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Most composite anode systems research on lithium ion batteries to date focus on pristine unalloyed Si
as the electrochemically active component combined with a suitable matrix component that is electro-
chemically inactive or relatively inactive to lithium ions. Herein, we report the generation of composites
by electrochemical synthesis in situ, denoted as Li-Si/C based on Li-Si alloys synthesized as dispersoids
in a carbon (C) matrix, as potential anode materials for lithium ion batteries. The electrochemical perfor-
mance of the Li-Si/C composite of different compositions generated has been systematically studied in

ii};vgzrdS: order to identify a suitable Li-Si-C composition that could be most effective as a lithium ion anode. The
Lithium ion resultant alloy would also exhibit stable electrochemical capacities while expecting to deliver high energy
Silicon density during discharge with suitable cathode systems. This study shows that the Li-Si/C composite of
Carbon composition 64 at.% C-21.6 at.% Li-14.4at.% Si, comprised of Li-Si alloy of compositions in the vicinity

of Li-40at.% Si dispersed in the C matrix cycled within the stable potential window of 0.02-0.5V, has
the potential characteristics of being a promising anode material displaying excellent capacity retention
(~0.13% loss per cycle) with high specific capacity (~700mAhg-'), and also expected to deliver high

Nanocomposite

energy density during discharge in the full cell configuration employing a suitable cathode.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Rechargeable lithium ion batteries comprised of silicon or silicon
alloys as an anode in recent years has gained tremendous inter-
est due to its high theoretical specific capacity (~4212mAhg-1)
corresponding to the formation of a high lithium content inter-
metallic (Li» Sis ) or an amorphous phase of equivalent composition
Li-18.5at.% Si [1-3]. Therefore, Si based anodes render them-
selves useful for possible application in modern portable electronic
devices as well as the much anticipated use in electric/hybrid elec-
tric vehicles due to the expected significantly improved gravimetric
capacity and energy density in comparison with currently used
lithium ion batteries based on utilizing carbon anodes [1-4]. How-
ever, the Si based anode materials with the characteristic high
specific capacity undergo a large volume expansion and contraction
(~2-4 times) during electrochemical cycling due to the repeated
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alloying and dealloying processes of Si with lithium ions to form
intermetallic or amorphous phases containing high lithium con-
tent [1-5]. This large volume expansion/contraction as is known
leads to catastrophic structural failure of the Si based electrodes
during repeated alloying and dealloying cycling processes of Li
ions with Si, and as a result the Si based anode materials show
poor capacity retention due to eventual loss of electrical contact
between the cracked and isolated Si particles, and the current
collector [1-7]. This instability ultimately results in failure of the
anode and eventually the entire battery. In order to improve the
structural stability of the electrode (i.e. capacity retention) of Si
based anode materials, the concepts of generating active-inactive
or active-relatively active composites ex situ as well as electro-
chemically in situ has been explored in great detail primarily to
improve the mechanical properties and electronic conductivity of
the composite materials wherein the electrochemically active Si is
homogeneously dispersed and distributed within a suitable matrix
[1,8-20]. The inactive or relatively active matrix is expected to dis-
play excellent mechanical strength which can accommodate the
mechanical stresses and strains experienced by the active Si phases
during the alloying and dealloying processes. In addition, the matrix
as well as the electrochemically active phase must possess high
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Intermetallic lithium silicides with their molar volume (V) and the volume expansion ((Vi — Vs;)/Vsi) per mole of Si along with the theoretical specific capacity, and the
reported equilibrium discharge and charge potential [1,22-24] associated with the formation of respective phases by alloying of lithium with silicon.

Intermetallics Vi (cm3 mole—') (Vi — Vsi)/Vsi (%) Gravimetric

Volumetric capacity Equilibrium discharge Equilibrium charge

capacity (mAhg!) (mAhcm3) potential (V) potential (V)
Liq2Siz 26.21 ~117 ~1641 ~1757 0.332 0.58
Li7Sis 31.00 ~157 ~2234 ~2023 0.288 0.52
Liq3Sis 40.53 ~236 ~3111 ~2155 0.158 0.428
Liy Sis 49.62 ~311 ~4212 ~2383 0.044 0.300

Vs; is the molar volume of Si (~12.06 cm® mol-1).

electronic conductivity and high lithium ion diffusivity in order to
achieve highrate capability. In this regard, different types of Si based
composites have recently been generated and investigated [1,8-20].
These systems, synthesized with different kinds of matrices utiliz-
ing a variety of synthesis techniques, show improved cyclability
with respect to pure silicon [1,8-20] primarily due to the enhance-
ment in the mechanical properties and electronic conductivity.
Despite these recent reports [1,8-20], the capacity retention of the
Si based anode materials using the composite structures utilizing
crystalline, nanocrystalline or amorphous silicon as the dispersoid
is still not suitable for use in commercial applications due to the
high degree of capacity fade per cycle (>0.1% loss per cycle).

Therefore, in addition to improving the mechanical properties of
the Si based materials systems, there is a stringent need to reduce
the volume expansion/contraction during repeated alloying and
dealloying processes of Si with Li ion in order to obtain long term
stability of the Si based anode. These aspects pose a formidable
challenge to materials scientists and electrochemists. Table 1 lists
the intermetallic lithium silicides in the Li-Si system expected to
be formed under equilibrium conditions following the Li-Si binary
phase diagram [21]. Table 1 also shows the expected theoretical
volume expansion per mole of Si, and the associated theoretical
specific capacity characteristic of the different equilibrium Li-Si
based intermetallics formed during the alloying reaction of Li with
Si [1,2,5,22]. As shown in Table 1, even the formation of Li;Si7, an
intermetallic with the lowest Li content of composition Li-36.8 at.%
Si, is expected to undergo ~117% volume expansion which is more
than sufficient to form cracks in the early stages of cycling of the
electrode. In order to minimize the volume expansion/contraction
during the alloying and dealloying processes, a concept worth
exploring is the ability to synthesize highly expanded form of Si
crystals or amorphous Si of molar volume (~100-300% higher than
the crystalline form of silicon) closer to the molar volume of Li-Si
based intermetallics.

Table 2 shows the expected volume expansion per mole of Si
during the alloying of Li with Li-Si based intermetallics along with
the associated theoretical specific capacity. Table 2 also shows
all the possible equilibrium phase fields including the interme-
diate reaction phases. Table 2 clearly suggests that the volume
expansion/contraction during the alloying and dealloying pro-
cesses could be reduced if the electrochemical cycling is restricted
between the Li-Si based intermetallics rather than pure silicon

Table 2

as a starting material. For example, continued reversible alloy-
ing and dealloying of Li with Li1»Si7 to form Liy,Sis or Li;3Siy is
expected to undergo a volume expansion of only ~89% and ~54%,
respectively, albeit still retaining a large theoretical specific capac-
ity of ~2571mAhg-! (~1455mAhcm=3) and ~1470mAhg-!
(~1018 mA h cm~3), respectively. Similarly, alloying and dealloying
of Li with Li;Si3 to form Liy,Sis is expected to exhibit a vol-
ume expansion of ~60%, while attaining an impressive theoretical
capacity of ~1978 mAhg-! (~1119 mAhcm—3). Tables 1 and 2 also
show the equilibrium electrochemical potentials of the two phase
region reported at 688 K [22-24] during the discharge and charge
processes, respectively, which clearly depicts that the operating
voltage window would however be reduced (0.02V=V<1.2V) if
the electrochemical cycling could be performed between the lithi-
ated intermetallics rather than pure Si as an anode. For example,
reversible alloying and dealloying reaction of Li with Li;,Si7 to form
Liy, Sis5 is expected to occur in the potential window of 0.02-0.52V
(Table 2). It must be mentioned here that the electrochemical
cycling between the lithiated intermetallics in the reduced voltage
range will essentially provide lower specific capacities in com-
parison to the pure Si anode cycled in the potential window of
0.02-1.2V. This would therefore be considered to be disadvanta-
geous particularly in the context of the energy density [energy
density (Whg~1)=specific capacity (Ahg~1) x potential (V)] that
can be delivered in the full cell configuration. However, a larger
cell potential can be expected to be achieved in the full cell con-
figuration utilizing a smaller and lower potential range Li-Si based
intermetallics as an anode. The combined full cell can actually yield
higher energy density even though the specific capacity of the
anode is reduced. Hence evaluating the silicon composite anode in
the reduced electrochemical potential window region could pos-
sibly have many benefits for use in practical lithium ion battery
applications.

Based on the above logic, it would be of paramount importance
to identify a Si based alloy system that will result in minimum
volume expansion/contraction during alloying and dealloying pro-
cesses combined with improved mechanical properties, while
being capable of cycling in a narrow potential window in order to
obtain a Sibased alloy as an anode that can yield high specific capac-
ity and high energy density with excellent cyclability for lithium
ion battery application. A careful examination of Table 2 clearly
indicates that the best possible phase field, which exhibits a high

The theoretical volume expansion and the theoretical specific capacity of per mole of Si to form different equilibrium Li-Si based intermetallics by alloying/dealloying reaction
of Li with Li-Si based intermetallics along with equilibrium discharge/charge potential [1,22-24,36].

Phase fields Total volume Gravimetric Volumetric capacity Equilibrium discharge Equilibrium charge
expansion (%) capacity (mAhg!) (mAhcm—3) potential (V) potential (V)

LiqSi7 < Li7Sis ~18.3 ~592 ~536 0.288 0.520

Liq2Si7 <> Li7Si3 <> Liy3Sia ~54.3 ~1470 ~1018 0.288, 0.158 0.520, 0.428

Liq2Si7 <> Li7Sis <> Liz3Sia <> LizSis ~89.3 ~2571 ~1455 0.288, 0.158, 0.044 0.520, 0.428, 0.30

Li;Si3 < Liy3Sis ~30.7 ~877 ~794 0.158 0.428

LiSi3 <> Li13Sig <> Liz,Sis ~60.00 ~1978 ~1119 0.158, 0.044 0.428, 0.30

Liy3Sig <> LizSis ~22.4 ~1100 ~620 0.044 0.30

LiSi <> Li12Si7 <> Li7Siz <> Li13Si4 ~114.3 ~2154 ~3198 0.4,0.288, 0.158 -
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theoretical specific capacity and low volume expansion per mole of
Si, would be Li125i7 < LizzSi5 or Li13Si4, and Li7Si3 <> LizzSi5 with an
expected operating potential window of 0.02-0.52 and 0.02-0.43 V,
respectively. In this regard, the electrochemical behavior of Li-Si
alloy of nominal composition Li-Xat.% Si (0.30 <X<1), which is
expected to be a phase mixture of Li;Si; and Si (0.37 <X<1) or
Li1»Si7 and LiySiz (0.30 <X <0.37) according to the equilibrium
phase diagram [21], would need to be explored as possible anode
materials for lithium ion battery application.

Hence in the present study, composites based on Li-Si alloys of
different compositions present as dispersoids in carbon (C) matrix,
denoted as Li-Si/C, have been synthesized and studied for their
electrochemical response in order to identify a suitable Li-Si-C
composition in the Li-Si/C composite system as a possible promis-
ing lithium ion anode. Accordingly, in the present study, silicon (Si),
graphite (Gr) and polyacrylonitrile derived carbon (PC) compos-
ite, denoted as Si/C, have been used to synthesize Li-Si/C based
composite of different compositions by the electrochemical reac-
tion of Si/C with Li ion in an electrochemical test cell system.
The C in Si/C and Li-Si/C composite has been denoted as a mix-
ture of Gr and PC. In recent years, Si/C based composites have
been explored by our research group largely generated using high
energy mechanical milling (HEMM) of commercially obtained Si
and graphite in the presence of polyacrylonitrile (PAN) followed
by thermal treatment up to ~1073-1173K in inert atmospheres
[12]. PAN acts as a diffusion barrier between Si and graphite pre-
venting the formation of the undesired electrochemically inactive
SiC during mechanical milling as well as after thermal treatment
up to ~1073-1173K in argon. The Si/C composite thus obtained
after thermal treatment of the mechanically milled powder shows
a high reversible capacity (~600-700mAhg-! when tested at a
current rate of ~160 mA g~1) with excellent cyclability in the poten-
tial window of 0.02-1.2V [12,14]. In the present study, the Si/C
based composite generated by HEMM has been used to synthe-
size the desired Li-Si/C composite instead of pure microcrystalline
Si since the Si/C composite is expected to exhibit better cyclability
than pure microcrystalline Si as reported by us earlier [12] due to
improved mechanical properties and electronic conductivity. In the
present article, the Si/C composite, synthesized after thermal treat-
ment of the mechanically milled powder corresponding to nominal
composition 42wt.% Gr-28 wt.% Si-30 wt.% PAN, has been used to
synthesize electrochemically in situ the Li-Si/C composite anode by
controlled electrochemical reaction of Li ion with Si/C. The resul-
tant stable Li-Si-C alloy composition generated in situ in the Li-Si/C
system has thus been identified which could exhibit high specific
capacity with excellent cyclability cycled in the narrow potential
window. The in situ generated Li-Si/C composites in the Li-Si-C
system can also be expected to exhibit high discharge energy den-
sity in the full cell configuration. Results of these studies followed
by recommendations for the appropriate Li-Si—C composition that
would yield the desired optimal specific capacity along with high
energy density and excellent stability are discussed in the following
sections.

2. Experimental details
2.1. Materials synthesis

Mixtures of elemental powders of synthetic graphite (Aldrich,
1-2 wm), Si (Alfa aesar, —325 mesh) and polyacrylonitrile (PAN)
of nominal composition 42 wt.% Gr-28 wt.% Si-30 wt.% PAN were
subjected to high energy mechanical milling (HEMM) in a high
energy shaker mill (SPEX CertiPrep 8000 M) up to 12h in a stain-
less steel (SS) vial using 20 SS balls of 2 mm diameter (~20 g) with
a ball to powder weight ratio 10:1 following protocols similar to
our earlier publications [12,14,15]. Specifically, ~0.6 g of PAN was

dissolved in ~10 ml N-methylpyrrolidinone (NMP) to form a homo-
geneous solution. Graphite (~0.84g), Si (~0.56g), and the PAN
solution were batched in a vial inside an argon filled glove box
(Vacuum Atmosphere HE-493, ~0.10 ppm oxygen and ~0.10 ppm
moisture) in order to prevent oxidation of the reactive components
during milling. The PAN solution keeps the ingredients and the
grinding balls completely submerged in the vial. This was necessary
to avoid excessive cold welding commonly known to occur during
high energy milling; accompanied agglomeration and consequent
temperature build up during milling [25] which is deleterious to
the overall electrochemical response. In order to decompose the
PAN polymer to form PAN derived carbon (PC) leading to the for-
mation of Si/C composite [12], the mechanically milled powders
were annealed isothermally at 1073 K for 6 h in an ultrahigh purity
argon (UHP-Ar) atmosphere using a heating rate of 10 Kmin~! and
a flow rate of 100 mLmin~—1.

Li-Si/C composites of different compositions have then been
generated in situ by the controlled electrochemical reaction of Li
ions with the HEMM derived Si/C composite. Prior to the synthe-
sis of the Li-Si/C composite, a precondition treatment of the Si/C
electrode has been carried out to fully activate the electrode and
also to confirm that a homogeneous Li-Si/C composite would form
by controlled electrochemical reaction of Li ion with the HEMM
derived Si/C composite. In order to activate the electrode, the HEMM
derived Si/C composite was electrochemically discharged/charged
for four cycles in the potential window ~0.02-1.2V with respect
to pure lithium at a current rate of ~160 mAg—! (~315 pAcm—2).
In this process, high lithium content Li-Si, Li-C or Li-Si-C based
alloys (e.g. Lix»Sis and LiCg) are expected to be formed during the
discharge reaction up to ~0.02 V. The high Li content alloy is then
expected to be subsequently dealloyed to form amorphous Si (a-Si)
and C after charging up to 1.2V, and as a result a composite based on
amorphous Si homogeneously dispersed within and on the C matrix
is expected to be formed after charging up to ~1.2V. In order to
synthesize a homogeneous Li-Si/C composite of different composi-
tions, the activated a-Si/C electrode that was subjected to four cycles
as outlined above was discharged up to ~0.02V to synthesize high
lithium content Li-Si, Li-C or Li-Si-C based intermetallics or amor-
phous phases which was then subsequently charged (dealloying of
Li from Li-Si, Li-C or Li-Si-C based intermetallics or amorphous
phases) to different potentials (~0.6, ~0.5 and ~0.4V). The charge
cycle was terminated at these three respective potentials, and the
corresponding compositions and the phases of the Li-Si/C com-
posite synthesized at ~0.6, ~0.5 and ~0.4V, respectively, has been
determined from the associated specific capacity arising due to the
alloying/dealloying reactions of Li with Si/C composite which will
be discussed in detail in Section 3.

2.2. Materials and electrochemical characterization

In order to perform qualitative phase analysis, the milled pow-
ders as well as the heat treated powders were characterized
by X-ray diffraction (XRD) using the Philips XPERT PRO system
employing the Cu K, (A=0.15406 nm) radiation. Electrochemical
characteristics of the Si/C composite were analyzed from electrodes
that were prepared by mixing 82 wt.% of the active powder of —325
mesh (<44 pm particle size) and 8 wt.% conductive nano-sized
(~40nm) Super P carbon black (TIMCAL). A solution containing
10 wt.% polyvinylidene fluoride (PVDF) in N-methylpyrrolidinone
(NMP)was added to the mixture. The as-prepared solution was then
coated onto a Cu foil and dried in a vacuum oven at 110°Cfor 12h. A
2016 coin cell design was used employing lithium foil as a counter
electrode and 1M LiPFg in ethylene carbonate/diethyl carbonate
(EC/DEC=1:2 in volume) as the electrolyte. All the cells, based on
the HEMM derived Si/C composite, tested in this study were cycled
at room temperature (~298 K) within 0.02-1.2V employing the
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discharge/charge rates of ~160mAg-! with a minute rest period
between the charge/discharge cycles using a potentiostat (Arbin
electrochemical instrument). On the other hand, the in situ gener-
ated Li-Si/C composites of different compositions were synthesized
at ~0.6, ~0.5 and ~0.4V, and cycled in their stable potential win-
dow of ~0.02-0.60, ~0.02-0.50 and 0.02-0.40V, respectively, at a
current rate of ~160 mA g~1. The compositions of the Li-Si alloy at
different potentials has been calculated from the associated spe-
cific capacity at that potential determined due to the alloying of
Li ion with Si. However, graphite is also expected to contribute
to the overall specific capacity of the Si/C composite at a given
potential. In order to deconvolute the specific capacity contribution
from graphite, multi-peak fitting using the Gaussian function of the
overlapping peaks, associated with different phase formation states
during the alloying/dealloying processes of Li ion with graphite and
Si, observed in the differential capacity plot (dQ/dV) has been car-
ried out using the OriginPro 7, data analysis and graphing software
package (OriginLab Corporation) [26]. The average capacity loss per
cycle (%) up to 30th cycle of the electrode has been calculated using
the following equation: capacity loss per cycle (%) = [(charge capacity
after 30th cycle — charge capacity after 1st cycle) x 100]/[total number
of cycle (30)].

3. Results and discussion

The XRD patterns of the as-prepared composite precursor of
nominal composition 42 wt.% Gr-28 wt.% Si-30 wt.% PAN obtained
after 12 h of mechanical milling are shown in Fig. 1. The XRD pat-
tern of the 12 h milled composite precursor shows the presence
of only graphite and silicon without any detectable amount of SiC.
As expected from our earlier results [12], the formation of electro-
chemically inactive SiC, which could be easily formed during high
energy mechanical milling (HEMM) of pure graphite and silicon
[12], is bypassed during mechanical milling using PAN as the poly-
mer additive indicating the effectiveness of PAN to act as a diffusion
barrier preventing the reactive diffusion of Si with C forming SiC.
The formation of SiC is undesirable since it reduces the amount
of electrochemically active Si in the final electrode composition
thus reducing the final expected capacity of the electrode. It is also
interesting to note that graphite, which would normally transform
to the disordered amorphous form during high energy mechani-
cal milling [12], retains its graphitic structure in the presence of
PAN even after 12 h of mechanical milling. PAN is thus effective in
also diminishing the direct impact of the comminutive action of
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Fig. 1. XRD patterns of 42% C-28wt.% Si-30wt.% PAN generated after 12h of
mechanical milling and after thermal treatment of mechanically milled powder at
~1073 K for 6 h in UHP argon.

the milling media with the reactants during high energy milling
known to cause the breakdown of the graphitic layered structure.
The present results clearly suggest the dual action of PAN, namely,
the PAN solution, which is expected to be absorbed and coated
on the newly formed surfaces of the particles generated by the
processes of repeated cold welding and fracture widely prevalent
during mechanical milling, acts as a diffusion barrier to the inter-
facial diffusion reaction between graphite and Si known to form
electrochemically inactive SiC, while also reducing the amorphiza-
tion kinetics of graphite. Although PAN is useful in preventing the
formation of undesirable SiC, its presence in the final product is
also undesirable due to the poor electrical conductivity and poor
lithium ion diffusivity of PAN which is expected to deteriorate the
electrode performance of the Si/C and the in situ synthesized Li-Si/C
composite. Hence, it is necessary to pyrolyze and convert PAN to an
electrically conductive and lithium ion diffusive carbon by ther-
mal decomposition at a suitable temperature. Based on our earlier
published differential thermal and thermogravimetric (DTA/TGA)
results on PAN [12], the 12h milled powder has been accord-
ingly thermally treated at ~1073 K for 6 h in UHP Ar atmosphere
to decompose PAN to form PAN derived carbon, denoted as PC.
The XRD pattern of the powder thermally treated at ~1073 K, also
shown in Fig. 1, shows the characteristic peaks corresponding to
only graphite and Si as the crystalline phases without any detectable
amount of SiC. The final composition of the Si/C composite obtained
after thermal treatment at ~1073 K is estimated knowing the ~37%
yield of PAN derived carbon [12] determined from thermal analysis
and considering no weight loss undergone by graphite and sili-
con during the inert atmosphere thermal treatment. Based on the
thermal analysis results, the composition of the composite is deter-
mined to be approximately 51.8 wt.% Gr-34.5 wt.% Si-13.7 wt.% PC,
which corresponds to an atomic percent composition of 64.5 at.%
Gr-18.4at.% Si-17.1 at.% PC, where Gr and PC denotes graphite and
PAN derived carbon, respectively.

Fig. 2 shows the variation of specific capacity vs. cycle number
of the Si/C composite cycled at a rate of ~160mA g~ (~C/6) in the
potential window ~0.02-1.2 V. As shown in Fig. 2, the Si/C compos-
ite shows an impressive 1st discharge and 1st charge capacity of
~1215 and ~1019mA hg-1, respectively, with an irreversible loss
of only ~16%. The Si/C composite, however, exhibits a ~0.34% loss
in capacity per cycle up to 30 cycles, whereas pure microcrystalline
Si(c-Si) as is well known exhibits rapid fade in capacity within only
few cycles (Fig. 2) [1,6]. This result clearly suggests that the use of
a polymer and graphite during mechanical milling with Si to form
the Si/C composite significantly improves the cyclability and the
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Fig. 2. Specific capacity vs. cycle number of Si/C composite and pure microcrystalline
Si (c-Si) cycled at a constant current of ~160mAg-! in the potential window of
0.02-1.2V.
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structural stability of Si with respect to pure microcrystalline Si.
This improvement in the structural stability of the Si/C composite
can be expected as we reported earlier due to the likely improve-
ment in mechanical properties of the composite arising due to the
homogeneous dispersion and distribution of Si within the graphite
matrix brought about by extended milling [12,14,15]. In addition,
the solution coating of graphite and silicon by PAN during milling
is expected to enhance the wettability between graphite and Si. As
aresult, the coating of the graphite and silicon by PAN based amor-
phous carbon obtained by thermal decomposition of PAN will likely
improve the mechanical properties of the composite particularly,
by enhancing the interface adhesion and/or bonding between the
Si and graphite. The presence of a possible compressive stress on Si
exerted by the PAN derived amorphous carbon (PC) has also been
recently suggested to be the cause of the perceived stability of the
Si/C composite obtained from pyrolysis of polymers [12,18] arising
due to the expected likely improvement in fatigue strength of the
composite. Thus, the Si/C based composite with the PAN based car-
bon coating results in improved capacity retention with respect to
c-Si due to the possible enhancement of the mechanical properties
of the resultant composite.

However, despite the improved interface adhesion brought by
the use of PAN and the formation of the PAN derived disor-
dered amorphous carbon resulting in average retention in capacity
(~0.34% loss per cycle) of Si/C based composite obtained after
thermal treatment of mechanically milled powder of nominal
composition 42wt.% Gr-28 wt.% Si-30wt.% PAN, the system is
not likely to be suitable for practical commercial applications
requiring further improvements in the cycling stability. In order
to further improve the stability of the electrode, various lithi-
ated forms of the Si/C composite, denoted as Li-Si/C, comprised
of Li-Si based alloys dispersed on C matrix, has been synthe-
sized in situ by controlled electrochemical reaction of Li with
the Si/C composite. A reduction in volume expansion or contrac-
tion during electrochemical cycling of Li-Si/C composite and as
a result, a better cyclability in comparison to pure Si/C compos-
ite is expected due to the presence and direct formation of Li-Si
based intermetallics or amorphous phase/es in the in situ syn-
thesized Li-Si/C composite as discussed in Section 1. In order
to identify the favorable Li-Si-C composition that would yield
the desired specific capacity combined with high energy density,
and also to study the correlation of the cyclability as well as the
reversible capacity with specific compositions in the electrochemi-
cally synthesized Li-Si/C composite, the phase/phases present and
their corresponding composition at different potentials needs to
be identified. In this regard, the phase formation/transformation
at different potentials and the alloying/dealloying behavior of
Li ions with Si/C during discharge/charge processes need to be
understood. The phase formation/transformation reactions and the
alloying/dealloying behavior of Li ion with the Si/C composite dur-
ing the discharge/charge processes can be understood in detail by
analyzing the differential capacity plot (dQ/dV vs. V) corresponding
to the 1st cycle and 2nd cycle onwards for the synthesized Si/C com-
posite cycled at ~160 mA g~! in the potential window of 0.02-1.2'V.

The differential capacity plot (dQ/dV vs. V) relating to the 1st
cycle of the Si/C composite is shown in Fig. 3. Several researchers
[1,2,12,14-19,27-30] have also reported a similar 1st discharge and
1st charge profile for microcrystalline Si based anodes cycled at a
moderate current rates (<1C rate). It is clearly evident from Fig. 3
that the alloying reaction (discharge) of Li ion with crystalline Si
(c-Si) in the Si/C composite occurs mainly at a peak potential of
~0.060V with an onset potential of ~0.10V during the 1st dis-
charge. A careful comparison of the reaction potential of the 1st
discharge (peak potential ~0.06 V) with the expected equilibrium
potential (Table 1) to form the different equilibrium Li-Si based
intermetallics during the electrochemical reaction of Li ion with Si,
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Fig. 3. Differential capacity vs. cell potential curves of HEMM derived Si/C composite
electrode obtained after 1st cycle cycled at ~160mA g-! in the potential window of
0.02-1.2V.

it is clearly evident that the reaction products obtained following
the 1st discharge of Li ions with crystalline Si (c-Si) at room tem-
perature appears to deviate significantly from equilibrium. Several
researchers [2,27-33] have reported that the phase forming at a
peak potential close to ~0.06V with an onset potential ~0.10V,
associated with a long flat plateau during the 1st discharge, cor-
responds to the formation of metastable Li-Si based amorphous
phase (a-LixSi) by a solid state amorphization reaction where the
crystallization of the equilibrium intermetallic phases is kinetically
forbidden. On the other hand, the differential capacity plot (dQ/dV
vs. V) of the 1st charge (Fig. 3) shows that the dealloying (charging)
reaction of Li ion from a-LixSi occurs corresponding to a combina-
tion of a broad peak followed by a sharp peak occurring at a peak
potential of ~0.45V. Li and Dahn [27] have reported the formation
of amorphous phase (a-Li;Si, z<2) by the dealloying reaction of Li
ion from a-LixSi corresponding to the onset potential of ~0.41V
with a peak potential ~0.45V. The formation of amorphous Si (a-
Si) after complete delithiation (at ~1.2 V) from the lithiated a-LixSi
alloy following the initial discharge has been confirmed by sev-
eral researchers in earlier publications [2,14,27-33]. It can therefore
be expected that after complete delithiation of the a-Li,Si at room
temperature, the Si atoms remain possibly frozen in their atomic
positions due to the expected atomic immobility of the Si atoms at
room temperature. As a result, the crystalline Si undergoes solid
state amorphization due to the large atomic displacement of Si
atoms during the alloying reaction causing significant lattice strain
and softening of the shear elastic constant leading to the process
of mechanical melting [25,34]. More detailed studies are neverthe-
less needed to determine the exact amorphous structure, atomic
coordination, root mean square static atomic displacement and the
corresponding molar volume of the amorphous Si (a-Si) generated
after the delithiation of a-Li,Si. In addition, the dQ/dV curve for the
1st charge also shows two additional dealloying processes occur-
ring at the peak potentials of ~0.13 and ~0.17 V which is known to
occur due to the dealloying reaction of Li from LigC to C [35,36].
Therefore, a composite based on the formation of amorphous Si (a-
Si) homogeneously dispersed within and on the C matrix, denoted
as a-Si/C, is expected to be formed after charging up to ~1.2V in
these novel Si/C based nanocomposite systems.

The differential capacity plot (dQ/dV vs. V) of the 1st cycle of
Si/C composite (Fig. 3) shows that both Si and Gr are active. In
addition to Si and Gr, the disordered amorphous carbon gener-
ated from PAN is also expected to contribute to the overall capacity
of the composite. The 1st charge capacities of graphite and PC
determined from individual testing of the cells were ~310 and
~320mAhg-1, respectively, cycled at ~160mAg-1. On the other
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Fig. 4. Differential capacity vs. cell potential curves of Si/C composite electrode
obtained after the 2nd discharge cycled at ~160mAg-' in the potential window
of 0.02-1.2 V.

hand, the 1st discharge and 1st charge capacities of pure micro-
crystalline Si (Fig. 2) determined from the individual testing of
cells are ~3150 and ~385mAhg!, respectively, when cycled at
160mAg-! (~C/20 rate) which is in good agreement with the
earlier reports for microcrystalline Si [1,6,27-29]. The large irre-
versible loss of pure microcrystalline Si and as a result, the low
1st charge capacity mainly arises from the structural failure of
the microcrystalline Si rather than the formation of an SEI layer
as is the normal case for most anode systems [1,2,6,27-32]. Chan
et al. [2] have recently reported a ~27% irreversible loss of more
structurally stable Si nanowires cycled at a similar C/20 rate, and
several researchers [7,31,37,38] have reported an irreversible loss
~15-30% for the structurally stable thin film amorphous Si anode
(~250nm thick film) depending on the discharge/charge rate.
Therefore, the 1st charge capacity (~384mAhg-1!) of microcrys-
talline Si observed in the present study could not be considered as
the intrinsic 1st charge capacity in calculating the expected con-
tribution of Si in structurally stable Si/C composite. Hence in the
present study, the irreversible loss of pure microcrystalline struc-
turally stable Si has been considered to be similar to that of the
structurally stable Si nanowires exhibiting an irreversible loss ~27%
[2] assuming no significant difference in irreversible loss with mod-
erate change in the charge/discharge rates. In the present study
utilizing the results reported for Si nanowires, the expected 1st
charge capacity of microcrystalline Si within the structurally sta-
ble Si/C composite will therefore be ~2300mAhg-! with a 1st
discharge capacity ~3150mAhg-1. The expected contribution to
the 1st charge capacity of the Si/C composite due to the presence
of graphite (51.8 wt.%), PC (13.7 wt.%) and Si (34.5 wt.%) will there-
fore be approximately ~160, ~44 and ~793 mAh g, respectively.
Hence, the overall expected capacity of the Si/C composite based
on the observed capacities of the individual cells discussed above
and that expected and deduced for Si will be ~997 mAh g~ which
is in good agreement with the experimentally observed 1st charge
capacity (~1019 mAhg-1) of Si/C composite cycled at ~160 mA g~1.

The differential capacity plots (dQ/dV vs. V) of the 2nd discharge
and 2nd charge of the Si/C composite cycled at a rate of 160mA g~!
in the voltage range of 0.02-1.2 V are shown in Figs. 4 and 5, respec-
tively. Similar discharge/charge profiles from the 2nd cycle onwards
has been reported for pure c-Si and Si/C based composite anodes
researched by several researchers [1,2,12-20,27,30] irrespective of
the discharge/charge rates. It can be construed from Fig. 4 that
from the 2nd cycle onwards, during alloying of lithium ions with a-
Si/C, generated after delithiation of a-LixSi and LiCg, nucleation and
growth of other intermetallics/amorphous phase/es corresponding
to the peak potentials, ~0.29, ~0.24 and ~0.10V appear to occur,

respectively. Similar peak profiles and peak potentials have been
reported from the 2nd discharge cycle onwards for thin films of
amorphous Si [7,37,38] as well as for bulk amorphous Si [31] which
validate the observed reaction potentials in the present study cor-
responding to the reaction of a-Si with Li ions. In addition, Fig. 4
also shows the formation of a-LixSi at the peak potential ~0.045V
similar to 1st discharge reaction shown in Fig. 3 due to the lithiation
of c-Si. In the present study, the phase/es forming corresponding to
the peak potential ~0.29, ~0.24 and ~0.10V has been denoted as
phase P-1, P-II and P-III, respectively. The composition of the P-I, P-II
and P-III, phases estimated based on the associated specific capac-
ity of the respective phase related to the number of reacting lithium
ions, is corresponding to Li-50 at.% Si (LiSi), Li-30 at.% Si(Li;Si3 ) and
Li-24 at.% Si (Li3 16Si), respectively. On the other hand, the differen-
tial capacity plot (dQ/dV vs. V) obtained for the 2nd charge (Fig. 5)
shows the processes of dealloying from the phase corresponding to
P-III to form a-Si as well as dealloying of a-LixSi and LiCg to a-Si and
C,respectively, similar to the 1st charge reaction shown in the differ-
ential capacity plotin Fig. 3. In order to identify the peak profile, and
the onset and offset potential corresponding to the formation of the
different phase/es as well as the associated specific capacity (deter-
mined from the area under the curves) related to a certain precise
phase formation, multi-peak fitting has been conducted employ-
ing the Gaussian function of the overlapping peaks associated with
the 2nd charge using the OriginPro 7 software package [25,26] as
outlined in Section 2. The deconvoluted peaks observed at the peak
potential ~0.28 and ~0.47 V are similar in nature to that reported
for amorphous Si thin films as well as for bulk amorphous Si aris-
ing from the 2nd cycle onwards [7,31,37,38]. A careful comparison
of the onset potential of the 2nd discharge and 2nd charge, shown
in Figs. 4 and 5, and also calculated from associated specific capac-
ity corresponding to the different phase transformation reactions,
it can be concluded that the dealloying of Li ion from P-III to P-II
occurs corresponding to the onset potential ~0.16 V which is the
potential where phase P-III exists in its pure form as shown in Fig. 5
and remains in the two phase region (P-III and P-II) in the wide
potential range of ~0.16-0.4V with a peak potential ~0.28V, and
transforms completely to P-II phase at ~0.4 V.

On the other hand, dealloying of Li ion from P-II to P-I occurs cor-
responding to the onset potential ~0.40V as shown in Fig. 5, and
coexists in the potential range of 0.40-0.62V with a peak poten-
tial ~0.47V, and transform fully to P-I phase at ~0.62 V. However, it
must be mentioned here that no significant peak in the differential
capacity (dQ/dV) curve of 2nd charge (Fig. 5) corresponding to the
transformation of the P-I phase to form a-Si is noticeable, and this
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Fig. 5. Differential capacity vs. cell potential curves of HEMM derived Si/C composite
electrode obtained after the 2nd charge cycled at ~160mAg-' and the expected
metastable phase diagram at room temperature with cell potential shown below.
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may be due to the high discharge/charge rates of 160 mA g~! (~C/6)
employed in the present study. Based on the above consideration,
the phase transformation reactions observed during alloying and
dealloying of the Si/C composite formed by high energy mechanical
milling (HEMM) in the present study most likely involve formation
of metastable phases. The probable metastable phase fields present
at room temperature as a function of the potential during delithi-
ation of P-III to form a-Si from the 2nd cycle onwards are shown
below in the differential capacity plot in Fig. 5 as a bar diagram.
The detailed phase formation and phase transformation mecha-
nisms occurring during lithiation and delithiation of crystalline Si
as well as amorphous Si will be published in another publication
very shortly.

The metastable Li-Si phase diagram, shown as a bar diagram
below in Fig. 5, shows the expected phase/phases and phase fields
at different potentials. For example, pure phase P-I and P-II of com-
position Li-50at.% Si (LiSi) and Li-30at.% Si (Li;Si3), respectively,
is expected to form at ~0.6V and ~0.4V, respectively, during deal-
loying of Li from P-III and a-Li,Si. However, a mixture of P-I and
P-1I phase is expected to form at a potential of ~0.5V during deal-
loying of P-III and a-Li,Si. On the other hand, pure C is expected
to form after dealloying of LiCg in the above potential ranges as
shown in Figs. 3 and 5. From the above considerations, it is very
clear that a Li-Si alloy dispersed on C matrix, denoted as Li-Si/C
composite, could be generated in situ by terminating the charging
reaction of the Si/C composite electrode at different potentials. In
this respect, a precondition treatment of Si/C electrode, by cycling
the electrode between 0.02 and 1.2V for the first four cycles, has
been carried out to fully activate the electrode and to confirm that
a homogeneous Li-Si/C composite would form following termina-
tion of the subsequent dealloying reactions at different potentials.
In order to electrochemically synthesize in situ the Li-Si/C compos-
ite of different compositions, the electrochemical charging of the
activated Si/C composite electrode has been terminated at ~0.6,
~0.5 and ~0.4V. The Li-Si/C composite thus generated in situ at
~0.6V is expected to be comprised of pure P-I phase of composi-
tion Li-50at.% Si (LiSi) (Fig. 5) dispersed homogeneously in the C
matrix which is corresponding to the overall composition of 69 at.%
C-15.5at.% Li-15.5 at.% Si. Fig. 6 shows the electrochemical perfor-
mance of the Li-Si/C composite, electrochemically synthesized in
situ at ~0.6V, cycled in the stable potential window ~0.02-0.6 V
at a rate of ~160mAhg~'. It must be mentioned here that the 1st
cycle discharge capacity, shown in Fig. 6, corresponds to the dis-
charge capacity of the activated Si/C composite initially cycled in the
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Fig. 6. Specific capacity vs. cycle number of Li-Si/C composite, synthesized after
termination of the electrochemical charging reaction of Li ion with activated Si/C
composite at ~0.6V, ~0.5V and ~0.4V, respectively, cycled within their stable
potential window at a constant current of ~160mAg-'. The columbic efficiency
for the cell cycled in the 0.02-0.5V window is also shown.

potential window of 0.02-1.2 V for four cycles. The Li-Si/C compos-
ite, thus electrochemically generated in situ at ~0.6 V and cycled in
the voltage range of ~0.02-0.6 V at arate of 160 mA g~1, shows a 1st
charge capacity of ~819 mA hg~! which is expectedly ~19.6% lower
than the 1st charge capacity (~1019mAhg-1, Fig. 2) obtained for
the pure Si/C composite cycled in the ~0.02-1.2'V voltage window
range. The capacity retention of the Li-Si/C composite, synthesized
in situ at ~0.6V, however has been improved to ~0.21% loss per
cycle in comparison to ~0.34% loss per cycle of Si/C composite
cycled in the ~0.02-1.2 V potential window.

In contrast to the Li-Si/C composite synthesized electrochem-
ically when the charge cycle is terminated at ~0.6V, the Li-Si/C
composite obtained at ~0.5V is expected to be comprised of P-I
and P-II phase mixture (Fig. 5) of composition Li-50at.% Si (LiSi)
and Li-30 at.% Si (Li;Si3), respectively, dispersed homogeneously in
the C matrix. The overall composition of the Li-Si alloy generated at
~0.5V calculated from the associated specific capacity at ~0.5V is
close to Li-40 at.% Si which is corresponding to the overall compo-
sition 64 at.% C-21.6 at.% Li-14.4 at.% Si in the electrochemically in
situ generated Li-Si/C composite. The Li-Si/C composite, obtained
at ~0.5V, cycled at a rate of ~160mAg~! in the potential window
0f 0.02-0.5V (Fig. 6) shows a 1st charge capacity of ~700mAhg-1.
The 1st charge capacity of Li-Si/C obtained at ~0.5V, cycled in
the potential window of 0.02-0.5V, is around 31.3% lower than
the 1st charge capacity of the pure Si/C composite cycled between
~0.02 and 1.2V shown in Fig. 2. However, the capacity retention of
the Li-Si/C composite obtained at ~0.5V is significantly improved
(~0.13% loss per cycle) with respect to Li-Si/C composite gener-
ated at ~0.6V (~0.21% loss per cycle) and pure Si/C composite
(~0.34% loss per cycle) cycled within their stable potential win-
dow at the identical rate of ~160 mA g~1. The columbic efficiency
of the Li-Si/C obtained at ~0.5V, plotted in Fig. 6, increases from
~97% at 2nd cycle to ~99% after 5th cycle, and remains above ~99%
in the subsequent cycles up to 30 cycles. The electrochemically in
situ generated Li-Si/C composite, obtained at ~0.4V, cycled at a
rate of ~160mAg-! in the potential window ~0.02-0.4V, shows
a 1st charge capacity of ~443mAhg-! although exhibiting a fade
in capacity ~3.6% loss per cycle (Fig. 6) within 10 cycles. Further-
more, the capacity retention of Li-Si/C composite obtained at ~0.4 V
is however significantly deteriorated (~3.6% loss per cycle) with
respect to the Li-Si/C composite obtained electrochemically in situ
at ~0.6V (~0.21% loss per cycle) and ~0.5V (~0.13% loss per cycle),
respectively. The 1st charge capacity of the Li-Si/C obtained elec-
trochemically in situ at ~0.4V, cycled in the potential window of
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Fig. 7. Differential capacity vs. cell potential plot of Li-Si/C composite electrode elec-
trochemically synthesized in situ after termination the electrochemical charging
reaction of Li ion with activated Si/C composite at ~0.6 and ~0.5V, and cycled at
~160 mA g~! within their stable potential window.
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0.02-0.4V, is approximately 56.5% lower than the 1st charge capac-
ity corresponding to the pure Si/C composite cycled in the potential
window of 0.02-1.2 V. According to the estimated metastable Li-Si
phase diagram (Fig. 5), the in situ generated Li-Si/C composite
obtained at ~0.4V is expected to be comprised of pure P-II phase of
composition close to Li-30 at.% Si (Li7Si3 ) with an overall composi-
tion 57.1 at.% C-30 at.% Li-12.9 at.% Si in the in situ generated Li-Si/C
composite.

The differential capacity plots corresponding to the 1st cycle of
the electrochemically in situ generated Li-Si/C composite following
termination of the electrochemical cycle at ~0.6 and ~0.5V along
with the discharge cycle of activated Si/C composite electrode after
the first four cycle activation to ensure formation of amorphous Si
(a-Si) described above are shown in Fig. 7. The dQ/dV plots (Fig. 7)
of the in situ generated Li-Si/C composite electrode synthesized
after terminating the charge cycle at ~0.6 and ~0.5V followed by
cycling in the potential window ~0.02-0.6 and ~0.02-0.5 V, respec-
tively, show that the peak corresponding to the formation of the P-I
phase with a peak potential ~0.29V is bypassed which clearly sug-
gests that no further P-I phase is formed during lithiation of the in
situ generated Li-Si/C composite synthesized electrochemically at
~0.6 and ~0.5V, respectively. This result also confirms that there
is no free a-Si present in the in situ generated Li-Si/C composite,
synthesized at ~0.6 and ~0.5V, to form any additional P-I phase
by electrochemical reaction of Li ion with the electrochemically
generated in situ Li-Si/C composite, which is in good agreement
with the expected phase/es at ~0.6V (P-I) and ~0.5V (P-1+P-II)
shown in the metastable phase diagram in Fig. 5. In addition, it
has been noticed that the peak intensity of dQ/dV curve corre-
sponding to the formation of the P-II phase (~0.25V) decreases
with a decrease in the termination potential from ~0.6 to ~0.5V
to generate the Li-Si/C composite. This result can be understood by
considering that the weight fraction of P-Il phase increases whereas
the weight fraction of P-I phase decreases with a decrease in the
termination potential (from 0.6 to 0.5 V) of the synthesized Li-Si/C
composite which is also in agreement with the metastable Li-Si
phase diagram shown in Fig. 5. On the other hand, the differen-
tial capacity plot (dQ/dV vs. V) for the 1st, 5th and 8th cycles of in
situ synthesized Li-Si/C composite generated electrochemically at
~0.4V cycled at the same current of ~160mAg-! in the potential
window of 0.02-0.4V, shown in Fig. 8, indicates that the peak cor-
responding to the formation of P-II phase (peak potential ~0.25V
during discharge, Fig. 4) no longer exists. This result clearly sug-
gests that there is no P-I phase present in the Li-Si/C composite
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Fig. 8. Differential capacity vs. potential plot of Li-Si/C composite electrode, synthe-
sized after termination the electrochemical charging reaction of Li ion with activated
Si/C composite at ~0.4 V, after the 1st, 5th and 8th cycle cycled at ~160 mA g~ within
the potential window of 0.02-0.4V.

synthesized at ~0.4V to form P-II phase during lithiation, which
is in good agreement with the expected phase/es at ~0.4V (P-II)
according to the metastable Li-Si phase diagram shown in Fig. 5
indicating the formation of only the P-II phase at ~0.4 V. The differ-
ential capacity plot of Li-Si/C composite generated at ~0.4 V shows
that the peak intensity corresponding to the alloying and dealloy-
ing processes of P-II <> P-III, associated with peak potential ~0.1V
during discharge and ~0.27V during charge, decreases in subse-
quent cycles. This therefore suggests that the driving force in the
potential window (~0.02-0.4V) is not strong enough to activate
the alloying and dealloying reaction between the P-II (Li-30 at.% Si;
Li;Si3) and P-III (Li-24 at.% Si; Li3 16Si) phases at the current rate of
~160mAg-! employed for cycling, and as a result there is also a
significant fade in capacity which occurs during the alloying and
dealloying processes between P-II and P-III. It must be noted that
the P-II phase composition is very close to the eutectic composition
represented in the equilibrium Li-Si phase diagram while the P-II
phase represents a congruently melting intermetallic whose phase
fields are in close proximity representing only a 6 at.% difference
in the Si content. The phase stability and ensuing kinetics repre-
sented by the electrochemical reactions occurring at the current
rate of 160 mA g~! might also preclude the reversible transforma-
tions between these two phases in the voltage range of 0.4-0.02 V.
A more rigorous analysis of the phase transitions occurring in this
voltage range will be needed to identify the reduced driving force
for the phase transitions in this reduced voltage window range.
The present results nevertheless, clearly show that the elec-
trochemically in situ generated Li-Si/C composites comprised of
the alloyed Li-Si phase/es existing as a dispersoid in the C matrix,
improve the stability of the electrode cycled in their stable poten-
tial window in comparison to the unalloyed and non-lithiated
pure Si/C composite cycled in the potential window of 0.02-1.2V.
The long term stability and the reversible specific capacity of the
Li-Si/C composites, however, can be better understood by consid-
ering the volume expansion/contraction during alloying/dealloying
processes of Li-Si/C composite which depends mainly on the com-
position of the specific Li-Si-C alloy as well as the nature of the
phase/phases present in the Li-Si/C composite. The favorable Li-Si
alloy compositions, identified in this current study which exhibits a
high specific capacity combined with excellent cyclability must be
above 30 at.% Si (generated at ~0.4 V). The metastable electrochem-
ical phase diagram, shown in Fig. 5, shows the formation of pure P-I
and P-II phase at ~0.6 and ~0.4 V, respectively, of composition close
to Li-50at.% Si (LiSi) and Li-30at.% Si (Li7Si3 ), respectively. On the
other hand, a two phase mixture of P-I and P-II phase is expected
to be formed in the potential range of 0.4-0.6V as shown in Fig. 5.
Hence, in the composition range of 30 at.% Si-50at.% Si, the Li-Si
alloy, formed by solid state electrochemical diffusion reaction of
a-Si with Li ion at room temperature, is mainly comprised of an inti-
mate phase mixture of P-I phase of composition Li-50 at.% Si and P-II
phase of composition Li-30 at.% Si as shown in the metastable Li-Si
binary alloy phase diagram at the bottom of Fig. 9 at room tempera-
ture. In the present study, the crystal structure and molar volume of
P-1, P-Il and P-III phase of composition Li-50 at.% Si, Li-30 at.% Si and
Li-24 at.% Si, respectively, is assumed to be very similar correspond-
ing to the intermetallic phases, LiSi, Li;Si3 and Liy3Si4 indicated in
the phase diagram corresponding to compositions close to P-I, P-II
and P-III, respectively. Based on the reported crystal structure and
molar volume of the equi-atomic composition, LiSi [39], the calcu-
lated volume expansion per mole of Si during alloying of Li with LiSi
to form Liq3Si4 along with the associated theoretical specific capac-
ity is shownin Table 2. Hence, the reversible alloying and dealloying
of Li ion with P-I or P-II phase to form P-III phase is expected to
undergo a volume expansion of ~114% and ~31% with a theoretical
specific capacity ~2154 and ~877 mAhg~1, respectively (Table 2
and Fig. 9). We can also further assume that the specific capacity
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Fig. 9. Li-Si metastable phase diagram expected to be obtained by the solid state
diffusion reaction of a-Si with Li in the composition range of 30-50at.% Si, and
the associated theoretical specific capacity and volume expansion per mole of Si
to form P-III phase of composition Li-24 at.% Si by solid state electrochemical diffu-
sion reaction of Li ion with P-I and P-II of composition Li-50 at.% Si and Li-30 at.% Si,
respectively.

and the volume expansion of the phase mixture (P-I and P-I1I) would
likely follow a simple rule of mixtures, i.e., X=V;X; + V;;Xj;, where X
and V denote the specific property such as specific capacity or vol-
ume expansion, and volume fraction of the respective components,
respectively. Hence, the specific capacity and volume expansion
can be expected to increase with increase in the volume fraction
of P-I and decrease in the volume fraction of the P-II as shown in
Fig. 9. In other words, with increase the atomic percent of Si in the
Li-Si alloy, the specific capacity of Li-Si/C composite is expected
to increase whereas the stability of the composite is expected to
decrease, whichisin good agreement with the presentinvestigation
and reports in the literature.

On the other hand, it should be noted that the charge potential
of the Li-Si/C anode synthesized electrochemically in situ, com-
prised of the alloys in the Li-Si system as a dispersoid, will be
reduced by decreasing the atomic percent of Si in the Li-Si alloy
(Fig. 9) in the composition range of ~30-50at.% Si. A reduction
in the charge potential of the anode comprised of Li-Si/C com-
posite will, however, result in a higher discharge potential in the
case of the system when used in a full cell configuration utilizing
a suitable lithium transition metal oxide or lithium iron phosphate
cathode (cell potential = cathode potential — anode potential). The
specific capacity and the energy density of a full cell, comprised
of the Li-Si/C composite synthesized electrochemically in situ as
an anode of different Li-Si alloy compositions with their stable
charge potential, and MxOy as a cathode of average discharge
potential ~4.2V and specific capacity ~140mAhg-!, is shown in
Table 3. The specific capacity of the full cell has been calculated in
terms of the corresponding anode and cathode capacity as follows,
Cr=CaCc/(Ca+Cc), where C4 and Cc are the anode and cathode
capacities, respectively [1,19]. Table 3 shows that the Li-Si/C com-
posite of composition 64 at.% C-21.6 at.% Li-14.4 at.% Si, generated
electrochemically at ~0.5V, comprised of Li-Si alloy as a disper-
soid of composition in the vicinity of ~Li—-40 at.% Si, existing as a
mixture of P-I and P-II phases, in the C matrix is the best suitable
material to obtain a high energy density in the full cell configura-
tion with excellent stability (~0.13%) despite the specific capacity
of the anode being reduced by 31% (~700mAhg-1) with respect
to pure Si/C composite (~1019mAhg-1). Therefore, a higher dis-
charge potential of the full cell, comprised of the alloyed Li-Si/C
based composite anode with a suitable cathode, is expected to
enhance the deliverable energy density of the full cell in spite of
the lower specific capacity of the Li-Si/C composite with respect

Table 3

The theoretical specific capacity and the energy density of a full cell comprised with Li-Si/C composite as an anode of different Li-Si alloy compositions and M0, as a cathode of average discharge potential ~4.2 V with a specific

capacity ~140mAhg-1.

Theoretical energy

Specific capacity of
full cell (mAhg-1)

Discharge potential
(V) of full cell

Charge potential

(V) of anode

Capacity loss per

cycle (%)

Anode specific

Composition of Phase/phases
Li-Si alloy

Composition

Alloys

density (Whkg1)

capacity (mAhg1)

3V ~123 ~369

1.2V

0.34

~1000

Si+C

82.6at.%

si/C

C-18.4at.% Si

3.6 ~119 ~429

0.6V

0.21

~800

69at.% C-15.5at.% Li-50at.% Si P-1 (LiSi)+C

Li-15.5at.% Si

Li-Si/C (~0.6 V)

~432

~117

0.13 0.5V 3.7

~700

P-I (LiSi)+ P-II (Li Si3 ) +C

64at.% C-21.6at.% Li-40at.% Si

Li-14.4at.% Si

Li-Si/C (~0.5V)

P-II (LiSiz) +C ~440 3.6 04V 3.8 ~106 ~403

57.1at.% C-30at.% Li-30at.% Si

Li-12.9 at.% Si

Li=Si/C (~0.4V)

~292
~406

~0% 1.2 ~98
1.2 ~135

~320
~4000

C

Si

Si
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to the pure unalloyed Si/C composite. It must also be mentioned
here however, that the electrochemical results of the Li-Si/C com-
posite, synthesized by controlled electrochemical reaction of Li ion
with Si/C composite generated by HEMM, presented in this article
is essential in demonstrating the feasibility of the Li-Si/C composite
as a potential anode material for lithium ion batteries. Furthermore,
to realize the true potential of these systems demonstrated herein
for practical application of Li-Si/C composite as an anode, it will
be necessary to synthesize Li-Si alloys of preferable compositions
with desirable phase/phases by non-equilibrium solid state diffu-
sion reaction techniques, such as mechanically or chemically driven
solid state processing techniques [25,40], other than in situ electro-
chemical reaction methods. There will also be a need to disperse
the prepared Li-Si alloy homogeneously within the C matrix in
order to obtain the desired electrochemical properties. Identifica-
tion of an economically feasible synthesis technique for generating
these alloyed Li-Si/C composites will therefore be a key factor in
demonstrating the true potential of these systems as anodes for
next generation lithium ion systems. Identification of a suitable
method to generate composites of Si and C containing lithium will
therefore be necessary to exploit the true potential of these systems
obtained by charging the composite electrode to a reduced charge
potential thus resulting in a reduced potential cycling window for
the anode which in effect results in higher energy density due to the
larger full cell operating voltage as explained above and shown in
Table 3. This remains a challenge for the solid state chemists and the
materials scientists which hopefully will be met in the near future
with rapid advances being made in the science and engineering of
materials synthesis and processing technologies.

4. Conclusion

Composites based on Li-Si alloy, graphite and PAN derived
amorphous carbon, generated electrochemically in situ denoted
as Li-Si/C, have been studied as a suitable anode material for
lithium ion batteries. The in situ electrochemically synthesized
Li-Si/C composites of different compositions has been synthesized
by terminating the electrochemical charging reaction of Li ion fol-
lowing electrochemical activation of the Si/C composites generated
by high energy mechanical milling (HEMM) at different potentials
(~0.6, ~0.5 and ~0.4V). The Si/C composite has been synthesized
by high energy mechanical milling of graphite and silicon par-
ticles in the presence of the polyacrylonitrile (PAN) followed by
thermal treatment of mechanically milled powder at 1073K for
6 h. The Li-Si/C composite generated electrochemically in situ at
~0.6, ~0.5 and ~0.4V is comprised of Li-Si alloy dispersed in
graphite matrix. The overall composition of Li-Si/C composite gen-
erated at ~0.6, ~0.5 and ~0.4V, is estimated to be close to 69 at.%
C-15.5at.% Li-15.5at.% Si, 64at.% C-21.6at.% Li-14.4at.% Si and
57.1 at.% C-30at.% Li-12.9 at.% Si, respectively, with Li-Si alloy com-
position Li-50at.% Si, Li-40at.% Si and Li-30at.% Si, respectively.
The electrochemical studies of the electrochemically synthesized
Li-Si/C composite and pure Si/C reveal that the Li-Si/C composite
synthesized at ~0.6 and ~0.5V, cycled within their stable potential
window, exhibit better cyclability in comparison to pure Si/C com-
posite cycled in the potential window of 0.02-1.2V. On the other
hand, the specific capacity of the Li-Si/C composite synthesized at
~0.6 and ~0.5V is ~19% (819 mAhg-1) and ~31% (~700mAhg-1)
lower, respectively, than pure Si/C composite (~1019mAhg-1).
However, it is expected that the energy density of a full cell con-
figuration, comprised of the in situ synthesized Li-Si/C composite
coupled with a suitable cathode, is higher than the Si/C composite
coupled with the same cathode due to the expected improve-
ments in the energy density due to a higher discharge potential
for the full cell. It has been identified that the Li-Si/C compos-
ite of composition 64 at.% C-21.6 at.% Li-14.4 at.% Si, generated at

~0.5V, comprised of Li-Si alloy as a dispersoid of composition in the
vicinity of ~Li-40 at.% Si, is the best suitable material for anode to
obtain a high energy density in the full cell configuration with excel-
lent stability (~0.13%) despite the specific capacity of the anode
(~700mAhg-1) being reduced by 31% with respect to the pure Si/C
composite (~1019 mAhg-1). This study therefore demonstrates a
new concept on the use of Li-Si alloys, dispersed homogeneously
in a carbon matrix, as new potential anodes that can be explored in
a reduced voltage window exhibiting excellent capacity retention
without compromising on the overall energy density.
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