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Abstract

Composites of carbon nanotubes and conducting polymers can be prepared via chemical synthesis, electrochemical deposition on pre-
formed carbon nanotube electrodes, or by electrochemical co-deposition. The composites combine the large pseudocapacitance of the
conducting polymers with the fast charging/discharging double-layer capacitance and excellent mechanical properties of the carbon
nanotubes. The electrochemically co-deposited composites are the most homogeneous and show an unusual interaction between the
polymer and nanotubes, giving rise to a strengthened electron delocalisation and conjugation along the polymer chains. As a result they
exhibit excellent electrochemical charge storage properties and fast charge/discharge switching, making them promising electrode mate-
rials for high power supercapacitors.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

1.1. Charge storage mechanisms in supercapacitors

Supercapacitors store electrical energy through double-
layer charging, faradaic processes, or a combination of
both. The amount of energy stored is usually small and
can be delivered instantaneously, making supercapacitor
devices able to provide pulsed high power rather than high
amount of energy. Various terms have emerged to denote
the device including ‘double-layer capacitor’, ‘supercapaci-
tor’, ‘ultracapacitor’, ‘power capacitor’, ‘gold capacitor’,
‘power cache’ or ‘electrochemical double-layer capacitor’.
This plethora of names is confusing, and since the term
‘double-layer capacitor’ strictly only refers to devices that
utilize the double-layer capacitance, but does not include
those that rely on the large pseudocapacitance, this term

cannot cover the whole range of devices. Therefore, in this
paper, ‘supercapacitor’ is used to avoid confusion.

The first double-layer supercapacitor was the Leyden jar
[1] made in 1746 at Leyden in the Netherlands, where it was
discovered that electrical charges could be stored on the
plates of a so-called condenser, now referred to as a capac-
itor. However, the first patent only dates back to 1957
where a capacitor based on high surface area carbon was
described [2].

According to the intrinsic principles of charge storage
and discharge in supercapacitors, there are two kinds of
capacitance: double-layer and pseudocapacitance. The lat-
ter involves a faradaic process while the former is non-
faradaic.

A separation of ionic charges (or ionic charges and elec-
tronic charges) arises at interfaces between solids and ionic
solutions, especially at colloids, metal electrodes, and semi-
conductors, giving rise to the so-called double-layer. An
accumulation of charges, Dq, of opposite sign takes place
across such interfaces to an extent that is dependent on
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the potential of the electrode (related to the potential differ-
ence built up across such an interface, DV). This results in a
capacitance C = Dq/DV or d(Dq)/d(DV) which is referred
to as the ‘double-layer’ capacitance [3]. Charge storage in
true double-layer capacitors is purely electrostatic in nature
(separation of ion and electron charges) and no chemical
reaction is involved. Consequently, charging and discharg-
ing is highly reversible and takes place practically instanta-
neously. Charge storage in both the Leyden jar and the first
patented supercapacitor is attributed to double-layer
capacitance.

Apart from the double-layer capacitance, there is also
the possibility to utilise the large pseudocapacitance that
is associated with electrosorption of ions or metal adatoms
and especially some redox processes. Such pseudocapaci-
tance arises when, for thermodynamic reasons, the charge,
q, required for progression of an electrode process, e.g.
electrosorption or redox conversion of an oxidized species
to a reduced species in liquid or solid solutions, is a func-
tion of potential, V. Then the derivative dq/dV corresponds
to a faradaic capacitance (or pseudocapacitance) [3]. Thus
pseudocapacitance can be associated with either a redox
reaction, for which potential is a logarithmic function of
the ratio of activities of the oxidized species, or with a pro-
cess of progressive occupation of surface sites on an elec-
trode by an underpotential-deposited species [3]. The
maximum capacitance realisable in such systems, especially
for the redox case, is substantially larger (10–100 times)
than those for carbon double-layer systems [4]. Fig. 1 illus-
trates how pseudocapacitance arises: when the conducting
polymer is being charged, it loses electrons and becomes
polycations, causing the anions in the solution (Cl� in this
case) to intercalate into the conducting polymer in order to
maintain electro-neutrality.

Batteries and low temperature fuel cells are typical low
power devices, whereas conventional capacitors may have
a specific power of >106 watts per kg at very low specific
energy (Fig. 2). Supercapacitors fill the gap between batter-
ies and conventional capacitors in terms of both specific
energy and power, i.e. they have a specific power as high
as conventional capacitors and a specific energy close to
that of batteries. Therefore, supercapacitors can improve

battery performance in terms of power density when com-
bined with batteries.

1.2. Materials for supercapacitors

Supercapacitors can be made from a variety of materials
whose selection depends largely on the type of capacitance
to be utilised, as shown in Fig. 3. Carbon in its dispersed
and conducting form is the most widely used commercial
material for supercapacitors. These materials can be
obtained by an activation pre-treatment of existing carbon
materials made initially from thermal carbonization of
coal, pitch, wood, coconut shells or polymers [4]. The most
commonly used pre-treatments are hot nitrogen [6], hydro-
gen [7], carbon dioxide or steam flux [8], through which
high surface area and pore accessibility are achieved. Due
to the good conductivity, large specific area, and cycle sta-
bility, carbon materials exhibit a large and stable double-
layer capacitance.

The double-layer capacitance of carbon materials is pro-
portional to their specific area and specific capacitance in
terms of area. The specific capacitance of different carbon
materials may vary, e.g. 4.5–10 lF/cm2 [9,10] for carbon
black, 10–15 lF/cm2 [11] for activated carbons and
approximately 20–35 lF/cm2 for graphite powders [4].
However, the theoretical capacitance calculated from the
above values multiplied by the specific surface area (m2/
g) may not be attainable in practice since the capacitance
of the carbon material highly depends on the pore accessi-
bility and pre-treatment [4].

Most carbon materials for electrochemical capacitors
have surface oxygen groups, e.g. carboxyl, carboxylic, phe-
nolic, lactone, aldehyde, and ether groups, depending on
the source of the carbon and the pre-treatment methods.
Alkaline treatment with aqueous NaOH or KOH solution
can both increase the specific area and introduce oxygen
functional groups to the carbon surface [12]. The presence
of such oxygen functional groups can enhance the carbon
surface hydrophilicity in aqueous solutions and introduce
redox processes that contribute pseudocapacitance to theFig. 1. Illustration of pseudocapacitance in a conducting polymer.

Fig. 2. Sketch of ragone plot for various energy storage and conversion
devices. (Reprinted [5]).
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overall capacitance [13,14]. However, it was found that
although the stability of the activated carbon increases with
the oxygen content when the carbon is used for the anode,
it decreases when used for the cathode [15]. Additionally,
both the stability and conductivity of the activated high
surface area carbon decrease with increasing surface area
[16], which is quite understandable because the overall elec-
trical conductivity and mechanical integrity decrease as the
materials become more porous. Consequently, it has been
found that the increased capacitance from the surface oxy-
gen groups can be offset by the increases in both internal
resistance and leakage current [17].

As one of the conducting and porous carbons, carbon
nanotubes (CNTs) also possess ultra high mechanical
strength, good electrical properties, high specific area,
and high dimensional ratios. Their application in electro-
chemical double-layer capacitors has been studied in detail
[18,19].

Metal oxides or hydroxides such as ruthenium, cobalt,
nickel, and manganese oxides/hydroxides are a family of
materials used in supercapacitor applications. These mate-
rials are conducting or semi-conducting and exhibit redox
active behaviours, giving rise to pseudocapacitance. Ruthe-
nium oxide (hydrous or anhydrous) as a capacitive material
has been studied widely since ruthenium dioxide was first
reported as a new electrode material in 1971 [20]. The
application of RuO2 in supercapacitors is based on its
metallic type conductivity and reversible redox reactions
in aqueous media (Ru2+, Ru3+, and Ru4+ couples). Ruthe-
nium oxide gives relatively constant and appreciable capac-
itance over a 1.4 V range [20] with specific capacitance
ranging from 600 to 1000 F/g depending on the prepara-
tion procedure, measurement conditions, use of support,
etc. [21]. Another significant advantage is the ultra high sta-
bility or long cycle life. Thermally formed RuO2 films on Ti
with TiO2 or Ti2O5 could be charged over 105 times
between 0.02 and 1.2 V, or even to as far as 1.4 V (vs.
RHE), with little degradation. The only drawback of ruthe-
nium oxide is the high cost of the material, thereby limiting
its use as a supercapacitor material to aerospace and mili-
tary applications [22] with commercial use far from eco-
nomical. Other metal oxides with lower cost have also
been synthesized and tested for supercapacitor applica-

tions, e.g. Co3O4 [23,24], NiO [25,26], and MnO2 [27,28].
Although these metal oxides are much more cost effective,
their specific capacitance is lower, normally between 20 and
200 F/g; other properties like potential window and con-
ductivity are also not comparable with ruthenium oxide.

Conducting polymers are the third group of candidate
materials for supercapacitors due to their good electrical
conductivity [29–31], large pseudocapacitance [32–34],
and relatively low cost. The most commonly used conduct-
ing polymers include polyaniline (PANI), polypyrrole
(PPy), and poly[3,4-ethylenedioxythiophene] (PEDOT).
The electrochemical capacitance and charge storage prop-
erties of conducting polymers have been studied by cyclic
voltammetry, electrochemical impedance spectroscopy,
and chronopotentiometry. Conducting polymers have a
very large specific capacitance that is close to Ruthenium
oxides, e.g. 775 F/g for PANI [33], 480 F/g for PPy [35],
and 210 F/g for PEDOT [36]. However, conducting poly-
mers commonly have poor mechanical stability due to
repeated intercalation and depletion of ions during charg-
ing and discharging.

The specific capacitance and the potential range of the
three categories of materials are presented in Fig. 4. Car-
bon normally exhibits specific capacitance under 200 F/g
while RuO2 shows specific capacitance close to 1000 F/g.
Conducting polymers also have high specific capacitance.
Fig. 4 also illustrates the applicable potential ranges of
the three materials in aqueous solutions. Carbon has a very

Fig. 3. Taxonomy of the supercapacitor materials.

Fig. 4. Illustration of specific capacitance of porous carbon, RuO2, and
conducting polymers.
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wide potential and is suitable to be a cathode in a superca-
pacitor. RuO2 and conducting polymers are more suitable
to be anodes. A combination of conducting polymers and
carbon for positive and negative electrodes in supercapac-
itors is both scientifically and commercially applicable
due to the low cost of the two materials.

Aside from the three categories of pure materials, there
is a new tendency to synthesize composite materials com-
bining two or more pure materials for supercapacitors.
The great promise is to combine carbon nanotubes with
either metal oxides or conducting polymers. Composites
of CNT combined with RuO2 [37], NiO [38], and MnO2

[39] have been prepared and exhibit good potential for sup-
ercapacitor applications. However, composites of CNT
and conducting polymer are even more interesting and
promising since they can combine two relatively cheap
materials to gain the large pseudocapacitance of the con-
ducting polymers coupled with the conductivity and
mechanical strength of the CNT. The synthesis and charge
storage properties of such composites are the interest of
this paper and will be discussed based on both the existing
literature and experimental findings of the authors.

2. Conducting polymer and CNT composites by chemical

polymerisation

The technologies of chemical polymerisation of aniline
and pyrrole have been known to industries for about a cen-
tury. With the discovery of the ‘conducting polymer’ in
1963 [40], extensive research on the conducting polymers
was initiated by MacDiarmid in 1976 for their possible
applications in sensors [2], energy storage and actuators
[4], among others.

Conducting polymers prepared by chemical polymerisa-
tion exhibit high conductivity, good stability, and negligi-
ble solubility in aqueous solutions. Chemical synthesis of
conducting polymers is simply achieved by oxidation of
corresponding monomers using an oxidizing agent and
thus is preferred for mass-production in industry as it pro-
vides a cheap and efficient route to achieve polymerisation
[41,42]. For instance, aniline can be chemically oxidized
into polymer form in aqueous solution by a variety of oxi-
dants: (NH4)S2O8, K2Cr2O7, KIO3, FeCl3, KMnO4,
KBrO3, KClO3; as long as the oxidant is capable of with-
drawing a proton from an aniline molecule without form-
ing a strong co-ordination bond (either with the
substrate/intermediate or with the final product) it can be
used [43]. Similarly, pyrrole could be oxidized by a variety
of transition metal ions from metallic salts, such as FeCl3,
Fe(NO3)3, Fe2(SO4)3, K3Fe(CN)6, and CuCl2, all of which
are common oxidizing agents for the synthesis of highly
conducting PPy [44]. Thiophene and its derivatives can be
chemically oxidized to produce the corresponding conduct-
ing polymers in organic solution. However, because of the
good solubility of monomers in aqueous solutions, chemi-
cal synthesis of PANI and PPy is both more cost effective
and environmentally friendly compared with synthesis

from thiophene derivatives. However, the downside of
the chemical polymerisation is that it cannot achieve the
same level of homogeneity and integrity in its polymerised
product as can be produced by electrochemical polymerisa-
tion. An integrated electrode film can be easily obtained via
electrochemical synthesis while chemically prepared con-
ducting polymers are agglomerates or pressed pellets of
small particles.

Fig. 5 gives the SEM images illustrating the morphology
of the polymer/CNT composites obtained by chemical
polymerisation. As can be observed in Fig. 5(a) and (b),
most of the CNTs were coated with a homogeneous layer
of polymers and the nanocomposites formed a coralloid
network. The average diameters of the composites are
assessed to be 50–100 nm for PANI/CNT and 120–
200 nm for PPy/CNT. Note that the diameter of the pris-
tine CNT is 20–30 nm, as evidenced by a group of tangled
pristine CNTs which happen to be captured in Fig. 5(b).
Some agglomerates could be spotted in Fig. 5(a), which
has been explained previously [45]. It can be concluded that
PANI tends to preferentially grow on itself rather than on
the CNTs after an initial period of CNT coating; this is one
of the inevitable shortcomings of chemical synthesis of
PANI/CNT composites.

The electrochemical properties of the polymer/carbon
material composite synthesized from chemical polymerisa-
tion have been studied by cyclic voltammetry, as shown in
Fig. 5(c) and (d). From the cyclic voltammograms, the
presence of CNTs in the composites did not fundamentally
change the electrochemical properties of the polymers.
Additionally, the CVs of the composites are quasi-rectan-
gular in shape, which is in accordance with the behaviour
of an ideal capacitor. This behaviour of rectangular CV
shape represents the rapid response of current to the
change of potential, which is essential to ensure optimum
energy storage during fast charge and discharge processes.

Previously, a review has been carried out [46] on the
chemical polymerisation of conducting polymers and their
derivatives on different materials, i.e. glass, polymer, silica,
metal oxides, fiber, and textile, using chemical deposition.
It was found that almost all types of material can be coated
with conducting polymers and the new composite materials
yielded can be used in various fields. Some of the current
research on chemical synthesis of conducting polymers in
the presence of fullerenes and CNTs, and the possible
applications of these composites were also reviewed [47].
However, this paper mainly focused on composites of con-
ducting polymers and CNTs for application in
supercapacitors.

After 20 years of intensive study of conducting polymers
and their chemical, in-situ polymerisation, much work has
been carried out in order to optimize the processes.
Attempts to synthesize conducting polymers of micro- or
nano-scale in order to improve their electrochemical and
mechanical performance have always been the most
intense. At the early stages, a template synthesis method
was employed in 1989 [49] by using membranes with linear,
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cylindrical pores. The nanoscopic polypyrrole and polyan-
iline showed enhancements in electronic conductivity com-
pared to analogous polymer bulk conductivity [50].

The template method was then followed by an attempt
to coat the conducting polymers on carbon materials with
small particle size, high surface area, good mechanical
strength, and excellent conductivity. Various carbon mate-
rials, such as carbon black [51], activated carbon, carbon
fiber, single walled carbon nanotubes (SWNTs) [52], and
multi-walled carbon nanotubes (MWNTs), were dispersed
into solution prior to polymerisation to form a uniform
suspension; the polymerisation then occurs on the surface
of the suspended carbon materials to finish the coating.
From the XPS analysis of the CNTs, polypyrrole, and
the CNT/PPy composites [52], it was suggested that there
is no chemical reaction between the CNTs and polypyrrole,
and the CNTs function as a template for the polymerisa-
tion of conducting polypyrrole.

The chemical polymerisation has also been studied as a
function of a wide variety of synthesis parameters: pH, rel-
ative concentration of reactants, polymerisation tempera-
ture and time, and with a number of oxidizing agents
and different protonic acids [53–55].

The reaction yield was found to be independent of most
variables, while the molecular weight and the electrical con-
ductivity of the polymerised polyaniline could be remark-
ably affected. However, it was believed that larger initial
aniline concentration leads to shorter induction time and
the formation of higher oxidation states of polyaniline,

hydrolysis of the polymer chain, and chlorine substitution
[56].

Due to the low dispersibility of CNTs in water, ultra-
sound has been applied to achieve a better dispersion of
CNTs in aqueous solution before and during chemical
polymerisation. Consequently, some studies on the effect
of ultrasound on the polymerisation products were carried
out. It was found that the crystallinity of polyaniline syn-
thesized using the ultrasonic method is much higher than
that synthesized by stirring. However, polyaniline with
higher crystallinity does not possess higher conductivity
[57]. It was also reported that the polymerisation of 3,4-eth-
ylenedioxythiophene (EDOT) by Iron(III) chloride in 1 M
sulfuric acid was accelerated by the irradiation of ultra-
sound, and thus resulted in higher yield; without changing
the molecular bonding patterns of PEDOT, the ultrasound
caused emulsification by the rapid motion of the molecules
which resulted in efficient mixing [58]. Generally, the effects
of the ultrasound on the polymerisation are believed to be
rapid mixing in multiphase systems [59], the formation of
free radicals, and mechanical shocks [58,60].

The benefits of introducing carbon nanotubes into con-
ducting polymers through chemical ‘in-situ’ polymerisation
have been intensively studied, with many interesting prop-
erties and behaviours of the composites having been dis-
covered. It was suggested, with the aid of Raman studies,
that the ‘in-situ’ chemical polymerisation of PANI/MWNT
composites leads to effective site-selective interactions
between the quinoid ring of the PANI and the MWNTs

Fig. 5. Illustration of the morphological and electrochemical features of the CNT/polymer composites synthesized through chemical polymerisation [48].
(a) PANI/CNT composite with 10 wt% of CNT being added to the aniline monomer dispersion; (b) PPy/CNT composite with 20 wt% of CNT being
added to the pyrrole monomer dispersion; (c) cyclic voltammogram of composite (a) in 1 M H2SO4 at a scan rate of 50 mV/s; (d) cyclic voltammogram of
composite (b) in 1 M KCl at a scan rate of 50 mV/s.
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[61]. This facilitated charge-transfer processes between the
two components as the composite shows much smaller
low temperature resistance compared with both PANI
and MWNT; additionally, a weaker temperature depen-
dence of the resistivity was found with the composite com-
pared with pure PANI. According to IR, elemental, and
wide angle X-ray diffraction analyses [62], it was concluded
that the increase in conductivity of the PANI/MWNT
composite may be due to a doping effect of carbon nano-
tubes where the nanotubes compete with chloride ions,
residual from the sonication of CNTs in HCl solvent.

From a study of the PEDOT/CNTs composites [34], it
was found that, due to the presence of nanotubes, a syner-
gistic effect of the two components was observed, with an
efficient energy extraction from PEDOT even though the
carbon nanotubes and chemically polymerised PEDOT
were only mixed through mechanical stirring. Here, the
composite contained 15 wt% of PEDOT and showed a
good capacitance value of 95 F/g in a three-electrode sys-
tem, compared with the capacitance of pure CNTs, which
was only 10–15 F/g, and the capacitance of pure PEDOT,
which ranges from 80 to 100 F/g. Moreover, other studies
found that the polymer coated carbon materials show lar-
ger charge/discharge rates and higher specific capacitance
in application. Because the conducting polymers can assist
the ions from the electrolyte to quickly reach the internal
surfaces of the carbon electrode, they increase the accessi-
bility of the carbon materials with high surface area during
high rates of charge/discharge [63]. This hypothesis was
proven by the high specific capacitance of the carbon/poly-
mer composites obtained by several recent research works:
synthesized activated carbon/polyaniline gave a specific
capacitance of 273 F/g [64] at a scan rate of 50 mV/s,
and polypyrrole and carbon nano-fiber composite showed
a capacitance of 545 F/g at a scan rate of 200 mV/s [65].
However, it has been pointed out that increasing the poly-
mer content in the polymer/carbon composites could
increase the capacitance, but it also increases the charging
time constant. To optimize the performance of the capaci-
tor, the geometry of the cell needs careful consideration
[66].

The effect of solvent applied on the polymerisation pro-
cess has also been studied [32]. Pyrrole monomers were dis-
persed in three different solutions: water, diethyl ether, and
acetonitrile, respectively, for the polymerisation. The poly-
mers yielded from the three different solutions showed dif-
ferent conductivity and capacitance, and the dependency
on solvent was declared to be directly related to the surface
roughness of PPy powder.

The effect of electrolyte during the electrochemical char-
acterisation has been studied [34]. It was found out that for
the PEDOT/CNTs composite, acidic medium (1.0 M
H2SO4) was the preferable electrolyte resulting in
capacitance of 120 F/g in a two-electrode system, whereas
the alkaline (6.0 M KOH) and organic solution (1.0 M
TEABF4 in acetonitrile) produced only 80 and 60 F/g,
respectively.

The effect of parent carbon material’s characteristics
(porosity, void volume, and surface area) on the electronic
conductivity of the resultant composite has been explored
[51,67]. A study was conducted of four different types of
multi-walled (MWNTs) and single-walled nanotubes
(SWNTs) for their possible application as electrode materi-
als for supercapacitors [67]; the high purity MWNTs were
reported to be able to supply twice the capacitance of the
SWNTs.

It is worth mentioning that in 2004 a general chemical
route to synthesize polyaniline nanofibers using interfacial
polymerisation at an aqueous/organic interface was devel-
oped [68]. The organic solvent contains aniline and an
aqueous phase contains the oxidant plus the doping acid.
The polyaniline product, polymerised at the interface, is
almost exclusively composed of nanofibers with relatively
uniform diameters. The diameters of the nanofibers were
found to be controlled by the doping acid used in the poly-
merisation. Other attempts to improve the performance of
the CNT/polymer composites include acid treatment of the
carbon nanotubes before the polymerisation to create func-
tional groups [69] and irradiation of the CNT/polymer
composites by a 60Co c-ray source under atmospheric pres-
sure at ambient temperature [70].

Whilst much of this early work focused on the alteration
of operating procedures during polymerisation, it is nota-
ble that the current trend of the research in this area is
now focusing on the cell design towards the application.

A discussion on the calculation of the specific capaci-
tance of the polymer/MWNTs composite electrodes with
polypyrrole and polyaniline has been presented [45]. It is
suggested that the preferable way to test and calculate
the specific capacitance of the electrode material is in a
two-electrode cell rather than the standard three-electrode
cell which is widely used in lab research and normally gives
only the specific capacitance of individual electrodes.

In 2001, an industrial prototype of a hybrid cell was
designed [41]. The cell was composed of poly(4-fluoro-
phenyl-3-thiophene) as the positive electrode and activated
carbon as the negative electrode in the electrolyte of 1 M
NEt4CF3SO3; the test cells were reported to reach
48 Wh/kg of maximum energy associated with 9 kW/kg
of maximum power. The same group later developed a sup-
ercapacitor module of 3 V and 1.5 kF with another deriva-
tive of thiophene (poly(3-methylthiophene)) using a similar
cell configuration [42]. In 2002, a hybrid electrochemical
capacitor was assembled, with PANI/activated carbon
composite as the positive electrode and activated carbon
as the negative electrode in a 6 M KOH electrolyte [71].
The hybrid cell showed an improved specific energy and
specific power. Similar results were reported later the same
year with PPy/CNT composites, poly(3-methylthiophene)/
CNT composites, and carbon nanotubes in 1 M LiClO4/
acetonitrile solution as the electrolyte [72]. In 2005, differ-
ent combinations of four materials (PANI/CNT compos-
ite, PPy/CNT composite, PEDOT/CNT composite, and
activated carbon) were studied for their performance as

782 C. Peng et al. / Progress in Natural Science 18 (2008) 777–788



electrode materials in supercapacitors with 1M H2SO4 as
electrolyte [73]. The combination of PANI/CNT as the
positive electrode and activated carbon as the negative elec-
trode were reported to be the best among all the couplings,
with a specific capacitance of 330 F/g at a potential win-
dow of 1 V.

As listed in Table 1, both the composites of PPY and
PANI with CNT showed large specific capacitance (200–
700 F/g) at various scan rates or charge/discharge current
densities in aqueous solutions. They have been proven to
be a powerful candidate for application in supercapacitor
electrodes.

3. Electrochemical deposition of conducting polymers on

CNT electrodes

Since the discovery of carbon nanotubes [75], their
applications as electrodes have been reported for oxidation
of dopamine [76], study of protein electrochemistry [77],
detection of nitrides [78], Li ion intercalation studies [79],
and electrochemical double-layer capacitors [18]. Due to
their exceptional electrical, chemical, and surface proper-
ties, CNTs are becoming a powerful candidate in a wide
range of applications [18,76–79].

The first attempt to electrochemically deposit conduct-
ing polymers on carbon nanotubes was made in 1999 [80]
where MWNT electrodes were used for the deposition of
PANI films, and higher current density and more effective
polymerisation were found compared with those deposited
on Pt electrode. The possible applications in sensors and
magnetic shielding were suggested from this work. In
2000, PANI–CNT coaxial nanowires were prepared elec-
trochemically on aligned CNTs [81]. The thickness of the
PANI layer was estimated to be 40–50 nm by TEM images,
with the CNT framework expected to offer a higher
mechanical strength compared with the bare coaxial nano-
wires [81]. Separately, thin and uniform PPy films, which
were also coated on individual CNTs of well-aligned
CNT arrays, were produced via potentiodynamic polymer-
isation in aqueous solution [82]. The Faradaic current for
PPy deposition on CNTs is much higher than that on Ti
or Pt substrate. The ion diffusion and migration pathways
are short due to the unique structure of the electrode mate-
rial. PPy coated CNT array electrodes show significantly
improved capacitance compared with PPy coated on Ti

or Pt substrates [82]. Also in 2002 polypyrrole was depos-
ited on CNTs through galvanostatic oxidation of mono-
mers in sulfuric acid in order to find an alternative and
relatively cheap method to enhance the capacitance of car-
bon nanotubes [83]. The PPy modified electrodes had an
elevated specific capacitance of 180 F/g compared with
50 F/g for the unmodified CNT electrode. The charge loss
of the PPy modified CNT electrode was less than 20% after
2000 galvanostatic charging-discharging cycles [83].

Following these studies, much work has been done to
investigate the properties and applications of conducting
polymers on carbon nanotube electrodes. Among others,
PPy [82–84] and PANI [80,81,85–88] have been most suc-
cessful in forming a coating on nanotubes via electrochem-
ical polymerisation. Both MWNTs [80,82,83,86] and
SWNTs [84,85,87,88] were studied as electrodes. The prep-
aration varies in terms of both substrate and electrochem-
ical methods: Well-aligned CNT arrays [82], pellets pressed
with binder [83,87,88], CNT buckypaper [84,85], and CNT
films by solvent casting [86] have been used as a substrate
for electro-deposition of conducting polymers. PANI or
PPy was coated on CNT by potentiodynamic [80–82,85],
galvanostatic [83,84,86] or potentiostatic [80,87,88] electro-
polymerisation. Electrochemically grown conducting poly-
mers decreased the contact resistance between CNTs [84]
producing composites with improved electrical conductiv-
ity. Raman [84,85] and FTIR [85] spectroscopy showed evi-
dence of possible interaction between CNTs and polymers.
The composites showed excellent response to nitrite detec-
tion with high sensitivity [86]. As electrode materials for
supercapacitors, the composites also exhibited much higher
specific capacitance, specific energy and power than CNT
or electron conducting polymers (ECP) alone [87]. A spe-
cific capacitance of 463 F/g was achieved for 73 wt% PANI
on SWNTs [88].

However, since ECPs were deposited on CNT preforms
rather than individual tubes, it is impossible to obtain
homogeneous composites of ECPs and CNTs. SEM images
[87,88] show that as the polymerisation charge increases,
the ECP coating grows thicker and eventually forms a foul-
ing that prevents ECP growth on inner CNTs, i.e. the elec-
tro-deposition only takes place on CNTs that have good
contact with the monomer solution while the CNTs inside
have little or no polymer coatings, resulting in a heteroge-
neous structure. Therefore, as the polymer grows thicker,

Table 1
The performance of polymer/carbon composites by chemical polymerisation

Electrode Electrolyte Potential
window (V)

Scan rate/current
density

Mass specific
capacitance (F/g)

Electrode specific
capacitance (F/cm2)

Reference
electrode

Reference

PPy/MWNTs (20 wt%) 1 M H2SO4 �0.6 to 0.2 2 mA/g 506 3.09 Hg/Hg2SO4 [45]
PANI/MWNTs (20 wt%) 1 M H2SO4 �0.4 to 0.2 2 mA/g 670 2.30 Hg/Hg2SO4 [45]
PPy/VGCF 6 M KOH �0.9 to �0.2 30 mV/s 588 Ag/AgCl [65]
PPy/MWNTs 1 M H2SO4 0–0.6 2 mV/s 192 Hg/Hg2SO4 [67]
PANI/activated carbon

powder (16 wt%)
4 M KCl �0.2 to 0.5 50 mV/s 273 Ag/AgCl [64]

PPy/SWNT (50 wt%) 7.5 M KOH �0.9 to 0 10 mA/g 265 Ag/AgCl [74]
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the material will behave like pure PANI and the effects of
the CNTs will be diminished. Electro-deposition of ECPs
on aligned CNT arrays [82] is likely to give a more homo-
geneous structure and a higher utility of CNT surface for
deposition. However, due to the inefficient charge transfer
in the interfacial region, partial polymer coverage on CNT
with a bias on the tips was observed, i.e. only a predeter-
mined portion of CNT length was covered by polymer [81].

ECPs have also been deposited on porous carbon elec-
trochemically [89,90]. The combination of double-layer
capacitance and pseudocapacitance led to a greatly
improved specific capacitance of 180 F/g compared with
92 F/g for bare carbon electrodes [89]. Recently, high spe-
cific capacitance of 1600 F/g and high current density of
45 mA/cm2 were achieved for PANI coated porous carbon
[90]. ECPs deposited on CNTs or other porous carbon pre-
forms both utilise the good conductivity and high surface
area of the substrate carbon materials. Intrinsically, there
is little difference in the charge storage mechanisms
between these methods.

4. Electro-co-deposition of conducting polymer/CNT

composites

Apart from chemical oxidation and electro-deposition
of ECPs on CNTs, composites of ECPs and CNTs can also
be prepared by electro-co-deposition from a solution con-
taining monomers and dispersed CNTs. Dispersion of
CNTs in aqueous solution can be achieved through acid
treatment which can also introduce surface oxygen-con-
taining groups such as carboxylic acids [91,92]. Electro-
chemical co-deposition of composites of ECPs and CNTs
was first reported in a stable aqueous solution containing
ionized (anionic) CNTs and pyrrole monomers [93]. Here,
the CNT acted as both a charge carrier during the electro-
deposition and also a strong and conducting dopant in the
as-prepared PPy–CNT composite. The SEM images
revealed a uniform coating layer of PPy on the surface of
individual CNTs. Another remarkable finding is that both
CV and AC impedance results showed good conductivity
of the composite even at negative potentials at which pure
PPy would become non-conducting. Given the extensive
work performed on chemically synthesized CNT–ECP
composites for supercapacitors, there is comparatively little
research on electrochemical synthesis and capacitance
properties. However, in-situ electrochemical co-deposition
of CNTs with the three most important conducting poly-
mers, namely, PPy [93,94], PANI [95], and PEDOT [96],
has been achieved. Due to the low solubility of EDOT
monomers in aqueous solution, PEDOT–CNT was depos-
ited from a metastable emulsion of acetonitrile and water
containing EDOT + 0.3 wt% CNTs pretreated with ultra-
sound [96]. The composites all exhibited improved elec-
trode kinetics and enhanced electrochemical capacitance,
expressed as the electrode specific capacitance (F/cm2).
The redox pseudocapacitive behaviour, i.e. ion expulsion
and uptake, of PPy–CNT electrodes has been studied using

EQCM [97]. It was also found that increasing the concen-
tration of CNTs in the polymerisation solution decreases
the thickness of the polymer coating on each CNT [94].

In this paper, the electro-co-deposition of the PPy–CNT
composite films was carried out in an aqueous solution of
0.25 mol/L pyrrole + 0.3 wt% CNT [21,93]. PANI–CNT
composite was prepared from a solution containing
0.25 mol/L aniline + 1.0 mol/L HCl + 0.3 wt% CNT [95].
The PEDOT–CNT film was deposited from a mixture of
5 ml acetonitrile and 5 ml water containing 0.25 M
EDOT + 0.3 wt% CNT. After 10 min ultrasonic treatment,
this mixed solution formed a metastable emulsion which
could last long enough for the electrochemical deposition
of thin films [96]. For comparison, pure PPy was electrode-
posited from 0.25 M pyrrole + 0.5 M KCl in water; pure
PANI from a 0.25 M aniline + 1.0 M HCl aqueous solu-
tion; and pure PEDOT from 0.25 M EDOT + 0.5 M
KClO4 in acetonitrile. The electrochemical characterisation
of the PPy–CNT and PPy films was carried out in a 0.5 M
KCl aqueous solution. The same solution was applied for
the PEDOT–CNT and PEDOT films. The PANI–CNT
and PANI films were studied in 1.0 M HCl.

Fig. 6(a) shows the TEM image of two almost parallel
nanotubes coated and joined by PPy, each showing the cen-
tral cavity and the amorphous polymer layer. Just visible
behind the coating are the graphitic fringes of the nano-
tubes. The thickness of the PPy coating is ca. 10 nm. The
overall SEM image of PEDOT/CNT (Fig. 6(b)) composite
presents similar and uniform microstructures, differing
from the conducting polymers deposited on a pre-made
CNT substrate. All composites show a three dimensional
(3D) network composed of interconnected fibrils with sim-
ilar diameters between 30 and 60 nm. The diameters of the
as-received CNTs were in the range of 10–30 nm. This dif-
ference indicates that the conducting polymer formed a
uniform coating on the surface of individual CNTs. There-
fore, CNTs serve as the backbone to form the 3D network,
greatly enhancing the mechanical properties and electric
conductivity of the composite film. Furthermore, the
micro- and nanometre pores in the composites provide
enough pathways for the movement of ions and solvent
molecules within the composite films, resulting in improved
electrochemical properties.

Fig. 7 shows the cyclic voltammograms of PANI, PPy,
and PEDOT and their composites with CNTs at potential
ranges selected so that no significant faradaic currents,
due to the conversion of the polymer between the reduced
and the oxidized states, were observed. It can be seen that
at both negative and positive ends of the potential scan,
all the CVs of the composites exhibited capacitive features
with almost straight and vertical current variations at the
end potentials, which suggest a fast charge/discharge
switching resulting from high electronic and ionic conduc-
tivity. For pure PPy and pure PEDOT, the fast charge–
discharge switching was only seen at the positive end,
but not at the negative end of the potential scan, as
shown in both Fig. 7(b) and (c), apparently due to the
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polymers becoming more resistive at more negative poten-
tials. Such behaviour of PPy and PEODT contrasts that
of the corresponding composites, confirming the anionic
dopant role of the CNTs in the latter. This effect was
most significant on the CV of the PEDOT/CNT film,
showing much larger oxidation and reduction currents
at more negative potentials. The CV of PANI/CNT shows
little difference from that of pure PANI (Fig. 7(a)) due to
the coexistence of Cl� during the electro-deposition. How-
ever, PPy/CNT and PEDOT/CNT films exhibit signifi-
cantly larger CV currents than pure conducting
polymers, especially at potentials close to the negative
limit. This difference in current between pure polymer
and the composites can be explained by that the latter
has a significantly more porous structure for ion trans-
port, and higher and potential independent electronic con-
ductivity through the embedded CNTs.

It was suggested that the highly conjugated CNTs could
enhance the electron delocalisation along the polymer
chains in the PANI–CNT composites [95], but this effect
should be more influential on the oxidized or doped poly-
mers, rather than the reduced polymers at the negative
potentials. Another effect, as discussed above, is the elec-
trostatic repulsion of the anionic CNTs to the electrons
on the polymer chains. Unlike the small anions which
can move to within close proximity of the positive charges
on the polymer chain, the immobility of the CNTs means
that charge balancing to the polymer chain upon oxidation
may be more effective near the anionic groups on the CNTs
than at locations where no anionic group is present. In the
latter case, charge balancing has to be undertaken by the
small anions from the electrolyte. Therefore, these two dif-
ferent doping regions in the polymer–CNT composite may
be responsible for the two observed charge transfer pro-
cesses with that at the more negative potential being asso-
ciated with the anionic CNTs.

Fig. 6. (a) High-resolution transmission electron micrograph of PPy/CNT
composite. The coating and joining was achieved by electrolyzing a
degassed solution of 0.2% CNTs and 0.5 M pyrrole at 0.8 V for 2 min
using a bare copper grid suspended on a Pt wire as the working electrode.
The total charge passed was about 9 mC (Reprinted with permission [93]);
(b) electrochemically co-deposited PEDOT/CNT composite at a deposi-
tion charge of 0.3 C/cm2 (reprinted with permission [96]).

Fig. 7. Cyclic voltammograms of PANI/CNT vs. PANI (a) 1000 mV/s in
1.0 mol/L HCl; PPy/CNT vs. PPy (b) 500 mV/s in 0.5 mol/L KCl; and
PEDOT/CNT vs. PEDOT (c) 200 mV/s in 0.5 mol/L KCl. Deposition
charge for each film: 6.5 mC. Reprinted with permission [98].
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Though not referring to the electrochemical capacitance,
other properties and applications of co-deposited ECP–
CNT composites have been reported recently [99,100].
The composites showed improved thermal stability [99]
and enhanced charge transport properties [101] compared
with pure conducting polymers. The composites have
found applications in biosensors with high sensitivity and
fast response [100,102]. ECP/CNT composites have also
been synthesized electrochemically using surfactant
assisted CNT dispersion containing monomers [103].
SEM images suggested that the CNTs stood vertically on
the deposited films, forming an aligned structure.

5. Conclusions

Composites of conducting polymers and carbon nano-
tubes show improved mechanical, electrical, and electro-
chemical properties compared with conducting polymers
alone, leading to a wide variety of applications including
sensors, catalysis, and energy storage. ECP–CNT compos-
ites combined the large pseudocapacitance of the polymers
and the mechanical and structural properties of the nano-
tubes and are thus highly promising in novel supercapaci-
tors with ultra-high capacitance and power density. Three
methods have been developed to prepare ECP–CNT com-
posites. Chemical oxidation is a simple, low cost method
suitable for mass production. Electrochemical deposition
of ECPs on CNT preforms leads to an inhomogeneous
structure; as a result, the synergistic effect of the two com-
ponents is reduced. Electrochemically co-deposited com-
posites have a homogeneous network structure
facilitating both electron and ion movements. Therefore,
they exhibit greatly improved electrochemical capacitance
compared with pure conducting polymers.
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