
A Switching-Type Positive Temperature Coefficient Behavior
Exhibited by PPy/(PhSe)2 Nanocomposite Prepared by Chemical
Oxidative Polymerization
Tabee Jan, Masood Ahmad Rizvi,* Syed Kazim Moosvi, Mohd Hanief Najar,* Sajjad Husain Mir,
and Ghulam Mustafa Peerzada

Cite This: ACS Omega 2021, 6, 7413−7421 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: In this study, we prepared a polypyrrole-diphenyl
diselenide [PPy/(PhSe)2] nanocomposite by oxidative chemical
polymerization for the purpose of temperature sensing applica-
tions. Fourier transform infrared spectroscopy, X-ray diffraction
and scanning transmission electron microscopy confirmed the
synthesis of the above material. Thermogravimetry (TG) revealed
enhanced thermal stability as compared to pristine polypyrrole
(PPy). Dielectric study showed the material to have a dielectric
constant of colossal value. The material has been found to exhibit
correlated barrier hopping conduction (CBH) wherein hopping of
charge carriers takes place over the insulating (PhSe)2 barrier. The
maximum barrier height was found to be 0.224 eV. The nanocomposite material was found to exhibit a switching-type positive
temperature coefficient (PTC) behavior with a Curie temperature of 400 K. This has been explained by a CBH model wherein PPy
chains expand upon heating, thereby reducing the barrier height to facilitate current flow. However, above 400 K, disruption of PPy
chains allows to reflect a PTC behavior. This has been in agreement with TG data.

1. INTRODUCTION

Conductive polymer composite (CPC) materials have been
explored for various applications such as antistatic materials,1

electromagnetic interference shielding,2−4 stretchable elec-
tronics and smart sensors,5−7 etc.8−12 However, recently,
polymer-based composite materials were envisioned for
thermistors that include both the characteristics of positive
temperature coefficient (PTC) and negative temperature
coefficient (NTC) effects of resistance.13−16 A PTC effect
refers to the increase in resistance with an increase in
temperature, while an NTC is the decrease in resistance with
the rise of temperature.17,18 In addition to above two materials,
switching-type PTC materials also exist in which an NTC
effect occurs up to a certain temperature called Curie
temperature, and then, an abrupt increase in resistance takes
place with rise of temperature (PTC effect). The advantage of
exploring conductive polymer composites (CPCs) for temper-
ature sensing over those of traditional rigid ceramic thermistors
lies in being lightweight with good processability, flexibility,
and variety.19−21 The materials of choice are usually semi-
conducting with a high degree of sensitivity that ranges from
−3 to −6%/°C. Depending upon the materials choice and
fabrication, they are generally used in the temperature range of
−50 to 150 °C.

In most of the cases, electrically insulated polymer matrices
are filled with conductive fillers such as carbon black (CB),
carbon nanotubes (CNT), graphene, etc. for assessing their
temperature sensing behavior. For instance, high-density
polyethylene (HDPE) filled with multiwalled carbon nano-
tubes (MWCNTs) exhibits a PTC behavior,22 and CNT-filled
polydimethylsiloxane (PDMS) reflects an NTC property.18

Similarly, chlorinated poly(propylene carbonate) (CPPC)/CB
foams have been found to show a PTC behavior, while an
NTC property has been exhibited for 2D graphene and
polyamide 6 (PA-6)-filled ultrahigh-molecular-weight poly-
ethylene (UHMWPE).19,20 In addition, a Mn3O4-doped
conductive polymer matrix, polyaniline, has been observed to
show a low-temperature NTC behavior.23

Keeping this into consideration, we tried to use an insulating
filler, viz., diphenyl diselenide (Ph2Se2), in a conductive
polypyrrole (PPy) matrix for observing the temperature
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sensing behavior. Ph2Se2 is a high band gap system with a band
gap of around 6.2 eV and - posses high chemical hardness.24

Owing to its insulating nature, it can form potential barriers for
electrical charge transport that is expected to be thermally
activated. Moreover, the availability of vacant d orbitals in Se
may help to interact with lone pairs present on N atoms of PPy
chains. This would make the PPy chains more compact, which
would further contribute to the thermal activation of charge
carriers. It was found that the material exhibits a switching-type
PTC behavior with a lower value of constant B in the NTC
regime having a Curie temperature of around 400 K. This
means that below the Curie temperature, the material allows
current flow to cause a heating effect, while above that
temperature, the increase in resistance hinders current flow to
exhibit a cooling effect. This is essential for self-regulating
heaters. For assessing the possible mechanism of charge
transport in the present material such that the RT curve
(resistance-temperature curve) follows explanation, a dielectric
and impedance study has been carried out. From which, a
correlated barrier hopping conduction (CBHC) has been
observed.

2. RESULTS AND DISCUSSION
2.1. FTIR Characterization. FTIR spectra of PPy, (PhSe)2,

and the PPy/(PhSe)2 nanocomposite are shown in Figure

1.The FTIR spectrum of PPy (Figure 1b) shows main
characteristic peaks at 3404 cm−1 assigned to N−H stretching
frequency, 1036 cm−1 is due to C−H in-plane bending
vibration, 1489 cm−1 is assigned to CC stretching, the peak
at 1394 cm−1 is due to fundamental vibrations of the PPy ring,
and 793 cm−1 is due to N−H in-plane deformation vibration.
Some other peaks in the fingerprint region (600−1500 cm−1)
can be ascribed to the ring stretching and C−H in-plane
deformation mode. The peaks obtained in the present study
resemble that of previous work.25 The FTIR spectra of (PhSe)2
(Figure 1a) exhibit characteristic peaks at 1632 and 1564 cm−1

associated to phenyl groups, 1460 cm−1 owing to CC
aromatic vibration, 1023 cm−1 attributed to aromatic C−H
stretching in-plane vibration, 994 and 732 cm−1 owing to

aromatic C−H out-of-plane vibration, and at 680 cm−1, which
is attributed to aromatic CC out-of-plane vibration mode.26

The FTIR spectra of the PPy/(PhSe)2 nanocomposite (Figure
1c) have peaks of both PPy and (PhSe)2 with minor shifts
indicating inclusion of (PhSe)2 in the polymer matrix. The
shifting of peaks in the nanocomposite may be explained by
the initial adsorption of the pyrrole monomer over (PhSe)2
particles. This is then followed by polymerization with
constricted growth and restricted modes of vibration as
compared to pristine PPy. As a result, the characteristic
stretching frequencies are shifted.

Figure 1. FTIR spectra of (PhSe)2 (a), PPy (b), and PPy/(PhSe)2
nanocomposite (c).

Figure 2. XRD patterns of (PhSe)2 (a) and PPy/(PhSe)2 nano-
composite (b).

Figure 3. STEM image of the PPy/(PhSe)2 nanocomposite.

Figure 4. Thermograms of PPy (a) and PPy/(PhSe)2 nanocomposite
(b).
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2.2. X-ray Diffraction (XRD) Analysis. Figure 2 shows the
X-ray diffraction pattern of the prepared (PhSe)2 and PPy/
(PhSe)2 nanocomposite. Clearly, there are well-defined and
sharp peaks with low FWHM indicating its crystalline nature.
These sharp peaks were indexed using Powder-X software to
analyze the crystal structure of (PhSe)2. While indexing,
(PhSe)2 has been found to belong to an orthorhombic crystal
system with a primitive (P) lattice (Figure 2a). The lattice
parameters were found to be as follows: a = 23.9988, b =
8.2231, c = 5.6499, and α = β = γ = 90°. These results were in
accordance with values reported already in the literature.27 The
average crystallite size has been obtained to be 30.35 nm.
In the nanocomposite, the characteristic peaks of (PhSe)2

overwhelm the amorphous nature of PPy (Figure 2b). This not
only proved the successful synthesis of the PPy/(PhSe)2
nanocomposite but can also make the material thermally
more stable. This could be envisioned from thermogravimetry
(section 2.4).
2.3. STEM Characterization. The morphology and shape

of the PPy/(PhSe)2 nanocomposite were characterized by
STEM as shown in Figure 3. The STEM micrograph of the
nanocomposite clearly showed that the networks of the
nanocomposite, where synthesized polypyrrole is agglomerated
in nanoparticle-like shapes connected with each other. The
(PhSe)2 (diphenyl diselenide) particles are granular spherical

particles approximately 25−30 nm in diameter and are closely
associated and coated on the network of the polypyrrole (PPy)
matrix. The nanocomposite prepared by this strategy exhibited
compact morphology and seemed more regular as evident from
any agglomeration of the PPy matrix and the (PhSe)2 particles.
(PhSe)2 is well-dispersed in the nanocomposite, and no free
(PhSe)2 nanoparticles are observed, which might be due to the
string nucleating effect of PPy, resulting in a homogenous
network of PPy around them.

2.4. Thermogravimetric (TG) Analysis. The TGA
analysis of PPy and PPy/(PhSe)2 is depicted in Figure 4.
PPy shows two major weight loss steps (Figure 4a). The first
step is observed between 70 and 110 °C, which indicates
removal of water, residual organic solvents, and the pyrrole
monomer. The second weight loss step starts from 200 °C that
corresponds to degradation of PPy. The complete degradation
of PPy occurs at 390 °C. The nanocomposite (Figure 4b)
sample also shows two major weight loss steps. At 390 °C,
about 29% of the nanocomposite is still left and thereby
indicates its enhanced thermal stability in comparison to pure
PPy. Since the organic constituents of polypyrrole are
completely decomposed at 390 °C, the enhanced thermal
stability of the nanocomposite may be attributed to the
selenide content incorporated in the polymer matrix as the
filler holds the PPy chains together in an ordered manner.28

Figure 5. Variation of ε′ (a, real), ε″ (b, imaginary), and tan δ (c, loss tangent) against frequency of the ac-field. Plot of ln ε″ against ln ω (d).
Variation of M′ (e), M″ (f), Z′ (i), and Z″ (j) against the frequency of the ac-field. Cole−Cole plot in modulus formalism M″ vs M′ (g,h) and in
impedance formalism Z″ vs Z′ (k,l).
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Figure 6. Variation of ε′, tan δ, and ac-conductivity of PPy (a, c, and e) and PPy/(PhSe)2 nanocomposite (b, d, and f) against temperature at
various frequencies (0.2, 0.4, 0.6, and 0.8 MHz).

Figure 7. Variation of ac-conductivity against frequency (a), plot of ln σac against ln ω (b), and ln σac against inverse of temperature (c). Variation
of activation energy (Eac) against frequency of the ac-field (d).
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2.5. Dielectric and Impedance Spectroscopy. Figure 5
shows the variation of dielectric properties of the present
material against the frequency of the ac-field. The dielectric
constant (ε′, real part) and dielectric losses (ε″ imaginary part
and tan δ) show a normal dispersion behavior with increasing
frequency of the applied field at room temperature. A high
dielectric constant of colossal value (>103) in the given
frequency range of 1 kHz to 0.1 MHz for the PPy/(PhSe)2
nanocomposite can be attributed to the Maxwell−Wagner
(MW) interfacial polarization in addition to other polarizations
like electronic and dipolar orientation, etc. This is due to the
heterogeneous nature of the material as is clear from STEM

micrographs.29 In comparison, pristine PPy chains exhibit a
lower value of the dielectric constant in the given frequency
range. This is because of the presence of (PhSe)2, being a high
band gap insulating system, in the PPy matrix (Figure 4a). This
makes the nanocomposite material heterogeneous with a
difference in resistivity. This difference in resistivity allows the
constriction of charge carriers at phase boundaries to
contribute to the interfacial polarization. With an increase in
the ac-field, the dielectric constant decreases and finally attains
a constant value. This is due to the relaxation phenomenon
occurring in the nanocomposite material since at high
frequencies, dipoles no longer follow the applied field.30,31

Temperature variation of the dielectric constant (ε′) for PPy
and the PPy/(PhSe)2 nanocomposite at various frequencies is
shown in Figure 6a,b. Clearly in both cases, ε′ is lower at low
temperatures, and it increases as temperature rises. This is
because the material is almost frozen at low temperatures, but
as the temperature is increased, material movement commen-
ces to allow polarization and hence lead to an increased
dielectric constant.32 Moreover, temperature variation at low
frequencies shows high ε′ than at high frequencies. This is a
usual behavior as dielectric relaxation takes place at high
frequencies.
The dielectric loss (ε″ and tan δ) is contributed by (1)

dipolar reorientation, which is characterized by a Debye-type
dipolar loss peak, (2) dc-conduction losses characterized by
ε″ = σ

ε ωdc dc
o
, i.e., varying with angular frequency as ω−1 and

without having any characteristic peak in the loss curve, (3) the
loss due to interfacial polarization (Maxwell−Wagner (MW)-
type or electrode polarization), and (4) vibrational losses,
which occur at high frequencies.33,34 The dielectric loss shows
a decreasing trend with the frequency of the ac-field as shown
in Figure 5b,c. Clearly, the absence of a Debye-type dipolar
loss peak in the plot of tan δ against the ac-field indicated that
the losses in the nanocomposite material may be dominated by
the dc-conduction and interfacial losses. The dc-conduction
losses in the nanocomposite material have been confirmed by
the plot of lnε″ against lnω that revealed a straight line with a
slope of around −0.82 (−0.87 for PPy), which is close to −1 as
shown in Figure 5d. It is expected due to the absence of a loss
peak in ε″ spectra that in turn suggests the masking of
relaxations by the electrical conduction processes. This is also
justified by the increase in dc-conduction (a high value of ε″
and constancy of σac at low frequencies) while loading (PhSe)2
in PPy, which may make PPy chains more compact to allow
facile flow of charge carriers. This is well-supported by XRD.
However, the slight variation in the slope of the lnε″ against
lnω plot is indicative of the MW effect owing to the
heterogeneous nature of the nanocomposite material wherein
components differ in resistivity. The dielectric loss (tan δ) for
the nanocomposite is lower than that of PPy that is in
agreement with the higher dielectric constant in the PPy/
(PhSe)2 nanocomposite, which is an essential condition for it
to be used in many technological applications. Figure 6c,d
shows the temperature variation of tan δ at various frequencies.
For both PPy and the PPy/(PhSe)2 nanocomposite, tan δ
increases with increase in temperature. This is because of
increased movement of charge carriers and polarization as the
temperature is raised that lead to the conduction and dipolar
losses. At low temperatures, the motion is hindered, and
dipoles are frozen to reflect low losses. Moreover, the losses are

Figure 8. Variation of resistance with temperature of PPy/(PhSe)2
nanocomposite (a) and plot of ln R against inverse of temperature for
B determination (b).

Table 1. Various Parameters Corresponding to the NTC
Regime for the PPy/(PhSe)2 Nanocomposite

system B300 − 400K(K) INTC(300 − 400K)

αT(300K)(%/
K)

SC
(/K)

PPy/(PhSe)2
composite

820.85 2.554 −0.91 0.02

Scheme 1. Scheme Representing the Expansion of PPy in a
Nanocomposite upon Heating (a) and Hopping of Charge
Carriers over a Potential Barrier (b)
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more at low frequencies than at high frequencies, which are
due to the dielectric relaxations as already discussed.35,36

From electric modulus formalism as shown in Figure 5e,f,
evidently, the approaching of M′ to zero at low frequencies is
indicative of the negligible contribution from electrode/
interfacial polarization, and its increase with an increase in
frequency suggests the occurrence of a dielectric relaxation
phenomenon. Compared to PPy, the PPy/(PhSe)2 nano-
composite undergoes relaxation at higher frequencies and
thereby justifies its high dielectric constant. From the M″ vs
frequency plot, it is expected to show a peaking nature at
higher frequencies (as it goes out of scale). Frequencies to the
left of the expected relaxation peak dictate long-range mobility
of charge carriers corresponding to dc-conduction, while
frequencies to the right of the expected relaxation peak indicate
short-range mobility of charge carriers due to their confine-
ment in potential wells corresponding to the ac-conduction.
The expected relaxation peak represents a transition from dc-
to ac-conduction.37 In comparison to PPy, the nanocomposite
exhibits the expected relaxation peak at a higher frequency with
short height. This is indicative of higher capacitance over that
of pristine PPy as peak height is inversely related to
capacitance.38 This has been attributed to the space charge
interfacial polarization owing to heterogeneity of the nano-
composite material and thus supports the permittivity data.
The Cole−Cole plot in modulus formalism exhibits one

semicircular arc for both PPy and PPy/(PhSe)2 nano-
composites indicating a single relaxation [Figure 5g,h]. From
impedance spectroscopy as shown in Figure 5i,j, Z′ decreases
with an increase in frequency for both PPy and the
nanocomposite indicating the semiconducting nature of
materials. Z″ on the other hand shows a peaking nature
wherein the relaxation time (τ, corresponding to the frequency
of the peak maximum fmax) has been calculated using the
following equation

τ
π

=
f
1

2 max

τ has been found to be longer for the nanocomposite than that
of PPy. Shorter height of the relaxation peak for the PPy/
(PhSe)2 nanocomposite suggests a smaller value of resistance
than PPy since peak height is directly related to resistance of
the material.39 This is justified from Cole−Cole plots also that
reveal smaller semicircular arcs compared to PPy [Figure 5k,l].
2.6. Ac-Conductivity and Possible Conduction Mech-

anism. The variation of ac-conductivity with frequency for
pristine PPy and the PPy/(PhSe)2 nanocomposite is shown in
Figure 7a. It is evident that conductivity runs parallel to the
frequency axis (frequency independent region) at low
frequencies indicating the dominance of dc-conduction
involving long-range mobility of charge carriers. However,
above a certain characteristic onset frequency called the
hopping or critical frequency (ωH), conductivity increases
exponentially with the increase in frequency. This results into
the short-range mobility of charge carriers corresponding to ac-
conduction.32,40 The dc-conductivity (σdc) of PPy and the
PPy/(PhSe)2 nanocomposite can be calculated by extrapolat-
ing σ values to low frequencies. It is observed that σdc is higher
for the PPy/(PhSe)2 nanocomposite (0.0057 S/m) than that
of pristine PPy (0.0021 S/m). This may be attributed to the
ordering of PPy chains upon nanocomposite formation for

facile flow of current along with the increased number of
charge carriers.
The overall conductivity (σt) of the nanocomposite material

is given by the following relation

σ σ σ= +t dc ac

or

σ σ σ ω= − = A S
ac t dc

The equation is referred to as universal Jonscher’s power
law, where A is the temperature-dependent constant
determining the magnitude of dispersion at high temperature,
and S is the power law exponential term, which varies between
0 and 1. It is essential in determining the possible conduction
mechanism in the material and is obtained from the slope of
lnσac against lnω at high frequencies. If the value of S comes
out to be lower than unity and it decreases with temperature,
then the mechanism possible is the correlated barrier hopping
(CBH) conduction. In this mechanism, ac-conductivity shows
exponential variation with temperature, and charge carriers hop
between sites over a potential barrier separating them. The
maximum barrier height is related to S according to the
following relation41,42

= −S
k T

W
1

6 B

max

In the present PPy/(PhSe)2 nanocomposite material, ac-
conductivity varies with temperature exponentially being lower
at low temperatures and then rises exponentially with an
increase in temperature [Figure 6e,f]. From the plot of lnσac
against lnω at high frequencies as shown in Figure 7b, the
exponent S for the nanocomposite has been found to be 0.31
at room temperature, which is very lower than unity, and is
hence indicative of the correlated barrier hopping (CBH)
mechanism and involves multiple hopping of charge carriers.39

This can be envisioned by the fact that conducting PPy
represents a potential well from where the charge carriers
(electrons) hop to cross the insulating (PhSe)2 energy barrier.
The value of maximum barrier height (Wmax) from the above
equation has been found to be 0.224 eV.
The plot of lnσac against the inverse of temperature, i.e.,

1000/T (Figure 7c) clearly revealed almost a linear variation,
suggesting that the charge carriers in the nanocomposite
material are thermally activated. Moreover, as the variation is
linear, the nanocomposite material follows the Arrhenius law,
i.e.,

σ σ= −
i
k
jjjjj

y
{
zzzzz

E
k T

expac o
ac

B

The ac-activation barrier (Eac) is obtained from the slope of
the linear plot at various frequencies (0.2, 0.4, 0.6, and 0.8
MHz). The values of Eac obtained are plotted against
frequency, as shown in Figure 7d, which exhibited a decreasing
trend, thereby reflecting the contribution of frequency to
conduction and further confirming the dominance of the
hopping mechanism. The decrease in Eac with frequency also
justifies the increased ac-conductivity owing to facile hopping
of charge carriers.39

2.7. Resistance-Temperature Behavior. The resistance-
temperature behavior of the PPy/(PhSe)2 nanocomposite, as
shown in Figure 8a, exhibits an exponential decrease in
resistance with an increase in temperature up to a certain

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c05799
ACS Omega 2021, 6, 7413−7421

7418

http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05799?ref=pdf


critical temperature (Tc), which is then followed by an abrupt
increase. This is a clear indication that the present nano-
composite material behaves like a switching-type positive
temperature coefficient (PTC) thermistor. The critical temper-
ature (Tc) has been found to be 401 K, before which the
nanocomposite material behaves like an NTC (negative
temperature coefficient) system and above which there is a
dramatic increase in resistance with increasing temperature,
thus reflecting a PTC behavior. The material with such a
behavior has been classified into the category of a switching-
type PTC material, which finds application mainly in self-
regulating heaters.
In the NTC regime, the value of B (a material constant

expressing the degree of thermistor sensitivity having temper-
ature units) is obtained from the plot of lnR against the inverse
of temperature (1/T), in the temperature range of ambient to
400 K, as per the following equation

=R AeB T/

where A is another constant. The value of B has been found to
be 820.85 K (0.07 eV) at low resistances, which is lower than
those of typical NTC materials (around 2600 K at low
resistances and 5000 K at high resistances) indicating lower
sensitivity. This is obvious since the nanocomposite does not
form a typical NTC material but rather a switching-type PTC
system wherein a smaller NTC effect is usually observed up to
a critical temperature (Curie temperature). Moreover, the
value of B in eV measures activation energy that was found to
be 0.07 eV. This activation energy is almost similar to that
obtained from ac-conductivity data though a bit lower at lower
frequencies. Clearly, the charge transport via hopping is
thermally activated so as to cross the maximum barrier height
of 0.224 eV. Other parameters obtained such as the NTC
intensity (INTC), the temperature coefficient of resistance (αT),
and the sensitivity coefficient (SC), in the temperature range of
ambient to 400 K, corresponding to the NTC regime are
shown in Table 1.19,20

The resistance-temperature behavior of the PPy/(PhSe)2
nanocomposite material can be explained by the hopping
mechanism as has already been proven in the dielectric section.
Higher resistances at ambient temperatures can be attributed
to the presence of a dielectric filler as an insulating barrier in
between the conducting PPy chains. As heating occurs,
resistance decreases, which might be due to the reordering
and expansion of the PPy matrix such that the interaction
between (PhSe)2 nanoparticles with PPy chains is facilitated.
This reordering and the interaction that hold the PPy chains

close together allow for the facile flow of current via hopping of
charge carriers. However, above 400 K, the abrupt increase in
resistance with rise of temperature may be due to the
disruption of PPy chains that inhibits the conduction. This
disruption of PPy chains above 400 K is in accordance with
TG data. This is schematically shown in Scheme 1a,b.

3. CONCLUSION
The synthesized PPy/(PhSe)2 nanocomposite has been found
to show a colossal value of the dielectric constant and exhibit a
normal dispersion behavior with changing frequency. With
respect to temperature variation, the dielectric data exhibit an
increasing trend. This is due to the increase in material
movement as temperature rises. Impedance and modulus
formalism show one semicircular arc in Cole−Cole plots,
which is indicative of single relaxation. A smaller arc in the case
of the nanocomposite as compared to PPy suggests higher
conductivity of the nanocomposite. Conduction in the
nanocomposite has been found to follow the correlated barrier
hopping (CBH) model wherein charge carriers hop over an
insulating (PhSe)2 barrier. Reduction in the activation energy
for hopping has been observed with rise of frequency from 0.2
to 0.8 MHz. From the resistance-temperature behavior, a
switching-type PTC behavior has been observed with a Curie
temperature of 400 K. Below 400 K, there is a smaller NTC
effect (lower B value), while above this temperature, a strong
PTC effect is reflected. This might be due to the expansion of
PPy chains upon heating, thereby reducing the barrier height
to facilitate current flow. However, above 400 K, disruption of
PPy chains allows to reflect a PTC behavior.

4. EXPERIMENTAL SECTION
4.1. Materials and Physical Measurements. Pyrrole

(Himedia, India) was distilled and stored at −5 °C prior to
use. Diphenyl diselenide [(PhSe)2, Sigma Aldrich, India],
anhydrous ferric chloride (FeCl3, Fisher Scientific, India), and
chloroform (CHCl3, Fisher Scientific, India) used were of
analytical reagent grade. The structural characterization of
samples was performed by X-ray diffraction (XRD) using a PW
3050 diffractometer (Cu Kα radiation, λ = 1.5418 Å). Fourier
transform infrared spectroscopy (FTIR) was performed on a
PerkinElmer RX-1 FTIR spectrophotometer in the range of
4000−500 cm−1. The thermal properties were measured by
thermogravimetric analysis (TGA) performed on a SEIKO
TG/DTA 6200 machine at a heating rate of 10 °C/min under
N2. Dielectric studies of synthesized samples were performed
using a computer-controlled LCR meter analyzer (Model

Scheme 2. Schematic Representation of the PPy/(PhSe)2 Nanocomposite
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Agilent 4285). Particle size and morphology of synthesized
nanocomposites have been characterized by scanning trans-
mission electron microscopy (STEM, Hitachi H-9500).
4.2. Synthesis of the PPy/(PhSe)2 Nanocomposite.

Pristine PPy has been synthesized as per the standard
procedure.43 The PPy/(PhSe)2 nanocomposite has been
prepared by in situ chemical oxidative polymerization.
(PhSe)2 (1 g) has been dispersed uniformly in 0.3 M
nonaqueous solution (CHCl3) of a pyrrole monomer. While
stirring, 0.6 M solution of FeCl3 in CHCl3 has been added
dropwise into the above dispersed mixture at room temper-
ature. As soon as FeCl3 solution is added, the reaction mixture
turned black, which indicated the immediate polymerization of
the pyrrole monomer. The reaction mixture was stirred for
about 5 h for effective polymerization. During polymerization,
the PPy chains engulf (PhSe)2 particles to form the
nanocomposite. The black colored precipitate of the PPy/
(PhSe)2 nanocomposite has been collected by filtration. The
material was thoroughly washed with CHCl3 and then dried in
an oven at around 40−50 °C to a constant yield. This is
schematically shown in Scheme 2.
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