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Abstract
The electroactiveβ-phase is themost desirable due to its highest piezo-, pyro-, and ferroelectric
properties in Poly (vinylidene fluoride) (PVDF). Theβ- phase can be nucleated by incorporation of
nanoparticles into PVDF. The objective of this study is the preparation and characterization of the
pristine PVDFfilm, and intensified dosages of the ZrO2modified composite PVDFfilms, further
piezoelectric properties of nanocomposites films are evaluated. The nanocomposite films have been
prepared by solution castingmethodwith different loadings of ZrO2. The preparedfilms are
characterized by Scanning electronmicroscope (SEM), x-ray diffraction (X-RD) analysis, Fourier
transform infrared spectra (FTIR), andDifferential scanning calorimetry (DSC), to study surface
morphology,β- phase content, crystallinity, andmelting temperature. The experimental analysis
shows that theβ- phase percentage andmelting temperature of thefilms increases with ZrO2 loading,
but the percentage of crystallinity decreases. Nanogenerators are fabricated by using the films, and
piezoelectric performances of the nanogenerators are evaluated under various external stresses. The

generatedwhile tapping by hand.

1. Introduction

Energy consumption is increasing day by day due to rapidly growing industrialization and population.
Conventional sources (also called non-renewable sources) of energy, whichmainly depends on fossil fuels, cause
global warming, pollution of the environment, and energy crisis [1, 2]. Besides conventional sources of energy,
there are non-conventional sources (also called renewable sources) of energy such as bioenergy, solar energy,
wind energy, and tidal energy [3]. Recently, harvesting energy from ceramic-based piezoelectricmaterials has
been actively investigated due to their piezoelectric, pyroelectric, and triboelectric properties. Energy harvested
from these technologies can be used on low- powered and portablemicro energy harvester to drive electronic
devices and self- powered sensors tomeasure various physical/biological/chemical inputs in a precisemanner
in various environmental conditions.However, harvesting energy from ceramic-based piezoelectricmaterials
have limitations related to device design, unstable output behaviour, and packaging issues etc To overcome these
limitations, researchers are working on polymer-basedmaterials to harvest energy. Piezoelectric energy
harvested frompolymer-basedmaterial can convert wastemechanical energy like human bodymovements (e.g.
walking, running andfingermovements),fluidmotion, andmachine vibrations into useful electrical energy
[3–6]. A piezoelectric nanogenerator (PNG) is a device, which is capable of harvesting energy by converting
externalmechanical energy into electrical energy by using piezoelectricmaterials. Traditional PNGs, which are
based on ceramicmaterials like lead zirconate titanate Pb(ZrTi)O3, Barium titanate (BaTiO3), and sodium
niobate (NaNbO3), have high piezoelectric coefficients [7–9]. However, these ceramicmaterials are toxic and
hazardous to living beings. Also, these ceramic-based PNGs are brittle in nature and also difficult tomount on
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maximum voltage generated in the case of 10 wt% loading of ZrO is 670 mV for 100 g of load, which
is approximately eight times higher than the voltage generated in the pristine- PVDF and 980 mV is
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complex surfaces [10, 11]. Therefore, researchers areworking on PNGs, which are based on piezoelectric
polymers such as Polyvinylidene fluoride (PVDF) and its copolymers as these are flexible and eco-friendly.

PVDF is known to be semi-crystalline and ferroelectric polymer. It has a simple repetitive unit of –(CH2–
CF2). It has different crystalline phases such asα,β, γ, δ, and ε phases depending on their chain conformation.
Theα- phase has amonoclinic unit cell and consists of TGTG– conformation. Theβ and γ- phases have an
orthorhombic unit cell with all trans (TTT) andTTTGTTTG conformations. The δ- phase is known to be polar
and analogues of theα- phase, whereas the ε- phase is anti-polar and analogous to the δ- phase [12]. Among all
the phases, theα- phase ismost thermodynamically stable, but it does not show any piezoelectric property. It can
be obtained directly from themelt. Theβ and γ- crystalline phases are known to be highly stable and exhibit
piezoelectric property due to their polar crystalline electroactive nature. Theβ- phase exhibitsmore
electroactive nature, when compared to the γ- phase, because allfluorine and hydrogen atoms are perpendicular
to carbon backbone results in non-net zero dipolemoment, whichmakes PVDFbe a good piezo and
ferroelectric polymer [13, 14]. Among all the phases of PVDF, theβ- phase is themost important phase as it
exhibits the highest electroactive nature, whichmakes it suitable for energy harvesting applications. There are
differentmethods adopted to increase theβ- phase in PVDF such asmechanical stretching at high temperature,
uniaxial drawing, annealing, and high voltage poling [15–18]. Recent studies have focused on the addition of
nanofillers such asmetal nanoparticles, nanoclay, carbon nanotube, graphene, barium titanate, zinc oxide into
PVDF to enhance the formation of theβ- phase [19–24]. The addition of the nanofiller disrupts themolecular
chain of the polymer, which leads to the enhancement of crystallinity and theβ- phase producing the higher
piezoelectric response. Ceramic basedmaterials with high piezoelectric coefficients, such as lead zirconate
titanate (PZT) have been added into the PVDFmatrix to increase the overall piezoelectric response of the
polymer nanocomposite. However, PZT is toxic and hazardous to living beings. It is also brittle, which limits the
use of PZT as nanofiller into PVDFmatrix [24]. However, it can be concluded, from the literature review, that
the addition of different nanofillers into PVDF exhibits different percentages of theβ-phase. This leads to
variation in their piezoelectric responses. However, theβ-phase alone is not responsible for the piezoelectric
response. The interconnectivity of the neighboring dipoles and their arrangement are also involved in the
piezoelectric response. So researchers are focusing their attention on piezopolymers over piezoceramic
materials, due to their highflexibility, dimensional stability, high breakdown strength, thermal stability, and
high piezoelectric response.

Herein, we report, for thefirst time, the enhancement of theβ-phase by incorporation of zirconiumoxide
(ZrO2) into PVDFpolymer. The nanocomposite films, with variousweights of ZrO2 content ( 0, 1, 2, 3, 5 and
10 wt%), are prepared by using solution castingmethod. The detailed study onmorphology, crystallinity, the
β-phase content, and piezoelectric evaluation of the prepared nanocomposite films are investigated.

2. Experimental details

2.1.Materials used in the experimentation
Thematerial used in this experiment is commercially available PVDFwithmolecular weight 180 000 g mol−1,
density 1.77 g cc−1,melting point temperature 155 °C–160 °C. Thematerial is purchased fromM/s Arkema,
France. SolventN,N-dimethyl formamide (DMF)with 99%purity are purchased fromMerck India Ltd The
filler used is ZrO2 purchased from sigmaAldrich India. All thesematerials are usedwithout any purification.

2.2. Sample preparationmethod
Toprepare PVDF/ZrO2 solution, 1.2 g of PVDFpowder is dissolved in 10 ml ofDMFbymagnetically stirring
for 4 h at room temperature to obtain a homogeneous transparent solution. At the same time, the desired
amount of ZrO2 powderwith different weight percentage (0, 1, 2, 3, 5 and 10 wt%) is dissolved separately in
DMFby ultrasonication for 1 h to ensure fine dispersion of nanoparticles without forming agglomerates. In the
next step, the dissolved nanoparticles are added to the PVDF solution and stirred for 8 h at 500 rpm. The
homogeneousmixture solution is cast on a petri dish and kept in an oven for 3 h at 70 °C to get aflexible
nanocomposite film. A schematic representation of fabrication set up of PVDF/ZrO2 nanocomposite film is
shown infigure 1.

2.3. Characterisation of PVDF andPVDF/ZO2nanocomposite films
The prestine PVDF and PVDF/ZrO2 nanocoposite films are characterisation by FE-SEM, FTIR, XRD andDSC,
to check the surfacemorphology,%β- phase content,% crystallinity andmelting temperature.
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2.3.1. Field emission scanning electronmicroscope (FE-SEM)
Surfacemorphologies of the nanocomposite films are analyzed usingfield emission scanning electron
microscope (FE-SEM)with an accelerating voltage of 10 kV. A thin layer of gold is sputtered on the samples.

2.3.2. Fourier transform infrared spectroscopy (FTIR) analysis
FTIR analysis is carried out, using Jasco FTIR 4200 series spectrometer, to study the formation of theβ- phases in
PVDFnanocomposite films. The analysis is carried out in the range of 1600–650 cm−1 byKrBr pelletmethod at
1 cm−1 resolution. In pristine PVDFfilm and PVDF/ZrO2 nanocomposite samples, theβ- phase contents are
calculated by using equation (1). Vibrational bands of theα andβ-phases of the samples are compared. It is
assumed that the absorption spectrum follows the Lambert-Beer law, which is given in equation (1).

b =
+

=
+

b

a b

b

a b
b

a( )( ) ( )F
X

X X

A

A A
1

K

K

where,Xα is theα- phasemass fraction, andXβ is theβ- phasemass fraction. Aα andAβ denote absorption
intensity of theα-phase at 762 cm−1 and theβ-phase at 840 cm−1 respectively, Kα andKβ are absorption
coefficients of theα andβ- phaseswith values 6.1×104 cm2 mol−1 and 7.7×104 cm2 mol−1 respectively [24].

2.3.3. X-ray diffraction (XRD)
X-rayDiffraction is performed to study the degree of crystallinity and polymorphism of the samples. The
diffraction patterns are recordedwithin the 2θ range of 10°–50° at a scanning speed of 1°min−1. Degree of
crystallinity (Xc) is calculated by using equation (2).
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where Ic and Ia are the corresponding integrated intensities peaks of crystalline and amorphous phases.

2.3.4. Differential scanning calorimetry (DSC)
DSC is used to study the phase transition, crystallinity, andmelting temperature of thefilms. The tests are
performed under nitrogen atmosphere flowing at a rate of 50 ml min−1 with a heating rate of 10 °Cmin−1 in the
temperature range of 25 °C–225 °C. The percentage crystallinity of pristine PVDF and PVDF/ZrO2

nanocomposites is calculated by using equation (3).
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where,ΔHmandΔH°mare apparent enthalpies and enthalpy of fusion respectively, andΔH°mvalue for
100% crystallinity per gram is 104.5 J g−1 [24].

Figure 1. Schematic representation of fabrication set up of piezoelectric PVDF/ZrO2 nanocomposite film.
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2.3.5. Evaluation of Piezoelectric responses of the nanocomposite films
The schematic representation of the experimental setup used for the evaluation of the piezoelectric performance
of nanogenerator is shown infigure 2. Tomeasure the output voltage, the composite films are sandwiched
between two copper electrodes (4.0×2.0×0.02 cm). The patch is coveredwith aflexible and transparent
sheet of PVC. To avoid contact between the two electrodes, an insulating tape is pasted on the edges of the
electrodes. The electrodes are then connected to the oscilloscope through single strandwires formeasuring
piezoelectric voltage output.

3. Results and discussion

3.1. FE-SEManalysis
Field emission scanning electronmicrographs (FE-SEM) have been taken for the pristine PVDF, and PVDFwith
different loading of ZrO2 (1, 2, 3, 5 and 10 wt%) are shown infigures 3(a)–(f). The pristine PVDF film shows a
simple plainmorphology as shown infigure 3(a). Thefibril like spherulite structure is formed due to the random
nucleation on the surface of thematrix which shows theα- phase of the pristine PVDF. For the PVDF/ZrO2

nanocomposite, it shows a uniformdistribution of the filler due to the functional group interaction between the
polymer and thefiller, as will be confirmed by other techniques later on.

The oxygen content in the functional groups that are present on the surface of zirconium could interact with
the hydrogen bond of the PVDF polymer, which resulted in good dispersion of thefiller inside the PVDF
solution and also the surface charge of zirconiumhelped in the orientation ofmolecular chain due to ion-dipole
interaction. SEM images indicate that nanoparticles are well dispersed into the PVDF solution up to 5%but as
the nanoparticles are increased, a non-continuous structure has resulted fromaggregation of the PVDF solution
aswe can see in 10%of zirconium content [25].

3.2. Fourier transformation infrared spectroscopy analysis
Fourier Transformation Infrared (FTIR) spectroscopy analysis for the pristine PVDF and PVDFnanocomposite
films are shown infigure 4. The vibrational bands are seen due to the stretching of CF2, C=C, andC–Hbending
vibrations. The FTIR spectrum shows dipole-dipole interaction between PVDF andZrO2. Vibrational bands are
observed at 841 cm−1, 1080 cm−1, and 1400 cm−1 for the pristine PVDF and the PVDF/ZrO2 nanocomposite
filmswhich indicate the formation of theβ- phase. The 795 cm−1, 878 cm−1, and 1190 cm−1 vibrational bands
predominantly indicate theα- phase of the PVDF [24, 26–28, 31]. All the composites indicate characteristic
vibrational bands at 510 cm−1, 615 cm−1 and 766 cm−1 are due toCF2 bending, vibrational bands at 1190 cm

−1

is due toCF2 stretching, vibrational band at 841 cm
−1 is due toCH2 rocking, 1080 cm

−1 and 1400 cm−1 are due
toCH wagging [27, 29]. Theβ- phase in PVDF/ZrO nanocomposites are calculated by using equation (1).

Figure 2. Schematic representation of experimental setup used for evaluation of piezoelectric performance of the nanogenerators.
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for the pristine PVDF, PVDF/1% ZrO, PVDF/2% ZrO, PVDF/3% ZrO , PVDF/5% ZrO , and PVDF/10%

up to 10%, after which there is decreased, which may be due to agglomeration of nanoparticles. The
ZrO respectively. The results show that the β-phase fraction increased  with zirconium nanoparticles increment

The relative fractions for the β-phase using equation (1) are 18.7%, 25.2%, 33.8%, 57.1%, 62.1%, and 69.4%



increment in theβ- phase (more chains are formed due to rearrangement of dipoles) is observed. Table 1.
shows%β- phase content in the PVDFnanocomposites at increased loadings of zirconium.

3.3. X-ray diffraction studies
X-ray diffractographs (XRD) for the pristine PVDF and the PVDFnanocomposites are shown in figure 6. Peaks
observed at 18.6°, 19.8° and 29.9° are characteristic of theα- phase, corresponding to (100), (020), and (021)
planes of the PVDFnanocomposites respectively. The peak observed at 20.4° (110/220) for PVDF
nanocomposites corresponds to theβ- phase [27–29]. The newpeaks observed at 27.5°, 29.7°, 36.5° for PVDF
with 3%, 5%and 10%ZrO2 nanocomposite samples are related to zirconiumoxide [25, 30].

From figure 5, we can see the peak intensity corresponding to theα-phases decreases, while the intensity of

Figure 3. Field emission scanning electron (FE-SEM)micrographs of (a) the pristine PVDF (b)–(f)PVDFwith 1, 2, 3,5 and 10wt%
ZrO2 respectively.
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the peak related to the β- phases increases as the zirconium loading increases. Degree of crystallinity (X ) is

PVDF/5% ZrO and PVDF/10% ZrO respectively. Table2shows % crystallinity of the PVDF nanocomposites
at increased loadings of zirconium.

calculated by using the equation (2). From the equation (2), the %crystallinity are 53.90%, 51.1%, 49.0%,
48.8%, 46.5% and 45.70% for the, pristine PVDF, PVDF/1%ZrO, PVDF/2%ZrO, PVDF/3%ZrO



3.4.Differential scanning calorimetry analysis
Differential ScaqwnningCalorimetry (DSC) curves of the pristine PVDF and the PVDF composites with
increased loading of zirconiumnanoparticles are shown infigure 7. For the pristine PVDF, themelting point is
177.2 °C. For nanocomposites, themelting point of the PVDFhas shifted to higher values as zirconium
nanoparticles increased. The increment inmelting point confirmed the rearrangement of the PVDF chain

Figure 4. FTIR spectra of the pristine-PVDF and the PVDFnanocomposites at increased loadings of ZrO2 nanoparticles.

Table 1.%β- phase content of PVDF
with increased concentration of
Zirconium.

Sample β- phase (%)

pristine PVDF

PVDF/1%ZrO2

PVDF/2%ZrO2

PVDF/3%ZrO2

PVDF/5%ZrO2

PVDF/10%ZrO2

Figure 5.XRDpatterns of the pristine- PVDF and the PVDFnano-composites at increased loadings of ZrO2 nanoparticles.
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18.7

25.2

33.8

57.1

62.1

69.4



conformation due to the addition of zirconium. The% crystallinity of the pristine PVDF and the PVDF
nanocomposites are calculated using equation (3).

10%ZrO2 respectively and tabullated in table 3. The%Xc of the PVDFnanocomposites decreases with increase

Table 2.%Crystallinity of the PVDF
nanocomposites at increased loadings of
zirconium.

Samples 2ϴ %Crystallinity

pristine PVDF

PVDF/1%ZrO2

PVDF/2%ZrO2

PVDF/3%ZrO2

PVDF/5%ZrO2 20.45

PVDF/10%ZrO2

Figure 7.Piezoelectric responses of the pristine PVDF and the PVDF composites at increased loadings of ZrO2.

Figure 6.DSC curves of the pristine PVDF and the PVDFnanocomposites at increased loadings of ZrO2.
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20.38 53.90

20.40 51.10

20.40 49.00

20.45 49.80

46.50

20.50 45.70

From equation (3), the %crystallinity of the pristine PVDF is determined to be 53.1% and 50.4%, 48.5%,
48.2%, 45.6%, 44.9% for PVDF/1%ZrO, PVDF/2%ZrO, PVDF/3%ZrO, PVDF/5%ZrO and PVDF/



results an increase in crystallinity. Thefillers interrupt packaging of the polymer chain, which has lead to a
decrease in the crystallinity.

Aswe discussed earlier, PVDF is a polymerwith linear hydrocarbon consisting of repeated units of CH2 CF2
monomers. Depending on the chair rearrangement offluoride and hydrogen atoms, PVDFpresent inα,β, γ, δ,
and ε phases. Theα-phase has TGTG– conformation. Theβ- phase all trans (TTT) andTTTGTTTG
conformations. Among all, theβ- phase exhibitsmore electroactive nature, because allfluorine and hydrogen
atoms are perpendicular to carbon backbone. This promotes non-net zero dipolemoment, whichmakes PVDF
to be a good piezo and ferroelectric polymer.Whenwe add ZrO2 nanoparticles into the PVDFmatrix, the
surface charges of ZrO2 interact withCH2CF2monomers of PVDFpolymer.Whichmeans positively charged
atoms interacts withCF2monomer and negatively charged atoms interacts with CH2 monomer. This
interaction prompts the arrangement of the polymer chain of PVDFby the addition of ZrO2, results in the
formation of all trans conformations.Which implies that there is the development ofβ-phase in PVDF/ZrO2

polymer nanocomposite films.Which is confirmed in the FTIR results. For PVDF/10%ZrO2 nanocomposite
film, the%β- phase content is 69.4%, but for pristine PVDFfilm, it is 18.7%.

3.5. Piezoelectric performance of nanogenerators
The piezoelectric performance and energy harvesting capability are evaluated under variousmodes.When
mechanical pressure (stress) is applied on the surface of a nanogenerator, the strain is generated, which produces
deformation in the crystal structure (shifting of positively charged hydrogen atoms and negatively charged
fluoride atoms). This deformation leads to the generation of the piezoelectric effect. This piezoelectric potential
creates a charge potential on the electrodes. The piezoelectric voltage is observed due to the flowof electrons
towards the external circuit because of the difference in piezoelectric potential.

The piezoelectric performances of the pristine PVDFnanogenerator and the PVDFnanocomposite

4. Conclusions

Theflexible PVDF/ZrO2 nanocomposite film based nanogenerators can be used for energy harvesting
applications. Addition of ZrO2 into the PVDFpolymer enhances theβ-phase content due to the interaction
between the surface charge of zirconium and –CH2–CF2– dipoles of the PVDFnanocomposites. The thermal

Table 3.Melting temperature and degree of crystallinity of the PVDF
nanocomposites.

Samples Melting temperature (°C) %Crystallinity

pristine PVDF

PVDF/1%ZrO2

PVDF/2%ZrO2

PVDF/3%ZrO2

PVDF/5%ZrO2

PVDF/10%ZrO2
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170.2 53.1

171.4 50.4

172.5 48.5

172.5 48.2

174.0 45.6

174.7 44.9

in loadings of zirconium nanoparticles up to 5%, later increased. From all the above results, it can be concluded
that the fillers are dispersed uniformly in the matrix upto 10% ZrO , at higher loading(10%), ZrO agglomerates

voltage output of 160 mV is observed in the case of pristine PVDF based nanogenerator, while it is 670 mV in
case of the PVDF/10% ZrO based nanogenerator, at 100 g of static load. The piezoelectric performance

nanogenerators with increased loading of zirconium under varying static loads are evaluated. A maximum

The improved piezoelectric performance of the nanogenerators due to addition of ZrO could play a vital role in

the development of flexible, cheap self -controlled electronic devices.

nanogenerators). The highest voltage of 980mV is observed incase of the PVDF/10% ZrO based nanogenerator.

properties of the nanogenerators have improved, while the crystallinity has decreased with the increase of ZrO

However, as thefiller content is increased, the piezoelectric performance also has increased and shown a

PVDF based nanogenerator. Theflexible nanogenerators developed in this work has the potential to be used as

flexible nanosensors and the self- powered devices.

content up to 10wt%ZrO. The piezoelectric output voltage for the pristine PVDF nanogenerator is 160mV.

maximum output voltage of 670mV at 10wt% ZrO content, which is nearly four times higher than pristine

is increased as shown in

The performances of the nanogenerators are evaluated under human locomotion ( tapping on the
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