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a  b  s  t  r  a  c  t

Nanostructured  self-doped  polyaniline  (SDPA)  is prepared  from an  aqueous solution  of aniline  and  m-

aminobenzoic  acid using  an  electrochemical  method  onto  a stainless  steel electrode.  This  electrode

employed  as  a  positive  shared  electrode  in  the  construction  of  a hybrid  battery–supercapacitor  energy

storage system AC/SDPA/Zn. This  hybrid  system  is constructed  using  a  parallel  combination  of  an

asymmetric supercapacitor  (AC/SDPA) and a  secondary  battery  (Zn/SDPA)  in  a  single cell  configuration

and same  electrolyte.  Different  electrochemical  methods  including cyclic  voltammetry,  galvanostatic

charge–discharge and rate charge–discharge  studies  are  carried  out  to characterize electrochemical  per-

formances  of  the hybrid  system.  Based on  the obtained results, the  hybrid  system shows  specific capacity,

specific  energy,  specific power and  maximum  power  values  of  215  Ah  kg−1, 204  Wh  kg−1,  863 W kg−1 and

8909 W kg−1, respectively,  at  a current density  of  2.5  mA cm−2.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanoscale materials have opened a new rich world of possibil-

ities for science and engineering and widely used in many fields

[1,2]. The electroactive nanomaterials can improve the perfor-

mance of electrochemical energy storage systems such as  batteries

and supercapacitors [3]. It is due to more efficient electrochemi-

cal reactions of nanomaterials in these two energy storage systems

as compared to micromaterials [4,5]. So,  using electroactive nano-

materials, the performance of such systems is extremely improved

and specific capacity of batteries and supercapacitors get close to

the theoretical values.

The ability to store transiently and redeliver high energy and

high power electric energy in the  modern energy storage systems

is an essential component of today’s hybrid electric devices. In

such electric systems, performance requirements are high energy

density, high rate charge acceptance-delivery and long cycle life

[6–9]. Supercapacitors and secondary batteries are energy storage

systems; however, in practical applications, none of them can be

properly used as a single power supply for hybrid electric devices

due to low energy and low power characteristics of supercapacitors

and secondary batteries, respectively [10–13].  A parallel combina-

tion of these two energy storage systems provides a high power

∗ Corresponding author. Tel.: +98 21 82883474/82883479; fax: +98 21 88006544.
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(M.F. Mousavi).

hybrid energy storage system which simultaneously shows high

energy and high power characteristics of batteries and supercapaci-

tors, respectively [14,15].  They could be used in parallel (separated

cells) and/or shared electroactive materials and electrolytes (sin-

gle unit cell). However, it does not mean that the hybrid energy

storage systems can be easily achieved by  combining any superca-

pacitor with any secondary battery because of their difference in

the operational voltage range [16].  If  the operational voltage range

of supercapacitor is not equal to the secondary battery, one of them

is always at  the  overcharge state and undergoes irreversible reac-

tions and the other is always at the  discharge state. So the hybrid

energy storage system works with poor performance. Moreover,

the simple parallel design of any supercapacitor with any secondary

battery with the same working voltage cannot reach hybrid power

source; it  is due to  the difference in charging/discharging slope of

these two  systems. So, it  is necessary to use a DC–DC converter

because charging or discharging of the supercapacitor is done up

or down to the  secondary battery voltage level. The single cell

configuration of hybrid energy storage systems is more interest-

ing than separated cell configuration because in these systems, the

DC–DC converter does not  need and has a higher specific gravimet-

ric/volumetric energy and power due to use of shared electroactive

material and the same electrolyte [17]. With this design, the total

charge and discharge currents of the hybrid energy storage sys-

tems are  composed of both supercapacitor and secondary battery

current.

Among the wide variety of electrically conducting polymers

(ECPs) polyaniline (PAN) nanostructures as an  advanced materials

0379-6779/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic view of AC/SDPA/Zn hybrid cell: SDPA as positive shared electrode,

electrodeposited on a stainless steel current collector, cellulose acetate separator

and  activated carbon (AC), pressed on a  stainless steel current collector, and Zn

plates as negative electrodes.

with high surface area and high porosity give the best performances

in the PAN–Zn secondary batteries with aqueous electrolytes [18].

A difficulty arises when Zinc is the  counter electrode, since Zinc

undergoes spontaneous dissolution in acidic media, while PAN is

electroactive only in acidic media [19–22].  The other difficulty is

PAN degradation in the aqueous medium [23] which causes lower-

ing the OCV of PAN–Zn battery [24]. Studies show that some steric

reagents reduce the rate of PAN degradation [25].  Unlike PAN, its

derivatives, e.g. SDPA exhibit better chemical stability due to steric

protection by the carboxylic and sulfonic group [26]. In  addition,

the SDPA does not lose its electrochemical activity in low acidic

solutions. Because in the charge–discharge cycles of energy stor-

age systems, the reversible exchanging of anions among ECP and

electrolyte limits very important characteristics such as available

power that slakes due to  limited rate of anions mobility [27–29].

However, SDPA excludes the participation of functional groups

with negative charge (like –COO− and –SO3−), which eliminates

the ion mobility problem. So, by employing SDPA, the carboxylic

group of the m-aminobenzoic acid can locally provide both nec-

essary proton and anionic dopants in the polymer’s network. So,

polymer electroactivity does not need the external protons in the

solution. In other words, SDPA enables one to work in mild pH

which provides the following advantages: (i) retain the polymer

electroactivity, (ii) decrease polymer degradation and (iii) decrease

spontaneous Zn dissolution. So,  SDPAs are expected to be promis-

ing electroactive materials for the positive electrodes in Zinc and

Lithium secondary batteries [30–33].

In previous reports, we constructed a secondary battery [21]

and a symmetric supercapacitor [34] using SDPA and Platinum as

electroactive material and current collector, respectively. Although

this system shows a high specific capacitance 480 F  g−1, the lim-

ited application of the  symmetric supercapacitor SDPA/SDPA due

to  its low working voltage does not let it parallel with the sec-

ondary battery Zn/SDPA. It  should be noted that the symmetric

supercapacitors are constructed with two similar electroactive

materials which reach maximum 1.2 V  in the aqueous electrolyte

solutions. Whereas, the asymmetric supercapacitors are  assembled

using a positive electrode with the large positive cutoff poten-

tial  and a  negative electrode with high hydrogen overpotential,

which results in a  significant increase in the overall cell oper-

ating voltage in the aqueous solutions. Therefore, by employing

asymmetric supercapacitor configuration, one can extend the oper-

ational cell voltage as  reported by Park and Park [35] as  1.6 V

and by  Wang et al. [36] as  1.4 V for asymmetric supercapacitor

AC/PAN.

Following our  recent works on improving the performance of

lead acid [37,38], dry and wet Zn–PAN batteries [39–42], and more

recent studies on using SDPA nanofibers as a new material for sym-

metric redox supercapacitor [34]. Herein, we introduce a new high

power–energy hybrid power source using a parallel combination of

high operational voltage aqueous asymmetric supercapacitor with

a secondary battery in a mild pH. In this system, to improve the

performance, the working voltage of the symmetric supercapacitor

SDPA/SDPA was increased by replacing of SDPA negative electrode

with activated carbon (AC). So, the operational working voltage of

this asymmetric configuration (AC/SDPA) was tuned to match with

the secondary battery Zn/SDPA. This  is an essential requirement

for construction of a hybrid battery–supercapacitor. Different elec-

trochemical methods including cyclic voltammetry, galvanostatic

charge–discharge and rate charge–discharge studies are carried out

to characterize electrochemical performances of the AC/SDPA/Zn

hybrid energy storage system.

2. Experimental

2.1. Chemicals

AC, reagent grade m-aminobenzoic acid and aniline were

obtained from Merck and Fluka. Aniline was doubly distilled and

kept under argon in darkness at 5 ◦C. HCl, NH4Cl  and ZnCl2 were

prepared from Merck as analytical grade chemicals. Doubly dis-

tilled water was used to prepare all solutions.

2.2. Methods

An Autolab PGSTAT 30 instrument (Eco-Chemie, The

Netherlands) was used for electrochemical depositions and

measurements. Electrodeposition of SDPA was  carried out in a

conventional three electrode cell. The stainless steel (SS, grade 304,

0.5 mm thickness) plate (2 cm ×  2 cm)  was used as the working

electrode, a Pt plate and Ag/AgCl (KCl, saturated) were utilized as

counter and reference electrodes, respectively.

Electrochemical studies on the hybrid system were performed

using a lab-made three electrode configuration cell that is shown

in Fig. 1. In this cell, a  shared SDPA acts as the positive pole of Zn-

secondary battery and asymmetric supercapacitor. Zn  plate and AC

were used as negative poles in the Zn-secondary battery and asym-

metric supercapacitor. Positive plate was separated from negative

plates using cellulose acetate as a  separator. The AC was  coated on

SS plate (2 cm × 2 cm)  by mixing 90 wt%  of AC powder with 10 wt%

of poly(tetraflouroethylene) (PTFE). This resulted in a  rubber-like

paste that was  rolled in a film (about 2 mm thick) on a flat SS sur-

face and dried 12 h at 60 ◦C. Then to assure a good electrical contact,

electrode was  hot-pressed under a pressure of 15 MPa  at 110 ◦C for

3 min. Before the electrochemical measurements, the AC electrode

must be activated by immersing it into 1.0 M ZnCl2 and 0.5 M NH4Cl

mixed electrolyte solution for 24 h.  Scanning electron microscopy

(SEM) was performed with a  Philips instruments, Model X-30.

All experiments were carried out at 25 ◦C in an air-conditioned

room.

2.3. Electrodeposition of  SDPA

SDPA nanofibers were potentiostaticaly deposited on the SS

plate at the potential of 0.85 V vs. Ag/AgCl in an electrolyte solution

of 1 M HCl + 0.05 M aniline +  0.05 M m-aminobenzoic acid. Before

electrodeposition of SDPA, SS electrodes were polished using slurry

(particle size 0.5 �m),  washed in water and ethanol. Then the mod-

ified electrodes were washed with 1.0 M HCl solution to perform
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Fig. 2. Scanning electron micrographs of self-doped polyaniline nanofibers in the different magnifications.

electrochemical studies such as galvanostatic charge–discharge,

rate charge–discharge and cyclic voltammetry (CV) in 1.0 M ZnCl2
and 0.5 M NH4Cl mixed electrolyte solution. Also the  stability and

power–energy characteristics of the battery–supercapacitor hybrid

system were studied in detail by charge–discharge experiments. To

evaluate the quantity of the active material onto the plates, the  SS

electrodes were weighed before and after SDPA coating procedure.

3.  Results and discussion

3.1. SEM analysis of  SDPA nanofibers

Since the formation of the nanofibers is highly dependent upon

the substrate nature and applied potential, it is worthwhile to com-

pare our results with those of other investigations. Gupta and Miura

[43] reported that the synthesis of polyaniline nanowires has been

achieved potentiostaticaly at the constant potential of 0.75 V vs. SCE

(0.79 V vs. Ag/AgCl) on the stainless steel, whereas in the present

study, aniline and m-aminobenzoic acid monomers have been used

to prepare SDPA nanofibers. It is noteworthy that the presence of

carboxylic group in m-aminobenzoic acid deactivates its aromatic

system with respect to an electrophilic substitution due to the

electron-withdrawing effect. Therefore, this electronic effect is also

responsible for the higher potential (0.85 V  vs. Ag/AgCl) needed to

oxidize the m-aminobenzoic acid monomers, compared to aniline.

SDPA nanofiber formation mechanism is a typical bottom-up

approach in which aniline and m-aminobenzoic acid (monomers)

primarily produce corresponding cation radicals, followed by

attaching to other monomers to produce oligomers. A further

progress results in extended length in intertwined nanofibers and

cross-links lead to 3-dimensional network of SDPA [43]. It should

be mentioned that by increasing the oligomers length, Ohmic

drop increases and leads to the formation of the cation radicals

at higher potentials. However, SDPA has autocatalysis effect that

leads to decreasing radical-cation formation. These two  compen-

sation effects cause the formation of uniform nanofibers in thin

layers of polymer. Therefore, the classical theory of nucleation and

growth can be used to describe the mechanism of nanofiber film

formation [44–47].

Fig.  2a–d shows the SEMs of SDPA thin films in different magni-

fications (7500, 15,000, 30,000 and 60,000×). As it  is seen, the SDPA

film consisted of uniform nanofibers with diameters in the range

of 70–90 nm.

3.2. Cyclic voltammetry studies

Fig. 3a–c shows cyclic voltammograms of supercapacitor

AC/SDPA and secondary battery Zn/SDPA in the two-electrode

system and AC/SDPA/Zn in the hybrid cell (Fig. 1) at scan rate

of 5 mV  s−1 into 1.0 M ZnCl2 and 0.5 M NH4Cl  mixed electrolyte

solution, respectively. As it  shown in Fig. 3a, supercapacitor

AC/SDPA represents a parallelogram box-like shape between 0.4

and 1.5 V and exhibits high quality supercapacitive behavior with

excellent reversibility (the CV of an  ideal supercapacitor without

internal resistance would have a rectangular shape. When tak-

ing into account internal resistance, the CV gets a shape close

to parallelogram with two  smoothed over angles). This asym-

metric supercapacitor includes both a polarizable (AC) and a

non-polarizable (SDPA) electrode. As it  is shown schematically as

following, charge storage mechanisms in the AC/SDPA are non-

Faradaic and Faradaic.

Positive : SDPAred

charge

⇄
discharge

SDPAox + ne  (1)
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Fig. 3. CV curves of the (a) AC/SDPA supercapacitor, (b) Zn/SDPA secondary battery

and (c) battery–supercapacitor hybrid system AC/SDPA/Zn in 1.0 M ZnCl2 and 0.5 M

NH4Cl mixed electrolyte solution at scan rate of 5  mV s−1 .

Negative: AC + Cations  + ne 
Charge

Discharge
AC(n e) cation s

: stands for doubl e l ayer

Cations : Zn 2+ , NH4
+  

(2)

When the supercapacitor is charged in a Faradaic process,

SDPAred is converted to SDPAox and electrons flow to negative

electrode. Then, according to charge neutrality, positive ions are

absorbed onto the carbon negative electrode – non-Faradaic pro-

cess – to balance its charges.

In  order to evaluate tunability of the secondary battery Zn/SDPA

with supercapacitor AC/SDPA for constructing hybrid AC/SDPA/Zn

using a shared SDPA positive electrode, cyclic voltammogram of

the Zn/SDPA system was recorded (Fig. 3b). As it  is shown, this

system similar to the supercapacitor AC/SDPA (Fig. 3a) can be

charge/discharged in the sloping form in the voltage range between

0.4 and 1.5 V.

Fig. 3c shows the cyclic voltammogram of the hybrid

AC/SDPA/Zn in the similar voltage range (0.4–1.5 V). As

seen in Fig. 3b and c,  the secondary battery SDPA/Zn and

the hybrid AC/SDPA/Zn exhibit two  current peaks. The

peaks at 1.29 V and 0.98 V are  related to, respectively,

charge and discharge behavior of these two energy storage

systems which can be shown schematically as following:

SDPAred + Zn2+
charge

⇄
discharge

SDPAox + Zn  (3)

However, as it  is shown in Fig.  3c,  unlike the secondary bat-

tery SDPA/Zn which stores energy only in Faradaic mechanism,

hybrid AC/SDPA/Zn represents a bigger response current (curve

in a rectangle) that is related to non-Faradaic (electrically dou-

ble layers (EDLs)) storage energy more than Faradaic mechanism

which is related to adjoin AC component. Moreover, these two

systems exhibit different electrochemical behaviors in the  lower

potential range. As Fig. 3b and c shows, the hybrid AC/SDPA/Zn

exhibits higher capacitive current than the SDPA/Zn battery. The

above results from CVs demonstrate that by  the addition of AC

in the hybrid AC/SDPA/Zn, the  rate  of the electron transfer does

not change because peak separation is approximately equal to the

SDPA/Zn battery, but, energy storage in the hybrid AC/SDPA/Zn is

done in the wider potential range using a double layer in addition to

Faradaic energy storage. However, the hybrid AC/SDPA/Zn system

shows that the performance extends into higher ability for energy

storage inaccessible to the single system.

3.3. Charge–discharge characteristics

The galvanostatic discharges of the systems are performed

at  constant discharge current density of 2.5–20 mA cm−2 into

1.0 M ZnCl2 and 0.5 M NH4Cl mixed electrolyte solution and

plotted in Fig. 4a–c. As it  is shown, the potential dropped

sharply at the beginning of each experiment, proportional to the

internal resistance (ESR) which includes the electrode and elec-

trolyte solution resistance. It could be calculated according to R

(�) = (Echarge − Edischarge)/2I, where I,  Echarge and Edischarge are the

applied constant discharge current (A), the cell voltage at the

end of charge and at the beginning of discharge (V), respectively

[48,49]. This gives average values of 1.5, 5 and 2 � for the superca-

pacitor AC/SDPA, the secondary battery Zn/SDPA and the hybrid

AC/SDPA/Zn, respectively, at constant charge–discharge current

density of 2.5 mA  cm−2.  These values show that the internal resis-

tance of the battery–supercapacitor hybrid system is lower and it

has higher power than the battery.

Fig. 4a and b shows galvanostatic discharge profiles of the

supercapacitor AC/SDPA and the secondary battery Zn/SDPA,

respectively. As it  is obvious, these two systems nearly show sloping

discharge behavior (Fig. 4a and b) in the voltage windows 0.4–1.5 V.

However, unlike the supercapacitor AC/SDPA (Fig. 4a), a  secondary

battery Zn/SDPA (Fig. 4b) cannot store energy at whole voltage win-

dow 0.4–1.5 V which is due to the nature of the negative poles of the
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Fig. 4. Galvanostatic charge–discharge curves of (a)  AC/SDPA supercapacitor, (b)

Zn/SDPA  secondary battery and (c) the battery–supercapacitor hybrid system

AC/SDPA/Zn at a various constant current density of 2.5–20 mA  cm−2 into 1.0 M

ZnCl2 and 0.5 M NH4Cl mixed electrolyte solution.

AC/SDPA and the  Zn/SDPA systems. However, these two  systems

can be connected to each other in parallel because their operational

voltages are nearly similar and they are tunable. As shown in Fig. 4c,

it is obvious that the discharge profile of the hybrid AC/SDPA/Zn

exhibits improved electrochemical behavior as compared with the

other two and its discharge profile (Fig. 4c) is reconciliation of two

Fig. 5. Schematic representation of the electrochemical/physical exchange

takes place between the different materials in the three electrodes of the

battery–supercapacitor hybrid system AC/SDPA/Zn at load condition.

other systems. As it is shown, the whole charge/discharge process

of the hybrid AC/SDPA/Zn (inset Fig. 4c) does not exhibit obvi-

ous sloping voltage profile and has several steps. In the potential

ranges of 0.4–1.05 V and 0.8–0.4 V in the  charge and discharge pro-

cesses, respectively, EDLs is dominant charge storage mechanism.

However, in the potential range of 1.05–1.5 V and 1.5–0.8 V in the

charge and discharge processes, respectively, Faradaic mechanism

is dominant. So, comparison of this hybrid AC/SDPA/Zn with a sin-

gle secondary battery Zn/SDPA showed its discharge performance

was superior to that of a  single secondary battery Zn/SDPA when

the shared SDPA electrode and the same electrolyte medium were

adopted.

When the battery–supercapacitor hybrid system is loaded,

the electrochemical/physical phenomena take place between dif-

ferent materials (Fig. 5). Electrical energy is produced by  the

chemical/physical action between the metal and/or AC and the

electrolyte. Electrons are transported between the positive and

negative electrodes via an external circuit and this process is known

as  discharging. The material in the  Zinc electrode is oxidized and

releases electrons to the  electrode (Faradaic process), which as a

result becomes more negative (an anodic reaction) represented by

the following chemical equation.

Zn → Zn2+
+ 2e (4)

Parallel to the  above chemical reaction, some electrons sepa-

rate from AC (on  the charged state AC contain negative charge)

and the absorbed cations are desorbed from the AC surface (double

layer capacitive process). At the same time, the SDPAox in the  posi-

tive electrode is reduced to SDPAred and the electrode becomes less

positive (a cathodic electrochemical reaction).

SDPAox + ne →  SDPAred (5)

The electrons flow from Zinc  and AC, through external load to the

cathode where the electrons are accepted and the cathode material

is reduced. The process produces Zn2+ and SDPAred on the negative

and positive plates, respectively. Also AC was depolarized on  dis-

charge time and no  chemical reaction occurred on it. The total cell

reaction is shown in Fig. 5.

The galvanostatic charge–discharge experiment results for the

AC/SDPA, Zn/SDPA and AC/SDPA/Zn cells are shown in Table 1. The

specific capacity (SC), specific power (SP), specific energy (SE) and

maximum power (Pmax) accessible for assembled cells were calcu-

lated according to the following equations [50]:

Specific capacity(SC)  =
It

3600m
(Ah/kg)  (6)
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Table 1

Electrochemical performances of various cells.

Cell I  (A g−1)  I (A cm−2) tdischarge (s) Eave (V) Capacity (Ah kg−1) Specific energy (Wh  kg−1) ESR (�)

Supercapacitor AC/SDPA 3.3 2.5 73 0.95 67 (equal to 230 F g−1) 63 1.5

Secondary battery Zn/SDPA 0.83 2.5 678 0.95 157 149 5

Supercapacitor–battery hybrid

system AC/SDPA/Zn

0.90 2.5 851 0.95 215 204 2

where t is discharging time (s) and m is the weight of the electrode-

posited electroactive materials on the positive pole (SDPA) in the

cells.

Specific power (SP) =
EaveI

m
(W/kg) (7)

where Eave = (Emax +  Emin)/2 with Emax and Emin are potential at the

end of charge and discharge, respectively.

Specific energy (SE) =
(SP)t

3600
(Wh/kg) (8)

Maximum power (MP) =

E2
discharge

4Rm
(W/kg) (9)

where Edischarge is the potential at  the beginning of discharge (after

the Ohmic drop) (V) and R the internal resistance (�).

As it is obvious from the CV and charge–discharge results, the

application of AC as a supercapacitor component in the AC/SDPA/Zn

cell leads to higher specific energy compared to the Zn/SDPA sec-

ondary battery with an  increase of approximately 31% for equal

mass of SDPA (Table 1). The maximum power density is also greatly

enhanced with values as high as  8909 W kg−1 for the AC/SDPA/Zn

cell.

All these results show that the AC/SDPA/Zn hybrid aqueous

energy storage system using a secondary battery Zn/SDPA and

supercapacitor AC/SDPA exhibits good power–energy characteris-

tics. It is because the high power supercapacitor AC/SDPA and high

energy secondary battery Zn/SDPA are tunable.

3.4. Performance of hybrid AC/SDPA/Zn

The Ragon plots for both AC/SDPA/Zn and Zn/SDPA cells derived

from results of galvanostatic discharge curves at  different cur-

rent densities are shown in Fig. 6. It  is clear from the results

that the battery–supercapacitor hybrid system AC/SDPA/Zn exhibit

outstanding performances compared with that of the secondary

battery Zn/SDPA. For example, at a constant current density of

2.5 mA cm−2, the best specific energy of 204 Wh  kg−1 was  obtained

at the corresponding specific power of 863 W kg−1 whereas spe-

Fig. 6. Relationships between the specific energy and specific power of AC/SDPA/Zn

and  Zn/SDPA cells at various current densities from 2.5 to 20 mA  cm−2 .

cific energy of 149 Wh kg−1 was  obtained for Zn/SDPA secondary

battery.

The corresponding high-rate dischargeability (HRD) was used

to research the power property of the hybrid AC/SDPA/Zn and the

secondary battery Zn/SDPA calculated according to Eq. (10),  which

are also depicted in Fig. 7.

HRD (%) =
Cd

C1
× 100 (10)

where Cd is  the  discharge capacity of the hybrid AC/SDPA/Zn and

the secondary battery Zn/SDPA at a certain current density and C1

is their discharge capacity at 2.5 mA  cm−2 [51].

Comparison between the hybrid AC/SDPA/Zn and secondary

battery Zn/SDPA in Fig. 7, nicely shows the buffering effect of

the supercapacitor AC/SDPA in the hybrid AC/SDPA/Zn especially

in high discharge rate (20 mA  cm−2). In  this current density, HRD

(%) for the secondary battery Zn/SDPA is 67% and for the  hybrid

AC/SDPA/Zn is 79%. This improvement confirms the system has

been correctly designed and tuned.

The battery–supercapacitor hybrid system AC/SDPA/Zn was

subjected to a  prolonged cycle-life test at a constant discharge

current density of 2.5 mA  cm−2 into 1.0 M ZnCl2 and 0.5 M  NH4Cl

mixed electrolyte solution for 200 cycles and the resulting spe-

cific capacity vs. cycle number plots  are shown in Fig. 8. As it  is

obvious, the hybrid AC/SDPA/Zn exhibits good cycling life with a

capacity retain of 73% over 200 cycles. In other works using SDPA

as electroactive material in supercapacitor, the retain of 70% in 200

cycles is reported [34]. Also, the reported symmetric supercapac-

itor PANi/PANi [16] can be used in parallel with a battery only if

at  least two  of them are in the series, due to its low voltage work-

ing (∼0.8 V). In  spite of the high capacitance (∼1300 F g−1), it  works

only at strong acidic medium which is corrosive for the Zn anode,

and cannot be used in parallel with Zn  secondary battery in a  sin-

gle cell. However, in this work only a  single cell of the asymmetric

supercapacitor (AC/SDPA) can be easily paralleled with a battery

(Zn/SDPA), because the  potential working of the supercapacitor

AC/SDPA and the battery Zn/SDPA is nearly the same (∼1.5 V).

Fig. 7. Relationship between the high  rate dischargeability and the current density

of the AC/SDPA/Zn and Zn/SDPA cells.
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Fig. 8. Dependence of specific capacities and CE% with cycle number for AC/SDPA/Zn

hybrid energy storage system. Charge and discharge performed at 2.5 mA  cm−2 into

1.0  M ZnCl2 and 0.5 M NH4Cl mixed electrolyte solution.

Other reported works for battery based on the SDPA [21] and  the

PAN [18] as electroactive materials show the retained capacity of

65% and 60%, respectively, after 200 cycles. So this work with 73%

retained capacity shows more than 10% improvement. However, as

previously reported [22] electrochemical degradation of the  PAN

and Zinc passivation can significantly reduce the battery capacity

under charge–discharge cycling. It  appears that the kinetics of Zn

passivation is faster than that of PAN electrochemical degradation.

The coulombic efficiencies (CE  %) for the hybrid AC/SDPA/Zn, as

calculated according to Eq. (11), are also depicted in Fig. 8.

CE % =

(

tD

tc

)

× 100 (11)

where tD and tC are the discharge and charge times, respectively

[52].  The results reveal that the hybrid AC/SDPA/Zn shows stable

coulombic efficiencies of about 96% over 200 cycles.

4. Conclusions

Using the SDPA at mild pH solutions provides the use of

Zn without spontaneous dissolution in addition to retaining the

electroactive property of this electrically conducting polymer

as compared to the PANi. Nanostructured SDPA was  prepared

by controlled potential electrochemical oxidation of aniline and

m-aminobenzoic acid in an  aqueous media. This electrically con-

ducting polymer enhanced the performance of energy storage

system better than other reported works, which were based

on the microstructured SDPA. Using asymmetric configuration

of the supercapacitor (AC/SDPA), its operational working volt-

age was increased up to 1.5 V  which is close to the secondary

battery Zn/SDPA operational working voltage. So, they can be

easily paralleled to achieve a hybrid energy storage system

AC/SDPA/Zn. Because the working voltage range and discharg-

ing profiles of these two energy storage systems are matched,

the hybrid energy storage system shows the advantages of the

combination of the  secondary battery (high energy) and the

supercapacitor (high power) electric delivery. Other advantages

of this hybrid energy storage system are its simple construc-

tion which does not need a DC–DC converter for supercapacitor

voltage adjusting and employing the  SDPA as a  positive shared

electrode. Based on  the obtained results, the  hybrid system

AC/SDPA/Zn reveals good specific energy of 204 Wh kg−1 and the

specific power of 863 W  kg−1 at a  constant current density of

2.5 mA  cm−2.
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