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Abstract

Ž . Ž .Polyanilines doped either with a protonic acid HCl or an electrolytic solution containing a lithium ionic salt LiPF or LiBF are6 4

prepared and their electrochemical characteristics for use as polymer electrodes of lithium secondary batteries are investigated. An
Ž . Ž .emeraldine base EB film doped with HCl has the highest d.c. conductivity ;10 Srcm . An EB-LiPF film has higher conductivity6

Ž . Ž .;0.52 Srcm than an EB-LiBF4 ;0.082 Srcm film. X-ray photoelectron spectroscopic analysis of the films shows that some of the
quinoid rings in EB are transformed into benzeniod rings through a doping process to generate polarons. The charge–discharge
characteristics of lithium secondary batteries using the polyaniline films as positive electrodes are determined. The cell using the

Ž .EB-LiPF film and an electrolytic solution containing LiPF exhibits the highest specific discharge capacity ;50 mA hrg , whereas the6 6

cell using EB-HCl and LiPF solution has superior performance in the rapid saturation of discharge capacity and in stability. q 20006
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1. Introduction

A conducting polymer has p-conjugated electrons
spread along the polymer backbone and has a delocalized
electron structure after doping. Polyaniline is one of the

w xmost stable and popular conducting polymers 1 . After
w xAngelopoulos et al. 2 found that N-methyl-2-pyrro-

Ž .lidinone NMP is a good solvent for emeraldine base
Ž .EB , many researchers have attempted to verify the intrin-
sic property of polyaniline in processing technology. Mac-

w xDiarmid et al. 3 systematically investigated the change of
electric conductivity of polyaniline by protonic acid dop-
ing. They reported the variation of electrical conductivity

Ž .as a function of pH concentration of HCl solution for
emeraldine hydrochloride prepared by electrochemical and
chemical methods.

Lithium secondary batteries are one of the most impor-
tant applications of electrically conducting polymers. Vari-
ous conducting polymers have been studied to examine

) Corresponding author. Tel.: q82-42-860-5517; fax: q82-42-860-
6836.

Ž .E-mail address: ryuks@etri.re.kr K.S. Ryu .

their electrochemical properties. Some conducting poly-
mers such as polyaniline, polypyrrole, and polythiophene
are expected to be promising materials for the electrodes
of secondary batteries because they are stable in air and

w xhave good electrochemical properties 4 . Since the spe-
cific capacity of a Lirrconducting polymer secondary
battery is very small, it is only used as the power sources
for memory back-up and small electronic machines.

Many researchers have examined the use of polypyrrole
as a positive electrode for lithium secondary batteries
because it can be doped easily with cations and anions and
is also stable in air. Conventionally, polyaniline is doped
with protonic acid, and the resulting film has appropriate
electrochemical properties for the positive electrode. How-
ever, the use of polyaniline in secondary batteries has been
rarely studied because doping with ionic salt, and not
protonic acid, is quite difficult.

w xChen and Lin 5 investigated the properties of polyani-
lines doped with ionic salts such as LiClO , LiBF and4 4

Ž .Zn ClO by using various spectroscopic techniques.4 24

Doping was carried out by dissolving polyaniline, ionic
salt, and NMP, and then casting the resulting solution into

w xa film. By contrast, Yang et al. 6 investigated a
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Lirrpolyaniline cell in which the polyaniline was the
emeraldine salt form doped with protonic acid.

w xPreviously, we have reported 7 details of lithium
salt-doped polyaniline samples prepared by the immersion
of the EB form of polyaniline film in electrolyte solutions
containing lithium salt. The doping level of the samples
was investigated through measurements of electrical and
magnetic parameters. The performance of a Lirrpoly-
aniline cell was also examined to the electrochemical
reaction mechanism during the charge–discharge processes
w x8 .

This study is concerned with the electrical properties
and structural changes of polyaniline films prepared sepa-

Ž .rately by doping with a protonic acid 1 M HCl and a
Žlithium salt solution LiBF or LiPF in a mixture of4 6

Ž . Ž ..ethylene carbonate EC and dimethyl carbonate DMC .
The electrode characteristics of Lirrpolyaniline cells
which use the polyaniline films as positive electrodes, are
also discussed.

2. Experimental

EB powder was dissolved in NMP solvent to yield 3
wt.% EB solution. The solution was poured on a slide
glass and dried at 808C in a convection oven to prepare a
free-standing film. For protonic acid doping, the film was
immersed in a 1 M HCl solution for 15 h and dried in a
vacuum oven for 15 h. For ionic salt doping, an equivol-

Ž .ume mixture of EC Mitsubishi Chemical and DMC
Ž .Mitsubishi Chemical with 1 M LiPF or 1 M LiBF was6 4

used. The EB film was immersed in the lithium salt
solution for 72 h in a dry box. The doped film was then
washed with ethyl ether and dried in vacuum oven for 15
h. The conductance of doping solutions was measured to
determine the dissociation factor of lithium salt in the
solution. For the quantity of Hq ion in the doping solution,
a pH paper which was already dried in a vacuum oven for
24 h was used.

A four-probe method and a cryogenics closed cycle
Ž .refrigerator system CCS-100 were employed to measure

Ž . Žd.c. conductivity s . Four thin gold wires 0.1 mmd.c.
.thick and 99.95% pure were attached in parallel on the

Ž .sample surface by graphite glue Acheson Electrodag 502
to eliminate constant resistance. X-ray photoelectron spec-

Ž .troscopy XPS was performed for the films by means of a
ŽVG ESCALAB Mkll spectrometer Al Ka 1486.6 eV

. Ž .photons . The neutral peak of carbon 1s C1s at 284.6 eV
was used as a reference to correct the shift by surface-
charging effects.

The electrochemical cell consisted of the polyanilne
film doped with HCl or lithium salt, lithium metal as the
anode, glass filter as the separator, and EC:DMC:LiPF or6

Ž .LiBF 1:1:1 M as the electrolyte solution. The lithium,4

separator, electrolyte solution, and doped polyaniline film
were assembled in sequence as a sandwich in a test cell

holder in a dry box. The cell was tested with a galvanos-
tatic charge–discharge cycler in the voltage range from 2.0
to 3.9 V with a constant current density of 0.05 mArcm2.

3. Results and discussion

In order to identify indirectly the degree of dissociation
of lithium salt, the conductance of doping solutions, was
determined. The conductance is approximately propor-
tional to the amount of ionic salt dissociated. The conduc-
tance of EC:DMC:LiPF or LiBF solution is 10.44 or 5.146 4

mSrcm, respectively. The quantity of Hq ion in the
doping solution is reflected as pHs2.8–3.0 or –4, respec-
tively. Thus, it may be said that the quantity of Hq ion in
the solution does not affect the conductivity of the polyani-
line film because if pH of the doped polyanilne with
protonic acid is 3–4, the conductivity should be about

-5 -10 w x10 –10 Srcm 2 . Nonetheless, it is considered that a
small quantity of Hq ions still exist as an impurity in this
solution.

The temperature dependence of the d.c. conductivity,
s , for the doped polyaniline films is given in Fig.1. Thed.c.

s of polyaniline samples varies with the dopant used.d.c.
Ž .EB-HCl film has the highest conductivity ;10 Srcm ,
Ž .and s for the EB-LiPF film is higher ;0.52 Srcmd.c. 6

Ž .than that of the EB-LiBF film ;0.082 Srcm at room4

temperature. To define the conduction mechanism, the
temperature dependence of the d.c. conductivity was deter-

Ž .mined for the samples. A quasi one-dimensional 1D
Ž .variable range hopping VRH model provides the best

Ž .fitting for s T of polyaniline doped with lithium salts,d.c.

i.e.:
1r2

s T ss exp y T rT , 1Ž . Ž . Ž .d .c . 0 0

where: T is the temperature corresponding to 16r0
w Ž . 2 x Ž .k D E L L ; s is the s at T ; D E is theB F I H 0 d.c. 0 F

density of states at the Fermi level E ; k is the Boltz-F B

mann constant; L and L are the localization lengths inI H

Fig. 1. Temperature dependence of d.c. conductivity of polyaniline doped
with HCI and lithium salts.
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a direction parallel and perpendicular to the polymer chain,
w x Ž .respectively 9,10 . Based on the s T results, a quasi-1Dd.c.

charge transport mechanism is deduced for these polyani-
line systems. The slope of T implies an effective energy0

separation between localized states. The system becomes a
more highly conducting state as the value of T decreases.0

The T of the EB-HCI film is ;4600 K and that of0

EB-LiPF or LiBF films is ;5400 or ;11,000 K,6 4

respectively. EB-HCI and EB-LiPF films are in a more6

highly conducting state than the EB-LiBF film.4

Information about various intrinsic redox states and the
doping level of conducting polymers can be obtained from

w x Ž .XPS experiments 11,12 . The nitrogen 1s N1s XPS core
level spectra of the EB, EB-HCI, EB-LiPF , and EB-LiBF6 4

films at room temperature are presented in Fig. 2. The
major peak line may be separated into three peak lines.
The lines corresponding to nitrogens in imine and amine
units are centred at 398.1 and 399.3 eV, respectively,
while the line of positive nitrogen is centred at 401.0 eV.

The oxidation states of polyaniline are very important
because they determine the physical and chemical proper-

w xties 3,13 . From the XPS results for the EB sample, as
Ž .shown in Fig. 2 a , the oxidation state of the EB form with

the area ratio of amine to imine peaks can be calculated.
ŽWhen EB is in the perfectly intermediate state 1yys

.0.5 , the area ratio must be 1.0. When this area ratio is
larger than 1.0, EB is in a slightly reduced state, and when
the ratio is less than 1.0, EB is in a slightly oxidized state.
The present sample of EB is in a slightly reduced state

because the value of 1yy is 0.435. The peak of positive
nitrogen in the EB sample is detected as in Fig. 2a. This
originates from the residual doped state in the preparation
step of EB. That is, the polyaniline was synthesized as the
emeraldine salt state doped with HCI, and treated with
NaOH as a de-doping agent to make the EB state. If the
emeraldine salt is not fully de-doped in this process, the
EB as final product is in the partially doped state with
HCI.

After doping with HCI and lithium salt, the imine peak
area becomes smaller than that of the EB sample. The peak
area ratio due to the positive nitrogen is ;28%, ;31%,
and ;18%, which implies the generation of charged
nitrogen sites when doping. This result agrees with the
conductivity trend of the EB-LiPF and EB-LiBF films.6 4

The EB-HCI film, however, has higher conductivity than
the EB-LiPF film although its area of positive nitrogen6

peak is smaller.
The XPS results imply that some quinoid rings in the

EB form of polyaniline are transformed into benzenoid
rings through the HCI, LiPF , and LiBF doping process to6 4

form polarons. It is not clear in lithium salt doping pro-
cess, however, that the polarons can be separated like the

Ž .doping process with HCI. XPS analysis and also Fig. 2
shows that some portions of the quinoid rings exist after
doping because the lithium ion is a heavy and inhomoge-
neous atom.

The discharge curves and specific discharge capacity
for 30 cycles for the LirrEB-HCI cell using a EC:DMC:1

Ž . Ž . Ž . Ž .Fig. 2. N1s XPS core spectra of a EB, b EB-HCI, c EB-LiPF , and c EB-LiBF films at room temperature.6 4
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M LiPF or 1 M LiBF electrolytic solution are given in6 4

Fig. 3. For EC:DMC:1 M LiPF solution, the discharge6

capacity continuously increases with cycling. The saturated
capacity cannot be obtained due to the continual increase
over the 30 cycles. The specific discharge capacity at the
30th cycle is ;10 mA hrg and the coulombic efficiency
is ;95%. For EC:DMC:1 M LiBF solution, however, the4

discharge capacity becomes saturated at an early stage of
Ž .cycling ;3rd cycle . This capacity is ;21 mA hrg,

Žwhich is only about 17% of the theoretical capacity 142.6
.mA hrg for a polyaniline unit doped by lithium salt . The

corresponding coulombic efficiency is ;94%.
The discharge curves and specific discharge capacity

for a LirrEB-lithium salt cell is presented in Fig. 4. When

Fig. 3. Discharge curves of LirrEB-HCI cells when electrolytic solu-
Ž . Ž .tions of a EC:DMC:1 M LiPF and b EC:DMC:1 M LiBF are used.6 4

Ž .c Specific charge–discharge capacities for 1–30 cycles.

Fig. 4. Discharge curves of LirrEB-LiPF or LiBF ; discharge curves of6 4
Ž . Ž .1st, 5th, and 10th cycles for a LirrEB-LiPF cell and b LirrEB-6

Ž .LiBF cell. c Specific charge–discharge capacities.4

using LiPF as both the doping agent and the electrolytic6

salt, the discharge capacity slowly increased with cycling
and saturates at ;15th cycle. The saturated specific dis-
charge capacity is ;50 mA hrg, which is about 35% of
the theoretical capacity. For LiBF , the discharge capacity4

rapidly increases with cycling and saturates at )15th
cycle. The saturated specific discharge capacity is ;45
mA hrg, which is about 28% of the theoretical capacity.
These phenomena may be explained as follows. Since the
EB-LiPF sample has more active sites or reaction paths6

induced from electrochemical reaction by LiPF doping,6



( )K.S. Ryu et al.rJournal of Power Sources 88 2000 197–201 201

the capacity slowly increases from the first cycle. By
contrast, the capacity of the LirrEB-LiBF cell is consid-4

erably lower during the initial several cycles and rapidly
increases during the next repeated cycles. This may be
because the EB-LiBF film has poor conductivity in the4

initial state and then generates continually the active sites
and reaction paths during the repeated charge–discharge
process. In addition, EB-HCI and EC:DMC:1 M LiPF6

may belong to the above case.
From these results, it is seen that the cell using a

EB-LiPF electrode film and an EC:DMC:1 M LiPF elec-6 6

trolytic solution has the highest specific discharge capac-
ity. The cell with an EB-HCI film and an EC:DMC:1 M
LiBF electrolyte solution has the best performance in4

terms of rapid saturation of capacity and stability.
Nonetheless, the measured electrical capacity and initial
charge–discharge reversibility are too low for practical
purposes. The use of a composite polyaniline electrode
which is combined with other materials such as polymer,
metal oxide, carbon, etc., to increase the conducting path
or to support the structural reversibility is required.
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