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Abstract

Polyaniline (PANI)–1,4-para-phenylenediamine (PPDA) composite films were prepared on Au plate with the cyclic voltammetry (CV)
method and used as the cathode of lithium secondary battery. The polymerization rate increased with increasing the concentration of PPDA
in the solution. When the PANI–PPDA/Au was prepared with cycle number of 10 in the presence of 0.1 M aniline and 10 mM PPDA and used
as the cathode of Li secondary battery, the maximum discharge capacity was obtained to be 103.2 mAh g−1 and the average fading rate was
0.147 mAh g−1 cycle−1 at charge/discharge rate of 0.4 mA.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Polyaniline (PANI) is readily prepared from aqueous acid
olutions, and its conducting form exhibits the excellent en-
ironmental stability and high electrical conductivity[1].
herefore, polyaniline has attracted much attention in the
elds of the secondary batteries, capacitors and sensors. How-
ver, the considerable period is needed for obtaining a prac-
ical thickness, and this limits its applicability. The elec-
ropolymerization of PANI can be catalyzed and increased
he electropolymerization rate in the presence of 1,4-para-
henylenediamine (PPDA)[2–11]. On the other hand, the
olymerization rate of PANI is inhibited for the ratio of

PPDA]/[aniline] in the solution greater than 1/130[3]. PPDA
an also play a role of crosslinker and a dense and uniform
olymer film is obtained by the addition of PPDA into the
Cl solution containing aniline monomer[4]. The addition
f PPDA into the polymerization solution has been proved to
ecrease the porosity, and increase the mechanical strength
nd the electrical conductivity of PANI–PPDA composite

film [5,6]. Nearly the studies of PANI–PPDA copolym
ized composite films were mainly focused on the synth
and properties of PANI–PPDA composite films[2–14]. How-
ever, using the PANI–PPDA composite film prepared by
electrochemical method as the cathode of lithium batte
seldom reported. It is interesting to prepare the PANI–P
composite film and use as the cathode of Li secondary
tery. The electrochemical and charge/discharge propert
PANI film may be modified and promoted by the addition
PPDA as a composite film.

In this study, PANI–PPDA composite film was el
tropolymerized on the Au substrate by CV method in the p
ence of aniline and PPDA in the HCl aqueous solution. U
the preparing PANI–PPDA/Au as the cathode of lithium
ondary batteries, the effect of the conditions for prepa
the composite film and the charge/discharge condition
the charge/discharge properties of battery were also in
gated in this paper.

2. Experimental
∗ Corresponding author.
E-mail address:jsdo@mail.thu.edu.tw (J.-S. Do).

1 Present address: Department of Industrial Engineering and Manage-
ent, Diwan College of Management, Tainan, Taiwan 72141, ROC.

2.1. Chemical and reagents

Aniline and PPDA used in this work were purchased from
MERCK and TCI-EP, respectively. All of the chemicals in-
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cluding propylene carbonate (PC) (MERCK) and LiClO4
(FERRO) were the reagent grade and used as received.

2.2. Preparation of PANI–PPDA/Au

A three-electrode cell was used to prepare PANI–
PPDA/Au with the Ag/AgCl/3 M NaCl aqueous solution and
a platinum wire serving as reference and counter electrodes,
respectively. Changing the cycle number and the concentra-
tion of PPDA in the solution, the PANI–PPDA conducting
composite polymer was electrochemically deposited on the
gold plate (1 cm× 1.2 cm) with CV method in 30 ml 0.1 M
aniline and 1.0 M HCl aqueous solution. The CV potential
sweep was operated at a scan rate of 20 mV s−1 and a po-
tential range of−300 to 1000 mV. The preparing composite
films were rinsed by the distilled water for several times and
dried in a vacuum oven at 80◦C for 24 h and stored in the
glove-box.

2.3. Characteristics and charge/discharge properties of
PANI–PPDA/Au

The AC impedance was used to study the electric char-
acteristics of PANI–PPDA composite film in 1.0 M LiClO4
PC solution with the lithium foils used as counter and ref-
erence electrodes, respectively. The frequency range and the
a

itions
o M
( -O-
R er
p cted
a NI-
2

ve-
b e-
p tively.
1 the
l o-
s e of
4

3

3
fi

and
P
l ters
o cor-
r sfer
r
t o-
c t of

Fig. 1. The AC impedance diagrams of PANI and PANI–PPDA polymer
films. Electrolyte: 1.0 M LiClO4 PC solution; working electrode: PANI/Au
(preparing conditions: [aniline] = 0.1 M, cycle number = 10, 1.0 M HCl aque-
ous solution) or PANI–PPDA/Au (preparing conditions: [aniline] = 0.1 M,
[PPDA] = 10 mM, cycle number = 10, 1.0 M HCl aqueous solution); counter
electrode: Pt wire and reference electrode: Li foil, amplitude = 5 mV, fre-
quency = 0.01–20,000 Hz.

PANI. The parameterβ (0–1) in the constant phase angle
element (CPE = 1/(jωC)β, whereC was the capacity of the
electric double layer) represented the roughness of the film
surface. Theβ values of PANI and PANI–PPDA obtained
fromFig. 1were 0.77 and 0.85, respectively. The results indi-
cated that the surface morphology of PANI–PPDA was denser
and smoother than PANI. The similar results were also found
from the SEM analysis.

3.2. Effect of the concentration of PPDA on the
discharge properties of Li/PANI–PPDA/Au battery

Using PANI–PPDA composite films prepared in the pres-
ence of various concentrations of PPDA as cathodes, the dis-
charge capacities increased with the cycle number (activa-
tion period) to a maximum discharge capacities (Cmax) and
then decreased with the cycle number as shown in the dis-
charge curves ofFig. 2. The increase of the discharge capac-
ity with the cycle number in the activation period might be
due to the change of doping ions. The initial doping ion of
PANI–PPDA was Cl− because the conducting polymer was
prepared in 1.0 M HCl aqueous solution. When PANI–PPDA
polymer film was used as the cathode of Li battery with 1.0 M
LiClO4 as electrolyte, the doping ion would change from Cl−
to ClO4

− and then the relative bulky ClO4− was finally in-
stead by the smaller Li+.

ht
b
( d
P dif-
f and
mplitude were set at 0.01–20,000 Hz and 5 mV.
The surface morphologies and the elemental compos

f PANI–PPDA composite films were analyzed with SE
JEOL JXA-840) and element analyzer (HERAEUS CHN
APID), respectively. The weight of PANI–PPDA polym
repared with different conditions around 0.1 g was colle
nd analyzed by gas adsorption (Micromeritics GEMI
375).

The Li/PANI–PPDA/Au battery was assembled in a glo
ox by using a lithium foil and the PANI–PPDA/Au pr
ared in this work as the anode and the cathode, respec
.0 M LiClO4 PC solution was used as the electrolyte of

ithium battery. The Li/PANI–PPDA/Au battery was galvan
tatically charged and discharged in the potential rang
.0–2.5 V.

. Results and discussion

.1. AC impedance analysis of PANI–PPDA composite
lm

The scheme of the equivalent circuit model of PANI
ANI–PPDA composite film were illustrated inFig. 1. The

ines inFig. 1obtained by assigning the suitable parame
f the components in the equivalent circuit model were
elated well with the experimental data. The charge tran
esistance (Rct) of PANI–PPDA (5.47�) significantly less
han that of PANI film (43.55�) revealed that the electr
hemical activity of PANI–PPDA was greater than tha
The formula of PNAI–PPDA conducting polymer mig
e expressed as [(–C6H4NH–)x (–NHC6H4NH–)y], in which
–C6H4NH–) and (–NHC6H4NH–) denoted the aniline an
PDA units, respectively. The reactivity of aniline was

erent from PPDA; hence, the molar ratio of aniline
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Fig. 2. The effect of charge/discharge cycle number on the discharge ca-
pacity of Li/PANI–PPDA/Au with the various concentrations of PPDA
for preparing PANI–PPDA composite film. Electrolyte: 1.0 M LiClO4

PC solution; anode: Li foil (1 cm× 1.2 cm); cathode: PANI–PPDA/Au
(1 cm× 1.2 cm) (preparing cycle number = 10), potential range = 2.5–4.0 V,
current = 0.4 mA.

PPDA (x/y ratio) was different from the initial molar ratio
in the preparing solution. Increasing the concentration of
PPDA added into the solution to prepare PANI–PPDA from
5 to 50 mM, thex/y ratio analyzed by the elemental analyzer
and calculated based on the above formula decreased from
16.18 to 5.60 (Table 1). Compared with PANI the structure of
PANI–PPDA became more fibrous and denser[5,8,11]. The
BET surface area of PANI–PPDA polymer film increased
from 14.5 to 27.8 m2 g−1 with the increase of PPDA concen-
tration in the preparing solution from 1 to 10 mM (Table 1).
Further increasing the concentration of PPDA to 50 mM the
BET surface area decreased to 10.1 m2 g−1 due that the poly-
mer film became too denser.

Increasing the concentration of PPDA for preparing
PANI–PPDA from 0 to 10 mM increased theCmax of the
Li/PANI–PPDA/Au battery from 71.7 mAh g−1 to the maxi-
mum value of 103.2 mAh g−1. The value ofCmax decreased

Table 1
Effect of the concentration of PPDA in the preparing solution on the molar
composition and BET surface area of PANI–PPDA

[PPDA]
(mM)

Element molar composition x/ya BET surface
area (m2 g−1)

C N

1 – – – 14.5
5 0.850 0.150 16.18 19.8

1
2
5

E E:
A
s

DA
p

to 39.3 mAh g−1 for further increase of the concentration of
PPDA to 50 mM. The shorter activation period of battery
found for the presence of PPDA in the composite film was
due that the conductivity and the electrochemical kinetic of
composite film were promoted by PPDA. When the concen-
tration of PPDA for preparing composite film was greater
than 10 mM, the oligomers formed in the composite film re-
sulted in the decreased of the discharge capacity and theCmax.
The utility and the ions doping/undoping accompanied with
the redox of composite film might also be decreased due to
the denser and more compact structure for the concentra-
tion of PPDA greater than 10 mM. The effect of the PPDA
concentration on discharge capacity of Li battery was corre-
lated well with the results of BET surface areas analysis. The
Coulomb efficiencies of Li/PANI–PPDA/Au batteries based
on PANI–PPDA composite films preparing by various con-
centrations of PPDA were found to be greater than 97.3%.

3.3. Effect of the cycle number for preparing
PANI–PPDA composite film

Increasing the cycle number for preparing PANI–PPDA
composite film from 5 to 10 increased theCmax of the
Li/PANI–PPDA/Au battery from 62.3 mAh g−1 to a max-
imum value of 103.2 mAh g−1 when the concentration of
P d
t to
2 f
P om-
p tion.
T of
P e of
t in the

F e ca-
p ar-
i ;
a
(

0 0.848 0.152 12.25 27.8
5 0.846 0.154 9.83 26.5
0 0.839 0.161 5.60 10.1

lectrolyte: 1.0 M HCl solution, [aniline] = 0.1 M, [PPDA] = 10 mM, W
u plate (1 cm× 1.2 cm); CE: Pt wire (0.6 cm2); RE: Ag/AgCl 3 M NaCl,
canning rate = 20 mV s−1, room temperature.
a The ratio ofx/y is calculated based on the expression of PANI–PP
olymer as [(–C6H4NH–)x (–NHC6H4NH–)y].
PDA was 10 mM (Fig. 3). The value ofCmax decrease
o 88.8 mAh g−1 for further increase of the cycle number
5. As shown in the overview ofFig. 4, the morphologies o
ANI–PPDA polymer films became denser and more c
act with the increase of the cycle number for prepara
he detail ofFig. 4 indicated that the fibrous structure
ANI–PPDA became clearly and thinner with the increas

he cycle number. The decrease of the fiber size resulted

ig. 3. The effect of charge/discharge cycle number on the discharg
acity of Li/PANI–PPDA/Au with the various cycle numbers for prep

ng PANI–PPDA composite film. Electrolyte: 1.0 M LiClO4 PC solution
node: Li foil (1 cm× 1.2 cm); cathode: PANI–PPDA/Au (1 cm× 1.2 cm)
[PPDA] = 10 mM), potential range = 2.5–4.0 V, current = 0.4 mA.



M.-H. Lee et al. / Journal of Power Sources 146 (2005) 340–344 343

Fig. 4. SEM photographs of PANI–PPDA composite films. Cycle number for preparation: (a) 5, (b) 10, (c) 15, (d) 20 and (e) 25.

increase of the BET surface area. The experimental results in-
dicated that the BET surface areas of PANI–PPDA polymers
were obtained to be 13.9, 23.2, 31.6, 35.2 and 35.3 m2 g−1

for the preparing cycle number of 5, 10, 15, 20 and 25, re-
spectively.

The increase of BET surface area from 13.9 to 23.2 m2 g−1

resulted in the increase of the discharge capacityCmax from
62.3 to 103.2 mAh g−1 when the cycle number for preparing
PANI–PPDA as cathode of Li battery increased from 5 to 10.
On the other hand, further increasing the cycle number to 25
the value ofCmax decreased to 88.8 mAh g−1 although the
BET surface area of PANI–PPDA increased to 35.3 m2 g−1.

The experimental results might be due to the decrease in the
active sites for charging/discharging process.

As shown in the cyclic voltammograms for the electrosyn-
thesis of PANI–PPDA polymers (Fig. 5), the redox peaksPA
andPD were caused by the oxidation and propagation of
polymer films. The second and third redox pairs,PB andPC,
were believed to be the hydrolysis of amines on the polymers
chain to benzoquinone/hydroquinone (BQ/HQ)[15,16,18]
and the formation ofpara-aminophenol/benzoquinone-imine
(PAP/QI) [15,17,19]. The results inFig. 5 also revealed
that the relative peak currents ofPB andPC increased with
the increase in cycle number for preparing PANI–PPDA.
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Fig. 5. Cyclic voltammograms for preparing PANI–PPDA/Au in various
preparing cycle number. Electrolyte: 1.0 M HCl solution, [aniline] = 0.1 M,
[PPDA] = 10 mM, WE: Au plate (1 cm× 1.2 cm), CE: Pt wire (0.6 cm2), RE:
Ag/AgCl 3 M NaCl, scanning rate = 20 mV s−1, room temperature.

Therefore, increasing the cycle number the molar fraction
of electrochemical inactive substances within PANI–PPDA
increased and then the specific discharge capacity of
PANI–PPDA used as cathode of Li battery decreased when
the cycle number for preparing PANI–PPDA was greater
than 10.

4. Conclusions

The charge transfer resistances of PANI and PANI–PPDA
composite film in 1.0 M LiClO4 PC solution were eval-
uated to be 43.55 and 5.47�, respectively. TheCmax of
Li/PANI–PPDA/Au increased from 71.7 mAh g−1 to the
maximum value of 103.2 mAh g−1 by increasing the con-
centration of PPDA from 0 to 10 mM. For the concentration
of PPDA greater than 10 mM the decrease in the discharge
capacity of the composite film was due to the increase in
the content of oligomers in the composite film, and the de-
crease in the utility of composite film. Changing the cycle

number for preparing PANI–PPDA composite film the max-
imum value ofCmax was obtained for the cycle number of
10. Therefore, the discharge capacity of PANI–PPDA was
significantly affected by the content of the oligomers and the
structure of the composite film.
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