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bstract

Nanocomposite based on graphite (C), silicon (Si) and poly[(o-cresyl glycidyl ether)-co-formaldehyde] resin based amorphous hard carbon
HC), denoted as Si/C/HC, have been synthesized by thermal treatment of mechanically milled graphite, silicon and resin of nominal composition
–18 wt.% Si–40 wt.% resin at 973 K, 1073 K and 1173 K in ultrahigh purity argon atmosphere. The formation of the electrochemically inactive
iC is bypassed as well as the amorphization kinetics of graphite is reduced during prolonged milling of graphite and Si in the presence of

he resin. Microstructural analysis has confirmed that the Si nanoparticle gets embedded, and is homogeneously dispersed and distributed on
he graphite matrix after mechanical milling as well as after thermal treatment. Electrochemical studies have revealed that the Si/C/HC based
anocomposite, tested as a lithium ion anode, synthesized after thermal treatment at 1173 K exhibits a stable capacity of ∼640 mAh g−1 with an

xcellent capacity retention when cycled at a rate of ∼160 mA g−1. The nanocomposite anode also shows a moderate rate capability when cycled
t different discharge/charge rates. Scanning electron microscopy analysis indicates that the structural integrity and the microstructural stability of
he nanocomposite during the alloying/dealloying process contribute to the good cyclability observed in the above nanocomposites.

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

Rechargeable lithium ion batteries exhibiting high energy
nd high power density are in great demand as energy sources
or a variety of advanced technologies. Commercial lithium ion
atteries at present employ the use of graphitic carbon anode
hich provides a theoretical capacity of 372 mAh g−1 [1–3].
owever, the demand for new compact and modern portable

lectronic devices as well as for hybrid electric vehicles, portable
ower tools and backup power makes it even more critical for
he availability of higher energy density power sources with

xcellent cyclability and high rate capability. Lithium storage
nodes based on the alloying of lithium with metals and metal-
oids such as Sn, Si, Al and Sb are considered to be attractive

∗ Corresponding author at: Department of Materials Science and Engineering,
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ax: +1 412 268 7596.
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lternatives to graphite due to their low cost and high energy
ensities, which are up to an order of magnitude higher than
hat of graphitized carbon [2–4]. However, the severe crystal-
ographic volume changes that occur during the alloying and
ealloying processes of lithium lead to mechanical failure of the
node resulting in decrepitation and crumbling of the electrodes
2–5]. This effect seriously compromises the cycling efficiency,
ycle life and rate capability of Li ion cells due to the loss of
lectronic particle to particle contact and consequent increase in
lectrical resistivity of the electrode.

Considerable research efforts have thus been dedicated to
vercome this limitation of intermetallic electrodes by using
omposite materials, in which an electrochemically active
hase is homogeneously dispersed within an electrochemically
nactive matrix [3,6–10]. The electrochemically inactive phase
s preferred to comprise a sufficient volume fraction (∼60–70%)

f a soft and ductile matrix, which can accommodate the large
echanical stresses/strains generated and experienced by the

ctive phase. As a result, the structural integrity of the composite
lectrode can be retained during the alloying and dealloying

mailto:kumta@cmu.edu
dx.doi.org/10.1016/j.jpowsour.2006.12.013
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rocesses. In addition, the inactive matrix as well as the active
hase must possess high electronic conductivity and high
ithium ion diffusivity, respectively, in order to achieve high
ate capability.

In recent years, several authors have reported [10–17] that the
i/C based composites, prepared by decomposition of organic
recursors and/or using high energy mechanical milling, show
igher reversible capacity with respect to graphite and bet-
er capacity retention with respect to pure silicon. However,
he cycle life of these composite have unfortunately, not met
he practical battery requirements due to the deterioration of
he composite during cycling. It has been reported [11] that
ilicon and graphite based composite synthesized by thermal
yrolysis of polyvinyl chloride dispersed with nanosized sil-
con and fine graphite particles shows a reversible capacity

700 mAh g−1 with better cyclability than nanocrystalline Si
lone. Kim and Kumta [12] have reported that Si/C nanocompos-
te, synthesized by pyrolyzing mechanically milled silicon and
olystyrene resin, shows a reversible capacity of ∼850 mAh g−1

ith a reasonable capacity retention (1.1% loss per cycle). On
he other hand, Si/C composite, synthesized by moderate ball

illing of carbon (graphite, MCMB, disordered carbon, etc.)
nd nanocrystalline Si [15–17] shows a high first discharge and
harge capacity (∼800–1400 mAh g−1 depending on the com-
ositions studied) but exhibits poor capacity retention, which
s not suitable for practical commercial applications. Gross et
l. [16] have reported that the Si/C composite, synthesized by
echanical mixing of graphite and premilled Si powder for
period of about 15 min by using SPEX 8000 shaker mill,

hows a first charge capacity ∼800 mAh g−1 with a fade in
apacity ∼1.25% (∼600 mAh g−1 after 20 cycles) of nominal
omposition C–20 wt.% Si. The poor capacity retention of Si/C
omposite may arise not only due to Si being not homogeneously
ispersed and distributed in the carbon matrix, but also due to
oor interface adhesion between carbon and Si during the short
uration of milling. In this regard, extended milling could be
seful to disperse and distribute the active Si phase homoge-
eously in the graphite matrix. However, the formation of the
ndesired SiC and amorphization of graphite during prolonged
illing (e.g. within ∼5 h of milling in SPEX 8000 shaker mill)

f graphite and Si [10,18–21] limits the feasibility of mechanical
illing to synthesize Si/C composites for possible application

s an anode in the Li ion battery industry. In order to achieve the
igh capacity in excess of graphite with good cyclability in the
i/C based composite, it is of paramount importance to circum-
ent the formation of SiC during extended milling of graphite
nd silicon, and form a strong interface bonding between the
raphite and Si.

We have recently identified that the addition of polyacry-
onitrile (PAN) with graphite and silicon act as a diffusion
arrier to the reaction between graphite and silicon to form
iC during extended mechanical milling [10]. The composite
omprising silicon and graphite, coated with PAN based disor-

ered carbon, synthesized by thermal treatment of mechanically
illed silicon, graphite and PAN, exhibit a reversible capacity

f ∼660 mAh g−1 with an excellent capacity retention [10]. The
resent study addresses the feasibility of using o-cresol novolac

C
u
a
s

wer Sources 165 (2007) 368–378 369

poxy resin with graphite and silicon to bypass the formation of
iC during prolonged milling (∼15 h) using the SPEX 8000
haker mill, and to form a nanocomposite based on silicon,
raphite and resin based amorphous hard carbon by thermal
reatment of the mechanically milled powder where the active Si
anoparticle is homogeneously dispersed and distributed in the
raphite matrix combined with an enhanced interface adhesion
etween the silicon and graphite by coating with amorphous hard
arbon. In addition, a more detailed study on the microstructural
volution during mechanical alloying as well as after thermal
reatment and on the rate capability of the thermally treated
anocomposite electrode has been presented in the present arti-
le.

. Experimental details

.1. Materials synthesis

Mixtures of elemental powders of synthetic graphite
Aldrich, 1–2 �m), Si (Alfa aesar, −325 mesh) and poly[(o-
resyl glycidyl ether)-co-formaldehyde] based epoxy resin
average Mn ∼ 1080, Aldrich) of elemental composition
–18 wt.% Si–40 wt.% resin were subjected to mechanical
illing in a high energy shaker mill (SPEX CertiPrep 8000M)

p to 15 h in a stainless steel (SS) vial using 30 SS balls of
mm diameter (∼30 g) with a ball to powder weight ratio
0:1. Specifically, 1.2 g of resin was dissolved in ∼10 ml N-
ethylpyrrolidinone (NMP) to form a homogeneous solution.
raphite (∼1.26 g), Si (∼0.54 g) and the resin solution were
atched in a vial inside an argon filled glove box (Vacuum Atmo-
phere HE-493, ∼10 ppm oxygen and ∼0.10 ppm moisture) in
rder to prevent oxidation of the reactive components during
illing. The resin solution keeps the ingredients and grinding

alls completely submerged. This was helpful to avoid excessive
old welding, agglomeration and temperature build up during
illing. In order to decompose the resin to form resin based

morphous hard carbon (HC) [22–25], the mechanically milled
owders were annealed isothermally at 773 K, 973 K, 1073 K
nd 1173 K for 6 h at each temperature in an ultrahigh purity
rgon (UHP-Ar) atmosphere using a heating rate 10 K min−1

nd a flow rate of 100 mL min−1.

.2. Materials characterization

In order to perform qualitative phase analysis, the milled
owders as well as heat treated powders were characterized
y X-ray diffraction (XRD) using the Philips XPERT PRO
ystem employing the Cu K� (λ = 0.15406 nm) radiation. Addi-
ionally, to identify the decomposition temperature and yield
f the resin, differential thermal analysis (DTA) and thermo-
ravimetric analysis (TGA) has been performed on the pure
esin. The DTA/TGA experiments were performed in a simul-
aneous TGA/DTA machine (TA 2960, TA Instrument, New

astle, DE) under UHP-Ar at a heating rate of 10 K min−1

sing ∼17 mg resin. To investigate the microstructure of the
s prepared composites as well as the electrochemically cycled
ample, scanning electron microscopy (SEM) and transmission
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chemically active Si particles are homogeneously dispersed and
distributed on the graphite matrix. During high energy mechan-
ical milling of graphite and silicon, it can be expected that the
harder silicon particles gets fragmented and embedded in the

Table 1
Elemental composition and specific surface area of C–18 wt.% Si–40 wt.% resin
generated after 15 h of milling and after thermal treatment at 773 K, 973 K,
1073 K and 1173 K for 6 h each in UHP-Ar

C (wt.%) Si (wt.%) Fe (wt.%) Specific surface
area (m2 g−1)

15 h 78.39 17.44 4.17 18
ig. 1. XRD patterns of C–18 wt.% Si–40 wt.% resin generated after 15 h of
illing and after thermal treatment at 773 K, 973 K, 1073 K and 1173 K for 6 h

ach in UHP argon following the 15 h of milling.

lectron microscopy (TEM) analysis was conducted. Quanti-
ative elemental analysis and distribution of the elements (by
-ray mapping) in the composite was further investigated using

he energy dispersive X-ray (EDS) analyzer attached with the
EM. Philips XL-30FEG equipped with an EDS detector sys-

em comprised of an ultrathin beryllium window and Si(Li)
etector operating at 25 kV was employed for the secondary
lectron (SE) image, elemental and X-ray mapping analyses.
EOL 4000EX operating at 400 kV was employed for conduct-
ng TEM analysis to evaluate the particle size and the distribution
f phases within the composite. The specific surface area of the
omposite after mechanical milling as well as after thermal treat-
ent was measured using the BET method from the nitrogen

dsorption/desorption data obtained at 77 K using a NOVA2000
Quantachrome) automatic BET surface area and porosimetry
nalyses unit. Before measuring the surface area, all the samples
∼0.05 g) were degassed at 423 K for 12 h.

Electrochemical characteristics were analyzed from elec-
rodes that were prepared by mixing 82 wt.% of the active
owder of −325 mesh and 8 wt.% acetylene black. A solu-
ion containing 10 wt.% polyvinylidene fluoride (PVDF) in
-methylpyrrolidinone was added to the mixture. The as-
repared solution was coated onto a Cu foil. A 2016 coin cell
esign was used employing lithium foil as an anode and 1 M
iPF6 in ethylene carbonate/diethyl carbonate (EC/DEC = 1:2

n volume) as the electrolyte. All the cells tested in this study
ere cycled at room temperature (∼298 K) in the voltage

ange from 0.02 to 1.2 V employing different discharge/charge
ates (40–160 mA g−1) and a minute rest period between the
harge/discharge cycles using a potentiostat (Arbin electro-
hemical instrument).

. Results and discussion
Fig. 1 shows the XRD patterns obtained from the
raphite–18 wt.% Si–40 wt.% resin composite precursor after
5 h of milling. As shown in Fig. 1, the XRD patterns of the

1
1

wer Sources 165 (2007) 368–378

5 h milled sample show the presence of graphite and silicon
ithout any detectable amount of SiC. The formation of elec-

rochemically inactive SiC, which could be easily formed during
igh energy mechanical milling (e.g. within ∼5 h of mechani-
al milling in SPEX 8000 shaker mill) of pure graphite and Si
10,18,19], is bypassed in the presence of the resin solution. In
ddition, graphite also retains its graphitic structure in the pres-
nce of the resin solution even after ∼15 h of milling. It has been
eported by earlier researchers [10,19–21] that graphite trans-
orms to an amorphous form during high energy mechanical
illing (e.g. within ∼2 h of milling in SPEX 8000 shaker mill).
he present results clearly suggest that the resin solution, which

s expected to be absorbed and coated on the newly formed sur-
aces of the particles generated by the processes of repeated cold
elding and fracture during mechanical milling, acts as a diffu-

ion barrier to the interfacial diffusion reaction between graphite
nd Si to form electrochemically inactive SiC. Furthermore, it
lso reduces the amorphization kinetics of graphite.

The SEM secondary electron image of 15 h milled sample,
hown in Fig. 2a, indicates the formation of irregularly shaped
ne particles (<0.5 �m) which are expected to be coated by the
esin due to the good wettability of the resin solution with the
i and graphite particles, and the outstanding adhesive proper-

ies of the epoxy resin. The elemental composition determined
y microanalysis using energy dispersive X-ray spectroscopy,
hown in Fig. 2b, indicates the presence of carbon, silicon and
ron in the 15 h milled sample. Quantitative analysis of the ele-

ental composition obtained by EDS is presented in Table 1.
ppearance of the Fe peak in the EDS (Fig. 2b) mainly arises

rom the iron contamination in the 15 h milled sample due to the
S milling media caused by frictional wear due to impingement
f the harder Si and graphite particles with the relatively soft SS
alls and the SS walls of the container.

Iron contamination from the milling media in the as-milled
ample could not be observed in the XRD patterns (Fig. 1)
ainly due to the highly nanocrystalline nature of iron and con-

olution of the most intense bcc iron peak (2θ = 44.6◦) with the
raphite peak. In order to determine the distribution of the C
nd Si, elemental X-ray mapping has been used and the result
s shown in Fig. 2c and d. The elemental X-ray maps of C and
i combined with the SE image (Fig. 2a) show that the electro-
773 K 74.20 20.76 5.04 105
973 K 70.00 24.43 5.57 125
073 K 69.20 25.13 5.67 110
173 K 70.12 24.29 5.59 106
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ig. 2. SEM secondary electron image (a), EDS spectra (b), and X-ray eleme
illing.

ofter graphite matrix. The TEM bright field image, shown in
ig. 3, confirms that the nanocrystalline Si (∼10 nm) is embed-
ed and homogenously distributed on the softer graphite matrix
esulting in an intra-type nanocomposite.

The results above show that the resin prevents the forma-
ion of electrochemically inactive SiC, and also reduces the
morphization kinetics of graphite during prolonged milling
f Si and graphite. However, the presence of resin is undesir-
ble in the final product due to its poor electrical conductivity
nd poor lithium ion diffusivity which is expected to deterio-
ate the electrode performance of the nanocomposite. Hence,
t is necessary to pyrolyze and convert the resin to an electri-
ally conductive and lithium ion diffusive amorphous carbon
y thermal decomposition [22,23] at a suitable temperature to
revent the formation of SiC. In order to identify the decom-
osition temperature and weight loss of the resin, DTA/TGA

as been performed for pure poly[(o-cresyl glycidyl ether)-co-
ormaldehyde] resin. The DTA curve of pure resin, shown in
ig. 4, shows a sharp exothermic peak at around 648 K. On

he other hand, the TGA result (Fig. 4) shows a significant

b
6
r
S

ap of C (c) and Si (d) of C–18 wt.% Si–40 wt.% resin obtained after 15 h of

eight loss (∼72%) in the temperature region 550–800 K which
orresponds to the carbonization step of the resin to form amor-
hous hard carbon [24,25]. The carbonization level continues
o increase with increasing temperatures due to a series of com-
lex chemical reactions such as, condensation, dehydrogenation,
romatization, re-organization, decomposition, etc. [24,25]. The
GA curve also shows a ∼22% weight loss in the temperature

ange of 800–1173 K which mainly arises due to the removal
f the residual hydrogen/oxygen species from the resin derived
morphous carbon [22–25]. These results are in agreement with
eports indicating [22–25] that an amorphous carbon skeleton
ith minimal amount of hydrogen/oxygen is formed after ther-
al treatment at and above ∼973 K. The thermal analysis results

hus were also be used to ascertain the composition of the
anocomposite after thermal treatment.

Based on the DTA/TGA results, the 15 h milled powder has

een thermally treated at 773 K, 973 K, 1073 K and 1173 K for
h each in UHP-Ar atmosphere to decompose the resin to form

esin based amorphous hard carbon. It has been identified that
iC begins to form when the milled powder is thermally treated
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ig. 3. TEM bright field image shows that the nanoparticle Si is embedded and
omogeneously distributed on the graphite matrix of C–18 wt.% Si–40 wt.%
esin generated after 15 h of milling.

bove 1173 K, and hence thermal treatment has been limited to
emperature of 1173 K in the present study. The XRD patterns
f the powder thermally treated up to 1173 K, shown in Fig. 1,
how the characteristic peaks corresponding to graphite and Si
ithout exhibiting any detectable amount of SiC. However, in

ddition to Si and graphite, new XRD peaks have been detected
n the XRD patterns (Fig. 1) after thermal treatment at and above
73 K. The new XRD peaks observed after thermal treatment at
73 K, 973 K and 1073 K were successfully indexed as bcc iron
f lattice parameter ∼0.2866 nm. The appearance of the Fe peak

n the XRD patterns confirm the EDS result (Fig. 2b) of the 15 h

illed sample which shows the presence of nanocrystalline Fe,
rising as a contaminant from the stainless steel milling media

ig. 4. DTA/TGA traces of poly[(o-cresyl glycidyl ether)-co-formaldehyde]
esin conducted in UHP argon.
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ue to frictional wear arising from the impingement of the hard
i particles with the SS balls and the SS walls of the container.
he nanocrystalline iron is supposed to undergo significant grain
rowth at temperatures only above ∼700 K [26,27] and there-
ore the XRD peaks of iron has been detected in the present
xperiment after thermal treatment of the milled powder at and
bove 773 K. At the same time, the new XRD peaks observed at
173 K has been indexed as ordered B2 Fe3Si which suggest that
he iron contaminant reacts with silicon at high temperatures to
orm iron silicides, consequently reducing the amount of active
ilicon in the nanocomposite. The thermally treated powder of
ominal composition C–18 wt.% Si–40 wt.% resin thereafter
ill be denoted as Si/C/HC nanocomposite. The composition
f the Si/C/HC nanocomposite obtained after thermal treatment
t 1173 K is estimated based on the 23% yield of amorphous HC
btained from the resin determined by thermal analysis (Fig. 4),
onsidering no weight loss of Si and graphite during the thermal
reatment. The composition of the nanocomposite is determined
o be approximately C–26 wt.% Si–13.3 wt.% HC. However,
aking into consideration the 5.6 wt.% Fe contamination from
he milling media, analyzed by EDS after thermal treatment at
173 K (Table 1), the composition of the Si/C/HC composite
ynthesized after thermal treatment at 1173 K can be estimated
o be approximately C–24.5 wt.% Si–12.5 wt.% HC–5.6 wt.%
e.

In order to study the change in the size, shape and
icrostructure of the particles after thermal treatment at var-

ous temperatures, SEM investigation has been conducted on
he Si/C/HC nanocomposite obtained after thermal treatment at
ifferent temperatures. Fig. 5 shows the SEM secondary elec-
ron image of Si/C/HC nanocomposite synthesized after thermal
reatment for 6 h each at 773 K, 973 K, 1073 K and 1173 K in
HP-Ar, respectively. The secondary electron images (Figs. 2a

nd 5) show that there is no significant change in the particle size,
hape and morphology of Si/C/HC composite with increase in
emperature up to 973 K. However, a minimal particle growth has
een observed with increase in temperature above 973 K which
ay be due to the interparticle interaction due to the expected

hysical and chemical affinity between the graphite matrix and
he amorphous hard carbon. The specific surface area of the
i/C/HC composite synthesized at various temperatures along
ith the 15 h milled powder, measured by BET, is tabulated in
able 1. The specific surface area of the Si/C/HC nanocomposite
ynthesized after thermal treatment at 773 K increases signifi-
antly (∼105 m2 g−1) in comparison to the mechanically milled
owder (∼18 m2 g−1) due to the decomposition of the resin to
orm a highly porous amorphous hard carbon [24,25]. With fur-
her increase in the annealing temperature to 973 K, the specific
urface area subsequently increases to ∼125 m2 g−1 which may
e due to the higher amorphous carbon yield from the resin with
ncrease in temperature. A minimal reduction in specific surface
rea (∼110 m2 g−1 at 1073 K and ∼106 m2 g−1 at 1173 K) with
urther increase in temperature above 973 K may be a result of

he minimal particle growth above 973 K.

The elemental composition analysis obtained by EDS of
i/C/HC composite obtained after thermal treatment at 773 K,
73 K, 1073 K and 1173 K (shown in Fig. 6 as an example for



M.K. Datta, P.N. Kumta / Journal of Power Sources 165 (2007) 368–378 373

F ted af
(

c
o
e
c
t

F
F
f

w

ig. 5. SEM secondary electron images of C–18 wt.% Si–40 wt.% resin genera
c) and 1173 K (d) for 6 h each in UHP argon.

omposite heat treated at 1173 K for 6 h) indicates the presence

f carbon, silicon and iron, and the quantitative estimate of the
lemental composition is tabulated in Table 1. The elemental
omposition of the Si/C/HC composite obtained after thermal
reatment at 973 K, 1073 K and 1173 K is in good agreement

ig. 6. The EDS spectra of Si/C/HC composite taken on the SEM image in
ig. 5d for the composite obtained after thermal treatment at 1173 K in UHP-Ar
or 6 h.

t
d
d
c
p
e
i
a
o
t
w
b
1
d
T
i
c
t
a
f
i
r

n
T
9

ter 15 h of milling and after thermal treatment at 773 K (a), 973 K (b), 1073 K

ith the estimated composition that has been calculated from
he starting composition and the yield of amorphous hard carbon
erived from resin obtained by thermal analysis measurement
iscussed earlier for the sample treated at 1173 K. This result
learly suggests that the carbonization of the resin is nearly com-
lete after thermal treatment at 973 K, 1073 K and 1173 K. The
lemental X-ray maps of C and Si of Si/C/HC nanocompos-
te synthesized after thermal treatment at 773 K, 973 K, 1073 K
nd 1173 K, which are similar to the X-ray maps of C and Si
f mechanically milled sample (Fig. 2c and d), indicates that
he Si particles are homogeneously dispersed and distributed
ithin the graphite matrix after thermal treatments. The TEM
right field image (Fig. 7) of Si/C/HC composite synthesized at
173 K confirms that the nanocrystalline Si (∼25 nm) is embed-
ed and homogeneously distributed within the graphite matrix.
his result clearly indicates that the increase in particle size with

ncreasing temperature is only marginal for nanocrystalline sili-
on (from ∼10 nm in the as-milled state to ∼25 nm at 1173 K) in
he Si/C/HC nanocomposite. The presence of graphitic carbon
nd amorphous hard carbon in Si/C/HC composite can there-
ore be expected to serve as grain growth inhibitors preventing
nterparticle growth causing coarsening of Si nanoparticle in the
esulting Si/C/HC nanocomposite.
Electrochemical studies have been conducted for the Si/C/HC
anocomposite to explore its potential as a lithium ion anode.
he nanocomposites synthesized after thermal treatment at
73 K, 1073 K and 1173 K each for 6 h in UHP-Ar were tested for
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ig. 7. TEM bright field image shows that the nanoparticle Si is embedded and
omogeneously distributed on the graphite matrix of C/Si/HC nanocomposite
ynthesized after thermal treatment at 1173 K in UHP-Ar for 6 h.

heir electrochemical characteristics since the decomposition of
he resin is expected to nearly complete at the above-mentioned
emperatures. Fig. 8 shows the variation of specific capacity ver-
us cycle number of the Si/C/HC nanocomposites synthesized at
73 K, 1073 K and 1173 K, respectively, cycled at a constant cur-
ent of 160 mA g−1. As shown in Fig. 8, the first discharge and
rst charge capacity of the Si/C/HC nanocomposite decreases
ith increasing annealing temperature. The first charge capacity
f the Si/C/HC nanocomposite obtained after thermal treat-
ent at 973 K (∼833 mAh g−1) is ∼9% and ∼28% higher than

he Si/C/HC nanocomposite obtained after thermal treatment at
073 K (∼757 mAh g−1) and 1173 K (∼599 mAh g−1), respec-
ively. This result clearly suggests that the weight fraction of the
ctive Si phase decreases significantly after thermal treatment at
173 K due to the reaction of silicon with the iron contaminant
o form the inactive iron silicides B2 Fe3Si during thermal treat-
ent at 1173 K which is in good agreement with the XRD results
Fig. 1). On the other hand, the irreversible loss in the first cycle
or the Si/C/HC nanocomposite, plotted in Fig. 9, decreases with

ig. 8. Specific capacity vs. cycle numbers of the Si/C/HC derived nanocom-
osite electrode obtained after thermal treatment at 973, 1073 and 1173 K in
HP-Ar for 6 h each, and cycled at a constant current of 160 mA g−1.
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ig. 9. Variation in fade in capacity (%) and irreversible loss of Si/C/HC
anocomposite obtained after thermal treatment at different temperatures.

ncreasing heat treatment temperature. This can be expected due
o the reduced extent of the solid–electrolyte interface reac-
ion occurring due to a decrease in the specific surface area
ith increase in temperature (Table 1). The decreasing amount
f hydrogen/oxygen species, which react with Li irreversibly
22,23], with increasing annealing temperature probably also
ontributes to the reduction in the irreversible loss with increas-
ng heat treatment temperatures.

The percentage fade in capacity per cycle of the Si/C/HC
anocomposites as a function of heat treatment temperature has
lso been plotted in Fig. 9. The retention in capacity significantly
mproves with increasing heat treatment temperature. For exam-
le, the Si/C/HC nanocomposite obtained after heat treatment at
73 K and 1073 K shows a fade in capacity of 0.64% and 0.2%
oss per cycle, respectively, whereas the Si/C/HC nanocompos-
te obtained after thermal treatment at 1173 K exhibits a loss
n capacity of only 0.05% loss per cycle. Based on the above
lectrochemical results, it can be concluded that the Si/C/HC
anocomposite synthesized after thermal treatment at 1173 K is
romising as an anode for lithium ion applications due to the low
ade in capacity as well as low irreversible loss in comparison to
he Si/C/HC nanocomposite obtained after thermal treatment at
73 K and 1073 K. The Si/C/HC nanocomposite obtained after
hermal treatment at 1173 K shows a first discharge and first
harge capacity ∼880 and ∼599 mAh g−1, respectively, with an
rreversible loss of ∼31%. As shown in Fig. 8, the reversible
apacity increases with subsequent cycles and after the fourth
ycle the nanocomposite exhibits an optimal reversible capacity
640 mAh g−1 with excellent capacity retention up to 30 cycles.
In order to study the rate capability of the Si/C/HC

anocomposite synthesized at 1173 K, the nanocomposite has
een discharged/charged at different rates of 40 mAh g−1,
0 mAh g−1 and 120 mAh g−1 in addition to 160 mAh g−1. The
ariation in specific capacity versus cycle number of the Si/C/HC
anocomposite cycled at different rates is shown in Fig. 10.
he variation of first discharge, first charge and second dis-

harge of the Si/C/HC nanocomposite synthesized at 1173 K,
lotted in Fig. 11, decreases almost linearly with increasing
ischarge/charge rate. For example, the first charge capacity
ecreases with increasing discharge/charge rate and the vari-
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ig. 10. Specific capacity vs. cycle numbers of Si/C/HC derived nanocomposite
lectrode obtained after thermal treatment in UHP-Ar for 6 h at 1173 K at a
ifferent rate of 40, 80, 120 and 160 mA g−1.

tion in capacity can be related to a rate equation given by
= 729 mAh g−1 − 0.8425X mAh g−1, where Y and X denote the
rst charge capacity (mAh g−1) and the discharge/charge rate
mA g−1), respectively. From the above equation, the expected
rst charge capacity of the Si/C/HC nanocomposite at very slow
ischarge/charge rate (X ∼ 0 mA g−1) can be extrapolated to be
729 mAh g−1. The capacity retained at the discharge/charge

ate of 160 mA g−1 is ∼599 mAg g−1 which is about 82% of
hat capacity (∼729 mAh g−1) thus indicating that the Si/C/HC
s a promising anode material for lithium battery application
or moderately high charge/discharge rates. The decrease in
pecific capacity with increasing charge/discharge rate mainly
rises due to the slow rate of diffusion of Li through the com-
osite. The diffusion rate and as a result, the rate capability
s expected to be enhanced with reduction in the particle size
t the nanometer level where diffusion will be dictated mainly
y grain boundary diffusion rather than bulk diffusion [28,29].

n addition, the use of SFG synthetic graphite [30] instead of
atural graphite as a matrix could improve the rate capability
f the Si/C/HC composite due to its demonstrated high rate
apability.

∼
(
n
o

ig. 12. Differential capacity vs. cell potential curves of the Si/C/HC nanocomposit
fter 1st and 2nd cycle and (b) after 10th, 20th and 30th cycles.
ig. 11. Variation of the first discharge, first charge and second discharge capac-
ty of Si/C/HC nanocomposite cycled at different rates.

The differential capacity plot of the Si/C/HC nanocomposite
btained after thermal treatment at 1173 K (Fig. 12a), cycled
t a rate of 160 mA g−1, shows that in addition to silicon,
raphite/HC also has significant contribution on the overall
apacity of the nanocomposite. The reversible capacities of
raphite and resin based hard carbon determined from indi-
idual testing of cells were ∼300 mAh g−1 (at ∼C/10 rate)
nd ∼250 mAh g−1 (at ∼C/10 rate), respectively. Therefore, the
xpected contribution on the overall capacity of the nanocom-
osite due to the presence of electrochemically active graphite
∼57.4 wt.%) and resin based HC (∼12.5 wt.%) in the nanocom-
osite is approximately ∼200 mAh g−1. Hence, the enhanced
eversible capacity of Si/C/HC nanocomposite arises mainly
rom the Si nanoparticle. The appearance of peaks correspond-
ng to ∼0.09, ∼0.24 and ∼0.29 V after the first cycle suggests
hat the crystalline Si transforms to amorphous Si after the
rst cycle. After the first cycle, the peak intensity correspond-

ng to the reaction of Li ion with amorphous Si (∼0.24 and

0.29 V) and graphite remains almost unchanged with cycling

Fig. 12b) which suggests the excellent capacity retention of the
anocomposite with cycling. The excellent capacity retention
f the Si/C/HC nanocomposite observed is probably due to the

e electrode synthesized by thermal treatment in UHP-Ar for 6 h at 1173 K (a)
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ig. 13. SEM micrograph of the Si/C/HC electrode obtained after thermal treat

aintenance of the structural integrity of the electrode during
he alloying and dealloying processes.

The SEM secondary electron image of the uncycled and
ycled samples of Si/C/HC nanocomposite obtained after ther-

al treatment at 1173 K, shown in Fig. 13, indicates the excellent

tructural integrity of the electrode even after 30 cycles. How-
ver, in order to study the possible debonding of Si particles
rom the graphite matrix and/or the failure of the graphite matrix,

S
t
t
i

ig. 14. High magnification SEM micrograph of Si/C/HC electrode, obtained after t
or 30 cycles, and X-ray elemental map of (c) C and (d) Si of Si/C/HC electrode afte
in UHP-Ar for 6 h at 1173 K (a) before and (b) after cycling for 30 cycles.

hich can deteriorate the electrode performance during repeated
harge/discharge processes, SEM images of the electrode have
een obtained at a higher magnification. Fig. 14a and b shows
he higher magnification secondary electron SEM image of the

i/C/HC nanocomposite before and after cycling. There appears

o be no significant change in microstructure or morphology of
he particles although the formation of the thick solid electrolyte
nterphase (SEI) on the particle surface appears to be evident.

hermal treatment in UHP-Ar for 6 h at 1173 K, (a) before and (b) after cycling
r cycling for 30 cycles.
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he SEI film which is conductive to lithium ions but electroni-
ally insulating, is formed due to the reductive decomposition of
he electrolyte solution on the surface of the particle in the initial
tate of charging [31,32]. It is also possible that the SEI layer
ontributes to the excellent capacity retention of this nanocom-
osite. In order to identify the distribution of graphite and silicon
f the underlying Si/C/HC nanocomposite covered by SEI layer,
he X-ray mapping of carbon and silicon has been performed
n the cycled electrode. The X-ray maps of C and Si obtained
rom the Si/C/HC nanocomposite obtained after heat treatment
t 1173 K cycled for 30 cycles (Fig. 14c and d) show that the Si
article is still homogeneously dispersed and distributed on the
raphite matrix without any segregation which suggested that
here is no significant debonding of silicon from the graphite

atrix during cycling. The X-ray maps of graphite and silicon
fter cycling also suggests that there is no structural failure of
he underlying Si/C/HC composite covered by SEI layer. This
esult clearly suggests that the structural integrity (no debonding
f Si particles or failure of the matrix) of Si/C/HC nanocompos-
te synthesized after thermal treatment at 1173 K is maintained
uring the repeated alloying and dealloying processes.

The excellent structural integrity of the Si/C/HC nanocom-
osite synthesized after thermal treatment at 1173 K is expected
o arise due to the homogeneous dispersion and distribution of
i within the graphite matrix during extended milling. In addi-

ion, the solution coating by the resin is expected to enhance
he wettability between graphite and the embedded Si during

echanical milling, and as a result, the amorphous HC obtained
y thermal decomposition of the resin may improve the mechan-
cal properties of the composite by enhancing the interface
dhesion/bonding between Si and graphite arising due to the
referred chemical affinity between the graphite matrix and the
morphous hard carbon. With increase in the heat treatment
emperature it is expected that the interface strength between
raphite and silicon is enhanced due to the stronger interface
onding. Thus, the resin based amorphous hard carbon coating is
xpected to improve the capacity retention with increase in tem-
erature due to enhancement of the interface strength between
raphite and silicon. The amorphous hard carbon coating on
ach and every individual particle is also expected to improve
he fatigue strength of the Si/C/HC nanocomposite due to the
eneration of a compressive stress on the Si/C core. The com-
ressive stress within the core by amorphous hard carbon coating
ay result in the enhancement of the cycle life of the composite
hich typically experiences progressive stress/strain cycles dur-

ng the repeated alloying/dealloying processes. However, further
tudies are necessary to understand the influence of these struc-
ural aspects on the mechanical property of the nanocomposite.

ore studies are also warranted to determine the exact role of the
esin derived amorphous HC in enhancing the cycling stability
f the Si/C/HC composites.

. Conclusion
An intra-type nanocomposite based on graphite as a matrix
nd silicon nanoparticle as a dispersoid, coated with amorphous
ard carbon, has been synthesized as a suitable anode material
wer Sources 165 (2007) 368–378 377

or lithium ion batteries. High energy mechanical milling has
een performed on graphite and silicon particles in the presence
f the poly[(o-cresyl glycidyl ether)-co-formaldehyde] epoxy
esin to form the graphite, silicon and amorphous hard carbon
ased nanocomposite. The epoxy resin acts as a diffusion bar-
ier to the interfacial reaction between graphite and silicon to
orm the electrochemically inactive SiC. Each individual parti-
le is expected to be coated with epoxy resin due to its good
ettability and excellent adhesive properties with metallic par-

icles. The SEM, EDS, X-ray mapping and TEM investigation
as confirmed that the nanoparticle silicon (∼10 nm) formed
y the repeated process of fracture during mechanical milling,
s embedded and homogeneously dispersed on the graphite

atrix. In order to decompose the epoxy resin to electrically
onductive and lithium ion diffusive amorphous hard carbon,
he mechanically milled powder is thermally treated at 973 K,
073 K and 1173 K for 6 h in ultrahigh purity argon atmosphere,
espectively. Therefore, an intra-type nanocomposite based on
raphite and silicon coated with resin based amorphous hard
arbon, denoted as Si/C/HC, is obtained after thermal treat-
ent of mechanically milled powder at 973 K, 1073 K and

173 K for 6 h. The interface strength/adhesion between graphite
nd embedded silicon, coated with amorphous hard carbon,
s expected to increase with increase in temperature due to
nhancement of the interface bonding with increase in tempera-
ure. The electrochemical studies have revealed that the Si/C/HC
anocomposite synthesized after thermal treatment at 1173 K
or 6 h exhibit low fade in capacity (∼0.05% loss per cycle)
nd low irreversible loss (∼31%) in comparison to the Si/C/HC
anocomposite obtained after thermal treatment at 973 K and
073 K. The resultant Si/C/HC based nanocomposite anodes
btained after thermal treatment at 1173 K exhibit a stable
apacity of ∼640 mAh g−1 with an excellent capacity retention
∼0.05% loss per cycle) when cycled at a rate of ∼160 mA g−1.
he nanocomposite anode obtained at 1173 K also shows a mod-
rate rate capability when cycled at different discharge/charge
ates (∼40–160 mA g−1). Scanning electron microscopy and
-ray mapping analyses indicate that the structural integrity

nd the microstructural stability of the nanocomposite during
he alloying/dealloying process appear to be the main reasons
ontributing to the good cyclability observed in the Si/C/HC
anocomposites synthesized after thermal treatment at 1173 K.
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