
Vol.:(0123456789)

Journal of Solid State Electrochemistry (2024) 28:3655–3663 
https://doi.org/10.1007/s10008-024-05967-7

ORIGINAL PAPER

Nano‑silicon/graphite composites caged by mesophase pitch‑derived 
carbon as anode materials for stable lithium storage

Zhongtao Zhao1,2 · Liang Ye1,2 · Xiaolu Li1,2 · Xianfeng Yang1,2 · Shuguang Chen1,2 · Peng Liu1,2 · Jiangrong Kong1,2

Received: 20 March 2024 / Revised: 2 June 2024 / Accepted: 7 June 2024 / Published online: 13 June 2024 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract
The development of silicon/graphite composites is a feasible solution for improving the short cycling life of Si-based anodes. 
However, unsatisfactory solid interfaces and structural integrity impede the achievement of the anticipated electrochemical 
performance. Herein, naphthalene-based mesophase pitch is used as the carbon precursor to wrap nano-Si/artificial graphite 
(AG) composites through an impregnation-carbonization route. Structural characterization revealed that the pyrolyzed carbon 
formed graphitic and porous carbon cages, which not only promoted the transport of charge carriers but also mitigated the 
expansion of Si particles. After 500 charge–discharge cycles at a high current density of 1000 mA g−1, the anode material with 
a Si/graphite/pitch mass ratio of 2:5:10 achieved a specific capacity of 432 mAh g−1 and a coulombic efficiency of 99.5%. 
Considering the facile manufacturing technique, good cycling stability, and rate capability, Si/graphite/C anode materials 
possess promising industrialization prospects for next-generation lithium-ion batteries.
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Introduction

The use of next-generation lithium-ion batteries (LIBs) is 
expected to reduce fluctuations in renewable energy sources, 
such as wind and solar and energy, and increase the endur-
ance of electric vehicles (EVs). There is an urgent need 
to develop high-capacity electrode materials to meet the 
increasing energy storage demands of LIBs [1, 2]. Silicon 
is recognized as the most promising substitute for commer-
cial graphite anodes due to its dramatic gravimetric capacity 
(3579 mAh g−1 at room temperature) and abundant resources 
[3–6]. However, Si-based anodes are subject to sluggish 

kinetics because of their intrinsically low conductivity and 
lithium-ion diffusion coefficient. Moreover, the lithiation/
delithiation process of the anode is often accompanied by a 
drastic volume change (> 300%) [7], resulting in the pulveri-
zation of Si particles and the uncontrolled regeneration of 
the solid electrolyte interphase (SEI). The structural evolu-
tion of the anode increases the charge transfer resistance and 
electrolyte consumption and thereby leads to low coulombic 
efficiency and short cycle life [8–11].

Si/graphite hybrid anode materials have great develop-
ment prospects because they can be generated from the cost-
effective and mature manufacturing techniques of graphite 
anode materials. Furthermore, the excellent conductivity and 
flexibility of graphite can offset the inherent deficiencies of 
Si-based materials in terms of electronic transport and volu-
metric strain. Currently, feasible industrial solutions for pre-
paring Si/graphite hybrid materials include ball-milling [12, 
13], mechanical pressing [14], and spray-drying [15, 16]. 
However, a common problem of the above methods is the 
rigid contact between Si particles and graphite flakes, which 
is unfavorable for charge transfer and stress conduction. In 
this regard, Si/graphite composites are often modified with 
pyrolytic carbon coatings. The coating layer can not only 
buffer the volume change of silicon, but also improve the 
structural integrity and stability.
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Pitch is a widely applicable precursor for carbon-based 
materials because of its high carbon yield and low cost. 
For example, Xu et al. [17] developed a scalable method 
to fabricate kilogram-scale graphite-Si–C/TiO2 compos-
ites (GSCTs) via liquid-phase self-assembly combined 
with mechanical fusion and solid-phase sintering treat-
ment. Choi et al. [18] reported that pitch-coated silicon 
nanolayer–embedded graphite exhibited excellent capacity 
retention of 81.9% after 200 cycles. Hsu et al. [19] added 
nanosized silicon to the surface of graphitic mesocarbon 
microbeads (MCMB) and then applied a pitch coating to 
the shell via a high-temperature carbonization process. After 
the 500th cycle, the capacity of the Si/MCMB/C material 
still remains at 650 mAh g−1. Liu et al. [20] prepared a car-
bon-encapsulated composite of graphite@nano-Si by rapid 
coating of pitch. The graphite@Si@C composite exhib-
ited excellent electrochemical performance with an initial 
reversible charge capacity of 502.5 mAh g−1, a coulombic 
efficiency of 87.5%, and a capacity retention of 83.4% after 
400 cycles. Phadatare et al. [21] anchored Si nanoparticles 
on nanographite flakes through an aerogel fabrication route 
and achieved a specific capacity of 455 mAh g−1 after the 
200th cycle with a coulombic efficiency of 97% at a current 
density of 100 mA g−1. However, the specific capacity of 
pitch-derived carbon is less than that of silicon. The modi-
fication of Si/graphite composites with pitch is worthy of 
further exploration to enhance the collaborative advantage 
of lithium storage capacity and structural stability.

In this work, we provide a promising method for the batch 
production of Si/artificial graphite (AG)/C anode materi-
als. Herein, naphthalene-based mesophase pitch was used 
as the precursor for carbon coatings. Compared to conven-
tional pitch, mesophase pitch contains more polyaromatic 
hydrocarbons, which can self-organize into layered struc-
tures during pyrolysis. Our previous study [22] showed that 
an array of mesophase monolayers could be converted into 
graphene-like sheets via a carbonization process. Accord-
ingly, pitch-derived carbon can serve as a cage that wraps 
nano-Si and graphite to stabilize the electrode structure and 
facilitate lithium-ion diffusion.

Experimental

Materials preparation

Nanoscale silicon with an average particle size of 30 nm 
(Qinghe Chuangying Metal), artificial graphite (AG, Chen-
zhou Botai Ultrafine Graphite), and naphthalene-based 
mesophase pitch (Jining Keneng New Carbon Materials) 
were mixed at mass ratios of 2:5:6, 2:5:8, 2:5:10, and 2:5:12 
respectively. The raw materials were dispersed in carbon 
tetrachloride (Shanghai Macklin Biochemical Technology) 

at 55 ℃ for 1 h with continuous stirring. After drying in an 
oven at 60 ℃ for 8 h, the as-received precursors were cal-
cined at 800 ℃ under an ultrapure nitrogen atmosphere for 
4 h in a furnace to obtain the anode materials (denoted as 
SGP-6, SGP-8, SGP-10, and SGP-12). Furthermore, a Si/
graphite composite (SGP-0) was also employed as the anode 
material for comparison.

Physical characterization

The crystal phase of the samples was identified using a D8 
Advance X-ray diffractometer (XRD Bruker) in the 2θ range 
from 10° to 90°. The surface morphology and elemental 
composition of the samples were analyzed using a Quanta 
250 scanning electron microscope coupled with an energy 
dispersive spectrometer (SEM and EDS, Nippon Electron-
ics). The crystal microstructure of the anode material was 
characterized using a Tecnai F30 transmission electron 
microscope (TEM, FEI).

Electrochemical measurements

The anode material was mixed with the conductive agent, 
Super P carbon black (~ 40 nm in size, Cyber Electro-
chemical Materials), and the binder, carboxymethyl cellu-
lose (CMC, Sigma-Aldrich) to form an anode slurry at a 
weight ratio of 8:1:1, wherein the binder was configured 
as an aqueous solution with a mass fraction of 1.1%. The 
slurry was uniformly bladed on a copper foil. After drying 
in a vacuum oven at 110 ℃ for 6 h, the processed copper 
foil was cut into circular electrodes 12 mm in diameter. The 
loading of the active material on each electrode was approxi-
mately 0.57 mg cm−2. The CR2025 cells were assembled 
in an argon protected glovebox, using Li foil as the counter 
electrode, Celgard 2325 as the lithium-ion exchange mem-
brane, and 1 M LiPF6 in diethyl carbonate and ethylene car-
bonate (1:1 vol%) with 5% fluoroethylene carbonate (FEC) 
as the electrolyte. The full cell performance was evaluated 
using LiNi0.8Co0.1Mn0.1O2 (NCM811, Hunan Changyuan 
Lico Co., Ltd) as the cathode material, with a loading of 
approximately 2.48 mg cm−2 on each electrode. The ratio 
of the anode capacity to the cathode capacity (the N/P ratio) 
was set at 1.04.

Galvanostatic charge–discharge tests were performed 
using a CT2001A Battery Testing System (Wuhan Land 
Electronics) in a voltage range of 0.01–3.00 V (vs. Li/Li+). 
Cyclic voltammetry (CV) in the voltage range of 0.01–3.00 
V (vs. Li/Li+) and electrochemical impedance spectroscopy 
(EIS) in the frequency range of 100 kHz–0.01 Hz were car-
ried out using a DH7001 electrochemical workstation (Don-
ghua Analysis Instruments).
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Results and discussion

XRD patterns of the mesophase pitch-derived carbon and 
the Si/graphite/C composites are shown in Fig. 1a. The 
pitch-derived carbon presents a slight diffraction peak cor-
responding to the (002) crystal plane of the graphite. The 
diffraction peaks of the Si/graphite/C materials are highly 
consistent with those of the standard PDF cards of graph-
ite (#99–0057) and silicon (#99–0092). The intensity of the 
(002) peak first increases and then decreases with increasing 
pitch-derived carbon content. It is suggested that the degree 
of graphitization will not decrease unless the mass fraction 
of pyrolytic carbon is too high. However, the characteristic 
peaks of silicon imply that the nano-silicon particles are not 
enclosed by pyrolytic carbon.

SEM images of the Si/graphite/C material (SGP-10) are 
shown in Fig. 1b–c. The carbon layer does not appear as a 
dense coating, but rather as a cage-like porous structure. 
Moreover, the Si nanoparticles are embedded in the carbon 

coatings on the graphite flakes. This well-defined structure 
not only suppresses the volume expansion of nano-silicon, 
but also shields graphite from co-intercalation with solvent 
molecules. EDS mapping images (Fig. 1d–e) exhibit uni-
form elemental distributions of silicon and carbon, which 
benefits from the sufficient dispersion of the raw materials 
in the carbon tetrachloride solvent. The HR-TEM image in 
the TEM image (Fig. 1f) shows that the mesophase pitch-
derived carbon encapsulating the silicon nanoparticles is 
supported by the graphite matrix. It can be inferred that 
the carbon cage facilitates the diffusion of lithium ions 
and improves the combination of silicon and graphite. As 
a result, the exfoliation or aggregation of silicon nanoparti-
cles can be alleviated, which ensures the structural stability 
during charge–discharge cycles. The selected-area electron 
diffraction (SAED) pattern of the as-synthesized SGP-10 
demonstrates that the diffraction rings are composed of 
discrete spots corresponding to the (111), (022), and (113) 
crystal planes of the silicon phase.

Fig. 1   a XRD patterns of 
mesophase pitch-derived carbon 
and Si/graphite/C materials, 
morphology, and elemental dis-
tribution of the SGP-10 anode 
material; b low-resolution SEM 
image; c high-resolution SEM 
image; d EDS mapping of Si; 
e EDS mapping of C; f TEM 
image with the inset SAED 
image
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Figure 2a shows the galvanostatic charge–discharge 
curves of the Si/graphite and Si/graphite/C anode mate-
rials at a current density of 100 mA g−1 during the first 
cycle. During discharge, the steep slope between 0.2 and 
0.6 V indicates the formation of solid-electrolyte inter-
phase (SEI) film [23]. Additionally, the long voltage plat-
form around 0.2 V not only forms LixSi alloy, but also 
includes the formation of LiC6 [24]. All the anodes show 
two charge plateaus at 0.2 and 0.5 V vs. Li/Li+, corre-
sponding to the delithiation reactions of graphite and sili-
con respectively. The discharge specific capacities of the 
SGP-8 and SGP-10 anode materials almost reach 1000 
mAh g−1 via pyrolytic carbon modification. The initial 
coulombic efficiencies (ICEs) of the Si/graphite/C anodes 
are 88.4%, 83.0%, 82.6%, and 82.0% respectively. Com-
pared to the Si/graphite material (SGP-0: 90.0%), the 
slightly lower ICEs of the Si/graphite/C anode materi-
als are attributed to the SEI lithium consumption of the 

carbon cage with the high surface area. Nevertheless, the 
ICE values in this work are comparable to those reported 
in recent literature [25–27].

The cycling performance curves of the Si/graphite 
and Si/graphite/C anode materials at a current density of 
1000 mA g−1 are presented in Fig. 2b–c. The initial revers-
ible capacity of the SGP-0 anode without modification by 
pitch carbon is 443 mAh g−1. After 500 cycles, the reversible 
capacity of the SGP-0 anode is 200 mAh g−1. In contrast, 
the Si/graphite/C anodes show more stable lithium storage 
performance. For example, the SGP-10 anode exhibits a 
reversible capacity of 432 mAh g−1 and a coulombic effi-
ciency of 99.5% in the 500th cycle. The improvement in 
cycling performance benefits from the fast diffusion paths 
of lithium ions constructed by the pitch carbon. Further-
more, the carbon cage can firmly anchor the Si nanoparticles 
on the surface of graphite and prevent pulverization of the 
active materials.

Fig. 2   Electrochemical performance of Si/graphite and Si/graphite/C anode materials. a Galvanostatic charge–discharge curves at 100 mA g−1 
during the first cycle. b Cycling performance. c Coulombic efficiency. d Rate performance after cycle test
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Figure 2d shows the rate capabilities of the Si/graph-
ite and Si/graphite/C anode materials at current densities 
ranging from 100 to 1000 mA  g−1 after the cycle test. 
Both the SGP-0 and SGP-10 anodes display high capaci-
ties at lower current densities. When the current density 
increases to 1000 mA g−1, the reversible capacity of the 
SGP-10 anode is 300 mAh g−1, higher than that of the 
SGP-0 anode (170 mAh g−1). When the current density 
returns to 100  mA  g−1, the reversible capacity of the 
SGP-10 anode can be restored to the initial capacity. The 
comparative study demonstrates that the Si/graphite/C 
materials possess rapid charge–discharge capability even 
after long-term cycling, benefiting from the reduction of 
Si/graphite interfacial resistance and the increasing ionic/

electronic conductivities. Table 1 summarizes some of 
the previous studies on silicon/carbon anode materials for 
lithium-ion batteries. Compared with these efforts, the 
SGP-10 composite exhibits competitive electrochemical 
performance. Additionally, the simple preparation method 
is suitable for mass production.

The cycling performance of SGP-10||NCM811 full cell is 
shown Fig. 3. The initial 4 charge–discharge cycles were run 
at 0.1 C, and the subsequent cycling test was carried out at 1C 
(1000 mA g−1 for the anode). After 100 cycles, the SGP-10 
anode shows a reversible capacity of 359.6 mAh g−1 with a 
capacity retention of 58%. The capacity fading of the full cell 
is mainly caused by the thick film of NCM811 cathode that 
restricts the diffusion of lithium ions.

Table 1   Comparison of electrochemical performance for Si/C anode materials in LIBs

Sample Initial discharge 
capacity (mAh g−1)

ICE Cycles/capacity 
retention/current density

Rate capability
(mAh g−1)

Method

SGP-10 (this work) 1000 at 0.1 A g−1 82.0% 500/73.6%/1 A/g 314 at 1A g−1 (after 
long-term cycle test)

Impregnation
Carbonization

Si/C/CNS [23] 1110 at 0.1 A g−1 70% 500/87.8%/1A/g 283 at 10A g−1 Template method
Carbonization

Si/void/C/CNFs [24] 1194 at 0.1 A g−1 75.8 100/69.3%/0.1 A/g 317 at 1A g−1 Template method
Electrospinning technique
Carbonization

Si/G/C-CVD [28] 762 at 0.1 A g−1 79% 155/91%/0.1 A/g 262 at 1.6A g−1 Mechanical mixing
Carbonization
Chemical vapor deposition

Si/IIC [29] 1259 at 0.1 A g−1 67.2% 500/99%/0.1 A/g 558 at 1.2 A g−1 Ultrasound mixing
Carbonization

S180[30] 602 at 0.1 A g−1 82.3% 100/71.5%/1A/g 279 at 2A g−1 Mechanical mixing
Carbonization

GSCC [31] 1450 at 0.1 A g−1 78% 100/73%/0.2 A/g 400 at 2A g−1 Ball milling
Spray drying
Carbonization

PC/Np-Si [32] 2000 at 0.2 A g−1 78% 300/80%/1A/g _ Chemical etching
Impregnation
Carbonization

G/Si/C [33] 574 at 0.1 A g−1 87.5% 400/83.4%/0.1A/g 120 at 2A g−1 Spray drying
Carbonization

Fig. 3   Cycling performance of 
a full cell pairing the SGP-10 
anode with an NCM811 cathode
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Figure 4a–b shows cyclic voltammograms of the SGP-0 and 
SGP-10 anode materials at different scan rates. The two typical 
peaks at around 0.02 and 0.15 V during cathodic scanning can 
be explained by the generation of LixSi alloy phases. Besides, 
the peak around 0.2 V could be attributed to the insertion of 
Li+ into the artificial graphite and pitch-derived carbon [31, 
34]. The reversibility of the electrode reaction can be described 
by comparing the potential difference between the oxidation 
and reduction peaks. As shown in Fig. 4a–b, the potential dif-
ference reduction peak of the SGP-10 anode is obviously lower 
than that of the SGP-0 anode at the same scan rate, reflecting 
the lower polarization for both the lithiation and delithiation 
reactions. In addition, the relationship between peak current 
(i) and scan rate (v) in the CV test curve can be expressed by 
Formulas (1) or (2) [13]:

where a and b are variable parameters. The slope of the 
log (v)-log (i) curve can be used to calculate the value 
of b. When the b value is equal to 1, the lithium storage 

(1)i = av
b

(2)log(i) = blog(v) + log(a)

is controlled by a capacitance process; when the value of 
b is 0.5, the lithium storage is mainly characterized as a 
diffusion-controlled process [35]. The fitting results in 
Fig. 4c show that the b-values for the anode peak and cath-
ode peak are 0.71 and 0.99, respectively, so the lithium 
storage process of the material is mainly influenced by 
capacitance. According to Formula (3), the contribution 
rates of capacitance and diffusion behaviors can be quan-
titatively calculated.

Among them, k1v and k2v1/2 represent the pseudocapacitance 
control and diffusion control processes, respectively. Figure 4d 
shows the fitting profile of the pseudocapacitance and diffusion 
contributions at a scan rate of 0.8 mV s−1. Figure 4e shows that 
the pseudocapacitance contribution gradually increases from 60 
to 92% with the increase of scan rate from 0.1 to 0.8 mV s−1. 
This phenomenon suggests that the lithium storage behavior of 
Si/graphite/C materials is primarily controlled by the pseudo-
capacitance. The carbon cage structure provides additional Li+ 
adsorption sites which plays an important role in improving the 
pseudocapacitive behavior [36].

(3)i(v) = k1v + k2v
1∕2

Fig. 4   Cyclic voltammograms of the anode materials at various scan 
rates within a potential range of 0.01–3.00 V (vs. Li/Li+); a SGP-0; b 
SGP-10; c log(i)-log(v) plots of SGP-10 at various scan rates from 0.1 
to 0.8 mV s−1. d Area plot of the capacity contribution of the pseudo-

capacitance and diffusion at a CV scan rate of 0.8 mV s−1. e Capacity 
contribution of the SGP-10 anode at various scan rates from 0.1 to 
0.8 mV s.−1
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Nyquist diagrams of the SGP-0 and SGP-10 anode materi-
als are shown in Fig. 5a. The impedance spectra are fitted 
according to the equivalent circuit (inset) using the ZWinSimp 
software. The semicircles in the high frequency regions cor-
respond to the charge transfer resistances (Rct), and the oblique 
straight lines in the low frequency region relate to the Warburg 
impedances (ZW) coming from the solid-phase diffusion of 
Li+ into the electrode material. The Rct values of SGP-0 and 
SGP-10 were 283.6 and 37.2 Ω respectively after activation. 
This significant improvement benefits from the conductive 
interface between nano-Si and graphite, which is constructed 
from mesophase pitch-derived carbon. The diffusion coeffi-
cient was calculated by obtaining the Warburg coefficient (σ) 
through the following equation [37–39]:

(4)DLi+ =
R
2T2

2A2n4F4C2
�
2

where R is the ideal gas constant, T is the temperature in 
Kelvin, F is Faraday's constant, A represents the electrode 
surface, C is the concentration of Li+ in the electrode, ω 
is the angular frequency, σ is the Warburg coefficient, and 
DLi

+ is the diffusion coefficient. From the slope (σ), the 
DLi

+ values for the modified SGP-0 and SGP-10 electrodes 
were calculated to be 3.4 × 10−16 and 7.6 × 10−14 cm2 s−1, 
respectively. The results show that the ionic diffusion rate of 
SGP-10 is higher than that of SGP-0 due to the fast diffusion 
channels for lithium ions constructed by the pitch-derived 
carbon (Fig. 5b).

SEM images of the SGP-0 and SGP-10 electrodes before 
and after cycling are shown in Fig. 6. The unencapsulated 
silica nanoparticles showed severe chalking and agglomera-
tion after 500 cycles (Fig. 6a–b). In contrast, the SGP-10 

(5)Z
� = R

s
+ R

ct
+ ��

−1∕2

Fig. 5   a Impedance plots of the 
SGP-0 and SGP-10 samples 
with the inset figure correspond-
ing to the equivalent circuit. 
b Plot of Z ' vs. ω−1/2 at low 
frequency

Fig. 6   SEM images of SGP-0 
and SGP-10 anode. a, c Before 
cycling and b, d after cycling
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composite maintained structural integrity, indicating that 
the carbon cage has an excellent buffering effect on the sta-
bilization of silicon particles (Fig. 6c–d). Overall, the high 
stability of the anode structure is of great significance for 
further improving the cycle life of the battery.

Conclusion

In summary, a facile method for preparing carbon-caged 
Si/graphite anode materials for lithium-ion batteries, using 
naphthalene-based mesophase pitch as the carbon precursor, 
is proposed. The graphitizable carbon cage not only facili-
tates the diffusion of lithium ions, but also buffers the volume 
expansion during the lithiation of silicon nanoparticles. As 
a result, the Si/graphite/C anode material exhibited a spe-
cific capacity of 432 mAh g−1 and a coulombic efficiency 
of 99.5% after 500 charge–discharge cycles at a high current 
density of 1000 mA g−1. Therefore, we believe that this work 
will contribute to the development of Si-based anode materi-
als with excellent rate capability and cycling life. 
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