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Abstract

An all-solid supercapacitor has been fabricated using polyaniline (Pani) and sulfonated poly(ether ether ketone) (SPEEK). A composite
electrode is made from chemically-synthesized Pani, SPEEK, electronically conducting carbon black and polytetrafluoroethylene (PTFE).
SPEEK acts as both separator and electrolyte. The unit cell consists of two electrodes made from a p dopable Pani composite electrode
separated by a SPEEK membrane with a thickness of 50�m. As the electrodes of the capacitor are made from same p dopable Pani material,
the cell is a type I (p–p) capacitor. The cell characteristics are studied using cyclic voltammetry, charging–discharging, and impedance
analysis. The unit cell capacitance is 0.6 F, which corresponds to 27 F per g of the active polymer material.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Supercapacitors are promising devices for delivering high
power density. Digital communications, electric vehicles and
other devices that require electrical energy at high power
levels in relatively short pulses have prompted considerable
research on supercapacitors[1–3]. The electrode materials
used for the capacitors are normally carbon with a high sur-
face area, noble metal oxides and conducting polymers[4,5].
Conducting polymers have attracted use for electrochemi-
cal capacitors because of a combination of high charge den-
sity compared with carbon and a low cost compared with
metal oxides[6,7]. In carbons with high surface area, en-
ergy storage arises due to charge separation of electronic
and ionic charges at the interface between the electrode ma-
terial and the electrolyte solution. Hence, so-called ‘elec-
tric double-layer’ capacitors are produced. In conducting
polymers and in metal oxides, fast faradic charge transfer
takes place at the electrode material and so-called ‘redox’
or ‘pseudocapacitance’ is produced[1,8,9].

Various liquid electrolytes, both aqueous as well as
organic solutions, are used for capacitor assembly. The
potential window range for aqueous systems is around
1.23 V. It can be extended, however, by judicious choice
of the supporting electrolyte and/or a solvent[10–24]. In
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recent years, solid electrolytes have been investigated for
supercapacitors[25–30]. Solid electrolytes are advanta-
geous over liquid electrolytes in respect of easy handling
and reliability without electrolyte leakage. Development
of non-aqueous systems is gaining momentum due to the
higher energy density of the systems. Recently, a super-
capacitor based on Nafion, a proton-conducting polymer
membrane, has been hybridized with a direct methanol fuel
cell [31]. There are many ionomers/polyelectrolytes which
can perform similarly when used as all-solid supercapaci-
tors. Sulfonated poly(ether ether ketone) (SPEEK) has been
used as proton-conducting polymer membrane in a fuel cell
[32]. It is expected that SPEEK can also act as potential ma-
terial for an all-solid capacitor. Moreover, the concentration
of the sulfonic acid group can be varied in SPEEK.

In this preliminary study, an all-solid capacitor with
polyaniline as the electrode material and SPEEK as the
solid electrolyte has been prepared. The properties of the
electrode material have been studied by incorporating the
capacitor in a unit cell assembly. Charging and discharging
of the unit cell are also discussed.

2. Experimental

2.1. Materials

Poly(ether ether ketone) (PEEK) powder, Victrex, Grade
450P, was obtained from the UK, and sulfuric acid,
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dimethlyacetamide (DMAC) and NH4OH from Qualigens
(India). Teflon suspension was supplied by Hindustan Flu-
oro Carbon Corp (India). All the materials were used as
received without further purification. Conducting carbon
powder was (Vulcan XC-72) received from the Cabot Cor-
poration and conducting carbon paper from Toray, Japan.

2.2. Preparation of SPEEK

The PEEK powder was dissolved in concentrated H2SO4
for 1 h at 25◦C. After that, the solution was heated to 55◦C
and stirred for 1.5 h. The resulting SPEEK solution was then
precipitated in a ice/water mixture under stirring. The solu-
tion was then filtered and product washed thoroughly with
distilled water to remove residual sulfuric acid. The solid
product was dried in oven at 55◦C to constant weight. The
SPEEK was characterized for its ion-exchange capacity in
order to determine the equivalent weight.

2.3. Preparation of SPEEK membrane separator

The SPEEK was dissolved in DMAC to make a 15% solu-
tion. The solution was poured on a glass plate and homoge-
nously spread by means of a doctor blade. The film was dried
in a dust-free atmosphere at room temperature for 60 h. Fur-
ther drying was performed in an air oven at 120◦C for 24 h.
The film thickness was maintained at around 50± 5�m.

2.4. Purification of conducting carbon black

Conducting carbon black was purified by soxhletting with
water for more than 24 h. The resulting powder was dried at
80◦C to constant weight and stored. The powder was used
in the preparation of electrodes.

2.5. Electrode preparation

Pani was synthesized chemically following the method of
MacDiarmid et al.[33]. De-doping of Pani was performed
by stirring in 0.5 M NH4OH for 5 h. The powder was fil-
tered, washed thoroughly with water, and dried at 80◦C un-
der vacuum to constant weight. The Pani powder was mixed
with purified conducting carbon powder, a Teflon suspen-
sion (10% suspension in ammonia solution), and a SPEEK
solution (10% solution in DMAC). The composition is given

Fig. 1. Construction of unit cell assembly of all-solid supercapacitor.

Table 1
Composition of capacitor electrode

Component Composition (wt.%)

Pani 40
Carbon powder 38
PTFE 2
SPEEK 20

in Table 1. The ingredients were mixed thoroughly to yield
a paste, which was then applied to carbon paper by a rolling
method. After fabrication, the electrode was dried for over
48 h at 80◦C.

2.6. Unit cell fabrication

The structure of all-solid capacitor using SPEEK and Pani
is shown inFig. 1. Two pieces each 2.5 cm× 2.5 cm were
cut from the large electrode for fabrication of a unit cell. The
electrodes and a SPEEK membrane of similar size were hot
pressed for 30 s at 180◦C. This minimized the ohmic resis-
tance and established a good contact between the electrode
and the SPEEK membrane. In the assembly shown inFig. 1,
SPEEK acts as both a separator and a solid electrolyte. The
carbon paper serves as a current-collector.

2.7. Characterization

Cyclic voltammetry (CV) and impedance analysis of the
supercapacitor were performed using an AUTOLAB from
Eco Chemie. The charging and discharging characteristics
of the supercapacitor were also studied with the same equip-
ment. The scanning rate for CV was 5, 10 and 25 mV s−1

and the impedance analysis was conducted at open-cell po-
tential in range 1 MHz to 0.01 Hz.

3. Results and discussion

The configuration of the capacitor is shown inFig. 1. The
Pani concentration in the electrode is 40 wt.% whereas that
of SPEEK is 20 wt.%. The equivalent weight of the SPEEK
was 595 g. The fabricated unit cell was studied for electro-
chemical characterization. The results were confirmed by re-
peating the experiment with other cells of the same size and
composition. Cyclic voltammograms for the capacitor at the
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Fig. 2. Cyclic voltammogram of all-solid supercapacitor based on SPEEK: (a) 25, (b) 10, and (c) 5 mV s−1.

different scan rates are presented inFig. 2. Both electrodes
were made from same polymer and it represents a Type I
class of capacitor. Good capacitor performance is obtained
and this suggests that SPEEK can be used as a solid poly-
mer electrolyte. The shape of the voltammogram is close
to a rectangular one. The scanning was performed in the
voltage range of 0.3 to 0.8 V. Similar behavior has been re-
ported for gel and Nafion membrane electrolytes[31]. The
capacitance calculated from the voltammogram gives ap-
proximately 0.6 F, which corresponds, to 27 F per g of active
polymer material. The charging and discharging curve of
the Pani–SPEEK supercapacitor at room temperature when
it charged to 1 V at 20 mA is shown inFig. 3. The capac-
itor shows typical charging–discharging performance. The
charging and discharging capacitance can be calculated us-
ing the following equation[27]:

C = It

�V
(1)

whereC, I, t and�V are the capacitance, charging/discharge
current, charge/discharge time and potential difference, re-
spectively. The capacitance estimated from the curves is
approximately 0.625 F and this corresponds to a specific
capacitance of 28 F per g, which is close to the value

Fig. 3. Charging and discharging curves of all-solid supercapacitor based
on SPEEK.

calculated by cyclic voltammetry. The low value can be
attributed to the low concentration of sulfonic acid groups
in the electrode matrix.

The capacitance and the internal resistance are of great
importance for capacitor performance. The impedance spec-
trum for the unit cell is shown inFig. 4. The spectrum

Fig. 4. Impedance spectrum of all-solid supercapacitor using SPEEK.
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displays a small semicircle at high frequency followed by a
transition to linearity at low frequency. At high frequency,
it represents a diffusion process and at low frequency it rep-
resents capacitive behavior[30]. The impedance value for
the capacitor can be determined from the spectrum. The in-
tersection of the semicircle with the real axis gives the re-
sistance valueR and from the spectrum it is estimated to be
about 1.67� (Fig. 4b). The low value can be attributed to a
low ohmic resistance between the electrode and the separa-
tor|electrolyte. The time constant RC is approximately 1 s.
This parameter determines the rate at which the superca-
pacitor can be charge and discharged, and hence limits the
power of the capacitor.

4. Conclusions

Pani has been synthesized chemically and PEEK was sul-
fonated using sulfuric acid. An all-solid supercapacitor with
Pani and sulphonated PEEK has been fabricated. SPEEK
was used both as an electrolyte and a separator membrane.
The performance of the supercapacitor has been studied by
means of cyclic voltammetry, charge–discharge testing and
impedance analysis. The capacitance measured from cyclic
voltammetry is 27 F per g of active polymer material. Charge
and discharge curves show a similar capacitance value. The
study has demonstrated that a SPEEK-based electrolyte may
be a promising material for supercapacitors. Detailed stud-
ies for optimization of the various parameters for making
more efficient capacitors are in process.

References

[1] B.E. Conway, Electrochemical Supercapacitors, Scientific Fundamen-
tals and Technological Application, Kluwer Academic Publishers,
Plenum Press, New York, 1999.

[2] B.E. Conway, J. Electrochem. Soc. 138 (1991) 1539.
[3] A. Burke, J. Power Sources 91 (2000) 37.
[4] S. Sarangapani, B.V. Tilak, C.P. Chen, J. Electrochem. Soc. 143

(1996) 3791.
[5] B.E. Conway, V. Birss, J. Wojtowicz, J. Power Sources 66 (1997) 1.
[6] A. Rudge, J. Davey, I. Raistrick, S. Gottesfeld, J.P. Ferraris, J. Power

Sources 47 (1994) 89.

[7] A. Rudge, I. Raistrick, S. Gottesfeld, J.P. Ferraris, Electrochim. Acta
39 (1994) 273.

[8] A.K. Shukla, S. Sampath, K. Vijayamohanan, Curr. Sci. 79 (2000)
1656.

[9] K. Kotz, M. Carlen, Electrochim. Acta 45 (2000) 2483.
[10] D. Belanger, X. Ren, J. Davey, F. Uribe, S. Gottesfeld, J. Electrochem.

Soc. 146 (2000) 2923.
[11] M. Grzeszczuk, P. Poks, J. Electrochem. Soc. 146 (1999) 642.
[12] K. Nishio, M. Fujimoto, N. Yoshinaga, O. Ando, H. Ono, T. Mu-

rayama, J. Power Sources 56 (1995) 189.
[13] K.S. Ryu, K.M. Kim, N.G. Park, Y.J. Park, S.H. Chang, J. Power

Sources 103 (2002) 305.
[14] A. Du Pasquier, A. Laforgue, P. Simon, G.G. Amatucci, J.F. Fau-

varque, J. Electrochem. Soc. 149 (2002) A302.
[15] P. Soudan, H.A. Ho, L. Breau, D. Belanger, J. Electrochem. Soc.

148 (2001) A775.
[16] A. Laforgue, P. Simon, J.F. Faucarque, J.F. Sarrau, P. Lailler, J.

Electrochem. Soc. 148 (2001) A1130.
[17] A. Di Fabio, A. Giorgi, M. Mastragostino, F. Soavi, J. Electrochem.

Soc. 148 (2001) A845.
[18] F. Fusalbe, D. Goue’rec, D. Villers, D. Belanger, J. Electrochem.

Soc. 148 (2001) A1.
[19] C. Arbizzani, M. Mastrogostino, F. Soavi, J. Power Sources 100

(2001) 164.
[20] M. Mastragostino, R. Paraventi, A. Zanelli, J. Electrochem. Soc. 147

(2000) 3137.
[21] M. Mastragostino, C. Arbizzani, R. Paraventi, A. Zanelli, J. Elec-

trochem. Soc. 147 (2000) 407.
[22] K. Naoi, S. Suemastsu, A. Manago, J. Electrochem. Soc. 147 (2000)

420.
[23] J.C. Carlberg, O. Inganas, J. Electrochem. Soc. 144 (1997) L61.
[24] C. Arbizzani, M. Mastragostino, L. Meneghello, R. Paraventi, Adv.

Mater. 8 (1996) 331.
[25] T. Osaka, X. Liu, M. Nojima, T. Momma, J. Electrochem. Soc. 146

(1999) 1724.
[26] X. Liu, T. Osaka, J. Electrochem. Soc. 144 (1997) 3066.
[27] X. Liu, T. Osaka, J. Electrochem. Soc. 143 (1996) 3982.
[28] A. Matsuda, H. Hondo, K. Hirata, M. Tatsumisago, T. Minami, J.

Power Sources 77 (1999) 12.
[29] M. Iskikawa, M. Morita, M. Ihara, Y. Matsuda, J. Electrochem. Soc.

141 (1994) 1730.
[30] A. Lewandowski, M. Zajder, E. Frackowiak, F. Beguin, Electrochim.

Acta 46 (2001) 2777.
[31] K.W. Park, H.J. Ahn, Y.E. Sung, J. Power Sources 109 (2002)

500.
[32] G. Alberti, M. Casciola, L. Massinelli, B. Bauer, J. Membr. Sci. 185

(2001) 73.
[33] A.G. MacDiarmid, J.C. Chiang, A.F. Richter, A.J. Epstein, Synth.

Met. 18 (1987) 393.


	All-solid supercapacitor based on polyaniline and sulfonated poly(ether ether ketone)
	Introduction
	Experimental
	Materials
	Preparation of SPEEK
	Preparation of SPEEK membrane separator
	Purification of conducting carbon black
	Electrode preparation
	Unit cell fabrication
	Characterization

	Results and discussion
	Conclusions
	References


