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a  b  s  t  r  a  c  t

Composites  consisting  of  polyaniline  (PANI)  coatings  inside  the  microporosity  of an  activated  carbon  fibre
(ACF)  were  prepared  by electrochemical  and  chemical  methods.  Electrochemical  characterization  of both
composites  points  out  that  the electrodes  with  polyaniline  show  a higher  capacitance  than  the  pristine
porous  carbon  electrode.  These  materials  have  been  used  to develop  an asymmetric  capacitor  based  on
activated  carbon  (AC)  as  negative  electrode  and  an ACF–PANI  composite  as positive  electrode  in H2SO4
eywords:
symmetric supercapacitors
ctivated  carbon
olyaniline

solution  as  electrolyte.  The  presence  of  a thin  layer  of polyaniline  inside  the porosity  of  the  activated
carbon  fibres  avoids  the  oxidation  of the  carbon  material  and  the  oxygen  evolution  reaction  is produced
at  more  positive  potentials.  This capacitor  was  tested  in  a  maximum  cell  voltage  of 1.6  V and  exhibited
high  energy  densities,  calculated  for  the  unpackaged  active  materials,  with  values  of  20  W  h  kg−1 and
power  densities  of  2.1 kW  kg−1 with  excellent  cycle  lifetime  (90%  during  the  first  1000  cycles)  and  high
ctivated carbon fibres coulombic  efficiency.

. Introduction

Electrochemical energy storage devices such as batteries and
upercapacitors have attracted considerable attention from the sci-
ntific community due to the rapidly increasing demand of energy
rom green renewable technologies. Batteries and fuel cells have
igh energy storage capacity but a relatively low specific power
ensity. On the contrary, the electrochemical capacitors have
igher power density and longer lifetime exhibiting high coulom-
ic efficiency, larger current density and fast start-up response,
lthough they have a lower energy density [1,2]. Based on the
bove considerations, the supercapacitors can be used to deliver

 high power demand during a short time, without damaging the
ower train system, when hybrid-electric and fuel cell vehicles are
ccelerated and to recover the energy when they are braked [3,4].

Usually, commercial supercapacitors are made of high-surface
rea activated carbons in various forms and work in a symmet-
ic mode, that is, the same activated carbon is used in the positive
nd negative electrodes. These devices develop high power densi-
ies (typically between 1 and 6 kW kg−1) and specific capacitances
etween 100 and 250 F g−1 but they have a low energy density (typ-
cally between 2 and 5 W h kg−1) [5–8]. As a consequence a strong
esearch is being done to develop new materials and configurations
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to increase their energy density but maintaining or increasing the
power density [8–10].

One  possibility to increase the energy density of the super-
capacitor is to use asymmetric configurations in which different
materials are used in each electrode and they are combined allow-
ing an increase in the working voltage [8–10].

Interesting materials to be used as positive electrode in an asym-
metric configuration are conducting polymers [11]. Among the
conducting polymers, one of the most used is polyaniline (PANI)
which presents advantages such as electrical conductivity, electro-
chemical activity, ease of synthesis and low cost. However, this
material presents volume changes, due to the diffusion of ions
inside its structure, which confers poor mechanical properties and
reduces its cycle stability [11].

A way  to improve the performance of PANI would be the use of
PANI–carbon composites [11–37] where thin films of the conduct-
ing polymer could minimize the negative properties of the bulk
material. Most of these studies deal with the polymerization of
PANI with carbon nanotubes (single- and multiwalled) and nanofi-
bres [12–17,29,33–37] and there are various papers reporting the
synthesis of PANI–carbon composites with carbon materials such
as cloths [18], graphene sheets [19,20,30–32], aerogels [21], fibres
[22,25] and powdered activated carbon [23,24,26–28].

Polyaniline/porous carbon or PANI/carbon fibre composites

were prepared by chemical or electrochemical techniques. These
carbon materials provide a large surface for the deposition of PANI,
increasing the utilization of the electroactive regions. For instance,
Chen and Wen  [27] implanted PANI by electro-polymerization on

dx.doi.org/10.1016/j.electacta.2012.11.039
http://www.sciencedirect.com/science/journal/00134686
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orous activated carbon and obtained a capacitance increase of
ore than 60% in comparison with the bare carbon electrode. On

he other hand, Ryu et al. [24] prepared PANI/carbon composites
y chemical polymerization and observed a capacitance increase
f about 40% with a PANI content 16 wt.%. However, the specific
apacitance decreased when the loading content of PANI on the car-
on material further increases. A similar effect was observed by Hu
t al. [28] for hierarchical porous carbon/polyaniline composites,
lthough in this case the highest capacitance was obtained with

 PANI loaded of 22.4%. Lin and Teng [22] obtained a capacitance
nhancement of about 50% in comparison with bare carbon. This
mprovement was reached for a composite with a polymer content
ower than 5 wt.%.

Recently, graphene (or graphene oxide) and carbon nanotubes
or nanofibres) have received a fast growing research interest. As

 result, composite materials based on nanotubes, nanofibres or
raphene sheets and conducting polymers such as PANIs have been
ested as supercapacitor electrodes. These composites exhibit high
apacitances (higher than the powdered activated carbon/PANI
omposites) and relative good stability due to the synergetic combi-
ation of the good conducting and mechanical properties of carbon
aterials and high pseudocapacitance of PANI. However, the spe-

ific capacitance in these composites is mainly governed by the
seudofaradic process from PANI, since nanotubes, nanofibres and
raphene posses low double layer capacitances. Therefore, high
apacitances are only obtained with PANI contents between 40
nd 70 wt.% [13,15–17,20,30,36,37],  which can reduce the cycle
ife time by degradation problems of PANI composites. In addi-
ion, the carbon nanotubes, carbon nanofibres and graphene sheets
re still very expensive and difficult to make in large quanti-
ies.

Among the different options, the preparation of PANI-based
aterials in which a thin film of the conducting polymer is

eposited on the surface of an appropriate high surface area carbon
upport, is maybe one of the best solutions. For this purpose, the
ynthesis conditions and the carbon material have to be carefully
elected to create a thin film inside the porosity of the support.
his is one important difference compare to most of the papers
ublished to the moment.

Recently,  we have prepared activated carbon fibre (ACF)–PANI
omposites by chemical and electrochemical polymerization
here the PANI coating takes place inside the microporosity of the
CF. The distribution of PANI inside the porosity has been demon-
trated by microbeam small angle X-ray scattering technique [38].
he use of ACF as carbon support has advantages compared to pow-
er or granular AC because of the smaller tortuosity of networks of
orosity in ACF than in AC, which makes the ACF to have a shorter
ath length for the ions to move than in the case of AC [39–41]. As

 consequence, the kinetics of charge and discharge will be higher
nd will contribute to increase the power of the supercapacitor [41].

In the present work, the behaviour of an asymmetric capacitor
as been studied in sulphuric acid solution to high potential win-
ow. An ACF–PANI material with the polyaniline deposited inside
he microporosity of the activated carbon fibres is used as positive
lectrode and an activated carbon (AC) with a high surface area and
ppropriate surface chemistry is the negative electrode in an asym-
etric capacitor. The nanometric film of PANI loaded on the surface

f the ACF prevents pore blockage, which in turn facilitates the pen-
tration of the electrolyte into the micropores. Furthermore, the
ycleability of the capacitor can be enhanced because the mechan-
cal integrity of the polymer is improved by the ACF structure. The
wo electrode materials have been previously electrochemically

haracterized in aqueous electrolyte in a three electrode cell and
yclic voltammogram and galvanostatic charge–discharge experi-
ents were done in a two electrode cell to evaluate the properties

f the asymmetric capacitor.
ica Acta 89 (2013) 326– 333 327

2. Experimental

The ACF was provided by Osaka Gas Co. Ltd (A20) and a Span-
ish anthracite was used as the precursor for the preparation of the
activated carbon. Potassium hydroxide, ammonium persulphate,
hydrochloric and sulphuric acid, ammonium hydroxide and aniline
were from Merck p.a., acetylene black was  from Strem Chemicals
and binder (polytetrafluoroethylene – PTFE) from Sigma–Aldrich.
These were also used as received except aniline which was dis-
tilled by refluxing under reduced pressure before use. All solutions
were prepared with purified water obtained from an Elga Labwater
Purelab system (18.2 M� cm).

2.1.  Activation process

The  activated carbon (AC) has been prepared by chemical acti-
vation with KOH using an activating agent:carbon ratio = 3:1 and
by heating at 5 ◦C min−1 up to 750 ◦C; this maximum temperature
was kept for 2 h [42]. After, the AC was washed several times with a
5 M HCl solution and with distilled water until free of chloride ions.
Finally, the sample was  dried at 110 ◦C for 12 h.

2.2.  ACF–PANI preparation

Two  different polymerization methods were used for the prepa-
ration of the ACF–PANI electrodes [38]:

(i) Chemical polymerization (sample A20 C): previous to the
preparation of the composite, the adsorption isotherm in ani-
line  solution on the ACF was  obtained. Then, the conditions
selected for the preparation of the composite corresponding
to a loading of 30 wt.% of aniline in the composite accord-
ing  to the aniline isotherm obtained with the ACF. At these
experimental conditions it can be considered that all aniline
adsorbed in ACF was polymerized. The composite material
was  prepared by introducing 600 mg  of ACF during 24 h in a
0.02  M aniline solution. After aniline adsorption, the sample
was  introduced for an hour in an ammonium persulphate solu-
tion  in 1 M HCl. The oxidant amount was calculated in order
to  obtain an aniline:ammonium persulphate molar ratio equal
to  1:1. A polyaniline coating is then obtained inside the poros-
ity  of the carbon material [38]. The composite was washed with
1  M HCl, followed by washing with 1 M ammonia aqueous solu-
tion.  The material was  dried in dynamic vacuum for 24 h. For
the  electrode preparation, the composite has been mixed with
the  binder polytetrafluoroethylene (PTFE, 60 wt.%) and acety-
lene  black (Strem Chemicals) in a ratio 80:10:10 wt.%. The total
electrode  weight used for the measurements was about 40 mg.

(ii) Electrochemical polymerization (sample A20 E): the procedure
used  is that described in Ref. [24]. This method consists in
mixing  a paste of the ACF (∼3 mg)  with the binder (PTFE,
60  wt.%) and the conductivity promoter (acetylene black) in a
ratio  80:10:10 wt.%; this mixture was spread and pressed uni-
formly  and thinly with a spatula onto a graphite disk electrode
(0.6  cm diameter). After drying, the electrode was  placed as
the  working electrode in a solution of 0.15 M aniline + 1.0 M
HCl  + 0.5 M KCl and subjected to electro-polymerization using a
three electrodes electrochemical cell. A platinum wire was used
as  counter electrode and a reversible hydrogen electrode (RHE)
served  as reference electrode. Single potential step from the
lower  potential of 0.3 V, where no electrode reaction occurred,

to  an upper potential of 0.75 V, where the polymerization took
place,  was  done for a time until the total charge passed was
0.5  C mg−1. The amount of polyaniline was  calculated by sub-
tracting  the total weight of the electrode after polymerization
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Table 1
Porous texture characterization and quantification of surface oxygen groups (TPD experiments, last two  columns) of the activated carbon fibre (A20), activated carbon before
(AC)  and chemically ACF/PANI composite (A20 C).

Sample BET (m2 g−1) VDR N2 (cm3 g−1) VDR CO2 (cm3 g−1) CO (�mol g−1) CO2 (�mol  g−1) O (�mol  g−1)

2817 1035 4887
– – –
– – –
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The specific capacitance obtained from galvanostatic experi-
ments after five cycles at 25 mA g−1 is included in Table 2. Taking
into account the results presented in this section, it can be con-
cluded that this material is suitable as negative electrode in an

Table 2
Specific capacitance obtained for all the electrodes by galvanostatic experiments at
25 mA g−1 in a three electrode cell 0.5 M H2SO4 solution.

Sample C (F g−1)
AC 2905 1.39 0.72 

A20 1660  0.78 0.38 

A20  C 925 0.43 0.30 

to the mass before polarization. The amount of PANI loaded was
around  30 wt.%.

For the characterization of the sample without polyaniline, the
lectrode was prepared using A20 sample, acetylene black (Strem
hemicals) and binder in a ratio 80:10:10 wt.%, respectively. The
otal electrode weight used for the measurements was  about 40 mg.
fter that, the electrode was placed in a stainless steel mesh as a
urrent collector. The same procedure has been used for the AC
ample.

.3. Electrochemical characterization

The  electrochemical characterization of the different electrodes
as done using a standard three electrodes cell configuration.
eversible hydrogen electrode (RHE), immersed in the same solu-
ion, was used as reference and a spiral of platinum wire was
mployed as a counter electrode. 0.5 M H2SO4 solution was used as
queous electrolyte. The measurements were carried out with an
G&G Potentiostat/Galvanostat model 273 controlled by software
CHEM M270 and an Autolab PGSTAT302. The electrochemical
ehaviour of the different electrodes was assessed by cyclic voltam-
etry at 5 mV  s−1 and galvanostatic experiments. The capacitance

alues were calculated from the interval between 0 and 0.8 V,
ividing the imposed current by the slope of the linear chronopo-
entiograms plot, taking the average value between charge and
ischarge processes. The capacitance is expressed in F g−1 taking

nto account the weight of the active part of the composite (that is
he activated carbon and the PANI).

The capacitors were also done in a two-electrode cell using a
andwich type construction (electrode/separator/electrode) with a
lassy fibrous membrane between the electrodes. Gold has been
sed as current collector and 0.5 M H2SO4 solution as electrolyte.
lectrode discs with 10 mm diameter and about 0.3 mm thickness
ere cut from the carbon pastes. The values of specific capacitances
ere determined by galvanostatic charge/discharge cycling, the

urrent range between 25 and 2000 mA  g−1 and the capacitance
alue was estimated from the discharging time and was  referred to
he total weight of the active mass of both electrodes. The equiv-
lent series resistance (ESR) was obtained from charge–discharge
ycles.

.4. Physicochemical characterization

Porous  texture was characterized by physical adsorption of
2 (−196 ◦C) and CO2 (0 ◦C), using an automatic adsorption sys-

em (Autosorb-6, Quantrachrome). The samples were outgassed at
50 ◦C under vacuum for 4 h. Nitrogen adsorption results were used
o determine BET surface area values and Dubinin–Radushkevich
DR) micropore volumes (VDR N2) as well as the average pore size
43,44]. Narrow micropore volume (pore size < 0.7 nm,  approxi-

ately) was obtained from CO2 adsorption data (VDR CO2) [44].
able 1 shows the porous texture values obtained for the AC, the

ctivated carbon fibres (A20) and the A20 C samples. Tempera-
ure programmed desorption (TPD) experiments were done in a
SC–TGA equipment (TA Instruments, SDT 2960 Simultaneous)
oupled to a mass spectrometer (Thermostar, Balzers, GSD 300 T3),
Fig. 1. Steady cyclic voltammograms of AC electrode in 0.5 M H2SO4 solution. Scan
rate = 5 mV s−1. Three-electrode cell configuration.

to characterize the surface chemistry. In these experiments, 10 mg
of the sample was  heated up to 950 ◦C (heating rate 20 ◦C min−1)
under a helium flow rate of 100 ml  min−1.

3. Results and discussion

Previous  to the study of the asymmetric capacitor, the electro-
chemical behaviour of the negative and positive electrodes has been
performed in a three electrochemical cell.

3.1. Electrochemical characterization of the negative electrode

Fig.  1 shows the voltammetric response of AC electrode in
acid medium. The voltammogram between 0 and 1 V exhibits a
quasi-rectangular shape, indicating that the main contribution to
capacitance is the charge and discharge of the double layer. How-
ever, a clear redox process at around 0.65 V during the positive
sweep and the counter peak at 0.48 V during the negative sweep
is observed, that is associated to surface oxygen groups of the acti-
vated carbon that contribute to pseudocapacitance [45]. If the lower
potential limit decreases, the hydrogen evolution reaction is not
observed on the voltammograms (Fig. 1) up to potentials nearby
to −0.6 V indicating a high overpotential for hydrogen evolution
reaction for this AC electrode.
AC 300
A20 150
A20 C 200
A20 E 240
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ig. 2. Steady cyclic voltammograms of A20 (solid line), A20 C (dashed line) and
20 E (dotted line) electrodes in a 0.5 M H2SO4 solution. Scan rate was  5 mV s−1.
hree-electrode  cell configuration.

symmetric capacitor due to its high capacitance and high over-
otential for hydrogen evolution reaction.

.2. Electrochemical characterization of the positive electrode

ACF  (A20) and their composites with PANI synthesized
nside the microporosity of the fibre by chemical (A20 C) and
lectrochemical (A20 E) methods were characterized by cyclic
oltammetry (Fig. 2). For the A20 electrode (solid line) the voltam-
ogram shows a weak peak centred at 0.60 V during the forward

can related to the presence of some surface oxygen groups [45].
he voltammograms for A20 C (dashed line) and A20 E (dotted line)
how an increase in the capacitance and the presence of several
edox peaks associated to the redox processes of polyaniline. For
he A20 E electrode a peak at around 0.45 V appears during the
orward voltammetric scan. This peak is associated with the oxida-
ion of emeraldine to leucoemeraldine states of polyaniline, while
he anodic peak near 0.8 V can be ascribed to the oxidation of leu-
oemeraldine to pernigraniline of polyaniline. On the other hand,
20 C electrode shows a voltammogram with some differences
ompared the one obtained with the A20 E electrode indicating
ifferences in the structure of the polymer. The potential of the
edox processes seems to be shifted with respect to those obtained
ith pure polyaniline. Then, the presence of some defects (gener-

lly quinone groups) in the polymer structure as consequence of the
veroxidation of polyaniline to potentials higher than 0.9 V cannot
e ruled out [26]. These differences could be consequence of the

ower amount of sample in the case of electropolymerized sample.
It can be remarked here that the polyaniline film is located

nside the porosity of the activated carbon fibre with a thickness
round 0.5 nm [38]. This thin film of polyaniline does not impede
he entrance and exit of anions inside the porosity of the fibre
ince the pore size is sufficiently large for the composite [38], but
t could prevent the volume change of the electrode during the
harge–discharge process what is an important advantage com-
ared to other PANI/carbon composites.

The capacitance values calculated from the galvanostatic exper-
ments for the A20, A20 C and A20 E are included in Table 2. The
alues measured for the ACF with polyaniline are higher than for
he pristine ACF due to the pseudocapacitance behaviour of PANI
uring the doping/dedoping process.

The evolution of the specific capacitance at different applied

urrents normalized to the active mass for both composites and
he pristine activated carbon fibre (A20) is shown in Fig. 3. It can be
bserved that the capacitance decreases with the applied current
or both composites with a similar trend. Initially, the capacitance
Fig. 3. Specific capacitance at different current densities for A20 and ACF/PANI
composites:  A20 C and A20 E in 0.5 M H2SO4 solution. Three-electrode cell con-
figuration.

value of A20 E is higher than A20 C, but with increasing current
density the capacitance values become very close. This loss of
capacitance could be related to ion diffusion problems inside the
pores at high current densities. It must be remarked that the smaller
weight of sample for A20 E has an influence in the rate performance
what can explain the better values for this electrode.Interestingly,
the  slope for the capacitance versus current plot in the higher cur-
rent region (i.e., above 250 mA g−1), is similar for all samples, which
is in agreement with the presence of a thin layer of PANI inside the
porosity and a sufficiently large pore size for the composite [38],
which would allow a similar rate of ion diffusion within the pores.
This result also suggests that the doping/dedoping process of the
polymer is a fast process compared to bulk PANI and that it is not
slower than the ion diffusion within the porosity.

In view of the above results, A20 E and A20 C composites are
interesting materials to be used as positive electrodes and both of
them have a similar performance. However, the lower weight of
A20 E can lead to an overestimation of their performance, not only
because the mass of the active material and thickness of the elec-
trode influences the capacitive behaviour, but also because mass
measurement errors can be significant for microgram sized elec-
trodes [46]. In this respect, we  have chosen sample A20 C for the
asymmetric supercapacitor study, described in the next sections,
because the chemical polymerization permits the preparation of
higher amounts of material, what is desirable from a practical point
of view.

3.3. Optimization of the asymmetric AC/ACF–PANI capacitor

From the previous analysis, it is possible to establish that an
asymmetric supercapacitor can be built by the combination of
ACF–PANI composite (A20 C) as the positive electrode and the
activated carbon (AC) as the negative electrode. In this way, the
negative electrode material exhibits a high specific capacitance due
to their high surface area and a high overpotential for the hydro-
gen evolution reaction. On the other hand, the positive electrode
material combines a high surface area and the pseudo-faradic con-
tribution of PANI avoiding the problems of bulk polyaniline.

In  an asymmetric configuration the two electrodes are mate-
rials of different characteristics, so the applied voltage should be
distributed between them depending on their capacitance [47,48].
Therefore, before assembling the asymmetric system it is neces-

sary to optimize the mass ratio of the electrodes to improve their
performance.

Recently Snook et al. [48] developed simple, but elegant, mathe-
matical expressions that can be employed to optimize the electrode
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Fig. 4. (a) Steady voltammograms before the galvanostatic charge–discharge exper-
iments for the AC/AC, AC/A20 and AC/A20 C capacitors. (b) Steady voltammograms
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ass ratios and to maximize the specific energy in asymmetric
apacitors based on conducting polymers and activated carbons.
he authors obtained an expression capable of estimating the
ptimum gravimetric mass ratios over a wide range of possible
olymer-type electrodes by fixing the capacitance value of an acti-
ated carbon electrode, through the following non-linear equation:

max =
(

C(−)

C(+)

)1/2

(1)

here  �max, C(−) and C(+) are the maximum value of the mass ratio
nd the specific capacitances of the negative and positive elec-
rodes, respectively. � can also be expressed as:

 = m(+)

m(−)
(2)

here  m(−) and m(+) are the mass of the active materials in the
egative and positive electrodes. From the above relationships the
uitable mass ratio coefficient necessary to obtain an asymmetric
apacitor with maximum specific energy performance can be calcu-
ated. For comparison purposes, the asymmetric capacitor prepared
sing the raw A20 without polyaniline as positive electrode and
he symmetric capacitor with activated carbon (AC) have been also

easured. From the capacitance data in Table 2 the gravimetric
ass ratio for the AC/A20 C and AC/A20 asymmetric configurations

akes values of 1.22 and 1.41, respectively.
Once the mass of the electrodes has been calculated, the

symmetric system will be characterized by charge–discharge
xperiments at different constant current densities within the
otential window of 1.6 V. At this potential window and consid-
ring the mass of electrodes calculated from Eq. (2), the theoretical
otential swing for the positive and negative electrodes is 55% and
5% respectively for the PANI containing capacitor. This value has
een calculated using the equations in Ref. [48].

.4. Study of the asymmetric AC/ACF–PANI capacitor

After optimizing the parameter commented previously, asym-
etric two-electrode capacitors were assembled in 0.5 M H2SO4

olution. Fig. 4 shows the voltammograms obtained in a two elec-
rode cell configuration for the asymmetric capacitors for the
otential window of 1.6 V before and after 1000 cycles of galvano-
tatic charge–discharge experiments. The voltammograms of an
symmetric two electrode cell prepared with ACF without polyani-
ine as positive electrode is also studied, and, for comparison
urposes, the voltammogram of the symmetric capacitor pre-
ared with activated carbon is also included. It can be observed,

 similar behaviour for asymmetric AC/A20 capacitor and the sym-
etric AC/AC capacitor, that is a quasi-rectangular shape of the

oltammograms at potentials lower than 1.2 V; however, at higher
otentials, an oxidation current is observed, being the intensity
igher for the AC/A20 capacitor (Fig. 4a). The voltammogram for
he asymmetric AC/A20 C shows the redox processes associated
ith polyaniline and the oxidation current at higher potentials
ecreases with respect to the AC/A20 capacitor. Then, it seems
hat polyaniline decreases the oxidation of the A20 sample. The
hronopotentiograms at 500 mA  g−1 for the three capacitors in a
otential window of 1.6 V are shown in Fig. 5a. The chronopoten-
iograms for AC/AC and AC/A20 (Fig. 5a) show a quasi-triangular
hape indicating the absence of bulk faradic processes. However,
or the asymmetric AC/A20 C capacitor, a slight deviation of this

hape is observed as consequence of the pseudofaradic processes of
olyaniline. Fig. 5b shows the behaviour of this asymmetric capac-

tor with current density. It can be observed a good performance
ntil 2 A g−1.
for  the AC/AC, AC/A20 and AC/A20 C after 1000 cycles of charge–discharge at
500  mA  g−1 in 0.5 M H2SO4. Potential window: 1.6 V, scan rate was 5 mV s−1; 0.5 M
H2SO4.

Fig. 6 shows the capacitance variation for the three capacitors
obtained in a two  electrode cell from 250 mA  g−1 to 2000 mA  g−1

at the potential window of 1.6 V. The values of capacitance for
the asymmetric capacitor prepared with ACF with PANI increases
around 20% with respect to the capacitor prepared without PANI in
the whole range of current. It must be pointed out that in all cases
the capacitance decreases when the current density increases prob-
ably due to ion diffusion problems. However, this decrease is higher
for the symmetric capacitor, and it reaches similar capacitance
as the AC/A20 capacitor at 2000 mA g−1. The decrease observed
for asymmetric AC/A20 C is around 17% lower than the other
capacitors. The slower kinetics for AC electrodes compared to ACF
electrodes have been discussed in detail elsewhere [41]. The differ-
ent pore structure and a higher tortuosity for powdered AC explain
this behaviour.These results reveal the important role of PANI in
this electrochemical asymmetric system. The presence of the con-
ducting polymer improves the charge transfer and also provides
charge through the doping–dedoping redox processes of the poly-
mer, enhancing the electrochemical properties of the composite.
Moreover, it decreases the oxidation of carbon material (ACF) and
probably the oxygen evolution reaction is produced at more pos-
itive potentials because the oxidation of polyaniline is produced

before.

Once verified that the asymmetric capacitor assembled with
the polyaniline–carbon composite has higher specific capacitances
in a wide range of applied currents at 1.6 V, a large number of
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Fig. 5. (a) Chronopotentiograms for the AC/AC, AC/A20 and AC/A20 C capacitors at
5
d

g
o
p
c
h

F
i
a

00 mA g−1. (b) Chronopotentiograms for AC/A20 C capacitor at different current
ensity. Two-electrode cell configuration; 0.5 M H2SO4.

alvanostatic charge–discharge cycles have been performed. The
ther two capacitors have been also studied for comparison pur-

oses. As it has been commented before for the PANI-containing
apacitor, the chronopotentiograms at both potential windows
ave a quasi linear shape, the coulombic efficiency is above 99%

ig. 6. Capacitance (5 cycles of galvanostatic charge–discharge) variation with
ncrease of current density for AC/AC, AC/A20 and AC/A20 C capacitors operated
t 1.6 V window. Two-electrode cell configuration; 0.5 M H2SO4.
Fig. 7. Evolution of the specific capacitance versus the number of cycles for the
AC/AC,  AC/A20 and AC/A20 C capacitors at 1.6 V in 0.5 M H2SO4. Charge/discharge
current  density 500 mA g−1. Two-electrode cell configuration.

after 1000 cycles and no additional faradic reaction, such as hydro-
gen evolution or oxygen evolution, has a significant contribution in
the process.

Fig. 7 shows the evolution of the specific capacitance for the
three capacitors studied versus the number of galvanostatic cycles.
The theoretical capacitance value at 500 mA  g−1 calculated using
gravimetric mass ratio [48] is 52 F g−1 and 61 F g−1 for AC/A20
and AC/A20 C respectively. The specific capacitance of the asym-
metric capacitor AC/A20 C decreases with the number of cycles
but the systems retain more than 80% of the initial capacitance
(55.3 F g−1 in gravimetric basis and 16.1 F cm−3 in volumetric basis,
calculated using the density of the two  electrodes and the mem-
brane) after 1000 cycles at 1.6 V, what is a remarkable result.
The largest decrease in capacitance is observed for the symmetric
capacitor.

Fig. 4b shows the voltammograms of the two  electrode cell
capacitors after 1000 cycles at 1.6 V. It can be observed that the
voltammogram for the PANI containing capacitor maintains its
shape and degradation of the polyaniline is not important. How-
ever, for the other two  capacitors there is an important change,
especially at high potentials for the symmetric capacitor indicat-
ing the worse performance in comparison to AC/A20 C capacitor
and the significant degradation of the positive electrode after 1000
cycles.

In order to complete the information on the performance of the
asymmetric capacitor, the specific power and energy have been
calculated. The specific power was  determined according to Eq. (3)
[5,49]:

Pmax = V2
max

4 ESR mt
(3)

where  ESR is the equivalent series resistance determined from
ohmic drop in the charge–discharge measurements (Fig. 5) and mt

is the total active mass of the capacitor.
Additionally, the amount of electrical energy accumulated in the

capacitors, which is associated with the capacitance and the voltage
window, can be estimated according to the following expression:

E  = 1
2 CV2 (4)

Table  3 summarizes the values of energy density for the
unpackaged-active material (E), energy density calculated from

the theoretical capacitance (Ecalc) and the maximum power den-
sity (Pmax) obtained for symmetric capacitor, both AC/A20 and
AC/A20 C asymmetric capacitors. Interestingly, the values of E are
close to those calculated using the theoretical capacitance values
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Table 3
Power density and energy density obtained for the capacitors at a potential window of 1.6 V in 0.5 M H2SO4 as electrolyte.

Device Pmax (kW kg−1) Pmax (kW dm−3) E (W h kg−1) E (W h dm−3) Ecalc (W h kg−1)

AC/AC 0.5 0.1 15.3 2.2 26.7
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AC/A20 C 2.1 0.6 

Ecalc) for the asymmetric capacitors (Table 3), what corroborates
he correct design of the capacitor. It can be observed from Table 3
hat the specific power values of all the studied capacitors are typ-
cal for supercapacitors, and the presence of polyaniline increases
round 20% the energy density and 25% the power of the capacitor.

Some values of energy and power densities of unpackaged-
dvanced electrochemical capacitors using activated carbon as
lectrodes were reported by Simon and Burke [50]. These elec-
rochemical capacitors are capable of delivering specific energies
etween 1.7 for a AC Carbon/AC Carbon capacitor in sulfuric acid
nd 18 W h kg−1 for AC Carbon/Graphitic carbon in organic elec-
rolyte and power densities of 1.2 for a AC Carbon/AC Carbon
apacitor in sulfuric acid and 6.4 kW kg−1 for AC Carbon/Graphitic
arbon in acetonitrile as the electrolyte. Interestingly, the values
btained in the asymmetric AC/A20 C capacitor are similar to that
btained in the case of using organic electrolyte and higher than
hose developed in the case of sulfuric acid electrolyte. Further-

ore, values reached with the AC/A20 C arrangement are higher
han those reported for several PANI and PANI/carbon compos-
te based systems [51,52,17,20]. However, these results must be
ut in context because the performance of a capacitor depends
n numerous parameters such as architecture of the cell, poten-
ial window, mass of the dead components, and electrode thickness
46]. Then, the comparison with data in the literature is not straight-
orward.

In view of the results, the PANI coating inside the microporosity
f the activated carbon fibres enhances power and specific energy
f the asymmetric devices, due to its doping/dedoping processes
hat increase the capacitance of the positive electrode and avoid-
ng the oxidation of the carbon support in the potential window
sed and probably the oxygen evolution reaction is produced at
ore positive potentials. In addition, PANI may  act as a molecular
ire, enhancing the electrochemical performance of the asymmet-

ic supercapacitor.

.  Conclusions

An asymmetric capacitor consisting on ACF with PANI inside
ts microporosity as positive electrode and a high surface area AC
s negative electrode has been designed and tested in acid aque-
us solution. These capacitors exhibit higher specific capacitance
han that prepared with the pristine ACF material due to the con-
ribution of pseudocapacitance of the polymer coating to the total
apacitance and the oxidation of carbon material decreases in the
otential window of 1.6 V in sulphuric solution. Moreover, it can be
onsidered that the oxygen evolution reaction is probably produced
t more positive potentials.

The  asymmetric supercapacitor assembled using the compos-
te ACF–PANI prepared by chemical polymerization as the positive
lectrode and the porous activated carbon as the negative electrode,
enerates energy densities of 20 W h kg−1 and power densities of
.1 kW kg−1 in cell voltage windows of 1.6 V using an acid aqueous
lectrolyte. In addition, the asymmetric capacitor shows a good

ycling behaviour after the first 1000 charge–discharge cycles at
00 mA  g−1. These are very interesting and promising results that
ill be completed by analysing different electrolytes and longer

ycling life tests.

[
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