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Abstract. Fiber-like polyaniline (PANI)/carbon nanohorn (CNH) composites (PACN composites) were prepared as electrode materials for supercapacitor by simple method that involves in-situ polymerization of aniline in the presence of CNH
in acidic (HCl) medium with noteworthy electrochemical performances. Thus, the prepared PACN composites show high
specific capacitance value of ! 834 F/g at 5 mV/s scan rate compared to ! 231 F/g for pure PANI and CNH (! 145 F/g) at
same scan rate of 5 mV/s. CNHs are homogeneously dispersed throughout the matrix and coated successfully. Thus, it provides more active sites for nucleation and electron transfer path. In addition, the composites show high electrical conductivity in the order of ! 6.7·10–2 S·cm–1 which indicates the formation of continuous interconnected conducting network path in
the PACN composites. Morphological study of the PACN composites was carried out by high resolution transmission electron microscopy (HRTEM) and field emission scanning electron microscopy (FESEM).
Keywords: nanocomposites, supercapacitor, polyaniline, carbon nanohorn, electrical conductivity

1. Introduction

Presently, various motor vehicles and portable electronic devices have increased the requirement of
energy storage devices. Thus, high performance
supercapacitors and different batteries (Li-ion, Pbacetate etc) have been attracted in the various fields
of applications. Recently, supercapacitors have been
a major source for huge amount of energy in a very
small period of time and make them essential for
surge power delivery. Supercapacitors have been considered most promising materials for alternative
energy sources in the different device and electronics applications due to their rapid charging-discharging rates, high power density and long cycle life
(>100 000 cycles) [1–3]. Thus, they have been taken
as more important components for all electric cars
and cars based on fuel cells like hydrogen fuel cell
and direct methanol fuel cell (DMFC) in the modern
generation [4, 5]. In general, supercapacitors have

been greatly used as complementary devices to different fuel cells and batteries due to their high energy
densities but unable to supply a high power during
short time period. The electrochemical capacitors
have high-power sources and have been used also for
digital communication devices [6–9]. Depending
on the charge-storage mechanism, supercapacitors
have been categorized into two different types [10,
11]: (a) electrical double-layer capacitors (EDLCs)
for carbon-based active materials with high surface
area, the capacitance value is obtained due to the
charge separation at the electrode-electrolyte interface. The charge storage mechanism for EDLCs is
of non-Faradic type; electrical charge builds up at the
electrode-electrolyte interface. Generally, EDLCs
have high power density but major disadvantage is
low capacitance and low rate capability. In the case
of EDLCs, the charge can be stored electrostatically
or non-Faradaically (in case of carbon nanomateri-
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als) like conventional capacitors and charge transfer
does not occur between the electrode and the electrolyte, and (b) others are pseudocapacitors which
develop fast and reversible surface or near surface
reactions for charge storage. For pseudocapacitors,
electrode materials may be metal oxides (NiO,
MnO2 etc) or conducting polymers and Faradic reactions occur at the electrode-electrolyte interface. The
charge is stored Faradaically through charge transfer between electrolyte and electrode. This process is
completed through electro-sorption, reduction–oxidation reactions, and intercalation processes. Among
them, pseudo-capacitors could be the source of
higher specific capacitance. However, major drawback of pseudo-capacitors is that they are very costly
and show low conductivity. Hence, the energy storage performance of the capacitors needs to be
improved for their broad potential applications under
the current requirements. The high electrical conductivity, high surface area and a fast cation intercalation/de-intercalation process play a crucial role to
obtain high energy and power densities for capacitors. In the case of carbon-based EDLCs, the charge
storage mechanism occurs via electrostatic forces and
fast faradaic redox reactions are the reason behind
the storage mechanism for pseudo-capacitors.
Transition metal oxides play a key role as potential
electrode materials for the preparation of supercapacitors due to their charge storage mechanisms
[12, 13]. Among the different metal oxides, RuO2
shows high capacitance value for its redox transitions. However, the major problem of Ru metal is its
high cost which reduces its commercial value as a
potential electrode material. Currently, the preparation of cost-effective electrode materials has become
great challenge for supercapacitor applications.
Cheap metal oxides such as oxides of Co, Ni, Mn, In,
Fe, Sn, Pb [14, 15] and so forth are being investigated
to improve the capacitance value of the capacitors.
The conducting polymers are also used as electrode
materials for supercapacitors for its excellent electrochemical properties and low cost. Among the
several conducting polymers such as polyaniline
(PANI), polythiophene (PTH), polypyrrole (PPy)
and their derivatives, PANI has been considered
more useful material for supercapacitors due to its
redox reversibility, high electrical conductivity, easy
synthesis procedure, good environmental stability
and of course its low cost [16]. However, chemically
synthesized electrically conducting polymers are

generally powdery and behave like an insulating
material in their undoped states. Thus, carbon-based
nanomaterials have been considered most promising materials for supercapacitors due to their high
surface area, high aspect ratio, nano-size and very
high electrical conductivity [17]. In this regard, different carbon based nanomaterials such as carbon nanotube (CNT), graphene and carbon nanohorn (CNH)
have been chosen as substrate for metal oxide nanoparticles or conducting polymers for supercapacitor
applications. This carbon based conducting nanomaterials help to enhance the electron transfer rate during Faradaic charge transfer reactions in the composites and increase the value of specific capacitance
[18]. Single-walled carbon nanohorns (SWCNHs)
are dahlia flower like spherical superstructure of
aggregated nano-sized graphitic tubes [19–21]. Due
to the high surface area, considerable internal nanospace, excellent porosity and high electrical conductivity, they have been broadly used in the various filed
of applications such as supercapacitors, hydrogen
storage, fuel cells, drug delivery and biosensors, etc.
Moreover, CNHs possess high purity and also high
absorbability compared with others carbon based
nanomaterials due to their large surface area, high
aspect ratio and inherent micropores at interstitial
sites.
Several research groups have been developed PANI
composites based on metal oxides, graphene or CNH
for supercapacitors. For instance, Wu et al. [22]
showed the large electrochemical capacitance of
! 210 F/g at a discharge rate of 0.3 A/g in composite films of chemically converted graphene (CCG)
and polyaniline nanofibers (PANI-NFs) prepared by
vacuum filtration of the mixed dispersions of both the
components. Deshmukh and Shelke [23] synthesized Fe3O4-SWCNH nanocomposites and reported
specific capacitance value of the nanocomposites
was ! 377 F/g at current density of 1 A/g. Wang et al.
[24] prepared one-dimensional and layered parallel
folding of cobalt oxalate nanostructures and reported
the maximum specific capacitance of ! 202.5 F/g at
a current density of 1 A/g with a voltage window
from 0 to 0.40 V. Kumar et al. [25] have prepared
conducting polyaniline-grafted reduced graphene
oxide (PANi-g-rGO) composite via acyl chemistry
and reported the capacitance of ! 250 F/g with electrical conductivity as high as ! 8.66 S/cm.
In this study, we have prepared PACN composites
through cost effective method which involves in896
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situ polymerization of aniline in the presence of
CNH. Thus, prepared PACN composites show very
high specific capacitance value (! 834 F/g) at scan
rate of 5 mV/s which is higher than the specific
capacitance (! 231 F/g at 5 mV/s) of pure PANI
and CNH (! 145 F/g) at same scan rate of 5 mV/s.
So, specific capacitance value of the pure PANI is
greatly affected in the presence of CNH in the PACN
composites. Due to homogeneous coating of conducting CNH in the PACN composites, it forms a conducting electron transfer path and provides more
active sites for nucleation [26] and increases the
capacitance value of the composites. Additionally,
the synthesized PACN composites showed electrically conducting behavior and obtained electrical
conductivity of the composites is ! 6.7·10–2 S/cm
which indicates the possible formation of conducting network structure in the PACN composites.

2. Experimental
2.1. Materials details

Aniline, hydrochloric acid (HCl) and potassium
chloride were purchased from Merck, Germany. Single-layer carbon nanohorn (CNH, carbon purity:
>99%, horn diameter: 3~5 nm, horn length:
30~50 nm, cluster diameter: 60~120 nm, density:
1.1 g/cm3, surface area: 250~300 m2/g) was procured from J. K. Impex, Mumbai, India. Cetyl trimethylammonium bromide (CTAB) and ammonium
persulfate (APS) [(NH4)2S2O8] were purchased from
Loba Chemie Pvt. Ltd. India.

2.2. Preparation of the PACN composites
100 mL of 1.5 (M) HCl was taken in a 500 mL beaker
and 30 mg of CNH and CTAB were added to this acid
solution. Then, the mixture was ultra-sonicated for
1 h for homogeneous dispersion of CNH in the acid
media, followed by vigorous stirring for 30 min with
magnetic stirrer at room temperature. After that,
1 mL aniline was added to this acidic solution of
CNH and continued the stirring for another 10 min.
Furthermore, ammonium persulfate (APS) solution
(which was prepared through dissolving 2 mg APS
in 100 mL 1.5 (M) HCl) was added into the reaction
mixture as an oxidizing agent for polymerization of
aniline and the stirring was continued. After 4 h of
stirring, the solution became green and precipitation
was observed. Then, the green solution was filtered
and washed with de-ionized (DI) water for several
times to make neutral solution. Thus, the obtained

residue was air dried for 24 h for further characterizations. Polyaniline (PANI) was also prepared by
the same procedure in the presence of CTAB.

3. Characterizations
3.1. Field emission scanning electron
microscope (FESEM)

The morphology of the PACN composites was studied using PACN pellets (prepared by pressing at room
temperature) through FESEM (FE-SEM, Carl ZeissSUPRA™ 40), with an accelerating voltage of 5 kV.
The samples were coated with a thin of layer gold
(approx ~ 5 nm) to avoid the electrical charging
during scanning. This gold coated composites sample was scanned in the vacuum order of 10–4 to
10–6 mm Hg.

3.2. High resolution transmission electron
microscope (HRTEM)
The TEM analysis of the PACN composites was carried out by HRTEM (HRTEM, JEM-2100, JEOL,
JAPAN), operated at an accelerating voltage of
200 kV. A small amount of the PACN composites was
dispersed in acetone through sonication. Then, the
dispersed suspension of PACN composites was
dropped on the copper (Cu) grid for HRTEM analysis.
3.3. Electrochemical characterization
Electrochemical analysis of as-synthesized PACN
composites, pure PANI and CNH was performed by
cyclic voltammetry (CV) with a CH instrument electrochemical analyzer. A three-electrode system was
employed for all measurements where PACN composites coated glassy carbon electrode, Pt wire and
Ag/AgCl served as working, counter and reference
electrodes, respectively. Cyclic voltammogram was
recorded at different scan rates from 5 mV/s to
100 mV/s within potential windows from –0.4 to
+0.8 V in 1 (M) KCl.
The electrochemical impedance spectroscopic (EIS)
measurement was carried out in the frequency range
of 100 mHz–10 MHz. The specific capacitances
(Csp) of PACN composites at different scan rates were
calculated by using Equation (1) [27]:
Csp 5

e IdV
vmV

(1)

where I is the response current density, V is the
potential [V], v is the potential scan rate [mV/s] and
897
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m is the mass of the PACN composite in the electrodes.

3.4. Electrical conductivity
The DC electrical conductivity of the PACN composites was measured by four probe method. The electrical conductivity of the samples was calculated
with the help of Equations (2) and (3) [28]:
Resistivity (!) ["·cm] =

pt

V
In~2
I
1
Conductivity (") [S·cm–1] =
r

(2)

(3)

where V is the measured voltage, I is the applied
current. The thickness of the samples is represented
by t. Minimum of five tests were performed for each
specimen and the data was averaged.
The frequency dependent AC conductivity of the
PACN composites (disc type sample with thickness
0.3 cm and area 1.88·10–1 cm2) were obtained using
a computer controlled precision impedance analyzer
(Agilent 4294A) by applying an alternating electric
field (amplitude 1000 volt) across the sample cell in
the frequency region of 50 Hz to 1 MHz. A parallel
plate configuration was used for all the electrical
measurements. A sample holder using Pt probe was
used for all the electrical measurements.
The parameters like dielectric permittivity (##) and
dielectric loss tangent (tan $) were obtained as a
function of frequency. The AC conductivity ("ac)
was calculated from the dielectric data using the
Equation (4):
"ac = %#0##tan $

(4)

where % is equal to 2&ƒ (ƒ is the frequency), and #0
is vacuum permittivity. The dielectric permittivity (##)
was determined with Equation (5):
e9 5

Cp
C0

(5)

where Cp is the observed capacitance of the sample
(in parallel mode), and C0 is the capacitance of the
cell. The value of C0 was calculated using the area
(A) and thickness (d) of the sample, following the
Equation (6):
C0 <

e0~A
d

(6)

4. Results and discussion
4.1. Electrochemical analysis

4.1.1. Cyclic voltammetry (CV) analysis
Figure 1a shows the plot of capacitive performances for PACN composites at different scan rates
(5, 10, 20, 30, 50, 60, 80 and 100 mV/s) in a threeelectrode configuration with applied potential. The
capacitive performance was characterized by cyclic
voltammetry (CV) in 1 (M) KCl solution to obtain
the value of specific capacitance (Csp) of the composites. The cathodic reduction and the anodic oxidation process are the reason behind the development
of negative and positive current in the cyclic voltamogram. In general, the ideal capacitor behavior of
the composites was shown when ideal rectangular
shape of the cyclic voltamogram was observed. However, PACN composite shows deviation of the ideality of the curve in Figure 1a which concludes its
pseudo-capacitive nature. The reason behind the deviation from the ideality of the curve is that the interaction between electrode and electrolyte is reduced
[29]. The specific capacitance of the PACN composites can be estimated using Equation (1) [27],
the obtained specific capacitance value of PACN
composite is ! 834 F/g at a constant scan rate of
5 mV/s. This high specific capacitance value of the
PACN composites was obtained due to the contributions of both components such as PANI and CNH
in the composites. In the PACN composites, PANI
coated CNH increased the intimate interaction
between them (PANI and CNH) that facilitate to
enhance the charge transfer among the components
with high electrical conductivity. Thus, the effective
charge transfers in the electrode takes part a crucial
role to enhance the specific capacitance value as well
as rate capability of the composites [30, 31]. The
well-ordered nanostructure in the PACN composites
can reduce the ionic diffusion path, facilitate ionic
motion to the inner part, and improve utilization of
electrode materials. Effective anchoring of the CNH
on the PANI helps for easy and fast ion transport in
the electrode material and increases the capacitance
value of the composites. Moreover, the additional
Faradaic charge transfer involved at the electrodeelectrolyte interface in the presence of CNH which
also plays a key role to enhance the specific capacitance value in the PACN composites. Figure 1b
shows the capacitive performances plot for pure
PANI. The specific capacitance value for pure PANI
is ! 231 F/g at 5 mV/s and Figure 1c shows specific
898
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Figure 1. Cyclic voltammogram of (a) PACN composites, (b) pure PANI and (c) CNH at different scan rates

capacitance curve of CNH and capacitance value of
! 145 F/g was obtained at same scan rate of 5 mV/s
for CNH. Many researchers [32, 33] have reported
that the capacitance value of the composites can
increase due to the deposition of metal oxides or
metal salts [RuO2 or Ni(OH)2] on reduced graphene
oxide (RGO) sheets or by preparing thin films of
PANI fibers and RGO sheets [34]. This high capacitance value of the composites is obtained due to
contributions of the conducting RGO sheets and the
pseudo-capacitance of the metal oxides or conducting polymer.
Figure 2 shows the variation of specific capacitance
of the PACN composites and pure PANI with scan
rate. Cyclic voltammetry of the PACN composites
and pure PANI was done at various scan rates of 5,
10, 20, 30, 50, 60, 80 and 100 mV/s. From the figure, it is clearly seen that the specific capacitance
value of the PACN composites and PANI strongly
depends on the scan rate and it decreases with
increasing the scan rate [2]. As can be seen, the spe-

Figure 2. Plot of Specific capacitance vs. Scan rate for
PACN composites and pure PANI

cific capacitance of the composites strongly depends
on the scan rate and it gradually decreases for the
PACN composites at a higher scan rate, as shown in
Figure 2. At high scan rate, high diffusion resistance
and large electrochemical polarization affect the
899
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electrode material which reduced the capacitive
behavior of the composites [35]. This suggested the
high degree of sustainability of capacitance even at
a higher scan rate. The coating of PANI on CNH
increases the $-$ stacking interaction between CNH
and PANI chains, which may facilitate the electron
transfer and plays a synergistic effect to the electrochemical properties of the hybrid composites [36].
This may be attributed to decreasing internal resistance as compared to the PANI electrode.
4.1.2. Constant current charging/discharging
(CCD) analysis
The constant current charging/discharging (CCD)
analysis of the PACN composites is shown in Figure 3 which is performed at a constant current density of 5 A/g. A triangular shaped symmetric charge/
discharge curve is obtained for PACN composites
which unambiguously indicate the ideal capacitive
behavior of the composites. The specific capacitance (Csp) value of the PACN composites was calculated from the CCD curve using Equation (7)
[37]:
Csp 5

I~Dt
DV~m

4.1.3. Cycle-life stability test
The variation of specific capacitance of PACN
composites with cycle number is shown in Figure 4.
The cycle stability of the composites has been estimated through repeating the cyclic voltammetry
(CV) in 1 (M) KCl electrolyte and it is carried out at
a scan rate of 10 mV/s for 500 cycles. As observed,
the PACN composites remain 84% specific capacitance value after 500 cycles. In addition, the specific
capacitance value of the PACN composites gradually decreases with increasing cycle number. Cho et
al. also studied the electrochemical performance of
PANI thin films. They have also measured the cyclic
stability up to 500 cycles [38]. The $-$ interaction
and intermolecular interaction among the PANI and
CNH resist the changing of regular network structure in the PACN composites and help to improve the
cyclic stability of PACN composites. Thus, the regular network structure plays a key role in the PACN
composites for enhancing the cyclic stability.

(7)

where I represents applied current, %V signifies the
voltage and %t stands for average time in seconds
and m is the mass of the PACN composites, respectively. Thus, the calculated specific capacitance
value of the PACN composites is ! 857 F/g.

Figure 4. Specific capacitance vs. cycle number of PACN
composites in 1 (M) KCl solution

Figure 3. Cyclic charge/discharge curve of PACN composites

4.1.4. Electrochemical impedance spectroscopic
(EIS) analysis
The Nyquist plot of impedance and their fitting circuit for the PACN composites are shown in Figure 5.
The electrochemical impedance behavior of the composites is known from the Nyquist plot of impedance which is performed in the frequency region
from 100 mHz to 10 MHz (Figure 5a). The Nyquist
plot of impedance represents two components, one
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is the real component (Z#) and other is imaginary
component (Z##). The real component (Z#) of the composites gives ohmic properties and the imaginary
component (Z##) stands for the capacitive properties
[39]. An ideal supercapacitor will show three frequency dependent regions in the Nyquist plot [40].
The supercapacitor behaves like a pure resistor at
high frequency region. At medium frequency region,
the electrode porosities can be observed. The electrolyte penetrates deeper and deeper into the porous
structure of the electrode for decreasing the frequency from the very high frequency region and
resulted a huge numbers of electrode surface for ion
adsorption. The medium frequency region in the
Nyquist plot of impedance is well known as Warburg curve. The low frequency region of the Nyquist
plot shows the pure capacitive behavior. At low frequency region, the imaginary part sharply increases
and a vertical line is obtained. However, ideal supercapacitor in real world is impossible. Solution resistance (Rs) of the composites can be obtained from
the intercepts in highest frequency of the curves at
real axis. The depressed semicircle at the higher frequency region in the Nyquist plots indicates the
charge transfer resistance (Rct). Warburg resistance
(W) of the composites is observed at intermediate
frequency region. Generally, the constant phase element (CPE) is used to express the non-ideal behavior of the supercapacitor and it is denoted by ‘n’

Figure 5. Nyquist plot (a) and equivalent electrical circuit (b) used in EIS fitting data of PACN composites

value [41]. The Nyquist plots were analyzed by fitting the experimental impedance spectra to an equivalent electrical circuit. Thus, Figure 5b shows a suitable fitting circuit for PACN composites which is
schematically drawn. As observed, semicircle is seen
at high frequency region and a straight line is shown
at the low frequency range. The $-$ interaction
among the PANI and CNH plays a crucial role to
help for efficient electrolyte accessibility to the electrode surface through shortening the ion diffusion
path. The observed vertical line at low frequency
region indicates the good capacitive behavior and low
diffusion resistance of the electrode material. The
quality of the electrode materials strongly depends
on the ‘n’ value. The supercapacitor will be called
ideal when n value will be equal to 1. If ‘n’ value is
zero, then it will be called insulators. In the case of
PACN composites, obtained n value is 0.83 (>0.5)
which indicates the moderate capacitor behavior.

4.2. Morphology study
Figure 6 shows the morphology of the pure PANI,
CNH and PACN composites. Figure 6a represents the
FESEM image of PANI which indicates the fiber like
structure of the PANI. The FESEM image of the
CNH is shown in Figure 6b. From this image (Figure 6b), the flower like image of CNH is clearly seen.
Figure 6c and 6d indicate the high magnification
FESEM images of PACN composites. From these
images, fiber like structure of PACN composites is
clearly observed where CNH is coated with the
PANI. This provides more active sites for nucleation and electron transfer path and helps to increase
the $-$ interaction with PANI in the composites.
Thus, the specific capacitance of the PACN composites is enhanced due to the successful coating of CNH
and formation of fiber like PACN composites. Figure 6e and 6f indicate the HRTEM images of PACN
composites at different magnifications. Figure 6e
indicates the formation of PANI-coated fiber like
structure of CNH in PACN composites. The successful coating of CNH is clearly observed in Figure 6f.
Thus, the fiber like structure of the composites
plays a crucial role to improve the specific capacitance value of the PACN composites. From the both
FESEM and HRTEM images, it is clearly seen that
CNH are homogeneously dispersed and formed a
conducting network path in the composites which is
also responsible for the higher specific capacitance
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Figure 6. FESEM micrographs of (a) pure PANI, (b) pure CNH and (c, d) PACN composites at two different magnifications. HRTEM micrographs of (e, f) of PACN composites at two different magnifications

value as well as conducting behavior of the PACN
composites.

4.3. Comparative study
Several researchers have already reported the specific capacitance values for different composites
based on PANI or other composites. Feng et al. [42]

have obtained specific capacitance value of ! 640 F/g
for PANI/graphene composites films which were
synthesized through in-situ polymerization of aniline in the presence of graphite oxide (GO). The composites show 90% retention life after 1000 charge/
discharge cycles. Wang et al. [43] have synthesized
PANI/flexible graphene hybrid materials via in-situ
902
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polymerization-reduction/dedoping-redoping process.
The reported specific capacitance value of the composites was ! 1126 F/g. Li et al. [44] have prepared
PANI nanofiber/graphene nanosheets composites
through in-situ polymerization in 1 (M) H2SO4 solution. The composites show specific capacitance value
of ! 1130 F/g at 5 mV/s scan rate with retention of
87% specific capacitance after 1000 harge/discharge
processes. Liu et al. [45] have achieved the specific
capacitance value of ! 301 F/g for PANI nanofibers/
flexible graphene sheet composites. Zhang et al.
[46] has synthesized PANI doped graphene composites and reported value of specific capacitance
was ! 480 F/g at current density of 0.1 A/g. Wang
et al. [47] have reported gravimetric capacitance of
! 233 F/g and volumetric capacitance of ! 135 F/cm3
for PANI/flexible graphene composites. The composites have been synthesized by in-situ electropolymerization method. Sahoo et al. [48] have synthesized polypyrrole (PPy) nanofiber/graphene composites through in-situ polymerization and obtained
specific capacitance value of the composites was
! 466 F/g at 10 mV/s scan rate. Hu et al. [49] have
synthesized highly porous nanorod-PANI/graphene
composites films through in-situ electrochemical
polymerization method. They have obtained specific capacitance value of ! 878.57 F/g at a current
density of 1 A/g. Yan et al. [50] have achieved specific capacitance of ! 637 F/g at 2 mV/s scan rate for
MnO2 based composites which was prepared through
coating of amorphous MnO2 onto crystalline SnO2
nanowires, grown on stainless steel substrate. Cong
et al. [51] have synthesized PANI nanorods/flexible
graphene composites papers through in-situ electropolymerization technique. Thus, prepared PANI
nanorods/flexible graphene composites show specific
capacitance value of ! 763 F/g with good cycling
stability. Feng et al. [52] prepared MnO2/ graphene
composites by hydrothermal method and reported
specific capacitance of ! 516.8 F/g at a scan rate of
1 mV/s. Fan et al. [53] synthesized polyaniline hollow spheres (PANI-HS) electrochemically reduced
graphene oxide (ERGO) hybrids with core-shell
structures through solution-based co-assembly
process. The specific capacitance of hybrid composites was ! 614 F/g at a current density of 1 A/g.
Qian et al. [54] prepared CNT/PPy core/shell composites via $–$ interaction. The reported specific
capacitance of the composites was ! 276.3 F/g at
current density of 1 A/g. Chang et al. [55] have syn-

thesized PANI/MWCNT nanocomposites films using
fresh plant leaves as a template through the nanocasting technique. The obtained specific capacitance
of the nanocomposites was ! 535 F/g at a current
density of 1 A/g for 5 wt% MWCNT loading. In our
study, we have achieved high specific capacitance
value of ! 834 F/g for PACN composites at 5 mV/s
scan rate compared to most of the above reported
methods.

4.4. Electrical properties
4.4.1. DC electrical conductivity
The PACN composites show high DC electrical conductivity ("DC) in the order of ! 6.7·10–2 S/cm. This
very high electrical conductivity of the composites
can be explained considering the formation of continuous conductive interconnected network structure of CNH-CNH and CNH-PANI in the PACN
composites even at exceptionally low CNH content.
This high electrical conductivity of the PACN composites is well supported by high capacitance value.
Generally, the electrical conduction is generated in
polymer composites through tunneling of charge
carriers between the conducting nanofillers. The
changing of the conducting value in the conducting
polymer composites occurred due to tunneling conduction [56]. The energy barrier change in the composites strongly depends on the nature of the matrix
polymer and the fabrication method. The current in a
tunnel junction varied with the barrier width and
exponentially decreases with it. If the nanofillers are
randomly distributed in the polymer composites,
then the barrier width is considered the mean average distance (d) between the conducting nanofillers
and in the first approximation, it is directly proportional to the nanofillers concentration in weight,
p–1/3 [57]. So, the tunneling conductivity (log"DC) can
be expressed by Equation (8):
log ("DC) ! p–1/3

(8)

In general, the tunneling occurs among the adjacent
nanofillers in the composites. Generally, the electrons in the polymer composites cannot shift from
one electrode to another electrode due to existence
of high energy barrier insulating or less conductive
matrix polymer. However, the energy barrier gap is
reduced by applying of voltage from the source
between the two electrodes which act as a driving
force for the movement of electrons by tunneling con903
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duction. Thus, the electrons in the composites are
moved and enhanced the electrical conductivity of
the composites. In addition, $-$ interaction between
CNH-CNH and CNH-PANI help to reduce the contact resistance and enhanced the electrical conductivity of the PACN composites.
4.4.2. AC electrical conductivity
Figure 7 shows the variation of AC electrical conductivity ("AC) with frequency (f) of the PACN composites which is measured in the frequency range of
!101 to !106 Hz at room temperature. As observed,
the value of "AC depends on the frequency and it
increases with the increase in frequency. The value
of "AC remains almost same up to certain frequency,
known as critical frequency (fc) and after that (above
fc), electrical conductivity suddenly increased with
frequency [58, 59]. The value of "AC of any dielectric material below fc (at low frequency range) is
the summation of two components and can be written by Equation (9):
"AC = "DC + %#&

(9)

where "DC is the DC electrical conductivity, % represents angular frequency which is equal to 2$f and
#& stands for dielectric loss factor.
The "DC is the first component of the above equation which develops due to the ionic or electronic
conductivity. The second component (%#&) of the
above equation varies with the extent of polarization of dipoles (induced and permanent) and accumulated interfacial charges which are well known
as Maxwell-Wagner-Sillars (MWS) effect. At low

Figure 7. AC conductivity vs. frequency of the PACN composites

frequency region (below fc), the effect of interfacial
polarization becomes more significant and the
dipoles/induced dipoles get enough time to orient
themselves with the direction of applied electric
field. So, the value of "AC actually indicates the "DC
for a conductive system at low frequency region.
The polarization effect becomes insignificant at
high frequency region (above fc) and the dipoles do
not get enough relaxation time to orient them in the
direction of applied electric field. The applied AC
electric field (periodic alternation) above fc results in
the radical reduction of space charge accumulation
and dispersion of dipoles in the applied field direction that reduces the extent of polarization. Thus, the
value of "AC varies strongly with the excitation of
the charge particles and electrons move through the
continuous interconnected conducting network path
in the composites. Additionally, it can be assumed
that the hopping of excited electrons through the
inter particle gap (thin polymer layer) becomes easier above fc, adding to the conductivity that already
exists at low frequency in the composites.

5. Conclusions

In this work, PANI coated CNH based composites
(PACN) has been successfully synthesized as a
supercapacitor materials by in-situ polymerization
method. The composites show high specific capacitance value (! 834 F/g at 5 mV/s) compared to the
pure PANI (! 231 F/g at 5 mV/s) and CNH
(! 145 F/g at 5 mV/s). Thus, cost-effective and simple method for the preparation of PACN composite
gives high capacitance value which is the major
success of this study. The very high aspect ratio of
CNH plays a crucial role to achieve high capacitance value of the composites. The $-$ interaction
among the electron rich phenyl rings of PANI and
conducting CNH nanofiller in the PACN composites also take part to improve the specific capacitance value and the electrical conductivity of the composites than that of pure PANI. Thus, the obtained
high specific capacitance value of the PACN composites indicated that this composite can be used as
promising materials for supercapacitor applications.
In addition, the PACN composite is electrically conductive in nature. So, it can also be used in the various conducting field of applications. The capacitive
behavior, morphological study and electrical properties of the PACN composites were thoroughly characterized.
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