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a b s t r a c t

This paper describes the construction of flexible symmetric and asymmetric supercapacitors made of
carbon cloth, polyaniline and carbon nanotubes. The electrode materials (nanostructures of polyaniline-
carbon nanotubes, PANI-CNT) were supported on carbon cloth acting as current collector. PANI-CNT
nanostructures were synthesized through an oxidative polymerization process in the monomer (ani-
line) acid solution with the presence of a surfactant and the addition of multi-walled CNT. The CNT were
used with and without pretreatment. The cells electrolyte was H2SO4 0.5 M and the selected potential
range was 1 V. In order to test their behavior, the different cells configurations were evaluated by
electrochemical techniques. Polyaniline nanostructures and polyaniline-carbon nanotubes nano-
composites were used to make the negative and/or positive electrodes of the cell. The cathode in the
asymmetric supercapacitors was always carbon cloth/carbon black. The behavior of the arrayed super-
capacitors was evaluated by cyclic voltammetry, between 0.0 and 1.0 V at different scan rates (10
e100 mVs�1), as well as with galvanostatic charge/discharge runs at current densities between 0.3 and
6.7 mAcm�2. At a constant current density of 0.3 mA cm�2, a specific capacitance value of 1275 Fg�1 was
obtained for a symmetric assembly using both electrodes prepared with polyaniline and carbon nano-
tubes nanocomposites. When the set was asymmetric, being the positive electrode made of polyaniline
and carbon nanotubes nanocomposites, the specific capacitance value was 1566 Fg�1. For the latter array,
the specific power and energy density values were 125 Wkg�1 and 217 Whkg�1 at 0.25 Ag�1, and 2502
Wkg�1 and 71 Whkg�1 at 5.0 Ag�1. These results suggest a good energy transfer capacity. Moreover,
symmetric and asymmetric supercapacitors demonstrated a high stability over 1000 cycles obtaining a
capacitance retention of more than 85%.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Energy and the environment are indispensable for sustainable
development. The demand for environmental resources, especially
water, food and fuel, has grown as drastically increases population
and consumption rate.

Industrial and technological development and the use of energy
are intimately linked. In fact a key problem for the next few years is
how to ensure sufficiently reliable and economical energy sources
that guarantee us an adequate level of development. At present,
research tends to develop and incorporate new technology to
avio).
increase the energy efficiency of current processes and incorporate
renewable sources such as biomass, wind, solar, electrochemical
energy systems [1,2].

The solar and wind energy are less contaminant and more
friendly to the environmental, but requires to energy storage sys-
tems due to are unstable and intermittent [3].

The batteries offer a storage solution based on chemical pro-
cesses. This fact can be decisive for key issues, such as price (due to
its components), limitation of loading and unloading capacity and
limitation of the number of cycles of use. In recent times super-
capacitors have been used to store electrical energy based on
physicochemical processes. Supercapacitors, unlike batteries, have
high cycling, lowmaintenance costs, high power and can operate in
extreme temperatures [4,5].

Studies have recently been carried out in which both
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technologies complement. Examples of these are electric powered
vehicles or autonomousmobile robots. The batteries would provide
most of the energy needed for the vehicle in while the super-
capacitors would be responsible for necessary power in slopes or
overtaking; absorb the peaks of kinetic energy in the braking; or to
power the starter motor at startup [6,7].

In recent years electronics has developed considerably tending
to be flexible and portable. In this way, energy storage devices that
are flexible, small and light must be developed. Supercapacitors are
the best alternative for these types of flexible electronic devices.
The main requirements for them are flexible and low-weight
electrodes and membrane/electrolyte system [8e10].

As electrode active materials a variety of single or mixed oxides,
carbonaceous materials, or conductive polymers have been used
[11]. In different configurations, symmetrical or asymmetrical,
several metal oxides have been used, among them, Bi2O3 [12],
MnO2 [13], NiO [14], Mn3O4 [15], RuO2 [16], Co3O4 [17]. Have high
specific capacities and electrical conductivities and are easily pro-
cessable, with a dominant pseudocapacitive or redox type
mechanism.

On the other hand, carbonaceous materials such as activated
carbons, carbon black, carbon nanotubes, graphene, graphene ox-
ide. These materials presents a capacitive charge/discharge, high
conductivities and specific surface and some have low cost [18e21].

Finally, the most used conductive polymers are polythiophene,
polypyrrole, polyaniline and their derivatives. Its main features
include a pseudocapacitive loading/unloading mechanism, a
moderate specific surface, electrical conductivities and specific high
capacities [22,23].

Nanostructured hybrid materials have recently been developed
to be used as electrode materials in supercapacitors, the advantage
is the combination of a double layer loading mechanism and a
redox mechanism. In this way values of capacitance, energy and
high powers are obtained. Nanocomposites of conducting polymers
or metal oxides (with pseudocapacitive mechanism) and carbona-
ceous materials (double layer mechanisms) are promising for
supercapacitors [24e27].

In previous studies our group showed that nanocomposites of
polyaniline and carbon black or carbon nanotubes can be used as
electrode materials in supercapacitors [28,29]. Other researchers
have also reported several values of specific capacitance of PANI
(polyaniline) nanostructures from 200 to 2300 Fg�1, with different
particle size, the synthesis method, porosity and experimental
conditions [23,30], and reported capacitances values between 200
and 600 Fg�1 when used PANI-CNT nanocomposites [31,32].

Different prototypes of flexible supercapacitors were develop-
ment using films of carbon black/graphene as electrodes materials
and membranes of polyvinylalcohol/H2SO4 system as the electro-
lyte/separator [33]. A symmetric configurationwas presented using
current collector support and flexible steel mesh, with commercial
ink as electrodes [34]. Printable and flexible supercapacitors based
on activated carbon and gel electrolyte were developed [35]. Pol-
ypyrrole/graphene oxide/zinc oxide was used like electrodes ma-
terials in flexible symmetric supercapacitor by sandwiching in a
PVA hydrogel polymer electrolyte [24].

In this work, the construction of flexible symmetric and asym-
metric supercapacitors using polyaniline nanostructures and
polyaniline-carbon nanotube nanocomposites over carbon cloth as
electrode materials is presented. The capacitive behavior is evalu-
ated by electrochemical techniques, analyzing capacitance values,
specific energy, power, and stability with repeated cycles of charge/
discharge. In this paper, we demonstrate that flexible symmetric
and asymmetric supercapacitors provide increased capacitance and
specific energy and can be fabricated easily.
2. Experimental

2.1. Nanocomposites as electrode materials

In previous work the synthesis and characterization of PANI
nanostructures and PANI-CNT functionalized or not functionalized
was presented. The functionalization process was carried out by an
oxidizing pretreatment with nitric acid. CNT were treated in 2.2 M
nitric acid. The amount of CNT was 0.85 mg mL�1 and the sus-
pension was kept at room temperature for one hour. Then, the
preparation was stirred using an ultrasonic bath for 30 min and
kept at room temperature for 20 h. Afterwards, it was filtered and
washed with abundant distilled water to achieve neutral pH in the
filtrate solution. Finally, the treated carbon nanotubes were dried at
37 �C for 2 h [28].

These materials were used to make the negative and/or positive
electrodes of the cell. The nanocomposites were synthesized mix-
ing multiwall carbon nanotubes, functionalized (CNTf) or unfunc-
tionalized (CNT), dispersed in aniline and a surfactant, by magnetic
stirring at ambient temperature, with subsequent addition of
ammonium persulfate. These materials were properly character-
ized by TEM, SEM, FTIR, UVeVis and XRD. Complete synthesis
method and results were presented in a previous paper [28].

2.2. Construction of electrodes

A dispersion of the materials synthesized in a solution of iso-
propyl alcohol and distilled water was prepared. The mixture was
spread on one side of the carbon cloth (CC) that acts as support and
collector current. Afterwards, they were dried at room temperature
for 30 min.

Successive depositions were performed until the total material
load was 2 mg. Then, a 5% Nafion® solution was added, and again,
the electrode was dried at room temperature for the same amount
of time. Carbon cloth (plain Excel®) with an expose geometric area
of 1.5 cm2 was used. The back side of the carbon cloth was sealed
with a Teflon® fabric adhesive. The electrodes with carbon nano-
tubes were prepared similarly, using the same load of total mate-
rial, namely 1.3 mg cm�2. The electrode assembly is shown in Fig. 1.

Electrodes of CC and carbon black (CB) over carbon cloth (CC-CB)
were built in the same way. In the first case a 5% Nafion® solution
was added over CC, and the electrode was dried at room temper-
ature. For CC-CB, 2 mg of CB were deposit over CC, and then a
Nafion® solution was added, keeping the original method.

2.3. Supercapacitor assembly

Symmetric and asymmetric cell configurations with different
electrodes as anodes and cathodes were tested, as shown in Table 1.
The electrodes and separator (filter paper) were soaked in the
electrolyte for 15 min before use in H2SO4 0.5 M. Then, the cell was
sealed with Teflon® adhesive tape before starting the electro-
chemical measurements. The cell assembly is shown in Fig. 1. The
nomenclature of supercapacitors refers to designs characteristics
and the composition of the electrodes. Where: S ¼ symmetric,
A ¼ asymmetric, C ¼ carbon clot, B ¼ carbon black, P ¼ Polyaniline,
N ¼ Carbon nanotubes, nf ¼ not functionalized and
f ¼ functionalized.

2.4. Performance testing of supercapacitors

The performance of the different supercapacitors was evaluated
by cyclic voltammetry and galvanostatic measurements. I/V runs
were recorded in the potential range of 0.0e1.0 V at various sweep
rates, varying from 10 to 100 mVs�1.



Fig. 1. Electrodes composition and cell assembly.

Table 1
Cells configuration for symmetric and asymmetric supercapacitors.

Nomenclature Anode Cathode

S-C CC CC
S-CB CC-CB CC-CB
A-CB CC CC-CB
S-CP CCePANI CCePANI
S-CPNnf CC-PANI-CNTnf CC-PANI-CNTnf
S-CPNf CC-PANI- CNTf CC-PANI- CNTf
A-CP CCePANI CCeCB
A-CPNnf CC-PANI-CNTnf CCeCB
A-CPNf CC-PANI- CNTf CCeCB
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The charge/discharge experiences were made at different cur-
rent density values, between 0.3 and 6.7 Acm�2, in the potential
range of 0.0e1.0 V.

The specific capacitance values were calculated from the vol-
tammetric and galvanostatic measurements.

All the electrochemical experiments were performed using a
potentiostat/galvanostat EG&G PARModel 362, coupled to a Nicolet
oscilloscope with an acquiring data switch connected to a PC.

The specific capacitance values were calculated from the cyclic
voltammograms using the following equation:

Cm ¼

Z V2

V1

IðVÞdV
ðV2 � V1Þ n,m

(1)

where I is the current in the I/V Profiles,
Z V2

V1

IðVÞdV is the area

under the curve I/V, v is the scanning rate, ðV2 � V1Þ is the potential
window, m is the mass of the electroactive material.

From the galvanostatic measurements, parameters such as the
specific capacitance of the material (Cm), the specific energy (Es),
the specific power (Ps) and the coulombic efficiency (h) were
calculated, applying by the following equations, (2) to (5),
respectively:

Cm ¼ 2
C
m

¼ 2
I Dtd
DV m

(2)

Es ¼ I DV Dtd
m

(3)

Ps ¼ I DV
m

(4)
h ¼ Dtd
Dtc

,100% (5)

where C is the experimental capacitance value, I is the charge/
discharge current, Dtd is the download established time, DV is the
potential range,m is themass of a composite employed as electrode
and Dtc is the charging time.
3. Results and discussion

3.1. The electrode materials

In previous work [28] it was shown that the addition of CNT to
the initial solution promotes the growth of various PANI-CNT
nanostructures, depending on the pretreatment of carbon nano-
tubes. Nanocomposites and nanostructures of PANI present the
following properties:

- PANI nanotubes with an average diameter of 95 nm and a length
of approximately 10 mm. Trough spectroscopy analysis it was
determined that the polyaniline was found to be in the emer-
aldine salt and doped form, resulting from the use of APS during
the synthesis (Fig. 2a).

- PANI-CNTf nanotubes with an average diameter of 92 nm and ca.
12e15 mm wide are shown in Fig. 2b. Nano-wires of 20e25 nm
in diameter and 30e40 nm in length grew on the walls nano-
tubes. By UVeVis and FTIR analysis it was determined that the
polyaniline was doped and in its conductive form of emeraldine
salt, due to the use of APS.

- PANI-CNTnf, presents a granular structure as an aggregate of
nanoparticles of 95 nm diameter (Fig. 2c).

Polyaniline doped through the use of surfactant, SDS, was found
in all nanostructures. This contributes to the doping of the poly-
aniline chain by electrostatic interactions with the cation anilinium
at the beginning of the polymerization, prior to the formation of the
supramolecular structure [36,37].
3.2. Cyclic voltammetry

Fig. 3 show the voltammograms of S-C, S-CB and A-CB super-
capacitors at different scan rate, these do not exhibit peaks,
demonstrating a capacitive behavior. Also the S-C is apparently
more resistive than the S-CB and A-CB, due to the aggregation of the
carbon black a better electrical conductivity is achieved.

Voltammograms of Symmetric and asymmetric arrangement, at
different scan rates, are shown in Fig. 4 (a,b,c) and Fig. 4 (d,e,f),



Fig. 2. SEM images of electrode materials. a) PANI, b) PANI-CNTf and c) PANI-CNTnf. d) DRX, e) UVeVis and f) FTIR.

Fig. 3. Cyclic voltammograms of supercapacitors a) S-C, b) S-CB and c) A-CB at different scan rate (10, 20, 50 and 100 mVs�1).

Fig. 4. Cyclic voltammograms of symmetric and asymmetric supercapacitors at different scan rate (10-100 mVs�1). a) S-CP, b) S-CPNnf, c) S-CPNf, d) A-CP, e) A-CPNnf and f) A-CPNf.
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respectively. All voltammograms in Fig. 4 presented high current
density and no evident current peaks, indicating good electro-
chemical activity and high power density. It is to point out that they
present an almost capacitive behavior in their voltammograms.
Effectively the anodic and cathodic runs are not completely sym-
metric and rectangular shaped. This fact may be attributed to a
pseudocapacitive contribution corresponding to the polyaniline
incorporated as electrode material.

In Table 2, specific Capacitance values calculated from the CV
measurements are presented. The voltammograms of symmetric
and asymmetric assemblies present a current response become
larger at increasing sweep-rates. This situation can be attributed to
that the electrolyte resistance increases down the linear pores with
progressive loss of charging/discharging access. In all super-
capacitors the specific capacitance values increases as decreases
scan rate. This is due to the fact that at high rates, the measured
capacitance simply approaches that of the pore orifice, and it is only
as the sweep-rate slows that the signal can “penetrate” into the



Table 2
Specific capacitances obtained by cyclic voltammetry at different scan rate.

Scan rate Specific Capacitances Fg�1

mVs�1 S-C S-CB A-CB S-CP S-CPNnf S-CPNf A-CP A-CPNnf A-CPNf

10 290 312 346 477 760 1072 485 975 1240
20 282 275 289 436 489 815 447 746 998
50 224 245 256 292 310 569 302 436 826
100 123 197 228 234 273 411 289 387 602

Fig. 6. Galvanostatic charge/discharge curves of a) symmetric and b) asymmetric
configuration at current density of 0.25 Ag�1.

Fig. 7. Specific capacitances of the supercapacitors in relation to the applied charge/
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pore, thus giving rise to increased charge acceptance and hence
measured capacitance [38].

Comparing the capacitance values for the various asymmetric
arrangements, the best results are obtained with electrodes pre-
pared from PANI-CNTf nanocomposites at any scan rate and anal-
ogous results were obtained for the symmetric supercapacitors. It is
evident that the asymmetric conformation provides higher capac-
itance values compared to the symmetric assembly. In addition the
morphology of the nanocomposites is directly related to the ob-
tained capacitance values. Similar results were obtained in previous
work by us with supercapacitors based on polyaniline - carbon
black nanocomposites [39] and by Y. Cao group with asymmetric
cells of Perovskite-type Lanthanum Cobaltate Nanofibers with Sr-
substitution [40]. The maximum specific capacitances at low scan
rate were obtained with A-CPNf and S-CPNf assemblies, namely
1240 and 1072 Fg�1 respectively.

The electrochemical performance of A-CPNf and S-CPNf were
measured under bending conditions at two different angles, 45�

and 90�, with the aim to evaluate the potential of the super-
capacitors as flexible energy storage devices. Fig. 5 show the vol-
tamperograms of both supercapacitors at 100 mVs�1

flexed at 45�

and 90�. Clearly, the bending angle does not substantially alters the
capacitive properties of supercapacitors.
discharge current for symmetric and asymmetric supercapacitors.
3.3. Galvanostatic measurements

Fig. 6a) and b) show the galvanostatic charge/discharge curves
of symmetric and asymmetric cells configuration at 0.25 Ag�1,
respectively.

The asymmetric supercapacitors present a more lineal profile in
comparison to symmetric supercapacitors. The voltage drop (IR-
drop) during the initial stage of the discharge process in the
asymmetric cells is less than in symmetric configuration. Evidently
asymmetric supercapacitors have lower internal resistance sym-
metrical supercapacitors.

Fig. 7 shows the specific capacitances of the supercapacitors in
relation to the applied charge/discharge current for symmetric and
asymmetric supercapacitors.

Regardless of the cell configuration, a decrease in the current
applied implies an increase in specific capacitance. In symmetric
and asymmetric devices, the inclusion of CNTf improves the
Fig. 5. Voltamperograms under bending conditions of a) S-CPNf and b) A-CPNf
supercapacitors at 100 mVs�1

flexed at 45 and 90� .
specific capacitance from 566 Fg�1 to 1566 Fg�1 when comparing
A-CP and A-CPNf asymmetric assemblies and from 497 Fg�1 to
1275 Fg�1 for S-CP and S-CPNf symmetric configuration. These
results are comparable with those obtained by cyclic voltammetry.

The special morphology of nanocomposites PANI-CNTf im-
proves specific capacitance values compared to those systems not
containing CNTf, being the effect less pronounced. The coexistence
of nanorods of PANI over CNT favours the fast penetration of the
electrolyte, facilitates ion diffusion, and shortens the charge
transfer distance, all of which lead to the superior electrochemical
performance of S-CPNf and A-CPNf.

In these designs the presence of carbon cloth, as a current col-
lector and as a carrier, promotes the reduction of the collector-
support contact resistance. In addition the incorporation of car-
bon black in the cathode of the asymmetric supercapacitors allows
an increase in the conductivity of electrode/electrolyte interface,
which leads to a decrease in the internal resistance, and therefore
an increase in the capacitance [2,14].

One of the most significant aspects of the performance of
supercapacitors is their capability of delivering power at high
power-densities. In addition, the relation of the latter to energy-
densities is of significant importance, as revealed by Ragone plots.
Fig. 6a) and b) shows these plots as the relationship between the
specific energy density and specific power density for the assem-
bled supercapacitors.

Fig. 8 a shows the energy density and power density for sym-
metric supercapacitors calculated. Thus, while the energy density
decreased from 177 to 37 Whkg�1 the power density increased



Fig. 8. Ragone plots of a) symmetric and b) asymmetric supercapacitors. Cycles life test
of c) symmetric and d) asymmetric supercapacitors measured at 0,25 Ag�1.
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from 125 to 2502 W kg�1, for the S-CPNf assembly. The higher
specific energy and power values are obtained for asymmetric
supercapacitors (Fig. 8b). When the charge/discharge current
density is increased from 0.25 to 5 Ag�1, the energy density
decreased from 217 to 71Whkg�1 in A-CPNf, but the power density
increased from 125 to 2502Wkg-1. The supercapacitor stability was
evaluated over 1000 charge/discharge cycles. In Fig. 6c) and d), the
specific capacitances of the supercapacitors are presented as a
function of the number of cycles, calculated at 0.25 Ag�1. It was
found that the capacitance loss during the charge/discharge pro-
cess is less than 20% for all the prepared supercapacitors.

Another important parameter to analyze is their coulombic ef-
ficiency (h) in relation to the applied current density. Thus, at high
current density values (5 Ag�1), all the prepared supercapacitors
have a charge/discharge efficiency of ca. 90%. On the other hand, at
low current densities (0.25 Ag�1) the symmetric devices maintain a
high efficiency, ca. 80%, while for the asymmetric configurations
this value falls to ca. 75%. In summary, the incorporation of CNTf in
the electrode material improves reatly the performance of the
symmetric and asymmetric supercapacitors. This fact can be
attributed to introducing carboxylic groups on CNT plays two key
roles in improving the performance of CNTcapacitors: - it decreases
the surface resistivity of CNT, and enhances the surface wettability
of CNT, which not only offers more accessible sites for the phys-
isorption of free electrolyte ions on CNT surfaces, but also increases
the ionic conductivity at the electrodeeelectrolyte interfaces [41].
This effect is enhanced in the asymmetric supercapacitors due to
the incorporation of carbon black in the anode. In fact the elec-
trochemical parameters for the A-CPNf arrangement are 20% larger
than the ones for the S-CPNf assembly. However, all of the con-
structed devices exhibited a very good stability with a retention
capacitance of 85e95%, and an efficiency of 80e90% at high current
densities. Similar results were obtained by our group with sym-
metric and asymmetric supercapacitors based in poly-
anilineecarbon black nanocomposites [39].

The main advantages in using this type of design is that the
supercapacitors were manufactured through a simple method and
they are flexible due to the use of carbon cloth and Teflon® adhesive
tape, allowing its use as flexible/wearable power sources for next
generation in portable electronics.
4. Conclusions

Flexible symmetrical and asymmetrical supercapacitors were
constructed using polyaniline nanostructures and polyaniline and
carbon nanotubes nanocomposites as electrode. Carbon cloth was
used as a current collector and as nanostructured material support,
thereby preventing a loss of electrode/current collector junctions.
Capacitances values obtained for asymmetric devices are higher in
all current densities evaluated, thereby providing increased power
and specific energy.

All devices were stable for 1000 cycles of charge/discharge, with
a retention capacitance of more than 85%.

Thus, flexible supercapacitors, of low weight and with high ca-
pacitances, power and energy, were designed. Therefore, these
characteristics made them suitable for application in portable
electronic devices.
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