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SUMMARY

In this work, the construction of electrochemical capacitors using polyaniline–carbon black nanocomposites as electrode
material is described. Symmetric and asymmetric cells were assembled. The active material was supported on carbon cloth
acting as current collector as well. The electrolyte was H2SO4 0.5M, and the selected potential range was 1V. The elec-
trochemical behavior of the arrayed supercapacitors was studied by cyclic voltammetry and galvanostatic
charge/discharge runs. At a constant current density of 0.3A/g, a specific capacitance value of 1039 F/g was obtained
for a symmetric assembly using both electrodes prepared with polyaniline and carbon black nanocomposites. When the
set is asymmetric, being the positive electrode made of polyaniline and carbon black nanocomposites, the specific capac-
itance value is 1534 F/g. For the latter array, the specific power and energy density values are 300W/kg and 426Wh/kg at
0.3A/g, and 13 700W/kg and 28Wh/kg at 13.7A/g. These results suggest a good capacity of fast energy transfer. More-
over, this asymmetric supercapacitor demonstrated a high stability over 1000 cycles being the loss of only 5%. Copyright
© 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The industrial and technological development requires a
great amount of available energy. Nowadays, the mean en-
ergy source depends on non-renewable reservoirs such as
natural gas, coal and oil, whose recollection is turning to
be difficult because of their location. Moreover, their use
generates contaminants that modify the environment and
affect the weather, causing economical complications as
well. These are severe reasons that motivate the research
of other ways to obtain energy in a more friendly way
and less contaminant to the surroundings, such as solar or
wind energy. The main disadvantages of these energy sys-
tems are related to their relatively high construction and
maintenance costs, and the energy storage restriction.
Hence, systems allowing energy storage and preservation,
like batteries and capacitors cells, sum up to solve the en-
ergy problem. In recent years, the supercapacitors (called
also electrochemical capacitors or ultracapacitors) have
emerged as an alternative or an adjunct to conventional ca-
pacitors and batteries [1–3].

The main advantages of supercapacitors are longer life
than rechargeable batteries, excellent cyclability, high ef-
ficiency in charge–discharge cycles, low maintenance
costs, ability to provide energy very quickly and to oper-
ate in extreme temperatures and the use of less toxic
components compared with other energy storage devices
[4]. In supercapacitors, it is important to consider not
only the amount of electricity that they are capable to
store but also their maximum power that is usually higher
than conventional batteries and conventional dielectric
capacitors [5].

Many different materials are employed as electrodes in
supercapacitors. They can be classified into three types: car-
bonaceous materials (carbon nanotubes (CNT), activated
carbon, carbon black (CB) and graphene), transition metal
oxides (single or mixed Ru, Ni, Mn and Co oxides) and con-
ductive polymers (polyaniline (PANI), polythiophene and
polypyrrole) [6–10]. From our previous studies, it was
established that nanocomposites made of pure PANI or
PANI with the addition of CB have good capacitance, power
and energy values, reporting specific capacitance values of
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1486F/g and 1744F/g for PANI nanostructures and PANI–
CNT nanocomposites, respectively [11,12]. Other re-
searchers have informed similar specific capacitance values
for different PANI nanostructures varying the method of
synthesis, particle size, porosity and experimental condi-
tions. Specific capacitances ranging 200–2300F/g were cal-
culated for PANI nanostructures [13–16], and varying
between 200 and 600F/g when employing PANI–CNT
nanocomposites [12,14,15]. Moreover, higher specific ca-
pacitance values were informed for PANI electrodeposited
on carbon based materials such as carbon fiber cloth
(1026.8 F/g), vertically aligned CNT (1030F/g) and porous
carbon bars (1600F/g) [17–19].

Most recently, exciting progress has been made in ex-
ploring hybrid nanostructured materials that combine ad-
vantages of both electrical double-layer capacitors and
pseudocapacitors to improve energy density values while
maintaining their high power capability. In order to reach
high power and high energy density values simulta-
neously, novel support structures have been developed
for high mass loading of active materials and effective
utilization of their electrochemical properties. But the
composites of pseudocapacitive and carbonaceous mate-
rials are promising electrode materials for ECs because
of their good electrical conductivity, low cost and high
mass density [2,20].

Nowadaysmarkets offer various types of supercapacitors,
mainly in symmetric arrangement using carbonaceous ma-
terials as electrodes. However, asymmetric supercapacitors
are being also developed, using other nanostructured
materials. Asymmetric supercapacitors were prepared
with mesoporous carbon/PANI and mesoporous carbon
nanocomposites as positive and negative electrodes, re-
spectively, reaching 87.4 F/g in 1M H2SO4 [21]. Further-
more, symmetrical supercapacitors were arranged using
porous Ni and NiO, and asymmetric assemblies using ac-
tivated carbon as the negative electrode and porous Ni or
NiO as the positive electrode, obtaining capacitance
values of 20 and 40 F/g, respectively, both explored in
basic electrolyte [22].

Another type of device is the so-called flexible super
capacitor. An example of this arrangement was con-
structed using CB/graphene films as electrodes and
membranes of polyvinyl alcohol/H2SO4 [6]. A different
configuration was presented arranging a flexible stainless
steel mesh with commercial ink as electrodes attaining
specific capacitance values of 107.8 F/g [23]. A free-
standing flexible supercapacitor was fabricated by
sandwiching a polyvinyl alcohol hydrogel polymer elec-
trolyte between two layers of the as-prepared ternary
nanocomposite electrodes. This achieved a specific ca-
pacitance of 123.8 F/g at 1A/g [24].

In this work symmetric and asymmetric supercapacitors
are assembled using PANI and PANI–CB nanocompos-
ites as electrode material and a carbon cloth acting as
support and current collector as well. Their perfor-
mances were studied by electrochemical techniques, in
sulfuric acid.

2. EXPERIMENTAL

2.1. Electrode materials

PANI nanostructures and PANI and CB nanocomposites
(PANI–CB) were used to make the negative and/or posi-
tive electrodes of the cell.

The PANI nanostructures were chemically synthesized
from a dispersion prepared with 0.045 g of aniline,
0.30mL of 0.25M HCl and 0.005 g of sodium dodecyl
sulfate (SDS) in 18mL of distilled water under constant
magnetic stirring at room temperature (25 °C) for 20min.
Then, 2mL of 0.24M ammonium persulfate (APS) was
added to the initial mixture. The resulting dispersion was
stirred violently for half a minute. The polymerization pro-
cess was carried out for 24 h at 25 °C without agitation.
The obtained precipitate was filtered and washed until the
filtrate solution became colorless. Finally, the residue was
dried for 24 h at 60 °C. PANI–CB nanocomposites were
synthetized applying the same procedure with the addition
of 0.1mg/mL of either functionalized CB (CBf) or non-
functionalized CB (CBnf) to the initial aqueous dispersion.
CB used was Vulcan XC-72R.

The applied pre-treatment consisted in adding CB parti-
cles to 2.2M nitric acid at room temperature. After stirring
the preparation with an ultrasonic bath, it was kept at room
temperature for 20 h, then filtered and washed to achieve
neutral pH in the filtrate solution. Finally, the residue
consisting in CBf particles was dried at 37 °C for 2 h.

PANI nanostructures and PANI–CB nanocomposites
were properly characterized by transmission electron mi-
croscopy (TEM), scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FTIR), ultraviolet
visible spectroscopy (UV–Vis) and X-ray diffraction [11].

2.2. Preparation of the electrodes

The electrode assembly is shown in Figure 1.a. Carbon
cloth (plain Excel®) was used as support and current col-
lector, with a geometric area of 1.5 cm2. The synthetized
materials were deposited on one side of the film from their
dispersion in isopropyl alcohol and distilled water. After-
wards, they were dried at room temperature. Successive
depositions were performed until the total material load
was 1.5mg/cm2. Then, a 5% Nafion solution was added,
and again, the electrode was dried at room temperature
for 30min. The back side of the carbon cloth was sealed
with a Teflon® fabric adhesive.

The electrodes with CB nanoparticles were prepared
similarly, using the same load of total, namely 1.5mg/cm2.

2.3. Assembly of cells
The electrochemical runs were performed in a two elec-

trodes vial of 20ml (Figure 1.b), with H2SO4 0.5M as
electrolyte. Various cell configurations with different elec-
trodes as anodes and cathodes were tested, giving rise to
symmetrical or asymmetrical arrangements, as shown in
Table I. The electrode separator was filter paper which
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was soaked in the electrolyte for 30min before use. The
cell was purged bubbling N2 for 10min and then, sealed
before starting the electrochemical measurements.

2.4. Evaluation of supercapacitors

Cyclic voltammetry and galvanostatic measurements were
applied to evaluate the performance of the supercapacitors.
Runs were carried out in the potential range of 0.0 to 1.0V.
I/V profiles were recorded varying the sweep rate from 10 to
100mV/s. The charge/discharge experiences were made at dif-
ferent current density values, between 0.3 and 13.7A/g. All the
experiments were performed using a potentiostat/galvanostat
EG & G PAR Model 362, coupled to a Nicolet oscilloscope
with an acquiring data switch connected to a PC.

From the galvanostatic measurements, parameters such
as the specific capacitance of the material (Cm), the spe-
cific energy (Es), the specific power (Ps) and the coulom-
bic efficiency (η) were calculated, applying by the
following equations, 1 to 4, respectively:

Cm ¼ 2
C

m
¼ 2

I Δtd
ΔV m

(1)

Es ¼ I ΔV Δtd
m

(2)

Ps ¼ I ΔV
m

(3)

η ¼ Δtd
Δtc

�100% (4)

where C is the experimental capacitance value, I is the
charge/discharge current, Δtd is the download established

time, ΔV is the potential range, m is the mass of a compos-
ite employed as electrode and Δtc is the charging time
[6,22,25].

3. RESULTS AND DISCUSSION

3.1. Nanostructures of PANI and PANI–CB

Figure 2 shows SEMandTEMmicrographs of different PANI
and PANI–CB nanostructures. PANI nanotubes of ca. 15-μm
length and an outer diameter of 95nm (Figure 2a) are obtained
when synthetizing aniline solution without additions.

The addition of CBf particles promotes the develop-
ment of nanostructures with different shapes such as
nanobelts and nanotubes (Figure 2b). PANI–CBf nanobelts
have a thickness of ca. 100 nm, a width of 2 μm and a
length of 12–15 μm. PANI–CBf nanotubes have a mean
outside diameter of ca. 95 nm and a length of 15 μm. On
the other hand, when adding CBnf particles, the develop-
ment of various nanostructures is evident: nanotubes
(diameter: 95 nm, length: 5–8 microns), nanoparticles
(diameter: 85–90 nm) nanobelts (length: 10–12 microns,
width: 1 micron and thickness: 100 nm) and nanosheets
(length: 0.5 microns, width: 0.3 microns and thickness:
95–100 nm) (Figure 2c).

The FTIR (Figure 2 d) results show several bands that
appear in all the PANI nanostructures spectra [11,26,27].
The position of the common bands and the corresponding
assignment are stated as follows: 1142 cm�1 (assigned as
―N¼quinoid¼N―), 1305 cm�1 (CN stretching with aro-
matic conjugation), 1498 and 1585 cm�1 (C¼C stretching
in benzoides and quinoid rings respectively), and 2847
and 2916 cm�1 (CH stretching of―CH3 and―CH2―, re-
spectively, which shows the presence of SDS in the syn-
thesized products).

In the nanostructure spectra, a distinguishable band is
present at 1042 cm�1; it is attributed to the substitution
of S¼O groups in the 1,2,4-aromatic rings, indicating
a doped PANI structure as a result of using APS during
the synthesis. These results agree with the EDS results,
where the presence of S was determined. Another band
located at 3250 cm�1 is assigned to NH stretching asso-
ciated to different intra- and inter-molecular hydrogen

Table I. Different cell configurations for symmetric and
asymmetric supercapacitors.

Nomenclature Anode Cathode

S1 CC–PANI CC–PANI
S2 CC–PANI–CBs CC–PANI–CBs
S3 CC–PANI–CBf CC–PANI–CBf
A1 CC–PANI CC–CB
A2 CC–PANI–CBs CC–CB
A3 CC–PANI–CBf CC–CB

Figure 1. Electrodes and cell design.
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bonds in secondary amines. In the presence of a
sulfonate group, a hydrogen bond such as the NH―O
type can be proposed. These results are consistent with
those found in the analysis by UV–Vis spectroscopy,
confirming the presence of groups that tend to form hy-
drogen bonds.

Furthermore, other bands must be indicated as contri-
butions to the final formation of the nanostructures, in-
cluding the ones located at 825 cm�1 (CH deformation
out of plane in benzoides rings), at 692 cm�1 (CC out
of plane deformation of rings monosubstituted aromatic),
at 1242 cm�1 (CN stretching of secondary aromatic amines)
and at 1446 cm�1 (presence of branched structures such as
phenazine) [11,28,29].

3.2. Cyclic voltammetry

The voltammograms, at different scan rates, corresponding
to the symmetric and asymmetric arrangement of the devel-
oped electrodes are shown in Figure 3 (a,b,c) and Figure 3
(d,e,f), respectively. It is to point out their almost capacitive
behavior as the voltammograms in their anodic and cathodic
runs are not completely symmetric and rectangular shaped
as the purely capacitive behavior would denote. This fact
may be attributed to a pseudocapacitive contribution corre-
sponding to the conductive polymer incorporated as elec-
trode material.

All voltammograms presented high current density and
no evident current peaks, indicating good electrochemical
activity and high power density.

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

Cs ¼
∫
V2

V1

I Vð ÞdV
V2 � V1ð Þν �m (5)

where I is the current in the I/V profiles, ∫
V2

V1

I Vð ÞdV is the

area under the curve I/V, v is the scanning rate, (V2�V1)
is the potential window and m is the mass of the
electroactive material [30].

The calculated capacitance values are presented in
Table II for the asymmetric and symmetric assemblies
with the electrode materials listed in Table I. Comparing
the capacitance values for the various asymmetric
arrangements, the best results are obtained with elec-
trodes prepared from PANI–CBf nanocomposites at any
scan rate. For the symmetric supercapacitors, this trend
is not so notable. According to these results it can be
established that the asymmetric conformation provides
higher capacitance values compared to the symmetric as-
sembly when the electrodes have CB or CBf. In the case
of electrodes containing PANI nanostructures, the sym-
metric configuration provided the higher capacitance
values.

Figure 2. SEM and TEM (inset) images of a) PANI, b) PANI–CBf
and c) PANI–CBnf nanostructures. d) FTIR spectra.
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The specific capacitance values increase as scan rate de-
creases. The maximum specific capacitances at low scan
rate were obtained with S3 and A3 assemblies, namely
1013 and 901 F/g respectively.

3.3. Galvanostatic measurements

Galvanostatic charge/discharge measurements were carried
out at different current densities between 0.3 and 13.7A/g,
in the voltage range from 0.0 to 1.0V in order to evaluate
the charge storage capacity, cycling life, efficiency and
other electrical parameters such as the specific power (Ps)
and specific energy (Es).

Figure 4 shows the galvanostatic profiles of some asym-
metric (Figure 4.a) and symmetric (Figure 4.b) supercapacitor
assemblies at 0.3A/g.

A non-linear discharge curve was revealed for most of the
prepared supercapacitors. In the symmetric supercapacitors
this effect is more pronounced. It can be explained taking
into account the existence of a redox reaction in the same
voltage range [31].

Table II. Specific capacitances for the symmetric and
asymmetric supercapacitors calculated from the cyclic

voltammetry at different scan rates.

Scan rate Specific capacitance
mV/s F/g

A1 A2 A3 S1 S2 S3

10 429 517 901 477 485 1013
20 365 384 495 436 352 320
50 260 237 360 292 224 379
100 211 182 330 234 162 283

Figure 3. Cyclic voltammogramsobtainedat different scan rates for symmetricS1a), S2b) andS3c) andasymmetricA1d),A2e) andA3 f) supercapacitors.
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When the responses of the asymmetric supercapacitors
are evaluated, there is no significant voltage drop (IR
drop) during the initial stage of the download process.
They present a more linear profile in comparison to
symmetric supercapacitors. This fact indicates that the
internal resistance of the asymmetric supercapacitors is
less than the symmetrical supercapacitor resistance.
Thus, electrochemical parameters of the asymmetric
supercapacitors are greater than the symmetrical. The
equivalent series resistance includes ohmic resistance
of the electrolytes, resistances from the cell design,
for example, components and contact resistance be-
tween current collectors and electrodes. Internal resis-
tance may be decreased because of the use of less
resistive materials as black carbon electrodes and to
the formation of an electrode/electrolyte interface with
good conductivity [3,22]. The advantage of this design
of supercapacitors is then the reduction of internal re-
sistance, because the current collectors are involved di-
rectly in the electrode, allowing reducing the contact
resistance between the current collector and the
electrode.

The specific capacitances of the supercapacitors in
relation to the applied charge/discharge current were
calculated and presented in Table III. It was observed

that the capacitance values, calculated either for the
symmetric or asymmetric configuration, showed the
greatest values when the nanocomposites used as elec-
trode material contained CBf nanoparticles. In all the
cases, an increase in the specific capacitance is noted
as the charge/discharge current diminished. A signifi-
cant decrease from 1534 F/g to 100 F/g can be observed
when the current increases 0.3 A/g to 13.7 A/g for the
A3 supercapacitor and decreased 1039 F/g to 77 F/g
for the S3 supercapacitor in the same current density
range.

The specific capacitance values obtained from the
galvanostatic runs were slightly higher, compared with
those obtained from the cyclic voltamperometry experi-
ment for the asymmetric supercapacitor. For the sym-
metric cells there is a good correlation between CV
and galvanostatic measurements. However, comparing
to the values previously reported, the actual results are
lower. This may be because of the use of different cur-
rent collectors and the geometrical factors of the elec-
trochemical cell that in the present case provokes a
high ionic resistance within the pores of the carbon
cloth which leads to a decrease in the capacitance
values [11].

It was also probed that the asymmetric supercapacitors
offer higher capacitance values than its symmetrical
configuration. In both arrangements, the inclusion of
CBf improves the specific capacitance from 629 F/g to
1534 F/g when comparing A1 and A3 asymmetric as-
semblies, and from 497 F/g to 1039 F/g for S1 and S3
symmetric configuration. CB particle aggregate to the
electrode material also improves specific capacitance
values compared to those systems not containing CB,
being the effect less pronounced.

Another important parameter to analyze is their effi-
ciency in relation to the applied current density. Thus,
at high current density values (13.7 A/g), all the pre-
pared supercapacitors have a charge/discharge efficiency
of ca. 85%. On the other hand, at low current densities
(0.3 A/g) the symmetric devices maintain a high effi-
ciency, ca. 80%, while for the asymmetric configura-
tions this value falls to ca. 55%.

Figure 4. Representative galvanostatic charge–discharge curves for the asymmetric (a) and symmetric (b) supercapacitors at
0.3 A/g.

Table III. Specific capacitances for the symmetric and
asymmetric supercapacitors calculated from galvanostatic
charge/discharge curves at different current density values.

Current
density (A/g)

Specific capacitance
(F/g)

A1 A2 A3 S1 S2 S3

0.3 628 1290 1534 497 846 1039
0.7 546 569 788 354 517 600
1.3 394 425 466 260 306 403
3.3 236 260 363 200 180 280
6.7 110 236 251 76 149 170
13.7 29 56 100 68 69 77
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The Ragone representation as the relationship be-
tween the specific power density and specific energy
density is shown for the assembled supercapacitors in
Figure 5 [4]. The higher specific energy and power
values are obtained for asymmetric supercapacitors
(Figure 5.a).When the charge/discharge current density
is increased from 0.3 to 13.7 A/g, the energy density
decreased from 426.1 to 27.8Wh/kg in A3, but the
power density increased from 300 to 13 700W/kg. Sim-
ilar results were obtained for flexible supercapacitors
with noncarbonaceous electrode materials [23,32].
The calculated energy density and power density for
symmetric supercapacitors are shown in Figure 5.b.
Thus, when the power density increased from 300 to
13 700W/kg, the energy density decreased from
288.6 to 21.4Wh/kg for the S3 assembly. For all of
the prepared supercapacitors, the addition of CB im-
proves the specific capacitance, power density and en-
ergy density.

Supercapacitor stability over 1000 charge/discharge
cycles was also evaluated. In Figure 6, the specific
capacitances of the supercapacitors are presented as

a function of the number of cycles, calculated at
0.3 A/g. It was found that the capacitance loss during
the charge/discharge process is less than 20% for all
the prepared supercapacitors (Figure 6a,b), being the
A3 configuration the one with the least loss of
capacitance.

These results reveal that the stability of the electrode
material can be improved significantly with the addition
of CB nanoparticles in the PANI nanostructures.

In summary, the incorporation of CBf in the electrode
material improves greatly the performance of all the
supercapacitors’ assemblies. This effect is enhanced in
the asymmetric supercapacitors. In fact the electrochemi-
cal parameters for the A3 arrangement are 30% larger than
the ones for the S3 assembly. However, all of the con-
structed devices exhibited a very good stability for 1000
charge/discharge cycles with a retention capacitance of
80–95%, and an efficiency of 80–85% at high current den-
sities. As the major advantages it is to point out that the
supercapacitors were manufactured through a simple
method; they are robust and can be used in stationary
applications.

Figure 5. Energy and power densities of the asymmetric (a) and symmetric (b) supercapacitors calculated from the galvanostatic
charge/discharge curves at different current densities ranging from 0.3 to 13.7 A/g.
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4. CONCLUSIONS

Symmetric and asymmetric supercapacitors have been con-
structed using PANI nanostructures and PANI–CB nano-
composites as electrode materials. Specific capacitance
values of the devices were measured using cyclic volt-
ammetry and galvanostatic charge/discharge cycles. The
best results were obtained with the asymmetric assembly.
The lab scale devices are stable for 1000 charge–discharge
cycles, with capacitance retention of 80–95%. The asym-
metric supercapacitors prepared incorporating PANI–CBf
nanocomposites in the positive electrode and CB nanopar-
ticles in the negative electrode exhibited the best perfor-
mance in terms of capacitance, energy, power and stability.
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