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Abstract Indole monomer was chemically polymerized
to produce polyindole (PI) powder for use as a positive
electrode material for lithium rechargeable batteries.
Although the PI obtained was an oligomer with a low
molecular weight corresponding to just 3 indole units, its
electrochemical properties exhibited high d.c. electric
conductivity comparable to that of the highly conducting
polyaniline-LiPF¢ or LiAsFg. A charge separation mecha-
nism was also suggested to describe charge/discharge
behavior of the oligo-indole (OI) protonated and/or
lithiated in the LillOI battery. Moreover, the lithium
rechargeable battery adopting the OI as a positive electrode
showed good cycleability with a discharge capacity of
~55 mAh g_l, which did not decay until after more than
100 cycles.

Keywords Conducting polymer - Indole - Oligo-indole -
Lithium rechargeable battery

1 Introduction

Polyindole (PI) is an electroactive polymer which can

demonstrate insulating and conducting properties by dop-
ing/dedoping protons or protonation/deprotonation [1, 2].
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PI is also a promising material with potential applications
in electrochromic devices [3], electrochemical sensors [4],
and even as the electrode of rechargeable batteries [5] due
to its high electrical conductivity and environmental sta-
bility in the atmosphere. The preparation of PI can be
achieved by polymerization of indole monomer, CgNH-.
Many studies involving PI have been carried out by uti-
lizing the electropolymerization of indole [2—8] because it
is easy to obtain the PI film electrodeposited on the sub-
strate electrode, which can then be conveniently used as a
test sample without modification. In the wet-process of
making rechargeable battery electrodes, however, chemical
polymerization of indole is required to obtain a homoge-
neous, highly-conducting PI powder with a high yield.
Details of this chemical method are found in the journal
[9-11] and patent literature [12, 13].

In the present work, indole is chemically polymerized
by using an oxidizing solution of anhydrous FeCl; dis-
solved in chloroform. The chemically polymerized PI
powder is characterized by investigating its polymer
structure and molecular weight, and by examining physical
properties such as morphology and thermal and crystalline
properties. The PI is then electrochemically activated by a
proton doping process to increase the electrical conduc-
tivity. We finally report the charge/discharge performance
of a LillPI battery after fabrication of the PI electrode and
test cell to investigate the possibility of using the chemi-
cally synthesized PI powder as the cathode active material
of lithium rechargeable batteries.

2 Experimental

A total of 1.44 g of indole monomer (Aldrich) was added
to a mixture of 8 mL of chloroform (CHCl;, Aldrich) and
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2 mL of distilled water. After the complete dissolution of
indole, it was added to another solution consisting of 10 g
of anhydrous FeCl; (Aldrich) dissolved in 72 mL of
chloroform. The solution was then stirred for 5 h at room
temperature and subsequently washed four times with
distilled water, resulting in a black precipitate as a pre-
cursor of PI. The precipitate was filtered, dried in a vacuum
oven for 15 h at room temperature, and finally ground with
a mortar apparatus to obtain the chemically synthesized PI
powder.

The PI polymerized by chemical synthesis was con-
firmed by molecular weight analysis using matrix-assisted
laser desorption ionization mass spectroscopy (Voager®
DE-STR). Some characterizations for the PI powder were
also performed, such as chemical species identification
before and after the polymerization using a Fourier-
transform infrared spectrometer (Magna-IR 560, Nicolet)
in the wavenumber range 4,000-400 cm™', morphology
observation using a scanning electron microscope (Riga-
ku), thermal behavior analysis using a differential scanning
calorimeter/thermogravimeter (SDT 2960, TA Instruments
in N, atmosphere) in the range 25-300 °C, and crystalline
properties using an X-ray diffractometer with Cu-Ko target
(Rigaku) in the Bragg angle (20) range 5-45°.

Proton doping was carried out by impregnating PI
powder into a 1 M HCI aqueous solution. Direct current
(d.c.) conductivity at room temperature was measured by a
standard 4-probe Van der Pauw method for the sample
before and after doping. Room temperature d.c. conduc-
tivity increased from 3 x 107*t0 1.9 x 107> S cm™' with
proton doping. We used the PI powder doped by the 1 M
HCI in all subsequent characterizations. However, in order
to investigate temporarily the reversibility of the doping-
dedoping process, an aqueous solution containing 1 M
NH4OH was used to dedope the proton and the resultant
d.c. conductivity decreased to 4.2 x 107 S cm™" at room
temperature. Redoping of the proton was carried out using
the 1 M HCI aqueous solution. The d.c. conductivity
recovered to 1.0 x 10> Scm™! at room temperature,
which was comparable to the value following the initial
proton doping. Thus, the reversibility of the doping-
dedoping process was confirmed. In addition, the temper-
ature dependence of d.c. conductivity was also measured
for the PI-HCI sample in the range 120-298 K.

A positive electrode of a test cell was composed of PI
powder doped by HCI, poly(tetrafluoroethylene) binder,
and carbon black conductor powder (Super P, MMM
Carbon) with the weight ratio of 6:1:3, respectively. These
materials were mixed in a mortar apparatus and the paste
was placed on a stainless steel electrode (1 mm diameter)
of a Swagelok-type electrochemical cell. Circle-shaped
lithium metal foil (1 mm diameter, 80 um thickness) was
used as the negative electrode on another stainless steel
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electrode. The positive and negative electrodes were sep-
arated by sufficiently wetted glass-fiber filter paper as a
separator, in which the electrolyte solution of 1 M LiPFq
dissolved in the mixture of ethylene carbonate and dime-
thyl carbonate with the volume ratio of 1:1 resided. These
electrodes and separator were sequentially arranged
(LillseparatorllPI) by using a Swagelok holder in a dry box.

The electrochemical properties of the LillPI cell were
investigated by cyclic voltammetry using a MacPile II
potentiostat system at a scan rate of 1 mV s~' in the
potential range 1.5-4.5 V (vs. Li/Li*"). In order to examine
its possibility as a rechargeable battery, the LillPI cell was
charged and discharged repeatedly using a galvanostatic
charge/discharge cycler (Maccor) at a constant current of
0.1 mA and a cut-off voltage range of 2.0-4.0 V. Complex
impedance spectra were also obtained using a frequency
response analyzer (Solartron 1260) in the frequency range
107'-10° Hz after several charge/discharge cycles and
after cyclic voltammetry.

3 Results and discussion
3.1 Identification of synthesized PI

Figure 1 shows the result of mass spectroscopy for the
chemically synthesized PI. It can be seen that the molecular
mass proceeds step by step with the molecular mass unit of
indole monomer (CgNH; =~ 117 g molfl). As a result,
oligomers with 2 (indicated as 236.44 and 246.52 in Fig. 1)
and 3 indole units (346.37) are likely dominantly along
with minor oligomers with 5 (575.07) and 6 indole units
(693.31). The oligomer with 12 indole units (1356.98),
present at trace levels, was the longest chain produced. As
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Fig. 1 Mass spectroscopy of PI chemically synthesized using FeCly
oxidant
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an approximation, we estimated the number-average
molecular weight M), using a hypothesis that the percent
intensity in Fig. 1 corresponds linearly to the chain length
of PI. The M, was calculated to about 348, excluding the
contributions of trace oligomers which had percent inten-
sities less than 10%. This M, value of 348 indicates that
very short chains of PI, consisting of about 3 indole units,
are dominantly produced. The low molecular weight of PI
is thought to be due to the less optimized chemical syn-
thesis conditions. To produce high molecular weight PI
powder, the chemical synthesis conditions should be opti-
mized, or another chemical route must be examined.
Nonetheless, it is meaningful to show the possibility of
using low molecular weight PI as an electroactive material
for rechargeable batteries.

Fourier-transform infrared spectra of the indole mono-
mer and chemically synthesized oligo-indole (OI) are
shown in Fig. 2. Though there seems a slight discrepancy
with earlier analyses [1, 6] which measured PI samples in
the doped and the dedoped states by perchlorate anion
(Cl0Oy), the dedoped (neutral) state of PI is similar to the
undoped state of the OI in the present study. Based on the
early peak analysis for indole monomer and the dedoped
state of chemically synthesized PI [1], the formation of OI
can be confirmed by changes of several peaks when com-
paring the spectra of OI with those of indole in Fig. 2.
Specifically, the vibration of the N-H band at 3,400 cm ™"
shifts to 3,380 cm™! (not shown in Fig. 2), the C=C
stretching peak at 1,370 cm™' appears, the peaks at 1,350,
1,277, 930 and 500 cm™' weaken or disappear and finally
the peak at 721 cm™' disappears. Also, the appearance of
bands at 1,290 and 1,540 cm™! in Fig. 2 is consistent with
the fact that the dedoped state of chemically synthesized OI
shows typical bands corresponding to N-H vibration at the
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Fig. 2 Comparison of FT-IR spectra of indole monomer and
chemically synthesized OI

same band sites [1]. In addition, it is probable that the OI
formed should have a 2,3-coupling position because of the
strong out-of-plane C-H deformation band at 745 cm™',
which indicates that the benzene ring was unaffected
during the polymerization of indole [14, 15]. As a result,
the 2,3-coupled OI with dominant 3 indole units
(see Fig. 7(a)) is the main product of chemical polymeri-
zation in the present work, which is similar to the chemical
structure of cyclic indole trimer [16].

3.2 Characteristics of OI and HCI-doped OI

Figure 3 shows a scanning electron microscopic image of
chemically synthesized OI powder. Primary particles with
an average diameter of 50-100 nm and aggregates of 0.1—
10 um diameter are seen to be distributed with various
shapes. Chemically synthesized PI using FeCl;-acetonitrile
medium resulted in an average diameter of aggregates and
a d.c. conductivity at room temperature somewhat lower
than the other case [11] (~100 um and 10°Sem™!,
respectively). Thus, the experimental synthesis condition
of OI powder seems to be very important in determining
the OI powder properties such as conductivity and
morphology.

Figure 4 shows the thermal and crystalline properties of
the OI with low molecular weight. Unlike usual conducting
polymers, which generally exhibit insoluble and infusible
behavior at elevated temperatures, the present OI has a low
melting point at 174.8 °C with an endothermic peak and a
considerable weight loss (more than 40% at 250 °C). Some
temperatures of 138.5, 182.0, and 238.8 °C indicated in
Fig. 4(a) are transition points of weight loss, corresponding
to each structural change with increasing temperature.
Broad X-ray diffraction peaks in Fig. 4(b) also show some
crystallinity by polymer chain arrangement. This behavior

Fig. 3 Scanning electron microscopic image of chemically synthe-
sized OI powder
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Fig. 4 (a) Differential scanning calorimetric thermogram and ther-
mogravimetric results and (b) X-ray diffraction pattern of chemically
synthesized OI

is contrary to that of PI with high molecular weight, which
showed high thermal stability [4] and small weight loss of
about 20% even up to 400 °C [8]. The low molecular
weight of OI consisting of about 3 indole units may be the
cause of the low thermal stability. The present OI, how-
ever, has the advantage of good processability at moderate
temperatures, in contrast to conducting polymers with high
molecular weight, which have insoluble and infusible
properties leading to poor processability.

Figure 5 shows the linear dependence of d.c. conduc-
tivity 04.(7) on the temperature T for the HCl-doped OI
sample, which is plotted by a quasi-1-dimensional variable
range hopping model [17] as

O4c = 0g eXp (—(TO/T)1/2)

where ¢ and T, are constants having dimensions of con-
ductivity and temperature, respectively. From the literature
[18], the T, can be interpreted as an effective energy barrier
or energy difference between localized states. From the
slope of g4.(T) in the plot of log g4, Vvs. T2, T, can be
roughly estimated to be ~ 15,000 K which leads to the
highly conducting property of OI-HCl in comparison
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with the cases of polyaniline-LiPFg (7, = 5,400 K) and
polyaniline-LiAsFg (19,000 K) [18]. The localization
length can be calculated from the value of T, if the density
of states at the Fermi level is given. As the length increases,
the sample is in a relatively less localized state. The
average localization length L of OI-HCIl samples may be
roughly approximated as 22-23 A, similar to the previous
cases of polyaniline-LiPFg (L = 23 A) and polyaniline-
LiAsFg (L = 22 10\) [18]. However, this value is probably
not exact because the state density of the Fermi level is
different in this type of conducting polymer.

3.3 Performance of LillOI battery

Cyclic voltammety (CV) results in the potential range
1.5-4.5 V vs. Li/Li", measured using lithium salt dissolved
in organic solvents for application to lithium rechargeable
batteries, are shown in Fig. 6(a). This work is the first known
attempt to use OI as the electrode material of lithium
rechargeable batteries. Most of the previous CV studies of
PI have been concentrated on the low potential region
—0.5-1.2 V using standard electrodes (SHE, SCE, and Ag/
AgCl) [4, 7, 14, 19]. The present OI electrode doped by
HCl and mediated by 1 M LiPFg dissolved in ethylene
carbonate and dimethyl carbonate (1:1 v/v), shows good
reversibility in both the charging (cathodic oxidation) and
discharging (anodic reduction) processes between 1.5 and
4.5 V vs. Li/Li".

For this charging/discharging process, the charge sepa-
ration mechanism in Fig. 7(d—e) may be considered to be
occurred in LillOI batteries, in which the 2,3-coupled
indole trimer in Fig. 7(a) is a main active material in the OI
electrode as described above. Figure 7(b) is an example of
this indole trimer in the OI-HCl electrode if fully
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Fig. 5 Temperature dependence of d.c. conductivity for the HCI-
doped OI
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Fig. 6 (a) Cyclic voltammogram of the OI electrode (the numbers
1-6 are cycle numbers) and (b) complex impedance spectra for the OI
electrode samples: pristine, after 4 cycles of charge/discharge, after 6
cycles, and after both the cyclic voltammetry and the charge/
discharge

Fig. 7 Possible chemical
structures and charge/discharge
reaction scheme of indole trimer
in LillOI battery: (a) 2,3-
coupled indole trimer, (b) fully
protonated indole trimer, (c¢)
fully lithiated indole trimer, (d)
partially lithiated or protonated
state (coexisted), and finally (e)
charged state. Particularly, the
(d) also shows the discharged
state by subtracting PFg and
adding e~ from the (e)

protonated, whereas Fig. 7(c) represents a fully lithiated
form of the indole trimer in LillOI batteries. It is probable
that there co-exists partially protonated and/or partially
lithiated indole trimers in LillOI batteries, as shown in
Fig. 7(d), in which the OI electrode is doped by HCI and
simultaneously mediated by organic electrolyte containing
lithium salt in the forms of dissociated cations and anions.
We think that a charge separation occurs by adding PFg
and subtracting e (the charging process) to give the imine
site having an unpaired electron, as shown in Fig. 7(e). It is
also expected that the reverse reaction is essentially pos-
sible in the discharging process.

On the other hand, the anodic peak around 1.7 V may
correspond to a small trace of lithium plating reduction on
the interface between the lithium electrode and the OI
electrode or separator. It is somewhat irreversible, as there
is no lithium stripping oxidation peak corresponding to the
lithium plating reduction. It is also uncertain, with this
cyclic voltammogram, whether the OI electrode is the
exact counterpart of plating lithium electrode. Here, the
analysis of interfacial resistance between electrodes and/or
separator, which can be calculated from the diameter of the
semi-circles in the complex impedance spectra, may give
information about the origin of the lithium plating reduc-
tion. As shown in Fig. 6(b), the portion of the interfacial
resistance occurring during the CV repeated 6 times at the
low scan rate of 1 mV s™' remained constant even after
subsequent charge/discharge at 0.1 mA cm™ 2 That is, the
difference (about 20 Q) in interfacial resistance between
the sample experiencing CV and the pristine sample
becomes nearly equal to that between the samples experi-
encing [CV + charge/discharge] and undergoing charge/
discharge only. The interfacial resistance of about 20 Q
occurring during the CV, irrespective of passing charge/
discharge, thus originates from the irreversibility
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accumulated during CV, and corresponds to the lithium
plating reduction in Fig. 6(a). This minor portion of
interfacial resistance during CV, compared to the dominant
contribution of charge/discharge which is very reversible,
may be the reason that the lithium plating first occurs on
the neighboring separator, not the OI, with lithium
electrode.

Figure 8 shows a typical discharge capacity profile of a
LillOI rechargeable battery in the voltage range 2.0-4.0 V.
The curve is that obtained at the 20th cycle and does not
exhibit a clear plateau region but has a gradual decrease in
voltage up to 2.5 V. Below 2.5 V, a steep decrease in
voltage occurs and thus the discharge capacity is no longer
maintained. Similarly to the CV results, however, the LillOI
battery showed good reversibility (or cycleability) under
repeated charge/discharge. The initial discharge capacity
was greater than 70 mAh g™, but the capacity saturated at
about 55 mAh g~ after 50 cycles. Though the capacity of
55 mAh g~' is far lower than that of using other con-
ducting polymers as cathode material (e.g., polypyrrole-
based composites [20]), the present work has a meaning
that this is the first case of using electroactive indole as the
active material of lithium rechargeable battery. That is to
say, the present chemically synthesized OI has possible use
as an electrode material in lithium rechargeable batteries.
The discharge capacity of about 55 mAh g~' may be con-
fused with the result of Machida et al. [16] (55 Ah kg_1 =
198 F g "), which was obtained for cyclic indole trimer.
However, the capacity of Machida et al. was measured in
aqueous electrolyte as a capacitor, while the capacity in the
present work was measured in non-aqueous organic electro-
lyte as a lithium rechargeable battery. In addition, higher
capacity of the PI can be also expected if optimized synthesis
conditions for higher molecular weight PI are established.

4 Concluding remarks

We synthesized PI power by chemical polymerization and
characterized the PI for its use as the positive electrode of
lithium rechargeable batteries. Although the PI obtained
was an oligomer scale mostly consisting of 3 indole units,
the electrochemical characterization and battery perfor-
mance tests demonstrated its potential as an electrode
material. In particular, the specific discharge capacity
which was saturated and did not decay until more than 100
cycles had a useful value of ~55 mAh g~'. Finally, it is
possible to increase the discharge capacity through further
optimization of synthesis conditions.
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evolution of the battery over 100 cycles
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