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Abstract

Lithium-ion batteries (LIBs) have emerged as the predominant power source for portable and mobile
energy storage applications, owing to their well-balanced energy density, superior rate capability
and excellent cycling stability. However, the relatively low specific capacity of anode materials
remains a critical factor limiting further improvement in the energy density of LIBs. Compared with
carbon-based anode materials, silicon-based anode materials exhibit significant advantages,
including abundant natural reserves and ultrahigh theoretical specific capacity, making them the
most promising alternative to graphite anodes. Nevertheless, silicon-based anodes suffer from severe
volume expansion during lithiation/de-lithiation processes, as well as structural degradation caused
by dynamic cracking of the solid electrolyte interphase (SEI) layer. These issues lead to rapid capacity
decay and reduced coulombic efficiency, significantly hindering their industrial application. This
review systematically summarizes the failure mechanisms induced by volume expansion in silicon-
based anode materials and recent research advancements in multidimensional nanostructure
optimization and synergistic composite design strategies. Based on these research advances, a
comprehensive comparison is performed among different design and optimization strategies for
silicon-based anodes, along with prospective for future performance enhancement. The article
provides valuable insights that will facilitate the industrialization of silicon-based anode materials.

Keywords: lithium-ion batteries; silicon negative electrode; silicon-based expansion; anode materials
modification and optimization

1. Introduction

Lithium-ion batteries (LIBs) have attracted substantial attention due to their advantageous
characteristics, including high operating voltage, low self-discharge rate, stable discharge voltage
profile, high energy density, outstanding cycling performance, absence of memory effect, wide
operating temperature range and long service life [1]. LIBs are extensively applied in diverse fields
such as energy storage, electronic devices, electric vehicles, medical equipment, communications and
aerospace [2, 3]. In recent years, with the rapid development of the new energy vehicle and energy
storage industries, there is an increasing demand for the energy density of batteries. The energy
density of LIBs mainly depends on the electrode materials (cathode and anode) and electrolytes.
Selecting anode materials with high specific capacity is an important strategy to achieve the above-
mentioned goals. At present, graphite-dominated carbon-based materials serve as the mainstream
anode for commercial LIBs. Graphite has the characteristics of abundant reserves, low cost, high
electrical conductivity, which favor the intercalation and deintercalation of Li* ions as well as low
charge-discharge potential. These features make it an ideal anode material for lithium batteries,
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accounting for approximately 98% of the market share [4]. Currently, the specific capacity of
commercially available graphite materials has reached 360-365 mAh-g- (theoretical specific capacity,
372 mAh-g1). Consequently, LIBs employing graphite anodes exhibit minimal potential for further
energy density enhancement. Compared with graphite, silicon anodes exhibit exceptionally high
theoretical specific capacities of 4200 mAh-g' and 9786 mAh-cm= [5]. In addition, silicon exhibits a
low lithium (de)intercalation voltage plateau (0.2-0.5 V vs. Li*/Li) during cycling, enabling direct
compatibility with commercial cathode materials (e.g, LiCoO:, NCM/NCA) for full-cell
configuration [6-8]. The abundant natural reserves and low cost further establish silicon as one of the
most promising next-generation anode materials for LIBs [9]. However, due to the alloying reaction
for lithium storage, the silicon material undergoes significant volume expansion (up to 300%) during
lithiation, leading to the accumulation of internal stress within the material. During charge/discharge
cycles, this repeated volume variation causes pulverization of the active material and loss of
mechanical integrity in the electrode. It also induces interfacial contact failure between the electrode
and electrolyte, along with continuous reconstruction of the solid electrolyte interphase (SEI),
resulting in irreversible loss of active Li+ and rapid capacity degradation [10-14]. These issues lead to
a decline in the initial coulombic efficiency (ICE) and cycle life of silicon-based LIBs, severely
hindering their commercialization. To date, no commercially available silicon-based anode battery
has demonstrated exceptionally high performance [9].

This review focuses on the expansion-induced failure mechanisms of silicon-based anode
materials. Beginning with an introduction to the working principles of silicon-based LIBs, an in-depth
analysis of the expansion mechanisms and associated detrimental effects are provided. Furthermore,
recent modification strategies including nanostructured silicon design, silicon-oxygen (SiOx)
composites and silicon-carbon hybrid materials are comprehensively reviewed. Finally, the future
development trends and potential applications of silicon-based anodes are discussed.

2. Mechanism of Expansion-Induced Failure in Silicon-Based Anode Materials

The structure of LIBs is generally divided into six components: cathode, anode, SEI, electrolyte,
separator and current collector. The cathode typically employs lithium-rich compounds, such as
lithium transition metal oxides, including layered metal oxides (e.g., lithium cobalt oxide, lithium
nickel oxide, lithium manganese oxide, as well as lithium nickel cobalt manganese oxide and lithium
nickel cobalt aluminum oxide) [15, 16], spinel-type oxides (e.g., lithium nickel manganese oxide) [17,
18] and polyanion-type oxides with sulfates, phosphates and silicates (e.g., lithium iron phosphate)
[19-21]. Based on the binding mechanism between the anode material and lithium ions, the lithium
storage mechanisms of anode materials can be classified into three types: intercalation-type, alloy-
type and conversion-type. Silicon-based anodes follow an alloy-type lithium storage mechanism. [22-
24]

The cathode and anode are the sites where charge carriers are stored and released during energy
storage and delivery in LIBs. Both electrodes enable reversible processes through the intercalation
and deintercalation of Li* ions. As illustrated in Figure 1, during charging, lithium ions are extracted
from the cathode material, migrate through the electrolyte, traverse the separator and subsequently
insert the anode material, while electrons flow through the external circuit to the anode. This process
transforms the cathode from a lithium-rich phase to a lithium-deficient phase. Conversely, during
discharging, lithium ions are extracted from the anode, diffuse through the electrolyte and separator,
and re-insert the lithium-deficient cathode, with electrons returning via external circuit. Throughout
the charge-discharge cycles, lithium ions shuttle between the cathode and anode, leading to the
colloquial term “rocking-chair battery” for LIBs. [25, 26]
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Figure 1. Schematic illustration of the reaction of the LIB. [22].

During the initial lithiation, crystalline silicon undergoes phase transition from crystalline to
amorphous state and remains the amorphous phase thereafter. The lithium (de)intercalation process
in silicon-based anodes corresponds to the de-lithiation of lithium-silicon alloys and the formation of
lithium-silicon alloy phases (LixSi). Under ideal high temperature lithiation conditions, the alloying
reaction between Li and Si involves multiple phase transformations (as illustrated in Figure 2),
sequentially forming four distinct alloy phases: Li2Siz, LirSis, LisSis, and Li»Sis. The theoretical
specific capacity reaches a remarkable 4200 mAh-g' upon the formation of Li»Sis. At room
temperature, different lithium-silicon compounds form at various lithiation stages. When Liis5is is
formed, the theoretical specific capacity remains as high as 3580 mAh-g, nearly 10 times that of
graphite anode materials, demonstrating exceptional lithium storage capability.[27-31] The first
discharge (lithiation) curve of silicon exhibits a long, low-voltage plateau, corresponding to the phase
transition from crystalline silicon to amorphous lithium-silicon alloy [29]. When the discharge
potential drops below 0.05 V, the crystalline LisSis phase emerges [32], which subsequently partially
transforms back into amorphous state during the charging process.
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Figure 2. Lithium storage mechanisms and phase-capacity diagrams of Si-based anode materials: (a) Lithiation
mechanism of Si at room temperature and high temperature [29]; (b) Phase diagram and capacity
correspondence diagram of Li-Si alloy [33].
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The first lithiation plateau of silicon appears at 0.1 V (vs. Li*/Li), corresponding to the
transformation of crystalline silicon (c-Si) into amorphous LixSi (a-LixSi), during which ¢-Si and a-
LixSi coexist as distinct phases. This persists until the voltage drops below 50 mV, where a-LixSi
further crystallizes into LisSis phase (c-Lis7sSi). The complete phase transformation mechanism
proceeds as follows [34-36]:

The initial lithiation process:

c-Si+xLit+xe — a-LixSi

a-LixSi + (3.75-x) Li* + (3.75-x) e — c-LiszsSi

The initial de-lithiation process:

c-LiszsSi — a-LiSi + (3.75-x) Li* + (3.75-x) e

a-LixSi — a-Si+x Lit+xe

Subsequent lithiation cycles:

a-Si+x Lit+x e~ — a-LixSi

a-LixSi + (3.75-x) Li* + (3.75-x) e — c-Liszs5i

De-lithiation Process:

c-LiszsSi — a-LiSi + (3.75-x) Li* + (3.75-x) e

a-LixSi — a-Si+x Lit+xe

During the charge-discharge process, silicon combines with lithium ions to form Li-Si alloys,
accompanied by the flow of electrons. Silicon-based anode materials possess a larger space for lithium
ion intercalation compared to lithium metals. During the discharge process, lithium ions intercalate
into the silicon lattice which can accommodate more lithium ions, thereby enhancing the specific
capacity of the battery. Observations via X-ray diffraction (XRD) and high-resolution transmission
electron microscopy (HRTEM) have revealed the limited lithiation of crystalline silicon: crystalline
phases are first formed, followed by an amorphous phase transition, resulting in lithiated amorphous
silicides. [37]

Moreover, Liu et al. [38] observed, using in situ transmission electron microscopy (TEM), a sharp
interface (approximately 3-4 atomic layers thick) between crystalline silicon and amorphous lithium-
silicon alloys. The study indicated that the crystalline-to-amorphous phase transition occurs through
the layer-by-layer peeling of atomic planes, leading to the orientation-dependent mobility of the
interface. At the atomic scale, Liu et al. proposed that silicon crystals at the interface break into
isolated silicon atoms or silicon atom pairs, which are encapsulated in the lithium-rich amorphous
phase. The sharp interface physically manifests the high activation energy required for breaking Si-
Sibonds. This phenomenon is consistent with the findings by Key's research group via in situ nuclear
magnetic resonance (NMR), which revealed that the first lithiation occurs through the formation of
isolated silicon atoms and Si-Si clusters embedded in the lithium matrix [39]. Researchers also
observed the anisotropy in the lithiation of silicon i.e., silicon exhibits different expansion tendencies
along various axes. Through the analysis of reaction peaks, it is demonstrated that the anisotropic
lithiation and expansion primarily result from the differences in interfacial mobility among different
crystal planes [40], which provides a theoretical basis for silicon expansion from a crystallographic
perspective.

During the lithiation process, the Si-Si bonds in crystalline silicon are broken, resulting in the
formation of an amorphous product, a-LixSi (0 < x < 3.75) [41]. Ding et al. found that there are at least
two phase transition processes corresponding to the formation of a-Li215i and a-Lis3Si, respectively
[42]. Bordes found that a core-shell structure coated with Liz1Si is formed after lithiation of silicon
[43]. During the lithiation process, lithium diffuses inward through the crystal planes between
different grains, leading to gradient structure where the exterior is lithium-rich and the interior is
lithium-poor. With further lithiation, it was found through X-ray powder diffraction technology that
the amorphous LixSi transforms back into the crystalline LiisSis (Lis7s5i, corresponding to a capacity
of 3579 mAh-g?) at a potential of 50 mV vs. Li/Li* [32], This crystallization process has also been
confirmed by in-situ TEM [44-47]. According to theoretical calculations, the crystallization of LixSi to
form Lis7Si has been proven to be a spontaneous process, which is only related to the concentration
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of intercalated lithium instead of long-range diffusion [44]. The LisSis phase is highly reactive,
leading to side reactions that are detrimental to the long-term cycling performance of the electrode
[39]. The formation of LiisSis is considered to accelerate the degradation of silicon electrodes. It has
been demonstrated that better cycling stability can be achieved only when the electrode is cycled
above 50 mV [32, 48, 49]. During the de-lithiation process, the crystalline LiisSis phase firstly
transforms into amorphous LixSi through a two-phase reaction (at 50 mV) [32]. Subsequently, de-
lithiation is completed via amorphous-to-amorphous phase transition [50]. Most studies have shown
that only a single phase transition occurs during the de-lithiation of amorphous LixSi (0 <x <3.75) [32,
50, 51].
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Figure 3. Schematic of the evolution process of failure mechanisms in silicon-based anode materials [31].

The theoretical specific capacity of silicon calculated based on the Li2Sis phase is 4200 mAh-g-,
with a net volume increase of 310% during the lithiation and de-lithiation processes [52]. Liu et al.
investigated the lithiation of individual silicon nanoparticles using real-time in-situ transmission
electron microscopy (TEM) and found that the diameter of a single 80 nm spherical silicon
nanoparticle increased to 130 nm after complete lithiation, corresponding to a net volume expansion
of approximately 300% [53]. The evolution of the failure mechanism of silicon-based anode materials
is shown in Figure 3. Such repeated volume expansion and contraction during lithiation and de-
lithiation lead to electrode pulverization, thereby losing electrical contact between the active material-
current collector interface, which is exactly the reason for the generally rapid capacity fading of
silicon-based anode batteries [34].

SEI film is formed by the reaction between electrode and electrolytes at the solid-liquid interface
during the first charge-discharge cycle of the battery. The SEI film allows rapid transport of lithium
ions while blocking the passage of electrons. Although the formation of the SEI film consumes lithium
ions, it can prevent direct contact between the electrolyte and active materials, thereby reducing the
occurrence of side reactions. A stable SEI film is a prerequisite for the stable operation of the electrode
[54]. However, the volume change of Si in silicon-based anode will damage the SEI film and expose
new electrode surfaces, leading to continuous formation of the SEI film on the surfaces of fragmented
silicon material pieces. Such a process will render the SEI film on the surface of the silicon anode
unstable [55, 56]. Moreover, the continuous growth of the SEI film constantly consumes lithium
sources, which will reduce the coulombic efficiency and capacity of the battery [38]. In addition, the
thickened SEI film will also increase the internal resistance of the battery, resulting in increased
electrode polarization and reduced capacity. [57, 58]

Moreover, the electronic conductivity of Siis 10-5-10° S-cm, and the Li* diffusion rate is 10-4-10-
12 cm?-s?, which restrict the reaction kinetics during the lithiation process. Consequently, the
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advantage of the high capacity of active Si cannot be fully exploited, severely hindering the practical
application of Si-based anodes. [59, 60]

In summary, despite the advantages of silicon-based anodes such as high specific capacity, low
lithium intercalation potential and abundant resources, the challenges posed by volume changes
caused by alloying reactions during the lithiation and de-lithiation processes have severe impacts on
battery performance. Therefore, it is urgent to address the series of issues to promote the
advancement of battery technology.

3. Modification Design and Optimization of Silicon-Based Anode Materials

To address the problems and challenges caused by volume expansion of silicon-based anodes
during battery reactions, researchers have adopted the methods such as nanonization, thin-film
formation, porous structure construction and composite preparation of silicon-based materials to
buffer or reduce the alternating stress during lithiation and de-lithiation processes, thereby
mitigating the volume effect, improving the structural stability of the material and inhibiting the
excessive growth of the SEI film [61-64]. The following content will focus on multi-dimensional
nanostructured silicon design, preparation and structural optimization of SiC composite materials as
well as pre-lithiation and modification of SiOx. Based on the latest design strategies and achievements
in silicon-based anode materials, it is expected to provide some valuable insights for silicon-based
anode materials.

3.1. Multi-Dimensional Nanostructured Silicon Materials

Nanostructure design is one of the most effective methods to accommodate the volume changes
through which silicon anodes can relieve the alternating mechanical stress by virtue of the structural
advantages in the surrounding free space. Moreover, nanostructured silicon, due to its higher specific
surface area and larger binding energy between atoms, can effectively release the pressure during
volume expansion of silicon particles, preventing the material from collapsing after undergoing
expansion and contraction, thereby maintaining its cycling stability. Currently, silicon-based
nanomaterials can be classified by dimension into zero-dimensional (such as silicon nanoparticles,
porous silicon, hollow silicon, etc. [65, 66]), one-dimensional (such as silicon nanowires, silicon
nanotubes, etc. [67-71]) and two-dimensional nanomaterials (such as silicon nanofilms [72]).

Liu et al. determined a critical diameter of 150 nm: particles with diameter below the critical
value do not crack during the first lithiation, while those with diameter exceeding this value firstly
develop surface cracks, which lead to overall fracture during further expansion [53]. Other results
indicated that nanostructures reserve a certain space for the expansion, increase the threshold for
material pulverization [73, 74], and thus improve the cycling performance of silicon-based anodes to
a certain extent. Reducing the size of silicon materials to nanoscale significantly shorten the diffusion
path of lithium ions, thereby increasing the diffusion rate of lithium ions and the insertion/extraction
rate. In addition, nanostructures can effectively suppress the stress generated by the volume change
of silicon during charge-discharge processes, thereby improving the cycling stability of the material.
Considering that smaller-scale particles have higher specific surface area and porosity, which can
effectively relieve the stress and strain caused by volume expansion, researchers have carried out
extensive work on the design of silicon-based materials over the past decade. At present, some
applicable nanomaterials have been prepared using the nano-crystallization of silicon materials,
including nanotubes [75], nanowires [76], nanocomposites [77], nanofilms [78, 79] and nanoporous
structures [80].

3.1.1. Zero-Dimensional Nanostructured Silicon Materials

Yao et al. prepared a kind of hollow silicon via chemical vapor deposition, which exhibits
excellent cycling performance [65]. Ge et al. reported a porous silicon material synthesized by doping-
etching method [66]. Commercial silicon nanoparticles were firstly doped with boron (B) and then
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were etched using a mixed solution of AgNOs and HF, resulting in porous silicon with specific
surface area exceeding 60 m?g'. Benefiting from B doping, the porous silicon contains numerous
mesopores, which endow the sample with good cycling performance.

Currently, porous silicon is mainly prepared by template methods [81]. Li et al. fabricated
porous silicon using electrochemically etching and boron-doped silicon wafers to investigate the
relationship between the porous structure and silicon-lithium alloying [82]. Ge et al. prepared fine
and uniform powders from large silicon spheres by ball milling. Then metal elements such as iron
and aluminum were removed through chemical etching to obtain nanoscale porous silicon materials.
The as-prepared porous silicon anode material have stable reversible specific capacity which retain
specific capacity of 1100 mAh-g after 600 cycles at current density of 2 A-g1 [83].

Yu et al. reported that porous silicon was formed by magnesiothermic reduction of mesoporous
silica [84] that contains large number of pores with diameters larger than 50 nm, around which
crystalline silicon with diameter of 10 nm is distributed. The overall expansion rate of the material is
related to the pores and the skeleton size of the structure. The presence of pores reduces the overall
volume change rate of the porous silicon to 30%. Hwang et al. also prepared porous silicon materials
via magnesiothermic reduction, which showed stable charge-discharge cycling performance [85].
Magnesiothermic reduction is a scalable and efficient technology that can produce high-quality
silicon at a lower temperature and in a shorter time. Future research can focus on increasing silicon
content, improving long-term performance and optimizing the interface between the anode and
electrolyte, among other aspects.

Despite the certain achievements made in the aforementioned studies, nano-silicon tends to
agglomerate due to the nanoscale size effect in practical applications. Once nano-silicon particles
agglomerate, the superposition of their mutual volume changes will lead to uneven stress in the
electrode sheet on a macroscopic scale, resulting in the destruction of the electrode sheet and poor
cycling performance.

3.1.2. One-Dimensional Silicon Nanostructures

Silicon nanowires exhibit significant advantages [86] of micrometer-scale space in the
longitudinal direction, which allows the growth of layered structures and increases the effective
surface area for electrochemical reactions; the micrometer-scale size in the longitudinal direction can
form a dense and entangled network, providing structural rigidity and better adhesion compared to
silicon nanoparticles; silicon nanowires can be directly grown on current collectors to eliminate the
need for conductive agents and binders, thereby enhancing the energy density; the high aspect ratio
of silicon nanowires effectively increases the electrode-electrolyte contact area, promoting the full
utilization of the capacity of silicon materials; the nanoscale size of silicon nanowires in the transverse
direction shortens the lithium ion transport path, facilitating high-rate charge-discharge processes.
Moreover, the gaps between nanowires/nanotubes can well buffer the stress caused by the volume
effect, further improving the cycling performance [86-88].

Cui et al. [68] successfully prepared silicon nanowires on a stainless steel substrate using gold
as catalyst as early as 2008. The results showed that silicon nanowires can withstand large strains
without pulverization, provide good electronic contact and conduction as well as strong lithium
insertion/extraction performance. They also founded an enterprise specializing in the production of
silicon nanowires, promoting the commercial application of pure silicon anodes. However, due to the
high manufacturing cost, they are currently mostly used in some high-end demonstration projects
and have not yet been applied on a large scale.

In addition, Park et al. reduced and decomposed silicon precursors in an alumina template
followed by etching to prepare silicon nanotubes with extremely high reversible capacity of 3247
mAh-g [89]. After 200 cycles, the capacity was still nearly 10 times higher than that of graphite.

Other studies showed that surface modification of silicon nanowires or fabrication into
nanotubes can enhance the electrochemical performance. However, while the abundant surface area
enables deep lithium insertion and rapid extraction, it also leads to more intense side reactions

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0567.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2025 d0i:10.20944/preprints202508.0567.v1

8 of 29

between the surface and the electrolyte, resulting in low ICE, which limits their commercial
application [90-92].

3.1.3. Two-Dimensional Nanostructures

Silicon nanofilms deposited on the surface of electrode materials can adapt to the stress
generated by volume expansion and contraction while maintaining the mechanical integrity [93, 94].
Lietal. proposed that the volume expansion during lithiation occurs perpendicular to the film surface.
However, during de-lithiation, volume contraction takes place both in the planar and vertical
directions of the film [95]. Yu et al. adopted a new stress-relief strategy for films using
polydimethylsiloxane as an elastic substrate. The volume strain of silicon during electrochemical
cycling can be regulated by the elastic substrate. The electrode keeps capacity of 3498 mAh-g with
capacity retention rate of 84.6% after 500 cycles at current density of 0.25 C [96]. Elomari et al.
prepared silicon nanofilms with different thicknesses via direct current (DC) magnetron sputtering
deposition with low density and large grain size. The discharge capacities of the electrodes with
thicknesses of 600 nm and 1000 nm are 800 mAh-g! and 406 mAh-g-, respectively. In addition, these
electrodes exhibit excellent ICE, among which the 1000 nm-thick electrode achieves an ICE of 96.08%
[97]. Although two-dimensional silicon nanofilms, as anode materials, have advantages of suitable
working potential, abundant reserves and improved ICE, they still face the challenges of rapid
capacity fading and shortened cycle life. Future breakthroughs need to integrate micro-nano
structure design, interface optimization and process innovation to realize the commercial application.

3.1.4. Secondary Structural Design of Silicon Nanomaterials

Compared with silicon-based nanoparticles, secondary particles possess two major advantages:
higher coulombic efficiency and higher areal specific capacity. By adjusting the size of silicon-based
secondary particles, the contact area between silicon-based nanomaterials and the electrolyte can be
appropriately reduced, which helps to decrease excessive consumption of the electrolyte and
improve the coulombic efficiency.

Liu et al. prepared a silicon-based anode with pomegranate-like structure. Silicon particles with
yolk-shell structure (with a particle size of approximately 80 nm) were integrated into cluster
structures with sizes ranging from 1 to 10 um. Subsequently, graphene layer was coated to prevent
direct contact between the silicon material and the electrolyte. In addition to stabilizing the interface,
the graphene shell can enhance the electrical conductivity of the entire structure, which is beneficial
for improving the ICE [98]. Li et al. introduced conductive graphene cages as an encapsulation layer
to stabilize the silicon particle electrodes in batteries. The graphene cages, with mechanical strength
and flexibility, have pre-designed void spaces that can confine all fragmented silicon pieces inside.
Meanwhile, the graphene cages can act as an electrolyte barrier, enabling the SEI film to form mainly
on the outer surface of the graphene cages. This structure can effectively reduce the consumption of
active materials caused by irreversible processes and improve the ICE [99]. Wang et al. synthesized
silicon nanoparticles into clusters using a bottom-up microemulsion method. Then, a dense silicon
shell was coated via CVD. Finally, a graphene cage was wrapped. After coating the silicon shell, the
formation of SEI on the outer surface can be restricted, making the structure highly pressure-resistant.
The encapsulation with graphene cages improves the coulombic efficiency. The material exhibits high
specific capacity of up to 2041 mAh-cm?, coulombic efficiency of >99.5% and good stability even in
the fully charged state [100].

Although a considerable number of silicon nanostructures have been reported as anode for LIBs,
all nanostructured silicon materials exhibit a certain degree of capacity fading, which greatly hinders
their practical application.

3.2. SiC Anode Materials
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Although the volume expansion of silicon-based anodes has been effectively alleviated through
nanostructure design, and their cycling stability has been significantly improved, the issue of
sluggish charge transport kinetics remains prominent due to the intrinsic properties of
semiconductor materials. This conductivity defect not only exacerbates electrode polarization but
also severely restricts the achievement of high-rate performance [101]. To address the low
conductivity of silicon, researchers have attempted to construct composite structures to enhance the
electrical conductivity of silicon-based anodes. Among them, carbon has attracted much attention
due to its excellent electrical conductivity, good shrinkage property and low cost. In addition, carbon
materials can stabilize the structure of silicon anodes and effectively suppress the volume stress of
silicon materials during lithiation and de-lithiation processes to improve cycling performance.
Therefore, silicon-carbon composites have become an effective strategy to address the challenges of
silicon-based anodes [99, 102-107].

Currently, the methods for preparing silicon-carbon composite anode materials include
chemical vapor deposition (CVD) [108], spray drying [109], magnesiothermic reduction [110],
mechanical ball milling [111], sol-gel method [112] etc. Despite the differences in preparation
methods, the core idea is to nanocrystallize silicon and the combination with carbon to construct
corresponding composite structures.

3.2.1. Mechanical Mixing Method

The simplest approach to prepare silicon-carbon composite anodes is mechanically mix carbon
materials with nano-silicon. Due to the size difference, nano-silicon can fill the gaps between graphite
particles, and the pores can be utilized to buffer volume changes. Meanwhile, the carbon material
matrix can mechanically buffer the volume variations [113, 114]. Wang et al. prepared silicon-carbon
anode materials by mechanically mixing nano-silicon particles with graphite using ball milling [114].
The initial specific capacity can reach 1039 mAh-g'. However, only 794 mAh-g is retained after 20
cycles. This is because nano-silicon tends to agglomerate and there is no interaction between nano-
silicon and graphite. During the lithiation and de-lithiation processes, the significant difference in
volume change between nano-silicon materials and carbon materials still leads to rapid loss of
electrical contact, resulting in capacity fading [115-117].

3.2.2. Binder Design
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Figure 4. a) Schematic illustration of the mechanism of cross-linking for LiCB complexes and their interaction.

b) Schematic diagram of the lithium ion transfer process.[117].

Adopting appropriate binder is also an effective strategy to address the volume expansion of
silicon-based anode materials. An ideal binder should possess good adhesiveness to uniformly coat
on the electrode sheet, enhance the overall stability of the electrode without hindering ion transport,
reduce the shedding of active materials as well as improve the electrochemical performance and
lifespan of the battery.

Li et al. prepared a self-healing binder with robust mechanical properties through pre-lithiation
of carboxymethyl chitosan and dynamic cross-linking of borate ester (Figure 4) [117]. Benefiting from
the excellent adhesion properties of this pre-lithiated chitosan network binder (LiCB), the ICE of the
nano-silicon/graphite composite anode reached 82.18%, 7.3% higher than that of the nano-
silicon/graphite composite anode using only PAA binder. Moreover, the O sites of the -COOH groups
in the structure can act as hopping nodes in promoting lithium ion transport and enhancing the
charge transfer between lithium ions and the electrode surface. As a result, the high-rate discharge
performance is superior to that of the nano-silicon/graphite composite anode using only polyacrylic
acid (PAA) binder. In addition, the borate ester bonds form a cross-linked network, ensuring strong
binding affinity with nano-silicon in the carbon gel phase, maintaining the structural integrity of the
nano-silicon/graphite composite anode during cyclic charge-discharge processes, and improving
cycling stability.

Substances rich in hydroxyl and carboxyl groups [113, 115, 116, 118] can also enhance the ability
of nano-silicon-carbon anodes to resist volume stress due to their strong binding force with nano-
silicon. In particular, grafting the functional groups onto three-dimensional conductive networks
such as carbon nanotubes to achieve strong contact between silicon particles and the three-
dimensional framework can further improve the rate performance and cycling stability of silicon-
based anodes [113].

Wang et al. developed an aqueous binder (PVA-g-M) based on polyvinyl alcohol (PVA) grafted
with methacrylic acid (MAA) for Si/C anodes [119]. The introduction of carboxyl groups from MAA
enables PVA-g-M to form more hydrogen bonds, enhancing the cohesion of the binder film and its
adhesion to the silicon-based surface. In addition, the methyl-containing segments of MAA can wet
the carbon-based surface, thereby strengthening the adhesion between PVA-g-M and carbonaceous
materials. The Si/C anode prepared with the PVA-g-M binder can significantly inhibit the electrode
volume expansion during cycling, maintain high structural integrity, form an SEI with a high lithium
fluoride content which exhibits excellent cycling stability (with capacity retention rate of 81.1% after
300 cycles).

Yan et al. adopted a dual-conductive high-strength and tough binder to alleviate volume
expansion, inhibit repeated formation of SEI and improve the electrochemical reaction kinetics of uSi
electrodes [120]. A new type of binder (marked as PPG) was successfully prepared through thermal
cross-linking of "hard" polyacrylic acid (PAA) and “soft” polyvinyl alcohol (PVA), combined with
conductive graphene. The as-prepared uSi electrode (uSi-PPG) exhibited excellent electrochemical
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reaction kinetics, highly intact electrode structure, as well as dense and stable SEI during
electrochemical cycling. The uSi-PPG electrode showed outstanding electrochemical performance,
retaining the high capacity of 1913.1 mAh-g after 1000 cycles at 1C with capacity retention rate of
86.7%. More importantly, the electrode still maintains an ultra-high capacity of 1451 mAh-g at a high
rate of 5C.

In addition, Zhang et al. synthesized a functional polymer PIL-AA with cyano and carboxyl
groups through free radical polymerization of ionic liquid monomer (IL-CN) and acrylic acid. By
mixing PIL-AA with polyvinyl alcohol (PVA) solution, a cross-linkable binder can be obtained [121].
The cyano groups on PIL-AA can react with the hydroxyl groups on PVA chains via Ritter reaction,
enabling the binder to achieve in-situ cross-linking through amide groups, thus preparing the c-PIAV
binder. This binder is capable of inhibiting the pulverization of silicon (Si) particles and alleviating
the volume change of silicon-carbon (Si-C) anodes. The c-PIAV@Si-C| | Li coin cell shows good long-
term cycle performance and C-rate performance.

In summary, the design of binders for silicon-based anodes needs to comprehensively consider
the material's elasticity, adhesive force, conductivity, electrochemical stability and environmental
friendliness. Through reasonable binder selection and structural design, the challenges faced by
silicon anodes can be overcome to a certain extent, and the performance and lifespan of LIBs can be
improved.

3.2.3. Chemical Vapor Deposition Method

A simple and efficient preparation approach involves depositing silicon on carbon matrix
materials via chemical vapor deposition (CVD) technology, followed by carbon coating. The selection
of carbon matrix materials plays a decisive role: carbon matrices with different microstructures and
physicochemical properties significantly affect the deposition behavior of silicon and the interfacial
bonding characteristics between silicon and the carbon matrix, thereby leading to significant
differences in the electrochemical performance of the final composites. A suitable pore volume, large
specific surface area and abundant micropores are more favorable for carbon matrix precursors.

Yi et al. prepared phosphorus-doped porous hard carbon as a substrate for silicon deposition
(Figure 5) [122]. Compared with graphite substrates, the pore formed by phosphorus-doped porous
hard carbon can accommodate the volume expansion of silicon. Additionally, the higher
graphitization degree is beneficial for lithium intercalation, thereby improving the coulombic
efficiency. The as-prepared material exhibits an initial charge capacity of 1124 mAh-g* at current
density of 0.1C, with an ICE of 83.2%.

Liu et al. deposited silicon on a composite carbon matrix composed of carbon nanotubes and
graphene [123]. Firstly, a three-dimensional conductive structure consisting of carbon nanotubes and
graphene was constructed using spray-drying. Subsequently, silicon was grown on the carbon
skeleton via silane CVD to obtain the composite material GC-Si. Finally, a mixed gas of CH4 and Ar
was introduced into the PECVD reactor to grow a carbon layer, forming the GC@Si-C composite. This
composite demonstrates high initial specific capacity of 2050 mAh-g* and an ICE of 80%. Moreover,
it maintains capacity retention rate of 98.7% after 150 cycles at current density of 0.5 A-g, with
excellent rate performance.
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Figure 5. Schematic of preparation process and material for PoHC@Si@C [122].

In addition, using metal-organic framework materials (ZIFs) as carbon matrix precursors can
yield porous carbon materials with uniform and controllable size, morphology and micropore
diameter. The as-synthesized silicon-carbon material exhibits a volume expansion rate of only 20%
after cycling even at an extremely high silicon content (60%), which effectively restricts the volume
expansion of silicon [124].

Through precise regulation of process parameters, chemical vapor deposition (CVD) can achieve
accurate control over coating thickness, uniformity and particle size distribution of the thin film. The
prepared silicon-carbon anode materials have realized significant improvements in key performance
indicators such as initial charge-discharge efficiency, cycling stability and volume expansion rate.
However, to realize large-scale application of this technology, technical bottlenecks in aspects like
batch stability, cost control and safe production still need to be addressed.

3.2.4. Structural Design Optimization

To further enhance the electrochemical performance of silicon-carbon anode materials,
researchers have constructed three-dimensional frameworks using carbon materials to buffer the
significant volume expansion of silicon during lithiation/de-lithiation processes and improve the
overall electrical conductivity.

Li et al. successfully prepared carbon-coated core-shell structured nano-silicon@carbon through
the following process: nano-silicon particles were obtained by ball-milling sawdust from the
photovoltaic industry. Then, metal impurities were removed by hydrochloric acid while organic
impurities were eliminated via heat treatment [125]. The purified nano-silicon was wet-mixed with
phenolic resin to form a precursor, and finally, the phenolic-resin was pyrolyzed at high temperature
to achieve carbon coating. The core-shell structure enhances the electrical conductivity of the silicon-
carbon anode, promotes the movement of ions/electrons and reduces the volume fluctuation of
silicon during lithiation/de-lithiation processes. Compared with pure silicon anodes, the Li* transport
efficiency of nano-Si@C is significantly improved, exhibiting better cycling and rate performance. At
current density of 0.5 A-g, the specific capacity of nano-Si@C is 440 mAh-g* higher than that of pure
silicon anodes after 150 cycles, demonstrating more excellent cycling performance.

Xu et al. prepared a watermelon-like structured silicon-carbon anode material through multi-
step process: firstly, a suspension was formed by mixing nano-silicon particles with
polyvinylpyrrolidone and glucose using CMC as a dispersant, followed by the addition of flake
graphite. After dispersion via ball milling, the mixture was spray-granulated into microspherical
particles, which were then pyrolyzed and carbonized at 900 °C. Finally, a carbon layer was coated via
acetylene-based vapor phase carbon deposition [126]. In this structure, the nano-silicon cores
contribute to a specific capacity of 620 mAh-g' for the anode. The carbon framework and coating
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layers from the interior to the exterior effectively prevent electrolyte erosion. Moreover, the nano-
sized silicon particles are uniformly assembled into silicon-carbon microspheres rather than
agglomerates, further reducing the probability of electrolyte side reactions, thus achieving an initial
charge-discharge coulombic efficiency of 89.2%. Benefiting from the dual protection strategies of the
layered buffer structure and optimized size distribution, the watermelon-like structured silicon-
carbon microspheres exhibit excellent cycling stability with capacity retention rate exceeding 80%
after more than 500 cycles, as well as high rate performance with 80% capacity retention at 5C.

The watermelon-like structured silicon-carbon materials with excellent electrochemical
performance [127, 128] prompted researchers to further construct pomegranate-type silicon-carbon
materials (Figure 6) [129, 130] through the hydrolysis of organic carbon sources coupled with
carbonization. The resulting nano-silicon particles, after being coated with carbon layer, are
embedded in mesoporous “pomegranate carbon chambers” like “pomegranate seeds”, with 3.4 nm
pores filled between them [131]. The porous carbon network framework not only ensures good
electrical conductivity but also adapts to the significant volume changes during cycling, promoting
the rapid diffusion of lithium ions. Furthermore, substances such as silicon oxides can be added
between the silicon core and the carbon layer, and the covalent bonds between carbon, silicon and
oxygen can enhance the binding force between the silicon core and the carbon layer, thereby
improving the cycling performance of the material [131]. When paired with LiCoOz to form a full cell,
it can maintain a capacity retention rate of 87.9% after 300 cycles. To enhance its electrical
conductivity, graphene materials have also been incorporated to construct layered pomegranate-type
silicon-carbon anode [129]. The outer graphene, acting as an inner membrane and outer shell, can
accelerate ion and electron transport rates and further buffer the volume change of the internal silicon,
thus effectively improving the cycling stability and rate performance of the silicon-carbon material.

Carbon
Iayer
I I:P_h = ©  Selfassembly - ] Carbonization _ -
: 5 Si/C-LPR
T oo ol L,»-—l-——w) ’f)

UUU ¢ Evaporation -()‘ )Q' O o
Si L.) Carbm o o
Polymer—Sl layer  Si/C-PR

- S, Si atom

____________________ o ya S,
=7 \ e Catom
l/’ :"“\ u{?/’ “I & Oatom
' A
A SN P RN

Figure 6. a) Flow chart for the preparation of Si/C-LPR nanocomposites [130]. b) Hierarchical structure of the
HPS-Si anode [131].

The watermelon-like and pomegranate-like silicon-carbon composites formed by the
aggregation of core-shell structures are limited by the size of nano-silicon particles. When the size of
nano-silicon particles is relatively large, the protective shell on the surface may crack during long-
term cycling, simultaneously transmitting this stress to the entire micron-scale particle. Eventually,
the overall particle disintegrates, leading to the destruction of the electrode structure. Therefore, yolk-
shell structured silicon-carbon composites have been developed (Figure 7) [132]. In this structure,
multiple small-sized silicon nanoparticles are encapsulated within a double-layered porous carbon
shell. This double carbon layer effectively prevents electrolyte penetration, increasing the ICE to 71%,
which rapidly rises to 90% in the second cycle. The internal voids within the structure accommodate
the volume expansion of silicon particles during lithiation, reducing stress on the outer carbon layer.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0567.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2025 d0i:10.20944/preprints202508.0567.v1

14 of 29

Under the dual buffering effect of the carbon layer and voids, this material exhibits an initial specific
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Figure 7. Schematic illustration of the preparation process of yolk-shell structured Si/C composites [132].

In addition, silicon-carbon materials with hollow structures have been prepared to cope with
the severe volume expansion of silicon during lithiation [133-135]. Li et al. coated an alumina layer
and then a carbon layer on the surface of silica particles [133]. After removing the alumina layer, the
inner silica was reduced to silicon via magnesiothermic reduction. Finally, the hollow-structured
silicon-carbon anode material was obtained after removing magnesium oxide and residual
magnesium metal with hydrochloric acid (Figure 8). The porous design of the silicon core not only
inhibits the volume expansion but also forms some pores to buffer the expansion of silicon, thus
improving the cycling performance of the silicon anode. Such hollow-structured composites can also
be prepared by reducing silicon oxide and etching zinc oxide nanorod templates to in-situ synthesize
hollow silicon nanotubes (Figure 8) [135]. The prepared HSiNTs/CC anode displays superior
performance with large reversible capacity, high cyclic stability performance and good rate capability.
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Figure 8. Schematic fabrication process of porous Si@C ball-in-ball hollow spheres[133], and the synthetic
process of HSiNTs/CC by reducing silicon oxide and corroding zinc oxide nanorods templates [135].
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Silicon-carbon (Si/C) composite anode materials prepared by different methods have shown
significant improvements in ICE, stability and suppression of volume expansion. Current research
on Si/C composite anodes is moving towards the development of high energy density, excellent
charge-discharge performance and stable cycling performance. By combining various functional
carbon materials with silicon to prepare Si/C composites with different structures, while optimizing
electrical conductivity, stability and cycle life, the issues such as volume expansion and particle
pulverization of silicon materials are also alleviated. With further optimization of processes and
improvement of designs in the future, these high-performance Si/C composite electrodes are expected
to achieve more extensive commercial applications.

3.3. SiOx Anode Materials

Silicon suboxide (SiOx)-based anode materials have emerged as representative candidates for
next-generation lithium-ion battery anodes, owing to their ultra-high theoretical specific capacity,
high safety and excellent rate performance. However, the low ICE remains a critical bottleneck.
During lithiation and delithiation processes, SiOx firstly reacts with Li to in-situ form elemental Si,
Li2O and lithium silicates. The elemental Si further reacts with Li to form LixSi alloys, contributing to
reversible capacity. In contrast, the generated Li2O and lithium silicates do not participate in
subsequent electrochemical reactions [136, 137]. The particle size of the in-situ formed elemental Si is
below 5 nm, with abundant interparticle voids. Meanwhile, Li2O and lithium silicates, being inactive
in subsequent cycles, exhibit no volume expansion, thereby providing additional space to buffer
stress. Compared to first-generation nano-silicon materials, SiOx has a lower theoretical specific
capacity but significantly reduced volume expansion (~118%) during lithiation, leading to
substantially improved cycling stability. With its high capacity and unique microstructure, SiOx holds
great potential among silicon-based anode materials. Nevertheless, the formation of large amounts
of inactive substances during charge-discharge cycles results in significant irreversible capacity loss
and low ICE (around 70%) [138-140]. To address this technical bottleneck, researchers have proposed
strategies such as pre-lithiation and material modification to enhance the ICE of SiOx anodes.

3.3.1. Pre-lithiation of SiO«

Currently, pre-lithiation of silicon-based anode materials is primarily achieved through methods
such as direct addition of lithium metal and lithiation additives, electrochemical pre-lithiation and
chemical pre-lithiation.

The addition of metallic lithium is the most direct and effective approach to improve the ICE of
anode materials. Meanwhile, small amounts of metallic lithium can mitigate capacity loss during the
first charge-discharge cycle and significantly enhance battery energy density. However, excessive
lithium in direct contact tends to induce lithium dendrite formation, compromising battery safety
and cycling stability. To address this, Meng et al. constructed a resistance buffer layer by coating poly
(vinyl butyral) on carbon nanotube films, preventing direct contact between lithium and silicon
suboxide to avoid lithium dendrite growth [141]. After pre-lithiation, the ICE of the silicon suboxide
material increased from 79% to 89% which retained 77% of its capacity after 200 cycles. Nevertheless,
the lithiation reaction between lithium powder/foil and silicon suboxide is a solid-phase reaction,
which typically requires a long time and may lead to inhomogeneity. Additionally, the high reactivity
of metallic lithium demands anhydrous conditions. Excessive moisture in the air can trigger reactions
producing hydrogen and heat, posing a fire hazard. Organolithium compounds, prepared via the
coordination between elemental lithium and organic molecules with electron affinity in organic
solvents, exhibit slightly lower reactivity than metallic lithium which enable lithiation under
relatively mild conditions, significantly reducing operational risks [142-146]. When using new
organolithium compounds with low redox potentials, the ICE of silicon suboxide can be increased
from 61.1% to 87.1% [142]. Pre-lithiation using lithium powder/foil or organolithium compounds as
lithiation agents is generally performed on the surface of prefabricated electrode sheets, which
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imposes high requirements on reaction uniformity and operating environments, hindering
industrialization.

Tang et al. mixed Li2COs with SiO via ball milling followed by pre-lithiation through high-
temperature treatment. Lithium ions embedded in the Si-O-5i network of the amorphous silica matrix
form a lithium silicate glass-like phase, which can construct lithium-rich diffusion channels, promote
the transport of lithium ions in the silica bulk and significantly enhance the electrochemical
performance of the material [147]. Song et al. prepared a silica-based material involving
magnesiothermic reduction of SiOx using magnesium followed by solid-state lithiation of silica with
lithium carbonate (Li2COs) [148]. Magnesium can reduce silica to silicon and generate magnesium
silicate, while lithium carbonate reacts with SiOx to form lithium disilicate (Li2Si205). The magnesium
silicate and lithium disilicate on the surface of SiOx can effectively alleviate the irreversible loss of
lithium ions, thereby improving the ICE of SiOx. The as-prepared SiOx-Mg-Li2CO;s-C nanostructure
(as shown in Figure 9) shows an ultra-high ICE of 91.1% and relatively stable cycling performance.
After 100 cycles at rate of 0.5 C, the capacity remains at 894.5 mAh-g! with retention rate of 87.9%.

Thermal treatment CVD treatment

Mg powder LiOH/Li,CO;

Sio Si0~Mg Si0,-Mg-LiOH/Li,CO;-C

‘ MgSiO, e Li,$i,0,
Figure 9. Schematic illustration of the synthesis process of SiOx-Mg-Li2COs/LiOH-C.[148].

The pre-lithiation by directly reacting lithium-containing solid reagents with silicon suboxide-
based substances to form silicate compounds can be completed at material manufacturers, without
the need to modify the battery production systems, which significantly enhances the capability of
commercial promotion [149-152]. The pre-lithiated silicon suboxide-based materials with high ICE
can be stored in a humidity-controlled environment, and possess good cycling stability. This solid-
phase pre-lithiation featuring simple process, environmental friendliness and low safety risks has
become the mainstream industrialization process for the pre-lithiation of silicon suboxide-based
materials.

Electrochemical pre-lithiation is achieved by firstly fabricating SiOx-based materials into
electrode sheets, which are then assembled into cells with lithium foils. In the presence of electrolyte,
lithium ions migrate from the lithium foil to the material to be pre-lithiated by controlling the current
density and duration, converting silica into lithium silicate compounds [153, 154]. This process
typically involves cyclic voltammetry or galvanostatic charge-discharge methods, with repeated
cycling within a specific voltage range until the desired pre-lithiation degree is reached. Since this
method yields pre-lithiated electrode sheets, significant technical challenges arise in subsequent
processing: whether disassembling and reassembling the electrode sheets into cells or removing the
active materials from the sheets for re-coating, both procedures are highly complex. Additionally,
electrochemical pre-lithiation requires an extended reaction time, resulting in low production
efficiency.

Furthermore, Chung et al. achieved pre-lithiation driven by lithium metal-free dehydrogenation
using oxygen-free lithium compounds such as lithium hydride, converting silicon suboxide into
three-dimensionally networked silicon/lithium silicate nanocomposite [149]. This material delivered
a specific capacity of 1203 mAh-g! during the first lithiation/de-lithiation process, with the ICE
significantly enhanced to 90.5%, demonstrating excellent reversibility. The improvement in initial
efficiency brought by the pre-lithiation of silicon suboxide increased the energy density of the
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fabricated full cell by 50% and exhibited good cycling stability over 800 cycles. Other compounds
such as LisN [155], LiF [156, 157] have also been applied in the pre-lithiation of SiOx, which all
improve the local environment of Si and O, enhance the ICE as well as the cycling stability.
Although the ICE of S5iOx anode materials has been improved after pre-lithiation treatment, the
high cost of lithium sources leads to high costs. Moreover, the lithiated silicon suboxide-based
materials contain a large amount of residual alkali, which will generate gas during subsequent
battery cycling, resulting in performance degradation and potential safety hazards. Therefore, the
development of new pre-lithiation methods will be a key research direction in the future.

3.3.2. Modification of SiOx Materials

In addition to the aforementioned pre-lithiation, researchers have proposed strategies to
improve the ICE from the perspective of modifying silicon-based anode materials. Extensive studies
have been conducted with certain achievements. Currently, the methods mainly include surface
coating modification and material composition design.

Different coating materials can promote the transport of interfacial electrons or lithium ions,
reduce reactions between active materials and electrolytes to prevent excessive consumption of active
lithium ions, and thus improve the ICE of silicon anode materials. To enhance the electronic
conductivity of silicon anode and reduce the volume change, surface carbon coating is one of the
most extensively studied technologies. After surface coating and modification with carbon materials,
the electrochemical activity, lithium ion diffusion ability and coulombic efficiency of SiOx are all
improved[158-160].

Studies have shown that part of the amorphous silicon in uncoated SiOx is oxidized, while C-
SiOx with carbon coating layer reduces contact with oxygen. The initial Coulombic efficiencies of pure
SiOx and C-5iOx are 55% and 68%, respectively [161]. Dong et al. synthesized C/SiO2 nanocomposites
by sol-gel method, achieving uniform distribution of carbon and silica at the molecular level [159].
After carbonization at 800 °C, the C/Si02-800 °C nanocomposite has not only high specific surface
area of 480.38 m2-g-! but also promoted conductivity. These improvements significantly enhance the
electrochemical activity and lithium ion diffusion ability of the material. The C/Si02-800 °C anode
still exhibits an excellent reversible capacity of 832.19 mAh-g* after 300 cycles at current density of
100 mA-g.

Carbon materials doped with nitrogen (N) and phosphorus (P) often show more excellent
electrochemical performance. As shown in Figure 10, the ICE of the SiOx/G@CNP anode coated with
N-P co-doped carbon layer after ball milling and heat treatment is significantly improved [162].
However, excessive amorphous carbon coating layer hinder the contact between SiOx and Li+.
Moreover, amorphous carbon materials have issues such as large specific surface area and low ICE,
which affect the practical application of carbon-coated SiOx materials.
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Figure 10. Schematic chart of the fabrication for SiOx/G@CNP. [162].

In addition to surface coating and surface modification, some scholars have attempted to
improve the ICE by altering the intrinsic microstructure and composition of SiOx materials. On one
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hand, the irreversible capacity generated during the first lithiation of SiOx materials stems from the
formation of oxygen-containing inert products. Therefore, reducing the oxygen content can decrease
the generation of inert products and enhance the ICE. For instance, the oxygen content in the material
can be controlled through high-temperature preparation [163]. Some scholars have proposed
introducing metals such as Mg [164]. Al [165]. Ag [166], Ge [167, 168], Co [169] or alloys [170, 171]
to transfer oxygen elements in SiOx to the metals, forming corresponding silicates. This approach can
reduce side reactions on the electrode surface, improve electrical conductivity and thereby enhance
the initial efficiency, cycling stability and other electrochemical performances. Furthermore, some
metal oxides, such as Al2Os [172, 173], Fe203 [174], FesO4 [175] and TiO2[176-180] , have also been used
to improve the microstructure and composition of SiOx, consequently enhancing the ICE.

On the other hand, since SiO is thermodynamically unstable, it undergoes a disproportionation
reaction such as 2 SiO — Si + S5iOz2 under high temperature. This converts part of the oxygen in the
SiOx lattice into electrochemically inactive SiO:z before the lithiation reaction, which can reduce the
subsequent formation of lithium silicates or lithium oxides, decrease irreversible capacity and thereby
improve the ICE of the material. The introduction of some metal oxides can also convert the SiO:
component in SiOx into silicates, promoting the occurrence of its disproportionation reaction. For
example, mixing Fe20s with SiO followed by heat treatment form iron silicate (Fe2SiOs), which
improves the ICE of the silicon suboxide anode material [181]. MgO can react with the amorphous
SiOz in SiOx, promoting the disproportionation of SiO and effectively reducing the subsequent
reaction between active Li* and SiOz. As a result, the ICE is significantly improved [182]. In addition,
transition metal oxides themselves can serve as anode materials for LIBs with good reversibility
during charge-discharge cycles resulting from the in-situ electrochemical size confinement effect of
transition metal nanoparticles dispersed in nano-Li2O matrix [183]. The electrochemical activity
between transition metals and Li2O greatly promotes the possibility and extent of the conversion.
Meanwhile, transition metals can also improve the electrical conductivity of the material. Therefore,
S5iO2 composites modified with transition metals or metal oxides show high ICE [184].

The introduction of Sn into silicon-based materials can enhance the electrochemical performance.
Compared with SiO, the ICE of Sn/SiO composites increase by 20%, even exceeding 90% at voltage
of 3.0 V [185]. In addition, the composite prepared by two-step ball milling of Sn-Fe alloy and SiOx
also has a much higher ICE than the matrix SiOx. Nano-sized SnzFe firmly attached to the surface of
SiOx (Figure 11), which improves the electronic conductivity of SiOx and promotes the reversible
extraction of Li+ from the Li-Si-O glass. Thus, when the introduction amount of Sn2Fe is 70 wt%, the
initial efficiency of the composite material can reach approximately 78% [186].
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Figure 11. Illustration of preparation and electrochemical reaction for the Sn2Fe@SiOx composites [186].

Furthermore, Zhou et al. synthesized a yolk-shell structured nano-spherical anode material
(SiIO/MWCNTs@C) [187]. Multi-walled carbon nanotubes (MWCNTSs) are located between the silicon
oxide (S5iO) core and the outer carbon layer, functioning as a bridging component which enhances
the lithium ion diffusion capability, electrical conductivity and cycling stability, thereby significantly
improving the electrochemical performance for LIBs. The material exhibits an ICE of 76.18%. Even
after 200 cycles at current density of 5000 mA-g-, it can still maintain a reversible specific capacity of
844 mAh-g! with capacity retention rate of 92%.
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The aforementioned prelithiation methods and material modifications have improved the ICE
of the active materials to some extent through composition and structural optimization. However,
there remains significant room for enhancing the ICE and other electrochemical properties of silicon-
based anode materials. Moreover, existing strategies for improving the ICE and cycling stability of
SiO materials still face challenges such as high preparation costs, complex synthesis processes and
poor product consistency. Additionally, modified materials often suffer from reduced specific
capacity, inferior cycling stability and diminished rate capability, which hinder their large-scale
commercialization.

4. Conclusions

In this article, the expansion mechanisms and modification strategies of silicon-based anode
materials for LIBs are systematically reviewed with a focus on multidimensional nanostructured
silicon, SiC composites and SiOx anodes, aiming to address the challenges posed by silicon expansion.
Simply reducing silicon to nanoscale, thin-film or porous structures does not fundamentally resolve
the issue. Instead, the development of SiC composites with optimized structures and the
prelithiation/modification of SiOx are expected to be key research directions in the future.

Silicon-carbon (Si-C) anodes have emerged as a critical research direction due to the high specific
capacity, enhanced safety, abundant raw materials and simple preparation processes. From a
technical perspective, future advancements in Si-C anodes may include: (1) Structural optimization:
Weak interfacial bonding between Si and C particles leads to detachment and capacity degradation.
Novel architectures such as hollow structures, core-shell confinement or 3D interconnected buffer
layers could improve mechanical stability. (2) Advanced binders: Developing elastic, adhesive,
conductive, electrochemically stable and environmentally friendly binders to enhance
electrochemical performance. (3) Innovative synthesis techniques: Current methods are complex.
Future efforts should focus on optimizing CVD processes or other scalable techniques to improve
efficiency and reduce costs. Additionally, atomic-level interfacial engineering to strengthen Si-C
heterojunctions while maintaining structural integrity and high silicon loading is crucial.

Silicon monoxide (5iOx)-based anodes, with their ultrahigh theoretical capacity, safety and rate
capability, represent a promising next-generation lithium-ion battery material. However, the low ICE
remains a major barrier. Future research on SiOx anodes should prioritize on: (1) Oxygen content
regulation: Introducing metals or metal oxides to adjust oxygen stoichiometry, combined with
prelithiation, to optimize phase structure and enhance reversible capacity. (2) Hierarchical composite
design and binders: Multiscale structural engineering (e.g. coated or cage-like porous frameworks)
to mitigate pulverization, paired with high-performance binders for electrode stabilization.

As a cornerstone innovation for next-generation LIBs, silicon-based anodes are at a critical
juncture where technological breakthroughs and industrial scalability converge. Accelerating the
commercialization requires the development of hierarchically porous and core-shell composite
materials, alongside innovations in synthesis parameter optimization, novel fabrication methods,
purity control, particle size distribution tuning and surface modification techniques. These
advancements will provide vital support for the large-scale adoption of silicon-based anodes.
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CVD Chemical vapor deposition
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