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Abstract: Silicon-based anode materials are used to improve the performance of next-
generation high-energy-density lithium-ion batteries (LIBs). However, the inherent limita-
tions and cost of these materials are hindering their mass production. Commercial graphite
can overcome the shortcomings of silicon-based materials and partially reduce their cost.
In this study, a high-performance, low-cost, and environmentally friendly composite elec-
trode material suitable for mass production was developed through optimizing the silicon
content of commercial silicon–graphite composites and introducing a small amount of
graphene and carbon nanofibers. This partially overcomes the inherent limitations of
silicon, enhances the interface stability of silicon-based materials and the cycle stability of
batteries, and reduces the irreversible capacity loss of the initial cycle. At a silicon content
of 15 wt%, the initial Coulombic efficiency (ICE) of the battery was 65%. Reducing the
silicon content in the composite electrode from 15% to 10% increased the ICE to 70% and im-
proved the first lithiation and delithiation capacities. The battery exhibited excellent cycle
stability at a current density of 0.1 A g−1, retaining approximately 65% of its capacity after
100 cycles, good performance at various current densities (0.1–1 A g−1), and an excellent
reversible performance.

Keywords: lithium-ion batteries; silicon; graphite; anode materials; commercialization

1. Introduction
With the continuous advancement of science and technology and the increasing de-

mand for clean energy, lithium-ion batteries (LIBs), which are efficient and environmentally
friendly energy storage devices, have become an important part of the future energy field.
LIB technology is continuously evolving to meet the demands of the growing electric
vehicle and renewable energy markets [1,2]. However, LIBs that use traditional graphite
anodes can no longer meet the increasing requirements of a high energy density, power
density, and safety performance, owing to the low capacity of graphite (372 mAh g−1).
Therefore, it is important to develop high-capacity electrode materials. Silicon (Si) has
attracted considerable attention as an electrode material owing to its high specific capacity
(approximately 4200 mAh g−1), low charge and discharge potential (<0.4 V vs. Li/Li+),
environmental friendliness, and abundant reserves. It is considered the most promising
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among the new generation of negative-electrode materials. Nevertheless, the alloying and
dealloying reactions of Si materials during the charge–discharge process are accompanied
by huge volume changes (>300%), causing damage to the electrode structure, the pulver-
ization of Si particles, the repeated formation of the solid electrolyte interface (SEI), and the
shedding of the active materials during the cycle, leading to a considerable decrease in the
performance of the Si anode. In addition, the inherent low electrical conductivity of Si particles
(10−5 S cm−1) and slow lithium-ion (Li+) diffusion kinetics (10–14 cm−2 S−1) greatly hinder
the widespread application of Si materials in high-capacity LIBs [3–5]. Therefore, reducing
the internal stress caused by volume expansion and improving the ionic conductivity of the
material to achieve long-term cycle stability present urgent research challenges.

To address the above challenges, new modified Si-based anodes were synthesized.
These materials are constructed with (1) various nanostructures and voids in the Si main
body to relieve internal stress and accommodate huge volume changes, and with (2) three-
dimensional structures to form effective channels for Li+ transmission, shortening the Li+

diffusion length and improving the Li+ diffusion kinetics [6,7]. Depositing Si layers on
carbon surfaces to construct porous Si–C anodes with carbon nanotubes embedded into
micron-size Si and Si-active materials incorporated into carbonaceous products has been
extensively studied because carbon materials can minimize electrode deformation and
considerably increase Si conductivity [8–10]. Researchers have extensively worked toward
improving the performance of Si-based batteries. However, several challenges that hinder
their use in practical applications arise when moving these batteries from the research phase
to the production phase. For instance, high material costs and high technical difficulties
have become major problems. The relatively high production cost needs to be effectively
solved to meet the needs of large-scale commercial production, and the complexity of the
preparation process requires us to continuously improve the structural and electrochemical
stability of the material to overcome the technical difficulties. Previous studies have mainly
focused on developing new materials and improving existing material structures. However,
the battery cycle life, safety, and cost challenges still hinder the use of these materials
in commercial applications. In the face of these challenges, future research could focus
on reducing costs, optimizing processes, and improving stability, thereby promoting the
industrialization of silicon–carbon negative-electrode materials. The development of a
high-performance LIB-negative electrode that can be mass-produced remains a significant
research challenge [11–13].

Herein, we consider the challenges hindering the use of Si-based batteries in practical
applications, discussing, in particular, practical battery designs with improved electrode
expansion. The development path of silicon-based negative-electrode materials mainly
revolves around silicon–carbon and silicon–oxygen composite materials. The preparation
of silicon–carbon negative-electrode materials is simple and can be achieved via a range
of methods (chemical vapor deposition (CVD) method, mechanical ball-milling method,
spray method, magnesium thermal reduction method, sol–gel method, and thermal decom-
position method). This material has an excellent theoretical capacity, and could effectively
improve the energy density of batteries, so it is widely used. Graphite is widely used in
silicon–carbon negative-electrode materials. Graphite is a low-cost commercial carbon ma-
terial with a high tap density, low surface area, and stable physical and chemical properties,
and can considerably reduce the unnecessary decomposition of the electrolyte on the elec-
trode surface while maintaining satisfactory anode integrity. M.G. et al. [14] investigated
the relationship between the percentage of Si in a graphite anode and the realization of
high-energy-density LIBs. They found that when the electrode composition was Si15Gr75,
the cell delivered a high ICE of approximately 82.9%, nearly equivalent to that achieved
with a pure graphite anode. Furthermore, the Si15Gr75 Li cell exhibited excellent cyclic sta-
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bility at a current rate of 0.5 C, retaining approximately 60% of its capacity after 215 cycles.
This study paves the way for the development of high-energy-density LIBs by providing
valuable insights into the optimization of Si–Gr composite anodes for commercial appli-
cations. Owing to the low expansion rate (≤20%) and small free space of graphite-based
batteries, an acceptable energy density can be achieved despite their low theoretical specific
capacity. However, owing to the larger electrode expansion of Si-based batteries, they
require a larger free space than graphite batteries, which reduces the energy density and the
advantage of the high specific capacity of Si-based anodes [15–17]. Therefore, designing a
composite anode by introducing Si–carbon nanomaterials into a mature graphite backbone
could be an effective method for mitigating the inherent shortcomings of Si-based and
graphite-based anodes and obtaining a satisfactory specific capacity and cycle stability.
Graphene is considered an efficient coating material for preparing LIBs owing to its unique
structure, high electrical conductivity, high theoretical surface area, and other exceptional
properties, providing it with significant potential for energy storage applications. Coating
silicon with graphene can slow down the volume change of silicon and form a stable
SEI film. However, the introduction of graphene presents another challenge. During the
electrode preparation process, the graphene layers can be easily stacked, and it is difficult
to ensure the uniform dispersion of the Si nanoparticles (SiNPs) on the graphene surface.
The insufficient interpenetration of Li+ between the graphene layers causes the diffusion
distance of Li+ through the graphene interlayer channel to increase with the superposition
of the electrode size, reducing the Li+ storage performance of the graphene electrode. We
discovered that carbon nanofibers (CNFs) can be used to overcome this challenge. CNFs
have sp2 hybrid orbitals and a large specific surface area, and they exhibit excellent con-
ductivity, chemical stability, heat resistance, and electrical conductivity, allowing their use
in numerous fields [1,11,18–20]. Moreover, CNFs have excellent flexibility and structural
stability, which can mitigate the Si–graphite negative-electrode problem. In contrast to
previous studies, we are focusing on shifting the research on Si–graphite anodes toward
practical applications to help achieve the widespread application of Si–graphite anodes in
the next generation of mass-produced LIBs.

Herein, a low-cost, environmentally friendly, safe, stable, and high-performance Si–
graphite composite electrode produced through a low-cost and simple synthesis process is
proposed. In this study, SiNPs were evenly dispersed in an ethanol solution and combined
with graphene oxide (GO) through simple physical processes and self-assembly. Next,
a small amount of CNFs were dispersed in the mixture to form a multi-channel three-
dimensional structure. Finally, the Si@carbon system was introduced into the graphite
main chain to form a Si–graphite composite material. The final product was then obtained
through multiple processes, such as drying and carbonization. This synthesis strategy
does not involve an acid–base treatment, the use of various organic solvents, or a complex
synthesis process. Thus, it reduces environmental pollution and experimental costs, avoids
adverse effects on the human body, and improves the material performance.

2. Materials and Methods
2.1. Preparing Ni–Mo Binary Catalyst for the Synthesis of CNFs via Chemical Vapor Deposition

Ni–Mo (molar ratio = 6:4) bimetallic catalysts were prepared for the synthesis of CNFs
using a coprecipitation method. Aqueous solutions A (nickel nitrate + aluminum nitrate)
and B (ammonium molybdate) were thoroughly mixed. Next, the obtained mixture was
combined with aqueous solution C (ammonium carbonate), added to distilled water in
a dropwise manner, and stirred at room temperature and pH ≈ 9.0 until a precipitate
was formed. The obtained solution containing the precipitate was vacuum-filtered and
oven-dried at 100 ◦C for 24 h. The dried precipitate was then ground and collected as a



Batteries 2025, 11, 115 4 of 17

powder to be used as a metal catalyst for the synthesis of CNFs. Details of the method used
to prepare the catalyst are shown in Figure S1. Aluminum nitrate was used as a support for
the transition metal catalyst, ammonium molybdate was used to inhibit the aggregation of
the transition metal particles between particles during the reaction at high temperatures,
and ammonium carbonate was used as a precipitant.

The CNF synthesis method is shown in Figure S1. Acetylene (C2H2), H2, and Ar gases
were used as the carbon source to synthesize the CNFs, promoting the production of gas
and carrier gas, respectively. The prepared Ni–Mo catalyst powder was spread evenly on a
quartz boat and placed in a tube furnace reactor. The temperature was then increased to
700 ◦C at a rate of 10 ◦C min−1 while maintaining the Ar gas flow. After reaching the target
synthesis temperature, the Ar gas was replaced with H2/Ar mixed gas (10%) to reduce the
catalyst for 30 min. Next, C2H2 gas and the H2/Ar mixed gas were passed to the reactor
for 1 h. Finally, the reduced metal catalyst was slowly cooled to room temperature while
eliminating the supply of other gases and maintaining the Ar gas flow.

2.2. Synthesis of the Si@G/CNF/Graphite Composites

The process used to synthesize the Si@G/CNF/graphite composites is shown in
Figure 1. SiNPs (20 mg, APS ≤ 50 nm, 98%, Alfa Aesar, Inc., Ward Hill, MA, USA) were
uniformly dispersed in ethanol (200 mL) by sonication for 2 h. Then, GO solution (40 mL,
N002-PS, 0.5%, Angstron Materials, Dayton, OH, USA) was added to the above solution
under vigorous magnetic stirring for 1 h. The mixed dispersion was then sonicated for 2 h
to obtain the Si/GO mixture. Next, CNFs (0.2 g) were added to the mixture under stirring
for 1 h and then sonicated for 2 h to obtain a stable Si/GO/CNFs dispersion. A certain
amount of graphite (powder, <20 µm, synthetic, Sigma-Aldrich, St. Louis, MO, USA) was
mixed into the dispersion under magnetic stirring, and the mixture was then sonicated for
2 h. The resulting composites were collected via centrifugation and dried at 80 ◦C for 24 h
in a vacuum oven. The final product was transferred to a quartz tube furnace and heated
to 700 ◦C at a rate of 10 ◦C min−1, and the argon atmosphere flow was maintained for 5 h
to obtain thermally reduced Si@G/CNF/graphite composites to be used as anode-active
composite materials for LIBs (Figure 1).
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Figure 1. Schematic of the fabrication process of Si@G/CNF/graphite.

To optimize the electrochemical properties of the obtained materials, the mass ratio
of graphite to the Si/G/CNF composite was changed, and the same method was used to
prepare the Si@1-G/CNF/graphite (15:75, wt%) and Si@2-G/CNF/graphite (10:80, wt%)
composite materials shown in Table 1.
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Table 1. Description of the as-prepared Si@n-G/CNF/graphite samples.

No. Sample Code
Si@n-G/CNF/Graphite Si (wt%) GO

(wt%)
CNF

(wt%)
Graphite

(wt%)
Conducting

Carbon (wt%)
Binder
(wt%)

1 Si@1-G/CNF/graphite 15 15 15 45 5 5

2 Si@2-G/CNF/graphite 10 10 10 60 5 5

2.3. Material Characterization

The surface morphologies and microstructures of the Si@G/CNF/graphite com-
posites were characterized using field-emission scanning electron microscopy (FE-SEM,
S-4800, Hitachi, Tokyo, Japan) and high-resolution transmission electron microscopy
(HR-TEM, JEM-2100, JEOL, Tokyo, Japan). The qualitative and quantitative analyses
of the elements in the prepared samples were performed using energy-dispersive X-ray
spectroscopy (EDS) mapping (ARL-3460, Thermo Fisher Scientific, Waltham, MA, USA).
The sample composition and crystal structure were characterized using powder X-ray
diffraction (XRD, Ultima IV, Rigaku, Tokyo, Japan) with a 2 kW system and Cu-Kα ra-
diation (K = 1.5418 Å) at a 2θ range of 2–90◦. Raman spectroscopy was conducted on a
LABRAM HR-800 (Horiba Jobin-Yvon, Paris, France) with a laser light (λ = 514 nm) in the
wave number range of 100–3000 cm−1. The Si, reduced GO (rGO), CNFs, and graphite con-
tents in the composites were determined using thermogravimetric analysis (TGA, Diamond
TG-DAT 8122 thermal analyzer system, Perkin Elmer, Waltham, MA, USA). In this test, the
samples were heated from 25 ◦C to 800 ◦C at a rate of 10 ◦C min−1 under air atmosphere.
Fourier-transform infrared spectroscopy (FTIR, Nicolet 6700 FTIR spectrophotometer, Nico-
let, Madison, WI, USA) was used to analyze the changes in the surface functional groups of
the samples, employing KBr pellets tested in the frequency range of 4000–500 cm−1. The
chemical bonding states were determined using X-ray photoelectron spectroscopy (XPS,
Multilab-2000, Thermo Fisher Scientific, Waltham, MA, USA) with a twin anode and Al-Kα

radiation as the X-ray source.

2.4. Cell Fabrication and Characterization

The anode slurry was prepared by dissolving the appropriate weight ratios of the
active material (Si@G/CNF/graphite, 90 wt%), conductive carbon (Super P, 5 wt%), and
the binder (polyvinylidene fluoride, 5 wt%) in N-methyl pyrrolidone solvent. To achieve
a homogeneous mixture, the resulting viscous liquid was thoroughly stirred. Next, the
slurry was cast onto a copper (Cu) current collector foil (thickness = 11 µm) and dried in
a heating oven at 80–100 ◦C for 12 h. The dried electrode sheet was then punched into
circular electrodes (diameter = 14 mm) for further processing. The cathode slurry was
prepared in an N-methyl pyrrolidone solvent by incorporating the requisite quantities of
the active material, conductive carbon (Super P), and the binder (PVDF). The slurry casting
procedure and subsequent steps were the same as those used for the anode. Similarly, the
dried cathode sheet was punched into electrodes (diameter = 14 mm) for cell assembly and
electrochemical evaluation.

For the electrochemical characterization, coin-type (CR2032) button cells were assem-
bled in an argon-filled glovebox with oxygen at a moisture level of less than 0.5 ppm.
In the half-cells, Si@G/CNF/graphite acted as the working electrode, and lithium metal
was used as both the counter and reference electrodes. A LiPF6 solution (1 M) dissolved
in a mixture of ethylene carbonate and dimethyl carbonate was used as the electrolyte
in all cell types. The electrodes were separated by a polypropylene membrane. Cyclic
voltammetry (CV) and galvanostatic charge–discharge measurements were obtained at
room temperature (25 ◦C) using an electrochemical workstation and a battery tester
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(Neware Co., Ltd., Shenzhen, China) at a scan rate of 0.1 mV s−1 and a voltage range
of 0.01–1.5 V (vs. Li/Li+). The charge–discharge profiles of each composite electrode were
measured for 100 cycles. Electrochemical impedance spectroscopy (EIS) measurements
were conducted using a CHI 660D electrochemical analysis instrument (CH Instruments,
Inc., Shanghai, China) at a frequency range of 100 kHz–0.01 Hz and an amplitude of 5 mV.

3. Results and Discussion
3.1. Structural and Morphological Characterizations of the Si@1-G/CNF/Graphite Composites

Figure 2 shows the SEM images of graphite, graphene, and the CNF/graphite Si@1-
G/CNF/graphite composite. In addition, the atomic content ratio was determined based on
the EDS spectrum of Si@1-G/CNF/graphite (Figure S2). Figure 2a shows the morphology
of natural graphite. The image shows the clear flake-like layered structure characteristic
of natural graphite, with numerous gaps between the flake structures. Figure 2b shows
the morphological characteristics of the multilayer graphene, with a flaky structure and
visible wrinkles on the surface. Figure 2c,d show the morphology of Si@1-G/CNF/graphite
at different magnifications. Figure 2d shows smooth-surfaced slender fibers intricately
entangled on the surfaces of graphite and graphene and tightly interspersed between the
materials to form an intertwined three-dimensional network structure. These slender fibers
are CNFs, and the round granular substances are SiNPs [21,22]. This structure can provide
an effective buffer for the volume change in the electrode during the lithiation process,
preventing electrode damage through volume expansion, which maintains the structural
stability of the electrode material. Moreover, the three-dimensional network structure
can reduce the transmission distance of the electrons and ions, effectively decreasing the
transmission resistance during the cycle.
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The HR-TEM images of the Si@1-G/CNF/graphite composites (Figure 3) were an-
alyzed to further clarify their morphological and structural characteristics. Figure 3a,b
show clear gaps between the layered structures. The lattice distances of graphite, which
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corresponded to the crystal plane spacing of (002) and (100) between two adjacent carbon
atoms, were determined, based on Figure 3b, to be 0.351 and 0.2152 nm, respectively. The
graphene image (Figure 3d) illustrates a similar lattice spacing between the carbon atoms.
The morphological images of Si@1-G/CNF/graphite (Figure 3e,f) clearly show that the
SiNPs were wrapped with wrinkled graphene and that the flaky graphite and CNFs were
evenly distributed in the system. The encapsulation provided by the graphene layer can
compensate for the volume change in the silicon particles and effectively prevent direct
contact between silicon particles and the electrolyte solution, inhibiting excessive SEI film
formation. The interwoven network structure formed among the CNFs, graphite, and
graphene maintained the integrity of the electrode structure during the charge–discharge
process, and the gaps formed by the network structure increased the specific surface area
of the material, providing more effective channels for the transmission of ions, which
improved the conductivity of the material. High conductivity, low resistivity, and good
structural stability are key to maintaining the high specific capacity and excellent cycle
performance and rate performance of anode materials [23]. In addition, Figure 3g,h show
the typical lattice spacing between the carbon atoms as well as a lattice spacing of 0.313 nm,
corresponding to the Si (111) of the SiNPs.
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XRD was used to investigate the crystal structures of the individual components and
the prepared composites (Figure 4a). In the diffraction curve of GO, a strong and broad
representative diffraction peak was observed at 2θ = 12◦. However, this representative peak
disappeared in the diffraction pattern of the composite material, which can be attributed to
the disappearance of the intrinsic –C–O–C–, C=O, –OH, and –COOH on the basal plane and
the edges of GO owing to thermal reduction. Next, a strong peak was observed at 2θ = 26◦,
which is the characteristic peak of the (002) crystal plan of amorphous carbon and related to
the layered structure of the crystal [24,25]. The removal of the oxygen-containing functional
groups resulted in a decrease in the interlayer spacing between the stacked GO sheets,
which changed the diffraction angle. This characteristic peak also appeared in the graphite
and CNFs. In the diffraction results of the composite, the diffraction peak attributed to
the (002) plan of graphite was observed at 2θ = 26◦ and the secondary peak of the (101)
plan, which is related to the crystal orientation, was observed at 2θ = 44.6◦, confirming
the presence of carbon components in the composite. In addition, strong diffraction peaks
were observed in the diffraction pattern of Si at 2θ = 28.4◦, 47.3◦, 56.1◦, 69.1◦, and 76.4◦,
corresponding to the typical (111), (220), (311), (400), and (331) planes of face-centered cubic
Si crystals [23,26,27]. These representative Si diffraction peaks indicate that the synthesis
process did not change the lattice structure of the composite components. Thus, these
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results confirm the presence of all components in the composite and that their structures
were not changed by the synthesis process.
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Figure 4. (a) XRD patterns of graphite, silicon, GO, CNFs, and Si@1-G/CNF/graphite; (b) Raman
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To further investigate the microstructure of the composites, the degree of graphitization
was evaluated based on the material internal defects. In the Raman spectra (Figure 4b),
all samples exhibited a characteristic sp3 hybrid disordered D band at approximately
1350 cm−1 and a G band associated with the sp2 hybrid ordered carbon structure at
approximately 1580 cm−1 [28–30]. The relative intensity ratio of the D and G bands (ID/IG)
reflects the degree of graphitization, the defect density, and the size of the graphitized
area. The increase in the ID/IG value of GO from 0.84 to 0.85 after its thermal reduction to
rGO is attributed to the increase in the number of O-terminated sp2 carbon edge atoms,
resulting in a decrease in the in-plane sp2 graphitic domains [31]. The intensity of the G
band in the composite was considerably higher than that of the D band. These results,
combined with the curve characteristics of graphite, indicate the low defects and disorder
of the composite material, suggesting that the material has all the graphite properties as
well as good crystallinity.

The surface composition and chemical bonding state of each element in the Si@1-
G/CNF/graphite composites were characterized using XPS (Figure 5). The figure shows
the XPS high-resolution Si 2p, C 1s, and O 1s spectra of the composites. The XPS survey
spectra of the composites (Figure 5a) showed strong O 1s and C 1s peaks, which were mainly
due to the presence of highly graphitized lattices attributed to the graphite and graphene.
The peak of Si 2p was relatively weak, indicating that the Si particles were encapsulated
in the rGO sheets and that the surface was covered by the carbon layer. Figure 5b shows
the high-resolution Si 2p spectra of the composites. The signal had two different peaks at
100.18 and 102.92 eV, which are attributed to bulk silicon (Si–Si) and oxygen-bonded silicon
(Si–O), respectively [32,33], indicating that during the material preparation process, a small
number of SiNPs exposed to the air underwent surface oxidation under certain conditions
to produce a small amount of SiOx. Because the surface was covered by SiOx and carbon
layers, the Si–Si peak of the Si particles was slightly lower than the Si–O peak. As shown in
Figure 5c, the C 1s spectra of the composite showed two strong peaks at 284.2 and 285.73 eV,
corresponding to the C–C/C=C in the aromatic ring and the C–O bonds in the carboxyl and
epoxy groups, respectively [23,34]. In addition, the C 1s signals of the composites all had
strong C–C/C=C peaks, whereas the peak intensity of the O-containing groups decreased
considerably, which can be attributed to the removal of O atoms during the heat treatment
(Figure S3). Two weak peaks at approximately 289.62 and 287.34 eV, which are attributed
to the O–C=O bond in the –COOH groups in graphite and graphene, were also observed
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on the surface of the composite. Moreover, the high-resolution O 1s XPS spectra (Figure 5d)
confirmed the presence of –COOH functional groups in the composite.
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Figure 6a shows the thermogravimetry/differential thermal analysis (TG/DTA) of the
two composite materials during continuous combustion under ambient conditions until
the temperature cutoff point of 800 ◦C. The TG/DTA curves can be divided into four stages
according to the different components of the composite materials, and the detailed analysis
results are shown in Figure S4. The exothermic peaks of Si@1-G/CNF/graphite and Si@2-
G/CNF/graphite started with the first weight loss at 400–450 ◦C, which corresponded to
the decomposition of the graphene component in the composites [35]. In this stage, most
O atoms in the composite material were eliminated from the GO layer. The second stage
corresponded to the thermal decomposition of the CNF under an air atmosphere. The third
stage was the rapid decomposition of the graphite component. Thus, the total C content
in Si@1-G/CNF/graphite was approximately 79 wt%, whereas the total carbon content in
Si@2-G/CNF/graphite was approximately 82 wt%, which corresponded to Si:C weight
ratios of 15:75 and 1:80 during the composite manufacturing process, respectively. The slight
difference in the data is attributed to a small amount of Si loss during the thermal reduction
process and trace impurities on the surface of the composite. In addition, the weight of
the fourth stage increased after the temperature reached 800 ◦C, which is attributed to
the oxidation of the remaining Si component to SiOx under the air atmosphere [23,36].
This was due to the direct contact between the carrier gas and the exposed Si after the
decomposition of the surface carbon at high temperatures. This result is in good agreement
with the XPS of Si 2p. Measuring the total C and Si contents accurately can be challenging
because of the possible weight loss of the sample during annealing or thermal reduction.
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Nevertheless, carbon materials, including graphene and CNFs, are typically combusted
and become depleted at 400–800 ◦C, whereas Si remains stable. Therefore, the differences
in the composite contents could be detected based on a rapid reduction in the weight of
the sample.
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To further verify the surface chemical structure of the prepared samples, FTIR analysis
was conducted, the results of which are presented in Figure 6b. The figure shows the FTIR
spectra of the composite before and after the heat treatment and annealing. Through
comparison, the peak intensities of the O=C=O and C=O oxygen-containing groups
(2375.64 and 1870.0 cm−1, respectively) were found to considerably decrease, owing to the
reduction in some oxygen-containing groups after heat treatment [37,38]. The vibration
peak at 932.69 cm−1 corresponded to the asymmetric stretching and bending of the siloxane
group. The appearance of this peak was related to the oxidation of the surface of the
SiNPs and the generation of a small amount of SiOx, which is in good agreement with
the previous XPS results. The multiple-vibration peak at approximately 800 cm−1 was the
strongest characteristic peak of the Si–C bond, indicating an extremely tight bond between
the silicon atoms and the carbon atoms, with high chemical and thermal stability. This
suggests that the SiNP surface was successfully and tightly entangled with the carbon layer.
Moreover, numerous peaks related to the O-containing functional groups were observed in
the spectra. A broad peak was observed at approximately 3400 cm−1, which corresponded
to the stretching mode vibration of the O–H group superimposed on the O–H stretching
of the carboxylic acid (R–COOH), owing to the presence of water molecules and alcohol
groups. The peak at approximately 1827 cm−1 is attributed to the C=O stretching of the
–COOH group, and the peak at 1103 cm−1 corresponds to the C–O stretching vibration
of the C–O–C bond [39,40]. These results demonstrate the successful preparation of the
Si@G/CNF/graphite composite.

3.2. Electrochemical Performance

Figure 7 demonstrates the CV curves of the fabricated coin cell using Si@1-G/CNF/graphite
(Figure 7a) and Si@2-G/CNF/graphite (Figure 7b) during the initial five cycles at
0.01–1.5 V (vs. Li+/Li) at a scan rate of 0.1 mV s−1. During the first cathodic scan (lithiation
process) of Si@1-G/CNF/graphite, two distinct peaks were observed at 0.32 and 0.70 V.
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Similarly, two cathodic peaks were observed in the initial CV curves (at 0.32 and 0.75 V) of
Si@2-G/CNF/graphite. The two reduction peaks in the cathode branch of the CV curve
are attributed to the conversion of bulk Si into LixSi alloy and other lithiated precipitates
(LixSiOy, Li2CO3, and Li2O) [23,41,42]. The sharp peak that appeared during the reduc-
tion process around 0.2V is a typical peak of graphite anode related to the embedding
of lithium ions into the graphite interlayer. In addition, the broad peak related to SEI at
around 0.8V overlapped with the broad peak caused by Si alloying. These materials were
generated via a series of irreversible multi-step electrochemical reactions between Si and
Li+, which is in good agreement with previous electrochemical studies. In the first cathodic
scan, a weak peak was observed at approximately 1.0 V for both electrodes, which can be
attributed to the reaction between the electrode material and the electrolyte, resulting in
the formation of an irreversible SEI layer on the electrode surface during the discharge
process. However, this peak disappeared in the subsequent cycles, and the CV curve in the
second cycle overlapped with the CV curve in the subsequent cycles, further confirming
that the effective combination of SiNPs and carbon materials enhances the reversibility
and cycle stability of electrode materials. In addition, during the anodic scan (delithiation
process) in the first cycle, two broad oxidation peaks were observed at 0.52 and 0.33 V
in Si@1-G/CNF/graphite and at 0.53 and 0.30 V in Si@2-G/CNF/graphite. These peaks
corresponded to the partial decomposition of the highest lithiated phase and the complete
delithiation of the LixSi alloy into amorphous Si, respectively. The strong reduction peak
at 0.01–1.2 V in the cathodic scan corresponded to the amorphous LixSi alloy formed by
amorphous SiNPs during the reversible Li+ insertion–deinsertion process [23,43]. With
the increase in the number of scans, a gradual and steady increase in the intensity of the
oxidation peak was observed because the composite electrode material was gradually
activated during the cycle, indicating the tendency of Li+ to form alloys with SiNPs, which
increases the ionic conductivity. During the oxidation process, the curve tended to be
stable starting from the second cycle, and the splitting phenomenon of the oxidation peak
weakened, indicating that the SEI film tended to be stable. The phase transformation results
for Si and C during the first five cycles are summarized in Table S1.
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The electrochemical performance of Si@1-G/CNF/graphite and Si@2-G/CNF/graphite
was evaluated for 100 cycles at a low current density (100 mA g−1, Figure 8a), and the cor-
responding constant current curves are shown in Figure 8b. The discharge specific capacities
of Si@1-G/CNF/graphite and Si@2-G/CNF/graphite were 521.1 and 558.7 mAh g−1, respec-
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tively, in the initial cycle, after which they considerably decreased owing to the inabil-
ity of the electrode to accommodate the volume change in the SiNPs during lithiation–
delithiation and the formation of an SEI layer on the electrode surface when the SiNPs
came into contact with the electrolyte. In addition to a low initial charge capacity,
Si@1-G/CNF/graphite and Si@2-G/CNF/graphite exhibited low ICEs of 65.0% and 70.0%,
respectively. This can be attributed to the irreversible SEI layer formed by the decom-
position reaction at the electrode–electrolyte interface, during which Li+ was consumed,
leading to inevitable capacity loss. The Coulombic efficiency (CE) of Si@1-G/CNF/graphite
and Si@2-G/CNF/graphite sharply increased to 92.1% and 93.3%, respectively, during the
second cycle and stabilized in the subsequent cycles, reaching 99.0% after 100 cycles. After
100 cycles, the capacities of the Si@1-G/CNF/graphite and Si@2-G/CNF/graphite elec-
trodes stabilized at 309.3 and 301.5 mAh g−1, respectively, and their capacity retention rates
reached 65% and 54%, respectively. To further verify the electrochemical performance of the
composite materials, Figure 8c shows the rate performance of the Si@1-G/CNF/graphite
and Si@2-G/CNF/graphite electrodes in the current density range of 0.1–1 A g−1. The
Si@1-G/CNF/graphite electrode exhibited a rate performance superior to that of the other
electrodes at all current densities. The reversible capacities of the Si@1-G/CNF/graphite
electrode were 568.5, 423.3, 373.3, 346.3, 336.2, and 332.3 mAh g−1 at current densities of
0.1, 0.2, 0.5, 1, 0.5, 0.2, and 0.1 A g−1, respectively. When the current density was restored
to 0.1 A g−1, the reversible capacity shifted to 346.7 mAh g−1, and the electrode exhib-
ited a better cycle and rate performance overall, confirming the high cycle stability and
reversibility of the Si@1-G/CNF/graphite electrode. With the increase in the silicon (wt%)
content, the initial capacity loss increased, and the change in the lithiation and delithiation
capacity considerably affected the ICE of the electrode, which is an important consider-
ation for material commercialization. In previous studies, Si15 Gr75 batteries exhibited
a capacity of approximately 70 mAh g−1 at a current density of 740 mA g−1. However,
our work demonstrated strong advantages in terms of the ICE and capacity retention after
multiple cycles. These results indicate that graphite alone is not sufficient to compensate
for the changes in silicon that occur during lithiation–delithiation processes. Moreover,
doping with a small amount of graphene and CNFs effectively improved the conductiv-
ity of the electrode, resulting in the excellent cycle performance and rate performance of
the electrode.

To understand the effect of the SEI and charge transfer resistance on the electrochemical
performance of the materials, EIS spectra were acquired after 100 charge and discharge
cycles (Figure 9). The inset in the Nyquist plot shows the equivalent circuit model of
the assembled half-cell. The circuit model takes into account the resistance caused by
the interaction between the electrolyte and the Si particles (Rs), the resistance caused by
the migration of Li+ between the electrodes through the SEI layer (RSEI), the resistance
during charge transfer (RCT), and the Warburg impedance (Wz) [23,44–46]. To observe
the Nyquist plots of the two composites before cycling (Figure 9a) and after 100 cycles
(Figure 9b), we obtained the Nyquist plots before cycling (Figure 9a) and after 100 cycles
and evaluated the Li+ storage performance of the electrodes. The Nyquist plots of each
composite material before cycling contain a semicircle in the mid-frequency region, which
represents the charge transfer resistance (RCT) between the electrode and the electrolyte,
and an inclined line in the low-frequency region. The diameter of the semicircle was the
sum of the resistance of Li+ to passing through the insulating SEI layer on the surface
of the active material (RSEI) and RCT, whereas the inclined line was directly related to
the tortuosity of Li+ diffusion. The Nyquist plots of the two composites before cycling
(Figure 9a) show similar curve characteristics. Compared with the Si@2-G/CNF/graphite
electrode (RCT = 117.6 Ω), the Si@1-G/CNF/graphite electrode (RCT = 78.5 Ω) exhibited



Batteries 2025, 11, 115 13 of 17

a lower resistance. The resistance value of the composite electrode largely depends on
the content of the SiNPs. To further evaluate the stability of the formed SEI film, the
Nyquist plots were obtained after 100 cycles. The RSEI values of Si@1-G/CNF/graphite
and Si@2-G/CNF/graphite were 30.5 and 40.2 Ω, respectively. The lower resistance of
Si@1-G/CNF/graphite is attributed to the formation of a stable SEI film on the surface of
the SiNPs, which can prevent direct contact between the active materials and the electrolyte,
thereby minimizing the decomposition of the electrolyte. After 100 cycles, the diameter of
the Si@1-G/CNF/graphite semicircle was small, indicating that the transfer resistance of
the Si@1-G/CNF/graphite electrode becomes smaller, so it can quickly transfer electrons
and ions, effectively improving the ion–electron conductivity and reducing the charge
transfer resistance. However, the electrode materials with more carbon content show a
larger resistance, which is because the excessive carbon material considerably hinders the
effective transmission of ions and electrons, resulting in higher resistance and a lower
Li+ diffusion rate. An appropriate silicon–carbon ratio induces the dispersion of carbon
materials, minimizing the agglomeration of the SiNPs, providing an effective coating, and
maintaining the structural integrity of the electrode during continuous cycling. The above
results show that the Si@1-G/CNF/graphite electrode exhibited excellent performance,
making it a promising anode material.
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represents the charge transfer resistance (RCT) between the electrode and the electrolyte, 
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show similar curve characteristics. Compared with the Si@2-G/CNF/graphite electrode 
(RCT = 117.6 Ω), the Si@1-G/CNF/graphite electrode (RCT = 78.5 Ω) exhibited a lower re-
sistance. The resistance value of the composite electrode largely depends on the content 
of the SiNPs. To further evaluate the stability of the formed SEI film, the Nyquist plots 
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Figure 8. (a) Charge and discharge capacities of Si@1-G/CNF/graphite and Si@2-G/CNF/graphite
with the corresponding CE at a current density of 100 mA g−1; (b) cycling performance of
Si@1-G/CNF/graphite and with the corresponding galvanostatic charge–discharge profiles at a current
density of 100 mA g−1; (c) rate performance of Si@1-G/CNF/graphite and Si@2-G/CNF/graphite at dif-
ferent current densities; (d) cycling performance of Si@2-G/CNF/graphite and with the corresponding
galvanostatic charge–discharge profiles at a current density of 100 mA g−1.
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Figure 9. Nyquist plots and electrochemical impedance spectra of Si@1-G/CNF/graphite and
Si@2-G/CNF/graphite (a) before cycling and (b) after the 100th cycle.

4. Conclusions
This study investigated the addition of appropriate amounts of silicon, graphene,

and CNFs to existing commercial graphite anodes to improve their properties. The
composite electrode was prepared using a simple physical mixing and low-temperature
thermal reduction process. The reversible specific capacity was further improved with-
out sacrificing the ICE and cycling stability. The developed multicomponent composite
electrode exhibited superior performance at the half-cell level compared with pure graphite,
pure silicon, and silicon/graphite binary composite electrodes. The results show that the
composite electrode with a silicon content of 15 wt% exhibited a better capacity retention
rate (60%) after 100 cycles. This can be attributed to the secondary carbon layer protection
of the SINPs by graphene and CNFs, which mitigated the inherent volume change of the
silicon, effectively reduced the contact between the silicon surface and the electrolyte, and
stabilized the formation of the SEI layer. This study provides a low-cost and green elec-
trode synthesis method that produces high-performance electrodes and has great potential
in battery manufacturing. This synthesis method is promising for advancing effective
theoretical support for the commercial use of silicon/carbon electrodes. Thus, this study
paves the way for the development of high-energy-density LIBs and provides valuable
technical support for optimizing silicon-based graphite composite anodes to achieve
commercial feasibility. Future research work needs to focus on reducing costs, optimiz-
ing processes, and improving the production efficiency and structure and composition
of silicon–carbon negative-electrode materials. The focus here should be on improv-
ing stability, strengthening the cooperation between industry, academia, and research
teams, and jointly promoting the research and development of silicon–carbon an-
ode materials, thereby accelerating its industrialization process from the laboratory to
the market.
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