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Abstract The polyaniline (PANI) prepared by the pulse
galvanostatic method (PGM) or the galvanostatic
method on a stainless steel substrate from an aqueous
solution of 0.5 mol/l H,SO4 with 0.2 mol/l aniline has
been studied as an electroactive material in superca-
pacitors. The electrochemical performance of the PANI
supercapacitor is characterized by cyclic voltammetry, a
galvanostatic charge—discharge test and electrochemical
impedance spectroscopy in NaClO4 and HCIO4 mixed
electrolyte. The results show that PANI films with dif-
ferent morphology and hence different capacitance are
synthesized by controlling the synthesis methods and
conditions. Owing to the double-layer capacitance and
pseudocapacitance increase with increasing real surface
area of PANI, the capacitive performances of PANI
were enhanced with increasing real surface area of
PANI. The highest capacitance is obtained for the PANI
film with nanofibrous morphology. From charge—dis-
charge studies of a nanofibrous PANI capacitor, a spe-
cific capacitance of 609 F/g and a specific energy density
of 26.8 Wh/kg have been obtained at a discharge current
density of 1.5 mA/cm? The PANI capacitor also shows
little degradation of capacitance after 1,000 cycles. The
effects of discharge current density and deposited charge
of PANI on capacitance are investigated. The results
indicate that the nanofibrous PANI prepared by the
PGM is promising for supercapacitors.
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Introduction

Supercapacitors (electrochemical capacitors) have at-
tracted much attention in many advanced power systems
requiring high power density, high energy density and
high cyclability [1-6], such as secondary power sources
in electric vehicles to provide peak power for accelera-
tion and hill climbing. Until now, one of the best elec-
trode materials for supercapacitors was an amorphous
hydrated ruthenium oxide, which displayed a large
specific capacitance value of 760 F/g and excellent
cyclability over 100,000 cycles [7, 8]. However, this
material is too expensive for commercialization. So,
efficient substitutes have been extensively explored, such
as activated carbons, NiO and conducting polymers [9—
12].

Among all these materials investigated, conducting
polymers are the most promising as they possess redox
pseudocapacitance in addition to double-layer capaci-
tance. Conducting polymers offer the advantages of low
production cost compared with noble metal oxides and
high charge capacity compared with activated carbons
[13]. So far, the applications of polyaniline (PANI) [13—
18], polythiophene [19-22] and polypyrrole [23] in sup-
ercapacitors have been reported.

Conducting polymers can be positively or nega-
tively charged with ion insertion in the polymer matrix
to balance the injected charge, and hence produce the
pseudocapacitance. In the case of PANI, it can be
positively charged (p-doped polymer), and both the
double-layer capacitance and the pseudocapacitance
contribute much to the total capacitance [24]. It is
clear that the polymer morphology strongly affects the
characterization of a supercapacitor since it influences
the specific surface area of the polymer and ion



diffusivity in the polymer matrix during redox
switching [14]. Rajendra Prasad and Munichandraiah
[24] obtained a specific capacitance value of 815 F/g
by potentiodynamical depositing PANI on stainless
steel (SS) at high sweep rate (200 mV/s). According to
the viewpoint of Rajendra Prasad and Munichandra-
iah, the high value of the specific capacitance is
attributed to a high porous morphology obtained at a
high sweep rate for the PANI deposition. Fusalba
et al. [14] also considered that it is important to ob-
tain a high-porosity electrode since this kind of mor-
phology is required to achieve material with high ionic
conductivity and a capacitor with high energy and
power densities. Thus, the performance of PANI
supercapacitors may be influenced by the morphology
of PANI, which is closely related to the preparation
methods and conditions; however, the relationship
between the capacitance of PANI and the morphology
of PANI has not yet been reported. Talbi et al. [15]
constructed a supercapacitor with good cyclability and
a high specific capacitance of 230 F/g by combining a
porous polyacrylonitrile aerogel with PANI. They
considered that a cooperative effect of PANI of a
relatively high specific capacitance with a porous
polyacrylonitrile aerogel system should give an even
larger specific capacitance than just the porous system
or the PANI alone. In our recent work, nanofibrous
PANI was prepared by a new method called the pulse
galvanostatic method (PGM) [25]. This nanofibrous
PANI possesses good performance as general con-
ducting polymers, which have high redox pseudoca-
pacitance on account of good doping—undoping
ability. Additionally, it has a highly porous structure,
a large specific surface area and a high charge-transfer
rate, and so it can be used as an excellent electrode
material in supercapacitors. We also find that the
morphology of PANI varies with the synthesis con-
ditions of the PGM. In the present work, PANI films
with different morphology were prepared by various
synthesis methods and conditions. The relationship
between the morphology of PANI and the capacitance
of the PANI/SS electrode is discussed. The capacitive
performance of nanofibrous PANI was also investi-
gated. Cyclic voltammetry and electrochemical
impedance spectroscopy (EIS) techniques were used to
characterize electrochemically the charge capacity of
PANI. Galvanostatic charge—discharge cycling of a
symmetrical capacitor based on PANI was performed
in a two-electrode configuration cell.

Experimental
Chemicals
Aniline was distilled under reduced pressure. The other

chemicals used were of analytical grade. All solutions
were prepared with double-distilled water.
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Preparation of the PANI/SS electrode

Electrochemical depositions were performed in a one-
compartment cell using a platinum wire as the counter
electrode, a saturated calomel electrode (SCE) as the
reference electrode and a SS disk electrode (deposited
area 0.95 cm?) as a working electrode. All potentials
were relative to the SCE. A PANI film was prepared by
the PGM using an SMD-30 model pulse galvanostant
(Handan Instrument Factory, China) from an aqueous
solution of 0.5 mol/l H,SO,4 with 0.2 mol/l aniline. A
PANI film was also prepared by the galvanostatic
method (GM) using a DHX-II potentiostatic machine
(Shenzhen Tonghua Electronic Factory, China) for
comparison. For both methods, the current density
range was from 2 to 6 mA/cm? and the deposited charge
range was from 200 to 2,000 mC. For the PGM, the
ratio of the “on” pulse period to the “off”” pulse period
(fon/torr) Was 50 ms:50 ms and the frequency was 10 Hz.
After deposition, the electrodes were washed free of
aniline monomer, and then stored in 1 mol/l NaClO,4
and 1 mol/l HCIO4 mixed solution until they were used
for experiments.

Measurement of anodic polarization of the SS disk

Since SS was used as the substrate for PANI deposition,
it is important to study the anodic polarization behavior
of bare SS. Anodic polarization was performed using a
CHI 660 A electrochemical workstation (Shanghai
Chenhua Instrument Factory, China). The potential was
between —0.3 and 1.1 V; the sweep rate was 10 mV/s.
From the anodic polarization curve in Fig. 1, the SS disk
is in a passive state in the potential between —0.3 and
0.8 V.

Measurement of the PANI/SS electrode performance

The CHI 660 A electrochemical workstation was also
applied for galvanostatic charge—discharge and EIS
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Fig. 1 Cyclic voltammogram of a stainless steel (SS) electrode in
1 mol/l NaClO4 and 1 mol/l HCIOy electrolyte at a sweep rate of
10 mV/s
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research. The symmetrical capacitor based on PANI was
charged/discharged at 1.5 mA/cm® between 0 and
0.75 V. EIS was carried out with frequencies varying
from 10 kHz to 50 mHz at different cell voltages
(ranging from 0 to 0.8 V). All the preparations and
measurements were conducted under a N, atmosphere
at room temperature.

The morphology of PANI was observed using scan-
ning electron microscopy (SEM) with a JSM-5600LV
microscope (JEOL Company, Japan).

Results and discussion

The relationship between PANI morphology and
capacitive performance

Effect of morphology of PANI prepared by different
methods on capacitive performance

While controlling the deposited charge, PANI/SS elec-
trodes were prepared by the PGM and the GM at a
mean current density of 2 mA/cm?. The corresponding
SEM images of PANI films are shown in Fig. 2. It can
be observed from Fig. 2 that PANI prepared by the
PGM shows nanofibrous morphology and PANI pre-
pared by GM shows granular morphology. These results

Fig. 2 Scanning electron microscopy images of polyaniline (PANI)
films prepared by a the pulse galvanostatic method (PGM) or b the
galvanostatic method (GM) in 0.5 mol/l H,SO4 and 0.2 mol/l
aniline. PGM conditions: f,/tox, 1:1; frequency, 10 Hz; mean
curzrent density, 2 mA/cm? GM condition: current density, 2 mA/
cm

indicate that the morphology of PANI varies greatly
with different preparation methods. The possible
explanations are described as follows. Although the
mean polarized current densities were 2 mA/cm? for
both the PGM and the GM, to,/torr = 1 for the PGM
results in an anodic peak current density of the PGM
twice that of the polarized current density of the GM,
and therefore the polarization behaviors of the poly-
merization of aniline by the PGM and the GM were
obviously different from each other. Meanwhile, the
polymerization of aniline may not occur during the
“off” pulse period for the PGM and aniline in bulk
solution diffuses to the surface of the electrode to sup-
plement the consumption of aniline on the electrode
surface for the next periodic reaction, so the transfer of
aniline monomer in the vicinity of the electrode surface
was apparently different for the PGM and the GM. The
corresponding cyclic voltammograms between 0.2 and
0.7 V of the electrodes prepared by these two methods
are presented in Fig. 3. The voltammograms of the two
electrodes are nearly rectangular in shape without dif-
fusion controlled current peaks, which are in good
agreement with those reported by Fusalba et al. [14] and
Rajendra Prasad and Munichandraiah [24]. Figure 3
shows that the currents of both the anodic and cathodic
half-cycles on PANI/SS electrode prepared by PGM are
larger than those on PANI/SS electrode prepared by
GM. The integral charge (Q;,) can be obtained by
integral of current to time in the CVs of Fig. 3. Figure 4
shows the integral charge Q;,, of PANI/SS capacitors
prepared by these two methods. Since Q;,; was propor-
tional to the capacitance of PANI, it can represent the
capacitance of PANI at the same sweep rate. So the
PANI/SS capacitor prepared by the PGM has a higher
capacitance than the capacitor prepared by the GM with
the same deposited charge. This may be attributed to the
difference in morphology of PANI prepared by the
PGM and the GM. Compared with granular PANI film
(Fig. 2), the nanofibrous PANI film has a larger number
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Fig. 3 Cyclic voltammograms of the PANI/SS electrode prepared
by the PGM («) and the GM () in 1 mol/l NaClO,4 and 1 mol/l
HCIO, electrolyte at a sweep rate of 5 mV/s. PGM conditions:
mean current density, 2 mA/em?; fon/fom, 1:1; frequency, 10 Hz;
QOdeps 2,000 mC. GM conditions: current density, 2 mA/cmz; Odeps
2,000 mC
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Fig. 4 Comparison of the integral charge (Q;,) of PANI/SS
prepared by the PGM or the GM (for the PGM, mean current
density, 2 mA/ecm?; for the GM, current density, 2 mA/cm?)

of microgaps and micropores between the fibers. This
results in a larger specific surface area and better ionic
and electronic conductivity of the film, which result in
greater double-layer capacitance and pseudocapaci-
tance. It can be seen from Fig. 4 that the Q;,, of the
PANI/SS capacitor prepared by the PGM is larger than
that of the PANI/SS capacitor prepared by the GM at
all values of deposited charge. It can also be observed
from Fig. 4 that there is an increase in Qj, with the
increase of the deposited charge for the two capacitors,
which implies that the capacitance of PANI increases
with the thickness of PANI, but the increase trend in
line a is greater than that in line b. From a practical
point of view, the PANI loading on the electrode must
be as high as possible in order to increase the energy of
the capacitor. So the PANI/SS capacitor prepared by the
PGM is expected to perform better for capacitor appli-
cation. That is to say, compared with the GM, the PGM
is a superior method to prepare a PANI supercapacitor.

Effect of morphology of PANI prepared by the PGM with
different preparation conditions on capacitive performance

SEM images of PANI films prepared by the PGM at
different mean current densities are shown in Fig. 5. It
can be seen from Figs. 5 and 2a that with the increase of
the mean current density, the morphology of the PANI
film changes obviously. PANI shows nanofibrous mor-
phology with a fiber diameter of 80—100 nm for a mean
current density of 2 mA/cm® When the mean current
density increases to 6 mA/cm? PANI exhibits flake
morphology. When the mean current density is 4 mA/
cm’?, PANI shows a transitional morphology from
nanofibers to flakes. These results indicate that, even
using the same preparation method, the morphology of
PANI also varies with different preparation conditions.
Different mean current densities lead to different pulse
peak current densities for preparing PANI films. When
ton/torr = 1, the pulse peak current densities were 4, 8
and 12 mA/cm? with mean current densities of 2, 4 and
6 mA/cm?, and the corresponding anodic potentials
were 0.74, 1.23 and 1.72 V, respectively. It is obvious
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Fig. 5 Scanning electron microscopy images of a PANI film
prepared by the PGM in 0.5 mol/l H,SO4 and 0.2 mol/l aniline.
PGM conditions: ty,/to, 1:1; frequency, 10 Hz; mean current
density, a 4 mA/cm®, b 6 mA/cm?>

that, when the mean current density was 2 mA/cm?
(pulse peak current density, 4 mA/cm?), the potential for
preparing PANI was in the normal range, which cannot
result in overoxidation of PANI. When the mean current
density was 4 mA/cm® (pulse peak current density,
8 mA/cm?), the anodic potential reached 1.23 V, which
may slightly cause overoxidation of PANI. When the
mean current density was 6 mA/cm? (pulse peak current
density, 12 mA/cm?), the anodic potential reached
1.72 V, which certainly causes serious overoxidation of
PANI. These were the possible reasons for different
PANI morphologies for PANI prepared by the PGM
with different mean current densities. Figure 6 presents
the influence of the deposited charge (Qgep) on Oiy for
different morphologies of PANI prepared with various
mean current densities. It can be observed from Fig. 6
that Q;, decreases with the morphology of PANI
varying from nanofibers to flakes. The high capacitance
of PANI may result from its nanofibrous morphology,
which provides the PANI film with a large specific sur-
face area and is of benefit to the ion diffusion and
migration in the PANI film. Hence the double-layer
capacitance and pseudocapacitance are improved. In
addition, Qi increases with the increase of Qgc, When
PANI exhibits a nanofibrous or transitional morphol-
ogy. When PANI shows flake morphology, although the
thickness of the PANI film increases with increasing
QOgep» the real surface area of the PANI film in contact
with the solution does not change much. Consequently,
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Fig. 6 Influence of the deposited charge (Qgp) and the mean
current density of the PGM on the integral charge (Qj,) of cyclic
voltammetry in 1 mol/l NaClO,4 and 1 mol/l HCIOy electrolyte at a
sweep rate of 5 mV/s. Mean current densities of 2 mA/ecm?® (a),
4 mA/em? (b) and 6 mA/em? ()

Qint remains almost invariable with the increase of Qgep.
These results also indicate that the nanofibrous PANI
exhibits better capacitive performance compared with
other morphologies of PANI. Meanwhile, the capaci-
tance of nanofibrous PANI increases with increasing
thickness of the PANI film. Hence, it can be concluded
that the morphology of the conducting polymer was
greatly influenced by the preparation methods and
preparation conditions. The real surface area of the
polymer and the transporting resistance of ions and
electrons in the polymer vary with different morpho-
logies, which lead to the difference of the double-layer
capacitance and pseudocapacitance of the polymer.
Therefore, the polymer used for fabricating electro-
chemical capacitors should be synthesized by an
appropriate preparation method and under appropriate
preparation conditions.

The capacitive performance of the nanofibrous PANI/
SS capacitor

The specific capacitance and energy density of the
nanofibrous PANI|SS capacitor

According to research just described, the nanofibrous
PANI/SS capacitor prepared by the PGM exhibits
excellent capacitor ability. The galvanostatic charge—
discharge test was carried out at various current densi-
ties (ranging from 1.5 to 3.5 mA/cm?) in 1 mol/l NaClO,
and 1 mol/l HClIO4mixed electrolyte. Figure 7 shows a
representative charge—discharge curve with voltage be-
tween 0 and 0.75 V. During the charging step, an almost
linear variation of voltage is observed, as expected for a
capacitor [6]. During the discharging step, first the
electronic conductivity of PANI remains sufficiently
high when it is in a high doping state, then undoping
reactions of PANI occur and the uncompensated
solution resistance leads to an increase in resistance of
the capacitor, so the duration of the discharging step is
shorter than the charging step. From the curve, the
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Fig. 7 Typical charge—discharge plot of PANI/SS prepared by the
PGM. PGM conditions: mean current density, 2 mA/cmz; ton/toffs
1:1; frequency, 10 Hz; Qgep, 2,000 mC; charge—discharge current
density, 1.5 mA/cm?

capacitance Cy (farads) is deduced from the slope of the
discharging step with

1

Cd:ma (1)

where Cy is the capacitance of the PANI/SS capacitor
[26], I is the discharge current in amperes, and d V/d ¢ is
the slope in volts per second, and the specific capacitance
Cys(farads per gram) is related to the capacitance [26]

Cy
s ™ T 2
Cas =— (2)
where m is controlled by the deposited charge—0Q4¢,(C)
_ Qdep
"R ®)

where m (grams) is the mass of deposited PANI, and F'is
the Faraday constant, and M is the molecular weight of
aniline, and for the PANI reaction, z is 3 [27].

The influence of Qgep, on Cg and Cy, of the PANI/SS
capacitor is shown in Table 1. A specific capacitance of
609 F/g (charge—discharge current density, 1.5 mA/cm?)
is obtained from Table 1 when the deposited charge is
500 mC. This value is higher than those of an activated
carbon electrode [28] and a grainy PANI electrode [29],
and is comparable to that of hydrous RuO, [7, 8]. Since
RuO, is much more expensive than PANI, PANI will be
more competitive in mass production.

Table 1 Influence of deposited charge (Qgep) On the capacitance
(C4) and specific capacitance (Cqs) of the polyaniline/stainless steel
capacitor (discharge current density, 1.5 mA/cm?)

Qaep (MC) Ca (F) Cas (F/g)
200 0.036 559
500 0.098 609
1,000 0.169 525
1,500 0.231 479
2,000 0.280 435
2,500 0313 389




In addition, one can also calculate the energy density
of this system using the following equation:

cr?

where C and V are the specific capacitance (farads per
gram) and the operating voltage, respectively [30]. The
energy density of the nanofibrous PANI capacitor was
found to be 26.8 W h/kg at a specific capacitance of
609 F/g, which is comparable to the energy density of
RuO,nH,0 (26.7 W h/kg) [8].

The life cycle is another important factor for a sup-
ercapacitor. The stability of the nanofibrous PANI/SS
capacitor prepared by the PGM was evaluated using
constant-current cycling over 1,000 continuous charge—
discharge cycles. As shown in Fig. §, the cyclability of
the capacitor is excellent, because there is only a mar-
ginal decrease of the specific capacitance during 1,000
cycles except for an initial specific capacitance decrease
of 60 F/g within 33 cycles. The initial specific capaci-
tance of the PANI/SS capacitor is about 620 F/g and it
decreases to 544 F/g at the end.

E

EIS of the nanofibrous PANI/SS capacitor

Figure 9 presents Nyquist plots at various cell voltages
for a freshly prepared nanofibrous PANI supercapacitor
assembled with 1 mol/l NaClO4 and 1 mol/l HCIO,4
electrolyte. The data in Nyquist form show that the
system behaves almost like an ideal capacitor at 0 V. It
can be seen from Fig. 9 that there is only a relatively
small variation in the impedance distribution and in the
low-frequency capacitance at different voltages between
0 and 0.5 V. However, when the capacitor voltage
reached 0.8 V, the negative electrode was nearly fully
reduced. The PANI in the completely reduced state is a
poor electronic and ionic conductor. Diffusion-con-
trolled doping and undoping of anions occurs in the
positive and negative electrodes, respectively, resulting
in Warburg behavior. Therefore, at 0.8 V, when in the
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Fig. 8 Life cycle of the PANI capacitor at a current density of
2.5 mA/cm?. The PANI electrodes were prepared by the PGM to a
mass of 0.32 mg/cm?
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Fig. 9 Nyquist plots of a PANI/SS capacitor at various voltages
between 0 and 0.8 V in 1 mol/l NaClO,4 and 1 mol/l HCIO, mixed
electrolyte. Frequency range, 10 kHz to 50 mHz. Deposited
charge, 1,000 mC

low-frequency region, the Nyquist plot does not form an
almost 90° linear branch as at a voltage of 0 V. Figure 9
also shows that the high-frequency real impedance
component, which corresponds to the solution resistance
plus the film electronic and ionic resistances in parallel
combination, increases with the increase of capacitor
voltage. From the frequency (f*, hertz) corresponding to
the maximum of imaginary component (Z”) of the
semicircle, the time constant (z, seconds) of the capacitor
is calculated using the following equation:

1

sz. (5)

The value of t obtained from the data of Fig. 9 is
approximately in the range 0.002-0.42 ms. This is lower
than that of the PANI/SS capacitor obtained by
Rajendra Prasad and Munichandraiah [24]. Low values
of 7 are preferred for electrochemical capacitors for fast
charge—discharge processes [32].

Figure 10 shows impedance spectra for different
PANI loadings when the polymer electrode was polar-
ized at 0 V. The high-frequency resistance slightly de-
creased when less active material is used. This is an
expected result, as the electrode is thinner in this case.
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Fig. 10 Nyquist plots of a PANI/SS capacitor at various deposited
charges between 200 and 2,000 mC in 1 mol/l NaClO4 and 1 mol/l
HCIO,4 mixed electrolyte. Frequency range, 10 kHz to 50 mHz.
Cell voltage, 0 V
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The most important difference occurs in the medium-
frequency range, i.e., where the electrode thickness and
porosity effects can be seen. When the electrode thick-
ness increases (with greater amount of active material),
the shift toward more positive resistance values increases
owing to the higher ionic and electronic resistance of the
thicker polymer film electrode.

Conclusion

PANI films with different morphologies were prepared
by the PGM and the GM, and the corresponding
capacitive performance of PANI with different mor-
phologies was investigated. The results show that,
compared with granular or flake PANI, nanofibrous
PANI has better capacitive performance. This is mainly
on account of the larger real surface area and the better
electronic and ionic conductivity of nanofibrous PANI,
which lead to greater double-layer capacitance and
faradic pseudocapacitance. The research on the capaci-
tive performance of nanofibrous PANI also shows that
the nanofibrous PANI capacitor prepared by the PGM
yields a high specific capacitance of about 609 F/g in
1 mol/l NaClO4 and 1 mol/l HCIO4 and a specific en-
ergy density of 26.8 W h/kg at a discharge current
density of 1.5 mA/ecm?. The nanofibrous PANI sup-
ercapacitor also shows high stability during long cycles.
The PGM is a good method to synthesize nanofibrous
PANI, which is promising for application as a
supercapacitor.
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