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We report on the synthesis and electrochemical properties of leucoemeraldine base, emeraldine salt
and pernigraniline base forms of polyaniline (PANI) in the form of nanocomposites with MWNTs. The
oxidation state of PANI in the composite is controlled by doping and dedoping of the emeraldine salt
form of PANI/MWNT composite, which is prepared through chemical polymerization, using oxidizing
and reducing agents without changing the morphology of PANI in the composite and is confirmed
by ultraviolet-visible spectroscopy (UV-vis) spectroscopy and Fourier transform infrared (FT-IR) spec-

IS(EJ; :&T;;Ci tor troscopy. The electrochemical and pseudocapacitive properties of the composites are investigated using
Polyaniline cyclic voltammetry and analyzed with respect to the oxidation state of polyaniline. The PANI/MWNT

nanocomposites show specific capacitance values of 217Fg~', 328 Fg~! and 139F g~ for leucoemeral-
dine base, emeraldine saltand pernigraniline base, respectively. Electrochemical impedance spectroscopy
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is performed to explain the different electrochemical properties of PANI in different oxidation states.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Polyaniline (PANI) has been investigated as one of the most
promising candidates for electrodes in electrochemical capacitors
(ECs) because of its easy synthesis, low cost, good environmental
stability and relatively high specific capacitance [1-4]. Recently,
there have been many studies on nanocomposites of PANI with
carbon, especially multi-wall carbon nanotubes (MWNTs). MWNTs
have a uniform diameter of several tens of nanometers, high surface
area and high electrical conductivity, as well as unique properties
such as a three-dimensional entangled structure on the nanometer
scale [5-7]. These studies reported the improved electrochemical
properties of PANI/MWNTSs composites over PANI without MWNTSs
[8-10], because MWNTSs create a porous structure with a highly
accessible surface area and high electrical conductivity. However,
there are wide variations in the specific capacitance of PANI/MWNT
composites (from 177 Fg~! to 670 Fg~!) depending on the synthe-
sis method, morphology and loading amount of PANI [11-16].

PANI exists in three redox forms with different oxidation states
and can be interconverted between the fully reduced leucoemeral-
dine base (LB), the 50% intrinsically oxidized emeraldine base (EB),
its doped emeraldine salt (ES), and the fully oxidized form of pern-
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igraniline base (PB) [1]. PANI can store electrical energy through
its redox transitions between the LB, ES, and PB forms [1,9]. The
chemical, structural and electrical properties of PANI are known to
be strongly dependent on its oxidation state [17,18].

Only a few studies have been reported on the pseudocapaci-
tive properties of PANI with different oxidation states. Recently,
Jamadade et al. reported the specific capacitance of the LB, ES, and
PB forms of PANI that had been electrosynthesized on a stainless
steel substrate. However, each form of PANI had a different deposit
morphology and showed cyclic voltammograms that are not typical
of PANI and are severely distorted with potential scan rate [11].

In this study, we report the pseudocapacitive properties of the
LB, ES, and PB forms of PANI in the form of nanocomposites with
MWNTs. The oxidation state of PANI in the composites was con-
trolled by doping and de-doping of the ES form of PANI/MWNT
composite, which was prepared through chemical polymeriza-
tion, using oxidizing and reducing agents without changing the
morphology of the PANI in the composite. The morphological
and structural properties of PANI in the composites were inves-
tigated using SEM, TEM, FT-IR and UV-vis spectroscopy. The
electrochemical characteristics of the composites were evaluated in
order to investigate the pseudocapacitive properties of PANI with
different oxidation states by using the cyclic voltammetry. Elec-
trochemical impedance spectroscopy (EIS) was performed using a
cavity-microelectrode (CME) in order to explain the different elec-
trochemical properties of the LB, ES, and PB forms of PANI.
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2. Experimental details
2.1. Materials

For the preparation of the PANI/MWNT composites, commer-
cial MWNTs (ILJIN Nanotech Co., Ltd. South Korea) were used. The
MWNTs have diameters of 10-20 nm, lengths of 10-50 wm and a
BET surface area of 200 m2 g~ 1. To introduce hydrophilic functional
groups onto their surface, the MWNTs were treated with nitric acid
(Duksan Chem., 98%) in a glass beaker at 80°C for 4 h. The treated
MWNTs were then rinsed with distilled water several times, filtered
and then dried in an oven overnight.

Aniline,ammonium persulfate (APS), phenyl hydrazine, and HCI
were purchased from Sigma-Aldrich. Aniline monomer was puri-
fied at a temperature over the boiling point of aniline by distillation
to remove any impurities and oligomers. APS was used as the oxi-
dizing agent for polymerization. Phenyl hydrazine was selected as
the reducing agent.

2.2. Preparation of PANI/MWNT composites with different
chemical states

The ES/MWNT composite was prepared as follows. The acid-
treated MWNTs (60mg) were dispersed in 80 mL of 1M HCIl
solution by ultrasonication and the distilled aniline monomer
(240 mg) was added to the MWNT suspension in 1M HCI solu-
tion. APS dissolved in 20 mL of 1 M HCI solution was added to the
suspension dropwise with constant mechanical stirring (the molar
ratio of APS/aniline was 2.3). After 24 h, the ES/MWNT composite
was synthesized via in situ chemical oxidation polymerization. The
resulting green suspension was filtered and the residue was washed
with methanol and distilled water repeatedly. The ES/MWNT com-
posite powder was dried by vacuum-freeze-drying for 48 h. The
oxidation state of PANIin the composite was controlled by chemical
oxidation and reduction of the ES form of PANI/MWNT compos-
ite using oxidizing and reducing agents in order to minimize the
morphological change of the PANI in the composite.

The fully reduced LB/MWNT composite was prepared from the
ES/MWNT powder by chemical reduction using phenyl hydrazine.
The ES/MWNT powder was immersed in a solution of phenyl
hydrazine with mechanical stirring until the powder color changed
from the green color of ESMWNT to the colorless or light yel-
low color of LB/MWNT corresponding to the fully reduced and
de-doped state of PANI. After the reaction was complete, the
LB/MWNT composite was filtered and washed exhaustively with
methanol and distilled water repeatedly to completely remove
the phenyl hydrazine. The LB/MWNT powder was dried by
vacuum-freeze-drying for 48 h.

The fully oxidized PB/MWNT composite was prepared by chem-
ical oxidation using APS solution. The ES/MWNT powder was
immersed in APS solution until it changed from the green color of
ES/MWNT to the violet color of PB/MWNT. In this synthetic process,
the ES/MWNT powder was excessively oxidized. After the chem-
ical oxidation reaction, the PB/MWNT composite was filtered and
washed exhaustively with methanol and distilled water repeatedly,
and then dried by vacuum-freeze-drying for 48 h.

The oxidation state of the LB, ES, and PB forms of PANI in the
composite was investigated using ultraviolet-visible spectroscopy
(UV-vis) and Fourier transform infrared (FT-IR) spectroscopy.

2.3. Characterization

The morphology of the PANI/MWNT composite was exam-
ined using field-emission scanning electron microscopy (FE-SEM,
S-4300SE, HITACHI) and field-emission transmission electron
microscopy (FE-TEM, JEM-2100F, JEOL). UV-vis spectra were
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recorded on a Perkin Elmer Lambda 900 with the composites dis-
persed in NMP solution. FT-IR spectra were recorded between
4000-450 cm~! at a spectral resolution of 4 cm~! on a Perkin Elmer
1710 spectrophotometer using potassium bromide (KBr) pellets at
room temperature.

2.4. Electrochemical measurements

For the electrochemical measurements, PANI/MWNT compos-
ite electrodes were fabricated using the following process. The
electrodes were fabricated by slurry casting of 80wt.% active
material (PANI/MWNT composites), 15 wt.% acetylene black, and
5wt.% polyvinylidene fluoride (PVDF) binder dissolved in N-
methylpyrrolidone (NMP) solvent. The electrode was prepared on
titanium foil as the current collector. The exposed nominal area
was 1 cm x 1 cm. The weight of the PANI/MWNT composite on the
titanium foil current collector in this study was ca. 1 mgcm~1.

Electrochemical measurements were performed in a three-
electrode electrochemical cell where the PANI/MWNT composite
electrode was used as the working electrode; a platinum plate
and a saturated calomel electrode (SCE) were used as the counter
and reference electrodes, respectively. Cyclic voltammetry (CV)
was performed using a potentiostat/galvanostat (Solartron 1470E,
Cell Test System) in 1M H,SO,4 aqueous solution in the poten-
tial window from —0.2 to 0.8 Vscg. The current response in the CV
curves was normalized with respect to the mass of the PANI/MWNT
composites. Electrochemical impedance spectroscopy (EIS) mea-
surements for the composites were performed under 0.25 Vscg in
the AC frequency range from 200000 to 0.01 Hz and ac ampli-
tude of 5mV using an impedance analyzer (Solartron, 1260A
Impedance/Gain-Phase Analyzer).

3. Results and discussion
3.1. Morphology of the PANI/MWNT composites

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to investigate the morphology of the
PANI/MWNT composites. Fig. 1(a)-(c) shows SEM images of the
PANI/MWNT composites for the LB, ES and PB forms of PANI, respec-
tively. It can be clearly seen that PANI was selectively deposited
only on the surface of the MWNTs without blocking the pores in
their entangled structure. Since the LB and PB forms of PANI in the
composites were derived from the ES form of PANI by chemical
reduction and oxidation, respectively, they all have similar mor-
phologies. The TEM images of the PANI/MWNT composites for the
LB, ES and PB forms of PANI in Fig. 1(d)-(f) show average thick-
nesses of 20 nm of PANI coated on the surface of the MWNTs. If we
assume that all of the aniline monomer was polymerized onto the
MWNTs, the loading amount of PANI in the composite would be
80 wt.%.

3.2. Oxidation states of the PANI/MWNT composites

UV-vis spectroscopy was used to examine the oxidation states
of PANI in the composites. The UV-vis spectra of the acid-treated
MWNTs in Fig. 2(a) do not exhibit any absorption peaks. In contrast,
Fig. 2(b)-(d) shows that the LBIMWNT, ES/MWNT and PB/MWNT
composites exhibit intrinsic absorption peaks. The presence of
three peaks at around 345, 415 and 800 nm in the spectrum of
ES/MWNT in Fig. 2(c) confirms the existence of the conducting ES
form [19]. The peak at 345 nm is attributed to a w-7* transition of
the bezenoid moiety, the peak at 415 nm to the polaron-* transi-
tion, and the peak at 800 nm to the w-polaron transition [19]. The
absorption peak at about 320 nm for the LB/MWNT composite in
Fig. 2(b) is attributed to a w—7* transition of the bezenoid moiety
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Fig. 1. SEM images of (a) LB/MWNT, (b) ES/WMNT and (c) PB/MWNT composites, and TEM images of (d) LB/MWNT, (e) ES/MWNT and (f) PB/MWNT composites.

in the molecule [20]. The UV-vis spectrain Fig. 2(b) indicate that the
LB/MWNT composite contains an insulating form of LB, in the fully
reduced state, and that the phenyl hydrazine solution was com-
pletely removed from it [22]. The 550 nm peak of the PB/MWNT
composite in Fig. 2(d), which is ascribed to a Peierls gap transition
in pernigraniline, reflects the fully oxidized state of PANI [21,22].
Fig. 3(a)-(d) shows the FT-IR spectra of the acid-treated MWNTSs
and LB/MWNT, ES/MWNT and PB/MWNT composites recorded in
the range of 2000 to 1200cm~! at ambient temperature, respec-
tively. All of the spectra have three bands at 1580 cm~1, 1495 cm™!
and 1300cm~! which are attributed to quinoid-ring stretching,
benzene-ring stretching and C-N stretching, respectively [23]. In
the case of the acid-treated MWNTs, the weak C-N stretching peak
in Fig. 3(a) is due to their acid treatment with nitric acid [24].
Fig. 3(b)-(d) shows that the C-N stretching peak of the acid-treated
MWNTs at 1300cm~! is greatly enhanced by its superposition
with the C-N stretching peak of PANI present at approximately the
same frequency [23]. Furthermore, the LB/MWNT, ES/MWNT and

PB/MWNT composites exhibit the characteristic bands of PANI at
about 1580 and 1495 cm~! [25]. Since these bands are due to the
quinoid-ring stretching and benzene-ring stretching, respectively,
their intensity ratio (I1sg0/l1495) could be used as an indicator of
the degree of oxidation of PANI [25,26]. Fig. 3(b) and (c) shows
that the I15g0/I1495 intensity ratio of LB/MWNT is lower than those
of ES/MWNT and PB/MWNT, due to the predominating presence
of benzene-ring units in LB/IMWNT. The I;5g0/I1495 intensity ratio
of ES/MWNT is smaller than that of PB/MWNT; this indicates that
the oxidation level of PANI in the composite increases in the order
LB/MWNT < ES/MWNT < PB/MWNT. A similar result was reported
by Choi et al. [25]. The slightly higher intensity of the quinoid-ring
stretching peak compared to that of the benzene-ring stretching
peak in PB/MWNT might be due to the quinoid-ring introduced
during the acid-treatment of the MWNTSs.

The analysis of the UV-vis spectra and FT-IR spectra of the
acid-treated MWNTs and LB/MWNT, ES/MWNT and PB/MWNT
composites indicates that PANI was selectively deposited on the
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surface of the MWNTs to form a nanocomposite of PANI with
the MWNTs by chemical polymerization and that the oxidation
state of PANI could be successfully controlled from ES/MWNT to
LB/MWNT or PB/MWNT by using oxidizing and reducing agents,
respectively.

3.3. Electrochemical properties of PANI/MWNT composites

3.3.1. Cyclic voltammetry measurements

CV was used to investigate the electrochemical properties of
the LB/MWNT, ES/MWNT and PB/MWNT composites window of
—0.2 to 0.8V (vs SCE) at scan rates of 5, 10, 30, and 50mVs~!
in 1M H,SO4 solution. Fig. 4(a)-(c) illustrates the CV curves of
these three forms of PANI/MWNT composites at a scan rate of
5mVs~!, respectively. PANI in the composite has a unique cyclic
voltammogram depending on its oxidation state. It is clear that
PANI has three pairs of redox peaks (A1/C;, A3/C; and A3/C3)
[27-30]. Peaks A;/C; correspond to the redox transition of PANI
between LB and ES, peaks A,/C, represent the by-products and
intermediates of the hydroquinone/benzoquinone redox reaction,
and peaks A3/C3 are attributed to the redox transition of PANI
between ES and PB [27-30]. During the cyclic voltammetry of
PANI, PANI may take the ES, LB or PB form depending on its
electrode potential, i.e. its oxidation state. Therefore, it may be
speculated that the LB, ES, and PB forms of PANI should have the
same electrochemical behavior. However, the LB, ES, and PB forms
of PANI showed different cyclic voltammograms in this study. As
shown in Fig. 4(a), the cyclic voltammograms become severely
distorted and the peak potential separation of the redox couples
increases with increasing potential scan rate. The overall shape
of the cyclic voltammograms of ES/MWNT in Fig. 4(b) is well
maintained and the peak potential separation of the redox cou-
ples increases slightly with increasing potential scan rate. This
reflects the high electrochemical reversibility of ES in the com-
posite. Furthermore, ES/MWNT exhibits the highest normalized
current response with respect to the mass of the composite among
the three different PANI composites with different oxidation states.
Fig. 4(c) shows that the cyclic voltammograms of PB/MWNT are
well maintained and that the peak potential separation of the
redox couples increases very slightly with increasing potential scan
rate, however, PBIMWNT exhibits the lowest normalized current
response.

The specific capacitances of the PANI/MWNT composites were
calculated from the following equation:

S tade+ | [ 1cde|
C="Zmav ()

where Cs, I3, I and AV indicate the specific capacitance, anodic
current, cathodic current and potential range, respectively. M is
the mass of the composite. The plots of the specific capacitance
of the PANI/MWNT composites as a function of the potential scan
rate are shown in Fig. 5(a). The specific capacitances were cal-
culated to be 217Fg~1, 328 Fg~! and 139Fg~! of the composite
for LB/MWNT, ES/MWNT and PB/MWNT, respectively, at 5mVs~!,
ES/MWNT shows the highest specific capacitance and PB/MWNT
the lowest.

Fig. 5(b) shows the normalized capacitances of the LB/MWNT,
ES/MWNT and PB/MWNT nanocomposites as a function of the
potential scan rate. The normalized capacitance at each scan rate
was obtained by dividing the specific capacitance by the specific
capacitance measured at 5mVs~!. As shown in Fig. 5(b), LB/MWNT
and ES/MWNT showed similar capacitance losses of 21% and 23%,
respectively, in the range of scan rates from 5 to 50mVs~!. The
PB/MWNT composite, which has the lowest specific capacitance,
showed the highest rate capability.
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Fig. 4. CV curves of (a) LB/MWNTs, (b) ES/MWNT and (c) PBIMWNT composites at
different scan rates in 1M H,S04.

3.3.2. Electrochemical impedance spectroscopy measurements

EIS was performed in order to explain the different electrochem-
ical properties of the LB, ES, and PB forms of PANI in the composite.
In this study, the impedance measurements of the composites were
made using a cavity-microelectrode (CME). A CME is an efficient
tool to investigate the electrochemical kinetics of processes occur-
ring at a powder material electrode. Because only a small amount of
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powder (hundreds of micrograms) is characterized, the ohmic drop
arising from the bulk of the electrolyte can be neglected [31-33].
Fig. 6(a) shows the Nyquist plot of the LB/MWNT, ES/MWNT
and PB/MWNT composites, which is composed of a semi-circle
in the high frequency region and an inclined line in the low fre-
quency region. The equivalent circuit model for the Nyquist plot
in Fig. 6(b) is comprised of series resistance (Rs), electrical double
layer capacitance (Cq;), charge-transfer resistance (R¢t) and War-
burg impedance (W). A semi-circle in the high frequency region
corresponds to Rs, Cg; and R¢t. An inclined line in the low frequency
region is related to W. In this study, the PB/MWNT composite dif-
fers from the other composites in that the inclined line for the
PB/MWNT composite shows a single nearly vertical line, while the
LB/MWNT and ES/MWNT composites have an inclined line com-
posed of two lines that have different slopes, the 45° line and nearly
vertical line (upper inset, Fig. 6). The inclined line at low frequency
is usually attributed to a porous structure electrode [34] or the pen-
etration of the electroactive species into the active materials [35].
Since there is little difference in the deposit morphology and thick-
ness of PANI in the composites, the inclined line could be attributed
to the diffusion limitation of ions in the active materials, which is
often referred to as the Warburg impedance. The 45° line in the
Warburg impedance is related to ion (SO4~) diffusion in the PANI
layer on the MWNTs. The vertical line at lower frequencies parallel
to the imaginary axis indicates a capacitive behavior and repre-
sents the accumulation of diffused ions in the structure. In the case
of the PB/MWNT, the 45° line is absent and the nearly vertical line
is observed after the semi-circle in the Nyquist plot. The absence of
the 45° line and the lowest specific capacitance of the PB/MWNT
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composite suggest that electrochemical reaction is limited to the
surface layer of PANI in the PB/MWNT composite.

A semi-circle at high frequency can be seen more clearly in
the lower inset of Fig. 6. The point intersecting with the real axis
indicates Rs, which is composed of the solution resistance, con-
tact resistance and intrinsic resistance of the active material. The
diameter of the semi-circle is the Rct. The ES/MWNT composite
has smaller Rs and R than the LB/MWNT and PB/MWNT compos-
ites because of the high electrical conductivity of the ES form of
PANI in the composite. Higher specific capacitance of the ES/MWNT
composite could be attributed to the smaller values of Rs and Rc.

4. Conclusions

Nanocomposites of leucoemeraldine base, emeraldine salt and
pernigraniline base with MWNTs are successfully prepared through
the chemical polymerization of ES/MWNT followed by control
of its oxidation state by using oxidizing and reducing agents,
respectively. SEM and TEM analysis shows that PANI is selectively
deposited only on the surface of the MWNTs without blocking the
pores in their entangled structure. The morphology of the PANI in
the composite is maintained after chemical oxidation and reduc-
tion treatment. The average thickness of the PANI coated on the
surface of the MWNTs is about 20 nm, and the loading amount of
PANI in the composite is 80 wt%. The analysis of the UV-vis spec-
tra and FT-IR spectra of the acid-treated MWNTSs and composites
confirmed that PANI is selectively deposited on the surface of the
MWNTs to form a nanocomposite of PANI with the MWNTs and
that the oxidation state of PANI can be successfully controlled from
the emeraldine salt to the leucoemeraldine base or the pernigrani-
line base by using oxidizing and reducing agents, respectively. The
electrochemical and pseudocapacitive properties of the compos-
ites are investigated using cyclic voltammetry and analyzed with
respect to the oxidation state of PANI. PANI in the composite has
unique CV depending on its oxidation state and each cyclic voltam-
mogram shows capacitive-like responses with three pairs of redox
peaks in the whole potential range of investigation. PANI/MWNT
nanocomposites show specific capacitances of 217 Fg~1, 328 Fg~!
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and 139Fg~! at 5mV s~! for the leucoemeraldine base, the emeral-
dine salt and the pernigraniline base, respectively. Electrochemical
impedance spectroscopy is performed to explain the different elec-
trochemical properties of PANI with different oxidation states.
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