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Abstract HCl-doped polyaniline (PANI) and polymeric composites of polyaniline—
cobalt chloride (PANI-CoCl,) were synthesized in the laboratory via an in situ
oxidative polymerization technique. Their chemical, structural and morphological
properties were examined through FESEM, XRD, EDX and FTIR spectroscopic
techniques. The electrochemical performance of the as-prepared composites was
examined through cyclic voltammogram, electrochemical impedance spectroscopy
and galvanostatic charge/discharge measurement techniques. The thermal properties
of the as-prepared composites were examined through thermal gravimetric analysis
technique. The results obtained were found satisfactory and well suitable for its use
as hybrid electrode materials for supercapacitor application.

Keywords CoCl,-doped composites - Cyclic voltammogram - Galvanostatic
charge/discharge

Introduction

Electrochemical capacitors (ECs), also called supercapacitors, are the attractive
energy storage devices which store energy using either adsorption or fast surface
redox reactions [l]. Electrochemical capacitors combined with high-power
conventional dielectric capacitors and high specific energy rechargeable batteries
show many distinguished advantages such as high power density, high energy
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density and long cycle life [2-5]. Nowadays, ECs play important role in the
development of power sources used in digital communication, hybrid electric
vehicles, mobile electronic device, harvesting renewable energy and power backup
missiles [6-10]. The fabrication of these electrochemical capacitors involves the
employment of lightweight and active chemical ingredients such as conductive
polymers and nanoscale inorganic fillers [11]. Conducting polymers are known to
have excellent electrochemical properties and are quite inexpensive. The synergistic
combination of conductive polymers and inorganic nanofillers also forms the basis
of hybrid materials for numerous potential applications in the electrolyte membrane,
electromagnetic interference shielding, rechargeable batteries, chemical/biologi-
cal/gas sensors, anti-corrosion protection coatings, microwave absorption [12—18],
organic transistors, organic light-emitting diodes, value-added catalyst and organic
solar cells [19-21]. Among these conductive polymers, polyaniline (PANI) is
known to be one of the most promising candidates because of its marked
electrochemical features and tuneable properties [22]. It is quite inexpensive, highly
environment stable, easy to synthesize [23-25] and has high degree of conductivity
and high doping/dedoping rate during charge/discharge process [26-28]. It is
available in different oxidation forms such as leucoemeraldine base, emeraldine
base, pernigraniline base and emeraldine salt. In particular, emeraldine salt is mostly
used owing to the reason that it is electrically conductive due to the presence of
cation radicals in the polymer (PANI) chain. Due to its high conductivity and net-
like structure, PANI has been usually used as a substrate on which metal particles
and other metallic oxides can be immobilized [29]. In addition, transition metal
oxides are also used as potential electrode materials for supercapacitor application.
Their charge storage mechanisms are mainly based on pseudocapacitance [30, 31].
For example, RuQ, is found to have high capacitance due to its advantageous redox
reactions [32], but it has a high cost for elemental Ru which is a major concern for
commercial acceptance. Other transition metal oxides such as Co, Ni, Sn, Fe and
Mn are comparatively cheap metal oxides. The current trend of research
communication emphasizes on the techno-economic development of electrode
materials used in supercapacitors with a very high capacity for charge storage and
energy density. The reason being that the addition of inorganic fillers cobalt chloride
(CoCly) in the polymeric chain of PANI enables in improving the electrochemical
properties. CoCl, preferably used in the form of hexahydrate (CoCl,-6H,0) is
sometimes used as an intriguing chemical ingredient for fabricating the electrode
materials of hybrid origin. The addition of CoCl, into the polymer matrix produces
major changes in electrical, dielectric [33], electrochemical and thermal properties.
In recent years, a large number of polymeric composite materials with improved
electrochemical performance have been studied including MnO, nanorods—PANI,
graphene—SnO,-PANI, PANI-zinc acetate—grapheme and PANI-partially exfoli-
ated MWNT [34-36]. Deshmukh et al. [37] are reported to have synthesized PANI-
RuO, composite through ionic layer adsorption/reaction method and measured its
electrochemical properties. They found the specific capacitance value of the order of
664 F/g. Uppugalla et al. [38] reported the heteroatom-doped carbon with PANI
composite for supercapacitor application. From the electrochemical performance of
CNSO (N, S and O doped carbon)-PANI composite, they observed improved
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capacitance value of the order of 372 F/g. Naveen et al. [32] investigated manganese
oxide nanorods—PANI composite via single step facile synthesis condition for
supercapacitor application. They reported the maximum specific capacitance value
of 687 F/g at 5 mV scan rate. In the present communication, we report on the
laboratory synthesis of PANI-CoCl, composite system and its evaluation through
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
constant current charge/discharge (CCD) measurements for their use in superca-
pacitor application.

Experimental
Materials

Aniline (Merck), hydrochloric acid (Merck), ammonium persulfate (Merck) and
cobalt (11) chloride hexahydrate (Merck) were procured. Acetone (Merck), ethanol
(Merck) and many other organic solvents (Merck) were used for the chemical
synthesis of CoCl,-doped PANI composites. These chemical reagents were used
without any further processing and purification for the chemical synthesis. However,
the aniline monomer was distilled twice well before its use throughout the chemical
synthesis.

Synthesis

Pure polyaniline was synthesized by the chemical oxidative polymerization process
[39] and the product was marked as pure PANI. However, the CoCl,-doped PANI
composites were synthesized by the in situ polymerization process. For this purpose,
2 mL aniline was dissolved in 1.5 M HCI mixed with 70 mL distilled water and
10% CoCl,, of cobalt chloride hexahydrate duly dissolved in 5 mL distilled water
was added to it. These were properly mixed and vigorously stirred for half an hour.
On the other hand, 4 g ammonium persulphate was dissolved in 20 mL of 1.5 M
HCI solution, kept for half an hour at 0 °C and then slowly added to the above
solution. The solution was constantly stirred at the temperature 0-5 °C. As a
consequence, the dark green precipitate was collected on a filter paper and it was
successively washed with ethanol, acetone and distilled water, respectively, to
remove oligomer, monomer and excess oxidant. Finally, the dark green precipitate
was collected and dried under vacuum at 40 °C for 24 h and it was preserved for
further studies. The schematic route for the synthesis of CoCl,-doped PANI
composites is shown in Fig. 1. Similar composites 15 and 20% CoCl,-doped
composites were prepared with CoCl,.

Characterization

Fourier transform infrared (FTIR) spectra were analysed in the wavelength range
of 400-4000 cm ™! using a thermo-scientific FTIR instrument (Perkin Elmer RXT).
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Fig. 1 Schematic route for the synthesis procedure of PANI-CoCl, composites

For FTIR, KBr was mixed to the material in the ratio of 1:25 in an agate mortar.
The phase composition was examined using X-ray diffraction (Model: Rigaku
Mini Flex 600) with CuK, (1= 1.5406 10\) radiation in the angular range
20 = 10°-90°. The morphology of CoCl,-doped PANI composite was examined
through field effect scanning electron microscope (FESEM Model: ZEISS, Supra 55
Spectrometer). The elemental analyses were examined via energy-dispersive X-ray
(EDX) diffraction technique. Thermal gravimetric analysis (TGA) was performed
on a thermo-gravimetric analyser SDT model Q600 of TA Instruments Inc., USA.
The sample was heated from room temperature to 800 °C using nitrogen flow of
100 mL min~" at the rate of 10 °C min~"'. All electrochemical performance, cyclic
voltammetry (CV), EIS and galvanostatic charging—discharging (GCD) measure-
ments were carried out by GARMY reference 3000 instruments using a three-
electrode system in which composite, Pt and SCE (Ag/AgCl) were working, counter
and reference electrodes, respectively. Impedance measurements were performed in
the frequency range of 0.1 Hz to 50 kHz at open circuit potential with an ac
perturbation of 5 mV. The surface area and the pore size distribution of the as-
prepared samples were studied using Quanta Chrome Nova-1000 surface analyser
instrument using liquid nitrogen at 77 K. Adsorption—desorption isotherms were
recorded to obtain the surface area using the BET method and pore size distribution
using the BJH method.

Results and discussion
FTIR analysis

The chemical bond structures for pure PANI, PANI-10% CoCl,, PANI-15% CoCl,
and PANI-20% CoCl, composites were examined by FTIR spectroscopic
technique. Figure 2 shows the FTIR spectra for pure PANI, PANI-10% CoCl,,
PANI-15% CoCl, and PANI-20% CoCl, composites and their characteristic peaks
have been depicted in Table 1. The FTIR spectra for pure PANI showed
characteristic peaks at 596, 811, 1147, 1240, 1305, 1493 and 1573 cm™ Y,
respectively. The peak 811 cm™' corresponded to the out-of-plane bending C—H
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Fig. 2 FTIR spectra for a pure PANI, b PANI-10% CoCl,, ¢ PANI-15% CoCl,, and d PANI-20%
CoCl, composites

Table 1 FTIR characteristic peaks for pure PANI, PANI-10% CoCl,, PANI-15% CoCl, and PANI-
20% CoCl, composites

FTIR characteristic Wavenumbers (cm ') for PANI and CoCl,-doped PANI composites
Band assignments

Pure PANI PANI-10% CoCl, PANI-15% CoCl, PANI-20% CoCl,

C—H stretching vibration 811 791 791 791
C-N stretching vibration 1240 1238 1238 1238
C=C stretching vibration 1573 1573 1573 1573
C=N stretching vibration 1493 1472 1472 1472
C-N stretching vibration 1305 1294 1294 1294

vibrations of the 1,4-substituted benzene ring [40]. The peak at 1147 cm™' was
assigned to plane deformation vibrations of the C—H bond. The peak at 596 cm ™'
was due to out-of-plane bending of the C—H bond in the aromatic ring. The band at
1240 cm ™" was assigned to stretching vibration of C-N in the benzenoid ring. The
bands at 1573 and 1493 cm ™' corresponded to the C=C stretching vibration of the
quinoid ring and the C=N stretching vibration of the benzenoid unit, respectively
[41, 42]. The peaks at 1240 and 1305 cm™' were attributed to the C-N stretching
vibrations with oxidation or protonation states in PANI [43]. However, For PANI-
10% CoCl,, PANI-15% CoCl, and PANI-20% CoCl, composites, the band at
1294 cm™! was assigned to the C-N stretching vibration. This band shifted by
10 cm ™! (1305-1294 cmfl) when CoCl, was added to the reaction system. This
indicated that Co®" ions interacted with the nitrogen atoms in the polymeric chain
of the as-prepared composites.
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Fig. 3 XRD spectra for a pure PANIL, b PANI-10% CoCl,, ¢ PANI-15% CoCl,, and d PANI-20%
CoCl, composites

XRD analysis

Figure 3 shows the X-ray diffraction patterns for pure PANI, PANI-10% CoCl,,
PANI-15% CoCl, and PANI-20% CoCl, composites. The XRD pattern for pure
PANI showed three diffraction peaks centered at 15.0°, 20.3° and 25.4°,
respectively [44]. This occurred due to scattering of the PANI chains at interplanar
spacing. From the XRD spectra, the co-existence of pure PANI and CoCl, particles
in the composites was observed. The characteristic peaks revealed semi-crystalline
behavior of pure PANI, PANI-10% CoCl,, PANI-15% CoCl, and PANI-20%
CoCl, composites. The peaks for PANI-10% CoCl,, PANI-15% CoCl, and PANI-
20% CoCl, composites were observed at 20 values of 49.66° and 64.92°. The 20
values for composites were nearly the same as in the literature reported by Gupta
et al. [40].

FESEM analysis

The morphological behaviour of pure PANI, PANI-10% CoCl,, PANI-15% CoCl,
and PANI-20% CoCl, composites has been shown in Fig. 4. Figure 4 reveals that
the morphology of PANI-10% CoCl,, PANI-15% CoCl, and PANI-20% CoCl,
composites were spherical in nature. This morphology was probably due to the
reason that one Co”" ion interacted with more than one nitrogen atom in the PANI
chain. The specific capacitance of pure PANI and PANI-CoCl, composites depends
on the surface area as well as on its porosity [45]. The synergistic effect of
capacitance has been markedly enhanced in PANI-10% CoCl, composite as
compared to that of pure PANI, PANI-15% CoCl, and PANI-20% CoCl,
composites. Figure 5 shows the EDX spectra for pure PANI, PANI-10% CoCl,,
PANI-15% CoCl, and PANI-20% CoCl, composites and indicates the element
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Fig. 4 FESEM images for a pure PANI, b PANI-10% CoCl,, ¢ PANI-15% CoCl,, and d PANI-20%
CoCl, composites

presence of Cl, N, C, S and Co in it. A trace amount of platinum (pt) was also
observed due to the platinum coating of the samples.

Brunauer-Emmett-Teller (BET) analysis

The as-prepared samples were further characterized with nitrogen (N,) absorption—
desorption and the corresponding results are depicted in Fig. 6. The surface area
measurement and pore sized distribution of pure PANI, PANI-10% CoCl,, PANI-
15% CoCl, and PANI-20% CoCl, are shown in Fig. 6a, b, respectively. The
surface area value for pure PANI was found to be 11.57 m* g~'. The isotherms
were witnessed to be of type IV suggesting the mesoporous nature of the samples.
The surface area was found to be 41 m? g~' for PANI-10% CoCl,. In the case of
PANI-15% CoCl,, the surface area decreased to 39 m> g_l. With a further increase
in the content of CoCl, the surface area was enhanced and reached a value of
58 m? g~ '. The observed values of specific capacitances were in accordance with
the observed porosity and the obtained surface area of the samples. An enhanced
surface area for the sample resulted in an increased specific capacitance. This could
be attributed to the formation of interconnected pores resulting in the formation of
an easy pathway for charge transfer, thereby increasing the specific capacitance of
the sample.
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Electrochemical measurements

The CV measurement technique was employed to examine the electrochemical
performance of PANI-CoCl, composite electrode material as shown in Fig. 7.
The pure PANI, PANI-10% CoCl,, PANI-15% CoCl, and PANI-20% CoCl,
composites were evaluated for the capacitive performance comparison of PANI
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Fig. 7 CV curves for a pure PANI, b PANI-10% CoCl,, ¢ PANI-15% CoCl, and d PANI-20% CoCl,
composites at varying scan rates

after the addition of CoCl,. The CV measurement was performed in the potential
window 0.05-0.5V (Ag/AgCl) using 1M KOH electrolyte. Figure 7a—d
illustrates the CV curves for pure PANI, PANI-10% CoCl,, PANI-15% CoCl,
and PANI-20% CoCl, composite electrodes at various scan rates ranging from 1
to 40 mV/s. All the CV curves exhibited redox peaks implying that its
capacitance was derived from pseudocapacitive behaviour due to the presence of
reversible Faradaic redox reactions. It was observed that with the increase in
scan rate, the anodic and cathodic peaks shifted towards the positive and
negative sides, respectively, and currents were found to be increased. In the case
of PANI-10% CoCl,, the peak intensity decreased due to the effect of CoCl,.
The PANI-10% CoCl, showed large current response and larger integrated area
as compared to other samples. This was probably due to the strengthened electric
polarization and the possible kinetic irreversibility of electrolyte ions at the
electrode surface [46].

The specific capacitance of the electrodes was calculated from the results based
on the CV measurements using the following equation:
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vf

/1 x VdV, (1)

Vi

C =
S vmA Vif

where C,—specific capacitance (F/g), v—scan rate (V/s), m—a mass of the active
material (g) and AV;—applied potential window. The integral term of Eq. (1) is
equal to the area under the CV curve. The calculated values of specific capacitance
(Cy) for pure PANI, PANI-10% CoCl,, PANI-15% CoCl, and PANI-20% CoCl,
composites were found 382, 918, 481 and 713 F/g (shown in Table 2), respectively,
at a scan rate of 1 mV/s. Figure 7 shows that PANI-10% CoCl, represented the
higher value of specific capacitance than that of pure PANI, PANI-15% CoCl, and
PANI-20% CoCl, composites at all the scan rates. This enhancement in specific
capacitance (Cs) of PANI-10% CoCl, was attributed to the optimum presence of
metal salt [47] inside the polymeric composite.

The charge—discharge behaviours for pure PANI, PANI-10% CoCl,, PANI-15%
CoCl, and PANI-20% CoCl, composites have been shown in Fig. 8. The galvanostatic
charge/discharge curves for the pure PANI, PANI-10% CoCl,, PANI-15% CoCl, and
PANI-20% CoCl, compositesin I M KOH solution were carried out at a current density
of 0.5, 1 and 2 A/g, respectively. As illustrated in Fig. 8a—d, all electrode materials
showed nonlinear discharge curves which indicated the pseudocapacitive behaviour of
inorganic filler. This resulted from the electrochemical adsorption—desorption phe-
nomena of redox reaction at the electrode/electrolyte interface. In addition, it can be seen
that the charging/discharging time decreased with the increase in current density from
0.5 to 2A/g. This could be explained in terms of the fact that at low current density, OH™
had sufficient time to diffuse into the available sites at the electrode material. However,
at high current density, OH™ can only approach the outer surface of the electrode
materials [48]. Moreover, the discharge time for PANI-10% CoCl, was significantly
increased by incorporation of CoCl, as compared to pure PANI and it was also higher
than other composites, indicating that efficient ion or charge transfer occurred in PANI-
10% CoCl,. The PANI-10% CoCl, composite shows higher specific capacitance due to
high surface area value 41 m>g ™" and high thermal stability as shown in the BET analysis
and Fig. 10, respectively.

EIS measurements

Electrochemical impedance spectroscopic (EIS) technique was employed to
measure the internal resistance, charge transfer kinetics and ion diffusion process

Table 2 Estimated values for specific capacitance from CV curves at 1 mv/s scan rate

Scan rate (mv/s) Specific capacitance (F/g) for polymeric samples

Pure PANI PANI-10% CoCl, PANI-15% CoCl, PANI-20% CoCl,

1 382 918 481 713
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Fig. 8 Galvanostatic CD curves for a Pure PANI, b PANI-10% CoCl,, ¢ PANI-15% CoCl, and
d PANI-20% CoCl, composites at varying current densities

of the electrode materials as shown in Fig. 9. Figure 9 shows EIS plots (Nyquist
plot) between Z' and Z" recorded in the frequency range 1 Hz—100 kHz. The ESR
values for pure PANI, PANI-10% CoCl,, PANI-15% CoCl, and PANI-20% CoCl,
composites obtained from the intersection of the Nyquist plot at the X-axis were
3.14, 1.78, 0.86 and 0.97 Q, respectively. The smaller value of ESR for pure PANI,
PANI-10% CoCl,, PANI-15% CoCl, and PANI-20% CoCl, composites suggested
the decreased charge transfer resistance between the electrolyte solution and the
interface of the sample [49]. In addition, for pure PANI, PANI-10% CoCl,, PANI-
15% CoCl, and PANI-20% CoCl, composites showed a semicircle in the higher
frequency range, followed by a line in a lower frequency. The diameter of the
semicircle estimated the Faradaic charge transfer resistance (R, related to the
surface area and electrical conductivity of the electrode material, whereas the
straight line observed in the lower frequency range showed the characteristic of
Warburg impedance which measured diffusion resistance offered by the materials.
As seen in Fig. 9, the slope for PANI-10% CoCl, was larger than that of the pure
PANI, PANI-15% CoCl, and PANI-20% CoCl, composites, implying a lower
internal resistance leading to a higher conductivity. Thus, the above results showed
that PANI-10% CoCl, composite elucidated overall better electrochemical
performance in terms of CV, GCD and EIS measurements as compared to that of
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composites

pure PANI, PANI-15% CoCl, and PANI-20% CoCl, composites, since the
capacitance of the electrode material depends on the porosity as well as on the
specific surface area. Further, the polyaniline (PANI) chains have a higher porosity
as shown in the FESEM image (Fig. 4a). Nonetheless, the amount of polyaniline
decreases in PANI-15% CoCl, and PANI-20% CoCl, composites. Therefore, the
capacitance values for PANI-10% CoCl, composite exceeds in comparison to
PANI-15% CoCl, and PANI-20% CoCl, composites. Hence, PANI-10% CoCl,
composite represents an optimum and synergistic combination of the polymeric
matrix of the PANI-CoCl, composite. The above results stand valid also from the
TGA study in which PANI-10% CoCl, composite showed the highest thermal
stability in comparison to PANI-15% CoCl, and PANI-20% CoCl, composites as
shown in Fig. 10.

Thermal properties

Figure 10 represents the TGA thermograms for pure PANI, PANI-10% CoCl,,
PANI-15% CoCl, and PANI-20% CoCl, composites. It showed that for pure PANI,
a three-step thermal decomposition occurred followed by respective weight loss.
The first stage decomposition occurred up to temperature 150 °C due to loss of
moisture. The second stage decomposition occurred in the temperature range
200-300 °C due to dopant anion present in the polymer. The third decomposition
stage occurred between temperatures 300 and 800 °C due to the decomposition of
the molecular chain of polyaniline (PANI). The trend of thermal decomposition and
mass loss of PANI-10% CoCl,, PANI-15% CoCl, and PANI-20% CoCl,
composites were similar to that of the pure PANI. However, the thermal stability
of the composites was higher than that of the said pure PANI. The degradation
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Fig. 10 TGA curves for pure PANI, PANI-10% CoCl,, PANI-15% CoCl, and PANI-20% CoCl,
composites

temperatures for pure PANI, PANI-10% CoCl,, PANI-15% CoCl, and PANI-20%
CoCl, composites are shown in Table 3. It was clearly seen that the thermal stability
of the composites decreased on increasing the concentration of CoCl, particlesm,
because the thermal degradation process starts at a lower temperature. This result
was attributed to the removal of dopants [50].

Conclusion

PANI-CoCl, composites were successfully synthesized in the laboratory via an
in situ polymerization process. The FTIR study explained the chemical bond
structures of backbone chains for pure PANI, PANI-10% CoCl,, PANI-15% CoCl,
and PANI-20% CoCl, composites. The XRD study explained the semi-crystalline
behaviour of pure PANI, PANI-10% CoCl,, PANI-15% CoCl, and PANI-20%

Table 3 Degradation temperature for pure PANI, PANI-10% CoCl,, PANI-15% CoCl, and PANI-20%
CoCl, composites

Polymeric samples Temperature Temperature Temperature Residual weight
range (°C) for range (°C) for range (°C) for % at 800 °C
Ist degradation 2nd degradation 3rd degradation

Pure (neat) PANI 14.14 43.92 3.48 31.95

PANI-10% CoCl, 13.32 13.01 7.98 57.27

PANI-15% CoCl, 14.22 15.45 12.51 52.67

PANI-20% CoCl, 18.36 14.66 15.10 44.98
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CoCl, composites. The FESEM study explained the spherical morphology of the as-
prepared composites. The cyclic voltammetry (CV) measurement showed that
PANI-10% CoCl, composite exhibited highly enhanced specific capacitance value
(918 F/g) as compared to pure PANI (382 F/g), PANI-15% CoCl, (481 F/g) and
PANI-20% CoCl, (713 F/g) composites at the scan rate ~ 1 mV/s. Such an
intriguing electrochemical performance was attributed to the optimum synergistic
properties of the combined capacitive contribution from the inorganic filler (CoCl,)
as well as the polymer (PANI). Finally, the TGA study explained that PANI-10%
CoCl, composite imparted the highest thermal stability.
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