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Abstract
The interfacial polarization between PVDF and BaTiO

3
 was studied using density functional theory calculations and 

atomic charge density analysis. A comparative study of dielectric relaxation, thermodynamic properties and impact 
analysis of the electrospun polyvinylidene fluoride (PVDF) and a 3 % BaTiO

3
–PVDF nanofibrous composite are presented. 

The frequency-dependent dielectric properties revealed the microstructural feature of the composite material. The 
impedance analysis and Nyquist plots showed a decrease in the bulk resistance of the composite compared to the pure 
PVDF. The temperature dependence of the electric modulus shows Arrhenius-type behavior. The electric loss modulus 
relaxation peak shifts towards the high frequency side which indicates a decrease in relaxation time and faster charge 
carrier dynamics. The observed non-Debye type dielectric relaxation in electric loss modulus follows a thermally activated 
process, which can be attributed to the polaron hopping effect. The particle-induced crystallization of the PVDF polymer 
is supported by thermodynamic properties from differential scanning calorimetric measurements. The observed increase 
in piezoelectric response from high strain rate impact sensing was attributed to the interfacial interaction between PVDF 
and BaTiO

3
.
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1  Introduction

Flexible bioinspired materials are an emerging area of 
research, especially for wearable, IoE (Internet of Every-
thing), real-time health monitoring [1–4] and energy har-
vesting applications [5]. PVDF–BaTiO3 composite material 
is an excellent choice for making flexible sensors with real-
time health monitoring applications [6]. PVDF is a semic-
rystalline polymer [7], and due to its piezoelectric behavior, 
it has potential applications for making flexible piezoelec-
tric sensors and generators [8, 9]. BaTiO3 is an important 
member of the lead-free perovskite compounds [10]. 
At room temperature, BaTiO3 has the tetragonal crystal 

structure having spontaneous polarization. The origin of 
spontaneous polarization in the absence of applied field 
can be explained on the basis of distortion in the crystal 
structure resulting in the absence of the center of sym-
metry. By adding BaTiO3 as a ceramic filler, the composite’s 
dielectric permittivity can be increased [11, 12]. The unu-
sual piezoelectric property of the resulting composites [13] 
can also find use in high-energy-density capacitors [14] 
and flexible bionic energy harvesters [15, 16].

PVDF–BaTiO3 nanocomposite system has been studied 
with different processing techniques including melt pro-
cessing [17], solution casting [18, 19], molten salt method 
[20], compression molding [21], sol–gel method [22], 
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electrospinning [12, 17], reversible addition-fragmentation 
chain transfer (RAFT) [23] and additive manufacturing/3D 
printing [24, 25]. The 3D printing of hybrid materials with 
PVDF and BaTiO3 showed nearly 20-fold increase in die-
lectric constant compared to the pure PVDF [25]. Other 
piezoelectric polymer composites have been made either 
by spin casting or drop-casting methods [26–28] for use 
in structural health monitoring applications. Two issues 
affect their viability. One is the need for post-manufactur-
ing poling and another the difficulty with long term dura-
bility when they are attached using adhesives. We address 
the need for poling by using an electrospinning approach 
to fabricating the composites. The application of a high 
voltage, when the chains have high mobility in solution 
enables piezoresponse without poling [29]. We address 
the need for an adhesive through evaluation of flexible 
textile design. The resulting flexible sensing composite 
with a improved surface area/surface energy is capable 
of attachment to complex curved surfaces, without loss 
of sensitivity.

Electrospinning is a novel method for fabricating thin 
nanofibrous mesh with high surface area [30–32] and sur-
face energy [29] eliminating the adherence issue, making 
it an excellent choice for preparing flexible impact sensors. 
Composites made by electrospinning process undergo 
mechanical stretching with high electric fields which pro-
vides a local poling, thereby increasing the crystallinity 
of the polymer. The increased crystallinity also increases 
the piezoelectric properties of the resulting composite. 
The electrospun mats can also be modified into smart 
fabrics with twisted yarn method [33]. Considering these 
advantages, electrospinning was used to prepare the 
PVDF–BaTiO3 nanocomposite.

Fundamental understanding of the interfaces in the 
heterogeneous systems is very important in order to 
fine tune its properties. In the case of nanocomposites, 
the interfacial interaction between the ceramic filler and 
polymer plays a crucial role in determining the property of 
the material. Although the performance of the composite 
materials is often attributed to the interfacial interaction 
[34], there is no detailed atomic level description of the 
interface. This is due to the fact that the interfacial inter-
action at the atomic level is not directly observable using 
current state of the art characterization tools and DFT cal-
culations. The density functional theory-based calculations 
followed by atomic charge density analysis can be used to 
provide useful information about the interface between 
the polymer and ceramic materials. To the best of our 
knowledge, there is no study on the interfacial interaction 
between the PVDF polymer and BaTiO3 . Here, for the first 
time, using a combined experimental and DFT approach, 
the interface between orthorhombic �-phase PVDF and 
tetragonal-BaTiO3 has been explored.

The present work describes the Bader’s charge analysis 
of the interface, to understand the atomic charge distri-
bution at the interface region, dielectric relaxation, ther-
modynamic properties and impact sensing property of 
PVDF–BaTiO3 nanofibrous composite. The increase in the 
piezoelectric property and dielectric response of the com-
posite was correlated with the interfacial polarization, par-
ticle ( BaTiO3)-induced crystallization of the PVDF polymer 
and polaron hopping mechanism.

2 � Experimental

2.1 � Materials

The powder form of polyvinylidene fluoride (PVDF) poly-
mer was purchased from Sigma-Aldrich (CAS Number 
24937-79-9) with a average molecular weight of ∼ 534,000 
(Mw), density of 1.74 g/mL at 25 ◦ C and the refractive 
index is 1.43 (n20/D). BaTiO3 (FW 233.24) was obtained in 
powder form from Sigma-Aldrich (CAS Number 12047-27-
7). The average particle size is < 3 micron with the purity 
of 99 % with a density of 6.08 g/cc at 25 ◦ C. N, N-Dimethyl-
formamide (DMF) (MW 73.09 g/mol) CHROMASOLVⓇ Plus, 
for HPLC, ≥ 99.9% was purchased from Sigma-Aldrich (CAS 
Number 68-12-2) and was used as a solvent for dispersing 
BaTiO3 and electrospinning.

2.2 � Fabrication of nanofibrous electrospun mesh

The PVDF nanofibers and a 3 % BaTiO3 in PVDF nanofibrous 
polymer composite mesh were prepared via electrospin-
ning process by using 20 kV applied voltage. The average 
particle size of BaTiO3 is < 3 micron with the purity of 99 % . 
The 20 kV was selected based on trial and error approach 
to get nanometer sized fibers. The electrospinning solu-
tion was optimized using 2 k factorial design approach as 
reported in [29]. The concentration of ceramic filler was 
chosen as 3 % to get uniform fibrous morphology. The con-
centration was chosen based on the feasibility of electro-
spinning process.

2.3 � Density functional theory (DFT) calculations 
and Bader charge analysis

Although the monoclinic �-phase is the dominant phase 
among the four major polymorphs of PVDF ( � , � , � , � ) [35], 
the �-phase is desired due to its electroactivity. Electro-
spun PVDF–BaTiO3 composite has a higher content of �
-phase compared to the other processing routes like com-
pression molding [29]. So, the orthorhombic �-PVDF was 
chosen for the interfacial studies. The tetragonal BaTiO3 
(P4mm) � = � = � = 90 ◦ ; a and b = 3.9999 Å , c = 4.0170 
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Å ) and orthorhombic �-PVDF (Cm2m) � = � = � = 90 ◦ ; a 
= 8.6915 Å , b = 4.8929 Å , c = 2.5675 Å ) were combined 
with lattice matched sites in an orthorhombic unit cell and 
relaxed. The two unit cells were combined using the lat-
tice matching algorithm [36] as implemented in Atomistic 
toolkit software. This is to minimize the interfacial strain 
between the �-PVDF and BaTiO3 . The interfacial distance 
between �-PVDF and BaTiO3 was 1.9482 Å.

The self-consistent DFT calculations were carried out 
using the real-space projector-augmented wave (PAW) 
method [37, 38] as implemented in GPAW [39, 40]. A real-
space grid spacing of 0.18 Å was used. The Brillouin zone 
was sampled using the Monkhorst-Pack scheme [41]. All 
calculations were converged to a energy of < 0.5 meV. 
The Perdew–Burke–Ernzerhof (PBE) generalized gradient 
approximation functional [42] was used for these calcula-
tions. The chosen k-point grid were ( 4 × 4 × 4 ), ( 4 × 4 × 4 ) 
and ( 6 × 6 × 6 ) for BaTiO3 , PVDF and PVDF–BaTiO3 systems, 
respectively.

The charge density on individual atoms in the systems 
were calculated using the algorithm implemented by 
Henkelman et al., [43, 44] based on the Bader partition-
ing scheme [45]. The charge density was calculated for 
isolated BaTiO3 , �-PVDF and compared with PVDF–BaTiO3 
system.

2.4 � Scanning electron microscopy (SEM)

A FEI-Quanta Environmental SEM was used to get the lat-
eral image of fibers. The analysis was carried out at low 
vacuum using a 15 kV beam current and 5.0 nm spot size. 
To prevent surface “charging” and to protect the sample 
surface from e-beam induced damage, a thin conducting 
layer with (60/40) Pd/Au alloy was sputter deposited on 
the sample surface as described in dielectric analysis in 
the following section.

2.5 � Temperature and frequency‑dependent 
dielectric analysis

Microstructure of the composite material was analyzed by 
dielectric analysis. Temperature and frequency-dependent 
dielectric spectroscopic measurements were carried out 
using TA instrument ARES strain-controlled shear rheom-
eter and an E4980A LCR meter (Agilent technologies). 
The sample surface was coated with a blocking electrode 
of (60/40) Pd/Au alloy [46] using sputtering with Ar ion 
plasma. The purpose of the blocking electrode is to pre-
vent the charge accumulation at the electrode/dielectric 
material interface. A Model 5100 from POLARON instru-
ments Inc. was used to sputter the sample. The voltage 
and current were set at 2.5 kV and 5 mA. The plasma was 

initiated at 20 mA current and sustained for 2 min to coat 
a thin conducting layer to prevent the electron accumula-
tion and to have a better electrical contact.

The electrospun mesh was cut into 24-mm (diameter) 
samples with the thickness of ≈ 0.55 mm, and the 24-mm 
parallel plate geometry of the rheometer was employed 
for dielectric analysis. During the frequency scan measure-
ment, the Agilent multimeter applied 1V DC voltage to 
sample, to prevent the charge building up at the interface 
of the dielectric material and parallel plate electrodes. The 
applied DC voltage causes the molecules to align from a 
random orientation. By applying the AC sinusoidal volt-
age, the dielectric storage and loss can be measured. The 
frequency of the AC electric field was scanned from 20 Hz 
to 2 MHz. The samples were studied in the temperature 
range of 100–180 ◦ C, because the melting point of PVDF 
is around 170 ◦ C to 180 ◦ C. The real and imaginary part 
of dielectric permittivity as a function of temperature at 
different frequencies was studied. The impedance and 
electric modulus were calculated from the dielectric per-
mittivity values.

2.6 � Differential scanning calorimetry (DSC)

The crystallization and melting behavior of electrospun 
PVDF fiber and PVDF–BaTiO3 composite were investigated 
by using the Perkin Elmer DSC 6 in a nitrogen atmosphere. 
Approximately 4 to 6 mg of the sample was sealed in an 
aluminum pan. Heating and cooling scans were performed 
at 10 ◦C/min between 30 and 220 ◦ C. Samples were held at 
220 ◦ C in the molten state for 5 min to eliminate previous 
thermal history prior to the cooling scan.

2.7 � Piezoelectric analysis by impact measurement

The piezoelectric properties of the electrospun meshes 
were analyzed using impact analyses. The electrospun 
meshes were cut into 6.5 cm2 and sandwiched between 
two copper plates of 1 mm thickness. The impacted force 
causes voltage generation in the material which was ana-
lyzed using the oscilloscope (Tektronix TDS 3054C). The 
experimental setup is given in supplemental Fig. S5.

The impact force on the electrospun mesh samples was 
imparted using a hand-held impulse force hammer (model 
086C03 from PCB Piezoelectronics). The applied force was 
measured using the piezoelectric force transducer (Quartz) 
at the tip of the hammer. The measured output voltage 
(mV) due to impact force on the transducer was converted 
to force (N) using the following relation with the impact 
hammer’s sensitivity value of 2.25 mV provided by the 
manufacturer.
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3 � Results and discussion

Schematic representation of fabrication and multiphysics 
approach is shown in supplemental Fig. S1.

3.1 � Interfacial charge distribution analysis

Firstly, the plane wave basis set was used for solving the 
time-independent Schrödinger equation (2) among the 
atoms in a stationary system.

where Ĥ is the Hamiltonian operator and can be written as

where T̂e is kinetic energy operator for electrons, V̂en is 
the electron-nucleus interaction and V̂ee is the electron-
electron interaction, Ψ is the wave function and constant 
E defines the energy level of the system.

The output from this quantum mechanical calculation 
contains the plane wave function/electron charge density 
which is continuous. To get information such as polariza-
tion/charge distribution in atoms, it is essential to partition 
the electron charge density. Bader’s partitioning scheme 
[45] applies a large grid to the charge density of atoms, 
and the partitioning algorithm [43, 44] follows the steep-
est ascent paths along the charge density gradient. When 
a charge density maximum is reached, the algorithm 
rejects the subsequent paths enabling the mapping of 
charge density distribution of the system under study. The 

(1)Force (N) =
Voltage (mV)

2.25 mV/N

(2)ĤΨ = EΨ

(3)[T̂e + V̂en + V̂ee]Ψ = EΨ

charge distribution obtained from this analysis was plot-
ted as 2D contour surface plots with heat map in Figs. 1b, 
2b and 3b, respectively. The highest and the lowest points 
reflect the charge density being maximum and minimum.

The charge density contour plots suggest that, when 
PVDF and BaTiO3 comes in contact, there is a transfer of 
charge at the interface. This results in Ba atoms which are 
close to the interface experiencing less screening from the 
electrons in the neighbor atoms, in the consequent higher 
charge density on Ba leads to a higher polarization.

This phenomenon is also consistent with the results 
from first principles calculations of atomic scale permit-
tivity of the C12H25 molecule/SiO2 interface [47], isotactic-
polypropylene/Al2O3 and isotactic-polypropylene/PbTiO3 
interfaces [48] where an increase in optical and static per-
mittivity values at the interfaces were reported.

Fig. 1   a Tetragonal BaTiO
3
 , b Bader charge analysis of BaTiO

3

Fig. 2   a Orthorhombic �-phase PVDF, b Bader charge analysis of �
-phase PVDF

Fig. 3   a Tetragonal BaTiO
3
-�-PVDF system, b Bader charge analysis 

of interface between BaTiO
3
 and �-phase PVDF
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3.2 � Morphology and microstructural analysis 
of PVDF‑BaTiO3 electrospun composite

The gecko toe pads consist of a complex microstructure 
with long hairs called setae which further branches out 
into a fibrillar structure called spatulae. The diameter of 
these fibers are on the order of 200 nm to 400 nm making 
their sticky toe to climb on any surfaces [49]. The diam-
eter of the electrospun PVDF–BaTiO3 fibers were opti-
mized to produce fibers in the range of 200 nm to 400 
nm. This unique mesoscale morphology will aid in solving 
the adherence issue of spin/drop cast films with complex/
curved surfaces. The SEM pictures were analyzed using 
Image J [50] and given in supplemental Fig. S2. The aver-
age fiber diameter of PVDF mesh was ≈ 850 nm and the 
PVDF–BaTiO3 composite was ≈ 250 nm as reported in our 
previous studies [29].

3.3 � Molecular structural analysis and charge 
dynamics by dielectric characterization

To understand the relaxation effect and interfacial inter-
action between the PVDF and BaTiO3 in the electrospun 
composite material, it is important to understand the basic 
polarization mechanisms, present in a dielectric material. 
When a dielectric material is subjected to an applied elec-
tric field, the positive and negative charges in the material 
become polarized to compensate for the applied electric 
field, causing a net polarization in the material. When the 
material is examined macroscopically, the presence of all 
dielectric dipoles will contribute to the overall net polari-
zation P in a material.

The individual dielectric dipoles can be characterized 
according to their length and time scale as electronic, 
ionic, molecular (dipole), and interfacial (space-charge) 
polarization as given in Eq. (4). All these mechanisms con-
tribute to the overall permittivity ’ � ’ (also known as short 
range conductivity) to account for the presence of polari-
zation P in the material.

Most materials show frequency dependent dielectric 
properties, because slower mechanisms present in the 
material fail to respond and contribute to the dielectric 
storage ( �′ ) when the frequency becomes large. The die-
lectric properties can also show a dependence of tem-
perature, applied field, crystal structure, impurities and 
defects present in the material [51] [52]. The frequency 
and temperature dependent dielectric measurements can 
give insight into the molecular structure of the polymer 
composite including the effects of added ceramic filler 

(4)Pnet = Pelectronic + Pionic + Pmolecular + Pinterfacial

and their grain boundaries [53]. The contribution of poly-
mer/ceramic interfaces, electrode effects and dynamics of 
charge carriers in the material can by analyzed using com-
plex impedance analysis. The complex electric modulus 
analysis can be employed to explore the carrier hopping 
rate, relaxation phenomena in the polymer composite 
system.

It is to be noted that the relaxation process in hetero-
geneous polymer–ceramic system involves the oscillation 
of segmented polymer chains and dipoles (ionic polariza-
tion) present in the ceramic system. In addition to these 
two, the electrode effects (if present), interfacial charge 
transfer and polaron hopping (space-charge polarization) 
also contribute to the relaxation processes.

3.4 � Frequency‑dependent dielectric permittivity

The frequency-dependent dielectric properties of PVDF 
nanofibers and PVDF–BaTiO3 nanofibrous composites were 
compared between the temperature range of 100–180 ◦ C. 
The frequency dependence of real ( �′ ) and imaginary 
part ( �′′ ) of the complex dielectric permittivity between 
the temperature range of (100–180 ◦ C) are presented in 
Figs. 4 and 5, respectively. The frequency-dependent real 
part ( �′ ) of the complex permittivity values are higher for 
PVDF–BaTiO3 nanofibrous composite compared to the 
neat PVDF as in Fig. 4a. The observed increase in value is 
due to the contribution from increased interfacial polariza-
tion at the PVDF–BaTiO3 interface. 

For the PVDF–BaTiO3 nanofibrous composite in Fig. 4b, 
there is also an increase in dielectric permittivity at the 
frequency range of 20–103 Hz after 150 ◦ C. This increase in 
�
′ values after 150 ◦ C is due to the presence of  BaTiO3 par-

ticles. Further, in Fig. 5a we can see a considerable increase 
in the loss factor ( �′′ ) for PVDF nanofibers after 130 ◦ C in 
the frequency range from 104 to 106 Hz. Since, the melt-
ing temperature of PVDF is around 170–180 ◦ C and after 
130 ◦ C, the PVDF molecules tend to rotate and vibrate 
due to the increase in thermal energy, causing the �′′ to 
increase, whereas in case of PVDF–BaTiO3 system in Fig. 5b, 
the loss factor ( �′′ ) found to decrease with respect to fre-
quency. Although the loss factor ( �′′ ) value increases with 
temperature, the decrease in loss factor with frequency 
response can be attributed to the particle-induced crys-
tallization, which causes the polymer to crystallize around 
BaTiO3 particles leading to restricted motion. The particle-
induced crystallization is due to heterogeneous nucleation 
and crystallization [54, 55]. However, in this case, since, 
the electrospinning offers local poling, a combination of 
homogeneous nucleation (electric field induced crystal-
lization) and heterogeneous crystallization occurs in the 
PVDF–BaTiO3 system.
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3.5 � Impedance behavior

The impedance ( Z∗ ) of a material can be explained using 
complex numbers [7] having both magnitude |Z| and 
phase angle � as follows

The complex impedance ( Z∗ ) consisting of real and imag-
inary parts of the complex number and can be used to 
explain the resistive behavior of the material in response 
to applied frequency. The impedance data in the complex 
plane can be represented using the following formalisms 
which are related to each other as follows

(5)Z∗(�) = |Z| cos� − j |Z| sin�

(6)Z∗ = Z
�
− Z �� =

1

j � C0 �
∗

where Z∗M∗Y∗�∗ are complex quantity having real and 
imaginary parts of impedance, electric modulus, admit-
tance and dielectric permittivity, respectively. The j is 
imaginary factor, C0 is capacitance of vacuum [56] and � 
is angular frequency ( 2�f ).

The real ( Z ′ ) and imaginary ( Z ′′ ) parts of the imped-
ance are associated with the existence of resistor (in 
phase) and capacitor (out of phase) with the applied 
AC signal. The resistive ( Z ′ ) and reactive part ( Z ′′ ) of 

(7)M∗ = M
�
− j M�� =

1

�∗
= j � C0 Z

∗

(8)Y∗ = Y
�
− j Y �� =

1

Z∗
= j � C0 �

∗

(9)�∗ = �
�
+ j ��� =

1

j � C0 Z
∗

(a) (b)

Fig. 4   Iso-thermal frequency variation of real part of the permittivity ( �′ ) at different temperatures

(a) (b)

Fig. 5   Iso-thermal frequency variation of imaginary part of the permittivity ( �′′ ) at different temperatures
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impedance can be expressed in terms of dielectric per-
mittivity as follows.

where R and C are associated with resistor and capacitor, 
respectively. The frequency dependence of impedance 
resistive part ( Z ′ ) and reactive part ( Z ′′ ) of PVDF nanofibers 
and PVDF–BaTiO3 nanofibrous composites are given from 
the temperature range of 100–180 ◦ C in supplemental Fig. 
S3 and supplemental Fig. S4.

The decrease in Z ′ (resistive part) value with increase 
in frequency in supplemental Fig. S3(a) can be attributed 
to the PVDF segmental molecules which are in resonance 
with applied frequency. For PVDF–BaTiO3 nanofibrous 
composite, in supplemental Fig. S3(b), it is seen that at the 
temperature range from 100 to 120 ◦ C, there is a monoto-
nous decrease of Z ′ value with increase in frequency. From 
130 ◦ C, the Z ′ value is independent of frequency for up to 
104 Hz. This is due to the contribution of resistance from 
BaTiO3 grain boundaries. After 104 Hz, the Z ′ becomes 
dependent of frequency. As the temperature increases, 
the Z ′ value decreases. For the composite in supplemen-
tal Fig. S3(b), the higher value of Z ′ at lower frequencies 
denote larger polarization contribution from BaTiO3.

The frequency dependent Z ′′ plot of PVDF is given in 
supplemental Fig. S4(a) indicates a slight increase in Z ′′ 
value from 160 to 180 ◦ C up to 100 Hz, after 100 Hz, the Z ′′ 
value shows a decreasing trend similar to the temperature 
range from 100 to 150 ◦ C. This slight increase in Z ′′ value 
can be attributed to PVDF’s melting temperature causing 
an increase in movement of segmental molecules from 160 
to 180 ◦ C. In case of PVDF–BaTiO3 system in supplemental 
Fig. S4(b), there is a slight increase in Z ′′ value around 100 
Hz, but start decreasing after 150 ◦ C. The slight increase in 
Z ′′ value can be attributed to the temperature-dependent 
dipole oscillation in BaTiO3 . To get further insight into the 
dielectric relaxation behavior, Z ′ versus Z ′′ are plotted as a 
Nyquist plot and presented in the following section.

3.6 � Complex impedance plots and equivalent 
circuits

The displacement of electric charge in a material can take 
place by two different charge transport mechanisms, (i) by 
polarization in which the charge motion is localized and 
confined and (ii) charge transport occurs by diffusion for 
longer length scales. The motion of electric charge in the 
PVDF–BaTiO3 composite system can be studied by plotting 

(10)Z
�
=

1

2 � f C0

���

�
�2 + ���2

= R

(11)Z �� =
1

2 � f C0

�
�

�
�2 + ���2

=
−j

�C

the imaginary part versus the real part of the complex 
impedance as Nyquist plots (Fig. 6).

The complex impedance of a dielectric material sand-
wiched between the two parallel metallic plate configura-
tion can be explained with parallel RC (Resistance-Capac-
itance) circuit.

The semicircular shape of the curve on the complex 
impedance plane, as shown in Fig. 6 can be understood 
with equivalent circuits [57]. At low frequencies, the 
impedance of the capacitor/dielectric material is large; 
therefore, the majority of the current is flowing through 
the resistor. As the temperature and frequency increases, 
efficient charge transfer takes place, leading to a decrease 
in impedance eventually reaching close to zero imped-
ance. As the temperature gets close to the melting point 
of the PVDF, the diffusion of charge carriers takes place 
which is observed as a small tail denoted by a leaky circuit 
in Fig. 6d. The well-formed semicircular arc in the tempera-
ture range (130–150 ◦ C) in Fig. 6c, indicates grain effect 
due to the presence of BaTiO3.

From 160 to 180 ◦ C in PVDF nanofibers in Fig. 6b, a 
single semicircle forms as temperature increases, which 
indicates that only one primary mechanism is responsible 
for the electrical conduction within the sample between 
the temperature range of 160–180 ◦ C. In other words, the 
absence of other semicircles in the complex impedance 
plots suggests that the conduction is due to oscillation 
of the segmental molecules indicating the dominance of 
bulk contributions in PVDF nanofibrous membrane. It is 
also observed that Fig. 6b, as the temperature increases 
around 170 ◦ C, the intercept points on the real axis shift 
towards the origin, indicating a decrease in the bulk resist-
ance. This can be attributed to the melting temperature 
of PVDF, which causes the resistive part of impedance to 
decrease.

When PVDF–BaTiO3 was examined in Fig.  6c, d, the 
intercept points on the real axis start shifting towards 
the origin from 140 ◦ C onwards, indicating contribution 
of BaTiO3 grains leading to decrease in the resistive prop-
erty. In addition, the semicircle has the real-axis intercept 
at the end, denoting bulk electrolyte resistance. Here, the 
electrolyte being the nanofibrous composite sandwiched 
between the two parallel plate electrodes.

For PVDF–BaTiO3 nanofibrous composite in Figs. 6c, d, the 
radii of the semicircles were decreasing with the increase 
in temperature, representing the distribution of relaxation 
times and decrease in the resistivity of the material with a 
deviation from the ideal Debye type relaxation. The devia-
tion of ideal Debye type relaxation can be attributed to the 
BaTiO3 grain boundary contribution. In other words, the 
addition of BaTiO3 to PVDF causes the trapping of charges 
at the interface that diffuse after the PVDF melting tempera-
ture. This does not occur in the pure PVDF without BaTiO3 
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providing a mechanistic contribution to polarization of 
BaTiO3.

3.7 � Electric modulus analysis

To probe the interfacial polarization and dielectric relaxation 
effects in composites, complex electric modulus formalism 
[58] was used. The complex electric modulus formalism can 
also be used to study the dielectric relaxation phenomena 
in many polymer systems [17, 59–61]. The complex electric 
modulus ( M∗ ) can be defined in terms of reciprocal of com-
plex dielectric permittivity ( �∗ ) as

The complex electric modulus constitutes real ( M′ ) and 
imaginary part ( M′′).

In the above equation, � is angular frequency ( � = 2�f  ), 
C0 is capacitance of vacuum and Z∗ is complex impedance. 

(12)M∗ =
1

�∗

(13)M∗ = M
�
+M�� = j � C0 Z

∗

The real part ( M′ ) and imaginary part ( M′ ) of electric modu-
lus ( M∗ ) can be expressed in terms of real ( �′ ) and imagi-
nary part ( �′′ ) of dielectric permittivity as follows:

The calculated M′ and M′′ from Eqs. (14) and (15) are 
plotted as a function of frequency at different tempera-
tures in Figs. 7 and 8. For PVDF, the value of M′ is very 
small in the low frequency region, but as frequency 
increases, the electric modulus ( M′ ) increases. As tem-
perature increases from 120 to 180 ◦ C in Fig. 7a, b, the 
electric modulus M′ decreases for both PVDF nanofibers 
and PVDF–BaTiO3 nanofibrous composite. In the electric 
loss modulus spectra M′′ of PVDF nanofibers in Fig. 8a, a 
relaxation process can be identified by the peak in the 
M′′ curves at 160–180 ◦ C. The M′′ peaks for the relaxation 

(14)M� =
�
�

�
�2 + ���2

(15)M�� =
���

�
�2 + ���2

Fig. 6   Complex impedance plots for a Electrospun PVDF mesh (130–150  ◦C), b Electrospun PVDF mesh (160–180  ◦C), c PVDF–BaTiO
3
-3% 

nanofibrous composite mesh (130–150 ◦C), d PVDF–BaTiO
3
-3% nanofibrous composite mesh (160–180 ◦C)
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process for PVDF and PVDF–BaTiO3 in Fig. 8, shifts to 
higher frequency with the rise in temperature.

For PVDF–BaTiO3 nanofibrous composite in Fig. 8b, the 
relaxation peaks can be observed from temperature 120 
to 180 ◦ C. The additional relaxation peaks in the M′′ spec-
tra can be attributed to Maxwell–Wagner–Sillars (MWS) 
polarization which occurs in the interface between 
non-homogenous/heterogeneous materials where the 
materials have different dielectric permittivity [62]. MWS 
model [63, 64] can also be used for explaining the polari-
zation in semicrystalline polymers like PVDF, where the 
permittivity of crystalline and amorphous phase differs 
[65].

3.8 � Holstein polarons with Arrhenius plots

The scaling behavior of the samples was studied by plot-
ting M��∕M��

max
 versus log10f∕fmax at different tempera-

tures. All these curves overlap in one master modulus 
curve which gives insight into the dielectric response of 
the material. The normalized master curves are shown in 
Fig. 9a (PVDF mesh) and Fig. 9b (PVDF–BaTiO3 nanofibrous 
composite mesh). In Fig. 9b, there is a slight shift in the 
peak pattern at higher frequency region, showing asym-
metric behavior at right side of the peak where it becomes 
slightly temperature dependent. Therefore, except at 
high frequencies, a single type relaxation is observed in 

Fig. 7   The variation of real part of the complex electric modulus, M′(� ), as a function of frequency and temperature

Fig. 8   The variation of imaginary part of the complex electric modulus, M′′(� ), as a function of frequency and temperature
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the PVDF–BaTiO3 system. This kind of asymmetric behav-
ior is mostly governed by disorder/inhomogeneities in 
the materials [56] resulting in non-Debye type relaxation 
behavior.

Unlike metals, the PVDF polymer and BaTiO3 have nar-
row band structures due to the confinement of electrons. 
Due to the narrow band structure, there is a considerable 
decrease in mobility of charge carriers. So, the confined 
electron will distort or polarizes the crystal lattice [66]. This 
creates a binding force between electron and distorted 
lattice leading to the formation of quasiparticle called 
polaron [67].

Typically, the polarons are classified as large and small 
polarons, according to the binding forces and the envi-
ronment in which the charge carrier resides. The strong 
polarons are characteristics of ionic compounds in which a 
strong binding force exists between charge carrier and the 
lattice leading to polaron having large effective mass [68]. 
Usually, the spatial extent of these large polarons exceeds 
the lattice constant and are called Fröhlich polarons [69]. 
The small polarons are called Holstein polarons [70, 71] 

where the spatial extent of polarization is about the size of 
the lattice constant and typically found in organic materi-
als in which only a small amount of energy is required to 
make a distortion in the structure. The hopping behavior 
of large polarons is quite similar to that of electrons or the 
holes, while small polarons follow a thermally activated 
Arrhenius-like hopping process whose exponent depends 
of the binding energy and the temperature [72]. The small 
polarons can also conduct through tunneling process, 
which depends on the crystal structure and composition 
of the material.

The M′′ versus f curves which shifts towards higher fre-
quency with increase in temperature. The maximum angu-
lar frequency �max(2�fmax) corresponds to M′′

max
 (maximum 

value of M′′ ), is the reciprocal of the relaxation time, �M:

where �M is the relaxation time calculated from elec-
tric modulus. At different temperatures, this relaxation 

(16)�max =
1

�M

(a) (b)

(c) (d)

Fig. 9   Normalized master curves of a Electrospun PVDF mesh b PVDF–BaTiO
3
-3% nanofibrous composite mesh and Arrhenius plots of c 

Electrospun PVDF mesh d PVDF–BaTiO
3
-3% nanofibrous composite mesh
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frequency �max is different and increases with increase in 
temperature. This kind of temperature dependence fol-
lows Arrhenius-type behavior and can be expressed as 
follows:

where �0 is the pre-exponential factor, KB is the Boltzmann’s 
constant (∼ 8.617 × 10−5eV ) , T is temperature in Kelvin 
and Ea is the activation energy. The pre-exponential factor 
�0 and activation energy Ea were calculated by solving the 
above equation. Taking ln on both sides of Eq. (17) we get,

Rearranging Eq. (19),

Equation  (20) fits the linear regression equation 
y = mx + c , from which, the pre-exponential factor �0 and 
activation energy Ea were calculated.

The observed fitting parameters �0 and Ea for PVDF 
nanofibers and PVDF–BaTiO3 nanofibrous composite are 
listed in Table 1. The calculated activation energy cor-
responds to thermally activated small polaron (Holstein 
polaron) hopping. The observed increase in value of the 
activation energy of PVDF–BaTiO3 nanofibrous compos-
ite is due to the increase in binding energy of charge 
carrier with the ionic BaTiO3 compound. The decrease 
in relaxation time ( �M ) with increase in temperature can 
be attributed to the enhancement of mobility of charge 
carriers occurring at higher temperatures. The polaron 
hopping effect can be attributed to the temperature-
dependent relaxation behavior at the high frequency 
region.

(17)� = �0 exp

(
Ea

KB T

)

(18)ln � = ln �0 + ln exp

(
Ea

KB T

)

(19)ln � = ln �0 −

(
Ea

KB T

)

(20)ln � =

(
−Ea
KB

)
1

T
+ ln �0

3.9 � Thermodynamic properties

The particle-induced crystallization was studied using DSC 
analysis. Figure 10 shows the second heating and second 
cooling curves for PVDF and PVDF–BaTiO3 nanofibrous 
composite. DSC results of the pure PVDF nanofibers and 
PVDF–BaTiO3 nanofibrous composite are summarized in 
Table 2. Melting temperature ( Tm ), melting enthalpy ( ΔHm ), 
melt crystallization temperature ( Tmc ), and melt crystalli-
zation enthalpy ( ΔHmc ) were obtained from the second-
heating and second-cooling thermograms.

PVDF nano-fibrous mesh has the melting temperature 
159.72 ◦ C and melting enthalpy of 0.5546 J/g. The 3 % 

Table 1   Relaxation time and activation energy for PVDF nanofibers 
and PVDF–BaTiO

3
 nanofibrous composite

Sample Relaxation at infinite 
time ( �

0
)

Activation 
energy ( E

a
 ) 

(eV)

PVDF mesh 3.56E−11 0.67
PVDF–BaTiO

3
-3% 3.10E−21 1.66

(a)

(b)

Fig. 10   Differential scanning calorimetry. a Second heating curves 
and b second cooling curves

Table 2   Differential scanning calorimetry results from second-heat-
ing and second-cooling thermograms

Sample T
m

(◦C) ΔH
m

 (J/g) T
mc

(◦C) ΔH
mc

 (J/g) X
c
 ( %)

PVDF mesh 159.72 0.5546 132.81 − 1.0624 0.53
PVDF–BaTiO

3
-3% 162.13 38.8208 131.99 − 50.8864 36.97
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addition of BaTiO3 causes an increase in melting tempera-
ture of 162.13 ◦ C and corresponding melting enthalpy 
( ΔHm ) increased significantly to 38.8208 J/g. PVDF nano-
fibrous mesh has the crystallization temperature ( Tmc ) of 
132.88 ◦ C. The corresponding degree of crystallinity ( Xc ) 
of the samples were determined by

where ΔH0 is the enthalpy of crystalline PVDF (105 J/g) 
[73]. The degree of crystallinity was found to be 0.53 and 
36.97 for PVDF and PVDF–BaTiO3-3% , respectively. The 
increase in crystallinity compliments the heating scan 
results where increase in enthalpy values was observed 
by the addition of 3 % BaTiO3 . In addition to electrospin-
ning, the 3 % addition of BaTiO3 particles act as a nucleating 
agent for the crystallization of PVDF in the composite.

The increased crystalline nature of the PVDF can also 
be viewed from materials processing aspect. By applying 
electric field in excess of 1 MV/cm, there is a residual polar-
ization in crystal phase of PVDF [74]. The particle-induced 
polarization is also enhanced by applying electric field 
(20 kV during electrospinning process), which causes the 
local poling, leading the polymers to align themselves in 
an isotactic configuration leading to increased rotational 
polarization in polymer composite. This combination of 
field-induced and dielectric filler-induced polarization jus-
tifies the increased crystallization behavior of PVDF–BaTiO3 
composite, observed from thermodynamic studies.

3.10 � Impact sensing

The impact sensing results are shown as Force versus 
charge generated plot in supplemental Fig. S6. The results 
in Table 3 indicated that the higher voltage generated 
in the composite structure is due to the combination of 
increase in particle-induced crystallization and increased 
interfacial polarization due to the presence of BaTiO3 
particles in the system. The nanofibrous structure offers 

(21)Xc =

(
ΔHm

ΔH0

)
× 100%

increased interfacial adhesion between the piezoelec-
tric material and electrodes which facilitates the efficient 
charge generation and transportation.

The constitutive relationship for direct piezoelectric 
effect can be written as

where D is electric displacement/flux density (C/m2 ), d is 
piezoelectric constant/electromechanical coupling con-
stant (C/N or m/V), � is stress (N/m2 ), � is permittivity (F/m), 
E is electric field intensity (V/m or N/C) and �� denotes 
permittivity at constant stress.

The overall electric displacement (D) (charge generated 
in the material) of the piezoelectric materials constitutes 
applied stress, permittivity and electric field intensity. 
The observed increase in the piezoelectricity of the pre-
pared PVDF–BaTiO3 electrospun composite system can 
be attributed to the following key factors 1. Increase in 
interfacial polarization between PVDF and BaTiO3 which 
in turn increases the permittivity and 2. Efficient charge 
transport due to small polaron hopping effect.

4 � Conclusion

The major outcomes of this work are summarized below 
which will provide a framework to study the charge trans-
port properties in the nanocomposite/hybrid system: 

1.	 The PVDF–BaTiO3 interface was studied for the first 
time, to explore the interfacial nature of the com-
pound. The experimental findings are well supported 
by the DFT and Bader charge analysis.

2.	 The DFT calculations and Bader charge analyses 
showed that the interfacial charge transfer occurs 
between PVDF and PVDF–BaTiO3 , leading to the 
increased polarization of the nanocomposite.

3.	 The frequency and temperature dependent dielectric 
characterization agrees with the DFT results showing 
an increase in dielectric permittivity with PVDF–BaTiO3 
nanocomposite. Complex impedance analysis of the 
composite revealed the decrease in bulk resistance 
with increase in temperature.

4.	 Electric modulus analysis of the PVDF–BaTiO3 system 
showed a temperature-dependent Arrhenius-type 
behavior. Further, the interfacial polarization is con-
firmed with the increased activation energy for the 
PVDF–BaTiO3 system. The BaTiO3 also contributes to 
the small polaron hopping effect which enhances the 
charge carrier dynamics and thereby piezoelectric 
property as evidenced in impact sensing analysis.

(22)D = d� + ��E

Table 3   Impact force and Voltage generated for PVDF nanofibers 
and PVDF–BaTiO

3
 nanofibrous composite

Sample Impact force (N) Voltage 
generated 
(mV)

PVDF mesh 37.3333 250
PVDF mesh 55.1111 340
PVDF mesh 85.3333 410
PVDF–BaTiO

3
-3% 24.0000 420

PVDF–BaTiO
3
-3% 33.7778 640

PVDF–BaTiO
3
-3% 88.8889 1700
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5.	 The observed scaling of electric modulus master 
curves at different temperatures indicates that the 
transport dynamics of charge carriers in PVDF–BaTiO3

-3% is almost temperature independent across the 
relaxation regime and temperature dependent only at 
higher frequencies where the mobility of charge carri-
ers increases. The relaxation regime was supported by 
DSC analysis and crystallization behavior.

6.	 The proposed mechanistic consequences of BaTiO3 
in increasing interfacial polarization and increasing 
mobility of charges at higher frequencies (short times) 
is confirmed through the impact measurements which 
show a significant increase in charge generation per 
increment in force. This indicates that the prepared 
electrospun nanofibrous piezoelectric composite can 
find application as embedded flexible impact sensing 
material for use in head wear for athletes and army 
personnel and in biomechanical energy harvesting 
applications.
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