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ABSTRACT 

Poly(vinylidene fluoride) (PVDF) is a versatile polymer due to its dielectric, 

piezoelectric and ferroelectric properties. However, a range of processing routes 

and/or additives is often necessary to enhance such properties. In this study, PVDF 

nanocomposite based electrospun nanofabrics were synthesized for piezoelectric 

energy-harvesting applications. Functional nanofillers such as organically modified 

Ni-Co layered double hydroxide (OLDH), talc nanosheets, and carboxyl 

functionalized graphene nanosheets (FGNS) were used to tune the electroactive β-

phase of PVDF. Morphology, crystallinity, polymorphism, dielectric, and 

piezoelectric properties of these nanofabrics were studied in detail. The presence of 

these nanofillers in PVDF nanofabrics led to the enhancement of the polar β-phase in 

PVDF, which was corroborated from the results of Fourier transform infrared 

spectroscopy and X-ray diffraction. A nanogenerator, that was custom made from the 

OLDH/PVDF nanofabrics exhibited a maximum output voltage of 6.9 V and power 

density of 0.92 μW/cm
2
 under human finger tapping mode. The synergistic effect of 

OLDH and electrospinning contributed to the enhancement of the β-phase content, 

thereby the piezoelectric response of the OLDH/PVDF composite nanofabrics. The 

electromechanical response of talc nanosheets/PVDF composite nanofibers was 

studied using piezoresponse force microscopy and accordingly exhibited well-defined 

ferroelectric characteristics with an enhanced piezoelectric coefficient (d33) of   43.3 

pm/V compared to 10 pm/V measured for the pristine PVDF nanofibers. It was 

observed that the piezoelectric coefficient values strongly depended on the 

morphology and electroactive phase fraction of the ensuing composite nanofiber. 

Also, these talc nanosheets/PVDF composite nanofabrics recorded a maximum 

piezoelectric response of 9.1 V. Finally, the developed talc nanosheets/FGNS/PVDF 

hybrid composite nanofabrics resulted in an enhanced piezoelectric response of 12.9 

V and   61 pm/V, respectively. The advantage of a high aspect ratio, surface charges, 

and electrically conductive network offered by nanofillers alongside the 

electrospinning augmented the composite nanofibers’ piezoelectric response. 

Improved flexibility, mechanical robustness, and enhanced piezoelectric 



responsiveness of these PVDF based composite nanofabrics could possibly pave the 

way to their use in flexible energy-harvesting devices.  

Keywords: Electrospinning; poly(vinylidene fluoride); piezoelectric; composite; 

energy-harvesting. 
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

This chapter briefly introduces poly(vinylidene fluoride)(PVDF) based composite 

nanofabrics and their applicability as a piezoelectric energy harvester. An overview 

of piezoelectric materials, nanofibers, electrospinning process, and PVDF has been 

presented. A brief literature review focusing on flexible piezoelectric energy 

harvesting system based on PVDF composite nanofabrics, with emphasis on tunning 

the electroactive properties of the composite nanofabrics is explored. Finally, the 

problem identification, scope, and objectives of the present work are discussed. 

 

1.1 INTRODUCTION 

The alarming energy crisis and its adverse pollution effects have led to the focus on 

the dependence of a cleaner source of energy (green energy). Various renewable 

energies such as solar, wind, tidal, and geothermal have been exploited to meet the 

energy demands of human civilization to some extent. However, with the rapid 

development of science and technology, especially with the advent of the internet of 

things (IOT), energy harvesting systems (EHS) have been gaining popularity in recent 

times. EHS produce a relatively low level of power in the range of nano-watt to milli-

watts catering to the demands of low powered sensors, actuators, and wireless 

transmitters [Wan and Bowen 2017; Zi and Wang 2017]. EHS derive their energy 

from various ambient sources such as thermal, chemical, biological, and mechanical. 

In particular, the energy derived from ambient mechanical source has been an 

attractive choice owing to its abundant availability in the surrounding environment, 

including human motions (walking, running, heartbeat, etc.), vibrations (machines, 

vehicle motions), and fluid flows [Yan et al. 2019]. Amongst the piezoelectric, 

electromagnetic, and electrostatic transduction mechanisms, the EHS based on the 

piezoelectric effect have gained popularity due to their higher energy density and 

simpler architecture with the ease of integrating with flexible micro/nanodevices [Li 
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et al. 2014; Liu et al. 2018]. A piezoelectric material generates electric polarization 

via an external mechanical stress/strain, termed as the direct piezoelectric effect, and 

finds its relevance in the functioning of sensor and energy transducer. Piezoelectric 

materials also undergo mechanical deformation under an external electric field, 

constituting to the converse piezoelectric effect [Kim et al. 2011]. The operation of 

actuators is based on the converse effect. The constitutive equations governing direct 

and converse piezoelectric effects are as follows. 

                                                                    
                                                  (1) 

                                                                         
                                            (2) 

Where S and T are strain and stress, respectively; D, E, s, d, and ε represent the 

electric displacement, electric field, elastic compliance, piezoelectric coefficient, and 

dielectric permittivity components, respectively; the superscripts E and T indicate the 

relevant constants measured at the constant electric field and constant stress, 

respectively: and the subscripts i, j, and k refer to three spatial dimensions [Qi and 

McAlpine 2010]. 

The piezoelectric effect is usually displayed by non-centrosymmetric crystals 

due to displacement of ions leading to polarization [Trolier-McKinstry et al. 2018]. In 

ferroelectric materials, which are a subset of piezoelectric, a process called poling 

(orientation of electrical dipoles) is induced below a critical temperature (Curie 

temperature) to make them piezo-active materials [Caliò et al. 2014]. Fig.1.1 shows 

the poling process of polycrystalline material, and the initial unpoled state consists of 

polar domains with random orientation (Fig.1.1a). A strong electric field just below 

the Curie temperature is provided to facilitate the orientation of polar domains with 

the external electric field (Fig.1.1b).  Further, on cooling to ambient temperature 

following the removal of the external field, the material continues to maintain the 

orientation of polar domains (Fig.1.1c). In consequence, the material retains net 

polarization and hence exhibits the piezoelectric effect. In ferroelectric polymers such 

as Poly(vinylidene fluoride (PVDF) and its copolymers, the poling process is assisted 

with mechanical stretching of the polymer, thereby enhancing the molecular dipole 

alignment with the applied electric field. Thus, the piezoelectric effect is exhibited by 
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poled ferroelectric ceramics (barium titanate (BaTiO3), lead zirconate titanate (PZT)), 

and polymers [Mishra et al. 2019]. 

 

Fig.1.1 Orientation of dipoles; a) before, b) during, and c) after the poling process. 

 

Fig.1.2 Piezoelectric material configurations in d31-mode and d33-mode. 

The piezoelectric materials for EHS indicate a definite polar axis (3-

direction/z-direction), and the representation of applied stress with reference to the 

polar axis resulting in two modes of configurations, namely d31-mode and d33-mode as 

shown in Fig.1.2. In d31-mode, the polarization direction „3‟ is perpendicular to the 

direction of the applied stress/strain „1‟. And in the d33-mode, the polarization and 

application of stress/strain are in the same direction [Yang et al. 2018]. The 

piezoelectric coefficient (d3i) quantifies the piezoelectric performance of the material, 

i.e., the electric charge generated per unit applied force (unit of C/N). Amid the 

various piezoelectric materials in Table 1.1, PVDF and its copolymers have been the 
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choice for EHS in recent times. The notable flexibility, reduced density, eases of 

processing into fibers or films offered by PVDF, and its copolymers endow their 

benefits over the other piezoelectric materials with relatively higher d33 [Egusa et al. 

2010; Kim et al. 2019]. 

Table 1.1 Piezoelectric coefficients of various piezoelectric materials. 

Material d33 (pC/N) d31 (pC/N) References 

Barium titanate (BaTiO3) 350 to 500  185 [Acosta et al. 

2017] 

Lead zirconate titanate (PZT) 410  175 [Schlaberg 

and Duffy 

1994] 

Zinc oxide (ZnO) 12.4 5 [Denishev 

2016] 

Potassium sodium niobate 

(KNN) 

80 to 120  32 to  43.4 [Pavlič et al. 

2014] 

PVDF  24 to  34 8 to 22 [Mishra et al. 

2019] 

 

1.1.1 Overview to Nanofibers 

Nanofibers are one-dimensional materials having a diameter less than 100 nm. 

Generally, fibers with a diameter below 1 µm (1000 nm) and aspect ratio 

(length/diameter) larger than 100:1 are considered nanofibers. The word fiber comes 

from Latin fibra, and the prefix nano originates from the Greek word nanos or 

nannos, referring to “dwarf.” Nanometer measures billionth of a meter abbreviated as 

nm (1 nm =10
-9

 m). Nanotechnology deals with the study of occurrence and functions 

of matter ranging within the dimension 0.1-100 nm. The nanomaterials based on 

dimensions are classified as zero dimensional (0-D), having three directions of 

nanosymmetry ex:- quantum dots and nanoparticles; one-dimensional (1-D) having 

two directions of nanosymmetry, ex:-nanowires, nanorods, nanotubes, and nanofibers; 

and two-dimensional (2-D) have a platelet or sheet structure with a thickness of less 

than 100 nm ex:- nanoclays and graphene.  

Nanofibers are produced from different materials such as natural and synthetic 

polymers, carbon-based, and composite nanomaterials. Due to the high specific 
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surface area, flexibility, and excellent directional strength, nanofibers are preferred for 

many potential applications, including energy generation and storage, water and 

environmental treatment, and healthcare and biomedical engineering  (Fig. 1.3). 

Nanofibers can be fabricated by several techniques such as drawing, template 

synthesis, phase-separation, self-assembly, melt blowing, and electrospinning.  A 

comparison of various nanofiber fabrication techniques is highlighted in Table 1.2. 

 

 

Fig.1.3 Applications of nanofiber technology (Kenry and Lim 2017). 
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Table 1.2 Comparison of various nanofiber fabrication techniques (Nayak et al. 2012). 

 

1.1.2 Polymorphism of PVDF 

The discovery of piezoelectric effect in ferroelectric polymers of the PVDF family 

triggered their importance as piezoelectric material for EHS. PVDF is a semi-

crystalline fluoropolymer synthesized by polymerization of vinylidene fluoride. The 

Manufacturing 

process 

Scope 

for 

scaling-

up 

Repeatability Control 

on fiber 

dimension 

Advantages Disadvantages 

Drawing  No Yes No Simple process Discontinuous 

process 

Template 

synthesis  

No Yes Yes Easy to change 

diameter 

by using 

different 

templates 

Complex process 

Phase 

separation  

No Yes No Simple 

equipments 

required 

Only work with 

selective 

polymers 

Self-assembly  No Yes  No Easy to get 

smaller 

nanofibers 

Complex process 

Melt blowing Yes Yes Yes Long and 

continuous 

fibers, high 

productivity, 

free from 

solvent recovery 

issues 

Polymer limitations, 

thermal degradation 

of 

polymers 

Forcespinning Yes Yes  Yes Free from very 

high voltage, 

eco-friendly 

Requirement of 

high 

 temperature at 

times 

Electrospinning  Yes Yes Yes Long and 

continuous 

fibers 

Thermal 

degradation of 

polymers, electric 

discharge problem 
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molecular structure of PVDF has repeating units of [–CH2–CF2–] and contains 59.4 

wt% fluorine and 3 wt% hydrogen. The chemical structure of PVDF is intermediate of 

polyethylene (PE) (– [–CH2–CH2–]n –) and polytetrafluoroethylene (PTFE) (– [–CF2–

CF2–]n –), thus displays high flexibility (near to PE) and thermal stability (comparable 

to PTFE). Due to these structural characteristics, PVDF can take different crystal 

forms depending on the sample preparation conditions. 

PVDF has crystallinity of approximately 50% and exhibits well-defined 

polymorphs; α, β, γ, δ, and ϵ based on the chain conformation of trans (T) and gauche 

(G) linkages (Fig.1.4). The α-phase is the dominant and stable one of PVDF, 

exhibiting distorted TGTG‟ conformation [Lovinger 1981; Lovinger 1982; Lovinger 

1983]. The antiparallel arrangement of dipoles within the unit cell of α-phase renders 

it nonpolar. The polymer chain in β-phase has all-trans (TTT) planar zigzag 

conformation with the dipole moments orientated in the same direction. Thus, the β-

phase is polar in nature with the highest polarization per unit cell (8 × 10
-30

 C m) 

[Martins et al. 2014]. The γ-phase has monoclinic unit cell with polar chain 

conformation of TTTGTTTG‟, whilst the δ-phase has polar TGTG‟ due to the 

inversion of dipole moments. The ϵ-phase has a similar unit cell as that of the γ-phase 

with a chain conformation of TTTGTTTG‟ with molecular chain packed in 

antiparallel, nonpolar crystal. Thus, to ensure higher piezoelectric response of PVDF, 

presence, and promotion of the polar β-phase is vital. Additionally, mechanical 

stretching and electrical poling are essential for immobilizing the polar phase. The 

polar β-phase formation in PVDF is favored by different techniques such as stretching 

of nonpolar α-phase [Salimi and Yousefi 2003; Sencadas et al. 2009], solution casting 

[Karan et al. 2015], high voltage poling [Jiang et al. 2007; Lund and Hagström 2011], 

spin coating [Ramasundaram et al. 2008], electrospinning [Cozza et al. 2013; Jiyong 

et al. 2017], and by blending with fillers [Yu et al. 2009; Kar et al. 2015; Gong et al. 

2018].  



  CHAPTER 1 

8 
 

 

Figure 1.4 Graphical representations of primary polymorphs of PVDF: α-phase, β-

phase, and γ-phase. 

The foremost common polymorph created amid crystallization from the melt 

is the α-phase; it is the sole crystalline phase formed at all temperatures up to 150 °C. 

During crystallization from melt, the temperature and pressure are governing 

parameters that determine the final polymorphic phase of PVDF. A crystallization 

temperature in the range of 153 to 160 °C results in the transformation of α- to γ-

phase. However, the nucleation rate of γ-phase is lower than that of the α-phase, and 

hence the latter phase dominates [Lovinger 1980]. Further, the α-spherulites annealed 

above ~ 160 °C favored the transformation to γ-phase, and the presence of block-

copolymer surfactant further assisted the γ-phase formation [Prest and Luca 1978]. At 

4 kbar, high-pressure annealing led to the α- to β-phase transformation. This was 

attributed to the melting of α-crystals (around 286 °C) that later recrystallizes to the β-

phase of PVDF [Matsushige and Takemura 1978; Matsushige and Takemura 1980]. 

The solvent properties and evaporation temperature also contribute to the formation of 

different crystalline phases of PVDF. The crystallization of PVDF from polar solvents 

(DMF/DMSO/DMAc) always results in the formation of β-phase, provided the 

evaporation temperature is maintained < 70 °C. However, temperature above 100 °C 

and 160 °C induces the formation of α- and γ-phase, respectively [Gregorio, Jr. and 
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Cestari 1994; Yang et al. 2014]. The uniaxial or biaxial drawing of PVDF films at a 

lower temperature (below 90 °C) produces a molecularly orientated β-phase, while 

mechanical drawing at the temperature range of 140 °C to 150 °C retains the α-phase 

conformation in the PVDF films due to the mobility of polymer chains at higher 

temperatures [McGrath and Ward 1980; Lovinger 1983]. The α- to β-phase 

transformation is initiated moment the necking is observed in the stretched PVDF 

films. The necking indicates the transformation from a spherulitic structure to a 

micro-fibrillar one [Salimi and Yousefi 2003].  

High electric fields can induce PVDF dipoles to orient along the applied field 

direction and thus facilitate the transformation of α-phase to β- or γ-phase of PVDF. A 

higher electric field of the order of 4 MV/cm is essential for the α- to β-phase 

transformation of PVDF, while the γ-phase transition occurs at lower electric field 

strengths [Davis et al. 1978; Naegele et al. 1978; Newman and Scheinbeim 1983]. 

The α- to β-phase transformation induced by mechanical stretching of PVDF films 

can be further improved by the post electrical poling method (Fig.1.5) [Lovinger 

1983; Sencadas et al. 2009]. Electrical poling also enhances the mechanical strength 

of PVDF films along the longitudinal direction due to the improved electromechanical 

coupling effect [Costa et al. 2008]. High energy irradiation has been able to induce 

crystal phase transformation in PVDF. Kosmynin and Gal‟perin (1973) demonstrated 

the α- to β-phase transition of PVDF using γ-irradiation ≥ 500 Mrad. Lately, the 

electrospinning process has been able to control the polymorphism of PVDF. The 

high voltage and stretching ratio experienced by electrospinning jet favor the 

nucleation of β-crystals. Also, the lower crystallization temperature arising from 

ambient operating conditions and faster evaporation of the solvent could promote the 

β-phase of PVDF [Zheng et al. 2007]. The spin-coating process has been 

demonstrated to produce PVDF thin films with an enhanced β-crystalline phase. The 

shear stress-induced elongation forces exerted on the polymer chains during the spin-

coating process facilitate the all-trans conformation of the β-phase PVDF 

[Ramasundaram et al. 2008]. Further, the spin coating of PVDF solution containing 

hydrate salts boosted the electroactive β-phase content. This enhancement was 

attributed to the hydrogen bond formation between the water molecules of the salt and 
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fluorine atoms of PVDF [Benz et al. 2002; He and Yao 2006]. The high electric 

dipole moment of PVDF makes it miscible with several polar polymers. Thus PMMA 

and PVA have favored PVDF with enhanced β-phase owing to the dipole/dipole and 

hydrogen bond interactions between the PVDF matrix and blended polymer [Li et al. 

2012; Na et al. 2012]. Also, polymorphism of PVDF can be controlled by the addition 

of fillers such as BaTiO3 [Ye et al. 2013], Clay [Patro et al. 2008], metal salts CuO 

[Dutta et al. 2015], ZrO2 [Li et al. 2010], Fe3O4 [Jayakumar et al. 2013], metal 

nanoparticles such as Ag [Lopes et al. 2013], Au [Wang et al. 2011], Pt [Ghosh et al. 

2015] and carbon nanotubes [Yu et al. 2009]. The nucleating effect of fillers on PVDF 

structure strongly relies on the morphology (shape, size), surface charges, dispersion, 

interfacial interactions, and processing conditions. 

 

Fig.1.5 Schematic illustration of the process used to produce electroactive PVDF 

films [Lovinger 1983]. 

1.1.3 Electrospinning method and PVDF nanofabrics 

Electrospinning is a simple and efficient method to fabricate one-dimensional 

nanomaterials from polymers, inorganic materials, and composites. This method uses 

electrostatic forces to produce ultrafine fibers with diameters ranging from a few tens 

of nanometers to micrometers. Electrospinning was first patented to produce fibers 
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from a polymer solution by Cooley and Morton in 1902 [Andrady 2009]. This process 

produces continuous fibers via an electrically charged jet of polymer solution/melt 

[Frenot and Chronakis 2003; Mirjalili and Zohoori 2016]. The electrospinning setup 

consists of three major components: a high voltage power supply, a spinneret, and a 

grounded metallic collector (flat plate/rotating drum type). The illustration of the 

electrospinning setup is shown in Fig.1.6.  

 

Fig.1.6 Schematic illustration of the electrospinning setup with an SEM image of the 

nanofibrous mat. 

Nanofiber formation by electrospinning process is initiated when a polymer 

solution is introduced with a high electric field via a metallic needle of the spinneret. 

This induces free charges in the polymer solution and thereby forces it towards the 

grounded collector in response to the applied electric field. However, the surface 

tension resists the expulsion of polymer droplet at the spinneret tip, thereby leading to 

the elongation of the droplet in a conical shape, called Taylor cone [Taylor 1969]. At 

a critical voltage, the electrostatic force overcomes the surface tension of the polymer 

solution; thus, a jet of polymer ejected from the Taylor cone travels towards the 

collector. During its travel to the collector, the jet experiences rapid whipping and 

erratic motions resulting in ultrafine nanofibers. Moreover, as the jet travels, the 
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solvent evaporates, leaving behind the dry nanofibrous mat (Fig. 1.6, SEM image 

inset) on the collector.  

Electrospun nanofibers with the desired diameter and bead-free morphology 

are achieved by controlling the governing parameters. These parameters are 

comprised of three parts: solution parameters (molecular weight, viscosity, 

conductivity, and surface tension), processing parameters (applied electric field, tip to 

collector distance and flow/feed rate), and ambient parameters (humidity and 

temperature).  

Polymer concentration plays a significant role in deciding the 

electrospinnability of solution into nanofibers as it affects the chain entanglement. 

The spinning solution viscosity is directly proportional to the polymer concentration; 

thus, the solution viscosity increases with polymer concentration. Generally, at a low 

concentration, beads (electrospraying) are formed due to the influence of surface 

tension; while, higher concentration impedes fiber formation due to increased 

viscosity [Fong et al. 1999; Deitzel et al. 2001; Lin et al. 2010]. Above a particular 

critical entanglement concentration, the polymer chains prevent the breaking up of 

electrically driven jet initiated from the Taylor cone, thereby leading to bead-free 

uniform fiber morphology [McKee et al. 2004]. Notably, viscosity, polymer 

concentration, and molecular weight are related to each other. Electrical conductivity 

of the solution influences the charge carrying capacity of the electrospinning jet 

leading to subsequent stretching of the jet under the applied electric field. Thus, 

increasing the electrical conductivity of the solution contributes to the reduced fiber 

diameter of electrospun nanofibers [Bhardwaj and Kundu 2010; Angammana 2011]. 

The influence of applied voltage on the electrospun fiber diameter has varying 

effects. A few reports suggest a decrease in fiber diameter with increasing voltage, 

while others show the opposite trend [Zong et al. 2002; Yuan et al. 2004; Zhang et al. 

2005]. However, the applied voltage influences the fiber diameter, but the level of 

significance varies with other governing parameters (e.g. solution concentration and 

tip to collector distance). The feed rate of the solution is another important parameter 

that influences electrospun fiber diameter and morphology. As the flow rate increases, 

beaded, thick nanofibers are formed due to insufficient drying time and low stretching 
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forces [Zuo et al. 2005]. Thus, a high voltage is preferred with a high flow rate to 

ensure; sufficient charge density and reduction in bead formation. The variation of a 

tip to collector distance directly influences the drying time and electric field strength. 

Whether shorter or longer, tip to collector distance results in thicker fibers with 

beaded morphology, due to the insufficient drying time and lesser stretching effect 

experienced by the nanofibers [Lee et al. 2004; Persano et al. 2013; Barua and Saha 

2015]. Thus, an optimum tip to collector distance ensures desired fiber morphology. 

The type of collector influences the orientation of fibers; generally aligned fibers are 

obtained with rotating-type collector and randomly orientated fibers with a static-type 

collector [Matthews et al. 2002; Huang et al. 2003].  

In addition, ambient conditions such as humidity and temperature also impact 

the diameter of electrospun nanofibers. An increase in temperature reduces the 

solution viscosity leading to reduced fiber diameter [Demir et al. 2002], while an 

increase in humidity leads to thicker fiber diameter due to polymer swelling [Rieger et 

al. 2013]. The electrospinning method offers distinctive properties such as larger 

surface area, higher aspect ratio, tunable porosity, simplicity, and a high degree of 

reproducibility. The aforementioned properties have led to its broader application in 

drug delivery, tissue engineering, wound healing, catalysis, filters, photoelectronics, 

magnetic devices, solar cells, etc. [Kenry and Lim 2017]. Recent studies demonstrate 

the one-step fabrication of piezoelectric fibers via electrospinning and its applicability 

in flexible energy harvesting devices. Additionally, the fibers can be incorporated 

with other functional materials to tune their specific property for applications ranging 

from sensors to advanced microelectronics [Mazinani et al. 2009]. 

In PVDF, the polar β-phase majorly contributes to its piezoelectric activity. 

Lately, the electrospinning technique has been reported to promote the formation of β-

phase/α- to β-phase transformation in PVDF nanofibers. The suggested mechanism 

favoring the β-phase is the one-step electrical poling and mechanical stretching effect 

induced by the electrospinning method. The electrospinning parameters, solvent type, 

and additives influence the β-phase content of PVDF nanofibers. For example, 

Ribeiro et al. (2010) investigated the influence of electrospinning parameters: flow 

rate, spinneret diameter, applied voltage, and rotating collector speed on the β-phase 
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content of PVDF nanofibers. In their study, spinneret diameter and rotating speed had 

a strong influence on the β-phase formation. This was attributed to the higher 

stretching of the jet or straining of the fibrils during the collection, thus, facilitating 

the ordering of polymer chains in the all-trans conformation. In most cases, 

dimethylformamide (DMF) and dimethylacetamide (DMAc) are the preferred 

solvents for electrospinning of PVDF. The evaporation rate of the solvent assists the 

elongation of the fibers, thereby straining the polymer chains to align in the all-trans 

polar β-phase conformation. In addition, acetone is also used to improve the 

evaporation rate of the solvent due to its volatile characteristics. Besides the solvent 

evaporation rate, the solvent polarity also plays a vital role in the crystal structure 

formation of the polymer. Evidently, the solvents with different polarities will 

influence the piezoelectricity of PVDF nanofibers. Shao et al. (2015) systematically 

investigated the electrospinning parameters on the fiber diameter, β-phase content, 

and mechanical to electrical energy conversion characteristics of PVDF nanofibers. It 

was observed that uniform nanofibers with smaller diameter exhibited higher β-phase 

content that led to their improved energy harvesting abilities. This is ascribed to the 

intensive stretching effect favoring the molecular conformation of the β-phase and, 

evaporation of the solvent ensures its retention in solidified fibers. Xue et al. (2017) 

studied the impact of dioctadecyl dimethyl ammonium chloride (DDAC) on the fiber 

morphology and β-phase content of PVDF nanofibers. The addition of DDAC 

improved the uniformity of nanofiber and enhanced the β-phase of nanofibers. This is 

attributed to the ionization and lubrication of DDAC that strengthened the stretching 

effect of fibers during electrospinning. The cooperative influence of DDAC and 

electrospinning led to the elimination of the α-phase and subsequent enhancement in 

the β-phase fraction of PVDF nanofibers. Thus, electrospinning is an effective method 

to achieve β-phase of PVDF.  

The piezoelectric property of PVDF relies on its electroactive phases, and the 

quantification of the same is vital for the application prospects. Therefore, scientific 

tools and characterization techniques are used to identify and evaluate the 

piezoelectric response of PVDF based nanofibers. X-ray diffraction (XRD), Fourier 
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transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), and 

piezoresponse force microscopy (PFM) have been used. 

PFM is a particular function in atomic force microscopy (AFM) that is 

designed to detect the piezoelectric response of the material. The principle of PFM is 

based on the converse piezoelectric effect, i.e., mechanical strain induced by the 

external electric field. The obtained PFM data reveals the phase angle, amplitude, 

ferroelectric polarization, and domain structure of the test sample. The measured 

amplitude is proportional to the piezoelectric coefficient, which quantifies the 

performance of the piezoelectric material. The phase angle represents the polarization 

direction, where 0° corresponds parallel (in-phase) and 180° antiparallel (out of 

phase) orientation of polarization to the PFM bias voltage. PFM is mostly suited for 

the analysis of single fiber in contrast to other characterization methods because it 

permits local piezoelectric measurements. For example, Baji et al. (2011) investigated 

the voltage induced deformation of PVDF fiber, and the results showed well defined 

piezoelectric and ferroelectric response of the fibers. PFM amplitude-voltage and 

phase-voltage loops displayed a characteristic butterfly loop and symmetric square-

shape loop, which is associated with ferro/piezoelectric materials. The domain phase 

loop shows a 180° domain switching characteristics under the polarity reversal of the 

applied electric field, thus displaying the ferroelectric property of the PVDF. The 

maximum PFM amplitude of 1.2 nm was observed for an un-poled PVDF fiber, with 

a bias voltage of 45 V. Thus, the enhanced polar β-phase induced by electrospinning 

was able to influence the ferro/piezoelectric response in PVDF fibers. 

1.1.4 Electrospinning of PVDF based composite nanofabrics  

Electrospinning generally induces partial transformation of nonpolar α-phase to polar 

β-phase of PVDF nanofabrics, thereby limiting its piezoelectric performance. The β-

phase content in the electrospun PVDF nanofabrics can be improved by the 

incorporation of appropriate fillers within the spinning solution. PVDF, despite its 

flexibility, has a lower d33 value in comparison with the inorganic based piezoelectric 

materials. This limits the piezoelectric performance of the former to some extent. 

Recent studies demonstrate that the inclusion of inorganic piezoelectric materials into 

the PVDF matrix could improve the flexibility and piezoelectric performance of the 
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device. In addition, impregnation of conducting and hybrid fillers has also been able 

to contribute to the enhanced piezoelectric properties of PVDF based composites. The 

size, surface charges, and morphology of fillers play a prominent role in influencing 

the piezoelectric characteristics of polymer composites. Synergistic effects of various 

fillers and electrospinning with their underlying mechanism in tuning the polar phase 

of PVDF is discussed in this section. 

1.1.4.1 Piezoelectric fillers 

Piezoelectric fillers play a decisive role in altering the piezoelectric characteristics of 

PVDF based composite nanofabrics by imparting extra piezoelectric effect and also 

assist in the crystalline phase enhancement of PVDF. For example, Lee et al. (2016) 

demonstrated the energy harvesting capabilities of uniaxially-aligned barium titanate 

(BaTiO3)/PVDF composites fabricated by electrospinning. The piezo-response of the 

composite nanofibers increased with the concentration of BaTiO3 nanoparticles. A 

loading of 16 wt% BaTiO3 nanoparticles in PVDF composite nanofibers resulted in a 

piezoelectric output voltage that was 1.7 times greater than that of virgin PVDF 

nanofibers under similar deformation conditions. The presence of BaTiO3 

nanoparticles strengthened the piezoelectric response of PVDF nanofibers. 

 In 2019, Li et al. prepared a piezoelectric nanogenerator consisting of zinc 

oxide (ZnO)/PVDF nanocomposite membrane. The nanofillers of ZnO nanoparticles 

and ZnO nanorods were used in PVDF based nanocomposite membranes via 

electrospinning. They showed that loading of 5 wt% of ZnO nanorods in PVDF led to 

a relative β-fraction of 87.5%, and 30 wt % ZnO nanoparticles in PVDF resulted in β-

fraction of 90.7%, respectively. Subsequently, the nanocomposite with 5 wt% of ZnO 

nanorods delivered a high electrical output of 85 V and 2.2 μA. The significant aspect 

ratio and flexible characteristics of ZnO nanorods contributed to the improved 

piezoelectric properties of the nanocomposites. Moreover, the ZnO nanorods provided 

a nucleation effect on the crystallization of β-phase. The synergistic effects between 

nanofiller and β-crystals of PVDF in the composites are essential for the construction 

of flexible piezoelectric nanogenerator. Yun et al. (2016) fabricated nano-lead 

zirconate titanate (PZT)/PVDF composite nanofibers via electrospinning. They 

demonstrated that 20 wt% PZT content in PZT/PVDF composite led to enhanced 
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mechanical and piezoelectric properties of 2,052.6 MPa (Young modulus), 2.64 

μC/cm
2
 (maximum polarization), and 0.24 μC/cm

2
 (remnant polarization). The 

piezoelectric characteristics of PZT with its undisturbed perovskite structure in the 

polymer matrix helped in achieving a higher piezoelectric response in the PZT/PVDF 

nanofibers. 

Piezoelectric composite nanofiber-based on titanium dioxide (TiO2) and 

PVDF was investigated by Alam et al. (2018), which was fabricated by 

electrospinning. The embedded TiO2 nanoparticles in PVDF nanofiber led to the 

enhanced polar β-phase content (93%) and mechanical properties (Young‟s modulus 

of 22 N/mm
2
) of the composite nanofiber. Energy harvesting of TiO2/PVDF based 

nanogenerator demonstrated a maximum output voltage of 11.5 V and current of 176 

nA, respectively, under a load of ~ 5 N in the vertical direction. In addition, the 

nanogenerator demonstrated an energy conversion efficiency of 61%. The reduced 

fiber diameter and surface charge dipole interactions contributed by the cooperative 

effect of TiO2 and electrospinning led to the enhanced piezoelectric performance of 

the composite nanofibers. Bairagi and Ali (2019) prepared a piezoelectric 

nanogenerator based on potassium sodium niobate (KNN) nanorods incorporated in 

electrospun PVDF nanofibrous webs. The piezoelectric characteristics exhibited by 

3% (wt/wt.) KNN/PVDF composite webs had an optimum output voltage of 17.5 V 

and 0.522 μA current, respectively, under repetitive finger tapping. The inherent 

piezoelectric property and high aspect ratio of the KNN nanorods contributed to the 

piezoelectric response of composite webs. Moreover, the in-situ poling of both the 

embedded KNN nanorods and PVDF chains during electrospinning adds up to the 

piezoelectric response alongside the former. 

To study the synergistic role of electrospinning and methylammonium lead 

bromide (CH3NH3PbBr3) (MAPbBr) on the energy harvesting capability of PVDF, 

Sultana et al. (2018) fabricated MAPbBr/PVDF nanofiber mats via electrospinning. 

The inclusion of synthesized MAPbBr (1 wt%) in PVDF nanofiber dramatically 

enhanced the β-phase fraction (91%) and tensile strength. MAPbBr in PVDF matrix 

acted as nucleating agent favoring the transformation of local amorphous regions into 

the β-crystalline phase of PVDF. The piezoelectric nanogenerator composed of 
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MAPbBr/PVDF composite nanofibers exhibited an output voltage, current, and 

charge of 5 V, 60 nA, and 8 nC, respectively, under periodic finger touch motion (9.8 

kPa). The enhancement in the piezoelectric property was attributed to the molecular 

orientation of PVDF via the collective effect of electrospinning and incorporated 

MAPbBr. Moreover, a MAPbBr/PVDF composite nanofiber was also used as acoustic 

energy harvester, demonstrating an acoustic sensitivity of 13.8 V/Pa, and an energy 

conversion efficiency of 58.5%, respectively. 

1.1.4.2 Conducting fillers  

Conducting fillers provide electrically conductive network pathways for the mobility 

of charges in the polymer matrix, thereby could contribute to the polarization of the 

polymer composites. Owing to their high-aspect-ratio and surface functionalization 

capability, fillers such as CNT, graphene can attain percolation thresholds at low 

loadings. Wu et al. (2018) investigated the effects of carbon nanotubes (CNT) and 

electrospinning on the crystal structure and piezoelectric response of aligned 

CNT/PVDF nanofiber membranes. The CNT embedded in PVDF electrospun fibers 

exhibited β-phase fraction of 89%, and the piezoelectric coefficient of d33=31.3 pC/N, 

respectively. In contrast, the aligned PVDF electrospun fiber reached β-phase fraction 

of 88%, and d33=27.4 pC/N, respectively. Furthermore, the aligned CNT/PVDF 

membranes showed improved piezoelectric response under dynamic compression 

(2.26 mV/N), tension (4.29 mV/%), and bending (1.89 V) in comparison to randomly 

orientated/aligned-PVDF electrospun fibers. They concluded that the mechanical 

stretching provided by the rotating collector during electrospinning facilitates the 

crystallization of β-phase. Also, the added CNT induces charge accumulation at the 

material boundary, thereby supports the all-trans conformation of PVDF. Thus, the 

improved β-phase fraction led to the enhanced piezoelectric coefficient of aligned 

CNT/PVDF membranes and, thereby, its piezoelectric response. 

  Yu et al. (2013) fabricated piezoelectric nanogenerator based on multi-walled 

carbon nanotubes (MWCNT)/PVDF nanofiber mats by electrospinning. The relative 

β-phase content of electrospun PVDF nanofiber reached 54.8%, while with the 

addition of 5 wt% MWCNT it increased to 68.4 %. The inclusion of MWCNT in the 

PVDF initiates inductive surface charges during the electrospinning process. Thus, 
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MWCNT acts as nucleation sites for PVDF chains to crystallize into β-phase, thereby 

exhibiting a higher β-phase content compared to pure electrospun PVDF nanofibers. 

The nanogenerator with 5 wt% MWCNT/PVDF composite nanofiber generated a 

maximum open-circuit output voltage and power up to 6 V and 81.8 nW, which was 

200% and 44.8%, respectively higher than pure electrospun PVDF mats. This 

improved piezoelectric performance was attributed to the enhanced surface 

conductivity induced by the preferential alignment of MWCNTs in the PVDF 

nanofiber mats. Issa et al. (2017) enhanced the piezoelectric characteristics of PVDF 

by utilizing silver nanoparticles (Ag-NPs). The Ag-NPs/PVDF composite mats 

containing different concentrations of Ag-NPs (0-1 wt%) were prepared by 

electrospinning. The piezoelectric response of Ag-NPs/PVDF composite mats with 

0.4 wt% Ag-NPs loading and at a 30 Hz vibrating frequency displayed an output 

voltage of 2 V. However, at a higher Ag-NPs content of 0.6 wt% the output voltage 

dropped. This was correlated to the β-phase content in the sample, which was 

affirmed by FTIR and DSC results. Furthermore, the electrospinning oriented the β-

crystals of the PVDF composites, and effective interactions between Ag-NPs and 

PVDF chains further promoted the all-trans conformation and thereby the 

piezoelectric property. 

The piezoelectric characteristics of PVDF nanofibers comprising of graphene 

nanoplatelets was probed by Abolhasani et al. (2017). The inclusion of graphene (0.1 

wt%) in PVDF nanofiber induced the maximum β-phase fraction (83%), while 

additional graphene content reduced the same. The graphene nanoplatelets facilitated 

the PVDF chains in all-trans conformation due to the nucleating effect, which is 

commonly displayed by carbonaceous nanomaterials. Due to the higher β-phase 

content, the nanogenerator based on 0.1 wt% graphene/PVDF nanofiber displayed a 

maximum open-circuit voltage and short-circuit current of 7.9 V and 4.5 μA, 

respectively. In contrast, the PVDF nanofibers produced an output voltage and current 

of 3.8 V and 2 μA, respectively. Moreover, the addition of graphene above 0.1 wt % 

in PVDF deteriorated the piezoelectric performance, which was ascribed to the 

reduced β-phase fraction and crystallinity of nanofiber mats. 
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 1.1.4.3 Non-conducting fillers  

The addition of non-conducting fillers, in particular, clay-based materials provide 

excellent reinforcement and barrier property to the polymer matrix. Additionally, the 

high aspect ratio of the filler induces epitaxial growth of the β-phase owing to its 

interfacial interactions with PVDF chains. Organically modified nanoclay was used to 

tune the electroactive phase of PVDF by Tiwari et al. (2019). They fabricated 

piezoelectric nanogenerator based on organically modified nanoclay/PVDF composite 

nanofiber by varying the content of nanoclay. The inclusion of 15 wt% nanoclay in 

PVDF nanofiber led to the significant enhancement in the electroactive phases (β+γ) 

by 90 % as opposed to 66.1% in the case of pure PVDF nanofibers. An optimum 

loading of nanoclay (15 wt%) facilitates the effective interaction with PVDF matrix 

and thereby in the crystallization of β-phase on the modified silicate layers of 

nanoclay. Moreover, the presence of nanoclay in the polymer matrix tends to develop 

surface charges that interact with the dipoles of PVDF chains leading to the 

promotion of the all-trans conformation. The nanofiber-based nanogenerator with 15 

wt%/PVDF composite delivered an output voltage of 70 V and 68 μW/cm
2 

power 

density, compared with 20 V and 23.2 μW/cm
2 

of virgin PVDF nanofibers under 

finger tapping mode. 

 Khalifa et al. (2016)  fabricated uniaxially aligned nanofibers developed from 

halloysite nanotubes (HNT)/PVDF nanocomposites by electrospinning method. The 

inclusion of HNT into PVDF improved the charge density of the polymer jet during 

electrospinning, thus leading to the reduced fiber diameter with bead free 

morphology. The cooperative effect of electrospinning and HNT led to the enhanced 

β-phase of PVDF based nanocomposite webs. The –CH2 and –CF2 groups of PVDF 

interact with the surface charges of HNT, thereby facilitating the all-trans β-phase. 

The β-phase fraction attained a maximum value of 81.1% with 10 wt% HNT loading, 

while that in the pure electrospun PVDF nanofiber was 34.6%. A force sensor was 

used to evaluate the piezoelectric activity of the nanocomposite webs. The 10 wt% 

HNT/PVDF nanocomposite webs exhibited a maximum output voltage of 955 mV at 

a load of 100 g. The piezoelectric response of the nanocomposite webs correlates with 

their β-phase content. 



  CHAPTER 1 

21 
 

1.1.4.4 Hybrid fillers 

Hybrid fillers may be a simple amalgamation of two different fillers or maybe a 

product of chemical synthesis, which leads to the decoration of filler surface with 

nanoparticles (another filler). The potential benefits of hybrid fillers incorporated in 

polymer composites rely on filler dispersion, filler content, and nature of filler 

surface. In the recent past, hybrid fillers have proven to enhance and impart 

multifunctional properties in PVDF composites, thereby could contribute to EHS. Shi 

et al. (2018) reported the piezoelectric characteristics of electrospun PVDF 

nanocomposite fiber mats reinforced with BaTiO3 nanoparticles and graphene 

nanosheets. The cooperative effect of BaTiO3 nanoparticles and graphene nanosheets 

effectively contributed to the piezoelectric response of nanocomposite fiber mats. The 

maximum β-phase content in the PVDF nanocomposite fiber incorporated with 

BaTiO3 (15 wt%) and graphene (0.15 wt% ) reached a value of 91.1% . The 

substantial increment in the β-phase is ascribed to the effective interaction between 

the PVDF dipoles and the electric field around the filler. The interfacial interaction of 

PVDF with BaTiO3/graphene assists the orientation of –CH2/–CF2– dipoles, thus 

promoting the β-phase in the nanocomposite fiber mats. The nanogenerator based on 

PVDF nanocomposite mats loaded with BaTiO3 /graphene produced a maximum 

voltage of 11 V and power of 4.1 μW under a mechanical strain of 4 mm at 2 Hz. 

Further, the piezo-response of nanogenerator impacted by finger press-release mode 

yielded a peak voltage of 112 V, which was able to power 15 light-emitting diodes 

and energize an electronic watch. 

 Hosseini and Yousefi (2017) fabricated a piezo-sensor built on PVDF 

nanocomposite integrated with different ratios of MWCNT and organically modified 

montmorillonite (OMMT) nanoclay via electrospinning method. The addition of 

MWCNT and OMMT into the PVDF matrix resulted in the finer fiber diameter, 

which was ascribed to the improved viscoelastic effect experienced by the polymer jet 

during electrospinning. The hybrid nanocomposite with 0.05 wt% MWCNT and 0.1 

wt% OMMT displayed the highest β-phase content in comparison to the pure 

electrospun PVDF mats. This was due to the good interaction between the negatively 

charged surface of OMMT and positive –CH2 dipoles of PVDF, leading to the 
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improvement of electroactive β-phase. The piezo-sensor based on 0.05 wt% MWCNT 

/0.1 wt% OMMT/PVDF nanocomposite under the impact load of 6 N displayed the 

sensitivity of 10.9 mV/N relative to 8.25 mV/N for the pure electrospun PVDF mats. 

The improved piezoelectric sensitivity here is ascribed to the content and polarization 

of β-phase in the PVDF matrix. studied The influence of carboxyl functionalized 

multiwall carbon nanotubes (CNTs) and silver (Ag) nanoparticles on the piezo-

response of electrospun PVDF nanofiber mats was systematically studied by Sharma 

et al. (2016). The Ag-CNTs embedded PVDF nanofibers led to the reduced fiber 

diameter in comparison to the pure PVDF nanofiber mats. Moreover, the β-phase 

content was also enhanced in the presence of Ag-CNTs in the PVDF nanofiber mats. 

This was due to the good interaction between the Ag-CNTs and PVDF that induced 

charge accumulation at the surface, thus facilitating the transformation of polymer 

chains to β-phase conformation. The piezoelectric coefficient of the Ag-CNTs/PVDF 

nanofibers was 54 5 pm/V compared to 30 2 pm/V for the pure electrospun PVDF 

nanofibers. The improved piezoelectric coefficient here is ascribed to the β-phase 

fraction and rearrangement of dipoles in the PVDF nanofibers.    

Additionally, additives such as metal salts, ionic liquids, and a few polymers 

have also been demonstrated to enhance the electroactive phase of PVDF [Dhakras et 

al. 2012; Xing et al. 2014; Mokhtari et al. 2016; Pickford et al. 2019; Mahdavi 

Varposhti et al. 2020; Ünsal et al. 2020] due to their interfacial interactions with 

blended PVDF matrix. There are several reports on fillers tuning the piezoelectric 

properties of electrospun PVDF composites. However, Table 1.3 summarizes a few 

different types of fillers and their effect on the piezoelectric characteristics of the 

PVDF matrix. 

Conclusively, the selection of filler plays a pivotal role in modifying, 

imparting, and enhancing the functional properties of PVDF based composites. 

Generally, the positively charged surface of the filler gets interacted with –CF2 groups 

of PVDF via H-bonding, while the negatively charged surface is attracted towards –

CH2 groups of PVDF via ion-dipole interaction thereby promoting the β-phase. The 

functionalization of filler ensures its uniform dispersion and effective interactions 

with the polymer matrix. Moreover, the orientation of dipoles induced by 
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electrospinning facilitates the β-phase of PVDF. A possible interaction mechanism 

between fillers with different morphology and PVDF chains in electrospun PVDF 

based composite is illustrated in Fig.1.7. 

 

 

Fig.1.7 Plausible interaction mechanism between various fillers and PVDF matrix, 

thereby facilitating the β-phase conformation in electrospun PVDF composite 

nanofabrics. 
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Table 1.3 Influence of various fillers/additives on the piezoelectric performance of electrospun PVDF based composite nanofabrics. 

Fillers/Additives Solvent Diameter of 

fiber (nm) 

Remarks References 

Platinum (Pt)  DMF/Acetone  600 High output voltage  30 V, current   6 

mA/cm
2
, and power density  22 

μW/cm
2
. 

[Ghosh and Mandal 2018] 

ZnO DMF/Tetrahydrofuran 

(THF) 

200-1000 Displayed a maximum output power of 

32 nW/cm
2
 over a load of 50 kΩ at 8 Hz 

[Mansouri et al. 2019] 

Nickel chloride 

hexahydrate 

DMF 100-140 Exhibited  polar β-phase of 92% and 

piezo-voltage of 0.762 V 

[Dhakras et al. 2012] 

Polybenzoxazole 

(PBO)/Graphene 

DMF/Acetone 30-130 The maximum voltage of 60 V was 

attained. 

[Barstugan et al. 2019] 

Ca–Al layered 

double hydroxide 

(LDH) 

DMF/Acetone  282 Displayed an enhanced electroactive β-

phase of 82.79%. And an output voltage 

of 5.72 V. 

[Shamitha et al. 2020] 

Polyaniline 

(PANi)/HNT 

DMF/Acetone  205 The β-phase content of 84.1% with 

output voltage, current, and power 

density of 7.2 V, 0.75 μA, and 0.25 

μW/cm
2
, respectively. 

[Khalifa et al. 2019] 
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Silane modified 

KNN (SM-KNN) 

DMF/Acetone  646  The remarkable output voltage, current, 

current density, and power density of 21 

V, 22 μA, 5.5 μA/cm
2
, and 115.5 

μW/cm
2
, respectively. 

[Bairagi and Ali 2020] 

Reduced graphene 

oxide (RGO)/PANi 

DMF/Acetone  470 The maximum output voltage of 10.60 V 

was achieved. 

[Ünsal et al. 2020] 

Molybdenum 

Disulfide (MoS2) 

DMF/Acetone  75 The polar β-phase of 95% and an output 

voltage of 14 V were achieved. 

[Maity et al. 2017] 

Lithium chloride 

(LiCl) 

DMF/Acetone  65 The maximum output voltage of 8V with 

a voltage response sensitivity of 228.5 

V/J.  

[Mokhtari et al. 2016] 

KNN DMF/Acetone _ The β-phase of 68% and an output 

voltage of 1.9 V were achieved. 

[Teka et al. 2018] 

Iron oxide 

(Fe3O4)/graphene 

oxide (GO) 

DMF/Acetone  117 The piezoelectric sensitivity was 1.75 

mV/N. 

[Samadi et al. 2018] 

TiO2/Fe3O4/MWCN

T) 

DMF/Acetone _ Enhanced β-phase and maximum 

piezoelectric sensitivity of 51.42 mV/N. 

[Samadi et al. 2019] 

PANi/graphitic DMF/Acetone  288 Nanogenerator produced an output [Khalifa and Anandhan 2019] 
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carbon nitride (g-

C3N4) 

voltage of 30 V and a current of 3.7 μA, 

respectively, with good stability and 

reproducibility. 

Ce-Fe2O3 (cerium-

ferric oxide) and 

Ce-Co2O4 (cerium-

cobalt tetraoxide) 

DMF/Acetone  205 and 

 262 

Both exhibited output voltages of 20 V 

and 15 V, respectively, with 

corresponding currents of 0.010 μA/cm
2
 

and 0.005 μA/cm
2 

under the load of 2.5 

N. 

[Parangusan et al. 2019] 

Fluorinated 

graphene oxide 

(GOF) and 

carboxylated 

graphene oxide 

(GOCOOH) 

Dimethylacetamide 

(DMAc) /Acetone 

 619 and 

 622 

Both produced piezoelectric coefficients 

of 63 pm/V and 46 pm/V, respectively. 

Accordingly, the β-phase was 79% and 

89%. 

[Gebrekrstos et al. 2018] 
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1.2 PROBLEM IDENTIFICATION 

Electroactive polymers, in particular PVDF, have tremendous advantage over 

ferroelectric and piezoelectric ceramics in terms of their ease of production at low 

temperature, better flexibility, high strains of failure and toughness. PVDF can be 

produced as large thin sheets and stamped into any desired shape, exhibiting increased 

mechanical strength and impact resistance. The electroactive polymers have a lower 

permittivity and lower piezoelectric coefficients compared to ferroelectric ceramics. 

This can be surmounted by the cooperative effects of nanofillers and electrospinning, 

contributing in promoting polar electroactive phase in the PVDF matrix. Based on 

these facts, the present study explores tailoring of the structural and piezoelectric 

properties of electrospun PVDF nanofabrics by strategic incorporation of choosen 

nanofillers and the prospective applications of the resultant composite nanofabrics. 

 

1.3 SCOPE AND OBJECTIVES OF THE PRESENT WORK 

1.3.1 Scope 

PVDF has been extensively studied polymer due to its appealing piezoelectric, 

pyroelectric and ferroelectric properties. In recent years, extensive research has been 

carried to produce efficient ceramic-polymer hybrid composite material, possessing 

improved mechanical properties and better piezoelectric charge coefficients for 

energy harvesting systems. The inclusion of nanofillers such as clay, graphene and 

carbon nanotubes promotes the polar phases in PVDF. Electrospinning is a one-step 

process to produce electroactive phases in PVDF without any further post treatments. 

The piezoelectric properties of PVDF have been employed in the production of 

sensors, energy harvesters, artificial muscles and mechanical actuators. The overall 

aim of this research is to develop an electrospun PVDF-based composite nanofabrics 

with improved mechanical, dielectric and piezoelectric characteristics by the inclusion 

of functional 2D-nanosheet based fillers.   

1.3.2 Objectives  

 Synthesis of organically modified Ni-Co LDH/PVDF composite nanofabrics 

under optimized electrospinning conditions. 
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 Synthesis of talc nanosheets/PVDF composite nanofabrics under optimized 

electrospinning conditions. 

 Synthesis of talc nanosheets/carboxyl functionalized graphene nanosheets/ 

PVDF hybrid composite nanofabrics under optimized electrospinning 

conditions. 

 Characterization of the aforementioned nanofabrics through X-ray diffraction 

(XRD), scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), Fourier transform infrared (FTIR) spectroscopy, 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), 

transmission electron microscopy (TEM), and piezoresponse force microscopy 

(PFM). 

 Investigation on the suitability of the synthesised PVDF-based composite 

nanofabrics in piezoelectric applications. 
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CHAPTER 2 

MATERIALS AND METHODS 

This chapter discusses the materials used in the fabrication of PVDF-based composite 

nanofabrics and the physico-chemical characterization and evaluation of these 

nanofabrics for piezoelectric applications. The synthesis of nanofillers such as 

organically modified Ni-Co layered double hydroxide (OLDH) and carboxyl 

functionalized graphene nanosheets (FGNS), with detailed characterization 

techniques adopted in this study, has been discussed. 

 

2.1 MATERIALS 

PVDF powder (Solef® 1015,   ̅̅ ̅̅ ̅ = 575,000, Belgium) was obtained from Prakash 

Chemicals Pvt.Ltd, Vadodara, India. Nickel nitrate hexahydrate (Ni(NO3)2•6H2O), 

cobalt nitrate hexahydrate (Co(NO3)2•6H2O), urea, ethylene glycol, and acetone were 

purchased from Merck, India. Sodium dodecylbenzene sulfonate (SDBS) was 

purchased from Sigma Aldrich, India. Talc nanoparticles (Celina-80
®
, Nanoshel, 

USA, Purity: 99.9%, Average particle size ; < 100nm) were obtained from Intelligent 

Materials Pvt. Ltd., Punjab, India. Natural graphite flakes, sodium nitrate, potassium 

permanganate, hydrogen peroxide, sulphuric acid, hydrochloric acid, para-

aminobenzoic acid were procured from Sigma Aldrich, Korea. N, N’-

dimethylformamide (DMF) and acetone were purchased from Molychem, India. All 

the chemicals were of analytical grade (purity > 99%) and used without further 

purification.  

 

2.2 METHODS 

2.2.1 Synthesis of organically modified Ni-Co layered double hydroxide (OLDH) 

The OLDH was prepared by the one-step route as follows: 2.5 mmol of 

Ni(NO3)2•6H2O and 5 mmol of Co(NO3)2•6H2O (Ni: Co = 1:2) was added to the 
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solution mixture of 37.5 mL ethylene glycol and 15 mL deionized water. Once the 

precursors dissolved, 37.5 mmol of urea was added slowly and stirred, until a clear 

solution was formed. The resulting metal salt solution mixture was then transferred 

into a three-neck round-bottom flask. To this, 0.2 M solution of sodium 

dodecylbenzene sulfonate in 25 mL of deionized water was introduced under reflux 

for 6 h at 90 °C. Then, the precipitates were separated by filtration and washed with 

demineralized water several times and then dried at 60 °C. Unmodified Ni-Co LDH 

was also prepared by the procedure mentioned previously [Li et al. 2016], which is 

denoted as LDH. 

2.2.2 Electrospinning of OLDH/PVDF composite nanofabrics 

Electrospinning solution of PVDF with different loadings of OLDH (0, 1, 3, 5 and 7 

wt%, based on the weight of PVDF) was prepared in a mixture of DMF/acetone (9/1 

v/v) at room temperature. Firstly, the desired percentage of OLDH was ultrasonicated 

in the solvent mixture   for 2 h at 28 °C, and then PVDF (13.5 w/v%) was added to 

this dispersion and the mixture was continuously stirred for 8 h. The resultant mixture 

was then loaded into a 10 mL syringe having a 22-gauge stainless steel needle with a 

bevelled edge, and the solution flow rate was regulated at 0.8 mL h
-1

. Electrospinning 

was carried out using a single spinneret vertical electrospinning setup (ESPIN-NANO 

model V1, Physical equipments Co., Chennai, India) under the following optimized 

conditions: relative humidity: 55±2 %; drum collector speed:1200 rpm; temperature: 

30 °C; voltage: 16 kV; spinneret tip to collector distance:15 cm.  

 

2.2.3 Electrospinning of talc/PVDF composite nanofabrics 

The dispersion of talc was prepared by dispersing the desired quantity of talc 

nanoparticles (0.25, 0.50, 0.75, and 1 wt%) in the solvent (blend ratio 9:1 v/v ) of 

DMF/acetone by ultrasonication for 1 h at 28 °C. To this dispersion, PVDF powder 

(13.5 wt/v%) was introduced and the resultant mixture was magnetically stirred for at 

least 10 h to ensure homogeneity. The resultant as-prepared solution was transferred 

to a 10 mL dispovan syringe with 22 gauge needle (0.5 mm diameter) and loaded to a 

vertical electrospinning instrument (ESPIN-NANO model V1, Physical equipments 

Co., Chennai, India). Electrospinning was performed at room temperature (28 ± 2 °C) 
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under a relative humidity of  50 ± 2%. The electrospun fabrics were collected on an 

aluminum foil that was wrapped on the rotating drum collector (1400 rpm) and placed 

at a distance of 16 cm from the needle tip of the syringe. The flow rate and voltage 

were maintained at 0.6 mL h
-1

 and 18 kV, respectively.    

2.2.4 Synthesis of graphene oxide (GO) and reduced graphene oxide (RGO) 

GO was prepared from purified natural graphite according to modified Hummer’s 

method [Hummers and Offeman 1958; Ryu et al. 2014]. Typically, 1 g of graphite 

flakes was dispersed in 100 mL of sulphuric acid by sonication for 30 min, followed 

by addition of 1g of sodium nitrate. To the resultant mixture, 6 g of potassium 

permanganate was gently added under the ice-cold condition. This mixture was stirred 

for 2 h maintaining the water bath temperature at 35 °C. Next, 40 mL of de-ionized 

water (70 °C) was added drop-wise to the solution, and the temperature of the solution 

was elevated to 90 °C. At last, 140 mL of de-ionized water (70 °C) followed by 20 

mL of hydrogen peroxide (30 wt%) was added so as to terminate the reaction. The as-

prepared GO dispersion was purified via the dialysis route to remove any residual 

salts and acids. Finally, the resultant GO was dried overnight in a vacuum oven at 60 

°C. 

For the preparation of RGO, above synthesized GO was subjected to a temperature of 

400 °C in a muffle furnace under a nitrogen atmosphere for 3 h.[López Guerra et al. 

2013]  

 

2.2.5 Synthesis of carboxyl functionalized graphene nanosheets (FGNS) 

The chemical functionalization of RGO was done via a diazonium coupling reaction 

using aminobenzoic acid [Athanasekou et al. 2019]. Briefly, 960 mg of para-

aminobenzoic acid was added to 80 mL deionized water. To this solution, 526 mg 

(7.6 mmol) sodium nitrate was introduced slowly via a dropper, while the solution 

was maintained in an ice bath and stirred till the solution became clear. Next, 6 mL 

HCl (20 v/v%) solution was quickly added and stirred for another 45 min till the 

solution turned yellow. The resultant diazonium salt solution was added to an aqueous 

solution of RGO (250 mg), maintained at 5 °C, and stirred for 6 h. After this, the 

reaction mixture was further stirred for 8 h under ambient conditions. Finally, the 
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obtained products were filtered and washed repeatedly with de-ionized water and later 

dried overnight in vacuum at 60 °C to obtain FGNS. The schematic illustration of the 

synthesis method was displayed in Fig.2.1. 

 

Fig.2.1 Schematic depicting the synthesis of GO, RGO, and FGNS.  

 

2.2.6 Electrospinning of PVDF and 0.50 wt% talc nanosheets/FGNS/PVDF 

(TGP)-based composite nanofabrics 

For preparing electrospun PVDF nanofabrics (E-PVDF), PVDF powder (13.5 wt/v%) 

was dissolved in 9:1 v/v mixture of DMF/acetone and stirred for 10 h at 30 °C. For 

the TGP-based composite nanofabrics, desired amount of FGNS was first dispersed in 

the solvent mixture by ultrasonication for 1 h, and then talc nanosheets were added 

under stirring followed by ultrasonication for another 1 h. To the resultant mixture, 

PVDF powders were added followed by continuous magnetic stirring for 10 h to 

produce a homogeneous electrospinning solution. For the TGP-based system, talc 

nanosheets content was fixed at 0.50 wt% and FGNS loading was varied (0.05, 0.10, 

0.15, and 0.20 wt%) relative to PVDF. The prepared electrospinning solution was 

then loaded into a 10 mL syringe with a stainless steel needle (22-G), and 
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electrospinning was performed at 30 °C on a vertical electrospinning unit (ESPIN-

NANO model V1, Physical equipments Co., Chennai, India) under the following 

optimized conditions: voltage 18 kV; flow rate 0.6 mL/h; tip to collector distance 16 

cm; rotating drum collector speed 1400 rpm; and relative humidity 52 2 %. 

2.3 MEASUREMENT AND CHARACTERIZATION 

The morphology of OLDH, talc nanosheets, and electrospun nanofabrics were 

evaluated using scanning electron microscopy (SEM) (JSM-6380LA, JEOL, 

Japan).The morphology of GO, RGO, FGNS, and TGP-based composite nanofabrics 

were examined by field emission scanning electron microscopy (FESEM) (ZEISS 

GeminiSEM-300, Germany).  All the samples were gold sputtered using auto fine 

coater (JFC-1600, JEOL, Japan) before SEM/FESEM observations. The mean fiber 

diameter of electrospun nanofabrics was measured using the Image-J software (a total 

of 50 nanofibers were considered from the SEM/FESEM images). The assessment of 

filler dispersion and distribution in the polymer matrix was evaluated using elemental 

mapping by energy dispersive X-ray spectroscopy (EDS) (AMETEK, Model-E1816-

C2B EDS, USA). Transmission electron microscope (TEM) (JEOL-JEM 2100, Japan) 

was also performed at an accelerating voltage of 200 kV to evaluate the morphology 

of nanofillers and PVDF-based composite nanofabrics. For the TEM analysis, a small 

quantity of these nanofiller samples  was ultrasonicated in ethanol solution for 2h, and 

then this solution mixture was drop cast onto the carbon-coated grid (200 mesh) 

followed by drying of the copper grid in the vacuum oven for 10 h.  In the case of 

nanofabrics, the nanofibers were directly spun on the copper grid, and later the grid 

was dried. 

Fourier transform infrared (FTIR) spectroscopy (JASCO, Model-FT/IR 4200 

LE, Japan) was used to obtain the spectra of the samples in the KBr-transmission 

mode (4000-400 cm
-1

) and attenuated total reflectance (ATR) mode (4000-650 cm
-1

)
 

at a resolution of 4 cm
-1

 and 32 accumulated scans. The percentage fraction of the β-

phase F(β) in the electrospun nanofabrics was calculated using the equation (2.1) 

[Gregorio, Jr. and Cestari 1994], conforming Lambert-Beer’s law. 

 ( )  
  

(
  

  
)     

                                                              (2.1) 
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In the equation, Aα and Aβ represent measured absorbance at 763 cm
-1 

and 840 cm
-1

, 

respectively. The values of absorbance coefficients at 763 cm
-1 

and 840 cm
-1

 are 

Kα=6.1   10
4 

and Kβ=7.7   10
4
 cm

2
 mol

-1
, respectively. 

To validate the formation of OLDH, high-resolution X-ray diffractometer 

(Rigaku Smartlab, USA) was carried out with Cu Kα radiation of 0.154 nm(λ) 

operating at 40 kV and 30 mA. The sample was scanned at the rate of 1°/min over the 

2θ range of 2° to 40°. The interplanar distance (d) was calculated from equation (2.2). 

                                                  d   
 

     
                                                                  (2.2) 

The phases and crystallinity of electrospun nanofabrics were determined by another 

X-ray diffractometer (Rigaku Miniflex 600-5
th

 generation, USA) operating at 40 kV 

and 15 mA, 2θ range of 10° to 50° and a scan rate of 1°/min. The % crystallinity (χc) 

was determined using equation (2.3). 

                                               
  

           
                                                       (2.3) 

Where, Ac and Aa are the integrated areas of the XRD peaks pertaining to crystalline 

and amorphous phases, respectively.Further the XRD patterns of GO, RGO, and 

FGNS was evaluated using X-ray diffractometer (Empyrean-Malvern Panalytical, 

UK) with Cu Kα radiation (λ=0.154 nm) under 45 kV and 30 mA. 

The thermal behavior of electrospun nanofabrics was evaluated by 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) under 

a nitrogen environment. The TGA traces of the electrospun nanofabrics were recorded 

using a thermogravimetric analyzer (TA instruments, Model-TGA Q500, Germany) 

from 25 °C to 600 °C at a heating rate of 10 °C/min. The overall crystallinity and 

melting temperature of electrospun nanofabrics were obtained by differential scanning 

calorimetry (DSC) (822E, Mettler Toledo, USA) with a heating rate of 10 °C/min 

from 25 °C to 200 °C. The % crystallinity (χc) of the nanofabrics was calculated 

according to equation (2.4). 

                               
        

         
                              (2.4) 

Where  ΔHsample and ΔH100% denotes the enthalpies of fusion of the sample and 100 % 

crystalline PVDF, given as 104.7 Jg
-1

 [Liu et al. 2013]
 
.
 
 

The dielectric properties of electrospun nanofabrics were analyzed using a 

precision LCR Meter (E4980A, Keysight, USA) in the frequency range of 1k to1MHz 
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at room temperature. Data measurements were done by sandwiching the sample 

between two copper electrodes. The dielectric constants (ϵr) of the samples were 

calculated using equation (2.5). 

                                                 
  

   
                                                 (2.5) 

Where C is the capacitance, d is the thickness of the sample, A is the area of the 

electrode and ϵo is the permittivity of free space (8.854 10
-12

 Fm
-1

). 

Tensile testing of the electrospun nanofabrics was done using a universal 

testing machine (INSTRON, Model-5967, USA) at room temperature and in 

accordance with ASTM D882. All the test samples (60 mm   10 mm) were subjected 

to a crosshead speed of 5 mm/min. 

Raman spectra of RGO and FGNS were acquired using a Raman spectrometer 

(Horiba-LabRAM HR, France) using a 532 nm laser source. 

The piezoelectric responses of individual nanofibers (pristine PVDF and 

composite nanofibers) were measured using piezoresponse force microsopy (PFM) 

mode of an atomic force microscope (MFP-3D-BIO, Asylum Research, USA). The 

nanofibers were directly electrospun on a gold-coated glass slide for 10 s. Ti/Ir coated 

silicon conductive cantilever (ASYELEC-01, Asylum Research, USA) with a spring 

constant of 2 N/m and resonant frequency of 70 kHz was used for PFM 

measurements. DART-PFM (dual alternating current (AC) resonance tracking) mode 

was used to analyze the nanofiber's vertical piezoelectric response (contact frequency 

290-310 kHz). The nanodomain switching properties of the individual nanofiber was 

assessed by SS-PFM (switching spectroscopy) mode. At least five different locations 

on a single nanofiber were considered for the PFM analysis. 

 

2.3.1 Setups and methodology used for piezoelectric performance evaluation of 

PVDF-based composite nanofabrics 

The piezoelectric response of the electrospun  composite nanofabrics was evaluated 

using an indigenously developed nanogenerator (Fig.2.2). The electrospun fabrics 

were sandwiched between two copper electrodes (3.0 cm × 2.0 cm) that were covered 

with a polymer film (ethylene-octene copolymer, thickness of 0.5 mm), and the entire 

set-up was wrapped with an adhesive tape (transparent scotch tape). The piezoelectric 
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response (voltage and current) of the nanogenerator under repetitive finger imparting 

was recorded using a USB oscilloscope (Digilent, Model-Analog Discovery 2,  USA) 

and picoammeter (SES instruments, Model-DPM-111-C2, India). The finger 

imparting force on the nanogenerator ( 3.8 N) was measured by a force sensor 

(Kistler, Model-9712B5, Switzerland). 

 

 

 

Fig.2.2 Schematic demonstrating the construction, and photographic image of the 

nanogenerator. 

The frequency modulated-shaker mode consisted of Modal Shaker (YMC 

Piezotronics Inc, Model-MS-100, China), Function/Arbitrary Waveform Generator 

(Keysight technologies, Model-33220A, USA) and Voltage Module (National 

Instruments, Model- NI-9215C, USA). The output voltage was measured by a voltage 

module interfaced with a computer (LabVIEW software). Accordingly, the 

nanogenerator is fixed at one end, and the free end is attached to the steel ruler (34 × 

2.5 × 1 cm) using double-sided adhesive foam tape. The steel ruler scale is linked to a 

piezoelectric shaker that excites the former. The nanogenerator based on electrospun 

fabric is deformed mechanically by varying the vibrational frequency of the shaker 

using a frequency generator. The output response of the nanogenerator under varying 

frequency modes (1 VPP, 10 to 50 Hz) is recorded using a data acquisition device 

interfaced with the computer.  Fig.2.3.a and b depict the set-up for frequency 

modulated-shaker mode. 
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Fig.2.3 Illustration of piezoelectric evaluation of E-PVDF and talc/PVDF fabrics 

based nanogenerator by frequency modulated-shaker mode; (a) Schematic, and (b) 

Photographic image of the set-up. 

In the pneumatic-actuator mode, the assembled nanogenerator (Fig.2.2) was 

mechanically impacted by a custom-built pneumatic compression setup (FESTO-

DSNU-20-100-P-A, Germany) operating at an inlet pressure of 0.4 MPa (Fig.2.4). A 

pneumatic actuator impacts the nanogenerator composed of electrospun nanofabrics 

in the vertical direction. The pneumatic actuator is operated using a 5/2-push button. 

The nanogenerator under impact and release modes are shown in Fig.2.4, and their 
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corresponding output response is measured using an oscilloscope (Digilent-Analog 

Discovery 2, USA), and the piezoresponse is displayed on the laptop. 

 

Fig.2.4 Schematic of piezoelectric response evaluation for electrospun nanofabrics 

based nanogenerator by pneumatic-actuator mode. 
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CHAPTER 3 

ORGANO-MODIFIED Ni-Co LDH: ON THE POLYMORPHISM, 

DIELECTRIC, AND PIEZOELECTRIC RESPONSE OF 

ELECTROSPUN POLY(VINYLIDENE FLUORIDE) 

NANOFABRICS 

In this study, organically modified Ni-Co layered double hydroxide (OLDH) was 

synthesized and the nanosheets of this OLDH were used as filler in electrospun PVDF 

nanofabrics. Morphology, crystallinity, dielectric, and piezoelectric properties of the 

electrospun nanofabrics were characterized. Dielectric constant of the nanofabrics 

tend to increase with OLDH content, while the corresponding dielectric loss remained 

low. An indigenously designed nanogenerator was used to evaluate the piezoresponse 

of OLDH/PVDF nanofabrics. The synergistic effect of OLDH and electrospinning 

contributed to the enhancement of the β-phase content, thereby the piezoelectric 

response of the composite nanofabrics.  

3.1 RESULTS AND DISCUSSION 

3.1.1 Characterization of OLDH 

The XRD patterns of LDH  (Fig.3.1a ) revealed peaks centered at 2θ values of  10.6°, 

22.2°, and 32.8° indexed as (0 0 3), (0 0 6), and (0 1 2)  planes of cobalt nickel 

carbonate hydroxide hydrate (ICDD-033-0429), respectively. For OLDH the basal 

reflections shifted to lower 2θ angles of 2.9° and 6.0° (Fig.3.1b). The modification of 

LDH with SDBS resulted in the shift of basal reflection, indicating an increased 

expansion in the interlayer space of LDH. This increase in d-value from 0.83 nm 

(LDH(003)) to 3.04 nm (OLDH(003)) is attributed to the monolayer arrangement of 

SDBS ions in the interlayer space of LDH [Costa et al. 2008]. 

FTIR analysis was performed to ascertain the presence of SDBS ions in the 

OLDH interplanar space. FTIR spectra of LDH and OLDH are shown in Fig.3.1c. For 

LDH, the broadband in the range of 3200-3700 cm
-1

 corresponds to O-H stretching 

vibration of the metal hydroxide layer and interlayer water molecules. The band 

centered at 1630 cm
-1

 is ascribed to O-H bending vibration of water molecules. The 
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band at 1383 cm
-1

 indicates the vibrations due to the CO3
2-

 and NO3
- 
interlayer anions. 

Additionally, the broad peak at 624 cm
-1

 is ascribed to the M-O (M=Ni, and Co) and 

M-O-M vibrations.  In the OLDH spectrum, bands appearing at 2952 and 2855 cm
-1

 

resulted from the CH2 stretching vibration of sulfonate chains. The bands around 1592 

and 1408 cm
-1

 are due to the C=C stretching of benzene ring. The asymmetric and 

symmetric stretching of S=O present in SDBS appears at 1186 and 1038 cm
-1

, 

respectively [Xu and Braterman 2003]. The sharp band at 832 cm
-1

 is assigned to CH 

aromatic out of plane bending. The sharp peak appearing at 426 cm
-1

 arises due to the 

lattice vibration related to metal hydroxide layers [WANG et al. 2009]. 

SEM image of LDH revealed its flake-like morphology (Fig.3.2a). In 

comparison to LDH, the OLDH retained its flake-like morphology with more 

irregularity at the edges. This was probably due to the larger size of SDBS anions, 

which intercalate in to the galleries of LDH; this influences the assembly and 

thickening of metal hydroxide sheets during the regeneration process (Fig.3.2b). Also, 

the TEM micrograph of OLDH (Fig.3.2c) confirmed its layered structure.  

 

Fig.3.1 XRD pattern of: a) LDH, and b) OLDH; c) FTIR spectra of LDH and OLDH. 
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Fig.3.2  SEM micrograph of: a) LDH, and b) OLDH; c) TEM micrograph of OLDH. 

 

3.1.2 Characterization of OLDH/PVDF composite nanofabrics 

3.1.2.1 SEM, EDS and TEM results 

Fig.3.3 (a, b, c, d, and e) shows the SEM images of OLDH/PVDF nanofabrics 

containing varying amounts of OLDH. Incoporation of OLDH into PVDF matrix 

increased the charge density of electrified jet causing extended elongation of the jet 

during electrospinning that resulted in smoother and finer nanofibers. The fiber 

diameters of electrospun nanofabrics were in the range of 150-450 nm, with 

significant number of fibers with diameters around 220 nm (Fig.3.3f). The mean fiber 

diameter (MFD) and standard deviation of the fiber diameter (SD) of the E-PVDF and 

OLDH/PVDF nanofabrics are shown in Table 3.1. For a loading of 3 wt% OLDH, the 

MFD decreased to 204 nm (SD of 26), which could be attributed to the higher 

solution conductivity and higher stretching of the solution jet during electrospinning 

[Yee et al. 2007 Andrew and Clarke 2008]. The MFD and SD for OLDH/PVDF 

nanofabrics increased with the content of OLDH, which was due to the aggregation of 



  CHAPTER 3 

 

44 
 

filler particles. The EDS elemental mapping of the nanofabric (with OLDH loading of 

3 wt%) confirmed the presence of OLDH and its uniform dispersion in the PVDF 

matrix (Fig.3.4). 

 

 

Fig.3.3 SEM micrographs of electrospun OLDH/PVDF nanofabrics with varying 

OLDH content: (a) 0%, (b) 1%, (c) 3%, (d) 5%, (e) 7% and (f) distribution of fiber 

diameters of E-PVDF and OLDH/PVDF nanofabrics. 

 

Table 3.1 MFD and SD of OLDH/PVDF nanofabrics with different contents of 

OLDH. 

OLDH loading (wt %)  MFD (nm) SD (nm) 

0 (PVDF) 326 51 

1 225 23 

3 204 26 

5 230 30 

7 250 32 

 

Fig.3.5a and b show the TEM micrographs of E-PVDF and 3 wt% 

OLDH/PVDF composite nanofiber, respectively. The E-PVDF nanofiber is relatively 

brighter; the dark lined shades in Fig.3.5b represented OLDH filler encapsulated 

within PVDF matrix. Additionally, the OLDH filler was well dispersed in the PVDF 
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matrix and also the sheets were orientated along the fiber axis. The elongational 

forces offered by electrospinning possibly align the OLDH platelets in the direction of 

PVDF fiber axis. The uniform dispersion of OLDH filler in PVDF nanofabrics could 

be ascribed to the effective interaction between the hydroxyl group of OLDH and 

fluorine atoms of PVDF [Tian et al. 2017].  

 

 

Fig.3.4 SEM-EDS elemental mapping of Ni and Co in 3wt% OLDH/PVDF 

nanofabrics. 

 

Fig.3.5 TEM images of single nanofiber of: a) E-PVDF, and  b) 3 wt% OLDH/PVDF 

composite. 

3.1.2.2 XRD results 

Fig.3.6 depicts the XRD patterns of PVDF powder, E-PVDF, and OLDH/PVDF 

nanofabrics. In PVDF powder, the α-phase is predominat as evidenced by the 2θ 

values at 18.3°, 19.9°, and 26.6°, corresponding respectively to the (0 2 0), (1 1 0), 

and (0 2 1) reflections of α-phase [Xue et al. 2017]. Notably, for E-PVDF and 
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OLDH/PVDF nanofabrics, the intensity of the characteristic peak of the α-phase 

decreased, and a sharp peak was observed at 20.6° followed by a weaker one at 36.3° 

corresponding to (110/200) and (201) planes of the β-phase [Cai et al. 2017], 

respectively. The higher stretching and in-situ electrical poling offered by 

electrospinning process facilitate the transformation of non-polar α-phase to the polar 

β-phase in the resultant nanofabrics. The crystallinity of E-PVDF and OLDH/PVDF 

nanofabrics were evaluated by a deconvolution technique [Kim et al. 2011], and the χc 

values are given in Table 3.2. The crystallinity of nanofabrics tends to increase with 

OLDH loading in the PVDF matrix up to 3 wt%, beyond which it decreased. 

Generally, fillers play a crucial role in polymer crystallization either by providing 

nucleation sites or hindering the polymer chain mobility [Issa et al. 2017]. Herein, the 

OLDH sheets had a dual role in the crystallization of PVDF; it provided nucleation 

sites for crystal transition at low loading, and a higher filler concentration led to 

inhibition of polymer chain motions. 

 

Fig.3.6 XRD patterns of PVDF powder, E-PVDF and OLDH/PVDF nanofabrics. 

3.1.2.3 DSC results 

DSC traces of E-PVDF and OLDH/PVDF nanofabrics are shown in Fig.3.7 and their 

corresponding melting temperature (Tm), melting enthalpy (ΔHm), and crystallinity 

(χc) are highlighted in Table 2. For 3 wt% OLDH/PVDF nanofabrics, the melting 

peak was observed at 175.5 °C and that there was an increase in the Tm compared to 
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E-PVDF. The increase in Tm for the composite nanofabric can be attributed to the 

significant contribution from the higher melting β-phase [Pramoda et al. 2005]. The 

Tm values for OLDH/PVDF nanofabrics decrease with the loading of OLDH, possibly 

due to the rearrangement of the α-phase in the PVDF matrix [Pramoda et al. 2005; 

Andrew and Clarke 2008]. The crystallinity (χc) values from DSC and XRD results 

(Table 3.2) are found to have a similar trend.  

 

Fig.3.7 DSC traces of E-PVDF and OLDH/PVDF nanofabrics. 

 

Table 3.2 Melting temperature, melting enthalpy, and crystallinity of E-PVDF and 

OLDH/PVDF nanofabrics. 

 

Electrospun 

nanofabrics 

Melting 

temperature 

(°C) 

ΔHm 

(Jg
-1

) 

% χc 

DSC XRD 

E-PVDF 174 48.0 45.8 31.2 

1wt% OLDH/PVDF 174.3 57.6 55.0 35.4 

3wt% OLDH/PVDF 175.5 55.6 53.1 35.3 

5wt% OLDH/PVDF 174.8 53.5 51.0 34.6 

7wt% OLDH/PVDF 174.3 51.4 49.1 33.7 
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3.1.2.4 FTIR  spectroscopy 

FTIR spectra of PVDF powder, E-PVDF, and OLDH/PVDF nanofabrics are shown in 

Fig.3.8. The spectra of PVDF powder showed stark bands at 489, 532, 614, 763, and 

975 cm
-1

 ascribed to the α-phase, and the signature bands for the β-phase were evident 

at 840 (CH2 rocking) and 1400 cm
-1 

(CH2 wagging) [Khalifa et al. 2016; Xue et al. 

2017]. Addition of OLDH into PVDF nanofabrics significantly reduced the intensity 

of the α-phase bands and promoted a new band that was discernible at 1275 cm
-1

 

corresponding to the all trans conformation of the β-phase [Cai et al. 2017]. 

Furthermore, the distinctive infrared band of the γ-phase was not evident, thus 

suggesting that the synergistic effect of OLDH and electrospinning favors the 

formation of the β-polymorph. The β-phase content of E-PVDF and OLDH/PVDF 

nanofabrics were measured (Table 3.3). The β-phase content reached a maximum 

value of 87.8% at 3 wt% OLDH content, after which it decreased; this is possibly due 

to the aggregation of filler particles at a higher concentration, as supported by the 

SEM results. 

 

Fig.3.8 FTIR spectra of PVDF powder, E-PVDF, and OLDH/PVDF nanofabrics. 
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Table 3.3 FTIR results of OLDH/PVDF nanofabrics with different content of OLDH. 

 

OLDH content (wt %) Absorbance intensity f(β) (%) 

A764 A840 

0 0.0917 0.1701 59.5 

1 0.0384 0.1419 74.5 

3 0.0347 0.3147 87.8 

5 0.0278 0.1217 77.6 

7 0.0338 0.1390 76.5 

 

 

Fig.3.9 FTIR spectra of electrospun PVDF and 3 wt% OLDH/PVDF nanofabrics. 

  

FTIR spectra in the wavenumber range of 4000-400 cm
-1

 were studied to 

determine the possible interactions in the OLDH/PVDF nanofabrics (Fig.3.9). In 

comparison with  E-PVDF, a broad peak at 3430 cm
-1

 was observed for 3wt% 

OLDH/PVDF nanofabrics. Also, shifting of the peak from 3450 to 3430 cm
-1

 

compared with the FTIR spectrum of OLDH sample (Fig.3.1c) suggests a functional 

interaction between -C-F groups of PVDF and -OH groups of OLDH nanosheets. In 

the FTIR spectrum of 3 wt% OLDH/PVDF nanofabrics, the peak centered at 1408 

cm
-1 

overlaps with a peak at 1400 cm
-1 

(–CH2– vibration) of PVDF. Also, shifting of 
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the band from 1186 to 1184 cm
-1

 indicates the possible interaction between SDBS 

ions and –CH2– groups of PVDF. Therefore, the effective interaction between OLDH 

nanosheets and PVDF chains resulted in the formation of the β-phase in the resultant 

composites. The probable interaction mechanism is depicted in Fig.3.10. 

 

Fig.3.10 Schematic illustration of probable interactions between OLDH and PVDF in 

the composite nanofabrics. 

 

3.1.2.5 Dielectric properties 

The dielectric constants (ϵr) of E-PVDF and OLDH/PVDF nanofabrics were 

measured over a frequency range of 1 kHz to 1 MHz at room temperature (Fig.3.11a). 

Notably, there was an enhancement of ϵr value for all the OLDH/PVDF nanofabrics 

compared to E-PVDF. The ϵr values for all the nanofabrics tend to increase in the low-

frequency range after which the same decreases continuously at higher frequency. 

This is due to the insufficient time available for the dipoles present in the nanofabrics 

to align themselves along the direction of the electric field at higher frequency 

regions. The maximum ϵr value of 7.2 was achieved at 1 kHz for 7 wt% 

OLDH/PVDF; this was three times higher in magnitude compared with that of E-

PVDF. This remarkable increase in ϵr for OLDH/PVDF nanofabrics could be ascribed 

to the availability of free charges at the interface between the OLDH surface and 

PVDF chains, as related to Maxwell-Wagner-Sillar (MWS) interfacial polarization 

effect [Anithakumari et al. 2016; Adhikary and Mandal 2017]. The electro-active 
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phases of PVDF demonstrate the largest spontaneous polarization, and the porous 

structure of the nanofabrics vary the dipole density. Thus, the β-phase fraction and 

porosity of the electrospun nanofabrics also affect the ϵr values [Yang et al. 2014]. 

Fig.3.11b shows the variation of dielectric loss (tanδ) in E-PVDF and 

OLDH/PVDF nanofabrics measured as a function of frequency at room temperature. 

The OLDH/PVDF nanofabrics maintained low dielectric loss compared with E-

PVDF. The lower dielectric loss was possibly due to the restricted mobility of the 

electric charges through the PVDF chains [Jahan et al. 2018]. With an improved 

dielectric constant and a low dielectric loss, the OLDH/PVDF nanofabrics could 

possibly find their application in energy devices. 

 

Fig.3.11 Frequency-dependent a) dielectric constant, and b) dielectric loss of E-PVDF 

and OLDH/PVDF nanofabrics. 

 

3.1.2.6 Piezoelectric performance 

The piezoelectric performance of the nanogenerator based on OLDH/PVDF 

nanofabrics was assessed under the repetitive compressive impact via human finger 

tapping mode and the corresponding output voltage as a function of OLDH content is 

shown in Fig.3.12a and b.  Nanogenerator with E-PVDF nanofabrics produced a 

voltage output of 1.2 V and current output of 1.27 nA. In contrast, the presence of 

OLDH in PVDF nanofabrics increased the performance of the nanogenerator, 

reaching a  peak voltage output of 6.9 V and current output of 11.78 nA  for 3 wt% 

OLDH loading. Fig.3.13a and b demonstrates the switching polarity test for 3 wt% 

OLDH/PVDF nanofabrics, while no signal was generated from blank nanogenerator, 
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thus confirming that the output response from NG stemmed solely from the 

piezoelectric effect. The two signals arise from nanogenerator under the finger impact 

load, one due to the deformation (pressing) in the positive direction and the other 

from recovery (releasing) in the negative direction. This mechanism can be explained 

as follows: when the material is subjected to a compressive load, the resultant 

potential difference causes the dipoles in the material to orient along the direction of 

the applied force, resulting in a positive electrical signal. When the force is released, 

the material tends to return to its initial state, producing reversed polarity signals [Ren 

et al. 2016; Zhao et al. 2016]. Accordingly, the improved piezoelectric response of 

OLDH/PVDF nanofabrics is due to the fineness of fiber [Abbasipour et al. 2017] and 

dominance of the electroactive β-phase content. 

 

Fig.3.12 a) Variation of the piezoelectric response of E-PVDF and OLDH/PVDF 

nanofabrics based NG; b) The output voltage as a function of OLDH content in 

OLDH/PVDF nanofabrics. 

 

Fig.3.13 Switching polarity evaluation for 3 wt% OLDH/PVDF nanofabrics a) 

forward connection, and b) reverse connection. 
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Fig.3.14a depicts the variation of the output voltage and current from the 

nanogenerator as a function of load resistance (0.1-5 MΩ) under finger tapping mode. 

The output voltage increases and the corresponding current values decrease with the 

load resistance. The power density (W= 
  

   
 , where V is the voltage, RL the load 

resistance and A=7.5 cm
2
, the active area) reaches a peak value of 0.92 μW/cm

2
 at a 

resistance of 2 MΩ, as shown in Fig.3.14b. The results of this study suggest its 

applicability in powering portable electronic sensors and devices. 

 

 

Fig.3.14 a) The output voltage and current, and b) calculated power density of 3 wt% 

OLDH/PVDF nanofabrics based NG across the different load resistance. 

 

3.2 SUMMARY AND CONCLUSIONS 

In this study, a low content of OLDH as filler resulted in the promotion of the 

electroactive β-phase in the ensuing PVDF-based electrospun nanocomposite fabrics. 

Also, the dielectric constant of OLDH/PVDF nanofabrics increased significantly, and 

dielectric loss was suppressed compared with E-PVDF. The realignment of dipoles of 

PVDF combined with their interfacial interaction with OLDH nanosheets resulted in 

an enhanced piezoelectric response of electrospun OLDH/PVDF composite 

nanofabrics. Flexible nanogenerator based on OLDH/PVDF nanofabrics demonstrated 

the maximum output voltage of 6.9 V and power density of 0.91 μW/cm
2
. Moreover, 

the scalability of the OLDH synthesis as well as electrospinning process could pave 

the way for the fabrication of viable and cost-effective nano-energy harvesting 

devices. 
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CHAPTER 4 

DEVELOPMENT OF A NEW FLEXIBLE NANOGENERATOR 

FROM ELECTROSPUN NANOFABRIC BASED ON PVDF/TALC 

NANOSHEET COMPOSITES 

Herein, a flexible piezoelectric nanogenerator composed of electrospun talc/PVDF 

composite nanofabrics has been developed. These composite nanofabrics 

demonstrated enhanced mechanical and piezoelectric properties compared with 

pristine PVDF nanofabrics. X-ray diffraction, Fourier transform infrared 

spectroscopy, and differential scanning calorimetry conclusively affirmed the 

promotion of polar β-phase in the talc/PVDF composite nanofabrics. The 

piezoelectric response of these composite nanofabrics based nanogenerator was 

evaluated by finger tapping and frequency modulated shaker modes delivering a 

maximum open-circuit voltage of 9.1 V and 8.9 V, respectively. 

 

4.1 RESULTS AND DISCUSSION 

4.1.1 Morphology 

Fig.4.1a shows the SEM micrographs of bead-free electrospun PVDF (E-PVDF), 

having the mean fiber diameter (MFD) of 396+65 nm. Fig.4.1b, c, d, and e display the 

SEM micrographs of the electrospun composite nanofabrics with different loading of 

talc (0.25, 0.50, 0.75, and 1 wt%). The addition of talc to the PVDF matrix led to the 

fiber diameter reduction of the composite nanofabrics. This decrease in fiber diameter 

in the presence of talc can be attributed to the enhanced charge density of the polymer 

solution. The polymer solution experiences shear and electrostatic forces during the 

electrospinning process. With the increased charge density, electrostatic force 

subsequently causes the jet to experience higher elongation and stretching effect 

leading to a reduction in MFD of the composite nanofabrics.  
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Talc loading of 0.50 wt% resulted in the minimum MFD, beyond which an 

increase in the MFD was observed. This was due to the fact that a higher 

concentration of talc increased the viscosity of the polymer solution, consequently 

reducing the mechanical stretching effect pronounced in the spinning zone. A similar 

phenomenon was also found in the literature data pertaining to phyllosilicate 

fillers[Qiu et al. 2014; Prado et al. 2015]. The SEM micrograph of talc nanoparticles 

(Fig.4.1f) revealed the presence of its lamellar structure. 

 

 

Fig.4.1 SEM micrographs of the electrospun talc/PVDF composite nanofabrics: (a) 

without, (b) with 0.25 wt.%, (c) with 0.50 wt.% , (d) with 0.75 wt%, and (e) with 1 

wt% addition of talc in PVDF matrix ; (f) SEM micrograph of talc nanoparticles, with 

yellow arrows indicating the talc layers. 

Fig.4.2a and b showed the TEM image of 0.50 wt% talc/ PVDF single 

nanofiber, and the corresponding selected area electron diffraction (SAED) pattern is 

depicted in Fig.4.2c. The TEM results indicate the presence and inclusion of talc filler 

within the PVDF nanofiber with the lattice separation of 0.168 nm in the (1 5 2) 

lattice plane. The lattice planes indicated by the SAED pattern of the composite 

nanofiber matches with the SAED pattern of talc nanoparticles. Also, the talc layers 

are mostly oriented along the fiber axis of the composite nanofibers.The stretching 

force during electrospinning played a dominant role in the alignment of filler along 

the PVDF fiber axis. In addition, the elemental mapping for 0.5wt% talc/PVDF 
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nanofabrics (Fig.4.3) showed homogeneous dispersion of the elements Fluorine (F), 

Carbon (C), Oxygen (O), Magnesium (Mg), and Silicon (Si) further substantiating the 

uniform distribution of talc layered crystals in the PVDF nanofabrics. The hydrogen 

bonding interaction between talc and PVDF contributes to the excellent compatibility 

and dispersion of talc layered crystals within the PVDF nanofabrics. 

 

Fig.4.2 (a) TEM image of 0.50 wt% talc/PVDF single nanofiber; (b) magnified TEM 

image of talc nanoparticle with d-value, and (c) SAED pattern of the 0.50 wt% 

talc/PVDF single nanofiber. 
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Fig.4.3 SEM micrograph and EDS elemental mapping of 0.50 wt% talc/PVDF 

composite nanofabrics demonstrating the distribution of carbon (C), oxygen (O), 

silicon (Si), fluorine (F), and magnesium (Mg) elements in the PVDF matrix. 

 

4.1.2 XRD analysis 

The XRD patterns of E-PVDF and talc/PVDF composite nanofabrics are shown in 

Fig.4.4. The peaks of E-PVDF nanofabrics appear at 18.4° and 20.6° corresponding to 

the reflections of (020) α-phase and (110/200) β-phase, respectively [Cai et al. 2017]. 

These indicate the coexistence of α and β-phase in the E-PVDF nanofabrics. The 

introduction of talc in the PVDF matrix led to a decrease in the representative peak 

intensity of α-phase and subsequent enhancement of β-phase in the ensuing composite 

nanofabrics. Moreover, the talc/PVDF composite nanofabrics showed an additional 

weak peak at 36.3°, which corresponds to the reflection of (201) β-phase [Esterly and 

Love 2004]. The result indicates a remarkable promotion of electroactive β-phase by 

the addition of talc to the PVDF matrix.This can be attributed to the nucleation sites 

offered by the surface of talc nanolayers for the β-crystallinity. The two peaks at 9.4° 

(002) and 28.6° (006) observable in talc/PVDF composite nanofabrics are in 

accordance with the XRD data of talc (ICDD-013-0558). 
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Fig.4.4 XRD patterns corresponding to (a) E-PVDF, (b) 0.25 wt% talc/PVDF, (c) 0.50 

wt% talc/PVDF, (d) 0.75 wt% talc/PVDF, and (e) 1 wt% talc/PVDF composite 

nanofabrics. 

 

4.1.3 FTIR analysis 

FTIR spectra of E-PVDF and talc/PVDF composite nanofabrics are presented in 

Fig.4.5. For composite nanofabrics, the dominance of β-phase is evident from the 

distinctive bands appearing at 840, 1071, 1176, 1275, and 1401 cm
-1

[Ramasundaram 

et al. 2008; Cai et al. 2017]. Furthermore, the α-phase characteristic bands diminished, 

and exclusive bands of γ-phase (811 and 1234 cm
-1

) were also not apparent [Cai et al. 

2017], thus, suggesting the coexistence of weak α and dominant β-phases in the 

composite nanofabrics. Compared with E-PVDF, the characteristic bands of α-phase 

weakens with the increment of talc content in composite nanofabrics. 

 

Fig.4.5 FTIR spectra of E-PVDF and talc/PVDF composite nanofabrics.   

The percentage fraction of the β-phase (F(β)) values for electrospun 

nanofabrics are highlighted in Table 4.1. For E-PVDF, F(β) is 60.4%. In contrast, F(β) 

in composite nanofabrics increases with the addition of talc concentration up to 0.50 

wt%  and attains a maximum value of 89.6%; after that, it decreases. Synergistic 

interaction between the filler particles and PVDF chains facilitates the all-trans 

(TTTT) conformation of PVDF, resulting in enhanced β-phase. Furthermore, to reveal 

the possible interactions between talc nanoparticles and PVDF, FTIR spectra of E-
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PVDF, talc nanoparticles, and 0.50 wt% talc/PVDF nanofabrics were probed 

(Fig.4.6). In the spectrum of talc, the sharp band at 3676 cm
-1

 was due to the Mg-OH 

stretching vibration, and band at 1017 cm
-1

 was attributed to the Si-O-Si stretching 

vibration[Beattie et al. 2014]. Additionally, the peak at 669 cm
-1

 is regarded as the 

stretching vibration of Si-OH [Morsy 2017]. In comparison to the spectrum of E-

PVDF, a broad peak at 3456 cm
-1

 was observed in the spectrum of 0.50 wt% 

talc/PVDF nanofabrics corresponding to the stretching vibrations of hydroxyl groups 

present in talc. In the E-PVDF spectrum, the bands appearing at 1280 and 1189 cm
-1

 

attributed to the vibration of –CF2 groups evidenced a shift to 1278 and 1187 cm
-1

 in 

the spectrum of 0.50 wt% talc/PVDF nanofabrics. This peak shift is indicating a 

possible interaction between the –OH groups of talc and –CF2 groups of PVDF matrix 

via hydrogen bonding. This is driven by the affinity displayed by hydroxyl groups (–

SiOH and –MgOH)  of the filler towards the electronegative fluorine atoms of PVDF, 

thereby contributing to the orientation of dipoles in PVDF matrix and subsequently 

favoring the β-phase conformation. A proposed interaction mechanism between talc 

nanosheets and PVDF in the composite nanofabric is shown in Fig.4.7. 

 

 

Fig.4.6 FTIR spectra of E-PVDF, talc, and 0.50 wt% talc/PVDF composite 

nanofabrics with yellow shades indicating the possible interactions between talc and 

PVDF chains. 
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Fig.4.7 Proposed interacting mechanism in the talc/PVDF composite nanofabric. 

 

4.1.4 TGA analysis 

TGA and derivative thermogravimetry (DTG) curves were analyzed to evaluate the 

thermal stability of E-PVDF and talc/PVDF composite nanofabrics, and their related 

traces are presented in Fig.4.8a and b. TGA traces of E-PVDF nanofabrics showed 

one-step decomposition with significant weight loss observed in the temperature 

range of 430-490 °C. The decomposition mechanism observed in E-PVDF 

nanofabrics involves the scission of carbon-hydrogen bond leading to the formation of 

hydrogen fluoride, followed by further loss of hydrogen fluoride along the polymer 

chains [Botelho et al. 2008]. The inclusion of talc in the PVDF matrix led to the 

increase in the onset degradation temperature of talc/PVDF composite nanofabrics in 

comparison to E-PVDF, as evidenced in Fig.4.8a. The first derivative peak 

temperature of E-PVDF was 476 °C, while talc/PVDF composite nanofabrics with 

0.25, 0.50, 0.75, and 1 wt % of talc in PVDF matrix displayed 482 °C, 485 °C, 486 

°C, and 485 °C, respectively (Fig.4.8b). The improved thermal stability of talc/PVDF 

nanofabrics in comparison to E-PVDF was possibly due to the; Tortuous path 

imposed by the talc sheets in the matrix and the interaction of talc sheets with PVDF 
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chains leading to the retardation of the diffusion of volatile products during the 

degradation of the polymer matrix. A similar effect has been reported in the literature, 

wherein thermally stable synthetic talc incorporated polymer composites 

demonstrated an improvement in thermal stability as compared to the virgin polymer 

matrix [Prado et al. 2015]. 

 

Fig.4.8 (a) TGA traces; and (b) DTG plots of E-PVDF and talc/PVDF composite 

nanofabrics. 

 

4.1.5 DSC analysis 

Fig.4.9a and b show the DSC plots of E-PVDF and talc/PVDF composite nanofabrics. 

Both, the crystallization temperature (Tc) and melting temperature (Tm) for composite 

nanofabrics increased in the presence of talc in the PVDF matrix. For E-PVDF, the Tc 

and Tm are 141.5°C and 173.2°C, respectively. However, for talc composite 

nanofabrics, the Tc and Tm increased, reaching maximum values of 143.4°C and 

174.3°C, respectively (Table 4.1). This increment in Tc and Tm is ascribed to the 

nucleation sites offered by the talc layered crystals for the crystallization process. 

Further, talc layered crystals restricted the mobility of PVDF chains, resulting in a 

shift in Tc and Tm to lower values for above 0.5wt% talc concentration in the 

nanofabrics.  

DSC is a complementary technique to XRD and FTIR  for the identification of 

polymorphs of PVDF, as the melting temperatures of α and β crystallites overlap. The 

presence of γ-phase in nanofabrics was not reflected in FTIR; also, the melting 

temperature of γ-phase ( 179°C) was not evident in DSC traces [Gregorio 2006]. 

This observation suggests the absence of γ-phase in the composite nanofabrics. The 
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conclusive results from DSC, XRD, and FTIR indicate the enhancement of polar β-

phase in the talc/PVDF composite nanofabrics. 

 

Table 4.1 %β-phase content, crystallization temperatures, and melting temperatures of 

E-PVDF and talc/PVDF composite nanofabrics. 

Sample %β-phase 

  FTIR  

Tc  (°C) 

DSC 

Tm  (°C) 

DSC 

E-PVDF 60.4 141.5 173.2 

0.25 wt% talc/PVDF 84.9 142.8 173.9 

0.50 wt% talc/PVDF 89.6 143.4 174.3 

0.75 wt% talc/PVDF 84.2 143.2 174.2 

1  wt% talc/PVDF 82.1 142.7 173.5 

 

 

Fig.4.9 DSC traces of E-PVDF and talc/PVDF composite nanofabrics: (a) first 

cooling cycle, (b) second heating cycle. 

 

4.1.6 Tensile properties 

Fig.4.10a demonstrates the tensile stress-strain behavior of E-PVDF and talc/PVDF 

electrospun composite nanofabrics, with their mechanical properties illustrated in 

Fig.4.10b. The inclusion of talc up to 0.50 wt% in the PVDF matrix led to the 

increased tensile strength and Young’s modulus compared to E-PVDF. This is 

attributed to the good dispersion and interfacial interaction between the talc and 

PVDF matrix, as evidenced by the EDS-elemental mapping of and FTIR analysis of 

the composite nanofabrics. Also, the rigid platy talc filler restricts the mobility of 
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PVDF chains in the matrix. The type of filler, its dispersion, and interaction with the 

polymer matrix plays a vital role in tuning the mechanical properties of the resultant 

composites. The composite nanofabrics with 0.75 wt% and 1 wt% talc exhibited 

lower tensile strength and moduli. The decrement in mechanical properties at higher 

loading of talc is possibly due to the aggregation of filler particles, resulting in poor 

adhesion between the filler and polymer matrix. A similar trend was observed with 

other nucleating agent such as nanoclay in the PVDF matrix [Peng et al. 2009; Gaur et 

al. 2019]. Furthermore, the filler-filler contact increases and filler-polymer interaction 

in the composite nanofabrics decreases, thereby impeding the load transfer efficiency.  

 

Fig.4.10 (a) Tensile stress-strain curve; and (b) Tensile strength, and Young’s 

modulus as a function of talc loading in the PVDF matrix. 

 

4.1.7 Piezoelectric evaluation 

The piezoelectric response of the E-PVDF and talc/PVDF composite nanofabrics 

were evaluated by subjecting the nanogenerator based electrospun nanofabrics  

(Fig.2.2) to two modes of excitation; finger tapping mode and frequency modulated-

shaker mode. In the finger tapping mode, a compressive load in the vertical direction 

was applied on the nanogenerator based electrospun nanofabrics, and their 

corresponding output responses were recorded. When a repetitive compressive force 

imparts the nanogenerator surface, changes in polarisation takes place, resulting in the 

potential difference between the top and bottom electrodes of the nanogenerator. 

Thus, a positive voltage peak is produced. Furthermore, upon the release of the 

compressive force, a negative voltage is displayed due to the release of accumulated 

charges at the electrodes of the nanogenerator.  Additionally, the switching polarity 
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test was done to confirm that the output voltage was engendered solely from the 

piezoelectric effect. 

Fig.4.11a and b display the output voltage for E-PVDF and talc/PVDF 

composite nanofabrics under repeated finger tapping method. As evidenced, the 

output voltage of E-PVDF was 1.6 V, whereas the 0.50 wt% talc/PVDF nanofabrics 

demonstrated a maximum of 9.1 V. The corresponding output current of the E-PVDF 

was 1.4 nA and 0.50 wt% talc/PVDF composite nanofabrics reached a maximum of 

16.5 nA. The higher β-phase content and homogeneous distribution of filler in the 

PVDF matrix led to the enhanced piezoelectric response displayed by the 0.50 wt% 

talc/PVDF composite nanofabrics. The  different loading of talc i.e at 0.75 wt% and 1 

wt% in the PVDF matrix led to a decline in the output voltage. This is perhaps due to 

the filler agglomeration effect at higher talc loading in the PVDF matrix, causing 

hindrance to the nucleation of β-crystallinity and thereby polarizability of PVDF 

nanofabrics. The instantaneous power density (P) of 0.5 wt% talc/PVDF nanofabrics 

based nanogenerator across the external load resistance (R) ranging from 500 kΩ-5 

MΩ was evaluated using the equation (4.2). 

                                                          
  

   
                                                            (4.2) 

Where V is the voltage signal observed across the R, and A is the active area (15 

cm
2
). The output voltage signal from 0.50 wt% talc/PVDF based nanogenerator 

across the different load resistance was measured and depicted in Fig.4.11c. The 

instantaneous power density reaches a maximum of 1.12 µW/cm
2
 across 2 MΩ load 

resistance and, after that, tends to decrease. 

Furthermore, the nanogenerator based on 0.50 wt% talc/PVDF nanofabrics 

was also subjected to mechanical vibration via frequency modulated-shaker mode 

(Fig.2.3). The frequency of the shaker was varied from 10 to 40 Hz, and the 

corresponding output response of nanogenerator over the range of vibrating frequency 

is depicted in Fig.4.12a. The output voltage measured increases with frequency and 

reaches a maximum value of 8.9 V at a vibrating frequency of 30 Hz. In addition, the 

maximum output voltage of electrospun composite nanofabrics with varying 

concentrations of talc at a vibrating frequency of 30 Hz is shown in Fig.4.12b. As 

evidenced, the inclusion of nanostructured talc in the PVDF matrix led to the 
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enhancement of the piezoelectric response of the resultant composite nanofabrics. 

Nanostructured talc provided nucleation sites for the β-crystallites of PVDF, and 

electrospinning led to the in situ orientation of molecular dipoles of PVDF; thus, the 

cooperative influence of talc and electrospinning led to the enhanced polarization of 

the composite nanofabrics. It is noteworthy that a very low content of talc (0.50 wt%) 

without any surface modification was good enough to boost the piezoelectric response 

of PVDF. Moreover, most of the expensive carbon-based fillers (CNT, graphene) 

involve cumbersome purification and functionalization routes to ensure their 

compatibility with the polymer matrix. Thus, the talc nanosheets benefit over the 

fillers as mentioned earlier. 

 

Fig.4.11 The output voltage of nanogenerator under repetitive finger imparting: (a) E-

PVDF and talc/PVDF composite nanofabrics, and (b) maximum output voltage as 

function of talc loading in the composite nanofabrics; (c) power density of 0.50 wt% 

talc/PVDF fabrics across varying load resistance. 
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Fig.4.12 The output voltage: (a) 0.50 wt% talc/PVDF based nanogenerator at varying 

vibrating frequency; (b) E-PVDF and talc/PVDF composite based nanogenerator at 30 

Hz vibrating frequency. 

 

4.2 SUMMARY AND CONCLUSIONS 

In summary, talc/PVDF composite nanofabrics were prepared via electrospinning 

technique. The inclusion of nanodimensioned talc sheets in the PVDF matrix led to 

the promotion of polar β-phase. The nano-sized dimension and high aspect ratio of the 

talc sheets ensured their uniform dispersion and distribution in the PVDF matrix even 

without the necessity of any surface modification. The preferential alignment of 

molecular -CH2/-CF2 dipoles during electrospinning and filler-polymer interfacial 

compatibility via hydrogen bonding resulted in an 89.6% polar-β content in the 

talc/PVDF composite nanofabrics. Besides, the nanogenerator composed of 

talc/PVDF nanofabrics demonstrated a significant enhancement in its piezoelectric 

response compared to E-PVDF nanofabrics. The outlook of obtained results here 

points towards the use of these composite nanofabrics in energy harvesting 

applications. 
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CHAPTER 5 

 NANOSCALE MAPPING OF DOMAIN SWITCHING AND 

PIEZOELECTRIC COEFFICIENT OF TALC NANOSHEETS 

INCORPORATED PVDF NANOFIBERS BY PIEZORESPONSE 

FORCE MICROSCOPY 

 

This chapter discusses the electromechanical response of talc nanosheets/PVDF 

composite nanofibers measured by piezoresponse force microscopy. The results 

indicate that the composite nanofibers demonstrated ferroelectric characteristics with 

an improved piezoelectric response against the pristine PVDF nanofibers. Herein, the 

advantage of a high aspect ratio and surface charges offered by talc nanosheets 

alongside the electrospinning augmented the composite nanofiber's piezoelectric 

response. 

5.1 RESULTS AND DISCUSSION 

5.1.1 PFM analysis 

The electromechanical response of the electrospun nanofibers was probed using 

converse piezoelectric effect under the PFM mode. In PFM, the nanofiber's local 

piezoelectric response is measured in terms of amplitude and phase signals. The PFM 

amplitude signal corresponds to the piezoelectric displacement the sample undergoes 

under the applied AC voltage, whereas the PFM phase signal specifies the orientation 

of polarization. Fig.5.1a-e and 5.2a-e showed the 3-D topography, 2-D topography 

with the height cross-section profile, vertical PFM amplitude, and phase images (trace 

and retrace) of pristine PVDF nanofiber and talc nanosheets/PVDF-0.50 nanofiber 

with a scanned area of 10 μm × 10 μm, respectively. The diameter of the nanofiber 

appears to be larger than the actual diameter in the PFM topographic images due to 

the tip convolution experienced during the measurements [Schneider et al. 2001]. 

Therefore, the height cross-section profile of the nanofiber measures the true diameter 

and accordingly indicating 320 nm and 115 nm for PVDF and talc nanosheets/PVDF-
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0.50 nanofibers, respectively. The PFM phase images of talc nanosheets/PVDF-0.50 

nanofiber display bright (yellow) and dark (purple) contrast regions that manifest the 

domain as polarized in the upward and downward directions. Meanwhile, the PFM 

amplitude image of PVDF nanofiber displays weaker contrast regions (bright) 

indicating its lower piezoelectric response in comparison with the talc 

nanosheets/PVDF-0.50  nanofiber. 

 

Fig.5.1 PFM images of pristine PVDF nanofiber: (a) 3-D topography image, (b) 2-D 

topography with the height cross-section profile, (c) amplitude image, (d) phase-1 

image (trace), and (e) phase-2 image (retrace). 
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Fig.5.2 PFM images of talc nanosheets/PVDF-0.50 nanofiber: (a) 3-D topography 

image, (b) 2-D topography with the height cross-section profile, (c) amplitude image, 

(d) phase-1 image (trace), and (e) phase-2 image (retrace). 

 

 

Fig.5.3 Amplitude and phase hysteresis loops of (a) PVDF nanofiber and (b) talc 

nanosheets/PVDF-0.50 nanofiber. 

 

To further elucidate the nanofibers’ local piezoelectric response 

characteristics, the amplitude strain and ferroelectric switching loops were analyzed. 

Under the pulsed voltage signals, a butterfly-shaped amplitude loop and rectangular-

shaped phase loop were displayed by both the pristine PVDF nanofiber (Fig.5.3a) and 

the talc nanosheets/PVDF-0.50 nanofiber (Fig.5.3b). The domain phase curve reveals 

a standard 180° domain switching behavior, thereby supporting PVDF's ferroelectric 

nature in both these nanofiber systems. The domain phase response of PVDF 

nanofiber exhibited a hysteresis loop inclining towards the negative bias voltage. This 

could be ascribed to the domain wall pinning effect that suppresses the domain’s 

switching ability or due to mechanical stress [Bhimireddi et al. 2016]. Moreover, this 
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also explains the asymmetry displayed in the amplitude and phase loops of talc 

nanosheets/PVDF-0.50 nanofiber (coercive fields of + 5 V and – 8 V). The amplitude 

signal tends to decrease as the applied voltage sweeps from – 30 V to 0 V (Fig.5.3b) 

due to the contraction of dipoles, and at + 5 V (coercive field), the domain switching 

happens with a 180° phase shift. With further increase in applied voltage, the 

amplitude signal increases due to the expansion of dipoles and reach a maximum at + 

30 V. At this stage, a decrement in the applied voltage (+ 30 V to 0 V) results in the 

decrease in amplitude signal with antiparallel field directions to the dipoles. At a 

negative coercive field of – 8 V, polarizations of dipoles with 180° phase switching 

happen until the applied voltage reaches – 30 V. 

       Since the amplitude loop image is proportional to the magnitude of the 

piezoelectric coefficient (d33), the corresponding d33 values of the electrospun 

nanofibers were calculated using equation (5.1) [Ding et al. 2016; Gebrekrstos et al. 

2018]. 

                                                         
 

 
                                                    (5.1) 

Where S refers to the total strain or amplitude under the applied electric field E. 

From the measured PFM amplitude data, PVDF and talc nanosheets/PVDF-

0.50 nanofibers recorded maximum amplitudes of 0.3 nm and 1.3 nm, respectively at 

E = 30 V. The calculated d33 value of pristine PVDF nanofiber was 10 ± 1 pm/V, 

which was substantially enhanced to 43.3 ± 2 pm/V for the talc nanosheets/PVDF-

0.50 nanofiber. In addition, the d33 values were 18 ± 0.5 pm/V (talc 

nanosheets/PVDF-0.25), 37.3 ± 1 pm/V (talc nanosheets/PVDF-0.75), and 28.4 ± 3 

pm/V (talc nanosheets/PVDF-1) at different loading of talc nanosheets in the PVDF 

nanofibers (Fig.5.4a-c). A fourfold improvement in the piezoelectric coefficient 

displayed by talc nanosheets/PVDF-0.50 nanofiber here could be ascribed to the 

reduction in fiber diameter, which in turn tunes the electroactive β-phase orientation 

or lowers the domain wall barrier [Ico et al. 2016]. The remarkable improvement in 

electroactive β-phase with a reduced fiber diameter of nanofiber has been 

demonstrated in our previous work [Shetty et al. 2020]. It was explained on the basis 

of the intermolecular hydrogen bonding between talc nanosheets and PVDF chains 

that led to the β-nucleating activity of talc nanosheets. Furthermore, the addition of 
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talc nanosheets into the PVDF nanofiber causes the swelling of PVDF around the 

filler region. Thus, it leads to the enhanced radius of gyration of PVDF, thereby 

facilitating the all-trans conformation of polar β-phase[Baji et al. 2011]. The 

dimensional reduction (thinner nanofiber) combined with the polar β-phase fraction 

and its orientation contributed to the talc nanosheets/PVDF nanofibers' piezoelectric 

efficacy. 

 

 

Fig.5.4 PFM amplitude loops of (a) talc nanosheets/PVDF-0.25, (b) talc 

nanosheets/PVDF-0.75, and (c) talc nanosheets/PVDF-1 nanofibers. 

 

5.2 SUMMARY AND CONCLUSIONS 

Herein, the nanoscale ferroelectric and piezoresponse characteristics of talc 

nanosheets/PVDF based composite nanofiber were studied by PFM. The phase 

domain and amplitude loops of the composite nanofiber demonstrated its local 

switching domain and piezoelectric responses. The incorporation and fine dispersion 

of a low content (0.50 wt%) of talc nanosheets in PVDF nanofiber resulted in a four-

fold increase in the piezoelectric coefficient value compared to virgin PVDF 
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nanofiber. Synergistic effects of talc nanosheets and electrospinning accounted for the 

enhanced piezoresponse displayed by the composite nanofiber. In summary, the 

ferroelectric nature and excellent piezoelectric coefficient demonstrated by talc 

nanosheets/PVDF composite nanofiber is promising for its possible application in 

miniaturized self-powered electronic devices. 
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CHAPTER 6 

PIEZOELECTRIC EVALUATION OF FLEXIBLE 

NANOGENERATOR BASED ON ELECTROSPUN 

PVDF/FUNCTIONALIZED GRAPHENE/TALC NANOSHEETS 

HYBRID NANOCOMPOSITES  

Herein, a new flexible nanogenerator was developed from electrospun nanofabrics 

based on PVDF/carboxyl functionalized graphene nanosheets (FGNS)/talc nanosheet 

hybrid composite. Talc nanosheet loading was fixed at 0.50 wt% while FGNS loading 

was varied (0.05, 0.10, 0.15, and 0.20 wt %) in these nanofabrics and their structure-

property relationship was explored. The incorporation of FGNS led to forming a 

conducting network in the polymer matrix that aided in the easy alignment and 

effective enhancement of electroactive β-phase PVDF. These results were affirmed by 

the Fourier transform infrared spectroscopy and X-ray diffraction analysis. Further, 

a nanogenerator composed of these hybrid composite nanofabrics was mechanically 

impacted using a pneumatic actuator, resulting in an output voltage of 12.9 V and a 

power density of 1.72 µW/cm
2
, respectively. The piezoelectric coefficient (d33) of this 

nanofiber system was 61 pm/V as revealed by piezoelectric force microscopy. 

6.1 RESULTS AND DISCUSSION 

6.1.1 Characterization of carboxyl functionalized graphene nanosheets (FGNS) 

The FTIR spectra of graphene oxide (GO), reduced graphene oxide (RGO), and 

FGNS are shown in Fig.6.1. In the spectrum of GO, the absorption peaks at 3400 

and1720 cm
-1

 correspond to the O‒H stretching and carboxyl C=O stretching, 

respectively. Further, the absorption peaks at 1228 and 1045 cm
-1

 are assigned to the 

epoxy C‒O stretching. The peak at 1620 cm
-1

 is assigned to the stretching and 

bending vibrations of adsorbed water molecules on the GO [Nethravathi and 

Rajamathi 2008; Park et al. 2009; Khalili 2016; Mirza-Aghayan et al. 2016] In the 

spectrum of RGO the absorption peak at 1720 cm
-1

 completely disappeared, and the 
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intensity of peak at 1620 cm
-1

 is noticeably reduced. This implies a significant 

reduction in the oxygen functional groups of RGO. The FGNS exhibits strong 

absorptions at 1555 and 1171 cm
-1

 due to the C‒C stretching and C‒H bending 

vibrations related to the aromatic benzene groups [Samsonowicz et al. 2005] . And C-

O stretching vibrations of -COOH group can also possibly appear in that range. The 

absorption peak at 1685 cm
-1

 is assigned to the C=O stretching of aromatic carboxylic 

acids [Coates 2006]. The peak at 770 cm
-1

 is due to C‒H out of plane bending 

vibrations in the benzene rings[Guo et al. 2017]. Moreover, the absence of a peak in 

the range of 2200-2300 cm
-1

 corresponding to the diazonium group's N≡N stretching 

mode corroborates the grafting mechanism of benzoate on the RGO [Griffete et al. 

2012]. 

 

Fig.6.1 FTIR spectra of GO, RGO, and FGNS.  

XRD patterns of GO, RGO, and FGNS are shown in Fig.6.2. Compared to the 

reference graphite diffraction pattern (ICDD-00-001-0646), GO displays a sharp peak 

at 9.41° (001) that corresponds to an interlayer space of 0.942 nm. This is 

significantly greater as against the interlayer space of graphite (0.337 nm) due to the 

intercalation of oxygen functional groups between the layers [Jiao et al. 2017]. 

Thermal reduction of GO results in the diffraction peaks at 12.5°, 25.20°, and 42.9° 

that correspond to the (001), (002), and (100) crystal planes of RGO, respectively. 
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The weak peak at 12.5° (001) arises due to the remnant oxygen functional groups that 

were not completely eliminated during the thermal reduction process [Fu et al. 2013]. 

Further, the XRD pattern of RGO exhibits broadening and shifting of diffraction peak 

(002) to 25.20° with reduced interlayer space value of 0.354 nm as against the  9.41° 

(001)  and 0.942 nm of GO. This reduction in the interlayer space value of RGO could 

be due to elimination of the most of the oxygen functional groups between the layers 

that subsequently led to the restacking of graphene sheets. Compared to RGO, the 

FGNS exhibit a broadening and marginal shift in the diffraction peak (002) from 

25.20° to 24.78°. Also, the functionalization of RGO led to the introduction of 

additional oxygen-containing functional groups (‒COOH) on the graphene sheets that 

led to the increment of interlayer space value from 0.354nm (RGO) to 0.360 nm in the 

FGNS. 

 

Fig.6.2 XRD patterns of GO, RGO, and FGNS.  

Raman spectroscopy was used to assess the structural changes from RGO to 

FGNS, as shown in Fig.6.3. Raman spectra of both RGO and FGNS exhibit 

characteristic D and G bands. The D band arises from the breathing modes of sp
2
 

rings and is initiated by the defects/disorders in the graphite lattice, and the G band 

corresponds to the first-order scattering of E2g mode of sp
2
 carbon atoms [Behzadi et 

al. 2021]. The Raman spectrum of RGO exhibits the D-band at 1346 cm
-1

 and a G-
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band at 1580 cm
-1

, with an intensity ratio (ID/IG) of 1.22. After functionalizing RGO, 

the D- and G-bands were observed at 1346 cm
-1

 and 1587 cm
-1

, respectively, with an 

intensity ratio (ID/IG) of 1.18. The intensity ratio of D and G bands (ID/IG) is used to 

measure the degree of disorder/defects. The intensity ratio (ID/IG) of FGNS was lower 

in comparison with that of RGO. This was possibly due to the contribution of a larger 

amount of sp
2
 carbon atoms from the grafted aromatic structure of benzoate that 

outweighs the net amount of transformed sp
3
 carbon atoms in the FGNS. This 

functionalization of RGO does not induce any additional defects in the graphene 

domains. The results demonstrated here agree well with earlier literature on 

functionalized RGO [Zhang et al. 2012].   

 

Fig.6.3 Raman spectra of RGO, and FGNS. 

 

The surface morphological characteristics of RGO and FGNS were imaged 

under FESEM and are shown in Fig.6.4a and b. The micrograph of RGO displayed 

layered stacks of nanosheets with irregular, lightly crumpled, and folded structures 

that can be attributed to the intrinsic thermal stability of 2-D structured graphene 

(Fig.6.4a). However, the FGNS surface morphology (graphite-rose) showed the 

dominance of corrugated and wrinkled structure that is predominant on the edges of 
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the sheet, resulting from the grafting of carboxylic groups via the functionalization 

route (Fig.6.4b).  

 

Fig.6.4 FESEM images: a) RGO and b) FGNS. 

 

Fig.6.5 Microstructure anlaysis of  FGNS : (a, b) TEM images with yellow arrows 

indicating the wrinkled structure, (c) SAED pattern, and (d) d-space value from TEM 

image. 
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This is further corroborated via TEM analysis of the FGNS that demonstrates the 

lamellar structure with the folding of graphene sheets (Fig.6.5a and b). The dark 

regions represent the crumpled structure that is formed by the stacking of several 

graphene nanosheets. The lateral dimensions of the nanosheets range from a few 

nanometers to several micrometers. The selected area diffraction pattern (SAED) of 

FGNS shows its polycrystalline nature (Fig.6.5c). Additionally, the lattice fringes 

measure the interlayer space value of 0.360 nm (that belongs to the (002) plane), 

which is well in agreement with the XRD results of FGNS (Fig.6.5d). 

 

6.1.2 Characterization of 0.50 wt% talc nanosheets/FGNS/PVDF (TGP)-based 

hybrid composite nanofabrics  

6.1.2.1 FESEM results 

The FESEM micrographs of TGP-based fabrics with varying FGNS content (0, 0.05, 

0.10, 0.15, and 0.20 wt%) are shown in Fig.6.6a-e. Electrospun PVDF (E-PVDF) and 

TGP-based nanofabrics demonstrated a bead-free morphology, with E-PVDF 

displaying a mean fiber diameter (MFD) of 397±56 nm. On the contrary, the TGP-

based nanofabrics exhibited a reduction in MFD compared to the E-PVDF. This is 

attributed to the increased electrical conductivity and viscosity of the electrospinning 

solution in the presence of talc nanosheets and FGNS [Lee et al. 2017; Shetty et al. 

2020]. Throughout electrospinning, the increased electrical conductivity of the 

solution causes longer stretching of the nanofibers resulting in reduced fiber 

diameters. While the viscosity of the solution increases, the viscoelastic forces resist 

the stretching of the nanofiber and lead to formation of thicker fibers. Hence, the 

balance between the viscoelastic and charge repulsion forces during electrospinning 

could significantly influence the morphology of nanofibers. As reported from the 

previous findings, graphene was demonstrated to improve the electrical conductivity 

and viscosity of the electrospinning solutions [Shi et al. 2018; Shan et al. 2019]. In the 

current work, the increased content of FGNS loading in TGP-based nanofabrics had a 

significant effect on the viscosity of the solution that contributed to the increased fiber 

diameters. A high magnification FESEM micrograph of TGP-0.20 based nanofiber 
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displayed (Fig.6.6f) a rough surface with a sheet-like texture, possibly due to the 

inclusion of talc nanosheets and graphene in the PVDF matrix.  

 

Fig.6.6  FESEM micrographs of electrospun nanofabrics: a) E-PVDF; b) TGP-0.05; c) 

TGP-0.10; d) TGP-0.15; e) TGP-0.20; f) high magnification FESEM image of TGP-

0.20. 

 

Fig.6.7  EDS elemental mapping of TGP-0.10 nanofabrics: (a) overlay distributions of 

elements, (b) distribution of carbon, (c) distribution of oxygen, (d) distribution of 

fluorine, (e) distribution of magnesium, and (f) distribution of silicon. 
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The electrostatic stretching effect induced during electrospinning ensures the 

alignment and embedding of the fillers within the PVDF matrix. Additionally, 

improving the interfaces of FGNS with the PVDF matrix facilitates the chemical 

interaction between them. This is further corroborated by the EDS elemental mapping 

of TGP-0.10 based nanofabrics that display improved dispersion of fillers without any 

possible aggregation in the PVDF matrix (Fig.6.7). 

 

6.1.2.2 XRD results 

Fig.6.8 represents the XRD patterns of E-PVDF and TGP-based composite 

nanofabrics. E-PVDF displays the diffraction peak at 2θ = 18.4° and 20.4°, which 

correspond to the (020) and (110/200) crystal planes of α- and β-phases of PVDF, 

respectively [Chi et al. 2019]. With the introduction of FGNS in TGP nanofabrics, the 

intensity of α peak weakens while the β peak intensifies. Notably, the characteristic α 

peak diminishes while β peak shifts to 2θ = 20.6° for TGP-0.10 based nanofabrics, 

thereby indicating the probable interactions between the fillers and PVDF matrix.  

 

Fig.6.8 XRD patterns of E-PVDF and TGP-based nanofabrics. 
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Additionally, the diffraction peaks at 2θ = 9.4° and 28.6° displayed by the TGP 

nanofabrics correspond to the crystal planes (002) and (006) of talc nanosheets 

(ICDD-013-0558), thus confirming their presence in the former. XRD results imply 

the domination of the β-phase with the strong reflection peak at 2θ = 20.6° and a weak 

peak at 2θ = 36.3° for TGP-0.10 based nanofabrics compared to E-PVDF [Cai et al. 

2017]. Thus the addition of FGNS facilitates the transformation of α- to β-phase of 

PVDF in the TGP-based nanofabrics. 

6.1.2.3  FTIR results 

The enhancement of β-phase crystallization in the TGP nanofabrics is further 

confirmed via FTIR analysis. Evident from Fig.6.9a, E-PVDF and TGP nanofabrics 

display absorption bands characteristic of the α-phase (763 and 975 cm
-1

) and the β-

phase (840, 1071, 1275, and 1401 cm
-1 

) of PVDF [Mandal and Nandi 2013; Shetty et 

al. 2020]. The tiny peak at 1234 cm
-1

 corresponds to the γ-phase; however, other 

exclusive bands (776, 812, and 833 cm
-1

) characteristics of γ-phase are not evident in 

the present study [Gregorio 2006]. Moreover, the presence of a prominent band at 

1275 cm
-1

 that is characterstic of the β-phase exhibited by TGP nanofabrics 

substantiates the crystallization of the β-phase in the PVDF matrix. 

The calculated F(β) values for E-PVDF and TGP nanofabrics are shown in 

Table 6.1. TGP nanofabrics demonstrated improved F(β) values compared to E-

PVDF, with TGP-0.10 reaching a maximum of 90.2 %. Thus the enhancement of F(β) 

values displayed by TGP nanofabrics implies the facilitation of β-phase by the 

induced FGNS in the talc/PVDF matrix. This enhancement of β-phase in the TGP 

based nanofabrics can be ascribed to the strong interactions between the functional 

groups (−OH, −C=O, −COOH) on the graphene sheets/talc nanosheets and –CF2 

groups of PVDF. The vibrational bands at 875 and 1173 cm
-1 

associated with the CC 

asymmetric stretching and CF2 symmetric stretching modes of E-PVDF shifted  to 

877-879 cm
-1

 and 1177-1179 cm
-1

, respectively
 
in the vibrational spectra of TGP- 

based nanofabrics (Fig.6.9b and c) [Ulaganathan and Rajendran 2010; Sharma et al. 

2015]. Due to the higher electronegativity of fluorine as against carbon and hydrogen 

atoms of PVDF, the shifting of vibrational bands as mentioned ealier corroborates the 

strong interaction between the FGNS and PVDF chains; this interaction facilitates the 
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transformation of trans-gauche-trans-gauche (TGTG) conformation of the α-phase to 

the all-trans conformation (TTTT), characteristic of the β-phase. 

 

Fig.6.9 FTIR spectra of E-PVDF and TGP-based nanofabrics in the wavenumber 

range of a) 2000-650 cm
-1

, b) 920-800 cm
-1

, c) 1250-1080 cm
-1

, and d) 3100-2900 cm
-

1
. 

Further, the FTIR bands in the region of 3100-2900 cm
-1

 (Fig.6.9d) were 

probed to ascertain the interfacial interactions between the FGNS and PVDF matrix. 

The ‒CH2 stretching vibration bands [asymmetric (υas) and symmetric (υs)] of TGP-

based fabrics shifted to lower wavenumbers when compared with that of the E-PVDF, 

affirming the interfacial interactions between the filler and the polymer matrix. The 

shifting of the bands mentioned above could be ascribed to the damping of the 

stretching vibrations of ‒CH2 dipoles, and accordingly the damping coefficient (rdc) is 

calculated using equation (6.1) [Abdalla et al. 2016]. 
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                                                 √      
      

                                             (6.1) 

Where c is the velocity of light,       is the wavenumber of E-PVDF with damping-

free stretching vibrations of ‒CH2 dipoles, and      is the wavenumber of TGP-based 

nanofabrics exhibiting damped stretching vibrations of ‒CH2 dipoles. The damping 

coefficient (rdc) increases and attains the maximum value for TGP-0.10 nanofabrics 

and decreases thereafter (Fig I.6, Appendix). This is ascribed to the attainment of 

percolation threshold loading of FGNS at the loading of 0.10 wt% in the PVDF 

matrix. The increased damping coefficient (rdc) displayed by TGP-0.10 nanofabrics 

indicates good interfacial interaction, which promotes the electroactive β-phase of 

PVDF. The probable mechanism of interaction between the hybrid fillers (talc 

nanosheets and FGNS) and the PVDF matrix is represented in Fig.6.10. 

 

Fig.6.10  Schematic illustration of plausible interactions between hybrid fillers and 

PVDF. 
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6.1.2.4 DSC results 

Fig.6.11a and b shows the DSC curves during the cooling and heating cycles for E-

PVDF and TGP-based nanofabrics with their corresponding melting temperatures 

(Tm), crystallization temperature (Tc), and degree of crystallinity (Xc) as listed in 

Table 6.1. Evidently, for TGP-based nanofabrics, the Tm and Tc values shifted to a 

higher temperature than E-PVDF. This can be attributed to the inclusion of well-

dispersed filler particles that act as nucleation sites, which promote the crystallization 

of PVDF. However, the Xc values of TGP-based nanofabrics decreased as against the 

E-PVDF. This may be ascribed to a larger number of nuclei growth initiated by the 

nucleating agents, which continue to grow in the limited space of the nanofiber during 

electrospinning, subsequently leading to smaller spherulites. Thus, the growth of these 

nuclei results in more crystal defects that reduce the degree of crystallinity. 

Furthermore, the length, distribution, and curvature of filler hinder the mobility of 

PVDF chains, which also affects the Xc values.  A similar trend in the decline of Xc 

values for graphene/PVDF-based systems was reported in the literature [Al-Saygh et 

al. 2017; Ismail et al. 2018]. 

Since the melting temperature range for the α- and β-crystallites of PVDF is 

similar (167-175 °C), the DSC will not be able to distinguish between these two 

phases [Zhang et al. 2020]. However, DSC can be used to identify γ-phase in the 

TGP-based nanofabrics, as the melting peak of the same appears in the temperature 

range of 179-190 °C [Martins et al. 2014; Pickford et al. 2019]. Accordingly, the 

results of XRD, FTIR, and DSC together suggest the predominance of the β-phase in 

TGP-based nanofabrics. 
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Fig.6.11 DSC traces of E-PVDF and TGP-based fabrics: (a) Cooling cycle; and (b) 

Heating cycle. 

6.1.2.5 Tensile testing results 

The characteristic tensile stress-strain behavior of the E-PVDF and TGP-based 

nanofabrics is shown in the Fig.6.12, with its mechanical properties summarized in 

Table 6.1. The addition of FGNS in TGP-based nanofabrics enhanced the tensile 

strength and Young’s modulus of the latter. Graphene and its derivatives have been 

proven to improve the tensile properties of PVDF-based composites as the former 

offers higher aspect ratio, flexibility and Young’s modulus [Chhetri et al. 2016; Islam 

et al. 2019]. A low loading of 0.10 wt% FGNS in TGP-based nanofabrics resulted in a 

significant increment in tensile strength (17.03±2.58 MPa) and Young’s modulus 

(53.41±1.12 MPa) while the strain at break was reduced, compared to E-PVDF. 

Moreover, the FGNS loading beyond 0.10 wt% in TGP-based nanofabrics displayed 

no significant enhancement in the mechanical properties. This is attributable to the 

possible restacking of graphene flakes due to van der Waals forces that promote the 

piling of graphene flakes at higher loading; and this subsequently impairs the 

mechanical properties the composite [Zhao et al. 2010]. The enhancement of 

mechanical properties demonstrated by the TGP-based nanofabrics is ascribed to the 

following: first, the good dispersion of nanofillers (talc nanosheets and FGNS) in the 

PVDF matrix improves the filler-polymer interfacial contact. Second, the effective 

interaction between the ‒CF2 groups of PVDF and hydroxyl groups of nanofillers via 

hydrogen bonding facilitates the stress transfer from the polymer matrix to the 

nanofillers. And third, the high aspect ratio offered by nanofillers restricts the 

movement of PVDF chains. Overall, the inclusion of FGNS in TGP-based 

nanofabrics increased the mechanical properties due to the compatibility of the former 

with the PVDF matrix. 
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Fig.6.12 Tensile stress-strain plots of E-PVDF and TGP-based nanofabrics. 

Table 6.1  β-phase fraction, crystallization temperature, melting temperature, degree 

of crystallinity, tensile strength, and Young’s modulus of the E-PVDF and TGP-based 

nanofabrics. 

Sample   FTIR  

%β-

phase 

 

DSC Mechanical property 

Tc (°C) 

 

Tm(°C) 

 

Xc (%) Tensile 

strength 

(MPa) 

Young’s 

modulus 

(MPa) 

E-PVDF 61.4 141.5 171.7 55.4 12.70 ± 0.11 26.69 ± 0.23 

TGP-0.05 87.7 142.6 174.8 48.4 13.70 ± 0.55 32.61 ± 0.74 

TGP-0.10 90.2 141.9 174.7 38.2 17.03 ± 2.58 53.41 ± 1.12 

TGP-0.15 82.6 141.7 174.8 51.0 17.49 ± 0.55 33.52 ± 2.21 

TGP-0.20 76.9 142.6 174.3 42.8 19.43 ± 1.22 42.43 ± 0.44 

 

6.1.2.6  Piezoelectric measurements 

The flexoelectric effect is the induction of electrical polarization due to strain gradient 

evident in dielectric materials. Further, this effect is more significant at the nanoscale 



  CHAPTER 6 

 

91 
 

and has been demonstrated to enhance the piezoelectric response of the nanogenerator 

[Han et al. 2016]. Thus, the flexoelectric effect possibly contributes to the 

piezoelectric performance of the TGP-based nanogenerator.  The nanogenerators 

based on the E-PVDF and TGP nanofabrics were imparted with compression force 

using a pneumatic actuator (operating pressure 0.4 MPa) setup (Fig.2.3) and their 

corresponding piezoelectric responses are shown in Fig.13a. TGP based nanofabrics 

demonstrated a significant enhancement in the piezoelectric potential when compared 

to virgin PVDF nanofabrics, with TGP-0.10 reaching a maximum open-circuit voltage 

of 12.9 V. In contrast, E-PVDF displayed the open-circuit voltage of 2.0 V. The 

piezoelectric performance of the nanogenerator is enhanced with an increase in FGNS 

loading up to 0.10 wt% beyond which the piezoelectric output voltage decreased. The 

declined piezoelectric performance of the TGP nanofabrics at higher FGNS loading 

may be attributed to the filler aggregation leading to leakage of charges through the 

conducting FGNS networks in the PVDF matrix. 

 

Fig.6.13 a) The output voltage generated from E-PVDF and TGP-based nanofabrics 

under impact by pneumatic actuator mode, b) switching polarity sequence test of 

TGP-0.10 nanofabrics with inset displaying magnified impacting and releasing 

responses. 

Fig.6.13b shows the switching polarity sequence with voltage amplitudes 

implying the mechanical imparting and releasing modes on the nanogenerator 

comprised of TGP-0.10 nanofabrics. Evidently, the imparting mode voltage amplitude 

is greater compared to release amplitude, as the former is proportional to the impact 
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force while the latter is dependent on the elasticity of the material. The switching 

polarity sequence demonstrated by the TGP based nanogenerator confirms that the 

output signals stemmed solely from the piezoelectric response of TGP nanofabrics. 

When the nanogenerator composed of electrospun nanofabrics is excited via a 

compressive strain in vertical direction, positive and negative piezoelectric potentials 

are produced on the top and bottom electrodes of the nanogenerator, respectively. The 

potential difference between the nanogenerator electrodes causes the charges to flow 

between the electrodes through an external circuit resulting in an electrical signal. The 

moment the compressive strain is released the piezoelectric potential difference 

between the electrodes vanishes and the accumulated charges flow in opposite 

direction resulting in a reverse electrical signal. Fig.6.14a displays the working 

mechanism of the nanogenerator under the mechanical impact and releasing modes.  

Further the power density of the TGP-0.10 based nanogenerator was measured 

by connecting the nanogenerator across different load resistances (0.1-5 MΩ) and 

noticing the voltage drop across the same as illustrated in Fig.6.14b. Under the 

mechanical imparting mode, TGP-0.10 based nanogenerator produced a maximum 

voltage of 8.8 V across a load resistance of 3 MΩ. Accordingly, the instantaneous 

power density (P) was measured to be 1.72 µW/cm
2
. Fig.6.14b shows the output 

voltage and power density generated from TGP-0.10 based nanogenerator across 

varying load resistance. This increment in the open-circuit voltage and power density 

displayed by TGP-0.10 nanofabrics can be ascribed to the higher β-phase fraction and 

easier alignment of the ‒CH2/‒CF2 dipoles due to the uniformly dispersed networks of 

talc nanosheets and FGNS in the PVDF matrix. Further, the electrical conductivity of 

the E-PVDF and TGP-based nanofabrics was measured (Section I.7, Appendix). The 

electrical conductivity of the TGP nanofabrics reached a maximum value at FGNS 

loading of 0.10 wt %, beyond which there was a marginal decrease in it (Fig I.7, 

Appendix). The inherent electrical conductivity of FGNS led to the higher 

conductivity at a lower percolation threshold that boosted the piezoelectric 

performance of TGP-0.10 based nanofabrics. Further, the rough and porous surface 

morphology of TGP-0.10 based nanofibers possibly contributes to its improved 

piezoelectric response (Section I.8, Appendix). 
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Fig.6.14  a) working mechanism of the nanogenerator under impact and release mode; 

b) generated output voltage and power density as a function of varying load resistance 

from a TGP-0.10 based nanogenerator. 

6.1.2.7 PFM results 

PFM was used to probe the local piezoelectric response of the TGP-based nanofabrics 

at the nanoscale. In PFM, a single nanofiber was subjected to a bias voltage, and its 

corresponding electromechanical response was recorded in terms of PFM amplitude 

and phase data. The PFM amplitude and phase data yield the material's local strain 

and polarization responses, respectively. PFM evaluated the nanoscale 

electromechanical behavior of the TGP-0.10 based single nanofiber with topography, 

amplitude, and phase responses as a function of bias voltage -30 V to +30 V, as 

represented in the Fig.6.15a-c. The phase image (Fig.6.15c) displays regions of 

different contrast (bright and dark) indicating the polarization directions; the 

corresponding phase hysteresis loop (Fig.6.15d) represents 180° domain switching 

behavior, indicating the ferroelectric response of TGP nanofiber. The phase switches 

by 180° at the coercive voltage (  0.9 V), beyond which the phase loop saturates. 

Furthermore, the amplitude signal (Fig.6.15e) from TGP nanofiber depicts the 

butterfly-shaped characteristics loop resembling its piezoelectric property. The 

variation of amplitude response equals the strain changes (S) under the external 

electrical field (E); thus, the piezoelectric coefficient (d33) of the TGP nanofiber can 

be calculated using the formula of        [Gebrekrstos et al. 2018]. From 

Fig.6.15e the maximum amplitude for TGP-0.10 nanofiber is 1.83 nm at 30 V, and 
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accordingly, the calculated d33 is 61 pm/V, which is much higher than that of E-PVDF 

(10 pm/V). Similarly, the piezoelectric coefficient values for TGP-0.05, TGP-0.15, 

and TGP-0.20 based nanofibers were measured to be 45 pm/V, 38 pm/V, and 36 

pm/V, respectively (Fig.6.16). 

 

 

Fig.6.15 PFM analysis of TGP-0.10 : (a) topography image, (b) amplitude image, (c) 

phase image, (d) amplitude loop, and (e) phase loop. 
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Fig.6.16  PFM amplitude loops of a) TGP-0.05, b) TGP-0.15, and c) TGP-0.20 based 

nanofibers. 

According to equation (6.2), the output voltage (V) is dependent on the 

material’s piezoelectric coefficient, Young’s modulus (E), applied strain (), and 

charge separation distance/nanofiber diameter (d) [Ico et al. 2016]. Thus, the 

significant output voltage exhibited by TGP-based nanofabrics can be accounted to its 

reduced fiber diameter and higher Young’s modulus when compared against E-PVDF 

nanofabrics.  

                                                           
         

 
                                                   (6.2)           

Further, the interactions between the oxygen containing functional groups (‒OH, ‒

COOH) of the hybrid fillers (talc nanosheets and FGNS) and ‒CF2/‒CH2 groups of 

PVDF matrix enable the orientation of the all-trans β-phase. Also, the conducting path 

provided by FGNS in the host matrix would reduce the internal resistance of the 

nanogenerator and thereby facilitate the movement of induced charges generated by 

the PVDF. Herein talc nanosheets facilitated the β-phase conformation and aided the 

dispersion of FGNS in the PVDF matrix. In contrast, the FGNS provided conducting 

network for easy movement of induced charges in the polymer matrix and partly 

contributing to the β-phase fraction enhancement via interaction with PVDF. Thus 
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hybrid fillers synergistically improved the performance of PVDF-based composite 

nanofabrics. 

 

6.2 SUMMARY AND CONCLUSIONS 

In summary, a flexible hybrid filler/PVDF based composite nanofabric was 

successfully fabricated by electrospinning. Synergistic effects of talc nanosheets and 

carboxyl functionalized graphene nanosheets contributed to the enhanced 

piezoelectric response of the PVDF-based composite nanofabrics. A low loading of 

0.10 wt% of FGNS in TGP-based nanofabrics led to a significant improvement in the 

β-phase fraction, mechanical property, and piezoelectric performance when compared 

against E-PVDF. Further, the nanogenerator based on 0.5 wt% of talc nanosheets and 

0.10 wt% of FGNS nanofabrics demonstrated a peak output voltage of 12.9 V and a 

maximum power density of 1.72 µW/cm
2 

under the mechanical impacted conditions. 

TGP-0.10 based nanofibers exhibited the piezoelectric coefficient (d33) value of 61 

pm/V, that being 6 times higher than the E-PVDF nanofibers (10 pm/V). The uniform 

distribution and effective interactions of hybrid fillers (talc nanosheets and FGNS) 

with the PVDF matrix led to the promotion of all-trans conformation of β-phase. The 

developed hybrid composite nanofabrics could be a promising material in designing 

portable and flexible electronic devices.  
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Functional nanofabrics of 2-D nanosheets/PVDF composites were successfully 

prepared by electrospinning. The inclusion of these nanofillers (organically modified 

Ni-Co layered double hydroxide (OLDH), talc nanosheets, and carboxyl 

functionalized graphene nanosheets (FGNS)) in the PVDF matrix improved the 

physical and piezoelectric properties of the resultant composite nanofabrics. It was 

observed that the mean fiber diameter of PVDF composite nanofibers decreased 

compared to pristine PVDF nanofibers that were ascribed to the enhanced charge 

density of the electrospinning solution. Further, the composite nanofabrics displayed a 

higher β-phase fraction with a subsequent reduction in crystallinity as against PVDF 

nanofabrics. 

In the case of OLDH/PVDF composite nanofabrics, the specific interaction between 

the hydroxyl groups of OLDH and –CF2 groups of PVDF through hydrogen bonding 

facilitated the promotion of electroactive β-phase in the resultant composites. The 

dielectric and piezoelectric responses of the composite nanofabrics were significantly 

improved compared to the pristine PVDF nanofabrics. For talc nanosheets/PVDF 

composite nanofabrics, talc was embedded in the PVDF matrix without any surface 

modification. This was possible due to its nano dimension and high aspect ratio. 

Synergistic interaction between the nanofiller and electrospinning led to the improved 

electroactive β-phase and thereby the piezoelectric response of the talc/PVDF 

composite nanofabrics. The tortuous path imposed by the talc nanosheets in the PVDF 

matrix led to the improved thermal stability of the composite nanofabrics. 

Piezoelectric nanogenerator based on the composite nanofabric with a talc loading of 

0.50 wt% generated an output voltage of 9.1 V and a power density of 1.12 μW/cm
2
. 

Furthermore, the composite nanofibers displayed well-defined ferroelectric 

characteristics with an enhanced d33 value of 43.3 pm/V. Reduction of nanofiber 

diameters and improved β-phase fraction of the electrospun PVDF/talc nanosheet 

composites accounted for their augmented piezoelectric response. Finally, talc 

nanosheets/FGNS/PVDF (TGP) based hybrid composite nanofabrics displayed a 
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maximum β-phase fraction of 90.2% with enhanced mechanical and piezoelectric 

properties. Functionalization of graphene nanosheets improved the compatibility with 

the polymer matrix, and the carboxyl groups of FGNS promoted the β-phase of PVDF 

via interfacial interactions. Further, FGNS led to forming an electrically conductive 

network in the polymer matrix aided by talc nanosheets and electrospinning. The talc 

nanosheets and FGNS synergistically improved the β-phase fraction, mechanical 

property (tensile strength (17.03±2.58 MPa) and Young’s modulus (53.41±1.12 

MPa)), and piezoelectric response (12.9 V and   61 pm/V) of the TGP nanofabrics. 

Conclusively, role of nanofillers, particularly that of nucleating agents, as conducting 

pathways and as facilitators for dipole alignment, has significantly contributed to the 

promotion of electroactive β-phase in the PVDF composite nanofabrics. Herein, the 

incorporated nanofillers, coupled with the electrospinning, have enhanced the 

mechanical, dielectric, and piezoelectric properties of the PVDF-based composite 

nanofabrics. Thus the developed composite nanofabrics here could be used to 

fabricate viable and cost-effective nano-energy harvesting devices. 
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SCOPE FOR FURTHER STUDY 

 Modeling these developed PVDF-based composite nanofabrics using adequate 

software (Molecular dynamics and Finite element method (FEM)) could be 

used to study the structure-property relationships at the nanoscale. 

 Core-shell nanofibers of these PVDF-based composites could be fabricated by 

coaxial electrospinning and subsequently explored for energy-harvesting 

applications. 

 Could explore the good piezoelectric and biocompatibility of these PVDF-

based composite nanofabrics in biomedical applications (possibly serve as 

scaffolds for tissue engineering). 

 The triboelectric and pyroelectric effects of these PVDF-based composite 

nanofabrics could be studied and possibly combine these effects in developing 

a Hybrid energy harvesting system. 

 PVDF-based composite nanofabrics could be explored in supercapacitors, 

filtration membranes, battery separators (lithium-ion), and fuel cells. 
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APPENDIX-I 

I.1 Output current values produced from OLDH/PVDF nanofabrics based 

nanogenerator under tapping mode. 

 

Fig. I.1 The variation of the output current of E-PVDF and OLDH/PVDF nanofabrics 

based nanogenerator under human finger tapping mode. 

I.2 Output voltage produced from reference nanogenerator under tapping mode. 

 

Fig. I.2  The generated output voltage for reference nanogenerator under human finger 

tapping mode. 
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I.3 Output current values produced from talc nanosheets/PVDF nanofabrics 

based nanogenerator under tapping mode. 

 

Fig. I.3 The output current response of talc/PVDF nanofabrics based nanogenerator 

under repetitive tapping mode. 

 

I.4 TEM and SAED image of talc nanosheets. 

 

Fig. I.4 a) TEM image; and b) SAED pattern of talc nanosheets. 
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I.5 Tensile testing of talc nanosheets/PVDF composite nanofabrics. 

 

Fig. I.5 Tensile test specimen and testing stages of the talc nanosheets/PVDF 

nanofabrics. 

 

Table I.1 Piezoelectric performance comparison between the fabricated nanogenerator 

and those of PVDF based nanogenerator reported in the literature.  

Type of materials Output 

Voltage 

Output 

Current 

Power  

Density 

Reference 

(0.50 wt%) Carbon 

nanofiber/PVDF nanofibers 

5.8 V 1.2 μA - 
1
 

(5 wt%) Potassium sodium 

niobate/PVDF nanofibers 

1.9 V - - 
2
 

(0.1 wt%) Graphene/PVDF 

nanofibers 

7.9 V 4.5 μA - 
3
 

Zinc oxide nanorods*/PVDF 

nanofibers 

356 mV 456 nA - 
4
 

(10 wt%) Potassium sodium 

niobate/PVDF nanocomposite films 

3.4 V 0.1 μA - 
5
 

(20 vol%) Barium titanate/PVDF 

nanocomposite films 

6.7 V 2.4 μA - 
6
 

(2 wt%) Fe-doped reduced 

graphene oxide/PVDF 

nanocomposite films 

5.1 V 0.254 μA - 
7
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(16 wt%) Bismuth oxide/PVDF 

nanocomposite films 

3.6 V 2.4 μA 1 μW** 
8
 

(17.5 wt%)Polyaniline/(10 wt%) 

halloysite nanotube/PVDF 

nanofibers 

7.2 V 0.75 μA 0.25 

μW/cm
2
 

9
 

Zinc oxide*/PVDF composite fiber 

membrane 

1.12 V 1.6 μA  0.2 

μW/cm
2
 

10
 

(0.50 wt%) Laponite 

nanoclay/PVDF nanocomposite 

films 

6 V 70 nA 0.63 

μW/cm
2
 

11
 

(0.50 wt%) talc/PVDF 

electrospun fabrics 

9.1 V 16.5 nA 1.12 

μW/cm
2
 

This work 

*Film; **Power 

 

Table I.2  Comparison of piezoelectric coefficient (d33) values obtained from PFM for 

some electrospun materials in literature. 

 

Material (nanofiber) d33 (pm/V) Reference 

PVDF/carbon nanotubes (CNT) 35 ± 5 [29] 

PVDF/graphene oxide (GO) 40 [25] 

PVDF/barium titanate (BaTiO3) 50 [28] 

PVDF 27.4 ± 1.5 [8] 

BaTiO3 40 [30] 

PVDF/talc nanosheets 43.3 ± 2 This work 
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I.6 Damping coefficient for TGP based composite nanofabrics 

 

Fig. I.6 Variation of damping coefficient values of TGP nanofabrics as a function of 

FGNS loading. 

 

I.7 Electrical conductivity measurements of TGP based composite nanofabrics. 

The electrical conductivity of the samples was calculated after obtaining the I-V 

readings. The electrospun fabrics of E-PVDF and TGP were formed into pellets of 13 

mm diameter using 15 Tons Manual Laboratory Press (Table Top) (Kimaya 

engineers, Thane, India). The formed pellets were subjected to voltage sweep of -5 V 

to +5 V, and corresponding current variation was recorded via Keithley 2400 source 

meter. The electrical conductivity (σ) was calculated using following equation. 

 

                                                          (
  

 
)
  

                                                   

 

Where R is the resistance, A is the electrode area, and L is the pellet thickness. 
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Fig. I.7 Variation of electrical conductivity values of TGP composite nanofabrics as a 

function of FGNS loading. 

 

I.8 FESEM images of 0.50 wt% TNS/PVDF, 0.10 wt% FGNS/PVDF, and TGP-

0.10 nanofibers. 

Fig. I.8a and b show the high magnification FESEM image of 0.50 wt%TNS/PVDF 

and 0.10 wt%/PVDF nanofibers, respectively. With the introduction of 0.50 wt% TNS 

and 0.10 wt%/ FGNS in the PVDF matrix, the surface morphology of resultant 

nanofibers became rough and porous, as evident from the FESEM images (Fig.I.8 (c, 

d)). The rough surface morphology of nanofibers has been demonstrated to enhance 

the scavenging energy devices' electrical output due to increased friction areas 

[Zaarour et al. 2018]. Moreover, porous nanofibers have been shown to improve the 

voltage response of piezoelectric nanogenerators by efficiently transferring energy 

from mechanical to electrical domains [Ganeshkumar et al. 2017]. Thus the surface 

morphology of TGP-0.10 based nanofibers possibly contributes to its improved 

piezoelectric response. 



109 
 

 

Fig. I.8 FESEM images of: a) 0.50 wt% TNS/PVDF, b) 0.10 wt% FGNS/PVDF, and 

(c, d) TGP-0.10 nanofibers at 50,000 and 100,000 magnifications, respectively. 
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