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Abstract: In response to the increasing global demand for clean energy, lithium-ion batteries have been
widely applied as one of the most efficient energy storage systems. Among various anode materials,
silicon has attracted considerable attention due to its extremely high theoretical capacity. Nevertheless,
its practical application is limited by severe volume expansion during the charge-discharge process, poor
intrinsic electrical conductivity, and the instability of the solid electrolyte interphase. To overcome these
issues, various compositing strategies have been developed. In these approaches, silicon is combined
with conductive matrices, structural frameworks, or polymeric binders. These components help to
improve mechanical robustness, enhance electrical conductivity, and stabilize the electrode interface.
Therefore, a large number of studies have focused on the design and synthesis of silicon-based composite
anode materials. This review summarizes recent developments in this field, with an emphasis on four
major types of composites: Si-C, Si-metal, Si-metal oxide, and Si-polymer systems. The structural
characteristics, functional roles, and electrochemical properties of each type are discussed in detail. In
addition, this work also provides insights into future research directions and practical challenges of
silicon-based anodes in advanced lithium-ion batteries.
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1. Introduction

With the continuous development of society and the growing global population, energy demand in
various countries has increased significantly [1]However, the excessive exploitation of conventional
energy sources has not only exacerbated resource depletion but also caused severe environmental
pollution and increased global greenhouse gas emissions [2,3]. Therefore, it is urgent to develop clean
and renewable energy sources as alternatives to traditional fossil fuels [4]. Renewable energy sources
such as solar, wind, nuclear, and tidal power are widely regarded as promising [5], but due to their
unstable nature, it is necessary to employ efficient and high-capacity energy storage systems to store the
generated energy. Among various energy storage technologies, secondary batteries have attracted
extensive attention due to their high energy conversion efficiency and operational flexibility [6,7]. As a
representative type of secondary battery, lithium-ion batteries(LIBs) have been widely applied in portable
electronics, electric vehicles, and aerospace owing to their high energy density, low self-discharge rate,
long cycle life, and minimal memory effect[8,9]. LIBs are mainly composed of four key components:
cathode, anode, separator, and electrolyte. Among these components, the performance of the anode
material plays a crucial role in the overall electrochemical performance of the battery. Currently, graphite
remains the most mature and widely used anode material, with a theoretical capacity of only 372 mAh g’
I. To enhance the energy density of batteries, researchers are actively exploring novel anode materials
with higher theoretical specific capacity, longer cycle life, better safety, and lower production costs [10].
Compared with the intercalation mechanism of graphite, lithium alloying reactions involving metals or
metalloids such as Si, Pb, Ga, Sn, Ge, and Mg offer an effective approach to achieving higher
capacitie[11-14].

Silicon (Si), with its exceptionally high theoretical specific capacity (~4200 mAh g!), low working
potential (~0.4 V vs. Li/Li"), and abundant presence in the Earth’s crust, is considered one of the most
promising anode materials for LIBs, and has attracted extensive research interests [15]. However, despite
these advantages, Si still faces significant challenges in practical applications. Firstly, as a semiconductor,
Si has intrinsically low electrical conductivity, which limits its electronic transport efficiency within the
electrode. More critically, during the lithiation/delithiation process, Si undergoes substantial volume
changes of up to 300-400[16,17]. This causes severe expansion and contraction, often leading to the loss
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of contact between Si particles and the conductive network, resulting in rapid capacity fade and poor
cycling stability [18]. Additionally, significant irreversible capacity loss is observed in the initial cycles
[19]. The repeated fracture of the solid electrolyte interphase (SEI) due to volume changes exposes fresh
Si surfaces to the electrolyte. This exposure causes continuous side reactions that further deteriorate
capacity. As a result, irreversible capacity accumulation increases during cycling [20,21].

Therefore, effectively mitigating the volume expansion of Si during charge/discharge cycles is
essential for enhancing its electrochemical performance and cycling stability. To address the volume
change issue, a variety of strategies have been proposed, which can be classified into three categories:
(1) Nanostructuring, where Si is designed at the nanoscale, such as nanoparticles, nanowires, nanotubes,
thin films, and porous structures. They provide buffer space for expansion, reduce stress concentration,
and mitigate particle pulverization, thereby improving cycling performance [21,22]; (2) Compositing Si
with other materials through structural design and interfacial engineering to enhance the mechanical
stability and electrical conductivity of electrodes [23-30]; (3) Using high-performance binders and
electrolyte additives to maintain electrode structural integrity and SEI layer stability [31,32].

Among these strategies, compositing is considered one of the most promising approaches. This is due
to its multiple advantages, including enhancing conductivity, alleviating volume expansion, and
facilitating stable SEI formation. Additionally, compositing offers cost-effectiveness and design
flexibility. Based on the type of composite components, Si-based composite materials can be categorized
into the following types: (1) Si/C composites, including coated structures (core-shell, fibrous), embedded
structures (e.g., graphene), and dispersed structures (e.g., pitch, organic polymers) [23-26]; (2) Si/metal
composites, where Si is combined with conductive metals such as Ag, Cu, and Fe to enhance overall
electrical conductivity and structural stability [27]; (3) Si/metal oxide composites, such as Al,O3, which
can serve as buffer layers to suppress volume expansion [28]; (4) Si/polymer composites can improve
the overall performance of LIBs by enhancing conductivity, alleviating volume expansion, improving
cycling stability, and increasing flexibility[29,30].

This review aims to systematically summarize recent studies on composite strategies of Si anodes.
We will discuss various composite strategies in terms of design principles, electrochemical performance,
and practical application potential. Figure 1 illustrates representative composite modification strategies
for silicon-based anodes, categorized into four major types: Si-C composites, Si-metal composites, Si-
metal oxide composites, and Si-polymer composites. Each part highlights typical nanostructures and
material designs, such as core-shell architectures, porous frameworks, and hybrid interfaces that aim to
mitigate the volume expansion of silicon and enhance its electrochemical performance. Detailed
discussions of these strategies and their structural and functional advantages will be presented in the
following sections.
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Figure 1: Schematic illustration of typical composite modification strategies for silicon-based anode
materials.

pSi-aTiO, SI@ALLO;

Published by Francis Academic Press, UK
2-



Academic Journal of Materials & Chemistry

ISSN 2616-5880 Vol. 6, Issue 3: 1-18, DOI: 10.25236/AJMC.2025.060301

2. Si-C Composite Modification Strategy

The composite of Si and C materials is an effective strategy for modifying silicon anodes, prepared
through chemical methods based on silicon sources and various carbon materials, forming a composite
structure with synergistic effects[33]. This composite material achieves a close integration of silicon and
carbon at the micro or nanoscale, combining the excellent electronic conductivity and stability of carbon
with the high specific capacity of silicon. This method not only increases the conductivity from 107
S/cm to 107 S/cm, but also effectively alleviates the impact of the inherent volume changes of silicon
on cycling performance[34,35]. Si-C composites effectively address issues such as volume expansion,
poor conductivity, and interface stability in lithium-ion battery silicon anodes. Typically, in Si-C
composite materials for LIBs, carbon is introduced in the following forms: Graphite-like carbon (such as
natural or artificial graphite) as a substrate or coating layer, providing conductivity and buffering volume
changes[36,37]; Amorphous carbon (such as hard carbon, soft carbon) forms porous structures or serves
as a coating layer by pyrolyzing organic materials, alleviating the volume expansion of silicon[38—40];
Nanocarbon materials (such as carbon nanotubes, graphene) build a three-dimensional conductive
network with their high conductivity and mechanical flexibility, enhancing the structural stability of the
material[41,42].

These composite strategies significantly enhance the cycling performance and rate capability of the
silicon anode through synergistic effects. Core-shell structures or yolk-shell structures can be formed by
coating silicon with carbon. These structures reduce direct contact between silicon and the electrolyte.
As aresult, they help suppress side reactions. They also prevent the repeated cracking and reconstruction
of the SEI film. This reduces irreversible capacity loss and improves Coulombic efficiency[43,44]. The
porous carbon structure provides fast lithium-ion transport channels, thereby overcoming the inherent
conductivity deficiencies of silicon. It also dynamically adapts to the volume changes of silicon during
charge and discharge through physical constraints and elastic deformation, which alleviates up to 300%
volume expansion during lithiation/delithiation and suppresses particle fragmentation and electrode
structure collapse [45,46]. Nanometer-scale carbon-silicon composite materials disperse local stress
concentration, maintaining electrode integrity and reducing the detachment of active materials. The
three-dimensional continuous conductive network constructed by highly conductive carbon
nanomaterials (such as graphene, carbon nanotubes) not only reduces the contact resistance between
silicon particles, facilitating electron transport, but also accelerates lithium-ion diffusion dynamics,
significantly improving rate performance and extending cycle life[47—49].
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Figure 2: (a)-(i)

(a) One-Pot Synthesized Biomass C-Si Nanocomposites as an Anodic Material for High-
Performance Sodium-Ion Battery[50]; (b) Nanofiber-in-Microfiber Carbon/Silicon Composite Anode
with High Silicon Content for LIBs[25]; (c) Scalable Synthesis of Micrometer-Sized Porous
Silicon/Carbon Composites for High-Stability Lithium-Ion Battery Anodes[51]; (d) Durable Flexible
Dual-Layer and Free-Standing Silicon/Carbon Composite Anode for LIBs[52]; (¢) An Innovative
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Strategy for Constructing Multicore Yolk-Shell Si/C Anodes for LIBs[53]; (f) Pitch-Derived C Coated
Three-Dimensional CNTs/Reduced Graphene Oxide Microsphere Encapsulating Si Nanoparticles as
Anodes for LIBs[54]; (g) Scalable Synthesis of Interconnected Porous Silicon/Carbon Composites by
the Rochow Reaction as High-Performance Anodes of LIBs[55]; (h) Hierarchical Yolk-Shell
Silicon/Carbon Anode Materials Enhanced by Vertical Graphene Sheets for Commercial Lithium-Ion
Battery Applications[56]; (i) Innovative Design of Silicon-Core Mesoporous Carbon Composite for High
Performance Anode Material in Advanced LIBs[57].

In recent years, to mitigate critical challenges such as volume expansion and insufficient electrical
conductivity of silicon-based anode materials during cycling, researchers have developed various
structural designs of Si/C composites, resulting in significant performance improvements. For instance,
a one-pot magnesiothermic reduction strategy using rice husk ash as the precursor was employed to
construct a C-Si nanocomposite structure (Figure 2a) [50], where ultrasmall Si nanoparticles are densely
encapsulated by highly conductive carbon nanosheets, delivering an impressive capacity retention of
98%after 100 cycles at 200 mA/g, indicating excellent cycling stability. By integrating coaxial
electrospinning and carbonization, another type of nanofiber-microfiber composite was developed
(Figure 2b) [25], in which the 3D conductive network and mesoporous buffer space effectively mitigate
the volume variation and internal stress of silicon, resulting in approximately 90% capacity retention
between the 50th and 250th cycles at a silicon content of 40%.

Furthermore, the M-pSi@C composite synthesized via spray drying and magnesiothermic reduction
(Figure 2c) [51] features abundant porosity and interconnected channels, and exhibits outstanding rate
capability and cycling stability under the synergistic effect of carbon coating, maintaining a capacity of
1702 mAh/g after 250 cycles at 1 A/g. In terms of flexible structures, microelectronic printing technology
was utilized to fabricate a Si/C composite with a layered slit architecture (Figure 2d) [52], which can
effectively accommodate the volume expansion of silicon during lithiation, preventing electrode structure
degradation, with a capacity retention of 81.8% after 100 cycles and excellent rate performance at 1 A/g.

In addition, a yolk-shell Si/C composite constructed via spray drying and in-situ growth of MOF-
derived carbon shells (Figure 2¢) [53] eliminates the need for a sacrificial template and forms a hollow
cavity and stable SEI film, significantly enhancing structural integrity and conductivity during cycling,
achieving a reversible capacity of 1054.5 mAh/g after 100 cycles. To further enhance electron transport
efficiency, Si/C composite microspheres were proposed, comprising a 3D conductive network of 1D
CNTs, 2D rGO, and amorphous carbon, further coated with pitch-derived carbon (PDC) (Figure 2f) [54].
This structure delivered initial charge/discharge capacities of 3814/2791 mAh/g with a Coulombic
efficiency of 73.2%, while also facilitating electrochemical reaction kinetics.

Regarding interfacial structure optimization, a porous Si/C composite fabricated by tuning Rochow
reaction conditions (Figure 2g) [55]forms interfacial voids between Si and carbon coating that
accommodate volume changes during lithiation/delithiation, thereby enhancing cycling stability. On the
other hand, the VGSs-YS-Si/C composite synthesized by thermal chemical vapor deposition (Figure
2h)[56], supported by finite element simulations, shows that its graphene sheets effectively disperse
compressive stress, enhancing the mechanical integrity of the carbon shell and achieving a high capacity
retention of 80.1% after 1000 cycles at 1 C. Meanwhile, the hollow core-shell structured Si@Void@FC
composite (Figure 2i) [57], with a carbon shell serving as both buffer and barrier layer, accommodates
silicon expansion and reduces electrolyte contact, achieving a capacity of 838 mAh/g and 74% retention
after 500 cycles.

These Si/C composites, through systematic structural, interfacial, and conductive network designs,
not only alleviate the volume expansion issue but also significantly enhance electrical conductivity and
SEI film stability. Diverse structural strategies—including core-shell, yolk-shell, 3D conductive
networks, and porous flexible scaffolds—exhibit synergistic enhancements in cycle life and rate
capability, offering essential technological pathways and theoretical foundations for developing high-
energy-density, long-life, and scalable silicon-based anodes.

3. Si-Metal Composite Modification Strategy

The combination of silicon with metals (M) represents a significant strategy for anode modification.
This composite is typically synthesized via physical methods or chemical approaches, resulting in the
formation of binary or ternary metal silicides with the general formula MxSiy. Compared to pure silicon,
these metal silicides offer enhanced structural support, thereby improving the structural stability of the
electrode material. They can also synergize with silicon through reversible electrochemical reactions,
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effectively mitigating issues such as volumetric expansion and poor electrical conductivity[58,59].

In LIBs anode materials, metals can be classified based on whether they form compounds with lithium
atoms, and are categorized as active metals (Ma) and inactive metals (Mi). Active metals include
elements such as Mg[60], Ge[61,62], Ca[63], Ag[64], Sn[65,66], and Al[67—69], whereas Ni[70,71],
Fe[72-74], Cu[75,76], and Ti[51,77-79]are considered inactive metals[80]. In Si-Ma composite systems,
both silicon and active metals can participate in electrochemical reactions with lithium ions, thereby
significantly enhancing the specific capacity of the battery. Because the formation potentials of different
lithiated phases vary, volumetric expansion does not occur simultaneously, enabling a stepwise release
of mechanical stress. One component often acts as a buffering matrix for the other, forming Li-Si alloys
and a secondary lithiated product during charge-discharge cycles. This secondary phase typically exists
in the form of pure metal or metal compounds, which helps to mitigate the volumetric expansion during
lithiation[60—69,81-83]. In contrast, in Si-Mi composite systems, the inactive metal does not react with
lithium itself, but merely serves as a structural support framework. It provides buffering and conductive
pathways for silicon without directly participating in the lithiation process[70—80,84].
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(a) Electrochemically Converting Micro-Sized Industrial Si/FeSi> to Nano Si/FeSi for the High-
Performance Lithium-Ion Battery Anode[85]; (b) Scalable Interlayer Nanostructure Design for High-
Rate (10C) Submicron Silicon-Film Electrode by Incorporating Silver Nanoparticles[86]; (c)
Morphology- and Porosity-Tunable Synthesis of 3D-Nanoporous SiGe Alloy as High-Performance
Lithium-Ion Battery Anode[87]; (d) Single-Step Fabrication of Fibrous Si/Sn Composite Nanowire
Anodes by High-Pressure He Plasma Sputtering for High-Capacity Li-lon Batteries[88]; (e) Ultrathin
Silicon Nanolayer Implanted NixSi/Ni Nanoparticles as Superlong-Cycle Lithium-lon Anode
Material[89]; (f) Crystalline Cu-Silicide Stabilizes the Performance of a High Capacity Si-Based Li-Ion
Battery Anode[90]; (g) Constructing Cycle-Stable Si/TiSi Composites as Anode Materials for LIBs
Through Direct Utilization of Low-Purity Si and Ti-Bearing Blast Furnace Slag[91]; (h) Micron-Sized
Fe—Cu—Si Ternary Composite Anodes for High Energy Li-Ion Batteries[92]; (i) High Capacity Retention
Si/Silicide Nanocomposite Anode Materials Fabricated by High-Energy Mechanical Milling for
Lithium-Ion Rechargeable Batteries[93].

In recent years, researchers have designed a series of innovative silicon/metal composite materials
through various synthesis methods such as radio frequency magnetron sputtering, dealloying, high-
energy ball milling, and electrochemical dealloying, which have demonstrated excellent performance in
structural optimization, volume expansion mitigation, and conductivity enhancement.

Ma et al. used a self-driven alloying-electrochemical dealloying method to prepare nano-Si/FeSi (n-
Si/FeSi). As shown in Figure 3(a) [85], bulk ferrosilicon alloy (b-Si/FeSi») is first mixed with Mg powder
and placed in an MNK molten salt (MgCl, + NaCl + KCl) to form a galvanic cell at 500°C, which allows
Mg to extract some Si from FeSi, to form FeSi/Mg,Si alloy. The resulting alloy is then electrochemically
treated in the molten salt system to selectively remove Mg from the alloy, ultimately obtaining n-Si/FeSi.
Similarly, in a study where Si/AgNPs/Si multilayer thin film electrodes were prepared by RF magnetron
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sputtering and thermal evaporation methods (Figure 3b) [86], the introduction of silver nanoparticles
effectively suppressed the volume expansion and crack formation of silicon, significantly enhancing the
material's capacity, reaching 1250 mAh/g at a 10C rate, three times that of pure silicon material, and
showing good capacity retention. The success of this design indicates that appropriate nanoparticle filling
can significantly improve the electrochemical performance of silicon-based anode materials.

Similarly, the three-dimensional nanoporous SiGe alloy prepared by dealloying (Figure 3c) [87] also
demonstrates its excellent electrochemical properties. The excellent electronic conductivity and fast
lithium-ion migration properties of germanium have significantly improved the material's rate
performance and cycling stability. Its three-dimensional nanostructure not only effectively
accommodates volume changes but also accelerates Li" transport, further enhancing the material's
electrochemical performance. Additionally, the Si/Sn nanowire composite material (Figure 3d) [88]
prepared by helium plasma sputtering showed no significant pulverization even after 100 cycles, despite
an increase in the diameter of the silicon nanowires. This indicates that the design of one-dimensional
nanowires can effectively alleviate physical strain and improve cycling stability, thus maintaining the
material's good performance. The results of this study further demonstrate the importance of structural
design in enhancing battery stability.

Another study prepared Ni,Si nanoparticles with a nickel core (Figure 3e) [89] through high-energy
ball milling and annealing processes. The gradient distribution structure of this material not only
enhanced the electrode's conductivity but also provided mechanical support during the
lithiation/delithiation process, ensuring that the material maintained a high capacity after 5000 cycles.
This indicates that the introduction of the nickel core plays a key role in maintaining the structural
stability of the composite material. The nanoporour Si/Cug 33Sio.17/Cu composite material (Figure 3f) [90],
prepared using a ternary Cu-Si-Al alloy as the precursor and a sulfur-assisted dealloying process, showed
almost no visible degradation during lithiation and exhibited excellent volume expansion mitigation. This
innovative structural design effectively improved the material's stability and electrochemical
performance. Similarly, the Si/TiSi, composite material (Figure 3g) [91], prepared using a combination
of induction melting and mechanical ball milling, exhibited excellent electrochemical performance at
high current densities, particularly demonstrating its potential in resource recycling during the use of
low-purity Si and metallurgical waste recovery.

Furthermore, the Fe-Cu-Si ternary composite material (Figure 3h) [92], with its unique porous dual-
phase structure, shows significant advantages in mitigating silicon volume expansion and enhancing
conductivity. Through spray drying and thermal treatment, this material exhibited high initial Coulombic
efficiency and specific capacity during cycling, proving its great potential for practical applications.
Finally, the SigoFeisCrs composite material (Figure 3i) [93] synthesized by high-energy mechanical
milling showed excellent stability during long-term cycling, further confirming the broad application
prospects of silicon-based composite materials in battery technology.

4. Si-Metal Oxide Composite Modification Strategy

Silicon/metal oxide (Si/MO) composites are typically synthesized by combining metal oxides with
silicon via methods such as sol-gel processing or combustion reactions. Unlike silicon/metal composites,
Si/MO composites often exhibit a core-shell structure, where the metal oxide generally serves as a robust
coating material, similar in concept to silicon/carbon core-shell structures[94,95]. This architecture
effectively mitigates the volume expansion of silicon during lithiation/delithiation, enhances the stability
of the SEI, and reduces undesirable side reactions between silicon and the electrolyte[96-99].

Commonly used metal oxides include TiO,[100,101], ALOs[28], ZnO[102,103], SnO,[104],
CuO[105], Fe203[106], Nb2Os[107], Co304[108], W13049[109], and MoO;[110]. These oxides are mostly
derived from transition metals, though some are from main-group elements. Metal oxides are typically
coated onto the surface of silicon particles. The outer oxide layer, with its insulating nature and high
dielectric constant, can function as an artificial SEI layer. This coating structure effectively suppresses
the volumetric changes of silicon during lithium insertion/extraction. Moreover, metal oxide coatings
exhibit excellent corrosion resistance, which helps prevent electrolyte-induced degradation of silicon
particles. They also inhibit excessive SEI formation and stabilize interfacial reactions, thereby enhancing
the structural integrity and cycling stability of the Si/MO composite anode materials[59,111-113].
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(a) Interfacial Stabilizing Effect of ZnO on Si Anodes for Lithium-Ion Battery[103]; (b) Conversion
Reaction of Nanoporous ZnO for Stable Electrochemical Cycling of Binderless Si Microparticle
Composite Anode[102]; (c) Porous Si/Fe:Os Dual Network Anode for Lithium-Ion Battery
Application[114]; (d) An Al>Os Coating Layer on Mesoporous Si Nanospheres for Stable SEI and High-
Rate Capacity for LIBs[115]; (e) Hierarchical Nano-Branched c-Si/SnO. Nanowires for High Areal
Capacity and Stable Lithium-Ion Battery[116]; (f) Novel Synthesis of Porous Si-TiO. Composite as a
High-Capacity Anode Material for Li Secondary Batteries[117]; (g) Self-Healing SEI Enables Full-Cell
Cycling of a Silicon-Majority Anode with a Coulombic Efficiency Exceeding 99.9%[118]; (h)
Amorphous TiO: Shells: A Vital Elastic Buffering Layer on Silicon Nanoparticles for High-Performance
and Safe Lithium Storage[119]; (i) Silicon-Based Self-Assemblies for High Volumetric Capacity Li-lon
Batteries via Effective Stress Management[120].

Zinc oxide (ZnO) coatings play an important role in enhancing the mechanical stability and
electrochemical performance of silicon-based anodes. By depositing ZnO protective coatings on the
surface of silicon nanoparticles, researchers found that the voltage curve showed no significant changes
after 160 charge-discharge cycles, demonstrating good cycling stability. Even after 260 cycles, the
reversible capacity could still maintain 1500 mAh-g™ (Figure 4a) [103]. ZnO was coated on silicon
microparticle electrodes using a simple and scalable combustion reaction method. The electrode material
generated by this method converts ZnO into a Li-O matrix containing conductive Zn nanoparticles during
charge and discharge processes, greatly accelerating electron transfer and preventing electrode
pulverization. Even after 210 cycles at a C/5 rate, the electrode capacity still remained at 1500 mAh-g™!
(Figure 4b) [102].

Another study prepared a porous Si/Fe:0s composite material using melt-spinning and ball milling
methods. The mesoporous structure of this material effectively accommodates the volume changes
during the lithiation/delithiation process, enhancing the diffusion rate of lithium ions and demonstrating
excellent electrochemical performance. At a current density of 200 mA-g™, after 100 cycles, the
material's reversible capacity still remained at 697.2 mAh-g ' (Figure 4c) [114]. The Si@AlOs
composite material prepared using aluminum nanospheres with a natural Al:Os layer as a template
exhibited excellent volume change mitigation and lithium ion transport efficiency. After 120 cycles, the
material's specific capacity reached 1750.2 mAh-g™, and after 500 cycles, it still maintained a high
capacity of 1001.7 mAh-g! (Figure 4d left) [115]. A hierarchical Si/SnO: nanowire structure was also
designed as an anode material for lithium-ion batteries. By using SnO: nanowires as a scaffold and Si
nanowires as a high-capacity lithium ion storage medium, this structure not only provides excellent
electrical contact but also facilitates rapid charge and discharge processes. After 100 cycles, the material
still maintained a capacity of 1200 mAh-g™ and exhibited good mechanical integrity, without the need
for conductive agents or binders (Figure 4e) [116].

Additionally, amorphous TiO-, as a coating material, played a protective role on the porous silicon
nanostructure. By controlling the size and ratio of the raw materials, a porous silicon structure with a
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TiO: coating was successfully synthesized, demonstrating an initial specific capacity of up to 3487
mAh-g! in electrochemical tests, and maintaining a capacity of 1965 mAh-g after 100 cycles (Figure
4f) [117]. A self-healing artificial solid electrolyte interface (aSEI) structure was designed, in which the
TiO- shell effectively encapsulated silicon particles, enabling them to accommodate volume expansion.
In the initial cycle, the electrode's Coulombic efficiency was 65.8%, and after 1500 cycles, the specific
capacity remained at 990 mAh-g' (Figure 4g) [118]. Finally, a sol-gel method was used to coat
amorphous TiO: on the surface of silicon particles, demonstrating good lithium ion conductivity and
safety. The material reached a specific capacity of 1720 mAh-g™ after 200 cycles at a current density of
420 mA-g', and still maintained a high capacity at higher rates (Figure 4h)[119]. The Si@TiO-@C
composite material, designed through multi-scale simulations, combines a TiO- layer and carbon filling,
effectively suppressing electrode cracking caused by volume changes while ensuring mechanical stability.
After 1000 cycles, the material still maintained a capacity of 842.6 mAh-g!, demonstrating excellent
long-term stability (Figure 4i) [120].

These studies suggest that the incorporation of metal oxides (such as ZnO, TiO:) with silicon-based
materials can significantly improve the electrochemical performance, mechanical stability, and cycling
life of silicon anode materials, providing valuable experience and theoretical support for the design and
application of future silicon-based anode materials.

5. Si-Polymer Composite Modification Strategy

The combination of Si and polymers involves tightly integrating silicon materials with polymers via
methods such as in situ polymerization or sol-gel processing. This approach aims to construct a composite
system that offers both high specific capacity and excellent flexibility and conductivity, thereby
significantly enhancing the overall performance of silicon electrodes in lithium-ion batteries [121-123].
This composite strategy effectively mitigates several critical issues associated with silicon anodes during
cycling, including volume expansion, instability of the SEI, and poor electronic conductivity [124-126].
Commonly studied conductive polymers include polyaniline (PANI) [127-129], polypyrrole (PPy)
[130,131], poly(3,4-ethylenedioxythiophene) (PEDOT) [132,133], and its derivative PEDOT:PSS
[134,135], which exhibit good electrical conductivity as well as excellent mechanical flexibility and film-
forming properties [136—138]. Conductive polymers possess desirable electrochemical properties,
tunable molecular structures, and outstanding mechanical compatibility; during charge-discharge cycles,
their functional groups can interact with the oxidized surface of silicon via strong hydrogen bonding,
forming a protective layer akin to an elastic coating. This structural design helps buffer the volume
changes induced by lithium insertion, reducing the risk of electrode pulverization and mechanical failure,
thereby maintaining electrode integrity and extending cycle life.

Furthermore, conductive polymers form a three-dimensional electron transport network among
silicon particles, offering continuous pathways for electron conduction and significantly enhancing the
electronic conductivity of the electrode material, thereby improving the rate performance of the battery.
Additionally, some polymers can function as binders, strengthening the adhesion between active
materials and the current collector, thus effectively preventing delamination of electrode materials during
repeated charge-discharge cycles [127-138].
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(a) Carbon-Free Silicon/Polyaniline Hybrid Anodes with 3D Conductive Structures for Superior
LIBs[139]; (b) Integrating SEI into Layered Conductive Polymer Coatings for Ultrastable Silicon
Anodes[140]; (c) A Free-Standing Polyaniline/Silicon Nanowire Forest as the Anode for LIBs[141]; (d)
Largely Improved Battery Performance Using a Microsized Silicon Skeleton Caged by Polypyrrole as
Anode[142]; (e) Interpenetrating Gels as Conducting/Adhering Matrices Enabling High-Performance
Silicon Anodes[143]; (f) Photo-Initiated in Situ Synthesis of Polypyrrole Fe-Coated Porous Silicon
Microspheres for High-Performance Lithium-lon Battery Anodes[144]; (g) Studies on the Preparation
and Electrochemical Performance of PSi@Poly(3, 4-Ethylenedioxythiophene) Composites as Anode
Materials for LIBs[145]; (h) Chemical Coupled PEDOT:PSS/Si Electrode: Suppressed Electrolyte
Consumption Enables Long-Term Stability[146]; (i) Enhanced Silicon Anodes with Robust SEI
Formation Enabled by Functional Conductive Binder[147].

In recent studies, typical conductive polymers have included PANI, PPy, and PEDOT. Through
methods such as in-situ polymerization, chemical cross-linking, and interface engineering, these
polymers can form flexible conductive networks on silicon surfaces, stabilize the SEI layer, and
significantly enhance both cycling and rate performance.

As a representative conjugated conductive polymer, PANI possesses highly tunable redox states and
strong interfacial adhesion, making it suitable for in-situ construction of both buffering and conductive
layers. In one study, a star-shaped PANI-based conductive binder was designed , where the three-
dimensional conjugated network enhanced structural flexibility and electronic conductivity, significantly
improving the cycling stability of the Si anode, with a capacity of 1776 mAh g™ retained after 100 cycles
[128]. To further enhance the coating effect, another study employed an oxalic acid-assisted strategy to
direct the polymerization of aniline on the surface of coral-like nano-silicon (Figure 5a) [139]. This
approach avoids the use of conventional conductive additives by forming a dense and uniform conductive
network, delivering a capacity of 610 mAh g" after 1000 cycles at 1C with an initial coulombic efficiency
of 85.9%, demonstrating excellent interfacial stability. Meanwhile, constructing structurally directed
layered coatings has also been proven to be an effective way to improve performance. For instance, Pan
et al. developed a layered conductive PANI (LCP) coating (Figure 5b) [140], using TMSPA cross-linkers
and tungstic acid to induce in-plane polymer alignment, which guided uniform SEI formation and
delivered excellent rate capability and cycle life under high areal capacity (~3 mAh cm™). In another
study, researchers applied a metal-assisted chemical etching (MACE) method to fabricate vertically
aligned silicon nanowire forests, followed by in-situ polymerization of PANI (Figure 5c) [141], enabling
high surface area electron pathways while maintaining structural integrity, with an areal capacity of
2.0 mAh cm2 retained after 346 cycles.

Compared to PANI, PPy offers higher intrinsic conductivity and chemical stability, making it widely
used for constructing flexible conductive networks or coatings. For example, one study reported the use
of'a TEOS sol—gel strategy to pre-form a mesoporous SiO: interlayer, followed by surface polymerization
of PPy to create a hollow “p-Si cage” structure (Figure 5d) [142], which provides buffering space while
ensuring both electron and ion pathways. This material exhibited a capacity retention of 83.8% after 400

Published by Francis Academic Press, UK
-9-



Academic Journal of Materials & Chemistry

ISSN 2616-5880 Vol. 6, Issue 3: 1-18, DOI: 10.25236/AJMC.2025.060301

cycles at 0.2C. In addition, PPy can also form interpenetrating network structures in conjunction with
polymer binders. By simultaneously initiating oxidative polymerization of PPy and crosslinking of PVA,
a uniformly distributed gel network was formed among Si particles (Figure 5e) [143], enhancing
mechanical toughness and mitigating particle detachment. This composite achieved a high capacity of
1834 mAh g! with stable cycling at 0.5A g™'. Notably, light-induced in-situ polymerization offers a novel
route for constructing conductive polymer coatings. By exploiting the photo-generated hole effect of Si,
an in-situ growth of PPy-Fe coatings was induced, forming yolk-shell PSi@PPy-Fe microspheres (Figure
5f) [144], which exhibited excellent rate performance and maintained a capacity of 1853.7 mAh g after
200 cycles.

PEDOT exhibits excellent film-forming ability and environmental stability, and is commonly
employed to enhance the overall electronic conductivity of electrodes. Using in-situ polymerization, a
dense and uniform PEDOT coating can be formed on porous silicon (PSi) surfaces (Figure 5g) [145],
effectively reducing irreversible capacity loss caused by SEI layer formation. At 0.5A g™!, the fabricated
electrode retained 70.3% of its capacity after 200 cycles. To further strengthen interfacial bonding, GOPS
silane crosslinkers were introduced to bind PEDOT:PSS to the Si surface, forming a three-dimensional
elastic conductive network (Figure 5h) [146]. This method significantly improved the structural integrity
and cycling stability of the electrode, with a capacity of 1957.6 mAh g™ retained after 200 cycles.
Building on this, modulation of PEDOT:PSS conformations can impart self-healing capabilities to the
material. Chen et al. introduced a dual-modification system using citric acid (CA) and isopropanol (IPA)
to construct a self-healing three-dimensional conductive network (Figure 5i) [147], thereby greatly
enhancing the strain-relief ability of the electrode structure and achieving ~1000 mAh g capacity with
89% retention after 2000 cycles at 1A g

6. Summary and Outlook

Silicon-based anode materials are widely regarded as highly promising candidates for LIBs due to
their high theoretical specific capacity and low lithiation potential. However, silicon undergoes
significant volume expansion, resulting in electrode structural degradation and repeated
rupture/reformation of the SEI. This review systematically summarizes recent key advances in this field,
particularly focusing on composite strategies involving carbon materials, metals, metal oxides, and
polymers, with representative electrochemical performance parameters listed in Table 1. As shown in
Table 1, Si-C composites exhibit significant advantages in cycling stability and rate performance; Si-
metal composites demonstrate high initial coulombic efficiency and excellent cycle life; Si-metal oxide
composites typically deliver high specific capacities; and Si-conductive polymer composites show
favorable interfacial adaptability and flexible encapsulation effects.

Table 1: Summary of the Performance of Selected Composite-Modified Silicon-Based Anode Materials

for LIBs

Classification Materials Capacity Cycling stability Initial Coulomb Ref

(mAh-g'@ A-gh) (cycles@ A-g™") efficiency (%)
Si-C Si-C 941.1@0.1,421.6@1.0 769.8 (100@0.1) 79 [52]
Composite Si-C 2418@0.1,1257.4@2 734.8(400@1) 71.4 [53]
Modification | Si-CNT/rGO/AC@PDC 3814@0.1,617@2 947 (350@1) 73.2 [54]
Strategy pSi@void@NFC 3012.2@0.1,447.6 @12 866(1000@6) 86.9 [24]
Si@Void@FC 1138@0.5,787@2 838(500@0.5) 71. [57]
C@Si-GP(121) 1052.3@0.1,394.57@2 715.0(800@0.2) 87.24 [148]
Si@C@CNS 1110@1,283@10 682(500@1) 70 [35]
Si@C 3095.0@0.1,1382.4@5 934.5(300@3) 89.8 [149]
Si-Metal Si-Ge 1670@0.1C,613@10C 1180(400@0.2C) 74.7 [81]
Composite Si/TiSi, 1184.1@0.1,422.3@1.6 530(200@0.8) 95.6 [91]
Modification CusSi/Si 2530.7@0.2,776.1@1.6 1675.4(100@0.2) 88.94 [76]
Strategy n-Si/FeSi@C 1676@0.2,1199@?2 846.8(1500@2) 99.5 [85]
pSi/Ag 3677@0.1,1778@2 1930(50@]1) 89.09 [86]
Si-Ti 1532@0.1,500@3 1017(300@2) 94.8 [77]
Si1nGes 1558@1,577@8 1158(150@1) 75.6 [87]
Si/Sn 977@0.01 C 580(135@0.1C) >95 [88]
Si@NixSi/Ni 706.1 @0.5,472@?2 521.5(5000@0.5) 81.5 [89]
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Si/TiSi, 1936.1 @0.2 1133.8(200@0.2) 83.99 [78]
Si-Metal pSi-aTiO2 3800 @0.1 1965(100@0.5) 90.1 [117]
Oxide Si@a-TiO: 3061@0.42,128@8.4 ~1720(200@0.42) ~86.1 [119]
Composite Si/Fe-0s 3167.7@0.2,512.2@5 697.2 (100@0.2) 70.5 [114]
Modification np-ZnO/SiMP 3900@0.05C 1500(200@0.2C) 117 [102]
Strategy Si@TiO,@C ~823@6 842.6(1000@2) 80.9 [120]
Si@ALO; 3371.3 @0.5,416.2@20 1001.7(500@2) 73 [115]

Si/ZnO 2600@0.05C 1500(260@0.5C) 63 [103]

Si@TiO, 2374@0.05C,1070@0.5C | 990(1500@0.5C) 65.8 [118]

HN-Si@aTiO, 2804.6@1,749.2@4 524.6(500@5) 78.47 [100]

Si@Sn0, 3239@0.2,506@5 1000(200@2) 84.1 [112]

Si@TiO2 2399.9@0.2,815.0@3 1174.4(100@1) 73.3 [111]

Si-Polymer u-Si cage ~1980@0.2C,1161@1C 868(1500@2C) 78.2 [142]
Composite PSi@PPy-Fe 2447.1@0.1,1558.4@4 557.7(1000@8) 777 [144]
Modification Si@PPy 3692.3@0.1,1546.3@1 1047.0(500@1) 83.3 [131]
Strategy SiNPs-TMSPA-LCP 942@5 >1000(300@1) 76 [140]
Si@PEDOT, 2461.3 @0.1,1168@2 1266.1(100@1) 61.6 [132]

PSi@PEDOT 2553.5@0.5,313@4 878(200@0.5) 68.0 [145]

Si@PP@CA 2440@0.2 979(2000@1) 72.1 [147]

Si@PTh 2398.4,451.8@8 1130.5(1000@1) 65.3 [138]

Through compositing with different materials, silicon's volume change during charge/discharge can
be effectively mitigated, while electron/ion transport and the number of active sites are enhanced,
ultimately enabling higher energy density, faster charge/discharge rates, and longer cycle life for LIBs.
These advances have greatly expanded the research framework of silicon-based anodes and provided
new design concepts and material construction strategies for commercial application. Moreover, although
there remain considerable controversies and unresolved issues regarding the microscopic mechanisms of
silicon's volume effect and the evolution of the SEI during cycling, several studies have provided in-
depth clarification of key processes. In addition to improving capacity and cycle performance through
structural and material design, effectively suppressing the inhomogeneous growth of the SEI and
mechanical fracture of silicon particles remains a major challenge.

To further enhance the overall performance of silicon anodes, continued exploration of novel
multicomponent composite strategies and interface engineering approaches is needed. Such efforts will
facilitate the development of more stable structural systems and improve the overall reversibility and
structural integrity of the electrode. By integrating in situ characterization techniques (such as SEM,
XRD, Raman, and XPS) to investigate the evolution of electrode structure, electrode/electrolyte
interfacial reactions, and charge storage mechanisms, and combining these with theoretical simulations
to explore electron and ion transport in electrode materials, it is expected that these approaches will offer
essential theoretical guidance and practical direction for developing high-performance, low-cost, and
scalable silicon-based anode materials. Undoubtedly, this represents a highly promising direction for
future research.
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