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Figure 8.2: (a-b) FESEM image of ZnO Nanorods. 

 

Figure 8.3: Schematic diagram of PENG during pressing and releasing conditions. 

 

Figure 8.4: (a), (c), (e), (g) Voltage generation under pressure 1 MPa, 1.52 MPa, 3.4 MPa, and 

 

4.5 MPa respectively. and (b), (d), (f), (h) Current under pressure 1 MPa, 1.52 MPa, 3.4 MPa, 

and 4.5 MPa respectively. 

Figure 8.5: Change of (a) voltage and (b) power with pressure. (c) Schematic circuit diagram 

of LED glowing using PENG. 
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A piezoelectric nanogenerator is a device that converts low-frequency mechanical vibration 

into electrical energy through piezoelectric, pyroelectric and triboelectric effects. Many 

researchers deploy PVDF as a piezoelectric material in a piezoelectric nanogenerator. PVDF 

and its co-polymers are the most suitable candidates due to their excellent energy storage 

ability, high piezoelectric coefficient, desirable flexibility, and capability to transform into 

different elaborate shapes. Generally, PVDF exhibits five polymorphs based on different chain 

conformations viz., α, β, γ, δ, and  phases. Among these, α and δ phase shows trans-gauche- 

trans-gauche (TGTG) configuration, and β phase exhibits all-trans (TTTT) configuration and 

γ phase shows T3GT3G configuration. α and δ phases show no spontaneous polarization which 

makes them non-polar, while due to the parallel dipolar configuration, both of β and γ phases 

are polar. A monomer unit —(CH2—CF2)— is repeated in the PVDF matrix (for  phase) to 

form a nonconjugated linear fluorinated hydrocarbon with a high vacuum dipole moment (7 × 

l0-30 C m), pointing roughly from the negatively charged fluorine atom to the positively charged 

hydrogen atom. However, with larger spontaneous polarization β phase predominantly 

manifests the piezoelectric effect. But in a normal PVDF matrix, β phase content is nominal, 

so it is needed to enhance the associated β phase fraction. Hence, our primary objective is to 

enhance the electroactive phase content of the PVDF matrix as much as possible. Different 

groups have elaborated versatile and novel approaches to transform the nonpolar phase into an 

electroactive phase; such as mechanical stretching, electrical polling under high field, thermal 

annealing, filler incorporation in PVDF matrix, etc. Among these, filler incorporation is a more 

convenient process for multifunctional applications that hardly affects the flexibility of the 

film. 
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The research described in this Ph.D. thesis explains how to synthesize PVDF composite 

materials and how to use them in multipurpose piezoelectric nanogenerators. The thesis begins 

with an overview of PVDF composites (chapter 1) that provides a brief description of their 

structure, numerous physical characteristics, and several optoelectronic factors that 

significantly influence their uses. The literature overview of PVDF-based piezoelectric 

nanogenerators and their applications, as well as several ground-breaking reports, are discussed 

in chapter 2. Chapter 3 describes the precise synthesis processes for the PVDF composite and 

the precise device construction process. Chapter 4 discusses the fundamental operating 

principles and a broad overview of the crucial characterization tools that are utilised during the 

entire course of the study. 

Chapter 5 also provides an introduction to A novel piezoelectric sensor fabricated by a 

composite with room temperature processed all-inorganic cesium lead bromide (CsPbBr3) 

perovskite rod and polyvinylidene fluoride (PVDF) nanofiber. CsPbBr3 enables nucleation of 

the electroactive β phase in PVDF >90% and makes it suitable for piezoelectric energy 

harvesting. Piezoelectric energy generation from the devices has been investigated under 

several simple human movements like hammering by hand, finger touch, toe pressing, bending 

by arm, and so on. Optimized composite (5 wt. % CsPbBr3 containing PVDF film) based PNG 

delivered an output power of 4 mW with a high open-circuit voltage of 120 V and short-circuit 

current of 35 A. In addition, the photosensitivity of the composite is demonstrated under light, 

which promises its potential as a photodetector. Considering the photoresponse and 

electroactive features, a new class of self-powered photoactive piezoelectric energy harvesters 

has also been fabricated. 

Chapter 6 introduces cesium lead chloride (CsPbCl3)-embedded β-phase comprising 

polyvinylidene fluoride (PVDF) hybrid films turn into a suitable functional material for 

piezoelectric-based mechanical energy harvesters. Incorporation of CsPbCl3 in the PVDF 
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matrix enables high crystallinity and nucleation of electroactive β-phase ~86% in the PVDF 

with piezoelectric coefficient d33 of 49 pm/V, much higher as compared to pristine PVDF. The 

fabricated PNG delivered an instantaneous output voltage of 168 V and a peak-to-peak output 

current of 2 μA. The high sensitivity of the flexible PNGs enables us to measure even a slight 

deformation due to bending by 2˚. Considering its good flexibility and high electrical output 

performance, optimized PNG was utilized for the fabrication of a wearable self-powered 

posture sensor to monitor the regular movement of our spine. Walking-based wearable PNGs 

are also devised for powering up normal android mobile phone batteries. 

Chapter 7 introduces a self-charging flexible supercapacitor is successfully realized that can 

harvest sporadic mechanical energy, convert it to electrical energy, and simultaneously store 

power. Initially, chemically processed multi-metallic oxide, namely copper cobalt nickel oxide 

(CuCoNiO4) is amalgamated within the PVDF framework in different wt% to realize high- 

performance PNGs. The combination of CuCoNiO4 as filler creates a notable electroactive 

phase inside the PVDF matrix, and the composite realised by combining 1wt% CuCoNiO4 with 

PVDF exhibits the highest electroactive phase (>86%). Under periodic hammering (~100 kPa), 

PNGs fabricated with this optimized composite film deliver an instantaneous voltage of ~67.9 

V and a current of ~4.15 A. Furthermore, PNG is ingeniously integrated into a supercapacitor 

to construct PSCFS, using PNCU as a separator and CuCoNiO4 nanowires on carbon cloth as 

the positive and negative electrodes. The self-charging behavior of the rectifier-free storage 

device was established under bending deformation. This work offers a high-performance, self- 

powered device that can be used to replace bulky batteries in everyday electronic devices by 

harnessing mechanical energy and converting mechanical energy from its environment into 

electrical energy. 

Energy harvesting from mechanical strain using piezoelectric materials has attracted 

considerable attention from researchers for their direct utilization in cutting-edge smart 
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devices. In chapter 8, a piezoelectric nanogenerator based on polyvinylidene fluoride (PVDF) 

and aligned zinc oxide (ZnO) nanorods is fabricated for mechanical energy harvesting. ZnO 

nanorods array over zinc foil was realized via facile wet chemical method at ambient 

conditions. ZnO- PVDF hybrid structure was prepared by stacking PVDF on ZnO nanorods. 

The synergistic piezoelectric effect of PVDF and ZnO nanorods delivered high output 

characteristics under applied pressure. As fabricated device showed an open-circuit voltage of 

~21.5 V and instantaneous power of ~135.45 W at an applied pressure of 4.5 MPa. Generated 

output power was more than sufficient to glow commercial green LEDs. 

Finally, in chapter 9, a summary of the major findings of this thesis and scopes for future work 

are discussed. 
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1.1. The background and motivation: Energy demands in the present and 

future 

ver the decades, the energy demand has gradually increased owing to rapid 

developments in technology, the industrial revolution, and a growing civilization. 

Moreover, we need more energy to get sufficient industrial products to maintain our lifestyle. 

EIA expects the global energy demand will grow up to 48% in the nearer 20 years [1]. Figure 

1.1 shows the enhancement of energy demands year over year. Nowadays, we are mostly 

dependent on energy from fossils fuels to meet our energy needs, which has several 

disadvantages. First of all, the resource of fossil fuels reducing rapidly which limits their use 

in the distant future. Secondly, such a type of source emits a huge amount of CO2, which 

directly causes air pollution and global warming, and it is predicted that this amount will 

increase in the upcoming future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.1: Enhancement of energy demands year over year. 

Global warming raises the environmental temperature of the earth which increases the seawater 

layer. Also, global change in climate causes the prevalence of various deadly diseases. In the 

previous 30 years, the average earth's temperature increased by 0.2ºC per decade, as illustrated 



30  

Chapter 1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Global temperature change year over year. 

in figure 1.2 [2]. Due to such kind of issue, if we cannot find out a replacement for fossil fuel 

energy, the existence of civilization will be in crisis. In these circumstances, 

researchers/scientists are doing lots of work to find a complement to traditional energy [3-5]. 

Formally, we are predominantly dependent on fossil fuel energy, but there are so many 

overwhelming renewable energy sources that can meet our demands. Solar energy, hydro 

energy, geothermal energy, wind energy, bioenergy, thermal energy, biomechanical energy, 

etc. are the most probable and efficient energy sources to harvest in the future. Among them, 

mechanical energy harvesting is one of the best alternatives to resolve the upcoming problem. 

There is a large amount of mechanical energy in our environment and if we harness a small 

fraction of it, which may be sufficient. The nanogenerator is such a type of device that can 

extract various mechanical stimuli in our surroundings and convert them to electrical energy 

[6-9]. 

According to the U.S energy information administration reports in 2011, the energy demands 

will increase by almost 53% during the period 2011-2035 [10]. Moreover, only fossil fuels 

cannot meet these huge energy demands. Once, it causes pollution and global warming, which 
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harms human life. In this context and it is required to develop more sustainable and renewable 

energy sources. But such type of source is non-renewable and gradually decreases, which will 

run out shortly. Thereafter, the development of renewable sources becomes an important 

assignment [11-13]. 

1.1.1. Non-sustainable energy 

 
Cole, petroleum and natural gas are the key sources of non-renewable energy that meet almost 

77% of total energy demand. Continued consuming coal is heightening the climate change 

issue, as there are so many secondary products like CO2 and various toxic gases that have been 

released, which cause air pollution and the greenhouse effect. Again, on another side, billions 

of years have taken to the formation of these sources. Henceforth, the generation of energy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3: World coal consumption, 1978-2021. 

while maintaining the environment is a big challenge. Figure 1.3 presents the year-wise 

consumption of coal in the time range 1975-2021. Over the decade, petroleum and natural gas 

will become the primary sources of energy in the transport sector. But for our future security, 
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it is necessary to find a renewable energy source that could be an alternative to petroleum and 

gas. 

1.1.2. Sustainable Energy 

 
Renewable energy means energy that cannot be run out or an endless energy source that will 

not be over, such as the sun, wind, hydro, geothermal, etc. These are sources of energy that 

may be appropriate substitutes for the largely used unsustainable sources like coal, petroleum, 

etc. Global electricity generation has grown from 20% to 28% in the past decade (2011-2021) 

and renewable energy contributes more than 20% of it. Moreover, the use of fossil fuels is 

reduced from 68% to 62%, as well as the use of nuclear energy, which decreased from 12% to 

10%. There are several types of renewable energy sources viz. solar, wind, biomass, 

hydropower, geothermal energy, etc. Figure 1.4 shows the energy generated from the different 
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Figure 1.4: Energy from various renewable sources. 

renewable sources. In recent times, solar photovoltaics and wind energy have become the 

largest renewable energy sources, producing most of the energy among all renewable sources. 

While electrical power generation from sunlight and wind blow is increased from 2% to 10% 
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which is impressive. But all of the aforementioned sources have lower efficiency and cost 

effects. Mechanical energy harvesting using piezoelectric transduction is one of the best ways 

to overcome the upcoming challenge. Piezoelectric nanogenerators can able to convert 

mechanical energy/vibrational energy into electrical energy which has received great attention 

over the last few decades. The key motivation of this technology is to power up smart, portable 

electronic gadgets by acquiring energy from our surroundings. These may be useful alternatives 

to the bulky battery, which solves several disadvantages like periodic replacement, 

maintenance cost, chemical waste, etc. of conventional batteries. According to the report, the 

efficiency of the piezoelectric nanogenerator is as high as 66% [14]. 

1.2. Energy Harvesting (EH) 

 
A lot of wasted energy is present around us in the form of heat and harnessing such energy and 

storing by using different devices is known as energy harvesting. There are many kinds of 

devices like solar cells, thermoelectric generators, piezoelectric nanogenerators and so on that 

can capture waste energy from the surroundings and convert it into electrical power [15-17]. 

Solar energy comes to the earth in various forms as solar photovoltaic, solar heat, solar heating, 

solar thermal, and photo-catalysis and such energy can be converted into electrical power 

through the solar cell. Also, the heat energy can be harvested by using a thermoelectric or 

pyroelectric generator. However, mechanical energy harvesting by using recently invented 

piezoelectric nanogenerators may be another alternative to electrical energy. Extraction of wind 

and water energy harvesting using turbines and windmills has been already well explored. 

Notwithstanding, small-scale waste energy extraction is a significant approach that can power 

up the wireless, self-powered device. Such type of piezoelectric device captures the ambient 

energy and supply to the electronic device for a longer period. Piezoelectric materials can 

function in different kinds of ways like piezoelectric, piezo-resistive, piezo-supercapacitor, 

piezo-catalysis and so on which explain briefly in the next chapter. 
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1.3. The Piezoelectric Effect 

Some materials possess a specific structural conformation that causes the development of 

electrical potential in response to mechanical stimuli applied to them; these such materials are 

known as piezoelectric materials. In piezoelectric materials, the molecular dipole has been 

formed when the actual structure of the materials is deformed. Basically, the positive and 

negative charge centers of the unit cells of the materials have been shifted under mechanical 

strain that causes an external electric field [18]. Reversibility is the unique feature of 

piezoelectric materials. The direct piezoelectric effect exhibits an electric response under 

mechanical stress, while the reverse piezoelectric effect shows mechanical deformation under 

an applied electric field. Many applications have been demonstrated by using the direct and 

indirect piezoelectric effects. The piezoelectric Nanogenerator is feasible in different sensors, 

powered-up small electronics, IoT technology, etc. Several industrial and scientific instruments 

like AFM, STM, etc. are established based on the piezoelectric effect [19]. Piezoelectric 

materials are used in some daily-used appliances such as cigarette lighters [20]. 

1.3.1. Brief History of Piezoelectricity 

 
The word “Piezoelectric” originated from the Greek word “piezein” which means “to press 

tightly”. It is an electrochemical interaction between mechanical domains to electrical domains. 

In 1880, Pierre and Jacques Curie brothers were first ever exposed to the direct piezoelectric 

effect [21]. At first, they revealed the direct piezoelectric behaviour of Quartz and Rochelle 

salt crystal and at that time, the inverse piezoelectric effect was unexplored. The inverse 

piezoelectric effect was realised mathematically by Lippmann in 1881 and in same year, Curie 

established the inverse piezoelectric effect experimentally [22]. The Curie brothers also show 

the piezoelectric effect of tourmaline, quartz, topaz, cane sugar, and Rochelle salt crystals. In 

1910 Woldemar Voigt published a book on the theoretical study of the elastic behaviour of 

crystals, where he described the characteristics of piezoelectric crystals using tensor analysis 
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[23]. During World War I, France’s scientist Paul Langevelt and his co-researchers invented 

sonar using quartz crystal in 1917, which is the first practical implication of the piezoelectric 

property of materials [24]. Over the next few years, researchers and scientists established a 

number of piezoelectric materials and some new applications have been demonstrated. During 

World War II, worldwide some groups of researchers are developing a few piezoelectric 

materials like barium titanate and lead zirconate titanate materials which possess higher 

piezoelectric constants than natural ones. The aforementioned materials have some specific 

characteristics property that is efficient for practical device application. In 2006, Professor Z. 

L. Wang first introduced the concept of self-powering consequently the invention of 

piezoelectric nanogenerators (PENGs) by utilizing the piezoelectric effect of nanowires [25]. 

This study becomes a milestone for self-powered device applications. Mechanical energy 

extraction from our living environment and converting electrical energy be a worthy approach 

to meet our energy needs. 

1.3.2. Theory of Piezoelectric Nanogenerators from Maxwell's Equations 

 
In In order to explain the behaviour of the piezoelectric nanogenerator theoretically, the 

fundamental Maxwell equation in electromagnetism [26], 

Gauss’s theorem: 

 

𝛁. 𝑬 = 
𝜌𝑓

 

𝗀0 
(1.1) 

 

Gauss’s law for magnetism: 

 
∇.B = 0 (1.2) 

 
Faraday’s law: 

 

𝛁 × 𝑬 = 
𝜕𝑩

 
𝜕𝑡 

 
(1.3) 
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Ampere’s circuital law with Maxwell’s correction [27]: 
 

𝛁 × 𝑩 = 


(𝑱𝒇 
 
+ 𝜖 𝜕𝑬) (1.4) 

𝜕𝑡 

 

Where E is the applied electric field; B is the magnetic field; f denotes the free electric charge 

density; Jf refers to the free electric current density. 

The displacement field, D is given by, 

 
𝑫 = 𝜖0𝑬 + 𝑷 (1.5) 

 
Where P is the polarisation field. 

 
Also in an isotropic medium, 𝑫 = 𝜖𝑬 

 
ϵ denotes the permittivity of the medium. 

 
The second term of equation (1.4) is known as displacement current which arises due to the 

change of electric field with time. 

The displacement current is given by [28], 
 

 

𝑱𝑫 
 
= 𝜖 

𝜕𝑬 
0 𝜕𝑡 

 
(1.6) 

 

In 2006, professor Z. L. Wang introduce an extra term, Ps in equation (1.5); Ps is the 

polarization caused by the electrostatic surface charge due to mechanical response on the 

medium which is different from polarization (P) of the medium under the external electric field 

[29]. 

So equation (1.5) becomes, 𝑫 = 𝜖0𝑬 + 𝑷 + 𝑷𝒔 (1.7) 

 
If the force is applied along the z-axis then polarisation occurred along the z-axis. So we can 

write, Ps = Pz =p (z). 

Thereafter, the displacement current density due to stress-induced polarisation, Pz. 

0 0 
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𝑱   = 
𝜕𝑷𝒁 = 

𝜕𝝈𝒑(𝒛) 
 

(1.8) 
𝑷 𝜕𝑡 𝜕𝑡 

 

The equation (1.8) means that the current arises owing to a change of stress-induced 

polarisation with time. 

Also, the magnitude of the open-circuit voltage of the piezoelectric nanogenerator has been 

demonstrated in the equation below; 

𝑉𝑂𝐶 = 
𝑍𝜎𝑃 

𝗀 
(1.9) 

 

Z is the thickness of the piezoelectric materials. 

 
1.3.3. Working Principle of Piezoelectric Nanogenerator 

 
The piezoelectricity of solid materials highly depends on the polarizability of the molecular 

dipoles or ions in crystal lattice sites with asymmetrically distributed charge environments. The 

net dipole moment of the crystal can be evaluated by vectorially summing up the dipole 

moments per volume of the unit cell [30]. The dipoles are close to one another and are likely 

to be lined up in Weiss domains that are commonly oriented randomly. The orientation of the 

dipole will change when mechanical pressure is applied and tends to line up along the direction 

depending on the direction of stress [31]. The piezoelectric nanogenerator has been fabricated 

by sandwiching the piezoelectric material between two electrodes. In normal conditions, the 

material is in a balanced condition, i.e., the net dipole moment is zero. When the piezoelectric 

nanogenerator has been subjected to mechanical stress then the atomic dipoles form or orient 

themselves along the direction of the mechanical force. The orientation of the dipole possesses 

an internal electric field inside the piezoelectric materials. This field induces the opposite 

charge on both electrodes and a potential difference has been created. Due to the potential 

difference, an electric current is flowing through the external circuit. Wherein after the release, 

the electric field in the piezoelectric materials is disappeared as a result a current flows in the 
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reverse direction. Overall, an AC flows in a complete pressing and releasing cycle. The 

Working mechanism of the piezoelectric nanogenerator has been demonstrated in figure 1.5. 

The stress-induced polarisation of piezoelectric materials is mainly dependent on the 

piezoelectric coefficients of the materials, which will discuss in the next section. 

Figure 1.5: Working principle of piezoelectric nanogenerator. 

1.4. Piezoelectric Materials 

 
Piezoelectric materials are a special type of material that develops a charge on their surface under 

mechanical stress. Piezoelectric materials possess a non-centrosymmetric crystal structure that can 

produce a surface charge when exposed to dimension change under mechanical stress, obviously due 

to dislocation between the positive and negative charge centers of the materials [32]. There are several 

kinds of known piezoelectric materials; among them, are naturally created and some are manmade. 

Basically, man-made piezoelectrics like piezo-ceramics, piezo-perovskite, etc. show more strong 

piezoelectric character than natural ones. The piezoelectric nature of the materials can be demonstrated 

mainly by the piezoelectric coefficients, d33 and d31. In d33 mode, the potential developed in materials 

along the direction of applied strain while in d31 mode the potential developed along the perpendicular 

to the applied strain. Generally, the d33 value is greater than that of the d31 value [33]. 
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1.4.1. Naturally Occurring Piezoelectric Materials 

 
Natural single-crystal Quartz is one of the first discovered natural piezoelectric materials. Also, several 

naturally developed piezoelectric crystals such as Cane sugar, Tourmaline, Rochelle salt, Topaz, etc. 

are already well established [34]. Moreover, some biological materials like bone, DNA, Enamel, 

Dentin, and many more materials show the piezoelectric effect [35]. 

 Quartz: Quartz crystal is the continuous framework of SiO2 which exhibits the piezoelectric 

property with a piezoelectric coefficient (d33) of ~3 pC/N. This time, a very popular application of 

quartz is in a crystal oscillator. Moreover, quartz is also used in quartz clocks and many other 

applications. 

 Sugarcane: Sugar Cane is a bio-composite, which composed of strontium titanate (SrTiO3). 

 

 Rochelle salt: The chemical name of Rochelle salt is known as Potassium sodium tartrate 

tetrahydrate, which is a double salt of tartaric acid. Sir David Brewster first time shows the 

piezoelectric effects in Rochelle salts in 1824. Various electronic appliances like speakers, 

microphones, etc. were invented depending on the piezoelectric effect of Rochelle salt. 

 Topaz: The general chemical formula of Topaz is Al2SiO4(F,OH)2 which exhibits an orthorhombic 

crystal structure with a Pbnm space group. 

 Bio-piezoelectric materials: Bone has piezoelectric properties because of the highly oriented 

and patterned structure of collagen, which can respond to mechanical stress. Also, elements that 

exist in our teeth like enamel, dentin, etc. behave as piezoelectric material. Due to the presence of 

hydroxyapatite in enamel and dentin, these materials can show the piezoelectric effect. The 

piezoelectricity of hydroxyapatite in enamel is lower than that of dentin. The d33 value of dentin is 

approximately 0.003 pC/N. 

1.4.2. Ceramic and perovskite piezoelectric materials 

 
Piezo ceramics are a special kind of piezoelectric material that exhibits ferroelectric characteristics with 

a polycrystalline framework (perovskite, tetragonal/rhombohedral crystals). These types of materials 

show simple cubic structural symmetry when the temperature is above the Curie temperature. Because 
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of the cubic symmetry, the centers of positive and negative charges have coincided, i.e., no dipoles have 

appeared in this condition. But below the Curie temperature, the cubic structure has not been maintained 

as a result, the charge centers no longer coincide, resulting in arising electric dipoles. After that, Weiss 

domains are formed through the realignment of the neighbouring dipoles. Moreover, the piezo ceramics 

show the piezoelectric nature below the Curie temperature. There are several piezo ceramics, such as 

zinc oxide (ZnO), lead zirconate titanate (PZT), barium titanate (BaTiO3), lead titanate (PbTiO3), 

potassium niobate (KNbO3), lithium niobate (LiNbO3), lithium titanate (LiTaO3), sodium tungstate 

(Na2WO3), etc. well established in this field. 

 Zinc Oxide (ZnO): ZnO was one of the most popular piezoelectric materials in the early days in 

this field. Hexagonal wurtzite and cubic zincblende structures are the main two forms of ZnO. The 

wurtzite structure is more stable than others in ambient conditions. Both structures have no 

inversion symmetry, which makes them piezoelectric. ZnO shows the ability to create self-powered 

systems. The hexagonal crystal structure has been demonstrated in figure 1.6. The d33 value of ZnO 

is 3.62 ± 0.5 pC/N. The lattice constants of hexagonal ZnO are a = 3.25 Å and c = 5.2 Å and the c/a 

ratio is closely 1.60 which is very near to the ideal value of 1.633. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Crystal structure ZnO. 

 Lead Zirconate Titanate (PZT): PZT is the most widely used inorganic perovskite piezoelectric 

compound that is used in electrochemical applications. The chemical name of PZT is Lead 

Zirconate Titanate, and the chemical formula is written as Pb[ZrxTi1-x]O3 (0≤x≤1). Under the 

mechanical stimuli, The PZT compound creates an electric field due to the piezoelectric effect. 

Among the other piezoelectric materials, PZT shows a superior piezoelectric effect with greater 

sensitivity and a high piezoelectric coefficient (d33) of ~245 pN/C. It is used in many devices in our 
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daily life such as ultrasonic transducers and piezoelectric nanogenerators are also used in different 

scientific instruments like STM, PFM, and so on. Figure 1.7 shows the crystal structure of the PZT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Crystal structure PZT. 

 Barium Titanate (BaTiO3): PZT carries a high piezoelectric coefficient but the presence of lead 

makes it toxic, which has a harmful effect on the environment. In this context, barium titanate was 

the first ever discovered polycrystalline ceramic material that exhibited piezoelectricity. Barium 

titanate possesses a cubic perovskite structure that crystallizes in the cubic Pm̅ 3m space group as 

presented in figure 1.8. The piezoelectric coefficient of BaTiO3 is approximately 500 pC/N. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: Crystal structure BaTiO3. 

 Lead Titanate (PbTiO3): Lead titanate (PbTiO3) is a lead-based inorganic perovskite compound. 
 

Technologically, it is a piezoelectric material that shows a d33 value of 110 pC/N. PbTiO3 is an end 

member of the PZT system. The structural information of the Lead titanate is described in figure 

1.9. 
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Figure 1.9: Crystal structure PbTiO3. 

  Potassium Niobate (KNbO3): Potassium niobate (KNbO3) is an inorganic lead-free perovskite 

compound that shows a piezoelectric effect. KNbO3 belongs to the Amm2 space group in the 

orthorhombic system, as presented in figure 1.10. 

 

  K 

  Nb 

   O 
 

 

 
 

Figure 1.10: Crystal structure KNbO3. 

 Lithium Niobate (LiNbO3): Lithium niobate is a man-made salt of niobium, lithium. Lithium 

niobate belongs to the trigonal R3c space group in the trigonal crystal system, as presented in figure 

1.11. Inversion symmetry doesn’t exist in this structure which makes it piezoelectric. 

Figure 1.11: Crystal structure LiNbO3. 
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 Sodium Tungstate (Na2WO4): Sodium tungstate is an inorganic compound that shows the 

piezoelectric effect. Na2WO4 crystallizes in the cubic Fd̅ 3m space group and the crystal structure is 

presented in figure 1.12. 

 
 
 
 
 
 
 
 
 
 
 

Figure 1.12: Crystal structure Na2WO4. 

1.4.3. Piezoelectric Polymers 

 
Over the decades, polymeric piezoelectric materials have become a promising research interest 

for their flexibility, durability, lightweight and excellent potential in the application of energy 

storage units. In comparison, perovskite piezo ceramics are brittle which limits their application 

area. The piezoelectricity in the polymer structure arises from the molecular dipoles present in 

the polymer chain and under mechanical stress, the molecular dipoles reorient themselves along 

the direction of stress. The piezo-polymers possess a moderate piezoelectric coefficient value 

of 20-30 pC/N [36]. However, the higher piezoelectric stress constants (g31) of the piezoelectric 

polymers make them better in sensor application than other piezoelectric materials [37]. Also, 

polymers typically have a much higher dielectric breakdown and higher working electric field 

strengths, so they can endure high working electric fields than piezo-ceramics. Some piezo- 

polymers like poly (vinylidene fluoride) PVDF, PVDF-TrFE, PVDF-TFE, PVDF-HFP, poly 

(L-lactic acid) PLLA, polyimide, Liquid-crystalline, polyureas, etc. are meanwhile well 

established in this field. For a semi-crystalline polymer to be piezoelectric, it must have a polar 

crystalline phase. In a semi-crystalline polymer, crystallites exist within the amorphous region. 

The mechanical properties of the polymer are determined by the glass transition temperature 
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that depends on the amorphous region, whereas the melting temperature (i.e., the maximum 

used temperature) has been dependent on the crystalline region of the polymer. The preparation 

method of such polymers has a significant role in the degree of crystallinity of the polymer. A 

number of different phases exist in most of the semi-crystalline polymers, among them some 

of which may be shown polar character. In this context, it is necessary to transform the non- 

polar phase into a polar one. Thereafter, there are several processes such as mechanical 

stretching, thermal annealing, electric poling, electrospinning, filler insertion, etc. are the 

conventional method for phase transformation [37-41]. 

1.4.3.1. Polyvinylidene Fluoride (PVDF) 

 
The piezoelectricity in PVDF was first observed in 1969, and after that, the interest in these 

materials has been growing rapidly [42]. A thin film of PVDF polymer possesses a very high 

piezoelectric coefficient (d33) of 6-7 pCN-1 that is almost ten times greater than any other 

polymer [43]. The electromechanical response of the PVDF polymer has arisen mainly due to 

the orientation of the hydrogen and fluorine atoms in the polymer chain. Moreover, the pristine 

PVDF exhibits a relative dielectric permittivity of about 17 much higher than most piezo- 

polymers. The aforesaid property of this polymer makes it interesting for device 

implementation using PVDF owing to the signal-to-noise ratio being very low for the materials 

with higher dielectric materials. The glass transition temperature of amorphous PVDF is -35ºC 

which is well below the room temperature and the material shows a quite flexible character at 

room temperature. Depending on the synthesis procedure the PVDF, amount of crystallinity 

can be enhanced up to 90%. PVDF typically possesses four crystal phases’ viz.    and  

The  phase is thermally stable and exhibits the TGTG conformation of the polymer chain that 

makes it nonpolar. The -PVDF shows piezoelectric nature due to its all-trans (TTTT) chain 

conformation. The  phase shows a quite polar character due to its semi-crystalline chain 
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conformation [44]. In  phase, a polar monomer unit (—CH2—CF2—) perpendicular to the 

chain axis is repeated in the PVDF matrix to form a linear fluorinated hydrocarbon which 

possesses a high dipole moment of 7 × l0-30 C m [45]. Pristine PVDF is mostly composed of  

phases and after the poling, the molecular dipoles are rotated to form a crystalline structure. 

Nowadays, some researchers and scientists have established the polarization stability of PVDF 

and its copolymers that are related to Colombian interactions between the surface charge of 

some filler materials and oriented molecular dipoles in the crystals. Due to occurring such type 

of interaction the molecular dipoles are trapped as a result the orientation of the dipoles is 

locked which stabilizes crystalline phases. Moreover, PVDF and its copolymers are the 

established piezo-polymers and their electromechanical properties have been studied widely. 

1.5. Measurement of Some Electromechanical Coefficients 

 
Firstly, the piezoelectric constitutive relationships to describe the piezoelectric behaviour of 

the materials from thermodynamic principles have been derived. A tensor notation has been 

manifested to recognize the coupling among the different parameters through the electrical and 

mechanical coefficients. Moreover, the subscript “1” denotes the direction of applied stress 

while “2” denotes the polarisation direction (which is perpendicular to the plane of the film). 

Thereafter “2” describe the direction orthogonal to both “1” and “3”. The subscripts “4”, “5” 

and “6” is the direction of the shear plane which are perpendicular to the “1”, “2” and “3” 

respectively [46]. 

The piezoelectric constitutive equations can be written in the form of Einstein indicial notation 

[47, 48], 

ij = C E emn - 𝑒𝑖j𝑚 𝐸𝑚 (1.1) 

 
Dj = eimn mn + im

 𝐸𝑚 (1.2) 
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Where the independent variables electric field and elastic strain are denoted as Em, and εmn 

respectively. The dependent variables, electric displacement is written as Dj, and stress is 

written as σij. Cijmn, κim, and eijm are the elastic moduli, the dielectric constant and the 

piezoelectric stress coefficient respectively. The superscript notation E, ε, and σ indicate the 

measurement in constant electric, strain, and stress fields, respectively and the subscript i, j, m, 

and n represent the spatial indices. Equation (1.1) describes the direct piezoelectric effect 

whereas equation (1.2) describes the reverse piezoelectric effect. Moreover, the electric field 

(Ei), polarization (Pi) and displacement vectors (Di) are related by the relation below. 

Di = 0Ei + Pi (1.3) 

 
Also, equations (1.1) & (1.2) can be written in the forms, 

 
ij = S    Emn + d𝑚𝑖j𝐸𝑚 (1.4) 

 
Dj = dimnmn +  𝐸𝑚 (1.5) 

 
Where, Sijmn, and dmij represent the compliance moduli and piezoelectric strain coefficient 

respectively. 

1.5.1. Dielectric Coefficient (κij) 

 
The dielectric coefficient κij conveys the electric displacement along the direction of i-axis due 

to the applied electric field along the j-axis. In this context, it should be noted that, if the field 

is applied in the j-axis then the electric displacement has occurred only in that direction for 

maximum piezoelectric materials. The relative dielectric constant is described as the ratio of 

the permittivity of the material to the electric permittivity of free space. 

1.5.2. Piezoelectric Strain Coefficient (dij) 



47  

Chapter 1 
 

 

Herein, “i” represents the polarization direction (3 or z direction) and “j” (1 or x-direction) 

direction represents the direction of applied stress. Moreover, the 1-direction is mutually 

perpendicular to the 3-direction (polarization direction). In general, the mechanical stress 

applied to the piezoelectric materials is either along the 3-direction or 1-direction but 

polarization has occurred along the thickness of the film i.e. 3-direction. Based on this 

mechanism, piezoelectric nanogenerators are working in two operating modes viz. 31 modes 

(bender mode) and 33 modes (axial mode). A schematic representation of the operation of a 

piezoelectric nanogenerator in two different modes is displayed in figure 1.5. It should be noted 

that the value of piezoelectric constant d31 is negative (that is a serious departure of PVDF from 

other piezoelectric materials) which is due to the generation of negative strain along the 1- 

direction under the application of a positive electric field [49, 50]. 

1.5.3. Piezoelectric Voltage Coefficient (gij) 

 
The piezoelectric strain coefficient dij is the important figure of merit of the performance of the 

device while the piezoelectric voltage coefficient, gij correlates to the output voltage and 

sensitivity of the piezoelectric materials. The gij signifies that the piezo potential developed 

along the i-axis when the piezoelectric materials are given pressure along the j-axis [51]. If the 

applied force F is in the 1-direction and the resultant voltage difference is along the 3-direction, 

then it is written as; 

V = g31F/d (1.6) 

 
Where d denotes the thickness of the piezoelectric materials. 

 
1.5.4. Piezoelectric Coupling Coefficient (kij) 

 
The efficiency of the piezoelectric materials has been realized by the piezoelectric coupling 

coefficient. Besides, the piezoelectric coupling coefficient (kij) described the mechanical-to- 
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electrical energy conversion ability of the piezoelectric materials. The subscript “i” index 

denotes the electrodes are perpendicular to the i-direction and mechanical stress is applied in 

the j-direction. For instance, if the piezoelectric material is mechanical stretching along 1- 

direction and development piezo-potential in 3-direction, then the ratio between transformed 

mechanical energy to the electrical energy is (𝑘13)
2
 

𝑘13 = [WElec/Wmech]
1/2. (1.7) 

 
Also, the piezoelectric coupling coefficient can be written in terms of other piezoelectric 

coefficients: 

(𝑘ij)
2 = Y𝑔𝑖𝑗𝑑𝑖𝑗 (1.8) 

 
, where Y represents the young modulus of the piezoelectric materials. 

 
1.6. Aim and Structure of the Thesis 

 
The main aim of the thesis is to investigate the effect of filler inserted in the PVDF matrix and 

characterize the properties of nanocomposites and explore the performance of piezoelectric 

nanogenerators using the synthesized composites. This thesis reports on the multifunctional 

use of the PVDF composite and piezoelectric nanogenerator in energy harvesting applications. 

Piezoelectric materials are a class of materials that produce electric current under mechanical 

stimuli. In 1880, French scientists Jacques and Pierre Curie established the piezoelectric 

property of materials for the first time. All crystalline materials belong to one of the 32 possible 

crystallographic point groups and among them, 20 point groups possess a non-centrosymmetric 

structure which shows piezoelectric nature. The structure of several piezoelectric materials was 

explained in this chapter previously. Also, the chain conformation of ,  and  phases of 

PVDF have been explained in chapter 1. Moreover, pristine PVDF is mainly composed of a 

nonpolar  phase. In this regard, it is important to transform the chain conformation and convert 
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it into -PVDF. There are some methods to enhance the electroactive phase of PVDF polymer. 

Filler insertion into the PVDF matrix is an effective method to enhance the crystallinity of the 

PVDF matrix. The formation of PVDF-based nanocomposite and its applications have been 

explained in chapter 2. 

Self-powered and flexible piezoelectric nanogenerators (PNGs) have become an easily 

accessible and sustainable energy alternative owing to facile assembly and conformal structure. 

Perovskite-embedded PVDF matrix-based nanogenerators have been considered efficient 

technologies for energy harvesting applications. Chapter 5 also provides a PVDF composite- 

based piezoelectric nanogenerator and explores the output performance of the device under 

different periodic forces and different biomechanical movements. Firstly, the different amounts 

of CsPbBr3 are inserted in the PVDF matrix to prepare the nanocomposite. After that, the 

crystallinity of all composites has been studied to select a superior composite. The optimum 

composite exhibits a high dielectric constant and electroactive phase, which is confirmed by 

FTIR and XRD spectroscopy. The optimum device, demonstrated by using the best composite 

performed better among the other devices. In addition, the composites exhibited a strong 

photoactive character and the optimum device was working as a photodetector. However, most 

of the self-powered devices based on this PVDF have several advantages for their high 

flexibility, durability and non-reactive nature. Chapter 6 introduces a self-powered posture 

sensor based on CsPbCl3/PVDF composite. The superior CsPbCl3/PVDF composite was 

synthesized by controlling the CsPbCl3 Nano-cube in the PVDF matrix. Afterthat, the electrical 

properties of the polymer composites has been studied. Therefore, the performance of the 

device under different bending states of the piezoelectric nanogenerator has been tested. 

Flexible electronic devices have several advantages, such as foldability and flexibility better 

than conventional consolidated counterparts. The self-powered piezo-supercapacitor is a 

promising technology for the next generation of smart portable storage devices. Chapter 7 
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introduces the self-charging supercapacitor based on CuCoNiO4/PVDF piezo-separator. The 

self-charging behaviour of the device under different bending was examined and recorded. 

Moreover, chapter 8 introduces a hybrid piezoelectric nanogenerator based on the combined 

piezoelectric effects of ZnO and PVDF. The output performance of the hybrid nanogenerator 

has been examined under different pressures. 
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2.1. A Brief Discussion on Piezoelectric Nanogenerator 

 
owadays, piezoelectric nanogenerators are emerging as the most promising self- 

powered technique due to their mechanical-to-electrical energy conversion ability [1- 

5]. At a very first, a piezoelectric nanogenerator (PENG) was proposed by Z. L. Wang in 2006. 

He invented a piezoelectric nanogenerator based on vertically aligned ZnO nanowires (NWs) 

[6]. An electric signal was developed when an AFM tip swept across a vertically grown ZnO 

NWs which mainly originated from the coupling between the semiconducting and piezoelectric 

properties of the ZnO NW. Immediately, after this work, extensive research work on 

piezoelectricity has taken place and related applications have manifested serious advancement 

[7-11]. In the beginning, the 1-D nanostructure of ZnO like nanorods, nanowires, nanotubes, 

and nanobelts was a very important semiconductor material due to their inherent physical and 

chemical properties [12-14]. In 2007, Z. L. Wang et al. approaches an innovative idea in small- 

scale mechanical energy harvesting performance of piezoelectric nanogenerators based on ZnO 

nanowire arrays [15]. The nanowire-based nanogenerator is performed under an ultrasonic 

wave, which produces an output signal. The discovery of piezoceramic BaTiO3 was admirably 

liable for evolution in the piezoelectric field. It is noteworthy that the piezoceramics are very 

attractive due to their unique structure of the unit cells and high piezoelectric coefficient [16, 

17]. In 2007, Min-Feng Yu et al. revealed the direct piezoelectric effect of single crystal BaTiO3 

nanostructure under low-frequency mechanical stress [18]. He found that the measured output 

voltage is directly proportional to the strain rate applied and the necessary circuit diagram has 

been manifested for a piezoelectric nanowire-based sensor under low-frequency operation. To 

enhance the application area of the perovskite-based nanogenerator it is required to design the 

device in a flexible substrate. For this purpose, Keon Jae Lee et al. and their co-workers have 

developed a flexible piezoelectric nanogenerator by depositing a thin film (300 nm) of BaTiO3 

by rf sputtering in the flexible substrate [19]. After that, a lot of perovskite piezo-ceramics such 

N 
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as PZT, ZnSnO3, KNbO3, LiNbO3, PbTiO3, etc., are well established in this field [20-23]. 

Among the all discovered ceramics materials, PZT attracts the most attention due to the large 

piezoelectric coefficient value. 

Moreover, several compositions of PZT-based piezo-ceramics have been studied and the d33 

value varies from 300 to 1000 pC/N [24-26]. Yong Shi et al. report a piezoelectric 

nanogenerator based on PZT nanofiber with a length and diameter of approximately 500 nm 

and 60 µm [20]. In order to inhibit the PZT nanofibers from being spoiled, the PZT nanofibers 

were molded with a PDMS polymer that helped to extend the lifetime of the nanogenerator. 

The device possesses an output voltage and power under periodic mechanical stimuli of 1.63 

V and 0.03 µW, respectively. Z. L. Wang et al. also demonstrate PZT nanowire arrays through 

the chemical epitaxial growth method [27]. The nanogenerators are constructed with a single 

PZT nanowires array, which produces an output voltage of nearly 0.7 V whereas the observed 

current density of 4 µA cm-2 and the power density of 2.8 mW cm-3. The feasibility of such 

nanogenerators has been revealed in mobile powering and even daily used electronic gadgets. 

However, the presence of toxic lead raised concerns over the application of PZT. Again, Z. L. 

Wang et al. report, high-performance piezoelectric nanogenerators based on randomly oriented 

lead-free KNbO3 nanorods of length 1 µm. The KNbO3 possesses a piezoelectric coefficient of 

55 pm V-1. In this work, the frequency-dependent dielectric constant and dielectric loss of 

flexible KNbO3/PDMS composite reveals 3.2 and 0.006 respectively in the frequency range of 

102–105 Hz [28]. Moreover, several piezo polymers like PVDF attract much attention in this 

field owing to their flexibility, non-reactive nature, and high piezoelectric coefficient [29-33]. 

Therefore, the performance of piezoelectric nanogenerators is being investigated and the 

applications of the devices are advanced in different electronic devices [34-37]. 

2.1.1. Polymer-based Piezoelectric Nanogenerator 
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Piezoelectricity in Polyvinylidene difluoride or polyvinylidene fluoride (PVDF) polymer was 

first observed as early as 1969 [38]. This experiment reveals the piezoelectric coefficient of 

poled PVDF thin films is 6-7 pC/N, which is much larger than other piezoelectric polymers. 

Generally, piezoelectric polymers exhibit a lower piezoelectric strain constant (d31) than 

piezoelectric ceramics, however, their piezoelectric stress constants (g31) value is much higher 

than that of piezoelectric ceramic materials [39, 40]. Piezo-polymer material, PVDF possesses 

high breakdown strength, low elastic stiffness, non-reactive nature, higher operating field and 

flexibility, making it feasible in sensor and biomedical applications. PVDF is typically a semi- 

crystalline polymer that has a glass transition temperature (Tg) of −35 °C [41]. Typically, in a 

PVDF matrix, hydrogen and fluorine units are alternately attached to the carbon chain to form 

a repetitive unit cell structure (-CH2-CF2-). Depending on the chain conformation linkages, 

PVDF displayed four different   crystalline   polymorphs,   namely        and    [42- 

45] Henceforth, the four phases have different orientations in molecular chain conformation 

[46, 47]. Normally, the PVDF matrix is mostly composed of monoclinic -PVDF [48-50]. The 

 phase presents trans-gauche-trans-gauche (TGTG) chain conformation that makes it non- 

polar. The inherent properties of the PVDF arise from the all-trans (TTTT) chain 

conformation that exhibits spontaneous polarization. The orthorhombic -PVDF is an ongoing 

pursuit due to its outstanding ferroelectric and piezoelectric properties [51, 52]. The dipole 

moment per unit cell of  the phase of PVDF polymer is 7×10-30 C m, which is much better 

than other phases [53-55]. This is the most desired phase, which could be extensively utilised 

in energy storage applications, sensors, biomedical applications, IoT technology, etc. Another 

important phase is  which shows the semi-crystalline nature because of its T3GT3G 

conformation. Figure 2 presents the structure of the PVDF chain of all phases. In recent years, 

PVDF and its co-polymer becomes a prospective polymer for their high ferroelectric property, 

flexibility, nontoxicity, long-term stability, non-reactivity, etc. Scientists and researchers are 
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Figure 2: (a) , (b)  and (c)  phase structure of PVDF polymer. 

introduced several approaches to enhance the electroactive  phase. In 2009, Lin et al. 

demonstrated a direct-write piezoelectric nanogenerator based on PVDF using electrospinning 

[56]. This experiment achieved a constant and repeated output voltage of 8.5 mV. Also, an 

output power of 7.2 pW is generated when an external strain of 0.092% is applied to a single 

electrospun PVDF nanofiber. After a few years, a systematic experiment has been performed 

by McAlpine et al to show the performance of a PVDF-based piezoelectric nanogenerator [57]. 

They demonstrate a wearable and implantable device that could harvest mechanical energy 

from the human body. Thereafter, a lot of research has been done in this field and the output 

performance of the PVDF-based nanogenerators has been improved year by year. The most 

recent, the performance of a PVDF/BiCl3/ZnO nanocomposite-based nanogenerator has been 

investigated by Yuhei Yeung et al [58]. They found that the longitudinal piezoelectric 

coefficient (d33) of the composite is up to 3.8 pC/N and composite-based PENG delivered an 
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open-circuit voltage (VOC) of 12 V. Also, some copolymers of PVDF such as PVDF-TrFE, 

PVDF-TFE, and PVDF-HFP are shown a piezoelectric effect [2, 59, 60]. Copolymers can adopt 

an all-trans crystalline phase structure directly, which is similar to the β phase of PVDF [61, 

62]. Addressing this opportunity, Wu et al develop a flexible piezoelectric nanogenerator using 

spin-coated PVDF-TrFE thin film [63]. The proposed piezoelectric nanogenerator displayed 

an open-circuit voltage of about 7 V and a short-circuit current of 58 nA with a current density 

of 0.56 μA/cm2. In 2014, Schmeißer et al reported the performance of a silver nanoparticle 

doped poly (vinylidene fluoride–hexafluoropropylene) based piezoelectric nanogenerator 

through the electrospinning technique [64]. The yield of the electroactive phase is increased by 

the insertion of silver nanoparticles in the PVDF-HFP matrix. It was found that the PNG device 

possesses a maximum output voltage of 3 V along with a current density of 0.9 A/cm2 is 

achieved. Recently, another experiment was performed by Kwi-II Park et al to show the 

enhanced piezoelectric performance of the BCTZ-incorporated PVDF (TrFE) nanofiber [65]. 

The generated output performance (the output voltage and current 36.5 V and 1.09 μA, 

respectively) was significantly high compared to the previously reported work. 

Except for PVDF and its copolymer, some other polymers like polypropylene, polystyrene, 

poly (methyl methacrylate), polyvinyl acetate and odd-number nylons such as Nylon-11 have 

quite piezoelectric properties [66-70]. In 2016, Sepúlveda et al introduced polypropylene as an 

active piezoelectric material in a flexible, efficient, and biocompatible piezoelectric 

nanogenerator device [71]. They were involved finite element method (FEM) to explain 

mechanical to electrical energy conversion mechanism in PPFE films. They realised a self- 

powered flexible/foldable keyboard. Asadi et al and his co-workers show the piezoelectricity 

in a nylon-11 fiber [72]. It is found that the demonstrated device has the potential to energy 

scavenging from low-frequency mechanical vibrations. 
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2.2. Synthesis of PVDF Films 

 
PVDF film can be synthesized, followed by processes like melt casting, spin coating, film 

casting, and solution casting. Polar solvents like dimethyl formamide (DMF), dimethyl 

sulfoxide (DMSO), N-methyl pyrrolidone (NMP), or dimethylacetamide (DMAc) and more 

volatile butanone are employed for solution-based processing. In 2006, Prevedouros et al and 

his coworkers used the ionic form of Fluoro surfactant perfluorononanoic acid for aqueous 

emulsion polymerization [73]. Most of the researchers and scientists are using DMF (or 

DMSO) and acetone in a 3:2 ratio to dissolve the PVDF pallets or powder and the solution is 

stirred at 60°C for 2 hours. Thereafter, the solution is dropped cast onto a glass slide and kept 

in a vacuum oven to dry the film [42, 44]. 

2.3. Electroactive Phase Enhancement in PVDF Films 

 
Normally, the prepared PVDF films are composed of a typically non-piezoelectric α phase. 

Thereafter, to achieve a piezoelectric β phase, there are several methods such as the electro- 

spinning technique, mechanical stretching, electric-poling process, etc. are approaches to 

gaining a piezoelectric response. 

2.3.1. Electro-spinning Technique 

 
In recent times, the electrospinning technique has becomes a popular method to prepare high- 

polar PVDF film [74, 75]. The electrospinning technique is an electric field-driven fabrication 

method that is controlled by an electrohydrodynamic phenomenon. In this process, electrospun 

PVDF nanofibers are realised from a polymer solution. In this typical process, a high electric 

field is established between the needle tip of the syringe and a specific collector by employing 

a certain voltage. When the syringe causes the solution to flow at a fixed rate and charges 

accumulate at the outer surface of the solution. At a time a specific point is reached where the 
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surface tension of the solution is lower than the electrostatic repulsion as a result of the liquid 

meniscus deforming into a conically shaped (known as a Taylor cone) and deposited on the 

collector. Baek et al demonstrated an electrospun nanofiber mat of CNT/PVDF composite by 

electrospinning method at 5kV in 2003 [76]. A 50-mL syringe with an 18-gauge needle is used 

to electrospun the polymer solution. Moreover, they used an aluminium sheet as a collector. In 

2006, Sheng et al established the PVDF nanofiber mats of PVDF solutions taken in an 8:2 

(v/v) ratio of DMF and acetone at a flow rate of 0.3-mL/h, 10~20 cm capillary-collector 

distance and 5 kV voltage [77]. They obtained fibrous PVDF membranes of a thickness of 

nearly 46 m. over the decade, many other researchers have employed this method to get high 

polar PVDF nanofiber. 

2.3.2. Mechanical Stretching 

 
Mechanical stretching is also one of the best approaches to improving the piezoelectric property 

and dielectric properties of the PVDF matrix. Mainly, stretching causes the non-polar phase to 

change into a highly polar crystalline phase, and the amount of this phase depends on how 

much stretching is done. The improvement of the piezoelectric phase fraction of PVDF 

composite through mechanical stretching has been demonstrated by Nayak et al [78]. This work 

reports that due to stretching ratio 2 the maximum -phase content reaches about 86 % and the 

dielectric constant is also improved by 28.5% has been achieved in such composite polymers. 

In 2010, Mendez et al reported the ferroelectric switching behaviour and piezoelectric response 

of Poly (vinylidene fluoride, or PVDF) by drawing at stretching ratios ranging from 1 to 5 and 

temperatures ranging from 80 to 140°C [79]. They examined that the temperature and 

stretching ratio have a significant impact on the phase transition from non-ferroelectric to 

ferroelectric. Several research teams have successfully used mechanical stretching to 

investigate the PVDF matrix's phase improvement. 
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2.3.3. Electric-poling Process 

 
The most reasonable and widespread technique to polarise the nanocomposite is electrical 

poling. Atomic dipoles align themselves along the field direction and materials change into 

polar forms when an electric field is applied across the piezoelectric material. In 1989, Miranda 

et al and his co-workers investigated the polling effect on Poly (vinylidene fluoride, or PVDF) 

[80]. They reported that the thermal diffusivity and the dielectric constant both displayed a 

monotonically increasing behaviour with the poling field. 

2.3.4. Incorporation of Filler Materials 

 
Filler incorporation in the polymer matrix is the best, most conventional, and cost-effective 

way to enhance the electroactive phase fraction of the PVDF matrix. Conventionally, this 

polling process is known as the “self-polling” method. Usually, when any nanomaterials are 

inserted inside the PVDF matrix as a filler then the surface charge of the filler interacts with 

the dipole of the PVDF chain as a result, the dipoles are oriented along a specific direction. 

Many researchers have employed filler inclusion techniques over the years. In 2015, Mondal 

et al demonstrate the Cerium Complex-PVDF Composite based self-poled piezoelectric 

nanogenerator [81]. This work achieved a 99% electroactive phase through the simple filler 

insertion method. They show notable enhancement of the output voltage (∼32 V) of a 

nanogenerator (NG) based on a PVDF composite film achieved under simple periodic human 

finger tapping, while a nanogenerator base on pristine PVDF does not show such kind of 

results. Another experiment has been done in 2021 by Gupta et al [37]. They report a portable 

polyvinylidene fluoride (PVDF)-carbon nanotube (CNT) composite-based flexible 

piezoelectric nanogenerator that is the first of its kind to transform mechanical energy into 

electricity. The as-prepared device displayed outstanding performances that confirm its 

potential application in self-powered IoT-based nano-systems. 
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2.3.5. Thermal Annealing 

 
Thermal annealing is another technique that many researchers and scientists employ to 

fabricate thin, uniform ferroelectric PVDF films with ordered beta crystals. The subsequent 

rapid thermal treatment boosted the amount of crystals in the film, as demonstrated by Park et 

al [82]. The film was heated rapidly at a rate of 30°C/min until it reached a temperature below 

the melting point of PVDF, which caused residual DMF to evaporatively flow down the film's 

normal. A film that has undergone fast thermal annealing reveals a more than 90% crystal 

content. 

2.4. Applications of PVDF-based Piezoelectric Nanogenerator 

 
The invention of the piezoelectric nanogenerator (PENG) has received a lot of attention due to 

its ability to use piezoelectric nanomaterials to transform minute amounts of kinetic energy 

from the environment into electricity. The development of PENGs has seen significant 

advancements up to this point. Several commercial LEDs can be directly powered by the 

electricity produced by the PENG in real-time. Moreover, self-powered systems can be built to 

attain maintenance-free and sustainable functioning by combining PENGs with useful devices. 

Self-powered systems have each been proven for UV sensing, ion detection, blood pressure 

monitoring, etc. PENGs are used in the aforementioned applications, while their output must 

be improved; otherwise, high precision measurements or extra energy storage units should be 

given. 

2.4.1. Piezo-phototronics/Photodetectors 

 
Although classic polymer materials notably PVDF and its copolymer have been used to 

develop photodetectors based on the piezo-photronic effect for quite some time. It is a crucial 

exploration of simple, low-cost device architectures, and high-performance photodetectors 
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using low-temperature device assembly technologies are required. In 2010, Professor Zhong 

Lin Wang first introduced the core idea of piezo-phototronics in semiconductors with wurtzite 

structures such as ZnO, GaN, and InN which provides a creative approach to adjusting 

optoelectronic device performance [83]. Owing to the non-central symmetric crystal structure, 

carrier transport properties in electrical and optoelectronic devices can be affected by the 

generation of a piezo potential in the crystal under an external or internal strain. It has been 

identified that piezo-phototronics is the three-way coupling of piezoelectric polarisation, 

optical excitation, and semiconductor properties. It is an efficient method for tuning and 

controlling carrier processes, such as generation, transport, separation, and/or combination at 

the metal-semiconductor contact, which enhances the performance of optoelectronic devices. 

Recently, several research groups have studied the piezo-phototronics effects in PVDF 

nanocomposite that show a good on/off photocurrent ratio with low rise and decay times. In 

2018, Mandal et al reported the outstanding performance of PVDF/Methylammonium lead 

iodide composite-based piezoelectric nanogenerator as an energy harvester and photodetector 

[84]. Under the illumination of non-monochromatic light, the photosensitive capabilities of the 

composite are demonstrated, which also suggests the potential of their use as photodetectors. 

The response time is a prime parameter for photodetectors for realizing the capability of a 

photodetector to follow fast-changing optical signals. The fact that the rising time and fading 

time are about 44 and 153 ms, respectively, suggests that the photo response is rapid. In a 

typical piezo-phototronic device, a heavily doped Si or ITO/polyethylene terephthalate (PET) 

substrate is used as a substrate, while PVDF composites act as an active layer, and a pre- 

patterned gold/aluminium/silver electrode makes up the photodetector. In fact, some 

performance figures of PVDF composite-based photodetectors are on par with or even superior 

to those of Si photodetectors. 

2.4.2. Supercapacitors 
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Piezoelectric nanogenerator integrated with batteries or supercapacitors becomes an emerging 

technology that has attracted much attention due to energy generation and storage in a single- 

unit cell. For instance, Sun et al. demonstrate an ultralight and flexible, self-charging power 

unit using all electrospun paper-based triboelectric nanogenerators as energy harvesters and all 

electrospun paper-based supercapacitors as storage devices [85]. Wang et al. also described a 

paper-based flexible solid-state piezo supercapacitor biomimetic tactile sensor with an active 

PVDF separator that could be self-charged only by finger tapping and could display 

information of both the static and the dynamic pressure by electrical signal [86]. In recent times, 

a noble self-charging supercapacitor has been prepared using mesoporous PVDF-LiPF6 

composite film as piezo-electrolyte and separator both. The all-solid-state flexible 

supercapacitor can directly harvest and store the energy from human body motion since it is 

effectively charged up by mechanical deformation (Xue et al, 2017) [87]. A flexible solid-state 

piezo-supercapacitor has been constructed by sandwiching the gel electrolyte between positive 

and negative electrodes on flexible substrates. In contrast to conventional supercapacitors with 

liquid electrolytes, solid-state supercapacitors with gel-type electrolytes serve as both an 

electrolyte and a separator. Furthermore, unlike traditional supercapacitors, solid-state 

capacitors eliminate the possibility of electrolyte leakage as well as the short circuit of two 

electrodes. In this context, a simplified and low-cost method for fabricating a flexible self- 

charging supercapacitor power cell for portable applications is highly desired. 

2.4.3. Sensors 

 
Smart sensing devices with high reliability and self-powering capabilities will be essential in 

next-generation wearable applications. Piezoelectric nanogenerator (PNG) has been deemed as 

one of the most efficient methods of converting mechanical energies such as wind energy, 

human motion, vibrations, pulse, and heartbeat into electrical energy. In this context, 
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piezoelectric nanogenerators attract much attention in self-powering sensors. The electrical 

signal from PNG has also been used to demonstrate high-performance self-powered sensing 

systems such as biosensors, UV sensors, humidity sensors, pressure/speed sensors, gas sensors, 

etc. For the first time, Xue et al. reported a room temperature processed Au-MoSe2 composite 

ammonia (NH3) sensor powered by a novel flexible PNG based on 2D semiconductor MoS2 

flake [88]. In 2017, Li et al. is demonstrate a flexible PNG fabricated a wearable self-powered 

active sensor for respiration and healthcare monitoring [89]. A self-powered flexible humidity 

sensor based on PVA/MXene nanocomposite and monolayer molybdenum diselenide (MoSe2) 

piezoelectric nanogenerator was reported by Yu et al [90]. Mandal et al and his co-researchers 

demonstrate a self-powered pressure mapping sensor by -PVDF. Following that, a self- 

powered piezoelectric nanogenerator-based sensor demonstrating its practical technological 

applicability [91]. 

2.4.4. Piezo-catalysis 

 
Chemical dyes found in industrial wastes have become a growing threat as a result of rapid 

industrialization, polluting the water supply. Among the many dyes, methylene blue (MB), 

rhodamine B (RhB), and crystal violet (CV) are frequently used in the textile, paper, leather, 

and pharmaceutical sectors. These dyes are harmful to human health since they can cause 

kidney failure, breathing problems, and cancer. Because of their complex structures, these 

synthetic dyes are highly stable and non-biodegradable. Many strategies, including activated 

sludge, adsorption, coagulation, and ozonation, have been used to treat dye-containing 

effluents. Still, the methods are expensive, slow, or ineffective for completely degrading the 

dyes. For efficient and complete degradation, advanced oxidation processes (AOPs) such as 

electrocatalysis, photocatalysis, and piezo-catalysis have been developed. In contrast, the 

piezo-catalysis process produces electrons and holes on the surface of the piezo-catalyst for the 
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dye degradation process, making it a simple, cost-effective, and highly efficient strategy for 

environmental remediation. Tiwari et al examine the piezo-catalytic effect of freestanding 

PVDF/MoS2 composite film which can use otherwise wasted mechanical energy to generate 

useful energy and purify water [92]. Several approaches have already been demonstrated in 

this field by utilising the piezoelectric properties of PVDF and its co-polymer. [93-95]. 
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3.1. Crystallographic Study 

 
3.1.1. X-ray Diffractometer (XRD) 

 
he phase of the synthesized samples was evaluated using x-ray diffraction (XRD) on a 

D8 Advanced Bruker instrument, with the diffraction traces recorded in intensity vs. 2θ 

mode. For CuK (1.5406) radiation from a highly stabilized Bruker X-ray generator, a 

germanium (022) monochromator was used (K780). For first-order diffraction, the lattice 

spacing can be calculated using Bragg's equation: 

2d sin θ =  


Where d is the inter-planar spacing,  is the electron wavelength, and θ is the glancing angle. 

Figure 3.1 depicts a photograph of the instrument. 

 

Figure 3.1: Photograph of XRD instrument. 

 
3.2. Spectroscopic Techniques 

 
3.2.1. UV−Vis−NIR Spectroscopy 

T 
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The ultraviolet-visible near-infrared (UV−Vis−NIR) spectrophotometer is the device used for 

the ultraviolet-visible spectrum. Utilizing radiant radiation from the far ultraviolet and near 

ultraviolet, visible, and near-infrared spectrums, the spectrophotometer offers a way for 

examining liquids, gases, and solids. Consequently, the specified electromagnetic radiation 

wavelengths were employed for ultraviolet (UV), visible light (Vis) and near-infrared (NIR) 

radiation. The UV-Vis instrument is operated by a beam of light directed through the sample, 

and the wavelength of the light that reaches the detector is then measured. The chemical 

structure is usefully shown by the wavelength, while the quantity, average quantity, or 

concentration of molecules is indicated by the intensity. The analysed data can be displayed 

using energy transmittance, absorptivity, or reflectivity in the wavelength range of 160 to 3500 

millimeters. Figure 3.2 provides a digitised image of UV-Vis-NIR spectroscopy. 

 

Figure 3.2: Digital photograph of UV-Vis-NIR spectroscopy. 

3.2.2. Fourier Transform Infrared (FTIR) Spectroscopy 

 
Electromagnetic radiation, which comprises all wavelengths between the visible and 

microwave region of the electromagnetic spectrum, includes infrared (IR) radiation. 

Additionally, the infrared region can be broken into three smaller regions known as the near- 

infrared (14000-4000 cm-1), mid-infrared (4000-400 cm-1) and far-infrared (400-20 cm-1). Most 

molecules will change their intrinsic vibration level in the mid-infrared range, indicating that 

the spectrometer is capable of operating there. The infrared spectrum is obtained using the 
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following method: an interferometer is used to gather the interferogram of the sample signal, 

and the spectrum is then obtained. The absorption intensity varies with the quantity of 

molecules collected in all types of infrared spectrometers. In this investigation, the samples 

were analysed using IR spectroscopy using a Shimadzu-8400S IR Prestige spectrometer. 

Figure 3.3 displays the instrument's photograph. 
 

Figure 3.3: Digital photograph of FTIR instrument. 

 
3.2.3. Energy Dispersive X-ray (EDX) 

 
This is a technique based on characteristic X-ray peaks produced when a high-energy electron 

beam interacts with the sample. Each element generates characteristic X-rays, which can be 

used to identify the presence of the element in the inspected area. The comparison of the 

relative intensity of the X-ray peaks can be used to determine the relative concentration of each 

element in the sample. Elements with atomic numbers less than the carbon number (Z = 6) are 

generally undetectable. The sample's composition is studied using an energy dispersive X-ray 

(HITACHI S4800 at 15 kV). The instrument is capable of detecting elements ranging from 

lithium (3) to uranium (92). It is linked to a scanning electron microscope with field emission 

(FESEM, Hitachi S-4800). Figure 3.10 depicts the photograph. 

3.2.4. X-ray Photoelectron Spectroscopy (XPS) 
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By using X-ray photoelectron spectroscopy, the chemical make-up of the nanostructure, the 

charge state of the dopants, and the purity of the sample was examined (XPS, Specs, Germany). 

The basic idea behind X-ray photoelectron spectroscopy is to expose a sample to an X-ray 

beam, which results in the sample emitting photoelectrons. Figure 3.4's illustration shows a 

schematic representation of this electron emission mechanism. Eb = hEk, where h is the X- 

ray energy that may be calculated based on the number of electrons, relates the kinetic energy 

(Ek) and binding energy (Eb) of the emitted electrons. The most accurate method for classifying 

surface elements may be XPS since different elements have different binding energy sets. 

These slight changes in binding energy (chemical shifts) provide detailed information about 

the chemical state and short-range chemistry of the sample. A hemisphere energy analyser 

(HAS 3500) was used for sample analysis on SPECS, and the anode current was excited by 

photoelectrons using a monochromatic Mg Kα X-ray (1253.6 eV) or Al Kα X-ray (eV) light 

source operating at 10 kV and 17 mA. In the spectral mode, electrons are dispersed between 

the inner and outer hemispheres. The radius of 165 mm and the eight-channel detector ensures 

high spectral resolution and excellent sensitivity. Therefore, the kinetic energy distribution of 

the emitted photoelectrons can be measured, that is, the number of emitted photoelectrons 

varies with their kinetic energy, and the spectrum can be recorded. The photo of X-ray 

photoelectron spectroscopy is shown in figure 4.7. These minute variations in binding energy 

(chemical shifts) reveal specific details about the sample's short-range chemistry and chemical 

state. The anode current was stimulated by photoelectrons using a monochromatic Mg K X- 

ray (1253.6 eV) or Al K X-ray (eV) light source operating at 10 kV and 17 mA, and a 

hemispheric energy analyser (HAS 3500) was utilised for sample analysis on SPECS. The 

system's residual pressure is better than 10-9 mbar. Electrons are scattered between the inner 
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and outer hemispheres in the spectral mode. High spectral resolution and exceptional sensitivity 

 

are ensured by the 165 mm radius and eight-channel detector. 

 

Figure 3.4: Digital photograph of XPS instrument. 

3.2.5. Raman Spectroscopy 

 
Raman spectroscopy is carried out using a Raman microscope, a laser-based microscopic 

instrument. Raman spectroscopy is frequently used in material science to analyse a sample's 

molecular composition by exposing it to a monochromatic laser beam. The Raman Effect, a 

scattering mechanism used in Raman spectroscopy, causes a small amount of scattered light to 

have a different frequency from the monochromatic incident radiation. It uses the interaction 

of vibrating molecules and inelastic scattering of incident radiation to detect molecular 

vibrations. A set of photons made up of radiation are dispersed when a laser beam strikes a 
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Figure 3.5: Digital photograph of RAMAN microscope instrument. 

substance, but only one out of every 106–108 of these scattering events is in the Raman range. 

All scattering interactions must conserve both momentum and energy simultaneously. When 

incident photons interact with phonons in the sample crystal lattice indirectly to scatter photons 

at a frequency that is just marginally different from the incident photons, is referred to as an 

inelastic Raman scattering event. Stokes scattering is thought to occur when the frequency of 

the scattered photon (incident energy) is lower than the frequency of the incident photon (less 

energy). On the other hand, if the scattered photon has a higher frequency (more energy), it 

will be referred to as non-Stokes scattering. Anti-Stokes scattering is how it is described. The 

vibration frequency, which differs from the incident light and the measured frequency, is what 
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the Raman spectrometer measures. The Raman shift and anti-Stokes scattering of Stokes 

scattering are used to directly determine the vibrational energy of the molecules under 

investigation. Phonon interaction is not always required for Raman scattering to take place in 

an ordered lattice with allowed phonon modes since some molecular vibrations in amorphous 

materials can interact in a way that is comparable to phonon interaction. In this study, the 

sample's Raman spectrum was captured on an alpha 300RS confocal Raman microscope from 

WITec GmbH. Figure 3.5 displays an image of the Raman imaging setup. A Peltier-cooled 

back-illuminated CCD camera is coupled to a fiber-coupled UHTS 300 spectrometer, and the 

QE is greater than 90% when excited by visible light. It uses a laser radiation source with a 

532nm wavelength and 40mW of power. The spectrum was recorded as the average of three 

scans throughout the course of the 25 s collection period. Witec Control 1.42 software was 

used to conduct the experiment on the computer interface, and Witec Project 1.90 software was 

used to complete the analysis. 

3.3. Electrical Measurements 

 
3.3.1. Electrometer, Multi-meter, Digital Storage Oscilloscope 

 

Figure 3.6: Digital photography of digital storage oscilloscope. 
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The current-voltage characteristics and sample resistance are recorded using the Keithley 

Electrometers (671 and 6517A). The voltage and current ranges are 1000 V and 1 pA to 20 

mA, respectively. Field emission currents ranging from 100 nA to 21 mA are measured using 

another Keithley electrometer (Model 6514). Several multi-meters were also used during the 

experiment (RISH MULTI 15 S, Agilent (model 3440-1A). Using a KEYSIGHT InfiniiVision 

DSOX2012A digital storage oscilloscope, the electroactive response of the as-fabricated 

piezoelectric nanogenerators is investigated. The voltage range of the oscilloscope is 0-400V, 

as presented in Figure 3.6. 

3.3.2. Cyclic Voltammetry 

 
The Autolab PGSTAT Multi Autolab/(M204) is used to measure the electrochemical properties 

of the as-prepared electrode. This instrument measures cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD), Nyquist, and Mott Schottky. In this instrument, three (3) and two (2) 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7: Digital photography of cyclic-voltammetry setup. 

electrode measurements were performed using Ag/AgCl as the reference electrode, Pt wire as 

the counter electrode, and as-synthesised nanomaterials in the flexible substrate as the working 

electrode with aqueous electrolyte in acidic/basic form as the required electrolyte. With a 

compliance voltage of 20 V, a bandwidth of 1 MHz, and a maximum current of 0.4A, this high- 

end, high-current multichannel galvanostat can perform multiple measurements at the same 
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time. The current ranges can be adjusted from 10 nA to 100 mA in 8 steps. Figure 3.7 depicts 

the instrument diagram. 

3.3.3. Dielectric Measurement 

 
Polarization occurs in all dielectric materials in the presence of an external electric field and/or 

mechanical strain. The piezoelectric deformation is proportional to the dielectric constant and 

varies linearly with polarisation. As a result, piezoelectric performance can be roughly 

estimated from the dielectric constant dispersion without the use of an external bias, as a higher 

deformation energy should be induced for a larger dielectric constant. An Agilent precision 

impedance analyser with an operating range of 40 Hz–110 MHz and 42 V maximum bias is 

used to record impedance spectra. Ag electrodes are deposited on both sides of the films to 

form a MIM geometry compatible with dielectric analysis. Figure 3.8 shows the digitally 

captured image of the dielectric property measurement instrument. 

 

Figure 3.8: Digital photography of dielectric property measurement instrument. 

3.3.4. P-E loop Measurement 

 
One of the key measurements for ferroelectric materials is the natural polarization hysteresis 

loop. The P-E loop of synthetic films was measured using a Precision Premier II ferroelectric 

tester from Radiant Technologies, Inc. and a typical bipolar waveform. All measurements were 

taken at room temperature. With the input voltage and sample thickness, an approximation of 
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the electric field strength in the sample is obtained. Figure 3.9 shows the digitally captured 

image of the P-E loop measurement instrument. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.9: Digital photography of P-E loop measurement instrument. 

3.4. Microscopic Measurements 

 
3.4.1. Field Emission Scanning Electron Microscope (FESEM) 

 
Using a field emission scanning electron microscope (FESEM), which is similar to a 

transmission electron microscope (TEM) but has significant peculiarities, a thorough 

morphological analysis of a hybrid system based on ZnO and graphene was carried out. The 

energy-focused electron beam in FESEM is smaller than in TEM. In raster scan mode, it scans 

the sample's surface. The field emission cannon emits electrons with energies ranging from 

several hundred to 50 keV. Different deflection coils focus and accelerate the beam after it is 

generated by the gun. At last, the sample's surface is struck by the collimated beam, which then 

reacts with it. As a result, the sample emits electrons and photons. The energy exchange 

between the sample and the electron beam causes electromagnetic radiation to be emitted, 

secondary electrons to be emitted through inelastic scattering, high-energy electrons to be 

reflected through electromagnetic scattering, and all of these events can be detected by a 
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Figure 3.10: Photograph of the FESEM unit with EDX attachment. 

particular detector and transformed into a signal containing sample information, Shape, 

content, and other features of the surface (such as electrical conductivity). The signals produced 

by FESEM include secondary electrons, backscattered electrons (BSE), light 

(cathodoluminescence), distinctive X-rays, sample currents, and transmitted electrons, among 

others. The sample under study must be conductive for conventional imaging in FESEM 

because it prevents the accumulation of static charges on the surface and is compatible with 

vacuum. Before imaging non-conductive samples, an ultra-thin gold/platinum coating is 

deposited on the sample using sputtering or evaporation technology. The FESEM (HITACHI 

S4800) instrument was used to detect surface morphology and film thickness throughout the 

thesis work. The magnification ranges from 30X to 300,000X, and the FESEM resolution is 

close to 5nm. The instrument has two image modes: secondary electron image (SEI) and 

backscattered electron image (BEI). The camera is a 35mm single-lens reflex (MP 35051, CSI 

3) with a 50mm focal length. The resulting image could provide information about the film's 

uniformity and thickness. Figure 3.10 depicts a photograph of the SEM instrument. 

3.4.2. Transmission Electron Microscope (TEM) 
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A transmission electron microscope (TEM) is a characterization tool used to simultaneously 

study the crystal structure and microstructure of materials through diffraction and imaging 

techniques. Furthermore, the high-resolution transmission electron microscope (HRTEM) is 

another imaging mode of the transmission electron microscope (TEM), which can provide 

more accurate and precise images of the crystal structure of the sample at the atomic level. In 

a traditional TEM, a thin sample is exposed to an electron beam with a uniform current density. 

The electron gun generates electrons by spreading in multiple holes, and the lens illuminates 

the sample. In these lenses, the objective lens produces a diffraction pattern on the back focal 

plane, which can be described as the Fourier transform of the wave function at the object exit 

surface Ψ(r)n. Thereafter, the collimated beam passes through the sample, and the image is 

focused on the phosphor screen. Finally, the image is digitally recorded by a CCD camera or 

direct exposure of the photographic emulsion and other technologies. The electron beam 

generated by the electron gun (usually removed with tungsten or LaB6) is accelerated by the 

electric field. The electron beam is usually much higher than the electron beam used in SEM, 

HRTEM (150-250) kV and (5-30 kV) in SEM. This way the beam can pass through the sample. 

The first image formed by the objective lens is enlarged by 25 times of the original image and 

is continuously enlarged by the subsequent lens to the final image, which is 106 times of the 

previous image. Each electron in the electron beam independently interacts with the sample. 

When the beam penetrates the sample, it is attracted by the positive atomic potential of the 

atomic nuclei and channels along the lattice atomic column. At the same time, the interaction 

between electron waves in different atomic columns causes Bragg diffraction. The accepted 

physical principles of electron scattering and electron microscope imaging help to more 

accurately simulate electron microscope images. Two imaging techniques are commonly used 

in TEM, bright field imaging and dark field imaging. In bright field imaging, an image is 

formed by passing only electrons without any diffraction, where the diffracted electrons are 
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Figure 3.11: Digital captured photograph of TEM. 

stopped by a diaphragm. On the other hand, in the dark field imaging mode, the diffracted beam 

is used for imaging. In this work, a transmission electron microscope (JEOL-JEM-2100) was 
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used to study the crystal structure and microstructure of thin films deposited on various 

substrates. This model has three independent condensers, for any given probe size, and can 

generate high probe current, thereby enhancing analysis and diffraction capabilities. This 

model offers a variety of pumping options, including dry/turbo pumps for laboratory 

environments. Oil-based or rotary pumps are not allowed. The instrument has a guaranteed 

resolution of 0.1 nm however the attained during routine measurements is 8–10 Å. The 

magnification of this model can vary from 50X to 1,500,000X, and the acceleration voltage is 

80-200 kV. The TEM sample was prepared by dropping the suspension of the sample onto a 

carbon-coated copper mesh and allowing the solvent to evaporate. The photo of HRTEM is 

shown in figure 3.11. 
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4.1. Chemicals 

 
Lead iodide (PbBr2), cesium iodide (CsBr), Lead (ll) chloride (PbCl2), and cesium chloride 

(CsCl), have been used from Sigma Aldrich prepare CsPbBr3 and CsPbCl3. Also, cobalt nitrate 

(Co(NO3)2, 6H2O), urea (CO(NH2)2), nickel nitrate (Ni(NO3)2, 6H2O), and ammonium fluoride 

(NH4F) has been used to make CuCoNiO4. Zinc nitrate hexahydrate (Zn(NO3)2. 6H2O), 

potassium hydroxide (KOH), acetone, n, n-dimethylformamide (DMF) from Mark, India, 

deionized water (Millipore) to prepare ZnO nanorods. The raw materials are of chemical grade. 

For the synthesis of PVDF film, PVDF pellets (Mw ≈ 275000 g/mol by GPC Sigma Aldrich, 

USA), N, N-dimethylformamide (DMF) (Sigma Aldrich, USA), and acetone (Merck Life 

Science Private Limited, India). For electrolyte preparation, PVA from Loba Chemie and 

H3PO4 from Merck Life Science Private Limited, India. 

4.2. Synthesis Procedures 

 
4.2.1. Filler Preparation 

 
4.2.1.1. CsPbBr3 Synthesis 

 
For the synthesis of CsPbBr3, initially, a mixture was prepared by dissolving CsBr (0.259 mg) 

and PbBr2 (0.461 mg) within DMF (2 ml). Simultaneously, an oil phase was also prepared by 

adding hexane with oleic acid and n-octylamine. Thereafter, the oil phase was added slowly 

with the aforesaid solution and stirred for 5 min. Tert-butanol was further added immediately 

to initialize the demulsification. Finally, the precipitates were dried overnight in a vacuum oven 

and collected [1, 2, 5]. 

4.2.1.2. CsPbCl3 Synthesis 
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The synthesis of the CsPbCl3 cubic structure is achieved via a simple solution casting method 

at room temperature. Firstly 0.2 mL dimethyl sulfoxide (DMSO) was taken in a beaker and 

0.461 mg PbCl2 was dissolved in the DMSO solvent and stirred for 5 minutes. Afterward, 0.259 

mg CsCl was mixed with the above solution. Parallelly an oil phase solution was prepared by 

mixing 1mL of oleic acid and 0.5 mL of n-octylamine in 10 mL hexane. This oil phase solution 

was added slowly into the firstly prepared DMSO solution and stirred. Thereafter the final 

solution was centrifuged and precipitation was collected. This precipitation was further washed 

several times with hexane and dried in a vacuum at 700C overnight before it was further used 

[3, 6]. 

 

 

 

 

Figure 4.1: Schematic illustration of room temperature synthesis of all-inorganic perovskite 

CsPbX3 (X =Cl, Br, I) rods. 

4.2.1.3. CsCuNiO4 Synthesis 

 
For the synthesis of CuCoNiO4 nanoparticles (abbreviated as CCNO), a simple hydrothermal 

method was used, followed by 350°C annealing. A typical synthesis technique involved mixing 

1 mmol of cobalt nitrate hexahydrate (Co(NO3)2, 6H2O), 1 mmol of copper nitrate hexahydrate 

(Cu(NO3)2·6H2O), 1 mmol of nickel nitrate hexahydrate (Ni(NO3)2·6H2O), 5 mmol of urea 

(CO(NH2)2), and 2 mmol of ammonium fluoride (NH4F) with 80 mL of D. I. water and stirring 

for 20 minutes. The mixture was placed in a 100 ml Teflon-lined stainless-steel autoclave, 

where it was allowed to react for 6 hours at 150 °C in a standard laboratory oven. After the 

autoclave had cooled to ambient temperature, the product had been washed multiple times in 



92  

Stirring (80° 

C for 5 

minutes ) 

Stirring (80° 

C for 2 hours ) PNG 

DMF (8 ml) + 

Acetone (12 ml) 
PVDF solution PVDF composite 

solution 

After dried overnight in vacuum 
Glass slide 

Chapter 4 
 

 

DI water and then dried at 60 °C overnight. In order to get rid of the hydroxide ions and other 

impurities, the samples were finally put in a furnace and heated to 350 °C for two hours [4, 7]. 

4.2.2. Synthesis of Polymer Composites 

 
Pristine PVDF film and composite thin film were prepared via the single-step chemical method. 

For the synthesis of bare PVDF film, 20 mL solution of DMF and acetone was prepared in a 

4:6 ratio and 1.5 g PVDF pallets were mixed with it. This mixture was stirred for 2 hours at 

80˚C. Once, the solution becomes transparent, it was drop-casted on pre-cleaned glass slides. 

Thereafter, the as-coated glass slides were kept in a vacuum oven overnight at 85 ˚C. Finally, 

the coated slides were taken out of the oven and collected carefully from the glass slides. To 

prepare the composite film, all the experimental protocols remained the same except the extra 

addition of filler (CsPbBr3, CsPbCl3, CuCoNiO4) with different wt% in the mixture solution of 

DMF, acetone and PVDF [5, 6, 7]. 
PVDF 

   

CsPbX3/CuCoNiO4 

particles  

 
PVDF composite 

solution 

 

 

 

 

 

 

 

 

Figure 4.2: Schematic illustration of PVDF composite preparation. 

4.2.3. Synthesis of ZnO Nanorods (NRs) on Zinc Foil 

 
ZnO nanorods on zinc foil were synthesized via a chemical route. Two separate solutions of 10 

mL with 5.7M KOH and 0.5M (Zn(NO3)2. 6H2O) were taken in two beakers. These two 

solutions were mixed in a 30 mL borosilicate glass bottle. Therefore an analytically graded 

zinc foil (1 cm × 1 cm) was ultrasonically cleaned with ethanol and then one side of the zinc 
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foil was covered with Teflon while the other side was kept open. This foil was then placed 

inside the above-mentioned glass bottle with the open side of the foil facing down and making 

an angle of 450 with the bottom surface of the bottle then the system was left in this condition 

at ambient temperature for 1 h and after that, the zinc foil was withdrawn from the solution and 

washed by deionized water. Finally, the Teflon was uncovered and it was dried at room 

temperature [8]. 

4.3. Device Fabrication 
 

Figure 4.3: Schematic presentation of PNG device and its working principle. 

To fabricate a piezoelectric nanogenerator (PNG), firstly a PET substrate and an aluminium 

(Al) sheet (bottom electrode) were glued together. As prepared films were then placed on the 

bottom Al electrode followed by another Al sheet (top electrode) attached to it. Two copper 

wires were then connected with top and bottom electrodes [5, 6, 7]. 
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5.1. Introduction 

 
urrent setting of mass production of budgetary self-powered portable electronic system 

has inspired the development of suitable environment benign materials for proficient 

and renewable energy harvesting [1, 2]. Several kinds of energy sources like solar, mechanical, 

thermal, vibration, wind and sonic waves are available in our surroundings. Amongst them, 

solar and mechanical are the safest and most sustainable sources of energy because of their 

availability and noble hybridizing opportunities [3, 4]. These two energy sources work on 

completely different principles. Existing designs presented in the literature mostly harvest the 

above-mentioned resources i.e. either solar or mechanical energy separately [3]. Metal halide 

perovskites, both in organic and all inorganic forms have registered their usage potential in 

optoelectronic arena namely in solar energy harvesting owing to their excellent optoelectronic 

features. In particular, all inorganic cesium lead halides with empirical formula CsPbX3 where 

X denotes different kinds of halides have garnered gigantic research attention in photovoltaics 

and photodetection. It possesses several intriguing features like high thermal stability, carrier 

mobility, absorption coefficient, etc. [5]. Despite these beneficial traits, its widespread usage 

applicability is still restricted due to its questionable stability [6]. Intrinsic ionic character 

makes the perovskites samples very sensitive towards the water and polar molecules. Gigantic 

amount of research effort is made to improve their stability towards water, functionality as well 

as on encapsulation for device lifetime enhancement [7, 8]. Besides shielding of inner 

perovskite material, functionality enhancement of the encapsulation layer via mechanical 

energy harvesting is very intriguing as it has a huge impact both on energy sectors and scientific 

communities. Nanogenerator is a device that converts low-frequency mechanical vibration into 

electrical energy through piezoelectric, pyroelectric and triboelectric effects. Numerous 

piezoelectric nanogenerators have been realized in recent times using various materials like 

inorganic oxides (ZnO, ZnSnO3, BaTiO3, PZT, etc.), nitride (GaN), polymer and co-polymers, 

C 
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etc. [9,10] However, versatile utilization of inorganic semiconductors for practical applications 

is restricted due to their several kinds of bottleneck in fabrication and growth like necessity of 

cost-intensive complex processing, high growth temperature, etc. [9,10] These materials also 

have specific deformations to very small range due to their brittle and rigid nature. Such poor 

flexibility and inherent brittleness limit their versatile utilization [9, 10]. Quite the opposite, 

the piezoelectric polymers and copolymers are lightweight, flexible and easy to realize. To 

harvest aforesaid multimode energies separately as well as simultaneously on availability, 

hybrid energy harvester may be devised by incorporating a photoactive material inside a 

polymer matrix. From large assortment of piezoelectric polymers and copolymers, poly 

(vinylidene fluoride) (PVDF) is considered as one of the most suitable ones for mechanical 

energy harvesting as it possesses high piezoelectric co-efficient and shows chemical resistivity, 

high thermal stability and bio-compatibility [11, 12]. It is also lightweight in nature. PVDF is 

a semi-crystalline polar polymer with high dielectric constant. It generally exhibits at least four 

polymorphs namely stable non-electroactive crystalline α (trans-gauche conformation TGTG), 

β (all trans planar TTTT conformation), γ (T3GT3G conformation), and δ (polar version of α) 

phase depending on their molecular chain conformations [11,13,14] Among these polymorphs, 

β phase is the most desirable one as it possesses the highest dipole moment unit volume with 

maximum ferroelectric hysteresis as compared to others which ensure superior piezo-, pyro- 

and ferro-electricity. Along with high β phase constitution, recent studies also advise that strain 

effect and charge collecting area have a massive impact on piezoelectricity and sensitivity 

enhancement of PVDF film [3]. Induction of β phase in PVDF is achieved via preferential 

orientation of –CH2–/–CF2– dipoles in the direction normal to chain axis of PVDF. Several 

protocols such as mechanical stretching, high-temperature processing, electric poling, electro- 

spinning, hydrated salt addition etc. are adopted to make such orientation and thereby achieve 

β phase [3, 11, 15]. Compared to the abovementioned protocols, preparation of a hybrid 
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structure via assimilation of an external assisting agent in PVDF to get rid of unwanted 

structural deformations and added energy consumptions is much effective. Such external 

additives not only improve the β phase induction in PVDF matrix also makes hybrid system 

suitable for multifunctional applications [3]. Considering the current call for a single device 

with multifunctionality, introduction of optically active filler in PVDF is very fascinating as it 

makes the hybrid system more suitable for next generation foldable and wearable devices like 

laser emitters, solar cell, photosensor, etc. Perovskites are special kind of materials which not 

only presented optical eminence also explored piezoelectricity because of their prominent 

piezo- and ferro-electric response. Thus, a single device with the ability of mechanical energy 

harvesting as well as photodetection and their hybridization can be visualized via induction of 

electro active phase in PVDF and high optical absorption quality of perovskite material in a 

composite. Documented previous works suggest that the amalgamation of perovskites with 

PVDF is largely confined to organic-inorganic hybrid like formamidinium lead halide 

perovskite, methyl ammonium lead halides, etc. whereas the usage of all inorganic perovskite 

in this regard is not explored till now [3,16]. Here, a new sort of hybrid by incorporating all 

inorganic cesium lead bromide (CsPbBr3) in PVDF at room temperature has been reported for 

the first time. CsPbBr3 rods are realized via facile chemical approach at ambient and as 

prepared CsPbBr3 is combined with PVDF via solution casting method. Optimized 

incorporation of CsPbBr3 in PVDF matrix induces β phase >90%. PVDF encapsulation of 

CsPbBr3 also ensures improved stability of perovskite from atmosphere. Photoactive 

mechanical energy harvester is realized with optimized CsPbBr3-PVDF composite. Energy 

generation from the PNGs has been revealed under different kind of external stimuli. Operation 

stability of PNG even after 15,000 cycles and after 4 months showed no discernible changes in 

output behaviour. Self-powered photodetector with an ability of light detection showed 

significant change in output voltage and current under light. Functionality enhancement of the 



99  

Chapter 5 
 

 

composite based system is explained on the basis of electroactive phase content and the charge 

transfer in hybrid. To get detail insight of the charge transfer process, density functional theory 

(DFT) analysis was also performed. 

5.2. Characterizations 

 
Powder x-ray diffraction (XRD) patterns of the synthesized samples are recorded on a Bruker 

D8 diffractometer with Cu-Kα radiation of wavelength 1.5404 Ǻ at room temperature. Field 

emission scanning electron microscope (FESEM) images are taken to determine the size and 

morphology of the as-synthesized samples by a HITACHI S4800 electron microscope. UV- 

Vis reflectance spectra of the samples are recorded by using a Jasco V670 spectrophotometer. 

Films were characterized using Fourier transform infrared spectroscopy (Shimadzu FTIR 

spectrometer, IR prestige). Different Raman modes of the samples were analyzed by a high- 

resolution Raman spectrometer (WITECH) by using an excitation of 532 nm laser source. 

Compositional analysis of CsPbBr3 and PVDF-CsPbBr3 composite were investigated by x-ray 

photoelectron spectroscopy (XPS) using a SPECS HSA-3500 hemispherical analyzer with a 

monochromatic Mg Kα x-ray source. Photoluminescence was recorded on Horiba Jobin Yvon 

Fluorolog-3 spectrophotometer and Edinburgh F980 instrument. All-time vs voltage measured 

by KEYSIGHT InfiNiiVision DSOX2012A digital storage oscilloscope. Current−voltage 

measurements were performed out using a Keithley 2602B dual channel source meter. 

5.3. Results and Discussion 

 

5.3.1. Structural, Morphological and Compositional Analysis of CsPbBr3 

 
XRD profile of the as synthesized CsPbBr3, presented in Figure 5.1 a shows diffraction peaks 

at 2θ = 15.41˚, 21.82˚, 31.07˚, 34.65˚ and 38.02˚ corresponds to (100), (110), (200), (210) and 

(211) planes respectively. Such positioning of the peaks agrees well with literature and 

confirms orthorhombic phase formation of CsPbBr3 [5, 19]. Band gap of synthesized CsPbBr3 
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Figure 5.1: (a) XRD, (b) reflectance spectra, (c) FESEM and (d) EDX spectra of CsPbBr3. 
 

is assessed from UV-Vis analysis. Reflectance curve, i.e., reflection (%) as a function of 

wavelength of CsPbBr3 displayed in Figure 5.1 b shows sharp attenuation around 523 nm. 

Calculated band gap is found to be ~2.37 eV which also agrees well with the reports. [20] 

FESEM image of CsPbBr3 shown in Figure 5.1 c depicts morphological uniformity of the 

synthesized products over large scale. One dimensional rod-like morphology with average 

diameter and length ~ 600 nm and 10-12 m respectively is obvious from this image. EDX 

spectrum of CsPbBr3 rods in Figure 5.1 d reveals the only presence of Cs, Pb and Br. Absence 

of any impurity related peaks in the EDX profile confirms pure phase formation. Atomic ratio 

of constituent elements of CsPbBr3 is found to be in the stoichiometric ratio of 1:1:3 which 

match well with literature. [5] 
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5.3.2. FTIR Analysis 

 
FTIR spectroscopy was carried out for all the samples to identify the crystalline phase presence 

and the results are shown in Figure 5.2 a. Characteristics vibrational band at 1150, 976, 796, 

764, 613, 532 cm-1 are assigned to non-polar α phase of PVDF whereas semi-polar γ phase 

related characteristics band appeared at 1234, 812 cm-1. [3, 15] Desired β phase vibrational 

band is peaked at ~1279 cm-1 [21, 22]. In general, bare PVDF constitutes low percentage of β 

phase which limits their usage in energy harvesting application. CsPbBr3 rods acting as filler 

in PVDF matrix interact with α phase chain and convert into desired β phase. Absorption band 

intensity of the characteristic peak of α-phase (Fig. 2a) is much stronger for bare PVDF and 

intensity of these bands decreased gradually with the incorporation of CsPbBr3 up to 5 wt. % 

of CsPbBr3. While the intensity of the band at 1279 cm-1 related to β phase enhanced 

progressively with the increase of CsPbBr3 content in composite film up to 5 wt. % of 

perovskites. Superposed band at ~840 cm-1 is assigned to ascertain the relative proportion of 

electroactive phase content samples [15]. Relative electroactive phase content (FEA) for all the 

samples are assessed using the following equation: 

𝐹𝐸𝐴 
=

 𝐴840 × 100% (5) 
𝐾840𝐴764+𝐴840 

764 
 

Where A764 and A840 are the peak intensity at 764 and 840 cm-1 respectively. K764 and K840 are 

absorption coefficient corresponding to the aforesaid bands with values 6.1×104 and 7.7×104 

cm2/mol respectively. [15] Electroactive phase concentration in the samples increased with 

perovskite content increment up to 5wt. % and thereafter it decreased (Figure 5.2 b). Maximum 

is as low as 39%. Interaction between positive surface charge of CsPbBr3 and –CH2-CF2–dipole 

in PVDF chain enhances the electroactive phase percentage in the composite. Due to 

percentage of FEA is achieved for PCS 5 which is nearly 90% whereas the same for PVDF film 

low perovskite content in PCS 3 and PCS 4, such interaction is nominal which in turn limits 
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Figure 5.2: (a) FTIR spectra in the range 1600−400 cm−1 and (c) 3050−2960 cm−1, (d) 
 

RAMAN spectra of PVDF and composite films. (b) Dependency of electroactive (β) phase on 

perovskite wt. %. 

the conversion β phase from α phase. With moderately high loading of perovskite (PCS 5), 

filler distributed throughout the polymer matrix uniformly and more interaction is resulted. 

Filler concentration beyond 5 wt. %, created agglomeration of perovskite with in the polymer 

and surface charge interaction with the dipole is lowered. Interfacial interaction of CsPbBr3 

and PVDF dipole is obvious from the FTIR spectrum within the range 3050-2960 cm-1 in 

Figure 5.2c. Absorption peaks at ~2980 and ~3023 cm-1 related to the symmetric and 

asymmetric -CH2- bond stretching respectively have great meaning in analyzing the 

electroactive phase formation via interfacial interaction. [3] Shifting of these is only accounted 

due to the disruption of the vibrational bands. Both peaks are blue shifted for the composite 

films as compared PVDF only which suggests interaction between the perovskite and PVDF 
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dipole. Increase in interfacial interactions enhanced the effective mass of -CH2- molecules 

which further lead to a decrease in vibrational frequency of the aforesaid. Such interaction acts 

a source of damping. [3] Damping constant is related with angular frequency of -CH2 stretching 

vibration dipole under damped and undamped condition. Assessed values of damping constants 

are found to increase with the perovskite content in the film. It is noteworthy to mention here 

that FEA and damping constant follow the similar kind of behavior with perovskite loading. 

Such analogous behavior suggests a direct relationship between β phase formation in PVDF 

matrix as a consequence of interaction of the diploes with CsPbBr3 [23]. Figure 5.2d represents 

the Raman spectrum of all the synthesised samples. Vibrational band observed at ~800 cm-1 is 

due to CH2 bond rocking, associated with the non-polar α phase. [24] Intensity of this peak 

gradually decreases in composite film. Intensity of Raman peak at ~838 cm-1 due to CH2 

rocking, CF2 stretching and skeletal C–C stretching gradually increased up to 5 wt. % 

perovskite filling and decreases thereafter. This band denotes the presence of highly polarised 

β phase in samples. Another peak at ~811 cm-1 linked with quite polar γ phase appeared due to 

CH2 out of plane wag. [24] Analysis of these peaks also suggested maximum β phase 

constitution in PCS 5 and corroborated with the FTIR results. 

5.3.3. XPS Analysis 

 
Chemical compositions of as well as oxidation states of the constituent elements of CsPbBr3, 

PVDF and PCS 5 are further confirmed by x-ray photoelectron spectra (XPS). Referencing the 

C 1s peak positioned at 284.6 eV, all the spectra were charge corrected. XPS spectra of Cs and 

Pb of CsPbBr3 sample presented in Figure 5.3a and 5.3b exhibited typical doublet features of 

both. Cs 3d3/2 and 3d5/2 peaks are observed at ~740.4 and ~726.36 eV while peaks for Pb 4f5/2 

and 4f7/2 are appeared at ~145.46 and ~140.57 eV respectively. Asymmetric Gaussian curve 

related to Br is deconvoluted to two peaks at ~70.05 and 67.99 eV which correspond to Br 3d3/2 

and 3d5/2 respectively (Figure 5.3c). Such positioning of these peaks suggests that all the 
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Figure 5.3: Core level XPS spectra of (a) Cs (b) Pb (c) Br of CsPbBr3 and (d) C (e) F of PVDF. 

constituent elements (Cs, Pb and Br) are in their normal oxidation state i.e. 1+, 2+ and 1- states 

[25]. In pristine PVDF, the C1s peak exhibited two components at ~286.1 eV and ~290.5 eV 

corresponds to CH2 and CF2 bond respectively (Figure 5.3d). Fluorine 1s peak is symmetric 

and well fitted, with a single Gaussian curve that peaks at 687.2 eV (Figure 5.3e). For PCS 5, 

a C1s and F1s peak is found to be shifted towards higher binding energies whereas the 

characteristics peaks of CsPbBr3 shift to lower binding energies. Shift in binding energies for 

PCS 5 with respect to base samples is obvious from the Figure 5.3a-e. Such kind of shifting in 

binding energies may be accredited to the internal electric field generation due to hybrid 

formation which affects the local binding energies of the base materials significantly [26]. 

5.3.4. XRD, UV-Vis and Morphological Analysis 

 
XRD was carried out to explore the crystallinity and phase purity of pristine PVDF, CsPbBr3 

and PCS 5 and the result is illustrated in Figure 5.4a. Diffraction peaks at 17.6°, 18.2°, 19.7°, 

27.4° and 38.7° are related to (100), (202), (110), (111) and (002) planes of the α-crystalline 

phase of PVDF. [3] On the other hand, intensity of the aforesaid peaks in PCS 5 is decreased 

and few new peaks appeared. Diffraction peak at 19.2° corresponds to (002) plane of γ 

c 
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Figure 5.4: (a) XRD and (b) UV-Vis spectrum for CsPbBr3, PVDF and PCS 5. (c) FESEM 

image PCS 5. (d) Dielectric constant of PVDF and PCS 5. (e) PL spectra and image of the 

PCS 5. 

crystalline phase, a semi-electroactive phase. Peaks in XRD profile of PCS 5 at 20.8° and 37.1° 

are associated with the (110/200) and (020) plane of electro active β-phase [3]. Reflectance 

curve, i.e., reflection (%) as a function of wavelength of CsPbBr3, PVDF and composite 

displayed in Figure 5.4b. Surface morphology of PCS 5 sample shown in Figure 5.4c suggests 
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clean and smooth surfaces. No additional impurity particles or no visible cracks are observed 

which indicated that CsPbBr3 perovskites mixed well within PVDF matrix. Piezoelectric 

coefficients (d) strongly depend on the dielectric property of material where the dependency is 

related by following: d=εPr, where ε and Pr denote dielectric permittivity and permanent 

polarization respectively. Figure 5.4d shows frequency response of dielectric constant (ɛr) of 

PVDF and PCS 5 at room temperature with in the frequency range 10 to 107 Hz. Dielectric 

permittivity of pristine PVDF is found to be 18.7 at 1 kHz. With the introduction of perovskite, 

dielectric constant increases over entire frequency range. Dielectric permittivity of PCS 5 is 

found to increase to 22.5 at 1 kHz. This behavior is analogous to the β phase content in the 

films, as observed from FTIR and XRD results. Careful observation suggests a gradual 

decrement in permittivity values with the increase in frequency. This is attributed to the dipolar 

contribution reduction at high frequency region [27]. Figure 5.4e shows photoluminescence 

spectra of the PCS 5 sample. Sharp photoluminescence peak centered at 488 nm corresponds 

to a band gap of 2.54 eV. This value is in well accordance with its UV-vis analysis. Photo- 

image of the PCS 5 sample under UV (365 nm) irradiation is shown in inset of Figure 5.4e. An 

intense cyan emission originating from band edge of the film is detected. Overall emission is 

bright enough to be observed by naked eye. 

5.3.5. DFT Analysis 

 
Theoretical studies using Vienna ab-initio simulation package (VASP) [28-31] with projector- 

augmented-wave (PAW) [32, 33] approach has been performed. The exchange-correlation 

factors were treated within generalized gradient approximation (GGA) using the Perdew– 

Burke–Ernzerhof (PBE) [34] functional. Γ centered k point meshes of (4×3×4) and (3×8×1) 

were implemented during the structural optimization and electronic property calculation of 

pristine CsPbBr3 and PVDF respectively whereas a Γ centered k point mesh of (1×1×1) was 

used for the sufficiently large composite system. Plane wave basis set up to energy cut-off 600 
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Figure 5.5: (a) Side view of PVDF chain (b) Side view of orthorhombic CsPbBr3 (c) Top view 

of CsPbBr3-PVDF. Total density of state of (TDOS) (d) CsPbBr3 (e) PVDF (f) CsPbBr3-PVDF 

and (g) variation of electrostatic potential with distance from surface for CsPbBr3-PVDF 

composite. 

eV was applied for all the calculation. The structural relaxation processes were allowed to 

continue until the total energies converged below 1×10-5 eV/atom. Dispersive force corrections 

were also taken into account via the PBE+D2 force field (Grimme’s) method [35]. All the 

calculations were carried out in spin unrestricted manner. The optimized lattice parameters of 

orthorhombic pristine CsPbBr3, as found from the first principles calculations are a = 8.244 Å, 

b = 11.735 Å and c = 8.198 Å. Keeping in line with experiments, it was considered the 

orthorhombic β phase of PVDF for the theoretical study and the optimized lattice parameters 

were found to be a = 8.336 Å, b = 4.910 Å and c = 2.583 Å. The optimized PVDF polymer 

chain and orthorhombic CsPbBr3 perovskite structure is shown in Figure 5.5a and 5.5b 

respectively. After optimization, PVDF chain was found to be bonded with CsPbBr3 surface 

via physisorption as shown in Figure 5.5c. From the Figure 5.5c it is confirmed that Pb (lead) 
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atom of CsPbBr3 perovskite bonded with F (fluorine) atom of the PVDF chain. Pristine 

CsPbBr3 was found to be a semiconductor with band gap value 2.34 eV (Figure 5.5d) whereas 

pristine PVDF was found to be an insulator with large band gap of value 5.53 eV (Figure 5.5e). 

For the composite system, PVDF chain has been placed on the Pb rich (110) plane of CsPbBr3. 

The electronic properties of the composite system within the framework of GGA has been 

explored and it is found that the composite behaves as half-metal with zero band gaps for one 

type of spins (up-spin) and a band of value 0.71 eV for opposite type of spins (down-spin). The 

defect states near the Fermi level, resulting the metallic character of the composite systems for 

up-spins were mostly contributed by the Pb and Br atoms, which were close to PVDF chain 

after physisorption (interacting via weak Van-der-Waals force). TDOS of pristine and 

composite systems along with their optimized geometries are shown in Figure 5.5f. Also work 

function of the PVDF–CsPbBr3 composite was calculated via DFT shown in Figure 5.5g. The 

value of the work function was calculated to be 3.36 eV. 

5.3.6. Performance of Piezoelectric Nanogenerators 

 
To study the piezoelectric response, several kinds of nanogenerators using PCS 3, PCS 4, PCS 

5, PCS 6, and PCS 7 composite have been prepared and coined as PNG 3, PNG 4, PNG 5, PNG 

6 and PNG 7 where PNG stands for piezoelectric Nanogenerator and the attached numeric with 

that denotes weight percentage of CsPbBr3 in the composite. For facile comparison, another 

device using PVDF has been fabricated and henceforth designate as RNG (reference 

nanogenerator). Mechanical energy-harvesting features of all the devices were examined 

without any electrical poling treatment. Piezo response of all the nanogenerators was analyzed 

by applying repeated hammering with hand (with gloves) in a vertical direction with an 

amplitude of 100 MPa. Both current and voltage output are found to be higher for the PNGs as 

compared to the RNG (Figure 5.6a and 5.6b). RNG delivered an open circuit voltage (Voc) 12 

volts and short circuit current (Isc) 480 nA. Among all PNGs, PNG 5 showed maximum output 
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Figure 5.6: (a) Output voltage (b) current of all the PNGs. (c) output power variation with wt. 

 

% CsPbBr3. (d) variation in output voltage and current (e) variation of output power with load 

resistance for PNG 5 (f) equivalent diagram and glowing of 10 LED bulbs with constant 

hammering. Output voltage under (g) forward and (h) reverse connection of PNG 5. (i) 

Rectified DC output voltage of PNG 5. 

voltage of 120 volts and a current of 35 A. Superior performance delivered by PNG 5 

accounted from the maximum percentage electro active phase constitution than others. For 

such high output characteristics than the other nanogenerators, PNG 5 has been considered as 

the optimized one and performed further analysis using it. A plausible insight of this 

phenomenon is the introduction of piezoelectric potential across the surface of film arising out 

of the deformation in the crystal structure due to mechanical strain. To balance this 

piezoelectric potential, a charge-induced potential difference between the upper and lower 

electrodes results which ultimately contributes to effective electrical output. [15] Upon removal 

h i g 
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of the external pressure, the piezo-electric potential between the electrodes vanishes, and 

accumulated charges transport in the direction opposite to the accumulation process thus 

generating an impulse in a reverse direction. [15] Variation in output power for different wt. % 

of CsPbBr3 i.e. for different PNGs shown in Figure 5.6c discloses maximum output power with 

power density of 4 mW/cm2 at 5 wt. % of CsPbBr3 loading in the composite film (PNG 5). To 

quantify the instantaneous output power of the nanogenerators, the dependence of output 

voltage and current on the load resistance (RL) is studied. RL is varied from 10 kΩ to 10 MΩ 

while the applied pressure is kept constant (Figure 5.6d). Instantaneous voltage drops (VL) 

across the resistances increased gradually with the increment of RL and gets saturated at high 

resistance, equivalent to the Voc at a high resistance. In contrast, current (I) is found to decrease 

with the increase of RL. Figure 5.6e displays the load resistance vs. power graph. From the 

graph, the maximum instantaneous power was delivered at a load resistance of 3.5 MΩ and 

reached a power of 50 µW. This result suggests that as energy harvesting source PNG 5 is 

sensitive over a wide range of load resistance. Furthermore, it agrees well with linear circuit 

theory which measures the internal resistance of PNG 5 of 3.4 MΩ. 

To explain the observed piezoelectric performance and account for such noticeable differences 

among the devices, an understanding of the basic fundamental of non-polarized and 

piezoelectrically enhanced PVDF is crucial. PVDF, a nonconjugated linear fluorinated 

hydrocarbon, formed by repeating unit of –(CH2–CF2) – carries a vacuum dipole moment of 

7×10-30 C m pointing roughly from the negative fluorine atom to the positive hydrogen atom. 

[36] Based on their macromolecular chain conformations of trans and gauge linkage, PVDF 

generally exhibits four different polymorphs labelled to α, β, γ and δ phase. [36] Both packings 

of molecules and chain conformations affect the orientation of the dipole. α-phase is  a 

thermodynamically stable polymorph at ambient. Owing to the anti-parallel packing of chains 

in a unit cell, the dipole moments cancel out, rendering this phase as non-polar one. [37] 



111  

Chapter 5 
 

 

Without any electric poling or mechanical stresses or without a specific temperature PVDF 

film mostly results in α-phase. Although α phase does not exhibit piezoelectric features, it is 

usually a precursor of other active piezoelectric phases. [38] In contrast above phase, hydrogen 

atoms are on one side and fluorine atoms are on the other side of the polymer chain in the β 

phase. With stronger electron affinity fluorine atoms pull away shared electrons from the 

hydrogen atoms. Electronegativity differences of these two atoms ensue net dipole moment in 

a stacked direction inside the β phase. [39] The dipole moment per unit cell is maximum for 

the β phase as compared to other phases. To obtain the β phase, different strategies have been 

documented, mainly aiming on inclusion of filler and the development of a suitable processing 

route. When this stacked polymer chain is subjected to mechanical stress, local dipole 

distribution changes and an electric field induces in the stack. [40] An induced electric field 

gathers the charges at top and bottom electrodes, presenting the principle of piezoelectricity. 

When the electrodes are connected to an external load, the piezo-potential drives electrons to 

flow through the load. [41] In PVDF, piezoelectricity is mainly governed by volume 

electrostriction. It is noteworthy to mention here that the presence of fillers in the PVDF matrix 

might increase the local electric field and can enhance the domain mobility of the localized 

stress points, thus contributing to improving overall polarization. [40] Here, CsPbBr3 acts as 

filler. It played a vital role in transferring the non-polar phase of PVDF to a polar one, which 

helped the hybrid to acquire electroactive features. Increase in perovskite loading up to 5 wt. 

%, and gradual increment in the β-phase constitution has been occurred. Beyond 5 wt. % 

loading of the filler, agglomeration of perovskite within PVDF resulted and β-phase 

concentration decreased. Relying on this, PNG 5 delivered the highest piezo response among 

all. 
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Figure 5.7: Voltage response of PNG 5 (a) as a function of time for different applied pressures 

 

(b) at different applied pressure (c) due to arm bending. (d) Due to finger pressing (e) digital 

image demonstrates the response of PNG due to the drum beats of a toy. (f) The output voltage 

of PNG 5 under the impact of drum beats. Inset shows press and release of (c) arm and (d) 

finger. 

With the increment of electroactive β-phase in the samples dielectric permittivity values also 

enhanced. Dielectric permittivity of the samples at a particular frequency improved with the 

filler loading up to 5 wt. % and then it decreases with further perovskite loading. Increase in 

dielectric constant of CsPbBr3-PVDF composite films due to increase in weight percentage of 

perovskite ensued an improvement in piezo response since piezoelectric coefficient is directly 

proportional to the dielectric permittivity of the material. Further, incorporation of CsPbBr3 in 

PVDF also increased overall crystallinity of the hybrid and the interaction between perovskite 

and PVDF induced high yield of the β phase. Degree of crystallinity followed the similar kind 

of behavior as the β-phase content. Piezoelectric coefficient d33 of the pristine PVDF and PCS 

5 has been calculated. Assessed d33 values for PVDF and PCS 5 are found to be 21 and 62 pC/N 

respectively. This significantly enhanced piezoelectric coefficient also explains the observed 

enhancement in output response of in composite based devices as compared to PVDF only. 

(d) (e) 

(a) (b) (c) 

(f) 
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For the practical usage a PNG 5 was connected to a number of commercially available green 

light-emitting diodes (LEDs) using a bridge rectifier. Generated power from PNG 5 under 

periodic compressive and releasing stress is sufficient to turn on 10 LEDs without any storage 

device, shown in Figure 5.6f. Figure 5.6g and 5.6h shows the output in forward and reverse 

connection respectively which confirm that the output is due to piezo response. DC outputs 

signal for PNG 5 presented in Figure 5.6i also suggest a constant output voltage ~120 volts. 

To examine the pressure resolved piezo behavior of PNG 5 film, voltage as a function time is 

monitored under different pressure. PNG with exact pressure sensing ability is desirable for 

detecting very light touches. To evaluate the sensitivity quantitively, three different pressures, 

precisely 200, 400 and 600 Pa are applied on PNG 5 film and the electrical responses were 

monitored. Linear variations of output voltages with different applied pressure is observed 

(Figure 5.7a) with the applied pressure is 200 Pa, maximum 0.4 V was achieved. Increase in 

applied pressure to 400 and 600 Pa leads enhancement in output also to 0.8 V and 1.1 V 

respectively. Almost similar kind of linear relationship is obtained when the applied pressure 

was increased up to 4 kPa and the output voltage is shown in Figure 5.7b. Several rechargeable 

electronic gadgets has been charged regularly from the as fabricated device. Replacing energy 

source for the devices with the energy of PNG is a great alternate. PNG 5 has been fastened in 

one arm and regularly contracted and expanded the arm. Maximum output ~ 4 V is registered 

for contraction and expansion of arm (Figure 5.7c). Upon contraction of arm, a pressure is 

imparted on PNG 5 and it delivered 4 V output voltage. With the release of pressure due to arm 

expansion, output voltage followed the reverse direction. Such result suggests the usage of 

PNG 5 as energy source in other human activity like foot striking, jogging etc. Going beyond 

pressing forces, ability of PNG 5 to detect bending forces was also examined. Voltage vs. time 

graph presented in Figure 5.7d for slight bending of PNG 5 by finger delivered output voltage 

of 8 V. Sharp peak was obtained under bending. Upon removal of bending, voltage peaks 
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appeared in reversed direction. It is necessary to explore the suitability of PNG in real-life 

applications. To explore the suitability of the PNG 5 in real life applications, The PNG 5 device 

have been attached upon a drum of a toy (Figure 5.7e). Output voltage was monitored in 

response to the repeated drum beats of the toy (Figure 5.7f). High output voltage ∼5 V 

generation by PNG 5 under the gentle drum beats opens up its possibility to be used in real life 

applications. 

 

 

 

Figure 5.8: Output voltage of PNG 5 film (a) under the finger tapping (b) under the toe 

pressing (c) due to air blower pressure (d) due to table fan air pressure (f) due to mobile 

vibration. (e) Digital image of the piezo-response under mobile vibration. 

Inspired by the above results, the performance of PNG 5 has been tested under several other 

human movements like tapping by finger and toe. Simple repetitive tapping of index finger on 

PNG 5 generated 20 V, shown in Figure 5.8a. Almost similar pattern was recorded in reverse 

direction when the finger tapping was withdrawn. Not only finger tapping, performance of 

PNG 5 under leg toe impression was also examined. For this experiment, leg toe was pressed 

repeatedly on the nanogenerator and the corresponding results are presented in Figure 5.8b. A 

sharp rise of voltage up to 12 V due to the pressure of leg toe indicated the high sensitivity of 

c 

e 
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PNG 5. Upon removal of toe pressure, voltage gone to reverse direction. Such well-behaved 

alteration on both sides of the voltage axis (v=0) suggest potential usage of PNG 5 to be 

attached inside the shoe which will be able to recharge the portable and wearable devices during 

walking or running. Several countries use wind energy to fulfil their internal energy demand. 

However, it involves huge wind mill, wind power and other associated machineries which limit 

their widespread usage. Performance of the PNG 5 was explored under gentle air form 

commercially available air blower. When an air blower of 800 watt as held 15 cm above PNG 

5, output voltage ~ 2 V is registered (Figure 5.8c). This result suggests that PNG 5 can harvest 

energy from gentle air pressure and it can be used as in air pressure sensor. Figure 5.8d reveals 

the output voltage about 0.8 V under table fan air pressure. It is interesting to note that voltage 

responses alter in opposite way due to the vibration caused by table fan air pressure. From the 

large assortment mechanical energy (energy from wind, acoustics, human movement, etc.) 

vibrational energy is of utmost valued energy due to its large accessibility at any instant. To 

check the ability of PNG 5 as vibration sensor, a mobile phone in vibration mode was kept on 

 

 

 

 

 

 

 
Figure 5.9: (a) IV characteristics of the detector under dark and light condition (b) change in 

output current and (c) output voltage under dark and light condition, with same periodic stress. 

it. Output response of the device during mobile calling vibration included periodic alteration 

of positive and negative voltage peaks (∼0.8 V) (Figure 5.8e and 5.8f). When the vibration is 

in off mode, no response is registered. This result confirmed that PNG can detect mobile 

vibration and generate electrical response. Not only the air blower but air pressure from regular 

table fan also generated voltage. 
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Besides, piezoelectric analysis high optical absorption of PCS 5 as compare to PVDF and 

perovskite ignites its usage as photodetector. Broad absorption in the visible region for PCS 5 

is obvious from the figure which is attributed to the incorporation of CsPbBr3 in PVDF. 

Absorption in PVDF film solely is forbidden in this region. For the fabrication of 

photodetector, PCS 5 sample is drop casted over ITO coated PET substrate which serves as 

one electrode. Conducting carbon tape is pasted on the other side act as another electrode. 

Further, the entire system is encapsulated with PDMS which ensure flexibility of the device. 

Prior to all I-V measurement the device is kept under complete darkness which ensures 

equilibrium conditions attainment. I-V characteristics of PCS 5 presented in Figure 5.9a in both 

dark and light illumination condition were found to exhibit linear nature which signifies good 

ohmic character. These curves suggest change in photocurrent under light where photocurrent 

increases nearly 2 times of its dark value under light. 

To use the device for self-powered light detector, piezoelectric energy harvesting under light 

is examined. Response of the aforesaid device under periodic stress under light and dark 

condition showed discernible differences in the output characteristics. Output current vs time 

graph presented in Figure 5.9b suggest an increment in average values of short circuit current 

under light illumination. On the contrary, under similar kind of stress at regular interval and 

light decreased the open circuit voltage as compare to dark condition (Figure 5.9c). Such kind 

of behavior from the device can be explained as follow: under visible light electron-hole pair 

is generated in CsPbBr3. Photocurrent created from photo generated extra carriers within the 

sample under light ensues an enhancement in the short circuit current. Furthermore, the 

photogenerated electron moves within the film and lead to local electromagnetic field 

enhancement. With such field enhancement orientation of the dipoles in the film interrupts and 

reduction is open voltage is registered [3, 42]. 
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Figure 5.10: Output voltage recorded over time for continuous 15000 cycles (a) on first day 

 

(b) after 2 months (c) after 4 months. (d) Glowing of 12 LEDs designed according to our 

university name “JU”. 

For advance electronic application, a nanogenerator should not only show high output 

characteristics but also should exhibit long term stability and durability under robust 

conditions. Cyclic fatigue, an important issue related with nanogenerator was tested via by 

continuous periodical impacting of PNG 5 for several months by the drum beats of a toy. No 

discernible diminishment is observed in the output characteristics even after 15,000 cycles 

(Figure 5.10a). Data were recorded after 2 month (Figure 5.10b) and 4 months (Figure 5.10c). 

Very nominal change is observed in the output response over the entire period of testing. These 

results indicate that output performance is not susceptible to the environmental issues like 

moisture, temperature and etc. Such high stability of PNG 5 with very nominal dip in output 

characteristics pave a way for developing a robust and effective nanogenerator even in harsh 
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environmental conditions. Furthermore, to confirm the potential utility of PNG 5 in portable 

and wearable devices, output behavior of the device was registered under continuous index 

finger tapping and the output power was used to light up commercially available green LED 

without any storage devices. A full-wave bridge rectifier was used in the circuit of LEDs to 

convert the generated power from ac to dc. Generated power from PNG 5 under periodic 

compression and release of stress was sufficient turn on 12 LEDs designed according to our 

university name “JU”. Result is displayed in Figure 5.10d. Such results established the usage 

perspective of PNG 5 an energy source for low power wearable electronic devices. 

5.4. Conclusions 

 
In conclusion, for the first time, fabrication of piezoelectric nanogenerator using a new class of 

composited based on simple solution processed all inorganic perovskite CsPbBr3 and PVDF. 

Concentration of CsPbBr3 is varied in the composite to achieve benchmark level performance. 

Electroactive phase constitution, degree of crystallinity, optical and energy harvesting features 

of the samples has been investigated thoroughly. Going beyond regular mechanical stretching 

and poling techniques, polar phase initiation in PVDF matrix is achieved by CsPbBr3 

incorporation. Nucleation of stable electroactive phase in PVDF changes with the subtle 

variation of CsPbBr3 in the composite and maximum β-phase is obtained for 5 wt% perovskite 

incorporation. High percentage of β-phase constitution ensures its candidature as an ideal 

material for piezoelectric energy-harvesting. Besides, electroactive phase induction, PVDF 

encapsulation improved the stability of the perovskites rod and ensures higher amount of light 

absorption. Several kinds of external stimulus were applied on the device to check the 

piezoelectric response. Repeated hammering by hand over PNG 5 produced an output voltage 

of 120 V. Simple bending of the optimized device by finger generated an open circuit voltage 

~10 V. Potential of the device as a vibration sensor was also explored under mobile vibration, 

air blower and regular table fan. Optimized composite sample-based photodetector delivered 
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much improved current under light than dark which suggest its promises in light detection. 

Coupling of the photoactive CsPbBr3 with PVDF ensures visible light detection and leads 

substantial change in piezoelectric output current 3 times and voltage 2 times. Such results 

promise the usage of hybrid material for multipurpose applications like piezoelectric energy 

harvesting, light detection and in hybrid devices and pave the way towards self-powered 

photodetector. 
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6.1. Introduction 

 
n the 21st century, the world around us is seriously challenged with complicated issues 

against escalating energy calamity, unremitting environmental disturbances and serious 

climate change instigated by fast socio-economic progresses, augmented power demands for 

electronic gadgets, burgeoning dependency over conventional energy resources [1-3]. To cater 

to this power issue, realization of novel energy harvesters and simple designing techniques for 

efficient energy generation and storage by exploring sustainable and green energy has become 

extremely crucial. In particular, optimization of contemporary energy resources management 

models with the aims of less power consumption from traditional energy resources and building 

of “battery-free” self-powered, multi-functional electronic systems for environmental 

monitoring and sensing are two attractive options for this energy movement [4]. Being an 

environmentally benign and budgetary approach, mechanical energy harvesting is highly 

appreciated by engineers and scientists where electrical power is generated from ubiquitously 

available mechanical energy resources around us. Piezoelectric materials are the fittest 

candidates to exploit this normally wasted mechanical and vibrational energy produced from 

different sources into electrical signals. The basic mechanism of piezoelectric nanogenerator 

(PNG) is associated with piezoelectric potential generation in the said materials when they are 

subjected to dynamic strain under external force, and subsequent transient current flow through 

the external circuit to balance the potential [5, 6]. Simple structure, relatively small size factor 

and high durability make these PNGs favourable for use in powering several small power 

consuming devices, wearable wireless electronics, mobile sensors, and other micro/nano- 

systems [7]. Output from flexible PNGs is not just limited in energy-harvesting purpose, ability 

of PNGs to generate different levels of response to mechanical stimuli of variable amplitudes 

and frequencies with fast response time and high sensitivity vested the realization of self- 

powered piezoelectric sensors and monitoring system like ambient wind-velocity detection, 
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vehicle tire pressure monitoring, skin deformation and etc. Over the years, wide variety of 

PNGs have been documented using several piezoelectric materials like semiconductor (ZnO, 

CdS, GaN), ceramics (BaTiO3, lead zirconate titanate, sodium niobate), polymer and their 

copolymer and etc. [8-18] to scavenge energy from biomechanical movement of human body, 

acoustic/ultrasonic waves, light wind and etc. Despite their high piezoelectric features 

inorganic semiconductors and ceramics are inherently brittle in nature and generally processed 

at stringent experimental conditions which restrict their efficacy in modish portable electronic 

gadgets and in emergent internet-of-things. On the contrary, ferroelectric polymer and its 

copolymer show processing simplicity, better mechanical flexibility, and notable 

biocompatibility. However, owing to the low piezoelectric coefficient of pristine polymer and 

their copolymers, PNGs based on these materials showed low-throughput as compared to those 

of inorganic PNGs, which is inadequate to run the self-powered system continuously. There 

has since been a continuous effort in rational construction of high-performance wearable piezo 

systems with high sensitivity, mechanical flexibility and benchmark power-generation. Among 

all documented protocols, rational hybridization of high flexibility ferroelectric polymer matrix 

with the high piezoelectric inorganic fillers to achieve high piezoelectric features with high 

flexibility and robustness from a single unit is a widely accepted route [19, 20]. 

From the large assortment of known ferroelectric polymers, poly (vinylidene fluoride) (PVDF) 

and its copolymer are the most studied piezoelectric materials because of its preeminent 

physical properties. This semi-crystalline polymer possesses at least four different polymorphs 

namely α, β, γ, and δ phases among which β phase has highest dipole moment per unit volume 

and is the most desired phase for energy harvesting application [21-25]. To induce more 

electroactive β-phase formation as well as to improve the dielectric properties of PVDF, 

impregnation of the polymer matrix by perovskite is very alluring. Despite the conspicuous 

progress reported in this regard, most of the systems have adopted high temperature processed 
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perovskites which possess several limitation and incompatibility issues for self-powering 

wearable electronics, leaving a vast scope of development in this field by low-temperature, 

budgetary protocols [26-29]. All-inorganic halide perovskites in well-known ABX3 chemical 

formula, (A and B are two different cations and X is halide) generally synthesised at low 

temperature (<100˚C) have already enumerated their sovereignty in diverse application 

systems due to their unique optical and electronic features [30-33]. These perovskites not only 

offered optical eminence also presented prominent piezoelectricity because of their piezo- and 

ferro-electric responses [34-39]. 

In this experimental out turn, for first time (to the best of the authors’ knowledge), the usage 

of all inorganic chemically processed CsPbCl3 within the PVDF matrix for mechanical energy 

harvesting has been realized. Prior to this, only two works presented the fabrication of all 

inorganic lead halide perovskite-PVDF based nanogenerators. However, both works are on 

CsPbBr3 [30, 40]. Introduction of perovskite filler not only increases the desired electroactive 

β phase also improves the overall dielectric constant and crystallinity of the hybrid film. 

Enhancement of these parameters ensures high piezo response from the hybrid as compared to 

pristine samples as ultimate performance of the device is highly dependent on them. Perovskite 

concentration in hybrids was also adjusted in subtle manner for device performance 

optimization. Desired electroactive β phase increased >86% in the optimized hybrid which 

nearly 2.5-fold of the bare PVDF film. The fabricated PNG based on 3 wt% CsPbCl3 loading 

generated an output voltage (168 V) and current (2 A), under simple hand hammering (~100 

MPa pressure). Energy harvesting by the PNGs were monitored under different kind of external 

stimuli. Energy generated from PNG can light an array of commercially available LED without 

any external bias. Optimized PNG is further utilized to address two important applications 

namely posture sensor and portable charging system. Currently, assessment and monitoring of 

human health issues are limited to hospitals and medical clinic as most of the conventional 
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testing systems are not portable, heavy and depend on bulky power sources. Prolonged 

sedentary work and bad sitting posture in our workplace for much of the day have several 

adverse health effects and frequently lead to cardio-metabolic disease, musculoskeletal 

disorders, coronary artery disease and etc. [41] Most of the office workers who work at the 

computer in flexed head and neck postures often suffer from severe shoulder pain, back pain 

and body ache. However, little attention has been devoted to address this serious issue despite 

the past reports linking it to chronic pain and fatal disorders [7]. Considering its flexibility and 

high electrical output performance, optimized PNG was further utilized for the fabrication of 

wearable self-powered posture sensor which could help to rectify the siting and standing 

posture. Another important issue i.e., the non-availability of electricity for powering our daily 

used electronic devices in several places was circumvented with help of optimized PNG [42, 

43]. Herein, a portable charger has been devised where the energy in the system is stored in 

expense of the steps took during walking. This device harnessed the voltage generated across 

the PNG kept within the shoe sole and stored it in a battery which can be exploited further to 

charge portable devices whenever needed. Flexible and wearable device realized this work will 

present an opening to evolve our society into a smart world especially in bio-mechanical 

movement sensing and efficient energy harvesting from PNGs. 

6.2. Characterizations and Measurements 

 
The surface morphology of the films was examined using Field Emission Scanning Electron 

Microscope (FESEM: HITACHI S-4800). X-ray diffraction analysis was performed by 

employing Bruker D8 diffractometer with Cu-Kα radiation of wavelength 1.5404 Ǻ. FT-IR 

spectrum was recorded in shimadzu IRprestige-21 spectrometer. Raman spectra were recorded 

in a WITec ALPHA300 RS confocal Raman spectrometer employing an Nd: YAG laser (532 

nm). Dielectric behaviour and impedance spectra were monitored using Agilent 4294A 
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precision impedance analyser. Electrical polarization hysteresis curves (P-E loop) were 

obtained from the Precision Premier II ferroelectric tester of Radiant Technologies, Inc. using 

standard bipolar waveform. To detect output voltage, a digital storage oscilloscope 

(KEYSIGHT InfiNiiVision DSOX2012A, Digital storage oscilloscope, 100 MHz, 2 GSa/s, 

input impedance 1 M) was directly connected with the nanogenerator, whereas the 

piezoelectric current was calculated from the voltage across a known load resistance (RL) 

connected in series with nanogenerator. 

6.3. Results and Discussion 

 
6.3.1. Structural, Morphological and Compositional Analysis of CsPbCl3 

 
Figure 6.1a shows the XRD profile of the synthesized perovskite. Positioning of all the peaks 

in this pattern agrees well with literature and signifies the formation of CsPbCl3 in cubic phase 

(PDF No: 00-018-0366) [47]. XRD data is refined by using Fullprof software and the result is 

displayed in figure 6.1b. It confirms that CsPbCl3 is a cubic lattice system and belongs to Pm- 

3m space group. The assessed value of lattice constant is 5.91A֯. This refinement confirms the 

phase purity of the synthesized product. The crystal structure of a unit cell of CsPbCl3 is drawn 

by VESTA and shown in the inset (figure 6.1b). Figure 1c denotes the array of three-unit cell 

of CsPbCl3 along X, Y and Z direction, drawn using VESTA software. Morphology of the 

synthesized product is manifested in figure 6.1d. Cube shaped particles with irregular edges 

are prominent in this image. Average size of one side of these cubes is ~ 200 nm. This image 

also suggests large scale morphological uniformity of the product over the scanned area. 

HRTEM image of the cube presented in figure 6.1e reveals well defined lattice fringes running 
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Figure 6.1: (a) XRD profile (b) rietveld refinement (c) crystal structure (d) FESEM (e) TEM 

 

image of CsPbCl3. 

parallel with a spacing of 0.398 nm corresponding to (110) planes of cubic CsPbCl3. No further 

peaks are observed related to any impurity element which further authenticates phase purity of 

CsPbCl3 and corroborates with the aforesaid XRD result. Stoichiometric ratio of the constituent 

elements as found from the EDS analysis is found to be 19:20:61 which also is in accordance 

with the previous report [48]. 

6.3.2. FTIR & Raman Analysis 

 
FTIR spectral investigation of the pristine PVDF and all PVDF-CsPbCl3 hybrid were carried 

out to explore the crystallinity as well as perovskite induced electroactive phase constitution in 

the hybrid. For facile understanding, henceforth the hybrid samples are labelled as PPF 1, PPF 

2, PPF 3 and PPF 4 where the attached numeric number denotes the concentration of CsPbCl3 
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in the film and pristine PVDF film is coined as PVDF. Incorporation of perovskite had 

significant impact on the crystalline phase transformation in PVDF which is obvious from the 

spectra shown in figure 6.2a. Spectra within the window of 1600-400 cm-1 reveal absorption 

bands at 612, 764, 796, and 976 cm-1 correspond to α-phase of PVDF (TGTG configuration) 

[25, 49]. Electroactive β phase appears at 841 cm–1 while the γ-phase of PVDF appears at 811 

cm–1 [25, 30]. As seen from this figure, pristine PVDF largely crystallized in non-electroactive 

α phase. Incorporation of perovskite in PVDF matrix resulted in a drastic reduction in α peaks’ 

intensity with a concomitant increment in the peak intensity of β phase. Increasing perovskite 

content to 3 wt % suppressed the entire α-peaks monotonically and ensured intense β peak. 

With 3 wt% CsPbCl3 loading, β phase percentage reached >86% which is more than two-folds 

of the same in pristine PVDF (~ 40%). Further, increments in CsPbCl3 contain up to 4 wt % 

led in re-emergence of α-phase, perhaps due to the aggregation of the perovskite in PVDF 

matrix at higher loading. Variation in electroactive phase constitution as function of perovskite 

loading is presented in figure 6.2b [21-25]. Enhancement of the β phase percentage in PVDF 

matrix generally results from the interfacial interaction of surface charge of CsPbCl3 and – 

CH2– and –CF2– dipoles of the PVDF chain. This interaction facilitates favoured ordering of 

PVDF chains and thereby shifting in chain conformation from α (TGTG) to β (TTTT). As 

obtained, the vibrational band shifted towards the lower frequency region due to symmetric 

(νs) and asymmetric (νas) stretching vibration. As a consequence of such interfacial interaction, 

effective mass of –CH2– dipole increased. This further resulted in damping in the system and 

consequently stretching the vibrational frequency (νs) of –CH2– group of PVDF shifted towards 

the lower frequency region [23, 24, 39, 50]. To get more insight about the aforesaid interaction, 

damping constants of all the samples are calculated. Damping frequency (ω), natural frequency 

(ω0) and damping constant (rdc) are related by the following equation [23, 24, 50]. 
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Figure 6.2: (a) FTIR spectra of all synthesized films, (b) Variation in β phase concentration 
 

and (c) rdc and 𝜈 values with different wt. % perovskite loading, (d) Raman spectra of all films; 
 

(e) XRD profile of PVDF and PPF 3 within the range 2 = 16-23˚; (f) crystallinity variation 

of different phases in PVDF and hybrids. 

ω2 = ω0
2 – rdc

2 (6.1) 

 
In terms of wavenumber, the above equation can be written as, 

 
𝜈 = [𝜈 2- (

𝑟𝑑𝑐 
)2]1/2 (6.2) 

0 
2𝜋𝑐 
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Where c denotes the velocity of light in a vacuum. Assessed values of rdc and 𝜈 for all samples 

are presented in figure 6.2c. Changes of rd and 𝜈 values for different CsPbCl3 loading are 

analogous with the electroactive phase content in the sample. This implies direct association 

between the β phase formation in PVDF due to aforementioned interfacial interaction and 

CsPbCl3 [39, 30]. 

Raman spectra of PVDF and all composite films are plotted in figure 6.2d. Intense band-related 

non-polar α component appeared at 796 cm-1 in case of pristine polymer due to -CH2- rocking. 

This peak almost disappeared in composite systems and one additional peak associated with γ 

phase was born at ~812 cm-1 due to the out of plane wagging of the -CH2- dipole. Band at 841 

cm-1 confirms the presence of electroactive β phase. It also indicates coexistence of -CH2- 

rocking, -CF2- stretching and skeletal C-C stretching [51, 52]. Intensity of this peak gradually 

enhanced with perovskite. Such a trend in β phase content follows analogous trend as observed 

in FTIR. 

6.3.3. Structural and Morphological Analysis of PVDF/CsPbCl3 Composites 

 
Crystalline structures of PVDF and PPF 3 were further examined using XRD (figure 6.2e-f). 

Peaks at 18.6° and 20.88° are attributed to nonpolar α-phase and polar β-phase respectively. 

These profiles also comprise a small peak at 19.30 corresponding to the semi-polar γ phase [30, 

53, 54]. In PPF 3, intensity of the 18.60 diminished by a large amount while the intensity of the 

peak at 20.88° significantly improved. This result is in accordance with FTIR analysis. Degrees 

of total, α and β phase crystallinity for all the samples is further calculated from deconvoluted 

XRD peaks. Crystallinity variation in these samples is shown in figure 6.2f. EDX scan profile 

of the PPF 3 sample presented in figure 6.3a suggest presence of C, F, Cs, Pb and Cl only. EDX 

elemental mapping of PPF 3 under FESEM confirms uniform distribution of all the constituent 

elements, thus successful preparation of CsPbCl3-PVDF hybrid. 
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Figure 6.3: (a) EDX scan; XPS spectra of (b) Cs 3d (c) Pb 4f (d) Cl 2p (e) C 1s (f) F 1s of PPF 
 

3. 

 

6.3.4. XPS Analysis 

 
XPS analysis of the same hybrid is further carried out and the results are shown in figure 6.3(b- 

e). High resolution XPS spectra of Cs and Pb in the figure 6.3b and 6.3c reveal typical doublet 

features. Peaks appearing at ~740.4 and ~726.3 eV are associated with Cs 3d3/2 and 3d5/2 peaks 

respectively [30]. On the other hand, for Pb, peaks are observed at ~145.4 and ~140.5 eV which 

are related to 4f5/2 and 4f7/2 respectively [30]. Deconvoluted peaks of Cl 2P1/2 and Cl 2P3/2 

appeared at ∼198.8 and∼197.2 eV respectively (figure 6.3d). Such positioning of peaks 

suggests the 1+, 2+, 1- oxidation state of Cs, Pb, Cl respectively [55]. Peak related to C1s showed 

two components. Peaks at ~286.1 eV and ~290.5 eV can be indexed to CH2 and CF2 bond 

respectively (figure 6.3e). Symmetric peak of F 1s appeared at ~687.2 eV. Such positioning of 

F 1s is found slightly shifted from the normal PVDF. This shifting may be accredited to electric 

field generation internally due to the hybrid formation [30]. Finally, no peaks related to any 
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other impurities are observed in the survey scan. This corroborates with EDX results and 

signifies the successful preparation of the hybrid. 

6.3.5. P-E loop and Dielectric Property of PVDF/CsPbCl3 Composites 

 
Figure 6.4a shows the P-E hysteresis loop of all the samples, monitored by sweeping the 

electric field (E) in a window of ± 100 kV/cm at room temperature. The remanant polarization 

(Pr) for PVDF is 0.01 μC/cm2. This value is increased significantly to 0.17 μC/cm2 in PPF 3. 

Under an applied field of 100 kV/cm, the saturation polarisations for PVDF and PPF 3 attained 

0.65 and 2.81 μC/cm2 respectively. Comparison of these loops suggests maximum values of 

the remanant and saturation polarization for PPF 3. Such increment in remanant polarization 

and saturation polarization in PPF 3 indicates higher dipole moment per unit volume in PVDF 

chain (CH2-CF2) present in the hybrid. Much lower remanant polarization for PVDF than the 

hybrid is due to less dipole-dipole interaction. Pristine PVDF is largely composed of α phase 

having no dipole moment, while the composite is largely composed of electroactive β phase 

with higher dipole moment. Addition of perovskite in PVDF eases the dipole alignment in the 

hybrid system which ensued in the higher values of remanant polarization. Such high remanant 

polarization is expected to produce higher piezo output. Variation in remanant and saturation 

polarization of the samples as function of incorporated perovskite concentrations is presented 

in inset of figure 6.4a. Remanant polarization of the sample is found to increase steadily with 

increases in the perovskite content. It is found that the energy storage density of the hybrid is 

much higher than the PVDF under a given electric field. This enhancement may be attributed 

to dielectric constant increase due to homogeneous distribution of perovskite and interface 

compatibility enhancement in the polymer matrix [56]. 

Coupling of perovskites with PVDF also influenced the dielectric behaviour of hybrids. 

Dielectric constant (εr), dielectric loss (tanδ) and AC conductivity (σ) plotted as functions of 
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Figure 6.4: (a) P-E loop of PVDF and all the hybrid films (inset shows variation in remanant 
 

and saturation polarisation as a function of perovskite loading) (b) variation of εr with 

frequency (c) variation of dielectric loss with frequency (d) variation in conductivity of PVDF 

and hybrid films with frequency. Inset shows variation in εr and d33 values with respect to 

perovskite loading. 

frequency respectively ranging from 1 kHz to 10 MHz of all samples are manifested in figure 

6.4b-c. In comparison to pristine PVDF, εr values of the hybrid films increased up to 3 wt % 

of perovskite incorporation. Afterwards, it decreased for higher CsPbCl3 containing films. 

Overall increment in εr values in hybrids as compared to PVDF indicate the impact of CsPbCl3 

amalgamation. Reduction in εr value at larger amount of CsPbCl3 incorporation may occur due 

to the agglomeration [57]. Similar kind of variation in εr values as function doping concertation 

are also observed by several other researchers [4, 58, 59]. This figure also suggests a rapid step 

down in εr values for the hybrid samples with increasing frequency. Perovskite incorporation 
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in hybrid increases the interfacial space charge which ensures more space charge polarization 

and subsequently the εr value increases. At low frequencies, all kinds of polarisations namely 

ionic, electronic, interfacial and dipolar lead to significant increment in εr with respect to a 

fixed applied voltage. In contrast, the aforesaid values are reduced at high frequency in the 

applied frequency window due to weakening of interfacial/space polarization [60]. Figure 6.4c 

shows the variation of dielectric loss as a function of frequency. Dielectric loss of pristine 

PVDF is ~ 0.06 at 1 kHz, whereas the hybrid films showed the same that ranged from 0.12 to 

0.21. The dielectric loss of all the films increased above 10 kHz due to a relaxation loss of 

PVDF. Such nominal dielectric loss over this inspected frequency window suggests the figure 

of merit of hybrid films. AC electrical conductivity of all samples is plotted in figure 6.4d. AC 

conductivity of the hybrid film is increased due to perovskite incorporation. This conductivity 

enhancement resulted in enhanced output current from the device. AC conductivity is low at 

low frequency regime. This may result from a high polarization effect and relatively high 

relaxation time for dipole orientation in the direction of the field. Then again, values of the 

same increase at high frequency. Polarization effect becomes insignificant at high frequency. 

Also, the dipoles take less time to themselves along the applied field [24] Dielectric constant 

of material is directly related with piezoelectric coefficient. With elevated piezoelectric 

constant as well as remanent polarization the piezoelectric features of the hybrid films increase. 

The dielectric constants and piezoelectric coefficient (d33) of PVDF and hybrid films as a 

function of CsPbCl3 wt % are compared in the inset of figure 6.4d. 

6.3.6. Performance of Piezoelectric Nanogenerators 

 
To evaluate the piezo output voltage from the fabricated nanogenerators as a function of 

different base material and the applied periodic force, films with dimension of 1×1 cm2 were 

used for nanogenerator fabrication. We fabricated several nanogenerators using hybrid samples 
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Figure 6.5: (a) Output voltage (b) current from RNG and PNG due to hand hammering; (c) 
 

charging comparison of RNG and PNG 3. (d) Output voltage and current and (e) instantaneous 

power across load resistance. Output voltage generated from PNGs due to (f) finger tapping 

(g) leg pressing. (h) Output current in forward and reverse connection and (i) output voltage 

in forward and reverse connection (inset shows zoom in profile of a single peak). 

as well as with pristine PVDF. Fabricated nanogenerator based on pristine PVDF is considered 

as reference generator and labelled as RNG. While other nanogenerators prepared with hybrids 

are coined as PNG 1, PNG 2, PNG 3 and PNG 4 where the attached numeric with PNG 

represents the wt% of CsPbCl3 in hybrids. Piezoelectric outputs of all devices are examined 

without any additional electrical poling action. Figure 6.5a and figure 6.5b show the open 

circuit voltage (Voc) and short circuit current (Isc) of all the devices upon a periodic hammering 

by hand with constant amplitude ~100 MPa. From both figures, maximum instantaneous output 

voltage and current ~ 168 V and ~2 μA are observed respectively for PNG 3. Whereas in the 

(f) 



138  

Chapter 6 
 

 

same experimental condition, the output voltage and current registered from RNG are only ~20 

V and ~0.60 μA respectively. Calculated output power across PNG 3 is found to be ~336 W 

while the same across RNG is 11.6 W. These figures also suggest elevated output 

performance from all the PNGs compared to the RNG. 

To explain the observed performance differences, from the devices, understanding of the role 

of CsPbCl3 is crucial. To enhance this electroactive phase content, CsPbCl3 was incorporated 

as the filler. This incorporation and thereby β phase conversion (self-polling) is not only easy 

but also quick and cost-effective. The β phase has maximum dipole moment per unit cell as 

compared to α and γ phases, β phase constitution in the sample increases with the incorporation 

of filler, confirmed from the FTIR and XRD analysis. Besides β phase enhancement, 

incorporation of filler also ensures high dielectric constant. Improvement in dielectric constant 

further ensued enhancement in d33 values. Relying on these elevated features, hybrid samples 

showed better piezoelectric response. Performance supremacy registered from PNG 3 is 

attributed to its highest percentage of β phase constitution, higher d33 coefficient than others. 

For such output performance supremacy, PNG 3 has been considered as optimized one and 

executed further studies using it. The calculated value of the transferred charge is 17.48 μC for 

PNG 3 whereas the same for RNG is 5.21 μC (figure 6.5c). This result indicates that the amount 

of transferred charge is enhanced after CsPbCl3 incorporation in samples. With the application 

of external stress on PNG 3, dipoles in the PVDF matrix are aligned. As a result, charge is 

induced on both the electrodes. Due to this induced charge accumulation, electrical current 

flows through the external circuit [30]. PNG devices deformed under applied pressure. With 

maximum deformation, the devices accumulated the highest number of charges within a small 

interval of time. Upon pressure removal, dipoles get misaligned and the accumulated charge 

flows in the opposite direction. 
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To find the instantaneous output power from the PNG 3, changes in the output voltage and 

current as a function of load resistance (RL) under stress of ~100 Pa were examined (Figure 

5d). Load resistance was connected in series with the nanogenerator and varied from 150 k to 

30 M. This figure demonstrates gradual increment of the output voltage which is nearly 

saturated at higher resistance. On the contrary, the output current followed the reverse trend 

which gradually decreased with increasing load resistance. Figure 6.5e shows the variation in 

output power with load resistance. Resistance corresponding to maximum instantaneous power 

(P) was calculated using the standard equation: P = V2/RL. Assessed value of consumed power 

is maximum (7.3 μW) at the load resistance of 4.4 M. From the maximum power transfer 

theorem, it can be concluded that internal resistance of the device is 4.4 M. Voc is also 

estimated using following equation: [17], 

 

1 
= 

𝑅𝑖  . 
1  

+  
1 (6.3) 

𝑉𝐿 𝑉𝑜𝑐 𝑅𝐿 𝑉𝑜𝑐 

 

Here, VL denotes the voltage developed across the load resistance. Calculated value of Voc, 

from the plot of 1/VL vs. 1/RL for PNG 3 under periodic finger tapping is ~34 V which is nearly 

identical to the measured value of Voc ~35 V. Sensitivity is an important criterion of the 

nanogenerator for its widespread usage. To examine the sensitivity of the PNG 3, very light 

mechanical stress was applied by placing a cell phone in vibration mode upon it. Output ~0.3 

V is registered across PNG 3 due to such vibration (~100 Pa). This result confirmed that PNG 

3 can extract mechanical energy from very a small mechanical source and generate electrical 

response. Figure 6.5f shows the output performance of PNGs under finger tapping (~ 100 kPa). 

The generated output voltage of PNG 3 is ~35 Volt which is nearly 3-fold than the same 

delivered by RNG. When heavy stress is applied by toe pressing, the voltage increases to ~ 

58.30 Volt (Figure 6.5g) for PNG 3. These results confirm that output of PNG is improved due 

to the incorporation of CsPbCl3. Observed asymmetric peaks in the output signals in aforesaid 
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figures can be understood by the difference of strain rate. Pressing is applied by both fingers 

and toe at higher strain rate. It resulted in high output voltages. Then again, releasing is 

dominated by the resilience of hybrid film with slower strain rate. This may result in low 

voltages. Such kind of asymmetry in output signal due the scan rate differences is also observed 

by other researchers [61-63]. To examine whether the signal in the oscilloscope was genuinely 

a piezo signal or noise, PNG 3 was connected with the oscilloscope in both forward and reverse 

bias. Figure 6.5h and 6.5i shows that the current and voltage developed across PNG 3 in 

forward and reverse connections were nearly the same, thus authenticating nature of the signal 

as a piezo signal. Zoom in view of a single peak is shown in the respective inset. 

To measure the piezo-response of PNG 3 under different bending conditions as well as to 

examine its mechanical flexibility, their output characteristic was monitored at different 

bending conditions. Figure 6.6a shows the output of 5.88 and 11.51 V from PNG 3 in half and 

full bending conditions respectively. Digital images in inset demonstrate two different bending 

situations. Registered voltage for full bending is found almost double to same of half bending. 

Further, to attain an idea over its sensitivity towards small extent of bending, output of the 

device examined at small angles also. Starting with a very nominal bending of 2˚, output 

performance of PNG 3 examined up to 25˚ and the result is shown in figure 6.6 (b, c). From 

both the curve, it is obvious that the electrical output of PNG 3 increased with the gradual 

increase of bending angle, shows its potential for being used in diverse bending gesture 

recognition. Bending the PNG 3 at angle 2˚, 3˚, 5˚, 10˚, 15˚ 20˚ and 25 ̊ generated output voltage 

of 0.03, 0.09, 0.36, 0.51, 1.04, 1.34 and 1.95 V and the corresponding currents displayed in 

oscilloscope are 0.02, 0.05, 0.11, 0.21, 0.35, 0.51 and 0.64 A respectively. As the actions of 

bending and straightening repeated, both the real-time outputs displayed gradual and periodic 
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Figure 6.6: (a) Output voltage due to half banding and complete bending recorded by a digital 

oscilloscope. (b) Open circuit voltage (c) short circuit current due to bending at a various 

angle (insets show zoom in view). (d) Output voltage and current (e) effective stress (f) effective 

strain (g) output power with respect to bending angle. (h) Output voltage and current vs 

resistance at 5º bending; (i) Resistance vs power variation of PNG 3 at different bending. 

increasing and decreasing, showing a real-time detection ability of sharp angle. For a 

comparative view, peak values of output voltage and current are compared at different bending 

angles and the result is plotted in figure 6.6d. Peaks of the measured output increased with the 

increase of bending angle due to internal piezoelectric potential enhancement by the introduced 

strain [64]. Upon bending, effective stress and strain are developed in PNG 3. Using a beam 

bending model, effective stress and strain were calculated [65]. Effective stress on the surface 

of the device can be expressed as σeff = M/S, where M and S denote bending moments and 

section modulus respectively. Stress at the central region of the device increases gradually with 

the increment of bending angle, obtaining maximum stress of 1.0 MPa at a bending angle of 
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90˚ (figure 6.6e). Upon bending, inhomogeneous bending stress is developed along the 

thickness of PNG which ensure difference in piezo-potential between its two extreme surfaces. 

With increase in bending angle, effective stress as well as output voltage increases gradually. 

The effective stress gradient formation along the thickness of film is further confirmed by 

COMSOL simulation. Stress variation along the thickness at an angle 20˚is shown in figure 

6.6e inset. This profiling confirms maximum positive stress generation on the top surface and 

negative stress in the bottom surface, where the axis of film is considered as neutral. Beside 

stress, effective strain was also calculated and the result is shown in figure 6.6f. Stress variation 

along the thickness at an angle 20˚is shown in figure 6.6f inset. The effective strains were found 

to be in the range of 0.001–0.010%. To apply this device in any practical application in bending 

state, it is necessary to get an optimal output power. Figure 6.6g shows the variation of output 

power with different bending angles of the PNG 3. The output power profile mimics the similar 

trend of output voltage and current upon bending angle increment. It delivered maximum 

power 34 W at bending angle of 90˚. Variation in instantaneous power across different load 

resistance for PNG 3 under bending condition is also explored. Output voltage and current 

across the load under small bending at 50 showed typical natures where the voltage saturated 

at higher resistance with the increase in resistance and current followed the reverse trend (figure 

6.6h). Difference in output power at different bending angles as a function of load resistance is 

given in figure 6i. The generated maximum output power comes from PNG 3 for bending angle 

of 2˚, 3˚, 5˚, 10˚, 15˚, 20˚, 25˚, 45˚ and 90˚ across the various load is 0.057, 0.060, 0.070, 0.078, 

0.094, 0.109, 0.122, 0.250, and 0.375 W respectively. The output voltage and current of PNG 

3 are also tested at frequencies of 0.5, 1, 2, 3, 4, 5 and 6 Hz. Increment in both outputs up to 5 

Hz frequency is obvious from the figure. Such increment in outputs at high frequency may be 

attributing to the faster strain rate of PNG 3 at the said frequency. These results not only suggest 

mechanical stability and robustness of PNG 3, also ignite its candidature utility 
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Figure 6.7: Output voltage across the fabricated sensor at different bending posture. 

for practical bending sensor system [66]. Due to the output performance dependency over 

applied strain, PNGs can be employed as active sensors for strain linked mechanical stuffs with 

current and voltage as sensing parameters. Prolonged sitting at workplace for several hours at 

a stretch has lots of harmful effects which should be dealt with utmost effort before they 

become permanent and life threating. Wearable posture correction sensor can help to rectify or 

improve the sitting or standing posture before it become stressful to the body. Considering its 

good flexibility and electrical output performance, PNG 3 was utilized for the fabrication of 

wearable self-powered posture sensor to monitor the bending of our spine. PNGs in the sensor 
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detect the bending from optimized position and gives an electrical output to the buzzer which 

gives the user feedback in the form of alarm. Schematic of as the fabricated posture sensor is 

shown in figure 6.7a. As shown in schematic, five PNG 3 (each device with same size and 

structure) were integrated into a buzzer system. The buzzer system runs only when the output 

signal exceeds a threshold voltage of 7.5 V. The entire system is fixed firmly on user’s skin 

with help of an elastic belt which has a very little impact on spine movement. Output 

performance of fabricated sensor at different angle is shown in figure 6.7. As shown in figure 

6.7 b–d, PNG 3 placed on the back can monitor various angles of spine. The PNG 3 was driven 

by the movement of spine. In normal condition, PNG 3 attached over belt remains in unbended 

condition. In absence of any bending induced stress, the output across the PNG is significantly 

low. In such nominal response the buzzer stays in an inactive condition. With more bending, 

PNG 3 follows same bending curvature of spine due to its high flexibility. For small bending 

(10˚), PNG 3 delivered an output of voltage and current 0.51 V and 0.2 A. This output is still 

lower than the fixed value which ensures the same inactiveness of buzzer. Once the user bends 

his/her spine more say by >20˚, output exceeds threshold value of buzzer and buzzer starts 

running. The output signals increased with the bending enlargement. In this way, this PNG 3 

based posture sensor can easily distinguish various posture of user’s spine. In addition, since 

high flexible of PNG 3 can be easily driven wherever some bending movement is available due 

to excellent conformability, it may be used as other self-powered wearable sensor for health 

monitoring and smart skin system by itself without using any external battery. 

Biomechanical energy can be obtained easily from our day to day activitivites without suffering 

from environmental disparities. Biomechanical motions are considered as sustainable energy 

sources for wearable self powered portable devices [66]. To expolre the possibility of the PNG 

3 in biomechanical energy harvesting, it was subjected to the different human motions. 
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Figure 6.8: Output voltages  for (a) slow pressing-slow  releasing (b) slow pressing-fast 
 

releasing (c) fast pressing-slow releasing (d) fast pressing-fast releasing. Output voltages due 

to (e) jogging, running and walking. 

Mechanical force application and relase at different speed resulted difference in the output. As 

depicted in figure 6.8a-d, both press or release process with fast-moving speed drives the 

device to deliver relatively high output voltage. More specifically, fast pressing (32 cm/sec; 

stress~1 kPa) of device with finger resulted higher positive peak value of ac voltage as 

compared to the same at low speed (12 cm/sec; stress ~1 kPa) finger motion. Then again, as 

the consequence of finger release at higher speed, peak value of voltage reaches in more 

negative direction than the slow releasing of finger. Output value reached ~2.90 V due to fast 

pressing and releasing whereas the same due to slow pressing and releasing is ~1.00 V. These 

results confirm that PNG 3 can sense slow and fast movement of human motions and it can be 

utilized in motion sensor fabrication also. Device performance also monitored for different 

kind of biomechanical force conditions namely like running, walking and jogging (stress in 

each case ~35 kPa) and the results are shown in figure 6.8e. As can be seen from this figure, 
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Figure 6.9: (a) Schematic of the capacitor charging process and different capacitor charging 

 

(b) power up a calculator (c) fitting of PNG 3 inside shoe, total circuit connection for mobile 

charging. 

the output signal generated due to the running is ~44 V. Generated output voltage for jogging 

and slow walking is 36 and 21 V respectively. It proves that the fabricated device can work as 

energy harvester to harness all kinds of day-to-day biomechanical motions. Such dependency 

of piezoelectric response on the strain rate is well documented in the literature [62, 63]. With 

the increase in applied strain rate, charges were transported faster in external circuit to 

neutralize the piezoelectric response. Such fast transportation of charges ensured a large 
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piezoelectric output. As the output voltage is the product of the external resistance and output 

current, the output voltage varies proportionally with the applied strain rate [63]. 

Along with high instantaneous output, several devices demand fast charging-discharging with 

a high voltage at small interval of time. In this context, PNG 3 was connected with a capacitor 

via bridge rectifier and subjected to biomechanical action. Circuit diagram for this capacitor 

charging is given in figure 6.9a. Capacitor charging as a function of time for different capacitor 

namely 2.2, 4.7, and 10 µF is shown in figure 6.9a. This figure also demonstrates that 2.2 F 

capacitor became fully charged (~ 4 V) due to walking for a very small-time interval ~20 sec. 

The power stored in capacitor was calculated by following equation, Pout = 
1

 
2𝑡 

CV2, where Pout 

 

is power stored, C stands for capacitance of the capacitor. V denotes saturation voltage and t is 

the time taken to reach that voltage. Assessed value of power stored in capacitor is ~ 0.8 μW. 

To reveal the feasibility and utility of this capacitor charging more clearly in biomechanical 

energy harvesting, the device has been used further to run commercial calculator. The harvested 

energy by capacitor can be used to lighten up of LCD of the calculator screen (figure 6.9b). 

This result inspired us to charge several other wearable electronic devices by amalgamating 

few PNGs in series which can increase the overall power. Severe power shortage in the 

wearable electronic devices due to the limited capacity of Li-ion batteries inside is a huge 

headache. Building a system for powering these devices by scavenging energy from our 

biomechanical activities is very promising. In this scenario, a system was designed using PNG 

3 to convert low-frequency walking motion energy into reliable and continuous electricity 

source for small electronic device. The PNG 3 has been stacked in shoe’s sole and attached a 

5 V battery via bridge rectifier. Digital image of the construction process and working condition 

is presented in figure 6.9c. High output power of this PNG 3 was able to charge up the 5 V 

battery which further recharges our mobile battery in any time and any difficult situation. When 
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Figure 6.10: (a) Output voltage and (b) current of PNG 3 for first 10000 cycles (c) fatigue test 

output voltage for consecutive 5 months. (e) Digital image showing the glowing LED array 

and university acronym “JU”. 

the applied strain in system corresponds to a person (~weighing 55 kg) walking at normal speed 

of 5-6 km/hr, time taken by 5 V battery to be charged fully was ~10 hours. This fully charged 

battery can recharged the android phone and other electronic devices of low-power- 

consumption easily. These results suggest that this kind of system using PNG 3 can has huge 

potential in illumination and power supplies for the wearable electronic devices of low wattage. 
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To examine the endurance of PNG 3 in long term applications, the fatigue test has been 

performed at frequency of ~3 Hz for five months (50000 cycles, 10000s per month). A ‘beat 

the drum’ toy has been placed over PNG 3 for periodic application of mechanical stress. Output 

voltage and current across PNG 3 in first 10000 cycles is presented in figure 6.10a and 6.10b. 

No significant attenuation in output voltage and current is observed even such long cycle 

operation. Output voltage response from PNG 3 over 5 consecutive months is presented in 

figure 6.10c. Here also, no significant drop in output voltage is observed over the entire period 

of testing. As suggested by these results, piezo response of PNG 3 is not severely vulnerable 

against moisture and seasonal temperature change and etc. Careful observation of the FESEM 

reveals no significant fault, fracture or breakage in the hybrid film even after such long 

repetitive operations. All these results confirm robust reliability and durability of PNG 3 and 

thereby it’s utility as an effective energy scavenger even in harsh conditions. Futher power up 

sevaral green LEDs to establish the feasibility of PNG 3. The PNG 3 device was connected 

with a bridge rectifier, which the convert the alternatng current into direct current output. As 

seen in figure 6.10d, PNG 3 instantaneously lighted up an array of commercially available 32 

green LEDs without any external source, simply by walking when the PNG was placed inside 

our shoe. Furthermore, the same PNG also instantaneously lit up two letters ‘JU’ which is the 

abbreviation of our university under same periodic stress (figure 6.10e). These outstanding 

results advocate that 3% CsPbCl3-PVDF based PNG is an excellent candidate for its potential 

utility in high-performance, flexible, wearable mechanical energy harvesting systems. 

6.4. Conclusions 

 
In summary, super-flexible PVDF films filled with various mass fractions (wt%) of low 

temperature processed all inorganic CsPbCl3 were realized to fabricate high performance 

piezoelectric energy harvesters. Subtle adjustment over the concentration of perovskites in 

PVDF matrix ensued different electroactive phase nucleation, difference in dielectric features 
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as well as in remanant polarization in the hybrid samples. Maximum β-phase in the hybrid is 

obtained for 3 wt. % perovskite loading sample. The blended film was sandwiched between 

two aluminium electrodes to fabricate PNGs. Recorded values of maximum output voltage and 

current from PNG 3 were ~ 168 V and 2 μA, whereas those for pristine PVDF film were 20.0 

V and 0.58 μA respectively. Benefited with the advantage of high β-phase content, enhanced 

d33 coefficient and dielectric permittivity, PNG 3 showed much improved energy conversion 

efficiency as compared to pristine samples separately. This output was sufficient to turn on at 

least 32 commercial green light emitting diodes (LEDs) without any peripheral energy sources 

simply by walking when the PNG was placed inside our shoe. The highly flexible PNGs shows 

potential utility as an active posture sensor capable of detecting poor posture during sitting and 

standing. Furthermore, capacitors have been successfully charged by repetitive finger tap and 

release signifying the output voltage of PNG 3 can be utilized as self-powered smart electronic 

devices. Inspired from capacitor charging result, PNG 3 based systems were also designed 

which can to convert low-frequency walking motion energy and can act as a power source for 

small electronic device. Mechanical stability and durability were tested by a long 10000 cycle 

data for consecutive 5 months, which proves its usability as a long-lasting energy supplier. This 

simple and cost-effective solution-based amalgamation of polymer with all inorganic 

perovskite in a single unit will provide a promising platform for fabrication of flexible, highly 

durable energy harvesters and self-powered wearable sensor systems for practical usage at 

every place where different type’s mechanical movement is available. 
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7.1. Introduction 

 
espite traditional energy sources, the demand for renewable sources increases with the 

growing population density and industrial revolution throughout the globe, which has 

accompanied harmful consequences like pollution, global warming, and irreversible 

environmental degradation. On the other hand, the limited resources are depleting rapidly. 

Under these circumstances, many scientists and researchers are trying to develop advanced 

energy harvesting technology to utilize unused and wasted energy that can prevent this energy 

crisis. With the rapid development of the economy, society, and scientific endeavors, 

microelectronic devices are playing an increasingly important role in our daily lives. Usually, 

these devices can be powered using conventional batteries, which require periodic replacement 

owing to their limited capacities. Moreover, it requires remarkable manpower, financial 

resources, and time, especially in remote areas. For the power supply, scientists are working 

on new methods for scavenging clean energy from the surrounding environment. Based on this 

background, the piezoelectric and triboelectric Nanogenerator were invented by Wang et al. in 

2006 and 2012, respectively, which can effectively convert small mechanical energies into 

electrical energy in the ambient environment, such as wind energy, wave energy, droplet 

energy, small vibration, human body motion, and other mechanical energies [1, 2]. They are 

basically   the wasted mechanical energy   present in our surrounding environment. 

Nanogenerators can not only scavenge these mechanical energies efficiently, but also include 

various secondary advantages, e.g., the associated technology and devices are simple, small, 

light-weight, convenient, low-cost, devoid of auxiliaries, and eco-friendly. They can also be 

applied to wireless sensors and microelectronic devices [3, 4, 5]. Naturally, research and 

development of self-powered electronic devices are considered among the hottest topics in 

sustainable growth, especially in the field of self-charging power textiles for wearable 

electronics, which has undergone notable expansion. Thus, it is important to investigate self- 
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charging energy storage devices that can effectively integrate energy harvesting and storage 

units into one device for powering miniaturized; low-power electronic devices with automated 

energy supply [6–9]. 

A lot of materials have been studied for this purpose. Several semiconductors like ZnO, CdS, 

GaN, ZnS, etc. [10-19] exhibit piezoelectric properties. Numerous ceramic materials like lead 

zirconate titanate (PZT), various perovskites such as BaTiO3, ZnSnO3, MAPbX3, FAPbI3, etc. 

[20-28] and polymers (PVDF, PVDF-TrFE, PVDF-HFP, PDMS, etc.) also show a strong 

piezoelectric effect [29-38]. But most of them are not flexible, but rather brittle and toxic, 

making them inappropriate for device fabrication. In comparison, piezoelectric polymers are 

quite attractive due to their high piezoelectric coefficient (d33), flexibility, and diverse genres 

of applications [39-41]. Among them, PVDF and its copolymers are the most suitable 

candidates due to their excellent energy storage ability, high piezoelectric coefficient, desirable 

flexibility, and capability to transform into different elaborate shapes. PVDF exhibits four 

polymorphs based on different chain conformation viz., α, β, γ, and δ phases. Among these, α 

and δ phase shows trans-gauche-trans-gauche (TGTG) configuration, and β phase exhibits all- 

trans (TTTT) configuration and γ phase shows T3GT3G configuration. α and δ phases show no 

spontaneous polarization which makes them non-polar, while due to the parallel dipolar 

configuration, both of β and γ phases are polar. A monomer unit —(CH2—CF2)— is repeated 

in the PVDF matrix (for  phase) to form a non-conjugated linear fluorinated hydrocarbon with 

a high vacuum dipole moment (7 × l0-30 C m) [42], pointing roughly from the negatively 

charged fluorine atom to the positively charged hydrogen atom. However, with larger 

spontaneous polarization β phase predominantly manifests the piezoelectric effect [43-46]. But 

in a normal PVDF matrix, β phase content is nominal, so it is needed to enhance the associated 

β phase fraction. Hence, our primary objective is to enhance the electroactive phase content of 

the PVDF matrix as much as possible. Different groups have elaborated versatile and novel 
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approaches to transform the nonpolar phase into an electroactive phase; such as mechanical 

stretching, electrical polling under high field, thermal annealing, filler incorporation in PVDF 

matrix, etc. [46-53]. Among these, filler incorporation is a more convenient process for 

multifunctional applications that hardly affects the flexibility of the film. In previous work, 

CsPbBr3 has been used as an optically active filler for photo detector construction [46]. Here, 

a flexible PNG was fabricated and anticipate enhancing the output performance of PNG via 

blending [54-56]. 

A rectifier-based circuit is required to store electrical power from a piezoelectric 

Nanogenerator, which leads to indispensable energy loss in the external circuit. To solve these 

issues, many efforts have been dedicated to pursuing direct transformation of mechanical 

energy into electrochemical energy without a rectification circuit. A PNG is an effective tool 

that can harvest low-frequency mechanical energy from our surroundings by utilizing the 

piezoelectric properties of some materials. On the other hand, electrochemical capacitors or 

supercapacitors are considered one of the most momentous next-generation energy storage 

devices, predominantly for their fast charge-discharge rates, high power density, and long 

lifetimes compared to conventional chargeable batteries or commercial dielectric capacitors. 

Several noteworthy efforts have been made to assemble storage units with energy harvesters to 

develop uninterrupted, small-scale self-charging power systems. Based on two separate 

mechanisms of self-charging processes (conversion of mechanical energy to electrical energy, 

that further transforms to electrochemical energy), the mechanical energy is converted into 

electrical energy and stored at the same time without using a rectifier circuit [57-61]. 

The rapid advancement of portable electronic devices, such as Bluetooth speakers, mobile 

phones, and smart watches, has led researchers to look for flexible, low-weight, and energy- 

saving devices. A piezoelectric self-charging flexible supercapacitor (PSCFS) consists of a 

flexible piezoelectric separator, flexible positive and negative electrodes, and electrolyte gel. 
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These devices are fabricated by sandwiching the piezo separator between two electrodes using 

gel electrolytes. Conventional supercapacitors using liquid electrolytes have several 

disadvantages over solid-state supercapacitors with gel-type electrolytes, such as the possibility 

of electrolyte leakage and short circuit of the electrodes, which makes PSCFSs greatly 

promising in portable electronics [57-61]. 

In this work, copper cobalt nickel oxide (CuCoNiO4, abbreviated as CCNO) nanoform has been 

successfully synthesized. Different proportions of CCNO nanoforms was embedded in PVDF 

polymer to get the supreme composite for fabricating a high-performance, flexible piezo device 

and named the composite sample PNCU x, x is the wt. % of CCNO. Here, CCNO filler has 

been playing a significant role in the conversion of the crystalline electroactive β phase from 

the nonpolar α phase. The fabricated Nanogenerator using different nanocomposites is named 

PNG x (where x is the wt. % of CCNO) and checks the output performance of all devices. 

Besides, a piezoelectric self−charging flexible supercapacitor device (PSCFS) was presented 

using PNCU 1 film as a piezo separator. The synthesized CCNO samples over carbon cloth 

substrate (CCNO) act as a positive and negative electrode, and poly (vinyl alcohol) and 

phosphoric acid (PVA/H3PO4) are used as an electrolyte gel. Being a multi-metallic oxide, 

CCNO demonstrated outstanding super-capacitive performance, as was documented in earlier 

research.60 The cyclic stability and high capacitance of this specific material make it stand out 

and may be useful in the long-cycle investigation. CCNO exhibits an areal capacitance of 15.5 

mF cm-2 at 0.1 mA cm-2 current density within a wide operating potential window of 0–1.2 V, 

which may suggest it as a promising electrode material for the PSCFS. 

7.2. Characterizations and Measurements 

 
Field emission scanning electron microscopy (FESEM) images of synthesized samples were 

taken using a HITACHI S4800 electron microscope in order to determine their size and 
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morphology. X-ray diffraction (XRD) patterns are acquired on a Bruker D8 diffractometer 

using Cu-K radiation of wavelength 1.5404 Ǻ at room temperature in order to confirm the 

crystallinity of PNCU films. The distinct Raman modes of the synthesized samples were 

examined using a high-resolution Raman spectrometer (WITECH) that excited a 532 nm laser 

source. By using an X-ray photoelectron spectrometer (XPS) and a SPECS HSA-3500 

hemispherical analyzer with a monochromatic Mg Kα X-ray source, the compositional analysis 

of CCNO and PVDF-CCNO composite was studied. 

Shimadzu IRprestige-21 spectrometer was used to record the FT-IR spectrum. Using a wide 

range d33 meter, the samples' piezoelectric response (d33) was investigated. On an Agilent 

4294A precision impedance analyzer with a frequency range of 40 Hz-110 MHz, the dielectric 

constant, dielectric loss, and conductivity of the produced films were measured. Using a typical 

bipolar waveform, the P-E loop of synthetic films was measured using a Precision Premier II 

ferroelectric tester from Radiant Technologies, Inc. The performance of the device was 

evaluated using a KEYSIGHT InfiNiiVision DSOX2012A, Digital storage oscilloscope (100 

MHz, 2 GSa/s, input impedance 1 M). The PGSTAT302N Autolab was used to investigate 

all electrochemical measurements including cyclic voltammetry (CV) and galvanostatic 

charge-discharge (GCD). 

7.3. Results and Discussion 

 
7.3.1. Structural, Morphological and Compositional Analysis CuCoNiO4 

 
To study the morphology of the as-synthesized CCNO nanoform, field-emission scanning 

electron microscopy (FESEM) was conducted and is presented in Figures 7.1a and b, which 

depicts a typical flowerlike structure. Furthermore, the FESEM image of the CCNO, grown on 

carbon cloth (CC), is depicted in Figures 7.2a and b in different magnifications. An X-ray 

diffraction (XRD) profile of the CCNO was carried out to confirm the sample purity and crystal 
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Figure 7.1. (a, b) FESEM morphology of CCNO (inset: X-ray diffraction pattern of CCNO); 

 

(c) TEM and (d) HRTEM images of CCNO nanoforms. 

structure, as presented in Figure 7.1b (inset). All the sharp peaks are indexed and match closely 

with the literature (JCPDS No. 76-1802). All the other diffraction peaks in both Figures are 

indicative of the spinel structure phase of the space group Fd3m. Careful observation of these 

peaks suggests a slight shift in position as compared to those of spinel Co3O4 (JCPDS card no. 

76-1802). Transmission electron microscopy (TEM) is further used to investigate the structural 

aspects of the CCNO nanostructures. Figure 7.1c shows TEM images of the CCNO nanoform, 

which reveal porosity in it. From this image, nanowires composed of very small crystallites of 

different sizes are obvious. The presence of pores is beneficial for electrolyte penetration and 

quick electron-ion transfer, which increases electrochemical activity. The HRTEM image of 

the same (Figure 7.1d) shows parallel lines with a spacing of 0.463 nm that corresponds to the 

(1 1 1) lattice plane of CCNO, suggesting that it is well crystalline. 
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Figure 7.2: (a)-(b) FESEM image of CCNO grown on CC at different magnifications. 
 

7.3.2. XPS Analysis 

XPS examination was performed in order to determine the precise surface composition and 

evaluate the oxidation state of the constituent elements of PNCU 1 sample. The results are 

shown in Figure 7.3. All of the spectra were charge-corrected in consideration of the C 1s peak 

at 284.6 eV prior to data analysis. High resolution XPS spectra of Cu, Co, and Ni in Figures 

7.3a, b and c respectively show characteristic doublet features. Two significant peaks at 952.6 

and 933.6 eV that can be attributed to the Cu 2p3/2 and Cu 2p1/2, respectively, can be seen in the 

high-resolution spectra of Cu 2p in Figure 2a. Similarly, for Co, peaks at 780.1 and 795.2 eV 

are seen that are connected to Co 2p3/2 and Co 2p1/2, respectively. The presence of tetrahedral 

Co2+ and octahedral Co3+ is indicated by such doublet characteristics of the 2p spectral profile 

of Co as well as the spin-orbit splitting value over 15 eV. Ni 2p3/2 and Ni 2p1/2 are connected to 

the peaks that emerge at 854 and 868 eV, respectively. A shift in the proportion of covalent to 

semi-ionic bonds can be seen in the F 1s spectra. In pure PVDF material compared to PNCU 

1, semi-ionic bonds are more common (Figure 7.3d, e). The alteration in bond concentration 

corresponds to the change in crystalline phases. Similar to how semi-ionic bonds are more 

orientated than covalent ones,  the  and phases are more oriented than the  phase. The F 1s 

spectra might then be interpreted as showing a change in bonding in favor of covalent bonds 

that are less orientated as well as an increase in the concentration of the less oriented phase. 
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Figure 7.3: Core level XPS spectra of (a) Cu 2p, (b) Co 2p, (c) Ni 2p, (e) F 1s and (f) C 1s of 

PNCU 1 and (d) F 1s of PVDF. 

Two components were visible in the peak associated to C 1s. According to Figure 7.3f, the 

peaks at 286.1 eV and 290.8 eV, respectively, can be indexed to the CH2 and CF2 bonds. This 

shift in peak position compared to pristine PVDF may be attributed to internal electric field 

generation caused by hybrid formation. 

 

7.3.3. FTIR Analysis 

 
Further analysis of the FTIR spectrum is necessary to confirm the chemical attachment of the 

CCNO to the host PVDF matrix. Figure 7.4a shows FTIR spectra for all prepared films 

acquired in absorbance mode at room temperature in the wavenumber range of 400-3200 cm- 

1. The configuration of the C-C bonds, along with the framework of the carbon chain in the 

chemical structure of PVDF, characterizes the distinct phases (α, β, γ, δ) of PVDF [43-46]. 

FTIR spectroscopy confirms the interfacial interaction between the surface charge of CCNO 

and the dipoles of PVDF polymer, and as a result, PVDF chain orientation is converted from 
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Figure 7.4: (a) FTIR spectra of all films; (b) Variation of d33 and FEA with CCNO content in 

the sample; (c, d) FESEM image of the PNCU 1 film at two different magnifications; (e) XRD 

pattern of CCNO, PVDF and PNCU 1 films. Deconvoluted XRD region (16°-30°) of (f) PVDF; 

and (g) PNCU 1 showing different phase proportions; (h) Raman spectra of all composite 

films and neat PVDF film. 

TGTG to TTTT and partially to T3GT3G [43, 63, 64]. Figure 7.4a (inset) illustrates a zoomed- 

in image of the same in the 1600-400 cm-1 range, with all crystalline phases indexed. Assorted 

peaks corresponding to the α, β and γ phase can be found in the spectra. The absorption band 

related to the non-polar α phase appears at wavenumbers 532, 613, 764, 973, and 1155 cm-1, 

whereas the highly polarized β phase is indicated by the vibrational band peaking at 1279 cm- 

1, and the semi-polar γ phase is indicated by the vibrational band emerging at 812 cm-1 [43-46]. 

The α phase related peak intensity in bare PVDF is substantially higher than in the other 

(f) (g) 
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composite samples. The peak intensity at 1279 cm-1 is greatly increased in composite films, 

whereas the peak attributed to the α phase is significantly reduced. This finding strongly 

suggests that the highly electroactive β phase is increasing in the composite. As a result, this 

finding is strong evidence of the highly electroactive β phase's emergence. The peak at 812 cm- 

1 was significantly enhanced in the composite film, indicating that γ phase content increased in 

hybrid films. 

It is obvious that the composite films are mostly made up of electroactive β and γ phases. In 

composite films, another significant characteristic band appears about 844 cm-1, where β and γ 

phases are overlapped for the presence of common TTT configuration. It should also be 

observed that the quantity of β phase fraction is higher than the amount of γ phase [43-46], as 

evidenced by the absorption band ratio of A1275/A1236. Using the following equation, the 

electroactive phase percentage for various films may be estimated from Figure 7.4a: 

𝐹𝐸𝐴 
=

 𝐴844 × 100% (7.1) 
𝐾844𝐴764+𝐴840 

764 
 

The absorption coefficients corresponding to the absorption intensity at 764 cm-1 (Aα) and 844 

cm-1 (AEA) peaks, respectively, are Kα (7.7×104 cm2 mol-1) and KEA (6.1×104 cm2 mol-1). The 

area under the β phase peak and the α phase peak in the same spectrum, which are different for 

different composites, were compared to determine the β phase percentage in the PVDF matrix. 

Figure 7.4b shows that the electroactive phase ( and ) fraction (FEA) reaches a high of 86% 

for CCNO content 1wt% and then falls. The interfacial interaction between the surface charges 

of CCNO nanoforms and the molecular dipoles (–CH2– and –CF2–) of PVDF is primarily 

responsible for the enhancement of the electroactive phase. For low filler concentrations, 

interfacial interaction in the composite PVDF film is insufficient for optimal α to β phase 

conversion. Interaction is sufficient for a 1wt% filler concentration, and phase achievement is 

significant. Furthermore, as the concentration of CCNO inside the PVDF matrix increases, 

dipoles of the PVDF chain (–CH2– and –CF2–) become stuck by the surface charge or defect 
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of the CCNO and PVDF interface, resulting in a decrease in dipolar polarization in the 

composite film. The aggregation of CCNO inside the PVDF matrix due to doping with more 

than 1wt% CCNO is another reason of polarization loss. Figure 7.4a (inset) illustrates a 

frequency shift in a vibrational band, and this frequency shift in symmetric (νs) and asymmetric 

(νas) stretching modes of –CH2– dipoles is evidence of CCNO and PVDF interfacial interaction 

[46, 64]. Interfacial interaction causes natural vibration to be dampened, lowering the effective 

mass of PVDF dipoles and shifting certain vibrational frequencies to the lower frequency 

range. As a result, this damping constant can be used to quantify the interaction. It has the 

following relation with angular vibrational frequency (ωint) due to damping: 

ωint
2 = ω 2 – r 2 (7.2) 

 

The damping free oscillation's angular vibrational frequency is denoted by ω0 here. The 

frequency shift can be deduced using the following equation: 

𝜈 2 = 𝜈 2 − (
𝑟𝑑𝑐

 2 (7.3) 
𝑖𝑛𝑡 

) 
2𝜋𝑐 

 

The velocity of light in free space is given by c. rdc fluctuates depending on the frequency of 

damped vibration of –CH2– dipoles, with values of 2.79, 2.94, 3.29, and 2.87 s-1 for PNCU 

0.25, PNCU 0.5, PNCU 1 and PNCU 2 respectively. The damping constant rises until the filler 

concentration reaches 1 wt. %, then falls. 

7.3.4. d33 Measurement 

 
The piezoelectric coefficient, represented as d33, measures the volume changes that take place 

when a piezoelectric material is exposed to an electric field or the polarization that develops 

when a stress is applied. d33, which sets a measure of the moment and alignment of dipoles in 

the PVDF matrix, is a key metric to explain the observed piezo response of the as-fabricated 

devices. Figure 7.4b depicts the dependence of d33 as well as electroactive phase content on 

0 
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CCNO concentration in the PVDF matrix. The variation of d33 and the polar phase fraction 

follow a similar pattern to the filler loading percentage in the PVDF matrix. This pattern is 

consistent with the FTIR data, which showed that the maximum β phase amount was found for 

1wt% CCNO based hybrid. For the PNCU 1 film, the maximum d33 was estimated to be 65.4 

pC/N, indicating that the number of oriented dipoles is sufficiently high. PVDF, on the other 

hand, has the smallest d33 value, which represents the minuscule net dipole moment per unit 

cell. 

7.3.5. Structural and Morphological Analysis of CCNO/PVDF Composites 

 
The microstructure of composites and filler distribution inside the polymer matrix are assessed 

using FESEM. Figure 7.4c, d displays FESEM images of PNCU 1 film at different 

magnifications, indicating that the CCNO nanoforms are well attached and uniformly 

distributed in the PVDF matrix in PNCU 1 composites. With the PVDF matrix fully concealed, 

the underlying CCNO becomes practically undetectable. Further, XRD was also used to 

identify phases, determine crystallinity, and analyze the phase structures of the bare PVDF and 

composite films. The CCNO structure, which is also seen in the XRD patterns of PNCU 1, is 

represented by strong Bragg reflections at 18.6°, 31°, 36.5°, 58.5°, and 64.4° (Figure 7.4e). 

Figure 7.4e shows broad diffraction peaks in PVDF film at 18.4°, 19.9° and 26.4°, indicating 

that the pristine PVDF includes primarily α crystalline phase [29, 64]. The α crystalline peaks 

in XRD patterns vanish completely as the filler is gradually introduced into the PVDF matrix, 

while a new peak at 20.8° appears, which is actually due to the highly polar β crystalline phase. 

PNCU 1 has the highest peak intensity at 20.8ο and the other peaks are almost diminished. 

These findings support prior findings that the incorporation of the can significantly boost the 

electroactive-phase content. The crystallinity of all phases of bare PVDF and PNCU 1 films 

was determined from the deconvoluted XRD peaks, which were well-fitted using a Gaussian 
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function. The nonpolar α phase is represented by the deconvoluted peak at 18.4°, whereas the 

polar β phase is represented by the peak at 20.8°, as seen in Figure 7.4f, g [29, 64]. When 

comparing PNCU 1 to PVDF, the peak intensity at 20.8° is larger, whereas the peak at 18.4° is 

completely diminished. 

 

7.3.6. Raman Analysis 

 
Figure 7.4h shows the Raman spectra of all synthesized samples, with the corresponding 

crystalline phases labeled accordingly. The peak at 796 cm-1 in the bare PVDF is attributed to 

the –CH2– rocking vibrations of the non-polar α phase, whereas the characteristic band at 840 

cm-1 corresponds to the highly polar β phase involving –CH2– rocking, –CH2– stretching and 

skeletal C–C stretching. Another prominent peak appears at 812 cm-1, which corresponds to 

the semi-polar γ phase. The peak intensity of pristine PVDF at 840 cm-1 and 812 cm-1 is 

relatively low, but it is significantly higher for CCNO-incorporated PVDF film, indicating that 

the β phase is boosted due to blending [65, 66]. 

 

7.3.7. PFM Analysis 

 
The local polarization state and dynamic domain switching behavior of the PNCU 1 were 

investigated using PFM measurements. Because of the direct tip-surface interaction, PFM has 

high spatial resolution and sensitivity to local polarization [30, 67, 68], making it an ideal tool 

for studying the ferroelectric domain at the nanoscale. The amplitude picture of PFM reveals a 

nearly regular spontaneous domain (Figure 7.5a, b). Domains with opposite polarization 

orientations can be identified by the image contrast in Figure 7.5a, b. Domain polarization is 

signified by the bright yellow and dark brown regions, which are oriented downward and 

upward, respectively. By applying a voltage across the thickness of the PNCU 1 film through 

a conducting tip, the characteristic butterfly-shaped amplitude and phase hysteresis loop were 
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Figure 7.5: Local piezoelectric behavior PNCU 1 material. (a, b) Topography image of the 

film (c) PFM amplitude (butterfly loop) (d) PFM phase image (e) 3D surface morphology (f) 

phase hysteresis loop of PNCU 1. 

also recorded. The cantilever of the PFM tip picked up the strain produced in the film as the 

voltage was applied across the thickness of the film to explore the ferroelectricity and local 

piezo-response of the PNCU 1. The asymmetry of the amplitude loop shown in Figure 7.5c 

could be attributed to domain movement and a built-in piezoelectric field under the tip region. 

In the measurement configuration, a very non-uniform electric field could develop under the 

conducting tip, causing an in-plane driving force to bend or move the non-180° domains. It is 

obvious from this result that the dipoles can easily alternate in the presence of an external 

electric field. The z-axis amplitude and phase were mapped, as shown in Figures 7.5a, b, and 

d, because the tip deflection is caused by out-of-plane deformation in the PNCU 1 film. When 

the tip biasing voltage was swept from +10V to -10V, the as-obtained classical butterfly loop 

is illustrated in Figure 7.5c for composite PVDF film. Figure 7.5e depicts 3D pictures of 

surfaces representing the calculated amplitude of the sample deformation. The piezoelectric 

phase hysteresis loop for the PNCU 1 is illustrated in Figure 7.5f. 

(c)  (a)   (b)  

  (d)   (e) (f) 
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7.3.8. Dielectric Measurement 
 

Figure 7.6: Dispersions within the frequency range 100 Hz to 10 MHz of (a) dielectric 

constant; (b) dielectric loss tangent and (c) ac conductivity (inset: magnified view of 

conductivity variation for the range 0.6-10 MHz) of all synthesized composite films along with 

neat PVDF film; (d) comparison of dielectric constant and dielectric loss with CCNO loading 

in the PVDF matrix at 100 Hz. 

At room temperature, the dispersion of relative dielectric permittivity (εr), dielectric loss or 
 

dissipation factor (tan δ), and ac conductivity (σac) as a function of the frequency of the input 

ac signal was investigated for the different amount of filler wt. % in the samples. Figure 7.6a, 

b, and c show dispersions of PVDF, PNCU 0.25, PNCU 0.5, PNCU 1, and PNCU 2 films in 

the frequency range 100 Hz to 10 MHz. The dielectric constant and loss factor of pristine PVDF 

and all composites decreased with increasing frequency of the external ac field for all films. 

We can't ignore the effect of space charge in the lower frequency region. A higher filler 
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concentration resulted in more space charge, which improved both εr and tan δ [69, 70]. 

Restricting the mobility of PVDF dipoles lowers the Maxwell Wagner Sillars interfacial 

polarization (MWSIP) and dielectric constant as the frequency rises [69]. The mobility of the 

molecular dipoles in PVDF can follow the external ac field in the low-frequency zone. 

However, they categorically fail to chase the external alternating field in the high-frequency 

zone. As a result, the mobility of dipoles is confined in this region and lags behind the electric 

field [69, 70]. At higher frequencies, the dielectric constant and dielectric loss are lowered as 

a result of this. The insertion of CCNO in the PVDF matrix resulted in an increase in the 

dielectric constant and tangent loss up to a certain amount (1wt %) of CCNO content in the 

polymer matrix, followed by a reduction. At 100 Hz, the maximum dielectric constant of ~57 

corresponds to the PNCU 1 with a small dissipation factor of ~0.2, whereas pristine PVDF has 

a dielectric constant of ~18.4 and a dielectric loss of ~0.04. The introduction of CCNO into the 

PVDF matrix caused the polymer chain to re-form and convert to an all-trans configuration, 

resulting in the nucleation of a highly polar phase and an increase in the composite film's 

interfacial polarization, which was greatest in the PNCU 1 sample. In addition, the MWSIP 

effect helps improve the dielectric properties of composites. However, excess filler material 

loading causes agglomeration, which affects interfacial polarization and results in a decrease 

in dielectric constant [69, 70]. Figure 7.6d depicts the dielectric constant and dissipation 

factor/dielectric loss as a function of filler concentration at 100 Hz. The frequency dispersive 

ac conductivity was calculated from the equation below, 

σac(ω) = 2πf ε0 εr tan δ (7.4) 

 

Figure 7.6c shows that conductivity increases with frequency, peaking at 550 μS m-1 for PNCU 

1 at 10 MHz (whereas unblended film conductivity is only 110 μS m-1). 

7.3.9. P-E loop Measurement 
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Figure 7.7: P-E curves for all synthesized films under a maximum applied field of (a) 0.6 MV 

m-1; (b) 0.8 MV m-1; (c) 1.0 MV m-1; and (d) 1.2 MV m-1 (enlarged view is presented in the 

inset). 

Polarization (P)-electric field (E) hysteresis loops are critical for determining the ferroelectric 

behavior and charge-storing capacity of films at room temperature. The P-E loops are thus 

recorded for films with different CCNO content at room temperature and at a frequency of 1 

Hz, as shown in Figure 7.7a-d. PNCU 1 film was found to possess maximum saturation 

polarization (𝑃𝑆,𝑚𝑎𝑥) ~80 μC m-2, and coercive field (𝐸𝑐,𝑚𝑎𝑥) ~0.066 MV m-1 against the 

highest field of 1.2 MV m-1. While, PVDF film only attains the values of 𝑃𝑆,𝑚𝑎𝑥 ~20.8 μC m-2 

and 𝐸𝑐,𝑚𝑎𝑥 ~0.034 MV m-1 under identical conditions, which is quite lower than PNCU 1 film. 

Figure 7.8a depicts the change in saturation polarization for all films as a function of applied 

voltage. Increased filler concentration up to a certain level transforms the polymer chain from 
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Figure 7.8: (a) Variation of saturation polarisation of the composite films at different applied 

fields. (b) Change of saturation polarization and coercive field as a function of the 

piezoelectric coefficient (d33). Electric polarisation vs Electric field hysteresis loop (P-E Loop) 

of (c) PVDF and (d) PNCU 1 at electric field 1.2 MV m-1. (e) Energy density and (f) energy 

loss as function of applied field for different samples. 

TGTG zig-zag to ferroelectric TTTT configuration with proper dipolar alignment along the c 

axis in the polymer chain [46, 56], where switching dipoles, interface effect, and filler- 
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inducedcharge trapping are most likely involved. As the filler content rises, molecular dipoles 

shift in a certain direction (c-axis) that is most prominent in the PNCU 1 sample. 

In addition, Figure 7.8b shows the fluctuation of saturation polarization and coercive field as a 

function of the piezoelectric coefficient (d33). Furthermore, low CCNO percentage means fewer 

mobile charge carriers and smaller loop regions, whereas a greater CCNO fraction produces 

more charge-carrying nanoform. It results in increased energy dissipation and an enhanced loop 

area. The energy density was calculated from the shaded area (A) of Figure 7.8c, d and the loop 

area, which describes the energy loss [71]. Figure 7.8e and f show the energy density and 

energy loss of different composite films under different applied fields. As the CCNO percent 

rises, the energy dissipation rises with it, as seen in Figure 7.8f. 

7.3.10. Performance of Piezoelectric Nanogenerators 

 
To investigate the device's output performance, initially five nanogenerators with different 

samples has been fabricated, namely PVDF, PNCU 0.25, PNCU 0.5, PNCU 1, and PNCU 2, 

and labeled them RNG (reference nanogenerator), PNG 0.25, PNG 0.5, PNG 1, and PNG 2, 

respectively. The effective area of each PNG device is 3×2 cm2. Additionally, they are 

laminated to minimize the triboelectric effect. When mechanical strain is applied to the PNGs, 

a deformation in the PVDF matrix occurs, causing the –CH2–/–CF2– dipole to align. As a result, 

a potential is developed along the vertical direction of the film. An electrical potential develops 

between two electrodes and a current flow through the external circuit to balance this dipole- 

induced potential. When the pressure is withdrawn, the dipole-induced potential disappears, 

and the current flow in a reversed direction [46, 56]. As a result, for the entire press-release 

action, an alternate pulse-type signal is generated. Periodic hammering (~100 kPa) is applied 

at a frequency of 5 Hz to investigate the performance of all manufactured PNGs, and the as- 

generated output performance is recorded in a digital oscilloscope, as shown in Figures 7.9a 
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Figure 7.9: (a) Open-circuit voltage with the enlarged view of voltage (right side); and (b) 
 

short circuit current with the enlarged view in the right side for different nanogenerators (RNG, 

PNG 0.25, PNG 0.5, PNG 1 and PNG 2); (c) Variation of maximum open-circuit voltage and 

short circuit current as a function of filler loading in PVDF matrix; (d) Charge transfer with 

time for all nanogenerators under hammering. 

and b. The best output performance is found for PNG 1, among all the fabricated devices, since 
 

its constituent film has the highest piezoelectric coefficient of all the PNGs. Positive and 

negative amplitudes of the produced open circuit voltage and short circuit ensure the complete 

cycle of press and release on the piezoelectric energy harvesting device by human hand 

hammering. Because the signal strength depends on the strain rate when pressing and releasing, 

the first half of the generated signal has a larger amplitude than the second half [72]. Figure 6a 

and b indicate that PNG 1's output voltage and current have reached their maximum values of 

67.9 V and 4.15 μA, respectively, which is sufficient to power several portable smart electronic 

gadgets. Under hammering in identical conditions, RNG produces output voltages of 17.7 V 

and currents of 0.55 A, which are pretty small when compared to PNG 1. Figure 7.9c displays 

the variation in the output voltage and current for different devices. Figure 7.9d depicts the 

charge generated by all PNGs when subjected to periodic hammering. The transferred charge 
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density for PNG 1 is around 30 nC/cm2, which is quite high when compared to the RNG (2.52 

nC/cm2). The PNG 1 is connected to a load because in practice the devices do not operate in 

open circuit conditions. To assess the internal resistance (Ri) of the device and maximum output 

power (Pmax) generated from the piezo-device, it is needful to cultivate the instantaneous open- 

circuit voltage and short-circuit current across various load resistance (RL) ranging from 10 kΩ 

to 30 MΩ against periodic force (~100 kPa). From Figure 7.10a it is shown that, the voltage 

drop (VL) across load resistance (RL) gradually increases with increased load resistance and 

saturates after a certain high value of resistance (30 MΩ). And the short-circuit current 

gradually decreases with the increasing load, which agrees with the theoretical expectation 

(I= 𝑃). Figure 7.10b shows the instantaneous power as a function of load resistance, from which 
𝑉 

 

the internal resistance of the PNG can be determined. The maximum power (Pmax) delivered 

from the PNG 1 is 205.1 W corresponding to the resistance (~10 MΩ). Hence, from the linear 

circuit theorem, it is accurately conclude that, the same is the internal impedance of PNG 1. In 

energy harvesting applications, the output performance of the PNG 1 substantiates the 

usefulness of the device over a broad range of load resistance. To check the authenticity of 

piezoelectric output, it is necessary to connect the piezo-device in both forward and reverse 

directions [46]. Figure 7.10c and f shows the result of the polarity switching test, which 

confirms the output signal is piezo-signal; and not noise. Figure 7.10c and f, demonstrate that, 

the amplitude of the generated pulses is almost the same but oppositely directed compared tothe 

forward connection, and the inset shows the COMSOL simulation of piezo-signal in a different 

connection. Some applications demand a high-power DC source along with instantaneous ac 

output voltage. PNG 1 is connected via a bridge rectifier for this, and the rectified output is 

recorded in the oscilloscope, as shown in Figure 7.10d. The rectified output voltage under 

periodic hammering shows a maximum value of 67.9 V. The enlarged view of the rectified 

voltage is demonstrated in Figure 7.10e, where DC voltages for both halves of the ac signal are 
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Figure 7.10: (a) Variation of the voltage, current and (b) power with the load resistance (RL) 

and the inset shows the schematic circuit diagram; (c) Output voltage and (f) current measured 

in forward and reverse connection; (d) Rectified DC output voltage and (e) zoom view of 

rectified DC voltage of PNG 1; (g) Charging performance of 1 μF capacitor with different 

imparting frequency from 1-8 Hz; (h) The measured output voltage across the various 

commercial capacitors of 1, 2.2, 4.7, and 10 μF as charged by PNG 1 at 8 Hz; (i) Simulation 

results of PNG 1 using the COMSOL Multiphysics programming software. 

shown with the necessary circuit diagram (see the inset). Several applications of the PNG 1 has 

been demonstrated to self-powered electronics. In order to test the energy harvesting capability 

of the PNGs and to provide continuous electrical energy to electric appliances, electrical power 

has been stored from PNG 1 through several capacitors as a temporary charge storage system 

via a bridge rectifier circuit. The charging performance of a capacitor (1μF) was recorded under 

P
N

G
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different agitation frequencies, see Figure 7.10g. The storage curve shows that a higher 

frequency yielded higher voltage along with a faster charging rate. The charging voltage of the 

capacitor reaches 4.7 V at an imparting frequency of 8 Hz, whereas the voltage of the capacitor 

at 1 Hz reaches 0.94 V. A further study was executed with four different capacitors with 

capacitances of 1 to 10 μF under the same tapping frequency (8 Hz). A wide range of capacitors 

charged up successfully, which can be further used to drive various low-powered devices. The 

energy stored in a capacitor of capacitance C under a saturation voltage V, is given by: 

 

𝐸𝑜𝑢𝑡 = 
1 𝐶𝑉2 
2 

(7.5) 

 

Figure 7.10h shows the charging curve. The capacitor charging voltage of 1, 2.2, 4.7, and 10 

μF capacitors reaches the maximum steady-state value of 4.7, 3.7, 2.9, and 2.3 V respectively. 

The output power of the PNG 1 is measured from capacitor charging processes by the relation 

below:  

 
𝑃𝑜𝑢𝑡 

 
=

 𝐸𝑜𝑢𝑡  

𝑇𝑖𝑚𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑜 𝑟𝑒𝑎𝑐ℎ 𝑠𝑎𝑡𝑢𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑇) 

 
 

(7.6) 

 

The calculated output power of the four respective capacitors is 0.62, 0.59, 0.54, and 0.52 μW 

for small time intervals. This result permits the PNG 1 as an alternative energy harvesting 

power source for smart portable electronic devices. For a better understanding of the energy- 

generating mechanism in PNG 1, the open-circuit voltage is simulated in the COMSOL 

software as shown in Figure 7.10i. 

As the mechanical pressure temporarily alters the PVDF crystal structure, the imparting 

pressure is vital in the production of output voltage. Figure 7.11a shows the electrical reaction 

to placing various lightweight objects on PNG 1 to show how sensitive it is to pressure. Under 

applied mechanical pressures of 0.50, 0.65, 0.81, 1.10, 1.50, and 2.20 kPa, respectively, the 

open-circuit voltages were determined to be 0.42, 0.86, 1.08, 1.79, 1.97, and 2.42 V. Figure 

7.11b shows that the voltage increases almost linearly with the applied pressure, with a high 
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Figure 7.11: (a) Measured output voltage of PNG 1 under different pressure; (b) Sensitivity of 

fabricated PNG 1 in pressure range 0-2.2 kPa; (c) Output voltage under different pressing 

frequency form 1-7 Hz; (d) variation of output voltage as a function of tapping frequency. The 

open-circuit voltage generated under (e) bending; (f) twisting by the finger; (g) finger tapping; 

and (h) leg pressing on PNG 1 (insets show corresponding captured images); (i) Captured 

image in the dark of commercial LEDs glowing in a ‘JU’ pattern. 

sensitivity of 1.2 V/kPa, where the dimension of PNG 1 is 3×2 cm2. The performance of PNG 
 

1 was further assessed under different frequencies but constant amplitude impulses (~100 kPa) 

and is presented in Figure 7.11c. Figure 7.11d explains the frequency-dependent fluctuation of 

the PNG 1's output voltage under uniform periodic pressing and release. The output voltage 

appears to rise with the frequency of the continuous periodic force and peak at a frequency of 

5 Hz (~ 67.9V). Piezo voltage then starts to drop with more frequent occurrences. When the 
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Figure 7.12: (a-d) Long cycle stability test of PNG 1 over 12 months (30,000 cycles) with an 

enlarged view in the inset; (e) consistency of peak voltage at different times under long cycle 

tests; (f) digital photograph showing the ability of PNG 1 to drive 89 LEDs. 

applied frequency is low, the PNG 1 has time to return to its initial shape, but at high frequency 
 

(> 5 Hz), it hardly ever has enough time to do so before the next impact, which causes the open- 

circuit voltage to fall [72]. Durability and flexibility make the PNGs more effective as well as 

enhance the span of applications. The bending performance of the nanogenerator was 

investigated for PNG 1 by a human finger, and output performance (up to ~6.55 V) was 

recorded as shown in Figure 7.11e. Further, testing of the mechanical flexibility was confirmed 

by twisting the PNG 1. The voltage generated due to twisting by the human hand is ~7.67 V, 

see Figure 7.11f. Next, the piezoelectric output voltage of PNG 1 was tested under repetitive 

finger tapping with a pressure of ~10 kPa and a frequency of 2 Hz. Figure 7.11g demonstrates 

that PNG 1 delivers an open-circuit voltage of about ~15.5V. 

Using our piezo devices, mechanical energy can extract from various human activities like 

walking, arms bending, hand movement, etc. While walking, a voltage of ~28.8 V was 

generated due to the force applied on PNG 1 via footsteps, as shown in Figure 7.11h. By using 
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capacitors, we can charge up our mobile batteries anywhere, which is an essential part of our 

daily life. Moreover, PNG 1 can be used as a replacement for bulky batteries used in common 

electronic gadgets used in everyday life. The LED glowing in the ‘JU’ pattern by the power 

generated in PNG 1 is shown in Figure 7.11i. 

Using a "beat the drum" toy over the course of a year (30,000 cycles), the mechanical stability 

and durability of PNG 1 are further demonstrated. The results are shown in Figure 7.12a–d. It 

is noted that the output signal is stable for an extended period of time. In order to assure the 

constancy of applied force and PNG 1's long-term use, the "beat the drum toy" was employed 

to test the electric power-generating capacity of PNG 1. Figure 7.12e, which depicts the 

absence of any appreciable voltage drop over time, clearly illustrates the stability performance 

of PNG 1. A number of the commercial LEDs illustrated in Figure 7.12f can glow with the 

device's instantaneous output power. Due to the device's exceptional stability, it can be used 

for extended periods of time in energy harvesting applications that are motivated by sporadic 

disputes in our neighborhoods. 

7.3.10. Electrochemical Performance of PSCFS Device 

 
The intriguing charge storage mechanism within the ultra-small space of the fabricated PSCFS 

was further investigated by cyclic voltammetry (CV) and galvanostatic charge-discharge 

(GCD) measurements with an operating voltage of 1.2 V. The ideal capacitive properties of the 

PSCFS electrode are indicated by the quasi-rectangular forms of the CV curves in Figure 7.13a 

under the stable potential window of 1.2V. Figure S7b displays the GCD performance in an 

operating potential window of 1.2 V at several current densities from 0.1 to 0.2 mA cm-2. GCD 

curves of the electrode exhibit symmetric behavior, which is indicative of fast charge-discharge 

properties and capacitive response [57-61]. The device possesses a maximum areal capacitance 

of 15.5 mF cm-2 at a current density of 0.1 mA cm-2, and even at a current density of 0.2 mA 
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Figure 7.13: (a) CV profile at different scan rate; (b) GCD profiles at different applied current 

range; (c) specific device capacitance at different scan rate. (d) Capacitance retention 

performance after 10,000 cycles (inset: last 10 charging-discharging cycles) of the CCNO 

electrodes. 

cm-2, the areal capacitance of the device is maintained at a considerable value of 9.7 mF cm-2. 

The variation of areal device capacitance with applied scan rates is presented in Figure 7.13c, 

which shows that the PSCFS device exhibits an areal device capacitance of 37.6 mF cm-2 at an 

applied scan rate of 2 mV s-1. It is inferred from this Figure that the areal device capacitance 

decreases with an increasing applied scan rate. Moreover, the PSCFS exhibits an areal device 

capacitance of about 3.9 mF cm-2 as the scan rate is raised by 50 times (100 mV s-1). The 

device's capacitance is monitored during 10,000 cycles of charging and discharging at a current 

density of 0.2 mA cm-2 to investigate the device's cyclic stability (Figure 7.13d). The fact that 



185  

Chapter 7 
 

 

the capacitance retention remained at 98 percent of its initial value after 10,000 cycles implies 

that the CCNO is a promising electrode material for the supercapacitor. The fluctuation of the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.14: (a) Variation calculated power density with energy density (Ragone plot) of the 

fabricated device. (b) The specific areal capacitances vs current density plot. 

last 10 cycles of the capacitance retention studies is shown in the inset of Figure 7.13d, and it 

shows that there have been no appreciable variations in potential with the cycle. 

For supercapacitor applications, the usefulness of this PSCFS device was further established 

by investigating its energy and power densities. The capacitance can be estimated in F g-1 from 

𝐶 = 
∫ 𝐼𝑑𝑣 

and 𝐶 = 
𝐼×∆𝑡 

, respectively for CV and GCD curves at different current densities, 
  

𝑚 𝑣𝑚𝛥𝑉 𝑚 𝑚×∆𝑉 
 

where ∫ 𝐼𝑑𝑣 is the integral area (S) under the CV curve, 𝑣 symbolizes the scan rate (mV s-1), 
 

𝑚 is the mass of the electroactive material in g, ∆𝑉 indicates the potential window in volts, ∆𝑡 

is the discharge time in seconds, and 𝐼 is the constant discharging current in A. From the 

measured capacitance (𝐶𝑚), the areal capacitance (F cm-2) of the single electrode in the two- 

electrode cell can be determined from the equation, 𝐶𝑠 = 4𝐶𝑚 . The energy, 𝐸 = 
𝐶𝑚(∆𝑉)2 

in mW 
7.2 

 

h cm-2 and power density, 𝑃 = 
𝐸×3600

 
∆𝑡 

in mW cm-2 are further estimated from the 

 

charge/discharge curves [63]. For the fabricated PSCFS, Figure 7.14a depicts the relationship 

between computed energy density and power density. The CV curves collected at a constant 

(a) (b) 
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discharge current density of 0.1 mA cm-2 are used to estimate that the energy density reached 

 

1.9 mW h cm-2, which corresponds to a power density of 0.12 mW cm-2. Furthermore, the 

PSCFS device still holds an energy density of 3.1 mW h cm-2 at a power density of 0.062 mW 

cm-2 even when the constant discharge current density doubles from its original value (0.2 mA 

H 
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Figure 7.15: Schematic of the self-charging process of PSCFS device. 

 

cm-2). From the CD curves, the evaluated areal capacitances were 15.5, 14.5, 14.2, 11.6, and 

 

9.7 μF cm-2, corresponding to the current density of 0.1, 0.125, 0.15, 0.175, and 0.2 mA cm-2, 

as shown in Figure 7.14b. 

7.3.11. The Working Mechanism of PSCFS 

 
The PSCFS device has been fabricated with a piezo-separator (PNCU 1) between positive and 

negative electrodes (CCNO) and an electrolyte (PVA/H3PO4) which is uniformly distributed 
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through the whole surface of the piezo-separator and the electrodes. Figure 7.16a shows a 

schematic of the PSCFS device, which can transform mechanical energy into electrical energy 

[57–61]. A schematic of the self-charging process of the PSCFS device is also given in Figure 

7.15. 

7.3.12. Self-Charging Performance of the As-designed PSCFS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.16: (a) Schematic diagram of the PSCFS device; (b–d) Self-charging performance 

of PSCFS under different bending states viz., ~60°, ~90°, ~180° and discharging through 

external load; (e) Self-charging test and charge retention capability of the as-fabricated 

PSCFS device; (f) Repetitive charging-discharging cycles; (g) Digital image of the self- 

charging experiment using oscilloscope; (h) Digital photographs of portable electronic 

gadgets (calculator, wristwatch and green LEDs, respectively) driven by PSCFS device. 
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The self-charging behavior of the PSCFS was investigated under varied periodic bends in order 

to demonstrate applicability for self-powered devices, as shown in Figures 7.16b–d. As shown 

in Figure 7.16d, when the PSCFS device was periodically bent at an angle of ~180° at 1 Hz 

frequency, the device charged from 35 to 845 mV (810 mV charging) in 220 seconds. A small 

voltage first appears in the device, which is probably caused by the PSCFS's minor intrinsic 

capacitance, which is produced by the separator's piezo-remanent polarization [60, 61]. 

Additionally, the device's functionality was tested at bending angles of ~60° and ~90° at the 

same frequency, for which the voltage increased by 535 mV and 666 mV, respectively (Figure 

7.16b, c). The larger bending angle improves the self-charging capability of the PSCFS device 

as the piezoelectric output voltage rises with increasing strain. Furthermore, at a steady current 

of 10 mA, it discharged back to its initial value for all bending angles in less than 15 seconds. 

Under frequent bending, the fabricated PSCFS was able to store 810 mV on its electrodes in 

just 220 seconds. Even after stopping the bending, it maintained a steady value (Figure 7.16e). 

This result demonstrates that the created charge is stored in the PSCFS device. The charging- 

discharging cycle is also tested, and the result is displayed in Figure 7.16f. An image of the 

charging-discharging cycle as captured is presented in Figure 7.16g. Figure 7.16h, which 

displays the PSCFS device's capacity to power a variety of wearable gadgets like calculators, 

wristwatches, and LEDs, illustrates the practical applications of the device. 

7.4. Conclusions 

 
In conclusion, a novel strategy has been demonstrated for building a multipurpose, high- 

performance energy harvesting device. A composite films was developed by hydrothermally 

synthesizing CCNO and adding various concentrations of CCNO to the PVDF matrix. The 

electroactive phase fraction in the PVDF matrix attained an optimum value (> 86%) in PNCU 

1 film. the value of εr of all the synthesized films was measured and found that PNCU 1 had 

the highest value (~57). Furthermore, it was discovered that the d33 of PNCU 1 was 65.4 pC N-
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1 as opposed to 21 pC N-1 for pristine PVDF film. In addition, PNCU 1 films have the highest 

saturation polarization (~ 80 μC m-2) at 1.2 MV m-1, indicating increased piezoelectric nature. 

The fabricated PNG employing this film delivered the highest piezoresponse (Voc ~67.9 V, Isc 

~4.15 μA) compared to the other constructed devices. PNG responds to a variety of mechanical 

forces, including finger tapping, leg imparting, bending, and twisting, with a very high 

sensitivity of 1.2 V kPa-1. It is capable of quickly charging a number of capacitors. With 30,000 

cycles run over a year, it also displays good operating stability. Fabricated piezoelectric driven 

self-charging supercapacitor, which is the first report on a CCNO-based system, was produced 

using PNCU 1 as a piezoelectric material, cum separator, poly (vinyl alcohol)-phosphoric acid 

as a gel electrolyte, and CCNO on CC as positive and negative electrodes. It showed high 

theoretical areal capacitance (~15.5 mF cm-2) and shows 98% capacitance retention even after 

10,000 cycles. With the construction of the next generation of self-powered, sustainable power 

sources for wearable and flexible electronic devices, this research opens up a new, promising 

direction in the field of supercapacitors. 
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8.1. Introduction 

 
ue to the prevailing energy crisis, tremendous efforts are being made to harvest 

renewable energy from the environment. Mechanical energy harvesting is the one of 

the best way to prevent energy deficiency which is easily available in our environmental 

surrounding. It comes from various sources like human body movement, cycling, running, 

walking, human’s heart beat and several other natural vibrations. Mechanical energy converts 

into electrical energy by using smart portable devices based on piezoelectric materials [1, 2]. 

When a mechanical stress is applied on a piezoelectric material, charge accumulation takes 

place and a potential difference is generated between two electrodes [3, 4]. Various organic 

and inorganic piezoelectric materials are used in piezoelectric Nanogenarator (PENG) among 

them some are semiconductors like ZnO, CdS, ZnS, GaN, etc [4-6], some ceramic materials 

like PZT, BaTiO3 [7] and some polymers like PVDF, PMMA, PDMS, PVDF-TrFE, PVDF- 

TFE, PVDF-HFP etc [3, 6, 8], behave as piezoelectric materials.  In comparison to all of these 

organic, inorganic and polymer materials, PVDF is the most attractive polymer which has some 

interesting properties like flexibility, transparency, lightweight and biocompatibility [9]. PVDF 

has four phases with different properties α, β, γ and δ. Of them β phase is the most important 

phase as well as working worthy due to its electroactive properties. α and δ phases are non- 

polar and γ phase is also polar one with a very small dipole moment [10, 11]. The β phase is 

the most useful one in energy harvesting due to its intense polar character. This phase is 

responsible for high piezoelectric, pyroelectric and ferroelectric properties of PVDF. 

This work mainly concerned about the enhancement of the performance of a PENG, made of 

PVDF and ZnO hybrid structure. PVDF film is deposited upon a layer of vertical ZnO nanorods 

grown on Zn foil. The piezoelectric voltages at different pressures are measured. 

8.2. Characterisations 

D 
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X-ray diffraction (XRD) patterns are recorded on a Bruker D8 diffractometer with Cu-Kα 

radiation of wavelength 1.5404 Ǻ at room temperature. Field emission scanning electron 

microscope (FESEM) images were taken by a HITACHI S 4800 electron microscope. Fourier 

transform infrared spectroscopy (FTIR) measurement was performed using Shimadzu FTIR 

spectrometer, IR prestige. All-time vs voltage measured by KEYSIGHT InfiNiiVision 

DSOX2012A digital storage oscilloscope. 

8.3. Results and Discussion 

 

8.3.1. Structural and Morphological Analysis 

Figure 8.1: FTIR spectra of PVDF in wavenumber range1600-400 cm-1 to study enhancement 

of electroactive β phase. 

FTIR (Fourier transformed infrared spectroscopy) spectrum of PVDF film is shown in Figure 
 

8.1 Where peaks arising out from all the crystalline phases of PVDF are labelled. The presence 

of non-polar α phase (TGTG) [2, 12] in the PVDF-HFP film shows strong vibrational band at 

533, 612, 764, 796, 856, 976, 1150, 1212 cm-1. Some peaks arise due to superposed of β (TTTT) 

and γ (T3GT3G) [2, 12] phases at 510, 841, 1176 cm-1 [2, 12]. Whereas absorbance band arise 

at 431, 841, 1234 cm-1 [2, 11, 12] indicates presence of electro active β (TTTT) phase. 
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The relative electro-active phase fraction (FEA) is calculated by the following equation 

 
FEA =

 𝐴841 × 100% (8) 
𝐾841𝐴763+𝐴841 

763 

 

Where A841, A764 are the intensity of absorption peaks at 841, 764 cm-1 respectively and K841 

(7.7 x 104 cm2 mol-1) and K764 (6.1 x 104 cm2 mol-1) are absorption coefficient of corresponding 

wavenumber. In our experiment, the electro active β phase achieved upto 55%. 

It is already stated that, out of four crystalline phases β phase has piezoelectric and ferroelectric 

properties due to its structure of chain conformation [1, 12, 14]. So it is usable in nanogenerator 

for energy harvesting application. In this experiment, PVDF is used with ZnO which is a 

popular piezoelectric material to increase the output performance of nanogenerator [9]. FESEM 

images of ZnO nanorods, deposited on zinc substrate at room temperature are shown in Figure 

8.2a and 8.2b. It is seen from these figures that the nanorods have length ~1 µm and diameter 

~20 nm. 

Figure 8.2: (a) and (b) FESEM image of ZnO Nanorods. 

 
8.3.2. Working Principle and Electrical Measurement of PENG 

 
Individually ZnO and PVDF both have piezoelectric properties, so ZnO-PVDF hybrid structure 

enhances the piezoelectric effect as well as the output performance. In normal condition dipoles 

of PVDF are not well aligned but applying mechanical pressure dipoles may align properly. 

Under the mechanical trace, bending of ZnO nanorods generates a voltage which is developed 
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at the two ends of the nanorod [3]. This potential helps to align dipole through stress induced 

polarisation of PVDF film. The polarisation upgrades the performance of nanocomposite and 

output voltage of PENG. Output voltage is directly dependent on thickness of PVDF film, if 

thickness of PVDF film increases then charge generation decreases dramatically. Also it 

influences to decrease the output voltage of the device [4]. So thickness of PVDF film is one 

of the key factors of nanogenerator performance. Figure 8.3a-c describes the working principle 

of fabricated device. 

Current Current 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.3: Schematic diagram of PENG during pressing and releasing condition. 

 

In order to established sensitivity of the fabricated device, the device has been tested under 

different applied pressure. It is shows that the PENG device exhibits different output voltage 

changes significantly by varying applied external pressure. Figure 8.4 demonstrated that the 

output voltage increases with increasing pressure. If the applied force is 1 MPa then maximum 

generated voltage is 4.4 V and current is 1.25 µA and the generated power is 5.5 µW and when 

applied pressure are 1.52 MPa, 3.4 MPa and 4.5 MPa then generated output voltage are 8 V, 

17.5 V, 21.5 V respectively and corresponding current 2.2 µA, 4 µA, 6.3 µA respectively also 

power generated 17.6 µW, 70 µW, 135.45 µW respectively which shown in Figure 8.4a-h. This 

power is able to glow small voltage LED light (shown in Figure 8.5c). 
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Figure 8.4: (a), (c), (e), (g) are shows voltage generation under pressure 1 MPa, 1.52 MPa, 

 

3.4 MPa, 4.5 MPa respectively and (b), (d), (f), (h) are shows current under pressure 1 MPa, 

 

1.52 MPa, 3.4 MPa, 4.5 MPa respectively. 
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Figure 8.5: (a) Change of voltage with pressure. (b) Change of power with pressure. (c) 

Schematic circuit diagram of LED lighting using PENG. 

8.4. Conclusions 

 
In summary, ZnO nanorods were successfully grown on (1 cm×1 cm) Zn foil via normal 

aqueous solution route. It was found that energy harvesting mechanical energy to electrical 

energy was dramatically improved by using PVDF thin film due to electro-active properties of 

PVDF, which play significant role to increase the output performance of Nanogenarator. 

Applying a stress on the ZnO-PVDF sandwiched structure, charge accumulation and a voltage 

difference is appeared between two electrodes and a current is flowing through the external 

circuit. This current is dependent on stress applied on composite and gets 137.4 µW and 6 µW 

under pressure 4.5 MPa and 1 MPa respectively. PNG is useful to act as a component of self- 

power, portable electronic device that harvest mechanical energy from environments and 

convert electrical energy. 
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9.1. Grand Conclusion 

omposites composed of piezoelectric nanomaterials dispersed in a flexible polymer 

have emerged as promising materials for highly durable and flexible energy harvesters 

and sensors. Although piezoelectric materials in their bulk form have a high electromechanical 

coupling coefficient and can efficiently convert mechanical energy to electrical energy, the 

ceramic form has low fracture toughness and thus they are limited in certain applications due 

to difficulty in machining and conforming to curved surfaces. A piezoelectric nanogenerator is 

a device that converts low-frequency mechanical vibration into electrical energy through 

piezoelectric, pyroelectric and triboelectric effects. Most of the researchers are using PVDF as 

a piezoelectric material in Piezoelectric nanogenerators. PVDF and its copolymers are the most 

suitable candidates due to their excellent energy storage ability, high piezoelectric coefficient, 

desirable flexibility, and capability to transform into different elaborate shapes. Generally, 

PVDF exhibits five polymorphs based on different chain conformations viz., α, β, γ, δ, and  

phases. Among these, α and δ phase shows trans-gauche-trans-gauche (TGTG) configuration, 

and β phase exhibits all-trans (TTTT) configuration and γ phase shows T3GT3G configuration. 

α and δ phases show no spontaneous polarization which makes them non-polar, while due to 

the parallel dipolar configuration, both of β and γ phases are polar. A monomer unit —(CH2— 

CF2)— is repeated in the PVDF matrix (for  phase) to form a non-conjugated linear 

fluorinated hydrocarbon with a high vacuum dipole moment (7 × l0-30 C m), pointing roughly 

from the negatively charged fluorine atom to the positively charged hydrogen atom. However, 

with larger spontaneous polarization β phase predominantly manifests the piezoelectric effect. 

But in a normal PVDF matrix, β phase content is nominal, so it is needed to enhance the 

associated β phase fraction. Hence, our primary objective is to enhance the electroactive phase 

content of the PVDF matrix as much as possible. Different groups have elaborated versatile 

and novel approaches to transform the nonpolar phase into an electroactive phase; such as 

C 
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mechanical stretching, electrical polling under high field, thermal annealing, filler 

incorporation in PVDF matrix, etc. Among these, filler incorporation is a more convenient 

process for multifunctional applications that hardly affects the flexibility of the film. 

The research described in this Ph.D. thesis explains how to synthesize PVDF composite 

materials and how to use them in multipurpose piezoelectric nanogenerators. The thesis begins 

with an overview of PVDF composites (chapter 1) that provides a brief description of their 

structure, numerous physical characteristics, and several optoelectronic factors that 

significantly influence their uses. The literature overview of PVDF-based piezoelectric 

nanogenerators and their applications, as well as several ground-breaking reports, are discussed 

in chapter 2. Chapter 3 describes the precise synthesis processes for the PVDF composite and 

the precise device construction process. Chapter 4 discusses the fundamental operating 

principles and a broad overview of the crucial characterization tools that are utilised during the 

entire course of the study. 

Chapter 5 also provides an introduction to a novel piezoelectric sensor fabricated by a 

composite with room temperature processed all-inorganic cesium lead bromide (CsPbBr3) 

perovskite rod and polyvinylidene fluoride (PVDF) nanofiber. CsPbBr3 enables nucleation of 

the electroactive β phase in PVDF >90% and makes it suitable for piezoelectric energy 

harvesting. Piezoelectric energy generation from the devices has been investigated under 

several simple human movements like hammering by hand, finger touch, toe pressing, bending 

by arm and so on. Optimized composite (5 wt. % CsPbBr3 containing PVDF film) based PNG 

delivered an output power of 4 mW with a high open-circuit voltage of 120 V and short-circuit 

current of 35 A. In addition, the photosensitivity of the composite is demonstrated under light, 

which promises its potential as a photodetector. Considering the photoresponse and 

electroactive features, a new class of self-powered photoactive piezoelectric energy harvesters 

has also been fabricated. 
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Chapter 6 introduces cesium lead chloride (CsPbCl3)-embedded β-phase comprising 

polyvinylidene fluoride (PVDF) hybrid films turn into a suitable functional material for 

piezoelectric-based mechanical energy harvesters. Incorporation of CsPbCl3 in the PVDF 

matrix enables high crystallinity and nucleation of electroactive β-phase ~86% in the PVDF 

with piezoelectric coefficient d33 of 49 pm/V, much higher as compared to pristine PVDF. The 

fabricated PNG delivered an instantaneous output voltage of 168 V and a peak-to-peak output 

current of 2 μA. The high sensitivity of the flexible PNGs enables us to measure even a slight 

deformation due to bending by 2˚. Considering its good flexibility and high electrical output 

performance, optimized PNG was utilized for the fabrication of a wearable self-powered 

posture sensor to monitor the regular movement of our spine. Walking-based wearable PNGs 

are also devised for powering up normal android mobile phone batteries. 

Chapter 7 introduces a self-charging flexible supercapacitor is successfully realized that can 

harvest sporadic mechanical energy, convert it to electrical energy, and simultaneously store 

power. Initially, chemically processed multi-metallic oxide, namely copper cobalt nickel oxide 

(CuCoNiO4) is amalgamated within the PVDF framework in different wt. % to realize high- 

performance PNGs. The combination of CuCoNiO4 as filler creates a notable electroactive 

phase inside the PVDF matrix, and the composite realized by combining 1wt% CuCoNiO4 with 

PVDF exhibits the highest electroactive phase (>86%). Under periodic hammering (~100 kPa), 

PNGs fabricated with this optimized composite film deliver an instantaneous voltage of ~67.9 

V and a current of ~4.15 A. Furthermore, PNG is ingeniously integrated into a supercapacitor 

to construct PSCFS, using PNCU as a separator and CuCoNiO4 nanowires on carbon cloth as 

the positive and negative electrodes. The self-charging behavior of the rectifier-free storage 

device was established under bending deformation. This work offers a high-performance, self- 

powered device that can be used to replace bulky batteries in everyday electronic devices by 
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harnessing mechanical energy and converting mechanical energy from its environment into 

electrical energy. 

Energy harvesting from mechanical strain using piezoelectric materials has attracted 

considerable attention from researchers for their direct utilization in cutting-edge smart 

devices. In chapter 8, a piezoelectric nanogenerator based on polyvinylidene fluoride (PVDF) 

and aligned zinc oxide (ZnO) nanorods is fabricated for mechanical energy harvesting. ZnO 

nanorods array over zinc foil was realized via facile wet chemical method at ambient 

conditions. ZnO- PVDF hybrid structure was prepared by stacking PVDF on ZnO nanorods. 

The synergistic piezoelectric effect of PVDF and ZnO nanorods delivered high output 

characteristics under applied pressure. As fabricated device showed an open-circuit voltage of 

~21.5 V and an instantaneous power of ~135.45 W at an applied pressure of 4.5 MPa. 

Generated output power was more than sufficient to glow commercial green LEDs. 

9.2. Future Outlook 

 
The capacity of active materials to work with intelligent soft robotic and mechanical systems 

that use triboelectric and piezoelectric-based devices, or a mix of both, will be extremely 

helpful in a number of expanding study areas. Despite the fact that a lot has been accomplished 

in the last five years, there are still issues with soft robotic systems that need to be resolved. 

There are many opportunities for the development of triboelectric and piezoelectric-based soft 

actuators and effectors, especially for applications like soft manipulators, grippers, and 

microfluidic systems. Much of the work done in the field so far has focused on stretchable and 

flexible sensors and e-skins. 

The integration of e-skin and power supply for soft actuation are additional difficulties and 

potential for TENG and PENG in soft robotic systems. For sensing and actuation, soft robotic 

systems need fluid flow tubes or electricity lines, which creates new difficulties for the creation 
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of wearable tech and self-powered, untethered robots. Through their distinctive energy 

harvesting methods and the simplicity of detecting small voltages and currents, TENG and 

PENG devices offer chances to develop self-powered sensing and systems. The increased 

energy requirements that may exceed the power levels that PENG and TENG may provide 

make self-powered actuation more difficult. Therefore, combining nanogenerators with low- 

power actuation techniques is useful. There are chances to speed up the prototyping and 

production of the devices thanks to advanced manufacturing technologies like 3D printing, 

which can incorporate soft materials, TENG or/and PENG, and electronics into the soft actuator 

and robotic systems. The development of effective methods and techniques for the modelling 

and control of TENG or/and PENG-based soft robotic systems are necessary to support the 

problems posed by the complicated nonlinear behaviour of soft bodies and to speed up the 

development and optimization of these systems. Modern, cutting-edge modelling approaches 

are primarily concerned with the creation and development of materials. 

Combining TENG and PENG is anticipated to maximise their advantages and eliminate any 

potential disadvantages for soft robotic systems and wearable technology. For applications, 

more effective energy harvesting and sensing may be achieved by connecting TENGs with 

PENGs. Understanding the factors that can significantly boost actuation force and bandwidth 

will become increasingly important as TENG-based actuators develop. In the literature, a few 

PENG- or TENG-based microscale soft robots and gadgets have also been reported. There has 

also been evidence of the advantages of combining TENG and PENG devices with additional 

materials to achieve multi-functionalities, such as optical properties, antibacterial properties, 

or self-healing properties. 


