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We used a liquid-phase method to prepare a novel high capacity nano-Si modified graphite composite
electrode material for lithium ion batteries. In this method, nano-Si powder was deposited onto the
surface of natural spherical graphite using wet ball milling. CMC in solution was used as a binder
between nano-Si and graphite and acted as a C coating in the sintering process. The acquired nano-Si
modified graphite composite was investigated using X-ray diffraction (XRD), scanning electron
microscopy (SEM). Electrochemical tests showed that the C coated nano-Si modified graphite composite
had good electrochemical properties, such as high specific capacity, good rate capability and cycling
performance and therefore was suitable for use in power or energy storage batteries. The 5 wt% nano-Si
sample had a high specific capacity of 464.8 mAh g at 0.1 C rate, which was approximately 87.37 %
of the theoretical specific capacity (~532 mAh g?).
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1. INTRODUCTION

Lithium ion batteries (LIBs) have been widely used commercially in electronics, electric vehicles
(EV) and dispersed energy storage as a result of their high working potential, high energy density and
good cycling performance [1-3]. However, conventional graphite anode material has low capacity and
cannot provide the increasing need for energy density. Highly crystalline graphite is capable of
intercalating up to one Li ion for every six C atoms, with a theoretical specific capacity of 372 mAh g*!
[4, 5]. EV require lengthy cruising power provided by high capacity anode and cathode materials. Si and
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other metals, such as Sb and Sn, which can form a Li alloy during charging and release Li ions during
discharging, were used as next generation anode materials. Among these materials, Si has a high
theoretical capacity of 3579 mAh g! at room temperature, and has a Li:Si stoichiometry of
3.75:1(Li1sSis) which is approximately ten times the amount of Li in commercial graphite. Despite this,
Si’s shortcomings, including poor rate capability, large volume expansion, rapid capacity fading and low
coulombic efficiency, have become problems which need to be addressed before Si-based anodes are
used in mass production and application. Unlike the traditional intercalation graphite electrode, Si and
Li react via an alloying process, which results in significant volume expansion (approximately 300%) in
the alloyed material. The change in concentration associated with the volume expansion results in
significant mechanical stress within the electrode structure resulting in grain fractures and electrical
isolation of the active material. During the process of alloying and de-alloying, large volume
expansion/contraction of Si structures can result in an unstable solid-electrolyte-interphase (SEI) growth,
which increases the ionic resistance and causes disintegration of the electrode. Moreover, the low
coulombic efficiency of Si anodes during the first cycle is related to a volume change due to electronic
contact loss by phase transformation and the formation of a SEI layer. To address these problems, efforts
have been made to reduce volume expansion and contraction, as well as irreversible capacity of the Si
anode.

A practice commonly used to improve the properties of Si anode material is the synthesis of Si/C
composites, particularly for Si/graphite composites [6-12]. In these materials, carbon acts as a buffer and
conductor for Si particles, accommodating the volume expansion and contraction of Si during alloying
and de-alloying, and reducing mechanical stress and pulverization of the electrode, resulting in improved
cycling performance of Si-based anodes. Nanocrystallization of Si host grains is another important factor
to consider when increasing the life cycle of Si-based anodes [13-16]. It is proposed that the lithiation
kinetics of crystalline Si are controlled by the reaction rate at the interface of the Si particle and the size
of the particle has an important role in the reaction rate of the Si anode. The smaller the particle size, the
more efficient the lithiation kinetics. By reducing the Si particle size to nano-scale, the bulk stress and
pulverization of the Si active particles is reduced, and electric contacts and ion flow increased [17,18].
Numerous new nanocomposites have been synthesized to improve the performance of Si-based anode
materials. Kim et al. proposed a versatile synthetic method for the formation of 3D porous silicon
particles and produced a thin pore-wall size of approximately 40 nm with a charge capacity of greater
than 2800 mAh g at a rate of 1 C (= 2000 mAh g1) [19]. The porous framework of Si-based electrodes
have minimal volumetric expansion [20,21]. Xie et al. studied the stability of Si nanoparticles on
nanonets and found that nanonets-based nanostructures could maintain 90% of their initial stable
capacities after 100 cycles [22]. Moreover, honeycomb-structured silicon [23,24], silicon decorated by
graphene, or carbon nanotube and nanofiber [25-29] and copper-coated silicon anodes [30,31] all have
excellent properties as anode materials in Li-ion batteries. Adhesive binders [32] and electrolytes have
important effects on the performance of Si-based anode materials [33,34]. To develop an effective
method to address the need of Si-based anode materials for industrial production, we used a liquid-phase
method to develop a nano-Si modified graphite composite anode material, which had uniform
distribution of nano-Si particles and good electrochemical properties, particularly cycling performance.
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2. EXPERIMENTAL

2.1. Preparation of nano-Si modified graphite composite anode material

Unless otherwise stated, all reagents are commercially available and used as prescribed. Nano-
Si powders prepared using CVD method, were approximately 100 nm in diameter and had a Si content
of 99.9 wt%. Spherical natural graphite (SNG) with a diameter of approximately 17 um and a carbon
content of 99.95 % was supplied by Ningxia BOLT technologies Co., Ltd. The preparation process was
as follows. Firstly, 5.0 g of nano-Si powder was placed in a well-dispersed in 1.0 wt% CMC solution
and stirred for 10 minutes. Then, 95.0 g of SNG was dispersed in the above-mentioned solution and
milled for 30 minutes. The mixed slurry was then transferred into a beaker and dried in a 80°C water
bath while being continuously stirred. The prepared precursor was ground and mixed with 8.0 g of high
temperature pitch until it was completely uniform. Finally, the prepared mixture was carbonized at 300°C
and 700°C under a pure N2 atmosphere, and then was ground to 200 mesh size for testing.

2.2. Characterization

The synthesized nano-Si modified graphite composite anode material was characterised using a
XRD-7000S diffractometer (Shimadza, Japan) with Cu Ka radiation (A=0.15423 nm). The surface
morphology of the nano-Si and its composite were observed using a scanning electronic microscope
(Zeiss MERLIN Compact, Germany) with an Inca X-act EDS analyser (Oxford Instruments, UK). The
phase composition of the material was determined using a Kratos Axis Ultra DDL X-ray spectrometer
(Shimadza, Japan).

2.3. Electrochemical measurements

The electrochemical properties of the nano-Si composite were tested using assembled CR2025
coin cells. The composite electrode was prepared by mixing the nano-Si modified graphite composite
with carbon black, CMC and SBR in a weight ratio of 92:5:1:2 in water to form a homogeneous slurry.
The nano-Si electrode was prepared by mixing the nano-Si with carbon black, CMC and SBR in a weight
ratio of 85:8:2:5 in water to form a homogeneous slurry. Then, the slurry was cast onto a copper foil
current collector and dried, and punched into disks. The disks were dried further in a vacuum oven at
110°C overnight. Finally, the cells were assembled in an argon-filled glove box (LABSTAR 1250/750,
MBRAUN) using Li foil as the counter and reference electrode, a polypropylene micro-porous film as
the separator, and 1 M LiPFs in ethylene carbonate (EC), diethyl carbonate (DEC) and fluoroethylene
carbonate (FEC) (0.5:0.5:0.1, v/v/v) as the electrolyte. The galvanostatic charge and discharge
measurements were carried out using a LAND batteries testing system (LAND CT2001A, Wuhan,
China) in the potential range of 0.03-2.00 V (vs. Li*/Li) at a rate of 0.1 C, 0.2 C, 0.5 C and 1C (where 1
C=530mAg?).
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3. RESULTS AND DISCUSSION

3.1 The crystalline forms and morphologies
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Figure 1. XRD patterns of the prepared nano-Si modified graphite composite.

The prepared nano-Si modified graphite composite contained both nano-Si and graphite (Fig. 1).
The main diffraction peaks for graphite were situated at approximately 26.5°, 44.5° and 54.6°, which
was consistent with the (002), (101) and (004) lattice planes, respectively, and were indexed as the
hexagonal structure of hexagonal graphite (PDF Card No. 26-1080). This result was in agreement with
the literature [35]. The other main diffraction peaks for Si were consistent with the (111), (220) and
(311) lattice planes, respectively, and were indexed as the crystalline silicon (PDF Card No. 27-1402).
It can be seen from the XRD patterns that the preparation process had a role in the physical mixing but
no influence on the crystalline forms of Si and SNG. However, the CMC and pitch which were used as
the binder and coating layer, respectively, became amorphous C and increased the electrical conductivity
of the prepared composite after carbonising at 700°C. Furthermore, we did not find impurity peaks
corresponding to si-related compounds in the XRD pattern of the sample.
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Figure 2. SEM images of the nano-Si (A), SNG (B) and prepared nano-Si modified graphite composite
(©).

The morphologies of the nano-Si (A), SNG (B) and prepared nano-Si modified graphite
composite (C) are shown in Fig. 2. The SEM image of the nano-Si as a raw material show the nano Si
had a spherical morphology with a particle size of approximately 100 nm in diameter. SEM image (B)
shows a near spherical morphology and numerous flakes were seen on the surface of SNG. When
carbonising after nano-Si dispersion and pitch coating, the nano Si particles intersperse onto the surface
of SNG, and appear a large number of bright conglomerations of Si-particles, which was confirmed to

be elemental Si using XRD and XPS testing (Fig. 2).

1.0x10°
8.0x10* |
6.0x10" I
4.0x10* O1s

2.0X104 i \/\'\\1\)\;\
Si 2p

0.0 ’

Intensity (cps)

0 200 400 600 800 1000 1200
Binding Energy (eV)

Figure 3. XPS spectrum of the prepared nano-Si modified graphite composite
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Table 1. Elemental weight percentages (wt%) and atom (%) for boxed area in Figure 2 (C).

Element Element wt% Atom %
C 93.38 96.51
O 1.67 1.30
Si 4.95 2.19
Total 100.00 100.00

Fig. 3 shows XPS spectrum of the prepared nano-Si modified graphite composite. The main
peaks for the sample were indexed as elemental Si, C and O, respectively. The C peak was very strong
and sharp due to the perfect crystalline graphite, pyrolytic carbon from the pitch and CMC and their
large percentage composition. The peaks of Si and O were less strong due to their lower percentage.
Furthermore, the EDS analysis for the boxed area in Fig. 2 (C) demonstrated that the surface area
contained 96.51 atom % of C, 1.30 atom % of O and 2.19 atom % of Si (Table 1). The generation of
oxygen could be a result of the oxidation of Si with trace oxygen during the preparation and
carbonization process.

3.2 Electrochemical measurements
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Figure 4. Potential profiles of the nano-Si (A) and prepared nano-Si modified graphite composite (B) in
the first cycle at a rate of 0.1 C at room temperature.

Fig. 4 (A) shows the first potential-capacity profiles of the nano-Si anode, which were determined
at 0.1 C and voltage ranging from 0.03 to 2.00 V (vs. Li*/Li). The curves show typical lithiation (1*) and
delithiation (2%) plateaus of Si at approximately 0.10 and 0.45 V, respectively, in agreement with the
literature [18,36]. The initial discharge and charge capacities were 3406.5 and 2227.7 mAh g for the
nano Si anode, which corresponded to an initial coulombic efficiency of 65.4 %. In general, the low
initial coulombic efficiency was possibly due to the formation of a SEI layer, the irreversible reaction



Int. J. Electrochem. Sci., Vol. 14, 2019 3461

between Li and Si host material, and the poor conductivity of the nano Si. However, the potential-
capacity curves of the prepared nano-Si modified graphite composite shows two lithiation plateaus (3*
and 4%) and two delithiation plateaus (5 and 6*), which corresponded to Li intercalation of graphite and
lithiation of Si in the discharge process, as well as Li deintercalation of graphite and delithiation of Si in
the charge process (Fig. 4 (B)). This demonstrates that there were two reactions occurring in the charge
and discharge processes. In comparison, the initial discharge and charge capacities of the nano-Si
modified graphite composite were 505.4 and 464.8 mAh g, respectively, having a coulombic efficiency
of 92.0%. Hence, the coulombic efficiency of the nano-Si modified graphite composite was much greater
than that of Si nanoparticles, which could be due to the formation of conductive pyrolytic carbon from
the coating pitch and CMC, as well as graphite’s intrinsic conductivity. The pyrolytic carbon and
graphite had close electrical contact with the nano Si particles.
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Figure 5. The capacity retention of the prepared nano-Si modified graphite composite electrode at
different rates (a) and the cycling performance of the prepared sample at a rate of 0.1 C (b).

Due to poor conductivity and electrochemical properties, the pure nano-Si anode material cannot
be used in practical industrial production. In this study, the electrochemical properties of the prepared
nano-Si modified graphite composite and synergetic effect between nano Si and graphite, as well as
conductive C coating, were investigated. Fig. 5 shows the rate capability and cycling performance of the
prepared nano-Si modified graphite composite electrode. The nano-Si/graphite composite electrode had
an excellent rate capability. The sample delivered a specific capacity of 419.2 mAh g at a rate of 1.0
C, which was approximately 90.2% of that at 0.1 C. The excellent rate capability could be due to the
enhanced electro-conductivity of the pyrolytic carbon coating layer and fast Li-ion transportation due to
form a C/graphite conductive network, which reduced the inner resistance of the prepared anode [37].

In addition, other factors such as cycling performance and low-temperature characteristics are
important and should be considered to meet the requirements of EV, 3 C products or smart grids systems.
In Fig. 5(b), the prepared nano-Si modified graphite composite electrode had a good capacity retention
ratio. After 50 cycles, the sample had a high specific capacity of 442.5 mAh g, corresponding to a
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capacity retention ratio of 95.2%, due to form a conducting layer on Si nanoparticle and construct a
conductive network on the surface of the SNG and nano-Si through the core-shell structure [38].

Table 2. Specific capacities of similar composite anode materials prepared by different methods

Specific capacity (mAh g?) Rate(C) References
580.0 0.2 9)
502.9 0.1 (10)
600.0 0.2 (12)
470.0 0.1 (12)
280.0 0.1 (16)
400.3 0.2 (24)
506.3 0.1 (32)
505.4 0.1 This paper

Compared to the similar lithium anode electrode materials which were described in literature, the
as-prepared nano-Si modified graphite composite by a liquid-phase method has better reversible capacity
and cycling performance than those prepared by complex process.

4. CONCLUSIONS

In this study, a liquid-phase method was used to prepare a novel high capacity nano-Si modified
graphite composite anode material. Nano-Si powder was deposited onto the surface of a spherical natural
graphite using wet ball milling, and then coated using high-temperature pitch to form a hybrid conductive
network. The uncoated nano Si electrode had a high initial specific capacity of 2227.7 mAh g, but a
low initial coulombic efficiency of 65.4%. The prepared nano-Si modified graphite electrode delivered
an acceptable specific capacity and exhibited better rate capability and cycling performance due to the
superior electronic conductivity achieved by C coating and synergetic effects of graphite. The 5 wt%
nano-Si sample had a high specific capacity of 464.8 mAh g at a rate of 0.1 C, which was approximately
87.4% of the theoretical specific capacity, a capacity retention ratio of 90.2% at 0.1 C/1.0 C and a
capacity retention ratio of 95.2% after 50 cycles. Therefore, C coating and graphite recombination are
possible methods for the application of nano-Si anode material in power or energy storage batteries.
Compared with other similar materials, nano-Si modified graphite composite we prepared has better
reversible capacity and cycling performance.
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