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bstract

Nanocomposites comprising silicon (Si), graphite (C) and single-walled carbon nanotubes (SWNTs), denoted as Si/C/SWNTs, have been syn-
hesized by dispersing SWNTs via high power ultrasonication into a pre-milled Si/C composite mixture, followed by subsequent thermal treatment.
he Si/C composite powder was prepared by high-energy mechanical milling (HEMM) of elemental Si and graphite using polymethacrylonitrile

PMAN) as a diffusion barrier suppressing the possible mechanochemical reaction between silicon and graphite to form SiC, and further prevent
he amorphization of graphite during extended milling. A nanocomposite with nominal composition of Si-35 wt.% SWNTs-37 wt.% exhibits a
eversible discharge capacity of ∼900 mAh g−1 with an excellent capacity retention of capacity loss of 0.3% per cycle up to 30 cycles. Functional-
zation of the SWNTs with LiOH significantly improves the cyclability of the nanocomposite containing Si-45 wt.% SWNTs-28 wt.% exhibiting

reversible capacity of 1066 mAh g−1 and displaying almost no fade in capacity up to 30 cycles. The improved electrochemical performance is
ypothesized to be attributed to the formation of a nanoscale conductive network by the dispersed SWNTs which leads to successful maintenance
f good electrical contact between the electrochemically active particles during cycling.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Sony commercialized the first rechargeable lithium-ion (Li-
on) battery in 1991 [1] and since then lithium ion batteries
ave become the state-of-the-art rechargeable compact energy
torage systems for portable consumer and industrial elec-
ronic devices. Due to their high energy density and flexible
esign, Li-ion batteries have been widely used as portable power
ources for consumer electronics, computing, and telecommu-
ication electronic devices. Graphite is currently used as the
referred commercial anode (negative electrode) material of
hoice in Li-ion batteries, which provides a theoretical capac-

ty of 372 mAh g−1. However, the tremendous progress made
n the design of large-scale integrated circuits has provided the
ecessary impetus for miniaturization of electronic circuits and
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evices. Consequently, there is a need for significant advances
o be made in the design and engineering of lithium ion battery
omponents to match the energy needs of modern comput-
ng and electronic devices. There is therefore a considerable
eed for safe, compact, light weight, higher energy density and
onger lasting rechargeable batteries. These stringent require-

ents make it necessary to identify and design alternate anode
aterials.
Silicon is one of the most attractive and widely investigated

andidate anode material due to its high theoretical specific
apacity of 4200 mAh g−1 corresponding to the fully lithiated
omposition of Li4.4Si which is 10-fold higher than that of
raphite [2–4]. However, there are severe crystallographic vol-
me changes and several phase transitions occurring during the
ithium alloying and de-alloying process. The mechanical strain
enerated in the process leads to cracking and crumbling of the

lectrode which results in the failure of the anode in a few cycles
ue to loss of electronic contact between the active particles [5].

In an attempt to improve the cyclability of the silicon-based
node, second phase components have been introduced to act

mailto:kumta@cmu.edu
dx.doi.org/10.1016/j.jpowsour.2007.05.025
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Table 1
Comparison of the physical properties of MWNTs and SWNTs

Diameter (nm) Young’s modulus
(GPa)

Specific surface
area (m2 g−1)

M
S

r
c
[
h
[
c
p

t
r
p
b
w
(
d
b
e
a
c
e
t
s
m
a
i
i
p
a
c
t
e

2

P
(
t
A
a
r
e
i
m
a

W. Wang, P.N. Kumta / Journal o

s a buffering matrix to accommodate the large volume change
pon cycling. Among the different matrix materials considered,
raphite is a good candidate due to its good electronic con-
uctivity and lubrication characteristics. Si/C composites have
herefore attracted considerable interest and the electrochem-
cal performance reported so far appear quite promising. In
ecent years, different particle sizes, crystallographic variations
f silicon and carbon have been used as the starting materi-
ls to synthesize Si/C composites. These include variants of
anocrystalline and amorphous silicon, graphite, MCMB and
isordered carbon [6–19]. Several strategies, such as decom-
osition of organic precursors [6–10], high energy mechanical
illing (HEMM) [11–15], physical mixing [16,17], and carbon

oating on silicon particles [18,19] have also been implemented
y a number of groups. Recently, Datta et al. demonstrated a
omposite exhibiting a reversible capacity of ∼660 mAh g−1

nd excellent capacity retention by using silicon, graphite
nd polyacrylonitrile-based disordered carbon generated by
igh energy mechanical milling, followed by subsequent heat-
reatment [15]. Despite these advances made, the generation
f an anode exhibiting a stable reversible capacity of above
000 mAh g−1 still appears to be a challenge. There is still
herefore a need to identify alternative matrix systems that can
ccommodate the large volumetric stresses generated by lithi-
tion and de-lithiation of silicon to provide a stable, reversible
ischarge capacity.

Carbon nanotubes (CNTs) have received considerable inter-
st as Li insertion host materials since their discovery in 1991
20]. Although CNTs in general, as reported in the literature
re known to exhibit a higher reversible capacity than graphite
21–27], a high irreversible loss and a large voltage hysteresis
re commonly observed in the cycling performances of CNTs,
hich greatly limit their use as an anode material in Li-ion batter-

es. Nevertheless, CNTs prove to be a better choice over graphite
s a matrix material for Li-ion anodes due to their excellent phys-
cal properties including superior mechanical strength (Young’s

odulus ∼1.0 TPa) [28] and electrical conductivity (resistivity
10−4 � cm) [29] in comparison to any of the existing materials
ystems known to date. They also possess some unparalleled
roperties such as a large aspect ratio, structural flexibility, and
ortuosity [30]. Exploitation of these unique attributes of CNTs
ombined with its nanoscale dimensions will enable the gener-
tion of a nanoscale conductive network which can potentially
mprove the electrical contact between the active silicon par-
icles. As a result, the structural integrity of the anode during
ycling can be maintained, thus making it a candidate matrix
aterial.
Chen et al. and Guo et al. were the first two groups to report

he utilization of multi-walled carbon nanotubes (MWNTs) as
ost materials to generate Sb and SnSb0.5-MWNTs nanocom-
osites by a chemical reduction method [31,32]. Although the
yclability is improved compared to the pure metal anode, both
ystems suffer from a relatively high capacity fade of >1.1% per

ycle. More recently, Ishihara et al. reported a carbon nanotube
oating of Cr doped silicon anode generated by chemical vapor
eposition (CVD) technique which demonstrated a reversible
apacity of 1250 mAh g−1 for 10 cycles [33]. Shu et al. also

h
t
c
s

WNTs 3–30 1800 [37] ∼500
WNTs 1–2 1280 [38] 1315 [39]

eported a nanotubes/Si composite synthesized by growing the
arbon nanotubes on superfine silicon particles via CVD method
34]. MWNTs/Si nanocomposites were also prepared through
igh energy mechanical milling (HEMM) by both Zhang et al.
35] and Eom et al. [36], which exhibited a high first cycle dis-
harge capacity (>2000 mAh g−1), but unfortunately displayed
oor capacity retention.

Although different methods have been successfully used
o synthesize the MWNTs/Si nanocomposite, the capacity
etention of the reported anode materials is still limited thus
reventing its use for commercial application. This is possi-
ly due to the inhomogeneous distribution of silicon particles
ithin the CNTs. Moreover, single-walled carbon nanotubes

SWNTs) which exhibit a more perfect structure than MWNTs
ue to the presence of reduced number of defects has not yet
een studied to date as the host matrix to the best of our knowl-
dge. Table 1 shows a comparison of the properties of MWNTs
nd SWNTs. The SWNTs are expected to form a nanoscale
onductive network connecting several contact points with the
lectrochemically active Si. Furthermore, they are expected
o exhibit better overall mechanical stiffness because of their
maller dimensions, higher specific surface area, and better
echanical strength compared to MWNTs thus rendering them

s excellent candidate matrices for containing the electrochem-
cally active Si phase. In this study, high power sonication
s employed to disperse the SWNTs into the pre-milled Si/C
owder to generate the Si/C/SWNTs nanocomposites for use
s Li-ion anode materials. The charge/discharge performance
orresponding to the insertion/extraction of Li ions into/from
he Si/C/SWNTs nanocomposite is also analyzed using various
lectrochemical characterization methods.

. Experimental

0.84 g Polymethacrylonitrile (PMAN) (Scientific Polymer
roduct) was dissolved in ∼10 mL N-methylpyrrolidinone
NMP) to form a homogeneous solution. Mixtures of elemen-
al powders of graphite (∼0.3 g, Aldrich, 1–2 �m), Si (∼0.54 g
lfa Aesar, −325 mesh), and PMAN solution were loaded into
SS vial containing 10mm diameter SS balls with a charge

atio of 20:1 inside an argon filled glove box (VAC Atmosh-
res, Hawthorn, CA, ∼10 ppm oxygen and ∼0.10 ppm moisture)
n order to prevent and minimize any oxidation of the starting

aterials. The PMAN solution covers the starting precursors
nd the milling media completely inside the vial, which was

elpful to prevent excessive cold welding, agglomeration and
emperature build up during the first high energy milling pro-
ess. Mixtures of graphite, silicon, and PMAN solution were
ubjected to mechanical milling up to 15 h using a SPEX Cer-
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bon residue is preferred for improved electrode performance,
since most of the carbon generated after high temperature treat-
ment is largely amorphous and non conducting contributing to
a significantly large irreversible loss due to the formation of the
52 W. Wang, P.N. Kumta / Journal o

iPrep 8000M high-energy mechanical mill, and then dried in a
acuum oven at 383 K overnight. The mechanically milled pow-
ers and SWNTs (∼0.8–1.2 nm in diameter, ∼100–1000 nm in
ength, Carbon Nanotechnologies, Inc., Houston, TX) were dis-
ersed simultaneously in a toluene solution for 15 min using
high power ultrasonicator (Misonix-300, Farmingdale, NY)

perating at a power level of 20 W. The solution was then filtered
nd the powder was dried in an environmental oven at 358 K
vernight. In order to decompose PMAN, the powders were
nnealed isothermally at 1073 K for 6 h in an ultra high purify
rgon (UHP-Ar) gas using a heating rate of 10 K min−1 and a
ow rate of 100 mL min−1. The powder was hand ground before

he preparation of the electrode for electrochemical testing.
In order to identify the decomposition temperature and the

ield of PMAN, thermo gravimetric analysis (TGA) has been
erformed for pure PMAN under UHP-Ar in a TGA machine
TA 2960, TA Instrument, New Castle, DE) utilizing ∼7 mg
MAN and employing a heating rate of 10 K min−1. The milled
s well as the heat treated powders were characterized by
-ray diffraction (XRD) using Philips XPERT PRO system
ith Cu K� (λ = 0.15406 nm) radiation in order to identify the
hases present. Scanning electron microscopy (SEM) (Philips
L30 operating at 20 kV) was employed to investigate the
icrostructure of the as prepared composites as well as the

lectrochemically cycled samples. High-resolution transmission
lectron microscopy (HRTEM, Philips Tecnai 20 FEG) was also
sed to observe the morphology, structure and particle size of
he as-prepared nanocomposite powders. For HRTEM analysis,
he Si/C/SWNTs powders were dispersed on 3.05 mm diam-
ter copper grids (electron microscopy science) containing a
oley carbon film in methanol by sonication followed by drying
nder vacuum for 24 h. Fourier transform infrared spectroscopy
FTIR) was performed on the samples before cycling and after 30
ycles, which had been washed with dimethyl carbonate (DMC)
nside the UHP-Ar glove box for 24 h to remove the presence of
ny remaining lithium containing electrolyte in the electrodes.
hey were then dried in a vacuum oven at 90 ◦C for 24 h to

emove any excess solvent. The samples were mixed with KBr
n a ratio of 1:100, respectively. A pellet was prepared by press-
ng the dried, milled sample to 3000 psi for 2 min using a Carver
0 ton hand operated press. A Mattson Galaxy Series FTIR 5000
n transmission mode was used to collect the spectra in the scan
ange of 400–4000 cm−1.

The Si/C/SWNTs nanocomposite electrodes were fabricated
n copper substrate of approximately 10 mm diameter in order
o evaluate the electrochemical characteristics primarily involv-
ng constant current cycling tests. 82 wt.% of the active powder,
wt.% acetylene carbon black and 10 wt.% of polyvinylidene
uoride (PVDF) binder dissolved in N-methylpyrrolidinone
NMP) were mixed to produce a slurry which was then coated
nto a copper foil and dried over night at 383 K in a vacuum oven
rior to assembling the customized test cell. The active materials
oading on the anode is around 2 mg on a 1 cm2 current collec-

or area. A prototype hockey puck cell design was utilized for
he electrochemical tests employing a lithium foil as the counter
lectrode and 1 M LiPF6 in ethylene carbonate (EC)/dimethyl
arbonate (DMC) (2:1) as the electrolyte. All the batteries tested
er Sources 172 (2007) 650–658

n this study were cycled from 0.02 to 1.2 V employing a con-
tant current density of 250 �A cm−2 and a minute rest period
etween the charge/discharge cycles using a potentiostat (Arbin
lectrochemical instrument).

. Results and discussion

It is known that achieving a more homogeneous distribution
f the active silicon particles in the graphite matrix is critical
or improving the capacity retention of the composite lead-
ng to enhanced cycle life in the case of the Si/C composite
node. Therefore, high-energy mechanical milling (HEMM) has
een used widely to generate Si/C based composites [11,12].
xtended milling however has been shown to result in the for-
ation of SiC which lowers the capacity due to consumption

f the active element. For HEMM to be useful for generating
i/C based composites exhibiting highly reversible stable capac-

ty, the mechanochemical reaction between silicon and carbon
hich results in the formation of SiC and the amorphization
f graphite during extended milling must be substantially sup-
ressed. One approach to prevent the reaction between Si and

is the use of polymer additives that can be decomposed at
ow enough temperatures following pyrolysis after milling with

uch reduced yield of carbon.
Different polymers have been used as milling additives to

ct as diffusion barriers between Si and graphite to circumvent
he formation of SiC as reported previously [13–15]. In this
tudy, extended mechanical milling of Si and graphite has been
onducted in the presence of PMAN used as the polymer addi-
ive mainly to achieve the above goal. In order to identify the
ecomposition temperature and weight loss of PMAN, thermo-
ravimetric (TGA) analysis has been performed on pure PMAN.
he TGA result of PMAN, shown in Fig. 1, exhibits a typical
ecomposition behavior of the polymer with complete decom-
osition occurring at a temperature of 673 K resulting in a very
ow yield of carbon residue of ∼4% after pyrolysis. A low car-
Fig. 1. TGA analysis of pure PMAN conducted in ultra high purity Argon.
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olid electrolyte interphase (SEI) layers. Based on thermal anal-
sis, the resultant milled composites were thermally treated at
073 K for 6 h in UHP-Ar to completely decompose the PMAN
olymer additive.

Two different compositions of Si/C/CNTs samples were
tudied in the present work. The first contains approximately
5 wt.% Si, 37 wt.% SWNTs and 27 wt.% graphite with the
alance 1 wt.% of residual carbon arising from the thermal
ecomposition of PMAN (PMAN-C), thereafter denoted as
5Si-37SWNTs. The second sample contains approximately
5 wt.% Si, 28 wt.% SWNTs and 26 wt.% graphite with the
esidual of 1 wt.% of C arising from PMAN-C, thereafter
enoted as 45Si-28SWNTs. These two compositions were syn-
hesized by dispersing SWNTs into the pre-milled Si/C powder
n the presence of toluene by high power ultrasonication for
5 min at a power level of 20 W. The Si/C powder was pre-milled
or 15 h before mixing with the SWNTs. The resultant composite
as then subjected to heat treatment at a temperature of 1073 K

n UHP-Ar for 6 h. Fig. 2 shows the XRD pattern of the silicon
nd graphite powder obtained after 15 h of ball milling and the
5Si-37SWNTs sample after mixing the pre-milled Si/C pow-
ers with SWNTs followed by heat treatment. These two spectra
re nearly identical, which demonstrate only the presence of sili-
on and graphite without any detectable amount of SiC formed as
result of milling. The presence of graphite revealed in the XRD
attern (Fig. 2(a)) also suggests that with the addition of PMAN,
he crystal structure of graphite is well preserved even after 15 h
f milling. Compared with dry milling of Si and graphite as
eported by us before [13] the amorphization of graphite is con-
iderably reduced. A similar XRD pattern is also exhibited by the
5Si-28SWNTs sample, which is not shown here due to space
imitations.

The variation of specific gravimetric capacity with cycle num-
er of the 35Si-37SWNTs nanocomposite is shown in Fig. 3.

lectrochemical tests were not conducted on pure SWNTs
ue to the cost and limited supply of these nanotubes of the
esired purity. A reversible capacity of 460 mAh g−1 reported
y Claye et al. [25], the same group that produced the SWNTs

ig. 2. (a) XRD pattern of Si/C composite powder after 15 h milling. (b) XRD
attern of 35Si-37SWNTs nanocomposite after mixing with SWNTs followed
y heat treatment at 1073 K for 6 h in UHP-Ar.

t
s
v
e
s
t
A
w
t
d
r
l
t
m
p
5

m
t
c
c
m
T

ig. 3. Variation of specific capacity with cycle number of 35Si-37SWNTs
anocomposite sample electrode cycled at a rate of 250 �A cm−2.

ested in this study, was however used to calculate the the-
retical capacity of the composites. The calculations yield a
apacity of ∼1125 mAh g−1 for the sample corresponding to
5Si-37SWNTs, in which Si, SWNTs and graphite contribute
pproximately 70%, 20% and 10% of the capacity, respec-
ively, and carbon from the thermal decomposition of PMAN is
eglected due to the very low yield (∼4%) of carbon residue. The
5Si-37SWNTs nanocomposite exhibits a 1st discharge and 1st
harge capacity of ∼1882 and ∼960 mAh g−1, respectively, with
capacity loss of 0.3% per cycle up to 30 cycles. The 1st charge
apacity is close to the calculated theoretical capacity. However
he loss of ∼165 mAh g−1 could arise from several factors such
s residual oxide catalyst particles remaining in the SWNTs
ollowing purification of the nanotubes as well as possible oxi-
ation of silicon during HEMM and subsequent heat treatment.
lthough there was no presence of any iron silicide detected in

he XRD analysis of the HEMM derived Si/C powders, it is pos-
ible that there could be some iron contamination from the steel
ial and milling media that could reduce the active silicon low-
ring the capacity. The 35Si-37SWNTs nanocomposite demon-
trates an irreversible capacity loss of 49%, which is higher than
hat of the Si/C composites reported by Datta and Kumta [15].

Si/C composite comprising 35 wt.% Si and 64 wt.% graphite
ith balance PMAN decomposed carbon has been prepared and

ested using the same experimental method, which exhibits a 1st
ischarge and 1st charge capacity of ∼1365 and ∼977 mAh g−1,
espectively, and hence yields an irreversible loss of 28% equiva-
ent to a Coulombic efficiency of 72%. Therefore, compared with
he Si/C composite containing identical amounts of silicon, the

uch higher irreversible loss of 49% for 35Si-37SWNTs sam-
le can be attributed to SWNTs which contributes approximately
17 mAh g−1 of irreversible capacity.

The irreversible capacity usually originates from the for-
ation of SEI layers due to the redox reaction of Li+ with

he electrolyte solvent molecules. The SEI formation has been
orrelated with the surface area in the carbon anode by Taras-

on’s group [40] and it is reasonable to believe that the same
echanism would apply to the SWNTs in the present case.
he Brunauer–Emmett–Teller (BET) specific surface area of the
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ig. 4. (a) SEM micrograph of 35Si-37SWNTs nanocomposite sample, (b) che
aken at the same scale as shown in (a). (d) SEM micrograph of the as prepared

WNTs used in this study is ∼400–100 m2 g−1 as measured by
he supplier, which is much larger than that of graphite, and con-
equently could be expected to contribute to a larger irreversible

apacity. It is also reported that the purification treatment which
mploys strong oxidizing acid can partially functionalize the
arbon nanotubes resulting in the formation of oxygenated func-
ional groups [41]. The reduction of these oxygenated species

i
b

a

map of C, and (c) chemical map of Si, respectively, using EDX. All images are
rode and (e) the electrode after 30 cycles.

lso contributes to the irreversible capacity. The presence of oxy-
enated species on the surface of the carbon nanotubes has been
onfirmed by Frackowiak et al. by XPS analysis [42]. The large

rreversible loss of CNTs upon cycling has also been reported
y several researchers as discussed before [25–27].

The SEM images of the prepared nanocomposite electrode
re shown in Fig. 4. As can be seen from Fig. 4(a), the dense



W. Wang, P.N. Kumta / Journal of Pow

F

S
a
d
t
s
e
d

b
c
d
s
o
p
s
w
c
o
H
s
t
S
e
a
s
t

3
w
s
L
e
o
s
t
m
a
S

p
S
i
c
p
t
s
D
d
w
d
a
e
t
n
o
S
c
u
S
m
t
t
i
n
c
i
e
is illustrated by the schematic in Fig. 6.
ig. 5. FTIR plots for 35Si-37SWNTs nanocomposite before and after 30 cycles.

WNTs films appear to wrap around the graphite particles while
lso encapsulating the silicon particles. EDX mapping of the
ifferent elements was conducted to analyze the distribution of
he different phases presented in the nanocomposite, which is
hown in Fig. 4(b and c), respectively. As revealed in the EDX
lemental maps, both silicon and carbon are homogeneously
istributed within the nanocomposite.

The SEM analysis was also conducted on the electrodes
efore and after cycling samples in order to investigate any
hange in the microstructure or morphology of the particles
uring the alloying and de-alloying processes. Fig. 4(d and e)
hows the morphologies of the uncycled and cycled samples
f the Si/C/SWNTs electrodes fabricated from the nanocom-
osite corresponding to the composition, 35Si-37SWNTs. The
urface of the electrode after 30 cycles is devoid of any cracks,
hich indicates the excellent structural integrity even after 30

ycles. There also appears to be no significant change in the
verall morphology of the particles before and after cycling.
owever, there appears to be indication of evolution of a fine

tructure on the surface of the particles, probably corresponding
o a surface reaction with the electrolyte and formation of the
EI layer. When a liquid electrolyte consisting of 1 M LiPF6 in

thylene carbonate/dimethyl carbonate is used with a graphite
node, the SEI layer is mainly comprised of LiF, Li2CO3 and
ome Li2O [43]. Fig. 5 shows the FTIR spectra conducted on
he electrode before and after the electrochemical cycling of the

t
3

Fig. 6. Schematic illustration of the proposed concept of intra a
er Sources 172 (2007) 650–658 655

5Si-37SWNTs nanocomposite. Compared with the published
ork on similar systems containing graphite anode, it can be

een that alkyl lithium carbonates ROCO2Li, lithium carbonate,
i2CO3, and ethylene carbonate were found to be present in the
lectrode cycled after 30 cycles [43]. Apart from the presence
f the SEI products contributing to the fine sub structure on the
urface of the particles, it appears that the electrode microstruc-
ure and the overall structure are indeed preserved. The overall

icrostructural and structural integrity of the electrode is prob-
bly responsible for the good stability and cyclability of the
WNTs containing composites.

Compared with the capacity of ∼650 mAh g−1 for Si/C com-
osites reported in the literature [15], the incorporation of the
WNTs into the Si/C composite results in a nanocompos-

te anode material with high reversible capacity and excellent
apacity retention. This significant improvement in the cyclic
erformance for Si/C/SWNTs system is attributed to the main-
enance of the electronic contact during cycling through the
econdary nanosized conductive matrix formed by the SWNTs.
uring extended milling the silicon particles are homogeneously
ispersed and embedded into the more ductile graphite matrix
hich forms the first intra-type composite matrix to accommo-
ate the volume change of the silicon particles during alloying
nd de-alloying with lithium upon cycling as reported by Datta
t al. [44]. However, in an attempt to increase the silicon content
o increase the reversible capacity, the graphite matrix alone is
ot sufficient enough to accommodate the large volume change
f silicon, which leads to the cracking and crumbling of the
i/C particles thus forming finer particles. The loss in electronic
ontact with the finer Si particles therefore results in the grad-
al degradation of the electrode. However, it is possible that
WNTs that have been homogeneously dispersed in the Si/C
ixture form a secondary nanoscale conductive matrix due to

he ability of the SWNTs to bend around the Si/C particles,
hus wrapping the particles, holding them together and preserv-
ng the electronic contact. With the formation of the secondary
anosized conductive matrix, these finer particles are kept in
ontact within this matrix and thus the integrity of the electrode
s largely maintained, which leads to a significantly improved
lectrochemical cycling performance. The proposed hypothesis
To verify the formation of the secondary nanosized conduc-
ive matrix by SWNTs, HRTEM analysis was conducted on the
5Si-37SWNTs nanocomposite obtained after heat-treatment,

nd secondary matrix type Si/C/SWNTs nanocomposite.
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ig. 7. (a) Network formed by SWNTs. (b) Si embedded in the graphite pa
anocomposite.

he results of which are shown in Fig. 7. The HRTEM micrograph
f SWNTs in the Si/C/SWNTs sample is shown in Fig. 7(a),
hich reveals the network formed by clusters of SWNTs. The
ark spherical particles ∼3 nm in Fig. 7(a) correspond to the
atalyst particles used to generate the SWNTs. The HRTEM
icrograph of silicon (∼10–30 nm) embedded in the carbon
atrix during extended milling of 15 h is shown in Fig. 7(b).
ig. 7(c) shows the Si/C particles residing in the network formed
y SWNTs. The HRTEM results described above clearly show
hat the milled Si/C particle composite is contained within the

anoscale network created by the SWNTs. The narrow aspect
atio of the SWNTs combined with their ability to bend thus
elps to preserve the connectivity between the Si/C particles.
herefore, the active Si particles can undergo alloying and

a
l
g
a

. (c) Si/C particles residing within the SWNTs network for 35Si-37SWNTs

e-alloying with lithium without losing electrical contact with
arbon and the fragmented silicon particles. This structural
ntegrity helps the composite to exhibit the excellent capacity
nd stability.

The plot of differential capacity with cell potential for the
anocomposite sample of 35Si-37SWNTs is shown in Fig. 8.
pon examination of the differential capacity plot of the
anocomposite, peaks can be observed at ∼0.22, 0.15, 0.10 and
.07 V corresponding to the reaction of Li-ions with graphite
45]. The appearance of the peaks at ∼0.09, ∼0.24 and ∼0.29 V

fter the first cycle is characteristic of the alloying reaction of
ithium with silicon. The appearance of these peaks also sug-
ests the conversion of crystalline silicon to an amorphous state
fter the first cycle. Claye and Gao reported the appearance of
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Fig. 8. Plots of differential capacity with cell potential for 35Si-37SWNTs
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Fig. 9. (a) Comparison of specific capacity with cycle number of 45Si-
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the reaction of LiOH with silicon to form Li SiO during heat
anocomposite electrode. (a) After 1st and 2nd cycle and (b) after 2nd, 20th
nd 30th cycle.

voltage plateau on the first cycle of voltage-capacity plot of
WNTs at 0.75 and 0.9 V, respectively [25,26]. This plateau
oes not occur in the subsequent cycles and is attributed to the
ormation of SEI. Similarly, in this study, the formation of a SEI
ayer is identified by the presence of a broad peak at ∼0.85 V
n Fig. 8. The mechanism for Li ions insertion in SWNTs is not
ully understood yet. However, there are no obvious peaks cor-
esponding to insertion/extraction of the lithium ions into/from
he SWNTs seen in Fig. 8, which suggests that unlike the staging

echanism observed in graphite there is no well-defined redox
otential for lithium insertion or extraction with the SWNTs.
here are also no reports thus far on the insertion reaction of Li
ith SWNTs.
In an attempt to improve the cycling stability of the sam-

le 45Si-28SWNTs, LiOH has been added into the system by
onicating it with SWNTs prior to mixing with Si/C powders
ith a 1:1 atomic ratio corresponding to SWNTs in methanol
ia ultrasonication. The solution was then filtered and the
ollected powder was dried and mixed with Si/C powder as
escribed before. The cycling stability has been significantly

mproved as shown in Fig. 9. Without the functionalization
f the SWNTs with LiOH, the 45Si-28SWNTs nanocompos-
te exhibits a 1st discharge and 1st charge capacity of ∼1872

t
s
l

8SWNTs nanocomposite electrode with and without LiOH, both cycled at
rate of 250 �A cm−2. (b) Plot of differential capacity with cell potential of the
5Si-28SWNTs sample functionalized with LiOH.

nd ∼1121 mAh g−1, respectively, with a capacity loss of
.6% per cycle up to 30 cycles. The loss in the reversible
apacity compared with the calculated theoretical capacity of
1370 mAh g−1 could be attributed to the same reasons as

iscussed previously for 35Si-37SWNTs nanocomposite. A sig-
ificantly lower irreversible loss of 40% however is observed
or the 45Si-28SWNTs nanocomposite compared with that of
5Si-37SWNTs nanocomposite, which is due to the fact that
5Si-28SWNTs nanocomposite contains a lower (9%) amount
f SWNTs and therefore the surface area contribution to SEI for-
ation is correspondingly lower. This result is in well agreement
ith the previous discussion of the origin of the high irreversible

oss in the Si/C/SWNTs nanocomposite. After the functionaliza-
ion the capacity loss has significantly improved from 0.6% per
ycle to almost no fade up to 30 cycles as shown in Fig. 9(a).
he irreversible loss is also slightly decreased from 40% to 37%.
he differential capacity with cell potential for the nanocompos-

te samples containing LiOH is also shown in Fig. 9(b), which
s identical to Fig. 8. The improved stability could arise from
2 3
reatment. This layer may enhance the interface strength between
ilicon and carbon, and also between silicon and SWNTs, which
eads to a better cycling performance. Possible formation of
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i2SiO3 however consumes some silicon within the sample.
onsequently the overall capacity of 1066 mAh/g upto 30 cycles

s slightly lower than the sample containing no LiOH. More
etailed study is currently under way to elaborate the exact role
f the LiOH additive and validate the proposed hypothesis.

. Conclusion

Si/C/SWNTs nanocomposites were successfully synthesized
y dispersing SWNTs into the pre-milled Si/C powder using
igh power ultrasonication in toluene followed by a heat treat-
ent at a temperature 1073 K for 6 h. A composite containing

5 wt.% of Si and 37 wt.% SWNTs exhibited a stable capacity
f ∼900 mAh g−1 with moderate capacity retention of ∼0.3%
oss per cycle up to 30 cycles. The excellent capacity reten-
ion of Si/C/SWNTs with such a high reversible capacity is
ttributed to the formation of the nanosized conductive net-
ork matrix by SWNTs maintaining a good electrical contact
etween the silicon and graphite particles. The formation of
he SEI layer due to the presence of the oxygenated species
ttached to the surface of the SWNTs contributes to the large
rreversible loss of 49-37%. Functionalization of the SWNTs
ith LiOH improves the reversible capacity to 1066 mAh g−1

p to 30 cycles with no measurable capacity loss. These results
uggest that the Si/C/SWNTs nanocomposite is a very promis-
ng system for application as an alternative lithium-ion anode.
he system clearly deserves further research and a systematic
tudy is very much warranted.
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(1999) 61.
24] T. Ishihara, A. Kawahara, H. Nishigushi, M. Yoshio, Y. Takita, J. Power

Sources 97/98 (2001) 129.
25] A.S. Claye, J.E. Fischer, C.B. Huffmann, A.G. Rinzler, R.E. Smalley, J.

Electrochem. Soc. 147 (2000) 2845.
26] B. Gao, A. Kleinhammes, X.P. Tang, C. Bower, L. Fleming, Y. Wu, O.

Zhou, Chem. Phys. Lett. 307 (1999) 153.
27] H. Shimoda, B. Gao, X.P. Tang, A. Kleinhammes, L. Fleming, Y. Wu, O.

Zhou, Phys. Rev. Lett. 88 (2002), 015502- 1.
28] M.-F. Yu, B.S. Files, S. Arepalli, R.S. Ruoff, Phys. Rev. Lett. 84 (2000)

5552.
29] A. Thess, R. Lee, P. Nikolaev, H. Dai, P. Petit, J. Robert, Ch. Xu, Y.H.

Lee, S.G. Kim, A.G. Rinzler, D.T. Colbert, G. Scuseria, D. Tománek, J.E.
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