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Abstract The electrochemically synthesized polyaniline and lead sulfate are investigated as a pos-

sible active material of the aqueous based hybrid asymmetric supercapacitors. The electrochemical

characteristics of polyaniline (doping-dedoping reactions), as well as electrical characteristics

(specific capacitance, capacity, energy, and power) of the PbSO4|PANI cell, are determined. Based

on the estimated specific energy and power, it is suggested that investigated cell could be classified as

‘‘supercapattery” type of electrochemical power sources.
� 2017 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

It is generally recognized that different types of the superca-

pacitor devices could be used as a useful storage system, for
the electric energy obtained from the renewable and alternative
power sources [1]. The classical electrochemical double layer
supercapacitors (EDLC), had the advantages that can deliver

high power density (in the ranges of kW kg�1) and capability
(60–120 s typically), excellent reversibility (90–95%), and very
long cycle life (>105) [2]. Unfortunately, EDLC could store

low energy density, typically 3–5 Wh kg�1 [3]. In order to
improve energy density, different pseudocapacitive electrode
materials, based for example on transition metal oxides that
can store charge by means of redox-based Faradaic reactions,

were usually considered [4]. In principle, pseudocapacitive
materials can provide the advanced energy density of
�10 Wh kg�1 [5] than EDLCs, particularly in the systems

where numerous discreet oxidation states can be formed dur-
ing charge/discharge, for examples RuO2 and MnO2 [6]. But
because the pseudocapacitive electrode materials endure phys-

ical changes during the charge/discharge they have relatively
poor durability in comparison with the different carbonaceous
EDLCs electrode materials. Different asymmetric and hybrid
supercapacitor systems were investigated in order to improve

electric performances [5,7]. A hybrid device based on a battery
type electrode and an electrochemical capacitor electrode
defined by Cericola and Kötz [8] as an ‘‘internal serial hybrid”

(ISH) in principle could combine good characteristics of super-
capacitors and battery [9]. Recently, such configuration was
named ‘‘supercapattery” (from: supercapacitors-batteries)

[10,11]. Practically, all the electrode materials of the commer-
cial battery systems can be used for the battery-type electrode
in the suitable electrolyte, from lead–acid batteries to metal/air
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systems, but in practice, metallic compounds like SnO2, MnO2

and LiFePO4 are usually investigated [10]. One example of
such hybrid system based on electrodeposited PbO2 on gra-

phite in combination with activated carbon negative electrode
in 5.3 mol dm�3 H2SO4 aqueous solutions was recently investi-
gated by Wang et al. [12]. The authors reported a specific

capacitance of 63 F g�1 in the voltage window from 1.88 to
0.65 V at 5 C rate. The reported specific energy was in the
range of 18–27 Wh kg�1 with a specific power in the range of

690–150 W kg�1.
Intrinsically conducting polymers (ICPs) represent a dis-

tinct group of pseudocapacitive materials that can accumulate
energy via both redox and pseudo-capacitive properties [5,13–

17]. The ability of ICPs to store charges originates from a
doping-dedoping process, and capability to provide the capac-
itive response through a fast redox reaction of the conjugated

areas of the polymer matrix. The most extensively studied
ICPs, due to the low cost of the monomer, easy synthesis
and environmental friendliness are polyaniline (PANI) and

polypyrrole (PPy) with the wide range of the reported specific
capacitance in both aqueous and non-aqueous electrolytes
[11,16,17]. Recently, we investigated simple supercapattery like

cell based on polypyrrole and lead-sulfate in sulfuric acid
based electrolyte [18]. The cell shows battery-like behavior at
low discharge currents, e.g. <0.5 A g�1, and supercapacitor-
like behavior at a higher discharge currents. Discharge in the

specific current range of �0.1–2.3 A g�1 based on the active
masses, could provide specific capacity of 90–70 Ah kg�1;
specific energy of 60–40 Wh kg�1 and specific power in the

range of 40–1350 W kg�1, with the specific capacitance of the
cell in the range of 300–250 F g�1. This findings inspires us
to investigate similar cell, but with polyaniline electrode. The

theoretical specific capacitance of PANI is as high as
750 F g�1 [17], while the experimentally obtained in the sulfu-
ric acid based electrolytes were reported to be in the range of

200–550 F g�1 with potential windows of �0.8 V [19–21].
The reversible doping-dedoping reaction of the PANI occurred
in low pH solutions, pH < 2. Under these conditions, due to
corrosion instability limited numbers of electrode materials

can be used, for example different carbonaceous materials or
lead oxide or sulfate. Hence, the aim of this work was to inves-
tigate potential characteristics of the hybrid cell with polyani-

line as the positive, typical pseudocapacitive materials and
lead-lead sulfate as the negative, typical battery electrode
material in sulfuric acid based electrolyte.

2. Materials and methods

Polyaniline (PANI) was synthesized from the aniline monomer

(ANI) with concentration of 0.25 M in 1 M H2SO4 aqueous
solution. Prior to use aniline was distilled under reduced pres-
sure. Synthesis was carried out by the galvanostatic method
with the current of 15 mA for 1900s (7.9 mAh) onto a plane

graphite electrode with dimensions 1.5 cm � 4 cm,
A= 6 cm2, platinum gauze counter, and saturated calomel
as the reference electrode. Lead sulfate was synthesized by

the oxidation of the one side of the thin lead foil with dimen-
sions 1.5 cm � 4 cm, A = 6 cm2, first to spongy lead dioxide,
and then by reduction of lead dioxide to lead sulfate. Oxida-

tion was conducted with a current of 9 mA over 450 s
(1.125 mAh) in solution contained 1 M H2SO4 with the
addition of 0.05 M KClO4 as an oxidizing agent [18,22]. For-
mation of the Pb|PbSO4 electrode was performed in pure
1 M H2SO4, by the oxidation of lead sulfate to lead dioxide,

and then by reduction of the dioxide to sulfate, and sulfate
to pure spongy lead, with a current of 6 mA. Procedure of
charge-discharge of lead sulfate to lead and vice versa, was

repeated until stable charge-discharge curve was obtained, typ-
ically three times. The half-cell reactions, and the determina-
tion of the cell performances were conducted in 1 M H2SO4.

The electrochemical experiments were conducted using
Gamry PC3 potentiostat/galvanostat, in the glass cell with a
volume of 100 cm3, equipped with saturated calomel electrode
for potential measurement. The voltage of the cell was

recorded using Peak Tech 4390 USB DMM, digital voltmeter
connected to PC via USB cable.

For the UV–vis study of as synthesized polyaniline, the pro-

duct was after synthesis scratched from the graphite electrode
surface using a plastic knife, and well ground in an agate mor-
tar. The small amounts of solid product, �3 mg was added to

10 ml of 1 M H2SO4, sonicated in an ultrasound bath for
30 min, and finally, after the precipitation of the larger parti-
cles that lasted one hour, 3 ml of the solution was analyzed

with an UV–vis LLG uniSPEC 2 spectrometer. For the
XRD study of as synthesized PbSO4, the same procedure as
for the electrode preparation was applied, only the oxidation
was conducted for 2000s, to minimize the influence of pure

lead from the electrode bulk. The XRD pattern of the samples
was recorded with an Ital Structure APD2000 X-ray diffrac-
tometer in a Bragg–Brentano geometry using CuKa radiation

and the step-scan mode (range: 15–65� 2h, step-time: 0.50 s,
step-width: 0.02�).

3. Results and discussion

Fig. 1 shows an electrochemical synthesis of polyaniline
(PANI) and Pb-PbSO4 active electrode materials on graphite

and the thin film lead plane, respectively. Aniline electropoly-
merization from the aniline monomer (ANI) under galvanos-
tatic conditions occurred at the potentials of �0.75 V

according to the following reaction:

nANIþnðy=2ÞSO2�
4 !½PANIyþðSO2�

4 Þy=2�nþ2nHþþð2þyÞne ð1Þ
Fig. 1 Galvanostatic formation of the active materials.



Fig. 2 (a) The UV-visible absorption spectra of the as synthe-

sized PANI dispersions in 1 M H2SO4 aqueous solution. (b) The

XDR spectra of as synthesized lead sulfate.

Fig. 3 Cyclic voltammograms of the investigated materials in

1 M H2SO4.
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where y corresponds to the degree of doping. It was generally

accepted that the first step of the polymerization of the aniline,
considered as the rate-determining, involves formation of ani-
line radical cation, followed by coupling and elimination of

two protons. After the rearomatization firstly dimer was
formed, and further oligomers. The chain propagation
occurred by coupling oligomer radical cation with the anilin-
ium radical cation, with simultaneous incorporation of the

anions, doping, into the polymer chain [23–25].
Spongy lead sulfate was produced by the galvanostatic oxi-

dation of pure lead to lead dioxide, PbO2, in 1 M H2SO4 with

the addition of 0.05 M KClO4 as an oxidizing agent, as shown
in Fig. 1 [18,22]. Formed lead dioxide was then reduced to the
lead sulfate and lead in the same solution, according to the

reactions:

PbO2 þ SO2�
4 þ 4Hþ þ 2e¢PbSO4 þ 2H2O ð2Þ

PbSO4 þ 2e¢Pbþ SO2�
4 ð3Þ

After washing, the electrode was again oxidized to spongy
lead dioxide, but in pure 1 M H2SO4, inset in Fig. 1, and then
few times reduced to pure lead and oxidized to lead sulfate at

the potentials around ��0.6 V.
The UV–visible absorption spectra of the as synthesized

PANI dispersions in 1 M H2SO4 aqueous solution, from 190

to 1100 nm are shown in Fig. 2a. Spectra exhibit the local
absorption maximum at 334 nm that corresponds to p–p* tran-
sition of the benzenoid ring. The band observed in the visible

region at 426 nm were associated with the presence of polaron
state (charged cation radical, quinoid form) and assigned to
polaron�p*, so called exciton [26]. Broad absorption above
�550 nm was associated with polaronic structures in the

polyaniline, with theoretical absorption maximum
at � 850 nm, corresponding to p�polaron transitions. Hence,
it can be concluded that as synthesized polyaniline was in

the polaronic, emeraldine salt form [27]. In Fig. 2b the XDR
spectra of as synthesized lead sulfate are shown. The peaks
positioned at 2h of: 31.21�; 36.16�; 52.11� and 62.09� corre-

spond to the pure lead (JCPDS No. 04-0686 Pb pdf), from
the bulk of the electrode. The rest of the observed peaks were
in excellent agreement with the peak positions of lead sulfate
with anglesite structure (JCPDS No. 36-1461 Anglesite pdf).

In Fig. 3 the cyclic voltammograms of the examined mate-
rials are shown. Doping of the PANI in the emeraldine form
starts at ��0.1 V, and proceed up to the potential of

�0.35 V. Above that potential, possible degradation of the
PANI could occur [28–30]. The dominant degradation product
was proposed to be water soluble benzoquinone with the redox

couple of the benzoquinone-hydroquinone [29]. Insoluble and
inactive degradation products were suggested to remain on the
electrode surface, like PANI strands containing quinoneimine

end groups and ortho-coupled oligomers [28,29]. The dedoping
reaction of the PANI occurred in the broad potential range,
from 0.5 to �0.3 V.

The formal potential of the lead sulfate-lead electrode of

�0.55 V was estimated from Fig. 3. Below that potential
reduction of the lead sulfate to spongy lead occurred, and
above that potential oxidation of lead to lead sulfate, Eq. (3).

In Fig. 4 the charge-discharge curves for investigated mate-
rials are shown. A charge of PANI electrode occurred in the
potential range of 0.05 V–0.4 V, and discharge from 0.4 to
�0.15 V, followed by sharp potential decrease caused by diffu-
sion limitations of sulfate anions in dedoping reaction to the

�0.4 V. Coulombic efficiency of charge-discharge was around



Fig. 4 Charge-discharge curves of the investigated materials for

different currents. Inset: obtained charge (open symbols) and

discharge (full symbols) capacity for PANI (cycles) and PbSO4

(squares) electrodes.
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100%, and obtained discharge electrode capacity depends on
applied current ranging from 0.85 mAh for low currents to
0.7 mAh for higher currents, inset in Fig. 4. Reduction of lead
sulfate occurred at potentials from ��0.6 to �0.8 V, while

most of the lead oxidation to lead sulfate occurred at potential
of ��0.5 V. The capacity of the charge-discharge was around
1 mAh, inset in Fig. 4.

The polyaniline structure strongly depends on applied
potential [31,32]. The potential regions of dominant structures
in 0.1 M H2SO4 were reported as: �0.2–0.075 V (SCE) leu-

coemeraldine (y= 0); 0.075–0.675 V emeraldine (y = 0.5),
with substructures: 0.075–0.19 V polaron, 0.19–0.55 V polaron
lattice, 0.55–0.675 V bipolaron, and above 0.675 V pernigrani-
line (y= 1) [31]. It was also reported that most of the redox

capacitance in 1 M H2SO4, �76%, originated from the PANI
polaron structure. Structural analysis of the doping of PANI
with divalent anions, to the best of our knowledge, was not

treated in the literature. For the single charged anions e.g.
chloride, perchlorate etc. the connection of the available (Q)
and polymerization charge (Qp) can be given by the following

equation:

Q ¼ y

2þ y
Qp ð4Þ

Hence, for the polymerization charge of 7.9 mAh, corre-

sponding available charge for y = 0.5 (polaronic emeraldine
state) will be 1.58 mAh, which was almost twice than obtained.
Based on the average PANI doping-dedoping charge of

�0.85–0.7 mAh, it could be proposed that divalent sulfate
anions were banded to crosslinked parallel polymer chains in
the polaron state, as shown in Fig. 5. In that way one polymer

unit (consisted of four monomer units) will have a doping
degree of 0.5 (emeraldine state), but whole polymer will be
doped only with n � y/2 anions.

Based on these considerations, the total polymerization
charge, Qp, of the polyaniline electropolymerization reaction,
Eq. (1), is given as:

Qp ¼ Iptp ¼ ð2þ yÞneF ð5Þ
where y is doping degree. The p-doping/dedoping reaction

with sulfate anions is:

½PANIyþðSO2�
4 Þy=2�n þ ðy=2Þne¢ ½PANI0�n þ nðy=2ÞSO2�

4 ð6Þ
and the theoretical available doping/dedoping capacity is given

as:

Q ¼ It ¼ ðy=2ÞneF ð7Þ
Relating Eqs. (5) and (7), available capacity can be con-

nected with polymerization charge with the following

equation:

Q ¼ ðy=2Þ
2þ y

Qp ¼
ðy=2Þ
2þ y

Iptp ð8Þ

Consequently, for the polymerization charge of 7.9 mAh,
and for the theoretical doping degree of 0.5 (two sulfate anions

per polymer units) [17,33], available dedoping charge can be
estimated to 0.8 mAh, which was in excellent agreement with
experimentally obtained value. For the further calculations

of the specific values, it was necessary to calculate the as syn-
thesized PANI mass. The mass of the electropolymerized
PANI was related to the total polymerization charge (Qp),

and can be represented, according to the Faraday law, by
the following equation:

mðPANIÞ ¼ Iptp½MM � 2MðHþÞ þ ðy=2ÞMA�
ð2þ yÞF ð9Þ

where F is the Faraday constant, MM and MA the molar
masses of the aniline monomer unit (93.13 g mol�1) and the
sulfate anion (96.09 g mol�1), respectively. The mass of the

electropolymerized PANI for y= 0.5 was estimated to
13 mg. From Eqs. (8) and (9), it was possible to recalculate
specific capacity (q) of the doped PANI in the range of

58 mAh g�1. Accordingly, the PANI specific capacitance of
262 F g�1, can be obtained from the following equation:

CðPANIÞ ¼ q� 3600

DE
ð10Þ

where 3600 is to convert Ah g�1 in C g�1, and DE was dis-
charge potential window, �0.8 V. On the other hand, the
specific capacitance of the PbSO4 electrode in the range of

1600 F g�1, could be estimated for 1 g of PbSO4 and using
an equation:

CðPbSO4Þ ¼ nF� 3600

MðPbSO4ÞDE ð11Þ

where F is Faraday constant (26.8 Ah mol�1), and DE was
around 0.4 V. Consequently, for serial connection of PANI

and PbSO4 electrode, the overall cell capacitance, given as:

1

C
¼ 1

CðPANIÞ þ
1

CðPbSO4Þ ð12Þ

was in the range of 224 F g�1, suggesting that C(PbSO4)
slightly contributed to the capacitance of the cell. In the same

manner the theoretical specific capacity of the cell:

1

qcell
¼ 1

qðPANIÞ þ
1

qðPbSO4Þ ¼
1

qðPANIÞ þ
MðPbSO4Þ

2F
ð13Þ

could be estimated to 44 mAh g�1.
Fig. 6 shows charge–discharge curves of the PbSO4|PANI

cell for different currents, while limiting the potential of the

PANI electrode to 0.4 V. Charge of the cell occurred above



Fig. 5 The proposed structure of polymer chain crosslinking with the sulfate anions in the emeraldine–polaron state of the polyaniline.

Fig. 7 Experimentally determined voltage drop, IR, during

initial cell discharge. Insets: (a) Impedance spectra of charged cell.

(b) Calculated total cell resistance using the Ohms law.

Polyaniline–lead sulfate based cell with supercapattery behavior 579
0.5 V up to �0.95 V, while beginning of the discharge voltage,
Ud, nonlinearly decreases from 0.85 to 0.65 V with increased
applied current, caused by Ohmic drop and polarization resis-

tances of the electrodes, see Fig. 4. Coulombic efficiency (C.E.)
slightly decreases from 108% to 101%, inset in Fig. 6, by
increased current, probably due reduction of an overoxidized

polyaniline products.
In order to determine the nature of relatively high initial

voltage drops, the following analysis was performed. In Fig. 7a
the electrochemical impedance spectra of the charged cell,

using the counter spongy lead electrode as a reference, are
shown. Impedance spectra were characterized with small semi-
circles at higher frequencies, and straight line with the slope

near 90o characteristics for pseudocapacitive materials. From
the high frequency intercept with Z’ axis, the cell resistance
of 7.8 X was determined. The conductivity of 1 M H2SO4

was 26 � 10�2 X-1 cm�1, so the pure electrolyte resistance
(for inter electrode distance of 2 cm and electrode area of 6
cm2) will be in the range of �1.3 X. Hence, the rest of the resis-

tivity of �6.5 X could be connected with PANI electrode,
because resistance of the charged spongy lead can be neglected.
Using the determined value of the cell resistance of 7.8 X, in
Fig. 7 with dotted line is shown theoretical dependence of

the voltage drop, IRX, caused only with the Ohmic resistance.
Experimentally determined total voltage drop, IR, during dis-
charge, also shown in Fig. 7, point to Ohmic like behavior,

with the slope of 13.3 X. The total cell resistance, Rcell, calcu-
Fig. 6 Charge-discharge curves of the PbSO4|PANI cell for

different currents. Inset: Coulombic efficiency of charge–discharge

process.
lated using the Ohm law slightly depends on applied current,
Fig. 7b. Hence, the total cell voltage drop can be given as I
(Rp + RX), where Rp was polarization resistance. The value

of Rp, to some extent depends on applied current, Fig. 7b,
and can be mainly connected with the increased resistance of
the outer surface PANI layer due fast dedoping (discharge)

and slow diffusion of the dopant anion from the bulk of the
polymer. Also, in some extent the voltage drop during dis-
charge could be also connected with the initial transitions
due diffusion controlled solid state reaction of the spongy lead

transformation to the lead sulfate.
Usually, in the literature the simplified method was used to

obtain values of specific capacitances, energy and power. From

the determined slopes, dU/dt, during discharge in Fig. 6 the
specific capacitance of the cell was estimated by applying the
following equation:

Ccell ¼ I

ðdU=dtÞ½mðPANIÞ þmðPbSO4Þ�
ð14Þ

where I, A, was discharge current, m(PANI) estimated PANI

mass in a doped state of 13 mg, and m(PbSO4) was valued
by the each discharge current and corresponding times using
the Faraday law. The calculated values of the specific capaci-

tances of the PbSO4|PANI cell, ranging around 450 F g�1,
shown in Fig. 6a), were practically independent of applied
specific current. The obtained values using Eq. (14), seem to
be overestimated in the comparison with the theoretically cal-
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culated one of 224 F g�1. It is interesting to note that the speci-

fic capacitance of the cell practically did not vary with applied
current, as usually obtained [34]. From the determined values
of the specific capacitances, the maximum specific energy, wcell,

Wh kg�1, and power, Pcell, W kg�1, was obtained using
equations:

wcell ¼ 1

2� 3:6
CU2

d and : Pcell ¼ w� 3600

td
ð15Þ

where Ud – was taken from Fig. 6, and td was in seconds. The
dependence of specific energy and power is shown in Fig. 8,

with curve 2, in the form of Ragone plot. By increasing the cur-
rent, specific energy decreased from 47 to 27 Wh kg�1, while
specific power increased from 300 to �1000 W kg�1.

More reliable method for the determination of specific
energy and power of such a cell, at constant specific discharge
current, Id, A g�1, was to use the integral form of specific

energy:

wcell ¼ Id
3600

Z t

0

Udt ð16Þ

and specific power:

Pcell ¼ Id
Dtd

Z t

0

Udt ð17Þ

The calculated values are given with line 1 in Fig. 8. The

specific energy decreased from 30 to 20 Wh kg�1, while the
specific power increased from 200 to �800 W kg�1, by increas-
ing specific current. The specific capacitance of the cell in the
range of 215–230 F g�1, were calculated using the following

equation

Ccell ¼ Idtd
Ud

ð18Þ

where td was in seconds. These values were in good agreement
with theoretically calculated of 224 F g�1. Specific capacity of
the cell, Fig. 8b), slightly decrease from 47 mAh g�1 to
Fig. 8 Ragone plot for PbSO4|PANI cell, values calculate using

(1) Eqs. (16) and (17), 2) Eq. (15); (a) The dependence of the

specific discharge capacitance calculated using (3) Eq. (18) and 4)

Eq. (14); (b) The dependence of the specific capacity on applied

specific currents.
40 mAh g�1 by increasing the specific current, which was in

good agreement with the theoretical value of 44 mAh g�1.
According to the obtained specific energy and power, such
device could be classified as a supercapattery cell [10].

The cycling performances of the cell were investigated over
44 cycles, Fig. 9, applying the current of 15 mA (0.864 A g�1),
with duration of 200 s for charge and discharge cycle, respec-
tively. For the each discharge curve the capacitance was deter-

mined, using the simplified method given by Eq. (14), from the
linear part of the discharge curve, Fig. 9a). Plotting the depen-
dence of the obtained specific capacitance over cycle number,

the decrease of �0.16 F g�1 per cycle was determined. Hence,
it could be estimated that from an initial value of 445 F g�1,
20% of capacitance loss will be achieved after �550–600

cycles. Estimated cycle numbers were in good agreement
reported for pure polyaniline electrode [35–38] as well as for
pure lead sulfate electrode [39].

Pure polyaniline electrode experience large volumetric swel-

ling and shrinking during charge/discharge process as a result
of ion doping and dedoping [40]. This volumetric interchange
often leads to structural failure and thus relatively fast capac-

itance deterioration. Apparently, most polyaniline and poly-
pyrrole based electrodes retain less than 50% of the initial
capacitance after �1000 cycles. Therefore, cycling instability

is a major obstacle for practical applications of pure conduc-
tive polymer electrodes. Enormous stability improvement of
the polyaniline and polypyrrole electrodes was recently

achieved by Liu et al. [41] depositing a thin carbonaceous shell
onto polymer surface, by a hydrothermal reaction using glu-
cose as carbon precursor. Carbonaceous shell-coated polyani-
line and polypyrrole electrodes reached remarkable

capacitance retentions of �95 and �85% after 10.000 cycles.
On the other hand, it was reported that 80% of the capacity
loss occurred after approximately 450–500 cycles of pure lead

sulfate under deep discharge, �100 DOD [39]. This could be
significantly improved by adding a small amount of the differ-
ent carbon materials into the active mass of lead sulfate elec-

trode [42,43]. Addition of the carbon materials could also
have beneficial effect on the cell resistivity.
Fig. 9 Cycling behavior of the PbSO4PANI call. (a) The

determination of the specific discharge capacitance. (b) The

dependence of the specific capacitance on cycle number.
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4. Conclusion

The charge–discharge reactions of the electrochemically
formed polyaniline ad lead-lead sulfate in 1 M H2SO4 were

investigated. It was proposed that divalent sulfate anions were
banded to crosslinked parallel polyaniline chains in the
polaron state. In that way one polymer units (consisted of four

monomer units) will have a doping degree of y = 0.5 (emeral-
dine state), but whole polymer will be doped only with y/2
anions. The two mathematical methods for the determination
of the cell electric characteristic were used: treating the slopes

of the charge–discharge curves, and integral form of discharge
characteristics. It was shown that integral form of treating was
more reliable. The cell capacitance, ranging from 216 F g�1 to

230 F g�1 was determined, which were in good agreement with
theoretically calculated of 224 F g�1. In the specific current
range of 0.3–1.5 A g�1 based on the active masses, the specific

energy decrease from 30 to 20 Wh kg�1, while specific power
increased from 200 to �800 W kg�1. The specific capacity of
the cell, slightly decreased from 47 Ah g�1 to 40 Ah g�1 by

increasing the specific current. According to obtained specific
energy and power, such device could be classified as a superca-
pattery cell. From the cyclization experiments, it was estimated
that cell will lose 20% of initial capacitance after �550 cycles.

It could be also suggested that improvement of the cycling sta-
bility as well as the relatively high resistivity of the cell, can be
further achieved preparing a carbonaceous based composite

electrode materials.
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