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Abstract

CaSi2 was investigated as a potential anode material for use in lithium-ion batteries. The capacity was investigated as a function of
particle size. The capacity at 50 cycles of the as-sieved CaSi2 material (25–30�m) is about 150 and 220 mAh/g for the ball-milled (1–3�m)
material, suggesting that neither will make a good replacement anode for graphite. A majority of the CaSi2 capacity is associated with Si
and not Ca, which is in agreement with predicted behavior. A comparison of the capacity fade of CaSi2 with other silicides suggests that
to minimize capacity fade, it is better to have in materials that under go decomposition during Li insertion, a high modulus and/or low
ductility matrix than a low modulus and/or high ductility matrix.
Published by Elsevier B.V.
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1. Introduction

Recently, there has been interest in the use of intermetallic
silicides as replacement anodes for graphite in Li-ion batter-
ies [1–9]. One such silicide that has received considerable
attention is Mg2Si [1,2,5,6,8]. Mg2Si prepared by conven-
tional melting (particle sizes less than 70�m) exhibited an
initial specific capacity of 1370 mAh/g which decreased to
about 100 mAh/g after 10 cycles when the alloy was cycled
to a lower limit of about 5 mV[5]. For the case of Mg2Si
prepared by mechanical alloying (mean particle size of about
30�m) the alloy exhibited an initial specific capacity of
830 mAh/g, which rapidly decreased, to 100 mAh/g after
five cycles when cycled in the voltage range 5 mV–0.65 V
[6]. Changing the voltage limits (50–225 mV) for the me-
chanical alloyed material increased the discharge capacity
to a value of about 100 mAh/g, which was approximately
constant for 25 cycles. For both the as-melted and mechan-
ical alloyed Mg2Si it was suggested at low potentials that it
decomposed into binary Li–Si and Li–Mg alloys[5,6].

Another intermetallic silicide that has not received any
attention as a potential anode for use in Li-ion batteries is
CaSi2. There are two reasons why CaSi2 could be a potential
anode. The first reason is its promise of high reversible Li
capacity. For example, CaSi2 upon lithium insertion at low
potentials based on the predicted Ca–Si–Li room tempera-
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ture ternary phase diagram should decompose into binary
Li–Si and Li–Ca alloys as follows[3]:

10.8 Li + CaSi2 → Li2Ca+ 2 Li4.4Si (1)

The predicted reversible capacity associated with the above
reaction would be 3015 mAh/g of CaSi2. This is eight times
the theoretical value for graphite (372 mAh/g[1]). The sec-
ond reason is the promise of low capacity fade compared to
other silicides. In the case of NiSi and FeSi, which also form
Li4.4Si dispersed within a metal matrix (i.e. Ni or Fe) upon
Li insertion, rapid capacity fade was exhibited[9]. These
silicides have high melting temperature matrices, which in
general results in low ductility materials[10–13], which may
account for the rapid capacity fade observed. In contrast, as
a result of its low melting point,Tm, [Tm = 503 K, 230◦C]
it may be expected that Li2Ca could provide a highly duc-
tile matrix at room temperature for the Li4.4Si alloy to ex-
pand and contract within and thus, CaSi2 may exhibit low
capacity fade compared to other silicides.

It is the purpose of this paper to investigate the possibil-
ity (i.e. capacity and capacity fade) of CaSi2 as a potential
anode for use in Li-ion batteries as a function of particle
size and compare the results to other silicides that have been
considered as anodes for use in Li-ion batteries.

2. Experimental

CaSi2 powders were obtained from Alpha Aesar. The
powders were crushed, ground and sieved to less than 44�m.
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To check on the effect of particle size on capacity and ca-
pacity fade some of the sieved powders were placed in a
hardened steel jar with a ball to powder weight ratio of 5:1
under an atmosphere having an oxygen concentration and
moisture level of less than 1 ppm. These powders were then
milled using a high-energy ball-mill (Spex-8000) for 20 h. In
addition, to determine how much of the capacity was associ-
ated with Ca, Ca powders were obtained form Alpha Aesar
and were ground and crushed and sieved to less than 44�m
under an atmosphere having an oxygen concentration and
moisture level of less than 1 ppm. The CaSi2 powders were
characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM) and Brunauer–Emmett–Teller (BET).

The cycle life of the CaSi2, ball-milled CaSi2 and Ca pow-
ders were evaluated in half-cells at room temperature. CaSi2
and ball-milled CaSi2 positive electrodes were prepared by
mixing 85 wt.% active material, 5 wt.% carbon and 10 wt.%
polyvinylidene fluoride dissolved inN-methylpyrrolidinone.
The mixture was coated onto a Cu substrate. The electrodes
were dried under vacuum. For the case of Ca positive elec-
trodes, these were prepared by cold-pressing the powders
with no binder or conductive agent onto a Ni-grid. Metal-
lic lithium was used as the negative electrode. Cells were
constructed by placing the positive electrode, Celegard 2300
separator and lithium foil pressed onto a Ni grid between two
1/8 in. thick polypropylene blocks. The cells were placed
in foil laminate pouches and 4 g of a 1 M LiPF6:ethlylene
carbonate (EC)/diethyl carbonate (DEC) (1:1 (v/v)) solution
was added. The cells were cycled at a constant current den-
sity of 20�A/cm2 between 0.005 and 1.50 V.

3. Results and discussion

The X-ray diffraction patterns of the as-sieved and
ball-milled CaSi2 powders are shown inFig. 1. FromFig. 1,
it can be seen that the as-sieved material exhibits very sharp
and narrow diffraction peaks indicating a highly crystalline
material with a particle size in the micron range. In contrast,
the diffraction peaks in the ball-milled material are highly
reduced in intensity and broad compared to the as-sieved
material. These results suggest a less crystalline material
with a smaller particle size for the ball-milled CaSi2 com-
pared to the as-sieved material. SEM analysis revealed that
the particle size of the as-sieved material was between 25
and 30�m. SEM analysis of the ball-milled material re-
vealed a particle size between 1 and 3�m. BET analysis
assuming spherical particles[14] yielded a particle size
of about 1�m for the balled-milled material. The average
crystallite size calculated using the Scherrrer formula[15]
was 1�m for the balled-milled material. Hence, it can be
concluded that the particle size of the ball-milled mate-
rial (1–2�m) is about 18 times smaller than that for the
as-sieved material (25–30�m). In addition, there is a large
broad hump in the balled-milled pattern at low diffraction
angles, suggesting some percentage of the balled-milled
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Fig. 1. X-ray diffraction patterns of the as-sieved and ball-milled CaSi2

powers.

material is amorphous. The X-ray diffraction pattern for the
Ca powders (25–30�m) revealed only sharp and narrow
diffraction peaks for single-phase Ca.

A typical discharge–charge cycle, after the first cycle,
for the as-sieved CaSi2 powders is shown inFig. 2. From
Fig. 2, it can be observed that during discharging (Li ad-
dition) that no Li insertion takes until the voltage is below
about 0.3 V. This is in good agreement with values for crys-
talline Mg2Si, which are close to 0.3 V[1,5,6]. In the volt-
age window between 0.3 and 0.005 V, three distinct regions
exist, with a plateau between about 0.16–0.07 V. The three
regions are in agreement with behavior predicted by the
room temperature ternary phase diagram for Ca–Si–Li[3].
A typical discharge–charge cycle, after the first cycle, for the
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Fig. 2. Typical discharge curve for the as-sieved CaSi2 cycled between
0.005 and 1.5 V.
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Fig. 3. Typical discharge curve for the ball-milled CaSi2 cycled between
0.005 and 1.5 V.

ball-milled CaSi2 powders is shown inFig. 3. FromFig. 3,
no plateaus or knees are observed in the discharge curve of
the ball-milled CaSi2 material, only a sloping curve, with a
gradual change in voltage with composition is exhibited. A
sloping curve is typical for an amorphous material[16–18]
and confirms the amorphous nature of the ball-milled mate-
rial shown by the X-ray diffraction plot inFig. 1. The pure
Ca powder showed several distinct regions with insertion
beginning at about 0.3 V.

The specific capacity of the as-sieved and ball-milled
CaSi2 powders versus cycle number is plotted inFig. 4. Also
included inFig. 4 is data for the Ca powders. FromFig. 4,
several important points are noted. Firstly, the Li capacity
associated with the Ca powders is very low in magnitude
compared to graphite and exhibits rapid capacity fade. For
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Fig. 4. Discharge capacity for the as-sieved CaSi2, ball-milled CaSi2 and
Ca materials. The cells were cycled between 0.005 and 1.5 V.

example, at 50 cycles, the capacity of Ca is about 10 mAh/g
compared to practical values of between 300 and 350 mAh/g
for graphite[1]. The capacity drops from 400 to 12 mAh/g
after 10 cycles. From these results, it is anticipated that even
with the addition of a binder that the capacity of the Ca pow-
ders will still be very low compared to graphite. Secondly,
the reversible Li capacity of the CaSi2 powders is associ-
ated mainly with Si and not Ca. This is in agreement with
what is predicted byEq. (1). FromEq. (1), out of the total
Li capacity associated with the decomposition of CaSi2 the
predicted Li percentage capacity for Ca (Li2Ca) is 18.5%
and for Si (Li4.4Si) 81.5%. FromFig. 4, it is observed that
the Li capacity ratio of Ca to CaSi2 of similar particle size
(25–30�m) is about 3%, suggesting that 97% of the capac-
ity of CaSi2 is associated with Si. This result confirms that a
majority of the capacity is associated with Si, in agreement
with Eq. (1). However, it is higher than expected (97% ver-
sus 81%). A potential explanation for the higher capacity is
a result of the fact that there is excess Si in the CaSi2 phase
and/or slow kinetics associated with formation of the Li2Ca
phase at room temperature. The third important point from
Fig. 4 is that the capacity of the ball-milled CaSi2 is greater
than that for the as-sieved CaSi2. For example, at the 50th
cycle, the capacity of the ball-milled material is 220 mAh/g
compared to 150 mAh/g for the as-sieved material. This is a
result of its smaller particle size and/or amorphous nature.
This is in agreement with behavior observed in oxides and
metal alloys, which show enhanced capacity as the particle
size is reduced or as the material becomes more amorphous
[18–22]. Fourthly, the capacity of the both the as-sieved and
ball-milled CaSi2 powders is low in magnitude compared
to graphite and exhibits rapid capacity. For example, at the
50th cycle, the capacity of the as-sieved CaSi2 material is
about 150 and 220 mAh/g for the ball-milled material, com-
pared to practical values of between 300 and 350 mAh/g for
graphite[1]. Thus, suggesting that neither the as-sieved or
the ball-milled CaSi2 materials will make a good replace-
ment anode for graphite in Li-ion batteries.

The capacity at the 10th cycle is 400 mAh/g for the
ball-milled CaSi2 and 310 mAh/g for the as-sieved CaSi2.
The capacity at the 10th cycle ranges from 100 to 200 mAh/g
for Mg2Si [5,6], 720 mAh/g for FeSi[9] and 920 mAh/g for
NiSi [9]. The capacity values for the CaSi2 materials at the
10th cycle are within the range of what has been exhibited
by other silicides. The observed capacity for the silicides
at the 10th cycle is low compared to theoretical values (i.e.
≈3000 mAh/g for CaSi2 and≈1400 mAh/g for FeSi). The
low values of the actual capacity compared to theoretical
values at a small number of cycles represents rapid capac-
ity fade and is a result of the large volume change(s) that
occur upon reaction with Li. The volume change(s) cause
mechanical stress, which causes particles to loose contact
with the electrode, leading to the decrease in capacity. It is
of interest to speculate why the Mg–Si and Ca–Si alloys ex-
hibit lower capacity at given cycle (i.e. faster capacity fade)
compared to the Fe–Si and Ni–Si alloys. The same trend
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exits for the Mg–Si, Ca–Si, Fe–Si and Ni–Si alloys when
the capacity is normalized per gram of Si. There are several
potential explanations. One possible reason may have to
do with a difference in the stress generated do the volume
change during Li insertion. If all the Mg–Si, Ca–Si, Fe–Si
and Ni–Si alloys undergo decomposition with Li insertion
it would be expected that they all form the same Li–Si al-
loys with last being Li4.4Si, and hence, all will undergo the
same volume change and generate the same value of stress.
Thus, in a first approximation volume change cannot ex-
plain the difference in capacity between the silicide alloys.
Another potential reason could be related to a difference
in particle size. However, based on the results ofFig. 4, it
is unlikely that this could explain the large difference ob-
served between the Mg–Si, Ca–Si, Fe–Si and Ni–Si alloys.
A more likely reason has to do with the mechanical prop-
erties of the matrix. In this case, it could be related to the
elastic properties (i.e. elastic modulus) and/or the plastic
properties (i.e. ductility) of the matrix. There is not suffi-
cient enough elastic modulus and ductility data available
for the four silicide alloys to make a detailed comparison
to determine the exact relationship between the mechanical
properties and capacity fade and to separate the effects of
modulus from ductility on capacity fade. However, a rough
comparison can be made between the mechanical properties
and capacity fade since, it is known that the elastic mod-
ulus in a first approximation scales with the melting point
of a material[11–13] while ductility scales inversely with
melting temperature[11–13]. For the case of the Ca–Li
and Mg–Li systems, the matrix is composed of Li2Ca and
an Mg–Li alloy, respectively. For the case of the Ni–Si
and Fe–Si systems, the matrix is Ni and Fe, respectively.
The melting point of: (1) Ni is 1726 K (1453◦C); (2) Fe
is 1809 K (1536◦C); and (3) Li2Ca is 503 K (230◦C). For
the case of the Mg–Li alloy since, no composition[5,6] is
given an exact melting temperature (solidus temperature)
cannot be specified. However, based on the shape of the
Mg–Li phase diagram[23] it is estimated that the solidus
temperature for the Mg–Li alloy will fall between that for
Mg, 922 K (649◦C), and that for Li, 454 K (181◦C). Con-
sequently, the matrices for the Mg–Si and Ca–Si alloys
upon Li insertion exhibit much lower melting temperatures
compared to the Fe–Si and Ni–Si alloys. Hence, it is ex-
pected Ni and Fe have a higher elastic modulus and exhibit
lower ductility than the Li2Ca and an Mg–Li alloys. The
elastic modulus at room temperature for Ni and Fe is 200
and 211 GPa, respectively[10]. No data is available for the
elastic modulus of Li2Ca. Since the melting point of the
Li2Ca alloy is 503 K (230◦C) compared to a melting point
of 1115 K (842◦C) for pure Ca, it would be a good first
estimation to suggest that the maximum modulus for Li2Ca
is on the order of that for Ca, 20 GPa. Based on the shape
of the Mg–Li phase diagram[23], it is estimated that the
modulus for the Mg–Li alloy will fall between that for Mg,
45 GPa, and that for Li, 4.9 GPa. Thus, the matrices for the
Mg–Si and Ca–Si alloys upon Li insertion exhibit much

lower values for the elastic modulus (<50 GPa) compared
to the Fe–Si and Ni–Si alloys (≈200 GPa). The capacity
fade of the low modulus materials was much faster than
that for the high modulus materials. A matrix with a higher
elastic modulus may provide a larger residual compressive
stress than a matrix with a lower elastic modulus, which
could relieve the tensile stresses generated as a result of the
Li reaction with Si, and thus, lower capacity fade would be
expected in the material with the higher elastic modulus ma-
trix. For the case of ductility, sufficient data does not exist
for Mg–Si and Ca–Si alloys to make the same comparison
as was done for the case of the elastic modulus. However,
based on the melting point prediction, it is expected that Ni
and Fe will exhibit lower ductility compared to Li2Ca and
the Mg–Li alloy. The capacity fade of the materials with
the lower ductility was much less than that for the more
ductile materials. These results are in agreement with those
of Nishio and Furukawa[24] who showed that for Li–Al
electrodes that more than a factor of three improvement
in cycle life was obtained when the matrix was hardened
(i.e. matrix became less ductile). In addition, the results of
this study are in excellent agreement with recent results of
Wang et al.[25] who suggested based on electrochemical
impedance spectroscopy of Li-alloys contained within a
matrix that the matrix should have low ductility to maxi-
mize cycle life. A matrix with a low ductility modulus may
provide a larger residual compressive stress than a matrix
with a greater ductility, which could relieve the tensile
stresses generated as a result of the Li reaction with Si, and
thus, lower capacity fade would be expected in the material
with the lower ductile matrix. At present, it is not possible
to separate which of the two effects; modulus or ductility
has a greater influence on capacity fade.

4. Conclusions

The capacity of CaSi2 as a function of particle size was
investigated and compared to other silicides that have been
considered as anodes for use in Li-ion batteries. It was ob-
served that a majority of the CaSi2 capacity is associated
with Si and not Ca, which is in agreement with predicted
behavior. The capacity of ball-milled CaSi2 is greater than
that for as-sieved CaSi2. This is a result of its smaller parti-
cle size and/or amorphous nature. The capacity of both the
as-sieved and ball-milled CaSi2 powders is low in magni-
tude compared to graphite. For example, at 50 cycles, the
capacity of the as-sieved CaSi2 is about 150 and 220 mAh/g
for ball-milled CaSi2. These results suggest that neither the
as-sieved nor the ball-milled CaSi2 materials will make a
good replacement anode for graphite. A comparison of the
capacity fade of CaSi2 with other silicides suggests that to
minimize capacity fade it is better to have in materials that
under go decomposition during Li insertion, a high modulus
and/or low ductility matrix than a low modulus and/or high
ductility matrix.
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