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Abstract

Energy harvesting from solar-cell with high efficiency has great attention from the last
few decades. For this purpose, the addition of pyroelectric materials which have the
ability of polarization with the change in temperature used as an interlayer between
absorber and anti-reflection layer. Pyroelectric polymers can effectively improve the
photovoltaic performance of solar cells. It can induce an electric field to promote the
dissociation of electron-hole pairs, and the generated charge is collected from the
opening. This enhancement in performance requires that the material have a unique
crystal structure to polarize it at low energy. Multiple approaches are used to collect
higher B-phase content, we herein assess a route to crystalline polyvinylidene fluoride
(PVDF) electrospun nanofibers and thin-films based on electrospinning and spin
coating method. The significant feature of the above method is that PVDF and blende
of carbon black and PVDF are mixed into an acetone/DMF solution, and a thin film
with high thermoelectric f phase content is prepared by Spin-coating and Electrospun.
However, the characterization of electrospun nanofibers with FTIR and XRD shows
that the crystallinity is significantly higher i.e. B-phase content. We find that the
nanofibers prepared by electrospinning have more electroactive 3-phase content than
spin-coated films. Therefore, the organic pyroelectric nanofibers and thin films with
controlled boundaries proposed in this study are very suitable for a wide scope of

optoelectronic applications.
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Chapter 1

INTRODUCTION

1.1. Background:

According to a research by the World Energy Council, due to the swift progress of the
world economic development after the Industrial Revolution and the population growth in
countries for instance United States, China, India, and Pakistan, 18 terawatts (TW) of
energy were used globally in 2018 According to a survey of world energy council 18 TW
energy was used globally in 2018, due to rapid growth in the world economy and
population in countries such as China, India and Pakistan. With the existing energy
policies, worldwide energy demand increases by 45% until 2035 (Lare, 2014). Pakistan is
also facing a massive energy crisis, which lacks in natural gas about two billion standard
cubic feet (BCF) and 3,000-6,000 megawatts (MW) per day. Therefore, the energy model
becomes unstable in meeting the gap between supply and demand (Lare, 2014).

While the combustion of hydrocarbon fuels also increases the concentration of carbon
dioxide, methane and other greenhouse gases, leading to global warming and air pollution
(Yanetal., 2019). After the COP-21 World global energy trends have shifted to renewable
energy sources that respond to climate change. Therefore, other than the existing energy
models which are based on fossil fuels, we also need state-of-the-art equipment with higher
efficiency. In the past few decades, renewable energy has attracted much attention (Yan et
al., 2019).

There are still many shortcomings in finding new sources of fossil fuels and producing
useful products from them, which requires a lot of effort and capital. Therefore, this is a
laborious, time-consuming and risky effort. Because of many external factors, such as
environmental problems and economic feasibility. Coal shovel, onshore drilling of oil, and
offshore drilling of oil are often complete wastage of resources such as KEKRA-1 offshore
drilling of oil in the deep sea of Karachi caused a loss of 14 billion PKR (Siddiqui, 2019).

1.2. Problem statement:

Now it has become critical to cut the consumption of fossil energy and add new alternative
green energy sources in national grid, which is highly appreciated (Yan et al., 2019). About
33% of the world ’s renewable energy is being produced, and future productivity is
expected to increase (Khursheed et al., 2019). The main contributors are Solar
photovoltaics (PVs) to these renewable energy sources (Khursheed et al., 2019). But the

main problem of photovoltaic cells is their efficiency in terms of manufacturing cost and

1



energy conversion from solar electromagnetic radiation to useable energy. There are
various existing technologies for converting solar energy into usable thermal energy in
solar photovoltaic systems, portable systems, wearable electronic products, and solar
rechargeable batteries. But to improve their efficiencies more research and development is
required. This research is also an effort for progress in the efficiency for solar panels by

introducing pyroelectric films and nano-fibers above the absorber layer.

Solar Radiation Spectrum

25 | |
UV | Visible | Infrared —
1 |
| |
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1.51 5250°C Blackbody Spectrum
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Figure 1.1: Solar irradiance spectrum above the atmosphere and at the surface
(Ranabhat et al., 2016)

The main idea behind this additional layer of pyroelectric material to convert thermal
fluctuations into electrical energy. Study of materials with pyroelectric properties includes,
the research of their thermodynamic properties of a crystals, In which a series of dense and
comprehensive crystal state variables, namely electrical, thermal, magnetic and mechanical
field (Jachalke et al., 2017).

The pyroelectric effect describes the change in temperature "T" which can impose a
spontaneous polarization "Ps" related to certain crystalline substances (Jachalke et al.,
2017). There are different materials which exhibit this characteristic. Such materials are
being employed in waste heat harvesters temperature and motion detectors, electrocaloric
cooling, pyro-electrocatalytic disinfection, X-ray generator, radical and hydrogen
production, as well as infrared radiation.

The reason is their pyroelectric behaviour, which is why we can add such materials to solar

cells, and when solar radiation cannot be directly available for solar cells, we can collect



energy from minimal temperature changes. Furthermore, we can use such a PV system in
the area where solar irradiance is a very minimal or colder region.

In this study: we used polyvinylidene fluoride (PVDF) ferroelectric polymer, which have
excellent piezoelectric, pyroelectric and ferroelectric nature. PVDF is in between various
crystal phases, namely a, 8, y and 8. The maximum value of crystalline phase is -type
PVDF, and the crisscross (all trans) shape (TTT) indicates the maximum polarity (Zhang
et al., 2017a). Due to these change in molecular shape, this is why PVDF has unique
ferroelectric properties.

1.3. Energy needs and Climate Change:

Global energy trends are based on fossil fuels, leading to global warming and climate
change. To overcome this problem, we must reduce greenhouse gas emissions and change
our source from non-renewable to renewable with more eco-friendly greener technologies.
For this purpose, a conference was held in Paris in 2015. At this summit, massive energy
consumers such as China, the United States and India and 194 countries signed the first
global agreement on climate change in history. These negotiators committed to outlining
the long-term development strategy of lower greenhouse gas emissions. The climate
agreement has its "Agenda for Action™ to ensure more significant progress in achieving
accelerators beyond binding commitments (GFSE, 2016).

The purpose is to control the average global temperature to a level below 2°C and above
the pre-industrial level to ensure that the temperature is limited to 1.5°C. In order to achieve
the above goals, all countries are required to review their contribution to reducing
greenhouse gas emissions in the Paris Agreement every five years. Every new contribution
made at the national level should strictly cover progress compared to precedent. Both sides
agreed to reach the highest global level of greenhouse gas emissions in order to strike a
balance between emissions and removals. Countries also demand accelerated efforts to
reduce and reduce greenhouse gas emissions (GFSE, 2016).

Before delving into the details, we need to understand what factors distinguish renewable
energy from non-renewable energy, how do they relate to population and economic growth,
and how do they affect our environment? Non-renewable energy depends on the burning
of fossil fuels, which leads to the emission of greenhouse gases (GHG), productivity and
energy consumption both are the hot topics in climate change (Boluk & Mert, 2014).
According to the current figures from the EU-JRC (Joint Research Center), the utilization

of fossils accounts for 90 percent of global carbon dioxide emissions, and the results are



surprising. The correlation between economic growth, demand of energy and ecological

pollution has been studied in past few years. (Bolik & Mert, 2014).

Environment Economy

Society

Figure 1.2: Sustainability Ven Diagram (Circularecology)

On the different side, several renewable and eco-friendly energy resources like wind
turbines, hydroelectric power plants and photovoltaic systems will not cause any
greenhouse gas emissions. According to (Bolik et al., 2014), the green energy sources are
the rapidly emergent sources in all over the globe, and it is expected to increase from 10%
in 2008 to 14% of the total energy sources in 2035. Various countries around the world
focus on renewable energy due to fluctuations in oil prices, dependence on exported energy
with energy security issues, and the effect of greenhouse gases on the environment have
become a worrying issue. To ensure sufficient investment in the field of renewable energy,
various incentive mechanisms are taken into account to support the renewable energy
market (Bolik & Mert, 2014). More than 100 countries have set their own goals and
formulated key policies on renewable energy (Bolik et al., 2014). For renewable energy in
global development techniques based on market and non-market promotion have been
introduced. It included tariff rates, bonuses, share-based green certificates, tender
incentives, investment incentives, tax exclusions and concessions and various government
places. The global response to government renewable energy support increased from the
US $ 41 billion in 2007 to the US $ 88 billion in 2011 (Bolik et al., 2014).

1.4. Solar Energy Systems:
The sun is the main energy source in our solar system, providing energy to the earth in the
form of electromagnetic radiation. These solar radiations support life and can be converted

into usable energy more efficiently through reliable selection. It is an easy-going and
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environmentally friendly energy source with great potential for conversion into useful
energy(Summary, 2016).

Environmental and Health Benefits of Achieving SunShot
Quantifying the externalities of fossil fuels would reduce solar costs by 3.5 cents per kilowatt hour.

REDUCE WATER SCARCITY CURB POLLUTION

Wa consumption will drop in 36 By decreasing air paliution, solar car
Yough to hydrate 1.5 million prevent $167 billion In ¥
olds environments
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6 PM,,
)

\ -"&"-13/“‘\
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MITIGATE
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Figure 1.3: “On the Path to SunShot report series”. (office of energy efficiency &

renewable energy)

The report on the environmental and public health benefits of the high popularity of solar energy
in the United States highlights how increasing the amount of solar energy connected to the grid will
affect the environment by reducing water shortages, curbing pollution, mitigating climate change
and creating better health conditions advantageous result. This is why solar energy systems are
now one of the main sources of energy harvesting. In order to develop new solar energy
collection equipment, such as "photovoltaic systems", understanding of the basic properties
of semiconductors and conventional solar cells. Bell Labs manufactured the first batch of
crystalline silicon solar cells in 1953, with an efficiency of 4.5%, and subsequently
manufactured devices with an efficiency of 6% in 1954 (Saga, 2010). Comparing
conventional solar cells with new solar cells can help increase efficiency, reduce
manufacturing costs and energy consumption to manufacture industrial solar cells (Soga,
2006).

Despite the rapid decline in photovoltaic costs, there are still many gaps in the development
of more efficient, low-cost, ultra-light, and malleable materials, which can reduce
photovoltaic installation costs (Summary, 2016).

In terrestrial environments, bulk monocrystalline or polycrystalline silicon solar cells are
used. The structure of a typical solar cell consist on about 300 um thick p-type substrate

and less than 1 um thin n-type emitter layer (Soga, 2010). Nanomaterials can increase



incident radiation by a factor of nine times and the productivity of solar collectors will be

ten times higher than traditional solar panels (Abdin et al., 2013).

1.5. Energy Conversion Principle in Solar Cell:

The working of solar cells is linked with the basic principle of photovoltaic effect. When
incident solar radiation strikes a semiconductor material (with certain internal structure and
characteristics), it will generate electrical energy. The effect is related to the photoelectric
effect, in which the light-absorbing material emits electrons at a higher frequency than the
threshold frequency associated with the material and generates electron-hole pairs. Albert
Einstein was the man who explained the photoelectric effect in 1905, thinking that light is
composed of energy packets or quanta commonly known as photons. Their energy can be

computed as:
E = RUccuiiniiniiiiiiiiiiiiiiiiiniiaciecessnsnncens Equation 0.1

The frequency of light is "v" and Planck’s constant is represented by "h". This interpretation
of the photovoltaic effect was a breakthrough in physics. In solar cells, the energy
conversion of light (i.e. ultraviolet, visible, and infrared) requires some steps to generate
voltage. Absorber layers of the material absorb light which causes a change of state of
materials from the ground to an excited state, Direct current is:
1. Emitted electrons cause formation of positively charged vacancies or holes and free
negatively charged carriers in the material
2. Channelization mechanism of positive charges toward the anode while the contact
direction of the free negative charge carrier is toward the cathode
3. At this stage, high-energy free negative charge carriers reach the cathode, causing
electrons to lose energy following an external path and complete useful electrical
load work, then return to the anode and complete the final step of the cycle
4. Combine with the free positive charge carriers of the absorber to return to the
ground state (Fonash, 2010)
5. Most solar radiation is absorbed or reflected by solar cells. Absorbed solar radiation
will increase the temperature, increase the opposite saturation current, decrease the

open circuit voltage, and reduce the energy gap. (Abdin et al., 2013).
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Inability of conversion photons below the band gap to electrical energy, and the inability
to heat the photon energy beyond the band gap are the dominant loss mechanisms in a
single band gap solar cell. These two mechanisms create half of the solar energy loss during
conversion. Therefore, the thermodynamic limit is the point of consideration to get
maximum efficiency of single junction solar cell. Shockley and Queisser calculated the
single band gap limit in 1961.

1.6.Types of Solar Cells Technologies:

Depending on the manufacturing method, final shape of solar cells and materials use for
semiconductors there are different types of solar cells (Prashant, 2018). For example,
monocrystalline polycrystalline amorphous and tandem panels. Because of advanced
fabrication technologies of solar cell, like dye-sensitized solar cells (DSSC) and other

Novel types of solar cells have also made many advances.
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1.6.1. Crystalline Solar Cells:

These type of photovoltaic cells are most demanding solar cells in the market, because of
their higher conversion efficiency as compared to other commercially available solar cells
(Saga, 2010).

1.6.1.1. Mono-Crystalline Panels:

Monolithically crystallized silicon bars are units of these panels. Their efficiency does not
reach more than 24.7% in ideal scenarios and 23% in commercial use (Prashant, 2018).
1.6.1.2. Polycrystalline Panels:

Polycrystalline silicon resembles with the earlier type (monocrystalline silicon), but
crystallization process is different in these types of solar cells. Disordered crystals of
silicon based design employees in the polycrystalline panels. They have lower efficiency
than monocrystalline, laboratory and commercial modules have about 19.8% and 14% of
power conversion efficiency respectively (Prashant, 2018). The price of these panels are
relatively low.

1.6.1.3. Amorphous Panels:

Amorphous silicon units dominate under warm and unclouded environments because their
temperature coefficient for power loss is very low. In case of amorphous solar panels:
utilizing silicon with other semiconductor material which give different type of structure.

These panels have an extensive thickness so more slim and flexible panels can be

8



fabricated. Sometimes, these panels can be habituated to irregular surfaces. They are
known as amorphous photovoltaic solar panels or sometimes we call them thin-film
photovoltaic modules. The classification of these thin-film solar cells is according to the
materials used.

1.6.1.4. Amorphous Silicon (TFS):

They are also made of silicon: nevertheless, unlike the prior examples in this case the
material does not have a crystalline arrangement. These panels are generally used in small
electronic products (baby toys, calculators, watches) and small portable arrays. Their
highest performance in the laboratory and commercial modules is about 13%, and 8%
respectively. Commercial component performance for Cadmium-telluride in the laboratory
IS 16% and 8%. In commercial panels one of the most effective materials is Gallium

arsenide with an efficiency of 20%.

1.7.Thin Film Solar Cells:

1.7.1. Tandem Panels:

There are some other types of panels which are in series arrangement and formed by doping
two discrete types of semiconductor materials. Every material is specific in wavelength i.e.
only a small window of solar radiation will absorb by them, consequently, if we use blend
of two or three types of materials which can be used to collect different electromagnetic
spectrum. Efficiency of such panels can be as high as 35%.

1.8.Types of materials used for PV systems:

Solar cells use the solar spectrum and convert sunlight into electrical energy. Different
materials such as silicon, cadmium sulfide and organics are used to utilize the largest part
of the spectrum. Materials are categories in different classes and sub-classes i.e. Dielectric
and its subclasses are Piezo, Pyro, Ferroelectric all of the different ways to convert different
type of energies into electrical energies. It depends on the crystal lattice (Bhavanasi, et al.,
2014).

Polyvinylidene fluoride (PVDF) and their co-polymers are organic ferroelectric materials.
Which commonly used in the manufacture of microfiltration devices, ferroelectric field
effect transistors, non-volatile memories, battery separators, piezoelectric energy
harvesters etc. (Barber et al., 2009). Polymer of PVDF has a chemical formula -CH>-CF»-
and at least five phases called a, B, y, 8. and € The structure and nature of these stages are
well documented in the literature (Costa, et at., 2010). It was found that PVDF nanofibers
are more suitable for fabrication of piezoelectric energy harvesting devices than thin films
(Barber et al., 2009).



1.9. Pyroelectric Effect:

There is a diverse range of Pyroelectric materials from a crystals to ceramics and polymers
to thin films, and have inorganic or organic properties (Jachalke et al., 2017). Many figure
of merit (FOM) was introduced for characterization of the of pyroelectric materials. These
different materials have the pyroelectric coefficient value of "p", which describes the ratio
between the change in polarization Ps with respect to time "T". Consequently, the exact
derivation of the value of "p" is a key part in equipment formation and upgrading.
Temperature dependent pr discloses additional facts, for example the phase change
temperature, which restrict the temperature array of the device. In addition, temperature
dependent value of "p" is significant for material growth, e.g. to study the impact of
blending or arrangement changes (Jachalke et al., 2017).

1.9.1. Mathematical description:

The pyroelectric coefficient is described under specific conditions suchlike constant

electric field , stress and change in the spontaneous polarization vector with temperature:

p=(D/OT)gg = (BP/OT) g worrererrrerrrerereeem Equation 0.2

Where D is the dielectric displacement, P is the polarization, and ¢ and E represent
continuous pressure and continuous electric field, respectively. Physically speaking, the
internal structure of the electric dipole in the thermoelectric material will change during
temperature changes, such as the rotation or reorientation of the molecular dipole or the
atomic arrangement of the replacement ferroelectric crystal. This leads to a change in
spontaneous polarization and a subsequent transformation in the charge on the surface of

the material.

1.10. Importance of g-phase in PVDF:

PVDF have different crystal shapes i.e. a, B, y, & and € phases according to unlike
procedures (Ruan et al., 2018). Because of the antiparallel stacking of dipoles, the a and &
phases are non-polar (Ruan et al., 2018). While remaining three PVDF crystals are polar
and shows pyroelectric and ferroelectric properties (Cai et al., 2017). The properties and
wide application of a, B and y phase PVDF were studied. The easy availability of a-phase
PVDF has aroused wide interest in the research of PVDF melt crystallization and a to 3
phase transition(Cai et al., 2017). The PVDF has different polymorphs: according to the
molecular chain conformation in the manufacturing process, o (TGTG', Form II), B (TTTT,
Form 1), y (TsGT3G', Form I1I), while nonlinear structure depend on processing in & and &
phase (Cai et al., 2017).
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Figure 1.6: Structure of a, B & y phases (Ruan et al., 2018)

So, we need more -phase in our thin-films and electrospun fibers for its high electroactive

and optical properties. The formation of a and B phases is mainly related to the evaporation

rate of the solvent. High rate is conducive to the formation of a phase, while low rate is

conducive in the creation of p phase (Costa et al., 2010).

1.11. Research Objectives:

The objective of this thesis is the following:

1.

To synthesize and deposit the thin-films and nano-fibers of PVDF on the substrate

2. To get more crystalline phase i.e. B-phase in PVDF
3.
4

. To analyze the effectiveness of the developed pyroelectric films for application in solar

To characterize the thin film by different techniques

cells
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Chapter 2

LITERATURE REVIEW

Due to global energy demand (S. B. Kang et al., 2017) and the effect of burning of fossil
fuels renewable energy sources have been great attention (K. Choudhary et al., 2019).
Organic photovoltaics (OPVs) or organic solar cells (OSCs), a subset of these energy
sources, is made of the thin film of organic semiconductor materials and have received
exceptional attention as a substitute to their inorganic equivalents for the generation of
affordable and clean renewable energy(Petrus, 2009). In the recent scenario, power
conversion efficiencies have been achieved up to 17% for both single- and tandem-junction
OSCs (Petrus, 2009).

2.1. Solar Cells Generations:

Solar cells are divided into three generations in an outstanding order. Three generations
conduct research simultaneously to increase efficiency

2.1.1. First Generation:

High-quality large-area and single-junction structure are key attribute of first-generation
solar cells (Conibeer, 2014). The first generation of technology involved a lot of energy
and labor input, which hindered major progress in rapid declining of production costs.
Single junction silicon panels are impending to theoretical limit of 33% efficiency, that is,
33% of sunlight falling on the solar cell is converted into electricity (Conibeer, 2014). The
theoretical limit is calculated using device limitation in terms of wavelength, electron-hole
pair generation, and recombination and diffusion lengths (Mozumder et al., 2019). Though
the solar cells of this generation are accounted for the majority marketable production for
approximately 89.7% in 2007 (Choubey et al., 2009).

2.1.2. Second Generation:

The materials used in second generation were created to address the energy needs and
construction costs of cells (Abdin et al., 2013). Alternative manufacturing techniques (such
as vapor deposition and electric coating) are advantageous because they can significantly
reduce processes at high temperatures (Summary, 2016). It is generally believed that with
the development of manufacturing technology, manufacturing costs will be determined by
the supplies of the constituent materials (Sengupta et al., 2018). Under the circumstances
familiar to I111-V device manufacturers, the scope of the main cost reduction is limited by
the cost of substrate (Conibeer, 2014). Mature thin-film method may replace first-
generation technology (Conibeer, 2014).
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The second generation takes the example of Pacific Solar's module using polycrystalline
silicon on glass in the Sydney pilot production line (Conibeer, 2014). However, the
efficiency limit of the second generation is 15%, far below the 93% limit (Conibeer, 2014).
The material was developed to meet the energy needs and costs of solar cell production (P.
Choudhary et al., 2019) these materials are commonly used in this thin film technology for
example cadmium telluride, copper indium gallium arsenide, amorphous silicon and
microporous silicon (Mozumder et al., 2019). Which reduce the quality and consequently
cost by creating a substrate that chains glass and glass ceramics (Li, et al., 2020). They also
achieve maximum energy conversion efficiency. The trend from the first generation to the
second generation is emerging, but it turns out that the commercialization of the technology
is difficult (Sengupta et al., 2018). Research and development on solar cell to improve
efficiency by increasing output voltages and taking it closer to thermodynamic boundaries
had led to the progress of third-generation cells (Conibeer., 2014). Advancement in
deprived electrical properties of the film, this technology is used in conjunction with other
technologies that enable low production costs and is a non-semiconductor technology (K.
Choudhary et al., 2019).

2.1.3. Third Generation:

Non-semiconductor technologies in third-generation panels include non-semiconductor
structures, for instance quantum dot, series/multi-junction, hot carrier cells, up-down
conversion and conversion technologies (Choubey, et al., 2009). PV constructed from
multiple cells is a current route (Landsberg et al., 2017), integrated series battery involving
up to three different band gap batteries has been produced for the spacecraft, with an energy
conversion efficiency of up to 30%(Conibeer, 2014). Low-size semiconductors also have
great potential for increased flexibility (Terakawa, 2013). The current research goal is to
maintain 30-60% conversion rate though retentive low-cost materials and manufacturing
technologies (Mahesh et al., 2012). There are several ways to achieve these high
efficiencies (Landsberg et al., 2017). The multi-junction method might effect in the
concentrator efficiency exceeding 40%, thereby expanding the advantages of 111-V PV and

exceeding the 30% efficiency limit of silicon (Conibeer, 2014).

2.1.4. Solar Cell Research and Development:

The firm expansion of the photovoltaic engineering is due to the production mechanization

of thin-film solar cells with better efficiency (P. Choudhary et al., 2019). The call for

innovations in the photovoltaic manufacturing from time to time stop due to developments

in manufacturing technologies, resulting in increased cost affordability and development
13



of the photovoltaic market (IRENA, 2019). By breaking old boundaries of efficiency and
cost by attaining novelty using advance knowledge of physics and materials science will
become a revolution (Schmidt et al., 2019). It has been shown that nanotechnology is the
most powerful source of increasing solar efficiency, sustainable energy and storage by
many years of study (Abdin et al., 2013). New dielectric materials that use nanotechnology
have a wide range of applications for energy harvesting and loading systems (such as
portable electronic instrument, hybrid electric automobiles (HEA), and throbbed power
structures), so they are in great demand (Barber et al., 2009).

Best Research-Cell Efficiencies
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Figure 2.1 Solar cell efficiencies for various technologies under standard conditions
(NREL)

Recently, there have been extensive attempts to progress in the conversion efficacy of solar
cells by introducing pyrolysis and ferroelectric organic materials and their copolymers.
(Sengupta et al., 2018). This method requires that: these organic ferroelectric substances
have a unique unprotected film structure because a pair of photoelectron holes must be
passed through the holes of the sequestering ferroelectric polymer (Matabola et al., 2013).
Acquire extraordinary photovoltaic efficiency by addition of ferroelectric carbon-based
materials between the anode of the solar cell and the dynamic coating of the bulk (S. B.
Kangetal., 2017). As aresult, the interface will be divided into ferroelectric regions (strong
electric fields) and electrode regions (making photovoltaic charges flow) (Sharma et al.,
2016). Therefore, controlling the coverage of the ferroelectric layer may be important for
improving photovoltaic efficiency (Landsberg et al., 2017). Notwithstanding legitimate
shape, ferroelectric polymer films utilized as solar cell interlayers can likewise display high

crystallinity and ferroelectric phase materials. (Haider et al., 2018).
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Organic thin films prepared by different organic deposition techniques e.g.
Electrospinning, Langmuir-Blodgett (LB) and spin coating methods which can further use
as organic solar cell interlayers electrospinning method will significantly enhance due to
its excellent crystal latency and ferroelectric phase content, solar cells have high efficiency
(Rex et al., 2019). In contrast, the spin-coating film has low crystallinity and ferroelectric
content, so it cannot effectively improve battery efficiency because it will act as an
insulator rather than a ferroelectric material (S. J. Kang et al., 2008). At the same time, the
reduce PVDF has a high melting point, which makes it a potential melting point and can
be used as a thermoelectric and ferroelectric material at high temperatures. (Zhang et al.,
2017). Electro-spin fibers have shown a number of useful properties, including variable
surface shape, amplified surface area, and overall surface function. (Conte et al., 2019).
Moreover, possible uses of electrospun nanofibers incorporate tissue designing, filtration,
optical gadgets, sensors, wound mending, catalysis, materials, tranquilize gracefully, and

energy abstraction (Conte et al., 2019).
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Chapter 3

METHODOLOGY
Chemicals i.e. Polyvinylidene fluoride (99% AR) in powder form, The polymer has a
simple chemical formula-(CH2-CF2)-and can crystallize in at least four crystal phases
called a, B, v, and 4. (Costa et al., 2010). The vapour pressure of polymer was 15 mmHg at
32°C with average molecular weight ~534000 and organic solvents Acetone and
Dimethylformamide (DMF) were purchased from Sigma Aldrich and Daejung Korea

respectively.

3.1. Different organic film depositions techniques:
There are different organic film depositions techniques used in the organic polymers to

deposit on the substrate.

Organic Thin Film

Deposition Technigues . ] X . il Dip-g;eﬂ 1 <Molec\'llaf beam;
| Sputtering ‘ fakjet priating nanolithography epitaxy (MBE}

Spin Coating Thin film deposition technique in which Surface
solution dropped on the substrate and Plasmon/surface

i i then spin the substrate at controlled RPM plasma wave
Physical vapor for different time intervals i~
deposition )
Langmuir-Blodgett
Thin film deposition technique in which (LB) film deposition
Self-assembly solution spray on substrate or collector and
pattern of atomic arrangement is change
due to applied voltage. Solution, Ambient
B and Process parameters should control to
Soft lithography obtain desired size of particles -
~ Electro-spinning
| Layer-by-layer
| electrostatic deposition

Figure 3.1 Different organic film depositions techniques used in the organic polymers

3.1.1. Spin Coating:

Spin coating is a modest method for rapidly depositing thin layers onto comparatively
smooth substrates. Utilize some rotatable apparatuses to fix the substrate to be secured
(typically utilize a vacuum to settle the substrate on set up), and afterward convey the layer
arrangement onto the surface; the impact of the revolt is to spread the solution and leave it
on the outside of the substrate very uniform layer of chosen materials. The spin coating
process has been extensively researched in the past, and the information on the factors
controlling the coating aggregate and the final thickness of the final aggregate is very good
(Krebs, 2009).
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3.1.1.1. Solution preparation for spin coating:

Table 3.1: Solution preparation of different concentration for spin coating

Sr. No.

% wt./v of PVDF in 10 cm?3
of DMF/Acetone

Procedure (at Stirring 600~800 RPM and
heating 60°C)

F4SC

8% 0.8 g of PVDF

Dissolve the 0.8 g of PVDF in DMF/Acetone
binary solution with fixed wt. % of 7:3. Stirring
and heating the solution for 24 h. Finally, spin-

coated on the substrate

F, SC

10% 1g of PVDF

Dissolve the 1g of PVDF in 10 ml of
DMF/Acetone binary solution with fixed wt. %
of 7:3, stirring and heating the solution for 24 h.

Finally, spin-coated on the substrate

F3SC

12% 1.2g of PVDF

Dissolve the 1 g of PVDF in 10 ml of
DMF/Acetone binary solution with fixed wt. %
of 7:3, stirring and heating the solution for 24 h.

Finally, spin-coated on the substrate

F4SC

12% 1.2 g of PVDF with 1%
Carbon Black a source of
Carbon to make the thin film
more adhesive on the
substrate and active w.r.t.

light absorbance

Dissolve the 1.2 g of PVDF in 10 ml of
DMF/Acetone binary solution with fixed wt. %
of 7:3, stirring and heating the solution for 24 h.

Finally, spin-coated on the substrate
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Figure 3.2: Stirring of the solution on a hot plate at control temperature and RPM

3.1.2. Electrospinning:

Electrospinning is a very inexpensive fast and manageable method (Matabola & Moutloali,

2013), which currently its initial stages in industrial production (Matabola & Moutloali,

2013). Under varying conditions, the resulting fibres produced have different diameters

Applied voltage can cause the spherical droplet into a Taylor cone and an ultrafine

nanofiber in to at critical voltage

The electrospinning process consists of various steps:

a. Apply astrong electric field between the conductive substrate and the polymer solution
present in the nozzle

b. When the voltage influences at the optimal value, the electrostatic force overcomes the
surface tension of the solution

c. Charged solution droplets are ejected from the nozzle and then sprayed on the substrate
in a dry environment (inside the instrument)

d. Finally, the dried droplets or jets are collected on the substrate to form a film composed
of particles or fibers

18



Table 3.2: Conditions which can affect the synthesis of fibres are

PARAMETERS

Solutions parameters Concentration of solution

vapour pressure of Solvent

Ambient conditions Temperature,
Humidity within the Electrospinning

instrument

Process parameters Distance from the nozzle to substrate

applied voltages

By controlling these above parameters, the diameter of produce will be different (Wang,
Zheng, Ren, Zhang, & Xu, 2011).

3.1.2.1. Solution preparation for Electrospinning:

Solution preparation has a significant effect on the electrospinning process. According to
previous research and literature review, the minimum quantity of polymer is required for
fibres generation is 8% wt./wt. (Beachley & Wen, 2009) and (Costa et al., 2010). So, we
started our first trail to make proper fibres of a solution with 8% wt./wt. the concentration
of PVDF. To achieve the first objective of the research following methods were used to

prepare different concentration of solutions.

Figure 3.3: Homogeneous Solution of PVDF Pallets and DMF/Acetone
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Table 3.3: Preparation of solutions of different concentration for Electrospinning

Sr.No. | % wt./v of PVDF in 10 | Procedure (at Stirring 600~1000 RPM and heating 60°C)
ml of DMF/Acetone

FsES 8% 0.8g of PVDF Dissolve the 0.8 g of PVDF in 10 ml of DMF/Acetone binary
solution with fixed wt. % of 7:3, stirring and heating the
solution for 24 h. Finally, electrospun on the substrate

Fe ™ 10% 1g of PVDF Dissolve the 1g of PVDF in 10 ml of DMF/Acetone binary
solution with fixed wt. % of 7:3, stirring and heating the
solution for 24 h. Finally, electrospun on the substrate

F, 5 12% 1.2 g of PVDF Dissolve the 1.2 g of PVDF in 10 ml of DMF/Acetone binary
solution with fixed wt. % of 7:3, stirring and heating the
solution for 24 h. Finally, electrospun on the substrate

FgES 15% 1.5 g of PVDF Dissolve the 1.5 g of PVDF in 10 ml of DMF/Acetone binary

solution with fixed wt. % of 7:3, stirring and heating the

solution for 24 h. Finally, electrospun on the substrate

3.1.2.2. Ambient Conditions

There are two major factors which affect the formation of nanofibers during the

electrospinning procedure

a) Temperature,

b) Humidity within the Electrospinning instrument

3.1.2.3. Procedure Parameters:

Cleaning of the substrate with Acetone followed by 2-Isopropanol for 10 minutes each.

Then Ethanol and D.I. water and dry with hot air dryer to make sure the surface is properly

cleaned and avoid the chances of contamination. The flow rate was adjusted to 2000-10,000

micron liter per hour depending on the viscosity of different solutions. The applied voltage

in electrospinning was 15~18 kilovolts. at room temperature and film collected directly on

substrate in a horizontal electrospinning setup.

Figure 3.4: Cleaning of Substrate with 2.1sopropanol and Acetone
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The systematic scheme of instrument used in the electrospraying and electrospinning
process is shown in Figure 3.5. Use a 20 ml glass syringe and a steel needle with an inner
diameter of 0.34 mm. Use a Botanica Fluidentica L10 (0-30 kV) high-voltage power
supply, the distance among the needle and collector is 10-12 cm, applied voltage is 15-18
kV. The collector used was an glass substrate with a thickness of 1 um and a width of 1

cm. The process is carried out under the conditions of 25°C and 55% relative humidity.
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Figure 3.5 Schematic diagram of the electrospinning process

The schematic above shows the electrospinning process, depositing nanofibers of the
solution on the FTO glass substrate. Cover the 0.5 cm glass substrate with transparent tape
to prevent the film from being exposed and stick the electrode directly. After film

deposition, these substrates were vacuum oven dried.

3.2. Characterization techniques of thin films and nanofibers:

To characterize these thin films and nano-fibres samples were analyzed with different
techniques i.e. FTIR, XRD, UV-VIS-Spectroscopy, Hall-Effect and SEM.

3.2.1. Working of SEM:

The SEM mechanism involves the following components:

a. The source that produces high-energy electrons is called an electron gun, as in Fig 1.
b. Tilt down to pass electrons through two or more electromagnetic lenses, as in Fig 2.

c. The deflection system consists of scanning coils.

d. The electron detector is used for backscattering and secondary electrons, as in Fig 3.

e. The sample chamber is as in Fig. 4.
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f. A computer system includes a observing screen to display the scanned photos, and a

keyboard to regulate the electron beam.
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Figure 3.6: Schematic diagram of SEM (Ni, 2013)

3.2.2. Working Principle of FTIR:

Achieving Infrared Spectrum In various practical devices, the Fourier Transform Infrared

(FTIR) spectrophotometer is the most widely used.

Common test procedures are as follows:

a. The Source:
Infrared rays are discharged from a source. The beam of radiations permits through a
hole that regulate the energy providing to the sample (and eventually to the sensor).

b. The Interferometer:
The beam enters the interferometer where the "spectral information™ occurs. The
generated interferogram signal then leaves the interferometer.

c. The Sample:
The light beam enters the sample compartment dependent on the type of investigation
to be performed where it is diffused or imitated from the sample surface. Now, a certain

frequency of energy is immersed, which is a unique feature of the sample.
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d. The Detector:
The beam finally passes through the sensor for final measurement. Use detector
Inter-frame diagram dedicated to measuring signals.

e. The Computer:
The measured range is converted into electrical signal and sent to the computer for
Fourier transform. Then present the final spectrum to the user for interpretation and

further operations.

| Infrared

Light Source
1 Detector

‘_' v -
SIidingP / Beam  Sample
Mirror || i
‘ , 7 Splitter

Fixed

Mirror ——=

Figure 3.7: Schematic diagram of FTIR (instrumentationforum)

3.2.3. X-Ray Diffraction Analysis:

X-ray diffraction is an important technique for the investigation of nature of matter.
Differential experimentations using X-rays help to examine the structural properties of
nuclear-grade materials. This technique is also used to measure the crystallite size and
determine the tensile strength, chemical composition, order state and phase diagram.
3.2.3.1. Working Principle of XRD:

The crystalline substance acts as a three-dimensional diffraction grating at the X-ray
wavelength, comparable to the spacing of crystal planes in the lattice. X-rays interact with
electrons in atoms and scatter elasticity. In the nuclear plane, many nuclear scattered waves
can interfere with each other, and if the waves are in phase, they will cause constructive
interference. These diffracted X-rays contain information about the distribution of

electrons in the material
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Figure 3.8 Working Principle of XRD (Antonxrd)

The diffracted beam is controlled by Bragg's law in a specific direction (0), which relates
the wavelength of the incident X-ray () to the distance between the atomic planes (d) as,
2dsinf = nAa EQuATiON 0.1

3.2.4. Working of UV-Vis Spectroscopy:
The absorption of ultraviolet and visible photons by molecules leads to the electronic
excitation of the molecules, which is a characteristic of compounds. Electron transition
involves the promotion of valence electrons from molecular orbitals from electronic
ground state to high energy state called HOMO to LUMO.
These electronic transitions can be:
a. Transitions relating m, o, and n electrons
b. Transitions relating charge - transmission electrons
c. Transitions relating d and f electrons
1. A typical dual-beam ultraviolet-visible spectrophotometer is revealed in Figure 3.9. In
a spectrophotometer, act as a light source (A mixture of deuterium lamps for ultraviolet
range and tungsten lamps or halogen lamps for visible range) emits continuous
radiation.
2. The beam separates its component wavelengths with different amplitudes through the
grating.
3. Aslit sends a narrow colored beam to the front of the spectrometer photometer.
4. Then, the light from the slit falls onto the rotating disc, which directs the light to the
sample and reference cells, or by means of different parts of the disc.
5. The sample cell is filled with solution, the sample is dispersed or dissolved in it, and
the reference cell is filled with pure solvent.
6. Through the cell, the second turntable transmits the light intensity to the detector.
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7. The detector translates the intensity to the equivalent current signal, which is then read
by the computer.

8. The computer compares the transmission intensity of the sample cell and the reference
cell, and then uses,

A =logqi (Ip/ 1) Equation 0.2
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Figure 3.9: Dual Beam UIV-VIS Spectroscopy. (DIGI-KEY/product-
highlight/a/analog-devices/chemical-analysis-and-environmental-monitoring#dual)

3.2.5. Working Principle of Hall-Effect:

Hall effect, when a solid material carries a current and is placed in a magnetic field
perpendicular to the current, a transverse electric field is generated in the solid material.
The electric field or Hall field generates force through a magnetic field which results in the
movement of current and current positive and negative particles. Regardless of whether the
current is a positive particle, the movement of a negative particle in the opposite direction,
or a combination of both, the vertical magnetic field transfers dynamic charges in the same
direction to the moving magnetic field and magnetic field direction. The magnetic field in

the electric current.
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Fn = magnetic field
<— force on B
positive charge

carriers.

fe = electric force
from charge
buildup.

W —1 1his diagram shows the polarity

I that would result from positive
Direction of conventional charge carriers, as in some
semiconductors.

electric current

Figure 3.10 Working Principle of Hall-Effect (**"Hall Effect History'". Retrieved 2015-
07-26.)

Accumulation of charge on one side of the conductor, on the other hand, causes opposing
charges and makes a potential difference. Appropriate meters can detect this difference as
positive or negative voltage. This hall voltage symbol determines whether a positive or
negative charge is present.

The large magnetic field under Tesla's command is usually measured using the Hall effect.
Place the thin-film Hall probe in a magnetic field and measure the lateral voltage (on the
order of microvolts).

,: Hall probe between
magnetic pole pieces

The polarity of the Hall voltage
for a copper probe shows that
electrons are the charge
carriers.

Figure 3.11: Hall probe (**Hall Effect History"". Retrieved 2015-07-26.)

Sometimes a copper film with a thickness "d" of about 100 microns is used for the Hall
probe. Taking the carrier density as

n = 8.47x10%8 electrons/m3 EQUATION 0.3
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Chapter 4
RESULTS AND DISCUSSIONS

4.1. Characterization of Thin Films and Nano Fibers:
To characterize these thin films and nano-fibres samples were analyzed with different
techniques i.e. FTIR, UV-VIS-Spectroscopy, XRD, Hall-Effect and SEM.

4.1.1. Morphological Characterization of Nano-Fibers:

Figure 4.1 shows a characteristic SEM image of PVDF nanofibers which gained from
different concentrations of PVDF in an acetone/DMF binary solution. Adding more PVDF
to the solution has a significant effect on fiber morphology. Fiber structure and size

increase with P\VVDF material.
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4.1.1.1. Structural characterization for 8% (w/w) PVDF:
The SEM results show that 8% concentration was not optimum for the nanofibers. Because
the structure was very rough and not proper fibres. So, we will not take this concentration

in our consideration to get nanofibers.

'.M\ i’/ 2

10kV  X20,000 Tym 15 33 SEI 10kv  X10,000 Tum 15 33 SE!

10kV X5,000 5pm 15 33 SEI 10kV X1,000 10pm 15 40 SEI

10kV X2,000 10pm 15 40 SEI

Figure 4.1: Structural characterization by SEM for 8% (w/w) PVDF
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4.1.1.2. Structural characterization for 10% w/w PVDF:

On the concentration of 10% PVDF, we get the fine fibres with a diameter of 460.98 ~ 630
nanometers.

I

10kV  X20,000 1pm 16 33 SEI 10kV  X20,000 Tpm 15 33 SEI

10kV  X10,000 1pm 15 33 SEI 10kV  X5,000 5pm 15 33 SEI

10kV  X2,000 10pm 15 33 SEI 10V X1,000 10pm 15 33 SEI

Figure 4.2: Structural characterization for 10% (w/w) PVDF
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4.1.1.3. Structural characterization for 12 % w/w PVDF:
On the concentration of 12% PVDF, we get the fine fibres with a diameter of 259 nm ~

644.13 nanometers.

20kV X2O_OODV 1pm 21 35 SEl 20kV  X20,000 Tum 21 35 SEI

20kV  X10,000 1pm 21 35 SEI 20kV X5,000 S5pm 21 35 SEl

20kV X2,000 10pm 21 35 SEI 20kV X1,000 10pm 21 35 SEl

20kV X1,000 10pm 21 35 SEl

Figure 4.3: Structural characterization for 12% (w/w) PVDF
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4.1.1.4. Structural characterization for 15% w/w PVDF:
The 15 % wt./wt. the concentration of PVDF shows fibres of large diameter and thickness

was 261 ~ 636 nanometers.

&

10kV  X20,000 1pm 10kV  X20,000 1pm

10kv X10,000 1pm 10kV X5,000 S5pm

Vo

3 g 2
_ ¢ AN FRNYY V' P i s
10kV X2.,000 10pm 15 32 SEI 10kV X1,000 10pm 15 32 SEI

10kV  X1,000 10pm

Figure 4.4: Structural characterization for 15% (w/w) PVDF
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4.1.2. FTIR of Thin Films and Nano Fibers:
The FTIR results show that all samples of thin films and electrospun nanofibers contain -
phase the peaks assign to B-phase are at 840, 1071, 1176, 1234, 1401 are pure electroactive
B-phase while the peak of 510, and 869 is the combination of beta and gamma phase (Cai,
et al. 2017).
4.1.2.1. Integrated quantification of individual p and y phase:
Three basic a, 3, and y crystals shapes of PVDF can be divided into three categories on the
bases of the FTIR absorption peaks:

1. Common peaks (all three phases contain these common peaks)

2. Exclusive peaks (only phases have its own exclusive peaks)

3. Dual peaks (combination of two different phases of polymers)

Table 4.1: Assignment of some typical bands (Cai et al., 2017)

Wavenumber (cm™) Crystalline Phase
431 B

y
B+y
482 B

510 B,

840 B,

881 B,

By,
o+,

otBty,

1071 B,

By,
otBty,
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1176 B,
Y,
Pty
1234 B,
Y
Pty
1275 B,
1401 :
Y,
Btv,
o
( Samples )
881+4, 1071+4,
1176+5, 140143
A 4
__y  P-phase y O-phase y!-phase
| 1275 | | 763,614 | 1234 |
v 410, 489, 532,795, | '

445, 473, 1431 ’ 854, 975, 1149, ‘ 431,482,776, |
1208, 1383, 1432 811, 833, 1429 ’

//\

840*. 510*

Figure 4.5: Flow diagram for the identification of phases

The a, B, and y phases 840* and 510* represent the bands in the range of 837-841 and
508-512 cm-1, respectively. 776* and 833* reflect possible changes based on specific
processes (Cai et al., 2017).
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Since the 840*cm-1 frequency band can be allocated to B, y or two phases based on the
information of other frequency bands, each B and y phase can be fully quantified (Cai et
al., 2017).

The fraction of the crystalline components of the electrically active  phase and y phase
(FEA) in any sample, for example, containing only two phases (a+f, a+y or +y) or three

phases (a+p+y), can be quantified as follows:

I
Fgq = <K84°*)jA " x100 EQUATION 0.1
K3 ) 176311EA

Among them, Iea and lIzs3 are the absorbance at 840 * and 763 cm, respectively; Ksao~and
K7es are the absorption coefficients of the corresponding wavenumbers, and their values
are 7.7 x 10% and 6.1 x 10* cm? mol-1, respectively. From equation: when the 840* cm
frequency band is allocated to one of the electroactive phases, Fea is undoubtedly equal to
the relative score of the corresponding phase (Cai et al., 2017). Thus, below is to show how
to quantify individual B and y phases when the 840* cm™ band is for both phases. The
figure shows the FTIR spectra of spin-coated films and electrospun nanofibers using 8, 10,
12, 15 wt.% PVDF mixed with DMF/acetone. Using the above formula, we calculated the

B phase of each sample shown in Table 4.1.
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_ 8% PVDF (Spin Coated) |

- -
B - phase ~ 840°
B,y -phase~ 869°
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ﬁ a2 T 2z Y *
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.

Wave number (cm'1)

Figure 4.6: FTIR spectrum of the 8% PVDF solution (Spin-Coated thin-film)
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| 10% PVDF (Spin Coated)

S . . S— .
) By B - phase ~ 840°
B,y -phase~ 869°
g 10717
' B 1176°
- 1234°

Absorbance (A.U)

rF ' rJivroerye_rrTrvri@ioeg oy
600 700 800 900 1000 1100 1200 1300 1400 1500

Wave number (cm'1)

Figure 4.7: FTIR spectrum of the 10% PVDF solution (Spin-Coated thin-film)

| —— 12 % PVDF (Spin Coated) |
= B,y B - phase~ : 840°
: B,y - phase ~ 869°
] 1071°,
B 1176°
i 1234°

Absorbance (A.U)

T T T
600 700 800 900 1000 1100 1200 1300 1400 1500

Wave number (cm'1)

Figure 4.8: FTIR spectrum of the 12% PVDF solution (Spin-Coated thin-film)
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Figure 4.9: FTIR spectrum of the 12% PVDF doped with 1% Carbon Black solution

Absorbance (A.U)

Figure 4.10:

(Spin-Coated thin-film)
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| B.y B - phase ~ 840°
2l B,y -phase~ 869°
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FTIR spectrum of the 8% PVDF Solution (Electro-spin Nanofibers)
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Figure 4.11: FTIR spectrum of the 10% PVDF Solution (Electro-spin Nanofibers)
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Figure 4.12: FTIR spectrum of the 12% PVDF Solution (Electro-spin Nanofibers)
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Figure 4.13: FTIR spectrum of the 15% PVDF Solution (Electro-spin Nanofibers)

By using the above equation, we calculated the B-phase of each sample shown in table 4.1.

Sr. No. Sample Name Fraction of g-phase (%0)
1 F.5¢ 1.27
2 FoC 1.18
3 Fa% 2.47
4 Fs¢ 7.68
5 Fs™ 10.46
6 Fe™ 16.12
7 F7 17.42
8 Fg™ 12.42

Table 4.2: Integrated quantification of individual f and y phase

By the above table, we can find easily that sample F75 i.e. (12% PVDF and electrospun on
the substrate) have the highest value of B-phase 17.42%.
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4.1.3. XRD of Nano-Fibers and Thin-films:

The structural properties of polymer thinfilms and nanofibers were studied by X-ray
powder diffraction. Analysis using Cu-K radiation (A: 1.5406 A°) using an X-ray
diffractometer (PANalytical X’pert). The figure below shows the XRD pattern of PVDF
pure electrospun nanofibers and spin-coated pure PVDF doped with carbon black film.
For polyvinylidene fluoride, it is well known that in typical PVDF samples, the crystal
content does not exceed 50-60%. However, there is still no specific information on how
the amorphous part of PVDF affects the XRD and IR spectra. (Cai et al., 2017).

In our research, the discussion is only concentrating on the crystalline phase, especially on
the most common B-phase. Crystalline B-phase solid has the orthorhombic shape of crystal
with the formula of (C2H2F2)n at the angle of 2T=20.06° and 20.62° with (hkl value of 200
and 110) (Cai et al., 2017).

The results of XRD are as follows:

8% PVDF (Electrospun)|

' v 1 s I ! J

q f-phase (hkl)200

p-phase (hkl)110

Intensity

10 20 30 40 50 60 70 80
2-Theta ( Degrees)

Figure 4.14: XRD pattern of the 8% PVDF solution (Electro-spin Nanofibers)
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| —— 10% PVDF (Electrospun) |

- fi-phase (hkl)200
2
7]
: -
[
.. -
£
' - ' v ' v ' v ' A ' A ' - '
10 20 30 40 50 60 70 80

2-Theta ( Degrees)

Figure 4.15: XRD pattern of the 10% PVDF solution (Electro-spin Nanofibers)

12% PVDF (Electrospun)|

1 N L} 1 '

- fi-phase (hkl)200

f-phase (hkl)110
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J VI 7TV"TmmyrryryYyvyvyYyvYYYvY™m
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Figure 4.16: XRD pattern of the 12% PVDF solution (Electro-spin Nanofibers)
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Figure 4.17: XRD pattern of the 15% PVDF solution (Electro-spin Nanofibers)

8% PVDF (Spincoatting)|

f-phase (hkl)200

E l

Intensity

p-phase (hkl)110 5

10 20 30 40 50 60 70 80
2-Theta ( Degrees)

Figure 4.18: XRD pattern of the 8% PVDF solution (Spin-Coated thin-film)
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Figure 4.19: XRD pattern of the 10% PVDF solution (Spin-Coated thin-film)
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Figure 4.20: XRD pattern of the 12% PVDF doped with 1% Carbon Black solution
(Spin-Coated thin-film)
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Figure 4.21: XRD pattern of the 12% PVDF solution (Spin-Coated thin-film)
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4.1.4. UV-VIS spectrum of Thin-films and Nanofibers:

The graph below shows the transmittance of the UV-Visible spectrum of spin-coated
electrospun samples in Figure 4.22 and 4.23 respectively. It is seen in below graphs that as
we increased the concentration of polymer in solution the absorbance of light also
increased, we get the peaks for all samples in the range of UV-Vis from 200 to 1000.
Overall transmittance was 70 to 85%. Same results were reported in the literature (Punetha,
etal., 2020) (Sabira, et al., 2017) and (Menazea, et al., 2020). The reason behind the direct
relation of absorbance of light was the thickness of film increased with increase in

concentration at the same parameters of spin-coating
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’\; 4
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Figure 4.22: UV-Visible spectrum of the Spin-Coated thin-film PVDF
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Figure 4.23: UV-Visible spectrum of the Electrospun Nanofibers PVDF
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4.1.5. Hall-Effect of Nanofibers and Thin films:

The hall-effect of thin-films and nanofibers shows the results of resistance conductivity
and mobility of samples.

4.1.5.1. Resistance:

With the help of hall-effect, it is mentioned that the resistance of the first three samples
was very high.

The highest value of resistance is 9995.6 Q.cm. There is the reason which we get from the
information of FTIR spectra that the alpha phase is dominating in these samples. While
sample F+5C that contain PVDF, as well as 1% of Carbon black, have low resistance as
carbon black is the source of electrons because it has four extra electrons in his outermost
shell. Sample Fs=S also shows the slightly higher value of resistance as it also has the value
of B-phase is 10.46% which is less than other electrospun fibres. Last three samples show

lower values of resistance because of the enrichment of the B-phase.

- Spin Coated Thin film
I spin Coated PVDF with Carbon Black 1 %

I £ iectrospin PVDF Fibers
11000

10500 -
10000 w] - == == == === ==w e g ZIIE R
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8000 -
7500 -
7000 <
6500 =
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5500 o
5000 =
4500 -
4000 -
3500 o
3000 ey

Resistance (Q.cm)

F1 F2 F3 FA F5  F6 F7  F8
Concentraion (w/w. %)

Figure 4.24 Hall-effect resistance of nano-fibres and thin-films
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4.1.5.2. Conductivity:

The graph below shows the value of conductivity of samples which is higher in the sample
F4°C i.e. PVDF with carbon black where carbon act as the source of a higher value of mobile
electron. The value of F45¢ sample is 4.7 x 10™*. Here is the value of sample Fs° is at least
one 0.9 x 104,

We can see easily that as we increase the concentration of polymer in the solution the
conductivity of thin-films decreases because in spin-coating method polymer remains in
his alpha phase because of no change in the arrangement of atoms which is not an electro-
active phase. The only value of carbon-doped thin-film is high indicated that addition of
carbon promotes the conductivity of PVDF. The conductivity of nano-fibres increases with
increase in the concentration of polymer because of electrospun change the polymer atomic
arrangement from alpha to the beta phase which is electroactive.

- Spin Coated Thin film
I spin Coated PVDF with Carbon Black 1 %
- Electrospin PVDF Fibers

0.00050 e
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0.00010 «
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F1 F2 F3 F4 F5 F6 F7  F8
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Figure 4.25: Hall-effect conductivity of nano-fibres and thin-films
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4.1.5.3. Mobility:

The higher value of mobility of sample F4 was high i.e. 0.243 cm?. Vs and the lower

value is 0.023 cm?

Vs,

- Spin Coated Thin film
Il svin Coated PVDF with Carbon Black 1 %
- Electrospin PVDF Fibers

Mobility (cm’/Vs)

-0.10 <

-0.15

-0.20 «

Concentraion (w/w. %)

Figure 4.26: Hall-effect Mobility of nano-fibers and thin-films
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4.1.6. The figure of Merits:
According to the following above characterization, we developed a figure of merits based
on these parameters we can best identify which one is the best suitable option among all.

Table 4.3: Figure of Merits for evaluation of Effects of thin-film & nanofibers for

solar cells

Sr.No. | Sample FTIR Resitance | Conductivity | Mobility Remarks
Name B % Q.cm 1/ Q.cm Cm?.Vs
1 FyC 1.27 9608.33 447 x10* | 0.20234 | High

Conductivity

and mobility but
low B-phase
2 F,*C 1.18 9005.67 2.37 x 10* 0.01761 | High Resistance
low mobility

and B-phase
3 Fs*¢ 2.47 9995.67 2.00 x 10* 0.05243 | High Resistance

low conductivity

and mobility and
low B-phase

4 Fs>¢ 7.68 3350.33 4.69x 10 0.24296 | Low Resistance
highest in

conductivity but
low B-phase

5 FsES 10.46 8897 1.12x10* | 0.14776 | High p-phase
but also high in

resistance

6 Fe& 16.12 3723.33 3.69 x 10" 0.1297 | High B-phase
low in resistance
but High in
Conductivity

7 F=" 17.42 3756 3.67 x 10* 0.04496 | Highest in B-

phase low in

resistance than
F1. Structure of
fibres starts

from very low
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diameter which
promotes the

flow of electron.

12.42

3536.33

3.92x10*

0.03774

Low in the
proportion of B-
phase
concentration
also lowest in
the mobility of

charge

This FOM shows based on all of these parameters. We recommended that the optimum

sample for better energy harvesting is:
v' F7ES i.e. (12% PVDF) electrospun nano fibers

Same results were obtain by (Cai et al., 2017). So we can say that this is the best suitable
option for interlayer in the solar cell as pyroelectric material to enhance the energy
harvesting efficiency of cells. Even we can use this concentration to get more 3-content by
dopping with different transition elements and high organic crystalline polymers or co-

polymers.

53




Chapter 5

CONCLUSION AND RECOMMENDATIONS

This study provides clear guidelines for using FTIR to solve long-term problems in the
phase characterization of PVDF, and also provides a simple method for the single  and y
phases in multiphase PVDF polymers based on FTIR spectroscopy gquantify.

Hall-effect shows mobility and conductivity of carbon black added into 12% PVDF
dissolved into DMF/Acetone solution was high. But FTIR & XRD results indicate the
crystalline phase in Carbon doped PVDF is less than electrospun nanofibers. Because the
electrospinning process uses the electric field between two opposite charged electrodes to
produce the nanofibers web which is in favour of the rearrangement of atoms in the
polymer and produce p-phase of PVDF.

This phase of PVDF is more electroactive and pyroelectric. It shows more thermal energy
harvesting wasted during the heat loss of the photoelectric effect. It also improves the
efficiency of the solar cell. FTIR characterization shows -content was high i.e. 17.42% in
electrospun nanofibers of 12% PVDF. The spectroscopy also has shown that it has no
significant absorbance in UV-Vis range. That means it will not cause any hurdle in the
direct sunlight on the absorber layer. SEM results have shown the formation of the fibre
of PVDF was not good at the concentration of 8% wt./wt. The fibres formation started at
10% wt./wt. of PVDF. The best fiber formation of PVDF was at the concentration of 12%
wt./wt. But at 15% the thickness was very high and can cause resistance in the flow of
direct current. So overall at the figure of merit we concluded that 12% PVDF of nanofibers
and 12% of carbon-doped spin-coated was a suitable option with optimal output of selected
parameters.

The B-content of PVDF can be increased by using different copolymers of PVDF like
TrFE-PVDF, PMMA-PVDF, PVA-PVDF. Further, inorganic oxidizing and reducing
agents from transition metals like Ti, Sb, V, and complexes of transition ions can be used.
The group I11-A and V-A like Al, Gr, As can also increase the $-phase formation in PVDF.
The addition of reduce graphene oxide (RGO) to PVDF results in the enhancement of the
B-phase of PVVDF. Therefore, by increasing the f-content more low heat energy (lost during

the energy transformation) can be harnessed.
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