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A B S T R A C T   

All-solid-state batteries (ASSBs) are regarded as the most promising next-generation batteries for electric vehicles 
in virtue of their potential advantages of enhanced safety, high energy density and power capability. Among the 
ASSBs based on various solid electrolytes (SEs), sulfide-based ASSBs have attracted increasing attention due to 
the high ionic conductivity of sulfide SEs which is comparable to that of liquid electrolytes. Extensive efforts from 
academia and industry have been made to develop sulfide-based ASSBs, and several significant progress has been 
achieved in recent years. However, successful fabrication of high-performance sulfide-based ASSBs has been 
rarely reported, and the practical application of sulfide-based ASSBs still faces a variety of challenges. Herein, 
following a bottom-up approach, we present a comprehensive review of the critical issues of practical sulfide- 
based ASSBs from the material, interface, composite electrode to cell levels. The existing challenges, recent 
advances, and future research directions of sulfide-based ASSBs at multiple levels are discussed. Finally, several 
fabrication processes for scaling up sulfide-based ASSBs and existing pilot/mass production schedules of sulfide- 
based ASSBs of the leading companies are also introduced. Facing the existing challenges and future opportu
nities, we highly encourage joint efforts and cooperation across the battery community to promote the practical 
application of sulfide-based ASSBs.   

1. Introduction 

Driven by the large-scale application of electric vehicles (EVs), 
lithium-ion batteries (LIBs) have experienced a high-speed development 
in the past decade, with the energy density exceeding 300 Wh⋅kg− 1 and 
the cost reduced to around $100 per kWh [1–3]. The global EV battery 
usage reached 517.9 GWh, creating a multi-hundred-billion-dollar in
dustry [4,5]. However, the existing liquid-electrolyte-based LIBs are 
approaching their energy density limits and exhibit potential safety risks 
[6–8]. Therefore, driven by the increasing demand for 
high-energy-density, safe and long-lasting batteries, tremendous 

research efforts have been devoted to the development of 
next-generation batteries, including all-solid-state batteries (ASSBs), 
lithium-sulfur batteries, and lithium-air batteries [9–12]. Among them, 
ASSBs are regarded as a game-changing technology for accelerating the 
popularization of EVs. As summarized in Table 1, owing to the improved 
safety, higher energy density, better power capability, temperature 
robustness and wide selections of electrode materials, automotive 
manufacturers have raised high expectations for ASSBs to make EVs 
more competitive in terms of longer driving range, shorter charging 
time, lower cost, more efficient integration and better environmental 
adaptability [13,14]. 

The performance of ASSBs largely depends on the solid electrolytes 
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(SEs), which not only provide Li+ transport pathways inside ASSBs but 
also act as separators to prevent electronic short circuit between the 
cathode and anode [17]. Several group of SEs have been developed for 
ASSBs, including polymer SEs, oxide SEs, sulfide SEs and halide SEs 
[10]. Polymer SEs usually exhibit excellent deformability and good 
compatibility to the existing manufacturing line of LIBs, and thus have 
been applied in consumer LIBs [18]. Limited ionic conductivities and 
poor electrochemical compatibility with high-voltage cathode are the 
challenges that hinder the market implementation of polymer-based 
ASSBs. Oxide SEs have excellent (electro-)chemical and thermal 

stabilities, which are conducive for battery safety [19]. However, the 
relatively low ionic conductivities and high elastic moduli of oxide SEs 
lead to large internal resistance and poor rate performance of 
oxide-based ASSBs, limiting their application in EV power batteries. In 
recent years, polymer SEs and oxide SEs have been utilized in hybrid 
solid/liquid LIBs as additives or coating materials for electro
des/separators, to enhance battery safety and cycling stability [6,20]. 
Halide SEs show higher ionic conductivities than oxide SEs and high 
stability toward oxidation. Therefore, halide SEs are most suitable as the 
catholyte in ASSBs [21]. Nevertheless, halide SEs are still in an early 
stage of research, and efforts are required to improve their compatibility 
with Li metal and reduce or exclude the use of rare-earth elements (In, 
Sc, Y, and etc.). Among the four SEs, sulfide SEs exhibit the highest ionic 
conductivities that are comparable to those of the common liquid elec
trolytes (≈10 mS cm− 1), and are thus the most promising SEs for EV 
power ASSBs and the main focus of this paper. 

Since the first report of Li10GeP2S12 (LGPS)-type [22] superionic 
conductor in 2011, a series of sulfide SEs with high ionic conductivities 
of 1–20 mS cm− 1 have been developed, including Li2S – P2S5 binary 
system [23–25] (1–10 mS cm− 1), argyrodite Li6PS5X (X = Cl, Br and I) 
type [26–28] (1–10 mS cm− 1), thio-LISICON type [29–31] (~1 mS 
cm− 1) and LGPS type (Li10GeP2S12 [22] – 12 mS cm− 1, 
Li9.54Si1.74P1.44S11.7Cl0.3 [32] – 25 mS cm− 1). The discoveries of highly 
conductive sulfide SEs push the research on ASSBs into a new stage. As 
shown in Fig. 1 (a), the proportion of papers on sulfide-based ASSBs 
shows a significant increase since 2011 and reached 20% in 2022. 
Sulfide-based ASSBs with high energy density (>900 Wh⋅L− 1 [33]) or 
long cycling life (>500 cycles [15,33,34] and even >10000 cycles [35]) 
have been reported in recent years. Moreover, attracted by their great 
potential as next-generation EV batteries, a growing number of auto
motive/battery manufacturers and start-ups have started developing 
high-performance sulfide-based ASSBs, and some have made significant 
progress, as presented in Fig. 1 (b). For example, Solid Power [36] and 
Svolt Energy [37] announced the successful fabrication of 20 Ah 
sulfide-based ASSBs, Mitsui Kinzoku [38] and POSCO [39] set up pilot 
factories of sulfide SEs, and Solid Power [36], Samsung [40] and Nissan 
[41] have started constructing pilot production plants for sulfide-based 
ASSBs. These achievements considerably raise the community’s confi
dence in ASSBs, making the mass production of sulfide-based ASSBs 
possible soon. 

Abbreviations 

ALD Atomic layer deposition 
AM Active material 
AN Anode 
ASSB All-solid-state battery 
CA Cathode 
CAM Cathode active material 
CBD Carbon–binder 
CE Coulombic efficiency 
CEI Cathode electrolyte interphase 
CMC Carboxymethyl cellulose 
cPAN Cyclized polyacrylonitrile 
DFT Density functional theory 
DOD Degree of discharge 
EIS Electrochemical impedance spectroscopy 
ESW Electrochemical stability window 
EV Electric vehicle 
HSAB Hard and soft acids and bases 
KPI Key performance indicator 
LATP Li1.4Al0.4Ti1.6(PO4)3 
LGPS Li10GeP2S12 

LIB Lithium-ion battery 
NBR Nitrile-butadiene rubber 
NCA LiNixCoyAlzO2 
NCM LiNixCoyMn1-x-yO2 
NMP N-methyl pyrrolidinone 
PAA Polyacrylic acid 
PTFE Polytetrafluoroethylene 
PVDF Poly(vinylidene fluoride) 
PVDF-HFP Poly(vinylidene fluoride-co-hexafluoropropylene) 
P(VDF-TrFE) Poly(vinylidene fluoride-co-trifluoroethylene) 
SBR Styrene-butadiene rubber 
SCL Space charge layer 
SE Solid electrolyte 
SEBS Polystyrene-block-poly(ethylene-ran-butylene)-block- 

polystyrene 
SEI Solid electrolyte interphase 
SNCM Single-crystalline LiNi0.6Co0.2Mn0.2O2 
SOC State of charge 
THF Tetrahydrofuran 
VGCF Vapor-grown carbon fiber 
XPS X-ray photoelectron spectroscopy  

Table 1 
Automotive manufacturers’ expectations for ASSBs [13,14].  

Feasibilities of 
ASSBs 

Rationales & Principles Expectations 

Improved Safety  • Implementing incombustible 
and thermal stable solid 
electrolyte  

• Inhibiting chemical crosstalk 
by compact electrolyte 
membrane  

• Simplified safety design 
at battery module and 
pack level  

• Freeness of layout in 
pack 

High energy 
density  

• Compatibility to high- 
capacity materials, like Li 
metal  

• Possibility of bipolar 
stacking  

• Up to 2 times energy 
density  

• Space saving  
• Reduced per Wh cost 

Better power 
capability  

• Highly conductive solid 
electrolyte with a different 
Li + transport mechanism 
(hopping)  

• Unity Li + transference 
number  

• Fast-charging capability  
• Better dynamic 

performance  
• Compatibility to a wider 

range of vehicles, such as 
trucks 

Temperature 
robustness  

• Stable at a wide temperature 
range of − 30–150 ◦C 
without freezing or 
volatilizing  

• Simplified cooling/ 
heating system  

• Improved environmental 
adaptability for EVs 

Wide selections of 
electrode 
materials  

• Possibility to materials that 
suffer from severe side 
reactions with liquid 
electrolytes, such as pure Si 
anode [15], Li-rich cathode 
[16], etc.  

• Reduced raw material 
cost  

• Countermeasure for 
resource issues in the 
future  
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Although sulfide-based ASSBs are considered a promising candidate 
for EV batteries, and several breakthroughs have been made in recent 
years, no company has yet demonstrated the ability to mass manufacture 

ASSBs. According to ASSB roadmaps from various countries and com
panies, sulfide-based ASSBs will be commercialized no earlier than 2025 
or even after 2030. Before the mass production of sulfide-based ASSBs, 

Fig. 1. Academic and industrial progress of sulfide-based ASSBs. (a) The number of papers on ASSBs and sulfide-based ASSBs published each year, and the evolution 
of the proportion of papers on sulfide-based ASSBs. Statistics from Web of Science Core Collection by searching relevant keywords (March 03, 2023); (b) the 
important industrial progress of sulfide-based ASSBs in the past decade [36–50]. 

Fig. 2. Challenges of sulfide-based ASSBs: from material (CA = Cathode, SE = Solid electrolyte, AN = Anode), interface, composite electrode to cell.  
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many challenges remain to be addressed, including material in
stabilities, interfacial failures, electrode/cell construction and scaling- 
up, as summarized in Fig. 2. Herein, we discuss current challenges, 
possible solutions and future opportunities of practical sulfide-based 
ASSBs, as well as recent significant breakthroughs from companies. By 
integrating numerous reviews and perspectives on the material [51], 
interfacial [52–56], electrode [57] and scaling-up [58] problems of 
sulfide-based ASSBs, we provide a comprehensive overview of the 
challenges and opportunities of practical sulfide-based ASSBs at 
different levels and clarify their internal connections. The organization 
of this paper follows a “bottom-up” approach, i.e., from the material, 
interface, and composite electrode to cell levels. The scaling-up issues 
are also introduced according to worldwide players’ reports on 
sulfide-based ASSB strategies. 

2. Challenges of sulfide-based all-solid-state-batteries: from 
material, interface, composite electrode to cell 

Fig. 2 summarizes the critical challenges of sulfide-based ASSBs at 
the material, active material (AM) | SE interface, composite electrode, 
and cell levels. 

At the material level, SEs are the core component of ASSBs. Despite 
their high ionic conductivity, the large-scale application of sulfide SEs is 
still hindered by their poor air stability and limited electrochemical 
stability window (ESW) [51,59,60]. Consequently, most sulfide SEs 
need to be handled in an inert gas environment, leading to a sharp in
crease in the manufacturing cost of sulfide SEs and ASSBs [61–64]. 
Large-scale, low-cost manufacture of sulfide SEs materials is also chal
lenging and requires extensive efforts from academic and industrial 
partners. For the electrode materials, high-voltage, high-capacity cath
ode materials (such as Ni-rich LiNixCoyMn1-x-yO2 (NCM) and Li-rich 
layered materials) and Si-based anode or lithium metal anode will be 
adopted in sulfide-based ASSBs, to achieve high energy density. How
ever, these high-capacity cathodes and anodes mostly suffer from 
detrimental structural effects, such as mechanical degradation in the 
cathode [65,66], and large volume expansion and low Coulombic effi
ciency (CE) in the anode [67,68]. Despite extensive mechanistic un
derstanding and modification of electrode materials, the optimal design 
of cathode and anode materials for sulfide-based ASSBs remains to be 
discovered. 

Due to the incompatibilities of electrodes and SEs on electrical, 
electrochemical, chemical and mechanical aspects, sulfide-based ASSBs 
face several interfacial problems, including space charge layer (SCL) 
effect, interfacial side reactions and mechanical instability [52–54]. 
These interfacial problems result in the formation of Li+ depletion layer 
or low-conductivity interphase at the AM | SE interfaces, significantly 
impeding the transport of Li+ and e− . The interfacial problems can be 
mitigated by introducing a buffer layer to prevent direct contact be
tween AMs and sulfide SEs, such as the coating layer on the cathode 
surface [69] and artificial solid electrolyte interphase (SEI) on the anode 
surface [70,71]. An ideal buffer layer is supposed to have excellent 
chemical/electrochemical stability, high ionic and low electronic con
ductivities, and a thickness of several nanometers [69]. However, the 
rational design and construction of homogeneous buffer layers between 
AMs and sulfide SEs are still challenging. 

At the composite electrode level, the slow ionic/electronic transport 
kinetics and mechanical failure are the bottlenecks that limit the elec
trochemical performance of ASSBs [57,72,73]. Different from liquid 
electrolyte batteries, which have continuous and homogeneous Li+/e−

pathways formed by the flowing electrolyte and the uniform conductive 
carbon network, Li+/e− transports in ASSBs are usually hindered by the 
nonuniform distribution of AMs, SEs, binder and carbon, leading to low 
capacity utilization of AMs [74]. Furthermore, the transport kinetics 
inside composite electrodes is influenced by the mass ratio of AMs, SEs, 
binder and carbon, morphologies of each component and mixing 
methods [74,75], and is indeed a vital area requiring further 

exploration. Moreover, mechanical failures in composite electrodes, 
including particle cracks and voids formation, would interrupt the 
Li+/e− pathways and lead to possible lithium dendrite growth and in
ternal short circuit [76]. Applying a sufficiently high pressure to the 
composite electrodes and the cell during fabrication and cycling is the 
most effective approach to mitigate mechanical failures in ASSBs [77, 
78]. However, the optimal pressure values and the proper ways to apply 
the pressure remain elusive. 

At the cell level, energy & power characteristics, cycle & calendar 
life, and safety are the key performance indicators (KPIs) for EV batte
ries. The energy & power characteristics and lifetime of sulfide-based 
ASSBs are highly related to the problems at the material, interface, 
and composite electrode levels. Only after addressing the challenges 
above will sulfide-based ASSBs be possible to achieve the vision of 
higher-energy-density, better-power-capability, and longer-lasting bat
teries. One more critical issue requiring careful consideration is the 
safety of sulfide-based ASSBs. Some recent results showed that ASSBs 
are not absolutely safe, as intense heat generation and even explosion 
were found in ASSBs under certain abuse conditions [79,80]. With the 
acceleration of the mass production of sulfide-based ASSBs for EVs, 
mechanistic understanding and comprehensive evaluation of the safety 
of sulfide-based ASSBs are urgently needed. 

Among the above challenges at various levels, the rational design of 
high-capacity electrode materials, the transport and mechanical issues 
within composite electrodes, and the cell KPIs are also common for other 
types of ASSBs. For the sulfide-based ASSBs, several unique challenges 
resulted from the physicochemical characteristics of sulfide SEs do exist 
and require special attention. The (electro-)chemical instabilities of 
sulfide SEs lead to severe interfacial problems such as SCL effect and side 
reactions with electrode materials. Comprehensive investigation on the 
sulfide SE | AM interfacial structures and their evolution during the 
whole life cycle is one of the most important research topic for sulfide- 
based ASSBs. Moreover, considering the poor air stabilities of sulfide 
SEs, careful attention should be paid to the fabrication and handling 
processes of sulfide SEs in battery production line. Therefore, in the 
following sections, fundamental understandings of the critical issues at 
the material, interface, composite electrode and cell levels and scaling- 
up challenges, as well as several promising solutions are presented. The 
results can not only provide valuable guidance for researchers in sulfide- 
based ASSBs field, but also promote the research and development of all 
types of ASSBs. 

3. Key materials for sulfide-based all-solid-state batteries 

3.1. Sulfide solid electrolytes 

With the groundbreaking discovery of superionic conductor 
Li10GeP2S12 SE by Kanno et al. in 2011 [22], the ionic conductivity of 
sulfide SEs has entered the 10− 3–10− 2 S cm− 1 era [51,82,83], 
approaching or even surpassing that of organic liquid electrolytes. As a 
result, ionic conductivity is no longer the main bottleneck for the 
practical application of sulfide SEs in ASSBs. However, sulfide SEs still 
suffer from air and electrochemical instability, leading to significant 
difficulties in manufacturing, storing, and utilizing sulfide SEs. 

As shown in Fig. 3 (a), sulfide SEs are prone to be hydrolyzed by 
moisture, following the reaction: MxSy + H2O → MxOy + H2S(g) [59,84, 
85]. The generated H2S gas is highly toxic and explosive within a certain 
concentration range, and thus needs to be carefully treated. Moreover, 
with the chemical change from MxSy to MxOy, the ionic conductivity of 
sulfide SEs significantly decrease [59,84,85]. As summarized by Lu et al. 
[60], the air instability of sulfide SEs can be explained by various 
theoretical mechanisms, including hard and soft acids and bases (HSAB) 
theory [86], thermodynamic analysis [87] and kinetics of interfacial 
reactions [88]. Among them, the HSAB theory proposed by Ralph G. 
Pearson [86] has been widely accepted and applied to guide the 
development of air-stable sulfide SEs. According to the HSAB theory, the 
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hard acid P in sulfide SEs prefers to react with the hard base O to form 
P–O bonds instead of maintaining the P–S bonds, while the soft base S is 
apt to combine with H to generate H2S gas [31]. Based on these theo
retical explanations, several strategies were proposed to develop 
air-stable sulfide SEs, including H2S absorbent [89,90], element sub
stitution [91–93], surface engineering [94,95] and construction of 
sulfide-polymer composite SEs [96,97], as summarized in Fig. 3 (a). 
Metal-oxide additives like Fe2O3 and ZnO can absorb H2S through 
chemical reactions [89]. However, the H2S absorbent can only react 
with H2S rather than improve the intrinsic air stability of sulfide SEs, and 
thus cannot mitigate the reduction of ionic conductivity due to the hy
drolysis reaction. Moreover, introducing ionic insulating metal-oxide 
additives will further decrease the ionic conductivity of sulfide SEs 
[89]. Element substitution based on the HSAB theory, including O and 
soft acid atom (e.g., Sb, Sn, and Cu) substitution, can effectively suppress 
the hydrolysis reaction and enhance the air stability of sulfide SEs [92, 
93,98]. However, partial substitution will also result in structural 
changes in sulfide SEs and consequently decrease their ionic conduc
tivity. More computational and experimental efforts are required to find 
better substitution strategies for sulfide SEs [60]. Surface engineering 
denotes constructing a functional layer on the surface of sulfide SEs or 
membranes to protect the SE from direct exposure to moisture. Jung 
et al. [94] prepared a core-shell oxysulfide-coated Li6PS5Cl SE, which 
can maintain a high ionic conductivity of 2.50 mS cm− 1 after 30 min air 
exposure. Xu et al. [95] designed a water-stable Li6PS5Cl membrane 
tolerant to extreme exposure (direct water jetting) by constructing a 
superhydrophobic Li+-conducting protective layer. Moreover, 
sulfide-polymer composite SE is another promising solution to air 
instability. The polymers can not only serve as a protective layer but also 
improve the mechanical flexibility and processability of sulfide SEs. Tan 
et al. [96] incorporated the hydrophobic polymer poly
styrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) 
into Li7P3S11, and the composite SE film can even resist water immer
sion. Despite the promising solutions above to the air instability problem 
of sulfide SEs, a decrease in ionic conductivity is usually unavoidable. 
Thus, continuous efforts are required to balance the air stability and 
ionic conductivity of sulfide SEs. The target for improving air stability is 
to enable the processing of sulfide SEs in dry room conditions (similar to 
liquid electrolyte LIBs), which is more economical than processing in an 
inert gas environment. 

The limited ESW is another bottleneck that hinders the application of 
sulfide SEs. Some studies have shown that sulfide SEs have wide ESWs, 
even up to 5 V versus Li/Li+ [22]. However, Han et al. [99] found that 

the ESWs of SEs had been overestimated due to the poor contact between 
SEs and current collectors. Based on first-principle calculations, Zhu 
et al. [81] revealed that the intrinsic ESWs of sulfide SEs were mostly 
limited between 1.71 and 2.5 V versus Li/Li+, as presented in Fig. 3 (b). 
Zhu’s computational results are also supported by the experimental re
sults using modified testing cell configurations [99]. The narrow ESWs 
result in the incompatibility of sulfide SEs with most of the common 
cathode (>4.0 V) and anode (<1.0 V) materials. The sulfide SEs can be 
oxidized to sulfites, phosphates, sulfur, and P2Sx compounds at the 
cathode, and reduced to Li2S, Li3P, LiCl and Li–Ge compounds at the 
anode, leading to sluggish Li+ transport across the interface [81,100]. 
The intrinsic ESWs of sulfide SEs can be improved through composition 
optimization and microstructural design. According to the experimental 
[101] and computational [102] results, oxygen doping can enhance the 
electrochemical stability of Li6PS5X (X = Cl, Br) against Li metal and 
oxide cathode. Wu et al. [103] presented a core-shell microstructural 
design that can broaden the ESW of Li9.54Si1.74P1.44S11.7Cl0.3 SE to 
0.7–3.1 V by resisting the decomposition-accompanied expansion. 
However, despite the efforts to improve the intrinsic ESW of sulfide SEs, 
the existing sulfide SEs are still far from stable with common electrode 
materials. Buffer layers (coating layers on the cathode and artificial SEI 
on the anode) can effectively mitigate the decomposition of sulfide SEs 
and endow the ASSBs with stable cycle performance when operated at 
wide voltage windows [71,104]. Design strategies and practical con
siderations will be discussed in Section 4.2. 

Moreover, an efficient and low-cost synthesis route is essential for 
the commercialization of sulfide SEs. Typical synthesis methods for 
sulfide SEs include melt-quenching, solid-state reaction and wet chem
ical reaction techniques [51,82,83]. The melt-quenching and solid-state 
reaction techniques have been widely applied on a lab scale. The 
melt-quenching technique is usually used to produce glassy sulfide SEs 
by melting the precursors (e.g., Li2S, P2S5, and LiCl) at a high temper
ature (>900 ◦C) and quenching rapidly [51]. The solid-state reaction 
technique is usually achieved by high-energy ball-milling and consecu
tive annealing steps to produce crystalline sulfide SEs [51,82]. However, 
limited by the high melting temperature or the long milling time (4–8 h), 
these two methods’ energy and time efficiencies are not always desirable 
for large-scale application and require further improvement. The wet 
chemical reaction technique is performed by mixing precursors or 
pre-formed SEs with solvents to form a suspension or solution, and 
wet-chemical reactions ensue [51,82,83]. The wet chemical reaction 
technique can reduce the processing time, enable mass production of 
homogeneous sulfide SEs, and also help to control the size and 
morphology of SE particles [83]. However, selecting suitable solvents 
for the wet chemical reaction technique is challenging, as most sulfide 
SEs undergo chemical degradation when exposed to highly polar and 
protic solvents [59]. Recently, Zhou et al. [105] presented a 
solution-engineered approach to produce highly ionic conductive 
argyrodite Li6PS5X (X = Cl, Br, I) SEs using Li3PS4⋅3 tetrahydrofuran 
(THF), Li2S, and LiX (X = Cl, Br, I) as precursors and THF/ethanol 
mixtures as solvents, indicating a promising future of the wet chemical 
reaction technique in the mass production of sulfide SEs. Atomic layer 
deposition (ALD)-based synthesis technique was also reported to achieve 
rational composition design and size/thickness control of SEs [106]. 
Meng et al. [107] synthesized a series of LixAlyS sulfide SEs using ALD, 
and achieved high conductivities of over 1 mS cm− 1. Nevertheless, 
ALD-based SE synthesis technique is still at immature phase and requires 
much more efforts in developing suitable precursors and controlling the 
atmosphere. Despite the difficulties and challenges in the synthesis 
methods above, Mitsui Kinzoku [38] in Japan and POSCO [39] in Korea 
have set up pilot facilities for sulfide SEs. Their annual production ca
pacities of sulfide SEs would reach 10 and 24 tons, respectively, 
demonstrating the feasibility of mass production of sulfide SEs. 

Fig. 3. Air and electrochemical instability problems of sulfide SEs. (a) Air in
stabilities and possible solutions; (b) the limited ESW and possible solutions. 
The ESWs of various sulfide SEs are obtained from Ref. [81]. 
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3.2. Cathode materials 

To achieve high energy density, high-voltage, and high-capacity 
cathode materials such as Ni-rich NCM and Li-rich layered materials 
will be adopted in sulfide-based ASSBs. However, these cathodes usually 
suffer from severe problems such as oxygen release, irreversible phase 
transition, transition metal dissolution and particle fracture, which lead 
to rapid voltage decay and capacity fade upon cycling [65,108,109]. 
Most of the problems faced by the cathodes in ASSBs are similar to those 
in liquid electrolyte LIBs, and are not discussed in detail in this paper. 
Here, we mainly focus on the mechanical degradation of cathode ma
terials, which is more prominent in ASSBs than liquid electrolyte LIBs 
[74,76,110]. 

Mechanical degradation, including the formation of pores and cracks 
induced by volume contraction/expansion of cathode materials, is a 
challenging issue for ASSBs, because of the rigid solid-solid contact 
between cathode materials and SEs [76]. The Li+ and e− insulating pores 
and cracks can impede the charge transport process and deteriorate 
battery performance. Therefore, cathode materials with robust me
chanical properties are desirable in ASSBs. The lattice structure of NCM 
cathodes can be stabilized by tuning the composition [111] and doping 
[112] to achieve a zero-strain design. Moreover, rational design of 
microstructure can also significantly affect the mechanical properties of 
cathode materials, as shown in Fig. 4. Polycrystalline cathodes 
composed of randomly packed primary particles show significant in
ternal stresses due to anisotropic expansion and contraction along the c 
and a axes [113], resulting in severe intergranular cracking after several 
cycles [114]. As shown in Fig. 4, the cracks and the anisotropic Li +

diffusivities in the c and a directions increases the tortuosity of the Li +

diffusion pathway within the cathode materials [115], leading to the 
decay of rate capability. Refining the primary grains (such as 
radially-aligned grains) inside the secondary cathode particle is one of 
the most effective solutions to alleviate the internal stress and prevent 
particle cracking [115,116], as shown in Fig. 4. Jung et al. [115] found 
that the radially oriented rod-shaped grains in Li[Ni0.75Co0.10Mn0.15]O2 
cathode could improve sulfide-based ASSB’s performance regarding 
reversible capacity, initial CE, and capacity retention compared to the 
cathode with randomly oriented grains. To further enhance the me
chanical stability, boundary-free single-crystalline cathode materials 
with good microstructural integrity and enhanced oxygen redox are 
favorable in ASSBs. Single-crystalline cathode materials have been 
proven to exhibit high power density, high energy density, and long 
cycle life in sulfide-based ASSBs [117–119]. However, it is worth noting 
that most of the reported single-crystalline cathodes still contain many 
boundaries and suffer from mechanical degradation during long cycling 
[120]. Synthesizing fully boundary-free single-crystalline cathodes is 

still very challenging. 
Moreover, particle size and shape can also affect the mechanical 

degradation of cathode materials. Small-sized cathode particles are 
beneficial to achieve short diffusion pathways and small absolute vol
ume change [74], which can mitigate the contact loss between cathode 
materials and SEs. However, careful balancing of the particle sizes of 
cathodes and SEs is required to maintain continuous Li+ and e− trans
port pathways in the composite electrodes [121,122]. It has been re
ported that particle shapes can also affect the lithiation uniformity of 
cathode materials. For example, Mistry et al. [123] found that the 
aspherical particle shape of LiNi0.6Mn0.2Co0.2O2 cathode can break the 
symmetry in reaction and transport interactions and cause nonuniform 
intercalation at the particle surface, leading to accelerated mechanical 
degradation. 

In summary, rational design microstructure and proper control of 
particle size and shape is the key to addressing the mechanical degra
dation problems of cathode materials in ASSBs. However, the optimal 
design of cathode materials for sulfide-based ASSBs remains to be 
discovered. 

3.3. Anode materials 

Compared to the relatively clear choices (NCM or Li-rich materials) 
of cathodes, more uncertainties exist in the anodes for sulfide-based 
ASSBs. As shown in Fig. 5 (a), Li-intercalation anodes (graphite) [124, 
126,127], Li alloy anodes (Si, In, Sn) [15,34,128–130], Li metal anode 
[125,131] and anode-free design [33,132] have been applied in 
sulfide-based ASSBs. Owing to their ultrahigh capacity, Si-based anode 
and Li metal anode (including anode-free) are promising choices for 
sulfide-based ASSBs. However, as summarized in Fig. 5 (b), these 
high-capacity anodes face several challenges, including large volume 
expansion (over 300% for Si [133], and infinity for anode-free design 
[132]), unstable interface towards sulfide SEs [70,134] and lithium 
dendrite growth [135]. The continuous large volume expansion/con
traction of the Si and Li metal anode can result in cracking and pul
verization of the anodes, contact loss and even exfoliation from the 
current collector during cycling, and severe loss of active anode mate
rials finally [57,67,68,136]. Meanwhile, due to the limited ESW of the 
sulfide SEs, various interphases are formed by (electro)chemical re
actions at the anode (AN) | SE interface, which are similar to SEI in 
liquid electrolyte LIBs [70,134,137]. The interphases with poor me
chanical strength would also crack and re-generate along with the vol
ume changes of anode materials, leading to continuous consumption of 
lithium inventory and thus low CE and poor cycling life. Moreover, for 
the Li metal anode, contact loss and nonuniform distribution of current 
density can induce lithium dendrite growth on the anode surface [138, 

Fig. 4. Microstructural design of cathode materials for ASSBs, i.e., polycrystalline cathodes with randomly oriented grains and textured grains, and single-crystalline 
cathode. Reproduced with permission from Ref. [76]. Copyright 2022, Elsevier. 
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139]. The rigid lithium dendrite can penetrate through the SE layer, 
leading to internal short circuit and cell failure [135,140,141]. Fortu
nately, despite the difficulties, several remarkable advances have been 
made in high-capacity and cycling-stable anodes for sulfide-based ASSBs 
in recent years, as presented in Fig. 5 (c)~(g). 

As a typical alloy-type anode, Si is receiving increasing attention as 
the anode for sulfide-based ASSBs due to their high specific capacity and 
potential for lithium dendrite-free operation [68,128]. Since the first 
report of Si anode applied in sulfide-based ASSBs by Trevey et al. [142] 
in 2009, several strategies have been proposed to improve the electro
chemical performance of Si anode in sulfide-based ASSBs, including 
optimizing particle size, controlling stacking pressure and adjusting 
cutoff voltage. Among them, optimizing particle size is an effective so
lution to reduce internal stress and mitigate the propagation of cracks 
within Si particles. Cao et al. [34] constructed a Si composite anode 
composed of nano Si particles, Li6PS5Cl SE and carbon black for 
sulfide-based ASSBs, as illustrated in Fig. 5 (c). The crystalline nano Si 
underwent amorphization during cycling and transformed to a dense 
and homogeneous morphology, which helped to buffer the volume 
expansion of Si particles [34]. Moreover, the large contact area between 

nano Si, SE and carbon black enabled fast Li+ and e− transport path
ways, boosting the rate capability of the Si composite anode [34]. 
Benefiting from the nano Si design, the Si composite anode showed a 
high capacity of 2067 mAh⋅g− 1 and maintained stability for 200 cycles 
at 0.5 mA cm− 2 [34]. The size of Si particles also influences the elec
trochemical performance of the Si/C composite anode. Dunlap et al. 
[143] found that the Si/C composite anode with 50 nm Si particles 
outperformed those containing μSi particles in terms of initial capacity, 
CE, and capacity retention. However, the nano Si particles exhibit a high 
specific surface area, which inevitably accelerates the side reactions 
with SEs and irreversible lithium consumption [128]. In addition, 
developing nano Si particles for industrial application is much less 
practical and more expensive compared to μSi [144], calling for in-depth 
studies to examine the feasibility of μSi in sulfide-based ASSBs. Yama
moto et al. [145] showed that μSi composite anode exhibited similar 
cycling stability as the nano Si anode due to the suppression of Si pul
verization using a 75 MPa external pressure. Recently, Tan et al. [15] 
fabricated a 99.9 wt% μSi anode by limiting the contact area between 
sulfide SE and Si anode to a 2D plane, which can eliminate continuous 
interfacial growth and irreversible lithium loss, as presented in Fig. 5 

Fig. 5. The existing problems and recent advances in high-capacity anodes for sulfide-based ASSBs. (a) representative anode materials; (b) the main challenges of 
high-capacity anodes for sulfide-based ASSBs, including large volume expansion, unstable interface and lithium dendrite growth; (c) Si composite anode composed of 
nano-Si, carbon, and SE. Reproduced with permission from Ref. [34]. Copyright 2022, Wiley-VCH GmbH; (d) carbon-free high-loading μSi anode. Reproduced with 
permission from Ref. [15]. Copyright 2021, The American Association for the Advancement of Science; (e) lithium-free anode with a 3D framework composed of 
graphite and sulfide SE. Reproduced with permission from Ref. [124]. Copyright 2021, American Chemical Society; (f) Li metal anode with in-situ-prepared LiH2PO4 
protective layer. Reproduced with permission from Ref. [125]. Copyright 2018, American Chemical Society; (g) Ag–C composite anode. Reproduced with permission 
from Ref. [33]. Copyright 2020, Springer Nature. 
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(d). The carbon-free μSi anode achieved high loading (5 mAh⋅cm− 2) and 
excellent cycling stability with a capacity retention of 80% after 500 
cycles. Besides size control, the existing strategies of Si anodes in liquid 
electrolyte LIBs [68,128,136], such as surface coating, core-shell design, 
Si/C composite anode, and pre-lithiation, may also improve the capacity 
and cycling performance of Si anode in ASSBs and require further 
investigation. 

Li metal anode exhibits the highest specific capacity and lowest po
tential, thus considered as the ideal anode for ASSBs. However, the 
application of Li metal anode is still hindered by the unstable interface 
and continuous SEI and lithium dendrite growth, which lead to poor 
cycling stability and safety concerns [67,146,147]. Regulating the 
lithium plating and stripping behaviors and suppressing the interfacial 
reactions are the keys to the practical application of Li metal anode in 
sulfide-based ASSBs. A 3D-structured electrode can help to prevent 
lithium dendrite growth by reducing the local current density and 
providing sufficient space for the deposited lithium. 3D electrode 
structures can be fabricated by patterning the current collector [132] or 
the SE [148], which has been widely studied in liquid electrolyte Li 
metal batteries. However, unlike the liquid electrolyte batteries where 
the electrolyte can infiltrate into the 3D structures, only the 3D struc
tures with both Li+ and e− conducting pathways can be applied in ASSBs 
to ensure continuous plating and stripping of Li metal. Xing et al. [124] 
designed a 3D mixed conductive anode network composed of graphite 
and Li3PS4 SE, with extra Li metal deposited into the voids inside the 3D 
network, as shown in Fig. 5 (e). The graphite-based 3D hybrid anode 
achieved a three-fold increase in critical current density (1.3 mA cm− 2) 
compared to the planar Li metal anode and improved cycling stability 
[124]. Constructing a protective layer between Li metal and sulfide SEs 
can not only alleviate the interfacial reactions but also improve the 
interfacial physical contact. Zhang et al. [125] prepared a manipulated 
LiH2PO4 protective layer on the Li metal anode to circumvent the 
chemical stability problems between LGPS and Li metal, as shown in 
Fig. 5 (f). The protective layer significantly enhanced the interfacial 
compatibility of Li metal and LGPS. The ASSB using the Li metal anode 
with a protective layer delivered a long cycle life with a high capacity 
retention of 86.7% after 500 cycles at 0.1C [125]. LiF [149], Li3PO4 
[150] and LixSiSx [151] were also applied as protection layers for Li 
metal anode, and helped to enable high critical current density without 
lithium dendrite formation. More protection layers for Li metal anode 
were summarized in Ref. [54]. 

As the mass production of thin lithium metal films with uniform and 
smooth surfaces is challenging, developing anode-free solid-state Li 
metal batteries is attracting increasing attention. Anode-free Li metal 
batteries face similar but more serious problems as Li metal anodes, such 
as infinite volume change, severe interfacial reactions and lithium 
dendrite growth [132]. Similar solutions for Li metal anode, such as 3D 
electrode structures and protective layers, can also be applied to 
improve the electrochemical performance of anode-free solid-state Li 
metal batteries. Recently, Lee et al. [33] designed a Ag–C nano
composite layer to regulate the lithium deposition in the anode, as 
shown in Fig. 5 (g). The Ag nanoparticles were firstly alloyed with Li and 
assisted in uniform and dendrite-free plating of lithium metal at the 
interface of the Ag–C layer and the current collector, while the carbon 
layer acted as a buffer layer to prevent direct contact between the plated 
lithium metal and sulfide SE. A prototype pouch cell (0.6 Ah) using the 
Ag–C layer as anode exhibited a high energy density (>900 Wh⋅L− 1) and 
a long cycle life (1000 times under 0.5C) [33]. However, the exact 
working principle of the Ag–C layer remains unclear. Further studies are 
required to investigate the Li+ and e− transport in this composite layer 
and find more possible materials to replace the costly Ag nanoparticles. 

In summary, Si-based anode and Li metal anode are promising can
didates for the anode materials of high-energy-density sulfide-based 
ASSBs. In recent years, several practical strategies have been proposed 
to address the critical issues (such as volume expansion, unstable in
terfaces and lithium dendrites) that hinder the application of Si and Li 

metal anodes. Significant advances have been achieved in constructing 
stable anodes for sulfide-based ASSBs. However, to further improve the 
stability of Si and Li metal anodes and achieve long-cycle-life (>1000 
cycles) sulfide-based ASSBs, an in-depth understanding of the vital 
failure mechanisms (on mechanical, chemical and electrochemical as
pects) and practical strategies to improve battery performance are still 
urgently needed. 

4. Interfacial problems in sulfide-based all-solid-state batteries 
and solutions 

Due to the incompatibilities of electrodes and SEs on electrical, 
electrochemical, chemical and mechanical aspects, several interfacial 
problems exist in sulfide-based ASSBs, including space charge layer ef
fect, interfacial side reactions and mechanical instability [52–54]. The 
interfacial problems result in a high energy barrier and slow kinetics at 
the AM | SE interfaces, significantly impeding the transport of Li+ and 
e− . Therefore, uncovering the nature of the complex interfacial prob
lems and designing stable interfaces with fast charge transfer kinetics 
are essential to optimizing the power capability and cycling stability of 
sulfide-based ASSBs. In this section, we discuss the physicochemical 
characteristics of the interfacial issues and introduce the possible solu
tions to improve interfacial compatibility. 

4.1. Space charge layer effect 

The space charge layer usually forms at the oxide cathode | sulfide SE 
interfaces. As illustrated in Fig. 6 (a)–(d), driven by the difference in 
chemical potential, Li+ migrates from the sulfide SE to the oxide cath
ode, resulting in a Li+ depletion layer on the SE side [152–154]. As Li+ is 
the primary charge carrier inside ASSBs, the Li+ depletion layer leads to 
a high migration barrier and resistance at the interface [155,156]. Evi
dence of the SCL effect was experimentally observed in the initial stage 
of the charging profile, where an additional oxidation slope appeared 
prior to voltage changes from the lithium de-intercalation from cathode 
materials [156–158], as shown in Fig. 6 (a). Experimental observations 
and theoretical calculations have been applied to better understand the 
SCL and its effects on ASSBs’ performance. Yamamoto et al. [159–161] 
successfully visualized the changes of the ionic and potential profiles in 
SCL using quantitative electron holography. Wang et al. [162] showed 
direct evidence of Li + accumulation on the LiCoO2 side at the interface 
due to Li + migration from Li6PS5Cl to LiCoO2 using the in-situ differ
ential phase contrast scanning transmission electron microscopy. 
First-principles simulations were also applied to calculate the interfacial 
electrochemical potential and energy profiles, which could help to 
reveal the formation and evolution of SCL [152,161,163–165]. 

According to the experimental observations and theoretical calcu
lations, the formation and evolution of SCL at the cathode (CA) | SE 
interface are elucidated in Fig. 6 (b)–(d). μLi denotes the Li chemical 
potential versus Li metal determined by Li-vacancy formation energy. 
μ̃Li+ and μ̃e− are the electrochemical potentials of Li+ and e− , respec
tively. cLi + represents the Li + concentration in the cathode and SE. The 
relation between chemical and electrochemical potentials is μLi = μ̃Li+ +

μ̃e− . When the oxide cathode and sulfide SE with different Li chemical 
potentials form the CA | SE interface, the Li+ in the sulfide SE migrates to 
the oxide cathode due to the relatively higher Li chemical potential, 
resulting in the formation of SCL at the interface. Meanwhile, electrons 
also move from the sulfide SE to the cathode to maintain charge 
neutrality, leading to a potential shift at the interface. Finally, a Li+

depletion layer forms on the sulfide SE side when the CA | SE interface 
reaches equilibrium, while Li+ enrichment occurs on the cathode side, as 
illustrated in Fig. 6 (b). As Li+ is the only charge carrier in SE, the 
decrease in Li+ concentration will lower the ionic conductivity, resulting 
in high interfacial resistance. Besides, Gao et al. [163,166] pointed out 
that Co↔P exchange at the LiCoO2 | β-Li3PS4 interface would further 
induce a high migration barrier in the Li + electrochemical potential ̃μLi+
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distribution, which is unfavorable for the Li+ transportation across the 
interface. At the initial stage of charging, the Li+ in the sulfide SE begins 
to migrate to the anode, whereas Li+ de-intercalation from the cathode 
to the sulfide SE will not start until the electrode potential at the 
interface reaches the redox potential of the cathode and the Li+ elec
trochemical potential is high enough to overcome the energy barrier. 
Instead, the Li+ depletion layer on the sulfide SE side thickens, along 
with the widening of the Li+ enriched region on the cathode side [167], 
as in Fig. 6 (c). In this stage, the ASSB voltage profile exhibits an addi
tional oxidation slope, as in Fig. 6 (a), similar to the charging voltage 
profile of capacitors [168]. As the electrode potential exceeds the 
voltage plateau of the cathode materials, Li+ begins to de-intercalate 
from the cathode and migrate to the sulfide SE to compensate for the 
Li+ depletion layer, as in Fig. 6 (d). The Li+ depletion layer still exists 
during the following charging and discharging process [166,167], acting 
as a barrier for Li+ transport and thus resulting in large interfacial 
resistance. Nevertheless, the thickness of SCL and its exact contribution 
to interfacial resistance are still unclear. Moreover, the SCL would also 
change during battery aging due to the interfacial reactions with ionic 
exchanges, leading to more complex interfacial chemistry and structure 
of the SCL. A generalized model to simulate the formation and evolution 
of SCL is lacking and requires further investigation. 

Introducing a coating layer between the electrode and SE has been 
proven effective in mitigating the SCL effect, as illustrated in Fig. 6 (e) 
and (f). Takada et al. [155,157,158,165,169] interposed several oxides 
(Li4Ti5O12 [157], LiNbO3 [169], and LiTaO3 [158]) as buffer layers 
between the LiCoO2 cathode and Li3.25Ge0.25P0.75S4 or Li2S–P2S5 SEs. 
The buffer layers can eliminate the additional oxidation slope and 
reduce the interfacial resistance in the cathode [157,158,169]. Based on 
the density functional theory (DFT) + U calculation, Haruyama et al. 

[152] found that the LiNbO3 coating layer between LiCoO2 and β-Li3PS4 
introduced smoothly matched interfaces without Li adsorption space 
and suppressed the growth of SCL. Gao et al. [163] further revealed that 
the LiNbO3 coating layer lowered the migration barrier in the Li +

electrochemical potential μ̃Li+ , and thus reduced the interfacial resis
tance, as in Fig. 6 (e). The LiNbO3 coating layer could also effectively 
suppress the preference of ion mixing and SE oxidation [163]. Moreover, 
since the SCL is driven by the Li chemical potential difference between 
the cathode and SE and influenced by the electric field, Wang et al. [162] 
proposed an innovative built-in electric field and chemical potential 
coupling strategy to suppress the SCL effect. As illustrated in Fig. 6 (f), 
ferroelectric BaTiO3 nanoparticles were discontinuously coated on the 
LiCoO2 cathode and generated permanent reverse electric dipoles under 
the electric field effects of the SCL. The built-in electric field of BaTiO3 
led to the redistribution of Li+ and significantly improved the Li +

migration kinetics at the CA | SE interface. Overall, coating layers can 
effectively suppress the formation and evolution of SCL. However, the 
effects of the materials and thickness of coating layers on the SCL effect 
and Li+ distribution remain elusive. Innovative designs of coating layers 
based on fundamental understandings of the SCL effect are strongly 
encouraged. 

4.2. Interfacial reactions 

Interfacial side reactions, including electrochemical and chemical 
reactions, occur at both the CA | SE and AN | SE interfaces, mainly 
induced by electrochemical and chemical instabilities of the sulfide SEs 
when in contact with electrodes [52–54]. In the electrochemical aspect, 
as mentioned above, sulfide SEs will be oxidized at the cathode interface 
and reduced at the anode interface due to their narrow ESW, leading to 

Fig. 6. Evolution of space charge layer at the cathode 
(CA) | SE interface and solutions. (a)~(d) Schematic 
illustrations of the formation and evolution of the SCL 
during the charging process. The SCL effect on battery 
charging voltage profile is presented in (a), and (b)~ 
(d) illustrate the distribution of the Li chemical po
tential μLi, Li+ electrochemical potential μ̃Li+ , Li +

concentration cLi+, and the e− electrochemical po
tential μ̃e− [152,163,165,166]; (e) illustration of the 
surface coating to mitigate the SCL effect [152,163, 
165]; (f) built-in electric field and chemical potential 
coupling strategy to reduce SCL formation. Repro
duced with permission from Ref. [162]. Copyright 
2020, Springer Nature.   
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the formation of interphases between electrodes and SEs [81,99,100], as 
illustrated in Fig. 7 (a). In the chemical aspect, mutual element diffusion 
between electrodes and SEs caused by the side reactions can result in the 
decomposition of the electrodes or sulfide SEs and the formation of in
terphases [166,170], as in Fig. 7 (b). Similar to the SEI and cathode 
electrolyte interphase (CEI) in liquid electrolyte LIBs, the physico
chemical properties of the formed interphases significantly influence 
ASSBs’ performance [104]. Most of the formed interphases have lower 
ionic conductivity than the sulfide SEs, leading to an increase in inter
facial resistance [81,134]. Moreover, the interphases with mixed ionic 
and electronic conductivity can induce the continuous decomposition of 
the SE and thickening of the interphases during cycling, resulting in fast 
degradation of the battery capacity and power capability [171]. 

At the CA | SE interface, according to the DFT calculations by 
Richards et al. [134], sulfide SEs with PS4 groups are prone to be 
oxidized by the high voltage oxide cathodes, generating PO4 groups and 
transition metal sulfides. Haruyama et al. [172] found that Co↔P ex
change is energetically favorable at the LiCoO2 | β-Li3PS4 interface, 
enhancing the growth of SCL. Their theoretical calculation results were 
in good agreement with the experimental findings. Sakuda et al. [170] 
first observed the formation of a 10 nm interfacial layer at the LiCoO2 | 
Li2S–P2S5 interface, accompanied by the mutual diffusion of Co, P, and S 
elements, as in Fig. 7 (b). Auvergniot et al. [173] found that Li6PS5Cl is 
oxidized into elemental sulfur, lithium polysulfides, P2Sx, phosphates, 
and LiCl at the interface with typical cathode materials: LiCoO2, 
LiNi1/3Co1/3Mn1/3O2 and LiMn2O4. Walther et al. [174] characterized 
the local structure and morphology of the interfacial layer between 
LiNi0.6Co0.2Mn0.2O2 and Li6PS5Cl, and found that phosphates and sul
fates such as Li3PO4 and Li2SO4 in the interfacial layer play a vital role in 
the rapid capacity fade of ASSBs. On the cathode side, Wang et al. [175] 
observed that the LiNi0.5Mn0.3Co0.2O2 cathode also suffered from 
interfacial oxygen loss and structural changes from layered structure to 
rock-salt structure, leading to a further increase in interfacial resistance. 
Moreover, Strauss et al. [176] found that the oxidation of β-Li3PS4 SE at 
the cathode interface under high voltage (>4.5 V) leads to the formation 
and release of highly corrosive SO2 gas [176], threatening the safety of 

sulfide-based ASSBs. The kinetics of the interfacial reactions are 
important for the long-term cycling performance of ASSBs. Zhu et al. 
[81] revealed that the oxidation reactions of sulfide SEs at the cathode 
interface usually exhibit sluggish kinetics with a high overpotential, 
contributing to a wider ESW observed in the experiments. Richards et al. 
[134] found that the products of the oxidation reactions are electroni
cally insulating but ionically conductive, and thus act as a passivation 
layer to mitigate further interfacial reactions. Furthermore, Auvergniot 
et al. [173] observed that the oxidation of Li6PS5Cl at the interface with 
LiNi1/3Co1/3Mn1/3O2 cathode is partially reversible and does not hinder 
the cyclability of ASSBs as good capacity retention was observed over 
300 cycles for the LiNi1/3Co1/3Mn1/3O2 | Li6PS5Cl | Li–In half-cell. In 
contrast to the self-limited interfacial reaction kinetics reported above, 
Zuo et al. [177] observed that the interfacial reaction rate between 
LiNi0.6Co0.2Mn0.2O2 and LGPS accelerates when increasing the cathode 
potential to higher than 4.2V vs. Li+/Li and leads to severe capacity 
degradation, mainly due to the triggering of oxygen-involving reactions 
and the formation of the rock-salt phase. Despite the efforts, the inter
facial reaction kinetics under different voltages and temperatures and its 
effects on the performance of ASSBs are still elusive. 

In terms of the AN | SE interface, there are three types of interfaces 
between Li metal and SEs according to the reactivity of the SEs and the 
Li+/e− conductivities of the reaction products [171], as illustrated in 
Fig. 7 (c). In the first type of interface, most binary ionic conductors, 
such as LiF, Li2S, Li3P and LiX (X = Cl, Br, I), are thermodynamically 
stable against Li metal [81,134], forming a chemically stable interface 
without any interlayer. However, the poor ionic conductivity of these 
binary compounds limits their application as SEs in ASSBs. In contrast, 
most highly ionic conductive SEs, such as sulfide SEs, are all thermo
dynamically unstable against Li metal. Therefore, interphases are 
formed by (electro)chemical reactions at the Li | SE interface, as in the 
second and third situations in Fig. 7 (c). For the sulfide SEs solely based 
on phosphorus such as Li3PS4, Li7P3S11 and Li6PS5X (X = Cl, Br, I), the 
formed interphases are mainly composed of Li2S, Li3P and LiX, which are 
stable with Li metal [100]. These reaction products are ionic conductive 
but electronic insulating, and thus act as interlayers to suppress the 

Fig. 7. Interfacial reactions between electrodes and sulfide SEs. (a) illustration of electrochemical side reactions at the CA | SE and AN | SE interfaces. Reproduced 
with permission from Ref. [81]. Copyright 2015, American Chemical Society; (b) observation of the interfacial layer and mutual diffusion of Co, P and S elements at 
the LiCoO2 | Li2S–P2S5 interface. Reproduced with permission from Ref. [170]. Copyright 2009, American Chemical Society; (c) three types of interfaces between Li 
metal and SEs: 1) chemical stable interface; 2) ionic conductive and electronic insulating interphase; 3) mixed ionic and electronic conductive and unstable 
interphase [54,171]. Reproduced with permission from Ref. [54]. Copyright 2020, American Chemical Society. 
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further growth of the interphases. For the third type of interface, mixed 
ionic and electronic conductive interphases containing Li alloys (Li–Ge, 
Li–Si and Li–Sn alloys) are formed as a result of the reduction of 
multivalent metal cations in sulfide SEs such as LGPS, 
Li9.54Si1.74P1.44Cl0.3 and Li2SnP2S12 [171,178]. These interphases 
continuously grow during cycling, resulting in further decomposition of 
the SEs and eventually cell failure. Wenzel et al. [179–181] investigated 
the products of the interfacial reactions between Li7P3S11, Li10GeP2S12, 
Li6PS5X (X = Cl, Br, I) and Li metal using in situ X-ray photoelectron 
spectroscopy (XPS) and time-resolved electrochemical impedance 
spectroscopy (EIS). Consistent with the theoretical analysis, Li7P3S11 
was decomposed into Li3P and Li2S at the interface with Li metal, and 
the formed interphase was limited to a few nanometers [179]. In 
contrast, continuously growing interphases composed of Li3P, Li2S and 
Li–Ge alloys were observed at the Li | LGPS interface [180]. For the 
argyrodite sulfide SEs (Li6PS5X), interphases composed of Li3P, Li2S and 
LiX were formed when in contact with Li metal [181]. Moreover, the 
interphase growth kinetics was found to be governed by diffusion across 
the interphase, following a square root time dependence [179–181]. 
Li7P3S11, Li6PS5Cl and Li6PS5Br show slow rate constants and small 
interfacial resistances, while Li10GeP2S12 and Li6PS5I exhibit much 
higher reaction rates [179–181]. It is noteworthy that most of the re
searches on the interfacial reactions at the AN | SE interface focus on the 

Li metal anode. In contrast, the interfacial reactions between sulfide SEs 
and graphite/Si-based anodes have rarely been investigated. Sakuma 
et al. [182] observed the formation of interphases with Li–P–S com
pound at the interface between Li–M (M = Sn, Si) alloy anodes and 
Li4-xGe1-xPxS4 SEs, and found that the interfacial resistance rises obvi
ously when increasing the Ge content in the sulfide SE or decreasing the 
redox potential of the alloy. Interfacial reactions between Li6PS5Cl and 
μSi [15]/nano Si [34] have also been observed. Though graphite and 
Si-based anodes may behave similarly to Li metal considering their 
similar operating voltages, whether the reaction mechanisms between 
sulfide SEs and Li metal anode can be extended to graphite and Si-based 
anodes requires further investigation. 

Several strategies have been proposed to alleviate the undesirable 
interfacial reactions between AMs and SEs. Coating layers on the cath
ode surface can physically prevent the direct contact between cathode 
materials and sulfide SEs, thus suppressing the interfacial reactions and 
formation of SCL [69]. As illustrated in Fig. 8 (a), firstly, an ideal coating 
layer is chemically compatible with both cathodes and sulfide SEs, and 
electrochemically stable under the operating voltages. Secondly, it is 
electronically insulating to block the e− transport, and ionic conductive 
to enable fast Li+ transport across the interface. Moreover, as most of the 
oxide cathode materials undergo volume expansion/contraction during 
lithiation/de-lithiation, the coating layer should be mechanically robust 

Fig. 8. Surface engineering strategies to mitigate the 
interfacial reactions at the CA | SE interface. (a) An 
illustration of the coating layer on the cathode surface 
and requirements for the coating layer; (b) LiNbO3- 
coated LiNi0.8Co0.1Mn0.1O2 cathode. Reproduced 
with permission from Ref. [183]. Copyright 2020, 
Elsevier; (c) a hybrid coating layer with Li1.4Al0.4

Ti1.6(PO4)3 (LATP) and cyclized polyacrylonitrile 
(cPAN) on single-crystalline LiNi0.6Co0.2Mn0.2O2 
(SNCM) cathode. Reproduced with permission from 
Ref. [184]. Copyright 2022, Wiley-VCH GmbH; (d) a 
sulfidation strategy to prepare a LiNi0.88

Co0.09Mn0.03O2 cathode with an ultra-thin sulfide 
surface layer (~2 nm). Reproduced with permission 
from Ref. [185]. Copyright 2022, KeAi Publishing.   
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to maintain integrity during long-term cycling. Finally, because most 
coating materials have lower ionic conductivity than the sulfide SEs, the 
coating layer should be thin (several nanometers) and homogeneous to 
perform its essential functions without an apparent increase in interfa
cial resistance. Xiao et al. [69] conducted a computational screening of 
cathode coating materials for ASSBs, and identified several oxide ma
terials (including Li2ZrO3, LiNbO3, LiTaO3, and LiH2PO4) as desirable 
coating materials. LiNbO3 is the most-commonly used coating material 
due to its wide ESW that can compromise the mismatch of oxide cath
odes and sulfide SEs. Li et al. [183] adopted a 6.3 nm LiNbO3 coating 
layer on the surface of LiNi0.8Co0.1Mn0.1O2 cathode to improve the 
interfacial stability, as in Fig. 8 (b). The ASSB using LiNbO3-coated 
LiNi0.8Co0.1Mn0.1O2 cathode and LGPS SE exhibited high rate perfor
mance and significantly improved cycling performance. Oxide SEs such 
as Li1.4Al0.4Ti1.6(PO4)3 (LATP) and halide SEs such as Li3InCl6 can also 
be employed as coating materials at the CA | SE interface considering 
their high ionic conductivity and wide ESW. Liang et al. [184] developed 
a hybrid layer with LATP and cyclized polyacrylonitrile (cPAN) on a 
single-crystalline LiNi0.6Co0.2Mn0.2O2 (SNCM) cathode, as in Fig. 8 (c). 
The LATP coating ensured rapid Li+ transfer and high oxidation toler
ance, while the cPAN patched imperfections in the LATP coating layer 
and provided extended electronic percolation paths between the inter
connected SNCM particles. The ASSB employing the cPAN–LATP–SNCM 
cathode and LGPS SE demonstrated competitive cycling performance 
with a capacity retention of 72.7% over 500 cycles at 0.5C. Moreover, 
stabilizing the surface oxygen of the NCM cathode can also improve the 
interfacial stability with sulfide SE. Wang et al. [185] proposed a sulfi
dation strategy to impose a thin sulfide surface layer (~2 nm) on the 
LiNi0.88Co0.09Mn0.03O2 cathode. With the formation of covalent O–S 
bonding on the surface, the sulfurized LiNi0.88Co0.09Mn0.03O2 cathode 
showed a stable interface with Li6PS5Cl SE and improved cyclability 
with a capacity retention of 87% after 500 cycles at 1C. 

On the anode side, an interfacial buffer layer is an effective solution 
to suppress the (electro)chemical side reactions between anodes and 
sulfide SEs. Examples of buffer layers for Li metal anode include LiF 
[149], Li3PO4 [150] and LixSiSx [151], which are kinetically stable with 
Li metal and sulfide SEs, as summarized in Ref. [54]. Besides, selecting 
suitable electrode materials and sulfide SEs with better (electro)chemi
cal compatibilities is also favorable. For example, the interfacial re
actions can be mitigated by replacing the pure Li metal anode with 
lithium alloy that exhibits a working voltage closer to the ESW of sulfide 
SEs, such as Li–Si, Li–Sn and Li–In Refs. [52,138]. For the sulfide SEs, as 
mentioned in Fig. 7 (c), Li3PS4, Li7P3S11 and Li6PS5X (X = Cl, Br, I) can 
form kinetically stable interphases to retard further interfacial side re
actions and are thus favorable on the anode side. Based on this principle, 
a multilayered electrolyte configuration has been proposed to combine 
the advantages of different SEs and achieve interfacial stability. Yao 
et al. [186] inserted a lithium-compatible 75%Li2S–24%P2S5–1%P2O5 
SE layer between the LGPS SE layer and Li metal anode to achieve 
long-term cycling stability. Ye et al. [187] prepared a multilayered 
sulfide SE with a less stable SE (LGPS/Li9.54Si1.74(P0.9Sb0.1)1.44S11.7Cl0.3) 
sandwiched between more stable SEs (Li5.5 PS4.5Cl1.5), which can sta
bilize the primary interface with the Li metal and prevent lithium 
dendrite growth under high current density. However, it is worth noting 
that most solutions to anode interfacial reactions focus on Li metal 
anode. In contrast, solutions to the interfacial reactions between sulfide 
SEs and Li intercalation or alloy anodes such as graphite and Si-based 
anodes have rarely been reported. 

4.3. Mechanical instability 

Multiscale mechanical instability problems, including lattice 
mismatch, contact loss, cracking and void formation, have detrimental 
effects on the interfacial charge transfer process and Li+/e− transport 
pathways and are thus pivotal to the performance of ASSBs [76]. To 
better understand the mechanical instabilities in sulfide-based ASSBs, 

we carefully distinguish the mechanical problems at the interface and 
composite electrode levels in this paper. Lattice mismatch and interfa
cial contact loss resulting in high local current density and stress are 
considered as mechanical problems at the interface level. The formation 
of micron-scale cracks and voids that mainly affect the Li+/e− transport 
pathways within the composite electrodes are regarded as mechanical 
failure at the electrode level and are discussed in section 5.2. 

Lattice mismatch occurs at the interface between two solid materials 
with different lattice parameters, and can result in the formation of a 
disordered layer and tortuous Li+ diffusion at the interface [188]. Based 
on atomic structures, the AM | SE interfaces can be categorized into 
coherent, semi-coherent and incoherent interfaces [189], as illustrated 
in Fig. 9 (a) [138]. The coherent interfaces can enable fast Li+ diffusion 
across the interface, representing an ideal interface between active 
materials and SEs. Unfortunately, due to lattice mismatch, typical AM | 
SE interfaces are mostly semi-coherent or incoherent [138,166,188]. 
Based on large-scale molecular dynamics simulations, Yang et al. [188] 
found that the semi-coherent or incoherent interfaces between Li metal 
and the SE (LLZO) and several SEI components (LiF and Li2O) result in 
interfacial disordered Li layers, which is highly detrimental to Li+

diffusion and can cause interfacial pore formation during cycling and 
eventually cell failure [188]. At the cathode side, Jand et al. [190] also 
found that lattice mismatch results in atomic rearrangement and high 
strain at the LiCoO2 | Li7La3Zr2O12 interface. Until now, the limited 
researches on lattice mismatch mainly focus on the interfaces between 
active materials and oxide SEs. Nevertheless, the lattice mismatch at the 
interfaces with sulfide SEs has been rarely studied. Gao et al. [166] 
predicted disordered heterogeneous crystal structure at the LiCoO2 | 
β-Li3PS4 interface, and estimated the strain induced by the lattice 
mismatch. However, the effects of lattice mismatch on the performance 
of sulfide-based ASSBs remain unclear. 

Physical contact loss is inevitable at the AM | SE interfaces because of 
the rigid nature of SEs. The continuous volume expansion/contraction of 
AMs during cycling deteriorates the interfacial contact [76]. Conse
quently, as illustrated in Fig. 9 (b), blocked by pores at the interface, Li+

flux bundles together to pass local spots, named the current constriction 
phenomenon [138]. The high local current density induces great local 
strain at limited contact spots, leading to the cracking of the AMs and 
SEs and the propagation of contact loss. For the Li metal anode, the high 
local current density induces voids formation during lithium stripping 
and lithium dendrite growth during plating, finally leading to cell failure 
[191,192]. Moreover, the morphological instability of the Li | SE 
interface during cycling also leads to dendrite formation [139,193]. 
Kasemchainan et al. [139] observed void formation and accumulation at 
the Li | Li6PS5Cl interface when the stripping current density removed Li 
from the interface faster than it can be replenished, as illustrated in 
Fig. 9 (c). The reduced contact area led to an increase in the local current 
density and consequently dendrite formation during plating, short cir
cuit and cell failure. They also observed that the critical current density 
for Li dendrite growth is determined by the Li stripping process, which is 
strongly affected by the applied pressure. Proper stacking pressure can 
enable sufficient contact between Li metal and SE and fast Li transport to 
the interface by creep [139]. However, excessive pressure may lead to 
lithium dendrite growth because Li metal creeps into the grain boundary 
or pores within the SE layer [191]. Doux et al. [191] systematically 
investigated the effect of stack pressure on lithium dendrite growth in 
the Li | Li6PS5Cl | Li system. As the stack pressure increased from 5 MPa 
to 25 MPa, the cell lifetime during plating and stripping at 75 μA cm− 2 

shortened due to the slow creeping of Li into the pores of the SE layer to 
form dendrites. At a high stack pressure of 75 MPa, the cell mechanically 
shorted before applying a current. This dilemma could be resolved by 
employing alloy-based anodes (e.g., Li–In and Li–Al) that can withstand 
much higher stack pressures. However, recent studies have revealed that 
void formation and dendrite growth also occur in Li alloy anodes under 
high current density and stack pressure [129,141,194]. Kasemchainan 
et al. [139] and Banerjee et al. [54] summarized three Li transport 
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mechanisms that determine lithium plating and stripping behaviors at 
the Li | SE interface, i.e., Li+ migration from Li metal to SE, self-diffusion 
of Li atoms inside Li metal and Li metal creep. The flux of Li+ migration 
depends on the magnitude of current density, while the fluxes of Li 
diffusion and Li creep are correlated with the applied stack pressure and 
temperature [54,139]. Thus, careful considerations of the applied cur
rent density, stack pressure and temperature are required to address the 
mechanical instability issues at the Li | SE interface. Compared with the 
Li metal anode, few studies have been reported on the mechanical 
instability issues at the interface between graphite or Si-based anodes 
and sulfide SEs. As Si-based anode is promising for sulfide-based ASSBs 
but exhibits large volume change, further studies are urgently needed. 

At the cathode side, interfacial contact loss between LiNi0.8

Co0.1Mn0.1O2 cathode and β-Li3PS4 SE was observed by Koerver et al. 
[195]. Jung et al. [115] and Han et al. [117] observed the cracking of 
polycrystalline cathode particles after cycling, leading to rapid capacity 
loss of sulfide-based ASSBs. Benefiting from the low Young’s Modulus 
and good deformability of sulfide SEs, mechanical instability issues at 
CA | sulfide SE interfaces are not so severe as those at CA | oxide SE 
interfaces, and can be effectively mitigated through improving the me
chanical properties of cathode materials (as discussed in section 3.2) and 
applying proper pressure during fabrication and operation. 

Fig. 9. Mechanical instability issues at the interface between electrode materials and SEs, including (a) lattice mismatch. Reproduced with permission from 
Ref. [138]. Copyright 2020, American Chemical Society (b) contact loss and (c) lithium dendrite growth at the Li | SE interface. Reproduced with permission from 
Ref. [139]. Copyright 2019, Springer Nature. 
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5. Transport and mechanical issues in composite electrodes 

The emergence of highly ionic conductive sulfide SEs has attracted 
wide attention and triggered many attempts on practical ASSBs. As 
presented in Fig. 10 (a), the areal capacity and current density of re
ported ASSBs exhibit an upward trend in the past decade, and some 
examples demonstrated high areal capacity (>3 mAh⋅cm− 2) under 
practical current density (>3 mA cm− 2). One example is the work of Lee 
et al. [33], where a LiNi0.90Co0.05Mn0.05O2 | Li6PS5Cl | Ag–C pouch cell 
showed a high areal capacity of 6.8 mAh⋅cm− 2 at 0.2C (1.36 mA cm− 2) 
and 6.3 mAh⋅cm− 2 at 1C (6.8 mA cm− 2). Recently, Li et al. [196] con
structed a high mass loading (36.94 mg cm− 2) electrode using 
Al-modified Li(Ni0.9Mn0.05Co0.05)0.8Co0.2O2 cathode, which displayed 
an areal capacity of 5.86 mAh⋅cm− 2 at 0.2C (1.478 mA cm− 2) and 4.36 
mAh⋅cm− 2 at 2C (14.78 mA cm− 2). Despite the outstanding perfor
mance, high operating temperature and pressure were utilized in the 
ASSBs above (60 ◦C and 4 MPa in Lee’s work [33] and 45 ◦C and 980 
MPa in Li’s work [196]), which may be unpractical. Actually, fabricating 
practical ASSBs with high areal capacity and high rate capability re
mains challenging. 

Fig. 10 (b) and (c) compare the typical composite electrode micro
structures in ASSBs and liquid electrolyte batteries. The composite 
electrodes in ASSBs inevitably form inhomogeneous and discontinuous 
Li+/e− transport pathways, due to the imperfect distribution of solid 
particles and insufficient solid-solid contact. The actual tortuosity of 
both Li+ and e− transport in ASSBs thus becomes much higher than the 
geometric tortuosity [76,197]. Moreover, voids and cracks are un
avoidable in ASSBs, as the SEs cannot adapt to the volume change of the 
AMs during charging/discharging. The voids and cracks further impede 
the Li+/e− transport and lead to the electrochemical–mechanical failure 
of ASSBs. As a result, the effective ionic conductivity of the composite 

electrode using SEs decreases to 10− 3–10− 2 mS cm− 1 [76,197,198], 
several orders lower than the bulk ionic conductivity of sulfide SEs 
(1–10 mS cm− 1). In contrast, the effective ionic conductivity of the 
composite electrode employing liquid electrolytes can maintain higher 
than 1 mS cm− 1 [199,200]. The well-dispersed carbon additives and 
penetration of the liquid electrolyte into the porous electrodes enable 
low-tortuosity Li+/e− transport pathways in liquid electrolyte LIBs, as 
presented in Fig. 10 (c). Furthermore, the liquid electrolyte can also 
effectively infiltrate the cracks in the particles and thus ensure 
conformable interfacial contact with AMs during cycling. Therefore, at 
the composite electrode level, the sluggish Li+/e− transport and me
chanical failure are the bottlenecks limiting the practical performance of 
ASSBs. 

5.1. Transport limitation in composite electrodes 

The microstructural design of composite electrodes is vital to the 
energy density and power capability of ASSBs. Generally, a composite 
electrode with a large fraction of SEs and a thin thickness is recom
mended to ensure fast Li+/e− transport and high power capability. 
However, a thick electrode design with high AM content is necessary to 
achieve a high energy density for sulfide-based ASSBs [201,202]. The 
trade-off between energy density and power capability calls for rational 
optimization of the composite electrodes regarding each component’s 
weight/volume ratio, particle size, morphology and distribution. 

First, the compositions and fractions of different components within 
composite electrodes determine the primary electrochemical perfor
mance of ASSBs. As ionic transport is usually identified as the rate- 
limiting transport process within the composite electrode [197,198], 
several researchers have studied the effects of SE fraction on ASSBs’ 
performance. Zhang et al. [203] found that a small fraction (20%) of 

Fig. 10. Transport limitations and mechanical failures in composite electrodes of ASSBs. (a) Summary of the reported current densities and areal capacities of ASSBs 
in the existing literature (as in Table S1); (b)&(c) comparison of Li+/e− transport and mechanical problems in the composite electrodes using SEs (b) and liquid 
electrolytes (c). 
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LGPS is sufficient for good electrochemical performance of the 
LiCoO2–LGPS composite electrode at low current density(<2C). How
ever, a higher LPGS fraction (>40%) is required to ensure fast electro
chemically access for all cathode particles when the C-rate exceeds 5C 
[203]. Nam et al. [75] and Minnmann et al. [198] also found that a low 
fraction of SE significantly degrades the electrochemical performance of 
the LiNi0.6Co0.2Mn0.2O2–Li6PS5Cl composite electrode, due to the slug
gish Li+ transport. Davis et al. [204] visualized the local state of charge 
(SOC) heterogeneity in graphite–Li6PS5Cl composite electrodes using 
operando video microscopy. The composite electrode with a high frac
tion of graphite exhibited fewer interconnected SE regions and signifi
cant gradients in local SOC, which limited the rate performance [204]. 
Besides ionic transport, electronic conductivity is also important to the 
performance of composite electrodes. Conductive carbon agents are 
usually added to the composite electrode to promote electronic con
ductivity [205]. Mizuno et al. [206] and Minnmann et al. [198] found 
that utilizing vapor-grown carbon fiber (VGCF) can promote the rate 
performance of composite electrodes with a low fraction of active ma
terial. However, carbon additives are reported to cause severe electro
chemical decomposition of sulfide SEs within the composite cathode, 
which is detrimental to cycle life [207,208]. Carefully controlling the 
morphology and content of carbon additives is essential to balancing the 
Li+/e− transport within the composite electrode and reducing the 
decomposition of SEs [197]. The VGCF carbon additive with a low 
surface area can mitigate the decomposition of SEs and form a more 
continuous e− conducting path than carbon black or acetylene black, 
benefiting from their reduced contact area with SEs and increased 
contact points between carbon additives [206,209]. With the help of 
mesoscale modeling, Naik et al. [73] presented a 
microstructure-dependent kinetic and transport regime map of ASSBs, as 
in Fig. 11 (a). Firstly, low AM content results in an insufficient active 
area and isolated AM–CBD (carbon–binder) clusters, leading to a 
kinetically limiting scenario. Secondly, Li+ transport limitation occurs at 
high AM content due to increased tortuosity in the SE phase. This scene 

becomes more severe at a higher CBD content, resulting in low utiliza
tion of AMs. Thirdly, e− transport resistance increases at very low 
fractions of CBD due to the poor electronic connectivity between AM 
particles, namely e− transport limitation. Overall, optimizing the ratios 
of different components (AM, SE and CBD) within the composite elec
trode is an essential first step to achieving efficient Li+/e− transport 
networks, which are critical to the electrochemical performance of 
ASSBs. 

The particle sizes of AM and SEs also play an important role in the 
electrochemical performance of composite electrodes. Strauss et al. 
[210] found that LiNi0.6Co0.2Mn0.2O2–Li3PS4 composite electrode with 
small (D50 = 4.0 μm) LiNi0.6Co0.2Mn0.2O2 particles exhibited superior 
capacity utilization than those with large (D50 = 15.6 μm) or medium 
(D50 = 8.3 μm) particles. Operando X-ray diffraction experiments 
revealed that the composite electrodes with small LiNi0.6Co0.2Mn0.2O2 
particles can ensure sufficient electronic transport pathways and full 
charge/discharge capacity. In contrast, the composite electrodes with 
large and medium particles suffered from inactive AMs [210]. Recently, 
Jiang et al. [211] revealed a positive correlation between the particle 
size and mass fraction of cathode active materials (CAMs) in composite 
electrode design. They found that more CAMs are required to achieve 
well-percolated e− transfer pathways as their particle size increases. 
Furthermore, Shi et al. [121] demonstrated that the CAM–SE particle 
size ratio significantly affects the performance of ASSBs with high mass 
loading, as presented in Fig. 11 (b). A large CAM–SE particle size ratio 
favored a high packing density and sufficient Li+ percolation within the 
composite cathode, enabling high CAM loading and high capacity uti
lization. Therefore, reducing the particle size of SEs, i.e., SE condition
ing, is recommended to achieve a large AM–SE particle size ratio, as 
overlarge AM particles can result in lengthy lithium diffusion paths 
within the particles. Nano-sized sulfide SE particles have been synthe
sized using a solution-based method and demonstrated to improve the 
electrochemical performance of composite cathodes with high mass 
loading [212,213]. However, reducing the particle size of SEs by 

Fig. 11. Critical factors affecting the transport kinetics within the composite electrodes of ASSBs. (a) Evolution of kinetic and transport limitation with the weight 
ratios of AMs, carbon–binder (CBD) and SEs. Reproduced with permission from Ref. [73]. Copyright 2022, American Chemical Society; (b) effect of cathode active 
material (CAM) and SE particle sizes on the performance of ASSBs. Reproduced with permission from Ref. [121]. Copyright 2020, Wiley-VCH GmbH; (c) effect of 
binder content on the performance of ASSBs; (d) effects of mixing protocols on the performance of ASSBs. Reproduced with permission from Ref. [75]. Copyright 
2018, Elsevier. 
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solution-based methods may decrease the bulk ionic conductivity [58, 
212,213], calling for a balance between the particle size and ionic 
conductivity. Furthermore, Rajagopal et al. [214] found that the 
LiNi0.8Co0.1Mn0.1O2–Li7P2S8I composite cathode with mixed-sized SEs 
has a higher capacity than that with uniform-sized SEs by improving the 
contact between the SEs and AMs. Park et al. [215] also revealed that the 
composite cathode using bimodal SEs exhibits a better performance than 
those using solely fine or coarse-sized SEs, benefiting from the improved 
packing density and lowered resistance. 

To provide mechanical flexibility and good adhesion, polymeric 
binders are usually introduced into composite electrodes. However, 
binders are mostly neither ionic nor electronic conductive and would 
thus interrupt the Li+/e− transport within the composite electrode. 
Rosero-Navarro et al. [216] found that the initial discharge capacities of 
the ASSBs with different contents of ethyl cellulose binder are lower 
than that of the ASSB without binder. Nam et al. [75] also revealed that 
the nitrile-butadiene rubber (NBR) in the slurry-mixed composite elec
trodes can impede Li+ conduction by blocking contacts between AMs 
and SEs, leading to poor performance of ASSBs, as in Fig. 11 (c). In 
contrast, the dry-mixed composite electrodes without binders exhibited 
improved capacity and rate capability. Bielefeld et al. [217] found that 
the binder content has a strong negative influence on the Li+ transport 
pathways and active surface area within the composite electrode. 
However, employing an appropriate binder content has been proven an 
effective method for improving the cycling performance of ASSBs, by 
reinforcing the mechanical properties of the composite electrodes [216, 
218]. Careful consideration should be paid to the composition, content 
and distribution of binder within the composite electrode to achieve 
optimal electrochemical performance for ASSBs. Minimizing the binder 
content through dry-film technology [219–223] or incorporating ionic 
conductive binders [224–226] are promising strategies to balance the 
pros and cons of using binders in ASSBs. 

Finally, a uniform distribution of AMs and SEs within the composite 
electrode is critical for high-performance ASSBs. As shown in Fig. 11 (d), 
Nam et al. [75] found that a pre-mixing process can lead to a more 
homogenous distribution of AM and SE and significantly improve the 
electrochemical performance of ASSBs. Hayakawa et al. [227] used a 
high-shear mixer to fabricate a composite cathode with high SE 
dispersion and enhanced SE adhesion on the AM particles. The high SE 
dispersion enabled a composite cathode with fewer voids and 
well-percolated ionic pathways, which exhibited significantly improved 
rate and cycle performance. Noh et al. [228] further found that the 
mixing sequence of AMs, SEs and carbon additives in the composite 
cathode also influences the electrochemical performance. Their results 
demonstrated that mixing half of the carbon additive with the SEs and 
reserving the other half for the final mixing achieved high initial ca
pacity and rate performance. Besides the mixing protocols, Kim et al. 
[229] and Huang et al. [230] proposed a SE-infiltrated method to 
fabricate composite electrodes with enhanced physical contact. By 
infiltrating a SE solution into the conventional porous electrodes, inti
mate ionic contacts between the SEs and AMs were achieved and 
ensured better rate capability and more stable cycling performance than 
the dry-mixed electrodes [230]. Overall, maintaining a homogeneous 
distribution of the components (AMs, SEs, carbon additives and binders) 
within the composite electrodes remains challenging and requires a 
deeper understanding of the fabrication and manufacturing processes. 

Despite the experimental efforts mentioned above, microstructural 
engineering of composite electrodes is still challenging, due to the 
complex interplay of various components and electrochemical/chemi
cal/physical processes. Computational modeling can facilitate micro
structural design by quickly evaluating the effects of different 
parameters and unraveling valuable but experimentally inaccessible 
information [231,232]. Bielefeld et al. [217,233,234] established a 
three-dimensional microstructure model to link the ASSB’s performance 
with microstructural parameters, including the composition, weight/
volume ratio, porosity, particle size, and electrode thickness. Shi et al. 

[121] built up a particle network model to reveal the effects of the 
CAM–SE particle size ratio on CAM utilization. Park et al. [232] and 
Naik et al. [73] also presented comprehensive microstructural models to 
understand the transport limitation within composite electrodes. Neu
mann et al. [235] reported 3D microstructure-resolved simulations of 
sulfide-based composite electrodes with the microstructure obtained by 
X-ray tomography. Yamakawa et al. [236] further combined the neural 
network-based regression analysis and phase-field model to unravel the 
correlation between the power capability and microstructural parame
ters of the composite electrodes. The rational design of composite 
electrodes with the help of microstructure-resolved modeling has been 
proven effective in improving the electrochemical performance of ASSBs 
[121]. However, systematic comparisons between the simulation and 
experimental results in terms of microstructural properties, effective 
Li+/e− transport pathways and conductivities, and electrochemical 
performance of ASSBs are still urgently needed to improve the model’s 
accuracy. Moreover, there is a remarkable lack of computational models 
to correlate the manufacturing parameters with the microstructure and 
electrochemical performance of composite electrodes. The ARTISTIC 
project led by Prof. Alejandro A. Franco aims to develop a digital twin of 
the manufacturing process of liquid electrolyte LIBs [237–239]. Adap
tion of ARTISTIC simulation tools to the manufacturing processes of 
ASSB electrodes has also been carried out but requires more validations 
[240]. Microstructure-resolved modeling from the manufacturing pro
cess to the performance output of the composite electrodes will pave the 
way toward an accelerated optimization of ASSBs. 

5.2. Mechanical failure in composite electrodes 

Mechanical failures at the electrode level include the formation of 
voids, cracking or pulverization of the active material particles, and 
lithium dendrite growth in the Li metal anode, as illustrated in Fig. 12. 
Void formation can interrupt the Li+/e− transport pathways and reduce 
the contact area between AMs and SEs, and particle cracking or pul
verization results in tortuous Li+ diffusion pathways within the particles 
and even isolated particles. Both lead to significant increase in transport 
and interfacial resistance, and finally drastic capacity loss. For the Li 
metal anode, void formation and cracking of the SE layer lead to lithium 
dendrite growth through the SE, and eventually internal short circuit of 
ASSBs. Mechanical degradation in the composite electrodes has been 
identified as the major cause of the capacity fading of ASSBs [241,242], 
highlighting the importance of mechanical considerations in ASSBs. 

In the composite cathode, the volume change of CAMs during (de-) 
lithiation is the major trigger of mechanical failure. LiCoO2 cathode 
shows a volume increase of ~2% when charged to Li0.5CoO2, while the 
layered NCM and LiNixCoyAlzO2 (NCA) cathodes experience a volume 
reduction of 2–8% during charging, with a positive correlation between 
the volume change and Ni content [76,243,244]. The formation of voids 
and contact loss between cathode particles and SEs are unavoidable 
because of the inelastic nature of SEs. Koerver et al. [195] observed 
apparent contact loss of LiNi0.8Co0.1Mn0.1O2 particles with β-Li3PS4 SEs 
after 50 cycles, which leads to resistance increase and capacity degra
dation. Shi et al. [242] found an over threefold increase in void volume 
within the LiNi0.5Mn0.3Co0.2O2–75Li2S–25P2S5 composite cathode after 
50 cycles. The voids were distributed near the cathode particles with a 
contact loss area of 10.4% of the total cathode surface area, leading to 
rapid capacity decay of the ASSBs [195]. Furthermore, cracking of the 
cathode particles has also been observed in the composite cathodes after 
long-term cycling due to the anisotropic volume changes [76,115,117, 
245]. Jung et al. [115] found severe disintegration of secondary parti
cles of LiNi0.80Co0.16Al0.04O2 with randomly oriented grains. Unlike the 
liquid electrolyte that can infiltrate into the intergranular cracks within 
the secondary particles, SEs cannot flow into the cracks, which remain as 
voids interrupting intergranular Li+ diffusion [241,245]. Liu et al. [246] 
and Han et al. [117] observed microcracks within the particles and 
obvious voids in the composite cathodes with polycrystalline NCM or 
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NCA, as presented in Fig. 12 (a). Conforto et al. [241] found that the 
secondary particle cracking within the polycrystalline LiNi0.8

Co0.1Mn0.1O2 cathode led to a 3–4 times increase in the length of Li+

diffusion pathways inside the primary particle after 40 cycles. 
Improving the cathodes’ mechanical integrity has been proven as an 
effective strategy to mitigate mechanical failure in composite cathodes. 
As shown in Fig. 12 (a), Han et al. [117] demonstrated that the 
cracking-free single-crystalline cathode can suppress both the void for
mation and particle cracking during cycling, significantly improving the 
cycling stability of ASSBs. Moreover, regulating the mechanical prop
erties of sulfide SEs can also improve the mechanical stability of com
posite cathodes. Teo et al. [247] proposed the application of a glassy SE 
(1.5Li2S–0.5P2S5–LiI) as a “soft” SE instead of the crystalline SE 
(Li6PS5Cl) to maintain tight contact with NCM cathode during volume 
changes, significantly improving the capacity retention after 200 cycles 
(from 39% to 58%). 

On the anode side, the volume changes of graphite and Si-based 
anodes are much more severe than those in cathodes. The graphite has 

a volume expansion of 13.2% during lithiation, and the Si expands 320% 
when fully lithiated to Li22Si5 [133]. Micron-scale cracks were widely 
observed in Si–C composite or pure Si anodes for ASSBs after cycling 
[15,34,143,145,248,249], as shown in Fig. 12 (b). Yamamoto et al. 
[145] and Cao et al. [34] found vertical cracks in the Si–SE composite 
anodes due to the horizontal tension, while the vertical strain was 
alleviated by the elastic deformation of the SE layer and the counter 
electrode’s volume changes. The vertical cracks could buffer the Si an
ode’s volume changes and maintain most Li+/e− transport pathways, 
providing good cycling stability [34,145]. The Si particles will also 
suffer from pulverization during cycling, leading to a severe loss of 
active materials and increased internal resistance. As presented in 
Fig. 12 (b), Dunlap et al. [143] observed severe cracking, Si particle 
pulverization and delamination at the interfaces between SEs and Si–C 
anodes with micro-Si particles. Reducing the Si particle size to nano
meters can mitigate the formation and propagation of cracks within Si 
due to the stress relaxation, as in Fig. 12 (b). The composite anode with 
50 nm Si particles outperformed that with micro-Si particles (1–3 μm 
and 325 mesh Si) in terms of initial capacity and cycling stability, and 
exhibited fewer cracks after cycling. Kim et al. [250] also found that the 
Si–C composite anode using nano-Si particles exhibited a larger contact 
area between Si and graphite than that using micro-Si particles. More
over, the mechanically compliant graphite could accommodate the 
volume change of nano-Si particles, enabling high areal and volumetric 
capacities of 2.94 mAh⋅cm− 2 and 997 mAh⋅cm− 3. Okuno et al. [249,251, 
252] further proposed a nano-porous Si composite anode design with 
the nano-porous Si homogeneously dispersed in adequate Li3PS4 SEs. 
Both the nanopores in Si particles and the elastic deformation of SE 
effectively relieved the stress derived from the volume change of Si, 
improving the cycling stability of Si anode for ASSBs. Nevertheless, 
research on the mechanical failure mechanism and mitigation strategies 
of Si anodes in ASSBs is still in the infant stage, especially when 
compared with the mechanical issues in composite cathodes. A funda
mental study of Si anodes and technical exploration of their application 
in sulfide-based ASSBs are urgently needed. 

Employing proper pressure during the fabrication and operation of 
ASSBs can mitigate mechanical failures in composite electrodes. The 
fabrication pressure of electrodes is usually hundreds of MPa or several 
GPa, while the external pressure during operation (stack pressure) is less 
than 100 MPa [78,244]. The fabrication pressure directly affects the 
porosity and Li+/e− conductivities of the composite electrode and SE 
layers [77,253–256]. As shown in Fig. 13 (a), the increased fabrication 
pressure can effectively densify the composite electrode and SE layers, 
and increase the contact area fraction between the AMs and SEs [77]. 
The decreased porosity significantly improved the effective ionic con
ductivity, while the enhanced contact area fraction led to an 
order-of-magnitude reduction in charge transfer resistance. Both can 
promote the electrochemical performance of ASSBs. Doux et al. [253] 
found that the increase of fabrication pressure can significantly improve 
the cycling stability and rate performance of sulfide-based ASSBs, as 
presented in Fig. 13 (b). Meanwhile, appropriate stack pressure is 
important for the contact between the AMs and SEs during battery 
operation. Yamamoto et al. [248] observed significant improvements in 
the cycling stability and rate performance of various ASSBs with the 
increase of stack pressure, as in Fig. 13 (c). Moreover, the improvements 
in battery performance varied with the volume changes of the active 
materials. The Si anode exhibited the greatest improvement in cycling 
stability when the stack pressure increased from 50 to 75 MPa. The high 
stack pressure could prevent the crack formation in Si particles, heal fine 
cracks, and facilitate close contact between the SE and LixSi via plastic 
deformation, thus resulting in more stable cycling. Though the existing 
results suggest a positive correlation between battery electrochemical 
performance and fabrication/stack pressure, excessive pressures may 
harm the performance of ASSBs. Rapid buildup of stress between large 
electrode particles has been observed under excessive fabrication pres
sure (>300 MPa), leading to microcracks in AM particles and even 

Fig. 12. Mechanical failures in sulfide-based ASSBs. (a) Void formation and 
particle cracking in composite cathodes with single-crystalline and poly
crystalline CAMs. Reproduced with permission from Ref. [117]. Copyright 
2021, Wiley-VCH GmbH; (b) cracking, delamination and pulverization in the 
Si–C–SE composite anodes with different sizes of Si and their cycling perfor
mance. Reproduced with permission from Ref. [143]. Copyright 2018, Elsevier. 
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particle fracturing [117,246,254,257]. Piper et al. [258] and Kim et al. 
[229] found decreases in the capacity utilization and rate performance 
of nano-Si-based composite electrodes with increased stack pressure. A 
high stack pressure of 75 MPa even directly leads to short circuit of Li 
metal ASSBs due to the creeping of Li metal [191]. Therefore, rational 
optimizations of the fabrication and stack pressures considering the 
physical properties of the AMs and SEs (such as Young’s modulus, shear 
modulus, bulk modulus and volume changes) are vital for achieving 
long-cycling-life ASSBs. Moreover, applying a high and uniform stack 
pressure to ASSBs is very challenging for module and pack design. 
Ideally, the stack pressure for ASSBs should be close to that for the 

existing liquid electrolyte LIBs (<1 MPa) [244], but 3–5 MPa may also 
be technically acceptable to module/pack design [58,259]. Novel ma
terials (such as low-expansion electrode materials and 
high-mechanical-strength binders) and electrode structure designs are 
urgently needed to reduce the required stack pressure of ASSBs. 

6. Key performance indicators of sulfide-based all-solid-state 
batteries 

A comprehensive evaluation of several KPIs for ASSBs is necessary to 
meet the requirements of automotive application. As presented in 

Fig. 13. Effects of fabrication and operating stack pressure on the performance of ASSBs. (a) Porosity and contact area fraction of LGPS–LiNi1/3Mn1/3Co1/3O2 
composite cathodes under different pressures. Reproduced with permission from Ref. [77]. Copyright 2022, Royal Society of Chemistry; (b) effects of fabrication 
pressure on the cycling stability and rate performance of NCA | Li6PS5Cl | Li–In ASSBs. Reproduced with permission from Ref. [253]. Copyright 2020, Royal Society 
of Chemistry; (c) effects of stack pressure on the cycling stability and rate performance of Si |Li3PS4 | Li–In, graphite |Li3PS4 | Li–In, LiNi1/3Mn1/3Co1/3O2 | Li3PS4 | 
Li–In ASSBs. Reproduced with permission from Ref. [248]. Copyright 2020, Elsevier. 

Fig. 14. Key performance indicators and test specifications of sulfide-based ASSBs for automotive applications regarding energy & power characteristics, cycle & 
calendar life and safety performance. 
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Fig. 14, the relevant KPIs are divided into three categories, i.e., energy & 
power characteristics, cycle & calendar lifetime and safety. The energy 
and power characteristics determine the basic capabilities of an ASSB, 
including the gravimetric & volumetric energy density, capacity reten
tion, internal resistance, pulse charge & discharge power output under 
various temperatures and C-rates. The EV batteries should exhibit high 
capacity retention ratios of around 95%, 90% and 85% under 1C, 2C and 
3C, respectively, as indicated in Fig. 15 (a). Fast charging capability with 
a maximum charging C-rate of over 4C and a wide operating tempera
ture range of around − 30–90 ◦C are also preferred for ASSBs in EV. The 
cycle and calendar lifetimes determine the ASSB’s service life, and are 
evaluated through cycling or storage tests over a range of test conditions 
(temperature, the degree of discharge (DOD) range during cycling and 
the SOC during storage). To fulfill the EV requirements, batteries usually 
should deliver 1000+ cycles under 1C/100%DOD at room temperature, 
and maintain 800+ cycles at high temperatures (45 or 60 ◦C). The 
battery calendar life depends largely on the temperature and SOC during 
storage test, and a high capacity retention rate of >97% and a low self- 
discharge rate of <3% are usually required after 30-days high- 
temperature storage. Moreover, the cycle and calendar aging perfor
mance of ASSBs at extreme temperatures (for example, < − 30 ◦C and 
>60 ◦C) should also be evaluated to demonstrate their temperature 
robustness. Finally, safety is the utmost important performance during 
the application of ASSBs. An ideal ASSB remains fully functional after 
environmental tests such as vibration, thermal shock and extremely cold 
temperature tests. Moreover, ASSBs should exhibit no thermal runaway 

under thermal (overheat), electrical (overcharge, over-discharge and 
short circuit) and mechanical (nail penetration and crush) abuse tests. 
Several organizations also classify the battery behaviors during safety 
tests into different hazard levels: from level 0 (no effect, no functional 
impairment) to level 7 (explosion) [260]. A level 3 (no fire, no smoke 
egress, no explosion) or lower usually represents an acceptable level of 
performance [261]. Overall, many standards and regulations have been 
specifically developed to facilitate and regulate battery use in EVs 
[260–262]. Academic and industrial researchers of ASSBs should 
consider all the KPIs rather than only one or two, especially when 
bringing ASSBs to market. 

Unfortunately, the aforementioned KPIs of sulfide-based ASSBs have 
not been thoroughly evaluated, and most of the KPIs require further 
improvements. We summarize the rate performance and cycle lifetime 
of sulfide-based ASSBs reported in the literature, as in Fig. 15, with the 
detailed data in Table S1. It should be noted that the stack pressure and 
temperature during the rate capability and cycling tests are not pre
sented in Fig. 15 to avoid being verbose. Nevertheless, stack pressure 
and temperature undoubtedly play vital roles in the electrochemical 
performance of ASSBs, and require careful optimizations during prac
tical application. 

Fig. 15 (a) presents the capacity utilization ratios of the existing 
ASSBs under different C-rates. Most of the existing ASSBs exhibit poor 
rate performance with capacity utilization ratios of less than 85% when 
the C-rate exceeded 0.5C and were still far below the requirements of 
EVs. Moreover, those operating above 0.5C mostly have low areal ca
pacities (<2 mAh⋅cm− 2). Despite the difficulties, a few examples of 
ASSBs achieved good rate performance. Lee et al. [33] designed a 0.6 Ah 
pouch ASSB with a high areal capacity of 6.8 mAh⋅cm− 2 and a high 
capacity retention rate of 92.65% under 1C. Li et al. [196] presented a 
high areal capacity (7.39 mAh cm− 2) mold ASSB, with moderate ca
pacity retention rates of 71.04% and 59.00% under 1C and 2C, respec
tively. Zhang et al. [263] fabricated a mold-ASSB with a high capacity 
retention rate of 99.21% under 1C, but with a low areal capacity of 1.26 
mAh⋅cm− 2. Besides, sulfide-based ASSBs that can operate under 
ultra-high C-rates have also been reported. Ye et al. [187] developed a 
mold ASSB that maintained 36.05% and 25.58% of its theoretical ca
pacity under 10C and 20C, respectively, benefiting from a multilayer 
electrolyte design. Although the rate capabilities of most existing ASSBs 
are still below the EVs’ requirements, the areal capacity of ASSBs shows 
an uptrend without deteriorating the rate performance, as in Fig. 15 (a). 
This indicates continuous improvements in the Li+/e− transport and 
interfacial charge transport kinetics within the composite electrodes, 
which substantially contribute to the rate performance of ASSB. As 
discussed in Sections 4 and 5, we believe that overcoming the transport 
limitations at the interface and composite electrode levels will help 
boost the rate performance of ASSBs to meet the EVs’ requirements. 

For the cycle lifetime, as shown in Fig. 15 (b), there are several re
ports on sulfide-based ASSBs with long cycle lives of over 1000 times, 
presenting sulfide-based ASSBs’ potential for long-term stability. Lee 
et al. [33] developed an ASSB with superior cycle life (>1000 times) 
under 0.5C through a Ag–C composite anode design. Shi et al. [264] 
designed a LiNi0.8Co0.1Mn0.1O2-based sulfide-based ASSB with remark
able cycling stability up to 5650 cycles with a decay rate of 0.0069% per 
cycle under 1C. This long cycle life was enabled by suppressing the 
interfacial side reactions using a coupling design of Li7TaO6 surface 
buffer coating with bulk Ta-doping for the cathode. Recently, Liu et al. 
[35] designed a super long-cycling sulfide-based ASSB with a stable 
capacity retention rate of 71% even after 20000 cycles at 1.61C, much 
superior to existing liquid electrolyte LIBs. Start-ups such as Solid Power 
also demonstrated prototype sulfide-based ASSBs with a long cycle life 
of 1000+ cycles under 1/5C [265]. However, it should be noted that the 
ASSBs with super long cycle life are mostly operated within a relatively 
narrow DOD range below 80%, which is mainly limited by the large 
polarization under high rate. In contrast, the ASSBs operated under low 
rate and wide DOD (95–100%) exhibit much shorter lifetimes, as in 

Fig. 15. Summary of the rate performance and cycle lifetime of sulfide-based 
ASSBs reported in the literature. (a) The capacity utilization ratios of ASSBs 
under different C-rates compared to their theoretical capacities, and the sizes of 
the symbols represent the areal capacity of the tested ASSBs; (b) the estimated 
cycle numbers of the ASSBs before reaching 80% of their initial capacities, and 
the sizes of the symbols represent the DOD range during cycling. 
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Fig. 15 (b). This might be induced by the more severe volume change 
and mechanical failure within the composite electrode. Compared to the 
cycling stability of ASSBs, only a few papers reported the calendar life of 
sulfide-based ASSBs. Yoon et al. [266] found severe capacity decay of a 
Li6PS5Cl-based ASSB after 6-day storage at 4.3 V and 70 ◦C, due to the 
decomposition of the Li6PS5Cl SE. Rapid impedance increase and ca
pacity degradation of sulfide-based ASSBs at high temperature and high 
voltage storage were also observed by Zuo et al. [177] and Morino et al. 
[267]. Nevertheless, the calendar aging performance of sulfide-based 
ASSBs has not been thoroughly evaluated and requires more attention. 
Compared with the rate performance, the cycle and calendar lifetimes of 
ASSBs are more susceptible to operating conditions (such as C-rate, 
DOD, temperature and pressure). Proper galvanostatic and dynamic 
charging-discharging test procedures should be built to accurate eval
uate ASSB’s service life in EVs. Generally, the charging C-rate of EV 
batteries is around 1/5–1/10C for slow charging and 1–4C for fast 
charging, and the average discharging C-rate is around 1/3–1/5C. Dy
namic test procedures can be acquired by simplifying the EV driving 
cycle profiles [268]. Moreover, the degradation mechanisms of ASSBs 
have not been quantitatively characterized. The effective tools/methods 
that have been applied in the failure analysis of liquid electrolyte LIBs, 
such as reference electrodes [269–271], incremental capacity and dif
ferential voltage analysis [66,266,272], EIS [273–275] and high preci
sion coulometry [276–278] can also facilitate the degradation diagnosis 
of ASSBs and are worth further explorations. 

Safety always comes first in the practical application of batteries. 
ASSBs are expected to be safer than conventional liquid LIBs by 
replacing the volatile and flammable liquid electrolytes with nonflam
mable SEs. Lee et al. [33] demonstrated the high safety of the 0.6 Ah 
pouch sulfide-based ASSB under a 210 ◦C oven test. Solid Power and 
Svolt Energy also announced that their Ah-level prototype sulfide-based 
ASSBs can pass a series of safety tests such as nail penetration, external 
short circuit and overcharge [37,279]. However, recently, researchers 
argued that the safety of ASSBs might have been overestimated, espe
cially considering the high reactivities of sulfide SEs and Li metal 
[280–282]. The safety of ASSBs largely depends on the thermo-chemical 
reactions between AMs and SEs rather than the flammability or thermal 
stabilities of individual components [283]. Tsukasaki et al. [284–287] 
firstly reported the noticeable exothermic reactions between 
LiNi1/3Mn1/3Co1/3O2 and Li3PS4 at elevated temperatures due to the 
oxidation of Li3PS4 by the oxygen released from the cathode. Violent 
exothermic reactions between layered cathodes (LiNi0.8Co0.1Mn0.1O2 
and LiCoO2) and various sulfide SEs (Li6PS5Cl, Li7P3S11, 

Li9.54Si1.74P1.44S11.7Cl0.3, Li4SnS4) were also observed, along with the 
generation of a significant amount of SO2 gas [79,80]. Our recent study 
showed that the sulfide SEs react not only with the oxygen from the 
layered cathode but also with the solid decomposition products of the 
cathode [288]. Two distinct exothermic reaction mechanisms between 
sulfide SEs and CAMs were revealed, i.e., gas-solid and solid-solid re
action mechanisms. Moreover, Vishnugopi et al. [283] observed thermal 
runaway behaviors of a Li | Li10SnP2S12 | Li symmetrical ASSB with an 
extreme-high self-heating rate of 196.3 ◦C/min. The results above 
demonstrate that safety hazards still exist in ASSBs and highlight the 
need to comprehensively investigate their safety characteristics. Here, 
we propose the potential safety hazards of sulfide-based ASSBs accord
ing to the physical/chemical properties of the components, as illustrated 
in Fig. 16. At the cathode side, the highly oxidative CAMs and the 
released oxygen are prone to react with the lithiated graphite/Si anodes, 
Li metal anode and sulfide SEs [289,290], generating a significant 
amount of heat and gases such as SO2, CO and CO2. Lithium dendrite 
growth is the major safety threat at the anode side and can induce in
ternal short circuit of ASSBs. Exothermic reactions between sulfide SEs 
and the lithiated graphite/Si anode or Li metal anode also occur at a high 
temperature, as observed in Ref. [283]. Moreover, Li metal melting at a 
high temperature requires special considerations for the safety of 
solid-state Li metal batteries. Molten Li metal reacts violently with SEs 
and O2 from the cathode or air, leading to intense heat generation [291, 
292]. Finally, the chemical hazards of sulfide-based ASSBs upon rupture 
of package, venting or even explosion are additional challenges [293]. 
Especially, sulfide SEs are known to react with moisture to form H2S, a 
highly toxic, flammable and explosive gas. The generation of toxic SO2 
from the oxidation of sulfide SEs at high voltage [176] or temperature 
has also been observed [79,294]. Nevertheless, the toxicity, flamma
bility and explosibility of the emissions from ASSBs under various con
ditions remain elusive and need comprehensive evaluation. 

7. Scaling up sulfide-based all-solid-state batteries 

Currently, most sulfide-based ASSBs are constructed of stacking 
pellet-type electrodes and thick SE layers. However, the fabrication of 
pellet-type ASSBs is time-consuming and discontinuous, and can hardly 
be scaled up. For the mass production of sulfide-based ASSBs, it is 
essential to fabricate sheet-type electrodes and SE membranes through 
continuous processes. This section introduces several fabrication 
methods for sheet-type electrodes and SE membranes, including slurry 
casting, SE solution infiltration and solvent-free dry-film methods. The 

Fig. 16. Potential safety hazards of sulfide-based ASSBs.  
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typical procedures, representative examples, advantages and disadvan
tages of each fabrication process are discussed. 

7.1. Fabrication of sheet-type electrodes for sulfide-based all-solid-state 
batteries 

Fig. 17 illustrates the three representative sheet-type electrode 
fabrication processes of sulfide-based ASSBs. Since the first report on the 
fabrication of Mo6S8 electrode using a Li3.25Ge0.25P0.75S4 SE in 2009 
[295], many studies have adopted the slurry casting method in con
ventional liquid electrolyte LIBs to fabricate sheet-type electrodes for 
sulfide-based ASSBs. As shown in Fig. 17 (a), in the slurry casting pro
cess, a slurry is first prepared by dispersing the AMs, SE, conductive 
carbon and binder in a solvent. The slurry is cast on a current collector, 
then dried to remove the solvent. High-pressure pressing is conducted 
before or after stacking the cathode, SE membrane and anode to solidify 
the electrodes. The slurry casting method is a good candidate for pro
cessing sheet-type electrodes considering the accumulated experience in 
manufacturing conventional liquid electrolyte LIBs and only minor 
modifications to the existing equipment. The slurry casting method can 
also facilitate the application of solvate-ionic-liquid-based polymeric 
binders [225,296–298] in the composite electrodes, which can increase 
the effective interfacial area and overcome the Li+/e− transport limi
tation induced by the insulating polymeric binders. One-step fabrication 
of sheet-type electrodes from SE precursors can also be achieved via the 
slurry casting method, providing an efficient protocol for ASSBs fabri
cation [216,299]. However, due to their poor chemical stability, it is 
quite difficult to find appropriate solvent–binder pairs compatible with 
sulfide SEs. As sulfide SEs tend to dissolve in polar solvents and suffer 
from decreased ionic conductivity, nonpolar or weakly polar solvents 
are usually utilized to prepare slurries containing sulfide SEs [59]. This 

restriction on solvents consequently limits the binders to nonpolar or 
less polar ones based on the principle of solubility match [59,82,300, 
301]. However, most nonpolar and less polar binders usually have poor 
adhesivity and dispersibility, so the choices of sulfide SEs, solvents and 
binders need careful consideration [301–303]. Efforts have been made 
to screen solvent-binder pairs for sulfide SEs [300]. The donor number 
was proposed as an indicator to predict the compatibility of solvent with 
sulfide SEs [222]. Nonpolar or less polar solvents (e.g., heptane, toluene 
and xylene) and binders (e.g., rubber binders, cellulose and ethyl cel
lulose) that can dissolve in these solvents were employed in the 
slurry-casting process of sulfide SE-based electrodes [301]. Ito et al. 
[304] prepared a sheet-type LiNi0.8Co0.15Al0.05O2–Li2S–P2S5(80:20 mol 
%) composite electrode using NBR-based hydrocarbon polymer binder 
and dehydrated xylene solvents. Zhang et al. [218] developed the 
LiNi0.8Co0.1Mn0.1O2–Li6PS5Cl composite electrodes using ethyl cellulose 
binder and anhydrous ethanol solvents. To overcome the dilemma of 
selecting solvent–binder pairs, Lee et al. [305] proposed a pro
tection− deprotection chemistry-based strategy. In their work, the car
boxylic acid groups of the binder were protected by tert-butyl groups to 
allow homogeneous dispersion of the binder in a less polar solvent. The 
protecting group was thermally cleaved during the drying process, 
leaving the polar functional groups to engage in hydrogen bonding with 
the AMs. Besides the incompatibility issues, the distribution of multiple 
components in the slurries is critical to the electrochemical and me
chanical performances of sheet-type electrodes [306]. Chen et al. [307] 
revealed that composite electrodes using different binders (styr
ene-butadiene rubber (SBR) and SEBS) with different solvents (anisole 
for SBR and heptane for SEBS) showed different extents of reaction in
homogeneity. The composite electrode with SEBS suffered from a 
nonuniform electrode structure, leading to poor ionic conductivity and 
electrochemical performance [307]. Yamamoto et al. [257] found that 

Fig. 17. Representative sheet-type electrode fabrication processes of sulfide-based ASSBs. (a) Slurry casting process. Reproduced with permission from Ref. [311]. 
Copyright 2017, IOP Publishing; (b) the SE solution infiltration process. Reproduced with permission from Ref. [312]. Copyright 2017, American Chemical Society; 
(c) the solvent-free dry-film process. Reproduced with permission from Ref. [219]. Copyright 2019, Elsevier. 
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the composite electrode fabricated using volatile 1,2-dichloroethane 
had a rough surface with some bulges and delaminated from the cur
rent collector, while the electrode fabricated using less volatile n-decane 
had a dense and smooth surface without aggregations. Binder migration 
during the fast evaporation of the solvents is responsible for poor elec
trode performances. To suppress binder migration, Kim et al. [308] 
combined the highly volatile ethyl acetate and less volatile hexyl buty
rate as cosolvents, and used the cosolvents and poly(vinylidene fluo
ride-co-hexafluoropropylene) (PVDF-HFP) binder to fabricate 
LiNi0.7Co0.15Mn0.15O2–Li6PS5Cl0.5Br0.5 composite cathodes. The 
sheet-type LiNi0.7Co0.15Mn0.15O2 electrodes containing PVDF-HFP 
showed superior performance to those containing NBR binder [308]. 
Nevertheless, the effects of the solvent, binder and process (mixing, 
casting and drying) parameters on the performance of slurry-based 
composite electrodes remain elusive. The experience in the 
manufacturing processes of conventional liquid electrolyte LIBs [237, 
309,310] could facilitate the slurry casting-based fabrication of sheet 
electrodes for sulfide-based ASSBs, but more research is still required. 

The SE solution infiltration method is another candidate for fabri
cating sheet-type composite electrodes. As illustrated in Fig. 17 (b), an 
SE solution is infiltrated into the conventional LIB electrode fabricated 
through slurry casting. Heat treatment is then performed to remove the 
solvents and allow the precipitation of the SE, followed by cold pressing 
to densify the electrode. Kim et al. [229,312] firstly fabricated 
sheet-type Li6PS5Cl-infiltrated LiCoO2, graphite and Si electrodes using 
Li6PS5Cl/ethanol solutions. Compared to the slurry casting method, the 
SE solution infiltration method can relax the restrictions on the binders 
by separating the processing of binders, solvents and sulfide SEs. In 
Kim’s work [229,312], conventional polymeric binders such as poly 
(vinylidene fluoride) (PVDF), polyacrylic acid (PAA) and carboxymethyl 
cellulose (CMC), and solvents such as N-methyl pyrrolidinone (NMP) 
and water were used to fabricate the porous electrodes, while the SE 
solutions were prepared separately using ethanol or methanol. More
over, for the composite electrodes fabricated via the SE solution infil
tration method, the e− transport network is firstly constructed by the 
conductive carbons within the conventional porous electrodes, while the 
Li+ transport pathways are formed subsequently during the infiltration 
and precipitation of sulfide SEs. This can avoid the simultaneous con
structions and interactions of Li+ and e− pathways in the slurry-casted 
composite electrodes, thus achieving favorable Li+/e− percolation. As 
a result, Kim et al. [229,312] demonstrated that the Li6PS5Cl–infiltrated 
LiCoO2, graphite and Si electrodes showed high reversible capacities, 
which were not only superior to those of conventional dry-mixed and 
slurry-mixed electrodes but also comparable to those of liquid electro
lyte cells. However, solution-processed sulfide SEs usually exhibit 
insufficient ionic conductivities (~ 0.1 mS cm− 1). A high temperature is 
required for the precipitation of SEs, which can cause side reactions at 
AM | SE interfaces and decomposition of the binders. Song et al. [313] 
tailored the solution-processable argyrodite Li6+xP1− xMxS5I (M = Ge, 
Sn) SEs to improve their ionic conductivities. However, the highest ionic 
conductivity (0.54 mS/cm) was still lower than common values (1–10 
mS cm− 1) of sulfide SEs. Further development of solution-processable 
sulfide SEs with high ionic conductivity is essential for the application 
of SE solution infiltration-based fabrication of ASSBs. 

Recently, a solvent-free dry-film process has been developed for 
sheet-type ASSB fabrication to avoid the instability issues caused by the 
solvents [223,314]. The solvent-free dry-film technology can also 
eliminate the pollution caused by organic solvents and the high energy 
consumption during the solvent-drying process. As illustrated in Fig. 17 
(c), during the dry-film fabrication process, the AMs, SEs, conductive 
carbon and a limited amount of fibrous binder (such as polytetra
fluoroethylene (PTFE)) are firstly dry-premixed, followed by high 
shearing force induced film formation. The shearing force can transform 
PTFE beads into fibrils, which blend between the AM and SE particles 
and hold them together. Hippauf et al. [219] first reported the 
solvent-free dry-film fabrication of a sheet-type 

LiNi0.9Co0.05Mn0.05O2–Li6PS5Cl composite electrode. A freestanding 
composite electrode with a high loading of 6.5 mAh⋅cm− 2 was fabricated 
using only 0.3 wt% PTFE, and exhibited excellent rate performance. Li 
et al. [315] also fabricated a long-cycle-life sheet-type LiNi0.6

Co0.2Mn0.2O2–Li6PS5Cl composite cathode using 0.5 wt% PTFE. As 
demonstrated by Hippauf et al. [219] and Li et al. [315], only 1 wt% 
PTFE or less is required for dry-film fabrication of sheet-type electrodes, 
and the fibrous PTEF can form a bridge-like connection among the 
particles with high specific areas. Both can help to reconstruct the 
electrode microstructures and reduce the Li+/e− transport blocking ef
fects resulting from binders. To further improve the Li+ transport within 
the composite electrodes, Hong et al. [224] developed a Li+-conducting 
ionomer binder for dry-processed LiNi0.7Co0.1Mn0.2O2–Li6PS5Cl com
posite cathode, which exhibited higher discharge capacity and more 
stable cycling performance than that using PTFE binder. Despite its 
potential virtues, the solvent-free dry-film technology is still a new 
fabrication strategy with nearly no available large-scale processing 
tools. The PTFE binder is reported to be unstable with anodes [223]. 
Thus, it is questionable whether the PTFE-based dry-film technology can 
be applied to the fabrication of composite anode. Moreover, the corre
lations between the binder properties (e.g., composition and molecular 
weight), AMs properties (e.g., sizes, shapes, and mechanical strength), 
processing parameters (e.g., the mixing rate, the calendaring pressure 
and temperature) and the final performance of the dry-film fabricated 
electrodes remain elusive and require further exploration. 

7.2. Fabrication of sulfide solid electrolyte membranes 

Fabrication of sulfide SE membranes is crucial for scaling up high- 
energy-density sulfide-based ASSBs [82,303,316]. An ideal sulfide SE 
membrane has high ionic conductivity (>1 mS cm− 1), thin thickness 
(<50 μm) competitive with the polymeric separator in liquid electrolyte 
LIBs, robust mechanical properties (high Young’s modulus and tensile 
strength) to prevent lithium dendrite growth and be compatible to the 
roll-to-roll process, and also low cost [82]. Similar to the fabrication of 
sheet-type electrodes, there are also three representative methods to 
fabricate sulfide SE membranes, as presented in Fig. 18. 

In the slurry-based processing, a slurry is prepared by dispersing the 
sulfide SE and binder in a solvent and is then coated on the substrate, 
followed by drying and pressing processes to remove the solvent and 
densify the SE membrane, as presented in Fig. 18 (a). After exfoliated 
from the substrate, a freestanding SE film is obtained. Alternatively, a 
non-freestanding SE membrane can be transferred from a sacrificial 
substrate to or directly cast on an electrode sheet. Similar to the fabri
cation of electrodes, the solvent–binder pairs are critical for the slurry 
casting fabrication of SE membranes. The compatible solvent–binder 
pairs for electrode fabrication are also suitable for fabricating SE 
membranes. Cao et al. [317] fabricated a freestanding Li6PS5Cl mem
brane with a low thickness of 47 μm and a superior ionic conductivity of 
1.65 mS cm− 1, using ethyl cellulose as the binder and toluene as the 
solvent. A cosolvent strategy consisting of a less polar solvent to stabilize 
sulfide SEs and a more polar solvent to enhance the solubility of specific 
binders has also been proposed to prepare sulfide SE membranes. Lee 
et al. [33] prepared a Li6PS5Cl membrane using acrylate-type binder and 
a xylene-isobutyl isobutyrate mixed solvent (50:50 in weight). The SE 
membrane achieved a low thickness of 40 μm and a high ionic con
ductivity of 1.31 mS cm− 1. Moreover, the binder content and cosolvent 
ratio are also crucial to the ionic conductivity and processability of 
sulfide SE membranes. Chen et al. [318] presented a machine 
learning-guided optimization of sulfide SE films by deconvoluting the 
interdependencies between the manufacturing parameters and perfor
mance metrics. The optimized Li6PS5Cl film had a thickness of 40 μm 
and an ionic conductivity of 0.86 mS cm− 1. Despite the many similarities 
in the slurry casting fabrication of electrodes and SE membranes, we 
should note the differences in their compositions and performance re
quirements. The main target of the composite electrodes is to improve 
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the AMs’ utilization and loading with favorable Li+/e− transport net
works. In contrast, the SE membranes should be as thin as possible while 
maintaining sufficient mechanical strength. Therefore, the solvent–
binder pairs and the process parameters for slurry casting fabrications of 
electrodes and SE membranes need to be carefully reconsidered. 

The scaffold-assisted solution infiltration method has been devel
oped to fabricate sulfide SE membranes with improved mechanical 
properties and reduced binder content. Scaffolds with interconnected 
frameworks, including wood [320], Kevlar nonwoven fiber [321], nylon 
mesh [322], polyimide [323] and cellulose fiber [324], are utilized to 
maintain mechanical integrity. SE solutions are infiltrated into the 
porous scaffolds to provide Li+ transport pathways, followed by drying 
and pressing to densify the SE membranes. Zhu et al. [324] designed a 
60 μm Li6PS5Cl SE film with a high ionic conductivity of 6.3 mS cm− 1 

using cellulose fiber as a scaffold. To ensure the precipitation process of 
sulfide SE from the solution, Kim et al. [323] used a thermal-stable 
polyimide nonwoven to enable the solution infiltration fabrication of 
Li6PS5Cl0.5Br0.5 SE membranes. The 40 μm Li6PS5Cl0.5Br0.5-infiltrated 
polyimide membrane was dried in a glovebox to remove the solvent and 
then heated at 400 ◦C to achieve a high ionic conductivity of 2 mS cm− 1. 
Moreover, ion-conducting scaffolds were also designed to further in
crease the ionic conductivity of SE membranes. Liu et al. [35] designed a 
thin SE membrane by infiltrating Li6PS5Cl–toluene solution into a poly 
(vinylidene fluoride-co-trifluoroethylene) P(VDF-TrFE) scaffold, as 
shown in Fig. 18 (b). The interaction between Li6PS5Cl and P(VDF-TrFE) 
ensured an ionic conductivity of 1.2 mS cm− 1, and the ASSB using the SE 

membrane presented an ultra-long cycle life of 20000 cycles at 1.0 mA 
cm− 2 [35]. The scaffold-assisted SE solution infiltration method for SE 
membranes is similar to the SE solution infiltration process of sheet-type 
electrodes in Fig. 17 (b). The chemical incompatibility between sulfide 
SEs and solvents is still the main challenge, which can degrade the ionic 
conductivity of solution-processed sulfide SEs. Moreover, proper 
methods for the large-scale fabrication of appropriate scaffolds are also 
required. 

Solvent-free dry-film technology can also be applied to fabricate SE 
membranes. Yersak et al. [325] presented an aramid-fiber-reinforced 
(Li2S)70–(P2S5)30 SE membrane via hot-pressing at 240 ◦C and 200 
MPa. The 100 μm SE membrane with 10 wt% aramid fiber achieved a 
relative density of 99.8% and an ionic conductivity of 2.4 mS cm− 1. 
However, the large-scale application of the hot-pressing process is quite 
challenging due to the required high-temperature, high-pressure pro
cessing conditions and the difficulties in reducing the thickness of SE 
membranes. Dry-film technology using PTFE binders has also been 
adopted in manufacturing sulfide SE membranes, as presented in Fig. 18 
(c). SE particles and PTFE binders are uniformly mixed through 
ball-mixing or double-blade blending, which can provide a large shear 
force to fibrillate the binders and form a homogeneous network con
necting SE particles [223,314]. Freestanding and continuous SE mem
branes can be obtained by hot-calendaring the mixed powders. Wang 
et al. [326] fabricated a 20 μm Li6PS5Cl membrane with only a small 
amount (0.5 wt%) of PTFE, and the ionic conductivity of the SE mem
brane reached 1.7 mS cm− 1. Zhang et al. [319] reduced the PTFE 

Fig. 18. Methods to fabricate SE membranes. (a) The slurry casting method. Reproduced with permission from Ref. [303]. Copyright 2021, American Chemical 
Society; (b) the scaffold-assisted SE solution infiltration method. Reproduced with permission from Ref. [35]. Copyright 2022, Wiley-VCH GmbH; (c) the solvent-free 
dry-film method. Reproduced with permission from Ref. [319]. Copyright 2021, American Chemical Society. 
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content to 0.2 wt%, and fabricated a 30 μm Li5.4PS4.4Cl1.6 membrane 
with a high ionic conductivity of 8.4 mS cm− 1, as in Fig. 18 (c). As 
discussed in the section above, the solvent-free dry-film method is a 
promising technology that can reduce production costs, improve overall 
performance, and promote the updating of the whole battery industry. 
Further investigations on the process parameters and scaling-up tools of 
solvent-free dry-film technology are required. 

7.3. Large-scale production of sulfide-based all-solid-state batteries 

Fig. 19 presents the potential manufacturing schemes for ASSBs. In 
the freestanding scheme, the sheet-type cathodes, anodes and SE 
membranes are prepared separately through the slurry casting, SE so
lution infiltration or dry-film methods. Calendaring is required for the 
individual sheets to reduce the porosity and ensure effective Li+ trans
port, while drying is optional and depends on whether the solvent is 
used. After cutting into designed sizes, the three individual layers are 
stacked together, followed by pressing to improve the interfacial con
tact, tab welding and finally packaging. Sakuda et al. [311] demon
strated the manufacturing of sulfide-based ASSB using the individual 
sheet-type LiNi1/3Co1/3Mn1/3O2 cathode, graphite anode and 
75Li2S–25P2S5 membrane fabricated by slurry casting methods. Hippauf 
et al. [219] also fabricated a 3 × 3 cm2 sized ASSB using dry-processed 
LiNi0.9Co0.05Mn0.05O2 cathode, Li6PS5Cl membrane and Li–In foil. 
Another manufacturing strategy is the cathode-supported scheme, 
where an electrolyte slurry is cast directly onto the surface of the 
sheet-type cathode, as illustrated in Fig. 19. The sheet-type anode or Li 
foil is attached on the surface of the cathode–electrolyte layer, and the 
prototype cell is then cut and pressed. Ates et al. [327] demonstrated 
that the cathode-supported process could facilitate the formation of tight 
interfacial contact between the cathode sheet and the SE layer. How
ever, the solvent should be carefully selected to be compatible with the 
components in the cathode sheet. In both the freestanding and 

cathode-supported schemes, densification of the sheet-type electrodes 
and SE membranes towards near zero percent porosity by calendaring or 
stacking is the most challenging process. The frequent-used line and 
areal pressing techniques are difficult to achieve high-pressure and ho
mogeneous densification of the electrodes and SE membranes [58,328, 
329]. To overcome this challenge, isostatic pressing (including cold, 
warm and hot isostatic pressing) has been utilized to apply ultra-high 
pressure uniformly in all directions to densify ASSBs [330]. Lee et al. 
[33] introduced the warm isostatic pressing technique to fabricate 
pouch ASSBs, and realized significant improvement in the densities of 
both the electrode and SE. The resultant density and uniformity of the 
compacted samples depend on three key parameters: time, temperature, 
and pressure, which still need to be optimized to achieve optimum 
densification [330]. However, the relatively high cost and lengthy 
processing time may hinder the application of isostatic pressing in the 
large-scale production of ASSBs [58,330]. 

Up to now, there is no available manufacturing line for sulfide-based 
ASSBs. Although some companies such as Solid Power and Samsung 
have started the construction of pilot lines [36,40], details of their 
processes and equipment remain confidential. In order to successfully 
develop scalable ASSB prototypes, it is imperative to fully utilize exist
ing LIB manufacturing facilities and minimize the need for new ma
chines. Nevertheless, re-inventing or retrofitting new machinery (e.g., 
dry-film fabrication equipment, high-pressure pressing equipment) is 
unavoidable to support the large-scale manufacturing of sulfide-based 
ASSBs. Furthermore, careful control of the gas atmosphere is also vital 
to avoiding deterioration of the air-unstable sulfide SEs during the 
manufacturing processes. Corrosion between sulfide SEs and stainless 
steel equipment is also observed by several ASSBs manufacturers, calling 
for special attention in equipment design for sulfide-based ASSBs. 
Therefore, joint efforts and cooperation across the universities/research 
institutes, battery manufacturers, equipment manufacturers and mate
rial suppliers are highly recommended to promote the research and 

Fig. 19. Illustration of the freestanding and cathode-supported ASSB assembly schemes.  
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development of sulfide-based ASSBs. 
Despite the difficulties from the material, cell to manufacturing as

pects, several leading companies have announced their production 
schedules of sulfide-based ASSBs, as summarized in Fig. 20. Ah-level 
prototype sulfide-based ASSBs were successfully fabricated in the lab
oratory [37,279]. According to their roadmaps and production sched
ules, the large-scale production of sulfide-based ASSBs with be carried 
out in two stages. In the first stage (2024–2027), the first-generation 
ASSBs with conventional NCM cathodes and graphite/Si anodes will 
be launched. The first-generation ASSBs are predicted to have energy 
densities of 300–400 Wh⋅kg− 1, close to those of the next-generation 
liquid electrolyte LIBs and semi-solid LIBs. The first-generation ASSBs 
have the advantage of much better safety performance, and can simplify 
the safety design at the battery module and pack level, thus increasing 
the gravimetric & volumetric energy density of the battery pack. The 
second-generation ASSBs will be commercialized in around 2030 along 
with the application of next-generation cathodes (e.g., Li-rich and 
high-voltage cathodes), anodes (e.g., high Si anode, Li metal anode, and 
anode-free design) and ultrathin SE membranes, as well innovative 
battery designs such as the bipolar design [331,332]. The 
second-generation ASSBs will exhibit high energy density of over 450 
Wh⋅kg− 1 and 1000 Wh⋅L− 1, superior power characteristics, cycle life and 
safety performance. Moreover, the continuous research and develop
ment of ASSBs will bring comprehensive innovations in advanced 
structural designs of cells, modules and packs, and also a revolution in 
the manufacturing process of batteries. 

7.4. Summary and prospects 

Driven by their prospects of improved safety, high energy density 
and enhanced power capability, automotive/battery manufacturers 
raise high expectations for sulfide-based ASSBs as a game-changing 
technology to make EVs more competitive. Despite the extensive ef
forts and significant advances that have been made so far, the practical 
application of sulfide-based ASSBs still faces several critical challenges, 
calling for joint cooperation across the battery community. This review 
summarizes the critical challenges of sulfide-based ASSBs, from material 
instabilities, interfacial failures, transport and mechanical issues within 
composite electrodes, and cell KPIs, to eventual scaling-up fabrication 
processes. Recent advances and future opportunities in fundamental 
understanding and promising solutions are highlighted, aiming to pro
vide a comprehensive overview of the research and development of 
practical sulfide-based ASSBs. 

At the material level, sulfide SEs, cathode materials and anode ma
terials are the core materials for sulfide-based ASSBs. Sulfide SEs suffer 
from air instability and limited ESW, which hinder the mass 
manufacturing and application of sulfide SEs. The HSAB theory has been 
generally applied to interpret the air instability problem and guide the 
development of air-stable sulfide SEs. Introduction of H2S absorbent, 

element substitution, surface engineering and constructing sulfide- 
polymer composite SEs are several practical strategies to improve the 
air stability of sulfide SEs. However, a decrease in ionic conductivity is 
usually unavoidable. Thus, continuous efforts are required to balance 
the air stability and ionic conductivity of sulfide SEs. For electro
chemical instability problems, it is very challenging to widen the 
intrinsic ESWs of sulfide SEs to ensure their compatibility with the 
operating voltage windows of the common electrode materials. There
fore, buffer layers on the CA/AN | SE interfaces are recommended to 
mitigate the decomposition of sulfide SEs. For the electrode materials, 
electrochemo-mechanical degradation is the major challenge of cathode 
materials in ASSBs. Refining primary grains within the secondary par
ticles and using a single-crystalline design are effective strategies to 
alleviate internal stress in CAMs and prevent particle cracking during 
long-term cycling. Compared to the sulfide SEs and cathode materials, 
large uncertainties exist in the choice of anode materials for ASSBs, and 
several critical issues remain to be tackled. Si-based and Li metal anodes 
are the most promising candidates. However, they suffer from large 
volume expansion, unstable interface towards sulfide SEs and lithium 
dendrite growth. Fortunately, we have witnessed significant progress in 
Si-based and Li metal anodes for sulfide-based ASSBs in recent years, 
such as the nano-Si composite anode [34], carbon-free μSi anode [15], Li 
metal anode with a protective layer [125], and Ag–C composite anode 
[33]. These achievements significantly raise the battery community’s 
confidence in the practical application of long-cycle-life Si-based and Li 
metal anodes for sulfide-based ASSBs. 

At the interface level, the major concerns are the SCL effect, (electro- 
)chemical side reactions and mechanical instability. The formation of 
the Li+ depletion layer due to the SCL effect, the interphases from side 
reactions, and the voids due to mechanical instability can impede the 
Li+/e− transport across the interface, resulting in high energy barrier 
and slow charge transfer kinetics. The interfacial issues at the AM | SE 
interface are multi-interdisciplinary problems that require joint research 
efforts from various fields, such as chemistry, physics, material science 
and mechanics. First-principle calculations combined with advanced 
characterization techniques are highly recommended to understand the 
nature of the complex interfacial behaviors. Quantitative electro
chemical analysis and modeling are also suggested to decouple the in
teractions of various interfacial problems and quantify their individual 
effects on the interfacial charge transport process. Constructing a buffer 
layer (or coating layer) to avoid direct contact between AMs and sulfide 
SEs is the most effective strategy to mitigate the interfacial problems 
within sulfide-based ASSBs. Effective coating layers at the CA | SE 
interface have been widely reported. In contrast, the buffer layer at the 
AN | SE interface requires further explorations, especially for Si-based 
anodes. Innovative interfacial design (such as the built-in electric field 
strategy [162] and surface sulfidation strategy [185]) based on funda
mental understandings of interfacial behaviors is also strongly 
encouraged. 

Fig. 20. Production schedules of sulfide-based ASSB from representative companies [41,333–336].  
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At the composite electrode level, transport limitation and mechani
cal failure are the bottlenecks limiting the capacity utilization of sulfide- 
based ASSBs under high loading and C-rates. Highly tortuous and 
sluggish Li+/e− transport pathways are usually formed in the composite 
electrodes of ASSBs due to the non-uniform distribution of solid particles 
and insufficient solid-solid contact. The microstructural design 
regarding weight/volume ratio, particle size, morphology and distri
bution of each component is essential to achieve high energy density and 
high power capability of composite electrodes. Recently, 3D 
microstructure-resolved modeling has been proven an effective tool for 
the rational optimization of composite electrodes. Though there are still 
some limitations, we believe that microstructural modeling combined 
with advanced characterization techniques and artificial intelligence 
tools will accelerate the rational design of composite electrodes for 
ASSBs. In the mechanical aspect, void formation and cracking/pulveri
zation of the AM particles are regarded as the primary cause of the ca
pacity degradation of ASSBs. Using mechanical robust cathodes (e.g., 
single-crystalline cathodes), nano-sized Si anode and appropriate 
binders can effectively mitigate the mechanical failure of ASSBs. 
Applying proper fabrication and stack pressures can also help to tackle 
the mechanical problems in ASSBs, but the optimal pressure values 
require careful consideration. 

At the cell level, we emphasize the necessity of a comprehensive 
evaluation of the KPIs (energy & power characteristics, cycle & calendar 
lifetime, and safety) of sulfide-based ASSBs before their practical 
application. Based on a survey of the literature, we conclude that the 
rate performance and cycle lifetime of existing sulfide-based ASSBs are 
still below the EVs’ requirements. Nevertheless, several sulfide-based 
ASSBs with high rate performance and long cycle life have been re
ported in recent years, benefiting from the continuous progress at the 
material, interface and composite electrode levels. For safety perfor
mance, we point out that safety concerns still exist in sulfide-based 
ASSBs. Moreover, potential safety hazards of sulfide-based ASSBs that 
require further investigation are proposed, including exothermic re
actions induced by highly oxidative cathodes and oxygen, lithium 
dendrite growth and Li metal melting, and the chemical hazards related 
to released gases such as H2S and SO2. 

Finally, critical issues for scaling up sulfide-based ASSBs are dis
cussed in this paper. Three representative fabrication methods for sheet- 
type electrodes and SE membranes, and potential schemes for ASSB 
assembly are introduced. The wet-processing methods, i.e., slurry cast
ing and SE solution infiltration, would be firstly applied in scaling up 
sulfide-based ASSBs, considering the accumulated experience in 
manufacturing conventional LIBs. The solvent-free dry-film method is 
an innovative technology that can reduce production costs and improve 
the overall battery performance, and worth further investigation. A 
forecast of future development and application of sulfide-based ASSBs is 
also presented based on the production schedules from several leading 
companies. Considering the interdisciplinary nature of battery research, 
we strongly encourage joint efforts and cooperation across the univer
sities/research institutes, battery/equipment/automotive manufac
turers and material suppliers to promote the development of sulfide- 
based ASSBs. 
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