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1. Introduction

Electrochemical supercapacitors are very attractive power sour-
ces because of their high specific power and very long durabil-
ity.[1] In electrochemical capacitors, the charge is accumulated
in the electrical double layer at the electrode/electrolyte inter-
face. The main advantage of an electrochemical double-layer
capacitor (EDLC) is its ability to discharge very quickly. Materi-
als usually employed to prepare supercapacitors include
carbon,[2, 3] metal oxides,[4–6] and electrically conducting poly-
mers (ECPs), such as polyaniline (PANI),[7] polypyrrole,[8] and
polythiophene.[9] ECPs have larger pseudocapacitances than
carbon materials. Electrochemical supercapacitors that have
a carbon electrode component can be classified into two types
depending on the charge-storage mechanism that is present.
In the first case, a pure electrostatic attraction exists between

the charged surface of the electrode and the ions in the
EDLCs. In the second type, the pseudocapacitors, electrons are
involved in charging the double layer and in quick faradaic re-
actions.[10] The capacitance values depend on the nature of the
electrode/electrolyte interface and/or the amount of pseudoca-
pacitive additives.[11, 12]

PANI is one of the most studied conducting polymers partly
because the monomer is inexpensive and easily available and
also because of its unique proton doping mechanism.[13] The
reported specific capacitance of pure PANI is very high
(720 F g�1),[14] but its application in supercapacitor electrodes is
limited, partly because of poor electrochemical stability during
the cycling. PANI exhibits slow ion-transport kinetics, because
the redox sites in the polymer backbone are not sufficiently
stable during the multiple cycles.[15] Suitable materials with
high stability, conductivity, nanosize, and high surface area
have been considered as fillers to overcome the stability prob-
lem and to enable fast transport of counterions across and
within the polymer films.

Carbon nanostructures (CNs) hold great promise as reinforc-
ing phases in novel composite materials. In particular, compo-
sites of carbon nanotubes (CNTs) and polymers have been ex-
tensively studied.[16–18] These composites have a polymeric-
nanostructured matrix that exhibits cooperative behavior be-
tween the host and guest and modifies the electronic proper-
ties of both components. Such materials have great potential
in electrotechnology and, in particular, in the production of
porous electrodes as electrochemical supercapacitors. Compo-
sites of CNTs and electrochemically active p-conjugated con-

Interactions between the p bonds in the aromatic rings of
polyaniline (PANI) with carbon nanostructures (CNs) facilitate
charge transfer between the two components. Different types
of phenyleneamine-terminated CNs, including carbon nano-
onions (CNOs) and single-walled and multi-walled carbon
nanotubes (SWNTs and MWNTs, respectively), were prepared as
templates, and the CN/PANI nanocomposites were easily pre-
pared with uniform core–shell structures. By varying the ratio
of the aniline monomers relative to the CNs in the in situ
chemical polymerization process, the thickness of the PANI
layers was effectively controlled. The morphological and elec-
trical properties of the nanocomposite were determined and
compared. The thickness and structure of the PANI films on

the CNs were characterized by transmission electron microsco-
py (TEM), scanning electron microscopy (SEM), and infrared
spectroscopy. TEM and SEM revealed that the composite films
consisted of nanoporous networks of CNs coated with poly-
meric aniline. The electrochemical properties of the composites
were investigated by cyclic voltammetry and electrochemical
impedance spectroscopy. These studies showed that the CN/
PANI composite films had lower resistance than pure polymeric
films of PANI, and the presence of CNs much improved the
mechanical stability. The specific electrochemical capacitance
of the CNO/PANI composite films was significantly larger than
for pure PANI.
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ducting polymers, such as polypyrrole,[19] PANI,[13–15, 20] and poly-
thiophene,[21] are usually used as redox capacitors. In those
cases, polymer oxidation results in charge accumulation in the
composite. The presence of CNs in these composites signifi-
cantly enhances the capacitive properties of the polymeric
host.

High surface area is important for hybrid composites in
which CNs are used as a template. These properties are essen-
tial for obtaining high specific capacitances. The capacitance of
CN/PANI nanocomposites depends on the diameter and length
of the carbon structures, their distribution in the polymer net-
work, the ratio of CNs to conducting polymer, and the concen-
trations and types of impurities.[22] Therefore, the supercapaci-
tive characteristics of CN/PANI composites depend on the dep-
osition of the PANI and its morphology,[23–25] the electrolyte
used in the synthesis,[26, 27] and the various aniline derivatives
utilized.[28, 29] Recent studies have shown that the introduction
of CNs to PANI can enhance the electrical properties by facili-
tating charge-transfer processes between the two compo-
nents.[30] Many efforts have been focused on the design and
preparation of CN/PANI composites. For instance, a specific ca-
pacitance of 463 F g�1 was achieved for single-walled nano-
tubes (SWNTs) deposited by electrochemical polymerization
with 73 wt. % PANI,[31] and a specific capacitance of 500 F g�1

was achieved for multi-walled carbon nanotube (MWNT)/PANI
composites containing 0.8 wt. % MWNTs.[32] The electrochemical
and pseudocapacitive properties of MWNT/PANI composites
were investigated by doping and dedoping for different com-
positions of the emeraldine salt form.[33] The MWNT/PANI nano-
composites showed specific capacitance values of 217, 328,
and 139 F g�1 for leucoemeraldine base, emeraldine salt, and
pernigraniline base, respectively. PANI/coated buckypaper com-
posite electrodes, prepared from MWNTs (424 F g�1), possess
a specific capacitance that is almost five times higher than that
of MWNT/PANI prepared under the same conditions.[34] Li et al.
prepared ordered mesoporous carbon/PANI through in situ
polymerization, and the composite exhibited a specific capaci-
tance of 747 F g�1.[35] The highest specific capacitance of
1046 F g�1 and excellent cycle stability was obtained for a gra-
phene nanosheet/PANI composite in 6 m KOH.[36]

Our recent research work has been centered mainly on
carbon-based materials, such as carbon nano-onions (CNOs). A
fullerene-like CNO structure was first observed by Ugarte in
1992,[37] although similar structures were previously seen by
Iijima in 1980.[38, 39] The CNO structures consist of a hollow
spherical fullerene core surrounded by concentric and bigger
fullerenes with increasing diameters. The distance between the
fullerene layers is very close to the interlayer distance in bulk
graphite (0.34 nm).[40] CNO structures (5–6 nm in diameter, 6–8
shells) can be obtained by high-temperature annealing of ul-
tradispersed nanodiamonds (5 nm, average diameter), which
leads to their transformation into CNO structures (5–6 nm in
diameter, 6–8 shells).[41] CNOs have a variety of potential appli-
cations, including optical limiting,[42] field emission in solar
cells,[43] fuel cell electrodes,[44] hyperlubricants,[45] biosensor,[46]

and materials and composite electrodes.[47, 48]

Both types of CNs, CNOs and CNTs, have high conductivity
and large surface area. Because of the unique structural, me-
chanical, and electronic properties of CNs, they are potentially
excellent fillers to improve the electrical conductivity and me-
chanical properties of polymers. To date, this potential has not
yet been fully realized, partly because it is difficult to obtain
uniform dispersions of CNs within the polymer matrices.[1] CNs
tend to aggregate, because of strong van der Waals interac-
tions between them. Another challenge is to form strong phys-
ical and chemical bonds between the CNs and the polymer
matrices.

The work reported here focuses on electrochemical studies
of composites containing CNs, such as CNOs, SWNTs or
MWNTs, and PANI. The main advantage of “small” CNOs (5–
6 nm in diameter) over CNTs or “bigger” CNOs (20–100 nm in
diameter) is their easier dispersion in aqueous solutions during
the polymerization phase, which improves the homogeneity of
the composites. To use these composites in supercapacitors
and to obtain compositions with optimum specific capacitance
values, it is important to correlate their microstructure with
specific capacitances. The electrochemical and capacitance re-
sults presented in this article compare composites that were
prepared under identical and controlled conditions so that
CNO/PANI, MWNT/PANI, and SWNT/PANI form a homologous
series. We refrain from comparing our results with those of
other reports of CNT/PANI composites, because the synthetic
methods are not identical and lead to materials with different
properties.

2. Results and Discussion

The procedure for the functionalization of CNs with phenylene-
amine-terminated groups was previously described.[49] To intro-
duce functional groups onto the surfaces of CNs, 4-aminoben-
zoic acid (4-ABAc) was treated with the CNs. Next, in situ poly-
merization of aniline was performed on the surface carboxylic
groups by using a procedure already described[49] to obtain
the CN/PANI products (CN: CNO, SWNT, or MWNT).

To confirm the presence of PANI in the layer of the compo-
site and its conducting character, the CN/PANI composites
were studied by infrared (IR) spectroscopy (Figure 1). A large
broad absorption peak observed between 3700 and 2500 cm�1

is frequently encountered in electrically conductive polymers
as a result of electronic transitions from the valence band to
the conducting band.[50] Earlier IR studies suggested that the
absorption modes at about 1500 and 1600 cm�1 are associated
with aromatic ring stretching vibrations. The spectra clearly ex-
hibit the presence of benzenoid (B) and quinoid ring (Q) vibra-
tions at 1500 and 1600 cm�1, respectively.[51, 52] The intensities
indicate an enhanced benzenoid/quinoid ratio and confirmed
the oxidation state of PANI. The intensity of the quinoid band
increases as the oxidation degree of the polymer increases.[53]

Therefore, the high intensity of the 1311–1313 cm�1 peaks sug-
gest that PANI is in its semioxidized conductive form. The very
weak and broad band near 3400 cm�1 is assigned to the N�H
stretching mode of the NH and NH2 groups. The difference be-
tween the spectra in Figure 1 is clear in the N�H stretching
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region. This signal is broad and strong for the composite sam-
ples, whereas a very weak spectrum is observed for pure PANI.
The interaction between PANI and the CNs most likely involves
“charge transfer”, as suggested previously.[51, 52] The vibrational
modes in the range of 1155–1160 cm�1 are associated with C�
H bending modes of the benzenoid and quinoid rings.[54, 55]

These modes were described as an “electronic-like band” and
are considered to be a measure of the degree of delocalization
of the electrons, and thus this characteristic band is indicative
of PANI conductivity.[51, 52] Analysis of the Fourier transform
(FT)IR spectra of the CN/PANI composites indicates that PANI
was effectively deposited on the surface of the CNs to form
nanocomposites and that the polymer exhibits conductive be-
havior.

Figure 2 shows the typical high-resolution transmission elec-
tron microscopy (HRTEM) images for the CN/PANI composites.
The TEM images clearly illustrate that the CNs are covered by
a compact PANI layer. It has been demonstrated that such CNs
can act as good templates for the formation of uniform core–
shell-structured CN/PANI composites. From TEM observations,
it was found that the diameters of the modified CNs were
about 8–15, 40, and 50 nm for CNOs, SWNTs, and MWNTs, re-
spectively.

The desired characteristics of carbon materials for electro-
chemical applications include wettability and high conductivity.
Wettability is generally improved by the presence of surface
functionalities, whereas electrical conductivity depends mainly
on the nanotexture.[1] The nanotextural properties of carbon
are characterized by its specific surface area, the presence of
micro- and mesopores, and their shapes. High surface area is
required for high-performance supercapacitors.

Scanning electron microscopy (SEM) images of a Au foil cov-
ered with CN/4-ABAc and CN/PANI composites are shown in
Figure 3. The structures exhibit porous morphologies, with
many channels and outcroppings. The modification of the
structures of the CNs by oxidation with 4-ABAc did not change
the initial nanostructure of the carbon materials, that is, CNTs
or CNOs (Figure 3 a, d, g), and gave rise to increased solubilities
and ease of surface film formation. The morphology of the CNs

Figure 1. FTIR microscope spectra in the range 4000–700 cm�1 of a) CNO/
PANI, b) SWNT/PANI, c) MWNT/PANI, and d) PANI.

Figure 2. HRTEM images of a), b) CNO/PANI, c), d) SWNT/PANI, and
e) f) MWNT/PANI (mCNs/mPANI = 1:2).

Figure 3. SEM images of the Au foil covered with a) CNO/4-ABAc, b) CNO/
PANI (mCNOs/mPANI = 2:1), c) CNO/PANI (mCNOs/mPANI = 1:2), d) SWNTs/4-ABAc,
e) SWNT/PANI (mSWNTs/mPANI = 2:1), f) SWNT/PANI (mSWNTs/mPANI = 1:2),
g) MWNTs/4-ABAc, h) MWNT/PANI (mMWNTs/mPANI = 2:1), and i) MWNT/PANI
(mMWNTs/mPANI = 1:2).
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modified by 4-ABAc differs from that of films formed by the
CN/PANI composites. The micrographs (Figure 3 b, e, h) clearly
reveal the wrapping by PANI and show a significant increase in
the diameter of the CNs after composite formation. An addi-
tional increase in the concentration of the aniline monomer
during the polymerization reaction resulted in an increase in
the corresponding diameters of the carbon nanoparticles
wrapped by the polymer (Figure 3 c, f, i). These microstructural
variations have a profound influence on the resulting capaci-
tive behavior of the CN/PANI composites.

To elucidate the effect of the CN morphology on the electro-
chemical properties of the CN/PANI composites and the pres-
ence of PANI in the film, cyclic voltammetry (CV) studies were
performed. The solid films of CN/PANI (CN: CNO, SWNT, or
MWNT) were prepared by drop coating. The CN composites
were sonicated in 0.1 m HCl solution. A drop of solution con-
taining the dispersed functionalized CNs (CN/PANI) was then
deposited on the electrode surface. After solvent evaporation,
the electrode covered with the thin film of the modified CNs
was transferred to an aqueous solution containing 0.1 m H2SO4

as the supporting electrolyte.
The CV responses of CN/PANI (CN: CNO, SWNT, or MWNT),

and that of PANI for comparison, in monomer-free solution are
shown in Figure 4. Our previous studies showed that the CNO/
PANI films exhibit excellent mechanical and electrochemical
stability under CV conditions within the potential range from
�0.20 to + 1.00 V versus Ag/AgCl.[51]

The characteristic CV response of PANI (Figure 4 d) consists
of three redox couples (Ox1/R1, Ox2/R2, and Ox3/R3), and these
correspond to two-electron processes.[56, 57] The Ox1/R1 peaks
are attributed to the conversion of amine units to radical cat-
ions (semiquinones). The Ox3/R3 peaks are assigned to the
redox reactions of the degradation products and to the con-

version of the radical cation into the fully oxidized form of the
polyaniline(quinonediimine). The peaks at + 0.45 V versus Ag/
AgCl (Ox2/R2) were identified as the ones belonging to water-
soluble degradation products. At both positive and negative
extremes of the potential scan, pure PANI and the CN nano-
composites turn into nonconducting forms. The voltammo-
grams reveal that the CN/PANI films are stable in sulfuric acid
solution within the scanned potential range. The CV traces for
CN/PANI (Figure 4 a–c) and for pure PANI (Figure 4 d) show fara-
dic responses arising from the contribution of the conducting
polymer in the composites.

The capacitive characteristics for the CN/PANI composites
were examined by CV. Figure 5 shows a comparison of the
electrochemical properties of the CN/PANI films containing the
CNO-, SWNT-, and MWNT-modified nanostructures. The relative
compositions of the CN/PANI samples were 9:1, 2:1, 1:2, and
1:9 mass ratio CNO/PANI and 2:1 and 1:2 mass ratio (SWNTs or
MWNTs)/PANI. All films exhibit typical capacitive behavior. The
voltammograms, with the potential cycled between + 0.30 and
+ 0.60 V versus Ag/AgCl, show almost pseudorectangular
cathodic and anodic profiles, which is the characteristic behav-
ior of an ideal capacitor.

As previously observed,[1] the capacitance current depends
on film composition. Previous studies show that the specific
capacitance (Cs) of the electrode can be estimated from the CV
curves and by using Equation (1):

CS ¼
R

E2

E1
i Eð ÞdE

2vm E2 � E1ð Þ
ð1Þ

in which Cs is the specific capacitance, E1 and E2 are the cutoff
potentials in CV, i(E) is the instantaneous current,

R
E2

E1
i Eð ÞdE is

the total voltammetric charge obtained by integration of the
positive and negative sweeps in the cyclic voltammograms,
and m is the mass of the individual sample. The values of Cs

calculated from Equation (1) are collected in Table 1. For com-
parison, the specific capacitances of ox-CNO/tetraoctyloammo-
nium bromide (TOABr)[47] and PANI films are also shown.

Figure 6 shows the voltammetric behavior of the CNO/PANI
films in a 0.1 m H2SO4 aqueous solution at different sweep
rates. The capacitive current varies linearly with the sweep rate
at + 0.50 V versus Ag/AgCl (Figure 6 b). A linear dependence of
the capacitive current with the sweep rate is observed over
a large sweep rate range (up to 500 mV s�1), as shown in Fig-
ure 6 b. The capacitive current (ic) is given by Equation (2):

ic ¼ Csvm ð2Þ

in which Cs is the specific capacitance, m is the mass of the
material deposited on the electrode surface, and v is the po-
tential sweep rate. The values of the specific capacitances cal-
culated from the dependence of the current with the scan rate
for the different types of CNs modified by PANI are collected in
Table 1. The values of the specific capacitances obtained by in-
tegration of I versus E curves are slightly different than those
calculated from the linear relationship of the I versus v plots

Figure 4. Cyclic voltammograms of the GC electrode covered with CN/PANI
films (2:1 mass ratio CN/PANI): a) CNO b) SWNT, c) MWNT, and d) pure PANI
for comparison (in 0.1 m H2SO4). The sweep rate was 20 mV s�1.
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(Table 1). In both cases, specific capacitances of the CN/PANI
films are affected by the nature of the CNs and the thickness
of the PANI layer deposited on the CNs.

The highest observed specific capacitance of 506 F g�1 (see
Table 1) was achieved with CNO nanostructures modified with
a PANI layer (mCNOs/mPANI = 1:9). The high specific capacitance
for the CNO/PANI composite, which is higher than that of pure

PANI (422 F g�1, see Table 1), is
probably indicative of a selective
interaction between the quinoid
ring of the polymer and the
CNO surface, and this provides
a channel for charge transfer
and storage. The favorable elec-
tronic properties and very good
dispersion ability of the CNO/
ABAc derivatives in the aniline
monomer help to form better
contacts between the CNO and
PANI and, thus, to obtain
a charge-transfer complex,
which may provide higher con-
ductivity. The larger surface area
allows better electrolyte access,
and this facilitates the charge-
transfer process and reduces
the internal resistance of the
electrode. All of these result in
more favorable electrochemical
properties of the CNO/PANI
(1:9) composites than for pure
CNO and PANI films.

Electrochemical impedance
spectroscopy (EIS) has been
widely used to study the redox
processes of ECPs and/or

carbon materials. Figure 7 shows the EIS results obtained for
the CNO/PANI films containing different amounts of CNOs with
a conventional three-electrode electrochemical cell and an ac
voltage amplitude of 5 mV over a frequency range of 10�1–
105 Hz in 0.1 m H2SO4 electrolyte. The complex impedance can
be presented as the sum of the real (Z’) and imaginary (Z“)
components that originate mainly from the resistance and ca-
pacitance of the cell, respectively. Analysis of Figure 7 a reveals
that the EIS plot, which was obtained at E = 0 V versus Ag/
AgCl, has two well-separated features. First, the high-frequency
intercept of the semicircle resulting from an electron-transfer-
limited process, which includes the resistance of the electrolyte
solution, the intrinsic resistance of the active material, and the
contact resistance at the active interface material/current col-
lector. Second, a linear response at the low frequency end re-
sulting from diffusion-controlled doping and undoping of the
anions that lead to Warburg behavior (ZW).[60]

The results of the impedance studies at the CNO/PANI films
depend noticeably on the composition of the composite (Fig-
ure 7 a) as well as on the electrode potential (Figure 7 b). In
spite of the similarities of the impedance spectra, there is an
obvious difference between the diameters of the four semicir-
cles (Figure 7 a). The diameters of the semicircles decrease pro-
nouncedly as the doping content of the CNOs in the compo-
sites is increased (Figure 7 a) and as the applied potential is in-
creased (Figure 7 b). That is, the film transport of electrons and
the charge-transfer resistance (Rct) of the CNO/PANI composites
are much lower than those of the pure PANI films. This means

Figure 5. Cyclic voltammograms of the GC electrode covered with CN/PANI: a) CNO, b) SWNT, and c) MWNT. Mass
ratio CN/PANI was 1) 9:1, 2) 2:1, 3) 1:2, 4) 1:9, and 5) pure PANI (in 0.1 m H2SO4). The sweep rate was 10 mV s�1.

Table 1. Specific capacitance of CN/PANI composites obtained on the
basis of voltammetric studies.

Composite CS [F g�1][b]

Integration of ic versus
E voltammogram

Slope of ic versus V
relation

CNO/PANI[a]

9:1 110 120
2:1 207 214
1:2 286 306
9:1 496 506
MWNT/PANI[a]

2:1 153 170
1:2 268 280
SWNT/PANI[a]

2:1 106 129
1:2 232 247
PANI 409 422
ox-CNO/TOABr[c,d] 2.90 2.29

[a] The mCNs/mPANI mass ratio in the composite. [b] Capacitance per gram
of the composite. [c] Calculated capacitance of oxidized CNOs in 0.1 m

NaCl from ref. [47] . [d] TOABr = tetraoctyloammonium bromide.
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that CNOs inside the PANI matrix result in faster electron trans-
port in the bulk film and faster charge transfer at the compo-
site film/solution interface relative to those at the PANI film/so-
lution interface. This suggests that CNOs in composites provide
more active sites for faradaic reactions and lead to a larger
specific capacitance than for pure PANI. Thus, formation of
charge-transfer complexes between the CNs and PANI results
in enhanced electrical conductivity and lower resistance and
facilitates charge transfer within the composites.

Figure 8 shows the Nyquist plots of the CN/PANI (CNs: CNO,
MWNT, or SWNT) composites with different film compositions
for each composite at a potential E = 500 mV versus Ag/AgCl.
At this potential value, the impedance spectra display the ex-
pected shape for the double-layer charging of the porous elec-
trodes,[57] without the semicircle resulting from electron-trans-
fer-limited processes and an RCT value of approximately 0. The
Z’ versus Z“ spectrum exhibits diffusion-controlled behavior at
higher frequencies, which represents diffusion processes of the
counterions within the polymer matrix and capacitive behavior
at low frequencies.

The equivalent circuit for these composites was composed
of the following elements (Figure 8): a bulk solution resistance
(RS) ; a constant phase element (CPE) connected in parallel to
the resistance of the electrode/composite interface (Rct) ; the
Warburg impedance (ZW), which represents the transport of
counterions through the film during charging; and the ele-
mental double-layer capacitance at a particular depth of the
pore (Cp).[3] In addition, as a result of the porous structure of
the electrode, a CPE element was used to express the double-
layer capacitance (Cdl) at the carbon substrate and the contri-
bution of the pseudocapacitance (CF) of PANI, which is attribut-
ed to the faradaic process of PANI redox transition.[33]

The solid lines in Figure 8 are the impedance data represent-
ing the best-fit curves based on the equivalent circuit in
Figure 9. The good fits reveal that this model successfully ac-
counts for the electrochemical processes occurring on/within
the CN/PANI composite electrodes. The best-fitting values from
the EIS data for the electrochemical parameters corresponding
to the circuit element are collected in Table 2. The impedance
of the system is expressed by Equation (3):

Z wð Þ ¼ RS þ ZI wð Þ ð3Þ

The second part of the right side of this equation, that is, ZI(w),
represents the process of composite charging and can be ex-

Figure 6. a) Cyclic voltammograms of the GC electrode covered with CNO/
PANI (mCNOs/mPANI = 1:2) in 0.1 m H2SO4. The sweep rate was 1) 10, 2) 20, 3) 30,
4) 40, 5) 50, 6) 60, 7) 70, 8) 80, 9) 90, and 10) 100 mV s�1. b) Dependence of
the capacitive current with the sweep rate for CN/PANI at + 500 mV in 0.1 m

H2SO4. Mass ratio CN/PANI was: (*) 2:1 (CNO/PANI), (*) 1:2 (CNO/PANI),
(*) 1:9 (CNO/PANI), (&) 2:1 (MWNT/PANI), (&) 1:2 (MWNT/PANI), (~) 2:1
(SWNT/PANI), (~) 1:2 (SWNT/PANI).

Figure 7. Complex-plane impedance plots for the GC electrode (1.6 mm) in
0.1 m H2SO4 covered with a) CNO/PANI (mCNOs/mPANI = 9:1, 2:1, 1:2, 1:9) at
0 mV and b) CNO/PANI (mCNOs/mPANI = 1:2) at different potentials. Frequency
was in the range of 100 kHz to 0.1 Hz.
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pressed by Equation (4):

1
ZI wð Þ ¼

1
RctþZW

þ jwCdl ð4Þ

CPE can be defined as 1/Yo(jw)n, in which Yo is a constant
with a dimension of F. It is associated with the roughness of
the electrode surface and causes the rotation of the impe-
dance to be at an angle of (1�a)908. The Yo value increases as
the amount of the conducting polymer in the composite films
increases (Table 2). In this study, some CN/PANI composites ex-
hibit response composed of two lines with different slopes:
a 458 line and a nearly vertical line (insets, Figure 8). The in-
clined line at low frequency is usually attributed to the porous
structure of the electrode[59] or to the penetration of the elec-
troactive species into the film.[60] Given that there is a little dif-
ference in the thickness of the deposited PANI films on the
CNs, the inclined line could be attributed to the diffusion of
ions in the active materials.[33] The vertical line at lower fre-
quencies parallel to the Z“ axis indicates capacitive behavior
and represents the accumulation of diffused ions in the com-
posite. As previously postulated, the absence of the 458 line
suggests that the electrochemical reaction is limited to the sur-
face layer of PANI in the CN/PANI films.[33]

Therefore, as seen from Table 2, the values of Yo and n are
strongly correlated. However, the n parameter obtained for all
composites is very close to unity, which is indicative of almost-
ideal capacitive behavior for these systems. Increasing the
amount of PANI in the composites caused a decrease in n. A
significant influence of the CN amount on the Rct resistance is
also observed. The value of Rct decreases when the amount of
CNs in the composite increases. This effect is probably related
to differences in porosity and thickness of PANI in the compo-
sites. Specific capacitances (CS) calculated from the Yo and Cp

parameters, Cdl, are close to the values obtained from CV (see
Tables 1 and 2).

From the EIS measurements, the capacitance dependence
with the frequency can be measured. The capacitance C(w)
can also be expressed in its complex form as Equation (5):

C wð Þ ¼ C 0 wð Þ � jC 00 wð Þ ð5Þ

Figure 8. Complex-plane impedance plots for the GC electrode (1.6 mm)
covered with CN/PANI a) mCNs/mPANI = 1:2 or b) mCNs/mPANI = 2:1 and 1) CNO/
PANI, 2) MWNT/PANI, and 3) SWNT/PANI in 0.1 m H2SO4 at 500 mV. Frequency
was in the range of 100 kHz to 0.1 Hz. Solid curves represent simulated data.

Figure 9. Equivalent electrical circuit representing the behavior of the CNs/
PANI film electrodes in an electrolyte solution.

Table 2. Electrochemical impedance parameters determined by using 1.6 mm GC electrode coated with the CN/PANI composites in 0.1 m H2SO4.

Composite RS [W] Y0 [mF] n Rct [W] ZW [W] CP [mF] Cdl [mF] CS [F g�1][b] t [ms] CS [F g�1][c]

CNOs/PANI[a]

9:1 52.6 0.138 1.000 1.60 81 1.25 1.39 139 85 125
2:1 49.4 0.681 0.961 3.20 52 1.69 2.37 237 103 210
1:2 50.0 1.210 0.815 4.41 54 1.78 2.99 299 159 291
1:9 47.1 1.565 0.770 5.25 31 3.68 5.25 525 283 512
MWNT/PANI[a]

2:1 53.5 0.310 0.906 1.89 53 1.39 1.70 170 90 165
1:2 53.1 0.799 0.836 5.63 81 2.26 3.06 306 252 295
SWNT/PANI[a]

2:1 54.5 0.315 0.841 1.40 129 0.82 1.13 113 53 110
1:2 51.8 0.824 0.910 3.10 52 1.74 2.56 256 119 255
PANI 49.5 1.908 0.809 4.69 15 2.73 4.64 464 277 452

[a] The mCNs/mPANI mass ratio in the composite. [b] Capacitance per gram of the composite (from model). [c] Capacitance per gram of the composite calcu-
lated from the limiting value of the C’ versus log f relation.
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and the real [C’(w)] and imaginary [C“(w)] parts of the capaci-
tance can be expressed by Equations (6) and (7):

C 0ðwÞ ¼ �Z 00ðwÞ
w ZðwÞj j2 ð6Þ

C 00ðwÞ ¼ Z 0ðwÞ
w ZðwÞj j2 ð7Þ

C’ is calculated according to the complex capacitance
model,[61] which suggests that the supercapacitor behaves like
a series combination of a resistance and a capacitance accord-
ing to Equation (7). The C’’ versus log f dependences exhibit
a maximum at a relaxation frequency (fR). The relaxation fre-
quency is related to the time constant (tR) of every electrode
and can be calculated from Equation (8):

tR ¼ 2pfRð Þ�1 ð8Þ

The low tR value of 53 ms is preferred for electrochemical ca-
pacitors for fast charge–discharge processes.[62] Very good
agreement between the values of specific capacitance (Cs) cal-
culated from the model or from the limiting value of the C’
versus log f relation, obtained from the faradaic impedance
measurements and from voltammetric studies, was observed.
The combination of CNs with PANI effectively increased the
conductivity of the active layer.

3. Conclusion

CN/PANI (CN: CNO, MWNT, or SWNT) composite materials were
synthesized by in situ chemical oxidative polymerization of ani-
line containing well-dispersed CNs. Composite films on glassy
carbon electrode surfaces were deposited by a coating
method by applying a drop of solution containing the sus-
pended CN/PANI derivatives. The composites form relatively
porous structures on the electrode surface and exhibit typical
capacitive behavior, as well as excellent mechanical and elec-
trochemical stability over a wide potential window (from
+ 0.30 to + 0.60 V vs. Ag/AgCl). The capacitance of the films is
primarily controlled by the type of CN and their relative
amounts in the composites. The highest specific capacitance
of 525 F g�1 was obtained for the CNO/PANI (mCNOs/mPANI = 1:9)
composite films. CNs improve the properties of the composite
films, and this makes them more active for faradaic reactions,
which confers larger specific capacitances, lower resistances,
and better cyclic stability than for pure PANI. The CNO/PANI
composites described here can be effectively used as electro-
des for supercapacitors.

Experimental Section

Materials

Synthesis of CNs/PANI: The CNs (30 mg), 4-aminobenzoic acid (4-
ABAc, 30 mg), and polyphosphoric acid (pPAc, 1200 mg) were
placed in a flask equipped with a high torque mechanical stirrer,

nitrogen inlet, and outlet. This mixture was stirred under a dry ni-
trogen atmosphere. The reaction mixture was heated to 80 8C for
1 h, to 100 8C for another 1 h, and finally to 130 8C for 72 h.[63] The
mixture was poured into deionized water, left for 3 d, and then
poured into methanol and left for another 3 d. The CN/4-ABAc de-
rivatives were dried overnight in an oltam oven (T = 60 8C). The
modified CNs (15 mg) were dispersed by ultrasonication for 30 min
in 1 m HCl (25 mL). The polymerization of aniline was performed by
following a published procedure.[64] Four different concentrations
of aniline monomers (i.e. 15.76, 47.27, 94.54, and 141.81 mg) were
dispersed into 1 m HCl (15 mL), and the mixture was stirred for
30 min in an ice bath. The CN/4-ABAc derivative was cooled down
and added to aniline, and the mixture was stirred for another
30 min. Ammonium peroxydisulfate (50 mg) was dissolved in 1 m

HCl (5 mL) and added very slowly to the mixture. The polymeri-
zation was carried out at 0–5 8C over 4 h. Products were washed
several times with 0.2 m HCl and acetone and dried overnight in an
oven (T = 50 8C). The content of CN in the CN/PANI samples was
88, 65, 32, and 11 % CNO (9:1, 2:1, 1:2, and 1:9 mass ratio CNO/
PANI) ; 69 and 31 % (2:1 and 1:2 mass ratio SWNT/PANI) ; and 64
and 33 % MWNT (2:1 and 1:2 mass ratio MWNT/PANI).

Preparation of CN/PANI films: The CN/PANI (CN: CNO, SWNT, or
MWNT) composite (2 mg) was dispersed with the aid of ultrasonic
agitation in dichloromethane (1 mL) to give a black suspension
(2 mg mL�1). The CN/PANI (CN: CNO, SWNT, or MWNT) films were
prepared by the cast method. A solution of CN/PANI (2 mg mL�1,
10 mL) was transferred to the GC (1.5 mm diameter) surface, and
the solvent was evaporated under an argon atmosphere.

Methods

Spectra of the PANI-coated CNs were recorded with a Nicolet iN10
MX FTIR microscope (Thermo Scientific) equipped with a mercury
cadmium telluride (MCT) liquid nitrogen cooled detector. Samples
were placed on the gold plate without any further preparation.
Spectra were recorded in the reflectance mode.

The films were imaged by secondary electron SEM with an INSPECT
S50 scanning electron microscope from FEI. The accelerating volt-
age of the electron beam was 20 keV, and the working distance
was 10 mm. TEM images were recorded with a FEI Tecnai transmis-
sion electron microscope. The accelerating voltage of the electron
beam was 200 keV.

Voltammetric experiments were performed with an AUTOLAB
(Utrecht, The Netherlands) computerized electrochemistry system
equipped with the PGSTAT 12 potentiostat and FRA response ana-
lyzer expansion cards with a three-electrode cell. The AUTOLAB
system was controlled with the GPES 4.9 software of the same
manufacturer. A glassy carbon disk electrode (Bioanalytical Sys-
tems, Inc.) with a diameter of 1.6 mm (Bioanalytical Systems, Inc.)
was used as the working electrode. The surface of the electrode
was polished by using extra-fine carborundum paper (Buehler) fol-
lowed by 0.3 mm alumina and 0.25 mm diamond polishing com-
pound (Metadi II, Buehler). The electrode was then sonicated in
water to remove trace amounts of alumina from the metal surface,
washed with water, and dried. The counterelectrode was a platinum
flag with an area of about 0.5 cm2. A silver wire immersed in 0.1 m

AgCl and separated from the working electrode by a ceramic tip
(Bioanalytical Systems, Inc.) served as the reference electrode. All
experiments were done in water purified through a Millipore appa-
ratus. Oxygen was removed from the solution by purging with
argon.
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