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Abstract

Sulfides have been widely acknowledged as one of the most promising solid electrolytes (SEs) for all-solid-state batteries
(ASSBs) due to their superior ionic conductivity and favourable mechanical properties. However, the extremely poor air
stability of sulfide SEs leads to destroyed structure/performance and release of toxic H,S gas, which greatly limits mass-
production/practical application of sulfide SEs and ASSBs. This review is designed to serve as an all-inclusive handbook
for studying this critical issue. First, the research history and milestone breakthroughs of this field are reviewed, and this is
followed by an in-depth elaboration of the theoretical paradigms that have been developed thus far, including the random
network theory of glasses, hard and soft acids and bases (HSAB) theory, thermodynamic analysis and kinetics of interfacial
reactions. Moreover, the characterization of air stability is reviewed from the perspectives of H,S generation, morphology
evolution, mass change, component/structure variations and electrochemical performance. Furthermore, effective strategies
for improving the air stabilities of sulfide SEs are highlighted, including H,S absorbents, elemental substitution, design of new
materials, surface engineering and sulfide-polymer composite electrolytes. Finally, future research directions are proposed

for benign development of air stability for sulfide SEs and ASSBs.
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1 Introduction

Widespread application of lithium-ion batteries (LIBs) in
electronic devices and electric vehicles confirms their great
importance in modern society [1]. However, commercial-
ized LIBs encounter the upper limit of energy density and

Pushun Lu and Dengxu Wu have contributed equally to this work.

< Hong Li
hli@iphy.ac.cn

P< Fan Wu
fwu@iphy.ac.cn

Tianmu Lake Institute of Advanced Energy Storage
Technologies, Liyang 213300, Jiangsu, China

Yangtze River Delta Physics Research Center,
Liyang 213300, Jiangsu, China

Beijing Advanced Innovation Center for Materials Genome
Engineering, Key Laboratory for Renewable Energy, Beijing
Key Laboratory for New Energy Materials and Devices,
Institute of Physics, Chinese Academy of Sciences,

Beijing 100190, China

School of Physical Sciences, University of Chinese Academy
of Sciences, Beijing 100049, China

severe safety issues due to leakage, low thermal stability
and flammability of organic liquid electrolytes (OLEs) [2,
3]. Replacing OLEs with nonflammable solid electrolytes
(SEs) would ultimately solve the safety problem and may
potentially enable use of lithium metal anodes for higher
energy density and make all-solid-state batteries (ASSBs)
the most desirable energy-storage devices and technologies
[4-12]. However, different types of SEs suffer from various
challenges. For example, among these are the large grain
boundary impedance and fragile ceramic nature for oxide
SEs [13, 14], low room-temperature ionic conductivity and
low Li* transfer number for polymer SEs [15, 16], limited
ionic conductivity and expensive manufacturing process for
thin film LiPON [17], etc.

Among all kinds of SEs, sulfide SEs have been widely
acknowledged as one of the most promising candidates
[7-15] due to their remarkable ductilities and high ionic
conductivities, which are on par with those of OLEs [18,
19]. However, their poor stabilities, including narrow elec-
trochemical windows [20-24], chemical/electrochemical
incompatibility with oxide cathodes [25-27] and lithium
metal anodes [28-35], and poor air stability [36], greatly
limit practical application of sulfide-based ASSBs [37].
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Among these problems, air stability is a common issue for
all or most solid-state batteries [38, 39]. Oxide-based SEs
can react slowly with humid air by Li*/H* exchange and
result in the formation of ionic resistive LiOH and Li,CO;,
which can increase the interfacial resistance [40—-44]. When
a halide SE such as Li;InCly is exposed to humid air, it first
becomes a crystalline hydrate and then decomposes into
In,05, HCI and LiCl [45, 46]. Although polymer SEs such
as PEO are chemically stable toward water and air, they are
oxidized easily during cycling in a pure O, environment [6,
47]. In particular, the extremely poor air stability leads to
evolutions of toxic H,S gas [48], formation of completely
damaged structures [49] and decayed performance [50] and
also makes synthesis, storage, transportation and posttreat-
ment of sulfide SEs very complex; they often require an
inert atmosphere or dry room, which significantly increases
production costs. For these reasons, numerous efforts have
been made to unravel the origins of poor air stability [36,
51] and to develop air-stable sulfide SEs exhibiting other
satisfactory properties [52].

In this comprehensive review, the research history of
sulfide SEs and milestone breakthroughs for air stability
are summarized. Then, theoretical explanations, including
random network theory tailored for glass materials, hard
and soft acids and bases (HSAB) theory based on the affini-
ties of chemical species, thermodynamic analyses based on
the energy changes for hydrolysis reactions, and kinetics
of interfacial reactions based on the reactivity of crystal-
line planes, are summarized to provide scientific interpre-
tations of the air instability problem. To better understand
structure-performance relationships, characterizations of
air stability, including the amount of H,S generated, mor-
phological evolution, mass changes, component/structure
variations and electrochemical performance, are reviewed.
Furthermore, effective strategies for developing air-stable
sulfide SEs, including use of H,S absorbents, elemental
substitution, design of new materials, surface coatings and
sulfide-polymer composite electrolytes, are highlighted.
Finally, future research directions and perspectives for the
air stability problem of sulfide SEs are proposed. The major
contents of this comprehensive review are summarized with
the schematic illustration in Fig. 1. This review is designed
to provide fundamental understanding and facilitate benign
development of air-stable sulfide SEs for mass production
and wide practical application of sulfide ASSBs.

2 Research History for the Air Stability
of Sulfide SEs and ASSBs

The earliest work on this topic involved the random network
theory of glass proposed by Zachariasen in 1932 for glassy
sulfide SEs, which was regarded as theoretical guidance
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Fig. 1 Framework for air stability research with sulfide SEs

for modifying glassy electrolytes. Research on the air sta-
bility of sulfide SEs attracted little attention until Martin
et al. [53] proposed improving the air stability of sulfide
SEs by decreasing the proportion of nonbridging sulfurs
in 2008. In 2011, Tatsumisago et al. [36] investigated the
structural changes undergone by glass and glass-ceramic
Li,S-P,S; sulfides in the atmosphere for the first time. In
2013, Hayashi et al. [48] successfully suppressed H,S gas
generation by adding metal oxides into glassy electrolytes
and used oxygen substitution to partially replace Li,S with
Li,O. Subsequently, a series of studies based on an oxygen
substitution strategy (e.g., xLi,O-(75 —x)Li,S-25P,S5 [54],
75Li1,S-(25 —x)P,S5-xP,05 [55] and LicPSs_, O Br [56]) were
reported. Although these were effective in improving air sta-
bility, the loss in ionic conductivity resulting from this strat-
egy was often criticized. In 2019, Xiao et al. [57] performed
cosubstitution of Zn and O and obtained a glass-ceramic
electrolyte with significantly enhanced air stability and ionic
conductivity. Moreover, they calculated the energy change
for hydrolysis involving the reactions of cosubstituted sulfide
SEs or pristine sulfide with H,O for the first time, which
further demonstrated the effectiveness of this strategy.
Subsequently, the codoping strategy was also successfully
applied to various sulfide SEs (e.g., Liz,3,P;_Zn S, O,
Lig_5,Zn,PS5_ O Br [58] and Lig 9g3P 994Nbg 25 10.93400.6
[59]), which led to comprehensively enhanced properties. In
2014, Liang et al. [51] proposed an innovative use of HSAB
theory, which was proposed by Pearson in 1963 [60], as the-
oretical guidance for designing air-stable sulfide SEs. More-
over, they prepared As-substituted Li,SnS, (LSS) with the
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highest known ionic conductivity and air stability among air-
stable and recoverable sulfide SEs. Based on HSAB theory, a
series of novel air-stable materials were developed. In 2019,
Hayashi et al. [61] successfully synthesized Li;SbS, with
higher air stability but reduced ionic conductivity, which was
one order of magnitude less than that of LSS. Huang et al.
[62] creatively synthesized air-stable Li,CugGe;S;, with an
open-framework structure and reversible water adsorption/
desorption capability. However, the parent phases of these
new materials (i.e., LSS, Li;SbS,, and Li,CuyGe;S,,) gen-
erally exhibited superior air stability but lower ionic con-
ductivity than the well-known thiophosphates. Fortunately,
various materials (e.g., Li; g335n( g33AS( 16694 [91], 0.4Lil-
0.6L1,SnS, [52], Li; gSn gSby »,S4 [63], Li; g5Sn; 55Sby 1554
[64]) from the Li,SnS, family were developed, and solu-
tion-coating was realized, which greatly advanced practi-
cal application. In aiming to develop air-stable sulfide SEs
suitable for dry-room conditions, Sun et al. performed soft-
acid substitution to obtain Sn-substituted LigPSsI [65] and
Sb-substituted Li;,GeP,S,, (LGPS) [50] with significantly
enhanced air stability and ionic conductivity in 2020. Fur-
thermore, other strategies, such as sulfide-polymer compos-
ite electrolytes [49, 66, 67] and surface engineering [68],
were proposed to improve the air stabilities of sulfide SEs. In
2020, Mo et al. [69] systematically investigated the moisture
stabilities of lithium ternary sulfides (Li-M-S) with different
central cations M with thermodynamic analyses, which pro-
vided guidance for designing air-stable sulfide SEs. All of
this significant progress on the air stabilities of sulfide SEs
is summarized in Fig. 2 for a clear demonstration.

3 Theoretical Explanations

As the understanding of the air stabilities of sulfide SEs is
deepening, various theoretical explanations have been pro-
posed from different perspectives, including the random net-
work theory of glass, HSAB theory, thermodynamic analysis
and kinetics of interfacial reactions.

3.1 Random Network Theory of Glass

In 1932, Zachariasen proposed the random network theory of
glass (RNTG) to explain glass construction from ionic poly-
hedra (e.g., tetrahedra and octahedra) arrangements exhib-
iting short-range order and long-range disorder (Fig. 3a).
Since early-stage SE research started from glass and glass-
ceramic sulfide SEs [70], the RNTG turned out to provide
theoretical guidance. In 2008, Martin et al. [53] pointed out
that nonbridging sulfur anions were unstable sites vulnerable
to be attacked by water molecules. Therefore, nonbridging
sulfur units were bridged by introducing trivalent ions such
as Ga>* and La’" to eliminate some nonbridging sulfurs and

improve the air stabilities of glasses. However, convincing
experimental data, such as the amount of H,S gas generated,
XRD patterns and other direct evidence, were lacking. In
2011, Muramatsu et al. [36] found that the air stabilities of
L,S-P,Ss sulfide SEs were related to their local structures.
The 75Li,S-25P,S5 glass and glass-ceramic sulfides con-
taining PS,>~ groups showed the highest air stabilities com-
pared with those of 67Li,S-33P,S5 glass and Li,S crystals
that contain P2874_ and Li—S-Li groups, respectively. They
concluded that the bridging sulfurs in PZS74_ and Li-S-Li
were first attacked by water molecules and transformed into
—SH groups, which subsequently reacted with water mol-
ecules and were finally transformed into H,S gas. In this
case, bridging sulfurs seemed to be less stable than non-
bridging sulfurs based on experimental results. Fukushima
et al. [71] found that 60Li,S-25P,S5-10Li;N glass-ceramic
sulfides exhibited high ionic conductivity and high stabil-
ity against moisture, which was attributed to formation of
crosslinks in the glass network due to nitrogen addition. In
addition to comparisons of air stabilities for various materi-
als in glass systems, air stability differences among glasses,
glass-ceramic and crystalline sulfide SEs must be studied
further [72].

3.2 Hard and Soft Acids and Bases Theory

In 1963, Pearson [60] proposed the hard and soft acids and
bases (HSAB) theory on the basis of Lewis acid-base theory.
According to the binding abilities of atoms, ions and mol-
ecules to electrons (from strong to weak), chemical species
can be classified into three categories: hard, boundary and
soft. Pearson [73] then defined absolute hardness to calcu-
late and quantify the hardness of various chemical species.
Subsequently, Klopman [74] further elaborated the HSAB
theory with molecular orbital theory. As shown in Fig. 3b,
soft bases and acids exhibit higher energy for the highest
occupied molecular orbitals (HOMOs) and lower energy
for the lowest unoccupied molecular orbitals (LUMOs),
respectively. The energy difference between them is small
and favors electron migration, which results in a low-energy
hybrid orbital and a strong covalent bond. In contrast, hard
bases and acids have lower HOMO energy and higher
LUMO energy (Fig. 3c), respectively. The energy difference
is large and unfavourable for electron migration. Therefore,
they are more inclined toward ionization, thus inducing Cou-
lomb interactions and forming strong ionic bonds. A combi-
nation of hard and soft chemical species generally induces a
weak ionic bond and leads to an unstable product. In conclu-
sion, the HSAB theory can be summarized in one sentence:
soft acids/bases have high affinities for soft bases/acids, and
hard acids/bases have high affinities for hard bases/acids,
which is confirmed by the high stability of their products. In
2014, Sahu et al. [51] first proposed that the HSAB theory
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Fig.2 Research history and milestone breakthroughs for air stabili-
ties of sulfide SEs and ASSBs. Reprinted with permission from Ref.
[36]. Copyright © 2010, Elsevier. Reprinted with permission from
Ref. [94]. Copyright © 2012, American Chemical Society. Reprinted
with permission from Ref. [119]. Copyright © 2017, Wiley-VCH.
Reprinted with permission from Ref. [57]. Copyright © 2018, Else-
vier. Reprinted with permission from Ref. [66]. Copyright © 2019,

might serve as a guideline for designing air-stable sulfide
SEs. With this guidance, Sn** [65], As>* [51, 75], Sb>* [50],
and other soft acids [62], which are inclined to bind tightly
with the soft base S?>~ and impede attack by H,O, have been
used to improve the air stabilities of sulfide SEs.

3.3 Thermodynamic Analysis
Thermodynamic analyses based on changes in Gibbs energy
for hydrolysis reactions between sulfide SEs and H,O facili-

tate evaluation of the air stabilities of various sulfide SEs
and screening of potential air-stable candidates. Liu et al.

@ Springer

American Chemical Society. Reprinted with permission from Ref.
[62]. Copyright © 2019, Wiley-VCH. Reprinted with permission
from Ref. [61]. Copyright © 2019, Elsevier. Reprinted with permis-
sion from Ref. [69]. Copyright © 2020, Wiley-VCH. Reprinted with
permission from Ref. [50]. Copyright © 2020, American Chemi-
cal Society. Reprinted with permission from Ref. [65]. Copyright ©
2020, Wiley-VCH

[57] first calculated the energy change to demonstrate the
improved air stability of ZnO-doped B-Li;PS,. Recently,
Zhu et al. [69] performed thermodynamic analysis to sys-
tematically investigate the moisture stability of lithium ter-
nary sulfides Li-M-S with different central cations M. As
shown in Fig. 3d, the overall stability trend with respect to
the central cations M is consistent with the empirical HSAB
theory and previous experiments. More specifically, sulfide
SEs with central cations Sn**, Sb>* and As>* showed sig-
nificantly better moisture stability than those containing B>*,
AP*, Si** and P*.
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Fig.3 Theoretical explanations. a Schematic illustration of the net-
work structure of glass materials. Reprinted with permission from
Ref. [150]. Copyright © 2005, Elsevier. Schematic illustration of
HSAB theory for b “soft-soft” and ¢ “hard-hard” reactions. Reprinted
with permission from Ref. [74]. Copyright © 1968, American Chem-
ical Society. d Energy for hydrolysis reactions of sulfides with differ-
ent central cations. Reprinted with permission from Ref. [69]. Copy-

3.4 Kinetics of Interfacial Reactions

Chemical reactions between sulfide SEs and air or moisture
first occur at their interfaces, so it is necessary to study the
kinetics of these interfacial reactions. Kim et al. [76] defined
the p-band centre of the S-ion (AEp) and segregation energy

of the S vacancy <Evs - | as electronic and structural
, seg

descriptors with which to evaluate the atmospheric instabil-
ity of B-Li;PS, based on density functional theory. Among

right © 2020, Wiley-VCH. e. Exposed crystalline planes (predicted)
of B-Li;PS,. f Linear relationship between (AEP) and (Evs, e )
Reprinted with permission from Ref. [76]. Copyright © 2020, Else-
vier. g Schematic illustration of anion polymerizations induced by
atmospheric  deterioration and electrochemical deterioration.
Reprinted with permission from Ref. [78]. Copyright © 2021, Ameri-
can Chemical Society

the four exposed surfaces (Fig. 3e), i.e., (111), (101), (001)
and (100), the (110) and (111) surfaces were subsequently
identified to be highly unstable due to their positive AE,, and
negative EVS, e’ which were observed to present a linear

relationship, as shown in Fig. 3f. Thus, formation and
growth of surfaces with high surface reactivities should be
suppressed during syntheses of sulfide SEs by controlling
the exposed crystalline planes. However, most of the cur-
rently synthesized sulfide SEs are polycrystalline powders

@ Springer
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with randomly exposed crystalline planes that deviate from
equilibrium crystal shapes following the Gibbs-Wulff theo-
rem. Despite the successful growth of single crystals of
LGPS [77], further development of a method for controlling
exposed crystalline planes with high chemical stabilities and
thus improving the air stabilities of sulfide SEs is required.

Subsequently, Kim et al. [78] revealed that H,O adsorp-
tion-dissociation reactions of surface Li ions constituted
the initial stage for deteriorative hydrolysis reactions of
sulfide SEs, as indicated by AIMD simulation results for
the Li;P;S; (100) surface. Then, they found and verified a
correlation between atmospheric and electrochemical deteri-
oration based on XPS results for air-exposed and delithiated
Li,P;S,, samples. More specifically, as shown in Fig. 3g,
Li-ion loss from the particle surface during delithiation
caused by electrochemical charging and formation of lithium
hydrates during air exposure promoted polymerizations of
anions from PS,*~ or P,S,*" to large P_S,“~%) anionic clus-
ters, which corresponded to transformations from P—S bonds
to P-S,—P bonds. Unfortunately, the polymerized anionic
structures lowered the energy barriers for H,S generation
and facilitated hydrolysis reactions instead of stimulating
passivation.

Recently, Xu et al. [79] investigated the influence of
crystallinity on air stability experimentally. They prepared
two representative samples with the same LigP;S4O; com-
positions and LGPS-type structures via mechanochemical
and melt quenching methods (denoted as M-LigP;S¢0;
and Q-LigP;S,0;, respectively). Q-LigP;S,05 exhib-
ited higher crystallinity, even at the particle surface, than
M-LiyP;S¢0;, which was confirmed by both XRD patterns
and TEM images. In this case, these two samples were first
exposed to air as powders and then subjected to temperature-
programmed desorption-mass spectrometry (TPD-MS) to
quantify the amounts of moisture and H,S gas adsorbed by
the powder or to measure the ionic conductivity retained
in the pellet state. Q-LigP;S¢O5 exhibited a much higher
ionic conduction retention rate (>70%) than M-LigP;S40,
(19%). In addition, the exposed Q-LiyP;S,0; released H,O
with a relatively lower evolution rate (1.8 ppm s~! at 358 K,
1 ppm= 1 pmol mol~!) and generated minor amounts of H,0
and H,S gas, whereas M-LiyP;S,0; emitted H,O at a faster
rate (45 ppm s~!) and generated large amounts of H,O and
H,S gas. Given that the chemical compositions and LGPS-
type structures were the same and there was only a small
difference in BET specific surface areas for Q-LigP5S405
(0.98 m? g7!) and M-LigP;S,0; (0.64 m* g™"), Xu et al.
speculated that the highly crystalline particle surfaces of
Q-LigP;S40; provided a limited number of defect sites for
H,0 molecules to adsorb on, thus slowing propagation of
the hydrolysis reaction from the surface to bulk regions and
consequently generating minor amounts of H,S gas.

@ Springer

In summary, research involving the random network the-
ory of glass and kinetics of sulfide-air interfacial reactions
is limited to glassy materials and specific crystalline planes,
respectively. Nevertheless, recent studies starting from the
perspective of interfacial reaction kinetics still generate
some interesting discoveries and deepen our fundamental
understanding of the mechanisms for hydrolysis reactions.
The HSAB theory based on binding of electrons to chemical
species contained in sulfide SEs and thermodynamic analy-
ses of the energy changes for chemical reactions are more
widely used.

4 Characterization of Air Stability

Air stability reflects the chemical stabilities of SE mate-
rials in an air environment. Air-stable SEs will not react
with any air components, such as nitrogen, oxygen, carbon
dioxide and moisture, and maintain their physicochemical
properties. Therefore, characterizations of the air stabilities
of sulfide SEs can be based on macroscopic chemical reac-
tion phenomena (i.e., amount of H,S gas generated [36, 80],
morphology [59, 66] and mass [65] changes with exposure
time), microscopic chemical components and structures,
and electrochemical properties and performance before and
after exposure to air, which are summarized in Fig. 4. The
amount of H,S gas generated is calculated from the concen-
tration detected by a H,S sensor after exposing sulfide SE
samples to a controlled atmosphere. Morphological changes
can be captured with optical photos or scanning electron
microscopy (SEM) images. Furthermore, mass changes
with exposure time can be recorded with thermogravimet-
ric analysis (TGA) apparatus [65]. Characterization of the
chemical components and structures of sulfide samples
before and after exposure to air is beneficial for identify-
ing the air stabilities of various sulfide SEs and understand-
ing the mechanisms of structural degradation and chemi-
cal reactions. In addition to the common characterization
methods universally adopted for materials research (e.g.,
X-ray diffraction (XRD), Raman and X-ray photoelectron
spectroscopy (XPS)), advanced characterization methods,
such as solid-state magic-angle-spinning nuclear magnetic
resonance (MAS-NMR) and synchrotron radiation source
(e.g., X-ray absorption near-edge spectra (XANES) and
extended X-ray absorption fine structure (EXAFS)), have
been applied to determining air stabilities for sulfide SEs.
Finally, analyses of the electrochemical properties of sulfide
SEs and electrochemical performance of sulfide ASSBs with
air-exposed sulfide SEs contribute to the establishment of
structure-performance relationships.
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Fig.4 Methods for character-
izing the air stabilities of sulfide
SEs
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Fig.5 Measurement of H,S gas amounts. a Conventional detect-
ing system. Reprinted with permission from Ref. [66]. Copyright ©
2019, American Chemical Society. b, ¢ Improved detecting systems.

4.1 Macroscopic Chemical Reaction Phenomena

Sulfide SEs show hygroscopic properties and generation of
toxic H,S gas when exposed to humid air, leading to evolu-
tions in morphology and mass changes.

Reprinted with permission from Ref. [83]. Copyright © 2021, Ameri-
can Chemical Society. d Our designed detecting system. Reprinted
with permission from Ref. [84]. Copyright © 2021, Wiley-VCH

4.1.1 Amount of H,S Gas Generated

The amount of H,S gas generated has generally been
regarded as a critical index for evaluating air stability and
the possibility of practical applications of sulfide SEs. As
shown in Fig. 5a, the conventional method for measuring the
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amount of H,S gas generated is to place a sulfide sample into
a closed desiccator/container with a certain volume, expose
the sulfide sample to a precontrolled atmosphere with tem-
perature and relative humidity (RH) within certain ranges
and record H,S gas concentrations in real time with a gas
sensor [81, 82]. The total amount of H,S gas generated (V)
can be calculated with Eq. (1) [80]:
V=C><L><10‘6’ )
m
where V denotes the total amount of H,S generated (cm®
g~ 1) normalized by the weight m of the sulfide electrolyte
sample (g), C denotes the value recorded for the H,S concen-
tration (ppm), and L is the volume of the desiccator (cm?®).
However, accurate measurement of the H,S gas amount
generated still encounters three major challenges, including
position-related and time-delayed detection of the H,S gas
concentrations and fluctuations of RH as the hydrolysis reac-
tion occurs. Due to point detection by the gas sensor and the
heterogeneous distribution of H,S gas in the whole space of
the desiccator, the detected concentration is position-related.
Specifically, the large density and slow diffusion rate of H,S
gas hinder uniform diffusion and instant detection, which
leads to accumulation of H,S gas around the sulfide sample
as the hydrolysis reaction occurs at the interface between
the sulfide SE and air/moisture. In other words, the closer
the gas sensor is to the sulfide sample, the higher the con-
centration of H,S gas detected. Therefore, a small electric
fan was additionally placed in the desiccator to circulate the
atmosphere (Fig. 5b and c) and create an approximately uni-
form distribution of H,S gas [83], which made the detected
value of H,S concentration more representative. However,
the possibility of time-delayed detection still exists because
instantly generated H,S gas circulates with air flow until
it is detected by the gas sensor. Moreover, the fluctuations
of RH during the continuous hydrolysis reaction probably
influence the rate for generation of H,S gas. Subsequently,
Kimura et al. [61] overcame this problem by exposing
sulfide samples to flowing air with a constant RH and flow
rate. Inspired by this idea, a pump suction-type gas sensor
was used instead of a point detection sensor based on gas
diffusion, and the whole setup was connected to a pipeline
to achieve unidirectionally flowing gas, instant detection of
H,S gas and a constant RH for the exposed atmosphere [84],
as shown in Fig. 5d. Therefore, this design overcame the
aforementioned challenges for accurate measurements of
H,S gas. The total amount of H,S generated was calculated
with Eq. (2).

23] Cy(ppm)v(cm?® min™") A#(min) x 10~

3 1
A(em® g7!) )

k)

(@)
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where A denotes the total/accumulated amount of H,S gener-
ated normalized by the weight (M) of S atoms in the sulfide
electrolyte sample, Cy, denotes the Nth recorded value for
the H,S concentration, v is the air-flow velocity and At is the
time interval of recording.

In this review, reported data obtained from air stabil-
ity tests of various sulfide SEs are summarized in Table 1.
The improved air stabilities of modified sulfide SEs can be
confirmed by the lower amounts of H,S gas generated and
minor structural degradations. Two obvious conclusions can
be drawn from the data in Table 1. The larger the exposed
surface area between the sulfide sample and the atmosphere
is, the intenser the hydrolysis reaction is, and the larger the
amount of H,S gas generated. The higher the RH used for
exposure of the sulfide sample is, the more H,S gas gener-
ated. However, it is difficult to quantitively identify air sta-
bility differences among various sulfide SEs based on data
collected from numerous reports due to the differences in
detecting systems, exposure conditions (e.g., volume of the
airtight container, temperature, relative humidity and expo-
sure time, specific surface area, morphology and crystallin-
ity of sulfide samples) and evaluation methods. Therefore,
it is necessary to establish a unified standard for measuring
the amount of H,S gas generated to achieve comparable data
from different labs.

4.1.2 Changes in Morphology and Mass

In addition to generation of H,S gas, morphology and mass
changes also occur during hydrolysis reactions. Morphologi-
cal changes in sulfide SE powders, pellets and membranes
before and after exposure to humid air were investigated.
Recently, Lu et al. [84] used optical imaging to record
the morphological changes of Lig 54,Si; 74P 4451 7Cly 3
(LSPSC), LisPS, (LPS), LSS and Li; g755n( g75A80 12554
(LSAS) powders upon exposure to a humid atmosphere
(100% RH). While LSPSC and LPS suffered from large
volume changes and obvious colour changes, LSS and
LSAS only absorbed H,O molecules and turned into trans-
parent solutions without hydrolysis reactions, as shown in
Fig. 6a. Tufail et al. [85] performed ex situ SEM charac-
terizations for particles of the glass-ceramic Li,P5;S,; and
the Lig 9571 5P 9519500 114 €lectrolyte. The morphology
of Li;P;S, became porous when it was exposed to humid
air, while the Lig 9571 45P, ¢S 0500 11o4 €lectrolyte with
enhanced air stability retained its morphology and showed
no discernible variation. Tufail et al. further investigated
ex situ SEM images of the cross-sections and surfaces of
Li,P;S,, and Li;Sby (sP5 955,051y 5 pellets. While the mor-
phologies of the Li;Sby o5P5 95510 51 5 pellets were similar
before and after exposure to moist air with a 40%-47%
humidity for 20 min, the morphology of pristine Li;P;S
showed more cracks (Fig. 6b). Optical images captured by
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Table 1 Air stability data for sulfide SEs

Electrolyte Testing setup ~ Sample mass and Exposure Exposure time/ Amounts of  Classification Reference
or characteriza- morphology atmosphere min HZS/(cm3
tion method (relative g_')
humidity and
temperature)
67Li,S-33P,S; Sealed desic- 100 mg (pellet)  48%-51%, 1 2 Glass [36]
cator (2 000 24-25°C
cm®) with
a fan
70Li,S-30P,S; Sealed desic- 100 mg (pellet)  48%—51%, 1 0.9 Glass [36]
cator (2 000 24-25°C
cm®) with
a fan
75Li,S-25P,S; sealed desic- 100 mg (pellet)  48%-51%, 1 0.01 Glass [36]
cator (2 000 24-25 °C
cm®) with
a fan
75Li,S-25P,S; sealed desic- 100 mg (pellet)  48%—-51%, 1 0.2 Glass-ceramic [36]
cator (2 000 24-25 °C
cm®) with
a fan
80Li,S-20P,S; Sealed desic- 100 mg (pellet)  48%—51%, 1 0.6 Glass [36]
cator (2 000 24-25 °C
cm®) with
a fan
90(0.75Li,S-0.25P,S5) Sealed desic- 100 mg (pellet) 26%—-37%, 10 0.02 Composite [48]
-10Fe,04 cator (2 000 19-22 °C
cm®) with
a fan
90(0.75Li,S5-0.25P,S5) Sealed desic- 100 mg (pellet) 26%—-37%, 10 Almost 0 Composite [48]
-10ZnO cator (2 000 19-22 °C
cm®) with
a fan
90(0.75Li,S-0.25P,S5) Sealed desic- 100 mg (pellet) 26%-37%, 10 Almost 0 Composite [48]
-10Bi,04 cator (2 000 19-22 °C
cm®) with
a fan
17Li,0-83(0.7Li,S-0.3P,Ss)  Sealed desic- 100 mg (powder) 80%, 20-25°C 10 <0.009 Composite [54]
cator (1 750
cm®) with
a fan
20Li,0-80(0.7Li,S-0.3P,S5)  Sealed desic- 100 mg (powder) 80%, 20-25°C 10 <0.009 Composite [54]
cator (1 750
cm®) with
a fan
25Li,0-75(0.7Li,S-0.3P,S5)  Sealed desic- 100 mg (powder) 80%, 20-25°C 10 <0.009 Composite [54]
cator (1 750
cm®) with
a fan
65Li,S-30P,S5-5Li,0 Sealed plastic 100 mg (pellet)  60%—70% 10 4 Glass-ceramic  [99]
jar (4 000
cm’)
75Li,S-15P,S5-10P,05 Sealed desic- 100 mg (pellet)  40%—53%, 25 0.06 Glass [55]
cator (2 000 24-27 °C
cm’) with
a fan
30Lil-70(0.07Li,0-0.68Li,S- Sealed desic- 100 mg (powder) 80%, 20-25°C 1 <0.009 Glass [153]

0.25P,S5)

cator (1 750
cm?®) with
a fan
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Table 1 (continued)

Electrolyte Testing setup ~ Sample mass and Exposure Exposure time/ Amounts of  Classification Reference
or characteriza- morphology atmosphere min H,S/(cm®
tion method (relative g_l)
humidity and
temperature)

60Li,S-25P,S5-10Li;N Sealed desic- 50 mg (powder)  70%, 20-22 °C 40 0.95 Glass-ceramic [71]
cator (2 000
cm®) with
a fan

75Li,S-25P,S5 Sealed desic- 50 mg (powder)  70%, 20-22 °C 40 1.97 Glass-ceramic [71]
cator (2 000
cm®) with
a fan

Li,PS,I Sealed desic- 15 mg (pellet) 40%, 20 °C 540 0.96 Crystal [81]
cator (2 000
cm’)

B-LisPS, Sealed desic- 15 mg (pellet) 40%, 20 °C 540 8.3 Crystal [81]
cator (2 000
cm’)

Lis 6Py 95714 0S5 9500 02 Sealed con- 100 mg (pellet)  55%, 30 °C 180 0.0175 Glass-ceramic  [57]
tainer (1 750
cm?) with
a fan

Lig_, Zn PSs_ O Br XRD — (powder) 10% 10 - Crystal [58]

(x=0.15)

LigPS, ;0 ;Br XRD — (powder) 35% 10 - Crystal [56]

Lig 95P2 994NB( 251093400 6 Sealed desic- 100 mg (powder) 40%—45%, 60 0.489 6 Glass-ceramic [59]
cator (2 880 25°C
cm®) with
afan

Li,;Sng P, ¢S50 Sealed con- 100 mg (pellet)  40%—-45%, 4.2 (250s) 22 Glass-ceramic  [86]
tainer (93 L) 20-25°C

Li;P, ¢Sby 1510750025 Closed con- — (powder) 25%-30%, 66.67(4 000s) 1.02 Glass-ceramic [106]
tainer (5 000 25°C
cm®) with
a fan

LPSI-208n (Lig 5P ¢Sny,SsI)  XRD — (powder) 10% 1 440 (over- - Crystal [65]

night)
Li; ,PysSn;,S, XRD — (powder) 5% 1 440 (over- - Glass-ceramic  [93]
night)
Li,,Ge(P,_,Sb,),S;, Sealed con- 350 mg (powder) 1%—3% 24 h <0.053 Crystal [50]
(x=0.75) tainer (18

600 cm®)

Li;Sb 0sP5 95S 10 5105 Sealed jar (2 200 mg (Tablet) 40%-47%, RT 35 0.37 Crystal [82]
880 cm?)

Na;Pj 6,AS) 6354 Sealed desic- 200 mg (powder) 45% 6 1.3 (ppm) Crystal [112]
cator

Lis (PS, (CIBr 4 Sealed con- 400 mg (powder) 10% 55 0.35 Crystal [114]
tainer (2 L)

Lig,,,ALP,_SsCl (x=0.075) Sealed con- 100 mg 30%, 25 °C 5 95.6 (ppm)  Crystal [83, 115]
tainer (5 250
cm’)

Lig 5Inj 55P( 75551 Sealed con- 150 mg (pellet)  10% 60 0.18 Crystal [113]
tainer (10 L)

Lig 3P oCuy 1S, 4Cl, 4 Sealed desic- 100 mg (pellet)  55%—60% 25 0.90 Crystal [110]

cator with a
microfan
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Table 1 (continued)

Electrolyte Testing setup ~ Sample mass and Exposure Exposure time/ Amounts of  Classification Reference
or characteriza- morphology atmosphere min H,S/(cm®
tion method (relative g_l)
humidity and
temperature)
Li;P, ¢Ce(»S199Clo 3 Airtight box (2 100 mg (powder) 40%, 25 °C 60 0.55 Glass-ceramic [111]
500 cm?)
Li; g335n g33A8 16654 XRD — (powder) 80%,17.8°C  48h - Crystal [51]
Li,SnS; XRD — (powder) 60%, 20 °C One week - Crystal [118]
Lil-Li,SnS, EXAFS — (powder) dry air, 30°C 24 h - Glass [52]
Li,SnS, (solution processed) Closed con- Aqueous solution — 60 almost 0 Crystal [119]
tainer (2.5L) (100 mg:1 mL)
with a small
electric fan
Li,SnS, (hexagonal) A closed desic- 50 mg (powder)  70%, 20-22 °C 40 0.25 Crystal [80]
cator (2 000
cm?) with a
small electric
fan
Li; ¢Sny sSby ,S, Closed space ~ — (powder) 60%, 22 °C > 100 Almost 0 Crystal [63]
(900 cm®)
Lis ¢5Sn( g5Sby 1554 Closed 2.6 — (powder) 50%, RT - Almost 0 Crystal [64]
L chamber
with a small
electric fan
Li;SbS, Container with 50 mg (powder)  70%, RT 950 <1 Glass [61]
flowing air
Na, ¢¢Sb W 1254 Sealed con- 100 mg (pellet)  70%, 24-26 °C 30 0.1 Crystal [130]
tainer (2 L)
Lig ¢Geg 6Sby 4S5l Sealed desicca- 200 mg (pellet)  35%—40% 105 0.26 Crystal [139]
tor (2.5L)
Lig sGe sSby 5551 Sealed con- 100 mg 15%, 20 °C 10 0.024 Crystal [83]
tainer (4 L)
with a small
electric fan
Li6.75510.755b¢ 25551 Sealed con- 100 mg (powder) 15%, 20 °C 10 ~20 (ppm)  Crystal [140]
tainer (4 L)
with a small
fan
LiSnOS XRD — (sheet) - Two weeks - Crystal [135]
Na,,SnSb,S,, Sealed con- 150 mg (pellet)  55%, 30 °C 180 0.015 Crystal [146]
tainer (1 750
cm?®)
Li,P;S,,-5%SEBS Air-filled 100 mg (mem- 50%-55%, 10 12.5 Composite [66]
desiccator brane) 22-24 °C
(0.31 e,
1f£=0.028
316 8 m?)
with a fan
PGMA-50%Li;PS, In situ XRD — (membrane) 20%, RT 20 - Composite [49]
Li;,PS¢/PVDF-HFP SCE XRD, Raman - (membrane) Ambient air - - Composite [67]

Li et al. [86] indicated that undoped Li,P;S, reacted with
H,O immediately, while Li;Sng P, ¢S, 50, remained sta-
ble for 60 min. Although Na;SbS, is stable in dry air, the
surface morphology of the Na;SbS, pellet became rough and
uneven with pulverization due to hydration in humid air, in

contrast to the smooth and flat surfaces of the bare sample
[87]. Tan et al. [66] recorded the morphology changes of the
pristine Li;P;S, film and the SEBS-Li,P;S,; composite SE
film after flooding in water. The pristine Li,P;S,; film was
completely hydrolyzed and disappeared once it came into
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c Li,PS,Cl membrane with the F-POS@LATP coating layer
B . . - ° e B ®
by @ - ‘O o "0 » "0 B
- e et §, ~Tg © e L1 \U,,tw@

lets. Reprinted with permission from Ref. [85]. Copyright © 2021,
Elsevier. ¢ Spray-coated and bare Li,PSsCl membranes. Reprinted
with permission from Ref. [88]. Copyright © 2021, Wiley-VCH

Fig.6 Morphological evolution of sulfide SEs. a LSPS, LPS, LSS
and LSAS particles. Reprinted with permission from Ref. [84]. Copy-
right © 2021, Wiley-VCH. b Li,P;S;; and Li;Sb 4sP, 9550515 pel-
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Evolution of Microscopic Component and Structure
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Fig.7 Evolution of the microscopic components and structures.
Humid-air exposure of pelletized Li,S-P,S5 glasses with different
Li,S contents. a Amount of H,S gas generated. Raman spectra for b
67%Li,S-33%P,Ss glass and ¢ Li,S crystal before and after exposure
to humid air for 4 min, 90 min and 1 day. Raman spectra of 75%Li,S-
25%P,S5 glass and glass-ceramic d before and e after exposure to

contact with water, while the SEBS-Li;P;S,, film retained
its original shape despite being immersed in water. Xu et al.
[88] designed a protective layer consisting of fluorinated
polysiloxane (F-POS)-coated Li, 4Al, 4Ti, ((PO,); (LATP)
nanoparticles on the surface of a LigPSsCl membrane. Even
during continuous dripping of water, the LigPSsCl mem-
brane with the superhydrophobic layer repelled the water
droplets and maintained its original morphology, whereas
the bare LizPS;Cl membrane presented a colour change and
a violent reaction, as shown in Fig. 6c.

Zhao et al. [65] investigated the reactivities of LigPSsI
(LPSI) and Sn-substituted LPSI-20Sn with O, by exposing
these two SEs to a pure oxygen atmosphere and monitored
the mass changes with exposure times in a TGA appara-
tus. The mass of LPSI increased by 1.12% after exposure
to pure oxygen for 10 h, while that of LPSI-20Sn increased
by 0.35% after exposure to the same atmosphere for 20 h.

4.2 Microscopic Components and Structures

The structural changes and stabilities of Li,S-based sulfide
SEs exposed to air were first studied by Muramatsu et al.

humid air. Structural changes of f P,S;* in 67%Li,S-33%P,S; glass
and g crystalline Li,S in humid air. h Ionic conductivity of pelletized
75%Li,S-25%P,Ss glass-ceramic as a function of exposure time.
Reprinted with permission from Ref. [36]. Copyright © 2010, Else-
vier

[36]. They found that the air stabilities of L,S-P,S5 glass
and glass-ceramic SEs were related to their local structures,
which changed with changing molar proportions of Li,S.
A series of SEs with different molar proportions of Li,S
(i.e., 67%, 70%, 75%, 80% and 100%) were pressed into
pellets and then exposed to humid air in the desiccator to
determine their air stabilities from the amount of H,S gener-
ated. As shown in Fig. 7a, the amount of H,S generated first
decreased, reached a minimum at a Li,S molar proportion
of 75% and then increased. Raman spectra (Fig. 7b and c)
of 67L,S-33P,S; glass and Li,S crystals before and after
exposure for 4 min, 90 min and one day showed evolution
of local structures or chemical groups according to exposure
time. The P,S,*~ peak at 407 cm™! gradually weakened and
disappeared with longer exposure, and this was accompanied
by the emergence of new peaks at 2 560 and 3 300 cm™!,
which corresponded to S—H and O-H groups, respectively.
Similarly, Li—S groups were indicated by a peak 376 cm™!,
and this gradually weakened and disappeared as new peaks
emerged at 2 560, 3 300 and 3 600 cm™"; these corresponded
to S—-H, O—H and Li—-O-H groups, respectively. Based on the
aforementioned changes in local structures, they speculated
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Electrochemical Performance after Air Exposure
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that both the P,S,*~ group in 67Li,S-33P,S; glass and the
Li-S group in crystalline Li,S underwent two-step hydroly-
sis reactions (Fig. 7f and g) and ended up generating H,S gas
after breaking of bridging sulfur bonds. In contrast, Raman
spectra for the 75Li,S-25P,S5 glass and glass-ceramic elec-
trolytes before and after exposure to air for one day showed
no additional peaks except for those corresponding to the

@ Springer

PS,*~ group (Fig. 7d and e). Furthermore, the ionic conduc-
tivity of the 75Li,S-25P,S; glass-ceramic pellet decreased
slightly from 1.9x 107 S cm™' to 1.5x10™* S cm™! after
exposure to air for 7 h (Fig. 7h). Therefore, 75Li,S-25P,S;
glass and glass-ceramic electrolytes with local structures
based on PS,*~ groups exhibited the highest air stabilities
among Li,S-P,Ss sulfide SEs, which was corroborated by the
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«Fig. 8 Electrochemical performance of ASSBs with air-exposed
sulfide SEs. a Charge-discharge profiles of NMC811/SE/Li-In
ASSBs with P-LigPSsCl and Z-LigPSsCl before (the solid line) and
after exposure (the dotted line). b Cycling performance of ASSBs
with air-exposed P-LicPSsCl and Z-LigPSsCl. Reprinted with per-
mission from Ref. [90]. Copyright © 2020, The Electrochemical
Society. ¢ Voltage profiles for LiCoO,/LPS/Li-In cells in which the
LiCoO, composite electrodes are the LPS/LiCoO, mixed elec-
trodes or 0.4Lil-0.6Li,SnS,-coated LiCoO, electrodes before and
after exposure of LPS powders and the 0.4Lil-0.6Li,SnS,-coated
LiCoO, powders to dry air for 24 h. Reprinted with permission
from Ref. [52]. Copyright © 2015, Wiley-VCH. d Charge-dis-
charge curves of In/Li; Ge(P)g,5Sb75)2S,,/LiCoO, cells with
Li;(Ge(Py 9255by 75),5 1, before and after air exposure. Reprinted with
permission from Ref. [50]. Copyright © 2020, American Chemical
Society. Charge and discharge profiles at 0.5 C and 55 °C for ASSBs
using the NMC811 cathode, the graphite-protected Li metal anode
and Lig s,Si; 74(P;_Sb,); 45,1 7Cly3 as the solid electrolyte before
and after air exposure at e x=9.7% and f x=0. Reprinted with per-
mission from Ref. [91]. Copyright © 2021, Elsevier. Charge and
discharge profiles of g LCO@LNO/LSAS/LTO ASSB fabricated
in humid air (70% RH, 28.9 °C) and h LCO@LNO/SE/LTO ASSB
with air-exposed LSAS after heat treatment at 280 °C. Reprinted with
permission from Ref. [84]. Copyright © 2021, Wiley-VCH. Charge-
discharge profiles of LCO@LNO/SE/LTO ASSBs using i a bare
LizPSsCl membrane after exposure to water and j an LATP@F-POS/
LicPSsCI/LATP@F-POS membrane. 1 mL in~? = 0.155 mL cm™>
Reprinted with permission from Ref. [88]. Copyright © 2021, Wiley-
VCH. k Comparison of rate performance for cells with SCE and
PVDF-HFP/LIiTFSI polymer electrolytes. Reprinted with permission
from Ref. [67]. Copyright © 2020, American Chemical Society

amounts of H,S generated, local structures and ionic con-
ductivities. In addition, X-ray diffraction (XRD) is generally
used to identify changes in the overall crystalline structures
of various sulfide SEs after exposure to air and generation
of hydrolysis reaction products. Moreover, the local struc-
tures and chemical components of sulfide SEs before and
after exposure to air have been characterized by MAS-NMR,
XANES, EXAFS and XPS, which will be described in sub-
sequent sections.

4.3 Electrochemical Properties and Performance

The air instabilities of sulfide SEs lead to structural dam-
age and side product formation, which greatly degrades the
electrochemical properties of sulfide SEs/ASSBs. At the
material level, the ionic conductivities of sulfide SEs after
exposure to humid air exhibit different degrees of diminu-
tion according to their different air stabilities. After exposure
to humid air, the ionic conductivities of air-instable sulfide
SEs (e.g., LisPS,, LigPSsCl and LGPS) decrease dramati-
cally due to hydrolysis reactions and undesired products.
For air-sensitive sulfide SEs (e.g., due to oxygen or soft-acid
substitution) that exhibit stability toward water, the ionic
conductivity also decreased due to slow but irreversible
hydrolysis reactions. In contrast, the ionic conductivities of
air-stable sulfide SEs (e.g., LSS, Li;SbS,) were only reduced

slightly due to absorption of water, and they can be recov-
ered by removing the water. It is worth noting that some
moisture-exposed materials, such as Li,CugGe;S;, [62] and
Li,Sn,S5[89], even exhibited elevated ionic conductivity,
which may have originated from proton conduction or accel-
eration induced by coupling of Li* and water molecules,
which will be discussed in subsequent sections. However,
the electronic conductivities and electrochemical stabilities
of air-exposed SEs have not been studied deeply.

The electrochemical performance of a full cell is expected
to worsen due to reduced ionic conductivity and undesired
products. Cho et al. [90] incorporated zeolite into LigPS;Cl
as a scavenger for H,O and toxic H,S gas and to mitigate
the hydrolysis reaction of LicPS;Cl. As shown in Fig. 8a,
an ASSB with zeolite-incorporated LigPSsCl (Z-LigPS5Cl)
showed a much lower overpotential than pristine LigPSsCl
(P-Li4zPSsCl). While the ASSB with P-LiPS;Cl exhibited
a low discharge capacity and a rapid loss of capacity, the
ASSB with Z-LigPSsCI showed a much higher discharge
capacity and superior cyclability (Fig. 8b). Park et al. [52]
assembled ASSBs from a Li;PS,/LiCoO, mixture and a
0.4Lil-0.6Li,SnS,-coated LiCoO, cathode before and after
exposure to dry air for 24 h, respectively. While the Li;PS,/
LiCoO, mixture cathode exhibited a significantly increased
overpotential and decreased capacity after exposure to dry
air (Fig. 8c), the capacity of the 0.4Lil-0.6Li,SnS,-coated
LiCoO, cathode was slightly reduced after exposure to dry
air, which indicated potential compatibility with practical
applications. Liang et al. [50] reported that the reversible
capacity (Fig. 8d) of an ASSB constructed with air-exposed
Li,,Ge(P,_,Sb,),S;, at 0.1 C was only slightly reduced
compared with that containing fresh Li;,Ge(P,_,Sb,),S,,
which originated from the enhanced air stability caused
by Sb substitution. Interestingly, Ye et al. [91] found that
an ASSB with Lig 5451, 74(P;_,Sb,); 4451, 7Cly 3 x=9.7%)
showed a slightly improved specific capacity of 182.4 mAh
g~ ! after one hour of air exposure and better long-term
cycling stability than even pristine Lig 5,51 74P} 44511 7Cl 3
(Fig. 8e and f). The mechanisms behind these phenomena
are still unknown. Lu et al. [84] reported that ASSBs with
air-exposed and heat-treated Li; g755n g75AS( 12554 (LSAS)
exhibited superior performance for the heat-treated sample,
as indicated by a high discharge capacity and long-term
cycling stability, whereas that with the air-exposed sample
showed merely negligible discharge capacity (Fig. 8g and
h). The enhanced performance may be attributed to revers-
ible water adsorption/desorption by LSAS and favorable
interfacial products generated from trace amounts of water.
Xu et al. [88] designed a superhydrophobic layer for the
LicPS;Cl membrane without sacrificing the electrochemi-
cal properties even after water exposure. While the ASSB
with the bare LiPSsCl membrane exhibited no capacity
(Fig. 8i), the ASSB with the LizPS;Cl membrane delivered
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Fig.9 Methods for improving the air stabilities of sulfide SEs

a discharge capacity comparable to that seen with an unex-
posed membrane (Fig. 8j). Li et al. [67] prepared an air-
stable membrane comprising a Li;PS4-embedded compos-
ite electrolyte in an ambient environment. The ASSB with
this air-exposed membrane exhibited a high rate capacity
(Fig. 8k) because the poly(vinylidenefluoride-co-hexafluo-
ropropylene) (PVDF-HFP) polymer matrix protected the
Li,;PSg sulfide SE from air. Therefore, it is crucial to investi-
gate the interfacial stabilities of sulfide SEs with electrodes,
including identification of reaction products and degrada-
tion and stabilization mechanisms for ASSBs with pristine
and air-exposed sulfide SEs. Tian et al. [87] found that a
Na;SbS,-8H,0 hydrate coating layer was beneficial for inter-
facial stability with Na metal, which was formed in situ on
the surface of the Na;SbS, SE after exposure to humid air
(68% RH) for 10 min. Due to formation of passivating prod-
ucts (i.e., NaH and Na,O) and the reduced fraction of the
electronically conducting phase (i.e., Na;Sb) at the interface,
decomposition of Na;SbS, SEs and impedance growth upon
cycling were limited. This reactivity-guided interface design
ingeniously takes advantage of the instabilities of sulfide
SEs toward humid air and constructs an effective passivation
or protection layer, which will inspire further studies on the
relationships between the air stabilities of sulfide SEs and
the electrochemical performance of sulfide ASSBs.

In summary, various characterization methods have been
developed to investigate the air stabilities of sulfide SEs from
different perspectives, including macroscopic chemical reac-
tion phenomena, microscopic components/structures and
electrochemical properties. Among these characterization
methods, it is advisable that basic and universal methods,
including measurements of H,S generation upon exposure,
XRD of crystal structures, Raman spectra of local struc-
tures and measurements of ionic conductivity before and
after exposure, should be performed to construct a unified
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system for evaluation of data from different labs. Advanced
characterization methods, such as XAS, NMR and in situ
TEM, can be alternative approaches providing further proof
and deepening our understanding.

5 Strategies to Improve Air Stability

After decades of research, five promising strategies (Fig. 9)
have been proposed to improve the air stabilities of sulfide
SEs: (1) using additives to absorb H,S gas [48, 92], (2) par-
tial substitution of S>~ by oxygen anions [54, 56, 57] or the
hard base P>* by soft acids [50, 65, 93], (3) designing new
materials with soft acids as the central cations [61, 94], (4)
surface coating or passivation [68] and (5) construction of
sulfide-polymer composite electrolytes [49, 66]. All of these
strategies were shown to be effective in reducing the amount
of H,S gas generated (Table 1). Among them, substitution
with oxygen or soft acids and designing new materials are
currently considered optimal solutions for improving the
inherent air stabilities of sulfide SEs. The strategy of con-
structing composite SEs is promising for integrating the
advantages of sulfide and polymer SEs [95], thus potentially
satisfying all prerequisite properties of SEs and accelerating
commercialization of ASSBs. However, as H,S absorbents,
metal-oxide additives decrease the ionic conductivities of
sulfide SEs and consume only H,S via chemical reactions
instead of improving the inherent air stability. It is note-
worthy that strategies tailored toward improving air sta-
bility generally induce changes in other critical properties
(e.g., ionic conductivity and compatibility with Li metal) of
sulfide SEs, as summarized in Table. 2.
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5.1 H,S Absorbents

Given that ZnO reacts with H,S gas to function as an absor-
bent, Hayashi et al. [48] speculated that the chemical reac-
tion between metal oxide M, O, and H,S gas follows Eq. (3).

M,0, + H,S - M,S, + H,0. 3)

As the change in Gibbs free energy should be large and
negative to absorb H,S gas effectively, three metal oxides
(Fe,O3, ZnO and Bi,0;) were screened due to their large
Gibbs free energy (AG) (—43.9,-78.0 and —232.0 kJ mol ™!,
respectively). Fe,O5, ZnO and Bi,0; nanoparticles were
physically mixed with Li;PS, glass powders by ball milling
at 230 r min~! for 2 h. As shown in Fig. 10a and b, both the
ZnO and LPS glasses remained after ball milling, and *'P
MAS-NMR spectra taken before and after ZnO addition did
not differ, suggesting that there was no chemical interac-
tion between ZnO and LPS glass. Fe,0;, ZnO and Bi,0; in
composite electrolytes absorb H,S gas effectively. Among
them, Bi,O; showed the optimal absorption effect because
it has the most negative AG, and almost no H,S gas was
detected by the gas sensor (Fig. 10c). Furthermore, forma-
tion of ZnS (Fig. 10d) after air exposure of composite elec-
trolytes with ZnO and LPS glass indicated that the reaction
between ZnO and H,S followed Eq. (3). Unfortunately, the
ionic conductivity decreased monotonically with increasing
mole percentage of ZnO, as shown in Fig. 10e. Therefore, it
is necessary to find the optimal mole percentage of ZnO to
strike a balance between air stability and ionic conductivity.

Subsequently, Hayashi et al. [92] added FeS and basic
metal oxides (e.g., Li,O, MgO, CaO and CuO) into
75Li,5-25P,S5 glass to catalyze the decomposition of H,S
and react with acidic H,S gas. It was obvious from the XRD
patterns that the additives and 75Li,S-25P,S5 glass existed
independently without any chemical interactions (Fig. 10f).
As shown in Fig. 10g, these additives suppressed H,S gas
generation, and the inhibition effects decreased in the order
FeS > CuO > CaO > Li,O > MgO. However, the ionic con-
ductivities of these composite electrolytes decreased due to
addition of nonionic conductors. Fortunately, FeS showed
optimal inhibition of H,S gas generation and induced mini-
mal loss of ionic conductivity.

Apart from some specific metal oxides that react with
H,S or even H,O, porous materials, such as zeolites, absorb
H,0 molecules and target harmful gases [96, 97] due to their
three-dimensional porous structures. Lee et al. [98] first
incorporated calcined ZSM-5 zeolite into LigPSsCl (Z-LigP-
SsCl) powder to scavenge H,S gas and H,O molecules sur-
rounded by LicPS;Cl particles (Fig. 10h), thus mitigating
hydrolysis reactions and associated irreversible degradation
of structure and performance. While the concentration of
H,S for pristine LisPS;Cl underwent a dramatic increase

and reached ~ 120 ppm after exposure to humid air (50%
RH) for 1 h, that of Z-LigPSCl first rose slowly and then
dropped from ~ 50 ppm to 40 ppm, as shown in Fig. 10i. This
indicated that H,O molecules and H,S gas were effectively
adsorbed into the pores of zeolites, which resulted in a low
H,S generation rate and a subsequent decrease in the H,S
concentration. However, introduction of lithium-ion-insu-
lated zeolites will inevitably lower the ionic conductivity.

In conclusion, introduction of ion-insulated H,S absor-
bents by physical mixing with sulfide SEs inevitably
impedes ion conduction. Using additives to absorb H,S
or catalyze its decomposition suppresses H,S gas genera-
tion but does not enhance air stability, since separation of S
atoms from sulfide SEs is always accompanied by structural
degradation/collapse. Given that sulfide SEs exhibit inherent
hydroscopic properties and a tendency to hydrolyze, only
modification methods tailored to overcome these two chal-
lenges will improve the air stabilities of sulfide SEs.

5.2 Element Substitution

Element substitution processes can be classified into three
types. The first is oxygen substitution, which potentially
combines the high chemical stabilities of oxide SEs and the
high ionic conductivities of sulfide SEs by forming oxy-
sulfides. Soft acid substitution based on HSAB theory, which
generates robust M—S bonds to resist attack by O, and H,0O,
is the second type. Other element substitutions with compli-
cated mechanisms belong to the last type.

5.2.1 Oxygen Substitution

Ohtomo et al. [54] synthesized xLi,0-(75 —x)Li,S-25P,S;
by replacing Li,S with Li,O with certain proportions x.
As shown in Fig. 11a, the structure of 75Li,S-25P,S; glass
was retained from x=4% to x=17% without Li,O diffrac-
tion peaks, which did not indicate physical mixing of oxide
additives. When x=4%, the amount of H,S gas generated
began to decrease significantly (Fig. 11b). When x>7%, the
generated H,S gas concentration reached the lower limit of
the gas sensor. Ohtomo et al. speculated that introduction of
Li,O reduced the residual amount of Li,S in 75Li,S-25P,S;
glass, thus suppressing H,S gas generation and improv-
ing air stability. Unfortunately, the ionic conductivity of
75Li1,S-25P,S; glass decreased monotonically with increases
in the proportion x for Li,O (Fig. 11c). Therefore, x=7% was
regarded as the optimal proportion allowing xLi,0-(75 —x)
Li,S-25P,S5 to exhibit both decent air stability and ionic
conductivity. Recently, Ren et al. [99] obtained a (70 —x)
Li,S-30P,S5-xLi,0 glass ceramic by replacing Li,S with dif-
ferent amounts of Li,O. While the highest ionic conductiv-
ity of 1.2x 107> S cm™! was achieved with x= 1%, the best
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moisture stability and a compromised ionic conductivity of
9.9%x107*S cm™! were displayed for x=5%.

By following the same strategy for oxygen substitution,
Hayashi et al. [55] synthesized 75Li,S-(25 — x)P,S5-xP,05
by replacing P,Ss with P,O5 with a certain proportion x.
31P NMR spectra (Fig. 11d) indicated that the coordination
environment of P was changed, and a series of oxysulfide
units (e.g., PS;0, PS,0,, PSO;, PO,) were formed by oxy-
gen doping with P,Os; this was significantly different from
simple generation of POS; by oxygen doping with Li,O.
Although the total amount of H,S generated (Fig. 11e) for
75L1,S-(25 —x)P,S5-xP,05 with x =10 was almost identical
to that of pristine 75Li,S-25P,S5 glass, emergence of the
maximum concentration of H,S was delayed. Therefore,
oxygen doping with P,0Oj5 significantly suppressed the gen-
eration rate rather than the total amount of H,S generated.
Unfortunately, the ionic conductivity of 75Li,S-(25 —x)
P,S5-xP,05 glass (Fig. 11f) also decreased monotonously
with increasing P,O5 content in the range 0<x< 10, for
which nonbridging oxygens in the newly formed oxysulfide
units served as strong traps for lithium-ion conduction. How-
ever, Xu et al. [100] reported that the ionic conductivity of
75Li,S-(25 — x)P,S5-xP,05 with low-concentration doping
(x=1) reached a maximum value of 8x 10™* S cm™". By
considering the experimental results reported by Hayashi
et al., they concluded that nonbridging sulfur atoms were
replaced directly by bridging oxygen atoms that served as
weak traps for lithium ions when the substitution proportion
x=1, which led to the increased ionic conductivity. How-
ever, a larger proportion for substitution of sulfur atoms by
oxygen atoms resulted in formation of a series of oxysulfide
units with nonbridging oxygen atoms serving as strong
traps for lithium-ion conduction, which led to reduced ionic
conductivity.

Furthermore, Zhang et al. [56] found that O-doped
LigPSs_ O, Br (0<x<1) exhibited comprehensively but not
significantly enhanced properties, including good air stabil-
ity, excellent dendrite suppression capability and superior
electrochemical/chemical stability against Li metal and
high-voltage oxide cathodes. In contrast to other O-incorpo-
rated sulfides, the O atoms were more inclined to substitute
S atoms at free S2~ sites instead of at PS43‘ tetrahedral sites,
which was confirmed by the unchanged relative intensities
and symmetries of Raman peaks with the increased O con-
tent. Although impurity phases appeared after exposing the
samples to humid (35% RH) air for 10 min, the amounts
reached a minimum at x=0.3. However, due to the strong
electrostatic attraction between O~ and Li* and increases
in the levels of impurities, the ionic conductivity decreased
with increasing O content. Due to the enhanced shear mod-
ulus and oxide-containing interfacial layer (e.g., Li;OBr),
O-doped LigPS;_,O,Br achieved a high critical current den-

—X X

sity (CCD) close to 0.9 mA cm™2. Since CCD is defined as
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the lowest current density at which battery shorting occurs
due to Li dendrite penetration [101, 102], the high CCD
value reveals excellent dendrite suppression capability. Peng
et al. [103] synthesized O-substituted Lis sPS, 5_,0,Cl, 5
(x=0, 0.075, 0.175, 0.25) SEs by partially replac-
ing the raw material P,S5 with P,Os. The air stability of
Lis sPS, 5_,0,Cl, 5 determined from the total amount of H,S
produced increased monotonically with increasing O con-
tent, whereas the ionic conductivity dropped monotonically
with increasing O content. Ultimately, Lis sPS, 4,500 ¢75Cl 5
with compromised properties was selected. Recently, Xu
et al. [104] synthesized Lig ,5sPS,0, ,5Cl, ;5 exhibiting high
stability toward moist air and an enhanced ionic conductiv-
ity of 2.8 mS cm™' caused by partial oxygen substitution at
both S and Cl sites. After exposure to humid air (53% RH),
the argyrodite structure of Lis sPS, 4,500 75Cl; 5 was well
maintained, whereas the XRD patterns for LiPS;CI showed
numerous unknown peaks. Air-exposed Lig ,5PS,0; 55Cl 75
after 180 °C postannealing still maintained an argyrodite
structure with minor Li,S impurities, in stark contrast with
the collapsed structure of LigPSsCl. In addition, the H,S
sensing response curve for Lig ,5PS,0, ,5Cl; 75 was much
weaker than that for undoped LigPS;Cl. Xu et al. [79]
performed oxygen substitution on LigP;S;, and obtained
LigP;S¢O; with an LGPS-type structure by a melt quenching
method. LigP;S4O; showed ionic conductivity retention as
high as 70%, which was much higher than that for undoped
LigP;S, (10%), after exposure to dry air for 6 h, which con-
firmed the effectiveness of oxygen substitution for improv-
ing air stability. However, the highest ionic conductivity
of >1x 107 S cm™! was obtained for a low oxygen content.
The opposite trends seen for variations of ionic conductivity
and air stability with O substitution amount inevitably hinder
the development of O-substituted sulfide SEs with optimal
comprehensive properties.

In addition to single oxygen substitution for sulfur to
enhance air stability, dual substitution of either Li*, P>* or
S*~ sites has been performed recently to improve proper-
ties, including air stability, ionic conductivity and interfacial
stability, toward Li metal. Liu et al. [57] selected ZnO as
the dopant based on theoretical calculations and synthe-
sized a Li 3, P,_,Zn S, O, (0<x <0.06) glass-ceramic
electrolyte by partially substituting P>* and S? with Zn*
and O%7, respectively. Only diffraction peaks of B-LisPS,
were observed in the XRD pattern (Fig. 11g) when x=0.02,
which confirmed successful dual doping of ZnO into the
crystalline lattice instead of physical mixing. It was noted
that the crystal structure of B-Li;PS, was changed when
x=0.06, consistent with theoretical calculations showing
that dissolution of ZnO into crystalline -Li;PS, was ener-
getically unfavourable. Subsequently, the energy changes
(AE,) for hydrolyses of the Lis 3, P,_,Zn S, O, electro-

—X X

lytes with x=0 and x=0.02 were calculated. AE was found
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Fig. 10 Air stability enhanced
by H,S absorbents. a XRD
pattern for the composite con-
sisting of 90 mol% Li;PS, glass
and 10 mol% ZnO (mol% means
the molar fraction). b 3'P MAS-
NMR spectra of the composite
and Li;PS, glass. ¢ Amount of
H,S generated as a function of
exposure time to air. d XRD
patterns of the 90Li;PS,-10ZnO
composite and Li;PS, glass
after exposure to air for one
day. e Ionic conductivity at

25 °C for (100 —x)Li;PS,-xZnO
(mol%) composite electrolytes
as a function of ZnO content.
Reprinted with permission from
Ref. [48]. Copyright © 2013,
Royal Society of Chemis-

try. f XRD patterns for the
70(0.75Li,S-0.25P,S5)-30M,0,
(M,0,: Li,0, MgO, CaO

and CuO) composites, the
75Li1,S-25P,S5 glass, and

the 70(0.75Li1,S-0.25P,S5)-3
OFeS composite. g Exposure
time dependence of H,S gas
amount generated from the
70(0.75Li,S-0.25P,S5)-30M,0,
(MXOy: Li,O, MgO, CaO

and CuO) composites, the
75Li,S-25P,S5 glass, and the
70(0.75Li,S-0.25P,S;)-30FeS
composite. Reprinted with
permission from Ref. [92].
Copyright © 2013, Springer
Nature. h Schematic illustra-
tion of the composite electrode
prepared with the zeolite-
incorporated LigPSsCl SE. i
Quantities of H,S gas produced
by P-LigPSsCl and Z-LisPSsCl
when exposed to humid air.
Reprinted with permission from
Ref. [98]. Copyright © 2021,
Royal Society of Chemistry
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to increase from —912.15 to —882.3 J mol~! after doping, ~ hours (Fig. 11h). The ionic conductivity reached a highest
indicating the improved air stability of the ZnO-doped elec-  value of 1.12 mS cm™! when x=0.02 (Fig. 11i). Theoreti-
trolyte. The improved air stability was also supported by the  cal calculations showed a synergistic effect in which the O
low amount of H,S gas generation (0.017 5 cm® g7 after  atom tended to locate next to a Zn atom and enlarge the
exposing Lis 06Pg 9sZNg 0253 900,02 t0 humid air for three  migration channel for Li* when x=0.021 (thus increasing
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Fig. 11 Air stability enhanced by oxygen substitution. a XRD pat-
terns for xLi,O-(75—x)Li,S-25P,S5 (x=4, 7, 11, and 17) samples
prepared by two-step mechanical milling. b Amounts of H,S gas
generated from xLi,O-(75 —x)Li,S-25P,Ss (x=0, 4, 7, 11, and 17)
glass powders. ¢ Ionic conductivities of pelletized xLi,O-(75—x)
Li,S-25P,Ss (x=0, 4, 7, 11, and 17) glass powders. Reprinted with
permission from Ref. [151]. Copyright © 2013, Springer Nature.
d 3'P MAS NMR spectra of 75Li,S-(25—x)P,S5:xP,05 (x=0 and
10) glasses. e Amounts of H,S gas generated from pelletized
75Li,S-(25—x)P,S5-xP,05 (x=0 and 10) glasses after exposure to air.

the ionic conductivity), while doping with Zn alone hindered
migration of Li*. No apparent changes were observed in a
symmetric cell during galvanostatic charge-discharge test-
ing at a current density of 0.5 mA cm™2, which indicated
good interfacial stability for Lis osPp 9sZn 02539500 92 and
Li metal. Chen et al. [58] also adopted the ZnO codoping
strategy and realized comprehensively enhanced proper-
ties for Lig_, Zn PS5;_ O Br (0 < x < 1.5). However, Li
sites rather than P sites were substituted by Zn atoms in
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f Composition dependence of conductivity at 25 °C and activation
energy (E,) for conduction by pelletized 75Li,S-(25—x)P,S5-xP,05
glasses. Reprinted with permission from Ref. [55]. Copyright ©
2013, Elsevier. g XRD patterns for Li; ;3 P,_ZnS, O, (x=0, 0.02,
0.06) and 0.98Li;PS,-0.02ZnO. h Amount of H,S generated from
Lis 6Py 95200 0253080002 after exposure to humid air for different
durations. i Arrhenius plots for Lis 3 P,_7ZnS, O, (x=0, 0.01,
0.02, 0.03, 0.04, 0.05, 0.06). Reprinted with permission from Ref.
[57]. Copyright © 2018, Elsevier

LizPSsBr. Due to substitution of Zn atoms by Li, which
increased the Li content, the high ionic conductivity was
maintained despite the negative impacts of oxygen substi-
tution of sulfur and impurity formation. After exposure to
air with a humidity of ~10% for 10 min, an impurity phase
comprising LiBr-H,O quickly appeared for LicPS;Br, but
no impurity phase was observed for Lis_,,Zn PSs_ O Br
(x=0.15); this demonstrated the enhanced air stability of
ZnO-codoped LigPSsBr. Furthermore, when x=0.15, the
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polarization voltages of symmetric cells were lower and
more stable than that for cells with x=0. This enhancement
in interfacial stability and suppression of Li dendrites was
attributable to formation of Li-Zn alloy and Li;OBr at the
Li/Lig_,,Zn PSs_ O Br interface, as well as to reduced elec-
tronic conductivity resulting from ZnO doping.

Ahmad et al. [59] developed a Nb and O codoping strat-
egy to improve the chemical/electrochemical stability of
glass-ceramic Li;P;S;,. The ionic conductivity reached a
maximum at x=0.2, which was attributed to precipitation
of a highly conductive crystalline phase with PS,*>~ and
P,S,*" units. However, this was compromised when the
dopant level was further increased (x > 0.4) due to forma-
tion of a low-conductivity phase Li,P,S¢. With increasing
content of the LiNbO; dopant, the amount and rate of H,S
generation from glass-ceramic sulfide SEs decreased mono-
tonically. In particular, a sharp decrease appeared when
x=0.2, at which point bridging sulfurs with poor air stabil-
ity in the P,S,*~ units were substituted by oxygen to give
P20864_ units that were difficult to hydrolyze. Moreover,
the symmetric cell with a Nb- and O-codoped Li,P;S;; SE
displayed a lower overpotential and flat and stable strip-
ping/plating behaviour compared with pristine Li;P5S,;.
Recently, Li et al. [86] designed a Sn and O cosubstitu-
tion strategy and obtained Li,Sny5,P5;_ S;;_,5,0, (x=0.2)
with enhanced stability against moisture and Li metal.
After exposure to humid air (40%—45% RH) for 250 s, the
amount of H,S generated by Li,Sny P, ¢S;(50,, was 6.7
times lower than that of pristine Li;P;S,,. Moreover, the
symmetric cell with Li;Sn, P, ¢S;( 5O, , exhibited a flat-
ter and more stable Li plating/stripping curve and a higher
CCD of 0.4 mA cm~? than pristine Li,P;S;,. Although Sb
and O cosubstitution was first performed on p-Li;PS, by
Xie et al. [105] and resulted in a high ionic conductivity of
1.08 mS cm™! and excellent stability against lithium even at
a current density of 1 mA cm~Z, an investigation of air stabil-
ity was not performed. Fortunately, Zhao et al. [106] demon-
strated the effectiveness of congener substitution of Sb and
O for P and S in improving the air stability of Li;P;S,;. Due
to formation of the oxysulfide units POS;>~ and P,0S*",
Li;P,_.Sb.S|,.,5,0,5, (x=0.1) showed an enhanced
ionic conductivity of 1.61 mS cm™! and air stability. The
amount of H,S it generated after exposure to humid air
was nearly 2.8 times lower than that of pristine Li;P5S, ;.
Recently, Tufail et al. [85] even performed triple substitu-
tion of Li3P;S;, by ZrO, and Lil dopants and obtained a
Lig 9521 5P2 6510800 1104 (LZPSOI) SE with a high ionic
conductivity of 3.01 mS cm™'. While the Zr dopant was
regarded as the cause, introduction of a small amount of
oxygen promoted the motion of Li* and stability against
moist air, based on previous reports. In addition, the intro-
duction of larger and more polarizable I” anions enhanced
the ionic conductivity, lithium-metal compatibility [107]

and utilization of Li,S-based active materials. After expo-
sure to humid air (41%—43% RH) for 50 min, the amount of
H,S generated by LZPSOI was five times lower than that of
pristine Li,P;S;,. The enhanced air stability was attributed
to formation of oxysulfide units (i.e., POS;>~ and P,0S,*").
However, it is inevitable that numerous attempts will be
required to achieve improvements in comprehensive prop-
erties with multisubstitution due to the variability of atom
sites and contents upon substitution.

Therefore, oxygen substitution effectively improved the
air stability of sulfide SEs due to changes in the coordina-
tion environment (i.e., oxygen atoms partially replaced sul-
fur atoms and were bound tightly with the hard acid P°").
However, to obtain both satisfactory ionic conductivity and
high air stability, more effort is required to optimize oxygen
substitution at a relatively low content level and within a
narrow range to form favourable oxysulfide units, since a
large oxygen substitution level dramatically reduces ionic
conductivity. Fortunately, the codoping strategy with intro-
duction of another cation results in enhanced properties of
sulfide SEs and promotes practical application.

5.2.2 Soft Acid Substitution

Based on HSAB theory, Liang et al. [50] proposed that
reducing the P content would improve the air stability
of Li,(GeP,S,, (LGPS), since the hard acid P>* tends to
react with the hard base O and form P to O bonds instead
of maintaining only P—S bonds. Inspired by the presence
of Na;SbS,-xH,O in the natural environment rather than
decomposed products of Na;SbS,, they predicted that
Sb-substituted LGPS would exhibit both improved air
stability and ionic conductivity, because the large Sb>*
ion would broaden Li* diffusion pathways. No broaden-
ing or additional diffraction peaks (Fig. 12a) appeared for
Li,;(Ge(P 9p55b g75)25 1, after exposure to a dry-room envi-
ronment with a relative humidity of 1%-3% for 24 h. In
contrast, broadening and split diffraction peaks (Fig. 12b) as
well as impurity phases emerged for undoped LGPS under
the same conditions. Furthermore, the amount of H,S gener-
ated (Fig. 12c) decreased continuously with increasing Sb
content (i.e., decreasing P content). The ionic conductivity
(Fig. 12d) of undoped LGPS decreased by 54% from 10.9 to
5 mS cm™! after exposure to dry air, while that of Sb-doped
Li,,Ge(P,_,Sb,),S,, only decreased by 5%—18%. Ye et al.
[91] subsequently performed Sb substitution and obtained
Lig 5451, 74(P;_,Sb.)1 44S1; 7Cly 3 (x=0.097) and an increase
in ionic conductivity from 5.4 to 8.8 mS cm~!. Although
enhanced air stability was demonstrated by XRD patterns
in which no obvious changes were observed, the ionic con-
ductivity still dropped from 8.8 to 5.8 mS cm™! because the
exposure conditions (15% RH and 35 °C) were harsher than
those of Sb-substituted LGPS. Tufail et al. [8§2] obtained a
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Li;Sbg 5P5 05510 5195 SE by dual substitution of Sb and I ~ amount of H,S generated (Fig. 12e) by Li,P;S,, was 1.32
into Li;P,S,,. The ionic conductivity of Li;Sby osP> 0sS105lps ~ cm® g7 (92 ppm) after exposure to humid air (40%—47%
was increased from 1.40 to 2.55 mS cm™" after doping. The ~ RH) for 35 min, while that of Li,Sby (5P, ¢5S;0.5Ip5s Was

@ Springer



Electrochemical Energy Reviews (2022) 5: 3

Page250f46 3

«Fig. 12 Air stability enhanced by Sb and Sn substitution. XRD pat-
terns for a Li;(Ge(P,_,Sb,),S,, (x=7.5%) and b Li,;GeP,S,, samples
before and after air exposure. ¢ Amounts of H,S gas generated from
commercial Li;;GeP,S,, and synthesized Li,,Ge(Pygy55bg075)2512
powders. d Room-temperature ionic conductivities of the
Li,(Ge(P,_,Sb,),S;, (0<x<15%) sample before and after air expo-
sure. Reprinted with permission from Ref. [50]. Copyright © 2020,
American Chemical Society. ¢ Amounts of H,S gas produced from
both Li;Sby osP5 ¢5510.51o.5 and Li;P;S,; solid-state electrolyte samples
when exposed to moist air. f XRD patterns for Li;Sby sP5 95510510 5
and Li;P;S;, before and after exposure to humid air. Reprinted with
permission from Ref. [82]. Copyright © 2020, Elsevier. XRD pat-
terns of g LPSI-20Sn and h LPSI electrolytes before and after expo-
sure to air with 10% humidity, as well as after a postheating process. i
XANES of the P K-edge in LPSI-20Sn after exposure to 10% humid-
ity. j Arrhenius plots for the LPSI-20Sn electrolyte before and after
exposure to air with 10% humidity, as well as after the postheating
process. k Li plating/stripping polarization of the Li//LPSI-20Sn//Li
symmetric cell tested under a high current density of 1.26 mA cm™>
and cut-off capacity of 1 mAh cm™2. Reprinted with permission from
Ref. [65]. Copyright © 2020, Wiley-VCH. 1 Synchrotron-based XRD
patterns for gc-Li; ,P,¢Sn;,S, SSEs before and after exposure to air
with 5% humidity. Arrhenius plots for m gc-Li; ,PSny,S, and n
gc-LisPS, SSEs before and after exposure to air with 5% humidity.
Reprinted with permission from Ref. [93]. Copyright © 2021, Wiley-
VCH

only 0.37 cm® g~! (26 ppm). The intensities of the diffrac-
tion peaks for Li;Sby o5P; 9550519 s (Fig. 12f) remained
unchanged after exposure, in contrast to the peak broaden-
ing and diminished intensity seen for Li,P;S,; this indicated
improved air stability for Li;Sbg osP5 9550 51 5-

Based on HSAB theory, Zhao et al. [65] used another
soft acid, Sn**, to partially replace the hard acid P3* in
LigPSsI (LPSI) and synthesized Sn-doped LPSI (LPSI-
20Sn) with superior air stability demonstrated by various
characterization methods. The XRD spectra (Fig. 12g) and
P K-edge X-ray absorption spectra (Fig. 12i) showed lit-
tle difference for LPSI-20Sn before and after exposure to
an atmosphere with 10% humidity for 12 h. However, Lil
and other impurity phases formed after exposure of LPSI to
humid air (Fig. 12h). Furthermore, the ionic conductivity
(Fig. 12j) of LPSI-20Sn dropped slightly from 3.5x 107 to
2.2x107*S cm™! after exposure to humid air and recovered
to 3.1x107™* S cm™! after a postheating process (180 °C in
the vacuum oven). To reveal the mechanism of enhanced air
stability for LPSI-20Sn SE, density functional theory (DFT)
calculations of the oxygen replacement reaction energy (AE)
were conducted. The higher AE of LPSI-20Sn indicated
that the bonding energy for (P/Sn)-S in (P/Sn)S, tetrahedra
was much higher than that of P-S in PS, tetrahedra after
replacing S with O. Therefore, the crystalline structure of
Sn-doped LPSI-20Sn was more stable against ambient air. In
addition, a Li//LPSI-20Sn//Li symmetric cell demonstrated
very stable Li plating and stripping behaviours (Fig. 12k) for
~200 h (125 cycles) at RT, even with a high current density
of 1.26 mA cm™2 and a cut-off capacity of I mAh cm™2. The

Lil formed at the Li anode interface served as a vital compo-
nent and created a uniform electron/ion distribution pathway
and suppressed Li dendrite formation, thus resulting in good
Li metal compatibility. Zhao et al. [93] also synthesized a
Sn-substituted glass-ceramic LisPS, (gc-Li; 5P ¢Sng,S4)
with high ionic conductivity, improved air stability and good
Li-metal compatibility. gc-Lis ,Pj sSn, ,S, exhibited a 6.2-
fold increase in ionic conductivity compared with pristine
glass-ceramic Li;PS, due to an enlarged lattice and higher
Li* ion concentration. Benefiting from the strength of the
Sn-S bond, gc-Li; ,P,¢Sn, ,S, showed excellent overnight
air stability in humid air (5% RH), as corroborated by the
unchanged crystal structure (Fig. 121), negligible reduc-
tion in ionic conductivity (Fig. 12m) and unchanged P, S
K-edge and Sn L;-edge XANES data. In contrast, a signifi-
cant reduction in ionic conductivity resulted for gc-Li;PS,
exposed to humid air (Fig. 12n). Moreover, a symmetric
cell with gc-Lij ;P ¢Sn,,S, demonstrated stable Li plat-
ing/stripping behaviour for over 600 h at a current density
of 0.1 mA cm~2, and the lifetime was 4 times longer than
that of pristine glass-ceramic Li;PS,. This is attributable to
regulation of Li deposition at the Li/sulfide SSE interface
by Li-Sn alloys. Rajagopal et al. [108] prepared a Sn-doped
Li,P,S¢l, ,5Brg »5 solid electrolyte with an improved ionic
conductivity of 7.78 mS cm~2 and high air stability. After
exposure to humid air (5%-10% RH), the ionic conductivity
retention for Sn-doped Li;P,S¢l, ;5B1( »5 was as high as 71%,
and no structural changes or decomposition were observed.

Cu* is a soft acid with an ionic radius (74 pm) similar
[109] to that of Li* (73 pm) and is rarely used for substitu-
tion of the hard-acid P>* with a smaller ionic radius (31 pm).
Recently, Taklu et al. [110] successfully obtained argyrodite
Lig,5,P;_,Cu,Ss_Cl, (x=0.1, LPSC-1) via dual substitution
of P°* and S*~ by Cu* and CI~, respectively. The highest
ionic conductivity of 4.34 mS cm™ was obtained at x=0.1
and was attributed to synergetic effects of multiple factors,
including an increased charge carrier density from extra
Li*, enhanced anion disorder from added CI~, and a smaller
electronegativity difference between the Cu™ dopant and
S?~. The relatively low amount of H,S generated (Fig. 13a)
suggested the improved air stability of LPSC-1. The strong
Cu-S bond resulting from incorporation of the soft acid Cu™
stabilized the localized structure of PS43_, which was dem-
onstrated by the side product Cu;PS, (Fig. 13b). Apart from
the enhanced ionic conductivity, the lowest electronic con-
ductivity and improved interfacial compatibility of LPSC-1
brought about by Li metal jointly contributed to superior
suppression of dendrite formation with critical current den-
sities as high as 3 mA cm~2 and stable Li plating and strip-
ping processes for more than 200 h at the same current den-
sity. In contrast, pristine LigPSsCl (LPSC-P) with the highest
electronic conductivity showed a low critical current den-
sity of 0.75 mA cm~2 (Fig. 13c), unflattened plating/striping
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Fig. 13 Air stability enhanced by substitution with Cu, Ce and In. a
H,S amount generated under a controlled humidity of 55%-60%. b
XRD patterns for LPSC-1 before and after exposure to ambient air
(66% RH) for 1 h followed by sintering for 1 h at 550 °C. ¢ Critical
current density with increasing step size current density of LPSC-1.
Reprinted with permission from Ref. [110]. Copyright © 2021, Else-
vier. d Concentration of H,S within 60 min when exposed to humid
air (40% RH). High-resolution S 2p spectrum and peak-deconvolution

profiles and fast short circuit at 3 mA cm™2, which indi-
cated the lowest dendrite suppression capability and severe
Li incompatibility, respectively. Ce>", a rare earth element,
was regarded as a soft acid and was first verified to enhance
air stability through strong bonding to the soft acid S$>~ by
Zhou et al. [111]. They prepared a Li,P, Ce(,S 4 Cly 3
glass-ceramic with an enhanced ionic conductivity of
3.2 mS cm™! and improved air stability via dual substitution
of Ce** and CI~ for P>* and S*7, respectively. After expo-
sure to humid air (40% RH), Li,P, Ce ,S ,¢Cl, ; exhibited
a lower amount H,S generation (Fig. 13d) compared with
those of pristine and Ce-substituted Li;P5S,;. XPS results
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results for e Li,P;S;; and f Li,P, ¢Ce,,S,(4Cl, 3. Reprinted with per-
mission from Ref. [111]. Copyright © 2021, American Chemical
Society. g Quantities of H,S gas produced from Lig sIn, ,5P, ;5551 and
LigPSsl electrolytes when exposed to moist air. h XRD patterns and i
Raman spectra for Lig 5Inj,5P( 75551 and LigPSsI electrolytes before
and after exposure to moist air. Reprinted with permission from Ref.
[113]. Copyright © 2021, Wiley-VCH

showed that the introduction of Ce>" facilitated the forma-
tion of Ce—S bonds without impacting the bridging sulfurs
in Li,P;S;,. The greater strengths of Ce—S or P=S bonds in
Li;P, ¢Ce( ,S(.9Cly 3 compared with those of the other two
air-exposed samples (Fig. 13e and f) indicated high chemical
resistance of the Ce—S bond toward moist air. Yu et al. [75,
112] synthesized Na;P ¢,As 335, by substitution with the
soft-acid As, and it exhibited an increase in ionic conductiv-
ity from 0.46 to 1.46 mS cm™' and high moisture stability.
The XRD pattern for NasP, ¢,As 35S, was well maintained
even after exposure to humid air (15% RH) for 100 h.
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According to the thermodynamic analytical results of Mo
et al., [69] In** is a good candidate dopant for enhancing
the air stabilities of sulfide SEs. Jiang et al. [113] enhanced
the air stability and ionic conductivity of LicPSsI (LPSI)
through incorporation of In**. As shown in Fig. 13g, the
amount of H,S generated by In-doped LPSI decreased dra-
matically from almost 1.2 to 0.18 cm® g~! after exposure to
dry-room air (10% RH) for 60 min. While some unknown
peaks appeared in the XRD pattern for LPSI, that of In-
doped LPSI remained unchanged (Fig. 13h) after air expo-
sure. In addition, Raman spectroscopy also confirmed the
unchanged structure of air-exposed In-doped LPSI, whereas
the enlarged Raman spectra of pristine LPSI showed two
additional peaks (Fig. 13i).

5.2.3 Substitution with Other Elements

In addition to substitutions with oxygen and soft acids
to enhance the air stabilities of sulfide SEs, substitutions
with other elements were also investigated and showed
positive effects, despite the complicated controlling
mechanisms. Fukushima et al. [71] synthesized (75-1.5x)
Li,S-25P,S5-xLi;N glass-ceramics by partial substitution
of Li,S with Li;N. The 60i,S-25P,S5-10Li;N glass-ceramic
achieved the highest ionic conductivity of 1.4 mS cm™>
(Fig. 14a) and enhanced moisture stability with less H,S
generation (Fig. 14b), which was attributed to formation
of crosslinked P and N in the glass network (Fig. 14c). In
addition to the S*~ bonded in PS43', nonbonded S~ was
considered another site in the argyrodite structure that was
vulnerable to oxygen and moisture. Subramanian et al.
[114] substituted nonbonded S*~ with Br~ and reported
Lis ¢PS, (CIBr, 4, SEs with both enhanced air stability and
improved ionic conductivity. After exposure to low-humidity
air (10% RH), Lis (PS, (CIBr, , exhibited a lower rate for
generation of H,S (Fig. 14d) and a higher ionic conductiv-
ity retention of 61.5% (Fig. 14e) than LiPSsCl. However, it
was difficult to identify the minor structural changes for both
pristine and Br-substituted Li;PS5Cl from XRD patterns and
Raman spectra (Fig. 14f), which may be ascribed to the low
humidity. Min et al. [115] synthesized Lig,, Al P,_.S5Cl
(x=0, 0.025, 0.05, 0.075) by partial substitution of Al,S; for
P,Ss. As shown in Fig. 14g, H,S generation was suppressed
as the AI’* content was increased from x=0 to x=0.075,
which verified the enhanced air stability resulting from
Al,S; substitution. Moreover, the XRD pattern (Fig. 14h)
for undoped LigPSsClI presented stronger peaks for the
side-product Li;PO, compared with its Al,S;-substituted
counterparts, again revealing the positive effects of AI**.
Although the ionic conductivity decreased monotonically as
the amount of Al,S; incorporation was increased (Fig. 141),
the decrease was relatively small compared to that of sulfide
SEs substituted with oxygen alone.

In summary, elemental substitution is a common strat-
egy used to tune atom sites/contents with high degrees of
freedom and achieve homogenous properties for modified
sulfide SEs. However, partial substitution of hard acids may
result in irreversible structural degradation due to the pres-
ence of unstable P-S bonds. Moreover, rich experience and
more experimental attempts are needed to achieve satisfac-
tory properties for sulfide SEs.

5.3 Design of New Materials

Based on HSAB theory, Li/Na-M-S ternary or Li/Na-M-
M’-S quaternary sulfide SEs obtained by complete substitu-
tion of hard acids with soft acids M/M” (e.g., As, Sn and Sb)
may provide the ideal configuration for optimal air stability.
Since all S atoms in these completely substituted SEs are
covalently bonded with soft-acid atoms M, their air stabili-
ties should be enhanced significantly compared with those
of partially substituted analogues.

5.3.1 Li/Na-Sn-S System

A series of fast ionic conductors based on Li; [Li,Sn,_.S,]
have been identified, among which Li[Lij 3351 ¢75,]
(x=0.33, i.e., Li,SnS;) and Li,¢4[Lij,Sny5S,] (x=0.2,
i.e., Li,Sn,S5) are two representative examples with simi-
lar layered structures (Fig. 15a) [116]. In 2014, Kuhn et al.
[117] first synthesized Li,SnS; with the monoclinic space
group C2/c (No. 15) via a facile wet chemistry approach. In
2015, Brant et al. [118] obtained Li,SnS; through a solid-
phase method, and it exhibited outstanding thermal stabil-
ity up to~750 °C and superior air stability. No additional
diffraction peaks (Fig. 15b) or crystalline decomposition
products appeared in Li,SnS; after exposure to humid air
(60% RH) for one week, so its structure is stable. Fast ion
conduction in Li,SnS; is expected from the high mobilities
of Li(1) and Li(3) sites that reside in lithium sulfide lay-
ers between the honeycomblike [SnS3]2‘ layers, despite the
disappointing ionic conductivity of 1.5x 107> S cm™ origi-
nating from a low pellet density of 56%. In 2016, Holzmann
et al. [116] reported a lithium-poor phase Li,Sn,Ss with the
monoclinic space group C2/m (No. 12). Partial occupation
(38%) of interlayered Li* sites was beneficial for facile Li-
ion diffusion between the covalent Sn(Li)S, layers, which
was consistent with the superior bulk ionic conductivity
of 1.5x 1072 S cm™!. However, the high grain boundary
impedance and hydration in air hindered the application
of Li,Sn,S5 in ASSBs. Fortunately, Joos et al. [89] found
that the total ionic conductivity of the hydrated or water-
intercalated phase Li,Sn,S5-xH,0 (0 <x<10) was as high as
1072 S cm™!. Upon exposure to humid air, pristine Li,Sn,Ss
underwent a two-step phase transition from the anhydrous
phase (x=0) to the first hydrated phase (x ~2-4) and the
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Fig. 14 Air stability enhanced by substation with other ele-
ments. a Room-temperature ionic conductivities of (75—1.5x)
Li,S-25P,S5xLisN glasses and glass-ceramics. The Li,S crystal was
precipitated from composition with 25<x<40. b Amounts of H,S
gas generated from 60Li,S-25P,S5-10LisN and 75Li,S-25P,S5 glass-
ceramic powders. ¢ N 1 s XPS spectrum of the 60Li,S-25P,S5-10Li;N
glass-ceramic. Reprinted with permission from Ref. [71]. Copyright
© 2017, Elsevier. d H,S amount, e bar diagram of the ionic con-
ductivity values before and after air stability testing and f Raman

second hydrated phase (x =~ 8-10), which resulted in a two-
step increase in the layer distance. In addition, it is inter-
esting that the ionic conductivity increased with increas-
ing intercalated water content, as shown in Fig. 15c. After
excluding the operation of protonic conduction and internal
LiT-H* exchange, the authors speculated that coupling of
Li* ions and interlayer water molecules may have effectively
accelerated Li* motion.
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spectra after air stability testing of LigPSsCl and Lis (PS, (Cl, (Brj,
solid electrolytes. Reprinted with permission from Ref. [114].
Copyright © 2021, Elsevier. g Amount of H,S generated by
Lig,,,ALP,_SsCl (x=0, 0.025, 0.05, 0.075) in air. h XRD patterns
for Lig,, AlLP,_ SsCl (where x=0, 0.075) after reacting with mois-
ture for 300 s. i Ionic conductivity of Lig,, AlP,_ . SsCl (x=0, 0.025,
0.05, 0.075). Reprinted with permission from Ref. [115]. Copyright
© 2021, The Electrochemical Society

In 2012, Kaib et al. [94] first synthesized a Li,SnS, (LSS)
SE with an ionic conductivity of 7x 107> S cm™! (20 °C).
They found that (1) LSS was soluble in polar solvents (e.g.,
methanol or water), (2) Li,SnS,-13MeOH or Li,SnS,-13H,0
hydrates formed after slow evaporation of the solvent, and
(3) LSS could be completely recovered by consecutive heat-
ing above 320 °C. As shown in Figs. 15d and 15e, LSS con-
verted from the orthorhombic (space group Pnma, No. 62) to
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the cubic (space group P2,3, No. 198) phase after absorbing
13 water molecules, while [SnS4]4_ tetrahedra structure were
still maintained. Based on the results of thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
(Fig. 15%), they further speculated that 13 water molecules
were completely removed by thermal treatment above
300 °C, while 0.5 water molecules remained in the crystal-
line structure after mild thermal treatment at 150-300 °C.
Subsequently, Choi et al. [119] investigated the evolution of
the LSS crystalline structure by subjecting aqueous solu-
tions to different heat-treatment temperatures. XRD pat-
terns (Fig. 15g) for LSS recovered with heat treatments
in the range 360-450 °C corresponded well with that of
orthorhombic LSS synthesized by the solid-phase method.
However, another set of “unknown” XRD patterns appeared
and showed amorphous features when the heating tempera-
ture was in the range of 200-320 °C. Interestingly, the ionic
conductivity (Fig. 15h) first increased and then decreased as
the heat-treatment temperature was increased from 200 to
450 °C and reached the maximum value of 1.4x107*S cm™!
at 320 °C. Although the crystallinity of LSS increased upon
increasing the heating temperature from 360 to 450 °C, its
ionic conductivity monotonously decreased. As shown in
Fig. 151, the amount of H,S generated by LSS was almost
negligible compared with that of LGPS containing P due to
the superior stability of the SnS,*~ structure toward water.
Unfortunately, the “unknown” XRD pattern with amorphous
features was not identified, and no explanation was found
for the dependence of ionic conductivity for recovered LSS
on the heat-treatment temperature. Subsequently, Kanazawa
et al. [80] treated ball-milled precursors to LSS at 260 °C
and 390 °C. The XRD pattern (Fig. 15j) for LSS synthe-
sized by ball milling and a postheating treatment at 260 °C
was similar to the “unknown” XRD pattern (Fig. 15g) seen
with recovered LSS, and the ionic conductivities of these
two SEs were almost the same (1.1x107* S cm™! and
1.4x107* S cm™!, respectively). Finally, Rietveld refine-
ment analyses of synchrotron XRD data for LSS heated to
260 °C enabled identification of the “unknown” XRD pat-
tern as hexagonal LSS in the space group P6s/mmc (No.
194). The higher ionic conductivity of hexagonal LSS com-
pared with that of orthorhombic LSS was ascribed to its
larger free volume, which was potentially more favourable
for ion conduction. As shown in Fig. 15k, hexagonal LSS
generated only little H,S gas after exposure to humid air
(70% RH), in contrast to the LPS glass-ceramic SE. Mat-
suda et al. [120] took advantage of the moisture stability of
LSS and prepared hexagonal LSS from a Na,SnS, aqueous
solution by ion exchange (Fig. 151) and realized, for the first
time, an air-stable LSS SE. This novel synthetic method was
beneficial for low-cost and large-scale preparation of sulfide
SEs. The synthesized LSS also exhibited good air stability
after exposure to humid air (50% RH) for one day and then

was recovered by heat treatment at 240 °C, based on the
XRD patterns (Fig. 15m) obtained for the LSS before and
after exposure to humid air.

Numerous attempts have been made to improve the ionic
conductivities of LSS (3.1x 107* S em™! for orthorhombic
LSS and 1.1x107*S cm™! for hexagonal LSS). Sahu et al.
[51] synthesized Lij g335n, g33AS 16654 With an ionic con-
ductivity of 1.39x 107> S cm™! by substituting Sn with As to
create interstitial vacancies that accounted for the enhanced
ionic conductivity. Only the diffraction peak at~16° was
broadened (Fig. 16a) due to absorbed moisture after expo-
sure to the laboratory environment (64 °F and 80% RH,;
°F=°Cx 1.8+ 32 °C) for 48 h. After heating the air-exposed
Li; ¢3351 g33A8( 16654 at 140 °C for one hour, the intensity
of the originally widened diffraction peak was significantly
reduced, while the other diffraction peaks remained simi-
lar to those of pristine Li; g335n( g33A8( 166594- In contrast,
the XRD pattern (Fig. 16b) for p-LisPS, after treatment
under the same conditions changed completely, indicating
destruction of the crystalline structure. Moreover, the ionic
conductivity (Fig. 16¢c) of air-exposed Lij; g335n( g33A8( 16654
decreased slightly from 1.39x 107 t0 9.95x 10™* S cm™!,
while that of air-exposed p-Li;PS, decreased by more than
one order of magnitude. Therefore, the outstanding air sta-
bility of Lij; g335n g33AS8) 16654 limited moisture absorption
from humid air and minimized the impacts on the crystal-
line structure and ionic conductivity (which was recovered
by moderate heat treatment), potentially enabling practi-
cal application. Recently, Lu et al. [84] prepared a similar
As-substituted Li,SnS, analogue, Lij; g755n( g75A8( 12554
(LSAS), with the highest room-temperature ionic conduc-
tivity value (2.45 mS cm™") among all reported lithium-ion
sulfide SEs stable to moist air; this material was realized, for
the first time, with a one-step gas-phase synthetic method in
an ambient environment. After immersion in water, the crys-
talline structure (Fig. 16d) and localized structure (Fig. 16e)
of LSAS were completely recovered by heat treatment above
350 °C. In addition, the superior moisture stability of LSAS
compared to LPS and LSPSC was proven by minimal gen-
eration of H,S (Fig. 16f).

Considering the toxicity of arsenic and its use in LSAS,
Zhang et al. [63] synthesized an air-stable and environmen-
tally friendly SE, Li,_ Sn,_,Sb.S, (LSSS), by substituting
Sn with Sb. As shown in Fig. 16g, its ionic conductivity
reached the maximum value of 3.5x 107 S cm™" at x=0.2.
The XRD patterns (Fig. 16h) obtained before and after expo-
sure of LSSS to humid air (60% RH, 22 °C) for 12 h were
almost identical. As shown in Fig. 16i, the amount of H,S
generated by air-exposed LSSS was negligible compared
with that of LGPS. Kwak et al. [64] also performed Sb
substitution for Sn to obtain Lis ¢sSn; gsSby 155, with ionic
conductivities of 4.6x107* S cm™ and 8.5x 107 S cm™
(Fig. 16j) for cold-pressed and hot-sintered pellets by
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«Fig. 15 Air stability of the Li-Sn-S system. a Crystal structures of
Li[Lij 335804 47S,] and Lig ¢[Li,Sn,¢S,]. Reprinted with permission
from Ref. [116]. Copyright © 2016, Royal Society of Chemistry. b
X-ray powder diffraction data for Li,SnS; before and after humid-
air exposure. Reprinted with permission from Ref. [118]. Copyright
© 2014, American Chemical Society. ¢ Conductivity at 30 °C as a
function of the average water content in Li,Sn,Ss-xH,0. Reprinted
with permission from Ref. [89]. Copyright © 2021, Royal Soci-
ety of Chemistry. Fragment of the crystal structure of d orthorhom-
bic LSS with the [SnS,]* anionic units highlighted and e cubic
Li,SnS,-13H,0. f TGA/DSC data for dehydration of Li,SnS,-13H,0.
Reprinted with permission from Ref. [94]. Copyright © 2012, Ameri-
can Chemical Society. g XRD patterns of aqueous-solution processed
LSS after heat-treatment at various temperatures. h Ionic conduc-
tivities at 30 °C for aqueous-solution processed LSS as a function
of heat-treatment temperature. i H,S amount generated as a function
of time for an aqueous solution of LSS. Reprinted with permission
from Ref. [119]. Copyright © 2017, Wiley-VCH. j XRD patterns
of Li,SnS, heated to 260 and 390 °C for 2 h compared to that of
orthorhombic Li,SnS,. k H,S gas generation from hexagonal Li,SnS,
and Li;PS, glass-ceramic powders upon exposure to humid air.
Reprinted with permission from Ref. [80]. Copyright © 2018, Ameri-
can Chemical Society. 1 Schematic graph of the ion exchange process.
Reprinted with permission from Ref. [152]. Copyright © 2016, Else-
vier. NSS stands for Na,SnS, and LSS stands for Li,SnS,. m XRD
patterns of the obtained powder before and after atmospheric expo-
sure and reheating at 240 °C. Reprinted with permission from Ref.
[120]. Copyright © 2019, Elsevier

when x> 0.15. Therefore, the upper limit for Sb dissolu-
tion was determined to be within the range 0.10 <x<0.15.
The crystalline structure (Fig. 161) of Lis ¢5Sng ¢5Sb 155,
barely changed after exposure to dry air for 12 h, and the
ionic conductivity was slightly reduced to 4.1x107*S cm™".
The amount of H,S generated by LicPS;Cl after exposure
to humid air (50% RH) was as high as 89 ppm (Fig. 16m),
while that of Li; ¢5Sn; ¢5Sby ;5S4 without P was extremely
low (6 ppm). This may have been caused by trace amounts
of impurities, such as Li,S.

The LSS SE also exhibited good solubility and compat-
ibility with the wet-coating process [121]. Park et al. [52]
dissolved Lil and LSS SEs into anhydrous methanol to
obtain 0.4Lil-0.6Li,SnS, SEs and tuned the proportion of
these two components to optimize the ionic conductivity at
4.1x10™*S cm™ ! xLil-(1 —x)Li,SnS, SEs (x<0.5) showed
an amorphous feature, and the added Lil was not present
in crystalline form but dissolved into LSS and acted as a
glass forming agent to reduce the crystallinity of LSS. In
contrast, LSS synthesized at 450 °C without the addition
of Lil was highly crystalline. Furthermore, it is notewor-
thy that [SnS,]*~ anions were always stable and unaffected
by heating and Lil introduction. Therefore, the proportion
of Lil and the crystallinity (which depended on the heat-
ing temperature) jointly affected the ionic conductivity of
xLil-(1 —x)Li,SnS, SEs. The ionic conductivity of 0.4Lil-
0.6Li,SnS, after exposure to dry-air flow for 24 h dropped
from 4.1x 107 t0 2.6x 10™* S cm™!, while that of Li;PS,

decreased by two orders of magnitude from 1.0x 107> to
8.0x107°Scm™.

Na,SnS, and Na;SbS, are analogues of Li,SnS, and
Li;SbS,, respectively, and they also exhibited outstand-
ing moisture stability. Although a series of Na,SnS,
hydrates was reported by Schiwy et al. [122] in 1973, the
solid-state ionic conductor Na,SnS, was first reported by
Heo et al. [123] in 2018. Heo et al. discovered tetrago-
nal Na,_ . Sn,_,Sb.S, (0.02<x<0.33) with space group
14,/acd, which was distinctly different from Na,SnS,
or Na;SbS,. In addition to a high ionic conductivity of
0.51 mS ecm™!, Na; ;5Sn, ;5Sb, ,5S, exhibited excellent
dry-air stability and recoverability after complete dissolu-
tion into water without releasing H,S gas. Jia et al. [124]
designed Na; 5[Sny, 751 3315 7P 3S4 based on the structural
template for Na,Sn 4,51, 33S4. Although the “hard acid”
P3* was introduced to improve the ionic conductivity,
Najs 4[Sng 751 3310.7P0 354 still showed excellent humid-air
stability since no impurity peaks were observed, even in the
enlarged XRD patterns, for samples exposed to humid air
(35% RH) for 24 h without or with a 150 °C drying process.
Xiong et al. [125] substituted Sb>* and C1~ for Sn** and S,
respectively, and obtained Nas ,Sn; 3Sb, ,S5 ¢Cl,, ; with an
improved ionic conductivity of 0.61 mS cm™!. However, an
investigation of the air stability was not reported.

5.3.2 Li/Na-Sb-S System

Considering the superior moisture stability of the
[SbS,]*~ group (e.g., the sodium ion conductor Na,SbS,
is stable in the natural environment in the hydrated form
Na;SbS,-9H,0), Kimura et al. [61] designed and synthe-
sized the air-stable lithium ion conductor Li;SbS, (Fig. 17a)
by ball milling and postheating. The ionic conductivity of
Li;SbS, glass (1.5x 107 S cm™") was much higher than that
of glass-ceramic Li;SbS, due to their different structures
(Fig. 17b). The amounts of H,S produced by LPS and LSS
after exposure to humid air (70% RH) for 1 000 min were
38 cm® ¢! and 5 cm?® g~! (Fig. 17¢), respectively, while
that for Li,SbS, was less than 1 cm? g™'; this indicated air
stability better than that of LSS. Although Li;SbS, glass
exhibited outstanding air stability, its ionic conductivity only
reached~107°S cm™, far below 1072 S cm™'. More work is
needed to improve its ionic conductivity with various sub-
stitution strategies.

In 2016, Wang et al. [126] synthesized a Na;SbS,
solid electrolyte by heating and completely removing the
waters of crystallization from the hydrate Na;SbS,-9H,0.
Since Na;SbS,-9H,0 is stable in the natural environment,
SbS43_ groups with robust Sb—S bonds should be moisture-
stable based on HSAB theory. Raman spectra (Fig. 17d)
and XRD patterns (Fig. 17¢e) indicating the structural evo-
lution of Na;SbS, upon air exposure and reheating further
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demonstrated reversible H,O adsorption/desorption and the
moisture stability of Na;SbS,. In addition, the ionic conduc-
tivity was improved from 5x 107" to 1.05x 107> S cm™! via
transformation from Na;SbS,-9H,0 to Na;SbS,. Almost at
the same time, Zhang et al. [127] also synthesized Na,;SbS,
by the solid-phase method, and it exhibited the same
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crystal structure (space group PZ2lc, No. 114). In addi-
tion to reversible H,O adsorption/desorption and moisture
stability (Fig. 17f), the vacancy-rich Na;SbS, exhibited
a much higher ionic conductivity of 3 mS cm™!. Subse-
quently, Banerjee et al. [128] reported solution processing
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«Fig. 16 Air stability of As- and Sb-substituted Li,SnS,. a, b XRD
patterns for Lijg33Sn,¢33A80 6654 and B-LisPS, before and after
exposure to humid-air. ¢ Arrhenius plots for Lij 3350 g33A8) 16654
and B-Li;PS, before and after air exposure. Reprinted with permis-
sion from Ref. [51]. Copyright © 2014, Royal Society of Chemistry.
d XRD patterns and e Raman spectra of LSAS before and after water
immersion and heat treatment. f Amounts of H,S generated by LSAS,
LSS, LPS and LSPSC. Reprinted with permission from Ref. [84].
Copyright © 2021, Wiley-VCH. g Calculated total ionic conductivi-
ties of cold-pressed Liy_ Sb.Sn,_,S, (0 < x < 0.8) powders at room
temperature. h XRD patterns of Li;¢Sb,,Sn, ¢S, before and after
air exposure for 12 h. i H,S gas generation from Lis;¢Sb,Sn; ¢S,
and LGPS powders upon exposure to humid air. Reprinted with per-
mission from Ref. [63]. Copyright © 2019, Elsevier. j Li* conduc-
tivities at 30 °C for Li,_,Sn,_.Sb S, [64]. k XRD patterns for Sb-
doped Li,SnS, (Liy_,Sn;_Sb.S, (0 < x < 0.30)). 1 XRD patterns of
Li; g5Sn; g5Sby 155, before and after air exposure. m H,S amount as a
function of time in atmospheric air for Lij ¢5Sn, g5Sby 5S4 compared
with LigPSsCl or Li,SnS,. Reprinted with permission from Ref. [64].
Copyright © 2019, Elsevier

of Na;SbS,, which enabled preparation of a Na;SbS ,-coated
cathode for all-solid-state sodium-ion batteries. In 2018,
Kim et al. [129] developed a scalable synthetic method for
preparation of Na;SbS, from aqueous solution. These inspir-
ing results indicated that Na;SbS, is a promising solid elec-
trolyte for applications with ASSBs.

In 2019, Hayashi et al. [130] increased the ionic con-
ductivity of Na;SbS, from 2.1 to 32 mS cm™' via partial
substitution of Sb>* with W®*. The introduction of high-
valent W effectively created Na vacancies and facilitated
a structural transformation from the tetragonal to cubic
phase, which enabled isotropic three-dimensional fast-ion
conduction. In addition to the outstanding ionic conductiv-
ity, the resulting Na, ¢sSb;, ssW 1,5, also exhibited excel-
lent moisture stability indicated by negligible H,S genera-
tion (0.1 cm® g~!, Fig. 17g) and Na;SbS,-9H,0 hydrate
formation after exposure to humid air (70% RH). Fuchs
et al. [131] reported an even higher ionic conductivity of
(42+8) mS cm™! for the Na, ¢Sb, 4W, ;S, analogue, which
represented the highest value measured in sulfide SEs to
date. Subsequently, the aqueous-solution synthetic proto-
col was developed for Na;_,Sb,_ W.S, by Yubuchi et al.
[132], and this showed significant promise for realization
of ASSBs despite a compromised ionic conductivity of
4.28 mS cm™". Inspired by the vacancy introduction strat-
egy, Tsuji et al. [133] developed Na;_ SbS,_,Cl, electro-
lytes by partially substituting S?~ with C1~. The resulting
Na, 937 55bS; 937 5Cl 062 5 Showed a higher ionic conductiv-
ity (2.9 mS cm™") than Na,;SbS,. Although the exposure
conditions were more demanding, Na, 937 sSbS; 37 5Clj 062 5
showed better moisture stability than Na;PS, and minimal
H,S generation (Fig. 17h) and reversible H,O adsorption/
desorption (Fig. 171).

5.3.3 Novel Quaternary-lon Conductors

To improve the inherent air stabilities of sulfide SEs with
well-known crystalline structures, much effort has been
devoted to exploring sulfide SEs with various compositions
and novel structures. Lithium oxysulfide superionic con-
ductors, including the aforementioned oxygen-substituted
sulfide SEs, were proposed [100] very early to overcome
the moisture sensitivities of sulfide SEs. Inspired by pre-
dictions for layered LiAISO offered by Wang et al. [134]
based on first-principles calculations, Kuo et al. [135] suc-
cessfully synthesized LiSnOS oxysulfide with a layered
structure, and it was expected to combine the high chemical
stabilities of oxide SEs and the high ionic conductivities of
sulfide SEs. The preparation of LiSnOS powder utilized a
new synthetic route that differed from conventional solid-/
liquid-phase methods and involved thermal precipitation of
SnOS and a calcination/sulfurization step. LiSnOS exhibited
an ionic conductivity of 1.92x 107 S cm~! and remained
stable in air for at least two weeks without phase decomposi-
tion. However, LiAISO and possible analogues in Li-Al-S-O
phases have not yet been synthesized despite the numerous
experimental attempts by Gamon et al. [136].

Li,PS,I, which was synthesized by a solvent-based
approach, was discovered by Sedlmaier et al. [137] in
2017. It has a novel crystalline structure with the tetrago-
nal space group P4/nmm (No. 129). Although a three-
dimensional migration pathway for Lit is predicted
based on topostructural analyses of the PS4I4_ substruc-
ture, the total ionic conductivities fell within the range
6.4x107°-1.2x107* S cm™'. Subsequently, the air stability
was systematically investigated by Calpa et al. [81] in 2021.
Even after exposure to humid air (40% RH) for 60 min, no
H,S gas was detected for the Li,PS,I SE. While H,S gas gen-
eration from the Li,PS, sample reached a maximum value
of 8.3 cm® g~! after exposure for ~ 540 min, that of Li,PS,I
merely reached 0.96 cm® g=!. XRD results showed that the
side products Lil-H,O and Lil-3H,0 were formed after expo-
sure for 60 and 1 800 min, and they acted as a protective
layer between PS,>~ units in the SE and H,0O molecules in
the air. After simple drying at 180 °C, the structure of air-
exposed Li,PS,I was recovered, and a slightly decreased
ionic conductivity of ~1x 107 S cm™! was regained. For the
first time, a reversible structure was observed for thiophos-
phate SEs, which are notorious for their poor air stabilities
and irreversible structural losses after exposure to humid air.

Wang et al. [62] completely substituted P°* in LGPS
with Cu* by a urothermal synthesis method and obtained
Li,CugGe;S,, (LCGS) with a novel crystalline structure
in the space group Fm3c¢ (No. 262). According to HSAB
theory, Ge** and Cu™*, which are soft acids, tend to bond
tightly with the soft base S*~ and form covalent bonds that
are stronger than the P-S bond. As shown in Fig. 18a, the
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Fig.17 Air stability of the Li/Na-Sb-S system. a XRD patterns
for prepared Li;SbS, glass and the glass ceramic heated at 200 °C
(HT 200 °C) and 500 °C (HT 500 °C). b Temperature dependence
of the conductivities of the Li;SbS, glass and glass ceramic heated
at 200 °C. ¢ Amounts of H,S gas generated from the Li;SbS, glass,
LisPS, glass, and Li,SnS, milled powders. Reprinted with permission
from Ref. [61]. Copyright © 2019, Elsevier. d Raman spectra and e
XRD patterns of pristine Na;SbS,-9H,0, as-synthesized Na;SbS,,
air-exposed Na;SbS, and reheated air-exposed Na;SbS,. Reprinted
with permission from Ref. [126]. Copyright © 2016, Wiley-VCH. f
XRD patterns of Na;SbS, powders before and after air exposure for 5
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h and heating at 100 °C after air exposure. Reprinted with permission
from Ref. [127]. Copyright © 2016, Wiley-VCH. g H,S gas generated
from Na, ¢¢Sb 5sW 1,S, as a function of exposure time to humid air
(70% RH). Reprinted with permission from Ref. [130]. Copyright ©
2019, Springer Nature. h H,S gas amounts generated from a Na;PS,
pellet and Na, g3; 5SbS; 937 5Clj o6, 5 powder after exposure to air.
i XRD patterns for the Na, ¢37 sSbS; 937 5Clj o2 5 Sample before and
after air exposure and after the sample was heated at 170 °C for 1 h
after air exposure. Reprinted with permission from Ref. [133]. Copy-
right © 2020, The Ceramic Society of Japan
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diffraction peaks obtained for LCGS after exposure to humid
air (15% RH) or 2 M LiOH aqueous solution (1 M= 1 mol
L~!) and sequential heating at 60 °C for 4 h corresponded
well with those of pristine LCGS, indicating the high stabil-
ity of the crystalline structure. Although water molecules
were absorbed into the pores of LCGS after exposure to air,
the stable skeleton and weak coordination of water mole-
cules by Li* facilitated the removal of water molecules with-
out destroying the original structure. Interestingly, the ionic
conductivities (Fig. 18b) of LCGS after exposure to humid
air and LiOH aqueous solution were even higher that of the
pristine material; this was closely related to the amount of
water absorbed because the impedance gradually increased
with increasing time under flowing argon gas (Fig. 18c).
Therefore, the abnormal increase in ionic conductivity was
attributed to proton conduction in the LCGS after absorption
of water molecules.

LigSbSsI and its derivatives Lig, M, Sb,_ SsI (M =Si,
Ge, Sn) were first developed by Zhou et al. in 2019 [138].
Although the ionic conductivity of the sintered pellet was
improved to as high as 18.4 and 24 mS cm™' by substitu-
tion of Sb>* with Ge*" and Si**, respectively, there was
no air stability investigation reported. Subsequently, Sun
et al. [139] found that the air stability of Ge-substituted
LigSbSsI was better than that of the typical sulfide electro-
lyte LigPS5Cl; it took a longer time for Lig (Ge (Sby 4551
to reach the testing limit of the sensor (Fig. 18d), and its
ionic conductivity only dropped from 1.61 to 1.06 mS cm™!
after exposure for 2 h. Lee et al. [83] systematically studied
the air stability of Ge-substituted LigSbS;I by monitoring
the amount of H,S produced with in situ Raman spectros-
copy and cryo-TEM images. Since the central cations Ge**
and Sb>* are soft acids, the air stabilities of LigSbSsI and
Lig sGeg 5Sby sSsI were much better than that of phospho-
rus-based LPSI, which was demonstrated by generation
of 68% and 84% H,S, respectively (Fig. 18e). Notably, the
amount of H,S generated by Lig, Ge Sb,_ SsI decreased
with increasing Ge content. In contrast to the rapid drop in
P-S bond strength for LPSI and the gradual decline in Sb—S
bond strength for LigSbSsI, Ge-substituted LigSbS;I showed
superior air stability due to minor changes in Sb—S and Ge-S
bond strengths with exposure time. Air-exposed LPSI was
severely damaged and decomposed to Li,S, Lil and Li;PS,,
while the other two samples maintained argyrodite struc-
tures. Like Ge-substituted LigSbS;], Si-substituted LigSbS;I
was also verified to be more stable than LPSI and undoped
LigSbSsI by comparing H,S concentrations (Fig. 18f). [140]
However, due to the weak chemical stability of nonbonded
S~ ions, structural degradation of Lig, M,Sb,_,SsI (M=Si,
Ge, Sn) argyrodites after exposure to moisture/water should
be irreversible despite the enhanced resistance to humid air
resulting from robust M/Sb-S bonding in [M/SbS,] units or
possible protection from Lil-xH,O hydrates. Interestingly,

Si-substituted LicSbS;I even exhibited excellent Li compat-
ibility, despite the high oxidation state of Si** and Sb°* and
possible formation of Li-Si or Li-Sb alloys. Zhou et al. [138]
reported stable Li™ plating/stripping in a symmetric cell with
Lig ;Sij ,Sby 3SsI at a 0.6 mA cm™2 current density for 400 h,
and Lee et al. [140] subsequently measured a critical current
density as high as 1.5 mA cm™2 (Fig. 18g) and pushed the
stable Li* plating/stripping current density to 1.2 mA cm™>
(Fig. 18h) for the Lig 75Sby 5551 75551 analogue. However,
the excellent Li compatibility of Si-substituted LigSbSsl
has not been verified in ASSBs using lithium metal instead
of a Li-In alloy as the anode, despite the promising results
obtained with symmetric cells.

Although promising quaternary superionic conduction
by LGPS-type Na,(MP,S,, M =Si, Ge) was predicted by
Richards et al. [141] in 2016, little progress has been made
to date, except for preparation of an impure Na;,SnP,S,,
phase with an ionic conductivity of 0.4 mS cm™. In 2018,
Zhang et al. [142] synthesized Na;,Sn,PS,, with a crystal
structure distinctly different from that of its LGPS counter-
part. Shortly after, Duchardt et al. [143] reported an even
higher ionic conductivity of 3.7 mS cm™" for Na,,Sn,PS,,
with the same tetragonal structure (space group /4,/acd, No.
142). Subsequently, Ramos et al. [144] prepared the ana-
logue Na;;Sn,SbS,, exhibiting much higher dry-air stability
than Na,;Sn,PS,,, despite a small decrease seen in ionic
conductivity after exposure to dry air (Fig. 181). Weng et al.
[145] increased the ionic conductivity of Na;;Sn,SbS, by
a factor of three (1.01 mS cm™!) and avoided the NaSb§,
impurity by substituting Sb with Ti. They also verified the
outstanding air stability of Na,;Sn,SbS,, with negligible
H,S generation, as shown in Fig. 18j. However, the resulting
Na,; sSn,Sby 5Ti, 5S;, with a decreased Sb content showed
increased H,S generation when the exposure time was less
than 45 min, despite the aforementioned positive effects of
Ti substitution. In 2021, Liu et at. [146] reported the prepa-
ration of a quaternary Na,,SnSb,S,, solid electrolyte, which
exhibited an ionic conductivity of 0.52 mS cm™', by com-
plete replacement of P>+ with Sb>* in Na,,SnP,S,. As a
result of the robust Sn—S and Sb-S bonds, Na,,SnSb,S,,
exhibited excellent air stability with a minor generation of
H,S (0.015 cm® g™!) and a small change in ionic conductiv-
ity from 0.52 to 0.51 mS cm™' after exposure to humid air
(55% RH) for 180 min (Fig. 18k).

Although some progress has been made on enhancing
the air stabilities of sulfide SEs, more explorations of new
materials with novel compositions or structures are required
to enrich the variety of sulfide SEs and to overcome air insta-
bility and other challenges. Reliable guidelines from theo-
retical calculations and numerous experimental attempts are
crucial for promoting the development of new sulfide SEs.
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5.4 Surface Engineerin layer to resist chemical attack by O,, water molecules and
2

even organic solvents, as illustrated in Fig. 19a. Jung et al.
Since hydrolyses of sulfide SEs first occur at the sulfide sur-  [68] synthesized oxysulfide-coated LigPS;Cl with a core-
face, it is advisable to construct an inert surface or coating  shell structure via environmental mechanical alloying with a
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«Fig. 18 Air stabilities of novel quaternary ion conductors. a XRD
patterns for LCGS before and after exposure to 15% moist air and a
2 M LiOH aqueous solution. b Comparative Arrhenius plots show-
ing minor changes in conductivity and activation energy before
and after exposure. ¢ Reversible variations in ionic conductivity
for LCGS when exposed to moist air and Ar flow. The inset shows
the magnified impedance plot. Reprinted with permission from
Ref. [62]. Copyright © 2019, Wiley-VCH. d Amount of H,S gen-
erated when Lig¢Ge,4Sb),SsI and LigPSsCl were exposed to air.
Reprinted with permission from Ref. [139]. Copyright © 2020,
Wiley-VCH. e Amounts of H,S generated from LigPS;I (black) and
Lig, Sb,_,Ge SsI [x=0 (red), 0.5 (blue), and 0.75 (green)] as a func-
tion of exposure time in 15% air humidity. Reprinted with permission
from Ref. [83]. Copyright © 2021, American Chemical Society. f
Amounts of H,S generated from LigPSsI (black) and Lig, Sb,_,Si SsI
[x=0 (red), 0.5 (blue), and 0.75 (green)] as a function of exposure
time to air with <15% humidity. Galvanostatic cycling of the Li/
Lig 75Sb 5551 755sI/Li symmetric cell g at current densities rang-
ing from 0.2 to 1.7 mA cm™2 and h at 0.3, 0.6, and 1.2 mA cm™.
Reprinted with permission from Ref. [140]. Copyright © 2020,
American Chemical Society. i Variations in the ionic conductivities
vs. exposure time for Na,;Sn,SbS, and Na,,Sn,PS,,. Reprinted with
permission from Ref. [144]. Copyright © 2018, American Chemi-
cal Society. j Amounts of H,S gas generated from Na;;Sn,PS,,,
Na,;Sn,SbS,, and Na;, 5Sn,SbsTi;sS;, as a function of exposure
time to humid air (60% RH). Reprinted with permission from Ref.
[145]. Copyright © 2021, Elsevier. k Amounts of H,S gas generated
from Na,;,SnSb,S;, when exposed to humid air. Reprinted with per-
mission from Ref. [146]. Copyright © 2020, Elsevier

controlled oxygen partial pressure. A 50 nm-thick nanolayer
with an extremely high oxygen concentration can be iden-
tified for the surface microstructure of oxysulfide-coated
LigPSsCl, which is obviously different from the smooth
surface and low oxygen concentration of pristine LigPS;Cl.
Atmospheric stability was evaluated with variations in the
XPS O 1 s peak and ionic conductivities. After exposure to
humid (35% RH) air, the intensity of the O 1 s peak for pris-
tine LigPSsCl increased rapidly due to severe surface oxi-
dation, whereas that of oxysulfide-coated LigPSsCl under-
went little change (Fig. 19b). Although these two samples
exhibited monotonic decreases in ionic conductivities over
120 min, oxysulfide-coated LigPS;Cl showed slower deg-
radation than pristine LigPSsCl, as shown in Fig. 19c¢. It is
well known that typical sulfides are vulnerable to nucleo-
philic attack in highly polar solvents [147], which results in
structural degradation. However, oxysulfide-coated LigPS;Cl
exhibited some resistance to both organic solvents and bind-
ers, since the oxysulfide passivation layer effectively sup-
pressed chemical reactions on the surface and maintained
a relatively high ionic conductivity. Recently, Xu et al.
[88] designed a superhydrophobic surface layer with both
water-repellent and Li*-conducting properties at the mem-
brane level, as shown in Fig. 19d. This protective layer was
spray-coated onto a LigPSsCl membrane, and it consisted of
Li, 4Alj 4Ti, ((PO,); (LATP) nanoparticles and fluorinated
polysiloxane (F-POS) prepared by hydrolysis and condensa-
tion reactions. As shown in Fig. 19e, while water droplets

adhered to the surface of the bare membrane, the membrane
with the superhydrophobic surface showed distinct water
repellency. The outstanding water stability of this designed
membrane was further demonstrated by the small variations
seen in the XRD patterns, negligible resistance increases
and superior electrochemical performance of ASSBs after
direct water jetting. It is worth noting that this postprocess-
ing method is applicable to all types of water-sensitive SEs.

Therefore, this specially designed surface layer is
expected to improve air stability toward moisture and oxy-
gen, enhance chemical stability toward organic components
during wet casting processes and maintain superior bulk
ionic conductivity by preventing structural degradation. In
addition, other desirable characteristics, such as superhy-
drophobic properties and Li-metal compatibility[34], can
be easily grafted onto sulfide SEs by surface engineering.
Nevertheless, it is noteworthy that ionic conduction from
the bulk to the surface should be maintained.

5.5 Sulfide-Polymer Composite Solid Electrolytes

In addition to modification methods for sulfide SEs them-
selves, combinations of sulfides with polymers have also
been proposed. Li et al. [67] prepared a sulfide-incorporated
composite electrolyte (SCE) from a combination of Li,PS¢
and poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) polymer (Fig. 20a) in an ambient environment.
XRD (Fig. 20b) and Raman (Fig. 20c) results showed that
the main crystalline structure and localized structure (PS43')
of Li;,PS, were well maintained in the SCE without breaking
P—S bonds. This SCE delivered a high room-temperature
ionic conductivity of 1.1x10™* S cm™! and the symmetric
cells were cycled for up to 1 000 h at 0.2 mA cm™2, since
the PVDF-HFP polymer matrix protected the Li,PS sulfide
SE from humid air. Chen et al. [49] prepared a hybrid SE
composed of B-Li;PS, and poly(glycidyl methacrylate)
(PGMA) via a controlled interfacial reaction involving cova-
lent crosslinking, as illustrated in Fig. 20d. The composite
SE was obtained with good processability simply by slurry
coating. Compared with that of pure $-Li;PS,, the ionic con-
ductivity of this hybrid electrolyte was slightly increased to
1.8x10™* S cm™!. While pure B-LisPS, reacted instantly
with moisture and generated a series of products, including
Li,PS;, LiOH, Li,O and P,05 (Fig. 15e), the structure of
the hybrid electrolyte remained stable in humid air (20%
RH) for at least 20 min, as corroborated by in situ environ-
mental XRD results (Fig. 20f). Tan et al. [66] combined the
hydrophobic polymer polystyrene-block-poly(ethylene-ran-
butylene)-e-polystyrene (SEBS) with Li,P;S,; to obtain the
air/moisture-stable composite SEBS-Li,P,S,,. The super-
hydrophobicity of SEBS was comparable to that of well-
accepted PTFE based on the contact angle. The amount of
H,S generated (Fig. 20g) by the SEBS-Li,P;S,, composite
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Fig. 19 Air stability enhanced by surface engineering. a Schematic
illustration of the atmospheric stability and chemical resistance of
pristine and core-shell sulfide SEs. b O 1 s and C 1 s XPS spectra for
pristine and oxysulfide-coated LiPSsCl samples, which were tested
before (solid lines) and after (dashed lines) exposure to air with 35%
RH for 30 min at 25 °C. Reprinted with permission from Ref. [68].
Copyright © 2020, American Chemical Society. d Schematic illustra-

SE after exposure to humid air (50%—55% RH) was signifi-
cantly lower than that of the pristine Li,P,S,; powder.

Sulfide-polymer composite SEs potentially combine the
advantages of both types of SEs, including the mechani-
cal flexibility and scalable processes of polymer SEs, the
high transference number for Li* and the superior room-
temperature ionic conductivity of sulfide SEs, thus provid-
ing ultrathin films with high ionic conductivity and other
excellent properties [32, 33, 148]. However, as a result of
the complex interactions between sulfide SEs and organic
solvents and polymers, numerous experimental attempts are
needed to tune the ratio of sulfide and polymer SEs and
achieve the optimal properties for composite SEs. Due to the
heterogenous properties of sulfides and polymers, the ionic
conductivity may be compromised.
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tion of the design principles for the superhydrophobic Li*-conducting
protective layer on LigPS;Cl SE membranes. e Serial photographs of
the F-POS @LATP/Li6PS5CI/F-POS @ LATP membrane and the bare
LigPSsCl membrane exposed to extreme conditions with continuous
water-drop attack. Reprinted with permission from Ref. [88]. Copy-
right © 2021, Wiley-VCH

6 Summary and Perspectives

In summary, the progress of research on the air stability of
sulfide SEs and ASSBs was systematically reviewed from
the perspectives of theoretical paradigms/mechanisms, char-
acterization techniques, and strategy improvements. In terms
of theoretical paradigms/mechanisms, the random network
theory of glasses functions well to guide modification of
glassy materials, although the improvements in compre-
hensive properties are still limited. HSAB theory has been
generally accepted and proven to be effective for developing
air-stable sulfide SEs. Thermodynamic analyses based on
energy changes for hydrolysis reactions were performed by
Mo et al. [69] to further enrich the selection of alternative
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Fig.20 Air stability enhanced by sulfide-polymer compounding. a
Schematic illustration of the Li,PS¢-embedded composite electrolyte
(Li;,PS¢/PVDF-HFP/LiTESI). b XRD patterns and ¢ Raman spectra
of Li,PS,/PVDF-HFP/LiTFSI, PVDFHFP/LiTFSI, PVDF-HFP, and
pure Li;PS,. Reprinted with permission from Ref. [67]. Copyright ©
2020, American Chemical Society. d Schematic illustration of hybrid
Li* conductors with and without covalent interfacial coupling. XRD

cations available for air-stable sulfide SEs. The kinetics of
interfacial reactions deepen our understanding of air insta-
bility problems originating from the surfaces of sulfide SEs
and encourage more research on the growth of sulfide SEs
with controlled crystalline orientations. Moreover, charac-
terization techniques for determining air stability have been
gradually optimized to study macroscopic chemical reaction

patterns of e B-Li;PS, and f the hybrid electrolyte after exposure to
air. Reprinted with permission from Ref. [49]. Copyright © 2019,
Elsevier. g H,S amount released as a function of exposure time for
pristine Li;P;S,, and a composite with the hydrophobic SEBS poly-
mer. Reprinted with permission from Ref. [66]. Copyright © 2019,
American Chemical Society

phenomena, microscopic chemical components/structures,
and electrochemical properties/performance before and after
exposure to air. Based on the experimental results, five strat-
egies have been reviewed and demonstrated to be effective
for enhancing the air stability of sulfide SEs. In addition, the
features, advantages and disadvantages of these five strate-
gies are summarized in Table. 3.

@ Springer



3 Page 40 of 46

Electrochemical Energy Reviews (2022) 5: 3

Table 3 Comparison of various strategies for enhancing air stability

Strategy Feature

Advantage

Disadvantage

H,S absorbent Physical mixing with sulfide SEs

Element substitution
sition level

Design of new materials New composition or structure

Surface engineering Construction of a surface layer with
specially designed structure or

function

Sulfide-polymer composite  Physical or chemical compound-
ing of sulfide SEs and polymer or

polymer SEs

Absorbing toxic H,S gas and
improving safety

Modification at the chemical compo- Homogeneous properties

Tuning atom sites and contents with
high degrees of freedom

Suppressing the hydrolysis reaction

No impact on the bulk
Versatility
Suppressing hydrolysis reactions

Impeding the ion conduction among
particles

Inevitable hydrolysis reaction and
structure degradation

Requiring rich experience

Requiring numerous experimental
attempts

Irreversible structure degradation

Enriching the varieties of sulfide SEs Requiring reliable guidelines
Avoiding hydrolysis reactions and
structural degradation

Requiring numerous experimental
attempts

Impeding ion conduction at surfaces/
interfaces

Heterogeneous properties between
surface and bulk

Mechanical flexibility Requiring numerous experimental

Facile and scalable processing attempts

Suppressing hydrolysis reactions Heterogeneous properties between
sulfide and polymer

Although significant progress has been made in recent
years, practical application and commercialization of
sulfide-based ASSBs still have many challenges to be over-
come. Based on an in-depth understanding of the air stability
problems described herein, several potential directions are
proposed here:

1) Developing partial substitution of S/P sites, dual substi-
tution of both S and P sites, and even multiple substitu-
tion to trigger synergistic effects and meet the compre-
hensive prerequisites of sulfide SEs;

2) Developing new materials for Li-M-S (M is soft
acid) ternary systems based on theoretical predictions
and air-stable sulfide SEs with novel structures (e.g.,
Li,Cug4Ge;S,, and LiSnOS);

3) Developing sulfide-polymer composite SEs to combine
the complementary advantages of these two types of
SEs, such as the flexibility and scalable processing of
polymer SEs and the high transfer number for Li* and
the superior room-temperature ionic conductivities of
sulfide SEs;

4) Developing a surface modification method (e.g., surface
oxidation and surface nanostructure design) to maintain
the superior bulk ionic conductivity of sulfide SEs and
potentially utilize various functionalities of the sur-
face layer, such as passivation of the interface between
sulfide SEs and air, suppression of the space-charge
layer effect between sulfide SEs and the oxide cathode,
improvement in the compatibility between sulfide SEs
and the oxide cathode or lithium metal anode, elimina-
tion of grain boundaries among particles, etc.;

@ Springer

5) Developing a method to finely control physical proper-
ties, such as particle size, specific surface area, crystal-
linity and exposed crystalline plane, rather than tuning
the chemical components.

In addition, the development of innovative synthetic
routes/methods tailored for air-stable sulfide SEs, such as
the ion exchange method [120], urothermal synthetic method
[62] and gas-phase synthetic method [84], will potentially
promote mass production of sulfide SEs.

Moreover, accurate measurements of H,S generation
should be standardized to achieve comparable data for vari-
ous sulfide SEs reported by different research groups. The
homemade detection system reported in our previous work
[84] or advanced gas chromatography-mass spectrometry is
recommended. Apart from the standardized detection sys-
tem, the testing conditions, such as humidity, temperature,
sample form and sample mass, should also be standardized.
Given the various humidity conditions of current manufac-
turing processes, including material preparation, storage,
transportation, slurry coating, and battery assembly/pack-
aging, and the different air stabilities of various sulfide SEs,
it is advisable to measure the H,S gas amounts for all sulfide
SEs under mild conditions and build a universal evaluation
system for both research and practical applications, such as a
dew point of —28 °C corresponding to the dry-room humid-
ity (2% RH) for the slurry coating process. For sulfide SEs
with outstanding air stabilities or reversible water absorp-
tion/desorption capabilities, durability can be investigated
under harsh conditions, such as with high humidity (>50%
RH) or direct water exposure. The recommended testing
temperature and sample form are 25 °C and the powder state,
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respectively. Given the detection range and accuracy of the
H,S sensor, the sample mass should correspond to a reason-
able range and undergo normalization when calculating the
total amount of H,S based on Eq. (2).

Furthermore, it is urgent to improve and enrich the meth-
ods available for characterizing the air stabilities of sulfide
SEs. Advanced in situ environmental characterization
methods will be powerful in uncovering the mechanisms
of interfacial reactions between sulfide SEs and air from
collected kinetic information. Apart from the in situ XRD
method used to analyze the evolution of reaction products
during exposure of sulfide SEs to air, Tsukasaki et al. [149]
developed a TEM system to evaluate the air stabilities of
battery materials, and deterioration of the sulfide-based
Li,SnS, glass-ceramic was observed in situ under flowing
air. In addition, basic and universal characterization methods
should be used to construct a unified system for evaluat-
ing comparable data from different labs, including meas-
urements of H,S generation upon exposure, XRD data for
crystal structures, Raman spectra for local structures and
measurements of ionic conductivity before and after expo-
sure to air. Advanced characterization methods, such as
XAS, NMR and in situ TEM, can be alternative approaches
used to provide further proof and deepen our understanding.

Overall, continuous efforts are needed to overcome the
aforementioned challenges and to convert laboratory inves-
tigations into large-scale application of air-stable sulfide SEs
and ASSBs in the future.
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