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Two different anode composite materials comprising of Fe, Cu and Si prepared using high energy ball milling
(HEBM) were explored for their capacity and cvcling behaviors. Prepared powder composites in the ratio
CuFe:Si= 1:1:2.5 and 1:1:3.5 were characterized through X-Ray diffraction (XRD) and scanning electron
microscope (SEM). Nevertheless. the XRD shows absence of any new alloy/compound formation upon ball
milling. the elements present in Cu(1)Fe(1)Si(2.5)/Graphite composite along with insito generated Li-O
demonstrate a superior anodic behavior and delivers a reversible capacity of 340 mAh/g with a high coulombic
efficiency (98%). The higher silicon content Cu(1)Fe(1)8i(3.5) along with graphite could not sustain capacity
with cycling possibly due to ineffective buffer action of the anode constituents.
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Introduction

The rapid growth of electronic industries and electric
vehicle applications has accelerated the need for high energy
and long life lithium ion batteries. Recently. attempts have
been made to enhance the energy density and cvele life of
both anode and cathode. Since graphite anode has only 372
mAh g™'! as energy density. anodes such as tin (Sn) and
silicon (51) with high theoretical capacities 4190 and 950
mAh g! for the respective intermetallic alloys LixSis and
Lis~Sns have been considered. The practical application of
these materials has been hampered as they exhibit wide
volume variations, 328% for Li-51i and 258% for Li-Sn
during discharge/charge processes which leads the electrodes
to underge internal cracks and morphological changes
resulting in loss of electrical contact and cell failure.- In
order to identify a suitable anode material with high
electrochemical characteristics intermetallic silicide allovs
with less active or inactive metal elements with two metals.”
carbon coated silicon”"" and alloys consisting of multi-
components~*-' were explored mostly with ductile graphite.

In this paper two different composites constituting of Fe.
Cu and Si. with different silicon contents have been
considered. This combination has been chosen in order to
make use of conducting property of copper along with
environmentally benign elements., Iron and silicon. The
synthesis procedure uses High Energy Ball Mill technique
(HEBM) to prepare Fe-Cu-Si composite in the presence and
absence of super ‘p° black and graphite. X-Ray diffraction
(XRD) and Scamning Electron Microscope (SEM) were
emploved to analyze the structure and morphology of the
materials.

Experimental Details

Material preparation. Two different Fe-Cu-Si ternary
composites were prepared by adopting HEBM technique.
Appropriate quantities of Cu (< 10 gm. 99% pure. Sigma
Aldrich). Fe (<33 tm. 99.9% pure. High purity chemical
research company. Japan) and Si (1-3 gm. SI-100. > 99%
purity. AEE. N.J) were loaded in a stainless steel (SS)
grinding vial along with SS balls. The weight ratio of SS ball
to material was maintained at 10:1 and the millings were
performed at 350 rpm for 10 hours. The vial was filled with
argon gas and tightly closed with a gasket to prevent oxida-
tion of the loaded material through any possible ingress of
atmospheric air into the vial.

The active material (AM,) with atomic ratio Fe:Cu:Si =
1:1:3.5 was ball milled. A mix consisting of AM;:Super ‘p’
black (SPB) in the ratio = 73:13 was blended in an agate
mortar and a viscous slurry was prepared by blending with
10 wt % polyvinylidene difluoride (PVDF) dissolved in 1-
methyl-2-pyrrolidinone using an agitator for 10 minutes.
Following the same procedure also made another slurry
composition using the same active material (AM;) as AM;:
Graphite:SPB.PVDF = 43:33:10:10. Similarly one more
active material (AM-) containing less amount of silicon with
atomic ratio Fe:Cu:Si= 1:1:2.5 was ball milled as before and
viscous shurry with AM::Graphite:SPB:PVDF = 40:40:10:
10 was prepared. Three different viscous slurries were coat-
ed on different copper foils and dried in a vacuum oven at
150 °C for 24 h. The films were removed and pressed using
SS roller so as to reduce the thickness to 73%. For conveni-
ence here afterwards. it may be denoted Fe:Cu:Si= 1:1:3.3
and Fe:Cu:Si = 1:1:2.5 as Fe(1)Cu(1)Si(3.5) and Fe(1)Cu(1)
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Si(2.3) respectively.

Cell construction. The coated films were cut in the form
of circular disc of diameter 1.4 cm using a die. Coin cell was
fabricated using the coated film and hithium foil separated by
polvpropylene membrane, celgard 2700 as a separator. The
electrolvte used was as received from Techno Semichem.
Ltd.. Korea. The electrolvte 1s 1 M LiPFs and 2 wt% vinyl-
ene carbonate (VC) dissolved in a mixed solution of ethyl-
ene carbonate (EC) and ethyl methyl carbonate (EMC) = 1:
1(V/V)). The coin cells were assemibled in a drv room
maintained at ~21 °C with a dew point temperature between
—65 and —70 °C.

XRD and SEM investigations. In order to obtain the
phase characterization. ball nulled composites were examin-
ed using Philips 1830 X-ray diffractometer with nickel
filtered Cu K radiation at a scan rate of 0.04°/s over 2 theta
range 10°-B0°. The surface morphology of the active matenal
coated copper foil was scanned using Hitachi S-4800 scann-
ing electron microscope.

Cxcle life testing, Discharge-charge studies and cvcle life
measurements of the comn cells were carried out using Charge-
discharge analvzer, Tovo System, LTD, Japan. The anode
was cveled between 0 to 2 V versus Li*/Li at a constant
current of 0.253 mA cm”.

Results and Discussion

Phase and morphology analyses

X-Ray diffraction of the ball milled sample: In Figure 1.
the XRD pattern for the elemental Si. Cu. Fe powders along
with 10 h ball milled composite Fe([)Cu(1)S1(3.5) and
Fe(1)Cu( )Si(2.5), are presented. It is found that the XRD
pattern of individual elements such as Si, Cu and Fe exactly
superimpose with the spectrums obtained for 10 h ball
milled composites Fe(1)Cu( 1)S1(3.3) and Fe( HCu(1)S1(2.3).
This observation suggests that the resultant material remains
as a composite with changes only n crvstallite sizes and
does not form any new compound or alloys due to ball
milling. The following section describes the reaction of 5i
during lithiation and delithiation. and other elements in
providing buffer action for a stable charge-discharge cvcle
behavior.

SEM analysis: The high silicon containing electrodes of
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Figure 1. XRD profile of Fe, Cu, St and 10 h ball mlled compo-
sites, Fe(1)Cu(1)81(3.5) and Fe( 1)Cu(1)Si(2.5).

composition Fe(1)Cu(1)S1(3.5) composite with SPB, Fe(l)
Cu(1)Si(3.5)/Graphite composite and low silicon contaming
composite Cu{1)Fe(1)Si(2.5)/Graphite composite are shown
m the SEM picture. The appearance of nano particles in "a’
18 due to the presence of SPB which was added as a
conducting material. The electrode 'b™ shows larger size
active matenal particles. The SEM pictures show that the
particle distnbution in "¢’ 1s sigmificantly better than that in
‘a’ and ‘b’ for favorable buffer action to provide high cycle
capacity.

Electrochemical characterization

Discharge/charge behavior of Fe(1)Cu(1)Si(3.5) com-
posite: The Figure representing charge/discharge beha-
vior of Fe(1)Cu(1)Si(3.5) blended with conducting matenal
SPB is shown as Figure 3. The figure shows the mtial
discharge and charge capacity values as 1758 and 1133 mAh
g~! respectively. Two types of reactions occur in the cell.

1) The reversible charge/discharge reaction

{(x+v)Li" + (Si. Fe. Cu. C) + (x+v)e”
< LiySi + LiyCe + (Fe. Cu) ()

Li and graphite can undergo reversible reaction with
Silicon. This composition contain no graphite and the SPB
acts only as a conduction material. Other elements serves as
a buffer to obsorb the volume expansion during charge-
discharge process.

2) The irreversible reaction occurs during initial discharge
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Figure 2. SEM pictures for the electrodes with compositions, a) Fe (1)XCu(1)81(3.5) composite with SPB, b) Fe(1Cu(1)Si(3.5¥Graphite

composite, ¢) Fe( 1 YCu( 1)S1(2.5 ¥Graphite composite.
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Figure 3. Potential as a function of specific capacity for Fe(1)Cu
(1)S1(3.5) composite.

2LiT+-0-+2¢” = Li:O 2)
-O- derives from chemically bonded/adsorbed oxides

In the first discharge process lithium equivalent to 623
mAh g™! has been converted to LixO"® which remains in the
anode as irreversible capacity wlich is then followed by
reversible lithium silicide allov formation. It is reported that
the wreversible capacity in graphite electrode has been
attributed to the formation of a passive film on graphite
particles which comprises mainly LiF. Li~COs and Li-O."*
In the present composite the elements Cu and Fe along with
Li:O act as a buffer to absorb the volume changes during
charge and discharge process. The percentage of rreversible
capacity for the first cvele is 353% and for the second cvele 1s
63%. The drop in capacity in the second charge implies that
this composition is not able to provide sufficient buffer
action to give long cvcle life for this composition.

Discharge/charge behavior of Fe(1)Cu(1)Si(3.5)/Gra-
phite composite: The charge/discharge curve represent-
ed as in Figure 4 shows that the initial capacity is below
1000 mAh g™’ which is lower than the capacity delivered by
Fe(1)Cu(1)Si(3.3) composite with SPB. However. the
second charge capacity remains higher at ~400 mAh g’
which 1s far above the value exhibited by the composition
with SPB (Fig. 3). In this composite the graphite is respon-
sible for lowering of initial capacity and maintaining of
higher capacity in the following cycles.

Discharge/charge behavior of Fe(1)Cu(1)Si(2.5)/Gra-
phite composite: The discharge/charge behavior of Fe(1)
Cu(1)Si(2.3)/Graphite shown in Figure 3 illustrates that even
though the initial capacity is reduced to ~800 mAh g™'. the
second charge capacity remains > 500 mAh g™,

Comparative delithiation behavior of different com-
positions: Since delithiation characteristics are more impor-
tant as it is related to the amount of lithium available for
lithiation process in practical lithium ion battery. the com-
parative delithiation behavior of three compositions are
presented as in Figure 6. The curve "a’ obtained for the
composite Fe(1)Cu(1)Si(3.3)/SPB containing high silicon
content does not provide good cyele life possibly due to
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Figure 4. Potential as a function of specific capacity tor Fe(1)YCu
(1)81(3.3¥Graphite composite.
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Figure 5. Potential as a function of specific capacity tor Fe(1YCu
(1381(2.5)/Graphite composite.
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Figure 6. Specific capacity as a function of ¢vele number for a) Fe
(HCu(1)81(3.3) composite with SPB, b) Fe(1)Cu(1)Si(3.53)/
Graphite composite, ¢) Fe(1Cu(1)Si(2.5¥Graphite composite.

large volume expansion and crumbling of the active material
net work and loss of electrical contact with cycling. How-
ever. the same composite when added graphite as Fe(1)
Cu(1)Si (3.3)/Graphite shown as ‘b’ was able to prolong the
cvele life but at the cost of capacity. The figure clearly shows
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Figure 7. Charge/discharge and coulombic efticiency as a tunction
of cvele number for Fe( 1)Cu(1)Si(2.5)/Graphite composite.

that the composition Fe()Cu(1)Si1(2.5)/Graphite shown as
‘¢’ depicts better capacity and lugh cvcle life. The high
performance of the Fe()Cu(1)S1(2.5)/Graphite 1s due to the
effective buffer action provided along with internally
generated L1;0O during first lithiation process. Consequently
these materials can be considered as a double phase matenal
as both silicon and graphite are active towards Li~ within the
same potential window.” It needs further investigation to see
exactly the beneficial effect of copper over the discharge/
charge charactenistics of the final composite arrived.

Cycle behavior and coulombic efficiency: The cvcle
behavior and coulombic efficiency of the composite Cu(l)
Fe(1)Si(2.5)/Graphite presented as in Figure 7 shows that at
30% cycle the coulombic efficiency is > 98% and the specific
capacity is ~340 mAh g™'. The electrochemical behavior of
this composite 1s comparable to the results reported for
LiFePOs and Feno:Mnq«sSiz as anode materials with rever-
sible capacity of ~3030 and ~400 mAh g™! at 20" and 25
. 26.30

cveles respectively,

Conclusion

Twvo different compositions prepared through ball milling
i order to evaluate the electrochemical behavior of the
composites for lithium 10n batterv. Despite the XRD analysis
shows absence of any allovs/compounds formation due to
ball milling. the elements present in Cu(l)Fe(1)Si(2.3)/
Graphite composite along with insito generated Li-O has
shown a reversible capacity ~340 mAh/g. with high coulom-
bic efficiency > 98%. Although the composite Cu(l)Fe(1)Si
(3.3) with SPB and Cu(1)Fe(1)Si(3.5) with SPB & graphite
are able to provide high initial capacity. could not sustain
reasonable capacity with cycle life, possibly due to higher
silicon content which causes higher volume expansion and
affect the capacity with cvcle life.
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