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Abstract: We report an effective method for the synthesis of a core-shell Si/C nanocompos-
ite, and its application as anode material for lithium ion (Li-ion) batteries. Polyacrylonitrile
(PAN)-coated Si nanoparticles are formed by emulsion polymerization, and this precursor is
heat-treated under argon to generate a Si/C core-shell nanocomposite. The conductive carbon
shell envelops the silicon nanoparticles and suppresses aggregation of the nanoparticles dur-
ing cycling. Meanwhile, the carbon shell combines closely with the nanocores, and signifi-
cantly enhances the kinetics of lithium intercalation and de-intercalation, as well as the ap-
parent diffusion coefficient of Li-ions. Consequently, the core-shell Si/C nanocomposite
exhibits better electrochemical performance than pure Si nanoparticles, indicating that this is
a promising approach to improve cyclability and kinetics of nano-anode materials for Li-ion
batteries.
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INTRODUCTION

Lithium ion (Li-ion) batteries have long been considered as the most promising back-up power source
for a wide variety of modern portable information technology equipment, following their commercial
introduction in the early 1990s. So far, many kinds of anode materials have been investigated, such as
graphitic carbons [1–3], disordered carbons [4–8], tin-based materials [9–12], nitrides [13], phosphides
[14,15], and oxides [16–18]. However, only graphitic carbons are commercially available since the
other materials have some disadvantages. For example, in the case of disordered carbons, though their
preparation temperature is much lower than that of graphitic carbons and reversible capacity is much
larger, there is a serious voltage hysteresis and capacity fading. Nowadays, owing to the rapid ad-
vancement of electronic technologies, batteries are required to improve their capacity and cycleability.
The latest research is focused on improving and searching for novel synthetic methods of the electrode
materials [19–25]. Recently, nanomaterials have attracted much interest as anodes for Li-ion batteries
because of their larger reversible capacity, higher Li+ diffusion coefficients, and better rate capability
than conventional micrometer materials [26–31]. Homogeneous dispersion of nanoparticles in a matrix
and synthesis of metal-encapsulated spherical hollow carbon have been explored as approaches to im-
proved cycling behavior [32–34], but it is evident that there is still much scope for further improvement.
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Silicon is regarded as one of the most promising candidates as anode material for Li-ion batter-
ies. Its theoretical capacity (4000 mAh g–1) is much higher than that of the commercialized graphite
(372 mAh g–1) [19]. However, the cycle performance of silicon is poor, owing to severe volume ex-
pansion and shrinkage during Li+ intercalation and de-intercalation, which results in pulverization of Si
particles and eventual loss of Li+ storage ability [35]. To solve this problem, nanosized Si particles have
been utilized and have achieved partial improvement by reducing the absolute volume change.
Nevertheless, a new problem was encountered in nanosized material, since fine Si particles aggregate
to larger ones during Li+ insertion/extraction, and the nanocharacteristics then disappear with attendant
loss of capacity [36]. Recently, soft matrixes for Si such as carbon [37,38], TiN and TiB2 [39], and sil-
ver [40] were introduced to form composite with Si, however, silicon is still not stable and will sepa-
rate with the soft matrixes, leading to poor cycling.

In this work, an effective method has been used to synthesize nanosized core-shell carbon-coated
Si composite as anode material for Li-ion battery to keep the stability of the electroactive nanoparticles
and ameliorate its capacity retention. The kinetics of Li intercalation and de-intercalation has been also
investigated.

SYNTHESIS OF CARBON-COATED Si NANOPARTICLES

The synthetic process of carbon-coated Si nanocomposite is shown in Scheme 1. First, a core-shell
shaped Si/polyacrylonitrile (PAN) precursor was synthesized via emulsion polymerization. Then, the
precursor was heat-treated to turn into core-shell Si/C nanocomposites. One detailed experiment is as
follows. OP9 (1.0 g, as surfactant) was dispersed into deionized water (200 mL) to form micelles. Then,
silicon nanoparticles (0.5 g, spherical, d ≤ 50 nm, Zhongchao Company, China) were added and soni-
cated for 30 min to achieve uniform dispersion. A mixture of acrylonitrile (1.0 g, as monomer) and
potassium peroxydisulfate (0.005 g, as initiator) was added for the emulsion polymerization. Degassing
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Scheme 1 Synthetic scheme of core-shell Si/C nanocomposite.
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was carried out for 1 h under gentle stirring, then the temperature was increased to 75 oC and the mix-
ture was polymerized for 12 h under argon atmosphere to form a core-shell shaped Si/PAN precursor.
After centrifugal filtration and drying, the Si/PAN precursor was heat-treated for 6 h at 800 °C to car-
bonize the PAN to form hard carbon shell, and eventually Si/C nanocomposites were synthesized.

MICROGRAPH AND STRUCTURE OF CARBON-COATED Si NANOPARTICLES

The core-shell Si/C nanocomposite was identified using transmission electronic microscope (TEM) ob-
servation and energy dispersive spectrum (EDS) analysis (JEOL JEM 2011). Figure 1a is the TEM
micrograph of the carbon-coated Si nanoparticles. It shows that these nanoparticles are linked by car-
bon shell uniformly, not aggregate together. Figure 1b is the magnification of partial Fig. 1a, showing
clearly that the carbon shell was successfully coated on the Si core. Meanwhile, the cores of Si nanopar-
ticles combine closely with the carbon shell, different from the reported carbon coating on tin. In the
latter case, the combination of the tin core with the carbon shell is very loose from the transmission
electronic micrographs [34]. The thickness of the carbon shell is about 3–5 nm. By changing the ratio
of Si and the monomer, and the experimental conditions such as the amount of surfactant and the ini-
tiator, the thickness of carbon shell can be adjusted.

In order to detect the element composition, EDS pattern was obtained from the shell part of the
nanoparticles (the circle area of Fig. 1b). A high carbon peak appeared as shown in Fig. 2, which also
confirms the core-shell structure. In addition, our previous studies showed that carbons from heat-treat-
ment of PAN at a temperature <1000 °C are amorphous and consist of a lot of micropores, which can
definitely be passages for Li-ions [19,41,42].
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Fig. 1 TEM micrograph of core-shell Si/C nanocomposite (a) and its partial magnification (b).



EVALUATION AS ANODE MATERIALS FOR Li-ION BATTERIES

Two-electrode coin-type half-cells were assembled for electrochemical performance evaluation. Si
nanoparticles or Si/C nanocomposites (60 % by mass) were mixed with 20 % acetylene black (AB) as
conductive additive and 20 % poly(vinylidene fluoride) as binder. The mixture slurry was coated on
copper foil. After drying, it was cut into round pellets with a diameter of about 1 cm and about 10 mg.
Using these pellets as working electrode, coin-type model cells were assembled into a glove box filled
with argon gas. Li metal was used as the counter electrode, Celgard 2400 as the separator, and
1 mol l–1 LiPF6 in diethyl carbonate (DEC)/ethylene carbonate (EC)/dimethyl carbonate (DMC)
(1:1:1 by mass) solution as the electrolyte. Cycling test of the coin-type half-cells was performed in the
voltage range of 0.01–2.5 V with a constant current 0.2 mA cm–2 at room temperature. Cyclic voltam-
metry (CV) of Si nanoparticles and Si/C nanocomposite electrodes was measured in the range of
0–2.0 V at scanning rates of 0.1, 0.2, 0.5, and 1.0 mV s–1, respectively. 

DISCHARGE AND CHARGE PERFORMANCE

The discharge and charge curves of Si and Si/C electrodes in the first cycle are shown in Fig. 3a. The
anode of Si nanoparticles shows a large irreversible capacity about 1200 mAh g–1. In contrast, the irre-
versible capacity of Si/C nanocomposites is about 600 mAh g–1, only half that of Si. This can be mainly
ascribed to the following two aspects. (1) In the case of anode materials, it is necessary to form a solid
electrolyte interface (SEI) film by reduction of electrolytes to prevent the reaction of electrolytes with
the formed Li insertion (or intercalation) compounds [19]. When the surface area is larger, usually the
corresponding area for the SEI film will be larger. When the nanoparticles are coated with carbon shell,
the surface area will decrease and the corresponding amount for the SEI film will decrease. (2) The SEI
film on carbon surface can be easily formed due to small expansion after Li insertion. In contrast, the
expansion of Si during Li insertion results in metastable noncrystalline phases and the accompanying
formation of the SEI is almost needed [43]. 

As mentioned above, the carbon shell is amorphous and Li+ can pass through the micropores. It
does not affect the electrochemical performance of Si cores. However, it was found that the original re-
versible capacity of Si/C nanocomposite (1137 mAh g–1) is lower than that of virginal Si nanoparticles
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Fig. 2 EDS pattern of the carbon shell of Si/C nanocomposite (the circle area of Fig. 1b).



(1831 mAh g–1). The main reason is that the reversible capacity of carbon shell is lower than that of Si
[19].

The cycling behavior of Si and Si/C electrodes is shown in Fig. 3b. The anode of Si nanoparticles
shows a rapid capacity fading and retains only 6.5 % of the original capacity after 20 cycles. However,
in the case of Si/C nanocomposite, after 20 cycles, the charge capacity still remained 52.5 %
(594 mAh g–1) of its original capacity (1137 mAh g–1), which is much higher than that of the Si. It
shows that the Si/C core-shell nanocomposite has better capacity retention. The main reason is that the
coated carbon shell can act as a barrier to prevent the aggregation of Si nanoparticles and thus increase
their structure stability during cycling. Of course, the particles of the nanocomposite will also agglom-
erate during cycling. However, the electroactive Si particles could not combine together due to the ex-
istence of the carbon shell. As a result, the nanocharacteristics of the Si particles are reserved during
cycling.

CYCLIC VOLTAMMETRY

Figure 4 depicts the CVs of Si and Si/C electrodes measured between 0 and 2.0 V at the scanning rate
of 0.5 mV s–1. It shows that the oxidation and reduction peak currents (Ip) are much higher than those
of the virginal Si nanoparticles, demonstrating a better Li+ activity of Si nanoparticles after being coated
by a carbon shell. The results from CV data at different scan rates present much more interesting phe-
nomena. We found the oxidation peak current at different scan rate was in proportion to the root of the
scan rate, v1/2, indicating that the reaction kinetics was controlled by the diffusion step. Moreover, based
on the CV data at different scan rate and the following equation:

Ip = 2.69 × 105An2/3C0D1/2v1/2 (1)

where n is the number of electrons per molecule during the intercalation, A is the surface area of the
anode, C0 is the concentration of Li+, D is the diffusion coefficient of Li+, v is the scan rate. Since we
could not know the real surface of the anode, the geometric surface area of the anode was used, instead.
Based on the linear relationship between Ip and v1/2 shown in Fig. 5 and eq. 1, the apparent diffusion
coefficients of Li ions in both Si/C nanocomposite and Si nanoparticles were calculated. It was found
that the diffusion coefficient of Li+ in Si/C nanocomposite (9.68 × 10–13 cm2 s–1) was about one order
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Fig. 3 Electrochemical performance of the core-shell Si/C nanocomposite and the virginal Si nanoparticles cycled
between 0.01 and 2.5 V with a constant current of 0.2 mA cm–2: (a) the charge/discharge profiles in the first cycle
and (b) the cycling behavior.



of magnitude higher than that in pure Si nanoparticles (1.09 × 10–13 cm2 s–1), indicating that the car-
bon shell at the surface of Si nanoparticles is beneficial for the diffusion of Li+ since it is conductive.
This effect is similar to that of carbon coating on TiO2 and cathode materials [44–46], which also fa-
vors Li intercalation and de-intercalation. Meanwhile, different thickness of the coated carbon shell will
present different effects.

CONCLUSION

Core-shell Si/C nanocomposite was synthesized by emulsion polymerization and following heat-car-
bonization process. This novel material was used as anode for Li-ion batteries. Data from CV demon-
strate clearly that the carbon coating markedly improves the apparent diffusion coefficients of Li+, as
well as the kinetics of Li intercalation and de-intercalation. The main reason is ascribed to the existence
of conductive carbon shells and their close combination with the Si cores. The carbon shell acts as a
barrier to suppress the aggregation of Si nanoparticles and thus increases their structure stability during
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Fig. 4 CV profiles of virginal Si and Si/C electrodes measured at the range of 0–2.0 V with a scanning rate of
0.5 mV s–1. 

Fig. 5 Relationship between Ip and v1/2 of the core-shell Si/C nanocomposite and the virginal Si nanoparticles.



cycling. Consequently, the capacity retention of the Si nanoparticles is improved obviously. In compar-
ison with former methods [37–40], this method can ensure homogeneous and complete coating of the
Si nanoparticles and prevent the Si nanoparticles to contact directly with the electrolytes. It shows that
carbon coating is an effective method to improve electrochemical performance of nanoelectrode mate-
rials for Li-ion batteries.
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