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Solid-state batteries (SSBs) have emerged as an important technology for powering future electric vehicles and
other applications due to their potential for enhanced safety and higher energy density compared to lithium-ion
batteries (LIBs). Among future energy storage systems, SSBs (either semi or full SSBs) are the most promising
candidates in terms of safety, cost, performance, and compactness. There has been a great effort to utilize silicon
(Si) anode in SSBs due to its high specific capacity (3590 mAh g_l), low cost, and earth abundance. SSBs with

silicon anodes displayed attractive application prospects. The current research efforts showed that there is a great
need to understand electrochemical performance, especially the interphase behavior, Si material design, and
advanced tools for analytical characterization. In this review, we provide insights about the Si anode design,
interface issues, SEI formation, failure mechanisms, and material modifications for the development of next-
generation Si-based SSBs of use to bridge the gap between applied research and industrial scale applications.

1. Introduction

The climate crisis and driving the shift to electric mobility are the
fast-growing need for safe and affordable high-capacity and high-energy
storage batteries [1]. This green energy revolution lies under an equally
impressive evolution in battery technology. Over the past decade,
lithium-ion batteries (LIBs) have surpassed expectations to deal with the
global climate goals that require even more significant improvements
[2]. To date, LIB technology could provide only incremental perfor-
mance gains with the theoretical limits. Hence, LIBs may not be enough
to meet the requirements of cheaper EVs with extended driving range,
longer battery life, high-temperature operation, and fast charging
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infrastructure [3-6].

Currently, solid-state batteries (SSBs) have attracted great attention
owing to their high safety and increased energy density and are
considered the most promising next-generation batteries (Fig. 1a) [7,8].
SSBs are expected to be a game-changing technology for accelerating the
popularity of EVs and other applications, due to their higher energy
density which is twice as high as the conventional LIBs, as well as the
lower cost thanks to the opportunity of using less expensive raw mate-
rials such as silicon as efficient electrodes [7,9,10]. In contrast with
traditional LIBs, SSBs have a solid electrolyte (SE) that separates the
anode and cathode electrode battery [11]. By replacing traditional
graphite anodes with lithium metal or silicon-based anodes (Si), SSBs
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can offer enhanced energy density and thermal safety (Fig. 1b).

A key aspect of the promise of SSBs is that the all-solid-state archi-
tecture could provide custom design advantages to enable the reliable
use of high-capacity electrode materials beyond those used in LIBs.
Fig. 1c represents the recent developments for Si anode materials for
LIBs and SSB. According to the resources, 8 million tons of Si could be
yearly produced at a price that is 8 times lower than that for the pro-
duction of 0.082 million tons of Li ($2100 per ton of Si and $17,000 per
ton of battery-grade lithium carbonate, Fig. 1d)) [12]. Si-based SSBs
(cathode NMC811//sulfide SE//Si) show gravimetric (356 Wh kg b
and volumetric (965 Wh L™}) energy density values that are comparable
to those obtained using (cathode NMC811//sulfide SE//Li) Li metal
anode (410 Wh kg~! and 928 Wh L™, respectively), great improvements
could be achieved on costs, processability (scalability), safety, and
electrochemical performances when Si anode is implemented in the cells
[13,14]. Compared to the Li metal counterpart, Si-based SSB can
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withstand high stacking pressure to improve the contact between elec-
trode and electrolyte and operate at room temperature. This could
improve safety (suppression of short circuits) and electrochemical
(faster reaction kinetics) performances [12,15-17]. Furthermore, higher
ionic conductivity could also be achieved in Si-based composite anodes
as these anodes showed enhanced thermodynamic stability with the
majority of solid electrolytes (e.g. sulfide-based solid electrolytes) [18,
19]. In this review article, we aimed to discuss in detail the
electro-chemo-mechanical behavior of Si-based anode materials for
SSBs, including the lithiation mechanism, volume expansion behavior,
and SEI formation of the Si-based SSB, solid electrolytes design, as well
as their evolution and effect of stress connected with its failure mecha-
nisms. In addition, we comprehensively summarize the recent research
progress of Si-based SSBs, which could provide advanced optimization
strategies for further constructing long-cycle and high-energy-density
SSBs. We also present prospects related to the possibilities for
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Fig. 1. a) A schematic architecture of Li metal anode-based SSB and b) Silicon anode-based SSB. ¢) Number of published articles from 2019 to 2024 for “Silicon” and
“solid-state battery” (Web Source: Scopus). A total of 6570 research publications, 5524 for Lithium-ion battery and 1046 for solid-state battery. d) A comparison of
cost and energy density for Li and Si anodes for SSBs (NMC811 as a cathode, Sulfide as a solid electrolyte) [12].
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commercializing Si-based anodes for SSB.

2. Different types of anodes for SSB and the role of solid
electrolyte interface (SEI)

SSBs are set to be the next-generation technology for high-
performance batteries with improved safety and high energy density.
However, the lack of suitable high-capacity electrodes for high-
performance SSBs with stable long-term cycling hinders the full SSB
implementation. In addition to the Li metal, various kinds of negative
anodes show that materials such as silicon (Si), carbon (C), aluminum
(Al), graphite (Gr), bismuth (Bi), lithium titanate (LTO), and tin (Sn) are
considered as suitable candidates for high-performance and high ca-
pacities SSB cells (Fig. 2a) [20-29]. These materials are particularly
interesting as they could alloy with Li, which can potentially offer
benefits compared to other anodes such as Li-metal foils and anode-free
Li-metal [30]. They help to avoid failure mechanisms, dendrite growth,
and short-circuiting (Fig. 2b). Alloy anode materials including Si, Sn,
and Al could boost the storage of the amount of Li* compared to
graphite anodes [31], and when used in SSBs can deliver, higher specific
energy and energy density values [14]. The predicted energy density
values for alloy-based SSBs are closer to those for Li-metal SSBs. In
addition to energy density values, alloy anodes can alleviate the
abovementioned degradation issues related to Li metal. Thus, alloying is
a good strategy for achieving high-density energy SSBs by overcoming
the issues related to the Li-metal anode.

As an example of a next-generation anode material that could be
enabled within SSBs, lithium metal (Li) and Si anodes have received
considerable attention. Most widely, Li metal is considered the most
promising anode material for SSBs due to its extremely high theoretical
specific capacity (~3860 mAh g_l), which is more than ten times higher
than that for graphite anode (372 mAh g~!) used in commercial LIBs
[30,32]. It has the lowest negative potential (—3.040 V vs. standard
hydrogen electrode (SHE)), which leads to a high output voltage during
operation. Unfortunately, Li metal anode faces many issues regarding
the formation of dendrites at high current densities, dead Li, and volume
expansion which hinder its practical application due to huge capacity
losses and safety risks [33]. During charging, Li forms dendrites and
when the dendrites grow bigger it causes a short circuit. A large current
can pass through the system, which can provoke a heat increase,
resulting in safety risks or explosion [34,35]. Moreover, the physical and
electronic detachment of these Li deposits (“dead Li”), provokes the rise
of the battery’s internal resistance, leading to the higher consumption of

et o e i o o i
]

i a)

I

1

: I:‘ Gravimetric Capacity

1 — I:] Volumetric Capacity

]

]

1

1

1

! —
1

]

P | - |
1T 2000+

[

1S 15004

[~

[

5 1000 4

]

) £

12 500+

| 2

1 3

! 0 T T T T

- Li Si G Sn Al Pb Ge Sb P
- Anode materials

eTransportation 23 (2025) 100391

active substances (electrolytes), which diminish the battery capacity,
volume expansion, and CE [36,37]. This volume expansion results in
interface fluctuation as well as internal pressure change, which leads to
the partial or total destruction of the solid electrolyte interphase (SEI),
therefore reducing the stability and performance of the anode due to the
low CE and high resistance.

Interestingly, Si-based anodes gaining more attention towards SSB
due to their abundance of the raw material (leading to potentially low
production costs), environmentally benign nature at the macroscale,
high theoretical specific capacity (~3590 mAh g~ 1), and low operating
voltage versus Li (compared to other alloy anodes), are considered as
valuable choice as alternative anode material [38]. A functional SEI
plays a big role in the Si anode composite electrodes in SSB and LIB
(Fig. 3). The evolution of SEI on Si is complex due to the large volumetric
changes (300 %) during lithiation and delithiation. However, the vol-
ume expansion-contraction poses the following challenges: (a) the SEI
layer undergoes continuous modifications during cycling, exposing fresh
Si surface to the electrolyte and formation of new SEI Thus, a gradual
increase in the SEI layer thickness and electrolyte consumption is
observed, leading to capacity retention. (b) The volume expansion also
creates large stresses on the silicon particle itself resulting in the anode
pulverization, trapping Li" ions in the anode host due to reduced
diffusion across different particles. (c) The pulverization and volume
expansion/contraction further contribute to delamination and/or loss of
electrical contact with the current collector leading to a rapid capacity
drop after a few cycles [39].

The research on the understanding of the SEI layer on conventional
LIBs is highly advanced whilst, there is still an extensive effort to gain a
better understanding of the SEI components. The SEI layer forms due to
the precipitation of decomposition products derived from the reduction
of solvents, salts, and impurities at the anode potential operating win-
dow [42]. Therefore, the electrolyte composition especially, the solva-
tion shell of Li* which partially decomposes, plays a crucial role in the
SEI layer formation. An optimized SEI layer is expected to have negli-
gible low electronic conductivity while having high Li* selectivity and
permeability. Once it is properly formed, further decompositions of salts
and solvents are prevented since the electrons cannot transfer to or
through the layer (the increased electronic resistance increases the po-
tential on the Gr surface and shifts the surface potential within the
stability window of the electrolyte). SEI on Si anode with conventional
carbonate electrolyte consists of a combination of lithium silicate (Liy.
SiOy), lithium carbonate (Li»CO3), lithium fluoride (LiF), and other
decomposition products of electrolytes such as lithium alkyl carbonates
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like the LIBs [43]. SEI has been investigated thoroughly on conventional
anode whereas, a comprehensive understanding of Si anode is still
missing (Fig. 3iii). In liquid electrolyte applications, Si anode shows
particle pulverization and continuous SEI formation which leads to se-
vere loss of lithium inventory. However, Si anode in SSBs might show
less or different SEI formation and particle pulverization because of the
mechanical rigidity of inorganic SE and external stack pressure [44].

Substantial research has been devoted to improving SEI performance
by using electrolyte additives [45,46], encapsulating Si particles [47,
48], and artificial surface layers [49,50]. A large variety of character-
ization techniques such as electrochemical impedance spectroscopy,
Raman spectroscopy, atomic force microscopy, and X-ray photoelectron
spectroscopy have been employed to comprehend the functionality of
SEI [51-54]. Its feature which regulates the interaction between the
silicon particles and the charge carriers, is of primary importance for the
performance of the anode. The SEI layer on the Si anode would expe-
rience high local strain owing to the large volume expansion of Si par-
ticles during the lithiation process. As a consequence, SEI layers with a
low modulus tend to suffer from severe local deformation and even
fracture, which would reveal the internal Si granules and then lead to
further generation of a thick SEI or even “dead Si”. Thus, a stable SEI
could help in stabilizing the Si anode during the lithiation process to
prevent some of the mentioned issues.

3. Importance of solid electrolytes coupled with Si anode for SSB

Electrolytes ensure the shuttling of ions from one electrode to the
other upon cycling, allowing redox reactions to occur. A suitable elec-
trolyte candidate must exhibit high ionic conductivity, and negligible
electronic conductivity, and must be electrochemically stable within the
operating voltage of the cell. The most widely used organic liquid
electrolytes (LEs) are carbonate-based with lithium salt which has the
drawbacks of being volatile and flammable. The leakage of the LEs, as
well as the internal short circuit caused by dendrites and the perfor-
mance, is one of the main issues that current LIBs are facing. The tech-
nology of SEs is currently one of the first methods to prevent the growth
of dendrites for SSBs. Thus, in recent years, pairing SEs with alloy anode
has shown promising results in preventing those issues. The nature of
SSBs depicts entirely different interfacial dynamics than the liquid
electrolyte. At the interface between an alloy active material and an SE,
the SE does not flow to continually wet the alloy material surface during
volume changes. This will likely result in a reduced extent of SEI for-
mation compared to alloys in liquid electrolytes [20,46,55]. SEs are
promising candidates for next-generation SSBs with benefits of safety,
energy density, low cost, and mechanical and thermal stabilities. SEs can
be divided into four chemistries; sulfides, halides, oxides, and polymers
[8]. Sulfide solid electrolytes (SSEs) have high ionic conductivity as they
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can form a wider interface area between the electrode and electrolyte.
Despite the oxide-based electrolytes showing lower ionic conductivity
than sulfide electrolytes, they have high electrochemical stability [56].
Polymer-based electrolytes are versatile and have price competitiveness
since they share similar properties and manufacturing processes with
liquid electrolytes. Recently, halide-based SEs have drawn more atten-
tion for SSB applications due to processibility and high ionic conduc-
tivity. However, both halide and sulfide-based SEs are air-sensitive. The
processability of these electrolytes highly depends on the ambient
conditions.

As mentioned, Si is considered a promising anode material for SSB
due to its unique properties in overcoming the main challenges
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associated with Li metal anodes (dendrite formation and morphological
instability) [13]. Compared with Li metal anodes, Si anodes show higher
stability against lithium argyrodites, and higher mechanical strength to
effectively avoid the formation of lithium dendrites, which is regarded
as one of the ideal anode materials for SSBs with long cycle life and high
capacity at high C-rates [57]. Despite these positive attributes, there is a
limited number of Si anode composites that have been implemented in
SSB applications. This section will cover the SEs role for the Si anode in
the SSB applications.
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3.1. Sulfide-based solid electrolytes SEs (SSEs)

SSEs have exceptionally high ion conductivity in the range of 10~* to
1072 S ecm™! at room temperature and it is applicable for SSBs are
anticipated. SSEs are promising candidates for SSBs not only high ionic
conductivity but also full electrochemical windows, excellent mechan-
ical properties, and easy reproducibility. However, many challenges
towards SEs remain to escalate difficulty in forming an optimized Li and
SE interface offering fast Li" ion transport for SSB operation and mini-
mizing electronic conductivity to avoid continuous degradation [58].
The carbon’s effect, the particle size of Si, and the depth of silicon’s
lithiation were discussed thoroughly with SSEs [45,57]. Generally, SSE
exhibits a reduced extent of SEI formation compared to the liquid case
[59,60]. Some of the SSE are known to form stable interphases at low
potentials which suggests that stable long-term cyclability might be
achieved easily with alloys in the SSE environment [20,61].

It is found that the carbon-free Si electrode will greatly reduce the
decomposition of the lithium argyrodite compared with the conven-
tional carbon-containing Si-based anode, thereby improving the initial
Coulombic efficiency and rate performance of the cell. The electronic
conductivity of micro-silicon (3 x 10°°S cm’l) is akin to most oxide
cathode active materials. Therefore, micro-Si can be used as the anode
without adding conductive carbon. Hence, the interface contacts be-
tween the lithium argyrodite layer and the micro-Si electrode become a
two-dimensional plane. Meng’s group et al. [62] reported the stable
operation of a 99.9 wt% p-Si anode for SSB, the p-Si anode offers high
stability and energy density, operating for 500 cycles with 1.5 mAh
cm 2 at 1 C with a CE of 99.95 % (Fig. 4a-b). Despite the large volume
expansion of micro-Si, the two-dimensional interface maintains its
structure well during the lithiation process due to high stack pressure on
the cell [46]. Applying MPa-level stack pressure on the Si-based SSBs
could alleviate physical contact loss caused by large volume changes of
silicon anode during cycling, and improve the cycling stability of the
SSBs. However, bulky molds are needed to apply several hundreds of
MPa pressure, which will reduce the energy density of the whole cell.
Interestingly, a sheet-type Si anode modified with LiAlO layer-coated Si
(Si@LiAlO,) delivers the specific capacity of 1205 mAh g~ (150 cycles,
0.33C) with a CE of 80 %. Full cell testing based on single crystal
NCM83@LNO//SEs//Si@LiAlO, showed a reversible capacity of 147
mAh g7! (0.28 mA cm™2) and a capacity retention of 80.2 % (62 cycles,
1 C) (Fig. 4c—d) [63]. The enhanced electrochemical performance is
attributed to the improved Li T diffusion kinetics in the electrodes and
the lower expansion ratio of the electrode. The calcined LiNOs, asphalt
(as the source of carbon), and Si nanoparticles (around 2-8 pm) form
micro-Si@LisPO4@C anode material [64].

The Micro-Si@Li3sPO4@C anode proved to be highly effective in SSBs
due to the synergetic effect of Li3PO4 and carbon incorporation that
replenished Li and CE was higher than that of nano-Si, suggesting the
important role of the structural anode design. The anode material was
used in the full cell with NMC111 in 3D-PPLLP-CPEs being able to
maintain a capacity of 129.2 mAh g~! at 0.2C with 98.5 % capacity
retention after 100 cycles. The authors reported that after cycling, the
anode material remained intact over the copper foil, and no cracks were
observed. The capacity of the Micro-Si@Li3sPO4@C showed high values,
which are higher than those of many reports dealing with Si-based SSB
anodes.

To understand more about the nano-Si composite anode role in SSB
[65], nano-Si composite was prepared by ball milling method mixing Si
powder, SSE like Lis4PS44Cly e, and carbon black. The anode is
composed of three components (Si-SE-C) that are chemically stable. The
addition of SE and carbon to Si provides excellent electron and ion
conduction pathways in the Si-SE-C anode composite. Interestingly
after delithation, the Si, once crystalline, became amorphous, and the
existence of SE and carbon enables an integrated electrode with less void
formation. When no carbon is used to alleviate the volume expansion
Si-SE, voids appear in the Si-SE anode due to a change in its volume,
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which triggers the degradation of the anode and consequently capacity
loss of the SSB. The anode behavior of pure Si, as the only phase, the
electron conduction and ion diffusion rely only on Si that are lower than
Si-SE and Si-SE-C anodes. Thus, the kinetic is limited and it suffers a
huge volume expansion since there are no buffers (carbon and SE) to
alleviate it. At the beginning of the delithiation process, voids appear
and the whole anode collapses along with the SSB.

Han’s group [66] studied the effect of three different SEs (sulfide
(LPS), iodide-substituted sulfide (LPSI), and hydride-based (LBHI)) on
the ICE of Si-based anodes in SSBs. The results demonstrated that LPS
and LPSI showed apparent decomposition during the Si-anodes char-
ge/discharge exhibiting poor CE (75.9 %, LPS, and 77.6 %, LPSI). The
poor stability was associated with side-reactions between Si and P
(present in SSEs). However, regarding LBHI electrolytes, no apparent
electrochemical decomposition was observed, achieving an outstanding
electrochemical/chemical stability yielding a CE of 96.2 %. The full cells
with the LBHI-based SEs reported the highest discharge capacity of 152
mAh g! at 0.5C and much better cycling stability than LPS and LPSL

Two different Si-based anodes micron-sized (uSi) and SiNWs utilize
and demonstrated and could be able to obtain the specific capacity of
2700 mAh g~! and 2600 mAh g~ for SINW: after 15 cycles, the loss in
capacity was due to the irreversible formation of SEIL, which was related
to the area of active material exposed to the SEs [67].

The interfaces between Si composite anode and lithium argyrodite
(LPSCI) leads to continuous interfacial side reactions. Therefore, the
current challenges need to be solved for the Si-based SSBs: (i) improve
the ion/electron conducting pathway of the composite anode. (ii) sta-
bilize the Li-Si/SSE interface to prevent continued SEI growth and
accumulation of dead silicon particles. In general, composite anodes in
SSBs are usually prepared by mixing Si composite anode with electron
conductive additive, lithium argyrodite, and binder. To optimize the
ionic and electronic transport pathway in the composite anode, the
amount of inactive components is usually increased, which reduces the
volume and gravimetric energy density at the electrode level. The
conductive pathways are easily disrupted by the expansion and
contraction of the Si composite anode, resulting in irreversible segre-
gation between particles and rapid capacity loss of the cell during
cycling [68,69]. Therefore, constructing a robust high-capacity Si-based
anode with high ionic/electronic transport pathways is essential for the
commercialization of high-energy-density SSBs.

The particle size distribution of Si has a great influence on the
electrochemical performance of the SSBs. Larger particles force struc-
tural deformation throughout the electrode during cycling, while
smaller particles can more easily fill the available pores within the
composite anode, leading to a small volume change of the composite
anode, which alleviates the mechano-electrochemical failure [70]. The
surface of nano-Si particles is usually covered with a layer of silicon
oxide, which reduces the electronic conductivity by three orders of
magnitude. Since nano-Si has a larger surface area, the composite anode
prepared via ball milling the mixture of nano-Si, conductive carbon, and
lithium argyrodite can improve the utilization of nano-Si (Fig. 5a) [12].
Similar to the injection of liquid electrolyte into commercial LIBs, the
precursor of lithium argyrodite can be infiltrated into the Si/carbon/-
binder composite anode sheet to increase the contact area between Si
active material and lithium argyrodite, thereby improving the ionic
transport pathways in the composite anode [71].

To accommodate the volume change of Si, carbon nanofibers (CNFs)
with good mechanical properties are ideal matrices for Si nanoparticles.
The stress relaxation and robust electronic pathways can be achieved by
embedding Si nanoparticles in CNFs. Coating lithium argyrodites on the
Si/CNF surface by a simple liquid-phase method can enlarge the contact
area between solid electrolyte and Si anode, provide more electro-
chemical active sites, improve ionic transport pathways, and enhance
reaction kinetics, which finally enables high utilization of Si [72]. The
graphite is also a good matrix to distribute the nano-Si powder. The
mechanically flexible graphite continuously provides abundant
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Fig. 5. (a) Silicon-lithium argyrodite-MWCNTs composite anode via ball-milling; (b) graphite-silicon composite anode; silicon-carbon anode with core-shell
structure; (d) columnar silicon anode for stabilizing the silicon/lithium argyrodite interface.
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blue color) [74]. e) Schematic diagram of spherical and flaky Si anode with composite polymer SE. An SSB full cell, lithiation process of Si-based electrode and
composite SE. f) The cycling performance of the Si//PHP-L15//LiFePO, with various current rates as well as the different temperature tests at 0.33C [76].
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electrons for Si, resulting in a stable electrochemical reaction. Utilizing
nano-Si powder could increase the interdiffusion area between graphite
and Si, and also shorten the diffusion path, thereby increasing the power
density of SSBs (Fig. 5b) [19]. Preparing Si-carbon composites with a
core-shell structure can not only effectively compensate for the volume
change of silicon during cycling, but also the carbon shell could increase
the electronic conductivity of the composite anode and the stability of
the SEI layer formed on the carbon shell (Fig. 5¢) [41]. Similar to the
utilization of a layer of micro-Si, using a columnar silicon anode could
also help to form a two-dimensional SEI layer when in contact with
lithium argyrodites, which will reduce the side reactions (Fig. 5d) [60].

Strategies to overcome the interface issue instability between SSE
(LigPSsCl) and Si-based electrodes have been reported [73]. To tackle
the unstable interface issue, a metallic silver (Ag) as an adhesive inter-
layer which alloys with Li during the cycling, and retains deformable
characteristics, reducing the damage of the cell due to the less volume
expansion; moreover, it provides a good Lit transportation across the
Si/SE interface, even under high dimensional changes in the Si-based
electrodes. The Ag-coated Si anode-based SSB specific capacity was
much larger than that for bare Si anode (151 vs 119 mAh gﬁéM) and the
capacity retentions of 64 % and 42 % after 100 cycles, respectively
(Fig. 6). The modification of coating Ag on Si anode seemed to be highly
effective for improving the stability and electrochemical performances
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of the electrodes and overcoming interface issues. A promising and
scalable Si-SSB strategy was through pouch cells (pelletized 7 mm-dia-
meter molds of 10 cm?), whereas an LPSCl layer as a separator with NCM
cathode [74]. The densified cell was under a pressure of 390 MPa and 1
MPa, the lower pressure maintained a high stability over 160 cycles at
room temperature. This approach opens the gateway to overcome the
main failure mechanisms involved in Si-based SSBs, especially tackling
the issue related to fast capacity decay.

To obtain insights into possible SSB failure mechanisms, chemo-
mechanical failure mechanisms of Si/LigPSsCl composite and solid-
electrolyte-free silicon anodes were investigated [44]. The growth of
the SEI at the Si/LigPSsCl interface was found to trigger a large resis-
tance increase in composite anodes. The fast battery capacity decay was
directly due to the high resistance. The presence of oxygen can cause
issues for the anode performance due to the reaction with Si to form
SiOy, which has implications for the continuous growth of the SEL. An
efficient composite anode is made by mixing SE with Si-nanoparticles in
one layer and using graphite as a separation layer to the Li metal layer
[75]. This strategy resulted in less lithiation of Si due to the Li" trans-
portation through the SE in the Si-layer and more Li plating toward the
current collector, which gave a lower anode voltage, and thus, a higher
battery voltage. This strategy provides new and effective design prin-
ciples of fast SSB kinetics assuring elevated power densities with high

Table 1
Summary of the electrochemical performance of Si anode-based solid-state batteries.
Cell configurations Temp.  Voltage Active Current Initial cycle Cycle life Capacity Ref.
Anode solid electrolyte cathode (VB (v.s. matﬁ?rials density Performance retention
. . Li"/Li) loading
composition composition
Si/LigPSsCl/CB LigPSsCl NCM811@Li,SiOx 30°C 2.4-4.2 NCMS811: 10 0.3C 145 mAh g’1 at 91 mAh g’1 - [12]
mg cm 2 1st discharge after 1000
cycles
Si/C LigPSsCl NCM90 RT 1.5-4.25 Si-C loading: 0.2mA cm 2 125 mAh g71 at 109 mAh 87.7 % [41]
48mgem 2  and 1.0 mA 1st discharge g1 after 52
n/p =2 cm 2 cycles
columnar Si LigPSsCl NCM90 25 °C 2.0-4.0 Si: 1.0 mg 1 mA cm 2 143 mAh g’1 at 118 mAh 82 % [60]
cm 2 initial g1 after 50
NCMS811: discharge, cycles
12.8 mg
cm 2
uSi-PVDF LigPS5Cl NCMS811 RT 2.0-4.3 pSi: 1.67 mg 5mA ~1.875 mAh ~1.5 mAh 80 % [62]
cm™2 cm™%(1 C) cm ™2 at initial cm ™2 after
NCM811: 25 discharge 500 cycles
mg cm ™2
Li-In//SE//Si- LigPSsCl/77.5Li,S- - 60 °C 0.1-1 Si: 0.9 mg Initial 1606 mAh g71 1122 mAh 70 % [70]
PAN 22.5P,Ss em 2 0.05C, at initial g1 after
following discharge 200 cycles
0.1C
LigPSsCl- LigPSsCl LCO 30°C 2.8-4.2 LCO loading: 0.1C (0.14 104 mAh g71 at - - [71]
infiltrated Si/ 10 mg cm 2 mA cm?) 1st discharge
C/PVDF
Li-In//SE//Si/ LigPSsCl - 25°C 0.05-1.5 Si loading: 0.5C 728 mAh g71 at 607 mAh 83.4 % [72]
C/LigPSsCl 1.54 mg 1st discharge, ¢! after 50
cm 2 cycles
Si Lip 6Zr9.4Lug 6Clg NCM85 RT 2-4.3 Si:2 mg cm ™2 0.5C 3 mAh cm™2 at 2.5 mAh 80 % [85]
NCM85: 1st discharge cm ™2 after
25.46 mg 1500 cycles
em 2
Si/LigPSsCl/C LigPSsCl NCM811 RT 2.4-4.1 Si:0.7 mg 0.1C (0.24 1.8 mAh cm 2 1.1-1.2 64 % [86]
em 2 mA cm™2) at initial mAh cm~2
NCMS811: discharge after 100
18.9 mg cycles
em 2
Si@LLZTO// LLZTO - RT 0.01-3 - 1Ag? 1363 mAh g~! 386 mAh - [871
SE//Li at initial g1 (1000
discharge cycles)
1Si@Mgo@C PEO@LATP@NCF  LFP RT 2.8-4.3 - 0.2C 1045mAhg!  70mAhg' - [8s8]
at initial after 50
discharge cycles
Si@MOF (ZIF- PPG LFP 60 °C 2.8-4.3 LFP: 3.5 mg 0.5C 135 mAh g’l at 110 mAh 73.1 % [89]
67) em 2 initial discharge g~ ! after 50
cycles
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cell stability over the long-cyclability. These are necessary steps to help
clear the path for the larger-scale applications (Table 1).

Following innovative strategies to effectively synthesize different
configurations/features and high-density capacity Si-based anodes for
SSBs, a high CE over cycling is a crucial parameter for highly efficient
SSBs, especially when Si-based anodes are employed. Many issues
regarding sustaining high CE are related to the poor stability between
SE/Si-anode. Another research that sophisticatedly employed a Si-anode
was proposed by Na and coworkers [77]. The group successfully
demonstrated that a pure Si-monolithic (void-free and additive-free) can
be considered an efficient anode for high-performance SSBs. The
Si-monolithic anode delivered a high areal capacity of 10 mAh cm 2
(half-cell at room temperature) and 8.8 mAh cm 2 (full-cell at 60 °C) at a
current rate of 0.5 mA cm™2. The high capacities were achieved thanks
to the anode structural and geometric features, which enabled fast Li™
transportation across the electrode thickness combined with an even
distribution of Li* along the whole monolith.

Fan and colleagues [78] studied an in-situ pre-lithiation strategy to
boost the performance of an electrolyte-free Si anode. The authors re-
ported that the employment of a prelithiation process, by using an
ultra-thin Li foil, provoked a significant improvement in the reversible
capacity of the SSB due to improved Li intercalation kinetics. The cells
showed a delivered energy density of 402 Wh kg~ at 0.1C (capacity
retention of 57.3 % over more than 300 cycles at 0.5C). Overall, such a
prelithiation strategy of electrolyte-free Si anode displays many ad-
vantages to addressing SSB issues that hinder its implementation by
offering a pathway to develop high-energy-density SSBs. The same
strategy of pre-lithiation was employed by Poetke and coworkers [79].
The partially lithiated (800 mAh g~?) Si-microparticles led to a volume
change in the order of only 66 % (instead of 300 %). This would avoid
the anode pulverization caused by the severe expansion (300 %). The
results indicated that the employment of Si partially lithiated in full cells
exhibited energy densities up to 28 % higher than of commercial Gr
anode.

The use of Si as an additive in an anode also composed of carbon
material tailors the ionic and electronic transport throughout the elec-
trode much faster and boosted the SSB metrics [80]. This will make the
impact of Si particle size on SSB performance. It was found that the Si
particle size (combined with SE) has a high impact on SSB rate perfor-
mance, mainly due to the influence in the partial ionic and partial
electronic transport, or composite tortuosity. Smaller Si particles enable
the attainment of higher Si-anode/SE interface contact as well as
improve the distribution of Si particles over the anode in a
well-distributed compact packing in the compressed electrode. Thus, the
modulation of the Si particle size can also be an efficient strategy for
achieving high-performance anode materials for SSB.

3.2. Other SEs for Si-based SSB

In contrast with sulfide-based SEs dominating Si anodes for SSB,
other solid electrolytes like oxide and polymer-based SEs are not
investigated widely. The aim is to have more the options of employing
polymer-based SEs for high-performance Si-anode materials for SSBs
[81-83]. Ping and coworkers [25] found that a 1 um thickness Si-based
anode offers excellent contact with the SE and sustains good structural
integrity during the Li-ion intercalation process. The anode delivered a
high discharge capacity of 2685 mAh g1 (current density of 2.5 mA g~*
(7 x 10~*mA ecm~2)) and sustained an excellent initial CE of 83.2 %. The
conventional slurry coating method, and later impregnation with a
polymer electrolyte (PE) which was solidified via thermal curing, was
studied by Giffin and coworkers [84]. The results suggested that the
capacity in Si/HPE/Li cells is highly dependent on the C-rate, areal ca-
pacity of the anodes, and SE/anode composition. The HPE containing
LiFSI and no ionic liquids showed high-capacity retention and CE. It was
stated that the anode which was composed of 75 wt% Si with a hybrid
polymer electrolyte (also containing LiFSI and IL) exhibited a very high
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capacity around 1500 mAh gg;! at 0.1C with a capacity retention of 74 %
after 100 cycles. It was concluded that anodes with high Si contents
showed better performances compared to those with less Si [85]. The
garnet-type SEs for their compatibility with Si anode displayed a high
discharge capacity of 2685 mAh g~! with a good initial CE of 83.2 %
[25]. The ultrahigh loading pre-lithiated Si anode with halide-based SE
Liz_,Zry(Ho/Lu);_xClg demonstrated an areal capacity of 16.3 mAh cm 2
[85]. Utilizing the composite ceramic mixed polymer-based SEs
(PVDF-HFP/PEO/LATP15 % denoted as PHP-L15) pairing with
Si-nanosheet anodes for SSBs also demonstrated promising outcomes
[76]. The Si//PHP-L15//Li half cells showed excellent performance of
reversible capacity of 817 mAh g~! after 200 cycles. In full-cell, LiFe-
PO,//PHP-L15//Si reported a high-capacity retention of 81 % after 100
cycles, and a rate capability of 105 mAh g~ ! at 2 C. In addition, PHP-L15
exhibited a high mechanical feature (tensile stress: 2.8 MPa; tensile
strain: 40 %), which was responsible for limiting the evolution of the Si
volume change, thus maintaining the integrity of the Si-based electrode
and stable SEI film formation. Moreover, due to the inherent SE feature,
the electrode displayed excellent flexibility and ductility, which could
reach synchronously dynamic volume expansion/shrinkage among
PHP-L15. The anode promoted a self-recovery of the SSB and created a
suitable, stable, and effective interfacial contact with swift ions transfer
during the long-cyclability processes.

3.3. Silicon-based full practical solid-state battery optimization

Since the surface of the silicon anode is typically covered by an oxide
layer and silicon is a semiconductor, solid electrolytes, and conductive
carbon are typically added to improve the reaction kinetics and elec-
tronic conductivity of the silicon anode. In order to enhance the areal
capacity of the silicon-based composite anode, it is essential to minimize
the content of inactive substances. In recent literature, the use of pure
micron silicon (5 mAh em™2 [62]), the preparation of columnar silicon
by physical vapor phase multiplication (3.5 mAh cm~2 [60]), and the
use of wafer silicon (10 mAh cm 2 [771) have been reported to achieve
high areal capacity. However, due to the large volume change of silicon
anode during cycling, silicon cracking occurs even under a large stack-
ing pressure. Han et al. prepared the porous silicon decorated with Ag
nanoparticles, covered with a layer of carbon, and combined the anode
poly(vinylidene fluoride-co-hexafluoropropylene)/Li; 3Al 3Ti; 7(PO4)3
to assemble a half-cell. The cell achieves a high areal capacity of 4.0
mAh cm~? [45]. Zhang et al. prepared a Si-Li;Si5 anode and combined
it with a LiCoO; electrode and LigPSsCl electrolyte to assemble an
all-solid-state battery. The cell achieves a high areal capacity of 17.9
mAh em ™2 at 55 °C [90].

In order to improve the energy density of the whole cell, it is
necessary to optimize the N/P ratio, increase the active material loading
in the composite cathode and anode, and reduce the thickness of the
composite electrolyte membrane. Cao et al. mixed nano-silicon with
LigPSsCl and CB to obtain a composite anode, and mixed Li»SiOx-coated
LiNig gMng.1C0p 102 with LigPSsCl and VGCF to obtain a composite
cathode, and prepared a LigPSsCl-ethyl cellulose composite electrolyte
film by vacuum filtration. Finally, the three components were stacked to
assemble a solid-state battery. When the cathode active material loading
reached 20 mg cm 2, the full battery could achieve a high energy density
of 285 Wh kg~! [12]. They also tried bipolar stacking, and the energy
density of the cell increased from 189 to 204 Wh kg™! compared with a
single-layer battery [91]. Yan et al. prepared a hard carbon-stabilized
Li-Si alloy anode, thus forming a three-dimensional ionic electronic
conductive interconnect comprising plastically deformable lithium-rich
phases (Lij5Sis and LiCg). This could not only enhance the active area
and alleviate stress concentration but also improve electrode kinetics
and mechanical stability. The all-solid-state batteries combined with the
LiNip.gCop.1Mng 102 cathode and above anode were assembled. Even
with a 650 pm-thick solid electrolyte layer, the cell still achieved an
energy density of 263 Wh kg~! with a high areal loading of 20
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mAh cm ™2 [92]. In summary, pure micron silicon is unsuitable as the
anode material for SSBs because of its large volume change. Nano
silicon-conductive carbon-sulfide-binder prepared by tape casting to
obtain a composite anode will have great potential for large-scale
application. The combination of Li-Si anode with hard carbon may be
a promising avenue of research, but it will significantly increase the
manufacturing cost of the battery (Fig. 7). In the future, it is necessary to
develop a more viscous binder to achieve a strong silicon composite
anode, thereby suppressing the volume expansion of the anode and
achieving a long cycle life of silicon-based SSBs.

3.4. Prototype cells and startups of silicon-based solid-state batteries

Ionic Mineral Technologies has developed a silicon-graphite com-
posite (i.e., 15 % pure silicon blended with graphite), which delivers a
stable capacity of 600 mAh g~! for over 600 cycles [93]. Nexeon has
replaced a small proportion of graphite with silicon to prepare a robust
silicon-graphite hybrid electrode. This approach allows for the expan-
sion of silicon within the structure, thereby alleviating capacity degra-
dation and maintaining a good cycle life [94]. Amprius prepared silicon
nanowires without binders and graphites. There is enough space be-
tween the nanowires and silicon porosity, which could accommodate
silicon volume expansion. In addition, effective ionic and electronic
transport pathways are established, leading to enhanced power capa-
bility and a rapid charge rate [95]. The specific capacity of BTR’s
third-generation silicon-carbon anode material has been enhanced to
1400 mAh g2, and the initial coulombic efficiency has been increased
to 82 %. The production capacity of silicon-based anode materials has
reached 6000 tons/year. Full production is expected to be achieved by
2028 [96].

Beijing WELION New Energy Technology Co., Ltd. has released a
high-energy-density solid-state battery pack assembled with NCM811
cathode and graphite-silicon anode. The cells deliver an energy density
of 250 Wh kg*1 [97]. The GOTION HIGH-TECH Co., Ltd. has announced
its first generation of "Jinshi" solid-state batteries with micro-nano solid
electrolytes, a single crystal cathode coated with an ultra-thin film, and a
three-dimensional mesoporous silicon anode. The cells achieve a high
mass-energy density of 350 Wh kg™! and a volume energy density of
800 Wh L™}, which is 40 % higher than the current mainstream ternary
lithium-ion batteries in the industry. Furthermore, the cell shows a
long-term cycling life of over 3000 cycles. The battery system con-
structed with Jinshi batteries exhibits an 80 % mass grouping rate and a
system energy density of 280 Wh kg™! [98]. GAC Group has released a
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new all-solid-state battery technology combining high-area capacity (5
mAh cm™2) solid-state cathode technology and third-generation sponge
silicon anode technology. The cells achieve a high energy density of
more than 400 Wh kg !. Compared with the current mass-produced
commercial lithium-ion battery, the volume energy density is
increased by more than 52 %, and the mass-energy density is increased
by more than 50 %. Additionally, the battery can achieve no thermal
runaway under conditions such as nailing and cutting and has passed the
industry-leading 200 °C hot box test [99]. Solid Power has released a
solid-state battery that uses a sulfide as a solid electrolyte, a
high-content silicon as an anode, and NCM as a cathode. A high
mass-energy density of 390 Wh kg ~! and a volume energy density of
930 Wh L! with a cycle life of more than 1000 cycles are obtained
[100]. The above companies only released the energy density data of the
SSBs. In the future, it would be better to show the cycling performance
data to check the capacity retention and provide more parameters
related to electrode materials. From single batteries to modules, and
from quality control consistency to the engineering of the entire process,
there is still much to be done in the future.

4. Conclusions and perspectives

In this review, we compare the silicon anodes with lithium metal
anodes and other alloy anodes and explain the advantages of silicon-
based anodes, as well as the formation and evolution of the SEI layer
at the silicon anode/solid electrolyte interface. In addition, the appli-
cation progress of silicon-based anodes in sulfide-based and other solid
electrolyte-based all-solid-state batteries is introduced. Despite the
considerable advances in the electrochemical performance of silicon-
based anode all-solid-state batteries, there is still a considerable gap
toward large-scale practical application. The SEI layer is formed due to
the interfacial reaction between the silicon anode and the solid elec-
trolyte, resulting in low initial Coulombic efficiency. And owing to the
volume expansion and contraction of silicon during cycling, the SEI
layer breaks and re-forms, resulting in silicon pulverization and rapid
capacity decay. Therefore, constructing a flexible and strong silicon
electrode/solid electrolyte interface helps to improve the cycling life of
the silicon anode. Developing a new silicon anode with minimal
expansion and new highly elastic and viscous binders will also facilitate
the development of a robust composite anode.

Improving the initial Coulombic efficiency of the silicon anode could
also help improve the specific capacity. Some strategies could be chosen,
such as preparing pre-lithiated or coated silicon anode, and pairing with
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some solid electrolytes with good interfacial stability against silicon
electrodes, such as 3LiBH4-Lil with a low reduction potential.

Currently, the issue of low silicon active material loading in com-
posite anode persists. In order to increase the areal capacity, it is
necessary to reduce the content of inactive substances in the composite
anode, including conductive carbon and solid electrolytes. Optimizing
the particle size distribution and mass ratio of nano-silicon, conductive
carbon, and sulfide electrolytes in the composite anode could help
improve the areal capacity. Despite some reports in some literature that
the use of pure micron silicon, columnar silicon, or silicon wafers with a
specific orientation as anode could enhance the areal capacity, large
cracks will still form in these batteries during the cycling even under
higher stacking pressure. In the future, some strategies could be adop-
ted, such as preparing a layer of carbon shell on the surface of porous
silicon, or the use of hard carbon stabilized Li-Si alloy, or the use of Si/
Liy;Sis composite anode, etc., which will contribute to achieving high
areal capacity while alleviating the volume expansion of silicon.

Reducing the volume change of silicon is very important for the long-
term cycling stability of silicon-based solid-state batteries. One of the
more typical methods is to apply a stacking pressure of more than 100
MPa to the battery. Although high stacking pressure will enhance ca-
pacity retention, it will simultaneously diminish the degree of lithiation,
thereby reducing the charge and discharge capacity. Meanwhile, the
necessity for bulky devices to implement such a substantial pressure will
result in a reduction in the overall energy density of the cell. Therefore,
it is essential to reduce the overall volume expansion/contraction of the
composite anode through optimization of the silicon material and
structure of the composite.

For example, preparing nano-porous silicon and uniformly mixing it
with sulfide electrolyte and conductive carbon to prepare a composite
anode could alleviate volume expansion. Furthermore, the silicon elec-
trode could be coated or doped to mitigate the effects of volume change
and facilitate the diffusion of lithium ions. The use of solid electrolytes
with a relatively small elastic modulus, such as glassy electrolyte sulfide
electrolyte, or organic-inorganic composite solid electrolyte, could
accommodate the volume change of silicon during the cycling and
ensure good interface contact between silicon anode and solid electro-
lyte. However, the room-temperature ionic conductivity of the majority
of polymer-based composite electrolyte membranes is typically low.
Therefore, improving the ionic conductivity and flexibility of the com-
posite electrolyte membrane will help improve the rate performance of
silicon-based all-solid-state batteries.

For the whole silicon-based all-solid-state battery, the thickness of
the solid electrolyte layer needs to be reduced in the future. The majority
of existing silicon-based cells use a sulfide electrolyte layer that is
several hundred microns thick, which will greatly sacrifice the energy
density of the entire cell. Developing an ultra-thin solid electrolyte layer
with high room-temperature ionic conductivity, optimizing the N/P
ratio and the composite electrode structure are of great significance for
the ultimate realization of silicon-based all-solid-state batteries with
high specific energy and long cycle life. To sustain and build better
technologies towards a sustainable world for all, inventing environ-
mentally responsible solutions and enabling the circular economy of SSB
is mandatory. As the most promising energy storage system, there is still
a long way to go in realizing the commercialization of SSB requirements
of safety, energy density, and cycle stability.
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