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Abstract

Three types of electrically conducting polymers (ECPs), i.e. polyaniline (PANI), polypyrrole (PPy) and poly-(3,4-ethylenedioxythiophene)
(PEDOT) have been tested as supercapacitor electrode materials in the form of composites with multiwalled carbon nanotubes (CNTs). The
energy storage in such a type of composite combines an electrostatic attraction as well as quick faradaic processes called pseudo-capacitanc
It has been shown that carbon nanotubes play the role of a perfect backbone for a homogenous distribution of ECP in the composite. It is well
known that pure conducting polymers are mechanically weak, hence, the carbon nanotubes preserve the ECP active material from mechanica
changes (shrinkage and breaking) during long cycling. Apart of excellent conducting and mechanical properties, the presence of nanotubes
improves also the charge transfer that enables a high charge/discharge rate. For an optimal use of ECPs in electrochemical capacitors, a speci
electrode composition with ca. 20 wt.% of CNTs and a careful selection of the potential range is necessary. The capacitance values ranging
from 100 to 330 F g! could be reached for different asymmetric configurations with a capacitor voltage from 0.6 to 1.8 V. It is also noteworthy
that such a type of ECP/CNTs composite does not need any binding substance that is an important practical advantage.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ues can be obtained with a thin ECP film electrodeposited on
a conducting support like Pt and/or glassy carbon. The values
The growing demand for portable systems and electric reported for different ECPs, e.g. PANI can easily reach val-
vehicles which require high power in short term pulses have ues of 1000 F g when the electrochemical investigation is
prompted a great interest in electrochemical capacitors, alsoperformed in a three electrode cell using a thin film that has
known as supercapacitof$—3]. Various carbon materials a very limited use for a practical supercapacitor operating as
have been considered for supercapacitor electrodes and a two-electrode system.
great attention was also focused on conducting polymers. The main drawback of ECPs application as supercapac-
Electrically conducting polymers (ECPS) represent a very itor electrodes is connected with their poor stability during
interesting family of synthetic metals due to a high dop- cycling. The ECP films, due to volumetric changes during the
ing level and a fast electrochemical switching. The possible doping/dedoping process (insertion/deinsertion of counter
application of ECPs in electrochemical capacitors is dictated ions), undergo swelling, shrinkage, cracks or breaking that
by their significant capacitance valug@s-11]. Contrarily to in consequence gradually aggravates their conducting prop-
activated carbons where only the surface is used for chargeerties. Additionally, the electrochemical activity of each ECP
accumulation, in the case of ECPs, the total mass and volumeis strictly determined by its working potential range limited
isinvolved in charge storage. Extremely high capacitance val- by an isolating state and/or polymer degradation caused by
overoxidation.
mpondmg author _ Our tgrget is t(_) overcome this .stabil?ty problem of ECPs
E-mail address. fracko@fct.put.poznan pl (E. Frackowiak). with cycling by using their compogltes with carbon nanotubes
1 On leave from the Kiev National University of Technology and Design, (CNTs) as mesoporous conducting network able to adapt to
2 Nemirovich-Danchenko str., 02011 Kiev, Ukraine. all the mechanical stress. The effect of the potential range
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during cycling will be especially emphasized. Different ECPs polymeric binder, while keeping enough good mechanical
materials for the positive and negative electrodes will be also properties. The electrodes were pellets (5—20 mg) obtained
combined in order to optimize the voltage range of the super- by pressing the composite material. The capacitor is built
capacitor. from two pellets of composite separated with a glassy
fibrous paper in a SwagelBksystem. Two-electrode cells
were most often applied but a three electrode configuration
was also used. The electrochemical performance was deter-
2.1. Materials preparation, characterization mined in acidic (1 mol L' H2SOs) and organic (1 mol C*
TEABF, in acetonitrile) solutions depending on the ECP
The multiwalled carbon nanotubes used as composite composite, using galvanostatic, voltammetry and impedance
backbone in this study were synthesized by acetylene decom-spectroscopy techniques. For galvanostatic charge/discharge
position on a CaVig(1—x)O solid solution precursor of cata-  cycling, the currentload ranged between 100 and 500 MmAg
lyst at 600°C according to referen¢@2]. The method allows  and capacitance was estimated only from the discharging
an efficient production of high purity CNTs strongly entan- time. Cyclic voltammetry characteristics of the ECP/CNTs
gled. composites were recorded at different scan rates from 1 to
Polymerisation of conducting polymers was carried out 10mV s 1. The capacitance was calculated from the capac-
mainly by a chemical method which appears definitively itive current and in the case of a non-rectangular shape,
easier than the electrochemical one. For chemical polymer-the curves were integrated. The formdla iv—! was used,
ization of monomers, such oxidants as Fg€k(CIQ;)3 and wherei is the average current andthe scan rate of volt-
K2Cr,O7 were used. Composites were prepared by immer- age, whereas for galvanostatic measuremértsdU—1 was
sion of multiwalled carbon nanotubes (0.1 g) into an aqueous applied ¢ is the discharge time in the range of voltage dU). It
solution of the monomer and by addition of an oxidant to this is important to note that in our calculations the capacitance
solution. Electroconducting PPy was deposited on CNTs by values are expressed per active material of one electrode. In
chemical polymerization of 0.5 ml pyrrole with 1.2 gof FgCl  the case of three-electrode cells, the capacitance value was
in 50ml of 0.1 mol Lt HCI. The PANI/CNTs nanocom-  immediately the capacitance per electrode, however, in the
posite was synthesized through oxidative polymerization of two-electrode cell we were multiplying the measured capac-
0.4 ml aniline by 0.4 g KCr,07 in 50 ml of 1 mol L= HCI. itance C by two to have specific capacitance per electrode.
The nanocomposites materials were then filtered and washedCspec=2C m~1 (m is the mass of one electrode). Obviously,
with a large amount of water and several times by ethanol to for the full capacitor the capacitance values would be four
remove the residual oxidant. At the end, all composites were times smaller.
washed by acetone and dried at’€0 The capacitance was also estimated from impedance spec-
Because of a limited solubility of the EDOT monomer troscopy using the following formulaC=—(1/(27zfZ")).
in agqueous medium, the polymerisation was performed Impedance spectroscopy measurements were performed at
in aprotic medium such as acetonitrile (AN) with Fe(lll) open circuit voltage witht10 mV amplitude.
playing the role of oxidant. The Fegbr Fe(CIQ)s oxi- VMP (Biologic-France) and AUTOLAB potentio-
dant (1.2molL1) was dissolved in AN and then EDOT stat/galvanostats (ECOCHEMIE) were used for the electro-
(1 mol L) was added drop by drop with an intensive stir- chemical measurements.
ring. The navy-blue PEDOT was carefully washed by AN
and dried at 50C. In the case of the direct polymerisation
of PEDOT on carbon nanotubes, CNTs were dispersed in the3. Results and discussion
reaction mixture using an ultrasonic bath. A two-component
composite was also prepared by mechanical stirring of pre-3.1. Microtextural characterization
viously elaborated PEDOT with 20 wt.% of CNTs. In few
cases instead of CNTs, acetylene black (AB) has been used The distribution of the conducting polymer in the com-
for making the composite in order to determine if there is a posites was evaluated by SEM observatibiy. 1 presents
beneficial effect of CNTs compared to AB. For all the com- a general population of carbon nanotubes chemically coated
posites the proportion of the components was estimated byby three types of conducting polymers: polyaniline (PANI),
weighing the final product in the dried state. polypyrrole (PPy) and poly-(3,4-ethylenedioxythiophene),
Scanning electron microscopy (SEM, HITACHI S 4200) i.e. PEDOT. The composites contain 80 wt.% of ECP and
has been used for the observation of the obtained composite20 wt.% of CNTSs. In the case of polyanilin€i§. 1a), the

2. Experimental

materials and of the pellet electrodes. nanocomposite is very homogenous and CNTs are equally
coated by conducting polymer. The average diameter of the
2.2. Electrochemical characterization PANI coated nanotubes is up to 80 nm. For comparison it

should be noted that the diameter of the pristine nanotubes is
The advantage of using the ECP/CNTs composite material mainly ranging from 10 to 15 nrfiL.2]. By contrast, for the
is the possibility of manufacturing the electrodes without any PPy compositeKig. 1b) a globular structure and irregular
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Fig. 1. SEM of composites from CNTs with PANI (a), PPy (b) and PEDOT
(c) prepared by chemical polymerization.

ical deposit is better, the higher porosity of the chemically
polymerized product is more interesting on the point of view
of capacitor application. Some SEM observations on cross
sections of pellet electrodes from pure ECP showed a dras-
tic loss of porosity, whereas the same polymer with CNTs
preserved an accessible porous morphology.

3.2. Capacitance properties

The novel composites based on chemically elaborated
conducting polymers and CNTs were carefully investigated
by the three electrochemical techniques and a good agree-
ment was found between all the measurements. We proved
that 20 wt.% of CNTs in the electrodes is sufficient to ensure
a good permeability for the electrolyte and allow a high
electrochemical performance. It is noteworthy that pure nan-
otubes pointed out very low capacitance values not exceeding
20F g L. Hence, taking into account that the proportion of
CNTS in the composite is only 20 wt.%, the total capacitance
is mainly due to the conducting polymer. On the other hand,
experiments carried out with acetylene black instead of CNTs
showed definitively better performance for composites with
CNTs due to a good dispersion of ECP in the nanometric
scale and better conductivity of composite.

The capacitance values of the ECPs/CNTs composites
are strongly depending on the cell configuration used for
the electrochemical investigation, being always significantly
higher for a three-electrode system. For example the aver-
age value for the PANI/CNTs composite estimated using a
three electrode cellwas 650 Fy whereas in a two-electrode
cell it diminished to 360 Fg! or even lower. In both cases
capacitance is expressed per active mass of one electrode.
The electrochemical characteristics by the voltammetry tech-
nique (2mVs1) and galvanostatic discharge at 2mA are
presented irFig. 2 It is well seen Fig. 2b) that depending
on the selected potential range for calculation, the capaci-
tance can greatly vary. However, one must remember that in
a two-electrode system the lower capacitance value of both
electrodes connected in series will determine the total capac-
itance according to the formula:

11,1 W

C (C1 (o

It is noteworthy that well visible peaks typical for PANI are
observed in athree-electrode cellwhereas arectangular shape
voltammogram is recorded in a two-electrode configuration.
The PANI/CNTs composite was systematically investigated
by impedance spectroscopy before and after cycling in a two-
electrode capacitor using different operating voltage (from

deposits are observed. In the case of the PEDOT/CNTs com-0.4 to 0.8 V). The capacitance (FY versus frequency (Hz)
posite a strong tendency for polymerization on the polymer dependence is presentedrig. 3before and after 3000 cycles

itself appears.

performed at 300 mAQ! current load using 0.6 V operating

From our previous experience with electrochemical coat- voltage range. After cycling, only a slight decrease of capac-

ing of carbon nanotubes by PPy3—-16] it seems that chem-

itance in the low frequency region is observed, whereas the

ical polymerization supplies a more porous morphology of permeability of the composite bulk for ions at higher frequen-
the composite. Hence, even if the quality of the electrochem- cies remains the same supplying still 100# gt 1 Hz in both
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. composite, capacitance values of 495 and 200'Fgere
g found in three- and two-electrode cell configurations, respec-
= tively. The cyclic performance of the two-electrode system is
Eﬂ significantly dependent on the selection of the voltage range
@ that is well demonstrated iRig. 5. A very high cycleabil-
Z ity > 3000 cycles, with stable capacitance values of 160% g
= was observed using a narrow voltage range (0.4V) for a
; 3 3 , capacitor based on the PPy composite. From experimental
A i L 1 1 i 1 1 1 1 L . . .
055 200 400 500 500 1000 1200 data obtained using lower operating voltage a total loss of
(b) tls about 15% for PPy/composite and 10% for PANI/composite

of initial discharge capacitance is found after 100 cycles, but
Fig. 2. Cyclic voltammogram at 2mV$ (a) and galvanostaticl discharge g fairly steady capacity is maintained thereafter. On the con-
at2mA (b) of a PANI/CNTSs pellet electrode;=5.4 mg; 1 mol L= H2SCy trary, upon increasing the operating voltage, the decrease of
electrolyte, three-electrode cell. .

capacity reaches about ca. 40% after 500 cycles performance.

cases. Contrarily, an extension of operating voltage causesa _Among the three investigated —materials, the
rapid drop of capacitance already at 10 mHz. The loss of PEDOT/CNTs composite supplied lower capacitance

capacitance values during cycling for the PANI/ICNTs com- Values of 100 Fg*, however, with a perfect stability during
posite for three different voltage ranges is showiFig. 4. cycling. An example_of electrochempal charac_terl_sncs of a
The decrease of capacitance in the wider voltage range istWO-€lectrode capacitor based on this composite in organic
caused by the operating of negative electrode on the bor-medium is presented ifig. 6. Fig. 6a shows an irregular
der of the isolating state. It should be concluded that the Shape of voltammetry characteristic taken at 10mYs
cycling life of capacitor decreases dramatically after increas- therefore a practical voltage of 1.5V has been selected for
ing the operating voltage as well for the PANI/CNTs and the charge/discharge cycling shownFhig. 6b. Additional

PPy/CNTs composite§{g. 5. In the case of the PPY/CNTs advantage of the PEDOT/CNTs composite is a possibility
of operating in acidic, alkaline and organic electrolytic

=8 T ' solutions.
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Fig. 3. Capacitance vs. frequency for the PANI/CNTs composite before and
after 3000 cycles at 300 mA{ current load using a voltage range from 0 Fig. 5. Cycleability of the PPy/CNTs composite in 1 mofL HySOy.
to 0.6 V. Two-electrode cell. I=2mA.
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Fig. 6. Cyclic voltammogram at 10mV$ (a) and galvanostatic Fig. 7. Cyclic voltammogram at 5 mV/$ (a) and charge/discharge at 1 mA
charge/discharge at 2 mA (b) of a symmetric supercapacitor built from the (b) of an asymmetric capacitor based on PANI/CNTSs (+) and PPy/CNJ's (
PEDOT/CNTs nanocomposite; mass of each electrode 8.9 mg; electrolytic electrodes. Mass of each electrode 8.2 mg. Electrolyte: 1 mbHoSCy.
solution, 1 mol L= TEABF; in acetonitrile.
at both electrodes, an ideal capacitive behaviour is demon-

In order to increase the capacitor operating voltage with strated from the voltammogram and the discharge curve for
enhanced capacitance values and durability, various combi-such an asymmetric capacitor with a good cycleability for
nations of ECPs composites working in their optimal poten- 0.6V voltage range.
tial range were also tested. Very interesting results were An additional increase of the supercapacitor power and
obtained when an asymmetric system was built with two dif- energy density through enhancement of the operating volt-
ferent conducting polymer composites for the positive and age can be easily realized by application of activated carbon
negative electrodes. Electrochemical behaviour of PANI dic- as a negative electrode. In this case voltage can reach 1.8V in
tates its choice as a positive electrode because of a rapid lossiqueous medium with a very good cycleability over 10,000

of conductivity in the negative potential range ($ég. 2). cycles.Table 1shows some examples of asymmetric config-
On the other hand PPy as well as PEDOT could serve asurations studied.
both electrodes (+) and- taking into account a suitable Instead of CNTS, acetylene black could be also used as

voltage range Table ). Fig. 7 shows the performance for carbon additive in such composites, however, nanotubes act
a PANI/CNTSs (+)//PPy/CNTs-{) capacitor which supplies  as a more convenient backbone and allow a better dispersion
320F gl. Both characteristics, i.e. voltammetry and gal- of the conducting polymer.
vanostatic charge/discharge are presentdgign 7a and b,
respectively. Although pseudofaradaic charge transfer occurs

4. Conclusions

Table 1

Combination of different materials for positive and negative electrodes of ~ Carbon nanotubes play a role of an excellent support for
supercapacitor conducting polymers. Their unique microtextural, mechani-
Positive (+) Negative{) C(Fg?h U (v) cal and conducting properties allow to form a supercapacitor
PANI PPy 320 0.6 with an accessiblle eIectrer/gIectrolyte interface for efficient
PANI PEDOT 160 0.8 charge propagation. Application of CNTs enables to extract
PANI Carbon (PX21) 330 1.0 fully the energy from the ECP, however, only if the operat-
PPy Carbon (PX21) 220 1.0 ing voltage is optimally selected for the positive and nega-
PEDOT Carbon (PX21) 120 1.8

tive electrode. This advanced type of composite from nan-
Electrolyte: 1 mol L H,SOy; ECPS/CNTS composites (80 wt.%/20wt.%).  otubular material and conducting polymer in the doped state
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allows to form a three dimensional volumetric supercapacitor References

using a synergic effect of complementary properties of both
components.
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