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Due to the high specific capacity, low cost, and environmental friendliness, lithium-sulfur batteries hold great potential to become
the mainstay of next-generation energy storage system. Regarding the composition of sulfur/carbon in cathode, flammable organic
liquid electrolyte, and lithium metal anode, great concerns about the safety have been raised. Hence solid-electrolyte-based
lithium-sulfur batteries, as one alternative route for safe batteries, are highly interested. This review highlights the recent research
progress of lithium-sulfur batteries with solid electrolytes. Both sulfide solid electrolytes and oxide solid electrolytes are included.
The sulfide solid electrolytes are mainly employed in all-solid-state lithium-sulfur batteries, while the oxide solid electrolytes are
applied in hybrid electrolyte for lithium-sulfur batteries. The challenges and perspectives in this field are also featured on the
basis of its current progress.
lithium-sulfur battery, inorganic solid electrolyte, ionic conductivity, lithium metal anode, composite sulfur cathode,
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1 Introduction
Rapid development of productivity substantially increased
the energy demand. Under this circumstance, fossil energy is
facing more and more challenges due to its non-renewability
and pollution. The large-scale applications of clean and renewable energy, coming from solar, wind, geothermy, wave,
and so on, are opening up new era based on green power [1,2].
Meanwhile, the explosive growth of portable electronics and
automobiles make them a huge demand side of energy. Consequently, it is crucial to build an efficient bridge between
renewable energy and these energy demanders through advanced energy storage [3–7]. High-energy-density rechargeable batteries play an important role in this key area. During the past thirty years, conventional lithium-ion batteries
*Corresponding author (email: zhang-qiang@mails.tsinghua.edu.cn)
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(LIBs) using ion-insertion materials (e.g. LiFePO4 and LiCoO2) as the cathode and graphite as the anode have been
widely applied on consumer electronics [8]. However, low
theoretical capacity of electrode materials limits further deployment of LIBs on emerging applications in electric vehicles and unmanned aerial vehicles [9]. Therefore, the exploitation of novel high-energy-density rechargeable battery
systems are crucial to meet the demands [10–12].
The lithium-sulfur (Li-S) battery is one of the most promising rechargeable battery systems to make a breakthrough
[13–16]. On the cathode side, the multi-electron conversion
electrochemistry of sulfur leads to a theoretical capacity of
1672 mA h g−1, which is much higher than that of ion-insertion cathode materials used in LIBs [17–19]. On the anode
side, the lithium metal anode owns the lowest redox potential
(−3.04 V vs. SHE, SHE=standard hydrogen electrode) and
an ultra-high gravimetric capacity of 3860 mA h g−1, which
chem.scichina.com link.springer.com
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is over ten times higher than that of the graphite anode
(LiC6, 372 mA h g−1) [20]. In addition, the abundant mineral
deposits of sulfur lead to its low price and make it possible
to the widely application of Li-S batteries [21,22].
Besides the capacity and energy density based on advanced
electrode [23–25] and separator [26–29], the safety of batteries is another considerable aspect for their widespread deployment. The flammability and possible leakage of organic
liquid electrolytes (OLEs) are huge potential safety hazards
for conventional rechargeable batteries as well as Li-S battery
[30,31]. During the past two decades, the research of super
ionic conductor has made great progresses. Under continuous researches and development, the room-temperature ionic
conductivities of inorganic solid electrolytes (ISEs) are approaching, even surpassing, that of OLEs. The replacement
of OLEs by ISEs is concerned a promising way to improve
the safety of the battery [32,33]. The applications of ISEs
introduce several merits for the Li-S batteries. Firstly, using
ISEs is able to intrinsically avoid the dissolution of polysulfides and control the shuttle effect. Actually, in all-solid-state
Li-S batteries, the electrochemical transformation will occur
between sulfur and Li2S directly instead of polysulfide generation. Secondly, the lithium ion transference number of ISEs
is approaching 1, which is beneficial to the uniform deposition of lithium and restrain the formation of lithium dendrites.
Besides, the ion transfer between ISEs and electrode does not
involve desolvation, which may decrease the related activation barriers and accelerate the ion migration rate [34].
Despite many impactful reviews which have summarized the characterization of ISEs and their applications in
rechargeable lithium batteries [35–40], none of them particularly focused on the Li-S batteries. Considering the special
electrochemical property of Li-S battery, this review is to
provide an overview of major research progresses in Li-S
batteries with ISEs and extracts key points from these advancements. According to their different properties, the ISEs
used in Li-S batteries can be divided into two categories:
sulfide solid electrolytes (SSEs) and oxide solid electrolytes
(OSEs). SSEs have relatively lower hardness and better
interface contact, whose impedances of grain boundary and
electrolyte/electrode interface are able to be decreased effectively through cold pressing. This advantage renders SSEs
a good choice to fabricate all-solid-state Li-S batteries [41].
As for OSEs, due to their high hardness and bad interface
contact, high temperature annealing (over 1000 K) is indispensable to decrease the interface impedance. Under such
a high temperature, it is impossible to make solid cathode
composition because of the complex reactions between
sulfur, OSEs, and conductive additive. So, related researches
mainly focus on combining OSEs with other materials, such
as polymer and OLEs, to form hybrid electrolytes. This
review aims to analyze the core issues of Li-S batteries with
SSEs and OSEs respectively. A perspective on existing
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challenges and future directions is also presented.

2 Sulfide solid electrolyte
2.1 Introduction of sulfide solid electrolyte
Compared with O2−, S2− owns larger ionic radius. Substitution of O2− in the OSEs by S2− is able to effectively broaden
the Li+ transport bottleneck. In addition, S2− also have better polarization capability than O2−, which may weaken the
interaction between Li+ and anionic skeleton. Above characterizations are beneficial to the migration of lithium ion
and leads to higher room temperature ionic conductivities of
SSEs. According to the crystal structure and composition,
we divided SSEs used in Li-S batteries into three categories:
Li2S-P2S5 glass and glass-ceramic, thio-LISICON, and anion-doped Li2S-P2S5 (Table 1).
2.1.1 Li2S-P2S5 glass and glass-ceramic
Li2S-P2S5 glass is a kind of solid electrolyte that has received
extensive attention for Li-S batteries. The formation of glass
ceramic through annealing has been proposed to achieve
high ionic conductivities. Hayashi et al. [44] synthesized
glassy 80Li2S·20P2S5 via high-energy ball milling P2S5
and Li2S. The room-temperature ionic conductivity of this
glassy powder was about 2×10−4 S cm−1. After annealing
under 250 °C, the room-temperature ionic conductivity of
80Li2S·20P2S5 increased to 9×10−4 S cm−1, which was attributed to the increase of crystallinity.
The ionic conductivities, crystallinity, and phase structures of Li2S-P2S5 were strongly dependent on the annealing
temperature. Taking 80Li2S·20P2S5 as an example, after
annealing under 240 °C, thio-LISICON phase (such as
Li3.25P0.95S4) was achieved with very high ionic conductivity. However, while increasing annealing temperature to
500 °C, the major compositions of 80Li2S·20P2S5 glass-ceramic changed to Li7PS6 and Li3PS4 which were more
thermodynamic stable but with lower ionic conductivity
[43]. Mizuno et al. [42] found new phase generating when
70Li2S·30P2S5 glass was annealed under 240 °C for 2 h. The
as-synthesized 70Li2S·30P2S5 glass-ceramic owned a high
ionic conductivity of 3.2×10−3 S cm−1. Tatsumisago et al.
[62] further confirmed that such new phase was Li3P3S11.
They also reported that the crystallinity of Li3P3S11 was able
to be improved through increasing the annealing temperature
to 360 °C. The Li3P3S11 phase was converted into thermodynamic stable phase Li4P2S6 when the annealing temperature
was increased to 550 °C. The poor ionic conductivity of
Li4P2S6 (~10−6 S cm−1) coincided with the obvious conductivity reduction of 70Li2S·30P2S5 glass-ceramic after annealing
under 550 °C.
Besides the intrinsic nature of Li2S-P2S5 glass phase, the
interfaces are also crucial to the ionic migration. Seino et al.
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Table 1 Ion conductivities of different sulfide solid electrolytes
Composition

Classification

Conductivity at 25 °C (S cm−1)

Reference

−5

[42]

70Li2S·30P2S5

Glass

5.4×10

75Li2S·25P2S5

Glass

2.0×10−4

[43]

80Li2S·20P2S5

Glass

2.0×10−4

[44]

80(0.7Li2S·0.3P2S5)·20LiI

Glass

5.6×10

−4

[45]

95(0.8Li2S·0.2P2S5)·5LiI

Glass

2.7×10−3

[46]

56Li2S·24P2S5·20Li2O

Glass

>1.0×10−4

[47]

−4

75Li2S·21P2S5·4P2O5

Glass

>1.0×10

[48]

67.5Li2S·7.5Li2O·25P2S5

Glass

1.1×10−4

[49]

33(0.7B2S3·0.3P2S5)·67Li2S

Glass

1.4×10−4

[50]

67(0.75Li2S·0.25P2S5)·33LiBH4

Glass

−3

[51]

70Li2S·30P2S5

Glass-Ceramic

3.2×10−3

[42]

80Li2S·20P2S5

Glass-Ceramic

9×10−4

[44]

1.6×10

−4

[43]

80Li2S·20P2S5

Glass-Ceramic

7.4×10

Li7P3S11-z

Glass-Ceramic

5.4×10−3

[52]

Li7P3S11

Glass-Ceramic

1.7×10−2

[53]

Li3.25P0.95S4

Glass-Ceramic

−3

[54]

γ-Li3PS4

Crystalline

3.0×10−7

[55]

β-Li3PS4

Crystalline

1.6×10−4

[56]

Li3.25Ge0.25P0.75S4

Crystalline

2.2×10

−3

[57]

Li10GeP2S12

Crystalline

1.2×10−2

[58]

Li10SnP2S12

Crystalline

4.0×10−3

[59]

1.3×10

−2

Li11Si2PS12

Crystalline

>1.2×10

[60]

Li7P2S8I

Crystalline

6.3×10−4

[61]

[53] compacted the 70Li2S·30P2S5 glass powder under a
high pressure of 94 MPa and annealed it at 280 °C for
2 h. Compared with the 70Li2S·30P2S5 glass-ceramic after
simple cold pressing, the inner gap and grain boundary of
as-synthesized 70Li2S·30P2S5 glass-ceramic significantly reduced, which improved the interface transmission condition
of Li+. Consequently, an extra-high ionic conductivity of
1.7×10−3 S cm−1 was achieved, which was even higher than
the conductivity of conventional liquid electrolyte.
2.1.2 Thio-LISICON
Thio-LISICON is one of the most typical crystal phase
SSEs. The general chemical formula of thio-LISICON
is Li4−xA1−yByS4 (A=Si, Ge , B=Zn, Al, Pt). It was
firstly reported by Kanno and co-workers [63]. Several
thio-LISICON phases (e.g.
Li2S-GeS2, Li2S-GeS2-ZnS
and Li2S-GeS2-Ga2S3) have been fabricated and their
ionic conductivities were explored. The aliovalent substitution improves the ionic conductivity effectively.
Li4GeS4 exhibits a low room temperature ionic conductivity of 2×10−7 S cm−1. However, after the substitution
of Ge4+→Ga3++Li+, Li4.275Ge0.61Ga0.25S4 presents an ionic
conductivity as high as 6.5×10−5 S cm−1 at ambient temperature [63]. On this basis, Kanno et al. [57] further
obtained thio-LISICON Li4−xGe1−xPxS4 (0<x<1.0) through

the substitution of Ge4++Li+→P5+. According to the crystal
structure, thio-LISICON Li4−xGe1−xPxS4 could be divided
into three composition regions: region I (0<x≤0.6), region
II (0.6<x≤0.8), and region III (0.8<x<1.0). Particularly,
the thio-LISICON phase in region II (0.6<x≤0.8) showed
much higher room temperature ionic conductivities over
10−3 S cm−1 and owned special monoclinic superstructures.
Compared with Li4GeS4, higher conductivities of thio-LISICON Li4−xGe1−xPxS4 were attributed to more Li+ vacancies
created by aliovalent substitutions.
A thio-LISICON type lithium superionic conductor,
Li10GeP2S12, was reported to own an extra high room temperature ionic conductivity (1.2×10−2 S cm−1) which was
comparable to those of liquid electrolytes. The crystal
structure of Li10GeP2S12 is shown in Figure 1(a, b). The
three-dimension framework of Li10GeP2S12 is made up of
(Ge0.5P0.5)S4 tetrahedron, PS4 tetrahedron, LiS4 tetrahedron
and LiS6 octahedra. There are two kinds of tetrahedral sites
(4d and 2b) and three kinds of lithium sits (16h, 4d and 8f) in
the unit cell. The 4d tetrahedral sites are occupied by Ge and
P. The 2b tetrahedral sites, which are smaller, are occupied
by P solely. (Ge/P)S4 tetrahedron and LiS6 octahedron form
the 1D chain along c axis by sharing a common edge. The
1D chains are connected to form the three-dimensional
framework through PS4 tetrahedron which shares a common
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Figure 1 Sulfide solid state electrolytes. (a) The framework structure and lithium ions that participate in ionic conduction. (b) Framework structure of
Li10GeP2S12. Reprinted with permission from Ref. [58], copyright 2011, Nature Publishing Group. (c) Crystal structure of Li-ion conductors Li10GeP2S12. Li
atom, partially occupied Li atom, S atom, PS4 tetrahedral, and GeS4 tetrahedral (partially occupied in Li10GeP2S12) are colored green, green-white, yellow, purple
and blue, respectively. (d) Li-ion migration path in BCC sub-lattice. Li+ and S2− are colored green and yellow respectively. Reprinted with permission from
Refs. [64], copyright 2015, Nature Publishing Group (color online).

corner with LiS6 octahedron. The pathway of lithium ion is
fabricated by LiS4 tetrahedron in the 8f and 16h sites through
sharing a common edge [58]. Wang et al. [64] predicted that
Li10GeP2S12 had a body-centered cubic (BCC) anion sublattice. In the BCC lattice, Li+ migrate from one tetrahedral site
to another face-sharing tetrahedral site. Such T-T pathway
has low activation barrier, which benefits to the rapid migration of Li+.
Although Li2S-GeS2-P2S5 thio-LISICONs have extra high
room temperature ionic conductivity, their poor compatibilities with lithium metal and the high costs of germanium hindered their practical applications [65]. To overcome these
drawbacks, other sulfides, such as SnS2 and SiS2, were considered to substitute GeS2 and to render ultrafast superionic
conductors. For the Li2S-SnS2-P2S5 system, the doped Sn was
really rare in the thio-LISICON phase. Consequently, the improvement on ionic conductivity was not significant. While
for the Li2S-SiS2-P2S5 system, much more Si could be doped
in the solid solution. It was attributed to the smaller size of
Si4+ that allows Si4+ occupy 2b tetrahedral sites. Additionally,
after substituting P5+ with Si4+, the concentrate of Li+ was increased due to the charge-compensation, resulting in higher
ionic conductivity [66].
2.1.3 Anion-doped Li2S-P2S5
Doping another anion is also an effective way to increase
the conductivity of glassy electrolytes, which is called
“mixed-anion effect”. As early as 1981, Mercier et al.
[67] reported that the addition of lithium halide (LiX,
X=Cl, Br, I) contributes to the improvement of the ionic

conductivity of Li2S-P2S5 glass. The ionic conductivity
was positively related with the polarizability of the halide
(σLiI>σLiBr>σLiCl). Ujiie et al. [45,46] further investigated
that in the (100−x)(0.7Li2S·0.3P2S5)·xLiI glass, the ionic
conductivity increased as the LiI content increasing in the
(100−x)(0.7Li2S·0.3P2S5)·xLiI glass-ceramic, the introduction of LiI obviously decreased the ionic conductivity. While
in the (100−x)(0.8Li2S·0.2P2S5)·xLiI glass-ceramic, the ionic
conductivity climbed up and then declined as the LiI content
increasing, the room temperature ionic conductivity peaked
(2.7×10−3 S cm−1) when the x=5.
In addition, suitable anion doping could also improve the
stabilities of SSEs. Rangasamy et al. [61] reported that a new
phase (Li7P2S8I) was obtained through mixing β-Li3PS4 and
LiI with subsequent heat treatment. Although the room temperature ionic conductivity of as-synthesized Li7P2S8I is not
very high (6.3×10−4 S cm−1), Li7P2S8I exhibited an extremely
high electrochemical stability window with up to 10 V vs.
Li/Li+. It was advised that the I− was effectively integrated
into the solid solution, which avoids the oxidation of I−. On
the other hand, the existence of I− improved the compatibility
between SSEs and lithium metal, which was crucial for the
practical applications of SSEs in lithium metal batteries.
Most of SSEs are sensitive to moisture, indicating that
their preparation and application cannot be handled in the air
directly. To overcome this drawback, numerous researches
have been explored on partially replacing S with O to improve the stability of SSEs against moisture. Ohtomo et
al. [47] reported that partial substitution of Li2O for Li2S
in 70Li2S·30P2S5 was able to suppress the generation of
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H2S. Hayashi et al. [48] described that partially replacing
P2S5 with P2O5 decreased the H2S generation rate. However,
such kind of substitution introduced PO4 units and oxysulfide units. The non-bridging oxides may trap Li+ strongly,
which led to the decrease of the ionic conductivity. Further
investigations are still essential to improve the stability of
SSEs in moisture atmosphere but not at the cost of the ionic
conductivity.
2.2 Research progress on cathode side
Many SSEs with high ionic conductivities have been explored
on the cathode side of all-solid-state Li-S batteries owning to
their low hardness, good interface contact, as well as the feasibility in fabrication of SSEs with high ionic conductivities
through cold pressing.
In general, sulfur cathode presents three major drawbacks:
(1) the ionic conductivities and electronic conductivities of
active sulfur and discharge product Li2S are too low; (2) the
transition from S to Li2S is accompanied by huge volume
expansion (~79%) that can destroy the electrode structure;
(3) soluble high order polysulfides are produced during the
charge and discharge process in routine organic liquid electrolytes. They diffuse to anode side and react with lithium
metal to produce low order polysulfides [68–70]. Low order polysulfides are able to diffuse back to cathode side, react
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with sulfur and generate high order polysulfides again. Such
phenomenon, which is called shuttle effect, will induce capacity loss and efficiency decrease [13,15,19,26].
Although the substitution of organic liquid electrolyte with
solid electrolyte is able to avoid the shuttle effect, the other
two problems become more prominent. Due to the immobility of solid electrolytes, the huge volume change during
charge-discharge process will destroy not only the electron
pathway but also the ion diffusion channels. Additionally,
the absence of soluble redox intermediate (high order polysulfides) further aggravates the impact of the poor ionic conductivities and electronic conductivities of S and Li2S. Therefore,
it is crucial to build efficient ion-electron pathway and optimize the ion-electron transfer among active materials, solid
electrolytes, and conductive agents in all-solid-state Li-S batteries. The recent advances in the use of SSEs and conductive
additives to fibrate the cathodes of all-solid-state Li-S batteries has been described in Table 2. Significant progress has
been achieved on the capacity and cycling performance. The
efficient ion transport between active materials and SSEs is
emphatically analyzed in the following section.
Nano-crystallization and using nanostructure are important
methods to increase the ion transport between active materials and solid electrolytes. On the one hand, the ultrahigh
surface area of nanostructure allows active materials contact
with solid electrolytes sufficiently. On the other hand, the

Table 2 The performances of Li-S batteries with different SSEs
Solid electrolyte

Conductivity at
25 °C (S cm−1)

Conductive agent

Composition of
cathode

Current density
(mA cm−2)

Capacity (mA h g−1)

S/C/SE=50/10/40

6.4

1096 (1st)

S/C/SE=50/10/40

0.64

1568 (1st)

S/C/SE=50/10/40

6.4

565 (1st)

Reference

2×10

−5

60Li2S·40P2S5

2×10

−5

80Li2S·20P2S5

5×10−4

80Li2S·20P2S5 glass

2.2×10−4

MCMB+Super P

S/C/SE=5/15/2

0.074

~400 (20th)

[72]

80Li2S·20P2S5
glass-ceramic

~10−3

Acetylene black

Li2S/C/SE=25/
25/50

0.064

~700 (1st)

[73]

80Li2S·20P2S5
glass-ceramic

~10−3

Acetylene black

S/C/SE=25/25/50

1.3

850 (200th)

[74]

80Li2S·20P2S5
glass-ceramic

~10−3

Acetylene black

S/C/SE=50/21/29

0.064

1050 (50th)

[75]

Li3PS4

~10−4

CNF

S/C/SE=30/10/60

0.025

~1500 (10th)

[76]

WVA-1500

Li3PS4+5/C=2/1

0.036

700 (300th)

[77]

60Li2S·40P2S5

Li3PS4+5

3×10

Ketjen black

−5

[71]

P2S5+
0.82(Li1.5PS3.3)·
0.18LiI

3.1×10−4

Acetylene black

S/PS/C/SE=50/1
0/10/30

1.3

~1400 (100th)

[78]

Li6PS5Br

~10−3

Super P

S/C/SE=20/10/70

0.38

1080 (50th)

[79]

0.18

1190 (60th)

[80]

Li6PS5Cl +
80Li2S·20P2S5
glass-ceramic

4×10
1.3×10−3

Carbonized PVP +
Carbon black

Li6PS5Cl-Li2SC/CB/80Li2S
·20P2S5=60/10/30

Li3.25Ge0.25P0.75S4

(2–4)×10−3

Acetylene black

S/C/SE=9.25/25/50

0.013

~ 900 (10th)

[81]

Li3.25Ge0.25P0.75S4

−3

CMK-3

S/C/SE=15/35/50

0.023

~1000 (50th)

[82]

Carbon replica
CR12

S/C/SE=15/35/50

0.065

366 (20th)

[83]

Li3.25Ge0.25P0.75S4

−4

(2–4)×10

(2–4)×10−3
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poor conductivities of S and Li2S limit the depth of the electrochemical reaction, thus nano-crystallization is able to significantly improve the utilization of active materials.
Nagao et al. [73] fabricated the composite cathodes
through the pre ball milling of Li2S. As-prepared Li2S
nanoparticles owned a size of ~500 nm and uniformly dispersed in the solid electrolytes and conductive additives.
There was no obvious agglomeration of Li2S nanoparticles
after charge-discharge cycling (Figure 2(a–d)). Under a current density of 0.064 mA cm−1 (0.035 C), this kind of cathode
achieved a reversible capacity of 1000 mA h g−1. Compared with the normal cathode composition without pre ball
milling, it was found that reducing the size of active materials
had effective influence on improving the capacity, especially
under a high current density. While increasing the current
density to 6.4 mA cm−2, the cathode composition with Li2S
nanoparticles still held a capacity of 271 mA h g−1 but the
normal cathode composition only remained a capacity of
70 mA h g−1(Figure 2(e)). Nagao et al. [75] further prepared the cathode composition by mechanical milling under
155 °C, which reduced the size of Li2S nanoparticle to less
than 200 nm. On this basis, cathode composition of which
sulfur content reached up to 50% was made. In spite of
such a high sulfur content, as-prepared cathode composition
presented really high reversible capacity and cycle stability.
A capacity of 1050 mA h g−1 was achieved after 50 cycles
under 0.064 mA cm−2. In comparison, the cathode composition prepared under room temperature only had an initial
capacity of ~550 mA h g−1. A Li2S/vapor grown carbon fiber
cathode are intergrated with 78L2S·22P2S5 into a solid state
Li-S battery with a high capacity of 600 mA h g−1, 100%
coulombic efficiency, and a life of 20 cycles [84]. A MoS2
doped Li2S-P2S5 electrolyte with an ionic conductivity of
4.8 mS cm−1 was applied in an all-solid-state cell with a
discharge capacity of 1020 mA h g−1 [85].
On account of the immobility of solid electrolytes together
with the poor conductivity of Li2S and S, the ion diffusion
channels and electron pathway are separated, which indicates
lithium ions are difficult to reach the active sites where
electrochemical reactions occur. This leads to local charge
accumulation and block consequent reactions. Nanoparticles
are able to contact both solid electrolytes and conductive
additives in a small local area, which therefore overcome the
barrier and achieve mixed conducting of ion and electron.
Han et al. [80] described an effective bottom-up method to
obtain nano-sized mixture of active materials, solid electrolytes, and conductive framework for the ion-electron
mixed conducting. Polyvinylpyrrolidone, Li6PS5Cl, and Li2S
are dissolved in ethanol with subsequent co-precipitation
and high temperature carbonization. The Li2S and Li6PS5Cl
are uniformly dispersed in the carbon framework in the
form of nanoparticles (Figure 3(a, b)). The size of Li2S and
Li6PS5Cl are around 4 nm. The high-resolution transmission
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electron microscope (TEM) images (Figure 3(c, d)) confirmed the existence of ion-electron mixed conducting area in
as-prepared nanocomposite cathode. Both Li2S-Li6PS5Cl-C
and Li2S-C composites were employed in cathode. The
Li2S-Li6PS5Cl-C cathode fabricated through mixing with carbon black and 80Li2S-20P2S5 exhibited lower overpotential
than Li2S-C cathode (Figure 3(e)), indicating the ion-electron mixed conducting was able to improve the kinetics of
redox reactions in the electrode. In addition, the existence
of ion-electron mixed conducting pathways also improved
the utilization of active materials. Under a current density
of 50 mA g−1, the initial capacity of Li2S-C cathode was
only 489 mA h g−1 (the capacity in this work was calculated
based on the mass of Li2S). After 20 cycles, the capacity
rapidly declined to 49 mA h g−1. In comparison, the capacity
of Li2S-Li6PS5Cl-C cathode achieved 648 mA h g−1 initially
and held at 830 mA h g−1 after 60 cycles (Figure 3(f)) [80].
Recently, Xu and co-workers [86] coated a nanolayer
(~2 nm) amorphous sulfur on the reduced graphene oxide (rGO) (Figure 4(a–d)) and then uniformly distributed
as-prepared rGO@S composition into superionic conductor Li10GeP2S12 and acetylene black (AB) to fabricated
all-solid-state cathode. This design, on one hand, reduced the interfacial resistance and achieved high ionic
and electronic conductivities, which improved the utilization of sulfur. On the other hand, the uniform distribution of rGO@S nano-composition significantly minimized the stress/strain during cycling and protected
the cathode structure. The all-solid-state Li-S batteries,
which employed an rGO@S-Li10GeP2S12-AB cathode,
Li10GeP2S12/75%Li2S-24%P2S5-1%P2O5 bilayer solid electrolyte and lithium metal anode, showed an excellent
electrochemical performance approaching conventional
Li-S batteries with OLEs. There was no obvious capacity
decay with a high coulombic efficiency of ~100% during
the first 30 cycles at 0.05 C (Figure 4(e)). At 60 °C, high
rate capacities of 1525.6, 1384.5, 1336.3, 903.2, 502.6 and
204.7 mA h g−1 were obtained at 0.05, 0.1, 0.5, 1.0, 2.0
and 5.0 C respectively (Figure 4(f)). A high and reversible
capacity of 830 mA h g−1 was also achieved at 1.0 C for 750
cycles.
The superiority of nanostructures mainly comes from their
ultrahigh surface area, the intrinsic migration rate on the interface of solid electrolyte and sulfur is not improved. To further
increase the ion conductivity of solid state cathode composition, several routes have been proposed in order to optimize
the interface ion migration. Nagata et al. [71] compared the
capacities of all-solid-state Li-S batteries with different SSEs.
They found that the capacities were not totally positively related with the conductivities of SSEs. Although the conductivity of Li1.3PS3.3 (2×10−5 S cm−1) is much lower than that of
Li4.0PS4.5 (5×10−4 S cm−1), the capacity of Li-S battery with
Li1.3PS3.3 (1096 mA h g−1) is much higher than that with
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Figure 2 Li2S composite electrode. (a) Cross-sectional high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image and
(b) corresponding EELS map of nano-Li2S composite electrodes after 10 cycles; (c) cross-sectional HAADF-STEM image and (d) EELS maps of electrodes
before charge-discharge test; (e) discharge curves and capacities of all-solid-state lithium-sulfur batteries with nano-Li2S composite electrode and normal electrode at different current densities. Reprinted with permission from Ref. [73], copyright 2012, Royal Society of Chemistry (color online).

Figure 3 Li2S-Li6PS5Cl-C electrode. (a) Scanning electron microscopy (SEM) image of the Li2S-Li6PS5Cl-C nanocomposite. The inset shows the energydispersive X-ray spectroscopy (EDS) result. (b) The elemental mappings of carbon, sulfur, and chlorine in the composite. (c) The TEM image of the Li2SLi6PS5Cl-C nanocomposite. (d) The high-resolution TEM image of the Li2S-Li6PS5Cl-C nanocomposite, and the inset shows the EDS results at point 1 and point
2, respectively. (e) Equilibrium (open-circuit)-voltage (dashed lines) and transient voltage (solid lines) profiles versus capacity for the 1st cycle of the Li2S-C and
Li2S-Li6PS5Cl-C nanocomposite electrodes. (f) Cycling performances of the Li2S-C and Li2S-Li6PS5Cl-C nanocomposite electrodes at 50 mA g−1. Reprinted
with permission from Ref. [80], copyright 2016, American Chemical Society (color online).

Li4.0PS4.5 (565 mA h g−1).
They speculated that such
abnormal phenomenon was attributed to the activation of Li1.3PS3.3 to sulfur.
They further combined
0.82(Li1.5PS3.3)·0.18(LiI) with P2S5 to fabricate composite electrolyte. 0.82(Li1.5PS3.3)·0.18(LiI), which owned an
ultrahigh ionic conductivity of 3.1×10−3 S cm−1, was responsible forming ion pathway and P2S5 was in charge of
activing sulfur. As-prepared composite cathode showed an
ultrahigh initial capacity of 1550 mA h g−1. A capacity of
~1400 mA h g−1 was able to be maintained after 100 cycles
[78]. Although excellent performance was achieved, the
concept of activation was too ambiguous. Nagata et al.

[71] did not clearly explain the reason for the activation
of P2S5. According to following researches, we gave a
particular explanation here. Li2S reacted with P2S5 and in
situ formed Li3PS4 on the surface. Li3PS4 owned a high
ionic conductivity and the in-situ formation process helps to
optimize the contact between Li2S and Li3PS4. Under this
situation, the interface ion migration rate was accelerated
significantly, making full use of the active materials.
The electrochemical performance of a working cell can be
realized through the increased the interface ion migration rate
benefited from the nanostructured electrode. For instance,
Lin et al. [87] explored a nanocomposite Li2S electrode. In
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Figure 4 All solid state Li-S batteries with rGO@S cathode. AFM images of (a, b) amorphous rGO@S-40 composite on a Si substrate and corresponding
height profiles at (c) Line 1 and (d) Line 2 in (b). (e) Cycling performances of the amorphous rGO@S-40 composite by subtracting the Li10GeP2S12 contribution.
(f) Galvanostatic discharge/charge profiles for the amorphous rGO@S-40 composite in all solid-state Li-S battery under different C rates at 60 °C. Reprinted
with permission from Ref. [86], copyright 2017, Wiley-VCH (color online).

details, S reacted with Li(CH2CH3)3BH in tetrahydrofuran (THF) to form Li2S nano particles. The as-prepared
nano-Li2S then reacted with P2S5 directly and was covered
with a Li3PS4 shell into lithium superionic sulfide cathode
(LSS cathode, Figure 5(a)). The room temperature ionic conductivity of nano-Li2S raised about four orders of magnitude
(Figure 5(b)), which proved that the solid electrolyte shell
significantly increased the ion migration rate. The cathode
using such Li3PS4 covered nano-Li2S exhibited a high initial
discharge capacity of 848 mA h g−1 (the capacities in this
work were all based on the mass of Li2S) and maintained
~594 mA h g−1 after 100 cycles at 0.1 C under 60 °C. In comparison, the cathode using normal nano-Li2S only rendered
an initial discharge capacity of 569 and 402 mA h g−1 after
100 cycles (Figure 5(c)). Additionally, comparing their
charge-discharge curve, it could be found that the batteries
using Li3PS4 covered nano-Li2S as cathode exhibited lower
overpotential (Figure 5(d)), which was ascribed to the higher
interface ion migration rate [87].

Besides raising the interface ion migration rate, it is also
important to improve the ionic conductivities of active materials (S and Li2S). According to Lin et al.’s work [77], S
was able to react with Li3PS4 in THF to form lithium polysulfidophosphates Li3PS4+n (0<n<9) (Figure 6(a)). As-prepared
lithium polysulfidophosphates owned an ionic conductivity
of 3×10−5 S cm−1 at 25 °C, which was much higher than those
of S and Li2S (~10−13 S cm−1) (Figure 6(c)). Due to the outstanding ionic conductivity, Li3PS4+5 was able to act both active materials and solid electrolyte. The all-solid-state Li-S
batteries employing Li3PS4+5 as cathode composition delivered high capacities and excellent cycle stabilities. A discharge capacity of 1272 mA h g−1 at 0.1 C was achieved for
the first cycling at room temperature. The capacity stabilizes at ~700 mA h g−1 after 300 cycles. At 60 °C, higher
initial capacities of ~1400 mA h g−1 and stable capacities of
~1200 mA h g−1 were obtained (Figure 6(d)). According to
the result of Raman spectra (Figure 6(e)), it was believed that
there were breakage and reformulation of S–S bond during
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Figure 5 Lithium superionic sulfide cathode (LSS cathode). (a) The cycling performance at 0.1 C. The inset is the scheme of the forming process of Li3PS4
coating. (b) Temperature dependency of ionic conductivities of the bulk Li2S, nano-Li2S, and LSS. (c) The cycling performances and (d) voltage-capacity
profiles of nano-Li2S cathode and LSS cathode [87]. Reprinted with permission from Ref. [87], copyright 2013, American Chemical Society (color online).

Figure 6 Li3PS4+5 electrolyte. (a) Reaction of sulfur with Li3PS4 yields Li3PS4+n in THF. (b) The electrochemical reaction mechanism for charge and discharge
of Li3PS4+n (reversible scission and formation of S–S bonds). (c) Temperature dependency of ionic conductivity of Li3PS4+5 and Li2S. (d) The cycling performance of Li3PS4+5 cathode at the rate of 0.1 C at room temperature and 60 °C (pink/red: charge; black/blue: discharge). (e) Raman spectra of the Li3PS4+5
electrode before cycling (black line), at the end of first discharge cycle (red line), and at the end of first charge cycle (blue line). ◇: peaks from the S–S bond in
Li3PS4+5; ▽: peaks from the P–S bond in Li3PS4; ☆: the peak of Li2S. Reprinted with permission from Ref. [77], copyright 2013, Wiley-VCH (color online).
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charge and discharge, which partially proved that the conversion between Li2S, Li3PS4 and Li3PS4+n was reversible during
the cycling [77]. Tanibata et al. [88] described amorphous
P2S5+x species can be achieved through mechanically milling
S, P2S5 and Ketjen black, and the as-obtained all-solid-state
Li-S batteries exhibited a capacity of 942 mA h g−1 at
0.64 mA cm−2. Recently, Tu and co-workers [89] described
a Li7P2.9Mn0.1S10.7I0.3 glass-ceramic electrolyte with an ionic
conductivity of 5.6 mS cm−1, which afforded a Li-S cell with
a large capacity of 796 mA h g−1 at 0.05 C. Liu and co-workers [90] proposed a polyethylene glycol-graphene oxide
mixture as solid electrolyte for an all-solid-state lithium-sulfur battery. The cell exhibits a high initial discharge capacity
of 1225 mA h g−1 at 0.2 C and good cycling stability with a
retention of 86.6% after 100 cycles at 2 C and 80 °C.
2.3 Research progress on anode side
Lithium metal anode is another grand challenge for the development of Li-S batteries [91–93]. The research on lithium
metal anode can be traced back to 1970s [94]. However,
there is still a long way to perfectly solve the problems of
lithium metal anode [95,96]. Lithium metal is considered
as an ideal anode material due to its high theoretical specific capacity of 3860 mA h g−1 and lowest redox potential of
−3.04 V vs. SHE [97]. However, there are many drawbacks
on Li metal anode in a working cell. The uneven plating/stripping of lithium induces the formation of dendrites [98,99].
Dendrites may pierce the separator and lead to internal short
circuit. Additionally, lithium metal is unstable with the conventional OLEs used in Li-S batteries. On the one hand, the
reactions between lithium and organic liquid electrolyte reduce the cycle efficiency of lithium metal anode [100]. On
the other hand, excess electrolyte is needed due to the continuous dissipation, which reduces the capacity density of the
whole battery [31,101,102]. In all-solid-state Li-S batteries,
the above challenges of lithium metal anode are still considerable [103]. Previous researches on the anode side mainly focused on the stability of SSEs with lithium, the ion migration
on the interface of SSEs and lithium, and the even deposition
of lithium [104–107]. The high density nuclearation and unifom plating of Li metal are highly concerned [108–110]. It is
worth noting that these three aspects are correlative and codetermine the compatibility between SSEs and lithium metal.
Tatsumisago and co-workers [111] found that the
impedance of resting Li/80Li2S·20P2S5/Li symmetric cell
initially increased and then became stable over time. Yamada
et al. [76] found similar phenomenon while investigating
Li3PS4. They attributed the initial impedance increase to
the reaction between SSEs and lithium metal. A stable
interphase was considered being formed and preventing
further reaction, which ensured the stability between SSEs
and lithium metal.
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However, above-mentioned stability may be not suitable
for the batteries during charge and discharge. The deposition state of lithium, the distribution of stable interface, and
the diffusion of ions and electrons are also needed to be considered. Dendrites might destroy the incompact interphase so
that the interphase could not play an effective role in preventing the reaction between SSEs and lithium metal.
Yamada et al.
[76] compared the electrochemical
impedance spectroscopy (EIS) of Li/Li symmetric cell using
Li3PS4 with that of the Li/Li symmetric cell using conventional OLEs. It was found that while using conventional
OLEs, the charge transfer resistance (Rct) had very little
change after the stripping-deposition of lithium. However,
the Rct of Li/Li symmetric cell using Li3PS4 decreased a lot
after the same treatment. They then calculated the exchange
current density i0 of these two kinds of symmetric cells
before and after the stripping-deposition of lithium at different temperatures. The activation energy of ion migration
was further obtained based on the i0. Consistent with the
Rct, the activation energy of symmetric cell using OLEs
changed very little (from 68.4 to 67.6 kJ mol−1) after the
stripping-deposition of lithium, but the activation energy of
symmetric cell using Li3PS4 decreased a lot (from 52.1 to
44.5 kJ mol−1). Following explanation was given by Yamada
et al. [76]: employing solid electrolyte, the original solid
electrolyte interphase (SEI) on the surface of lithium was
destroyed during the stripping-deposition and the lithium
directly contacted the solid electrolyte, which led to the
significant reduction of activation energy. In the liquid
electrolyte, an additional organic SEI was formed after the
original SEI being destroyed [112,113], so the activation
energy changed little. Although Yamada et al. ignored the
reaction between Li3PS4 and lithium, there is no denying that
the stable interphase between lithium and solid electrolyte
would be destroyed under uncontrolled stripping-deposition
of lithium. It might somehow reduce the resistance of ion
migration, but such an unstable interface would intensify
the uneven deposition of lithium and cause the continuous
dissipation of both electrolyte and lithium anode.
Sufficient and effective interfacial contact between SSEs
and lithium metal was beneficial to the uniform deposition of
lithium and extraordinary stability. Nagao et al. [114] covered a lithium thin film on the surface of 80Li2S-20P2S5
pellet through vacuum evaporation (Figure 7(d)). The Li/Li
symmetric cell with such modified 80Li2S-20P2S5 pellet
electrolyte was very stable during galvanostatic cycles. In
comparison, the voltage of Li/Li symmetric cell with a
conventional 80Li2S-20P2S5 pellet electrolyte significantly
varied during cycles (Figure 7(e, f)), which is originated
from the unstable interfaces.
Besides employed in all-solid-state Li-S batteries, SSEs
also exhibited the potential of fabricating functional interphases to stabilize the lithium anode in routine Li-S batteries
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Figure 7 Li3PS4 solid electrolyte cells. (a) Rct for both liquid and Li3PS4 solid electrolyte cells before and after the stripping-deposition cycles. (b) EIS of solid
(blue) and liquid (red) electrolyte symmetrical Li/Li cells at −20 °C. (c) Temperature dependence of the exchange current density i0 for a Li/Li+ redox couple
in the Li3PS4 solid (blue squares) and the liquid (red triangles) electrolytes. The solid and open symbols refer to i0 before and after a galvanostatic strippingdeposition cycle, respectively. Reprinted with permission from Ref. [76], copyright 2015, The Electrochemical Society. (d) SEM image of cross-section of the
solid electrolyte (SE) layer with a lithium thin film. Galvanostatic charge-discharge curves of Li/Li symmetric cells with (e) unmodified solid electrolyte and
(f) thin lithium coated solid electrolyte. Reprinted with permission from Ref. [114], copyright 2012, Elsevier (color online).

with OLEs. Recently, our group [115,116] reported a kind of
sulfurized SEI. Compared with routine SEI, sulfurized SEI
attached on Li metal anode renders a very high ionic conductivity [117]. The ion pathways in sulfurized SEI were uniform and very abundant, which is beneficial to the even stripping-deposition of lithium. This significantly enhances the
cycle performance of lithium metal anode. The coulombic
efficiency of Li/Cu coin cell with sulfurized SEI was around
98% after 200 cycles under 1.0 mA cm−2 [118]. The regulation of the composition of SEI is a prospective way to stabilize the interface and guide the even stripping-deposition of
lithium, which is crucial for both all-solid-state Li-S batteries
and conventional Li-S batteries with OLEs.

3 Oxide solid electrolyte
Oxide solid electrolyte is another large family in the ionic
materials with rapid ion diffusion channels. The oxide solid
electrolyte has been strongly considered for solid state Li
metal batteries. This section summarized three types of oxide solid electrolyte in the following: perovskite-type, NASICON-type and garnet-type to focus on their application in
Li-S batteries.
3.1 Introduction of oxide solid electrolyte
3.1.1 Perovskite-type
The general formula of ideal perovskite structure is ABO3.
It owns cubic unit cell and belongs to space group Pm3m.
A ions, B ions, and oxygen anions locate at the corners,
body-centers, and face-centers of the cube respectively. A
sites and B sites are in 12-fold coordination (AO12) and

6-fold coordination (BO6) respectively. AO12 and BO6 share
corners with each other. Through aliovalent doping, lithium
ions are able to be introduced in the A sites of perovskite
structure. At the same time, A-site deficient structure (e.g.
Li3xLa2/3−x□1/3−2xTiO3) is formed. It is obvious that the concentrations of both lithium and vacancy are raised [119], which
significantly increases the ionic conductivity. In A-deficient
perovskite structure, Li+ can diffuse by jumping to adjacent
vacancy in the ab plane through a square planar bottleneck
formed by the oxygen on the corners of BO6 (Figure 8(a))
[120]. The introduction of large size ions, such as rare-earth
metal ions and alkaline-earth metal ions, is an efficient
method to increase the bottleneck size and accelerate the
Li+ migration. As increasing the size of rare-earth metal
ions (Sm3+<Nd3+<Pr3+<La3+), higher ionic conductivity and
lower activation energy are achieved [121]. Li0.34La0.56TiO3
exhibits the highest ionic conductivity of 10−3 S cm−1 at room
temperature in the family of perovskite materials. Besides
of the size of bottleneck, the interaction between B-site
cation and coordinated oxygen anion also affects the ionic
conductivity. Weakening their bond strength increases the
ionic conductivity. However, it is only suitable for a narrow
concentration range of Ti4+ substitution by Al3+ and display
little practical value [122].
3.1.2 NASICON-type
The general formula of NASICON-type lithium ion conductor is Li1+6xM4+2−xM¢3+x(PO4)3 (M=Ti, Ge, Sn, Hf, or Zr and
M¢=Cr, Al, Ga, Sc, Y, In, or La). Most of them have a
rhombohedral unit cell and belong to space group R3m. Several monoclinic and orthorhombic phases have been reported
[123,124]. There are two different Li-sites (M1 and M2) in
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the structure. The M1 sites locate between two MO6 octahedra directly and are 6-fold coordinated. The M2 sites locate two columns of MO6 octahedras and are 8-fold coordinated. These Li-sites are partially occupied by Li+ and the
Li+ migration in NASICON structure is achieved by Li+ hopping between M1 sites and M2 sites. Additionally, vacancies at the interaction of above-mentioned Li+ pathway are
requested to fabricate the three-dimensional pathway for Li+
(Figure 8(b)) [125–127]. To increase the ionic conductivity
of NASICON-type lithium ion conductor, there are two main
strategies. Firstly, increasing the size of the network, especially the bottleneck size, is able to significantly raise the
ionic conductivity. It was found that the activation energy
of Li+ migration decreased linearly with the increase of bottleneck size between the M1 and M2 sites. Using larger M
cation is able to expand the bottleneck and increase the ionic
conductivity. For example, replacing the Ge4+ (0.53 Å) and
Ti4+ (0.605 Å) in LiMM¢(PO4)3 with Hf4+ (0.71 Å) is able to
increase the ionic conductivity up to 4 orders of magnitude
[128]. Secondly, substituting the M¢4+ with M¢3+, such as Al3+
and Sc3+, is an effective way to increase the ionic conductivity.
Such aliovalent substitution is able to increase the concentration and mobility of Li+. However, the substitution level is
limited to 15% because of the huge radius mismatch. A secondary phase is formed while going beyond this level [129].
Besides high ionic conductivity, another advantage of NASICON-type lithium ion conductors is their high stability. They
are stable with air and water. Their electrochemical stability
at high potential is also excellent [130], which is beneficial
to their practical applications in high power density battery
systems.
3.1.3 Garnet-type
The general formula of garnet structure is A3B2(XO4)3. It
owns cube unit cell and belongs to space group 1a3d . A
cations locate in 8-fold coordinated antiprismatic sites, and
B cations locate in 6-fold coordinated octahedral sites. Conventionally, the lithium ions in garnet-type ion conductor occupy the tetrahedral positions. More lithium ions are able
to be introduced through adjusting the valence of A and B
cations. For instance, replacing La3+ with divalent cations and
M with Zr4+ in Li5La3M2O12 is able to obtain higher lithium
ion concentrations. These extra lithium ions occupy other
sites besides tetrahedral positions, such as distorted octahedral positions (Figure 8(c)). Normally, it was thought that
higher Li+ concentration leads to the faster lithium-ion conduction. However, the aliovalent substitution regulates the
distribution of lithium ions in the tetrahedral and distorted octahedral positions [131,132], which is another reason for the
rise of ionic conductivity. For instance, the ionic conductivity increases by nine orders of magnitude from Li3Ln3Te2O12
to Li7La3M2O12 [112]. Such huge improvements were ascribed to not only the increase of lithium ion concentration,
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also the lithium ions occupying the distorted octahedral positions, which accelerated the ion migration rate and leads to
higher ionic conductivity. Additionally, cubic structure was
crucial to achieve high ionic conductivities for certain garnet-type lithium ion conductors. The Li7La3Zr2O12 (LLZO)
is a kind of garnet-type lithium ion conductor and has been
widely used in the research of solid state batteries. Undoped
LLZO owns tetragonal structure. Aluminum doping is able
to stabilize LLZO in the cubic form and enhance the ionic
conductivity by two orders of magnitude [133]. Additionally,
the formation of LiAlSiO4 and LiGaO2 at the grain boundary
also contributed to the high ionic conductivities of Al-doped
LLZO [134] and Ga-substituted LLZO [135].
Furthermore, garnet-type lithium ion conductors render
high thermal stabilities up to 900 °C. They are also stable
when contacting lithium metal, which makes them a good
candidate of solid electrolyte in lithium metal batteries [136].
3.2 The application in Li-S batteries with hybrid electrolyte
Unlike SSEs, OSEs exhibit high hardness and poor interface contact with electrodes. High temperature (>1000 K) annealing is indispensable to reducing interfacial resistance and
achieving considerable ionic conductivity. However, sulfur
cathode cannot bare such a high temperature. Consequently,
it is unpractical to make all-solid-state Li-S batteries with
OSEs only. OSEs were widely applied to fabricate hybrid
electrolytes for Li-S batteries.
Wen and co-workers [137] firstly exploited an inorganic
solid electrolyte, Li1.5Al0.5Ge1.5(PO4)3 (LAGP), as an interlayer for fabricating a Li-S battery with hybrid electrolyte,
lithium metal as anode and Ketjen black-sulfur composition
as cathode (Figure 9(a)). The 1.0 M LiN(CF3SO2)2 (LiTFSI)
in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME)
(1:1, v/v) organic liquid electrolyte was applied to connect the
electrode and the solid electrolyte interlayer. The as-prepared
hybrid electrolyte Li-S batteries exhibited initial discharge
capacities of up to 1528, 1386, and 1341 mA h g−1 at C/20,
C/5, and C/2 respectively (Figure 9(b)). In comparison,
initial discharge capacities of liquid electrolyte Li-S batteries reach merely 719, 578, and 467 mA h g−1 respectively
at the same rate (Figure 9(c)). Additionally, there were
obvious overcharge in the liquid electrolyte Li-S batteries
due to the shuttle effect. Figure 9(d) exhibits the cycle
performances of hybrid electrolyte Li-S battery and liquid
electrolyte Li-S battery. The reversible capacity remained at
720 mA h g−1 after 40 cycles at C/5 for Li-S batteries with
hybrid electrolytes. An excellent columbic efficiency of
around 100% was achieved. The solid electrolyte interlayer
effectively hindered the diffusion of polysulfides and the
shuttle effects were therefore eliminated. Recently, Yu et al.
[138] applied another NASICON-type lithium ion conductor,
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Figure 8 (a) Crystal structure of Li3xLa2/3−x□1/3−2xTiO3 (⃝=La, Li or vacancies in position (0, 0, 0); ⃝=La, Li or vacancies in position (0, 0, ½); lines represent
the unit cell).. Reprinted with permission from Ref. [120], copyright 1996, Elsevier. (b) Rhombohedral structure of NASICON materials in which M1, M1/2,
and M2 sites are susceptible to be occupied by lithium. Reprinted with permission from Ref. [126], copyright 2005, American Physical Society. (c) The crystal
structure of a conventional garnet A3B3C2O12 where octahedra indicate CO6 units and black and grey spheres represent A and B cations respectively. In addition
to the three C sites occupied in conventional garnets, suitable sites for lithium cations in Li5La3M2O12 include the six octahedral and two trigonal prismatic
sites indicated. 18 selected positions for these two additional coordination sites are indicated by transparent spheres within the garnet unit cell. Reprinted with
permission from Ref. [132], copyright 2010, Royal Society of Chemistry.

Figure 9 The Li-S cell with hybrid electrolytes. (a) Schematic illustration. Voltage versus specific charge-discharge capacity profiles of initial galvanostatic
cycles of Li-S cells with (b) hybrid electrolyte and (c) liquid electrolyte at C/2, C/5 and C/20 rates. Cycling performance and coulombic efficiency of Li-S cells
with (d) hybrid electrolyte and (e) liquid electrolyte. Reprinted with permission from Ref. [137], copyright 2014, Royal Society of Chemistry (color online).

Li1+xYxZr2−x(PO4)3 (LYZP), as a solid-electrolyte/separator to
suppress polysulfide-crossover in Li-S batteries. LYZP exhibited both favorable chemical compatibility with lithium
sulfides and excellent electrochemical stability under the operating condition. The hybrid electrolyte Li-S batteries were
prepared with a lithium-foil anode and a dissolved polysulfide
(Li2S6) cathode (named as catholyte). The LYZP membrane
was introduced to separate the lithium anode and the poly-

sulfide catholyte. A piece of polypropylene (PP) thin film
was inserted between LYZP membrane and lithium anode to
build up a facile ionic interface. The hybrid electrolyte Li-S
batteries developed in this work delivered an initial discharge
capacity of ~1000 mA h g−1 (based on the active sulfur material) and retained ~90% of the initial capacity after 150 cycles
at a rate of 0.2 C. Judez et al. [139] fabricated of polymer-rich
PEO/lithium bis(fluorosulfonyl)imide composite electrolytes

Downloaded to IP: 166.111.34.34 On: 2017-11-17 13:49:50 http://engine.scichina.com/doi/10.1007/s11426-017-9164-2

14

Sun et al.

containing either Li-ion conducting glass ceramic or inorganic Al2O3 were applied as hybrid electrolyte for Li-S cells.
The cells with Al2O3 additive working at 70 °C exhibited a
discharge capacity of 518 mA h g−1 and 0.53 mA h cm−2 with
a Coulombic efficiency of more than 99% at the end of 50
cycles. A mixture of carbon black, metal organic framework
(MIL-53(Al)), PEO, and LiTFSI are employed as an interlayer with electronic conductor and solid polymer electrolyte
between cathode and electrolyte in a solid state Li-S batterie
[140]. The as-obtained cell at 80 °C exhibited have a high
capacity of 792.8 mA h g−1 after 50 cycles at 0.5 C.
The hybrid electrolyte with liquid electrolyte has the
risk of leakage and evaporation. Replacing liquid electrolyte with polymer is an effective strategy to overcome
this issue. Wen and co-workers [141] designed a facile
gel-ceramic multi-layer electrolyte for Li-S batteries. The
multi-layer electrolyte was composite of a LAGP ceramic
layer and a poly(ethylene oxide) (PEO) based gel-polymer
electrolyte (GPE) (gel-forming liquid electrolyte 1 M LiTFSI
TEGDME) (Figure 10(a)). The LAGP solid electrolyte was
employed to block the polysulfides on the cathode side and
control the shuttle effect. The PEO-based GPE provided
sufficient flexibility to maintain a low interfacial resistance.
At the same time, this avoided the leakage and evaporation of electrolyte. The LAGP and the GPE are stuck well
(Figure 10(b, c)), which provides the access to the fast ion
migration on the interface. The commercial carbon paper
kept porous when filled with GPE, which made it possible
to further improve the liquid uptake. The Nyquist plot was
composed of two partially overlapped semicircles in high and
medium frequency regions, and a straight slopping line in
low frequency region (Figure 10(d)). The semicircle in high
frequency region was probably derived from the interfacial
contact resistance between the gel electrolyte and the solid
electrolyte. The semicircle at medium frequency region
corresponded to the charge transfer resistance. The inclined
straight line in low frequency region reflected the lithium
ion diffusion within the electrode. With the gel-ceramic
multi-layer electrolyte, an excellent battery performance with
high capacity, high coulombic efficiency and good cycling
stability was achieved. Initial discharge capacities of 1376,
1249, 1058, and 725 mA h g−1 were obtained at the rate of
C/20, C/10, C/5, and C/2, respectively (Figure 10(e)). The
specific capacity remained at 700 mA h g−1 after 300 cycles
at C/2.
Recently, Cui and co-workers [142] reported a facile
synthesis of Al3+/Nb3+ co-doped cubic LLZO nanoparticles
and LLZO nanoparticle-decorated porous carbon foam
(LLZO@C) by the one-step Pechini sol-gel method. The
LLZO nanoparticles were added into PEO to fabricate hybrid electrolyte (Figure 11(a)). Compared with filler-free
samples, the LLZO nanoparticle-filled PEO electrolyte
(LLZO-PEO-LiClO4) exhibited high ionic conductivity.
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Through adjusting the concentration of LLZO nanoparticles
in PEO, the highest ionic conductivities of 9.5×10−6 and
1.1×10−4 S cm−1 were obtained at 20 and 40 °C respectively (Figure 11(b)). The solid-state Li-S battery with
LLZO-PEO-LiClO4 as electrolyte, S@LLZO@C as cathode,
and lithium metal as anode delivers an attractive specific
capacity of over 900 mA h g−1 based on the mass of sulfur
at 37 °C, which is much higher than routine C@S cathode
(Figure 11(c, d)). Figure 11(e) exhibited the cycling performance of as-prepared solid-state Li-S batteries. The capacity
decay mainly took place in the initial several cycles and
the capacity retention was able to reach as high as 98.7%
after 90 cycles compared to the 10th cycle. Besides, the
coulombic efficiency approached ~100% during the cycling,
although the corresponding coulombic efficiencies for the
initial several cycles were higher than 100%, which was
attributed to the irreversible electrochemical reaction of Li2S.
The excellent electrochemical performance resulted from
the rational design of the composition cathode and solid
electrolyte, in which the LLZO nanoparticles performed
as both the filler to improve the ionic conductivity and the
interfacial stabilizer to reduce the interfacial resistance.
Recently, Tao and co-workers [143] further described the
exploration of poly(ethylene oxide) based solid-state polymer electrolytes containing ionic liquid grafted ZrO2, TiO2,
and SiO2 nanoparticles for Li-S batteries. The ionic liquid
grafted ZrO2 system exhibited the largest ionic conductivity
of 2.32×10−4 S cm−1 at 37 °C, which affords a Li-S battery
with the hybrid electrolyte a high specific capacity of 986
and 600 mA h g−1 at 50 and 37 °C, respectively.
Very recently, Hu and coworkers [144] demonstrated in
lithium sulfur battery system a three-dimensional bilayer garnet type LLZO solid-state electrolyte, which composed of a
thin dense layer and a thick porous layer. The dense layer
avoided the penetration of lithium metal, enabling the safety
of the anode. The thick porous layer acted simultaneously
as a mechanical support for the thin dense LLZO, and as a
3D host for sulfur cathode materials, providing pathways for
continuous ion transfer. This structure effectively eliminated
shuttle effect in lithium sulfur cells and contributed to an high
coulombic efficiency above 99%. The 3D solid electrolyte
also enabled the high areal loading of sulfur into the porous
layer. An intermediary Li-Al alloy that regulates the lithiophobic to lithiophilic garnet surface and reduces the resistance at interfaces is verified and applied in solid Li-S batteries [145]. An initial discharge capacity of 1532 mA h g−1 and
a 90.6% coulombic efficiency are achieved. Both very high
discharge capacity and >99% coulombic efficiency are obtained based on the garnet effectively blocks the shuttle of
polysulfides in working Li-S batteries. This work shed some
lights on the smart-designed interface between OSEs and sulfur cathodes. Zhang and co-workers [146] described a flexible anion-immobilized PEO-LiTFSI-LLZTO composite
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Figure 10 Li-S cell with gel-ceramic multi-layer electrolyte. (a) Schematic illustration; (b) SEM image of the cross section of the gel-ceramic multi-layer
electrolyte; (c) SEM image of porous carbon paper soaked with the gel-polymer electrolyte; (d) Nyquist plot of the Li-S cell at the fully charged state and the
inset shows the proposed equivalent circuit for the Li-S cell; (e) initial discharge/charge profiles at C/20, C/10, C/5 and C/2 rates. Reprinted with permission
from Ref. [141], copyright 2016, Royal Society of Chemistry (color online).

Figure 11 All solid-state Li-S battery based on LLZO electrolyte. (a) Schematic illustration. (b) Arrhenius plots of the conductivity of nanocomposite LLZOPEO-LiClO4 with different LLZO concentrations. The inset is an optical photograph of a red LED lightened by the solid-state Li-S batteries between the
fingers. (c) Typical charge/discharge curves of the first, 20th, and 80th cycles of the S@LLZO@C cathode with a current density of 0.05 mA cm−2 at 37 °C. (d)
Typical charge/discharge curves of the S@LLZO@C and S@C cathodes with of 0.1 mA cm−2 at 50 °C. (e) Cycling performance and Coulombic efficiency of
the S@LLZO@C cathode with a current density of 0.05 mA cm−2 at 37 °C. Reprinted with permission from Ref. [142], copyright 2017, American Chemical
Society (color online).
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electrolyte to inhibit Li dendrites and construct safe all solid
state rechargeable batteries. The exploration of an anion-immobilized composite solid state electrolyte renders a promising opportunity for next-generation safe and flexible Li-S batteries [147,148].
Furthermore, multi-functional layers which were composed of solid electrolytes and conductive carbon materials
were investigated in several recent works. Jin et al. [149] explored a mixed conductive coating layer composed of LAGP,
Super P, and polyvinylidene fluoride (PVDF) and introduced
it on the surface of a sulfur electrode. This coating layer
was desired to suppress the diffusion of polysulfides and
achieve the efficient utilization of active materials at the
same time. The protected sulfur cathode delivered an initial
specific capacity of 1236 mA h g−1 at 0.5 C and maintained a
capacity of 842 mA h g−1 after 100 cycles which was about
200 mA h g−1 higher than the pristine cathode without mixed
conductive coating. The rate performance of the protected
cathode in a soft package battery was also tested. A specific
capacity of 982.2, 931.2, and 758.7 mA h g−1 were obtained
at the current densities of 1.0, 2.0, and 5.0 A g−1 respectively.
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Even at 10 A g−1, a specific capacity of 355 mA h g−1 was
achieved, which was an ultrahigh rate performance for soft
package Li-S batteries. Wen and co-workers [150] further
described an interface modified hybrid electrolyte. A carbon
coating layer facing sulfur cathode was introduced on one
side of solid electrolyte LAGP (Figure 12(a)). This carbon coating was composed of acetylene black and carbon
nanotube (CNT) at the ratio of 3:1 (w/w) and was about
5 μm thick on average (Figure 12(b)). The carbon coating
layer exhibited a much lower contact angle than the uncoated
solid electrolyte (Figure 12(c, d)). The improved wettability
was beneficial to the conversion of the dissolved polysulfides
at the three-phase boundary between carbon, sulfur, and electrolyte. Much higher capacities and significantly improved
cycling stability are achieved for the Li-S batteries with the
carbon coated solid electrolyte due to the facilitated conversion of redox reaction. The Li-S batteries containing carbon
coated solid electrolyte delivered an initial specific capacity
of 1409 mA h g−1 and remained at 1000 mA h g−1 after 50
cycles at the rate of 0.2 C, which were much higher than
those of the Li-S batteries with pristine solid electrolyte

Figure 12 Li-S battery configuration with a carbon-coated LAGP electrolyte. (a) Schematic illustration. (b) SEM image of the cross section of the carboncoated LAGP. Contact angle snapshots for Li2S8/tetraethyleneglycol dimethylether (TEGDME) on (c) pristine LAGP and (d) carbon-coated LAGP. (e) Cycling
performance of the Li-S cells. Reprinted with permission from Ref. [150], copyright 2017, Elsevier (color online).
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(Figure 12(e)). Additionally, it is worth noting that both batteries exhibited superb coulombic efficiencies of approaching 100% because the shuttle effect was totally suppressed in
these hybrid electrolyte Li-S batteries.

4 Conclusions and perspective
The inorganic solid electrolytes play an important role in
safe Li-S batteries. In particular, SSEs and OSEs are applied
in different ways due to their different physical and electrochemical properties.
For SSEs, they are mainly applied in all-solid-state Li-S
batteries, which renders them face the challenges from both
cathode side and anode side. On the cathode side, the poor
electrical and ionic conductivities of S and Li2S become more
serious due to the immobility of solid electrolyte and the absence of soluble redox intermediates. It is crucial to fabricate an efficient electron and ion pathway inside the cathode.
To achieve this target, previous researches mainly focused on
the following strategies: Firstly, nanocrystallized and nanostructured frameworks were used to increase the contact area
among active materials, solid electrolytes, and conductive additives. Secondly, the interfacial condition of active materials and solid electrolyte was optimized via in-situ reaction,
ex-situ interface modification etc. Consequently, the interfacial migration rate was raised. Thirdly, novel active materials
with considerable ionic conductivities were able to be synthesized through the complex reactions between sulfur and
SSEs, which might solve the problem essentially. On the
anode side, the interfacial compatibility between SSEs and
lithium metal is the core issue. The interfacial ion migration
and the stripping-deposition state of lithium are also considerable. The incorporation of well-designed interface layer between SSEs and lithium metal anode affords the feasibility
towards the compatible SSEs into lithium metal batteries.
For OSEs, they are mainly applied to fabricate hybrid electrolyte for Li-S batteries. The interfacial contact between
OSEs and electrodes can be significantly enhanced by the incorporation of OSEs with polymer or liquid electrolyte. The
OSEs always played a critical role of hindering the migration
of polysulfides and regulating the shuttle of intermediates in
working Li-S batteries. Combining OSEs layer with carbon
materials was also explored to promote the redox transition
of Li-S reaction.
In spite of above research progresses, there are large open
space remained to be exploited in the field of ISEs for Li-S
batteries. For instance, it is a grand challenge to fabricate effective ion-electron hybrid conduction pathways for the composite cathode of all-solid-state Li-S batteries. It is rewarding to carry out further investigations on the reactions between sulfur and SSEs from the viewpoint of chemistry and
materials science. On the anode side, the rational physical
or chemical modification on the surface of SSEs is strongly
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considered to improve the compatibility between SSEs and
lithium metal. In addition, considering that lots of OSEs are
stable with lithium metal, hybrid electrolytes with SSEs on
the cathode side and OSEs on the anode sides will be suitable
for all-solid-state Li-S batteries.
At present, the practical applications of ISEs for Li-S
batteries are staying at the early stage of the scientific research and engineering development. There are numerous
challenges and opportunities in this research field. More
fundamental understandings on the materials and energy
chemistry are crucial for further rational design of solid state
electrolyte for safe Li-S batteries.
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