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Fig. 1 Challenges and difficulties of sulfide-based all-solid-state batteries
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Fig. 2 Electrochemical windows of solid-state electrolytes and
some other materials™"!
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(a) 3D digital twin modeling of small particle single-crystal/small particle polycrystal/large particle polycrystal NCM
cathodes and calculated lithium infiltration pathways®®; (b) Schematic of NCM811@Li,O/LPSC1 and long-cycle
performance of the 1.0C battery®®®; (c) Schematic of the core-shell double-buffer layer structure CS-NCA@LiNbO; and
battery performance!®”’; (d) Cyclic voltammetry of LPSB and LPSOB-0.3 clectrolytes and performance comparison of

assembled batteries!®”)
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lithium plating on graphite, Li" intercalation process of graphite@LigPSsCl, and electronic-ion conductive mixed
re-precipitation of LigPSsCI"; (d) Schematic of 99.9% (mass fraction) pSi electrode in all-solid-state batteries™); (¢) Schematic
of the structural evolution of nanoporous silicon anode in elastic and plastic solid-state electrolyte *"); (f) Composite material
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(a) Schematic of coating and ALD-coated lithium-lithium symmetric cell®”’; (b) Schematic of the in-situ LiH,PO, protective

layer preparation process!'®; (c) Advantages of Cl-rich (CI-13) versus Cl-poor (Cl-06) sulfide-silver-germanium-type
electrolyte and the formation of Lilsolid-state electrolyte differentiation interface!'®"); (d) Schematic of ASSLBs with LPSCI
and X-LPSCI as electrolytes and their different performance in inhibiting lithium dendrites, suppressing self-discharge, and
preventing moisture!"®?; (¢) Schematic of g-C3N, and LPSCI-x% solid-state electrolyte preparation!'®; (f) Schematic of

halide electrolyte gradually reacting with metallic lithium to complete the lithiation process during rest periods
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Challenges of Sulfide-Based All-Solid-State Batteries

DUAN Yi, XIAO Zungiu, REN Yilun, WANG Jiantao
(China Automotive Battery Research Institute Co., Ltd., Beijing 101407, China)

Extended abstract

All-solid-state batteries (ASSBs) emerge as a promising next-generation energy storage technology due to their potential for high
energy density and enhanced safety. Among the various types of solid electrolytes, sulfide solid electrolytes have attracted much
attention due to their high ionic conductivity and excellent mechanical properties. Despite these advantages, the development and
industrialization of sulfide-based ASSBs face numerous scientific and engineering challenges. This review focuses on the fundamental
scientific issues and engineering difficulties associated with sulfide-based ASSBs, and proposes future directions and
recommendations to advance their development and commercialization.

The rapid growth of electric vehicles, consumer electronics, and energy storage systems has driven the development of
lithium-ion batteries. However, conventional lithium-ion batteries with a high energy density pose safety risks due to the use of
flammable liquid electrolytes. ASSBs, which replace liquid electrolytes with solid electrolytes, offer a safer alternative with a
potential for higher energy density. Sulfide solid electrolytes, in particular, exhibit ionic conductivities, compared to those of liquid
electrolytes, making them a leading candidate for ASSBs. Despite significant progress, several challenges remain. Sulfide solid
electrolytes face issues related to electrochemical stability, humidity sensitivity, and thermal stability. The interfaces between sulfide
electrolytes and electrodes (i.e., both cathode and anode) are critical for the battery performance, but are prone to poor contact,
chemical reactions, and lithium dendrite growth. These issues hinder the practical application of sulfide-based ASSBs.

The stability of sulfide solid electrolytes is crucial for the performance and safety of ASSBs. Electrochemical stability ensures
that the electrolyte can operate in a wide voltage range without decomposing. However, sulfide electrolytes often exhibit narrow
electrochemical windows, leading to decomposition at high voltages. Humidity stability is another concern, as sulfide electrolytes
tend to react with moisture, producing toxic H.S gas. Thermal stability is also critical, as sulfide electrolytes can undergo thermal
decomposition, increasing the risk of thermal runaway. The interfaces between sulfide electrolytes and electrodes are a major
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bottleneck in ASSBs development. The solid-solid contact between the electrolyte and electrodes often leads to a poor ion transport
and an increased interfacial resistance. In addition, chemical reactions at the interface can also degrade battery performance over time.
For instance, the interface between sulfide electrolytes and high-voltage cathodes can lead to the formation of high resistance interface
layers, reducing battery efficiency. The compatibility of sulfide electrolytes with different anode materials, such as graphite, silicon,
and lithium metal, is another critical issue. Graphite anodes suffer from lithium plating at high currents. Silicon anodes offer a high
capacity but experience significant volume changes during cycling, leading to mechanical instability. Lithium metal anodes with their
high theoretical capacity are prone to dendrite growth and interfacial reactions with sulfide electrolytes.

The large-scale production of sulfide electrolytes is essential for the commercialization of ASSBs. However, the synthesis of
sulfide electrolytes is complex and requires a precise control of reaction conditions. High-temperature solid-state methods and
liquid-phase synthesis are the two main approaches, each with its own advantages and challenges. Cost control is also a significant
factor, as the raw materials for sulfide electrolytes, particularly Li,S, are expensive. The fabrication of thin, uniform, and
mechanically robust electrolyte membranes is crucial for ASSB performance. Wet and dry processing methods are commonly used,
but each has limitations. Wet processing can lead to solvent-induced degradation of the electrolyte, while dry processing faces
challenges in achieving uniform mixing and thin film formation. The assembly of ASSBs involves stacking multiple layers of
electrodes and electrolyte membranes. Ensuring a good contact between these layers is critical for battery performance. However, the
solid nature of the components makes it challenging to achieve uniform pressure distribution during stacking, leading to increased
interfacial resistance.

Summary and Prospects The development of sulfide-based ASSBs holds a great promise for the future of energy storage. However,
significant challenges remain in terms of material stability, interface engineering, and large-scale production. Future research should
focus on, i.e., 1) material innovation: Developing new sulfide electrolytes with improved stability and compatibility with high-voltage
cathodes and lithium metal anodes, 2) interface engineering: Optimizing the interfaces between sulfide electrolytes and electrodes to
enhance ion transport and reduce interfacial resistance, 3) process optimization: Improving the scalability and cost-effectiveness of
sulfide electrolyte production and battery assembly processes, 4) battery design: The future design of all-solid-state batteries should
focus on optimizing the internal structure via pairing high-performance cathode and anode materials with sulfide electrolytes to
enhance energy density, power density, and safety, while improving thermal management and structural stability to extend lifespan
and operational efficiency, and 5) standardization and collaboration: Establishing industry standards and fostering collaboration
between academia, industry, and policymakers to accelerate the commercialization of ASSBs.

Sulfide-based ASSBs can achieve their full potential, offering high energy density, enhanced safety, and long cycle life for
different applications from electric vehicles to grid storage.
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