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ABSTRACT

Sulfide solid electrolyte (SE) is one of the most promising technologies for all-solid-state batteries (ASSBs) because of its high
ionic conductivity and ductile mechanical properties. In order to further improve the energy density of sulfide-based ASSBs and
promote practical applications, silicon anodes with ultrahigh theoretical capacity (4,200 mAh-g™") and rich resource abundance
have broad commercial prospects. However, significant challenges including bulk instability of sulfide SEs and poor utilization of
silicon materials have severely impeded the ASSBs from becoming viable. In this review, we first introduce the critical bulk
properties of sulfide SEs and the most recent improving strategies covering the ionic conductivity, air stability, electrochemical
window, mechanical stability, thermostability and solvent stability. Next, we introduce the main factors affecting the compatibility
of silicon and sulfide SE, including the carbon’s effect, particle size of silicon, external pressure, silicon composite matrix and the
depth of silicon’s lithiation. Finally, we discuss possible research directions in the future. We hope that this review can provide a
comprehensive picture of the role of nanoscale approaches in recent advances in ASSBs with sulfide and silicon, as well as a

source of inspiration for future research.
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1 Introduction

Replacing internal-combustion engines with electric power in
vehicles is a growing trend and an essential method to achieve the
carbon-neutral target [1,2]. Nowadays, lithium-ion batteries
(LIBs) as efficient energy storage systems have successfully
revolutionized electric-powered transportation. However, the
organic liquid electrolytes mainly used by the commercial packed
LIBs are inflammable, volatile and easy to leak [3,4]. In view of
safety and durability, all-solid-state batteries (ASSBs) with the solid
electrolytes (SEs) are believed of the prospect to break the
bottleneck and push forward the post-electric era [5, 6].

The starting point for SEs can be dated back to the 1960s, when
the B-alumina (Na,O-11ALO;) was applied in high-temperature
Na-S batteries [7]. Over the past decades, plentiful efforts have
been made to develop SEs with high ionic conductivity under
acceptable temperature. The significant progress includes the
inventions of solid-state oxide electrolytes, sulfide electrolytes,
poly(ethylene oxide) (PEO)/alkali-metal ion electrolytes,
borohydrides and their hybrids [8-13]. Among them, sulfide SEs
attract much attention due to the exceptional room temperature
ionic conductivity (1-10 mS-cm™) comparable even to those of
organic liquid electrolytes. Moreover, the sulfide SE can be simply
fabricated by cold pressing rather than high-temperature sintering
process (e.g., over 1,000 °C for oxide SEs) to reduce the interfacial
resistance between particles due to sulfide’s ductile nature [14, 15].

Driven by the high safety, high energy density and easy-packaging
advantages, Toyota, CATL, Solid Energy, etc. are committed to
promoting the application of sulfide-based ASSBs in electric
vehicles [14]. Despite of numerous research interests and
progresses in both academia and industry, sulfide SES’ narrow
electrochemical window, weak stability in air or polar solvent,
unsatisfied mechanical properties and unstable interface with
electrodes still impede their practical applications.

At the anode side, while many thoughts that the use of lithium
metal anode would maximize the energy density of the sulfide-
based ASSBs system, detrimental interfacial reactions and
persistent dendritic short circuiting have made it a large gap
between fundamental research and practical application [16, 17].
Except for lithium metal anode, silicon (Si) has also been
vigorously recognized as one of the most promising next-
generation anode materials due to its ultrahigh gravimetric
capacity (4,200 mAh-g ), low working voltage (ca. 0.3 V vs. Li"/Li)
and abundant natural resources [18-21]. Nevertheless, the study
on Si anode is mainly focused on liquid electrolyte systems while
the research is relatively scarce in ASSBs. Li’s group evaluated the
energy density of ASSBs with sulfide SE and Si anode to more
than 300 Wh'kg" when the thickness of sulfide SE layer was
50 um, showing excellent application prospect [22]. Very recently,
Meng’s group reported a breakthrough in sulfide SE based
prototype cells with Si anode via the carbon-free two-dimensional
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structure design which can achieve a capacity retention of 80%
after 500 cycles and an average columbic efficiency (CE) of >
99.9% at room temperature [23]. It indicates that ASSBs using
sulfide SE and Si anode are becoming a new research hotspot of
great scientific and commercial value. It is urgent and important
to give a comprehensive review on sulfide SE and its application
with Sianode.

In this review, we start with discussing the development history
of sulfide SEs with high ionic conductivity in the context of the
structural properties. We then emphasize the critical properties of
sulfide SEs and the most recent improving strategies covering the
air stability, electrochemical window, mechanical stability,
thermostability and solvent stability. Later, we highlight the
natural compatibility of Si anode to sulfide SEs. The main factors
affecting the performance of ASSBs, including the carbon’s effect,
Si’s particle size, pressure and sulfide’ modules, Si’s composite
matrix and the depth of Si’s lithiation, are elaborated in detail.
Finally, we conclude by our perspective on the future development
of high-performance ASSBs with sulfide SE and Si anode (Fig. 1).
We hope this review can bring inspirations and provide reference
for accelerating the research progress in this field.

2 Sulfide electrolyte

2.1 History of sulfide electrolytes with high ionic
conductivity

Ionic conductivity is the most essential property because it
determines whether solid ionic conductors can be applied in
ASSBs. The history to develop the categories of novel sulfide SEs is
closely associated with improving this basic property. In general,
sulfide SEs can be categorized into three types according to their
structures: (1) thio-LISICON (LISICON = lithium superionic
conductor), including xLi,S-(1-x)P,S; and Li, ,Ge,_P.S, (0 < x <
1) which has a LISCON-structure originated from y-Li;PO, [24,
25], (2) Lij-M,_/P,,,S;, M = Ge, Si, Sn, etc.) derived from
Li,(GeP,S,, first developed by Kanno’s group [26,27] and (3)
LigPS;X (X = Cl, Br, I) derived from the mineral argyrodite
(AgsGeSy) with an argyrodite structure [28,29]. The room
temperature ionic conductivity and the activation energy of typical
sulfide SEs are summarized in Table 1.

Staring from the 1980s, the glassy materials such as B,S;-Li,S-
Lil, Li,S-P,S;-Lil, and Li;PS, were explored (Figs. 2(a) and 2(b)),
exhibiting an ionic conductivity of approximately 1 mS-cm™ [32,

Table 1 Ionic conductivity of typical sulfide-based solid electrolytes
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Figure1l The application of sulfide SE and silicon anode in ASSBs. Bulk
properties including electrochemical window, air stability, mechanical stability,
thermostability and solvent stability are central to develop advanced sulfide SEs.
The carbon’s effect, Sis particle size, pressure and sulfide’ modules, the depth of
Si’s lithiation and Si’'s composite matrix are the key factors to enable the
application Si anode in sulfide SE-based ASSBs.

37]. The investigation of sulfide SEs slowed down because of the
lost-competition in ionic conductivity with the rapid development
and commercialization of organic liquid electrolyte based LIBs
since the 1990s.

In the early 2000s, Tatsumisago’s group systematically studied
conductivity properties in Li,S-P,S; systems by controlling the
compositions and heat treatment condition of xLi,S-(1-x)P,S;
glasses [38]. They found the glass-ceramic sulfide SEs usually
exhibited higher ionic conductivity than the glass or crystalline
types. In 2005, the group identified the highly conductive
Li,P,S,; phase in the 0.7Li,S-0.3P,S; system after annealing at
360 °C, which exhibits an outstanding ionic conductivity of
32mS-cm™ [39].

In 2008, the lithium argyrodites (LigPS;X, X = Cl, Br and I)
were first revealed by Deiseroth’s group with high ionic
conductivity from 1 to 10 mS-cm™ (Figs. 2(c) and 2(d)) [40].
Sylvain et al. synthesized a series of LiPS;X (X = Cl, Br and I), in

Material Tonic conductivity (S-cm™) Activation energy (eV) Ref.
60Li,S-40P,S; 32x10° 0.53 [30]
67Li,S-33P,S5 3.8% 10 0.44 (30]
70Li,S-30P,S; 3.7%x107° 0.45 [30]
75Li,S-25P,S5 2.8x 10 0.40 (30]

80(0.7Li,S-0.3P,S5)-20Lil 5.6x 10" — (31]

y-Li;PS, 3.0x 107 0.22 [32]

B-Li;PS, 1.6 x 10~ 0.16 (32]

Li,P,S,, 1.7 x 10 0.18 (33]

LigPS;Cl 13x10° 0.33 (34]

LigPS,I 63 %10 — (28]
Li,uGeP,S,, 12x10° 0.21 [26]
Li,oSnP,S,, 40x10° 0.87 [35]

Lig 54511 74P 448117Clo s 2.5x107 0.24 [36]
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Figure2 (a) Structure of B-Li;PS,. (b) Structure of y-Li;PS,. (c) A section of the crystal structure of LisPSI; showing the distribution of PS, tetrahedra and single S*.
(d) A face-sharing S;I, double tetrahedron containing Li,. (¢) Framework structure of LGPS. (f) Illustration of crystal structure of Ligs,Si, 74P 4,S1,,Clys and the
enhanced ionic conductivity compared to LGPS. (g) Ionic conductivities of various sulfide-based SEs measured as a function of temperature. For comparison purposes,
the ionic conductivity of a typical liquid electrolyte (1 M LiPFy/EC-PC, 50:50 vol.%) is also shown as an orange dotted line. (a) and (b) Reproduced with permission
from Ref. [37], © The Royal Society of Chemistry 2021. (c) and (d) Reproduced with permission from Ref. [40], © WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim 2008. (¢) Reproduced with permission from Ref. [27], © American Chemical Society 2018. (f) and (g) Reproduced with permission from Ref. [42], ©

Elsevier B. V. 2019.

which the LigPS;Cl presented the highest ionic conductivity of
1.33 mScm™ [34]. Since then, the ionic conductivity of Li
argyrodites were gradually improved by tuning the stoichiometric
ratio and synthetic parameters. Recently, the ionic conductivity of
LigPS;Cl electrolyte was even increased to 10.2 mS-cm™ by an
ultimate energy mechanical alloying synthesis method [41].

In 2011, the well-known superionic solid electrolyte Li;GeP,S,,
(LGPS) with three-dimensional (3D) framework structure was
synthesized by the Kanno’s group which showed a high ionic
conductivity of 12 mS-em™ (Fig. 2(e)) [26,27]. The invention of
LGPS, which signed that the conductivity of sulfide SEs began to
overtake that of the conventional liquid electrolytes (about
10 mS-cm™), pushed the research of fast-ion conductors to climax
and sparked great interest for studying ASSBs. In 2016, the same
group cooperated with Toyota Motor Corporation reported a
novel Ligs,Si; 74P, 445,,,Cly; sulfide SE, displaying the highest ionic
conductivity reported to date (25 mS-cm™) (Figs. 2(f) and
2(g)) [36,42].

The ionic conductivity (o) of sulfide SEs can be described by
Arrennius equation: 0 = Aexp(—E/kT), in which A is the pre-
exponential factor; E, is the activation energy for lithium ion
hopping through the SEs; T is the temperature in K; k is the
Boltzmann constant [43]. Based on the mathematical analysis, the
sulfide SEs should have a considerable active lithium-ion
concentration and low activation energy barrier for lithium ion
transport in the inorganic framework. Typically, the former
indicates a large number of mobile ions for conducting. The later
calls for that the stable anion frameworks in SEs should have

relatively open channels with plentiful available sites for the
lithium-ion to migrate. For instance, Ceder’s group revealed that
body-centered cubic (bcc) anionic frameworks permitted direct
hops between adjacent tetrahedral sites with lower activation
energy while the tetrahedral-octahedral hops can be avoided (Figs.
3(a) and 3(b)) [44]. This bee anionic framework is widely seen in
fast ion conductors, such as Li,P,S;; and LGPS. The group also
used the structural matching algorithm to evaluate the similarity
of typical structures containing Li and S to a bec anion framework,
where the angle deviation (oy) and lattice length deviation (o))
should both be zero for an ideal compound with a perfect bec
anion framework (Fig. 3(c)). Indeed, the higher ionic conductivity
of sulfide SEs roots in the lower electronegativity of sulfur atoms
compared to oxygen atoms in oxide SEs so that the binding ability
with lithium-ions is weaker, making lithium-ions more mobile in
sulfide SEs. On the other hand, sulfur has a bigger atomic
radius which can induce larger open channels for lithium-ion
migration [45].

Based on these understandings, several strategies have been
used to optimize sulfide SEs for achieving higher ionic
conductivity. The most effective strategy is substitution or doping
[46-48]. In general, high-valence cations are prone to create cation
vacancies or anion interstitials for lithium-ion mobile. Besides, the
arrangement of cations and anions in the SE’s structural
framework also plays the key role whose polyhedral structure
exhibits a variety of possible coordination. The ions suitable for
modification include Mo*, Si*, Ge*, N, O*, F, and CI, which
have been well introduced by Zhou’s review work [46]. Very
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Figure 3 (a) Lithium-ion migration path in bee structure. (b) The calculated energy path in bec structure. (c) Similarity of screened structures containing Li and S to a

bece anion framework using the structural matching algorithm. For an ideal compound with a perfect bee anion framework o, = 0y =

0. (d) Arrhenius plots of lithium-

ion diftusivity from ab initio molecular dynamic (AIMD) calculations for Lig,,Sb,_Ge,S;I (x = 0, 0.25, 0.5, and 0.75). (e) and (f) Isosurfaces of the lithium-ion
probability densities (dark green) for (e) LigSbSsI and (f) LigsSb,sGeysSsL. (g) The synthesis process of LGPS single crystals. (h) The picture of the LGPS single crystals.
(i) Arrhenius plots for the jonic conductivities in the [001] and [110] directions. (j) Schematic drawing illustrating the possible conducting paths of Li ions in LGPS.
(a)—(c) Reproduced with permission from Ref. [44], © Macmillan Publishers Limited 2015. (d)-(f) Reproduced with permission from Ref. [49], © American Chemical
Society 2021. (g)-(j) Reproduced with permission from Ref. [50], © American Chemical Society 2019.

recently, Yus group synthesized Ge-substituted argyrodites
Lig5Sby5GeysSsI with an ionic conductivity of 16.1 mS-cm™ (Fig.
3(d)) [49]. It demonstrated that concerted lithium-ion migrations
through the inter-cage paths substantially increased the ionic
conductivity (Figs. 3(e) and 3(f)). Besides, Tatsumisago’s group
reported that the ionic conductivity of heat-treated Li2S-P2S5
glass-ceramic conductor can be increased to 17 mS-cm™ by
reducing the grain-boundary resistance via a heat-treated
procedure at 280 °C [33]. Recently, single crystals of the lithium-
ion conductor LGPS have been successfully grown by the self-flux
method based on the understanding of Li,GeS,-Li;PS, pseudo-
binary phase diagram (Figs. 3(g) and 3(h)) [50]. It was found that
sulfide SEs with specific crystal plane orientation had higher ionic
conductivity, e.g., 27 mS-cm™ for single crystal LGPS along the
(001) direction (Figs. 3(1) and 3(j)). It was also reported that
mixing sulfide SEs with a small quantity of solid oxides, such as
LigZnNb,O,,, ALOs, or SiO,, can also enhance ionic conductivity
due to the “filler effect” [51]. These fundamental researches could
help to further design the novel sulfide SEs with higher ionic
conductivity.

2.2 Air stability derived from structural property of
sulfide electrolytes

One of the main concerns with sulfide SEs is their poor chemical

Tsinghua University Press

stability in air. Under ambient conditions, almost all sulfide
materials undergo a hydrolysis reaction with moisture and
generate H,S gas, creating extremely ionic conductivity descend
and potential safety hazards [52]. Usually, sulfide SEs must be
operated in an environment filled with argon, which greatly
increases the complexity and cost of the production. The air
instability is originated from the sulfide’s structural unit. The
structures of sulfide SEs commonly involve repeated MS,
tetrahedra units in which M refers to phosphorus or metal in
Group 14 or 15, and S refers to sulfur [53]. The chemical formula
of a typical category of sulfide materials thus can be noted as
Li,MS, (e.g. Li,SnS,) or Li;M¢4 (e.g., Li;PS,). The aforementioned
Li,P,S,, phase with highest conductivity in xLi,S-(1-x) P,Ss system
owns one PS;” unit, one pyrothiophosphate unit (P,S,”) and
seven lithium ions to meat charge neutrality [39]. In argyrodite
family (LigPSsX, X = Cl, Br and I), the electrolyte structure is made
up by one PS;* unit, one S*, one halide ion and six lithium ions
(Fig. 2(d)) [28,29]. The structure of well-known LGPS consists of
the GeS,” unit and two PS,* units which are charged-balanced
with ten lithium ions (Fig. 2(e)) [26]. The chemical instability of
sulfide SEs with air is attributed to the vulnerability of the MS4
units. The M-S bonds in the MS, unit are easy to break and form
a new bond with oxygen once exposure to moisture, because the
M-O bond energy is quite larger than that of M-S bond. The
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decomposition reaction can be defined as M,S, + H,0 > MO, +
H,S [24]. The air stability of the SEs can be identified by the
amount of the generated H,S gas after they expose to humid air,
which are summarized in Table 2.

Based upon the structural analysis, when the stronger bond is
formed in MS, unit, the sulfide SEs can exhibit improved air
stability. With the same logic, hard-soft acid-base concept
(HSAB) becomes the Bible to optimize the property [58,59].
Based on HSAB, the metal elements in Group 14 or 15 (e.g., Sn*,
Ge*, Sb™ and As*) would form the stronger bond with sulfur than
P*, because the former are much softer acids to bind with the soft
S base. A typical example is that the Li,SnS, sulfide SE discovered
by Kaib et al. exhibited greater air stability, though its ionic
conductivity is only 0.07 mS-cm™ [59]. Similarly, Li,SbS,
demonstrated fairly excellent air stability at the cost of ionic
conductivity (approximately, 0.001 mS-cm™) [54]. By contrast, the
doping method is more useful. For instance, Sun’s group reported
that the addition of 7.5% Sb to LGPS as a dopant resulted in a
minimal reduction of ionic conductivity from 17.3 to 15.7 mS-cm™
even after exposing to air with 3% humidity for 24 h (Figs. 4(a)
and 4(b)) [55]. However, in consideration of cost and energy

Table2 Amounts of H,S gas from different electrolytes in humid air (cm’g™)

3745

density, the cation modified strategies should be avoided as
possible, due to their high price (e.g., 25 USD-kg" for Sn vs.
2-3 USDkg" for P) and density (e.g., 2.58 g-cm™ for Li,SnS, vs.
1.85 g-em™ for Li;PS,) [32, 59, 60]. In this case, oxygen or nitrogen
substitution in SEs was developed to enhance their moisture
stability. Tatsumisago’s group reported that replacing S in Li;PS,
with a small amount of oxygen can enhance its moisture stability
while negligibly influence the ionic conductivity [61].

Except for improving the air stability based on HSAB theory,
alkali metal oxide absorption, physical isolation via core—shell
nanostructure design or polymer hybrids, specific crystal plane
exposure and super hydrophobic coating have been also
developed. For the alkali metal oxide absorption, Tatsumisago’s
group illustrated that the metal oxides can role as an electrolyte
additive for suppressing the evolution of H,S gas [56]. The
mechanism is that metal oxides such as ZnO, Fe,O; and Bi,0O,
have a large negative value of Gibbs energy change (AG) to react
with H,S. The composite electrolyte of 0.9Li;PS,-0.1ZnO showed
trace Li,S release below 0.1 ppm with an ionic conductivity of
0.1 mS-cm™. This design is consistent with the method commonly
used in industrial production to remove H,S from gas mixtures by

Composition Time exposure in air (min) Amount of H,S gas (cm*g™') Ref.
67Li,S-33P,S5 1 2.00 [24]
80Li,S-20P,S; 1 0.60 [24]
Li,P,S,, 1 0.90 [24]

Li;PS, 1,000 38.00 [54]

Li,SnS, 1,000 5.00 [54]
Li,SbS, 950 1.00 [54]
Li10Ge(P0255b0.075)2512 1440 0.053 [55]
90Li,PS,-10Fe,0, 10 0.02 [56]
90Li,PS,-10ZnO 10 Almost 0 [56]
90Li,PS,-10Bi,0, 10 Almost 0 [56]
Lis 06P0.98Z210,0255.9800.02 180 0.0175 [57]
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Figure4 (a) The ionic conductivity of Sb-doped LGPS before and after air exposure. (b) Amount of H,S gas generated from commercial LGPS and synthesized Sb
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from Ref. [62], © American Chemical Society 2020. (e) and (f) Reproduced with permission from Ref. [65], © Elsevier B. V. 2020.
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ZnO absorbent. The alkali metal oxide absorption method is
essentially a physical mixture between oxides and sulfide SEs.
Recently, Xu’ group introduced the Zn, O co-doping glass-
ceramic Li;PS, by adding 2% ZnO. The as-prepared sulfide
material showed the excellent humid air tolerance as well as an
improved conductivity of 1.12 mS-cm™ [57]. The difference lies in
the heat-treatment of the precursors at 250 °C to modify the
materials structure to Liy,;, P,_,Zn,S, O,.

As for physical isolation, the design principle is to use a
functional nano-layer to coat the SE particles where the outer
nano-layer does not block the lithium-ion diffusion among SE
particles, resulting in both high ionic conductivity and good air
stability. Kim’s group used a post-oxidation process to build
core-shell structured sulfide SEs with oxysulfide shells (Fig. 4(c))
[62]. The core-shell SEs exhibited good air stability for 30 min
with an ionic conductivity of more than 2.5 mS-cm™ (Fig. 4(d)).
Besides, the compounds with polymers, such as 95 wt.%
Li,P5S,,-5wt.%polystyrene-block-polyethylene-ran-butylene-block-
polystyrene and 50 wt% LisPSi-50 wt.% - poly(glycidyl
methacrylate), were introduced to improve the sulfide’s air
stability [63, 64]. However, the introduction of polymers always
decreases the lithium-ion diffusion path between sulfide particles,
causing an ionic conductivity decline.

In the study of crystal planes, Kim’s group used density
functional theory (DFT) to analyze P-Li;PS,’s surface structure
and electronic properties [65]. They calculated the surface energy
(¢) of 10 low refractive index surfaces of B-Li;PS,, and constructed
the equilibrium crystal shape (ECS) of B-Li;PS,, which is a highly
truncated octahedron (Fig. 4(e)). The group found that the (001),
(111), (110) and (101) faces were the four stable crystal faces with
low ¢, while the (100) and (010) faces were much aggressive (Fig.
4(f)). Therefore, they proposed that the stability of sulfide SEs in
air can be adjusted by controlling the exposed crystal plane during
the synthesis.

Very recently, Wu’s group first put forward the super
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hydrophobic interface in the fabrication of sulfide SEs [66]. The
super hydrophobic protection layer consists of Li, 4Al,T1, 4(PO,);
(LATP) nanoparticles as the lithium-ion conductive supporter and
fluorinated polysiloxane (F-POS) via hydrolysis and condensation
of tetraethyl orthosilicate and 1H,1H,2H,2H-perfluorodecyl
triethoxysilane molecules as the super hydrophobic protagonist
(Fig. 5(a)). The LigPS;Cl SE was easily spray-coated with the F-
POS@LATP composites by an airbrush, exhibiting excellent super
hydrophobicity (water static contact angles > 160°) to resist
extreme exposure even in the direct water jetting condition (Figs.
5(b) and 5(c)). The ASSBs using the extreme-condition-exposed
modified LigPS;Cl membrane exhibited a reversible capacity of
147.3 mAh-g", almost same to the ASSBs using pristine sulfide SEs
(Fig. 5(e)). The authors claimed that the super hydrophobic
coating method was universal to protect all types of sulfide SEs
from water (Fig.5(d)). This work really inspires a lot as the
exposure condition of this work is in harsh while the
aforementioned modified strategies (HSAB, metal oxides
absorption or physical isolation) are still limited to be tested in dry-
room environment (< 3% relative humidity). However, the
hydrophobic coating method must be applied after the bulk
sulfide SEs have been fabricated in argon environment.

A one-step gas-phase synthesis method for sulfide SEs with raw
materials in air, getting rid of the argon filled glovebox was
reported by the Wu's group [67]. The investigators paid attention
to the relative air-friendly L,SnS, sulfide category and adjusted the
base with substituted elements and concentrations. As a result, the
As substituted Li; g;5Sn,g75As, 1,55, materials exhibited air stability
with the ionic conductivity of 2.45 mS-cm™. The pity is that the
synthesized sulfide SE is costly with high mass density as
mentioned above. Besides, the toxicity of some raw materials (e.g.,
CS, and As,S;) should not be ignored.

2.3 Electrochemical stability of sulfide electrolytes
Aside from the high ionic conductivity, a broad electrochemical
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stability window is also a prerequisite to maximize the energy
density of ASSBs. Electrolyte decomposition at the interface with
high voltage cathodes (> 4.3 V vs. Li*/Li) or low potential anode
could both give rise to increased interfacial resistance and restrict
the performance of the battery [68-70]. At the anode side, unlike
the solid electrolyte interphase (SEI) passivation layer formed in
organic liquid electrolytes, which is lithium ion conductive and
electron-insulating, the SEI in sulfide ASSBs may be electronically
conductive [69, 71]. For example, the soft cation included sulfide
SEs (e.g., Li,SnS, and LGPS) are susceptible to be reduced to
generate Li alloys in SEI which will degrade the interfacial stability
with even a risk of short circuit. As a result, an extra buffer layer is
normally imperative between theses sulfide SEs and lithium metal
anodes [72-75]. This demonstrates the advancement of silicon
anode application, which will be mentioned in the following
section.

As for high voltage tolerance, early works proposed that the
most sulfide SEs had high potential stability with some SEs being
stable up to 10 V vs. Li"/Li [34,45]. However, according to the
work of Han et al, the early reported electrochemical stability
window is often overestimated by the conventional experimental
method using a lithium metal/electrolyte/inert metal semi-
blocking electrode (Pt or stainless steel) because of the limited
contact area and reaction kinetics between the sulfide SEs and
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inert metal [76]. As shown in Fig. 6(a), the stable electrochemical
window of LGPS is only from 1.71 to 2.14 V vs. Li*/Li based on
theoretical calculation. They reported that adding carbon additives
to enhance the contact area between SE and conductive agents
was more reliable to evaluate the intrinsic electrochemical
windows than traditional Li/electrolyte inert metal semi-blocking
electrode. Using an in-house Li/electrolyte/SE-carbon cell setup,
the authentic reduction and oxidation cyclic voltammetry (CV)
identified the stable electrochemical window of LGPS was from
1.7 t0 2.1 V vs. Li*/Li (Figs. 6(b) and 6(c)).

Mo’s group calculated the lithium chemical potential and
energy of phase equilibria at applied voltage using DFT method.
They demonstrated that the intrinsic electrochemical window of
the common SEs was determined by the thermodynamically
favorable decomposition products (Figs. 6(d) and 6(e)) [77].
Nevertheless, evaluation of the electrochemical stability by Mo’s
group based on differences in formation energies, indeed leads to
much narrower electrochemical windows compared to those in
practice. The reason for this is that thermodynamic evaluations do
not take into account the kinetic barriers of decomposition
reactions. Very recently, Wagemaker’s group reported that the
most favorable decomposition pathway for the argyrodite Li;PS;Cl
was indirect lithiation, rather than direct decomposition to the
most thermodynamically stable decomposition species [78]. They
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revealed that the reduction and oxidation voltage of LigPS;Cl
occurred at 1.08 and 2.24 V vs. Li*/Li, respectively, which agrees
well with the accurate electrochemical measurements and makes
up for Mo’s calculation. Based on the continuously optimized
calculation theory, we believe that the calculation method can
provide a reference for designing and optimizing electrolytes with
wider electrochemical stability.

Composition tuning, morphological control and interface
modification are promising approaches to improve the
electrochemical stability of sulfide SEs. Zhang et al. reported that
the O-doped LigPS;Br argyrodite could suppress the side reaction
with the lithium anode and showed improved cycling
performance with high-voltage LiCoO, cathode [79]. The
fabricated LigPS,,0,;Br ASSBs could cycle steadily over 900 cycles
at a higher current density of 0.4 mA-cm™. By contrast, the bare
LigPS;Br short-circuited only after 560 cycles at a lower current
density of 0.1 mA-cm™ They proposed the O atoms preferred to
occupy the free S sites rather than PS, tetrahedra unit, enabling
better electrochemical stability. Kanno’s group also illustrated that
the O doping Lig4,Si; ,P510,0; (LSIPSO) could exhibit improved
compatibility with lithium anode [80]. Chen’s group developed an
Al cations doped sulfide SE (Li;, AIP,S,,) which shares a similar
thio-LISICON  structure with the LGPS, showing enhanced
electrochemical stability higher than 5 V vs. Li"/Li [81]. As for
morphological control, a special core-shell structure was built by
Wau et al, where a single crystalline Ligs,Si; 74P 44S,,,Cly3 core was
enclosed by an amorphous shell (Fig.6(f) [82]. The
electrochemical window of the SE could be broadened to
0.7-3.1 V vs. Li/Li and showed a quasi-stability window upwards
5V vs. Li*/Li, which is much larger than the reported 1.7-2.1 V vs.
Li*/Li. The researchers found higher Si content could appear in the
shell, generating much stronger mechanical compressibility to the
core when the materials were treated at lower temperature (Fig.
6(g)). The improved voltage window could be attributed to the
volume constriction under the enhanced mechanical
compressibility, which resists the decomposition reaction of the
sulfide SE (Fig. 6(h)). This research emphasized the opportunity of
mechanical passivation of the electrolyte materials by
microstructural design. Surface engineering of sulfide SEs could
also improve the electrochemical stabilities. Meng et al
summarized the recent advances of atomic and molecular layer
deposition (ALD and MLD) to modify the electrode-SE interface
with improved electrochemical stability and interfacial contact [83,
84]. In addition, it is reported that the coating layers on high
voltage cathodes could seclude the sulfide SEs from the low
lithium chemical potentials exerted by the cathode particle in its
charged state so that the oxidation as well as the delithiation of
sulfide SEs at the interface will be suppressed [85-88]. LiNbO;,
LiPO,, LiyTi;O;, and Li,O-ZrO, (LZO) are the most popular
coating materials which could be applied on the surface of high
voltage cathode particles to hinder the unfavorable side reactions.
Yao’s group reported that the LigPS;Cl sulfide SE could tolerate
the 5 V-class spinel LiNi,;Mn, 0, (LNMO) cathode coated with 8
wt.% LiNbOj; [86]. Haruyama et al. proposed that the improved
high voltage electrochemical stability was attributed to the
inhibited interfacial space charge effect as the LiNbO; buffer layer
formed smooth interfaces without Li adsorption sites for both
sulfide and high voltage cathodes [85].

24 Mechanical property of sulfide electrolytes

The mechanical stability of sulfide SEs is critical in evaluating their
viability in the interfacial compatibility with electrodes and
fabrication process. During the operation, significant mechanical
stresses would develop in ASSBs because of the volume changes of
the electrode active materials upon lithiation/delithiation. Using
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the in-situ pressure measurements, Zhang et al. found that the
ASSBs could undergo a “breathing” phenomenon with a periodic
pressure fluctuated by up to 1.25 MPa in each cycle [89]. Thus, the
interfacial contact could be lost, leading to capacity loss. More
importantly, the electrochemical strain may result in large local
stress and induce the crack formation and even the particle
deformation [90]. SEs with low elastic moduli can relax the large
mechanical stresses and confer more stable cycling of ASSBs. In
general, sulfide materials are much ductile than the oxides. For
example, the Young’s moduli of Li,S-P,S; glasses are about 18-25
GPa while the Li;La;Zr,0,, which is normally used as the oxide SE
has much large moduli of about 150 GPa [91, 92]. The mechanical
properties of sulfide SEs are usually measured by acoustic
measurements and indentation experiments in a fluid cell [93, 94].
The ductile nature of sulfide materials can be attributed to the lack
of periodic, long-range ordering and the presence of free
volume/dangling bonds. To release the mechanical stress derived
from the volume change of active electrode particles, the “zero-
strain” electrode was reported by Janek’s group [95]. They
experimentally demonstrated that cathode composite with
negative volume expansion Li(Ni,_, ,Co,Mn,)O, and positive
volume expansion LiCoO, in a weight ratio of 55: 45, could
significantly mitigate the volume strains and provide excellent
contact with ionic conduction pathways in ASSBs.

The low elastic modulus of sulfide SEs allows for a cold-
pressing process to reduce the grain boundary resistances for
better battery performance. Typically, cathode and anode active
materials are hand-milled with conductive additive and sulfide SE
particles to ensure good electronic and ionic conductivity. Then,
the composites are cold-pressed into electrode pellets, respectively.
The two electrodes are finally separated by a SE pellet in a stack
and cold-pressed again into a mold cell for testing under an extra
pressure [96]. The pressure ensures the good interfacial contact
between sulfide-sulfide and sulfide-electrodes. It was reported that
a pressure of 360 MPa could significantly densify 0.75Li,S-
0.25P,S;, showing the improved ionic conductivity by nearly one
order compared with that in 70 MPa [97]. By contrast, the
pressure of 360 MPa made the stiffer LiLa;Zr,0,, little
densification with an ionic conductivity too low to measure [91,
93]. Except for ionic conductivity, it is also reported that the
electrochemical window could be considerably widened from
1.7-2.1 V vs. Li*/Li to 0495 V to 2.5 V vs. Li/Li with a larger
applied pressure of 20 GPa [82]. However, the huge applied
pressure could damage the mold and is impractical for its
commercialization.

Cold-pressed sulfide SE pellets often have considerable porosity
of 25%-28%. Filling the empty voids of sulfide particles with
organic polymers, the composite electrolyte could achieve higher
mechanical flexibility with proper ionic conductivity. Liu’s group
developed composite SEs consisting of 0.4GeS,-0.3Li,S-0.3Lil glass
and 13 vol.% PEO polymer with lithium bis (trifluoromethane)
sulfonimide (LiTFSI) salt as the additive [98]. The interfacial
resistance of the composite SE-electrode remained constant at
80 °C for 250 h, demonstrating the improved interfacial contact.
Lee’s group developed an in-situ crosslinking process to construct
a continuous network in 0.775Li,S-0.225P,S; sulfide SEs by
introducing 20% polyimine polymers, along with the heating and
pressing process [99]. The void spaces in the sulfide SE were
ideally filled by the polyimine, significantly improving the
malleable property and mechanical stability of the composite SE.
Moreover, the SE membrane achieved an ultrathin thickness of
63.7 um without obvious fracture, attributed to the excellent
dispersion and connected domains of flexible polyimine. Jung’s
group reported a thin and bendable sulfide composite SE (LisPS,
and LGPS) membrane based on a mechanically flexible poly-
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(paraphenylene terephthalamide) (PPTA) nonwoven (NW)
scaffold (Fig. 7(a)) [100]. The composite has an ionic conductivity
of 0.2 mS-em™ at 30 °C with a thickness of 70 um (Fig. 7(b)). The
bendability of the composite film is originated from the high
flexibility of the polymer, ensuring the mechanical integrity of the
SE and preventing fracture on account of structural pores or
defects (Fig. 7(c)). The ASSB, using a thin NW-reinforced SE film,
delivers the increase of the cell-energy-density compared to that of
a conventional cell without the NW scaffold (Fig. 7(d)). However,
the improved mechanical stability of polymer-sulfide composite
design is at the expense of the decreased ionic conductivity due to
the covering of fast jon conductive sulfide’s surface. Effectively
improving the ionic conductivity of the polymer/inorganic
composite SE to greater than 1 mS-cm™ at room temperature is
one of the key problems. Very recently, Sun’s group reported the
inorganic ~ SEs  freestanding  films  interweaved by
polytetrafluoroethylene (PTFE) (Fig.7(e)) [101]. The fabrication
method could be universal for LiPS;Cl, Li;InCl, and
LigsLa;Zr; sTay50,,, showing not only an ultrathin thickness of
15-20 um comparable to that of the conventional polymeric
separators (Fig. 7(f)), but also high room-temperature ionic
conductivity of more than 1 mS-cm™ (Fig. 7(g)). The high ionic
conductivity of the fabricated SEs could be originated from the
solvent-free process and a small amount of PTFE additive (<
0.5%) benefiting its high tensile strength. As a result, practical
pouch type ASSBs with sulfide SE delivered a high specific
capacity of 124.3 mAh-g™ at 0.1 C with the exceptional cycling
stability (Figs. 7(h) and 7(1)).
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2.5 The synthesis methods according to sulfide’s thermal
and solvent stability

The thermal and solvent stability of sulfide SEs could exert a
tremendous influence in the synthesis process. Temperature
significantly affects the purity of the fast ionic conductor phase. In
LGPS, recent research based on temperature-dependent X-ray
diffraction (XRD) revealed the formation of the Li,P,Sq impurity
phase between 300 and 400 °C [102, 103]. The Li,P,S, phase with
inadequate ionic conductivity (0.0023 mS-cm™) could lead to a
substantially lower ionic conductivity for the LGPS. The Li,P5S,,
fast lithium ion conductive SE also shows the similar issue, where
the impurity phase Li,P,S¢ could precipitate at 300 °C, significantly
decreasing the overall ionic conductivity [104]. In the xLi,S-(1—x)
P,S; system, the earliest synthesized product y-Li;PS, which can be
dated back to 1984 displayed a low ionic conductivity of
10* mS-cm™. When heated to 195 °C, the y-Li;PS, is converted to
the highly conductive -Li;PS, phase with an ionic conductivity of
about 10" mS-cm™ [105]. Further increasing the temperature to
more than 485 °C could result in the a-Li;PS,, once again lowering
the conductivity [32]. In addition, the B-Li;PS, is meta-stable and
easily reverts to the stable y-Li;PS, phase at the temperature below
195 °C. As a result, stabilizing the high purity of conductive p-
Li;PS, at room temperature is with challenge. The poor thermos-
stability of sulfide SEs at higher temperature needs that the hot-
pressing temperature should not be too high (below 300 °C as
possible) if the densification process is necessary, and the synthetic
temperature should match the stability of the related SEs.
Solid-state route and mechanical ball-milling route are
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commonly used to synthesize the sulfide materials. The solid state
reaction requires the adequate solid—solid particles contact so that
the high temperature is necessary for improving the kinetics of the
reaction. The high temperature would potentially increase the risk
of impurity products due to the interaction between the reaction
regents and the reaction vessel, and the poor thermos-stability of
the sulfides [32, 105]. Moreover, the high temperature solid-state
route should use the evacuated carbon-coated quartz tubes to
prevent the release of sulfur species with high vapor pressure and
suppress the side reaction between materials and reaction vessels,
indicating the scale-up of such synthetic approaches impracticable
[25, 106]. Though the mechanical route could enhance the kinetics
of reaction from the high-energy ball-milling at room
temperature, it is also reported contamination such as Li,P,S¢
could not be prevented, because all the collisions and friction in
the jar during the ball-milling operation generate heat to induce
the side reaction [30]. In addition, it is also noted that the
ionic conductivity of the mechanical synthesized sulfide glass-
ceramics is intensively dependent on the subsequent high-
temperature annealing process, making the temperature control
challenging [107, 108].
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Liquid-phase synthesis has been proposed for the production of
sulfide materials, involving the reaction of reagents in solvent
medium and the subsequent purification of the compound of
interest [109]. The stability of sulfide SEs against organic solvents
plays the decisive role to promote the scale-up of the liquid-phase
routes. Chen’s group isolated various Li,P;S;,-solvent systems and
studied their molecular level interactions by combining various
characterization tools (Figs. 8(b) and 8(c)) [60]. In their study,
various color changes were observed, as seen in Fig. 8(a), where N-
methyl-2-pyrrolidone (NMP) and dimethylformamide (DMF)
solutions turned dark green and blue, respectively, and methyl
ethyl ketone (MEK) solutions turned yellow initially before settling
to a yellowish-white color, indicating chemical degradation of
Li,P,S,; when exposed to these solvents. Typically, the organic
solvents should be aprotic to avoid protonation of the sulfide ion,
which would result in SH or H,PS;/* impurities as well as
hazardous H,S gas. Additionally, the solvents that have proven
successful are (at least substantially) polar, emphasizing the solvent
molecules’ active role in facilitating the process. Based upon the
consideration, tetrahydrofuran (THF), acetonitrile (ACN), 1,2-
dimethoxyethane (DME), ethyl acetate (EA), dimethyl carbonate
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(DMC) and ethyl propionate (EP) are the common polar aprotic
solvents used in the production of sulfide SEs [110-116].

The temperature in the liquid-phase synthesis route is typically
below 300 °C which is much lower than that in the solid-state
route (commonly above 500 °C), thus avoiding the possible
formation of impurities [117]. The liquid-phase reaction is often at
room temperature and the heat treatment is mainly applied in the
purification process in which the solvent molecules need to be
removed to obtain the pure sulfide materials. The purification
process is usually performed by heating the precipitation
compounds under vacuum and the temperature is decided by the
volatility of the solvent (e.g., 80 °C for THF and 250 °C for DME).
In 2013, Liang’s group reported the production of $-Li,PS, by
liquid-phase synthesis [118]. The Li;PS,-3THF complex was
formed after overnight stirring of Li,S and P,S; in THF and the
subsequent centrifugation. This compound was further heated at
80 °C under vacuum to remove the co-crystallized solvent,
resulting in the creation of amorphous Li;PS, with an ionic
conductivity of 7.4 x 107 mS-cm™ (Fig. 8(d)). Nano-porous -
Li;PS, with high ionic conductivity of 1.6 x 10" mS-cm™ could be
finally formed after heating at 140 °C. It indicates that the liquid-
phase synthesis could lead to the thermodynamically metastable
phase at low temperature. Moreover, the produced powders were
submicrometres to a few micrometres in size and had very porous
architectures, making them ideal for cold or warm sintering to
produce dense membranes (Figs. 8(e)-8(g)). In 2014, the same
group reported employing ACN to create a new phase, Li,P,Sl, by
the liquid-phase route, suggesting that the liquid route could be
performed to explore novel sulfide materials [28]. The synthesis
consisted of forming a Li;PS,-2ACN complex in the ACN solvent
after stirring for 24 h, then combining this complex with Lil in
ACN, and finally heating at 200 °C to remove the co-crystallized
ACN. The as-synthesized Li,P,SgI had a good stability towards
metallic lithium with an ionic conductivity of 6.3 x 10” mS-cm™.
Although the liquid-phase route can be used to synthesize the
meta-stable B-Li;PS, or Li,P;S;, with desirable ionic conductivity
at room temperature, avoiding the possible impurities, the
conductivities of other sulfide materials are often lower than those
gained by solid-state routes [109]. For example, most Li;PS:X (X =
Cl, Br, I) argyrodite synthesized by liquid methods and heating
below 300 °C showed the ionic conductivities of 102-10" mS-cm™,
which were at least one order of magnitude lower than those of
electrolytes performed by solid-state process (about 1 mS-cm™)
[34,119]. Very recently, Lee et al. reported the first universal
solution synthesis of sulfides using an alkahest solvent system
[120]. The binary mixture solvent of 1,2-ethylenediamine (EDA)
and 1,2-ethanedithiol (EDT) (or ethanethiol) can not only
effectively dissolve the conventional sulfide SE precursors of Li,S,
P.,S;, LiCl, but also insoluble metal sulfides, such as GeS, and SnS,.
The homogeneous solution synthesis has multiple advantages,
such as reduced reaction time and scalable production of SEs
compared to the suspension synthesis process using DME or
ACN solvent. Raman spectroscopy revealed that the extraordinary
dissolving capability of EDA-EDT toward the GeS, was owing to
the nucleophilicity of the thiolate anions, which is powerful
enough to break the Ge-S bonds. The targeted LGPS and LisPS;Cl
(LPSCI) SEs with ionic conductivities of 0.74 and 1.3 mS-cm™,
respectively, were obtained by dissolving related precursors in
EDA-EDT solvents, followed by evaporating the solvent via high
temperature treatment of 700 °C. The ionic conductivities are still
much lower than those of the SEs synthesized by a solid-state
method and the excessive temperature limits the method.

Despite the recent success of such wet chemical approaches, the
reaction mechanism between the reagents in liquid solvents is not
yet well understood. It should also be noted that no investigation
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has demonstrated conductivities higher than 1 mS-cm™ utilizing
heating temperatures below 300 °C, suggesting that the different
solvents, additives, and mixing tactics, as well as the solvent-to-
reagent ratio and drying procedure, should be optimized further.

3 All-solid-state batteries with silicon anode

3.1 Anode material options

In Section 2, we have reviewed the development history and
typical bulk properties as well as the related modification strategies
of sulfide SEs. To achieve high-energy density ASSBs for practical
use, both ideal anode and cathode should be performed with high
specific capacity and proper potential, of which the anode should
own the lower electrochemical potential and the cathode should
own the opposite (Fig. 6(d)) 3, 68, 121]. Interfacial instability thus
becomes another challenging obstacle due to the intensified
interfacial reactions. Recently, Fan’s group has particularly
introduced the current status and future directions of sulfide SEs
with the star cathodes, such as high voltage LiCoO, or Ni-rich
LiNiy5Co,;Mn,,0, (NCMS811) [122], so we would not
tautologically discuss the cathodes in this review.

For the anode choice, indium (In) and the alloy of In with Li
are currently the most employed anodes in sulfide SE-based
ASSBs due to their excellent stability with sulfide and constant
electrochemical potential [123, 124]. However, the heavy density
(731 gem”) and high cost (150 k$ton™) of In make them
challenging to be used in industrial applications. Moreover, the
high reduction potential of ~ 0.62 V (vs. Li/Li) hinders the
development of high-energy density ASSBs by decreasing the
battery’s output voltage [125]. It demonstrates that the In or the
alloy of In with the Li anode are only suitable to evaluate the
sulfide SE’s performance or the compatibility of the SE and
cathode. In addition, commercial graphite anode is criticized for
its low specific capacity (372 mAh-g"). As a result, tremendous
efforts are being made to find other promising anode candidates,
including conversion, alloy, and intercalation types [126]. Among
them, lithium metal and silicon are two of the most attractive
anode materials because of their ultrahigh energy densities.

Lithium metal which owns the high theoretical capacity
(3,860 mAh-g") and very low redox potential (-3.04 V vs.
standard hydrogen electrode, SHE), is considered an ideal
candidate to maximize the energy density of ASSBs [14, 17, 127].
According to the theoretical work by Newman that dendrite
proliferation can be settled once the modulus of separators reaches
7 GPa, it was also proposed that the sulfide SEs with rigidity could
suppress the dendrite hazards [128,129]. However, studies
revealed that the safety concerns caused by severe dendrite growth
still existed, restricting its commercialization. Kasemchainan et al.
reported that the creep of lithium metal was slower than its
electrochemical stripping when combining with sulfide SEs at low
pressure, causing voids to form at the lithium-sulfide interface
[130]. The mismatch between lithium ion flux and lithium metal
deformation eventually leads to the production of dendrites. In
addition, although the critical current density of lithium metal has
been greatly improved due to some excellent interfacial
engineering or SE bulk modifications (e.g., improving from 0.4 to
1.4 mA-cm™ for LigPS;Cl, very recently, by Wang’ group) [131], it
still cannot compete with those in liquid organic electrolyte-based
batteries [68]. In fact, we propose that the low columbic efficiency
(CE) of lithium metal anodes with sulfide SEs could impede the
employment of lithium metal anodes for this moment. A low CE
at the lithium metal anode side indicates significant consumption
of lithium-ion and electrolyte, which will irreversibly result in poor
cycling stability and the end of cell life [132]. When the CE is 98%,

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



3752

for example, the residual lithium after 20 cycles is only 0.98”
66.76%, indicating a ~ 34% loss of lithium. For commercialization,
a CE of 99.96% is necessary for cycling stability up to 500 cycles.
However, the CE of lithium metal anodes with sulfide SEs is
extremely low, and even could not be easily measured due to the
severe interfacial side reaction. Up to now, only few work has
discussed the CE value, in which the Li plating/stripping CE of
pristine Li;PS, was only 88% and LiF-rich SEI engineering could
improve it to 98% [133]. It should be noted that the unsatisfied CE
of 98% was achieved in lenient test conditions of 0.1 mA-cm™ and
0.1 mAh-cm™, indicating that there could be a much inferior CE
value measured in more practical conditions such as 1 mA-cm™
and 1 mAh-cm™. As a result, it requires excessive amounts of
lithium metal overused in ASSBs, reducing the overall energy
density [134, 135]. The superiority of lithium metal anode can also
supply Li source, so that the cathode can use high-capacity Li-free
materials, such as S. However, due to both the low ionic and
electric conductivities of S/Li,S, it is necessary to use a big amount
of carbon and sulfide SEs to ensure the electric and ionic
conductive path in the cathode [136]. In a typical S cathode in
ASSBs, the S content is always below 40% with an active mass
loading of less than 1 mg-cm™ which largely decreases the overall
energy density. On the other hand, the complete solid to solid
conversion mechanism makes the electrochemical reaction
kinetics of the S cathode very slow. Usually, the sulfide based Li-S
ASSBs need an operating temperature of around 50-60 °C to
boost the reaction [123,137]. It reveals that lithium metal
application in ASSBs still faces various challenges, like the dendrite
hazard, unstable interface, low critical current density, low CE and
strict operating conditions.

Silicon anode which was first revealed in 1976, has gained
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tremendous attention due to its ultrahigh gravimetric capacity of
4,200 mAh-g" upon full lithiation to Li,,Si [18,19,21]. The eco-
friendly Si anode with an appropriate electrochemical potential of
~ 0.3 V (vs. Li/Li) can lead to a high working voltage satisfying
batteries’ high energy density. As shown in Fig.9, Cao et al
compared the applications of Si anode and Li metal anode from
four perspectives: cost, energy densities, interface compatibility,
and processability [125]. At cost, Li is scarce on Earth, with an
annual mining production of approximately 0.082 million tons in
2020 (excluding U.S. production). In comparison, the yearly
manufacturing capacity of Si is 8.0 million tons, and the cost of Si
metal is merely 2.1 thousand dollars per ton. The reducing cost of
raw materials is beneficial for commercialization. The energy
densities of ASSBs employing Li metal and Si anode are also
assessed. With the current collectors and packing material
fractions removed, the ASSBs using Si anode had gravimetric and
volumetric energy densities of 356 Whkg™ and 965 Wh.L",
respectively, which are comparable to Li metal anode (410 Wh-kg™
and 928 Wh.L") [125]. In terms of interface stability, Si is
thermodynamically stable with sulfide SEs, and no passivation
coatings are required to insulate Si and sulfide SEs. Dendrite
formation is less likely due to Si’s high working potential. From
the processability, in order to ensure intimate contact between
electrodes and electrolytes, an external stacking pressure is usually
provided when constructing ASSBs. Under pressures greater than
25 MPa, however, Li metal quickly propagates through the SE and
forms a short circuit [138]. In comparison, Si has a high Young’s
modulus of 130 GPa and is dimensionally stable when exposed to
pressure [139]. In order to optimize the reaction kinetics and
boost the critical current density, Li metal-based ASSBs usually
require additional heating. In comparison, even at high current
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densities, the Si anode performs well at ambient temperature.
Moreover, due to Si’s superior air stability, anode fabrication could
be done in a dry room rather than a glovebox. Li metal anode, in
contrast, is restricted to a glovebox with a high-cost Argon
atmosphere. The fabrication technique might be easily carried out
using Si as an anode in a modified production line for present
LIBs. Si anode-based ASSBs hold a lot of promise for large-scale
energy storage applications, such as electric vehicles, as they
provide high energy density, safety, reliability, and economic
affordability.

3.2 The hindrance of silicon anode

Nowadays, research interest and commercial attempts of silicon
anodes are mainly focused on their application in organic liquid
electrolyte based LIBs, concerning about the notorious problems:
(1) During lithiation, Si expands significantly in volume (e.g.,
360% for Li,Si; and 280% for LisSiy), causing it to pulverize
during cycling, separate from the current collector and lose
electrical contact [140]. (2) Si’s conductivity is not that high with
an electrical conductivity of 1.56 x 10° Sm™ and a lithium-ion
diffusion coefficient of 10™~10" cm?s™ [141]. (3) An unstable SEI
layer forms in the liquid electrolyte. The electrode is protected
from contact with the electrolyte by a thin SEI layer, resulting in
further decomposition of the electrolyte. The SEI layer ruptures
and exposes new active surfaces as the volume of silicon
expands/contracts during cycling, continuously creating the SEI
layer and consuming electrolytes as well as lithium-ions. The
diffusion distance from lithium-ions rises as the SEI layer grows
thicker, resulting a low cycle life and capacity retention [18, 20].
Despite of some excellent work including structural design of Si,
preparation of Si-composite materials, design/selection of liquid
electrolytes (e.g., solvent, salt and additives) and novel binders, the
performance of pure Si active materials in liquid electrolytes is still
not that satisfied [142, 143], so that the academia and industry
chose to use limited Si mixed graphite anodes to weaken the
influence of silicon volume expansion and SEI rupture, at the cost
of energy density [19].

The problems of silicon anodes in liquid electrolyte based LIBs
still exist in sulfide SE based ASSBs. However, from the respective
characteristics of Si and sulfide, applying Si anodes with sulfide
SEs could mitigate the problems of Si materials to some extent,
which has a remarkable promoting effect on the realization of
stable high-energy-density ASSBs [141]. First of all, sulfide SEs
which have excellent mechanical ductility can contact intimately
with the Si materials to provide sufficient ion conductions during
the long-term cycling life of the ASSBs. The generating internal
stress by Si’s expansion could further improve the interfacial
contact. Though the considerable volume change of Si during
alloying/dealloying procedures is still unavoidable and can bring
strain on the electrode, causing cracks to form, it was reported that
the cracks were regularly vertical and could act as the volume
buffer to some extent during Si’s expansion/shrinkage procedures

99.9% pSi
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[125, 144]. Secondly, the applied external pressure design of sulfide
based ASSBs can effectively maintain electron/ion transport inside
electrodes, between Si particles and the Cu current collector, and
at the electrode-SE interface, avoiding the “powder-off” issue. As
a result, it allows the usage of minimum amount of binder in the
Si anode in ASSBs to reduce ionic conductivity loss. Finally, the
appropriate electrochemical potential of ~ 0.3 V vs. Li*/Li, not only
can lead to a high working voltage satisfying battery’s high energy
density, but also alleviate the interfacial side reaction with
sulfides [145, 146].

The application of Si anode in sulfide based ASSBs was first
developed by Lee’s group in 2009 [147]. In earlier works, a large
number of carbon conductive agents and sulfide materials were
mixed in the Si anode to construct conductive pathways. The
abuse of these inactive materials and the low Si mass loading
(always below 1.5 mgcm™) impeded the advantage of high
capacity of Si [144,148-152]. The fabricated full cells always
showed fast capacity decay with limited cycle life within dozens of
cycles. Therefore, it showed relatively low study enthusiasm in the
field and there are less than 90 research papers searching from
“web of science” up to now.

Very recently, Meng’s group reported the stable operation of a
99.9 wt.% micro-Si anode by using the interface passivating
properties of sulfide SEs [23]. In their study, the sulfide materials
did not permeate through the porous micro-Si anode, and the
interfacial contact area between the SE and anode was reduced to
a two-dimensional plane (Fig.10). The reduced contact area
significantly reduced the formation of SEI, decreasing the
consumption of lithium-ion for a high CE. On the other hand, the
detrimental role of conductive carbon for the serious side reaction
with sulfide SEs was found and quantitatively evaluated by
titration gas chromatography (TGC) technology. The abandon of
carbon conductive agents in anode enabled improving cycling
performance of micro-Si. It is proposed that the fundamental
breakthrough could inspire a broad interest and bring a new
research climax in sulfide SE-based ASSBs with silicon anode.

3.3 Key factors affecting compatibility of silicon with
sulfide SE

Despite the fact that the ASSBs featuring Si anodes and sulfide SEs
have a broad prospect, current research is still in its early stages,
lacking a thorough understanding of fundamental scientific
concerns. The problems like low electrical conductivity and
lithium diffusion coefficient, drastic volume expansion upon
alloying/dealloying and dynamic SEI layer generation still hinder
the performance of silicon anodes in sulfide SE based ASSBs. In
this section, we would review the major factors for Si based ASSBs
revealed up to now, including the carbon effect, Si’s particle size,
pressure and sulfides’ modules, the depth of Si’s lithiation as well
as the Si’s composite matrix. We would also discuss the challenges
and future direction of Si anode used in sulfide-based ASSBs,
aiming to provide reference for accelerating the research progress

in this field.

Lithiation step

Figure 10 Schematic of 99.9 wt.% Si electrode in an ASSB full cell. During lithiation, a passivating SEI is formed between the pSi and the sulfide SE, followed by
lithiation of pSi particles near the interface. Reproduced with permission from Ref. [23], © Tan, D. H et al. 2021.
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3.3.1 The effect of carbon additive

The carbon additive is universally used in electrodes of traditional
LIBs to enhance the electronic conductivity for achieving high
power densities and preventing overcharging [153]. When the
ASSBs are operated in high current charging and discharging
conditions, it is also important to add the carbon to construct the
robust conductive path in electrodes [154]. In cathode side, it was
reported even though the incorporation of carbon into the
cathode composite favored a homogeneous current distribution,
faster capacity decay was induced by the increase of the resistance
derived from the accelerated decomposition of sulfide SEs. Janek’s
group revealed that the frequently-used carbon additives including
ketjenback, graphite, acetylene black as well as C65, can indeed
promote sulfide SEs to generate the Sy and polysulfides, isolating
the lithium-ion conduction routes. In the view of reaction kinetics,
Tan et al. demonstrated that the replacement of high-surface-area
carbon black with (80 m*g™) with lower-surface-area vapor-grown
carbon fiber (24 m*g™) in cathode can suppress the side reaction
[153]. Kim’s group introduced that the oxygen-containing surface
functional groups on the carbon species was an origin for causing
negative effects on interfacial stability and the graphitic carbon
showed better compatibility with sulfide SEs [155].

The carbon’s decomposition effect at the anode was
emphasized by Meng’s study in 2021 [23]. Meng’s group analyzed
and quantified the SEI products from sulfide SE decomposition
with and without the presence of carbon black. It showed that the

Nano Res. 2023, 16(3): 3741-3765

cell without carbon black had an initial voltage plateau about
3.5V, which is typical for a micro-Si|[NCM811 cell. The cell with
20 wt.% carbon additive, however, exhibited a lower initial plateau
at 2.5V, indicating substantial sulfide electrochemical breakdown
at the Si composite anode before reaching the lithiation potential
above 3.5 V (Fig. 11(a)). Most of the pristine sulfide’s signals in
XRD were no longer present in the carbon-based cell, suggesting
extensive electrolyte decomposition while Li,S formed as a
significant reductive product during cycling, as obvious peaks at
20 angles of ~ 26° 45° and 52° appeared (Fig. 11(b)). In X-ray
photoelectron spectroscopy (XPS) characterization, the peak with
a binding energy consistent with Li-Si alloy was identified in the
sample without carbon, whereas Si appeared to stay unreacted in
the sample with carbon (Figs. 11(c)-11(e)). The phenomenon was
attributed to the generation of lithium-ion consuming SEI
products, which significantly restricted the lithiation of the micro-
Si anode. The group thus fabricated the 99.9 wt.% micro-Si anode
without any carbon additive to eliminate the side decomposition.
The advanced TGC method was used to quantitatively evaluate
the detrimental role of conductive carbon for the serious side
reaction with sulfide SEs (Fig. 12(a)). First-cycle CE% of ~ 76%
was measured across all cells, which quickly rose to > 99% from
the second cycle (Fig. 12(b)). Fig. 12(c) depicts the amounts of SEI
accumulated, active lithium-ion from Li-Si, cumulative losses, and
overall cumulative capabilities. The total amount of SEI generated
after the first cycle was determined to be 11.7% of the cell’s
capacity, increasing slightly to 12.4% in the second cycle. The
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accumulated SEI and active lithium-ion remained stable and
substantially unchanged in following cycles, showing interface
passivation that inhibits undesirable ongoing interactions between
Li-Si and the sulfide. As a result, the micro-Si||6PS5Cl||[NCM811
full cell delivered a capacity retention of 80% after 500 cycles with
an average CE of 99.95% (Fig. 12(d)).

As mentioned in Section 3.2, Si’s conductivity is relatively low
with an electrical conductivity of 1.56 x 10° Sm™ and a lithium
ion diffusion coefficient of 10"-10" cm*s™. The conductive
additive is still necessary to ensure the composite anode’s
conductive pathways for better rate performance and higher Si
mass loading. Takahashi’s group reported that the Si anodes
required a higher amount of conductive carbon than traditional
graphite anode to form sufficient conduction pathways and a
certain of acetylene black could improve the capacity retention
especially under fast charging/discharging procedure [144]. Lee’s
group demonstrated that the Si anode with multiwalled carbon
nanotubes (MWCNTSs) delivered nearly a 100% increase after 100
cycles over comparable cells that instead employed acetylene black
[150]. The improved conductive ability and the possibly
intensified side reaction between Si and sulfide SEs with the
increase of carbon additive should achieve balance.

Very recently, Kim’s group demonstrated the diffusion-
dependent Si electrode consisted of graphite (Fig. 13(a)) [154]. It

seems that the graphite may be an ideal conductive carbon to
satisfy both the high energy density and stability of ASSBs. The
scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) images of the electrode using graphite and
silicon nanoparticles are shown in Figs. 13(d) and 13(e),
demonstrating the uniform distribution of silicon particles owing
to the dimensional feature. The electronic conductive graphite can
support abundant electrons to neighboring Si which enables the
stable electrochemical reactions. The graphite can not only well
accommodate the volume change of Si owing to its structural
robustness, but also play as one active material, contributing to the
total capacity of the electrode. Furthermore, the graphite particles
with much higher lithium diffusivity of 2.30 x 10® cm*s™ can act
as the media for lithium-ion transport to the silicon particles via
the inter-diffusion (Figs. 13(b) and 13(c)). The calculated lithium-
ion concentration demonstrated that the more available volume
obtained by inter-diffusion at the increased interface in the nano-
Si/graphite composite can be used for quick lithium ion transport,
leading to reduced diffusion tortuosity of the electrode. Based
upon the merits, the graphite included nano-Si anode delivered a
high areal capacity of 2.76 mAh-cm™ even at a high current
density of 1.77 mA-cm™ (Fig. 13(f)). However, there was no
discussion into the compatibility of graphite and sulfide SEs. The
decomposition mechanism between sulfide and Si anodes with
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diffusion coefficient of each electrode. (d) Cross-sectional SEM image of the graphite-silicon diffusion-dependent electrode. (e) The corresponding EDS results of the
diffusion-dependent electrode. (f) Rate performance of the full cell employing the graphite-silicon diffusion-dependent electrode. Reproduced with permission from

Ref. [154], © Wiley-VCH GmbH 2021.

various types of carbon should be understood and relative
modification strategies required to be developed.

3.3.2 Si’sparticle size

The particle size of silicon materials is the key research interest in
liquid-electrolyte based LIBs, and it still plays the vital role in
ASSBs. From the experience in liquid electrolyte-based Si anodes,
shrinking bulk Si to the nanoscale can minimize crack
propagation by reducing the strain energy stored during
electrochemical reactions, hence boosting structural stability and
cycling lifetime [143]. In 2010, Trevey et al. first studied the effect
of Si’s particle size, and compared the electrochemical
performance of nano-Si (50-100 nm) and bulk-Si (1-5 pm) in
sulfide-based ASSBs [150]. It showed that the capacity of nano-Si
was much higher than that of bulk-Si, with increased cycling
stability. Dunlap et al. found the same trend in the coal-tar-pitch
derived Si-C composite anode where the composite anode
constructed with 50 nm Si particles outperformed the composites
manufactured with micron-sized Si particles (1-3 pm and 325
mesh Si) in terms of first cycle capacity, CE value, and capacity
retention (Fig. 14(a)) [149]. Obvious voids and separated
interfaces can be observed in the cycled micro-Si containing
electrode (Fig. 14(b)), which are detrimental to the electrochemical
performance of the cell because they act as roadblocks to electrons
and lithium-ion traveling through the electrode, increasing cell
resistance. Compared to micro-Si electrodes, the 50 nm Si
containing electrodes seemed much more compact with less
cracks (Fig. 14(c)). Kim’s group reported that the use of nanoscale
Si resulted in uniform distribution throughout the composite
electrode, increasing the contact surface capable of inter-diffusion
between graphite and Si while reducing diffusion in agglomerated
Si with low diffusivity [154]. The virtual 3D structures of graphite-
Si composite electrodes showed that the nano-Si particles contact
intimately with the graphite compared to the electrode fabricated
with micro-Si particles (Figs. 14(d) and 14(e)). As summarized in
Fig. 14(f), Si nanoparticles significantly enlarged the contact area
with graphite particles from 1.73 x 10 to 5.26 x 10°-m, which is
equivalent to near 200% increase. The morphology regulation
reduced the lithium-ion diffusion in the agglomerated silicon,
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which considerably decreased the overpotential during cycling and
boosted the specific capacities at higher current densities at 0.5 C
rate (1.77 mA-cm™) with a large mass loading of 2.76 mAh-cm™.
All these results demonstrate that the nano-Si active materials can
outperform larger silicon particles in ASSBs using a dry electrode
fabrication method due to their decreased diffusion distances and
facile stress relaxation upon lithiation.

Modification and engineering of Si nanoparticle can further
improve its performance. Okuno et al. first investigated the impact
of nanopores in Si nanoparticles on the electrochemical
performance [156]. Air-oxidation demagnesiation of Mg,Si via
mechanical milling of Mg,Si and Mg and subsequent annealing
were used to create nano-porous Si particles with an average pore
size of 9.4 nm. Despite the huge size of Si of 506 nm in diameter,
the nano-porous Si composite anodes retained about 80% of their
capacity after 150 cycles while the capacity of nonporous Si
composite anodes made up of Si particles with an average
diameter of 466 nm faded dramatically after 10 cycles. As shown
in Fig. 14(c), it demonstrated that the volumetric expansion of Si
nanoparticles can be buffered by the shrinkage of the constructed
nanopores and the elasticity of sulfide SEs relieved the strains
arising from the expanded Si particles.

However, a set of important performance parameters in terms
of gravimetric/volumetric capacity, CE value and electrode
thickness, as well as areal capacity, should be completely evaluated
to meet the requirements of practical cells for electrode materials.
The construction of a dense electrode with a high density is critical
for commercial viability. Porous Si particle is not an ideal choice,
due to the low tap density. In particular, a dense electrode (e.g., p =
1.0 g-cm™) requires only one-fifth the thickness of a loose electrode
(e.g, p = 0.2 gcm™) to maintain the same areal mass loading
[157]. A dense electrode, on the other hand, can accomplish
several times the mass loading of a loose electrode with the same
electrode thickness, considerably enhancing the areal capacity. In
general, electrode density is directly related to particle size
distribution, the porosity of material, active material volume
percentage, and tap density, among which the tap density of active
materials plays the essential role. In this regard, the application of
high-tap-density microstructural Si (~ 1.3-1.6 gm™) rather than
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the low-tap-density nano-Si (0.1-0.2 g¢m™) can hugely improve
the volumetric energy density, gaining much attention of
researchers ~ [157-162].  Takahashi’  group  presented
homogeneously dispersed composite sheets with micrometer-
sized Si particles using a slurry-mixing approach [144]. The
poly(propylene carbonate) (PPC) was used as a binder to disperse
the slurry and keep the intimate contact of particles. Subsequent
removal of the volatile binder by heating at 225 °C under vacuum
from the composite was shown to reduce the electrode’s internal
resistance. In addition, the slurry coating method allowed to
fabricate sheet-type ASSBs because it is scalable and benefits the
control of the thickness of electrode and SE layers. As a result, the
slurry fabricated micro-Si anode showed a high initial CE of 95%
with desirable areal capacity of more than 2.0 mAh-cm?, and even
exhibited the specific capacity above 1,700 mAh-g" after 375
cycles. Interestingly, it revealed that the slurry-mixing approach
could enable the performance of micro-Si competing with that of
nano-Si in sulfide based ASSBs. The similar conclusion was also
presented by Jung’s group using a sheet-type LigPS;Cl-infiltrated
nano-/micro-Si anodes fabricated by solution process [163]. The
similar cycle performance of nano-/micro-Si in the slurry
approach may be due to the generated passivation layer such as
Li,O, and lithium silicate formed during solution process that
could prevent direct contact between the fresh surface of the
expanded lithiated micro-Si and the sulfide SE. Unlike LIBs using
the liquid electrolyte, it was also reported that the suitable external
applied uniaxial pressure of dozens of MPa in ASSBs could help to

prevent the easy purverization of micro-Si and electrode peel-off,
increasing the performance of micro-Si [152].

3.3.3 Pressure and sulfide’ modules

The external pressure has a great influence on the performance of
silicon anodes in ASSBs. The mechanical confinement by the
stress can enable the electrode particles to maintain good
ion/electronic conductive path and prevent fractures of Si or
electrode delamination during cycling. As the discussion in
Section 2.4., a certain stress can also widen the electrochemical
window of sulfide SEs towards more stable interfacial stability.

The electrochemical performance of Si anodes as a function of
externally applied compressive stress was first introduced by Lee’s
group in 2012 [151]. They found that the specific capacity
decreased with an increasing applied pressure. The cell at 3 MPa
achieved a nearly theoretical capacity of 3,579 mAh-g (for LisSiy
at room temperature), whereas the capacity of 150 MPa cell
decreased to ~ 2,800 mAh-g" and the 230 MPa cell only showed
half as much as that in 3 MPa (Fig. 15(a)). However, the increased
stress significantly improved the cycling stability of the cells. The
capacity of the 3 MPa cell rapidly diminished with only 76.1%
retention after 8 cycles while the 150 and 230 MPa cells still had
87.3% and 99% retention in the 21st cycle (Fig. 15(b)). Therefore,
the lower capacity was countered by a more stable cycling
behavior which was an attribute favored for battery materials.
Large over-potential was found despite of the increase of bulk and
interfacial conductivities under stress, resulting in the capacity
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limitation. The authors attributed the over-potential to the volume
confinement of Si, where electric energy is expended to counteract
the volumetric stains generated by Si’s expansion, hindering the
lithiation process. Unlike very low and very high compressive
pressures that degrade battery performance, Takahashi’ group
reported that higher pressure could improve both the capacity and
rate performance in the range of 15-75 MPa by maintaining
ionic/electronic conductive pathways via particle interactions (Fig.
15(c)) [152]. From the microstructure analysis, they also revealed
that pressure could facilitate plastic deformation of Li,Si, resulting
in the ameba-like shape for intimate contact to improve the charge-
transfer kinetics (Figs. 15(d) and 15(e)). Si particles in an ASSB are
surrounded by the sulfide SE matrix, which has gaps and voids, as
shown in Fig.15(f). As a result, Si particles are pressured in
different ways. Li,Si expands in the direction of the gaps and voids
during lithiation. The Li,Si is prone to contracting during future
delithiation where it is being aggressively compressed by the SE.
Plastic deformation of the Li,Si and SE is caused by repeated
expansions and contractions, especially under strong external
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pressures, resulting in the ameba-like structure observed. Tan et al.
also found the enhanced cycling stability of full cells with the
pressure increasing from 5 to 50 MPa [23]. Comprehensively,
larger applied pressure can effectively optimize the electrical
contact inside the electrode and benefit the delivery of Si’s capacity
when the compressive stress is less than the critical value.
However, further increasing the pressure could restrict the volume
expansion of Si, thus decreasing the capacity and may even
intensify the pulverization Si particles. Hence, there exists an
optimal external pressure which could vary with the types of
sulfide materials. Any external pressure, from a commercial
standpoint, necessitates more components in a cell and steps in
the production plan, which would raise the cost. It was reported
that low stack pressures, such as 2 MPa, could still be a burden in
this case [53]. We here propose that the mechanical confinement
provided by novel powerful binders or composite matrix could
help to reduce the burden of applied external pressure.

The mechanical properties of sulfide SEs can also influence the
performance of Si anodes. Tatsumisago’s group studied the Li,S-
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P,S; system with lithium halides [91]. When lithium halides were
added to the glass electrolytes, the Young’s moduli of the
electrolytes decreased. In particular, the addition of Lil to the
0.75Li,S-0.25P,S; glass gradually reduced its Young’s modulus
from 23 to 19 GPa. The lower bonding energy and ion packing
density after Lil addition leaded to a reduction in the glass
transition temperature of sulfide SEs, contributing to the drop of
Young’s moduli. The Si anode based cell with sulfide SEs
including 30% Lil addition exhibited larger capacities over 20
cycles. As a result, it is expected that Li,S-P,S; glasses with
improved mechanical properties, such as lower Young’s modulus
and higher formability could benefit the Si anode by building the

intimate contact.

3.34  Si’s composite matrix

The mechanical confinement can not only be achieved by external
pressure, but also is available from the design of Si’s anode matrix.
Yersak et al. designed a silicon-titanium-nickel (STN) matrix to
limit the extent of Si’s lithiation, improving the reversibility of
anodes [164]. The STN has a microstructure of nano-Si particle
domains embedded in an electrochemically active Ti,Ni,Si,
matrix. The matrix irreversibly takes up some lithium-ion during
the initial lithiation of the STN alloy, resulting in a mixed
conductor with a composition of roughly Li;,Ti,Ni,Si, and an
ionic conductivity of 2.0 x 10? mS.cm™. Due to the good
ionic/electronic conductivity and the improved mechanical
confinement of the STN matrix, the fabricated ASSB exhibited a
stable specific capacity of 405 mAh-g based on the overall mass of
the composite electrode, which is over double the baseline, under
a desirable external pressure of 3 MPa. In 2016, Lee’s group
reported the in-situ derived Sn-Si matrix anode where Sn can be
lithiated prior to Si, and the pressure created by Sn’s lithiation
expansion was employed to confine Si materials, allowing for
increased reversibility [165]. Moreover, because Sn is ductile and a
good lithium ionic conductor, long-range interfaces between Sn
and sulfide SEs were formed, minimizing interfacial resistance.
Additionally, Sn does not decompose with the sulfide materials,
allowing for greater stability. As a result, the capacity based the
overall matrix anode achieved 700 mAh-g" with no obvious decay
for 50 cycles. In spite of the stable performance, the Sn involved
matrix increased the anode’s potential to 0.53 V vs. Li*/Li, which
could decrease the energy density of ASSBs.

Meng’s group proposed that the in-situ polymerization
polyacrylonitrile (PAN) where the acrylonitrile (AN) monomer
solution infiltrated Si’s meso-pores to build the uniform Si@PAN
matrix electrode [166]. It was reported that PAN was
dehydrogenated and cyclized during the stabilization process to
provide it delocalized sp> m bonding for intrinsic electronic
conductivity, while avoiding full carbonization to keep the
polymeric flexibility. Except for the role of mixed conductor, the
PAN matrix behaved as a strong binder adhered to both the
internal pores and the external bulk of micro-Si particles to
suppress pulverization. Recently, Lee’s group developed the
electrochemically active soft carbon matrix by the pyrolysis of coal-
tar-pitch which is a cheap industrial waste product [149]. The
carbon matrix demonstrated excellent mixed conducting
capacities and lithium-ion storage capacity as well as mechanically
confinement ability. While it was determined that the amorphous
carbon matrix was not robust enough to allow the long-term use
of large micro-Si particles, the nano-Si composite electrode was
optimized, resulting in a specific capacity of 653.5 mAh-g™ based
on composite electrode after 100th cycle with a CE of > 99%. Kim
et al. developed Si nanoparticles embedded in a carbon nanofiber
(CNF) matrix sheathed with LPSCIl as the anode material for
ASSBs with high energy density and stable cyclability [167]. More
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favorable strain release and robust electrical pathways were
accessible by integrating Si in the carbon matrix. The interfacial
stability between the active material and the SE was improved by
the conformal coating of SEs on the surface of Si-C matrix, which
leads to an improvement in electrochemical characteristics by
reducing contact loss. After 50 cycles, the Si/fCNF@LPSCI
composite electrode delivered a reversible capacity of
1,172 mAh-g™ and a stable cyclability of 84.3% at 0.5 C.

3.3.5 The depth of Si’s lithiation

Li;sSiy is the highest lithiated phase available for the ambient
temperature lithiation of bulk Si with a theoretical capacity of
3,579 mAh-g™. The calculated density of this phase is 1.179 g-cm™
based on X-ray measurements, indicating a huge volume
expansion of 280% [140]. Krause’ group proposed that by
increasing the floor cut-off voltage to more than 50 mV, the
generation of crystalline Lij;Si, could be prevented so that the
huge volume change of the Si materials could be suppressed to
realize the stable cycling of the electrode, though sacrificing part of
the capacity [140]. In 2010, Lee’s group verified this hypothesis in
sulfide-based ASSBs. When the control cut-off voltage was larger
than 50 mV vs. Li*/Li, the batteries cycled obviously more steadily,
although the reversible capacity dropped from 1,744 to
1,278 mAh-g™* [150]. In 2020, the same group further evaluated the
influence of Si’s lithiation to PAN protected Si anode in ASSBs
[148]. Notably, the cell with a 100 mV lower limit for Si delivered
specific capacities of 1,606 mAh-g™ after 200 cycles at 60 °C which
corresponded to a 77.4% retention (Fig. 16(a)). While the initial
capacity of the Si-PAN electrodes can be significantly increased by
discharging to 5-50 mV in spite of rapid capacity loss during
cycling.

The above research is based on Li||Si half ASSBs. Once the Si
anode is fabricated with practical cathodes like NCM811 or
LiCoO,, the lithiation depth of Si anode cannot be directly
observed or controlled. According to Jung’s work, the three-
electrode technology can be used to monitor the voltages of
cathode and Si anode in time even for cells having thin sulfide SEs
[168]. While precise control of the depth of lithiation of Si anode
is considerably complicated in a full-cell configuration, Lee’s
group demonstrated that the lowering of the upper voltage during
the charging of Si based full cells could reduce the depth of Si’s
lithiation, contributing the improved cycling stability (Fig. 16(b))
[148]. Another method is to appropriately increase the negative
capacity:positive capacity ratio (n:p ratio) to reduce the Si’s
lithiation depth [169,170]. It was demonstrated using a three-
electrode ASSB cell arrangement that a larger n:p ratio of
NCM]||SE]|Si-C cells led to stronger cathode delithiation as a result
of the anode’s higher cut-off voltage (lower utilization). As shown
in Figs. 16(c) and 16(d), NCM||SE||Si-C full cells with a low (1.1 or
1.3) or high (2.0) n:;p ratio had the best electrochemical
performance, according to the examination of cell balancing. The
pity is that both methods can theoretically reduce the energy
density of the battery. However, due to the large specific capacity
of silicon, the effect of such adjustment on the overall energy
density could be limited. It is necessary to reach a compromise
between the improved battery stability and the energy density by
searching for the optimal upper charging voltage and n:p ratio.

4 Summary and perspective

ASSBs are now attracting fast-growing interests, especially due to
their huge potential to overcome the safety issues of traditional
LIBs and considerably improve the energy density. In summary,
we systematically reviewed the most recent advances of ASSBs
with sulfide SEs and Si anodes. The main challenges and
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corresponding strategies to realize high-performance ASSBs with
sulfide SEs and Si anodes are proposed, aiming to offer a
meaningful guideline to promote further research in this field.
Sulfide-based SEs are at the forefront of the energy
technological transition, taking advantages of the remarkable ionic
conductivity and deformability. The fundamental premise for the
material design of sulfide SEs is a better understanding of their
ionic conductivity and stable potential windows in respect to their
elemental compositions and chemical bonding. The continuously
optimized calculation method can provide the reference.
Composition tuning, morphological control and interface
modification are promising approaches to improve the
electrochemical stability of sulfide SEs while maintaining the high
ionic conductivity. The air stability of sulfide SEs is a particularly
issue in large-scale manufacturing. Manipulating SE’s bonding
qualities based on HSAB theory has been a major focus to
improving the air stability, and the methods like alkali metal oxide
absorption, physical isolation via core-shell nanostructure design
or polymer hybrids, specific crystal plane exposure and super
hydrophobic coating have been also developed. However,
exploiting practical air-stable sulfide SEs operated in a full life
period in an ambient environment with economical and nontoxic
raw materials is still urgent. The low elastic modulus of sulfide SEs
allows for a cold-pressing process to reduce the grain boundary
resistance for better battery performance. The elastic and shear
moduli of sulfide SEs significantly benefit the interfacial
compatibility with electrodes and fabrication process. “Zero-strain”
electrode design, the addition of Lil to sulfide and filling the empty
voids of sulfide particles with organic polymers can further release
the stress during cycling or achieve higher mechanical flexibility.
The improved mechanical stability of polymer-sulfide composite
design is at the expense of the decreased ionic conductivity due to
the covering of fast ion conductive sulfide’s surface. Effectively
improving the ionic conductivity of polymer/inorganic composite
SEs to greater than 1 mS-cm™ at room temperature is one of the
key problems. The poor thermal stability of sulfide SEs requires
lower synthesis or pressing temperature as higher temperature (>
300 °C) significantly decreases the purity of the fast ionic
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conductor phase. Liquid-phase chemistry provides a new method
to synthesize sulfide SEs at moderate temperature while the
solvent stability of sulfides should be taken into consideration.
Further efforts based on the fundamental study of the liquid-
reaction mechanism are required to lower the temperatures to
completely remove the organic solvent and avoid the ionic
conductivity sacrifice.

The application of a Si anode in sulfide-based ASSBs combines
the benefits of Si’s huge capacity with sulfide SE’s excellent ionic
conductivity, resulting in a very promising energy storage device
system that is still in its early stages. The carbon additive is
necessary in the Si anode composites to enhance the electronic
conductivity for achieving high power densities. However, the
carbon’s decomposition effect to the sulfide material was gradually
revealed. It demonstrated that the graphite can be an appropriate
conductive carbon to satisfy both the high energy density and
stability of ASSBs. The decomposition mechanism between
sulfides and Si anodes with various types of carbon should be
understood and relative modification strategies required to be
developed. The use of nanoscale Si resulted in uniform
distribution throughout the composite electrode and facile stress
relaxation upon lithiation, decreasing diffusion distances. The
performance of the Si anode in ASSBs is heavily influenced by
external pressure. From a business standpoint, any external
pressure needs more components in a cell and steps in the
production plan, raising the cost. Mechanical confinement offered
by novel powerful binders or composite matrixes could aid in the
reduction of external pressure. Novel cheap compression
technology which could successfully apply uniform pressure in all
directions, effectively reducing voids inside the composite sheets to
a large extent like a warm isostatic press (WIP) method, should be
turther exploited [88]. The forbidden crystalline Li;;Si,” generation
can suppress the huge volume change of the Si materials to realize
the stable cycling of the electrode, though sacrificing part of the
capacity. Adjusting the n:p ratio and the upper voltage during the
charging of Si based full cells under three-electrode monitor
technology can help to control the depth of Si’s lithiation. In
addition, it is meaningful to discover whether the modification of
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Si in liquid electrolyte based batteries (e.g., nano-structure design,
surface coating, strong binder, and pre-lithiation technology) can
be successfully transferred to ASSBs to further improve battery
performance.

Despite the development of various techniques and
advancements, the practical application of ASSBs with sulfide SEs
and Si anodes still requires feasible strategies to realize the trade-
off between large gravimetric/volumetric capacity, high CE value,
and larger operation current density as well as stable long-term
cycling. Also, the feasibility and cost of fabrication process in mass
production should be taken into consideration. In the coming
years, the community expects to witness the maturing of ASSB
technology, boosting its practical competence to the point where it
can complement the established LIB technology.
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