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Abstract

Development of Natural Iron-Based Nano-Rock Modulated Piezo-Responsive Membranes for

Simultaneous Piezoelectric Energy Harvesting and Piezocatalytic Wastewater Remediation
Saheli Ghosh

Index No.: 91/22/Phys./27 Registration No.: SOPHY1109122

Abstract: The world faces a looming energy crisis due to dwindling fossil fuels, geopolitical conflicts

disrupting supply chains, inadequate investments in renewables, and soaring global energy demand.

Besides, rapid industrialization and growing population generate severe water pollution. Addressing

this requires a shift to cleaner energy options and reconsidering production techniques to minimize

environmental harm. To combat the situation this work encompasses the synthesis of iron-based
nanostructures specifically natural a-hematite because of their nontoxicity, abundance, and
biocompatibility in nature besides their exceptional other physicochemical properties. The doping of
foreign materials into natural a-hematite such as rare-earth metals (Gadolinium), carbon nanotubes
(CNT), etc. into the matrices of natural nano-rock and incorporation into the various polymer matrices
(PVDF) unveils the structure-property correlation of such composite systems by enhancing energy
harvesting efficacy, especially the piezo energy. As piezoelectric energy harvesting stands as a
promising avenue to simultaneously address both the energy crisis and water pollution challenges. This
innovative technology harnesses energy from mechanical vibrations, including movement in water
bodies, to generate electricity. In this study, the naturally occurring a-hematite-based device can produce
a voltage of 53.9V and a current of 011.6 pA with a hand-tapping (force of 14.99N). Even after 75 days,
the efficiency remains relatively constant. In addition, the fabricated device generates up to 8V under
the flow of water. As vibrations or mechanical stress occur, these materials can simultaneously facilitate
catalytic reactions to break down pollutants present in water known as piezocatalysis which has also
been employed in this work to degrade carcinogenic dyes like RhB, Congo red, etc. The membrane
degrades RhB dye 98.7% under ultrasonic vibration of 33KHz and the membrane is also recyclable for
up to 10 cycles without altering the efficacy. Hence integration of these two technologies following the
same mechanisms can be a promising avenue to simultaneously address both the energy crisis and water
pollution challenges. Thus, this study presents a dual solution by offering clean energy generation and
mitigation of water pollution, showcasing the potential of innovative technologies like piezoelectric

energy harvesting in tackling these interconnected global challenges.
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Chapter 1

Introduction and methodology

In the twenty-first century, with globalization, urbanization, and modernization, the
interconnected problems of the world energy crisis and rising water pollution have become
crucial issues which require immediate attention [1]. The increasing need for energy due to
factors such as population growth, industrialization, and technological progress has resulted
in a greater burden on conventional energy sources, which in turn has exacerbated
environmental degradation. In addition, the unregulated growth in energy production and
consumption has played a major role in water body pollution, putting ecosystems and human

health in danger.
1.1 The Energy Crisis: Context and Challenges

The foundation of modern society has been built upon the availability and utilization of
energy. Nonetheless, the world is currently experiencing an energy crisis as conventional
energy sources, such as coal, wood, and others, have been utilized extensively from the
beginning of civilization to the present day. Non-renewable energy sources account for 85%
of the energy utilized globally [3]. Therefore, these limited resources of coal, oil, natural
gas, etc are quickly running out due to modernization, industrialization, and civilization
raising worries about energy security and the risks to the economy, society, and environment
that come with relying too much on these conventional energy sources [4]. Figure 1.1
illustrates how the energy demand is driving up continuously. Furthermore, burning fossil
fuels generates greenhouse gases that exacerbate climate change and highlight how urgent
it is to switch to low-carbon, sustainable energy sources [5]. Therefore, alternate renewable
energy sources such as solar, wind, tidal, and mechanical energy sources should be used to

combat the problem effectively.
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1.2 Water Pollution: Causes and Consequences

Water pollution, caused by integration of hazardous contaminants, both organic and
inorganic, to water bodies, such as lakes, rivers, seas, groundwater, and even supplies of
drinking water, have become a matter of grave comcern now-a-days [6]. This effect is
detrimental for not just the environment but also human health. Aquatic ecosystems,
biodiversity, and human health may all suffer as a result of this pollution, which can come
from a variety of man-made and natural sources and activities [7]. Enormous factors, such
as municipal discharge, agricultural runoff, industrial discharge, and so on, contribute to

water pollution.

On the other hand, the energy sector, a fundamental pillar of modern civilization,
significantly contributes to water pollution through various stages of energy production,
distribution, and consumption. Mining activities, essential for extracting fossile fuels often
result in the leaching of toxic substances and heavy metals into nearby water sources [8].
Furthermore, the disposal of untreated industrial effluents and the cooling processes in
thermal power plants discharge heated water into rivers and lakes, causing thermal pollution

and altering aquatic ecosystems [9].

In addition, a variety of untreated carcinogenic and poisonous effluents from municipalities,
companies, farms, and hospitals are being inserted into watebodies erratically. The origins
of water contamination and the different waste classes that contaminate water are depicted
in Figure 1.2 depicts the causes of water pollution and how they lead to the water crisis [10].
By 2050, only 1% of the water will be available to humans, making it difficult to obtain
fresh water [11]. These pollutants not only contaminate surface and groundwater but also
pose severe threats to biodiversity and human health, often disproportionately affecting

marginalized communities relying on these water sources for sustenance.
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Figure 1.2 Report of water crisis and water pollution [ Source- CDD India, Google
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1.3 Status of energy crisis in India

An imbalance between supply and demand has resulted in occasional shortages of power,
especially in rural parts of India. The country has faced several issues in the energy industry.
Coal is still the dominant source of electricity generation [12], causing environmental issues
and air pollution even with advancements in the integration of renewable energy. Despite
remarkable gains of India in the utilization of renewable energy, technical obstacles remain
when integrating intermittent sources like solar and wind into the system [13]. Government
measures are promoting the use of LPG over traditional biomass since access to clean
cooking fuels is still a problem for many [14]. Considerable capital has been invested in
wind and solar projects as a result of policies that have been put in place to increase the use
of renewable energy sources, increase energy efficiency, and improve power infrastructure
[15]. However, the energy challenges of nation still persist, including ensuring reliable
electricity access for all and diversifying its energy mix away from fossil fuels, showcasing
the need for ongoing efforts and policy innovations to address the evolving energy

landscape.
1.4 Status of water pollution in India

India has serious problems with water pollution from a variety of causes, such as poor waste
disposal, untreated sewage, industrial effluents, and agricultural runoff [16]. The rivers,
lakes, and groundwater supplies are losing quality due to pollutants such heavy metals,
chemicals, and biological contaminants [17]. Growing industrialization and urbanization
have raised the pollution levels in water bodies, endangering human health, ecosystems, and

access to clean water.

Wastewater management in India remains a critical concern [18]. Untreated wastewater
discharges into aquatic bodies comprise a significant amount of both industrial and
household effluents. Despite attempts to upgrade the infrastructure for sewage treatment in
metropolitan areas, there is still a sizable discrepancy between wastewater generation and
treatment capacity [19]. Waterways are frequently exposed to untreated or partially treated
sewage because treatment plants operate below their intended capabilities. Lack of adequate

sewage treatment and sanitation infrastructure worsens the issue in rural regions.

The Indian government has launched several initiatives to address the problem water
pollution and improve wastewater management [20-22]. Programs such as the National

Mission for Clean Ganga (Namami Gange) aim to rejuvenate the Ganges River by
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controlling pollution, conserving biodiversity, and promoting sustainable wastewater
management practices [21]. Additionally, the Atal Mission for Rejuvenation and Urban
Transformation (AMRUT) focuses on providing basic services, including water supply and

sewage management, in urban areas [22].

Challenges persist in ensuring the effective implementation of these initiatives, including
inadequate infrastructure, funding constraints, regulatory enforcement, and the need for
community participation [19]. Improving wastewater treatment infrastructure, enhancing
monitoring mechanisms, promoting water conservation practices, and raising public
awareness about water pollution are crucial steps in addressing water quality concerns of

the country.
1.5 Renewable energy sources

One of the most important approaches to solving the urgent energy issue is the global search
for renewable energy sources. With depleting reserves of non-renewable resources and
escalating environmental concerns, the transition towards renewable energy emerges as a
fundamental solution. Harnessing sources such as solar, wind, hydroelectric, geothermal,
and biomass offers multifaceted benefits [23]. These resources are widely available,
plentiful, and, in contrast to fossil fuels, have less of an adverse effect on the environment,
lowering greenhouse gas emissions and slowing down the effects of climate change.
Additionally, making investments in renewable energy infrastructure promotes energy
security, and independence, and creates jobs in expanding industries [24]. Countries all
around the globe may set the path for a sustainable future by giving priority to the
development and implementation of renewable energy technologies, guaranteeing
dependable access to energy while reducing the negative consequences of the energy crisis.
Renewable energy sources are derived from natural processes that are continuously
replenished [25]. When compared to non-renewable sources, they have less of an influence
on the environment and emit little to no greenhouse gases, which makes them sustainable
and ecologically benign. Below are the primary categories of sustainable energy sources
like solar energy, wind energy, hydroelectric energy, geothermal energy, biomass energy,
tide and wave energy, etc [26].

Solar energy, the most common renewable energy, converts sunlight directly into electricity
using solar cells made of semiconductor materials. Modupeola Dada et. al. has discussed

how photovoltaic devices are employed to address the increasing need for energy [27]. This
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uses sunlight to heat a fluid, typically water or oil, to produce steam and generate electricity
through turbines. Layth M. ABD ALII et al. have conducted experiments to explore the
possibility of developing thermal power plants that use conventional steam to generate

electricity [28].

Wind energy is another source of renewable energy that converts the kinetic energy of the
wind into mechanical power, which is then used to generate electricity. Lin Pan et al. have
proposed an enhanced Sliding Mode Control (SMC) based on the Wind Energy Conversion
System (WECS) with offshore wind turbine Permanent Magnet Synchronous Generator

(PMSG) coupled to the grid [29].

Hydroelectric energy uses the kinetic energy of flowing water, often harnessed through
dams or flowing rivers, to generate electricity. Siri et al. provide information regarding the
capability for generating electricity from water that has led to hydropower being a key
renewable energy source, as well as how hydropower contributes to a holistic energy future

[30].

Geothermal energy utilizes heat from the interior of the earth to produce steam, which drives
turbines and generates electricity. Assad et al. studied a hybrid system to harvest geothermal
energy, consisting of a single flash steam geothermal power plant and a solar thermal system

with a parabolic trough collector [31].

Biomass energy involves using organic materials, such as wood, agricultural residues, and
organic waste, to produce heat, electricity, or biofuels through combustion or other
processes. Makul et al. have analyzed the various biomass sources and their potential for

application as alternative energy options [32].

Tidal energy captures the energy from the rise and fall of tides to generate electricity. The
energy extracted from the tides through consistent and predicted vertical motions of the
water, resulting in tidal currents, might be transformed into kinetic energy to generate power.
Chowdhury et al. have depicted the current prospects of tidal energy technology in the in
the context of an energy crisis [33]. Wave energy, quite similar to tidal energy, converts the
kinetic energy from ocean waves into electricity. Rodrigues et al. have portrayed how wave

energy can be harvested using triboelectric nanogenerators [34].
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1.6 Different processes of wastewater remediation

Wastewater treatment uses a variety of scientific techniques and technology to get rid of
impurities. Ledezma et al. have depicted the different conventional solutions for water
pollution such as adsorption, coagulation, precipitation, ion exchange, etc [35]. Rafiq et al.
have described the photocatalytic degradation for wastewater treatment [36]. Several of

these techniques have been mentioned in the following table 1

Table 1.1 Different conventional solutions for water pollution

Processes Techniques Mechanisms References
Physical Filtration uses physical barriers— [37]
Process such as gravel, sand, or

membranes—to keep the
water and solid particles
apart

Adsorption involves drawing [38]
impurities out of the water
by attaching them to a
surface, such as activated
carbon or certain clays

Sedimentation permits heavier particles to | [39]
separate from the water by
settling to the bottom of a
tank due to gravity using a
gravitational field

Chemical Coagulation/Flocculation | Wastewater is treated with | [40]

Process chemicals to create floc, or
bigger particles that are
easier to remove

Precipitation In order to create insoluble | [41]
compounds that separate

from the water, chemicals
are added

Oxidation-Reduction | Organic pollutants are [42]
decomposed by chemical
oxidation (like hydrogen
peroxide, ozone, or
chlorine)
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Biological
Process

Activated Sludge

Use aerobic
microorganisms to break
down organic content in
wastewater

[43]

Biological Nutrient
Removal

Add certain
microorganisms to
wastewater to extract
nutrients like phosphate
and nitrogen

[44]

Constructed Wetlands

utilizes microbiological,
adsorption, and filtration
mechanisms found in
wetland habitats to
naturally remove
contaminants

[45]

Advanced
Treatment
Technologies

Membrane Filtration

use fine-pore membranes
to separate impurities from
water

[46]

Reverse Osmosis

applies pressure to remove
impurities by forcing water
through a semi-permeable
membrane

[47]

Ion Exchange

efficiently removes
impurities by exchanging
ions in the water with ions
bound to a resin

[48]

Electrochemical
Process

Electrocoagulation

Uses an electric current to
destabilize and accumulate
pollutants to make their
removal easier

[49]

Electrochemical
Oxidation/Reduction

Induces oxidation or
reduction processes using
electrodes to break down
contaminants

[50]

Photocatalysis

uses light (usually UV) to
activate catalysts (like
titanium dioxide) to
convert organic molecules
into less toxic and simpler
forms

[51]
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Numerous criteria, such as the kind and concentration of pollutants, the amount of
wastewater, environmental requirements, and the viability of the economic viability of the
process, influence the choice of remediation technique or combination of processes.
Although these processes have gained the interest of researchers over time, however, their
low efficiency, long reaction time, low biocompatibility, production of secondary pollution

as end products, and costly procedure hinder their advancement.

As a solution piezo-responsive simultaneous energy generation and wastewater treatment

came in front row to new generation researchers [52-54].
1.7 Piezoelectric energy harvesting: an inventive remedy

Piezoelectric energy harvesting represents an innovative solution in the dominion of
renewable energy by tapping into mechanical vibrations or movements and converting them
into electrical energy[53,55]. Piezoelectric materials generate a voltage when subjected to
mechanical stress, such as vibrations, pressure, or movement [56]. Incorporating
piezoelectric devices into infrastructure, buildings, or wearable technology allows for the
capture of otherwise wasted mechanical energy from various sources, including footsteps,
vehicle movements, machinery vibrations, or even ambient vibrations in the environment
[57-58].

Piezoeelectric phenomenon was first discovered by Pierre and Jacques Curie in 1980 [59].
Initially, its practical applications developed during World War I in sonar technology and
extended during World War II in radar systems [60]. By this time, several piezoelectric
materials had been invented and were being used in acoustic technology, sensors, actuators,
and other areas [61]. Researchers are constantly investigating innovative materials to
improve efficacy, reliability, and scalability, as well as to optimize device design and use in
a wide range of energy-harvesting applications. Footstep energy might be captured and
transformed into electricity to power sensors or lighting by being integrated into pavements,
pathways, or floors in high-traffic areas [62]. Piezoelectric devices can be used to capture
vibrations produced by machinery and equipment in factories or other industrial settings to
create additional electricity [63-64]. In transportation hubs, vibrations from cars, trains, or
other infrastructure might be captured and used to power low-power devices like lights or
sensors [65]. Piezoelectric devices have the potential to monitor the structural health of
infrastructure such as buildings or bridges by using vibrations [66]. They can also provide

tiny quantities of electricity for local sensors or devices.
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Henceforth, when integrated into various applications, piezoelectric energy harvesting
contributes to a more comprehensive approach to renewable energy by tapping into
otherwise untapped mechanical energy sources, thereby diversifying the renewable energy

mix and possibly lessening the burden on conventional energy sources.
1.7.1 Piezo-responsive materials

There are various piezo-responsive materials like piezoelectric nanoparticles, polymers,
nanocomposites, perovskite-type materials, and piezoelectric fibres [63,67] are being

developed to date, as discussed herein.

Piezoelectric nanoparticles encompass several types, which can be classified based on their

dimension (D) as 0D, 1D, 2D, and 3D materials.

Among various piezoelectric nanoparticles (PNP), 0D PNPs are gaining attention
nowadays. These PNPs can be the fundamentals for making other piezoelectric
nanomaterials. These nanoparticles serve as building blocks for the development of
additional nanomaterials with piezoelectric capabilities, potentially providing benefits in the
optical, electrical, pyroelectric, and ferroelectric domains[68]. Tian et al. developed the
production of aluminium nanoparticles with a small amount of AIN, explaining the growth
process in the presence of AIN nanoparticles[69]. Furthermore, it has been discovered that
doping Fe into the nanoparticle matrix improves both ferroelectric and magnetic
characteristics. These zero-dimensional nanoparticles are synthesized using a variety of
techniques, including solvent casting and vapor-liquid-solid procedures. Wang et al.
emphasized that because of their smaller size, 0D materials require a minimum carrier
matrix[70]. In another work, Kaur et al. developed a simple co-precipitation approach to
create 0D ZnO nanoparticles, beginning with a precursor solution comprising equal
molarities of Kaur et al. developed a simple co-precipitation approach to create 0D ZnO
nanoparticles, beginning with a precursor solution comprising equal molarities of

hexamethylenediamine and zinc nitrate hexahydrate[71]

The one-dimensional (1D) PNPs are said to be those that have a length of more than 1 mm
and a dimension of less than 100 nm [68]. One-dimensional (1D) PNs are superior to 0D
PNPs, having improved charge transport facilities [72]. For the first time, the nanogenerator
has been fabricated using 1D ZnO nanowires that can transform ultrasonic waves into
electricity [73]. The nanowires are most commonly used for making piezoelectric harvesting

devices. These nanowires are highly sensitive to minor forces, which increases the
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production of electricity even with very small forces. It also has good mechanical properties
as well as high polarization that provides a wonderful impact on showing the piezoelectric

effect [73].
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Figure 1.3 (4) Experimental setup for degrading RhB with fixed BF—-BT nanoparticles on
nickel foam; a small water pump was used to spray the RhB solution on the nickel foam
with piezocatalyst. The experiment was conducted in the dark as shown in the inset picture
where the setup was covered with aluminum foil. (B) UV—vis absorption spectra of RhB
solution upon piezodegradation by BF—BT nanoparticles under the impact of water at
different times. (C) Piezodegradation of RhB with the fixed BF—BT nanoparticles under
the impact of water[79]. Copyright 2024, Publisher American Chemical Society.

Two-dimensional (2D) piezoelectric nanoparticles (PNPs) typically have nanometer-scale
thickness [74]. These nanoribbons and nanofibers are transported onto flexible substrates to
use the electromechanical coupling of PNPs for energy harvesting purposes. Researchers
are exploring many forms of 2D PNPs, such as PZT nanofilms, PZT ribbons, P(VDF-TrFE)-
alumina nanofilms, ZnO nanofilms, and BaTiO3 nanofilms[68,75]. The greater surface area
exposed to the medium allows 2D PNPs to display higher catalytic actions, which aids in
the removal of impurities [76]. As a result of their efficacy and diversity, nanoribbons and
nanofilms are gaining importance as fundamental materials in piezoelectric and catalytic

applications.

Three-dimensional piezoelectric nanoparticles (3D PNPs) are materials made up of 0D, 1D,
and 2D PNPs arranged adjacent to each other, forming interfaces like piezoelectric powders
and multilayer polycrystalline material, etc [68]. 3D PNPs are characterized by nano-sized
grains with distinct grain boundaries but missing the surface of grains. The forces applied
to 3D PNPs often result in the development of third-rank tensors, known as the coupling

coefficient or piezoelectric coefficients, such as di3, ds3, and dis, depending on the direction
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of pressure applied to the material [77]. Minary-Jolandan et al. conducted research into the
piezoelectric effect of 3D PNPs and discovered that the piezoelectric effect of nanowires
inside 3D PNPs surpasses that of bulk materials[78]. Sun et al. described experimental
protocols for the use of piezoelectric nanomaterials, namely 0.7 BiFeO3-0.3BaTiOs;

nanoparticles, for dye degradation, including degradation time and rate [Figure 1.3][79].

Piezoelectric nanoparticles offer promising possibilities for numerous applications, yet they
come with notable limitations. These considerations include cost-effectiveness, stability,
mechanical strength, flexibility, and biocompatibility. As a result, there has been a change

in the development of polymer-based materials having piezoelectric characteristics.

Polymer-based piezoelectric materials exhibit piezoelectric properties when subjected to
tension. Several families of organic polymers and biopolymers demonstrate piezoelectric
effects, including fluoropolymers, polysaccharides, polyamides, polyester, polypeptides,
collagen, cellulose, and silk [80]. The inherent flexibility of polymers enables them to
withstand high strain, making them popular choices for piezoresponsive materials. Ramadan
et al. categorized piezoelectric polymers into three groups: Bulk piezoelectric polymers,
Polymer piezoelectric composites, and Voided charged polymers (or cellular polymers) [81].
Bulk piezoelectric polymers can further be divided into semicrystalline and amorphous
types [82]. Semicrystalline polymer materials have a crystalline phase, and their
crystallinity changes depending on the variation of preparation techniques, thermal stability,
etc. Semicrystalline polymers, such as PVDF and co-polymers, poly-L-lactic acid (PLLA),
and odd-numbered Nylons, have a crystalline phase that affects their piezoelectric properties
[83]. The filler embedded in the polymer matrix plays a crucial role in determining
piezoelectricity.Biopolymers like collagen, keratin, and silk are also utilized as
piezoresponsive materials[84]. Amorphous piezopolymers, such as PVC, PAN, and PVAc,
exhibit quasi-stability, and their polarization does not occur in thermal equilibrium[81].
Their glass transition temperature is a crucial indicator of the poling process. Orientational
polarisation is the cause for piezoelectric behavior for this type of polymer [82].Turner et
al. describes that semicrystalline polymers generally exhibit superior piezoelectric
properties compared to amorphous polymers[82]. Figure 1.4 illustrates the chitosan
biopolymer and clay-induced polymer, highlighting the contribution of surface charge

density to polarization and subsequent piezocatalysis mechanisms.
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Figure 1.4 lllustrates the clay moiety surface charge and the effect of the intercalation
with chitosan biopolymer that helps in the piezocatalytic performance. [85]Copyright
2022, Publisher Royal Society of Chemistry.

Polymer-nanocomposites are made up of a wide range of components, including ceramic
and ferroelectric fillers. The increased piezo-responsiveness of these composites is
dependent not only on the synthesis technique but also on the physicochemical
characteristics of the filler components. As a result, it is critical to evaluate features such as
electrical properties, mechanical properties, and shape before using them as fillers in the
manufacture of piezoresponsive polymer nanocomposites. To enhance the piezoelectric
effect, a greater volume proportion of filler materials is required and used [86]. Various
ceramics and nanoparticles are inserted into polymers such as PVDF and DMSO to improve
the piezoelectric characteristics of the resultant nanocomposites. Fillers are divided into
metal-based, ceramic, carbon-based, and hybrid fillers [87-88]. Ceramic fillers are
generally made of inorganic compounds including nonmetal, metal, and metalloid atoms
[89]. To develop piezoelectric characteristics, promising piezoceramics such as sodium
potassium niobate (KNN), lead zirconate titanate (PZT), bismuth sodium titanate (BNT),
and barium titanate (BaTiOs3) are introduced into polymers [90]. Metal-based fillers,
including titanium dioxide (TiO»), ferrites, zinc oxide (ZnO), and iron oxide (Fe304), can
also be used to create polymer nanocomposites with remarkable piezoelectric properties
[91]. Carbon-based fillers, such as carbon nanotubes (CNT), carbon dots (C dots), and

reduced graphene oxide (rGO), are being used to provide intrinsic multifunctional
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characteristics [92]. Adding rGO and surface-functionalized multi-walled carbon nanotubes
(MWCNT) to PVDF can improve its beta phase and dielectric characteristics. Hybrid
materials, such as rGO-Fe304-Zn0O, TiO2- MWCNT, etc. can be synthesized as hybrid fillers
for incorporation into polymers like PVDF, PDMS, or Kapton film [93]. These hybrid fillers
significantly enhance the properties of the resulting polymer-nanocomposites. Figure 1.5
illustrates the mechanism of reactive oxygen species (ROS) generation and dye degradation
using MWCNT-kaolinite composite-doped polymer as an example which has been

explained in section 1.8.1.
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Figure 1.5 (A) Mechanism of dye degradation under ultrasound using piezoresponse
membrane, (B) Mechanism of ROS production in a flexible membrane-like piezocatalyst

under ultrasonic eradication. [52]

Nanofibers are fibers with dimensions ranging from 1 nanometer to 1 micrometer [94].
There are several methods for making piezoelectric fibers, including hydrothermal, sol-gel,
electrospinning, and metal-organic deposition (MOD) [95]. There are three types of
piezoelectric nanofibers: organic, inorganic, and hybrid. PVDF-CTFE, PVDF-TrFE, and
PVDF-HFP are examples of organic fibers that are commonly synthesized using melt and
wet spinning. In contrast, inorganic piezoelectric fibers have greater piezoelectric
coefficients than organic fibers. Ceramic fibers are produced using techniques such as
Thermoplastic Extrusion, Sol-Gel Extrusion, and Viscous Solution Spinning (VSSP). To
develop piezoresponsive fibers, researchers have fabricated a variety of nanofibers. For
example, Jolly Bhadra et al. used electrospinning to create polyvinylidene fluoride
hexafluoropropylene (PHP) and zinc oxide (ZnO), silica, and (ZnO) composite nanofibers,
highlighting the applicability of ZnO-mesoporous silica PHP nanofibers for low-powered

clothing devices [96]. Furthermore, Yu et al. created a fiber substrate made of
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polydimethylsiloxane (PDMS) with carbon nanotube (CNT) sheets serving as inner and
outer electrodes, as well as polymethyl methacrylate (PMMA) and PDMS, resulting in a
stretchable, flexible, and bendable fiber-mediated device capable of converting various
mechanical stimuli into electricity [97]. Another research group synthesized piezoelectric
nanofibers of lead zirconate titanate (PbZri—<TixO3 or PZT) using sol-gel processing and
electrospinning, observing a lower elastic modulus (42.99 GPa) compared to bulk material
due to the smaller grain size (10 nm) in PZT nanofibers [98]. Lee et al. described the use of

MoS2/Carbon fiber-based piezocatalysts for the degradation of RhB dye [99].

As most of the pizoresponsive materials are chemically synthesized they have several
difficulties such as toxicity, non-biocompatibility, and so on. Hence incorporation of
naturally available material into piezoelectric polymer can not only eliminate the issues but

also enhance the property of piezoelectric polymer and make them stable and flexible.
1.7.2 Mechanism of generation of piezoelectric energy

Piezoelectric energy generation is elucidated through dipolar polarization [100]. The
internal rotation of polar atomic groups associated with the asymmetric carbon triggers
polarization and B-phase formation in the PVDF membrane, increasing piezoelectric
properties [101]. External force or stress applied to the device prompts the separation and
accumulation of charges toward opposite electrodes, creating a piezo-potential that boosts
polarization [102]. This potential affects electron mobility, driving electrons to flow through
the external circuit. Upon release of the force, charges flow in the opposite direction, leading

to the appearance of negative edges. The mechanisms is illustrated by the Figure 1.6.

In the case of finger tapping, the tapping acts as an external stimulus which is the source of
applied force. When it comes to water flow, the water flow acts as an external stimulation
to start the charge separation process, allowing for the production of piezoelectric energy

from that water flow as well.
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Figure 1.6 Mechanism of piezoelectric energy generation

1.8 Piezocatalysis: an emergent wastewater treatment

Nowadays piezocatalysis is a pioneering technology in the field of wastewater treatment
that combines piezoelectric materials and catalysis to degrade pollutants in water [103]. This
innovative method uses mechanical pressure or stress applied to certain materials to
generate electrical charges. This creates reactive oxygen species (ROS)such as free radicals
which in turn activate catalytic reactions that break down contaminants in water [85].

In several respects, this technology has enormous promise in efficiency, environmental
friendliness, applicability, renewable energy sources, integration with nanotechnology, etc
[104]. Degradation of contaminants in wastewater in water can be accelerated by the
combined effects of catalysis and piezoelectricity enhancing the efficacy of degradation
percentage.

As piezocatalysis usually doesn't need extra reagents or chemicals, less secondary pollution
is produced. It may be used on a variety of contaminants and wastewater kinds, such as
organic dye, pharmaceutical, and other contaminants. The external force or stress applied to
piezoelectric materials can be generated from various waste mechanical sources, like

vibrations, and motion, which makes it potentially sustainable. Nanoscale piezoelectric

S. Ghosh 15 Jadavpur University



Chapter 1

materials can boost catalytic activity because of their larger surface area, which is how
piezocatalysis and nanotechnology can be integrated and work together.

Piezocatalysis is a potentially effective and environmentally beneficial way to degrade
contaminants in wastewater. However, further research and development are needed to
refine this technology, improve its effectiveness, and make it economically viable for

widespread implementation in wastewater treatment processes.
1.8.1 Mechanism of piezocatalysis

Various piezocatalysis mechanisms have been proposed by researchers. BoBl et al.
introduced the concept of bulk polarisation, which can help to increase piezoelectric
potential [104]. Bulk polarisation can occur in two ways: first, by increasing the polarity of
each unit, and second, by crystal development in the direction of polarization, as proposed
by Tu et al [105]. Under external stress, charge separation occurs between the material's
surfaces, resulting in the formation of a piezoelectric potential. This phenomenon generates
reactive oxygen species (ROS)-like superoxide and hydroxyl radicals via redox reactions.
Superoxide radicals are created when negative charges (e’) combine with dissolved oxygen,

whereas positive charges yield hydroxyl radicals [106].
Oxidation: OH +h" - «OH (1.1)
Reduction: Oz + ¢ = *O2” (1.2)

Piezocatalytic processes are normally carried out under ultrasonication, with two types of
forces—vertical and horizontal—causing deformation such as bending or compression
[107]. This deformation alters the charge distribution, causing it to move toward the surface
as both the conduction and valence bands become inclined. As a result, both electrons (e")
and holes (h") travel to the opposite surface, resulting in the development of a piezoelectric
potential during ultrasonication [Figure 1.7],. This piezoelectric potential begins the redox
process, which produces reactive oxygen species (ROS) such as hydroxyl radicals (*OH)
and superoxide ions (+O*). Two potential techniques have also been mentioned for the
piezocatalysis process in the breakdown of organic dye [108]. First, acoustic waves create
potential differences, and then the generation of electron-hole pairs due to shock waves

created by ultrasonication.

Although these two mechanisms are interrelated to each other, initializing the formation of

ROS [Figure 1.7], enhances the process of degradation of organic dye.
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Figure 1.7 Schematic representation of reactive oxygen species (ROS) production under
ultrasound using MoOx/ZnS/ZnO composite.[110] Reprinted from Elsevier, Copyright
2024.

The formation of reactive oxygen species (ROS) has been confirmed through an experiment
known as the scavengers experiment. In this experiment, various materials are used to
selectively remove or "scavenge" different types of ROS. Ethylenediaminetetraacetic acid
(EDTA), tertbutanol (TBA), silver nitrate (AgNO3), and p-benzoquinone (BQ) are utilized
as scavengers for ROS formation like hole (h"), electron (), hydroxyl radicals and
superoxides radicals respectively [111]. During ultrasonic vibration, the degradation process
is slowed for the ROS associated with the particular scavenger supplied. For example, if the
addition of BQ causes the most significant delay in dye degradation compared to the other
scavengers, it suggests that superoxide radicals are the dominant reactive species

responsible for dye decomposition in that particular system [Figure 1.8].
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Figure 1.8 (4) The degradation of MB dye by piezocatalysis using ZnO nanorods in the
presence of electrons, holes, hydroxyl radicals, and superoxide radicals, (B) Rate
constants for reactions using various radical scavengers, [112,113] Copyright 2020,

Publisher Elsevier. Copyright 2024, Publisher Elsevier

There can be two theories behind the mechanisms of piezocatalysis, as suggested by Wang

et al. (2022) [114]. These are energy band theory and screening charge effect.

Energy Band Theory originates from photocatalysis [115]. Nonetheless, there are major
distinctions among them, such as variances in excitation techniques and charge carriers. In
piezocatalysis, mechanical stimuli are used to generate charge carriers. Mechanical
stimulation, such as ultrasonic vibration, causes electrons to be elevated from the valence
band (VB) to the conduction band (CB). Ultrasonic stimulation generates high pressure,
roughly 108 Pa, at the interface of water and catalyst due to bubble collapse induced by
ultrasonication [116]. Figure 1.8 shows another technique of indirectly creating electron-
hole pairs: vibration-induced thermal excitation. The collapse and subsequent release of
energy during ultrasonic activity create localized "hot spots" around the piezoelectric
material, and the associated high temperatures frequently play a critical role in electron

excitation [117,118].

Free charges are also generated from defects, with electrons migrating to the surface due to
the piezo-potential, facilitating the formation of reactive oxygen species (ROS) responsible
for degrading organic pollutants like MO dye, RhB dye, etc [119]. This migration tilts the
conduction and valence bands in the space-charge layer towards the subsurface, resulting in
an electric potential gradient due to discontinuities in the electronic state at the interface and

facilitating carrier transfer. The piezoelectric potential is vital in modulating the band
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structure since the degree of band bending is proportional to the piezo-potential. The ability
to separate charge carriers through polarization-driven forces is also significant in
piezocatalysis. The piezo-potential effectively affects charge separation and transportation
behaviour by acting as the driving force that separates charge carriers, such as electron-hole
pairs [Figure 1.7] [114]. Electron-hole pairs, whether generated by mechanical force or
defects, migrate towards opposite surfaces of the piezoelectric material due to electrostatic
interaction. The piezo-potential is a critical tool for charge separation and band structure
alteration, which are required for piezocatalysis. By regulating the band levels, the piezo-
potential creates thermodynamically favorable circumstances for initiating redox reactions,
allowing charge to migrate to both catalyst surfaces. Faradic and capacitive routes contribute
to the depletion of charges towards the surface [114]. Energized charges transported from
the surface to the electrolyte cause chemical processes that produce Faradaic current.
Alternatively, for piezopotential screening, double layers form at the catalyst surface due to
capacitive current. Even within a single straining cycle, atom migration can occur through
both Faradic and capacitive currents. Thus, periodic mechanical energy is required for
piezocatalysis processes [120], as it ensures the continual generation of piezoelectric
potential to energize charge carriers and trigger chemical reactions. The reaction rate may
also depend on the frequency of transonic vibration, providing a consistent mechanical force
source. Additionally, the duration of force application can significantly impact the catalysis
process; insufficient time between consecutive strains may hinder electron-hole pair
creation or movement to the opposite surface, thereby impeding catalytic activity [121].
Hence, the development of piezo-potential holds significant importance, facilitating charge

carrier movement to initiate redox reactions and stimulate the piezocatalysis process.

Wau et al. [122] proposed that inherent charges inside piezoelectric materials have a major
impact on charge transfer during piezocatalysis by altering charge carrier concentrations.
Mechanical stimulation, or pressure, increases piezoelectric polarisation inside these
materials, causing free electrons and holes to flow in opposing directions along the crystal
surface. This instantaneous movement bends the valence and conduction bands due to the
piezoelectric potential, with the slope proportional to the potential magnitude. As a result,
increased piezoelectric potential promotes quicker electron and hole reactions with
dissolved oxygen, resulting in the aforementioned redox states. Polarisation charges reduce
the driving force for charge transfer, but the buildup of screen charges creates an electrical

field strong enough to offset the polarisation field, resulting in a potential equilibrium that
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inhibits redox processes. Reduced polarisation with decreasing pressure disrupts the
equilibrium, resulting in additional redox processes via reverse charge transfer. As the
surface charge decreases, redox processes at the liquid-solid interface become
unsustainable. Thermal emission from absorbed ultrasonic vibrations can replenish
expended free charges, hence continuing the redox process. Ultrasonic vibrations provide
high-frequency stress-strain, which allows for the fast buildup of redox reaction products

even at low free charge concentrations.

In the case of the screening charge effect, surface screening behavior in piezo materials
plays a significant role, which is related to piezo potential. The polarization of the piezo

material affects the surface electrical characteristics.

Zhang et al. [123] have shown that both piezoelectric and pyroelectric polarisation
contribute to the dynamic screening of surface charges. However, the commencement of
this dynamic process varies across piezoelectric and pyroelectric polarisations. External
mechanical forces induce stress in piezoelectric materials, causing space screening charges
to migrate to the opposite pole. The polarisation amplitude decreases with stress release,
resulting in the release of space screening charges. These released charges can flow across
an external circuit, resulting in potential differences or voltage in open circuits and current
in short circuits. Figure 1.9 depicts the working principle of the screening charge effect,
portraying the interaction between a piezoelectric material and external screening charges
during polarization and depolarization processes. In its electrically neutral state (State 1),
bound charges of materials caused by polarisation are balanced by external screening
charges on its polar surfaces. External stress, such as ultrasonication, disrupts this
equilibrium, decreasing polarisation and allowing extra screening charges to be released
from the surface (State 2). These free charges encourage redox reactions with numerous
substrates at the surface of the material, resulting in a new electrical equilibrium (State 3).
Once the tension is eliminated, polarization is restored, and polarization-bound charges are
formed. Space charges in the electrolyte are adsorbed on the surface, allowing the opposite
polar charges of electrolytes to participate in the process (State 4). Thus, screening charge
phenomena are facilitated by the change in piezoelectric and pyroelectric polarization
effects [124,125]. In this type, piezo-potential directly triggers the reaction to start by
energizing the carrier, and the magnitude of piezo-potential is to be equal to or more than
the potential of a redox reaction to begin the chemical process and degrade the organic

contaminants. Hence, piezo-potential acts as the key factor in the theory of screening charge
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effects. Here, the released screening charges are the source of the charge carriers starting

the redox reactions.
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Figure 1.9 Schematic illustration of the mechanism of piezocatalysis based on the

screening charge effect [124].

1.9 Outline of the present work
1.9.1 Origin of the problem

Summertime power outages are a problem that many people frequently experience. These
interruptions are caused by several factors. High temperatures lead to increased demand for
electricity as people use air conditioners and cooling systems to combat the heat. This surge
in demand can strain the power grid, especially if the infrastructure is not equipped to handle
the peak load. Furthermore, high temperatures can reduce the effectiveness of electricity

transmission and generating systems, which might result in malfunctions and blackouts.

Along with this, water pollution is another great concern nowadays. An increase in industrial
activity throughout the world contributes to the issue by releasing contaminants into water
bodies. Water quality problems are further exacerbated by fertilizer and pesticide-filled
agricultural runoff and increased surface runoff brought on by urbanization. In addition,
untreated household water is another cause of contamination in waterways. Inadequate
wastewater treatment infrastructure, population growth, and the insufficient development of

treatment facilities result in untreated sewage entering water bodies.
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From that point on, the goal was to address both problems simultaneously with cost-

effective and widely available multifunctional materials easily and economically.
1.9.2 Aims and objectives

Addressing the two burning global issues, such as the energy crisis and water pollution, that
are continuously faced by the entire world, nanotechnology has paved various paths to get
rid of these problems among these piezo-responsive energy generation and wastewater
treatment gained interest in the last few decades which has been illustrated in section 1.6.
Over time various piezo-responsive materials developed by the researchers. Initially,
chemically derived nanomaterials show higher efficiency. But their low biocompatibility
and secondary toxicity effect push them back. Thus, researchers are focusing their interest
on natural nanomaterial-based polymeric systems for these dual problems but that are in
their infancy. This work involves the fabrication of a device with a low-cost, abundant,
reusable, flexible natural hematite-mediated membrane capable of harvesting energy using
several mechanical sources like finger tapping, water flow, wind flow, and so on. The
membrane can also degrade the carcinogenic dye like RhB by piezocatalysis mechanism.
The efficiency and performance have been enhanced by introducing and varying dopants
like rare-earth material, MWCNT into the hematite. This is how the hematite-membrane-
based device can be a cost-effective inventive solution to both energy problems and water

pollution.

Therefore, the plan of the research work to eliminate the energy crisis problem as well as
remediation of wastewater with a lucrative solution is elaborately described in the points

below:

e The selection of material that is abundant in nature and has good surface properties,
electrical properties, etc.

e Nanonization of the natural material to gain a high aspect ratio and surface properties
by a simple one-step top-down mechanism.

e Complete Characterization and analysis of the synthesized materials for further
progress.

e Study of the physicochemical properties and use it for further application

e Synthesis of polymer (PVDF-HFP) nanocomposite films in a simple solution casting

method.
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e Incorporation of various foreign materials (such as rare earth material, MWCNT) into
natural hematite (a-Fe2O3) for optimization of surface properties and incorporate them
into the polymer (PVDF-HFP) to fabricate nanocomposite film for enhancing the piezo-
properties of the material.

e Details study of the properties of the PVDF composite film and also determine the
modification of the B phase of composite by varying the filler materials.

e Composite membrane-based device fabrication to harvest electrical energy from several
sources like finger/hand tapping, flow of water, wind flow, etc.

e Use the piezoresponsive composite film for the decomposition of contaminants like

organic dye from water by piezocatalysis.

1.9.3 Selection of nanomaterials

Recently, the synthesis of nanoparticles has drawn the interest of many researchers. Studies
and explorations about nanoparticles unveil a vast domain of scientific and technological
innovation. Producing nanoparticles and examining their characteristics include a wide
range of applications to succeed in many domains. Researchers are interested in
investigating the features of these nanoparticles because of their exceptional
physicochemical properties, which explain many applications ranging from the realm of
biology to electronics.

Various types of materials are used for the development of piezoelectric materials. Materials
can be divided into piezoelectric nanoparticles, piezoelectric polymers, and piezoelectric
fibers. Xue-Qian Fang et. al. classified piezoelectric nano particles in 0D, 1D, 2D, and 3D
materials [107]. BiFeOs, BaTiO3; as 0D, ZnO nanowires as 1D, BaTiO3 nanofilms as 2D,
and BaTiOs as 3D materials have been used as piezoelectric materials [107]. There are lots
of piezo-electric polymers like PVDF, PVC, poly-L-lactic acid (PLLA), cellulose, collagen,
etc. All of these polymers are used for piezoelectric energy harvesting purposes. Despite
their increasing significance, chemically produced nanoparticles may have drawbacks in
terms of cost-effectiveness and toxicity that harm the biota. Henceforth, scientists are
concentrating on employing natural materials since they are biocompatible, environmentally
benign, and abundant in our surroundings. Therefore, selecting a substance with minimal
toxicity and abundance in nature is convenient. The development of inexpensive, widely
available electronics and solid-state devices that have the potential to be future technologies

is also prioritized. One of these ubiquitous minerals that is found in the environment is -
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hematite (a-Fe>O3). Nature has large levels of hematite, which is both biocompatible and

nontoxic. Its magnetic, optical, and electrical qualities are superb. These characteristics can

be applied in several fields. Numerous domains, including biological, electrical, and sensing

applications, are potential uses for hematite nanoparticles. In short, the following

characteristics of a-Fe2Os3 have been used to employ it in this work

biocompatibility

non-toxicity

high surface area (21.69 m? /g)
porosity (3.681 nm)

thermal stability (up to 400 °C)
cost-effectiveness

widely available in nature.

Despite the well-established structure of the material and numerous production methods,

the use of the naturally available a-Fe>Os in energy harvesting as well as wastewater

treatment is still unexplored. It would undoubtedly open up new possibilities to modify a-

Fe;O; with rare earth materials, carbon nanotubes, polymers, etc. to increase its efficacy

towards multifunctional wastewater remediation and energy harvesting strategy.
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1.10 Methodology
1.10.1 Synthesis procedure of natural a-hematite nanocrystal

The natural hematite rock was first cleaned with water to get rid of any waste and
contaminants before physically disintegrating into a finer fraction. By using a Fritz
Planetary Mono Mill Pulverisette 6 and grinding hematite for 12 hours at 100 rpm, nano-
sized hematite was produced. Ball-milling is usually carried out with tungsten carbide balls
sampled at a mass ratio of 20:1.10 balls with a diameter of 9.99 mm and a weight of 7.5 gm,
and in this instance, 25 balls with a diameter of 4.88 mm and a weight of 1 gm were used to
maintain the ball-to-sample ratio. To get the final hematite nanoparticles for the studies,
acetone was used for washing and then manually crushed in an agate mortar. The
characteristics of the material can be improved by doping the hematite into the polymer or
incorporating foreign components into the hematite during the production process.
Nonetheless, even a little fluctuation in the concentration % might alter the physicochemical

characteristics.
1.11 Characterization procedure

The nanoparticles of natural hematite (a-Fe>O3) have been characterized for studying the
physical, chemical, thermal, etc. properties of materials by several techniques described

below:
1.11.1 Morphological, structural, and elemental characterizations

One of the most used analytical methods is X-ray diffraction (XRD), which is particularly
useful for identifying crystalline materials and yielding certain unit cell dimensions [126].
The substance under analysis is crushed to a fine consistency, then the bulk composition is
averaged out. These days, XRD is a widely used method for analyzing crystal structure and
atomic spacing. Bragg's law forms the basis of the operation of X-ray diffractometers. XRD
has been employed in our study to identify the microstructural parameters, crystallite size,
peak purity, etc. X-ray diffraction (XRD) was performed by using a D8, Bruker AXS X-ray
diffractometer [Figure 1.11] to identify the phase and microstructure of the materials with a

Cu-Ka target by varying the angle of incidence, the range of 20 being 20° to 70°.

The diffraction maxima for a-Fe;O3 obtained from X-ray diffraction (XRD) are matched

with the JCPDS (Joint Committee on Powder Diffraction Standards) card number to verify
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the purity of the sample. The size of the crystallite can be determined using the Debye-

Scherer equation
<D>121=0.9M/(B1/2c0sO) (1.7)

Where D is the size of the crystallite, A is the wavelength of the incident X-ray beam, ©
denotes the Bragg's angle, and P12 is the full width of the peak at half maximum. However,
additional microstructural characteristics cannot be estimated using this equation. As a
result, Rietveld refinement has been used to thoroughly analyse the microstructural
characteristics. Using the MAUD (Material Analysis Diffraction) v2.94 software
programme, Rietveld refinement has been carried out to look at the physicochemical
characteristics and the microstructural. The experimental diffractograms have been refined
using a standard cif file (crystallographic information file. The Caglioti PV function and
Gaussian broadening are mostly used for calibration, along with background parameter
optimization. It is found that several microstructural parameters, including as cell
dimension, crystal size, and microstrain, are improved and that the experimental
diffractogram is well-fitted with promising fitting coefficients over the theoretical data. The
VESTA (Visualisation for Electronic and Structural Analysis) program v3.5.2 has been used
to visualize the bonding networks and microstructures of the unit cell. Hence the unit cell
parameters, structure, bond length, bond angle have been explored in this thesis through
refinement. Hence, the XRD and refinement technique has been employed in our research

work to investigate purity, crystallinity, lattice parameters etc.
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Figure 1.11 X-ray diffractometer (XRD) facility of the Department of Physics,
Jadavpur University

To reveal the morphological and structural parameters field emission scanning electron
microscope (FESEM)/ transmission electron microscope (TEM) has been employed. In
FESEM, Carbon grids were covered with small quantities of the samples to analyze the
microstructures at accelerating voltage ranges of 10 kV to 20 kV [127]. Then the sample
was gold-coated by sputtering to resist the accumulation charges throughout the experiment.
Then it was examined by Field emission scanning electron microscopy (FESEM) Inspect50
(FEI, Netherlands) to understand the morphology of the materials [Figure 1.12]. A JEM-
2100 Plus transmission electron microscope (TEM) was used, running at 200 kV, to get a
closer look [128]. Prior to the experiment, the samples on the carbon-coated copper grids
were put straight into the device while it was operating at a high vacuum. The ImageJ
program (v1.52p) was utilized for further analysis of both FESEM and TEM micrographs
to determine the particle sizes. Thus, SEM and TEM were used in this study to determine

the form, size, morphological characteristics, and microstructural parameters.
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Figure 1.12 Field Emission Scanning Electron Microscope (FESEM) facility of the
Department of Physics, Jadavpur University

To verify the purity of the sample by identifying its elemental components, energy
dispersive X-ray spectroscopy (EDS) using a Supra 55 (ZEISS) connected to the FESEM
was carried out [127]. Elements mapping was carried out similarly in some of our research,

demonstrating greater agreement with other properties of the as-prepared samples.

Fourier transforms infrared (FTIR) spectroscopy was used to analyze the materials' bonding
networks, purity, and B-phase nucleation in the required wavenumber range [129]. Samples
are analyzed using FTIR specotroscopy (IR Affinity, Shimadzu) [Figure 1.13]. The primary
goal of employing FTIR is to find the functional groups in the sample, as well as the bond
type, structure, and bonding network of the testing sample. The purity, bonding network,
and B-phase nucleation of the material have been studied using FTIR by varying the
frequency from 400 and 4000 cm !. The fraction of electroactive B-phase has been

calculated from the Lambert-Beer law [130],

F(B) :{(KB— (1.8)

Z)Aa+ag)
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Where, A,, and Ag are intensities of absorbance at 765 cm™ and 840 cm™' respectively,
absorption coefficients K =7.7 x 10* cm? mol! at 845 cm™ and K 4= 6.1 x 10* cm? mol ™! at

765 cm.

Figure 1.13 Fourier Transform Infrared Spectroscopy (FTIR) facility of the Department of
Physics, Jadavpur University

One method often used to ascertain the elemental composition of any material is X-ray
fluorescence (XRF) [131]. To ascertain the elemental composition and purity of the
synthesized materials, the X-ray fluorescence (XRF) spectra were examined using an Axios,
PANalytical X-ray Fluorescence Spectrometer [Figure 1.14]. In our study, the XRF data
illustrates the elemental composition and also validates whether the natural Fe,O3 is mixed

with undesirable impurities such as Na>,O, MgO, Al>Os, SiO;, etc.

Another vital tool used in colloid and nanoparticle research is the zeta analyzer which
measures the zeta potential and electrophoretic mobility of particles floating in a liquid
[132]. The Zeta analyzer offers information on the stability and surface charge of colloidal
systems by introducing an electric field into the solution and tracking the motion of the
particles. This knowledge is essential for optimizing formulations, evaluating product
stability, and comprehending particle interactions in a variety of sectors, including food,
cosmetics, and medicines. To investigate the surface charge of the hematite nanoparticles
zeta potential has been measured in our study using a Zetasizer, 167 Malvern, the hematite

powder was well-dispersed in distilled water (1 mg mL™") with the use of an ultrasonic bath.
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Figure 1.14 X-ray Fluorescence (XRF) facility of the Materials Characterization

and Instrumentation Division, CSIR-Central Glass & Ceramic Research Institute

1.11.2 Study of surface area and pore distribution

The pore size distribution and surface area of nanoparticles were investigated using the
Brunauer-Emmett-Teller (BET) and Barrer—Joyner—Halenda (BJH) procedures (using a
Twin Surface Area Analyzer from Quanta-chrome Instruments, USA) utilizing N> gas
adsorption-desorption [133]. This has been introduced in our study to know the types of

porosity, nature of isotherm, and pore size of the hematite nanoparticles.
1.11.3 Thermal stability

The thermal stability of the samples was estimated by using thermogravimetric analysis
(TGA), which measures the percentage of mass loss as a function of temperature [134]. A
consistent heating rate of 10°C/min was applied to the synthesized samples while they were

subjected to temperature variations ranging from 30°C to 400°C.

Differential thermal analysis (DTA) has been employed to determine the heat transfer

phenomena [135]. The results of the TGA data are in good agreement with the thermographs
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produced by the samples' differential thermal analysis (DTA), which demonstrates whether
the

Figure 1.15 Differential Thermal Analysis (DTA) facility of the Department of Physics,
Jadavpur University

Both the thermogravimetric (TGA) analysis and differential thermal analysis (DTA) are
carried out between 10 and 150 °C in a nitrogen environment at a heating rate of 10 -C
min"!, with the samples placed in platinum crucibles, using a DTG-60H, Shimadzu [Figure
1.15]. Thus, DTA and TGA analysis is performed to determine the thermal stability of the

hematite nanoparticles as well as the hematite-based membrane.
1.11.4 Optical properties analysis

The advanced technique known as absorption spectroscopy or reflectance spectroscopy in
the ultraviolet-visible spectral range is called ultraviolet-visible spectroscopy, or UV-Vis
[136]. It is used to determine the absorbance wavelength of the sample and may also be used
to calculate the band gap using the beer-Lambert equation. A Lambda 25 PerkinElmer UV-
visible spectrophotometer was used to record the absorbance spectra of the sample [Figure
1.16].. The way the device works is by passing a light beam through a sample and measuring
the wavelength of light that reaches a detector. The wavelength provides important details

on the chemical structure, whereas the intensity is a measure of the amount or concentration
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that is correlated with the number of molecules. Analytical data can be presented in terms

of absorbance and transmittance.

Figure 1.16 UV-Visible Spectrophotometer facility of the Department of Physics,
Jadavpur University

Furthermore, the fluorescence spectra of the samples have been examined using an Agilent
Cary Single Cell Peltier Accessory fitted with a fluorescence spectrometer [Figure 1.17].
An effective optical technique for examining the electrical structure of materials is
photoluminescence spectroscopy [137], which is contactless, adaptable, nondestructive, and
strong. In a process known as photo-excitation, light is focused onto a sample, where it is
absorbed and transfers extra energy into the substance. Luminescence, or the emission of
light, is one method the sample might release this extra energy. This luminescence under
photo-excitation conditions is referred to as photoluminescence. Photoluminescence, then,
is the spontaneous release of light from a substance when it is optically excited. It is possible

to gather and analyze this light in terms of spectrum, spatial, and temporal dimensions.
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Figure 1.17 Photoluminescence Spectroscopy (PL) facility of the Department of Physics,
Jadavpur University

1.11.5 Electrical properties analysis

The ability of a sample to retain charge carriers is determined by its dielectric characteristics.
The combined dielectric constant and tangent loss represent the ability of the material to

store energy [138].

Examining the temperature-dependent dielectric property of a sample is crucial to
determining the efficacy of material in energy storage devices operating within the required
temperature range. The dielectric permittivity of a material is dependent on several
variables, including temperature, structure of the material, and the frequency of the applied
electric field. The frequency of the applied electric field, temperature, and the structure of
the material are some of the variables that affect the dielectric permittivity of the material.
The equation stated below represents the dielectric constant or permittivity of a sample

[139],
e=¢g+jer (1.9)

Where the real (¢') and imaginary (¢") components of the relative dielectric constant,
correspond to the ability of material to dissipate energy inside itself and retain energy as a
result of polarisation, respectively. The relation used for calculating the real part of the

dielectric constant is shown below,

&' = (C-d)/(g0A) (1.10)
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where, C, d, and A are the capacitance, thickness, and area of the capacitor made with the
sample and g is the permittivity of the free space (8.85x107'? F/m). From Jonscher's
universal power law, the relation between ac conductivity (cac) and frequency can be written
as [139],

Gac=Bo" (1.11)
where B and n are constants. B has the unit of conductivity and n is dimensionless. The
value of ‘n’, was obtained by plotting Inc vs In® curve for each sample. The electrical
characteristics of a material are determined by its grain and grain boundaries, particularly

in terms of tangent loss and dielectric permittivity.

An Agilent 4294A Precision Impedance Analyzer operating in the 40 MHz to 10 MHz
frequency range and with an external bias voltage of 0.5 V was used to investigate the
electrical characteristics and dielectric properties [Figure 1.18]. The dielectric
characteristics and ac conductivities at various temperature settings were investigated using
powder samples in the form of pellets with a diameter of 1 mm whereas in the case of
membrane or film, it has been cut into 2x2 cm? and then electrical contacts are made with

aluminum tape.

Figure 1.18 LCR meter facility of the Department of Physics, Jadavpur University

A digital oscilloscope is a multipurpose electronic device that is extensively utilized in
engineering, electronics, and telecommunications to observe and evaluate electrical
waveforms [140]. It is an essential tool for signal analysis, including features like voltage

variation, frequency measurement, waveform visualization, time domain analysis, etc. A
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multimeter system, the Keithley DAQ6510, was used to measure the short circuit currents
of the same device [Figure 1.20]. The digital oscilloscope Agilent (N2862B 10: 1 passive
probe) has been used to measure the open circuit voltage of the device constructed with the

sample incorporated membrane [Figure 1.21].

T AN KSR

InfiniiVision  DSOX 30124

Figure 1.19 Digital Storage Oscilloscope (DSO) facility of the Department of Physics,
Jadavpur University

Figure 1.20 Data Acquisition/ Multimeter System facility of the Department of Physics,
Jadavpur University
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1.12 Summary

This thesis explores the process of modification of natural a-hematite (bulk) to nano form
and the formation of the nanocomposite by incorporating rare earth elements as well as
conducting MWCNT. The o-hematite NPs as well as their nanocomposite have gone
through several characterization procedures such as XRD, SEM, TEM, FTIR, DTA-TGA,
etc. By analyzing their physicochemical, surface, and electrical properties, these NPs and
nanocomposites are utilized to construct free-standing, flexible polymeric membranes by
using PVDF-HFP which have also been characterized with the characterization techniques
mentioned previously to know the structural, electrical, and piezo-responsive properties to
select the best membrane to harvest energy from waste mechanical energy sources and also
to degrade carcinogenic organic dye like RhB. Therefore, this thesis has the potential to
have a substantial influence on water technology as well as energy management by proving
the feasibility of employing biocompatible nanocomposite materials for both wastewater

purification and energy generation.
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Study of physicochemical properties of a-hematite due to size fractionation

2.1 Introduction

Nanomaterials have become essential in cutting-edge technologies, owing to unique
mechanical, electrical, optical, and magnetic properties [1]. Their applications include
tailored supercapacitive materials, nano-sensors, green batteries, and piezoelectric
nanogenerators [2]. While chemical precipitation is the conventional method for
nanoparticle synthesis, recent research focuses on environmentally friendly techniques like
high-energy ball milling [3]. In the realm of energy harvesting, chemically synthesized
nanoparticles are gaining attraction, but concerns over high costs and environmental toxicity
drive the search for cost-effective, non-toxic, and biocompatible materials. Natural
resources, prized for their eco-friendly performance and low cost, are being explored for

industrial applications nowadays [4].

Hematite (0-Fe2O3), a common environmental mineral with a rhombohedral phase, is well-
suited for various ferromagnetic applications [5]. In its nanoform, hematite exhibits
excellent ferromagnetic behavior, influenced by morphology and particle size. However,
widely used in magnetic, optical, and mechanical devices, nanonized hematite is typically

synthesized through chemical precipitation methods [6].

The chapter presents a detailed top-down approach for synthesizing finer samples of
hematite from its naturally available bulk counterpart. Size fractioning by high energy ball
milling technique produced three distinct size ranges, which were subsequently
characterized by basic characterization techniques. Augmentation of electrical property,
especially the dielectric permittivity of the nano-sized samples was found along with a very
low tangent loss. High-temperature stability was an added asset of the material. These
important observations indicated that the synthesized nano-hematite might be efficiently

used in energy harvesting applications.
2.2 Experimental details
2.2.1 Material synthesis

Natural hematite was purchased from Bharat Engineering, Kolkata, India. Acetone and
Potassium bromide (KBr) were purchased from Merck, India. Millipore water of ~18.2

MQ.cm resistivity was used throughout the experiment.
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Initially, natural hematite was crushed in a diamond mortar manually to reduce its size and
further, it was grounded in an agate mortar to get finer substance. Size fraction (S1) was
obtained by sieving the mortared sample through 100 meshes. Then a portion of the coarse
fraction (S1) was mechanically ball-milled by Fritsch Planetary Mono Mill Pulverisette 6
using tungsten carbide vials and balls, maintaining a ball-to-sample mass ratio of 20:1 at
300 rpm. A fraction of the sample was collected from the ball mill after 3 h and was marked
as S2. To get the finer sample, ball milling was performed for another 9 h and the end

product was named as S3. After each milling cycle, acetone was used to wash the samples.
2.3. Results and discussion
2.3.1 Structural and Morphological Analysis

X-ray diffraction (XRD) is one of the useful techniques for evaluating the phase and
microstructure of a material [7-9]. It also provides information on the crystallographic
structure, size, growth, and purity of the material [10-12]. The XRD patterns of the samples
(S1, S2, S3) are shown in Figure 2.1. Diffraction maxima, at 20 values 24.36°, 33.37°,
35.89°,49.77°, 54.32°, 57.83°, 62.71° and 64.26°, found for all three samples, were in good
agreement with the JCPDS (Joint Committee on Powder Diffraction Standards) card no. 85-
0599, which indicated that the samples were pure hematite. Gradual peak broadening was
observed for smaller sizes (S2 and S3). The value of Full Width at Half Maxima (FWHM)
corresponding to the (121) plane was around 0.0045815 for S1, with a gradual increase in

the case of S2 (0.004642) and S3 (0.00846) respectively.

Intensity (a.u)

20(degree)

Figure 2.1. XRD pattern for SI1(Bulk), S2 (Intermediate), S3 (Nano) a-hematite
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The average crystallite sizes of S1, S2, and S3 were calculated for the peak (121) using the
Debye-Scherrer equation (equation 1.7, Chapter 1) [13-14]. The mean crystallite sizes of
the samples progressively decreased with ball milling duration, indicating the reduction of
particle size due to the high energy mechanical attrition approach (Table 2.1). The
characteristic peak heights related to S2 and S3 decreased with the period of ball milling,
which eventually specified the decline in the crystallinity of the samples. A small diffraction
plane is present at around 26 =~ 42.1° in sample S1, due to impurity i.e., alumino-silicate
(marked with an asterisk in Figure 2.1), largely reduced in S3. This may be due to the
simultaneous effect of the high-energy grinding process and subsequent acetone wash,
which finally pulled out the impure alumino-silicate phase from the natural hematite sample

[15].

Table 2.1. Structural and morphological parameters of the three different samples S1
(Bulk), S2 (Intermediate), and S3 (Nano) calculated from XRD and FESEM data

Sample FWHM (rad) D(nm) Average grain size
(nm)
[from FESEM]
S1 (Bulk) 0.0045815 31.53 723
S2 (Intermediate) 0.004642 31.188 131
S3 (Nano) 0.00846 17.12 75

To ascertain the bonding networks and bond structures of the samples, Fourier-transform
infrared spectroscopy (FTIR) was employed [16]. FTIR spectra of S1, S2, and S3 are shown
in Figure 2.2. Absorption bands observed at 469 and 541 cm™ matched well with literature
supporting the presence of metal-oxygen stretching vibrations [17]. A small vibration
located at 2362 cm™! was due to the adsorption of atmospheric CO, [18]. Few broad
stretching modes situated between 3600-3800 cm™! can be attributed to asymmetric and
symmetric vibration of -OH due to the absorption of atmospheric moisture [ 19]. These types
of simultaneous adsorption of atmospheric CO2 and moisture by the surfaces of the samples
were due to the high porosity of the samples, which was further justified herein with the
help of BET-BJH analysis. Vibration maxima located at around 910, 1014, and 1115 cm™!
(in the S1 sample) were caused by to deformation of AI-OH and stretching of Si-O

respectively, which suggested the existence of some impure phases of alumino-silicates in
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S1 [20-21]. Additionally, two separate bands were observed at 2851 and 2924 cm™' (in S1)
and can be assigned to symmetric and anti-symmetric stretching of C-H bonds respectively,
indicating the presence of organic carbon in the starting material i.e., natural hematite [22-
23]. These bands associated with the impurities in the sample decreased gradually in S2 and
S3, implying the reduction of impure phases owing to enhancement in ball milling duration
and subsequent washing of the samples with acetone. Therefore, the analysis from the FTIR
study was in good agreement with the XRD results indicating the formation of pure hematite

in the nano regime.

l.ﬂ:_53
u.5\W
0.0
0.5\\/\‘\J\M
0.0
m:-_Sl.LL...LL....
“'SW
0.0

500 1000 1500 2000 2500 3000 3500 4000
Wave number (cm‘l)

Transmittance (Normalised)

Figure 2.2. FTIR spectra for S1(Bulk), S2 (Intermediate), S3 (Nano) a-hematite

Field Emission Scanning Electron Microscopy (FESEM) was employed to study the
morphology and associated characteristics of the experimental samples [Figure 2.3]. The
FESEM micrographs of natural bulk material (S1) showed a plate-like structure with a mean
size of 723 nm. With the increase in ball milling duration gradual decrease in mean particle
size of 131nm and 75nm for S2 and S3 respectively was observed. Moreover, a distinct
change in morphology was detected, where S2 showed an admixture of platy and irregular
shape and S3 possessed a nearly spherical particle-like configuration. Thus, the course of
high-energy ball-milling not only changed the particle size but also altered the morphologies

of the samples significantly.
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Figure 2.3. FESEM images for S1(Bulk) (a), S2 (Intermediate) (b), and S3 (Nano)(c) with

their corresponding size distribution curve (d-f)

2.3.2 Elemental analysis

The study of X-ray fluorescence (XRF) is one of the common techniques to determine the
elemental compositions of a material [24]. The XRF data (Table 2.2) designated that
unwanted impurities like Na,O, MgO, Al,O3, Si02, P20s, K20, Ca0, and TiO; assorted with
Fe;0s3 in the natural sample (S1) were largely reduced in S2 and S3. The concentration of
Fe>03 was 99.07% in S2 and 99.21% in S3, again in conformity with the fact that the ball
milling duration with subsequent acetone wash gradually reduced the impure phases in

natural hematite.
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Table 2.2. Elemental composition of samples S1 (Bulk), S2 (Intermediate), S3 (Nano)

analyzed from XRF
Sample Name Compound Name Concentration (%)

S1 (Bulk) Na;O 0.09
MgO 0.28

AlLO3 4.11

Si0, 4.55

P>0s 0.08

K-0 0.07

CaO 0.06

TiO2 0.09
Fe,03 90.67

S2 (Intermediate) ALO; 0.34
Si0; 0.46

P20s 0.08

K>0O 0.01

CaO 0.02

TiO» 0.03
Fe, 03 99.07

S3 (Nano) AlO3 0.28
Si0; 0.38

P>0s 0.06

K:0 0.01

CaO 0.03

TiO2 0.03

Fe,03 99.21

2.3.3 Surface area and pore distribution analysis

Brunauer-Emmett-Teller (BET) and Barrer-Joyner-Halenda (BJH) techniques using N> gas
adsorption-desorption, were employed to study the pore size distribution and surface area
of nanoparticles. The Figures for nitrogen (N2) adsorption-desorption isotherms and pore
size distributions for the samples are represented in Figure 2.4(a). The volumes of absorbed
and desorbed nitrogen were nearly the same [Figure 2.4(a)]. This type of data refers to a
type-1V isotherm which assures the existence of mesopores and is the signature of a good
quality industrial absorbent material [25]. The data signified (Table 2.3) that with a decrease
in particle size, the surface area increased while the pore size decreased, indicating an
overall increase in the aspect ratio. Furthermore, the H4-type hysteresis loops were observed

in all three samples indicating the existence of slit-like pores [26-27].
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Table 2.3. Sample area, pore size, and pore volume distribution of samples S1 (Bulk), S2

(Intermediate), and S3 (Nano) from BET

Sample name Surface area (m?> | Pore size (nm) Pore volume
/2) (mL/g)
S1 (Bulk) 19.51 3.908 0.068
S2 19.80 3.903 0.057
(Intermediate)
S3 (Nano) 21.69 3.681 0.151
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Figure 2.4. Nitrogen (N>) adsorption-desorption isotherms (a) and pore size distributions

(b) for S1 (Bulk), S2 (Intermediate), S3 (Nano)

2.3.4 Thermal characteristics of the synthesized samples

Thermo-gravimetric analysis (TGA) was employed to determine the percentage of mass loss
as a function of varying temperatures to estimate the thermal stability of the samples. The
behavior of synthesized samples was examined under varying temperatures (ranges from
30°- 400 °C) at a constant heating rate of 10 °C/min and the corresponding TGA graphs are
depicted in Figure 2.5(a).
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Mass losses for the samples S1, S2, and S3 were negligible (0.5%- 1%), primarily due to
the release of surface adsorbed moisture within the pores of the hematite samples, indicating
a sustainable stability of the sample up to 400 °C.

The thermographs obtained from differential thermal analysis (DTA) of the samples [Figure
2.5(b)] indicated mere endothermic heat transport phenomenon pointing the slope near 70
°C, which agrees well with the outcome of the TGA data. Hence, it can be concluded that
these materials are capable of retaining their physicochemical properties including electrical

properties up to temperatures as high as 400 °C.
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Figure 2.5. Percentage mass losses (a) and heat transport phenomenon (b) for three

different size fractions of natural hematite samples

2.3.5 Studies of electrical properties

The dielectric property of a sample determines its competence to store charge carriers.
Dielectric constant and tangent loss collectively depict the energy storage capacity of a
material [28]. The temperature-dependent dielectric property of a sample needs to be studied
in order to assess the proficiency of the material when used in an energy storage device
within the necessary temperature range. The dielectric permittivity of a material depends on
various factors like frequency of the applied electric field, temperature, and the structure of

the material [25,29].
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Figure 2.6. Variation of dielectric constants for SI1(Bulk), S2 (Intermediate), S3 (Nano) (a-

¢) with frequency, and (d-f) with temperature

The samples in the form of pellets of 1 mm diameter were used to study the dielectric
properties and ac conductivities under varying temperature conditions using the relation in
equations 1.9 and 1.10 in Chapter 1. The values of the real part of the dielectric constant
increased with a decrease in particle size, i.e., €' for S1<¢’ for S»<¢' for S3. The nano-sized
sample S3 acquired the highest permittivity value (~ 400), whereas its bulk counterpart S1
possessed the lowest permittivity (~ 225) at room temperature [30]. As suggested by the
BET-BJH data the aspect ratio was highest for S3, which caused the creation of a larger

number of nano-dipoles, the rationale behind the increase in electrical permittivity of S3.

The variation of €' with the frequency (40Hz to 10MHz) of the applied field was studied for
all samples [Figure 2.6(a-c)] at different temperatures (30- 200°C). The dielectric constant
of the samples decreased rapidly with the increasing field frequencies for all temperatures.
Such behavior can be explained in terms of the Maxwell-Wagner interfacial polarization
effect [31]. This type of polarization also has a good agreement with Koop’s theory [28].

According to this theory, conductive grains are separated by non-conductive grain
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boundaries, which is the key to dipole creation. These dipoles are responsible for low-
frequency dielectric relaxation [25].

The variation of the dielectric constant with the temperature was studied in Figure 2.6(d-f).
The dielectric constant generally decreased with an increase in temperature for low-
frequency regions. The dielectric constant for S3 at a high temperature is nearly 8.5 which
becomes lower (value nearly 3) at low temperature low frequency area. An increase in the
number of dipoles, generated due to the separation between conductive grains and insulated
grain boundaries, caused high dielectric values of the samples. With an increase in
temperature, thermal agitation stimulated the charges to take part in the charge-hopping
progression. The charge hopping mechanism eventually hindered the process of dipole
production [32], resulting in the lowering of the permittivity values of the samples.
However, at high frequencies of the applied field, the dipole creation temporally lagged
behind the changes in the direction of the field.
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Figure 2.7. Variation of tangent losses for SI (Bulk), S2 (Intermediate), S3 (Nano) a-

hematite (a-c) with frequency and (d-f) with temperature

In the case of S1, &' value further increased after 100 °C due to possible intervention of the
impurities present in the sample [28]. On the other hand, for the nano-sized material S3, the

value of &' remained constant nearly up to 70 °C, and then decreased with further increase
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in temperature which indicated appreciable stability of the sample S3. Due to nanonization,
the quality of the material (sample S3) was boosted for its use as a storage material. The
variation in tangent loss with frequency and temperature is plotted in Figure 2.7. At high
frequencies, tangent loss was comparatively lower than that at low frequencies for the entire
sample set. The high value of the tangent loss at the low-frequency region might be due to
the charge lattice defect of space charge polarization [33]. Decrement of tangent loss with
an increase in frequency can be explained by the Maxwell-Wagner-Sillars polarization effect
[34]. The value of tangent loss became high as temperature increased, due to thermally
activated charges, which were also responsible for a reduction in dielectric constant at high
temperatures as mentioned above [35]. Thus, the variations in tangent loss for all the
samples are in good agreement with high permittivity data.

To get a comprehensible idea of the conduction mechanism, the change in ac conductivity
with frequency for all three samples was investigated. The graphical representation of ac
conductivity in varying frequency ranges has been depicted in Figure 2.8(a-c). The ac
conductivity was amplified with an increase in frequency which is a good agreement with
Jonscher's universal power law [Figure 2.8(d)] [36]. The relation between ac conductivity
(cac) and frequency can be obtained from Jonscher's universal (equation 1.11) eqn. The value
of ‘n’, obtained by plotting the Inc vs Inw curve for each sample, was not exactly constant
but varied within a small range of 0.3541 to 0.3677, which indicated that the samples were
not perfectly Debye type [37]. At high frequencies, electrons became more energetic, and
hence the mobility of electrons increased. The high mobility of electrons was the key to

raising ac conductivity at higher frequencies for all samples [35].
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2.4 Summary

This chapter describes a study on the synthesis of nanoparticles from an easily available
natural hematite mineral a-Fe,O3; by adopting a facile top-down approach, without using
toxic chemicals. The study revealed how a mere mechanical crushing and grinding process,
which was not only environment friendly but also of low cost, could alter the morphology
and particle size of the material at ambient temperatures. During the process of nanonization

dielectric property was upgraded radically along with the purification of the material.
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Enhanced surface-to-volume ratio played a pivotal role in amending the dielectric
permittivity and AC conductivity of the material. Temperature dependence of dielectric
property and ac conductivity indicated that the interfacial polarization was the predominant
reason for upgrading these two imperative parameters in nano-sized samples. Moreover,
high thermal stability and phase purity accompanied by a nominal tangent loss, specified
that the nano-sized samples (S3) might be a potential candidate for fabricating low-cost,
energy harvesting devices as they achieve excellent physicochemical properties after ball
milling. As a result, natural hematite with a relatively high dielectric value confirms the
increase in polarisation, which may be employed for piezoelectric energy harvesting by
doping the S3 sample into the piezo-active membrane. Hence this might be a novel strategy

for harvesting energy from natural materials in a cost-effective manner.
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Chapter 3
Dye degradation and piezoelectric energy harvesting from hand tapping and water

droplets using natural hematite-based self-poled piezo-responsive membrane
3.1 Introduction

The increasing global demand for energy, driven by population growth, economic
expansion, and industrialization, has raised an impending energy crisis and thus serious
concerns about associated environmental pollution [1]. Traditional energy sources are
depleting rapidly, prompting a shift towards renewable alternatives like solar and wind
energy. However, present renewable technologies confront difficulties such as inconsistency

and inefficiency [2].

Another urgent issue caused due to industrialization and urbanization is wastewater which
necessitates immediate attention. Solving the problems of toxicant bioaccumulation and
biomagnifications in water bodies is the need of the day [3]. A sustainable approach to
energy generation and waste management is immediately required, emphasizing reliability,

cost-effectiveness, and eco-friendliness.

Piezo-responsive materials are becoming increasingly important for energy harvesting and
wastewater treatment [4]. These materials utilize the piezoelectric effect, converting
mechanical energy into electrical energy, aligning with current green technology trends.
Various piezoelectric materials, including quantum dots, perovskite, metal oxide
nanoparticles, and polymers, are employed for harvesting energy from mechanical stress
[5]. Hence, this work focuses on developing a piezoelectric material, namely hematite (a-
Fe>03) doped polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP-HFP). Hematite
used herein has been collected directly from nature making this sample cost-effective,
reusable, industrially feasible, and flexible. The role of this polymer nanocomposite material

as a piezoelectric energy harvester and a piezocatalyst has been analyzed in this study.

Initially, the characteristics of this polymer nanocomposite (PVF5) have been studied by
using X-ray diffraction (XRD), Field-Effect Scanning Electron Microscope (FESEM),
Fourier transform infrared (FTIR) spectroscopy, etc. The nanocomposite exhibits significant
piezoelectric polarisation, making it a suitable material for energy production by finger
tapping and water flow. It also uses ultrasonic energy to generate reactive oxidant species,

which are helpful in removing water pollutants such as Rhodamine B. The device's cost-
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effectiveness and reusability make it a viable option for industrial and commercial

applications that solve energy and environmental issues.
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Figure 3.1 Application of a-hematite doped PVDF-HFP membrane

3.2 Experimental details
3.2.1 Material

The naturally formed hematite (a-hematite) was purchased from Bharat Engineering,
Kolkata, India. Terephthalic acid, ethylenediaminetetraacetic acid disodium salt dihydrate
(EDTA), polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP-HFP), and p-
benzoquinone (BQ) were purchased from Sigma-Aldrich. All the reagents used were of
analytical grade. Rhodamine B (RhB) was purchased from Loba Chemie Pvt. Ltd and
dimethylformamide (DMF) (HPLC grade) were purchased from Merck, India. Millipore

water of 18.2 MQ-cm resistivities has been used throughout the experiments.
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3.2.2 Synthesis of flexible natural o-hematite mediated PVDF-HFP nanocomposite

films

The nano form of natural a-hematite(rock mineral) was synthesized from natural hematite
rock which has been mentioned elaborately in section 1.10.1 (Chapter 1). To prepare the
polymer nanocomposite (PVDF-HFP-HFP/hematite), 0.5 mg PVDF-HFP-HFP was taken
into a glass vial with 10 ml of DMF before the addition of 2.5 and 5 weight % of nano
hematite to achieve a homogeneous mixture of the rock mineral-PVDF-HFP nanocomposite
under 600 rpm for 3 h at 60°C. A bare PVDF-HFP-HFP solution was also prepared without
adding the hematite powder, maintaining similar experimental conditions. The solutions
were then poured into clean Petri dishes and were dried at 70°C to obtain the free-standing

nanocomposite films (PVF0, PVF2.5, and PVF5).
3.3 Results and discussions
3.3.1 Physical characteristics of the natural rock and nanocomposite membrane

The structural aspects and the phase purity of the synthesized membranes along with the
nano-sized natural hematite have been investigated using the X-ray diffraction (XRD)
technique [6]. Since a naturally formed mineral sample has been used, purity determination
is of utmost importance. Figure 3.2(a) shows well-matched experimental maxima over the
theoretical maxima of natural hematite with the JCPDS card no 72-0469. The presence of
any undesirable maxima [Figure 3.2(a)] validates the purity of the natural rock sample. The
Rietveld refinement reveals that the unit cell dimensions are a=b= 5.03 A and c= 13.75 A
respectively. Figure 3.2 (b) depicts the refined diffractograms along with the experimental

one of the natural hematite and also shows the unit cell visualized from Vesta 3.4.4.

The XRD patterns of the hematite/PVDF-HFP-HFP nanocomposite films are shown in
Figure 3.2 (¢) and show characteristic peaks at 18.1° (020) and 39.3° (002), which
corresponds to the non-polar a-phase and the prominent diffraction maximum at 20.7° (110)
represents the polar B-phase of the samples. With the increase in hematite loading in PVDF-
HFP-, the a-phase gradually diminishes, while the B-phase peak increases and becomes
maximum for the PVF5 membrane [7]. Such enhancement of the electroactive B-phase is
one of the significant parameters for the amplification of piezoelectric properties in the

doped film
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Figure 3.2(a) Computed and experimental XRD pattern of natural a-hematite (b) Unit

cells of a-hematite along with bond lengths (c) XRD pattern of natural a-hematite, PVFO0,

PVFE2.5, PVFS, (d) zeta potential of natural a-hematite, (e) Thermo-gravimetric analysis
of PVF0, PVF2.5, PVF5

The morphological investigation from TEM micrographs [Figure 3.3(a)] reveals that the

structure of natural hematite nanoparticles is relatively hexagonal, with an average particle

size of around 50 nm. The particle size distribution of the hematite has been carried out by

the ImageJ (V 1.8.0) software and is depicted in Figure 3.3(a). HRTEM [Figure 3.3 (b)]

illustrates the d-spacing lines and the grains. From the d spacing line, the value of d space

can be calculated. The d spacing value is 2.77 A for the plane (1 0 4) and that for the plane

(1 16)is 1.68 A. Thus, these planes are clearly visible in the TEM images. The peak for the
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plane (1 0 4) is visible in the X-ray diffractogram at 20 = 33° and the peak at 20 = 54°
represents the plane (1 1 6) Figure 3.3 (b).

The detailed elemental constitution of the natural hematite nanoparticles has been
determined from the EDAXS spectra, which confirms the presence of iron (77.73 %) and
oxygen (22.27 %) shown in Figure 3.3(c) This further confirms the high purity of the
hematite nanoparticles. The morphological features of the nanocomposite membranes have
also been studied by using FESEM. As shown in Figure 3.3 (d), pure PVDF-HFP membrane
has a smooth and uniform spherical texture, while hematite doping causes a rough and
slightly wrinkled surface, especially in PVF5 [Figure 3.3 (f)]. The B-phase nucleation
increases in PVFS5 due to more doping of hematite. The particles in the PVDF-HFP matrix
showed nearly well and uniform distributions [Figure 3.3 (e-f)] of hematite in the films
which triggered the initiation of the process of B-phase formation through electrostatic

interaction between CH»-CF> and hematite.

Element At (%)

Fe 77.73

o 22.27

Figure 3.3 (a) TEM image of hematite nanoparticles and their size distribution, (b)
HRTEM micrographs of natural a -hematite, (c) EDX images showing verifying the purity
of a -hematite, (d-f) SEM micrographs of PVF0, PVF2.5, PVFS5 respectively
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The bonding networks of the nanocomposite films were obtained from FTIR spectra,
[Figure 3.4(a)] Sharp absorption peaks at 488 cm™' (CF2 waging), 533 cm™ (-CF2bending),
616 cm™!, and 765 cm™ (-CF, bending and skeletal bending), 794 cm™ and 975 cm™ (-CH;
rocking) were observed in pure PVDF-HFP film due to the a-phase of the film. These peaks
decreased gradually in PVF2.5 and PVFS5, which confirms the decrement of the a-phase of
pure PVDF-HFP [8]. The peaks at 481 cm™ (-CF2 deformation), 510 cm™ (-CF stretching),
602 cm™! (-CF, waging), and 840 cm™' (CHz) were found in all of the three films but increased
in PVF2.5 and PVFS5 successively which verify the formation of electroactive nucleation of
B-phase in PVF2.5 and PVF5. The presence of a prominent absorption band at 1274 cm™ in
PVFS5 confirmed significant enhancement of B-phase. The presence of a peak at 1234 cm™!
in pure PVDF-HFP was due to the y phase, which diminished in PVFS5, thus validating the
reduction of the y phase in PVF5. Hence, the presence of absorbance peaks at 510 cm™, 840
cm’!, and 1274 cm™! corroborated the formation of B polymorph in PVF5 [9].

The B-phase for PVF5 calculated from the relation (equation 1.8, Chapter 1) was found to
be 80.2 % while in the case of pure PVDF-HFP, it was 60.8 % as shown in Figure 3.4 (b).
The possible design after incorporation of 5% o-hematite i.e. PVF5 is shown in Figure 3.4
(c) signifying the orientation of the H-F bond of pure PVDF-HFP forming the highest 3-
Phase in PVF5.

Thermal stability is a significant parameter for a device for real-life and commercial
applications, hence thermo-gravimetric analysis was performed to evaluate the percentage
of mass loss with variation of temperature. Mass losses decreased with the increase in
doping of natural hematite. In the case of PVFS5, the loss was negligible (~1.36 %) while
for PVFO and PVF2.5 the losses were 2.65 % and 2.56 % respectively [Figure 3.2 (e)].
Therefore, PVF5 can be efficiently used for piezoelectric application even at high

temperatures up to 150 °C.

The zeta-potential value of the natural hematite nanoparticles was found to be -7.23 mV
[Figure 3.5 (a)]. The negative surface charge of the hematite increased with the decreasing
size and turned out to be maximum in its nano dimension [Figure 3.2 (d)]. This negative
potential attracted the electropositive -CHz moiety of the PVDF-HFP and promoted a better
B-phase formation in the nanocomposite membrane by flipping the —CH; and —CF> groups
in opposite directions with increasing natural rock percentage. It has been observed that up
to a critical incorporation limit of hematite, the polar B-phase increased (maximum at 5%

doping) and then decreased with further increase in dopant percentage in the composite
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matrix (decreased at 7.5% doping in A.1.1) due to the presence of excessive negative

surface charge.
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Figure 3.4 (a) FTIR spectra, (b) p-Phase of sample PVF0, PVF2.5, PVF35, (c) Orientation
of H-F bond of pure PVDF-HFP forming highest -Phase in PVF5

3.3.2 Electrical properties, theoretical polarization, piezoelectric coefficient of the

membrane

The purpose of this work was to investigate the dielectric permittivity and the tangent loss
of the material to estimate the storage capacity of the material [10]. The device was
fabricated using a 1x1 cm? of the nanocomposite membrane, with aluminum electrodes and
copper wires on both sides of the membrane. The electrical properties of the membrane were
investigated by using a HIOKI, IM 3536 LCR meter, maintaining a bias voltage of 0.5 V
in a varying frequency region of 40Hz to 1 MHz. The dielectric constants were calculated
using the formula (equation 1.9, 1.10 in Chapter 1), and the values were 17, 9.1, and 6.7 for
samples PVF5, PVF2.5, and PVFO respectively [Figure 3.5 (b), 3.5(d)]. The increase in
the doping percentage of natural rock material in the PVDF-HFP matrix enhanced the
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polarization and polar B-phase which was depicted by FTIR spectroscopy. It was also
observed that the dielectric constant decreased with an increase in frequency. The dipoles
could not rapidly change their orientations by the change in field direction in case of high
frequency and thus the dielectric permittivity reduced with frequency. This can be well
explained by the effect of Maxwell-Wagner polarization[11] %’.

The tangent loss was calculated and plotted with varying frequencies in Figure 3.5 (c). The
dielectric constant was higher than that of others at the same frequency whereas the value

of the tangent loss at 10Hz for PVF5 was lower than in other samples Figure 3.5 (e).

The piezoelectric coefficient (ds3) is one of the important properties that play a significant
role in piezoelectric property of a substance. It has been calculated from the relation below

[12]

d3z = (V);CP) (3.1)

where V, Cp, and F are the output voltage, the capacitance of the sample, and the imparting
force respectively. The d33 values were found to be 37.36 pC/N, 6.45pC/N and 3.27pC/N
for PVFS5 , PVF2.5 and PVFO respectively, shown in Figure 3.5(f). Such a high ds3 value
made the PVF5 nanocomposite membrane a potential candidate for piezoelectric energy

generation [13].

The density functional theory (DFT) has been employed to explore the theoretical value of
polarizability [14]. Avogadro v.1.2.0 software package has been used to design the model
of PVF0 and PVF5 membrane and Orca v.4.2 software has been applied for frequency and
geometrical optimization *°. B3LYP with 6-311G* basis set and RIJCOSX auxiliary basis
set have been used for the simulation purpose. Analysis of DFT parameters indicated that
the PVF0O membrane (i.e. without doping) had electronic energy -1386.073 whereas PVF5
had electronic energy -1386.094 which manifested the piezoelectric nature of the material.
The isotropic polarizability also enhanced from 107.423 Cm?V-!' (in PVF0) to 108.107
Cm?V! in the case of PVF5. Hence the increased polarization validated the result obtained

from FTIR i.e. the enhancement of B-phase in PVFS5 than PVFO.
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Figure 3.5 (a) Zeta potential of a-hematite nanoparticles, (b)Variation of dielectric

constant, and (c) Tangent losses with frequency (d), (e) Comparison of dielectric constant

and tangent losses respectively at 10Hz of sample PVF0, PVF2.5, PVF5, (f) Comparison
of the value of piezoelectric constant for sample PVFE, PVF2.5, PVF5

3.3.3 Generation of piezoelectricity by the nanocomposite membrane

3.3.3.1 Fabrication of the energy harvesting device

The piezoelectric energy harvesting device was developed using the PVF5 nanocomposite

membrane as it showed the highest polar - phase, maximum isotropic polarizability, and

promising piezo-coefficient (ds3). A 2 cm x 2 cm of the PVFS5 flexible membrane [Figure

3.6 (a)] was placed between aluminum electrodes attached with copper wires as represented

in Figure 3.6 (b) The entire sandwiched structure was covered with a polyethylene

terephthalate (PET) jacket to protect the device from any kind of damage.
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Figure3.6 (a) PVFS film along with bending, (b) Formation of the device with PVFS film,
(c) Open circuit voltage at a different frequency, (d) Short circuit current due to hand
tapping on PVF5 device

3.3.3.2 Piezoelectric energy harvesting due to hand tapping

A Keysight digital storage oscilloscope equipped with an Agilent N2862B 10:1 passive
probe was used to measure the piezoelectric open circuit voltage. The output voltage was
recorded for different frequencies under periodic hand (palm) tapping applying a periodic
tapping force of 14.99 N. The output voltage increased gradually with increasing frequency
from 1Hz to 5Hz in Figure 3.6 (c). However, at the 5 Hz frequency, the voltage decreased
slightly. As the frequency increased the device did not get enough releasing time to go back

to the initial stage.

The highest open-circuit voltage was 42V at 3Hz frequency [Figure. 3.6 (c)]. The force
calculation has been depicted in Figure 3.7. Moreover, at 3 Hz frequency, the corresponding
short circuit current was 0.898uA, shown in Figure 3.6 (d), which was measured by a
DAQ6510 multimeter system, Keithley and the instantaneous power density turned out to
be approximately 1328 wW/cm?>. This instantaneous power density (P) was calculated from

the relation
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b«
T

P (3.2)

where V, 1, and v are the instantaneous voltage, current, and volume (2X2X.0071 ¢cm?) of
the piezoelectric membrane inserted in the device respectively. This is a significantly high
value for the natural rock-based piezoresponsive device. The power density was obtained
due to the combined effect of strain that changed the polarization in the piezoelectric film,
which resulted in the generation of piezoelectric potential due to the transition of electrons
and holes to different electrodes and the continuous finger tapping force produced more
strain helping in generation of potential differences continuously. These are the reasons for

developing piezo-voltage as well as the current [15].

3.3.3.3 Piezoelectric energy harvesting from water flow

Besides finger tapping, water flow-mediated energy generation capabilities of the device
were studied herein. It was noticed that falling water drops on the film induced piezo-
voltage. The open circuit voltage also increased gradually, as the height increased
progressively. The studies showed that values of the piezo-voltages were 0.6 V, 1V, and
1.5V when water drops fell from heights of 18cm, 36cm, and 72cm respectively [Figure
3.8(a)]. Such a phenomenon could be ascribed to the increasing stress on the device due to
the falling water, which increased with falling height as the pressure is directly proportional
to height. The forces for these three different heights were found to be 6.56 N, 14.6 N, and
20.05 N respectively, which have been calculated from the equation stated below [16]. The
imparting pressure was analyzed by combining the pulse term and gravity. From the kinetic

energy and momentum conservation theory, the equation can be written as

~mv? = mgh (3.3)
(F —mg)At = mv (3.4)
F

Where m is mass, h is height, v is the maximum velocity, A is the area of the electrode, F is
contact force of hand palm and water in case of water flow, At is the period i.e full-width
half maxima from output voltage vs time graph (Figure 3.7), g is gravitational acceleration=

981cm/s?, his 11 cm,vis 1.66 m/s, A is 2 cm x 2 cm and At is 0.002 sec.
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Figure 3.7 Time vs voltage curve shows full width at half maximum (At)

Also, the short circuit instantaneous currents were measured for heights 18cm, 36 cm, and
72 cm, and the maximum currents were found to be 0.15 pA, 0.19 pA, and 0.28 pA
correspondingly [shown in Figure 3.8 (b)]. In the case of water falling from different
heights, the device experienced different external forces due to the height variation which

developed polarization [17].

Similar experiments were performed for three different types of water such as distilled
water, drinking water, and tap water falling from a fixed height of 36 cm to check whether
the physical/chemical parameters of water had any contribution to its piezo property. The
induced piezoelectric voltages for these three different water types are depicted in Figure
3.8 (c). It was noticed that voltage generation was highest (4.4V) in the case of tap water,
which had a high TDS (total dissolved solids) value of around 1867 ppm whereas the TDS
values of drinking water and distilled water were 142 ppm and 2 ppm respectively,
measured using a Hanna (HI991300). The dissolved solids in the water enhanced the
pressure on the device which helped in increasing the voltage. The voltages due to distilled
water, drinking water, and tap water were found to be 0.2V, 1V, and 4.4V respectively under
a similar experimental setup. It is quite obvious that for different liquids, the TDS value
varied which resulted in a change in pressure acting on the device. For that very reason, the
polarization effect which creates the piezoelectric voltages was higher in the case of high

TDS liquid
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Figure 3.8 (a-b) Open circuit voltage and short circuit current caused by falling water
from three different heights, (c) Open circuit voltage due to three different types of water
falling on the device

3.3.4 Organic dye decomposition using piezocatalysis effect

Piezocatalysi is one of the advanced and convenient methods used for the removal of
hazardous materials from wastewater [18]. Since PVFS5 possesses the highest B-phase,
isotropic polarizability, and piezoelectric coefficient, it was employed for piezocatalytic
degradation of toxic dyes. In a typical experiment, a PVF5 membrane of 2cm x 2cm
dimension was taken in a glass vial containing 15 mL of 2.5 ppm of Rhodamine-B solution
and was exposed to the ultrasound having a frequency of 33 kHz in a bath sonicator
(Telsonic Ultrasonic Bath Sonicator). 2 mL of the solution was taken out in every 10-minute
interval, to observe the kinetics of the degradation. Before starting ultrasonication, the
control absorption experiment was carried out. In this experiment, the PVF5 membrane and
other samples were taken in different glass vials containing RhB solution and placed in a
dark room for 40 min. The degradation due to adsorption was nearly 7.02% in the case of
PVFS5 whereas after ultrasonication it increased radically to 94.1% [Figure 3.9(a)]. Several
control experiments were performed to confirm the degradation process. The percentage of
dye degradation in pure hematite nanoparticles-dye solution, pristine PVDF-HFP-dye
solution and only dye were 16.4%, 0.51%, and 0% respectively due to adsorption whereas
utilizing ultrasonic vibration the degradation efficacy became 51.8 %, 40.3%, and 16.4%
respectively Figure 3.9 (b-c). This suggests that the PVF5 membrane shows a promising
piezocatalysic dye degradation efficacy. The percentage of efficiency of piezo degradation

(1) is calculated by the following relation

= COC—;CX100% (3.6)
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It is observed that the pink dye gradually became colorless under ultrasonic stimulation and
almost reached full transparency within 40 minutes of stimulation. The absorbance spectra
of the entire set of solutions were recorded using a Lambda 25, Perkin Elmer UV-Visible
spectrophotometer, as depicted in Figure 3.9 (a). The characteristic UV absorption peak for
RhB at A=554nm, experienced a drastic quenching with time, elucidating the consequence
of external ultrasound treatment in dye degradation efficacy. Herein, the dye degradation
efficiency of the piezocatalytic PVF5 membrane has been calculated directly from the
degradation kinetics, which suggests almost 94.1% of RhB degradation resulted within 40
minutes of ultrasound treatment. Such a high degradation efficacy by utilizing a natural rock

mineral (hematite) is quite significant and unexplored till date.

The reaction rate constant of the piezocatalysis has been calculated from the relation given

below [19],
In(Co/C) = kt (3.7)

Where Cy and C are the initial and final concentration of RhB, k is the reaction rate constant
and t is time. The reaction rate constant is 0.075 min™ for PVFS5. Kinetic rate constants for
hematite powder, PVF0, PVF5, and Control (only RhB) are 0.01274 min™!, 0.01158 min’!,
and 0.07495 min™! respectively [Figure 3.9(i)].

Piezocatalysis can occur in two possible ways that can activate the catalytic chain reaction
and degrade dye which has been discussed in section 1.8.1 (Chapter 1). In this work, the
screening charge effect played a vital role in the degradation of dye by piezocatalysis. Thus,
studies were performed to investigate the dominance of reactive radicals, which initiate the
dye degradation process [20]. Herein, a scavenging experiment was also carried out. In a
typical experiment, silver nitrate (AgNQO3), ethylenediaminetetraacetic acid (EDTA), p-
benzoquinone (BQ), and tertbutanol (TBA) were utilized as scavengers of electron (e”), hole
(h"), superoxide radicals (*O2") and hydroxyl radicals (*OH) respectively [21-22]. The
addition of an electron, hole, superoxides, and hydroxyl radical’s scavengers hindered the
degradation activity by 26.23 %, 15.53 %, 23.53 %, and 48.8 %, respectively confirming
the effectiveness of electron, superoxides, and hydroxyl radicals for decomposition of RhB
dye. It was furthermore observed that the degradation of dye reduced significantly due to

the addition of TBA which ensures the presence as well as the dominance of hydroxyl
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(*OH) radicals among all others. Like BQ, Silver nitrate also suppressed the degradation

process, which confirms the presence of other
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Figure 3.9 (a) UV-Vis spectra presenting the dye degradation and decoloration of
Rhodamine B (RhB) using the piezo catalyst PVFS5, (b)Adsorption as well as Ultrasound-
assisted degradation of RhB (C/Cy) varying hematite powder, PVF0, PVF5, Control(only

RhB) (c) Plots of In(Co/C) with treatment time for hematite powder, PVF0, PVF5,

Control(only RhB) (d) Ultrasound-assisted degradation of RhB (C/Cy) representing the
Scavenging experiments in presence of different oxygen species and showing *OH radicals
as one of the main species for piezocatalysis,(e) Plots of In(Co/C) with treatment time for
the scavenging experiment (f) Demonstration of formation of hydroxyl radical due to
piezo-electric effect as supported by an increase in fluorescence intensity of 2-
hydroxyterephthalic acid (g) Kinetic rate constant for degradation of RhB due to different
scavengers (h) Efficiency of piezo catalytic decomposition after each cycle (i) Kinetic rate

constants for hematite powder, PVF0, PVF5 and Control (only RhB)
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radicals such as *O>", and e which are also effective for dye degradation whereas mixing
the scavengers of h' i.e. EDTA lowers the reaction rate constant significantly. The rate
constant (K) due to the addition of AgNOs3;, EDTA, BQ, and TBA became 0.0039 min’!,
0.0167 min™!, 0.0069 min™!, and 0.0014 min™' respectively while the rate constant without
scavenger was 0.075 min™' which corroborates the inference that the addition of scavengers
slows down the rate of catalysis. The rate constant for each scavenger is represented by the
bar chart shown in Figure 3.9 (g). The degradation rate of the dye after adding up scavengers
is shown in Figure 3.9 (d). Whereas, Figure 3.9 (e) depicts the kinetics of the catalysis under

different scavengers.

Moreover, a trapping experiment was performed to confirm the formation of *OH radicals
[23] where terephthalic acid was used as a trapping agent of *OH radicals which rapidly
reacted with the *OH to form a fluorescent product 2-hydroxy terephthalic acid [24-25]. The
formation of the fluorescent product was confirmed by the photoluminescence experiment,
which showed the fluorescent peak of the material at 425 nm [Figure 3.9 (f)]. This peak
increased gradually and substantiated the formation and increase of *OH radicals with
reaction time. Hence, *OH radical is one of the major reactive species in our experiment for

dye degradation.

The catalytic recyclability of the membrane (PVFS5) was tested rigorously by utilizing the
same membrane for four different catalytic cycles. It was found that even after four complete
catalytic cycles, the dye degradation efficacy of the membrane remained at nearly 91.2%
[Figure. 3.9(h)]. Hence, the consistency, reusability, durability, and stable efficiency indicate

that the device may be beneficial for real-life applications.
3.4 Summary

In this chapter, we have explained the process of constructing natural hematite doped PVDF-
HFP film with different percentages of doping concentration and propose its application as
a piezoelectric energy harvesting equipment and its use for dye degradation using the
piezocatalysis property of the material. The performance of the natural NP-based film PVF5
as the piezoelectric generator is outstanding. Even falling the droplets of distilled water onto
the device can generate a voltage of up to 1V. In this work, the performance of the fabricated

device as a voltage generator has been tested using three different types of droplets distilled
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water, drinking water, and tap water. The droplet of tap water has generated the highest
voltage which is nearly 5V. We also studied the voltage variation with the change in height
of droplets falling and observed that the voltage increased with the height of the droplet
falling. Thus, the device possesses the capability to generate voltage from raindrops. The
highest obtained output voltage was 42V and the current was 0.898uA due to continuous
tapping at frequency 4Hz. The instant power density is 1328 pW/cm?® which is an excellent
value. The device can also generate voltage due to the sonication. The piezoelectric property
of the material has been used for piezo catalysis purposes to degrade dye i.e. RhB solution.
The degradation of this dye by piezocatalysis is quite efficient and visible after 40 min. The
efficiency of dye degradation is about 94.1% in 40min which is outstanding for any natural-
based film. Hence, this chapter depicts the possible use of natural hematite NPs doped
biodegradable PVDF-HFP film, as a nanocomposite-based piezoelectric energy harvester,

and dye degradation agent using piezocatalysis.
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Water flow and finger-tapping mediated piezoelectric energy generation and
carcinogenic dye degradation using a Gd-incorporated natural hematite-based flexible
PVDF-HFP membrane

4.1 Introduction

In Chapter 3, natural a-hematite nanoparticles were used to create reusable piezo-responsive
polymeric membranes for energy harvesting and wastewater treatment. Varying different
percentages of a-hematite NPs in PVDF-HFP membranes revealed that 5% doping showed
the highest performance having a power density of 1328 uW/cm?® and 94.1% efficiency in

degrading dye.

This chapter aims to enhance the efficiency of the membrane and thus to develop a highly
effective reusable piezoelectric material from Gd-incorporated natural hematite and PVDF-
HFP polymer. Incorporating Gd®* into non-piezoelectric hematite natural rock enhances the
polarization, dielectric permittivity as well as surface properties. Hence combining it with a
PVDF-HFP matrix drastically enhances polarization and improves piezoelectricity due to
the resulting high positive surface charge of nanocomposites [1]. Despite the negative
surface charge of natural hematite, adding a small amount of rare earth metal creates oxygen
vacancies and microstrain, leading to active sites [2]. The positive surface charge attracts
the negative moieties of PVDF-HFP, flipping bonds and enhancing the polar phase, making
the membranes more piezo-active than hematite-doped polymeric membranes which have
been discussed previous chapter. Thus, the Gd-incorporated hematite has been doped into
the PVDF-HFP membrane to the betterment of its properties. The polymer nanocomposite
(hematite NPs-based PVDF-HFP membrane) was characterized using XRD, FESEM, FTIR,
and TGA, providing insights into its structure, morphology, composition, and thermal

stability. The material exhibited piezoelectric polarization, making it suitable for harnessing
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electrical energy from mechanical perturbation and also the property has been employed for
the degradation of organic carcinogenic dye via the piezocatalysis approach. Experimental
validation confirmed its efficiency, implying potential applications in future green energy

harvesting.
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Figure 4.1 The work plan for this Chapter

4.1 Experimental details

4.1.1 Materials

The naturally formed hematite (o-hematite), was obtained from Bharat Engineering,
Kolkata. The gadolinium oxide (Gd203) powder, dimethylformamide (DMF) (HPLC
grade), and the aqueous ammonia solution (25 %) were purchased from Merck, India. Poly
(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) pellet, p-benzoquinone (BQ), and

tertbutyl alcohol (TBA) were purchased from Sigma-Aldrich, Germany. All the reagents
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used were of analytical grade. Millipore water with a resistivity of 18.2 MQ-cm was used

throughout the experiments.

4.2.2 Synthesis of Gd-incorporated hematite nanoparticles

The naturally formed a-hematite was utilized to synthesize hematite nanoparticles followed
by the same method mentioned in section 1.10.1 (Chapter 1). The nanoparticles were well
dispersed in distilled water (1 mg mL™) using ultrasonication for 30 min. 5 % (w/w) of
gadolinium oxide (Gd203) was incorporated into the hematite nanoparticles by adding the
Gd,0O3 into hematite solution, followed by vigorous stirring for 3h maintaining a pH of 10.
The solution was then transferred into dust-free, clean Teflon-lines stainless steel autoclaves
and maintained at 160 °C for 6 h. Afterwards the solution was then centrifuged at 6000 rpm,
and the precipitate obtained was then dried in a hot air oven at 80 °C, collected, and stored

for further use.

{
m Gadolinium
| Oxide

Synthesis
Procedure ! .
& vy !;
’ I‘)RI;D.F-HFP- =
4 ) e
> A “d b“ é
s(\ﬂe“:ﬁ“g = Q§ $
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Figure 4.2 Schematic representation of the synthesis procedure

Stirring for 3h at
80C & hydrothermal
at 160 C
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4.2.3 Preparation of Gd-doped hematite-based PVDF-HFP nanocomposite

membranes

The polymer nanocomposite was fabricated by incorporating 2.5 % and 5 % of Gd-
incorporated hematite into PVDF-HFP. 0.5mg PVDF-HFP was taken in a vial and dissolved
into 10 mL DMF and the above-said percentage of Gd doped hematite was incorporated
into it and the solution was stirred for 6h at 60 °C. The solution was then poured into a clean
petri dish and dried for 8hrs at 70°C. The 2.5 wt% and 5 wt% of Gd-incorporated hematite
incorporated membrane are named PVGF2.5 and PVGF5 respectively whereas PVGFO
being the pure PVDF-HFP membrane without any incorporation of Gd-incorporated
hematite. A schematic representation of the whole synthesis procedure has been depicted in
Figure 4.2.

4.3 Result and discussions

4.3.1 Physical Characterisations

X-ray diffraction was employed to analyze the structural as well as microstructural
parameters of the synthesized materials [3]. The XRD pattern of the hematite nanoparticles
and Gd-incorporated hematite nanoparticles has been illustrated in Figure 4.3(a-b). It was
observed that all the diffraction peaks of hematite NPs (nanoparticles) are well-matched
with JCPDS card no 72-0469. Thus, the absence of any undesirable maxima in the
diffraction pattern confirms the purity of hematite NP. Even after doping of 5 % Gd>* peak
positions do not alter, suggesting successful doping of Gd** ions into the matrix of hematite
NPs.

The cell dimensions a and b were both 5.034 A and ¢ was 13.745 A found from the Rietveld
refinement and the unit cell was visualized by Vesta v3.4.3 (visualization for electronic and
structural analysis) software [Figure 4.3(c)]. It was observed that due to the incorporation

of Gd®*, the micro-strain has been increased from 1.3 x 10 to 9.0 x 10 as the size of the

S. Ghosh 86 Jadavpur University



Chapter 4

Gd*" is larger than Fe* inducing excessive stress during the substitution of host ions, and
thus forming the defects in the lattice structure [4-5]. Along with micro-strain, it was also
found that oxygen vacancies were created in the doped NPs owing to such cationic
enhanced the

substitution. These altered micro-strain and oxygen vacancies

physicochemical properties of the doped NPs significantly [6-7].
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Figure 4.3. (a-b) Experimental and computed XRD pattern of natural a-hematite and Gd
incorporated o-hematite respectively (c) Unit cells of Gd incorporated a-hematite (d)
XRD pattern of natural Gd incorporated a-hematite nanocomposite membranes
suggesting that incorporation of nanocomposite into polymer matrix enhance the polar
phase and found maximum in PVGF2.5.

The XRD diffractograms of Gd-doped hematite-incorporated PVDF-HFP membranes have
been depicted in Figure 4.3(d). The peak at 18.3° and 20.2° represents respectively the non-

polar a-phase and polar B-phase of nanocomposite films [8]. The peak at 20.2° enhanced
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after the incorporation of nanocomposite in the PVD-HFP matrix and was found to be the
maximum for PVGF2.5. This implies that the incorporation of nanocomposite in the PVDF-
HFP matrix enhanced its polar beta phase. The enhancement of the polar phase in the
PVGF2.5 membrane made it suitable for applications that are modulated by the polarizing
effects of membranes like piezoelectricity.

FESEM and TEM were employed to study the morphological parameters, particle size, etc
[9]. The structure of the Gd-doped hematite depicted a hexagonal structure as evident from
TEM micrographs [Figure 4.4(a)]. The particle size distribution curve was estimated by
employing ImageJ software to determine the particle size, which suggested the ranges of
NPs from 30 to 6 0 nm, with a median at 40-50 nm [Figure 4.4(b)].

The FESEM of the membrane in Figure 4.4(c) illustrates the smooth and homogeneous
surface in the pristine PVDF-HFP (PVGF0) membrane, which becomes rough and
spherulite in nature with the doping of the Gd-doped hematite NPs. PVGF5 [Figure 4.4(e)]
shows a greater perturbed and rough surface compared to PVGF2.5 [Figure 4.4(d)] due to
the enhancement of the dopant in the PVDF-HFP matrix [10-11]. These spherulites nature
of the micrographs is evident that the -phase formation in the PVGF2.5 and PVGF5 due to
the interaction between the Gd-doped hematite with CH2-CF, moiety of PVDF-HFP
polymer chain [10,12].

The elemental composition analysis was done by EDS which depicted the stoichiometric
ratio of Fe, O, and Gd in doped hematite NPs. It was observed that 3.25 wt% Gd was
incorporated in the nanocomposite matrix though the doping concentration was 5% this
occurred due to improper attachment of some Gd** ions in hematite NPs which were further
washed out by centrifugation [Figure 4.4(f) and A2.1]. The nanocomposite has been
incorporated in the PVDF-HFP matrix by 2.5 and 5 wt%. By performing the percentage

calculation, it has been found that in the PVGF2.5 membrane, 0.07% Gd was present in
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Figure 4.4. (a-b) TEM image and the size distribution curve of Gd incorporated o-
hematite, (c-e) FESEM micrographs of PVGFO, PVGF2.5, PVGF5, (f) EDX images Gd
incorporated hematite NPs, (g-j) mapping of PVGF2.5 membrane suggesting the
homogeneous distribution of doped Gd incorporated hematite in the PVYDF-HFP matrix.
The carbon distribution of the membrane does not show due to the use of carbon tape
during the EDS mapping measurement.
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PVGF5 whereas in PVGF5 0.14% Gd was there. The mapping data of PVGF2.5 depicted a
homogeneous distribution of Fe, O, and Gd in the PVDF-HFP matrix by the proper
stoichiometric ratio [Figure 4.4(g-j)]. The C contained in the PVDF-HFP membrane has not
been found in the mapping data because it has been eliminated for the use of carbon tape
attached to EDS measurement.

The zeta potential was evaluated for understanding the surface charge of the hematite NPs
and their modified counterpart. The naturally formed hematite exhibits a negative surface
charge (-7.23 mV) found in Figure 3.5 (Chapter 3). A very small amount of rare earth metal
incorporated in its matrix generated stress and micro-strain evident from the
crystallographic refinement. Such stress created oxygen vacancies in the hematite matrix
and thus generated active sites. The vacancy of electronegative oxygen enhanced the surface
charge of the nanocomposite to +12.3mV [Figure 4.5(e)] [13-14].

FTIR was employed for determining bonding networks of the nanocomposite membranes
and to confirm the formation of B-phase nucleation due to doping [15] as depicted in Figure
4.5(c). The absorbance bands observed at 532 cm~ ! (-CF. bending), 615 cm™ ! (-CF;
bending), 762 cm™ ! (skeletal bending), and 794, 976 cm™ ! (-CH2 rocking) were for a-phase
of the PVDF-HFP which was consequently reduced in PVGF2.5 and PVGF5 [16]. The
peaks at 484 cm™* (-CF2 deformation), 510 cm™ (-CF stretching), 602 cm™ (-CF, wagging),
and 841 cm™ (-CF; stretching, -CH, rocking and skeletal C-C stretching) are B-phase
absorbance band which was increased with NPs incorporation and found to be maximum in
PVGF2.5 calculated with the formula mentioned in equation 1.8 (Chapter 1). In the case of
PVGFS5, B-phases were slightly reduced than PVGF2.5 but the percentage of 3-phases was
more than PVGFO [16-17].

The percentage of f-phase nucleation developed due to the doping of Gd-doped hematite

(Gd incorporated hematite) into the PVDF-HFP membrane has been calculated and found
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to be highest in the PVGF2.5 (80.3 %). In the case of PVGFO, it has the lowest value i.e.
60.8 %, and the fraction of electroactive B-phase for PVGF5 is 71.2 % [Figure 4.5(d)] which
could be due to an excess amount of doping and crossing the critical limit of incorporation
of Gd-incorporated hematite into the membrane [10]. The FTIR spectra of 2.5 % pristine
hematite incorporated PVDF-HFP have been depicted in Figure 3.4 (b) (Chapter 3) which
indicate the percentage B-phase to be 78.7%. In reality, the highly positive surface charge
of Gd-incorporated hematite attracts the negative moiety of the PVDF-HFP polymeric chain
(-CF2) and subsequently enhanced the polar phase by flipping the -CF, and -CH2 bond on
the opposite side of the carbon chain of PVDF-HFP. After the incorporation of NPs in a
certain limit the excess positive surface charge further reduces the polar phase by attracting

the negative moiety.

To determine the thermal stability of the nanocomposite membranes, TGA
(thermogravimetric analysis) and DTG (derivative thermogravimetric) were performed and
the percentage mass loss of the membranes with the varying temperature were calculated
[Figure 4.5(a-b)] [18]. It was found that the decomposition of bare PVDF membrane started
near about 430°C whereas Gd-doped hematite incorporated PVDF membrane the
decomposition temperature was 475°C, indicating the improvement of thermal stability
owing to incorporation of nanocomposite in the PVDF matrix. The interaction between the
PVDF chain and the Gd-doped hematite enhanced the thermal stability by forming the
crosslink as well as the greater adhesion between the well-distributed nanofillers and the
PVDF-HFP matrix by restricting the movement of the PVDF-HFP chain and leading
towards the enhancement of the thermal stability [19-21]. The mass losses of the synthesized
membranes were found to be negligible for PVGFO- 4.1%, PVGF2.5- 3.47%, and PVGF5-
1.8% as depicted in Figure 4.5(a). This phenomenon suggests that the membrane can

perform efficiently even at a higher temperature.
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4.3.2 Electrical properties and estimation of piezoelectric coefficients of the membrane
Piezoelectric nature is highly dependent on the polarity of the sample; hence it is essential
to enhance the polar nature of the sample to achieve better results. For a better understanding
of the successful enhancement of polarizability, the electrical properties were explored by
evaluating the dielectric permittivity, tangent loss, and storage capacity of the samples [22].

The dielectric constant has been calculated by using equation 1.10 (Chapter 1).
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Figure 4.5 (a) Percentage of weight losses of nanocomposite membranes, (b) Derivatives
weight loss of the nanocomposite membranes suggesting better stability in doped
membranes, (c) FTIR spectroscopy of PVGFO, PVGF2.5, PVGF5, shown polar phase
enhancement after nanocomposite inclusion into the polymer matrix (d) Percentage [-
phase of sample PVGFO, PVGF2.5, PVGF5, (e) Zeta potential of Gd incorporated
hematite shows a high positive surface charge.

S. Ghosh 92 Jadavpur University



Chapter 4

The powdered hematite NP and Gd-incorporated modified NPs were compressed into
pellets of 10 mm x 1.3 mm dimensions using a hydraulic press. The variation of dielectric
permittivity and tangent loss of the Gd-incorporated hematite NPs with frequency are
depicted in Figure 4.6(a) and Figure 4.6(c). It is evident from the figures that the dielectric
constants for both samples are high at low frequency and gradually reduce with the increase
in frequency due to Maxwell-Wagner interfacial polarization [23]. It is in a good agreement
with Koop’s theory [24]. Along with this, Gd-doped hematite NPs were found to have
higher values of dielectric constants than hematite NPs. This is due to the doping of Gd**
that could generate crystal defects which induced imperfection in the alignments of crystal
as the size of the Gd" ion is larger than Fe®* creating stress inside the host lattice which has
also good agreement with XRD data [4, 6]. The space charge at the interface was formed
due to the external field trapped by the interfacial defects at the grain boundaries resulting
in the rise of the dielectric constant for the Gd-doped hematite NPs (~500) [6, 25]. Thus,
the dielectric constant and polarization capability for the doped NPs was more due to the
generation of defects, and oxygen vacancies as well as the stress inside the crystals. The
high polarization efficiency of the Gd-incorporated hematite NPs was further utilized by

fabricating the nanocomposite membranes.

The dielectric constants of the nanocomposite membranes were also measured. The three
films (PVGFO, PVGF2.5, PVGF5) of 1cm? attached with two aluminum electrodes to form
a device were taken to measure the electrical properties of the membranes. The graph of
dielectric constants of the three nanocomposite membranes with frequency has been shown
in Figure 4.6(b). It is noteworthy to record the dielectric constant has been increased due to
the doping of Gd-doped hematite NPs. PVGF2.5 shows the highest dielectric value i.e. 19
at 40 Hz and pristine PVDF-HFP membrane has the lowest value of ~6.78 at 40 Hz [Figure

4.6(f)]. The polarization increases due to the doping of NPs which also causes the
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enhancement of dielectric phenomena as well as the 3-phase of the film PVGF2.5 [26]. It is
also noticed that the dielectric constant reduces with the increase in frequency which is the
evidence of Maxwell-Wagner polarization which explains that with the high frequency, the
dipole cannot change rapidly causing the reduction of dielectric permittivity [27]. Tangent
loss and the ac conductivity with varying frequencies were also measured. The doped
membrane exhibits the lowest tangent loss (0.05) than the pure one at a frequency of 40 Hz
depicted in Figure 4.6(d). The very low tangent loss minimizes the energy dissipation which
is very much advantageous for future use [28]. The ac conductivity of the membranes
increases with the increase in frequency shown in Figure 4.6(e). In reality, the conducting
grains achieve the required amount of activation energy to become free at the higher
frequency enhancing the conductivity in the higher range of frequency [29]. The dielectric
permittivity data suggest that the maximum polarization occurs in the PVGF2.5. This result
is also analogous to the XRD, and FTIR measurements which depicted the maximum
polarization achieved in the 2.5% nanocomposite-doped membrane. These high polarizing
properties made this self-poled free-standing membrane promising for piezo-responsive

applications.

The piezoelectric coefficients (dsz) of all the fabricated membranes was also measured to
find the piezo effectiveness [30]. The piezoelectric coefficients of the synthesized
membranes were calculated by the relation mentioned in equation 3.1 (Chapter 3).

The comparative graph of dsz for PVGFO, PVGF2.5, and PVGF5 has been shown in Figure
4.7(a) and it has been found that PVGF2.5 has the highest value of dz3 (47.32 pC/N) whereas
PVGFO and PVGF5 have 3.27 pC/N and 27.05 pC/N respectively, which validates the
enhancement of polarization as well as polar B-phase enhancement in PVGF2.5. Whereas
in the case of PVGF?5, it slightly decreases which may be due to reaching the critical limit

of dopant creating a high concentration of positive surface charge in the PVDF-HFP matrix
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Figure 4.6. (a) Dielectric constant with the frequency of Gd-incorporated a-hematite
nanoparticles suggesting the Gd incorporation enhanced the NPs dielectric constant, (b)
Dielectric constants of PVGF0, PVGF2.5, and PVGF5 respectively (c-d) Tangent loss of
Gd-incorporated a-hematite NPs and membranes suggesting low energy dissipation (e)

Variation of ac conductivities with the frequency for the nanocomposite membranes show
the maximum conductivity in PVGF2.5, and (f) Comparison of the dielectric constant of
sample PVGFO, PVGF2.5, PVGF5 at 40Hz

and realignment of the negative moiety of polymeric chain which reduces the polarization.

The piezoelectric coefficients of the membranes have been investigated in a cyclic manner
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up to five cycles with standard deviation. All the experimental results show that the
PVGF2.5 membrane has high piezo-responsive properties which are further used to harvest
non-invasive piezoelectric energy [31-33].

4.3.3 Piezoelectric energy generation

The PVGF2.5 membrane was used for piezoelectric energy generation for having the
highest piezo-responsive properties along all the membranes. A 2cmx2cm film was cut and
two aluminum electrodes with copper wire were attached on both sides of the film to
fabricate the device shown in Figure 4.7(b). The entire sandwich device were covered with
a PET (polyethylene terephthalate) coated jacket to save it from any kind of damage.

The fabricated device was used to harvest energy by finger tapping and the open circuit
output voltage was measured using the digital oscilloscope (Agilent N2862B 10:1 passive
probe). The short circuit currents were obtained using the DAQ6510 multi-meter system,
Keithley. The open circuit output voltages were found around 6.5, 16.92, and 10.1V for
PVGFO, PVGF2.5, and PVGFb5 respectively. The short circuit currents were also recorded
and found 0.14, 0.52, and 0.32 P respectively due to finger tapping with the tapping force
of 13.49N. The graph for the instantaneous voltage and the current has been shown in
Figures 4.7(c) and 4.7(d) respectively. The force-varying open circuit voltages were
measured and found that the voltage increases with the increasing force on the device Figure
4.7(e). The voltage increased appreciably with the increase in the applied force on the device
PVGF2.5 and was found to be 5.6V, 11.07V, 16.92V, and 20.44V at 7, 10, 13, and 16 N
force respectively. It was found that under a constant mechanical force, the voltage and
current generation are maximum in PVGF2.5 which is a good agreement with the

experimental evidence by XRD, FTIR, D.C, and ds3 measurements. The instantaneous
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Figure 4.7. (a) Piezoelectric coefficients of the nanocomposite membranes suggesting
PVGF2.5 possess the highest dss value, (b) Real image of the fabricated device and in the
inset the fabricated PVGF2.5 nanocomposite membrane, (c, d) Open circuit voltage and
short circuit current due to finger tapping on PVGF0, PVGF2.5 and PVGF5 devices, (e)

piezoelectric voltage generation under different applying forces (f, g) Open circuit voltage
and short circuit current of the PVGF2.5 device under water flow, (h) Performance test of
the device over time.
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power density was calculated for the PVGF2.5 membrane of volume (2 x 2 x 0.01 cm?)
with the help of the mathematical relation stated in equation 3.2 (Chapter 3). The calculated
power density was 232.38 uW cm for PVGF2.5 at 13.49 N force.

Besides the finger tapping, the device can harvest energy from the water flow as well and it
was also found that the open circuit voltage during the flow of water was 8V and the graph
for it has been depicted in Figure 4.7(f). The corresponding short circuit current due to the
flow of water was obtained around 0.2 pA [Figure 4.7(g)]. Herein, tap water having a TDS
(total dissolved solids) value of 162 ppm was taken as the water source and generated the
water flow by a simple overhead stirrer. The TDS of water plays a pivotal role in water
flow-based energy generation. The water having more TDS applied more force on the
device for the dissolved solid in it and the voltage was also enhanced [34]. The mechanism
behind the piezo-energy harvesting is illustrated in section 1.7.2 (Chapter 1).

4.3.4 Carcinogenic organic dye degradation using piezocatalysis

To investigate the piezocatalytic effectiveness of the prepared samples, an experiment was
conducted using the acidic and carcinogenic Rhodamine B (RhB) dye. A Telesonic
ultrasonics machine operating at a frequency of 15 kHz was employed for the degradation
experiment. Initially, a glass vial containing 20 mL of dye solution at a concentration of 2.5
ppm was prepared. then, the synthesized PVGF2.5 membrane (2cm x 2cm dimension), the
piezocatalyst, was added to the dye solution. Subsequently, the solutions underwent
ultrasonic vibration for 35 minutes. At 10-minute intervals, small portions of the solutions
were withdrawn from the designated vial, and their optical density was measured at a
wavelength of 554 nm. This analysis enabled the quantification of the percentage of
piezodynamic degradation of the dyes. The absorbance spectra demonstrate the degradation

kinetics of the piezocatalysts. The percentage of efficiency of piezo degradation () and the
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first-order kinetic constant (k) values were determined by the relation mentioned in

equations 3.6 and 3.7 (Chapter 3).

The results indicated that the percentage degradation of RhB dye was approximately 94.3%
for PVGF2.5. The PVGF2.5 sample has a rate constant (k) of 7.16 x102 min* for the dye.
This is due to the B-phase formation into the PVDF-HFP matrix, which further enhances the
polarizability and results in the degradation of RhB. During the ultrasonic treatment, it was
observed that the initial dark pink colour of the RhB dye gradually became transparent

within 35 min [Figure-4.8(a)].

3.0
a '—0 min b A
= (a) —ad 25 " BQ (b)
s et vl aneak —— 5 min e TBA
3 ﬁﬂﬂ” )_’ i, JU U —— 10 min 2.04 A Without
L —— 15 min 6 :
[>]
- X 151
S @
"E E’l.o-
8 —
= 0.5
<
0.0 &7
500 550 600 0 5 10 15 20 25 30 35
Wavelength (nm) Time (min)
1.0 Ko
0.07
_ | Loy (d)
0.8+ é 0.06
N’
= 0.6 (C) w 0054 -
U = (4 &
~ & 0.04- < z
O 041 S g £
~— = 0.03 z §
0.2 —=—BQ 8 — b3 g
—e— TBA o , N )
0.0 —a— Without *5 0.014 Q g
T T T T T T T T m °
0 5 10 15 20 25 30 35 0.00-
Ti . BQ TBA Without
ime (min) Scavengers

Figure 4.8 (a) UV-Vis spectra of dye degradation and decolorization of Rhodamine B
(RhB), (b-c) Ultrasound-assisted RhB degradation In(Co/C) and (C/Co) represents the
scavenging studies in the presence of several oxygen species and shows *OH radicals as
one of the primary species for piezocatalysis, (d) Kinetic rate constant for RhB
degradation caused by various scavengers

S. Ghosh 99 Jadavpur University



Chapter 4

4.3.5 Scavenger experiment

Scavenging experiments were conducted to identify the key reactive species responsible for
degrading Rhodamine B (RhB) molecules. Figure 4.8(b-c) illustrates degradation curves,
showing a decrease in catalytic degradation efficiency upon the addition of scavengers,
indicating their active participation in the RhB degradation process. Suppression of RhB
degradation was observed when trapping superoxide radical (O2¢-) with benzoquinone (BQ)
or hydroxyl radical (OHe) with tert-butyl alcohol (TBA). Figure 4.8(c) shows a linear
dependence of (C /Co) on time (t), indicating first-order degradation kinetics. It is shown
that adding TBA greatly lowers dye degradation by lowering the reaction rate (0.269 x1072
min™), ensuring the presence and dominance of hydroxyl (*OH) radicals among all in this
situation Figure 4.8(d). Hence, the results highlight the significant role of TBA,
corresponding to hydroxyl radicals, in organic dye degradation. These experiments provide
insights into the degradation mechanism, emphasizing the involvement of specific reactive

species, particularly hydroxyl radicals, in the process.

4.3.6 Figure of merits of the membrane/device

The PVGF2.5 membrane that was used to fabricate the device has enormous advantages. It
has quite a flexibility, thermal stability, and water-resistive nature along with
biocompatibility. The flexibility of the membrane is shown in Figure 4.7(b-inset) whereas
Figure 4.5(a, b) ensures its thermal stability up to 475 °C where mass loss is more negligible
in the case of doped PVDF-HFP membrane than that of PVGF0. Another exciting factor of
this study is the use of water flow as mechanical energy to convert it into electrical energy.
The recyclability of the device has also been investigated and found that after 30 days it
does not alter its effectiveness [Figure 4.7(h)]. In this case, output voltage under water flow

is nearly 8V and due to finger tapping it is 16.92V. Another interesting aspect of this study
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is that this membrane can degrade one of the carcinogenic dye, RhB, by 94.3% in only 35

minutes, which is indeed a remarkable property.

4.4 Summary

This chapter portrays the successful synthesis procedure of Gd-incorporated natural
hematite in nano forms and also the incorporation of these nanoparticles into a polymeric
matrix to fabricate flexible membranes. The incorporation of the rare earth element (Gd®*)
in the a-Fe2Ogz structure greatly influences the microstrain, which ultimately enhances the
polarisability. Moreover, doping of the Gd-loaded hematite in the PVDF-HFP matrix
escalates the B-phase of the film, as established from FT-IR, dielectric, and dss studies. The
nanoparticle loading also improves the stability of the membrane, making it suitable for
commercial use. The solid-state device fabricated from the flexible membrane is capable of
generating piezoelectric energy from finger tapping as well as water flow. It is recorded that
the voltage generated due to finger tapping is 16.92 V and current 0.52 pA and hence the
power density has become 232.38 UW cm. Another interesting part of this chapter is that
the device herewith can also harvest piezoelectric energy from the water flow like a non-
invasive stimulus. Thus, the reusable, robust, free-standing, cost-effective device can be
useful for harvesting energy from naturally flowing water sources, cutting down the
dependency on conventional energy sources. From the flow of water, it has generated a
voltage of 8 V and a current of 0.2 pA which is quite high. Along with this, the piezo
response of material has been employed for piezo catalysis to degrade dye (RhB solution).
After 35 minutes, the breakdown of this dye solution via piezocatalysis is complete and
readily apparent. The dye degradation efficiency is around 94.3% in 35 minutes, which is
excellent for the natural NP-based film PVF5. Thus, it can be a sustainable and futuristic
solution to eliminate the energy crisis as well as water pollution to the growing

industrialization and modernization.
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Chapter 5
MWCNT Intercalated Natural Hematite-based Activable Nanocomposite for

Piezoelectric Energy Generation and ROS-Mediated Carcinogenic Dye Degradation
5.1 Introduction

In the previous chapters (Chapters 3 and 4), natural a-hematite nanoparticle-doped PVDF-
HFP membrane and Gd incorporated natural a-hematite based PVDF-HFP membrane were
used for energy harvesting as well as dye degradation purposes. The studies discussed in
Chapter 4 revealed that the addition of Gd*" into a-hematite nanoparticles enhanced their
properties, leading to improved performance. Consequently, the PVDF-HFP membrane
fabricated with Gd-incorporated hematite nanocomposites demonstrated superior outcomes
in both dye degradation and energy generation compared to membranes containing pure o-
hematite. Therefore, it can be stated that hematite-mediated nanocomposites improve the

piezoelectric characteristics of PVDF-HFP more.

In this chapter, the studies on the developement of highly efficient piezoelectric
nanocomposite membrane using functionalized multi-walled carbon nanotube (MWCNT)
doped natural o-hematite nanoparticle (NPs)-based polyvinylidene fluoride-
hexafluoropropylene (PVDF-HFP), which can harvest energy not only from finger tapping
and water flow but also from wind energy, have been discussed. As the naturally available
hematite has been used here the device becomes cost-effective, reusable, industrially
practicable, and versatile [1] and the MWCNT has excellent electrical as well as
physicochemical properties which enhance the polarizability and surface properties of the
hematite NPs by introducing more charge carriers and accumulation charges leading
towards the enhancement of the dielectric constant [2]. Thus, the incorporation of MWCNT-
hematite into the PVDF-HFP matrix results in the rise in polarization (polar B-phase), and
dielectric constant that has been measured in this work. The role of the polymer
nanocomposite as a piezoelectric energy harvester and piezocatalyst was investigated in this
chapter. Initially, X-ray diffraction (XRD), Field Emission Scanning Electron Microscope
(FESEM), and Fourier transform infrared (FTIR) spectroscopy were used to study the
properties of these polymer nanocomposites. The experimental and theoretical electrical
properties of this nanocomposite showed significant piezoelectric polarisation, making it a
viable material for piezoelectric applications. The piezo-response technology was utilized

to generate piezoelectricity from mechanical perturbations such as finger tapping, water
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flow, and wind flow [3]. This MWCNT incorporated hematite doped PVDF-HFP membrane
was utilised to degrade organic dye i.e. RhB by piezocatalysis method in which under the
influence of ultrasonic vibration, electron-hole pairs were generated on the surface of the
membrane due to the development of piezo potential. These electron-hole pairs
subsequently came into contact with hydroxyl ions, leading to the formation of reactive
oxygen species (ROS). These ROS played a crucial role as the primary component
responsible for the degradation of carcinogenic dyes from wastewater. Figure 5.1 shows the
schematic representation of the application of MWCNT incorporated hematite-doped
PVDF-HFP membrane. This flexible, reusable, cost-effective, super-efficient membrane has
the potential to address energy and environmental challenges in the industrial and

commercial sectors if properly improvised.

Energy harvesting from
hand tapping

Energy harvesting from
wind and water flow

ROS generation and Dye
degradation by
piezocatalysis

Application of MWCNT incorporated a-hematite based membrane (CNF0.5)

Figure 5.1 Schematic representation of the application of Chapter 5

5.2 Experimental details
5.2.1 Materials

The natural bulk hematite (a-hematite) was obtained from Bharat Engineering, Kolkata,
India. Multi-walled carbon nanotube (MWCNT: diameter 50-90 nm, purity: > 95 %),
polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP: MW- 214.06 gm/mol),
Terephthalic acid, ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), and p-
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benzoquinone (BQ) were purchased from Sigma-Aldrich. Rhodamine B (RhB) was
purchased from Loba Chemie Pvt. Ltd, acetone (HPLC-grade), and dimethylformamide
(DMF) (HPLC grade) were obtained from Merck, India. All the analytical graded reagents
have been used. Millipore water of 18.2 MQ-cm resistivities has been used during the whole

experiment.

5.2.2 Synthesis of MWCNT /o-hematite nanocomposites

The bulk natural hematite was cleaned at first, for removal of the impurities, and a-hematite
nanoparticles were synthesized by the ball milling method illustrated in section 1.10.1

(Chapter 1) which was used for the further synthesis procedure.

To synthesize activated nano-hematite, 2 g of a-hematite nanoparticles were dissolved into
the 80 ml DI water. After that, 20 pL of hydrochloric acid (37%) and 0.048 g hexamine were
added to the prepared solution of hematite NP under 300 rpm stirring condition which was
kept at 80 °C overnight. Then the solution was filtered and dried to obtain activated hematite
at 70°C. MWCNT was functionalized by chemical modification to synthesize the MWCNT-
hematite nanocomposites. In a typical experiment, 50 mg of MWCNT was added to 15 mL
ethanol and sonicated for 2 h to avoid agglomeration. The solution was dried and collected
in powder form and then 15 mL of 3 (M) HNO3 and the powder MWCNT were added to
make a solution and stirred at 60 °C for 15 minutes. After that, it was added to 15 mL H»O»
at 60 °C under continuous stirring before rinsing with DI water. Then the precipitate was
washed with the deionized water until the pH of the solution became neutralized. After that,
it was dried and functionalized MWCNT was collected. Then it was added to surface-
modified natural hematite using the condensation technique. Under ultrasonication, 1 g
activated hematite was dissolved into 30 mL DMF and then MWCNT was added to this
solution (1% w/w). Afterward, the solution was refluxed for 24 h at 90 °C. Lastly, the
solution was centrifuged and dried at 60 °C to obtain MWCNT-incorporated hematite.

Hence the collected MWCNT-hematite (CNFNP) was used for further work.
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5.2.3 Synthesis of MWCNT-hematite incorporated nanocomposite membranes

To prepare the MWCNT-hematite polymer nanocomposite, MWCNT-hematite powder by
varying weight percentages of 0%, 0.5%, and 1% respectively was added into 10 mL DMF
solution. The suspension was stirred for 8 h at 60 °C under 600 rpm with the help of a
magnetic stirrer. The solution-casted method was used to fabricate the MWCNT/a-hematite
membrane by casting the solution onto the Petri dishes. Then it was dried for 7 h at 70°C
and the free-standing membrane of 0%, 0.5%, and 1% MWCNT /a-hematite nanocomposite
was collected and named as CNF0, CNF0.5, and CNF1 respectively. Figure 5.2 represents

the whole synthesis procedure schematically.

/ Step 1: (surface modifieation) 1 emermes Step2: (Conjugation) Step3: PVDF-HFP/ MWCNT- Hematite
K ¢ Yy . _—“ nanocomposite

I
I
. | I
a- hematite I NH, group modified - hematite |
\ N \
) COOH ’ 5
«  HNOy+ H,0, ' \  COOH < I
o 2 o

e
MWCNT

(- hematite PVDF-HFP

Figure 5.2 Synthesis procedure of nanocomposite

5.3 Result and discussion
5.3.1. Physicochemical characteristics of the sample

The structural properties and phase purity of natural hematite, CNT-doped hematite
nanoparticles, and nanocomposite-incorporated membrane were analyzed by employing the
X-ray diffraction technique (XRD) [4]. The XRD pattern of 1% CNT incorporated hematite
nanoparticles (CNFNP) has been depicted in Figure 5.3 (a). The diffraction maxima found
in the XRD pattern were well-matched with the JCPDS Card No. 72—0469. The absence of
any other extra diffraction peak in the case of CNFNP confirmed the purity of the sample.

The crystallographic and microstructural parameters were investigated by employing the
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Rietveld refinement technique and tabulated in Table 5.1. It was found that with a very
promising goodness of fitting (x*: 1.32) the microstrain and crystallite size of the CNFNP
nanocomposite was higher than the pristine hematite NPs (Table 5.1). This result suggested
that the MWCNT in pristine hematite created stress as a result the microstructural
parameters were enhanced which was in very good agreement with the enhanced active sites
in the nanocomposite sample. In reality, foreign MWCNT generates stress in the structure
of hematite and creates oxygen vacancies which augmented the surface properties and
microstructural properties in nanocomposite. The unit cell was visualized by Vesta v3.4.3

(visualization for electronic and structural analysis) software shown in Figure 5.3(b).

Table 5.1 Refined parameters of pure hematite and MWCNT-doped hematite nanoparticles

Parameters o-Hematite NP CNFNP
a(A) 5.038 5.033
b(A) 5.038 5.033
c(A) 13.761 13.745

alpha (%) 90 90
beta (°) 90 90
gamma (%) 120 120
Size (A) 423.187 886.110
Strain 0.00045 0.0035
Rp % 18.42 22.92
Rwp % 2431 39.73
1 1.32 1.73

On the other hand, the X-ray diffractograms of three different percentages of CNF-doped
PVDF-HFP i.e. CNF0, CNFO0.5, and CNF1 have been represented in Figure 5.3(c). It was
found that the intensity of the diffraction maxima at 20.1° which was responsible for the
formation of polar B-phase was enhanced with increasing CNF percentage and found

maximum in the case of CNFO0.5.
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Figure 5.3 XRD Analysis of (a) CNT incorporated hematite NP, (b) Microstructural
visualization of unit cell from VESTA software, (c) X-ray diffractograms of the
nanocomposite membranes, (d-g) FESEM images of CNF0, CNF0.5, CNF1, and CNFNP,
(h, i) EDAX spectra of CNFNP and CKF0.5, Elemental mapping of ( j-I) CNFNP and m-o)
CNFO0.5.
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Whereas, the over-doping of nanocomposite in the polymer matrix reduced its B-phase
intensity in CNF1 which validated that the CNF0.5 nanocomposite membrane possessed a
maximum polar phase [5]. In reality, the enhanced surface properties and active sites of the
nanofillers increase the polar phase of PVDF polymer up to a certain limit after that the
electro-active moiety of the PVDF chain is disoriented upon excess doping, and a reduction

of polar phases occurs.

The surface properties and morphological characteristics were studied using FESEM [6].
The presence of MWCNT was observed in hematite NPs, confirming the successful
nanofillers incorporation [Figure 5.3 (g)]. The size distribution of hematite NPs in MWCNT-
incorporated hematite NPs was found nearly 40-50 nm using the FESEM micrograph with
the help of Image] Software [Figure 5.3(h)]. On the other hand, the FESEM images of
CNFO0, CNFO0.5, and CNF1 membranes are depicted in Figure 5.3(d-f). The nanofillers
growth was observed in the CNF0.5 and CNF1 membranes and the increased spherulite
morphology along with roughness were also visible in the CNF0.5, and CNF1 membranes
compared to CNFO0. This spherulite structure ensures the formation of polar B-phase
depending on the crystallinity in the material as it is associated with the alignment of the
molecular chain, which is greater than the bare PVDF membrane i.e. CNF0 [7,8]. The
molecular chains are folded together in an organized manner producing an ordered region
known as lamellae forms during the cooling period from the melting condition [5]. This
spherulite, which is made up of these lamellae, confirms the crystallinity and the formation
of the B-phase in the PVDF matrix. Hence the elevated diameter of the spherulite structure,

together with the smooth and homogeneous surface confirmed the lowest polar phase in

CNFO [9,10].

The elemental compositions and stoichiometric ratios of Fe, O, F, and C in the CNF0.5
nanocomposite membrane were analyzed with EDX measurement to confirm the presence
of elements and depicted in Figure 5.3(i). It was found that the elements of CNFNP and
PVDF were both present in the CNF0.5 nanocomposite membrane with a proper
stoichiometric ratio which validated the successful fabrication of the nanocomposite
membrane. The mapping data of CNFNP and CNFO0.5 depicted a homogeneous distribution
of Fe, O, C in CNFNP and Fe, O, F in the PVDF matrix by the proper stoichiometric ratio
[Figure 5.3(j-0)].
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The FTIR analysis was employed to understand the formation of bonding networks in the

nanocomposite as well as the polar B-phase content in nanocomposite membranes [11-12].
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Figure 5.4 (a) FTIR Spectra of CNF0, CNF0.5, CNF1 (b) Thermogravimetric analysis of
the nanocomposite membranes, (c) Percentage of beta phases of the membranes, (d)
Fabricated device, (e) Dielectric constants of membranes, (f) Tangent losses, (g)

Piezoelectric coefficients of the nanocomposite membranes.

The FTIR images of the three samples CNF0, CNF0.5, and CNF1 have been shown in
Figure 5.4(a). The peak visible nearly 975 cm™ ! (-CHa rocking) and 794 cm™ ! (-CH»
rocking), 765 cm™ ! and 613 cm™ ! (-CF, bending and skeletal bending), 533 cm™ ! (-CF,
bending) corresponds to the a-phase of the film [13-14]. Another phase i.e. the y phase
nearly at 1234 cm™ ! was also observed in CNF0. The peak observed at 840 cm™ ! (CH,
rocking, CF; stretching, and skeletal C-C stretching), 600 cm—! (CF, wagging), and 510
cm ! (CF; stretching) represented the formation of the p-phase [13,14]. It was observed
from the FTIR spectra that the peak corresponding to the B-phase was elevated in the case

of CNF0.5 compared to the other two samples [Figure 5.4(a)]. Hence, the enhancement of
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the polarization due to the realignment of the CF> bond in CNF0.5 was confirmed. The
fraction of B-phase developed in the material was calculated from the Lambert-Beer law

stated in equation 1.8 (Chapter 1).

It was found that the percentage of -phase of the nanocomposite membranes [Figure 5.4(c)]
increased with increasing doping percentage of nanofillers and reduced after a certain
critical limit. The percentage of B-phase of the pristine PVDF-HFP (CNFO0), CNFO0.5, and
CNF1 were 60.80 %, 94.38 %, and 81.62 % respectively. In reality, the augmented surface
properties of nanofillers (CNFNP: Zeta potential -16.5 mV: Appendix A3.1) enhanced the
B-phase formation by fluffing the electropositive -CH groups and electronegative -CF»
groups to the opposite side of carbon chain by electrostatic interaction. After a certain limit
of nanofillers incorporation in a polymeric system, the extra surface charge reduced the -
phase formation probability by disrupting the periodic arrangement of CH> and CH> bond
as a result over incorporation of nanofillers portrayed a reduction in percentage -phase
(CNF1) [15]. This enhanced polar B-phase of CNF0.5 made it suitable for piezo-responsive
applications which was consistent with the XRD and FESEM data.

5.3.2 The electrical properties and piezoelectric coefficient

The dielectric constant (D.C) of any sample is another vital characteristic to the
determination of the polarization properties [16]. The dielectric constant contains one real
part and one imaginary part representing dielectric permittivity (¢') and tangent loss or
dissipation factor (¢'") respectively which were derived with the help of the formula

mentioned in equation 1.9 and 1.10 (Chapter 1).

The membrane of 2x2 cm was taken and aluminum electrodes were connected on both sides
of the membrane through which wires were connected to measure the electrical properties
by a HIOKI, IM 3536 LCR meter keeping a bias voltage of 0.5 V in a frequency range of
40 Hz to 10 MHz. The dielectric constant and tangent loss were examined for the hematite
nanoparticles, CNFNP, and three membranes (CNF0, CNF0.5, and CNF1). The dielectric
constant of CNFNP was 1.8 x 10°, while pure hematite nanoparticles exhibit ~300 (Figure
A3.2). This indicates that the integration of multi-walled carbon nanotubes (MWCNT) into
natural hematite nanoparticles enhances polarization. Therefore, MWCNT-incorporated
hematite NPs were introduced into a PVDF-HFP matrix to boost membrane polarization. In
the case of membranes, the maximum dielectric constant was found for the CNF0.5 (39.03)

membrane whereas the other two (CNFO, CNF1) exhibited D.C values 6.68 and 21.48
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respectively at 40 Hz. Figure 5.4(e) represents the dielectric constants (D.C) for CNFO,
CNF0.5, and CNF1 with varying frequencies. The dielectric constant was observed to be
decreased with increasing frequencies. The Maxwell-Wagner interfacial polarization could
adequately explain the reason for this phenomenon [17-18]. In the dielectric material,
nonconductive grain boundaries separate the conducting grains of the dielectric material.
The external electric field in the low-frequency region is not enough to pull out the
conductive grain which creates dipoles and hence the polarisation [19]. In high-frequency
regions, the dipoles could not change their orientation quickly with the field thus the
dielectric constant reduced [20]. It was evident from the dielectric constant determination
that the CNFO0.5 unveiled maximum D.C with a nominal tangent loss which validated that
CNFO0.5 showed maximum polarization property [Figure 5.4(f)]. In reality, the maximum
polar B-phase in CNF0.5 was responsible for this high D.C which also validated the
maximum intrinsic polarization of the membrane which made the membrane a promising

piezo-responsive nanocomposite.

On the other hand, the DFT calculation showed the theoretical dipole moment of CNFO0.5
was greater than the CNFO0. The dipole moment increased from 11.486 Debye to 13.193
Debye. The single point energy for CNF0.5 was -2671.7599 and in the case of CNFO was -
2770.976. The non-zero frequency modes of the calculation validated its authenticity. This
high negative energy value corresponded to the stability of the nanocomposite systems. This
enhancement in theoretical values of electrical parameters also validated the increased
polarizations in experimental results (XRD, FTIR, FESEM) and made the CNFO0.5
membrane a potential candidate for piezo-responsive applications.

Further, the piezo-responsive properties of the nanocomposite membranes were estimated
by calculating the piezoelectric coefficients using equation 3.1 (Chapter 3). The CNFO0.5
membrane exhibited the maximum value of d33 (139.64 pC/N) whereas the ds3 for CNF0
and CNF1 membranes were 3.27 pC/N and 51.50 pC/N respectively. The value of ds3 for
the three membranes is depicted in Figure 5.4(g). These high values of d33 in the CNF0.5
nanocomposite membrane validated the experimental data of XRD, FESEM, FTIR studies.
The electrical properties and theoretically calculated value of polarization by DFT indicated
that this membrane acquired maximum polarization, hence maximum piezo-response. For
such favourable property, CNF0.5 was studied for piezo-responsive applications like energy

generation and wastewater remediation [21].
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5.3.3 Generation of piezoelectric energy using the nanocomposite membrane

As the CNFO0.5 membrane displayed maximum piezo-response in experimental and
theoretical characterizations thus it was utilized for the fabrication of a device that could
harvest piezoelectric energy. A 2x2 cm CNF0.5 membrane was taken which would act as
the primary layer of the device and two aluminum electrodes along with copper wires were
mounted on both sides of the primary layer forming a sandwich structure. The sandwich-
structured device was encapsulated with the polyethylene terephthalate (PET) cover to
provide a barrier against all types of harm like mechanical damage, water splashes, etc. The

image of the device is shown in the Figure. 3 (d).

The open circuit piezoelectric voltage was measured by DSO under periodic hand-tapping
of force 13.91 N (S2) and this was found to be 51.8 V. The open circuit output voltage is
shown in Figure 5.5(a). The instantaneous short circuit current was measured using the
DAQ6510 multi-meter system, Keithley which is found to be 11.6 pA [Figure 5.5(b)].
Subsequently, the power density was calculated using equation 3.2 (Chapter 3) maintaining
the volume of the device i.e. 2 x 2 x 0.018 cm’. Henceforward, the power density has been

determined to be 8.684 mW/cm?® which is quite significant.

Further renewable mechanical energy sources like water flow and wind energy were
employed for piezoelectric energy generation by the CNF0.5 nanocomposite device. Here,
water flow was generated with an overhead stirrer and the CNF0.5 membrane-mediated
device was placed in the vicinity of the water flow. This flow of water acted as the external
stimulus and helped to generate instantaneous output voltage due to the flow. The output

voltage due to water flow was recorded as nearly 7.2 V shown in Figure 5.5(c).

Additionally, this device can also harvest another waste mechanical impulse (wind flow)
mediated piezoelectric energy. The device was positioned in front of the wind flow
generated by a hair drier (1000 W, air pressure 40 N/m?), which developed an output voltage
of 0.6 V [Figure 5.5(d)]. It was obtained that the water flow and wind flow generated quite
a promising amount of piezoelectric energy, which may open up a path for mitigating the
energy crisis and may be a valuable alternative to fossil fuels. In both cases, the water and
wind flow acted as external mechanical stimuli to harvest energy. The detailed mechanism

had already been mentioned elaborately in section 1.7.2 (Chapter 1).
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Piezoelectric voltage generation by wind flow, and water flow

5.3.4 Industrial dye degradation by piezocatalysis

The CNF0.5 membrane was further employed for piezocatalytic the degradation of RhB dye
as it exhibited the highest polarisation, the B-phase, and ds3 value. Hence 2x2 cm? CNF0.5
film was been taken for the piezocatalytic experiments. RhB dye, one of the carcinogenic
dyes, was initially taken in a 15 mL glass vial which was placed into an ultrasonic bath
sonicator with a frequency of 33 + 5 kHz (Telsonic Ultrasonic Bath Sonicator), and the
sample was immersed into the dye solution to continue the process of dye degradation by
the piezo catalysis method. However, to ensure full adsorption, the sample was immersed
in the RhB solution for at least 30 minutes before beginning the experiment, which revealed
a very low adsorption percentage. The entire experiment was carried out in complete
darkness to avoid any photonic interaction during the test. A temperature-controlled water

bath system was employed to remove the ultrasound-mediated heating. After each 10-
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minute interval, the solution was taken out from the vial and collected to study the

degradation kinetics using a Lambda 25 UV-visible spectrophotometer.

The decoloration of the RhB dye was observed after 30 min and the degradation percentage
of RhB dye was nearly about 98.7% which is quite satisfactory, shown in Figure 5.6 (a).
The percentage of degradation of dye concentration (1) was analyzed using the following

relation 3.6 (Chapter 3).
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Figure 5.6 (a) RhB dye degradation in 30 min, (b) First order reaction kinetics by
different scavengers, (c) Degradation of dye using different scavengers, (d) Reaction rate

constant of different scavengers

The production of ROS through piezocatalysis was validated by the ROS scavenging
experiments, which confirmed the dominant ROS responsible for the experiment [22]. The
ethylenediaminetetraacetic acid (EDTA), silver nitrate (AgNO3), tertbutanol (TBA), and p-
benzoquinone (BQ) were utilized as scavengers of hole (h"), electron (¢°), hydroxyl radicals
(*OH), and superoxide radicals (*O2) respectively [23]. Due to the addition of these
scavengers, the formation of ROS i.e. hole (h"), electron (¢°), hydroxyl radicals (*OH), and
superoxide radicals (*O2") hampered [24]. Hence the most active ROS responsible for the

degradation of the dye has been more trapped by that particular scavenger which aids in
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identifying the most dominating ROS [25]. In this experiment, with the addition of EDTA,
AgNO3 TBA, and BQ the percentage of degradation was decreased as these scavengers

affected the rate constant of the piezocatalysis reaction [Figure 5.6(d)].

The kinetics of the reaction have been depicted in Figure 5.6(b-c). The rate constant after
adding AgNOs, BQ, EDTA, and TBA in the dye solution the rate constant became 0.00361,
0.00391, 0.00611, and 0.00186 min! respectively whereas the reaction rate without adding
the scavenging elements was 0.05873 min™' calculated using the formula stated in equation
3.7 (Chapter 3). Hence, the addition of scavengers slackened the process of piezocatalysis
and for TBA, this process was lowest, ensuring that the degradation of the dye was due to
the creation of more *OH. This degradation experiment suggested that the CNF0.5
membrane decomposed carcinogenic organic RhB dye with 98.7 % degradation efficiency
with a high first-order reaction kinetics of 0.05873 min™!. This promising piezocatalytic
efficiency made this membrane an effective wastewater remediator for mitigating water
pollution. The dye degradation using piezocatalysis was accomplished by employing the
method referred to as the screening charge effect, which is elaborated on in detail in Chapter

1, section 1.8.1.
5.3.5 Figure of merit of the CNF0.5 nanocomposite membrane

The nanocomposite membrane exhibited promising thermal stability and flexibility, making
it applicable in a long range of environmental conditions. The thermogravimetric analysis
(TGA) of the nanocomposite membranes in Figure 5.4(b) suggested that the device was
stable up to a temperature as high as 150 °C. The utilization of water flow as mechanical
energy for electrical energy conversion, as well as the employment of wind energy, was
another fascinating aspect of this research. It was observed that the efficiency of the device
was not altered much even after 60 days, indicating its reusability [Figure 5.7(b)]. The
output voltage under the flow of water and wind were 7.2 V. and 600 mV respectively,
whereas finger tapping resulted in voltage generation of magnitude 51.8 V. Furthermore,
the membrane also showed the excellent ability to degrade carcinogenic dye i.e RhB almost
98.7% in only 30 minutes using the piezocatalysis method [Figure 5.7(a)]. The efficacy of
piezocatalysis remained almost unaltered even after 5 cycles. The thermal stability, energy
generation, and dye degradation stability of the CKF0.5 membrane made it reusable and

stable in environmental alteration.
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Figure 5.7 Recyclability test of CNF0.5 nanocomposite membranes in terms of (a) Dye
degradation, (b) Energy generation

5.4 Summary

This work describes the successful synthesis of MWCNT-doped natural hematite
nanoparticles incorporated in self-poled, free-standing PVDF-HFP membrane by varying
the percentage of MWCNT-doped hematite (CNF0, CNF0.5, CNF1) and applying this to
fabricate a device that enables piezoelectric energy harvesting from different renewable
mechanical sources. The physicochemical properties of all samples have been analyzed and
CNF0.5 has shown maximum polarizability (D.C: 39.03, Dipole moment by DFT
calculation: 13.193 Debye), polar B-phase (94.38 %) which is the basic requirement for
being a piezoresistive material. The piezoelectric energy generated by tapping a finger
(13.91 N), water flow, and wind flow are portrayed in this chapter, the values of voltages
being 51.8 V, 7.2 V, and 600 mV respectively. The membrane has also been used for
carcinogenic organic dye degradation purposes which degrades the RhB only in 30 mins by
98.7% which is quite significant and it remains constant for up to 5 cycles validating the
reusability of the membrane for industrial purposes. Hence this natural nanomaterial-based
reusable membrane enables generating piezo voltage from renewable mechanical energy
sources as well as degrading carcinogenic dye can be a riveting and eccentric way to battle

the energy crisis and water pollution while also achieving futuristic development.
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Chapter 6

Conclusion & Outlooks

The world is facing an unprecedented energy crisis, caused by rapidly decreasing fossil fuel
reserve, rising energy demand, and the terrible environmental consequences due to our existing
energy production systems. Addressing this crisis requires a multifaceted strategy. With the
depletion of fossil fuel supplies, environmental concerns, and geopolitical conflicts, it is clear
that a shift to sustainable and renewable energy sources is not only desired but also necessary.
However, this transformation must be carefully orchestrated to assure fair access, financial

solidity, and eco-sustainability.

In addition to this, another major concern is water pollution, which is a serious and widespread
problem nowadays. Industrial waste, sewage, agricultural runoff, oil spills, and other pollutants
contaminate our scarce freshwater sources, endangering human health, ecosystems, and the
entire aquatic food chain. Failure to prevent this poisonous tide might leave significant sections
of the world's water supply undrinkable and inhabitable for a variety of animals. Henceforth,
water pollution must be mitigated and reversed through an innovative, cost-effective, and
nontoxic method. One of the ubiquitous and widely available iron oxide rock minerals i.e. a-
hematite has been selected for this research work due to its biocompatibility, nontoxicity, and
significant surface and electrical properties. The properties of the natural a-hematite have been
enhanced by incorporating various dopants and then it is used to address both the energy crisis
as well as water pollution by fabricating piezo-responsive polymer nanocomposites by the
conjugation with PVDF-HFP. The widespread availability of a-hematite and its enhanced
physicochemical properties with modification increases the surface interaction with PVDF-
HFP polymer and fabricated promising nanocomposite membranes for tackling these global

concerns.
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In Chapter 2, the collected natural a-hematite has been nanonized by top-down method by
avoiding any chemical and synthetic route. The nanonization of the bulk natural a-hematite has
been achieved by ball milling technique and then the a-hematite in nano form as well as in bulk
form have been characterized to study their several properties such as structural,
morphological, electrical, etc by several techniques which reveal that the dielectric permittivity
(~ 400), purity (99.21%), etc. have been improved in nano a-hematite. Hence, nanonized a-

hematite has been selected further for other experimental procedures.

In Chapter 3, the nanosized natural o-hematite with improved properties has been applied to
fabricate devices for answering problems like energy crisis and water pollution by
incorporating it into the well-known piezoresposive fluoropolymer (PVDF-HFP). Here, the
nanosized natural a-hematite with varying weight percent has been incorporated in the PVDF-
HFP matrix to modulate the properties of the membrane such as dielectric constant,
polarisation, B-phase, etc which are the key parameters of piezoelectric properties. Several
characterization techniques have been employed to identify the optimal a-hematite doped
membrane which is PVF5 (5% a-hematite doped PVDF) in this case. This PVF5 membrane
has been used to fabricate a device that is capable of generating open circuit voltage of 42 V
and the short circuit current of 0.898 pA due to hand tapping whereas 5 V has been obtained
due to water flow. This membrane can also degrade a carcinogenic dye namely RhB with 94.1%
within just 40 min. Hence, this biodegradable natural hematite NPs doped PVDF film, is
competent to act as a nano piezoelectric energy harvester with additional capability to degrade

dye via piezocatalysis.

Chapter 4 describes a study of the doping of rare earth material i.e. Gd®* into the natural
hematite NPs to enhance the properties of the NPs. The incorporation of Gd** into hematite
natural rock NPs significantly increases polarisation due to the large positive surface charge of

the resultant nanocomposite. Despite the negative surface charge of natural hematite, the
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addition of a small quantity of rare earth metal produces oxygen vacancies and microstrain,
resulting in active sites. Hence, Gd** incorporated hematite has been doped into the PVDF-
HFP matrix to enhance its polarization, B-phase nucleation, and piezoelectric properties and
create a solid-state device capable of harvesting 16.92 V and 8V from finger tapping and water
flow, respectively, and degrading RhB dye by 94.7% in 35 minutes. As a result, Gd**-hematite
NPs incorporate a free-standing, reusable PVDF membrane providing another way for device

fabrication which can eliminate both the issue of energy crisis as well as water pollution.

In Chapter 5, the incorporation of conducting MWCNT into a-hematite NPs leads to a change
in the microstructural parameters due to the creation of stress and oxygen vacancies in the NPs
resulting in enhanced active sites in nanocomposites. These changes illustrate better
polarization and dielectric constant due to conducting MWCNT and insulating hematite
interface creation. The high surface charge has also been achieved in the case of MWCNT
incorporated a-Fe203 NPs (CNFNP) than the pure a-Fe;O3 NPs. The dielectric constant of
CNFNP is 1.8 x 10°, while pure hematite nanoparticles exhibit ~300. Hence, the MWCNT-
decorated natural hematite NPs have been incorporated into self-poled, free-standing PVDF-
HFP membrane by varying percentages of 0.5% and 1% namely CNF0.5, CNF1 respectively,
and CNFO represents the pure PVDF-HFP membrane, to improve the properties of the pure
membrane, and these all are characterized with the several methods like XRD, FESEM, FTIR
etc. which unveils that CNF0.5 exhibits maximum polarizability, B-phase formation. Therefore,
CNFO0.5 has been used to fabricate a device which can perform as a piezoelectric energy
harvester utilizing mechanical energy from different sources such as water flow, wind flow
and finger tapping. This device can be able to produce 53.9 V, 7.2V, and 0.6 V from finger
tapping, water flow, and wind flow respectively. This membrane can also degrade RhB dye
with 98.7% efficacy. Thus, the device built with CNF0.5 presents a new approach for

harvesting energy from two major renewable energy sources: water and wind energy, also
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degrading contaminated water. As a result, this has the potential to solve two significant global

issues: the energy crisis and water pollution.

Material Piezoelectr | Piezo- Force Degrade | Degradatio | Reference
ic voltage d n% (Time
coefficient organic in mins)
(d33) dye

BazrTiO3- 600 pC/N 20.61 V | Applying | NM N.M [1]

BaCaTiO3 stress  —

/PVDF 500 N

MnO2/PVDF 38 pC/N 32V Hammer | N.M N.M [2]
Tapping
(0.1 MPa)

AIN N.M 0.7V Finger N.M N.M [3]
Bending

ZnO-nanorod N.M 4-6 V Palm N.M N.M [4]
Clapping

MoS; shell | N.M 1.2V Tapping N.M N.M [5]

arrays
4.2 kPa

Si02/ZnO N.M 0.696 V | Applying | N.M N.M [6]
force 34 N

Graphene 223pm V! | 35mV N.M N.M N.M [7]

(0.03 wt%)/PV

DF-TrFE

nanobelts

Au/ZnO N.M 54 mV Electrosti | N.M N.M [8]
mulation

PLLA 3£1 pm|1lV External N.M N.M [9]

V! force (0.3

MPa)

CaBisTi4O15 - N.M 23 V Applying | N.M N.M [10]

PDMS force with
acceleratio
n 5 m/s?

P(VDF-TrFE) | =31 pC/N 1.7V Applying | N.M N.M [11]
force
2.3MPa
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Bi;WOs 27 Pc/N N.M N.M RhB 80% (80) [12]
nanosheets
sodium niobate | 12 p.m./V | N.M N.M RhB 95% (160) [13]
nanowires
BaTiOs/C 200 pC/N N.M N.M RhB 75.5% (40) [14]
hybrid
heat-treated N.M N.M N.M RhB 96.6% [15]
cellulose (180)
nanocrystal
lead zirconate | N.M N.M N.M RhB 37 (150) [16]
titanate
M13 104 + 0.5 200 mV | Periodic N.M N.M [17]
nanopillars- pm V! force (30
PDMS N)
Fish Scale | 5.0 pC/N 4V Force 0.17 | N.M N.M [18]
Collagen MPa
fish swim | 22 pC/N 10V Finger N.M N.M [19]
bladder impact

(1.4 MPa)
Demineralised | 2.3pC/N 1V 5.2 kPa N.M N.M [20]
prawn shell
Onion skin- | 2.8 pCN! | 18 V Mechanic | N.M N.M [21]
PDMS al force

(17 N)
Treated chicken | 1.6-2.1 pC | 10V Finger N.M N.M [22]
feather-PDMS | N! impart

(0.13-

0.31 MPa)
Volcano mud | 50.10pC/N | 125V Hand N.M N.M [23]
clay based tapping
PVDF (12.7N)
Cotton  based | 15 pC/N 65V Finger N.M N.M [24]
PVDF tapping 23

N
hydroxyapatite | N.M N.M N.M RhB 92% (30) [25]
Hematite 37.26 4V,4V | Hand RhB 94.1% (40) | Work in
based pC/N tapping Chapter 3
membrane (14.99 N),

Water

droplets
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Gd- 47.32 pC/N | 16.92V, | Finger RhB 94.3% (35) | Work in
incorporated 8V Tapping Chapter 4
hematite based (13.49 N),
membrane Water

flow
MWCNT- 139.64 539V, Finger RhB 98.7% (30) | Work in
decorated pC/N 7.2, Tapping Chapter 5
hematite based 0.6V (1391 N),
membrane

Water

flow,

Wind

flow

Table 6.1 Comparison of piezoelectric energy harvesting and piezocatalysis data with

previous works

Therefore, developing a low-cost, reusable, highly efficient piezoresponsive membrane might
be a promising approach in the field of energy generation and water remediation. Enhancing
the piezoelectric nature of the fabricated membrane and applying the piezoresponse of the
membrane to power generation and catalytic process open up a new avenue for harvesting
renewable energy as well as water treatment by degrading dye, pollutants, etc. which has been
done throughout this work. Table 1 compares several materials used in piezo-energy harvesting
and piezocatalysis, highlighting their efficiency. From the table , it is evident that the efficiency
of the device made of hematite conaining nanocomposite is far better than the contemporary
devices. Thus, this thesis explores the use of natural rock nanomaterials (a-hematite) based
solid state devices to address both the energy issue and water pollution simultaneously and
effectively. Hence this work represents a promising way to combat the two significant
challenges like energy crisis and water pollution by using cost-effective reusable,
biocompatiable, flexible efficient membranes consisting of widely available natural o-

hematite.
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Appendix 1

Supporting information of Chapter 3
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Supporting information of Chapter 4

Figure A2.1 Gd incorporated o-hematite (a) and mapping (b-d) of PVGF2.5 membrane
suggesting the homogeneous distribution of doped Gd incorporated in a-hematite
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