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Abstract

All solid-state lithium-sulfur batteries (ASSLSBs) are considered to be one of the most promising next-generation
energy storage systems, due to the promises of high energy density and safety. Although the use of solid-state
electrolytes could effectively suppress the “shuttle effect” and self-discharge of the conventional liquid lithium-sulfur
(Li-S) battery, the commercialization of ASSLSBs has been seriously hampered by the electrolyte degradation, elec-
trode/electrolyte interfacial deterioration, electrochemo-mechanical failure, lithium dendrite growth and electrode
pulverization, etc. This paper provides a comprehensive review of recent research progresses on the solid-state
electrolytes, sulfur-containing composite cathodes, lithium metal and lithium alloy anodes, and electrode/electrolyte
interfaces in ASSLSBs. Specifically, lithium sulfide and metal sulfide as new active cathode materials, and lithium
alloy as new anode materials are overviewed and analyzed. In addition, some newly developed interfacial modifi-
cation strategies for addressing the electrode/electrolyte interfacial challenges are also outlined. Furthermore, an
outlook on the future research and development of high-performance ASSLSBs are also presented.

Keywords: Lithium-sulfur batteries; Solid-state electrolytes; Interfacial compatibility; Triple-phase interfaces;
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1. Introduction Sulfur, which is abundant, low-cost, environ-
mentally friendly and nontoxic, has a high theo-
retical specific capacity of 1672 mAh-g . When
coupling with Li metal anode (3800 mAh-g '), Li-S
batteries (LSBs) have a high specific energy of up
to 2600 Wh-kg . However, the commercialization
of LSBs still faces many challenges, including the
shuttle effect, the volume change during cycling,
the insulating properties of S/Li,S, resulting in low
utilization of active materials and large voltage
polarization, poor stability of electrode structure
and other problems, which make the assembled
LSBs face the dilemma of poor cycle performance,

To address the urgent challenge of global warming,
the realization of carbon neutrality and the con-
struction of a sustainable society are the common
goals of human society. Under this premise, sec-
ondary batteries with high specific energy are one of
the favorable means to support the technology
development for reduce carbon emissions and alle-
viate environmental pressure. With the continuous
developments in the lithium-ion batteries (LIBs)
technologies, the energy density of conventional LIBs
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cycling, which will cause such problems as short
circuit and voltage polarization increased. As a
result, the energy density and the cycle life of LSBs
are reduced, and its advantages cannot be exerted.
In order to overcome the above problems, re-
searches have been carried out in the modification
of LSBs through the use of electrolyte additives,
binder optimization, separator modification,
interface modification, structure design. However,
the above methods can often only solve some of
the problems. Replacing liquid electrolytes (LEs)
with solid-state electrolytes (SSEs) getting theo-
retically high ionic conductivity, wide electro-
chemical window, and sufficient mechanical
strength to construct all solid-state Li-S batteries
(ASSLSBs) is an ideal strategy to achieve both high
energy density and high safety [1,2].

Nowadays, different kinds of SSEs have been
applied in ASSLSBs, such as polymer-based elec-
trolytes, oxide-based electrolytes, sulfide-based
electrolytes, and inorganic-organic composite
electrolytes, which will be elaborated in Section 2.
ASSLSBs using different SSEs will undergo
different electrochemical reaction processes. For
example, in the polymer-based ASSLSBs, the con-
version of S to Li,S will undergo a “solid-liquid-
solid” multi-step reaction process similar to that in
liquid lithium-sulfur batteries, which leads to the
shuttle effect still a major problem. When using
inorganic electrolytes such as oxide or sulfide-
based electrolytes, S and Li,S undergo a direct
“solid-solid” single-step reaction process, as shown
in Fig. 1. The solid-solid conversion between S and
Li,S effectively avoids the formation of lithium
polysulfides (LiPSs) intermediates and thus, pre-
vent various problems caused by the shuttle effect,
but it also leads to the problems of sluggish kinetics
and low utilization of active materials. Therefore,
the cathode structure needs to be rational designed.
The inorganic SSEs-based ASSLSBs have no liquid
components, thus avoiding the risk of electrolyte
leakage, and effectively improving the battery
safety. However, inorganic electrolytes also have
problems, such as low ionic conductivity, narrow
electrochemical stability window and poor chemi-
cal stability, that need to be solved [3,4].

The challenges in volume change and structural
stability of the composite cathode also need big
attention in ASSLSBs systems (Fig. 1(B)), which
includes “chemo-mechanical failure”, “electrolyte
degradation” and “tortuous carriers transport” [5].
Large volume changes lead to the “contact-loss” of
the components in the composite cathode, even
inducing cracks and pulverization by the local
stress. As a result, as the cycle progresses, the tri-
ple-phase interface becomes less and less,

resulting in the loss of electrical contact between
the active material and the conductive channel [1].
Thus the “chemo-mechanical failure” makes the
capacity gradually decays. Mechanical ball milling,
especially high-energy ball milling, can reduce the
particle size of isolated sulfur compared with
manual milling, thereby reducing the impact of
volume changes, dispersing the components more
uniformly and constructing more triple-phase
interfaces [6]. Although the degradation of the
electrolyte in the working voltages range of 1.5-
3.0 V will not be as severe as that of the high
voltage cathode system like high-nickel layered
oxide cathode, the degradation of the electrolyte
will still occur due to the limited electrochemical
stability window of sulfide SSEs, resulting in the
formation of an interfacial layer. The inert inter-
facial layer will block the transport of ions, result-
ing in increased polarization and degradation of
battery capacity [5]. Last but not least, the tortu-
osity of cathode in ASSLSBs is very important,
which determines the overall rate capability.
Depending on the microstructure of the individual
components of the composite electrode, especially
in thick electrodes, sluggish ion/electron transport
increases overpotential [7]. In fact, these failure
mechanisms are often coupled with each other, for
example, sluggish ion transport can be further
worsened by electrolyte degradation, formation of
inert interphases, or cracks.

This review systematically summarizes recent
researches on SSEs, sulfur and sulfide-containing
composite cathodes, lithium metal/alloy anodes,
and electrode/electrolyte interfaces, and provides
an outlook for future research on ASSLSBs.

2. Solid-state electrolytes

SSEs are important components for the devel-
opment of high-safety, high-energy-density solid-
state lithium-sulfur batteries, and act as both a
separator and a Li" conductor. So far, researchers
have developed polymer-based electrolytes, oxide-
based electrolytes, sulfide-based electrolytes and
composite SSEs.

2.1. Polymer-based SSEs

Polymer-based electrolytes have the advantages
of suitable electrochemical window and flexibility.
However, they also suffer from poor room
temperature ionic conductivity (typically 10 °—
10°° S-em™!), low mechanical strength, and
shuttle effect. Polymer-based electrolytes can be
divided into gel polymer electrolytes (GPEs) and
solid polymer electrolytes (SPEs) depending on
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Fig. 1. Schematic illustrations of (A) conventional Li-S batteries and (B) all-solid-state Li-S batteries and significant challenges to be solved (in the
dashed box). Charge and discharge curves of (C) conventional Li-S batteries and (D) all-solid-state Li-S batteries.

whether electrolytes or solvents are added. Due to
the liquid components, GPEs have the advantages
of flexibility and high ionic conductivity compa-
rable to liquid electrolytes, but there are safety
issues when paired with Li metal anodes. In view
of this, SPEs which contain no liquid components
have received extensive attention, but their low
room-temperature ionic conductivity limits their
application. In most cases, SPEs-based ASSLSBs
need to be operated at high operating tempera-
tures above 60 °C. At the same time, due to poor
mechanical properties, SPEs are difficult to inhibit
Li dendrite growth at the normal operating
temperature of batteries, thus the battery failure
problem will occur. Besides, the shuttle effect
still exists in polymer-based batteries due to the
high solubility of LiPSs in common polymer
matrices.

2.1.1. Improve ionic conductivity

The rapid migration of lithium ions in polymer-
based electrolytes relies on the “complex-decom-
plex-recomplex” between lithium ions and oxygen
atoms on the polyethylene oxide (PEO) segment in
the amorphous region. However, polymer-based
electrolytes are easy to be crystallized, thus many
studies have focused on the modification of the
structure of polymer-based electrolytes, such as
lithium salts [8], cross-linking [9,10], inorganic
fillers [11,12], organic-inorganic hybrids [13,14] and
so on, to improve ionic conductivity.

Adding organic/inorganic nanofillers to the
polymer matrix can reduce its crystallinity and
improve its ion transport and mechanical proper-
ties. Wang et al. [12] pointed out that the organic
nanofiller-polymer composite electrolytes have
higher mechanical/thermal stability and lower
LiPSs solubility. Wang et al. [15] used a low-mo-
lecular-weight polymer, hydrolyzed polymaleic
anhydride (HPMA), as an organic solid filler to
greatly enhance the ionic conductivity of PEO-
based SPEs through suppressing PEO crystallinity.
The prepared PEO-1%HPMA SPE shows an ionic
conductivity of 1.13 x 10™* S-cm ™" at 35 °C. At the
same time, PEO-1%HPMA SPE exhibits better
mechanical properties, higher thermal stability,
wider electrochemical working window and higher
stability to lithium metal, which effectively im-
proves the performance of the SPE.

In addition to organic fillers, some commonly
used inorganic fillers can also be used, which are
mainly divided into inert fillers that do not conduct
Li" intrinsically and active fillers that conduct Li*.
This section mainly introduces the former one,
and the content of active fillers will be introduced in
Section 2.2. Sheng et al. [16] described that the
physically mixed inorganic nanoparticles are iso-
lated in the polymer matrix, and ion transport is still
restricted by Li* jumping along the PEO chains. To
address this problem, an ion-conducting interface
can be designed to further enhance Li" transport.
They enhanced Li* transport by designing an
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effective interface of nanofiller/polymer/lithium
salt. Cai et al. [17] demonstrated that ionic conduc-
tivity can be effectively improved by enhancing the
interaction between nanofillers and polymers to
change the local environment of Li*, thereby facili-
tating the movement of Li". By introducing acryl-
amide (AM) into the PEO-based solid electrolyte,
the abundant polar groups bring multiple hydrogen
bonding forces to the system, the lithium interaction
force has been changed from the original single
Li---O—C to the coexistence of multiple lithium ef-
fects (Li---O—C, Li---O=C, and Li---N—H). The
widening of the ion transport channel and the
shortening of the migration path effectively increase
the ion conductivity of the electrolyte. SiO, is
modified to obtain the double bond modification of
nanosilica (=SiO,) as a nano-crosslinking agent.
When AM and poly (ethylene glycol) methyl ether
methacrylate (PEGMA) are polymerized on the
surface of SiO, nanoparticles, they can be used as
Li" transport carriers, so that Li* can be transported
not only between adjacent SiO, nanoparticles, but
also on the surface of =SiO,. Both methods
enriched the Li" transport path, greatly shortened
the Li" transport distance, thus effectively improved
the ionic conductivity. The room temperature
ionic conductivity of the modified SPE is
2.6 x 10°* S-cm™ ', which is improved by about 3
orders of magnitude, and the Li" transfer number
reaches 0.84, which is much higher than the un-
modified 0.26 (Fig. 2(A)).

In addition, ionic conductivity can also be
improved by designing some new types of salts.
Zhang et al. [18] constructed a stable LiF-rich solid
electrolyte interface (SEI) on the Li metal anode side
by replacing one F atom in —CF; with H atom in the
commonly used salt (difluoromethanesulfonyl)
(trifluoromethanesulfonyl)imide anion (DFTFSI),
and at the same time, the ionic conductivity of the
electrolyte was also improved. Wang et al. [19]
prepared cyclopropenium cationic-based covalent
organic polymer (iCP@TFSI) through the SN, reac-
tion and ion replacement process (iCP@Cl to
iCP@TEFSI). Their SPE was prepared with iCP@TFSI
as a filler. The prepared SPE has good mechanical
properties and high stability to Li metal anode. And
at the same time, due to the existence of cationic
framework, the Li* migration number and Li"
conductivity are increased. The as-prepared PEO-
10%iCP@TFSI exhibits an ionic conductivity of
1.3 x 10> S-cm ™" at 80 °C (Fig. 2(B)).

2.1.2. Suppress the shuttle effects and self-discharge

It is worth noting that due to the high solubility of
LiPSs in polymers, polymer-based electrolytes [20]
and even polymer-based composite electrolytes

[21,22] cannot completely inhibit LiPSs shuttling.
Due to the shuttle effect, the polymer-based
ASSLSBs suffer from self-discharge problem.
Designing polar functional groups to adsorb and
immobilize LiPSs [23], electrolyte interlayers that
can inhibit the shuttling of LiPSs [24], and applying
redox mediators/catalysts to accelerate the conver-
sion reaction kinetics of LiPSs [25] have been
extensively explored to address this challenge.

Through X-ray photoelectron spectroscopy,
in-situ optical microscopy, and three-electrode
measurement, Liu et al. [24] found that in polymer-
based solid electrolytes, sulfur will also be dis-
solved and diffused, and unevenly distributed on
the surface of the anode, leading to the inhomo-
geneous Li" plating/stripping at the anode/SPE
solid-solid interface, resulting in obvious over-
potential fluctuations. In view of this, they
prepared an interfacial layer composed of super-
aligned carbon nanotube (SACNT) films, GO, and
SPE to prevent Li metal from reacting with LiPSs to
prolong battery life (Fig. 3(A)).

Liu et al. [26] synthesized polymer with intrinsic
microporosity and applied as an organic frame-
work to comprehensively enhance the perfor-
mance of PEO by forming a composite electrolyte
(PEO-PIM). The electrophilic 1,4-dicyanooxan-
threne functional groups contained in PIM possess
higher binding energy to LiPSs, thus it can effec-
tively adsorb LiPSs and inhibit the shuttle effect.
Assembled Li-S battery has an initial specific ca-
pacity of 1181 mAh-g ' with a capacity retention
rate of 61.8%.

Besides reducing the shuttle effect of LiPSs by
confinement, it can also be controlled by acceler-
ating the conversion between sulfur species on the
cathode side. Therefore, many strategies such as
catalysis and addition of redox mediators (RM)
developed in liquid lithium-sulfur batteries can also
be directly applied to polymer systems. Gao et al.
[25] enhanced the reaction kinetics of sulfur species
by adding redox mediator of soluble-type quinone-
based RM (1,5-bis(2-(2-(2-methoxyethoxy)ethoxy)
ethoxy) anthra-9,10-quinone, AQT) to accelerate
interfacial charge transfer (Fig. 3(B)).

2.2. Oxide-based hybrid SSEs

Oxide SSEs, which comprises the NASICON
type, garnet type and perovskite type electrolytes,
exhibit wide voltage window and high ionic con-
ductivity (10 *~10 3 S-cm ™' at room temperature)
[27]. However, due to its high rigidity, it cannot
form a good mechanical contact with the conver-
sion-type cathodes which endure a large volume
change. During cycling, the loss of contact between
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the active material and the ion-conducting channel
will result in increasing of interfacial impedance.
In practice, oxides are usually combined with LEs,
ionic liquid or polymer electrolytes to obtain
composite electrolytes to enhance the interfacial
contact, in which the characteristics of oxide elec-
trolyte (safety and high mechanical strength) are
well preserved.

2.2.1. Composite strategies

Appropriate composite strategies have signifi-
cant effects on the electrochemical performance of
composite electrolytes. For instance, direct com-
posite strategy is the simplest way. AbdelHamid
et al. [28] processed 3D sheet Li;LazZr,O1, (LLZO)
with polytetrafluoroethylene (PTFE) to obtain a
non-rigid solid framework, then prepared hybrid
quasi-solid electrolyte (HQSE) by injecting LE with
LiTFSI in a mixture of dimethoxyethane (DME)
and 1,3-dioxolane (DOL). LLZO electrolyte can
effectively adsorb anions and inhibit their move-
ment, thus exhibiting a higher Li" transference
number than LEs. Besides, the leakage of injected
LE is prevented due to the porous property of the
solid framework, so the thermal stability of the
HQSE is also much higher than that of the ordi-
nary Cergard separator. Nevertheless, the direct
composite strategy is hard to realize the uniform
compositing of oxide ceramic and polymer, in

which the interfacial resistance between ceramic
and polymer phases severely restricts the ionic
conductivity.

In view of this, in-situ polymerization can be
applied to composite the polymer directly on the
ceramic to form closer contact. The crystallinity of
the polymer can also be reduced due to the addi-
tion of inorganic fillers, which effectively improves
the ionic conductivity of the polymer electrolyte,
thereby improving the utilization of active mate-
rials. Yu et al. [29] prepared composite polymer
electrolyte (CPE) containing polyethylene glycol
diacrylate (PEFDA), LE and Lig4LazZr; 4Tag 6012
(LLZTO) by in-situ thermal polymerization.
Although there is still a small amount of LE in the
system, the presence of LLZTO effectively im-
proves the flame retardancy and thermal stability
of CPE, thus ensuring high safety. At the same
time, CPE can also inhibit the shuttle effect and the
growth of Li dendrites. The assembled Li-S battery
delivers an initial discharge capacity of 1201
mAh-g ! at 1C, retaining 656 mAh-g " after 200
cycles.

After composing, it is also necessary to pay
attention on the overall stability of the electrolyte.
Bag et al. [30] improved the stability of poly-
vinylidene fluoride (PVDF) to Li metal by adding
LiF to the PVDF-garnet type LLZTO composite
electrolyte.
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2.2.2. Inorganic skeleton morphology

The morphology of oxides in composite electro-
lytes has important effects on the electrochemical
performance of the CPEs. Nanoparticles have
larger specific surface areas, which can achieve
better interfacial properties. Functionalizing the
surface of nanoparticles is a promising approach to
overcome the challenge of high resistance at the
composite interface. Li et al. [31] grafted the mo-
lecular brush (MB) on the surface of LLZTO
nanoparticles and then composited it with PEO.
They observed the Li* transportation between the
interface by °Li direct polarization nuclear mag-
netic resonance (NMR) spectra, demonstrating an
interface-assisted ion transport mechanism.
ASSLSBs based on MB-LLZTO-CPE electrolyte
exhibits a discharge capacity of 1280 mAh-g " and
relatively stable cycling performance. In addition,
the macrostructure design of nanoparticles can
also be performed to develop multilayer SSEs with
different functions. Yan et al. [32] embedded
LLAZO nanoparticles into carbon nanofibers
(CNFs) to prepare a functional electrolyte-cathode
framework structure containing continuous

LLAZO channels, which effectively shortens the
transport pathways of charge carrier.

Apart from nanoparticles, continuous inorganic
substrates can also be constructed to form chan-
nels for fast transport of Li*. Kou et al. [33] pre-
pared a PEO-impregnated Lij 33La0557TiO3 (LLTO)
electrolyte with porous and dense layers. The
continuous LLTO framework effectively enhances
the ionic conductivity. The existence of the dense
layer can effectively improve the compressive
strength, and make Li" deposit uniformly, while
the PEO in the porous layer enhances the flexibility
and processability of the electrolyte. The assem-
bled Li-S battery delivers an initial discharge ca-
pacity of 1234.6 mAh-g ' at 60 °C, and after 100
cycles, there is still 907.6 mAh-g*1 with a CE of
nearly 99%.

2.3. Sulfide SSEs

Among the currently developed SSEs, sulfide
solid-state electrolyte (namely sulfides) has the
highest ionic conductivity (10 >—10"* S-cm ') and
low activation energy (0.15—0.35 eV), due to the
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stronger polarizability of S>~ and good mechanical
properties [28]. Compared with oxides, their grain
boundary and interfacial impedance are much
lower. Sulfide solid electrolytes can be classified as
glassy, glass-ceramics (formed by partial crystalli-
zation of glassy electrolytes), and ceramic solid
electrolytes [2]. (1) Glassy sulfide electrolyte: the
widely investigated glass sulfides are the binary
xLiS-(100—x)P,Ss system (x = mole percentage).
The typical binary glassy sulfide SSEs have
isotropic structure and readily ion conduction. The
physicochemical properties of the binary glassy
sulfide electrolyte system can be tuned by adjust-
ing the ratio of its composition [34]. (2) Glass-ce-
ramics sulfide electrolyte: the so-called “glass-
ceramics” sulfide SSEs are partially crystallized
from glassy sulfide through the heat treatment of
the glassy SSEs at a relatively low temperature
(below 300 °C), thus exhibiting a higher ionic
conductivity of ca. 1073 S-cm L. Mizuno et al. [35]
found that the crystallized Li»S-P,Ss glass-ceramic
exhibits an wultra-high ionic conductivity of
3.2 x 103 S-cm ™' at room temperature. Due to the
formation of the highly-conductive metastable
crystalline Li;P3S;; phase, the ionic conductivity is
improved, which indicates that the formation of
the highly-conductive phase plays a key role in
improving the ionic conductivity of the Li,S-P,Ss
glass-ceramic electrolyte. Another method to
improve the ionic conductivity of Li,S-P,Ss glass-
ceramic electrolytes is to further eliminate voids
and grain-boundaries in the SSEs by hot pressing,
thereby reducing the grain boundary resistance.
The Li,S-P,Ss glass-ceramic electrolyte prepared
by hot pressing [36] shows a high ionic conduc-
tivity of 17 mS-cm ™' with a low activation energy
of 17 kJ-mol™' (3) Ceramics sulfide electrolyte:
ceramics sulfides can be divided into argyrodite
LigPSsX (X = C], Br, I) and thio-lithium superionic
conductor (LISICON) family, expressed by the
general formula Li,M;_,M',S;, (M = Si, Ge, Sn, Zr;
M' =P, Al, Zn, Ga, Sb; 0 < x < 1). The thio-LISI-
CON family possess higher ionic conductivity due
to the larger radius and stronger polarization of
sulfide ions [37,38]. As for LigPSsX, Viallet et al. [39]
reported the room-temperature ionic conductiv-
ities of LigPSsCl, LigPSsBr, and LigPSsI are
46 x 10* Sem™', 62 x 10* S-em™, and
1.9 x 107* S-ecm ™, respectively. LigPSsI consists of
fully ordered S~ and I, LigPSsCl consists of fully
disordered S*>~ and I", and LigPSsBr is a mixture of
ordered and disordered structures, thus LizPSsBr
exhibits the fastest Li* conduction. In order to
further improve ionic conductivity and air-and-
moisture stability, a batch of pseudo-quaternary
SSEs have been developed in recent years, e.g.,

Li,S+P,S5+MS,+LiX (M = Ge, Sn, Si, Al etc;
X =F, C], Br, I). In 2016, Kanno et al. [40] reported a
novel fast lithium superionic conductor
Lig 54Si1.74P1.44511.7Clp3, which possesses a 3D
conductive network and thus exhibits an ionic
conductivity of 25 mS-cm ™. Liang et al. [41] pre-
pared a series of Sb-doped LGPS electrolytes
(Li;0Ge(P1-xSbx)»S1), which not only possessed a
high ionic conductivity (18 mS-cm™'), but also
improved air stability because the soft acid Sb
partially replaces P, which can form a stronger
covalent bond with S. By tuning the structure with
doping, substitution, or changing the stoichio-
metric ratio, the ionic conductivity of SSEs is
significantly improved to 102 S-cm™ ', which is
able to meet the requirements for practical use in
solid-state batteries. With these advantages, sul-
fides can be applied as stand-alone electrolyte in
ASSLSBs. However, on the cathode side, due to the
insulating nature of sulfur, composite cathode is
often made by mixing sulfides, carbon and sulfur
to provide ionic and electronic conduction chan-
nels. Therefore, it is still meaningful to further
improve the ionic conductivity of sulfide electro-
lytes [42—47]. Wei et al. synthesized LissPS,5Cl; 5
by enriching Cl on the basis of LigPSsCl through a
simple solid-phase ball milling method, achieving
a high level ionic conductivity of 8.7 mS-cm ™"
(Fig. 4(A)) [47].

2.3.1. Electrochemical stability

A major problem currently faced by sulfides is
the narrow electrochemical window, which leads
to the degradation and hindering ion transport at
the interface. It is more accurate to use Li/SSE/
SSE-carbon to evaluate the inherent electro-
chemical window of SSE, which is consistent with
the theoretical calculation result [48,49]. Limited by
the oxidation of S** and the reduction of high
valence cations (P°", Ge*", etc.), the electro-
chemical window of sulfide SSEs is generally nar-
row. At present, there are two main ways to widen
the sulfide voltage window, O doping and the
construction of passivation layer [50]. O doping can
improve the structural stability, but at the same
time, it inevitably reduces the ionic conductivity
[51]. It is feasible to construct a thin coating layer to
inhibit the degradation of the sulfide SSE [52]. The
appropriate coating method is very important,
which can resist the interfacial reaction without
hindering the smooth transport of ions.

2.3.2. Chemical stability

The poor air stability and compatibility in slurry-
based processes is the major bottleneck limiting
large-scale application of sulfides. Water will react
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with the sulfide electrolyte to form H,S, which will
lead to degradation of the sulfides. Strategies for
improvement include using additives, employing
the hard and soft acids and bases (HSAB) principle
to dope, designing core-shell structure [53]. Based
on the HSAB principle and DFT calculation guid-
ance, Zhao et al. [54] doped In in LigPSsl electrolyte
to improve air stability. In their work, LigsIngs.
Py.75551 was rapidly synthesized in one pot by the
ultimate-energy mechanical alloying (UEMA)
method. The air exposure experiment shows that
the amount of H,S released by the Lig 5Ing 25P¢ 75551
electrolyte decreases sharply (Fig. 4(B)). Tufail et al.
[55] prepared Li6_9521'0,051)2_9510_800_110.4 electrolyte
by co-doping ZrO, and Lil. O doping contributes
to the formation of POS}~ and P,0OS¢~ structural
units, which effectively improves the air stability.

2.4. Other SSEs

To overcome the problems faced by oxide-based
electrolytes (low ionic conductivity, rigidity) and
sulfide-based electrolytes (narrow electrochemical
window and poor air stability), halide-based elec-
trolytes with wider voltage window, higher ionic
conductivity and ductility have received extensive
attention.

The essence of halide-based electrolytes is to
replace Li in LiX (X = F, Cl, Br, I) with multivalent
cations or replace X with multivalent anions to
obtain intrinsic vacancies, thereby achieve higher
ionic conductivity [57]. For anti-perovskite halide
electrolytes obtained by substitution X with
multivalent inorganic anions, they usually have a
relatively narrow electrochemical window [58]. For
metal halides, as the period of halogen elements
increases, the ionic conductivity also increases
gradually due to the difference between its ionic
radius and lithium ion, but the oxidation resistance
gradually decreases. Among them, although the
fluoride-based electrolyte LiMF, has a high
oxidation potential (over 6 V vs. Li/Li"), the re-
ported ionic conductivity has not yet exceeded
1 x 10 % S-cm . Bromide-based and iodide-based
electrolytes have high ionic conductivity, but poor
structural stability, and the upper voltage limit is
only 3V (vs. Li/Li"), which is the same dilemma as
sulfide-based electrolytes, and it is difficult to
achieve high ionic conductivity and wide voltage
window at the same time. In contrast, the chloride-
based electrolytes Li;MClg or Li;M5/3Cly can ach-
ieve a good balance between ionic conductivity
and electrochemical stability, and can achieve
10° S-cm™' level ionic conductivity at room



Journal of Electrochemistry, 2023, 29(3), 2217007 (9 of 23)

temperature. The voltage window above 4 V (vs.
Li/Li") reflects the advantages over sulfide-based
electrolytes, thereby Li-M-Cl-type halide-based
electrolytes have attracted extensive attention.

Shi et al. [59] synthesized the halogenated-based
electrolyte Li;HoBrs (LHB) by solid-phase method,
and the obtained LHB electrolyte exhibits an
electrochemical window of 1.5—3.3 V (vs. Li/Li")
and high ionic conductivity (1.1 x 107> S-cm™") at
room temperature, and can be well cold pressed
into sheets.

3. Cathodes materials

Unlike liquid Li-S batteries, all solid-state Li-S
batteries undergo direct electrochemical conver-
sion between sulfur and lithium sulfide, without
the generation of lithium polysulfide in-
termediates, so the shuttle effect can be funda-
mentally eliminated, thus effectively improving the
cycle life and suppressing self-discharge. However,
this also leads to the problems of sluggish kinetics
and low active material utilization of the batteries.
Meanwhile, as mentioned above, LiPSs has a high
solubility in polymer-based electrolytes, so the
shuttle effect still needs to be suppressed in poly-
mer-based all solid-state Li-S batteries. The
commonly used cathode active materials include
elemental sulfur, lithium sulfide and various metal
sulfides.

3.1. Sulfur as active materials

Due to its high specific capacity, high natural
abundance, low cost, and environmental friendli-
ness, sulfur is the most widely used cathode active
materials. However, sulfur as the active materials
also faces many challenges. One of the challenges
is that both S and its discharge product Li,S have
low electronic and ionic conductivities, the elec-
trochemical reaction of active materials relies on
the ion and electron transports through the triple-
phase interfaces among active materials, SSEs and
conductive additives [60]. Owing to lack of the
infiltration and wetting of liquid-electrolyte, Li"
transport at the electrode/electrolyte interface is
considered as a limiting factor for the electro-
chemical conversion process of the active species,
while the need of a sufficiently number of triple-
phase interfaces also poses new requirements for
the design of carbon materials. Another problem
faced by sulfur cathodes is the huge volume
expansion (ca. 80%) during charge-discharge
cycling due to the density difference between S
and Li,S, which will lead to chemical-mechanical
failure problems. At the same time, since the
construction of the triple-phase interface of the

composite cathode is usually through simple me-
chanical mixing, it will lead to tortuous ion trans-
port pathways in the composite cathode, resulting
in poor Li" transport properties [6] (Fig. 4(C)).

3.1.1. Strategies of improving kinetics

Due to the electrically/ionically insulating nature
of S and Li,S and the poor solid-solid contact in the
composite cathode, ASSLSBs suffer from slow re-
action kinetics and low active material utilization.
Many studies have been conducted to enhance the
performance of ASSLSBs by constructing ion/
electron conducting channels [56] to enhance the
active material conductivity.

By combining S with carbon materials, on the
one hand, the electronic conductivity of the com-
posite cathode can be effectively improved, and on
the other hand, the volume change of S can be
alleviated. By depositing S on the surface of CNTs,
Zhang et al. [61] effectively alleviated the volume
expansion of S during cycling, reduced the inter-
facial stress/strain, and improved the interfacial
stability, thereby improving the cycling stability of
the battery.

Yao et al. [56] deposited nano-amorphous sulfur
on rGO through a sulfur-amine chemistry method,
which effectively promoted the electron conduc-
tion at the interface. The uniform distribution of
the rGO@S nanocomposite promoted subsequent
electron/ion transport, generating uniform volume
changes during lithiation/delithiation (Fig. 4(D)).

Although the introduction of conductive carbon
can effectively improve the battery performance,
the routine point-to-point contact between sulfur
and conductive carbon in the above work still
limits the performance improvement. In view of
this, Hou et al. [62] effectively changed the routine
point-to-point contact into a unique surface-to-
surface interfaces between active sulfur and
conductive CNTs skeleton by adding a heat treat-
ment after the ball milling of S and CNTs, which
resulted in a closer contact between the active
material and the conductive network. This im-
proves the electron transfer at the solid-solid
interface, effectively reduces the formation of
“dead sulfur” and mitigates the volume change
during cycling. The interfacial impedance is
reduced and the reaction kinetics is effectively
improved, thus the utilization of the active material
is enhanced. An initial discharge capacity of 1138.7
mAh-g ' at 0.21 mA-cm 2 with a capacity reten-
tion of 87.7% after 200 cycles is achieved at a sulfur
loading of 1.3 mg-cm 2.

In addition to the design and optimization of
compounding methods for conductive carbon
materials, S can be combined with some metallic
or nonmetallic elements with high electronic/ionic
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conductivity, such as, sulfur-rich SeS, [63], P>Ss.
[64] and metal sulfides [65] to enhance the elec-
trochemical kinetics. The specific studies of metal
sulfides are described in detail in Section 3.3.

3.1.2. Triple-phase interfaces construction

Due to the intrinsic insulating properties of S, in
the ASSLSBs cathode, a triple-phase interface
needs to be constructed to ensure the electro-
chemical activity of S, but this greatly increases the
proportion of inactive components in the com-
posite cathode. Therefore, many researches have
been conducted to enhance the effective quantity
of the triple-phase interfaces by rational design of
carbon materials and improving the material
compounding method, thus reducing the propor-
tion of inactive materials.

Porous carbon plays an important role in
improving the electronic conductance of S. How-
ever, in solid-state systems, since SSEs cannot
access S confined in deep pores, many carbon
materials that are widely used in liquid systems do
not perform well in solid-state systems, and porous
carbon materials suitable for solid-state systems
need to be rational designed. Sun et al. [66] pre-
pared a N-doped carbon fiber with micropores
located only at the surface with an ultrahigh sur-
face area of 1519 m*-g '. Since the porous layer
exists only at the surface, the S loaded in the pores
can effectively contact the SSEs, while the dense
pores can improve the electronic conductivity.
Therefore, the prepared carbon fiber can effec-
tively improve the electronic conductivity, promote
the reaction kinetics, thus improve the utilization
of sulfur. The assembled ASSLSBs show an initial
discharge capacity of 1166 mAh-g ' at 0.05C and a
specific capacity of 710 mAh-g ' remains after 220
cycles at 0.1C (Fig. 5(A)).

Wang et al. [67] prepared a mixed ionic/elec-
tronic conductive LLTO/carbon nanofibers as the
carrier for S, which effectively enlarged the active
surface, improved the charge transfer efficiency,
and promoted the electrochemical reaction of S. At
the same time, due to the construction of effective
interfaces, the proportion of inactive components
can be effectively reduced, and the energy density
of the battery can be improved (Fig. 5(B)).

There are also a few studies showing that com-
posite cathodes containing only sulfur and
conductive carbon materials can also achieve
excellent electrochemical performance. Sakuda
et al. [68] prepared mesoporous carbon materials
with a large number of interconnected 5 nm meso-
pores and composited S with carbon matrix by melt
diffusion method. The mesoporous carbon provides
a great accommodation space and interconnected

conductive paths for S, which effectively improves
the utilization of S. The ASSLSBs can maintain a
high specific capacity of nearly 1100 mAh-g ' after
400 cycles at a current density of 1.3 mA-cm >
(Fig. 5(Q)).

3.1.3. Composite cathode optimization

The simple mixing of active materials, ionic-
conducting phase and electronic-conducting phase
in the composite cathode leads to tortuous ion and
electron transport channels in the composite
cathode, resulting in poor rate performance.
Therefore, it is necessary to optimize the micro-
structure of the composite cathode and the volume
fraction of each component. By systematically
studying the sulfur-carbon black-LicgPSsCl com-
posite cathode, Dewald et al. [69] quantified the
effect of the composite cathode on Li*/e™ transport
by changing the volume fractions of SSEs and
carbon black. The authors employ tortuosity fac-
tors to describe Li*/e” transport in composite
cathodes, and propose that the ionic conductivity
of the SSEs is not equal to the effective ionic con-
ductivity of the composite cathode, and the actual
ionic conductivity of the composite cathode needs
to be evaluated (Fig. 5(D)).

3.2. Lithium sulfide as active materials

As the fully-lithiated form of S, Li,S can deliver a
high theoretical specific capacity of 1166 mAh-g "
and a high energy density of 1550 Wh-kg .
Compared with the S that must be used with
lithiated anode, Li,S can be used with lithium-free
and high specific energy anodes such as Si, so that
it has wider applicability [70]. In addition, since the
Li,S undergoes a delithiation process firstly during
charging, there will be no significant volume
expansion on the cathode side, thereby increasing
the mechanical stability of the composite cathode.
Furthermore, since the melting point of Li,S is
much higher than that of S (938 °C vs. 112.8 °C), the
preparation of materials can be carried out at
higher temperature, thus broadening the process-
ing schemes. However, it cannot be ignored that
Li,S, like S, has low ionic and electronic conduc-
tivities, resulting in a high activation barrier, and
the high charge overpotential will result in the
oxidation of the electrolyte, which leads to an in-
crease in interfacial resistance.

3.2.1. Strategies of improving kinetics

The intrinsic ionic conductivity of Li,S can be
improved by doping, i.e., doping high-valent cation
ions [71] at the Li site or halide ions at the S site. The
Li" conductivity is improved due to vacancy
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formation and the nano-ionic effect [72]. Gamo et al.
[71] doped Li,S with All; by mechanical ball milling
which increases the room temperature ionic con-
ductivity to 6 x 107°S-cm 1. Wan et al. [73] showed
by density functional theory (DFT) calculations that
adding LiBr or Lil to Li,S promotes the formation of
vacancy defects (Fig. 6(A)), thereby improving the
ionic conductivity.

In addition, the methods of decreasing the particle
size and constructing effective conductive network
can be adopted to reduce the charge and discharge
overpotentials of Li,S. Jiang et al. [74] synthesized
Li,S/CNT (47:53 in weight) by a liquid-phase com-
posite method, in which Li,S nanoparticles with a
size of only 15 nm are anchored on the CNT, sup-
pressing the secondary aggregation. The electroni-
cally conductive network provided by the
continuous CNT matrix greatly enhances the elec-
tron transport at the interface. While the softer
network relieves the stress generated during
cycling, and the ion diffusion coefficient is increased
by 39 times compared with the initial Li,S (Fig. 6(B)),
the overpotential between the charge—discharge
platform is only around 0.3 V, achieving a high uti-
lization rate of Li,S. Han et al. [60] utilized a bottom-
up method, i.e., co-precipitation and high-temper-
ature carbonization by dispersing Li,S, LisPSsCl and
PVP in ethanol to construct a uniform three-phase
interface (Fig. 6(C)). A high reversible capacity of
830 mAh-g ' can be maintained for the Li-In|
LigPSsCl|LixS-LigPSsCl-C cell after 60 cycles at a

current density of 50 mA-g~" with a Li,S loading of
3.6 mg-cm 2,

As far as carbon materials are concerned, the
morphology and compounding methods play an
important role [75]. Through a simple pyrolysis
deposition approach, Wang et al. [76] coated Li,S
with a 20 nm N-doped carbon coating layer, which
effectively reduces the dissociation activation en-
ergy of Li,S and enhances the conversion kinetics.
The ratio of Li,S utilization is as high as 91% with a
high Li,S loading of 82 mg-em ? at 60 °C
(Fig. 6(D)).

When Li,S is used in SPEs, the intrinsic chal-
lenge of shuttle effect still exists. It is necessary to
design functional structures to adsorb, encapsulate
or catalyze LiPSs. Gao et al. [77] constructed
Li,S@TiS, particles with a core-shell structure by
using the nanoscale encapsulation method. The
20 nm thick TiS, shell on the one hand inhibits the
shuttle of LiPSs in the poly (ethylene oxide)-based
electrolyte through adsorption, and on the other
hand catalyzes the conversion of Li,S to S. Liu et al.
[70] designed the Li,S@Co-C@MHEF structure by
coaxial electrospinning technique. Due to the
strong interaction of the Co surface, the Li—S bond
in Li,S is weakened during the initial charging
process, and the hollow MXene structure well
encapsulates LiPSs through Lewis acid-base
interaction and provides continuous electron
transport channels, and LiPSs is converted to S
through a flatter plateau at 2.33—-2.34 V.
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3.2.2. Strategies of improving processability

Finally, it cannot be ignored that the major bottle-
neck of Li,S is its poor air stability, which impels Li,S
to be synthesized in an anhydrous and oxygen-free

environment. In addition, the low solubility of Li,S in
organic solvents further limits its industrial applica-
tion. The main method currently used is the recrys-
tallization method, but this method is difficult to
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obtain nanoparticles with uniform particle size. In
contrast, the particle size prepared by the in-situ
synthesis method is smaller and more uniform,
which is mainly divided into chemical-synthesis
method and electrochemical-conversion method.
Yan et al. [78] adopted an ingenious one-step com-
bustion method, i.e., burning CS, and Li metal to in-
situ generate Li,S@C, in which Li,S nanocrystals are
uniformly embedded in the conductive matrix.
Benefiting from this unique architecture, the Li,S@C
composite cathode can achieve ultra-high Li,S areal
loading (7 mg-cm ™ 2) and 91% Li,S utilization. Apart
from this, Jiang et al. [79] directly reduced Li,SO, to
Li,S by the carbothermic method in the carbon-
coated situation to construct a high electronic
conductive channel. In the system, Li,S can deliver a
specific capacity as high as 1044.3 mAh-g™' at a
current density of 0.4 mA-cm 2 and a high loading of
6.03 mAh-cm 2. However, whether these chemical
methods can be achieved on a large scale and envi-
ronment friendly still needs further explorations [80].

Electrochemical methods refer to the methods
that utilize deep discharge of some metal sulfides
to generate metal nanoparticles and Li,S, which
will be explained in the next section.

3.3. Metal sulfides as active materials

Compared with sulfur, metal sulfide (MS) has
higher electron and ion conductivities, which can
change the point contact of triple-phase to surface
contact, thus shortening the charge transport
distance [83]. Secondly, the metal atoms gener-
ated after discharge process can reduce the po-
larization during cycling. More importantly, there
are a large number of available metal sulfide
minerals in nature to acquire easily [84,85]. Li
et al. [81] designed an all-electrochem-active
cathode (Mo0¢Ss-S) without additional carbon and
electrolyte, in which MogSs can be rapidly
charged and discharged based on the intercala-
tion reaction while S delivers higher capacity
based on conversion reaction. The distributions of
potential, current and reaction hot spot in the
electrode are relatively uniform. Thus, the battery
shows a relatively low overpotential (Fig. 6(E)) and
delivers an initial specific capacity of 1160
mAh-g ! under a high load of 4.2 mg-cm 2.

3.3.1. Strategies of improving kinetics

The intrinsic kinetics of metal sulfides can be
further modified, such as reducing particle size [86]
or exfoliating layered sulfides, in which the diffu-
sion paths of ions in the exfoliated nanosheets are
reduced and the total interfacial contact area is
increased [87]. In addition, doping on the metal

sulfides is also a promising choice. Wan et al. [82]
conducted a series of doping experiments for FeS,,
including COO.lFeo.QSZ, Nig.lFeO.QSZ and CuO.lFEOQSz.
Among them, the specific surface area of the Co-
doped sample increased, and the catalytic effect of
Co resulted in the surface-controlled pseudocapa-
citance, which shortened the ion transport path
and improved the rate capability.

3.3.2. Macrostructure design

For MS undergoing conversion reaction, since its
own structure is destroyed when it converts into
metal atom and Li,S, it is also important to build a
conductive network in the electrode. Yamakawa
et al. [88] firstly found that Cu™ has high mobility
in LiCuS, resulting in the formation of larger Cu
particles at the end of the discharge process. San-
thosha et al. [84] took advantage of this property by
utilizing CuS self-reduction to form a micrometer-
sized and well-crystallized conductive network. In
addition, for reaction with a large volume change,
the addition of carbon can buffer the volume
change during the charge-discharge process, and
the CuSC(3—2) with the addition of a conductive
agent exhibits a coulombic efficiency of 99.9% even
after 800 cycles [89].

Up to now, there has been a lot of research on
the application of various metal sulfides in solid-
state batteries, but at this stage it is still difficult to
realize high energy density, high-rate performance
and high stability simultaneously. In the future,
more structural and functional designs are needed
for the development of ASSLSBs using metal
sulfides.

4. Anode materials
4.1. Lithium metal

Lithium metal is considered the “holy grail” of
the anode materials of the lithium batteries due to
its lowest chemical potential (—3.04 V vs. SHE), low
density (0.59 g-cm ®) and ultra-high specific ca-
pacity (3860 mAh-g ). However, due to the high
reactivity of lithium metal, many electrolytes with
high ionic conductivity such as Li;¢GeP,S;, (LGPS)
are reduced, causing severe side reactions at the
anode/electrolyte interface, and depletion of
lithium metal and electrolyte. The infinite volume
change during cycling and the uneven deposition
of lithium at the interface will cause the rupture of
SEI and the growth of lithium dendrites, which will
result in the continuous consumption of lithium
during cycling, and lead to the generation of “dead
lithium” and the pulverization of electrodes. The
current main strategies are to use lithium alloy
and/or perform interfacial modification.
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4.2. Li-M alloys

Li-M alloys (M = Al In, Si, B) are chosen as
alternatively anodes to avoid Li dendrites and
alleviate the side reactions. Usually, the Li" diffu-
sion coefficients of Li-M alloys are higher than
those of Li metals, so that faster Li" channels can
be constructed in the bulk phase. In addition, the
potentials of Li-M alloys are often 0.3—0.6 V higher
than that of lithium metal, thus enhance the af-
finity for lithium ions and reduce the driving force
for reducing electrolytes thermodynamically, and
it can effectively inhibit the formation of lithium
dendrites and stabilize the anode/electrolyte
interface.

Due to its constant redox potential (0.62 V vs.
Li*/Li) over a wide stoichiometric range (0—45% at
%), good chemical/electrochemical stability and
mechanical ductility, Li-In alloy is the most widely
used lithium alloy anode in the laboratory
(Fig. 7(A)) [90]. Hou et al. [62] successfully pre-
pared an ASSLSB composed of Li-In alloy anode,
LGPS electrolyte, and S@CNT cathode. However,
the lower theoretical specific capacity (233
mAh-g ') and higher electrode potential greatly
reduce the energy density of the full cell, limiting
its application in high energy density ASSLSBs
systems.

In response to this problem, Zeng et al. [90]
proposed that Al has high electronic conductivity
(35 x 10”7 S‘m™ 1Y), excellent ductility, and high
specific capacity (990 mAh-g "), which can be an
promising high performance anode candidate for
ASSLSBs. The LipgAl anodes can be prepared
without using binders and conductive carbon ad-
ditives. The ASSLSBs composed of LiggAl alloy
anode and melting-coated S composite cathode
operate steadily for over 200 cycles with a capacity
retention of 93.29%.

Si has also received a lot of attention from re-
searchers because of its ultra-high theoretical
specific capacity of 4200 mAh-g~' when fully
alloyed. Meng et al. [91] prepared a high-purity
micron silicon cathode without the addition of
conductive carbon, which alleviates the degrada-
tion of sulfide electrolytes by forming a stable SEI
due to the absence of conductive carbon. The voids
created by the volume change of the Li-Si alloy
anode during alloying and dealloying can be
reduced by the applied pressure, thus maintaining
good contact.

The lower atomic mass of boron makes the Li-B
alloys have lower density, and the reaction of B
with a large amount of lithium to form Li-rich
phase Li-B alloys leads to lower electrochemical
potential (ca. 0.05 V vs. Li*/Li), which ensures the
high discharge voltage and mass energy density of

the assembled battery. At the same time, the
unique 3D skeleton structure of the Li-B alloys
allow it to induce uniform lithium deposition
during the lithium platting/stripping process,
reducing the volume expansion during cycling and
maintaining the integrity of the electrode. Chen
et al. [92] incorporating the Li-B (80LiB) alloy with a
unique 3D skeleton and Ag@C modified layer to
achieve bulk phase/interface synergistic effect,
thus effectively mitigating the volume change
during cycling, inducing uniform platting/strip-
ping of Li, maintaining the electrode integrity and
inhibiting the growth of Li dendrites, and sup-
pressing the occurrence of interfacial side re-
actions. The assembled ASSLSBs deliver a specific
capacity of 1316 mAh-g ' and a capacity retention
of 82% after 60 cycles (Fig. 7(B)).

5. Interface engineering

Compared with traditional liquid Li-S batteries
based, the main challenge faced by ASSLSB is the
poor solid-solid contact between electrode and
electrolyte. In response to this problem, re-
searchers have developed various methods to
provide fast ion channels and reduce interfacial
resistance.

5.1. Cathode/electrolyte interface

Due to the adoption of composite strategies,
complex composition at the cathode side will
result in more complicated interface interactions.
The large volume change of sulfur upon cycling
can cause contact losses in the composite, which
can hinder reversible redox transformations of
active materials as due to the degradation of the
triple-phase interface. Other than mechanical
failure, the interface is also of great importance in
electrochemical failure. While a high interfacial
contact area among composite cathodes is essen-
tial to fully utilize insulating active materials, the
substantial interfacial area between solid electro-
lytes and carbon additives can cause non-negli-
gible degradation of the electrolyte, which will
dramatically deteriorate the cycling performance
of the cell [96].

5.1.1. Mechanical compatibility

Point-to-point contact and continued volume
expansion/contraction lead to increased interfacial
ion transport resistance, resulting in charge in-
homogeneity and anisotropic charge concentra-
tion, which may further cause accumulated
intrinsic stress and microcracks on active particles
[97], further deteriorating cycling performance.
Dealing with the “chemo-mechanical failure”, the
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Fig. 7. (A) Galvanostatic intermittent titration technique profile of the lithiation process of the In foil [90]. (B) Schematic illustration of the
problems when using a Li metal anode (left) and our proposed synergistic approaches of a Ag@C modified 80LiB alloy anode (right) [92]. (C)
Influence of the FeS, particle size on cycling performance of In/InLi|LigPS5Cl|FeS,-C-LigPS5Cl cells at 25 °C and an areal FeS, loading of
3.8 mg-cm? in the cathode composite [86]. (D) Nyquist plots of the bare solid-state Li,S cell (left panels) and the Li,S cell with the solvate
interlayer (right panels) [93]. (E) Long-term cycling performance comparison between solid-state cell and liquid cell at the rate of C/10 of Li-
In|Lig 6Gep.65b0.4551|FeSa+Lig 6Gep.6Sb0.4S5I+C (4:5:1) [94]. (F) Two-dimensional 01i-°Li exchange spectra for the mixture of micron-sized LPSC
and Li,S-Lil (3:1) cathodes measured at a spinning speed of 10 kHz and 373 K with a mixing time of 10 s [95]. Copyright with 2022 American
Chemical Society, Copyright 2021 Angewandte Chemie International Edition published by Wiley-VCH GmbH, Copyright 2019 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim and Copyright 2020 Wiley-VCH GmbH.

in-situ liquid phase synthesis strategy is considered
to be an appropriate method to improve the con-
tact between solid electrolyte and active material
particles, i.e., dissolving SE or its precursor in a
compatible solution, and directly in-situ compos-
iting on the surface of active particles by dissolu-
tion-deposition or heat treatment method
[98—100]. Yao et al. constructed Li;P3S;; crystalline
electrolyte particles with ionic conductivity as high
as 1.5 x 1072 S-cm ! on CooSg by this method [65],
which effectively provides tight interfacial contact,
thereby reducing the interfacial resistance and

stress-strain during cycling [101]. In addition, the
in-situ formed thin electrolyte layer avoids the
application of excess electrolyte, which improves
the energy density of the battery dramatically.
Furthermore, this mild method has the opportu-
nity to achieve one-step synthesis from electrolyte
precursors to composite electrodes, which is crit-
ical to simplify industrial manufacturing processes
[102].

As mentioned above, even though a lot of works
have been done to enhance the poor solid-solid
contact, the polarization problem in the solid-
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state system is still far greater than that in the LE.
In consideration of this circumstance, moderate
compatible LE can be added directly on the elec-
trode side to improve the interfacial contact. In this
kind of work, the compatibility of the electrolyte
with SE should be considered firstly, especially for
sulfides that are easily attacked by polar nucleo-
philic solvents. In recent years, high-concentration
electrolyte is usually used by researchers to
improve interfacial stability due to the reduction in
the proportion of free polar solvents. Cao et al.
[103] proposed a high-concentration LiTFSI in tri-
glyme at molar ratio of 1:1 to stabilize the cathode/
Li;0GeP,S1, electrolyte interfaces and demon-
strated its application in a ASSLSB. In this system,
Li salts are more coordinated, thereby reducing the
nucleophilicity of ether oxygens. Furthermore,
Shin et al. [93] introduced a local high-concentra-
tion system (MeCN),-LiTFSLTTE into the interfa-
cial layer of SSLSB, and the interfacial resistance of
the system modified by the interlayer gradually
decreased during cycling (Fig. 7(D)).

5.1.2. Electrochemical compatibility

Besides mechanical compatibility, the electro-
chemical compatibility between active material
and electrolyte in composite cathodes is also
important. Non-equilibrium carrier transport at
the interface is determining [104,105]. Bulk carrier
transport is sluggish due to the isolated property of
sulfur itself, leading to the unequilibrium of local
ionic concentration gradient, electric fields and
resulting uneven reaction. Besides, compared with
the oxide cathodes used commonly, the oxidation
potential of sulfur and sulfide is lower. Although
no violent interfacial reaction will occur, the
limited interfacial reaction can also lead to hin-
dered Li" interfacial transport, resulting in an in-
crease in polarization. Especially for the sulfide
SSE, the upper limit of electrochemical window of
which is close to the oxidation potential of active
materials, so providing fast ion transport channels
while minimizing electrolyte degradation at the
interface should be also taken into consideration.
For example, Dewald et al. [86] prepared a higher
specific surface area of FeS, by reducing the
particle size to 9.7 nm, which effectively enhances
the electrochemical performance. However, it
shouldn't be ignored that the capacity degradation
was more drastic, which is attributed to the severe
interfacial degradation owing to lager specific
surface area (Fig. 7(C)). To mitigate the degrada-
tion of the interface, Sun et al. [94] fine-tuned the
operating voltage range of FeS, according to the
electrochemical window of LiggGeSbgaSsl,
thereby realizing a 84.5% capacity retention after
220 cycles (Fig. 7(E)). The only disadvantage of

adopting this strategy is that it may not be able to
fully utilize the capacity of the active material.

In this dilemma, the interfacial buffer layers can
be constructed by strategies of interfacial modifi-
cation [47]. An effective strategy is to introduce
lithium salts that have suitable ionic conductivity
and are more resistant to oxidation. Liu et al. [95]
used 2D exchange spectroscopy (2D-EXSY) to
quantify the lithium ion diffusion at the interface.
It showed that there was almost no exchange be-
tween Li,S and LigPSsCl (LPSC) after a mixing time
of 20 s, indicating poor Li* diffusion between the
two phases. However, in the phase between Li,S
and LPSC coated with Lil, even if the mixing time
is only 10 s, an obvious off-diagonal exchange peak
is found, which indicates that the presence of Lil
reduces the interface degradation between Li,S
and LPSC, and guarantees fast Li" transport at the
interface (Fig. 7(F)). However, the uses of a large
amount of Lil and LiBr that do not contribute to the
capacity will reduce the energy density of the
electrode. In response to this, Takashi Hakari et al.
[106] proposed a hierarchical adjustment strategy.
First, Li,S and C were mixed with a small amount
of LizPO,4 and Li,SO,4 by ball milling to form uni-
form primary particles. Among them, Li;PO4 has
moderate ionic conductivity and high oxidation
resistance while the addition of Li,SO, improves
the ionic conductivity further, thereby constructing
an interface with high compatibility and fast ki-
netics. The full cell can achieve a high energy
density of over 500 Wh-kg ' (considering the total
weight of the SE layer, Li metal and current col-
lectors) for several cycles at 60 °C and a current
density of 116.7 mA-g .

5.2. Anode/electrolyte interface

The above-mentioned work is basically based on
the modification of the cathode/solid electrolyte
interfaces, but the stability of the anode/solid
electrolyte interface is also a major factor for the
stable cycling of the lithium-sulfur battery. Espe-
cially in the solid-state field, the chemical and
mechanical compatibility of the interface between
the anode and SSEs needs to be considered in a
more systematic way. The main issues that need to
be addressed on the anode side are the compati-
bility of the solid-state electrolyte with the lithium
metal anode and the growth of lithium dendrites.
At present, the commonly used strategies include
the application of electrolytes that can form stable
SEI layers with lithium metal anode, interfacial
modification and the application of lithium alloy
anodes.

The root cause of the instability of the electrolyte
to lithium metal is that, as soon as the electrolyte is
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in contact with lithium metal, it will react contin-
uously when the by-products can conduct both
electrons and ions, so that the lithium metal is
continuously consumed and the SEI is continu-
ously thicken. This results in the gradually
increasing in the interface impedance and the cell
polarization, which eventually leads to the failure
of the battery. Currently, no electrolytes that
are intrinsically stable to Li metal have been re-
ported, but many electrolytes that can form stable
SEI with Li metal have been extensively studied,
such as LiBH,-based electrolytes [107], LisPS, and
0.75Li,5-0.24P,55-0.1P50s. In a Li-Li symmetric cell
with O.7Li(CB9H10)'O.3Li(CB11H12) electrolyte, the
plating/stripping overpotential is essentially un-
changed at a current density of 0.2 mA-cm 2 for
300 cycles (Fig. 8(A)). Considering the stability of
composite hydride-based electrolytes against Li
metal, Kisu et al. [108] proposed that the problem
of fast capacity decay can be attributed to the
degradation of the cathode/electrolyte interface.
Cross-sectional scanning electron microscopic
observation showed that cracks appeared in the
cathode region during cycling, and the cathode
thickness continued to be increased. Raman
spectra and XRD patterns indicated that the
Liy(BHy4)51 electrolyte continued to be decomposed
during cycling, thus causing the problem of fast
capacity decay.

In addition, interfacial modification can also be
performed at the anode interface to improve the
interfacial compatibility, which requires precise
design according to the type of electrolyte. For the
interface between the lithium metal anode and
some inorganic SSEs with high rigidity, the inter-
facial buffer layer can improve the solid-solid
contact of the interface [109]. Bosubabu et al. [110]
introduced a polypropylene (PP) wetting layer at
the interface between LAGP and lithium metal,
which reduced the interface resistance and polar-
ization, and the charge transfer resistance was
much smaller than that of the system without the
introduction of the interface layer (Fig. 8(B)). For
the interface between lithium metal and polymer-
based electrolytes, Judez et al. [111] used atomic
layer deposition technology to deposit Al,O3; with a
thickness of 5 nm on the negative side of the
electrolyte, which significantly improves the sta-
bility of PEO-based electrolytes against lithium
metal while suppressing the side reactions of LiPSs
and Li.

Due to the nonuniformity in ionic conductivity of
the solid electrolytes, the uneven deposition of Li
at the interface results in the growth of lithium
dendrites. Yin et al. [112] improved the thermal
uniformity of the electrolyte by adding 2D BN

nanosheets to the PEO-based electrolyte, which
helps achieve uniform current density distribution
on the interface, and effectively promote the
uniform deposition of Li and the homogeneous
conversion reactions in the cathode (Fig. 8(C)).

The above work is to improve the interfacial
compatibility by introducing the modification
layer, which will increase the difficulty and cost of
preparation in practical applications. Therefore,
some methods of in-situ generating stable SEI can
be adopted to simplify the process of constructing
the modification layer and achieve closer interfa-
cial contact [42,113]. Li et al. [114] used azo com-
pounds as PEO electrolyte additives, and utilized
the free radicals generated by the decomposition of
azo salts with different electron densities and
diffused to the electrode surface to in-situ build a
stable and uniform interfacial layer. In the pres-
ence of high electron density benzene rings, the
additionally generated Li;N will further enhance
the interfacial stability.

6. Summary and outlooks

We have outlined the major SSLSB battery types
and the advancements made. It can be seen that
ASSLSBs have the potential to achieve a high en-
ergy density of 500 Wh-kg ', low self-discharge,
long-term cycling stability and high safety. How-
ever, the practical application of ASSLSB is still a
long way off, which rely upon the research and
development of sulfur composite cathodes with
both high S content (>50 wt%) and high areal S
mass loading (>5 mg-cm ), large scale prepara-
tion of electrode/electrolyte materials and practical
electrode/electrolyte membranes, and the rational
design of the electrode/electrolyte interfaces.

In terms of the cathode, it mainly relies on the
construction of the triple-phase percolated con-
duction network for both Li" and electron trans-
portation within ionic conductive phase, electronic
conductive phase and active materials to fully uti-
lize the insulating active materials. Therefore,
further improving the ionic conductivity of the SE
and the electronic conductivity of the conductive
agent are of great significance. Among them, the
incorporation of small amounts of doping elements
is an important and feasible way to promote the
carrier transport. The composite cathode of sulfur
and metal sulfides with high specific capacity
should be further explored to achieve desirable
electrochemical performance, especially on the
catalytic mechanism and structure-properties
relationship.

Further, the design and fabrication of advanced
large-scale practical sulfur cathode still remains a
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Fig. 8. (A) Galvanostatic cycling profiles for prolonged cycles [107]; (B) Nyquist plots of S@AB|LE|Li, S@AB|LAGP|Li, and S@AB|LAGP-PP|Li
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key challenge. The emerging dry electrode tech-
nology can be an attractive and effective technique
for addressing this challenge. As for the carrier
transport property of thick electrode, tortuous car-
rier transport paths should be minimized, so it is
necessary to develop a novel structure design for the
composite cathode based on material properties to
reduce the tortuosity, other than the commonly-
used mechanical grinding. Well-compositing
process based on liquid and gas phase-based tech-
niques should also be developed and optimized to
achieve intimate contact between the components.
At the same time, in order to evaluate the perfor-
mance and unravel the structure-performance re-
lationships of composite cathodes in more detail,
advanced techniques and new analytical method-
ologies are required for the quantification of the

effective conductivity and operando monitoring of
carrier transport.

The last point about cathode to be emphasized is
that mold cells are widely used in current works
with a high stack pressure applied during opera-
tion, which effectively mitigate the negative effects
of the huge volume change. The high stack pres-
sure requirement is a point of criticism for the
practical application of ASSLSBs. The factors
determining stack pressure and the engineering
challenges at the module to cell-level design must
be systematically investigated. During cycling, it is
necessary to pay attention to the chemical, elec-
trochemical and mechanical stabilities of the
components of the cathode. These problems are
often coupled with each other and then affect the
whole cell. In response to these issues, exploring
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electrolyte that will not degrade during processing
and cycling, and building high stable interfacial
structure are two promising directions.

As for electrolytes, the focus of improvements is
to enhance the mechanical stability, processability,
ionic conductivity and industry-scale production
ability. Polymer-based and derived composite
electrolytes can achieve high flexibility, suitable
electrochemical window with thin membrane.
However, the main challenges at present are the
low ionic conductivity and the unavoidable shuttle
effects of LiPSs. The development of single-ion
conductors and the modification of local coordi-
nation by designing lithium salts are effective
methodologies to further improve ionic conduc-
tivity. Adding inorganic fillers or designing func-
tional groups to inhibit the shuttle effect of LiPSs
are important strategies to improve the coulombic
efficiency and inhibit the self-discharge effect.

It is worth noting that a lot of works on oxide-
based composite electrolytes are still in the incip-
ient stage, and there are few systematic studies on
the trade-off between controlling the ratio of
inorganic fillers to suppressing the shuttle effect
and maintaining high ionic conductivity. At the
same time, it is significant to carry on more in-
depth research on ion transport pathway in com-
posite solid electrolytes, especially for interfacial
Li-ion transport along the nanofiller/polymer
interface, which is of great importance to develop
functionalized ceramic particle-based composite
electrolytes with high ionic conductivity domi-
nated by interfacial ion transport.

For sulfide electrolytes, the thick solid electrolyte
separator is the major challenge. Flexible and thin-
layer membrane (<50 um) is necessary to fulfill the
high energy density potential of ASSLSBs, which
relies on wet technology or solvent-free dry-film
process. Among them, the approaches of wet
technology are still premised on the chemical sta-
bility of the sulfide electrolytes on solvents.

As regard to the anode side, a large number of
the current works are based on Li-In alloy anodes
to achieve high cycling stability. However, the low
specific capacity of Li-In alloy anode significantly
limits the energy densities of ASSLSBs. Also, In-
dium is a rare element and expensive, which re-
stricts its practical application. In comparison, the
use of lightweight lithium alloys such as Li-Al and
Li-B is a promising strategy to address the lithium
metal anode/electrolyte interfacial challenge and
achieve promising high energy density. Consid-
ering of the energy density, Li metal is still the
“holy grail”, in which the use of in-situ interfacial
modification strategies to construct stable Li/elec-
trolyte interphase and suppress lithium dendrite

formation can be promising approaches to achieve
both high energy density and long-term cycling
stability.
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