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Abstract

Lithium-sulfur (Li-S) batteries attract sustained attention because of their ultrahigh theoretical energy density of
2567 Wh-kg’l and the actual value over 600 Wh~kg’1. Solid-state Li-S batteries (SSLSBs) emerge in the recent two
decades because of the enhanced safety when compared to the liquid system. As for the SSLSBs, except for the
difference in the conversion mechanism induced by the cathode materials themselves, the physical-chemical property
of solid electrolytes (SEs) also significantly affects their electrochemical behaviors. On account of various reported Li-S
batteries, the advantages and disadvantages in performance and the failure mechanism are discussed in this review.
Based on the problems of the reported SSLSBs such as lower energy density and faster capacity fading, the strategies
of building high-performance SSLSBs are classified. The review aims to afford fundamental understanding on the
conversion mechanism of sulfur and engineering design at full-cell level, so as to promote the development of SSLSBs.

Keywords: Solid-state Li-S batteries; Conversion kinetics; Dynamically stable interface; Failure mechanism; Engi-

neering design

1. Introduction

Lithium sulfur (Li-S) batteries have attracted
sustained attention since 1960s because of their
high theoretical energy density (2576 Wh-kg_l), as
well as the abundant reserves, low cost and envi-
ronment-friendly characteristics of sulfur [1-3].
While the sulfur-based cathode materials typically
have disadvantages such as poor electronic con-
ductivity, large volume change and the polysulfide
shuttle effect, recent efforts adopting innovative
material design in combination with the usage of
special electrolyte additives have brought the en-
ergy density of Li-S full-cell batteries to the range
of 200—400 Wh-kg ', with some exceptional cases
even exceeding 600 Wh-kg " in pouch cells [2]. In
contrast with the energy densities at the range of

100—200 Wh-kg " for typical Li-ion batteries based
on traditional intercalation cathodes, Li-S battery is
considered as a promising candidate for next
generation high-energy battery systems [4]. How-
ever, poor cycling performance and potential
safety hazards caused by combined usage of Li
metal anode and organic liquid electrolytes have
hindered practical application of Li-S battery.
Therefore, SSLSBs, in which organic liquid elec-
trolytes are replaced with SEs, have emerged as a
critical direction hoping for suppressed polysulfide
shuttling, enhanced Li anode reversibility and
improved safety performance [5—8].

Solidification of Li-S batteries greatly alters the
kinetic feature of the conversion reactions in the
electrodes and thus introduces unique challenges
in full exploration on the potential of Li-S systems
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[6,9,10]. There is still a long way to go for both
fundamental research and practical application.

This review summarizes the current exploration
of SSLSBs. With the majority of current research
emphasizing the engineering design and device
failure mechanism, special attention is given to the
chemical and electrochemical reaction mecha-
nisms during charge/discharge processes as well
as their implication in future design of SSLSBs.
Specifically, an overview of SEs and the corre-
sponding applications, and the electrode materials
in SSLSBs are given in Section 2. Reported SSLSBs
are classified into four categories based on the
electrolyte materials used in the cell. Key chal-
lenges in two major categories, namely, SSLSBs
with solid polymer electrolytes or composite solid
electrolytes and SSLSBs with sulfide-based inor-
ganic solid electrolytes, are identified. And poten-
tial solutions to these challenges are discussed in
Sections 3 and 4, respectively. Finally, in Section 5,
the achieved performances of SSLSBs in current
reports are compared at both the half-cell and full-
cell levels, and future development directions are
discussed.

2. Overview of the materials used in SSLSBs

Electrolyte. In the recent two decades, SEs such as
inorganic solid electrolytes (ISEs, including oxide-,
sulfide- and halide-based ISEs), solid polymer
electrolytes (SPEs), organic-inorganic composite
solid electrolytes (CSEs) and open-framework-
related composite electrolytes (MOFs-, COFs- and
POCs-based SEs) have been developed and
extensively investigated [11—-17]. The room tem-
perature ionic conductivity of these SEs ranges
from 10> S-cm ' to 10 2 S-cm ™. These materials
are fundamentally important for the development
of solid-state batteries.

Among all types of SEs, ISEs have advantages of
high room temperature ionic conductivities, but
often suffer from high interface impedance due to
poor solid-solid contacts, especially in oxide-based
ISEs. While polymer-based SPEs and CSEs are
mechanically compatible with existing battery
assembling procedures but their room tempera-
ture ionic conductivities are often nonideal [17].

The incorporation of SEs in Li-S batteries brings
profound changes to the electrode reaction kinetics
[9]. The use of oxide-based ISEs supposedly pre-
vents polysulfides shuttling. The use of sulfide-
based ISEs may even change the conversion reac-
tion mechanism of the sulfur cathode, ultimately
eliminating the generation of polysulfides, and
thus significantly improve the utilization of active
sulfur materials [18]. However, other aspects of the

material such as ionic conductivity, chemical and
electrochemical compatibility, and solid-solid
contacts also need to be evaluated comprehen-
sively for the application in solid-state systems. To
this end, different SEs are often used together in a
particular device to achieve balanced and hence
better overall performance.

In addition to the well-known differences in
electrolytes, differences also lie in the selection of
cathode and anode materials for SSLSBs.

Cathode. The inorganic sulfur cathodes such as S/
C cathodes represented by S-CMK-3, Li,S cath-
odes, and organic sulfur cathodes represented by
SPAN are widely used in the liquid Li-S battery
system [5]. However, solid-state Li-S batteries that
so far have been reported mainly used inorganic
sulfur or transition metal sulfide cathode materials
(TiS,, MoS; etc.) [19—31]. It is noticed that very few
works are reported with organic sulfur cathodes in
SSLSBs, so the following discussion in this review
is mainly based on inorganic sulfur cathodes, and
some cases related to the organic sulfur cathodes
are discussed in the perspective section.

Anode. Lithium metal is considered the ultimate
negative electrode to realize high energy density. It
is electrochemically stable against the SPEs, CSEs
and oxide-based ISEs within the working voltage
range. When lithium metal is coupled with oxide-
based ISEs, an interlayer needs to be built between
the electrode and electrolyte for reducing the huge
interface impedance. This interlayer also de-
termines the electrochemical stability of the SE
layer. In most cases, lithium metal is unstable
against sulfide-based ISEs because of the limited
electrochemical window, hence an interlayer is
needed in this case to ensure the electrochemical
stability [18,32,33]. Besides, lithium-alloy anodes
such as Li-In alloy, Li-Si alloy and Li-Al alloy are
used in SSLSBs with sulfide-based ISEs [25,34,35].

Based on the survey described above, currently
reported SSLSBs are categorized into four types
based on materials used therein.

(1) Li-S batteries with SPEs (Fig. 1a), in which
SPEs consisted of polymer matrix and lithium salts
are used to assemble SSLSBs [36].

(2) Li-S batteries with CSEs (Fig. 1c), in which
CSEs are used as SE separator and cathode addi-
tive for SSLSBs [37]. The inorganic component in
CSEs contributes to the ionic conductivity and
mechanical strength, while the flexible polymer
component ensures effective solid-solid contact.

While the SPE and CPEs used in these two types
of cells have much in common in terms of ion
conduction mechanisms, their structural differ-
ences lead to separate optimization strategies for
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Fig. 1. Four types of currently developed SSLSBs and the corresponding galvanostatic charging/discharging curves. (a) and (b), Li-S batteries with
SPEs [36]; (c) and (d), Li-S batteries with CSEs [37]; (e) and (f), Li-S batteries with oxide-based ISEs as separator with interfacial wetting layers
[381; (g) and (h), Li-S batteries with sulfide-based ISEs [18]. The data in (b), (d), (f) and (h) are digitized from Ref. [36], Ref. [37], Ref. [38] and

Ref. [18], respectively.

application in Li-S cells. For example, the selection
of lithium salt is often employed in regulating the
properties in SPEs. In addition, the inorganic
component in CSEs is an extra dimension of vari-
ability that is not available for SPEs.

(3) Li-S batteries with oxide-based ISEs separator
and interfacial wetting layers (Fig. 1e) [38]. In this
type of cells, a dense ceramic electrolyte layer with
high ion conductivities can transport Li-ions and
block lithium dendrite growth, while the interfacial
wetting layer is used to improve contact and lower
the interfacial impedance.

(4) Li-S batteries with sulfide-based ISEs (Fig. 1g)
[18]. Sulfide solid electrolytes are relatively soft in
comparison to oxide ceramic electrolytes, and thus
are often used as both the separator and cathode
additive.

Representative charge-discharge curves corre-
sponding to the four kinds of SSLSBs are shown in
Fig. 1 (b, d, £, h). They can be divided into two
types: single plateau and dual plateau potential
profiles. When PEO-based SPEs, ionic liquid, gel
electrolytes or other interfacial wetting compo-
nents exist in the cell as interlayers, the charge-
discharge curves exhibit dual-plateau profile
similar to that in liquid Li-S batteries, even if CSEs
or oxide-based ISEs are used as the solid electro-
lyte separator. The dual-plateau profile is indica-
tive of the solid-liquid-solid conversion
mechanism in the cathode, However, for the
SSLSBs constructed with sulfide-based ISEs (Fig. 1
g and h), the charge-discharge curve presents

single-plateau characteristic, indicating a distinc-
tively different solid-solid conversion mechanism.

Therefore, it is necessary to analyze and under-
stand the chemical-electrochemical behavior of
different battery systems. In general, the differ-
ences in the compositions and charge-discharge
reaction mechanism mean that the different
problems should be concerned in the above-
mentioned battery model systems. Specifically, for
the batteries in the first three types mentioned
above and illustrated in Fig. 1, it is necessary to
focus on the conversion mechanism of sulfur
cathodes, the behavior of polysulfide chemistry
and the regulation of reaction kinetics. And for the
SSLSBs assembled by sulfide-based ISEs as SE and
cathode additive (type 4), more attention should be
paid on interface engineering design and the
electrochemical stability of anode. The specific
examples will be detailly discussed in following
relevant battery systems.

In the following section, we will discuss the key
scientific questions and engineering design in
SSLSBs of the first three types illustrated in Fig. 1.

3. SSLSBs based on SPEs and CSEs

As mentioned above, SPEs exhibit important
roles acting as interlayers or independent SE sep-
arators [36—38]. When the above-mentioned SEs
are applied in SSLSBs, the sulfur cathodes exhibit
solid-liquid-solid conversion mechanism similar to
the liquid system, namely the first three types
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mentioned in Fig. 1, so they are discussed together
in this section.

For the S/C cathodes in the liquid Li-S batteries,
the electrochemical reaction of sulfur presents a
two-step conversion mechanism [39—41]. The sul-
fur converts into Li,S,, (Li,Sg, Li,Sg and Li,S,) at the
first step, and Li,S,, (n > 4) further converts to Li,S,
and Li,S, which represent the second step in the
conversion process of sulfur. The long-chain pol-
ysulfide Li,S, (n > 4) can be dissolved in the liquid
electrolytes, thus part of the polysulfides should be
transported to the anode side due to the concen-
tration difference, and these polysulfides will be
transferred back to the cathode during the next
charge process. The so called “shuttle effect” will
lead to the irreversible loss of active materials and
the fast capacity fading of the battery.

Hence, the application of SEs is expected to
suppress polysulfide shuttling and prolong the
lifespan of Li-S battery [23,26,42—44]. However,
with the development of characterization technol-
ogy, especially the in-situ detection method, recent
works demonstrated that polysulfides could be
dissolved and diffused in the PEO-based SPEs and
CSEs, in a way much similar to that in ether-based
liquid electrolytes [19,20,45]. In view of the wide
use of the SPEs as solid electrolytes layer and
interlayer for purpose of reducing the solid-solid
contact impedance, revealing the polysulfide
chemistry in SPEs and CSEs-based SSLSBs is
fundamental and important.

3.1. The “polysulfide chemistry” in SSLSBs

As shown in Fig. 1b, d and 1f, the sulfur cathodes
in the SSLSBs with PEO-based SPEs or CSEs show
a typical two-step reaction process, which is similar
to that of liquid electrolyte system [36—38]. By
heating the PEO/S + Li,S/PEO pellets at 55 °C for
24 h, Fang et al. proved that polysulfide species are
soluble in SPEs (Fig. 2a) [19]. It was furtherly veri-
fied by X-ray photoelectron spectroscopy (XPS).
They stated that it was caused by the high donor
number (DN) of function groups in the polymer
chains, such as the ethylene oxide (EO) unit
(DN = 22) in PEO chain. Another experimental
study (Fig. 2b) by Liu et al. indicated that different
from the corrosion of lithium anode caused by
polysulfide shuttling in liquid Li-S battery, the
polysulfide could be dissolved in PEO-based SPEs
and transported to the surface of lithium during the
discharging process, then formed a passivation
interlayer, which raised the internal impedance of
the full cell (Fig. 2b) and ultimately resulted in
lower utilization of sulfur in cathode and deterio-
rated cycling performance of the battery [20]. Using

the Li|PEO-LiTFSI-LLZTO|S cell as a platform,
direct tracking of the polysulfide shuttling in PEO-
based CSEs was realized via real-time optical mi-
croscope imaging by Song et al. [45]. The results
showed that polysulfide could be dissolved in CSEs
of PEO-LiTFSI-LLZTO, and remained in electrolyte
in the following cyclic process (Fig. 2c).

In addition, the ionic conductivity of the PEO-
based SPEs is too low to ensure the operation of
the battery at room temperature, thus the SSLSBs
using PEO-based SPE always operates at high
temperature of >60 °C or even 80 °C to facilitate
the conduction of Li-ions, but the thin and viscous-
liquid-like state of PEO-based SPEs is mechani-
cally not strong enough to suppress the growth of
lithium dendrite during the cycling process.

Therefore, the formation of soluble polysulfide
cannot be avoided in SSLSBs that contain PEO-
based SPEs [19,20,45,46]. Despite that some studies
claimed that the CSEs with inorganic ceramics can
partially block the diffusion of polysulfides, the
slow kinetics of sulfur conversion leads to the
accumulation of polysulfide on the anode side, and
eventually causes capacity attenuation during
extending cyclic process.

In light of the important role in the construction
of solid-solid interface, inhibiting or even elimi-
nating the dissolution and diffusion of polysulfide
in SEs that contain PEO-based SPEs is very
important in the design of SSLSBs. The following
approaches have been adopted to achieve this goal
in SSLSBs that contain PEO-based SPEs, and it is
worth noting that some of them have their origins
from liquid electrolyte Li-S cells.

3.2. Regulation strategies for polysulfide dissolution
in PEO-based SSLSBs

3.2.1. Regulate the conversion of sulfur cathodes

Fang et al. reported a SSLSB using poly-
vinylidene fluoride (PVDF) coated sulfur as the
cathode and PEO-based SPE as the SE. The ex-situ
XPS spectra and TOF-SIMS analysis proved that
there were no long-chain polysulfides (Li,S,, n > 4)
during the discharge and charge processes [19].
Combined with the DFT calculation, they demon-
strated that since the polysulfide is insoluble and
unstable in PVDF polymer, the conversion mech-
anism is changed to ‘solid-solid” in the PVDF-
coated sulfur cathodes. As a result, the sulfur in the
composite cathode is transformed to solid Li,S,
and Li,S directly, which leads to the better cycling
performance (Fig. 3a).

Accelerating the redox kinetics of sulfur cathodes
is also benefitting for the formation of sulfur spe-
cies in SSLSBs. Recently, Gao et al. employed
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Chemistry.

redox mediators (RM), which has been widely
explored in liquid Li-S battery systems, to improve
sulfur reaction kinetics in SSLSBs [21]. A kind of
quinone-based RM 1,5-bis(2-(2-(2-methoxyethoxy)
ethoxy)-ethoxy)anthra-9,10-quinone (AQT) was
introduced to the cathode. When the Li,S@AQT
was used to assemble SSLSBs based on PEO/
LiTFSI SPEs, the oxidation of Li,S was accelerated
and the utilization of active materials was
improved in comparison with the bare Li,S cath-
ode. They found that there is no thick sulfur/Li,S
passivation layer formed and the soluble sulfur
species was reduced in the SPEs for the SSLSB
with Li,S@AQT, which result in the improved
cycling performance.

3.2.2. Constrain soluble polysulfides

Gao el al. prepared core-shelled Li,S@TiS,
nanoparticles as the cathode materials in the
SSLSB using polyimide film supported PEO/
LiTFSI (PI@PEO/LIiTFSI) as the solid electrolyte
[22]. They demonstrated that the generated poly-
sulfide during discharge process can be confined
inside the TiS, layer due to the strong interaction
between TiS, and polysulfides, thus avoiding the

dissolution in PEO-based SPEs, which is proved by
the in-situ X-ray absorption testing and in-situ op-
tical microscopic characterization (Fig. 3b, above).
Besides, the redox kinetics of Li,S was accelerated
by TiS, coating (Fig. 3b, below), and high energy
density of 427 Wh-kg ' was achieved at a full-cell
level under 80 °C.

3.2.3. Construct interlayers

Constructing a protecting interlayer between the
cathode and the electrolyte is another way to pre-
vent the polysulfides dissolution from the cathode.
Recently, Liu et al. developed a cathode interlayer
of SACNTGO-SPE (CGS) in a SSLSB [20]. The
CGS interlayer was composed of super-aligned
carbon nanotube (SACNT) film, graphene oxide
(GO) and SPE. Since the interlayer successfully
confined the polysulfides within the cathode side,
the cycle performance of SPE-based was signifi-
cantly improved (Fig. 3c).

3.2.4. Modify the anion chemistry of lithium salt

The SPEs are consisted of the polymer matrix and
the dissolved lithium salts. The coordination anions
of lithium salts not only are related to the ionic
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conductivity and electrochemical stability of SPEs,
but also take part in the formation of interfacial
layer against electrodes, and may also alter the
conversion dynamics of sulfur cathodes. Various
works have exerted much efforts in the optimiza-
tion of the anion of lithium salts in the SSLSBs that
contain PEO-based SPEs recently [47—51]. In
addition to the most widely used lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI), lots of
lithium salts such as bis(fluorosulfonyl)imide
(LiFSI), (fluorosulfonyl)(trifluoromethanesulfonyl)
imide (LiFTFSI), (difluoromethanesulfonyl) (tri-
fluoromethanesulfonyl)imide (LiDFTFSI) were
applied to prepare PEO-based SPEs, in search for
robust solid electrolyte interphase (SEI) on the
lithium side (Fig. 3d), thereby to improve the cycle
performance of the SSLSBs [47]. The lithium salt of
LiFSI was also applied in CSEs. Judez et al

assembled a SSLSB with Al,O; and LICGC filled
LiFSI/PEO bilayer electrolytes [49]. Besides, the
electrolyte additive of lithium azide (LiN3;) in PEO-
LiFSI SPEs can result in the formation of superior
passivation layer and further enhance the cycling
performance of SSLSBs [48].

4. The SSLSBs based on sulfide ISEs

In contrast to the SPEs and CSEs, SSLSBs with
sulfide-based ISEs exhibit shuttling effect-free
electrochemical behavior due to the insolubility of
polysulfide in the sulfide-based ISEs. Typically,
SSLSBs with sulfide-based ISEs were assembled in
a model cell under high pressure to ensure the
intimate solid-solid contact, in which the active
materials were mixed with SEs and conductive
agents to form a composite cathode, and Li metal
was used as the anode. However, SSLSBs with
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sulfide-based ISEs suffer from intractable interfa-
cial issues, including the chemo-mechanical failure
and the electrochemical degradation both within
the composite cathode and the electrode-electro-
lyte interfaces during the extending cycles [52—55].

4.1. Themain failure mechanism in SSLSBs based on
sulfide-based ISEs

The history of SSLSBs based on sulfide-based
ISEs can be traced back to 2004, in which Nobuya
et al. firstly reported a SSLSB with sulfur as the
active materials [26]. Subsequently, Hayashi et al.
extended the cathodes in this SSLSB system from
sulfur to Li,S [23]. However, all of the above-
mentioned works exhibited decent reversible spe-
cific capacity but unsatisfactory cycle performances
[23,26,44]. The two main reasons were as follows:
one was the sluggish conversion kinetic of the
SSLSBs caused by poor ionic and electronic con-
ductivities of sulfur or Li,S cathodes, and the other
was the volume change during discharge and
charge processes. For these reasons, fresh solid-
solid interface would be continuously exposed in
each cycle, which led to the solid-solid contact
deteriorating, and capacity fading and the chemo-
mechanical failure in the cathode. Besides, the
chemo-mechanical failure caused by increased
stress/strain also existed in both the electrode and
the electrolyte at a full-cell level.

Owing to the requirement of building efficient
ionic-electronic  conductive = network  and
improving the utilization of active materials, stra-
tegies such as minishing the particle size and
uniform mixing in solution processing are gener-
ally used to prepare composite cathodes [54].
These mentioned processes would bring risk for
electrolyte degradation because of the weak elec-
trochemical stability. Recently, Saneyuki Ohno
et al. studied the irreversible electrolyte degrada-
tion caused by the ball milling and the cut-off
potentials comprehensively taking the SSLSB of Li-
In|LigPS5Cl|LigPSsC1-S-Carbon as a model battery
system [54]. They demonstrated that the cycle
stability of SSLSBs can be successfully enhanced
by balancing between the attainable capacity and
effective carrier transport. Besides the degradation
within the composite cathodes, continuous elec-
trochemical degradations are also presented in
electrode-electrolyte interfaces.

To improve the electrochemical performance of
SSLSBs with sulfide-based ISEs, major efforts are
devoted and the following three approaches can
be summarized (Fig. 4): (1) Construct the com-
posite cathode that can enhance the ionic and
electronic transports, and alleviate the volume

change caused by charge and discharge [56—63];
(2) Develop functional sulfide-based ISEs with
high chemical and electrochemical stabilities
[64—66]; (3) Design dynamically stable electrode-
electrolyte interface [18,25,32—34,67]. The first
approach emphasizes the relieving of chemo-me-
chanical failure by the construction of composite
cathode, while the other two approaches focus on
realizing electrochemically stable electrode-solid
electrolyte interface. The relevant works in recent
years are discussed in the sections 4.2 and 4.3, and
the design at the full-cell level is discussed in the
section 4.4.

4.2. The construction of composite cathode

To enhance the utilization of active material and
the cycling stability of SSLSBs, Liang and the co-
workers prepared core-shell structured Li,S-Liz;PS,
nanoparticles with an ionic conductivity of
1077 S-em ™, which is much higher than that of the
pristine Li,S nanoparticles (1008 S-em™1) [60].
Excellent cycling performance of sulfide-based
SSLSBs was achieved when Li,S-LizPS; nano-
particles are used in the cathode. Furthermore,
Han et al. fabricated a Li,S-LigPS5Cl-C nano-
composite, in which the Li,S and the catholyte
(LigPSsCl) are uniformly distributed in a carbon
skeleton (Fig. 4a) [61]. The corresponding SSLSB
(Li-In | SOLIZS ' 20P255 | leS'L16PSSCl'C) showed a
high utilization of the active material and stable
cycling performance at room-temperature. Yan
et al. also realized high capacity and long cycle life
SSLSB by using a Li,S@C nanocomposite as the
cathode active materials, which was synthesized
via combusting lithium metal with CS, (Fig. 4b)
[62]. Jiang et al. fabricated Li,S-carbon nanotube
(CNT) nanocomposites by depositing the Li,S
nanoparticles on the surface of CNT surface. The
resulting Li|LizS—PzS5-P205+Li10GeP2512|Lizs—CNT
@Li;¢GeP,S1,@AB SSLSB showed superior cycle
performance because of the improved ionic and
electronic conductivities of the cathode (Fig. 4c)
[57]. Zhao et al. prepared a sulfur/Nb;gW5093/
carbon nanotubes (S/NWO/CNTs) hybrid cathode,
which can achieve efficient ionic/electronic trans-
port and promote the conversion kinetic of sulfur
during charge and discharge processes. At the
same time, the CNTs in the hybrid cathode can
increase the electronic conductivity and suppress
the volumetric change caused by the phase con-
version of sulfur (Fig. 4d) [56].

These results indicated that rational design of
nanocomposite structure plays a key role in ac-
commodating the volume change and enhancing
the electronic conductivity of the cathode.
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ISEs. (a) Schematic of the synthesis for the mixed conducting Li,S-LigPS5CI-C nanocomposite [61], and (b) a Li,S@C nanocomposite with Li,S
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Reproduced with permission of Ref. [62], copyright (2019), American Chemical Society. (c) Schematic for preparing the Li,S-CNT@Li;oGeP,.
S12@AB cathode [57]. Reproduced with permission of Ref. [57], copyright (2021), American Chemical Society. (d) The conversion mechanism of
sulfur in the composite cathode of SINWO/CNT [56]. Reproduced with permission of Ref. [56], copyright (2022), American Chemical Society. (e)
Diagrammatic sketch of the Li||Li,S SSLSB with Li;P;ggNbg.12510.700.5 SEs [65]. Reproduced with permission of Ref. [65], copyright (2020),
American Chemical Society. (f) Schematic diagram of the SSLSB with bilayer sulfide-based ISEs [18], and (g) SSLSBs without and with the plastic
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permission of Ref. [32], copyright (2019), Wiley.

4.3. Design of stable anode-electrolyte interface

Except for several relatively stable sulfide-based
ISEs such as LisPS, and LiyS-P,S5-P,Os glass
ceramic, the majority of sulfide-based ISEs are un-
stable against the lithium metal, which hinder its
application in SSLSBs with high specific energy. To
improve the dynamical stability of sulfide-ISE, stra-
tegies such as the functional structure design of SEs
and construction of dynamically stable interlayer
were adapted [64—66]. Jiang et al. developed a novel
solid electrolyte of Li7P2_88Nb()_12810_700.3 with an
improved electrochemical stability and a high room
temperature ionic conductivity of 3.59 mS- cm 1 [65].
Due to the co-doping of Nb and O based on Li;P5S;4,
Nb, Li,S, LizP and Li,O can be formed at the surface
of the lithium anode during the charge-discharge
process, which promote the uniform deposition of Li
and inhibit the further occurrence of side reactions,
eventually improve the cycle and rate performances
of the SSLSBs (Fig. 4e).

Constructing an interlayer is essential to
enhancing the dynamic stability of the electrode-
electrolytes interfaces [18,25,32—34,67]. A double-
layered design is a commonly used strategy in
sulfide-based ISEs separators [18,68]. For example,
LizPS, and LipS-P,S5-P,Os5 glass ceramic are often
used at the anode side and brought into contact
with lithium metal to take advantage of the for-
mation of ionic-conductive but electronic-insu-
lative interphase. A different electrolyte such as
Li;0GeP,S;, is adopted in the cathode side to
ensure high ion transport. Yao et al. used Li,S-
P,S5-P,Os5 glass ceramic thin pellet as the inter-
layer to achieve an electrochemically stable inter-
face in the anode side of SSLSBs. As shown in
Fig. 4f, using bilayer electrolytes composed of
Li;oGeP,S;, and Li,S-P,S5-P,Os5 glass ceramic, the
SSLSB exhibited a high specific capacity of 830
mAh-g ! after 750 cycles at a current density of 1 C
and 60 °C, indicating excellent long-term cycling
stability [18].
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Plastic crystal electrolyte (PCE) was also intro-
duced to optimize interface contact and improve
electrochemical stability in the recent year [69—72].
For example, Sun et al. adopted the PCE as the
interlayer to solve the interfacial instability prob-
lem in Li;¢(GeP,S;; electrolyte [32]. They stated that
the PCE interlayer can prevent the direct contact
between LGPS and Li metal, and enhance the ki-
netics of the battery, leading to significant progress
towards achieving high energy density SSLSBs
(Fig. 4g). As a result, SSLSB based on poly-
acrylonitrile-sulfur (PAN-S) composite cathode
exhibited an initial specific capacity of 1682
mAh-g ' (based on sulfur). The specific capacity of
the second discharge is 890 mAh-g ", and after 100
cycles, it remained at 775 mAh-g ' at a current
density of 0.13 mA-cm ™2

Alloy anode (such as Li-In alloy, Li-Al alloy or Li-
Ge alloy) is another approach to improve the sta-
bility of the anode-electrolyte interface [25,34,35].
Li-In alloy is widely used in SSLSBs with sulfide-
based ISEs due to fast diffusion of Li atom in in-
dium anode, which can effectively avoid the
growth of Li dendrite at a relatively high current
density [35].

4.4. Other aspects

These recent studies show that electrochemical
performance of SSLSBs with sulfide-based ISEs
can be significantly improved by rational design in
the structure of composite cathodes and the
interfacial engineering in the enhancement of the
solid-solid contact. However, from the view of
practical application, more technical aspects need
to be considered. Firstly, the poor air-stability of
sulfide-based ISEs means that they often need to
be fabricated in high purity argon gloved boxed,
which makes the production and application more
complex and expensive. Secondly, sulfide-based
ISEs suffer from high areal impedance and rela-
tively high mass ratio in full cells due to their rigid
ceramic nature, which will limit the energy density
and power density of the SSLSBs. Last but not
least, SSLSBs with sulfide-based ISEs are usually
assembled under pressures over 200 MPa and
operated under pressures over 60 MPa, to ensure
the intimate solid-solid contact [18,53,60]. Such
high pressure demands bring serious challenges in
practical applications. The innovation of key ma-
terials and comprehensive understanding of the
failure mechanism may help to promote the R&D
process of high energy density and long cycling
SSLSBs with sulfide-based ISEs.

5. Conclusions and perspectives

In this review, we summarized recent advances
in SSLSBs including material development, inter-
facial modification, and mechanistic investigations.

With these efforts, SSLSBs with high specific
capacity (ca. 1500 mAh-g ") and long lifespan (ca.
700 cycles) can be achieved in some specific sys-
tems at electrodes level [18,51,62]. But for most
reported SSLSBs, the full-cell-level energy den-
sities are still no more than 100 Wh-kg ' even
though many of them operate under 60 °C [68].
Such performance is far inferior to that of the
liquid Li-S cells or commercial Li-ion batteries
[2,4]. This could be attributed to low active mate-
rials loading and high mass ratio of solid electro-
lytes, as well as the Li dendrite growth limiting the
lifespan of SSLSBs. It is worth mentioning that the
highest energy density of room-temperature solid-
state Li-S battery can reach 370.6 Wh-kg™ ' with
high loading of active materials (Li,S:
7.64 mg-cm?) and thin LizPS, electrolyte layer (ca.
100 um), but it can only cycle for about 20 cycles at
a rate of 0.05 C. This indicates that SSLSBs with
high energy density are achievable [73].

Further development of SSLSBs requires more
fundamental understanding of the electrochemical
processes in the cells, so as to promote the cycle
performance of SSLSBs. The strongly recom-
mended future efforts are summarized in Fig. 5
and detailed in the following.

High loading solid cathode. To improve the energy
density, it is necessary to increasing the active
materials loading to more than 6 mg-cm ?, and
reduce the proportion of catholyte and conductive
agents to less than 50% in solid-state composite
cathodes. Therefore, it is important to construct
efficient ionic and electronic conducting networks.
Except for the use of special high-pressure dies,
innovative binders that can accommodate the dy-
namic volume change or SPEs with large elastic
modulus may help to resolve these challenges. In
addition, the cathode material could be specifically
designed to suit the needs in solid-state cathodes.
For example, solid-solid conversion can be realized
and no polysulfide is produced during charge and
discharge processes for organic sulfur cathode
materials, which has great advantages in SSLSBs
[32,74—77]. For the small number of reported
SSLSBs involving organic sulfur cathodes, the SE
layers used were mainly sulfide-based ISEs
[32,74,75]. Extending the SEs to SPEs and CSEs as
well as the related mechanisms are worth investi-
gating in the future.
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Fig. 5. Efforts should be made to furtherly improve the performance of SSLSBs at full-cell level.

The electrode-electrolyte interface. It is very impor-
tant to reduce contact impedance and improve
electrochemical stability in solid-state battery sys-
tem. For this goal, efforts should be made to pre-
vent polysulfide dissolution at the cathode side
and the heterogeneous deposition of polysulfide at
the anode side. Construction of polysulfide-block-
ing interlayers at the cathode is a feasible
approach. Besides, it is necessary to build thin and
strong solid electrolyte interphase (SEI) or develop
dendrite-free anode.

Novel SE systems. The SEs is the key component
in solid-state batteries. The amount of SE used in
the battery determines the energy density of the
battery to a large extent once the cathode and
anode active materials are selected. The conduc-
tivity of SE strongly affects the rate performance.
The structure and the manufacturing process of
SEs should be optimized to reduce the thickness of
the SE separator layer (within 100 pum) and
improve the areal ionic conductivity. Besides,
applying the SEs such as sulfide-based ISEs and
further developing SEs that form no intermediate
polysulfide are the fundamental solutions to the
dissolution and diffusion of polysulfides in
SSLSBs. It is also essential to widen the electro-
chemical window, improve the chemical stability
and mechanical properties.

Future material developments and interfacial
control may eventually pave the way towards
practical SSLSBs.
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