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Abstract

Electrochemically deposited poly(N-methylaniline) (PNMA) is evaluated as a cathode active material together with a Zn anode in the
fabrication of rechargeable cells in 1 M ZnSQO, electrolyte at pH ~5. The cell shows an open-circuit voltage (OCV) of 1.35 V and a specific
capacity of 25.8 Ahkg™". In a second set of experiments, the anion-exchanging PNMA is converted to a cation-exchanging electrode by
sulfonation and evaluated in cells. Such an approach enhances the specific capacity of the cell by a factor of 4. The coulombic efficiency of
the cell is also increased considerably. A few related experiments are performed on the parent polymer, polyaniline, to facilitate direct
comparison of the results. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Conducting organic polymers are prospective cathode
active materials for rechargeable batteries due to certain
specific advantages such as light weight, rapid synthesis by
electrodeposition and absence of electrode dissolution. Sev-
eral reviews of these polymers have been published [1-4].
Polyaniline (PANI) is the most studied electroactive poly-
mer for battery applications and has specific capacity values
which range from 44 to 270 Ah kg~' [4]. A major difficulty
with polyaniline is its over-oxidation during charging above
130 Ah kg_1 [5]. To the authors’ knowledge there has been
only one report on this charge-storage application in sub-
stituted polyanilines [6]. Poly(N-methylaniline) (PNMA) is
different from PANI because of the blocking of its proton-
exchange sites by methyl substituents. In other words,
PNMA can be prevented from going to the pernigraniline
state, which thereby reduces the risk of over-oxidation
during charging in a cell. The electrochemical preparation
and redox properties of PNMA have been reported [7-17].
In this study, an account is given for the first of time the
characterization of PNMA as a cathode material in aqueous
cells. An attempt has also been made to convert PNMA to a
self-doped polymer by covalently linking a sulfonate group
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to the polymer backbone. By doing so, the usual charge—
discharge mechanism of anion insertion—elimination is
expected to change to a cation elimination—insertion process
[18-20]. For comparative purposes, a few related experi-
ments on polyaniline and sulfonated polyaniline have also
been conducted.

2. Experimental

AR grade aniline and N-methylaniline were used after
vacuum distillation in the presence of zinc dust. Sulfuric
acid and 20% fuming sulfuric acid (AR) were used as
received. All solutions were prepared with double-distilled
water.

A conventional, single-compartment, three-electrode cell
assembly was used to perform electrochemical experiments.
For cyclic voltammetry measurements, the PANI and
PNMA were directly electrodeposited (14 mC cm™2) on a
Pt plate, while the chemically prepared sulfonated PANI
(SPANI) and sulfonated PNMA (SPNMA) were dip-coated
on to a Pt (1 cm?) plate by dissolving 0.6 mg of each of the
polymers separately in 0.2 ml of 0.1 M ammonium hydro-
xide. The reference electrode was a saturated calomel
electrode (SCE), and the counter electrode was a Pt foil
2 cmz). For the testing of assembled cells, PANI and PNMA
were electrodeposited on a carbon substrate (using a charge
of 12.8 and 25 C cm ™2, respectively). The SPANI (1.6 mg)
and SPNMA (1.5 mg) were dissolved in 0.4 ml of 0.1 M
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ammonium hydroxide and coated on the carbon substrates
(both 3 cm?). The anode was an amalgamated Zn plate.
The electrochemical experiments were performed with an
EG & G, PAR potentiostat/galvanostat (model 263A). Impe-
dance studies were carried out with an EG & G, PAR (model
6310) electrochemical impedance analyzer. IR spectra of the
four polymer samples were recorded with a Jasco (model
410) FT-IR spectrophotometer. Scanning electron micro-
graphs (Hitachi model 450) were obtained for thin films of
PANI and PNMA deposited on indium—tin oxide substrates
whereas powder samples were used for SPANI and SPNMA.

3. Results and discussion
3.1. Preparation of polymers

Thick films of PANI could be electrodeposited on
a carbon substrate from an aqueous electrolyte of 0.5 M
aniline and 0.5 M sulfuric acid by potentiostatic control at
0.65 V versus SCE. On the other hand, a constant-current
(2 mA cm~?) method had to be employed to obtain uniform
adherent films of PNMA using a monomer and acid con-
centrations of 1 M each. The polymers were obtained in the
doped state. The PANI sample gave a conductivity of
12 S cmfl, while PNMA showed a value of 0.1 S cm ™.

The self-doped sulfonated polymers were prepared as
follows. PANI was obtained by chemical polymerization
of aniline (0.1 M) in the presence of 0.5 M sulfuric acid
using ammonium persulfate at 0 °C [21]. The product,
emeraldine salt, was washed well in double-distilled water
and dried in vacuum. It was then stirred with 1 M sodium
hydroxide for 2 h to give the emeraldine base (EB) form.
The EB was then sulfonated using the procedure reported
elsewhere [22]. In this procedure, ~0.5 g of EB was treated
with 2.5 ml of phenylhydrazine for 1 h, washed with ether,
and dried. This was then treated with 10 ml of 20% fuming
sulfuric acid (pre-cooled to ~5 °C) for 1 h. The resultant
solution was poured into an ice—water mixture, filtered,
and dried. A similar procedure was adopted to prepare
SPNMA from the chemically processed PNMA sample.
The measured conductivity values were 4.7 x 103 and
1.2 x 107* S cm ™' for SPANI and SPNMA, respectively.

3.2. Characterization of polymers

The FT-IR spectra of the four polymer samples used in
this study are shown in Fig. 1. The spectral features all have
the general characteristics of PANI [23]. The common are
for aromatic stretching (1492 and at 1566 cm ™" for C=C in
quinoid and benzenoid rings, respectively) and C—H bending
at 822 cm~ ' for para-coupling of the aniline rings. The
presence of a strong band at 1117 cm ™' in the spectra of
PANI and PNMA corresponds to the sulfate dopant. In the
case of the sulfonated polymer samples, the bands at 618,
1025 and 1065 cm ™! are due to sulfonate stretching [24-26].
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Fig. 1. FT-IR spectra of (a) PANI, (b) PNMA, (c) SPANI, (d) SPNMA.

Scanning electron micrographs of the four polymer sam-
ples are presented in Fig. 2. A granular morphology has been
observed for PANI films [27]. By contrast, the PNMA film
exhibits a more compact and smooth morphology. Both the
sulfonated polymeric powder samples display a dense mor-
phology. Wei et al. [22] have reported a globular structure of
20 um in size for a SPANI film deposited on a silicon
substrate. It is inferred from these morphological studies
that PNMA, SPANI and SPNMA will be more suitable for
use in batteries than granular PANI.

Cyclic voltammograms of thin films of the four polymers
were recorded using an electrolyte solution of 1 M Na,SOy4
adjusted to various pH values by the addition of sulfuric
acid. The data obtained at pH ~5 are given in Figs. 3 and 4.
The results show that unlike PANI, which has been reported
to lose its electroactivity above pH 4 [28], PNMA retains its
electroactivity even up to a pH of 7. Although, the cathodic
and anodic peak current values of PNMA decrease at still
higher pH values, the peak shapes remain the same. The
cyclic voltammograms of both the sulfonated polymer films
show well-defined redox peaks at all pH values. The com-
plete details of the effects of pH on all the four polymers will
be reported elsewhere.

The polymer films were switched back and forth between
the reduced and oxidized states in order to establish the
rechargeability of the cells. It is interesting to note that the
SPNMA is able to withstand a greater number of such cycles
at pH ~5 without much loss of redox charge as can be seen
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Fig. 2. Scanning electron micrographs of (a) PANI, (b) PNMA, (c) SPANI, (d) SPNMA. Magnification is 3000 x.

from the comparative chart shown in Fig. 5. The redox
charge of SPNMA decreased by about 8% over 200 cycles.

3.3. Charge—discharge behavior

3.3.1. PANI and PNMA

Cells were assembled with PANI and PNMA as cathodes
and with Zn as an anode in an aqueous electrolyte solution of
1 M ZnSO, at pH 5. These two polymers are of p-type viz.,
anion-doped. The charging and discharging processes at the
polymer cathode involves a simple insertion and elimination
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Fig. 3. Cyclic voltammograms of PANI (dotted line) and PNMA (solid

line) in 1 M Na,SOy electrolyte solution at pH ~5; scan rate 20 mV s7L

of the sulfate dopant. At the anode, Zn deposits during
charging and dissolves during discharging (Scheme 1).
The variation in the open-circuit voltage (OCV) of the
four cells is shown in Fig. 6 as a function of time. The cell
OCV decreased rapidly for up to about 1h, and then
remained stable for over a tested period of 3 days of
standing. Typical charge—discharge curves for PANI and
PNMA cells are shown in Figs. 7 and 8, respectively. The
curves are almost symmetrical with respect to the switching
potentials. Care has been exercised not to over-oxidize the
polymers. The charging potential was limited to 1.5 V while
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Fig. 4. Cyclic voltammograms of SPANI (dotted line) and SPNMA (solid

line) in 1 M Na,SOy electrolyte solution at pH ~5; scan rate 20 mV s7h
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Fig. 5. Comparative chart showing percent loss of redox charge at 100th
cycle for PANI, PNMA, SPANI and SPNMA by repeated cycling between
—0.2 and 0.525V (SCE) at a scan rate of 20mV s~' in 1 M Na,SO,
electrolyte solution at pH ~5.

the discharging potential did not exceed 0.9 V. The calcu-
lated cell parameters are given in Table 1 along with the
reported literature values for PANI [29-32] and poly(2-
methylaniline) [6] cells. The present study yielded a specific
capacity of 59 Ahkg™' for the PANI cell instead of the
widely reported 100 Ah kg~". The specific capacity values
decrease markedly if the weight of the doped polymer in the
charged state is taken into account in the calculations instead
of the polymer weight in the discharged state. For example,
assuming a 25% sulfate dopant level in the polymer, a 20%
decrease in specific capacity is expected. A specific capacity
of 25.8 Ah kg_1 is found for the PNMA cells, which is
nearly half of the value obtained for the PANI cells. It is
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Scheme 1. Schematic representation of the charge—discharge process in a
Zn/1 M ZnSO, (pH ~ 5)/PNMA rechargeable cell.

noted that the discharge curves of PNMA are somewhat
different from those of PANI, in that a distinct kink at about
1 V is present.

Measurements were made of the ac impedance of the
PNMA cell at various applied dc potentials in the frequency
range from 100 kHz to 0.1 Hz, the results are presented
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Fig. 6. Variation of OCV of assembled cells against time: PANI (O), PNMA (x), SPANI (A) and SPNMA (@).
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Fig. 7. Charge—discharge behavior of Zn/1 M ZnSO, (pH ~ 5)/PANI cell
at various current ratings.
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Fig. 8. Charge—discharge behavior of Zn/1 M ZnSO, (pH ~ 5)/PNMA
cell at various current ratings.

in Fig. 9. At all potentials, the complex impedance plots
show a semicircle in the high-frequency region followed by
a prominent line in the low-frequency region. The semicircle
indicates charge transfer domination and is characteristic of

a parallel network formed by a resistor and a capacitor, as
represented in Fig. 10(a). The double-layer capacitance (Cy))
calculated from the data at 1.4V (peak potential) is
1.46 x 1075 Fecm 2. The charge-transfer resistance (R
corresponds to the diameter of the semicircle which
decreases from 3.37Q at 09V to 1.4Q at 1.7 V. The
solution resistance (R;) which corresponds to the intercept
at the highest measurement frequency on the real part of the
impedance axis (X-axis) does not vary with the applied dc
potential in the initial narrow potential region between 0.9
and 1.1 V. The Ry jumps from 9.6 to 21.5Q at 1.4V,
however, and then remains virtually constant with further
increase in applied potential. The line following the semi-
circle corresponds to a Warburg impedance, caused by the
diffusion of sulfate dopant ions into the polymer film. The
Randles equivalent circuit shown in Fig. 10(a) can be
modified to include the Warburg impedance (Z) as a cell
component (Fig. 10(b)). In the present set of experiments,
the complex impedance plots show a small closed loop in the
frequency range between 1 kHz and 1 Hz, particularly in the
peak potential region (1.4-1.7 V versus Zn). To our knowl-
edge, this type of impedance behavior has not been reported
for electroactive polymer films. A search of the literature for
such an observation yielded three papers which had reported
the possibilities of the occurrence of such secondary loops in
the impedance plots of Li-ion cells [33-35]. The origin of
such impedance loops was discussed in terms of the con-
tribution of both the cathode and the anode in the discharge
process. There have been a number of reports on the
impedance analysis of electroactive polymer films [3,36—
43]. Some studies show that the ideal thickness of the
polymer film for observing all three regions, viz., kinetic
control, diffusion control and charge saturation, in the
impedance plot is about 0.5 pm or less. From impedance
data, Kanamura et al. [40] have calculated a diffusion
coefficient of 0.64 x 10712 cm?s™' for BF,™ anions in a
PANI solid matrix [43]. Assuming a similar value for the
sulfate anion in the PNMA film, the film thickness is

Table 1

Comparison of cell parameters of aqueous PANI cells reported in literature with the values obtained in present study

Cathode Anode Electrolyte OCV (V) Specific capacity (Ahkg™') Coulombic efficiency (%)  Reference

PNMA Zn 1M ZnSO, 1.35 25.8 98 Present study
(pH =5)

PANI Zn 1M ZnSO, 1.2 59 99 Present study
(pH =5)

SPNMA Zn 1M ZnSO, 1.25 105 150 Present study
(pH =5)

SPANI Zn 1M ZnSO, 1.3 105 110 Present study
(pH =5)

PANI Zn 1M ZnSO, <1.35 108 ~100 [29]

PANI Zn ZnSO, - 100 ~100 [30]

PANI Zn Saturated ZnCl,+  >1.1 60-86 87-94 [31]
1 M NH,C1

PANI Zn 2M ZnBr,+ 1.5 90-95 73-99 [32]
1 M NH,Cl

Poly(2-methylaniline) Zn 1.5 M ZnCl, 1.3 106.6 100 [6]

(pH = 2.68)
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Fig. 9. Impedance spectra of Zn/l M ZnSO, (pH ~ 5)/PNMA cell at
various applied dc potentials: (a) 0.9V (#),1 V (@), 1.1 V (@);(b) 1.4V
(¢), 1.5V (A), 1.6V (@), 1.7V (O); (¢) 1.8V (A) vs. Zn.

expected to play a prominent role in controlling the diffusion
process. We have carried out impedance experiments for
somewhat thicker PNMA films (~50 um) deposited on a
carbon substrate, as used in the above measurements of cell
discharge. The impedance loop in the peak potential region
is possibly associated with a delay in the dopant diffusion
into the solid polymer matrix.

3.3.2. SPANI and SPNMA

The concept of self-doping in conducting polymers was
first introduced by Yue and Epstein [44]. They described the
synthesis of a self-doped conducting PANI, in which a

Ca

!
||

R WM ]

R zZ

ct w

Fig. 10. Randles equivalent electrical circuit depicting (a) kinetic control
and (b) kinetic control and diffusion processes of Zn/ZnSO,/PNMA cell
(Rs = solution resistance; Cq = double-layer capacitance; R, = charge-
transfer resistance and Z,, = Warburg impedance).

sulfonic acid group was introduced on alternative aniline
rings. Since then, several other studies have been published
[18,22,24,45] on self-doped polyanilines and have reported
different synthetic routes for the sulfonation of PANI and the
characterization of the resultant polymers. Recently, Shi-
mizu et al. [46] have devised a method to prepare SPANI
from a sulfonic acid substituted aniline by means of a
chemical method. They identified the usefulness of self-
doped SPANI in lithography. Barbero et al. [19,20,25] have
suggested that these polymers can be used as cation-inser-
tion electrodes for battery applications. They established the
ion-exchange mechanism of SPANI by means of the modern
techniques of electrochemical quartz crystal microbalance
and probe beam deflection, and also brought out the salient
differences between the SPANI and PANI with respect to the
redox properties at different pH values. It is now understood
that by fixing a negative group such as —SO;" to the
polymer backbone, the anion-exchange redox mechanism
can be changed to a proton-exchange process in aqueous
electrolytes, and to a cation-exchange (Li") mechanism in
non-aqueous electrolytes.

For the first time, an attempt is made here to prepare
SPNMA and study its usefulness as a battery material. The
following is a the summary of the results obtained.

As described above, the cells were assembled with SPANI
or SPNMA as cathodes and with Zn as anode using an
aqueous electrolyte solution of 1 M ZnSO,. The charge—
discharge mechanism is different, and is shown in Scheme 2.
There is no anion-insertion process during charging. Instead,
the sulfonated polymers eliminate the protons and the
negatively charged sulfonate group counteracts the positive
charge created on the polymer during oxidation. The reverse
is true for the discharge process.
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Scheme 2. Schematic representation of the charge—discharge process in a
Zn/1 M ZnSO,4 (pH ~ 5)/SPNMA rechargeable cell.

Charge—discharge curves for SPANI and SPNMA are
shown in Figs. 11 and 12, respectively. An interesting
observation here is the longer discharge time compared with
the charging time. This will enhance the coulombic effi-
ciency of the cell. Both cells were charged to 1.4V and
discharged to 0.65 V at different current ratings. The OCV of
the SPNMA cell is 1.25V. The specific capacity is
105 Ahkg™', which is nearly four times higher than the
value obtained with for the PNMA cell. The OCV of the
SPANI cell is 1.3 Vand the specific capacity is 105 Ah kg ™',
which is nearly twice that of the PANI cell. It may be noted
that Barbero et al. [20] reported a specific charge of
37 Ah kg™ for SPANI in aqueous solution and 68 Ah kg™
in non-aqueous media. These values were obtained, how-
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Fig. 11. Charge—discharge behavior of Zn/l M ZnSO, (pH ~ 5)/SPANI
cell at various current ratings.
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Fig. 12. Charge—discharge behavior of Zn/1 M ZnSO, (pH ~ 5)/SPNMA
cell at various current ratings.

ever, from a calculation involving cyclic voltammetric redox
charge and polymer mass and not from actual cell-discharge
experiments.

4. Conclusions

PNMA is characterized as a cathode active material in
aqueous rechargeable cells. Sulfonation of the polymer
causes nearly four-fold enhancement of the specific capacity
of the cell. Also, SPNMA has a better rechargeability
compared with PNMA.
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