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ABSTRACT

In the present investigation, we are reporting the first time synthesis of polyaniline (PANI) thin films
by microwave assisted chemical bath deposition (MW-CBD) method on the stainless steel substrate.
The PANI thin films are prepared by the oxidation of aniline in the domestic microwave oven working
with frequency 2.45 GHz. The PANI thin films are characterized for their structural, morphological and
optical studies by means of X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy,
scanning electron microscopy (SEM) and UV-vis spectrophotometer. The wettability study is carried
out by measuring the contact angle. The supercapacitive behavior of PANI electrode is studied in 0.5 M
H,S04 using cyclic voltammetric (CV) measurements. The X-ray diffraction pattern showed the films
are amorphous. Morphological study revealed PANI thin film is well covered over the entire substrate
surface with less overgrown fine spherical granules. The optical band gap of PANI thin film is found to be
2.5eV. The hydrophilic nature of the PANI thin films is observed from water contact angle measurement.
A maximum specific capacitance is found to be 753 Fg~! at the scan rate of 5mVs~!.

Optical properties
Supercapacitive behavior

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The usage of microwave energy to accelerate the organic reac-
tion is of increasing interest and offers several advantages over the
conventional heating techniques. Synthesis of molecules, which
normally requires a long time, can be achieved conveniently and
rapidly in microwave oven [1]. In the chemical bath deposition
method, the metal oxide and chalcogenide thin films need a lot
of time for the formation i.e. it requires hours or several tens of
hours, therefore chemical bath deposition method is time consum-
ing [2-4].

Therefore, a more rapid and efficient method is required to pro-
mote the deposition of thin films. The microwave assisted chemical
bath deposition (MW-CBD) is innovative and simple method. This
method is used for the synthesis of metal oxide, chalcogenides
as well as polyaniline/multi walled carbon nanotube composite
powder [5]. In the present study for the first time, this method is
used to direct grow PANI thin films on stainless steel substrate.
In this case, the molecules in the materials undergo collision and
friction because of the interaction between the electric dipoles
present in the materials and electric field of microwaves, since
the microwaves are the electromagnetic waves. Because of this
heat is generated and therefore, heating of the substrate is quick
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in the microwave oven compared with chemical bath deposition
method, where the substrate is heated by heat conduction [6-9].
The use of microwave (MW) heating has recently showing the
advantages over traditional techniques due to (a) the character-
istics of the grown layers (good adherence and transparency), (b)
the simplicity of the technique, (c) the possibility controlling the
layer thickness with MW heating time, and (d) the low tempera-
ture [10]. Interesting electrical and optical properties exhibited by
conducting polymers make them an attractive choice for various
technological applications. Conducting polymers offer advantage
of low cost comparison with metal oxide and a higher charge
density than carbon, these often have good intrinsic auto con-
ductivity. Among the conducting polymers, polyaniline (PANI) is
largely investigated and studied for its electrochemical charac-
terization [11,12]. It has gained significant interest in the recent
times because of its unique electronic properties, simple synthe-
sis process, high conductivity, environmental stability, good redox
reversibility and low cost [13,14]. It displays a wide spectrum of
applications such as conductive and antistatic material as cor-
rosion inhibitor, electromagnetic shielding in electronic circuits,
electrochromic devices, piezoelectric devices, photoconductors,
biosensor and microactuators [15-17]. Potential applications of
PANI include capacitors, smart windows, gas separation mem-
branes, sensors, etc. [18,19]. As usual, chemical polymerization is
provided by the use of some of the known oxidants, which are able
to generate radical cations and other highly reactive species upon
interaction with aniline. Once generated, these reactive species
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react with aniline molecules, leading to the growing polymer
chains [20].

In the present paper, we report a novel microwave synthesis of
PANI thin films on conducting substrates and to our knowledge,
this is the first attempt to deposit the PANI thin films. Further,
supercapacitive behavior of these films is reported.

2. Experimental
2.1. Materials

The monomer aniline (AR grade), ammonium persulphate (AR grade) and sul-
phuric acid (AR grade) were used as received without further treatment for the
preparation. All of the aqueous solutions were prepared with double distilled water.
The stainless steel substrate (Grade 316) was polished with emery polish paper to
rough finish.

2.2. Synthesis of PANI

Polyaniline (PANI) thin films were prepared by chemical oxidization of aniline
with ammonium persulphate. Appropriate amount of aniline and ammonium per-
sulphate were dissolved in the 2 vol. % H,SO4 separately into two 100 ml beakers.
The prepared 20 ml aniline solution and 20 ml ammonium persulphate solution in
H,SO4 were taken in 50 ml glass beaker. The mirror polished steel substrates were
placed vertically in precursor solution for the MW-CBD process. The glass beaker
containing the precursor solution and substrate was placed in the centre of a sec-
ond 150 ml beaker filled with 100 ml water. This second container was intended
to absorb heat from the precursor solution during processing. The container was
placed in the centre of domestic microwave oven cavity on top of the rotating plate.
The microwave power was used as 100 W. Continuous microwave irradiation time
did not exceed 10 min. The greenish color starts to appear after 5-6 min and after
10 min precipitation forms in the bath. The precursor solution temperature after
10 min microwave irradiation attains the temperature 55 °C. The same process was
repeated for five times, to achieve the maximum thickness and well adherent film
on the steel substrate (Grade 316) [6], always starting from the room temperature.
The prepared thin films were uniformly deposited, well adherent to the substrate
and reproducible.

The X-ray diffraction (XRD) pattern was obtained with Philips (PW 3710) diffrac-
tometer using CrK,, radiation (A =2.28970 A). Surface morphology was studied with
the help of scanning electron microscope (JEOL-6360). For this, the films were coated
with a 10 nm platinum layer using a polaron scanning electron microscopy (SEM)
sputter coating unit E-2500 before taking the image. Fourier transform infrared
(FT-IR) spectroscopy was recorded between 4000 and 450 cm~! at a spectral res-
olution of 2cm~" on a PerkinElmer 1710 spectrophotometer using KBr pellets at
room temperature. To study the optical characteristic of the film, absorbance spectra
were recorded in the range 350-750 nm by means of UV-vis spectrophotometer-
119. The electrochemical analysis of the films deposited on stainless steel substrate
was studied by cyclic voltammetry (CV) using the potentiostat (263A EG&G, Prince-
ton Applied Research Potentiostat). The electrochemical impedance measurements
were conducted with a versaStat 3G frequency response analyzer (FRA) under
Zplot program (Scribner Associates Inc.) The charge/discharge analysis was per-
formed by WonATech Automatic Battery Cycler, WBCS3000 system interfaced to a
computer.

Thickness measurement was carried out by the gravimetric weight difference
method using sensitive microbalance with the relation t= Am/(pA), where ‘Am’ is
weight of the film deposited on the substrate in grams, ‘A’ is the deposited area of the
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Fig. 1. XRD pattern of PANI thin films deposited on stainless steel substrate. [Inset
figure shows the photograph of PANI thin film.]

film in cm?, and ‘' is the density of the deposited material (o =1.30gcm~3) in bulk
form [21]. The maximum thickness obtained for polyaniline thin film was 1.2 wm.

3. Results and discussion
3.1. Structural analysis

In order to study the structural analysis the XRD patterns of
the PANI thin films, were recorded in the 26 range 20-100°. Fig. 1
shows the XRD pattern of the polyaniline thin film on the stain-
less steel substrate. The XRD pattern showed the absence of any
sharp diffraction lines, indicating the deposited polyaniline thin
film is amorphous in nature. The peak observed in the pattern is
due to the stainless steel substrate. Such amorphous polyaniline
thin films are synthesized using electrodeposition method by Joshi
and Lokhande [22]. The inset of Fig. 1 shows the photograph of
polyaniline thin film is greenish in color over ~10cm? area (two
sides of substrates) confirming the feasibility of MW-CBD method
for large area deposition.

3.2. Surface morphological and surface wettability studies

The surface morphology of the PANI thin film was investi-
gated by the scanning electron microscope (SEM) technique. Fig. 2
shows the scanning electron micrographs of the PANI thin films
at different magnifications (a) 2000x and (b) 10,000x. At lower
magnification of 2000x (Fig. 2a) SEM image shows, PANI is well

Fig. 2. The scanning electron micrographs and the contact angle measurement of the PANI thin films at (a) 2000x and (b) 10,000x magnifications and (c) water contact angle

of surface of the PANI thin films.
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Fig. 3. FT-IR spectrum of PANI thin film.

covered over the entire substrate surface with less overgrown fine
spherical granules. At higher magnification of 10,000x (Fig. 2b),
the surface of images shows valley and mountains. From the
micrographs, it is revealed that the substrate is fully covered by
the nanoparticles. A fine features of material frequently indicate
as amorphous or nanocrystalline structure. Hydrophilic nature
was observed from the water contact angle measurement using
Rame-Hart USA equipment with CCD camera. Wettability test is
carried out in order to investigate the interaction between elec-
trolyte and PANI electrode. If the wettability is high, contact angle
(0), will be small and the surface is hydrophilic. On the con-
trary, if the wettability is low, contact angle (8), will be large
and the surface is hydrophobic. In the present report, water lies
with contact of 41° on the surface of PANI electrode shown in
inset of Fig. 2c [23]. This may be due to the strong cohesive
force between the water droplets and the hydroxide present in
the PANI electrode. This hydrophilic property is attributed to the
nanocrystalline nature, which is expected to possess a very high
surface energy. Nanocrystalline material with hydrophilic nature
is one of the prime requirements for supercapacitor electrode
material. Hydrophilic nature is useful for making close contact
of aqueous electrolyte with film surface in supercapacitor appli-
cation. It is well known that in electrochemical supercapacitor,
hydrophilic surface of the electrode is an essential factor for better
performance. Mane et al. reported a contact angle 21° for elec-
trochemically deposited tin oxide thin films for supercapacitor
application [24,25].

3.3. FT-IR and optical studies

Fig. 3 shows the FT-IR spectrum of the PANI thin film in the range
of 4000-450 cm~!. The very weak and broad band at 3398 cm~! is
assigned to N-H stretching mode [26]. The peak at 1458 cm™! is
attributed to the C=C stretching of benzenoid rings. The peaks at
1105, 793 and 608 cm~! are attributed to bands characteristics of
B-NH-Q or B-NH-B bonds, and out of plane bending vibration of
C-H of benzene rings, respectively (where B refers to the benzenic-
type rings and Q refers to the quinonic-type rings), which confirms
the formation of the PANI over substrate [27-30].

The optical properties of the PANI thin films are carried out
by UV-vis spectrophotometer. Fig. 4 shows the plot of (¢hv)?
vs. hv of PANI thin film. The band gap of the polyaniline thin
films was found to be 2.5eV, which is comparable with earlier
reports [31].
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Fig. 4. Plot of (whv)? vs. hv of the PANI thin film.

3.4. Supercapacitive behavior study

The supercapacitive performance of PANI thin film was stud-
ied using cyclic voltammetry within the potential range of —0.2 to
+0.8 Vvs.SCEin 0.5 M H,S04 electrolyte. The effect of scan rate vari-
ation is shown in Fig. 5. It was found that the current under curve
is slowly increased with scan rate. The capacitance was calculated
using the relation

I
€= dv/dt

where ‘T’ is the average current in amperes and dv/dt is the voltage
scanning rate. The specific capacitance of polyaniline was obtained
by dividing its respective weight using the relation
C

C=— 2

= (2)
where ‘W’ the is weight of the active material on the substrate. The
interfacial capacitance was calculated using the relation

(1)

CG=- (3)

where ‘A’ is the area of active material dipped in the electrolyte. This
showed that voltammetric currents are directly proportional to the
scan rate of CV, indicating an ideally capacitive behavior [32,33].
The PANI thin film exhibited the specific capacitance 753Fg~!
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Fig. 5. The CV curves of PANI thin films at various scan rates using 0.5M H;SO4
electrolyte in the potential range of —0.2 to +0.8 V vs. SCE.
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Fig. 6. The CV curves of PANI electrode at different number of cycles. The scanning
rate and concentration of H,SO4 were 5mVs~! and 0.5 M H,SO4, respectively.

and interfacial capacitance 0.0640 Fcm~2 at the scan rate 5mVs~!,
However, it is noteworthy that the supercapacitance of PANI thin
film prepared by MW-CBD method is comparable/slightly higher
with respect to other methods. Dhawale et al. reported 839Fg!
specific capacitance of PANI electrodes prepared by electrodepo-
sition method [21]. Gupta and Miura reported 742Fg~! specific
capacitance of PANI electrodes prepared by electrodeposition
method [34].Jamadade et al. reported 258 F g~ specific capacitance
of PANI electrodes prepared by electrodeposition method [35].
However, MW-CBD deposited PANI films showed 753 Fg~1 specific
capacitance since the specific capacitance depends on the morphol-
ogy and deposition method. The specific and interfacial capacitance
values decreased from 753Fg~! to 317Fg~! and 0.0640Fcm~2 to
0.0270 Fcm~2, respectively as the scan rate increased from the 5 to
125mVs~1. The decrease in capacitance is attributed to the pres-
ence of inner active sites that cannot sustain the redox transitions
completely at higher scan rates. This is probably due to the diffusion
effect of protons within the electrode. The decreasing capacitance
suggests that parts of the surface of the electrode are inaccessible
at high charging-discharging rates. Hence, the specific capacitance
obtained at the slowest scan rate is believed to be closest to that of
full utilization of the electrode material [36].

3.5. Stability study of PANI electrode

The cyclic voltammetric curves at the scan rate of 5mVs-! for
the 1st and 2000th cycles are shown in Fig. 6. The specific capaci-
tance value was calculated using the slowest scanratei.e. 5mVs~1.
The specific capacitance of polyaniline electrode decreased from
753Fg-1 to 592Fg-! after the 2000 cycles. The polyaniline elec-
trode exhibited 80% of initial capacity over 2000 cycles indicating
the material suitability for energy-storage applications. Similarly,
Dhawale et al. [33] reported stability up to 82% for electrosynthesis
of PANI thin films for 1000 cycles. The specific and interfacial capac-
itance values are decreased by a small amount with the number
of cycles due to the loss of active material caused by the dissolu-
tion and/or detachment, during the early charging and discharging
cycles in the electrolyte.

3.6. Electrochemical impedance studies (EIS)

The electrical conductivity is the most important property of
PANI and impedance measurements are used for conductivity stud-
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Fig. 7. Nyquist plot of PANI electrode in 0.5 M H,SO4 electrolyte.

ies as well as to elucidate mechanism and kinetics of the chemical
and electrochemical reactions on PANI electrode [37]. In order to
investigate the electrochemical characteristics of the electrode and
electrolyte in quantitative manner impedance measurements were
performed. The electrochemical impedance measurement (at open
circuit voltage, in the frequency range 10° to 10-2 Hz) of polyaniline
was carried out in 0.5 M H,S04. The Nyquist depictions (Z' vs. Z”) of
the raw impedance data for the PANI films on stainless steel sub-
strate are shown in Fig. 7. For the convenience of the interpretation,
this plot can be divided into high and low frequency regions. The
frequency at which there is deviation from the semicircle is known
as ‘knee’ frequency, which reflects the maximum frequency at
which capacitive behavior is dominant. The presence of semicircle
in the high frequency region suggests that the there is charge trans-
fer resistance, while the straight line in the low frequency region
angled of the ~45° to the real axis can be attributed to the capac-
itive behavior. Inset (Fig. 7) shows the expanded high frequency
region of the same plot. This implies that the supercapacitor shows
a blocking behavior at high frequencies and capacitive behavior
at low frequencies [38-40]. The 20 €2, high frequency impedance
intercept reflects the equivalent series resistance (ESR) of the elec-
trolyte [41,42]. The electrochemical parameters of the equivalent
circuit were evaluated by employing the ZSimpWin software. Sev-
eral equivalent circuits were tried to reproduce the Nyquist, Bode
plots and the equivalent circuit shown in Fig. 8 was found to fit

(R2)

(Rs)

Fig. 8. Equivalent circuit model used to fit the electrochemical impedance data of
PANI thin film.
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Fig. 9. Bode plot of PANI electrode in 0.5 M H,S0O4 electrolyte.

the experimental impedance data. In this model, ‘Rs’ is the solu-
tion resistance of the PANI and electrolyte, ‘C is the capacitance,
‘R1’ is the resistance of the PANI film deposited on the substrate.
The charge transfer and absorption resistance are denoted by R,
and Rs3, respectively. ‘Q’ is general imperfect capacitor when n=1,
Q= C(capacitor), due to the semi-infinite diffusion of charges. ‘Q’ is
one constant phase element that takes into account the interfacial
irregularities such as porosity, roughness, and geometry.
Bode representation of this data is shown in Fig. 9. The Bode plot
at a phase angle of 31° and 80° about 85% and 17% of the power
corresponds to the heat production at the internal resistance. The
loss factors of electrode 0.17 and 1.66 are calculated at frequencies
0.25Hz and 1 kHz, respectively in the lower and higher frequency
region. This is also in good agreement with the effect of scan rate
on specific capacitance, wherein specific capacitance is higher for
lower scan rate and it decreases for higher value. Therefore lower
scan rate is appropriate for good performance of PANI electrode.
The relaxation time constant (7g), can be calculated from plots of
C (w) vs. frequency as shown in Fig. 10. Relaxation time (tg) for
the PANI electrode is found to be 0.31s. The 7g is a very important
factor, which decides applicability of electrode material according
to energy demand. Smaller relaxation time constant value exhibits
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Fig. 11. Galvanostatic charge/discharge curve of PANI electrode recorded at con-
stant current 100 wA cm~2 in 0.5 M H,S04 electrolyte.

a faster energy release capability of the electrode, to provide higher
power density [41].

3.7. Charge/discharge study of PANI electrode

Charge/discharge behavior for supercapacitor made with PANI
electrode is obtained at 100 wAcm~2 within the potential range
of —0.2 to +0.8V vs. SCE in 0.5M H,SO,4 is shown in Fig. 11. At
the beginning of the charge and the discharge, we see a sharp
change in voltage AV; due to the ESR of the supercapacitor, the
tq and AV, stands for the discharge time and voltage decrement,
respectively [43]. A low current density was used in this study to
allow the complete reaction between the electrolyte and the elec-
trode. In the charge/discharge profile, the charging curves were not
exactly symmetrical to the discharging curves. This implied that
PANI electrode had small lacking of electrochemical reversibility
and capacitive characteristics. During the experiments, the amount
of charges stored in the capacitor was determined by integrating
the current during charge and discharge time. At low discharge,
potential response of the capacitor approached an ideal linear
charge voltage relationship. At higher values of potential, the total
impedance of the cell gave rise to an initial ohmic drop of the
discharge voltage, which remained until constant capacitive perfor-
mances are achieved. However, the initial decrease in capacitance
is related to the irreversible charge compensation in faradaic reac-
tion associated with the oxidation/reduction of PANI [43,44]. The

electrochemical parameters such as specific power (SP) and specific
energy (SE) are calculated using the following relationships [45].
Sp— IxV

m

(4)

m

(5)
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Fig. 10. Plot of real capacitance (C') vs. frequency for PANI electrode.

where SP is specific power in kW kg~! and SE is specific energy in
Whkg~1. The above expressions show the discharge current (I) in
amperes, voltage range (V) in volts, discharge time (t) in seconds
and mass of the electroactive material (im) in grams. The specific
power and the specific energy from the charge/discharge plot were
found to be 0.980 kW kg~! and 28.3 Whkg~1, respectively.

4. Conclusions

In conclusion, the amorphous PANI thin films are prepared

by the microwave assisted chemical bath deposition method
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(MW-CBD). The mucky morphology is revealed from the SEM
micrograph. The FT-IR spectrum confirmed the formation of PANI
material. The PANI thin films are hydrophilic in nature with opti-
cal band gap of 2.5eV. The PANI electrode showed maximum
specific capacitance of 753Fg-! at low scan rate. The relax-
ation time constant 0.31s is determined using electrochemical
impedance spectroscopy studies. The specific power and specific
energy estimated from the charge/discharge plot were found to be
0.980kWkg~! and 28.3Wh kg1, respectively.
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