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ABSTRACT

A nanocomposite material comprising polyindole (Pl), cetyltrimethylammonium bromide
(CTAB), and multi-walled carbon nanotubes (MWCNTSs) was synthesized to investigate its DC
electrical conductivity and physicochemical characteristics. The synthesis was carried out through
in-situ chemical oxidative polymerization, where CTAB acted as a surfactant to aid uniform
dispersion. The DC electrical conductivity was measured using the standard four-point probe
technique typically employed for semiconductor materials. Additionally, the effect of temperature on
electrical conductivity retention and thermal stability was assessed. Comprehensive characterization
was performed using Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM) to evaluate the material’s structural and morphological features. At 30°C, the
PI/CTAB/MWCNT nanocomposite exhibited a DC electrical conductivity of 6.3x10°cm™. The
prepared Pl composite is stable at high temperatures and offers potential applications in energy
devices like batteries, fuel cells, and supercapacitors.

Keywords: Conducting polymers, Four-probe electrical conductivity measurement,
Multi-walled carbon nanotubes, Polyindole, Surfactant-assisted polymerization.

INTRODUCTION

With the development in technology
and awareness of global warming, the industrial
interest has shifted towards advanced materials
with desirable properties in terms of low cost,
stability, and easy fabrication'2. For this purpose,
instead of using expensive metal conductors,
pose the threat of corrosion and metal poisoning,
semiconductors like conducting polymers have
emerged as promising alternatives®. Conducting

polymers have played a major role in revolutionizing
material science by offering unmatched properties*.
Conducting polymers have excellent conductivity due
to the delocalization of = electrons®®. The long-chain
structure of conducting polymers imparts greater
stability and flexibility to the compound. Among many
conducting polymers, polyindole” stands out due to
its exceptional chemical stability, tunable electrical
properties, and easy synthesis® making it suitable
for application in energy storage, supercapacitors,
and sensing devices®°.
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DC electrical conductivity is an inherent
property and is influenced by factors such as the
alignment of the polymeric chain, doping, charge
carrier routes and polymeric concentration in
the matrix™'3. In the study conducted by Asif
et al., the electrical conductivity of the polypyrrole/
polyantimonic acid composite was found to
increase from 3.94x10° to 2.37x10*S cm™ by
increasing the pyrrolic concentration from 23.33
to 40%, respectively'. For semiconductors,
electrical conductivity increases with an increase
in temperature’ and decreases at very high
temperatures. The stability of the compound defines
the retention of the DC electrical conductivity
for longer periods. Therefore, the fabrication of
a nanocomposite that enhances the stability of
the polyindole was done by adding surfactant
and carbon nanotubes''7. The surface area of
the nanocomposite was greatly increased by
adding cetyltrimethylammonium bromide (CTAB)
surfactant, which improves the alignment of the
polymeric chain'®. This improves the bulk properties
of the composite and makes the composite more
perceivable by the instrument. Numerous research
studies have been done using MWCNT, which is
known to have excellent conductivity'®. Incorporating
carbon nanotube filler in the conducting polymer
matrix imparts exceptional thermal stability,
strength, and conductivity to the composite material.
CTAB enhances the dispersion of MWCNT and
improves the polymerization process. DC electrical
conductivity of polyaniline (PANI) was investigated
by Shahid et al.,°. The research reveals that the
PANI nanocomposite follows an Arrhenius-type
temperature dependence. Another study on
polypyrrole/CTAB/vitamin K3/glucose oxidase
composite was performed by Maha et al.,? which
clearly explained the increasing electrical behavior
of the semiconductors with increasing temperature
up to an optimum value of 2.1x102S cm™, after which
a slight decrease in the conductivity was observed,
due to the loss of dopants and their reactions with the
material. This work aims to analyze the synergistic
properties of CTAB-assisted polyindole and
MWCNT nanocomposite, resulting in an enhanced
electrical conductivity behavior determined using the
four-probe technique. The physicochemical
properties of the resulting nanocomposite are studied
using FTIR, TGA, XRD, SEM and TEM techniques.
The as-synthesized PI/CTAB/MWCNT composite
displays thermal stability and superior electrical
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properties proving its potential in a wide range of
applications including sensors, microelectronics,
batteries?, fuel cells®, supercapacitors and energy
storage devices?.

MATERIALS AND METHODS

Indole (99% purity), cetyltrimethylammonium
bromide (CTAB), chloroform (CHCL,), and ferric
chloride (FeCl,) were sourced from Central Drug
House Pvt. Ltd., India, while multi-walled carbon
nanotubes (MWCNTs) were purchased from
Sigma-Aldrich. All experimental procedures were
carried out using double-distilled water. The DC
electrical conductivity of the polyindole/MWCNT
composite was measured using a four-point probe
conductivity meter (SES Instruments, Roorkee,
India). Morphological analysis was conducted via
scanning electron microscopy (SEM, Carl Zeiss
Supra 55) and transmission electron microscopy
(TEM, TECHNAI T20, 200 keV, FEIl), with TEM
samples mounted on carbon-coated copper
grids. Thermal stability was examined using
thermogravimetric analysis (TGA, Perkin Elmer), and
crystallographic studies were performed using X-ray
diffraction (XRD, Panalytical X'Pert Pro). Fourier
transform infrared spectroscopy was performed
using Cary 630, Agilent Technology, in the range of
400 to 4000 cm™".

Preparation of polyindole composite

Polyindole was synthesized by in-situ
polymerization of the indole monomer through
chemical oxidation over the surface of the surfactant
cetyltrimethylammonium bromide (CTAB), wherein
Ferric chloride (FeCl,) was used as the oxidizing
agent. 2.25 g of indole monomer was dissolved in
50 mL of chloroform on a magnetic stirrer. 100 mg
of CTAB and an aqueous suspension of 10 mg of
pristine MWCNTS were added to the monomeric
solution. After thorough optimization, monomer-
to-oxidant concentration was kept at a ratio of
1:4 and the indole solution was then poured into the
aqueous solution of ferric chloride. The mixture was
left for overnight stirring to complete the process of
polymerization. A dark greenish-black polymerized
precipitate was obtained which was filtered out
using Whatman filter paper no. 1 and washed with
distilled water till the filtrate appeared colorless.
The precipitate was dried in a hot air oven at 40°C
for 6 hours®.
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RESULTS AND DISCUSSION

TGA

The thermal stability of the PI/CTAB/
MWCNT composite was evaluated through
thermogravimetric analysis (TGA). An initial weight
loss of approximately 8% up to 100°C is attributed to
the evaporation of physically adsorbed water. This is
followed by an additional weight reduction of about
5.68% in the temperature range of 100-270°C, likely
due to the release of interstitial water molecules?. At
around 400°C, continuous weight loss is observed
due to Pl backbone decomposition along with
the complete oxidation of MWCNTs?”. Above this,
decomposition terminates and a smooth horizontal
section is observed at around 600°C indicating the
formation of a carbon-black mass?%2°,

Fig. 1. TGA graph of PVCTAB/MWCNTSs nanocomposite

FTIR

Figure 2 presents the FTIR spectra of PI,
PI/CTAB, and PI/CTAB/MWCNT. The absorption
bands observed at approximately 1564 cm™ and
1624 cm correspond to C—C stretching vibrations
within the benzenoid ring of the indole structure,
whereas the peak near 1098 cm'is characteristic of
C=N stretching vibrations®. Additionally, the signals
at around 1451 cm™ and 1550 cm' are attributed to
C—N stretching modes, and the band near 735 cm
is associated with out-of-plane bending vibrations
of the benzene ring®'. Significant differences are
observed between the PI/CTAB and PI/CTAB/
MWCNT spectra, and after MWCNT was added to
the composite, the bands seem to have significantly
intensified. The presence of all the assigned peaks
in the PI/CTAB/MWCNT spectrum indicates the
successful association of the different components
in this composite®32,
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Fig. 2. FTIR spectra of PI, PV/CTAB and PI/CTAB/MWCNTs

X-ray diffraction

X-ray diffraction analysis was carried out to
examine the crystalline structure of the synthesized
composite. As shown in Fig. 3(a), a distinct and
intense peak is observed at 20 = 26.7°. This
peak is ttributed to the semi-crystalline nature
of polyindole. With the addition of surfactant
significant increase in the crystallinity is observed
as shown in Fig. 3(b). As per the literature reported,
the XRD peaks of MWCNT fall in the same region
or vicinity as that of polyindole. However, slight
differences may occur after the formation of the
composite. The remaining peaks can be attributed
to the surfactant CTAB. Whereas in the absence
of MWCNT as represented in Fig. 3(b), only CTAB
gives more sharp peaks along with polyindole.
But in the composite of MWCNT, some shift in
the peaks is seen. Significant peaks of MWCNT
at 24.6, 33.9, and 42.99 (2 theta) values indicate
successful incorporation of MWCNT with a distinct
peak of polyindole at 26.7 (2 theta) value as shown
in Fig. 3(c). The mean crystal size of the PI/CTAB/
MWCNTs nanocomposite was also calculated
using Debye-Scherrer’s equation® and was found
to be 18.4 nm.

D = K\/Bcos

SEM and TEM analyses

The morphological behavior of the
composite was studied through SEM and TEM
images of the composite. As evident from the image,
Fig. 4(a), polyindole has a rough morphology and
slightly globular structure. However, Fig. 4(b) shows
that with the addition of the surfactant, the surface
morphology has become smooth. Fig. 4(c) shows the
change in morphology with the edition of MWCNTs.
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In Fig. 4(d) the PI/CTAB/MWCNT composite
filamentous and small globular-like structure is
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visible, confirming the incorporation of MWCNT with
polyindole supported over the surfactant.

Fig. 3. XRD of (a) PI, (b) PI/CTAB, (c) PICTAB/MWCNTs

Fig. 4. SEM micrographs of (a) polyindole, (b) polyindole
with CTAB, (c) polyindole/CTAB/MWCNT composite,
and (d) TEM micrograph of the PICTAB/MWCNT
nanocomposite

Electrical conductivity evaluation

For energy-related applications such as
batteries, supercapacitors, and fuel cells, thermal
stability is a critical parameter in assessing the
suitability of a composite material. The DC electrical
conductivity of the polyindole-based composite

was evaluated using a four-point probe conductivity
measurement setup. Prior to measurement, the
composite was thoroughly dried and then compressed
into pellets under hydraulic pressure to eliminate any
interference from protonic conduction in the electrical
response of the material®*. The electrical conductivity
(o) was determined using the following equations:

c=0o /G, (W/S) (1)

Here, o denotes the electrical conductivity
expressed in S cm™, while G, (W/S) is the correction
factor accounting for a non-conductive bottom
surface. In this expression, W refers to the width of
the sample (in cm) and S represents the distance
between adjacent probes (in cm). The value of the
correction factor depends on the ratio of W to S.

G, x (W/S) = 28 (In2)/W (2)
and
c,0=1/V x (2nS) (8)
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Where V and | are the voltage (V) and
current (A) respectively.

The prepared PI/CTAB/MWCNT composite
was subjected to elevated temperatures to
understand its conductivity (c) pattern variation.
The electrical conductivity of the composite was
tested at 50, 70, 90, 110, 130, and 150°C for
80 sec at each temperature, separated by a time
gap of 15 minute. As the graph shows in Fig. 5, the
composite exhibits stable electrical conductivity at
lower temperatures, followed by a slight increase
in conductivity at around 70-90°C, which can be
attributed to the semiconducting characteristics of
polyindole®.

Table 1: DC conductivity of polyindole composite at
room temperature

Sample Conductivity (S cm™) Resistivity (Q cm)
Pl 5.2x10® 19.23x10*
PI/CTAB 9.4x10® 10.64x10*
PI/CTAB/MWCNT 6.3x10° 15.87x10°

Fig. 5. Isothermal stability of PFCTAB/MWCNTs
nanocomposite regarding DC electrical conductivity
retention at different temperatures

To evaluate the stability of the composite
in terms of electrical conductivity retention,
it was subjected to five consecutive heating
cycles, each reaching a maximum temperature
of 200°C. DC electrical conductivity was
measured after each cycle using the four-point
probe method, with a 60 minute interval between
successive cycles. For each cycle, conductivity
values were plotted as log ¢ against 1000 T~
(K). As illustrated in Fig. 6, the conductivity
behavior across the heating and cooling cycles
followed the Arrhenius relationship, showing only
a marginal decline in the last two cycles®.
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Fig. 6. Arrhenius plot of the PI/CTAB/MWCNT composite
illustrating the preservation of DC electrical conductivity
across multiple heating—cooling cycles

The five cycles show only minor differences
in conductivities over a wide temperature range of
30—-200°C, proving that the fabricated PI/CTAB/
MWCNT composite is stable even under severe
oxidizing temperatures due to the synergistic
interactions of surfactant-assisted polyindole with
MWCNTSs. The percentage retention of electrical
conductivity of the polyindole/MWCNT nanocomposite
under different exposure environments was studied.
The results presented in Fig. 7 indicate that the
composite remains stable in terms of electrical
conductivity retention for up to 20 days. Upon
exposure to the laboratory environment for about 90
days, the composite retained approximately 60% of
its electrical conductivity. These findings demonstrate
that the polyindole/MWCNT nanocomposite exhibits
good environmental stability with respect to electrical
conductivity retention.

Fig. 7. Percentage retention of electrical conductivity
as a function of exposure time in the environment

CONCLUSION

The prepared PI/CTAB/MWCNTs
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nanocomposite shows modest electrical output
and excellent thermal stability. In the resulting
composite, Polyindole acts as a versatile conducting
polymer offering tunable properties with optimum
current retention capacity. The DC electrical
conductivity of the final PI/CTAB/MWCNTs was
found to be 6.3x10% S cm™ at room temperature.
The synergistic effects of the various components
in the composite provide unmatched stability even
at high temperatures, making PI/CTAB/MWCNTs
an excellent candidate for applications in energy
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devices like batteries, fuel cells, sensors and
supercapacitors.
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