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a b s t r a c t

A high-performance carbon–Si composite anode for lithium rechargeable batteries was developed. Si
powder was coated with amorphous carbon by pyrolyzing polyvinyl chloride and chlorinated polyethylene
at 900 ◦C for 2 h. The electrochemical performance of the carbon–Si composite anode depended on the
vailable online 14 August 2008

eywords:
ithium battery
ano-Si
node materials

Si particle size and the carbon content of the composite. A carbon–nano-size Si (average size 50 nm)
composite with 48 wt.% carbon showed an excellent performance. The coulombic efficiency in the first
cycle was 69.2% and the second cycle reversible discharge capacity of 970 mAh g−1. The capacity fade on
cycling was 0.24% per cycle during the first 40 cycles. The carbon–micron-sized Si (average size 4 �m)
composite showed a high coulombic efficiency of 78.6% in first cycle, but with poor cycling performance.
The capacity fade within 30 cycles was 1.7% per cycle. The effect of the chlorine content in the precursor
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i–carbon composite on the cycling performanc

. Introduction

The energy density of the widely used lithium-ion secondary
atteries with the carbon anode and the LiCoO2 cathode has been

mproved by two times in the past decade. The energy density of the
atteries of small size is as high as 200 Wh kg−1. Recently, higher
nergy density large size batteries have been required in the fields
s hybrid electric vehicles (HEVs) and electric vehicles (EVs). One
pproach to improve the energy density of lithium ion batteries is
o substitute the carbon anode for a new material. The theoreti-
al lithium insertion capacity of graphite is 372 mAh g−1, which is
nly about one-tenth of Li. Unfortunately, the use of lithium metal
s the anode in the electrolyte solution was difficult, because of
he dendrite formation on the lithium anode surface [1]. Lithium

etal alloys have been studied as the alternative anodes in lithium
eversible batteries for many years. Among the lithium metal alloy,
ilicon shows a high theoretical capacity of 1967 mAh g−1 Li4.4Si
4200 mAh g−1 Si) [2]. Although Si has a high lithium insertion
apacity, a huge volume change (maximum 320%) is accompanied
y the insertion of lithium into Si, which leads to a strong mechan-

cal stress of the crystallites and thus to the loss of the electrical
ontact [3]. The mechanical stress results in the rapid loss of the
eversible capacity upon prolonged cycling. Especially, a large irre-
ersible capacity over 50% was found during the first cycle.

∗ Corresponding author. Tel.: +81 59 231 9421; fax: +81 59 231 9419.
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Many approaches have been reported to reduce the first cycle
rreversible capacity and the capacity fade during the cycling [4].

reduction of the particle and crystalline size into the nanometer
cale showed a reduction of first cycle irreversible capacity and the
mprovement of cycling behavior. Li et al. [5] reported that a charge
apacity of 2775 mAh g−1 and a discharge capacity of 2097 mAh g−1

ould be obtained for a nano-Si anode during the first cycle, giving
6% coulombic efficiency. Its reversible capacity in the 10th cycle
as 1729 mAh g−1.The capacity fade during cycling was as high as

.75% per cycle. While particle size reduction can reduce the vol-
me change to a certain degree, it cannot completely eliminate
apacity fade upon cycling. Another approach to obtain a high-
erformance Si anode is to use a Si–C composite anode. Various
ethods have been employed for preparing Si–C composite anodes.
high reversible capacity was obtained for nano-Si on fine parti-

le graphite (KS-6), where 10–20 nm Si particles were deposited
n the graphite by thermal vapor deposition of silane [6,7]. This
node showed initial charge and discharge capacities of 1350 and
000 mAh g−1, respectively, and after 100 cycles, a reversible capac-
ty over 900 mAh g−1 is retained. However, this preparation method
s a little complicate for the commercial application.

Liu et al. [8] found a low irreversible capacity in the Si–C compos-
te anode, where carbon was deposited on fine Si particles (<1 �m)

y thermal decomposition of polyvinylchloride (PVC). The com-
osite anode showed a high first cycle coulombic efficiency of 82%
nd a high reversible capacity of about 1000 mAh g−1. However, the
apacity degradation rate during cycling was as high as 0.93% per
ycle. In this study, several sizes of silicon particles were coated

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:takeda@chem.mie-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.08.007
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ith carbon by thermal decomposition of PVC and chlorinated
olyethylene (CPE), and the effect of size of silicon particles and
he Si–C ratio of the Si–C composite anode on the electrochem-
cal performances was examined. The carbon–nano-Si composite
howed a high revertible capacity and an excellent cycling perfor-
ance.

. Experimental

The carbon–silicon composites were prepared by the method
eported in the previous paper [8]. The silicon powders of 10 �m
nd 4 �m size were purchased from High Purity Chemicals, Japan,
hat of 0.7 �m size from Kinsei Matec, Japan, and 50 nm size from
ldrich. CPE with the different content of chlorine was supplied by
ureha Elastmer, Japan, and PVC was supplied by Aldrich. PVC (or
PE) was mixed with the silicon powders in tetrahydrofuran (THF),
nd dried at 60 ◦C for 5 h, then the mixed powders were heated at
00 ◦C for 2 h in 2% H2–Ar. Elemental analysis of Si and C contents

n the Si–C composite was performed using a Yanaco MT-2 CHN
order.

The electrochemical tests of the carbon–Si composite electrodes
ere carried out with a two-electrode coin-type cell. The working

lectrode was composed of 60 wt.% carbon–Si, 20 wt.% acety-
ene black (AB), and 20 wt.% poly(vinylidene fluoride) (PVDF). The
arbon–Si composite and AB were mixed in a 0.02 g ml−1 PVDF/1-
ethl-2-pyrrolidone solution, and the viscous mixture was casted

n a 300-�m thick nickel foam, which was served as a current
ollector. The electrode was further dried at 120 ◦C under vacuum
or 1 h followed by pressing at 400 kgf cm−2. The geometric area
f the electrodes was about 0.8 cm2 and the typical thickness was
bout 220 �m. The 2025 coin-type cells were assembled in an Ar-
lled glove box using 1 M LiClO4 in ethylene carbonate (EC) and
iethylene carbonate (DEC) (1:1 in volume) as the electrolyte and
etallic lithium foil (20 �m in thickness) as the counter electrode.

he electrochemical performance of the composite anode was eval-
ated using constant current (0.1 C rate) charge–discharge cycling

n the voltage range 20–1500 mV at room temperature. The elec-
rode capacity was calculated from the weight of active material,
.g. Si–C weight.

X-ray diffraction (XRD) patterns were obtained using Rigaku
otaflex RU-200B with Cu K� radiation. The morphology of the
omposite electrode was examined with a help of scanning electron

icroscopy (SEM) (Hitachi SEM S-4000) and transmission elec-

ron microscopy (TEM) (Hitachi TEM H900). Raman spectroscopy
as used to characterize the deposited carbon using a RNANOR

64000MI with 488 nm laser. Thermal properties of PVC and CPE
ere measured using a Rigaku Thermo Plus TG8120.

ig. 1. XRD patterns of carbon–Si composite prepared by pyrolysis of (a) pure Si
4 �m), (b) Si (50 nm)–PVC (10:90 in weight), (c) Si (0.7 �m)–PVC (10:90 in weight),
nd (d) Si (4 �m)–PVC (10:90 in weight).
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ig. 2. Raman spectra of (a) MCMB, and carbon–Si composite prepared by pyrolysis
f (b) Si (50 nm)–PVC (10:90 in weight), (c) Si (50 nm)–CPE (chlorine 70%) (10:90
n weight), and (d) Si (50 nm)–CPE (chlorine 39.5%) (10:90 in weight), and (e) Si
50 nm)–CPE (chlorine 25.5%) (10:90 in weight).

. Results and discussion

The carbon–Si composites were prepared by pyrolyzing the
ixtures of the different sized Si powder and PVC (or CPE) with

he different Si:PVC (or CPE) ratios. Fig. 1 shows the typical XRD
atterns of the carbon–Si composite, where the different sized
i powder and PVC mixtures (10:90 in weight) were heated at
00 ◦C for 2 h. The carbon content in the carbon–Si composite was
lightly different with the different particle Si sizes and is around
0 wt.%. The XRD patterns show sharp Si peaks while the carbon
eak is broad, which suggests that the carbon of the composite

s amorphous. Fig. 2 shows Raman spectra of the carbon–Si com-
osite, where carbon was coated on nano-Si powder (50 nm) by
yrolyzing PVC and CPE with the different chlorine contents with a
0/90 weight ratio of Si/polymer. Two main peaks are observed at
round 1350 and 1580 cm−1, which are designated as the D band
nd the G band, respectively [9]. The G band is associated with
rystalline graphite, while the D band is attributed to amorphous
raphitic materials. The relative intensity ratio of the D and G bands,

G/ID, gives information about the perfection of the graphite layered
tructure [10]. The IG/ID ratios are listed in Table 1. The effect of
he chlorine content in CPE on the IG/ID is not clear, but the IG/ID
atio of meso-carbon microbeads (MCMB) is almost 11 times higher
han that of pyrolyzed carbon, suggesting the pyrolyzed carbon is
ighly disordered. SEM and TEM images of the carbon–Si compos-

te show the homogenous carbon distribution over the Si matrix
nd no deposition on the special spaces of Si matrix as shown in
ig. 3.

The anode performance of the carbon–Si composite by pyrolyz-
ng PVC and CPE has been examined and its dependence on
he Si size and the pyrolyzing conditions has been investigated.
he charge and discharge curves of the carbon–50 nm Si and

arbon–4 �m Si are shown in Fig. 4, where the Si and PVC mixture
10:90 weight ratio) was pyrolyzed at 900 ◦C for 2 h. In the first dis-
harge capacities (intercalation of lithium into the Si–C electrode)
re 1335 mAh g−1 for the 50 nm Si–C electrode and 1815 mAh g−1

able 1
he relative intensity ratio of the D and G bands (IG/ID) of the carbon-coated Si
repared by pyrolysis of CPE (or PVC) and Si (10:90 in weight)

amples Carbon content (wt.%) IG/ID

PE (chlorine 25.5 wt.%) 3 1.00
PE (chlorine 39.5 wt.%) 13 0.83
VC (chlorine 56.8 wt.%) 48 0.85
PE (chlorine 70 wt.%) 62 0.82
raphite (MCMB) 100 11.00
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composite shows a high first discharge capacity of 1674 mAh g−1

and the capacity decreases quickly to 344 mAh g−1 in the 30th
cycle. The carbon–nano-Si composite by pyrolyzing PVC shows a
high reversible capacity of about 900 mAh g−1, a high coulombic
ig. 3. TEM and SEM images of (a) nano-Si (50 nm), and carbon–Si composite pre-
ared by pyrolysis of (b) Si (50 nm)–PVC (10:90 in weight) and (c) Si (50 nm)–PVC
50:50 in weight).

or the 4 �m Si–C electrode, while the charge capacities (deinter-
alation of lithium from the Si–C electrode) are 923 mAh g−1 for
he 50 nm Si–C electrode and 1426 mAh g−1 for the 4 �m Si–C elec-
rode. The coulombic efficiency in the first cycle for the 50 nm Si–C
lectrode is 69.2%, while it is much higher for the 4 �m Si–C elec-
rode (78.6%). The irreversible capacity can be attributed in part to
he formation of solid electrolyte interphase (SEI) on the Si and car-
on surfaces [11]. This passivation layer is expected to form through
reaction of the lithium with the solvent (EC and DEC) and the
alt (LiClO4) of the electrolyte. The amount of the SEI depends on
he surface area. It is likely that the large surface area of nano-Si
s partially responsible for the higher first cycle irreversible capac-
ty. However, the reversible capacity of carbon-coated Si (large size)

F
(
5

ig. 4. The charge–discharge curves of carbon–Si composite prepared by pyrolysis
f (a) Si (50 nm)–PVC (10:90 in weight) and (b) Si (4 �m)–PVC (10:90 in weight).

ecreases rapidly with cycling. Fig. 5 shows the dependence of the Si
ize in the carbon–Si composite electrode on the charge–discharge
ycling at room temperature, where Si and PVC weight ratio was
0:90. The content of carbon in the Si–C composite slightly depends
n the Si particle size from 58 to 48 wt.%, which is listed in Table 2.
he initial discharge capacities of the Si–C composites with large
article size Si are high. However, the discharge capacity fade upon
ycling is very fast for the large size Si. The discharge capacity of
he carbon–4 �m Si composite decreases from 1815 mAh g−1 in
he first cycle to 657 mAh g−1 after 30 cycles. On the other hand,
he carbon–50 nm Si shows a stable cycling performance. A dis-
harge capacity of 1335 mAh g−1 in the first cycle decreases to
80 mAh g−1 in the 40th cycle. The carbon-large size Si as 10 �m
ig. 5. Cycling performance of carbon–Si composite prepared by pyrolysis of Si–PVC
10:90 in weight) as a function of Si particle size. Cut-off voltage: 20–1500 mV. (�)
0 nm, (�) 0.7 �m, (�) 4 �m, and (�) 10 �m.
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Fig. 6. Cycling performance of carbon–Si composite prepared by pyrolysis of Si
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50 nm)–PVC with different compositions. Cut-off voltage: 20–1500 mV. (�) Si–PVC
0:90 in weight (Carbon: 48 wt.%), (�) Si–PVC 20:80 in weight (Carbon: 31 wt.%),
�) Si–PVC 30:70 in weight (Carbon: 20 wt.%), and (�) Si–PVC 50:50 in weight ratio
Carbon: 7 wt.%).

fficiency of 69.2% in the first cycle, and a low capacity degrada-
ion rate of 0.24% per cycle. These electrochemical performances of
he electrode are compared with those of the carbon-free nano-Si
mean diameter: 12 nm) reported by Grattz et al. [11], where the
rst cycle discharge capacity and the coulombic efficiency were
000 mAh g−1 and 41%, respectively, and the capacity degradation
ate was 1.0% per cycle. Li et al. [5] also reported the electrochemi-
al performance of nano-size Si (mean size: 78 nm). The first cycle
ischarge capacity was as high as 2000 mAh g−1, but the capacity
egradation rate was as high as 1.8% per cycle. It means that the
arbon–nano-Si composite is quite effective to improve the cycling
erformance as well as the charge–discharge coulombic efficiency

n the first cycle.
The effect of carbon content in the carbon–Si composite on the

lectrochemical performance has been examined for the nano-Si
owders. The nano-Si (50 nm) and PVC mixtures with different
atios were heated in 2% H2–Ar at 900 ◦C for 2 h. The carbon content
n the composite electrode decreases with decreasing PVC con-
ent in the precursors (see Table 2); a carbon content of 48 wt.%
ecreases to 20 wt.% by decreasing the PVC content from 90 to
0 wt.% in the Si–PVC precursors. Fig. 6 shows the cycling per-
ormance of the carbon–nano-Si composite anode as a function
f the carbon content in the composite at room temperature. The
arbon–Si composite electrode with a low carbon content of 7 wt.%
hows a high discharge capacity of 1800 mAh g−1 and a low coulom-
ic efficiency of 58.8% in the first cycle. The capacity fade upon
ycling is larger than those with high carbon content. The high
arbon content composite gives a high coulombic efficiency in the
rst cycle and a good cycling performance. The reversible capac-

ty is slightly lower than that of the sample with low carbon
ontent.

Gao et al. [12,13] reported the electrochemical performance
f the Si–C composite anode, where carbon was coated on
ano-Si (average particle size: 80 nm) by pyrolysis of polyvinyl
lcohol (PVA). The initial reversible capacities were found to
e 1100 mAh g−1 for the composite with 29.6 wt.% carbon and
50 mAh g−1 for that with 19.5 wt.% carbon. The degradation rate
f 0.9% per cycle upon cycling was higher than that of our result
f 0.24% per cycle. The polymer of PVA used by Gao had no chlo-
ine. In this study, we have examined the effect of chlorine in
he precursor. It is known that PVC eliminated HCl from 200 to
50 ◦C, PVC pitch formed at 400–450 ◦C, and the pitch is carbonized

rom 350 to 550 ◦C. Adhesive carbonaceous layer was prepared
n metal oxides by pyrolysis of PVC [14]. This process depends
n the starting polymer materials. We have examined the effect
f the chlorine content in the precursor. PVC (chlorine 56.8 wt.%)



Q. Si et al. / Journal of Power Sou

a
w
s
e
fi
4
b
w
t
a
r
t
t
p
w
P
e
i
c
a
fi
t
w
C
T
o
s
0
f
p

F
a
c
c
(

a
c
p
p
r
w
s
a
e

s
e
c
t
c
m
l
o
i
w
n

4

p
f
a
S
A
c
h
c
P
b
e
c

A

Fig. 7. Thermogravimetric analysis of PVC and CPE.

nd CPE with different chlorine contents (70, 39.5 and 25.5 wt.%)
ere used for the carbonized materials on nano-Si (50 nm). Fig. 7

hows thermal gravimetric results of PVC and CPE with differ-
nt chlorine contents. PVC shows two-step decompositions; the
rst one is between 200 and 350 ◦C, and second one between
00 and 500 ◦C. The carbonized temperature and the residual car-
on content depend on the chlorine content in the polymers. CPE
ith high chlorine content shows a high carbonizing tempera-

ure and a high residual carbon. The carbonizing temperature may
ffect the character of the decomposed carbon. However, Raman
esults show no clear difference for the carbon prepared from
he different content of chlorine in the polymers. Fig. 8 shows
he cycling performance of the carbon–nano-Si composite pre-
ared from the polymers with different chlorine contents, along
ith pure Si (50 nm) and the carbon prepared by pyrolysis of

VC at 900 ◦C. The carbon anode without Si shows the coulombic
fficiency in the first cycle was 73.8% and the reversible capac-
ty after second cycles was about 280 mAh g−1. The nano-Si–C
omposite prepared from CPE with low chlorine content shows
high reversible capacity and a high coulombic efficiency in the
rst cycle, but the capacity fade upon cycling is slightly higher
han those for the Si–C composites prepared from CPE and PVC
ith high chlorine content. The Si–C composites prepared from
PE with a low chlorine content show low carbon content (see
able 2). The carbon–nano-Si composite prepared by pyrolysis
f Si–CPE (CPE:with 39.5 wt.% chlorine; Si:CPE = 5:95 in weight)

hows a carbon content of 28 wt.% and a low capacity fade of
.27% per cycle between 2 and 20 cycles. However, the capacity
ade increases upon further cycling. The carbon–nano-Si com-
osite prepared by pyrolysis of CPE with 70 wt.% chlorine gives

ig. 8. Cycling performance of carbon–Si composite prepared by pyrolysis of Si–PVC
nd Si–CPE (10:90 in weight). Cut-off voltage: 20-1500 mV. (�) CPE (chlorine: 70%),
arbon 62 wt.%, (�) PVC (chlorine: 56.8%), carbon 48 wt.%. (� ) CPE (chlorine: 39.5%),
arbon 13wt.% (�) CPE (chlorine: 25.5%), carbon 3 wt.% (�) Pure Si × Pure carbon
Pyrolysis of PVC).
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low coulombic efficiency at the first cycle and low reversible
apacity of 324 mAh g−1, where the carbon content in the com-
osite was about 62 wt.%. The composite with 53 wt.% carbon
repared by pyrolysis of CPE with 70 wt.% chlorine also gives low
eversible capacity of 671 mAh g−1. These results suggest that CPE
ith high chlorine content and low chlorine content as the carbon

ource for the C–Si composite electrode is not suitable to obtain
high-performance anode and PVC is the best candidate for the

lectrode.
The electrode performances of the carbon–Si composite are

ummarized in Table 2. The anode performance of the carbon–Si
lectrode depends strongly on the size of Si particles as well as the
arbon content in C–Si composite. The large size Si shows a high ini-
ial charge–discharge capacity, but the degradation rate is high. The
arbon content in the composite plays an important role. The opti-
um content is observed. The low carbon content sample shows a

ow first cycle coulombic efficiency as well as a high carbon content
ne. The low carbon content sample shows a high reversible capac-
ty, but the capacity fade upon cycling is faster than that of sample

ith optimized carbon content. The optimum carbon content in
ano-size Si is about 50 wt.%.

. Conclusion

The charge and discharge performances of the carbon–Si com-
osite prepared by pryolysis of PVC and CPE were examined as a
unction of the particle size of Si powder, carbon content on Si,
nd the chlorine content in the precursor. The carbon–nano-sized
i composite shows a high coulombic efficiency in the first cycle.
low carbon content nano-Si composite gives a high reversible

apacity, but the capacity fade upon cycling is higher than that of
igh carbon content. The best result in this study is found in the
arbon–50 nm Si by pyrolysis of the mixture of 10 wt.% Si–90 wt.%
VC (chlorine content: 56.8 wt.%) at 900 ◦C for 2 h, where the car-
on content is 48 wt.%. The first cycle charge–discharge coulombic
fficiency is 69.2%, the reversible capacity 970 mAh g−1, and the
apacity fade upon cycling 0.24% per cycle.
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