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a  b  s  t  r a  c t

A  hybrid asymmetric  electrochemical  supercapacitor  is  constructed by  employing  two  different  nanos-

tructured conducting  polymers  of polypyrrole  (PPy)  and self-doped  polyaniline (SDPA).  Different

electrochemical  methods,  including  cyclic voltammetry,  galvanostatic  charge–discharge  and electro-

chemical  impedance  spectroscopy  (EIS), are  performed  to  characterize  the  electrochemical  performance

of the  supercapacitor.  The maximal working  potential  window  of 1.3  V  is associated  with  more  than

97 F  g−1 of  total  electrode materials. The cell maintains approximately  70% of its  initial capacitance

after  1000  cycles  with an  equivalent  series  resistance  (ESR)  below  1.6 �  cm2. Furthermore,  the  system

shows  high  specific energy, specific  power  and maximum  power  values  of 22.87 Wh  kg−1,  570 W  kg−1 and

45,193 W  kg−1, respectively,  at  a current  density  of 5 mA  cm−2 in 1 M  KCl. Long-life cycling  is achieved  by

removing  dissolved oxygen and  using a  mild  pH electrolyte,  which  limits the  redox activity of the  elec-

trically  conducting  polymers  (ECPs).  Moreover,  the  proposed  supercapacitor exhibits high  capacitance

retention  of 89%  at a higher  current  density (40  mA  cm−2), indicating  good electrochemical  stability  and

rate  capability.  The performance  of  the  proposed  hybrid  supercapacitor has  been compared  with two

other symmetric  cells.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Nanostructured materials have opened a new opportunity

for science and technology [1–4]. Electroactive nanomaterials

can improve the performance of electrochemical energy storage

systems such as batteries [5] and supercapacitors [6] by allow-

ing for more efficient electrochemical reactions as compared to

microstructured materials [7].

An electrochemical capacitor, or “supercapacitor”, is consid-

ered as one of the important innovations in the field of high

power electrical energy storage systems. Supercapacitors can store

energy using a single or combination of various charge storage

mechanisms, including by the formation of electric double layer

(EDL) at electrode–electrolyte interfaces, mainly by using con-

ducting porous materials such as the activated carbon [8] and

through a multielectron-transfer Faradaic reaction at or within

2-dimensional surfaces of the electroactive materials such as tran-

sition metal oxides [9] and electrically conducting polymers (ECPs)
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[6].  Toward this end, researchers have made great efforts in

developing ECPs as good candidates for supercapacitor electrode

materials due to their unique properties such as facile thin film

fabrication, ease of processability, light weight and elasticity [10].

According to our survey of the literature, the most common ECPs

used in the construction of a  supercapacitor are polyindophenine

[11], polythiophene [12],  p-phenylenevinylene (PPV) [13],  polypyr-

role (PPy) [14] and polyaniline (PANi) [15–17].  Among these ECP

materials, the PANi and the PPy and their derivatives are considered

to  be the most promising materials for supercapacitor applications

due to their high conductivity, fast oxidation-reduction reactions,

high energy density, ease of synthesis and low cost [18].  It should

be mentioned that, in the construction of supercapacitors, PANi and

PPy are used in low and neutral pH electrolyte solutions [19]. Thus,

PANi derivatives needed to  be  active under neutral pH conditions

[20]. Among the PANi derivatives, self-doped polyaniline (SDPA)

exhibits electrochemical activity over a wide pH range even in  neu-

tral and basic solution because of the presence of functional groups

carrying negative charge (such as COO− and SO3
−), which act

as proton generators and dopants with no need for external ions

[21].  In most application, supercapacitors are  used to  couple with a

secondary battery because of their unique properties for delivering

high power density together with high energy in  a very short time

[22], thereby acting as a  buffer for high charging–discharging rates.
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The specific energy (W kg−1) of a  supercapacitor is  given by

Eq. (1) [23]:

Specific energy (SE) =
1

2
C�V2

=
I�Vt

2M × 3600
(1)

where C is the specific capacitance (F g−1), �V  is  the working poten-

tial window (V), I is  the discharge current density (A  cm−2),  t is

discharge time (s) and M is  the amount of active materials (kg)

in the supercapacitor (including positive and negative electrode

weight). Based on this equation, two main strategies are envisioned

to improve the energy characteristics of supercapacitors: (i) the

use of nanomaterials and (ii) increasing working potential window

(�V).

Nano-sized materials provide not only high surface area but also

provide more participation of the electroactive materials in the

redox reactions due to rapid ion diffusion into the bulk of nano-

sized materials [24]. Thus, application of nanostructured materials

could lead to higher specific capacitance [25].

The second strategy for improving the energy characteristic of

the supercapacitors is increasing its working potential window

[26]. The stability and the nature of the electrolyte and the elec-

troactive materials are the important parameters for determination

of a practical operating working potential window for a superca-

pacitor [27]. The practical working potential window in  an aqueous

electrolyte is approximately 1 V, whereas in organic electrolytes,

it expands to approximately 2.5 V [28].  However, organic solvents

suffer serious drawbacks, including low conductivity, which pre-

vents the use of high charge–discharge currents, resulting in a

limited power of the supercapacitor, the need for a moisture-

free atmosphere and the toxicity characteristics associated with

organic systems [29]. Therefore, supercapacitors using aqueous

electrolytes would be more attractive. However, it is necessary

to find a strategy for increasing the working potential window

and the specific energy of these systems through the choice of

different materials for the positive and negative electrodes. Also,

in comparison with metallic substrates the GO  shows the higher

electrochemical windows without hydrogen or  oxygen evolution

in aqueous solution, which allow for supercapacitor operation at

the higher possible voltage windows. This appears to be the best

solution for increasing the overall working potential window of the

supercapacitors [29]. Therefore, it may  be  possible to obtain both  a

large electrochemical window and high specific energy density for

supercapacitors by  choosing some proper electroactive nanostruc-

tured materials as positive and negative electrodes.

Various chemical and electrochemical methods have been

developed for preparation of nanostructured ECPs [30]. Chemi-

cal methods for the fabrication of ECPs typically result in poor

contact with the underlying substrate. However, electrochemical

polymerization methods provide lower contact resistance between

conducting substrate and the deposited ECP. Electrochemical depo-

sition techniques also have more controllability in the resulting

structure and conductivity of the ECPs than do  the chemical

methods [10,31]. Therefore, the best polymerization method for

preparation of nanostructured ECPs is a direct synthesis using

electrochemical techniques. This allows efficient control of the

chemical and physical properties of the ECP films through control

of the conditions of the electrochemical deposition.

In continuation of our  recent studies on electrical energy storage

systems based on SDPA in  Zn-PAN batteries [32–37],  on the effects

of degradation products on OCV of PANi-batteries [38], and, more

recently, on SDPA nanofibers as new materials for redox superca-

pacitors [6] a hybrid supercapacitor based on both PPy and SDPA

is assembled in  this work to improve the energy characteristics

without a decrease in  specific capacitance at a  mild pH.

2. Experimental

2.1. Materials

High purity grade of m-aminobenzoic and pyrrole (98%) were

purchased from Aldrich and used as received without further

purification. Aniline (Merk) was  used after purification by distil-

lation under reduced pressure prior to use. Graphite powders (raw

samples) and analytical grade reagents of HCl, KCl, NaH2PO4 and

Na2HPO4 were prepared from Merk or Fluka and used without

further purification. All the solutions prepared by using doubly dis-

tilled water. During the all experiments, the electrolyte solutions

were degassed by pure argon.

2.2. Instrumentation

All electrochemical experiments were carried out by an Autolab

General Purpose System PGSTAT 30 (Eco-chemie, Netherlands). A

conventional three electrode cell was used in  order to electrode-

position of the SDPA and PPy. A  GO sheet with 0.5 mm thickness

(1 cm × 1 cm)  was used as the working electrode, a  Pt  wire and

Ag/AgCl (KCl, saturated) were utilized as the counter and refer-

ence electrodes, respectively. Electrochemical investigations of  the

symmetric and asymmetric supercapacitors were performed using

a  home-made two electrode cell and the setup was used to moni-

tor the cyclic voltammetry, galvanostatic charge–discharge and EIS

(105 to 10−2 Hz) behavior of the systems. In the symmetric case, two

identical SDPA or PPy electrodes were sandwiched using Absorp-

tive Glass Mat  (AGM) as a  separator in an electrolyte of 1.0  M KCl

to construct the supercapacitor. In  the hybrid case, the superca-

pacitor was  constructed based on the SDPA as a positive electrode

in  combination with the PPy as a  negative electrode using a  same

separator and electrolyte.

Morphological investigations of the polymeric films were car-

ried out by using SEM (Philips XL 30).

2.3. Preparation of GO

Before electrodeposition of the PPy and the SDPA, graphite

was  oxidized to  generate oxygenated functionalities, which seem

to be beneficial in  enhancing the carbon wettability, increasing

the substrate surface area, decreasing the interfacial resistance of

the substrate/ECP interface and improving the mechanical prop-

erties of the substrate [29]. The GO was prepared from natural

graphite according to Ref. [39]. At first, raw graphite powder was

added gradually to fuming nitric acid with mechanical stirring.

Reaction temperature was adjusted at 60 ◦C,  and the graphite was

oxidized by stirring with potassium chlorate for 12 h. Finally, the

resulting product was  centrifuged, and the resulting solid pel-

let was  washed repeatedly with 5%  HCl solution and acetone,

respectively, and dried in an oven at 60 ◦C for 12 h.  GO powder

(60 wt.%) was mixed with 35 wt.% raw graphite powder and 5  wt.%

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

paste that was  rolled in a  film (approximately 3 mm thick) on  a  flat

surface and dried for 12 h at 60 ◦C. To assure good electrical con-

tact, the electrodes were hot-pressed. The GO plates were activated

by immersing in  solutions of the monomer and electrolyte for 24 h

prior to the electrodeposition.

2.4. Electrodeposition of SDPA and PPy nanofibers

SDPA and the PPy nanofiber films were potentiostatically elec-

trodeposited onto the GO  at 0.8 V vs. Ag/AgCl. The SDPA was

fabricated from 0.1 M  aniline monomer, 0.1  M m-aminobenzoic

acid and 1 M  HCl. Electrodeposition of the PPy was conducted in

0.05 M pyrrole monomer, 0.1 M LiClO4 and 0.2 M phosphate buffer
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Fig. 1. Scanning electron micrographs of electrodeposited SDPA (a)  15,000× and (a′) 30,000×;  PPy synthesized in the presence of PBS as an auxiliary dopant (b) 15,000× and

(b′) 30,000×; and PPy synthesized in the absence of PBS as an auxiliary dopant (c) 15,000×  and (c′)  30,000× on  the  GO substrate in a three-electrode cell.

solution (PBS). After electrodeposition of the SDPA and PPy onto the

GO, these electrodes were washed 4–5 times with distilled water

to remove the remaining monomers. The prepared PPy electrode

was immersed in an aqueous solution containing 1 M  KCl for 6 h to

exchange perchlorate and PBS dopants with chloride.

3. Results and discussion

3.1. SEM studies

SEM experiments were conducted to  investigate of the mor-

phology of the PPy and SDPA and the effects of auxiliary dopants

(PBS) on the PPy structure. Fig. 1a and a′ shows SEM micrographs

of the electrodeposited SDPA at two different magnifications (a)

15,000× and 30,000×.  The structure of the prepared film appears

to consist of interconnected, uniform nanofibers with no agglom-

eration and with fiber diameters less than 80 nm. Aniline and

m-aminobenzoic acid monomers have been previously used to

prepare SDPA nanofibers. The presence of the carboxylic acid

group in m-aminobenzoic acid deactivates its aromatic system

with respect to electrophilic substitution due to the electron-

withdrawing effect. This electronic effect is also responsible for

the  higher potential (0.8 V vs. Ag/AgCl) required to  oxidize the

m-aminobenzoic acid monomers, in comparison to  aniline alone.

Fig. 1b, b′, c and c′ shows SEM images of the electrodeposited PPy

with and without PBS as an auxiliary dopant. The PPy electrode

prepared in the presence of PBS shows a  nanofibrous morphology

with fiber diameters less than 70 nm.  However, the PPy film in the

absence of PBS shows a  microgranular morphology (Fig. 1c and c′).

These results show the important role of PBS as an auxiliary dopant

in  the morphology of ECPs. Moreover, in the electrosynthesis of PPy,

the morphology is  influenced by the nature of the conducting sub-

strate. To prepare PPy nanofibers, a mixture of 1:2 of ClO4
− and PBS

was  used for doping, and a GO plate was  used as the substrate. GO

is a  good substrate candidate for electrodeposition of ECPs because

of its hydrophilicity due to  the presence of oxygenated functional-

ities, such as epoxide, carboxyl and phenolic groups [29], as shown

in  Fig. 2.  Also, the GO substrate can be cooperatively used with

PPy or  SDPA to form uniform and adherent films with very low

substrate/ECP interfacial contact resistance. Furthermore, this sub-

strate shows the highest electrochemical range without hydrogen

or oxygen evolution, in  comparison with metallic substrates, which

allow for supercapacitor operation at the highest possible working

potential window [29]. Fig. 2 shows a  schematic representation of
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Fig. 2. Schematic representation of the electrochemical formation of PPy and SDPA

on  the GO electrode.

the procedure used to  prepare the PPy  and SDPA films on the GO

electrode. As is seen in the figure, oxygenated functional groups

[40] act as dopants during initial polymer formation and reduce

electrical contact resistance between the polymer films and the GO

electrode.

3.2. Cyclic voltammetric studies

Cyclic voltammetry was used to study the effect of substrate

functionalization, mass tuning of negative and positive poles and

to evaluate the performance of the hybrid PPy/SDPA supercapacitor

in different working potential windows between 0.0 and 1.5 V.

Fig. 3 shows cyclic voltammograms of raw graphite and GO

in 1  M HCl and 1 M KCl electrolytes at a  scan rate of 50 mV  s−1.

The treated graphite (GO) is much more electroactive than the

untreated one employed as substrate. GO shows two  redox peaks

between 0.1 and 0.6  V vs. Ag/AgCl, which exhibits more improve-

ment over graphite. The activity in HCl solution is  much greater

than what is observed in KCl solution. However, to  avoid degra-

dation of the SDPA in  acidic media, KCl  solutions were deemed

suitable for further studies. The observed redox peaks are due to the

transition between the quinone and hydroquinone states, which is

typical for carbon materials with oxygen-containing functionali-

ties, as reported by  others [40].

Fig. 3. Comparative cyclic voltammograms of raw graphite and GO in two different

electrolyte solutions, 1 M HCl and 1  M KCl, at a scan rate  of 50 mV s−1 in a three-

electrode cell.

To evaluate the applicability of PPy and SDPA in hybrid super-

capacitor as the negative and the positive electrodes, respectively,

their cyclic voltammograms were separately recorded. Fig. 4 shows

the cyclic voltammograms of PPy and SDPA electrodes in  a  three

electrode cell with potential ranges of −0.7 to  0.3  V and −0.2 to

0.8 V vs. Ag/AgCl, respectively, at a scan rate of 20 mV  s−1 in 1  M

KCl electrolyte. The CVs of the PPy and SDPA electrodes show

distinguishable coupled peaks that correspond to the conversion

between the different redox states of these two ECPs. During

the charging process of the hybrid supercapacitor, the poten-

tial of the electrodes will be split depending on their individual

capacitances. As is shown in Fig. 4,  SDPA shows two pairs of

peaks that  are related to leucoemeraldine/emeraldine and emeral-

dine/pernigraniline conversion. In comparison with emeraldine,

leucoemeraldine and pernigraniline are poor conductors. Also, PPy

shows a  pair of redox peaks related to  transition between its acces-

sible redox states (Fig. 4). At the fully reduced state, it is undoped

and its conductivity is greatly decreased, resulting in  the formation

of an insulating material. Moreover, the high background current

observed in these CVs clearly shows evidence of a  non-Faradaic

mechanism for electrical energy storage.

Therefore, at a  working potential window beyond the fully

charged state of the hybrid PPy/SDPA supercapacitor, the SDPA will

be irreversibly oxidized and the PPy fully reduced, which would

result in  a marked reduction in the supercapacitor performance, as

has been reported by others [41].

Fig. 4. Comparative cyclic voltammograms of PPy and SDPA in  a  three-electrode

system in  1 M KCl aqueous solution at a  scan rate of 20 mV s−1 .



216 H.R. Ghenaatian et al. / Electrochimica Acta 78 (2012) 212– 222

To use the CV data in the calculation of specific capacitance

for the PPy and SDPA electrodes to obtain the highest cell work-

ing potential window, mass tuning of the negative and positive

electrodes should be conducted [42] because the specific capaci-

tance of the SDPA and the PPy electrodes is highly dependent on a

variety of parameters, including the charge–discharge current den-

sity and potential variation, type of electrolyte and solvent, nature

of the substrate, and thickness of the electroactive materials on

the substrate [41]. Therefore, to ensure that the hybrid PPy/SDPA

supercapacitor operates over the highest range of working poten-

tial window, it is necessary to tune the weight ratio of the SDPA

and  the PPy electrodes. To tune the positive/negative weight ratio,

it should be ensured that the voltammetric charges of the SDPA (Q+)

and the PPy (Q−) electrodes are balanced (Q+ = Q−). The voltammet-

ric charges (QECP) were calculated based on the following equations

[42]:

QECP = Csingle × �V  ×  m (2)

where �V is an effective potential window (V), m is  mass of the

ECP electrodeposited on the GO  electrode (g) and Csingle is specific

capacitances (F g−1) of each ECP electrode in the three electrode

system. Csingle was calculated based on the cyclic voltammograms

(Fig. 4) using Eq.  (3) [43,44]:

Csingle =

∫
IdV

sm�V
(3)

where I is the cathodic response current (A), s is the potential scan

rate (V s−1), �V potential variation range (V) and m is the amount

of active material (g). In this equation, term of
∫

IdV  is the area

under the cyclic voltammogram in cathodic peak with dimension

of “Volt Amper”. Dividing the integral over the potential range (�V),

it results in average voltammetric current (Iave =  (
∫

IdV)/�V). So

based on the following equation specific capacitance of the elec-

trodes can be calculated.

Csingle =
Iave

sm
(4)

Based on Eq. (4),  a  specific capacitance of 410 F g−1 and 365 F g−1

was calculated for SDPA and PPy electrodes, respectively. According

to Eq. (2),  to obtain Q+ = Q−, the mass balance will require [45]:

m+

m−

=
C− × �E−

C+ × �E+

(5)

Therefore, the weight ratio mSDPA/mPPy was  chosen to be

approximately 0.9. As a result, the PPy  and SDPA electrodes should

be reversibly charged across their stable forms over different poten-

tial ranges because the two materials have different characteristic,

and at this weight ratio, it is expected that the proposed PPy/SDPA

supercapacitor would operate at a  higher working potential win-

dow (1.5 V) compared to the maximum 0.8 V for the individual;

symmetric cell configurations (PPy/PPy and SDPA/SDPA).

The cyclic voltammetric study was also conducted across a

wide working potential window of 0.0–1.5 V to  evaluate both

the Faradaic and non-Faradaic charge storage mechanisms and to

determine a suitable operating working potential window for the

hybrid PPy/SDPA supercapacitor. Fig. 5 shows the cyclic voltam-

metric responses of the PPy/SDPA system at an optimal electrode

mass ratio of 0.9 and at a  scan rate of 20 mV s−1 in 1 M KCl elec-

trolyte. The observed quasi-rectangular shape of the CV curves

(Fig. 5) suggests that the hybrid PPy/SDPA supercapacitor exhibits

capacitive behavior over a large working potential window. The

hybrid PPy/SDPA system is  able to  store energy by two  mechanisms.

First, by a double layer mechanism based on accumulation of charge

at the ECPs/electrolyte interfaces in  the low working potential win-

dow according to:

(ECPs)surface + A−
−  e−

↔ ([ECPs]+//A−)surface (6)

Fig. 5.  Cyclic voltammograms of the optimized hybrid PPy/SDPA supercapacitor at

different  working potential windows at  a scan rate of 20 mV s−1in  1 M KCl. The mass

of PPy and SDPA electrodes are 3 and 2.7 mg,  respectively.

in  which the potentials at the negative and positive electrodes are

insufficient to allow for the redox reactions [46]. The second mecha-

nism is the Faradaic mechanism based on the redox processes at the

ECPs (pseudocapacitance) in  the high working potential window as

shown in  Eq. (7), where A− refers to the dopants.

(ECPs) +  A−
− e−

↔ ([ECPs]+A−) (doping/dedoping) (7)

Thus, when the working potential window is  0.0–0.5 and

0.0–0.7 V, only the electric double layer mechanism is operative.

By increasing the working potential window to 1 V, the oxida-

tion/reduction peaks appear in  the charging–discharging branch,

and the behavior of the hybrid PPy/SDPA supercapacitor deviates

slightly from the ideal rectangular shape due to the presence of  two

redox couples, which are indicative of the pseudocapacitance prop-

erties that imply onset of the Faradaic redox reactions at the PPy and

SDPA electrodes [46]. Increasing the working potential window to

1.3 V results in  a significant increase in  the anodic and cathodic cur-

rent, suggesting the occurrence of redox reactions on the PPy and

SDPA electrodes. These Faradaic reactions are electrochemically

stable at this operating potential window. Increasing the working

potential window of the cell to  1.5 V results in a  decrease in the

anodic and cathodic current due to dedope of the PPy and polyani-

line degradation also the irreversible conversion of emeraldine to

pernigraniline.

The specific capacitance of either symmetric or asymmetric

supercapacitors were calculated according to Eq. (4),  replacing m

with M (total mass) as shown in Eq. (10) [44] where M is  the amount

of active material (g) in the supercapacitor (both positive and neg-

ative electrodes). The specific capacitances of the hybrid PPy/SDPA

supercapacitor in the different working potential window were cal-

culated using Eq. (10) with data from the cyclic voltammograms

(Fig. 5), as summarized in  Table 1. The maximum specific capac-

itance of the hybrid cell was obtained at 1.3 V. By increasing the

working potential window to 0.7 V, a  charge storage mechanism

based on formation of the EDL prevailed. However, increasing the

applied working potential window to 1.3 V allows both EDL forma-

tion and Faradaic redox reactions to contribute to electric energy

Table 1

The specific capacitance of the hybrid supercapacitor PPy/SDPA at different working

potential window (V) evaluated from CV test.

Working potential

window (V)

0.0–0.5 0.0–0.7 0.0–1.0 0.0–1.3 0.0–1.5

Specific capacitance

(F g−1)

81 83  92 97  90
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Fig. 6. working potential window–time curve for the hybrid PPy/SDPA superca-

pacitor and potential–time for the individual electrodes vs. Ag/AgCl at a  constant

charge–discharge current density of 5 mA cm−2 in 1 M KCl  aqueous solution.

storage; above this cell potential window, the SDPA undergoes an

irreversible chemical reaction, resulting in  the degradation of the

active materials. Also, at higher working potential window than

1.3 V, the PPy is  dedoped and the SDPA is fully oxidized that caused

the PPy/SDPA work at poor performance. Then, by increasing the

maximum working potential window up to 1.3 V results show bet-

ter performance and more potential increasing lead to a decrement

in the supercapacitor performance.

3.3. Galvanostatic charge–discharge investigation

Galvanostatic charge/discharge experiments were considered

to evaluate the electrochemical performance of the hybrid

PPy/SDPA supercapacitor. The potential variations for single elec-

trodes were separately recorded when an Ag/AgCl reference

electrode is added to ensure that  the hybrid system can operate

at the highest possible working potential window.

Fig. 6 shows both the potential-time profiles of the individual

electrodes vs. Ag/AgCl and the working potential window–time

curves of the hybrid PPy/SDPA supercapacitor at a  constant current

density of 5 mA  cm−2 in KCl solution. For  recording the potential

variation of the PPy and the SDPA electrodes, the equilibrium poten-

tial was placed at 0.0 V  vs. Ag/AgCl. When the hybrid PPy/SDPA

supercapacitor is charged from 0.0  to 1.3 V, the potential varies

between 0.0 V  and 0.7  V vs. Ag/AgCl for the SDPA electrode and

between 0.0 V and −0.6 V vs.  Ag/AgCl for the PPy electrode. As

shown in Fig. 6,  the potential variations are  almost sloping with

one and two steps for the negative and positive electrodes, respec-

tively, which agree with the CV results (Fig. 4). This is attributed to

the potential-dependent nature of Faradaic redox reactions. The

PPy and the SDPA are p-doped polymers (anion-inserting poly-

mers). This means that  upon extraction of the electrons from a

neutral segment of their quinoid chains, some local positive charge

deformation occurs, creating a  polaron. If the oxidation process

continues further, more electrons have to  be  removed from the

electrodes, resulting in the formation of cation radicals, or  bipo-

larons, which are energetically preferred to the formation of two

separate polarons. If the weight ratio mSDPA/mPPy is not  exactly

tuned, during the charging process, the oxidation and reduction

of the SDPA and the PPy electrodes, respectively, would not be

complete, and the hybrid system would operate at a  lower work-

ing potential window than expected [22].  However, during the

charge/discharge processes (Fig. 6), both the PPy and the SDPA

Fig. 7.  Schematic view of the hybrid PPy/SDPA supercapacitor with SDPA as the

positive electrode, PPy  as the negative electrode and AGM as a  separator.

electrodes operate reasonably over the expected potential ranges

and the hybrid PPy/SDPA supercapacitor can operate at the working

potential window 1.3 V.

Fig. 7 shows schematically how the PPy and the SDPA electrodes

operate in  the hybrid supercapacitor assembly. When the hybrid

PPy/SDPA supercapacitor is loaded (discharge process), the stored

electrical energy is depleted by the interaction between the PPy,

the SDPA and the electrolyte. The total cell reaction is:

Negative : PPyred + nCl−
Discharge

−→ PPyox + ne (8)

Positive : SDPAox + ne
Discharge

−→ SDPAred +  mCl− (9)

In this process, the PPy electrode is  oxidized and releases elec-

trons to the current collector (GO) and the electrons are transported

to the positive SDPA electrode via an external circuit for the

cathodic reaction. Parallel to the above chemical reaction, the SDPA

electrode is reduced and becomes more negative (anodic reaction).

According to the charge neutrality, the anions (Cl−) flow to the neg-

ative PPy electrode. It should be mentioned that the SDPA has the

functional groups with negative charge ( COO−), which partially

eliminates the ion mobility problem. Therefore, it is  not necessary

to eject n electrons to maintain electroneutrality if n anions enter

the scheme as dopants.

Fig. 8. Galvanostatic charge–discharge profiles of the hybrid PPy/SDPA superca-

pacitor at different maximum working potential windows with a current density of

5  mA  cm−2 in 1 M KCl.
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Table 2

The specific capacitance of the hybrid supercapacitor PPy/SDPA at  different working

potential window (V) evaluated from galvanoststic charge–discharge test.

Working potential window (V) 0.0–0.75 0.0–1.0 0.0–1.3 0.0–1.5

Specific capacitance (F g−1) 83 87 98 91

Fig. 8 shows the galvanostatic charge–discharge profiles of the

hybrid system at four different maximum working potential win-

dows of 0.75, 1.0, 1.3  and 1.5 V. Increasing the working potential

window results in  an increase of the charge–discharge times with

a columbic efficiency of approximately 95% up to 1.3  V. Increasing

the maximum working potential window to 1.5 V results in  a  drop

in the columbic efficiency to approximately 90%. The specific capac-

itance (F g−1) of the hybrid cell was calculated using Eq. (10),  and

is shown as an inset in  Fig. 8 and Table 2:

Specific capacitance =
It

�VM
(10)

where I  denotes the applied constant discharge current (A),

t is the discharge time (s) and �V is the discharge working

potential window (V) [47].  The specific capacitance increased to an

applied potential window of 1.3 V with a  highest value of 98 F g−1,

and it decreased at the higher working potential window of 1.5 V

(91 F g−1). The drop in specific capacitance is likely due to irre-

versible reactions and more degradation of the PPy  and SDPA

electrodes at this working potential window.

Fig. 9a–c shows galvanostatic charge/discharge profiles of the

two symmetric supercapacitors, PPy/PPy and SDPA/SDPA, and the

hybrid cell PPy/SDPA, respectively, at constant current densities

of 5–40 mA  cm−2 in 1 M KCl electrolyte solution. The calculated

specific capacitance of the symmetric systems at a  current den-

sity of 5 mA  g−1 using Eq. (10) shows values 91 and 102 F g−1 for

the PPy/PPy and the SDPA/SDPA cells, respectively. As can be seen

in Table 2, the specific capacitance of the hybrid PPy/SDPA cell at

1.3 V is 98 F g−1, which is comparable with the values of the specific

capacitance for the symmetric supercapacitors.

3.4. Performance of hybrid supercapacitor PPy/SDPA

ESR analyses of the PPy/PPy, SDPA/SDPA and hybrid PPy/SDPA

cells were also calculated using the charge–discharge profiles of

Fig. 9a–c. The output potential window dropped sharply at the

beginning of each experiment, proportional to the ESR of the sys-

tems. The ESR (�)  could be calculated according to Eq. (11):

ESR =
(ECharge −  EDischarge)

2I
(11)

where I, Echarge and Edischarge are the applied constant discharge

current (A), the output potential window of the cell at the end of

charge and at the beginning of discharge after the Ohmic drop (V),

respectively [48].  This gives average values of 1.8, 1.5 and 1.6 (�)

for the two symmetric supercapacitors and the hybrid supercapac-

itor, respectively, at constant charge–discharge current density of

5 mA  cm−2. These low internal resistance values confirm that these

systems were properly assembled.

The maximum power (Pmax) (W kg−1)  accessible by  the assem-

bled cells was calculated according to Eq. (12) [49] based on

Fig. 9a–c.

Maximum power =

E2
Discharge

4ESR M
(12)

where these parameters were introduced previously. Based on

this equation, the values 14,155, 19,019 and 45,193 W kg−1 were

obtained for the symmetric PPy/PPy and SDPA/SDPA supercapac-

itors and the hybrid PPy/SDPA supercapacitor, respectively. The

Fig. 9. Galvanostatic charge–discharge curves for the  symmetric PPy/PPy and

SDPA/SDPA supercapacitors and the  hybrid PPy/SDPA cell at constant current den-

sities of 5–40 mA  cm−2 in  1 M KCl  electrolyte solution.

comparison of the Pmax of these three systems shows the advan-

tage of the hybrid supercapacitor, which shows an improvement

of more than 3 times relative to the PPy/PPy supercapacitor and

an improvement of more than 2 times relative to the SDPA/SDPA

supercapacitor. The comparison of Pmax for the two symmetric cells

shows a higher value for the SDPA/SDPA cell as compared to  the

PPy/PPy system due to  the participation of functional groups with

negative charge ( COO−) in the SDPA system, which decrease the

ion mobility limitations during the charge–discharge process.

The Ragon plots for the hybrid and symmetric systems cal-

culated from the results of the galvanostatic discharge curves

(Fig. 9a–c), based on Eqs. (1) and (13) at different current densities

from 5 to 40 mA  cm−2, as shown in  Fig. 10.

Specific power =
I�V

2M
(13)
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Fig. 10. Ragon plots of the symmetric PPy/PPy and SDPA/SDPA supercapacitors

and  the hybrid PPy/SDPA cell at different discharge current densities from 5 to

40 mA  cm−2 .

Fig. 10a–c shows that the hybrid PPy/SDPA supercapacitor

exhibits outstanding performance due to the expanded working

potential range (1.3 V against 0.8  V) compared to two other systems.

Higher performance of the SDPA/SDPA (Fig. 10b)  than PPy/PPy

(Fig. 10c)  in the same potential range of 0.8 V can be attributed to

the presence of the dopant groups. For  example, at a  constant cur-

rent density of 5 mA  cm−2,  the best specific energy of 22.87 W kg−1

was obtained at a  corresponding specific power of 570 W kg−1 for

the hybrid cell, whereas specific energies of 8.3 and 9.15 W kg−1

were obtained for the PPy/PPy and SDPA/SDPA symmetric config-

urations, respectively. The specific energy and specific power are

significantly enhanced upon raising the working potential window

of the hybrid cell. As  a result, the best way to increase the spe-

cific energy at  a  constant specific capacitance of the ECP-based

supercapacitors is  the application of ECPs with different operating

potentials for the negative and positive electrodes.

Another useful parameter used to evaluate supercapacitor per-

formance is high-rate dischargeability (HRD), which shows the

power properties of the system during the discharge process. Fig. 11

shows the HRD of both symmetric PPy/PPy and SDPA/SDPA super-

capacitors and the hybrid PPy/SDPA supercapacitor, which were

calculated based on Fig. 9a–c according to Eq.  (14):

HRD(%) =
Cd

C1
× 100 (14)

where Cd is the discharge capacity of the hybrid PPy/SDPA super-

capacitor at a certain current density and C1 is the discharge

capacity at 5 mA cm−2 [50].  At the high discharge current density of

Fig. 11. Relationship between the high rate dischargeability and discharge current

density for the three different systems: PPy/PPy, SDPA/SDPA and PPy/SDPA.

Fig. 12. Dependence of the specific capacitance of the  hybrid PPy/SDPA superca-

pacitor on  cycle number at a  charge–discharge current density of 5 mA cm−2 .

40 mA  cm−2, the SDPA/SDPA and the hybrid PPy/SDPA cells exhibit

better performance than the PPy/PPy. This can be attributed to the

fact that as much as the internal functional groups with negative

charge (  COO−) in the SDPA material present, the need to  external

dopant will be decreased. Being provided by the internal dopants

during the charge–discharge processes, higher power character-

istic is observed. Cycling performance for the hybrid PPy/SDPA

supercapacitor at a working potential window of 1.3  V was eval-

uated at 5 mA  g−1 for 1000 continuous cycles, as shown in  Fig. 12.

The specific capacitance decreased by only 30% after 1000 cycles.

Although the presented system has more specific energy and power

compared to the commercial cases [51], but more study on its cycle

performance is  still needed. This modest decrease of  the capaci-

tance suggests good cycle stability for the hybrid cell, which can

be reasonably attributed to  removing dissolved oxygen and using a

mild pH electrolyte, which prevents high rate degradation of these

ECPs.

3.5. EIS studies

EIS was  also used to evaluate the supercapacitor performance

and to study the electrochemical behavior of the hybrid and sym-

metric supercapacitors. Recording the EIS plots at different applied

potential windows of the cells (0.0–0.8 V for both  symmetric cells

and 0.0–1.5 V for hybrid cell) over a  frequency range of  105 to

10−2 Hz led to further clarification of the system behavior (Fig. 13a,

and S1 and S2, supplementary material).

In both the symmetric and hybrid cells, Nyquist plots show

semicircles in  the low and high frequency ranges with a change

in  diameter upon increasing the applied potential window. As

can be seen from the point of intersection at a  high frequency

with the real axis, the internal resistances of the supercapaci-

tors are below 2 � in  agreement with results obtained from the

charge–discharge experiments. For the quantitative evaluation of

different parameters of the both symmetric and hybrid superca-

pacitors, the experimental data were fitted to  the equivalent circuit

model (Fig. 13b). In  the circuit parameters, Rs,  Rct1, Rct2,  CPE1 and

CPE2 are the solution resistance, ionic charge-transfer resistance,

Faradaic charge-transfer resistance, double layer capacitance, and

bulk Faradaic pseudocapacitance, respectively. The CPE is obtained

by:

ZCPE = TCPE(jω)−n
CPE (15)

where T and n are  the CPE coefficient and exponent, respectively,

and ω is the angular frequency. The values for n  are in the range

between −1  and 1.  In the case of n =  −1 the CPE is  equivalent to
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Fig. 13. Nyquist plots of the hybrid PPy/SDPA (a)  supercapacitors at  different applied

potential windows in 1  M KCl. Equivalent circuit model used for fitting of experi-

mental data (b). The solid lines represent the fitting results.

a pure inductor, for n =  0, the CPE is equivalent to a  pure resistor,

n = 0.5 denotes diffusion behavior and at n =  1, the CPE is  equivalent

to a pure capacitor [52].

Table 3 shows the results of fitting the EIS data at different

applied potential windows. The Rct1 in all cases is lower (approx-

imately 103 times) than the Rct2, which suggests a  higher rate

of  energy storage by the electrically double layer formation as

compared to the Faradaic reactions. Rct1 and Rct2 decrease with

increasing applied potential window for both the symmetric cells

up to 100%. However, in  the hybrid PPy/SDPA supercapacitor,

decreases in Rct1 and Rct2 are observed up  to an applied potential

window 1.3 V, due to  the greater contribution of physical (double

layer) and electrochemical phenomena. The comparison of Rct1 (ion

transfer resistance) with Rct2 (electron transfer resistance) shows

a decrease of the charge transfer resistance for Rct2 less than Rct1.

However, at an applied potential window of 1.5  V, an increase in

the Rct1 and Rct2 values is observed due to the fact that the PPy

electrode is fully dedoped and the SDPA electrode is  over-oxidized.

The C2 and C1 increase with increasing applied potential win-

dow for both symmetric PPy/PPy and SDPA/SDPA cells up to 75%.

However, in the hybrid PPy/SDPA supercapacitor, increases of  the

C1 and C2 are observed up to  an applied potential window of 1.3 V.

However, at an applied potential window of 1.5 V, the values of C1

and C2 decrease due to full dopant loss and oxidation of the PPy and

the SDPA electrodes, respectively. A comparison of all obtained C1

and C2 values shows higher values of the C2 (approximately 100

times) than the C1,  which demonstrates a  greater contribution of

the Faradaic reactions as compared with the physical phenomena

(double layer). Internal dopants can reduce the need to  external

dopants that this phenomenon can interestingly play two differ-

ent roles, one decreasing the double layer capacitance, and another

facilitating the redox reactions in  the SDPA structure. It  can be seen

that the EIS can completely show this dual role, determining the

contributions of double layer capacitance and Faradaic capacitance.

Accordingly, the lower values of the C1 for the SDPA/SDPA system

at the same applied potential window than for the PPy/PPy system

(Table 3) can be attributed to the participation of internal functional

groups with negative charge ( COO−)  in  the SDPA electrodes. As  the

charges are compensated by the internal dopants, fewer numbers of

diffused external dopants lead to lower charge storage as electrical

double layer capacitances, resulting in lower values for C1 for  the

SDPA compared to  PPy. However, these internal dopants can still

facilitate the Faradaic reactions in  SDPA which result in  higher val-

ues of C2 compared to that of PPy. Overall, Faradaic reactions play

a dominant role due to the higher contribution (100 times greater

than non-Faradaic) in  charge storage. This is in good agreement

with the obtained results using charge/discharge measurements

(Fig. 9).

The maximum specific capacitance is  observed at 0.8 V for both

symmetric supercapacitors and is observed at 1.3 V  for the hybrid

cell.

To further explore the capacitance behavior of the systems, dif-

ferential capacitance (Ct) values were calculated, based on Eq. (16)

[53]:

Z ′′
=

1

2�Ct f
(16)

where f  is frequency in  Hz.

Fig. 14a–c shows typical plots of Z′′ vs. 1/f for the different cells

at optimum applied potential window. The slope of  these plots

is equal to  (2�Ct)−1. The calculated capacitance values at 0.8 V

for both symmetric PPy/PPy and SDPA/SDPA supercapacitors are

89 and 100.5 F g−1, respectively. At 1.3 V for the hybrid PPy/SDPA

supercapacitor a  value of 96.5 F g−1 was obtained. These values are

consistent with the results obtained from the charge–discharge

experiments.

Table 3

Electrical parameters for both symmetric and the hybrid supercapacitor PPy/SDPA at different working potential window (V) evaluated from EIS test.

Cell Working potential window (V) Rct1 (�)  Rct2 (�) × 103 C1 (F  cm−2) ×  10−3 C2 (F cm−2) ×  10−1

PPy/PPy 0.0 2.25 1.29 1.62 4.12

0.3  1.94 1.01 2.04 4.36

0.5  1.62 0.79 2.21 4.50

0.7  1.40 0.60 2.52 4.88

0.8  1.19 0.45 2.89 5.12

SDPA/SDPA 0.0  1.65 2.11 1.57 4.15

0.3  1.54 1.57 1.84 4.31

0.5  1.46 1.49 2.05 4.57

0.7  1.25 1.24 2.31 4.62

0.8  1.03 0.94 2.64 5.56

PPy/SDPA 0.0  1.69 2.99 1.93 3.88

0.75  1.46 1.68 2.19 4.16

1.0  1.26 0.83 2.44 4.66

1.3  0.99 0.56 2.77 5.37

1.5  1.98 1.82 1.61 3.03
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Fig. 14. Variation of imaginary component of impedance (−Z′′) with the reciprocal

of frequency (1/f) for both symmetric PPy/PPy and SDPA/SDPA supercapacitors and

the  hybrid PPy/SDPA cell. Points denote the experimental data while the line is

obtained from the linear regression analysis.

4. Conclusion

Nanostructured SDPA and PPy  were prepared by  the controlled

electrochemical oxidation of their monomers in  aqueous media.

The SDPA has good electroactivity at a mild pH, and its degrada-

tion is minimal compared with PAN. By employing modified GO

with PPy and SDPA nanofibers as negative and positive electrodes,

respectively, we  broadened the working potential window of the

hybrid PPy/SDPA supercapacitor in  aqueous media up to 1.3  V,

which is 1.6 times higher than the values obtained for both sym-

metric (PPy/PPy and SDPA/SDPA) configurations. Oxygen removal

results in higher energy density (2.5 times the symmetric configu-

ration) and a longer cycle life than has been previously reported

for this system. Moreover, Pmax of the hybrid PPy/SDPA system

shows an improvement of more than 3-fold over the symmet-

ric PPy/PPy supercapacitor and an improvement of more than

2-fold for the symmetric SDPA/SDPA supercapacitor. Based on the

obtained results, the specific capacitance of 97 F g−1, specific energy

of 22.87 W kg−1 and specific power of 570 W  kg−1 were calculated,

which show improvements when compared with previous reports.
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