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Micro-sized silicon–carbon composites composed
of carbon-coated sub-10 nm Si primary particles as
high-performance anode materials for lithium-ion
batteries†

Jiangxuan Song, Shuru Chen, Mingjiong Zhou, Terrence Xu, Dongping Lv,
Mikhail L. Gordin, Tianjun Long, Michael Melnyk and Donghai Wang*
We report the synthesis of micro-sized silicon–carbon (Si–C)

composites, which simultaneously possess primary sub-10 nm Si

particles and secondary micro-sized aggregation coated with carbon.

Because of this unique structure, the as-synthesized Si–C composite

anode can deliver excellent cycling stability with a high reversible

specific capacity (�1600 mA h g�1) within 150 cycles at 400 mA g�1.

Moreover, a high volumetric capacity of �1088 mA h cm�3 was

demonstrated by using this composite cathode, which is 5 times

higher than that of commercially available nano-silicon based anodes.
Recently, silicon has attracted considerable interest as a high-
capacity anode material owing to its high capacity of 3580 mA h
g�1 at room temperature, which is about 10 times higher than
that of commercial graphite anodes (�370 mA h g�1).1–12

However, practical application of silicon anodes in high
performance Li-ion batteries is seriously hindered by their rapid
capacity fading as a result of dramatic volume changes (>400%)
during the lithium insertion and extraction processes. These
huge volume changes cause pulverization and loss of electrical
contact between Si particles and conductive additives, as well as
an unstable solid electrolyte interphase (SEI) layer, resulting in
severe capacity fading. Accordingly, many studies have been
conducted to address these above issues and improve the
electrochemical performance of silicon-based lithium-ion
anodes.5–25 Constructing nanostructured silicon, such as nano-
spheres,6,7,13 nanowires,14–18 nanotubes,19–21 nanoscale thin
lms,22,23 and their composites8,24–30 is a promising strategy and
has been demonstrated to improve battery performance, most
likely due to the small sizes of the particles, that can reduce the
strain induced by inhomogeneous Li+ diffusion, alleviate
pulverization and loss of electrical contact, and decrease the
electronic and ionic transport distance.22,23,31–36
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Both the recent theoretical simulation and experimental
studies indicate that the primary particle size of silicon is
crucial for improving the electrochemical performance of
silicon anodes and that there is a critical diameter (Dc) for
silicon particles.6,7,37–39 Particles with diameters less than the Dc

can accommodate large stress and corresponding strain
without cracking of Si particles upon lithiation, otherwise, the
particles form surface cracks and fractures due to lithiation-
induced swelling.6,38–41

Although the current research has not reached a consensus
on the critical size of silicon particles,6,39,42,43 it has been
experimentally demonstrated that silicon particles with the
diameter ca. 10 nm or less can sustain long cycling during
lithiation/delithiation without observation of fracture.7,44 For
example, Jaephil Cho et al. synthesized silicon nanoparticles
(5–10 nm) through the reduction of silicon tetrachloride at a
high temperature and pressure.7 The as-obtained silicon
nanoparticles exhibited a high capacity and cycling stability.
However, the synthesis process is rather complicated, requiring
an inert environment. Yushin et al. reported a two-step chem-
ical vapor deposition (CVD) synthesis approach to assemble
silicon–carbon (Si–C) nanocomposites with a high capacity and
good cycling stability.44 However, such a CVD method requires
toxic precursors including SiH4, and the cost of producing
materials at a large scale is high.

There are also other challenges involved in introducing these
nanomaterials into electrode fabrication for practical applica-
tion. One is low tap density of the nanoparticles, in contrast to
commercially used micro-sized electrode materials, resulting in
a lower volumetric energy density; the other is the difficulty with
handling the chemicals, such as inhalation and explosion risks,
arising from these nanoparticles in fabrication of electrodes.
Thus, recent efforts have been made to develop micro-sized Si
anode materials with nano-sized Si as building blocks to
combine the advantages of nano- andmicro-structures as a high
performance anode, such as porous Si prepared by reduction of
silicon tetrachloride, Si-porous carbon granules by vapor
deposition of Si into porous carbon granules, and micro-sized
J. Mater. Chem. A, 2014, 2, 1257–1262 | 1257
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Fig. 2 (a) XRD patterns of silsesquioxane (SiO1.5), Si/SiO2, and Si; (b)
SEM image and (c and d) TEM images of the Si composed of inter-
connected sub-10 nm Si nanoparticles.
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Si–C composites by thermal disproportionation of SiO to
generate porous Si followed by carbon coating.26,44,45 Achieving a
primary Si particle size of around 10 nm in the micro-sized
material is particularly important for achieving good cycling
stability, as micro-sized aggregated structures can expedite
capacity fading.46–48

Herein, we report the synthesis of micro-sized Si–C
composites composed of sub-10 nm Si primary particles inter-
connected to form secondary micro-sized particles and coated
with carbon, and their use as high-performance Li-ion anodes.
This synthesis process involves facile thermal disproportion-
ation of silsesquioxane followed by removal of SiO2 to form Si
aggregates consisting of primary particles with controlled size,
followed by carbon coating. The as-prepared Si–C composite
anode material shows a stable capacity of �1600 mA h g�1 with
excellent capacity retention (90% aer 150 cycles). Moreover,
the volumetric capacity can reach 1088 mA h cm�3, which is
attributed to the high tap density (0.68 g cm�3) of micro-sized
Si–C composites.

Micro-sized Si composed of sub-10 nm silicon nanoparticles
was synthesized by a two-step process including a mild sol–gel
process and subsequent thermal disproportionation, which is
schematically illustrated in Fig. 1. First, silsesquioxane (SiO1.5)
was prepared by a sol–gel process based upon hydrolysis and
condensation of hydrogen triethylsilane under an acid catalyst.
Then, the resultant thermally unstable silsesquioxane was
thermally treated at 1200 �C under reducing gas (5% H2–95%
Ar) to promote the disproportionation of silsesquioxane into
silicon and silica. Aer removal of silica from the silicon/silica
(Si/SiO2) composites using a selective etching agent composed
of hydrogen uoride–hydrogen chloride mixture (HF–HCl,
volume ratio of 6 : 1), micro-sized nanostructured silicon was
obtained. It should be noted that the involved synthesis
processes, both the sol–gel process and the thermal dispro-
portionation process, are mild, easily controllable, and suitable
to large scalable synthesis, which avoids the harsh reaction
conducted at high pressure, anhydrous, and anoxic conditions,
or high-cost CVD methods.

Fig. 2a shows the XRD patterns of the as-synthesized micro-
sized nanostructured silicon and their intermediates during the
synthesis process. A broad peak located at 20–30� observed
for as-prepared silsesquioxane reveals that it is non-crystalline.
The thermally disproportionated silsesquioxane sample (i.e.,
Si/SiO2) shows characteristic peaks of crystalline Si at 28.4�,
47.3�, and 56.0�. Meanwhile, the broad peak shis to a lower
degree due to the formation of SiO2.49,50 Aer selective etching,
the disappearance of a broad peak demonstrates that SiO2 was
removed by the selective etching agent. The Scherrer analysis of
Fig. 1 Schematic illustration of the synthesis route of interconnected
sub-10 nm silicon nanoparticles.
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the XRD line broadening for the sample indicates an average
diameter of 5.6 nm of the crystalline Si domain.

The morphology and microstructure of the as-synthesized
silicon was further investigated by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) as
shown in Fig. 2b–d. The TEM image (Fig. 2c) shows that Si
particles are smaller than 10 nm and the particle size is roughly
uniform. Moreover, these silicon nanoparticles interconnect with
each other and form irregular micro-sized secondary structures.
The high magnication TEM image (Fig. 2d) further reveals that
the majority of the silicon is crystalline with lattice fringe
observed clearly. Around the crystalline regions, some non-
crystalline phases are also observed, which is ascribed to the
amorphous Si and/or the SiOx surface layer due to oxidation of
Si.7,8,46 The surface composition of the as-synthesized Si particles
was further studied by X-ray photoelectron spectroscopy (XPS),
showing the presence of the SiOx surface layer (Fig. S1†).

To improve the electrical conductivity of the Si-based mate-
rials, a carbon layer was further coated onto the surface of
silicon particle secondary aggregates through carbonization of
acetylene gas following our previous reports.26,45,51 The resultant
Si–C composites were investigated by Raman spectroscopy, as
shown in Fig. 3a. Two peaks at 1360 cm�1 and 1580 cm�1 are
attributed to the D and G bands of carbon, respectively, indi-
cating the presence of carbon. Energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping was further conducted on
the micro-sized Si–C composites to investigate the distribution
of carbon on the surface of Si. A similar intensity of silicon (red)
and carbon (blue) was observed in the same region (Fig. 3b),
indicating that the carbon was uniformly coated on the silicon
particles.

The electrochemical performances of the as-synthesized
Si–C composites were tested in CR2016 coin cells with lithium
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (a) Raman spectra of Si–C composites; (b) SEM images of Si–C
composites and the corresponding EDS mapping of carbon (red) and
silicon (blue).
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foil as a counter electrode. The charge–discharge processes of
the materials were performed between 0.01 and 1.5 V by using
1 mol L�1 LiPF6 in a mixture of ethylene carbonate, diethyl
carbonate and dimethyl carbonate (EC–DEC–DMC, 1 : 1 : 1 by
volume) as the electrolyte and uoroethylene carbonate (FEC,
10 vol%) as the additive. Fig. 4a shows typical voltage curves at
the 1st, 75th, and 150th cycle. These voltage proles display a
characteristic nanosilicon monotonic variation in both charge
and discharge without well-dened plateaus, which are the
characteristic galvanostatic proles of nanostructured Si.7,47 The
excellent cycling stability and reversibility are also reected by
the almost overlapped voltage proles of the 75th and 150th

cycle. The cycling stability and Coulombic efficiency of the Si–C
composite anode at 400 mA g�1 are shown in Fig. 4b and c,
respectively. This composite anode shows excellent cycling
stability with a capacity retention of �90% aer 150 cycles.
Fig. 4 (a) Galvanostatic profiles, (b) cycling stability, (c) Coulombic effici
potential window 1.5–0.01 V vs. Li+/Li. All the specific capacity is based

This journal is © The Royal Society of Chemistry 2014
(Note that the specic capacity is based on the total mass of the
Si–C composite.) The Si–C composite anode delivers a relatively
high initial Coulombic efficiency of 76.0%, then quickly
increases to �97.8% at the third cycle, 99.0% at the tenth cycle,
and nally stabilizes at �99.5% in the subsequent cycles. The
high Coulombic efficiency and excellent capacity retention in
the extended cycle are most likely due to the following reasons.
First, the sub-10 nm silicon particles can relieve the lattice
stress caused by lithiation and delithiation of Si, and prevent
the crumbling of active Si nanoparticles. Second, the conductive
carbon-coated shells of the particles may further buffer the
destruction from the unavoidable volume change and facilitate
the formation of a stable solid electrolyte interphase (SEI) layer
on the surface of the micro-sized particles. Third, the selective
HF–HCl etching process enables efficient removal of major
SiO2. This can avoid irreversible electrochemical reaction
between Li+ and SiO2 that leads to a lower Coulombic efficiency,
as veried from the electrochemical performance in Si–SiO2–C
composite anodes (Fig. S2†). Silicon was also prepared at a
lower disproportionation temperature (i.e., 1100 �C) and had
even smaller primary particle diameter and similar electro-
chemical performance. However, the yield (�20%) is much
lower than the Si annealed 1200 �C (�40%) due to the poor
selective etching of the HF-based etchant on smaller size silicon
and SiO2.

Furthermore, the rate capability of the micro-sized Si–C
composites was investigated with increasing current densities
from 800 mA g�1 to 8 A g�1. As shown in Fig. 4d, the Si–C
ency, and (d) rate capabilities of Si–C composites at 400 mA g�1 in the
on the total mass of Si–C composites.

J. Mater. Chem. A, 2014, 2, 1257–1262 | 1259
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Table 1 Comparison of tap densities, specific capacities and associ-
ated volumetric capacities of nano-Si, micro-sized Si–C composite,
and graphite. Calculations are done by assuming that the composite
electrodes could be prepared with the active material tap density

Materials
Tap density
(g cm�3)

Specic capacity
(mA h g�1)

Volumetric capacity
(mA h cm�3)

Nano-silicon46 0.16 1200 192
Si–C composite 0.68 1600 1088
Graphite55 1.16 370 429
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composite exhibits considerably good rate capability. The Si–C
composite can still deliver a reversible capacity of �800 mA h
g�1 at a high current density of 8 A g�1. Themuch improved rate
capability of the as-synthesized silicon could be ascribed to the
small particle size of the sub-10 nm scale, where lithium ions
have shorter diffusion length compared to the large particles
during both lithiation and delithiation processes.24,52 In addi-
tion, the carbon coating can enhance the electrical conductivity
of the anode material, and thus decrease ohmic polarization of
the silicon particles in the electrochemical reaction.

To better understand the reason for the improved cyclability
of micro-sized Si–C composites, electrochemical impedance
spectroscopy (EIS) was conducted on the Si–C composite elec-
trodes cycled at 400 mA g�1 as shown in Fig. 5. The Nyquist
plots of Si–C electrodes aer 10, 20, and 100 cycles consist of
two semicircles in the high-medium frequency region and a
sloped line in the low frequency region. The rst semicircle
represents the contribution of the charge transfer between the
electrolyte and SEI, while the other semicircle represents
the charge transfer between the SEI and silicon. Additionally,
the sloped line in low frequency is related to the mass transfer
of lithium ions.53,54 Comparison of EIS obtained on the cells
aer 10, 20, and 100 cycles indicates that the Si–C electrode
display negligible variance during these 100 cycles, and also
suggests a stable interphase formed on such carbon coated
micro-sized nanostructured Si particles. The observation also
agrees well with the stable cycling of the composite (Fig. 4b).
The surface morphology of the Si–C electrodes before cycling
and aer 20 and 100 cycles is shown in Fig. 5b–d, respectively.
There are no obvious morphology changes for the Si–C elec-
trodes before and aer cycling, which further demonstrates the
inner stress and the resulting cracking evolution in electrodes
can be well relieved by using the micro-sized Si–C with Si
nanoparticles below 10 nm.

When considering the practical application, the packing
density of electrode materials is very important and will
Fig. 5 Nyquist plots of Si–C composite anode before and after
different cycles (a), and the surface morphology of Si–C electrodes (b)
before cycling, (c) after 20 cycles, and after 100 cycles.

1260 | J. Mater. Chem. A, 2014, 2, 1257–1262
signicantly affect the volumetric energy density of batteries. In
contrast to nano-sized materials, micro-sized particles facilitate
high tap density due to the less packing gap between particles,
thus leading to higher volume energy density. In this work, the
interconnected sub-10 nm sized Si particles were synthesized
with a secondary micro-sized aggregation morphology, which
has a much higher tap density of 0.68 g cm�3, fourfold higher
than the commercial silicon nanoparticles with a tap density of
0.16 g cm�3, as shown in Table 1. Hence, these micro-sized Si–C
composite anodes show very promising volumetric capacity
above 1000 mA h cm�3, 2.5 times higher than traditional
graphite anodes.
Conclusions

In summary, we developed a facile method to synthesize micro-
sized Si–C composites that consist of interconnected primary
sub-10 nm Si nanoparticles with secondary micro-sized aggre-
gation. Due to this unique hierarchical structure, the micro-
sized Si–C composites exhibited a high reversible capacity of
1660 mA h g�1 and excellent cycling stability within 150
cycles, as well as high Coulombic efficiency. This promising
electrochemical performance can mainly be attributed to the
sub-10 nm size of the primary Si nanoparticles, which can
signicantly alleviate the inner stress arising from the volume
change, thus enabling a stable SEI layer. Besides, this Si–C
composite exhibited a high tap density of 0.68 g cm�3, leading
to a high volumetric capacity of 1088 mA h cm�3. Taking the
facile synthesis and excellent performance of the Si–C
composites into account, the materials would be of interest for
scalable production and fabrication of high-energy lithium-ion
batteries.
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