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Abstract

Polyvinyl chloride (PVC)-based composite polymer electrolyte films consisting of PVCsHOF-SIO, are prepared by the solution-
casting method. The electrical properties of the electrolyte are investigated for ionic conductivity and its dependence on temperature. The
electrolyte with the highest ionic conductivity is used to fabricate a LigBUC—-LiCFS0O;—SiO,/mesocarbon microbeads (MCMB)
battery. The charge—discharge characteristics and performance of the battery at room temperature are evaluated to ascertain the effectiv
viability, of these solid electrolytes in lithium-polymer batteries. Battery performances is also investigated at 313, 323 and 333 K.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In the case of the negative electrode (anode), carbon
(graphite) has been exclusively used. The choice is quite
The research into lithium batteries, which began in the |imited due to the requirement of a layered structure for the
1950s, has led to the present rechargeable lithium-ion bat-insertion and de-insertion of lithium ions. Modification of
teries (LIB)[1,2]. Since then, the industry has evolved to de- the structure of the carbon anode has led to the use of hard
velop lithium-polymer batteries (LPBs) which includes that carbon and soft carbon. More recently, nanoscale lithium
advanced by Bellcorgg]. In meeting the demands of con-  alloys, such as LiSn, LiAl, LiSi, LiC, and lithium transition
sumer electronic products, the battery industry has producedmetal nitrides, such as LiCoN, have been used as anodes
cells with higher specific energy and longer cycle-life. As and found to exhibit advantageous featufes.
a result, porous polymer, homogeneous polymer and mod- The present study examine the basic characteristics and
ified lithium-ion batteries have been assembled, mainly by cycling performance of a LiCo&PVC-LiCRSO;—SiOy/
modlfylng the technology involved in the battery fabrication mesocarbon microbeads (MCMB) battery (MCMB meso-
processes. carbon microbeads). The charge—discharge characteristics of
The compound LiCo@ has been investigated as a the battery have been studied at room temperature, as well
positive-electrode (cathode) material for use in most of these as at 313, 323 and 333 K. Prior to fabricating the battery, the
batteries since the late 1970s when the lithium-polymer electrolyte is characterised by measuring the ionic conduc-
batteries were developdd]. This material is air and water tjvity and its dependence on temperature. The electrolyte is a
stable with a specific capacity of 140 mAhYy[5], and has  composite polymer electrolyte based on poly(vinyl chloride)
a potential of about 4 V with respect to lithium. Due to the (PVC) with LICF3S0; as the salt and an organic filler, SiO
toxicity of cobalt and the scarcity of cobalt sources, how- Most PVC-based electrolytes are of the gel type and only
ever, alternative cathode materials have been developedg few batteries based on them have been repdtt2dl 7]
This includes other transition metal oxides such as LINIO  Although PVC-based composite electrolytes have been in-
[5,6] and LiMnxO4 [5,7-10] and doped transition metal  vestigated18], to the best of our knowledge there have been
oxides such as LiNiCo®[11]. no studies of PVC-based composite polymer electrolyte sys-
tems. A comparison has also been made of some of the char-
" Corresponding author. Tel:60-3-7964-4085; faxs 60-3-7064-4146,  ACteristics of the batteries fabricated in this work and those
E-mail address: akarof@um.edu.my (A.K. Arof). of other batteries.
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Fig. 1. Complex impedance plot of PVC (33.2%)-L§&0; (61.8%)-SiQ (5%) polymer electrolyte.
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Fig. 2. Arrhenius plot of PVC (33.2%)-LiGS0; (61.8%)-SiQ (5%) polymer electrolyte.
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Fig. 3. Discharge curves of LiCa@PVC-LICRSO;-SiO,/MCMB cell at 150 mA for first, seventh and 13th cycle.

2. Experimental 2.2. Impedance spectroscopy

2.1. Synthesis of composite polymer electrolyte Complex-impedance measurements were carried out
using a computer-controlled HIOKI LCR Hi-tester over

Lithium triflate (LiCF3SQs) and poly(vinyl chloride) were  frequencies from 40Hz to 1000 kHz. The dependence of

dissolved separately in tetrahydrofuran (THF) until com- conductivity on temperature was investigated for the highest

plete dissolution had taken place. Appropriate amounts of conducting film at temperatures from 173 to 373 K.

the organic filler, SiQ (fumed silica), were then added and

stirred until the mixture appeared to be homogeneous. The2.3. Preparation of electrodes

mixture was then cast into different glass dishes and left to

dry by evaporation at room temperature. The films were then Composite cathodes were prepared at room temperature

removed from the glass dishes and stored in air in a dessicaby adding appropriate amounts of LiCgQctivated carbon

tor until required. The PVC was obtained from Sigma, the and suitable resins to form a homogeneous slurry by mixing

LiCF3S0O; from Aldrich, Chemie, and the THF from J.T. in a solvent. The slurry was cast on to an aluminium grid for

Baker. use as the battery cathode. A similar procedure was used for
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Fig. 4. Discharge curves of LiCaZPVC-LICRSO;-SiO,/MCMB cell at 200 mA for first, eighth and 15th cycle.
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Fig. 5. Discharge curves of LiCafPVC-LICRSO;—Si0,/MCMB cell at 100 mA for second, eighth and 15th cycle.

the preparation of the composite anode, which consisted of2.5. Battery characterisation
a mixture of mesocarbon microbeads, activated carbon, and
suitable resins. The anode materials were mixed and cast on The battery LiCoQ/PVC—-LICRSO;-Si0,/MCMB was

to a copper grid.

2.4. Fabrication of battery

The polymer electrolyte film with the highest con-

subjected to conditioning for 1 cycle by charging to 4.2V
and discharging to 2.0 V. This was done to stabilize the ac-
tive materials of the battery by the formation of a solid elec-
trolyte interface (SEI) with even thicknegk9]. After con-
ditioning, the battery was tested by measuring its rate dis-

ductivity at room temperature was used as the separa-charge. In this test, the battery was charged at 150 mA until

tor for the fabrication of a PVC-based, lithium-polymer

it reached a voltage of 4.2V and then discharged at 150 mA

secondary battery. The electrodes were cut into dimen-to a cut-off voltage of 2.0V. The same charging and dis-

sions of 30cm x 5.0cm before stacking with the elec-

charging rate were used for the first test in order to ensure

trolyte in between. The whole assembly was packed in high coulombic efficiency20]. This was then followed by
an aluminium-laminated envelope and sealed in a glove- discharge at 50, 100 and 200 mA. Temperature-dependence

box.
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Fig. 6. Discharge curves of LiCa@PVC-LICRSO;—SiO,/MCMB cell at 50mA for second, seventh and 11th cycle.
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Fig. 7. Discharge characteristics of LiCat®VC-LiCRSO;—SiO,/MCMB cell at 50, 100, 150, and 200 mA.

at temperatures of 313, 323 and 333 K. In those studies, the3.2. Battery charge-discharge characteristics

battery was charged at 150 mA up to 4.2V at room tempera-

ture and stored for 4 h in a temperature chamber before dis- Voltage profiles for the charge—discharge cycles of a
charge at 50 mA to a voltage of 2.0 V. The conditioning and LiCoO/PVC—-LICFRS0O;—SiO,/MCMB battery at room
cycling tests were performed by means of a battery cycler temperature for discharge currents of 150, 200, 100 and
manufactured by Arbin. 50 mA are given irFigs. 3—6 respectively. For comparative
purpose, the voltage profiles are presented togetH&giry.

The voltage drop during the initial discharge is higher when
the discharge current is increased, and the discharge time
increases as the discharge current decreases. The discharge
capacity is also higher at lower discharge currents.

The discharge capacity as a function of cycle number for
all discharge currents is shown kig. 8 The capacity de-
creases as the cycle number increases; the average values at
50, 100, 150 and 200 mA are 455, 382, 372 and 290 mAh, re-
spectively. The decrease in capacity as the discharge current
increases is normal behaviour for lithium-ion batteries and is
caused by the higher degree of overpontential at a higher dis-
charge currenfl4,24] According to Kim et al[25], the re-

Q) duction in capacity at higher discharge current may be due to
an increase in the resistance of the polymer electrolyte which
can have a thickness of the order of several hundred mi-
crometres when compared with the thickness of the separator
(—25pm) with liquid electrolyte. Hikmef26] also observed

a decrease in discharge capacity with increase in the dis-
charge rate for a LICO@QUHMWPE/graphite, battery, where
UHMWPE is ultra high molecular weight poly(ethylene ox-

3. Results and discussion
3.1. lonic conductivity of PVC-based polymer electrolyte

The electrical conductivity of the PVC-based polymer
electrolyte was highest for a sample with a configuration of
33.2wt.% PVC, 61.8wt.% LiC§S0; and 5wt.% SiQ.The
value was 115 x 10~4Scnt!, and was obtained by substi-
tuting the value foiR, into the equation

o = l
(RpA)

wherel is the thickness of the electrolytd, the area of
cross-section of the electrolyte; aRd is obtained from the
complex impedance plot shown Fig. 1 The ionic con-
ductivity of the electrolyte is around 0.1 mSctf which
is suitable for battery application®1] and is compara-
ble with electrolytes commonly used in the fabrication of
lithium-polymer batterie$15,16,22,23]
The In() versus 10007 plot for the polymer electrolyte ..\,

is given inFig. 2 This is characteristically Arrhenius in be-  activation energies and regression values
haviour and therefore indicates that the conductivity of the
polymer electrolyte is thermally activated. Thus, the conduc-
tivity increases as the temperature is increased. Regressiod73-213 0.15 0.93
and activation energy values in the range of temperature5213‘300 0.73 0.98

A i . 300-373 0.03 0.87
studied in this work, are listed ifable 1

Temperature range (K) Activation energy (eV) Regression
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Fig. 8. Discharge capacity as function of cycle number for LigiYC—-LiCRSO3—Si0,/MCMB cell discharged at (a) 50 (b) 100 (c) 150 and (d) 200 mA.

Table 2
Comparison of PVC-based battery characteristics

Reference Battery system

OCV (V) Internal Discharge capacity

Energy Power density

resistance density  (wg1)
() g™t
This work LiCoQy/PVC-LICRSO;—Si0,/MCMB 4.2 3.3 118.0mAhg! at 150.0mA (0.25C)  438.0 0.18
[13] LiMn 204/PVC-LiCIO4—EC—-PCILi 3.8 - 8.0mAh at 1.0mA - -
[14] LiCoO,/PVC—PMMA-LiPRs—EC-DMC/MCMB 4.2 - 111.0mAhg" at 2C (90 mA) - -
[16] LiCoO,/PVC-PMMA-SiQ-LiCIO4~EC-DMC/ 4.2 - 120.0mAhg?! at 1.16 mAcnt? (C/3) — -
MCMB

[17] Fe—S/CI-PVC-LiClO4—PC/Li -

- 800.0mAhg! at 0.1 mA - -
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Fig. 9. Voltage drop as function of discharge rate for LiGH/C-LICRSO;—Si0O,/MCMB cell.

ide). This was attributed to the internal resistance of the bat- electrolytes and composite polymer systemsTables 2
tery that is related to the difference between the actual volt- and 3 respectively. The capacity of the battery reported
age and the open-circuit voltage the so-called ‘voltage drop’. in this work is comparable with those of other PVC-based
The internal resistance of the battery can be estimated frombatteries, even when discharged at a high current of
a plot of voltage drop at half discharge capacity against dis- 150 mA. Shembel et a[17] reported a specific capacity of
charge current, as shownfiig. 9. The relationship is almost 800 mAhg ! when a cell was discharged at 0.1 mA. The
linear up to 100 mA and the internal resistance, which is the C-rate for the cell reported if14] is about 46 mAh, hence

slope of this part of the plot, is found to be about 2.3 if the discharge capacity is 11 mAh§at 2C rate, the dis-
The nominal voltage as a function of cycle number for charge current is about 90 mA. The performance of the cell
all discharge currents is shown irig. 10 The nominal in the present work is 118 mAh§ at a discharge current

voltage is seen to decrease progressively with cycling. This of 150 mA, i.e. better than that if14], on the other hand,
implies that the interfacial contact between the electrodesthe discharge capacity of the cell in this work is about the
and the polymer electrolyte may be deterioratj@g—29] same as that reported [d6], but the discharge current is
Such behaviour is caused by a change in the lattice of thesmaller in[16] even for an area of 100 dnWith respect
cathode-active material during cycling, which degrades the to batteries fabricated with other composite polymer sys-
electrical contact between the surfaces of the insertion parti-tems, it can be observedgble 3 that the battery in this
cles. The deterioration may, in turn, cause the internal resis-work has a reasonably good capacity bearing in mind that
tance of the battery to increase during cycling, particularly the measurements were made at room temperature whereas
for batteries that use a polymer electrolyte with an ionic the capacity values of the other batteries were obtained at
conductivity of 104 Scnt! [15,30] elevated temperatures.

Some characteristics of the battery fabricated in this work  Temperature dependence studies of the battery are pre-
are compared with those of other batteries with PVC-basedsented inFig. 11 for the first cycle at temperatures 313,

Table 3

Comparison of characteristics of batteries with composite polymer systems

Reference Battery system OCV Internal Discharge capacity Energy Power
V) resistance density density

() Qgh  (wgh
This work  LiCoQy/PVC—-LICRS0;-SiG,/MCMB 4.2 3.3 118.0mAhg! at 150 mA (0.25C) (32C) 438.0 0.18
[23] LiMn204/PEO-LIN(CFSQ),—Li2S—-BS3/LiCg 4.5 - ~0.7mAh (2C) at 0.1 mAcm? (0.285 A}  — -
(70°C)
[31,32] LiNiCoO2—Al/PEO-LIN(CRSQ,)2— 4.2 - 150.0mAhg! at 0.2mAcnt? (80°C) - -
LiPFg-BaTiOs/Li
[33] LiFePQi—Ag—C/PEO-LICESO3—ZrO,/Li 4.2 - 160mAhg? at C/5 (100°C) - -

awith the understanding that 2.85 éris the area of the battery.
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Fig. 10. Nominal voltage as function of cycle number for LiGéRPVC-LiCFRSO;—SiO,/MCMB cell discharged at (a) 50 (b) 100 (c¢) 150 and (d) 200 mA.

323 and 333 K. The drop in voltage is smaller as the tem- charge capacity at elevated temperatures. An increase in
perature is increased. At 333K, the discharge time is much the diffusivity of the lithium ions through the battery when
longer, which implies that the discharge capacity is much the temperature is increased would also contribute to this
higher than at 323 and 313 K. These values are calculatedimprovement.

and plotted on a graph of capacity versus cycle number, By taking the discharge characteristic at 333K as the
as shown inFig. 12 and indicate that the battery per- reference, the percentage capacity can be calculated. A
formance is improved when the temperature is increased.representation of the voltage against percentage discharge
This is consistent with the results obtained from the tem- capacity is shown inFig. 13 The graph clearly shows
perature dependence studies of ionic conductivity. Sincethat the discharge capacity decreases as the temperature
the ionic conductivity of the polymer increases with tem- is decreased. This is substantiated by a plot of percentage
perature, more ions are available for conduction and thuscapacity against temperature, which is a straight line and
more ions are able to intercalate and de-intercalate betweertherefore indicates that the two quantities are proportional
the two electrodes. Hence, the battery gives a higher dis-to one anotherKig. 14.
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Fig. 11. Discharge characteristics of LiCgB®VC—-LICRSO;-SiO/MCMB cell for first cycle at 313, 323 and 333K.
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electrolyte with a conductivity of 15 x 104 ScnT! has

been developed and was found to obey the Arrhenius rela-
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