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Abstract 

Electrospun poly(vinylidene fluoride) (PVDF) based nanocomposites were synthesized for various 

applications. Incorporation of nanofillers [halloysite nanotubes (HNT), polyaniline (PANi), 

graphitic-carbon nitride nanosheets (g-C3N4)] not only reduced the diameter of the PVDF 

nanofibers, but also improved the morphology of nanofibers. Fourier transform infrared 

spectroscopy, wide-angle X-ray diffraction and differential scanning calorimetry techniques were 

used to characterize the crystallinity, polymorphism and polymer-filler interaction in the 

electrospun PVDF nanocomposites. HNT and g-C3N4 acted as nucleating agents and helped in the 

formation of the -phase of PVDF. The primary objective was to explore the potential of 

electrospun PVD/HNT nanocomposite, PVDF/g-C3N4 nanocomposite, PVDF/HNT/PANi blend 

nanocomposite and PVDF/g-C3N4/PANi blend nanocomposite for piezoelectric force sensor, 

energy harvesting, battery separator and gas sensing applications. The inclusion of nanofillers and 

electrospinning synergistically improved the mechanical and piezoelectric properties. However, 

the degree of crystallinity decreased due to the hindrance to the polymer chain mobility. 

PVDF/HNT nanocomposite exhibited piezoelectric voltage and current output of 0.95 V and             

32 nA, respectively. Addition of PANi to PVDF/HNT nanofibers significantly improved the 

electrical conductivity and piezoelectric properties. Electrospun PVDF/HNT nanocomposite was 

used in lithium-ion batteries (LIB) due to its relevant characteristics as gel polymer electrolytes 

(GPE). The GPE showed high ionic conductivity, electrolyte uptake and improved charge-

discharge performance. The GPE outperformed commercial Celgard®2400 and pristine PVDF 

nanofibers in every aspect investigated. The highest -phase content of 97% was attained by 

electrospun PVDF/PANi/g-C3N4 blend nanocomposite (PPBF). The PPBF was used for energy 

harvesting from human locomotion and nitrogen dioxide (NO2) gas sensing. Flexible PPBF based 

nanogenerator exhibited excellent piezoelectric performance and was capable of generating a 

voltage and current output of ~30 V and 3.72 A, respectively, which could play a prominent role 

in energy harvesting application. Further, the PPBF based gas sensor showed excellent response to 

NO2 gas along with high sensitivity, selectivity, durability and reproducibility. The PVDF based 

nanocomposite non-wovens developed in this study are potentially useful as a force sensor, energy 

harvesting nanogenerator, GPE and gas sensor. Flexibility, low cost, non-toxicity, eco-friendliness 

and industry scalability are added attractive characteristics of these electrospun PVDF 

nanocomposites. 

Keywords: Electrospinning; poly(vinylidene fluoride); energy harvesting; gas sensor; gel 

polymer electrolyte; nanocomposite  
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DMSO Dimethyl sulfoxide 

APS Ammonium persulfate 

HCl Hydrochloric acid 

NO2 Nitrogen dioxide 

NH3 Ammonia gas 

WAXD wide angle x-ray diffraction 

FTIR Fourier transform infrared spectroscopy 

DSC Differential scanning calorimetry 

FESEM Field-emission scanning electron microscopy 

UTM Universal testing machine 
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Rg Resistance in the gas atmosphere 
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M̅ Average molecular weight 
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CHAPTER 1 

INTRODUCTION AND LITERATURE SURVEY 

This chapter gives a brief introduction to poly(vinylidene fluoride) (PVDF) based nanocomposites  

and their processing routes. An overview of energy harvesting, piezoelectricity, PVDF, 

electrospinning process and advancements in PVDF nanofibers has been presented. A brief 

literature review on PVDF for various applications such as energy harvesting, gel polymer 

electrolyte and gas sensing is also presented. Finally, the motivation for this study, problem 

identification alongwith scope and objectives of the present study are discussed.  

 

1.1. INTRODUCTION  

In recent years, energy harvesting has been receiving significant attention from various sectors 

mainly due to its potential impact in enabling self-powered devices. Energy harvesting is the 

conversion of energy from the environment and surroundings into other useful forms of energy. In 

a time when everyone is utilizing resources at a rapid rate, unearthing alternate energy sources will 

pave a great way to produce sustainable energy, which could be a solution to the energy crisis. In 

recent decades, various energy scavenging technologies have been developed that use the 

unexploited energy (by-product from industries) or natural energy (wind, water, etc.) for the 

generation of electricity. Most often electricity is generated from energy coming out of industries, 

including either mechanical energy in the form of vibration, stress, friction, etc, and thermal energy 

in the form of heat coming out of furnaces, engines, etc. Moreover, natural sources such as solar 

energy, electromagnetic energy, wind energy, hydro energy and human locomotion that could be 

of significant potential in medical devices, transportation, portable electronics, automation 

industries, military, and self-powered devices.   

With the advancement of smart materials, the energy required to run devices has dropped 

dramatically, often milliwatts in run mode and nanowatts in standby mode. As a result, low power 

wireless devices have gained attention with histrionic implementation. The development of low 

power consumption of integrated circuits, chips, sensors provides a broader path and motivation in 

the field of energy harvesting and enabling sensors and actuators, a platform where they can 

function automatically without any interruptions and significantly extend its life. Also, the sensors 

can be able to function in any remote place and transmit necessary information such as humidity, 

temperature, velocity, etc. (Mateu and Moll 2005). Generally, conventional devices often receive 

power from a battery source. Frequent recharging or replacement of battery results in an increase 

of overall cost and size. The combination of low power microcontrollers and energy harvesting led 
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to the rise of a wide range of applications that were not possible earlier. Currently, market for 

energy harvesting is enormous and has been increasing remarkably. According to experts, energy 

harvesting market will be more than 5 billion dollars by 2020, which means approximately 300 

million sensors will be in the market that entirely run on energy harvesting systems. There are 

various sources through, which energy is being harvested. However, most widely used sources are 

solar, wind, thermoelectricity, pyroelectricity and piezoelectricity.  

 

1.1.1. Piezoelectricity 

Piezoelectric materials are the broader class of ferroelectric materials. The piezoelectric effect is 

the ability of certain materials to produce electrical charges upon the application of mechanical 

strain. The development in the field of piezoelectricity was observed during the world war-1 

wherein piezoelectric materials were used to develop the ultrasonic technology. Rochelle salt was 

used as the piezoelectric material for the detection of submarines, which exhibits ferroelectricity 

and high electromechanical coupling. Later, potassium dihydrogen phosphate (KDP) was 

discovered in 1935 by predicting the origin of the piezoelectricity due to the presence of hydrogen 

bonds in the crystals. Various piezoelectric materials such as ammonium dihydrogen phosphate, 

barium titanate (BaTiO3), lead zirconate titanate (PZT) etc were discovered. Gray and Shepard 

discovered that electrically-poled BaTiO3 exhibited piezoelectricity, which facilitated the 

development of transducers. BaTiO3 has a high electromechanical coupling coefficient and 

piezoelectric coefficient; most importantly it is insoluble in water. Following BaTiO3, the 

perovskite oxides such as lead titanate (PbTiO3), lead zirconate (PbZrO3), and strontium titanate 

(SrTiO3) were developed.  

The piezoelectric effect occurs due to orientation of electric dipoles. Upon application of an electric 

field, dipoles orient themselves along the direction of the applied electric field, creating 

polarization. The effect is closely associated with the moment of dipoles in the material in which 

they display a local charge separation based on the structure of the crystal lattice (Minazara et al. 

2008). When the electric field is removed, the material cannot return to its initial state, but an 

ordered structure allows to exhibit the piezoelectric effect in the material.  

In monocrystalline materials, the polar axis of dipoles are arranged in one direction, but in 

polycrystalline materials, dipoles are arranged randomly (Fig. 1.1). There are two modes in 

piezoelectric materials: longitudinal and transverse modes. In the longitudinal mode, the 

polarization direction is parallel to the direction of mechanical stress, while in the transverse mode, 

the direction of polarization is perpendicular to the direction of the stress. In most of the cases, 

when a voltage is applied in the transverse mode, the piezoelectric material gets compressed along 
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the z-axis, the voltage produced will be positive and when the material is compressed along the x-

axis, the voltage generated is negative. Reports suggest that the piezoelectric conversion efficiency 

in longitudinal mode is better than in the transverse mode. (Murayama et al. 1976; Osone et al. 

2008; Delnavaz and Voix 2014).  

 

Fig. 1.1 Orientation of dipoles in monocrystalline and polycrystalline materials. 

 The piezoelectric energy harvesting technology based on vibrations, wind or mechanical 

motions has received considerable attention. To date, piezoceramics are the most widely exploited 

piezoelectric materials in sensors, actuators, capacitors, transducers etc. However, piezoceramics 

have serious issues such as high toxicity, fragility, expensive and lower tensile strength. In 

addition, small variations in the composition of piezoceramics could lead to significant changes in 

their physical properties (Jain et al. 2015; You et al. 2017). Another, major issue with piezoceramic 

is aging, where the material slowly tends to return to its original unpolarized state with time. There 

has been considerable research carried out to control the aging characteristics of piezoceramics. 

However, complicated process and may change the physical properties of the material, especially,  

the dielectric losses. Also, low mechanical strength of piezoceramics makes it difficult to fabricate  

them in the form of complex shapes (Ulrich et al. 2000).  

Selection of piezoelectric materials is essential as there are more than 200 piezoelectric materials 

available and each of them has different characteristics. Piezoceramics display very high 

piezoelectric conversion efficiency, but are brittle. Piezoelectric polymers have been receiving 

much attention for energy harvesting application because of their flexibility, lightweight and non-

toxicity characteristics. Piezoelectric polymers undergo higher strain values, but their piezoelectric 

coefficients are comparatively lesser than that of piezoceramics. Hence, owing to the persistent 
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quest, the current research is focused on either improving the flexibility of piezoceramics or 

enhancing the piezoelectric response of the polymers (Hooker 1998; Kao 2004).  

 Generally, piezoelectric polymers are classified into three groups: Bulk, composite and voided 

charged polymers (Fig 1.2). Bulk polymers possess piezoelectric characteristics based on their 

molecular structure and arrangement. For piezoelectric characteristics, the polymer should 

comprise of molecular dipoles, which are required to orient in a preferred state. The second type 

is piezoelectric polymer composites wherein piezoceramic particles are incorporated into the 

polymer matrix. The integrated particles offer the piezoelectricity, while polymer provide the 

necessary flexibility and mechanical strength. 

 

 

Fig. 1.2 schematic representation of different types of piezoelectric polymers. 

 

Another type of piezoelectric polymer is voided charged polymer (e.g. cellular polypropylene) in 

which the presence of gas voids introduces the surface charges in such a way that it forms internal 

dipoles. The piezoelectric coefficient in these systems depends on various factors such as density, 

void size and shape, and void pressure(Murayama and Obara 1983; Arlt and Wegener 2010).  

The properties of piezoelectric polymers are distinct from those of piezoceramics and are capable 

of performing effectively where other materials cannot perform. Contrary to the piezoelectric strain 

constant (d31), piezoelectric stress constant (g31) of polymers are much better than piezoceramics, 

which makes them suitable for sensors and actuators. Sensors made of polymers are much lighter, 

robust and can be molded into any complex shape and size. Further, the low dielectric constant, 

excellent mechanical properties with high sensitivity makes them a strong contender for device 

configurations.  
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1.1.2. Poly(vinylidene fluoride) 

Poly(vinylidene fluoride)  (PVDF ) is a semi-crystalline polymer, which has a simple chemical 

structure with –(CH2-CF2)_ monomers that mostly occur in head to tail configuration and 

crystallizes in spherulites form. The crystalline phase offers the necessary mechanical strength and 

thermal stability, while the amorphous phase provides flexibility to the structure. In addition, 

PVDF exhibits excellent chemical stability and corrosion resistance. PVDF is synthesized through 

free radical polymerization and exhibits five different phases, namely     and  related to its 

chain configuration. For  and  phases, it has a chain conformation of TGTG’ (trans-gauche-

trans-gauche), for -phase it has all-trans conformation (TTT) and T3GT3G’ conformation for  

and  phases (Fig.1.3). PVDF and its copolymers are suitable for making sensors and actuators due 

to their strong electrical dipole moment, which is due to the presence of fluorine atoms that are 

electronegative  and  are non-polar phases due to their antiparallel packing of the dipoles.  and 

 phases are considered to be the most electroactive ones that display piezoelectric response. In -

phase, the TGTG’ conformation is not electroactive because the dipoles nullify the net polarization 

effect. In -phase, the chains are neither in helical nor zig-zag configuration, but a combination of 

both. The sequence of G (gauche bonds) or TG represents the complete helical structure and the 

presence of G’ in the conformation would mean that the backbone tilted from the plane. Repeated 

G or G’ bond conformation would have a right or left helix, but with the TGTG’ conformation the 

backbone has chain changes its direction with alternating G and G’ bonds. -phase is the most 

chemically stable phase because the van der Waals forces acting between the backbone and other 

molecules have intermolecular stability, whereas the -phase is based on intramolecular stability 

that is relatively lower than that of -phase. The -phase of PVDF has all-trans conformation with 

a planar zig-zag structure in which all the hydrogen and fluorine atoms are in the opposite sides of 

the chain structure. In -phase the stability is stalled because the fluorine atoms are closer to each 

other and their van der Waals radii almost overlap with each other. Further, the helical structure 

requires much lower energy than that of planar zig-zag structure results in the formation of the -

phase from the melt (Doll and Lando 1968; Lovinger et al. 1987; Martins et al. 2014).   

Various strategies or techniques have been adopted to develop the electroactive phases 

( and ) in PVDF. The presence of electroactive phases is the reason for the piezoelectric, 

pyroelectric and ferroelectric properties of PVDF. The electroactive phases in PVDF obtained by 

uniaxial stretching, high pressure, ultra-fast cooling, drawing, high electric poling, annealing or by 

the addition of nucleating agents such as carbon nanotube, graphene, clay etc. A schematic 

representation of interrelations and conversions of phases is shown in Fig. 1.4.  
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Fig 1.3. Different phases of PVDF. 

   

 Kawai et al. were the first to discover the piezoelectric effect in uniaxially stretched PVDF 

film and several reports later elucidated the mechanism (Kawai 1969; Kepler 1995).The uniaxial 

stretching of the PVDF film result in the stress effects that transform the spherulite into a 

microfibrillar structure upon necking. As a result, the dipoles orient themselves normal to the 

direction of the applied stress and the electroactive phase is observed. Also, the temperature during 

the stretching process significantly affects the orientation of the dipoles and electroactive phases  

(Crecorio and Cestari 1994). The -phase can also be induced by proper quenching and annealing 

of samples at high temperature. Solution cast PVDF film develops electroactive phases when 

annealed up to a temperature of 100 °C for 5 hrs (Kaur et al. 2017). The annealing temperature 

significantly affects the crystallinity, crystallite size, mechanical and electrical properties of PVDF 

(Nakamura et al. 2003). A higher percentage of electroactive phase was observed when the films 

were cast from the solution at 90 °C, while the PVDF films cast at 50 °C do not possess any 

electroactive phases (Satapathy et al. 2011). The compression and injection molding of PVDF may 

also lead to the formation of the -phase (Aggarwal et al. 2016; Wan and Bowen 2017). In another 

study, the PVDF film prepared by compression molding at 220 °C and cooled under a pressure of 

170 bar would induce the -phase of PVDF up to 29% (Salimi and Yousefi 2003a). There are 

several reports, which describe the processing methods and techniques adopted such as 

compression molding (Vacche et al. 2012), injection molding (Chang et al. 2010), spin coating 

(Ramasundaram et al. 2009), electrospinning (Fuh et al. 2012), electrospraying (Yanilmaz et al. 

2014), melt spinning (He et al. 2014), Langmuir Blodgett deposition (Martins et al. 2014), solution 
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cast (Ma et al. 2008), immersion precipitation process (Mago et al. 2008) etc., to induce the 

electroactive phase in PVDF.  

 

Fig.1.4. Interconversions of PVDF phases through different routes. 

 

1.1.3. Electrospinning  

Electrospinning is a process of spinning fibers of diameter ranging from few nanometers to 

micrometers using electrostatic forces. The technique was first patented on the fabrication of yarns 

by Formhals in early 1930s (Formhals 1934). Electrospinning has gained much attention in the last 

two decades because of its capability of producing fibers in nanometer range  (nanofiber) (Mirjalili 

and Zohoori 2016). The term fiber or fibre is extracted from Latin word “fibra” which means a 

slandered, elongated and thread-like structure. In nanotechnology, fibers with a diameter below 

100 nm are generally termed as nanofibers. However, textile industry standards and commercial 

sectors have allowed broader flexibility up to 500-1000 nm. The uniqueness of electrospun fibers 

is due to their fiber connectivity, high surface area and nanoscale interstitial space.  

In electrospinning, a polymer solution is subjected to electrostatic potential, that causes the 

elongation of solution droplet to form a fiber, unlike conventional drawing method in which the 

polymer melt is forced mechanically to pass through a die. Materials such as polymers and polymer 

composite nanofibers can be produced directly by electrospinning. Other materials such as 

ceramics and carbon nanotubes require post-processing of the electrospun fibers. Electrospinning 

has three primary components viz; feed pump, voltage supply unit and a collector unit (grounded) 

as shown in the Fig.1.5. The controlled rate of solution fed with the help of syringe pump. When 

the voltage is applied to the solution, the pendant droplet converts into fine fiber jet commonly 

termed as Taylor cone. During the flight, due to the interaction between the solution jet, electric 
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field and repulsive force, the jet under goes a whipping instability that leads to stretching of fibers. 

During the flight, the solvent evaporates to leave behind fine fibers, which collect onto the 

grounded collector(Hu et al. 2014; Sun et al. 2016). 

The characteristics of electrospun nanofibers depend on a number of parameters. These parameters 

commonly divided into three categories: solution parameters (solution concentration, solution 

viscosity, solution surface tension, and solution conductivity), process parameters (feed rate, 

applied voltage, and tip to collector distance), and ambient parameters (ambient temperature and 

relative humidity). Solution concentration is one of the significant factors that define the 

morphology of the electrospun nanofibers. Finer nanofibers can be produced with the lower 

concentration of polymer in the solution. However, the lower concentration may lead to the 

formation of bead and defects. The formation of beads can be prevented by increasing the polymer 

concentration above its critical entanglements. Further the solution concentration directly affects 

the viscosity of the solution. With an increase in solution concentration, the viscosity of the solution 

increases due to higher polymer chain entanglements that result in thicker fiber formation 

(Beachley and Wen 2009; Zhu et al. 2017). 

 

 

Fig 1.5. a). Schematic representation of electrospinning Process b). Digital photograph of 

electrospinning equipment.  

The viscosity is also affected by the molecular weight of the polymer that represents the 

length of the polymer chain. The length of the polymer chain determines the entanglements in the 

polymer solution. Also, higher viscosity makes it difficult for the pump to push the solution out of 

the spinneret (Nurwaha et al. 2013; Abbasipour et al. 2017).  
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The electric charges present in the polymer solution must be sufficient to overcome the 

surface tension of the solution. When the droplet is stretched to form a fiber, the surface tension of 

the solution may tend to break the droplets, which may lead to the electrospraying rather than 

electrospinning (Beachley and Wen 2009; Edmondson 2013). Hence, selection of solvent is 

crucial; solvents such as dimethylformamide (DMF), dimethyl sulfoxide (DMSO) are preferred 

because of their high dielectric constants (Subbiah et al. 2005; Yang et al. 2006).  

 Distance between the spinneret tip and collector (TCD) affects the diameter and 

morphology of nanofibers. Optimum TCD is necessary for appropriate stretching of fibers and 

allow sufficient time for the solvent to evaporate completely. If the distance is too close, the solvent 

may not evaporate and result in thicker fibers. Higher TCD deteriorates the electric field and results 

in weak of electrostatic forces. (Haghi 2009; Motamedi et al. 2017). In addition, the voltage applied 

during electrospinning process has a strong influence on the diameter and morphology of 

nanofibers. The fiber is formed only when the voltage potential exceeds the threshold voltage. 

(Doshi and Reneker 1993). The feed rate of the polymer solution is another process parameter that 

affects the jet velocity and transfer rate. The diameter and porosity of the fibers can be tuned by 

optimizing the feed rate of the polymer solution (Thompson et al. 2007).   

Humidity and temperature during the process affect the fiber structure and morphology. At 

a relative humidity higher than 60%, it is often seen that the evaporation of solvent is incomplete 

and the fibers entangle on the collector surface, while the temperature affects the evaporation rate 

and viscosity of the solution. Improper evaporation of solvent may lead to the fusing of fibers and 

influences the jet thinning and phase separation (Supaphol et al. 2005; Okutan et al. 2014). The 

collector should possess sufficient conductivity for collection of fibers. Therefore, conductive foils 

(aluminium) or carbon clothes are grounded that creates electrostatic field effect. Also, the fiber 

diameter, orientation, morphology and porosity of fibers are dependent on the type of collector. 

Rotating drum or circular disks yield aligned and uniform fibers while, static collectors yield 

randomly oriented fibers (Vonch et al. 2007; Li and Wang 2013; Nurwaha et al. 2013).  

Recently, electrospun nanofibers received significant attention in the field of scaffolds, 

sensors, actuators, battery, biomedical, wound healing, catalyst, filtration membrane, energy 

harvesting, supercapacitors etc. Electrospun nanofibers can be used as tissue scaffolds that help in 

growth of cells and their proliferation. Cells seeded inside nanofibers can be implanted to a 

patient’s body for the restoration of injured tissues. Nanofibers are incorporated with drug 

components could be used as capsule that carries the drug through the digestive system. Due to the 

high surface area of nanofibers, bacteria, dust, moisture can be filtered at the nanoscale. Further, 

modified nanofibers can be used to kill germs and bacteria  (Hu and Tan 2017).  
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Nanofibers for the detection of harmful gases are also becoming a reality because of their 

durability, high surface area and flexibility. Also, electrospun nanofibers can be seen as an ideal 

reinforcing material, because of their ability to transfer stresses (Paul 2005; Haghi 2009; 

Thenmozhi et al. 2017). Electrospun nanofibers in the field of lithium and sodium ion batteries 

have attracted attention of researchers because of their high surface area, porosity, high ionic 

conductivity, and cycle performance. Components such as anode, cathode and a separator made of 

electrospinning process have been explored widely.  Recently, electrospun nanofibers have shown 

their potential in many more applications such as solar cells, protective filters, agricultural and 

energy sectors, etc (Sun et al. 2016).  

PVDF is considered to be the most versatile polymer due to its high piezoelectric coefficient, 

mechanical and thermal stability and has widely been used in strain sensing, pressure sensing, 

energy harvesting and health monitoring application. Aforesaid, -phase of PVDF is responsible 

for the piezoelectric effect and there are various routes to obtain the same. Among them, 

electrospinning is considered to be the best technique for the improvement of the -phase of PVDF. 

Electrospun PVDF nanofibers do not require post-processing such as uniaxial stretching, annealing 

or poling, which is necessary for most of the methods.  In fact, the average piezoelectric conversion 

efficiency of electrospun nanofibers is as high as 12.5-21.8% which is much higher than the 

conversion efficiency of PVDF films (~1.3%) (Ohigashi 1985; Richardson 1989; Chang et al. 

2009b).  

Unlike other techniques, electrospinning is one step process in which simultaneous electrical 

poling and stretching help in developing piezoelectricity in PVDF (Martins et al. 2014). PVDF 

nanofibers based piezoelectric sensors are envisaged to have the potential in real-time applications 

such as robots, aircraft, self-powered electronic devices and energy harvesting. PVDF nanofibers 

are capable of harvesting and storing energy, which could be used to run small electronic devices 

to power themselves indefinitely without the aid of external power sources. Also, mechanical 

energy gathered from human body motions can be used in self-powered pacemakers.  

Most importantly, the production of electrospun PVDF nanofibers can be carried out at on 

industrial scale. There are three electrospinning techniques (solution spinning, melt spinning and 

emulsion spinning) that are commonly used in the production of nanofibers at a large scale. Melt 

spinning is usually preferred over the other methods because of the solvent-free synthesis process  

(Chang et al. 2012; Persano et al. 2013; Shi et al. 2015; Cardoso et al. 2018).   

Uniform, long, continuous, aligned, defect-free and small fiber diameter is ideal for high 

piezoelectric performance of PVDF. However, to achieve all these characteristics simultaneously 
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is very difficult. Aligned and defect free nanofibers can be obtained at a higher solution 

concentration of PVDF, but thicker fibers are obtained that is detrimental for the piezoelectric 

performance. The diameter of PVDF nanofibers can be controlled by increasing the TCD, voltage 

and rotating drum speed (Shao et al. 2015a; Thakur et al. 2017).  

 

1.1.4. Gel polymer electrolytes  

A battery is a device that converts chemical energy into electricity by producing electrons through 

electrochemical reactions. Since the first lithium-ion batteries (LIB’s) became commercially 

available, LIB’s caught attention and became one of the primary power sources for electronic 

devices. Among different varieties of batteries, LIB is one of the most dynamic entrants due to 

high-power density, long cycle life and finds their usage at a larger scale ranging from a nano-

electronic device to hybrid vehicles. A LIB consists of four major components, anode, cathode, 

separator and electrolyte (Fig.1.6). The anode and cathode store the lithium. A separator is placed 

between the anode and the cathode that prevents the electrodes from physical contact and enables 

ion transport. The electrolyte carries the ions from the positive terminal to negative terminals and 

vice versa through the separator. The movement of the lithium ions from one component to the 

other creates electrons in the anode that produces a charge at the current collector (positive) then 

through the load it flows towards the negative current collector. When the battery is in use the 

anode releases ions to the cathode, making the electrons to move from one side to the other. While 

charging, the ions are released by the cathode and flow towards the anode (Deng 2015; Jiang and 

Zhang 2015).  

 

Fig. 1.6. A schematic representing components of LIB. 
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In the recent decade, a tremendous development is seen in the battery technology by optimizing 

the performance of individual components or by new battery chemistries. However, still no battery 

has been fabricated that gives an ideal and optimum performance under all the environments. The 

main advantage of LIB is that it can store a large amount of energy in a lighter and smaller space. 

However, the main limitation of LIB’s is their lower efficiency and longer time to charge than 

other batteries. Much research is focused on nanotechnology to make the LIB is a highly efficient, 

lighter and more reliable (Wu et al. 2015b).   

The separator is an essential component in a battery. Aforesaid, it prevents the battery from short 

circuit and enables the flow of ions from one terminal to the other. A separator is made of thin 

polymer membranes that are chemically, electrochemically and mechanically stable. In the 1970s 

the innovative idea of Wright and Armand on polymer electrolytes have made the LIB as one of 

the potential sources of electricity. Polymer electrolytes prevent battery from leakage of electrolyte 

and enable high energy and power density with safety features. Structurally, the separator should 

possess high surface area and porosity to absorb the electrolyte. However, separator adds up to the 

electrical resistance and size of the battery. Hence, the selection of the separator and its dimensions 

are very critical to the performance of the battery. Higher thickness of the separator improves the 

safety features of the battery, however; the movement of ions is hindered. Thin separator with high 

porosity provides better ionic conductivity and power density, but there are chances of explosion 

of the battery due to short circuit. Another problem associated with battery is overheating and 

structural failure. Additional features such as wettability, thermal shrinkage, dimensional stability, 

mechanical stability, pore size, cost, permeability need to be taken care. Currently, much attention 

is dedicated to nanostructured materials synthesized by different routes and methods such as 

chemical vapor deposition, wet chemical synthesis, sol-gel template, molten salt technique, 

electrospinning etc. Among them, electrospinning is seen to be the most versatile one as it takes 

care of the most of the features of the separator (Costa et al. 2013b). Commercially used separator 

in LIB’s is made up of polypropylene or polyethylene microporous membranes, which has 

limitations such as lower porosity, poor thermal stability and inevitably lower efficiency. 

Separators made of electrospun nanofibers are advantageous because of their high porosity, 

thermal stability, ionic conductivity and mechanical strength.  

Separators made of PVDF nanofibers are seen to benefit the electrochemical performance 

of the battery. At higher temperature, PVDF fibers tend to soften and form an interconnected web 

structure, which could significantly improve the physical properties.  However, PVDF nanofibers 

exhibit inferior thermal stability, lower strength and hydrophobic nature and it is a difficult task to 

optimize all the properties and characteristics simultaneously. Hence, PVDF nanofibers are 
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prepared in the form of nanocomposites, blends, etc to optimize most of the properties in a 

separator (Stephan 2006; Zhang 2007; Kumar and Dek 2010; Long et al. 2016).  

 

1.1.5. Chemi-resistive gas sensors 

A chemi-resistive gas sensor is a device that changes its electrical properties when it comes in 

contact with gas molecules. The performance of a gas sensor is dependent on sensitivity, durability, 

reproducibility, stability, detection limits, and response and recovery times.  Various materials such 

as zinc oxide (ZnO), carbon nanotubes (CNT), graphene, tin oxide (SnO2), nickel oxide (NiO), etc. 

have been studied for the detection of gas molecules (Wang et al. 2004, 2009; Qureshi et al. 2009; 

Senthil and Anandhan 2014; Yang et al. 2016a). Metal oxide-based gas sensors are of relatively 

low cost and highly sensitive. However, these materials show poor sensitivity and long recovery 

periods at room temperature, which limits applicability. For improved performance, metal oxide-

based gas sensors are operated at high temperatures, which in turn increases the operating cost and 

posses maintenance issues. To overcome these issues various strategies have been exploited by 

choosing a proper selection of materials, fabrication techniques and optimized geometry of the gas 

sensor (Varghese et al. 2015; Yang et al. 2016b).  

Two dimensional (2D) layered materials have tremendous potential in sensing because of their 

unique chemical and physical properties. 2D layered structures are relatively lighter in weight, 

possess high surface area with superior surface activities and can be used at room temperature 

(Yang et al. 2016b). Various 2D layered structures have been explored as gas sensing material such 

as molybdenum disulfide (MoS2) (Shokri and Salami 2016), graphene (Novikov et al. 2016), black 

phosphorus (Donarelli et al. 2016), boron nitride (BN) (Sajjad and Feng 2014), tin disulfide (SnS2) 

(Ou et al. 2015). Graphene is an extensively studied material for gas sensing application, however, 

reports suggest that graphene has poor gas sensitivity and recovery characteristics, which limits its 

use in gas sensors (Zhang et al. 2017).   

One dimensional structured material in the form of nanofibers, nanorods, nanotubes, 

nanoribbons, etc., have been reported as a gas sensing material that possesses high sensitivity. 

Among them, nanofibers with higher aspect ratio exhibit a high performance by providing high 

surface area and porosity. Nanofibers consisting of polyelectrolytes, conducting polymer, metal 

oxide fillers, and semiconductors have been used in gas sensing based on resistive, acoustic, 

photoelectric and optic techniques.  The reports suggest that nanofiber-based sensor offers higher 

sensitivity, quicker response and faster recovery. So far, many attempts have been carried out to 

detect gases such as ammonia, nitrogen dioxide, carbon dioxide, carbon monoxide, ethanol vapors, 

toluene vapors etc., (Ding et al. 2009a, 2010; Arafat et al. 2012). Various conducting polymers 
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such as polyaniline (PANi), polypyrene, polythiophene etc., have been used for gas sensing. PANi 

is considered to be the most attractive conducting polymer in gas sensing application. PANi based 

electrospun nanocomposite fibers have synthesized for gas sensing that showed better performance 

and stability that could replace thin film sensors (Ji et al. 2008; Low et al. 2014; Rozemarie et al. 

2017). In addition, scaling up for mass production is possible through electrospinning making them 

an essential tool for gas sensing application.  

 

1.2. REVIEW OF LITERATURE 

1.2.1. Review on piezoelectricity of PVDF 

PVDF is of particular interest, because of its flexibility, ferroelectricity, piezoelectricity and 

pyroelectricity. In 1969, Kawai discovered the presence of a piezoelectric effect in PVDF film and 

found its piezoelectric coefficient to be higher than that of other polymers. The influence of 

uniaxial stretching and poling on the piezoelectric properties of PVDF films were investigated. 

The films were stretched seven times to their original length to exhibit high piezoelectric effect 

(Fukada and Sakurai 1970). In 1975, Oshiki and Fukada investigated the piezoelectric stress and 

electrostriction coefficients for poled PVDF films. With the cyclic alteration in D.C electric bias 

field, the piezoelectric coefficient showed hysteresis. PVDF dipoles orient along the direction of 

electric poling and thus producing a polarization allied with the residual stresses (Oshiki and 

Fukada 1975). Stretching ratio of PVDF films directly affects the -phase formation. With an 

increase in stretching ratio the -phase of PVDF increases up to the stretching ratio of 4.0-4.5%; 

with further increase in the stretching ratio, a decline in the same was observed. Also, the -phase 

increases with an increase in temperature of the film up to 80-90 °C during the stretching of PVDF 

(Crecorio and Cestari 1994; Salimi and Yousefi 2003b).  

Since then a tremendous development is seen in understanding and improving the piezoelectricity, 

pyroelectricity and ferroelectricity of PVDF. The electroactive phases of PVDF can also be 

improved by the addition of suitable nanofiller that act as a nucleating agent (Fukada and Furukawa 

1981; Murayama and Obara 1983; Yang and Thomas 1984). Upon the addition of reduced 

graphene oxide (rGO), the spherulite size of PVDF decreased attributing to the increase of 

heterogeneous nucleation sites. Uniaxially stretched PVDF/rGO films (400%) exhibited higher 

voltage output (293%) compared to pure PVDF films (Alamusi et al. 2012). Seoul et.al (2003), 

Gupta and Wilkes (2003), Choi et.al (2003) were among the first to present PVDF nanofibers with 

piezoelectric, pyroelectric and ferroelectric properties (Choi et al. 2003; Gupta and Wilkes 2003; 

Seoul et al. 2003).  
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The effect of solution concentration, type of solvent, viscosity and solution conductivity on 

the morphology of PVDF nanofibers were investigated. The solvent and PVDF concentration were 

the essential factors that significantly affect the morphology of PVDF nanofibers, which in turn 

affected the -phase formation (Zhao et al. 2005). Yee.et.al. (2007) investigated the polymorphism 

and molecular orientation of PVDF nanofibers. The synergistic use of electrospinning and 

DMF/acetone mixture resulted in the induction of -phase of PVDF while,  and -phase were 

inducted in spin-coated samples. Crystallites were seen to be oriented along the fiber axis when 

the fibers were oriented (Yee et al. 2007).  Electrospun PVDF nanofiber non-woven webs 

displayed excellent stability and flexibility with an energy conversion efficiency of ~13.5% (Fang 

et al. 2011). Well-aligned fibers exhibit better piezoelectric response than randomly arrange 

nanofibers, which is attributed to the alignment of dipoles along the fiber axis (Tao et al. 2013; 

Zampetti et al. 2014; Lee et al. 2016; Gee et al. 2018; Jiyong et al. 2018). A robust and 

interconnected PVDF nanofibers were fabricated using near-field electrospinning technique 

showed -phase content over 80% and piezoelectric voltage and current up to 2.55 V and 2.9 A 

(Shao et al. 2015a). Repeated stretching of electrospun PVDF nanogenerator generated a voltage 

and current output of 1.5 V and 400 nA, respectively and demonstrated its applicability by 

generating voltage against human respiration, voice recognition and muscle movement (Liu et 

al.2017). 

Electrospun PVDF/MWCNT nanofiber membrane showed significant improvement in the 

-phase content of PVDF (>90%) and enhanced the piezoelectric properties of PVDF (Ahn et al. 

2013a). Addition of nano-clay significantly increased the spinnability of PVDF fibers, which is 

attributed to presence of surface charges clay on surface. In addition, the synergistic effect of 

electrospinning and nano clay improved the -phase of PVDF (Yu and Cebe 2009a). The oxygen 

atom of clay and CH2 group of PVDF forms a dipole-dipole interaction and the hydrogen bonding 

between fluorine atom of PVDF and hydroxyl group of clay helps in the formation of long polar 

chains (Wang and Huang 2014a). The presence of PANi and BaTiO3 in the PVDF matrix 

significantly improved the piezo sensitivity at a very low poling voltage. The poling of hybrid 

composites enhanced the piezoelectric coefficient (d33) from ~3.5 to ~50 pQ/N (Patil et al. 2007).  

It is imperative to choose appropriate fillers and processing technique for improving the 

piezoelectric properties of PVDF nanofibers. Incorporation of BaTiO3 particles in PVDF 

nanofibers showed reduced power output compared to pure electrospun PVDF nanofibers due to 

decreased ductility (Nunes-Pereira et al. 2013). In another study, the presence of BaTiO3 in PVDF 

films prepared by hot extrusion technique, showed a high piezoelectric response (Kakimoto et al. 
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2013). Also, high energy ball milling of PVDF/BaTiO3 nanocomposite showed high voltage output 

and better reproducibility upon imparting pressure by tapping mode (Olmos et al. 2013). A hybrid 

piezoelectric nanogenerator consisting of PVDF and ZnO nanowire layers was fabricated for a 

wearable device. Both inner core ZnO nanowires and PVDF (outer shell) served as the 

piezoelectric material. By attaching the nanogenerator to different parts of the human body, the 

nanogenerator produced  0.1V, 10 nA.cm-2 and 16 W.cm-3 of voltage, current density and power 

density, respectively (Lee et al. 2012).  

Unpoled PVDF/rGO nanocomposite film prepared by solution cast process favors the 

formation of -phase in PVDF. In an open circuit, maximum voltage and current up to 5.1 V and 

0.25 A were generated, respectively under periodic tapping. The improvement in piezoelectric 

performance may be attributed to the strong interaction between CH2 and CF2 groups of PVDF and 

delocalized π-electrons and oxygen atoms of rGO (Mandal 2015). A sound absorbing material 

based on the electrospun PVDF/CNT nanocomposite membrane was fabricated for energy 

conversion. The high surface area of electrospun nanofibers provides a large number of active sites 

to interact with sound waves to convert them into useful electrical potential (Wu and Chou 2016a). 

PVDF nanofibers doped with cobaltous chloride hexahydrate (CoCl2·6H2O) and ferrous chloride 

tetrahydrate (FeCl2·4H2O) salts showed significant improvement in the piezoelectric properties of 

PVDF nanogenerator. A maximum voltage output of ~12.5 V and a current output of ~300 nA 

were generated with FeCl3·6H2O doped PVDF nanofiber (Yu et al. 2017). Addition of tri-p-

tolylamine (electron transfer) and 2-(4-tert-butylphenyl)-5-(4-biphenyl)-1,3,4-oxadiazole (hole 

transfer)  to PVDF nanofiber improved the piezoelectric properties (2.1 V and 2.6 A) (Shao et al. 

2017). Electrospun hybrid PVDF/BaTiO3/graphene nanogenerator displayed high piezoelectric 

response with good flexibility and durability. PVDF nanofibers composed of 15 wt% of BaTiO3 

and 0.15 wt% of graphene generated maximum voltage output of 11 V and power output up to 4.1 

W in an open circuit voltage under a frequency of 2Hz (Shi et al. 2018). 

 

1.2.2. Review on PVDF as GPE 

Gel polymer electrolytes (GPE) consisting of PVDF and its copolymer have been studied widely 

because of their high chemical and mechanical stability. In addition, the dimensional and thermal 

stability of PVDF averts the battery from internal short circuits. However, PVDF based GPE show 

low ionic conductivity because of its high crystallinity that hinders the mobility of lithium (Li+) 

ions. Batteries based on PVDF GPE display low capacity and poor charge rate values. On the other 
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hand, electrospinning of PVDF nanofiber GPE offer high porosity, interconnected network, large 

surface area and higher electrolyte uptake, that could be useful in improving the ionic conductivity.  

Electrospun PVDF membrane with LiPF6/EC/DMC electrolyte offered high porosity and 

interconnected structure,  which led to the electrolyte being tightly held within the pores of PVDF 

that resulted in high electrolyte uptake, with improved physical and electrochemical properties 

(Choi et al. 2003, 2004; Kim et al. 2004).  

A separator based on PVDF/polyethylene (PE) non-wovens provided high safety and mechanical 

strength necessary for high-performance GPE. PVDF nanofibers improved the ionic conductivity 

and electrochemical performance, while PE offered high mechanical and thermal stability. The 

separator was seen to be stable and maintained 86% of capacity after 100 cycles with the 

electrochemical stability of 4.5 V (Lee Min et al. 2005). Electrospun PVDF/polyacrylonitrile 

(PAN) blend exhibited electrolyte uptake of 300% and was electrochemically stable up to 5.1 V. 

Addition of PAN in PVDF nanofibers led to the higher ionic conductivity with reduced interfacial 

resistance. Pouch cell was fabricated with Li/PVDF- PAN/LiCoO2 and subjected to cycle tests. At 

a charge/discharge rate of 0.1 C, the specific capacity of 120 mAh -1was achieved(Gopalan et al. 

2008). The electrochemical performance of aligned and randomly arranged PVDF nanofibers was 

investigated. Randomly arranged nanofibers showed increased ionic conductivity (4×10-6 S.cm-1) 

and electrochemical stability up to 5 V versus Li/Li+, while aligned fibers showed poor response. 

(Costa et al. 2013a).  

Electrospun PVDF nanofibers were incorporated with SiO2 nanoparticles to overcome the 

deficiencies of PVDF. The mechanical properties were improved significantly with the addition of 

SiO2 particles. Also, the degree crystallinity of PVDF reduced considerably, which was attributed 

to the surface charges of SiO2 contributing to the increase in the amorphous phase of PVDF as a 

result of -nucleating activity.  The increment in electrolyte uptake and a reduction in the degree 

of crystallinity synergistically enhanced the ionic conductivity of GPE (Kim et al. 2011; Zhang et 

al. 2014). Electrospun PVDF/PVC blend nanofibers offered high electrolyte uptake and ionic 

conductivity.  The cycle performance of Li/PVDF-PVC/LiFePO4 cell was carried out at room 

temperature. The initial cycle showed a specific capacity of 145 mAhg-1,  which is relative ~85% 

of the theoretical efficiency (Zhong et al. 2012). Sandwiched structure of PVDF/poly(m-phenylene 

isophthalamide) (PMIA)/PVDF nanofibrous membrane displayed high mechanical and thermal 

stability. Furthermore, the Li/PVDF-PMIA-PVDF/LiCoO2 coin cell showed higher retention of 

capacity even after repeated cycling (Zhai et al. 2014).   
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Grafting of poly(methyl methacrylate) (PMMA) onto the surface of PVDF/SiO2 nanofibers 

increased electrolyte uptake. Also, the membrane offered high ionic conductivity up to  2.3 mS.cm-

1 and tensile strength of 8.2 MPa. The coin cell assembled with Li/GPE/LiFePO4 delivered a 

capacity of 156 mAhg-1 and retained 97% of the initial capacity after 90 cycles (Yang et al. 2015).  

Use of nanofillers such as SiO2, Al2O3 and nano clay with PVDF nanofibers contribute towards 

the high performance of GPE in LIB. First, use of nanofillers improve the morphology and reduce 

the fiber diameter that eventually improves the porosity and electrolyte uptake. Second, the reduced 

degree of crystallinity of PVDF improve the mobility of Li+ ions. Third, the hydrogen bonding 

between the hydroxyl group of clay and fluorine atom of LiPF6 electrolyte help in the hindering of 

[PF6]- anions. In addition, the tensile properties and thermal stability of PVDF membrane  

improved significantly (Ma et al. 2016; Zhu et al. 2016; Bhute et al. 2017).  

 

1.2.3. Review on PVDF nanofibers for gas sensing 

PVDF offers good porosity, chemical and thermal stability, which are essential for gas 

sensing performance. PVDF/ Li-Ti co-doped NiO nanocomposites were fabricated by citrate gel 

technique to evaluate the gas sensing characteristics against ammonia (NH3) gas. The sensor was 

sensitive to the concertation of gas molecules and working temperature. However the response of 

sensor decrease with increase in the temperature of the sensing environment (Qureshi et al. 2009).  

PVDF/carbon black (CB) composite film was synthesized to evaluate the gas sensing performance 

against acetone and tetrahydrofuran (THF) vapors. The composite was spray coated onto the 

surface of copper electrodes. The composite film was heat treated to improve its electrical 

properties. The sensor was selectively responding to acetone and THF vapors with quicker 

response and reproducibility. The response of the sensor increased when the composite film was 

heat-treated at 80 °C (Liu and Luo 2006).  

Electrospun nanofibers could be useful in gas sensing because of their high surface area, porosity 

and active surfaces that are readily available for interacting with gas molecules. Various reports 

describe the use of electrospun nanofibers for gas sensing. The response of electrospun based gas 

sensors was evaluated against gases such as ethanol, acetone, THF, NH3, NO2 etc. PMMA/PANi 

blend nanofibers were synthesized by electrospinning technique for NH3 gas sensing. The 

nanofibers responded quickly when exposed to NH3 gas molecules at different concentrations (Jia 

et al. 2016). There are several reports on PVDF as energy harvester, GPE and gas sensor; but since 

the discussion on them will be beyond the scope of this thesis, a summary of some select 

applications is listed in Table 2. along with the technique and the fillers used in the process for the 

improvement of piezoelectric and electrochemical properties. 
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Table. 1.1. PVDF for piezoelectric energy harvesting application. 

Filler/polymer Technique 
% -

phase 

Voltage output 

(V) 
Remarks Reference 

Nickel nanowires 

Swift high 

irradiation/Elect

rodeposition 

  Piezoelectric efficiency up to 4.9% (Melilli et al. 2018) 

CaCl2 Electrospinning  0.89 

CaCl2 salt showed better response 

than NaCl, KCl, 

FeCl3, NiCl2, CuCl2 and MgCl2 

(Prasad et al. 2017) 

 Electrospinning ~75-80 0.4 
Voltage applied during spinning 

affected the -phase content 

(Sengupta et al. 

2017b) 

PVDF-TrFE 
Spin coating 

(multilayers) 
 1.5 Power generated= 0.1 nW 

(Toprak and Tigli 

2018) 

ZnO Solution casting ~80 24.5 Self-charging characteristics (Thakur et al. 2017) 

Formamidinium 

lead halide 

perovskite 

nanoparticles 

Solution casting  30 
Energy conversion efficiency = 

0.55% 
(Ding et al. 2017) 

MWCNT/graphene/

MnO2 hybrid 
Solution casting   

Piezoelectric coefficient = 17-33 

pC/N 
(Yang et al. 2018b) 

gallium ferrite 

nanoparticles 
Solution casting  ~4 Current output = 4 nA (Mishra et al. 2018) 

Graphene 
Solvent- 

mediated 
65  Piezoelectric coefficient = 5.2 pm/V 

(Fortunato et al. 

2017) 

ZnO Solution casting 76.1 1.81 Power density = 0.21 W/cm-2 (Singh et al. 2018) 
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BaTiO3 3D printing 64 4 Piezoelectric coefficient = 18 pC/N 
(Bodkhe et al. 

2017) 

barium nitrate, 

titanium dioxide, 

zirconium oxide 

Hot press ~50  Piezoelectric coefficient = -45 pC/N 
(Hemeda et al. 

2017) 

PVDF-HFP/Ni 

doped ZnO 
Solution casting 51.1 1.3 Piezoelectric coefficient = -20 pC/N 

(Parangusan et al. 

2017) 

Graphene 

Solution cast & 

chemical vapor 

deposition 

 7.6 81.3 W/m3 (Multi layers) (Park et al. 2017) 

MWCNT/Clay Hot press 84.5  Piezoelectric coefficient = 0 (Yousefi 2011) 

CNT Electrospinning 70  
Piezoelectric coefficient = 18.8 

pC/N 

(Wu and Chou 

2016b) 

 Solution casting  1.1 
Power = 123 nW 

 
(Tang and Li 2013) 

Silver nanowires Electrospinning ~55  Sensitivity = 30 pC/N (Li et al. 2014) 

MWCNT Electrospinning 90  
Remanent Polarization = 60.8 

mC/m2 
(Ahn et al. 2013b) 

Laponite Solution casting     =98% ~6 Power density = 6.3 mW/cm-2 
(Rahman et al. 

2017) 

OMMT 
Compression 

molding 
81.7  Piezoelectric coefficient = 3.1 pC/N (Yang et al. 2011) 

MWCNT Electrospinning  0.150 Tensile strength = ~48 MPa (Liu et al. 2015) 

Iron oxide Solution casting 72.5  Piezoelectric coefficient = 37 pC/N 
(Ouyang et al. 

2015) 

GO/Cu-Go/Au Solution casting  = 95  Dielectric constant = 50 (Fakhri et al. 2016) 
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Table. 1.2. PVDF for Gel polymer electrolytes in LIB. 

Material Cathode 

type 

Method Electrolyte 

uptake 

(%) 

Ionic 

conductivity 

(mS.cm-1) 

Tensile 

strength 

(MPa) 

Initial 

capacity 

(mAh.g-1) 

Ref. 

PVDF/ Glass fiber LiNi1/3Co1/3

Mn1/3O2 

Paper making 

process 

59 1.2 13.1  (Huang and 

Hitt 2013) 

PVDF LiMn2O4 Electrospinning ~145  14.3  (Hwang et al. 

2011a) 

PVDF/PMMA LiFePO4 Electrospinning 377 1.9 ~8  (Ding et al. 

2009b) 

PVDF-PEMA  Solution cast   0.15  (Sivakumar et 

al. 2007) 

PVDF/ Al2O3 LiMn2O4 Electrospinning 

& dip coating 

152.4  2.4 ~114 (Wu et al. 

2017) 

PVDF/ Glass fiber LiFePO4 Solution cast 

and coating 

132 1.1 14.3 ~118 (Zhu et al. 

2013) 

PVDF LiCoO2 Electrospinning ~400 1 7.5 ~135 (Choi et al. 

2007) 

PVDF/ Microfiber LiFePO4 Coating ~120 0.65 9.1 ~141 (Hao et al. 

2014) 

PVDF  Electrospinning 260 1.7   (Li et al. 2011) 

PVDF/Polyurethane/PS LiFePO4 Electrospinning 280 5.4 12.8 ~170 (Tang et al. 

2015) 

PVDF/Polyimide LiCoO2 Electrospinning 427 1.3  141 (Park et al. 

2016) 

polyethylene 

terephthalate/PVDF 

LiMn2O4 Electrospinning 124 8.3 34.5 112.5 (Wu et al. 

2015a) 
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PVDF/PMMA LiClO4 Electrospinning 285    (Mahant et al. 

2015b) 

PVDF/TiO2 LiFePO4 Electrospinning 367 1.4  143 (Ding et al. 

2008) 

PP coated PVDF/SiO2 LiFePO4 Electrospinning 

& Coating 

291 2.6 3.9 163 (Yanilmaz et 

al. 2013) 

Lanthanum oxide/PVDF-

HFP 

 Electrospinning 621 1.4   (Wootthikanok

khan et al. 

2015) 

PVDF-g-PMMAS LiFePO4 Electrospinning  1.4  ~133 (Lee and Liu 

2017) 

PVDF/polyethylene 

oxide 

LiFePO4 Electrospinning 527  6.5 150 (La Monaca et 

al. 2017) 

PVDF/PMMA LiFePO4 Electrospinning 290 1.5  150.3 (Mahant et al. 

2018) 

PVDF/TPU/PAN LiFePO4 Electrospinning 311 6.9  168 (Liu et al. 

2017) 

PVDF/PAN LiFePO4 Molding 289 2 1.5 148.5 (Wu et al. 

2016) 

Fly ash/PVDF/PAN  Solution cast 409 2.8 14.5  (Maulana et al. 

2016) 

PVDF/ZnO LiFePO4 Solution cast 689 9  126 (Endah et al. 

2018) 
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1.3. Problem Identification 

Among all the piezoelectric materials, ceramic-based piezoelectric materials are widely used 

for sensor applications, but they are brittle and stiff and are difficult to attach on the curved 

surfaces. Piezoelectric polymers have flexibility and can be bound to the complex surfaces 

covering the large surface area.  Poly(vinylidene fluoride) (PVDF) is a specialty polymer 

known for its ferroelectric and piezoelectric properties. Compared to other polymers, PVDF 

has the highest piezoelectric and pyroelectric coefficients. However, the response is low 

compared to the properties of ceramic materials because of its low electroactive phase content. 

This difficulty can be surmounted by the addition of nucleating agents or piezo-ceramic 

particles. PVDF films are flexible, lightweight and can be made into different shapes and sizes. 

It has excellent sensitivity, low density and also mechanically tough. In addition, the 

compliance of PVDF nanofibers is much greater than that of ceramic-based piezoelectric 

materials and are better suited for sensing applications. By improving the piezoelectric 

characteristics, makes PVDF more attractive material for sensor and actuator applications. 

Also, PVDF with high surface area and porosity could also be useful as gel polymer electrolytes 

in lithium-ion batteries and gas sensors.  

 

1.4.  SCOPE AND OBJECTIVES OF PRESENT WORK 

1.4.1. Scope  

PVDF has represented itself as a radical alternative to the piezoceramics because of its 

flexibility and ferroelectric properties. Recent research confirmed the utility of nanofillers such 

as graphene, carbon nanotubes, clay, etc., enhance the piezoelectric properties of PVDF. 

Electrospinning is one of the simplest and most effective technique to form electroactive phases 

of PVDF. Synergistic effect of electrospinning and nanofillers significantly reduces the degree 

of crystallinity and provides high surface area and porosity, which makes it suitable for a 

separator in LIB and gas sensing applications. This work aimed to develop high-performance 

electrospun PVDF based nanocomposites for piezoelectric energy harvesting, force-sensor, 

separator in battery and gas sensor. 
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1.4.2. Objectives 

1) To optimize the electrospinning conditions for poly(vinylidene fluoride) (PVDF). 

2) Synthesis of electrospun PVDF/ halloysite nanotubes (HNT) nanocomposite. 

3) Synthesis of electrospun PVDF/HNT/Polyaniline (PANi) blend nanocomposite. 

4) Synthesis of electrospun PVDF/graphitic-carbon nitride (g-C3N4) nanocomposite. 

5) Synthesis of electrospun PVDF/g-C3N4/PANi blend nanocomposite. 

6) To characterize the above-mentioned nanofibers through wide-angle x-ray diffraction 

(WAXD), Scanning electron microscopy (SEM), Fourier transform infrared (FTIR) 

spectroscopy, Thermogravimetric analysis (TGA), Differential scanning calorimetry 

(DSC) and Transmission electron microscopy (TEM). 

7) To explore suitable application for electrospun non-wovens of PVDF nanocomposites such 

as a piezoelectric sensor, gas sensor and batteries.  
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1.4.3. LAYOUT OF THE THESIS 

The dissertation has nine chapters, which discuss the synthesis and characterization of 

electrospun nanocomposites of PVDF and various chosen functional nanofillers. Also, the 

results of various studies exploring the application potential of these systems have been 

discussed in detail. 

Chapter 1 gives a brief introduction and literature review on electrospun PVDF nanofibers for 

various applications.   

Chapter 2 gives detailed information on the materials, methodology, experimental setups and 

briefly discuss the characterization and testing carried out to study the various properties of 

electrospun PVDF nanofibers.  

Chapter 3 discusses the synergism of electrospinning and HNT on the polymorphism, 

crystallinity, morphology and piezoelectric characteristics of electrospun PVDF/HNT 

nanocomposites. 

Chapter 4 focuses on gel polymer electrolyte (GPE) based on electrospun PVDF/HNT 

nanocomposite was synthesized and its suitability as a separator in the lithium-ion battery (LIB) 

was explored.  

Chapter 5 details the study on the polymorphism, crystallinity, morphology and piezoelectric 

performance of electrospun PVDF/HNT/PANi blend nanocomposite for energy harvesting 

application. 

Chapter 6 focuses on the influence of g-C3N4 nanosheets on the physical and piezoelectric 

characteristics of electrospun PVDF nanocomposites for energy harvesting application.      

Chapter 7 details the piezoelectric performance of PVDF/PANi/g-C3N4 blend nanocomposite 

for energy harvesting application. 

Chapter 8 details the fabrication and NO2 gas sensing performance of flexible electrospun 

PVDF/PANi/g-C3N4 blend nanocomposite.  

Chapter 9 Conclusions from the present study are summarized concisely.  
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MATERIALS AND METHODS 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 

 

CHAPTER 2 

MATERIALS AND METHODS 

This chapter discusses the details of materials used in the study for the synthesis of PVDF 

nanocomposites and also the evaluation of those nanocomposites for various applications. The 

preparation of the electrospinning solution, preparation of nanofillers such as polyaniline 

(PANi) nanorods and graphitic-carbon nitride nanosheets (g-C3N4) are discussed followed by 

a brief description of the characterization techniques used in this study. 

 

2.1.  MATERIALS USED 

PVDF (M̅w = 534,000) was purchased from Alfa Aesar, Hyderabad, India. Another grade of 

PVDF (Solef 1015, Italy) (M̅w = 575,000) was purchased from Prakash chemicals, India.    

Dimethyl sulfoxide (DMSO) and dimethylformamide (DMF) of purity in excess of 99% was 

purchased from Central drug house, New Delhi, India. HNT was purchased from Sigma-

Aldrich, Bangalore, India (product ID: 685445; Diameter: 30–70 nm and length: 1–3 m). 

Ammonium peroxydisulfate (APS) of 98% purity was purchased from Merck, Mumbai, India. 

Aniline and hydrochloric acid were purchased from Molychem, Mumbai, India. Thiourea with 

99% purity was obtained from Ranbaxy laboratories, India. Silver paste was purchased from 

Sigma Aldrich, Bangalore, India.  

 

2.2. METHODOLOGY  

In this study, electrospun PVDF nanocomposites were fabricated and characterized. The fibers 

were then explored for various applications such as piezoelectric force sensor, gel polymer 

electrolyte, energy harvesting and gas sensing application. Also, nanofillers such as polyaniline 

(PANi) and graphitic carbon nitride (g-C3N4) nanosheets were synthesized in our laboratory.  

 

2.2.1. Synthesis of PANi nanorods  

PANi was synthesized by solid-state synthesis. Prior to the synthesis of PANi nanorods, a 

mortar was precooled in an ice bath below 0C. 2 mL of HCl (dopant) was put into mortar to 

which 2 mL of aniline was added slowly. After grinding for about 5 min, the mixture became 

a thick white paste. Then 4.4 g of APS (oxidant and initiator) was added to the mixture followed 

by 15 min of grinding. After 15 min of grinding, the mixture became dark green in color. It 
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was then washed and filtered with demineralized water until the solution became colorless. 

Finally, the mixture was dried in a vacuum oven at 70C for 4 h.  

g-C3N4/PANi nanocomposite (GPC) was prepared by the in-situ polymerization technique. 

Similar to the synthesis of PANi nanorods, once the mixture of HCl and aniline became a thick 

white paste, g-C3N4 nanosheets were added to the mixture followed by grinding the mixture 

for about 5-7 min. Then 4.4 g of APS was added to the mixture followed by 15 min of grinding. 

It was then washed and filtered with demineralized water until the solution became colorless. 

Finally, the mixture was dried in a vacuum oven at 50C for 12 h. 

 

2.2.2. Synthesis of g-C3N4 nanosheets 

Bulk g-C3N4 was synthesized by a facile and efficient thermal decomposition technique. In a 

typical process, a given amount of thiourea was put into a semi-closed alumina crucible. The 

crucible was then heated to 550 °C in a muffle furnace at 5°/min for 3 h. The resultant powder 

was then cooled down to room temperature.  

 

2.2.3. Electrospinning of HNT/PVDF Nanocomposite  

18 w/v% solution of PVDF in DMSO was prepared. For the synthesis of electrospun 

PVDF/HNT nanocomposite (PHNF), HNT was added to the polymer solution at different 

loadings (0, 2.5, 5, 7.5,10 and 20 wt. % based on the wt. of PVDF). HNT was suspended in 

DMSO by ultrasonication for one hour. The mixture was then loaded into a 10 mL syringe with 

(0.5 mm inner diameter) bevel edge needle. The pure PVDF solution and that containing HNT 

were electrospun under the following optimized conditions: solution flow rate: 0.5 mL/h; 

relative humidity: 55±3%; temperature: 32±2 °C; voltage: 20 kV; tip to collector distance: 20 

cm. Several experiments were done for optimizing the electrospinning parameters to get bead-

free and uniform nanofibers with smaller average fiber diameter (Section. I.1). For producing 

aligned fibers, an aluminum foil-wrapped rotating drum collector (2000 rpm) was used. A 

vertical electrospinning setup (e-spin Nano, Physics Equipment Co., Chennai, India) was used. 

For the comparison study, solution cast PVDF film was prepared (Section. I.2).   

 

2.2.4. Electrospinning of PANi/HNT/PVDF blend nanocomposites  

To prepare the electrospinning solution, 13 w/v% of PVDF in powder form was dissolved in 

85:15 mixture of DMF and acetone. For the preparation of nanofibers from PVDF/PANi blend 

(PPNF) and PHNF nanocomposites, the dispersions of the respective additives were added to 
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the PVDF solution. Prior to the addition, PANi and HNT were dried in a vacuum oven at 35 

and 75 °C, respectively for 3 h. PANi and HNT were ultrasonicated in DMF for 3 h at 25 °C 

and these dispersions were added to the PVDF solution and stirred for 4 h. 17.5 wt% of PANi 

and 10 wt% HNT (on the basis of weight of PVDF) were used for the preparation of PPNF and 

PHNF, respectively. For the preparation of electrospun PVDF/HNT/PANi hybrid 

nanocomposites (BNCNF), HNT dispersion was added to PVDF solution followed by that of 

PANi and the mixture was stirred for 4 h. The mixture was loaded into a 10-mL syringe 

attached with 18-gauge beveled edge stainless steel needle. The following optimized 

electrospinning conditions were used to produce electrospun PVDF (E-PVDF), PPNF, PHNF, 

and BNCNF: solution feed rate: 0.8 mL/h; voltage: 22 kV; rotating drum collector speed: 1,500 

rpm; spinneret tip to collector distance: 15 cm; relative humidity: 60%. 

 

2.2.5. Fabrication of PANi/PVDF films 

15 w/v % solution of PVDF in DMF: acetone (85:15 v/v) was prepared to which PANi was 

added. PVDF/PANi blend films were prepared by solution cast process with different PANi 

loading (5, 10, 15, 17.5, 20 and 25 wt.% based on the weight of PVDF). For, uniform dispersion 

specific amount PANi was added to DMF and ultrasonicated for 3 h. Once the PVDF was 

completely dissolved, PANi dispersion was added to it and the mixture was stirred for 4h. This 

mixture was then poured into a clean petri dish and left to dry for 48 h. The dried film was then 

kept in a vacuum oven at 50 °C for 6 h to eliminate the traces of solvent. PANi was made into 

a thin wafer using a hydraulic press for the measurement of its electrical conductivity.  

 

2.2.6. Synthesis of electrospun PVDF/ g-C3N4 nanocomposites (PGN)  

Electrospinning solution of PVDF was prepared with different loadings of g-C3N4 (0.25, 0.5, 

0.75, 1.0 and 2.0 wt% based on the weight of PVDF). 12.5 w/v% solution of PVDF in DMF 

was prepared and stirred at room temperature. To the PVDF solution, the dispersion of g-C3N4 

in DMF containing the predetermined amount was added and vigorously stirred for 4 h. All the 

solutions were processed into fibers at a constant feed rate of 0.8 mL/h and a voltage of 20 kV 

on the syringe needle and rotating drum collector speed was 1400 rpm kept at a distance of 15 

cm from the tip of the needle. The fibers were spun at 30 ± 2 °C and 45± 2% relative humidity. 

In this study, electrospun g-C3N4/PVDF nanocomposite fibers were denoted as PGN-X where, 

X may be 0.25, 0.5, 0.75, 1.0 or 2.0.  
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2.2.7. Synthesis of electrospun of PVDF/GPC nanocomposite  

For the preparation of electrospun PVDF/GPC blend nanocomposite (PPBF) for energy 

harvesting application, 20 wt% of GPC-5.0, GPC-7.5 or GPC-10 dispersed in DMF, added to 

completely dissolved PVDF solution and stirred it for 4 h at 30 ± 2 °C. The optimized 

conditions of E-PVDF are; solution concentration: 13.5 w/v% in DMF; applied voltage: 18 

KV; tip to collector distance:15 cm; feed rate: 0.6 mL/h; relative humidity: 55±3%, drum 

collector speed: 1500 rpm. The obtained webs were denoted as E-PVDF and PPBF-X, where 

X may be 5.0, 7.5 and 10 representing the loading of g-C3N4 nanosheets in GPC.   

On the other hand, 10 wt/v% of PVDF was dissolved in 90:10 mixtures of DMF: acetone and 

25 wt% of GPC-X (X may be 10, 20 or 30 wt% of g-C3N4 nanosheets) was added to the PVDF 

solution for gas sensing application.  

 

2.3. MEASUREMENT AND CHARACTERIZATION  

Morphological studies: Scanning electron microscopy (SEM) (JEOL, JSM 6380, Japan) was 

used to study the morphology of samples. A thin layer of gold was sputter coated onto the 

samples using auto fine sputtering unit (Jeol, JFM1600, Japan).  Field emission scanning 

electron microscopy (FESEM) [Zeiss Merlin, Germany] and atomic force microscopy (AFM) 

[Agilent 5500, India] were used to investigate the morphology, and interaction of the 

electrolyte with nanofibers. AFM images were obtained in the tapping mode. The elemental 

and chemical composition of GPC samples were carried out by energy-dispersive X-ray (EDX) 

spectrum (Carl Zeiss, South Korea) attached with high-resolution scanning electron 

microscopy (HRSEM) (Carl Zeiss Co. Ltd, South Korea). The morphology of HNT, PANi 

nanorods, g-C3N4 and PANi/g-C3N4 nanocomposite (GPC) was investigated using transmission 

electron microscopy (TEM) (JEOL, JEM-2010, Japan). Homogenous dispersion of 

nanoparticles was prepared in ethanol. The dispersion consisted of 5 mg of nanoparticles  in       

20 mL ethanol and ultrasonicated for 4 h. The temperature during the ultrasonication was 

maintained below 20 °C. Using, micropipette, the ethanolic solution was coated onto carbon 

coated copper grid (200 mesh) and dried in a vacuum oven at 50 °C for 12 h. A transmission 

electron microscope (TEM) (JEOL JEM-2010, Japan) was used to image single nanofiber. 

Fibers were directly electrospun on a carbon coated 200 mesh copper grid for about 10s and 

dried in a vacuum oven at 40 °C for 24 h. The main aim of doing the TEM analysis was to 

observe the orientation of HNTs, PANi nanorods network etc in PVDF nanofibers and to 

determine the polymorphs of PVDF using selected area electron diffraction (SAED) patterns.  

Image-J tool (Fiji image-J, National institute of health, USA) was used for the analysis of 
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measurement of average fiber diameter (AFD). The diameter of an individual fiber was 

calculated by taking an average of three values measured.  To measure the AFD, at least, 50 

fiber diameters were obtained and then the standard deviation along with AFD was reported.  

Fourier transform infrared (FTIR) spectroscopy: FTIR spectra (Jasco FTIR-4200, Japan) 

were acquired by KBr pellet method in the wavenumber range of 4000–400 cm-1. In addition, 

spectra were also acquired by ATR mode in the wavenumber range of 4000–650 cm-1. The 

spectra were carried out at an average of 32 scans in the at a spectral resolution of 1 cm -1. -

phase content (F) of PVDF was calculated using the following equation: 

𝐹𝛽 =
𝐴𝛽

(1.26 𝐴𝑎+𝐴𝛽)
   (2.1) 

where, A and A respectively correspond to the absorbance at 766cm -1(-phase) and       

840cm-1 (-phase), respectively. K and K are the absorbance coefficients for each phase at 

their respective wave number (K = 6.1 × 10-4 and K = 7.7 × 10-4 cm2/mole) (Mostafaei and 

Zolriasatein 2012b).  

UV-Vis spectroscopy: The optical properties of PANi nanorods, g-C3N4 nanosheets and GPC 

samples were analyzed using UV-Vis NIR spectroscopy (Cary-5000, USA). The samples were 

analyzed in diffuse reflectance (DRS) mode in the wavelength range of 200-800 nm.  

WAXD analysis: Wide angle X-ray diffraction (WAXD) (JEOL DX-GE-2P X-ray 

diffractometer, Japan and Rigaku 5th miniflex, USA) measurements were carried out to 

determine the degree of crystallinity, polymorphism and interactions between PVDF chains 

and nanofillers. Samples were scanned at a speed of 1° min-1 in the 2θ range of 10°– 40°.                        

% crystallinity (Xc) of the nanofiber webs was calculated by the deconvolution method and the 

following equation was used in the calculation: 

     
ac

c
c

II

I
X

+
=                                        (2.2) 

Where, Ic and Ia are the integrated intensities of crystalline and amorphous phase, respectively. 

The following equation was used to obtained the interplanar distances (d): 

      




sin2
=d         (2.3) 

Thermal analysis: Differential scanning calorimetric (DSC) analysis was carried out to study 

the crystallinity, melting point and heat of fusion of electrospun PVDF nanocomposite webs. 

About 5 mg of the samples were kept in hermetically sealed aluminum pans. DSC scans (822e 

- Mettler Toledo, USA) were done from 0 °C to 200 °C at a heating rate of 10 °C min−1. 



34 

 

Nitrogen gas was purged through the furnace at a flow rate of 50 mL min-1. The degree of 

crystallinity was calculated from the peak area using the following equation. 

                100



=



m

m
c

H

H
X                (2.4) 

Where, XC = % crystallinity, 

ΔHm is the apparent enthalpy of fusion, J.g-1.  

ΔH m
* = enthalpy of fusion/gram for 100% crystallinity, 104.5 Jg-1. 

To understand the thermal decomposition behaviors of the electrospun PVDF nanocomposite 

webs, thermogravimetric analysis (TGA) was carried out. Analyses were carried out at a 

heating rate of 10 °C min-1 under nitrogen atmosphere at a flow rate of 50 mL min-1. Around  

5 mg of sample was used to perform the TG analysis (TGA Q5000 V3.10 Build 258; TA 

Instruments, New Castle, Delaware, USA).  

Thermal shrinkage test was carried out to study the shrinkage of E-PVDF and PHNF samples 

for separator application. Samples were heated up to 130 °C for 4 h and 8 h at uniform heating 

rate.   

Mechanical properties: The tensile test of electrospun webs were carried out using universal 

testing machine (UTM) [Shimadzu, AGX plus 100, Japan]. The test was carried out according 

to ASTM D882-12. Specimens were prepared in the form of a strip with 100 mm × 20 mm  

× 0.01 mm size and the test was carried out at 23 °C and 48 ± 3% relative humidity. The 

extension rate was kept constant at 5 mm/min.  

The puncture test of E-PVDF and PHNF webs was performed using a UTM (Shimadzu, AGX 

plus 100, Japan) according to ASTM F1306. The dimensions of the specimen (7.5 cm × 4.0 cm 

× 0.0025 cm) were maintained uniform for all the samples. Tests were performed at 24 °C and 

46 ± 3% relative humidity. The puncture strength was calculated using the following equation: 

𝑃𝑠 =  
𝐹

𝑡
    (2.5) 

Where, ‘Ps’ is the puncture strength, ‘F’ is the maximum load in (N) and ‘t’ is the thickness 

of the electrospun web(He et al. 2016).  

Porosity and electrolyte uptake test: Using n-butanol uptake method, the % porosity of PVDF 

nanofiber webs was measured webs using the following equation:  

 % 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 
𝑀𝑏

𝜌𝑏
⁄

𝑀𝑏
𝜌𝑏

⁄ + 
𝑀𝑚

𝜌𝑚
⁄

 ×  100  (2.6) 

Where, Mb and Mm are the mass of n-butanol swollen membrane and mass of dry membrane, 

respectively, m is the density of PVDF,  and b is the density of n-butanol. To carry out the 



35 

 

test, accurately weighed pieces of E-PVDF and PHNF mats were immersed in n-butanol for 2 

h. These mats were then taken out and wiped out with tissue paper to remove excess butanol 

from the webs. The weights of swollen mats were recorded. Three trials were done for pure 

PVDF and PHNF mats. In addition, the electrolyte uptakes were calculated by the formula: 

  𝑈𝑝𝑡𝑎𝑘𝑒 (%) = 
𝑀𝑤 − 𝑀𝑑

𝑀𝑑
   (2.7) 

Where, Mw and Md are the masses of swollen electrolyte membrane and dry membrane, 

respectively.  

Electrochemical studies: Dried PHNF mat 0.7 cm radius and 25.6 m thickness was immersed 

in 1M LiPF6 in EC: DEC (1:1 vol.%) for 12 h. Fabrication of GPE was carried out in a glove 

box filled with argon at 25 °C. The ionic conductivities of GPE separators were measured using 

electrochemical workstation AC impedance spectroscopy (Hioki, 3532-50 LCR, Japan) at 25 

°C. The cell was prepared by sandwiching the GPE between stainless steel electrodes and 

enclosed with CR2032 coin cell shell. Test was carried out over the frequency range of 50 Hz 

to 1 MHz at amplitude of 10 mV. Ionic conductivity of separators () was calculated by 

measuring the bulk resistance using the equation: 

 𝜎 = 
𝑡

𝑅𝑠  × 𝐴
   (2.8) 

Where, ‘Rs’ is the bulk resistance of separator, ‘t’ is the thickness of the nanofiber membrane 

and ‘A’ is the area of separator membrane. 

 The ionic transference number was determined by a combination of AC impedance and 

DC polarization techniques (Evans et al. 1987; Bruce et al. 1988). GPE was sandwiched 

between two lithium electrodes. The initial and steady state interfacial resistance was measured 

by electrochemical impedance spectroscopy. The initial and steady state currents were 

measured using a chronoamperometry measurement with a potential difference of 10mV. The 

lithium ion transference number (T+) was calculated using the following equation: 

 𝑇+ =
𝐼𝑠(∆𝑉−𝐼𝑜 𝑅𝑜)

𝐼𝑜 (∆𝑉−𝐼𝑠𝑅𝑠)
   (2.9) 

Where, Io and Is are initial and steady state current, respectively. Ro and Rs are initial and steady 

state interfacial resistance, respectively, V is the DC voltage applied. 

Electrochemical stability of separators was analyzed by linear sweep voltammetry (LSV). 

Lithium metal was used as a counter electrode and stainless steel was used as the working 

electrode (SS/GPE/Li) at a scanning rate of 10 mV s-1 over a potential range of 1 V to 7 V at 

 °C. CR2032 cell was fabricated to evaluate the electrochemical performance of 

Li/GPE/LiCoO2 system. The charge-discharge behavior of cell was evaluated using high 
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precision automatic battery cycler (Arbin BT 2000, USA). The test was performed at a voltage 

range of 2.7 to 4.2 V at a constant current rate of 0.1 C for 50 cycles. In addition, the current-

rate capability was measured at various current densities (0.1C, 0.2C, 0.5C & 1C). 

 

2.4. SETUPS AND METHODOLOGY USED FOR THE APPLICATIONS OF 

ELECTROSPUN PVDF NANOCOMPOSITES 

2.4.1. Piezoelectric evaluation setup 

Fig. 2.1 shows the schematic illustration of the indigenous setup used to explore the potential 

of the electrospun PVDF nanocomposite webs for force sensor, pressure sensor and energy 

harvesting application. Electrospun nanofiber mat was sandwiched between two interdigitated 

copper electrodes (3.0 × 2.0 × 0.01 cm) [supplied by Lifeline circuits Pvt. Ltd., Hosur, India]. 

The electrodes were then covered with a flexible non-conducting sheet made of polyvinyl 

chloride. The copper wires were connected to digital oscilloscope [Analog discovery 2 USB, 

Digilent Inc., Pullman] via circuit board by using single strand wires.  

 

Fig. 2.1 schematic of the setup used in the piezoelectric evaluation. 

 

2.4.2. Coin cell fabrication  

Fig. 2.2 shows a schematic of the coin cell assembly of Li/PHNF/LiCoO2 used to evaluate the 

charge-discharge performance. Prior to the fabrication, anode, cathode and separator were 

punched into a disc of 1.5 cm diameter. The assembly was carried out in the glove box. First, 

the springs were placed into the coin cell (CR2032) cases followed by the stainless-steel 

spacers. Then, two drops of electrolyte (LiPF6/EC: DEC) was added on to the cell cup and then 
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the working electrode placed into the cases. Then, another three drops of electrolyte was added 

followed by the separator (PVDF, PHNF and Celgard®2400) with another few drops of 

electrolyte before putting the counter electrode into the casing. Then, two stainless steel spacers 

and gasket were placed onto the counter electrode and closed with a housing. The cell assembly 

was pressed using a compact crimping machine.  

 

Fig. 2.2. Schematic diagram of the package assembly of the Li/PHNF/LiCoO2 in a coin cell. 

2.4.3. Gas sensing evaluation setup 

 

Fig. 2.3. Schematic of indigenously built gas sensing set-up used for the evaluation of 

the performance of PPBF sensor. 
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The performance of PPBF and solution cast PVDF/g-C3N4/PANi (SCNF) based sensor was 

studied using an indigenous setup (Fig. 2.3). In brief, the PPBF were directly spun onto the 

ITO coated PET sheet, while SCNF was coated on the ITO coated PET sheet (Sigma Aldrich, 

India) using doctor blade technique. The thickness of the samples was ~25 m. Sensor was 

kept in a glass sealed chamber in which the sensor was exposed to NO2 gas. Initially, the 

electrical resistance of sensor was measured in atmospheric air. NO2 gas at different 

concentrations (9-108ppm) were injected into the test chamber through the inlet valve. The 

response of the sensor was determined as a function of the change in electrical resistance and 

measured using multifunctional digital multimeter (Meco meter. Ltd., Mumbai). After the test, 

the gases were evacuated to atmosphere through the outlet valve. Tests were carried out at 45 

± 3% relative humidity and 28 ± 3 °C and the response and recovery times were measured for 

each cycle. The response was taken as Ra/Rg, where, Ra and Rg are the electrical resistance of 

gas sensor in air and NO2 atmosphere, respectively. At least three trials were carried out for 

each concentration. The sensitivity of gas sensor was measured using the equation                          

S = (Rg-Ra)/Ra. 
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CHAPTER 3 

PROBING THE SYNERGISM OF HALLOYSITE NANOTUBES AND 

ELECTROSPINNING ON CRYSTLLINITY, POLYMORPHISM AND 

PIEZOELECTRIC PERFORMANCE OF POLY(VINYLI DENE 

FLUORIDE) 

 

 

 

 

 

 

The results of this chapter have been published in RSC advances, 2016; 6 (115), 

114052-114060. 
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CHAPTER 3 

PROBING THE SYNERGISM OF HALLOYSITE NANOTUBES AND 

ELECTROSPINNING ON CRYSTALLINITY, POLYMORPHISM AND 

PIEZOELECTRIC PERFORMANCE OF POLY(VINYLIDENE FLUORIDE) 

 

 

 

This chapter discusses the fabrication of uniaxially aligned nanofibers developed from 

halloysite nanotubes (HNT)/PVDF nanocomposite (PHNF) using electrospinning technique. 

Fourier transform infrared spectroscopy, wide angle X-ray diffraction and differential 

scanning calorimetry techniques were used to characterize the crystallinity, polymorphism and 

polymer-filler interaction in the nanocomposite fibers. Thermal gravimetric analysis was 

carried out to study the thermal behavior. A force sensor was indigenously designed to study 

the piezoelectric responses of the nanocomposite fibers. Incorporation of HNT and use of 

electrospinning synergistically enhanced the -phase content and hence the piezoelectric 

behavior of PVDF.  

 

▪ In this study, electrospun PVDF fibers were denoted as E-PVDF, while, HNT/PVDF 

nanocomposite fibers were denoted as PHNF-X where, X may be 2.5, 5, 7.5, 10, 15 or 20 

wt% (loading of HNT). 

 

 

 



42 

 

3.1.RESULTS AND DISCUSSION 

3.1.1.  SEM results 

 

Fig.3.1 SEM images of (a) E-PVDF (b) PHNF-2.5 (c) PHNF-5 (d) PHNF-7.5 (e) PHNF-10  

f) PHNF-20. 

Fig. 3.1. (a-f) shows the SEM micrographs of E-PVDF and PHNF-X webs with different HNT 

loading. In the pristine PVDF webs, the fibers were smooth and randomly distributed. The 

outer surface of HNT is chemically similar to SiO2 while its inner cylinder core is related to 

Al2O3. The charge (zeta potential) behavior of HNT can be roughly described by superposition 

of mostly negative surface potential of SiO2, with a small contribution from the positive Al2O3 

inner surface. These charged surfaces enhance the electrostatic conductivity of the solution. 

Thus, incorporation of HNT into PVDF increases charge density on the surface of the solution 

jet during electrospinning. The accumulated charges overcome cohesive forces resulting in 

long, homogenous and defect-free nanofibers (Touny et al. 2010; Prashantha 2011; Wang and 

Huang 2014). Also, these nanofibers were expectantly stretched by the rotation of the high-

speed drum collector. Interestingly, many of these nanofibers were not uniformly aligned. It 

has been reported earlier that DMSO might cause jet instability as its high dielectric constant 

leads to misalignment of fibers(Yong Lei, Qinglin Wu, Craig M. Clemons, Fei Yao 2007; 

Janakiraman et al. 2016). The average fiber diameter (AFD), as well as the standard deviation 

of fiber diameter (SD), decreased with an increase in HNT loading in the fibers. This indicates 

that HNT could be used as a processing aid for PVDF that can lead to finer electrospun fibers. 
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3.1.2. FTIR Spectroscopy and WAXD analysis 

The combined effects of HNT and electrospinning on the polymorphism of PVDF were probed 

using FTIR spectroscopy. FTIR spectra of unstretched PVDF film, E-PVDF and PHNF webs 

are shown in Fig. 3.2.  From literature (Bartenev et al. 1975; Bormashenko et al. 2004; Yee et 

al. 2007; Yu and Cebe 2009a; Deka and Kumar 2011; Yang et al. 2011; Neppalli et al. 2013) 

the spectral peaks were identified and their respective phases and vibrational modes. In the 

spectrum of the unstretched film, all the bands are related to TGTG′ conformations. Bands at 

630, 707, 816, 859, 950, 1017, 1143, 1357 and 1653 cm-1 correspond to -phase.  For E-PVDF, 

there is a remarkable decrease in the intensities of peaks corresponding to the -phase. 

Moreover, a number of new bands were observed at 467, 680, 840, 1021, 1194, 1286 and 1402 

cm-1. These bands can be attributed to the -phase, which has TTT conformation.   

-phase content of PVDF increased remarkably by the synergistic effects of HNT and 

electrospinning. -phase content increased continuously up to a HNT loading of 10 wt % after 

which there was a decrease in it. This may be attributed to the excess of HNT loading, which 

leads to reduced polymer-filler interaction. The highest -phase content was 81% at 10 wt % 

of HNT loading (Table 3.1.). C-H bonds in PVDF repeating units are partially positively 

charged. This could result in ion-dipole interaction with the negatively charged HNT surface, 

which may lead to an enhancement of -phase content as in nano-clay/PVDF composites. For 

the present system, a plausible polymer-filler interaction mechanism has been proposed in 

section 3.5. In literature, it has been reported that after addition of nano-clay into PVDF, –

phase was observed (Ramasundaram et al. 2008; Prashantha 2011; Yang et al. 2011; Bai et al. 

2012; Neppalli et al. 2013). But, there is no significant amount of -phase present in the PHNF 

webs prepared in this study. 

In the WAXD patterns of unstretched PVDF film, E-PVDF and the PHNF webs characteristic 

peaks for different phases were present (Fig.3.3a). Peaks at17.7ο, 18.4ο, 19.9ο and 26.6ο are 

characteristic of the α-phase. Peaks at 17.7ο, 18.4ο, 19.9ο and 26.6ο correspond to (1 0 0), (0 2 

0), (1  1 0) and (0 2 1) planes of PVDF, respectively. For electrospun fibers, these peaks almost 

diminished and  a new peak was observed at 20.36 ο that corresponds to the (1 1 0)/(2 0 0) 

crystal plane of -phase with an interplanar space of 0.43 nm. Broader peaks were seen for 

nanofibers, which may be due to a decrease in the crystallinity of PVDF. -phase content 

increased proportionately with HNT loading up to 10 wt% beyond which there was a decrease 

in it. At 20 wt% HNT loading, -phase content decreased and the peak around 20° began to 



44 

 

shift towards left and a new peak at 24.56° appeared; this may be attributed to the reformation 

of -crystals due to an overdose of HNT into PVDF. 

 

Fig.3.2. FTIR spectra of unstretched PVDF film, E-PVDF and PHNF webs (the vibrational 

bands used for calculating X are highlighted). 

Table 3.1. WAXD and FTIR results of PHNF webs 

HNT 

loading 

(wt.%) 

2 (°) 
d-space 

(nm) 
Xc (%) 

X (%) 

FTIR method 

0 20.36 0.43 38.8 34.6 ± 0.9 

2.5 20.53 0.43 37.5 52.0 ± 0.5 

5 20.54 0.43 35.4 59.4± 1.0 

7.5 20.56 0.42 34.2 62.4± 1.9 

10 20.83 0.42 31.0 81.1± 2.4 

15 * * * 44.0± 1.1 

20 20.57 0.43 35.1 28.4± 0.7 

* This sample was prepared to check if the -phase content and piezoelectric response improve 

beyond 10 wt% HNT loading. Hence, only FTIR spectroscopy was performed on this sample. 

3.1.3. DSC analysis  

The DSC traces of PHNF webs are shown in Fig. 3.3b. In DSC curves of E-PVDF two peaks 

were observed. The first peak at 112.6 °C corresponds to the magnetic transition of PVDF from 

ferroelectric to paraelectric, which is the curie transition (Tc) (Martins et al. 2014). The second 

one at 142.1 °C corresponds to the crystalline melting point (Tm) of PVDF. For the PHNF 
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webs, Tc increased in comparison with E-PVDF. Moreover, the Tc peak overlapped Tm peak. 

For E-PVDF, the Tm is 142.5 °C, but there is a shift in the Tm for the HNT loaded PVDF 

nanofibers to a higher temperature. 

 

Fig.3.3 (a) WAXD patterns of unstretched PVDF film, E-PVDF and PHNF webs  

(b) DSC traces of electrospun PVDF and PHNF webs. 

Table. 3.2. DSC results of PHNF webs. 

HNT loading  

(wt.%) 

ΔHm  

(Jg-1) 

Tm  

(°C) 

XC  

(%) 

0 41.3 142.0 39.6± 0.3 

2.5 39.2 145.6 38.5± 0.5 

5 37.3 146.0 37.5± 0.4 

7.5 36.1 146.1 37.3± 0.3 

10 34.4 146.2 36.6± 0.6 

20 33.1 145.2 39.5± 0.2 

 

This is attributable to the rearrangement of PVDF crystals and the resultant increase in β-phase 

content. The shifting and overlapping of Tc and Tm peaks is associated with a significant change 

in crystallinity of PVDF. Due to the synergistic effect of electrospinning and nucleation by 

HNT, the PVDF chains in the PHNF webs get polarized, which induces the formation of the 

-phase. The degree of crystallinity of PVDF (Xc) tends to decrease with an increase in the 

dosage of HNT (Table. 3.2), which is in line with the WAXD results. Clays in general play a 

dual role in influencing the crystallization process of PVDF, which depends on both their 

quantity and state of dispersion. Clay not only acts as a nucleating agent, but also is a physical 

obstacle to the motion of polymer chains (Yu and Cebe 2009a). In the present study, HNTs 
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acted as a nucleating agent up to 10 wt% HNT loading beyond which there was a decrease in 

the -phase content and an increase in the Xc of PVDF. Difference in Xc obtained from DSC 

and WAXD results is due to ineluctable error, which may happen during the calculation 

process. In DSC, the error may be due to the baseline correction carried out during evaluation 

of heat of fusion; in WAXD analysis, it may be linked with the separation of amorphous and 

crystalline region from the diffraction(George et al. 2017). 

 

3.1.4. TGA results 

TGA curves and the corresponding differential thermal curves (DTG) of the nanofiber webs 

are shown in Fig. 3.4a and Fig. 3.4b, respectively.  PVDF was stable up to 400° C and above 

this temperature it underwent weight loss continuously up to 775 °C. However, a major loss in 

weight was observed at 467 °C. This weight loss may be attributed to the chain stripping of 

monomers. PVDF degrades rapidly, which results in the formation of hydrogen fluoride along 

with the monomers.  

 

Fig.3.4 a) TGA curves of E-PVDF and PHNF webs b) DTG curves of E-PVDF and PHNF 

webs. 

In the PHNF webs, thermal degradation took place in two steps. Weight loss for nanocomposite 

fiber webs starts at a very low temperature i.e., 130 °C due probably to dehydration of HNTs. 

Addition of HNT resulted in a decrease in the onset of decomposition temperature of PVDF 

(inset in Fig.3.4b). When the HNT loaded PVDF is exposed to heat, it generates free radicals 

from HNT that could accelerate the chain scissoring of the PVDF chain and further separating 

CH and CF bonds (Gaabour 2015).  
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3.1.5. TEM analysis   

Fig. 3.5a.  shows the TEM micrograph of pristine HNT in which its inner and outer walls are 

clearly visible. Inside a single PHNF, some HNTs are seen that are oriented along the fiber 

axis; their orientation happens during the formation of nanofibers in electrospinning due to 

process induced alignment (Fig. 3.5b).   

 

Fig. 3.5. TEM images of (a) Pristine HNT (b) PHNF-10; and (c) SAED patterns of PHNF-10.  

The HNT are finely dispersed in the PVDF matrix due to an excellent polymer- filler 

interaction as discussed in section 3.5. Selected area electron diffraction (SAED) pattern allows 

determination of  crystal plane orientation in the nanofibers (Fig. 3.5c). The dot patterns were 

indexed and the interplanar distance for  (1 1 0)/(2 0 0) crystal planes was found to be 0.43 nm, 

corresponding to the β-phase of PVDF. Interplanar distances of 0.44 nm and 0.3 nm for (0 2 0) 

and (0 0 2) planes respectively relate to HNT crystal (Dong et al. 2015); (1 1 0) crystal plane 

with an interplanar distance of 0.37 nm corresponds to –phase crystallites of PVDF. These 

results are in good agreement with WAXD results. 

 

3.1.6. Polymer-filler interaction mechanism in PHNF webs 

The surface of  HNT is made of Si-O-Si groups and the inner walls are made of Al-OH groups. 

Thus, a strong interaction between the hydrogen atoms of PVDF chains and negatively charged 

surface of  HNT can be expected. Fig.3.6a. shows the FTIR spectra of pure PVDF, pristine 

HNT and 10 wt.% HNT-loaded PHNF webs. In pristine HNT spectrum, peaks at 3697 cm-1 

and 3515 cm-1 correspond to the stretching vibration of Al-OH groups in the inner surface. 

1028 cm-1 and 909 cm-1 peaks correspond to Si-O stretching and Al-OH bending vibrations, 

respectively(George et al. 2017). In the spectrum of PHNF, peak at 1028 cm-1 shifted to a lower 

wave number i.e., 1027 cm-1. Similarly, the peak at 3697 cm-1 shifted to 3693 cm-1, which may 

be attributed to intermolecular hydrogen bonding between the F-atoms of PVDF and OH 
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groups of HNT. Also, a peak at 909 cm-1 that represents OH groups in HNT seems to have 

moved towards the lower wave number and merged with the neighboring PVDF peak. This 

may also be due to hydrogen bonding between F-atoms of PVDF and OH groups of HNT,  

which led to the formation of long TTT conformation(Yu and Cebe 2009a). In pure PVDF, a 

peak at 487 cm-1 corresponds to CH2 wagging vibration and in pristine HNT, a peak at 466 cm-

1 corresponds to Si-O bending vibration. In the spectrum of the PHNF web, the Si-O peak 

overlapped with that of the CH2 groups of PVDF. Along with this overlapping, the Si-O peak 

shifted to a lower wave number (i.e., 464 cm -1). This may be attributed to the interaction 

between CH2 bonds of PVDF with the negatively charged surface of HNT that induce 

formation of long TTT conformations. Fig. 3.6b. shows the schematic of a plausible filler-

polymer interaction mechanism in the PHNF webs. (Ramasundaram et al. 2008). 

 

Fig.3.6. (a) FTIR spectra of E-PVDF, pristine HNT and PHNF webs (b) Plausible interaction 

mechanism between HNT and PVDF in the PHNF webs. 

 

3.1.7. Piezoelectric Performance of PHNF webs 

The piezoelectric voltage and current outputs of the PHNF webs for different loads are shown 

in  Fig. 3.7a & b. PVDF  generates voltage only when the fibers are compressed and then 

relaxed from all the loads. Performance of the PHNF webs is directly proportional to the -

phase content. PHNF webs with 10% HNT loading exhibited the highest voltage and current 

output of 955 mV and 34 nA, respectively under a load of 100 g.  For PHNF webs with 15 and  

20% HNT loading, the voltage outputs were very low due to their low -phase content.  

Flexible, self-powered materials are highly sought after for various applications, such 

as energy harvesting, robotic devices, and lab-on-a-chip medical diagnostics. Self-powered 

materials are based on piezoelectric nanogenerators, which are powered by their enormous 



49 

 

kinetic energy or renewable energy. These materials rely on the presence of piezoelectric 

potential generated by the material. However, simple flexibility alone does not guarantee their 

conformal bonding to nonplanar substrates. Therefore it is mandotary to focus on electrospun 

nanofibers for use in highly strechable devices due to their high piezoelectric voltage outputs, 

the PHNF webs developed in the present study could be used in flexible nanogenerator and 

nano-pressure sensors. 

 

Fig. 3.7. Piezoelectric responses of E-PVDF and PHNF webs at different loads (a) Voltage 

output (b) Current output. 

3.2. CONCLUSIONS 

Finer PVDF nanofibers can be produced by electrospinning of PVDF solution containing HNT. 

Crystallinity of PVDF decreases upon the addition of HNT,while the - phase content increases 

simultaneously. The highest -phase content was observed in the PHNF webs containing 

10wt.% of HNT. HNTs are oriented along the axis of the fiber and there is a strong interaction 

between HNTs and PVDF. The onset temperature of thermal degradation of the PHNF webs 

decreases compared with that of E-PVDF due to the catalytic action of HNT in chain scissoring. 

The piezoelectric response of PVDF is also enhanced appreciably due to the synergism of HNT 

and electrospinning. This study proves that the interplay between the effects brought about by 

HNT and electrospinning could be used to engineer the crystallinity, polymorphism and 

piezoelectric behavior of PVDF for advanced applications, such as flexible nanosensors and 

nanogenerators. 
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CHAPTER 4 

PVDF/HALLOYSITE NANOCOMPOSITE-BASED NON-WOVENS AS GEL 

POLYMER ELECTROLYTE FOR HIGH SAFETY LITHIUM ION BATTERY 

 

 

 

This chapter discusses about the fabrication of gel polymer electrolyte (GPE) based on 

electrospun poly(vinylidene fluoride) (PVDF)/halloysite nanotube (HNT) nanocomposite non-

wovens (PHNF) and its suitability as a separator in lithium-ion battery (LIB) was explored. A 

detailed analysis on the morphology, degree of crystallinity and polymorphism were carried 

out using FTIR, WAXD and DSC characterization techniques. The tensile, puncture and 

thermal shrinkage test was carried out, which are considered to be most essential for the safety 

features of battery. The coin cell was fabricated (Li/PHNF/LiCoO2) to study the 

electrochemical performance. In addition, PVDF nanofibers and commercially available 

celgard®2400 were also investigated to demonstrate the advantages of PVDF/HNT 

nanocomposite non-wovens as GPE.  The cycling performance of Li/PHNF/LiCoO2 cell was 

studied for 50 cycles.  
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4.1. RESULTS AND DISCUSSION 

4.1.1.  SEM, FESEM and AFM results 

 

Fig. 4.1 (a) TEM image of HNT (b) Schematic representation of HNT chemical structure. 

 

HNT has a tubular structure, which can be clearly seen from the TEM micrograph (Fig. 4.1a). 

The surface groups of HNT are schematically illustrated in Fig. 4.1b. The outer and inner 

surfaces of HNT are chemically similar to SiO2 and Al2O3, respectively. HNT has a negative 

surface potential from the outer surface and positive surface potential from the inner surface  

(Yuan et al. 2015). The charge potentials are helpful in enhancing the electrostatic conductivity 

of the electrospinning solution. Fig. 4.2(a-b) shows the SEM micrographs of E-PVDF and 

HNT/PVDF nanocomposite (PHNF). Nanofibers produced are uniform, continuous, bead-free 

and flexible. These characteristics of nanofibers are advantageous for the electrochemical 

performance of LIB’s. The average fiber diameter (AFD) of E-PVDF and PHNF were found 

to be 302 and 210 nm, respectively. Besides, the standard deviation (SD) of the fiber diameter 

also decreased from 85 to 58 nm. The decrease in AFD of PHNF is attributed to the addition 

of HNT in PVDF solution. Fig. 4.2 c & d show the FESEM micrographs of pure PHNF web 

and that with electrolyte, respectively. The interlacing of fibers in PHNF webs results in a 

highly porous structure. Porosity between the fibers is essential for the effective entrapping of 

electrolyte and the effective transport of ions. AFM images of pure PHNF web with entrapped 

electrolyte is shown in Fig. 4.2e. AFM image clearly reveals the space between the 

interconnected nanofibers three dimensionally. This kind of structure is advantageous as it 

hinders the growth of lithium dendritic structures and offers long life(Zhang 2007). The non-

woven fibrous structure offers high electrolyte uptake, porosity and ionic conductivity. 

Porosity of E-PVDF mats and PHNF are 72% and 85%, respectively. The average electrolyte 

uptake was found to be 296% and 456% for E-PVDF and PHNF, respectively. This increase in 
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electrolyte uptake for PHNF is attributed to the decrease in AFD and increased porosity. The 

SEM image of Celgard®2400 made of single layer polypropylene is shown in Fig. 4.2f. The 

presence of open and straight through porous structure offers high power densities. However, 

the porosity and ionic conductivity are quite low(Huang 2011a). The % porosity and electrolyte 

uptake of Celgard®2400 were 41% and 122%, respectively. 

 

Fig. 4.2 (a) SEM image of E-PVDF (b) SEM image of PHNF (c) FESEM image of PHNF 

without electrolyte (d) FESEM image of PHNF with electrolyte (e) AFM image of PHNF; 

 (f) SEM image of Celgard®2400. 

 

4.1.2. Ionic transference number 

Ionic transference number is another important parameter in GPE. Fig. 4.3a shows the current 

versus time plot for PVDF and PHNF based GPE. The initial (before polarization) and 
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saturation resistance (after polarization) were taken by intercepting the curves to the x-axis 

from the EIS curves. The ionic transference number of E-PVDF and PHNF are 0.48 and 0.57, 

respectively, whereas for Celgard®2400 it is 0.33 (Yoon and Kelarakis 2014). The higher 

transference number of PHNF is a result of its higher porosity, higher specific surface area and 

lower crystallinity (Zhu et al. 2013). The degree of dissociation of the electrolyte decides the 

amount of charges passing across the separator due to the fact that only the free Li + ions are 

capable of carrying the current. 

 

4.1.3. Electrochemical stability of PHNF webs  

Selection of GPE’s with high voltage stability is the most effective way to increase the capacity 

of LIB (Croy et al. 2014). Electrochemical stability of polymeric separators in batteries at the 

operating voltage considered to be important factor for battery performance. The 

electrochemical stability of the cell with PHNF separator was studied using LSV (Fig. 4.3b). 

The oxidation peak of PHNF separator is steady up to 5.3 V versus Li/Li+ and there is no anodic  

spike observed between 0 V and 5.3 V. The electrochemical stability of Celgard®2400 and E-

PVDF separator are 4.5 V and 5 V versus Li/Li+, respectively.  The enhancement of stability 

window of PHNF is attributed to the synergistic effect of electrospinning and HNT. In addition, 

higher electrochemical stability is also caused by the excellent affinity of PVDF towards 

carbonate groups of EC and DEC. Therefore, the dipole-dipole attraction between F-atoms of 

PVDF and carbonate molecules enhances the electrochemical stability(Raghavan et al. 2010). 

Also, the strong electron withdrawing effect of the fluorine atoms of PVDF have higher 

oxidation potentials, which improve the electrochemical stability (Chiang et al. 2003). The 

decomposition voltage for PHNF is comparable with that of high voltage LIB systems(Li et al. 

2015). 

In the TEM micrograph (Fig. 4.4a) HNT’s are oriented along the fiber axis of PVDF nanofiber, 

which is due to the process induced alignment. However, at some regions, HNT’s are 

protruding from the PVDF nanofibers (Fig. 4.4b). Based on this morphology, the mechanism 

of interaction between HNT’s and the electrolyte is proposed as follows: hydrogen bonds can 

form between the fluorine atoms of LiPF6 and hydroxyl group of HNT; there is also a 

possibility of a dipole-dipole attraction between the oxygen atoms of HNT and Li+ of LiPF6. 

There is hydrogen bonding interaction between fluorine atoms of LiPF6 with the hydrogen 

atoms of PVDF. All the aforesaid interactions are schematically depicted in Fig. 4.4c. 

Both the aforesaid factors could possibly weaken the bonding between Li+ and [PF6]− leading 

to a higher population of free Li+ ions. These free ions, in turn, are capable of moving through 
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the gel towards the oppositely charged electrode leading to the performance enhancement of 

the LIB. Due to the hindering of anions, electrochemical stability and ionic transference 

increase drastically for the PHNF based electrolyte. The high ionic transference number of 

GPE could possibly reduce the over potential at high current density (Xue et al. 2015; Long et 

al. 2016). 

 

Fig. 4.3. (a) DC polarization curves of PVDF and PHNF based separators (b) Linear sweep 

voltammograms of SS/Celgard®2400/Li, SS/E-PVDF/Li and SS/PHNF/Li at 10 mVs−1. 

 

Fig. 4.4. (a) and (b) TEM micrographs of PHNF (c) Interactions between PHNF and LiPF6. 

4.1.4.  Thermal shrinkage test 

Thermal shrinkage of separators at high temperature is considered to be a critical problem in 

LIB’s. PVDF and PHNF mats were heated at 130 C for 4 h and 8 h in a hot air oven. The 
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thermal shrinkage of PHNF mats was negligible while, PVDF and Celgard®2400 exhibited 

notable shrinkage (Fig. 4.5). The lesser shrinkage of PHNF mats would considerably reduce 

the potential risk of short circuits and explosions when it is used as a separator in LIB’s. One 

of the most striking features of Celgard separators is the fuse function, which plays a vital role 

in avoiding external short circuits. However, due to its low melting temperatures Celgard 

separators habitually suffer from severe thermal shrinkage. Although, the fuse function blocks 

the pores thereby converting the separator into insulator around its melting temperature. 

However, even after shut down, the temperature often continues to increase, which may lead 

to internal short circuit and explosions. These accidents are often confronted due to 

overcharging or overheating of batteries.  

 

Fig. 4.5 Digital photographs of the thermal shrinkage test of Celgard®2400 E-PVDF and 

PHNF webs before and after the heat treatment (the arrows indicate regions of shrinkage). 

 

4.1.5. Mechanical properties of electrospun PVDF and PHNF webs 

 Fig. 4.6a shows the stress-strain curves of electrospun PVDF and PHNF webs when 

loaded in transverse direction to the fiber length. The maximum tensile strength of PVDF was 

9.1 MPa with 74% elongation. The PHNF webs had a tensile strength of 14.2 MPa with 89% 

of elongation, which is considered to be adequate for separators in LIB (commercial 

requirement, tensile strength - 13 MPa) (Huang 2011a; Prashantha 2011; Huang and Hitt 2013). 

In addition, the tensile strength of nanofiber webs along the longitudinal direction was also 

determined. The maximum tensile strength was 32 MPa with 99% of elongation (for PVDF 

nanofiber mat it was 24.1 MPa with 84% elongation). The tensile strength of PHNF webs was 

better than that of polyetherimide fibers (21MPa), paper-supported inorganic composite (5.31 
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MPa), and thermally crosslinked fluorinated polyimide nanofiber membrane (32.7 MPa) 

reported previously (Kong et al. 2018a, 2018b; Wang et al. 2018b). This may be attributed to  

 

Fig. 4.6 (a) Stress-strain curves of E-PVDF and PHNF webs (b) Load-displacement curves of 

puncture test for E-PVDF and PHNF webs. 

the addition of HNT and improved orientation of PHNF fibers. It is a well-known fact that high 

elongation at break is very essential for GPE in batteries as it enhances the impact resistance. 

Higher tensile strength and toughness of PHNF webs not only extend the life of the separator, 

but also reduce the risk of failure(Tang et al. 2015).Further, it is predicted that higher 

mechanical strength suppresses the dendritic formation and promotes uniform formation of SEI 

layer (Monroe and Newman 2003; Khurana et al. 2014). 

Puncture strength of separators is considered to be a very important parameter. Due to the 

repeated charge-discharge cycles, Li+ ions deposit on anode and grow in the form of ramified 

structure that punctures the separator and leads to the failure of LIB (Choudhury et al. 2015). 

The force-displacement curves of electrospun PVDF and PHNF webs are shown in Fig. 4.6b. 

E-PVDF and PHNF webs withstood a maximum load of 6.5 N and 7.2 N, respectively. Also, 

PHNF showed high elongation before the perforation. The puncture strength values of E-PVDF 

and PHNF were 25.4 kN/m and 27.5 kN/m, respectively. Both the separators satisfy the 

requirement of USABC standard for separators in LIB for puncture strength (300g/25.4 

μm)(Huang 2011b).  

 

4.1.6. AC ionic conductivity of PHNF webs 

Fig. 4.7a shows the impedance spectra of PVDF and PHNF at room temperature.  The bulk 

resistance was determined by taking the intercept on the x-axis (real axis). The bulk resistance 

values of Celgard®2400, E-PVDF and PHNF are 4.8 Ω, 2.3 Ω and 0.9 Ω, respectively. The 

absence of semi-circular region at both medium and high frequency in impedance spectra may 
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be due to the fact that the ions are the current carriers and the conductivity is due solely to the 

ionic conduction. At low frequency region a steep slope corresponds to the resistance due to 

the stainless-steel electrodes (Rajendran et al. 2008; Raghavan et al. 2010). Ionic conductivity 

of PHNF was found to be 1.77 mScm-1, which is much higher than that of E-PVDF (0.94 

mS.cm-1) and commercial Celgard®2400 (0.35mS.cm-1). 

 

Fig. 4.7 (a) Impedance spectra of PVDF and PHNF based gel electrolytes (b) Electrochemical 

impedance spectra of Li/LiCoO2 cells containing PVDF, and PHNF electrolyte membranes. 

 

Higher ionic conductivity and cationic mobility not only improves the cycle performance, but 

also suppresses the nucleation of dendritic structure. The lower conductivity of PVDF is due 

to the low -phase content and higher percentage of crystallinity that tends to resist the 

transport of lithium ions. The decrement in crystallinity, increased porosity and high electrolyte 

uptake of PHNF favor the improvement in the ionic conductivity. It is recognized that polymer 

separator electrolyte consists of amorphous swollen electrolyte phase, liquid phase with the 

electrolyte and solid fibrous phase. The swollen phase tightly holds and checks the leakage of 

the electrolyte solution(Gao et al. 2006). In addition, the high porosity of the GPE leads to 

sorption of more liquid electrolyte and thus it serves as a tunnel for the movement of lithium 

ions. 

It is also imperative to have good interfacial properties between the liquid electrolyte-

soaked membranes and the other active electrode materials. Fig. 4.7b shows the 

electrochemical impedance spectra of Li/LiCoO2 cells containing E-PVDF, and PHNF 

nanofibrous electrolyte membranes. The interfacial resistance was taken as the intercept of 

curve to Z´-axis at higher frequency(Wang and Gao 2016; Zhang et al. 2016a; Kong et al. 

2018b). The interfacial resistances are 189 and 114 Ωcm-2, respectively for these cells while, 

for celgard separator it is ~160 Ωcm-2 (Xu et al. 2017). For the cell with pure PVDF membrane, 
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the high interfacial resistance of 189 Ωcm-2 is due to the low porosity and ionic conductivity of 

the separator membrane. The reduced interfacial resistance of PHNF is beneficial for realizing 

excellent electrochemical properties, especially C-rate performance of Li/LiCoO2 cells. 

The combination of high porosity, tensile strength, puncture strength and ionic 

conductivity with low thermal shrinkage is seen to be very rare in separators. PHNF separator 

not only has higher porosity and ionic conductivity, but also is capable of addressing the safety 

concerns caused by thermal shrinkage, dimensional instability and unexpected environmental 

changes. In addition, the use of highly scalable electrospinning approach to fabricate a strong 

and high-performance separator will facilitate practical enactment of PHNF in LIB.  

 

4.1.7. Cycle performance of Li/PHNF/LiCoO2 cell 

Fig. 4.8a shows the cycle performance of the cell for the initial cycle of PVDF, PHNF 

and Celgard®2400 separators assembled with Li/LiCoO2 system. The cell with PHNF separator 

delivered a capacity of 138.01 mAhg-1, which is larger than that with the PVDF and 

Celgard®2400separators. Further, the difference in charge-discharge capacity of the cell with 

PHNF is smaller compared with those of the PVDF and Celgard®2400 separators. The above 

investigations and cycle performance confirm the improved performance of PVDF by the 

addition of HNT and its suitability as a separator in LIB’s. 

 

Fig. 4.8 (a) Initial charge/discharge profiles of Li/E-PVDF/LiCoO2, Li/PHNF/LiCoO2 and 

Li/Celgard®2400/LiCoO2 cell (b) Charge-discharge performance and coulombic efficiency of 

Li/PHNF/LiCoO2 cell. 

Further, to understand the advantages and evaluate the high performance of PHNF non-

wovens as a separator in LIB’s, the electrochemical performance of Li/Celgard®2400/LiCoO2 

and Li/PHNF/LiCoO2 cell were evaluated for 50 cycles. For the initial cycle of 

Li/Celgard®2400/LiCoO2, a charge capacity of 127 mAhg-1 for the initial cycle corresponds to 
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87.7% theoretical efficiency of LiCoO2. There was a gradual drop in capacity after 10 cycles, 

but a considerable loss in capacity was observed after 25 cycles. After 50 cycles, the specific 

capacity was 109.5 mAhg-1, which is ~86% of that of the initial cycle. However, the coulombic 

efficiency was found to be uniform after 50 cycles (Fig.4.8b). The charge capacity of 138.01 

mAhg-1 for the initial cycle corresponds to 95.45 % theoretical efficiency of LiCoO2. The 

coulombic efficiency is 97% for the initial cycle, which increased to 99 % after 7 cycles.  After 

the initial cycle, a slight drop in the voltage resulted in an improved coulombic efficiency. High 

performance of PHNF may be attributed to its lower crystallinity, improved electrolyte uptake 

and higher ionic conductivity.  After 50 cycles, the specific charge capacity reduced to 132.1 

mAhg-1, which is 95% of that of initial cycle. However, The Li/PHNF/LiCoO2 cell displayed 

high charge-discharge capacities with very little loss in capacities up to 50 cycles. The charge-

discharge capacity versus cycle index along with coulombic efficiency of this cell is shown in 

Fig. 4.9a. This confirms that the PHNF based separator electrolyte exhibits better cycle 

performance and could be a promising material as separator in LIB’s.  

 

Fig. 4.9 (a) Charge-discharge performance and coulombic efficiency of 

Li/Celgard®2400/LiCoO2 cell (b) Discharge capacity of Li/Celgard®2400/LiCoO2,                        

Li/E-PVDF/LiCoO2 and Li/PHNF/LiCoO2 at different current rates. 

 

Rate capabilities of the cell with Celgard®2400, PVDF and PHNF based separator were 

also tested and the results are shown in Fig. 4.9b. Cells were charged and discharged at current 

densities 0.1 C. 0.2 C, 0.5 C and 1 C for 10 times in order to form a good interface layer on the 

electrode surface. From 0.1 C to 0.2 C there is a little change in capacity. However, at higher 

current densities the capacity drops, because, at higher current densities the effect of ion 

transport on the ohmic polarization will increase significantly, leading to the loss in capacity 

(Wang et al. 2015). PHNF based separator exhibited high cycle performance with better charge 
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rate, while a considerable loss in capacity was observed in Celgard®2400 and PVDF based 

separators. The stability of PHNF at higher current densities may be attributed to the better Li-

ion transport and the compatibility between HNT and PVDF that improved ionic conductivity 

of PHNF.  In addition, HNT provides positive reactions on the interface stability absorbing 

impurities in the electrolyte that hinders the reactions between the impurities in the liquid electrolyte 

with lithium metal (Zhu et al. 2016). 

PVDF/HNT based non-wovens have several advantages, such as low cost, eco-

friendliness, unpretentious and efficient productivity. It exhibits many interesting 

characteristics including high porosity, lower crystallinity, higher absorbance of electrolyte, 

high ionic conductivity, electrochemical stability and thermal stability with exceptional cycle 

performance and mechanical properties. It is important to notice that the use of PVDF/HNT 

non-wovens helps in improving all the characteristics simultaneously, which is considered to 

be very difficult with most of the systems. In addition, these non-wovens can be produced on 

an industrial scale due to the scalability of electrospinning. 

 

4.2. CONCLUSIONS 

The synergistic effect of electrospinning and HNT plays a vital role in producing long, 

homogenous and smooth fibers. In PHNF, the -phase of PVDF improved to 81% and the 

crystallinity of PVDF decreased to 31%. PHNF mats have uniform and interconnected porous 

structure, which resulted in a high electrolyte uptake. Electrochemical stability and ionic 

transference of PHNF separator increased compared with that of the commercial and PVDF 

separator. PHNF separator has low ionic resistance, superior tensile strength and thermal 

stability. The separator showed high resistance to puncture compared with PVDF based 

separator. PHNF based separator not only addresses the issue of ionic conductivity and high 

energy density, but is also safe and cost effective. The Li/PHNF/LiCoO2 cell showed a high 

capacity for the initial cycle. The performance of PHNF separator at different current densities 

was remarkably better than those of Celgard®2400 and PVDF separators. Most importantly the 

separator performed exceptionally well when subjected to repeated charge-discharge cycles.  

This study not only demonstrates the role of PHNF separator in LIB’s, but also proves that it 

could enhance the performance of LIB’s.  
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CHAPTER 5 

DURABLE, EFFICIENT AND FLEXIBLE PIEZOELECTRIC NANOGENERATOR 

FROM ELECTROSPUN PANi/HNT/PVDF BLEND NANOCOMPOSITE 

 

 

 

This chapter discusses about the fabrication of piezoelectric nanogenerator based on 

electrospun PANi/HNT/PVDF blend nanocomposite (BNCNF). Polymorphism, crystallinity 

and morphology of the nanogenerator were explored in detail. HNT and PANi acted as a 

nucleating agent and conductive filler, respectively in PVDF; their synergism helps to improve 

the piezoelectric performance of PVDF. The piezoelectric performance of the nanogenerator 

patch was studied under various external mechanical stresses, such as pressure, tapping, and 

impact. To demonstrate the applicability of the BNCNF nanogenerator for self-powered 

devices, a nanogenerator patch was attached to a human elbow.  
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5.1. RESULTS AND DISCUSSION 

5.1.1.  Characterization of PANi 

WAXD analysis was carried out to ascertain the formation of PANi (Fig. 5.1a). In WAXD, due 

to the parallel and perpendicular periodicity of PANi chains, broad diffraction peaks were 

observed between 10 and 30°. Peaks at 22.15° and 25.40° with d-space of 4.08 and 3.6Å, 

respectively indicate the amorphous nature of PANi. Peaks at 22.15 and 25.4° may be ascribed 

to the parallel and perpendicular periodicity of polymer chains. Further, low crystallinity may 

be attributed to the periodicity of benzenoid and quinoid rings in PANi chains (Mostafaei and 

Zolriasatein 2012a). 

 

Fig. 5.1 (a) WAXD pattern of PANi nanorods (b) ATR mode FTIR spectrum of PANi 

nanorods. 

 

 FTIR spectrum of PANi prepared by solid state synthesis method is shown in Fig. 5.1b. 

The bands arising at 801 and 1112 cm-1 correspond to the out of plane bending of C-H in 

benzene rings. Bands at 684 and 700 cm-1, respectively are assigned to the NH2 wagging and 

C-H out of plane bending in aromatic rings. Bands arising at 1483 and 1570 cm -1 are assigned 

to the C=N stretching of benzenoid and quinoid rings, respectively. Similarly, the band at 1295 

cm-1 corresponds to the aromatic stretching of C-N aromatic amine group. Bands observed at 

1374 and 3229 cm-1, respectively correspond to the C≡N stretching and N-H stretching(Reddy 

and Anandhan 2016a). Thus, the WAXD and FTIR results confirm the formation of PANi. 

TEM micrograph (Fig. 5.2a) of PANi reveals its rod-like morphology with relatively smooth 

surface and uniform size. AFD of PANi nanorods was 65 nm with SD of 7 nm (Fig. 5.2b). 
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5.1.2. Morphological studies  

Fig. 5.3a–d shows the SEM images of electrospun nanofibers of E-PVDF, PPNF, PHNF, and 

BNCNF. Electrospinning parameters were optimized to produce smooth, uniform and bead-

free nanofibers. E-PVDF produced were non-uniform and randomly arranged. For E-PVDF, 

AFD was found to be 351 nm with SD of 153 nm. But, PPNF, PHNF and BNCNF were fine, 

smooth, uniform and the AFD decreased drastically. This is due to the addition of PANi and 

HNT, which increase the electrical conductivity of the solutions (Martins et al. 2013; Dhakras 

et al. 2014).  

 

Fig.5.2 SEM micrographs of electrospun nanofiber mats: (a) E-PVDF; (b) PPNF; (c) PHNF; (d) 

BNCNF. 

PANi carries charges, hence when the voltage is applied on the solution droplet, fibers are 

subjected to high tensile force resulting in decrease of AFD (Pillay et al. 2013). HNT is 

identical to kaolinite clay, but has tubular morphology. The outer surface of HNT is made of 

Si-O units and the inner core comprises of Al-O units. Therefore, HNT has negative surface 

potential and partially positive potential from the inner core of HNT leading to the improved 

electrospinning solution conductivity (Leporatti 2017). Interestingly, most of the BNCNF 

nanofibers were uniaxially aligned due to the increased solution conductivity that led to 

improved stretching of the electrospun jets. 

 

5.1.3.  FTIR analysis 

Effect of PANi, HNT and electrospinning on the polymorphism of PVDF was investigated 

using FTIR spectroscopy (Fig. 5.4a). In pristine PVDF film, bands arising at 490, 614, 713, 

862, 952, 1019, and 1685cm-1 correspond to the -phase of PVDF, whereas bands appearing 
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at 464, 754, 840, 1075, and 1400 cm-1 correspond to the -phase of PVDF.(Kobayashi et al. 

1975; Bormashenko et al. 2004; Lopes et al. 2011; Janakiraman et al. 2016). Pristine PVDF 

film (unstretched) predominantly consists of the -phase. But, -phase bands were observed 

predominantly for the electrospun mats. The -phase content of PPNF, PHNF and BNCNF 

increased to 43.2, 78.7, and 84.1%, respectively. In PPNF, -phase improvement was not 

significant compared with E-PVDF. Interestingly, PANi does not play any role in enhancing 

the -phase of PVDF, but the small increment of -phase is attributed to the increase in 

stretching force of fibers due to improved solution conductivity (Mostafaei and Zolriasatein 

2012b; Yu et al. 2016). Meanwhile, PHNF fibers showed drastic improvement in -phase 

content, which is attributed to the synergistic effect of HNT and electrospinning. HNT has been 

proven to act as a nucleating agent for PVDF, which is due to the dipole-dipole attraction 

between the oxygen atoms of HNT and C-H groups of PVDF. Alongside, the hydrogen bonding 

between hydroxyl groups of HNT and the fluorine atoms of PVDF enhances the formation of 

-phase (TTT conformations) in PVDF (Neppalli et al. 2013; Wang and Huang 2014b).  

5.1.4. WAXD analysis 

WAXD patterns of pristine PVDF film, E-PVDF, PPNF, PHNF, and BNCNF are shown in 

Fig. 5.4b. For pristine PVDF film, peaks at 18.3, 19.6, 26.2, 35.6, and 38.4°, respectively 

correspond to the following crystal planes -phase of PVDF: (0 2 0), (1 1 0), (0 2 1), (2 0 0), 

and (0 0 2). For electrospun PVDF mats, peaks representing -phase diminished and a new 

peak was observed at 20.5° corresponding to the (1 1 0/2 0 0) crystal plane of the -phase.  

 

Fig. 5.3 (a) FTIR spectra (b) WAXD patterns of pristine PVDF film, E-PVDF, PPNF, PHNF 

and BNCNF. 

The -phase content was increased further by the addition of HNT and PANi. In the WAXD 

patterns of PHNF and BNCNF, peaks observed at 12.5 and 24.8° correspond respectively to 
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the (1 1 0) and (0 2 0) crystal planes of HNT (Yu and Cebe 2009a; Price et al. 2010; Kizildag 

et al. 2016). 

 

5.1.5. TEM analysis 

TEM micrograph of BNCNF is shown in Fig. 5.5a. Inside a single BNCNF, HNT and 

PANi are clearly visible. HNT’s are oriented along the fiber axis due to the process induced 

alignment during the electrospinning. SAED pattern (Fig. 5.5b) was used to determine the 

polymorphism, interplanar distance and crystal planes. The interplanar distance for (1 1 0/2 0 

0) crystal plane was found to be 0.44 nm that corresponds to the -phase of PVDF. Interplanar 

distances for (0 0 2) and (0 2 0) crystal planes were found to be respectively 0.3 and 0.4 nm 

that correspond to HNT crystals. Similarly, (1 1 0) crystal plane with an interplanar distance of 

0.37 nm corresponds to the -phase of PVDF.  

 

Fig. 5.4 (a) TEM micrograph of BNCNF; and (b) SAED pattern of BNCNF. 

 

Fig. 5.5 Schematic showing the formation of network of PANi in: (a) PVDF/PANi film; and 

(b) BNCNF. 
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Short PANi networks are seen in the TEM micrographs of BNCNF, which may be ascribed to 

the high stretching of fibers during the electrospinning process. High stretching of nanofibers 

induces the orientation of HNT along the fiber axis, whereas it hinders the formation of a 

continuous network of PANi. This resulted in varied electrical conductivity of BNCNF 

nanofibers at different locations. 

Also, the fine dispersion of PANi in PVDF solution leads to weakening of percolation net- 

work, which deteriorates its electrical conductivity (Price et al. 2010). Further, during the 

electrospinning of BNCNF, the solvent evaporates rapidly and hence the formation of 

percolation network is difficult; whereas in solution casting, there will be sufficient time for 

the complete evaporation of solvent, which favors the PANi network formation (Fig. 5.6a and 

5.6b). Even though the PANi networks are short, there was an increase in the piezoelectric 

performance of BNCNF because of the mere presence of PANi. E-PVDF fibers were white in 

color that turned dark green upon the addition of PANi. Above 17.5 wt% of PANi loading, the 

electrospinning of BNCNF was difficult and the resultant nanofibers were highly disordered 

with lots of beads. This may be attributed to the agglomeration of PANi at high concentrations 

(Kizildag et al. 2016). Also, the inhomogeneity of solution led to blocking at the spinneret tip.  

 

5.1.6. Piezoelectric performance of BNCNF nanogenerator 

The piezoelectric response and energy harvesting capability of BNCNF were measured 

using an indigenous setup under different loads (Fig. 5.7a). 10 wt% of HNT and 17.5 wt% of 

PANi were present along with PVDF in the BNCNF. The highest -phase content of PVDF 

was obtained at 10 wt% loading of HNT; whereas, for PANi the percolation threshold was 17.5 

wt%. To begin with, the piezoelectric voltage outputs of E-PVDF, PPNF, PHNF, and BNCNF 

were measured to confirm the role of the –phase in their piezoelectric performance. The 

voltage output was recorded under varying pressure (0.11–1.2 MPa) on nanofibers mats of the 

dimensions 2 × 2 × 0.0045 cm. The piezoelectric voltage output for BNCNF nanogenerator 

under various pressures is shown in Fig. 5.7b. The lowest voltage output was recorded for E-

PVDF followed by PHNF and PPNF. By adding HNT in PVDF, the -phase content (78%) 

and the piezoelectric voltage output (0.9V) were improved compared to E-PVDF (-phase: 

31.1% and voltage output: 0.35 V). However, to further improve the piezoelectric conversion 

efficiency and conductivity of PVDF, PANi nanorods were added to PVDF alongside HNT.  
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For, BNCNF, the -phase content was 84%, while the piezoelectric voltage output was 

approximately 4.2 V. The voltage output from BNCNF is approximately 5 and 10 times higher 

than that of the PHNF and E-PVDF, respectively. 

The piezoelectric performance of BNCNF mats under real life situation was evaluated 

under tapping by human finger (one- as well as two-finger tapping) on the nanogenerator mat. 

The setup used in this study is shown in Fig. 5.8a and 5.8b. When the generator was tapped 

continuously the output voltage was generated. Interestingly, the output voltage produced was 

stable and consistent under continuous tapping. For one-finger tapping, a voltage output of        

3.4 V was generated (Fig. 11a).  

 

Fig.5.6 (a) Schematic, and b) digital photograph of indigenous setup for the evaluation of 

piezoelectric performance; (c) Piezoelectric performance of BNCNF nanogenerator under 

different pressure. 

 

Similarly, voltage output of 6.5 V was generated for two-finger tapping (Fig. 11b), 

which is 15 times higher than that produced by E-PVDF nanogenerator under the same loading 

condition. The piezoelectric output voltage consistently showed positive and negative signs, 

which indicates the imparting and releasing of finger from the nanogenerator. To demonstrate 

the applicability of the BNCNF nanogenerator for self-powered devices, a nanogenerator patch 

was attached to a human elbow. To generate an external stress, the arm was bent and 

straightened. Upon bending and straightening, the nanogenerator patch generated an output 

voltage up to 1.5 V (Fig. 5.9a). Further, to study the stability and repeatability of BNCNF 

nanogenerator, it was tapped 2,000 times continuously. Interestingly, the output voltage was 

stable and consistent even after 2,000 cycles. The durability and repeatability of BNCNF 

nanogenerator patch, its piezoelectric performance was evaluated at regular intervals over a 

period of 50 days in tapping mode. The voltage output generated by the nanogenerator was 
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found to be uniform even after 50 days (which is obviously due to the retention of the -phase 

content in BNCNF even after 50 days with little loss (Fig.5.9b).  

The piezoelectric response of BNCNF nanogenerator was studied also under impact 

loads. Standard weights of 7, 14 and 19 g were dropped from a height of 5, 10, and 20 cm. The 

voltage output was generated for a very short period of time that is, 0.25 s. A maximum voltage 

output of 7.2V was generated for 14g load and 10cm height.  

 

Fig. 5.7 Piezoelectric performance of BNCNF nanogenerator under: (a) one finger tapping 

(b) two-finger tapping. 

 

Fig. 5.8 Voltage output of BNCNF nanogenerator patch (a) attached to a human arm (Inset: 

Digital photograph of BNCNF patch attached to human arm) (b) Variation of piezoelectric 

performance of BNCNF nanogenerator with time. 

 

The power density, voltage and current output from the nanogenerator were also 

measured. Fig. 5.10a shows the voltage and current output of BNCNF nanogenerator measured 

under one-finger and two-finger tapping mode, respectively at different load resistance (0.5-

15MΩ). With an increase in load resistance, the current output decreased gradually, while the 
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voltage output increased.  The power density (P) of BNCNF nanogenerator under tapping mode 

was calculated by  

P =
V2

RL .A
   (5.1) 

 where V is the voltage output, RL is the load resistance and A is the effective area of the 

nanogenerator (5.1 cm2) (Jang et al. 2016; Li et al. 2017). Fig. 5.10b shows the power density 

of BNCNF nanogenerator under tapping mode. The maximum power output was produced at 

a load resistance of 3MΩ under two-finger tapping that decreased gradually with increasing 

load resistance. The flexible BNCNF nanogenerator showed a maximum current and power 

density of 0.75A and 0.25W/cm2.  

From the ongoing discussion it can be seen that the BNCNF nanogenerator exhibited 

enhanced performance compared to E-PVDF nanogenerator. In addition, BNCNF has a natural 

advantage of being non-toxic and environmentally compatible. Further, such nanogenerator 

can be attached to a movable part or objects to harvest energy. The successful creation of 

BNCNF and evaluation reveals its potential in sensors and self-powered devices. To sum up, 

cost effective and ecofriendly BNCNF mats can be produced continuously on an industrial 

scale due to the scalability and simplicity of the electrospinning technique. 

 

Fig. 5.9. (a) Current and voltage output with respect to the load resistance under two finger 

tapping (b) Power density of BNCNF nanogenerator with respect to the load resistance under 

one and two fingers tapping. 

 

 

 

 

 

 



76 

 

5.2. CONCLUSIONS 

 Flexible nanogenerator based on electrospun fabric of BNCNF was synthesized. The 

-phase content was the maximum (84.1%) in BNCNF mats. The newly developed 

nanogenerator showed high performance and generated voltage up to 7.2V. The maximum 

current and power density output of BNCNF nanogenerator were respectively 0.75A and 

0.25W/cm2. This nanogenerator showed a constant voltage output even after 50 days and 

2,000 cycles of loading without any significant loss, confirming the durability of this 

nanogenerator. Overall, the simplicity and scalability of fabrication of this nanogenerator  

combined with its high performance could make it a suitable candidate for flexible                           

self- powered devices and sensors. 
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CHAPTER 6 

SYNERGISM OF GRAPHITIC-CARBON NITRIDE AND 

ELECTROSPINNING ON THE PHYSICO-CHEMICAL CHARACTERISTICS 

AND PIEZOELECTRIC PROPERTIES OF FLEXIBLE POLY(VINYLIDENE 

FLUORIDE) BASED NANOGENERATOR 

 

 

 

 

 

 

 

 

The results of this chapter have been published in Journal of polymer research, 2018; 

26:73. 
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CHAPTER 6 

SYNERGISM OF GRAPHITIC-CARBON NITRIDE AND ELECTROSPINNING ON 

THE PHYSICO-CHEMICAL CHARACTERISTICS AND PIEZOELECTRIC 

PROPERTIES OF FLEXIBLE POLY(VINYLIDENE FLUORIDE) BASED 

NANOGENERATOR  

 

 

 

This chapter emphases to investigate the piezoelectric performance of electrospun 

poly(vinylidene fluoride)/graphitic carbon nitride (PVDF/g-C3N4) nanocomposite fibers 

(PGN-X). The morphological, structural and thermal characteristics were also investigated. 

The synthesized PGN non-woven mats were flexible and are easily deformable without 

disrupting the continuity of fibers. Detailed investigation was carried out to study the 

polymorphism, crystallinity and thermal characteristics of PGN-X. Addition of g-C3N4  

nanosheets are expected to improve the thermal and mechanical properties. g-C3N4  

nanosheets were incorporated at different loadings (0.25, 0.5, 0.75, 1.0 & 2.0 wt% based 

on the weight of PVDF). The sample were tested for piezoelectric performance by imparting 

human finger forces.  
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6.1.RESULTS AND DISCUSSION 

6.1.1. Morphological studies 

Fig. 6.1. shows the SEM images of E-PVDF and PGN-X nanofiber mats at different loadings 

of g-C3N4 nanosheets. Although PVDF nanofibers were obtained in all the cases without any 

beads and defects, the AFD and SD of the nanofibers decreased upon the addition of g-C3N4. 

There was a notable decrease in AFD observed up to 0.5 wt% of g-C3N4 nanosheets loading, 

thereafter there was a marginal change in the morphology. Uniform, continuous and finer fibers 

are considered to be ideal for the improvement of electroactive phases and piezoelectric 

properties of PVDF. The decrease in AFD and improved uniformity of nanofibers may be 

attributed to the increase of the solution conductivity upon the addition of g-C3N4 (Ma et al. 

2017).   

 

Fig. 6.1.  HRSEM image of in-situ synthesized g-C3N4 along with elemental composition. 

 

Fig. 6.2. SEM micrographs of (a) E-PVDF (b) PGN-0.25 (c) PGN-0.5 (d) PGN-0.75 (e) PGN-

1.0 (f) PGN-2.0. 
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Fig. 6.3 TEM micrograph of (a) in-situ synthesized g-C3N4 nanosheets (b) PGN-0.75. 

 

The presence of a layered structure of g-C3N4 confirmed from TEM micrograph (Fig. 6.3a). 

Folds can be clearly seen on the edges of the structure, which indicate the layered morphology 

of g-C3N4. The layered morphology would provide high surface area and improve the 

interaction with PVDF. Further, the TEM micrograph of PGN-0.75 was carried out (Fig. 6.3b). 

g-C3N4 nanosheets (dark spots) were seen inside the PVDF nanofiber and dispersed throughout 

the PVDF nanofiber.  

 

6.1.2. FTIR and WAXD analysis 

 

Fig.6.4 E-PVDF and PGN-X at different loadings of g-C3N4 nanosheets (a) FTIR spectra of. 

(b) WAXD patterns. 

Fig. 6.4a shows the FTIR spectra of E-PVDF and PGN-X samples at different loadings of          

g-C3N4. In the spectrum of E-PVDF, bands arising at 615, 766 and 975 cm-1 correspond to the 

-phase of PVDF, while bands at 510, 841, 1071, 1283 and 1401 cm-1 correspond to the                    
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-phase of PVDF. Band arising at 510, 615 and 766 cm-1 correspond to the CF2 bending 

vibration while, the one at 841 cm-1 corresponds to the CH2 rocking vibration. The bands arising 

at 976 and 1283 cm-1, respectively correspond to the CH and CF out-of-plane deformations. 

Band arising 3018 and 2978 cm-1 correspond to the CH2 symmetric and asymmetric stretching, 

respectively (Bormashenko et al. 2004; Cai et al. 2017). Also, a broad band at 3436 cm-1 is 

attributed to the hydroxyl group emerging from the pores of the polymer (Adams et al. 2012). 

There was a shift in bands observed at 3436 cm-1 and 975 cm-1 with the addition of g-C3N4 

nanosheets. During the electrospinning of PVDF fibers, the simultaneous poling and stretching 

of fibers resulted in the formation of -phase in PVDF while, solution cast PVDF film was 

dominated with -phase and there was no indication of formation of the -phase. There was 

also a small contribution of DMF in enhancing the -phase content of PVDF fibers because of 

the interaction between C=O dipole of DMF molecules with CH2CF2 group of PVDF or by 

hydrogen bonding(Farid Abraham 1962; Benz et al. 2001). With an addition of g-C3N4, the -

phase content of PVDF further increased up to a loading of 0.75%, after which there was a 

slight decrease in the same (Table 6.1). With an addition of g-C3N4, the hydroxyl band shifted 

to lower wavenumber indicating the strong hydrogen bonding interaction between the fluorine 

atom of PVDF with the hydroxyl group of g-C3N4. Also, the dipole-dipole interaction between 

the oxygen atom of g-C3N4 and CH group of PVDF helps in the formation of the -phase. The 

decrement in the -phase content in PGN-1.0 and PGN-2.0 may be due to the overdose of g-

C3N4 that resulted in agglomerations.  

Fig. 6.4b depicts the WAXD patterns of E-PVDF and PGN-X at different loadings of g-C3N4 

nanosheets. Peaks arising at 18.4° (0 2 0) and 20.4° (1 1 0/ 2 0 0), respectively correspond to 

the  and -phase of PVDF.  The crystallinity of the samples was also calculated and reported 

in Table. 6.1. The crystallinity of PVDF decreased with the addition of g-C3N4 nanosheets, 

indicating probably it hinders the PVDF chain movement. 

 

6.1.3. DSC analysis and tensile properties 

Fig. 6.5a shows the DSC curves of E-PVDF and PGN-X at different loadings of g-C3N4 for the 

second heating cycle. A single melting peak was observed for all the samples. The melting 

temperature (Tm) of E-PVDF was observed at 172.1 °C and increase with the addition of g-

C3N4 up to a loading of 0.75 wt%, thereafter it shifted again to lower melting temperature. The 

degree of crystallinity (Xc) was found to decrease for PGN-X samples as a result of inhibition 
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effect of g-C3N4 on the PVDF chain mobility. These results are in good agreement with the 

WAXD results (Table. 6.1).  

 

Fig. 6.5 E-PVDF and PGN-X at different loadings of g-C3N4 (a) DSC curves (b) Stress-strain 

curves. 

It should be noted that, the crystallinity reduced up to 0.75 wt% and further increases 

for higher loading. The shift in melting temperature and change in %Xc indicates there was 

recrystallization occurred due to the addition of g-C3N4. Similar trend was observed with other 

nucleating agents such as carbon nanotube (Wu and Chou 2016a), montmorillonite clay (Yu et 

al. 2009), halloysite nano clay, graphene oxide(Fakhri et al. 2016), nano-alumina trihydrate  

etc. DSC analysis could be used effectively for accurate measurement of degree of crystallinity 

of PVDF, but the same could not be used in analyzing different phase of PVDF.  

Fig. 6.5b shows the typical stress-strain curve of E-PVDF and PGN-X samples at different 

loadings of g-C3N4. For E-PVDF the tensile strength was 11.9 MPa that increases gradually 

with the addition of g-C3N4. Tensile strength decreased when the samples were loaded with g-

C3N4 above 0.5 wt%. The maximum tensile strength of 17 MPa was observed for PGN-0.5. For 

all the loadings of PGN-X, the tensile strength was higher than that of E-PVDF (11.9 MPa). It 

must be noted that the increase in g-C3N4 loading gradually decreased the % elongation of the 

sample. Young’s modulus was found to increase with the addition of g-C3N4 (E-PVDF: 26.4 

MPa; PGN-0.25:38.9 MPa; PGN-0.5: 45.8 MPa; PGN-0.75: 48.5 MPa; PGN-2.0: 52.4 MPa). 

The increase in tensile strength of nanocomposites is attributed to the presence of g-C3N4 

nanosheets, which have tremendously high surface area and intrinsic mechanical properties. 

Also, the compatibility and high degree of dispersion of g-C3N4 provides good interfacial stress 

transfer efficiency.  
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Table 6.1. Melting temperatures, crystallization temperature and crystallinity of E-PVDF and 

PGN-X at different loadings of g-C3N4. 

Sample  % -phase Second heating Crystallinity 

(%) 

 FTIR Tm 

(°C) 

Hm DSC WAXD 

E-PVDF 39.5 172.1 41.7 39.9 41.2 

PGN-0.25 46.7 172.7 41.1 39.4 40.4 

PGN-0.5 50.7 173.4 38.8 37.1 38.9 

PGN-0.75 78.6 174.6 36.7 35.1 36.2 

PGN-1.0 60.0 173.8 38.6 37.0 36.8 

PGN-2.0 57.7 172.8 39.8 38.1 39.2 

 

 

Fig. 6.6 (a) TGA curves of of E-PVDF and PGN-X for different loadings of g-C3N4 (b) DTG 

curves of E-PVDF and PGN-X for different loadings of g-C3N4. 

 

6.1.4. TGA and DTG analysis 

TGA and derivative thermograms (DTG) curves of E-PVDF and PGN-X samples at different 

loadings of g-C3N4 is shown in Fig.6.6a & 6.6b. For all the samples, one step degradation was 

observed. E-PVDF was stable up to 400 °C with 5% weight loss and major loss was observed 

at 440 °C and continued up to 600 °C. For PGN-X the onset temperature shifted to higher 

temperature compared with E-PVDF. Highest onset temperature of ~490 °C was observed for 

PGN-1.0. The increase in the stability is due to the presence of g-C3N4 in PVDF that acts as an 

insulating barrier to the expansion of heat and prevents the scissoring of PVDF chains. 

However, for PGN-2.0, the thermal decomposition temperature decreases, which may be due 
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to the presence of aggregates in g-C3N4 nanosheets at higher loading.  Also, with an increase 

in g-C3N4 content, the % char formation was increased.  

 

6.1.5. Piezoelectric performance of PGN-X 

Fig. 6.7a shows the output voltage generated upon one finger tapping on E-PVDF and PGN-

0.75 based nanogenerator. For E-PVDF maximum voltage output was 0.6 V while, for PGN-

0.75 it was 2.6 V. Also, the piezoelectric voltage output improved with an increase in g-C3N4 

content. It is important to note that the voltage output increased up to 0.75 wt% of g-C3N4 

loading, thereafter a decline was observed in the output (Fig. 6.7b). This may be attributed to 

the presence of -phase content and finer diameter of fibers. Fig. 6.8a shows the voltage output 

generated upon two-finger imparting for PGN-X. Upon imparting, the voltage output up to 

3.8V was observed. Interestingly, the voltage output was found to be uniform compared to one 

finger tapping. This may be due to the uniform application of pressure throughout the surface 

of nanogenerator. 

 

Fig. 6.7 (a) & (b) Piezoelectric performance of E-PVDF and PGN-X for different loadings of 

g-C3N4 under one finger tapping mode. 

Fig.6.8b shows the voltage output generated for E-PVDF and PGN-X for different loadings of 

g-C3N4. A similar trend was observed as in one finger tapping. The maximum voltage output 

was observed for PGN-0.75 based nanogenerator, which is ~4 times higher than that of E-

PVDF. From the above observations it is clear that the -phase content and morphology of the 

nanocomposite fiber influence the piezoelectric response of the nanogenerator. Hereafter, 

PGN-0.75 nanogenerator was considered for further study because of its high piezoelectric 

voltage output compared to the other systems developed in this study. The nanogenerator also 

showed superior touch sensitivity, which is very essential in energy harvesting application.  

Fig. 6.9a & b shows the voltage output produced due to imparting of a human thumb (pressing 
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and releasing) and palm (impact), respectively. The nanogenerator generated a maximum 

voltage output of ~0.7V and ~7.5V upon the application of pressure by thumb and palm 

imparting, respectively.  

 

Fig. 6.8 (a) & (b) Piezoelectric performance of E-PVDF and PGN-X for different loadings of 

g-C3N4 under two finger tapping mode. 

 

Fig. 6.9 Piezoelectric performance of PGN-0.75 under (a) thumb imparting b) palm (slapping). 

and releasing).  

To verify that the voltage output is solely due to the piezoelectric effect, the switching polarity 

test was carried out (Fig. 6.10a & b). Upon finger imparting, the nanogenerator showed 

consistent voltage output in forward and reverse condition. The nanogenerator produced same 

voltage output in both the directions indicating that the voltage output produced was solely due 

to the piezoelectric effect and there is no interference of artificial charge generation or 

triboelectric effect. Also, these observations indicate the dipole reversibility due to the high 

level of ordering of CH2 and CF2 group of PVDF (Tamang et al. 2015). Also, the nanogenerator 

was tested for repeated bending test (Fig. 6.11a). Under the bending stress the nanogenerator 

generated piezoelectric voltage output. Upon bending the nanogenerator showed a voltage 
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output of ~2V while, it was ~1.5V when it was released. The current output of E-PVDF and 

PGN-X were evaluated under two finger tapping mode using picoammeter (DMC-111, SES 

instruments, India). The highest current output of 0.23 A was generated for PGN-0.75 

nanogenerator (Fig. 6.12). In addition, the power density and voltage output generated with 

varying load resistance were investigated for PGN-0.75. The highest power density of 0.21 

W/cm2 was obtained at a load resistance of 6 Ω (Fig. 6.11b). 

 

Fig. 6.10 Voltage output response of PGN-0.75 under (a) forward bias connection (b) reverse 

bias connection. 

The nanogenerator responded to these stresses with maximum voltage output of ~0.7V and ~4 

V was generated for imparting of human thumb and palm, respectively.  

 

Fig. 6.11 (a) Voltage output of PGN-0.75 nanogenerator under bending mode (b) Power 

density of PGN-0.75 nanogenerator with respect to the load resistance under two fingers 

tapping. 

The PGN-0.75 nanogenerator was tested for its reproducibility and stability. The nanogenerator 

displayed excellent stability without any loss in piezoelectric performance even after 18 weeks  

To confirm its durability and stability, PGN nanogenerator was tested for 10000 cycles over a 



88 

 

period of 30 days. Interestingly, the nanogenerator showed consistent voltage output even after 

repeated cycles. The morphology of sample remained stable and there was no breakage of 

fibers observed even after 10000 cycles (Fig. 6.13a). Also, it is noteworthy that the 

electroactive phase of PVDF (-phase: 76.1%) did not decay even after repeated cycles and 

time (Fig. 6.13b).  

 

 

Fig.6.12 Current output of E-PVDF and PGN-X (X = 0.25, 0.5, 0.75, 1.0 & 2.0). 

The voltage output of E-PVDF and PGN-0.75 at different loads (0.19-0.98N) is shown in      

Fig. 6.14. With an increase in the load on the nanogenerator, the voltage output of E-PVDF 

and PGN-0.75 increased. The highest voltage output of 5.1 V was generated for PGN-0.75 at 

0.98 N.  

 

Fig. 6.13 (a) SEM micrograph of PGN-0.75 after 10000 cycles (b) FTIR spectrum of PGN-

0.75 after 10000 cycles and 30 days. 
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Fig. 6.14 Voltage output of E-PVDF and PGN-0.75 at different loads. 

  

 
 

Fig. 6.15 (a) Charging voltage across a capacitor in PGN-0.75 nanogenerator (b) Dependence 

of g-C3N4 nanosheet loading on the piezoelectric coefficient and piezoelectric voltage 

coefficient.  

 

Fig. 6.15a shows the charging voltage of PGN nanogenerator across a capacitor (0.47F and 

1.1 F). The nanogenerator was able to fully charge within 140 s under repeated imparting of 

pressure. Initially, the nanogenerator did not show any response for ~10s, which later increased 

steeply to a maximum charging voltage of 0.98 V. The maximum energy stored (Es) [(Es = 0.5 

× C × V) where, C is the capacitance and V is the voltage output] was 0.4 J across 1.1 F 

capacitor. The use of electrospinning and g-C3N4 nanosheets not only improved the -phase 

content, but also the piezoelectric coefficient (d33) and voltage coefficient (g33) of PVDF 
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(Fig.6.15b). The governing equations used for the determination of d33 and g33 are described 

elsewhere (Vatansever et al. 2011; Abbasipour et al. 2017) (Section I.5). The superior 

flexibility, stability, reproducibility and sensitivity of this nanogenerator makes it a promising 

material for wearable energy harvesting devices.  

 

6.2.CONCLUSIONS 

We have demonstrated a flexible piezoelectric PVDF/g-C3N4 nanocomposite fibers (PGN-X) 

based nanogenerator for energy harvesting application from human hand movements. 

Addition of g-C3N4, improved the spinnability and -phase content of PVDF. The tensile 

and thermal properties improved for PGN samples while, the crystallinity of PVDF 

decreased with the addition of g-CN. The highest piezoelectric voltage of ~7.5 V and a 

current output of 0.23 A was generated for PGN-0.75 nanogenerator. The observed 

stability and improved piezoelectric performance of PGN based nanogenerators have 

prospective to be used for flexible and self-powered devices.   
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CHAPTER 7 

EFFECTUAL AUGMENTATION OF PIEZOELECTRIC ENERGY 

CONVERSION OF ELECTROSPUN POLY(VINYLIDENE 

FLUORIDE)/POLYANILINE/GRAPHITIC-CARBON NITRIDE BLEND 

NANOCOMPOSITES 

 

 

 

 

 

 

 

 

The results of this chapter have been submitted to ACS applied nanomaterials (Revised 

version under review). 
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CHAPTER 7 

EFFECTUAL AUGMENTATION OF PIEZOELECTRIC ENERGY CONVERSION OF 

ELECTROSPUN POLY(VINYLIDENE FLUORIDE)/POLYANILINE/GRAPHITIC-

CARBON NITRIDE BLEND NANOCOMPOSITES   

 

 

 

A flexible, sensitive, durable, eco-friendly and cost-effective electrospun poly(vinylidene 

fluoride) (PVDF)/polyaniline (PANi)/graphitic-carbon nitride (g-C3N4) blend nanocomposite 

(PPBF-X) was fabricated using electrospinning technique for energy harvesting from human 

locomotion. Incorporation of g-C3N4/PANi nanocomposite (GPC) into PVDF nanofibers led to 

significant increment in the -phase of PVDF (~96%). The PPBF-7.5 nanogenerator showed 

outstanding improvement in the voltage and current output compared to electrospun PVDF 

(600%). The maximum voltage output of 28 V was generated with a current output of 3.7A. 

The PPBF nanogenerator was subjected to various motions (tapping, bending, heel pressing, 

blowing, impact, etc.) to demonstrate the flexibility, durability, sensitivity and stability.  The 

PPBF nanogenerator exhibited very high-power density and conversion efficiency. The 

nanogenerator was able to fully light up 30 LED lights. The nanogenerator was able to achieve 

charging voltage of 6.2 V within 50 s across 2.2 F capacitor. The high performance of PPBF 

nanogenerator could be a potential material in smart, self-powered wearable devices.  
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7.1. RESULTS AND DISCUSSION  

7.1.1. Morphological studies of g-C3N4/PANi nanocomposites (GPC-X) 

 

Fig. 7.1 HRSEM image of a) GPC-5.0 b) GPC-7.5 c) GPC-10 with chemical composition 

 (d-f). Elemental mapping of major elements in GPC-7.5 sample.  

Fig. 7.1 (a-c) shows the HRSEM images of GPC-X samples at different loading of g-C3N4. 

Two distinct morphologies were observed in all the compositions corresponding to g-C3N4 and 

PANi. Moreover, PANi nanorods were seen to be scattered on the surface of g-C3N4. 

Interestingly, the morphology of PANi nanorods and g-C3N4 were seen to be unchanged upon 

the addition of GPC. However, the size of PANi nanorods reduced with the increase in g-C3N4. 

In addition, PANi nanorods were deposited evenly on the surface of g-C3N4 without 

agglomeration (Section I.3). 

The elemental composition of the GPC specifies the presence of moieties of both the entities, 

confirming the compatibility between PANi nanorods and g-C3N4. The nitrogen weight percent 

increased with g-C3N4 loading. Also, the presence of sulphur and chlorine is attributed to traces 

of APS and HCl, respectively. Fig. 7.1(d-f) shows the elemental maps of GPC-7.5. The 

homogenous distribution of carbon, nitrogen and oxygen indicates that PANi nanorods and g-

C3N4 interacted with each other without much agglomeration. The synthesis method used here 

is a relatively simple and productive one. The formation of nanorod like morphology of PANi 

is dependent on the relative amounts of aniline, dopant and oxidant and temperature during the 
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synthesis. The initially formed linear PANi chains serve as the template for the growth of 

nanorod like morphology on the surface of g-C3N4 (Wang et al. 2014).  

7.1.2. FTIR analysis of GPC 

 

Fig. 7.2 FTIR spectra of PANi nanorods and GPC for different loadings. 

 

The structure of PANi nanorods and GPC for different loadings of g-C3N4 were further 

investigated by FTIR spectroscopy (Fig. 7.2). For PANi nanorods, a broad band at 3435 cm-1 

is attributed to the NH2 stretching vibrations of aromatic amines. The band arising at ~2950 

cm-1 is ascribed to the aromatic C-H stretching mode. The band at 1565 cm-1 is the 

characteristic band of quinoid ring structure, while band at 1474 cm-1 is the characteristic of 

benzene ring structure.  Bands arising at 1292 cm -1 and 1233 cm-1, respectively correspond to 

the C-N stretching mode of the secondary aromatic amine and C-N stretching mode related to 

the characteristic band of conducting protonated form. The band at 1109 cm-1 is attributed to 

the C=N stretching vibration (-N=quinoid=N-). Band at 798 cm-1 is attributed to the C-H out 

of plane bending vibration. Bands arising at 603 cm -1 and 502 cm-1 are ascribed to the ortho 

substitution and meta substitution of PANi chains, respectively. Similar bands were observed 

for GPC with marginal shifts. The bands at 502 cm-1 and 603 cm-1 were shifted to the lower 

and higher wavenumber, respectively. The characteristic band ascribed to quinoid ring 

structure was shifted to lower wave number. The band at 3435 cm-1 was shifted to lower 
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wavenumber, which could be attributed to the hydrogen bonding interaction between N-H 

group of PANi and oxygen atom of g-C3N4. Also, new bands were observed at 1406 cm-1 and 

887 cm-1 that correspond to g-C3N4 (Mostafaei and Zolriasatein 2012a; Ibrahim 2017; Zhao et 

al. 2017). The shift in the characteristic bands of PANi nanorods and g-C3N4 indicates strong 

interaction and compatibility between them. The intensity ratio of the characteristic peaks of 

quinoid to the benzenoid moieties of PANi nanorods (deconvoluted) signifies its electrical 

conductivity. The intensity ratio of bands for pristine PANi nanorods was 0.88, while it 

decreased to 0.87, 0.86 and 0.84 for GPC-5, GPC-7.5 and GPC-10, respectively. An intensity 

ratio equal to 1 indicates higher electrical conductivity and a ratio less than 1 suggests that there 

are more benzene rings than quinoid rings in PANi chains (Abdiryim et al. 2005; Banerjee and 

Kumar 2011).   

The electrical conductivities of PANi nanorods and GPC at different loadings of g-C3N4 were 

measured using four probe conductivity meter (Asico, India). The GPC samples were pelletized 

(pellet press, Kimaya Engineers, Mumbai, India). The electrical conductivity of PANi nanorods 

was 3.81 ± 0.2 S.cm-1, while it decreased to 3.77 ± 0.3, 3.62 ± 0.15, 3.62 ± 0.1 S.cm-1 for GPC-

5.0, GPC-7.5 and GPC-10, respectively.   

 

7.1.3. SEM micrographs of electrospun PVDF nanocomposites 

 

Fig. 7.3 SEM micrographs of a) E-PVDF b) PPBF-5.0 c) PPBF-7.5 d) PPBF-10. 

 

The morphology of E-PVDF and PPBF-X at different loadings of g-C3N4 is shown in Fig. 7.3. 

For the preparation of electrospun mats, the electrospinning conditions, polymer concentration 

(13.5 wt/v%) and filler loading (20 wt%) were kept constant (optimized conditions). Loading 
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of GPC above 20 wt% leads to significant agglomerations and formation of lumps, which 

further blocked the syringe needle and prevented the formation of the Taylor cone. Also, the 

percolation threshold of PANi nanorods in PVDF was observed at ~20 wt% loading of GPC. 

Hence, the GPC loading of 20 wt% was preferred throughout the study (Ico et al. 2016a). For 

all the samples, the fibers produced were long, continuous and defect free. The absence of 

beads in PVDF fibers is attributed to the complete evaporation of solvent and sufficient voltage 

potential used during the electrospinning process (Motamedi et al. 2017). E-PVDF fibers were 

seen to be defect free, but the diameter of fibers was not uniform and the fibers were randomly 

arranged.  

Fig. 7.3 (b-d) highlights the significant impact of inclusion of GPC on the morphology and 

diameter of PPBF-X nanofibers. It is evident that the inclusion of GPC not only reduced the 

fiber diameter, but also improved the uniformity of fibers. The decrease in AFD is attributed 

to the negative and positively charged surface of g-C3N4 and PANi nanorods, respectively(Li 

and Xia 2004).  

 

7.1.4. Polymorphism and Crystallinity analysis 

 

Fig.7.4 E-PVDF, PVDF/PANi blend and PPBF-X at different loadings of GPC a) FTIR spectra 

b) WAXD patterns of E-PVDF and PPBF-X at different loadings of GPC. 

 

Fig. 7.4a shows the absorbance spectra of E-PVDF, PVDF/PANi blend and PPBF-X at 

different loadings of GPC. It is well known fact that the electrospinning induces the formation 

electroactive phases of PVDF. For E-PVDF, bands arising at 765, 798, 975 cm-1 assigned to 

the -phase (TGTG’) of PVDF while, band arising at 840, 1071, 1234, 1278 and 1401 cm-1 

attributed to the -phase (TTT) of PVDF (Kobayashi et al. 1975; Salimi and Yousefi 2003b; 

Peng and Wu 2004; El Achaby et al. 2012; Cai et al. 2017). In the spectrum of E-PVDF, the 



98 

 

bands arising at 765, 798, 975 cm-1 are assigned to the -phase (TGTG’) of PVDF, while those 

arising at 840, 1071, 1234, 1278 and 1401 cm-1 are attributed to the -phase (TTT) of PVDF 

(Farid Abraham 1962; Benz et al. 2001; Cozza et al. 2013). Probably, when DMF dissolves 

PVDF chains, it disturbs the dipolar and van der Waal’s interactions in PVDF, thereby 

providing more space for the mobility of polymer chains. However, this happens only to a 

limited extent when the solution is prepared at room temperature. The amount of the -phase 

of PVDF was reduced significantly with the addition of GPC in PVDF. Also, new bands were 

observed at 1470, 1292 and 798 cm-1 that correspond to the PANi nanorods. In E-PVDF, the 

-phase content of PVDF was 42 ± 2%, while it increased to 62% with the addition of PANi 

nanorods. The -phase content of PVDF was increased to 84.2 ± 1.5%, 96.9 ± 1% and 91.2 ± 

2% for PPBF-5.0, PPBF-7.5 and PPBF-10, respectively. The significant increase in the -phase 

content of PVDF upon the addition of PPBF-X is ascribed to various factors. First, the 

improved solution conductivity of electrospinning mixture upon the addition of GPC results in 

increased stretching of the solution jet (Yu and Cebe 2009b; Ong et al. 2015; Najim and Salim 

2017; Yang et al. 2018a). Second, formation of finer and defect-free fibers further facilitates 

the formation of the -phase (Ico et al. 2016b). Third, the superior dispersion of GPC in PVDF 

enables better interactions between the matrix and the dispersed phase. The hydrogen bonding 

between the hydroxyl groups of g-C3N4 with the fluorine atoms of PVDF helps in the formation 

of the -phase. In addition, the dipole-dipole interaction between the oxygen atoms of g-C3N4 

with CH2 groups of PVDF further enhances the -phase of PVDF.  Also, the -CF2  group of 

PVDF and (=N-H)+ group of PANi nanorods stimulates the dipole-dipole interaction (Saidi et 

al. 2013a) (Fig.7.5). For PPBF-10 the -phase content slightly decreased, which may be 

attributed to the higher content of g-C3N4 in GPC that might have caused agglomerations within 

the PVDF nanofiber. The effect of GPC on the -phase of solution cast PVDF film is discussed 

in section I.4. 

Fig. 7.4b shows the WAXD patterns of E-PVDF and PPBF-X samples. Peak arising at 18.5° is 

characteristic of the -phase of PVDF that corresponds to the (0 2 0) crystal plane. The peak 

arising at 20.4° is characteristic of the -phase of PVDF that corresponds to (2 0 0) / (1 1 0) 

crystal planes. A broad peak at ~26° is attributed to the -phase of PVDF and ascribed to the 

(0 2 1) crystal plane in particular. For PPBF-X, the peak corresponding to the -phase 

diminished, while that corresponding to the -phase became intense, indicating the induction 

of the -phase upon the addition of GPC. For PPBF-7.5, the peak at 20.4° became intense and 
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new peaks were observed at ~24° and 36.1°, respectively that correspond to the PANi nanorods 

and the -phase of PVDF. The presence of peak relating to the PANi nanorods confirmed their 

presence in PVDF nanofibers. Interestingly, the -phase peaks arising at 18.5° and 26.2° were 

completely diminished in PPBF-7.5, indicating the complete transformation of the non-polar 

phase into the electroactive one. However, the -phase peak was observed for PPBF-10 and 

the intensity of the -phase peak declined slightly.  

 

Fig. 7.5 Plausible interaction mechanism between g-C3N4 nanosheets, PANi nanorods, DMF 

and PVDF chains for the formation of TTT conformation.  

 

Fig. 7.6 E-PVDF and PPBF-X at different loadings of g-C3N4 loading a) DSC curves b) 

Stress-strain curves. 

The above observations indicate strong interactions between GPC and PVDF nanofibers that 

could significantly improve the piezoelectric performance of the nanocomposite fibers. 

Electrospinning and GPC affect the degree of crystallinity of PVDF nanofibers. The degree of 
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crystallinity (Xc) of E-PVDF was 43.1%, while it decreased upon the addition of GPC (Table. 

7.1). 

Fig. 7.6a shows the DSC curves of E-PVDF and PPBF-X at different loading of g-C3N4. For 

E-PVDF, the melting peak (Tm) was observed at 169.6 °C; while it increased to 172.7 °C, 173.6 

°C and 173.3 °C for PPBF-5.0, PPBF-7.5 and PPBF-10, respectively, which could be attributed 

to the rearrangement of PVDF chains upon the addition of GPC. In addition, the peaks were 

broadened and became less intense for PPBF-X samples. There was noticeable decrease in Xc 

of PVDF upon the addition of GPC (Table.7.1). The decrease in Xc indicates that GPC not only 

helps in the induction of the -phase, but also hinders the free movement of PVDF chains These 

results are in-line with the WAXD results. The difference in WAXD and DSC results is due to 

the unavoidable error that occurs during the baseline correction and smoothening of curves 

Table. 7.1.  %-phase, Melting temperature, degree of crystallinity and Tensile strength of E-

PVDF and PPBF -X samples. 

 

 

 

 

 

*The results of electrospun PVDF/PANi blends were shown only to demonstrate the benefit of 

g-C3N4 nanosheet addition to PVDF nanofibers, hence the results were restricted to FTIR 

spectroscopy.  

 

7.1.5. Mechanical properties 

The nanogenerator should exhibit good mechanical properties, which would enhance 

its scope in practical applications. Also, the nanogenerator undergoes stretching, bending-

releasing motions during energy conversion. Hence, it is essential to evaluate the tensile 

strength and ultimate elongation of PVDF nanofibers, especially in nanocomposite fibers as 

the fillers may significantly affect the elongation of nanofibers. Fig. 7.6b shows the stress-

strain curves of E-PVDF and PPBF-X at different loadings of g-C3N4. The tensile strength and 

elongation of E-PVDF were 11.3 MPa and 109 %, respectively. The tensile strength increased 

Sample %-phase Melting 

temperature 

(°C) 

% 

crystallinity 

Tensile 

strength 

(MPa) 

*** FTIR 
 

DSC WAX

D 

 

E-PVDF 42 ± 2 169.5 42.5 43.1 11.2± 0.3 

PVDF/PANi 62 ± 3.5 - - - - 

PPBF-5.0 84.2 ± 1.5 172.7 37.5 39.8 14.2 ± 0.5 

PPBF-7.5 96.9 ± 1 173.6 35.9 36.1 14.6 ± 0.2 

PPBF-10 91.2± 2 173.3 35.8 37.3 15.4 ± 1.0 
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to 13.1, 13.6 and 14.7 MPa for PPBF-5.0, PPBF-7.5 and PPBF-10, respectively. However, 

there was a slight decrease in elongation for PPBF-X. Interestingly, the elastic regions of PVDF 

broadened upon the addition of GPC. The reduction in elongation suggest that the PVDF chain 

mobility was hindered by the of GPC. Improvement in tensile strength is attributed to the higher 

stiffness associated with PANi backbone and intrinsic mechanical properties of g-C3N4(Wang 

et al. 2018a). Use of higher dopant (HCl) concentration during the synthesis of GPC makes it 

more brittle and crystalline, leading to the reduction in the ultimate elongation of PPBF-X 

(Malmonge et al. 2010).  

 

7.1.6. Piezoelectric evaluation of PPBF 

The piezoelectric performance of E-PVDF and PPBF-X based nanogenerator for energy 

harvesting application from human locomotion was investigated in various modes. Capability 

of these nanogenerators was evaluated to harvest energy from human activity, which would be 

useful in wearable electronics.  

 

Fig. 7.7 Piezoelectric evaluation of E-PVDF and PPBF-X nanogenerators under periodic 

human finger (one) tapping mode. 

Fig.7.7 shows the voltage output generated from E-PVDF and PPBG-X under one-

finger tapping mode. For E-PVDF nanogenerator, the maximum voltage output was 0.9 V, 

which increased significantly for PPBF-X nanogenerators. The maximum voltage outputs were 

3.0, 5.5 and 4.3 V for PPBF-5.0, PPBF-7.5 and PPBF-10, respectively. The increase in the 

voltage output of the nanogenerators can be directly related to their -phase content. The 

repeated tapping on the nanogenerator results in the generation of piezoelectric potential within 

the fibers, which in turn gives rise to a momentary free flow of electrons that are collected by 
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the electrodes and supplied to the external loads. When the load is released, the piezoelectric 

potential weakens and the electrons are released. The to and fro motion of electrons due to the 

application of periodic imparting results in alternating voltage output. The voltage outputs of 

solution cast pristine PVDF and PVDF/GPC nanocomposite film were obtained under one-

finger tapping mode to demonstrate the advantages of using electrospinning for boosting the 

piezoelectricity of PVDF. 

 

Fig. 7.8 Piezoelectric performance of PPBF-7.5 nanogenerator a) Forward connection b) 

Reverse connection. 

 

Fig. 7.9 Piezoelectric voltage output of PPBF-7.5 nanogenerator under two finger tapping 

mode a) PPBF-7.5 (Inset: light up of LED lights) b) Voltage and current output of E-PVDF 

and PPBF-X nanogenerators. 

To verify that the voltage output generated is solely due to the piezoelectric effect of 

the nanogenerator, the switching polarity test was carried out. The measurement was carried 

out in forward and reverse connections for the nanogenerator (Fig.7.8a & 7.8b). In both forward 

and reverse connections, the nanogenerator displayed almost the same level of voltage output 

under constant application of pressure (impact) in an open loop system. The polarity test 
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confirmed that the voltage generated is entirely due to piezoelectricity and ruled out the 

intervention of pseudo charge or triboelectric generation. 

The piezoelectric performance of E-PVDF, PPBF-5.0, PPBF-7.5 and PPBF-10 

nanogenerators under periodic two-finger tapping mode was demonstrated (Fig. 7.9a & 7.9b). 

The trend in the voltage output is similar to that of the one finger tapping mode. The highest 

voltage output of 8.5 V was from PPBF-7.5, which is seven times higher than that produced by 

E-PVDF. 

 

Fig. 7.10 TEM micrograph of PPBF-7.5 with schematic showing the formation of PANi 

nanorod network within PVDF fiber.  

The inset of Fig. 7.9a shows the lighting up of LEDs under two-finger tapping on the PPBF-

7.5 nanogenerator. Current outputs of 34 nA, 324 nA, 602 nA and 512 nA were generated by 

E-PVDF, PPBF-5.0 PPBF-7.5 and PPBF-10 nanogenerators, respectively. There are several 

factors that affect the piezoelectricity of PPBF nanogenerator. First, the uniformity and fineness 

of the fibers are believed to be beneficial for the piezoelectricity of PVDF. Secondly, the 

densely interconnected structure aids in electric charge mobility thereby providing an efficient 

energy conversion. Third, the addition of GPC facilitated high -phase content in PVDF that 

boosted the piezoelectric performance. 

Electrospun nanofibers were synthesized under extreme stretching conditions; therefore, the 

orientation of PANi nanorods inside the PVDF nanofibers increases electrical percolation by 

allowing the formation of electrically conductive network. A schematic diagram (Fig. 7.10) 

depicts the formation of a conductive network of GPC in PVDF nanofiber.  In addition, the 

GPC was seen close to the crust of the PVDF nanofiber and in a few places the network 

protruded out of the PVDF nanofibers. This type of morphology not only results in the 

formation of a conductive network along the fiber axis, but also ensures the formation of a 
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network in the transverse direction. Further, the efficient distribution of GPC in PVDF matrix 

is ascribed to the lower interfacial energy between PANi nanorods and PVDF Similar 

morphology was observed in electrospun poly(styrene-co-acrylonitrile)/PANi blend nanofibers 

(Reddy and Anandhan 2016b).  

 

 
 

Fig. 7.11 Piezoelectric performance of PPBF-7.5 nanogenerator a) Thumb imparting b) 

Bending c) Wrist movement d) Blowing (mouth). 

 
Fig. 7.12 Piezoelectric voltage output of PPBF-7.5 nanogenerator a) Human arm motion b) 

Toe imparting (Inset: Lighting-up of LED lights (15 nos) c) Palm (impact) mode (Inset: 
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Lighting-up of LED lights (14 Nos) d) Heel pressing (Inset: Lighting -up of LED lights (18 

Nos). 

To demonstrate the suitability of PPBF nanogenerator for wearable electronic devices by 

harvesting energy by human body locomotion, the nanogenerator was tested under various 

modes of stresses. Hereafter, the investigation of piezoelectric performance is restricted to 

PPBF-7.5 nanogenerator because of its highest -phase content and piezoelectric performance 

under tapping mode. Fig. 7.11a shows the voltage output from the PPBF-7.5 nanogenerator 

under repeated thumb pressing. The nanogenerator was able to produce an output of 1.5 V 

(positive) and a negative voltage of 0.75 V when released. In addition, the nanogenerator was 

able to light up four LEDs. The nanogenerator was tested for its piezoelectric performance in 

periodic bending and releasing condition (Fig.7.11b). Further, the Further, the nanogenerator 

patch was attached to the wrist of a human hand (Inset of Fig.7.11c). To prevent the 

nanogenerator from contacting skin, it was first covered with insulating tape and the voltage 

output was recorded against volar flexion and dorsal flexion movement of the wrist. The 

nanogenerator was able to produce a voltage of ~1 V with repetitive movement of the wrist 

(Fig. 7.11c). The sensitivity was demonstrated by holding the nanogenerator in front of blowing 

air (mouth blowing). The nanogenerator was sensitive to the periodic blowing and able to 

produce a voltage output of ~0.75 V (Fig.7.11d).  

 
Fig. 7.13 Piezoelectric voltage output of PPBF-7.5 under a) Bending and straightening of 

fingers b) Cantilever free vibration c) Blowing with hair dryer at different velocity d) Durability 

of nanogenerator under blowing condition (>10000 cycles). 
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The nanogenerator was attached to a human arm and the bending and straightening of arm 

produced a voltage output of ~4 V (Fig. 7.12a). The nanogenerator was tested for more than 

500 times under bending/releasing mode to demonstrate its flexibility and durability. The 

PPBF-7.5 nanogenerator was able to exhibit stable voltage and current without any loss in the 

output, suggesting that the PPBF nanogenerator can be used over a longer period of time. It is 

noteworthy that the nanogenerator is flexible, light, non-toxic with utmost comfort. In addition, 

the nanogenerator was able to produce a voltage of ~11 V, ~13 V and ~14.5 V under imparting 

of pressure under palm, toe and heel pressing mode, respectively (Fig 7.12 b-d). In these modes, 

the nanogenerator exhibited a current output of 1.75 A, 2.1 A and 2.7 A, respectively, 

which is higher than most of the PVDF nanofiber based nanogenerators reported hitherto 

(Section I.6). On the other hand, the nanogenerator was able to light up 13, 63 and 70 LEDs 

under palm, toe and heel imparting mode, respectively. It is noteworthy that the PPBF 

nanogenerator was able to generate an electric output at higher loads, which was not possible 

in our previous study on electrospun PVDF/PANi/HNT blend nanocomposite, attributing to 

the better electron transport characteristics of g-C3N4. This may be attributed to the presence 

of g-C3N4 nanosheets that provides better stress transfer.  

The PPBF-7.5 nanogenerator patches (3 cm × 1 cm × 0.0025 cm) were attached to human 

fingers resembling wearable electronics on robot hand (Inset of Fig.14a). The multiple patches 

were connected in series to evaluate the voltage output. Interestingly, the nanogenerator 

exhibited an output voltage of ~8.5 V (Fig. 7.13a). However, the voltage output was not 

consistent because of the difficulty in bending the fingers simultaneously. It is important to 

note that the nanogenerator was subjected to simultaneous bending and stretching movement 

when attached to human fingers, signifying that the PPBF-7.5 nanogenerator can withstand 

large deformations without breakage. Here, the PPBF-7.5 not only produced a higher voltage 

output, but also attested its flexibility and applicability that could be seen as a potential material 

for robot arm for self-power generation.  

The PPBF-7.5 nanogenerator was subjected to the cantilever free vibrations (Inset of 

Fig.7.13b). The vibrations were generated by tapping the nanogenerator at the free end. Once 

tapped, the nanogenerator was able to produce alternating voltage output of 6 V (peak to peak) 

for 7-10 sec (Fig.7.13b). The nanogenerator showed consistent voltage output even after 500 

times of to and fro movement. Further, the nanogenerator was tested against the air blowing 

using a commercial hair dryer at a velocity of 1.7 m/s, 2.1 m/s and 2.5 m/s (Fig.7.13c). The 

blower was kept at a distance of 10 cm and held opposite to the length of the nanogenerator. 
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At 1.7 m/s the response of the generator was quite low and generated a voltage less than 150 

mV. At a velocity of 2.5 m/s, the nanogenerator produced a maximum peak to peak voltage of 

1.8 V. Further, the nanogenerator was subjected to the repeated blowing of air at 2.5 m/s for > 

30,000 cycles (not shown in Fig. 7.13). Fig. 7.13d shows the response of the nanogenerator for 

the first 100 mins for better readability. During this process, the nanogenerator had undergone 

more than 30,000 cycles without any loss in voltage output.  The generation of consistent 

voltage output even after 30,000 cycles affirms the flexibility, durability and stability of PPBF-

7.5 nanogenerator. It is important to point out the fact that the same nanogenerator (PPBF-7.5) 

was used for the evaluation of piezoelectric performance under various modes such as tapping, 

bending, free vibration, impact loading, toe and heel imparting mode, which will further add 

up to the total number of cycles the nanogenerator experienced (~50,000-60,000 cycles). The 

above results revealed the sensitivity, stability, durability and reproducibility of PPBF-7.5 

nanogenerator.  

 The morphology of the nanogenerator remained stable and there was no breakage of fibers 

observed even after 50000 cycles. Also, it is noteworthy that the electroactive phase of PVDF 

did not decay even after repeated cycles and time (Section I.6). 

We also evaluated the voltage output of PPBF nanogenerator when imparting pressure 

on it through punching (Fig. 7.14a). Interestingly, a voltage of ~30 V and a current of 3.7 A 

were generated in an open loop system, which is better than most of the electrospun PVDF 

based nanogenerators (Table I.7). We have also demonstrated electrical energy generation 

capacity of the nanogenerator by lighting up LEDs (30 Nos) (Inset of Fig. 7.14a). Fig. 7.14b 

shows the charging behavior of the PPBF-7.5 nanogenerator across different capacitors (2.2, 

3.3 and 4.7 F). A rectified bridge circuit was built to evaluate the charging voltage of the 

nanogenerator (inset of Fig. 7.14b). The energy harvested by the PPBF-7.5 nanogenerator 

could be stored in capacitors under repetitive imparting of pressure. Initially, the charging 

voltage did not show any response for ~5 s, later the voltage across the capacitors increased 

steeply. The 2.2 F capacitor was charged quickly within 54 s to 6.3 V due to repeated 

imparting of pressure. For 3.3 F and 4.4 F it took 77 s and 109 s, respectively (Fig. 7.14b). 

). In addition, the charging voltage dropped to 5.3 V and 3.3 V for 3.3 F and 4.4 F capacitor, 

respectively. The maximum energy stored [(𝐸𝑠 =  
1

2
× 𝐶 × 𝑉𝑠

2) where, C is the capacitance, Vs 

is the saturation voltage] was 49.6 ± 0.7 J by the PPBF-7.5 nanogenerator across 3.3 F 

capacitor (Shi et al. 2018).  
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shows the voltage and current output signals of PPBF nanogenerator across different 

load resistance (RL). The results were obtained by measuring the voltage output across different 

load resistance ranging from 0.1 to 14 MΩ by imparting pressure under punching mode and 

the corresponding circuit used is shown as Inset of Fig. 7.14c. The voltage output of the 

nanogenerator increased steeply and the current output decreased gradually with the increase 

in load resistance. At higher resistance values, a slight decrease in voltage output was observed. 

The instantaneous power density (Pd) of PPBF nanogenerator was evaluated using the equation 

𝑃𝑑 =  𝑉2/(𝐴 × 𝑅𝐿), where V is the voltage output and A is the effective area of the PPBF 

nanogenerator. The PPBF nanogenerator showed a maximum power density of ~14.7 W/cm2 

at 8 MΩ (Fig. 7.14d). The instantaneous piezoelectric conversion efficiency (ηe) was estimated 

as the ratio of energy stored in a capacitor in one cycle (𝐸𝑜 = ∫
𝑉.𝑡2

𝑅
 𝑑𝑡) to the input energy 

(𝐸𝑖 = 𝐹. ∆𝐿 ), where, F is the force applied, V is the voltage output, L is the total deformation 

of the nanogenerator. The input energy was calculated as described elsewhere (Sinha et al. 

2016). The conversion efficiency of PPBF-7.5 nanogenerator at 8 MΩ was estimated to be  

19.7 %.  

 

Fig. 7.14 a) Piezoelectric voltage output of PPBF-7.5 under punching mode b) capacitor 

charging performance of PPBF-7.5 nanogenerator (Inset: schematic of the circuit used for the 

evaluation) c) Voltage and current output as a function of load resistance (Inset: schematic 

circuit used for the evaluation) d) Power density of PPBF-7.5 nanogenerator as a function of 

load resistance.  
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At a maximum power density of PPBF-7.5 nanogenerator, the current output was ~0.65 A 

which is ~61 % of the theoretical current value (𝐼𝑡 = √
𝑃𝑑 𝑚𝑎𝑥

𝑅𝐿
 ). The difference in the value 

with respect to the theoretical current value is attributed to the internal resistance and current 

leakage.   

 

Fig. 7.15 Piezoelectric coefficient and voltage coefficient of E-PVDF and PPBF-X 

nanogenerators.  

 

The piezoelectric coefficient and piezoelectric voltage coefficient increased 

significantly for PPBF-X nanogenerator piezoelectric co-efficient and piezoelectric voltage 

coefficient increased significantly for PPBF-X nanogenerator (Fig.7.15). 

The stability of the PPBF-7.5 nanogenerator was evaluated over a period of 15 

consecutive weeks by imparting the pressure under finger tapping mode (Fig. 7.16). 

Interestingly, the nanogenerator showed high stability and reproducibility even after 15 weeks. 

This clearly displays the excellent characteristics and reliability of PPBF nanogenerator for 

energy harvesting application. 

There are several advantages of PPBF nanogenerator, which makes it a potential 

material for energy harvesting application. Firstly, the nanogenerator provides excellent 

flexibility and durability, which makes it suitable for its usage in harsh environments. PPBF 

nanofibers are clean, non-toxic, chemically inert, eco-friendly and exhibit high thermal stability 

and mechanical strength, which are considered to be most vital characteristics that are needed 

for sustainable energy harvesting applications. Further, the superior sensitivity of the PPBF 

nanogenerator boosts its response to even small input signals. The generation of high voltage 
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(~30 V) and current (~3.7 A) from human locomotion could make this a potential material 

for smart, self-powered and wearable devices. The PPBF nanogenerator can easily be attached 

to any complex shapes because of its flexibility, which is due to the characteristics of 

electrospinning process. Also, the excellent stability and durability of the PPBF nanogenerator 

could run devices for a long duration. Finally, the most important aspect of this energy 

harvester is the use electrospinning process for the preparation, which is widely recognised as 

one of the most versatile and industrially scalable techniques.  

  

Fig. 7.16 Response of the PPBF-7.5 nanogenerator tested over 15 weeks under finger tapping 

mode.  

7.2. CONCLUSIONS  

A highly flexible electrospun PVDF/PANi/g-C3N4 blend nanocomposite (PPBF) 

nanogenerator for piezoelectric energy harvesting was successfully developed and 

demonstrated. The synergistic effect of electrospinning and PANi/g-C3N4 nanocomposite 

(GPC) improved the -phase content and tensile strength of PVDF. The PPBF nanogenerator 

generated a maximum voltage and current output of ~30 V and 3.7 A, respectively. The PPBF 

nanogenerator underwent more than ~50,000 cycles of stressing and destressing and remained 

stable even after 15 weeks, which demonstrates its durability and stability. Also, the PPBF 

nanogenerator exhibited a maximum power density and conversion efficiency of 14.7 

W/cm and ~20 %, respectively. The PPBF nanogenerator not only exhibits high 

performance, but also provides robustness, eco-friendliness, flexibility, low cost and scalability 

to mass production, making it a highly promising piezoelectric material for energy harvesting 

applications.  
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DURABLE, SENSITIVE AND FLEXIBLE ELECTROSPUN 

POLY(VINYLIDENE FLUORIDE)/POLYANILINE/GRAPHITIC 
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The results of this chapter have been submitted to Sensors and Actuators-B (Under 

revision). 
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CHAPTER 8 

DURABLE, SENSITIVE AND FLEXIBLE ELECTROSPUN POLY(VINYLIDENE 

FLUORIDE)/POLYANILINE/GRAPHITIC CARBON NITRIDE NANOCOMPOSITE-

BASED GAS SENSOR FOR NO2 SENSING 

 

 

 

In this chapter, a novel and flexible electrospun PVDF/PANi/g-C3N4 nanocomposite (PPBF) 

based gas sensor was developed to detect NO2 gas at room temperature. Electrospinning 

conditions were optimized to produces uniform and defect free fibers. g-C3N4/PANi 

nanocomposite (GPC) was synthesized by in-situ polymerization technique. SEM, FTIR, TEM 

and WAXD analysis was carried out to study the morphological and polymorphism of samples. 

An indigenous setup was prepared to study the performance of the gas sensor. On the other 

hand, for the comparison study thin film of PVDF/GPC nanocomposite (SCNF) was fabricated 

using the doctor blade technique. NO2 gas was purged into the test chamber at different 

concentration and the response of the sensor was noted. The response, sensitivity, selectivity, 

durability, stability was also investigated.  
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8.1.RESULTS AND DISCUSSION 

8.1.1. UV-Vis spectroscopy  

 

Fig. 8.1 a) UV–Visible spectra of g-C3N4, PANi and GPC b) Band gap of PANi and GPC. 

The optical properties were studied in order to understand the influence of g-C3N4 

nanosheets in GPC. Use of dopant and oxidant during the synthesis protonate/deprotonate the 

PANi base sites. Hence, there will be transition in the oxidation states of PANi nanorods and 

are interlinked with the optical properties. UV-Vis NIR spectra of g- C3N4 nanosheets, PANi 

nanorods and GPC are shown in Fig. 8.1a. For g- C3N4 nanosheets, peak arising in the range 

of 250-400 nm attributes to the typical semiconductor behavior of g- C3N4 nanosheets. For 

PANi nanorods, the peak arising at 299 nm correspond to the π-π* benzenoid band interaction. 

Broad peaks arising ~440 nm and ~604 nm, respectively correspond to the polaron/bipolaron 

transition and polaron-π* band transition (Babu et al. 2013; Abd El-Ghaffar et al. 2016). For 

GPC samples, peaks were similar to PANi nanorods, but there was slight shift in the peak 

positons. Peak at 299 nm blue shifted to 295 nm. Also, the peak at 604nm corresponding to 

polaron-π* band transition redshifted. In addition to this, peak at 370 nm was observed that 

correspond to the presence of g- C3N4 nanosheets. The shift in peak positions suggest that there 

is a strong interaction between PANi nanorods and g- C3N4 nanosheets(Patil 2012; Nimkar et 

al. 2015).  

The use of dopant helps to generate the charge carriers. The size of the band gap is 

influenced by the conjugation and delocalization, which determines the conducing behavior of 

PANi. Fig. 8.1b shows the band gap energy of PANi and GPC samples. The band gap of PANi 

nanorods for the absorptions of 299 nm and 604 nm was found to be 4.1 eV and 2.3 eV, 

respectively, while for GPC it was 3.9 eV and 2.1 eV. The shift in the band gap energies in 

GPC is attributed to the presence of g-C3N4 nanosheets, which lead to disorder and structural 

defects in the PANi chains. When the band gap is small (0.1- 3 eV), the energy of electrons is 
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increased and tend to detach from their atoms by hopping to a higher energy levels in the 

conduction band, thereby conducting the electricity. In addition, the holes that are created in 

the valence band will also contribute to the electrical conductivity(Banerjee and Kumar 2011).  

 

8.1.2. SEM Micrographs 

 

Fig.8.2 a) SEM micrograph of SPF b) SEM micrograph of SCNF c) SEM micrograph of E-

PVDF d) SEM micrograph of PPBF. 

The morphology of SPF and SCNF is shown in Fig. 8.2a & 8.2b. The morphology of SPF 

consists of spherulites, which are usually observed in PVDF when crystallized from the 

solution or melt. In SPF, the surface of the film was found to be less porous with an average 

size of spherulites of ~5 m. The formation of large spherulites is ascribed to the chain mobility 

that favors the growth of spherulites during the evaporation of the solvent. In addition, the use 

of acetone along with DMF increased the evaporation rate that resulted in an increase of the 

spherulite size. On the other hand, SCNF showed distinct morphology compared with the SPF. 

In SCNF, the spherulite size decreased and the morphology was seen to be porous, which may 

be attributed to the presence of PANi and g-C3N4. The decrease in spherulite size is attributed 

to the presence of GPC that destroyed the grain boundaries of the spherulites. Also, the 

concentration of PVDF and GPC in DMF hindered the growth of spherulites (Gregorio et al. 

2010; Bracciale et al. 2017; Fortunato et al. 2018).   
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SEM images of E-PVDF and PPBF are shown in Fig. 8.2c & 8.2d. Electrospun E-PVDF 

and PPBF nanofibers were found to be continuous and bead free. It is essential to fabricate 

defect free nanofibers as defects tends to suppress the electrical properties and gas sensing 

response of the latter (Doshi and Reneker 1993). The PPBF fibers were uniform and the most 

of the nanofibers was oriented in one direction, while non- uniformity and random arrangement 

was observed in E-PVDF. The AFD of E-PVDF was 324 ± 81 nm, whereas for PPBF it was 

236 ± 33 nm. Finer and defect free nanofibers provide high surface area, aspect ratio and 

porosity that are essential for the efficient transport of molecules, fast response and quick 

recovery (Low et al. 2014).  

 

8.1.3. FTIR and WAXD analysis 

 

Fig. 8.3 a) FTIR spectra of SPF, SCNF, E-PVDF and PPBF b) WAXD patterns of SPF, SCNF, E-

PVDF and PPBF. 

FTIR spectra of SPF, SCNF, E-PVDF and PPBF are shown in Fig. 8.3a. For SPF, bands 

arising at 490, 532, 860, 975 and 1648 cm-1 correspond to the -phase of PVDF, which are 

generally observed in unstretched and unpoled PVDF films. Also, the bands at 2924 and 3024 

cm-1, respectively correspond to the symmetric and asymmetric stretching vibrations of CH2  

groups of PVDF. For SCNF, new bands were observed at 840, 1279 and 1402 cm-1 

corresponding to the -phase of PVDF alongside -phase, which is attributed to the nucleation 

activity of GPC.  In E-PVDF,  & -phase bands were observed, while -phase bands were 

completely diminished in PPBF, signifying the complete transformation of -phase to -phase 

of PVDF. The characteristic bands of GPC were also observed at 1565, 807 and 609 cm-1.  

Also, the band at 3438 cm-1 corresponding to the hydroxyl group shifted to a lower 

wavenumber, indicating the strong hydrogen bonding interaction between the fluorine atoms 
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of PVDF and OH group of GPC (Bormashenko et al. 2004; Martins et al. 2012; Saïdi et al. 

2013b; Cai et al. 2017). 

 

8.1.4. Gas sensing evaluation 

 

Fig. 8.4 Digital photograph and schematic of gas sensor used in this study a) SCNF-based gas 

sensor b) PPBF-based gas sensor. 

 

Fig. 8.5 a). Response and recovery curves of SCNF and PPBF against NO2 gas at a different 

concentration b). Effect of g-C3N4 nanosheet loading on the response of PPBF sensor against 

NO2 gas at different concentrations.  

Fig. 8.3b shows the WAXD patterns of SPF, SCNF, E-PVDF and PPBF. In the WAXD patterns 

of SPF, peaks arising at 18.1, 19.7, 26.3, 32.7, 35.6 and 38.8° correspond to the -phase of 

PVDF, while these peaks become weak; and new peaks were observed for SCNF.  The peaks 

at 20.1° and 36.3° correspond to the -phase of PVDF, while peaks at 22.1° and 27.4° 
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correspond to the PANi and g-C3N4 nanosheets, respectively. In addition, peaks at 19.1° and 

38.9° was observed, which is attributed to the presence of -phase of PVDF (Martins et al. 

2014; Zhu et al. 2015). For PPBF, -phase had diminished completely, which is in-line with 

the FTIR results.  

 

Fig. 8.6 a) Sensitivity of SCNF and PPBF against NO2 gas at a different concentration of gas 

b) selectivity (with error bar) of PPBF-based gas sensor. 

 

The gas sensing performance of SCNF and PPBF based gas sensor against NO2 molecules at 

different concentration was investigated. Fig. 8.4(a-d) shows the digital photograph and 

schematic illustration of SCNF and PPBF-based gas sensor used in this study. The response 

and recovery curves of SCNF and PPBF against NO2 molecules at different concentrations are 

shown in Fig. 8.5a. The electrical resistance decreased when NO2 molecules interacted with 

the sensor suggesting the p-type behavior. NO2 being electron acceptor induces an increase in 

electrical conductivity of the sensor. Usually, p-type sensors exhibit good response to NO2 

molecules compared with other electron accepting gases. The response of the sensor increased 

with an increase in the gas concentration. PPBF showed high response compared to SCNF at 

all concentration of NO2 considered in this study. Also, the PPBF showed quick response and 

complete recovery, while SCNF took more time to respond and struggled to recover completely 

at higher concentrations. Fig. 8.5b shows the effect of g-C3N4 loading in GPC on the response 

of the PPBF sensor at different concentrations of NO2 gas molecules. The response of the gas 

sensor is a function of its g-C3N4 loading. The highest response was noted for PPBF sensor 

loaded with GPC-20, while the same decreased for GPC-30.  The presence of g-C3N4 provide 

excellent adsorption characteristics, which enhances the interaction of the sensor surface with 

the NO2 molecule.  
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The sensitivity of the gas sensor is considered to be the most critical factor in considering it for 

practical application. The sensitivity of SCNF and PPBF based gas sensor is shown in Fig. 

8.6a. The sensitivity of the gas sensor increased with increase in NO2 concentration. The 

highest sensitivity of ~2600 % and ~895% were achieved for PPBF and SCNF based gas 

sensor, respectively.   

.  

Fig. 8.7 Plausible sensing mechanism of PPBF-based gas sensor for NO2 sensing. 

It is also essential to address the selectively of the PPBF gas sensor. The selectivity of 

the PPBF-based gas sensor was examined against NO2, NH3, ethanol, toluene and acetone 

vapors at 18ppm. Since the sensor did not respond to acetone and toluene vapors at lower gas 

concentrations, 27 ppm was chosen in this selectivity studies. The response of the sensor for 

NO2 gas was at least 300% higher than that for the other gases considered (Fig. 8.6b). The high 

selectivity of PPBF gas sensor provides a valuable additive and is considered ideal for 

designing a high-performance gas sensor.  

Improved response and recovery with an excellent sensitivity of PPBF based gas sensor 

is attributed to the synergistic effect of electrospinning and GPC. Electrospun fibers provide 

excellent flexibility, porosity and high surface area compared to thin films(Mahant et al. 2015a; 

Wang et al. 2016). High surface area and porosity of the electrospun nanofibers of the sensor 

facilitates its interaction with NO2 molecules. Further, g-C3N4 nanosheets have triazine 

structure and provide superior catalytic properties(Mortazavi et al. 2015).  The layered 

structure of g-C3N4 nanosheets provides active sites to interact with the gas molecules. In 

addition, it has excellent adsorption and desorption characteristics, which makes the sensor to 

recover completely(Zhu et al. 2014; Zou et al. 2015; Hang et al. 2017). Also, PANi nanorods 

have superior charge carrier mobility, which provides a pathway in the sensing process.  

The sensing mechanism of SCNF and PPBF based gas sensors is shown in Fig. 8.7. 

When the NO2 molecule comes in contact with the surface of the gas sensor, it diffuses into the 

blend nanofibers and subsequently leaves behind a hole in the g-C3N4 nanosheets. The hole is 
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then transported by PANi nanorods, which increases the electrical conductivity of the sensor. 

In addition, when the gas molecules come in direct contact with PANi nanorods, electrons are 

transferred to NO2 that results in a decrease in the electrical resistance of the sensor. During 

recovery of the sensor, when the sensor is exposed to open air, O2 molecules deposits on the 

surface of the sensor to form anions by capturing electrons from the conduction band and hence 

the electrical resistance (increased) comes back to its initial value (Reddy and Anandhan 2016a; 

Zhang et al. 2016b, 2017; Hang et al. 2017).   

Fig.8.8a and 8.8b show the repeatability and stability of the sensors (PPBF and SCNF), 

respectively. The sensor was exposed to NO2 at 18 ppm over a period of 30 days. On the other 

hand, the sensor was exposed to NO2 at 18 ppm for 100 cycles. Interestingly, both the sensors 

showed excellent repeatability characteristics and there was no loss in the response of the 

sensors even after 30 days. The sensors also showed excellent stability when repeatedly 

exposed to the NO2 for 100cycles. However, there was a small decrement in the response of 

PBNF based gas sensor after repeated exposure of gas molecules and the sensor struggled to 

recover after few cycles.  

 

Fig. 8.8 (a). The response of SCNF and PPBF-based gas sensor exposed to NO2 gas for over 

100 cycle (b). Long-term stability of SCNF and PPBF-based gas sensor. 

To summarize, the synergistic effect of electrospinning and GPC improves the performance of 

PPBF based gas sensor. Also, the presence of PANi provide a pathway network for the change 

in electrical conductivity. g-C3N4 nanosheets have excellent catalytic and adsorption 

characteristics, which provide a faster response of the sensor. PVDF fibers provide high surface 

area and porosity, which improve the interaction of the gas molecules with the surface of the 

sensor. The PPBF sensor provides excellent response and recovery, high sensitivity, stability 
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and exceptional sensitivity. Also, electrospinning being a low cost and scalable technique with 

simplicity in design and fabrication of gas sensor makes it a promising material for gas sensing 

application. Sensors made of electrospinning process have superior sensit ivity and flexibility 

compared to solution cast thin films because of their higher surface area, higher porosity, better 

adsorption and diffusion characteristics. Therefore, PPBF sensor appear to have high potential 

in NO2 gas sensing.   

 

Fig. 8.9 PPBF sensor response against NO2 at different humidity conditions. 

Also, the response of the sensor was evaluated against NO2 at 22 ppm and 24°C at different 

relative humidity conditions (Fig. 8.9). The response of the sensor insignificantly decreased 

with an increase in relative humidity (< 60%). However, the response deteriorated at higher 

relative humidity values (> 60%). The decrease in the response is attributed to the fact that the 

sensing environment contains more water molecules, which occupy the active sites available 

on the sensor surface and hence the sites available for to interact with the NO2 molecules drops 

significantly leading to a decrease in response of the sensor. 

 

8.2.CONCLUSIONS 

A flexible PVDF/PANi-g-C3N4 (GPC) nanocomposite (PPBF) based gas sensor was designed 

for NO2 gas sensing by a simple, cost-effective and scalable electrospinning technique. PPBF 

based gas sensor was exposed to NO2 gas molecules at different gas concentrations (9-108 

ppm).  The sensor showed high response and recovered completely. Electrospinning not only 
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provides high surface area and flexibility, but also helps to interact with the gas molecules. The 

sensor showed high sensitivity (~96 %) and selectivity with excellent repeatability. PPBF 

sensor showed stable response over 30 days and 100 cycles and can be used multiple times 

without affecting its efficiency.  
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CHAPTER 9 

SUMMARY AND CONCLUSIONS 

 

Long, continuous and bead free PVDF nanofibers can be produced by electrospinning process. 

Several trials were carried out to optimize the electrospinning conditions of PVDF for obtaining 

bead-less and defect-free nanofibers. The average fiber diameter (AFD) of PVDF nanofibers 

decreased upon the addition of nanofillers. Nanofillers containing the surface charges improved 

the electrical conductivity of the electrospinning solution that resulted in the formation finer 

fibers. The crystallinity of PVDF decreased upon the addition of nanofillers, while the -phase 

content increased simultaneously. The properties of PVDF were found to be affected with the 

loading of nanofillers. In the case of PVDF/HNT nanocomposite, the highest -phase content 

was observed in PHNF-10 and the HNTs were oriented along the axis of the fiber because of 

the strong interaction between HNTs and PVDF. On the other hand, short PANi networks were 

observed in BNCNF, which may be ascribed to the high stretching of fibers during the 

electrospinning process. HNT and g-C3N4 nucleated the -phase of PVDF while, PANi 

improved the electrical conductivity of nanofibers.  

The highest -phase content of ~97% was observed in electrospun PVDF nanofibers containing 

g-C3N4 and PANi. The interplay between the effects brought about by the nanofillers and 

electrospinning could be used to engineer the crystallinity, polymorphism and piezoelectric 

behavior of PVDF. Addition of HNT and PANi showed a detrimental effect in thermal stability 

while, g-C3N4 increased the onset temperature of thermal degradation. Also, the 

nanocomposites exhibited high tensile strength, tensile modulus and flexibility. The 

piezoelectric properties of PVDF enhanced appreciably due to the synergism of electrospinning 

and nanofillers. An indigenous setup was prepared to measure the piezoelectric performance 

of electrospun PVDF nanocomposites. The piezoelectric performance of electrospun PVDF 

nanocomposites under real-life situation was evaluated under various human movement such 

as tapping, bending, arm movement, pressing etc. Maximum piezoelectric voltage of 0.95 V, 

7.2 V, 7.5 V and 30 V were generated for PHNF, BNCNF, PGN and PPBF based 

nanogenerator, respectively. The maximum current outputs 34 nA, 0.75 A, 0.25 A and 3.75 

A was generated for PHNF, BNCNF, PGN and PPBF nanogenerator, respectively. The 

nanogenerators exhibited excellent stability, durability and reproducibility that are beneficial 

in adopting the nanogenerators for practical applications. The power density of PVDF was 
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found to increase upon the addition of nanofillers. Overall, the simplicity and scalability of 

fabrication of these nanogenerators combined with their high performance could make them a 

suitable candidate for flexible self-powered devices and sensors.  

Due to the flexibility, lower crystallinity and high tensile properties, PHNF was explored in 

lithium ion battery as gel polymer electrolyte (GPE). Fine, uniform and interconnected porous 

structure of PHNF resulted in high electrolyte uptake. Electrochemical stability and ionic 

transference of PHNF separator increased compared with that of the commercial and E-PVDF 

separator. PHNF separator exhibited low-ionic resistance, superior tensile strength, and 

thermal stability. The separator showed high resistance to puncture compared with E-PVDF 

separator. PHNF-based separator not only addresses the issue of ionic conductivity and high-

energy density, but is also safe and cost effective. The performance of PHNF separator at 

different current densities was remarkably better than those of Celgard®2400 and E-PVDF 

separators. Most importantly, the separator performed exceptionally well when subjected to 

repeated charge–discharge cycles. Therefore, the PHNF separator could be a promising 

material to be used as a thermally stable, cost-effective and active separator for lithium ion 

batteries.  

A flexible, wearable and cost-effective PPBF based chemi-resistive gas sensor was designed 

and deployed to detect the NO2 gas at different concentrations (9-108 ppm). Addition of            

PANi/g-C3N4 nanocomposite in PVDF nanofibers provided a new insight in enhancing the 

electrical properties of the PVDF nanofibers. The presence of g-C3N4 nanosheets provided 

excellent adsorption and desorption characteristics, which resulted in quick response and 

recovery of the sensor. The sensor exhibited high response, sensitivity and selectivity against 

NO2 gas along with high stability and reproducibility.  

Overall, the electrospun PVDF nanocomposites proved to be flexible and their fabrication 

process is relatively simpler and economical. The PVDF nanocomposites showed better 

physical characteristics than pure PVDF nanofibers. Finally, preparation of nanofibers by 

electrospinning is a potential and scalable technique to tailor the properties of PVDF 

depending on the desired application. 

An ephemeral summary on the properties of nanocomposites of the present work is described 

in the following scheme. 
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*The results mentioned for the optimized conditions or maximum outputs. 
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SCOPE FOR FURTHER WORK  

 

1. Preparation of electrospun PVDF nanofibers using conductive fillers for the fabrication 

of flexible and efficient energy harvesting system. 

2. PVDF nanocomposites can be explored in sodium ion batteries, fuel cells, 

supercapacitors and filtration membranes.  

3. A theoretical model can be developed to investigate the effects of electrospinning 

parameters and nanofillers on the properties of PVDF.  

4. Piezoelectric coefficients, ferroelectric and dielectric properties of PVDF 

nanocomposites can be explored.  
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APPENDIX -I 

 

I.1. Optimization of electrospinning conditions  

Several experiments were performed to optimize the electrospinning process for producing 

PVDF nanofibers. Various parameters such as solvent, tip to collector distance (TCD), and 

flow rate to get bead-free, smooth and uniform fibers with smaller average fiber diameter 

(AFD). In general, N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and 

triethylphosphate (TEP) are considered as good solvents for PVDF as they have high dielectric 

constants to match with that of PVDF. DMSO plays a vital role in increasing the electrical 

properties and dielectric constant in PVDF compared to DMF and TEP (Gonçalves et al. 2013). 

TCD, flow rate and type of solvents has played a vital role in obtaining the desired 

nanofiber morphology. The fibers produced from DMF solution were brittle and difficult to 

handle. However, fibers produced using DMSO were ductile with improved morphology and 

higher production rate (Table I.1).  This may be attributed to the high boiling point and high 

dielectric constant of DMSO (Janakiraman et al. 2016). The critical entanglement 

concentration for PVDF in DMSO was found to be around 18 wt./v%. Increase in flow rate 

resulted in increased AFD.  At a TCD of 15 cm fibers were randomly oriented and partially 

wet. However, at a TCD of 20 cm fibers were smooth, uniform and bead-free with improved 

orientation. A further increase in TCD leads to decrease in collection of fibers with bead 

formation. 

I.2. Synthesis and characterization of PVDF film  

13 w/v% PVDF in powder form was dissolved in DMF and cast on the glass substrate for the 

preparation of film. Films were dried at 50 °C for 4 h. Once the solvent evaporated completely, 

PVDF film was detached from the substrate.  
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Table. I.1 SEM micrographs of E-PVDF at different electrospinning conditions  

  Parameters Solvent SEM Micrographs Remarks 

Flow rate :0.5 mL/hr 

Tip to collector Distance (TCD) : 20 cm 

Concentration : 18 wt./v% 

Applied Voltage : 20 kV 

DMF 

 

Fibers were smooth and bead 

free. 

 

Fibers were brittle and the AFD 

was 790 nm. 

 

Production rate of fibers was low. 

AFD ± SD (nm)  790 ± 143  

Flow rate :0.5 mL/hr 

Tip to collector Distance (TCD) : 20 cm 

Concentration : 18 wt./v% 

Applied Voltage : 20 kV 

DMSO 

 

Smooth,uniform and bead free 

fibers. 

 

Fibers were collected at larger 

rate compared to DMF solvent. 

AFD ± SD (nm)  302±85  
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Parameters Flow rate 

(mL/hr) 

SEM micrographs Remarks 

Solvent : DMSO 

Tip to collector Distance (TCD) : 20 cm 

Concentration : 18 wt./v% 

Applied Voltage : 20 kV 

 

0.5  

 

• Smooth, Uniform and bead 

free fibers were produced. 

  

AFD ± SD (nm)  302 ± 85  

Solvent : DMSO 

Tip to collector Distance (TCD) : 20 cm 

Concentration : 18 wt./v% 

Applied Voltage : 20 kV 

0.8  

 

• Fibers were randomly 

oriented and also fibers were 

not uniformly distributed. 

 

AFD ± SD (nm)  464 ± 92  
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Solvent : DMSO 

Tip to collector Distance (TCD) : 20 cm 

Concentration : 18 wt./v% 

Applied Voltage : 20 kV 

1.0 

 

• Fiber diameter increased 

drastically.  

 

• Fibers had a ribbon-like 

morphology. 

AFD ± SD (nm)  632 ± 93  

Parameters TCD, cm SEM micrographs Remarks 

Solvent : DMSO 

Flow rate :0.5 mL/hr 

Concentration : 18 wt./v% 

Applied Voltage : 20 KV 

15 

 

• Fibers were randomly 

oriented. 

 

• Partially dried. 

AFD ± SD (nm)  358 ± 87  
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Solvent : DMSO 

Flow rate :0.5 mL/hr 

Concentration : 18 wt./v% 

Applied Voltage : 20 KV 

20 

 

• Nanofibers produced 

were smooth, uniform 

and bead free. 

• Proper drying and 

collection of fibers. 

AFD ± SD (nm)  302 ± 85  

Solvent : DMSO 

Flow rate :0.5 mL/hr 

Concentration : 18 wt./v% 

Applied Voltage : 20 KV 

25 

 

• AFD of fibers decreased. 

 

• Beads were observed. 

 

• Collection of fibers was 

too low. 

AFD ± SD (nm)  289 ± 53  
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I.3. TEM micrographs of GPC 

For TEM micrograph, the homogenous dispersion consisting of 5 mg of GPC in 10 mL of 

ethanol was ultrasonicated for 4hours at 20 ± 3 °C. The ethanolic dispersion was coated onto a 

carbon-coated copper grid (200 mesh) (Sigma Aldrich, India) and dried in a vacuum oven at 

40 °C for 24 h.  

Fig. I.1 shows the TEM micrograph of GPC-10 with schematic representing the conductive 

network. It clearly reveals that the PANi nanorods were deposited uniformly on the surface of 

g-C3N4 confirming that the entities are compatible with each other and forms good interaction 

between them.  

 

Fig. I.1 TEM image of GPC-10.  

I.4. FTIR analysis of PVDF and PVDF/GPC films 

Fig. I.2 shows the solution cast pure PVDF and PVDF/GPC nanocomposite film. In the 

spectrum of pure PVDF film, bands were dominated with the -phase of PVDF and there were 

no any bands corresponding to the -phase of PVDF. For, PVDF/GPC film, -phase bands 

were observed along with the -phase. However, -phase was seen to be dominated in the 

solution cast film. The -phase content of 38% was observed in PVDF/GPC film, which is 

much lower than E-PVDF (41%) and PPBF-7.5 (~97%). Post processing such as uniaxial 

stretching, poling or annealing is necessary to obtain higher -phase content in solution cast 

PVDF films, while electrospun PVDF mat do not require any post processing because of the 

involvement of localized poling and stretching during the synthesis of fibers.    
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Fig. I.2 FTIR spectra of PVDF and PVDF/GPC film. 

I.5. Piezoelectric coefficient and voltage coefficient 

The following governing equations have been used to determine the piezoelectric coefficient 

(d33) and piezoelectric coefficient (g33) of E-PVDF and PGN-X as reported elsewhere [8 & 9].  

The g33 of PVDF and PGN-X was calculated using Eqn. S1.   

𝑔33 =
𝑉× 2×𝑏×𝑡

3×𝐹×𝑙
  (I.1) 

Where, V is the voltage output; b, t & l are the width, thickness and length, respectively of the 

nanogenerator; F is the applied load (0.49N).  

Further, d33 was calculated using the following Eqn. S2:  

𝑑33 =
𝐶×𝑉𝑐

𝐹
   (I.2) 

Where, C is the capacitance (0.47F); Vc is the voltage output generated across the capacitor.  

 

I.6. Piezoelectric performance of PPBF nanogenerator 

Fig.I.4. shows the piezoelectric voltage output of PVDF film, PVDF/GPC nanocomposite film, 

E-PVDF and PPBF-7.5 under one-finger tapping mode. The voltage output of 0.5 mV, 0.85 V, 

0.9 V and 5.4 V was generated for PVDF film, PVDF/GPC nanocomposite film, E-PVDF and 

PPBF-7.5, respectively. These results confirm the benefits of electrospinning of PVDF in 

piezoelectric performance.   

-phase content of PVDF seems to be remain unchanged even after the PPBF nanogenerator 

undergone multiple cycles (>30,000) and time (Fig. I.5a). On the other hand, we also studied 
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the morphology of fibers after using the nanogenerator numerous times. The morphology of 

fibers seen to be stable, homogenous and continuous, resembling the morphology of unused 

PPBF sample (Fig. I.5b).  

 

 

Fig. I.3. Piezoelectric voltage output of PVDF film, PVDF/GPC film, E-PVDF and PPBF-7.5 

under one-finger tapping mode. 

 

 

Fig. I.4. PPBF-7.5 nanogenerator after undergoing more than 30000 cycles (a) FTIR 

spectrum (b) SEM image. 

The sensitivity of PPBF-7.5 nanogenerator was also demonstrated by placing the 

nanogenerator in front of 6 W speaker. The nanogenerator was able to respond against small 

vibration and generated a piezoelectric voltage output of ~40 mV (Fig. I. 6). Further the current 

output of PPBF-7.5 nanogenerator was also evaluated under various modes (Fig. I.7)  The 
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nanogenerator generated a maximum current output of 3.7 A when the pressure imparted by 

punching.   

 

Fig. I.5. Piezoelectric response of PPBF-7.5 nanogenerator kept in front of speaker. 

 

Fig. I.6. Current output of PPBF-7.5 nanogenerator under various modes.  
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Table I.2. Piezoelectric performance of various electrospun based PVDF nanocomposite nanogenerators.  

Nanofillers Polymer Max. Voltage output 

(V) 

Current 

output  

(A) 

Power density 

(W/cm2) 

Ref. 

TiO2 PVDF 0.72 0.6 × 10-3  (Dong et al. 2017) 

Graphene PVDF 0.064 0.1  (Abbasipour et al. 2017) 

Graphene oxide PVDF 0.08 0.07  (Abbasipour et al. 2017) 

Halloysite 

nanotube 

PVDF 0.1 0.1  (Abbasipour et al. 2017) 

Carbon nanotube PVDF 0.845   (Mokhtari et al. 2017b) 

(Na0.5K0.5)NbO3 PVDF-TrFE 0.98 0.78 × 10-3  (Kang et al. 2015) 

Lithium chloride PVDF 8   (Mokhtari et al. 2017a) 

Zinc oxide PVDF 1.1   (Sorayani Bafqi et al. 2015) 

BaTiO3 PVDF 0.48   (Lee et al. 2016) 

poly(-methyl L-

glutamate) 

PVDF 0.2 1.8  (Pan et al. 2015a) 
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cellulose 

nanocrystal 

PVDF 6.3 

 

2.1  (Fashandi et al. 2016) 

Graphene/BaTiO3 PVDF 8 1.5 5.8* (Yaqoob et al. 2017) 

 PVDF 1.5 4×10-3  (Z Liu, S Zhang, Y M Jin, 

H Ouyang, Y Zou, X X 

Wang 2017) 

 PVDF 3 4  (Hwang et al. 2011b) 

 PVDF .085   (Chang et al. 2009a) 

 PVDF-HFP 1.6   (Najjar et al. 2017) 

 PVDF 4.1   (Bera and Sarkar 2017) 

 PVDF 0.4   (Sengupta et al. 2017a) 

Ytterbium PVDF 10  1 (Ghosh et al. 2016) 

 P(VDF-

TrFE) 

1.2 3 ×10^-8  (Persano et al. 2013b) 
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 P(VDF-

TrFE) 

2.3 3 ×10^-8  (Zaccaria et al. 2016) 

 P(VDF-

TrFE) 

2.5 3 ×10^-8  (Whiter et al. 2014) 

TiO2 PVDF 20  1.6 (Alam et al. 2018) 

Microbead based 

electrodes 

P(VDF-

TrFE) 

10.4 2.3  (Kim et al. 2018) 

 PVDF 0.025 3.9 ×10^-8 5.7 × 10^-14 (Liu et al. 2014) 

Polypeptide PVDF 0.185   (Pan et al. 2015b) 

 PVDF 2.3 2.4  (Shao et al. 2015b) 

Nanoclay PVDF 2.2   (Xin et al. 2016) 

BaTiO3/polyureth

ane 

P(VDF 

TrFE) 

9 0.2 1.7 (Siddiqui et al. 2018) 

hectorite clay PVDF 12   (Rahman et al. 2018) 

Tri-p-tolylamine 

(TTA) and 2-(4-

tert-butylphenyl)-

5-(4- biphenylyl)-

PVDF 3.1 3.4  (Shao et al. 2017) 
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1,3,4-oxadiazole 

(Butyl-PBD) 

Graphene/ BaTiO3 PVDF 11 1.3 4.1* (Shi et al. 2018) 

BaTiO3 PVDF 8 0.05  (Lu et al. 2017) 

BaTiO3 P(VDF 

TrFE) 

0.6 0.6 0.28* (Nunes-Pereira et al. 2015) 

NaNbO3 PVDF 3.4 4.4  (Zeng et al. 2013) 

Silver 

nanoparticles 

P(VDF 

TrFE) 

3.1   (Mandal et al. 2014) 

MWCNT PVDF 6  0.081 (Yu et al. 2013) 

Graphene PVDF 7.9   (Abolhasani et al. 2017) 

 PVDF 0.28 3 ×10^-8  (Pan et al. 2017) 

Silver particles PVDF 2   (Issa et al. 2017) 

g-C3N4 PVDF 7.2 0.23 0.25 [40] 

PANi/g-C3N4 PVDF 28 3.7 14.7 Present work 

*Power 
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I.3. Gas sensing measurements  

To confirm the performance of PPBF gas sensor, we have synthesized PVDF/PANi film by 

doctor blade technique and electrospun PVDF/PANi nanocomposite (PPNF). Fig. S4 shows 

the sensitivity of PVDF/PANi film, PPNF, PPBF and SCNF at 27 ppm of NO2 gas. Among all 

the gas sensors considered, PPBF sensor showed high sensitivity, which confirm the synergistic 

effect GPC and electrospinning enhances the performance of gas sensor.  

 

Fig. I.6 Sensitivity of PVDF/PANi film, PPNF, PPBF and SCNF at 27ppm of NO2 gas. 
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