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Preface

Preparation of Piezo-, Pyro-electric and Ferroelectret Composites towards

Multidimensional Applications

In the present scenario of limited amount of fossil fuels and rapidly changing electronics
dependent life style, development of new energy technology for harnessing renewable energy
is the most desirable to achieve the increased energy requirement. In this regard, fabrication
of nanogenerators (NGs) will be an alternative energy technology for harvesting mechanical
and thermal energy from ambient environment to generate electricity. Moreover,
advancement in various fabrication techniques of NGs extends its wide range of application
ranging from self-powered portable electronics, wireless sensors, security to personal health
care even in remote areas. As a matter of fact, the main motivation behind this thesis is to
adapt effective strategies for design and preparation of polymer based highly efficient piezo-

and pyroelectric NGs.

In this context, we have proposed a new strategy to develop self-polarized polymer
ferroelectret based mechanical energy harvester (MEH), where addition of a 3D metal
organic framework (MOF) enables successful preparation of ferroelectret film with enhanced
piezoelectric co-efficient and sensing properties. Owing to its high sensitivity, it was further
employed to detect human wrist pulse wirelessly. In addition, we have adapted
electrospinning technique for composite poly(vinylidene fluoride) (PVDF) nanofiber
preparation. The addition of external fillers such as a 2D MOF, graphene oxide (GO), CdS-
rGO nanocomposite improves the piezo- and pyroelectric performances of the NGs.
Furthermore, these devices were used in diversified applications, for example charging
consumer electronics like LEDs, LCD and calculator; human physiological signal monitoring

and pyroelectric breathing sensor. The aforementioned skin-interactive self-powered



approaches are scalable and cost-effective with multidimensional applications, stepping

forward to human-machine interface, electronic skin (e-skin) and artificial intelligence (AI).

Kgothaw Rov
\\ \ 0| 99%%  Krittish Roy
Department of Chemistry
Jadavpur University
Kolkata- 700032
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(a) Schematic route for the synthesis of 3D porous [Cdl,-
INH=CMe,] MOF. 3D porous structure of the as synthesized
MOF along (b) a-axis and (c) b-axis and (d) c-axis along with
(e) preparation of porous PVDF@MOF composite film. (f)
Two digital photographs show the rollability (upper side) and
flexibility (lower side) of the PVDF@MOF1.0 composite film.
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Chapter 1

Introduction



1.1  Major Energy Sources and Need for Harvesting Renewable/Sustainable Energy

From the onset of the 21* century, the developing countries saw a boom in industrialization, a
stark increase in population and need for more comfortable standard of living. Consequently,
consumption of fossil fuel increases. Although fossil fuel-based industries for example,
automobile exhaust, burning of coal, burn farming have raised serious threats to public health
due to its tremendous emission of hazardous air/water pollutants [1]. In particular, inefficient
burning of fossil fuels is one of the largest source of greenhouse gas (such as CO,, CH4, N2O)
and particulate matter (PM) (for example sulphate, nitrate, organic and elemental carbon)
emission, which have resulted in the depletion of ozone layer, climate change and global
warming [2]. Therefore, it causes serious health issues such as increasing certain type of skin
cancers, eye cataracts and immune deficiency disorders. In addition, PMs can penetrate
human respiratory system resulting in cardiovascular diseases even lung disorder [3].
However, current rate of fossil fuel consumption and growth in population lead many people
to ask how long it will be until they run out. In contrast, renewable energy resources are
naturally replenished on a human timescale. In this scenario, various clean and renewable
energy sources such as wind, rain, waves, tides, solar, geo-thermal and bio-energy have been

extensively exploited to their sustainability and environmental eco-friendliness [4-6].

An emerging advancement trajectory in technology and electronics contributes to smarter city
and makes us more dependent on electronic gadgets. In general, conventional batteries are
frequently used to run the electronic devices due to relatively high power consumption. On
the other hand, batteries need to be replaced because of its limited lifetime. Moreover,
disposal of batteries creates environmental pollution due to discharge of hazardous metals
and chemicals. However, recent development in portable and flexible devices, integrated
circuits, wireless communication, and miniaturization of electronic devices reduce the

requirement of high power consumption day by day. Therefore, energy scavenging

2



approaches from ambient environment is a promising way to power electronic devices. It
would be a sustainable approach especially for applications in sensor networks and low-
powered personal consumer electronics, which can extend their capability by getting rid of

batteries, power cables and providing a prolonged lifespan of power supply.

A

i Chemical QP

Figure 1.1 Various available energy sources in the environment and their respective forms.

Reproduced with permission [7] Copyright 2015, Elsevier.

Various forms of renewable energy sources available in the working environment for energy
harvesting have received varying degrees of attention such as mechanical, thermal, chemical,
solar, nuclear energy etc., as shown in Figure 1.1 [7]. Till date, several technologies have
been successfully developed to capture and convert the waste energy to electricity based on

different energy conversion mechanism. Among these, piezoelectric and triboelectric effect



for harvesting mechanical vibrations, thermoelectric and pyroelectric effect to scavenge
thermal energy and photovoltaic (PV) effect for harvesting solar energy, have been widely
exploited for different sensory applications [8-12]. In addition, integration of all types of
energy harvesters under micro/nanoscale systems would be a promising way to capture
numerous forms of waste energy for efficient conversion into electricity. It is especially
feasible for personalized health monitoring application and to power up mobile electronics by

fully utilizing multiple forms of waste energy in anywhere including in complex situations.

1.2  Fundamental/Potential Sources of Energy Harvesting

1.2.1 Mechanical Energy

Among the various kinds of energy sources in the environment, mechanical energy in the
form of vibrations, acoustic noise, gentle airflow, random displacements, structural vibrations
like vehicles and industrial machinery, human body activities etc., is ubiquitous and one of
the most available in our ambient environment at any time. Actually, the frequency and
amplitude of the mechanical energy sources in the environment are typically random.
Therefore, researchers are focusing on the design of a proper mechanical energy harvester
which can easily function in complicated environmental conditions. Apart from the
traditional cantilever based resonators and electromagnetic induction based electrical
generator, devices utilize random mechanical energy to provide electricity precisely using
four major transduction mechanisms, i.e., piezoelectric, triboelectric, electrostatic and
magnetostrictive [13-15]. Furthermore, each of the aforementioned harvesting technologies
can produce usable amount of power density depending on the frequency and acceleration of

the vibrating sources.



1.2.2 Thermal Energy

Harvesting thermal energy provides us a great opportunity to reach the ever-growing demand
of small scale power supply. Essentially, heat energy can be primarily classified in two
forms. One is waste heat and other is nature heat. It has been reported that more than 50% of
energy evolved from multiple sources like human body, industry, machines, friction, is
forbidden in the form of waste heat. Moreover, natural sources rich in heat energy such as
solar heat, geo-thermal heat, and volcanic heat remain unexplored. In this regard, a scalable
strategy to convert the waste natural heat into electricity for different applications would be
unarguably a promising approach. Thermal energy is mainly harvested in two forms:
temperature gradient and temperature fluctuation. A conventional thermoelectric energy
harvester primarily utilizes a spatial temperature gradient between the two ends of the device
to drive the flow of charge-carriers (Figure 1.2(a)) [16]. In contrast, pyroelectric effect

converts the time dependent temperature fluctuations into electricity (Figure 1.2(b)) [17].
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Figure 1.2 Schematic illustration of energy harvesters based on (a) the thermoelectric effect

(b) the pyroelectric effect. Reproduced with permission [18] Copyright 2016, Royal Society

of Chemistry.



Nevertheless, thermoelectric effect is particularly based on Seebeck effect, which is hardly
effective to harvest thermal energy from ambient environment due to the temperature
uniformity and time dependent temperature fluctuations. As an outcome, pyroelectric effect

appears to be a very competitive method for low power consumption electronics.

1.2.3 Solar Energy

Converting solar energy into electricity has received immense attention due to its wide
availability in many parts of the world, eco-friendliness and especially since the
commercialization. Among the numerous solar energy harvesting techniques such as solar
thermal collectors, concentrating solar power, PVs etc, the PV effect can directly convert the
incident sunlight into usable electricity. In particular, when the sun light hits the solar cell, a
potential difference is created through excitation and hole/electron separation as a result of
light absorption by the active layer (usually semiconductor). Finally, it allows the charge
carriers to flow through the material to the electrodes. Schematic of the mechanism is

illustrated in Figure 1.3 [18].

Photovoltaic effect

S
P-type semiconductor ® Q

Figure 1.3 Schematic illustration of the PV effect. Reproduced with permission [18]

Copyright 2016, Royal Society of Chemistry.



Furthermore, performance of a solar cell is determined in terms of conversion efficiency ().
To calculate the efficiency, it is necessary to know how much power the solar cell receives
and how much it produces. The work efficiency (r) of a solar cell is determined using
following equation [19]:

Pout Pout
X 100% = —— x 1009
P;y, % E XA, %

'r]:

Where, Po,= maximum power output (W), Pi,= power of incident beam (W), E= incident
radiation flux (W/m?) and A= area of collector. The efficiency depends on the intensity of
incident light, the temperature of the solar cell as well as material of the active layer.
Depending on the semiconducting materials used for the active layer, various solar cells have
been categorized, such as perovskite solar cell, organic solar cell, silicone solar cell, dye

sensitized solar cell etc [19-22].
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Figure 1.4 Solar energy application diagram.



In addition, the incident light absorption efficiency and conversion efficiency of the active
material largely affect the performance of the solar cell. Furthermore, many challenges
restrict the practical use of solar cell, for example high upfront cost, location sensitivity,
installation requirements, needs access to sun etc. In spite of having such drawbacks, there
are so many extensive applications of solar electricity even in remote areas as elaborated in
Figure 1.4. Unarguably, solar energy would be one of the most significant renewable energy

sources in near future for its diversified implementations.
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Until recently, energy harvesters have been designed to harvest energy from only one source
and it can hardly fulfil the power requirement of the electronic devices. In this scenario,
hybrid energy harvesting technology would be an emerging one to overcome the energy
insufficiency at any time. A hybrid energy harvester integrates two or more energy harvesting
technologies under one roof not only to scavenge energy from different sources but also to
convert them into usable electricity using multiple transduction mechanisms. Moreover,
hybrid materials with different architecture, device design and mechanisms are combined to
improve the out power density and energy conversion efficiency. In the past few years, so
many innovative strategies have been presented regarding hybridized energy harvesting
technology (Figure 1.5) [23-26]. Furthermore, a variety of futuristic applications including
healthcare monitoring, mobile micro-electronics, Internet of Things (IoT) can be performed
using hybridized energy harvesters as a power source and self-powered sensors, discussed in

Figure 1.6.
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1.3 Self-Powered Systems/Electronics and Nanogenerator (NG)

A notable revolution in science and technology involves integration of multifunctional nano-
systems, mobile and portable microelectronics with Internet of Things (loT), wireless
communication module for applications in personalized health monitoring, ultrasensitive
chemical and biomolecule sensors, environmental protection and security. Moreover,
miniaturization of these electronic devices is shrinking the power requirement day by day, for
example microwatt (uW) to milliwatt (mW) level. As a matter of fact, it is consequently
reducing the size of the batteries. However, the small size largely limits the lifetime of the
battery. Moreover, chemical hazards that mix to soil due to the disposal of batteries become
another threat to environment. In this scenario, maintenance free, sustainable and clean
renewable energy source is desperately needed, which will serve the purpose of self-
powering the microelectronics, wireless devices and in-vivo medical sensors without any
need of external power supply/battery. Therefore, construction of small-sized self-powered
systems with extraordinary sensitivity, low power consumption ability and multi-
functionality will resolve the concern. It is the key to sustainable economic growth as well as
enhancing the quality of life. In a nut shell, self-powered technology is a system that can
function without the need of an external power supply but by harvesting sufficient energy

from the surrounding environment.

Among the multiple energy sources that can be harnessed in the ambient environment,
mechanical energy is the most abundant as different forms such as human body movements,
wind, water flow, waves. Conventional electromagnetic generators (EMGSs) can harvest only
high frequency mechanical energy using Faraday’s law of electromagnetic induction and it
was first invented in early 1800 [28]. However, most of the low frequency mechanical energy

sources are wasted and unexplored. Scientists have developed an attractive approach that can
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convert low frequency mechanical energy into electricity using piezoelectric effect and
named it nanogenerator (NG). After the first invention of piezoelectric nanogenerator (PNG)
based on ZnO nanowires, significant advancements have been carried out to develop NGs

with different structures and high energy conversion efficiency [29].
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Figure 1.7 Perspectives of nanogenerators for harvesting mechanical energy and potential

future applications. Reproduced with permission [30] Copyright 2020, Wiley.

NG is an emerging technology that can harvest weak mechanical/thermal energy to generate
electricity. Primarily, NG can operate in three different mechanisms: Piezoelectric,
triboelectric and pyroelectric. Among them, Piezoelectric and triboelectric are for mechanical
energy harvesting whereas pyroelectric converts thermal energy to electrical energy. In
addition, research in NG has gained remarkable popularity because of its importance not only
as a power source but also in stretchable and flexible electronics such as electronic skin (e-

skin) and self-powered wearable electronics. This is due to the fact that NGs can be
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fabricated with diversified device design. Furthermore, NGs have a broad spectrum of

applications as presented in Figure 1.7.

131 Piezoelectric Nanogenerator (PNG)

1.3.1.1 Piezoelectric Effect and Working Mechanism

Piezoelectric effect was first invented by Curie brothers in 1880. It can be fundamentally
classified into direct piezoelectric effect and converse piezoelectric effect due to the
electromechanical coupling of piezoelectric materials. Direct piezoelectric effect leads to
induction of electric potential across the material under an applied mechanical stress, whereas
generation of mechanical strain under the exposure to an electrical field is termed as converse
piezoelectric effect. Both of these effects can be established using following piezoelectric

constitutive equations [31].

81 _[sF dY[o

b=l ellE
Here o and & represent the stress and strain components, E and D are labelled as electric field
and electric displacement respectively. s, ¢ and d refer to elastic compliance, dielectric
constant and piezoelectric co-efficient respectively. Additionally, subscripts E and T stand for
respective constants calculated under constant electric field and constant stress. Subscript t
denotes the transpose. Typically, d is the most important parameter to quantify the efficiency
of a piezoelectric material. It basically represents polarization generated per unit of applied
mechanical stress or a mechanical strain experienced during application of electric field per

unit area. The following equations describe the elctromechanical coupling and conversion of

piezoelectric materials [32]:

Si = Siij + dkiEk
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Di = dl]T] + El?;(Ek

Where S and T define mechanical strain and stress, D, E and ¢ are electric displacement and

electric field and dielectric permittivity under zero stress respectively.

et (8) 0, —- (€. .

surface charge compression H

electrode ond
surface charge

Figure 1.8 Piezoelectric effect for harvesting across electrical load. (a) No mechanical load
(b) compressive load leading to a decrease in polarization relative to the no load condition (c)
tensile load leading to an increase in polarization relative to the no load condition.

Reproduced with permission [33] Copyright 2017, Royal Society of Chemistry.

Direct piezoelectric effect is mostly used for piezoelectric energy harvesting and sensing
purpose. The direct piezoelectric effect is initiated when the material is subjected to a
compressive stress. As a result, polarisation across the material decreases and potential
difference is created between the two electrodes. As a consequence, external free electrons
are forced the device and generates a current. Similarly, when the external load is withdrawn,
polarisation level increases and leads to an opposite direction current to balance the surface
charges. The whole phenomena are described through a schematic in Figure 1.8. The charge

produced across the material during this procedure is evaluated as follows:
Q = d33 X A X AO-

Where ds; is the piezoelectric co-efficient (C N™), A is the effective area and Ao stands for

applied mechanical stress.
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In particular, d33 mode indicates that applied stress is in parallel to the polarisation direction
i.e., 3 direction. Actually, most of the piezoelectric materials possess a well-defined polar
axis, which is referred the “3” direction and the direction of applied stress is either in “3”
direction (along the polar axis) or in “1” direction (right angle to the polar axis) [34].
Therefore, it leads to two main configurations for piezoelectric energy harvesting depending
on the applied stress direction, “31 mode” and “33 mode” as elaborated in Figure 1.9.
Usually, ds3 co-efficient is higher compared to d3; mode and these are quantified to evaluate

the piezoelectric performance efficiency.
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Figure 1.9 Piezoelectric material used in the 33-mode and the 31-mode. Reproduced with

permission [34] Copyright 2018, AIP publishing.
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1.3.1.2 Piezoelectric Materials

After the first discovery of piezoelectricity in quartz crystal by Jacques and Pierre Curie in
1880, many piezoelectric materials have been discovered as well as created by scientists
including natural and artificial piezoelectric materials for different applications ranging from
energy harvesting to sensors. Typically, piezoelectric materials are classified into three
distinct sections such as inorganic piezoelectric materials, piezoelectric polymers and bio-

piezoelectric materials.

Inorganic Piezoelectric Materials: Precisely, inorganic piezoelectric materials are
categorized in two sections, one is piezoelectric crystals and another is piezoelectric
ceramics. Piezoelectric crystals are typically exhibit a single-crystalline structure for
example, quartz, ZnO NWs. In contrast, piezoelectric ceramics are polycrystalline, consisting
of randomly oriented small crystals such as barium titanate (BaTiO3), lead zirconate titanate
(Pb[ZrTi1x]O3, 0<x<1), aluminium nitride (AIN), (K,Na)NbOs;, BiFeOs;, monolayer
MoS;[33, 35]. Moreover, it shows piezoelectricity only if the domains are aligned in a
particular direction by applying a high electric field, termed as poling. Piezoelectric ceramic
materials are widely applied in mechanical energy harvesting and transduction as they exhibit
high piezoelectric constants and dielectric permittivity. However, low mechanical durability,

costly processing route limits the practical application of inorganic piezoelectric materials.

Piezoelectric Polymers: piezoelectric polymers like PVDF and its co-polymers
poly(vinylidenefluoride-co-trifluoroethylene) [P(VDF-TrFE)], poly(vinylidee fluoride-co-
hexafluoropropylene) [P(VDF-HFP)] are highly acceptable wearable, flexible electronics and
energy harvesting for their easy and cost-effective processing route, biocompatibility, light

weight, flexibility, chemical inertness and low density [33]. Nevertheless, organic
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piezoelectric materials suffer from low ds3 value. Thus, several techniques are adapted to

improve the performance of polymer based piezoelectric energy harvesters.

Bio-piezoelectric Materials: Interestingly, naturally obtained biological materials such as
wood, silk, bone, specific viruses, fish scale exhibit piezoelectricity. A notable growth in
biotechnology facilitates easy biodegradation as well as large-scale production of cellulose,
collagen, chitin nanofibers, which further enables the potential application of bio-
piezoelectric materials in eco-friendly energy harvesting and e-skin. Nevertheless, the short

life time of bio-materials restricts their usage for multiple times.

1.3.1.3 Poly(vinylidene fluoride) (PVDF)

Among the variety of materials exhibiting piezoelectricity, polymer based piezoelectrics have
found diverse applications which include transducers, sensors, actuators, energy harvesting
and energy storage devices. Polymers that possess a net molecular dipole moment
perpendicular to the backbone are of particular interest for energy harvesting and storage
application. This property is typically evident in electroactive fluorinated polymers such as
PVDF and its co-polymers. The electroactive property highly depends on the macromolecular
chain structure including the crystalline structure, dipolar orientation and chain conformation.
PVDF and its co-polymers are the most widely employed polymeric materials for smart

flexible electronics.

1.3.1.3.1 Molecular and Crystalline Structure of PVDF

PVDF is a thermoplastic semi-crystalline polymeric material with a unique molecular
structure. It typically exhibits five distinct crystalline polymorphs related to different chain

conformations: a (phase I1), B (phase 1), y (phase Ill), & (phase 1V) and € [36]. Among the

crystalline phases, o-phase is the most common polymorph of PVDF consisting of trans-
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gauche-trans-gauche (TGTG’) conformations with aligned polymer chains antiparallel to each
other (Figure 1.10). Hence it is non-polar exhibiting zero dipole moment. «-
phase crystallizes in hexagonal packing with unit cell dimensions approximately a = 0.964
nm, b = 0.496 nm and ¢ = 0.462 nm [37]. B-phase has an all-trans (TTTT) planar zigzag
conformation. It means that majority of fluorine atoms are separated from the hydrogen
atoms with the dipole parallel to the b-axis. Therefore, the polar crystalline form contributes
to the highest dipole moment (8 x 10°° C m) per unit cell, perpendicular to the polymer
chain. B-crystal is orthorhombic and experimentally derived unit cell parameters are given as

a=10.847 nm, b = 0.49 nm, c = 0.256 nm [38].
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Figure 1.10 Diagrams of (a) the three o,  and y primary polymorphic crystalline phases of
PVDF [39]. (b) Electric field-induced phase transitions of PVDF. The transverse dipole
moment of each polymer chain is shown using an orange arrow that points from the
negatively charged fluorine atoms to the positively charged hydrogen atoms. T-trans; G-
gauche [40]. Reproduced with permission [39, 40] Copyright 2017, Royal Society of

Chemistry.

In contrast, y-phase is semi-polar and the chain orientation is a transitional structure between

o and B phase (TTTGTTTG') (Figure 1.10). 6-phase is also polar but very difficult to isolate
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from a-phase through conventional techniques as it is a parallel version of a- phase.
v and & phase are responsible for piezo- and pyroelectric properties in PVDF along with 3-
crystal. However, achieving -phase is the most desirable for energy harvesting and several
conventional strategies have been adapted to achieve B-phase in PVDF as elaborated in

Figure 1.11.
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Figure 1.11 Techniques used for effective phase transformation.

1.3.1.3.2 Properties of PVDF

PVDF is a homopolymer, containing 59.4 wt% of fluorine and 3 wt% of hydrogen. The
presence of fluorine atoms with large van der walls radius (1.35 A® and hydrogen 1.2 A°) and
electronegativity in the polymer chain induces a dipole moment perpendicular to the chain in
each monomer unit. In addition, the electroactive phase melting (T,) of PVDF is
approximately at around 170 °C. However, minor differences have been noted depending on
the phase content. The Curie transition temperature (Tc) of PVDF is highly debatable and
referred to as the phase transition from the ferroelectric B-phase to the paraelectric o-phase.
Moreover, it largely varies with polymer chain structure, processing condition and post

treatment. The glass transition temperature (T4) of PVDF varies between -60 °C to -20 °C. As

18



a result, it shows rubbery nature above 0 °C irrespective of the phase content. In addition,
B polymorph of PVDF shows an increased density (p = 1.97 g mL™) compared to amorphous
PVDF (p = 1.78 g mL™) because of having higher crystallinity (above 50%), hence higher

packing [32, 41].
1314 Application of Piezoelectric Materials and PNGs

In recent years, piezoelectric materials have been employed in a variety of applications
ranging from tiny pacemakers to spacecraft according to the operational mode of the
piezoelectric materials. Piezoelectric material was first used as sonar transducers or
megacycle quartz resonators. In this section, a wide range of applications of piezoelectric

materials have been summarized briefly.

Energy Harvesting: Piezoelectric materials can harvest electrical energy from waste
mechanical energy from various sources including human activities such as running, walking,
jumping, body parts movement and keyboard typing etc., in the form of nanogenerators to
power portable electronic devices. The harvested energy is usually used either to extend the
life time of batteries or self-powering the devices. Moreover, it combines the possibility of
strain sensing as well as energy harvesting in a single piezoelectric device. The first flexible
polymeric piezoelectric nanogenerator was inserted in part of the shoe, allowing the wearer to
generate electricity from walking [42]. Moreover, a variety of publications have been
reported, which shows considerable amount of electricity production, enabling self-powered

wireless sensors and systems [43-49].

Implanted Biomedical Applications: Another promising application of PNGs is to harvest
biomechanical energy to power implantable medical devices such as pacemakers,
cardioverter-defibrillators, cardiac resynchronization therapy devices, and so on. However,

there remain some underlying challenges regarding the integration of fully bio-compatible
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self-powered energy harvesting systems for in vivo biomedical devices. Self-powered
technology will reduce the use of traditional battery system as implanted batteries have
limited life time and replacement of batteries requires frequent costly surgeries. Therefore,
piezoelectric energy would be more advantageous for powering these devices. Deterre et al.
have developed a micro spiral-shaped piezoelectric energy harvester and its associated micro-
fabricated packaging for collecting energy from ordinary blood pressure variations in the
cardiac environment [50]. Hwang et al. designed a self-powered deep brain stimulation via a
PIMNT energy harvester for neural prosthetics and brain-computer interfacing [51]. Hasuler
et al. demonstrate the in vivo operation of a piezoelectric nanogenerator attached to a rib of a
dog in order to harvest energy from respiration [52]. In addition, Cheng et al. designed a

PVDF based self-powered blood pressure sensor [53].

Sensors: Piezoelectric materials are used to detect and monitor pressure variations in
longitudinal, transversal and shear modes. The commonest use of piezoelectric material as
sensor is in accelerometers [54]. In addition, piezoelectric sensors are broadly applied to
detect waves of lower frequencies, sounds in microphones and acoustic/electric guitar
pickups. Moreover, piezoelectric energy harvesters are also used as self-powered sensors

such as, a PVDF based device was used as strain sensor, reported by Elvin et al. [55].

Actuators: the reverse piezoelectric effect has enabled piezoelectric materials to be used as
precision actuators. Since a carefully controlled electric signal can create precisely
deformations in piezoelectric materials, they have been used in applications that require
extremely precise positioning [56]. In addition, piezoelectric actuators have been employed in
atomic microscopy instruments, including scanning tunnelling microscopy (STM) and atomic
force microscopy (AFM) equipment. It is also used in every day consumer devices for

example digital camera, cellular phone terminals etc.
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1.3.2 Pyroelectric Nanogenerator (PyNG)

Pyroelectric nanogenerator (PyNG) has the ability to directly convert thermal energy into
electricity. It is more useful for harvesting wasted heat energy compared to thermoelectric
effect because a temperature gradient is needed for the latter case. However, in our
environment where temperature is spatially uniform, Seebeck effect cannot be used to harvest
thermal energy. In contrast, time dependent fluctuation of temperature exists almost
everywhere due to sunlight, wind, numerous heating and cooling sources. In this scenario,
PyNGs must be choice. Pyroelectric effect depends on the spontaneous polarization in certain
anisotropic solids as a consequence of thermal fluctuations. Among the 32 point groups,
21classes do not possess a centre of symmetry, therefore non-centrosymmetric and 20 of
these are piezoelectric effect. Out of these, 10 exhibit pyroelectricity because of their
spontaneous polarization associated with the unit cell (Figure 1.12). Thus, all pyroelectrics

are basically piezoelectric.

32 Symmetry Point
Groups

|
[ }

21 PG: Noncentrosymmetric 11 PG: Centrosymmetric

|

20 PG: Piezoelectric (Polarized under stress)

l

10 PG: Pyroelectric (Spontaneously polarized)

|

Subgroup Ferroelectric (Spontaneously
Polarized, Revesible Polarization)

Figure 1.12 Crystallographic point groups and piezoelectricity.
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1321 Pyroelectric Effect and Working Principle of PyNGs

Pyroelectricity originates from the change in polarization level (dPs;) (C/m?) governed by
externally induced temperature change (dT) (K) in a pyroelectric material. Moreover, thermal

to electrical conversion activity is determined by pyroelectric co-efficient (P") (C/(m*K))

[57]:
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Figure 1.13 Temperature dependence of spontaneous polarization Ps and pyroelectric
coefficient dPs/dT of a ferroelectric material [58]. Reproduced with permission [58]

Copyright 2014, Royal Society of Chemistry.

When the temperature increases (dT/dt > 0), polarization level (Psj) decreases due to the
break in dipolar orientation. As a result, an electric current is generated. On the other hand, if
the temperature decreases (dT/dt > 0), the dipole reorients. Consequently, polarization level

increases and a current flow in reverse direction can be observed (Figure 1.13). The change in
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polarization as a result of temperature change can be directly measured as the pyroelectric

short circuit current (i,) as follows:

d dT
@ patl

T dt

Where A = effective surface area of the material, dT/dt = temperature gradient.

Thus, the net charge (Q) produced due to a temperature change (AT) can be quantified using

the following equation, Q = P*AAT

Assuming a parallel plate capacitor geometry for the pyroelectric device architecture, the

stored energy (E = 1/2CV?) due to temperature variation can be calculated as [27],

2

£ =22 ancary?
=5 AhAT)

Where, ¢ is the dielectric permittivity of the material with thickness h in polarization

direction.
1.3.2.2 Primary, Secondary and Tertiary Pyroelectric Effect

Primary pyroelectric effect originates from the alteration of degree of polarisation induced by
temperature variation under constant strain with a homogeneous heat distribution without an
external field bias. As we know, pyroelectrics are a subclass of piezoelectrics, thus, change in
polarization can be affected by a secondary contribution originated from thermal strain that
alters the electric displacement via the piezoelectric effect. Secondary pyroelectric effect can

be presented using the following equation [57],

dPSij .
dT = (P + dl‘jCl'jkal‘)
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Here, dj denotes the piezoelectric co-efficient with a mechanical stiffness cix. o indicates
thermal expansion along with thermally induced strain dS;/dT. Secondary pyroelectric effect

is likely observed in wurtzite crystals (for example CdS, ZnO).

In addition, tertiary pyroelectric effect arises due to generation of shear stress due to non-
uniform heating [58]. It leads to polarization through piezoelectric effect. In that case,

generated current relies on the magnitude of the temperature gradient.
1.3.2.3 Application of PyNGs

Recently, PyNGs have achieved outstanding consideration owing to their effective thermal
energy conversion ability as well as widespread applications. Some of the applications of
PyNGs will be discussed in this section. Guo et al. have developed a PyNG composed of a
composite photoactuator comprising a LCE/graphene-doped PDMS bilayer structure and an
Al-coated PVDF. It works as a photoelectric energy converter as well as a self-powered NIR
light sensor for intensity monitoring and environmental temperature detector [59]. Xue et al.
designed and fabricated a wearable PyNG using PVDF thin film integrated in a N95
respirator for scavenging heat energy of human respiration. Therefore, the PyNG can act as a
self-powered human breathing and temperature sensor (Figure 1.14) [60]. Wang et al. have
prepared near infrared induced photothermal triggered pyroelectric nanogenerator based on
pn-junctions comprising p-Si/n-ZnO NWSs hetero-structure for self-powered NIR photo
sensing (Figure 1.15) [61]. Additionally, they have prepared a PZT film based pyroelectric
nanogenerator for driving a liquid crystal display (LCD). Furthermore, a Li-ion battery was
charged by this NG to drive a green light emitting diode. Therefore, it has a potential use in

wireless sensors [62].
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Figure 1.14 (a) The physical photo of the wearable PyNG. (b) The schematic of the
pyroelectric PVDF film. (c) Schematic of a wearable PyNG driven by human respiration (I)

Inspiration; (11) Expiration [60]. Reproduced with permission [60] Copyright 2014, Elsevier.

Bowen et al. have proposed a strategy of wind driven pyroelectric energy harvester, which
can charge a 100 nF capacitor through a signal conditioning circuit [63]. Jiang et al. have
fabricated a pyroelectric nanogenerator composed of transparent PEDOT:PSS, which can
serve the purpose of stimulating the sciatic nerve of from when applied in frog muscle. As an
outcome, it shows the potential of being a self-powered candidate for implantable medical

electronics [64].

1.4 Wearable Health Monitoring and Physiological Sensors

Skin is the largest organ of human body and it offers an ideal surface for evaluating vital
physiological signals associated with inner organs, blood vessels, muscles and

dermis/epidermis. Moreover, skin can both generate and transmit biological signals revealing
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Figure 1.15 Structural and photoresponse characteristics of the NIR PDs based on the 500
um p-Si/n-ZnO NW heterostructure. (a) Schematic image of the 500 um p-Si/n-ZnO NW
heterostructure devices. Cross-section-view (bl) and tilt-top-view (b2) scanning electron
microscopy (SEM) images of the as-grown ZnO NWs, both with scale bars of 500 nm. (c)
Upon the illumination of 1064 nm light, two optical processes are induced in the pn-junction
device: the instantaneous pyro-polarization inside the ZnO NW and the photoexcitation at the
local junction. (d) Photogenerated holes and electrons are separated, leading to the generation
of Eb. (e) 1-V characteristics of the p-Si/n-ZnO NIR PDs under nine different power

densities of NIR illumination. (f) Under bias-free conditions, the output-current response of
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the pn-junction PDs to 4.8 mW cm 2 NIR illumination under periodical NIR illumination. (g)

One typical cycle of the short-circuit |-t curve. Reproduced with permission [61] Copyright
2014, American Chemical Society.
important health parameters of an individual as described through the Figure 1.16. Therefore,

skin is indeed a signal source and an enormous effort has been paid on skin-integrated

wearable medical devices for the last few decades to improve continuous health monitoring,

disease diagnosis and therapy.
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Figure 1.16 Skin as a diagnostic platform. Diagnostic signals from muscles, blood vessels,

free nerve endings, stratum corneum, wounds, and sweat glands. Reproduced with permission

[65] Copyright 2017, American Chemical Society.
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In this regard, commercially available medical electronics give accurate and reliable
outcomes for clinical assessment. However, brittle components, rigid and bulky device
structure along with cumbersome wiring reduce the device integration with skin. These
disadvantages prohibit mobile, comfortable and continuous long-term precision monitoring.
Therefore, miniaturization of the device structure and integrated circuits, enhancing skin
mounting ability would be the key for next generation wearable medical electronics to non-

invasively measure the health issues.

Figure 1.17 shows some of the soft electronics which can be easily mounted on the skin at
various locations on the human body for monitoring and diagnostic purpose. These devices
provide important biometrics related to current physiological status, for example temperature
hydration, blood pressure, blood oxygen level, skin mechanics, wound-healing,
electrophysiology, and various biomarkers in sweat [65]. Such devices could expand the
applications from neurology, dermatology, cardiology and hematology to urgent care. For
example electrograms including electrocardiography (ECG), electroencephalography (EEG)
and electromyography (EMG) provide detailed information about cardiac diseases; electrical
activity of the brain related to sleep apnea, epilepsy and other neurological disorders; muscle
health respectively. However, the traditional devices for electrograms are based on
conventional design where electrodes of the devices are attached to the organs using adhesive
tapes, gels, mechanical clamps or straps or by penetrating needles. Thus, flexible and
stretchable devices are the emerging options which enable robust and soft contact on the skin
with continuous, long-term and accurate sensing. These are difficult to obtain with
conventional wet electrodes due to their propensity for drying out. Moreover, multifunctional
wearable sensors can comprise various types of small physical sensors (temperature,

pressure, strain sensors) with self-powered systems, which might facilitate low-cost solution
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for recording electrophysiological activity continuously generated from the human body and

personal health care.

Skin modulus

Vv

Electrocardiography

Blood Oxygenation

Wound care

Figure 1.17 A lab-on-skin. Stretchable and flexible electronic devices as biosensors for
measuring (clockwise from top right) skin modulus, electrocardiology, hydration, blood
oxygen, wound-healing rate, sweat content, skin surface temperature, blood pressure,
electromyography, and electroencephalography. (Reprinted with permission from (clockwise

from top right) ref [66], Copyright 2013, Nature Materials; ref [67], Copyright 2014,
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Scientific Reports; ref [68], Copyright 2013, IEEE; ref [69], Copyright 2016, Science
Advances; ref [70], Copyright 2015, Advanced Healthcare Materials; ref [71], Copyright
2016, Nature; ref [72], Copyright 2013, Nature Materials; ref [73], Copyright 2013, Nature
Communications; ref [74], Copyright 2013, Advanced Materials; ref [75], Copyright 2015,

PNAS.)

1.5 Research Objectives

The works demonstrated in this thesis are to investigate the feasibility and applicability of
PVDF based NGs in versatile fields ranging from self-powered portable electronics to
wearable health monitoring. The works have been performed by keeping the following

objectives in mind.

a) Development of high throughput piezoelectric and pyroelectric nanogenerator for
harvesting mechanical and thermal energy respectively.

b) Adapting new techniques and synthesis of new type of filler material to improve the
piezoelectric co-efficient, energy harvesting efficiency as well as mechano-sensitivity.

c) To construct a multifunctional system for non-invasive detecting and monitoring
different physiological matrices for the real time.

d) To design a hybrid energy harvesting system to harvest both mechanical and thermal
energy simultaneously.

1.6 Outline of the Thesis

This thesis covers total five chapters and subsequently arranged in following manner.

Chapter 1 deals with a general introduction on fundamental sources of renewable energy and
different energy harvesting technologies. Moreover, this chapter tells the evolution of self-

powered electronics, wearable health monitoring and NGs. It also introduces the theoretical
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background, mechanism of piezo- and pyroelectric effect along with the feasible applications

associated with piezoelectric and pyroelectric NGs.

In chapter 2, preparation of a composite PVDF nanofiber (C-PVDF) using 2D metal organic
framework (MOF) is presented. The 2D MOF was synthesized using solvent layering
method. Furthermore, a composite fiber based piezoelectric nanogenerator (C-PNG) was
fabricated for diversified applications. It was used to monitor different human physiological
motions. Additionally, C-PNG was demonstrated to be a very effective acoustoelectric

energy harvester.

In chapter 3, fabrication of a self-poled ferroelectret film based mechanical energy harvester
(MEH) is reported. The porous ferroelectret film was developed by comprising a 3D MOF
with PVDF using solvent casting method. The MEH was further employed as a promising
pressure sensor to detect and monitor several physiological signals such as coughing,

pronunciation, gulping behaviour and wrist pulse.

In chapter 4, an all organic-inorganic pyroelectric nanogenerator (A-PyNG) was prepared,
which include CdS-rGO nanocomposite assisted PVDF nanofiber as active material and

PEDOT:PSS as organic electrode. It was finally applied as a breathing sensor.

Chapter 5 summarizes the fabrication strategy of a PVDF/GO nanofiber based piezo- and
pyroelectric nanogenerator (GPPNG), which was actively demonstrated as a self-powered

multifunctional pressure sensor and pyroelectric breathing sensor.
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2.1 Introduction

In the past few years, flexible and wearable electronics including solar cell, nanogenerator,
field effect transistor (FET), and electronic skin (e-skin) have been extensively investigated
due to their potential application in human-machine interface, internet of things (10T), robot
automation and biomedical field [1-8]. Of particular interest, nanogenerators and e-skins have
attracted widespread attention around the world because of their ability of mimicking
comprehensive properties of human skin and detecting different mechanical stimuli such as
pressure, strain and flexion in self-power mode [9-15]. Additionally, miniaturization,
portability and easy integration with apparels for scavenging mechanical energy from human
body motion established the human and machine integration that may have potential utility in
healthcare sector such as rehabilitation assistance after orthopaedic surgery, voice recognition
and circulatory system monitoring the overall health status [11]. Moreover, wearable pressure
sensors must satisfy the following necessary pre-requisites, such as high sensitivity, wide
pressure sensing range and quick response/recovery time. In this regard, various materials
such as conductive polymers, carbon nanotube, graphene, zinc oxide nanowires and
electrostrictive materials have been widely explored to fabricate flexible pressure/strain
sensors [13, 16-20]. The working mechanisms of the sensors are classified as piezoresistive,
piezocapacitive, piezoelectric and triboelectric mechanisms [10, 21-25]. Among them,
piezoelectric and triboelectric nanogenerators become an active research field for harvesting
different body motions with the advantages of self-powered, high sensitivity, broad material
aspect, light weight, easy fabrication, and most importantly external bias is not required
which is prerequisite in the case of piezo-resistive and capacitive sensors. A recent
hybridization trend has been noticed where piezoelectric and triboelectric generators are
coupled in order to enhance the overall output performances of the resulting devices [26, 27].

However, some triboelectric nanogenerators (TENGS) are facing some disadvantages due to
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the complex stereo structure and lower working stability that restrict its use in harvesting
mechanical energy from body movements [28]. In addition, textile based TENGs offer
limited possibility to increase the sensing capabilities of the sensing material in a limited
contact area [28, 29]. Additionally, detection and utilization of acoustic wave gathered
significant attention in the past few years as human are continuously exposed to noise
pollution in our modern society and harvesting acoustic energy by utilizing noise can be
suitable power source for low power consuming electronic devices [30-32]. Besides this,
detection of acoustic signals, such as speech from human with high degree of accuracy, is
also proposed to have enormous potential to diagnoses the primary health status [11].

Thus, a universal energy harvester is highly desirable with simple device structure and
excellent flexibility so that it can be easily attached on musculoskeletal system as well as
simultaneously achieving superior acoustoelectric conversion efficiency. On this aspect,
polymer based piezoelectric materials have good application prospect owing to their inherent
superiority in terms of flexibility, easy fabrication route and skin mountable device structure
[33-35]. However, piezoelectric polymers typically possess lower piezoelectric performance
compared to piezoceramics because of having lower piezoelectric co-efficients. Although
polymer piezoelectrics are extensively used in acoustoelectric conversion due to their wider
frequency response range, flexibility, impedance matching abilities with biological tissues,
sensitivity and tuneable device structure [31, 36]. Recently, electrospinning technique to
produce continuous nanoscale one dimensional (1D) fibers has attracted considerable
attention due to the multiplication and diversified exertion of stress by the nanofibers
assembly, which leads to an increased piezoelectric potential. In this process, primarily
polymer solution jets are ejected and stretched to form high aspect ratio nanofibers, collected

in the form of a non-woven network under a high electric field [33, 34].
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In this regard, PVDF and its co-polymers demonstrated various fiber based applications in
several branches of flexible electronics including acoustoelectric conversion technology [33].
Previous studies reveal that numerous inorganic micro, nano-sized materials have been
adapted in PVDF matrix to increase the overall piezoelectric performance and sensing
property [33-35, 37]. Among the novel materials developed for piezoelectric nanogenerator
mimicking to speech recognition, PVDF is working to its infancy [11]. PVDF-composite
nanocellulose, polyamides, polyurethans, ferroelectric ceramic powder have shown great
potential for energy harvesting applications [38, 39]. However, molecular level impregnation
using coordination complexes, co-ordination polymers (CPs) or Metal-Organic Polymers are
not well developed. Recently we have developed a MOF impregnated self-polarized
ferroelectret as highly mechano-sensitive skin sensor [35]. In this context, MOF can be an
effective class of material. Typically, MOF is a conjugation of metal centre and organic
moieties. Till date, various applications such as gas storage and sensing, catalysis,
optoelectronics, chemo-sensor and thermo-sensor for organic pollutants have been conducted
by MOF and MOF-polymer composite [40-45]. Although there is rare example regarding the
direct use of MOF in wearable and flexible electronics such as motion sensing,
acoustoelectric conversion and acoustic vibration sensing.

In this concern, we propose a simple, cost-effective manufacturing strategy of a 2D MOF
comprising Cdl, and 1,5-diaminonaphthalene (NAP) organic linker using mixed solvent
layering method. The synthesized MOF was further integrated into PVDF through
electrospun nanofiber fabrication which was further utilized to build composite fiber based
PNG (C-PNG). The device performance was evaluated by repetitive pressing, bending,
twisting and under the acoustic vibration in lower frequency range (20-330 Hz). Moreover,
its flexibility, high pressure sensitivity of 7.4 V/kPa, broad pressure sensing range, excellent

cyclic stability, durability and fast response/recovery time of 5 ms trigger to respond to a
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wide range of human motions when conveniently attached on body joints and soft surfaces.
Therefore, the promising detection and feasibility of C-PNG make it suitable for detecting
physiological signs of health. In addition, high precision of C-PNG towards detecting
different acoustic vibration (various pressure and frequency range) with high sensitivity of
0.95 V/Pa, superior acoustic-to-electric conversion efficiency, capability of capacitor
charging and blue LED enlightening independently by scavenging acoustic energy expand its
application in portable electronics and low frequency noise detection.

2.2 Experimental Section

2.2.1 Synthesis of Cdl,-NAP, [CdI2(NAP)],

(@) NH,

N1

Layering /i Cd.l
cdl, +

Polymeric unit
NH,

Single unit

Figure 2.1 (a) Schematic illustration of the synthetic route of Cdl,-NAP 2D MOF with its
single unit structure. (b) Schematic diagram of the as-synthesized MOF displaying the
connectivity of the structure.

A methanolic solution (1 ml) of 1,5-Diaminonaphthalene (NAP) (0.1 mmol) was carefully
layered by the help of water-methanol mixed solvent over the aqueous solution of (1 ml) of
Cdl, (0.1 mmol). It was then allowed to diffuse for a week. The violet coloured needle-
shaped crystals were deposited on the glass wall. The crystals were separated mechanically
under a microscope and washed with methanol and water (1:1) mixture, and dried. The

scheme of the synthesis of [CdI2(NAP)], along with the polymeric structure is provided in
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Figure 2.1(a,b). The yield of [CdI.(NAP)], was 87 % and estimated elemental analysis of C,
H and N is found to be 18, 4 and 4% respectively.

2.2.2 Preparation of Nanofibers

The CdI,-NAP MOF incorporated PVDF nanofiber (composite fiber) (as shown in Figure
2.2(b)) and neat PVDF fiber (NPV fiber) was prepared using electrospinning technique
(depicted in Figure 2.2(a)) following the previous method [34]. Firstly, a spinning solution of
pure PVDF was prepared by dissolving PVDF pellets in a mixed solvent of 6:4 volume ratio
of N,N-dimethylformamide (DMF)/acetone at a polymer/solvent concentration of 12 % wi/v
under continuous stirring at 60 °C for 3 h until a clear homogeneous solution was obtained.
Afterwards, as-synthesized MOF (1 wt% (w/v)) was added into the pure PVDF solution and
kept for gentle stirring at 60 °C prior to complete dissolution. Finally, it was sonicated for
some time before electrospinning. Additionally, pure PVDF solution was also taken for
electrospinning as a reference. The electrospinnig process was conducted by filling the
resulting solution in a 10 mL hypertonic syringe (Dispovan) tipped with a stainless steel
needle (22G). The positive electric field/bias voltage between tip to Al foil wrapped grounded
collector plate (at a distance of 12 cm) was maintained at 10 kV with a constant flow rate of
0.6 mL/h. Moreover, a relative humidity of 40-50 % was adjusted throughout the experiment.
Same parameters were maintained during the electrospinning of pure PVDF solution for
executing controlled experiments. In addition, collected NPV and composite fibers were
further dried at 60 °C for 4 h to remove all the residual solvents to obtain stable nanofibers for
characterization and device fabrication. The inset of Figure 2.2(b) presents its inherent

flexibility.

2.2.3 Fabrication of PNGs

The nanofiber mat was cut into required dimension (5 cm x 2 c¢cm) and highly flexible

composite fiber made PNG (C-PNG) was fabricated (seen in Figure 2.2(c,d)) subsequently by
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electroding both side (with an active area of 4 cm x 1.5 cm, using Cu-Ni plated polyester
fabric) and encapsulating between two layers of PDMS respectively. In addition, a neat fiber
made PNG (N-PNG) was also fabricated by the same method to compare the device

performance.

(a) Composite fiber

Needle
=
Syringe

—-— “Conducting fabric

Figure 2.2 (a) Schematic of the electrospinning set up where needle is connected to positive
terminal of high voltage supply and plate collector is grounded. (b) Digital photograph of the
electrospun nanofiber mat. Another photograph showing the intrinsic flexibility of the
composite nanofiber (in the upper inset). (c) Photograph of C-PNG demonstrating rollability
and flexibility. (d) Schematic of C-PNG showing its fabrication process.

2.2.4 Characterization

Single crystal X-ray diffraction datas of synthesized MOF were collected using Bruker

SMART APEX Il diffractometer equipped with graphite-monochromated Mo-Ka radiation
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(L = 0.71073 A) with the ® scan method and processed with the SAINT+ program. Crystal
structures were refined using SHELXTL software package. It is noteworthy to mention that
during the analysis, non-hydrogen atoms were refined with anisotropic thermal parameters
and hydrogen atoms were placed in their geometrically idealized positions and constrained to
ride on their parent atoms. Micro-analytical data (C, H, N) were measured by Perkin-Elmer
2400 CHNCS/O elemental analyser. Bruker D8 Advance X-ray diffractometer (using Cu Ka
radiation (A = 1.548 A) generated at 40 kV and 40 mA) was used to obtain the crystalline
phases and powder X-ray diffraction pattern (P-XRD) of the as-prepared MOF and composite
fibers. Vibrational bands and crystalline phases of fibers (in the wavenumber range of 4000-
400 cm™ and 16 number of scans is employed) were collected using Fourier Transform
Infrared Spectroscopy (FT-IR, TENSOR I, Bruker). Morphological analysis were conducted
by FE-SEM (INSPECT F50, FEI) functioning at an acceleration voltage of 20 kV. The
elemental mapping was obtained by EDX spectroscopy recorded in a Bruker Nano X-flash
detector (410M) equipped with a FE-SEM chamber. TEM images were obtained using JEM
2100, JEOL under acceleration voltage of 200 kV. The piezoelectric output performance of
PNGs in terms of open-circuit voltage (Vo) and short-circuit current (lsc) were measured
using a digital storage oscilloscope (Tektronix TDS 2024C) and a picoammeter (Keithley
6485) respectively. The vertical impacts were obtained by a 3-axial force pressure sensor
(FlexiForce A201).

2.3 Results and Discussion

2.3.1 Structural Analysis of Cdl,-NAP, [CdI(NAP)],

The crystallographic data, selected bond lengths and angles of the single-crystal are
summarized in Table 2.1 and 2.2 respectively. Cdl,-NAP crystallized in the monoclinic C2/c
space group with Z=4 and consists of 2D [CdI,(NAP)], neutral networks, as shown in Figure

2.1(b) and Figure 2.3(a). The divalent metal centres have a slightly distorted octahedral
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coordination, with four p,-1 and two bridging NAP at trans positions, yielding a CdlsN;
octahedron. The bond length of Cd1-N1 is 2.353(4) A, which is in the normal range [40]. The
bond length of Cd1-11 is 2.8341(6) A, which is comparable with those reported. The Cdl4N,

octahedra interconnect to each other via two po-1 atoms,

Aromatic -NH2 group

C=C of Napthaline ring
=11}

]

sp” hydrogen
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Figure 2.3 (a) 2D layered structure, (b) FT-IR spectra (in the wavenumber range of 4000-400
cm™) (c) X-ray diffraction pattern and (d) simulated XRD pattern (extracted from single
crystal data) of the as-synthesized Cdl,-NAP.

forming a linear inorganic chain running along the ¢ direction. These chains are bridged by
12-NAP ligands to form an inorganic organic hybrid 2D layer (Figure 2.3(a)) parallel to the
ac plane. These layers stack in an ABAB mode along the b axis to yield a 3D structure. In

this case, the neeeeeer stacking interactions in the layer also give rise to perfect facial

alignment. In each layer, the neighbouring p.-NAP ligands interact through weak reeeeeer
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contacts (ca. 4.469 A). Furthermore, FT-IR spectra of the as-synthesized MOF (seen in
Figure 2.3(b)) revealed the presence of vibrational bands related to aromatic C=C, sp?
hydrogen of naphthalene ring and —NH; group of naphthalene ring. Additionally, powder
XRD (Figure 2.3(c)) of the MOF was acquired to verify the bulk purity of the as-synthesized
sample, which is analogous to the simulated XRD (Figure 2.3(d)) obtained from single-

crystal XRD data.

Table 2.1 Crystal data and refinement parameters of Cdl,-NAP (CCDC-1904947).

empirical formula CioHip Cd I, N,
formula weight (f,) 524.41

crystal system, space group Monoclinic, C 2/c
unit cell dimensions a (A)=21.4576(12)

b (A) = 4.4693(3)
¢ (A) = 14.9836(9)

volume 7 (A%) 1201.00(13)

angles between three edges o(deg) =90
Pldeg) = 123.300(3)
Y(deg) =90

Z, calculated density (g/cm”) 4,2.900

4 (mm™) 6.928

wavelength A(A) 0.71073

data[/ >2o(])]/parameters 1055/69

GOF on F* 1.024

final R indices [I >2a)]“" R1=0.0232
wR2 = 0.0605

“R1 = J|Fo{— |Fe||/ IFy|, " wR2 = [I(F* — FH) /3w(F )"
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Table 2.2 Selected bond lengths and bond angles in Cdl,-NAP (CCDC-1904947).

(1) - Cd(1) 2.8341(6) Cd(1) - (1) - Cd(1)b 92.89(2)
(1) - Cd(1)b 3.3160(6) (1) - Cd(1) - N(2) 98.50(10)
Cd(1) - N() 2.353(4) (1) - Cd(2) - I(Da 92.89(1)
Cd(1) - N(1)d 2.353(4) (1) - Cd() - I(L)c 171.48(2)
N(1) - C(2) 1.438(6) (1) - Cd(1) - I(1)d 95.63(2)
C) - C(® 1.415(7) (1) - Cd(1) - N(L)d 101.69(11)
C(1) - Ccf 1.434(6) N(1) - Cd(1) - I(1Da 76.98(11)
C(1) - C(v)f 1.418(6) N(1) - Cd(1) - I(1)c 79.72(10)
C(2) - C(3) 1.365(7) N(1) - Cd(1) - I(1)d 101.69(11)
C33) - C 1.409(7) N(1) - Cd(1) - N(1)d 149.76(14)
C4) - C(5) 1.359(8) I()a - Cd(1) - I(1)c 78.59(2)
I(1)c - Cd(1) - N(1)d | 76.98(11) I(1)a - Cd(1) - I(1)d 171.48(2)
I(1)d - Cd(1) - N(1)d |98.50(10) I(1)a - Cd(1) - N(1L)d 79.72(10)
Cd(1) - N(2) - C(2 122.3(3) I(1)c - Cd(2) - I(1)d 92.89(1)
Cd(1) - N(1) - H(1A) | 107 Cd(1) - N(1) - H(1B) 107
a=Xx,-1+y,z b=x1+y,z c=1-x,-1+y,3/2-z  d=1-x,y,3/2-z f=1/2- x,3/2-
y,1-z

2.3.2 Morphology of Nanofibers

Figure 2.4(a) reveals bead-free, arbitrarily oriented network structured morphology of the
MOF assisted composite nanofibers with a thickness of 60 um (illustrated in Figure 2.4(b)).
Because of assimilation of the Cdl,-NAP MOF, surface of the composite nanofibers is
comparatively rough in comparison to that of NPV electrospun fibers (Figure 2.4(c)). The
prepared fibers are designed with a steady morphology without any bead defect due to
uninterrupted Taylor cone formation. It is noteworthy to mention that the incorporation of
Cdl,-NAP MOF significantly reduces the fiber diameter. For instances, the average fiber
diameter of resulting composite and NPV nanofibers exhibiting ~90 nm and ~180 nm
respectively as presented in Figure 2.4(a) and Figure 2.4(c) along with corresponding

histogram profiles in the upper inset of each respective figure. The reduction in fiber diameter
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upon assimilation of MOF particle is the result of increased charge density of the composite
electrospinning solution. As an outcome, relatively stronger Coulombic force is exerted on
the spinning jet of composite (PVDF/Cdl,-NAP) solution rather than NPV solution under the
same applied positive electric field strength [34, 37]. This phenomenon further may

accelerate the overall crystallinity, mechanical strength and piezoelectric performance.
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Figure 2.4 (a) FE-SEM image of the electrospun composite nanofiber along with the
histogram profile of fiber diameter distribution in the upper inset. (b) Cross-sectional FE-
SEM image of composite nanofiber exhibits the fiber thickness. (d) FE-SEM image of NPV
fiber along with its fiber diameter distribution in the upper inset. (d) TEM image of
composite nanofiber with an enlarged view revealing the encapsulation of MOF in PVDF

fiber.
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The MOF particles are well dispersed in the electrospinning solution and encapsulated within
the PVDF nanofibers, which was examined by TEM analysis (marked in Figure 2.4(d) and its
upper inset). The dipole moment of —CF,— dipoles are comparatively higher than that of —
CH,— dipoles. There might be dipole-dipole interaction between PVDF dipoles and CO,
%*N(CHs), of DMF solvent, which is solely responsible for dissolution of PVDF in DMF
solvent to prepare an agglomeration free homogeneous solution. Additionally, it should be
mentioned that the homogeneous dissolution of MOF is attributed to the presence of -
electronic cloud of naphthalene ring and presence of adequate amine functional groups in the
MOF structure which construct a great interaction with PVDF-DMF solution. Notably, the
MOF particles recrystallize to be confined in nano-dimension during electrospinning as
PVDF might act as a capping agent which forced Cdl,-NAP to be restricted in a nano-
dimension within the macromolecular chain of PVDF. The presence of MOF particle and its
distribution throughout the fiber skeleton were investigated by elemental mapping images as
shown in Figure 2.5(a-e) (different colours for different elements). In addition, the presence
of carbon, fluorine, cadmium, iodine, and nitrogen in each fiber are further confirmed by
electron dispersive X-ray spectroscopy (EDX) (Figure 2.5(f)), which indicates the presence
of nitrogen functional groups (associated with the MOF) in the fiber matrix. It can also be
concluded that residual solvents like acetone and DMF solvents evaporated completely from
the as-prepared nanofibers mat as evident from the absence of oxygen element in EDX
spectra (oxygen is the part of acetone and DMF solvent). Furthermore, a fixed relative
humidity of 40-50% was maintained throughout the experiment as higher humidity leads to
high content of B—phase [46]. The selected area electron diffraction (SAED) pattern confirms
the presence of B— and y—phases corresponding to the planes of (110), (200) and (202), which

are indicated above the blurry rings present in the Figure 2.5(g). Additionally, the embedded
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Cdl,-NAP MOF enhances the electroactive phase content in the composite nanofibers, which

is further elaborated through FT-IR and XRD spectrum.
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Figure 2.5 (a) Elemental mapping image of (a-e) carbon (C), fluorine (F), cadmium (Cd),
iodine (1), nitrogen (N) in the composite fiber. (f) EDX spectra and (g) SAED pattern of
composite fiber.

2.3.3 Crystallographic Phase Identification and Quantification

The predominance of polar B— and y—phase in the as-spun composite nanofibers can be
clearly observed from FT-IR spectra (Figure 2.6(a)). In contrast, NPV nanofibers consist of a

combination of non-polar (a—phase) and polar phases (B— and y—phase) with the

characteristic vibrational bands at the wavenumbers (v) of 613, 764, 796, and 975 cm Hor a—
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Figure 2.6 FT-IR spectra of NPV and composite fibers in the wavenumber region of (a)

1600-600 cm™ (b) 900-600 cm™.

phase, v = 1275 and 1233 cm * are for polar B-phase (TTTT) and the semipolar y-phase
(TTTG), respectively [33-35]. It is interesting to note that 1 wt % MOF addition can
completely supress the formation or growth of non-polar a- phases (marked in Figure 2.6(a)
and illustrated in Figure 2.6(b)), and the intensities of electroactive B- and y-phases are
amplified compared to NPV fibers, which are further corroborated by XRD pattern of NPV
and composite fibers. The curve deconvoluted XRD pattern of NPV fiber in Figure 2.7
clearly indicates the presence of characteristic peak of a crystalline phase at 26= 18.2°
indicative of (202) reflection plane, whereas it was totally absent in composite fiber. In
addition, the characteristic dual nature diffraction peak of B (110/200 reflection) and y (110
reflection) phase at 20.8° was significantly intensified in composite fiber over the NPV fiber
[37]. To provide quantitative analysis of the a, B, and y—phases, the absorbance intensities are
normalized to the 1072 cm ™ peak as it has linear dependency on fiber thickness regardless of
crystalline polymorph. Total electroactive phase content (Fga) considerably increased in
composite fiber and reached upto ~97% due to the sufficient increase of band intensity at 841

cm . The intensity of the band has been used (as shown in curve deconvoluted Figure 2.8) to

55



[ Composite —*— Expt. data
[ fiber Fitted datq

B (110/200)

- Fitted data

. o (202) ﬁ
: v 8 & B(110/200)

Intensity (a.u.)

Figure 2.7 Deconvoluted XRD pattern of NPV and composite nanofibers in 26 range of 15°-
25°.

quantify the relative proportion of B and y—phases because both appeared as identical

vibrational band due to their alike chain orientation of TTT conformation [35]. The Fga along

with relative proportion of B and y phase (i.e.; F(f) and F(y)) can be evaluated using the

following equations.

Agai
)A764- +AgA

Fga = (T X 100%

K764

FB) = Fea x (72

A3+AY

F()’):FEAX< - )

AB+AY
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Figure 2.8 Deconvoluted FT-IR spectra of NPV and composite fibers in the range of 920-720

cm™,

where, Ags1 and Azg4 imply the absorbance intensities at 841 cm™ and 764 cm™, respectively.
Kear (7.7x10* cm? mol™) and Kres (6.1x10* cm® mol™) are the absorption coefficients
concerning respective wavenumbers. Ag and A, indicate the intensities regarding the g and y
phases under the deconvoluted curves of the 841 cm™ main peak. It can be clearly observed
from Figure 2.9(a), p—phase growth is more significant relative to y—phase. Eventually, the
total degree of crystallinity (yc) is also increased due to MOF incorporation. Total degree of

crystallinity (xc) of each sample is calculated using the following equation.

YAcr

Xe 2 Acr+ X Aamr
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Where, 2A. and 2A.mr denote the collective whole integral areas related to the crystalline
peaks and the amorphous halo, respectively. Decrease in fiber diameter might play a crucial

role in enhanced degree of crystallinity of the composite fiber in association with MOF

addition [47].
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Figure 2.9 (a) Relative proportion of § and y—phase, (b) schematic demonstration of MOF

and PVDF interaction. (c) FT-IR spectra in the range of 3060-2940 cm™ for composite and
NPV fiber.

2.3.4 Mechanism of Phase Conversion:

In view of these observations, few questions are raised:

1. What is the role of added 2D MOF?

2. Why does electroactive phase content (B and y phase) increase?
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During electrospinning process, the viscous polymer solution is uniaxially stretched under
the applied electric field, which induces the phase conversion from non-polar to polar. When
a high DC voltage is applied on a typical electrospinning set up, Taylor cone is formed from
the charged droplet due to electrostatic repulsion between surface charges and coulombic
force exerted by the external field. At a critical applied voltage, repulsion between surface
charges surpass the coulombic force of electric field and the jet is issued from the charged
droplet and forced to be elongated several times of its original length. As a result, more
elongated all-trans conformation (B—phase) are obtained.

Although more electroactive phases were obtained due to the extensional force
(simultaneous stretching and poling) exerted during electrospinning technique, considerable
amount of a—phase was present in NPV fibers as shown in Figure 2.6(a,b). So, it is clear that
only electrospinning could not eliminate the a—phase totally. But it was entirely eradicated
in composite fibers as well as p—phase enhancement was also observed for composite
nanofibers. Therefore, the added MOF played a pivotal role in composite fiber, which can be
explained in the following way:

» The PVDF might be absorbed on the 2D layer of MOF. In addition, presence of
different functional groups on MOF skeleton induce a number of interactions with —
CH,—/-CF,— dipoles of PVDF, such as intermolecular H-bonding between —NH,
groups of MOF and CF; dipoles of PVDF (N-H:--F—C), Halogen-Halogen interaction
(Cd-I---F—C) and C—H:--& interaction between = cloud of aromatic rings of MOF and
Hs of CH, dipoles of PVDF. In this way, the MOF acted as a nucleating agent and
facilitated in reduction of o—phase and leads to more stretched out all-trans
orientation of PVDF chain. A schematic is provided in Figure 2.9(b) to explain the

possible interactions between MOF and PVDF dipoles.
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> In addition, the growth of electroactive phase upon addition of very small amount of
MOF particle can be explained by expanded Flory mixing theory developed by
Mackay et al [48]. According to this theory, owing to the addition of MOF, PVDF
nanofiber swells which leads to increase in radius of gyration of the composite
nanofiber. As a consequence, it promotes the extension of the chain leading to all-
trans (TTTT) B—phase or y—phase.

» Moreover, the probable interaction between MOF and PVDF can be supported by the
frequency shift of CH, symmetric and CH, asymmetric vibrational modes for
composite fiber in the lower frequency region in comparison with NPV fiber.
Essentially, the interfacial interaction between the MOF and —CH,/—CF; dipoles leads
to damping of oscillations of the —CH, dipoles, which co-ordinates the shifting of
vibrational band (seen in Figure 2.9(c)).

In particular, the cooperative effect of electrospinning and specific interfacial interactions
between different functional groups of MOF and PVDF dipoles promoted the enhanced
piezoelectric properties in composite fiber.
2.3.5 Investigation of Mechanical Property
According to the below mentioned piezoelectric strain-charge equation, it is evident that
piezoelectric charge separations and thus piezoelectric output performance are significantly
influenced by Young’s modulus [47].

D; = d;jo; = d;;Yy ek
where D, dij, g, Yij and & particularly represent electric charge separation, piezoelectric co-
efficient, applied stress, Young’s modulus and applied strain respectively. Therefore,
Young’s modulus (Yy;) of material contributes equally accompanied by piezoelectric co-
efficient (d;j) to enhance the overall output performance. As shown in stress-strain curve

Figure 2.10, composite fiber exhibits higher elongation/sretch-ability (48 %) compared to
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NPV fiber (40 %). Moreover, Young’s modulus increased from 7 MPa (for NPV fiber) to 30
MPa (for composite fiber). The improvement of mechanical properties of composite fiber
might be attributed to the stress concentration due to MOF incorporation into PVDF matrix
leading to an enhanced degree of crystallinity. Interestingly, reduction in fiber diameter might
also improve the degree of crystallinity. As a result, the mobility of polymer chains get
restricted with increased crystalline part. Therefore, it is difficult to elongate and hence
providing improved mechanical strength. Thus, MOF incorporation preferentially prepared

the composite fiber for real time application.

[ === Composite fiber

.
L}
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)

0 10 20 30 40 50
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Figure 2.10 Stress-strain curve of NPV and composite nanofibers.

2.3.6 Mechanical Energy Harvesting Performance

In order to investigate the energy harvesting ability of the fiber based PNGs, they were
subjected to vertical compressive pressure impacted by a hand-punch covered in a
polyethylene glove at an average frequency of f ~ 2 Hz. As a result, C-PNG harvested an
open-circuit voltage (Vo) of 22 V under the periodical stress amplitude (o) of 22 kPa
exhibiting very quick response/recovery time (t)) of 5 ms (as shown in Figure 2.11(a) and
Figure 2.11(b)). It points that C-PNG does not require additional time to regain its original
state. On the other hand, N-PNG can generate only 3 V under the same circumstance
(Figure 2.11(c)). It clearly indicates that assimilation of MOF into fiber matrix highly
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Figure 2.11 (a) Open-circuit output voltage of C-PNG under compressive pressure of 22 kPa.
(b) Enlarged view of one single peak of open-circuit voltage generated from C-PNG. (c)
Open-circuit output voltage (Vo) from N-PNG during repetitive hand imparting (under
compressive stress of 22 kPa). (d) Short-circuit current (lIsc) of C-PNG under same pressure
amplitude.

stimulates the piezoelectric performance of the composite fiber. During this repetitive
compress-release, the axial strain (&) induced in the C-PNG is 7.3 x 10~* with corresponding
strain rate (¢) of 0.584 % S™ [following the work, 33]. Additionally, a short-circuit current
(Isc) of 0.1 pA was recorded for C-PNG under identical stress amplitude by human hand as
shown in Figure 2.11(d). Thus, the charge (Q) generated during the same applied pressure’
was calculated by integrating one current pulse applying the following equation, Q =
[ I, dt. So, the estimated charge is 1390 pC. Furthermore, a quasi-static method (via direct

piezoelectric effect) was applied to determine the piezoelectric co-efficient (ds3) of the
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composite fiber. The magnitude of ds; can be calculated from /d33/=/%/= 41 pC/N.

Furthermore, the empirically derived ds; value (/ds3/= 39 pC/N) of composite fibers from log-
log relationship of fiber diameter dependent ds3 is in close agreement with the calculated one.
Piezoelectric charge co-efficient (dss) varies with fiber diameter by following the
equation [47]:

log/ds;/=1.96 +0.19log ~

Where, d is the fiber diameter. C-PNG shows higher mechanical energy harvesting ability
owing to the superior piezoelectric charge co-efficient of composite fibers over NPV fibers
[33]. As a result, it leads to improved piezoelectric figure of merit (FoMp = d33.gs3 = 16 X

1072pa~1, and gs3 is piezoelectric voltage conversion co-efficient, represented by gs; =

dss

, Where, g, = permittivity of the free space, & = dielectric constant which is 12 for

£reo
composite fiber). The corresponding switching polarity test was further conducted by
changing the electrode connections to verify whether the piezoelectric voltage is producing
from C-PNG or not. Figure 2.12(a) shows that voltage of equivalent amplitude with opposite
polarity was generated in reverse connection. It proves that the observed phenomenon is due
to the polarization reversal of —CH,—/-CF,— dipoles and originated output voltage truly
belongs to the piezoelectric properties of composite fiber. There is no underlined contribution

of contact electrification or instrumental artefacts in the performance. Additionally, it can be
2

noticed from Figure 2.12(b) that an instantaneous output power density (P = A% X %) of 24
L

uW/cm? was reached at a load resistance of 1 MQ, when instantaneous voltage drop (V.) was
measured by connecting C-PNG across increasing load resistances (R.) ranging from 100
KQto 40 MQ. Interestingly, the observed output power density of C-PNG is

superior/comparable to previously reported PVDF nanofiber based devices [33, 49].
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Figure 2.12 (a) Open-circuit output voltage of C-PNG with reverse electrode polarity. (b)
Output voltage and corresponding instantaneous output power density across variable load

resistance.

2.3.7 Mechanism of Improved Piezoelectric Performance

According to the crystal data and refinement parameters of the as-synthesized MOF, it can be
concluded that the MOF belongs to monoclinic crystal system of centrosymmetric C2/c space
group. Thus, MOF has no direct piezoelectric contribution in composite fiber. Moreover, the
incorporated MOF enhanced the overall piezoelectric performance of composite fiber
resulting higher piezoelectric co-efficient (dss). Actually, different interactions between
different polar surface of MOF moiety and —CH,/—CF, dipoles of PVDF nanofibers provide
superior electroactive phase content mostly B—phase through surface charge induced
polarization. In addition to it, applied mechanical force builds a potential which in turn aligns
the PVDF dipoles via stress induced polarization. Therefore, interaction of several polar
groups of MOF additive with PVDF dipoles in association with other phenomena such as
electrospinning process (simultaneous stretching and poling), surface charge and stress
induced polarization and self-orientation of PVDF dipoles played a key role to induce
improved piezoelectric crystalline B—phase compared to NPV fiber. In addition, MOF

incorporation subsequently reduced the fiber diameter and thus enhanced the mechanical
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property (Young’s modulus). As a result, when vertical compressive force was applied on the
C-PNG, it reflected better output performance with respect to N-PNG.

Actually, under the application of external mechanical impact, the overall crystal structure of
the composite nanofibers was deformed resulting in a potential difference between the top
and bottom electrodes due to stress induced piezoelectric bound charges. As an impact, the
free external charges were forced to drive to the nanogenerator to neutralize the built-in-
potential giving rise to an electrical signal. Then, when the imparted stress was removed, the
potential difference diminished and the free charges accumulated on the two electrodes flow
back through the external circuit leading to an electrical signal opposite to the previous one. It
is noteworthy to mention that output positive voltage peak produced from the C-PNG (due to
the direct application of stress) was much greater than its negative part, however as such no
discrepancy was reflected in case of positive and negative current peaks. This scenario can be
explained in terms of damping effect [50]. Actually, it is due to the fact that the distorted state
does not return to its original state with the same rate as it gets compressed. Consequently,
some charges will be stored on the surface of electrodes. That’s why negative voltage peak is
smaller compared to positive voltage peak during repetitive press release motion. Meanwhile,
piezoelectric output current solely depends on piezoelectric potential strength not relying
upon the damping effect considerably. Therefore, no observable difference was noted for
positive and negative current peaks.

2.3.8 Mechanical Durability and Sensitivity Test

Eventually, mechanical durability test was carried out for a wide range of time (~ 2 hr, 37500
cycles) in order to understand the stability of output performance and robustness of the device
using a stepping motor (impact frequency of 5 Hz, under the pressure of 0.3 MPa, shown in

Figure 2.13(a)). The collected data indicates stable output pattern without any significant
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Figure 2.13 (a) Fatigue test of output voltage response at 5 Hz frequency over 37500 cycles
under the vertical pressure of 0.3 MPa. (b) Output voltage of C-PNG as a function of applied
compressive pressure in a wide pressure range during different weight fall from a fixed height
(from an analytical weight box). Output voltage response of C-PNG during (c) bending and
(d) twisting deformation by changing the rate from slow to fast.

degradation. Therefore, the cyclic fatigue test strongly confirmed the device durability under
harsh environment.

Additionally, the mechano-sensitivity (S) of the C-PNG in a wide pressure range (subtle to
moderate pressure change) has been evaluated by dropping different weights from an
analytical weight box following our previous work [35]. As shown in Figure 2.13(b), the
pressure-voltage response curve is composed of two distinct regions. The C-PNG exhibited
very high sensitivity of ~7.4 V/kPa in the low pressure region (< 1 kPa, region 1), whereas

relatively lower sensitivity of ~ 1.2 V/kPa was observed in high pressure region (> 1 kPa,
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region 2). This is probably because of the theoretical limits of effective strain in
piezomaterials at high pressure region [51, 52]. Actually, the wvoltage increases
instantaneously upon subjected to very small pressure change as the nanofibers get deformed
easily in the first case. As a result, a large deformation is obtained for a large number of
nanofibers, which leads to rapid increase in output voltage. Moreover, for region 2 (> 1 kPa),
higher pressure is required for further deformation, results in decreasing sensitivity. It is
noteworthy to mention that C-PNG can sense very small input of pressure change as low as ~
1 Pa, indicating its low pressure detection limit. Therefore, wide range of pressure sensing,
high mechsno-sensitivity, fast response time, broad stress-strain of the composite fiber
collectively make the C-PNG suitable for most of the human motion detection.

2.3.9 Bending-Unbending and Twisting Responses

The piezoelectric output voltage responses from C-PNG due to repeated bending-releasing
and twisting by human fingers are presented in Figure 2.13(c and d). In other words, it proves
the high flexibility of C-PNG, which in turn makes it suitable for different human motion
sensing. It can be noticed from Figure 2.13(c) that slow to fast bending rate at constant given
strain increased the output voltage gradually and maximum of ~1 V was obtained. The tensile

strain originated in the thickness direction (ey, parallel to dipole orientation) during bending

the device into an arc shape can be calculated as ¢, = ZL—r = 0.88 %, where r= bending

radius= 16 mm and L= thickness= 280 um. Likewise, the strain developed in the length

direction is &~ 0.39 %, obtained using the relation of Poisson’s ratio, v = [47]. However,

Ex
&y

bending leads to lower output voltage compared to vertical compressive stress because
bending strain is antiparallel with the —-CH,—/— CF,— dipole orientations. The tensile strain
produced in the length direction during squeezing results in lower change in dipole moment

due to the preferential orientation of the dipoles along the thickness direction (perpendicular
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to the fiber length). Thus, lower amount of piezoelectric charge generation occurred on the
electrodes compared to axial stress, exhibiting lower output voltage. In addition, twisting of
C-PNG (from slow to fast rate) shows a maximum voltage generation of 0.5 V (illustrated in
Figure 2.13(d)) when the rate of twisting was increased from slow to fast. These abilities of
C-PNG may be helpful in different human physiological motion sensing.

2.4 Applications

2.4.1 Motion Sensing Application
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Figure 2.14 Real time voltage response of C-PNG attached on (a) wrist (b) elbow (c) neck
induced by bending and releasing (with digital photographs). (d) Voltage response of C-PNG

when attached on the back of knee due to extension and flexion movement during squat.

Therefore, considering its high sensitivity towards bending performance and the large
deformation of the human body, firstly C-PNG was employed in order to evaluate multiple
dynamic biomechanical motions related to different body joints such as wrist, elbow, finger,
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neck and knee. The skin of the joints is not only the reason behind the bending effect, but also
the joints itself induce pressure during the bending motion. As depicted in Figure 2.14(a, b, ¢
and d) C-PNG was directly attached to the wrist, elbow, neck and back of the knee and
corresponding device output was measured. It can easily detect and moreover provided
distinguishable piezoelectric signals in each case. When the sensor was placed on the back of
the knee joint and squatting movement was carried out, it was subjected to a pressure during
the motion related to the extension and flexion of the knee. As the knee joint constantly rolls
and glides during movement, consequently the deformation site of the skin is constantly
changing, leading to the corresponding piezoelectric waveforms through the device (Figure

2.14(d)).
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Figure 2.15 Output voltage signal generated from C-PNG attached under insole of shoe

during (a) walking, (b) jogging and (c) jumping. (d) Finger motion monitoring when C-PNG
attached to different hand fingers.
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In addition, C-PNG was attached to a tester’s shoe-sole (preferable under the toe) using
adhesive tape to monitor the walking, jogging and jumping activities (Figure 2.15(a, b, c))
respectively. Figure 2.15(b and c) illustrate that C-PNG can harvest more Kinetic energy
compared to jogging and walking due to more impact. However, no substantial loss of
performance was noticed even after multiple steps due to the violent deformation of C-PNG
during jogging and jumping for prolonged period of time. Thus, it indicates that C-PNG
might be appropriate to be implemented in smart shoes for recognizing gait and walking
speed for exhibiting high stability during continuous extreme stress. On the basis of its
multidimensional sensing ability, C-PNG was mounted on each finger joint with the aid of an
adhesive tape to detect bending-stretching movement of fingers and corresponding voltage
response was recorded in real time as shown in Figure 2.15(d). Additionally, piezoelectric
output voltage signals were also recorded due to pressure impact on C-PNG during toe and
heel pressing (as shown in Figure 2.16(a and b)). Finite element method based theoretical
analysis supports the fact that heel pressing generates more voltage than that of toe as
illustrated in Figure 2.16(c). It can be observed that each finger movement generated well
recognizable distinct piezoelectric signal. Thus, five C-PNGs can be assembled on a single
glove to prepare a smart data glove for detecting fine finger motions. In addition, C-PNG is
also able to detect gentle body motion such as speech recognition. To investigate its
capability of identifying speech signal, C-PNG was attached to one tester’s throat. When the
volunteer was asked to pronounce different words such as “Acoustic”, “Motion”,
“Napthalene”, and the sensor produced distinct piezoelectric signals (Figure 2.16(d))
associated with different words enabling its application in speech rehabilitation programme.
The sensing property may be attributed to the complex muscle movements during
pronunciation of different words. Above results demonstrate that C-PNG has great potential

in parallel monitoring of multiple joint motion gesture by integrating multiple devices, which
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facilitates its application in wearable medical devices, robotic arm, human-machine

interactions and artificial e-skin.
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Figure 2.16 Voltage signal of C-PNG during (e) toe and (f) heel pressing in addition with

corresponding (g) FEM based simulation. (h) Voltage response curve of C-PNG attached on

throat during phonation of “Acoustic”, “Motion”, “Napthalene”.

2.4.2 Acoustoelectric Conversion and Application

To evaluate the acoustoelectric energy conversion performance of the MOF/PVDF composite

nanofiber, firstly an acoustic nanogenerator (A-NG) device was fabricated by sandwiching

the nanofiber mat in between two indium tin oxide (ITO) coated on polyethylene

terephthalate (PET) sheet with an effective device dimension of (4x4) cm? and nanofiber mat

thickness of 60 um. The nanofiber mat was pasted on the conducting side of the PET sheet.

Additionally, one circular hole (diameter: 1 cm) was cut on each PET films so that nanofibers
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Figure 2.17 (a) Schematic illustration for the acoustoelectric conversion. Voltage output due
to the (b) effect of acoustic wave frequency variation fixing the sound pressure level (SPL) at
110 dB (c) effect of SPL at fixed sound wave frequency 120 Hz. (d) FEM based theoretical

analysis piezo-potential distribution and SPL dependency due to acoustoelectric conversion.

can directly experience the sound vibration originating from the speaker [30]. Finally, the A-
NG was placed in front of a sound speaker (specification: iball tarang multimedia speaker
2.1) to collect the electrical output produced because of acoustoelectric conversion as
presented through a schematic in Figure 2.17(a). As an outcome, an open-circuit voltage (Voc)
of 6 V was obtained at a sound wave frequency of 120 Hz and 110 dB SPL.

The variation of piezoelectric output induced by different frequency sound waves was

extensively studied by changing the frequency from 20-330 Hz and maintaining the sound
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pressure level at 110 dB. The 110 dB SPL was chosen because it is very nearer to the
threshold of discomfort and considered as the edge of extreme noisy sound wave [30]. It is
noteworthy to mention that piezoelectric output voltage increased with increasing frequency
sweep and obtained the maximum voltage of 6 V at 120 Hz and then it gradually decreased as
shown in Figure 2.17(b). Moreover, SPL dependency of the device was also examined
retaining the frequency at 120 Hz (Figure 2.17(c)). A finite element method based theoretical
calculation shows that composite fiber based device with circular hole in the central part of
electrode generates higher output voltage than the device without any hole (Figure 2.17(d)).
This result supports our experimental observation. The calculated piezoelectric output voltage
at the SPL of 110 dB and at 120 Hz frequency was matched well with our experimental
findings. Here, negative voltage was generated due to negative piezoelectric charge co-
efficient of PVDF. Furthermore, considering one particular point at the device, we have
observed that the increment of output voltage with the increasing SPL follows the same
tendency as observed experimentally (Figure 2.18(a)) which further validated our precise
acoustic experiments. It was observed that the output voltage increased slowly in the first
place and attained a sharp linear growth from 95 dB and achieved the maximum voltage at
110 dB. Thus, A-NG might be beneficial in monitoring and detection of low frequency noise

(20-200 Hz and above 90 dB) arising from road traffic, vehicle horns, public gatherings etc.

Accordingly, the acoustoelectric sensitivity (S) of our self-powered A-NG can be calculated
using the following equation [31]:

GV__ v
==

Lp
Pyer. 1020
Where P is the sound pressure, Py is the reference sound pressure of 2x10™ Pa, Lp is the
sound pressure level in decibel and V is the obtained piezoelectric output voltage. The

maximum achieved sensitivity of the device is 0.95 V/Pa which is higher than commercial
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PVDF film and nanofibers based device [30]. Additionally, it was noticed in Figure 2.17(c),
the acoustic sensitivity is higher above the SPL of 95 dB, which makes it a promising

candidate for noise detection.
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Figure 2.18 (a) FEM based theoretical analysis: SPL dependency of acoustoelectric output
voltage. (b) Acoustoelectric output power of C-PNG.

Furthermore, the instantaneous output power of A-NG (Figure 2.18(b)) was quantified by
measuring the piezoelectric output voltage as a function of external load resistances (R.) as
presented in Figure 2.19(a). The output voltage gradually increased with increasing load
resistances and converged to the open-circuit voltage at an infinitely high resistance of 30
MQ under acoustic input of 120 Hz and 110dB SPL. In contrast, theoretical output current
showed opposite behaviour as the load resistance increased (Figure 2.19(a)). The A-NG
generated maximum instantaneous output power of 6.25 uW (Figure 2.18(b)) at an external
load resistance of 1 MQ, which is higher/comparable to other PVDF based acoustic sensors
[32, 53-55]. The MOF induced decreased fiber diameter of the bead free composite fiber and
higher B—phase content might synergistically enhance the acoustic vibration to electrical
energy conversion efficiency and sensitivity of the A-NG. According to linear circuit theory,

highest output power is achieved only when the external resistance is equivalent to the
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internal resistance due to the impedance matching. Thus, internal resistance of the A-NG is 1
MQ.

In order to demonstrate the practical application of the device, the A-NG was connected to a
0.5, 1 and 2.2 uF capacitors through a full wave bridge rectifier circuit to provide the
charging-discharging process at a very short time, as shown in Figure 2.19(b). The A-NG was
able to sufficiently charge up the 2.2 uF capacitor under the acoustic response of 110 dB and
120 Hz frequency and attained the steady state of 4.4 V within a very short range of time (8s).
Owing to its fast charging-discharging ability, A-NG might have the potential to power up
the tiny portable electronic gadgets. On the basis of capacitor charging, the average power
stored inside the capacitor or the overall output power (Po,= 2.66 uF) delivered by the A-NG

was calculated from the following equation:

1 2
Pout = 57 CV

Where, C is the capacitance of the capacitor, V is the saturated voltage and t is the time
required to reach the steady state. These features collectively make the A-NG highly efficient
for potential applications with overall energy conversion efficiency (n) of 37.6% which is
superior to commercial and nanofiber based PVDF acoustic sensors reported in previous
article [31]. The energy conversion efficiency factor can be calculated using the following

equations:

2

Ap
P, = p—Ccose = 7.08 uw

1 = T2 % 100%

mn

Where p is sound pressure, A is active/working area of the device, p is the mass density of air
and @ is angle between the directions of the sound propagation and the normal of the active

part. Furthermore, 5 blue LEDs connected in series were directly turned on when the A-NG
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Figure 2.19 (a) Output voltage and current variation with the increasing external load
resistance. (b) Capacitor charging performance of C-PNG by harvesting acoustic energy from
a sound wave at 120 Hz, 110 dB and Lighting up 5 blue LEDs by same acoustic wave.
Output voltage signal from C-PNG (c) conducted by different musical instruments under the
SPL of 110 dB and (d) in response to recorded alphabetic characters under 80dB SPL from
sound speaker.

was subjected to an instrumental chorus song from a speaker at 110 dB SPL without the help
of any external storage system (presented in the lower inset of Figure 2.19(b)). Figure 2.19(c)
shows different output voltage patterns associated with different musical instruments
originated from the A-NG when placed in similar manner under the same SPL. It is clearly
evidenced from Figure 2.19(c) that A-NG is very much sensitive to distinguish different
waveforms generated from different musical instruments. Moreover, our device is also useful

to produce distinct voltage patterns when exposed to recorded alphabetic characters under
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sound pressure level of 80 dB as shown in Figure 2.19(d). Thus, our device might be suitable
for possible applications such as voice recognition, speech therapy, low frequency noise
detection and acoustic energy harvester for charging small scale electronics.

2.5 Conclusion

In summary, fabrication of a self-powered multifunctional pressure sensor has been proposed,
which is able to detect and monitor human motions linked to different physical activity and
simultaneously behaves as an efficient acoustoelectric sensor. The active layer of the C-PNG
was prepared by a 2D single crystalline MOF doped PVDF nanofiber network. The coupling
effect between the MOF and PVDF nanofibers resulted in the significantly high piezoelectric
output performance of the C-PNG (open-circuit voltage ~ 22 V and maximum power density
~ 24 pW/cm?) with enhanced piezoelectric co-efficient (dss) of 41 pC/N. Considering its
excellent response towards bending and twisting deformation, the capacity of C-PNG to
harvest kinetic energy from different biomechanical motions was further explored. C-PNG
produced distinct and distinguishable output patterns associated with a variety of dynamic
motions when attached to the joints of human body. Meanwhile, it displayed superior
acoustoelectric performance of 6 V under the exposure of 110 dB acoustic vibration. With an
acoustoelectric sensitivity of 0.95 V/Pa, C-PNG widens its futuristic application in low
frequency noise detection because of demonstrating excellent performance in the working
frequency range of 20-330 Hz. Therefore, our approach demonstrates a cost-effective
technique to fabricate a self-powered active sensor capable of sensing human motions as well
as sensitive to different acoustic vibration enabling its wide range of application from

wearable health monitoring to noise detection and reduction.
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3.1 Introduction

In current era, revolution on wearable tactile sensor networks and internet of things (1oT) not
only changes the traditional understanding about fossil fuel based energy resources, it also
focuses toward the realization of mobile bio-monitoring prostheses and advanced robotic
systems [1-9]. In this regard, utilization of clean and renewable energy sources with wireless
signal transfer is one of the prime criteria to develop remote heath care monitoring [10-12].
Moreover, miniaturization of commercial portable devices, wireless sensors and small
electronic systems has reduced their power requirement to mW and even uW level. Thus,
immense attention has been paid to fabricate wearable pressure sensors to detect subtle
pressure changes of different human activities (e.g., movements of body parts, muscle
movement associated with coughing, swallowing, speech pronunciation), which are essential
for human physiological signal monitoring. Precisely, pressure sensors are driven by different
mechanisms such as piezoelectric [5-6], piezocapacitive [13], piezoresistive [14] and
triboelectric [15] effect. Among them, piezocapacitive and piezoresistive sensors depend on
external power supply. However, triboelectric sensors primarily rely on air-gap capacitor and
suffer from undesirable sensitivities to static electricity, stray capacitances and temperature
changes. On the other hand, piezoelectric pressure sensor has gathered immense attention due
to its promising response of change in-electrical polarization towards very small ambient
vibrations (wind flow, raindrop, acoustic noises, transportation vehicles, etc.). As a result,
wireless piezoelectric pressure sensors open up new insight towards continuous non-invasive
health care monitoring without any trade-off between benefits of light weight, flexibility and
excellent wearability. Till date, enormous efforts have been paid on different
organic/inorganic piezoelectric materials and their device structures to obtain high sensitivity
and output performance. In spite of higher piezoelectric activity, utilization of inorganic and

lead based piezoelectric materials (e.g., barium titanate, lithium niobate, lithium tetraborate,
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lead zirconate titanate, lead magnesium niobate, lead tantalite, triglycine sulfate, etc.) is
restricted in the development of flexible pressure sensors for biomedical applications due to
their brittleness and complex processing route [16-19]. In this regard, semi-crystalline
poly(vinylidene fluoride) (PVDF, chemical formula: {CH,—CF,},) is a suitable choice of
organic materials due to its flexibility, light weight, chemical inertness, biocompatibility and
easy large area processability [6, 20-24]. Depending on the macromolecular chain
conformation, among five crystalline polymorphs (a, B, v, & and & phases) of PVDF [25-27],
B—phase (orthorhombic unit cell with Cm2m (Cj;) space group) is the mostly desired

crystalline phase to obtain optimum piezoelectric response [21-24].

Typically, mechanical stretching followed by electrical poling is required to obtain effective
piezoelectric functionality in f—phase. This technique is not suitable for tailoring electronic
device design due to inhomogeneous neck formation in active stretching process that often
leads to poor yield of electrical poling [28]. Alternatively, over the past few years, several
techniques (e.g., spin coating, electrospinning, epitaxial film formation, Langmuir—Blodgett
method, incorporation of fillers and nanoimprinting) have been adopted to induce B—phase in
PVDF to avoid direct stretching techniques [6, 11, 22-24, 29-35]. Particularly, incorporation
of micro/nano-fillers in PVDF matrix found to be most promising technique for successful
conversion of non-polar o—phase to polar B— and y—phases [24, 36, 37]. However, due to
lower piezoelectric coefficients of PVDF in comparison to inorganic piezoelectrics, it is hard
to develop auto-powered epidermal biomedical sensors. In this context, the straight forward
strategy to enhance the piezoelectric property is to create porous ferroelectret structure [38-
43]. The main reason for enormous increment of piezoelectricity in porous PVDF is the
synchronized combination of nano-dipoles (arises from [-phase) and micro-dipoles
(attributing from porous structure) along with stress confinement [44, 45]. It is noteworthy to

mention that easy fabrication scheme and high electrical breakdown strength of ferroelectrets
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are other added advantages [40]. We have established that hygroscopic salts can be readily
used to create self-aligned porous ferroelectrets that exhibit significantly higher piezoelectric
activity [36, 37, 40, 41]. In recent years, metal-organic frameworks (MOFs) are considered
as an exciting material towards a new class of porous materials. In particular, MOFs are a
class of crystalline materials constructed by metal ions or metal ion clusters (serving as node)
and interlinked through organic ligands. The attractive features of MOFs arise from their
highly regulated and well-defined framework structures possessing nanochannels with
tunable size, shape, dimensionality, and surface environment. Due to their versatile
properties, MOFs have been widely studied in several applications including gas storage,
separation and sensing, catalysis, filtering device, electrical energy storage, optoelectronic
component, non-volatile memory element and drug delivery [46-52]. Unfortunately, the
powder form of MOF restricts its more diverse application. Particularly, MOF-polymer
composites in the form of film, ink and nanofibers are extensively studied to expand its
versatility in different sensing platforms such as chemical protection and decontamination of
chemical warfare agents, H,S sensing, metal recovery from acidic solution, chemosensor and
thermosensor for aromatic pollutants, piezoresistive health monitoring and motion sensing
[53-60]. Although, till date, the direct use of MOF in auto-powered pressure sensor, such as

electronic skin is rarely studied.

In this thesis chapter, a 3D porous MOF (Cdl,-INH=CMe;) was synthesized by optimizing
acetone layering method. In addition, PVDF and 3D MOF composite (PVDF@MOF) films
were prepared by solvent casting technique, where porous ferroelectret like structure can be
observed. Finally, we fabricated a MOF derived PVDF (PVDF@MOF) composite
ferroelectret film based mechanical energy harvester (MEH) that shows much more superior
mechano-sensitivity of 8.52 V/kPa and fast response time of 8 ms due to its ferroelectret

behaviour generating from porous structure. Here, noteworthy to mention that as synthesized
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Figure 3.1 (a) Schematic route for the synthesis of 3D porous [Cdl,-INH=CMe,] MOF. 3D
porous structure of the as synthesized MOF along (b) a-axis and (c) b-axis and (d) c-axis
along with (e) preparation of porous PVDF@MOF composite film. (f) Two digital
photographs show the rollability (upper side) and flexibility (lower side) of the

PVDF@MOF1.0 composite film.
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MOF, i.e., [Cdl,-INH=CMe;] played a significant role in the nucleation of stable
piezoelectric f—phase as well as controllable porous structure in PVDF. In addition, it has a
broad range of application towards sensing of subtle to moderate range of pressure change in
association with different human physiological signals, such as vibration of speech
articulators (throat), opening and closing motion of glottis, respiration air flow motion and
most importantly heart rate (radial pulse). These physiological signals tracking system may
give rise a suitable tool in predicting the influenza and pulmonary disease related symptoms
that deviates from healthy behaviour. Furthermore, the potential of MEH in real time wrist
pulse signal detection and wireless data-transmission indicates its potential utilization in

wearable medical electronics and remote health monitoring.

3.2 Experimental Section
3.2.1 Synthesis of [CdI,-INH=CMe,]

The synthesis follows the previously reported procedure [47, 48]. A methanol solution of
isoniazid (INH) (13.7 mg, 0.1 mmol) was carefully layered with the help of water-methanol
mixed solvent over the aqueous solution of of Cdl, (36.62 mg, 0.1 mmol) (1:1) followed by
3-4 drops of acetone. It was then allowed to diffuse over the week. The yellow coloured
block-shaped crystals were deposited on the glass wall. The crystals placed under a
microscope and separated mechanically, then washed with methanol and water (1:1) mixture,
and dried. The yield of compound was 85 %. Microanalytical data (C, 19.8; H, 1.98; N,
7.68%) is in well accordance with the calculated primary elemental analysis (C, 19.88; H,
2.02; N, 7.73%) of [Cdl,-INH=CMe;]. A schematic route of synthesis along with 3D porous

structures (along a, b, c-axis) is provided in Figure 3.1(a-d).

3.2.2 Preparation of Composite Ferroelectret Film
PVDF@MOF composite film was prepared by solution casting technique. Firstly, 4 wt%
PVDF was completely dissolved in DMF under 6 h of stirring. Then, two sets (0.25 and 1
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wt%) of [Cdl,-INH=CMe,] were mixed in the PVDF-DMF solution and left under stirring
until the homogeneous solutions were attained. Afterwards, the resulting solutions including
the Neat PVDF solution were casted on the clean glass slides and kept for drying at 60 °C for
5 h. Finally, the films were peeled off from glass slides and proceed for further
experimentation. The films were abbreviated as PVDF@MOF0.25 (where 0.25 wt% of
[Cdl,-INH=CMe;] is incorporated), PVDF@MOF1.0 (1.0 wt% of [Cdl,-INH=CMe;] is
incorporated) and Neat PVDF (in the case of without [Cdl,-INH=CMe,]). A schematic
illustration of the preparation of porous film is demonstrated in Figure 3.1(a-e). Specifically,
in Figure 3.1(a), precursor of the as synthesized MOF ([Cdl,-INH=CMe;]) and associated
chemical reaction are mentioned, where a single unit of MOF is presented. The
corresponding 3D structures are illustrated in Figure 3.1(b-d). The flexibility and rollability
of the composite film (Figure 3.1(f)) respectively indicates that it is perfectly suitable in
mechanical energy harvesting applications and flexible electronic devices.

PDMS

After Silver Electrode

PDMS
encapsulation

Porous Film
Figure 3.2 Schematic illustration of the MEH fabrication.

3.2.3 Fabrication of MEH

The MEH was fabricated using silver paste printing as top-bottom electrodes over the active
layer of PVDF@MOF composite film. Firstly, a rectangular shaped film (area: 25 mm x 15
mm) was cut and then silver paste was used to construct the top and bottom electrode with an
active area of (20 mm x 10 mm). Finally, the entire structure was encapsulated by

polydimethylsiloxane (PDMS) to avoid direct contact with skin as described in earlier work
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[29]. A fabrication scheme is illustrated in Figure 3.2. In addition, a reference MEH (Neat
PVDF-EH) is also fabricated in similar way where Neat PVDF is used as an active layer.
3.2.4 Characterization

A Bruker SMART APEX Il diffractometer equipped with graphite-monochromated MoKa
radiation (A = 0.71073 A) was used for collecting single crystal diffraction data of the
synthesised MOF. The detail crystal structure was evaluated using the SHELX-97 software
package. It is noteworthy to mention that during the analysis, non-hydrogen atoms were
refined with anisotropic thermal parameters and hydrogen atoms were placed in their
geometrically idealized positions and constrained to ride on their parent atoms. Micro-
analytical data (C, H, N) were measured by Perkin-Elmer 2400 CHNCS/O elemental
analyser. The crystalline phases and powder X-ray diffraction pattern (P-XRD) of the as-
prepared MOF and PVDF/Cd-INH composite films were collected by a Bruker D8 Advance
X-ray diffractometer using Cu Ka radiation (A = 1.548 A) generated at 40 kV and 40 mA.
Differential scanning calorimetry (DSC, STA 800, Parkin Elmer) was performed from 30 to
210 °C at a heating rate of 5 °C/min. Fourier Transform Infrared Spectroscopy (FT-IR,
TENSOR |II, Bruker) was used to characterise vibrational bands and crystalline phases of
PVDF (in the wavenumber range of 4000-400 cm™ and 16 number of scans is employed).
Morphological analysis were carried out by FE-SEM (INSPECT F50, FEI) functioning at an
acceleration voltage of 20 kV. The elemental mapping was obtained by EDX spectroscopy
recorded in a Bruker Nano X-flash detector (410M) equipped with a FE-SEM chamber.
Dielectric properties were studied using a precision impedance analyzer (Wayne Kerr,
6500B) at room temperature. The piezoelectric output performance of MEH in terms of open-
circuit voltage (Vo) and short-circuit current (lsc) were measured using a digital storage

oscilloscope (Tektronix TDS 2024C) and a picoammeter (Keithley 6485) respectively. The
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vertical impact from hand imparting was recorded by a 3-axial force pressure sensor

(FlexiForce A201).

3.3 Results and Discussion

3.3.1 Structural Analysis of [Cdl,-INH=CMe,]

The crystallographic data of the single crystalline [Cdl,-INH=CMe;] compound is

summarized in Table 3.1 and selected bond lengths and bond angles are given in Table 3.2.

Table 3.1 Crystal data and refinement parameters of [Cdl,-INH=CMe;] (CCDC 1938436).

empirical formula
formula weight (f,)
crystal system, space group

unit cell dimensions

volume 7 (A%)

angles between three edges

Z, calculated density (g/cm”)
 (mm™)

wavelength 4 (A)

data[/ >2o(])]/parameters
GOF on F*

final R indices[/ >2dI)]*"

CoH;;Cd I,N;0
543.42
monoclinic, P 21/n
a (A)=18.594(9)

b (A)=14.579(14)
c(A)=11.552(14)
1447(3)

a(°)=90
B(°)=90.36(4)
Y(") =90

4,2.495

5.761

0.71073

1589/147

1.585

R1=0.1167

wR2 =0.3312

"R1 = 3|[Fo| = IFell/ ZIFol, " WR2 = [Sw(F ~ F)Ew(Fo) ]

From single crystal X-ray diffraction data, it is confirmed that Isoniazid (INH) undergoes

condensation with acetone (Me,C=0) in presence of Cdl, in-situ mode to synthesize [CdlI,-

INH=CMe;],. The compound is crystallized in the monoclinic crystal system with



centrosymmetric space group P21/n and Z = 4. Each Cd (I1) centre in the [Cdl,-INH=CMe,]
compound adopts a distorted octahedral geometry and bonded as N, O chelator and one
peripheral pyridyl-N coordinates to adjacent Cd(11) from INH-Schiff base (INH=CMe;). The
| atoms are bridging and make the 2D polymeric structure. The connectivity of INH=CMe;

via N donor centres with Cd(ll) resulted in a 1D polymer chain. The N-H of chelated

Table 3.2. Selected bond lengths and bond angles in [Cdl,-INH=CMe;,] (CCDC 1938436).

11 - Cdl 2.872(4) Ol -Cdl -N1 67.1(5)
12 - Cd1 2.815(4) Ol -Cdl -12b 75.8(4)
2 - Cdl_b 3.406(5) Ol -Cdl - N3_c 84.7(6)
Cdli - 01 2.335(15) N1 -Cdl -12b 78.6(4)
Cdl - N1 2.54(2) N1 - Cdl - N3c |147.8(6)
Cdl - N3¢ 2.371(19) I2b -Cdl - N3¢ 79.7(4)
Cdl -12 -Cdlb 94.00(7) Cdl -01 -0QC9 119.7(12)
11 -Cdl - 12 106.48(8) Cdl - N1 - N2 109.7(13)
11 -Cdl - 01 91.7(4) Cdl - N1 - C10 131.0(15)
1 - Cdl - N1 97.2(5) N2 - N1 - C10 119(2)
11 -Cdl -12b 167.51(9) C4 - N3 -Cdid 125.2(15)
1 - Cdl - N3c 98.9(4) C8 - N3 -Cdid 118.7(14)
2 -Cdl - 01 161.8(4) N1 - N2 -C9 120(2)
2 - Cdl - N1 108.3(4) C4 - N3 -C8 115.9(19)
2 -Cdl -12b 86.00(7) 2 - Cdl - N3c 93.5(5)
a = 3/2-x,-1/2+y,1/2-z b=1-x1-y,-z ¢ = -1/2+x,1/2-y,-1/2+z d = 1/2+x,1/2-

y,1/2+z

hydrazine undergoes intermolecular hydrogen bonding with bridging | atoms to form
supramolecular networks. In the solid state structure, the 1D chains undergo polymerisation
to form 2D network and self-assembled through weak C-H:- -z and =...7 interactions among

the pyridine rings of INH ligands with edge-to-face manner which contributes to build 3D
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supramolecular network as shown in Figure 3.1(b-d). In addition, P-XRD (Figure 3.3(a)) was
conducted to check the bulk purity of the as-synthesized MOF, which is in accordance with
the simulated XRD (Figure 3.3(b)) retraced from single crystal XRD data. Furthermore, FT-
IR spectra of [Cdl,-INH=CMe;] (Figure 3.3(c)) indicates the presence of both exocyclic and
endocyclic C=N (1670-1630 cm™), v(N-H) (3340-3320 cm™), conjugated ketone (C=0)

(1670-1630 cm™) and aromatic C=C (1550-1500 cm™) regions in the MOF skeleton.

(82 P-XRD (b)- (902) Simulated P-XRD
= - L
5 -
i s
O 112 002) 2}
E li3) 2 |
= 110)013 g [

(

[ vic=N), "
t conjugated C=0 & '
- aromaticC=C

- N-H

i ;tretching : l |

4000 3000 2000 1000
Wavenumber (cm )

Intensity (a.u.) O,

Figure 3.3 (a) XRD pattern (b) simulated XRD pattern (from single crystal XRD) and (c) FT-

IR spectra (in the range of 4000-400 cm™) of the as synthesized [Cdl,-INH=CMey].

3.3.2 Surface Morphology

The as synthesized 3D MOF was used to fabricate porous PVDF based composite

ferroelectret films (Figure 3.4(b-d)) in contrast to the smooth surface morphology of Neat
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Figure 3.4 FE-SEM images of (a) Neat PVDF, (b) PVDF@MOF0.25 (pore diameter
distribution in the inset) (c) PVDF@MOFO0.5 (pore diameter distribution in the inset) and (d)
PVDF@MOFL1.0 (pore diameter distribution in the inset). () The cross-sectional FE-SEM
image of PVDF@MOF1.0 film indicates the presence of void as well as the MOF particle. (f)

Histogram profile of the inter-pore distance in PVDF@MOF1.0.

PVDF film (Figure 3.4(a)). The fibril growth (as observed in Neat PVDF film, evidenced in
Figure 3.4(a)) was totally disappeared with the addition of very small amount (0.25 wt%) of
[CdI,-INH=CMe;], as prepared 3D MOF (Figure 3.4(b)). As a prerequisite of ferroelectret
material, the effect of 3D MOF towards porous structure formation in PVDF was
systematically investigated, this is one of the novel approaches of ferroelectret film
preparation. The average pore diameter of the cavities was found to increase with increasing
concentration of external filler, for example, 1 um of average pore diameter is found in
PVDF@MOFO.25 film (evidenced from surface morphology, illustrated in Figure 3.4(b), and

pore diameter distribution histogram in the inset), whereas it is increased to 2.4 um in the
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case of PVDF@MOF1.0 film (corresponding surface morphology and pore diameter
distribution is shown in Figure 3.4(d) and its inset respectively). As a consequence, surface
coverage by pores (thus porosity) also increases up to 90% in PVDF@MOF1.0 film. As a
result, PVDF@MOF1.0 film showed excellent flexibility and rollability (Figure 3.1(f)). In
addition, pores are uniformly distributed on the entire surface of the film (Figure 3.4(d)) as
well as along the thickness (8.5 um) of the film (Figure 3.4(e)) and well separated by

dielectric layer of PVDF with an average thickness of 0.4 um (Figure 3.4(f)). The presence of

MOF particles are also evidenced from Figure 3.4(e).

Figure 3.5 Elemental mapping (scale bar: 60 um) of PVDF@MOFL1.0 film: (a) Cd, (b) I, (c)

N, (d) O, (e) C, (f) F.

Additionally, elemental mapping reveals the presence of Cd, I, N, O (from the MOF skeleton)
throughout the entire surface of the film (including the inside and boundary of pores) along
with C, F (from PVDF) as shown in Figure 3.5(a-f). It proves that well dispersed [Cdl,-

INH=CMe;] (3D MOF) within PVDF matrix played a crucial role in porous ferroelectret film
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formation. In contrast, random and very few (rarely) pores are found in Neat PVDF film

prepared under the identical conditions (as depicted in Figure 3.4(a)).

3.3.3 Mechanism of Pore Formation

Actually, the porous three-dimensional supramolecular network structure of the as-
synthesized MOF [Figure 3.1(b-d)] is also retained in the casted film. Moreover, PVDF
matrix might penetrate the permanent pores of [Cdl,-INH=CMe;], which in turn facilitates
the pore formation. During the film preparation, once the MOF was incorporated in PVDF-
DMF solution, moisture from environment was absorbed in the solution due to its polar
aprotic nature and morphology of MOF. Those water molecules evaporate gradually at a
faster rate (because of its comparatively lower density and boiling point) during

crystallization. It also triggers the pore generation.
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Figure 3.6 Pore formation mechanism of PVDF@MOF composite film.

If the porous morphology was only evaporation controlled, then same kind of even pore

distribution can also be observed for Neat PVDF surface as well. Thus it is expected that
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MOF incorporation in PVDF matrix is playing the significant role in pore formation. In
addition, average pore diameter increment trend has been observed upon the increment of
MOF incorporation in PVDF@MOF composite film. Eventually it can be concluded that the
3D porous structure of MOF and slow evaporation of solvent molecules during crystallization
result in the formation of porous, spongy and flexible composite film in comparison to the
rarely porous, smooth surface of the Neat PVDF film. A schematic (Figure 3.6) is illustrating

the pore formation in MOF derived PVDF@MOF composite film.
3.3.4 Crystallographic Phase Identification and Quantification

In addition to the porous structure formation, 3D MOF also induces electroactive phases in

PVDF. FT-IR spectra of Neat PVDF and PVDF@MOF films are depicted in Figure 3.7(a).
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Figure 3.7 FT-IR spectra of Neat PVDF, PVDF@MOF0.25 and PVDF@MOF1.0 film in the

region of (a) 1600-550 cm™ (b) 900-600 cm™.

It clearly exhibits the presence of a-crystalline phase in Neat PVDF as evidenced from
corresponding characteristic vibrational bands appeared at 613, 764, 796 and 976 cm™
respectively [6, 20, 61, 62]. In addition, Neat PVDF film consists of a large amount of semi-
polar y- phase at solvent evaporation temperature less than 70 °C as strongest appearance of

vibrational bands at 1233 cm™ [63-66]. This is attributed to the interaction between PVDF
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and solvent DMF. At lower drying temperature, the polar moieties of the DMF greatly
influence the rotation of strong dipoles of C—F bond around C—C bonds of chain backbone
[63, 65]. As a result, the interaction reduces the energy barrier/supplies the sufficient amount
of activation energy to form polar conformation y—phase. Therefore, T3GT3G" conformation
is induced in Neat PVVDF during crystallization. A schematic model is provided in Figure 3.8

to establish the above mentioned fact.
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Figure 3.8 A hypothetical model of interaction between solvent DMF and PVDF dipoles.

This interaction is also present in PVDF@MOF composite film to induce more expanded all-
trans conformation. In composite films, one additional band appears at 1275 cm™ due to the
nucleation of polar B-phase and all a-phase associated vibrational bands are diminished as
observed in Figure 3.7(a and b) [21]. It is noteworthy to mention that the electroactive - and
y-phase (Fea) content gradually increases with the increasing concentration of [Cdl,-

INH=CMe;] in the PVDF matrix and reached to 98% when 1 wt% of [Cdl,-INH=CMe;]
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Figure 3.9 (a) %Fea (calculated from FT-IR spectra) (b) FT-IR spectra in the range of 3060-
2940 cm™ and (c) deconvoluted FT-IR spectra in the range of 940-720 cm™ for Neat PVDF

and ferroelectret composite (viz., PVDF@MOF0.25 and PVDF@MOF1.0) films.

loading is selected (Figure 3.9(a)). The electroactive phase (Fega) content and the relative
proportion of B- and y-phases are quantified by assigning the band arising at 841 cm™, which
is @ common characteristic of both B- and y-phases (Figure 3.9(b)) [24, 27]. The total

electroactive phase content (Fea) and relative proportion of electroactive phases (4 and y) i.e.,

F(B) and F(y) can be calculated using these following equations.
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where, Ags1 and Azgs signify the absorbance intensities at 841 cm™ and 764 cm™, respectively,
and Kgg1 (7.7x10* cm? mol™) and Kzgs (6.1%x10* cm? mol™) are the absorption coefficients
regarding respective wavenumbers. Az and A, are the intensities related to the g and y phases

under the deconvoluted curves of the 841 cm™ main peak.

Nucleation of B-phase is more prominent than that of the y-phase nucleation in the composite

ferroelectret film. The proportional content of 3- and y-phases is provided in Table 3.3.

Table 3.3 The overall %Fea, %F 4 and %F, of Neat PVDF and MOF assisted ferroelectret
composite (viz., PVDF@MOF0.25 and PVDF@MOF1.0) films (calculated from FT-IR

spectra using deconvolution technique, referred to equation (1-3)).

Sample %Fea %F 4 %F,
Neat PVDF ‘ 76 0 76
PVDF@MOFO0.25 ‘ 91 51 40

PVDF@MOF1.0 ‘ 98 55 43

So, it is clear that, the addition of [Cdl,-INH=CMe,] helps the crystallographic phase
transformation (non-polar to electroactive phase) in PVDF. The interactions between the
[Cdl,-INH=CMe;] and the —CH,—/-CF,— of PVDF are involved in the polymer chain
orientation. The sharp N—H stretching band (in the frequency region of 3340-3320 cm™)
present in the [Cdl,-INH=CMe;] is broadened and shifted to the lower frequency range in

PVDF@MOF1.0 film (Figure 3.10(a)). This is because of the intermolecular hydrogen-
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Figure 3.10 FT-IR spectra of [Cdl,-INH=CMe;], Neat PVDF and PVDF@MOF1.0 film in
the region of (a) 4000-2800 cm™ (b) 1800-1300 cm™. (c) A schematic presentation describes
different interactions between [Cdl,-INH=CMe,] (MOF) and PVDF chain, indicating the

self-poled structure in the PVDF chains.

bonding interaction present between the N-H bond of [Cdl,-INH=CMe;] and the —CF,—
dipoles of PVDF (i.e., N-H---F—C hydrogen bonding). In addition, the sharp absorption bands
appeared from conjugated ketone (C=0)/ exocyclic and endocyclic C=N and aromatic C=C
at the stretching frequency level of 1670-1630 cm™ and 1550-1500 cm™ respectively in case
of [Cdl,-INH=CMe,]. In the PVDF@MOF1.0 film, the band broadening and shifting towards

lower frequency region (Figure 3.10(b)) indicates the dipole-dipole interaction between C=0
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from [Cdl;-INH=CMe,] and —-CH,— of PVDF chain. Additionally, there must be some
specific interaction (C-H---n and halogen/halogen interaction) present between the —CH,—/—
CF,— dipoles and the w-electron cloud of the aromatic ring and/or iodine present in the [Cdl,-
INH=CMe;,] structure. These two significant interactions trigger the proper chain orientation
in the PVDF@MOF films which leads to enhanced electroactive phase (i.e., p and y). The
band broadening is associated with the change in microenvironment of the particular
vibrational band. The hydrogen bonding interaction and dipole-dipole interaction also
influence the stretching vibrations of —CH,— dipoles of PVDF resulting in the frequency
shifting towards lower regions of CH, symmetric and asymmetric vibrational modes in the
frequency region of 3060—2940 cm ™' in PVDF@MOF films in comparison to the Neat PVDF
film, as shown in the Figure 3.9(c). Furthermore, the dipole moment of —CF,— dipoles are
comparatively higher than that of —CH,— dipoles due to the electronegativity difference
between C, F and H atoms. So, there may be an interaction present between PVDF molecular
chains, which results in self-oriented/self-poled PVDF chain in all-trans manner in
association with PVDF-MOF interaction [67-68]. A schematic is provided in Figure 3.10(c)
to illustrate these interfacial interactions between PVDF and MOF moiety. It is also noticed
that degree of crystallinity (y.) of the PVDF@MOF composite films are improved in
comparison to the Neat PVDF film. The curve deconvolution of XRD pattern (Figure 3.11) is
clearly demonstrating the presence of polar f and y and nonpolar a phases as well as the

quantification of y.. The degree of crystallinity (y) is calculated using the following equation,

ZACT
Xe =

yy— %X 100%, where, ZA and 2Aame epitomise the summation of the whole

integral areas corresponding to the crystalline peaks and amorphous halo, respectively [6].
Likewise, individual phase crystallinity is also possible to estimate using the following

equations.
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XAy

XCV:XCXWT/W

where, 2As and 2A, are the total integral intensities (area) under crystalline - and - phases,

respectively.
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Figure 3.11 The curve deconvolution of the XRD pattern in the 26 range of 15-25°. The
scattered dotted points and solid line represent the experimental data and the best fit

respectively. The total degree of crystallinity of each sample is also mentioned in the figures.
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Figure 3.11 (upper part) clearly depicts that the Neat PVDF film consists of the diffraction
peaks related to a—crystalline phases, which are located at 17.6° (100), 18.2° (202) and these
nonpolar phases are totally contracted in the hybrid PVDF@MOF films (i.e.,0.25 and 1 wt%

[CdI,-INH=CMe;] incorporated PVDF ferroelectret films) [6, 23]. Moreover, the Neat PVDF
film predominantly consists of semi-polar y—phase as evidenced from strong diffraction peak
at 20.3° (021) and overlapped diffraction peak at 18.2° (202) [61-63, 65]. The addition of
[Cdl,-INH=CMe;] single crystalline MOF filler subsequently decreases the content of
y—crystalline phase (evidenced from the reduced peak area appeared at 20.3°) and enhances
the B—crystalline part (as manifested from the strong diffraction peak at 20.8°) as depicted in
Figure 3.11. In conjugation, these two phases give rise to a sharp peak at 20.5° [6]. The XRD
results evidently support the outcomes obtained from the FT-IR spectra (Figure 3.7(a)).
Therefore, it can be concluded that, the dipole-dipole interaction and hydrogen bonding
present between different functional groups and n—electron clouds of [Cdl,-INH=CMe;] MOF
with the —-CH,—/-CF,— dipoles of PVDF chain tend to nucleate the polar f— and y—phases by

converting TGTG' conformation into all-trans (TTTT) conformation.

3.3.5 DSC Thermograms

Eventually, thermal properties of the PVDF@MOF composite films were also improved. It
can be clearly concluded from the heating and cooling cycle of DSC thermograms (the
melting and crystallization temperature) of Neat PVDF and PVDF@MOF composites
provided in Figure 3.12(a and b) respectively. As the concentration of [Cdl,-INH=CMe;]
increases, the melting temperature gradually shifted to lower temperature side. The Neat
PVDF film predominantly consists of a— and y—phases, which is confirmed from FT-IR and
XRD studies. The melting endothermic peak for Neat PVDF film arises at 171 °C, which is

accredited to the superposition of the o and y melting peaks.

107



Q) Neat PVDF (b) Neal PVDF
=T —— PVDF@MOF0.25 | ——PVDF@MOF0.25
or ~———PVDF@MOF1.0 <[ ——PVDF@MOF1.0
g ™ g -— 148°C
2 \\'/_ g ° -—147°C
2 F = F 142°C
= - _
[ L A L A L '.-I L il A AL A 'l A L
120 140 160 180 120 140 160 180
Temperature (°C) Temperature ('C)
(©):ss (d) ,
g —0—Neat PVDF = 04F —o—Neat PVDF
— 30} —o—PVDF@MOF0.25 s —0—PVDF@MOF0.25
225k — —PVDF@MOF1.0 Z03t — —PVDF@MOF1.0
3 m i
S 20f g I
O b =02}
= 15 .2 &
o i = I &
S 10 >
o o 0.1
a A (
O - Ada aaaaal - eedoa aaaaal - Ado A A aaas . 0.0 - PR Y - PRY - PRTYTY .
1O 10 10 10 10 10 10° 10
Frequency (Hz) Frequency (Hz)

Figure 3.12 DSC thermograms of the (a) 1% heating (melting) and (b) cooling
(crystallization) cycles, frequency dependent (c) dielectric constant (g;) and (d) dielectric loss
(tand) of the Neat PVDF and PVDF@MOF composite films.

However, in case of PVDF@MOFO0.25 and PVDF@MOF1.0 films, the melting peak arises at
168 °C and 166 °C respectively, which is well below than combined melting peaks of o and
v phases appeared in Neat PVDF. The input of [Cdl,-INH=CMe;] particle in the PVDF
matrix diminishes the a—phases, as a result, the preferential growth of electroactive f—phase
takes place. The growth of B—phase is more prominent compared to y—phase (refer to Table
3.3). It is noteworthy to mention, since P—phase has a comparatively lower melting
temperature compared to a—phase, the melting endothermic peak appeared at lower
temperature in PVDF@MOF composite films than that of Neat PVDF film, which ensures
the presence of enriched B—phase in composite films [23].
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Moreover, crystallization temperature shows notable variation towards higher temperature
region upon [Cdl,-INH=CMe;] MOF addition into PVDF matrix, that indicates the role of
3D-MOF as a heterogeneous nucleating agent during the non-isothermal cooling
process [41].

3.3.6 Dielectric Properties

The combined improvement of electroactive phase content and degree of crystallinity
coupled with porous morphology significantly increases the dielectric constant of the
PVDF@MOF composite based ferroelectret films, which can be clearly observed from the
frequency dependent dielectric study demonstrated in Figure 3.12(c and d). The dielectric
constant (¢;) of the composite films gradually increases with increasing concentration of
[Cdl,-INH=CMe;] into PVDF matrix (Figure 3.12(c)). It reached a maximum value, for
example, g~ 32 at 1 kHz is found in PVDF@MOF1.0 film, which is almost 4 times higher
compared to the Neat PVDF film (¢~ 9 at 1 kHz). However, a very minor change in
dielectric loss (tané~ 0.09 in PVDF@MOFL1.0 film and tand ~ 0.05 in Neat PVDF film) at 1
kHz is noticed from Figure 3.12(d). The improved dielectric constant of the PVDF@MOF
composite films can be observed throughout the entire frequency range. But it decreases as
the frequency shifts from 10% Hz to 10° Hz, which is because of the reduction of polarization
contribution. The entire observation attributes to the frequency dependence of dielectric
constant for the PVDF@MOF films. There are several parameters which might collectively
increase the dielectric constant of composite films: i) effect of self-poled orientation of the
PVDF chain (electroactive p—phase content); ii) the hydrogen bonding effect between the
different functional moieties of [Cdl,-INH=CMe,;] MOF and PVDF dipoles iii) the
micropores of the PVDF@MOF composite ferroelectret film (as evidenced in Figure le)
behave as microcapacitors and iv) Maxwell-Wagner-Sillars polarization due to the large

internal interface of the composite polymer electret dielectric [36, 41]. Moreover, the
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improved dielectric property renders the charge leakage during mechano-electrical
conversion process from piezoelectric based MEH. Thus, PVDF@MOF1.0 porous
ferroelectret film has been chosen for the fabrication of MEH to explore the energy

harvesting performance.

3.3.7 Piezoelectric Performance
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Figure 3.13 (a) Open-circuit voltage of the MEH in forward and reverse connection under
continuous hand imparting. (b) Enlarged view of single peak in forward connection
representing the response time. (c) Short-circuit current of the MEH during continuous
pressing by hand. (d) Open-circuit voltage of the Neat PVDF-EH under repetitive hand
imparting where 10 kPa of stress amplitude are employed.

In this context, an open-circuit voltage (Voc) and short circuit current (Is) of 12 V and 60 nA

(Figure 3.13(a and c) respectively) are measured when the MEH is subjected to a vertical
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stress amplitude of 10 kPa during repetitive press-release condition by a bare hand wrapped
with a polyethylene glove. Most importantly, a very fast response time (t;) of 8 ms is recorded
as shown in Figure 3.13(b), which is 12.5 times superior to nanohybrid PVVDF in a previous
report [69]. So, the rapid release of electrons led to lower value of t; that induce the
significant output voltage (V) and current (1) response and the fast response time t, is
beneficial to build high performance pressure sensors.

In addition to the fast response time, the magnitude of piezoelectric coefficient (ds3) of the
ferroelectret film is evaluated using the following equations, dss =% and Q = fttf I;.dt

where Q and I are generated charge and short-circuit current amplitude under the applied
force (F) of 4 N, t; and t, are the current limits to estimate Q [70-72]. Interestingly, the
magnitude ds; of PVDF@MOF1.0 film is found to be 143 pC/N which is almost 5 times
improved value than uniaxial stretched and poled PVDF film [73]. This increment is mainly
due to the high content of piezoelectric B—phase as well as the electret micro-dipoles, both
arise due to the presence of [Cdl,-INH=CMe,;] MOF in the PVDF matrix. In contrast, the
recorded V,c of Neat PVDF-EH is 2.5 V under the same condition (Figure 3.13(d)), which is
attributed to the presence of semipolar electroactive y—phase. To confirm that the output
voltage truly arises from the PVDF@MOFL1.0 film, a switching polarity test was carried out
(corresponding forward and reverse connection related responses are shown in Figure
3.13(a)). Subsequently, it also proves that the generated signal is truly piezoelectric where the
effect due to contact electrification is not participating. Furthermore, instantaneous voltage
drop (V.) of the MEH was measured as a function of externally connected load resistance
(RL) to investigate the effective output power. As seen in Figure 3.14(a), the output voltage
(VL) steadily increases with increasing load resistance (R.) and finally reached the open-

circuit voltage at infinitely high resistance of 40 MQ. Thus, the maximum instantaneous

output power density of 32 pW/cm? has been attained from the MEH at a R, of 1 MQ during
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Figure 3.14 The variation of (a) output voltage and (b) instantaneous output power density of
the MEH as a function of increasing load resistance ranging from 50 kQ to 40 MQ. The inset
shows the charging up of 4 LEDs connected in series by the MEH. (c) Capacitor (1 and 2.2
uF) charging performance of the MEH with an added advantage of powering up calculator
during discharging of 1 uF capacitor (in the upper inset).

repetitive hand imparting (Figure 3.14(b)). The effective output power density is quantified

2

using the following equation, P =%‘;—L, where A is the effective electrode area and V.
L

signifies the voltage drop across R.. The superior piezoelectric power density of the MEH is
sufficient to turn on several blue LEDs without the need of any external storage system (inset
of Figure 3.14(b)). In order to provide a potential application of fast charging and energy

storage, the MEH was connected to two capacitors (1 puF and 2.2 pF) individually via a full

wave bridge rectifying circuit. It was noticed that the 1 uF and 2.2 uF capacitors were easily

112



charged up and gained the steady state within a very short range of time of 20 and 35s
respectively (Figure 3.14(c)) during the application of periodic vertical stress (10 kPa) on the

MEH surface. The stored energy density inside the capacitors during this procedure can be
2
calculated from the following equation: E = % The stored energy density (1.44 wJ/cm?) in

1 uF capacitor was further used to drive a commercial calculator, as shown in the inset of
Figure 3.14(c). Therefore, it is evident from the short time capacitor charging performance
that the power generator is a promising candidate to power up tiny portable electronic
gadgets.

3.3.8 Mechanism of Energy Harvesting

Actually, the porous film originates giant micro-sized dipoles in association with the intrinsic
self-polarized behaviour of the PVDF@MOF composite ferroelectret film. A schematic
illustration is provided in Figure 3.15 to describe how the micro-dipoles affect the overall

piezoelectric energy harvesting property of the composite ferroelectret film.
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Figure 3.15 The schematic illustrates the working mechanism of the MEH under repetitive

hand imparting.

The crystalline [Cdl,-INH=CMe;] MOF is homogeneously dispersed within the PVDF

matrix (as noticed in cross-sectional FE-SEM image, shown in Figure 3.4(e) and the
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elemental mapping of components present in the MOF, such as Cd, I, N, O illustrated in
Figure 3.5(a to f) respectively). Owing to different interactions present between PVDF and
[Cdl,-INH=CMe;], the dipoles within PVDF chains are self-oriented (as shown in Figure
3.10(c)). In addition, electrons are delocalized in the skeleton of [Cdl,-INH=CMe;] MOF. So,
the incorporated MOF acts as charge trapping as well as charge carriers. It also reduces the
need for charge injection to prepare electret film [37, 41]. Moreover, charges can also be
trapped at the adjoining crystalline/amorphous regions in case of semi-crystalline polymers.
Due to the homogeneous distribution, MOF particles are also present in the vicinity of the
pores. The cumulative effect of self-orientation/self-polarization of PVDF dipoles and the
presence of MOF particles in the inner surface of the pores (as charge carriers) creates the
charge separation between upper and lower part of the pore, which is further stabilised by the
self-induction effect of the induced self-oriented electroactive f— and y—phases. Each charge
separated micro-void is termed as giant micro-sized dipole and the porous dielectric material
is termed as hetero-charged ferroelectret. When the MEH is subjected to an axial compressive
stress, the micro-cavities are squeezed and the distance between the upper and inner surface
of the voids get contracted. As a result, the giant micro-dipoles along with the self-polarized
interfacial nano-scale dipoles of p—and y—crystals are deformed. Thus, an enhanced
piezoelectric potential difference is created between the top and bottom electrodes. In
addition, the vertical compressive stress on MEH creates a potential in the hybrid material,
which further accelerates the chain orientation in all-trans manner via stress induced
polarization [6]. As an outcome, the free electrons are forced to flow through the external
circuit to the MEH to balance the generated potential change on the MEH, which enables the
generation of positive peak of output voltage (Voc) as well as output current (ls;). When the
applied vertical stress is released, a reverse mechanism is occurred. The MEH recovered its

original state and the accumulated electrons go back through the external circuit. As an
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outcome, V.. shows a transient peak in opposite direction with comparatively lower
amplitude than the positive peak due to the damping effect occurring when the device
regaining its original structure after removal of stress. Besides that, Isc shows a negative peak

with lower discrepancy in amplitude compared to the voltage peak [36].

3.3.9 Theoretical Analysis of Energy Harvesting
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Figure 3.16 Finite element method (FEM) based simulation on (a) generated stress, (b)
displacement and (c) generated strain of the PVDF@MOF composite ferroelectret and Neat

PVDF film under stressed condition of 10 kPa.

To understand the role of porosity in ferroelectret structure in comparison to the Neat PVDF
smooth film, a finite element method (FEM) based analysis, where it is found that the
confinement and amplification of applied stress, strain and thus displacement is much
superior due to void structure (Figure 3.16). In order to understand the enhanced energy
harvesting performance of the PVDF@MOF ferroelectret in comparison to smooth Neat
PVDF film, FEM based simulation has been performed under 10 kPa of pressure. In this
simulation, experimentally obtained engineered porous structure of 2 um diameter and 0.4
pum of inter-pore distance were considered. Interesting fact is that applied stress is confined
and enhanced within the inter-pore region as shown in Figure 3.16(a(i)). In contrast, no such

confinement and enhancement was observed in case of smooth PVDF film Figure 3.16(a(ii)).
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For example, in smooth Neat PVDF film the applied stress of 10 kPa is quickly dissipated
from upper electrode to lower electrode, but for porous PVDF film, the stress is enhanced to
580 kPa due to confinement within inter-pore region. As a result, porous PVDF@MOF
composite ferroelectret experiences higher displacement of 350 pm (Figure 3.16(b(i))) in
comparison to smooth PVDF film (~ 116 pm) (Figure 3.16(b(ii))). Furthermore, due to stress
confinement and enhancement, a substantial improvement in strain confinement within inter-
pore region followed by enhancement of 5x10° has been observed for porous PVDF film
(Figure 3.16(c(i))) which is higher than that of smooth PVDF film (~5x10™°) (Figure
3.16(c(ii))). As a matter of fact, generated stress and strain are uniformly distributed within
porous PVDF composite film which is not observed in case of smooth PVDF film. Rather,
stress and strain are quickly transmitted to the lower electrode region and concentrated in the
interface region of lower electrode and lower portion of PVDF film which is not helpful for
overall deformation and electricity generating performance of the PVDF film. Therefore, it is
very evident that energy harvesting performance of the device is largely modulated by

engineered porous structure obtained by 3-D MOF material.

3.3.10 Mechano-sensitivity Test

To evaluate the applicability of the MEH as a sensitive pressure sensor, some experiments
were carried out on porous ferroelectret MEH. Firstly, different sized leaves of different
weights (ranging from 12 mg to 479 mg) were dropped upon the MEH from a particular
height (3 cm). Significantly, the MEH can detect as low as 0.8 Pa corresponding to the leaf of
12 mg. Figure 3.17(a) and 3.17(b) show that the generated output voltage approaches
linearity with respect to the increased external impact and MEH exhibits a mechano-
sensitivity of 8.6 VV/kPa in a pressure region up to 35 Pa. The mechano-sensitivity (S) can be

estimated by calculating the change of voltage (A4V) on the basis of applied pressure change
(4P),as S = j_Z' To estimate the mechano-sensitivity of the MEH in a wide pressure range,
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Figure 3.17 (a) The output voltage responses during different types of leaves falling from
same height on the upper surface of the MEH. (b) The output voltage shows linear behaviour
with respect to the applied stress exerted by different leaves. (c) The generated output voltage
as a function of pressure when different weights from an analytical weight box (ranging from
10 mg to 100 g) dropping on the upper surface of the MEH from a particular distance 3 cm.
The inset shows the linear variation of voltage up to 1 kPa pressure. (d) The ultra-touch (by
finger) response obtained from the MEH.

another experiment was performed, where different weights (ranging from 10 mg to 100 g
from an analytical weight box) were dropped upon the MEH from a fixed distance of 3 cm.
The MEH produced distinct voltage signals corresponding to different weights (Figure 6c¢).
As seen in the inset of Figure 3.17(c), the MEH exhibited a high mechano-sensitivity of 8.52

V/KPa in a low pressure region up to 1 kPa. In addition, the voltage-pressure relationship
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maintains linearity in this pressure region. The mechano-sensitivity significantly reduces to
2.3 V/KPa in the higher pressure region (>1 kPa). It is possibly due to the theoretical limits of
effective strain in piezoelectric materials in the high-pressure region [74]. Moreover, our
device managed to detect as low as 0.75 Pa pressure in this experiment. These two
experiments indicate its very low pressure detection limit (<1 Pa) as well as its wide range of
pressure sensing. The mechano-sensitivity of our MEH/sensor is relatively high compared to
some previous works on piezoelectric and ferroelectret materials [74-78]. In addition, our
device shows remarkable response towards ultra-touch by finger on the top of the MEH
(Figure 3.17(d)). A comparison is presented in Table 3.4, indicating the advantage of
PVDF@MOF composite ferroelectret with respect to the reported PVDF and its co-polymer
based ferroelectret as energy harvester and pressure sensor.

Owing to its high mechano-sensitivity, MEH can be used as a wearable pressure sensor. Most
of the human activities are considered in this pressure regime. Especially skin related
movements, swallowing, coughing, speech signal, arterial pulse involve subtle to moderate
pressure change.

Table 3.4. Comparison of overall performance of PVDF@MOF based MEH with reported

PVDF and its co-polymer based ferroelectrets.

Nano Lett. Adv. Mater. J.Mater. Phys. Our work
2011, 11, Energy Chem. Chem. A Chem.
5142 Mater. Phys. 2017, 2017, 5, Chem.
2014, 4, 186, 327 189 Phys.
1301624 2015, 17,
7275
Preparation ZnO ZnO Solution Solution Solution  Solution
method nanowires  nanoparticl casting casting casting casting, 3D
template e etched with ZnO with with MOF
assisted sponge like NP etching, polyelectro hygroscop assisted
method PVDF active Iyte nafion ic Mg salt PVDF
material solution
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To monitor the high mechano-sensitivity of MEH towards subtle motions near the human

skin, the device is attached to the throat of an adult male using an adhesive tape. As shown in

Figure 3.18a and 3.18c, the MEH is able to recognise speech signal. During the pronunciation

of three alphabetic characters of “M”, “O” and “F”, the device was exposed to the volunteer’s

voice vibration. As a result, MEH can sense the delicate pressure change induced by the

complex muscle movement around the throat during phonation. Noticeably, three distinct
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Figure 3.18 Application of MEH in different human physiological signal monitoring during
(a) pronunciation of different alphabets “M”, “O”, “F” along with (b) STFT processed 3D
spectrogram and (c) speaking of word “MOF” repeatedly with its (d) STFT processed 3D
spectrogram.

output patterns associated with the three letters have been appeared, as shown in Figure
3.18(a). The short time Fourier transform (STFT) processed spectrogram is depicted in Figure
3.18(b) in order to reveal the corresponding frequency distribution of the pronounced three
letters. In addition, the volunteer was asked to pronounce a word “MOF” repeatedly and the
MEH shows excellent repeatability by generating characteristic waveform of the pronounced
word (Figure 3.18(c)). The STFT processed 3D spectrogram (Figure 3.18(d)) also reveals
four or five distinct phases during pronunciation of the word. Thus, MEH might have the

potential to be applied as a mechano-acoustic sensor in speech rehabilitation training,
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Figure 3.19 (a) Response curve during continuous swallowing (enlarged view of one single
waveform) and (b) coughing signal with magnified view of one single coughing action in the
upper inset.
national security sector and even healthy or unhealthy situation recognition. In addition, the
MEH enables to monitor the gulping (swallowing) related movements and the corresponding
reproducible waveforms are presented in Figure 3.19(a). Actually, the swallowing gesture
follows the mechanism of upward and downward motions of thyroid cartilage associated with
the Laryngeal prominence (the Adam’s apple). When the MEH was attached to the tester’s
throat, glottis opening and closure behaviour were precisely identified through identical
voltage generation, as shown in the upper inset of Figure 3.19(a). Therefore, the device can
be used in clinical assessment of swallowing disorders such as dysphagia, odynophagia and
early detection of sudden infant death syndrome (SIDS) in sleeping infants. Furthermore, the
MEH can non-invasively sense the thoracic pressure developed due to the vocal cord
vibration during repeated coughing actions, as presented in Figure 3.19(b). The magnified
view of one single coughing action (upper inset of Figure 3.19(b)) shows that the device can
also distinguish different phases of cough such as, initial opening burst, secondly a blaring air
flow followed by a final glottis closure [79, 80]. In addition, the waveform and the frequency

band of a bronchitis patient must be different, which might be examined by our MEH based
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sensor. Thus, it can be used as a vibro-tactile sensor in the clinical diagnosis of chronic
obstructive pulmonary diseases such as, asthma, bronchitis etc.

3.4.2 Wrist Pulse Monitoring and Wireless Application
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Figure 3.20 The voltage outputs during real-time wrist pulse monitoring in (a) normal
condition and (b) after exercise condition. The enlarged view of one single pulse waveform
during (c) normal condition and (d) after exercise.

Owing to its high sensitivity towards subtle pressure changes, the MEH was attached to the
wrist of a male adult to capture real time arterial wrist pulse induced by heart beats at the
wrist. Since, wrist pulse is among the vital physiological markers, which is useful in
determining heart rate and arterial blood pressure as well as different cardiovascular diseases
through constant monitoring, so the detection of such vital signal in non-invasive mode is

always beneficial for health care sector. As shown in Figure 3.20(b), the intensity and
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frequency of the wrist pulse increased significantly after exercise (100 beats/minute (BPM))
compared to the normal condition (78 beats/minute [BPM]) (Figure 3.20(a)). It is due to the
increased rate of heart pumping to maintain the oxygen supply delivered to muscles during
the exercise. It is noteworthy to mention that the MEH can detect and differentiate the arterial
wrist pulse between the normal and exercise situation with excellent repeatability. The
magnified waveform of one single peak (before exercise) clearly exhibits three distinct
characteristic peaks such as, early systolic pressure peak (P1), late systolic pressure peak (P2)
and early diastolic pressure peak (P3) respectively, as shown in Figure 3.20(c), whereas, only
2 peaks (P1 and P3) are obtained after exercise (Figure 3.20(d)). These three peaks are very

essential to derive some commonly used health monitoring parameters namely the radial

augmentation index, Al, = , the time delay between P1 an : =Tp, —Tpy @n
tation index, Al = P2/p, the time delay bet P1 and P2, AT = Tp, — Tp; and

the diastolic augmentation index, DAI = p 3/ p1 [74]. In addition, these parameters and peaks

provide important physiological information such as arterial stiffness, coronary artery
disease, left ventricular load, vascular aging, myocardial infraction. The calculated values of
these parameters are Al = 0.55, A7= 0.24s at normal condition, which are characteristic
values for a healthy person. Thus, our device might be useful in clinical diagnosis of health
issues related to heart and hypertension through continuous monitoring of pulse, pulse
frequency and associated pulse waveforms [74].

In addition, a wireless circuit system was built to transmit the wrist pulse waveform to a
smart phone using an Arduino microcontroller unit (MCU) prototyping platform (Arduino
UNO R3 ATMEGA 328P) to meet the increased demand for real-time personalized remote
health monitoring. A block diagram of the total feature is given in Figure 3.21(a). As shown
in Figure 3.21(b), the wireless signal transferring unit consists of power converter, a data
conversion control module, a signal acquisition-amplification module, and wireless data

transmission system (bluetooth module) for wireless data transmission. The bluetooth module

123



MEH

Arduino

Bluetooth
Module

Smart

b) Phone (C)

Bluetooth <
transmitter

% — Arduino

Uno

Pulse signal on smart phone
screen

Figure 3.21 (a) Block diagram of the Bluetooth module attached MEH for wireless wrist
pulse monitoring. (b) Photograph of wireless pulse detecting and transferring from MEH to a
smart phone. (c) A magnified view of the smart phone screen is illustrating the wrist pulse
signal.
was connected with the MEH. The signal acquisition and communication model receives the
wrist pulse signal through our device when it is subjected to subtle pressure change. Then, it
is amplified and the enlarged analogue signals are converted to digital signals by data
conversion control module and the Bluetooth module transfers the data to the android phone.
As an outcome, the wrist pulse signal can be displayed on the screen of the smart phone as

depicted in Figure 3.21(c).
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These results clearly indicated its wide potential application towards personalized non-
invasive physiological signal monitoring.

3.5 Conclusion

In summary, we followed a simple facile pathway for synthesizing a cadmium metal centred
3D porous MOF ([Cdl,-INH=CMe,]) where isoniazid moieties serve as organic struts. On
account of its highly porous structure, a MOF derived porous ferroelectret PVDF film
(PVDF@MOF) with its mechanical energy harvesting application is demonstrated because of
the high yield of electroactive phase formation. The MEH shows superior piezoelectric
output performance (open circuit voltage of 12V and maximum output power of 32 uW/cm?)
where traditional electrical poling step is completely avoided. On the other hand, the effect of
stress-strain confinement in the porous structure on the mechano-electrical performance of
the MEH was further investigated by FEM simulation method. In addition, MEH exhibits
ultra-high mechano-sensitivity (8.52 V/kPa) as well as very low pressure detection limit of
<lPa. The high mechano-sensitivity of MEH was further used to detect different
physiological activities and vital signals attached to desired body parts. Most importantly,
using its capability to detect wrist pulse, a wireless wrist pulse detection and transmission
module was established for remote health monitoring. Owing to its multidimensional pressure
sensing ability, the MEH proves itself to be a promising candidate for auto-powered

electronics, real time wearable medical devices and artificial intelligence.
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Chapter 4

All Organic-Inorganic Pyroelectric Energy Harvester
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4.1 Introduction

With the rapid development of portable electronics, smart sensors and wearable medical
devices, it is hard to meet the increasing energy demand. As an outcome, the utilization of
green and renewable energy sources which include solar, thermal, wind, mechanical
vibrations gradually increases [1-3]. Exploration of these ubiquitously abundant energy
sources is the long-term solution for low power nanoscale electronics and sensors. In this
context, piezoelectric and pyroelectric nanogenerators (NGs) are of potential interest because
of their self-powered nature. However, concept of self-powered energy harvesters was
proposed long back in 2006 by Wang et al [4]. Among them, piezoelectric material utilizes
mechanical vibration induced strain to develop electricity whereas pyroelectric effect solely

relies on the change in dipole orientation due to periodic thermal fluctuation [5-7].

Till date, different materials have been widely studied to fabricate pyroelectric
nanogenerators (PyNGs) such as ZnO, CdS, CdSe, KNbO3 nanowires, PVDF and its co-
polymers by adapting different synthetic procedure and methodologies [6-12]. Though there
still exist adequate challenges regarding the output performance, flexibility, sensitivity and
wearability of the devices associated with different sensory applications. Therefore, selection
of pyroelectric material and electrode substance is of great concern to develop a highly
efficient PyNG which can simultaneously scavenge thermal energy as well as extend its

application as a wearable sensor.

Among the aforementioned pyroelectric materials, PVDF and its co-polymers are highly
desirable due to its promising intrinsic flexibility, low cost, light weight and
biocompatibility[6-7]. Currently, electrospinning is an intensively explored technique which
provides micro to nano-sized fibers with predominant ferroelectric 3-phase [13]. The highly

extensional flow of the polymer solution promotes the all-trans (TTTT) conformation among
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the all five chain conformations (o, 3,7y, and e phases) [13, 14]. However, random
alignment of fibers along with non-uniformly in fiber diameter distribution restricts the
performance and sensitivity of the objective device. As a matter of concern, confinement of
nanofillers in PVDF matrix can intriguingly strengthen and optimize their properties by
improving fiber diameter, mechanical ferroelectric and electrical properties [15, 16].
Recently, incorporation of inorganic fillers (magnetic nanoparticles, semiconducting fillers,
ceramic fillers), conductive nanofillers (CNTs, Mxene, graphene) with PVDF matrix has
been an attractive approach to enhance the intrinsic properties [17-22]. Graphene based
nanofillers gathered intensive focus because of providing high mechanical, electrical, thermal
properties and large surface area [23]. Some recent research works reveal the usage of
modified graphene based fillers to promote more f—phase in PVDF [24]. However, there still
remains a significant challenge regarding perfect choice of electrode material to construct an
environment friendly superior PyNGs for wearable health monitoring. Traditionally,
metal/metal coated electrodes have been used as top and bottom electrode [25, 26]. However,
it suffers from poor adhesion with nanofiber mat, brittleness and robustness. As a result,
interfacial shear stress destabilizes the whole system which further affects the electrical
conductivity of the device, rendering its applicability in wearable devices. Concomitant to
these facts conductive polymer electrodes would be an appropriate choice due to their innate
flexibility, good connectivity and satisfactory conductivity. Among the organic electrodes,
PEDOT:PSS is frequently used as an alternative electrode. PEDOT:PSS has gathered
immense attention due to its commercial availability, high stretchability, bicompatability,

tunable conductivity and stability.

In this approach, we have successfully coated PEDOT:PSS on functionalized graphene
modified PVDF nanofiber mat owing to fabricate a highly efficient pyroelectric

nanogenerator, which can be further used as a self-powered temperature sensor and wearable

139



breathing sensor for human respiration monitoring. Respiration rate is significantly a critical
parameter because alteration of respiration rate signifies many symptoms related to
respiratory disorder [27]. Presently, wearable devices have been developed for in-home
monitoring of respiration rate which would provide a respiratory health profile for the
patients with known medical issues. Till date, several respiratory sensors based on piezo- and
triboelectric mechanism has been established [28-30]. However, PyNG concerning breathing
rate monitoring has been rarely explored [5, 6, 12]. In this context, our all organic-inorganic
pyroelectric nanogenerator (A-PyNG) will provide an exciting platform to monitor human
breathing rate from periodic inhale-exhale process, extending viable applications in

biomedical diagnosis and informatics as well as waste heat energy harvesting.

4.2 Experimental Section

4.2.1 Synthesis of GO

Graphene oxide was produced by oxidizing graphite powder using the modified Hummers’
method [33]. In brief, 6 g of graphite powder was thoroughly mixed with 3 g of NaNOj in the
100 mL of cold concentrated sulphuric acid. The solution was then stirred well in an ice bath
that was maintained below 5 °C. A mass of 15 g of KMnO, was then gradually added to the
resulting solution while being continuously stirred. After removal from the cooling bath,
stirring of the mixture was continued at room temperature. Afterwards, 200 mL of water was
added to the solution and the temperature was increased to 98 °C while being continuously
stirred. Then, 500 mL of de-ionized water and 30 mL of 30% H,O, were added until
effervescence has ceased and the colour of the solution changed to light brown and was left
overnight. The brown precipitate was then separated from the supernatant and then washed

repeatedly with 5% (V/V) HCI. Finally the material was centrifuged with deionized (DlI)
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water followed by drying in a vacuum oven. Then, 100 mg of the as-prepared GO was

collected and dissolved in EG for further synthesis.

Hydrothermal
synthesis, 180 °C

PVDF pellet

Figure 4.1 (a) Solvothermal synthesis scheme of CdS-rGO nanocomposite from GO. (b and

c¢) Schematic illustration of C-PVDF nanofiber mat preparation to A-PyNG fabrication.

4.2.2 Solvothermal Preparation of CdS-rGO Nanocomposite

The synthesis of CdS-rGO nanocomposite was typically initiated by making a homogeneous
dispersion of graphene oxide (GO) in ethylene glycol (EG). Afterwards, stoichiometric
amount of cadmium acetate dihydrate [Cd(CH3COO),. 2H,Q] and thiourea [SC(NH),] were
added in the GO dispersion followed by continuous stirring for half an hour. The resulting
solution was hydrothermally treated in a Teflon-lined autoclave at 180 °C for several hours as
described through the schematic presented in Figure 4.1(a). Then, the precipitate was

collected, thoroughly washed by ethanol and DI water after cooling down the entire system.
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Ultimately, the product was dried at 60 °C to obtain greenish coloured CdS-rGO

nanocomposite for further characterization and experiments.

4.2.3 Synthesis of Pure CdS Nanoparticles

In order to compare, yellowish pure CdS nanoparticles without graphene sheet were prepared

under similar experimental conditions as that for CdS-rGO nanocomposite.

4.2.4 Preparation of Nanofibers

Firstly, a spinning solution of pure PVDF was prepared by dissolving PVDF pellets in a
mixed solvent of 6:4 volume ratio of N,N-dimethylformamide (DMF)/acetone at a
polymer/solvent concentration of 12 % w/v under continuous stirring at 60 °C for 3 h until a
clear homogeneous solution was obtained. Later, as-prepared CdS-rGO nanocomposite (1
wt% (w/v)) was added into the pure PVDF solution and kept for gentle stirring at 60 °C prior
to complete dissolution. It was ultra-sonicated before electrospinning. Neat PVDF solution
was also taken in countfor comparison purpose. The electrospinnig process was conducted by
filling the resulting solution in a 10 mL hypertonic syringe (Dispovan) tipped with a stainless
steel needle (22 G). The positive electric field/bias voltage (9 kV) was applied between tip to
Al foil wrapped grounded collector plate (at a distance of 10 cm) with a constant flow rate of
0.4 mL/h. Same parameters were maintained during the electrospinning of neat PVDF
solution for executing controlled experiments. In addition, collected neat PVDF (N-PVDF)
and CdS-rGO embedded composite (C-PVDF) nanofibers were further dried at 60 °C for 4 h
to remove all the residual solvents to attain stable nanofibers for additional experiments and

device fabrication.

4.2.5 Preparation of PEDOT:PSS Electrode and PyNG Fabrication

The organic electrode was prepared by gently mixing 0.1 N HCI with a PEDOT:PSS

suspension in a weight ratio of 3:4, following our previous work [5]. After that, Xylitol
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pellets (1:4 w/w ratio with PEDOT) were added to the solution under vigorous stirring. The
mixture was allowed to heat in a sealed water bath for several hours to achieve the gel
formation. The as-synthesized PEDOT:PSS gel was repeatedly rinsed with DI water to
eliminate the extra residue. Subsequently, the gel was pasted over previously cut C-PVDF
nanofiber mat (in desired size) to construct the PEDOT:PSS film (effective electrode area: 20
mm x 10 mm) electrode under heat treatment at 80 ‘C. As a result, polymer over polymer
architecture based all organic-inorganic pyroelectric nanogenerator (A-PyNG) was
fabricated. In contrast, an A-PyNG made of N-PVDF was also assembled for performance
comparison. A systematic scheme is illustrated in Figure 4.1(b and c), which include

nanofiber preparation to device fabrication.
4.2.6 Characterization Methods

The X-ray diffraction patterns and crystalline phases of the as-synthesized CdS-rGO and
composite nanofibers were recorded by X-ray diffractometer (Bruker, D8 Advance)
equipped with a Cu Ko (A = 0.154 nm) with an X-ray source under an operating voltage and
current of 40 kV and 40 mA, respectively. The associated vibrational bands and respective
crystalline phases of the nanofibers were further characterized by Fourier Transform Infrared
Spectroscopy (FT-IR, TENSOR II, Bruker). Morphological analysis was further conducted
by FE-SEM (INSPECT F50) operating at an acceleration voltage of 20 kV and high
resolution transmission electron microscope HRTEM (JEOL-JEM 2100) operating at 200 kV.
X-ray photoelectron spectroscopy (XPS) was carried out by a thermo-electron system
equipped with a Al-Ka excitation source and a PHOIBOS 150 MCD (Specs GmbH,
Germany) analyzer. To examine the pyroelectric nature under alternating external
temperature oscillations, an IR lamp (Phillips PAR38 175 W) with a constant heat flux

density of 340 mW/cm? was employed and periodical switching of “ON” and “OFF” state
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was accompanied by a frequency generator. The heat flux was calibrated by a thermal power
sensor (THORIabs Germany, peak wavelength of 700 nm). A heat sink was used for cooling
the device after irradiation. The test devices were irradiated from a distance of 10 cm from
the IR-lamp source. The temperature was calculated using a K-type thermocouple attached to
the electrode surface. The Vo and Isc were measured with a Keithley 6517B electrometer

(input resistance > 200 T Q and noise < 1 fA). The temperature fluctuation during breathing

was also evaluated by the K-type thermocouple.

4.3 Results and Discussion

4.3.1 Crystallographic and Structural Analysis of CdS-rGO

The crystalline phases of the as-prepared pure CdS NP and CdS-rGO nanocomposite along
with their structure were determined using XRD. It is evident from the pattern (as illustrated
in Figure 4.2) that both of the samples possess exactly same diffraction peaks. The peaks at
26.5° 43.9° and 52.1° are indexed to (111), (220), and 311) crystal planes respectively
corresponding to cubic CdS phase [31]. Interestingly, the main peak due to GO at 26 =
11.1° is totally disappeared in CdS/rGO nanocomposite [6]. Thus, it can be assumed that the
oxygen functional groups of GO were sufficiently reduced during the solvothermal
processing of CdS/rGO nanocomposite. Additionally, no separate peak for rGO at 20 = 26° is
noticed in the XRD pattern of CdS/rGO [32]. It implies that the rGO peak at 26° might be
overlapped or shielded by the diffraction peak of cubic CdS at 26.5°. Therefore, rGO has no
remarkable effect on the crystal planes of the composite. Moreover, rGO addition slightly

increases the average crystallite size of CdS NP as calculated using Scherrer equation.
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where, K is a constant (0.89), A is the wavelength (0.1541 nm) of the Cu-Ka X-ray radiation,

p is the full-width (in radian) at half maxima (FWHM) of the diffraction peak and &is the

Bragg’s angle.

— CdS NP

Intensity (a.u.)

30 40 50
20 (deg.)

Figure 4.2 XRD pattern of as-synthesized pure CdS NPs and CdS-rGO nanocomposite.

The calculated crystallite size of blank CdS and CdS-rGO nanocomposite are 4 nm and 4.6
nm respectively. Therefore, it indicates that rGO sheets specifically assist CdS NPs to
nucleate as well as improve the crystallinity by providing a large surface area.

4.3.2 Morphology Study of CdS-rGO:

Figure 4.3(a and b) distinctly reveal that almost spherical shaped CdS NPs are grafted on the
surface of rGO sheet. The average diameter of the coated NPs has been measured to be about
220 nm as shown in Figure 4.3(b). In contrast, as-synthesized pure CdS NPs have well-
defined spherical shape with average diameter of 250-260 nm as shown in Figure 4.3(c).
Consequently, it can be deduced that introduction of rGO in the nanocomposite formation

marginally reduced the size of NPs. However, comparatively small sized CdS NPs are
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Figure 4.3 (a) FE-SEM image of CdS-rGO along with (b) the enlarged view (inset: particle
diameter distribution). (c) FE-SEM micrograph of CdS nanoparticles with particle diameter

distribution in the inset. (d) HR-TEM image of CdS-rGO with magnified view in lower inset.

unevenly and randomly distributed over the 2D surface of rGO. Additionally, solvothermal
process gives rise to folds and wrinkles on the layered structure of rGO. The HR-TEM image
(follow Figure 4.3(d)) of CdS-rGO supports the above findings from FE-SEM image.
Furthermore, the close contact between CdS and rGO can be identified from HR-TEM image
(Figure 4.3(d)), indicating the interaction of CdS NPs with rGO through electrostatic
interaction or charge transfer mechanism [31]. Lattice fringes with 0.336 nm of inter-planner

distance was observed from the magnified HR-TEM image as illustrated in the inset of Figure
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4.3(d) [32]. This is in accordance with the d-spacing of (111) plane of cubic CdS. Above
results point out the successful preparation of CdS-rGO nanocomposites, which were

accordingly used in nanofibers and device fabrication.

4.3.3 UV-Vis Absorption and PL Spectra of CdS-rGO

The optical behaviour of the synthesized nanomaterials was studied using UV-Vis absorption
spectroscopy, presented in Figure 4.4(a). In both cases for CdS NPs and CdS-rGO
nanocomposite, absorbance in visible region can be found [33]. For CdS NPs, a slight neck
formation can be observed before the sharp peak near 500 nm. It is reflected from Figure
4.4(a) that absorbance in visible region is adequately increased in case of CdS-rGO compared
to pure CdS. These results reasonably indicate strong coupling between CdS and rGO in the

nanocomposite along with its effective solar energy utilization.
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Figure 4.4 (a) UV-Vis absorption and (b) PL spectra of as-synthesized CdS-rGO.

In addition, PL spectra of both samples (Figure 4.4(b)) show two consecutive emission peaks
at around 500 nm and 530 nm. The obtained PL intensity decreased for CdS-rGO
nanocomposite in comparison with pure CdS nanoparticles. This quenching phenomenon
presumably associated with effective electron transfer from CdS to rGO (acting as good
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electron acceptor), which is further described through an interaction model illustrated in
Figure 4.5 [34]. The energetically favourable band alignment of CdS and rGO facilitates the
photo-excited electron transport and leading to charge separation in the composite. Above
results point out the successful preparation of CdS-rGO nanocomposites, which were

accordingly used in nanofibers and device fabrication.

Figure 4.5 Schematic illustration showing the charge transfer phenomena under visible light

radiation.

4.3.4 Morphology of the Nanofibers

Figure 4.6(a) reflects the bead-free morphology of the as-spun C-PVDF nanofibers. Fiber mat
typically consists of randomly oriented nanofibers with a high degree of porosity and average

fiber diameter of 95+10 nm, as shown in corresponding histogram profile (inset of Figure
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Figure 4.6 (a) FE-SEM image (inset showing fiber diameter distribution) and (b) HR-TEM
image of C-PVDF. (c) Magnified view of HR-TEM image with corresponding SAED pattern.
(d) Cross-sectional FE-SEM image of A-PyNG illustrating the good connectivity of

PEDOT:PSS electrode with C-PVDF mat.

4.6(a)). Moreover, wrinkle-free smooth surface was obtained during the electrospinning of C-
PVDF. It is evident from the HR-TEM image that CdS-rGO nanocomposites are well
embedded in the nanofibers as marked in Figure 4.6(b). The selected area electron diffraction
(SAED) pattern (upper inset of Figure 4.6(c)) reveals that there exist three distinct inside
diffraction rings associated with (111), (220) and (311) crystal planes of cubic CdS

nanoparticle, indicating its polycrystalline nature [31]. Additionally, lattice fringes associated
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with the d-spacing of (111) plane of cubic CdS NPs have been detected in the magnified view
of HR-TEM image (shown in the inset of Figure 4.6(c)). It should be emphasized that
incorporation of CdS-rGO predominantly reduced the fiber diameter. It is because of charge
density increment of the nanocomposite solution (PVDF/CdS-rGO). Thus, electrified jet of
the composite solution will experience more Coulombic force/elongation compared to that of
pure PVDF electrospinning solution. The shrink in fiber diameter might influence the
crystallinity and overall performance of the system. To gain the insight about all organic
device (electrode/active layer/electrode) architecture, a cross-sectional FE-SEM image was
obtained (illustrated in Figure 4.6(d)), which confirms the compact attachment of
PEDOT:PSS layer with the active layer of C-PVDF nanofiber mat. Apparently the nanofiber
mat thickness is 420 um and that of the adjacent PEDOT:PSS electrode is 40 um as

mentioned in Figure 3c.

4.3.5 ldentification and Quantification of Crystallographic Phases

In order to identify different crystallographic phases of the nanofibers, their crystallinity and
the effect of CdS-rGO addition combination of XRD and FT-IR have been performed
consecutively. The curve-deconvoluted XRD profile (Figure 4.7(a)) of N-PVDF shows the
reflection peaks at 260 = 18.6° and 26.5°, characteristic of the non-polar a—phase [5, 6].
Eventually, the major characteristic peak at 26 = 20.6° is basically an overlapped reflection of
(110/200) plane of B—phase and (110) of y—phase. These indicate the coexistence of non-
polar (o) and polar phases (B and y) in N-PVDF. Whereas, the dual nature peak of B and y get
intensified for C-PVDF nanofibers and a—phase peak intensity totally diminished evidently,
for C-PVDF fibers as marked in Figure 4.7(b). FT-IR spectra are also consistent with the
results obtained from XRD. The characteristic vibrational bands corresponding to different

elctroactive and non-polar phases are summarized in Figure 4.7(c). In particular, 3
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Figure 4.7 (a, b) XRD pattern and (c) FT-IR spectra (in the range of 1600-600 cm™) of N-
PVDF and C-PVDF. (d) Scheme presents various interaction between CdS-rGO and PVDF

dipoles. () FT-IR spectra (in the range of 3060-2940 cm™) of N-PVDF and C-PVDF.

and y phases both superimposed at wavenumber (v) = 841 cm™ [6]. Moreover, the 841 cm™
band was assigned to calculate total electroactive phase content along with the relative

amount of each electroactive phase. The total electroactive phase content (Fga) along with
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relative amount of electroactive phases (f & y) (Table 4.1) i.e., F(f) and F(y) can be

evaluated using these following equations.

A
FEA = ﬁ X 100%

A764tA
K764-) 764 TAEA

F(B) = Fgy X (ABAfAy)

F(Y)=FEA><< A )

A3+Ay

where, Ags1 and Az Signify the absorbance intensities at 841 cm™ and 764 cm™, respectively,
and Kga1 (7.7x10% cm® mol™) and Kyes (6.1x10* cm? mol™) are the absorption coefficients at
respective wavenumbers. Az and A,are the intensities (area) calculated under the

deconvoluted curves of the 841 cm™ peak.

Table 4.1 Electroactive phase content and crystallinity.

Sample %Fea %Fg %F, %xc
N-PVDF ‘ 78 56 22 52

C-PVDF ‘ 98 84 14 64

However, 3 and y phases can be distinguished by their characteristic peaks at 1276 and 1234
cm™ respectively. For both the cases (N-PVDF and C-PVDF), y—phase appeared as a weak
band at 1234 cm™, whereas, an intense peak exclusively emerged at 1276 cm™ for p—phase.
The absorption bands at v = 975, 796, 764, 613 cm™ corresponding to non-polar o—phase are
detected in N-PVDF [6]. In contrast, these bands are totally disappeared in C-PVDF. Thus,
C-PVDF nanofibers predominantly consist of p—phase. Additionally, electroactive phase
content (Fea) of 98% has been achieved for C-PVDF due to the amplification of 841 cm™

band, sufficiently greater than that of N-PVDF. Indeed, complete reduction of a—phase and
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considerable enhancement of [B-phase ensure the remarkable effect of CdS-rGO

nanocomposite in C-PVDF.

It can be deduced that concurrent poling and stretching during electrospinning process give
rise to electroactive f—phase. However, it could not diminish all the a—phases. It indicates
the existence of specific interaction between CdS-rGO and dipoles of PVDF, which is
responsible for the preferential ordering of PVDF macromolecular chain in all-trans manner
and successful reduction of a—phases in C-PVDF. Intriguingly, CdS nanoparticles are
coupled to rGO surface through charge transfer (electron-hole transport) or electrostatic
interaction. Besides, rGO is a very good migrator and acceptor of electrons, which indicates
the electron rich property of rGO. As a matter of fact, a strong affinity towards
electropositive CH, dipoles of PVDF has been created via C-H & interaction. In addition,
presence of terminal hydroxyl groups (—OH) of rGO indicates a possible intermolecular H-
bonding (O—H"F) with the CF; dipoles of PVDF chain. Moreover, CdS is polar covalent
due to significant electronegativity difference (0.9) between Cd and S. As a result,
inhomogeneity in electron density gives rise to dipoles in CdS covalent bond. Therefore, a
strong dipole-dipole interaction might be present between CdS and —CH,/—CF, dipoles of

PVDF. A schematic is presented in Figure 4.7(d) showing possible interactions.

It is evident that specific bands of CH; symmetric [vs(CH2)] and CH, asymmetric [vas(CH2)]
stretching shifted towards lower frequency region for C-PVDF as shown in Figure 4.7(e),
which elucidates the above mentioned interactions. Thus, it can be summarized that
synergistic effect of different interactions between CdS-rGO nanocomposite and PVDF
dipoles tends to transform non-electroactive a—phase into polar p—phase by overcoming the

energy barrier, successively nucleating enhanced electroactive phase.
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In addition, the overall crystallinity of the C-PVDF nanofiber is significantly improved due to
interaction provided by CdS-rGO dopant. The overall degree of crystallinity (xc) (Table 4.1)

was calculated using the following equation.

Xc = —_2AR__ «100%

- Y Acr+X Aamr
where, XA and XA.m represent the summation of the total integral areas of crystalline
diffraction peaks and amorphous halo, respectively. It might influence the pyroelectric

response of all organic-inorganic pyroelectric nanogenerator (A-PyNG).

4.3.6 Temperature Dependent FT-IR Spectroscopy
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Figure 4.8 (a) Temperature dependent FT-IR spectra of C-PVDF in 10 °C interval. (b) The

change in absorbance of B-phase w.r.t temperature variation (from 30 °C to 200 °C).

To evaluate the thermal stability of ferroelectric B-phase in C-PVDF nanofibers, thermal
behaviour of the vibrational band at 1276 cm™ representing the crystalline p-phase, was
determined by performing in situ temperature dependent FT-IR spectroscopy (depicted in
Figure 4.8(a, b)). According to Figure 4.8(b), the melting temperature of the B-phase is 155
°C, which is accredited to the starting temperature of ferroelectric to paraelectric phase

transition [17]. Nevertheless the absorption band still exists up to 190 °C as marked in Figure
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4.8(a). Therefore, the device can be implemented to a wide range of temperature (30 °C to
190 °C). It can be noticed from Figure 4.8(a) that the crystalline p-phase at 1276 cm™ does
not relax back to a-phase due to any thermal motion. Thus, addition of CdS-rGO provides

some plausible interactions which lead to a thermodynamically stable B-phase by restricting

the motion of —CH,/—CF; dipoles in PVDF chain.

4.3.7 X-ray Photoelectron Spectroscopy of Nanofibers

The compositional changes or conformational ordering of PVDF chains in C-PVDF due to
the addition of CdS-rGO were further corroborated by X-ray photoelectron spectroscopy
(XPS) as shown in Figure 4.9(a and b). Binding energies of each line were rectified in terms

of F1s core level spectrum. The following discrepancies are evaluated during analysis.

1. The high resolution C1s core level spectrum of N-PVDF (as shown in Figure 4.9(a))
exhibits two peaks at binding energy levels of -289.5 and -294 eV, which are
associated with two main carbon species i.e., CH, and CF; respectively. In contrast, a
distinct chemical shift in lower binding energy level has been witnessed for C-PVDF
nanofibers, where CH, and CF, peaks can be spotted at -288.9 and -293.5 eV
respectively. Apart from the noticeable chemical shift, a substantial reduction in peak
intensity for CF, species can be noticed if the CH, peak is normalized, as indicated by
Ah in Figure 4c. As a consequence, it leads to a significant decrease in CF, peak area
(AAcr2) of 28% and slight enhancement of 4.6% CH, peak area ((AAcwz) in case of
C-PVDF nanofibers compared to that of N-PVDF nanofibers.

2. Moreover, slight broadening of another peak positioned at -688.1 eV can be identified
in C-PVDF nanofibers from high resolution F1s core level spectrum (Figure 4.9(b)).

The asymmetry occurred in lower binding energy side.
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Figure 4.9 High resolution core level XPS spectra of (a) C1s and (b) F1s spectra of N-PVDF
and C-PVDF. High resolution XPS spectra of (c¢) Cd 3d and (d) O 1s corresponding to C-

PVDF.

The above experimental findings clearly conclude that there must be some considerable
change in electronic environment of PVDF chain due to the interfacial interaction of CH, and
CF, dipoles with partially reduced different functional groups of rGO and CdS nanoparticles
attached to the rGO sheets. Additionally, Figure 4.9(c) shows core level doublet peaks of Cd
3d, appeared due to spin-orbit coupling at 414.2 eV and 407.7 eV corresponding to the Cdgs,
and Cdgs/> with a peak separation of 6.7 eV. It is noteworthy to mention that located peaks of
Cd 3d are slightly shifted to the higher binding energy level in the composite as compared to

the reported standard values of CdS nanoparticle. The red shift in binding energy might be
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attributed to different nanoparticle size, their dispersion and interaction of CdS nanoparticles
to the supporting substrate rGO sheet through electron-hole transfer [35, 36]. Moreover,
curve de-convolution of high resolution O1s peak confirms the presence of C=0 (oxygen
double bonded to aromatic carbon), C-O (oxygen single bonded to carbon) and C-OH
(phenolic oxygen/hydroxyl group attached to carbon) as assigned through different segments
in Figure 4.9(d) [37]. This result indicates the presence of rGO in C-PVDF with lower
carbonyl/carboxyl group content. Therefore, the oxygen functional groups of rGO sheet in
association with CdS nanoparticle took part in the interfacial interaction with PVDF dipoles

to obtain increased electroactive phase.

4.3.8 Pyroelectric Energy Harvesting Response
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Figure 4.10 (a) Cyclic temperature variation (AT) with measured pyroelectric output voltages
and (b) time dependent rate of change in temperature (dT/dt) with corresponding recorded
pyroelectric current output under the exposure of IR-irradiation under 0.01 Hz switching
frequency.
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The pyroelectric performance of the all organic-inorganic pyroelectric nanogenerator (A-
PyNG) was extensively studied in terms of open-circuit voltage/short-circuit current under
different IR assisted heating and cooling cycle utilizing C-PVDF as an active layer and
PEDOT:PSS film as organic electrode material. The ambient temperature was maintained
nearly 293 K during the experiments. Figure 4.10 shows a real time cyclic temperature
change (AT= 42.5 K) with corresponding rate of change in temperature (dT/dt= 3 K/s) and
positive output voltage/current pulse (2.55 V/0.8 nA) under the switching frequency of 0.01
Hz IR irradiation. Therefore, the system can act in a large temperature difference. The dipoles
of the C-PVDF start to oscillate by absorbing thermal energy (dT/dt > 0) while switching on
the IR source. It leads to reduction in polarization density at the electrode surface. As an
outcome, a positive pyroelectric output is obtained due to the generation of potential

difference between top and bottom electrode.

PEDOT:PSS
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Figure 4.11 (a) Pyroelectric mechanism of A-PyNG and (b) single current peak under 0.01

Hz IR-irradiation frequency.
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Subsequently, turning off the temperature source (dT/dt < 0) brings back the dipoles in
previously ordered manner, which causes increase in surface polarization followed by
negative output. A schematic is provided in Figure 4.11(a) describing the aforementioned
mechanism. The current signal approaches the maximum value within a very short range of
time (response time, t, ~ 1.25 s under 0.01 Hz cyclic temperature change) followed by an

exponential decay as illustrated in enlarged positive current peak in Figure 4.11(b).
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Figure 4.12 (a) Cyclic temperature variation (AT), (b) time dependent rate of change in
temperature (dT/dt), (c) measured pyroelectric output voltages and (d) recorded pyroelectric
current output under the exposure of IR-irradiation under 0.05 Hz, 0.1 Hz and 0.2 Hz

switching frequency.

The response time is comparable to other pyroelectric and thermoelectric sensors [38]. In

addition, continuous pyroelectric responses of A-PyNG under different magnitude of
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temperature fluctuation with varying frequency are respectively depicted in Figure 4.12(a to
d). A cyclic temperature change of AT=42.5 K to 2.8 K resulted in a decrease in pyroelectric
voltage and current of Vo ~ 2.55 V t0 0.5 V and Is. ~ 0.8 nA to 0.33 nA respectively. Thus,
irradiation frequency increment (0.01 Hz to 0.2 Hz) considerably influenced the pyroelectric
output. It is due to the reduction in irradiation time with increasing switching frequency
which leads to lower amount of heat to reach the A-PyNG surface, thereby less polarization
change. It can be observed from Figure 4.13(a and b) that pyroelectric output voltage and

current waveforms linearly changed with AT and dT/dt respectively, which is reconcilable

with the following theoretical relationships I, = pA dT/dt and V,. = Z¢AT [7], where I,

&

Voo P, A, t, AT, dT/dt denote pyroelectric current, voltage, pyroelectric co-efficient, effective
electrode area, thickness along polarization direction, change in temperature and rate of
change in temperature respectively. It is noteworthy to mention that A-PyNG is capable of

detecting and converting very low temperature change (AT= 2.8 K) to output signal.

Moreover, pyroelectric co-efficient (p) of C-PVDF was assessed to be p ~ -63 uC/(m?K)
according to Lang-Steckel method, I, = hw dT/ dt where h and w precisely symbolize

thickness and width of nanofibers respectively. Therefore, the exhibited pyroelectric output
and pyroelectric co-efficient of A-PyNG is sufficiently higher in comparison to N-PVDF
made (organic/metal/synthetic electrode based) PyNG [5, 6]. The superior performance of A-

PYNG can be attributed to the following aspects:

1. Firstly, electrode material PEDOT:PSS polymer film exhibits excellent photon energy
absorption ability, photo-thermal heat localization capacity and outstanding electrical
conductivity [5], additionally its relatively greater adhesion property to hydrophobic

C-PVDF nanofiber surface as illustrated in Figure 4.6(d).
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2. Oxygen functional groups of rGO intensively absorb mid-IR radiation. Additionally,
the radiation absorbance of rGO is quite high. The absorbed IR actively increases the
temperature of rGO as well as C-PVDF nanofiber mat by exciting the C-C bond by
producing phonons.

3. rGO basically consists of several microsized monolayers of graphene intercalated
covalently through different oxygen functional groups such as C=0, C-O, C-OH as
evident from XPS result presented in Figure 4.9. Consequently, it yields oxygen
defects/mass defects leading significant structural change (hybridisation sp? to sp®)
and subsequent band deformation. Moreover, the defects might overlay to enhance the
effective size. Therefore, the alteration in local vibrational characteristics stimulates
the acoustic mismatch causing enhanced phonon scattering. Thus a significant
reduction in thermal conductivity is observed in rGO compared to single-layered
graphene. Furthermore, incorporation of oxygen functional groups break the
reflection symmetry of graphene, might be affecting the thermal conductivity.

4. In addition, the polymer matrix might aggregate between the graphitic layers
preventing the thermal dissipation.

5. Besides, enhanced ferroelectric B-phase content and improved crystallinity of C-

PVDF have extensive effect on the improved performance of A-PyNG.

These factors synergistically coupled to promote improved pyroelectric performance in A-
PyNG. Furthermore, the pyroelectric output power of the A-PyNG was evaluated by
recording instantaneous output voltage across varying load resistances (R.) ranging from 0.25
GQto 1 TQ under IR radiation frequency of 0.01 Hz with dT/dt of 2.93 K/s (output voltage

as a function of load resistance shown in Figure 4.13(c). The maximum output power (P =

Z—Z) is calculated to be 183 pW (as shown in Figure 4.13(d)). The overall pyroelectric
L
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Figure 4.13 (a) Pyroelectric current variation vs dT/dt, (b) pyroelectric current and voltage

variation w.r.t change in temperature (AT). (c) Pyroelectric voltage and (d) power output

variation with varying load resistance.

performance of A-PyNG is comparable/higher than many previously reported pyroelectric

devices, as reported in Table 4.2. The above results precisely indicate the utilization of A-

PYyNG in temperature sensing (from low to moderate temperature change) and self-powered

wearable biomedical application.
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Table 4.2 Comparison of the pyroelectric output power of A-PyNG with reported NGs.

Active Material Electrode
Material
PVDF nanofiber Polyester
fabric
PVDF/GO Polyester
nanofiber fabric

PVDF nanofiber Cu foil tape

PVDF/MWCNT Polyester

nanofiber fabric (Ni-Cu
plated)
PVDF/CH3;NHsPbl; Conductive
nanofiber fabric
PVDF/PANI PEDOT:PSS
nanofiber
PVDF film Cu foil
PVDEF film Platinum
Hoof tandon Not given

Fluorapatite/gelatin ~ Not given

KNbO3-PDMS Agand ITO
composite films
PVDF/CdS-rGO PEDOT:PSS
nanofiber

Pyroelectric Output
Co-efficient  Voltage/Current
4nCm*?K* 70 mV/20 pA

27 nCm?K™ 100 mV/45 pA

Not given Not given/20000
pA

60 NCm?K™ 250 mV/71 pA

0.044 nCm’ 41.78 mV/18.2
2Kt pA

42 uCm?K*
27 uCm2K* 192 V/12 pA

272  uCm 150 V/0.12
2Kt pnAcm?

4nCm?K*  Notgiven

50 nCm?K™  Not given

800 nCm?K™ 2 mV/20 pA
1

63 uCm?K™* 2.55V/0.8 nA
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4.4 Application: Self-Powered Pyroelectric Breathing Sensor Application

To explore the potential of converting different time dependent temperature oscillation into

electricity, a practical application of A-PyNG has been demonstrated. Initially, A-PyNG was

constructed in desired shape. Afterwards, it was mounted on a particular position of N-95
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Figure 4.14 (a) Schematic of A-PyNG attached to a face mask for building pyroelectric face
mask. (b and c) Variation of temperature gradient and pyroelectric voltage output under

dynamic inhale-exhale process (application of breathing/respiratory sensor) respectively.

breathing mask in such a way so that most of the air flow could accumulate over the A-PyNG
during dynamic inhale-exhale process. The entire arrangement was worh on a healthy
volunteer’s face as face mask to carry out the experiment. Additionally, the experiment was
conducted at ambient temperature ~ 293 K. Accordingly the inhaled air temperature was 293
K and the exhaled air temperature from lungs should be same as normal body temperature
~310 K. Therefore, temperature difference concerning inhaled and exhaled air throughout the
continuous breathing process will create a time dependent temperature gradient around mouth
resulting in pyroelectric effect. To determine the absolute temperature of the system and the

relative change in temperature, a thermal sensor was attached on the surface of A-PyNG. As
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illustrated in Figure 4.14(a), recorded minimum and maximum temperature of A-PyNG was
nearly 303 K and 309.6 K respectively. Therefore, the normal respiration process produced a
temperature variation of 6.6 K with a fast rate of change in temperature of 10 K/s underneath
the mask (shown in Figure 4.14(b)). As a consequence, the open-circuit voltage reached up to
0.6 V in this experimental condition as shown in Figure 4.14(c). The mechanism of dipolar
orientation/polarization change during this dynamic procedure is similar as the pyroelectric
effect due to periodic heating and convective cooling. The process of cooling during
respiration was accompanied by inhaling the comparatively cooler atmospheric air.
Therefore, above findings validated the feasibility of A-PyNG as an efficient breathing
sensor.

Respiration rate is a vital sign for different pulmonary disorders such as sleep apnea, asthma,
emphysema, bronchitis, chronic obstructive pulmonary disease etc. Moreover, Ryes IS
associated with in-out air flow and lung volume. Therefore, alteration in respiration rate is an

early sign of serious pulmonary dysfunction. From the depicted results, respiration rate (Ryes)

of the subject can also be monitored using the following equation, R, =—1 x

tm—tm-1
60 (bpm) [39]. The calculated respiration rate for the volunteer is 14 breaths per minute
(bpm), which is the normal respiration rate (12-16 cycles per minute) for an adult at rest
condition. Thus, A-PyNG is capable of self-powered monitoring of real time respiration rate
as well as pulmonary health especially for aged persons and patients suffering from

respiratory illness.

4.5 Conclusion

In summary, we have demonstrated the successful development of an all organic-inorganic
pyroelectric energy harvester based on graphene functionalized nanocomposite (CdS-rGO)

induced PVDF nanofiber and PEDOT:PSS conducting polymer. It is evident that the device
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achieved an enhanced pyroelectric output of 2.55 V/0.8 nA with an instantaneous output
power of 183 pW under 0.01 Hz thermal oscillation. The customization of PEDOT:PSS
organic electrode and incorporation of CdS-rGO nanocomposite indeed influence the
enhanced thermal energy harvesting efficiency of A-PyNG. In addition, high sensitivity of
the device towards different temperature gradients (moderate to low temperature change, 42.5
K to 2.8 K) suggests its potential of being a self-powered temperature sensor. Most
importantly, A-PyNG is capable of scavenging thermal energy from the temperature
fluctuation created by dynamic inhale-exhale process. Additionally, its ability to record
human respiration rate enable the device to act as a wearable breathing sensor. Therefore, this
research provides a route to fabricate efficient pyroelectric energy harvester by polymer on
polymer stacking, which may be appropriate for different applications such as temperature

imaging, waste heat energy utilization and self-powered medical diagnosis.
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Chapter 5
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5.1 Introduction

Recent progress in wearable pressure sensors and electronic skins (E-skins) that are able to
mimic human skin and organs by transducing external stimuli such as strain, pressure,
temperature and humidity, have led to research interest [1-4] in new materials for sensing
during physiological activities, health care monitoring and medical diagnosis [5-10]. A
number of research groups have demonstrated flexible and sensitive pressure sensors based
on gold nanowires [11], metal nanoparticles [12, 13], carbon based materials such as carbon
nanotubes [14, 15], graphene [16] and polymers incorporated with a range of sensing
materials that exploit a variety of sensing mechanisms which include piezoresistive,
piezoelectric, piezocapacitive and triboelectric effects. Among these mechanisms, sensors
based on piezoelectric and triboelectric materials, often termed nanogenerators (NGs), are
promising for self-powered sensing applications [17]. However, triboelectric sensors are
based on capacitors with an air-gap which may be sensitive to undesired side-effects such as
static electricity, stray capacitances and temperature variations. In contrast, piezoelectricity is
driven by the material polarisation due to the separation of electrical charges where the
resulting polarisation is changed as a result of an external mechanical stimulus. To date,
several NGs have been developed using a range of inorganic piezoelectric materials such as
lead zirconate titanate (PZT), BaTiO3, ZnSnO3;, CdS, ZnO and GaN which have exhibited
promising vibrational energy harvesting performance [18-22]. However, the high cost, high
stiffness, high density, complex processing route, brittleness and toxic components during
processing restrain their utilization in wearable electronics and health-care monitoring.
However, organic ferroelectric polymers such as, poly(vinylidene fluoride) (PVDF)
(chemical formula: {CH,—CF»),) and its copolymers are advantageous in terms of flexibility,
low density, large-area and low cost processing and environmental-friendly (lead-free)

fabrication which has led to interest in these materials towards NG engineering and sensor
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implementation. The piezoelectric and ferroelectric behaviour of semi-crystalline PVDF is
attributed to the polar phases such as f—(TTTT conformation) and j»— phase (T3GTsG’
conformation), whereas the o— phase (TGTG' conformation) is non-polar [23-28].

Therefore, efforts have been made to achieve effective f—phase nucleation in a PVDF
matrix; this includes the use of uniaxial or biaxial mechanical stretching at elevated
temperature, electrical poling and spin coating. In this regard, the electrospinning process is a
relatively simple technique for S— phase transformation, whereby large stretching forces are
applied on electrified solution jets for producing in-situ poled nanofibers that can be several
centimetres in length and have a micro/nano-size diameter [26, 29, 30]. More recently,
graphene as a highly conductive, rigid and thin 2D- material, has gathered significant
attention as a promising material in the field of multi-functional wearable electronics and
biomedical engineering due to its biocompatibility and excellent energy storage potential [31,
32]. The incorporation of nanofillers, which include 2D- materials such as transition metal
dichalcogenides (TMDCs), graphene and graphene nanocomposites, for example,
Ce*/graphene and CdS/rGO nanocomposites can increase the polar content of the PVDF
nanofibers and have been employed for energy harvesting applications [26, 29, 30]. Despite
their noticeable energy harvesting performance, Ce**/graphene and CdS/rGO nanocomposites
doped PVDF nanofibers have yet to be used as a wearable pressure sensor and pyroelectric
breathing sensor. For example, a Ce**/graphene based device was used as an acoustic sensor
and wind energy harvester [26]. In other work, a CdS/rGO based device was demonstrated as
a mechanical energy harvester with a relatively low output voltage [30]. A current challenge
in the use of graphene in biomedical applications stems from its costly manufacturing process
and lack of batch production efficiency. To overcome these disadvantages, graphene oxide
(GO), a graphene derivative, can be used with a similar functionality and is capable of being

used in mass production.
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In this chapter, a facile and low cost approach to fabricate highly flexible, sensitive and
self-powered wearable pressure and temperature sensor is presented for the creation of
epidermal devices based on GO encapsulated PVDF nanofibers. The graphene oxide was
synthesized using a solution based chemical treatment approach. The graphene based piezo-
and pyro-electric nanogenerator (GPPNG) is shown to exhibit a high sensitivity to both static
and dynamic tactile stimuli with a high pressure sensitivity of up to 4.3 VV/kPa and can also
detect a pressure as low as 10 Pa. The low range detection limit makes it favourable as a
wearable pressure sensor. In addition, it is demonstrated that there is potential to generate an
output power density up to ~6.2 mW/m? and ~1.2 nW/m? under mechanical and thermal
fluctuations respectively. We further demonstrate that the GPPNG sensor can accurately
detect and discriminate different skin related stresses induced by finger bending and
stretching, wrist bending, vocal vibrations (speech signals) and other human body motions.
Finally, the PVDF/GO based device can be utilized as a pyroelectric breathing sensor. These
wide ranging properties extend the potential application of GPPNG towards energy
harvesting, low power electronics and biomedical fields which include personal health
monitoring, acute heart and breathe disease diagnosis, human-computer interaction as well as

portable electronic devices.
5.2 Experimental Section
5.2.1 Synthesis of GO

Graphene oxide was produced by oxidizing graphite powder using the modified Hummers’
method [33]. Figure 5.1(a) shows the synthesis and molecular structure of GO. In brief, 6 g of
graphite powder was thoroughly mixed with 3 g of NaNO; in the 100 mL of cold
concentrated sulphuric acid. The solution was then stirred well in an ice bath that was

maintained below 5 °C. A mass of 15 g of KMnO, was then gradually added to the resulting
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Figure 5.1 Schematic route for the fabrication of GPPNG. (a) Preparation and molecular
structure of graphene oxide using the modified Hummer’s method. (b) Preparation of
spinning solution. (c) Experimental setup for preparation of pure PVDF and PVDF/GO
nanofibers. (d) Image of large piece PVDF/1 wt.% GO fiber prepared via electrospinning (7 x

18 cm?). (e) A sketch of the nanogenerator stack.

solution while being continuously stirred. After removal from the cooling bath, stirring of the
mixture was continued at room temperature. Afterwards, 200 mL of water was added to the
solution and the temperature was increased to 98 °C while being continuously stirred. Then,
500 mL of de-ionized water and 30 mL of 30% H,O, were added until effervescence has

ceased and the colour of the solution changed to light brown and was left overnight. The
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brown precipitate was then separated from the supernatant and then washed repeatedly with
5% (V/V) HCI. Finally the material was centrifuged with deionized (DI) water followed by
drying in a vacuum oven. Then, 100 mg of the as-prepared GO was collected and dissolved in

EG for further synthesis and analysis.

5.2.2 Preparation of PVDF/GO Nanofibers

To prepare the spinning solutions, firstly, 12 wt% PVDF was dissolved in a mixed solvent of
DMF and acetone (6:4) and it was stirred for 3 hours at 60 °C. Successively, GO powder with
different weight ratios (0.25, 0.5 and 1 (w/v)%) was immersed into the PVDF solution while
being vigorously stirred for 8 hours at 60 °C as elaborated in Figure 5.1(b). In order to
achieve a homogeneous dispersion of GO, the resulting solution was sonicated in an
ultrasonic bath for half an hour. A reference PVDF solution without GO was also prepared

and electrospun under the same condition to execute control experiments.

The electrospinning solution was filled into a 10 mL hypertonic syringe with a diameter of
0.8 mm to initiate the eletrospinning process. All nanofibers were prepared under a high bias
voltage of 12.5 kV using a commercial electrospinning instrument. A schematic in Figure
5.1(c) demonstrates the typical electrospinning set-up. The solution was forced by a syringe
pump and injected into the needle at a flow rate of 1.2 mL/hour. The nanofibers were
deposited on a Al-foil wrapped collector plate, as shown in Figure 5.1(c), where the collector
was positioned at a 12 cm distance to the needle tip. Finally the four sets of nanofibers were
dried at 60 °C for 8 hours to ensure that all of the solvents are released and to obtain stable
nanofibers for further characterisation and nanogenerator device fabrication. Nanofibers, with
and without GO are indexed as PVDF/1 wt.% GO, PVDF/0.5 wt.% GO, PVDF/0.25 wt.%
GO and pure PVDF for decreasing wt.% content of GO (1, 0.5, 0.25 and 0 wt.%) in PVDF

respectively.
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5.2.3 Fabrication of NGs

A schematic describing the complete fabrication procedure of the NG is shown in Figure 5.1
(a-e). The flexible, low-cost, light weight hybrid nanogenerators were fabricated using a
copper (Cu)-nickel (Ni) plated fine knit polyester fabric (Coatex Industries, India) as the
electrode material. Firstly, a (~25 mm x 50 mm) area of nanofiber was cut from the
electrospun fiber (Figure 5.1(d)). Then, the top and bottom electrodes were prepared using a
polyester fabric with an active contact area of ~18 mm x 44 mm. Finally, the electrode/
nanofiber/ electrode configuration was enclosed between two layers of PDMS (thickness ~0.8
mm, prepared in a mixture with a curing agent (ratio 10:1) which was cured in an oven at 60
°C for 1 hour) to form the desired NG, as shown in Figure 5.1(e). Nanogenerators comprising
PVDF/1 wt.% GO (1 wt.% GO) and pure PVDF (0 wt.% GO) are termed GPPNG and

NPPNG respectively. Figure 5.2(a-c) shows intrinsic flexibility of the assembled GPPNG.

(a)

Figure 5.2 (a-c) Images of the fabricated flexible GPPNG sensor and its bending and twisting

ability respectively.

5.2.4 Characterization Methods

The X-ray diffraction patterns and crystalline phases of the as-prepared GO and composite
nanofibers were recorded by X-ray diffractometer (Bruker, D8 Advance) with a Cu Ka (A =
0.154 nm) with an X-ray source at an operating voltage and current of 40 kV and 40 mA,
respectively. The characteristic vibrational bands and crystalline phases of the nanofibers

were further characterized by Fourier Transform Infrared Spectroscopy (FT-IR, TENSOR II,
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Bruker). Morphological analysis of GO and nanofibers were carried out by FE-SEM
(INSPECT F50) operating at an acceleration voltage of 20 kV and high resolution
transmission electron microscope HRTEM (JEOL-JEM 2100) operating at 200 kV. The
Raman spectra of the exfoliated GO were measured using a Micro-Raman spectrometer (Lab
RAM HR, Jobin Yvon). The piezoelectric open circuit voltage was recorded using a National
Instrument (NI) Data acquisition (DAQ) device (NI, USB 6000) using a sampling rate of
1000 samples per second, interfaced with a computer with a standalone program created
using LabVIEW software. X-ray photoelectron spectroscopy (XPS) was performed by a
thermo-electron system equipped with a Al-Ka excitation source and a semi spherical
electron analyser made by Leybold-Heraeus. The ds3 values of the samples were measured by
dss-meter (Piezoest, PM300) in HI/ds3 mode (capacitance, C measurement of the material is
inactive) under an applied force of 0.4 N and a frequency of 110 Hz. The instrument was

calibrated with a piezometer reference sample with a ds3 value of 349 pC/N.

Figure 5.3 (a) FE-SEM image of as-synthesized few layered GO with (b) HR-TEM image.
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5.3 Results and Discussion
5.3.1 Morphology Study of GO

From the FE-SEM micrographs, shown in Figure 5.3(a), it can be seen that the prepared GO
consists of randomly aggregated, crumpled, thin and wrinkled sheet-like structures. These
closely associated layered sheets form a disordered solid, which is due to the formation of sp*
carbon from the planar sp? carbon during the oxidation and heating process [36]. In addition,
the HR-TEM image in Figure 5.3(b) reveals the thin, transparent and wrinkled structure of

GO due to sheet folding; this is also confirmed by the FE-SEM images [34, 35].
5.3.2 XRD Pattern of GO

Figure 5.4(a) represents the XRD pattern of GO synthesized by modified Hummer’s method.
It is well established that the main graphitic peak at 20 = 26.7° (corresponding to interlayer
spacing of ~ 0.34 nm) disappears when it is oxidised and a sharp diffraction peak is observed
at 20 = 11.1° with an interlayer spacing of 0.75 nm. During the advancement of oxidation
process, oxygen functional groups are attached in between the layers, which increase the

interlayer spacing of graphite.
5.3.3 Raman Spectra of GO

As shown in the Raman spectrum in Figure 5.4(b), the graphite powder shows a prominent G
band located at 1576 cm™ and two weaker peaks featured at 1360 and 2700 cm™,
corresponding to D and 2D bands respectively [1]. In case of GO (Figure 5.4(c)), the G band
is broadened and up-shifted to 1594 cm™ and the D band becomes intensified. The G band
appeared due to the first order scattering of the E»y mode. In addition, the D and 2D bands
correspond to the second order double resonant process between the non-equivalent K points

in the Brillouin zone of Graphene [2]. The D-peak intensity is a measure for degree of
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Figure 5.4 (a) XRD pattern of GO. Raman spectra of (b) graphite powder and (c) graphene
oxide (GO). (d) XPS survey spectra of GO (XPS was measured by pasting the GO powder on
indium wire. So, In3d peak has appeared). (e) High resolution deconvoluted C1s XPS spectra
of GO.

disorder. The 2D peak is attributed to double resonance transitions resulting in the production

of two phonons in opposite momentum [1]. This weak and broad peak appearing in GO is
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another sign of disorder. During the extensive oxidation process, structural defects are
induced due to the attachment of oxygen functional groups to the basal plane of graphene.
This is the reason behind the reduction in size of the in-plane sp?-domains, promotion of
intensified D band and the blue shift of G band in GO. Another defect activated peak is
featured at 2970 cm™, named as D+G band.

5.3.4 XPS of GO

To investigate the formation of GO and to confirm the presence of oxygen functionalities,
XPS was carried out on the as-synthesized GO. The XPS survey spectra of GO (Figure
5.4(d)) shows peaks associated with Cls and O1s, which appeared at 285 and 533 eV
respectively. The high resolution spectral analysis of the C1s characteristic peak, shown in
Figure 5.4(e), indicates the presence of five different peaks at 283.7, 285, 286.2, 287.7, 288
eV, which correspond to the sp>C, sp°C, —-C—0, —C=0 and —COO- groups, respectively [47].

5.3.5 Morphology of PVDF/GO Nanofibers

The surface morphology of the PVDF/1 wt.% GO nanofibers is presented in Figure 5.5(a).
The surface of the as-prepared composite nanofiber is rougher than that of the PVDF
electrospun fibers (Figure 5.5(b)) due to the incorporation of the GO nanofiller. The TEM
image, shown in Figure 5.5(c) indicates that the PVDF/1 wt.% GO nanofibers consist of
randomly oriented fibers without any agglomeration, which is in accordance with the FE-
SEM image in Figure 5.5(a). GO was homogeneously dispersed in the P\VDF matrix because
of its carbon based structure and presence of oxygen linked functional groups and no
agglomeration was observed on the surface of the PVDF/GO fibers. Furthermore, the
prepared fibers are formed with a stable morphology and no cracks were detected so that the
fibers did not become brittle. The PVDF/1 wt.% GO nanofibers have a relatively smaller
diameter (~125 nm) compared to the pure PVDF fiber (~270 nm) prepared under the same

conditions as presented in the inset of Figure 5.5(a) and Figure 5.5(b). The incorporation of
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Figure 5.5 FE-SEM micrographs of (a) PVDF/1 wt.% GO and (b) pure PVDF fibers with
corresponding fiber diameter distribution are shown in the inset. (c) TEM image of PVDF/1
wt.% GO including the (d) SAED pattern. (d) EDX spectra of PVDF/1 wt % GO. The

elemental atomic percentages of carbon, oxygen and fluorine are shown in the inset.

GO considerably reduces the average fiber diameter and this is a result of the cumulative
charge density of the dispersed GO sheets due to the application of a high voltage to the
solution and the fiber jet during electro-spinning. This also facilitates the electrostatic
repulsion and Coulombic force on the Taylor cone which leads to a relatively reduced fiber
diameter of the PVDF/GO nanocomposites [29, 37]. The crystallinity, mechanical properties
and overall energy harvesting performance are also improved due to a decrease in fiber
diameter for the PVDF/1 wt.% GO composites [26, 38]. It is also evident from the TEM
image in Figure 5.5(c) that the GO is well dispersed in the fiber matrix since GO contains

several functional groups. Thus, it is expected that the embedded GO in the fiber matrix can
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influence the electrical conductivity, piezoelectric properties and pressure-temperature
sensitivity. The selected area electron diffraction (SAED) pattern of the doped fiber, as
shown in the Figure 5.5(d), revealed the presence of electroactive f—and )~ phases. From
electron dispersive X-ray spectroscopy (EDX) (Figure 5.5(e)), the presence of carbon,
fluorine, oxygen in PVDF/1 wt.% GO can be observed which indicates the presence of
oxygen functional groups in the fiber matrix.

5.3.6 Crystallographic Phase Identification and Quantification

The FT-IR spectra of electrospun pure PVVDF nanofibers and PVDF/1 wt.% GO composite
fibers are shown in Figure 5.6(a). For the pure PVDF nanofibers, the characteristic
vibrational peaks are observed at & = 613, 764, 796 and 975 cm™, which correspond to the
nonpolar o— phase. The appearance of two additional intense peaks at 1275 and 1233 cm™
confirm the nucleation of the polar S—phase (TTTT) and the semi-polar j— phase (TTTG),
respectively [23-26].

For the PVDF/GO nanofiber based on PVDF/1 wt.% GO, all a— peaks are diminished and
signals corresponding to the electroactive f— and y— phases have appeared. A systematic
study of other fibers with other GO contents (PVDF/0.25 wt.% GO, PVDF/0.5 wt.% GO)
revealed that the intensity of electro-active f— and y— phases gradually increases with an
increasing GO concentration (Figure 5.6(b and c)). In order to undertake a qualitative
analysis of the a—, f—and y—phases, the absorbance intensities are normalized to the 1072
cm™ peak as it is linearly dependent on fiber thickness, regardless of crystalline modification
[28]. Generally, the vibrational bands of the f— and y—phases of the PVDF coincide since
both contain the same TTT in the chain conformation and gives rise to common vibrational
peaks, such as at 841 cm™ [26, 28, 39, 40]. The peak at 841 cm™ for the PVDF/1 wt.% GO
nanofibers is more intense than pure PVDF, which indicates the specific electrostatic

interaction between the n-electron cloud and the oxygen containing functional groups
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Figure 5.6 FT-IR spectra of (a) pure PVDF, PVDF/1 wt.% GO fibers (b) PVDF/0.25 wt %
GO and PVDF/0.5 wt % GO fibers in the wavenumber range of 1600-600 cm™. (c) Relative
percentage of Fea as a function of the GO concentration. (d) Variation of the FT-IR
absorption intensity ratio of B and y phases (I1276/11233) Of pure PVDF and PVDF/GO fibers
with respect to the concentration of GO. (e) The bar diagram represents the relative

percentage of F(f) and F(y) for PVDF/GO fibers.
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(carbonyl and carboxylic groups) in GO and the —CH,/—CF; dipoles of PVDF [41, 42]. It can
be clearly observed from the absorption band intensity ratio 11276/11233 (Figure 5.6(d)) that the
y—crystalline growth is almost negligible with respect to the p-—phase when the GO
concentration is increased gradually (Figure 5.6(e)). Thus, it can be concluded that the
PVDF/1 wt.% GO nanofibers consist of the largest proportion of ferroelectric f— phase.

In addition, it is worth noting that a strong absorption band appears at 841 cm™, which is a
common characteristic of both S—and y—phases. Thus, the absorption intensity of 841 cm™
band is used to quantify the relative proportion of the electroactive phase (Fga), as a result of
both f—and y— phases [43, 44].

The total electroactive phase content (Fga) and relative proportion of electroactive phases (5

&) i.e., F(B) and F(y) can be calculated using these following equations.

A
Fgy4 ==?§QT;f£L:;—'X 100%
Koeq ) A764T4EA

F(,B)=FEAX< - )

A3+Ay

F()/):FEAX< “r )

Apt+Ay

where, Ags1 and Ase4 Signify the absorbance intensities at 841 cm™ and 764 cm™, respectively,
and Kgqy (7.7%10% cm? mol™) and Kyes (6.1%10% cm? mol™) are the absorption coefficients at
respective wavenumbers. Az and A, are the intensities (area) under the deconvoluted curves of
the 841 cm™ main peak that are described as A and .

A Fea of 96% is achieved for the PVDF/1 wt.% GO fiber as shown in Figure 5.6(c).
Furthermore, the absorbance peak at 764 cm™ (non-polar a— phase) which appears as a result
of CF;, bending and the skeletal bending vibrational mode, is completely diminished in the
FT-IR spectra of the ESPVGOL1.0 fiber (Figure 5.6(a)). The 841 cm™ has been deconvoluted

to calculate the relative fraction of electroactive f—and y— phases and is shown in Figure
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5.7(a). Frequency shifts of the CH, symmetric and CH, asymmetric vibrational FT-IR modes
in the frequency region of 3060-2940 cm™ for PVDF/1 wt.% GO compared to pure PVDF
(Figure 5.7(b)) indicates an interaction between PVDF and GO. A noticeable shift of these
bands towards a lower frequency can be observed, which points toward the presence of an
interfacial interaction between the superficial charge existing on the GO sheet and

—CH,/-CF; dipoles of PVDF in the nanocomposite system [24, 44].
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Figure 5.7 (a) The deconvolution of the FT-IR spectra (920-780 cm™) for GO doped PVDF
fibers with different GO concentrations (1, 0.5, 0.25 wt.% from top to bottom). (b) FT-IR
spectra of pure PVDF and PVDF/1 wt % GO fibers in the wavenumber range of 3060—2940

cm™,
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PVDF, PVDF/1 wt.% GO and (b) PVDF/0.5 wt % GO (top) and PVDF/0.25 wt % GO
(bottom). The degree of crystallinity of g, y and a— phases is also provided.

To evaluate the crystallinity of the nanofibers from the XRD pattern of the related polarized
phases, a curve deconvolution technique was performed [26, 29, 44]. From the curve
deconvoluted XRD pattern, as shown in Figure 5.8(a), the data of pure PVDF nanofibers
show a diffraction peak at 18.2° (202), which is characteristic of «— crystalline phase and this
is in accordance with the FT-IR spectra presented in Figure 5.6(a). Furthermore, two
additional crystalline phases can be observed at 20.3° (110) and 20.8° (110/200) [23, 26],
which are attributed to electroactive y—and S— phases, respectively. The reason behind the
electroactive phase formation in the pure PVDF nanofibers is that the molecular chains of
PVDF are uniaxially stretched by the high electrical forces during the electrospinning
process, which forces the —CH,/ —CF, dipoles for in-situ orientation [37, 45]. Furthermore,

characteristic non-polar «—phase peaks at 17.6° (100), 18.2° (202) and 19.9° (110) are
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diminished in the PVDF/GO nanofibers of PVDF/1 wt.% GO. The intense diffraction peaks
at 20.5° emphasizes the dual signature of both the S— and y— phases [23, 39]. Curve
deconvolution assigns the sharp peak at 20.5° as the predominant S— phase with the co-
existence of lower content of y— phase at 20.3° and at 18.5°. The total degree of crystallinity

(xc) and the crystallinity of the individual phases are calculated using curve deconvolution

methodology using the following equations.

Y Acr

=—==" %1009
Xe Y Acr+X Aamr %
_ XAg
Xcep = Xc X2A3+2Ay
_ _ XAy

where, 2A. and XAamr represent the summation of the total integral areas of crystalline
diffraction peaks and amorphous halo, respectively. Furthermore, 2A; and XA, are the total
integral intensities (area) under crystalline S~ and j— phases, respectively.

The deconvoluted XRD patterns of PVDF/0.5 wt.% GO (0.5 wt.% GO) and PVDF/0.25 wt.%
GO (0.25 wt.% GO) are also shown in Figure 5.8(b). The highest degree of crystallinity was
obtained for the PVDF/1 wt.% GO fiber, which is almost 68% whereas the pure PVDF is
53% and the degree of crystallinity gradually increases with the incorporation of GO. In
particular, the incorporation of GO improves S— phase crystallinity significantly [41, 46].
This is due to complete adsorption of the PVDF chain on the large surface provided by GO
and this adsorption leads to the complete conversion of TGTG' chains into TTTT chains. The
heterogeneous nucleation of f—and y— phase of the PVDF chain on the GO surface increases

the crystallinity and the crystallization temperature. The average crystallite size of the -
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(Dp) and y— (D,) phases are calculated using Debye-Scherrer equation, as shown below and

these values are tabulated in Table 5.1:

_ KA
- Bcosb

where, K is a constant (0.89), A is the wavelength (0.1541 nm) of the Cu-Ka X-ray radiation,
p is the full-width (in radian) at half maxima (FWHM) of the intense diffraction peak and
@is the diffraction angle.

Table 5.1 The degree of crystallinity and size of - and y- crystallites for different composite

fibers.
Sample 1c (%0) B-crystallite size y-crystallite size
(Dy) (nm) (D) (nm)
Pure PVDF 53 5 14
PVDF/0.25 wt % GO S7 6 17
PVDF/0.5 wt % GO 63 8 16
PVDF/1 wt % GO 68 7 16

5.3.7 XPS Study of Nanofibers

To understand the compositional changes related to conformational ordering of the PVDF
chain due to the incorporation of GO in the PVDF nanofiber, XPS was performed over pure
PVDF and the PVDF/1 wt.% GO nanofibers. In the high resolution C1s core level spectrum
of pure PVDF, which is shown in Figure 5.9(a), two main peaks are present with binding
energies of 287.1 eV and 291.7 eV, which indicate two main carbon species, CH, and CF,
respectively. A chemical shift toward lower binding energies can be detected for the CH, and
CF, peaks in PVDF/1 wt.% GO, with binding energies of 286.3 eV and 290.7 eV.

Furthermore, a substantial decrease in intensity of the CF, peak and an increase of the peak
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Figure 5.9 High resolution XPS spectra of pure PVDF and PVDF/1 wt.% GO in the (a) C1s
and (b) F1s core level regions.

area of the CH, species for the PVDF/1 wt.% GO nanofibers are also observed in comparison
to the pure PVDF. These two observations suggest that there is significant distinction in the
electronic environment of the —CH, and —CF; dipoles in the PVDF chain of the PVDF/1 wt.%
GO nanofibers. In addition, the high resolution F1s core level spectrum, as shown in Figure
5.9(b), reveal that PVDF/1 wt.% GO exhibits a minor asymmetry at the higher binding
energy level compared to pure PVDF, which is positioned at 688.1 eV. These results indicate
an interaction between the —CH,/—CF, dipoles of PVDF and oxygen functional groups
present in GO.

5.3.8 Mechanism of Phase Conversion

Therefore it is evident from the above mentioned data that f— and y—phase nucleation has
occurred in the PVDF/GO composite nanofibers because of an interaction between the
negatively charged GO nanosheet and the dipoles of the PVDF fiber [41]. The conversion of
the non-polar a— phase to the electroactive f—and y—phase is a result of the electrostatic

interaction and/or the intermolecular hydrogen bonding between the oxygen containing

191



functional groups and —CH,/—CF; dipoles of the PVDF [41, 48, 49], which leads to improved
ferroelectric performance for piezoelectric based sensing and energy harvesting applications
[50, 51]. To understand the interaction present between the PVDF chain and GO sheet, a

hypothetical model is constructed based on the results, which is described in the schematic in

Figure 5.10.
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Figure 5.10 Schematic of a hypothetical model for electroactive phase nucleation and
interactions present in PVDF/1 wt.% GO nanofibers.

5.3.9 Piezoelectric Energy Harvesting Performance

The piezoelectric performance with respect to the open circuit output voltage was recorded
using a repetitive motion applied by a finger on the surface of the NGs at a frequency of ~ 4
Hz. The process was performed using a bare finger covered by a polyethylene glove under
the repeating compressive force of 7 N and associated applied stress amplitude of 8.8 kPa,

respectively. An open circuit voltage of ~7 VV was measured for the PVDF/1 wt.% GO based
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Figure 5.11 Open-circuit output voltages from (a) pure PVDF (NPPNG), PVDF/1 wt.% GO
(GPPNG) nanogenerator devices (b) the NGs made of PVDF/0.25 wt % GO and PVDF/0.5
wt % GO in forward connection during repetitive impact by a human finger at ~4 Hz and (c)
NPPNG, GPPNG in reverse connection. (d) PMMA nanofiber based nanogenerator during
repetitive finger human finger impact motion under the frequency of ~4 Hz. Piezoelectric

charge coefficient (ds3) values for () PVDF/1 wt.% GO and (f) pure PVDF nanofibers.

device (GPPNG), whereas, ~1 V was generated for the pure PVDF based device (NPPNG),

which is shown in Figure 5.11(a). The recorded output voltages from other NGs are shown in
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Figure 5.11(b). The output voltage with a reverse electrode connection was also measured
(Figure 5.11(c)), which clearly indicated that an output of similar amplitude, but with
reversed polarity, was observed. This indicates that the potential difference is a result of the
change in dipole moment of the system under stress; i.e. it is a stress induced polarization
change due to the piezoelectric effect [52]. As a control, we have tested a nanogenerator in
the same configuration but with only poly(methyl methacrylate) (PMMA) nanofibers and did
not observe any out voltage response. Therefore, it can be concluded that the response is
piezoelectric (Figure 5.11(d)). When the GPPNG is subjected to a vertical mechanical stress,
the piezoelectric B-crystal structures of the nanofibers are deformed and thus a potential
difference is developed between the two electrodes. As an outcome, the external free
electrons are forced to the GPPNG, leading to a strong enhancement in piezoelectric response
by converting the distorted structure into its stable form. When the external strain is released
from the GPPNG surface, the potential difference between the two electrodes diminishes and
the accumulated free electrons gradually move back through the external circuit, generating
an electric current in the reverse direction [53]. As shown in Figure 5.11(a and b), the open
circuit voltage gradually increased with an increase of the GO content in the PVDF mat. The
maximum recorded output voltage is 7 V at a 1 wt.% filler loading which is approximately
seven times higher than that exhibited by the NG containing pure PVDF nanofibers. This
enhancement is associated with the increased longitudinal piezoelectric charge coefficient,
ds3 ~ —30 pC/N (Figure 5.11(e)) in comparison to the pure PVDF nanofiber (~ —22 pC/N)

(Figure 5.11(f)). A comparison is presented in Table 5.2.
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Table 5.2 Comparison of the piezoelectric coefficient of PVDF/1 wt % GO with the reported

materials.

Sr. No. Active Materials Piezoelectric Co- References
efficient (ds3)
1. BaTiO3-Wood cellulose fiber 4.8 +0.4 pC N ACS Appl. Mater.
Interfaces 2014, 6,
7547-7553
2. Diphenylalanine peptide 17.9 pm V™' Nat. Commun. 2016,
7, 13566-13571.
3. M13 bacteriophage (phage) 78 pmV’! Nat.
Nanotechnol. 2012,
7, 351-356
4. P(VDF-HFP) films 24 pC N Polym. Eng. Sci.
2007, 47, 1630-1633
5. Solution grown ZnO nanorods on  4.41 pmV J. Appl. Phys. 2007,
Ag films 101, 014316014321
6. ZnO 12.4pCN™ Appl. Phys. Lett.
1 1998, 73, 3851-3853
7 P(VDF-TrFE) copolymer film 18pCN \Iz’.oT;rL){mi:’?\(;llsl.B.ZOl&
52, 496-506

8. PVDF film 24 pC N J. Polym. Sci. B:
Polym. Phys. 2004,
42, 3487-3495

9. CoFe,0,~SDS/PVDF 23pC N J.  Phys.  Chem.
C 2012, 116, 15790—
15794

10. Silver nanowires (Ag NWs) 29.8 pC N Fourth

doped PVDF fibers Int. Conf. on Smart

Mater. and
Nanotech. in
Eng.2013, 879314,
DOI:
10.1117/12.2026758.

11. PVDF/GO nanofibers 30pC N This work

The reason behind the increased output performance is due to the electrostatic interaction
between the negatively charged GO nano-sheet embedded in PVDF nanofibers with the —
CH,/—CF; dipoles present in PVDF. This interaction not only incorporates the nucleation but
also stabilises the electroactive - phase (surface charge induced polarisation) in the PVVDF

nanofiber mat [54]. Therefore, the high quality crystal structure and the existence of
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delocalised - electrons and oxygen functional groups present in the layered structure of the
GO improve the piezoelectric performance of the hybrid system. Thus, the PVDF/GO system
(GPPNG) can be used as a real time power source in various self-powered portable electronic
devices. Further experiments and applications are now carried out and discussed using the

GPPNG due to its better piezoelectric performance.
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Figure 5.12 (a) Output voltage (circuit diagram shown as inset) and output power density of
the GPPNG as a function of different load resistances. (b) Capacitor charging performance of
different capacitors (1, 2.2, 4.7 uF) as function of time during repeated finger impact on the
GPPNG (10 illuminating blue LEDs as shown in the inset). (c) Open-circuit output voltage of
the GPPNG under different applied pressure. (d) Open-circuit output voltage of GPPNG at 10

kPa pressure and under the frequency of ~4 Hz.
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To evaluate the instantaneous electrical power output performance, the GPPNG was directly
connected to electrical loads at different resistances (R.) ranging from 100 kQ to 60
MQ (while applying force of 7 N at a frequency of ~4 Hz). The measured output voltage as a
function of external load resistances is shown in Figure 5.12(a). The output voltage gradually
increases with increasing load resistance, since the discharge of the devices is reduced and
approaches the open circuit voltage of 7 V at a high load resistance; i.e. on approaching an

infinitely high resistance. The variation of power density (P) with respect to R. in Figure
5.12(a) was quantified using the following equation, P = A%Z—Z where V is the voltage drop
L

across R and A is effective electrode area. The maximum instantaneous output power density
of ~6.2 mW/m? was achieved at a R of 1 MQ . It has been observed that, the output power
density of our GPPNG is found to be superior with respect to current state of the art
nanogenerators as given in Table 5.3.

In addition to output voltage performance, to demonstrate the energy storage ability and the
application of piezoelectric energy conversion performance, three capacitors (i.e., 1, 2.2, 4.7
uF) were individually connected to the GPPNG through a full wave bridge rectifying circuit
and charged by repeated human finger taping (Figure 5.12(b)). It was observed that, the
PVDF/GO based device (GPPNG) efficiently charged up the capacitors when subjected to an
episodic pressure of 8.8 kPa. The charging voltage across the capacitors reached a steady
state (4.9, 3.6 and 2.3 V) following an exponential path within a short time scale of 54, 80

and 80 seconds for the 1, 2.2 and 4.7 pF capacitors, respectively. The energy stored (Estoreq)

within the capacitors reached maximum in case of 2.2 uF and reached up to 14.25 uJ. Here,

2
Estored Can be calculated as Eg;preq = % where, C is the capacitance of the capacitor and V

is the voltage across the capacitor. The output power is also sufficient to illuminate more than

10 blue LEDs in series by repeated human finger impact of similar load, as shown in the inset
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of Figure 5.12(b). Thus, the GPPNG can be used as a power generator or small scale energy

scavenger to drive self-powered electronic devices.

Table 5.3 Comparison of the output performances of the GPPNG with the reported NGs.

Sr.  Materials Output
No. Voltage
1. P(VDF-TrFE) 48V
nanowires
2. ZnO 9V
(peak to
peak)
3. P(VDF- 0.6V
TrFE)/BaTiO3 film
4.  Direct-write PVDF 30 mV
nanofibers
5. Aligned BaTiOs films 6.5V
6.  Aligned P(VDF- 15V
TrFE) nanofibers
7.  PVDF/ZnO 181V
nanocomposite
8. PVDF/NaNbOs/RGO 2.16 V
nanocomposite
9. PVDF-graphene 1.3
nanocomposites
V(peak
to peak)
10. PZT nanofiber 1.63V

11. PVDF/GO nanofiber 7V

5.3.10 Mechano-sensitivity Test

Power/Power References

Density

Not given

0.02 pW/cm?

0.28 pW

Not given
0.021 pWw
Not given
0.21 pW.cm™

Not given

36 nW

0.03 pW

6.2 mW/m?

J. Mater. Chem. C
2015, 3, 11806
11814

ACS Appl. Mater.
Interfaces, 2019, 11,
6078-6088

Composites Part B
2015, 72, 130-136
Nano Lett. 2010, 10,
726-731

J. Mater. Chem. A
2015, 3, 9965-9971
Nat. Commun. 2013,
4,1633-1642

Polym. Adv. Technol.
2018, 29, 143-150
Compos. Sci. Technol.
2017, 149, 127-133

Smart Mater. Struct.
2013, 22, 085017—-
085026

Nano Lett. 2010, 10,
2133-2137
This work

Furthermore, to investigate the low range pressure (oa) sensing performance of the GPPNG

composed of PVDF/1 wt.% GO nanofibers, light-weight substances of different masses were

dropped on the upper surface of the GPPNG from a height of 3 cm. The GPPNG could detect
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an external pressure as low as ~10 Pa and generated an output response of 0.06 V. The
generated output voltage changes almost linearly with respect to the increased implied

pressure in the low pressure regime as seen in Figure 5.12(c). The calculated mechanical

impact sensitivity (S) can be expressed as S =AATV, where AV and Aoy are termed as

differences of V and o, respectively and the sensitivity of the GPPNG in the low pressure
region (S= 4.3 V/kPa) is higher than several previously reported piezoelectric pressure
sensors. A detailed comparison table of piezoelectric pressure sensitivity is provided in Table
5.4.

Table 5.4 Summary of the reported piezoelectric pressure sensors and their performances.

Sr. No. Materials Sensitivity Reference

1. Laterally aligned PZT 0.14 V/kPa ACS Appl. Mater. Interfaces
aingle-crystal 2017, 9, 2469624703
nanowires

2. P(VDF-TrFE) nano- 0.05 V/kPa Adv. Energy Mater. 2014, 4,
tube 1400723-1400730

3. P(VDF-TrFE) thin  0.75 mV/kPa Sens. Actuators A 2012, 177,
film 87-92

4. Cellular PP/a-Si:H 0.1 V/kPa Appl. Phys. Lett. 2006, 89,

073501-073503
5. PTFE/porous PTFE 1.5 V/kPa J. Phys. D: Appl. Phys. 2014,
47, 015501-015510

6. Cellular fluorocarbon  1.54 V/kPa Nano Energy 2017, 32, 42-49

7. Aligned P(VDF- 540 mV/N (device  Nanomaterials 2018, 8, 1021-
TrFE)/MWCNT dimension 1.5 cm x 1032
composites 1.5cm)

8. Piezoelectric fiber 269.4 mV/N Nanoscale 2015, 7, 11536-
array vertically (device dimension 11544
integrated P(VDF- 10 mm x 10 mm)

TrFE)

9. Carbonized 1.44 VIN (device ACS Appl. Mater. Interfaces
electrospun dimension 1.5 cm x 2018, 10, 15855—-15863
polyacrylonitrile/bariu 1.5 cm)

m titanate

(PAN-C/BTO)
nanofiber film
10. Electrospun 0.017 V/kPa Nanoscale 2018, 10, 17751-
PVDF/BaTiOs 17760
nanowire (NW)
nanocomposite fibers
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11. Eletrospun PVDF 42 mV/N (device Smart Mater. Struct. 2011,

fabric dimension 19.7 20, 045009-045015
mm?)
12. P(VDF-TrFE) film 0.01 V/N (device J.  Microelectromech. Syst.
dimension 2.25 2008, 17, 334-341
mm?)
13. PVDF-MWCNT- 0.011 V/N (device  Org. Electron. 2017, 50, 121-
OMMT dimension 4 cmx 4 129
cm)
14. P(VDF-TrFE)/CMOS 0.050 V/N (device  IEEE Sensors J. 2011, 11,
transistor dimension 1.5 cmx  3216-3226
1.5 cm)
15. PVDF/GO nanofibers 4.3 V/kPa This work

In the large pressure range, the sensitivity of the GPPNG gradually decreases. The output
voltage of 7 V is obtained at a pressure of 8.8 kPa, which is the maximum output
performance during periodic impact by a human finger. The output performance was also
measured at 10 kPa and the recorded output voltage is almost 7 V (Figure 5.12(d)).
Therefore, the output signal becomes saturated in higher pressure range. This is possibly due
to the theoretical limits of effective strain in piezoelectric materials in the high pressure
region [55]. Hence, the GPPNG has the capability to be used as a self-powered E-skin for
biomedical applications such as sensing static tactile stimuli, vocal cord vibrations during
coughing, swallowing movements of human throat and speech signal recognition due to its
sensitive pressure sensing capability.

5.3.11 Pyroelectric Energy Harvesting Performance

To evaluate the pyroelectric short circuit peak current and open circuit peak voltage, the
GPPNG was placed under an IR radiation test set-up and a controlled temperature oscillation
was applied to the device under periodic illumination of IR light and convective cooling. The
GPPNG can readily harvest thermal energy due to the pyroelectric properties of the PVDF/1
wt.% GO nanofibers [52]. When a periodic thermal fluctuation is applied to the PVDF/GO
based device (GPPNG), there is a clear enhancement of output performance with respect to

the device made from pure PVDF nanofiber (NPPNG). When the temperature increases from
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Figure 5.13 Time dependent cyclic temperature change (upper panels) and rate of change of
temperature (dT/dt, lower panels) in the switching frequency of (a) 0.01 Hz and (b) 0.1 Hz. (c
and d) Pyroelectric short circuit current (upper panels) and open circuit voltage (lower
panels) measurement of the GPPNG under same switching frequency. (e) Output voltage and

() power density as a function of external resistance varying from 250 MQ to 1 TQ when the

GPPNG was driven by periodic thermal cycling (at 0.1 Hz).

room temperature to 318 K (AT = 22K and dT/dt = 2.12 K s™) (Figure 5.13(a)) the GPPNG
shows an output peak current of 45 pA at a lamp switching frequency of 0.01 Hz, which is

nearly seven times higher than that of NPPNG, as shown in Figure 5.13(c). When the
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switching frequency changes from 0.01 Hz to 0.1 Hz, (AT = 6K and dT/dt = 1.3 K s™) (Figure
5.13(b)) the increase in peak output current is around 10 times higher than that of NPPNG
(Figure 5.13(d)). When exposed to temperature changes, it can be observed that the short
circuit current (lsc) shows a positive peak if the material is heated (dT/dt > 0) and a negative
peak during the convective cooling process (dT/dt < 0). This is due to the decrease in the
level of spontaneous polarization during heating process, forcing the surface charges to flow
between the two polar surfaces. When the device is subsequently cooled, current flows in the
reverse direction due to the attractive force of the free charges to the polar surfaces [56-58].
In Figure 5.13(c and d), the GPPNG generates approximately 60 mV and 100 mV at a
switching frequency of 0.01 Hz and 0.1 Hz respectively. Thus, it can be concluded that
incorporation of the GO sufficiently increased the pyroelectric performance of the GPPNG.
This improved performance can be described in terms of the following two factors:

1) The existence of a variety of oxygen-oriented functional groups within GO enhances
the absorption in the mid-IR region. The absorbed IR is converted into heat, which
increases the temperature of GO by exciting the C-C bond, yielding phonons. Due to
this effect, a decrease in resistance is caused by the incident IR, which triggers a
temperature-sensitive conductance change [59].

2) The thermal conductivity of GO can be ascribed by the increase in the interlayer
coupling, which is provided by the covalent interactions of the oxygen atoms.

The pyroelectric coefficient of the GPPNG is described in terms of the following equations.

Under short circuit conditions, I, = P*A dT/dt and in open circuit condition, V,, =
P:* t AT [56, 60], where Iy is the short circuit pyroelectric current, Vo is the open circuit

pyroelectric voltage, A is the electrode area, dT/dt is the rate of change in temperature, AT is
the change of temperature, ¢ is the relative permittivity of the material, t is the thickness

across the polarization direction and P” is the pyroelectric coefficient respectively. Appling
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our experimental data, the projected pyroelectric coefficient of the PVDF/1 wt.% GO is 27
nCm?K™*, which is almost six times higher than the pure PVDF fiber (4 nCm?K™). The
maximum generated output power density (Figures 5.13(e and f)) was found to be ~1.2

L . . 1 V.2
nW/m?, which is assessed using the relation P = " ;‘ :
L

when periodic thermal energy was

applied to the GPPNG at a switching frequency of 0.1 Hz. Thus, our device can be used as a
promising waste heat energy harvester in addition to its piezoelectric energy harvesting and
biomedical implementation.

5.4 Applications

5.4.1 Wearable Piezoelectric Pressure Sensor

In order to demonstrate the GPPNG as a self-powered wearable pressure sensor, it was
attached to various human body parts for monitoring physiological signals. The GPPNG was
employed on the wrist to evaluate the sensing features of the wearable nanogenerator for
mechanical stimuli such as stretching and bending and the sensing performance and
generated voltage was measured, as depicted in Figure 5.14(a). During a quick downward
wrist bending motion, a sudden static tensile strain was exerted on the sensor, resulting in an
overall increase of the voltage and it was retrieved by straightening the wrist to its original
configuration. The response of the bending/relaxation motion of the wrist is a combined
result of the stretching, bending effect of the skin (skin deformation) and the pressure is
imparted by joint motion during repeated wrist bending. Additionally, flexing and extension
of the elbow can be clearly distinguished by fixing the strain sensor on the joint area of the
elbow using adhesive tape, as shown in Figure 5.14(b). Therefore, it can be concluded that
the GPPNG strain sensor exhibits distinct output signals of different patterns related to
numerous stimuli of synovial joints such as the wrist and elbow. Our device comprising of
electrospun PVDF/ 1 wt.% GO nanofibers may be valuable in epidermal electronic systems

fabrication and in medical applications such as monitoring patient and athlete motion.
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Figure 5.14 (a) Photograph of wrist joint bending, stretching when GPPNG sensor is
attached on the top surface of the wrist and corresponding piezo-response with respect to
output voltage signal is illustrated. Monitoring the (b) elbow joint (c) finger bending and

stretching motion by detecting relative changes in output voltage signal as a function of time.

Furthermore, to demonstrate the potential of the GPPNG as a human motion detector, the
GPPNG sensor was mounted on the top surface of individual fingers of a right hand and the
corresponding sensing performance was monitored. As shown in Figure 5.14(c), the sensor
can readily detect and discriminate between bending and stretching motion of each finger
such as the thumb, index, middle, ring and little finger. The sensor exhibits different patterns

of output signals by measuring voltage changes associated with variations in the bending. In
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addition, these five independent strain sensors can be assembled into a wearable glove (data
glove) to utilize it in remote patient monitoring system using wireless communication module
to transmit the information of a sick patient to the cell phone of a doctor [61]. Such a data
glove may be useful in the field of fine motion control in robotics such as drone, radio
controlled car and to examine human body configuration [61-63]. More importantly, this
wearable skin interactive strain sensor does not limit any human motion due to its high
flexibility and light-weight nature.

Moreover, to allow the graphene based sensors to be worn near the skin for a real world
application, the whole system was sandwiched using two layers of PDMS (Figure 5.1(e)).
However, it should be emphasized that graphene oxide exhibits itself no cytotoxic reactions
on human skin [64, 65] and graphene based materials are also appropriate for neural
prosthetic devices, which are based on carbon [66], which indicate the potential
biocompatibility of our GPPNG.

The GPPNG sensor can also be utilized to detect and monitor phonation (speech). When the
sensor was fixed to the subject’s throat, it was able to precisely monitor the pressure
difference created by the muscle movement during speaking. As shown in Figure 5.15(a), it
shows sensitivity towards specific phonation recognition. During the pronunciation of
different alphabetic characters such as “A”, “B”, “C”, “D” and “E”, the stress originated from
vocal vibrations due to the complex muscle movement all over the throat was transferred to
the sensor. Thus, the sensor exhibits distinguishable output signal waveforms for each
alphabetic character. It can be concluded from the short time Fourier transform (STFT)
processed spectrograms for all five characters that maximum amplitude of all characters is
approximately inside the frequency range of 250-300 Hz and in the higher frequency range of
~450 Hz and is in accordance with the fast Fourier transform (FFT) profile of each alphabetic

character (Figure 5.15(b-f)). These results show that the self-powered wearable pressure
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Figure 5.15 (a) Photograph of the GPPNG attached to the throat of a male participant during
speaking of “A”, “B”, “C”, “D”, “E”. Recorded output voltage response curves during
pronunciation of these letters with FFT signal in the upper part are also shown. (b-f) FFT
processed frequency spectrum profile during pronunciation of the letters “A”, “B”, “C”, “D”

and “E” as indicated in the diagrams when GPPNG is attached to a human throat.

sensor has potential application as a sound detecting skin and in speech rehabilitation training
[67-69]. In addition, our device shows reproducible sensing property and repeatability
towards thoracic pressure developed due to vibration of the tissue around vocal cord during
repeated coughing action. The GPPNG sensor can successfully detect the two or three distinct
phases of cough (Figure 5.16(a)), consisting initial opening burst, the blaring airflow (second
phase) and possibly a final glottal closure [70, 71] as shown in the inset of Figure 5.16(a).
The STFT processed signal of one single cough waveform (Figure 5.16(b)) validates its
generation due to vibration of the vocal cord (200-450 Hz). Therefore, the GPPNG can be

used to monitor the airway flow mechanics during coughing and for successive analysis and
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Figure 5.16 (a) Relative changes in the output voltage signal as a function of time when
monitoring a coughing action (enlarged view is depicted in the inset). (b) The STFT
processed spectrogram of one single cough signal. (c) Responsive curves of a swallowing

exercise. (d) Magnified view of one swallowing signal marked in part.

diagnosis of coughing related to asthma and other bronchopulmonary respiratory diseases
[70, 72, 73]. Furthermore, the complex gulping (swallowing) behaviour was also recorded
reliably and repeatedly via the pressure sensor when attached to a human throat (Figures
5.16(c and d)). The relative change in voltage indicates the opening and closing event of the
glottis associated with the muscle movement of the throat during agglutination behaviour.
Such devices can be useful in sensor operated rehabilitation game for patients undergoing

dysphagia and odynophagia (painful swallowing) [74]. All results indicate that the as-
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prepared GPPNG sensor showed high sensitivity, repeatability and stability towards subtle
pressure changes near human skin, stretching, bending and other physiological signals,

indicating its wide futuristic application in personal health assessment and clinical diagnosis.

5.4.2 Pyroelectric Breathing Sensor
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Figure 5.17 (a) The temperature fluctuation and (b) recorded open circuit voltage of the
GPPNG (photo of the GPPNG attached to a N95 breathing mask is shown in the inset) driven

by human respiratory at room temperature.

In addition to the piezoelectric sensing applications reported above, the GPPNG can be used
as a self-powered breathing sensor as well as temperature sensor for human health monitoring
and diagnosis. To demonstrate its use, the GPPNG was mounted on a N95 mask at the
location where most of the airflow during respiration process is condensed (inset of Figure
5.17(b)). The whole system was worn on the human face and a temperature sensor was
attached to the GPPNG during the experiment to record the real-time temperature fluctuations
during breathing. The continuous breathing process led to periodic temperature differences
around the mouth and the recorded temperature fluctuation during this respiratory process is

almost 5K, as shown in Figure 5.17(a). Figure 5.17(b) clearly indicates the open circuit
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voltage of the GPPNG, which is generated due to pyroelectric effect under the given
experimental condition. The temperature of the airflow during respiration is similar to body
temperature. Therefore, it is possible to harvest waste heat energy from respiration [75] by
wearing the above mentioned system on the face in low temperature regions and in the winter
season. Moreover, the breathing rate and breathing pattern are the vital signs of human health
in detecting medical problems as they provide the information about how the
cardiorespiratory system is working. The normal respiration rate for an adult at rest is 14 to
18 breaths per minute. Unusual respiration rates such as bradypnea (abnormally slow rate),
tachypnea (abnormally rapid rate) are the alarming signs of various hidden diseases and
psychological stress. In addition, unusual breathing patterns are also associated with different
health conditions. For an example, Cheyne-Stokes breathing is an accurate sign of left
ventricular dysfunction, especially for older patients (~80 years). From the featured results it
is clear that the GPPNG is able to provide the information (rate and pattern) regarding human
respiration. Moreover, its lightweight and high sensitivity make it a high-potential candidate

for breathing sensor for real time health monitoring of aged persons and patients.

5.5 Conclusion

In conclusion, we have presented a novel wearable pressure sensor based on biocompatible
graphene oxide doped PVDF nanofibers, which exhibited superior piezoelectric and
pyroelectric sensing performance compared to pure PVDF nanofibers. The preparation of the
PVDF/GO nanofibers via electrospinning and the complete fabrication strategy of the
pressure and temperature sensor device are relatively simple with the combined advantages of
a cost-effective fabrication process and potential for large-scale production and flexibility.
We have demonstrated that the PVDF/GO nanofiber based sensor exhibits a high pressure
sensitivity of 4.3 V/kPa, with a low detection limit up to 10 Pa. The sensor exhibits

outstanding response for detecting a variety of human physiological signals such as joint
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movements, coughing signals, swallowing and monitoring throat muscle movement in real
time during repeated speaking of different alphabetic characters, confirming its potential for
voice recognition. Moreover, the PVDF/GO nanofiber based device exhibits superior
pyroelectric performance compared to pure PVDF with a maximum output power density of
~1.2 nW/m?. Furthermore, it can sense periodic temperature fluctuation during continuous
breathing process and the potential temperature sensing ability makes it promising as a
breathing sensor. The fabricated system has promising applications in wearable smart skin for
medical diagnostics, human health monitoring and power sources for wearable electronics

and E-skin applications.
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6.1 General Conclusion

This thesis unveils different strategies adapted for successful fabrication of efficient piezo-
and pyroelectric nanogenerators (NGs) towards versatile self-powered applications. In
particular, the main objective is to harvest mechanical and thermal energy from environment
to pave a way towards battery free alternative energy source. It includes synthesis of
materials, characterizations, fabrications, optimizations, theoretical analysis and applications
involving self-powered flexible electronics to wearable health monitoring. This thesis has

been accomplished by compiling the following works.

In the first approach, a 2D MOF incorporated composite PVDF nanofiber was successfully
prepared using electrospinning technique. It has been realised that the non-piezoelectric MOF
helped to improve the piezoelectric component of the PVDF nanofiber. Furthermore, a highly
sensitive PNG was made comprising the composite fiber, which shows different self-powered
applications such as human motion sensing and acoustoelectric conversion. The detailed
characterization, fabrication strategy and piezoelectric performance were exclusively

elaborated in chapter 2.

In the second phase of work, a new class of piezoelectric energy harvester termed as
ferroelectret nanogenerator was fabricated. The polymer ferroelectret film was prepared by
solvent casting method via incorporation of a 3D MOF in PVDF matrix. Owing to its high
mechano-sensitivity, the ferroelectret film was further mounted on wrist to detect and

monitor wrist pulse wirelessly.

Furthermore, an all organic-inorganic approach was adapted to harvest pyroelectric energy. It
is indeed a simple and facile strategy where we employed an organic electrode on CdS-rGO
embedded composite PVDF nanofiber mat (C-PVDF) for better connectivity and durability.

The all organic-inorganic pyroelectric nanogenerator (A-PyNG) shows excellent pyroelectric
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output. Moreover, it was mounted on an N-95 mask for monitoring inhale and exhale process.
This application demonstrates its potential to be used as a breathing sensor in biomedical

sector.

In the final phase of work, a highly efficient strategy to prepare a hybrid energy harvester
(piezo- and pyroelectric energy) was innovatively presented. GO modulated PVDF nanofiber
mat was eventually used for energy harvesting. The hybrid energy harvester was suitable for
non-invasive monitoring of vital signs. On the other hand, it can be used for powering up
consumer electronics. As a proof of evidence, it can drive several light emitting diodes
(LEDs). Moreover, it shows outstanding energy storage ability for different commercially

available capacitors (capacitances of 1, 2.2, 4.7 uF).

We are pretty sure that our research findings and sensory applications will pave the way for
next generation self-powered portable electronics to wearable and non-invasive biomedical

Sensors.

6.2 Future Prospect

A couple of promising applications of piezo- and pyroelectric nanogenerators have been
demonstrated in this thesis. However, | believe that there exist more attractive materials or
interesting applications waiting for being explored. It has opened various new possibilities as

discussed below:

Hybrid NGs are also a matter of study for scientists. Pyroelectric materials integrated to solar
energy harvesting can open up a more extensive array of novel applications, for example all

in one energy conversion as well as storage device.

Recently, triboelectric nanogenerator (TENG) is also an outstanding technology for

mechanical to electrical energy conversion. Moreover, it currently dominates the field of NGs
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due to high output power generation. If PNGs and TENGs could be combined by taking
advantages of both of their own merits, it is possible that future researchers would come up
with innovative NG array with high efficiency, device design, small size and wide range of

applications.

Enormous developments have been made to construct NGs for in vitro conditions. However,
it is still a great challenge to establish NGs in vivo environments to enable its application
particularly as everyday engrafted bio-devices. The NGs should be non-hazardous, which
could harvest the biomechanical energy within the human body for example, blood flow,

heart beats, blinking and muscle contracting etc.

Another great prospect of this research is to develop self-charging power cells by the
integrating both energy harvesting and storage system in a single portable device. In modern
electronics it is highly essential to design a compact and wearable electronic device which
could not only harvest electrical energy from the abundant mechanical sources but also

synchronously store the energy for further applications.

We have already demonstrated that assimilation of different MOFs can generate highly
efficient piezoelectric and polymer ferroelectret NGs. However, piezoelectricity of MOFs is
rarely explored. Therefore, developing new class of MOFs with high piezoelectric co-
efficient can pave the way for self-powered electronics with miniaturization and multi-

functionalization.

Additionally, 8-phase of PVDF is not yet explored in terms of nanogenerator applications.
However, it has similar potential to be applied in different sensory application. Thus, there
relies a broader opportunity to apply 6 -PVDF in charging portable electronics to helath care

monitoring.

223



