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Abstract The research on development of nanodielectric
material is the requirement of capacitor industry. The
polymeric material could not have a high dielectric con-
stant due to limitation of structure and physical properties.
However, combination of suitable nanofiller can increase
the dielectric constant several times. We have reported the
dielectric properties of polysulfone + ZnO nanodielectric
system. The dielectric properties are observed to be gov-
erned by dipolar polarization fully and interfacial polar-
ization partially. The relaxation time of dipoles is quite
high: It means that nanodipoles have sufficient relaxation
time to orient in the direction of field. Interface provides
additional trapping level for storage of charge carriers
energetically. The permittivity of new material increases
many times of base material even at lower concentration of
fillers.

Keywords Polysulfone - ZnO - Permittivity - Tangential
loss - AC conductivity - Dielectric relaxation - Electrical
modulus

Introduction

Dielectric spectroscopic studies are very useful to under-
stand the concept of intermolecular solute—solute interaction
and solute—solvent interactions along with their molecular
conformations [1]. Every day demand of insulating material
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is increasing which are highly efficient electric machine,
electric insulation systems are subjected to -electric,
mechanical with greater intensity and higher recitation rate
[2]. Therefore, the insulation materials with super electrical
insulating properties, good mechanical properties, and high-
temperature durability are required in high-tech electrical
machines [3]. Organic—inorganic nanocomposites have
attracted much attention because they combine the flexibility
and processability of organic components and the durability
and thermal stability of inorganic components [4-11]. In
addition to the enhancement of the optical, structural, and
mechanical properties and thermal stability [8-11], a
remarkable improvement is also observed by the researcher
in dielectric constant or relative permittivity after incorpo-
ration of different types of nanofillers in polymer matrix [12].
A polymer nanocomposite (PNC) provides more advantages
than micron-sized filled polymer nanocomposites because it
provides resistance to degradation. Polymer nanocomposites
with better electrical and dielectric properties are slowly
emerging as an excellent functional material for dielectric
and electrical insulation properties. Although the technology
of addition of nanofillers in polymers to enhance a particular
dielectric property has been in existence from several dec-
ades [13, 14], polymer nanodielectrics, designed with high
permittivities and low dissipation factors, will find applica-
tions as dielectrics in capacitors and transmission lines to be
used in communications equipment, computers, and space
power systems [15, 16]. The amount of charge stored in
polymer nanodielectric capacitors is controlled by the
dielectric properties of the films employed. The total energy
density that can be stored in a capacitor is directly propor-
tional to the dielectric constant so as much higher dielectric
constant will be, the material will have a good amount of
application in industries. Polysulfone (PSF) is a high-per-
formance polymer with excellent chemical and thermal
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stabilities [17]. Itis one of the thermoplastic polymers. These
thermoplastic, amorphous, and rigid polymers offer useful
physical, mechanical, and electrical properties which are
maintained over a broad temperature range, due to their
morphological structure. It has a good thermo-oxidative
stability and flame retardancy, so it is a superior replacement
of polycarbonate [18, 19]; polysulfone provides a resistance
to high temperature, acts as a flame retardant without com-
promising its strength that usually results from addition of
flame retardants, and is used as a dielectric in capacitors [20].
ZnO one of the multifunctional inorganic nanoparticles has
drawn increasing attention of many researchers in recent
years due to its significant physical and chemical stabilities,
high catalysis activity, and intensive ultraviolet and infrared
adsorption [21]. Therefore, ZnO nanoparticles could
improve the properties of polymer matrix. However, ZnO
nanoparticles, like other nanoparticles, possess high surface
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energy, which could be dispersed in organic solvent and
matrix. Therefore, it is necessary to prepare ZnO/polymer
nanodielectric to prevent the formation of agglomerated
nanoparticles. The nanocomposites can improve the dis-
persion stability of ZnO and increase interfacial adhesion
between the polymers and ZnO nanoparticles [22-24]. To
design polymer nanocomposites, the several nanomaterials
such as carbon nanotubes, inorganic nanoparticles, clay
minerals, and biomaterials have been used for two decades to
improve mechanical, thermal, transport, optical, and elec-
trical properties. The nanodielectrics prepared by solution
method have attracted great interest since they exhibited
controllable dispersion and controlled uniform thickness of
thin film. By the combination of these two dissimilar mate-
rials, material scientists have long appealed to develop novel
nanodielectric material for energy storage device and
supercapacitor. Therefore, in this study ZnO nanofiller-filled
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Fig. 1 Permittivity characteristics of pristine and ZnO-filled polymer nanocomposites at a 30 °C, b 90 °C, ¢ 120 °C, and d 180 °C temperatures
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Fig. 2 Tangential loss (tan J) characteristics of pristine and ZnO-filled polymer nanocomposites at a 30 °C, b 90 °C, ¢ 120 °C, and d 180 °C

temperatures

PSF nanodielectrics were used to investigate the frequency-
and temperature-dependent dielectric relaxation process
over the frequency range of 500-10° Hz and temperature
range from 30 to 210 °C.

Experimental
Material

Polysulfone (PSF) used in the present study was procured
from Polyscience, and ZnO nanoparticle of size less than
100 nm was procured Sigma-Aldrich, New Delhi, India.
The analytical-grade N,N-dimethylformamide (DMF)
(Merck) was used as a solvent.

Sample preparation

All the samples of pristine polysulfone (PSF) and ZnO-
filled PSF nanocomposites were prepared by using the sol—
gel technique with different mass% (3, 5, and 10 mass%)
of nanoparticles. The 5 g PSF was dissolved in 50 mL of
N,N-dimethylformamide (DMF) and then kept for 8 h on
magnetic stirrer to obtain a homogeneous and transparent
solution at 40 °C. The optical glass plates are slowly drawn
from solution and kept in oven at 60 °C for a period of 1 h.
The solvent was then evaporated to yield circular thin film
shape. The thin films were further dried at room tempera-
ture without gassing of 107> torr for a further period of
24 h to remove volatile residual solvent. The ZnO of cer-
tain amount was dissolved in 20 mL of N,N-dimethylfor-
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Fig. 3 Conductivity characteristics of pristine and ZnO-filled polymer nanocomposites at a 30 °C, b 90 °C, ¢ 120 °C, and d 180 °C
temperatures
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Fig. 4 Variation of ac conductivity characteristics at different mass% of ZnO at different frequencies and at a 30 °C, b 180 °C temperatures
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Fig. 5 Relaxation time characteristics of pristine and ZnO-filled polymer nanocomposites at a 30 °C, b 90 °C, ¢ 120 °C, and d 180 °C

temperatures

mamide (DMF) and added drop by drop in solution of PSF
for the preparation of PSF + ZnO nanocomposite samples
of different mass%. The nanocomposite samples could be
easily peeled off from glass plate following the method
stated above.

Characterization

The samples were vacuum-aluminized over the central
circular area of 1.4 cm diameter using high-vacuum coat-
ing unit (Vacuum Equipment Company Ltd, Noida, India)
for the dielectric measurements. The dielectric relaxation
measurements were made using Hioki 3532-50 LCR Hi-
TESTER. It provides 42 Hz to 5 MHz, for measurements
with precise +0.08 % basic accuracy with most rapid
measurement time of 5 ms. The signal level can be set over
a wide range, from 10 mV to 5 Vs and from 10 pA to

100 mA (up to 1 MHz). The sample was sandwiched
between two brass-plated stainless steel electrodes. The
assembly was placed in a thermostatic furnace, and the
temperature was measured with digital multi-thermometer
(CE Company, New Delhi, India). The different dielectric
measurements (i.e., tangential loss (tan J), dissipation
factor (D), capacitance (Cp), and conductance (G) for PSF
and PSF 4 ZnO nanocomposite samples) were taken with
pristine, and different mass% (3, 5, and 10 mass%) of ZnO
were carried out in the frequency range 500 to 10° Hz at
different temperatures (i.e., 30, 60, 90, 120, 150, 180, and
210 °C). The experimental data have been used to evaluate
the various dielectric parameters, i.e., permittivity, tan-
gential loss, AC conductivity, dielectric relaxation, and
electrical modulus. All these parameters are essential to
understand the charge transport mechanism and utility of
material for several industrial applications.
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Fig. 6 Variation of relaxation time characteristics at different mass% of ZnO at different frequencies a 30 °C temperature and b 180 °C

temperature

Results and discussion
Frequency-dependent dielectric parameters
Permittivity

The variation of dielectric permittivity with frequency for
the polysulfone (PSF) nanocomposites having ZnO nano-
filler at different mass% is shown in Fig. 1. It shows the
typical dielectric permittivity (&) of PSF/ZnO nanocom-
posite as a function of frequency with different mass%
concentration of ZnO nanofillers at different temperatures.
It has been observed that dielectric permittivity of poly-
sulfone (PSF)/ZnO nanocomposites increases with filler
concentration in polymer matrix. The increased dielectric
permittivity is due to the trapping of charges at the
extended interface which normally results in increased
conductivity and higher loss [25]. This behavior could be
explained on the basis of the Coulomb blockade effect. The
Coulomb blockade effect or single-electron charging
effect, which allows for the precise control of small num-
bers of electrons, provides an alternative operating princi-
ple for nanometer-scale devices.

Various structures have been made in which electrons
are confined to small volumes. Perhaps not surprisingly,
there is a deep analogy between such confined electrons
and atoms [26]. Such regions with only dimensions of
1-100 nm and containing between 1000 and 1,000,000
nuclei are referred to as ‘nanoregions’, ‘artificial atoms’, or
‘solid-state atoms’ [27]. This nanoregion corresponds to
the size of embedded nanoparticles in a polymer matrix.
Charging of this region is equivalent to single-electron
charging; therefore, development of dielectric material by

@ Springer

this method can be very useful for embedded capacitor. It
is found that the dielectric permittivity measured at a lower
frequency is always greater than at higher frequency [28].
We have observed that there is a significant increment in
the permittivity with increasing mass% of nanofiller in
polymer. The permittivities of the pristine PSF as well as
nanocomposites are rapidly decreasing up to 10 kHz, and
after that permittivities are marginally reduced with
increasing frequency over the range of 10-100 kHz due to
the reduction in the polarization caused by the dipolar
groups [29, 30]. The frequency dependence of dielectric
study indicates that at 30 °C, dielectric constant of the PSF
ranges from 6.2 to 9.3 at 10 mass% of ZnO nanofiller in
polymer matrix. Similarly, the dielectric constant increases
at 90 and 120 °C from 15.89 to 28.06 and 32.20 to 54.37,
respectively. This increasing nature of the dielectric con-
stant with ZnO nanofiller indicates that the number of polar
groups increases due to the incorporation of filler in
polymer, and it grows with the concentration which causes
an extra polarization under electric fields. Another inter-
esting observation is that dielectric spectra with 3 mass%
are found to be lower than those of the pristine PSF in the
entire frequency range as shown in Fig. 1 at 180 °C. For
only 5 and 10 mass% ZnO nanocomposites, the effective
dielectric spectra are higher than those of pristine PSF. A
similar observation of lower permittivity in polymer
nanocomposites was also reported for TiO,-filled epoxy
polymer nanocomposites and other composites [31, 32].
The reduction in dielectric permittivity for 3 mass%
ZnO with PSF polymer matrix may be possible because the
polarization process in the nanocomposites is curtailed.
The decrease in dielectric constant with frequency is the
expected behavior in most of the dielectric materials
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Fig. 7 Real part of electric modulus characteristics of pristine and ZnO-filled polymer nanocomposites at a 30 °C, b 90 °C, ¢ 120 °C, and

d 180 °C temperatures

[33, 34]. It could be seen that frequency-dependent per-
mittivity is comparatively high near glass transition tem-
perature (180 °C) because of increase in chain mobility. In
general incorporation of nanoparticle significantly changes
the permittivity because nanoparticles in polymer matrix
distort and enhance the local electrical field due to differ-
ence in the dielectric constants or electrical conductivities
between the particles and the polymer. This behavior also
occurs due to dielectric relaxation which is the cause of
anomalous dispersion, and this relaxation process involves
the orientational polarization which in turn depends upon
the molecular arrangement of the nanodielectric material.
Therefore, the rotational motion of molecules of dielectric
material is not sufficiently fast for the attainment of equi-
librium with field at higher-frequency range. Thus,
dielectric constant seems to be decreasing with increase in
the frequency range as shown in the Fig. 1. The addition of

nanofiller results in overall increase in dielectric constant
due to both dipolar and free charge contributions. So the
increase in the molecular mobility is reflected by increase
in free charge mobility.

Tangential loss

Figure 2 shows the variation of tangent loss with frequency
of PSF nanocomposites with different mass% of ZnO
nanofiller at different temperatures (i.e., 30, 90, 120, and
180 °C). Tangential loss (tan ) depends on the electrical
conductivity of the polymer nanocomposites and electrical
conductivity in turn depends on the number of charge
carriers in the bulk of material, the relaxation time of the
charge carriers, and the frequency of the applied field. At
30 °C the tangential loss is decreasing with increase in the
mass% concentration as well as increase in the frequency,
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Fig. 8 Imaginary part of electric modulus characteristics of pristine and ZnO-filled polymer nanocomposites at a 30 °C, b 90 °C, ¢ 120 °C, and

d 180 °C temperatures

whereas tangential loss spectra at 90 and 120 °C are
characterized by peaks appearing at the characteristics
frequency for the PSF as well as PSF nanocomposites.
These peaks suggest the presence of relaxing dipoles in the
bulk of samples. The strength and frequency of relaxation
depend on the characteristic properties of dipolar relax-
ation. The tangential loss at 120 °C shows that peak is
shifting toward the higher-frequency side. The shifts of
peak toward higher frequencies are due to addition of
relaxing dipoles and increases in conductivity.

The tan 6 marginally increased with increase in the
frequency with occurrence of a peak around the 5 x 10°
Hz and then slowly starts to decrease beyond it. How-
ever, at 180 °C PSF and PSF nanocomposites do not
show any peak. Figure 2 shows that with ZnO-nano-
filled polymer nanocomposites, the value of tan ¢ is less
than that of unfilled polymer matrix for all filler con-
centrations. Usually, the introduction of inorganic fillers
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into polymer matrix enhances the tan o values of the
polymer nanocomposites as there is an enhancement in
the sources of charge carries in the nanocomposites
samples [35].

AC conductivity

Frequency dependence of AC complex conductivity is
expressed by the relation ¢* = ¢’ + jo”, where ¢’ ac con-
ductivity term which is frequency-dependent function and
d” is the dc conductivity, i.e., the conductivity which is
independent from the frequency. Frequency-dependent
conductivity, i.e., g, ., has been calculated by the relation

Oac. = WEYE;
where w = 2xf. Figure 3 shows the variation of AC con-

ductivity of PSF and PSF/ZnO nanocomposites with fre-
quency at different temperatures.
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Fig. 9 Permittivity characteristics of pristine and ZnO-filled polymer nanocomposites at a 5 kHz, b 20 kHz, ¢ 50 kHz and d 95 kHz frequencies

A typical universal dielectric response is that at low
frequencies, the bulk ac conductivity is frequency inde-
pendent, but at higher frequencies the ac conductivity
increases and follows the power law behavior [36]
a(w)aw”. The observed behavior of nanocomposites is
considered to be incompatible with conventional Debye
behavior, the distribution of relaxation times, and stretched
exponential approach. It is important that any proposed
model for the universal dielectric response must also
explain its commonality, and for this reason random
resistor—capacitor (R—C) networks have been recently
examined in heterogeneous system [37-39]. The R-C
network is developed in PSF-ZnO nanocomposites, which
represent a nanostructure that contains both dielectric (the
capacitor) and conductive regions (the resistor). For PSF/
ZnO nanocomposites, the disorder is on a small-scale

whereby mobile oxygen vacancies are distributed in the
insulating PSF host.

The general trend of the conductivity is to increase
according to increase in frequency. The ac conductivity
spectra show increasing behavior of the ac conductivity
with increase in the frequency with filler concentration at
different temperatures. It is well known that electrical
conductivity of polymer nanocomposites material is gov-
erned by the polymer chain dynamics and mobility of
charge carriers. When the frequency is increased, mobility
of polymer chains is increased and the fraction of free
volume in polymer nanocomposites is also increased due to
which ac conductivity of PNC’s increases. The increase in
conductivity after incorporation of nanofiller accounted for
the increase in the number of dipoles, due to the modifi-
cation of trap structure introduced by the addition of ZnO
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frequencies

nanofiller. Figure 4 shows variation of ac conductivity of
nanocomposites with different mass% of ZnO nanofiller at
30 and 180 °C at different frequencies. It is very clear from
the characteristics that at lower and higher temperatures,
conductivity is gradually increasing with concentration and
it does reflect a significant increment with frequency. As
temperature reaches 180 °C, conductivity of nanocom-
posites will increases. It is found from the Fig. 4 that at
30 °C for pristine PSF at 20-kHz frequency, conductivity is
3.61 x 1077 S m~" and PSF with 10 mass% ZnO provides
555 x 1077 Sm~ .. However, at 180 °C pristine PSF at
20-kHz frequency gives 1.56 x 107> S m~' and PSF with
10 mass% gives 2.03 x 107> S m~'. It indicated that at
higher temperature, number of free charge carrier increases
due to incorporation of nanofiller. This enhancement in the
conductivity with increasing amount of ZnO nanofiller
concentration also may be possible due to the larger
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amount of nanofillers in polymer matrix due to which inter-
particle distance are less and particles might be in contact,
which enhances the probability of charge carrier’s transfer
which provides a possibility at different concentrations of
nanofiller that there may be an overlapping of the interfa-
cial zones in the nanocomposites leading to the percolation
of charge carries. This overlapping of the interfacial zones
depends on the dispersion of nanoparticles in the polymer
matrix. This increased behavior of the conductivity also
justifies the good dispersion of the nanofiller in polymer
matrix.

Dielectric relaxation
The dielectric relaxation is the exponential decay with time

of polarization in the dielectric. The relaxation time (t)
may be defined as the time in which this polarization is
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Fig. 11 Conductivity characteristics of pristine and ZnO-filled polymer nanocomposites at a 5 kHz, b 20 kHz, ¢ 50 kHz and d 95 kHz

frequencies

reduced to 1/e times its original value, e being the natural
logarithmic base [40]. Basically the relaxation time is the
cause of anomalous dispersion in which the dielectric
constant decreases with increase in frequency. Figure 5
shows the change in relaxation time increasing with fre-
quency at different mass% of ZnO nanofiller. Figure 6 is
clearly indicating the exponential decay with respect to
frequency. It is very clear from the relaxation spectra
(Fig. 5) that the relaxation time (t) for all nanoparticle-
filled polymer nanocomposites is less than that of the
pristine polysulfone (PSF). It is also found from spectra
that at the room temperature, i.e., 30 °C, the relaxation is of
the order of 10~7, whereas at 180 °C the order of relaxation
time increases to the order of 107°. The increased value of
relaxation time (1) with temperature may be due to the
intermolecular interaction of ZnO nanofiller with polysul-
fone (PSF) molecules as well as increase in free volume.

This behavior clearly shows the good interaction of ZnO
nanofiller with polysulfone (PSF) matrix.

Electrical modulus

In dielectric study, for the electrode polarization effect and
to resolve the low-frequency relaxation, electrical modules
formalism is used for the study of dielectric relaxation, and
it is used to study electrical relaxation phenomenon in
many polymers. Figures 7 and 8 show the real part M’ and
imaginary part of M” of the complex electric modulus of
the PSF and ZnO-filled PSF nanocomposites with different
mass% of ZnO at different temperatures (30, 90, and
120 °C) were calculated by the following relation [41].

/ 7

’ é " __ &
M _8/2+8”2 and M _8'2+8"2 (1)
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frequencies

Figure 7 shows that electrical modulus of pristine PSF and
PSF nanocomposites is gradually increasing with increase
in frequency at various temperatures, but spectra of M” of
pristine and PSF nanocomposites are showing sharp peak at
90 and 120 °C, but no any peaks are observed at 30 °C.
The observed sharp peaks at 90 and 120 °C indicate the
relaxation at higher-frequency side and show the fast
symmetric crystalline relaxation almost the same attributes
were also observed with PVDF/BaTiO; nanocomposites
[42]. The M” peaks for both relaxation process shift toward
the higher frequency with increase in the temperature from
90 to 120 °C, and these peaks start to dominate at 180 °C
as shown in Fig. 8. Imaginary part of electric modulus M”
at 90 °C shows the good amount of broadening of peaks at
different mass% of nanofiller, however, M"” spectra at
120 °C show that the peak broadening decreases, and this
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behavior signifies the asymmetric nature of Maxwell-
Wagner-Sillers (MWS) relaxation. From the M” spectra it
has been also observed that the height of the peak decreases
with increase in the mass% of nanofiller.

Temperature-dependent dielectric parameters
Permittivity

Figure 9 shows the variation in permittivity with temper-
ature at constant frequency for different mass% of ZnO
nanofiller polymer nanocomposite. The figure clearly
indicates the significant increment in the permittivity with
temperature as well as filler concentration. From the per-
mittivity spectra, we found the with small increment in
filler concentration till 90 °C but after 90 °C, the
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permittivity significantly increases with higher tempera-
ture, and this significant change at higher temperature
indicates the charge carries are free to move through the
polymer nanocomposite material causing a polarization,
and hence permittivity increases. The increase in permit-
tivity above the room temperature may be due to the
increase in molecular mobility, expansion of the lattice,
and excitation of charge carriers present inside the
nanocomposite at the defect sites [43]. The density of
charge carriers increases with increase in the concentration
of ZnO nanoparticles in polymer matrix; therefore, the
resultant permittivity in nanocomposite is due to the ori-
entation of polysulfone (PSF) as well as ZnO dipoles. This
orientation of large number of dipoles together with field is
also responsible for the increasing permittivity. It is very
well known that dielectric permittivity of the composites

material depends on the polarizibility of the molecules; the
higher the polarizibility of the molecules, the higher the
permittivity. At low temperature below 30-90 °C, the
density of charge carriers is large, so dipoles cannot easily
orient themselves and so polarization process is less, but
after 90 °C, i.e., at higher temperature the dipoles become
comparatively free, and they respond to the applied electric
field. Thus, polarization increased, and hence dielectric
permittivity is also increased with the temperature [44].
The increase in dielectric permittivity is attributed to the
higher orientation polarization of the polymer at higher
temperatures due to greater mobility of molecules [45]. It
has been also observed that the decrease in dielectric per-
mittivity with increasing frequency is due to the fact that
the interfacial diploes do not have sufficient time to orient
themselves in the electric field direction; therefore, with
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increase in frequency, the tendency for the interfacial
polarization is expected to decrease, resulting in the
decrease in dielectric permittivity [46, 47].

Relaxations in glass transition temperature region
involve local molecular motion. The motion of a relatively
small group of atoms is considered in the framework of
frozen in structure a side group, and the side group cannot
rotate freely in the polymer about the C—C bond, which
links to the main chain because of the large inter- and intra-
molecular forces. Because of this, the side group has dif-
ferent energies in different rotational positions. However,
below T, the main chain is approximately rigid. When
material passes through the glass transition temperature
region, the free volume is frozen in or unchanged in glassy
state, and this generally shows the steady nature of various
dielectric parameters as observed in the present study.

Dielectric loss

Figure 10 shows the variation of tangential loss of poly-
sulfone/ZnO nanocomposite samples with temperature at
different frequencies. The tangential loss (tan ) decreases
with increase in the concentration of filler concentration
and increases with temperature. In polymer and their
composite, loss tangent is a function of electrical conduc-
tivity which depends on the number of charge carrier
mobility. From the above loss spectra, it is clear that
magnitude of the tan ¢ decreases with frequency may be
due to the decrease in the number of charge carrier and
delay in settling of the dipoles due to availability of very
short time in one half cycle of alternating voltage [48]. At
5 kHz, tan 0 spectra do not show any significant peak, and
it is only increasing continuously with temperature; how-
ever, at 20, 50, and 95 kHz, tan J spectra show the relax-
ation peak at 120 °C, and after this temperature tan ¢ value
starts to decrease due to thermal agitation which further
increases due to leakage current.

AC conductivity

Figure 11 shows the variation in ac conductivity with
temperature at different frequencies for polysulfone
nanocomposite.

o= mug (2)

It is very clear from the empirical relation (Eq. 2) that the
conductivity depends on the number of charge carriers (r;)
and the mobility of the ions species in the material. AC
conductivity spectra show that as the concentration of ZnO
nanofiller increases with increasing temperature, conduc-
tivity also increases. At lower temperature, conductivity
slowly increases as shown by the spectra, but at higher
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temperature conductivity increases significantly (i.e.,
Fig. 11). Increased conductivity with temperature suggests
that the free volume around the polymer chain causes the
mobility of ions and polymer segment [49, 50]. From the
conductivity spectra, it has been observed that as the
temperature increases, the ac conductivity also increases,
and it may also be due to decrease in viscosity which
provides increased chain flexibility. The variation in ac
conductivity with temperature has been also explained in
terms of segmental motion that results in an increasing free
volume of the samples and hence the motion of the ionic
charge. The amorphous nature of the PSF samples provides
a greater free volume of the system upon increasing the
temperature, and thus segmental motion permits the ions to
transfer from one side to another [51]. This inter-chain or
intra-chain charge carrier movement and development of
R-C network in PSF/ZnO nanocomposites are responsible
for higher value of ac conductivity.

Dielectric relaxation

Figure 12 shows the variation of relaxation time as a
function of temperature at different frequencies for differ-
ent mass% of ZnO nanocomposites. Relaxation spectra
show that relaxation time is increasing with temperature,
but relaxation time for all nanocomposites samples is less
than that of pristine PSF. The increment of relaxation time
with temperature at different frequencies is also the evi-
dence of the increase in hindrance of polymer chain
dynamic. At 5-kHz frequency, there are marginal changes,
but as the frequency increases, we can very easily observe
the significant variation. Relaxation spectra also show
interesting results at 50 and 95 kHz, and these spectra show
that the relaxation time for nanocomposite samples is more
than that of pristine sample.

The addition of ZnO can improve the modulus of PSF,
which is obvious, because ZnO has a very weak effect on
the crosslink density of PSF. It is interesting that the
characteristics relaxation time are related to uncoiling/
disentangling of soft segment chain network in the soft
phase increased with the addition of ZnO. This suggested
that characteristic relaxation time-derived from relaxation
spectrum is not always related to the overall relaxation rate
as suggested in the literature [52].

It is suggested that the addition of ZnO enhanced the
degree of microphase separation. It means the hard seg-
ment content in the soft phase decreased, soft chain flexi-
bility increased, and elasticity increased, thus leading to a
slow stress relaxation process. We have observed that the
relaxation trends are corresponding to change of nanophase
separation with ZnO contents. This separation trend is
consistent with the trend in the relaxation time. In some
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cases a sharp peak is observed, which is associated with the
change in softness of chain due to incorporation of ZnO.

Electrical modulus

The electrical modulus corresponds to the relaxation of the
electric field in the materials when the electric displacement
remains constant. The electrical modulus is reciprocal of the
dielectric constant. Physically, it is corresponding to the
relaxation of the electric field in the material when the
electric displacement remains constant M*(w) :6% [53].
Although it was originally introduced by Macedo to study the
space charge relaxation phenomenon, M* representation is
now widely used to analyze ionic conductivity. Figure 13
shows that real part of electrical modulus is decreasing with
increasing temperature, and the magnitude of M’ for all
nanocomposites samples at all frequencies is less than that of
pristine samples. Almost the similar nature is also observed
at all frequencies. It is also clear from the variation of
dielectric constant with temperature with different frequency
spectra that dielectric constant is increasing; therefore,
dielectric electric modulus must be decreasing with tem-
perature at different frequencies. Electric modulus spectra
indicate that at higher temperature, the dielectric permittivity
is very large as shown in Fig. 9.

The trends of temperature-dependent electric modulus
are generally same for all samples. The electric modulus is
constant at higher temperature starting from 150 °C (i.e.,
glass transition temperature (1) region of PSF). The
variation of electric modulus with temperature shows the
thermally activated nature of interfaces.

Conclusions

It is concluded that the dielectric properties of polysulfone
(PSF)-based nanodielectric are attributed to the large vol-
ume fraction of interfaces in the bulk of the polymer and
the ensuing interactions between the charged nanoparticle
surface and the polymer chains. ZnO nanoparticles in PSF
matrix show some improved dielectric behaviors even at
low concentration of nanofiller. The increase in dielectric
constant and decrease in dielectric loss tangent were
observed by the incorporation of ZnO nanoparticles in the
temperature range of 30-210 °C. The increase in dielectric
constant is due to the piling of charges at the extended
interface which normally results in increased conductivity
and higher loss. However, the reduced dielectric loss was
observed in the high-dielectric constant materials contain-
ing ZnO nanoparticles in virtue of Coulomb blockade
effect, the well-known quantum effect of nanoparticles,
which reduces the electron tunneling. As such, it reduces

the conduction loss part from the total dielectric loss of the
dielectric composite systems. This Coulomb blockade
process can be an effective approach to achieve the high
dielectric constant and low dielectric loss simultaneously at
low frequency. The loading level of ZnO nanoparticles in
the nanocomposites has significant influence on the
dielectric properties of the composite system and supplies
different effects at different frequency ranges as well.
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