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a b s t r a c t

Electrospun carbon–silicon composite nanofiber is employed as anode material for lithium ion batteries.
The morphology of composite nanofiber is optimized on the C/Si ratio to make sure well distribution of
silicon particles in carbon matrix. The C/Si (77/23, w/w) nanofiber exhibits large reversible capacity up to
1240 mAh g−1 and excellent capacity retention. Ex situ scanning electron microscopy is also conducted
vailable online 23 February 2010
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to study the morphology change during discharge/charge cycle, and the result reveals that fibrous mor-
phology can effectively prevent the electrode from mechanical failure due to the large volume expansion
during lithium insertion in silicon. AC impedance spectroscopy reveals the possible reason of unsatisfac-
tory rate capability of the nanofiber. These results indicate that this novel C/Si composite nanofiber may
has some limitations on high power lithium ion batteries, but it can be a very attractive potential anode
material for high energy-density lithium-ion batteries.
lectrospinning

ithium ion battery

. Introduction

Thanks to their high energy density and long cycle life, lithium
on batteries are usually employed as the power sources for
ortable electronic devices, such as cell phone, camera, MP3. How-
ver, the state-of-the-art batteries with LiCoO2 and carbonaceous
aterials as the positive and negative electrodes cannot satisfy the

equirement to further enhance the portability, and it becomes
ncreasingly important to develop new electrode materials with
igher energy density. Recently, much attention is focused on
earching for new anode materials to replace graphite, which has a
heoretical capacity of 372 mAh g−1. Among the candidates of new
node materials, silicon is rather attractive for its high gravimetric
pecific capacity (4200 mAh g−1) to form Li–Si alloy [1,2]. Unfor-
unately, there is an approximately four times volume expansion
hen silicon is completely alloyed with lithium [2–4], resulting in
rapid capacity fade and short cycle life. Great efforts were made to

mprove the cycling performance of silicon in the last few years, and
he preparation of silicon-based materials with a designed nanos-

ructure and carbon–silicon composite seems to be a possible way
o solve the problem because nanostructured materials have usu-
lly a large pore volume that allows the digestion of huge volume
xpansion without causing mechanical fracture or cracking.
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Cui et al. found that silicon nanowires grown by
vapor–liquid–solid method exhibit large reversible capacity
up to 3100 mAh g−1 together with excellent capacity retention
during the first 10 cycles [5]. Recently, they also reported CVD-
grown silicon nanowires with crystalline-amorphous core-shell
structure which exhibited stable cycling performance even in 100
cycles [6]. On the other hand, C/Si composite materials where car-
bon can buffer the volume expansion and enhance the electronic
conductivity, seem to be much easier to be prepared than silicon
nanowires [7–12]. Wolf et al. reported carbon–fiber–silicon-
nanocomposites where silicon nanoparticles were deposited on
the surface of carbon fibers by microwave plasma chemical vapor
deposition, and the composite with 19 wt% silicon exhibited
stable reversible capacity over 700 mAh g−1 [13]. Obviously, it is a
practical way to combine 1D nanostructure and carbon composite
to enhance the electrochemical performance of silicon. Last year,
we reported an electrospun Fe3O4/C composite nanofiber which
has remarkable advantages over bare Fe3O4/C nanoparticles [14].
The carbon matrix can effectively buffer the volume expansion of
metal oxide during the lithium intercalation, preventing mechani-
cal failure and resulting in improved cycle life. Therefore, here we
present a novel electrospun C/Si composite nanofiber as an anode

material for lithium batteries. The composite nanofiber exhibits
good capacity retention and higher gravimetric specific capacity
compared with other carbon/silicon composite with similar silicon
ratio. The ex situ SEM investigation is also conducted to study the
morphology change during the lithium intercalation.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cchchen@ustc.edu.cn
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. Experimental

About 0.75 g polyacrylonitrile (PAN) (M.W. 86,000) was dis-
olved in 10 mL N-N-dimethylformamide (DMF) to form a polymer
recursor, then nano-sized silicon particles (∼50 nm) were added

nto the polymer solution with different PAN/Si weight ratios of
:1, 4:1, and 2:1. The suspensions were vigorously stirred for 1 h
nd then ultrasonically dispersed for 30 min to form homogenous
rown suspensions. For a typical electrospinning process, a sus-
ension was firstly transferred into a 1 mL syringe and supplied to
metal needle with a flow rate of 5 �L min−1 by a syringe pump.
hus, PAN/Si composite nanofiber was obtained by a typical elec-
rospinning method as described in our early work [14,15]. The
omposite fiber was pre-oxidized at 240 ◦C in air for 6 h to protect
he fibrous morphology during the subsequent carbonization. Then
he pre-oxidized nanofiber was moved to a tube furnace and car-
onated under Ar atmosphere at 600 ◦C for 8 h. The derived C/Si
anofiber was characterized by X-ray diffraction (Philips X’pert
ro Super, Cu K� radiation). The morphology of this nanofiber was
xamined with a scanning electron microscope (SEM) (JEOL 6390-
A). The weight ratio of carbon and silicon was analyzed by X-ray
nergy dispersive spectra (EDX). The PAN/Si and derived C/Si com-
osite nanofibers were characterized by Fourier transform infrared
pectroscopy (Bruker EQUINOX55). The bare nano-sized silicon
owder was also analyzed as a parallel sample for comparison.

The electrochemical properties of the C/Si composite nanofibers
ere characterized using 2032 coin cells with metallic lithium as

he counter electrode. The C/Si composite nanofibers were adhered
nto a copper foil with a PVDF binder to make working electrodes
hile the load density is about 1.3 mg cm−2. The weight ratio of the

ctive materials and the binder was controlled as 85:15. A mixture
f acetylene black (AB) and nano-sized silicon with a weight ratio
f 3:1 was used as the reference. The electrode of AB/Si mixture
as prepared by blade-casting method and the thickness was con-

rolled at about 50 �m. The electrolyte was 1 M LiPF6 in ethylene
arbonate/dimethyl carbonate (1:1, v/v). The cells were assem-
led in an argon-filled glove box (MBRAUN LABMASTER 130) with
oisture and oxygen levels less than 1 ppm. They were cycled in

he voltage range between 3.0 and 0 V on a multi-channel bat-
ery cycler (NEWWAEE BTS-610). The cyclic voltammogram and AC
mpedance spectra were measured with an electrochemical work-
tation (CHI 604b), and the frequency of AC impedance is from
.01 to 10,000 Hz. Some of the cells were disassembled after elec-
rochemical cycling and the nanofiber electrodes were washed by
iethylene carbonate and N-methyl-pyrrolidone before they were
bserved by SEM.

. Results and discussions

Fig. 1 shows the scanning electron microscope images of the
/Si composite fibers derived from polymer precursor with differ-
nt PAN:Si mass ratios. When the silicon concentration is controlled
t a relatively low level (PAN/Si = 6:1), most of the composite has a
mooth fibrous morphology, except for a few large Si agglomerates
ispersed in the carbon fiber matrix (Fig. 1a). The energy dispersive
-ray spectroscopy (EDX) results shows that the mass ratio of car-
on and silicon is 77:23 (3.3:1), indicating an approximately 50%
arbon yield of PAN. Due to the large volume shrinkage of PAN dur-
ng thermal treatment, the nanofibers become a little curly, which
as been also observed by Kim et al. in the case of pure carbon fiber

16]. It is also noticed that when the content of silicon increases,
t becomes difficult to disperse the Si nanoparticles in the polymer
olution, leading to lots of agglomerations in the final production
Fig. 1b and c). When PAN/Si = 2:1 (Fig. 1c), the products are full
f agglomerates of several micrometers in size, and a very small
rces 195 (2010) 5052–5056 5053

fraction of carbon nanofibers. The situation becomes worse when
the content of silicon is increased to PAN/Si = 2:1. Therefore, it is
necessary to control the silicon content at a low level to obtain C/Si
composites with homogeneous compositions, and all of the C/Si
composite nanofiber referred below is derived from PAN/Si = 6:1,
corresponding to weight ratio as C/Si = 3.3:1.

In order to obtain carbon nanofibers will have higher reversible
capacity, the carbonization temperature is selected as 600 ◦C
according to our early report [15]. Fig. 2 exhibits the FT-IR spectra
of the composite nanofibers before and after the thermal treat-
ment. The as-electrospun PAN/Si composite nanofiber (spectrum a)
shows a spectrum that is composed of the typical absorption of PAN
[17] and some small peaks near 1100 cm−1, which can be assigned
to the absorption of silicon nanoparticles (spectrum c). The three
absorption peaks near 1150, 1620 and 3450 cm−1 are almost the
same as those of a pure carbon nanofiber derived from PAN [14].
But the signals of silicon particles contained in the fiber cannot
be distinguished because of the overlapping of the peaks. Hence
it suggests that the PAN contained in the composite nanofiber is
completely carbonized. Fig. 3 shows the XRD result of the com-
posite nanofiber carbonized at 600 ◦C. The peaks at 28.4◦, 47.3◦

and 56.2◦ correspond to the (1 1 1) (2 2 0) and (3 1 1) diffraction of
silicon (JCPDS 772107). Therefore, the nano-sized silicon particles
contained in the composite nanofiber should be crystalline. In addi-
tion to the diffraction of silicon, there are also two broad diffraction
peaks near 24◦ and 55◦, which should be related to the disordered
carbon produced by the PAN carbonization [14].

Fig. 4 shows the cyclic voltammogram (CV) of C/Si nanofiber and
AB/Si mixture (inset) during the first three charge–discharge cycles.
The composite fiber exhibits different anodic and cathodic perfor-
mance in the first cycle compared to the following cycles. A small
anodic peak is measured near 1.3 V, and is from the lithium inter-
calation into disordered carbon that contained in the composite
fiber. This process is reversible because a corresponding cathodic
peak at 1.3 V is also observed. There is a primary anodic peak below
0.75 V during the 1st cycle, and it should be contributed together
by the lithium intercalation into the carbon and silicon, and the
formation of solid electrolyte interphase (SEI). Compared to the
former peak, this peak has larger area, which means that most of
the discharge capacity is delivered during this process. It is widely
acknowledged that lithium can insert into silicon below 0.4 V [18]
and can deliver a capacity of more than 2000 mAh g−1, so this strong
anodic peak is considered from the lithium intercalation to carbon
fiber and alloying with silicon nanoparticles. Fig. 5 exhibits voltage
profiles of C/Si fiber vs. Li and AB/Si vs. Li cells in the first two cycles.
Similar to the CV results, there are several plateaus correspond-
ing to different lithium insertion/extraction processes. Although
the silicon content in the composite fiber is only 23 wt% accord-
ing to the EDX analysis, the 1st cycle discharge capacity reaches
1710 mAh g−1, which is much higher than that of the early reported
CSi composite (weight ration of C/Si is 2:1) prepared by high energy
mechanical milling [19]. The reversible capacity is 1240 mAh g−1,
indicating an initial columbic efficiency of 72.5%. The irreversible
capacity loss in the 1st cycle can be ascribed to the presences of
the SiO2 layer on the surface of silicon nanoparticles [10] and the
micropores on the surface of disordered carbon [20]. The voltage
profiles of AB/Si mixture are also presented in Fig. 5. Basically, both
of the C/Si nanofiber and AB/Si mixture exhibit similar voltage pro-
files in the first two cycles, but it seems that the carbon derived
from PAN can accommodates more lithium compared with AB,
because the plateau between 1 and 0.2 V of the composite nanofiber

in the first cycle is substantially longer that of the mixture. Fur-
thermore, the initial discharge/charge capacity of AB mixture is
only 870 and 640 mAh g−1, respectively, which is almost half of
the C/Si nanofiber. Also, our early study showed that the capac-
ity of pure PAN-derived nanofiber has a capacity of 800 mAh g−1
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Fig. 1. SEM images of C/Si composite nanofibers derived from dif
t a similar current density [15], a rough estimation on the basis
f 1240 mAh g−1 reversible capacity of the C/Si composite can be
ade here to reveal that 1 mole of silicon contained in the C/Si

anofiber can accommodate 3.2 mole of lithium on average.

ig. 2. Fourier transform infrared spectroscopy of pristine Si powder, electrospun
AN/Si = 6:1 nanofiber and derived C/Si = 3.3:1 nanofiber.
PAN/Si ratios: (a) PAN/Si = 6:1; (b) PAN/Si = 4:1; (c) PAN/Si = 2:1.

The discharge capacity and columbic efficiency vs. cycle num-

ber are shown in Fig. 6. Compared with traditional silicon-based
anode materials, which always have problem with long cycling,
the C/Si composite fiber exhibits satisfactorily stable cycling per-
formance. During the cycles at 0.1 C (1 C = 1500 mA g−1), a slight

Fig. 3. XRD pattern of C/Si = 3.3:1 composite nanofiber.
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Fig. 4. Cyclic voltammogram of the first three cycles of C/Si = 3.3:1 composite
nanofiber and the AB/Si = 3:1 mixture (inset picture). The scanning rate is 0.3 mV s−1

while in the electrochemical of 0–3.1 V.
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ig. 5. Voltage profiles of the C/Si = 3.3:1 composite nanofiber and AB/Si = 3:1 mix-
ure. The voltage cutoff is 0–3 V with current density of 0.1 C (1 C = 1500 mA g−1).
uctuation in capacity is observed in the first five cycles, and it
hould be related to the morphology change of the composite fiber,
hich will be discussed later. After five cycles, the fiber still has a
igh reversible capacity of more than 1150 mAh g−1. As the cur-

ig. 6. Discharge capacity and columbic efficiency vs. cycle number of C/Si = 3.3:1
omposite nanofiber and AB/Si = 3:1 mixture.
Fig. 7. Ex situ SEM picture of C/Si = 3.3:1 composite nanofiber cycled for 15 cycles
at 0.1 C.

rent density is increased to 0.33 C, the capacity drops from 1150 to
870 mAh g−1 and then it is stabilized at around 750 mAh g−1. Dur-
ing the subsequent cycles, the fiber exhibits good capacity retention
with a slow fading. When the current density is decreased to 0.1 C
again after 40 cycles, the capacity of the C/Si fiber also recov-
ers to a high level up to 1100 mAh g−1. It is also noticed that the
columbic efficiency in 0.3 C is higher than that in 0.1 C. Accord-
ing to the results obtained from AgSn thin film electrode, the SEI
may be damaged and then reformed during the charge/discharge
process [21]. Therefore, the efficiency difference should be related
to the different thickness and composition of SEI formed in dif-
ferent current densities. On the other hand, the electrode made
of AB/Si mixture exhibits a very fast capacity fading and almost
delivers no capacity after 10 cycles. This result is in agreement
with Tarascon’s early report [10]. Hence the electrochemical per-
formance of the C/Si composite fibers benefits not only from the
high content of carbon, but also from the well distribution of sili-
con particles and the fibrous morphology (Fig. 1b). There are a lot of
spaces that can effectively buffer the strains resulting from the vol-
ume expansion/shrinkage during the lithium insertion/extraction.
The adherence between the active materials (C/Si) and current col-
lector becomes more stable compared with the electrode made of
mechanically mixed silicon nanoparticles and carbon black, which
results in better cycling performance.

Though the cycling capability of the C/Si composite fiber is
significantly enhanced compared with traditional carbon/silicon
composite, there is still a capacity fade during the cycling, so
it is necessary to examine the morphology change after several
cycles. Also, the resistance change during lithium intercalation/de-
intercalation should be investigated to understand the large
capacity drop when increasing the current density. Fig. 7 shows
the ex situ SEM images of the C/Si composite fiber after 15 cycles.
It can be clearly seen that the fibrous morphology changes sig-
nificantly due to the volume expansion of silicon during lithium
insertion. The surface of the electrode is composed of many small
particles, below which there are still some nanofibers remaining.
With such morphology, it is inevitable that partial active materials
will fall off from the current collector, resulting in slow capacity
fading during cycling. Nevertheless, there are still lots of macrop-
ores in the electrode which can buffer the strains generated in the
discharge/charge process, and most of the active materials will not
break off from the current collector. Therefore, the cycling capabil-

ity is much better than that of a dense electrode. Unfortunately,
there may be also some problem raised from this porous elec-
trode structure. AC impedance spectra of carbon–silicon-composite
nanofiber/Li half cell at states of full-charge and discharge are
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ig. 8. AC impedance spectra of C/Si = 3.3:1 composite nanofiber. The measurement
as conducted after three formation cycles.

hown in Fig. 8. It is noticed that when the cell is fully discharged
o 0 V, the second semicircle of the spectra increases significantly
from less than 35 to 180 ohm). The resistance increase is likely
elated to the deposition of lithium on the surface of electrode
22]; the situation may be worse when we have a porous struc-
ured electrode. Though the limitation in rate capability of the C/Si
anofiber may become an obstacle for high power lithium-ion bat-
eries, the high reversible capacity and stable capacity retention still
ave attractive potential applications in the high energy-density

ithium-ion batteries.

. Conclusions

A novel electrospun C/Si composite nanofiber with optimized
ilicon content is prepared and investigated as an anode mate-

ial for lithium ion batteries. It is well demonstrated that the
brous morphology and well distribution of silicon particles in
arbon matrix can effectively enhance the electrochemical perfor-
ance compared to mechanically mixed C/Si anode. The composite

anofiber exhibits large reversible capacity (1240 mAh g−1) and

[
[
[

[

urces 195 (2010) 5052–5056

stable capacity retention even in 40 cycles, which is very attractive
for developing high energy-density lithium ion batteries. On the
other hand, the limitations of the C/Si nanofiber are also discussed
because its rate capability is not so satisfactory.
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