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Abstract

Ž . y3 y1The ionic conductivity of a polyacrylonitrile PAN -based solid polymer electrolyte is 1.4=10 S cm , which is sufficient for the
Želectrolyte to be used in a rechargeable lithium polymer battery. The anodic stability of the solid polymer electrolyte is over 4.6 V vs.

q. Ž . Ž .LirLi . A reduced, highly sulfonated form of polyaniline SPAn and Ramsdellite–MnO R-MnO are synthesized and used as a2 2

cathodic material for a rechargeable lithium polymer battery. Three kinds of cathodes are prepared from SPAn, R-MnO , and a mixture of2

SPAn and R-MnO . The electrochemical properties and diffusion coefficient of lithium ions in each cathode, and the interface between2

the solid polymer electrolyte and each cathode are investigated by cyclic voltammetry and impedance spectroscopy. The redox processes
of the SPAn cathode are two-step reactions. The cathodic and anodic peak currents increase as the cycle number increases. In the redox
processes of the R-MnO cathode, the cathodic peak current on the second cycle is 62% of that on the first cycle. The LirR-MnO2 2

battery has a very high initial discharge capacity, but very poor cycleability. For the composite cathode, the cathodic peak current on the
second cycle is 72% of that on the first cycle, i.e., higher than that for the R-MnO cathode. The diffusion coefficient of the composite2

cathode during the discharge process is close to the sum of each variation in the SPAn and R-MnO cathodes. The instability of the2

R-MnO cathode at xs0.3 and xs0.2 during the charge process is not observed with the composite cathode. The discharge–charge2

performance of three types of battery are investigated. The initial discharge capacity of the Lircomposite cathode battery is 97.0 m Ah
y1 Ž y1.g . This battery has higher discharge capacity than the LirSPAn battery 66.8 m Ah g , and better cycleability than the LirR-MnO2

battery. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ž .Polyaniline PAn is a promising conducting polymer
for use in rechargeable lithium batteries due to its high
conductivity, high theoretical specific capacity, and low
cost. Because charge compensation in a LirPAn battery is
accomplished by large anions, however, a considerable
amount of solvent is needed. PAn becomes insulating at

w xpHG4 1 . A reduced highly sulfonated form of polyani-
Ž .line SPAn prepared by introducing –SO H groups into3

the polyaniline chain, overcomes these disadvantages of
the polyaniline. SPAn is a cation-exchanging conducting
polymer and has relatively high ionic conductivity over a
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w xwide range of pHF7.5 and a good cycleability 2 . SPAn
w xis also more stable that PAn 3 .

Manganese dioxides are promising cathode materials
because of their high specific energy, low toxicity, and low
cost. Most of these materials have stable structures and

w xgood electrochemical lithiation properties 4 . The best
known MnO is comprised of g-MnO mixed with rutile–2 2

Ž . Ž .MnO b-MnO and Ramsdellite–MnO R-MnO . The2 2 2 2

specific capacity of pure R-MnO is high during initial2

discharge, but decreases rapidly with increasing cycle
w xnumber 5 .

In this paper, the properties of a polyacrylonitrile
Ž . Ž .PAN -based solid polymer electrolyte SPE for a
rechargeable lithium polymer battery are investigated. The
electrochemical properties of SPAn, R-MnO and a com-2

posite cathode material of SPAn and R-MnO are evalu-2
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ated by cyclic voltammetry. The impedance parameters of
the SPErcathode interface and the diffusion coefficient of
lithium-ion insertion into the cathodes during the first
discharge–charge process are determined by impedance
spectroscopy. Finally, the discharge–charge performance
of lithium batteries with three types of cathode are investi-
gated.

2. Experimental

2.1. ActiÕe materials

2.1.1. Highly sulfonated polyaniline
Ž .Ammonium peroxydisulfate, NH S O , and aniline4 2 2 8

were dissolved in 1 M HCl. Emeraldine-based polyaniline
was synthesized by means of the method reported by

w xMacDiarmid et al. 6 . The emeraldine-based polyaniline
was mixed with phenylhydrazine and became a more
reduced form of polyaniline. The reaction product was

w xsulfonated in fuming sulfuric acid to form the SPAn 2 .
Characterization of the SPAn was carried out by means of

Ž .FT-IR spectroscopy Spectrum 2000, Perkin Elmer, USA .
Elemental analysis of the SPAn showed a sulfur to nitro-

Ž .gen S:N ratio of ;0.63.

2.1.2. R-MnO2

LiMn O was synthesized by a solid-state reaction of 42 4

mol of MnO and 1 mol of Li CO in air at 450 and2 2 3
w x7008C 7 . Pure R-MnO was prepared by the digestion of2

w xspinel LiMn O in 2.5 M H SO at 958C for 24 h 8 . The2 4 2 4

crystal structure was determined using a X-ray diffrac-
Ž .tometer Rigaku, Japan with Cu Ka radiation after three

repeats of the drying and cooling processes.

2.2. Fabrication of cathodes

The cathodes were composed of active material, acety-
lene black and SPE binder at a composition of 35:10:55 by
weight. Three kinds of active materials were used, namely,
SPAN, R-MnO and a mixture of 72 wt.% of SPAn and 282

Ž .wt.% of R-MnO . The composition wt.% of the SPE2

binder was 12.7 PAN: 44.8 EC: 42.5 PC. The SPE binder
solution was heated at 1108C to obtain a sticky and
transparent solution. A mixture of acetylene black and
active material was prepared in a ball mill for 24 h and
was added to the sticky solution to make a slurry. The
slurry was pasted on a stainless-steel grid with a thickness
of 100 to 500 mm, and then dried in argon-filled dry box
w x9 .

2.3. Solid polymer electrolyte

The PAN-based polymer electrolyte was prepared ac-
w xcording to the method of Abraham et al. 10 . The compo-

Ž .sition mol.% of the polymer electrolyte was 21 PAN:
40.15 EC: 32.85 PC: 6 LiClO . The ionic conductivity of4

the SPE was determined by a.c. impedance spectroscopy
using a stainless-steelrSPErstainless-steel blocking cell.
The anodic stability of the SPE was also determined by
sweep voltammetry using a LirSPErLirSPErstainless-
steel cell. Lithium electrodes were used as reference and
counter electrodes. A stainless-steel electrode served as the
working electrode.

2.4. InÕestigation of electrochemical behaÕiour

The redox reactions of various cathodes were investi-
gated by cyclic voltammetry. Lithium electrodes were used
as reference and counter electrodes. Various cathodes
served as the working electrode. The scan rate was 1 mV
sy1. The potential range in the case of the SPAn and the

Ž .composite cathode SPAnqR-MnO was 2.5 to 4.4 V2

while that of the R-MnO cathode was 1.2 to 4.4 V.2

2.5. Impedance spectroscopy

LirSPErLirSPErcathode cells were fabricated using
SPAn, R-MnO and composite active-material. The first2

galvanostatic, intermittent, discharge–charge curves were
obtained at a constant current density of 0.05 mA cmy2 .
The impedance parameters of the SPErcathode interface
and the diffusion coefficient of lithium-ion insertion into
the cathodes on the first discharge–charge process were
determined by a.c. impedance spectroscopy. The impedance
spectra were measured after the electrode attained an
equilibrium potential. The potential after 20 min from the
interruption of the current was considered to be the equi-
librium potential. An a.c. potential of 10 mV was applied
over the frequency range from 100 kHz to 0.01 Hz.

2.6. Discharge–charge performance

Rechargeable lithium polymer batteries were fabricated
by sandwiching the polymer electrolyte laminate between
a lithium foil anode and various cathodes. The sandwich
was sealed in an aluminized polyethylene bag. The dis-
charge–charge current density was 0.05 mA cmy2 and
potential range was 2.5 to 4.4 V. The measurements were

Ž .carried out with a battery test system Albin, USA .

3. Results and discussion

3.1. Characteristics of solid polymer electrolyte

The equivalent circuit for describing the impedance of
the blocking cell consists of a series circuit of resistance
and capacitance. The electrolyte resistance was obtained
from the intercept on the x-axis in Fig. 1. The ionic
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Fig. 1. Typical Nyquist plot of a stainless-steelrSPErstainless-steel cell
at room temperature.

conductivity was 1.4=10y3 S cmy1 at room temperature.
This value indicates that application in a battery is feasible.
A sweep voltammogram representing the anodic stability
is shown in Fig. 2. The anodic stability of all the SPEs
used in this work was as high as 4.6 V.

3.2. Electrochemical behaÕiour of Õarious cathodes

Cyclic voltammograms for SPAn, R-MnO and com-2
Ž .posite SPAnqR-MnO cathodes are shown in Fig. 3.2

The SPAn cathode displays two-step reactions in the redox
processes and the peak current gradually increases with

Ž .cycling see Fig. 3a . This result suggests that a SPAn
cathode can exhibit good cycleability in a battery applica-
tion. The cathodic peak current of the R-MnO cathode2
Ž .Fig. 3b decreases with cycling. For example, the cathodic
peak current on the second cycle is 62% of that on the first
cycle. This is due to destabilization of the R-MnO frame-2

work structure on lithiation and to a large expansionrcon-
w xtraction of the unit cell during the redox processes 11 . In

Ž .the case of the composite cathode Fig. 3c , the cathodic

Fig. 2. Current–potential curve of a LirSPErstainless-steel cell at room
temperature. Electrode area: 1.33 cm2. Scan rate: 1 mV sy1.

Ž . Ž . Ž .Fig. 3. Cyclic voltammograms of: a SPAn; b R-MnO ; c composite2

cathode. Scan rates1 mV sy1.

peak current on the second cycle is 72% of that on the first
cycle. This value is higher than that in the R-MnO2

cathode. This behaviour appears to result from the oxygen
atoms in the SOy group of the SPAn. The R-MnO3 2

structure is transformed into a more stable structure, spinel
w xLi Mn O , by heating in air 5 .2 4 9

3.3. Impedance parameters

Variations of the impedance parameters of the
SPErcathode interface on the first discharge–charge pro-
cess were investigated. For these investigations, the equiv-

w xalent circuit shown in Fig. 4 was assumed 12 . In this
circuit, R is the electrolyte resistance, R is the filmV f

resistance of ClOy oxidized on the cathode surface, R is4 ct

the charge-transfer resistance, and v is the Warburg
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Fig. 4. Equivalent circuit of SPErcathode interface.

impedance. Z is the impedance of the constant-phaseCPE
w xelement and is defined as 13 :

ya 'Z sA jv , js y1 1Ž . Ž .CPE

where v is the angular frequency, A is a constant, and a

Ž .is equal to 1y 2urp . u is the degree of clockwise
rotation of the semi-circle in the impedance spectrum and

w xis related to the inhomogeneity of the interface 14 .

Fig. 5. First galvanostatic intermittent discharge–charge curves for cell of
Ž . Ž . Ž .a LirSPAn; b LirR-MnO and c Lircomposite cathode. Current2

density of discharge–charge is 0.05 mA cmy2 .

Fig. 6. Variation of u value between SPE and various cathodes on
Ž . Ž .lithium content x in cathodes during the first discharge process: v

Ž . Ž .R-MnO ; B SPAn; ^ composite cathode.2

The first galvanostatic intermittent discharge–charge
curves for the various cells are shown in Fig. 5. The
impedance spectroscopy was performed with different
lithium ion contents in the cathode. The variation of u in
the R-MnO cathode in the first discharge process in Fig. 62

is similar to the transformation process of the R-MnO2
w xstructure on lithiation, i.e., a three-step reaction 5 . The u

increases rapidly up to xs0.3 and is then constant be-
tween xs0.3 and xs0.7. After xs0.7, u increases
again. In the case of the SPAn cathode, the u increases
rapidly up to xs0.6, then decreases. The inhomogeneity
at the SPErSPAn interface on the insertion of lithium ions
into the SPAn cathode causes the increment in u . The
decrease of u is possibly caused by the start of non-polar-

Ž .ization at xs0.6 in Fig. 5 a . The variation of u in the
composite cathode is similar to the sum of each variation
in the SPAn and the R-MnO cathode.2

The variation in u in the various cathodes on the first
charge process is shown in Fig. 7. The u of the R-MnO2

Fig. 7. Variation of u between SPE and various cathodes on lithium
Ž . Ž .content x in the cathodes during the first charge process: v R-MnO ;2

Ž . Ž .B SPAn; ^ composite cathode.
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Fig. 8. Dependence of diffusion coefficient in various cathodes on lithium
Ž . Ž .content x in the cathodes during the first discharge process: v

Ž . Ž .R-MnO ; B SPAn; ^ composite cathode.2

cathode is maintained during the initial charge and de-
creases from xs0.6 to xs0.3, then increases after xs
0.3. This variation appears to be related to the transforma-
tion process of the R-MnO structure, like that on the first2

discharge. Oxidation of SPAn proceeds via a two-step
Ž Ž ..reaction Fig. 3 a . After equilibrium of the cathode with

the electrolyte, charge compensation at each step is
Žachieved by lithium ions. On the first charge process i.e.,

.before the equilibrium , however, charge compensations
on the first and second steps are achieved by lithium ions

y w xand ClO ions, respectively 15 . During the initial charge,4

u is constant. This is possibly results from the offset in the
decrement factor by the increment factor. The increment
factor is due to the film layer formed on the cathode
surface by the anion on the initial charge. The decrement
factor is the egress of lithium ions from the cathode. The
sudden decrease of u at xs0.6 suggests that the ingress
of ClOy ions produces the film layer on the cathode4

surface, i.e., the second oxidation step commences. The
variation of u in the composite cathode appears to be

Fig. 9. Dependence of diffusion coefficient in various cathodes on lithium
Ž . Ž .content x in the cathodes during the first charge process: v R-MnO ;2

Ž . Ž .B SPAn; ^ composite cathode.

affected by R-MnO and SPAn cathodes. The u decreases2

from xs0.3 to end of charge.

3.4. Diffusion coefficient

Ž .The Warburg coefficient s was obtained from the
Žslope of the straight line in the Randle’s plot Z vs.re

y1r2 .v . The diffusion coefficients were calculated from
w x16 :

RT 1
ss 2Ž .U1r22 2 ž /' D Cn F A 2

where D is the diffusion coefficient; CU is the bulk
concentration of the active material; and A is the electrode
area.

Fig. 10. Discharge capacity and coulombic efficiency as a function of
Ž . Ž . Ž .cycle number for a LirSPAn, b LirR-MnO and c Lircomposite2

cathode batteries.
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The variation of the diffusion coefficient in the various
cathodes on the first discharge are shown in Fig. 8. The
diffusion coefficient decreases with increasing lithium con-
tent in the cathode on initial discharge. If all sites have an
equal probability of being occupied by lithium ions, the
diffusion coefficient is proportional to the fractional num-

w xber of vacant sites 12 . Therefore, because of the decrease
in the fractional number of vacant sites, the diffusion
coefficient is decreased. The activation energy for a lithium
ion to jump from one site to the next is proportional to the
coulombic attraction force between the lithium ion and the

w xoxide lattice 12 . The coulombic attraction force is af-
fected by a slight change in the lattice constant. Thus, the
constant diffusion coefficient between xs0.4 and xs0.9
in the R-MnO cathode is due to a decrease in the coulom-2

bic attraction force by transformation of the R-MnO2

structure. The diffusion coefficient in the SPAn cathode is
constant from xs0.5 to xs0.6. This range corresponds
with that of the non-polarization of the SPAn cathode in

Ž .the discharge curve in Fig. 5 a . The diffusion coefficient
in the composite cathode decreases rapidly up to xs0.3
and slowly after xs0.3.

The diffusion coefficient in various cathodes on the first
charge process is in the case of the SPAn cathode, the

Ž .diffusion coefficient increases up to xs0.5 Fig. 9 . This
is because the fractional number of vacant sites increases
as the lithium ions leave the SPAn cathode on the first
oxidation step. On the second oxidation step, however,
ClOy ions enter the SPAn cathode, and the fractional4

number of vacant sites decreases. Therefore, the diffusion
coefficient decreases after xs0.5. The diffusion coeffi-
cient in the R-MnO cathode increases as the lithium ions2

are extracted, but exhibits an unstable variation between
xs0.3 and xs0.2. This is due to the unstable transfor-
mation of the R-MnO structure. The variation of the2

diffusion coefficient in the composite cathode does not
exhibit destabilization between xs0.3 and xs0.2 and is
similar to that in the SPAn cathode.

3.5. Discharge–charge performance

The discharge capacity and the coulombic efficiency of
batteries using the various cathodes are given in Fig. 10.
The discharge capacity of the LirSPAn battery on the 10th

Ž y1 .cycle is 78% that on the second cycle 66.8 m Ah g .
The second discharge capacity of the LirR-MnO battery2

Ž y1 .is 72% of the first discharge capacity 195.4 m Ah g
and the 6th discharge capacity is 78% of the second
discharge capacity. 78% of the first discharge capacity
Ž y1 .97.0 m Ah g of the Lircomposite cathode battery is
maintained until the 8th cycle. Thus, the Lircomposite
battery displays better cycleability than the LirR-MnO2

battery and a higher discharge capacity than the LirSPAn
battery. The coulombic efficiency of the LirSPAn battery

on the initial cycle is low but increases as the cycle
number increases. This is because reduction of the SPAn
on the first cycle is completed by only a one-step reaction
w x15 . The coulombic efficiency of the LirR-MnO battery2

suddenly decreases on the second cycle. This is because
lithium ions inserted into the R-MnO cathode on the first2

discharge are not extracted completely on the first charge
due to the unstable transformation of R-MnO structure.2

4. Conclusions

The cathodic current of the composite cathode on the
second cycle of the redox processes is 72% of that on the
first cycle. This value is higher than that recorded for the
R-MnO cathode. This inhomogeneity of the SPErcom-2

posite cathode interface decreases after xs0.3 on the first
charge. This variation is not observed in either the R-MnO2

or the SPAn cathode. From these results, it appears that the
R-MnO structure is stabilized by SPAn. The first dis-2

Ž y1 .charge capacity 97.0 m Ah g of the Lircomposite
Ž y1 .cathode battery is higher than that 66.8 m Ah g of the

LirSPAn battery, and its cycleability is better than that of
the LirR-MnO battery.2
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