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Summary：Recently, the electrode materials for next-generation lithium-ion batteries (LIBs) draw 

widespread attention on storing reversibly the electrical energy. For this issue, the expanded graphite 
and silicon particles are chosen to generate silicon/silicon carbide/graphite composite anode material 

using a high-temperature vacuum adsorption method. The prepared composites are measured by X-
ray diffraction, transmission electron microscopy, and Raman spectra, et al. The composites are cycled 

at a current density of 50 mA g-1, in order to observe their potential specific capacity. An initial charge 
capacity is 566.5 mAh g-1, and its initial Coulombic efficiency is 97.4 %. The reversible specific 

capacity keeps at 502 mAh g-1 after 80 cycles, displaying a capacity retention of 88.7%.  
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Introduction 

 

To decrease the CO2 emission and 

environmental pollution, the green energy is of 

concern of all over the world now. As the demand for 

enormous energy, the lithium-ion batteries (LIBs) 

have aroused wide public concern, because they can 

store reversibly electrical energy [1]. LIBs have been 

commercially fabricated in the world for many years. 

They are applied in electric vehicles, mobile phones, 

and various power stations in the global market [2, 3]. 

However, the energy storage properties of LIBs will to 

be improved a bit further to meet the higher demand 

of electric devices. They are studied and described 

through energy density, power density, life time, 

capacity, electrochemical properties and physical 

electrode properties [4-11]. Many issues are related to 

the integrated multidisciplinary knowledge. The 

traditional current collector of LIBs is metal, which 

has good electric conductivity. Recently, carbon based 

current collectors are being researched, which include 

graphene film, flexible graphite film, and carbon 

nanotube papers. They can not only provide good 

electric conductivity, but also provide outstanding 

corrosion resistance, and good thermal conductivity 

[12-14]. Anode materials mainly include carbon 

materials, semiconductor alloy, and metal oxide [6, 8, 

10, 15-19]. Graphite has three-dimensional structure, 

which contains graphite layers and Van der Waals 

force bonds between graphite layers. The graphite 

anode material has a lower capacity than that of the Si, 

and is 372 mAh g-1 [8, 20-24]. The traditional 

commercial graphite anode materials can usually 

obtain a capacity near to 370 mAh g-1, which is limited 

by the lithium storage mechanism of the ideal graphite.   

 

Si has emerged as a potential anode material 

for LIBs. However, it undergoes volumetric expansion 

(~400 ％ ) during the alloying-dealloying reactions 

with Li. Only through drastic volume change, Si can 

get a balance to realize the alloying with Li to get the 

highest specific capacity. The Si’s theoretical capacity 

is about 4200 mAh g-1, which has been a potential 

candidate as negative material for LIBs [25, 26]. 

Though it has the higher capacity than other materials 

(such as graphite, germanium, metal oxide, and so on), 
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it encounters volume changes during the cycling 

process, which results in the degradation of 

electrochemical performance, such as devastating 

volume expansion, labile solid electrolyte interphase 

(SEI) and poor electric conductivity [27-31]. Because 

of these issues, Si based anode materials cannot take 

place of commercial graphite anodes in the market. 

One approach was to utilize nanostructured Si, which 

could deal with such challenges to utilize the drastic 

volume expansion to get good electrochemical 

performance. It could relieve the pulverization 

because the smaller size could relax the stress during 

the drastic volume expansion to enhance cycle lives. 

Additionally, such nanostructured Si also could 

shorten the Li diffusion distance and enhance the 

electroactivity. The examples include Si nanowire, Si 

nanotubes, Si nanoparticles and porous structured 

composites, which could have a stable SEI.  

 

Facing the requirement of the high 

performance of anode material for LIBs, the silicon 

carbide (SiC) has also been studied [32]. SiC layers 

were investigated by the first principles calculations as 

anode material for LIBs. Its activation energy was 

0.046 eV, and the diffusion coefficient was at the order 

10-11 m2/s [33]. This also indicated SiC to be a new 

potential anode material for LIBs. Using PECVD 

method, the nanocrystalline SiC film was fabricated as 

anode material. The SiC film’s thickness was 150 nm. 

It got a specific capacity of 309 mAh g-1 after 60 

discharge-charge process [34]. Inspired by the 

experimental research, many methods and strategies 

were tried to improve the electrochemical property of 

the SiC anode. Porous structure design was used in 

preparing the anode materials [35-40]. Porous 

structure could enhance the mechanical strength, and 

increase materials’ specific surface area, which 

improved the electrochemical properties of anode 

materials.  

 

The porous structured SiC was prepared, and 

showed a power and energy performance of 400 W/Kg 

and 350 Wh/Kg during the first cycle (125 mA g-1), 

respectively. The porous structured SiC obtained good 

electron conductivity and Li+ ion diffusivity. The 

electrolyte resistance and charge transfer resistance of 

SiC electrode was measured to be 24.5 and 250 Ω. And 

it had a Li+ ion diffusion coefficient of 6.54 × 10−19 
cm2 s-1. Judging from the above results, the SiC will 

have a potential application on LIBs [41]. The 

batteries were tested at current density of 1.25A/g, the 

corresponding specific power and energy were more 

than 3000 W/kg and 130 Wh/kg after 130 cycles, 

which were higher than that of the prepared Si anode. 

 

Biomass derived materials usually could be 

used to store energy, which was low cost and obtained 

from a wide range of sources. The SiC derived from 

agricultural waste was prepared for LIBs. The 

SiC/hard carbon composites obtained a capacity of 

950 mAh g-1 after 600 cycles. The prepared composite 

electrode almost had almost no volume expansion on 

charge-discharge process, comparing with that of Si 

anode [42]. The Si and carbon (C) can be acquired 

from the environment-benign biological materials. 

Cycled at 1 A g-1, the C-SiC composite derived from 

the rice husks got a capacity of over 1000 mAh g-1 after 

long cycles [43].  

 

In view of the above work, SiC could be 

prepared by different raw materials using chemical 

methods. Inspired by the experimental work, using the 

high-temperature vacuum adsorption method, 

expanded graphite and commercial silicon particles 

were chose to fabricate SiC. The expanded graphite 

was prepared using traditional method [44]. The 

prepared Si/SiC/graphite composite material for 

rechargeable LIBs was studied in the work. During the 

first cycle, an initial discharge and charge capacities of 

581.9 and 566.5 mAh g-1 were obtained, with a 

Coulombic efficiency of 97.4%. Measured at a current 

density of 50 mA g-1, its reversible capacity kept at 502 

mAh g-1 after 80 cycles. It also got a good rate 

capability, which could restore to the initial capacity 

(564.5 mAh g-1). A high-temperature vacuum 

adsorption method to prepare Si/SiC/graphite 

composite anode material was demonstrated in this 

work.  

 

Experimental 

 

Raw materials and methods 

 

The expanded graphite was prepared by 

traditional method in the laboratory. The Si 

nanoparticles were purchased in the market (Xuzhou 

Jiechuang Material Technology Co., LTD). The 

method for preparing composite was shown in Fig.1. 

The expanded graphite was first compressed by a mold, 

which had a plan view size of 2 cm2 and thickness of 

0.5 cm. Then it was covered by Si powder with a mass 

ration of 1:1.2 in a ceramic ark. The Si has a higher 

density than that of the expanded graphite, hence, the 

mass ratio was tried to be set at 1:1.2. The composite 

materials were treated at 1773 K under vacuum 

atmosphere in the tube furnace.  
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Fig. 1: Schematic illustration of the fabrication process of the Si/SiC/graphite composites. 

 

 

 

Fig. 2: SEM images of the Si/SiC/graphite composites (a, b), and the XRD pattern of the composites (c). 

 

Characterizations and Electrochemical Evaluation 

 

The crystallite structure of materials was 

examined by X-ray diffraction system (XRD; Bruker 

AXS D8, Karlsruhe, German). The morphology of the 

prepared samples was looked into by Field-emission 

scanning electron microscopy (SEM, JSM-7001F, 

JEOL, Tokyo, Japan). The microstructure of the 

samples was observed by field-emission transmission 

electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, 

Japan). The molecular structure information of the 

samples was studied by the Raman spectra (HORIBA 

Jobin Yvon, LabRam HR800, λ=532 nm, Paris, 

France). Information about solid surfaces of samples 

was observed by X-ray photoelectron spectroscopy 

(XPS; Al Ka source,15 KV, 20 mA).  

 

The coin cells were prepared as half cells in a 

glovebox with Ar atmosphere. The counter electrode 

and reference electrode were the lithium foil. The 

average weight of the active material of anode material 

was 5.97 mg. The separator was purchased in the 

market (Celgard 2400, South Lakes Drive, Charlotte, 

NC, USA). The commercial electrolyte was applied in 

the experiment. 1 M LiPF6 was mixed with ethylene 

carbonate-dimethyl carbonate (1:1 by volume) and 5 

vol. % vinylene carbonate. The battery test system was 

used to observe the electrochemical property of the 

samples (LAND CT 2001A model, Wuhan Jinnuo 

Electronics Ltd., Wuhan, China). The voltage range 

was 0.01-3V at room temperature. The 

electrochemical impedance diagram was measured by 
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electrochemical workstation (CHI660E, Shanghai, 

China). 

 

Results and Discussion 

 

The expanded graphite and silicon powder 

generated SiC at high temperature under vacuum 

environment. The Fig. 2(a, b) depicted the morphology 

of the prepared Si/SiC/graphite composites. The 

surface appearance of the composites looked like 

blocks stacking together in the Fig. 2b. The XRD 

spectrum was added in Fig. 2c. The C peak (2θ=26.3°) 
represented carbon structure, which was derived from 

the expanded graphite. And the weak Si peaks 

represented the Si powder. The SiC’s three (111), 

(220), and (311) typical crystal orientations were 

denoted to three crystal peaks located at 2θ=35.5° , 
59.82°, and71.58°.[41, 45] 

 

The mapping analysis was chosen to observe 

the element distribution in the prepared 

Si/SiC/graphite composites in Fig. 3(a, b). The Si 

signal could be observed between the micro blocks. 

The red dots were on behalf of the Si element in Fig. 

3c. The green dots represented the C element in Fig. 

3d. The element of the composite was consistent with 

the experimental design.  

 

The microstructure of the Si/SiC/graphite 

composites was shown in Fig.4a. The obvious bright 

spots indicated its good crystal structure in the 

mapping pattern. The graphite-derived lattice bands of 

carbon were displayed in bottom left of the Fig.4b. The 

SiC crystal structure was marked on the figure. Both 

the SiC and graphite’s crystal structure demonstrated 

a high level of crystallization. The electrical 

conductivity of the composite anode might benefit 

from this.

  

  

 

Fig. 3: SEM imagines and mapping analysis of prepared Si/SiC/graphite composites (a, b). The Si element 

distribution map (c), the carbon element distribution map (d). 
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The crystallite of the prepared composites 

was determined using Raman spectroscopy. As shown 

in Fig. 5a, carbon materials had two main bands in the 

Raman spectra [46, 47]. The defect lattice vibration 

mode (D band) was located at 1349.85 cm-1, which 

was related to the defect structure of the carbon 

material. The 1578.64 cm-1 peak represented the 

graphitic lattice vibration mode (G band). The 

shoulder peak (D′peak) was at 1618.73 cm-1. The T+D 

peak was found at 2449.94 cm-1 in the spectra. The 

SiC’s Raman peaks were located at 788 and 959 cm-1, 

respectively, as shown in Fig. 5 (b, c) [48-50].  

 

Fig. 6 displayed the XPS survey of the 

prepared Si/SiC/graphite composites. The 

photoemission peaks of silicon (Si2s and Si2p), carbon 

(C1s), and oxygen (O1s) were showed in the spectrum. 

The C1s peak was located at 284.83 eV, which was 

related to the graphite substrate in the prepared 

samples in the Fig. 6a [51]. The O1s peak was tested 

at 532.08 eV, which might be caused by mild oxidation 

after long-time exposure to the air. The Si2p peak was 

demonstrated at 100.73eV attributing to Si-C. And the 

Si2s’s peak was at 152.08 eV [52, 53]. In view of the 

above results, the composite mainly contained Si and 

C element. 

 
 

Fig. 4: TEM images and mapping analysis of the Si/SiC/graphite composites (a, b). 
 

 
 

Fig. 5: Raman spectra of the Si/SiC/graphite composites: graphite peaks (a), SiC peaks (b, c). 
 

 

Fig. 6: XPS survey of Si/SiC/graphite composites: (a) the C1s and O1s peaks, (b) the Si2s and Si2p peaks. 
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Fig. 7a depicted the electrochemical property 

of the Si/SiC/graphite composites. The cells were first 

cycled at a low current density of 50 mA g-1, the 

composites’ first charge capacity was 566.5 mAh g-1, 

corresponding to a Coulombic efficiency of 97.4 %. 

After 80 cycles, the final capacity kept at 502 mAh g-

1. During the whole process, the average capacity was 

576 mAh g-1. The capacity was attributed to the joint 

contribution of the Si nanoparticles, SiC, and 

expanded graphite.  

 

Rate capability was used to investigate the 

cycle capability at different current densities as shown 

in Fig. 7b. The composites delivered the capacity of 

527.4, 461, and 371 mAh g-1 after fifth, tenth, and 

fifteenth cycle. The reversible capacity decreased due 

to the growing current density. When cycled at a 

current density of 1 A g-1, it had a capacity of 212.3 

mAh g-1. After the high-rate measurements, the current 

density was switched back to of 50 mA g-1. It 

recovered to a capacity of 564.5 mAh g-1 near to that 

of the first five cycles. The voltage platform located at 

about 0.24 V, in which the composites got half the 

reversible charging capacity. The 1st, 40th, and 80th 

cycle curves were shown in Fig. 7c. It did not have 

huge specific capacity attenuation compared with that 

of pure Si nanoparticles. The electrochemical 

performance of pure Si nanoparticles was described in 

Fig. 7d. The first charge capacity was 2994 mAh g-1. 

But after 6 cycles the specific capacity reduced to less 

than 1000 mAh g-1.  

 

Fig. 7 depicted a typical cyclic voltammetry 

(CV) measurement of the Si/SiC/graphite composites. 

The voltage range was 0.01-3.0 V. The sweep rate was 

set at 1 mV/s. An obvious anodic peak at 0.192 V was 

seen in the anodic scan, and the cathodic peak was at 

0.173 V in the Fig. 7. The corresponding peaks and 

curves overlapped well during the subsequent scan, 

which indicated good electrochemical performance. 

 

The composites were examined by 

electrochemical impedance spectroscopy (EIS) 

measurements. Fig. 7 had two semicircles and a 

straight short slopping line [54, 55]. The formation of 

the SEI might be related to the first semicircle at the 

high frequency region. There was a semicircle in the 

medium frequency region, which was probably related 

to the interfacial charge transfer impedance. The 

lithium diffusion impedance was mostly responsible 

for the straight, short-slopping line at low frequency. 

The composites might have enhanced the diffusion 

and transport of lithium ions between the electrode and 

the electrolyte, according to the straight diffusion tail.  

 

The electrolyte resistance was represented by 

Re in the equivalent circuit shown in Fig. 7h, while Rct 

denoted the charge transfer resistance (145 Ω) and Rf 

represented the resistance of the surface film and 

contact (110 Ω). Additionally, Zw indicated the 

Warburg impedance of the composite electrode. 

 

In the previous research, graphite has a 

theoretical capacity of 372 mAh g-1 [56], and silicon 

nanowires can obtain a capacity of 3150 mAh g-1 [25]. 

Compared with that of graphite and silicon, pure 

silicon carbide’s specific capacity can maintain at 309 

mAh g-1, which has no design on structure [34]. 

Silicon carbide/hard carbon composite can keep a 

capacity of 950 mAh g-1 after 600 cycles, which is 

higher than that of the SiC anode. The silicon/graphite 

microspheres/carbon composites (P-Si/C) have high 

capacity of 474 mAh g-1 after 100 cycles. In the 

composites, graphite microspheres and amorphous 

carbon can be used as buffers in lithium-silicon alloys 

during charge process. Amorphous carbon effectively 

connects silicon with the GMs, forming a highly 

conductive network for composites.  

 

The coatings structural design can give rise to 

the steady performance for LIBs.   The designed p-

SiOx/SiC@C anode can reach more than 700 mAh g-1 

at 0.1 A g−1, and its capacity remains unchanged after 

100 cycles [57]. The SiC/C composite are prepared to 

be mesoporous nanotubes as anode material, which 

has kept 527 mAh g-1 after 250 cycles. Although the 

novel structural design can bring about the 

improvement of electrochemical performance, it may 

not be conducive to the production and preparation of 

enterprises in the market. Herein, this work proposes a 

high-temperature vacuum adsorption method to 

fabricate Si/SiC/graphite composite anode material for 

LIBs by one-step procedure in the work. It can supply 

a steady capacity of 502 mAh g-1 after 80 cycles. This 

method does not contain complicated process 

compared with previous research work.  
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Fig. 7: Electrochemical properties of the Si/SiC/graphite composites: (a) Cycle performance, (b) Rate 

capability, (c) Discharge-charge curves, (e, f) Cyclic voltammetry curves, (g) Nyquist plots. (h) The 

equivalent circuit of the composites. (d) Cycle performance of the pure Si nanoparticles. 
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Table-1: Summary of findings of silicon carbide composite materials for LIBs anode. 
Number Sample Current Cycle number Capacity (mAh g-1) Reference 

1 
2 
3 
4 
5 
6 
7 
8 

Graphite 
Silicon nanowires 

SiC 
SiC/hard carbon 

P-Si/C 
P-SiO2/SiC@C 

SiC/C 
Si/SiC/graphite 

 
C/20 
C/10 
C/10 

50 mA/g 
100 mA/g 
100 mA/g 
50 mA/g 

 
10 
60 

600 
100 
100 
250 
80 

372 
3150 
309 
950 
474 
837 
527 
502 

[56] 
[25] 
[34] 
[42] 
[58] 
[57] 
[59] 

This work 

 

After cycling, the cells were disassembled to 

observe the morphology of the Si/SiC/graphite 

composites using the SEM and TEM. As illustrated in 

Fig. 8 (a, b, c), a homogeneous blending of the 

composites was observed. Energy dispersive X-ray 

spectroscopy (EDS) analysis was performed on the 

designated region shown in Fig. 8c, revealing 

predominantly carbon and silicon elements with a 

minor presence of oxygen element, which aligned with 

the intended design specifications. No additional 

elements were detected within the composites. 

 

The microstructure of the Si/SiC/graphite 

composites was analyzed using TEM, and the results 

are presented in Fig.9. In Fig.9a, a complex 

intertwining between the graphite structure and SiC 

crystal structure can be observed. Additionally, 

electron diffraction pattern obtained from the entire 

area of Fig.9a revealed a slight degree of disorder (as 

shown in Fig.9c). The graphite’s crystal structure 

could be observed obviously in Fig.9b.  

 

 

 

Fig. 8: SEM imagines of the Si/SiC/graphite composites after cycling (a, b, c). (d) EDS of the marked area of 

(c). 
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Fig. 9: TEM images of the Si/SiC/graphite composites after cycling (a, b). (c) The electron diffraction pattern 

taken from the entire area of (a). 

 

Conclusions 

 

In conclusion, the expanded graphite and 

silicon particles were used to generate Si/SiC/graphite 

composites. Both the SiC and graphite’s crystal 

structure help to improve the anode’s electrical 

conductivity because of their high level of 

crystallization. Tested at a low current density of 50 

mAg-1, the prepared cell got the first discharge and 

charge capacity of 581.9 and 566.5 mAh g-1, 

respectively. The initial Coulombic efficiency was 

97.4 %. After 80 cycles, its capacity kept at 502 mAh 

g-1, displaying capacity retention of 88.7%. It 

displayed a good rate capability, which could restore 

to the initial capacity (564.5 mAh g-1). A high-

temperature vacuum adsorption method to fabricate 

Si/SiC/graphite composite anode material for LIBs 

was demonstrated by one-step procedure in the work.  
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