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Abstract: The pores in silicon particles can accommodate the volume expansion of silicon during
the charging–discharging process. However, pores in silicon particles are easily occupied by carbon
during the preparation of silicon/carbon composites. In this paper, sulfur was adsorbed in the pores
of porous silicon particles before polyaniline (PANI) coating by in-situ polymerization, so that the
pores were preserved in porous silicon@carbon (p-Si/@C) composites after the sublimation of sulfur
during carbonization. The microstructure and the electrochemical performances of the obtained
p-Si/@C composites were investigated. The results indicate that p-Si/@C composites prepared with
a sulfur-melting process show a better high-rate performance than those without a sulfur-melting
process. Remarkably, the former show a better capacity retention when returning to a low current
density. The reversible capacities of the former were 1178 mAh·g−1, 1055 mAh·g−1, 944 mAh·g−1, and
751 mAh·g−1 at 0.2 A·g−1, 0.3 A·g−1, 0.5 A·g−1, and 1.0 A·g−1, respectively. Moreover, the reversible
capacities could return to 870 mAh·g−1, 996 mAh·g−1, and 1027 mAh·g−1 when current densities
returned to 0.5, 0.3, and 0.2 A·g−1, respectively.

Keywords: porous silicon/carbon composites; anode materials; high-rate performance; capacity
retention; lithium-ion batteries

1. Introduction

With the burgeoning of electric vehicle industries and portable electronics, lithium ion batteries
using graphite as anode do not easily satisfy the continuously growing energy demands on the
aspects of high energy and power density, because of the low theoretical capacity (372 mAh·g−1) and
unsatisfactory high-rate capability of graphite [1–3]. Among the anode materials that have been studied,
Si has attracted great attention as an alternative negative electrode material due to its high theoretical
capacity (~3500 mAh·g−1), low lithiation potential (~0.5 V versus Li/Li+), environment-friendly
properties, and natural abundance. However, the key challenge for the application of Si anodes is
the huge volume change (~300%) during the lithiation and de-lithiation processes, which leads to the
pulverization of the Si anode and even the mechanical disintegration of the working electrode, resulting
in the rapid fade of capacity during cycling [4–6]. Additionally, many new surfaces continuously form
during the cycling, because of the constant pulverization of the Si anode. Hence, the solid-electrolyte
interface (SEI) becomes thicker and thicker with the decomposition of the liquid electrolyte and the
loss of active lithium whose content is limited by the cathode material in lithium-ion batteries, thus the
capacity drops constantly [7–9].
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In order to improve the electrochemical performance of Si anodes, many efforts have been made,
such as preparing nanostructured Si particles with different morphology [10–14], fabricating Si-based
composites [15–19], and exploiting novel binders [20–22]. Recent works have demonstrated that
nano-Si/C composites exhibit an improved cyclic stability and rate capability, because the small size
of Si particles can shorten the diffusion distance of lithium ions, and carbon as the buffer layer can
effectively alleviate the volume change of Si particles [5,23,24]. Nevertheless, in nano-Si/C composites
prepared by the mixing of nano-Si and a carbon precursor and further carbonization (e.g., liquid
phase method), the nano-Si particles are difficult to disperse evenly in the carbon matrix due to their
characteristic of easy agglomeration, which worsens the electrochemical performance of nano-Si/C
composites. Meanwhile, nano-Si/C composites with uniform carbon coating can be obtained via
different approaches (e.g., chemical vapor deposition technique [25] and hydrothermal method [26]),
but the high production cost and difficulty in large-scale production limit their commercial applications.

From a practical point of view, micro-sized Si particles are easier to mass produce than nano-sized
Si, but the former suffer from limited kinetics at high current densities and large internal stress.
Many studies have shown that fabricating Si/C composites from porous micro-size Si particles could
effectively improve the electrochemical performance of micro-sized Si particles [27–30]. This is because
the porous structure in micro-sized Si particles can provide space for volume expansion, and the
external carbon coating not only acts as a buffer layer but also enhances the electronic conductivity of
the composites.

In this study, porous micro-size Si particles were obtained from commercial Al-Si alloy composites
by acid etching and further ball milling, and then porous Si particles/polyaniline-based carbon
(p-Si@C) composites with a core-shell structure were prepared by the sulfur-melting process, in-situ
polymerization of aniline, and further carbonization. During the preparation, the sulfur-melting
process is a key step. Sulfur is adsorbed to avoid the blockage of pores in porous Si particles by
polyaniline (PANI) during polymerization, so that the pores can be preserved in Si particles as core
materials of p-Si@C composites. The structure and high-rate performances of p-Si@C composites
prepared with and without the sulfur-melting process were compared.

2. Experiment

2.1. Preparation of p-Si@C Composites

Porous micro-size Si particles were obtained by immersing 5 g Al-Si alloy microspheres (Hunan
Ningxiang Jiweixin Metal Powder Co., Ltd.) with a particle size distribution of 0.6~10 µm, as shown
in Figure S1, into HCl solution (2 M, 500 mL). Next, they were filtrated, washed by de-ionized
water, dried, and ball-milled. The conditions of ball-milling were as follows: The revolving
velocity was 200 r/min and the time was 2 h. The p-Si particles had a surface area of 62 m2·g−1.
Their N2 adsorption/desorption isotherm is shown in Figure S2. The isotherm exhibits type
B hysteresis loops, which is typical of slit-shaped pores or the space according to the BDDT
(Brunauer-Deming-Deming-Teller) classification [31].

Figure 1 displays the preparation process of p-Si@C composites. Sulfur/p-Si particles composites
were prepared before polymerization by a melting–diffusion method. Sublimed sulfur (≥99.5 wt.%,
Chengdu Kelong Chemical Reagent Factory) and p-Si particles with a mass ratio of 2:1 were milled for
30 min. The mixture was heated, first, at 155 ◦C for 8 h under N2, and then the temperature further
increased to 200 ◦C and held for 2 h, during which the heating rate was 0.5 ◦C·min−1.

The sulfur/p-Si particles composites and aniline monomer (≥99.5 wt.%, Chongqing Chuandong
Chemical (group) Co., Ltd.) were added to 180 mL 0.12 M HCl solution (36~38 wt.%, Chongqing
Chuandong Chemical (group) Co., Ltd.), then, 30 mL 0.12 M HCl solution containing (NH4)·S2O8

(≥98 wt.%, Chengdu Kelong Chemical Reagent Factory) was continuously dropped into the above
solution. The maniline:mp-Si particles was 2:1. The polymerization was carried out in an ice bath, and the
polymerization time was 24 h. After washing with deionized water and further drying at 60 ◦C for
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12 h, sulfur/porous Si particles@PANI composites were obtained. p-Si/@C composites were prepared
after the carbonization of sulfur/p-Si particles@PANI composites at 900 ◦C for 2 h under N2 with a
heating rate of 1 ◦C·min−1. The carbon contents in p-Si@C composites were about 45 wt.% according
to the results of thermogravimetric analysis, as shown in Figure S3. p-Si/C composites were prepared
under the same method without the sulfur-melting process.
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Figure 1. Schematic illustration of preparation of p-Si@C composites.

2.2. Characterization

SU8020 scanning electron microscopy (SEM) and Tecnai G2 F20 high resolution transmission
electron microscopy (HRTEM) were used to characterize the morphology of samples and check
the carbon layer on the surface of composites. X-ray diffraction (XRD) patterns were collected on
PANalytical X’Pert Powder diffractometer.

2.3. Electrochemical Measurements

The working electrode was prepared by spreading the water slurry of 60 wt.% p-Si@C composites,
20 wt.% multi-walled carbon nanotubes (>91 wt.%, Suzhou Tanfeng Graphene Tech. Inc.), and 20 wt.%
sodium carboxymethyl cellulose (CMC2200, DAICEL(CHINA) INVESTMENT CO., LTD.) on copper
foil, and drying at 60 ◦C for 24 h. Next, the electrode was punched into round electrode sheets with a
diameter of 13 mm. The loading of p-Si@C composites on the round working electrode sheet was about
1.02 mg·cm−2. Coin-type cells (CR2430) were fabricated in a glovebox filled with argon, using lithium
foil (99.9%, China Energy Lithium CO., LTD.) as the counter electrode, Celgard 2325 as the separator,
and 1M LiPF6 in a mixture of ethylene carbonate and diethyl carbonate containing fluoroethylene
carbonate (LBC3401A4, Shenzhen Capchem Technology Co., LTD.) as the electrolyte. 3~5 batteries was
assembled per sample to ensure a high reproducibility of the results.

The high-rate performance and cycling stability of samples were conducted on a Neware battery
testing system (Neware Co., Ltd.) within the voltage range of 0.005~2.0 V at current densities of 0.1, 0.2,
0.3, 0.5, and 1 A·g−1 at room temperature. Electrochemical impedance measurements were performed
on CHI604E electrochemical system (CH Instruments, Inc.) with the frequency range of 100 k~0.01 Hz.

3. Results and Discussion

Figure 2 shows the XRD patterns of p-Si particles and p-Si@C composites with carbon content
of 45 wt.%. For p-Si particles, the diffraction peaks at about 28.4◦, 47.3◦, 56.1◦, 69.1◦, 76.4◦, 88.0◦,
and 95.0◦ correspond to (111), (220), (311), (400), (331), (422), and (511) planes, respectively [32,33].
p-Si@C composites exhibited the same diffraction peaks as that of micro-size Si particles, indicating
that the crystal structure of p-Si particles was not affected and no new species were produced during
the preparation of p-Si@C composites. On the other hand, an unobvious wide diffraction peak at about
20◦ for p-Si@C composites indicated that the carbon in composites was amorphous.
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Figure 2. XRD patterns of p-Si particles and p-Si@C composites with carbon content of 45 wt.%.

SEM images of p-Si particles and p-Si@C composites with a carbon content of 45 wt.% are shown
in Figure 3. It is apparent that p-Si particles are bulky irregular particles, the p-Si@C composites
are still well dispersed, but the particle size increased slightly. In order to observe whether the p-Si
particles were evenly coated by carbon layer, energy dispersive spectroscopy (EDS) measurement for
p-Si@C composites was carried out. Figure 4 exhibits the distributions of the elements Si and C in the
tested area, respectively. As can be seen from EDS spectrum, Si and C elements were observed, and
O element was also detected. Oxygen should come from amorphous silica layer formed on surface
of silicon particles during the preparation of Si/C composites. From Figure 4, it can also be seen that
the distribution of element Si is consistent with most of the shape of the particles in the tested area
and the distribution of element C is homogeneous, demonstrating that the Si particles are uniformly
coated by PANI-based carbon layer. The results of HRTEM further clarify that crystalline Si particles
were well encapsulated by disordered PANI-based carbon layer, as shown in Figure 5b. The thick
carbon layer could not only avoid the direct contact of Si particles with electrolyte, but also enhanced
the electronic conductivity of composites. Furthermore, the carbon layer as an effective buffer could
keep the stable structure of p-Si@C composites during the charge–discharge process. However, for
the particle pointed out by an oval, C is the main element. The results indicate that a few pure carbon
particles also exist in p-Si@C composites, because of the high mass ratio of aniline monomer and p-Si
particles during polymerization.
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Figure 5. HRTEM images of (a) p-Si particles and (b) p-Si@C composites with carbon content of 45 wt.%.

The results of galvanostatic charge–discharge test are shown in Figure 6. From Figure 6a,
the reversible capacity of p-Si particles faded quickly with the increase of the charge–discharge rate,
although they exhibited a high reversible capacity at 0.1 A·g−1. Moreover, the coulombic efficiency
of p-Si particles obtained from the charge and discharge capacity was relatively low. The coulombic
efficiency at 0.2 A·g−1 increases slowly to 95 from 85% implying the continuous consumption of Li+

and formation of SEI (Solid electrolyte interface) film on the surface of p-Si particles during cycling.
Note that, the reversible capacities of Si/C composites prepared with and without the sulfur-melting
process all showed a much higher capacity when the current densities increased to 1 A·g−1 from
0.2 A·g−1. Moreover, when the current densities returned to 0.5, 0.3, and 0.2 A·g−1 from 1 A·g−1,
the reversible capacities of Si/C composites could be returned to their original level. Moreover,
the coulombic efficiencies of Si/C composites prepared with and without sulfur-melting process
remain above 98% and 96% after the first cycle at 0.1 A·g−1, respectively, indicating the formation of a
stable SEI film. These results indicate that PANI-based carbon layer in Si/C composites can effectively
alleviate the volume expansion of silicon during charging–discharging process, so that the integrity of
the electrode can be maintained.
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Figure 6. (a) High-rate capabilities for p-Si particles, PANI-based carbon and p-Si@C composites
prepared with and without sulfur-melting process and (b) cycling stability of p-Si@C composites with
carbon content of 45 wt.% at 0.2 and 0.5 A·g−1.

On the other hand, with the increase of the charge–discharge rate, the reversible capacities of
p-Si@C composites prepared with the sulfur-melting process were higher than that without the
sulfur-melting process. For p-Si@C composites prepared with the sulfur-melting process, their
reversible capacities were 1178, 1055, 944, and 751 mAh·g−1 at 0.2, 0.3, 0.5, and 1.0 A·g−1, respectively.
Interestingly, when the current densities return to 0.5, 0.3, and 0.2 A·g−1, the discharge capacities
return to 870, 996, and 1027 mAh·g−1, respectively (Figure 6a). Furthermore, the electrochemical
performances of p-Si@C composites with different carbon contents were also investigated. With the
increase of carbon content to 51 from 45 wt.%, the p-Si@C composites still displayed a good high-rate
performance (Figure S4), although the capacities decreased with the increase of the carbon content
in composites. The capacity retention for p-Si@C composites with a carbon content of 45 wt.% is
about 65% after 120 cycles at 0.5 A·g−1, and that reaches 76% after 120 cycles at 0.2 A·g−1 (Figure 6b),
indicating a good cycling performance. These results demonstrate that pore structure in inner Si
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particles in p-Si@C composites also plays an important role in the improvement of the electrochemical
performance. Furthermore, the outer PANI-based carbon-coating layers serves as an effective buffer
layer. The high-rate capability of p-Si@C composites is higher than that of the nano-silicon/polyaniline
composites which has been reported [34], but the cycling performance and the initial coulombic
efficiency should be improved further.

Figure 7 displays the results of a.c. impedance measurement, and Bode and local Nyquist
plots are shown in Figure S5. As revealed in Figure 7 and Figure S5, all the Nyquist plots comprise
two semicircles in the relative high frequency range corresponding to the two time constants in
the Bode plots, and a sloping straight line in the range of relative low frequency. In order to
facilitate the comparison, the impedance spectra are simulated by Z-view software and the equivalent
circuit is shown in the inset of Figure 7. In the equivalent circuit, Rs is the solution resistance, Rf
corresponding to the time constant (τ1) at high frequency in Figure S5 represents the resistance of
SEI film, Rct corresponding to the time constant (τ2) from high to middle frequencies in Figure S5
is the charge-transfer resistance [35,36]. W (referring to the Warburg impedance) corresponding to
the sloping line in the low-frequency region is related to the diffusion of lithium ions in electrode
materials [37]. The simulation results are shown in Table 1.
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Table 1. Equivalent circuit parameters obtained from the results of Figures 7 and 8.

Samples Rs/Ω Rf/Ω Rct/Ω σ DLi/cm2·s−1

p-Si particles 3.784 41.64 118.2 157.7 3.89 × 10−14

p-Si@C composites 3.881 13.27 35.95 61.38 2.57 × 10−13
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The diffusion coefficient of lithium ion (DLi) is calculated by Equation 1 and 2 [38]. In the following
formula, R (molar gas constant) is 8.314 J·mol−1·K−1; T (absolute temperature) is 298 K; F (Faraday
constant) is 96,485 C·mol−1; A (the area of the electrode surface) is about 1.33 cm2; ω represents the
angular frequency; n (=1) represents the number of electrons transferred in the half-reaction for the
redox couple; cLi (the molar concentration of Li+) is 4.17 × 10−3 mol·cm−3, and σ (Warburg impedance
coefficient) is obtained from the slope of the lines in Figure 8. The value of DLi is also listed in Table 1.

DLi =
(RT)2

2(An2F2cLiσ)
2 (1)

Zre = Rs + Rct + σω− 1
2 (2)

As seen in Table 1, p-Si particles have larger Rf than p-Si@C composites with carbon content
of 45 wt.%, because of the continuous formation of thick SEI film on the surface of p-Si particles
exposed to electrolytes during the charge–discharge process. This is because the thick and whole
carbon-coating layer for p-Si@C composites with carbon content of 45 wt.% can avoid direct contact
between Si particles and electrolytes, and is helpful for the formation of stable and thin SEI film. On the
other hand, the larger DLi of p-Si@C composites with a carbon content of 45 wt.% than that of p-Si
particles should also be attributed to the stable and thin SEI film. The results further demonstrate that
introducing a carbon-coating layer with an appropriate thickness into p-Si@C composites can improve
their electrochemical performances.

4. Conclusions

p-Si@C composites with core-shell structure have been fabricated by the following steps:
Adsorbing molten sulfur, coating PANI by in-situ polymerization, and further carbonization. During
the preparation, the adsorption of sulfur was done to avoid the blockage of pores in Si particles by
PANI during polymerization, so that the pores can be preserved in Si particles as core materials of
p-Si@C composites. Moreover, their electrochemical performances were further investigated, and
p-Si@C composites prepared with the sulfur-melting process exhibited a better high-rate performance
and cycling stability than p-Si/C composites prepared without the sulfur-melting process. For p-Si@C
composites prepared with the sulfur-melting process, the pore structure in inner p-Si particles could
accommodate the volume change and alleviate the internal stress of particles, and the external carbon
coating layers with proper thickness offer good electrical contact and served as an effective buffer layer
during the charge–discharge process.
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