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a b s t r a c t

The theoretical mass specific capacitance (Cs) of polyaniline (PANI) is firstly estimated by combining elec-
trical double-layer capacitance and pseudocapacitance. The maximum Cs is 2.0 × 103 F g−1 for one single
PANI electrode. In present work, the PANI nanofiber modified stainless-steel (SS) electrode (PANI/SS)
was used to assemble supercapacitors. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images indicate that the PANI nanofiber has a coarse surface arising from the heteroge-
neous structure which likes an aggregation of nanoparticles. The performance of the assembled PANI/SS
supercapacitors was investigated by cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and galvanostatic charge/discharge methods in 1.0 M H2SO4. The maximum Cs obtained from these
methods in present work is 608, 445.0, and 524.9 F g−1, respectively, which is only 30%, 22%, and 26% of
iffusion
eterogeneous

the theoretical one. The significant difference between the experimental and the theoretical value indi-
cates that only a low percentage of PANI (effective) has contribution to capacitance. The percentage of
effective PANI depends on both the diffusion of dopants (counter-anions) and the conductivity of PANI.
Under practical conditions, the former factor makes PANI nanofiber behave like a concentric cable with
only the shell part involved in the charge/discharge process. The latter one which determines the electron
transfer rate in PANI has an influence on the degree of redox reaction. In present work, the heterogeneous
structure of the PANI nanofiber has a negative effect on the conductivity.
. Introduction

Electrochemical supercapacitors have gained great interest in
any advanced power systems requiring high power density, and

igh cycleability, such as in electric/hybrid vehicles, portable com-
uters, cellular devices and nano-electronics [1–4]. The capacitance
f supercapacitors can be divided into two basic types according to
ts charge storage mechanisms [5,6]: the one is electrical double-
ayer capacitance Cdl, which is generated from charge separation at
lectrode/electrolyte interface, and it is determined by the effective
urface area and the dielectric constant of the electrolyte; and the
ther is pseudocapacitance Cp, which is generated from fast faradic
eactions of the electrode material. Pseudocapacitance is produced
rom a bulk process whereas the double-layer capacitance is pro-
uced from a surface process.
Materials employed to assemble supercapacitor are mainly
ocused on carbon (including active carbon, carbon aero-gel, and
arbon nanotube), metal oxides (including RuO2, MnO2, and IrO2)
nd electrically conducting polymers (ECPs, including polyaniline,

∗ Corresponding author. Tel.: +86 22 27404533; fax: +86 22 27404496.
E-mail address: jxwang@tju.edu.cn (J. Wang).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.01.052
© 2009 Elsevier B.V. All rights reserved.

polypyrrole, and polythiophene). The charge storage of carbon is
mainly produced from electrical double-layer capacitance mech-
anism, and the maximum available specific capacitance (Cs) of
carbon has reached up to 320 F g−1 [7]. The charge storage of
RuO2 is mainly produced from the pseudocapacitance mechanism,
and the available Cs of RuO2 has reached up to 1170 F g−1 [8].
But RuO2 is currently too expensive to be commercialized. ECPs
have an advantage over noble metal oxides on their low cost, and
have an advantage over carbon materials on large pseudocapac-
itance. The reversible faradic reactions of ECPs accompanied by
doping/dedoping of dopants produce high pseudocapacitance. Due
to these outstanding properties, ECPs have been intensively studied
for supercapacitor application in recent years [9,10].

Polyaniline (PANI), one of the most studied ECPs, attracts con-
siderable attention as a promising material in the application
of supercapacitor because of inexpensive monomer and unique
proton doping mechanism [11,12]. PANI has been investigated to
modify various substrates (such as carbon [13,14], nickel [15],

stainless-steel [16–20]) or blend with other materials (RuO2 [21],
carbon [22–26], and other ECPs [27]) for supercapacitor application.
So far, the reported specific capacitance of pure PANI modified elec-
trodes varies from 160 F g−1 to 815 F g−1 [13,15–20,22–26], and the
highest value in 1.0 M H2SO4 is reported to reach 554 F g−1 wherein

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jxwang@tju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.01.052


er Sou

t
7
m
W
w

t
d
r
i
m
n
P

2

2

s
a
p
(
w
w
P

2

c
a
e
p
1
e
u

f
p
w
w
e
f
P
r
u

2

e
e
c
c
r
F
t
W

p
i
b
w
W

H. Li et al. / Journal of Pow

he PANI was obtained by chemical oxidation [26] and reach to
42 F g−1 where the PANI was deposited by electrochemical poly-
erization [19]. What is the ultimate specific capacitance of PANI?
hat makes the specific capacitance so different? And what should
e aim at?

Here, the maximum Cs of PANI (2.0 × 103 F g−1) was estimated
heoretically under the assumption that 100% of the PANI is oxi-
ized or reduced in the charge/discharge process. The experimental
esults obtained by cyclic voltammetry (CV), electrochemical
mpedance spectroscopy (EIS), and galvanostatic charge/discharge

ethods are much lower than that of the theoretical one. The sig-
ificant difference indicates that there is only a low percentage of
ANI which has contribution to capacitance.

. Experiment

.1. Materials

Aniline was purified by distillation under reduced pressure and
tored at 4 ◦C prior to usage. Analytical-grade reagents, H2SO4
nd ethanol (Tianjin Kewei Reagent Co.) were used without any
retreatment. All solutions were prepared from de-ionized water
18 M� cm). Stainless-steel (SS) electrodes (316) were used as
orking electrode (WE) for PANI deposition. The deposited area
as 0.283 cm2 (6.0 mm in diameter) with other area insulated by a

TFE coating.

.2. Preparation of PANI/SS electrodes

All electro-polymerization were carried out in a classic one-
ompartment cell using three-electrode configuration. Pt wire
nd saturated calomel electrode (SCE) were used as the counter
lectrode (CE) and reference electrode (RE), respectively. SS was
olished to a mirror surface successively with emery paper (800#,
200#, 2000#), rinsed with de-ionized water and immersed in
thanol ultrasonically for 5 min, then immersed in ionized water
ltrasonically for 5 min.

PANI was electrodeposited on SS potentiostatically at 0.80 V
rom 1.0 M H2SO4 dissolving 0.10 M aniline monomer. Different
olymerization times were applied in order to obtained PANI films
ith different thickness. Before electro-deposition, the electrolyte
as degassed with pure nitrogen at least 20 min. PANI modified SS

lectrode (PANI/SS) was immersed in 1.0 M monomer-free H2SO4
or 48 h statically in order to expel aniline monomer and oligomer-
ANI from the polymeric film. And the monomer-free H2SO4 was
efreshed every 12 h and degassed with purified nitrogen before
se.

.3. Characterization of PANI/SS electrodes

The morphology of PANI was characterized by scanning
lectron microscopy (SEM, JEOL JSM-6700 F) and transmission
lectron microscopy (TEM, TECNAL G2 F20). The electrochemi-
al performance of PANI/SS was characterized by CV, EIS, and
harge/discharge methods. For CV and EIS methods, the configu-
ation of the electrochemical cell was in three-electrode system.
or the charge/discharge measurement, the configuration was in
wo-electrode system with identical PANI/SS electrodes applied as

E and CE.
All the polymerization experiments and EIS measurements were
erformed on PAR 273A (USA) controlled by a computer. CV test-
ng was carried out on LK2005 (Lanlike Co. Ltd., Tianjin) controlled
y a computer. The galvanostatic charge/discharge measurement
as carried out on LAND CT2001A (Jinnuo Electronic Co. Ltd.,
uhan). The electrolytes used in the characterization of PANI/SS
rces 190 (2009) 578–586 579

were degassed with purified nitrogen gas at least 20 min before
use.

3. Theoretical calculation

3.1. Electrochemical measurements of PANI/SS

The supercapacitor performance of PANI/SS is characterized
by CV, EIS, and galvanostatic charge/discharge method. The
value for mass specific capacitance (Cs, F g−1) can be calculated
from the charge capability measured by CV and galvanostatic
charge/discharge method, or obtained from the analysis of EIS data
by equivalent circuit modeling.

3.1.1. Cyclic voltammetry
For CV method, the overall capacitance (C, F) is obtained from:

C = dq

dE
= dq

dt

dt

dE
= i

dt

dE
= i

dE/dt
= i/v (1)

Here, i (A) is the instantaneous current in cyclic voltammograms,
dE/dt (V s−1) is the scanning rate (v, V s−1). C (F) can be given by the
average current (ī) divided by the scanning rate as [21]:

C = ī

v
=

1/(E2 − E1)
∫ E2

E1
i(E)dE

v
(2)

Here, E1, E2 are the switching potentials in cyclic voltammetry.∫ E2
E1

i(E)dE is voltammetric charge (q*) obtained by integration of

positive or negative sweep in cyclic voltammograms [28–30]. The
upper-limit potential E2 = E1 + vt (t is the time period of single
positive or negative sweep), therefore,

∫ E2
E1

i(E)dE is transformed

to v
∫ t

0
i(t)dt and Eq. (2) becomes:

C =
∫ t

0
i(t)dt

E2 − E1
(3)

The Cs is calculated from Cs = C/m, here m (g) is the mass of PANI
deposited on the substrate.

3.1.2. EIS measurement
The usefulness of EIS lies in the ability to distinguish con-

tribution of the individual components of the investigated
electrochemical system. Data recorded by EIS is modeling into an
equivalent electrical circuit which consists of circuit elements such
as the solution resistance (Rsol), the electrochemical double-layer
capacitor produced from the charge separation at PANI/electrolyte
interface (Cdl), and the bulk faradic impedance of PANI film. The
bulk faradic impedance can be divided into pseudocapacitance (Cp)
in parallel with a resistance which is the charge transfer resistance
(Rct) in redox process.

3.1.3. Galvanostatic charge/discharge
In charge/discharge experiment, the electrochemical cell is

assembled in two-electrode system with PANI/SS electrode applied
as both WE and CE. The PANI supercapacitor is charged to a desired
voltage and then discharged at a constant current (i = const.) until
the cell voltage between WE and CE decreases to 0.000 V. The aver-
age value for Cs can be deduced from the discharge curve according
to:

Cs = i

|(dE/dt) × m| (4)
Here, m (g) is the total mass of PANI on the substrate as mentioned
above; dE/dt (V s−1) is the slope of the discharge curve. Because the
curve can be treated as a linear one approximately, dE/dt is close
to its mean value (�E/�t) where �t (s) is the time period for the
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Scheme 1. Oxidation states of PANI.

verall potential decrease (�E, V) in discharge curve. Then Eq. (4)
s transformed to:

s = i × �t

�E × m
= Q

�E × m
(5)

(C) is the overall charge released during the discharge period.
Notice that in two-electrode system, the overall capacitance of

he capacitor (C, F) is determined by the series equivalent circuit
onsisting of anode capacitance (Ca, F) and cathode capacitance (Cc,
) according to the equation:

1
Cs

= 1
Ca

+ 1
Cc

(6)

If the two electrodes are exactly the same (i.e. Ca = Cc), Eq. (6)
ecomes:

s = 1
1/Ca + 1/Cc

= 1
2/Ca

= Ca

2
(7)

he Cs of the assembled PANI supercapacitor is just half the value
f a single PANI/SS electrode.

Compared Eq. (3) applied for CV method and Eq. (5) applied
or charge/discharge, the capacitance of PANI/SS is supposed to be
etermined by the potential window where PANI redox takes place
nd the corresponding charges stored in PANI.

.2. Oxidation states and protonation of PANI

The generally accepted structure of PANI is described as
cheme 1a [31–33], where Y (0 ≤ Y ≤ 1) corresponds to the ratio
f reduced unit and 1 − Y corresponds to the ratio of oxidized
nit in PANI. The three separate oxidation states of PANI are: fully
educed form (Y = 1) which is designated as leucoemeraldine base
LB, Scheme 1b); half-oxidized form (Y = 0.5) which is designated
s emeraldine base (EB, Scheme 1c); and fully oxidized form (Y = 0)
esignated as pernigraniline base (PNB, Scheme 1d).

All the three base forms LB, EB, and PNB can be protonated to
orresponding salt forms designated as LH, ES and PNS (the anions
n the structures are denoted as A−), respectively. Duke and co-

orkers have investigated that the apparent pKa values for LB and
B are −0.3 and 3 [34], which indicates that 50% of the nitrogen

toms for LB and EB will be protonated in the acidic medium where
he pH is −0.3 and 3, respectively. As for the PANI-PNB form, because
f the instability of protonated PANI-PNB [35–37], it is hard to inves-
igate the apparent pKa value for PNB. But the protonation of PNB
ill take place at pH 2 [38,39].
rces 190 (2009) 578–586

The redox of PANI has been investigated previously as shown
in Scheme 2 [40,41]. When PANI-LB is oxidized to PANI-PNS form
accompanied by doping of counter-anions in the electrolyte, one
electron of each nitrogen atom is lost, accompanied by one counter-
anion doped into PANI. And the charge capability for each repeated
unit in PANI reaches the maximum value. The redox potentials of a
single PANI fiber in 1.0 M H2SO4 have been investigated by Brett and
co-workers [42]. The results showed that the oxidation of PANI-LB
to PANI-ES takes place at E1 = 0.15 V and PANI-ES to PANI-PNS takes
place at E2 = 0.76 V.

3.3. Estimation of maximum value

In order to estimate the theoretical value, several assumptions
are made as following:

(1) The PANI nanofiber is solid and the entire surface is applied in
charge storage producing the electric double-layer capacitance.

(2) The protonated PANI-PNS form is stable in 1.0 M H2SO4.
(3) The diffusion process of counter-anions (HSO4

−) is fast enough
and has no effect on the faradic reaction of PANI.

(4) The PANI film has high conductivity under various conditions.

Firstly, based on Assumption 1, the maximum value for electri-
cal double-layer capacitance of PANI can be estimated as the value
for a single-wall carbon nanotube in 1.0 M H2SO4 (in fact, it is much
lower than that of the single-wall carbon nanotube because of its
low specific surface area). The maximal value for single-wall car-
bon nanotubes, with diameter of 30 nm, is 320 F g−1 in Ref. [7].
Based on Assumptions 2 and 3, 100% of the PANI will be involved
in charge storage with one counter-anion A− doped to every nitro-
gen atom during the redox (as shown in Scheme 3). Finally, based
on Assumptions 3 and 4, the redox process takes place in the PANI
film is the same as that takes place in a single PANI fiber. The redox
potential for PANI-LB/PANI-ES and PANI-ES/PANI-PNB is 0.15 and
0.76 V, respectively [42]. And all numbers in the calculation has 2
significant figures.

As shown in Scheme 3, the charge stored in PANI produced from
faradic reaction (Qp, C) is:

Qp = 1nF (8)

Here, n (mole) is the number of moles of aniline repeated units in
PANI, F is the Faraday constant, 9.64853 × 104 C mol−1. The pseudo-
capacitance (Cp, F) can be calculated from Qp as:

Cp = Qp

�E
(9)

Here, �E is the potential window for LB oxidized to PNS. Then,
the specific pseudocapacitance (Cps, F g−1) of PANI is:

Cps = Cp

m
= Qp

�E × m
(10)

Here, m changes successively during electrochemical experi-
ment due to the doping/dedoping of anions. Therefore, the mass
of unprotonated PANI-LB form is used as the basis for estimating
the maximum specific capacitance.

As for PANI with 1 mole of aniline repeat units, the faradic charge
storage Qp is:

Qp = 1 × 1 × 9.64853 × 104 = 96485.3 C (11)

The potential window is �E = E2 − E1 = 0.76 V − 0.15 V = 0.61 V.

The mass of PANI-LB with 1 mole of repeat aniline units is 91.1 g.
Therefore, the Cps is:

Cps = Qp

�E × m
= 96485.3

0.61 × 91.1
= 1736 F g−1 = 1.7 × 103 F g−1 (12)
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As for electrical double-layer capacitance, the maximum value
s regarded as 320 F g−1 as discussed above. The theoretical specific
apacitance of PANI, which is a combination of pseudocapaci-
ance with electrical double-layer capacitance, is 2.0 × 103 F g−1.
his value is the theoretical Cs for a single PANI electrode. And for
he two-electrode system where two identical PANI/SS electrodes
re applied as WE and CE, the overall Cs of the assembled PANI

upercapacitor is:

s = 1
2

× 2.0 × 103 = 1.0 × 103 F g−1 (13)

Scheme 3. Redox between PANI-LB and PANI-PNS.
f PANI in 1.0 M H2SO4.

4. Experimental results and discussion

4.1. Morphology of PANI

The morphology of PANI deposited on SS substrate was charac-
terized by both SEM and TEM (Fig. 1). The SEM image indicates that
the PANI is in nanofibrillar morphology under our experimental
condition. Additionally, the TEM image (inserted on top-right cor-
ner of Fig. 1) indicates that the PANI nanofiber has a coarse surface
and is in heterogeneous form. The nanofiber just like an aggrega-
tion of nanoparticles which have dense parts covered with loose
materials. The coarse surface has positive effect on the specific sur-
face area of PANI nanofibers and the diffusion of counter-anions,
but the heterogeneous form has negative effect on the conductivity
of PANI. All these factors should be considered in designing of PANI
supercapacitor with large specific capacitance.
4.2. Cyclic voltammetry

PANI/SS electrode with a deposited charge (Qdep) of 2.09 C cm−2

was cycled in the potential ranging from 0.000 to 0.800 V at various
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Table 1
The Cs of PANI/SS electrodes at different scanning rates.

Scanning rate
(mV s−1)

Area specific
capacitance (mF cm−2)

Mass specific
capacitance (F g−1)

20 281 418
50 262 391

100 230 342
200 196 292
ig. 1. SEM images of PANI on the substrate (TEM image inset at top-right corner).

canning rates. The corresponding cyclic voltammograms are pre-
ented in Fig. 2a. Peaks AA′ correspond to the first redox process
LB/ES, Scheme 2), Peaks BB′ are supposed to represent the by-
roducts and intermediates of hydroquinone/benzoquinone redox
43–45] and Peaks CC′ correspond to the second redox process
ES/PNS, Scheme 2). The relationship between the peak current

ensity (jp) and the square root of scanning rates (v1/2) as well as
hat between the peak potential (Ep) and v1/2, are collinear for both
eak A′ and Peak C (Fig. 2b). These results demonstrate that the
iffusion process is the rate determining step during the redox of

ig. 2. (a) Cyclic voltammograms of PANI/SS and (b) the relationship between peak
otentials and peak current densities vs. square root of scanning rates, v1/2 from
ig. 2a.
Fig. 3. Cyclic voltammograms of PANI/SS with different Qdep .

PANI. Therefore the percentage of PANI effective for capacitance,
which is influenced by the diffusion of counter-anions, is less than
100%. The Cs (capacitance per unit mass of material, F g−1) and area
specific capacitance (capacitance per unit deposited area, mF cm−2)
under different scanning rates are listed in Table 1. The results indi-
cate that by increasing the scanning rate from 20 to 200 mV s−1, the
specific capacitance of PANI supercapacitor decreases.

Fig. 3 presents the cyclic voltammograms of PANI/SS with Qdep
increasing from 0.582 to 25.2 C cm−2. The current peaks in Fig. 3
are distorted into a broader one with a larger Qdep. Finally, they dis-
appear when Qdep reaches 9.79 C cm−2. The increase in peak width
at the half height implies a decrease in the electron transfer rate in
PANI film [46]. Because the thickness of PANI film is in proportion to
the Qdep, it also confirms a slower electron transfer in a thicker PANI
film. The relationship between the specific capacitance and Qdep is

−2
shown in Fig. 4. When Qdep increases from 0.582 to 2.35 C cm , spe-
cific capacitance increase and reach the maxima with Qdep equal to
2.35 C cm−2, and the highest values in Fig. 4 are 920 mF cm−2 and
608 F g−1, respectively. Further increasing Qdep to 25.2 C cm−2, the
specific capacitance decreased gradually.

Fig. 4. Relationship between specific capacitances and Qdep of the PANI/SS in Fig. 3.
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ig. 5. Nyquist plots of PANI/SS at potential of (a) 0.000, (b) 0.200, (c) 0.400, (d) 0.55
hile the line represents the fitting of the data to the equivalent circuit in Fig. 6 usi

.3. EIS measurement

The conductivity of PANI depends on both the oxidation state
nd the doping degree of PANI. During charge/discharge, the poten-
ial of PANI/SS electrode changes successively resulting from the
orresponding change in oxidation state of PANI. The capacitance
nd conductivity of PANI at different oxidation state were studied
y EIS technique under various potentials. The impedance spectra
re shown as Nyquist plots in Fig. 5a–g. All the plots consist of a dis-
orted semicircle in the high frequency (HF) region and a straight
ine in the low frequency (LF) region. The HF intercept with the real
xis is equal to the solution resistance (Rsol) and the diameter of the
emicircle is equal to the electrode resistance which arises from the
harge transfer resistance (Rct) in PANI film. As well known, a ver-
ical line is equal to an equivalent circuit consisting of a resistance

n parallel with an ideal capacitor. However, the inclination from
he vertical in the very low frequency range is often observed for
he experimental result which is attributed to a non-homogeneity
lm [47,48]. Therefore, constant phase elements (CPE) are applied

n the equivalent circuit for the simulation of the impedance data.

able 2
itting values for the equivalent circuit elements in Fig. 6 by the simulation of impedance

lement Potential (V)

0.000 0.200 0.400

sol (�) 6.318 5.034 4.24
PE1 (�F) 12.58 14.12 25.81
1 0.7867 0.7497 0.6835
ct (�) 145.3 15.00 13.06
PE2 (F g−1) 212.4 365.0 363.2
2 0.9227 0.9701 0.9784
ean error 3.685E−03 1.490E−03 1.202E−03
.600, (f) 0.750, and (g) 0.800 V in 1.0 M H2SO4. Dots denote the experimental values
parameters in Table 2.

CPE is defined by:

ZCPE = TCPE(jω)−n
CPE

where T and n are frequency-independent constants and ω is the
angular frequency. The exponent n is a correction factor related to
the roughness of electrode surfaces. The values for n are ranging
between 0 and 1. n = 1 denotes the CPE element is an ideal capaci-
tor, while n = 0 and 0.5, denotes a resistance and Warburg behavior,
respectively.

The proper equivalent circuit to simulate the impedance data
of PANI/SS is shown in Fig. 6 [49]. CPE1 and CPE2 are expressed
as a capacity at non-homogeneous electrode surfaces and ionic
diffusion process in the polymeric film, respectively [50]. Table 2
lists the fitting values for the elements in Fig. 6 obtained by

the simulation of impedance spectra in Fig. 5. The mean error
of modulus is less than 0.7% indicating that these fitting values
are highly trustful. n1 values changes in a narrow range which
may be caused by the shrink-swell behavior of PANI upon the
electrochemical oxidation and reduction accompanied by dop-

spectra in Fig. 5.

0.550 0.600 0.750 0.850

4.472 5.104 5.855 6.629
20.77 11.75 53.08 33.63
0.7053 0.7597 0.8295 0.878
16.60 31.10 277.3 1158
445.0 411.0 323.5 11.70
0.9673 0.9482 0.6200 0.2738
1.552E−03 3.533E−03 6.185E−03 6.730E−03
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same potential, the increase in IR drop with increasing the constant
current is mainly attributed to the resistance of the electrolyte.

The Cs values of PANI/SS system in Fig. 8 are listed in Table 4.
Being carried out in two-electrode system, the Cs value of one
Fig. 6. Equivalent circuit for the simulation of the EIS spectra of PANI/SS.

ng/dedoping of counter-anions. n2 values denote the capacitive
ature of the system. The value of n2 at ∼0.9 indicates the highly
apacitive nature. At 0.750 V, the value of n2 = 0.62 implies the
erformance of PANI/SS deviates gradually from a capacitor to
arburg behavior. And at 0.850 V (PANI at fully oxidized state),

2 = 0.2738 indicates the resistive nature of PANI/SS electrode.
he charge transfer resistance (Rct) increases in the order as
ct, 0.400 V < Rct, 0.200 V < Rct, 0.550 V < Rct, 0.600 V < Rct, 0.000 V < Rct, 0.750 V <
ct, 0.850 V. This phenomenon is consistent with the fact that the
ANI-ES form (exists at 0.400 V) is the most conductive form. And
he redox state of PANI at 0.000, 0.750, and 0.850 V corresponding
o the fully reduced or oxidized form are poor for charge transfer.
PE1 is related to the double-layer capacitance producing on the
urface of PANI nanofiber while CPE2 is related to the pseudoca-
acitance. The value of CPE1 is much less than that of CPE2, so the
pecific capacitance of PANI/SS is regarded to be the value of CPE2
pproximately. The Cs is found out to range from 11.7 to 445.0 F g−1

nd reaches the maximum at the potential of 0.550 V. The result
ndicates that both the conductivity of PANI and the cell potential
ffects the degree of PANI redox which determines the capacitance.

Then, PANI/SS electrodes with different Qdep were also studied.
he corresponding impedance spectra are shown as Nyquist plots
n Fig. 7a–e. The values for the equivalent circuit elements in Fig. 6
btained by the simulation of the impedance spectra in Fig. 7 are
isted in Table 3. The value for Rct increases by increasing the Qdep

hich indicates that a slower electron transfer in a thicker PANI film.
his phenomenon is consistent with that observed by CV method
n Section 4.2. However, there is no obvious relationship between
s of PANI/SS and Qdep in the range from 0.337 to 0.929 C cm−2. The
aximum is 365.5 F g−1 with Qdep equal to 0.701 C cm−2.

.4. Galvanostatic charge/discharge

Galvanostatic charge/discharge method was also applied to
haracterize the PANI/SS in 1.0 M H2SO4. The electrochemical cell
or this method was configured in two-electrode system where
wo identical PANI/SS electrodes were applied as the WE and CE,
espectively. Fig. 8 represents the typical charge/discharge curves
ver a potential window from 0.000 V to 0.600, 0.750, and 0.800 V

t 0.10, 0.20, 0.40, and 0.80 mA, respectively. As shown in Fig. 8a,
he cathodic discharge process shows the mirror image of their
orresponding anodic charge counterparts on both curves which
ndicates that the PANI/SS system exhibits an ideally capacitive
ehavior in the potential window ranging from 0.000 to 0.600 V.

able 3
itting values for the equivalent circuit elements in Fig. 6 by the simulation of
mpedance spectra in Fig. 7.

lement Deposited charge (Qdep) (C cm−2)

0.337 0.701 0.712 0.727 0.929

sol (�) 8.337 9.151 11.47 8.906 11.96
PE1 (�F) 20.81 9.988 8.052 31.13 5.533
1 0.6369 0.7211 0.7873 0.6565 0.8006
ct (�) 14.30 31.16 47.48 72.81 88.33
PE2 (F g−1) 269.5 365.6 256.5 267.1 315.3
2 0.9555 0.9766 0.9806 0.9764 0.9784
ean error 7.348E−03 9.793E−04 1.936E−03 1.870E−03 1.845E−03
Fig. 7. Nyquist plots of PANI/SS electrodes with Qdep equal to (a) 0.337, (b) 0.701,
(c) 0.712, (d) 0.727, and (e) 0.929 C cm−2 in 1.0 M H2SO4. Dots denote experimental
values while the line represents the fitting of the data to the equivalent circuit in
Fig. 6 using the parameters in Table 3.

Extending the upper-limit to 0.750 and 0.800 V (Fig. 8b and c),
the IR drops become significant resulting in an asymmetry in
charge/discharge curves. The IR drop is attributed to the equiva-
lent series resistance (ESR) of PANI/SS system which arises from the
resistance of both the electrolyte and the PANI film. When higher
potentials applied, the PANI/SS system is more like a resistance
rather than a capacitor. The increase in the resistance of the PANI
film causes the increase in IR drop. On the other hand, under the
Table 4
The Cs values of PANI/SS in Fig. 8.

Potential (V) Current (mA) Cs (F g−1)

Two-electrode system One single PANI/SS

0.600

0.10 242.5 494.4
0.20 248.5 497.0
0.40 243.3 486.7
0.80 236.5 473.0

0.750

0.10 252.6 505.2
0.20 242.6 485.3
0.40 227.6 455.1
0.80 208.4 416.8

0.800

0.10 230.1 460.1
0.20 223.0 446.0
0.40 208.2 416.4
0.80 185.1 370.1
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mental one shows that the effective part of pure PANI contributing
to capacitance is low. This is attributed from the fact that the dif-
fusion of dopants (counter-anions) is the rate determining step
during the redox of PANI. Either decreasing the scanning rate of
CV or the current of galvanostatic charge/discharge will increase

Table 5
The Cs values of PANI/SS in Fig. 9.

Deposited charge
(Qdep) (C cm−2)

Cs (one single PANI/SS electrode) (F g−1)

Charge/discharge current (mA)
Fig. 8. Galvanostatic charge/discharge curves of PANI/SS electrode.

ingle PANI/SS electrode in the galvanostatic charge/discharge
easurement is twice as large as the overall Cs value. For a

ertain upper-limit potential, the Cs increases with decreasing
he charge/discharge current. This is attributed from the more
ounter-anions diffusing into/out PANI during the charge/discharge
rocess at the lower charge/discharge current. This phenomenon

s similar to that observed in CV experiments. On the other
and, for a certain current, the Cs decreases with increasing
he upper-limit potential. As mentioned above, under higher

otential is, the PANI/SS system is more like a resistance rather
han a capacitor. The results for upper-limit potential at 0.600 V
ppeared in the table, which is highly reproductive, also indi-
ate that the Cs with charge/discharge current at 0.10 mA is
ess than that at 0.20 mA, even less than 0.10 mA at 0.750 V.
Fig. 9. Galvanostatic charge/discharge curves of PANI/SS electrodes with different
Qdep .

The reason responsible for this phenomenon is unclear so
far.

The performance of PANI/SS electrodes with different Qdep
was also studied in the potential window from 0.000 to 0.750 V.
Fig. 9 shows the charge/discharge curves at the constant current
of 0.10 mA. The Cs value of PANI/SS with different Qdep tested at
0.10 mA as well as at 0.20, 0.40, and 0.80 mA are listed in Table 5. For
a certain Qdep, the PANI/SS supercapacitor has a lower capacitance
at a higher current which is consistent with the results above. The
maximum Cs is obtained from the PANI/SS with Qdep at 3.998 C cm−2

discharge at 0.10 mA.

4.5. Comparison between experimental value and theoretical one

From the results above, the maximum Cs obtained from CV, EIS,
and galvanostatic charge/discharge methods in present work is 608,
445.0, and 524.9 F g−1, respectively, which is only 30%, 22%, and 26%
of the theoretical one. As for EIS method, the Cs value is approxi-
mately regarded as the pseudocapacitance during the calculation
in Section 4.3 resulting in a smaller value than that of the other
two methods. During CV measurement, the potential of WE is con-
trolled relative to RE. Therefore, PANI on WE will undergo redox
in the potential window which is controlled exactly. However, dur-
ing charge/discharge measurement, the controlled parameter is the
potential difference between WE and CE. Even if the experimental
parameter (potential window) of charge/discharge measurement is
the same as that of CV, both the electrodes would undergo redox in a
narrower potential window compared to that in CV. As a result, the
charge storage measured by galvanostatic charge/discharge method
is less than that obtained by CV.

The difference between the theoretical value and the experi-
0.10 0.20 0.40 0.80

3.603 480.0 439.3 400.3 351.4
3.988 524.9 474.9 429.3 376.4
4.277 505.2 485.3 455.1 416.7
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ig. 10. Core-shell model of PANI utilized in charge storage influenced by diffusion
f dopants.

n amount of dopants into/out the PANI, and thus results in the
ncrease of capacitance of PANI. The influence of diffusion process
n the PANI capacitance is given in Fig. 10. The dark shell stands
or the part where the insertion/expulsion of counter-anions can
ake place, and the grey core stands for the conductive part of PANI
anofiber where no change occurs during the charge/discharge pro-
ess. Therefore, the grey core has no contribution to the capacitance
nd only the dark shell is available for capacitance. The ratio of the
ark shell to the whole PANI nanofiber represents the proportion
f PANI generating capacitance.

The PANI nanofiber must be conductive for electron transfer dur-
ng the redox reaction of PANI. As mentioned in Section 4.1, the PANI
anofiber has actually a heterogeneous structure in present work.
he protonated polyaniline in 1.0 M H2SO4 was found to behave
s archipelago of metallic “islands” (the crystalline structure) sep-
rated from one another by insulated “beaches” (the amorphous
tructure) [51–56]. Therefore, the structure of PANI nanofiber is
ike conductive islands dispersed in an insulated sea. The model in
ig. 10 only represents the conductive islands in PANI nanofibers.
owever, the insulated part which has no contribution to the capac-

tance occupies a considerable proportion of the PANI nanofiber.
ased on these factors, the experimental results obtained by CV,
IS, and galvanostatic charge/discharge methods were found to be
uch less than the theoretical one.

. Conclusion

The theoretical maximum specific capacitance (Cs) of PANI/SS
upercapacitor is estimated to be 2.0 × 103 F g−1. Taking the
iffusion of counter-anions and the conductivity of PANI into con-
ideration, only a small part of PANI has contribution to capacitance.
ractically, the maximum Cs value measured by CV, EIS, and gal-
anostatic charge/discharge methods in present work is 608, 445.0,
nd 524.9 F g−1, respectively. Firstly, the diffusion of counter-anions
n PANI is confirmed to be the rate determining step during the
edox. This process degrades the charge/discharge capability of
ANI. The porosity of PANI film is a benefit for sufficient con-
act between the counter-anions and the PANI. Secondly, the PANI
anofiber obtained in present work is a heterogeneous structure.
he insulated part is not efficient for charge storage. Based on these
actors, the experimental values are much less than the theoretical
ne. In order to improve the performance of supercapacitors, the
omogeneous PANI nanofibers with large surface area (low diam-
ter and coarse surface) should be applied to modify the substrate.
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