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1 INTRODUCTION

Due to the presence of extended π�conjugated sys�
tem, the intrinsically conducting polymers (ICPs)
exhibit conductivity in semiconducting region [1–4].
These materials have great scientific and technological
importance due to their unique electrical, electronic,
optical, and optoelectronic characteristics [5, 6].
Polyaniline (PANI), polypyrrole, and polythiophene
are typical examples of ICPs. In neutral state, these
materials exhibit semiconducting or insulating behav�
ior due to the existence of wide energy gap (~2 eV)
with low electrical conductivity of around 10–10 to
10⎯5 S/cm [3]. These conducting polymers have to be
doped to achieve higher conductive states. The doped
conducting polymers may have electrical conductivity
in the range of 0.1 to 104 S/cm for different polymers
through redox reaction or protonation [3]. ICPs have
a wide range of applications in various fields such as
organic light emitting diodes [7–10], polymer/plastic
solar cells [11–14], sensors [15–18], electrocatalysis
[19], opto�electronic devices [20], EMI shielding and
electrostatic charge dissipation [21–26]. However
many ICPs have poor mechanical properties, causing
hindrance in their processing [27].

Much attention has been paid for the synthesis of
conducting polymer composites with metal oxides to
possibly tune and optimize their properties by care�
fully controlling the dopant metal oxides into the
polymer matrix [28]. These composite systems can

1 The article is published in the original.

provide new synergistic properties that cannot be
attained from individual materials [29–33], such that
the conductivity is more easily controlled, and the
mechanical or thermal stability is improved through
the synthesis of the nanocomposites [34]. In recent
years, the development of inorganic/polymer hybrid
materials on nanometer scale have been receiving sig�
nificant attention due to a wide range of potential
applications in optoelectronic devices [35–37] and in
field effect transistors [38]. The inorganic fillers at
nanoscale exhibit high ‘surface to volume ratio’ and
thus are expected to modify drastically the electrical,
optical and dielectric properties of the polymer. In
general, the synthesis of hybrid polymer/inorganic
material has the goal of obtaining a new composite
material having synergetic or complementary behav�
iors between the polymer and inorganic material.

Among various conducting polymers, PANI is
unique and promising candidate for potential applica�
tions because of its excellent environmental stability
and solubility in some organic solvents. PANI has a
unique structure due to existence of an alternate
arrangement of nitrogen atoms and benzene ring [39].
It is generally recognized to be one of promising con�
ducting polymers for commercial applications due to
its several advantageous effects such as; ease of prepa�
ration in aqueous medium [40], good stability in air
[41], simplicity in doping [42], improved electronic
properties [43], electrochromic effects [44], well
behaved electrochemical properties [45, 46], moder�
ately high conductivity in doped state [47]. The com�
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posites of PANI and magnetic materials like Fe2O3
present great fascination because these composites
exhibit a wide range of electrical, optical and magnetic
properties [48].

Hence, the goal of the present research was to syn�
thesize PANI–Fe2O3 composites and to investigate
their characteristics by means of various physical and
chemical techniques, such as XRD, FTIR, SEM,
TEM analysis and temperature dependant DC electri�
cal conductivity.

EXPERIMENTAL

Aniline (Merck) was distilled under reduced pres�
sure and stored at low temperature prior to use.
Ammonium persulfate (APS) and Fe2O3 (Aldrich)
were used as received. All materials were in good ana�
lytical grade (AR) form.

The chemical oxidative polymerization of aniline
was carried out in HCl solution. To an appropriate
amount of distilled aniline (5 g) HCl was added drop
wise into polymerization beaker and ensured the total
volume of 50 mL. After that, the solution was placed
on a magnetic stirrer. 6.125 gram of APS aqueous solu�
tion at appropriate concentration was added to the
reaction medium. To ensure the thoroughly mixing of
materials, the solution was kept continuously stirred
for about 3 h. After a period of 24 h, the solution was
washed and filtered by double distilled water, until the
filtrate become colorless. The product was then dried
under vacuum at 70°C. After that, the synthesized
PANI was well grinded and finally obtained in the
form of fine green powder [49].

For the composite synthesis 5 g of distilled aniline
was taken, then 5 mL of HCl was added in aniline drop
wise at 0–5°C during 15 min. After that the process
was completed and the solution color was altered from
dark brown to light brown. On the next step 5 wt %
(0.25 g) of Fe2O3 was added in the solution and the
whole mixture was well stirred for 3 h; 6.125 g of APS
was dissolved in 50 mL of cold water (T < 5°C) and
added to the prepared mixture drop wise by using
dropping funnel. This process completed in about
45 min. The stirring was continued for further 2 h to
ensure complete polymerization and the final color of
mixture was changed to dark green. The same proce�
dure was carried out for a mixture containing 5 g of
aniline and 30 wt % (1.5 g) of Fe2O3. After ensuring the
polymerization, the mixture was filtered and washed
with double distilled water until the filtrate became
transparent. After filtering, the precipitate was dried
under vacuum at 70°C for 24 h. To ensure homogene�
ity, the dried precipitate was well ground for 1 h using
A�grade mortar and pestle, successively washed with
acetone prior to grinding. The pallets of the grinded

powder were prepared using hydraulic press at pressure
of 30 kN for 2 min.

X�ray powder diffraction (XRD) patterns of the
samples were recorded by employing an automated
diffractometer Bruker_AXS model D8 using CuK

α

radiations (λ = 1.54 Å). The diffractometer was oper�
ated at 40 kV and 50 mA. A scanning step of 0.1° in 2θ
with a dwell time of 10 s per step was used.

FTIR spectra were recorded using Perkin�Elmer
FTIR spectrometer by KBr pellet method in the
region 400 to 4000 cm–1.

The powder morphology of PANI and its compos�
ites was investigated using Phillips XL�30 ESEM scan�
ning electron microscope (SEM). The morphology
and distribution of Fe2O3 nanoparticles were further
examined by using Philips CM�200 transmission elec�
tron microscope (TEM) operated at 120 kV with a
LaB6 filament. The sample preparation for TEM
observation was carried out by drying a drop of PANI�
Fe2O3 nanocomposite powder and ethanol suspension
on carbon coated TEM grids.

The temperature dependent DC electrical conduc�
tivity studies were performed by using two probe
method at temperature range from 293 to 403 K. The
samples in the form of pellets having thickness 0.24 cm
and diameter 0.83 cm were mounted in a sample
holder and connected to a Keithley 2400 electrometer.
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Fig. 1. Diffraction pattern of (1) PANI and PANI–Fe2O3
composites containing (2) 5 and (3) 30 wt % of Fe2O3.
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The surrounding temperature of samples was con�
trolled by cryostat and was measured by digital bime�
tallic thermometer.

RESULTS AND DISCUSSION

A precise comparison of XRD patterns of pure
PANI, and PANI composites, which contain 5 and
30 wt % of Fe2O3 is shown in Fig. 1. It has been
reported previously that the crystallinity of polymers
depends on the condition set during the polymer syn�
thesis [49]. The observed spectrum clearly indicates
the occurrence of broad peak between 2θ = 22° and
28°, which is due to (110) plane, and it is the charac�
teristic peak of PANI [50]. Thus, it may be concluded
that the structure of pure PANI is amorphous as
reported in the literature [51]. The pattern of amor�
phous broad peak (22°–28°) in PANI is present in all
PANI–Fe2O3 composites according to its proportion.
From XRD, intensity versus 2θ graph it is clearly
observed that the amorphous nature of PANI is
decreasing and crystallinity is increasing with growth
of Fe2O3 content. Besides, XRD patterns of PANI–
Fe2O3 composites showed the prominent peaks related
to 2θ = 30.07°, 35.58°, 49.41°, 56.97° and 62.15° are
due to (2 0 0), (3 1 1), (5 1 1), (4 0 0) planes respec�
tively, which are assigned to Fe2O3 related peaks [24].
Thus these sharp peaks are clearly showing that after
inserting Fe2O3 in PANI crystallinity is increased.

After careful correspondence, it is evident that Fe2O3
retains its character even dispersed in PANI during
chemical polymerization. Therefore, this aspect
would also be taken into consideration that the com�
posites would also possess ferromagnetic behavior due
to the presence of Fe2O3 [52]. The detailed discussion
on ferromagnetic behavior would be presented in our
coming research paper. The average crystallite size of
PANI–Fe2O3 nanocomposites was calculated by using
Scherer’s Formula.

(1)

Here d is crystallite size for individual peak, k is the
unit cell geometry dependent constant, whose value is
typically between 0.85 to 0.99, λ is the wavelength of
incident X�ray, β is the full width at half maximum
(FWHM) of the peak and θ is the Bragg angle. The
average size of Fe2O3 nanoparticles and PANI–Fe2O3
composites was equal to 25 and 31 nm respectively,
which is in good agreement to the results obtained
from TEM analysis.

Figure 2 shows the TEM images of Fe2O3, PANI–
5%Fe2O3 and PANI–30%Fe2O3 nanocomposites
respectively. As is seen from Fig. 2a, the nanoparticles
of Fe2O3 have not a uniform distribution of shape and
seem to be aggregated extensively and have an average
size of about 24–28 nm, but when dispersed in PANI
(Figs. 2b, 2c) they formed a well oriented regular

d kλ/β θcos=

25 nm
(a)

(b) (c)
30 nm30 nm

Fig. 2. TEM micrographs of (a) Fe2O3 and PANI–Fe2O3 composites containing (b) 5 and (c) 30 wt % of Fe2O3.
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Fig. 3. FTIR spectra of PANI–Fe2O3 composites containing (1) 5 and (2) 30 wt % of Fe2O3.
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Fig. 4. SEM micrographs of (a) Fe2O3, (b) PANI, and PANI–Fe2O3 composites containing (c) 5 and (d) 30 wt % of Fe2O3.
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shaped structure with an average size of 29–33 nm.
This increase in size may be attributed to the nanopar�
ticles of Fe2O3, which are coated with PANI and
resulting in increase of nanocomposites size. The same
behavior was also reported for PANI/NiO composites
[53, 54].

The FTIR spectrum of pure PANI is in agree�
ment with literary data [55], while the absorption
spectra of PANI–5%Fe2O3 and PANI–30%Fe2O3
composites are shown in Fig. 3. The FTIR spectra of
the PANI–Fe2O3 composites showed bands at 831
and 881 cm–1, which are characteristic peaks of
PANI [55]; the spectral band at 1590 cm–1 is
ascribed as quinone�ring stretching deformation
[56]. The spectral bands observed at 1172 cm–1 are
due to interplane bending of C–H bond and the
band observed at 1363 cm–1 is due to stretching of
C⎯C bond [57]. While the band observed at
2157 cm–1 is due to C–N inter plane bending vibra�
tions [58]. The characteristic peaks of PANI mole�
cules in the composite are shifted to higher wave
numbers compared with those of pure PANI. From
this, it may reasonably be concluded that there is a
strong interaction between PANI and the Fe2O3 par�
ticles. Moreover, the addition of Fe2O3 particles
probably results in the formation of hydrogen bond�
ing between the NH proton and an oxygen atom on
the Fe2O3 surface, which weakens the N⎯H bond
and hence stretching intensity as just in the case of
PANI–Y2O3 nanocomposites [59, 60].

The SEM image of pure PANI exhibits complete
amorphous regions as shown in Fig. 4. This image
clearly reveals that surface of PANI is not smooth
and uneven lumps and holes are visible, which are
suitable for adsorption. It is found that the doping of
Fe2O3 strongly affected the morphology of the
resulting PANI–Fe2O3 composite. In case of PANI–
Fe2O3 composites, a crispy fragmented surface of
Fe2O3 structure with an interlocking arrangement of

granular particles is observed [61]. This suggests that
most of Fe2O3 particles were coated with PANI and
PANI–Fe2O3 composites have formed a network
during the polymerization process as well. A close
investigation suggests that PANI–Fe2O3 composites
exhibited a porous structure and high surface area
[62]. Such porous structure significantly enhances
the rapid diffusion and would be advantageous in gas
sensing applications [63].

The electrical conductivity of the PANI–Fe2O3
composites increases slightly with increasing Fe2O3
content and then decreases with excess Fe2O3 content
as shown in Fig. 5. Similar phenomenon was also
described for the nanocomposites of PPY–TiO2–
MMT [64, 65]. The increase in conductivity with
Fe2O3 contents could be attributed due to alignment
and straightening of PANI chains on the surface of
Fe2O3 particles. At 5 wt % of Fe2O3 this alignment and
straightening of chains of the polymers become maxi�
mum, and as we add more Fe2O3 the conductivity
decreases due to heterogeneous formation of PANI–
Fe2O3 composite.

CONCLUSIONS

The chemical oxidative polymerization method
was employed for the synthesis of PANI–Fe2O3
composites. The crystallinity of synthesized samples
was studied by XRD diffraction pattern and it was
found to be improved due to crystalline nature of
Fe2O3 in PANI–F2O3 composites. The strong inter�
action of PANI with Fe2O3 particles was confirmed
using FTIR. SEM and TEM images of PANI and
composites suggest that most of Fe2O3 particles were
coated with PANI and PANI–Fe2O3 composite have
formed a network during the polymerization process
as well. A marked increase in the conductivity is
observed for a critical concentration (5 wt %) of
Fe2O3, which needs further investigation and in�
depth understanding.
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