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Polyaniline-metal composite incorporating binary transition metals was syn-
thesized by in situ rapid mixing polymerization. The current article investi-
gates the dielectric performance of polyaniline composite synthesized using
ferric nitrate oxidant by a dopant-free template-free method and also the role
of Cu2+ as an external redox additive in enhancing the dielectric performance
of a PANI composite. The experimental results proved that the coordination of
PANI nitrogen with binary transition metals (Fe & Cu) not only improved the
electrical conductivity, but also augmented the dielectric performance. Also,
morphological analysis substantiates the role of external Cu2+ additive in
modifying the PANI surface to act as an efficient dielectric material.
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INTRODUCTION

With the improvement of capacitor innovation,
there has been incredible headway in dielectric
materials with high energy density. Because of good
mechanical flexibility, high breakdown voltage and
ease of synthesis, high dielectric constant polymer
composites have gained much attraction1,2 in
energy storage devices. Among such composites,
the high dielectric permittivity of metal–organic
systems arises from the long-range polaron hop-
ping2 mechanism. Conductive polymers have pulled
in much enthusiasm for use in vitality applications
in light of many beneficial qualities such as tunable
electrical properties, flexibility, and high process-
ability from solution. The fascinating virtues such
as facile synthesis, reversible reaction be-
haviour, good electrical conduction and high dielec-
tric permittivity (e¢ � 102 � 103) makes polyaniline
a promising candidate as a dielectric material.3,4

The presence of two interconvertible benzenoid and
quinoid rings by electron transfer, porous nature

and high surface area makes PANI a good pseudo-
capacitive material.5 The poor cyclic stability due to
mechanical degradation by the large volumetric
change in the doping/dedoping process limits the
use of PANI in many energy storage applications.6

Doping with transition metal ions such as Cu2+,
Zn2+, Fe2+ and Co2+ could substantially enhance
capacitance and energy density of conducting poly-
mers.7 Because of the synergistic combination of the
high-breakdown electric field of the polymer matri-
ces and high dielectric permittivity of the fillers,
such combinations receive extraordinary considera-
tion.5 The practical performance of PANI can be
effectively improved by such combinations. Because
of unique electron exchange property, transition
metal ion-doped PANI has gained an intensive
interest in recent years since the electrical proper-
ties of PANI can be transmuted in a wide range of
areas, from insulators to metallic conductors, due to
the increase in charge delocalization in the polymer
backbone on doping.5

The nature of oxidants also has a great impact in
tuning the performance of PANI. For the synthesis
of PANI, ammonium persulfate (APS), potassium
dichromate (K2Cr2O7), ferric chloride (FeCl3), potas-
sium permanganate (KMnO4) and composite
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oxidants such as Fe3+/hydrogen peroxide (H2O2)
and Cu2+/O2 have been reported as efficient
oxidants.8 Researchers are also interested in oxi-
dants that can act both as oxidant and dopant.
The iron-based oxidants such as Fe2(SO4)3 have
been reported by Wan and co-workers, which, on
hydrolysis, produces sulphuric acid and serves as
a dopant.9 Not much work has been reported in
the synthesis of PANI using ferric nitrate oxidant.
Doped polyaniline can be easily obtained without
any externally added dopants with ferric nitrate
because ferric nitrate anions formed during the
reaction can be easily connected to imine nitro-
gen.9 The present work investigates the role of
external transition metal additive in enhancing
the storage performance of PANI using ferric
nitrate oxidant.

EXPERIMENTAL SECTION

Materials

Aniline was double-distilled prior to use.
Fe(NO3)3Æ9H2O, CuSO4Æ5H2O and acetone were of
analytical grade and were used without any
treatment.

Synthesis of Polyaniline Composite Using Ferric Ni-
trate Oxidant Without an External Redox Additive

Polyaniline was prepared by using Fe(NO3)3
oxidant (also can act as dopant) by rapid mixing
chemical oxidative polymerization without an exter-
nal redox additive. A 0.1 M aniline solution was
prepared and was stirred using a magnetic stirrer
for 15 min. To that, 0.3 M Fe(NO3)3 solution was
rapidly added, and the reaction was kept overnight
without any agitation. A dark green precipitate of
polyaniline was filtered by using a vacuum pump
and then washed with distilled water and acetone
until the filtrate become colourless. Finally, it was
dried in an air oven at 80�C for 24 h.

Synthesis of Polyaniline Composite Using Ferric
Nitrate Oxidant with an External Redox Additive

Polyaniline was prepared by using Fe(NO3)3
oxidant (also can act as dopant) by rapid-mixing
chemical oxidative polymerization with an external
redox additive (CuSO4Æ5H2O). A 0.1 M aniline solu-
tion was prepared and was stirred using magnetic
stirrer for 15 min. To that, 1 M CuSO4Æ5H2O was
added, and the aniline-copper mixture was stirred
for half an hour. Finally, the oxidant 0.3 M ferric
nitrate was rapidly added to the above aniline-
copper solution. The reaction was kept overnight
without any agitation. A dark green precipitate of
polyaniline was filtered by using a vacuum pump
and then washed with distilled water and acetone
until the filtrate became colourless. Finally, it was
dried in an air oven at 80�C for 24 h.

Material Characterization

The structural analysis was done by using Four-
ier transform infrared (FT-IR) spectroscopy
(Thermo Nicolet, Avatar 370) and x-ray diffraction
(XRD) analysis (Bruker AXS D8 Advance). Morpho-
logical characterisation was studied by using scan-
ning electron microscopy (SEM) (TESCAN VEGA 3
SBH), SEM–EDS (OXFORD XMX N) and high-
definition transmission electron microscopy (HD-
TEM) (Jeol/JEM 2100). Dielectric and conductivity
measurements were evaluated by using an Agilent
LCR series meter-E4980 A from 100 Hz to 2 MHz on
compressed PANI pellets at room temperature.

RESULTS AND DISCUSSION

Morphology (Scanning Electron Microscopy
and Transmission Electron Microscopy)

The morphological analysis of the as-prepared
PANI composites synthesized by using ferric nitrate
oxidant with and without an external redox additive
is depicted in Fig. 1. The above SEM images clearly
show that with ferric nitrate oxidant PANI has
highly irregular surface morphology. The addition
of Cu2+ modified the morphology of PANI into a
flake-like surface (supported by TEM analysis). The
multiple coordination possibility of copper can
provide inter- and intra-chain linkages among PANI
chains to support the formation of flaky morphology
thereby enhancing the conductivity and dielectric
performance (supported by dielectric studies). Also,
the flaky PANI composite can effectively carry the
charges due to its high surface to volume ratio.

Further, the ability of ferric nitrate to act as both
oxidant and dopant and the composition of the
composite was studied by SEM–EDS analysis (SI-1).
The polymerisation of aniline proceeds at a lower
rate with Fe(NO3)3 since its redox potential (0.76 V)
is lower than persulphate (2.0 V). When ferric
nitrate was added to aniline solution, the oxidant
itself gets reduced to ferrous nitrate (Fe(NO3)3) and
the free ferric nitrate anions [Fe(NO3)4]� formed act
as a dopant for imine nitrogen in the PANI back-
bone (SI-2).9

Chemical Structure

Fourier Transform Infrared Spectroscopy (FT-IR)

The structural changes happened in PANI matrix
synthesized with and without an external redox
additive was investigated by using FT-IR spec-
troscopy and XRD analysis and is depicted in
Fig. 2. The spectrum confirms the formation of
conducting emeraldine salt form of the PANI com-
posite. The FT-IR peaks around 1578 cm�1,
1470 cm�1, 1295 cm�1 and 1240 cm�1 represent
characteristic peaks of conducting PANI and are
assigned to C=C stretching vibration of quinoid
diimine rings (>C=N–) and benzenoid diamine
moieties, and those around and 1295 cm�1 and
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1240 cm�1 represent C-N stretching vibrations of
quinoid and benzenoid units. The sharp peak
around 1120 cm�1 represents C-N stretching vibra-
tions in B-NH+=Q (B-benzenoid, Q-quinoid). The

formation of 1,4 substituted phenylene rings is
confirmed by the peaks centred around 782 cm�1

and out-of-plane C-H bending vibrations may result
in many low-intensity peaks at lower wave num-
bers. Also, the presence of nitrate anion in the PANI
matrix is confirmed by the N-O group absorption
seen around 1377 cm�1.10 The N-H stretching
vibration of the PANI chain is indicated by the
peak around 3400 cm�1. The incorporation of Cu2+

in PANI matrix is clearly indicated by the dimin-
ished N-H stretching peak in the FT-IR spectrum of
PANI with an external redox additive. Because of
the formation of a coordinate bond between metals
and nitrogen atoms, Cu2+ doped PANI shows broad
peaks.

UV–Visible analysis

UV–Visible absorption spectroscopy analysis was
done on the sample to analyze the electronic prop-
erties of the PANI composite and is shown in Fig. 3.
The spectrum shows the three characteristics peaks
of PANI at 360 nm, 424 nm and 658 nm. The pi–pi*
transition of the benzene ring is indicated by the

Fig. 1. SEM image of PANI composite (a) without an external redox additive, (b) with an external redox additive and TEM image with an external
redox additive at (c) 50 nm, (d) 10 nm.

Fig. 2. FT-IR spectrum of PANI composite synthesized with and
without an external redox additive.
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peak around 360 nm, which is a HOMO–LUMO
electronic transition. Also, the above peak is
ascribed to the excitation of benzenoid units of
PANI chains. The shoulder at 424 nm represents
polaron-pi* transition of the protonated form of
polyaniline. The long tail seen around 658 nm
indicates n-pi* electronic transition of a benzenoid
unit into quinoid moiety confirming the emeraldine
salt structure of as-synthesized PANI.

X-ray Diffraction Analysis

Figure 4 represents the XRD pattern of PANI and
Cu2+ added PANI synthesized using ferric nitrate
oxidant. The characteristics peaks observed around
2theta values 20 and 25 in the XRD pattern are the
characteristic peaks of the emerladine salt form of
PANI and is related to the periodicity parallel and
perpendicular to the polymer chain, corresponding
to (020) and (200) crystalline planes. The presence
of peaks at lower 2theta values around 6 and 15
indicates highly ordered PANI chains and a (010)
plane, respectively. Such lower diffraction peaks are

the result of the efficient penetration of dopants in
the PANI matrix. The incorporation of the copper
transition metal in the PANI matrix is confirmed by
the broadened peaks observed in the XRD pattern of
Cu2+ added PANI compared to that of the PANI
composite without an external redox additive. The
improved peak intensities observed in the case of
Cu2+ added PANI may be related to the enhanced
nucleation process in presence of copper.

Dielectric studies

Figure 5 shows the role of Cu2+ in enhancing the
dielectric performance of the PANI composite in a
frequency range 100 Hz–2 MHz. Dielectric constant
and tangent loss values are calculated using the
equations

e0 ¼ Cd=e0A ð1Þ

tand ¼ �00=�0 ð2Þ

where e0 is the dielectric permittivity in vacuum
(8.85 9 10�12 Fm�1), C capacitance, d thickness and
A area of the pellet, �¢ is the dielectric constant and
�¢¢ is the dielectric loss. The degree to which the
insulating material surface interacts with the elec-
tric field contributes towards dielectric constant and
tangent loss is the amount of electrical energy
escaped as heat.

For all the samples dielectric constant and tan-
gent loss is high at lower frequency due to strong
interfacial polarization1 and then due to the accu-
mulation of charge carriers at the internal inter-
faces called Maxwell–Wagner–Sillars effect a sharp
decrease is observed. The relatively stable e’ and
tand values at high frequency portion arises from
dielectric relaxation phenomenon. The doped PANI
system comprises of mobile polaron-bipolaron sys-
tem and the dipoles with restricted mobility. The
improved e¢ value of Cu2+ added PANI is attributed
to the improved delocalization due to the interaction
of binary metal cations with PANI chain and dipole
and interfacial charge polarization between transi-
tion metals (Cu and Fe) and polymer10 which is an
indication of better ability to store charges under
the influence of an alternating field.11 Also, the
bipolaron structure formed from the close associa-
tion of metal ions12 could contribute towards the
enhanced dielectric constant value of Cu2+ added
PANI when compared to PANI synthesized without
external an external redox additive. Also, the
improved conductivity due to the addition of Cu2+

enhances the dielectric behaviour of the resultant
PANI composite. The modified flaky morphology
with its high surface-to-volume ratio due to the
addition of Cu2+ further enhances the storage
capacity. The high tand value observed for
Cu2+doped PANI is associated with free charge
motion differences resulting in interfacial
polymerization.13

Fig. 3. UV–Visible spectrum of the PANI composite synthesized with
an external redox additive.

Fig. 4. XRD pattern of the PANI composite synthesized with and
without an external redox additive.
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AC conductivity is calculated using the equation

rac ¼ 2pf �00�0 ð3Þ

where r(ac) is the ac electrical conductivity (S/cm); f
is the applied frequency (Hz); �¢¢ is the dielectric
loss. Frequency dependent ionic conductivity and
electronic hopping (electronic resonance) conductiv-
ity together contribute towards ac conductivity. The
conductivity values increase with the increase in
frequency. The long-range translational movement
of charges is attributed to the frequency indepen-
dent ac conductivity behaviour at the ow frequency
side.12 From Fig. 3c it is clear that the conductivity
of Cu2+ added PANI system is higher than those
synthesized without an external additive due to the
increased charge carriers, which provide a better
conductive pathway.11 Because of the accumulation

Fig. 5. Frequency dependence of (a) dielectric constant, (b) tangent loss, (c) ac conductivity.

Fig. 6. Cole–Cole plot of PANI.
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of mobile charges at the interfaces and dipole
formation on metal complexes. Interface charge
polarization (the Maxwell–Wagner–Sillars effect)
and intrinsic electric dipole polarization is promi-
nent on the metal-PANI system due to the coordi-
nation via nitrogen atoms, which finally contribute
towards frequency dependent conductivity.11,12

A Cole-Cole plot is a plot between complex
permittivity (Z¢) on the X-axis and the imaginary
part (Z¢¢) on the Y-axis. This plot explains the
polydispersive nature of dielectric relaxation. The
above plot (Fig. 6) shows a circular arc indicating
Debye-type relaxation of the PANI sample.

CONCLUSIONS

In summary, we have demonstrated an enhance-
ment in the dielectric performance of binary tran-
sition metals embedded in a polyaniline composite
synthesized using a ferric nitrate oxidant-dopant
and Cu2+ as an external redox additive. The mor-
phological study shows the importance of external
Cu2+ additive on PANI surface to obtain a flake-like
surface. Because of high surface-to-volume ratio,
the flake-like PANI composite plays a significant
role as an efficient charge carrier, thereby enhanc-
ing charge delocalization, conductivity and finally
the dielectric performance. Thus, it is concluded
that the as-synthesized PANI composite is an
efficient dielectric material for energy storage
applications.
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