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 Micro-sized Si-C Composite with Interconnected Nanoscale 
Building Blocks as High-Performance Anodes for Practical 
Application in Lithium-Ion Batteries  
 The emerging markets of electric vehicles (EV) and plug-in 
hybrid electric vehicles (PHEV) generate a tremendous demand 
for low-cost lithium-ion batteries (LIBs) with high energy and 
power densities and long cycling life. [  1–4  ]  The development of 
such LIBs requires development of low cost, high energy-den-
sity cathode and anode materials. Conventional anode mate-
rials in commercial LIBs are primarily synthetic graphite-based 
materials with a capacity of  ∼ 370 mAh/g. [  5  ]  Improvements in 
anode performance, particularly in anode capacity, are essential 
to achieving high energy densities in LIBs for EV and PHEV 
applications. 

 Silicon has been intensively pursued as the most promising 
anode material for high-energy-density LIBs because of its high 
specifi c capacity ( > 3500 mAh/g) and abundance. [  6  ]  Despite its 
high capacity, Si suffers from fast capacity fading caused by 
its large volume change ( > 300%) during lithiation/delithiation 
and the serious issues stemming from this volume change, 
e.g., unstable solid electrolyte interphase (SEI) and disintegra-
tion (cracking and crumbling) of the electrode structure. [  7  ,  8  ]  The 
development of Si-C nanocomposites (e.g., nanowires, nano-
tubes, or nanoparticles) has been widely studied. [  9–18  ]  These 
nanocomposites proved to be an effective method of improving 
capacity and cycling stability, since nano-sized Si can alleviate 
fracture during volume changes and the contact between Si 
and carbon can maintain electrical contact and improve con-
ductivity of the nanocomposites. However, practical application 
of nano-sized Si materials in LIBs is diffi cult. First, achieving 
a high tap density is important for fabrication of high-energy 
LIBs for EVs and PHEVs, because it offers a high volumetric 
energy density. Unfortunately, the tap density of nano-sized 
materials is generally low, which in turn holds down their volu-
metric capacity. [  19  ]  Furthermore, preparation of nano-sized Si 
either requires chemical/physical vapor deposition or involves 
complicated processes, leading to costly, low-yield synthesis 
that is diffi cult to scale up to practical levels. [  20–22  ]  To date, the 
abundance of Si has not been fully capitalized upon due to lack 
© 2013 WILEY-VCH Verlag Gmb
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of a low-cost strategy for large-scale synthesis of Si anode mate-
rials with superior performance. 

 Micro-sized materials are favorable for practical battery appli-
cations since they often enable higher tap density than nano-
sized materials and, as a result, are expected to offer higher 
volumetric capacity. [  23  ,  24  ]  However, the disadvantages of micro-
sized Si materials as anodes are obvious. Micro-sized Si par-
ticles are more likely to undergo disintegration upon volume 
change during lithiation/delithiation compared with nano-
sized materials, resulting in severe capacity fading. [  25  ]  Micro-
sized materials also have long ion/electron transport paths that 
adversely affect high rate capability. [  23  ]  Because of these trade-
offs, it is desirable to develop new materials that combine the 
advantages of both micro-sized and nano-sized Si materials to 
improve the cycling performance, rate capability, and energy 
density of Si anodes. 

 Such micro-sized Si anode materials with nanoscale building 
blocks have been previously demonstrated with encouraging 
results. Cho et al. developed a porous Si-C composite with a 
nanocrystalline Si framework by a templating approach. [  26  ]  
The porous Si-C shows excellent electrochemical performance 
with high capacity and good cycling stability, due to volume 
change accommodation by its pores. A low cost approach was 
reported by Cho and Park et al. to produce micro-sized porous 
Si-C composites by catalytically etching surface layers of micro-
sized Si followed by carbon coating. [  27  ,  28  ]  The obtained micro-
sized porous Si-C powder shows good cycling stability within 
the limited number of cycles tested (less than 70 cycles). Yushin 
et al. reported another type of micro-sized porous C–Si nano-
composite, prepared by physically depositing Si nanoparti-
cles into porous micro-sized carbon granules, which exhibits 
high capacity and good capacity retention. [  29  ]  The micro-sized 
porous C-Si material has a tap density of 0.49 cm 3 /g and high 
volumetric capacity of 1270 mAh/cm 3  at a current density of 
149 mA/g. Micro-sized, carbon-coated Si-based multicompo-
nent anodes composed of Si/SiO cores and crystalline SiO 2  
shells were developed by Park et. al. and show a high revers-
ible capacity and good capacity retention. [  30  ]  However, between 
these and other reports, there are still few low-cost and scal-
able approaches for preparing micro-sized Si-C composite 
anodes with high energy density as well as good cycling and 
rate performance. 

 Inspired by the previous fi ndings, we propose that micro-
sized Si-C composites should have the following features to 
obtain excellent electrochemical performance: 1) the size of 
primary Si building blocks should be small enough to avoid 
building block fracture induced by volume changes during the 
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     Figure  1 .     The preparation process from SiO precursor to the Si-C composite.  
lithiation/delithiation process. It has been reported that Si nano-
particles with diameter less than 10 nm can sustain long cycling 
of lithiation/delithiation without observation of fracture. [  31  ]  2) Si 
and C should be uniformly mixed at the nanoscale to improve 
the conductivity but also be highly packed to improve the 
tap density of the micro-sized particles. 3) The carbon and Si 
building blocks should maintain intimate contact even after the 
micro-sized Si-C particles are pulverized to prevent loss of elec-
trical contact. Following this strategy, we report a new, low-cost, 
large-scale approach to prepare a micro-sized Si-C composite 
(US patent pending) with excellent performance as an anode 
material for LIBs. The composite shows a reversible capacity of 
1459 mAh/g after 200 cycles at 1 A/g (97.8% capacity retention) 
and excellent high rate performance of 700 mAh/g at 12.8 A/g, 
and also has a high tap density of 0.78 g/cm 3 . The excellent per-
formance of the Si-C composite combined with its low-cost and 
large-scale synthesis makes it a promising anode material for 
practical application in LIBs. 

 The synthesis process of the Si-C composite is schematically 
summarized in  Figure    1  . Commercially available micro-sized 
SiO is employed as the Si source at a gram scale. The SiO is 
heated to form an Si/SiO 2  composite composed of intercon-
nected Si nanoparticles embedded in an SiO 2  matrix due to the 
disproportionation of SiO. [  32  ]  This is followed by removal of the 
SiO 2  via an etching route, transforming the Si/SiO 2  composite 
into porous Si particles. Finally, carbon fi lling of a large portion 
of the original pores by thermal decomposition of acetylene cre-
ates a micro-sized Si-C composite in which Si and carbon are 
three-dimensionally interconnected at the nanoscale.  

 The phases of the precursors and products obtained at dif-
ferent steps in the synthesis process were characterized by 
X-ray diffraction (XRD). The SiO precursor shows two broad 
bumps in its XRD pattern ( Figure    2  a), indicating that it is amor-
phous. After treatment at 950  ° C for 5 h, SiO disproportion-
ates to crystalline Si (JCPDS Card No.27-1402 and space group 
Fd3m [227]) and amorphous SiO 2 , as shown in Figure  2 a. After 
the removal of SiO 2  by HF etching, a crystalline Si framework 
was obtained (Figure  2 a). The broad Si peaks reveal that the as-
obtained Si is composed of nanocrystallites with an average size 
of about 15 nm as estimated by the Debye–Scherrer equation. 
Raman spectroscopy confi rms formation of Si and SiO 2  after 
disproportionation of SiO and the removal of SiO 2  after HF 
etching (Figure S1 in Supporting Information). X-ray photo-
electron spectroscopy (XPS) (Figure  2 b) shows the presence 
of Si and silicon oxides in the as-obtained material. A strong 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
peak observed at 99.4 eV corresponds to the binding energy of 
Si(0). [  10  ]  A weak bump centered at around 103 eV suggests the 
presence of silicon oxides [  27  ]  that may be caused by the natural 
oxidation of the Si in air. After carbon deposition, the obtained 
Si-C composite shows a small bump between 20 and 25 degrees 
in its XRD pattern (Figure  2 a), which is attributed to amorphous 
carbon. Raman spectroscopy (Figure  2 c) shows two peaks at 
1333 and 1614 cm  − 1  that correspond to the D (disordered) band 
and the G (graphite) band of carbon, respectively. The ratio of 
D to G band is estimated to be 2.3, confi rming an amorphous 
carbon structure. [  30  ]  The mass percentage of carbon in the Si-C 
composite was found to be 20.8% by elemental analysis.  

 The morphology, size, and structure of the Si-C composite 
have been investigated by scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM). SEM studies 
show that the Si-C composite is composed of micro-sized parti-
cles with average diameter of 20  μ m (Figure  2 d) and has similar 
morphology to SiO precursor powders (Figure S2 in Supporting 
Information). This suggests the microscale morphologies are 
maintained during the disproportionation, etching, and carbon 
deposition processes. TEM and high-resolution TEM (HRTEM) 
analyses reveal the structure of the Si-C composite at the nano-
scale level. As shown in Figure  2 e, the Si-C composite contains 
interconnected Si nanoparticles with a size of about 10 nm. The 
interconnected feature of Si is clearly exhibited in a high mag-
nifi cation TEM image (Figure S3 in Supporting Information). 
An HRTEM image (Figure  2 f) taken on the edge of an indi-
vidual composite particle shows many nanocrystallites in which 
lattice fringes with d-spacing of 3.1 Å are clearly distinguished, 
corresponding to the (111) crystal planes of the Si. Between 
these nanocrystallites, amorphous structures are observed and 
can be ascribed to the carbon. To examine the distribution of 
carbon in the Si-C composite particles, energy-dispersive X-ray 
spectroscopy (EDS) mapping was carried out on a cross section 
of a single Si-C composite particle, as shown in Figure  2 g. The 
carbon was found to be uniformly distributed throughout the 
cross-section of the particle, indicating homogenous carbon 
fi lling. The distribution of carbon at nanoscale was also inves-
tigated by carbon mapping on a cross section of the Si-C com-
posite using an energy-fi ltering TEM (EF-TEM). It can be clearly 
seen in Figure  2 h and  2 i that carbon is uniformly distributed 
among the interconnected Si nanoparticles. The results above 
demonstrate that micro-sized Si-C composite particles consist 
of nano-sized Si and C that are three-dimensionally intercon-
nected at the nanoscale throughout the particles. 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 3, 295–300
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     Figure  2 .     (a) XRD patterns of products obtained at different steps during preparation. (b) XPS 
spectrum of porous Si. (c) Raman spectrum, (d) SEM image, (e) TEM image, (f) HRTEM 
image, (g) cross-section SEM and EDS mapping of Si and C in the area marked by the white 
square, (h) HRTEM and (i) corresponding EF-TEM mapping of carbon in a cross-section of 
Si-C composite.  
 It has been well demonstrated that decreasing particle 
size to the nanoscale and/or introducing carbon can enhance 
the cycling stability and rate capability of Si-based anode 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Energy Mater. 2013, 3, 295–300
materials. [  9–18  ]  Excellent electrochemical per-
formance is thus expected for the Si-C com-
posite. Electrochemical performance of the 
Si-C composite was characterized by galva-
nostatic charge/discharge in a coin-cell con-
fi guration. The voltage profi les of the Si-C 
composite and the porous Si without carbon 
fi lling at different charge/discharge cycles 
are shown in  Figure    3  a. The Si-C composite 
delivers initial discharge and charge capaci-
ties of 2004 and 1544 mAh/g at 400 mA/g, 
respectively, corresponding to a fi rst cycle 
coulombic effi ciency (CE) of 77%. In contrast, 
the porous Si has discharge and charge capac-
ities of 1970 and 798 mAh/g, respectively, 
giving a low CE of only 40%. The improved 
fi rst cycle CE is attributed to the lower spe-
cifi c surface area (87 m 2 /g vs. 313 m 2 /g of 
the porous Si) and stable SEI of the Si-C 
composite. Lower surface area leads to less 
side reaction on the Si surface and less irre-
versible consumption of Li. [  33–35  ]  The carbon 
fi lling can help to stabilize the formation of 
the SEI fi lm. [  36  ]  The Si-C composite also has 
a higher specifi c capacity (1675 mAh/g) than 
the porous Si (1000 mAh/g) at 400 mA/g, 
as shown in Figure  3 b. The capacity reten-
tion (based on the discharge capacity of the 
second cycle) of the Si-C composite is 96.6% 
after 50 cycles. The cyclic voltammetry (CV) 
curve of the fi rst cycle of the Si-C composite 
is shown in Figure S4 in Supporting Infor-
mation. The cathodic peaks below 0.2 V are 
ascribed to lithiation of Si and the anodic 
peak around 0.52V is attributed to lithium 
extraction from Si. [  37  ]  A very weak anodic 
peak around 0.3 V due to lithium extraction 
from SiO x  [  37  ,  38  ]  is also present. This indi-
cates that little SiO x  exists in the Si-C com-
posite, which is consistent with the XPS 
result (Figure  2 b). A capacity of 1459 mAh/g 
after 200 cycles at a higher current density 
of 1A/g and excellent capacity retention of 
97.8% were also attained, with the fi rst three 
cycles activated at 400 mA/g (Figure  3 c). The 
excellent cycling stability is also refl ected 
by the almost overlapped voltage profi les of 
the 4 th  and 203 rd  cycles (Figure  3 a). The CE 
increases above 99.5% in 5 cycles and there-
after remains at that level. The Si-C com-
posite also shows excellent high rate capa-
bility. As shown in Figure  3 d, specifi c capaci-
ties of 1100 and 700 mAh/g can be achieved 
even at high current densities of 6.4 A/g and 
12.8 A/g, almost 3 times and 2 times the 
theoretical capacity of graphite, respectively. 
The capacity recovers to 1630 mAh/g when the current rate is 
restored to the initial 400 mA/g, showing the composite’s supe-
rior reversibility. The volumetric capacity of the micro-sized Si-C 
297wileyonlinelibrary.comeim
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     Figure  3 .     (a) Voltage profi les of the porous Si and Si-C composite. (b) Cycling performance 
of the porous Si and Si-C composite at 400 mA/g. (c) Long cycling performance of the Si-C 
composite at 1 A/g after fi rst three cycles activated at 400 mA/g. (d) Rate performance of the 
Si-C composite.  
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composite is calculated (product of tap density and gravimetric 
specifi c capacity) [  23  ,  24  ]  to be 1326 mAh/cm 3  at 400 mA/g. The 
high volumetric capacity is mainly due to the high tap density 
of the micro-sized Si-C composite (0.78 g/cm 3 ), which is higher 
than the reported porous C-Si nanocomposite (0.49 g/cm 3 ). [  29  ]   

 Post-cycling SEM analyses show the morphology change of 
the Si-C composite electrode after charge/discharge to better 
understand the reason for such excellent cycling stability and 
rate performance of the micro-sized Si-C composite. Based on 
the thickness before ( Figure    4  a) and after lithiation (Figure  4 b), 
the volume expansion of the Si-C composite electrode is calcu-
lated to be only 44%, similar to the reported result. [  30  ]  In addi-
tion, a uniform and crack-free fi lm was observed on the top 
of Si-C composite, indicating a stable SEI layer on the Si-C 
composite electrode (Figure  4 c). The SEM investigation on the 
electrode with the SEI layer removed also clearly demonstrates 
that the micro-sized Si-C composite particles (Figure S5 in Sup-
porting Information) fragment into smaller particles during 
cycling, as shown in Figure  4 d. However, the Si building blocks 
are still interconnected with carbon in the small particles, 
maintaining effective electrical contact and good utilization of 
silicon, as schematically illustrated by Figure  4 e. To verify this 
point, a control electrode without using conductive carbon (i.e., 
Super P) was fabricated and evaluated, which would normally 
speed up capacity fading because of loss of electrical contact 
during cycling. The control electrode, however, exhibits similar 
fi rst cycle CE (74%) and good capacity retention to the electrode 
with Super P at 1A/g (Figure S6 in Supporting Information). 
This result confi rms that the micro-sized Si-C composite can 
maintain electrically-conducting pathways even after frac-
ture and thus achieve excellent cycling stability. It should be 
noted that the conductive carbon additives are still needed to 
deliver high rate performance, where the electrical conductivity 
98 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
becomes the dominating limitation (Figure S7 
in Supporting Information).  

 The excellent electrochemical performance 
of the micro-sized Si-C composite benefi ts 
from the nanoscale size of the Si building 
blocks and the uniform carbon fi lling. On 
the one hand, stress in nanoparticles can be 
easily relaxed without mechanical fracture. 
The small size also enables short transport 
pathways for both electrons and Li  +   ions, con-
tributing to high rate capability. On the other 
hand, the uniform carbon fi lling offers three 
advantages. First, the carbon provides an 
effective physical buffer layer for the volume 
change of Si upon cycling, which preserves 
the structural integrity of the silicon building 
blocks. Second, the carbon fi lling forms an 
interpenetrating conductive network con-
necting the Si building blocks and thus 
improves the conductivity of the composite. 
Without carbon in intimate contact with sil-
icon building blocks, electrons have to trans-
port across the whole micro-sized particles 
to reach the nearest conductive carbon. In 
our case, the carbon fi lling forms a conduc-
tive network connecting each silicon building 
block and thus confi nes the electron transfer path to the nano-
scale, which permits rapid charge and discharge. Third, the 
uniform carbon fi lling also ensures the maximum utilization 
of silicon even when the micro-sized particles break into small 
pieces upon cycling. 

 In summary, we have developed a facile route to produce a 
micro-sized Si-C composite composed of interconnected Si and 
carbon nanoscale building blocks. The Si-C composite exhibits 
a reversible capacity of 1459 mAh/g after 200 cycles at 1 A/g 
with a capacity retention of 97.8% and has a high tap density of 
0.78 g/cm 3 . Capacities of 1100 and 700 mAh/g can be obtained 
at high current densities of 6.4 A/g and 12.8 A/g, respectively. 
The excellent performance is attributed to the nanoscale size of 
primary particles and interconnected carbon and Si networks 
which can maintain internal electrical contact and sustain 
cycling stability. The synthesis method is low-cost and easy to 
scale up, and is thus believed to have great potential in prac-
tical production of high-performance Si materials for Li-ion 
batteries.  

 Experimental Section 
  Synthesis of the Si-C composite : Commercially available SiO 

powder (325 mesh) from Aldrich was used as the Si precursor. The 
disproportionation of SiO powder was carried out in a horizontal quartz 
tube. In a typical process, high-purity Ar was introduced at a fl ow rate of 
1500 sccm for 20 min to purge the system. Afterwards the fl ow rate was 
reduced to 100 sccm and the tube was heated to 950  ° C with a ramping 
rate of 10  ° C/min and kept for 5 h. The samples were taken out of the 
tube at temperatures below 40  ° C and immersed in 20 wt% HF solution 
(H 2 O: ethanol  =  5:1 by volume) at room temperature for 3 h to remove 
SiO 2 . The obtained porous Si was collected by fi ltration and washed with 
distilled water and absolute ethanol in sequence several times. The fi nal 
product was dried in a vacuum oven at 60  ° C for 4 h. Carbon coating of 
inheim Adv. Energy Mater. 2013, 3, 295–300
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     Figure  4 .     Cross-sectional SEM images of the Si-C composite electrode before (a) and after (b) lithiation at 400 mA/g. SEM images of SEI layer (c) and 
lithiated Si-C composite (d) after 10 cycles at 1 A/g. Schematic illustration (e) of the breaking process of the micro-sized Si-C composite during which 
the interconnected structure and electrical contact is maintained in broken parts.  
porous Si was done by thermal decomposition of acetylene gas at 620  ° C 
for 20 min in a quartz furnace. The mixture of acetylene and high-purity 
argon (argon: acetylene  =  9:1 by volume) is introduced at a fl ow rate of 
100 sccm.  

 Characterization : The obtained samples were characterized on a 
Rigaku Dmax-2000 X-ray powder diffractometer (XRD) with Cu K α  
radiation (  λ    =  1.5418 Å). The operation voltage and current were kept 
at 40 kV and 30 mA, respectively. The size and morphology of the 
as-synthesized products were determined by a JEOL-1200 transmission 
electron microscope (TEM), FEI Nova NanoSEM 630 scanning electron 
© 2013 WILEY-VCH Verlag GmAdv. Energy Mater. 2013, 3, 295–300
microscope (SEM) and JEOL-2010F high-resolution transmission 
electron microscope (HRTEM). The Brunauer–Emmett–Teller (BET) 
specifi c surface area of the samples was determined by a Micrometrics 
ASAP 2020 physisorption analyzer using the standard N 2  adsorption 
and desorption isotherm measurements at 77 K. X-ray photoelectron 
spectroscopy (XPS) was conducted with a Kratos Analytical Axis Ultra 
XPS. Raman spectroscopy was conducted with a WITec CMR200 confocal 
Raman instrument.  

 Electrochemical measurements : The electrochemical experiments 
were performed using 2016-type coin cells, which were assembled in an 
299wileyonlinelibrary.combH & Co. KGaA, Weinheim
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argon-fi lled dry glovebox (MBraun, Inc.) with the Si and carbon-coated 
Si electrode as the working electrode and the Li metal as the counter 
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carbonate and dimethyl carbonate (EC: DEC: DMC, 2:1:2 by vol.%) and 
10 wt% fl uoroethylene carbonate (FEC) was used as the electrolyte 
(Novolyte Technologies, Independence, OH). The electrochemical 
performance was evaluated by galvanostatic charge/discharge cycling 
on an Arbin BT-2000 battery tester at room temperature under different 
current densities in the voltage range between 1.5 and 0.01 V versus Li  +  /
Li. The current density and specifi c capacity are calculated based on the 
mass of carbon-coated Si composite.   
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