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Abstract

Lithium-ion batteries are widely applied in the field of energy storage due to their high
energy density and long cycle life. However, traditional liquid electrolytes have safety
hazards such as leakage and thermal runaway. The quasi-solid-state battery (QSSB) and
all-solid-state battery (ASSB) have emerged as promising alternatives with higher safety
and stability. In addition, Si-based electrodes are attractive due to their high theoretical
capacity. Currently, researchers apply Si-based electrodes in QSSB and ASSB, but the
failure mechanisms within them are not fully summarized and organized. Herein, this work
systematically studies the failure mechanisms of QSSB and ASSB with Si-based electrodes,
including particle fracture, solid electrolyte interphase breakdown, pore evolution, and
electrical contact loss. The influence of rigid solid electrolytes on ASSB is discussed, as well
as the limitations of quasi-solid electrolytes, such as low ionic conductivity and side
reactions. The strategies for alleviating these problems are also reviewed, including the
structural design of Si electrodes, electrolyte optimization, and interface engineering. This
article aims to summarize the key failure mechanisms and provide guidance and
technological development directions for the subsequent development of high-energy
density and long-life batteries.
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INTRODUCTION

Lithium-ion batteries (LIBs), owing to their advantages of high energy density, high power density, long
cycle life, and low self-discharge rate, have been widely used in portable electronic products, electric vehicles,
and grid energy storage devices' . Electrolytes are a very important part of LIBs, and liquid electrolytes
(LEs) are mainly used. LEs not only have high ionic conductivity, but also excellent electrode material
wettability. It provides fast charge transfer capability and good interface contact for lithium-ion batteries,
thereby maintaining high power output and long cycle stability of the battery. With the continuous
improvement of battery performance requirements, liquid electrolyte systems are also constantly developing.
Liu et al.”’ systematically optimized the composition of the electrolyte by developing high-concentration
electrolytes and introducing key additives such as fluorinated vinyl carbonate. These designs effectively
suppress side reactions at the interface between the electrode and electrolyte, and significantly enhance the
cycling stability and thermal safety of the battery under high voltage and high nickel positive electrode
systems. However, they can cause serious safety issues, such as electrolyte combustion, internal short circuits,
and thermal runaway caused by excessive heat released from chemical reactions between battery
components!®. Therefore, there is an increasing demand for electrolyte technologies that combine high
performance and safety'”.

Both solid-state electrolytes (SSEs) and quasi-solid-state electrolytes (QSEs) are promising alternatives to
LEs. SSEs have advantages such as high mechanical strength, good electrochemical stability, and good
thermal stability. QSEs have also become a hot topic because of their unique properties and broad
application prospects. When it works with the LE, the framework of the quasi-solid electrolyte is fully
infiltrated and solidified so that a composite system with a gel-like microstructure is constructed. This
continuous gel matrix not only gives the material excellent mechanical integrity but also plays an
optimization role in the efficient ion transport process. It can significantly promote the rapid migration of
ions at the electrode electrolyte interface by reducing the interface impedance and providing a continuous
conduction path, ultimately enabling batteries to achieve more efficient charge transfer and energy storage'®.
In terms of battery stability, methods such as multi-layer active oxygen protection, multifunctional separator,
and electrode multi-stage protection have been proposed at the level of QSEs, greatly improving the safety”.
However, the solid-state system still has problems such as poor interface contact and difficulty in
maintaining the integrity of electrode structure during cycling"”. People have explored many advanced

[11

technologies to address these issues, such as dry electrode machining technology"'. It prepares electrodes
through dry powder mixing and mechanical compaction, thereby achieving a denser electrode structure and
interface contact, improving interface adhesion and ion transport pathways in solid and semi-solid

systems'".

Lithium metal electrodes are widely used in electrochemical energy storage materials due to their high
theoretical capacity and lowest electrochemical potential"*. However, in practical applications, the cycling
stability of lithium metal batteries is poor. And due to the uncontrollable growth of lithium dendrites and the
accumulation of dead lithium, it is easy to cause safety hazards such as internal short circuits, thermal
runaway, and even fire and explosion'*. In addition to lithium metal, other negative electrode materials such
as TiO, and Zn,GeO, have also received research attention due to their structural stability and good ion
transport performance. For example, the mechanism of “local electron enhanced ion transport” proposed by
Chen et al."”!. They introduced localized electrons into TiO, through defect engineering, significantly
reducing the ion migration barrier. Silicon (Si) has a higher theoretical capacity than lithium metal and has
attracted widespread attention as an electrode material in LIBs"®. In addition, Si resources are abundant,
environmentally friendly, and inexpensive, making them suitable for scalable and sustainable battery
production"”**. However, its significant volume change (approximately 300%) during lithium-ion insertion
and extraction can seriously damage the electrode structure and force the continuous reconstruction of the
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solid-electrolyte interphase film, ultimately leading to rapid capacity decay">*). When this issue shifts from
liquid-state batteries to quasi-solid-state battery (QSSB) and all-solid-state battery (ASSB), and the interphase
stability and mechanical failure problems become more complex and important. Exploring the aging
mechanisms of Si-based electrodes under specific environments, including the evolution of interface side
reactions during cycling, stress accumulation and release, and the resulting core issues, such as contact
failure, capacity decay, and impedance growth, is the key to overcoming the bottleneck of their long cycle
life.

This article introduces the characteristics of quasi/all solid-state LIBs, focusing on the key failure
mechanisms using Si-based electrodes in practical applications. The various failure mechanisms of quasi/all
solid-state LIBs, including electrode structure damage, interface side reactions, electrolyte mechanical
fatigue, and ion transport limitations, are summarized and analyzed. Various strategies to alleviate battery
failure are discussed, such as negative electrode structure design, electrolyte modification, and improving
interface stability. It is hoped that this study can provide theoretical references and technical directions for
promoting the engineering application of high-performance LIBs.

FUNDAMENTALS OF QUASI/ALL SOLID-STATE BATTERIES

All solid-state batteries

All solid-state batteries, as the name suggests, are characterized mainly by their solid electrolytes, which are
specifically divided into solid polymer electrolytes (SPE), inorganic solid electrolytes (ISE), and solid
composite electrolytes (SCE)™'. Figure 1 presents the comparison of performance among LE, SPE, ISE, and
SCE. SPEs enable lithium ions to conduct through the polymer chain matrix. They solve the leakage and
flammability issues associated with LEs, and meanwhile maintaining stable interface contact, processability,
and cost-effectiveness'”>?*). However, their ionic conductivity remains low under room temperature
conditions, which restricts the scope of the application””!. Compared with liquid batteries, although
solid-state batteries (SSBs) have improved safety performance, there are still some safety issues that have not
been fully resolved'. To address the problems of high temperature as well as flammability, Cui et al.**
developed a fire-resistant and lightweight polymer composite solid electrolyte. This electrolyte consists of a
porous polyimide skeleton, the flame retardant decabromodiphenyl ethane, and the ion-conducting system
of polyethylene oxide/lithium bis(trifluoromethanesulfonyl)imide (PEO/LiTFSI). It demonstrates an
ultrathin structure while exhibiting high mechanical strength and flame-retardant properties. LIBs fabricated
with this electrolyte show enhanced rate performance and maintain extended cycle life at 60 °C. Notably,
pouch-type batteries utilizing this electrolyte continue to operate normally during flame burning tests,
demonstrating significantly improved safety performance. SPE based on polymers such as PEO has
advantages such as flexibility, ease of processing, and good interface contact with electrodes. However, when
combined with high-capacity electrodes such as Si, their relatively low mechanical strength and limited
long-term interface stability under repeated volume changes pose significant challenges. To address these
challenges, the development of composite polymer electrolyte (CPE) has become a promising direction. Liu
et al.”” designed a CPE that utilizes hydrogen bonding interactions to enhance the mechanical robustness,
thermal stability, and interfacial compatibility of the electrolyte. This provides a feasible strategy for
improving the overall performance of SPE in Si-based solid-state batteries.

Compared with SPEs, the use of an ISE is considered an effective method to improve the safety, as the
flammable properties of an ISE can reduce the risk of fire and explosion”, and it also results in high ion
conductivity and environmental tolerance®. The ISEs are mainly divided into three types: sulfides, oxides,
and halides. Sulfide electrolytes include silver mercury sulfide, lithium phosphate sulfide, and Lithium
germanium phosphorus sulfur (LGPS) sulfide. The silver mercury sulfide electrolyte has good
room-temperature ionic conductivity, but there are issues with air sensitivity and interface instability, which
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Figure 1. Performance comparison of LEs, SPE, ISE, and SCE. The blue-green materials represent SPE, while purple particles represent
inorganic fillers. Reproduced with permission from Li et al., Advanced Science (2020). Copyright © Wiley-VCH®3, LEs: Liquid electrolytes;
SPE: solid polymer electrolytes; ISE: inorganic solid electrolytes; SCE: solid composite electrolytes.

need to be improved through coating and structural modification. Lithium phosphate sulfide can further
enhance its electrochemical performance by doping Si. Although LGPS type sulfides have good conductivity,
their application in batteries is limited due to the high cost of Ge and the induced side reactions. Oxide
electrolytes include garnet type, Na super ionic conductor (NASICON) type, perovskite type, and Li super
ionic conductor (LISICON) type. Garnet type (such as Li, ,La,Zr ,Ta O, ,, LLZO) can stabilize the cubic
phase and achieve good room temperature ion conductivity by doping with elements such as Ta, Al, Ga,

122

etc.™. However, they still face challenges such as high sintering temperatures and interfacial side reactions.
NASICON types [such as Li, ,Al ,Ti, (PO,),, LATP and Li, (Al .Ge, .(PO,),, LAGP] have high ion
conductivity and good air stability, but LAGP is limited by the high cost of Ge, while LATP faces the
TiO, (LLTO) has good conductivity but
many side reactions, and is often used in composite electrolytes or hybrid battery systems. LISICON type
(such as lithium phosphorus oxynitride) is mainly used in the field of thin film microbatteries due to its good

problem of Ti*" reduction at low potentials. Perovskite-type Li ,La

0.557

film-forming properties and interface stability"”'). Halide electrolytes, such as Li,YCI_ and Li,InCl,, have
gained significant attention for their high room-temperature ionic conductivity, wide electrochemical
stability window, and excellent compatibility with high-voltage oxide cathode materials. However, their high
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hygroscopicity and interfacial instability remain critical challenges, especially when coupled with Si-based
electrodes where significant volume changes exacerbate contact loss and promote side reactions.
Fluoride-based halides (for example, Li,AlF ) exhibit superior air stability and the widest electrochemical
window. However, the low ionic conductivity of fluoride-based halides at room temperature is on the order
of 10° S cm™. This is much lower than chloride/bromide (about 10 S cm™), which limits its applicability in
high-speed Si-based systems".

SCE comprises a flexible polymer body, dissolved lithium salts, as well as rigid inorganic fillers. SCEs take the
advantages of high ionic conductivity from SPEs and inorganic fillers. They also possess good flexibility,
which allows for closer contact with electrodes”””). However, the phase boundary between polymer and
ceramic fillers may raise the migration barrier during lithium-ion transport. This can lead to high interface
impedance, along with poor electrochemical performance in the battery. Structural construction, together
with surface modification of SCEs, is required to tackle these issues”®*). Wang et al.**! have developed a
composite polymer solid electrolyte that features a three-dimensional interpenetrating structure. This
electrolyte is based on polyethylene oxide and is embedded with a self-supporting three-dimensional LLTO
ceramic nano-skeleton network, which serves as a reinforcing phase. This structure notably enhances the
mechanical strength of the electrolyte, along with its thermal stability. It enables Li symmetric batteries to
cycle in a stable manner for more than 800 hours under a current density of 0.1 mA/cm”.

Quasi-solid-state batteries

To address the limitations of both liquid and solid-state systems, researchers have developed a solid-liquid
hybrid electrolyte, commonly referred to as a QSE, as an intermediate strategy to bridge the gap between
conventional liquid and all-solid-state LIBs"**”". Among them, gel polymer electrolyte (GPE) is the most
widely used QSE. When the electrolyte is combined with the LE, it contains an injected polymer framework,
resulting in a gel-like structure. This electrolyte helps the battery achieve more efficient ion transfer, which
facilitates effective charge transfer®. Compared with commonly used separators in liquid batteries, it can
significantly reduce the possibility of electrolyte leakage. GPEs can be divided into heterogeneous and
homogeneous gels"””. The heterogeneous GPE is the most common and has a polymer framework filled with
an interconnected electrolyte pore system". The main process for manufacturing heterogeneous GPEs at
present is in situ polymerization, which involves injecting precursor fluids that contain monomers, lithium
salts, and initiators into the battery. It then solidifies these into a film under specific conditions (such as heat,
light, or electrochemistry). This notably improves the interface compatibility between electrolyte and
electrode. For example, Liu et al.'*"! developed a self-healing QSE through in situ polymerization of a
dynamic cross-linked polymer network, which effectively repairs electrode interface microcracks and
maintains stable contact, enabling high-load Si-based batteries [Figure 2]. However, the QSE is a
multicomponent, the individual and synergistic effects of these components on the safety performance of
QSSBs remain insufficiently understood, which hinders the rational design of highly safe QSEs. Furthermore,
when QSSBs are exposed to elevated temperatures, solvent evaporation occurs while the polymer skeleton
remains on the electrode surface, adversely affecting the interfacial stability and electrochemical performance
of the battery!'..

FAILURE MECHANISM OF SI-BASED QUASI/ALL SOLID-STATE BATTERIES

The failure mechanism of Si-based quasi/all solid-state batteries mainly comes from three aspects: failure
caused by Si electrodes, interface failure between electrodes and quasi/all solid-state electrolytes, and failure
of electrolytes themselves. These three aspects interact with each other to determine the cycle life and
performance degradation of the battery. This chapter will conduct a systematic analysis of these three aspects
to reveal the failure paths faced by Si-based systems in quasi/all solid-state systems.
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Figure 2. Schematic diagram of self-healing polymer aggregation process. Reproduced with permission from Liu et al., Energy Storage
Materials (2025). Copyright © Elseviert*®, PPO: Propylene glycol; DTDA: dithiodianiline; HEA: hydroxyethyl acry late; ETPTA: ethoxylated
trimethylolpropane triacrylate.

Si-based electrodes

Macroscopic manifestations of Si electrode failure

The core issue of Si lies in the significant volume changes during the lithiation and delithiation cycles!*?..
Especially after complete lithiation, the volume expansion can reach a very high value, resulting in significant
mechanical stress and leading to the rupture of Si particles'*”. This crushing disrupts the electrical contact
between the active material and the conductive material, significantly reducing the effective surface area
available for lithium-ion intercalation, resulting in capacity loss and reduced cycle stability"*!. During the first
lithiation process, a solid electrolyte interphase (SEI) rapidly forms on the Si surface, which irreversibly
consumes a large amount of lithium-ions, resulting in a first coulombic efficiency typically only 60%-90%".
In the actual configuration of a full battery, the low Coulombic efficiency of the first cycle means that excess
lithium must be replenished from the positive electrode to compensate for irreversible losses on the negative
electrode side, which increases the complexity of full battery design and management. Figure 3A shows the
in situ transmission electron microscopy (TEM) image of the battery with the Si/Li, Si, electrode during
lithiation and delithiation processes, from which lithium-ion is alloyed with Si through Li, Si,, accompanied
by significant volume expansion of Si and completion of lithiation. Interface fusion has already taken place in
the contact area between Li, Si, and Si. During delithiation, lithium-ions are extracted from the lithiated
phase (Li Si,), resulting in substantial particle shrinkage upon complete lithium-ion removal. After the
battery undergoes continuous discharge for 420 s, Li, Si; still maintains good structural stability. This result
indicates that Li, Si, can act as an effective conductive channel for ions and electrons, as well as a lithium
source for Si particles. The cross-sectional scanning electron microscopy (SEM) image of the pure Si
electrode following lithiation is presented in Figure 3B, from which cracks are formed in the electrode itself,
reducing the cycling stability. On the contrary, no obvious cracks were found on the Si/Li, Si, electrodes after

lithiation [Figure 3B,], and the electrode structure was relatively complete!*.

Furthermore, significant changes in volume during the cycling process lead to continuous rupture of the SEI,
resulting in the continuous exposure of the fresh Si surface to the electrolyte'*”’. This process promotes
further decomposition of the electrolyte and continuous growth of the SEI, irreversibly consuming the
electrolyte and lithium-ions, thereby increasing the impedance of the entire battery, ultimately leading to a
decrease in the Coulombic efficiency of the battery and accelerated capacity decay!**. Moreover, repeated
expansion and contraction of Si particles can cause microcracks, forming microscale pores and subhundred
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Figure 3. Macroscopic behaviors of Si-based electrodes. (A-A,) In situ TEM analysis of the Si/Li,Sis electrode during lithiation and
delithiation processes; (B, and B,) SEM images of the cross-sections of Si and Si/Li, Si. electrodes before and after lithiation. Reproduced
with permission from Zhang et al., Energy & Environmental Science (2024). Copyright © Royal Society of Chemistry¢l; (C) Porosity
analysis of mercury intrusion into the Si electrode; Original, after 10 cycles, and after 100 cycles; (D) Porosity values calculated based on
focused ion beam (FIB) cutting observations and mercury intrusion analysis, mass and thickness of 3 Si electrodes (original electrode, after
10 cycles, and after 100 cycles). Radvanyi et al., Physical Chemistry Chemical Physics (2014). Copyright © Royal Society of Chemistryt*;
Simulation of the pore structure at the interface between the PE diaphragm and Si electrode under pressures of 0 MPa (E) and 6 MPa (F).
Seo et al., Nature Communications (2024). Copyright © Springer Naturel*®!. TEM: Transmission electron microscopy; SEM: scanning
electron microscopy; PE: polyethylene.

nanometer pores, thereby increasing the overall porosity of the electrode. Radvanyi et al."*” measured the
evolution of porosity through ex situ mercury porosity analysis and electrode cross-section observation.
From the mercury pore analysis results in Figure 3C and the quantitative data in Figure 3D, the volume
expansion of Si particles in the early stage of the cycle (10 cycles) induces microcracks, causing the pore
structure to change dramatically from the initial single peak distribution to a double peak distribution. The
porosity increases from 59% to 74%, and the electrode thickness increases synchronously by 36%. With cycle
progression, fracture of the Si surface promotes continuous and irreversible SEI reformation, and the
resulting decomposition products gradually fill the micrometer-sized pores. This pore blockage will
significantly deteriorate the ion transport pathway after multiple cycles, and this process may lead to uneven
lithiation gradients. Due to more facile electrolyte infiltration, particles near the electrode surface experience
excessive lithiation, while those in the electrode interior suffer from insufficient lithiation because of
hindered ion transport.

The mechanical closing effect of the diaphragm also acts as an important factor that causes the failure of Si
electrodes. The significant volume expansion of Si materials in cycling processes can produce high-pressure
stress in local regions of the battery. When this stress acts on the battery separator, it can result in the
collapse of pores. To investigate this phenomenon, Seo et al.**’ employed advanced 3D digital twin models
for simulation studies. The key parameters on which these simulations are based are derived from in situ
measurements of the internal force evolution of Si full cells during cycling. Under the condition of applying
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an external stack pressure of 100 kPa, the measurement recorded in real-time the dynamic internal forces
generated by the Si negative electrode during lithium insertion/extraction through the load unit. The results
shown in Figure 3E and F prove that in Si-based full battery systems, mechanical fracture occurs when the
polyethylene (PE) separator is subjected to a pressure of approximately 6 MPa, and this fracture is
particularly evident in the contact interface area between the separator and Si particles (as shown by the red
dashed line in the figure). In contrast, the part of the diaphragm that contacts the electrode pores (as marked
by the blue dashed line) stays basically unaffected. The simulation results show that the internal stress
produced by the volume expansion of Si becomes highly concentrated at the interface between the
diaphragm and the electrode particles. This stress concentration effect directly causes local collapse of the
membrane pores in the area close to the interface. The serious consequence of this situation is that it greatly
hinders the normal transport of lithium ions within the membrane, and further exacerbates the
non-uniformity of oxidation-reduction reactions inside the electrode, ultimately leading to the breakage of Si
materials and the failure of the battery.

Microscopic origin of Si electrode failure

The macroscopic failure behaviors of Si electrodes during cycling, including particle fracture, persistent SEI
growth, pore structure evolution, and limited ion/electron transport, primarily originate from the substantial
volume changes that occur during charge and discharge processes. Apart from these external manifestations,
the inherent physical and chemical properties of Si are the origin of these failure behaviors.

[51

Si has two phases of crystalline (c-Si) and amorphous (a-Si)”". During high-temperature treatment, a-Si
undergoes recrystallization towards c-Si, which can be verified by the enhancement of peak intensity and
narrowing of peak width in X-ray diffraction (XRD)"?l. Recrystallization not only changes the initial
structure of the material, but more importantly, transforms the expansion mode during lithiation from
isotropic [Figure 4A] to anisotropic [Figure 4B], thereby causing local stress concentration and significantly
increasing the risk of fracture®>**. There are also significant anisotropic differences in the lithiation
mechanism. Although both ¢-Si and a-Si eventually form Li _Si, crystalline phases, the phase boundary
movement of c-Si during lithiation is significantly affected by crystal orientation, resulting in highly
anisotropic uneven expansion, which is more likely to cause particle rupture. In contrast, due to the lack of
long-range ordered grain boundary constraints, the lithium insertion process of a-Si is more uniform and
exhibits isotropic expansion, resulting in relatively better mechanical stability!®*.

Electrochemical sintering is a special behavior of material structure evolution, which can be understood as
the activation of nanoparticles to agglomerate into larger sizes, accompanied by the generation of stress. This
behavior will damage the integrity and activity of the electrode, and is a key cause of performance
deterioration™. During the cycling process of Si-based batteries, Si particles produce mechanical pressure
because of repeated volume changes, which facilitates the breaking and reformation of Si-Si bonds, leading to

58,59

the merging of adjacent particles via new chemical bonds"®**. This process increases the size of the active
material particles and diminishes nanoscale effects, which in turn aggravates local strain and crack
propagation. Figure 4C shows that micro Si (p Si) particles develop a continuous thin film through
electrochemical sintering after one cycle, and larger-scale cracks appear; this situation fully proves the

destructive effect of this mechanism on the electrode structure!*'.

Si has low intrinsic electron conductivity, which also limits electron transport in composite electrodes'*’. To
improve the electronic conductivity of the electrode, conductive additives must be added so that they can
connect the electrode with the active material so as to keep the electron permeation pathway. However,
conductive carbon additives are likely to cause the decomposition of solid electrolytes like sulfides under
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Figure 4. Microscopic origin of Si-based electrode failure. (A) Anisotropic expansion of c-Si. Reproduced with permission from Lee et al.,
Nano Letters (2011). Copyright © American Chemical Societyt™; (B) Isotropic expansion of a-Si. McDowell et al., Nano Letters (2013).
Copyright © American Chemical Society™¥; (C) After one cycle, pure p Si particles are transformed into p Si thin films. Tan et al., Science
(2021). Copyright © American Association for the Advancement of Science!¢®,

early cycling voltages'*. In liquid-based LIBs, LEs can give great help to ion transport between particles. In
SSB systems, most SSEs are mixed with electrode materials so that they can build an effective ion transport
channel network around the active material particles®”. However, when Si particles mix with the SSE, the
irregular shape and random distribution of these particles greatly prevent the formation of tight and
continuous interface contacts among the active particles and the ion transport medium'®. The looseness and
porosity of this internal structure not only compresses the effective phase volume fraction available for ion
transport but also leads to a more bizarre and complex geometric shape of the SSE phase. This significantly
lengthens the ion migration pathway, ultimately degrading battery performance!**.

Other reasons for the failure of Si electrodes

The manufacturing process of battery materials is also a critical factor in determining electrochemical
performance. The Si composite materials and various SSEs in SSB electrodes are typically composed of
multiple components, and the production of these components requires complex slurry engineering. The
electrode slurry is prepared by mixing a liquid solvent, polymer binder, active material (AM) powder, and
conductive agent (CA). Parameters including the preparation sequence, AM/CA particle size, and dispersant
type influence both the electrode structure and the resulting battery performance. For example, the
uniformity of slurry preparation directly determines the stability of the ion/electron conduction network in
the electrode and profoundly affects its mechanical integrity. If the slurry is unevenly dispersed, the
conductive agent cannot form a uniform three-dimensional network, resulting in local differences in
conductivity. During the cycling process, significant volume changes in Si particles can rapidly deteriorate
battery performance, leading to local current overload, electrical contact failure, and separation of active
substances. Meanwhile, uneven distribution of binders can hinder ion transport or fail to effectively buffer
stress, accelerating electrode structure damage. In addition, improper drying processes can lead to the
migration of solid components, resulting in uneven distribution of electrode pores and components, further
exacerbating polarization and stress concentration during charge and discharge processes'*”.
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All solid-state electrolytes

The design of composite Si electrodes in SSBs usually incorporates a relatively high proportion of solid
electrolytes and conductive additives so as to guarantee higher ion and electron conductivity rates. However,
compared to liquid electrolyte batteries, the high content of SSE and conductive additives in this design
renders it hard to release effectively the stress that forms inside the electrode. The hysteresis of stress
diffusion may lead to structural collapse, and in turn disturbs the ion and electron transport channels, and
this explains why the active material content in composite Si electrodes is usually set to relatively low
levels'*.

The rigid physical contact between the electrode and SSE interface typically results in a discrete point-contact
mode. This contact method significantly reduces the effective interaction area and also limits the ion
transport path. Especially for SSE types that have insufficient mechanical strength, such as solid polymer
electrolytes, along with solid sulfide electrolytes, these SSE types are hard to effectively constrain the
significant volume changes that take place in Si electrodes during cycling'*”. Nelson et al.!**), found that the
chemical mechanical coupling between Si and SSE leads to different fracture modes through operating X-ray
tomography. Namely, the biaxial tensile stress induced by delithiation promotes the formation of mud cracks
through electrodes [Figure 5A and B], while local reaction competition between adjacent Si domains of
different sizes drives the initiation of interface cracks at the Si/electrolyte interface [Figure 5C]. Once
microcracks are formed, lithium ions will propagate along grain boundaries or through the electrolyte matrix
[Figure 5D]'*). The diminished interface integrity, which rigid SSEs cannot rapidly dissipate unlike LEs,
results in highly localized strain concentration. This induces complex non-local strain effects that cause
chemical-mechanical failures, such as interface delamination and crack formation. These failures manifest
macroscopically as a sharp drop in contact area, ultimately leading to sudden failure”.

The failure mechanism of solid electrolytes comes from not just the interface between electrolyte and
electrode, but also the electrolyte itself. Taking ISE as an example, its inherent electrochemical stability
window is limited by its elemental composition, crystal structure, and microstructure. Its relatively narrow
electrochemical stability window (ESW), together with its strong chemical, as well as electrochemical
reactivity with electrode materials, can bring about significant structural degradation during electrode
lithiation""!. If the operating voltage of the battery goes beyond the intrinsic ESW of the ISE, its structure
itself will undergo irreversible decomposition or breakdown. Besides, even when the operating voltage
remains within the stability window, continuous side reactions may take place at the interface”?. The
occurrence of side reactions during battery operation can make inert components stick to the interface
between ISE and electrodes, increasing the interface impedance and bringing about a rapid drop in battery
capacity””. Additionally, some ISEs are sensitive to air. Exposure to the ambient environment due to battery
damage can accelerate their structural degradation”. Besides these electrochemical and chemical instability
issues, the ISE is also susceptible to mechanical crushing. This failure mode is primarily induced by the
internal volume changes of the active material during (de)lithiation, a process that exerts repeated
mechanical stress on the rigid electrolyte. Furthermore, the degradation of the electrolyte can exacerbate the
volume changes within the electrode, potentially establishing persistent side reactions during charge and
discharge™”.

Quasi solid-state electrolytes

QSEs have turned into a viable alternative because of their hybrid properties, which offers improved
interfacial compliance and strain adaptability. One key purpose of developing QSEs in Si-based batteries is to
reduce the impact of electrode expansion on the battery, but the intrinsic factors of QSEs may also form the
failure mechanism.



Kang et al. Energy Mater. 2026, 6, 600024 Page 11 of 27

A

“Mud-crack”
network

500 ym

Interface crack

under silicon
c Vertical cracks Delithiation-driven Relithiation-driven
interface crack interface crack

uoneyyeg

g
E
1
o
3 |

Figure 5. Failure behavior at the Si/solid electrolyte interface. (A) Planar view of the delithiated Si electrode; (B) 3D crack network; (C)
Lithium-ions propagated along grain boundaries, forming vertical channel cracks and interface fractures caused by lithium removal.
Reproduced with permission from Nelson et al., ACS Energy Letters (2024). Copyright © American Chemical Society!®®); (D) Lithium-ion
propagation along grain boundaries. Kalnaus et al., Science (2023). Copyright © American Association for the Advancement of Science!¢®,
LPSC: Lithium phosphorus sulfur composite.

Insufficient ionic conductivity stands as a key limitation of QSEs, particularly when combined with Si-based
electrodes that go through repeated volume changes. The continuous expansion and contraction of the
electrode can disrupt the ion transport pathways within the gel network, increasing interfacial resistance and
leading to uneven current distribution. Even though the impedance of gel electrolyte (GE) can be lowered by
optimizing the interface, their intrinsic ion mobility remains a bottleneck. The ionic conductivity of the GE
(up to 6.42 x 10 S cm™) is significantly lower than that of the LE (approximately 17.90 x 10° S cm™), which is
determined by the higher activation energy of the GE (E, = 0.31 eV), which indicates that lithium-ion has
greater migration resistance in the gel network!””". This issue is especially critical in batteries with Si, since
effective ion transport plays a crucial role in adapting to spatial lithiation heterogeneity along with reducing
local stress accumulation.

Insufficient resistance to interface side reactions and poor chemical stability are also significant drawbacks of
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QSEs, particularly when they are used together with Si-based electrodes. Under high-temperature operating
conditions, QSE experiences interface side reactions during cycling processes, like the decomposition of
electrolytes and the repeated reconstruction of SEI. The mechanical stress produced by the expansion of Si
further worsens these side reactions, and in the end leads to the accelerated degradation of battery capacity.
While QSEs show significantly enhanced high-temperature stability over baseline LEs, their performance in
Si-based systems is still hampered by critical issues. When paired with a Si-graphite (Si-Gr) electrode, a QSSB
still exhibits a 19.3% capacity loss after 60 cycles, highlighting persistent interface side reactions and SEI
instability aggravated by si's volume changes”®. In addition, the quasi-solid polymer electrolyte begins to
thermally decompose at 80 °C. Although this temperature is higher than that of the LE, it remains
insufficient for high-temperature applications (> 120 °C)".. Besides, in most QSSBs, the presence of residual
LE components during the solidification process will cause continuous side reactions with the Si electrode
during operation, leading to gradual deterioration of the interface and ultimately resulting in battery failure.
Kido et al.™ separated negative and positive electrodes with solid electrolyte sheets and mixed two different
types of near-saturated electrolyte solutions to prepare a QSE Si|[NCMs811 battery. When the electrolyte
solution comes into contact with the Li La,ZrTaO,, (LLZT) solid electrolyte, it decomposes to form products
containing fluorine precipitate. The acidic decomposition substances containing fluorine are prone to attack
the positive electrode structure, causing the transition metal to dissolve and thus have a significant impact on
the performance of the battery.

The mechanical performance defects of QSEs also serve as important causes for the failure. The buffering
capacity of QSEs also has a certain upper limit. Taking the GE as an example, the polymer framework of the
GE can alleviate the significant volume expansion of Si-based materials during cycling to a certain extent.
However, its mechanical properties are still not enough to fully prevent the formation of microcracks. After
the cycling process, a small number of tiny cracks can still be observed on the electrode surface. This
observation shows that GE cannot fully avoid the risk of structural failure in Si particles. The SEM
comparison results from Figure 6A and B further show that the electrode with a LE exhibits extensive
cracking. In contrast, the electrode with GE only produces localized and limited microcracks, indicating that
the cracking problem has not been fully resolved. Therefore, the main role of GE is to reduce the severity of
electrode cracking rather than completely preventing it from occurring””. In addition, traditional QSE does
not have the ability for dynamic repair, and the microcracks formed during cycling cannot be reversed.
These microcracks cannot adapt to changes in electrode volume, which accelerates interface failure*’. When
nonelastic polymers (such as polyacrylic acid and polyvinyl alcohol) are used as the electrolyte and also as
the buffer layer, the cycling stability of Si-based electrodes is poor because these polymers cannot buffer
stress and instead accelerate the structural damage of the battery [Figure 6C]*"..

The breakage of the microporous structure in quasi solid-state separators can also lead to battery failure
mechanisms. Xue et al.'* have reported that puncture events during cycling can make the microporous
branches of uncoated PE separators [Figure 6D] and pure ceramic-coated separators (PEAE-0, Figure 6E) in
QSSBs break and lead to an increase in pore size. The active substance then migrates to the counter
electrode, a process that causes a local soft short circuit and further results in a significant increase in the
steady-state current. The PEAE-0 membrane, which contains only ALLO,, undergoes coating peeling during
puncture. Meanwhile, 30 nm Al O, particles (smaller than the PE pore size ranging from 100 nm to 200 nm)
block the micropores [Figure 6E], and this blocking leads to a sudden drop in ion conductivity and also a
decrease in the high-rate discharge capability.

Besides the aforementioned failure mechanisms, infiltration also plays a crucial role. In situ polymerization
demands that the liquid precursor fully infiltrate the pores of the electrode. If infiltration is insufficient,
incomplete contact at the interface takes place after polymerization, which hinders local ion transport and it
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Figure 6. Polydopamine (PD)@Si morphology evolution and interface chemistry of the electrode after cycling in LE and GE. (A and B) SEM
images of the PD@Si electrode surface after cycling in LE and GE. Reproduced with permission from Suebsing et al., Sustainable Energy &
Fuels (2025). Copyright © Royal Society of Chemistryt”’; (C) Long-term cycling performance and discharge capacity of the SiO electrode
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may lead to side reactions at the interface. This problem can be alleviated through the extension of
infiltration time yet this issue cannot be fully eliminated'®.

In summary, both ASSB and QSSB using Si-based electrodes face the common challenge of Si volume
expansion. But due to the different electrolyte characteristics of the two, their main failure mechanisms are
also different. The main problem with ASSB lies in the rigid solid-solid interface, which is mechanically
mismatched. This can easily cause sudden contact failure, interface delamination, and ultimately lead to
complete battery damage. In contrast, the failure process of QSSB is smoother. The problem mainly comes
from the chemical and electrochemical performance limitations of gel electrolyte, such as insufficient ion
conductivity and continuous occurrence of side reactions. In addition, the mechanical fatigue of gel polymer
framework slowly appears under the repeated stress of charge discharge cycle, which eventually leads to
battery failure.

STRATEGIES FOR MITIGATING FAILURE

Structural design of Si-based electrodes

In SSE/QSE battery systems, the significant volume expansion of Si-based electrodes during cycling still
stands as one of the primary causes behind electrode structure damage, interface contact failure, and
accelerated capacity decay. Unlike LEs, SSEs and QSEs cannot adaptively fill the gaps generated by Si volume
changes through flow due to their solid-solid interfacial contact nature. This leads to a greater tendency for
contact loss and local stress concentration, which in turn exacerbates interface delamination and the
disruption of ion transport channels. To address this challenge, current research pursues a dual strategy:
optimizing the electrode structure to alleviate internal stress and maintain integrity, while synchronously
designing SSE/QSE systems with robust mechanical adaptability, high ionic conductivity, and excellent
interface compatibility, thereby synergistically suppressing aging and failure!®". These strategies are
considered as the core solutions to address the issues of particle fracture, electrical contact loss, and SEI film
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Figure 7. Design of the columnar Si electrode structure. (A) Reversible volume change of the columnar Si electrode system during (de)
lithiation in the ASSB battery configuration; SEM images of col Si (B) top view and (C) cross-section; (D) Morphology and phase transition
diagram of col Si during the first lithiation process. Reproduced with permission from Cangaz et al., Advanced Energy Materials (2020).
Copyright © Wiley-VCH®!, SEM: Scanning electron microscopy; ASSB: all-solid-state battery; SE: soild electrolyte.

breakdown caused by significant volume expansion of Si electrodes. Cangaz et al.'**! put forward an
innovative columnar Si electrode (col Si) structure design, which employs physical vapor deposition
technology for the preparation of Si thin films with vertically arranged columnar structures and adopts
dendritic substrates to guarantee excellent adhesion of the Si film onto the current collector. Under this
structure, the SSE maintains 2D contact with the Si electrode, a contact mode that can preserve the
mechanical integrity of the SEI layer and accommodate the 1D growth of Si pillars [Figure 7A-C]. This
change notably cuts down the reaction area between Si and the electrolyte, and it can also inhibit the
continuous growth of the SEI along with electrolyte consumption throughout cycling. Another unique
advantage of this structure lies in its one-dimensional breathing mechanism. During the charge-discharge
process, the Si pillar mainly expands or contracts in the direction perpendicular to the current collector while
deformation in the horizontal direction gets suppressed [Figure 7D]. This situation then effectively eases the
aging and failure of the battery and helps attain better battery performance.

The challenges brought about by Si volume expansion get significantly amplified in ASSB and QSSB
configurations. The inherent rigidity of many SSEs together with the point-contact nature of solid-solid
interfaces makes them particularly vulnerable to contact loss, delamination as well as high impedance caused
by electrode dimensional changes. For this reason, the structural design of Si electrodes applied in SSE/QSE
systems not only needs to limit internal stress but also needs to maintain tight interface contact as well as
effective ion transport pathways in the confined solid electrolyte environment.

Dunlap et al."! found that the carbon matrix obtained by thermal decomposition of coal tar pitch (CTP) can
be used as an integrated mixed conductive adhesive without additional conductive additives. This unique
characteristic enables the direct transmission of ions and electrons through carbon-coated Si particles, while
its conformal coating maintains structural integrity by partially adapting to volume changes. In the course of
the pyrolysis process, CTP is converted into an amorphous soft carbon matrix that integrates ion/electron
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Figure 8. Performance of Si-carbon composite particles obtained from CTP in SSBs; (A) Low-magnification SEM image of heat-treated
Si/C composite particles containing 325 mesh-like Si particles; (B) SEM image of FIB cross-sectional particles showing EDS point scanning
positions; The selected cycle voltage distribution (C) and dQ/dV (D) of the entire SSB; FIB cross-sectional view of the Si/C: SSE composite
electrode after 100 charge-discharge cycles; (E) 6:4 nSi/C: SSE composite electrode; (F) 7:3 nSi/C: SSE composite electrode; (G) 7:3 Si/c:
SSE composite electrode, containing 1-3 pm Si particles. Reproduced with permission from Dunlap et al., Solid State lonics (2018).
Copyright © Elseviert®, CTP: Coal tar pitch; SEM: scanning electron microscopy; SSE: solid-state electrolyte; EDS: energy dispersive
spectrometer; SSBs: solid-state battery; FIB: focused ion beam.

mixed conductivity and electrochemical activity. The SEM images presented in Figure 8A and B show that
the dense carbon coating layer imposes physical constraints on the volume expansion of Si particles, thereby
preventing their pulverization and electrochemical failure. The cyclic performance of the electrode in the
ASSB and the voltage curves of some cycles are shown in Figures 8C and D.The optimal 6:4 (Si/C:SSE) ratio
enablesthe SSE to function as an ion-conductive binder, which mitigates contact loss by securing interfacial
integrity loss by securing interfacial integrity and ion transport [Figure 8E-G]. Besides this, Gao et al.™”!
developed hollow Si nanospheres via an aluminum-thermal reduction process in molten salt. This structure
effectively accommodates volumetric changes during cycling and enhances the integrity of the electrode,
which is particularly crucial for maintaining stable interfacial contact in solid-state battery systems. As a
result, the negative electrode delivered a high specific capacity of 1,774 mAh g after 200 cycles at 1 A g, and
retained 80% of its initial capacity even after 1100 cycles at a high current density of 8 A g”', demonstrating
the efficacy of hollow engineering in achieving long-term cycling stability.
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In terms of Si-based electrode design under QSSB systems, Pandey et al.*™ put forward an innovative design
of a three-dimensional core-shell structure. They sputtered a Si layer onto carbon nanofiber arrays, which
were directly attached to a copper foil current collector. The open porous structure between the nanofibers
allowed the GPE to thoroughly penetrate and encapsulate each core-shell fiber. After solidification, the
resulting flexible interface effectively accommodated cyclic strain induced by Si volume changes and ensured
complete penetration of the GPE to achieve stable interfacial contact. SEM results confirmed that even after
hundreds of cycles, the vertical Si-coated arrays remained intact with no signs of electrode fracture or
macroscopic cracks. The integrity of this structure ensures that it can achieve a reversible capacity of up to
3,450 mAh g, and stable circulation for 100 weeks at a high magnification of 2.6 A g, which indicates that
the volume change of the Si-based electrode is effectively limited in the micro nano space composed of
carbon fibers and gel.

The core goal of electrode structure design is to adapt to or constrain the volume expansion of Si, thereby
maintaining the integrity of electrical contacts and ion pathways. The electrode structure design strategy
often brings new problems while improving cycling stability. For example, the preparation process of
columnar Si electrodes is complex, costly, and usually reduces the volumetric energy density of the electrode.
The conductive network of the carbon matrix in Si/C composite materials may gradually fail due to the
repeated expansion of Si. These inherent limitations mean that electrode structure design must coordinate
battery manufacturing processes and overall performance requirements™'.

Design and optimization of electrolytes

The design and optimization of electrolytes are crucial for improving electrochemical performance. Low ion
conductivity, poor interface stability, insufficient mechanical buffering capacity, and parasitic side reactions
can directly damage battery performance. Therefore, in the design and optimization of electrolytes, people
pay more attention to the ion conductivity, mechanical modulus, elasticity, and electrochemical stability of
the electrolyte itself. The current research focus is on developing ASSB and QSSB electrolyte systems that are
compatible with the large volume expansion of Si-based electrodes, thereby achieving good compatibility
with Si electrodes and promoting effective ion transport”’.

For QSE, an effective optimization strategy is to regulate their cross-linked network structure to achieve
constraints on the encapsulation and volume changes of Si particles. Zhao et al."® designed a novel in situ
polymerized QSE for full batteries [Figure 9A], which uses 1,3,5-trioxane (TXE) as the monomer, a dual salt
system [LiTFSI/ LiBF,(C,0,), LIDFOB] as the lithium-ion source, and fluoroethylene carbonate (FEC)/
dimethyl carbonate (DMC) as the solvent. The Lewis acid produced through LiDFOB decomposition
induces TXE ring-opening polymerization, thus forming a three-dimensional network structure of
polyformaldehyde [Figure 9B] that wraps around Si/graphite electrode particles. LIDFOB acts as a
film-forming additive and works synergistically with FEC to form an inorganic-organic composite SEI layer
rich in LiF. This enhances interfacial stability and reduces the consumption caused by electrolyte side
reactions. Besides this, LiTFSI is capable of providing high ionic conductivity while LIDFOB is able to
promote lithium-ion dissociation. The synergistic effect of the dual-salt system results in a quasi-solid-state
electrolyte (QSSE) with a high ionic conductivity of 2.16 mS cm™ at 25 °C and an notably high lithium-ion
transference number of 0.61. These superior transport properties significantly enhance the rate capability of
QSSBs!™.

Another optimization method for GEs is to develop more elastic polymers to alleviate the expansion stress
generated by Si particles. Zhao et al.”" developed and fabricated a super-elastic GPE, which was synthesized
through a stepwise reaction process. Initially, the hard ring domain and the soft ether domain were reacted at
a temperature of 80 °C to form a prepolymer, and subsequently, ethylene diamine was added to enable
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Figure 9. Constructing a quasi solid electrolyte network through in situ polymerization. (A) Schematic diagram of the preparation of a full
battery using an in situ-generated quasi solid electrolyte; (B) The mechanism of TXE polymerization to form a polymer skeleton.
Reproduced with permission from Zhao et al., Chemical Engineering Journal (2023). Copyright © Elseviert®l, TXE: 1,3,5-trioxane.

crosslinking and curing at a temperature of 70 °C. The critical optimization measure in this step resides in
the setting of a hard-to-soft ratio of 2:1, which ensures high elasticity of the electrolyte while enabling it to
effectively absorb LE. The GE fills the electrode in an even manner, and it functions like a spring to buffer the
expansion stress of Si particles during the charge-discharge process, thus greatly reducing the change in
electrode thickness and the displacement of particles [Figure 10A]. This GPE strongly adheres to Si particles
and acts as a spring during charging and discharging, buffering the expansion stress of Si particles and
greatly reducing electrode thickness changes and particle displacement. It also inhibits the separation of
active substances and helps to form a stable SEI layer rich in organic components. From Figure 10B-E,
compared with the control SiO electrode, the generation of cracks alongside the increase in electrode
impedance were effectively suppressed. This elastic GPE enables a stable capacity of 1,068 mAh g over 250
cycles and 70.0% capacity retention after 350 cycles, which is attributed to its exceptional ability to limit
electrode expansion from 94% to 53% and accommodate strain with over 2300% elongation.

For all-solid-state electrolytes (ASSEs), the optimization focus must balance ionic conductivity and
mechanical properties, while also enhancing the elastic modulus to a level comparable to QSEs to withstand
the volume changes of Si electrodes. The inherent trade-off between modulus, stability, and conductivity of
single solid electrolytes hinders their application. CPE provide a promising alternative by combining
conductive fillers with flexible matrices. However, their performance depends on meticulous structural
optimization to balance ion conduction and mechanical compliance®**!. For example, the 3D porous
composite polymer electrolyte developed by Zheng et al.*” not only utilizes a three-dimensional porous
skeleton to promote ion transport but also utilizes in situ electrochemical polymerization of propylene
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Figure 10. The effect of highly elastic GE on the stability of electrode structure. (A) Thickness evolution of the SiO electrode and SiO
electrode with elastic GPE during the initial three lithiation/delithiation cycles; SEM images of the top view (B) and cross-section (C) of
the SiO electrode after 10 cycles were compared; SEM images of the top view (D) and cross-section (E) of the SiO electrode with elastic
GPE after 10 cycles. Reproduced with permission from Zhao et al., Nature Communications (2019). Copyright © Springer Nature!®". GE:
Gel electrolyte; GPE: gel polymer electrolyte; SEM: scanning electron microscopy.

carbonate to further improve ion conductivity and mechanical strength. Meanwhile, a LiF-rich interface
layer is formed in situ at the electrolyte/electrode interface, which effectively inhibits dendrite growth and
interface failure. This structure notably enhances the mechanical strength and thermal stability of the
electrolyte, and this enhancement is crucial for enduring the stress caused by Si electrodes expansion and
preventing interface failure. The micro-Si battery equipped with this electrolyte achieved a capacity retention
of 98.5% after 100 cycles at 0.2C and maintained good performance under high-rate conditions.

The core of electrolyte optimization lies in the synergistic balance between ion conductivity, mechanical
strength, and chemical/electrochemical stability. Although electrolyte optimization has significantly
improved interface contact and stress buffering, its application still has significant limitations. The long-term
electrochemical stability of highly elastic GE needs to be further verified, especially the tolerance under high
voltage and high temperature conditions. The interface impedance problem between fillers and polymer
matrix in ASSBs and CPE has not yet been thoroughly overcome. In addition, most electrolyte optimization
strategies often need to make trade-offs in at least one dimension, such as ionic conductivity, electrochemical
stability window, or cost, while improving material mechanical properties or interface characteristics®”.
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Optimization of the electrolyte-electrode interface

In QSSB and ASSB, the instability of the electrolyte electrode interface severely restricts the practical
application of Si-based electrodes, which will lead to contact loss, increased impedance, and increased side
reactions. Therefore, interface optimization has become a key research direction for improving battery
performance®™. This section introduces two main methods: optimizing the SEI formed in situ during battery
operation and constructing an artificial interface protective layer.

For the first method, researchers bring about the formation of high-performance in situ SEI films by
adjusting the electrolyte composition, specifically by adding electrolyte additives like fluoroethylene
carbonate® or vinylene carbonate! to modify the composition of the SEI and electrode/electrolyte
interface, thereby obtaining a durable interface. Furthermore, Zhang et al."*" created a thermoplastic
polyurethane (TPU)-succinonitrile (SN) reference solid electrolyte which is based on the reinforcement of
high-concentration double salt [LiTFSI/LiPF,(C,04),, LIDFBOP]. The matrix composed of TPU and SN
improves battery performance through adjusting the electrolyte structure and the electrode interface. In
addition to providing ionic conductivity, LIDFBOP can also guide the formation of LIF rich SEI layer on the
surface of Si electrode, which has low interface energy and high mechanical strength. This interface layer can
effectively boost the uniform deposition and desorption of lithium-ions and accommodate the volume
changes of Si materials during cycling, thus notably enhancing the interfacial redox kinetics and the cycling
stability.

In addition to mixing lithium salts into electrolytes for interface optimization, another innovative approach
is to design biomimetic interface structures inspired by natural systems. Liu et al."*? used a biomimetic
interface design to construct a three-dimensional desolvation interface and a stable SEI film derived from
anions. In this design, lithium-ion solvation is analogous to impurities in water, and the role of the 3D
interface is similar to that of aquatic plants, which can accelerate Li desolvation. The polydioxolane (PDOL)
GE was formed through in situ ring-opening polymerization in a 1,3-dioxolane (DOL) solvent. The
seaweed-like fiber structure of PDOL is able to increase the contact area with the electrode it can also form a
biomimetic three-dimensional interface and this structure significantly lowers the desolvation energy barrier
of lithium-ions. The weak coordination ability of DOL/PDOL enables more anions to enter the solvation
sheath, a process that forms contact ion pairs and aggregates it also induces the formation of a homogeneous
SEI film rich in inorganic substances and this in turn raises the lithium-ion migration rate.

In addition to enhancing the SEI film formed during battery operation to improve battery performance, the
construction of artificial interface coatings stands as another effective strategy, one that is particularly
suitable for Si-based electrodes with significant volume changes. Zeng et al."* designed an artificial interface
layer that is based on the garnet-structured solid electrolyte Li_ ,La,Zr, Ta O, (LLZTO). This interface layer
forms stable Si-O chemical bonds via a crosslinking reaction between polyvinyl alcohol (PVA) and
polyacrylic acid (PAA), which is a binder commonly used in Si electrodes, and this reaction allows the
LLZTO coating to maintain tight contact with the Si electrode even as the Si undergoes volume expansion
[Figure 11A-D]. Compared with conventional Si electrodes, the high ionic conductivity of LLZTO itself
offers fast lithium-ion transport channels, while its high mechanical modulus further restricts the expansion
of Si. The combined effect of these two factors maintains the interface structure and electrochemical stability.
The initial Coulombic efficiency of ASSB equipped with this coating reached 90.4%, much higher than the
81.10% of uncoated Si electrodes. And it can still maintain extremely high capacity and nearly 100%
Coulombic efficiency after 1000 cycles, which fully proves the positive effect of artificial interface layer on
extending battery life. Similarly, Abdollahifar et al."** developed a multifunctional polymer-based artificial
SEI layer (A-SEI) that is based on sulfonated chitosan (SCS) crosslinked with glutaraldehyde (GA). This
A-SEI layer attains a stable electrode/electrolyte interface via the synergistic effects of mechanical
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Figure 11. Effect of A-SEl on structural integrity of the Si-based electrode after cycling (A) Si and (B) Si@LLZTO SEM images of the surface
of the electrode before and after 100 cycles. Before and after 100 cycles, (C) Siand (D) Si@LLZTO SEM images of the cross-section of the
electrode; (E) Schematic diagram of the A-SEl layer and corresponding cycling performance of the battery. Reproduced with permission
from Zeng et al., Surfaces and Interfaces (2024). Copyright © Elsevier°3; (F) Stress-strain curve of the artificial SCS-GA membrane at
30 °C. Abdollahifar et al., ACS Applied Materials & Interfaces (2022). Copyright © American Chemical Society!*4), LLZTO:
Lig,LasZr,,Ta, O, A-SEl: artificial solid electrolyte interphase; SEM: scanning electron microscopy.

reinforcement, ion-selective conduction, and chemical passivation. Its high mechanical strength and
toughness can effectively buffer the large volume changes of Si-based electrodes during charge and discharge
processes, reduce the loss of active material, avoid continuous exposure of fresh Si surfaces, and thus
suppress electrolyte side reactions and repeated SEI reformation. Schematic diagram of battery A-SEI layer
and corresponding cycle performance and stress-strain curve are shown in Figure 11E and F. The A-SEI
layer has cation selectivity, which can preferentially guide lithium-ions to rapidly transport through a
jumping mechanism, thereby achieving the goal of reducing the interface impedance and electrolyte salt
decomposition and LiF deposition.

Interface engineering is a key bridge connecting active electrodes with quasi solid/solid electrolytes.
Although current strategies can significantly improve initial loop performance, they have limitations in terms
of generality, long-term dynamic stability, and process compatibility. The chemical and mechanical stability
of the A-SEI layer under extreme potential, long-term cycling, and high volume deformation still needs to be
verified. The mechanism of action of biomimetic or dynamic repair interfaces is highly dependent on specific
conditions such as temperature, and its effect under actual working conditions still has uncertainty. In
addition, most high-performance interface layer preparation processes are intricate and complex, making it
difficult to achieve large-scale production and be compatible with existing battery manufacturing
processes!*'*l,
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Figure 12. Failure mechanisms and optimization methods of QSSBs and ASSBs with Si-based electrodes. QSSB: Quasi-solid-state battery;
ASSB: all-solid-state battery; SSE: solid-state electrolyte; QSE: quasi-solid-state electrolyte; CPE: composite polymer electrolyte.

CONCLUSION AND OUTLOOK

This article conducts a systematic study on the failure mechanisms of QSSBs and ASSBs based on Si-based
electrodes, and proposes effective optimization strategies to address these failure causes [Figure 12].

The failure of Si-based electrode is fundamentally due to its microscopic characteristics, such as anisotropic
lithiation of crystalline Si, electrochemical sintering effect and intrinsic low conductivity, which are the
internal causes of stress concentration and insufficient transmission power in the battery system. At the
macro level, these micro mechanisms triggered a series of chain reactions, such as particle breakage,
continuous rupture and reconstruction of SEI film, evolution of electrode pores, loss of electrical contact and
blocking of ion transport. Under the combined action of these factors, the capacity of the battery decays
rapidly and the impedance increases.In SSB systems, the inherent rigidity of solid electrolytes exacerbates
these issues. Solid/solid interfaces are typically characterized by limited point contact and are particularly
vulnerable to mechanical stress caused by Si expansion. This results in contact loss, crack propagation, and
interface delamination, ultimately leading to battery failure. In addition, the inherent limitations of various
solid electrolytes can also lead to the failure of SSB, such as the narrow electrochemical stability window of
ISEs, the low room-temperature ionic conductivity of SPEs, and the parasitic side reactions caused by the air
sensitivity of sulfide-based electrolytes. These factors further intensify structural degradation and the increase
in impedance at the interface.

Compared with ASSBs, QSSBs exhibit better interfacial compliance and strain accommodation ability.
However, they also bring their own challenges. The intrinsic ionic conductivity of QSE is generally lower
than that of LEs, which limits its rate-conducting capacity and thereby exacerbates battery polarization. The
residual liquid components from the QSE curing process will undergo continuous side reactions with the Si
electrode, leading to gradual deterioration of the interface, which can also cause battery failure. Although the
mechanical buffering capacity of QSE has been significantly enhanced compared to SSE, it is often



Page 22 of 27 Kang et al. Energy Mater. 2026, 6, 600024

insufficient to completely prevent microcrack formation under the extreme strain of Si cycling. In addition,
the thermal instability of the polymer matrix and the decomposition of residual solvents at high
temperatures also bring significant safety and service life issues.

To alleviate the failure mechanisms of ASSB and QSSB using Si-based electrodes, many optimization
strategies have been proposed, which can be broadly categorized into three types: Si electrode design,
electrolyte optimization, and interface engineering. Columnar Si arrays, core-shell structures, and Si-carbon
composite materials, among others, have been developed in the design of Si-based electrode structures to
accommodate the directional volume expansion that occurs in Si-based batteries and to maintain the
pathways for the transfer of ions and electrons. In terms of electrolyte optimization, for QSEs, the main
approach is to construct a network covering Si particles through in situ polymerization to achieve the
purpose of suppressing volume expansion. Additionally, high-elastic GEs can be used to enhance stress
buffering capacity, while stable SEI layers can be formed by incorporating dual salts and functional additives.
For SSEs, CPEs can be developed to balance the high ionic conductivity of ceramic fillers and the high
flexibility of polymers, and to enhance the mechanical strength, thermal stability and ion transport
performance of the electrolyte through a three-dimensional interpenetrating network. In the field of interface
engineering, the focus is on optimizing the mechanical and electrical properties of in situ SEI through
additives. Additionally, bionic three-dimensional structures can be designed to promote lithium-ion
migration. By constructing artificial interface layers with high modulus and passivation functions, the
stability of the interface during long-term cycling can be enhanced.

The current bottleneck in the development of Si-based ASSBs and QSSBs is the fundamental contradiction
between the volume change of Si and the intrinsic rigidity of quasi/all solid-state systems. Specifically, (1) the
interface inevitably experiences contact loss and mechanical failure during cycling; (2) the existing electrolyte
materials are difficult to synergistically achieve high ionic conductivity, mechanical adaptability, and
chemical/electrochemical stability to Si; (3) Lack of electrode structure construction methods that can
actively adapt to volume changes and maintain continuous ion transport. To promote the subsequent
development of Si-based QSSB and ASSB, future research needs to build a multi-layer collaborative solution.
At the material level, a Si carbon composite electrode with pre-strain structure and a rigid flexible composite
electrolyte system should be developed to actively offset the expansion stress brought by Si through the
built-in stress field. At the electrode level, it is necessary to break through the traditional slurry coating
process, adopt advanced manufacturing technologies such as template-assisted or 3D printing, and
accurately build a 3D interpenetrating network of active substances, solid electrolytes and conductive agents,
so that the battery system can maintain the smooth ion/electron transmission path under repeated volume
changes. At the interface level, a multi-functional A-SEI with high ionic conductivity, mechanical strength
and self repairing function should be designed to realize the transformation from passive stability to active
adaptation. Finally, at the level of system integration, engineering challenges such as solid-solid interface
stress management under stacking pressure, stability of residual liquid components and compatibility with
electrodes must be solved to promote the transformation of QSSBs and ASSBs of Si-based system from
laboratory prototype to industrial application. The collaborative promotion of these four levels will establish
a cross-scale correlation mechanism of material structure performance, promote the breakthrough of
Si-based QSSB and ASSB on the practical road, and finally realize the next generation battery system with
high energy density and long cycle stability.
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