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Silicon-based anodes for solid-state batteries:
challenges, opportunities, and multiscale strategies
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Solid-state batteries (SSBs) have become a hot topic in next-generation energy storage research due to
their high safety and potential high energy density. Si has a high theoretical specific capacity (4200 mAh
g7Y, moderate lithium insertion potential (0.4 V vs. Li*/Li), and abundant resources, making it a subject
of significant interest. However, its application is limited by factors such as significant volume expansion
(>300%), interface dynamic instability, and slow reaction kinetics. In this work, the key challenges and
opportunities of silicon-based anodes in SSBs are systematically reviewed. A multi-level synergistic
design strategy is proposed, encompassing material alloying, nano-structuring, composite structure
design, and optimization of electrode and electrolyte compatibility. Furthermore, prospects for future
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1 Introduction

Lithium-ion batteries (LIBs) are widely used in 3C electronic
products, electric vehicles, and large-scale energy storage due to
their high operating voltage, high energy density, low self-
discharge, no memory effect, and excellent cycle perfor-
mance." However, existing LIB technology has nearly reached its
theoretical limits in terms of volumetric energy density and
weight-based capacity, making it difficult to meet the growing
market demand.? Additionally, safety concerns associated with
LIBs during charging and discharging limit their further
application in energy storage. Therefore, solid-state batteries
(SSBs) with high energy density, high safety, and a wide oper-
ating temperature range are considered a key research focus for
next-generation battery systems, capable of effectively address-
ing these issues. SSBs are poised for rapid development, with
emerging technologies including SSBs featuring graphite
anodes, lithium-free SSBs (for example, Zn, Mg, Ga, and Al
systems), metal-air batteries, and 3D-printed SSBs. Leveraging
the intrinsic advantages of solid-state electrolytes (non-
flammability and low self-discharge), these technologies
exhibit tremendous potential in simplifying system manage-
ment and enhancing safety, thus emerging as crucial directions
in next-generation energy storage.?

One critical pathway to boost SSB performance lies in
developing high-capacity electrode materials. Fig. 1a shows that
a typical SSB comprises a cathode, solid-state electrolyte (SSE),
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scientific research and commercialization of high-performance silicon-based SSBs are presented.

and anode. The anode material selection is particularly crucial
for enhancing battery energy density (Table 1). Lithium metal
(Li), with its ultrahigh theoretical capacity (3862 mAh g™ ') and
the lowest redox potential (0 V vs. Li'/Li),* is considered the
ultimate anode material. Yet its practical implementation faces
significant limitations (Fig. 1b-d), including severe Li dendrite
growth,>® void formation, interfacial instability, decomposition
of sulfide SSEs at Li interfaces,” low critical current density
(CCD),? and stringent operational requirements.® Of particular
concern is Li dendrite penetration through SSE separators,
which may cause internal short circuits and pose substantial
safety hazards.

In the landscape of materials, silicon (Si) and germanium
(Ge) exhibit remarkable advantages (Table 1). They feature
higher melting points (Si: 1410 °C; Ge: 938.2 °C) than metallic
lithium and lower reactivity with organic electrolytes, endowing
batteries with superior cycling stability and safety while effec-
tively suppressing lithium dendrite growth during charge-
discharge processes." Notably, Si boasts high theoretical
specific capacities of 3579 mAh g~ " (based on the Li,;5Si, phase)
and 4200 mAh g~ " (based on the Li,,Si, phase).***? Its moderate
lithiation potential not only avoids the dendrite risks associated
with metallic lithium deposition but also significantly enhances
the battery energy density through its high capacity. Moreover,
Si's abundance in the Earth's crust (27.7%), low cost, and
environmental friendliness make it a highly promising anode
candidate for SSBs.

Currently, many studies have been reported on silicon-based
anodes in SSBs. Deng et al.** proposed modification strategies
for silicon-based materials, such as morphology control,
amorphization, and compositing. Zhao et al.** reported strate-
gies including silicon-based material design, compositing, and
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Table 1 Comparison of parameters for different anode materials (all capacity values are for the delithiated state except for lithium metal)

Materials Li Al Si Sn Ge Sb C Ti Mg
Density (g cm ™) 0.53 2.7 2.3 7.3 5.32 6.7 2.25 4.51 1.3
Lithiated phase Li LiAl Li,Si Lis4Sn Lis 4Ge LizSb LiCs Lis 4TisO;5 Li;Mg
Theoretical specific capacity (mAh g ™) 3862 993 4200 996 1600 660 372 175 3350
Volume change (%) 100 93 420 260 180 200 12 5 100
Potential versus Li (V) 0 0.3 0.4 0.6 0.4 0.9 0.05 1.5 0.1

alloying, while analyzing interfacial issues and electrochemical-
mechanical coupling effects. Song et al investigated pre-
lithiation, SEI formation mechanisms, and large-scale produc-
tion from multiple perspectives, including materials,
electrodes, and battery packaging. However, the optimization
strategies in these reports are mostly focused on single-level
modification of silicon materials (for example, nanosizing and
composite design), with less involvement in the application of
novel binders and current collector modification. Moreover,
existing reports mainly focus on sulfide systems, lacking

33562 | RSC Adv, 2025, 15, 33561-33585

a comparative analysis of other SSEs. In this work, the mecha-
nism of silicon-based anodes in SSBs is reviewed, and the key
challenges and opportunities they face are deeply analyzed.
Based on this, the research progress on improving the perfor-
mance of silicon-based anodes through multi-dimensional
strategies such as alloying, nanosizing, material composite,
application of novel binders, modification of current collectors,
and electrolyte optimization (including the matching of sulfide,
oxide, polymer, and composite solid electrolytes) is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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emphatically discussed, providing a theoretical basis for the
development of high-performance silicon-based SSBs.

2 Challenges for Si anodes

Si is regarded as an ideal candidate for next-generation high-
energy-density LIBs due to its wide applicability, high theoret-
ical lithium storage capacity (4200 mAh g~ %), and low lithiation
potential (~0.4 V vs. Li'/Li). However, several critical challenges
still hinder its practical implementation. The failure mecha-
nisms of silicon-based materials are shown in Fig. 2.

2.1 Electrode loss

On one hand, Si particles undergo extrusion and fragmentation
during cycling. Fig. 2a shows the significant volume changes of
Si particles during Li-ion insertion/extraction generate
substantial internal stresses. These stresses cause the Si parti-
cles to be squeezed and fragmented, leading to the loss of
electrical contact between numerous Si particles and their
neighboring units, conductive networks, and current collectors.
This loss of electrical contact severely impairs the electro-
chemical performance of the electrode, hindering efficient
electron transport within the electrode structure and ultimately
resulting in the attenuation of overall battery capacity. It has
been reported that Si particles have a critical diameter of
approximately 150 nm."® When the particle diameter is less than
150 nm, Si particles neither crack nor pulverize. For particles
with a diameter larger than 150 nm, during the first lithiation
process, the movement of the two-phase interface (crystalline Si
core/amorphous Li-Si alloy shell) generates tensile hoop stress
in the surface layer, initiating surface cracks. Subsequent cycles
of Li" insertion/extraction will promote further propagation of
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these cracks, ultimately leading to particle fracture (pulveriza-
tion). Atomic force microscopy (AFM) studies further confirm
that microcracks form on the Si surface during delithiation,
exacerbating structural degradation.”> On the other hand, Si
electrodes exhibit significant morphological and volumetric
changes at the macroscale. As shown in Fig. 2b, the severe
volume effects induce cracking in the electrode structure and
detachment of active materials from the current collector. The
detached active materials lose their electrical connection and
cannot participate in subsequent electrochemical reactions,
leading to the loss of their Li storage capacity.

2.2 Interface instability

Fig. 2c shows that the interfacial stability issues of silicon-based
anode materials are primarily reflected in the dynamic evolu-
tion process of the SEI film. According to reports, character-
ization techniques such as high-resolution transmission
electron microscopy (HRTEM), Fourier-transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy
(XPS) have confirmed that the SEI film formed on the surface of
silicon-based anodes mainly consists of inorganic components
(Li,CO3, LiF, Li,O) and organic components (various lithium
alkyl carbonates and non-conductive polymers). This
composite-structured SEI film exhibits typical compositional
characteristics found in conventional anode materials.">
However, the significant volume expansion/shrinkage of up
to 300-400% during the charge-discharge cycles of silicon-
based anodes poses a severe challenge to the stability of the
SEI film.> During lithiation, silicon particles expand, and
during delithiation, they contract. This periodic volume change
causes the SEI layer formed in the expanded state to crack
during the contraction phase, exposing fresh Si surfaces to the
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Fig. 2 Failure mechanisms of Si:#* (a) extrusion and pulverization; (b) electrode detachment; (c) SEI evolution.
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electrolyte and triggering repeated SEI regeneration.” This
volume-change-induced  continuous rupture-regeneration
mechanism of the SEI leads to the continuous thickening of
the interfacial layer during cycling, which has become a major
obstacle restricting the application of silicon-based materials in
liquid electrolyte lithium-ion batteries (LELIBs). The thickened
SEI layer increases the lithium-ion transport impedance and
continuously consumes the active lithium inventory, resulting
in a significant decline in the electrochemical performance and
cycle life of the battery.” This phenomenon is particularly
prominent in LELIBs, severely limiting the practical application
potential of silicon-based materials.

In addition, the inherently low electrical conductivity of
silicon materials (107°-107> S cm™" at 25 °C) further exacer-
bates the interfacial issues.”® During the ion insertion/
extraction process, the insufficient conductivity limits the
electron transport efficiency, leading to increased electrode
polarization. The increased polarization further affects the
charge-discharge performance of the battery, reduces the fast
charge-discharge capability, and consequently lowers the
overall energy efficiency, which hinders the practical applica-
tion of silicon-based anodes.

2.3 Slow reaction kinetics

In addition to the challenges of unstable SEI films and signifi-
cant volume expansion, the inherently sluggish reaction
kinetics of silicon anode materials severely limit their electro-
chemical performance.”® Unlike typical intercalation-type
anodes such as graphite and Li TisO4,, the lithium storage
mechanism in silicon involves the breaking of Si-Si covalent
bonds and the formation of Li-Si ionic bonds. This conversion
reaction process requires a high energy barrier, leading to
pronounced potential hysteresis and significantly reducing the
energy efficiency of the battery. Studies have shown that the
diffusion kinetics of lithium ions in silicon-based materials
present a significant bottleneck, with the diffusion coefficient of
Li* in the silicon matrix being only 107**-10""* em® s™',% far
lower than that of spherical graphite (107'°-107° cm?® s 1).28
This slow ionic diffusion results in substantial concentration
polarization during charge and discharge processes, particu-
larly under high-rate conditions.?® Therefore, kinetic optimiza-
tion of silicon-based anodes should focus on enhancing
electrical conductivity and ionic diffusion capabilities.’*** In
addition, although Si has a high theoretical capacity, its bulk
density and actual volume capacity are low, which further limits
its practical application.** To effectively address this issue,
researchers have proposed many strategies, including size
control, material and interface engineering, and process
optimization.***’

3 Opportunities of Si anodes in solid-
state electrolytes

Silicon-based materials exhibit more promising prospects in
SSBs compared to LELIBs, primarily in the following aspects:

33564 | RSC Adv, 2025, 15, 33561-33585
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3.1 Mechanical support of solid-state electrolytes

In LELIBs, the volumetric expansion of silicon-based anode
materials during charge-discharge cycles leads to electrode
structure degradation and loss of electrical contact. In contrast,
the rigid structure of SSEs can effectively constrain the volume
expansion of silicon particles, reducing inter-particle mechan-
ical stress and maintaining electrode structural integrity.*®
Zhang et al.* fabricated a Li,;Si5/Si-Li,;Sis dual-layer composite
anode with a three-dimensional conductive network via cold-
press sintering. Benefiting from the mechanical confinement
of the SSE, this anode exhibited only 14.5% volume expansion
after 1000 cycles at a current density of 2.5 mA cm ™2, signifi-
cantly lower than its performance in liquid electrolyte systems.
More importantly, the rigid framework of SSEs effectively
suppresses particle pulverization during cycling. Even when the
silicon particle surface is uniformly lithiated, the maximum
internal stress can be controlled at approximately 20 GPa. The
high mechanical modulus of SSEs greatly reduces the risks of
particle pulverization, detachment, and consequent conductive
network breakdown, providing a critical foundation for
achieving long-cycle stability of Si anodes in SSBs.

3.2 Interface stabilization

Another central challenge of Si anode electrodes in LELIBs is
the dynamic and unstable solid-liquid interface problem,
which the solid-solid interfacial properties of these SSBs are
effectively improved:

3.2.1 Stabilization of the SEI layer. In LELIBs, the
substantial volume changes of Si anodes cause repeated rupture
and regeneration of the SEI layer (Fig. 3a), leading to continuous
irreversible consumption of active lithium and escalating inter-
facial impedance. In SSBs, this issue is mitigated by the solid-
solid contact mode. Xu et al.” reported that even after Si particle
volume changes, SSEs do not flow like liquid electrolytes to cover
newly exposed Si surfaces. Fig. 3b shows that this characteristic
avoids continuous thickening of the SEI layer due to repeated
exposure to fresh Si surfaces, effectively preventing additional SEI
formation and enabling higher capacity retention in SSBs. Bok
et al.*® confirmed this improvement. After 100 cycles at 0.05C, the
Si anode with liquid electrolyte exhibited a capacity retention of
only 53.3% and a capacity of 800 mAh g, whereas the Si anode
using a gel polymer electrolyte showed higher capacity retention
(79.4%) and a higher capacity of 1191 mAh g *. This indicates
that suppressing excessive SEI growth in SSBs is crucial for
enhancing capacity and capacity retention.

3.2.2 Enhanced interface stability. Liquid electrolytes are
prone to continuous side reactions (for example, electrolyte
decomposition) at the interface with Si, which are further
exacerbated by the volume expansion of Si.** In contrast, many
solid electrolyte materials exhibit wider electrochemical
stability windows with silicon anodes, enabling the formation
of chemically more stable interfaces. More importantly, certain
solid electrolytes (for example, sulfides and polymer compos-
ites) can form self-healing interfaces with Si to some extent,
accommodating volume changes.*> This more stable interface
not only reduces interfacial resistance but also significantly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The formation process of SEl in Si anodes:* (a) liquid electrolyte; (b) solid-state electrolyte.

improves long-cycle stability. For instance, a study pairing
a garnet-type solid electrolyte (Li;La;Zr,0,,) with a silicon-
based anode reported retention of 2700 mAh g ' initial
capacity after 100 cycles, attributed to the formation of a rela-
tively stable interface.*

3.3 Enhancement of areal capacity and energy density

The intrinsic safety advantages of SSBs (no leakage, non-
flammable) eliminate the limitations associated with liquid
electrolytes, offering greater flexibility in electrode design. In
SSBs, there is no need to reserve a large amount of space for
liquid electrolytes or address the side reactions they cause.
Therefore, a higher proportion of high-capacity silicon-based
active materials can be effectively integrated into the anode
structure. Tan et al** utilized the interfacial passivation
properties of sulfide solid electrolytes to achieve a loading mass
of 99.9% for Si-based anodes. This enables the ultra-high
theoretical specific capacity of Si to be more fully utilized in
SSBs architecture, thereby achieving higher energy density.

4 Material design strategies

To effectively address the challenges facing silicon-based
materials, researchers have proposed a variety of solutions

Table 2 Optimization strategies for silicon-based anodes

(Table 2 lists optimization strategies with typical examples).
These strategies aim to overcome the limitations of Si, such as
its significant volume expansion during lithiation, low electrical
conductivity, and the formation of an unstable SEI layer,
thereby enhancing the performance and commercial feasibility
of silicon-based anodes in SSBs.

4.1 Alloying

Alloying Si with other metals is a promising approach to
improve its electrochemical performance. Studies have shown
that metallic elements such as Fe, Cu, and Ti can form metal
silicides with Si, which can significantly enhance the electrical
conductivity of silicon-based materials and accelerate electron
transfer. According to the properties of metals, the metallic
elements used for silicon alloying can be roughly divided into
two categories: active metals and inactive metals. Common
active metal-silicon alloys include Si-Mg, Si-Al, and Si-Fe,
inactive metal-silicon alloys include Si-Ti, Si-Ni, and Si-Cu.*
Moreover, since these alloying metals themselves possess
lithium storage capabilities, they can synergistically contribute
to the capacity, forming high-capacity composite materials.*®*”
It is worth noting that Cu is introduced into the silicon-based
anode as an active composite component at this point. When
Cu acts as a current collector, due to differences in the crystal

Typical examples

Strategies Anode Electrolyte Current Cycling performance ICE Ref.
Alloying Mg,Si LigPSsCl 0.3Ag ' Over 300 mAh g~ (300 cycles) — 49
Nano-structuring  Solid nanowires Si NWs@SSFC  LiPFg 0.2C 826.3 mAh g~' (500 cycles) 68.6% 56
Hollow nanotube = DWSiNTs LiPF, 10C Approximately 600 mAh g* 76% 57
(6000 cycles)
Nanospheres MPSS LiPF¢ 0.5C Over 1500 mAh g~ * (500 cycles) — 58
Porous nano SiMg5.0 75Li,25P,Ss  0.026C 1038 mAh g~ (200 cycles) 71% 59
morphology
Composite structure design uSi/SWCNT LigPS;Cl 1C 1271 mAh g™ (400 cycles) 85.4% (0.1C) 60
New binder (GA) Si LiPF¢ 1C 2000 mAh g~ (500 cycles) 88.1% (0.1C) 61
Current collector optimization CusSi LiPF, C/12 850 mAh g~ (30 cycles) 76% 62

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) Layer-by-layer stacking process of the Mg,Si battery; (b) cycling performance at a current rate of 0.3 A g~%; (c) schematic illustration of

the charging/discharging processes of Mg,Si.

lattice and atomic radius between Cu and Li, it forms a solid
solution rather than an alloy with Li, and only plays a role in
conductivity and support.*® In addition, the addition of metallic
materials endows the silicon surface with good mechanical
strength, which can release the stress generated by volume
expansion during cycling and maintain electrochemical
stability.

In the SSEs, the Mg,Si electrode designed by Cai et al.*
demonstrated excellent comprehensive performance. Fig. 4a
shows that the battery was fabricated using a layer-by-layer
stacking process. When matched with the LigPSsCl sulfide
solid-state electrolyte, this Mg,Si electrode exhibited an elec-
tronic conductivity as high as 8.9 x 107> S ecm™’, an ionic
conductivity of 9.7 x 107> S em ™', and a lithium-ion diffusion
coefficient ranging from 0.14 to 9.18 x 10 '' ecm?® s™'. As
depicted in Fig. 4b, at a current density of 0.3 A g, the Mg,Si
electrode achieved a discharge capacity of 1190.7 mAh g™,
a reversible charge capacity of 994.8 mAh g™, and an initial
coulombic efficiency (ICE) of 83.5%. Fig. 4c further illustrates
the structural evolution process of Mg,Si during the conversion
reaction. Its performance stems from a unique reversible crys-
talline phase reconstruction mechanism, which ensures the
stability of the mixed conductive network throughout the entire
lifespan of the electrode, thereby enabling rapid electrode
reaction kinetics. Compared with traditional composite elec-
trodes, the Mg,Si electrode significantly reduces interfacial side
reactions caused by inactive components. This structural design
provides new insights for the practical application of silicon-
based SSBs.

4.2 Nano-structuring

It can be concluded from the above that crystalline Si will not
fracture when its particle size is smaller than the critical value
(150 nm). This is because the strain energy stored by the
electrochemical reaction is insufficient to overcome the resis-
tance of surface energy, thereby inhibiting the propagation of

33566 | RSC Adv, 2025, 15, 33561-33585

cracks and keeping the particles intact.*® However, the critical
value of amorphous Si is approximately 870 nm, which is higher
than that of crystalline Si. The reasons are as follows:*** (1) the
concentration of Li in the formed lithiated phase is lower,
resulting in a smaller volume expansion amplitude compared to
crystalline Si. (2) Amorphous Si is an isotropic material, which
avoids the stress concentration caused by the anisotropic
expansion of crystalline Si. (3) The reaction front may be
thicker, alleviating the accumulation of stress. These factors
together contribute to the larger critical value of amorphous Si
than that of crystalline Si. This indicates that size regulation
(nanonization) can mitigate the loss caused by the volume effect
of Si and improve the lithiation degree of Si anodes. Meanwhile,
the nanoscale dimension shortens the Li" diffusion path,
further improving the electrochemical performance.

Although the application of stack pressure can effectively
address some issues of silicon-based materials, optimizing the
nanostructure design remains a crucial strategy for enhancing
the performance of SSBs." Li et al.*® systematically investigated
the influence of Si particle size on the electrochemical perfor-
mance by constructing SSBs consisting of LiNip gMng ;C0g 10,
(NMC811)/Li;0Sio.3PSs.7Cly.g (LSPSCI)/Si-X. Their results further
confirmed that nano-silicon exhibits more advantages than
micro-silicon in SSBs. The cycling processes of micro-silicon (>1
pum) and nano-silicon are shown in Fig. 5, respectively. Under
the same high stack pressure, the larger Si particles in micro-
silicon (>1 pm) are limited by lithium chemical reactions and
diffusion, achieving only partial lithiation and forming unli-
thiated cores.>»* In contrast, nano-silicon is more completely
lithiated during the lithiation process, and the silicon particles
do not undergo fracture or pulverization. Moreover, even after
prolonged charge-discharge cycles, nano-silicon still maintains
good interfacial contact without the growth of lithium
dendrites.

4.2.1 Solid nanowires. Among various silicon nano-
structures, Si nanowires (Si NWs) represent a further advance-
ment, as they not only possess the general advantages of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanomaterials (notably strain resistance) but can also be
directly grown on and connected to current collectors, thereby
eliminating the need for additional binders and conductive
carbon-based materials.®

Nguyen et al.®® proposed a strategy for growing Si NWs in
a plasma-enhanced chemical vapor deposition (PECVD) reactor.
Fig. 6a-c show the SEM images of Si NWs with a high inter-
connection rate and a schematic diagram of the interconnec-
tion effect. This structure effectively prevents individual
nanowires from detaching from the substrate due to excessive
strain at the root during lithiation, exhibiting excellent struc-
tural stability and electrochemical performance. The Si NWs
maintained almost 100% capacity retention after 40 cycles at
0.5C, with a capacity of approximately 3100 mAh g~ '. Moreover,
the capacity retention remained 90% after 70 cycles at 2C. Cui
et al.** reported a core-shell nanowire structure with a crystal-
line Si core and an amorphous Si shell, grown on a stainless
steel substrate via a simple one-step synthesis method. Its
crystalline Si core can serve as a stable mechanical support and
an effective conductive channel, while the amorphous shell can
store Li".

Imtiaz et al.*® designed a facile method for directly growing
Si NWs on a stainless steel fiber cloth (SSFC) substrate (Fig. 6d).
Fig. 6e and f show the scanning electron microscopy (SEM)
morphology of the Si NWs@SSFC composite and the trans-
mission electron microscopy (TEM) structure of a single Sn-
seeded Si NW, respectively. The unique network structure of
this composite has dual advantages: on one hand, it provides
high-density loading sites for catalyst seeds; on the other hand,
it offers buffer space for the inherent significant volume

© 2025 The Author(s). Published by the Royal Society of Chemistry

expansion and contraction of Si during lithiation/delithiation
cycles. This unique structure enables the Si NW loading to
exceed 1.3 mAh cm ™2, which can significantly improve the areal
capacity and energy density of the electrode. The material
exhibits excellent rate performance (Fig. 6g). At a high rate of up
to 5C, samples with loadings of 1.03 mg cm ™% and 1.32 mg cm 2
can still deliver specific capacities of 254 mAh g~* and 184.6
mAh g™, respectively. In terms of areal capacity (Fig. 6h), the
electrode with a loading of 1.32 mg cm > achieves a high
reversible areal capacity of 3.03 mAh cm ™2 at 0.1C. In addition,
the material also shows excellent cycling stability. As shown in
Fig. 6i, a high specific capacity of 1221.1 mAh g ' is still
retained after 500 cycles. Even at a high mass loading of up to
1.32 mg cm ™2, the electrode can still provide a specific capacity
of 826.3 mAh g~ .

4.2.2 Hollow nanotube. Hollow Si nanotubes (H-SiNTs)
offer an effective buffer against the substantial volume expan-
sion inherent in silicon-based materials during charge-
discharge cycles, owing to their unique hollow structure. This
configuration not only optimizes Li" transport pathways but
also significantly increases the electrode/electrolyte contact
area, thereby enhancing the cycling stability and rate perfor-
mance of silicon anodes.

Park et al.®® successfully synthesized H-SiNTs via a template-
assisted method involving the reduction and decomposition of
a Si precursor within an alumina template, followed by an
etching process. Fig. 7a shows that the nanotube structure
dramatically increases the effective surface area of the electrode
material, enabling simultaneous Li" insertion/extraction on
both the inner and outer surfaces of the nanotubes. Fig. 7b

RSC Adv, 2025, 15, 33561-33585 | 33567
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(a) Cross-sectional SEM image of Si NWs; (b) top-view and magnified SEM images of Si NWs; (c) schematic illustration of the inter-

connection effect. (d) Schematic diagram of the synthesis of Sn-seeded Si NW@SSFC:; (e) SEM image of the mass loading of 1.32 mg cm™2; (f) TEM
image of a single Sn-seeded Si NW; (g) rate performance of each loading at current densities of 0.1C, 0.2C, 0.5C, C, 2C, and 5C; (h) areal capacity
(C/A) versus areal loading at 0.1C and 0.2C; () cycling performance curves of the samples with mass loadings of 0.24 and 1.32 mg cm™2.

shows that the nanotube bundles are approximately 40 um in
length. The H-SiNTs anode exhibited excellent electrochemical
performance, delivering a reversible capacity of 3247 mAh g " at
0.2C with ICE of 89%.

Wu et al.*” further expanded the design concept of hollow Si
nanotubes, and prepared a Si-SiO, nanotube (DWSINT) anode
with a unique double-walled structure via template method.

33568 | RSC Adv, 2025, 15, 33561-33585

The inner wall is composed of active Si, while the outer wall is
made of SiO,. Fig. 7c and d show the SEM morphologies of
DWSINTs in the initial state and after 2000 cycles, respectively.
Even after 2000 cycles, only a thin SEI film is formed on the
surface of DWSINTSs, and the structure of individual nanotubes
can still be clearly observed. This double-walled structure
design is crucial: the outer SiO, shell can effectively constrain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Schematic diagram of Li* pathways in Si nanotubes; (b) FE-SEM image of Si nanotubes. (c) SEM image of double-walled Si nanotubes
(DWSINT); (d) DWSINT after 2000 cycles; (e) cycling performance curve at a rate of 10C and 12 °C; (f) rate performance plot of DWSINT.

the volume expansion of the outer wall of Si nanotubes during
cycling; meanwhile, the expanded inner Si layer is not directly
exposed to the electrolyte, which inhibits the side reactions with
the electrolyte. Therefore, the DWSiNTs anode exhibits an ultra-
long cycle life and excellent rate performance. Fig. 7e shows that
when cycled at an ultra-high rate of 10C, the DWSINTs still
retained 93% and 88% of their initial capacities after 4000 and
6000 cycles, respectively. The charge-discharge performance at
different rates (Fig. 7f) is also outstanding. Even at an extremely
high rate of 12C, the charge and discharge capacities (calculated
based on the total mass of Si/DWSINTs) can still reach 940 mAh
g ' and 600 mAh g, respectively.

4.2.3 Nanospheres. Compared with other structures, Si
nanospheres have shown great potential in adapting to volume
changes. Yao et al.®® synthesized a novel interconnected Si
hollow-sphere electrode (Fig. 8a) using chemical vapor deposi-
tion (CVD) technology. As shown in Fig. 8b, the structure
consists of hollow spheres with an inner radius (R;,) of 175 nm
and an outer radius (R,y) of 200 nm. The interconnected
network effectively mitigates volume changes during cycling.
This interconnected hollow structure not only buffers the stress
caused by volume expansion/contraction but also facilitates
rapid Li" diffusion, thereby enhancing the rate performance.
The electrode maintained a capacity of 1420 mAh g~ after 700
cycles with a coulombic efficiency (CE) of up to 99.5%,
demonstrating excellent cycling stability.

Building on the nanosphere structure, Wang et al.*® further
designed mesoporous Si spheres (MPSS). Fig. 8c shows that the
material was fabricated via a facile hydrolysis method

© 2025 The Author(s). Published by the Royal Society of Chemistry

combined with a surface-protected magnesiothermic reduction
process. Fig. 8d reveals that MPSS exhibits highly monodisperse
spherical morphology, which is beneficial for achieving
uniform stress-strain distribution during charge-discharge
cycles, thus significantly improving electrochemical stability.
Notably, the specific surface area of MPSS (214.65 m> g™ ') is
nearly an order of magnitude higher than that of SiO, nano-
spheres (SS, 20.07 m> g ') (Fig. 8e). Electrochemical tests
showed that the capacity of MPSS-CNT decreased from 3000
mAh g~ to 1000 mAh g " as the current density increased from
0.2C to 2C (Fig. 8f). After 500 cycles at 0.5C, the capacity
remained above 1500 mAh g~ ' with a capacity retention rate of
80% and a coulombic efficiency approaching 100% (Fig. 8g),
indicating outstanding long-term cycling performance and
interfacial stability.

4.2.4 Porous nano morphology. Porous Si has emerged as
an effective strategy to address the intrinsic drawbacks of
silicon-based anode materials due to its unique pore structure.
The pore space can effectively buffer the volume changes of Si
while significantly shortening the diffusion path of Li’. Kim
et al.”” reported a large-sized (>20 mm) three-dimensional (3D)
porous Si particles prepared via a facile heat treatment method.
As shown in Fig. 9a, the material exhibits an interconnected 3D
porous network structure that effectively promotes Li* migra-
tion. This porous Si anode demonstrates excellent rate perfor-
mance, with reversible discharge capacities of 2668 mAh g™,
2471 mAh g, and 2158 mAh g ' at 1C, 2C, and 3C rates,
respectively. Moreover, it shows remarkable cycling stability,
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(a) Schematic illustration of the synthesis of Si hollow nanospheres; (b) SEM images of hollow Si nanospheres in the initial state and after

scratch treatment. (c) Schematic illustration of the synthesis of MPSS; (d) SEM image of MPSS; (e) BET specific surface area measurement of SS
and MPSS from N, adsorption—desorption isotherms; (f) rate performance plots of MPSS electrodes with and without 2% CNTs; (g) cycling

performance and CE curves of MPSS electrodes at 0.5C rate.

High voltage

OPN

o

( C) Collector

—

165

A e s s e, 180

(e)

» 3 $i0,+ 2Mg > Si +2MgO

& o 00 SMgs - 3 . v _§ X
N 8 Noopocom 81| $i0,; Mg = 1:x (x=2.5, 5.0, 7.5) . ’ ( Nanoporous Si fibers
= - PP, = Si/MgO fibers > SiMg2.3, SiMgs.0, SiMgT.3
Cyvkeonmbers Mg, 685 °C under vacuum HCl

Fig. 9

TEOS/PVP —————> As-spun fibers L)
700 °C in air

Si0, fibers

Nano-pore

(a) SEM image of porous Si particles. (b) Schematic illustration of the synthesis process for nanoporous Si fibers; SEM images of each step

during the MPSS preparation: (c) as-spun fibers; (d) SiO, fibers after calcination in air; (e) SiMg5.0 before HCl etching and (f) SEM image of
SiMg5.0. (g) Cycling performance curves of SiMg5.0 and nonporous Si anodes.

retaining 99% of its initial capacity after 100 cycles at 0.2C and
90% after cycling at 1C.

To tackle the interfacial compatibility challenges of sulfide-
based solid electrolytes (SEs), Yamamoto et al.*® designed and
fabricated a composite anode SiMg5.0 based on a nanoporous
Si fiber network structure, which combines electrospinning and
magnesiothermic reduction techniques. Fig. 9b shows its
preparation process, which mainly consists of four key steps:
electrospinning (Fig. 9¢), calcination (Fig. 9d), magnesiother-
mic reduction (Fig. 9¢), and HCI etching (Fig. 9f). This unique
structure endows the SiMg5.0 anode with excellent electro-
chemical performance (Fig. 9g). After 40 cycles, the reversible
capacity is 1474 mAh g, with a capacity retention rate of 85%.
After 200 cycles, a capacity of 1038 mAh g~ ' can still be main-
tained (capacity retention rate of 60%). This excellent perfor-
mance is attributed to the fact that the total pore volume of the

33570 | RSC Adv, 2025, 15, 33561-33585

material during lithiation (formation of the Li;,Si, phase) can
effectively compensate for the volume expansion of Si through
pore shrinkage, suppressing the volume expansion and main-
taining intimate contact at the Si-SE (or conductive additive)
interface. Moreover, the Si fiber network structure formed after
lithiation can compensate for the electron and ion conduction
paths in partially delaminated regions that may occur during
cycling, further enhancing the cycling stability of the electrode.

4.3 Composite structure design

The combination of silicon-based materials with functional
materials is an effective approach to address the issues of Si
anodes, such as volume expansion, interfacial instability, and
low ionic/electronic conductivity. To date, researchers have
developed various silicon-based composites, including Si-C,*
Si/Liy; Sis,* PL-Si/graphite,” Si@Si0,@LPO@C,”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Si@MgO@C.”” Among them, carbon materials are regarded as
ideal composite carriers due to their excellent electronic/ionic
conductivity, mechanical properties, and compatibility with
silicon, which can effectively suppress volume deformation
during charge-discharge processes.””*

There are diverse preparation techniques for silicon-carbon
composites, with common methods including mechanical ball
milling,” high-temperature pyrolysis,”® CVD,” spray drying”®
and etching.” Structural design of materials can be achieved
through process regulation, which further optimizes SEI
stability, lithium ion/electron transport efficiency, suppression
of electrolyte side reactions, and electrode structural integrity,
thereby enhancing electrochemical performance.

Kim et al.* fabricated Si/CNF composites via electrospinning
and constructed a conformal LigPSsCl (LPSCI) coating on their
surface to enhance interfacial stability. Electrochemical tests
revealed that the Si/CNF@LPSCl anode exhibited superior
performance: a reversible capacity of 1172 mAh g~ " at 0.1C and
a capacity retention of 84.3% after 50 cycles at 0.5C. At rates of
0.1C, 0.2C, 0.5C, and 1C, the reversible capacities were 1229
mAh g~', 881 mAh g™, 754 mAh g7, and 466 mAh g,
respectively. Kim et al® prepared pSi/SWCNT/LigPS5Cl
composites through dispersion and calcination processes.
During cycling, this composite anode effectively suppressed
detrimental interfacial reactions between pSi particles and
LPSCI and significantly mitigated volume expansion, thereby
avoiding crack formation and contact failure. The anode
demonstrated a high reversible capacity of 2974 mAh g ' at
0.1C and maintained stability over 400 cycles. Compared to
pure Si, its rate performance was remarkably enhanced, deliv-
ering 1271 mAh g’1 even at 1C. After 100, 200, 300, and 400
cycles, the capacity retentions were 75%, 66%, 58%, and 54%,

Heat
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Si-N-MXene
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respectively, with coulombic efficiencies consistently exceeding
99.5%. The combination of uSi and SWCNT played a critical role
in maintaining interfacial stability with the LPSCI electrolyte,
contributing to its excellent long-term cycling performance.

Han et al.®* designed a self-integrated Si-N-MXene material.
Fig. 10a shows the preparation flow chart of Si-N-MXene. The
Si-N and N-MXene chemical bonds formed during the heat
treatment process can effectively promote rapid lithium-ion/
electron transport and maintain good mechanical stability.
Meanwhile, the N-MXene framework provides an efficient Li"
transport channel. It can be observed from Fig. 10b and c that
micron Si particles are uniformly embedded on the MXene
flakes. Based on this anode, a semi-solid-state battery Si-N-
MXene/PEO@LATP/Li was assembled. Fig. 10d and e show that
it has an initial specific capacity of 2305 mAh g~ and an ICE of
82.02% at a current density of 0.2 A g~ . After 10 cycles, the
specific current increased to 0.4 A g~ . The specific capacity was
1362 mAh g ' at the 11th cycle and remained at 881 mAh g™*
after 90 cycles. For the LiFePO,/PEO@LATP/Si-N-MXene full
battery, Si-N-MXene still exhibits excellent electrochemical
performance. The specific capacity at the first cycle was 1659.2
mAh ¢! at 0.32 A g%, and the capacity hardly decayed after 60
cycles (Fig. 10f and g). In addition, the mobility of adsorbed
lithium ions was studied by density functional theory (DFT)
calculations to further explore the electrochemical performance
of Si-N-MXene in ASSBs. Fig. 10h shows two Li" diffusion
pathways at the Si-N-MXene interface. The calculation results
show that the migration energy barriers of Path-1 (Fig. 10i,
0.15 eV and 0.42 eV) are lower than those of Path-2 (Fig. 10j, 0.42
eV), indicating that Si-N atoms can improve the Li" mobility
and thus promote charge transfer.
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(a) Schematic illustration of the preparation process for SIN-MXene; (b) SEM image of Si—-N-MXene; (c) EDS image of Si-N-MXene;

solid-state half-cell Si—-N-MXene/PEO@LATP/Li: (d) charge—discharge voltage profiles at different cycles; (e) cycling performance plot. Full cell
LiFePO,4/PEO@LATP/Si-N-MXene: (f) cycling performance plot; (g) charge—discharge voltage profiles at different cycles. (h) Li* diffusion
pathways in Si—-N—-MXene. Diffusion energy barriers of Si—-N-MXene: (i) Path-1; (j) Path-2.
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Beyond carbon-based composites, the incorporation of non-
carbon hosts offers a novel approach to enhance performance.
In lithium-sulfur batteries, traditional carbon hosts struggle to
suppress polysulfide shuttling due to their non-polar nature. In
contrast, non-carbon hosts such as metals and metal
compounds, leveraging the chemical adsorption capability of
their polar surfaces and catalytic activity, can not only
strengthen the confinement of active materials but also accel-
erate redox kinetics. Meanwhile, they circumvent the drawback
of low tap density inherent to carbon materials.*” This concept
can be incorporated into the design of silicon-based compos-
ites: the introduction of polar non-carbon components (for
example, MXenes, metal oxides) not only enhances mechanical
confinement to alleviate the volume expansion of silicon but
also stabilizes interfaces through chemical interactions. These
components synergistically improve electrical conductivity and
cycling stability, forming a complementary system to silicon-
carbon composites.

4.4 New binder

Binder materials play a crucial role in maintaining the struc-
tural integrity of silicon-based anodes. Given the significant
volume changes experienced by silicon during charge-
discharge cycles, the development of high-performance binders
with both excellent mechanical properties and chemical
stability is of paramount importance. In SSBs, binders are
additionally required to facilitate ionic transport.** To address
these challenges, researchers have developed various special-
ized binder systems tailored for silicon-based anodes. Aqueous
binders such as sodium carboxymethyl cellulose (CMC),****
polyacrylic acid (PAA)*® and polyimide (PI)*” are widely recog-
nized as particularly suitable for silicon-based anodes due to
their unique properties.

Cave et al.®® proposed an innovative strategy to dynamically
regulate interfacial charge transfer kinetics by introducing
permanent dipoles with labile characteristics at the electrode

View Article Online
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interface. This approach effectively mitigates capacity fade
caused by continuous electrolyte reduction on silicon anodes.
Fig. 11a shows two modification schemes for PAA using tri-
ethoxysilanes. The modifiers are classified into two categories
based on the polarity and vibrational activity of their R-groups:
3-cyanopropyltriethoxysilane (CPTES), with a dipole moment
along the carbon-nitrogen triple bond axis, is defined as
a dipole modifier; vinyltriethoxysilane (VTES), with a nonpolar
R-group, serves as a nonpolar modifier. Electrochemical tests
(Fig. 11b) demonstrate that the CPTES-modified CPTES-PAA
binder significantly enhances cycling stability, achieving
a 17% higher capacity retention after 200 cycles compared to
unmodified PAA.

Liu et al.® explored the feasibility of using gum arabic (GA)
as a binder for Si particle anodes. Fig. 11c shows that GA is
a polymeric polysaccharide, whose abundant hydroxyl groups
can provide strong binding force, while the long-chain proteins
endow the material with good mechanical properties. These
combined effects effectively inhibit the volume expansion of Si
particles during cycling. The Si anode using GA binder exhibits
excellent ductility, which can effectively prevent the electrode
from breaking due to volume change during charge-discharge
processes. After 500 cycles at 1C and 2C rates, the specific
capacities of the electrode remain at 2000 mAh g~" and 1000
mAh g, respectively. After 1000 cycles at 1C rate, the specific
capacity still maintains above 1000 mAh g~', which fully
demonstrates the good cycle stability of the electrode imparted
by the GA binder.

This strategy of regulating stability through interfacial layer
design has also been validated in other battery systems. In
sodium-ion batteries, the Ag interfacial layer guides uniform Na
deposition by its strong sodiophilicity and induces the forma-
tion of a NaF-rich inorganic SEI layer through strong interac-
tions with PF¢~, which effectively suppresses dendrite growth
and side reactions, enabling the battery to cycle stably for over
1000 hours at 3 mA cm ™ 2. In zinc batteries, the supramolec-
ular polymer layer with donor-acceptor sites constructs
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Fig.11 (a) Two modification schemes for PPA. (b) Cycling performance
response to volume changes.
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curves of PPA and CPTES-PAA; (c) schematic diagrams of GA and CMC in
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a dynamic network via multivalent dipole interactions, which
inhibits zinc dendrite growth under an ultrahigh mechanical
modulus of 10.4 GPa while optimizing Zn>* transport kinetics,
resulting in a coulombic efficiency approaching 99.94% and
stable cycling for 9000 cycles.* Similarly, such strategies can be
adapted for silicon-based anodes. By designing functional
binders (introducing dipole groups or regulating polar inter-
actions) or composite interfacial layers, precise control over the
composition and structure of the SEI can be achieved, thereby
alleviating interface issues caused by the volume change of Si
and further improving the cycling stability of the battery.

4.5 Current collector optimization

Silicon-based anodes undergo significant volume changes
during charge and discharge cycles, which can easily lead to
interfacial delamination between the anode and the current
collector. This, in turn, causes the deactivation of active mate-
rials and capacity fade. Designing current collectors with
special structures to effectively confine Si active materials
within the current collector or strengthen their interfacial
bonding is an effective strategy to suppress Si detachment and
improve electrode stability.”***

Jiang et al.®* designed and fabricated a three-dimensional
porous copper mesh current collector. This structure embeds
Si particles within its internal voids, significantly enhancing the
structural stability of the electrode and effectively suppressing
the detachment of Si during cycling. Polat et al.®* employed
magnetron sputtering to deposit a copper layer on the surface of
a Si anode, forming a CuSi thin layer. The CuSi layer can
effectively anchor the Si material, preventing it from detaching
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from the current collector during volume expansion/
contraction. Fig. 12 shows SEM images of the batteries after 3
and 30 galvanostatic cycles at a rate of C/12. After 3 cycles
(Fig. 12a and b), the unmodified Si anode exhibited structural
fractures, whereas the electrode modified with the CusSi layer
maintained a regular structure. After 30 cycles (Fig. 12¢ and d),
the structural fragmentation of the bare Si anode was severe. In
contrast, only a few cracks appeared in the CuSi-modified
electrode, demonstrating significantly improved structural
integrity.

5 Solid-state electrolytes and
compatibility with silicon-based
anodes

After optimizing silicon-based anodes, it is necessary to match
them with different types of SSEs to further improve the
performance of SSBs. SSEs, as key component of SSBs, play
a crucial role in ensuring battery performance and safety. Table
3 details several representative types of SSEs, including oxide
SSEs, sulfide SSEs, polymer SSEs, and composite SSEs. These
different types of SSEs each possess unique physicochemical
properties and exhibit varying performances in terms of ionic
conduction, mechanical properties and chemical stability,
providing abundant options for the diversified design and
performance optimization of silicon-based SSBs.

5.1 Oxide solid-state electrolytes

Oxide SSEs mainly include NASICON-type,”®'** garnet-
type,***** perovskites,**>*** anti-perovskites* and LiPON

(). o
f|After 3 cycles

- ¥ ‘.A"

Fig.12 SEM images of the electrodes after 3 cycles: (a) initial thin layer; (b) CuSi thin layer. SEM images of the electrodes after 30 cycles: (c) initial

thin layer; (d) CusSi thin layer.
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group™>**¢ electrolytes. These electrolytes have attracted
extensive attention due to their relatively high room-
temperature ionic conductivity (107°-107% S cm™"), excellent
chemical stability, and high mechanical strength.'*” Among
these properties, the high mechanical strength is crucial for
suppressing the significant volume expansion of silicon-based
anode materials during charge-discharge processes. This
greatly enhances the application potential of silicon-based
materials in oxide solid-state battery systems, making them
a current research hotspot.

Ping et al.*® synthesized the cubic garnet-structured Li,Las-
Zr,01, (LLZO) solid electrolyte via conventional solid-state sin-
tering and paired it with a Si/CNT composite anode to construct
SSBs. This battery exhibited exceptional electrochemical
performance (a first-cycle discharge capacity of 2685 mAh g *
and an ICE of 83.2% for the 1 pm-thick Si/CNT anode) and
remarkable mechanical robustness. Mechanical modeling
revealed that the high nanomechanical strength of LLZO
effectively mitigated the volumetric expansion stress of the Si/
CNT anode during lithiation. Simulations of crack propaga-
tion behavior during delithiation (Fig. 13a and b) showed that
the maximum crack opening displacement in the anode was
significantly reduced compared to LELIBs (Fig. 13c). Addition-
ally, the state of charge (SOC) at which crack initiation occurred
decreased from 36% to 20% (Fig. 13d). Furthermore, the garnet-
based system conferred a lower crack driving force and higher
fracture resistance to the Si anode, with reduced crack dissi-
pation energy effectively limiting the shrinkage of the Si film
during cycling degradation and minimizing active material loss.

Marumoto et al.** employed radio-frequency (RF) sputtering
to fabricate a porous SiO, , thick-film anode with high porosity,
which was also integrated with LLZO. This design achieved

(a) Fully Delithiated Y

(c)
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excellent cycling stability (capacity retention of 82.9% and
75.9% after 100 cycles). The key advantage lies in the nano-scale
interconnected pore structure, which acts as an effective buffer
layer to alleviate internal and interfacial stresses generated
during the lithiation/delithiation processes of SiOg,, thereby
enhancing interfacial Li* transport. The study further demon-
strated that increasing the thickness of the porous SiO,, (for
example, up to 5.0 um) significantly boosted the areal discharge
capacity, achieving an energy density approximately 17 times
that of a typical 0.1 nm-thick non-porous SiO, , electrode, thus
providing a novel strategy for high-energy-density battery
design.

5.2 Sulfide solid-state electrolytes

Sulfide SSEs can be classified into three categories based on
their crystalline states: glassy, crystalline, and glass-ceramic
ones.*® Compared with other SSEs, they generally exhibit
higher ionic conductivity (up to 107> S em ™" at room tempera-
ture), moderate mechanical strength, and high-temperature
stability, making them highly competitive in high-rate fast-
charging batteries and high-energy-density energy storage
systems.****> These characteristics endow SSEs with broad
application prospects in fields such as rapid energy replenish-
ment for electric vehicles and power supply for electronic
devices in extreme environments, and they are expected to
become a key material system to break through the bottlenecks
of existing energy storage technologies.

Poetke et al'® prepared the sulfide SSE LigPSsCl via
mechanical ball milling. The battery constructed by matching it
with a Si/C composite anode with a pre-designed void structure
showed excellent cycle stability: at a current density of 0.2 mA
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Fig. 13 Mechanical modeling of the morphology and normal in-plane stress distribution at the defective region of Si anodes in a fully delithiated
state: (a) LELIBs; (b) SSBs. Parameter comparisons during delithiation without (blue) and with (red) LLZO: (c) maximum crack opening
displacement (normalized by the Si anode thickness); (d) crack dissipation energy.
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em ? (charging)/1.0 mA cm ? (discharging), the capacity

retention rate was as high as 87.7% after 50 cycles. Compared
with LELIBs, this battery effectively suppressed interfacial side
reactions, and the ICE was significantly improved (72.7% vs.
31.0%). It is worth noting that for practical applications, the
areal capacity of silicon-based anodes needs to reach at least 4
mA cm™ 2, which puts forward clear requirements for the design
of battery energy density and cycle life.*®

Cao et al.*** designed and prepared a composite anode Si-
SE-CB composed of nano-silicon, LigPS5Cl (SE), and conductive
carbon black (CB) through a ball milling process. Benefiting
from the large contact area between nano-Si and SE as well as
CB (Fig. 14a), the anode constructed a good electron/ion mixed
conduction network on the entire electrode scale, thereby
significantly improving its critical current density. In half-cell
tests, the anode exhibited excellent rate performance: at
current densities of 0.1, 0.2, 0.5, 1.0, and 2.0 mA cm™?, the
reversible capacities reached 2309, 2122, 1467, 802, and 440
mAh g™, respectively (Fig. 14b). The tolerable current density
far exceeds the critical value of most reported lithium metals for
sulfide electrolytes, highlighting the advantage of Si anodes
over lithium metals in terms of compatibility with sulfide
electrolytes. In addition, the half-cell still maintained a high
reversible capacity of 1345 mAh g~ " after 200 cycles at 0.5 mA
cm 2 (Fig. 14c). In the full-cell configuration (with Li,SiO,@S-

(a)
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NMC as the cathode), the system also showed excellent
electrochemical performance, maintaining good stability after
1000 cycles at a C/3 rate (Fig. 14d).

Grandjean et al.**® further investigated the compatibility
characteristics between sulfide SSEs and silicon-based anodes.
Two electrolytes with comparable ionic conductivities (LSnPS
and LPSCl) were selected, and pSi was used as the active
material for the tests. The results showed that the LPSCI half-
cell exhibited a reversible capacity exceeding 2500 mAh g in
the first cycle, with an ICE of 90%. In contrast, the LSnPS half-
cell delivered a capacity of less than 1000 mAh g~ in the first
cycle, with an ICE of only 40%, and its capacity degraded to 50%
of the initial value by the 5th cycle. Moreover, the influence of Si
size and morphology on the performance of the LPSCI electro-
Iyte was studied. The results indicated that the half-cell with
a SiNWs anode achieved an initial capacity of 2600 mAh g,
while the half-cell with a pSi anode showed a slightly higher
initial capacity of 2700 mAh g~ '. However, at a current density
of 0.1C, the SiNWs anode exhibited better cycling stability than
the puSi anode. This is attributed to the superior dispersibility of
SiNWs, which ensures good contact between electrode mate-
rials. In contrast, the uSi anode forms a thicker SEI film, leading
to a reduction in exchange surface area and an increase in
reactivity, thereby causing rapid capacity fading.
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(a) Schematic illustration of the preparation process of Si—-SE-CB and the structure of the Si composite anode; (b) rate performance

profiles at various current densities; (c) cycling performance curve at a current density of 0.5 mA cm™2; (d) cycling performance curves of full cells

with cathode mass loadings of 10 and 20 mg cm™2.
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5.3 Polymer solid-state electrolytes

The polymer SSEs consists mainly of a polymer matrix and
lithium salts."*® They are regarded as one of the most promising
SSE systems due to their advantages such as simple preparation
process, wide electrochemical window, light weight, low cost,
low/non-volatility, and good processability.*****” In addition, the
polymer SSE has high flexibility and low mobility, and the low
mobility polymer electrolyte reacts only on the surface of Si to
form a 2D SEI 2D SEI can adapt to the volume change of Si
particles during charging and discharging, maintain the
stability of the SEI layer, and effectively improve the electro-
chemical performance of the Si-based anode.™**

He et al.** developed a self-healing polymer SSE (SHDSE) for
Si anodes using in situ polymerization technology. This elec-
trolyte can form precise electrolyte-electrode interface contact
at the molecular level (Fig. 15a), provide continuous and stable
Li" transport channels, effectively inhibit the displacement of Si
particles, and alleviate the volume expansion of electrodes. The
Si|LiCoO, pouch cell constructed based on SHDSE exhibits
excellent environmental tolerance and cycling stability: even
under high temperature of 100 °C and continuous mechanical
damage conditions (Fig. 15b), the cell can still maintain 86.2%
of its discharge capacity after 30 000 mechanical bending cycles
and 700 charge-discharge cycles, with an average coulombic
efficiency exceeding 99.9%.

Wang et al.**® constructed a 2D SEI film on the surface of the
Si anode and designed a high-concentration polymer SSE
(HCPE) by controlling the ring-opening polymerization of 1,3-
dioxolane (DOL). The 2D SEI can adapt to the volume change of
the Si particles and reduce the contact boundary area between
the electrolyte and the Si particles. Furthermore, the low fluidity
of HCPE inhibits the formation of 3D SEI films, further miti-
gates the occurrence of interfacial side reactions, and maintains
a continuous Li‘/e” transport pathway. Consequently, the
battery assembled based on HCPE exhibits significantly
improved electrochemical performance, delivering a capacity of
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up to 1765 mAh g " at a 2C rate and retaining a capacity of
approximately 2000 mAh g~ after 100 cycles at a 0.2C rate.

5.4 Composite solid-state electrolytes

Composite SSEs consist of two or more different electrolytes.
Through composite strategies, they can effectively balance the
performance limitations of single-component electrolytes,
thereby enhancing their application potential in SSBs. Among
them, polymer-inorganic composite SSEs are the most
common: inorganic electrolytes (such as garnet-type and
sulfide-type) usually provide high ionic conductivity and excel-
lent mechanical strength, while flexible polymer electrolytes are
beneficial for achieving good interfacial contact with electrodes.
In recent years, due to their significant advantages, composite
SSEs have become one of the important directions in the
development of new electrolytes, and research has achieved
certain outcomes."****°

In terms of interface optimization and performance
improvement, Huo et al*' constructed a flexible interface
between the Si anode and composite solid polymer electrolytes
(SPEs). The SPEs are composed of poly propylene carbonate
(PPCs) and Lig4LasZry 4Ta 01, (LLZTO), with an ionic
conductivity of 4.2 x 107" S em™ " at room temperature. The Si/
SPE/Li battery assembled based on this exhibits excellent
cycling stability: at a current density of 0.1C, the initial specific
capacity is as high as 2675 mAh g%, and the capacity retention
rate reaches 86.1% after 200 cycles. This performance is
significantly better than that of the Si/LLZTO/Li battery (the
capacity retention rate is only 49.1% after 200 cycles, and the
coulombic efficiency is as low as 85.0%). The flexible interface
between the Si anode and SPEs can effectively alleviate the
interfacial stress caused by the volume change of the Si anode.

In terms of structural design and high-rate performance,
Zhang et al.*** designed a high-capacity SSB. Its composite SSEs
PPG is composed of polyethylene oxide (PEO), LigsLasZry 5
Tay 01, (garnet), and polyvinylidene fluoride (PVDF) fibers
(Fig. 16a). Fig. 16b shows the internal structure of the battery

v Maximized interfacial contact
\ Continuous Li* transport
v Excellent mechanical properties

v Suppresses Si expansion
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Fig. 15

(a) Schematic diagram of the Li|SHDSE|Si-SHDSE battery; (b) cycling performance curves of the SHDSE-based Si|LiCoO, pouch cell

under harsh operating conditions of high temperature and continuous damage.
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(a) Schematic illustration of the LFP|PPG|Si@MOF SSB configuration; (b) internal structure of the PPG layer after focused ion beam (FIB)

cutting. Electrochemical performance of the Si@MOF|PPG|LFP full cell at various current densities: (c) discharge capacity, (d) voltage profiles, (e)

cycling performance of the Si@MOF|PPGILFP cell at 0.5C.

revealed by vertical cutting with a focused ion beam (FIB). The
circular regions formed by PVDF fibers enhance the mechanical
properties of PPG, while the dispersed nano-garnet particles
significantly improve the ionic conductivity and facilitate the
rapid transport of Li" ions. The full cell composed of PPG and
silicon-based anode exhibits excellent electrochemical perfor-
mance. Fig. 16c and d show that at a high rate of 1.0C, the
Si@MOF full cell can still provide a capacity of 108 mAh g7,
indicating good rate capability, and achieves an excellent
capacity retention rate of 73.1% after 500 cycles (Fig. 16e). This
demonstrates the effectiveness of the battery design strategy
based on PPG electrolyte and silicon-based anode in achieving
long-term cycling stability.

5.5 Analysis and comparison of solid-state electrolytes

Based on the above, the compatibility of different SSEs with
silicon-based anodes is evaluated from three aspects: mechan-
ical strength (to suppress Si volume expansion), interfacial
stability (to reduce contact failure), and ionic conductivity (to
compensate for the low intrinsic conductivity of Si). The specific
analysis is as follows:

5.5.1 Oxide SSEs. Oxide SSEs exhibit moderate
conductivity and ultrahigh mechanical strength. For instance,
perovskite-type Li,La,sTiO; has a Young's modulus of 72-
148 GPa (increasing significantly with Li,O content), which can
effectively constrain the volume expansion of Si particles and
reduce electrode cracking and pulverization.**® Oxide SSEs are
suitable for scenarios requiring high long-term cycling stability
(for example, grid energy storage). However, they are extremely
brittle and have poor interface contact with Si. Moreover,
materials like Li;La;Zr,0;, (LLZO) tend to form impurities such
as Li,CO; when exposed to air, leading to a sharp increase in
interfacial resistance.” The compatibility with silicon-based
anodes can be improved by interfacial modification (for

ionic
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example, Li-Na eutectic alloy), which reduces the impedance
from 572 Q cm? to 19 Q cm? (at 60 °C).*

5.5.2 Sulfide SSEs. Sulfide SSEs offer the highest ionic
conductivity (LGPS, 107> S cm ') and moderate mechanical
toughness (Young's modulus of 18-25 GPa for Li,S-P,Ss glass
electrolytes), enabling them to adapt to the volume change of Si
through elastic deformation. This property, combined with low
interfacial resistance, results in high compatibility with silicon-
based anodes.'”® For example, the combination of uSi/SWCNT
with LPSCI delivers a capacity of 2974 mAh g~ ' at 0.1C and
maintains stability over 400 cycles, making it suitable for high-
power scenarios (for example, electric vehicle fast charging).®®
Nevertheless, these electrolytes are sensitive to moisture and
undergo slight side reactions with Si, requiring strict humidity
control during preparation, which limits their practicality.

5.5.3 Polymer SSEs. The ionic conductivity of polymer SSEs
is temperature-dependent (reaching 10™* S cm ™" at 60 °C), with
poor ionic conductivity at low temperatures. They also exhibit
low mechanical strength (Young's modulus of 1.5 GPa for EP/
GF-CPE), making it difficult to suppress lithium dendrite
growth (which requires an elastic modulus >9 GPa).**”'®
Nevertheless, electrolytes such as PEO, polyacrylonitrile (PAN),
and PPC possess relatively low interfacial resistance and flexi-
bility, ensuring good interfacial contact with silicon and miti-
gating the impact of volume changes caused by Si."** Self-
healing polymers (for example, SHDSE) further enhance
adaptability to silicon deformation, maintaining stable contact
even under continuous mechanical damage, making them
suitable for flexible, low-rate electronic devices.**

5.5.4 Composite SSEs. Composite SSEs exhibit moderate
ionic conductivity and mechanical strength (Young's modulus
of 15 GPa for CSSE), and can be compatible with various Si
structures (nanowires, porous structures, nanospheres).'*® The
resistance can be reduced by designing composite electrolytes,
and inorganic fillers (for example, LLZO) can be added to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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improve ionic conductivity and chemical stability."** However,
the complex preparation process and high cost of composite
SSEs limit their large-scale application, although they are suit-
able for scenarios demanding both energy density and power
density.

6 Summary and outlook

Silicon-based materials are regarded as ideal candidates for
fabricating high-energy-density and high-safety SSBs, owing to
their superior properties such as a high theoretical capacity
(4200 mAh g~ %), a low lithium insertion potential (0.4 V vs. Li’/
Li), and abundant natural reserves (accounting for 27.7% of the
Earth's crust). In this work, the challenges faced by silicon-
based anodes and the unique opportunities existing in the
SSE system are reviewed. Furthermore, aiming at the issues of
silicon-based materials including volume change, SEI prob-
lems, kinetic sluggishness, and interfacial impedance, the
proposed multi-level optimization strategies are as follows:

6.1 Intrinsic material modification (alloying and nano-
structuring)

Alloying, through the formation of alloys with metallic
elements, can effectively enhance the electrical conductivity of
silicon-based materials and improve their mechanical stability.
However, alloying elements may reduce the material capacity,
and their long-term cycling stability still needs further verifi-
cation. Nano-structuring, via size regulation and structural
design, can effectively alleviate the volume effect of silicon-
based materials, shorten ion diffusion paths, and increase
reactive active sites. Nevertheless, the large specific surface area
of nanomaterials will aggravate interfacial side reactions, and
their high cost is unfavorable for commercialization.

6.2 Composite structure design

Compositing Si with carbon materials or other functional
materials can suppress the volume change of Si, construct
conductive networks to enhance electrical conductivity, and
improve cycling life. However, the Si content in composite
materials is limited, which affects the overall capacity and
volumetric energy density, and the interface engineering is
complex.

6.3 Electrode structure optimization (binders and current
collectors)

New binders can effectively maintain the structural integrity of
electrodes and improve ionic stability. However, some binders
have insufficient ionic conductivity, and adding an appropriate
amount of binders can avoid the reduction of energy density.
Ideal current collectors can effectively inhibit lithium dendrite
growth and improve electrical contact. However, complex
current collector structures will increase costs and process
difficulties.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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6.4 Electrolyte matching optimization

Oxide SSEs exhibit high mechanical strength and chemical
stability but suffer from high interfacial resistance. Sulfide SSEs
possess high ionic conductivity and moderate toughness yet are
sensitive to moisture. Polymer SSEs feature excellent flexibility
and electrode contact, while their ionic conductivity and
mechanical strength are relatively low. In contrast, composite
SSEs can be tailored through rational design to suit diverse
application scenarios.

In summary, sulfide SSEs are considered the most suitable
choice for matching with silicon-based materials due to their
high ionic conductivity, moderate mechanical strength, and
excellent interfacial stability.

Beyond the aforementioned strategies, future research
should focus on the following directions. Design multifunc-
tional coatings with dynamic adaptive capabilities (such as
metals, metal oxides, or carbon materials) to inhibit side reac-
tions between Si and electrolytes, promote Li" conduction, and
adapt to the continuous volume changes of Si during cycling.
Develop new types of SSEs with high ionic conductivity, good
interfacial compatibility, and high mechanical strength, while
improving their air stability to reduce manufacturing costs. In
addition, pre-lithiation technologies and interfacial engi-
neering methods used for silicon-based anodes in LIBs can be
adopted to address the low ICE and interfacial side reactions in
SSBs, thereby enhancing the cycle life of SSBs. Despite the fact
that the application of silicon-based materials in SSBs still
confronts challenges such as high material preparation costs,
difficulties in regulating interfacial impedance, and immature
large-scale production processes, the utilization of silicon-
based materials in SSBs remains a crucial direction for future
development. It is anticipated that this work will provide new
insights into the future research and application of silicon-
based anodes.
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