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Thirty years ago, the ASSLBs lost out 
in the competition with the organic-
electrolyte Li-ion batteries due to the rela-
tively low ionic conductivity of the solid 
electrolytes.[3–4] Significant progress has 
been achieved recently on improving the 
ionic conductivity of solid electrolytes. 
Kanno’s group developed a sulfide solid 
state electrolyte that has a higher ionic 
electrolyte (2.5 × 10−2 S cm−1) than that 
of the liquid ones.[5–6] Driven by the high 
thermal stability, high energy density, 
easy packaging of ASSLBS, Toyota, Sakti3, 
Bolloré, Solid Energy, etc.[7] are devoted to 
promoting the application of ASSLBs in 
electric vehicles and electronic devices.

Although the sulfide electrolytes offer 
great opportunity for ASSLBs to apply in 
electrochemical energy storage systems, 
challenges such as the narrow electro-
chemical stability window, poor chemical 
compatibility with electrodes, and poor 

mechanical properties should also be considered.[8–10] Herein, 
we focus on the sulfide electrolytes. We begin by discussing the 
different categories and the synthesis methods of the sulfide 
electrolytes. Then, the critical properties of bulk solid electro-
lytes (electronic conductivity, electrochemical window, air sta-
bility) and interfacial properties (chemical and electrochem-
ical stability with electrodes) are emphasized. The efficient 
approaches to overcome these issues are discussed. Finally, 
we conclude by our perspective and recommendations on the 
future development of sulfide-based ASSLBs.

2. Sulfide Electrolytes

The history of solid-state ionic conductors can be dated back to 
1960s, when β-alumina was used in high temperature sodium-
sulfur batteries.[9] Oxide solid electrolytes were first developed, 
but the relatively low ionic conductivity limits its application in 
ASSLBs.[11] After that, Tatsumisago’s group and Kanno’s group 
explored a series of sulfide electrolytes, pushing the study of 
fast ion conductors to a climax and arousing a strong upsurge 
of interest for studying ASSLBs.[5–6,11] The high ionic conduc-
tivity of these sulfide electrolytes, which is even close to that of  
the organic liquid ones, make them the most promising electrolyte 
for ASSLBs. In addition, the sulfide electrolytes present attractive 
mechanical feature of plastic deformation which make it simple to 
prepare densely packed interface.[12–14] In general, sulfide electro-
lytes can be classified into two types according to the compositions: 

All-solid-state lithium batteries (ASSLBs) are considered as the next 
generation electrochemical energy storage devices because of their high 
safety and energy density, simple packaging, and wide operable temperature 
range. The critical component in ASSLBs is the solid-state electrolyte. 
Among all solid-state electrolytes, the sulfide electrolytes have the highest 
ionic conductivity and favorable interface compatibility with sulfur-based 
cathodes. The ionic conductivity of sulfide electrolytes is comparable with 
or even higher than that of the commercial organic liquid electrolytes. 
However, several critical challenges for sulfide electrolytes still remain to 
be solved, including their narrow electrochemical stability window, the 
unstable interface between the electrolyte and the electrodes, as well as 
lithium dendrite formation in the electrolytes. Herein, the emerging sulfide 
electrolytes and preparation methods are reviewed. In particular, the required 
properties of the sulfide electrolytes, such as the electrochemical stabilities 
of the electrolytes and the compatible electrode/electrolyte interfaces are 
highlighted. The opportunities for sulfide-based ASSLBs are also discussed.

1. Introduction

Safety is a critical requirement for large-scale energy storage 
required in electric vehicles, airplanes, and next-generation 
portable electronics.[1] Compared to the currently available 
liquid-electrolyte lithium-ion batteries, all-solid-state lithium 
batteries (ASSLBs) are much safer and have high energy den-
sity because the solid electrolytes (SEs) are believed to enable to 
suppress the Li dendrite growth.[2] ASSLBs are believed of the 
prospect to break the bottleneck of liquid-electrolyte lithium-
based batteries.
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binary and ternary sulfide electrolytes. The binary sulfide electro-
lytes are composed of Li2S and P2S5, such as Li3PS4 and Li7P3S11 
while the ternary sulfide electrolytes consist of Li2S, P2S5, MS2  
(M = Si, Ge, Sn), such as Li10GeP2S12 (LGPS) and Li6PS5X (X = Cl, 
Br, I). According to the crystal structure, these sulfide electrolytes 
can be further divided into thio-LISICON (lithium superionic con-
ductor) type, tetragonal LGPS type, and argyrodite Li6PS5X.

2.1. Structure of the Sulfide Electrolytes

2.1.1. Thio-LISICON

The binary (100 − x)Li2S−xP2S5, (100 − x)Li2S−xSiS2 and the 
ternary Li4−xGe1−xPxS4 (0 < x  < 1) electrolytes, defined as thio-
LISICON, are derivate from a LISICON-type γ-Li3PO4 solid 
electrolyte by replacing oxygen with sulfur. The thio-LISICON 
electrolytes normally possess higher Li+ conductivity than the 
oxide counterparts because the electronegativity of S is lower 
than O, which results in the smaller Li+ binding energy and 
the larger ionic migration channel thus facilitate the movement 
of Li+.[5] As a result, thio-LISICON have ionic conductivities of 
10−3–10−4 S cm−1 at room temperature, much higher than that 
of most oxide electrolytes.[5–6]

Generally, the ionic conductivity of glass is one or two orders 
of magnitude higher than that of the crystalline one at the same 
composition.[15] The absence of crystallinity is the main reason 
for eliminating grain boundary resistance. The open struc-
tures and large free volume of the amorphous glass enable it 
with the higher ionic conductivity than crystalline.[16] In order 
to enhance ionic conductivity of binary sulfide electrolyte, Tat-
sumisago’s group systematically investigated conductive prop-
erties of Li2S–P2S5 systems by controlling the compositions 
and heat treatment temperatures of the mechanically milled 
(100 − x)Li2S-xP2S5 glasses.[17–20] For all these electrolytes, the 
glass–ceramic types always exhibit higher ionic conductivity 
than the glass or crystalline materials. The enhancement of ionic 
conductivity is mainly due to the precipitation of metastable 
thio-LISICON analogs. For example, the ionic conductivity of 
80Li2S–20P2S5 and 75Li2S–25P2S5 glass–ceramic increased to  
7.2 × 10−4 and 2.8 × 10−4 S cm−1, while the ionic conductivity of 
the as prepared glasses were only 1.7 × 10−4 and 1.8 × 10−4 S cm−1,  
respectively.[17] X-ray diffraction (XRD) pattern showed that the 
thio-LISICON II analog and thio-LISICON III analog were pre-
cipitated in 80Li2S–20P2S5 and 75Li2S–25P2S5 glasses. Simi-
larly, 70Li2S–30P2S5 glass–ceramic showed an enhanced ionic 
conductivity as high as 3.2 × 10−3 S cm−1 after annealing at 
360 °C, which can also be attributed to a new crystal as a meta-
stable phase.[18,20] The structure of new phase, Li7P3S11, was 
determined using synchroton XRD as shown in Figure 1a. The 
crystalline phase belongs to triclinic system of space group P1.  
Specifically, P2S7

4− ditetrahedra and PS4
3− tetrahedra are con-

tained in it with lithium ions located between them, which is 
similar to that of the Ag-ion conductor Ag7P3S11 (Figure 1b).[21]

The Li7P3S11 further modified by the doping, such as 
Li7P2.9Mn0.1S10.7I0.3, exhibited an ionic conductivity of 
5.6 × 10−3 S cm−1.[22] The Li3PS4 glass–ceramic has a relatively 
low conductivity of nearly 1.6 × 10−4 S cm−1 compared with 
80Li2S–20P2S5 and Li7P3S11.[23] However, it delivered better 

chemical stability against Li metal than Li7P3S11. The original 
PS4

3− group of Li3PS4 has good chemical stability against 
hydrolysis which reduces the generation of H2S and the large 
structural changes when it is exposed in air.[24] The structure 
of γ-Li3PS4 and β-Li3PS4 are shown in Figure 1c,d. Bulk Li3PS4 
with a γ-phase exhibits a relatively low ionic conductivity 
of 3 × 10−7 S cm−1, but it will convert into a high conducting 
β-Li3PS4 after heating, which shows an abrupt increase of ionic 
conductivity.[23]

Jinghua Wu is an associate 
professor at Ningbo Institute 
of Materials Technology and 
Engineering, Chinese Academy 
of Science (NIMTE, CAS). 
He received his Bachelor of 
Science (BS) degree from 
Shandong University, China 
in 2006 and his Ph.D. degree 
from NIMTE in 2012. After 
postdoctoral research at 
the National Institute for 

Materials Science (NIMS, Japan) and Soochow University, 
he joined NIMTE as an associate professor in 2018. His 
research interests focus on sulfide-electrolyte-based  
solid-state batteries and solid-state lithium-sulfide batteries.

Xiayin Yao is a professor at 
Ningbo Institute of Materials 
Technology and Engineering, 
Chinese Academy of Sciences 
(NIMTE, CAS). He received his 
Ph.D from Institute of Solid 
State Physics and NIMTE, 
CAS in 2009. After that, he 
joined NIMTE and has worked 
there until now. He worked as 
a research fellow or visiting 
scholar in Hanyang University, 
South Korea (2012–2013), 

Nanyang Technological University, Singapore (2013–2014) and 
University of Maryland, College Park USA (2018–2019). His 
major interests include all-solid-state lithium/sodium batteries.

Chunsheng Wang is Robert 
Franklin and Frances Riggs 
Wright Distinguished Chair 
Professor in the Department 
of Chemical & Biomolecular 
Engineering & Chemistry and 
Biochemistry at the University 
of Maryland. He is UMD 
Director of The UMD-ARL 
Center for Research in Extreme 
Batteries.  His research focuses 
on rechargeable batteries.

Adv. Mater. 2020, 2000751



© 2020 Wiley-VCH GmbH2000751 (3 of 31)

www.advmat.dewww.advancedsciencenews.com

Besides the composition and the crystal structure, the 
packing density of the electrolyte can also affect the ionic con-
ductiviy. Seino et al. found that the ionic conductivity of Li7P3S11 
can increase to 1.7 × 10−2 S cm−1 after densification at 280 °C, 
which is even higher than that of organic liquid electrolytes. The 
high ionic conductivity is attributed to its low porosity as well as 
a low grain boundary resistance.[11] As shown in Figure 2a,b,  
the grain boundary of the sulfide electrolytes normally has less 
impact on its ionic conductivity if the ionic conductivity of the 
bulk electrolytes is low. However, the grain boundary can sig-
nificantly affect ionic conduction when the ionic conductivity 
of the bulk electrolytes is high such as in the unified glass–
ceramic Li2S–P2S5 materials.

To further optimize the (100 − x)Li2S–xP2S5 system, the 
other ingredient such as GeS2, SiS2, SnS2, or Al2S3 were added 
to the (100 − x)Li2S-xP2S5 system to form ternary Li2S–MxSy–
P2S5. A series of electrolytes like Li2S–GeS2 (Li2GeS3), Li4GeS4, 
Li2S–GeS2–ZnS system (Li2ZnGeS4), Li4−2xZnxGeS4, LiGaS2, 
Li5GaS4, and Li2S–GeS2–Ga2S3 system were synthesized by 
Kanno’s group.[26] Among them, Li2S–GeS2–Ga2S3 exhibited 
the highest ionic conductivity of 6.5 × 10−5 S cm−1 and a wide 
electrochemical stability of 5V versus Li/Li+.[26] Kanno’s group 
further obtained the Li4−xGe1−xPxS4 (0 < x  < 1) structures by 
partial doping P5+ at Ge4+ sites. According to the composition 
regions, there are three types of Li4−xGe1−xPxS4 (0 < x < 1): type I  
(0 < x < 0.6), type II (0.6 < x < 0.8) and type III (0.8 < x < 1). 
The electrolytes in region II exhibited highest ionic conduc-
tivity than that of other two regions.[27] The ionic conductivity of 
Li3.25P0.75Ge0.25S4 reached the maximum of 2.2 × 10−3 S cm−1.[27] 
Shinya et al. evaluated the coefficient and activation energy of 
Li4−xGe1−xPxS4 by quantum molecular dynamics and found that 
the diffusion process was triggered by the excess lithium atoms 
and lithium vacancies through lithium interstitial or vacancy 
mechanism.[28]

Figure 1. a) Structure of Li7P3S11 viewed along the [010] direction. b) Structure of Ag7P3S11 viewed along the [010] direction. a,b) Reproduced with 
permission.[21] Copyright 2007, Elsevier. c) Structure of γ-Li3PS4. d) Structure of β-Li3PS4. c,d) Reproduced with permission.[25] Copyright 2011, Elsevier.

Figure 2. a) Arrhenius plots of Li7P3S11. b) The bulk and grain boundary 
resistances of the glass–ceramic material. a,b) Reproduced with permis-
sion.[11] Copyright 2014, Royal Society of Chemistry.

Adv. Mater. 2020, 2000751



© 2020 Wiley-VCH GmbH2000751 (4 of 31)

www.advmat.dewww.advancedsciencenews.com

2.1.2. Li11−xM2−xP1+xS12 (M = Ge, Sn, Si)

In 2011, Kamaya et  al. reported an new ternary Li10GeP2S12 
electrolyte with a new 3D framework structure.[5] Although 
the Li10GeP2S12 has the same element compositions with thio-
LISICON of Li4−xGe1−xPxS4, this new electrolyte shows different 
structure consisting of (Ge0.5P0.5)S4 tetrahedrons, PS4 tetrahe-
drons, LiS4 tetrahedrons, and LiS6 octahedrons. Figure 3 shows 
the crystal structure of Li10GeP2S12. A 1D chain along c axis 
consists of (Ge0.5P0.5)S4 tetrahedra and LiS6 octahedra by sharing 
a common edge. These 1D chains are interconnected by PS4  
tetrahedra by sharing a common corner with LiS6 to form a 3D 
framework.

Li10GeP2S12 is the first solid electrolyte that exhibits an 
extremely high ionic conductivity of 1.2 × 10−2 S cm−1.[5] Kuhn 
et  al. used multitude techniques to study the Li ion dynamics 
of Li10GeP2S12. They found that the high ionic conductivity of 
Li10GeP2S12 can be attributed to the isotropic Li ions hopping 
in the bulk lattice where Ea  ≈ 0.22eV.[29] The development of 
Li10GeP2S12 is a significant step toward realization of ASSLB. 
However, the expensive and rare germanium and the narrow 
electrochemical stability window limit its application for high 
power and energy densities. To address these challenges, LGPS-
family described as Li11−xM2−xP1+xS12 (LMPS, M = Si, Ge, Sn) 
were comprehensively investigated. Ong et al., Bron et al. and 
Kuhn et al. predicted the decreasing activation energies of the 
lithium-ion diffusion process and increasing ionic conductivity 
in the series M = Sn → Ge → Si in Li11−xM2−xP1+xS12 system 
by theoretical studies.[30–32] The substitute of Ge by Si/Sn will 
reduce the cost of these electrolytes greatly. However, the ionic 
conductivity of Li10SiP2S12 is lower than that of Li10GeP2S12.[33–36] 
Kanno et al. later synthesized new members to the LGPS family: 
Li10.35Si1.35P1.65S12 (2 × 10−2 S cm−1),[37] and a chlorine-containing 

compound Li9.54Si1.74P1.44S11.7Cl0.3,[6] which exhibits the highest 
ionic conductivity reported to date (2.5 × 10−2 S cm−1). The ana-
logical Li9.54Si1.74P1.44S11.7I0.3 recent was proved to not only have 
an ionic conductivity as high as 1.35 × 10−3 S cm−1 but also pos-
sess a electrochemical window up to 9 V versus Li/Li+.[38] There-
fore, the LGPS-type electrolytes are becoming one of the most 
attractive solid electrolytes. To further enhance the electrochem-
ical stability window, Li9.42Si1.02P2.1S9.96O2.04 was synthesized by 
the introduction of oxygen into the LGPS-type structure which 
exhibited an ionic conductivity of 3.2 × 10−4 S cm−1. Although 
the ionic conductivity of Li9.42Si1.02P2.1S9.96O2.04 was lower than 
that of Li10GeP2S12, the all-solid-state cell with a lithium metal 
anode and Li9.42Si1.02P2.1S9.96O2.04 as the electrolyte present an 
excellent electrochemical stability with reversibility of nearly 
100%.[39]

2.1.3. Li6PS5X (X = Cl, Br, I)

The mineral argyrodite (Ag8GeS6) is a group of solids that have 
a high ionic conductivity and mobility of their Ag+ ions.[40] Trig-
gered by the great interesting in the mobility of Li+ ion in solid, 
Li6PS5X (X: Cl, Br, I) systems were explored to worked as the 
solid electrolytes. Take Li6PS5I as sample (Figure 4), the cell is 
composed by 136 tetrahedral formed by the S (S1) atoms. The 
P atoms of Li6PS5I are filled four of the tetrahedral holes. The 
four octants of the cell are occupied by the single S2− ions (S2). 
I ions are found at the corners and the face of the cell. Li ions 
with disordered mode take part of the 132 tetrahedral holes 
which are formed by S2 and I.[41]

The Li6PS5I demonstrated a relatively low conductivity of 
4 × 10−7 S cm−1.[42] The ordering of the larger I− compared to 
the disorder of Cl− or Br− ions was believed to invoke the low 

Figure 3. Crystal structure of Li10GeP2S12. Reproduced with permission.[5] Copyright 2011, Springer Nature.
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conductivity. Sylvain et  al. synthesized a series of Li6PS5X  
(X: Cl, Br, I). Among them, the Li6PS5Cl presented the attrac-
tive ionic conductivity of 1.33 × 10−3 S cm−1.[43] Zhou et al. report 
a solution-engineered to synthesized a series of Li6−yPS5−yCl1+y  
(y  = 0−0.5) and obtained a high ionic conductivities of 
3.9 × 10−3 S cm−1 and negligible electronic conductivities.[44] 
Kraft et  al. studied the effect of lattice polarizability on the 
ionic conductivity of the Li6PS5X by adjusting the fractional 
occupancy of the halide anions. They found that the stiffness 
of the lattice for Li6PS5X is an important factor to determine 
the ionic conductivity.[45] Very recently, Parvin et  al. reported a  
Cl-rich Li5.5PS4.5Cl1.5 argyrodites, which exhibited a conductivity 
of 9.4 × 10−3 S cm−1 after cold-pressing and 12 × 10−3 S cm−1 after 
sintered. The substitution of S2− with Cl− helps to increase site 
disorder and concentration of lithium vacancy, which are con-
sidered important for enhancing Li+ diffusivity.[46] Craft further 
doped Ge into Li6PS5I to form Li6+xP1−xGexS5I, achieving an ionic 
conductivity up to 5.4 × 10−3 S cm−1 in cold-pressed state and  
1.8 × 10−2 S cm−1 after sintering.[47] In these argyrodites, the dis-
order of anion site is considered to lower the activated barrier of 
Li-ion transfer thus is beneficial for obtaining high Li+ conductivity.

Up to now, Li6PS5Cl is consequently a promising candidate 
among all the argyrodites electrolytes due to its high ionic con-
ductivity.[48–50] The conductivities of these materials are slightly 
lower than that of Li10GeP2S12. However, the much cheaper 
precursors make this material more attractive for the practical 
application in ASSLB. Besides the ionic conductivities, a wide 
electrochemical window (7 V vs Li/Li+) is also reported for 
Li6PS5Cl.[43]

2.2. Synthesis Method

Several methods have been used for synthesis of the sulfide 
electrolytes. The most common methods are mechanical  
ball-milling, solid-state method, and liquid phase synthesis.

2.2.1. Room-Temperature Mechanical Ball-Milling

Mechanical ball-milling is the commonly used method to pre-
pare sulfide electrolytes because it is relatively lower cost and 
simple operation. Most (100 − x)Li2S–xP2S5 solid electrolytes are 

prepared by mechanical milling and annealing.[19,21] Phuc et al. 
prepared the Li3PS4 by a liquid-phase shaking, however, the 
ionic conductivity is only 6.4 × 10−6 S cm−1, which is much lower 
than that prepared by ball milling.[51] Tatsumisago’s group com-
pared the effect of milling period for the ionic conductivity of 
Li2S–SiS2 system. As the milling time increased, the grains dras-
tically decreased and homogeneous fine particles were obtained. 
The conductivity of the sample increased from 10−8 S cm−1  
at 100  °C to higher than 10−4 cm−1.[52] A series of (100 − x) 
Li2S–xP2S5 electrolytes were synthesized using the ball-
milling method, such as 70Li2S–30P2S5 (8.6 mS cm−1),[53] 
77.5Li2S–22.5P2S5 (1 mS cm−1),[54]  75 Li2S–25P2S5(0.5 mS cm−1),[55] 
and 80Li2S–20P2S5 (0.72 mS cm−1)[17,40]. By combining  
the mechanical milling with hot pressing, the ionic  
conductivity of Li7P3S11 was further increased from  
3.2 × 10−3 to 7.3 × 10−3 S cm−1.[53,56] A Li7P3S11-analog such 
as Li7P2.9Mn0.1S10.7I0.3 was also prepared by a high-energy 
ball milling method.[22] Kanno’s group synthesized the 
Li9.54Si1.74P1.44S11.7Cl0.3 with the super high conductivity of 
25 mS cm−1 by the high ball milling for 120 h. The Li6PS5X  
(X = Cl, Br, I) argyrodites were synthesized by high-energy 
ball milling presented a high conductivity between 2 and 
7 × 10−4 S cm−1. Further optimizing the milling time, the ionic 
conductivity of Li6PS5Cl can reach to 1.33 × 10−3 S cm−1.[43]

The ball milling techniques have been proven suitable for pre-
paring amorphous materials at room temperature. It is widely 
believed that fine powders can achieve high ionic conductivities 
as well as intimate contact with electrode materials for ASSLB 
assembly. For (100 − x) Li2S–xP2S5 systems, the amorphous 
materials of glass–ceramic electrolyte can be obtained by high-
energy milling. The high Li+ conductivity of (100 − x) Li2S–xP2S5 
can be obtained in the glass–ceramic because the Li+ concentra-
tion in the mixture exceeds the glass formation limit.[52]

2.2.2. High-Temperature Solid-State Reaction Method

The melt-quenching and high-temperature process is proved 
valid to enhance the ionic conductivity of the electrolytes. For 
melt-quenching method, the chemicals were sealed and heated 
at the melting point. After that, the sample was rapidly quenched 
or slowly cooled to room temperature. Li2S–P2S5 glass–ceramic 
which delivered the conductivity of 1.7 × 10−2 S cm−1 can 
be obtained by combining this melt-quench and cold-press 
method.[11] γ-Li3PS4 and β-Li3PS4 were synthesized by heating 
to a fixed reaction temperature and then slow cooling to room 
temperature.[25] The most attractive Li10GeP2S12, was also syn-
thesized by reacting stoichiometric precursors (LiS, GeS2, 
and P2S5) at 550 °C in an evacuated quartz tube.[5] LGPS-analog,  
Li9.42Si1.02P2.1S9.96O2.04 was synthesized by quenching from  
1273 K in the Li2S–P2S5–SiO2 system.[39] Another series of LGPS-
based electrolytes with the general formula Li11−xM2−xP1+xS12 
with M = Ge, Sn, Si were prepared by high-pressure synthesis 
at 723 K with pressures in the range 3–5 GPa.[32] Li6PS5Cl 
prepared by annealing at 550  °C for 5h has a high ionic con-
ductivity of 1.18 × 10−3 S cm−1.[48] The conductivity was further 
enhanced to 3.15 × 10−3 S cm−1 by a rapid solid-state route,[57] 
A value of 5 × 10−3 S cm−1 for Li6PS5Cl was recently obtained 
through annealing and pressed at high pressure.[58]

Figure 4. a) Crystal structure of Li6PS5I. b) A face-sharing S3I2 double tet-
rahedron containing Li1. a,b) Reproduced with permission.[41] Copyright 
2008, Wiley-VCH.
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2.2.3. Liquid-Phase Synthesis

Considering the interfacial compatibility between the solid 
electrolyte and solid electrode, the controllable liquid-phase 
synthesis of the sulfide electrolytes is more desirable for 
compositing with the electrode. Ito et  al. synthesized crys-
talline Li7P3S11 by a liquid-phase reaction of Li2S and P2S5 
in 1,2-dimethoxyethane (DME) solvent, and the ionic con-
ductivity is 2.7 × 10−4 S cm−1.[59] As the most promising solid 
electrolytes, Li7P3S11 glass–ceramic electrolyte were further 
synthesized use different solvent to avoid the impurity intro-
duced by 1,2-dimethoxyethane.[60–61] Yao et  al. synthesized 
Li7P3S11 glass–ceramic electrolyte with the ionic conductivity of  
1.5 × 10−3 S cm−1 by a solution of acetonitrile (ACN).[62] Then 
Wang et  al.[63] found the two-step reactions of crystalline 
Li7P3S11 in ACN as follows:

Li S 100 P S ACN 2 50
Li PS ACN(p) 2 75 Li S P S

2 2 5

3 4 2 2 5

x x x

x
( ) ( )

( )
+ − + → −

× + − ×
 (1)

The Li3PS4·ACN precipitates and the Li2S·P2S5 glass first 
generated from the supernatant forms. After ACN evaporation, 
the amorphous Li2S·P2S5 appears to be covered on the precipi-
tate particles. A conductivity of 0.87 × 10−3 S cm−1 of Li7P3S11 
was obtained by the liquid method which is lower than that 
synthesized using solid-state method.[63] Liu et  al. synthesized 
β-Li3PS4 in tetrahydrofuran (THF), which delivered an anoma-
lous room-temperature ionic conductivity of 1.6 × 10−4 S cm−1.[23]  
Teragawa et  al. synthesized the Li3PS4 by a liquid-phase  
reaction. The Li2S and P2S5 were used as precursor and the 
N-methylformamide and n-hexane as media. This approach 
leads to a polycrystalline Li3PS4 with an ionic conductivity of  
2.3 × 10−6 S cm−1.[64]

Solution-based Li6PS5X synthesis routes typically lowered the 
ionic conductivity to 10−5–10−4 S cm−1 owing to phase impuri-
ties.[65] Li6PS5Cl was synthesized in ethanol solution, which 
exhibited an ionic conductivity of 1.4 × 10−5 S cm−1. Yubuchi 
et  al. reported a liquid-phase technique for the preparation 
of argyrodite-type Li6PS5Br with a lithium-ion conductivity of  
1.9 × 10−4 and 3.1 × 10−3 S cm−1 via a homogeneous ethanol solu-
tion and a THF, respectively.[66–67] THF was used as the solvent 
for the synthesis of Li6PS5X because it shorter reaction time 
compared with 1,2-dimethoxyethane (DME) or ACN.[44] Recent 

reports using liquid-phase method can synthesize the Li6PS5Cl 
and mixed anion Li6PS5 (Cl, Br) argyrodites with the ionic con-
ductivity up to 2.4 and 3.9 × 10−3 S cm−1, respectively.[44]

Low ionic conductivity is the main drawback for the liquid-
phase method, which may cause by the contamination from 
the organic solvent. However, the liquid-phase method can 
facilitate solid electrolytes coat on the active material to form a 
favorable solid-solid interface thus improving cell performance. 
Therefore, liquid-phase synthesis methods have been adopted 
to reduce the electrode/electrolyte interfacial resistance, which 
will be discussed in Section 3.2.1.

As shown in Figure 5, the parameter selection in all syn-
thesis methods is also important in determining the prop-
erty of electrolyte. For example, the reaction atmosphere and 
cooling speed for solid state methods, ratio of balls and power 
and milling time for high energy milling methods and additive 
types and solvents for liquid-phase methods need to be opti-
mized to obtain a high ionic conductivity. The ionic conductivi-
ties of typical sulfide electrolytes prepared by different methods 
are summarized in Table 1. In summary, ball-milling is an 
essential process for synthesizing sulfide solid glass–ceramic 
electrolytes. During the high-energy milling, the mixing and 
pulverization processes occur at the same time. More impor-
tantly, amorphous electrolytes can be realized at room tempera-
ture through ball-milling. However, for the crystalline ones, 
such as Li10GeP2S12 and Li6PS5X, the ionic conductivity of these 
electrolytes prepared by high energy milling are lower than 
those synthesized by high-temperature solid reaction or liquid 
process.

2.3. Electronic Conductivity of the Sulfide Electrolytes

ASSLBs are widely considered to adopt lithium metal as anode 
because the solid electrolytes are believed can suppress Li 
dendrite growth. However, recent reports showed that the Li 
dendritic issues in the sulfide electrolytes are more compli-
cated.[72–75] Lukas et al. found that the Li was plated at the defects 
of the 70Li2S–30P2S5, which is inconsistent with the Monroe–
Newman model for explaining “dendrites.” Their results sug-
gested that minimizing the interfacial defects such as void or 
grain boundary is highly required for avoiding lithium metal 
penetration.[74] However, recently, Han et  al. found that the Li 

Figure 5. Parameters of the ball-milling, solid-state route and liquid-phase preparation. Reproduced with permission.[68] Copyright 2018, Elsevier.
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dendrites still grow in a very dense Li7La3Zr2O12. In addition, 
the dendrite formation in the grain boundary is not improved 
by increasing its ionic conductivity in grain boundary. No clear 
theory can reconcile all these dendrite formations in solid elec-
trolytes. They quantified the net amount of Li transported from 
Li and compared with the cumulative electric charge, and sug-
gested that the other most important factors for the Li dendrite 
formation in sulfide electrolyte is the high electronic conduc-
tivity. Therefore, for inhibiting the dendritic formation of the 
ASSLBs, lowering the electronic conductivity is more important 
than increasing the ionic conductivity of solid electrolytes.[76] 
Table 2 list the electronic conductivity of the sulfide electrolytes. 
Dopants, grain boundaries or electrochemical reductions 

should be reduced to guarantee the lithium metal anode can be 
really applied in ASSLBS based on sulfide electrolytes.

2.4. Electrochemical Stability Window of Sulfide Electrolytes

The electrochemical stability window of solid electrolytes is an 
important factor for the performance of lithium battery. The 
liquid organic electrolytes always present instability at high 
voltage >4.5V versus Li/Li+ and normally form a solid electrolyte 
interphase (SEI) at the surface of the anodes and cathode elec-
trolyte interphase (CEI) on cathodes, which helps to extend the 
electrochemical stability window. However, the formation of SEI 

Table 1. The ionic conductivities of typical sulfide electrolytes prepared by different methods.

Electrolyte Ionic conductivity [S cm−1] Preparation method Ref.

Thio-LSICON

Li3PS4 6.4 × 10−6 Shaking in Ar [51]

β-Li3PS4 1.6 × 10−4 Liquid phase (THF) [23]

3 × 10−2 S cm−1 (500 K) Solid-state methods [25]

γ-Li3PS4 3 × 10−7 Solid-state methods [25]

Amorphous Li3PS4 2 × 10−4 High-energy ball milling [19]

Li3PS4 ≈10−3 Mechanical milling [69]
2.3 × 10−6 Liquid phase (DMF) [64]

Li7P3S11 3.2 × 10−3 Mechanical milling [21]
7.3 × 10−3 Solid-state method (hot pressed) [53]
5.2 × 10−3 Solid-state method (hot pressed) [56]
1.7 × 10−2 Solid-state method (hot pressed) [11]
2.7 × 10−3 Liquid phase (DME) [59]
1 × 10−3 Liquid phase (acetonitrile) [60]

9.7 × 10−3 Liquid phase (THF/ACN/THF&ACN) [61]
8.7 × 10−4 Liquid phase (ACN) [63]

LGPS-type

Li10GeP2S12 1.2 × 10−2 Solid-state method [5]
6.3 × 10−3 Solid-state method [69]

Li10SnP2S12 4 × 10−3 Solid-state method [31–32]

Li9.54Si1.74P1.44S11.7Cl0.3 2.5 × 10−2 Solid-state method [6]

Li7GePS8 7 × 10−3 Solid-state method [29]

Li6PS5X (X = Cl, Br, I)

Li6PS5Cl 6.2 × 10−4 High-energy ball milling [43]
1.18 × 10−3 Solid-state method [48]
4.96 × 10−3 Solid-state method [58]
1.4 × 10−5 Liquid phase (ethanol) [65]
6 × 10−5 Liquid phase (mixture of solvents) [70]

2.4 × 10−3 Liquid phase (mixture THF and ethanol) [44]

Li6PS5Br 6.2 × 10−4 High-energy ball milling [43]
1.9 × 10−4 Liquid phase (ethanol) [66]
1.9 × 10−3 Liquid phase [44]
3.4 × 10−5 Liquid phase (thyl propionate-ethanol solution) [71]

Li6PS5I 1.9 × 10−4 High-energy ball milling [43]

Li5.5PS4.5Cl1.5 9 × 10−3–1.2 × 10−2 Solid-state method [46]

Li6+xP1−xGexS5I 5.4 × 10−3–1.8 × 10−2 Solid-state method [47]

Li6PS5ClxBr1−x ≈3 × 10−3 Liquid phase [44]

Li5.75PS4.75Cl1.25 3.0 × 10−3 Liquid phase [44]

Li5.5PS4.5Cl1.5 3.9 × 10−3 Liquid phase [44]
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will also consume the electrolyte and introduce a large interfacial 
resistance. Unlike the passivation SEI layers in the liquid electro-
lytes, which are electron-insulating and ion-conducting, the SEIs 
in solid state devices may be electronically conductive, which 
will continuously grow during cycling and destroy the capacity 
of the cells.[39] There are also some evidence that the decompo-
sition product of sulfide electrolytes like Li6PS5Cl,[78] Li3PS4,[79–81] 
and Li10GeP2S12

[82] are electrochemically active, which prove the 
importance for identify the real reaction of solid electrolyte with 
electrodes during cycling. The poor interfacial contact, space 
charge layer, and chemical interaction between electrode and 
electrolyte are considered as the main reason for the increased 
resistance.[83–84]

The electrochemical stability window of solid electrolytes is 
normally measured in a Li/electrolyte/inert metal (stainless or 
Pt) blocking electrode using cycling voltammetry as shown in 
Figure 6. Sylvain et  al. evaluated the electrochemical stability 
of a series of Li6PS5X (X = Cl, Br, I) argyrodites with a stainless 
steel/BM-Li6PS5X/Li cell. It seems that the electrolytes can main-
tain stable in the voltage of 0.5–7V versus Li/Li+.[43] The sulfide 
electrolytes like Li7P2.9Mn0.1S10.7I0.3 and Li9.54Si1.74P1.44S11.7I0.3  
exhibited a wide voltage stability up to 5 V and 9 V (vs Li/Li+) 
tested by the same methods.[22,38]

Han et  al. demonstrated that the electrochemical stability 
window measured using semiblocking electrode is wider than 
true stability window because the poor contact between electro-
lyte and semiblocking electrode reduce reaction kinetics lowering 
the sensitivity.[85] The first-principles was used to predict the elec-
trochemical stability windows and fount the much smaller sta-
bility window than the experimentally reported values as shown 
in Figure 7.[84] The discrepancy caused between the calculated 
and experimentally measured values was corrected by increasing 
the contact area of solid electrolyte and current collector using a 
Li/electrolyte/electrolyte-carbon cell, through which the intrinsic 

stability window of the solid electrolytes can be approached.[85] 
Therefore, extending the electrochemical window of the solid 
electrolytes should be addressed to avoid the high interfacial 
resistances caused by the decomposition of solid electrolytes.

2.5. Chemical Stability with Humid air and Organic Solvent

Besides the electrochemical stability, the chemical stability of 
the solid electrolyte is another important factor to influence the 

Table 2. The ionic and electronic conductivities of typical sulfide electrolytes prepared by different methods.

Electrolyte Ionic conductivity [S cm−1] Electronic conductivity [S cm−1] Preparation method Ref.

Amorphous 60Li2S·40SiS2 1.4 × 10−4 <10−8 High-energy ball milling [77]

Li3.25Ge0.25P0.75S4 2.17 × 10−3 2.6 × 10−9 Solid-state reaction [27]

Li3PS4 ≈10−3 2.2 × 10−9 Mechanical milling [76]

Amorphous Li3PS4 2 × 10−4 6.3 × 10−9 High-energy ball milling [19]

Li3PS4 ≈10−3 ≈10−8 Mechanical milling [69]

Li10GeP2S12 1.2 × 10−2 5.7 × 10−9 Solid-state reaction [5]

Li10GeP2S12 6.3 × 10−3 ≈10−8 Solid-state reaction [69]

Li6PS5Cl 6.2 × 10−4 4 × 10−9 High-energy milling [43]

2.4 × 10−3 5.1 × 10−9 Liquid phase [44]

Li6PS5Br 4.6 × 10−4 2.6 × 10−8 High-energy milling [43]

1.9 × 10−3 4.4 × 10−9 Liquid phase [44]

Li6PS5I 1.9 × 10−4 2.4 × 10−8 High-energy milling [43]

Li6PS5Cl0.75Br0.25 3.2 × 10−3 3.7 × 10−9 Liquid phase [44]

Li6PS5Cl0.5Br0.5 3.9 × 10−3 1.4 × 10−8 Liquid phase [44]

Li6PS5Cl0.25Br0.75 3.4 × 10−3 1.1 × 10−8 Liquid phase [44]

Li5.75PS4.75Cl1.25 3.0 × 10−3 2.6 × 10−8 Liquid phase [44]

Li5.5PS4.5Cl1.5 3.9 × 10−3 1.4 × 10−8 Liquid phase [44]

Figure 6. Cyclic voltammetry of a stainless steel/Li6PS5X/Li cell. Repro-
duced with permission.[43] Copyright 2012, Elsevier.
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electrochemical performance of ASSLBs. The high sensibility 
of the sulfide electrolytes to moisture make the preparation pro-
cess operated in the inert gas. H2S gas evolution is an obvious 
sign for testing the hydrolyses of the sulfide electrolytes. Mura-
matsu et al.[24] studied the chemical stability of the Li2S–P2S5 in 
an ambient atmosphere. Among the well-known thio-LISICON 
type electrolytes and the LGPS electrolytes, Li3PS4 was found 
more stable than the others when exposed in air primarily due 
to the higher stability of PS4

3− compared with other phosphate 
ions. To reduce the sensitivity of the sulfur electrolytes for 
moisture, a series of additives including MxOy (MxOy: Fe2O3, 
ZnO, and Bi2O3) and halide (LiCl, LiBr, LiI) have been added.[86] 
The suppression mechanism of oxide as the adsorbent to sup-
press the H2S is proceeded via the following reaction

M O H S M S H O2 2x y x y+ → +  (2)

Recently, the stability of LiI, LiCl, and P2O5 doped Li3PS4 
in ambient atmosphere was also explored in our group. 
In our experiments, as shown in Figure 8a, the Li3PS4 and 
99Li3PS4–1P2O5 showed the best stability. A generation of min-
imum H2S gas in 40 min can be tested.[87] In addition, Sn- and 

As-based sulfide electrolytes are found of high air-stability. 
Because the As and Sn are intended to form stable compound 
which can resist hydrolysis and oxidation based on the acid and 
base theory.[88]

In addition to chemical stability with the moisture in the 
air, chemical stability of solid electrolyte with solvents is also 
important when the solid electrolyte is synthesized using liquid 
method due to the merits of low cost and convenience. In addi-
tion, the liquid methods are thought to be beneficial for con-
structing electrolyte/electrode interface. Although significant 
progresses have been made in the stability of sulfide electrode 
in organic solvents,[89–90] establishing a better understanding of 
the mechanism on sulfide electrolytes against solvents is still 
critical. The stability of sulfide electrolytes including Li3PS4 
(LPS), 90Li3PS4–10LiI (LPS–I), 90Li3PS4–10LiCl (LPS–Cl), and 
99Li3PS4–1P2O5 (LiPS–O) in ACN, cyclohexanone (CYC), and 
chlorobenzene (CIB) was tested. ACN, ClB and CYC are the 
commonly used solvents for synthesis of the sulfide electro-
lyte. In addition, they are volatile solvents that facilitate evapo-
ration of the solvent during battery manufacturing. As shown 
in Figure  8b–d, as the time increases, the ionic conductivity of 
all these electrolytes decrease. Among all these electrolytes, the 
Li3PS4 are more stable compared with other electrolytes. The 
sulfide electrolytes are more stable in ClB solvent rather than in 
the other solvents due to its highly stable benzene ring. In addi-
tion, toluene and n-heptane were found suitable as solvent to 
disperse solid electrolyte due to their high stability with sulfide 
electrolyte.[91–92] Nam et  al.[92] prepared a bendable and thin 
sulfide electrolyte films through liquid method, using toluene as 
solvent. No obvious side reactions were found in the preparation 
process, which may imply toluene can be used as solvent in pre-
paring solid electrolyte films due to its high stability with sulfide 
electrolyte.

3. Sulfur-Based Cathodes

3.1. Fundamentals for Cathode/Electrolyte Interface

One of the most important factors for the electrochemical 
activity of ASSLBs is the interfacial stability, which can be fur-
ther divided into electrochemical, chemical and physical contact 
stability. First, the electrochemical stability of solid electrolyte 
can be estimated by the stability window which can be deter-
mined by the energy separation Eg. Eg is calculated between the 
lowest unoccupied molecular orbital (LUMO) or conducting 
band (CB) and the highest occupied molecular orbital (HOMO) 
or valence band (VB) of the electrolyte material. When the 
chemical potential (μa for anode and μc for cathode) of the elec-
trode materials is within the LUMO–HOMO range, the inter-
face is thermo dynamically stable (Figure 9a,b)). Otherwise, the 
interface is not stable if μa > LUMO (or CB) or μa < HOMO (or 
VB), unless an SEI forms at the interface (Figure 9c).[93] Second, 
the chemical reaction between solid electrolyte and cathode 
also enhances the interface resistance. Third, unlike the liquid-
electrolyte system, wherein the electrode is fully infiltrated by 
a liquid electrolyte, in ASSLBs, the physical stability is impor-
tant because the charge-transfer is limited to the triple-phase 
points (the phase between active material, electronic additive, 

Figure 7. Electrochemical stability ranges of various electrolyte materials. 
Reproduced with permission.[84] Copyright 2015, American Chemical 
Society.
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and ionic conductor).[94] During repeating volume expansions 
and contraction of active material, the triple-phase points will 
decrease in the cathode and cracks will be formed at cathode/
electrolyte interface, leading to increased interfacial resistance. 
Different from oxide cathode, sulfide cathodes show better com-
patibility and similar chemical potential with sulfide electrolyte. 

Therefore, for sulfide cathode, the main challenge restricting 
the stability of cathode/electrolyte interface is the stress/strain 
generated due to the volume change of the electrodes.

Due to the point contacts between the solid electrolytes and 
solid electrodes at the interface of ASSLBs, the limited active 
sites are always accompanied by the large interface resistance, 

Figure 8. The chemical stability of sulfide electrolyte with humid air and organic solvent. a) Time dependence of H2S amounts released from the  
Li3PS4 (LPS), 90Li3PS4–10LiI (LPS–I), 90Li3PS4–10LiCl (LPS–Cl), and 99Li3PS4–1P2O5 (LPS–O) composites in humid air. b,c) Variations of the conduc-
tivities for LPS (b) and LPS-I (c) in different solvents. d) Variations of conductivities for different sulfide electrolytes in ClB solvents. a–d) Reproduced 
with permission.[87] Copyright 2018, Elsevier.

Figure 9. Open-circuit energy diagrams of different battery systems. a) Overall illustration of a battery with a liquid electrolyte. b) Stable energy window 
for liquid electrolyte. a,b) Reproduced with permission.[95] Copyright 2013, American Chemical Society. c) Stable energy window for solid electrolyte. 
Reproduced with permission.[96] Copyright 2010, American Chemical Society.
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which will further lead to the degradation of the battery per-
formance. A stable interface, including close contact between 
the active material, conductive agent, and the solid electrolyte, 
is necessary to facilitate smooth flow of ions and electrons 
throughout the electrode. Constructing buffer layer is effective 
to reduce the interfacial impedance. Many strategies are pro-
posed to form a stable interfacial layer between the electrolytes 
and the electrodes. However, the selection criteria, the construc-
tion methods, the structure, and the effect of the buffer layers 
are still unclear. More investigations are needed for this area.

3.2. Strategies to Form Intimate Cathode/Electrolyte Interface

In bulk-type ASSLBs, an electrode is a mixture of three con-
stituents of active materials, solid electrolytes, and conductive 
additives. Electrochemical reactions proceed at the solid–solid 
interface and are affected by the states of the interface in the 
electrode. More importantly, the inhomogeneous solid–solid 
contact between electrode and electrode with poor wetting can 
generate large interface impedance. In order to enhance the 
interfacial ion transfer and suppress the interfacial reactions, a 
great number of strategies have been proposed for tackling the 
issues of interface between cathodes and electrolyte.

3.2.1. In Situ Liquid-Phase Approach

The liquid-phase method is simpler than the gas-phase method 
for coating solid electrolytes on solid electrodes. The intact 
interfaces between solids electrodes and liquid electrolyte pre-
cursor solution are easily formed. After removing the organic 
solvents, a layer of homogeneous solid electrolytes can be 
formed on the surface of the cathodes.

Yao et  al.[62] reported an interfacial architecture that sulfide 
electrolytes were coated on Co9S8 nanosheets through an in situ 
liquid process. Figure 10 schematically outlined the experimental 
procedure. First, Co9S8 nanosheets were synthesized through an 
aqueous precipitation reaction. After that, Li2S and P2S5 were 

added in cobalt sulfide solution, resulting in the Co9S8–Li7P3S11 
nanocomposites precursor. The morphology of the composite 
electrode showed that the anchored sulfide electrolyte particles 
are about 10 nm, which is obviously smaller compared with that 
produced by the solid state methods, leading to an increased con-
tact area between the electrolyte and Co9S8 nanosheets. A good 
lithium-ion conduction path thus can be formed which greatly 
reduces the interfacial resistance. ASSLBs employing cobalt 
sulfide–Li7P3S11 nanocomposites present exceptionally long cycle 
stability. After 1000 cycles, the reversible capacity is 421 mAh g−1  
at 1.27 mA cm−2. In addition, the obtained battery also pre-
sents very high energy and power densities, which are 360 and 
3823 W kg−1 at 0.13 and 12.73 mA cm−2, respectively. This result 
provides a new interfacial design strategy for ASSLBs with high 
performances, which is also can be considered as a general 
method for synthesis of other composites cathode for ASSLBs. 
After that, they reported a Fe3S4@Li7P3S11 nanocomposite using 
the same method.[97] ASSLBs employing the Fe3S4@Li7P3S11 
nanocomposite deliver a higher discharge capacity than that of 
the pristine Fe3S4 nanosheets. The cycling ability was also greatly 
enhanced, which can maintain a stable value of 1001 mAh g−1 
within 200 cycles. The improved capacity and cycle stability can 
be attributed to the intimate contact between cathode and solid 
electrolytes. Similarly, Tu et  al.[98] reported a uniform coating 
of Li7P3S11 on MoS2 by a liquid-phase approach. The interfacial 
resistance of the interface was greatly improved by the compact 
contacting between MoS2 nanosheets and Li7P3S11 particles. 
ASSLBs employing MoS2/Li7P3S11 composite as the cathode 
exhibited enhanced electrochemical activity. An initial capacity of  
868.4 mAh g−1 at 0.1 C and a high reversible capacity of  
547.1 mAh g−1 within 60 cycles can be obtained.

3.2.2. Solution Bottom-Up Method

Several barriers, which include but are not limited to the low sulfur 
utilization, poor cycling stability, and low rate capability, exist in 
commercializing ASSLBs. The volume change and low electronic/
ionic conductivities of S and Li2S are proposed as the main reasons 

Figure 10. Schematic for preparation of cobalt sulfide−Li7P3S11 nanocomposites, and Li7P3S11 electrolyte. Reproduced with permission.[62]  
Copyright 2016, American Chemical Society.
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for the inferior electrochemical activity. One of the most attrac-
tive strategies to mitigate these challenges is synthesis of a sulfur 
nanocomposite electrode with nanoscale size and homogeneous 
distribution of active material, solid electrolyte, and conductive 
agent. Han et  al.[99] proposed a bottom-up method by dissolving 
Li2S, polyvinylpyrrolidone, and Li6PS5Cl in ethanol, followed by a 
coprecipitation and carbonization process, the schematic is shown 
in Figure 11a. When the Li2S and Li6PS5Cl with nanoscale in situ 
grown in the soft carbon matrix (Figure 11b), the nanocomposite 
could provide buffer space, which not only alleviate the strain/
stress in charge/discharge process, but also promotes the fast 
Li-ion transfer. In addition, the carbon is an excellent electronic 
conductor, combined with the homogeneous distribution of  
the active material and electrolytes, exhibiting the large triple-
phase contact, which is believed to utilize the active material at 
the high level. Consequently, the Li2S–Li6PS5Cl–C nanocomposite 
ensures a better structure which not only allows sufficiently fast 
Li-ion and electron kinetics but also accommodates the volume 
change during the delithiation/lithiation process. A large discharge 
capacity of 830 mAh g−1 within 60 cycles and excellent rate per-
formance thus can be obtained. The simple approach proposes a 
new strategy for synthesis homogeneous electron/ion conducting 
nanocomposite cathode for high-performance ASSLBs.

3.2.3. Pulsed Laser Deposition (PLD) Technique

PLD is a kind of film deposited technique using pulsed laser to 
strike a target material. As the laser energy is very strong, it will 
vaporize the target material to form a plasma-like mass, and pre-
cipitate on the substrate to form a film.[100] Many materials that are 

normally difficult to deposit by other methods have been success-
fully handled by PLD.[101] A series of studies were conducted by 
Tatsumisago’s group to reduce the interface impedance for ASSLB 
using the PLD technique. For example, ternary composite cathode 
including NiS, sulfide electrolytes, and vapor grown carbon fiber 
(VGCF) was successfully synthesized through this PLD method. 
In this method, a pelletized 80Li2S–20P2S5 electrolyte was used 
as deposition target. During the deposition process, the electro-
lyte was fluidized to form a uniform SE layer on the NiS–VGCF 
composite. The schematic illustration is shown in Figure 12. 
Therefore, intimate interfaces among NiS, VGCF, and SEs were 
obtained, giving favorable electronic (VGCF) and lithium ion con-
duction (80Li2S–20P2S5 electrolyte) pathway to NiS nanoparticles, 
leading higher electrochemical activity than that of the uncoated 
NiS–VGCF composite. The ASSLB using the SE-coated NiS–
VGCF composite cathodes exhibited a high discharge capacity of 
300 mAh g−1 (3.8 mA cm−2) and better cycle performance than that 
uncoated composite, which should attribute to the favorable NiS–
VGCF–SE interfaces.[102]

More importantly, this method can be extended to coat proper 
electrolyte on cathodes such as Li2S–P2S5@LiCoO2,[103–104]  
Li3PO4@LiNi0.5Mn1.5O4. After coating Li3PO4 buffer layer on 
the LNMO surface by PLD, the interface impedance between 
sulfide electrolyte and LNMO/Li2S–P2S5 cathode was greatly 
reduced, resulting in enhanced rate ability.[105]

3.2.4. Ball Milling

Mechanical ball-milling is another method for mixing electro-
lytes and cathodes. The mechanical ball-milling is able to run 

Figure 11. a) Schematic for fabrication the Li2S nanocomposite. b) TEM image of the as-obtained Li2S–Li6PS5Cl–C nanocomposite. c) Cycling perfor-
mances of the Li2S–Li6PS5Cl–C at 50 mA g−1. a–c) Reproduced with permission.[99] Copyright 2016, American Chemical Society.
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continuously thus permitting scaled production in industry. 
The amorphous materials can also be obtained by ball-milling 
which is difficult to realize by the conventionally solid-state 
methods.

Jung et al. investigated electrochemical performance of TiS2 
and Li2S–P2S5 nanocomposite as cathode for ASSLBs.[106] The 
composites prepared by the ball-milling present higher charge 
capacity of 837 mAh g−1 and better capacity retention of 95% 
within 60 cycles compared to which prepared by manually 
mixed method. As shown in Figure 13a, the TiS2 and sulfide 
electrolyte in nanoscale prepared by the ball-milling can 
make intimate contacts between them. Furthermore, the ball-
milling is facilitated to the formation of amorphous phases of 
Li–Ti–P–S which provide the sufficient ionic and electronic 
transfer pathways. More importantly, the origin of the extra Li 
storage is verified to associate with the formation of Li–Ti–P–S 

phase. The high-resolution TEM image of the as-obtained TiS2-
electrolyte composite are shown in Figure  13b. This strategy 
can be extended to other systems for ASSLBs. Therefore, the 
controlled ball-milling is considered as an efficient method for 
significantly improving the energy density of ASSLBs.

Tatsumisago et  al. prepared S–acetylene–80Li2S–20P2S5 
(S–AB–SE) composite cathode via ball-milling.[107] S was first 
ball-milled with AB to form S–AB composite. Then, S–AB com-
posite was further milled with SEs to obtain S–AB–SE com-
posite cathode. The amorphous nature of sulfur in the obtained 
S–AB–SE composite can increase the capacity of lithium–sulfur 
battery. Besides, the decreased particle size of the compo-
nent materials in S–AB–SE composite can promote the inti-
mate contacts between S, AB, and SEs. Therefore, the ASSLB 
employing S–AB–SEs composite exhibited excellent cycling 
performance and a wide operation temperature (−20–80 °C). It 
was concluded that the intimate contact between the electrode 
components by the ball-milling treatment was effective for 
increasing the capacity of an ASSLB. Tu et al. also synthesized 
a sulfur-based cathode by mixing sulfur and carbon black to 
form S–C composite, then further milling S–C composite with 
Li7P2.9Mn0.1S10.7I0.3 and Li7P2.9S10.85Mo0.01 electrolyte to obtain 
S–C–Li7P2.9Mn0.1S10.7I0.3 and S–C–Li7P2.9S10.85Mo0.01, composite, 
respectively.[22,108]

3.2.5. Others

Nanocrystallization of the electrode is widely applied to show 
enhanced electrochemical performance due to the reduced 
diffusion paths. Furthermore, for the ASSLB the nanocrystal-
lizaiton can improve the contact at the electrode/electrolyte 
interface. According to the diffusion formula: t = L2/D (L: dif-
fusion length, D: diffusion constant), which means decrease 
particle size could reduce reaction time greatly.[109] Moreover, 
the higher surface energy enable electrode reactions to occur 
that cannot take place for micrometer-sized particles.[110] In 
addition, high surface area means high contact area and thus 
a large amount of active sites for the electrochemical reac-
tion. Therefore, nanostructured materials have been exten-
sively explored in efforts to enhance the kinetic properties 

Figure 12. Schematic of the SE-coated NiS-VGCF composite (SE denotes 
the 80Li2S·20P2S5 (mol%) solid electrolyte). Reproduced with permis-
sion.[102] Copyright 2013, American Chemical Society.

Figure 13. a) Schematic illustration of the microstructure composite cathode in ASSLB. b) The TEM image of the as-obtained TiS2–electrolyte com-
posite prepared by ball-milling. a,b) Reproduced with permission.[106] Copyright 2014, Springer Nature.
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for solid-state lithium batteries. Modifying the electrode 
with carbon materials is another strategy to improve electro-
chemical performances. Among the diverse carbon materials, 
CNT and graphene have been widely used to better the elec-
trochemical performance of the cathode materials used for 
ASSLBs. Moreover, their unique low dimensional structures 
are favorable to form conductive networks. Furthermore, the 
carbon matrixes accommodate the large change in volume 
and act as a conducting media simultaneously. Therefore, 
reduction of particle size and composite with carbon mate-
rials are effective to improve the cathode/electrolyte inter-
face contact, and maintain structure stability, thus delivering 
enhanced electrochemical performance.

Long et  al.[111] prepared an ASSLB employing NiS nanorods 
as cathode. The electrochemical performance showed that the 
nanosized NiS exhibited enhanced capacity and cycle stability. 
The significantly reduced particles are beneficial for the inter-
face contact, thus improving the utilization of active materials 
and charge transfer kinetics. Zhang et  al.[112] synthesized a  
NiS–CNT composite by anchoring NiS nanoparticles on CNT 
surface. The nanosized NiS as well as the presence of high conduc-
tive CNT not only enhanced the ionic/electronic conductivity but 
also alleviated the stress/stain during charge/discharge process. 
The ASSLBs employing the NiS–CNT as cathodes delivered an 
excellent cycling performance of 170 mAh g−1 with 150 cycles.

3.3. Sulfur-Based Electrode Materials

3.3.1. Sulfur

Elemental sulfur has high theoretical capacity (1675 mAh g−1). 
More importantly, sulfur does not suffer from polysulfide 
dissolution in SEs.[113–114] Tataumisago’s group first reported 
the use of sulfide-based solid electrolyte for solid state Li–S 
batteries. The S@CuS composite cathode was prepared by 
mechanical milling. ASSLB using the sulfur-based cathode 
materials and the Li2S–P2S5 electrolytes delivered a large 
reversible capacity of 650 mAh g−1 within 20 cycles, where S 
and CuS both worked as an active materials.[115] Particle size 
the sulfur plays an important role for high charge-discharge 
capacities. Kanno’s group reported a nanocomposite elec-
trode of sulfur and acetylene black (AB) fabricated through 
gas-phase mixing followed by mechanical balling. Particle 
size of sulfur after gas/solid mixing was 1–10 nm, leading to 
an intimate contact interface between sulfur and AB, which 
improve the sulfur utilization. The extremely high capacity 
obtained for the composite electrode was due to the close con-
tact between sulfur and AB which acts as conducting matrix. 
In addition, this gas/solid mixing method leads to the low 
resistivity of the composites indicated by the impedance spec-
troscopy.[116] Afterward, they prepared a similar ASSLB using 
mesoporous carbon (CMK-3) as the conducting matrix. The 
high electrical conduction path way and sulfur utilization 
can be realized simultaneously by the special mesoporous 
framework of CMK-3. Electrochemical test showed that the 
S/CMK-3 nanocomposite cathode delivered a large initial 
capacity of 1600 mAh g−1 capacity and excellent rate perfor-
mance attribute to the intimate contact between nanosized 

sulfur and conducting carbon matrix.[117] Similarly, Sakuda 
et  al.[118] reported a composite cathode using interconnected 
mesoporous carbon as an effective sulfur host. The highly 
interconnected carbon helps the formation of an excellent 
electronic pathway, thus improving electrode kinetics. Conse-
quently, the ASSLSB employing this composite cathode deliv-
ered an excellent capacity of over 1100 mAh g−1 for 400 cycles 
at a high current density of 1.3 mA cm−2. Nagata et  al.[119] 
investigated the relationship between the conductive sulfur 
host and battery performance. Their results showed that the 
surface area of the conductive host plays a more important  
role than the intrinsic electronic conductivity of the host 
in the electrochemical performance of ASSLSBs. ASSLSBs 
employing activated carbon composite cathode with a high 
surface area exhibited a high reversible capacity of over  
1600 mAh g−1 for 100 cycles at high rate of 1C, and a high 
power density over 11 000 W kg−1 at 50% state of charge. All 
these finding showed that the mesoporous carbon especially 
that with high surface area are promising as the sulfur host 
for practical ASSLSBs.

More recently, Yao et  al.[120] reported an all-solid-state 
lithium–sulfur battery (ASSLSB) employing the bilayered 
Li10GeP2S12/75%Li2S–24%P2S5–1%P2O5 as electrolyte and the 
rGO modified S as cathode, as shown in Figure 14a. Herein, the 
interface resistance between the cathodes and the electrolyte is 
significantly reduced by coating a nanolayer of S on the rGO, 
which was demonstrated by the atomic force microscopy (AFM) 
pattern (Figure 14b). The obtained ASSLBs exhibit an initial dis-
charge capacity of 1629 mAh g−1 and high rate capability from 
0.05 to 5 C (Figure  14c,d). The excellent capacity retention of 
high rate capabilities is attributed to the avoidance of polysulfide 
shuttle and alleviation of the volume variation during the charge/
discharge process. Afterward, CNTs@S nanocomposites were 
reported by depositing sulfur on the surface of CNTs though a 
thiamine method.[121] The ASSLSB with this mixing cathode 
exhibited excellent rate capability and ultralong cycle stability at 
60 °C. Moreover, the CNTs@S constantly delivered a capacity of  
660.3 mAh g−1 within 400 cycles at a rate of 1.0 C. In the cathode 
structure, the CNTs provided high electronic conductivity and 
better network to accommodate the volume charge of sulfur; the 
mixing of Li10GeP2S12 improved electronic/ionic conductivity 
and reduced interface impedance between electrode and solid 
electrolyte.

In addition, Zhang et  al.[122] fabricated an effective cathode 
candidate of Se doped sulfurized polyacrylonitrile composite 
(Se0.05S0.95@pPAN) used in ASSLSB. In their opinion, the 
uniform distribution of Se at molecular level functioned as a 
eutectic accelerator through the SeS bonding, which intended 
to boost electronic conduction and accelerated reaction kinetics 
at the same time. As a result, the Se0.05S0.95@pPAN cathode  
(1 mg cm−2 sulfur loading) could deliver an initial capacity of 
840 mAh g−1 at 167.5 mA g−1 and maintained a high capacity 
retention of 81% for 150 cycles. Meanwhile, Li et al.[123] proposed 
a new strategy of Se–S solid solution chemistry in S-based cath-
odes for ASSLBs. The introduction of Se in S helped to modify 
the electronic/ionic conductivities and ultimately enhanced 
cathode utilization. Combined with Li10GeP2S12–Li3PS4 solid 
electrolytes, the optimized SeS2 cathode can exhibit an out-
standing electrochemical performance of over 1100 mAh g−1 at 
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50 mA g−1 with a stable cycling for 100 cycles. Therefore, fur-
ther improvements of ionic and electronic conductivities for the 
S-based cathode especially maintaining their stability are cru-
cial for a high-performance ASSLBs.

3.3.2. Li2S

Li2S has also been employed as the cathode for ASSLB. Highly 
conductive metals are generally adopted to activate the elec-
trochemical reaction due to the high insulative of Li2S.[124]  
Tatsumisago’s group reported the synthesis of Li2S–Cu composite 
cathode by mechanical milling crystalline Li2S and Cu pow-
ders.[125] The ASSLSB of In/Li2S–Cu were assembled by adopting 
the Li2S–P2S5 as electrolyte. It was revealed that the addition of 
Cu and the mechanical activation improved the electrochemical 
performance. The morphology and structure analyses demon-
strated that the milling process partially form the amorphous 
LixCuS domain. This domain is important for improving the 
capacity. An enhanced initial discharge capacity of 490 mAh g−1 
can be obtained. However, the use of heavy metal will decrease 
the energy density. Afterward, the same group reported a higher 
capacity Li2S–nanocarbon composite cathode of Li2S and AB by 
ball-milling process to form Li2S–AB composite, then, Li2S–AB 
was further milled with SEs to form Li2S–AB–SEs composite 
cathode. The milling process enhanced the close contact between 
Li2S, AB, and SEs. The cross-sectional scanning transmission 

electron microscopy (STEM) and electro energy loss spectro-
scopy (EELS) image of Li2S composite electrode revealed that 
nanocomposites with intimate contacts were obtained, forming 
a triple junction (Figure 15a). More importantly, the unique 
structure was retained after 10 cycles (Figure 15b). Therefore, the 
ASSLBs employing the composite as cathodes display not only a 
high initial capacity of 700 mAh g−1, but also a stable cycling life 
(Figure 15c,d).[126] In order to improve the utilization of Li2S and 
understanding of Li2S/S conversion reaction in ASSLSBs. Hakari 
et  al.[127] systematically compared the electrochemical perfor-
mance of Li2S that mixed with different lithium halides LiX (LiCl, 
LiBr, and LiI) in ASSLSBs. The 80Li2S–20LiI composite cathode 
exhibited the best electrochemical performance and the highest 
Li2S utilization. The battery with80Li2S–20LiI cathode retained 
a reversible capacity of 980 mAh g−1 at 2C for 2000 cycles. The 
significant improvement of Li2S utilization was attribute to the 
increase of electrochemical reaction sites provided by dispersed 
LiI rather than the enhanced ionic conductivities of Li2S–LiX 
solid solutions. This work provided a new insight to improve 
Li2S utilization for high performance ASSLSBs.

Lin et  al. demonstrated a facile synthesis approach of core–
shell structure with Li2S as core and Li3PS4 as the shell. Nano-
sized Li2S particles were first synthesized by a liquid reaction of S 
with lithium triethylborohydride in THF. Subsequently, exposure 
of the surface of nano Li2S with P2S5 results in a core–shell struc-
ture of Li2S@Li3PS4, as shown in Figure 15e. Li3PS4 was found 
can improve the ionic conductivity of the cathode to 10−7 S cm−1, 

Figure 14. a) Schematic illustration of an ASSLSB battery. b) AFM images of amorphous rGO@S composite and the height profiles at lines 1 and 2. 
c) Cycling performances of the amorphous rGO@S composite. d) Galvanostatic discharge–charge curves for the amorphous rGO@S composite in 
ASSLSB. a–d) Reproduced with permission.[120] Copyright 2017, Wiley-VCH.
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which is 6 orders of magnitude higher than that of bulk Li2S 
(Figure  15f). The high ionic conductivity and reduced particle 
size of Li2S@Li3PS4 delivered a high discharge capacity and 
cycling stability. The ASSLSB using the Li2S@Li3PS4 as cathode 
delivered a large initial discharge capacity of 1216 mAh g−1, and 
excellent capacity retention of 70% within 100 cycles.[128]

Except S and Li2S, sulfur-rich compounds can also be used 
as cathode. Liang et  al. first reported a series of sulfur-rich 
lithium polysulfidophosphates worked as the cathodes for the 
ASSLBs with long cyclic life.[129] Reaction of sulfur with Li3PS4 
yielded Li3PS4+n, and sulfur was directly connected to the solid 
electrolyte. Thus, the sulfur will maintain continuous contact 
with the solid electrolyte. The polysulfidophosphates possess 
higher ionic conductivities by 8 orders magnitude than that of 
Li2S (3.0 × 10−5 S cm−1 at 25 °C). The high lithium ionic conduc-
tivity imparted excellent cycling performance. Specifically, the 
Li3PS4+n (n = 5) cathode in ASSLSB presents a high reversible 
capacity of 700 mAh g−1 after 300 cycles at room temperature. 
The better performance of the ASSLSB can be obtained with a 
capacity of 1200 mAh g−1 after 300 cycles when the operating 
temperature is increased to 60 °C.

3.3.3. Sulfide Cathodes

Sulfides possess high theoretical specific capacity and have sim-
ilar chemical composition and chemical potential with sulfide 
electrolytes, the interface will not form serious space charge 

layer after contacting. Therefore, it is expected to obtain high 
energy and long life by replacing the traditional oxide cathode 
material with sulfide electrode material.

Conversion Sulfide Cathodes: Conversion reaction cathode 
experiences following reaction

b b a ba b + + → +−M S 2 Li 2 e M Li S+ 0
2  (3)

where nano-M0 is highly reactive and Li2S is highly resistive. 
These materials can deliver a high capacity due to the utiliza-
tion of multivalent redox center. However, one challenge is 
their large volume change and associated structural degrada-
tion. Therefore, introduction of a buffer is the commonly used 
strategy to ameliorate this problem. The other problem is the 
agglomeration of nano-M0 with the formation of nonreactive 
M, leading to the loss of reversible capacity. Thus, electronic 
conductive materials were incorporated into the cathode to 
improve the reaction kinetic between M0 and Li2S.

Iron sulfides are the typical conversion cathode mate-
rial in sulfide-electrolyte-based ASSLB due to its high spe-
cific capacity, environmental friendless and source abun-
dant. The reduction of FeS to Fe and Li2S with 200% volume 
expansion, resulting in destruction of the electrode.[130–131] 
Decreasing the particle size of FeS can ameliorate the stress/
strain change and decrease the conduction breakage during 
charge/discharge process. Besides, the higher surface area 
of decreased particle size FeS can increase the contact at 
active material/electrolyte interface, leading to the improved 

Figure 15. a,b) EELS map for Li2S composite cathode before (a) and after 10 cycles (b) of electrochemical test. c) Charge and discharge profile of 
ASSLB with Li2S/AB/SEs cathode mixtures treated differently. d) Cycle performance of the ASSLB with Li2S–AB–SE electrode. a–d) Reproduced with 
permission.[126] Copyright 2012, Royal Society of Chemistry. e) Schematic of the synthesis process for core–shell structured Li2S@Li3PS4 and the cycle 
performance of corresponding ASSLB. f) Temperature dependency of ionic conductivities of the bulk Li2S, Nano Li2S, and Li2S@Li3PS4. e,f) Reproduced 
with permission.[128] Copyright 2013, American Chemical Society.
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high-rate capability and cycling performance. Nanostructured 
FeS can further increase the specific surface area and simul-
taneous provide shorten Li+ diffusion path, thus improving 
the electrochemical kinetics. Zhang et  al.[132] reported ASSLB 
employing FeS nanosheets as cathodes, which delivered 
a high capacity of 550 mAh g−1 within 50 cycles at 0.1 A g−1. 
Besides FeS, many metal sulfide including NiS, CoS, CuS, 
etc., which are based on a conversion reaction, are often used 
as cathodes or composite cathodes in ASSLB.[102,111–112,133–135]  
Aso et  al.[133] prepared an ASSLB employing NiS nanoparti-
cles with the size of about 50 nm as cathode. Electrochemical 
measurements showed that the nanosized NiS delivered an 
initial reversible capacity of 780 mAh g−1 at 0.13 mA cm−2 and 
a long cycle stability, indicating an excellent reversible electro-
chemical performance. In addition, Long et  al.[111] investigated 
the reaction mechanism of the NiS in all solid lithium batteries 
through CV and ex situ XRD, depicting a reversible conversion 
reaction which is similar with traditional liquid batteries.

Anionic Redox Driven Chemistry Based Electrodes: The high 
capacity cathodes are always derived by the reversible redox pro-
cess of cations and anion (nonmetallic) or even entirely through 
anion redox.[136] The anionic redox reactions exist in many 
metal phosphides and chalcogenides. Particularly, transition 
metal polysulfides, such as FeS2, TiS3, VS4, MoS3, etc., where 
the key role is the (S–S)2−/2S2− redox reaction. When both of 
cations and anions take part in the redox reaction, multielec-
tron transfer is realized, thus an enhanced capacities can be 
expected. Moreover, the voltage plateau of the transition metal 
polysulfide electrodes is around 2.0 V, which is comparable to 
Li–S batteries. Thus, anionic redox driven polysulfides could be 
considered as promising alternatives for designing advanced 
materials for batteries and other energy-related applications.

In pyrite FeS2 and patronite VS4, sulfur is present in the 
form of (S–S)2− groups with short bond lengths (about 0.2 nm).  
Pyrite FeS2 exhibits four electron conversion reaction with 
a theoretical capacity of 894 mAh g−1.[137–138] Compared with 
the popular Li–sulfur system, the Li–FeS2 system is poten-
tially safer because FeS2 has a much higher melting point 
than sulfur. However, the poor electrochemical reversibility of  
Li–FeS2 chemistry limited the utilization of FeS2 in recharge-
able lithium batteries. The first discharge of FeS2 proceeded via 
an intermediate Li2FeS2 by following a reactions[138,139]

FeS 2Li 2e Li FeS2
+

2 2+ + →−  (4)

Li FeS 2Li + 2e 2Li S Fe2 2
+

2+ ↔ +−  (5)

2Li S Fe Li FeS + 2Li +2e2 2 2
++ → − (6)

Li FeS Li FeS Li e 0.5 0.82 2 2 2
+x x xx ( )↔ + + < <−

−  (7)

Li FeS FeS (2 )S (2 )Li (2 )e2 2 y
+y x xx ↔ + − + − + −−

−  (8)

The main advantage of such processes is the high gravi-
metric capacity. Lee et al.[94] found that the employment of solid 
electrolyte can eliminate the shuttle effect and simultaneously 
enable the four electron reaction of FeS2 cathode. The FeS2 
solid state battery delivered a specific capacity of 894 mAh g−1 
due to the fully utilized of four electron storage. In addition, 

the battery also demonstrated much more stable cycling per-
formance than the same material tested in a conventional 
carbonate electrolyte. Similarly, Wan et  al.[138] found that, after 
employing solid electrolyte, the reversible reaction 2Li2S + Fe ↔  
FeSy + (2−y)S + 4Li+ + 4e− was dominated after the first cycle.

Tatsumisago et  al. reported that the amorphous MoS3 
(a-MoS3) in ASSLB shows better electrochemical performance 
than that of the crystalline MoS2, due to the higher electronic 
conductivity of a-MoS3 with the contribution of redox reac-
tion of additional sulfur.[140] To further understand the reaction 
mechanism of a-MoS3 electrode, the group analyzed the elec-
tronic structural change of a-MoS3 during cycling using X-ray 
photoelectron spectroscopy (XPS) and X-ray absorption near 
edge structure (XANES).[141] The results revealed that the irre-
versible electronic structure changes of sulfur were observed 
during the first discharge/charge process, and the reaction 
mechanism of a-MoS3 was proposed as follows

a-MoS 6Li 6e a-Li S Li Mo S
a-Li MoS (1st discharge process)

3
+

2 2

2

x x

x

( )+ + →
+

−
−

 (9)

x x x

x

+ + ↔
+

−
−a-Li MoS 5Li 5e a-Li S (Li Mo S)

a-Li MoS (after the 1st discharge)
3

+
2 2

2
 (10)

Zhang et  al.[142] also reported the employing of rGO–MoS3 
nanocomposites as cathode for ASSLBs. After the first dis-
charge process, the MoS3 undergo a reversible anionic redox 
reaction rather than a conversion reaction. As a result, the 
ASSLBs depicted a better electrochemical performance than tra-
ditional lithium ion batteries due to the elimination of soluble 
polysulfide. Similar to a-MoS3, VS4 also shows an irreversible 
structure change after the first discharge. More importantly, 
high sulfur content helps to increase the specific capacity, 
because the sulfur also participates the reaction. Zhang et al.[143] 
constructed ASSLB based on GO–VS4@Li7P3S11 cathodes. The 
electrochemical reaction mechanisms were revealed as an ini-
tial conversion reaction followed with Li-S reaction. In addition, 
the dispersion of metallic V nanoparticles after first discharge 
process which further facilitate the transfer of the electron. As 
a result, the resultant battery showed a discharge capacity of  
611 mAh g−1 at 0.1 A g−1 after 100 cycles.

Different from MoS3 and VS4, TiS3 shows a reversible struc-
ture change during cycling, following the reversible reaction 
a-TiS3  + 3Li+  +3e−  ↔ a-Li3TiS3. During discharge process, 
S2

2− first react with 2 mol Li+, then, the other 1 mol Li+ react 
with S2− to form a-Li3TiS3. When charging, 3 mol Li+ were 
extracted from a-Li3TiS3 and a-TiS3 was formed again.[136] Simi-
larly, amorphous TiS4 undergo a reversible charge/discharge 
process. Sakuda et  al.[144] revealed the reaction mechanism of 
amorphous TiS4 by combining advanced techniques and theo-
retical calculations. Their research showed that the charge/
discharge process is neither pure intercalation/deintercalation 
nor conversion reaction mechanism, but a mixture of the two. 
During the charge or discharge process, the TiS4 undergoes two 
distinct structural changes: 1) the formation and deformation of 
S–S disulfide bonds and 2) change in the coordination number 
of titanium.

Based on the above discussion, anion participation in 
the redox reactions are always observed in transition metal 
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polysulfides. Both cations and anions in the redox processes 
offers opportunities to realize higher capacities. Further research 
is needed to better understand the chemistry behind their prop-
erties, to design next-generation electrode materials and to over-
come the challenges associated with capacity retention.

3.4. Composite Cathodes

The materials mentioned above face the problem of low elec-
trochemical kinetics and/or large volume expansion, thus 
composite materials are developed to ensure the excellent 
electrochemical activity of the battery. Carbon matrixes are 
the most common materials applied to enhance the electronic 
conductivity as well as alleviate the volume change. Another 
representative method is to use transition metal sulfide to 
improve the reversible conversion of sulfur to lithium sulfide, 
such as FeS2@S, FeS@S, P2S5@S, etc. Besides, all of the com-
ponents in the composites can participate in redox reaction. 
Passerini et  al.[145] constructed an ASSLSB based on FeS2@S 
composite, and the resultant battery delivered a high capacity 
of 1200 mAh g−1. The author speculated that the addition of 
FeS2 could effectively alleviate the volume change and accel-
erate the redox reaction. Tatsumisago et al.[146] investigated the 
charge/discharge mechanism of P2S5@S composite cathode. 
After ball-milling, amorphous P2S5+x was obtained. Then, with 
the insertion of lithium, bridging sulfurs in the amorphous 
P2S5+x changed to nonbridging sulfur, amorphous Li3PS4, and 
Li2S were formed ultimately. During the following charge pro-
cess, amorphous P2S5+x was reformed. In this discharge-charge 
mechanism, the ionic conductive part and redox sulfur are 
dispersed at the atomic level, leading to high electrochemical 
activity of the ASSLSB based on P2S5@S composite.

4. Lithium Anodes

4.1. Challenges for Li/Electrolyte Interface

Lithium metal has always been considered as the ultimate 
anode for Li-ion batteries due to its lowest electrochemical 
potential (−3.045 V vs standard hydrogen electrode (SHE)) and 
the highest specific energy (3861 mAh g−1),[147] but the use of 
liquid or polymer electrolyte cannot suppress dendrite growth 
successfully which possibly results in safety concerns including 
fires and explosions.[148] Solid electrolytes are generally believed 
to be the most attractive alternative to restrict dendrite growth 
because of its high Li+ transference number and high mechan-
ical strength. However, rather than suppress dendrite growth, 
the dendrite formation in solid electrolytes including garnet 
and sulfide SEs is actually demonstrated to be much easier, 
which is revealed be the lower critical current density than that 
in nonaqueous liquid electrolyte. Therefore, in order to realize 
the successful integration with lithium metal anodes, dendritic 
Li propagation inside SEs is the critical and urgent problem to 
be solved.

The property of the interface layer is considered of a piv-
otal role in the Li dendrite formation and growth in the SEs. 
However, due to the narrow electrochemical window of the 

sulfide electrolytes, the parasitic reactions between the lithium 
metal/solid electrolyte interface always lead to an unstable 
interphase layer.[149] Hence, revealing the underlying interfacial 
reaction details and failure mechanism are of great significance 
for developing the next-generation ASSLBs with enhanced 
energy density and safety. In this part, we intend to focus 
on the key issues resulted from the combination of Li metal 
anode and SEs. First, the multiple dilemmas including poor 
interfacial stability, dendrite growth, low operation current and 
capacity of solid state lithium metal batteries are underscored. 
Specific attention is paid to the intrinsic properties such as elec-
trochemical stability, electronic conductivity and the ionic chan-
nels of the bulk SEs. Based on the primary understandings and 
related analysis, the most recent proposed strategies to render 
an efficient and safe ASSLBs are summarized.

4.1.1. Interfacial Reaction

The stable interface between Li metal and SEs is important for 
enhancing Li-ion diffusion thus improving the whole electro-
chemical performance of the ASSLBs. An ideal interface should 
be highly ionically conductive and electronically insulating 
thus preventing the unwanted electrochemical reactions.[150] 
However, the interfacial reactions are complicated for ASSLBs. 
According to the formation features of the lithium metal/SEs 
interface, it can be divided into three different types.[151] In the 
first case, the lithium metal does not react with SEs at all, a 
perfect 2D thermodynamically stable interface will be formed 
as shown in Figure 16a, which has not been reported yet. In 
the second case, parasitic side reactions will proceed once 
lithium metal is in contact with SEs, forming a 3D thermody-
namically unstable interfaces as shown in Figure 16b due to the 
highly reactive lithium metal. When the resulted interface are 
sufficiently electronic and ionic conductive, the dendrite will 
steadily grow into the SEs, pierce the bulk solid electrolytes and 
finally lead to the cell failure, which is defined as the mixed 
conducting interface.[152] The construction of a protective layer 
on the Li metal, also known as artificial SEI, is proven to be an 
effective way to avoid the formation of mixed conducting inter-
face.[153–155] As shown in the case of Figure  16c, a metastable 
interface can be achieved when the bypass products have poor 
electronic conductivity for the sluggish reaction kinetics, which 
is comparable to the SEI formation in the liquid electrolyte.

Generally, theoretical studies can always provide insights 
and help to understand the thermodynamic and kinetic reasons 
of the interfacial reaction. With the help of the first-principles 
calculations, Zhu et  al.[85,156] and Han et  al.[86] found that the 
sulfide electrolytes are not thermodynamically stable against 
lithium metal and can be reduced at low voltage. The voltage 
curves and phase equilibria of Li10GeP2S12 after charge and dis-
charge are calculated as shown in Figure 16d,e. The DFT calcu-
lations reveal that the main interfacial products are Li2S, Li3P, 
and Li17Ge4, which can be attributed to the decomposition of 
sulfide electrolytes.[157]

Verification of the calculated and simulated results by experi-
mental studies is more crucial and unavoidable. Since lithium 
metal and sulfide electrolytes are air- and moisture-sensitive 
and the lithium metal/SEs interface is always buried by the 
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bulk solid phases due to the high pressure by the solid cell 
configuration, conventional characterization techniques such 
as scanning electron microscopy (SEM), transmission electron  
microscopy (TEM), XPS, XRD, and NMR are difficult to inves-
tigate the detailed properties. Inspired by the ionic sputtering, 
Janek’s group[151] developed straightforward technique for investi-
gating the formation of interphase at the surface of solid electro-
lytes by using an argon ion sputter gun in XPS to deposit lithium 
metal on the solid electrolyte surface. From the in situ XPS 
results, the Li2S (around 160 eV) and Li3P (around 126–127 eV)  
were formed as lithium was deposited on the Li7P3S11 and all 
the peak intensities decrease gradually upon further deposi-
tion due to the limited probing depth. Except the formation 
of Li2S and Li3P, two additional “reduced phosphorus spe-
cies” are also found by fitting the XPS spectra, which might be 
attributed to the formation of LiP, LiP5 or LiP7. Subsequently, 
Wenzel et  al. used the same method to find a strong increase 
of the overall resistance of the Li/LGPS/Li cell as well as the 
increased thickness of SEI layer by the following reaction: 
Li10GeP2S12 + 20Li→12Li2S + 2Li3P + Ge.[158] Similar work has 
also been carried out to study long-term stability of Li6PS5X  
(X  = Cl, Br, I) with Li metal.[159–160] All the three compounds 
can be decomposed to form an interphase composed of Li3P, 
Li2S and LiX once in contact with metallic Li. The resulted but 
unstable interphases lead to an increase of the interfacial resist-
ance according to reaction of Li6PS5X + 8Li → 5Li2S + Li3P + LiX 
(X  = Cl, Br, I). Among all the promising sulfide electrolytes, 
such as Li7P3S11, Li10GeP2S12, and argyrodite structure of Li6PS5X  
(X  = Cl, Br, I), Li7P3S11 appears to have the less side reaction 

with lithium metal whereas Li6PS5I and Li10GeP2S12 show much 
higher SEI resistances.[159] As for the sulfide and thiophos-
phates, nearly none of them is thermostable against Li at low 
voltage due to their intrinsic P–S and M–S (M = Ge, Sn, Si, or 
Al) bonds.[84,137] The reduction potential is mainly dependent 
on the reduction of elemental P and Ge in the solid electrolyte, 
which more easily accept the unbound electron from metallic 
Li. Usually, a mixture products of Li2S, Li3P, and Li–Ge alloy is 
formed on the surface of Li10GeP2S12 when the voltage drops 
to 0 V, which are consist with the results predicted by Ceder’s 
group.[84,137] Although the formation of interphase has been 
intensively studied in recent years, the chemical composi-
tion and its evolution under battery operating conditions was not 
probed except by Teeter’s group.[161] They revealed that the Li2S and 
Li–P components at interface cause negligible polarization losses 
during cycling, while the formation of Li3PO4 phase segregation 
from the oxygen-contaminated LPS (Li3POxS4−x) and its subse-
quent growth during discharge would ruin the battery performance 
and cycling stability. More advanced operando characterization 
techniques accompanied with theoretical calculation or modeling 
are still urgently needed for further in-depth understanding the 
interfacial phase stability and reaction mechanism for the ASSLBs.

4.1.2. Lithium Dendrite

Lithium dendrite growth is one of the most important issues 
which has to be conquered in the rechargeable lithium metal 
batteries for its culprit to cell short-circuit.[162] According to 

Figure 16. Schematic diagram of the types of interfaces between lithium and a solid electrolytes. a) Ideal stable interface. b) Unstable interphase.  
c) Metastable solid-electrolyte interphase (SEI). a–c) Reproduced with permission.[151] Copyright 2015, Elsevier. d) Decomposition energy ED of 
sulfide electrolyte as a function of the applied voltage Li. Reproduced with permission.[156] Copyright 2015, American Chemical Society. e) The first-
principles calculation results of the voltage profile and phase equilibria of LGPS during lithiation and delithiation. Reproduced with permission.[85]  
Copyright 2016, Wilely-VCH.
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Monroe and Newman’s model, it is generally believed that the 
substitute of liquid electrolyte by SEs with high mechanical 
rigidity could effectively suppress the lithium dendrite and lead 
to a homogenous lithium deposition/dissolution process during 
cell cycling.[163] Nagao et  al. found that when a small current 
density and areal capacity is applied, lithium can be evenly and 
reversibly deposited/dissolved at the lithium metal/SEs inter-
face compared with the original one as shown in Figure 17a–c. 
While once the current density and areal capacity increase to 
certain values, the deposited lithium preferably nucleates and 
grows at the voids and grain boundaries within the SE, and fur-
ther penetrates into the bulk SE, leading to the cell failure as 
shown in Figure 17d–f.[73] It is obvious that the inhomogeneous 
Li deposition mostly happens on the defects which may be 
aroused by the poor contact between SEs and Li metal anode or 
the low compaction density of internal SEs.[164–167] These defects 
will provide the active sites for the lithium dendrite growth. 
On the other hands, conductivity difference in the grain, grain 
boundary or the interface (SEI and electrolyte) will lead to the 
preferential deposition of dendrite.[168]

In order to figure out the conflicts between the theoretical 
model and experiment results, Chiang’s group[74] investigated 
the Li metal penetration mechanism through four different 
solid electrolytes (amorphous Li7P3S11, polycrystalline β-Li3PS4, 
polycrystalline, and single-crystalline Li6La3ZrTaO12 garnet) and 
found that the nature of lithium infiltration is strongly dependent 
on the morphology of the electrolyte surface, in particular the 
defect size and density. As the current density exceeds to a 
critical value, the lithium penetration/infiltration occurs at the 
defects like surface crack and eventually results in a short circuit. 
Based on the results, they proposed an electro-chemo mechanical 
model of the plating-induced lithium infiltration which suggests 
that the crack propagation is driven by the crack-tip stresses 
caused by the Li-plating in pre-existing defects.[74] Wang et al.[169] 
proved that the good chemical compatibility of SEs and metal 

anode is detrimental to the battery lifetime and favoring the fast 
dendrite growth which is contrary to the general understanding. 
The spread of lithium dendrite is highly correlated to the ionic 
and electronic conductivities of the interphases. More recently, 
Han et al.[76] conducted an operando neutron depth profile (NDP) 
measurement on the Li3PS4 solid electrolyte so as to get a real-
time visualization of lithium dendrite growth. The results sug-
gest that lithium dendrites nucleate and grow directly inside 
Li3PS4 attributed to its high electronic conductivity. Thus, how to 
design an elastic, scalable, and robust lithium metal/SEs inter-
face with low electronic conductivity, high ionic conductivity, and 
chemical stability is necessary to alleviate the Li dendritic forma-
tion for ASSLBs with a long cycling life.

4.2. Designing Strategies for Anode/Electrolyte Interface

4.2.1. Electrolyte Optimization

Based on the discussion above, it can be concluded that the key 
challenge at lithium metal/SEs interface originates from the 
low chemical stability of sulfur-based electrolytes themselves 
due to the intrinsically weak PS bonding. Therefore, tremen-
dous works have been done to regulate the composition of 
solid electrolytes by doping or incorporation with other lithium 
compounds so as to enlarge their thermodynamic stability and 
electrochemical window but without lowering the high ionic 
conductivities.

One of the most frequently method used is replacing S2− 
with O2− due to the stronger and shorter PO bonding. Based 
on first-principles, DFT and quasi-empirical bond-valence cal-
culations, the O atom doping in β-Li3PS4 structure not only 
restrains the formation of a Li2S-like buffer layer but also cre-
ates a new path with lower energy barrier for vacancies and Li 
ions at b and d sites, respectively, as shown in Figure 18a–c.[170] 

Figure 17. a–e) SEM images of the 80Li2S·20P2S5 solid electrolyte surface: a) before cycling, and b–e) after lithium was deposited 0.05 mA cm−2 for  
10 h (b) and 72 h (d) and at 0.5 mA cm−2 for 1 h (d,e). f) Cross-section of solid electrolyte at 0.5 mA cm−2 for 72 h. a–f) Reproduced with permission.[73] 
Copyright 2013, Royal Society of Chemistry.
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Sun et  al.[172] investigated a series of Li10GeP2S12−xOx with 
various O content and confirmed the preferential substitut-
ability of O in the PS4 tetrahedral. Electrochemical evaluations 
also demonstrated that the ASSLB using Li metal anode and 
Li10GeP2S12−xOx of partial sulfur substitute by oxygen showed 
reversible capacities exceeding 100 mAh g−1 and better cycling 
performance compared to the ones with Li10GeP2S12. Dif-
ferent from Li10GeP2S12, the O atoms replace the S atoms at 
free S2− sites rather than at the PS4 tetrahedra in argyrodite  
Li6PS5−xOxBr.[171] Remarkably, the O-doped solid electrolyte 
exhibited comprehensively enhanced properties in Figure  18d, 
including superior dendrite suppression capability and excel-
lent stability against lithium reduction.

Besides single atom doping, a bunch of oxides like P2O5,[55] 
Sb2O5,[173] ZnO,[174] lithium halides (LiCl, LiBr, and LiI)[72,175], 
lithium phosphates (Li3PO4)[176] and others[177–178] have also been 
used to incorporate with SEs to enhance the structural stability 
and suppress the lithium dendrite growth. Although the modi-
fied electrolytes exhibit improvements of the battery perfor-
mance, the parasitic interfacial reactions and lithium dendrite 
formation seem cannot be totally prevented during long cycling 
and will lead to a poor cycle life and rate capabilities.

4.2.2. Insertion of Artificial SEI

Besides electrolyte optimization, insertion of an artificial SEI 
will be another wise option to prevent the direct contact and 
undesirable side reactions of active lithium metal anode with 
solid electrolytes.[179] A lot of trials have been performed and 
inspiring achievements have been realized by the using of dif-
ferent chemical or physical methodologies. Ogawa et  al.[180] 
inserted a 20 nm thick Si thin film between the lithium metal 
anode and Li2S–P2S5 solid electrolytes and found that the cycle 
life was largely extended with a capacity retention of 80% after 
500 cycles due to the strongly reduced reduction ability of the 
Li–Si interfacial layer. Similarly, other metal thin films to form 
alloy with metallic Li such as Au,[181–182] Al,[180] Sn,[180] and In[183] 
were also tested as a protective layer at the anode/electrolyte 
interface, which have been proven of considerable improve-
ments especially in terms of guiding a homogenous lithium 
deposition and dissolution on the lithium anode during cycling. 
Zhang et  al.[184] designed an ingenious protective layer for cir-
cumventing the intrinsic chemical stability issues of L10GP2S12 
with Li metal. The results show that a homogeneous LiH2PO4 
protective layer between L10GP2S12 electrolyte and Li anode can 

Figure 18. a) Crystal structure of β-Li3PS4 and the preferential substitution site when one S is replaced by O atom. b) The diffusion channels of Li-ion 
inβ-Li3PS4. green (easy), orange (moderate), red (hard). c) The migration paths calculated for Li3PS3.75O0.25. The energy barriers presented (>0.3 eV, red 
line; <0.2 eV, green line). The one-step path is labeled by blue line. a–c) Reproduced with permission.[170] Copyright 2016, Royal Society of Chemistry. 
d) The illustration of O-doped Li6PS5Br argyrodite. Reproduction with permission.[171] Copyright 2019, Elsevier.
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be in situ formed via a manipulated reaction of H3PO4 with Li 
metal in THF solution (Figure 19a). This approach is not only 
in favor of increasing the intimate contact of protective layer 
with the Li anode, suppressing the extension of mixed ionic-
electronic reactants to the inner of L10GP2S12, but also benefits 
for improving the sluggish reactions at the interface. Conse-
quently, the symmetric Li/Li cell with L10GP2S12 as electrolyte 
shows stable polarization voltage for 950 h at 0.1 mA cm−2.

The LiF as the main SEI composition has been reported 
to effectively prevent the Li dendrite formation due to its low 
electronic conductivity and high interfacial energy.[185] Recently, 
Fan et  al.[186,187] reported a high F content in SEI of Li metal 
anode can be achieved by increasing the Li bis(fluorosulfonyl)
imide (LiFSI) concentration in carbonate-based liquid electro-
lyte. Such F-rich SEI not only suppressed Li dendrite forma-
tion, but also improved the Li plating/stripping Coulombic effi-
ciency up to 99.3%. Meanwhile, they adopted an all-fluorinated 
electrolytes which is consisted of 1 m lithium hexafluorophos-
phate (LiPF6) in a mixture of fluoroethylene carbonate/3,3,3-
fluoroethylmethyl carbonate/1,1,2,2-tetrafluoroethyl-2′,2′,2′-
trifluoroethyl ether (FEC:FEMC:HFE, 2:6:2 by weight) to lower 
the cost of high concentration of the Li-salts with the same 
effect of LiF protection. Subsequently, they also designed an 
in-situ LiF-rich SEI by infiltrating a drop of high concentrated  
6 m LiFSI dimethoxyethane (DME) between the Li metal anode 
and Li3PS4 electrolyte, which was then dried under vacuum at 
high temperature to remove DME solvent.[187] Due to the reac-
tion of the LiFSI with the Li metal, the LiF-rich SEI is success-
fully obtained to inhibit the penetration of Li dendrites into 
Li3PS4 electrolytes and further block the side reactions between 
the SEs and Li. Compared with bare Li anode, the Li metal with 
LiF-rich SEI improves the critical current density of Li3PS4 from 
0.7 to 2 mA cm−2 and the Coulombic efficiency from 88% to 
98%. As discussed above, if the solid electrolyte is a low elec-
tronic insulator and high ionic conductor, the Li dendritic 
formation can be avoided. However, most sulfide electrolytes 
are not thermodynamically stable to Li metal which form the 
electronic conductive SEI and lead to the continuous reaction 
between Li metal and the solid electrolytes. Therefore, the in 
situ formation of the LiF layer on Li metal surface will effectively 

block its side reactions with the solid electrolytes, which further 
suppressed the dendrite formation due to the high interfacial 
energy and high bulk modulus of LiF to metallic Li. Xu et  al. 
also intended to suppress the Li dendrite by constructing a layer 
composed of LiF or LiI at the interface between Li anode and 
electrolytes.[179] As schemed in Figure 19b, both the LiF and LiI 
interlayer shows a capability to suppress the Li dendrite. Fur-
thermore, the Li dendrites will be consumed by the coated HFE 
inside the bulk electrolyte even if the Li dendrite penetrate LiF/
LiI interlayer, thus the destroy effect brought by Li dendrite can 
be avoided. For the galvanostatic discharge/charge of cells, the 
LiF coated cell still maintained a stable and low overpotential 
for 200 cycles under a current density of 0.5 mA cm−2, showing 
excellent interface stability and efficient dendrite suppression.

In addition to the inorganic layer, inorganic–organic hybrid 
interlayer at the lithium/solid electrolyte interface is also 
adopted to block the interfacial electron transfer and suppress 
the lithium dendrites formation.[188] The lithium metal anode 
protected by succinonitrile-based plastic crystal electrolyte 
enables a high capacity retentions for both ASSLBs coupled  
with LiFePO4 or polyacrylonitrile-sulfur (PAN-S) compos-
ites cathodes.[189–190] Moreover, it has been reported that the 
pretreatment of Li metal surface by N2,[191] H3PO4,[184] and 
incorporation with a small amount of LiTFSI/Pyr13TFSI ionic 
liquid[192] also help to prolong the lifespan of the sulfide-electro-
lyte-based ASSLBs.

4.2.3. Lithium Alloys (LiAl, LiSi, LiSn, LiIn, LiAl)

Instead of lithium metal, In is currently used as a potential 
anode for ASSLBs with sulfur-based electrolytes in order to 
avoid the unnecessary interfacial reaction due to the constant 
and reversible LixIn alloy reaction at high voltage (≈0.62 V)  
when the Li content is less than 0.9.[193] However, this will 
lead to a much decreased discharging platform. Besides, the 
mass density of In is ten times larger than Li, the energy den-
sity decreases dramatically with the application of In anode,  
which strongly lowers the competitive edge of the ASSLBs 
compared to the traditional Li-ion batteries. Also, under the 

Figure 19. a) Schematic of the synthesis of in situ LiH2PO4 protective layer and the LiCoO2/LGPS/LiH2PO4−Li ASSLB with optimized structure. Repro-
duced with permission.[184] Copyright 2018, American Chemical Society. b) Schematic diagrams of Li/Li7P3S11 interface and modified interface with a 
uniform thin LiF (or LiI) interphase layer and HFE (or I solution) infiltrated sulfide electrolyte. Reproduced with permission.[179] Copyright 2018, Elsevier.
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help of in operando synchrotron X-ray tomography and energy 
dispersive diffraction, Sun et  al.[194] observed that voids and 
cavities were continuously generated at the interface between 
LiIn and thio-LISION Li10SnP2S12 electrolyte due to the inho-
mogeneous lithium deposition/dissolution during cycling, 
which resulted in a loss of interface integrity and undoubtedly a 
electrochemical performance decay. Therefore, searching other 
lithium alloy anode with much lower density and good chem-
ical stability against sulfur-based SEs is more realistic. A series 
of Li–M alloys were investigated by Kanno’s group in the past 
decades, such as LiAl foil,[195] LiAl powder,[196] LiSi, and LiSn 
foil.[197]

5. Structure Design in ASSLBs

5.1. Composite Design of the Sulfide Electrolyte

5.1.1. Bilayer Inorganic Composite Electrolyte

Due to the ultrahigh active nature of Li metal with low elec-
trochemical potential, most of the sulfide solid-state electrolytes 
will be reduced when in direct contact with the pure lithium 
metal.[156,82] An ideal interface should obtain high electronic 
resistivity and high Li-ionic conductivity, which is in favor of the 
rapid diffusion of Li ion and complete inhabitation of side reac-
tion between Li metal and SEs. Unfortunately, most of the final 
reductions product of SEs are mixed-conductive, which means 
electron can still transfer for the continuous reaction. Especially 
for those highly conductive ternary SEs (Li2S-MxSy-P2S5) with 
high valence ions (including Al3+, Si4+, Ge4+, and Sn4+), the 
formed electronically conductive Li alloy at 0 V is confirmed 

both by theory calculations and experimental results, which will 
further leads to the severe instability of interphase.[87,198]

By comparison, Li3PS4 and its derivatives are considered of 
higher stability with metallic Li, which can be mainly ascribed 
to the formation of Li2S-riched buffer layer. Such a resulted 
interface has ultralow electronic conductivity and exhibits excel-
lent compatibility with Li metal. Therefore, Jung et  al.[199] fab-
ricated TiS2/Li–In cells with Li10GeP2S12/Li3PS4 as the bilayer 
solid electrolyte, of which Li3PS4 intends to obtain the surface 
layer to protect the Li–In anode. As a result, an outstanding 
electrochemical performance of ≈60 mAh g−1 at 20C was 
expected in their full cell with the optimized structure.

Meanwhile, 75%Li2S–24%P2S5–1%P2O5 electrolyte was 
reported by our group as a buffer layer between Li10GeP2S12 and 
metallic Li anode. Such a bilayer composite electrolyte could 
be successfully used in various ASSLBs with different types of 
sulfur-based cathodes. As show in Figure 20, the solid full cell, 
employing the Li10GeP2S12/75%Li2S–24%P2S5–1%P2O5 bilayer 
electrolyte and the highly crystalline (hc) VS2–Li10GeP2S12–
super P cathode, demonstrated an excellent long-cycling per-
formance, which still maintained a high discharge capacity of 
270.4 mAh g−1 at 500 mA g−1 after 100 cycles.[200] Besides, other 
ASSLBs with sulfide-metal-based nanocomposite cathodes 
and similar bilayer electrolyte also exhibited the outstanding 
capacity retention with high electrochemical stability, including 
Cu2ZnSnS4/graphene,[201] S/rGO[120] and VS4/rGO.[143] There-
fore, it is acceptable that if the reaction between Li metal and 
SEs is controlled by only forming a singly ionic-conducting 
interface. And according to the different role of each compo-
nent in the full cell, it is reasonable and beneficial to design 
the solid electrolytes with various combinations and configura-
tions, which needs more systemic investigations in this field.

Figure 20. a) Schematic diagram of the Li/hc-VS2 ASSLBs with 75%Li2S–24%P2S5–1% P2O5/Li10GeP2S12 bilayer electrolytes. b) The 20th charging–
discharging profile of the batteries with hc-VS2 electrodes at various rates and c) the cycling performance at 500 mA g−1. a–c) Reproduced with 
permission.[200] Copyright 2018, American Chemical Society.
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5.1.2. Polymer/Inorganic Composite Electrolyte

To achieve a synergetic effect of inorganic electrolyte and organic 
polymer, composite electrolyte is always designed to achieve a 
higher conductivity and proper mechanical flexibility in prac-
tical ASSLBs. Due to the thermal stability and wide electro-
chemical window, PEO-based polymer is frequently introduced 
to the inorganic electrolyte, which aims to form a close interfa-
cial contact between electrolyte and electrode in the working 
battery. Cho et al.[202] fabricated a glass–polymer composite elec-
trolytes by mixing the prepared 0.4GeS2–0.3Li2S–0.3LiI glass 
and P(EO)8–LiN(CF3SO2)2 polymer. The optimal glass–polymer 
composite containing 13 vol% PEO delivered a high lithium-ion 
transference number of 0.97 with a high ionic conductivity of 
8 × 10−4 s cm−1 at 80 °C. Our group also designed a composite 
electrolyte membrane with free-standing structure by the incor-
poration of Li10GeP2S12 powder with PEO-based polymer.[203] 
Here, the Li10GeP2S12 sulfide electrolyte acted more as the active 
filler in the PEO matrix and the ionic conductivity of the com-
posite membrane containing 1% Li10GeP2S12 reached the highest 
value (1.21 × 10−3 S cm−1 at 80 °C), nearly 80% higher than that 
of PEO18–LiTFSI electrolyte (Figure 21a). Li10GeP2S12 microparti-
cles helped to enhance the crosslinking sites as well as suppress 
the plasticizing effect on their polymer electrolytes, leading to the 
lower glass transition temperature (Tg) of composite electrolyte. 
And as a single-ion conductor, Li10GeP2S12 also provided more 
conducting pathways for Li ion transport, which helps to improve 
both ionic conductivity as well as transference number of lithium 
ion. Besides, we also incorporated Li3PS4 with PEO polymer 
matrix through an in situ solution preparation method.[204] 
Due to the excellent distribution Li3PS4 nanoparticles as active 
fillers scattering in the PEO, a considerable ionic conductivity of  
8.01 × 10−4 S cm−1 at 60  °C was achieved when 2 vol% Li3PS4 
was added in PEO, which enabled LiFePO4/Li battery with 80.9% 
capacity retention after 325 cycles at 0.5C.

Other kinds of organic polymer were also added into the inor-
ganic electrolyte to improve the flexibility as well as the conduc-
tivity of hybrid electrolytes. Hayashi et al.[205] used a terminated 
oligomer (1,4-butanediol) to mechanically mix Li7P3S11 glasses, 
of which the former provided OH group to combine with 
the P-S-P network in inorganic Li2S–P2S5 sulfide glass to form 
POC bonds in the hybrid materials. When the molar ratio 
of oligomer was increased to 2 mol%, the ionic conductivity 

of hybrid electrolyte could reach 9.7 × 10−5 S cm−1 at ambient 
temperature. To further enhance the compliance and adhe-
sion of active electrode particles to the inorganic electrolyte,  
Villaluenga et al.[206] also reported a nonflammable hybrid electro-
lyte consisted of Li3PS4 glass and perfluoropolyether polymer. 
The hybrid with 23 wt% perfluoropolyether could achieve 
an ambient temperature conductivity close to 10−4 S cm−1  
and the cationic ion transference number reaches approxi-
mately unity. Besides, its superior property of limiting lithium 
polysulfide dissolution was also confirmed by X-ray absorption 
spectroscopy, which indicated the great potential in Li–S cells. 
Whiteley et al.[207] also reported an in situ crosslinking process 
to construct a continuous network in the sulfide electrolyte 
(77.5Li2S–22.5P2S5) by adding 20% polyimine powders, followed 
by heating and pressing process. Due to the excellent disper-
sion and connected domains of polyimine, the void spaces of 
the inorganic electrolyte are ideally filled, greatly enhancing 
the malleable property and structural stability of the composite 
electrolyte. As a result, the composite electrolyte membrane 
achieved an ultrathin thickness of only 63.7 µm (Figure  21b) 
as well as a high ionic conductivity of 1 × 10−4 S cm−1 at room 
temperature, nearly that of bulk electrolyte. When used in full 
cells with FeS2 electrode, the hybrid electrolyte also endowed 
an excellent capacity retention up to 74% for 200 cycles at  
0.2 C (Figure 21c). However, these synergetic designs are all at 
the expense of the decreased ionic conductivity of the inorganic 
solid electrolyte. How to effectively improve the ionic conduc-
tivity of polymer/inorganic composite electrolyte to greater than 
10−3 S cm−1 and ensure its application in larger scale is still a 
huge and unresolved problem for researchers.

5.2. High Cell-Lever Energy Density in ASSLBs

All active and inactive components (active electrode material, elec-
trolytes, electrode additives, and so on) should take into account 
when estimating the practical energy densities of a battery. The 
energy densities of typical sulfide-based ASSLBs based on the 
weights of cathode, both anode and cathode, and full cell are sum-
marized in Table 3. Generally, most ASSLBs demonstrated a prom-
ising energy density larger than 300 Wh kg−1 based on the weight 
of the sulfur-based cathode. If the mass of anode has been taken 
into account, then the energy density of ASSLBs with Li-alloy 

Figure 21. a) Arrhenius conductivity plots of the composite electrolyte with different LGPS contents. Reproduced with permission.[203] Copyright 2016, 
Elsevier. b) The cross-sectional SEM image of 7.5 mg cm−2 sulfide electrolyte membrane with polyimine matrix and c) long-term cycling of the FeS2-
based full cells at 0.2C. b,c) Reproduced with permission.[207] Copyright 2015, Wiley-VCH.
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anode decreases to less than 200 Wh kg−1 while that of ASSLBs 
with pure Li anode still maintains higher than 200 Wh kg−1,  
revealing the importance of using pure Li metal anode in ASSLBs. 
Moreover, many of the reported ASSLBs use thick solid electro-
lytes (more than 0.5 or even 1.0 mm). As a result, the cell-level 
energy of ASSLBs is still not high which highlights the impor-
tance of reducing electrolyte thickness in achieving the high 
energy density. Up to now, several research works have been paid 
to the preparation of thin sulfide electrolyte. Whiteley et  al.[207] 
reduced the thickness of solid electrolyte membrane to 64 µm 
through the strategy of solid electrolyte-in-polymer matrix as men-
tioned above. Recently, Hood et al.[208] developed a new approach 

to fabricate ultrathin β-Li3PS4 solid electrolyte membrane based on 
two main steps. First, a solvent exchange and solution-based exfo-
liation process was applied to obtain shape-controlled nanoplates 
of Li3PS4·2ACN with a unique tiled assembly property. Then 
a warm pressing at 200  °C of 200 MPa was carried out to pro-
mote the decomposition of Li3PS4·2ACN to β-Li3PS4 and further 
fusion of the solid electrolyte building blocks. Besides, they found 
the thickness of the β-Li3PS4 films could be readily tailored by 
tuning the concentration of the Li3PS4·2ACN nanoscale building 
blocks in ACN. As shown in Figure 22a–f, ultrathin membranes 
ranging from 0.4 to 35 µm were obtained when tuning the con-
centration from 0.1 to 0.8 m, which also showed desirable ionic 

Table 3. Energy densities of different all-solid-state lithium batteries.

Active material  
cathode/active  
material [mg mg−1]

Electrolyte [mg] Anode  
[mg]

Capacitya)  
[mAh g−1]

Average 
voltagea) [V]

Current density 
[mA cm−2]

Energy densityb)  
[Wh kg−1]

Ref.

Cathode level Cathode + 
anode level

Full-cell level

S (18.4/4.6) Li10GeP2S12 (100) Li–In (60.1) 1012.9 1.4 0.21 354.5 83.1 36.5 [209]

S (8/2.7) Li6PS5Cl (80) Li–In (48.3) 1081 1.3 0.568 474.2 67.4 27.8 [210]

S (7.8/2.7) Li3PS4·0.5LiI (100) Li (6.1) 1070 2.0 2.28 740.7 417.5 50.7 [211]

S (7.5/3.75) Li10GeP2S12 (70) Li–In (50) 1600 1.5 0.64 1200 156.7 70.5 [119]

S (12/2.4) Li6PS5Cl (88) Li–In (46.6) 1200 1.5 0.064 360 73.7 29.5 [212]

PAN-S (10/5.7) 77.5Li2S–22.5P2S5 (200) Li (5) 659 1.9 3.2 713.6 475.8 33.2 [213]

S (3.3/1) Li3PS4 (100) Li (5.1) 1400 2.0 0.025 848.5 333.3 25.8 [214]

S (5/0.75) Li3.25Ge0.25P0.75S4 (70) Li–Al (19.9) 1500 1.7 0.13 382.5 76.8 20.2 [215]

S (5/0.45) Li10.05Ge1.05P1.95S12 (70) Li–In (63.6) 1500 1.1 0.48 148.5 10.8 5.4 [216]

S (5/2) Li3PS4 (80) Li–In (114.1) 1200 1.1 1.3 528 22.2 13.3 [118]

S (2.75/0.33) LGPS/75Li2S·25P2S5·1P2O5 (150) Li (3.35) 1629 2.1 0.13 410.5 185.1 7.2 [120]

S (4.4/1) 80Li2S–20P2S5 (–) Li (–) 400 2.1 0.11 190.9 – – [217]

S (15/3) Li6PS5Br (100) Li–In (–) 1400 1.8 0.64 504 – – [218]

S (5/0.75) Li3.25Ge0.25P0.75S4 (70) Li–Al (–) 1600 1.5 0.13 360 – – [117]

S (11.2/3.37) Li3PS4 (–) Li4.4Si (15.0) 1300 1.5 0.1 586.7 250.8 – [219]

S (5/1.25) Li3.25Ge0.25P0.75S4 (70) Li–In (61.6) 1200 1.5 0.13 450 33.8 16.9 [220]

S (1.4/0.7) Li3PS4 (300) Li–In (88.2) 1370 1.8 0.15 1233 19.2 4.44 [53]

S (11.2/3.37) Li3PS4 (–) Li4.4Si (15.0) 1270 1.5 0.1 573 245 – [221]

Li3PS4+5 (0.8/0.48) Li3PS4 (120) Li (3.6) 1200 2 0.015 1440 261.8 9.4 [129]

Li2S (12/4.8) Li6PS5Cl (88) In (114) 600 1.6 0.064 384 36.6 21 [48]

Li2S (12/4.8) Li6PS5Br (88) In (114) 500 1.8 0.064 360 34.3 20 [222]

Li2S (10/2.5) 80Li2S–20P2S5 (80) In (57.38) 830 1.5 0.064 311.3 50.7 21.1 [126]

Li2S (16.3/6) Li3PS4 (12) Li (1.88) 912.4 2.1 0.64 705.3 632.4 370.6 [223]

Li2S (10/2.5) 75Li2S–25P2S5 (80) In (46) 600 1.5 0.064 225 40.2 16.5 [224]

Li2S (3/1.2) 75Li2S–25P2S5 (80) Li–In (182.6) 1100 1.8 1.28 792 12.8 8.9 [127]

FeS2+S (22.2/6.7) 65Li3PS4–35LiI (300) Li (1.81) 710 2.1 0.083 450 416.1 30.8 [145]

NiS (10/4.5) LGPS/70Li2S·29P2S5·1P2O5 (150) Li (4.19) 670 1.5 0.59 452.3 318.7 28.5 [111]

MoS3 (2/0.9) LGPS/70Li2S·29P2S5·1P2O5 (150) Li (3.35) 646 1.4 0.13 360 163.0 6.4 [142]

Co9S8@Li7P3S11 
(2.75/1.1)

LGPS/70Li2S·29P2S5·1P2O5 (150) Li (3.35) 633 1.5 0.38 380 171.2 6.7 [62]

TiS2 (5/2.5) Li3PS4 (150) Li–In (100) 837 2.1 0.16 879 41.9 17.2 [106]

a)Not all data were available as number values in the respective references. Data were extracted from figures in the respective references; b)Energy density is calculated by 
initial discharge capacity multiplied by average discharge voltage.
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conductivity and necessary compatibility with metallic lithium 
anodes. However, there is lack of full cell performance about the 
sub-micrometer β-Li3PS4 membranes, which may need more 
comprehensive research in the near future.

Another huge challenge for the practical application of 
ASSLBs is to further increase the cathode thickness, especially 
under the employment of thin electrolyte pellet. Recently, Xu 
et  al. tried to build the solid cell from the first step of con-
structing Li2S cathode with a stainless steel (SS) framework, 
which was prepared by a dry grinding and rolling process.[223] 
Then a thin Kevlar nonwoven-supported Li3PS4 glass solid 
electrolyte of around 100 µm and the bare 45 µm Li foil were 
subsequently stacked under cold pressing to obtain the three-
layered full cell (Figure 22g). Due to the reduced thickness of 
Li3PS4 electrolyte as well as the much-improved mechanical 
integrity of Li2S cathode by SS mesh, the Li–Li2S cell performed 
a stable discharge capacity of 949.9 mAh g−1 at 0.05 C with the 
Li2S loading of 2.54 mg cm−2. An ultrahigh energy density of 
370.6 Wh kg−1 was also achieved when increasing the Li2S 
loading to 7.64 mg cm−2 (Figure 22h). However, such a high spe-
cific capacity is only achieved in the first cycle and gradually 
fades to nearly 45% after 20 cycles. Hence, more research in 
high-energy-density ASSLBs with long-term cycling and stable 
energy retention are needed in the near further.

6. Summary and Outlook

The ASSLBs are now attracting fast-growing interests, espe-
cially for their great potential to fundamentally solve the 
safety concern and significantly improve the energy density 
of a working cell. In this review, the very recent progresses in 
sulfur-based cathodes for ASSLSBs utilizing sulfide electrolytes 
and the key interfacial issues between the electrode and elec-
trolyte are systematically reviewed and discussed. Besides, the 

main challenges and corresponding strategies to improve the 
performance of ASSLBs with sulfur-based cathodes are also 
proposed, which offers a meaningful guideline to promote  
further research in this field.

Specifically, preparation methods to fabricate different 
sulfide electrolytes are clearly summed up and their general 
physicochemical properties are also discussed in depth. More 
than excellent ionic conductivity, weak electronic conductivity 
is also desired for an ideal sulfide electrolyte, of which the 
latter one plays a more critical criterion to suppress dendrite 
formation in ASSLBs. For the practical commercialization of 
the sulfide electrolytes, the air-stability is another bottle-neck 
to break through. On the side of sulfur-based cathodes, various 
types of materials ranging from sulfur, lithium sulfide and 
metal sulfides are classified in detail. Despite their favorable 
compatibility with sulfide electrolyte, the unavoidable stress/
strain resulted from electrochemical cycling can also lead to a 
severe interfacial problem. To improve the specific capacity and 
electrochemical cyclability, various effective ways are adopted, 
which mainly intend to decrease the particle size of the active 
materials, construct the electron/ion conducting framework, 
and design 3D structures to mitigate volume change. Some 
new strategies such as introducing catalytic sites to promote 
S-conversion reactions or the named “confined spaces” to 
accommodate the dissolved S-species are also effective to 
improve the performance of ASSLBs. On the side of anode, dif-
ferent Li–M alloy (M includes In, Ge, Si, Sn, Al, etc.) are used 
as the substitutes for Li metal anode, but this will result in 
low cell voltage and reduced capacity. ASSLBs can only show 
its superiority in energy density when the lithium metal anode 
is employed. At present, two main methodologies including 
artificial SEI construction of metallic lithium anode and the 
insertion of thin lithium alloying film are routinely used to 
minimize interfacial resistances. Despite Li3PS4 and its deriva-
tives exhibit a relevant stability with lithium metal, the capacity 

Figure 22. a–f) SEM images of the β-Li3PS4 ultrathin film with a thickness varying from 0.4 to 35 µm. a–f) Reproduced with permission.[208] Copyright 
2018, Wiley VCH. g) Schematic illustration of cathode-supported Li−Li2S solid cell and h) the comparison of cell-based energy density of the reported 
cells with sulfide electrolytes. g,h) Reproduced with permission.[223] Copyright 2019, American Chemical Society.
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utilization and working current density of lithium metal anodes 
seems far from practical requirements (lager than 3 mAh cm−2 
at 3 mA cm−2). Therefore, it is still a huge challenge to solve 
the interfacial contact as well as dendrite formation problems 
of ASSLBs with sulfide electrolyte.

In summary, the ASSLB with sulfur-based cathode and 
sulfide electrolyte is a promising candidate for next-genera-
tion and high-energy rechargeable battery despite with many 
barriers to overcome. Practically, adopting a straightforward 
strategy, simply aiming to improve electrolyte conductivity, 
or electrode capacity or interface stability alone, seems could 
hardly make a revolutionary and complete solution of ASSLBs, 
which more needs combined approaches to achieve a joint 
modification for high-performance ASSLBs. Herein, sev-
eral principles are summarized and deserve more attention 
in future research works regarding sulfur-based cathodes for 
ASSLBs with sulfide electrolytes:

1) Interfacial Li-ion diffusion mechanism. Although a lot of 
work has studied the ionic transport mechanism in the bulk 
solid electrolyte with great progress, the Li-ion diffusion be-
havior between the interface of electrode and electrolyte (both 
the electrode/SE interface and active material/SE interface 
in electrode) still lack in-depth understanding. We expect 
that advanced operando characterization techniques includ-
ing solid-state NMR, NDP, X-ray diffraction, photoelectron 
spectroscopy, and in situ electrochemical techniques should 
be properly combined to study the fundamental Li-ion diffu-
sion mechanism and reveal interfacial structure change in 
ASSLBs, which will provide more pertinent suggestions to 
address the challenging problems.

2) Exploration of new solid electrolyte. For sulfide electrolytes, 
some of them have shown their superiority in high ionic 
conductivity. However, their other properties such as poor 
electrochemical stability, sensitivity to ambient atmosphere, 
machinability, and flexibility in large scale greatly limits the 
practical applications. Theoretical calculation and simulation 
are an important tool to give brilliant instructions to design 
new sulfide electrolyte by predicting physicochemical proper-
ties and compatibility with active materials in advance, which 
will vastly accelerate the speed of boosting the research pro-
gress of ASSLBs.

3) Improving current density and specific areal capacity. The 
current density and capacity adopted (usually less than  
1.0 mA cm−2 of 1.0 mAh cm−2) in ASSLBs so far can hard-
ly meet the practical requirements of 3.0 mA cm−2 and  
3.0 mAh cm−2. To apply the thick cathode with high active 
material loading is also desirable to ensure the energy density 
at full cell level. A smart electrode configuration design with 
perfect ionic/electronic transport is necessary in this regard. 
How to host active electrode materials in a 3D porous scaf-
fold with excellent ionic and ionic conductivity and maintain 
the structure stability during cycling is a tough problem but 
worth of consideration.

4) Dendrite-free Li metal anode. In spite of the conventional opin-
ion of dendrites can be prevented by SEs with high mechanical 
strength, the dendrite formation inside sulfide electrolyte is an 
accepted phenomenon by forefront research. Several different 
reasons are attributed to the dendrite growth, including low 

relative density of SEs, pre-existence of grain boundaries and 
defects, accumulated voids formed at the interface due to 
critical current density on stripping, and our recent finding of 
the intrinsically high electronic conductivity of SEs. Although 
it can hardly reconcile all these inconsistencies, we can con-
clude a joint modification may be a better choice to achieve a 
dendrite-free anode in ASSLBs. To achieve a high-density SEs 
pellet, new strategy of hot-press process should also be carried 
out for future research. Meanwhile, stable interface construc-
tion between Li metal and sulfide electrolyte is essential. Not 
only ensuring the imitate contact, the artificial interface should 
better possess a high interfacial energy (such as LiF-rich SEI) 
with ultralow electronic conductivity, which can help to regu-
late the lateral growth of deposited Li metal below the inter-
face. A self-healing property is better preferred to reduce the 
interfacial impedance. Besides, investigations of new doping 
methods with new dopant materials are indispensable for fur-
ther decreasing the electronic conductivity but not restraining 
lithium ion channels of SEs.

5) Reducing the electrolyte thickness. The pellets of sulfide elec-
trolyte are usually much thicker than the separator (about  
10 µm thick) used in conventional LIBs with liquid organic 
electrolyte. More efforts are required to fabricate a thin SEs in 
a large-scale and low-cost process. Due to the easy fracture of 
thin SEs during cell fabrication, one main intractable problem 
is to deal with the mechanical fragility. The combination of 
sulfide electrolytes with polymer (including solid polymer elec-
trolyte and polymer binder) seems to be a good option, which 
is of vital importance to endow solid electrolytes with accept-
able flexibility. However, the mixed polymer will normally lead 
a reduced conductivity by hampering the ionic conduction  
between SE particles. And the introduction of a second phase 
also generates other interfacial contact, which definitely have 
impacts on electrochemical performance of the working cell. 
An appropriate balance between polymer and sulfide electro-
lyte can only be achieved through many trial and errors.

6) Structure design of full cell. An efficient cell system requires 
a compatibility between various components of cathode, elec-
trolyte, anode, and so forth. For various sulfide electrolytes, 
their compatibility with various sulfur-based cathodes and Li 
alloy or Li metal anodes also exist difference predicatively due 
to the specifically physicochemical properties of electrode and 
electrolyte materials. It is easy to obtain a composite cathode 
layer by mixing active material, SEs and conducting carbon 
together. While an interconnected electronic/ionic network 
with high stability during cycling is hard to realize by the  
simple mixing. A high compactness is necessary to avoid the 
generation of voids inside the composite, which need opti-
mization of composition proportions and new strategy for 
mixing. Using solid electrolytes with bilayer structure to miti-
gate the instability with the metallic Li is an effective method, 
which requires more attention to understand chemical mech-
anism and material evolution for controllably and efficiently 
releasing the energy. Therefore, it is imperative to explore new 
techniques to design the battery structure to achieve an over-
all performance especially combining the existing fabrication 
technologies and processes, which plays an important role to 
promote the practical application of ASSLBs.
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