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By overcoming significant performance constraints, recent developments in silicon/gra-
phene (Si/G) composite anodes have shown promise for revolutionizing lithium-ion bat-
teries. Although silicon has a remarkable theoretical capacity, structural instability results 
from its large volume growth during cycling. Though it lacks the potential for high-energy 
applications, graphene, which is well-known for its exceptional mechanical flexibility and 
electrical conductivity, enhances the qualities of silicon. By combining these materials, 
Si/G composites have demonstrated impressive gains in rate performance, structural sta-
bility, and capacity retention, providing a promising avenue for next-generation energy 
storage technologies. High-performance Si/G composites have been made easier to create 
by advancements in scalable synthesis processes like sol-gel processing, chemical vapor 
deposition, sophisticated self-assembly techniques and Hummer’s method. With an em-
phasis on cutting-edge silicon-based anodes, carbon composites, and workable techniques 
for acquiring and altering silicon anodes, this review seeks to examine the most recent 
developments and unsolved issues in the advancement of lithium-ion batteries. In order to 
address the needs of contemporary high-capacity applications and expedite the integration 
of Si/G composites into next-generation energy storage systems, these insights are crucial. 
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1. INTRODUCTION 

The development of lithium-ion batteries (LIBs) in re-
cent years has transformed energy storage technology, 
having an impact on many industries including portable 
electronic gadgets, electric vehicles, and large-scale stor-
age systems. Because of their large capacity, lengthy 
lifespans, and environmental friendliness, LIBs have 
been widely adopted. However, there is an urgent need 
to create next-generation LIBs with even better energy 
and power densities due to the fast-rising demands on the 
energy market [1]. The lithium-ion transport between the 
anode and the cathode forms the basis of a LIB as the 
power supply, and the Li+ insertion ability of the anode 
is the main factor that determines its performance [2]. 
This is why scientists have many resorted to the inven-
tion of many advanced materials to enhance the proprie-
ties of these batteries [1].  

Before battery fabrication, it is essential to analyze 
characteristic parameters like reducing power, conductiv-
ity, chemical/mechanical/thermal stability, structural de-
fects, and morphology of anodes. This analysis helps com-
prehend how these parameters influence the operational 
dynamics of cells. The optimization of these parameters is 
crucial for enhancing electrode performance and, concur-
rently, for refining the overall cell efficiency [3]. The ad-
vantages and disadvantages of important anode materials 
are summarized in Table 1 [4]. 

Over decades of ongoing research, a diverse range of 
anode materials has been identified and refined. Currently, 
LIB anode materials can be classified into three categories 
based on their different reaction mechanisms: inter-
calation materials (such as graphite and lithium titanate), 
conversion materials (including transition metal oxides 
and sulfides), and alloying materials (like silicon, tin, ger-
manium, and antimony) [2,5]. Summary of investigated 
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anode materials are shown as categories and sections in 
Fig. 1 [3]. 

A. Eftekhari et al. [6] recently classified anode 
materials into four categories based on their operational 
voltage ranges. The first category consists of low-voltage 
materials (including group IV and V elements), which 
primarily achieve their delithiation capacity below 1.0 V 
relative to Li/Li+. The second category encompasses 
mid-voltage materials, such as transition metal oxides 
and chalcogenides, which tend to reach the majority of 
their delithiation capacity in the voltage range of 1.0 to 
2.0 V. The third category is characterized by high-
voltage materials, where most delithiation occurs at 
voltages exceeding 2.0 V. Finally, the fourth category 
includes nanostructured and mixed valence materials, 
which exhibit a potential window varying from 0 to 
3.0 V and encompasses a broad range of materials 

exhibiting nanostructures and mixed valences, Fig. 2 
[3,6–9]. 

A lot of research has focused its results on the devel-
opment of anode materials for LIBs, choosing the most 
adequate and suitable electrode materials along with their 
recycling techniques. H. Kim et al. [10] particularly com-
pared silicon-based anodes with transition metal oxides 
and tin-based anodes. They found that transition metal ox-
ides, such as nickel cobalt manganese (NCM) and lithium 
titanium oxide (LTO), offer advantages such as cycling 
stability and capacity retention due to their robust struc-
tural integrity.  In addition, tin-based materials, such as 
SnO2, SnS2, and SnSe2, have been studied extensively as 
a possible replacement for current anode materials in LIBs 
because of their high theoretical capacity compared to 
graphite of 372 mAh∙g–1, corresponding to the formation 
of LiC6, Fig. 3 [11]. 

Table 1. Advantages and disadvantages of various anodes materials. Reprinted under a Creative Commons Attribution License (CC 
BY) from Ref. [4], © 2022 Royal Society of Chemistry. 

Anode materials Advantages Disadvantages 

Carbon 
High electronic conductivity 
Nice hierarchical structure 
Abundant and low-cost resources 

Low specific capacity 
Low-rate capacity 
Safety issues 

Alloys 
High specific capacity (400–2300 mAh.g–1) 
Good security 

Low electronic conductivity 
Large volume charge (100%) 

Transition metal oxides 
High specific capacity (600–1000 mAh.g–1) 
Nice stability 

Low coulombic efficiency 
Large potential hysteresis 

Silicon 
High specific capacity (3579 mAh.g–1) 
Rich, low cost, clean resources Large volume change (300%) 

Fig. 1. Different types of anode materials. Adapted under a Creative Commons Attribution License (CC BY) from Ref. [3], © 2023 
Elsevier. 
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The major problem associated with using these mate-
rials is the excessive volume charge during the lithiation-
delithiation process [11]. This problem has been success-
fully reduced by creating intermetallic metal composites. 
G. Toki et al. [11] found that silicon-based anodes, espe-
cially when combined with carbon composites, deliver a 
distinct advantage [12,13]. 

In this review, we explore the latest achievements and 
unresolved challenges in advancing LIBs, with a focus 
on innovative silicon-based anodes, carbon composites, 
and feasible methods for obtaining and modifying silicon 
anodes. 

2. SILICONE VS GRAPHITE ANODES FOR LIBs 

Silicon (Si) holds a prominent place in the periodic ta-
ble as the second most abundant element on earth, making 
up ~28% of the planet’s crust. Its abundance and excep-
tional physical properties have rendered it indispensable 
in various fields, particularly in the realm of modern elec-
tronics. While Si has undoubtedly played a transformative 
role in microelectronics and digital technology, the grow-
ing demand for energy storage solutions in the face of cli-
mate change and the transition to renewable energy 
sources has prompted a shift in focus. In recent years, re-
searchers and engineers have been exploring alternative 
applications for Si beyond its traditional use in electronic 
devices. One such groundbreaking prospect lies in the 
realm of energy storage systems, particularly in LIBs [1]. 
In this area Si has attracted a lot of attention as anode ma-
terial due to its very high theoretical specific capacity at 
room temperature compared to that of the commonly used 
carbonaceous anodes (Table 2), and due to Si atom able to 
form a connection with 3.75 lithium ions (Li3.75Si) [1,14]. 
Additionally, Si has a higher lithiation potential compared 
to graphite (~0.4 V vs. ~0.2 V relative to Li/Li+); this pre-
vents lithium plating and dendrite growth, Fig. 2 [1]. 

Despite these advantages, several inherent issues hin-
der its commercialization. One major challenge is the sig-
nificant volume expansion of over 300% that Si undergoes 
during the lithiation process, which can lead to mechanical 

Fig. 2. A chart comparing different anode materials’ potential 
and specific capacity. Reprinted under a Creative Commons At-
tribution License (CC BY) from Ref. [3], © 2023 Elsevier. 

Fig. 3. Lithiation characteristics of different anode materials [11]. 
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stress and the subsequent pulverization of the silicon pow-
der. This expansion also results in the detachment of the 
conductive matrix from the active Si surface, negatively 
impacting its electrochemical performance. During initial 
lithiation, a solid-electrolyte interphase (SEI) forms on the 
Si electrode due to the decomposition of the electrolyte. 
While this SEI layer facilitates lithium-ion conduction, it 
limits electron flow, thereby reducing electrolyte con-
sumption and improving the cycling performance of LIBs. 
However, the expansive nature of Si results in an unstable 
SEI that is susceptible to cracking and reformation on the 
Si surface. Consequently, this unstable SEI leads to con-
tinuous lithium consumption, ultimately depleting the 
electrolyte and lowering the initial Coulombic efficiency 
(ICE), Table 2 [15]. 

Furthermore, due to its stable crystalline structure, sil-
icon, which has limited conductivity of approximately 
10−3 S/cm at 25 °C, faces significant challenges related to 
electron conductivity, particularly under various unstable 
configurations [16–18]. 

To resolve these problems, researchers have explored 
many solutions, such as Si at the nanoscale, utilizing forms 
such as nanoparticles (NPs), nanowires, and nanotubes to 
address volume expansion that occurs during lithiation 
[20,21]. They have also developed Si electrode compo-
sites, including Si/graphene (Si/G) [22], transition-metal 
oxide composites [23,24], and Si alloy composites 
[25,26], to further mitigate the challenges associated with 
volume expansion. Table 3 summarizes the electrical con-
ductivity values of various anode materials used in LIBs, 
including Si, carbon (C), Si/C composites, titanium (Ti), 
Si NPs, nanowires, nanotubes, Si/G composites, transi-
tion-metal oxide composites, and Si alloy composites. 

Additionally, enhancements in the quality of the solid-
electrolyte interphase, along with the optimization of 
chemical additives and the upgrading of electrolytes and 

adhesives, have been recognized as crucial factors for im-
proving performance [1]. 

In Ref. [1] graphene has been incorporated into anode 
materials to serve as an ideal conductive matrix; in this 
case scientists, combined 2D graphene with Si. The Si/G 
composites emerge as promising solutions to overcome 
the limitations of Si as a standalone anode material. Inte-
grating Si into graphene allows these composites to capi-
talize on the synergetic advantages offered by both mate-
rials. Graphene, with its thickness of ~3 nm (twice the 
carbon-carbon bond length), facilitates efficient electron 
transport throughout the electrode and accommodates the 
volume expansion of Si during lithiation. This feature mit-
igates the detrimental effects of Si’s volume changes, ul-
timately enhancing the cycling stability and rate capability 
of Si/G composites, making them highly desirable for 
high-performance LIBs.  

Another critical factor is the performance at various 
temperatures and cycling conditions. Research indicates 
that Si/G composites can remain stable over multiple cy-
cles, in contrast to some alternatives that may exhibit sig-
nificant degradation or diminished capacity retention un-
der similar conditions [36,37]. 

J. Reslan et al. [1] found that the formation of a SEI layer 
on Si electrodes is another challenge. While the SEI allows 
for lithium-ion conduction, it can inhibit electron transport 
due to the limited conductivity of the layer. Additionally, as 
Si expands, the SEI can crack and become unstable, leading 
to continuous electrolyte consumption and diminishing ef-
fectiveness over successive charge-discharge cycles [1]. In 
order to understand the electrical conductivity J. Saddique 
et al. [38] made a mini review about the opportunities and 
challenges of nano-Si/C composites in LIB, where they 
found that an important advancement in Si-based materials 
is the development of porous nano-Si architecture, which 
exhibits excellent structural characteristics, reduces the 

Table 2. A comparison of SEI formation on the silicon electrode and other common electrodes in lithium-ion batteries, highlighting 
their composition, formation mechanisms, impact on performance, and specific challenges [19]. 

Electrode type SEI Composition SEI Formation mechanism Impact on performance Challenges with SEI 
Si anode Li2Co3, Li2O, organic 

compounds, lithium 
alkoxides 

SEI forms due to electrolyte  
reduction, with significant  
volume expansion (300%) 

SEI stabilizes the sur-
face but cracks with 
volume changes, lead-
ing to capacity fading 

Continuous SEI breaking 
and reforming due to large 
volume changes causes ex-
cessive lithium consump-
tion 

Gr anode Li2Co3, LiFe, organic 
carbonates 

Form at low potentials (08–01 V) 
due to electrolyte reduction 

Provide stability by pas-
sivating the surface, 
minimizing further de-
compositions 

SEI thickens over cycle, 
reducing conductivity and 
causing gradual capacity 
fade 

LiMe anode Li2O, Li2Co3, LiFe, 
Organic compounds 

Forms instantly upon contact 
with electrolyte 

SEI critical for limiting 
dendrite, growth im-
proving safety 

SEI instability leads to 
dendrite formation, causing 
safety hazard (e.g, short 
circuits) 
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volume expansion, provides sufficient channels for ion 
transportation, and improves the cycling stability and rate 
capability. Due to irreversible chemical reactions (or par-
asitic reactions) during the first cycles, a large initial ca-
pacity loss usually occurs, which causes the excessive 
consumption of Li ions in electrolyte. The effective way 
to overcome this issue is to use prelithiation approaches.  

Recently, M. Khan et al. [39] provided a thorough re-
view of various prelithiation techniques for Si-based an-
odes, evaluating them based on factors like operational 
simplicity, cost, stability, safety, and compatibility with 
current manufacturing processes. Alongside advance-
ments in nanoporous architectures and prelithiation strat-
egies to enhance electrochemical performance, significant 
progress has been made in developing new binders and 
electrolyte additives over the past decade. These innova-
tions have notably improved the structural integrity and 
cycling performance of silicon-based anodes, as well as 
increased ICE and stabilized the SEI.  

Scientists have explored various synthesis methods to 
form Si/G composite anodes, nanosheets (graphene 
synthesis routine) and variables in assembly methods 
(direct mixing, chemical bonding, and physical attraction). 
Due to the large variation in synthesis conditions and lack 
of complete information, comparative study to identify 

desirable properties of graphene for Si/G composite 
anodes based solely on literature study is not feasible. It is 
critical to isolate certain properties as was done in some 
preliminary work by J. Liang et al. [40]. 

In Ref. [39] Si NP size and surface treatment were 
maintained constant while the graphene properties were 
varied by different graphene oxide reduction conditions. 
So, when Si is used as the anode, carbon coating is 
needed. Si/G nanocomposites are considered one of the 
most promising anode materials for next generation high 
energy density LIBs. Many studies have explored vari-
ous synthesis methods to form Si/G composite anodes. 
To make Si/G composites viable for commercial appli-
cations, synthesis methods must be scalable, reproduci-
ble, and cost-effective [39]. 

However, current fabrication techniques often result in 
inconsistencies in material properties, which negatively 
impact electrochemical performance. Therefore, develop-
ing innovative synthesis approaches that enhance the uni-
formity and quality of Si/G composites is crucial for prac-
tical use.  

Y. Cen et al. [41] explored various fabrication methods 
for producing Si/G nanocomposites with promising elec-
trochemical properties. However, several challenges re-
main: (1) the high cost of synthesizing nano-sized Si and 

Table 3. A comparative overview of the electrical conductivities of various anode materials utilized in lithium-ion batteries, showcas-
ing the diversity and potential of each type for optimizing battery performance. 

Anode Material Electrical Conductivity (S/m) Notes Ref. 

Graphite 103 to 105 Excellent conductivity; widely used in  
commercial applications 

[27] 

Graphene 105 to 106 Excellent conductivity; widely used in  
commercial applications 

[27] 

Carbon Nanotubes 104 to 106 Very high conductivity, often used as additives 
to improve conductivity 

[27] 

Silicon 103 to 2∙10–2 Conductivity varies by form (micron/nano) and 
presence of conductive additives 

[28] 

Titanium 105 High conductivity; primarily used in composite 
structures for performance enhancement 

[29] 

Silicon Nanoparticles 10-3 to 2∙10–2 The presence of conductive additives enhances 
conductivity 

[30] 

Silicon/Carbon 10–2 to 1 Provides enhanced conductivity and stability 
through carbon matrix 

[28] 

Silicon nanowires 10–3 to 10–2 Conductivity can vary based on structure and 
additives used 

[31] 

Silicon nanotubes Similar to silicon; generally 
low conductivity 

Typically integrated with other materials for 
synergetic effects 

[32] 

Silicon/Graphene 10–2 to 1 Enhanced conductivity due to graphene's  
presence, aiding electron transport 

[33] 

Transition metal oxide composites 10–2 to 10–1 Conductivity can vary significantly based on 
specific materials and phases 

[34] 

Silicon alloy composites 10–2 to 1 Generally better than pure silicon alone, often 
enhanced with carbon materials 

[35] 
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graphene nanosheets, (2) low electrode loading weight, 
and (3) unsatisfactory cycling performance due to volume 
expansion. Additionally, the quality of the carbon materi-
als used in Si/C composites significantly influences the 
electrochemical performance of the resulting anode and 
requires further investigation [41]. 

Despite extensive research and significant advance-
ments in this field, several challenges remain unresolved. 
F. Wang et al. [19] investigated the issues of volume ex-
pansion and material pulverization in Si-based anodes. 
They found that during lithium insertion and extraction, Si 
undergoes substantial volume expansion—ranging from 
300% to 420%—which leads to severe pulverization and 
loss of electrical contact. This causes capacity degradation 
and shortens the cycle life of the anode. While nanostruc-
tured Si is designed to mitigate these issues, accommodat-
ing such drastic volume changes remains a significant 
challenge. Moreover, forming a stable SEI is crucial for 
maintaining the efficiency and longevity of Si anodes. 
However, the continuous volume fluctuations during cy-
cling cause cracking and instability in the SEI, leading to 
low Coulombic efficiency and hindering ionic transport. 
This, in turn, negatively affects the overall electrochemi-
cal performance of LIBs. Additionally, their study high-
lighted that the use of nanosized Si and Si/G composites 
often results in low tap density, which limits mass loading 
and reduces areal capacity. The excessive interparticle 
space in these nanomaterials leads to poor electrode pack-
ing, further compromising performance [19]. 

Even with the incorporation of graphene, Si’s intrinsic 
electrical conductivity is limited, which can hinder effi-
cient charge transfer within the anode. While graphene en-
hances conductivity, optimizing the Si/G interface for 
maximum electron transport remains an area requiring fur-
ther exploration [11]. 

2.1. Pristine silicone anodes 

Si particles with diameters below 150 nm have been 
shown to maintain structural integrity during repeated 
lithiation/delithiation cycles, as the reduced stress on these 
particles helps prevent rapid capacity decay and enhances 
long-term cycling performance. In particular, Si nan-
owires with an average diameter of 89 nm achieved a high 
discharge capacity of 3193 mAh∙g–1 at a C/20 rate, accom-
panied by an initial Coulombic efficiency of 73%. Im-
portantly, the lithium storage capacity of these Si nan-
owires remains stable with nearly no degradation after 10 
cycles, attributed to their intact structure following re-
peated charge and discharge processes [21,42]. 

Silicon nanoparticles (SiNPs) can be effectively 
produced through ball milling of Si powders, which is 
garnering significant interest due to its cost-effectiveness 

compared to more expensive synthesis methods like 
chemical vapor deposition (CVD) using silane (SiH₄) 
precursors, with costs of approximately 2 euros per kg for 
ball milling versus 100 euros per kg for CVD. However, 
from an industrial perspective, the use of NPs presents 
several challenges, including issues related to volatility, 
inhalation hazards, and explosion risks. Despite these 
challenges, efforts are being made to harness the 
advantages of nanomaterials [1,43]. 

In Ref. [44] it is highlighted for the first time that ex-
tended ball milling of pure Si is a powerful and low-cost 
approach for producing micro-sized, nanostructured Si 
particles that exhibit better electrochemical performance 
than expensive nanosized Si powders. The researchers 
used commercial micrometric Si (99.9%, 1–5 microns) as 
the starting material, where the Si powder was combined 
with three stainless-steel balls. All the details are ex-
plained in their review [44].  

The electrodes made from ball-milled Si particles 
mixed with binders demonstrated an irreversible capaci-
tance of 1170 mAh∙g−1 after more than 600 cycles, with a 
Coulombic efficiency exceeding 99% [1]. This impressive 
electrochemical performance is attributed to the presence 
of nanocrystalline domains within the submicron particles 
and the high concentration of grain boundaries, which ac-
celerate Li+ diffusion in the Si anode. Finally, the authors 
credit the success of the microsized Si materials to three 
strategies: (i) using nanocrystalline (ball-milled) Si pow-
der for smoother phase transitions during cycling; (ii) us-
ing a carboxymethyl cellulose (CMC) binder prepared in 
acid, which strengthens the covalent bonding between the 
binder and Si particles; and (iii) incorporating fluoroeth-
ylene carbonate + vinylidene carbonate (FEC + VC) addi-
tives in the electrolyte to reduce electrolyte decomposition 
at the Si surface. These combined strategies likely explain 
why earlier ball-milled Si materials without such enhance-
ments were less successful [1,44]. 

A promising strategy to address the volumetric expan-
sion issues associated with SiNPs is the incorporation of 
Si-C composite materials in various structural forms, in-
cluding core-shell, hollow-shell, and yolk-shell configura-
tions [1,45]. 

As an illustration of these composite anodes, in 
Ref. [46] single-crystal n-type and p-type silicon nan-
owires (SiNWs) have been prepared and characterized by 
electrical transport measurements. Laser catalytic growth 
was used to introduce controllably either boron or phos-
phorus dopants during the vapor phase growth of SiNWs. 
SiNWs were synthesized using the laser-assisted catalytic 
growth method, their studies show it is possible to incor-
porate high dopant concentrations in the SiNWs and to ap-
proach the metallic regime. Temperature dependent meas-
urements made on heavily doped SiNWs show no 
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evidence for single electron charging at temperatures 
down to 4.2 K, and thus suggest that the SiNWs possess a 
high degree of structural and doping uniformity. In the 
other studies, porous Si-C composite particles present a 
viable solution to address the limitations associated with 
non-porous Si-C materials. The presence of preexisting 
pores facilitates the necessary volume for Si expansion 
while enabling rapid transport of lithium ions, which is es-
sential for efficient battery performance. Furthermore, the 
carbon component in these composites enhances the for-
mation of the solid/electrolyte interface, contributes to 
structural integrity, and ensures high electrical conductiv-
ity. When engineered effectively, porous Si-C composite 
particles can maintain their size and shape during cycling, 
which is crucial for industrial applications, particularly 
since commercial battery cells have very limited space for 
anode expansion [47]. 

However, the low-cost synthesis of such composites is 
not a trivial task. In this context, A. Magasinski et al. [45] 
used the bottom-up assembly to develop Si-C porous com-
posite powders with high capacity, stable performance and 
particle size comparable to that of milled graphite (15–
30 µm). They developed a CVD synthesis process to cre-
ate SiNPs on the surface of carbon black NPs, which form 
short branched chains during high-temperature pre-an-
nealing. The resulting 0.5–1 µm multibranched nanocom-
posite, subsequently self-assembles into large porous 
spherical granules during the atmospheric pressure CVD 
deposition of carbon. 

The size of the deposited Si nanoparticles is deter-
mined by the duration of the Si CVD deposition process, 
as well as the pressure and temperature settings within the 
deposition system. Additionally, the dimensions of the 
branches in the nanocarbon and the size of the deposited 
SiNPs influence the pore size of the synthesized compo-
site. Consequently, the carbon CVD process parameters 
and the initial size of the branched carbon particles play a 
crucial role in controlling the particle size, pore size, and 
composition of the composite [48]. Anodes made out of 
these porous Si-C composite exhibit exceptional electro-
chemical performances such as a specific capacity of 
1950 mAh∙g−1 at C/20 (six times higher than that of con-
ventional graphitic anodes) and a volumetric capacity of 
1270 mAh∙cm−3 at C/20 (620 mAh∙cm−3 for graphitic an-
odes) [1,48]. 

There are numerous Si anode synthesis methods for 
LIBs that have not been addressed in this review. In  
Table 4, a comparison of various Si anodes is presented, 
detailing information on fabrication methods, particle 
sizes, and their electrochemical performance. Each type 
of anode possesses distinct advantages, which have been 
previously explained to highlight the reasons for re-
searchers' focus on these materials and their published 

findings. Upon analyzing the table, it is evident that Si 
NWs synthesized using specific methods demonstrate 
excellent electrochemical performance, exhibiting con-
sistent capacity across numerous cycles. In contrast, 
other materials such as SiNPs or thin films show perfor-
mance variations that largely depend on their fabrication 
methods. Notably, most other anode materials tend to ex-
perience a capacity loss of approximately 50% after pro-
longed cycling [1]. 

Similar results are observed on another type of anode 
materials. The anode materials made of copper oxide 
nanowires that we studied earlier also show results 
higher than those made of copper oxide NPs [24,49]. 
Calculations show that such one-dimensional materials 
can more easily withstand high mechanical stresses and 
deformations that arise during the process of lithiation 
and delithiation [50,51]. 

2.2. Graphene anodes 

Graphene has been clearly identified as one of the candi-
dates to compete with the dominating graphitic material 
for manufacturing anode electrodes [1]. Graphene is a 
two-dimensional material comprised of a single or a few 
atomic layers of sp²-bonded hexagonal carbon. It show-
cases exceptional physical properties, including a high 
transparency of 98.4% and superior electrical and thermal 
conductivity measured at 85000 S/m, and 5000 W m–1 K–1, 
respectively [10]. Additionally, graphene features a re-
markable specific surface area of 2630 m2 g–1 and an opti-
cal absorption of only 2.3% [10,52]. Additionally, its ex-
ceptional diffusion coefficient surpasses that of graphite, 
enabling faster and more efficient transport of lithium ions 
within the battery structure. When incorporated into anode 
materials, graphene serves as an outstanding conductive 
network, facilitating rapid electron transport throughout 
the electrode, thus enhancing the overall performance of 
the battery [1]. Moreover, the diverse forms in which lith-
ium can be incorporated into graphene, including both 
sides and within the material’s defects, offer opportunities 
for further exploration and optimization of LIB designs, 
emphasizing the versatility and potential of graphene in 
advancing the next generation of energy storage technolo-
gies [1]. The diverse forms in which lithium can be in-
corporated into graphene—both on its surfaces and 
within the material's defects—provide significant oppor-
tunities for further exploration and optimization of LIB 
designs. This versatility underscores the potential of gra-
phene to advance the next generation of energy storage 
technologies. The ability to exploit various incorporation 
methods enhances the efficiency and overall perfor-
mance of LIBs, making graphene a promising material in 
this field [52,53].  
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In Ref. [53] they present a facile and effective method, 
combining mechanical agitation, ultrasonic dispersion, 
and dispersant surface modification, to produce high mass 
concentration (1%) graphene conductive slurries as con-
ductive agent for LIBs. The dispersant CMC significantly 
enhances the dispersion and stability of graphene in aque-
ous solutions. When used as a conductive agent in LIBs, 
the graphene slurry (G-CMC) demonstrates impressive 
battery performance, achieving a first charge and dis-
charge capacity of 1273.8 mAh.g–1 and 1723.7 mAh.g–1, 
respectively, with a Coulomb efficiency of 73.9% at a cur-
rent rate of 100 mA.g–1. Additionally, the anode exhibits a 
capacity retention rate of 84% (1070.2 mAh.g–1) after 100 

cycles at a current of 200 mA.g–1. This strategy, which 
combines physical dispersion with dispersant modifica-
tion to formulate graphene slurry, shows significant poten-
tial for application as a conductive agent in LIBs [53]. 

Methods for producing high-quality graphene have 
been thoroughly investigated to fulfill the demands of an-
ode applications in LIBs [1]. Several techniques have been 
developed for the large-scale synthesis of graphene, ensur-
ing its readiness for commercial applications. Notable 
methods include liquid-phase exfoliation, which effi-
ciently separates graphene from graphite; chemical reduc-
tion of graphene oxide, which transforms oxidized gra-
phene into high-quality graphene sheets; and CVD. Each 

Table 4. Si-based lithium-ion battery anodes. Reprinted under a Creative Commons Attribution License (CC BY) from Ref. [1], © 2024 
Wiley-VCH GmbH. 

Anode materials Method used Particle size 
(nm) 

Initial discharge 
(mA∙g–1) current 
density (A∙g–1) 

Capacity/ Cycles/ Current 
density (mAh∙g–1) (A∙g–1) 

ICE (%) 

Si thin films Electrodepositing 50–100 2550/036 2800/80/3.6 53 
Si thin films Magnetron  

sputtering 
100–300 3134 at 0.025 C 1317/500 at 0.5 C 87 

SiNPs Chemical synthesis < 70 1157/0.05 452/50/0.05 76.3 
SiNPs Ball milling 50 3075/0.05 804/400/1 84.5 
SiNPs Ball milling 10 3250/0.48 1600/600/0.48 81 
SiNPs Ball milling 150–200 2196/0.1 1480/100/0.1 67.3 
SiNPs CVD 10–30 1950/0.0975 1500/100/1.95 86 
SiNPs/SiO2 Ball milling 50–70 805.57/0.2 704.79/500/0.2 88 
SiNWs CVD 3–10 3720 at C 2670/50 at 1.3C 65 
SiNWs Vapor liquid solid < 100 2836 at 0.1C 2600 after 20 cycles 93.7 
SiNWs CVD 10–50 1300/0.85 1060/100/0.85 86.2 
SiNWs Boron doped 100 3038/0.4 2000//250/2 89 
SiNWs CVD-spray coating 

operation 
30 3750/0.00025 2950/200/0.00025 78 

SiNWs ECR-CVD / MCEE 10–50 2911/0.25 mA∙cm–2 2445/25/0.25 mA∙cm–2 95 
SiNWs Magnesiothermic re-

duction 
< 23 1586/0.2 1038/170/0.2 48.3 

SiNWs DC-arc discharge 20 2553/0.1 441.7/10/0.1 49 
SiNWs Liquid oxidation and 

exfoliation 
< 10 1375/0.1 596/1800/1 61.6 

Si nanotubes Electrospinning/CVD 10 650 at 12 C 570/6000 at 12C 76 
Si hollow spheres CVD 100–400 2725 at .01 C 1420/700 at 0.5C 77 
Mesoporous Si Magnesiothermic re-

duction 
20–120 4819/0.05 1004/50/0.05 64.2 

Porous Si membrane HCl-leaching and  
water-rinsing 

25 3420/0.1 1220.2/100/1 71.8 

Porous Si MCEE of Si powders 10–50 2530 at 0.1C 200/50 at 0.2C 69.3 
Porous Si Reduction of 

mesporous SiO2 

150 2416/0.1 1600/100/0.1 73.7 

Porous Si Magnesiothermic  
reduction of rice husk 

> 200 2790/0.084 1500/300/2.1 70 

Porous Si Magnesiothermic  
reduction of diatomite 

100 1826/0.05 240/30/0.5 68.5 
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of these techniques offers distinct advantages and is tailored 
to meet specific production needs, thereby enhancing the 
accessibility of graphene for various applications [54].  

CVD is a prominent method for producing high-qual-
ity graphene sheets. In this process, hydrocarbons are ther-
mally decomposed on a metallic substrate, resulting in the 
formation of graphene layers with controlled thickness 
and large surface areas [55]. CVD enables scalable and 
continuous production, which makes it an ideal choice for 
industrial applications. This technique not only ensures 
the uniformity and quality of the graphene produced but 
also supports the growing demand for graphene in various 
technological fields [56]. 

K. Rana et al. [57] successfully produced freestanding 
and flexible graphene films, ~5–8 μm thick, through the 
CVD method for use as a battery anode. Notably, these 
graphene anodes, unlike typical ones, did not require cur-
rent collectors or additives. They demonstrated a specific 
capacity of 350 mAh.g–1, closely aligning with the theoret-
ical value of graphite, and exhibited stable cycling perfor-
mance for 50 cycles, even at a high C-rate (over 2 C). 
When applied in flexible LIBs under a bending radius of 
10 mm, the anodes maintained stable initial capacity for 
over 40 cycles. This unique freestanding graphene, with a 
thickness of 5–8 μm, showcased excellent flexibility, at-
tributed to its thinness and the absence of a need for a 
metal current collector, which, while also thin, cannot 
store lithium ions [1,57]. 

2.3. Silicone/graphene anodes 

In LIBs, graphite is the most common anode material, in 
which lithium ions intercalate and deintercalate between 
the graphite layers during the charge/discharge process; 
however, graphite’s theoretical capacity is only approxi-
mately 372 mAh.g–1, while Si has a much higher capacity 
at up to 4198 mAh.g⁻¹. The corresponding chemical pro-
cesses taking place in graphite are given by the following 
equations: 

6C + Li⁺ + e⁻ ⇄ C₆Li, (1) 

Si + 4.4Li⁺ + 4.4e⁻ ⇄ Li₄.₄Si. (2) 

When Si transforms into Li₄.₄Si, its volume increases 
by about 3.8 times. Such huge expansion and repetitive 
stress due to expansion and shrinkage during charge and 
discharge cycles result in the collapse and pulverization of 
Si, detaching it from the electrode. To circumvent these 
issues, several sophisticated synthesis methodologies have 
been developed for Si/G composites [58]. 

P.B. Zhang et al. [59] successfully fabricated SiNPs/G 
composites using the CVD technique. SiNPs, approxi-
mately 30 nm in diameter, were employed as the active 
material, while copper foil (99.8% purity) served as the 
catalytic substrate. Graphene was utilized as the carbon 
matrix. The copper foil, coated with SiNPs, was then 
placed in the heating zone of a single-zone tube furnace, 
heated to 1000 °C (Fig. 4a). Lithium iron phosphate 

(a) 

(b) 

Fig. 4. (a) Schematic representation of CVD technique to fabricate SiNPs/G composite anodes, (b) Raman spectra of SiNPs/G composite 
films with different concentrations of MWCNTs. Reprinted under a Creative Commons Attribution License (CC BY) from Ref. [59],  
© 2019 IOP Publishing. 

https://creativecommons.org/licenses/by/4.0/


A. Azaizia, M.V. Dorogov: Synthesis of Si/G composite anodes for lithium-ion batteries: a review 203 

Reviews on Advanced Materials and Technologies, 2024, vol. 6, no. 4, pp. 194–213 

(LiFePO4) was used as the cathode material, and the elec-
trolyte comprised a mixture of ethylene carbonate (EC), 
dimethyl carbonate (DMC), and lithium hexafluorophos-
phate (LiPF6). Although additional multi-walled carbon 
nanotubes (MWCNTs) increased the specific surface area, 
which resulted in a larger consumption of Li+ and the pro-
duction of the SEI film at the anode, the Raman spectra of 
SiNPs/G with different concentrations of MWCNTs indi-
cated that the composite film was supported. The LIB's 
energy density suffered because of this (Fig. 4b). Lithium-
ion intercalation into the SiNPs and graphene composite 
film electrodes is probably the cause of the recurrent spike 
near 0 V in each cycle that was seen by cyclic voltamme-
try graphs. Nevertheless, after only six cycles, the compo-
site anode failed [1,59]. 

In contrast to current methods, D. Lou et al. [33] devised 
an approach that involved uniformly dispersing Si and gra-
phene NPs in liquid media with the use of a suitable surfac-
tant. This allowed them to produce Si/G composites that 
were inexpensive and easily scalable. In particular, Si na-
nopowder (50–70 nm) and graphene nanoplatelets (4–5 lay-
ers, 8 nm thick, > 97% purity) were dissolved in deionized 
water using sodium dodecyl benzenesulfonate (SDBS) as a 
surfactant. The mixture was exposed to ultrasonication for 
20 minutes at 40 watts, with an ice bath employed to chill 
the Si NPs. The solid was filtered and cleaned to get rid of 
extra surfactant, then dried for 12 hours at 80 °C in a vac-
uum oven before being milled into a powder (Fig. 5) [33]. 

According to their findings, the Si/G composite elec-
trode outperformed pure Si electrodes in terms of electro-
chemical performance and cycling stability. The Si/G cell 
showed superior capacity retention across cycles, with 
97% retention after 25 cycles and 89% retention after 50 
cycles, despite the Si-based cell's initial larger capacity. 
The graphene structure, which permits the volume expan-
sion of SiNPs, is responsible for this improved stability. 

Nevertheless, capacity loss quickened after 50 cycles, and 
by the 100th cycle, 62% of the Si/G electrode's original 
capacity was still present. As a result of testing tempera-
ture fluctuations, the Coulombic efficiency stayed over 
90% and occasionally surpassed 100% (Fig. 6) [33]. 

Additionally, relative to the Si electrode, the Si/G elec-
trode displayed lower resistance, according to electro-
chemical impedance spectroscopy (EIS), suggesting im-
proved conductivity and quicker charge transfer. Better 
mass transfer of Li ions was further suggested by the de-
creased Warburg resistance. The even dispersion of Si 
NPs and graphene, which improves conductivity and less-
ens the effects of volume expansion, is responsible for the 
Si/G composite's overall better performance [33]. 

Fig. 5. Schematic diagram of the preparation of Si/G nanocom-
posite. Reprinted under a Creative Commons Attribution Li-
cense (CC BY) from Ref. [33], © 2022 MDPI. 

Fig. 6. Specific charge/discharge cycling performance of Si/G and Si anodes at a current rate of 0.1C in the first 100 cycles. Reprinted 
under a Creative Commons Attribution License (CC BY) from Ref. [33], © 2022 MDPI. 
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J.K. Lee et al. [60] created a different composite for 
LIB anodes in a different investigation. In order to create 
a silicon oxide layer, Si NPs smaller than 30 nm were first 
treated in the air. Graphene oxide (GO), which was created 
by oxidizing graphite, was then mixed with these particles. 
To create the Si/G nanocomposites, the mixture was re-
duced with 10% hydrogen in argon for one hour at 700 °C. 
The recently created Si/G nanocomposites showed a re-
markable initial discharge capacity of about 1950 mAh.g–1, 
holding onto about 900 mAh.g–1 after 120 cycles at the 
1000 mA.g–1 current rate [60]. 

Numerous investigations used a high graphene ratio 
(> 20 wt.%) and concentrated on the Si/G anode synthesis 
process. Y.-S. Ye et al. [61] looked into the impact of a 
higher graphene weight ratio in a Si/G nanocomposite. 
Weight ratios of 3:1, 2:1, 1:1, and 1:2 for Si/G were inves-
tigated. The Si/G ratio of 3:1 showed the finest balance 
between cycling performance and starting capacity. Addi-
tionally, Chabot et al. looked at the loading ratio between 
graphene and Si NPs. Si/G nanocomposites in the follow-
ing ratios were investigated: 1:3, 1:2, 1:1, and 1:0.5. The 
maximum initial capacity was around 2600 mAh∙g–1 for 
Si/G with a ratio of 1:0.5. Nevertheless, after 100 cycles, 
Si/G with a 1:1 ratio showed the maximum retention ca-
pacity of about 1000 mAh.g–1 [41,61]. 

A promising method seems to be the creation of a Si/G 
nanocomposite anode through a self-assembly process us-
ing GO and Si NPs. It is worth noting that three main tech-
niques for creating graphene oxide are widely used: Bro-
die’s, Staudenmaier’s, and Hummer’s methods [58]. 

Of these, Hummer’s method is well known for yield-
ing high-grade GO with a significant number of functional 
groups that contain oxygen, including hydroxyl, carboxyl, 
and epoxide groups [62]. Stronger bonding inside the 
composite is made possible by these functional groups, 
which greatly improve the interfacial contacts between 
GO and Si [63]. By increasing the number of active sites 

for storing lithium and enhancing conductivity generally, 
this better integration directly leads to the improved elec-
trochemical performance of LIBs. 

Additionally, L. Niu et al. conducted experiments fo-
cused on modulating the functional groups of GO to fur-
ther enhance the electrochemical performance of Si/re-
duced graphene oxide (Si/rGO) anodes [63]. Their 
findings highlight the importance of functional group op-
timization in achieving superior LIB performance. 

W.S. Hummers [64] created a method for producing 
GO by processing graphite with sulfuric acid, sodium ni-
trate, and potassium permanganate. This procedure was 
faster and safer than Brodie’s and Staudenmaier’s previ-
ous approaches. As a result, it has long been considered as 
a reference approach among researchers. For example, 
X. Li et al. [22] created a yolk-shell structure using a car-
bon/graphene double-layer-coated Si material to reduce 
structural degradation and improve the low inherent elec-
trical conductivity of Si NPs. The inner carbon covering 
increased the surface electronic conductivity of the Si 
NPs, while the graphene served as flexible and conductive 
bridges, improving intergranular conductivity, addressing 
Si volume expansion, and preserving the electrode's struc-
tural integrity [22]. In short, the surface oxide layer was 
first removed from nano-sized Si particles by pretreating 
them to create the Si/C/G composites. The components 
were mixed in an agate mortar and heated to 90 °C for 12 
hours to create carbon-coated silicon (Si/C) particles. The 
mixture was calcined in a nitrogen environment to create 
the finished composite. A modified Hummer’s method 
was used to create GO sheets from natural graphite flakes. 
The Si/G composites were then synthesized using a hydro-
thermal method. The same procedure used for Si/G was 
used to create Si core/carbon/graphene (Si/C/G) compo-
sites with the materials dispersed in ethanol and subjected 
to ultrasonic treatment followed by thermal processing 
(Fig. 7) [22]. 

Fig. 7. The synthesis of the Si/C/G is shown schematically in (a), and the Si/C structure modifications after numerous cycles are shown 
in (b) and (c). Reprinted under a Creative Commons Attribution License (CC BY) from Ref. [22], © 2017, Royal Society of Chemistry. 
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According to their results, cyclic voltammetry (CV) of 
the Si/C/G composite revealed distinct lithiation/delithia-
tion peaks, as well as the creation of a stable SEI layer 
(Fig. 8a). EIS showed that the Si/C/G composite had the 
lowest charge-transfer resistance, indicating increased 
conductivity due to the amorphous carbon layer and gra-
phene [22]. 

Regarding specific capacity and stability, the Si/C/G 
composite demonstrated high specific capacity and sta-
bility, with an initial discharge specific capacity of 
3366 mAh.g–1 and retaining 2469 mAh.g–1 after 50 cy-
cles. Long-cycle testing showed steady capacities of 
around 2000 mAh.g–1 and 1600 mAh.g–1 at discharge cur-
rents of 1 A.g–1 and 2 A.g–1, respectively. The Si/C/G com-
posite outperformed previously reported Si/C composites 
by sustaining discharge capacities exceeding 2000 mAh.g–1 
after 300 cycles (Fig. 8b). Lastly, no notable morphologi-
cal changes were found in the SEM study conducted after 
700 cycles, indicating the Si/C/G composites (Fig. 9) [22]. 

In a similar context, Y. Du et al. [65] synthesized GO 
from graphite using the Hummer’s method. The graphene 
sheets were then in-situ loaded with nanosized SiO2 using 
tetraethyl orthosilicate (TEOS). After that, they used a 
magnesium thermal reduction technique to create Si/G 
composites. They also created Si/G samples for compari-
son by physically combining graphene and Si NPs [65]. 

X-ray diffraction and Raman spectra verified the effec-
tive conversion of SiO2 into Si based on their findings. The 
absence of the distinctive graphene peak was probably 
caused by the Si NPs’ great dispersion of graphene sheets. 
Along with graphene’s D and G bands, Raman spectra 
showed clear Si peaks. The structural results are consistent 
with the electrochemical results, which showed that the 
Si/G composite had an ICE of 62% and an initial discharge 
capacity of 2808 mAh.g–1 and a reversible capacity of 
1743 mAh.g–1 [65]. The development of the SEI and the 
breakdown of SiO2 were identified as the causes of the irre-
versible capacity loss. Furthermore, even at a high current 

a 

b 

Fig. 8. (a) Si/C/G composite cycling performance from 0.01 to 1.5 V at a scanning rate of 0.5 mV∙s–1. (b) The Si/C/G composite 
electrode's discharge capacity and Coulombic efficiency at current densities of 1 and 2 A.g–1. Reprinted under a Creative Commons 
Attribution License (CC BY) from Ref. [22], © 2017 Royal Society of Chemistry. 
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rate of 5 A.g–1, the composite retained a high reversible ca-
pacity of 450 mAh.g–1, showcasing excellent rate perfor-
mance. Additionally, after 120 cycles at 100 mA.g–1, the 
composite maintained 79% of its capacity, which was 
higher than the Si/graphene mixture’s 24% and pure Si’s 
6% after 100 cycles [65]. An initial reversible capacity of 
1750 mA.g–1 at a current rate of 100 mA.g–1 and exceptional 
cycling stability, sustaining a capacity of 1374 mA.g–1 over 
120 cycles, were among the exceptional qualities of the 
composite that this synthesis process produced [65]. 

Conversely, rGO can be added by chemical reduction 
with reagents like hydrazine or by thermal reduction of GO. 
As an alternative, CVD can be used to directly produce gra-
phene. These techniques do have some serious drawbacks, 
though: Si particles are expensive, the CVD process neces-
sitates large-scale, costly equipment that is inappropriate for 
mass manufacturing, and hydrazine is extremely poisonous, 
making it unsuitable for industrial use [53]. Building on 
their previously published method [58], I. Imae et al. sug-
gested a modified way to create Si/rGO composites in this 
context. They reduced both GO and silica using a technique 
called magnesiothermic reduction, which is a thermal re-
duction process incorporating magnesium. TEOS was 
added to an aqueous dispersion of GO (5 mg.ml–1) after GO 
was prepared, and the mixture was agitated for a whole day. 
The resultant GO/silica composite was then mixed with 
magnesium powder, sonicated to distribute it, and dried at 
80 °C. The resulting Si/G composites were purified by us-
ing hydrochloric acid to remove magnesium-based byprod-
ucts (such as MgO and Mg2Si) and hydrofluoric acid to re-
move any remaining silica after the dried samples were 
heat-treated at 800 °C under vacuum. Because it does not 
require alcohol solvents or the acid or base catalysts that are 
frequently used in TEOS sol–gel processes, this synthesis 
approach is notable for its ease of use and environmental 
friendliness [58]. 

Table 5 provides an overview of documented studies 
on Si/G nanocomposites to help understand the effect of 
synthesis methods on the properties and functional perfor-
mance of Si/G composite anodes for LIBs [41]. 

A simple and promising method for creating anode 
materials is to coat graphene with Si NPs by synthesizing 
the Si/G nanocomposite anode using a self-assembly tech-
nique. The first step in the procedure is the creation of GO 
sheets, which are usually accomplished using Hummer’s 
technique, which oxidizes graphite to create GO. Follow-
ing their dispersion in a solution, the GO sheets engage 
with Si NPs through van der Waals and electrostatic 
forces, enabling the GO to coat the Si NPs uniformly. Re-
duced GO, efficiently encloses the Si particles and sur-
rounds each NP with a conductive, protective shell. 

The self-assembly method has a number of important 
advantages. First of all, it guarantees that Si is distributed 
uniformly throughout the graphene network, reducing 
problems brought on by Si's expansion and contraction 
during cycling. Rapid electron transit is another benefit of 
the conductive graphene layer, which improves the an-
ode's overall electrochemical performance. This synthesis 
approach is feasible for large-scale manufacturing since it 
is straightforward, scalable, and does not require compli-
cated equipment [66].  

D. Wang et al. [67] and W. Zhang et al. [68] have 
shown the promise of Si/G composites by doing research 
that demonstrates their ability to produce enhanced 
cycling stability and high reversible capabilities. D. Wang 
et al., for example, demonstrated the endurance of Si/G 
composites by finding that they maintained over 85% of 
their capacity after 300 cycles. Furthermore, the conduc-
tive graphene layer greatly enhanced rate performance, 
enabling the anode to support greater current densities with 
no capacity loss, according to W. Zhang et al. For next-
generation LIBs, this Si/G composite synthesis technique 

Fig. 9. Si/C/G electrode SEM pictures before and after 700 cycles are shown in (a) and (b). Reprinted under a Creative Commons 
Attribution License (CC BY) from Ref. [22], © 2017, Royal Society of Chemistry. 
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offers a potential route to producing high-performance 
anodes with high energy capacity, stability, and durability 
[67,68]. 

3. CATHODE MATERIALS FOR 
SILICONE/GRAPHENE ANODES 

Several cathode materials, such as nickel-manganese-cobalt 
oxide (NMC), lithium-rich layered oxides, high-voltage spi-
nel lithium manganese oxide (LiMn2O4), and dilithium hy-
droquinone have been investigated in the development of 
Si/G nanocomposite anodes for LIBs to improve perfor-
mance and stability [69–72]. A notable example is the use 
of a LiMn2O4 cathode, which has been integrated with a 
Si/G nanocomposite anode. This combination demonstrated 
stable cycling performance at practical working voltages 
ranging between 3.2 and 4.2 V [73].  

R. Hu et al. synthesized a Si/G-based nanocomposite 
anode using discharge-plasma-assisted milling (P-milling) 

in Ref. [74]. The nanocomposite with 50 wt.% Si showed 
good cycleability, high capacity, and an excellent high-
rate capability as a lithium storage anode. After 200 cycles 
at a current density of 0.4 mA·cm–2, it produced a dis-
charge capacity of 866 mAh·g–1 and a coulombic effi-
ciency above 99.0%. For 0.02–2 V, the capacity loss over 
200 cycles was a mere 0.07% per cycle. This stability was 
further affirmed when the anode was paired with the 
LiMn2O4 cathode, underscoring its practical applicability 
in full-cell configurations [74].  

Moreover, combining Si/G anodes with LiMn2O4 cath-
odes in LIBs poses a number of difficulties, especially 
with regard to cycle life and energy density. A major ob-
stacle is the substantial volume shift that occurs in silicon 
during the lithiation and delithiation procedures. Reduced 
cycle life and capacity fading may occur from mechanical 
deterioration brought on by this volumetric expansion and 
contraction [74]. The performance and stability of the an-
ode across numerous cycles are further impacted by these 

Table. 5. A summary of study results on Si/G graphene nanocomposites anodes. Reprinted under a Creative Commons Attribution 
License (CC BY) from Ref. [41], © 2018 MDPI. 

Si source 
Graphene synthesis 
method 

Graphene 
weight ratio 

Electrode loading 
density (mg/cm2) 

Initial reversible 
capacity (mAh/g) 

First cycle 
efficiency 

Best capacity retention 
with current rate 

SiNPs 
Graphite oxidation + 
thermal reduction 

~40% 2 ~2050 ~96% 300th,~56%,1000mA/g 

SiNPs 
Modified Hummers 
method + Chemical 
reduction 

73.6% NR ~1000 ~41% 100th,~70.8%,50mA/g 

SiNPs 
Hummers Method + 
thermal reduction 

66.7% NR 1040 63% 30th,94%,50mA/g 

SiNPs Thermal expansion ~33% NR 2753 ~80% 30th,~91%,300mA/g 
Aerosol droplets 
SiNPs 

Crumpled reduction 
40% 0.2 1175 ~95% 250th,~86%,1000mA/g 

3-D porous Si by 
magnesiothermic 

Hummers method + 
thermal reduction 

~40% NR 1100 ~79% 100th,~50%,5000mA/g 

SiNPs on graphite 
foam 

Hummers method + 
thermal reduction 

15.1% 1.5 1000 62.5% 100th,~37%,400mA/g 

SiNPs on 3-D tree-
like graphene 
nanosheets (GNS) 

Microwave pasma 
CVD 19% NR 2731 ~56% 160th,~67%,150mA/g 

Polyaniline(PANI)-
SiNPs 

Modified Hummers 
method + pyrolysis 
mthod 

26% 0.3 ~1500 ~70% 300th,~76%,2000mA/g 

SiNPs on 
electrospun carbon 
nanofibers (CNFs) 

Chemical method + 
thermal reduction 0.6% NR 1270 71.2% 50th,~91%,100mA/g 

SiNPs on graphene 
hydrogel 

Modified Hummers 
method ascorbic 
acid+ thermal reduc-
tion 

29% NR 2250 53% 150th,~50%,100mA/g 

3D SiNWs 
CVD + plasma  
enhanced CVD NR ~0.5 ~2600 97% 100th,~29%,500mA/g 
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volume variations, which also impede the creation of a sta-
ble SEI on the silicon surface [74]. Despite its high oper-
ating voltage and environmental friendliness, LiMn2O4 on 
the cathode side has capacity fading because of manga-
nese dissolving into electrolyte and structural instability 
during cycling [74]. 

In another side, compared to other known Li-inser-
tion compounds like manganese-spinel, olivine lithium 
iron phosphate (LFP) based nanomaterials have shown 
superior power (rate) performance, thermal stability, cy-
cle life, and are thought to be relatively environmentally 
benign in terms of improving cathode material perfor-
mance. In particular, LiFePO4 (LFPO) has capacities of 
up to 170 mAh.g-1, and combining it with Si-based an-
odes can greatly increase the total energy density [75]. In 
order to improve the mechanical and electrical conduc-
tivity, M.J. Loveridge et al. [75] developed a nano-sized 
V-doped LFP material (as a cathode) and an enhanced Si 
anode in 2016 by adding functionalized graphene nano-
platelets with high electrical conductivity. In their study, 
a cathode was created by combining carbon-coated V-
LFP, carbon black, and a polyvinylidene difluoride 
binder solution (PVdF), which was then coated on alu-
minum foil using reel-to-reel or draw-down coating pro-
cesses, with changes for viscosity and drying. A gra-
phene-containing version added a few layers of graphene 
for improved characteristics [75]. Furthermore, experi-
mental investigation of Si/G composite anodes reveals 
excellent capacity retention even at high current densi-
ties. For example, one study found that Si/G electrodes 
could attain a specific capacity of around 1200 mAh·g–1 
while retaining about 80% of their initial capacity after 
500 cycles at a current density of 2 A.g–1. This perfor-
mance demonstrates these materials’ potential for high 
energy densities appropriate for advanced battery appli-
cations. The LiFePO₄ and Si/G combination is suited for 
full-cell designs. A design using a LiPF6-based electro-
lyte augmented with fluoroethylene carbonate resulted in 
an energy density of 250 Wh.kg–1 and around 85% ca-
pacity retention after 1000 cycles [75,76]. 

In another study, L.-H. Hu et al. [76] found that car-
bon-coated LFPO doped with electrochemically exfoli-
ated graphene has a specific capacity of 208 mAh.g–1, 
above the theoretical limit of 170 mAh.g–1 for conven-
tional LFPO. The conductive graphene sheets increased 
electron mobility while decreasing capacity loss during 
cycling, demonstrating the potential for increased capacity 
retention and efficiency [76]. 

To balance the mechanical and electrochemical 
stability of both components, the combination of these two 
materials—Si/G anodes and LiFePO4 cathodes—must be 
carefully tuned. Despite these challenges, integration is a 
topic of ongoing research in the field of advanced LIBs 

since it provides better energy densities by leveraging the 
superior electrochemical properties of LFPO and Si’s high 
theoretical capacity. 

4. ELECTROLYTE SOLUTIONS FOR 
SILICONE/GRAPHENE ANODES 

The electrolyte plays a similar role in ion transport and 
interphase formation regardless of the Si-based electrode 
material. Selecting the appropriate electrolyte is essential 
because Si/G materials undergo substantial volume expan-
sion and have a high reactivity with conventional electro-
lytes, which can cause degradation. The most promising 
electrolyte choices for improving Si/G anode performance 
will be covered in this section. 

Ionic liquid electrolytes, especially those based on pyr-
rolidinium, have benefits including remarkable thermal 
stability and non-flammability that improve performance 
and safety at high temperatures. Under harsh operating cir-
cumstances, these electrolytes help to improve cycling sta-
bility by promoting the development of a stable SEI on 
Si/G anodes. When combined with fluoroethylene car-
bonate (FEC), lithium bis(fluorosulfonyl)imide (LiFSI) 
salts show better SEI formation properties and thermal sta-
bility than conventional LiPF6 electrolytes. LiFSI exhibits 
reduced reactivity with the Si/G anode surface, which re-
duces electrolyte breakdown and improves battery perfor-
mance even further [77]. 

Gel polymer electrolytes (GPEs), which frequently in-
clude FEC and vinylene carbonate (VC), offer a compro-
mise between the stability of solid-state materials and the 
advantages of liquid electrolytes. GPEs can efficiently 
support Si/G anode growth while preserving ionic conduc-
tivity and flexibility, making them suitable for high-per-
formance applications [77]. Moreover, hybrid electrolytes 
combine solid-state or gel components with conventional 
liquid electrolyte systems to provide a balance of stability 
and flexibility. These hybrid systems are a viable choice 
for cutting-edge battery technologies that use Si/G anodes 
since they are made to reduce electrolyte degradation, in-
crease SEI stability, and increase overall safety [77].  

Furthermore, the SEI on the Si/G surface is stabilized 
in large part by fluorinated electrolytes, especially those 
that use lithium hexafluorophosphate (LiPF6) in combina-
tion with additives like FEC. FEC reduces irreversible ca-
pacity loss by forming a stable and flexible SEI that can 
handle the significant volume fluctuations associated with 
silicon during lithiation and delithiation cycles. The stabil-
ity of the SEI is further increased when combined with 
VC, which improves cycling performance and extended 
battery life [77].  

The main problem is that these solvents are chemically 
unstable during charge-discharge cycles, which can cause 
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an uneven SEI to form on the anode surface. The anode ma-
terials' lifespan and efficiency are frequently shortened as a 
result of this instability. Furthermore, the mechanical load 
on the SEI layer is increased by the volumetric expansion 
of silicon during the lithiation and delithiation processes, 
leading to fissures and additional deterioration. Although 
FEC, VC and propylene carbonate (PC) are added to im-
prove the stability of the SEI, the ongoing development and 
reformation of the SEI layer may reduce their efficacy [78].  

Additionally, maintaining the chemical and mechani-
cal stability of these solvents as well as enhancing the 
scalability of production processes are essential to the 
commercial feasibility of Si/G anodes. To address these 
problems and improve the overall performance and lon-
gevity of Si/G anodes, methods such sophisticated mate-
rial production, exact control of solvent mixes, and crea-
tive electrode design are being investigated [78]. 

To create binary or ternary electrolytes and thor-
oughly examine their electrochemical performance in 
LiNi0.5Co0.2Mn0.3O2/Si-graphite full-cells, E. Zhao et al. 
[79] used FEC as their primary solvent. Consequently, the 
cells with FEC-based electrolytes exhibit good rate capacity 
retention under high current (up to 5 C) at room temperature 
and better specific capacities at 55 °C for the 200 cycles gal-
vanostatic cycle test. Particularly noteworthy are the full-
cells' low-temperature capabilities; of the investigated sam-
ples, the FEC/dimethyl carbonate (DMC) (5:5) electrolyte 
exhibits an exceptional capacity of up to 92.3 mAh·g−1 at 
40 °C. Such FEC-based electrolytes would have enormous 
promise for Si/C anodes [79].  

For freestanding Si-carbon nanotubes (CNTs) compo-
site paper anodes for LIBs, researchers in Ref. [80] com-
pared an electrolyte with FEC as the additive (10 wt.%) 
with another electrolyte type ethylene carbonate (EC) 
that used FEC as the co-solvent (50 wt.%). 1 M LiPF6 in 
EC:DEC:FEC at a weight ratio of 45:45:10, 1 M LiPF6 

in EC:FEC at a weight ratio of 1:1, and 1 M LiPF6 in 
DEC:FEC at a weight ratio of 1:1 are the particular elec-
trolyte compositions that were examined. The designa-
tions for these three electrolytes are FEC 10%, EC-FEC, 
and DEC-FEC, in that order. In comparison to cells using 
EC-DEC-FEC (45:45:10 w/w/w) and EC-FEC (1:1 w/w), 
the capacity retention of the cell employing diethyl car-
bonate (DEC)-FEC (1:1 w/w) is enhanced by 88% and 
60%, respectively, after 500 cycles [80]. The production 
of more polyolefins, which inhibit Li ion movement, is 
probably the cause of the poorer cell performance associ-
ated with the electrolytes containing EC [80].  

Combining the polymer of GPE with inorganic mate-
rials in the form of transition metal oxide NPs allowed to 
improve the performance as well as the ionic conductivity. 
The metal oxide surface can act as an additional coordina-
tion center for Li+ ions, which contributes to better cation 

transport. Specific ionic conductivity of the GPE contain-
ing 0.1 wt.% CuO NPs was 5.85 mS/cm, that is a high 
value comparable to the specific ionic conductivity of liq-
uid organic electrolytes [81]. 

5. CONCLUSION 

In this review, we investigated the potential of Si/G com-
posite anodes for LIBs, focusing on their benefits, limita-
tions, and recent improvements. Silicon anodes have out-
standing theoretical capacity, but they confront substantial 
obstacles like as volume expansion during cycling, which 
reduces stability. Graphene anodes, on the other hand, 
have tremendous electrical conductivity and mechanical 
flexibility but lack the capacity needed for high-energy ap-
plications. Si/G composites, which combine the compli-
mentary characteristics of silicon and graphene, offer a 
possible solution to these restrictions, providing increased 
capacity retention, structural stability, and rate perfor-
mance.  

Additionally, we looked at how important electrolytes 
are to maintaining compatibility with high-performance 
anodes. In particular, it has been determined that the elec-
trolyte containing LiPF₆ in EC, DEC, and FEC is a good 
option for improving cycling stability and reducing ad-
verse reactions. This arrangement shows promise for long-
lasting and high-capacity LIBs that are appropriate for 
contemporary energy storage applications when combined 
with a LiFePO4 cathode. 

Si/G composites have a lot of potential, but more work 
is required to maximize their synthesis, scalability, and in-
tegration with cutting-edge cathodes and electrolytes. To 
solve outstanding issues and hasten the integration of Si/G-
based LIBs in next-generation energy storage systems, 
more research and development in this area are essential. 
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Изготовление композитных анодов Si/G для литий-ионных  
аккумуляторов: обзор 
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Аннотация. Последние разработки в области композитных анодов из кремния и графена имеют большие перспективы в ли-
тий-ионных аккумуляторах благодаря преодолению ограничений их производительности. Кремний обладает высокой теоре-
тической емкостью, однако во время циклирования происходит значительное изменение его объема. Графен известен превос-
ходными механическими свойствами и электропроводностью, но у него малый потенциал для высокоэнергетических 
применений, однако он улучшает качества кремния. Благодаря объединению этих материалов такие композиты показывают 
впечатляющие результаты по производительности, структурной стабильности и сохранению емкости, что открывает возмож-
ности для разработки технологий хранения энергии нового поколения. Создание высокопроизводительных композитов стало 
проще благодаря достижениям в масштабируемых процессах синтеза, таких как золь-гель синтез, химическое осаждение из 
паровой фазы, методы самосборки и метод Хаммера. В обзоре рассмотрены последние разработки и нерешенные вопросы в 
литий-ионных аккумуляторах с акцентом на перспективные аноды на основе кремния, углеродные композиты и методы по-
лучения и исследования кремниевых анодов. Эти вопросы имеют решающее значение для удовлетворения потребностей со-
временных устройств с высокой емкостью и ускорения внедрения композитов в системы хранения энергии нового поколения. 

Ключевые слова: литий-ионные аккумуляторы; аноды на основе кремния; системы высокой емкости для хранения энергии; 
стабильность циклирования 


