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ABSTRACT: The raw material cardanol, a renewable
resource, is industrial waste and a pollutant from the
cashew nut industry. Cardanol is a useful starting material
for synthesizing a new amphiphilic molecule, cardanol azo-
phenylsulfonic acid (CAPSA). In this study, polypyrroles
were electrochemically synthesized with the renewable
dopant CAPSA. The polymers were characterized with
ultraviolet–visible, Fourier transform infrared, conductivity,

impedance, charge–discharge, and cyclic voltammetry anal-
yses. The conductivity of the films doped by CAPSA was in
the range of 1.23–3.98 � 10�5 S/cm, and they exhibited
moderate specific capacitance values. VC 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 114: 3125–3131, 2009

Key words: conducting polymers; electrochemistry; films;
FT-IR; polypyrroles

INTRODUCTION

Intrinsically conducting polymers now have a spe-
cial status after pioneering and Noble prize winning
work in the year 2000 by Shirakawa et al.1 Soon after
this, many new conducting polymers, called synthetic
metals, were discovered, such as polyaniline,
polypyrrole (PPy), and polythiophene.2 Conducting
polymers are excellent candidates for applications in
displays, electrochromic mirrors, windows, light-
emitting diodes, photovoltaics, near-infrared devices,
and electrochromic devices.3

Among conducting polymers, PPy is one of the
most studied materials. The usefulness of this poly-
mer has been realized because this material exhibits
a number of interesting properties, including reversi-
ble redox activity,4 an ability to form thin films and
nanowires with room-temperature conductivity
ranging from 10�4 to 10�2 S/cm,5 ion-exchange/ion-
discrimination properties,6,7 electrochromic effects
and charge/discharge processes,8 strong absorptive
properties toward gases,9 proteins,10 and DNA,11

catalytic activity,12–14 and corrosion protection prop-
erties.15 Recent studies on the polymer have focused
on sensors for many biologically important mole-
cules, drug delivery,16,17 and charge-storage devices
(particularly as a supercapacitor material).18–20

The raw material cardanol, a renewable resource
(Fig. 1), is industrial waste and a pollutant from the
cashew nut industry. Cardanol is a useful starting

material for synthesizing a new amphiphilic mole-
cule, cardanol azophenylsulfonic acid (CAPSA; Fig.
1).21 The sulfonic acid molecule has been employed
as a dopant for polyaniline nanomaterials, and vari-
ous properties of polyaniline nanomaterials have
been studied.22,23 The aim of this work was to syn-
thesize PPy electrochemically with the renewable
dopant CAPSA and study its use as a material for
supercapacitors.

EXPERIMENTAL

Methods and materials

The renewable dopant CAPSA was supplied by the
National Institute for Interdisciplinary Science and
Technology (Trivandrum, India) and was reported
to be synthesized according to the published proce-
dure.21 X-ray diffraction patterns were obtained with
a PANalytical (The Netherlands) MPD diffractome-
ter with Cu Ka radiation. Fourier transform infrared
(FTIR) spectra of the samples (with KBr powder pel-
lets) were recorded on a Paragon 500 spectrometer
from PerkinElmer (USA). The conductivity of the
polymer films was measured by the four-probe
method with a Keithley (USA) nanovoltmeter. Ther-
mogravimetric analysis (TGA) experiments were
performed with a TA instruments (UK) model SDT
Q600 via heating under air at 20�C/min. Atomic
force microscopy was carried out on a Molecular
Imaging instrument in the constant-distance mode.
Ultraviolet–visible (UV–vis) spectra were recorded
on a Cary 500 Scan UV–vis spectrophotometer
(USA) in the reflectance mode.
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Electrochemical studies

Cyclic voltammetry (CV) experiments were per-
formed on an Autolab 302 (The Netherlands) electro-
chemical system using a three-electrode assembly. A
2 mm � 2.5 mm piece of platinum foil (or a 1-cm2

stainless steel electrode for charge–discharge studies)
and a glassy carbon rod (2 mm in diameter and 8 cm
long) were used as the working and counter electro-
des. A saturated calomel electrode (SCE) was used as
the reference electrode. A Solartron (UK) model SI
1287 electrochemical analyzer with a model SI 1260
impedance analyzer was used for impedance meas-
urements. Thin PPy films (ca. 0.1 lm) were obtained
through the cycling of the potential between �0.2
and 1.2 V for several cycles. To increase the thickness
and area of the films (>2 lm and 2.54 cm � 2.54 cm),
the anodic deposition of the films was conducted in a
100-mL glass beaker on stainless steel electrodes with
an APLAB (India) model LD 3205 direct-current
power supply unit (32 V and 5 A) with an applied
cell voltage of 1.5 V [as shown in Fig. 1(b)]. The films
on stainless steel were subjected to impedance analy-
sis in a 1M KCl aqueous solution.

RESULTS AND DISCUSSION

In this investigation, CAPSA [Fig. 1(a)], derived
from cardanol, was used as an electrolyte and
dopant for the electrochemical synthesis of PPy.

Cardanol is a phenolic compound containing an
unsaturated C15 alkyl chain at the meta position and
is available largely as waste from the cashew nut

Figure 1 (a) Chemical structures of cardanol and CAPSA
and (b) schematic diagram of the synthesis of large and
thick PPy films (dc ¼ direct current; ss ¼ stainless steel).

Figure 2 Growth of (a) PPy and (b) P(NMePy) in 0.5M
aqueous solutions of CAPSA at a Pt electrode (scan rate ¼
50 mV/s).

Figure 3 Doping–dedoping process exhibited by PPy–
CAPSA deposited on a Pt electrode in a 1M KCl solution
at a scan rate of 50 mV/s.
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industry. The direct synthesis of a sulfonic acid
derivative from cardanol is not possible by sulfona-
tion at the phenyl ring because of the presence of an
unsaturated double bond in the pendent long chain,
and hence the synthesis of CAPSA was carried out

by diazotization of p-aminobenzene sulfonic acid
and cardanol.21 The dopant CAPSA has an amphi-
philic group in which the hydrophilic sulfonic acid
part behaves as a polar head, and the long alkyl
chain behaves as a hydrophobic tail. The free

Figure 4 Atomic force microscopy analysis of the polymers: (a) surface and (b) cross sections of a PPy–CAPSA film and
(c) surface and (d) cross sections of a P(NMePy)–CAPSA film on a stainless steel electrode. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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phenolic group (AOH) may also provide hydrogen-
bonding interactions with the PPy backbone.21 The
dopant CAPSA is freely soluble in water and is
advantageous for preparing PPy electrochemically in
water.

Electrochemical synthesis and characterization

The electrochemical synthesis of PPy and poly(N-
methylpyrrole) [P(NMePy)] was carried out with a
potentiostat through the cycling of the potential
between �0.2 and 1.2 (Fig. 2) in a 0.5M aqueous
solution of CAPSA on a 2-mm-diameter platinum
disc electrode. CV showed radical cation formation
at 0.87 V in the first scan [Fig. 2(a)]; 15 more scans
were performed to build up the polymer layer.
According to the numerical calculations based on
the charge consumed in the electropolymerization
reaction of pyrrole (500 mC/cm2 gave an approxi-
mately 1-lm-thick PPy film),24,25 the thickness of the
film formed on the platinum disc was 0.10 lm. After
15 cycles, the electrode was taken from the monomer
solution, washed with water, and further investi-
gated by CV. The doping/dedoping characteristics
were explored in a 1M KCl solution. The doping/
dedoping process was broad (Fig. 3), extending into
a wide potential range of �0.6 to þ0.2 V. The
process was characterized by a broad anodic peak
centered at �0.175 V and a similar broad reduction
peak centered at �0.3 V. This is in contrast to PPy
doped/dedoped by small anions in the literature.26

The broad doping–dedoping cyclic voltammogram

involving a higher current suggested that the
polymer could be a useful material for electrochemi-
cal supercapacitors. The symmetric parallelogram
shape that could be fit into the cyclic voltammogram
also indicated a supercapacitor nature. Under similar
experimental conditions of doping/dedoping,
P(NMePy)–CAPSA films showed a sharper oxida-
tion peak at þ0.223 V and a reduction peak at �0.4
V with the involvement of a lower current. This dif-
ference suggests that doping/dedoping of CAPSA
molecules in the N-methyl-substituted polymer is
more difficult and may also involve the ingression
of Cl� ions for charge neutrality.26

The morphology of the film obtained with the CV
method, as determined with atomic force micros-
copy, is shown in Figure 4. For PPy–CAPSA, the
surface had a cauliflower–globular-type morphology
with sizes ranging from 50 to 200 nm. These struc-
tures are more grown in size for P(NMePy)–CAPSA
and are typically in the range of 200–500 nm.
To obtain larger amounts of electropolymerized

materials, scale-up electrolysis was carried out with
a 100-mL 1M CAPSA solution containing 0.1M pyr-
role(or N-methylpyrrole) on stainless steel electro-
des. The thick, fragile films obtained after 0.5 h of
polymerization were taken from the electrode and
subjected to spectral investigations. The FTIR
spectrum (Fig. 5) of the polymers showed charge
carriers, bipolaron bands at 921.6 and 1207.9 cm�1,
indicating that the PPy which formed was in an
oxidized state.27,28 The peaks between 1551 and

Figure 5 FTIR spectra of (a) PPy–CAPSA and
(b) P(NMePy)–CAPSA recorded as KBr pellets.

Figure 6 Reflectance (R) spectra of polymers deposited
onto stainless steel electrodes: (a) PPy–CAPSA and
(b) P(NMePy)–CAPSA.
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1463.8 cm�1 were assigned to fundamental
vibrations of pyrrole rings.29,30 The peak at 3434
cm�1 was assigned to NAH stretching vibration
from pyrrole. The reflectance spectra (Fig. 6) of the
films on stainless steel electrodes exhibited bands at
421 and 533 nm for PPy–CAPSA and at 403 and 566
nm for P(NMePy)–CAPSA. The absorption peaks
observed around 400 nm were assigned to the p–p*
transition associated with the benzenoid ring. The
band due to cation radicals lay between 420 and 600
nm. The band observed near 880 nm was due to the
charge carriers.31 After this band, the reflectance
value increased up to 1200 nm, and this suggests
that the film would show a band in the infrared
region due to bipolaron charge carriers. This
was clearly evident from FTIR bands at 921.6 and
1207.9 cm�1. The conductivity of the PPy and
P(NMePy) films polymerized on stainless steel

electrodes was 3.98 � 10�5 and 1.23 � 10�5 S/cm,
respectively, which suggested a lower degree of
doping in P(NMePy).
Charge–discharge tests were performed on a

PPy–CAPSA electrode [Fig. 7(b)]. For this purpose,
the polymer was deposited for 40 cycles by the CV
method, as described previously, to produce a uni-
form layer (0.2 mg/cm2) of the electroactive mate-
rial. The charge–discharge curves with time showed
the standard K shape profile, demonstrating the
linear relation [Fig. 7(b)]. The CV profiles of the
PPy–CAPSA stainless steel electrode at various scan
rates are shown in Figure 7(a). When the scan rate
was increased, the current also increased. The
shapes of the curves are nearly rectangular. The
specific capacitance of the electrode at a scan
rate of 50 mV/s [specific capacitance ¼ (I)/(W) �
(dv/dt)] was about 80 F/g, which decreased to 25
F/g when the scan rate increased to 400 mV/s.
P(NMePy)–CAPSA showed lower values of the
specific capacitance.
Electrochemical impedance spectroscopy is an

important tool for the characterization of conducting
polymers as it provides valuable information on
charge transport phenomena, rate constants, and
double-layer capacitance in porous materials.32,33

Figure 8 presents a Nyquist plot of a PPy–CAPSA
stainless steel electrode in 1M KCl electrolytes. Sev-
eral features can be noted from Figure 8. First, there
is a semicircle in the high-frequency range that can
be attributed to a double-layer charging/discharging
process.20 The internal resistance (the high-frequency

Figure 7 (A) CV of a PPy–CAPSA polymer deposited
onto a 1-cm2 stainless steel electrode at (a) 50, (b) 100, (c)
200, (d) 300, and (e) 400 mV/s in a 1M KCl solution and
(B) a typical charge–discharge profile of the electrode in
1M KCl at 0.1 mA/cm2.

Figure 8 Impedance spectra of a PPy–CAPSA thin film
on a stainless steel electrode in the alternating-current fre-
quency range of 100 kHz to 0.1 Hz at 0.0 V with respect to
an SCE. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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intercept of the real axis) includes the resistance of
the electrolyte, the intrinsic resistance of the active
material, and the contact resistance at the interface
of the active material and current collector electrode.
Second, in the low-frequency region, the nearly 45�

line is characteristic of an ion diffusion process and
also reveals the porous structure of the PPy film
electrode. In the low-frequency range, the slope of
the impedance plot increases and tends to become
purely capacitive; that is, vertical lines characterize
the limiting diffusion process.20 The analysis of the
impedance spectrum showed an Rct value of 115.08
X, an Rs value of 2.02 X, and a Cdl value of 2.6 �
10�5 F with a high depression angle of 34.2�.

The polymer films obtained by the scale-up pro-
cess were tested for their stability between room
temperature and 900�C by TGA (Fig. 9). The TGA
profiles suggested that the decomposition of the
materials started at 237 and 239�C for PPy–CAPSA
and P(NMePy)–CAPSA, respectively, with an initial
loss of moisture around 100�C. The loss (ca. 25%)
between 230 and 390�C was due to the loss of the
dopant CAPSA in the polymers. After these tem-
peratures, the profiles suggested that there was
continuous decomposition of the polymers until
550�C for PPy–CAPSA and 600�C for P(NMePy)–
CAPSA, with overall losses of 94 and 98%,
respectively.

CONCLUSIONS

The dopant used in this investigation is from a
renewable source and can be useful in electrochemi-
cally synthesizing PPys with a wide range of
commercial applications such as electrochemical
supercapacitors and sensors. Because of its bulki-
ness, the in-and-out process of CAPSA from the PPy
matrix is difficult. The conductivity of films doped
by CAPSA is in the range of 1–4 � 10�5 S/cm, sug-

gesting a low degree of doping by CAPSA. The films
have the usual cauliflower morphology with globu-
lar nanostructures in the range of 50–200 nm. This
polymer shows moderate pseudo-capacitance values,
and these values can be improved if the morphology
of the films is tailored to still lower size dimensions.
CAPSA-doped PPys are stable at room temperature
and start decomposing after 200�C.
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