged and discharged at 0.2 C at 80°C, the battery
showed a stable capacity of 876 mAh g~!. After 1,000 cycles at
80°C, the battery exhibited the discharge capacity of 325 and
558 mAh g~! at 2 and 1 C-rates, respectively. These results
indicate that the combination of the PANI@C/S-280 cathode and
the solid polymer electrolyte is an effective way to prevent the
polysulfide dissolution and shuttle effect, thereby improving the
performance of the battery.

Add Conductive Agent and Binder

When preparing the sulfur positive electrodes, the selection of
the conductive agent is also an important issue to consider. The
sulfur positive electrode was prepared by the ball milling with the
conductive carbon black acetylene black (AB), the Ketjenblack
(KB) and the activated carbon (AC), and solid-state battery was
assembled with solid electrolyte and Li-In alloy. It was found
that the battery with AB as the conductive agent cannot be
charged and discharged; the specific capacity of the battery,
using KB and AC as the conductive agent at a current density
of 0.64mA cm~2, was about 1,600 mAh g~!; and the specific
capacity of the electrode with AC as the conductive agent is
higher than that using KB (Nagata and Chikusa, 2014a). This
indicates that the conductive agent in the positive electrode can
affect the electrochemical performance of the all-solid lithium-
sulfur battery. Meanwhile, in order to further improve the contact
between the sulfur positive electrode and the solid electrolyte,
the sulfur and the porous carbon are generally prepared as a
carbon-sulfur composite at high temperatures, and then mixed
with the solid electrolyte. Liang et al. (2011b) prepared the
carbon-sulfur composites (S-OMCs) with a sulfur content of 67%
employing the carbon with a regular mesoporous structure as
the carrier. An all-solid lithium-sulfur battery was assembled
with a PEO-based solid electrolyte with the adding of 10% (mass
fraction) of SiO, inorganic filler, a metallic lithium negative
electrode, and a sulfur-based positive electrode prepared on the
basis of the carbon-sulfur composite. The battery was charged
and discharged at a current density of 0.1 mA cm™! at 70°C,
which exhibited the specific capacity of sulfur of 800 mAh g~!
after 25 cycles, and the capacity retention of 65%. The sulfur
positive electrode, which does not use the regular mesoporous
carbon, has the capacity retention of only 22% after 25 cycles.
Nagao et al. (2016) developed a carbon-sulfur composite using
the mesoporous carbon with a pore diameter of 8.6 nm as the
carrier, which showed a specific capacity of 366 mAh g~! at
a current density of 0.065mA cm~2 and at room temperature
after 20 cycles. When the mesoporous carbon with the pore
diameter of 42.2 and 117.2nm were used as the carriers, the

specific capacities under the same conditions were 126 and
57mA h g~!(S) after 20 cycles, respectively. In addition, many
studies have shown that the temperature of the heat treatment
of carbon-sulfur composites can also affect the electrochemical
performance of the battery. For example, Nagao et al. (2013a)
prepared a S-CMK3 composite cathode material with a sulfur
content of 30% by the hot melt method. It was found that the
temperature of the heat-treat of S-CMK3 increased from 170 to
230°C, and it was still reversible after 30 cycles under the same
condition. The specific capacity was increased from 500 mA-h
g_l(S) to 1,300 mA-h/g(S). The result of the XRD test shows
that (Nagao et al., 2013b), after heating to 230°C, the sulfur
randomly disperses on the inner wall of CMK3, which improves
the electrochemical performance and the cycle stability.

As described above, the electronic conductivity of S and
lithiated S species is poor, and various conductive polymers are
used as binders to overcome this limitation. In addition to the
problem of electronic conductivity, the intermediate product
LiSx (2 < x < 8) can be dissolved in a common organic
electrolyte. To prevent this dissolution that can lead to self-
discharge, inefliciency, and poor cycle stability, the researchers
designed adhesives and conductive carbon additives to capture
polysulfides through precise chemical reactions (Pang et al., 2016;
Hao et al,, 2018). Strong coordination between polar functional
groups containing N, O or § in the polymer binder, resulting in
an interaction strength of ~ 1-2 eV with Li, Sy, while Li-X (X =
N, O, S or Other types) are stronger, which increases the retention
of polysulfide (Li et al., 2013; Seh et al., 2013; Ma et al.,, 2014;
Park et al.,, 2015). Due to the strong ionic character of polysulfide
species, positively charged polyelectrolyte material is used as a
binder to trap Si_ (Bucur et al.,, 2016; Li L. et al., 2017) and a
negatively charged polymer is coated on the separator to Repel
multi-sulfide to prevent crossover.

Interface Contact and Sulfur Cathode

Preparation

While optimizing the sulfur positive electrode, the interface
contact between the electrode and the solid electrolyte should
also be considered. For the all-solid lithium-sulfur battery,
the poor contact between the solid/solid interface enables a
large interfacial impedance, which greatly decreases the cycle
performance of the battery. The preparation of the sulfur
cathode in lithium-sulfur batteries is crucial to achieve the high
performance. At present, the preparation method of the sulfur
positive electrode of the solid lithium-sulfur battery is mainly
the physical mixing method (such as grinding, ball milling, etc.),
heat treatment method and the like. For example, Zhu et al.
(2005) prepared a sulfur positive electrode with w (single sulfur):
w (PEO) = 3:7 by ball milling and heat treatment at 180°C
in an inert atmosphere. The prepared sulfur positive electrode
was assembled into an all-solid lithium-sulfur battery with a
P(EO)20LiTFSI-10 wt% y-LiAlO2 solid electrolyte and a metallic
lithium anode. At room temperature, the first discharge specific
capacity of the sulfur positive electrode using the ball milling
process was 609 mAh g-1, which was higher than the sulfur
positive electrode using the heat treatment process. Kinoshita
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et al. (2014) prepared the positive electrode with w (single
sulfur): w (carbon fiber): w (Li3PS4) = 3:1:6 via a two-step
ball milling method, wherein the sulfur loading was 4.29 mg
cm~2, the initial specific capacity was 1,320 mAh g~! at a
current density of 0.1 mA cm™2 at 25°C. The average operating
voltage of the battery was 1.5V and the capacity retention
after 50 cycles was 90%. Further studies have shown that the
conductivity of the solid electrolyte in the positive electrode is
not the only factor affecting the electrochemical performance of
the battery. For example, Nagata and Chikusa (2014b), Nagata
and Chikusa (2014c) compared the effect of Li;S-P,S5 solid
electrolyte with different phosphorus-to-sulfur ratio (P/S) on the
electrochemical performance of the battery. As the P/S value
of the solid electrolyte in the electrode increases, the specific
capacity of sulfur increases first,and then decreases to 7%.

The in-situ growth method can be used to decrease the
impedance of the “solid/solid/solid” three-phase interface and
improve the compatibility of the interface. The in-situ growth
technique can effectively improve the contact between the solid
electrolyte and the electrode, facilitate the rapid transfer of
lithium ions, and improve the rate performance and cycle life,
thereby improving the electrochemical performance. Nagata and
Chikusa (2014b) assembled the solid battery with the sulfur
positive electrode prepared by the ball milling method, and the
solid electrolyte LijgGeP,S;, prepared by the constant current
and constant pressure electrolysis method in situ in a pole piece
and with the lithium indium alloy (Li-In) negative electrode. The
battery charged and discharged at a current density of 1.6 mA
cm ™2 at 25°C exhibited the specific capacity of 1,200 mAh g~!
after 10 cycles.

In summary, in order to improve the “solid/solid/solid” three-
phase interface problem, a series of studies have been conducted
on the sulfur positive electrode. From the loading of the sulfur
element to the design and preparation of the sulfur positive
electrode, these improvements have greatly improved the cycle
performance of the solid lithium-sulfur battery. But for the
purpose of reducing impedance, the in-situ growth of the positive
electrode is performed to reduce impedance. In-situ synthesis
can effectively improve the contact between interfaces. On the
one hand, in-situ synthesis can simplify the process and facilitate
the modification of the interface. On the other hand, through
the analysis of the microstructure, it can be concluded that the
in-situ synthesis enables the interface compatible. In addition,
the interface can be constructed by adding a small molecule
polymer and coating a small liquid molecule on the surface of
the sulfur positive electrode to completely infiltrate the sulfur
positive electrode, and polymerizing the small molecule through
an initiator to improve the interface compatibility.

STABLE LITHIUM ANODE FOR SOLID
STATE Li-S BATTERIES

The use of lithium alloy can reduce the reducibility and activity of
the metallic lithium. The Lithium alloy negative electrodes for all-
solid lithium-sulfur batteries reported in the literature are mainly

Li-In, Li-Ge, Li-Si and Li-Al. Among them, Li-In alloy (Li/In =
0.79, molar ratio) is the most widely used, and its redox potential
is + 0.6V (Li*/Li) (Wen and Huggins, 1980). Nagata and
Chikusa (2014a) used the Li-In alloy as the negative electrode,
and the sulfide Li;GeP; S, as the solid electrolyte assembling the
all-solid Li-S battery. The charge and discharge were performed
at a current density of 1C, and the specific capacity was about
1,600 mAh g(_S;, and the capacity retention was closed to 100%.
Zhang X. et al. (2014) used the Li-B alloy as the negative electrode
and formed a passivation film on the negative electrode, which
effectively reduced the performance loss caused by the volume
change of the alloy. The battery assembled with the Li-B alloy has
a very stable cycle performance as shown in Figure 6C.

Nagao et al. (2012) deposited a lithium film by vacuum
evaporation to increase the contact area between the lithium
electrode and the Li;S-P»Ss solid electrolyte. The effect of the
insertion of lithium film on the reversibility of lithium dissolution
and the deposition of all solid-state cells were also investigated.
The electrochemical test showed that the charge and discharge
were performed at a current density of 0.064mA cm~2, and
the specific capacity was 920 mAh g=! (S) after 20 cycles,
and the capacity retention was 97%. Wang et al. (2013) added
a gel polymer electrolyte and a ceramic film on the surface
of the lithium negative electrode. The ceramic film is a solid
film of Li;O-Al;,03-Si0,-P,05-TiO,-GeO,, which prevents the
direct contact between the lithium negative electrode and
the electrolyte, making the interface contact more compacter,
decreasing the interfacial impedance, and greatly enabling the
batter cycle performance. The energy density can reach 446 Wh
kg™!, which is about 80% higher than the traditional lithium-
ion batteries, and its power efficiency can reach more than 95%.
Han etal. (2017) demonstrated that the large interfacial resistance
came from the physical and/or chemical instability between the
solid electrolytes and the metallic Li. Hu et al. showed a strategy
to deposit the ultrathin intermediates [such as alumina (Al,O3),
zinc oxide (ZnO), germanium (Ge), silicon (Si), metal aluminum
(AD)] on Garnets, forming a continuous and conformal interface
(lithium aluminum, Li Zn alloy (Wang C. et al., 2017), Li Ge alloy
(Luo et al., 2017), Li Si alloy (Kim et al., 2014), Li Al alloy (Fu
et al., 2017b)], which can enhance the surface wettability of the
stone toward Li metal. Compared to the pure LLZO particles,
the LLZO coating with Al,O3 prepared by the atomic layer
deposition (ALD) exhibits a much smaller interfacial impedance
of 1 cm™2. The similar observations have been observed in
the work of Ge-coated garnet and Al-coated garnet systems. The
aluminum-coated garnet hybrid SSE system effectively prevented
the migration/shuttle effect of LiPSs and successfully solved the
wetting problem between the Garnet SSE and the Lithium metal
(Fu et al., 2017b). It is worth noting that the layer formed in situ
by chemical reaction is critical to improving the stability between
the Li metal anode and the SSE. Hood et al. (2016) reported
a self-limiting interfacial reaction between the Li;OHCI solid
electrolyte and the Li-metal anode to form an extremely stable
interface. The Li/Li;OHCI/Li battery circulated at 195°C showed
that the stability between the solid electrolyte and the molten Li
anode was achieved during the formation of the SEI, in which the
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interfacial resistance between the Li,OHCI solid electrolyte and
the Li metal was small.

In summary, the metallic lithium has strong reducibility,
and it is necessary to study the interfacial compatibility of the
lithium metal with the solid electrolyte, establish an interface
modification method, and develop a metal lithium negative
electrode with a highly stable three-dimensional structure.

SUMMARY AND OUTLOOK

This review summarizes the concept and preparation
technologies for solid-state Li-S batteries in recent years.
The recent research progress on different kinds of solid-state
electrolytes and their specific mechanical, charge transfer and
chemical properties were discussed in detail, as well as the
advantages and disadvantages of the solid-state electrolyte. The
selection of the solid-state electrolyte and how to stabilize the
solid/solid/solid three-phase interface both hold the key to
the success of solid Li-sulfur batteries. As well, the technical
challenges of solid-state lithium-sulfur batteries are also
systematically described in the design and preparation of sulfur
positive electrode and lithium negative electrode.

The stand out challenges facing the solid-state electrolyte
materials includes the development of the fast lithium ion
transport at room temperature, the establishment of a high-
quality electrode/electrolyte architecture to improve the
“solid/solid/solid” three-phase contact, the further stabilization
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