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Abstract Three-phase nanocomposite films, made up of polystyrene (PS), bismuth

ferrite (BiFeO3; BFO) and conducting particles of graphite nanopowder (GNP),

were prepared by solution casting techniques. Using different volume fractions of

GNP, the dielectric properties of the nanocomposites were analyzed by impedance

analyzer with various ranges of electric fields. To support our discussions, perco-

lation theory was used to know the dielectric behavior of the PS-BFO-GNP

nanocomposites and the percolation threshold was observed at 3 vol% of GNP. The

dielectric constant of PS-BFO-GNP nanocomposites reached as high as *75 at

0.1 kHz, which was much higher than that of pure PS, PS-BFO and PS-GNP

nanocomposites. Furthermore, the P–E hysteresis loop study was carried out to

observe the ferroelectric behavior of the nanocomposites.
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Introduction

Currently, the progress of high dielectric constant and high electrical conductivity

polymeric nanocomposites have been paying immense interest for their versatile

applications in the field of electronic devices, such as gate dielectrics [1–3],

microelectronic industry [4], embedded capacitors [5] and other energy storage

devices [6]. Several aspects of ceramic filled polymer based nanocomposites have
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been widely studied in recent few years, among them polymer nanocomposites are

most extensively studied because of their ease of processing, better flexibility, high

dielectric constant and low loss [7–9]. The more conventional approach of

fabricating polymeric nanocomposite materials is to add high dielectric constant

ceramic fillers into them. The higher percentage of ceramic filler loading in such

polymer based nanocomposites (usually 40 vol%) is the optimum vol% to achieve

high dielectric constant of ceramic filled polymer nanocomposites, but more than

this volume fraction of ceramic filler loading may bring out a number of drawbacks,

such as low mechanical strength, heavy weight and poor process-ability [10–12].

For example, Liyuan Xie et al. [10] reported that the dielectric constant of pristine

poly(methyl methacrylate) (PMMA) (3.49) at a frequency of 1000 Hz increases to

14.6 for PMMA/BaTiO3 composite, when in this system the weight percentage of

BaTiO3 is as high as 76.88%. In this respect, to overcome these issues, a third

component carbon based conductive filler, such as carbon nanotubes (CNTs) [13],

carbon fibers [14], carbon black [15] and graphite nanopowders are incorporated

into the polymer based ceramic nanocomposite systems. According to the

percolation theory, there is an increase in dielectric constant when the conductive

fillers are added into the polymer ceramic nanocomposites. Recently, there are

various strategies reported on the three-phase nanocomposites, such as sPS/BaTiO3-

GNS [16], poly(vinylidene fluoride)(PVDF)/barium titanate (BaTiO3)-CNT [17],

PVDF/BaTiO3–carbon fibers [18], PVDF/BaTiO3–Ag [19], PMMA/BaTiO3–Ni

[20], Epoxy/BaTiO3–CNT [21], PVDF/BaTiO3–Ni [22]. The attempts of preparing

three-phase polymeric nanocomposites filled with conductive fillers, i.e., graphite

nanopowder (GNP) and multiferroic ceramic particle, i.e., bismuth ferrite (BiFeO3;

BFO) with high electrical conductivity and relatively high dielectric constant has

much attracted ever increasing attention in electrical and electronic devices [23].

The BFO has a perovskite structure (ABO3) which is prepared by solid state

reaction, sol–gel, co-precipitation and hydrothermal techniques [24]. Usually, these

materials have relatively high dielectric constant depending on phase, morphology

and particle size. The polymer based multiferroic ceramic nanocomposites are

considered to be superior dielectric materials in addition to their various advantages,

such as mechanical flexibility, relatively high dielectric constant and low dielectric

loss as compared to traditional ceramics [25, 26]. Polystyrene (PS) is an important

thermoplastic material having excellent thermal and mechanical properties [27], but

it has limited electronic applications due to its low dielectric constant (2.4) and low

conductivity. On the other hand, the third component graphite nanopowder (GNP) is

an inexpensive polymorphic form of carbon which contains graphene layers stacked

into the crystal form and also exhibits interfacial bonding with the polymer matrix

so that they possess better dielectric, mechanical and thermal properties [28].

In this communication, we have prepared PS-BFO-GNP nanocomposites

containing 10 vol% of BFO with PS and various volume fractions of GNP by

solution casting techniques. Among the prepared nanocomposites, 3 vol% of GNP

loaded nanocomposite has a high dielectric constant (*75) and high conductivity at

0.1 kHz. The high dielectric constant and high conductivity nanocomposite

materials may be used in suitable electronic devices made from the three-phase

nanocomposites. The dielectric and electrical properties of PS-BFO-GNP

3708 Polym. Bull. (2017) 74:3707–3719

123



nanocomposite films are investigated and also theoretically considered in relation

with percolation theory to explain the dielectric behavior of the nanocomposites.

Experimental details

Materials

Bismuth oxide (Bi2O3) 99.5% purity and iron oxide (Fe2O3) 99% purity were

obtained from Merck, India. Polystyrene (PS) polymer was purchased from Alfa

Aesar, graphite nanopowder (GNP) (average particle size 50 nm) was obtained from

MKNano, USA, and the solvent Toluene (99.0%) was purchased from Loba Chemie

Pvt., Ltd., India. All these chemicals were used as received without further

purification, and de-ionized water was used throughout the experiment.

Preparation of the BFO particles

The BFO ceramic particles were prepared by the conventional solid state reaction

method. First, equi-molar quantities of Bi2O3 and Fe2O3 were mixed thoroughly in

an agate mortar in the presence of air for 2 h and then in methanol for another 2 h.

The mixed powders were calcined in a high purity alumina crucible at an optimized

temperature of 700 �C for 2 h.

Preparation of PS-BFO-GNP nanocomposites

The fabrications of PS-BFO-GNP nanocomposites were prepared by solution

casting techniques. In this process, first the PS was dissolved in toluene and the

10 vol% of BFO was separately ultra-sonicated and added to this solution. After the

dissolution of BFO, GNP particles were added to it in desired ratios. Then the

prepared solution was vigorously stirred for 30 min to obtain a homogenized

solution. The stirring was continued by a mechanical stirrer to ensure that the GNP

particles were well dispersed in the polymer matrix. The mixed solution was casted

into a polypropylene container and placed in an oven at 65 ± 5 �C for 4 h to obtain

nanocomposite films as shown in Scheme 1. For the use of comparison, PS-BFO

nanocomposite containing 10 vol% of BFO was prepared by the same procedure in

the absence of GNP.

Characterization

The X-ray diffraction spectra of the polystyrene, BFO and their respective

nanocomposite films were recorded using an X-ray diffractometer (Mini Flex II,

Rigaku, Japan) with Cu Ka (k = 0.15405 nm). The microstructural study was

analyzed by scanning electron microscopy (ZEISS EVO 18) operated at 30 kV. The

dielectric properties of the nanocomposite films were carried out using an

impedance analyzer (HIOKI 3532 LCR HiTESTER) at a frequency range
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(100 Hz–1 MHz) at room temperature. The piezoelectric coefficient d33 value was

measured with the help of a piezometer (Piezo-test YE2730A).

Result and discussions

X-ray diffraction (XRD analysis)

The structural phase formations of the prepared PS-BFO nanocomposites with

various vol% of GNP were investigated using XRD. Figure 1a, b shows XRD

patterns of pure BFO and PS-BFO-GNP nanocomposites. As shown in Fig. 1a,

among the various diffraction peaks, the presence of (104) and (110) plane at an

angle 2h *32.1� and 32.4� confirms the rhombohedral crystal structure with space

groups R3c at room temperature according to JCPDS file no. 71-2494 [29, 30].

From Fig. 1b, it is clearly observed that the incorporation of PS and GNP into the

BFO particles may slightly change the structure of BFO and become a distorted

rhombohedral in PS-BFO-GNP nanocomposite systems. Similarly, the other peaks

located at 2h = 26.6� and 44.6� may be attributed to (002) and (101) plane of GNP

[31].

Microstructural study

Dispersion of particles into the polymer matrix is one of the important factors to

enhance the properties of the nanocomposites. The dispersion of fillers in a polymer

matrix is not an easy process, as the nanoparticles have a strong tendency to

agglomerate. Figure 2a shows an overview of the surface texture of PS-BFO

nanocomposite which suggests that the BFO particles are embedded into the

polymeric moiety with larger globular form which intends to pull out of the matrix,

suggesting lesser reinforcement [32, 33]. However, in case of three-phase PS-BFO-

Scheme 1 Schematic representation of PS-BFO-GNP nanocomposite films
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Fig. 1 XRD patterns of a pure BiFeO3 and b PS, PS-BFO-GNP nanocomposites

Fig. 2 SEM images of a PS-BFO nanocomposites and b PS-BFO-GNP nanocomposites with 3 vol% of
GNP

Polym. Bull. (2017) 74:3707–3719 3711

123



GNP nanocomposite systems (as shown in Fig. 2b), the BFO and GNP particles are

distributed over the polymeric matrix thoroughly. Simultaneously, the three-phase

nanocomposites have more interfacial attachment between the particles and polymer

matrix, which may contribute to increase the interfacial polarization and results in

enhancement of dielectric constant of the nanocomposites.

Dielectric properties of PS-BFO and PS-GNP nanocomposites

Figure 3a, b shows the dielectric constant and AC conductivity for pure PS, PS-BFO

and PS-GNP nanocomposites as a function of frequency at room temperature. It is

observed that in case of two phase PS-BFO nanocomposites (Fig. 3a), both the

dielectric constant and conductivity is higher than those of pure polystyrene. This

behavior may be explained by hopping conduction mechanism of BFO in PS matrix

[34]. It shows that at low frequency range the dielectric constant decreases and at

high frequency range it maintains linearity as per as PS-BFO nanocomposites is

Fig. 3 a, b AC conductivity and dielectric properties of pure PS, PS-BFO and PS-GNP composite
containing 10 vol% of BFO as a function of frequency

3712 Polym. Bull. (2017) 74:3707–3719

123



concerned. From Fig. 3b, it is observed that when the GNP is loaded, the dielectric

constant of the PS-GNP nanocomposites shows similar trends to that of PS-BFO

nanocomposites, but the conductivity of this nanocomposite is much higher than

those of pure PS and PS-BFO nanocomposites. There is an indication of decrease in

dielectric constant with increase in frequency and this may be explained by

interfacial polarization mechanism [35]. The dielectric constant of PS-BFO and PS-

GNP are relatively high, i.e., in the order of fivefold (14) and threefold (9),

respectively, in comparison with pure polystyrene whose dielectric constant is*2.4

at 103 kHz.

Frequency dependence dielectric properties of PS-BFO-GNP
nanocomposites

Figure 4a illustrates the dielectric constant of the prepared nanocomposite films as a

function of GNP at 100 Hz. It is observed that the dielectric constant increases

rapidly when the GNP content is below 1 vol%, but increases reasonably when GNP

content is 3 vol%. The dielectric constant enhances from 32 to *75 which is about

25 times greater than that of pure polystyrene. This enhancement of dielectric

constant with respect to 3 vol% of GNP can be explained by percolation theory

which is given by the following relation:

e ¼ em fc� fGNPð Þ�s
for f\ fc; ð1Þ

where e and em are the dielectric constant of PS-BFO-GNP nanocomposites and in

the polymer matrix, f is the volume fraction of conductive fillers and fc is the

percolation threshold concentration of GNP in the polymer matrix, respectively, and

s is the corresponding critical exponent related to the materials properties [36].

From Fig. 4 (inset), the best fit of the dielectric constant data to the double log plot

of the power law is given by fc = 3 vol% and s = 0.99 and it can be explained by

Eq. 1. Furthermore, when the GNP concentration increases from 1 to 3 vol%, the

dielectric constant slowly increases which is mainly due to the presence of

polarization effects in the conductor–insulator interfaces [28]. This increase in

dielectric constant may be due to the formation of mini-capacitor network in the PS-

BFO-GNP nanocomposite films when the volume fraction of GNP increases. The

polarization effect plays a crucial role in the enhancement of dielectric properties of

the nanocomposites, especially at low frequency regions [36].

The dielectric loss is an important factor for the improvement of dielectric

applications. Figure 4 (bottom left inset) shows the dielectric loss of PS-BFO

nanocomposites at various volume percentage of GNP. It is clearly observed that

PS-BFO-GNP nanocomposite having 3 vol% of filler loadings has the maximum

dielectric loss. This increase in dielectric loss in the three-phase nanocomposites

may be due to the isolation effect of BFO particles in the GNP loaded polymer

matrix.

Figure 4b shows the frequency dependence of dielectric constant of PS-BFO-

GNP nanocomposites for various vol% of GNP. From the figure we can clearly

observed that the dielectric constant of the nanocomposite increases with increase in
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fillers loading but decreases with the increase in frequency. The dielectric constant

is always higher at low frequency region and it may be attributed to Maxwell–

Wagner–Siller or interfacial polarization effect [22]. The dielectric constant of PS-

BFO-GNP nanocomposite at 0.1 kHz (the GNP content is about 3 vol%) is *75,

which is 25, 6 and 8 times higher than those of pure PS, PS-BFO and PS-GNP

nanocomposites, respectively. The dielectric loss of PS-BFO-GNP nanocomposites

with various vol% of GNP loading as a function of frequency is shown in Fig. 4c.

Generally, at low frequency region the dielectric loss of the nanocomposite

decreases with an increase in frequency which may be due to the presence of DC or

quasi DC conduction on the basis of percolation effect [36].

AC conductivity of the PS-BFO-GNP nanocomposites

Figure 5 shows the variation of AC conductivity of the nanocomposites with various

vol% of GNP loading as a function of frequency. It can be clearly revealed that the

PS-BFO-GNP nanocomposite with higher volume content of GNP loading possess

high conductivity than that of PS-BFO nanocomposite, as clearly shown in Figs. 3a

and 5, respectively. However, the AC conductivity of the PS-BFO-GNP nanocom-

posites increases with an increase in frequency. These types of behaviors are mainly

obeyed in good insulating materials [12]. Further, a frequency independent plateau

region is obtained at low frequency range. It is usually regarded as dc conductivity

(rdC) and this type of behaviors present in the polymer based nanocomposite filled

with conductive fillers. The AC conductivity of the nanocomposites as a function of

bFig. 4 a Dielectric constant of the PS-BFO-GNP composites as a function of the GNP volume fraction,
measured at 100 Hz at room temperature. The inset shows a log–log plot of the dielectric constant as a
function of f - fc with the exponent S = 0.99 and a critical volume content fc = 3 vol% according to
Eq. (1). The bottom left inset Fig. 4 shows the dielectric loss of the PS-BFO-GNP nanocomposites as a
function of GNP at 100 Hz, b dielectric constant and c loss tangent as a function of frequency

Fig. 5 Frequency dependence AC conductivity of PS-BFO-GNP nanocomposite as a function of
frequency at RT
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frequency can be explained by ‘‘ac universal power’’ law which is given by the

following relation [12].

rac ¼ rð0Þ þ Awn; ð2Þ

where A is the pre-exponential factor and n is the critical exponent ranging from 0 to

1. The value of A, n and rdc of (1 and 3 vol% of GNP) are calculated by non-linear

fitting in Fig. 5 using Eq. 2 and the data are listed in Table 1.

Ferroelectric properties

Figure 6 shows the hysteresis loop of the prepared un-poled PS-BFO-GNP and PS-

BFO nanocomposites. Here, we have measured the ferroelectric properties by

plotting a graph between electric polarization (P) vs applied electric field (E) which

is called P–E loop hysteresis curves. In this figure, we clearly observe that the higher

volume content of GNP-loaded three-phase PS-BFO nanocomposites and two-phase

PS-BFO nanocomposites are studied. In this work, we choose only 3 vol% of PS-

BFO-GNP nanocomposite because it gives best results as compared to that of other

volume fraction of GNP. The value of coercive field (2 Ec *1.178 kV/cm) for two-

phase PS-BFO nanocomposite is less than that of three-phase nanocomposites

whose coercive field value is (2 Ec *1.046 kV/cm). Similarly, in case of two-phase

PS-BFO nanocomposites, the value of remnant polarization is (2 Pr *0.162 lC/
cm2) and for three-phase PS-BFO-GNP nanocomposites, the value of remnant

Table 1 AC electrical transport properties of the 1 and 3 vol% of PS-BFO-GNP nanocomposites

PS-BFO-GNP nanocomposite rdc (X
-1 m-1) A n Goodness of fit (R2)

1 vol% GNP 2.901 9 10-8 2.791 9 10-10 0.966 0.99

3 vol% GNP 1.354 9 10-6 2.997 9 10-9 0.754 0.99

Fig. 6 Hysteresis loop of the PS-BFO-GNP and PS-BFO nanocomposites at room temperature
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polarization is (2 Pr *1.17 lC/cm2). The remnant polarization is directly

proportional to the piezoelectric response of the material [37]. As the remnant

polarization of three-phase nanocomposites is higher than that of two-phase

nanocomposite system, it shows better piezoelectric properties. Hence, it has more

practical applications in electronic industries. Furthermore, the piezoelectric

coefficients (d33) are found to be 6 pC/N for three-phase PS-BFO-GNP

nanocomposites, and 6.3 pC/N for two-phase PS-BFO nanocomposites. The

hysteresis loops and piezoelectric coefficients (d33) confirm that the investigated

nanocomposites exhibit ferroelectric properties at room temperature.

Conclusions

In summary, we have prepared the three-phase PS-BFO-GNP nanocomposite films

with GNP as conductive filler by solution casting techniques. It is found that the

incorporation of GNP into the PS-BFO matrix can effectively enhance the dielectric

constant of PS-BFO-GNP nanocomposites. The dielectric constant of PS-BFO-GNP

nanocomposites reaches as high as &75 at 0.1 kHz for percolation threshold at 3

vol% of GNP, which is 25, 6 and 8 times higher than that of pure PS, PS-BFO and

PS-GNP nanocomposites. The AC conductivity and ferroelectric properties are

improved for three-phase nanocomposites as compared to those of two phases. The

enhancement in dielectric and ferroelectric properties supports the possibility of end

use utility as new class of polymer-based materials for electronic device

applications.
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