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Poly(3,4-ethylenedioxyhiophene) (PEDOT), polyaniline (PANI), and polypyrrole (PPy) were prepared on indium tin oxide (ITO)
substrate via potentiostatic from aqueous solutions containing monomer and lithium perchlorate.The concentration of monomers
was varied between 1 and 10mM. The effects of monomer concentration on the polymers formation were investigated and
compared by using Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, scanning electron microscopy (SEM),
cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) measurements. FTIR and Raman spectra showed no
changes in the peaks upon the increment of the concentration. Based on the SEM images, the increment inmonomer concentration
gives significant effect onmorphologies and eventually affects the electrochemical properties. PEDOTelectrodeposited from 10mM
solution showed excellent electrochemical properties with the highest specific capacitance value of 12.8mF/cm2.

1. Introduction

Polymers have been well known for a long time for their
excellent insulating properties. Indeed, the flow of current
in the polymers was considered as unacceptable occurrence
until the concept of the conducting polymers (CPs) has been
reported by Shirakawa and his coworkers [1, 2] by the discov-
ery of a conducting polymer, polyacetylene (PA).Thereby, the
overall perspective of polymers has changed and gave a hike
to the development of the conducting polymer. As a result,
various CPs with extended 𝜋-conjugation have been devel-
oped and studied extensively. In the series of CP, poly(3, 4-
ethylenedioxyhiophene) (PEDOT), polyaniline (PANI), and
polypyrrole (PPy) have been the forefront of the polymer
research and were chosen for this work, because of their
advantageous properties.

Highlighting the interesting features, PEDOT stands out
as a CP with high conductivity (ca. 300 S/cm) and exhibiting

high transparency and satisfactory stability in the doped state
[3, 4]. Apart from that, PEDOT shows low redox potential,
low band gap (1.6–1.7 eV), and excellent chemical stability
[5–7]. Despite this, substitution of ethylenedioxythiophene
group at the 𝛽, 𝛽 position of the thiophene ring favours the
polymerization that occurs at the 𝛼, 𝛼 position of the thio-
phene ring (Figure 1) resulting in the stable linear chains with
fewer defects compared to the thiophene analogous [4]. In
addition, the presence of the substituent containing electron-
donating oxygen stabilizes the positive charge on the polymer
backbone and lowers the oxidation potential of the monomer
[8, 9].

In the case of PANI, it exists in different oxidation forms
built from the repeating unit of benzenoid and quinoid [10].
The oxidation level varies from the fully oxidized form to
reduced form classified based on the degree of polymeriza-
tion [11]. Depending on the degree of polymerization, PANI
appears in leuoemeraldine base (LEB), perningraniline base

Hindawi Publishing Corporation
International Journal of Polymer Science
Volume 2016, Article ID 8518293, 12 pages
http://dx.doi.org/10.1155/2016/8518293



2 International Journal of Polymer Science

S

O

5

O

S

O O

S

OO

S

O O

𝛽 or 3 𝛽 or 3

𝛼 or 2
𝛼

𝛼

𝛼

n

𝛽 or 4

𝛽 𝛽

𝛽 or 4
𝛼

𝛼 𝛼 𝛼

or

𝛽 𝛽

(a) Poly(3,4-ethylenedioxythiophene) (PEDOT)

H
N

N
H

N
H

H
N

N
H

H
N

H
N

N
H

N
H

(i)

(ii)

H
N

N
H

H
N𝛼

𝛼
𝛼

𝛼
𝛼

𝛼
𝛼

𝛼
𝛼

𝛼
𝛼 𝛼

n

n

(b) Structures of polypyrrole (PPy): (i) benzenoid form of PPy; (ii) quinoid form of PPy

N N NH
n

(c) Emeraldine base form of polyaniline (PANI)

Figure 1: Chemical structures of conducting polymers (a) poly(3,4-ethylenedioxythiophene) PEDOT, (b) PPy, and (c) polyaniline PANI.

(PAB), and emeraldine base (EB) forms [12]. As shown in
Figure 1, EB, the conducting form of the PANI, obtained from
the doping of the emeraldine salt is composed of benzenoid
and quinoid ring alternatively [12, 13]. Apart from its ability
to change the conductivity by adjusting the oxidation state,
PANI owns several advantages, namely, good environmental
stability, good electrical conductivity, and thermal stability
(250∘C) [14, 15].

Whereas PPy is made up from repeating unit of pyrrole
ring structures creating extended 𝜋-conjugated backbone
long chain [16], the long 𝜋-conjugated chain could appear in
the form of aromatic or quinoid structure [17] as shown in
Figure 1. PPy has excellent features including high conductiv-
ity, excellent environmental stability, good redox reversibility,
and ease of synthesis [18, 19].

Reviewing the literature, most of the research interests
on these homopolymers were focused on the electrochemical
polymerization [20–22] due to its ease of synthesis and
reproducible properties [23, 24]. In this present study, poten-
tiostatic electrochemical polymerization method was used
to investigate and compare the physical and electrochemical
properties of PEDOT, PANI, and PPy film which were
prepared in aqueous solution at different concentrations.
Indeed, there are studies reported on electrochemical poly-
merization of these monomers in aqueous or nonaqueous

media. However, most of the electrochemical polymerization
of EDOT is attempted in organic media due to the low
solubility of EDOTmonomer (2.1 g/l at 20∘C) in the aqueous
solution [25]. Normally, polymerization of ANI is performed
in acidic media [26, 27] and, to the best of our knowledge,
polymerization of ANI in neutral or basic media is very
limited. However, water is still an appropriate choice for
the polymerization media considering the environmental
concern and economical issue. Thus, this is the key factor to
study in detail the electropolymerization of these monomers
in aqueous solution.

2. Experimental

2.1. Chemical/Materials. 3,4-Ethylenedioxythiophene (EDOT,
97.0%), pyrrole (Py), lithium perchlorate (LiClO4, 95.0%),
potassium ferricyanide, K3Fe(CN)6, and potassium ferro-
cyanide, K4Fe(CN)6, were purchased from Sigma-Aldrich
while aniline (ANI) and potassium chloride (KCl) were
obtained from the Fisher Scientific. ANI and Py were freshly
distilled prior to use while EDOT was used without any
further purification. All these chemicals were stored in a
fridge at 4∘Cprior to use. All the other chemicals were used as
received. Indium tin oxide (ITO) coated glass was purchased
from Xin Yan Technology Limited.
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2.2. Instrumentation. All the electrochemical measurements
were performed using a computer-controlled potentiostat/
galvanostat (Autolab 101, NOVA 1.9.16,) at room temperature.
PerkinElmer Fourier transform infrared (FTIR) spectrom-
eter equipped with universal attenuated total reflectance
(UATR) accessory was used to study the composition of
the films. The Raman spectra of the films were recorded
on Alpha300 R microscopic confocal Raman spectrometer
(WITec GmbH) equipped with a 633 nm laser line. Surface
morphology of the films was determined via scanning elec-
tron microscope JEOL JSM 6400 and Leo 1455 VP-SEM
model.

2.3. Potentiostatic Electropolymerization. The thin films were
prepared potentiostatically onto ITO glass from aqueous
solution containing monomer ( EDOT, ANI, or Py) in the
presence of 0.1MLiClO4 supporting electrolyte at the deposi-
tion potential of 1.0 V versus Ag/AgCl/3M.Here, three differ-
ent concentrations of monomers (1, 5, and 10mM) were stud-
ied. All the electropolymerization processes were performed
in one compartment containing three electrodes placed in a
Faraday cage to avoid electromagnetic field effect. The cell
arrangement consists of a working electrode which was ITO
coated glass with a fixed deposition area (1 cm2), a platinum
wire as a counter electrode, and Ag/AgCl as a reference
electrode. The working electrodes (ITO glass) were cleaned
ultrasonically in acetone followed by ethanol and finally in
distilled water for 15min each. The deionized water (resis-
tivity ∼18.2MΩ cm) was used as a solvent to prepare all the
solutions.

3. Results and Discussion

3.1. Potentiostatic Electropolymerization of EDOT, ANI, and
Py. Electropolymerization of EDOT, ANI, and Py were
carried out potentiostatically at fixed applied potential (𝐸p) of
1.0 V for 300 seconds in a solution containing monomer and
0.1M LiClO4 as supporting electrolyte. The concentration of
monomer in the solutionwas varied (1, 5, and 10mM) for each
experiment. The PEDOT films on the surface of the indium
tin oxide (ITO) glass were transparent “sky blue” which is
in agreement with the reported literature [28], whereas thin
transparent greenish PANI film layer and black PPy film layer
were electrodeposited onto the ITO substrate, respectively.

The chronoamperograms of the PEDOT electropolymer-
ized at different concentrations (Figure 2(a)) revealed that
increasing the concentration of themonomer gives rise to the
current. This could be due to the increment of the rate of the
electropolymerization of the monomer to become polymer.
Similar behaviour was also observed for PANI (Figure 2(b))
and PPy (Figure 2(c)). A comparable result has been reported
by the Sadki and Chevrot [29] in their studies for the electro-
polymerization of EDOT in the presence of sodium dode-
cyl sulphate (SDS) and acid perchloric in methanol-water
medium. Furthermore, during the experiments it has been
noted that at higher monomer concentration (e.g., 10mM)
the polymer filmswere electrodepositedwith good adherence
on the working electrode surface. This result indicates that

the monomer is more easily electropolymerized at a concen-
trated solution.

It was noticed from the chronoamperogram (Figure 2(a))
that there is an increase in the current creating a shoul-
der peak for 10mM PEDOT (region (ii)) indicating the
nucleation point where the formation of the nuclei on the
electrode surface occurs [30]. A similar phenomenon was
also observed in 5mM and 10 PANI and PPy (Figures 2(b)
and 2(c)). However, the 1mM PEDOT and 5mM PEDOT
chronoamperograms display increment in current with the
absence of nucleation peak followed by a plateau. This is the
point where the first polymer nuclei form (formation of first
active sites) due to the radical coupling and formation of
oligomers chain [31, 32].

In contrast to PEDOT and PPy, chronoamperograms of
PANI exhibit a drop in current at the initial stage indicating
the adsorption and diffusion of ions onto the substrate.
It should be noticed that chronoamperograms for 10mM
ANI were well defined with pronounced peak current which
corresponds to the nucleation of the ANI. This observa-
tion indicates that the PANI with better adherence will be
formed from the solution containing high concentrations of
monomer. Whereas, the absence of increment of current for
1mM PANI indicates that no further nucleation process has
occurred or the polymer growth is stopped at the oligomer
stage [30, 33], a similar observationwas noticed for 1mMPPy
(Figure 2(c)). These results imply that the use of low concen-
tration of monomer would not be a good choice for electro-
polymerization of the monomer on ITO substrate. However,
here it is worth mentioning that, at a high monomer con-
centration (>10mM), the monomers do not dissolve fully in
aqueous solution limiting the concentration factor.

As illustrated in Figure 2, the electropolymerization
of these polymers favours the progressive nucleation (PN)
instead of instantaneous nucleation (IN) when the monomer
concentration increases from 1mM to 10mM. IN describes
the formation of nuclei at the initial stage whereas PN
explains the continuous process of formation of nuclei during
the polymerization process. As explained earlier, the incre-
ment of concentration induced the formation of nuclei.Thus,
based on the current study, it shows that as the concentration
increases from 1mM to 10mM, the rate of formation of nuclei
increases which increases the growth rate [34].

3.2. Structural Studies

3.2.1. Fourier Transform Infrared (FTIR) Spectroscopy. Fig-
ure 3 illustrates FTIR spectra of PEDOT, PANI, and PPy
prepared from various monomer concentrations and the
assignments are tabulated in Table 1. The bands at 1627 cm−1
and 1510 cm−1 for PEDOT are assigned to asymmetrical and
symmetrical C=C stretching vibration of the thiophene ring
unit, respectively [35, 36]. The vibration at 1300 cm−1 is due
to C-C in ring stretching of the thiophene rings [36]. The
vibration modes at 1140 cm−1 and 1048 cm−1 are the indica-
tion for ethylenedioxy group stretching andC-O-C stretching
of thiophene ring, respectively [36, 37]. The peaks for C-S-C
deformation were noticed at 928 cm−1 and 761 cm−1 [37, 38].
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Figure 2: Chronoamperograms of (a) PEDOT, (b) PANI, and (c) PPy films electropolymerized on ITO substrate prepared from 1mM, 5mM,
and 10mMmonomer in 0.1M LiClO4 at 1.0 V. Inset: (c) magnification of chronoamperogram of PPy prepared from 1mMmonomer.

However, the bands at 1532 cm−1 and 1628 cm−1 in PANI
spectrum are associated with C=C stretching of the quinoid
ring and benzenoid rings in PANI structure, respectively.
However, the spectra for 1mM and 5mM PANI (not shown)
did not exhibit any bands signifying stretching of C=C
benzenoid rings, indicating ANI did not polymerize to PANI.
A band at 1450 cm−1 is assigned to benzene structure of PANI
[39]. Despite that, C-N stretching of secondary aromatic
amine is observed at 1310 cm−1. The peak at wave number
1090 cm−1 represents the vibration for C-H in-plane bending
of the aromatic ring, which confirms the benzene rings are
bonded at the position 1,4 in the polymer chain [40]. The
bands at the region 700 cm−1 to 900 cm−1 are attributed to
bending vibration of C-H out of the plane.

The FTIR spectra of PPy show bands at 735 cm−1 and
900 cm−1 attributed to stretching vibration of =C-Hout of the
plane. Bands at about 1643 cm−1 and 1532 cm−1 are due toC-C
stretching vibration of asymmetrical and symmetrical mode,
respectively [41]. However, according to spectra for 1mM
PPy (Figure S1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2016/8518293), no C-C stretching
vibrationwas observed.The absence of this band in the region
between 1400 cm−1 and 1700 cm−1 is evidence for a deficiency
of electropolymerization process of pyrrole at the 1mM
monomer solution. Additionally, C-H in-plane stretching
vibrations are seen at the position 1300 cm−1. The bands at
1364 cm−1 and 1100 cm−1 are the characteristics bands for
C-N stretching and N-H in-plane deformation, respectively
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Table 1: FTIR assignments for the main vibrations of the PEDOT, PANI, and PPy films.

Vibrational wavenumbers (cm−1) Assignments
PEDOT PANI PPy
761, 928 C-S-C deformation
1140 Ethylenedioxy group deformation
1048 C-O-C stretching
1627 C=C (asymmetrical)
1510 C=C (symmetrical)
1300 C-C

1542, 1628 C=C stretching
1310 C-N stretching of secondary aromatic amine
1200
1090 C-H in-plane bending of aromatic

700–900 C-H out-of-plane deformation
1643 C-C stretching (asymmetrical)
1532 C-C stretching (symmetrical)
1300 C-H in-plane stretching
1364 C-N stretching
1100 N-H in-plane deformation

600–900 =C-H out of plane

(b) PANI
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Figure 3: The FTIR-ATR spectra of (a) PEDOT, (b) PANI, and (c)
PPy obtained from solution containing 10mMmonomer and 0.1M
LiClO4.

[42]. FTIR studies show that the homopolymers were already
formed after 300 seconds of electropolymerization at 1.0 V in
an aqueous solution containing 10mMmonomers.

3.2.2. Raman Spectroscopy. Raman spectroscopy is used as
the complementary to FTIR. PEDOT spectrum (Figure 4(a))
reveals a strong and intense band at 1422 cm−1 and 1440 cm−1
which is attributable to the symmetrical C𝛼=C𝛽 stretching
mode. The asymmetric C𝛼=C𝛽 stretching mode was noticed
at 1515 and 1573 cm−1. Additionally, bands at 1115, 1265, and
1360 cm−1 are assigned to C-O-C ring deformation, C𝛼-
C𝛼 interring stretching, and C𝛽-C𝛽 stretching, respectively,
whereas few weak bands were also observed at 520, 587, 848,

Ra
m

an
 in

te
ns

ity
 (a

.u
)

520
587 848 990698 1115

1265

1360

1422

1515
1573

1440

608
624

815 855

1140
1255

1359

1513

1458
1420 1610

1628

984
926

1066

1105
1257

1295

1319 1608

800 1000 1200 1400 1600 1800 2000 2200600
Raman shift (cm−1)

(c) 10mM PPy (1.0V)

(b) 10mM PANI (1.0V)

(a) 10mM PEDOT (1.0V)

Figure 4: Raman spectra for (a) PEDOT, (b) PANI, and (c) PPyfilms
electropolymerized at 1.0 V in 10mM monomer containing 0.1M
LiClO4.

and 990 cm−1 which denoted the oxyethylene ring deforma-
tion (Table 2). In addition, a single peak observed at the
position of 698 cm−1 represents the symmetrical C𝛼-S-C𝛼
ring deformation [43]. Additionally, an important notewor-
thy feature in the Raman spectrum is the absence of peaks
in the region 650 cm to 680 cm which indicates the resultant
PEDOT polymer is in a planar structure [30].

The Raman spectrum of PANI (Figure 4(b)) illustrates
threemain frequency regions which determine the character-
istics of the polymer as reported by Mažeikiene et al. [44]. A
band at 1628 cm−1 is originated from the stretching vibrations
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Table 2: Assignments of the Raman bands for the PEDOT, PANI, and PPy.

Vibrational wavenumbers (cm−1) Assignments
PEDOT PANI PPy
520, 587, 848, 990 Oxyethylene ring deformation
698 C𝛼-S-C𝛼 ring deformation
1115 C-O-C ring deformation
1265 C𝛼-C𝛼 interring stretching
1360 C𝛽-C𝛽 stretching
1422, 1440 Symmetric C𝛼=C𝛽 (stretch)
1515, 1573 Asymmetric C𝛼=C𝛽 stretching

1628 C-C in benzene ring (stretch)
1610 C=C in quinone ring (stretch)
1513 N-H bending

1458, 1440 C=N and CH=CH (stretch)
1359 C-N+ polarons (stretch)
1255 C-N in benzenoid ring (stretch)
1140 C-H in semiquinone ring (bend)
855 Benzenoid ring deformation in emeraldine salt
815 Quinoid ring deformation

608, 624 Benzenoid ring in-plane deformation
984, 928 Ring deformation
1105, 1066 Symmetrical C-H in plane bending

1257 Asymmetrical C-H in plane bending
1319, 1295 Asymmetrical C-N stretching
1608 C=C stretching

of C-C in the aromatic ring (benzenoid-type) of PANI poly-
mer [44, 45]. The PANI spectrum shows bands at 1610 cm−1
and 1513 cm−1 which correspond to the C=C stretching in the
quinoid ring and N-H bending, respectively [45–47]. Two
small bands at the positions 1458 cm−1 and 1420 cm−1 are
ascribed to the C=N and C=C stretching in quinoid rings
[48]. A band near 1359 cm−1 associated with the stretching of
C-N+ of radical cations in semiquinone form was observed
[46, 48]. Furthermore, a band around 1255 cm−1 is attributed
to C-N in-plane stretching in benzenoid rings [45, 48],
whereas the vibration of C-H bending in semiquinone rings
is seen at 1140 cm−1.This vibration is due to the oxidized state
(emeraldine) of the formed polymer [44]. Within the region
608 cm−1 to 855 cm−1, the ring deformation and ring in-plane
deformation bands for the benzenoid ring and quinoid ring
were observed [48].

In the case of PPy films (Figure 4(c)), a band located at
1608 cm−1 is assigned as C=C backbone stretching, whereas
both peaks at 1319 and 1295 cm−1 are originated from asym-
metrical C-N stretching mode of the pyrrole ring. Further-
more, a peak positioned at the 1257 cm−1 is assigned to the
asymmetrical C-H in-plane bending. As can be seen from
the spectrum, the peak located at 1066 cm−1 is attributed
to symmetrical C-H in-plane bending, while the bands for
pyrrole ring deformation are seen at the positions 984 cm−1
and 926 cm−1. The presence of the C-H in-plane deformation
peak proved that oxidized PPy was successfully produced

in this study [49]. A sharp peak at 926 and 1105 cm−1 is
associated with in-plane deformation of the pyrrole bipo-
laron structure. In addition, the bands at the 984 cm−1 and
1066 cm−1 are related to the polaron pyrrole ring [50, 51].

The surface morphologies of the prepared polymer films
were examined by scanning electronmicroscope (SEM). Dif-
ferent morphologies were observed (Figure 5) through elec-
tropolymerization of themonomers by varying themonomer
concentration. The PEDOT polymer film obtained from the
electrodeposition of 1mM EDOT displays few bulges on the
surface of ITO substrate (Figure 4(a)). In contrast, PEDOT
filmprepared from5mMexhibits few globular clusters aggre-
gate together forming a thin layer of film. Both polymer films
show a mixture of small and large nodules in which the ITO
surface is not fully covered. Furthermore, the comparison
between 5mM(Figure 5(b)) and 10mM(Figure 5(c)) PEDOT
micrographs revealed that the nodules are merged together
for 10mM PEDOT film forming a compact layer thick
layer and the globular clusters are distributed evenly on the
substrate.There is an apparent observation on the structure of
PEDOT film at lower magnification (inset Figure 5(c)) where
it shows densely packed and smooth homogeneous film fully
covering the electrode.

PANI films prepared from 1mMANI exhibit cylindrical-
like shape (Figure 5(d)). However, as the concentration is
increased to 5mM, the morphology of the films shows
loose discrete spherical particle with granular morphology
(Figure 5(e)), while PANI prepared from 10mM (Figure 5(f))
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Figure 5: SEM micrographs of (a) 1mM PEDOT, (b) 5mM PEDOT, (c) 10mM PEDOT, (d) 1mM PANI, (e) 5mM PANI, (f) 10mM PANI,
(g) 1mM PPy, (h) 5mM PPy, and (i) 10mM PPy.

shows granular particles that are evenly distributed on the
surface forming a uniformorderedmorphology. Comparison
among the PPy films prepared at different concentrations
showed significant different morphology with each other,
signifying the importance of the concentration on the elec-
tropolymerization process. The differences in morphology
of PPy films are visible where 1mM PPy exhibited few
small bulges (Figure 5(g)) scattered all over the surface of
the electrode. It is worth noticing that, at 1mM, PPy film
is not fully covered on the surface of the electrode. In
contrast, 5mM PPy and 10mM PPy films revealed that both
films have homogeneous surface morphology covering the
whole electrode. However, 5mM PPy shows grain structure
(sand type morphology) (Figure 5(h)) while 10mM PPy
(Figure 5(i)) illustrates wrinkled surface morphology.

Therefore, the comparison of the SEM images between
the polymers can be made; for example, 10mM PEDOT,

10mMPANI, and 10mMPPy showed differentmorphologies
even polymerized at the same concentration. Hence, the
morphologies of the polymers could be controlled by varying
the concentration of monomer to get the desired structures.

3.3. Electrochemical Properties

3.3.1. Cyclic Voltammetry. The capacitance properties of the
prepared homopolymers were studied using cyclic voltam-
metry (CV).The specific capacitances values for the polymers
were calculated according to

𝐶 =
𝑆

Δ𝑈 × 𝜐 × 𝐴
, (1)

where𝐶 is capacitance, 𝑆 is the enclosed area in the CV curve,
Δ𝑈 is the potential window, 𝜐 is the scan rate, and𝐴 is the area
of the electrode.
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Figure 6: CVs of (a) PEDOT, (b) PANI, and (c) PPy films elec-
tropolymerized at from 10mMmonomer concentration recorded in
0.1M KCl solution at the scan rate of 100mV/s.

Figure 6 shows the typical CV curves of the homopoly-
mers and the shapes are different from each other. However,
the shape of CV for each homopolymer (PANI and PPy) is
not varied significantly (Figure S2) as the concentration is
increased except for the integrated area of the CV curves.
Thus, the changes in the integrated area of the CV curves
indicate the conducting polymers exhibit some differences in
the electrochemical properties.

Generally, the ideal behaviour of electrical double layer
(EDL) capacitor would display a rectangular shaped current-
voltage curve (no reduction or oxidation peak) [52, 53].
However, the CV profiles in the present study did not exhibit
any rectangular shaped curve. Thus, this implied that the
synthesized polymers deviate from the pure ideal capacitor
properties. The absence of redox peaks in the CVs indicates
only the nonfaradaic reaction has occurred where deducing
that the capacitive behaviour of the polymer films is based
on the ion adsorption-desorption process at the interface of
electrode and electrolyte without any chemical reaction [54].

As can be seen from the CV (Figure 6), PPy and PANI
show oblique and narrow CV loop with a small integrated
area of CVs, indicating large interfacial contact resistance of
the film with bulk electrolyte and poor ionic propagation
behaviour of the prepared polymer film [53, 55]. However,
it is noticed that the CV of PEDOT (Figure 6(a)) displays
a quasirectangular shape with the large integrated area and
no apparent oxidation or reduction peaks, suggesting that
the PEDOT-coated electrodes have excellent electrochemical
double layer capacitances [56, 57]. This observation could
be related to the structure of the PEDOT films layer with
globular cluster surface morphologies that make the surface
area higher and eventually increase the adsorption and
desorption process. Additionally, it was observed that the spe-
cific capacitance values (Table 3) for all electropolymerized
homopolymers are increasing with the increase monomer

concentration. Notably, the lowest capacitance value was
obtained for homopolymers prepared from 1mM which
could be due to the inhomogeneous and nonuniform film
deposited on the substrate.

3.3.2. Electrochemical Impedance Spectroscopy (EIS) Measure-
ments. The electrochemical impedance spectroscopy (EIS)
is a useful and powerful method that is widely used to
provide data on the electrochemical characteristics such as
double layer capacitance, charge transfer resistance, diffusion
impedance, and solution resistance [58, 59]. Impedance
spectroscopy consists of a real component and imaginary
component and they are measured as a function of the fre-
quency.Generally, a small amplitudeACpotential (sinusoidal
form) is introduced to the system. The response is measured
in the sinusoidal form at the same frequency but shifted in the
phase. The Nyquist plot is one of the most used impedance
spectra to understand the electrochemical responses.

The charge transfer characteristics of the homopolymers
at different concentrations of the monomers were studied
and the obtained impedance spectra are shown in Figure 7.
Nyquist plots of PEDOT (Figure 7(a)) films include a semi-
circle at high-frequency region followed by a straight line
indicating Warburg diffusion at the low-frequency region,
whereas PANI (Figure 7(b)) exhibits two semicircles followed
by aWarburg diffusion at low frequency. Nyquist plots of PPy
exhibit similar pattern as PANI; however, the disappearance
of Warburg element at the concentration of 5mM is worth
noticing and indicating poor ion diffusion from the bulk
solution to the polymer surface, which could lead to high
resistance of charge transfer.This electrochemical system can
be modelled according to the equivalent circuits (Figure 8)
which are used to fit the experimental data. The information
obtained from the equivalent circuits is in agreement with
the data interpreted from the Nyquist plots. The accuracy
of the fitted data with the plot is determined based on the
chi-square (𝜒2) that represents the sum of the square of the
differences between theoretical and experimental points and
also limiting the percentage error in the value of each element
in the equivalent circuits to a minimum [60]. The values of
the 𝜒2 in the current work are in the range of 10−2 to 10−3,
indicating good fitting.

Three different equivalent circuits for the resultant
homopolymers are proposed to investigate the electrochem-
ical properties of the homopolymers (Figure 8). The equiv-
alent circuits consist of the bulk solution resistance (𝑅s),
charge transfer resistance between polymer coated electrode
and electrolyte (𝑅ct), the resistance of the polymer film (𝑅p),
constant phase element (CPE), and the “classical” infinite-
lengthWarburg diffusion element (𝑍W).The𝑅ct values can be
calculated from the diameter of the semicircle obtained from
the Nyquist plots [61]. In these models, CPE is used [62] in
the circuits replacing the double layer capacitor, 𝐶dl due to
the nonhomogenous and irregular geometry morphologies
of the homopolymers (as shown in the SEM images), CPE
refers to the double layer capacitance and faradaic pseudoca-
pacitance which express the nonideal behaviour of 𝐶dl [63].
Additionally, it is worth noting that the Warburg element is
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Figure 7: Nyquist plot of (a) PEDOT, (b) PANI, and (c) PPy deposited from the solution containing different monomer concentration on
the ITO glass at 1.0 V. The solid lines represent the best fitting according to the equivalent circuits (Inset: magnification of Nyquist plot at
high-frequency region).

Table 3: Electrochemical properties obtained from fitting data of Nyquist plots.

Concentration (mM) PEDOT PANI PPy
𝐶sp (mF/cm2) 𝑅ct (Ω) 𝜒

2 (10−3) 𝐶sp (mF/cm2) 𝑅ct (Ω) 𝜒
2 (10−3) 𝐶sp (mF/cm2) 𝑅ct (Ω) 𝜒

2 (10−3)
1mM 0.54 9.26 0.22 0.06 6.88 k 20.61 0.01 134.50 11.14
5mM 8.57 12.82 1.10 0.46 31.11 k 11.02 0.10 890.21 28.05
10mM 12.8 21.72 5.67 0.62 11.85 k 8.50 0.11 103.11 2.91
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Figure 8: Equivalent circuits used in the fitting of the impedance results: (a) PEDOT, (b) PANI, 1mM PPy and 10mM PPy, and (c) 5mM
PPy.

not included in the circuits for PPy films except for 1mM and
10mM PPy film.

Based on Table 3, the 𝑅ct values for PEDOT films
increase with the increasing of monomer concentration.This
phenomenon could be related to the morphology differences
of the PEDOT. As can be seen from the SEM images of
PEDOT (Figure 5), at 1mM few bulges on the substrate were
noticed and compact thick globular structures were obtained
at 10mM. The globular structure has a high surface area for
ion adsorption-desorption process; however, the thicker layer
slows down the process, which eventually increases the resis-
tance for charge carriers.

The 𝑅ct values for PANI and PPy increase with con-
centration (from 6.88 kΩ and 134.50Ω at 1mM to 31.11 kΩ
and 890.21Ω at 5mM for PANI and PPy films, resp.) before
decreasing at 10mM. It is expected that the changes in the
morphology have affected the charge transfer at the interface.
At the concentration of 1mM, PANI film exhibit cylindrical
shaped structures and formed a loose discrete spherical par-
ticle with granular morphology at 5mM (Figure 5(d)). How-
ever, when the concentration of ANI is increased to 10mM,
a film with compact granular particles was observed which
improves the accessibility of the electrolyte and subsequently
reduce the charge transfer. Similarly, in the case of PPy, at
1mM the film shows small bulgesmorphology on the surface.
When the concentration is increased to 5mM Py and 10mM
Py, the films reveal grain structure (sand type structure)
and compact layer with wrinkled surface morphology. It is
expected that wrinkled surface provides more active sites for
rapid ion diffusion which reduces the resistance of charge
transfer.

The work carried out on polybenzidine by Muslim et al.
[64] also showed that different monomer concentration
affects the morphology, structure, and electrochemical activ-
ities which is consistent with results of the current study,

whereas in another study conducted by Ates [65] revealed
that the initial monomer concentration influenced the capac-
itive properties of poly(3-methylthiophene).

4. Conclusion

Comparison of PEDOT, PANI, and PPy polymer films on the
effect of concentration was presented in this work. FTIR and
Raman spectra confirm the presence of polymers on ITO sub-
strate. SEM analysis revealed significant differences in mor-
phologies of the polymers as the concentration is increased.
The polymers electropolymerized from 10mM monomer
solution display a homogenous formation of the film. The
differences in the polymer morphologies prepared from
different concentrations eventually affect the electrochemical
properties.
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