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AbstractThe electrochemical characteristics of graphite/silicon/pitch composites were investigated as anode mate-
rial in lithium ion batteries. The anode materials were prepared with etched graphite using nickel chloride hexahy-
drate. Scanning electron microscopy, x-ray diffraction and thermogravimetric analysis were used to analyze the
physical properties of graphite/silicon/pitch composites. The electrochemical characteristics of the batteries were inves-
tigated by charge-discharge cycle, rate performance, cyclic voltammetry and electrochemical impedance spectroscopy
tests in the eletrolyte of 1.0 M LiPF6 (EC : DMC : DEC=1 : 1 : 1 vol%). Graphite/silicon/pitch electrode showed better
electrochemical properties than the graphite electrode, and even nickel etched graphite was superior to graphite. Also, it
was confirmed that both capacity and rate performance are significantly improved when the ratio of graphite, silicon,
and pitch is 8 : 1 : 1 (G8Si1P1). It is found that G8Si1P1 has the initial discharge capacity of 680 mAh/g, the capacity reten-
tion ratio of 90% during 100 cycles and the retention rate capability of 91% in 2 C/0.1 C, 87% in 5 C/0.1 C.
Keywords: Etched Graphite, Silicon, Pitch, Anode Materials, Lithium Ion Batteries

INTRODUCTION

To solve the problem of global climate change caused by the use
of fossil energy sources, studies have focused on lithium-ion bat-
tery (LIB) systems for electric vehicles, hybrid electric vehicles, and
energy storage systems. However, the performance of conventional
LIBs cannot satisfy the requirements of a high-performance power
source, including high energy and power density, long cycle life,
low cost, and stability. To meet the market demand for a longer
lifecycle, lighter battery weight, and rapid charge rate, the energy
density of LIBs should continuously be improved [1,2]. LIBs con-
sist of a cathode, anode, a separator membrane, and electrolyte.
Carbon-based materials are mainly used for the anode, and devel-
opment of a high-capacity anode material that replaces commer-
cial materials is required to improve performance.

Although graphite is the most widely used commercial anode
material, the limited theoretical capacity (372 mAh/g) does not meet
the energy density and performance required to satisfy the increas-
ing energy demand [3]. For high charging currents, in particular,
the phenomenon of large polarization in graphite anodes leads to
the deposition of Li. The resulting Li deposit is electrically insulated
and reacts with the electrolyte to increase the internal resistance
and decrease the energy density of the battery. Graphite electrodes
are generally known to undergo rapid capacity decline due to Li
deposition [4]. To overcome this limitation, studies have long pur-
sued the development of high-performance anode materials with
high Li+ storage capacity at low operating voltage [5].

Materials such as Si, Sn, and Ge have been suggested as substi-
tutes for graphite, among which Si has a high theoretical capacity
(4,200 mAh/g in the form of Li22Si5 at 145 oC and 3,590 mAh·g1

in the form of Li15Si4 at room temperature), low discharge poten-
tial (~0.5 V versus Li/Li+), and environmental friendliness, and is
thus regarded as the most desirable alternative anode material [6].
However, the rapid variation in the volume (>300%), poor electri-
cal conductivity (~104 S/m), and the formation of unstable solid
electrolyte interphase (SEI) layer mean that Si has low cycle life due
to structural degradation of the electrode and high charge transfer
resistance [7]. One safety issue is the expansion of the Si electrode,
which compresses the electrolyte and reduces Li+ transfer [8]. Sili-
con composites containing a carbon-based material such as graphite
or pitch can be an alternative to reduce volume expansion of sili-
con. Among carbon-based materials, petroleum pitch coating can
improve cycle stability and electrical conductivity. Moreover, pitch
coating forms a uniform protective film by reducing surface defects
of composite materials and improves initial efficiency by suppress-
ing unstable SEI layer formation [9].

A recent study reported the synergistic effect of graphite and sil-
icon composites, which resulted in high energy density and reduced
volume expansion. The methods of synthesizing graphite and sili-
con composites include high energy mechanical milling [10], spray
drying [11], chemical vapor deposition [12], and liquid solidifica-
tion [13]. In a study by Jo and Lee [14], a phenol resin coated graph-
ite/silicon composite afforded an initial discharge capacity of 495
mAh/g at 10 wt% Si, 89% capacity retention ratio, and 80% rate
capability at 2 C/0.1 C. Lee and Lee [15] also reported that after the
attachment of silica to surface-modified graphite and Mg thermal
reduction, the pitch coated graphite/silicon composite has a high
initial discharge capacity of 537 mAh/g at 28.5 wt% silica, as well
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as excellent cycle stability, indicated by 95% capacity retention up
to 30 cycles.

In this study, graphite/silicon/pitch composites as an anode mate-
rial for LIBs are prepared and electrochemical properties of the
composites are characterized. To prepare graphite/silicon/pitch com-
posites, graphite was first etched by nickel metal to create spheri-
cal pores on the graphite surface, not only to reduce the diffusion
distance of Li ions but also to insert silicon nanoparticle. The pore
size was controlled depending on the calcination retention time
and optimized for the insertion of silicon nanoparticles. Petroleum
pitch was then coated onto graphite/silicon composites by using
wet coating process to prepare the anode composites. The physical
properties of the prepared graphite/silicon/pitch composites were
investigated based on the ratio of each material by using scanning
electron microscopy (SEM), X-ray diffraction (XRD), and thermal
gravimetric analysis (TGA). Furthermore, the properties as an anode
material for lithium secondary batteries were investigated by using
the 1.0M LiPF6 (EC:DMC:EMC=1:1 :1vol%) electrolyte for elec-
trochemical evaluation of the charge-discharge cycle, rate capabil-
ity, cyclic voltammetry, and electrochemical impedance spectroscopy
(EIS).

EXPERIMENTAL PROCEDURES

1. Preparation of Etched Graphite Using Nickel
Nickel chloride hexahydrate (SAMCHUN) was dissolved in dis-

tilled water, and graphite (MTI KOREA) was dispersed by ultra-
sonication. The resulting solution was dried in a vacuum oven at
120 oC to completely remove the moisture, and the sample was
heat-treated under Ar gas for 20 min at 500 oC and for 1-3 h at
1,000 oC to form nano-sized nickel. After surface modification of
graphite with nickel, the sample was stirred in HCl at 500 rpm for
8 h at room temperature for etching. Lastly, the sample was washed
repeatedly until pH 7 was achieved, and after drying in a vacuum
oven at 120 oC.
2. Attachment of Silicon to Etched Graphite

Silicon was surface-treated by stirring with APTES (Sigma Aldrich)
in ethanol solvent, and attached to the graphite surface. The pre-
pared graphite with spherical pores on the surface was dispersed
in distilled water for 10 min, and silicon (Alfa Asear) was also dis-
persed in the solution, followed by stirring at 250 rpm for 24 h using
a hotplate stirrer. After the distilled water was removed by drying
in a 120 oC oven, the graphite/silicon composite was prepared.
3. Preparation of Graphite/Silicon/Pitch Composite

Petroleum pitch (SP 250 oC) was dispersed and dissolved in tet-

rahydrofuran (OCI Company, 99.5%) for 10min using an ultrasonic
cleaner. Following the addition of the prepared graphite/silicon sam-
ple, the sample was again treated with the ultrasonic cleaner for 30
min to achieve homogeneous dispersion. After stirring at 200 rpm
for 24 h using the hotplate stirrer and drying, the pitch coated sili-
con/graphite composite was prepared. The resulting material was
subjected to two-step calcination under Ar gas atmosphere for 30
min at 500 oC and for 1 h at 1,000 oC to prepare the pitch coated,
artificial graphite. The final prepared graphite/silicon/pitch compos-
ites are denoted as G8Si1P1 for the sample with a graphite : silicon :
pitch composition ratio of (8 : 1 : 1), and G6Si2P2 for (6 : 2 : 2) and
G4Si3P3 for (4 : 3 : 3). A schematic diagram of the process of prepar-
ing the graphite/silicon/pitch composite as an anode material for
lithium ion batteries is presented in Fig. 1.

The surface properties of graphite/silicon/pitch composite mate-
rials were analyzed by SEM (Scanning Electron Microscope, (Ultra
Plus, Zeiss, Oberkochen, Germany), XRD (X-ray diffraction, Bruker-
D-5005, Billerica, MA, USA) and TGA (Thermogravimetric anal-
ysis, D-TGA, SDT 2960, TA Instruments, Champaign, IL, USA).
4. Electrochemical Measurements

The graphite/silicon/pitch anode composite was used as the active
material to prepare the anode of secondary batteries, and Super-P
was used as the conductive material, which was combined with
CMC (carboxymethyl cellulose, MTI KOREA) and SBR (styrene-
butadiene rubber, MTI KOREA). The coated electrode was dried
in a 120 oC vacuum oven for 2 h, followed by compression using a
roll press to fix the electrode density at 1.6±0.1 g·cm3. To analyze the
electrochemical characteristics of the prepared electrode, a coin-type
half-cell was produced using Li metal as the counter electrode in a
glove box filled with Ar gas. The electrochemical analysis was car-
ried out using a 25m thick trilayer separator membrane (Celgard
2400, Celgard, LLC, Charlotte, NC, USA) and a 2032 type coin
cell. As the electrolyte, 1.0 M LiPF6 (EC : DMC : EMC=1 : 1 : 1 vol%)
was used.

RESULTS AND DISCUSSION

1. Physical Properties of the Graphite/Silicon/Pitch Composite
The field-emission scanning electron microscope (FE-SEM) images

of nickel-etched graphite are presented in Fig. 2. It is evident that
spherical pores were uniformly formed on the surface while main-
taining the spherical shape of the artificial graphite. Nickel chlo-
ride hexahydrate was used for the formation of nickel on the graphite
surface, and it was etched to a slightly more spherical shape than
that using nickel acetate in the references [16]. The pore size was

Fig. 1. Schematic diagram of the preparation process of graphite/silicon/pitch composites.
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controlled by regulating the calcination retention time during the
process of nickel formation while heating at 500 oC. Retention for
1 h at 500 oC led to the formation of ~100 nm pores, while 3 h
retention led to 700-800nm pores. The specific surface area of nickel-
etched graphite, which was 1.622 m2/g, was increased compared to
that of pristine graphite, which was 1.095m2/g. The increase of spe-
cific surface area is due to the nickel etching process creating many
holes with large pore volume at the graphite surface [17].

Surface analysis of the graphite/silicon/pitch composite prepared
by pitch coating after the insertion of silicon into the nickel-etched
graphite pores is shown in Fig. 3. The pores that were formed by
nickel etching completely disappeared in the prepared graphite/sil-
icon/pitch composite, which is presumed to be due to silicon inser-
tion and the pitch coating. Then, the spherical particle shape of the
prepared composite was maintained.

XRD was used to determine the crystal structure of the pre-

Fig. 2. SEM images of nickel etched graphite from different calcination time (a) 1 h and (b) 3 h.

Fig. 3. SEM images of graphite/silicon/pitch composites (a) G8Si1P1, (b) G6Si2P2 and (c) G4Si3P3.

Fig. 4. XRD patterns of graphite/silicon/pitch composites. Fig. 5. TGA curves of graphite/silicon/pitch composites.

pared graphite/silicon/pitch composite, as presented in Fig. 4. For
the graphite/silicon/pitch composite, the main peaks of graphite
were detected at 26.4, 42.4, 44.4, 54.5, and 77.5o, in agreement with
JCPDS Card No. 008-0415. The respective peaks correspond to the
(002), (100), (101), (004), and (110) crystal planes, as in the previ-
ous study [18,19]. Diffraction peaks were also observed at 28.4,
47.3, 56.1, 69.1, and 76.3o, corresponding to the (111), (220), (311),
(400), and (331) planes of silicon in JCPDS Card No. 77-2111 [20].
The pitch prepared after the carbonization process gave rise to a
broad peak, indicating the amorphous morphology, as reported by
Lee and Lee [7,15].

The TGA data for the graphite/silicon/pitch anode material are
presented in Fig. 5. TGA was performed by ramping the tempera-
ture at 10 oC/min within the temperature range of 25-1,000 oC under
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air atmosphere. The TGA curve showed a 77% weight change for
the G8Si1P1 composite up to 500-750 oC due to the combustion of
carbon after thermal decomposition with graphite; a 71% weight
change was observed for the G6Si2P2 composite and a 54% weight
change for the G4Si3P3 anode composite. An inflection point was
detected in the TGA curve, which is thought to arise from the com-
posite containing two carbon materials: graphite and pitch carbon
[21]. The rise in the TGA curve after approximately 830 oC is pre-
sumed to be due to silicon oxidation [22].
2. Electrochemical Characteristics of Graphite/Silicon/Pitch
Composite

To evaluate the electrochemical performance of the graphite/sil-
icon/pitch composites (G8Si1P1, G6Si2P2, and G4Si3P3) based on the
composition of each material, cycle tests were performed. Fig. 6 pres-
ents the charge-discharge cycle test data obtained at 0.1 C. The ini-
tial reversible capacity was 451, 461, 680, 878, and 943 mAh/g for
graphite, nickel-etched graphite, G8Si1P1, G6Si2P2, and G4Si3P3, respec-
tively. The data show that the capacity of nickel-etched graphite in-
creased more than that of graphite due to the increase of the spe-
cific surface area, while the initial discharge capacity of graphite/
silicon/pitch composites increased with the silicon content. The
initial Coulombic efficiency was 79, 90, 64, 70, and 71% for graphite,
nickel-etched graphite, G8Si1P1, G6Si2P2, and G4Si3P3, respectively.
Compared to that of graphite without surface treatment, the ini-
tial efficiency of nickel-etched graphite increased up to 90%, but
rapidly decreased after the addition of silicon. Also, initial efficiency
of the graphite/silicon/pitch composite increased with increasing
pitch content. The capacity retention of the composite anode mate-
rial was evaluated with 94, 92, 90, 60, and 34%, respectively, after
100 cycles. Thus, for up to 10 wt% silicon content, a high capacity
retention rate was maintained for 100 cycles, but graphite/silicon/
pitch composites with a high silicon content showed a rapidly de-
creasing rate.

Rate capability of the anode composites was evaluated at various
C-rate from 0.1 to 5 C and the result is illustrated in Fig. 7. The
rate of capacity retention for nickel-etched graphite was 74% at
5 C/0.1 C, indicating an improvement in the rate capability com-
pared with graphite. Nickel-etched graphite is thought to have an

enhanced capacity compared to pristine graphite due to its porous
structure. The pores at the surface not only increased the number
of sites for Li ions to intercalate and de-intercalate, which facili-
tated the charge and discharge speeds at a high C-rate, but also
reduced the diffusion distance of Li ions [23]. The capacity reten-
tion ratio for G8Si1P1 was 91% at 2 C/0.1 C and 87% at 5 C/0.1 C.
And the capacity recovery rate at 0.1 C/0.1 C was 92%, correspond-
ing to the most outstanding capacity characteristics. In contrast,
the G4Si3P3 composite delivers a relatively poor rate capability, as
the silicon content increases.

Cyclic voltammetry (CV) was used to examine the electrochem-
ical reaction at the electrode interface. Fig. 8 shows the CV results
by using a coin cell prepared with the graphite/silicon/pitch com-
posite, for five cycles at 0.1 mV/s scan rate. In the first cycle, a broad
reduction peak due to the formation of an SEI layer was observed
between 0.3 and 0.8 V, while the peak was no longer observed in
the second or any subsequent cycle. This implies a significant im-
provement in the reversibility of the insertion-extraction of lithium
ions. In addition, a reduction peak due to the insertion of lithium
ions was detected at around 0.15 V, whereas at ~0.2 V and 0.45 V,
an oxidation peak due to the extraction of lithium ions was detected
[24]. These peaks are thought to arise from lithium-ion insertion
and extraction among the graphite layers at <0.2 V during the
charge-discharge process, whereas in the silicon alloy, lithium-ion
insertion occurred at approximately 0.2 V and dealloying occurred
mainly at 0.45 V [25,26].

Electrochemical impedance spectroscopy (EIS) is suitable for mea-
suring the rate of Li+ diffusion and electrical conductivity. The EIS
curve profile of the anode material prepared in this study showed
a semi-circle in the high-frequency domain and a linear slope in
the low-frequency domain [27]. As shown in Fig. 9(b), the electro-
lyte resistance (Re) indicates conductivity at the initial stage of the
Nyquist plot [23,28]. The Re of the pristine graphite is 1.6, which
is the lowest among other materials. As shown in Fig. 9(a), the
charge transfer resistance (Rct) can be confirmed by the diameter
of the semicircle. The etched graphite has a smaller semicircle size
than the graphite because the increased number of active sites im-
proved the electrochemical reaction [23]. Also, the semicircle was

Fig. 6. Cycling performance of graphite/silicon/pitch composites. Fig. 7. Rate capability of graphite, nickel etched graphite and graph-
ite/silicon/pitch composites.
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the smallest in case of the graphite/silicon/pitch composite material
due to the addition of silicon [28]. The resistance of the compos-
ite materials sequentially declined in the following order: G8Si1P1,
G6Si2P2, G8Si1P1.

CONCLUSION

A pitch coated graphite/silicon composite using nickel etching
process was synthesized to improve the capacity and rate perfor-
mance of the anode material. Etched graphite with 100-800 nm pore
size was prepared, and then the pitch coated graphite/silicon com-
posite was synthesized using wet processing. The electrochemical
properties of the anode material were investigated according to the
composition ratio of graphite, silicon, and pitch. Nickel-etched Graph-
ite has an initial reversible capacity of 461 mAh/g with an initial
efficiency of 90%, which is superior to that of graphite. The G8Si1P1

(graphite : silicon : pitch=8 : 1 : 1) composite material showed an ini-
tial reversible capacity of 680 mAh/g, a capacity retention ratio of
90%, and a retention rate of 87% at 5C/0.1C. This is the result show-
ing the best electrochemical properties among the prepared anode
materials. Therefore, it was confirmed that the pitch coated graph-
ite/silicon composite could be used as an anode material for a high-
performance lithium ion battery that replaces the commercialized
graphite.
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