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Abstract

All-solid-state lithium-sulfur batteries (ASSLSBs) exhibit huge potential applications in electrical energy storage
systems due to their unique advantages, such as low costs, safety and high energy density. However, the issues
facing solid-state electrolyte (SSE)/electrode interfaces, including lithium dendrite growth, poor interfacial
capability and large interfacial resistance, seriously hinder their commercial development. Furthermore, an
insufficient fundamental understanding of the interfacial roles during cycling is also a significant challenge for
designing and constructing high-performance ASSLSBs. This article provides an in-depth analysis of the origin and
issues of SSE/electrode interfaces, summarizes various strategies for resolving these interfacial issues and
highlights advanced analytical characterization techniques to effectively investigate the interfacial properties of
these systems. Future possible research directions for developing high-performance ASSLSBs are also suggested.
Overall, advanced in-situ characterization techniques, intelligent interfacial engineering and a deeper understanding
of the interfacial properties will aid the realization of high-performance ASSLSBs.

Keywords: All-solid-state lithium-sulfur batteries, interfacial issues, advanced strategies, solid-state electrolytes,
sulfur-based cathodes

INTRODUCTION

The development of portable electronic equipment and electric vehicle technology has created a substantial
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market demand for lithium-ion batteries, which have high energy density and good long-term cycle
performance. A lithium-ion battery is mainly composed of a cathode, such as lithium cobalt oxide, lithium
manganese oxide, lithium nickel manganese cobalt oxide or lithium iron phosphate, an electrolyte, a
separator and an anode, such as graphite. At present, traditional Li-ion batteries cannot meet the desired
storage requirements due to their limited theoretical specific capacity and safety issues"’. Thus, the
development of novel energy storage energy systems has become a significant challenge. Lithium-sulfur
batteries (LSBs) have received substantial attention due to their high energy density, environmental
friendliness and low cost. However, liquid electrolyte LSBs are limited by low Coulombic efficiency and fast
capacity degradation because of the polysulfide dissolution and shuttling. The toxicity and flammability of
liquid electrolytes also cause safety concerns. All-solid-state lithium-sulfur batteries (ASSLSBs) are regarded
as potential substitutes. ASSLSBs contain a metallic lithium-based anode, solid-state electrolyte (SSE) and
sulfur-based cathode. The use of a nonflammable SSE can suppress the polysulfide dissolution, eliminate the
shuttle effect and restrain the formation of lithium dendrites™”. Furthermore, ASSLSBs show additional
advantages, including reduced wasted volume and net weight, low self-discharge, high operating voltages
and excellent thermal stability'*. A comparison between liquid electrolyte-based LSBs and ASSLSBs is
shown in Table 1.

A variety of SSEs, including organic polymer electrolytes (PEs), inorganic solid-state electrolytes (ISSEs) and
PE and ISSE composites, have been investigated extensively""'”. The fabrication of ideal SSEs should
consider their mechanical strength, electrochemical window, chemical stability, cost and ionic conductivity.
Generally, ISSEs can be classified into two categories: oxide solid electrolytes and sulfide solid electrolytes.
PEs include solid polymer electrolytes (SPEs) and gel polymer electrolytes. Each type of SSE has its own
relative merits. For example, ISSEs show higher ion conductivities at operating temperature, while PEs
exhibit lower hardness, better interfacial contact and lighter weight. Thus, novel composite electrolytes may
be enlightening in improving the performance of ASSLSBs because of their potential multifold benefits.

After decades of research, it is now clear that the main obstacle facing ASSLSB development is no longer
improving the ionic conductivity of the SSEs but has instead shifted towards increasing the interfacial
compatibility between the SSE and electrodes. The different interfacial nature of the electrode/SSE interface,
in comparison with the electrode/liquid electrolyte interface, easily causes significant interfacial
resistance!”'*. A good electrode/solid electrolyte interface should have excellent chemical and mechanical
stability, high ion transport and maximum contact area during cycling. Currently, the electrode/electrolyte
interface remains an important challenge that is limiting the possible commercialization of ASSLSBs. The
resistance at the interfaces between the electrodes (anode and cathode) and SSEs is usually large. Favorable
interfacial compatibility, contact and chemical stability are critical to improving the electrochemical
properties of ASSLSBs [Figure 1].

Although a number of impactful reviews have summarized the progress and prospects of ASSLSBs,
including SSEs, metallic lithium-based anodes and sulfur- and Li,S-based cathodes, few reviews have
specifically focused on the electrode/SSE interfaces in ASSLSBs"**. Therefore, to improve the
understanding of the role of the solid/solid interfaces in these systems, this review provides a comprehensive
summary and analysis based on the key interfacial challenges of electrode/SSE interfaces, including metallic
lithium-based anodes/SSEs and sulfur- and Li,S-based cathodes/SSEs, and SSE/SSE interfaces. The advanced
strategies employed to resolve these interfacial issues are also introduced.

Evolution and classifications of ASSLSBs
Evolution
In order to understand the role of solid/solid interfaces in ASSLSBs, the evolution and classifications of
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Table 1. Comparison of liquid electrolyte-based LSBs and ASSLSBs

Batteries Advantages Disadvantages Ref.
Liquid electrolyte-based Higher conductivity Polysulfide dissolution and shuttle [1,3]
LSBs Lower interfacial impedance Electrolyte decomposition

Safety concerns (e.g., liquid leakage, inflammability and
explosiveness)

ASSLSBs Excellent thermal stability Poor interfacial stability [7-10]
Nonflammable SSEs Poor interfacial compatibility Large interfacial impedance
High operating voltages
Low self-discharge
Suppression of polysulfide
dissolution
Elimination of polysulfide shuttle
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Figure 1. (A) Schematic illustration of interfacial compatibility and stability challenges in ASSLSBs. (B) Various interfaces in cathode
composites (reproduced with permission from™’%).

ASSLSBs are briefly introduced here. The development of ASSLSBs has been accompanied by the study of
fast lithium-ion conductors, such as Li,S-P,S, glasses, Li,P.S,, glass-ceramics, solid polymer materials, thio-
LISICON (Li superionic conductor, Li, A, BS, (A = Si or Ge; B=Zn, Al or Pt)), Li,,GeP,S,,, argyrodites
Li,PS.X (X = CI, Br or I) and composite polymer electrolytes, which have a history that can be traced back to
the 1970s”**°. Following the discovery of SSEs with high ionic conductivities on the order of 10°-10? S cm™,
continuous efforts have been devoted to the fabrication of high-performance ASSLSBs. Currently, the Li-ion
conductivity of LGPS-type Li,,,Si,,,P, .S, ,Cl,, is the highest (25 mS cm™”) among all SSEs at room

temperature”?", illustrating its potential application in ASSLSBs.

The number of publications dedicated to SSEs has increased dramatically since 2010, as shown in Figure 2A,
indicating that they have become a research focus for energy storage with high power and density. The
article search was limited from 1977 to December 2020 using Google Scholar. Of the 610 publications found
[Figure 2B], 49.24% are focused on SSEs, suggesting that significant improvements have been achieved in
their high Li-ion conductivities. The articles related to cathodes and anodes account for 16.75% and 11.68%
of the total publications, respectively, aiming to resolve key issues in ASSLSBs, including volume change in
the electrodes, low content or loading of active materials, insulating properties of S and Li,S,
chemical/electrochemical/physical instabilities, Li dendrite growth and side reactions between electrodes
and SSEs. Only 3.21% and 5.75% of the publications investigate the mechanism and interfacial properties of
ASSLSBs, respectively, showing that resolving the challenges at the electrode/electrolyte and
electrolyte/electrolyte interfaces and revealing their mechanisms with advanced characterization tools
remain significant challenges.
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Figure 2. (A) Approximate publication numbers of ASSLSBs per year (from 1977 to 2020) and (B) a comparison of themes addressed
in the literature.

Classifications

A variety of active materials and SSEs have been applied to fabricate ASSLSB systems. According to the
topic and electrolyte, cathode and anode types, ASSLSBs can be approximately classified into 11 categories,
namely, sulfur, Li,S, metal sulfide, Li alloy, Li-inorganic material composite, glass, glass-ceramic, argyrodite,
thio-LISICON, LiBH, and composite electrolyte based, as shown in Figure 3. The disadvantages and
advantages of the various types of ASSLSB systems are summarized in Table 2.

Cathodes

A number of cathode materials have been investigated so far and three main cathode materials, namely,
sulfur-, Li,S- and metal sulfide-based cathodes (e.g., Co,S,, FeS,, CuS, MoS, and SeS,), have been proposed
for ASSLSBs [Figure 4] To achieve high performance, a cathode material must satisfy several
conditions, including small volume changes, high electronic and ionic conductivity, low cost,
environmentally friendly, high theoretical capacity, good thermodynamic stability, high stability against
SSEs and good interfacial compatibility with SSEs"**. The ideal cathode designs for high-performance
ASSLSB systems are more complicated. The development of composite materials consisting of the active
material, Li* ion conductor and electronic conductor by combining their advantages could be a good
alternative, but their properties are seriously affected by the particle size, host construction and types and
mixing methods of the cathode materials. Further enhancements in the interfacial compatibility of cathodes
with SSEs, especially maintaining their interfacial stability, are very important for the practical applications
of ASSLSBs.

Anodes

The use of Li metal anodes is very attractive and a key target for ASSLSBs due to the relatively low redox
potential (-3.040 V vs. a standard hydrogen electrode) and high theoretical capacity (3860 mAh g*) of Li
metal. However, continuous Li dendrite growth, large volume changes, low operation current and unstable
Li metal/SSE interfaces during cycling hinder the practical applications of Li metal anodes. To address these
issues, the Li-M alloys (M = In, Sn, Ge, Cu, Ni, Hg, Ag, Au, Mg or Al)**** and Li-inorganic material (e.g., C,
Si, oxides, nitrides or sulfides) composites have been developed . These strategies not only effectively
approve the interfacial contacts of anodes with the SSEs but also increase their chemical and electrochemical
stability and block their side reactions with the SSEs, further enhancing the sluggish reactions at the
interface and suppressing the Li dendrite formation because of the strong bulk modulus and the high
interfacial energy”>* 7. Their mechanical properties, chemical stability and electrochemical stability should
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Table 2. A summary of the advantages and disadvantages of various ASSLSB architectures

Cathode Anode Electrolyte Advantages Disadvantages Ref.
Sulfur - - Earth-abundant, low cost, environmentally friendly and a high theoretical Low cathode utilization, low active loading in cathode composites, [29]
specific capacity huge volume change, low electrochemical kinetics and highly insulative
Li,S - - Stable cycling life, excellent capacity retention and high discharge capacity Highly insulative and low theoretical specific capacity and matching [30]
with lithium-free anode materials

Metal - - Improved interfacial electronic conductivity, long cyclic life and good Low theoretical capacities, low discharge voltages and large volume [31]
sulfides interfacial contact of active material/electrolyte change

- Li alloys - High stability in ambient air, improving the Li/SSE interface contact, Increased costs, compromised overall specific capacity and higher [32]

improving the sluggish Li" transport, realizing dendrite-free Li deposition and  operating potentials
small volume changes

- Li-inorganic - Enhancing the structural stability, suppressing the lithium dendrite growth, Poor cycle life and rate capabilities, parasitic interfacial reactions and ~ [33]
material blocking its side reactions, high interfacial energy and high bulk modulus higher operating potentials
composites

- - Glass Li,S-P,Sg Good mechanical strength and flexibility and low grain boundary resistance Low oxidation stability, sensitivity to moisture, poor compatibility with  [34]

cathode materials, low ionic conductivities at room temperature and
narrow voltage windows

- - Glass-ceramic High conductivity, low grain boundary resistance, inherent isotropic character Hygroscopic, low oxidation stability and limited voltage windows [35]
Li;P3Sy and sufficient plasticity

- - Thio-LISICON Li,Ge High bulk conductivity, good thermal stability and outstanding mechanical Poor stability against Li metal anodes, narrow electrochemical stability [36]
P,S:, LijgSnP,S,, strength windows, high interfacial impedance and degraded physical stability

with electrodes

- - Argyrodite Li,PScX  Low-cost precursors and wide electrochemical window Unstable with polar organic solvents and low ionic conductivities at [37]
(X=Cl,Brorl) room temperature

- - LiBH, Superior chemical/electrochemical stability against Li metal Low room-temperature ionic conductivity [38]

- - Polymer Stable with lithium metal, flexible, easy to produce a large-area membrane, Limited thermal stability, low ionic conductivities at room temperature [39]

low shear modulus and low interfacial impedance and narrow electrochemical stability windows

- - Polymer-based Low interfacial impedance,high ionic conductivity and balancing the merits Low mechanical strength and [40]

composites and drawbacks of each component poor thermal stability

be considered for the improvement of the interfacial compatibility of anodes with SSEs, as the anodes are properly designed. However, the relatively higher
operating potentials of the modified Li anodes inevitably result in a decreased energy density. An in-depth understanding of the fundamentals and engineering
principles of Li/SSE interfaces is an underlying challenge for ASSLSBs.

Electrolytes
SSEs are a family of solid-state ionic materials (also known as fast ion conductors or superionic solids) that exhibit remarkable technological potential for
designing safe and high-performance all-solid-state electrochemical energy storage systems, because of their extremely high room temperature ionic
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Figure 4. Comparison of various cathode materials employed in ASSLSBs with a sulfide SSE (reproduced with permission from™®h).

conduction (close to or even higher than that in the range of liquid electrolytes). Although ionic
conductivity is a critical characteristic for SSEs, other features are also vital to their practical application,
such as mechanical properties, ionic selectivity, electrochemical stability window, thermal stabilities, cost,
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construction processes and methods, chemical compatibility and non-poisonous. Several kinds of SSEs
have been designed and prepared, including inorganic SSEs (in the three major categories of sulfides (e.g.,
glass and glass-ceramic Li,S-P,S,, argyrodite and thio-LISICON), oxides and LiBH,), organic (polymer) SSEs
and hybrid electrolytes” . However, most SSEs suffer from volume changes and large interfacial
impedances during cycling. In composite systems, inorganic SSEs are expected to be organically combined
with organic SSEs to take advantage of each single-component SSE and reduce their drawbacks.
Nevertheless, it is still difficult to design and develop ideal electrolytes with many advanced properties,
including high ionic conductivity, good mechanical properties, a wide electrochemical window and
excellent thermal and chemical stability.

In most cases, solid sulfur and its composites serve as the cathode for ASSLSBs, which is directly reduced to
form Li,S at the plateau of ~2 V during discharge and the dissolution of polysulfides cannot occur because
of the employment of SSEs. In the presence of composite electrolytes with a small part of polymer or liquid
electrolytes, the formation and dissolution of intermediate polysulfides can occur at the beginning of
discharge. The two different types of the electrochemical reaction mechanism of ASSLSBs, a solid-solid
single-phase reaction and a solid-liquid dual-phase reaction, inevitably result in unique opportunities and
new challenges for the design and fabrication of electrode and electrolyte materials.

To summarize this section, for the components of ASSLSBs, mainly including anodes, cathodes and
electrolytes, besides their theoretical specific capacity and conductivity, the thermal, structural, chemical
and electrochemical stability, mechanical strength and synthesis method are also critical factors affecting the
comprehensive properties of ASSLSBs. The current operating electrochemical performance of ASSLSBs is
generally unsatisfactory. The poor interfacial compatibility between the electrode and electrolyte is still the
major bottleneck for the development of high-performance ASSLSBs.

Brief overview of issues related to ASSLSBs

Since most of the components in ASSLSBs are solid particles, ASSLSBs are usually assembled by directly
stacking the anode/electrolyte/cathode cell components in a single package, unavoidably leading to the
formation of many interfaces between particles (e.g., anode/electrolyte, cathode/electrolyte,
electrolyte/electrolyte and additive/electrolyte interfaces) [Figures 1 and 5]. Unlike liquid electrolyte-based
LSBs, the nature of the solid/solid interfaces in ASSLSBs can cause serious interfacial issues:

(a) The poor interfacial contact originating from the stress/strain at the SSE/cathode interface induced by
the volume change of active materials, such as Li,S or S, during cycling leads to high interfacial impedance.

(b) Several kinds of anode/SSE interfacial issues, including the electrochemical instability of SSEs against
metal lithium, Li dendrite penetration and poor interfacial compatibility, contribute to degrading the
performance of ASSLSBs.

(c) The interphase between an electrode (cathode or anode) and electrolyte induced by redox instability of
the SSE results in low Li" interstitial conductivity.

(d) The electrochemical instability of sulfide-based SSEs against ambient air causes the generation of
harmful by-products. Furthermore, most of these by-products have limited voltage windows and can be
unstable (oxidized at high voltages or reduced at low voltages) at the full voltage range of the electrode
materials, contributing to the formation of interphases.
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(e) Grain boundary resistance induced by the space charge and interphase layers generally exists at
solid/solid interfaces.

(f) Voids resulting from the packing technology of cells and electrode pulverization and Li metal dendritic
growth increase the interfacial resistance.

(g) The low active loading in cathode composites, low cathode utilization and low ionic/electronic
conductivity of S and Li,S result in unsatisfactory capacity output.

(h) An understanding of the interfacial kinetics, electrochemical reactivity and microstructure of interfaces
remains a challenge for ASSLSBs.

(i) Transforming laboratory cells into real commercial ASSLSB products remains an additional hurdle.

In the following section, in order to further understand the interfacial issues mentioned above, a detailed
discussion of the possible cause of the formation of the interface is presented.

ORIGIN OF ELECTRODE/SSE INTERFACE

The interfacial issues of ASSLSBs are always present at both the anode and cathode sides. The interface can
be defined as a surface forming a common boundary between the adjacent regions of the electrode and
SSEs"”. The corresponding interfacial resistance is a key factor affecting the performance of ASSLSBs,
which is related to interfacial contact condition, ion transport, chemical potential differences, interfacial
energy and structural stability. Multiple physical and chemical processes often occur at interfaces during
cycling, including mutual diffusion, ionic transport, a lithium-depleted space-charge layer, solid electrolyte
interface formation and decomposition, dendrite growth and electrode volume expansion, which could be
the main cause of the formation of the interfaces between electrodes and electrolytes™.
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Anode side

Employing lithium metal as the anode in an ASSLSB configuration can result in 70% and 40%
improvements in the gravimetric and volumetric energy density, respectively; however, unstable Li metal
anode/SSE interfaces caused by the poor contact and side reactions during cycling potentially give rise to
high interfacial resistance, capacity fading and battery failure.

Poor interfacial contact

In comparison with liquid electrolytes, owing to the intrinsic rigidity and relatively high stability of SSEs
against Li metal and their mismatched lattice, SSEs cannot easily wet the electrode surface and only point-
to-point contacts between the lithium metal anode and SSEs can be achieved, resulting in the interfacial
voids and defects, dendrite growth of Li along the grain boundaries and a loss of interfacial contact".
Furthermore, significant volume changes between the anode and SSEs during cycling trigger the interfacial
stress changes, leading to poor physical contact and an increase in interfacial resistance, which is
unfavorable for lithium ion transfer. In comparison with ISSEs, SPEs show higher interfacial compatibility
with lithium metal anodes, but their low ionic conductivity greatly restricts their application in ASSLSBs.

Chemical reactions

In addition to poor contact, side reactions at the Li metal anode/SSE interface can lead to an increase in
interfacial resistance. Since Li metal anodes have an ultralow electrochemical potential, they can directly
react with various kinds of SSEs during the packing process. In addition, the Li metal anode and electrolytes
can offer a high thermodynamic driving force for electrochemical oxidation and chemical reaction to form
interfacial regions during cycling”*'[Figures 6 and 7].

The resistance of the formed interface is determined by the chemical composition of the interphases. For
example, harmful by-products, such as Li ionically/electronically insulating Li,S/LiX (X = Cl, Br or I)
produced by the interfacial reactions of Li metal with sulfide solid electrolytes, contribute to the increase in
the interfacial resistance. According to the thermodynamical stability of the interface, three different types
of interface formation are proposed [Figure 7A-C]®. An interface that is electronically insulating and
ionically conductive could possess high electrochemical stability during cycling, while thermodynamically
unstable interfaces with mixed ionic-electronic conducting interphases keep growing. The Li ionic
conductivity of the interface is very important for the performance of ASSLSBs.

Furthermore, the interphase layer between the Li metal anode and electrolyte arises from the redox
instability of the SSEs. Both a reasonable alignment of the electrolyte bands, including the valence and
conduction bands, relative to the Li chemical potential z;;, and a relatively high band gap are two critical
factors affecting the redox stability of the SSEs.

The values of the electrochemical stability window can be obtained by first-principles calculations and
experimental measurements [Figure 7D]™. As a result, the calculations predict that sulfide SSEs can only
afford a narrow voltage stability window, while Li binaries, Li,X (n = 1, 2 or 3; X = anion), exhibit an
expected trend of extending voltage stability window with increasing anion electronegativity.

Although the formed interphase layer can inhibit dendrite growth, a continuous decomposition and
interphase layer growth are usually contributed by the electron transfer across this mixed interphase layer,
severely increasing the local volume, polarization and interfacial impedance during the cycle. Additionally,
the volumetric expansion can also result in repeated cracking and finally damage the SSE.
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Cathode side

Unlike lithium metal anodes, since elemental sulfur has relatively low electronic conductivity, the cathode
materials of ASSLSBs are often composed of conducting materials, active materials (sulfur or pre-lithiated
sulfur), binders and SSEs. The parameters of cathode materials, including the crystal structure, chemical
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potential, conductivity, mechanical properties (e.g., Young’s and shear moduli), thermal stability, defect
density and the concentration of elements/charge carriers are the key determinants of interface
formation****. The electrochemical processes mainly occur at the multi-phase interface of the solid
components in the composite cathode during cycling. The formed interfaces between the cathode and
electrolyte differ from an interface of active materials/electronic conductors to an interface of active
materials/Li-ion conductors. A number of issues may simultaneously coexist at the cathode/electrolyte
interface, including incomplete interfacial contact, interfacial decomposition, space-charge layers,
polarization and chemical interdiffusion, which are regarded as the major reasons for the increased
interfacial resistance.

Volume changes

Generally, a significant volume change (up to ~80%) occurs between the sulfur and Li,S during battery
cycling; thus, regardless of the type of SSE, the cathode/SSE interfaces normally suffer from contact failure.
In the case of cathode composites, the volume ratio and geometric arrangement between different solid
components are critical factors that affect the volume change, thereby determining the structural stability of
the cathodes.

Interfacial reactions

Cathode composite systems consisting of several components contain multi-interfaces and spontaneously
evolve towards a nonequilibrium thermodynamic state and a chemical potential gradient exists across the
interfacial interactions because, in most cases, the electrochemical windows of SSEs cannot adequately
match the chemical potential of cathode (u.) materials®®*”. The electrochemical windows of SSEs are
completely dependent on the energy separation E, between the conduction band or lowest unoccupied
molecular orbital (LUMO) and valence band or highest occupied molecular orbital (HOMO) [Figure 8].
The thermodynamic stability of an interface is strongly determined by the Fermi energy of the electrodes. If
u. (u, for cathode) is below the HOMO of the SSEs or u, (u, for anode) > LUMO, the interface is
thermodynamically unstable. The nonequilibrium thermodynamic state can provide a thermodynamic
driving force at an interface, causing the interfacial reactions between the two components to form the
cathode/electrolyte interphases.

In comparison with oxide cathodes, sulfide-based cathodes exhibit more intimate interfacial contact and
similar chemical potentials with sulfide electrolytes; thus, the key issue increasing the cathode/electrolyte
interfacial resistance could be the stress/strain induced because of the volume change of the sulfide
cathodes. However, it has been found that the chemical interaction and interfacial decomposition that
simultaneously occur at the interface may be non-negligible disadvantages that restrict the stability of
cathode/electrolyte interfaces. SSEs have limited thermal stability during high temperature or pressure
processing and weak electrochemical stability during cycling, with the induced formation of an interphase
resulting from nonequilibrium side reactions controlled by the kinetic process. In addition, the interfacial
reactions between sulfide-based SSEs and sulfur are also observed and form undesired insulating by-
products, which can be attributed to the reaction of the functional groups with sulfur. As a result, the
undesired insulating by-products caused by the side interfacial reactions are detrimental to the interfacial
ion conductivity.

In spite of tremendous efforts to investigate the interfaces between solid electrolytes and electrodes, a
comprehensive understanding of their role has not yet been achieved. A deep understanding of these
complex interfaces, including the formation mechanisms of the interphase, components, microstructures,
pathways of Li-ion diffusion and dynamic characteristics, is crucial to developing future ASSLSBs. The
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Figure 8. Open-circuit energy diagrams of various cell systems. (A) Overall illustration of a cell consisting of a liquid electrolyte (mc and
ma represent the energy levels of the cathode and anode materials, respectively, HOMO and LUMO refer to the highest occupied and
lowest unoccupied molecular orbitals of the liquid electrolyte, respectively, C.B. and V.B. represent the conduction and valence bands of
the SSE, respectively, and Voc represents the open-circuit voltage of the cell). (B) Stable energy window related to liquid electrolyte and
(C) SSE (reproduced with permission from™®’ %),

investigation and understanding of the interfaces in ASSLSBs require computational methods to effectively
predict and reveal the interfacial stability properties because most direct experimental detecting techniques
easily destroy the solid/solid interfaces in the separation process of samples.

COMPUTATIONAL PREDICTION OF INTERFACIAL STABILITY BETWEEN ELECTRODES
AND SSES

Owing to their high-throughput nature, several computational methods, including density functional theory
and ab initio molecular dynamics simulations, have been employed to identify the theoretical/intrinsic
formation of interfaces, confirm the existence of space-charge layers and analyze the possible interfacial
reactions in a working cell. The stability of electrode/electrolyte interfaces at various levels can be evaluated

systematically'™.

Cathode side
For both conventional liquid electrolyte-based LSBs and ASSLSBs, conductive host materials are an integral
part of S-based cathodes due to the insulating nature of S and lithium sulfide. In various types of host
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materials, carbon-based groups afford relatively strong affinity for polar LiS species (calculated binding
energy of 0.30 eV); however, an electron source from carbon can accelerate the electrochemical
decomposition of sulfide-based SSEs, contributing to the formation of the cathode/electrolyte interface.

Computational studies can also be used to predict the electrochemical window of SSEs, as in the previous
sections, which is normally less than the redox potential of cathode active materials, indicating that most
SSEs show high instability in contact with cathodes during cycling. For sulfide SSEs, the calculated
oxidation potential is ~2.15-2.31 V* and a series of the decomposed interfacial products can be
computationally confirmed (e.g., S, P.S., Li,P,S, and Li,S for Li,PS, and Li,PS,, GeS,, S, Li,GeS,, Li,P,S, and
Li,S for LGPS).

Although the interfaces between sulfide-based cathodes and SSEs could be very stable compared to oxide
cathodes because sulfide-based cathodes show similar chemical potential with sulfide-based SSEs, their
interface with limited ionic conductivity cannot be favorable for the development of ASSLSBs with high
electrochemical performance. In order to further understand the interface stability of sulfide-based
cathodes/SSEs, the prediction of their thermodynamic reaction energy, the exact reaction pathway and
possible interfacial reactions using theoretical calculations should be performed, the existence of a space-
charge layer confirmed and the interface modeled.

Lithium metal anode side

It has been found that theoretical calculations are very efficient and powerful tools for investigating and
analyzing the properties of anode/SSE interfaces and interfacial evolution behavior of ASSLSBs during
cycling, significantly contributing to understanding the role of interfaces in ASSLSBs. The Li metal anode
shows a high adhesion (W,,) predicted by density functional theory calculations when exposed to SSEs,
which can be used to reveal the possible working mechanism of the interfacial layer between the anode and
electrolyte™. Furthermore, a series of interfacial reactions between anodes and electrolytes can be predicted
by theoretical calculations. The results show that sulfide-based SSEs, including Li,PS,, Li,P,S,,, Li,P,S,I,
Li,PS.Cl and LGPS, have low thermodynamic stability against Li metal, are usually reduced during
assembling and cycling and possibly form Li-based interfacial products, such as Li,S, Li,P, Li-metal alloys,
LiCl and Lil.

Computational studies are also used to reveal the mechanical properties of the Li metal/SSE interface, such
as Young’s, bulk and shear moduli and estimate their effect on the formation and growth of Li dendrites at
the anode/SSE interface. The result indicates that Li dendrite propagation in the SSE should be suppressed if
the shear modulus of an electrolyte is higher than twice that of Li metal.

Ultimately, theoretical calculations, combined with experimental characterization methods, including
scanning tunneling microscopy, scanning transmission electron microscopy (TEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), infrared and Raman spectroscopy, nuclear magnetic
resonance spectroscopy, X-ray absorption spectroscopy and binding energy, can be the most efficient route
to exploring the interfacial properties between electrodes and electrolytes, analyzing their interfacial
resistance, predicting the structural and chemical information of the interface and providing essential
guidelines for screening and designing stable interfaces.
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CURRENT KEY CHALLENGES OF SOLID/SOLID INTERFACES BETWEEN ELECTRODES
AND SSES

As discussed earlier, the major issues result from the interfaces between SSEs and electrodes in typical
ASSLSBs. Various kinds of SSEs have been applied to ASSLSBs, including organic polymers, inorganic
materials and organic-inorganic hybrids, and their reactivity with electrodes contributes considerably to the
internal resistance of the battery. Several parameters or properties of an electrolyte play a critical role in
determining the performance of interfaces, namely, ionic conductivity, interfacial properties, mechanical
properties, electrochemical stability and compatibility with the electrodes during battery cycling tests
[Figure 9]"**". ASSLSBs employing different SSEs could face different interfacial challenges because of their
different electrochemical reaction mechanisms at the electrode/SSE interfaces.

Issues facing cathode/electrolyte interfaces

The cathode materials in ASSLSBs have been intensively reported. The cathode/electrolyte interfacial issues
induced by the electrochemical potential occur during cycling and are significantly different for various
electrolytes. However, owing to the low operation potential (< 2.8 V vs. Li/Li") of sulfur-based cathodes,
their interfacial electrochemical reaction is negligible for SSEs. Therefore, the main concern at the cathode
sides of ASSLSBs could be the chemical stability of SSEs in contact with cathodes (S or Li,S based)®**". The
following sections summarize and discuss the relationship between interfacial issues and categories and the
interfacial reactions and interphase formation between the cathode and electrolyte.

Cathode/organic polymer electrolytes

SSPEs possess several special advantages, including good interfacial compatibility, high safety, easy
preparation, flexibility, lightweight and the possibility of scalable roll-to-roll manufacturing processes, and
they have been considered as promising candidates for the development of safe ASSLSBs. However, several
issues hinder the development of SSPEs in ASSLSBs, such as low room-temperature ionic conductivity and
poor thermal stability. In particular, a high diffusion of lithium polysulfides in the organic matrixes often
fails to inhibit their formation and shuttle and a S-rich passivation layer on the Li metal anode surface could
be formed and observed after cycling"". In order to block the polysulfide dissolution and shuttle for high-
performance solid-state polymer-based ASSLSBs, S-based composite electrode materials combined with
SSPEs have been proposed, as presented in the following sections.

Cathode/inorganic SSEs

Inorganic SSEs can be further classified as oxide or sulfide-based SSEs. Although remarkable progress in the
development of oxide SSEs has been made, there remains a challenge to adequately integrate oxide SSEs,
including perovskite-type Li,La,,, TiO, (LLTO), garnet-type Li,La,Zr,O,, (LLZO), NASICON-type
Li,, Al Ti, (PO,), (LATP) and Li,, Al Ge, (PO,), (LAGP), into ASSLSBs because of the obvious differences
between the thermal and chemical properties of oxide SSEs and S-based cathodes, the poor interfacial

4,13,15,20]

compatibility and large grain boundary resistance' .

In addition to oxide SSEs, sulfide-based SSEs with high room-temperature ionic conductivities of 10* S cm™
have also been considered in the design of favorable SSEs for inorganic SSE-based ASSLSBs, such as glass
sulfide, glass-ceramic and crystalline sulfide SSEs. Compared with oxide SSEs, sulfide-based SSEs exhibit
low grain boundary resistance; however, several major shortcomings of the single-component sulfide-based
SSEs still limit their application in ASSLSBs, including high chemical instability against moisture and
narrow electrochemical stability windows (in the range of 1.5-2.5 V). Normally, inorganic SSEs are coupled
with liquid electrolytes, ionic liquids or polymer-based SSEs for the improvement of their interfacial
behavior.
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Figure 9. Radar charts of various SSEs, including gel polymers, sulfides, solid polymers, oxides and composites to compare their
performance (reproduced with permission from'*”).

Cathode/hybrid electrolytes

In order to improve the interfacial properties, ionic conductivity and mechanical, thermal, chemical and
electrochemical stabilities of single-component SSEs, a new strategy of hybrid SSEs has been proposed by
rationally configuring different types of SSEs to mitigate the drawbacks of each component. The addition of
inorganic material additives to the organic polymer matrix leads to the enhancement of the
electrolyte/cathode interfacial performance!*****>***l, Benefitting from the merits of inorganic SSEs (e.g.,
high mechanical strength and ionic conductivity) and soft components (such as good interfacial
compatibility), the issues at cathode/SSE interfaces and the polysulfide shuttle problem are significantly
relieved, which could be attributed to the formation of Li'-filler complexes. Therefore, composite
electrolytes composed of flexible components and stiff inorganic materials additives have more application
potential.

Issues facing anode/electrolyte interfaces

In this section, the behavior of Li metal anode/SSE interfaces during cycling is discussed. It is clear that
direct contact between a Li metal anode and SSEs can result in the formation of a series of reduction
products at the interface, resulting in interfacial issues. The chemical compositions of the interphases
formed at the interface between anodes and SSEs and their interfacial properties are determined by different
cation chemistries. For example, the formed side-products for LLZO at the anode/electrode interface mainly
include Li,ZrO,, Zr,0, Zr, La,0, and Li,O after contact with lithium, while for solid polymer electrolytes,
LiF and lithium alkoxide"””, phosphorus oxynitride, Li,P, Li,N, and Li,O, and for perovskites, La,O,, Li,O
and metallic Ti,O"", generally increasing the interfacial resistance of the anode/electrolyte interface.
Furthermore, Li dendrite formation and growth and the poor interfacial stability between the Li metal
anode and SSEs during cycling are also major barriers to the development of practical ASSLSBs. Further
research is still therefore required.
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Anode/organic polymer electrolytes

Owing to their poor mechanical strength, Li dendrite growth is still a serious issue for SPEs in the
realization of ASSLSBs, easily causing the internal short circuits of cells. To overcome this problem, various
kinds of inorganic filler, including sulfides and oxides, have been introduced into the SPEs to improve their
mechanical properties, as well as ion conductivities in ASSLSBs, which is believed to be one of the ultimate
choices for suppressing Li dendrite growth and blocking the shuttling of lithium polysulfides”>******,

Anode/inorganic SSEs

Furthermore, different interfacial properties can be observed in the interphases of Li metal anode/inorganic
SSEs, which are demonstrated to be associated with their thickness. For example, a 20 um interphase layer
containing Li-Ti/Ge alloys is found at a NASICON-type electrolyte/Li metal anode interface!™. A passive
layer with a thickness of 2 nm, consisting of Li,S species, is formed at the anode/electrolyte interface after Li
metal contact with sulfide electrolytes. Such unstable interphase layers that often block the interfacial
ionic transport eventually lead to increased interfacial resistance. Furthermore, Li dendrite formation in
sulfide electrolytes seriously hinders the development of safe ASSLSBs.

In contrast, a few oxide SSEs, particularly LLZO, exhibit high chemical stability against the Li metal anode
and the resulting passivation layer has the ability to conduct Li ions (e.g., Li,0, Zr,O and La,0,) to restrain
the continuous degradation of the SSE/Li metal interface"*"""**. However, unlike liquid electrolytes, most
have poor wettability with the Li metal anode because of their rigid and brittle nature, resulting in the loss of
intimate contact and high interfacial resistance between the Li anode and oxide SSEs.

Anode/hybrid electrolytes

Compared to single-component electrolytes (solid-state inorganic electrolyte or solid-state polymer), the
interfacial behavior of polymer-inorganic composite electrolytes, including interfacial compatibility,
chemical stability, safety and mechanical strength, can be effectively improved and the polysulfide shuttle
and Li dendrite growth are suppressed. The interfacial properties of a Li anode/polymer-inorganic
composite electrolyte depend not only on the spatial distribution of each species but also on their own
stability. However, the room-temperature ionic conductivity of polymer-inorganic composite electrolytes is
still low and their interfacial stability against Li metal anodes is very complicated. The following section
presents a detailed discussion of the possible strategies and selection criteria to mitigate these issues for the
development of high-performance ASSLSBs.

STRATEGIES FOR RESOLVING INTERFACIAL ISSUES

Current ASSLSBs still show lower cycle life and rate capability than liquid batteries because of the
previously discussed SSE/electrode interfacial issues. In order to solve these interfacial issues and improve
battery performance, various significant strategies have been conducted, including interfacial engineering,
adding ionic conductive materials, the application of artificial coating layers, reducing the active material
particle size, employing a hot- or cold-press setup, the utilization of fillers and designing composite
cathodes.

Sulfur cathode side

Pure sulfur-based active materials have poor ionic and electronic conductivity, usually leading to high
interfacial resistance and poor battery performance. In order to improve their ionic and electronic
conductivity, large amounts of SSE and electronic conductors need to be added to the composite cathodes
separately. Designing and fabricating composite cathode materials composed of active materials (e.g., sulfur
and sulfur-based constituents), Li-ion conductors (e.g., SSEs), electronic conductors (e.g., carbon and metal)
and/or binders have been demonstrated to be effective strategies for improving the ionic and electronic
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conductivity of cathodes, increasing the contact area at the cathode/SSE interface and decreasing the
interfacial resistance. However, the conductivity of sulfur-based electrodes could not be significantly
enhanced by simply mixing carbon and SSEs with sulfur. The low interfacial resistance seriously depends on
the component and preparation method of composite cathode materials [Figure 10 and Table 3].

Constructing composites consisting of Li-ion conductors, electronic conductors and sulfur-based active
materials

Ball milling is a technique that can provide the mechanical energy to break the order of a crystalline
structure, decrease the particle size of electrode materials, prepare an intimate contact and generate a
favorable interface between the active material, conducting additive and Li-ion conductor. Therefore, ball
milling has intensively been employed to prepare various sulfur-based cathode composites of ASSLSBs,
including S/Cu,S/acetylene black (AB)/80Li,S/20P,S.", sulfur/poly(ethylene oxide) (PEO)/AB!"",
S/carbon/PEOQ/acetonitrile"*!, S/AB/thio-LISICON (Li,,.Ge, ,.P, ,.;S)", Li,S/80Li,S/20P,S /Cul*,
80Li,S/20P,S,-Cu"*, S/AB/80Li,S/20P,S."*, Li,S/AB/80Li,S/20P,S."”", S/graphite*, sulfur/carbon/thio-
LISICON"!, vapor-grown carbon fiber (VGCF)/S/ionic liquid/a-Li,PS,"*”, sulfur/activated carbon/P,S,"*",
sulfur/super P carbon/Li,PS,Br"*, sulfur/AB/75Li,S-25P,S,", S-C/Li,PS,Cl/super P!>,
S/C/Li,P, Mn,,S,,,1,."", S-graphene oxide/Li,.,Si, ,,P, ,.S,, ,Cl,./carbon black®, Li,S-VGCF/78Li,S-22P,S,
/Ketchen black conductive carbon™, reduced graphene oxide-S/Li,,GeP,S,,/AB"*!, S/AB/70Li,S-30P,S.*", Li,
S/super P carbon/VGCF/70Li,S-30P,S,"*", S-C-FeS,/Li,PS,-Lil"*, S-carbon nanotubes/multi-wall carbon
nanotubes/78Li,S-22P,S."*", §/3,5-divinylbenzene copolymer"*, S-C/super P carbon/Li,PS,Br""*, S-carbon
nanotubes/AB/Li,,GeP,S ., and S-mesoporous carbon/thio-LISICON""". According to these results, it can
be concluded that composite cathodes benefit from improved diffusion, larger contact area, increased
electronic and ionic conductivity and more suitable interfacial compatibility caused by ball milling, which is
actually required to increase the contact area of electrode materials, decrease the interfacial resistance and
enhance the performance of batteries.

Furthermore, other methods are employed to synthesize the composite cathode materials. For example, a
series of sulfur-rich composite cathodes containing S and Li,PS, prepared by solution reactions in
tetrahydrofuran show good ionic conductivities and high electrochemical reversibility during cycling"*,
because the reaction between elemental sulfur and PS,” anion can generate a new family of sulfur-rich
compounds with high lithium-ion conductivity (10°-10° S cm™). In order to improve the ionic conductivity
of Li,S cathodes, the core-shell nanostructure of Li,S (core )-Li,PS, (shell) was fabricated by a solution-based
reaction* and the reduced interfacial resistance and improved performance of batteries could be attributed
to the innovative nanostructured materials. A favorable interface between the S-C composite cathode and
LiBH, electrolyte could be realized by cold pressing, which allows for three-dimensional (3D) charge
transfer in the cathode”.. Homogeneous nanocomposite electrodes consisting of Li,S, carbon and
polyvinylpyrrolidone prepared by a novel bottom-up method show outstanding mechanical and conducting
properties"*. This is because the resulting nanoscale mixed-conductive network, consisting of ionic
conductive SSEs and electronic conductive carbon, can effectively maintain the intimate contact between
the cathode and electrolyte and improve the electronic conduction and Li-ion diffusion of the electrode.
Introducing sulfur into the porous carbon replicas can form a 3D carbon matrix framework structure with
high electronic conduction using a gas-phase mixing method"*”), which exhibits an improved battery energy
density.

A novel Li,La,Zr,O,, nanoparticle/porous carbon foam synthesized by the one-step facile Pechini sol-gel
method can serve as an ion/electron conductive matrix to construct a high-performance S-based
cathode"**. The structural framework of graphene oxide/polyethylene glycol prepared by an esterification
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Table 3. Components, preparation method and electrochemical performance of composite cathodes
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Performance

Composition of cathode materials Solid electrolyte Method (mAhg™) References
S/Cu,S/acetylene-black(AB)/ 80Li,S-20P,S Ball milling 650 after 20 cycles [120]
80Li,S/20P,S¢
S/poly(ethylene oxide)(PEO)/AB P(EO),,Li(CF;SO,)2N-10 wt.% Y- Ball milling 290 after 50 cycles [121]
LIAIO,
S/Carbon/PEO/acetonitrile (PEO),LiBF,,/Al,O4 Ball milling 400 after 10 cycles [122]
S/AB/thio-LISICON (Li5,5Gey 55Pg 755,) LISICON Ball milling 30 after 5 cycles [123]
Li,S/Cu/80Li,S/20P,S, 80Li,S-20P,S¢ Ball milling 350 after 20 cycles [124]
80Li,S/20P,S./Cu 80Li,S-20P,S, Ball milling 60 after 50 cycles  [125]
S/AB/80Li,S/20P,S, 80Li,S-20P,S, Ball milling 850 after 200 [126]
cycles
Li,S/A /80Li,S/20P,S, 80Li,S-20P,S, Ball milling 700 after 10 cycles  [127]
S/graphite 80Li,S-20P,S; Ball milling 400 after 20 cycles [128]
S/carbon/Thio-LISICON Thio-LISICON Ball milling 1000 after 50 [129]
cycles
Vapor-grown carbon fiber (VGCF)/S/ionic  a-LisPS, Ball milling 1230 after 50 [130]
liquid/a-LisPS, cycles
S/activated carbon/P,S¢ Li,,GeP,S,, Ball milling 1042 after 10 cycles [131]
S/super P carbon/Li PScBr Li,PScBr Ball milling 1080 after 50 [132]
cycles
sulfur/AB/75Li,S-25P,S, 75Li,5-25P,S, Ball milling 450 after 20 cycles [115]
S-C/LigPS;Cl/super P Li,PS;Cl Ball milling 400 after 20 cycles [133]
S/C/Li,P,sMng Si05l05 Li;P,oMng,Si05105 Ball milling 800 after 60 cycles [116]
S-graphene oxide/Lig 5,5i; 74P 445:17Clo 3 Lig 5451 74P1 4451 7Clos Ball milling 827 after 60 cycles [99]
/carbon black
Li,S-VGCF/78Li,5-22P,S;/Ketchen black  78Li,S-22P,S, Ball milling 600 after 20 cycles [83]
conductive carbon
Reduced graphene oxide-S/Li,,GeP,S,,/AB  Li,,GeP,S,,-75%Li,5-24%P,S; Ball milling 830 after 750 [84]
-1%P cycles
205
S/AB/70Li,S-30P,S, 70Li,S-30P,S, Ball milling 673 after 5cycles  [134]
Li,S/super P carbon/VGCF/70Li,S:30P,Ss  70Li,S:30P,S, Ball milling 464 after 10 cycles  [135]
S-C-FeS,/LisPS,-Lil LizPS,-Lil Ball milling 800 after 20 cycles [136]
S-carbon nanotubes/multi-wall carbon 78Li,5:22P,Sg Ball milling 834.3 after 1000 [137]
nanotubes/78Li,5-22P,S; cycles
S/3,5-divinylbenzene copolymer Lithium- Ball milling 800 after 50 cycles [138]
bis(fluorosulfonylimide/PEO
S-C/super P carbon/Li¢PS;Br LigPSsBr Ball milling 204 after 35 cycles [139]
S-carbon nanotubes/AB/Li,,GeP,S,, Li,nGeP,S,,/75%Li,S-24%P,S¢ Ball milling 660.3 after 400 [45]
-1%P,04 cycles
LisPS,.s LisPS, Solution reaction 700 after 400 [140]
cycles
Li,S-LisPS, B-LisPS, Solution reaction 402 after 100 [141]
cycles
S-Ketjen Black/ LiBH, LiBH, Cold-pressing 630 after 50 cycles [142]
Li,S/C/LiPSsCl Li,PS:Cl Bottom-up approach 830 after 60 cycles [143]
S-carbon replica/ Li;,5Geq 5P 755, Li55Geg5Po 7554 Gas-phase mixing and ball 500 after 10 cycles [129]
milling method
S- Li;La;Zr,0,,-C Li;LasZr,0,,-PEO Pechini sol-gel method 700 after 200 [144]
cycles
Graphene oxide/polyethylene glycol @C/S PEO-a metal-organic framework-  One-pot reaction 531 after 100 cycles [145]
LiTFSI
S/acetylene black/Li;,sGey 55Pg 755, Li5»5Geg5Po 7554 High-temperature 800 after 40 cycles [146]
mechanical milling
Carbon replica-S/Thio-LISICON Thio-LISICON Gas-phase mixing and ball 500 after 10 cycles [147]
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milling method

S-carbon replica/ Li;g osGe; 55P; 055, Li10.05G€1 0510551 Combined mechanical and 1500 after 50 [148]
liquid-phase mixing cycles

Li,S-TiS,-electrolyte Electrolyte Two-step dry/wet-mixing 400 after 200 [103]
cycles
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Figure 10. Cross-sectional SEM images exhibiting (A) the interface between a SSE and composites of Li,S, AB and SE glass (reproduced
with permission from™™). (B) S-C-Li,P, ;Mn, S, ;1,5 composite (reproduced with permission from™™®). (C) Cathode layer after cycling
(reproduced with permission from™"””). (D) Bilayer framework with a clear PEO/LLTO solid composite electrolyte layer (thickness of 15
+ 5 um) (reproduced with permission from™®). (E) High-resolution TEM image of Li,S-Li,PS;CI-C sample and (F) cross-sectional SEM
images of interlayer-modified Li,S pellet (reproduced with permission from™™.

reaction was used to fabricate graphene oxide/polyethylene glycol@C/S composite cathodes, which showed
a long cycling life (capacity retention of 86.6%) after 100 cycles"*”. The introduction of graphene oxide and
polyethylene glycol is beneficial for increasing the electronic conduction and Li-ion diffusion pathway in the
cathode separately. A composite cathode of sulfur/AB/Li,,.Ge,,.P, .S, was obtained by a high-temperature
ball milling (443 K) method, which contributed to the generation of the reaction between S and the
electrolyte and the formation of novel structural units"*'.

Sulfur can be introduced into the mesopores of carbon replica by a combination method of gas-phase
mixing and ball milling for preparing a carbon replica-S and Li,,.Ge, ,.P, .S, composite electrode"”. The
employed carbon replica provides a good conductive framework for the composite cathode and the
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resulting composite structure plays a critical role in improving the performance of the cathode. It has been
reported that the combined mechanical and liquid-phase mixing can increase the ionic conduction pathway
in cathode materials incorporating carbon replica, S and a solid electrolyte, resulting in improved
electrochemical performance of the composite cathode"**. A simple two-step dry/wet-mixing method was
reported by Chung et al. for preparing a cathode composite of homogeneous Li,S-TiS,-electrolyte*, which
enables the composites to realize an intimate contact between the conductive TiS,, active materials and the
SSE. Consequently, all these strategies are expected to construct favorable interfaces to alleviate stain/stress
and achieve ultrafast electronic and ionic pathways in solid-state battery systems.

Introducing a bifunctional ion-electron conducting layer between cathodes and SSEs

Intercalating a bifunctional ion-electron conducting layer between SSEs and cathodes offers another
practical method to improve the interfacial compatibility of batteries*”. The conducting layer is composed
of super P and PEO. An ASSLSB with a conducting layer thickness of 40 pm showed enhanced
electrochemical properties(792.8 mAh g* after 50 cycles) and interfacial compatibility. A novel bilayer
framework has been designed and fabricated by integrating a carbon nanofiber/sulfur composite with a
ceramic Li,.,La, .., Ti0, nanofiber-PEO solid electrolyte, which showed an intimate and sufficient phase
contact of active materials and electrolyte and can function as both the cathode and electrolyte for high-
performance ASSLSBs!""*. Furthermore, it has been demonstrated that modifying the interface between the
cathodes and SSEs with a highly concentrated solvate electrolyte as a Li*-conducting interfacial layer,
acetonitrile-lithium-bis(trifluoromethane sulfonyl)imide:1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl
ether, can promote the sufficient interfacial contact of electrodes and electrolytes"”
continuous electronic/ionic conductive network composed of the composite of a reduced graphene oxide-

1. A multi-channel

vanadium tetrasulfide nanostructure coated with Li,P.S,, solid electrolyte nanoparticles can also contribute

153]

to the improvement of the electronic/ionic conductivity and interfacial contact!

Based on the above research, it can be concluded that ASSLSBs based on composite cathodes exhibit higher
electrochemical performance than cells constructed with pure active materials. A suitable phosphorus/sulfur
(P/S) ratio of ISSEs in the composite cathodes is very important for a high ionic conductivity, which can
increase the reactivity of the sulfur, resulting in an improved battery performance"*". The interfacial
compatibility between SSEs and cathodes greatly depends on their composition and the structure of
composite cathode materials. The composite cathode materials composed of active materials and Li-ion and
electronic conductors can combine the advantages of each species to improve cathode/electrolyte interfacial
properties. The design and fabrication of smart cathode/electrolyte integrated architectures to decrease the
interfacial resistance will be the direction of future research. Further understanding of their interfacial
construction is important for accelerating the development of ASSLSBs.

Lithium anode side

In addition to the strategies conducted for the improvement of interfacial compatibility between SSEs and
cathodes, the issues related to the interface between Li anodes and SSEs should also be considered in
ASSLSBs. A solid electrolyte interphase layer is easily generated at the anode/SSE interface due to the
decomposition products of the SSE, which have lower ionic conductivity and result in increased interfacial
resistance. A “dot-dot” interfacial contact can cause non-uniform Li dissolution/deposition, reduce the
utilization of Li metal and result in a high interfacial resistance between a Li anode and SSEs, which is a
serious problem for ASSLSBs. Furthermore, the interfacial resistance is obviously related to the interface
voids and grain boundaries. In order to decrease the anode/SSE interfacial resistance and promote their
interfacial contact, numerous methods have been developed, such as introducing protective interlayers and
fabricating composite SSEs [Figure 4].
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Introducing interface layers between lithium anodes and SSEs
Metal-based thin films

Since the Li metal anode has the most negative electrochemical potential, it can easily react with most SSEs
to form a metastable interface, resulting in poor Li-ion diffusion. In order to alleviate the interfacial
reactions between the SSE and lithium electrode"*, metal thin films were introduced on the SSE surface,
including Li", Au™, Al"*, In", Gel", Sn"* and Mg"®". These are effective in constructing
homogeneous interfaces between the anode and SSEs, because the metal can react with Li to form a Li-metal
alloy layer, effectively decreasing the generation of grain boundaries and voids at the SSE/anode interface
and improving their interfacial compatibility. For example, Au thin films were employed as an ideal
interface between the SSE and anode, because Au shows good interfacial wetting with them"*'l. In addition,
an ultrathin, artificial intermediary Al layer was used to modify the interface of the garnet solid electrolyte
and Li metal, and the formed Li-Al alloy interface layers play a key role in improving the Li wettability of
SSE and reducing their interfacial resistance"*". Similarly, a favorable interface between the SSE and anode
can be constructed by alloying Li metal with Ge, and the formed Li-Ge alloy interface layer has a high Li-ion
conductivity*. Since Sn has a high lithium diffusion rate and ductility, it can be inserted into the
electrode/anode interface to construct a suitable interfacial phase and decrease the interfacial resistance'*.

A Li-rich Li-Mg alloy was deposited on the surface of a SSE and employed as an anode for ASSLSBs,
because the Li-Mg framework can construct continuous Li-ion/electron dual-conductive pathways at the
anode/SSE interface*'[Figure 11A-]]. Therefore, it is expected that more metals that are miscible with Li
can be used as suitable interphases to construct ideal anode/electrode interfaces.

Inorganic materials

Many inorganic materials, including AL,O,"**'*), ZnO"", amorphous Si"*”, graphite®>'*”'*", LiH,PO,"*,
BNl and Li,N!"", have outstanding reactivity with molten lithium, which can serve as a surface
modification layer of garnet SSE to fill the gap between the SSE and lithium electrode. The resulting
intimate contact between lithium and garnet SSE leads to a low interfacial resistance decrease. Inserting an
ultrathin AL O, layer into the anode/electrolyte interface can promote the molten Li metal to be uniformly
deposited on the surface of SSE and prevent the generation of interfacial void space, resulting in an
improvement in the interfacial wetting and stability"**"*” [Figure 11K and L]. Furthermore, the surface
wettability of a SSE can be significantly improved by a ZnO coating layer, because it can react with the
molten Li metal to form a Li-Zn alloy layer to enhance the interfacial contact between the SSE and lithium
electrode"”. In addition, an electron/ion dual-conductive framework formed by a reaction between
graphite and the molten Li metal can ensure good interfacial contact with the SSE®*'*'**), Since a LiH,PO,
protective layer in situ constructed by a manipulated reaction between Li anode and Li,,GeP,S,, can
effectively prevent uncontrollable interfacial layer growth, enhance the contact area of electrode/electrolyte
and benefit the diffusion of mixed ionic-electronic reactants into the inner of electrolyte, it is considered as
an ingenious interfacial reengineering strategy for reducing the anode/SSE interfacial resistance"*. A BN
nanofilm, which has good insulation and ionic conductivity, was also employed as a protecting layer to
reduce the reduction of the SSE by Li metal and stabilize the electrolyte/anode interface*". Coating Li,N
onto the Li metal surface could be an effective method for constructing better SSE-lithium wetted
interfaces"” because Li,N has high Li-ion conductivity and is easily prepared by a direct reaction between
Li metal and nitrogen at room temperature. Consequently, the surface reactions between the introduced
protective interlayers and the Li metal play an essential role in improving the electrode/anode interfacial
compatibility and Li-ion and electronic conductivity!”".
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Figure 11. (A) In-situ optical microscopy visualization of bare Li (left column) and graphite fluoride-LiF-Li (right column) electrolyte
interface in different time periods during cycling on symmetric cells (reproduced with permission from"®*). Comparison between bare
Li and Li/graphite interfacial behaviors with SSE pellet. SEM images of (B) Li-C/SSE and (C) bare Li/SSE interfaces and (D-G) elemental
mappings of the Li-C/SSE interface (reproduced with permission from"®*). (H) Cross-sectional SEM image and (1) high-magnification
cross-sectional SEM image of Li-Mg alloy melted on the SSE and (J) corresponding elemental mapping by EDX at the interface
(reproduced with permission from"**). (K) Schematic of molten Li wetting behavior for pure SSE and ALD-ALO,-coated SSE,
respectively, and I) SEM images of the SSE/Li metal interface [without ALD-AL,O; coating (left) and with ALD-AIl,O; coating (right)]
(reproduced with permission from™™).

Organic polymer electrolytes

Although various protective interlayers have been successfully introduced into the SSE/anode interface to
effectively decrease the interfacial resistance, the generation of unnecessary side reactions and elemental
infiltration during cycling has a potentially negative impact on the performance of ASSLSBs"”?. Therefore,
the introduction of PEO-based electrolytes with high ionic conductivity, excellent mechanical stability and
good thermal stability between the Li metal and inorganic SSEpromises a significantly increased contact
area for the electrolyte/electrode
molecular weight polypropylene carbonate, PEO and lithium salt was proposed to make an intimate
interfacial contact between the solid polymer electrolytes and Li metal anode during battery cycling"”
because the ABL has high viscosity and ionic conductivity. Yu et al. demonstrated that introducing a 3D gel

173-176
s!

|. For example, an adaptive buffer layer (ABL) consisting of low

polymer electrolyte at the interface between Li, Al .Ge, ,(PO,), pellets and lithium metal anodes can reduce
interfacial resistance and suppress the volumetric change of the anodes during cycling"”. It has been
reported that a PEO-based solid polymer electrolyte-coated diatomite-derived lithium silicide-Li composite
can act as a hierarchically structured, stable and dendrite-free Li metal-based hybrid anode for high-
performance ASSLSBs"”. Overall, the PEO-based layer can resist the side reactions between solid
electrolytes and lithium to some extent"””; however, it is noteworthy that Li metal may destroy the PEO-
based protective layer because of its reducibility. Thus, it could be expected that more effective strategies will
be developed for constructing suitable interfaces between Li anodes and SSEs""”*.

Others

A novel wetting agent, namely, a 1.5 M LiTFSI/Pyr,, TFSI ionic liquid, was successfully employed to enhance
the interfacial stability between the Li, SnP,S,, solid electrolyte and Li metal interface and the cycling
performance of symmetric cells"”. Recently, a 3D electronic and ionic mixed conducting interlayer
composed of a Sn/Ni alloy layer-coated Cu nanowire network showed the capability to improve the
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interfacial affinity in ASSLSBs"”. Furthermore, a graphite fluoride-lithium fluoride-Li composite as a
dendrite-free lithium anode for Li-ion batteries exhibits long-term stability in ambient air"*".

The introduction of various interface layers with high ionic conductivity between Li anodes and SSEs has
been demonstrated to be an effective method for wetting the interface and achieving intimate contact,

180]

which may be the main strategy to reduce interfacial resistance"*".

Fabricating composite SSEs between sulfur cathodes and lithium anodes

An increasing number of investigations have focused on composite electrolytes, which are promising for
overcoming issues related to dendrite growth, the shuttle effect of sulfur and the large interfacial resistance
in practical ASSLSBs because they have the combined advantages of inorganic and organic electrolytes, such
as good interfacial contact, high ionic conductivity and excellent thermal stability. The inorganic portion
can afford continuous Li-ion transfer channels in an organic-based composite and the organic portion with

flexibility improves the interfacial contact to reduce the interfacial resistance!*"..

Composite solid electrolytes composed of a PEO-based polymer and an inorganic Li-ion conductor possess
good ionic conductivity and interfacial stability and have been employed as electrolytes for ASSLSB cells
showing good cycle stability. Example composites include P(EO),,Li(CF,SO,),N-10 wt.%Y-LiAlO,"*!, PEO-
lithium bis(trifluoromethanesulfonyl)imide (PEO,,LiTFSI)/nanosilica/N-methyl-N-propylpiperidinium-
bis(trifluoromethanesulfonyl)imide (PP13TESI)"*, polyacrylonitrile-LiClO,/15 wt.% Li,..La,.,,TiO,
nanowire™, 3D garnet-type Li,,La,Zr,Al ,0,,/PEO"*, Li, Al .Ge, .,(PO,).,/PEO-based gel-polymer"*),
Li,,,L,SnP,S,,/P(EO)./Lil"", poly(vinylidene fluoride-hexafluoropropylene) (PVDE-HFP)/Li, .Al,.Ti, ,(PO,),
(LATP) nanoparticles"*, well-aligned Li,,,La, ., TiO, nanowires/polymer electrolyte*, inorganic AlLO,
fillers/lithium bis(fluorosulfonyl)imide-PEO/Li-ion conducting glass-ceramic"*, Li,La,Zr,O,,/carbon
foam/PEO"*), Li, ,,La, .., TiO, nanofibers/sulfonamide lithium-PEO"*, Li P,S, /PEO-LiCIO,™", Li, La,Zr,,

Ta, O,,/PEO/LiTESI™ and PEO/LiTFSI/Li, ,Al, ,Ge, (PO,),!?.

188]

This improved performance may be attributed to the synergistic effect of the inorganic and organic portions
of the composites. For example, the improvement of PEO,,LiTFSI conductivity caused by the addition of
nano-SiO, is due to the surface interaction between ionic species and O/OH groups at the filler surface and
the addition of PP13TFSI results in the generation of a passivation film with lower resistance*.

Li,,.La,,,,TiO, nanowire fillers with high ionic conductivity and large aspect ratio filled in a
polyacrylonitrile-LiClO, electrolyte can form fast conductive networks and Li-ion diffusion pathways"*.

However, the agglomeration of one-dimensional ceramic fillers could be an issue in fabricating
homogeneous composite solid electrolytes for their practical application. In order to avoid the
agglomeration of fillers, 3D ceramic networks were soaked into Li salt-polymer solutions for fabricating the
composite solid electrolytes, which can afford continuous channels for Li* transfer in the electrolytes and
structural reinforcement"*. Since LATP nanoparticles have a strong impact on the recrystallization kinetics
of the polymer-based matrix to promote local amorphous areas and enhance the stability of the long-term
structure and PVDE-HFP has large dielectric constant, good interfacial compatibility and high ionic
conductivity, they have been chosen to fabricate a novel composite gel polymer electrolyte™*. Introducing
the well-aligned inorganic Li*-conductive nanowires into the solid polymer electrolytes can result in an
increase in ionic conductivity, because of a fast ion conduction pathway without crossing junctions on the
surface of the well-aligned nanowires"*. A composite electrolyte additive, the Li,La,Zr,0,, nanoparticle-
decorated carbon foam, can be used as both the interfacial stabilizer and filler to improve ionic and
electronic conductivity of the electrolyte/electrode interface!*. PEO-LiClO,, with good electrochemical
stability, can effectively prevent the reaction between the Li,P.S,, glass-ceramic electrolyte and lithium,
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which is added to the SSE to reduce the interfacial resistance between the Li metal anode and SSE"”.,
Adding Li, La,Zr, ,Ta, ,O,, to a polymer matrix can contribute to an improvement in interfacial
compatibility and Li-ion conductivity because of the bonding of the PEO polymer matrix to the anode and

[191]

rigid Li, La,Zr, Ta, O,, particles with PEO chain segments"*"..

Composite electrolytes are enlightening in improving the electrochemical performance of ASSLSB cells
because of the combined advantages of both ceramics and PEO polymers. In the composites, a host PEO
polymer matrix filled with inorganic Li-ion conductors presents new recrystallization kinetics of the
polymer chains and increases more flexible local chains in the amorphous phase, resulting in enhanced
electrochemical stability and interfacial compatibility. However, the relatively high operating temperature of

194]

composite solid electrolytes restricts their practical application, which needs to be further reduced"**.

ADVANCED ANALYTICAL CHARACTERIZATION

In-situ and ex-situ characterization methods have been widely used for characterizing all-solid-state Li
batteries"**", including X-ray absorption spectroscopy, XRD, Raman spectroscopy, nuclear magnetic
resonance spectroscopy, neutron diffraction, transmission X-ray microscopy, SEM, TEM and atomic force
microscopy (AFM). These characterization techniques are powerful tools to investigate and understand
interfacial issues in solid-state batteries and can afford deep insights into their electrochemical behavior,
electronic state, structure and morphology at the atomic level™”.

Ex-situ techniques

Ex-situ characterization is a relatively low-cost and convenient method to reveal the evolutions at the
interfaces of electrodes. SEM and TEM have been used for characterizing the interfacial properties of
electrodes/SSEs, including the structural changes and chemical instability, and are useful tools suitable for
comprehensively understanding the role of interfaces in solid-state lithium batteries at the atomic level.

SEM/EDS analysis of the solvate interlayer-modified Li,S pellet has revealed that the use of a solvate can
enhance the wettability of the cathode and the solvate diffuses into the void spaces of the cathode and grain
boundaries of the SSE during cell cycling, resulting in a decrease in the interfacial impedance of the cell
[Figure 12A and B]"".. TEM imaging and electron energy-loss spectroscopy mapping demonstrated that the
SSE surface with the Al,O, coating has good wettability with Li metal. Al can permeate into the SSE surface
and form a lithiated-alumina transition layer [Figure 12C and D]®**"*¥. Furthermore, electrochemical
impedance spectroscopy (EIS) is a powerful tool to investigate the interfacial behavior between the electrode
and SSE and afford useful information on Li-iondiffusion in all-solid-state Li batteries"*". It has been
reported that the interfacial behavior, including stability and resistance between electrodes and SSEs during
cycling, can be assessed by the changes of semicircles in the low- and high-frequency ranges
[Figure 12E and F]"**). Neutron depth profiling is used to diagnose short circuits in symmetric solid-state
batteries and analyze the Li-ion transport behavior of solid-state batteries"*.

In-situ techniques

Although most characterization methods for investigating all-solid-state Li batteries are ex-situ experiments,
in order to further understand the electrochemical phenomenon and structural evolution of the interfaces of
the solid-state systems during the cycling process, more advanced in situ/operando characterization
techniques are required. These techniques will benefit researchers attempting to reveal the interfacial
reaction kinetics and decay mechanism of solid-state batteries in real time. In comparison with ex-situ
characterization, in situ/operando characterization techniques including S/TEM can dynamically detect the
interfacial structural evolution and phase transitions in a nonequilibrium state during charging and
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Figure 12. SEM images of (A) pristine solvate interlayer-modified Li,S pellet and (B) interlayer-modified Li,S pellet after ten cycles. EDS
analysis shown in (A) and (B) (yellow rectangle regions). Comparing relative F content (F atoms from LiTFSI and TTE) at different
regions can confirm the possible infiltration of the solvate across the pellet (reproduced with permission from™®)). (C) TEM cross-
sectional image for the interface of an ALD-Al,O5-coated SE with Ti protection layer. (D) EELS maps (A, Li, O, overlap of Al and Li, and
Ti, respectively) at the interfacial cross section (reproduced with permission from™”). Characterization of an SSB with LNTO-coated
LiCoO, during the charge (E) and discharge (F) process by EIS, which was carried out after a 1 h charge and a 30 min rest (stacked
Nyquist plots) and the galvanostatic charge was carried out at 0.1 C (reproduced with permission from™®).

discharging, directly provide real-time lithiation/delithiation information and help demonstrate the
structure-performance relationships of ASSLSBs and electrochemical reaction mechanism in real time.

Recently, the interfacial issues in solid-state systems have been studied using in situ/operando
characterization techniques.It has been demonstrated that the electrochemical reaction mechanism in
ASSLSB with a sulfide-based SSE by in-situ SEM characterization”. This reveals that homogeneous lithium
deposition on the SE and the suppression of the dendritic growth are critical to obtaining the highly
reversible lithium deposition and dissolution reaction. A valuable amount of information regarding the
electrochemical behaviors on the interfaces between lithium phosphorus oxynitride and metallic lithium
can be provided by in-situ XPS. Gong et al. constructed a working LiCoO,/LLZO/Au ASS battery by using a
combination of a state-of-the-art chip-based in-situ TEM holder and focused ion beam milling to observe
the structural evolution of electrodes during cycling on an atomic scale with TEM [Figure 13]"*". These in-
situ STEM results demonstrated that good interfacial contact between the electrode and electrolyte is very
important to achieving high-performance ASSLSBs.

Advanced in-situ and ex-situ characterization methods can benefit researchers in understanding solid
interfacial reactions, the interfacial structural evolution, the interfacial phase transitions and fundamental
ion-transport mechanisms at interfaces, and overcome interfacial issues, including the interfacial
compatibility, interface stability and interfacial resistance in the solid-state systems, revealing the reaction
kinetics and decay mechanism of ASSLSBs, and affording guidance to design and optimize high-
performance ASSLSBs. Furthermore, a combination of different in-situ and ex-situ characterization
methods is desperately required to further reveal the evolutions at the interfaces.

COMMERCIALIZING PROGRESS IN ASSLSBS

The high theoretical energy density (~2500 Wh kg™"), low cost, natural abundance, environmental benignity
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Figure 13. (A) In-situ observation of a micro-electro-mechanical system device nanochip using the focused ion beam to apply the
electric field (from left to right are the anode, SSE and cathode) and the (B) corresponding schematic. (C) Annular bright-field (ABF)
and (D) high-angle annular dark-field (HAADF) images of a pristine cathode annular. The corresponding line profile acquired at the red
dashed line rectangular zone is shown in panel (C) with both lithium and oxygen contrast. Lithium, oxygen and cobalt ions are
represented as green, purple and cyan balls, respectively, in panels (B) and (C). (E) HAADF image of the delithiated cathode colored in
blue using the GPA method and two orientations colored with green and red. Panels (F) and (G) are zoomed-in micrographs of the
yellow, dashed-line, rectangular area. Panels (H) and (1) are zoomed-in micrographs of the pink, dashed-line, rectangular area. For both
boundaries, a contrast in the lithium layer in both the HAADF and the ABF micrograph is shown, suggesting heavy atoms are present in
the lithium layer. The basal planes of the two crystals that meet at an angle of 112° are shown in panels (F) and (G) (reproduced with
permission from™™).

of sulfur and high safety make ASSLSBs more commercially viable than other battery systems and are
expected to play a key role in the future development of energy storage systems. However, their
performance promotion achieved at the laboratory level could offer a false sense of research direction,
because there is a significant gap between practical pouch cells and laboratory coin cells under realistic
conditions. Data collected from coin cell testing under ideal conditions is clearly far from the requirement
of practical applications. To guide the rational design of ASSLSB engineering, the effect of the required
performance parameters close-to-application multilayer-pouch cells on the gravimetric and volumetric
energy densities and safety should be evaluated and analyzed.

To realize practical energy densities, the thickness of both the electrode and electrolyte layers is required to
be thinner than 50 pum and sulfur loading higher than 4-5 mg cm®. Furthermore, scalable continuous roll-
to-roll methods are necessary for practical pouch cell manufacturing [Figure 14]**; however, few reports
on such methods to build ASSLSBs with sulfide-based solid electrolytes have been presented™”.

Several interesting methods have so far been proposed to efficiently promote the commercialization of
ASSLSBs, including thin-film, wet (solvent-based) and melt-casting methods. Despite their several
advantages to fabricating solid-state micro-batteries, such as the desired thicknesses, high densification and
good interface compatibility, the cost control for the extensive application of thin-film methods is very
significant”***. In terms of the interfacial compatibility between the electrodes and electrolytes, wet
(solvent-based) methods show obvious advantages. Solid electrolytes and various components of composite
electrodes can be well mixed directly from liquid suspensions or solutions to form self-assembled films after
subsequent evaporating. It is noteworthy that the mixing protocols should be carefully considered to realize
a homogeneous distribution of SSEs and electrode materials*””. In addition, it is believed that the direct
solidification of the solid electrolyte into the desired shape and thickness, namely, melt casting, could be a
feasible method to improve the interface compatibility; however, its application remains uncertain because
such SSEs are required to form stable melts at low temperatures.
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Figure 14. Schematic illustration of mass manufacturing process of ASSLSBs (reproduced with permission from?°%).

Finally, in comparison with Li-ion batteries, a number of disadvantages of ASSLSBs cannot be ignored in
their practical application, such as lower volumetric energy density (682.3 vs. 727.5 Wh L"), considerable
lithium excess, the insulating nature of sulfur, the large dosage of electrolyte, safety hazards, poor cycle life,
poor low-temperature performance and serious self-discharge, which are more critical challenges for
ASSLSB development.

Overall, the commercial viability of ASSLSBs should be improved with advanced electrodes and electrolyte
materials, rational structural designs and smart manufacturing methods. Developing a “perfect” battery
system could contribute to cutting costs and time in the electrical market. However, a substantial
investment would also be required to accelerate the commercialization of ASSLSBs. Since parts of the
advantages of ASSLSBs system are lost when evaluated more practically, it could possibly take a couple of
years for ASSLSBs to be as broadly available as commercial Li-ion batteries are today.

CONCLUSIONS AND PERSPECTIVE

This review summarizes and discusses the origin and issues of electrode/SSE interfaces are summarized and
discussed, introduces strategies for resolving interfacial issues and gives an overview of advanced analytical
characterization methods. Despite ASSLSBs exhibiting excellent potential applications in electric energy
storage devices after decades of development, they still face great challenges, including large interfacial
impedance, poor interfacial compatibility, Li dendrite formation and a poor understanding of the interfacial
properties, which greatly hinder the performance improvement of ASSLSBs. Therefore, efforts aimed at
improving the interfacial stability, decreasing the impedance of the interfaces and understanding interfacial
electrochemical behavior are critically important to enable ASSLSBs for their practical applications.

Generally, the inherent disadvantages of interfaces, including grain boundaries, voids and space charge
layers between the electrodes and electrolyte, easily cause uneven current distribution at the interface,
leading to large interfacial resistance, seriously affecting the electrochemical performance of ASSLSBs.
Advanced strategies have been developed to modify and optimize the interfaces in ASSLSBs for overcoming
the challenges deriving from the interfaces between electrodes and electrolytes; however, designing and
constructing an ideal interface of the electrode/electrolyte with stable structure, high ionic conductivity and
small resistance are still critically important. Therefore, in order to achieve the goal of high-performance
ASSLSBs, the future research interest in the field of electrode/electrolyte interfaces is suggested as follows:

(1) Since the type and microstructure of interlayer materials are the keys to the interfacial properties, the
next stage is to select and synthesize the advanced interlayer materials with good electrochemical stability,
excellent mechanical behavior and fast conductive networks and Li* diffusion pathways.
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(2) Inorganic/inorganic composite electrolytes are also expected to resolve the issues associated with the
electrode/electrolyte interface, such as Li dendrite penetration, poor interfacial compatibility and large
interfacial resistance.

(3) Building smart electrode/electrolyte integrated architectures to suppress the shuttle effect of Li
polysulfides, alleviate lithium dendrites growth and improve ionic conductivity and interfacial capability
could be a direction of future research.

(4) The fundamental understanding of interfacial reaction, components and structure of interfacial products
and their various influence on interfacial electrochemical behavior and mechanisms is very important for
the future development of ASSLSBs.

(5) The interfacial evolution, role and dynamic characteristics should be investigated and understood by the
advanced characterization techniques during charge-discharge cycling, such as in-situ TEM, XPS, SEM,
AFM, XRD and operando UV-vis spectroscopy.

(6) The combination of experimental and theoretical calculation methods should be used to understand the
interfacial properties of ASSLSBs.

In addition, future research should focus on the loading of the sulfur cathode, which needs to be increased
for the high energy and power density of ASSLSBs. Much more work can be required to develop advanced
fabrication approaches, design realistic test cells, optimize the component ratios and balance the
relationship between safety and performance. Novel science and technology will help to drive the
commercial development of ASSLSBs.
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