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Abstract

Nanomaterials for photovoltaic have gained a lot of attention in the past few years in the
arena of energy. Titania (TiO2) is an important material having found its use in many
technological applications. Due to its large surface-to-volume ratio, TiO2 nanofibers
(NFs) are drawing increased attention in 3rd generation of photovoltaic solar cells such as
DSSC. The electro-optical response of TiO2 can be tuned by metal doping and structural
control at the nano level. In this research, NFs of copper (Cu) doped Titania (TiO2) were
fabricated by using electrospinning. To get Cu doped TiO2 NFs the calcination and
annealing were performed in the air at 500°C for 2 hours. The Energy-Dispersive X-ray
Spectroscopy (EDS) results confirmed the doping of copper inside the titania after
calcination. Scanning electron microscopy (SEM) results show NFs of varying diameters
mostly in the 80 nm to 200 nm regime. SEM of the post-annealed samples shows relatively
rougher fibers of reduced size compared to the uncalcined samples which are due to the
evaporation of PVP and solvents. The increase in roughness and reduction in the NFs
diameter means an increase in the overall surface area and more efficient charge transport
as Hall’s effect results depicted that after doping of copper in nanofibers, the conductivity
of the nanofibers improved by 2 times as compared to undoped nanofibers of titania.
Moreover, Ultraviolet-Visible Spectroscopy (UV-Vis) showed that 1 % Cu doping
decreased the bandgap and the absorption of the spectrum shifted more towards the visible
region of the spectrum. The IV characteristic measurement was performed, and it gave the
efficiency of the prepared solar cell equal to 0.0114 % with Open circuit voltage (Voc)
equal to 0.66 V and short circuit current (Isc) equal to 0.03 mA. The increase in the Voc
is due to the wide bandgap of semiconductor and decreased diameter of nanofibers. The
lower value of the Isc is the result of Cu/electrolyte reaction and low electron injection of

Nanofibrous Cu doped TiO2 photoanode.

Keywords: Titania; Nanofibers; Cu-doping; Electrospinning, DSSC.
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Chapter 1 Introduction

1.1 Energy Resources

In today's world, energy is the most fundamental requirement for human survival. Our
creative exploitation and reinvention of energy are largely responsible development we
have seen. Energy is used for industrialization, transportation, domestic and home use,

and to meet the current era’s normal lifestyle [1].

Despite the benefits that man's command of energy has provided, the rate at which energy
has been exploited has put the environment in jeopardy. Finite resources are fast depleting,
while carbon emissions continue to wreak havoc on the ecosystem on a global scale.
Energy has been produced through the combustion of fossil fuels since its discovery.
Greenhouse gas emissions from fossil fuels are extremely hazardous to all living beings
on the earth. The increase in CO levels is due to the combustion of fossil fuels in order
to obtain energy in a suitable form. Increased CO: levels would result in air pollution,
posing health risks to all living organisms as well as plants. Nitrogen oxide and Sulfur
dioxide, which are created when fossil fuels are burned, can cause acid rain. Therefore,

GHG emission is causing Global warming and environmental issues [2].

Global warming is not just raising the earth’s environment temperature, but it is also
melting the ice, therefore, increasing the water level. Due to greenhouse gas effects, the
ozone layer is also decreasing. There was a need for sustainable and environmentally
friendly energy resources for so long. Numerous natural resources satisfy the energy needs

of humans. Humans have been using coal, wind, water, and sun for thousands of years [3].

Renewable energy sources are one solution to the problem, and with more widespread
adoption, they may one day power the entire world. Energy resources include all types of
fuels employed in the world today for electrical energy generation, heating, and other
energy conversion operations. Energy resources can be classified into two: Non-

Renewable and Renewable [4].



Non-renewable resources are abundant but finite, and they are not renewable. These
energy resources come from the decomposition of dead plants and animals that have
accumulated during the planet's lengthy history. Natural gas, oil, and coal are the most
common of these resources. Renewable energy resources are naturally replenished over
time. Traditional renewable resources include solar, wind, geothermal, tidal, wave,

biomass, and hydropower [5].

1.1.1 Non-Renewable Energy Sources

Nonrenewable resources are finite and cannot be exploited forever. Coal, natural gas, oil,
and nuclear energy are the four principal types of nonrenewable resources. Fossil fuels
were produced inside the Earth over a time of millions of years from dead plants and
animals, and thus the term "fossil" fuels are used. Radioactive materials, primarily

uranium, are taken from mined ore and converted into fuel to provide nuclear energy [6].
Nonrenewable energy sources:

1. Coal

2. Natural gas
3. Petroleum
4

Nuclear energy

1.1.1.1 Coal

A combustible black sedimentary rock with a high carbon and hydrocarbon content.
Because coal takes millions of years to create, therefore it is classified as a nonrenewable
energy source. Coal is made up of the energy stored by plants that thrived in marshy forests
hundreds of millions of years ago. Over millions of years, layers of earth and rock layered
over plants. As a result of the heat and pressure, the plants were transformed into coal. 1
short ton of coal is equal to 18,856,000 Btu [6,8].

1.1.1.2 Natural Gas

Natural gas was created deep beneath the surface of the earth. Natural gas is made up of a

variety of chemicals. Methane, a molecule having four hydrogen atoms and one carbon

atom (CHys), is the most abundant component of natural gas. Natural gas also comprises
2



non-hydrocarbon gases including water vapors and carbon dioxide, as well as natural gas
liquids (NGLs), which are also hydrocarbon gas liquids. Natural gas is used as a fuel and

to manufacture chemicals and materials [6,8].

1.1.1.3 Oil and Petroleum

Petroleum and oil fossils are hydrocarbons created from the leftovers of animals and plants
that lived in a marine environment millions of years ago before the dinosaurs existed. The
remnants of these creatures and plants were covered by rock, salt, and sand layers over
millions of years [7,8]. The residues were transformed into crude petroleum or oil as a
result of the pressure and heat exerted by these layers. Petroleum is short for "rock oil" or
"earth oil.”. The crude oil could be found in underground reservoirs, small gaps inside
sedimentary rocks, and near the earth's surface in gaseous or liquid form. Petroleum
products are fuels manufactured from crude oil and natural gas hydrocarbons. Natural gas,
biomass, and coal all can be used to make petroleum products [6,8].

1.1.1.4 Nuclear energy is energy in the core of an Atom

Atoms make up solids, liquids, and gases. Protons, electrons, and neutrons are the three
particles that make up an atom. The nucleus of an atom is made up of neutrons and protons
and is surrounded by electrons. The bonds that hold the nucleus together contain a
tremendous amount of energy. When those bonds are broken, nuclear energy can be
released. Nuclear fission can break the bonds, and the resulting energy can be utilized to

generate electricity [6,8].

1.1.2 Renewable Sources

Renewable energy is derived from natural resources and is replenished regularly.
Renewable energy sources include water, wind, sun, plants, and Earth's heat, all of which
are perpetually renewed by nature. Renewable energy technologies convert these fuels
into useable energy, such as electricity, mechanical power, chemicals, or heat. Renewable
energy can be used in a variety of ways. In our daily lives, most of us are already using

renewable energy.



Renewable energy comes in many different forms [9].

Solar Energy

Wind Energy
Hydro Energy

Bio Energy
Geothermal Energy

I A

Ocean Energy

1.1.2.1 Solar Energy

Technologies used for solar energy harness the sun's limitless power and utilize it to
generate electricity, light, and heat. There are different ways solar energy can be used
[10,11].

1.1.2.2 Solar Water Heating (SWH)

The energy coming from the sun can be utilized to heat water in your swimming pool or
any water at home. A solar collector and a water storage tank are the most common
components of SWH systems. Mostly collectors are installed on a roof facing south, which
uses either the fluid for heat transfer such as nontoxic antifreeze to heat space or heat
water, in SWH. After that, the hot water is kept in the tank like the tank that can be found
in an electric water heater or standard gas heaters. Solar collectors for water heating can
be divided into three categories: evacuated tube type collector, flat plate type collector,
and concentrating type collector [10,11].

Passive Solar Heating/Lighting

For generations, the sun has always been used to heat homes and places. As fans, no
pumps, or other mechanical devices are utilized, the modern type of this sun-welcoming
design is known as passive solar. Large windows that are facing south, feed homes with
light, while brick floors or dark tile can store the heat coming from the sun and can be
used to heat the home at night [11]. Window overhangs block direct sunlight in the hot
season, when the sun is at its peak in the sky, maintaining the house at a lower temperature.

In summer, tile and stone flooring is also used to cool [10,11].

4



Solar Electricity

Photovoltaic (PV) technology, sometimes known as solar electricity, turns sunlight
directly into electricity. Since the beginning of space programs, solar electricity has been
a primary source that is used to power spacecraft. For the previous three decades, it is
employed as an electrical power device in addition to agricultural and rural purposes.
Because of breakthroughs and global developments in the field of electricity, it has formed
a large market for powering grid-connected homes and buildings over the previous
decade. Although there are many different types of solar electric systems on the market
today, mainly they have three components: Modules that are used to convert sunlight into
electric current, inverters that convert the generated direct current into alternating current,
and sometimes storage systems such as batteries that could store surplus power, generated

by solar modules. This generated electricity is used by most household appliances [10,11].

1.1.2.3 Wind Energy

For hundreds of years, windmills have been used to harness the energy of the wind. These
days wind turbines can be employed instead of windmills and are far more improved and
efficient technology. Although wind turbines appear to be noncomplex, it involves a series
of steps to generate electricity. The wind first turbine blades rotate and are attached to the
shaft. This moves the generator, which generates electricity. The energy is converted into
electricity using modern mechanical drive systems and power generators. Wind turbines
that inject power into the grid range in size from 50 kW - 0.5 MW. A large number of

turbines are scattered throughout the land for large-scale utility operations [10,11].

1.1.2.4 Hydro Energy

Hydropower is the most established renewable energy source. Hydropower facilities
generate electricity by converting the energy contained in moving water. A common type
of hydropower involves retaining a big reservoir of water by building a dam on a river.
Water through the turbine is released to generate electricity. Hydropower stations are
mostly environment friendly, but they can impact wildlife habitats and the quality of
water. As a result, hydropower plants are constructed and with minimum impact on rivers
[10,11].



There are three different types of hydropower facilities: diversion type in which diversion
of a river is used to produce energy. Impoundment type which uses a dam to store river
water then the water released from the reservoir to generate the energy. Pumped storage
type in which pumping water from a lower to an upper reservoir is done to preserves
energy. When there is a significant electrical power demand, the water is discharged into
the penstock, where it drives the turbine and produces electricity. Some hydropower plants

use dams, and some do not [10,11].

For storage of energy the water pumping from lower to an upper tank can be done. When
there is a significant energy requirement, the water is then discharged into the reservoir.
situated at lower height or pool, where it moves a turbine, which in turn produces

electricity [11].

1.1.2.5 Bio Energy

Bioenergy is obtained from biomass for example grass, plants, vegetables, etc. is known
as bioenergy. A simple example of bioenergy is the burning of wood. However, all of the
biomass resources are not obtained from plants. Many industries, like industries that
involve the processing of agricultural products and construction, can produce a substantial
amount of residual or unutilized biomass that can be used to produce bioenergy. Biomass
may also be converted directly into biofuels that are biomass-based liquid fuels. To fuel
stationary power generation and cars, biofuels are preferred as they can be transported
conveniently, and their energy density is high. Ethanol is the most common type of biofuel
[10,11].

1.1.2.6 Geothermal Energy

The core of the Earth is located 6437.4 kilometers beneath the surface and can reach
temperatures up to 4982 degrees Celsius. This generated temperature spreads outward
from the core, therefore warming the surroundings and perhaps generating subterranean
steam reservoirs and hot water. We can use these reservoirs for different purposes,
including electricity generation, and building heating. By Installing Geothermal Heat
Pumps (GHPs) we can even utilize the ground’s consistent temperature for cooling and

heating houses and other buildings [10,11].



1.1.2.7 Ocean Energy

There are two sorts of energy that the ocean can produce using ocean energy. The tides
and waves energy provide mechanical energy. The thermal energy stored in the ocean
which derived from the heat of the sun. In Ocean thermal energy is used to run a turbine,
which is attached to a generator. Therefore, conversion to electrical power is done.
Mechanical devices are commonly used for the conversion of tidal and wave energy into
electricity. A dam can be used to convert tidal energy into electrical power. This is done
by pushing water through turbines, which in turn runs a generator. Wave energy can be
used to move mechanical parts attached to a generator to generate electricity. In other
cases, working fluids like air and water can be used to run the generator or turbine [10,11].

1.2 Energy Mix in Pakistan

In the past, Pakistan has overcome its energy crisis, which directly or indirectly affected
the economy, by increasing its generation and transmission capacity. Currently, the
Energy Sector has a demand-supply imbalance that must be filled by improving the
energy mix to reduce costs. Pakistan's dependence on thermal energy, which includes

imported coal, domestic coal, LNG, and natural gas, has decreased in recent years [12].

1.2.1 Non-Renewable Energy in Pakistan
1.2.1.1 Oil Sector in Pakistan

Pakistan consumes 19.68 million tons of petroleum products per year, with local refineries
supplying 11.59 million tons and imports accounting for the remaining 8.09 million tons
per year. Consumption of petrol in Pakistan is 7.6 million tons per year, with 30% coming
from local refineries and the balance coming from outside to meet national demand. Diesel
consumption is also around 7.3 million tons per year. Local production can meet 65

percent of total demand, with the remainder requiring importation [12,16].

1.2.1.2 Coal Production/Consumption in Pakistan

The country has a vast energy resource in the form of coal, and further development in
various places is underway, out of which a fraction is being used. Local coal consumption

should be increased in the next years to achieve a larger contribution. The Thar coal field
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is home to a slew of coal mining and power generation plants. Imported coal power
stations could be used, combined with Thar Coal. The use of Thar coal is limited as
spontaneous combustion is a probable hazard for long-term storage and distant
transportation. power plants utilizing imported coal have begun operations, including one

in Sahiwal, two in Port Qasim, and one in Thar [12,16].

1.2.1.3 Gas Sector in Pakistan

Natural gas is a nonrenewable energy source that is clean, safe, efficient, and better for
the environment [18]. Natural gas account for 38% of Pakistan’s primary energy mix.
Pakistan produces roughly four billion cubic feet per day (Bcfd) locally, compared to a
demand of over six billion cubic feet per day (Bcfd). To fill this gap, the government of
Pakistan has to import importin Liquified Natural Gas (LNG). Pakistan has a vast gas
network of gas pipelines (139,827 km distribution, 37,058 km service, and 12,971 km
transmission pipelines) to meet the needs of the country [12,16].

1.2.1.4 Nuclear Sector in Pakistan

The country's only department that handles the power generations using nuclear-powered
power plants is Pakistan Atomic Energy Commission (PAEC). There is a total of five
nuclear power plants in Pakistan, one of which is the Karachi Nuclear Power Plant
installed in Karachi and the other four are named the Chashma Nuclear Power Plants with
four units in Chashma which is a district of Mainwali. These five nuclear power reactors
can generate 1430 MW and they have produced around 7,143 million units from July 2019
to March 2020 (11 months period). PAEC is also working on K-2 and K-3 projects to
meet the goal of 2200 MW set for 2030 [12,16].

1.2.2 Renewable Energy in Pakistan
1.2.2.1 Production of Energy from Solar

Pakistan has a lot of solar power potential. The potential for Solar Energy is predicted to
be more than 100,000 megawatts (MW). The average irradiation across the country is
between 4.5 (kWh/m?)/day and 7.0 (kWh/m?)/day. The Alternative Energy Development
Board (AEDB) was formed by the ministry of energy Pakistan. It is working on 22 solar

Photovoltaic (PV) power projects with an approximate total capacity of 890.80 MW.
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Figure 1-1: Quaid-e-Azam Solar Park with a capacity of 1,000 MW [17].

1.2.2.2 Production of Energy from Wind

The capacity of the power from wind energy is considerable along the 1,000 km of
coastline in Sindh and Baluchistan's southern areas, where wind speeds from 5 m/s to 7
m/s. Wind energy has a potential capacity of 122.6 GW/annum, which is more than
quadruple the country's existing power-producing capacity. A finished wind farm installed
in Gharo in Sindh (Pakistan), is among a chain of projects being built throughout the
country to help in the energy shortage. In 2019, Pakistan had more than around 1000 MW
of operating wind farms [12,16].

1.2.2.3 Production of Energy from Hydro
The country has a hydropower potential of 60,000 MW, however, only 7,320 MW of the

projects has been developed. Tarbela Dam is the biggest dam which has a capacity of 4888
MW. Pakistan hydropower also includes other big and small dams. The majority of the
plants are located in the Chitral and Northern Areas that are community-based. Small
hydropower is another interesting alternative for generating electricity for off-grid. The
minor hydropower sector was mostly controlled by provincial governments in 2014. The
country has 128 MW of operational capacity, 877 MW of capacity under construction,
and roughly 1500 MW of capacity available for future expansion. A 350 MW of the



potential of micro-hydro projects in Punjab is present, and in northern Pakistan, 300 MW
[12,16].

Figure 1-2: Tarbela Dam, Khyber Pakhtunkhwa, Pakistan [18].

1.2.2.4 Production of Energy from Biomass

In Pakistan 21.2 million hectares are cultivated. Pakistan is the largest contiguous
irrigation system in the world. Forests span over 4.21 million hectares, accounting for 5%
of the country's total land area. According to Food and agriculture organization of United
Nations data, these numbers have been steadily declining since the 1990s, and in 2015, it

was only 1.9 percent [12,16].
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Figure 1-3: Share of different Energy resources in Electricity Generation (%) of
Pakistan [12].
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1.3 Photovoltaics Technology

The "photovoltaic” is derived from the Greek word photos which means light and voltaic
from the scientist named Alessandro Volta, which could also mean voltage. Therefore, the
term photovoltaic could mean the light source. In order to extract energy, with solar

radiation as the primary source of energy photovoltaics cell or solar cell is required [19].

1.3.1 Solar Radiations

The Sun is a massive fusion reactor, in which many four hydrogen atoms fuse together to
form one helium atom within. Atomic fusion produces temperatures of roughly 15 million
° C. Radiations transfer this energy from the sun into space. The Sun constantly emits
38451026 W throughout space in every direction, out of which a small fraction is received

by Earth receives. The fraction of solar energy is 1367 W/m? which is known as the Solar
constant [20].
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Figure 1-4: A Solar Spectrum for terrestrial and space [21].

Radiations are emitted by every heated body into the environment. Planck's Law of
Radiation states that the spectrum of radiation is determined by the surface’s temperature.
The surface temperature of the Sun is 5778 K, resulting in the ideal spectrum called Black

Body Spectrum. Outside the Earth's atmosphere (AMO), the real spectrum roughly trails
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this line. This light hasn’t traveled through the earth's atmosphere, as indicated by AMO
known as Air Mass “0”. It is indicated by the red line in figure 1.4 [21].

1.3.2 Working (Conversion of light to current)

Typically, solar cells consist of semiconductors. Structurally it consists of an anode and a
cathode. An example of a silicon-based solar cell is a PN junction (photodiode). Where
P-type is doped with a tri-valent impurity for example boron and N-type semiconductor is
doped with a pentavalent impurity (phosphorus). N-type has excessive electrons as charge
carriers and P-type has excessive holes as charge carriers. Other parts may include
antireflection coating and front and back contacts [22].
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Figure 1-5: A typical solar cell [19].

The structure of the typical solar cell is shown the figure 1.5. Whenever light shines upon
the solar cell the solar energy is converted into electrical energy. The energy conversion

of solar to electrical in photoelectric devices involves the following steps [19].

a) The light is absorbed by the semiconductor material.

b) Excitation of the atoms from the ground state to an excited state.

C) Conversion of excited atoms to positive and negative charges.

d) The generated charge carries, move towards the electrodes.

e) The carries are collected by an external circuit.

Recombination of the carriers after flowing through an external circuit. Therefore,

completing the cycle. For Photodiode Shockley equation can be used to express its
12



electrical behavior. This electrical behavior can be represented by an equivalent electrical
circuit as shown in figure 1.6.

I
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Figure 1-6: An Equivalent circuit model of PV solar cell [26]

|4
I=1Ip—Ip, = Is. (eﬁ - 1) —Ipp, (1.1)

Where

I, = Diode Current.

Ipv or Ip,= The photonic current or photocurrent.
I; = The saturation current of the diode.

V' =The voltage applied to the device.

Vr = Thermal Voltage.

All the parameters of the solar cells could be defined by the characteristic curve. The
principle of the solar cell corresponds to the characteristic curve as shown in figure 1.7.

Looking at the curve following parameters could be defined
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1.3.2.1 Parameters effecting on Solar cell

a)

b)

d)

Short Circuit Current Isc

When the circuit of the solar cell is shorted Isc is delivered with a voltage equal to

zero. On the curve, it is the point when Voltage is zero [19]. This gives

Isc=lprn (1.2)
Open Circuit Voltage (Voc)
When the current is zero Voc is obtained. On the curve, it’s the point when the

current is zero [19]. When we substitute the parameters, we get

Isc
S

Maximum Power Point (MPP)

MPP is an operating point at which maximum power is obtained. Corresponding

voltage and current points are called Vmpep and Impp respectively.
Fill Factor (FF)

Fill Factor is the ratio of MPP and product of Voc and Isc. On the curve, it’s the

area under MPP compared to the area of Vocand Isc

P
FF — _MPP

B VOC'ISC

(1.4)

Efficiency (n %)

The efficiency of the solar cell is defined as the ratio of obtained electrical power

to incident optical power [19]. Mathematically

_ Pypp

= 15
Popr (15)
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Figure 1-7: IV Curve of a Solar Cell with other parameters [26].

1.2.4. Generations of Photovoltaics

Depending upon the technology and material used, the solar cells are divided into three

generations.
1.2.4.1 First Generations (1%t Gen) of Photovoltaic

Solar cells of the first generation are typically silicon-based. Solar cells made of crystalline
silicon typically have a (15 to 20) % efficiency. The thickness is of first-generation solar

is 100s of um.

Poly-Crystalline Mono-Crystalline
Solar Cell Solar Cell

Figure 1-8: Mono-Crystalline and Poly-Crystalline Solar cells [24].
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These solar cells are extremely stable, however, the technology utilized to make first-
generation solar cells are highly energy-intensive, hence necessitating the development of
less energy-intensive solar cell production techniques. Secondly, the cost of first-
generation solar cells is extremely high due to the high cost of highly pure silicon. These
factors prompted the development of a new generation of solar cell types. The production
share of first-generation solar cells is more due to improved industrial-scale

manufacturing [21].
1.2.4.2. Second Generations (2" Gen) of Photovoltaic

Thin-film silicon and nanocrystalline, amorphous silicon, semiconduction-based thin-film
solar cells are the second generation of solar cells. Examples of second generations solar
cells are CdTe and CIGS. Second-generation photovoltaics have an efficiency of roughly
10%. When compared to first-generation solar cells, these solar cells are much easier to
make and have lesser cost/unit [21].

Figure 1-9: A Second-generation thin-film solar cell [22].

1.2.4.3. Third Generations (3" Gen) of Photovoltaic

Solar cells of the third generation are quite essential due quantity of research being done
in this field. These are thin-film solar cells. Examples of solar cells are CZTS, DSSCs,
Perovskite solar cells. Polymer solar cells and organic Photochemical-based solar cells
are further examples. The efficiency of these sorts of solar cells can reach is around 15%.

The materials used to make them are plentiful and they are simple to make. Multi-junction
16



solar cells, which are the most efficient solar cells, also lie in the third-generation solar
cells. The energy band gap in third-generation solar cells may be adjusted by modifying
the materials and varying the technology, allowing broad wavelengths of light to be
utilized successfully [21].

Figure 1-10: Dye-sensitized solar cells integrated SwissTech Convention Center made
by Solaronix [27].

1.4 Dye-Sensitized Solar Cells

Due to the ease of its manufacturing technique under ambient circumstances, dye-
sensitized solar cells (DSSCs), which are classified as third-generation photovoltaics,
have been presented as a low-cost substitute to traditional silicon solar cells. due to
simplicity in fabrication. Michael Gratzel and Brian O'Regan designed modern DSSCs,
also known as Gratzel cells, in 1988. In the late 1960s, it was found that when illuminated
with light organic dyes could produce energy at oxide electrodes, while researching the
electrodes for electrochemical cells. After that, different attempts were done to investigate
the underlying mechanism in photosynthesis, which resulted in numerous tests for
generating electricity using the DSSC since 1972 [25].

A DSSC is generally a thin layer of an anode made of a suitable metal oxide. This layer
of the anode of coated onto glass with a conductive oxide coating. On this layer of metal

oxide, a dye is sensitized. These parts make up an anode. While cathode consists of
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Transparent Conductive Oxide (TCO) with Platinum film coating. An electrolyte solution

is placed between anode and cathode usually made of iodide/triiodide [26,27].

1.5 Working Principle of DSSCs

1.5.1 Working Principle of DSSCs

Dye-sensitized solar cells do not follow the typical silicon-based solar cells principle;
instead, distinct components perform the light absorption and charge transfer roles. The
semiconductor's principal role is to promote charge transmission, while the dye is
employed to absorb photons. The advantages of DSSCs over conventional p-n junction
solar cells are numerous. Here are some of the benefits of DSSCs in comparison with
silicon-based solar cells [1].

Low-cost production, as well as material flexibility, including substrates, and the ability

to operate over a wide temperature range, are all advantages of DSSCs [1].

1.5.2 Working of components inside the DSSCs

The dye's electrons are stimulated by incident sunlight. The energized electron travels to
the electron collecting glass substrate after being injected into the metal oxide's conduction
band. The electron travels from the anode to the counter electrode via the connected
circuit, to obtain valuable power. The oxidized dye is regenerated by the electrolyte's
reducing agent. The oxidized species of the electrolyte is reduced to its original condition
once the electron has traveled through the load and been collected at the counter electrode.
The circuit is now complete, and the cycle flow of electrons from the anode to the cathode

continues [2].

In DSSCs, charge separation occurs by kinetic competition. Whereas, in p-n junction solar
cells, charge separation takes place by the formation of the electric field in the junction.

Photon to energy conversion in DSSCs takes place in the following steps [15].
There are four different processes (steps) involved in the working of DSSCs [17].
1) Light Absorption

2) Electron Injection
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3) The charge carries (Current) Transportation

4) Charge carrier (Current) Collection

1.5.2.1 Light Absorption

Light is absorbed by the dye and this absorption of photons excites the dye molecules
from HOMO (Highest occupied molecular orbital) to LUMO (Lowest unoccupied
molecular orbital) states. It takes nearly 60 ns to excite an electron for HOMO to LUMO
[17].

S*/S (ground state) —(S*/S*)(excited state) (1.6)

1.5.2.2 Electron Injection

The excited electron is transferred from dyes LUMO to the conduction band of the
semiconductor. For efficient electron injection, the energy level of the semiconductor
conduction band must be about 0.2 V - 0.3 V lower than that of dye. The back reaction of
the electron from the conduction band to the oxidized dye molecule is much slower and
lies in the microsecond to millisecond range. This difference causes efficient charge
separation in the cell. It takes nearly 50 femtoseconds —1.7 picoseconds to transfer an
electron from LUMO to the conduction band [17].

S*IS (ground state) —(S*/S*) (excited state) + e (TiO2) (1.7)

1.5.2.3 Charge carrier (Current) Transpiration

Electron diffuses through the photoanode, reaches TCO, and travels to the outer circuit to
generate electric power (flow of electrons). In TiO2 based nano-porous photoanode, the
layer contains anatase nanoparticles. The presence of oxygen vacancies in the TiO> lattice
makes it slightly n doped. The plane (101) is thermodynamically stable and is predominant
in TiO2 anatase nanoparticles. The electron transport within the TiO> layer occurs through
diffusion since the nano particles are very small to form an electric field. The electron
transfer can be explained by the trapping/detrapping model. Electron waits in the trap state
for time t before hopping to the next trap site. The trap state waiting time depends on the
depth of the trap state. Since the transport of electrons takes place by diffusion, the
diffusion length of electrons must be greater or at least equal to the thickness of the
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photoanode. The optimized thickness of the TiOz layer in photoanode varies from 5 um
to 15 um [17].

1.5.2.4 Charge carrier (Current) Collection

After the flow of electrons through the outer circuit, it is collected at the counter electrode
(C.E). Regeneration of dye and electrolyte involves recombination of the charge carriers.
Regeneration of dye takes some nanoseconds and for electrolytes, it takes 10

microseconds [16].
(S+/S*) (excited state) + e- — S+/S (ground state) (1.8)
I3+2e" 3T (1.9)

Electron after reaching counter electrode is transferred to the electrolyte which consists of
a redox couple. This electron regenerates the oxidized dye molecule in the nanosecond
timescale range. A loss of about 600 mV occurs which is the main reason which limits the
Voc of the cell. The loss occurs due to a mismatch of energy between the redox couple
and the dye [16].

The complete steps of a photon to current generation mechanism in DSSCs is shown by
the equations 1.8 to 1.12 where S is dye molecule, S* excited dye molecule, S* oxidized

dye molecule, and e represents an electron.

50fs-1.7 ps -y LUMO
S || 60ns
ns-ms 3 i
Y.l Homo X
10ms 10ns
VB
I_
Semiconductor  Dye molecule Electrolyte

Figure 1-11: Kinetics of charge transport [39].
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1.6 Components of DSSCs

Conventionally DSSC is constructed of the substrate (electrode), a metal oxide
semiconductor, Electrolyte, Dye sensitizer, and conductive counter electrode as shown in
figure 2.2 [28].

\}_.T WD /

Metal Oxide K «— Catalyst
(Semiconductor) —-:-'./. .‘. e . /|3-\[
Dye *0. . 7 N3¢
TCO e ~——Electrolyte

Figure 1-12: Components of DSSCs [40].

1.6.1 Substrates for DSSCs

It is naturally transparent, and it allows the solar radiation to pass through. Clear glass
substrates with great optical transparency in the Visible and NIR regions are the most
often used substrates in DSSCs. The solar radiations are absorbed by the photoactive
material (Semiconductor) deposited on this substrate. Other functions of the substrate
include a collection of current therefore it should be a good conductor. On one side of the
glass, the substrate is a thin sheet of transparent conducting oxide that works as a low-
resistance conductive film. On glass substrates, indium-doped tin oxide (ITO), or fluorine-
doped tin oxide (FTO) are most often deposited as a transparent conductive oxide. The
device performance depends on the transmittance of light and the conductance of the
substrate [29].

1.6.2 Types of Electrolytes for DSSCs

The electrolyte is a DSSC component that is responsible for electron transport as well as
the regeneration of oxidized dye. The main function of electrolytes is the regeneration of

dye. The electrolyte is composed of a redox couple, and it is placed between the electrodes
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(Cathode and Anode). Types of electrolytes being used for DSSCs are Liquid (most used),

quasi-solid state, and solid-state electrolyte [37].

1.6.2.1 Liquid Electrolytes for DSSCs

Liquid electrolytes generally contain a redox pair, suitable organic solvents (for solutes
dissolution), and additives (for solution stability/Viscosity). Each component of a liquid
electrolyte, such as the redox couple and the solvent or additive, affects photovoltaic
performance. An organic solvent creates a favorable environment for redox ion dissolution
and diffusion. The dielectric constant of the solvent, its viscosity, and its donor number
are the most essential features of organic solvents. Because ion conductivity is dependent
on solvent viscosity, therefore a low viscosity solvent is preferable. The more viscous the
solvent, the poorer the ion conductivity and the worse the cell performance. The (17/17%)
redox pair is the most used due to its low cost and simplicity of manufacture. As a result,
it is commonly employed as a standard electrolyte in DSSC photoanode and dye

performance testing [36].

1.6.2.2 Quasi Solid-state Electrolyte for DSSCs

The gel state, also known as the quasi-solid state, is neither liquid nor solid. A polymer
host is filled with liquid electrolytes in quasi-solid-state electrolytes. Despite their high
viscosity, these electrolytes have the diffusive properties of a liquid and the cohesive
properties of a solid, resulting in strong interfacial contact and high ionic conductivity.
They also exhibit a high level of stability [38].

1.6.2.3 Solid-state Electrolyte for DSSCs

Solid-state electrolyte-based DSSCs have an 171 redox pair and operate similarly to liquid
electrolyte-based DSSCs. Hole Transport Materials is an example of a solid-state
electrolyte (HTMs). The sole difference in the operation of HTM-based DSSCs is that the
oxidized dye molecule is deoxidized by an electron given by the hole conductor. As
electrolyte materials in DSSCs, copper based inorganic HTMs (CuBr, Cul, and CuSCN)
are employed. They have strong hole-carrying capabilities; however, they are inefficient
and unstable. Due to increased recombinations and lower intrinsic conductivities of
HTMs, HTM-based DSSCs have poorer efficiency than liquid electrolyte DSSCs [39,40].
22



Therefore, for the electrolyte to be good.

1) Regeneration of the dye molecule to its ground state should be fast.
2) It Should have higher conductivity for fast diffusion.

3) Higher stability (Chemical, Thermal, and Optical)

4) 1t should not absorb the light in the visible range.

5) Good interfacial contact between photoanode and counter electrode.

1.6.3 Photoanode materials for DSSCs

Photoanode is constructed of a mesoporous structure and metal oxide semiconductor. It
provides two functions which are dye adsorption and charge carrier collection and
transport. Power conversion efficiency (PCE) greatly depends upon the porosity,
conduction band, surface area, and crystallinity of the photoanode. Photoanode materials
in the third generation of solar cells use wide band gap semiconductors that were resistant
to photo-corrosion. TiO2 and ZnO; are examples of wide band gap semiconductor
materials. The photoanode material in Gratzel's initial DSSC was TiO2, and the
photoanode layer is typically 5 um to 15 pum thick. To increase the overall performance
of DSSCs, there is a lot of research being done on the dye loading ability, light trapping

capabilities, and electrical performance of photoanode [29].

1.6.4 Dye Sensitizer for DSSCs

Dye has a vital part in harvesting solar radiation and then converting electrical energy.
The main function of dye sensitizer is to sensitize the wide bandgap semiconductor and
absorb the sunlight and become excited. This excited state leads to the generation of

charge carriers [30].

After the adsorption of the dye molecule onto the photoanode the photons from incoming
light are absorbed. The electron travels from HOMO to LOMO. Therefore, the excited
electron is transported to the semiconductor’s conduction band. Hence Photon-induced
electron generation and injection for light are performed by dye molecules in the DSSC.
This electron is then transported to the conductive substrate and then to an external circuit
[31,32].
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The absorption coefficient of dye and the quantity of the dye affect the percentage of light
absorbed by the cell. The dye must have a high absorption coefficient in the visible area,

and it must also be adsorbed appropriately on the semiconductor layer [33,34].

The amount of dye loaded on the metal oxide photoanode determines the number of dye
molecules accessible for light-harvesting in DSSCs, which implies that the amount of dye
loaded on the metal oxide photoanode determines the number of dye molecules available
for light-harvesting in DSSCs [35,35].

To ensure effective and fast charge injection, the semiconductor's conduction band should
be from 0.2 eV to 0.3 eV lower than the energy level of the oxidized dye molecule.
Otherwise, reduction of dye molecules will occur. Types of dyes used for the DSSC are

summarized in the table [36]. Therefore, a good dye should

1) Show good dye adsorption on the photoanode (semiconductor).

2) Have a higher band gap than the semiconductor material used for photoanode.
3) Be highly stable (Chemical, Thermal, Optical).

4) Possess good absorption in the visible range.

5) More positive HOMO as compared to the electrolyte.

Table 1-1 Photovoltaics performance of DSSC for Ru-based and porphyrin-based

sensitizers.
Dye Code Jsc Voc FF H References
(mA-cm~) V) (%)

N3 18.2 0.72 0.73 10.0 [1]
N719 17.73 0.846 0.75 11.2 [2]
N749 20.53 0.72 0.704 10.4 [3]
Z907 14.2 0.764 0.676 7.8 [4]
7910 17.2 0.777 0.764 10.2 [5]
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K19

K51

K60

CYC-B11

C101

RC43

Z1

SCZ1

YD1

14.61

16.6

16.7

20.05

10.5

20.21

17.7

19.88

13.05

0.711

0.738

0.715

0.743

0.747

0.725

0.74

0.761

0.712

0.671

0.679

0.69

0.77

0.76

0.73

0.66

0.688

0.703

7.0

8.1

8.44

115

11.7

10.78

10.2

10.4

6.54

[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]

[14]

1.6.5 Counter Electrode for DSSCs

Counter Electrode helps in the injection of electrons from the external circuit to the device,
hence completing the circuit. This is the part of the DSSC that connects the cell and
electrical circuit. At the counter electrode, dye ions are reduced to 17 ions (tri-iodide),

which are meant to be reduced to iodide ions (I). It’s constructed of a thin film made from

a catalyst.

nevertheless, the main disadvantage of Pt-based counter electrodes is their expensive cost.
To save expenses, novel counter electrodes have been developed, including metal-based,
carbon-based, inorganic compound-based, and organic conductive polymer-based counter
electrodes. Carbon nanotubes and graphene have recently been employed as promising

counter electrode materials [41,44].
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Summary

Energy has become a necessity for humans. In order to obtain the energy, different energy
resources are utilized from which some are renewable, and some non-renewables. Each
one of the energy resources has its pros and cons. Renewable energy resources can be
renewed again and again which makes them more advantageous over other energy
resources. These energy resources are also environmentally friendly. Pakistan has been
facing an energy shortage which is a major hindrance in development. Pakistan energy
mix is made up of both renewable and nonrenewable energy resources. Among the
Renewable energy resources, Solar energy is the most promising one because of its
vastness. Solar energy can be utilized in the thermal form or its radiation form. To utilize
the solar radiations and their conversion into electricity, photovoltaic technology is used
which is classified into different generations. DSSC is a 3rd generation solar cell with
different components. There is a lot of research going on to increase the performance of
DSSC. Therefore, this solar cell can become a promising source of energy, fulfilling the

needs of energy.
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Chapter 2 Literature Review on

Nanofibrous Metal Doped Titania
Photoanode for DSSCs

2.1 Materials and methods for Photoanode

Photoanode of DSSC is made up of semiconductor material having the scale of
nanometers. It has two functions firstly the transportation of charge carriers and secondly
the support for dye molecules loading. Mainly photoanode is made of TiO2 nanoparticles
with a thickness of around 10pum. Although the large surface area of nanoparticles helps
in good dye loading the grain boundaries cause hindrances in electron mobility, thereby
decreasing the JSC [1]. The photoanode may consist of a semiconductor material such as
ZnO, Sn0O2, and Nb205 with morphologies like nanofibers, nanorods, nanotubes,
nanosheet, and other mesoporous structures. For the fabrication of photoanode various
methods are used such as electrospinning, sol-gel, spray pyrolysis,
hydrothermal/solvothermal, atomic layer deposition, and electrochemical anodization are
used [1].

2.2 Why Nanofibers and metal doping for Photoanode

2.2.1 Nanostructures employed for photoanode

The term "nano” comes from the Greek meaning. The term "nano" is used to define the
number 10°, or one/ billionth [2]. The particle size has inversely proportional to the
surface area. This means that nanostructures have a greater potential than micro-structure.
The dimensionality of nanostructures is used to distinguish these structures as shown in

figure 2.1.

Low-dimensional nanostructures work like a single crystal. These structures allow the
unidirectional flow of electrons which means that they can be employed in devices for

high-performance [2].
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2.2.1.1 Zero-dimensional nanostructures as Photoanode materials

Many studies have created and used zero-dimensional nanostructures like core-shell

quantum dots, hollow spheres, particle arrays, onions, and quantum dots [3].

0D structured nano-structured photoanodes are employed to avoid the disadvantage faced
by using nanoparticles. Nanocrystalline semiconductors make up a typical DSSC
photoanode. The nanocrystalline semiconductors achieve sufficient light absorption
because of their large internal surface area thatincreases the dye concentration
adsorption per unit area of the device [4]. Palomares et al. studied metal oxide overlayers
(ZrO2, AlOs3, and SiO2 overlayers) on TiO> films andtheir ability to
insulate recombination dynamics of the interface in order to improve DSSCs performance
[4].

2.2.1.2 One-dimensional (1D) nanostructures as Photoanode materials

Hollow structures, nanofibers, nano-needles, nanowire or nano-rods, nano-capsules,
nanotubes, and nano-shuttles, are examples of one-dimensional nanostructures or high
order nanostructures. They also include Octahedral, hollow forms, tetrahedral, spherical,
and cubic formations [5]. Nanotubes are the most researched one-dimensional
nanostructures. Momeni published a paper on Cr-doped TiO nanotubes [6]. The effect of
chromium doping on the photovoltaic performance of DSSCs was studied by using an
annealing and anodization method. He presented a comparison of nanotubes doped with

different elements [6].

2.2.1.3 Two-dimensional (2D) nanostructures as Photoanode materials

Outside of the nanometric size range, two-dimensional nanostructures or combinations of
1D nanostructures create two dimensions. Researchers have discovered that synthesizing
two-dimensional nanostructures with certain geometries produces shape-dependent
properties, allowing them to be used in nanodevices. Two-dimensional nanostructures
such as junctions, branching structures, nano-walls, nano-plates, nano disks, nano-prisms,
nano-sheets, can be found in the literature. Two-dimensional nanostructures also include
hollow rings, hexagonal sheets, mesoporous hollow nanospheres, round discs, belts, and
so on [7]. 2D nanostructures are created by combining nanoparticles, nanotubes, and
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nanowires. They have a large surface area that enhances dye loading. The resultant
structures have the benefits of one-dimensional nanostructures, and the uncovered surface

area may provide additional room for electron transport and dye absorption.

The majority of the study was done on ZnO and TiO2 nanowire array films or TiO>

nanotubes with TiO2 nanoparticles or ZnO as filler [8].

Heterogeneous Nanostructured Materials with Different Morphologies
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Figure 2-1: Different Nanostructures employed for DSSC [40].

2.2.1.4 Three-dimensional (3D) nanostructures as Photoanode materials

Three-dimensional nanostructures have gained great scientific attention due to their
large surface area and other better features over bulk equivalents. Synthesis of Several

3D nanostructures in the last decade has been achieved [9].

The surface area, morphologies, dimensionality, size, and shape of nanostructures are
aspects in achieving improved device performance. Because such structures have a larger
surface area, which can provide adequate absorption sites for dye molecules. On the other
hand, these materials have such porosity that can help in dye transportation. Nanoballs,
nano cones, nano coils, and nanoflowers are common 3D nanostructures [9]. 3D
nanostructures showed improved photovoltaic efficiency due to greater light scattering
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ability, dye adsorption and, quicker electron transport [10]. In 2011, Liao et al. reported
on the influence of TiO. with hierarchical systems morphology on DSSC photovoltaic

performance [11].

2.2.2 Nanofibers for photoanode in DSSCs

Photoanodes made of semiconductor nanoparticles are widely utilized because they
provide active regions for dye adsorption. However, grain boundaries might induce
unanticipated separation, this results in lower efficiency and electron transport. Several
investigations have been carried out to construct photoanodes with 1D nanostructures. As
a result, nanotubes and nanofibers like nanostructure are a highly attractive choice for
application in DSSCs Photoanode [12].

For the synthesis of DSSC, electrospun nanofibers have various benefits, including
stability, tridimensional structure, a large surface area, and appropriate mechanical
qualities. As a result, these fibrous structures are useful in the synthesis of flexible DSSC;
moreover, because fibers take up less space in the components, the final DSSC may be
produced with a very fine thickness. Many obstacles need to be tackled before electrospun

nanofibers can be completely replaced as a standard part in DSSC [12].

The specific surface area of nanofibrous materials is much larger than the bulk materials.
These distinctive features of NFs have gotten a lot of interest, and they've been thoroughly
researched for use in electrical, photovoltaic, sensing devices, photocatalytic, and
optoelectronic. Metal oxide nanofibers can be synthesized with different morphologies

in various sizes and shapes, which means that their properties can be modulated [13-18].

Electrospun TiO2 nanofibers were also employed by Li et al. (2014) [37] to improve the
(Power Conversion Efficiency) PCE of ZnO-based DSSC. The ZnO /TiO, composite
photoanode provides a direct transport channel for electron injection, this increases the
electron transfer mechanism. When hollow TiO2 nanofibers with appropriate percentage
were added to ZnO, reduction in electron recombination and increment the light scattering
of the photoanode film was observed. When 10 wt% hollow TiO2 nanofibers were added,
the maximum PCE was 4.59 %. As compared to ZnO nanoparticles based DSSC it is 62%
higher (2.84% PCE) [13-18].
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2.3 Purpose of Metal Doping in TiO>

TiO2 (Titania) is the most widely used semiconductor for DSSCs due to non-toxicity,
photo corrosion resistance, low cost, appropriate band edge levels for charge transport.
Titania has three phases namely, anatase, rutile, and brookite, and anatase is the most used
crystalline phase for DSSCs application due to its better charge transport. The main
drawback of using TiO: is its electronic properties such as conductivity and wide-bandgap
[19].

In order to modify the electronic properties of TiO», doping is done. The reason for metal
doping it decreases the bandgap and increases conductivity. Because of their partly filled
d-orbitals, the inclusion of transition metals into TiO> results in the development of a
broad spectrum of new energy levels close to the CB. As a result, transition metals are
good materials for fine-tuning the CB structure. Scandium, vanadium, chromium,
manganese, iron, cobalt, nickel, copper, zinc, yttrium, zirconium, niobium, molybdenum,

silver, tantalum, and tungsten are the transition metals addressed here [20].

In DSSCs, doping TiO2 semiconductor photoanodes offers three major advantages: lower
band gap, lower photocatalytic activity, lower recombination rate, and thus higher
efficiency. When compared to the performance of cells made of undoped semiconductors,
various researchers have shown that devices made of doped semiconductors perform
better. Several dopants have been used to dope the titania semiconductor in DSSCs, but
some of them have been able to enhance both the short-circuit current density (Jsc) and

open-circuit voltage (\Voc) together at the same device [21].

2.3.1 Why Cu doping in TiO2 for DSSCs

The Transition metal copper (Cu) as dopant titania as a photoanode in DSSCs can be a
better option. Doping of Cu?* in TiO; increases both Voc and Jsc. By doping Cu in TiO;
Vg negatively shifts that increases Voc. Due to suppressed recombination, the Jsc has
increased. Electron transfer rates from the dye to the conductor also improve due to an

alternative path for electron transport [22].
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There Cu doping in TiO2 can lead to

1) Better conductivity of semiconductor
2) Increase in Voc and Jsc

3) Reduction in Bandgap

4) Better dye Loading

Some studies also suggest that there is a negative shift in Vrg and an improvement in Voc.
Improvement in dye adsorption but drastically decrement in Jsc due to Cu reaction with
electrolyte and decrease in electron injection [23]. Doping copper into titania has been
shown to increase photoactivity and decrease the band gap of titania [36-38]. The creation
of stable Cu in Cu-doped titania semiconductors was explored as an impact of the Cu
concentration as well as the augmentation of photo-catalytic activity. The absorption peak
in the UV spectra of doped materials shifts to the visible range or longer wavelengths [23,
24]. Copper may be a good candidate for doping titania in DSSCs. It is low-cost and
widely accessible. There Cu as dopant titania as a photoanode in DSSCs can be a better
option [24].
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Summary

The photoanode is a major component of DSSC which is made up of semiconductors
mainly TiO2. Furthermore, the morphology of semiconductors plays a vital role in the
performance of solar cells. Different morphologies are employed for the synthesis of
photoanode, but each structure has its pros and cons. Nanofibers are 1D structures and
they have many advantages over other morphologies e.g., as these are continuous
structures, therefore, they have better charge transportation. In addition to the
morphology, the other main drawback is its conductivity and wideband gap. This can be
overcome by doping like metals and using nanostructures such as NFs. In metal doping,
Cu seems to be the stronger candidate because of its properties. In conclusion, the Cu
doped TiO2 NFs is a better choice for DSSC photoanode.
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Chapter 3 Review on Synthesis and
Characterization Techniques

3.1 Wet Chemistry Routes for Synthesis of Photoanode

Many distinct solution-processing methods exist for creating high-quality wet thin films
at a cheap cost. To create desirable coatings, each processing procedure has its benefits
and drawbacks. The choice of method influences the final thin film quality. Solution

processing techniques include [1].

3.1.1 Sol-gel synthesis

Immersion of substrate in the coating solution. Deposition of the liquid layer on the
substrate. The withdrawal speed determines the layer's thickness. The sol-gel technique is
a flexible approach for making ceramic nanoparticles. It is generated by polymerizing and
hydrolyzing metal oxide precursors. A metal-organic compound or an inorganic metal salt
is the precursor. Precursors for TiO2 include titanium tetrachloride and titanium
isopropoxide (TTIP). After polymerization and solvent evaporation, the sol becomes a
gel. Heat will turn the gel into TiO2 nanoparticles [1].

Substrate is immersed
in coating solution

Substrate is
withdrawn, entraining
a layer of solution

Figure 3-1: Immersion of the substrate and drawing from coating solution [1].
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3.1.2 Spin Coating

In spin coating, the solution is poured onto a revolving flat substrate. The centripetal force
rips the mixture, distributing it uniformly throughout the surface. The shearing force

exerted determines the film thickness, which is related to the rotation rate [1].

é
i} 1]

Figure 3-2: Fabrication of the Thin-film using spin coating. On a rotating substrate

deposition of the solution is done that eventually distributes evenly [1].

3.1.3 Doctor Blading

Doctor blading is a common thin-film manufacturing process. It includes sliding a
substrate below a blade or passing a blade over it. A little space influences how many
solutions may pass. The solution is dispersed evenly across the substrate. The ultimate
thickness is very small. The film thickness is affected by the solution's viscoelastic

characteristics and coating speed [1].

Either blade maoves
and the substrate
is stationary

-—

—>
Or the substrate moves
and the blade is stationary

Figure 3-3: Either movement of substrate or blade during coating [1].
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Table 3-1 Comparison of Different Wet Chemistry routes for the synthesis of DSSC [1].

Dip Coating Spin Coating Doctor Blading
Cost Low Medium Low
Complexity Medium Low Medium
Scalability Limited Not Possible Scalable
Patterning In-Situ Thickness only No Thickness only
Coating Speeds Slow Very slow Fast
Solution Wastage High High Moderate
Drying Times Slow. Fast Slow.
Uniform Thin films Yes Yes Yes

Parameters Affecting Withdrawal speed Rotation speed  Gap height

Coating and  Rotation Substrate
time
Coatable Surfaces Complex,  rigid Small/flat Flexible or rigid
shapes. substrates substrates.

3.2 Synthesis techniques for Nanofibers

3.2.1 Interfacial Polymerization

This approach uses two distinct monomers that may dissolve in two different phases (oil
and water). The two monomers will dissolve and then polymerize at the emulsion droplet
contact. Wall material is formed by mixing the first monomer (diamine) with the diacid
chloride (oil soluble). This approach produces nanofibers owing to homogenous
nucleation. Various polymers may be made by mixing monomers, although most papers

relate to polyamide membranes [2].

45



3.2.2 Drawing

The major benefit of this approach is that it simply takes a sharp tip or a micropipette.
Using a pointed tip, a droplet of a previously applied polymer solution is drawn as liquid
fibers. Due to the increased surface area, the solvent evaporates, causing the liquid fibers
to harden. Instead of using a sharp tip, hollow glass micropipettes may be utilized to
minimize volume shrinkage, which restricts the drawing of fibers and reduces their
diameter [2]. Following suspending the micropipette into the droplet, it is gently drawn
out of the liquid and pushed at a low speed (approximately 10* m/s), causing nanofibers
to be deposition and pulling on the surface. This is performed on each droplet to generate
nanofiber [3].

milimetric /
droplet

surface

Figure 3-4: Drawing technique for production of nanofibers [2].

3.2.3 Electrospinning Technique

There are four common components of an electrospinning setup

1) High-voltage power supply
The power supply is used to provide a high voltage between collector and needle.
A voltage of 0-30 kV can be applied.
2) Syringe pump
To pump the polymer solution out of the needle at a specific rate.
3) Metal needle (spinneret)
Used for the extrusion of the solution.
4) Collector.

The collector is opposite to the needle and is used to collect the fibers.
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Figure 3-5: Schematic Diagram of Electrospinning Setup.

3.2.3.1 The electro-stretching phenomenon

When a liquid droplet is maintained at the tip of a capillary tube, it exhibits a quasi-
spherical shape due to the combination of gravity and surface tension. In the absence of
an electric field, the Drop hangs [8]. When a high voltage is applied the electric charges

rearrange themselves. A conical shape is formed on the surface.

a) After the formation of the Taylor cone, microjets are emitted. This jet stretches
and oscillates due to the presence of electrified. This phenomenon is called
electrospinning

b) After the formation of the Taylor cone, microjets are emitted and they start

breaking up, turning into the droplet. The phenomenon is called electrospraying.

47



Applied voltage

No voltage Electrospraying Electrospinning
Spinneret |:|
++ + W+
[ 4 i X
- +
O : :
@
@ e
® 0o 00
() e®qg000
O ©0 o000

Figure 3-6: Figure depicting the formation of the Taylor cone.

3.2.3.2 Working and Process of Electrospinning

When this liquid meniscus is exposed to a strong electric field, the free charges in the
liquid redistribute to counteract the applied external field. Thus, the electric charges
accumulate on the liquid surface as shown in figure 3.9. The charges experience a
repulsive force which "relaxes" the cohesive forces of surface tension and, as the electrical
potential is increased, electrical charge on the surface of the liquid accumulates. Above a
critical applied voltage, when the external electric field is high enough, the liquid
meniscus is deformed into a conical shape, from which a very thin liquid jet is generated.

This conical structure is generally known as the Taylor Cone [9].

&)

Connected to high- voltage supply

Taud \
aylor cone Normal edectric

stress

Polymer jet

Figure 3-7: (a) A photograph of the Taylor cone (b) A geometric diagram [9].
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3.2.3.3 Electrospraying Technique

Electro spraying is used for ordinary liquids, low suspensions, and concentration
solutions. In certain instances, the jet becomes unstable and breaks apart into a cloud made
up of charged droplets. As the solvent evaporates inside the charged droplets reduction of
their mass and size happens. If the collector to emitter distance is large enough, the solvent
evaporates, and the dried portion is collected as spherical nanoparticles or microparticles.
The size of particle diameter is not dependent on capillary tube size. Rather is the function

of liquid properties and flow rate[10].

Figure 3-8: A photograph showing an electrospraying process [10].

Electrospinning is used for polymer solutions and melts (higher viscosities). Under such
conditions, the viscosity prohibits the jet from splitting up into droplets, causing ‘whipping

instability’, because of electric charge repulsions.

The axial electric field thins the jet with the evaporation of the solvent. So, like
electrospraying. If the settings and parameters are right, the solvent evaporates entirely
during the jet's path towards the collector, becoming dry [11-12]. The fibers size depends

on the properties of the fluid (viscosity and conductivity) and flow rate.
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Figure 3-9: A photograph showing an electrospinning process [10].

3.2.3.4 Key parameters for operating of Electrospinning

1)

2)

3)

4)

Voltage level

The eStretching process begins when the electrostatic force exceeds the surface
tension of the solution.

Feed rate

To maintain a steady taylor cone, the feed rate must be consistent. If the feed rate
is lower, the cone disappears. If it's too high, drops of solvent are formed on
the sample.

Temperature of solution

It affects the diameter of the product, the viscosity of the solution, and most
importantly the evaporation rate of the solvent.

Collector

The type of collector defines the morphology of the sample. Factors such as
conductivity, speed, and morphology greatly affect the process of eStreching. The
samples homogeneity, alignment of fibers, and diameters of the porous structure

are strongly dependent on the properties of the collector.
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5) Diameter of Capillary tube
The diameter of the particle and fibers are affected by the inner diameter. It also
defines the evaporation rate at the tip of the Capillary tube.

6) Distance from Nozzle to the collector
By changing the distance between collector and nozzle the flying time of the jet is

varied. This greatly affects the overall process.

Figure 3-10: LE-10 By FLUIDNATAK BIONICA [34].

3.3 Characterization Techniques
3.3.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a simple method for observing the surface
morphology and geometry of nanofibers. The electron microscope creates a picture of the
specimen using a beam of electrons. Because the wavelength of the electron is 100,000
times smaller than visible light, it can see considerably smaller things in better detail and
has a higher magnification and resolving power than a light microscope. Because light
with a wavelength range of 400 nm to 700 nm is required for amplification, a regular
microscope can only amplify a substance up to 1000 times. SEM, on the other hand,

employs electrons with a significantly shorter wavelength [13].
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Figure 3-11: Scanning Electron Microscope (Model number: TESCAN, Vega IlI) [35].

3.3.1.1 Working Principle of SEM

The basic principle of SEM is that when an electron beam strikes the surface of a
specimen, it interacts with the atoms in the sample, resulting in secondary electrons,
backscattered X-rays, and characteristic X-rays that contain information about the surface
morphology, topography, and composition of the sample. SEMs function in three different

operating modes: primary, secondary, and tertiary [14].

A tungsten filament cathode is used in this electron cannon. Because tungsten has the
greatest melting point and lowest vapor pressure among metals, it is used to heat
thermionic electron cannons to create an electron beam. Several condenser lenses
concentrate the electron beams to a spot with a diameter of 4 mm -50 mm, which is then
modified and controlled by the deflection coils before being incident on the material.
When the electron beam interacts with the object, the lost energy is transformed into
different forms like heat, secondary electron emission, and light or X-ray emission, all of
which may be detected by specialized detectors [15-16]. A schematic representation of an
SEM is shown in figure 3.15.
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Magnetic ;
lenses e a Detector

Figure 3-12: A schematic diagram of a SEM [36].

3.3.2 Energy Dispersive X-Ray Spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy is used to determine the elemental compositions of
NFs (EDS or EDXA). EDS is a kind of analytical measuring instrument that is mostly
used to characterize the chemical compositions of various materials [17]. Every element
in the periodic table has a particular electronic structure, and when the material is blasted
with accelerated incident electrons, each element's reaction to assaulted electromagnetic
waves, such as output characteristic X-rays of a certain wavelength, is unique. Chemical
analysis may be done using the information from these output characteristic X-rays.
EDS[4] may also be used to determine the amount of particle surface coating materials
and the degree of oxidation of NFs [18].
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Figure 3-13: schematic of Energy-dispersive X-ray spectroscopy [37].

3.3.2.1 Different modes of EDX

1) Primary: In this mode of operation, the SEM works with secondary electron

imaging and a high-resolution power of roughly (1-5) nm [19-20].

2) Secondary: It is associated with distinctive X-rays in secondary mode, which are
utilized to identify the elemental composition of material samples using the EDX
method [19-20].

3) Tertiary: In tertiary mode, electronic pictures are backscattered. It also tracks the

test sample's elemental makeup [19-20].

3.3.3 UV-Vis Spectroscopy

UV spectroscopy is the study of absorption and reflectance spectroscopy in the ultraviolet
and visible electromagnetic spectrum. The absorption happens due to the electronic
transitions from the ground state to the excited state and its magnitude depends on the
Beer-Lambert law. Absorption occurs as a result of electronic transitions from the ground
to excited states, and its magnitude is determined by the Beer-Lambert equation [21]. The

UV-VIS Spectrometer's working principle is based on

1) Absorption spectroscopy

2) Emission spectroscopy
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Absorption spectroscopy is an analytical method for determining the absorption of
electromagnetic (EM) radiations. Ultraviolet, visible, and infrared radiations have
wavelength ranges of 10-400 nm, 400-800 nm, and 0.76-15 m, respectively, and
absorption spectroscopy is used to quantify EM radiation in these wavelength ranges. It
spans from 200 nm to 400 nm in the near UV area, and below 200 nm in the far UV range;

far UV spectroscopy is investigated in vacuum [22].

In another measuring approach (emission spectroscopy), a particle's or radiation's
emission is distributed according to its properties, and the quantity of distribution is

measured. Mass spectrometry is one example of this technology [22].

3.3.3.1 Working Principle of UV-Vis Spectroscopy

The basic schematic model shown in figure 3.17 covers most modern UV-Vis
Spectrometers. It is made up of two lamps (one for UV light and the other for Vis light),
as well as mirrors, prisms, and the necessary detector. The light's wavelength is
successfully changed by a spectrometer and directed through a sample from higher
wavelength (low energy) to lower wavelength (high energy). When the sample is exposed
to the UV-Vis spectrum, electrons are excited to higher antibonding orbitals due to longer
wavelength radiations [23]. On the X-axis, the graph between light absorption or
transmittance and various wavelengths on the Y-axis is generated and examined.
Absorbance (A) can be calculated as follows

A = log (;) (3.2)

Whereas A= Absorbance

And T = Transmittance
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Figure 3-14: Schematic of UV-Visible Spectrometer.

3.3.4 Fourier transform infrared radiation spectroscopy (FTIR)

Infrared spectroscopy employing a Fourier Transform Infrared Radiation (FTIR)
spectrometer is known as Fourier Transform Infrared Radiation (FTIR). It's a common
characterization method used mostly in organic and polymer chemistry. It uses the unique
absorption of infrared light to identify molecules and compounds. Because numerous
organic and inorganic compounds are found in this part of the infrared spectrum, the
wavelength range of 400 cm™-4000 cm™ is employed [24].

3.3.4.1 Working Principle of FTIR

When infrared radiation (IR) strikes a sample, it absorbs certain wavelengths of the IR
spectrum while allowing the rest to flow through. The activation of the vibrational energy
levels occurs as a result of the absorption of radiation, resulting in a vibrational energy
gap. The frequency of the absorption peak determines the vibrational energy gap; hence a
certain frequency will have a specific vibrational energy gap. Similarly, the number of
absorption peaks determines a molecule's vibrational freedom, and the strength of the
absorption peak determines the molecule's dipole movement. The absorption, intensity,
frequency, and number of absorption peaks are all distinct for each molecule and have
particular values for each molecule, giving these molecules a fingerprint-like
individuality. When a sample is analyzed using an FTIR spectrometer, the absorption,

intensity, frequency, and number of absorption peaks are compared to the data directory
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already on hand, revealing the unknown chemical [25-26]. The FTIR spectrometer setup

is shown in figure 3.18.

Figure 3-15 : FTIR spectrometer Cary 630 [38].
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Figure 3-16: Schematic Diagram of a Fourier transform infrared radiation spectroscopy

(FTIR) Imaging Spectrometer.

3.3.4.2 Molecular and compound identification (Functional Group Analysis)
A compound is a mixture of two or more elements. When an FTIR spectrometer is used

to analyze a sample of an unknown organic or inorganic chemical or polymer. A unique
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spectrum of transmittance at the y-axis versus the wavelength at the x-axis is produced. A
spectrum has several peaks, each of which corresponds to a distinct chemical or bond [27].
The value of wavelength for each acquired peak is compared to the FTIR data directory,
which lists bonds or molecules that correspond to distinct wavelengths. We can learn
about the bond or molecule present in the sample by matching those wavelengths with
molecules, and we can locate the unknown substance by understanding these molecules
and bonds [28].

3.3.5 Hall Effect Measurement

The Van der Pauw technique is widely used to measure resistivity, sheet resistance,
mobility, and material type. The approach needs thin sheets of homogenous, symmetrical
materials. The contacts must also be evenly spaced, throughout the periphery, and smaller

than the film area. If the preceding requirements are met, then

__d+Rapcp _(n_d"'RBC,AD)
e ™ te /=1

(3.2)

A and B are resistances when electricity is applied. Potentiometers measure the potential
between C and D. Resistance is estimated for current entering from B and exiting from C,
when potential is measured between A and D. The letter ‘d' represents sample thickness,

while ‘p' represents resistivity.

HALL EFFECT MEASUREMENT SYSTEM

Figure 3-17: HMS 300 hall effect measurement system [39].
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3.3.6 IV Characteristic Measurement

For the characterization of the photovoltaic performance of solar cells solar simulators are
used. A class AAA solar simulator Newport Oriel 1V station with Keithley PVIV 2400
source meter was used for IV measurement. Major parts of the solar simulator include a
light source for the production of artificial light, a power supply to power the lamp, and
optics to concertation the light toward the work surface. Figure 3.21 shows the simple

working of the solar simulator [33].

Power Source Light Source Filters Lenses Work Surface

e

Figure 3-18: A simple setup of the solar simulator [29].

i

A Solar simulator should have the following have requirements for optimum
measurements of photovoltaic devices [29-30]:

1) Spectrum: Spectral Energy maximum allowable deviation. To measure spectral
irradiance spectroradiometers [31] are used and sometimes specially filtered
Photovoltaic cells [32].

2) Uniformity of the irradiance
3) Stability of the beam light

3.3.6.1 Working Principle of Solar simulator

Solar simulators are used to produce a light spectrum approximating a standard solar
spectrum and irradiance (or intensity). A solar simulator may be of class A, B, or C
category per ASTM. A spectral mismatch for the test cell, reference device, and standard
spectrum (of interest) may be useful in evaluating the classifying a simulator. Before J-V
measurements, the simulated light is set to match the standard spectrum and intensity by
employing a reference cell for the specific device. Other than the spectrum and irradiance,

the effective area of a cell must be specified for J-VV measurements, because the output
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current density is dependent not only on the output current but also on the effective cell

area (active area) [33].

Figure 3-19 : Newport Oriel IV station [40].

The type of parameters that are measured by the solar simulator are [33]

1)

2)

3)

4)

5)

Short Circuit Current (Isc): When the circuit of the solar cell is shorted Isc is
delivered with a voltage equal to zero. On the curve, it is the point when Voltage

is zero.

Open Circuit Voltage (Voc): When the current is zero Voc is obtained. On the

curve, it’s the point when the current is zero.

Maximum Power Point (MPP): MPP is an operating point at which maximum
power is obtained. Corresponding voltage and current points are called Vwvpep and

Impp respectively.

Fill Factor (FF): Fill Factor is the ratio of MPP and product of Voc and Isc. On

the curve, it’s the area under MPP compared to the area of Voc and Isc

Efficiency (n %): The efficiency of the solar cell is defined as the ratio of obtained

electrical power to incident optical power.
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Summary

In this chapter different wet chemistry routes for the synthesis of photoanode of DSSC
were discussed then afterward different routes for the synthesis of nanofibers were
discussed. We used electrospinning for the synthesis of Nanofibers on FTO. LE-10 by
Bionica was used for different depositions. To evaluate and study the deposition different
characterization techniques were used. Firstly, a Scanning electron microscope (SEM) and
EDX were used to analyze the morphology and chemical composition of the Nanofibers.
Secondly, FTIR was used to observe the functional group and structural analysis of the
electro-spun NFs. Then, Hall Effect and UV-Vis Spectrophotometer were employed to
determine the electrical and optical properties of the nanofibers. Finally, a solar simulator
was used to study the IV characteristic of the solar cell, respectively. In a nutshell, an

efficient methodology was finalized for the synthesis of DSSC’s photoanode.
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Chapter 4 Experimental

4.1 Sample Preparation
4.1.1 Dimensions of the Sample

One of the components of DSSC is the substrate. There are different substrates used for
the synthesis of DSSC. FTO and TCO are most commonly used. FTO coated glass was
selected as a substrate and was purchased. The sheet resistance was 10 ohm/cm?. The
thickness of the sheet was 2mm. The bigger piece of the sheet was cut into smaller pieces

with a 2x2 cm? dimension.

4.1.2 Cleaning of the sample

Cleaning of the substrate was done to remove and clean any type of debris present on the
surface and substrate. A solution of distilled water, ethanol, and soap was prepared in a
beaker. The FTOs were placed inside the beaker. This beaker was placed inside a sonicator

for sonication. The temperature was kept at 100°C and the time of sonication was 1 hour.

4.2 Synthesis of the Solution
4.2.1 Materials.

Materials for experimentation are Titanium (1V) isopropoxide (TTIP), 95 % (C12H2804Ti)
was purchased from Alfa Aesar. Polyvinyl pyrrolidone (PVP) ((CsHsNO)n), MW= 90,000
gmol* was purchased from Sigma-Aldrich. Copper (11) Chloride Dihydrate (CuClz.2H20)
was purchased from Innovating Science. Ethanol absolute (C2HsOH) was purchased from
VWR International. Acetic acid was purchased from sigma Sigma-Aldrich. Fluorine
Doped Tin Oxide (FTO) coated glass was purchased from Nanoshel. N3 dye was
purchased from Sigma-Aldrich. The platinum paste was purchased from Sigma-Aldrich.

used as raw materials in this study.
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4.2.2 Doping Percentage

In order to calculate the doping percentage of dopant percentage, the weight of the
CuCl».2H,0 was measured because the dopant percentage is controlled by the weight of

dopant relative to volume density of TTIP. The relationship between mass and volume is
_P
m= v 4.1)
were,
p =density of the liquid in g/cm?®
m = mass of in grams (dopant)

and V = volume in cm®

4.2.3 Solution Preparation

2ml of Titanium (IV) isopropoxide (TTIP) was mixed in a 15ml solution of ethanol and
acetic acidic (4:1) and stirred for 30 mins at 800 rpm at ambient temperature. 0.07g Copper
(11) Chloride Dihydrate CuCl,.2H20 was added to this solution. This solution was stirred
for 2 hours. Then 0.2 g of PVP was dissolved into the solution and stirred for 30 mins.

Ethanol
+Acet|c Acid

CuCl, ZHZO PVP

Figure 4-1: Steps for preparing the electrospinning solution

4.3 Electrospinning Experiments
For the synthesis of NFs FLUIDNATEK LE-10 by Bioinicia was used.
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4.3.1 Preparation of Sample

For the placement of the substrate, a stationary collector was used. Upon stationery
collector, aluminum foil was warped. FTO glass that was cut into 2 cm x 2 cm pieces and
cleaned is placed onto the aluminum foil. The prepared FTOs were place inside beaker
with a solution of distilled water, ethanol, and soap. The temperature was kept at 100°C
and the time of sonication was 30 min. The cleaned FTOs were attached to the front side
of the collector with the help of conductive carbon tape. The prepared solution was loaded

into a syringe and was fitted inside the pumps of the machine.

4.3.2 Preparation of Mask

In order to get a photoanode of a specific size and shape, a mask was prepared to cover

the front side of the FTO. A punch hole was used to cut the area.

4.3.3 Parameters for Electrospinning

14 kV was applied, the feed rate was kept at 0.7 ml/hr and needle to collector distance was
kept between 10 cm and 20 cm for different prepared solutions. The solution was

electrospun for not more than 30 mins.

Table 4-1 Deposition Parameter for fabricated NFs via Electrospinning Technique.

Precursor Sol. Substrate Needle Tip  Voltage Flow Deposition
to Collector (kV) rate time
distance (uL/hr) (mins)
(cm)
CuCl2.2H:0 FTO slide
TP Aluminum 10 14 1000 15
Ethanol ol
Acetic Acid
PVP
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4.4 Synthesis of Cu doped TiO2 Nanofibers (NFs)Photoanode

The NFs were deposited on the conductive side of FTO glass. FTO glass was detached
from the collectors and dried for 1 hr in a drying oven at 100°C. Then Heat treatment was
done to get the photoanode. The sample was carefully placed inside a silica boat and was
wrapped inside an aluminum foil. This dried sample was annealed in a thermal furnace at

500°C for 2h and the heating rate was kept at 2°C/min. Hence photoanode was prepared

[3].
Power Suppl
—_l_—/ Whipping —‘ EEY L
o Inst Syringe

Taylo; bone

m Single-Phase Nozzle Syringe Pump

Figure 4-2: Electrospinning Setup with power supply, collector, nozzle, and syringe
pump.

4.5 Experiments for Cu doped TiO2 NFs

There was a variety of experiments performed to achieve the Cu-TiO2 NFs. Different

concentration of PVP was mixed in solution to get different morphology.

Table 4-2 Variable quantity of dopant

Experiments Precursors Parameters
01 01. TTIP =2 ml Voltage =10 kV
02.PVP=04¢g Flow Rate =1000 uL/h
03. Ethanol = 12 ml Distance =10 cm
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04. Acetic Acid = 3ml

05. CuCl,.2H,0 = 0.035 g

02 01L.TTIP=2ml Voltage =10 kV
02.PVP=04¢ Flow Rate =1000 uL/h
03. Ethanol= 12 ml Distance =10 cm

04. Acetic Acid =3ml

4.6 Fabrication of Device

4.6.1 Synthesis of the Electrolyte

For the synthesis of Electrolyte guanidinium thiocyanate (0.10 M), 4-tert-butylpyridine
(0.50 M), iodine (0.03 M) and iodide (0.60 M) were mixed in a solution of acetonitrile
and valeronitrile (85: 15). This solution was stirred for 30 min to get the desired solution

of Electrolyte.

4.6.2 Dye Sensitization

0.3 mM of N3 dye solution in ethanol was used. The prepared photoanode was kept in the
dye for 24 hours.

Microfluidic solar cells were created to provide control, reliability, and repeatability in a
simple system. It contains a PMMA clamping system, a PDMS interconnection, FTO, a
PDMS layer, and thin copper foil. The photoanode was placed below. A layer of copper
foil and PDMS membrane was placed. Upon these layers FTO coated with Pt was placed.
This prepared setup was sandwiched between the clamping system and tightened with
screws. Then electrolyte was inserted with the help of a dropper and sealed with sealant.
Furthermore, reversibility of the sealing is intended to enable post-use examination of the
prototypes [1]. Figure 4.3 shows an exploded schematic of a microfluidic DSSC and an

image of the finished device [2].
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4.6.3 Microfluidic Structure

el

Screws

- PMMA clamping system
|
PDMS

+
Top holed

; - glass/FTO with Pt
n— PDMS membrane
o — Copper foil
— Bottom FTO/glass

Sutth IO,

interconnection

Figure 4-3: A Microfluidic structure assembly [2].

4.7 Testing and Characterizations

Morphological, crystalline, and Electrooptical properties of the prepared photoanode were

studied using different characterization techniques.

1) SEM was used to analyze the morphology of the fibers.

2) EDX was employed to check the elemental composition of the fibers.

3) UV-Vis was used to know the optical properties of the photoanode.

4) Hall effect was employed to check the conductivities of electrospun NFs and
annealed samples. The electrical performance of the device was measured using
the system.

5) FTIR Spectroscopy was used to study the functional groups.

6) Solar Simulator was used for photovoltaic characterization. Voc, Jsc, FF, and

efficiency were measured.
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| Substrate preparation and ‘ 1.Cutting FTO

Cleaning into2x2cm?.
_ 2.Use of sonicator
> for cleaning.

Solution Preparation ‘
‘-"l
Solution
Preparation using
Wet Chemistry

Photoanode preparation ‘

Synthesis of
Photanode with
Electrospinning

Dye Loading ‘
Dipping of the
sample in N3 Dye
solution for 24 Hrs.
\ DSSC Synthesis
Use of Microfluidic
structure for DSSC

cell Fabrication.

Figure 4-4: Schematic Diagram for the steps involved in Fabrication of DSSC
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Summary

In this chapter methodology for the synthesis of Cu doped TiO2 NFs was discussed. The
Electrospinning technique was used for the fabrication of the photoanode of DSSC. For
the preparation of Electrospinning solution, TTIP which is the source of TiO> was mixed
in solution Ethanol and Acetic Acid. To this solution, PVP (polymer) was added. For Cu
doping, CuCl,.2H>O was used. Different concentration of CuCl2.2H,O was added to the
solution for different doping concentrations. Then, the solution was loaded in pumps. The
parameters Voltage= 10kV and Flow rate =1000 pL/hr were kept for electrospinning. The
prepared photoanode was annealed at 500 °C for 2 hrs. at (2°C/min). This photoanode was
dipped in N3 dye solution for 24 hrs. The photoanode color changed. This photoanode
was placed inside a microfluidic structure for the fabrication of solar cells. Finally, the IV

performance of solar was measured.
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Chapter 5 Results and Discussion

5.1 Morphological analysis of Cu-TiO2 NFs

Figure 5.2 shows the 3% Cu doped TiO2 NFs before and after calcination. The surface
morphology of nanofibers calcined at 500°C was observed. These images reveal the
conversion of PVP NFs into Cu-TiO> NFs after calcination. The calcined samples showed
successful development of Cu-TiO, and it was confirmed with EDX and FTIR. Histogram
and gaussian distribution function were applied to evaluate the average diameter of the
nanofibers. The average diameter of the non-annealed nanofibers was 170.2 nm while for
the annealed nanofibers was 95.7 nm. The efficiency of the solar cell is directly related to
the diameter of the nanofibers. The mean diameter decreased after the calcination which
indicates the evaporation of PVP, and solvents, and that was confirmed from EDX and
FTIR. As shown in table 3. The data shows that before calcination there was confirmation
of several elements due to the presence of PVP, titania, copper, and other solvents. After
the calcination, PVP and other solvents were evaporated except titania and copper. EDX

spectra confirm that after calcination we have pure copper doped titania NFs.

The post calcined samples were rougher and have porous structures due to the evaporation
of PVP and organic contents. Mesoporous structures were found in the annealed NFs.
These structures not only provide suitable energy levels for efficient charge transportation
from dye molecules but also continuous structures for better charge mobility [8].
Continuous structure of NFs was observed for calcined samples. These continuous
structures are very helpful in charge transport and provide high charge mobility due to
less discontinuity of the path [9]. Thus, these structures can improve the current density

and power conversion efficiency of the solar cell.
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Table 5-1 Atomic %age of different elements in bare TiO2 NFs and Cu-Doped TiO2 NFs.

Sample Ti O Cu C Cl
Non-Calcined 3.74 75.16 0.06 20.70 0.03
Nanofibers

Calcined 20.62 79.22 0.17 0 0
Nanofibers

NOTE: Ti-Titanium, O-Oxygen, Cu-Copper, C-Carbon, CI-Chlorine.
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Figure 5-1: (a) EDX spectra for uncalcined sample  (b) EDX data for calcined at 500°C

5.2 Structural analysis of Cu-TiO2 NFs

FTIR was used to analyze the functional group and structural analysis of the desired
material. As shown in figure 5.3, FTIR results reveal that before calcination there was an
intense peak of carbon, hydrogenated carbon, and O-H at 1283 cm™, 1426 cm™, 1539 cm”
11630 cm™ and 3178 cm™.due to the presence of PVP, solvents, water, and a hydroxyl
group. The presence of anatase copper doped titania was in the range of 400 cm™ to 800
cm™. These results are much correlated to the previous findings [10]. After calcination at
500°C, there was no peak of carbon and C-H except anatase titania on the FTIR spectra
because the evaporation point of PVP is below 400°C to 450 °C. The peak after calcination
validates that there was no presence of water, hydroxyl, and hydrocarbon in NFs after the
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heating treatment. Only nanofibers of Cu-doped Titania were left behind after the

calcination of the material.
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Figure 5-2: (a) 3% Cu doped TiO2 before calcination (b) 3% Cu doped TiO, after

calcination (c) Histogram and Gaussian fitting on uncalcined samples (d) Histogram and

Gaussian fitting of a calcined sample at 500 C.
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Figure 5-3: a) FTIR spectra before calcination b) FTIR spectra after calcination at
500°C

77



5.3 UV-Vis NIR analysis of Cu-TiO2 NFs

To analyze the optical properties of photoanode UV-Vis was performed and is displayed
in figure 5.4 and figure 5.5. Bare TiO2 NFs have a bandgap of 3.7 eV and the maximum
absorption of the spectrum was around 280 nm. The absorption peaks are obtained when
an electron is excited to the conduction band (CB) from the Valence band (VB) [1].
However, there was negligible absorbance beyond 314nm which shows that the absorption
in the visible region of the EM spectrum is nearly equal to zero. When Titania is doped
with metals the material properties to Titania are altered mainly due to the presence of
Cu?* ion on the surface as well as inside bulk TiO2 [3-5]. It can be seen that the bandgap
TiO2 has improved with Cu doping this reduces the Voc but this caused an increase in

electron injection efficiency [17].
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Figure 5-4: Tauc Plot for Absorption spectra of Titania and Cu doped Titania

Nanofibers.

At 1% Cu, doped TiO2 NFs have a bandgap of 3.5 eV, and absorption of the spectrum was
from 200 nm to 340 nm. the maximum absorption of the spectrum was around 288 nm.
Negligible absorbance was observed beyond 340 nm. At 3% Cu, doped TiO2 NFs have a
bandgap of 4.4 eV, and absorption of the spectrum was from 250 nm to 285 nm. Negligible

78



absorbance was observed beyond 285nm. Most of the spectrum was absorbed in the
ultraviolet (UV) region of the irradiation. The UV-vis of Cu-TiO2 NFs shows the shift of
absorbance towards the UV region [2]. Due to the substitution of Cu?* in the lattice

structure of TiO, defects are generated which causes a change in optical response.
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Figure 5-5: Absorption spectra of Titania and Cu doped Titania Nanofibers.

5.4 Hall Effect Measurements of Cu-TiO2 NFs

Electrical properties of the bare TiO2 NFs and Cu-TiO2 NFs were analyzed by using the
hall effect. Bulk concentration, Conductivity, Resistivity, and semiconductor type were
determined by using this technique. For TiO2 NFs, the carrier concentration was 3.2x10%,
for 1% doped Cu-TiO, NFs it was 4.53x10"!, for 3% doped Cu-TiO, NFs it was 7.1
x10*%, the bulk concentration has increased by 2.2 times (3%). Due to doping of Cu?* in
the TiO lattice structure free carriers are generated which increase overall bulk
concentration. As the concentration of carriers increased, the conductivity of the copper
doped titania also enhanced as shown in table 6 [11]. The conductivity of Cu-TiO2 NFs
was (2.6 t03.5)x10°® S/cm, which lie well within the range of semiconductors. It is 2 times

more than pure TiO2 NFs which is attributed due to the large presence of free carriers.
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The Hall Coefficient of both the samples was negative, therefore they are n-type

semiconductors [12].

Table 5-2 Hall Effect Measurements of simple TiO2 NFs and Cu-Doped TiO2 NFs

Sample NH p b)) Type
(cm3) (Q.cm) (1/Q.cm)

TiO2 Nanofibers 3.2x10*11 6.5x10"%®  1.5x10°% n-Type

1 % Cu doped TiO2 NFs 453x10"t  3.8x10"®  2.612x10% n-Type

3 % Cu doped TiO2 NFs 7.1x10"t  2.9x10"%  3.5x10°° n-Type

NOTE: nu- Bulk Concentration, p-Resistivity, c-Conductivity.

5.5 1V and Performance Measurement of the prepared DSSC solar cell

IV measurements for the prepared DSSC solar cell were performed. As shown in figure
5.6 the Voc measured was 0.66 V, the Isc was 0.03002 mA, Jsc was 0.038 mA/cm?, the
Pmp was 0.0089 mW, the Vivp was0.46, the Imp was 0.01950 mA, the Fill Factor was 44.8
%, and the efficiency of the solar cell was 0.0114 %. As measured bandgap with the help
of UV-Vis was 3.5 eV. The doping of the TiO2 with Cu has shifted the conduction band.
The bandgap is wide which helps in an increase in voltage (Voc) across the device. This
leads to a decrease in electron lifetime (inversely proportional to Voc) and ejection which
in turn reduces the Jsc [13]. Due to copper, there is a negative shift in Vg and this gives

larger values of Voc [14].
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—— IV Characteristic Plot for DSSC with 1% doped Cu Titania
—— Power Curve
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Figure 5-6: IV Characteristic of the Cu Doped Photoanode for DSSC

Table 5-3 Summary of the IV performance of Cu-doped TiO2 NFs photoanode DSSC

Performance of DSSCs based on Cu-doped TiO2 NFs photoanode

Sample

1 % Cu doped 0.038
TiO2

Jsc (MA cm?)

Voc (V) FF (%) 1 (%)

0.66 V 44.8

Pmp (MW)

0.0114 0.0089

Some studies also suggest that even if the dye adsorption is good, but the Jsc decreases

due to Cu reaction with electrolyte and less electron ejection values [15]. The 1D

structures have good charge transport but they have less surface area which may cause

lower values of Jsc [16]. The fill factor defines the power that a photovoltaic device can

deliver. By keeping shunt resistance higher and series resistance lower power delivery of
device can be increased that can be done by matching the LUMO of dye with Conduction

band of TiO. The Fill factor is defined by the rectangle under the (Maximum Power Point)

MPP of the Curve.
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Chapter 6 Conclusions and

Recommendations

6.1 Conclusions

Bare and Copper doped Titania NFs were successfully synthesized by using the
electrospinning technique.

SEM results reveal that size of the nanofibers was reduced and rougher after
calcination at 500 °C. EDS results confirm the presence of copper doping inside
the titania.

FTIR results elucidate that after calcination only copper doped titania was left
behind and there was no peak of carbon, C-H, and a hydroxyl group.

UV-Vis results show that bandgap decreased for 1% of copper in titania and
increased after doping at 3% of copper in titania NFs. This is due to the substitution
of Cu?" in the lattice structure of TiO, the defects are generated which causes a
change in optical response.

Hall Effect results show that conductivity of the fibers increased by 2 times after
doping of copper in titania NFs.

These findings prove that Copper doped Titania has the potential to be utilized as
a photoanode semiconductor material in the field of photovoltaics 3" generation

solar cells.
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6.2 Future Recommendations

For commercial utilization of DSSCs, the efficiency needs to be increased. Following

recommendations are suggested for more efficient and cost-effective DSSCs.
1. Effective Doping

Doping is the better and effective way of modifying the electronic properties of
TiO». For this purpose, metals (cationic doping) and nonmetals (anionic doping)
are extensively used. Cationic and anionic dopings both can be done at once to
take advantage. This means that doping that helps in better charge transport and

dye adsorption can be used.
2. Efficient use of Morphologies

Morphology is an important factor that directly affects the efficiency of
semiconductors. For example, 1D structures like Nanotubes have better charge
transport than nanoparticle structures but they have less surface area which means
they adsorb less dye. By employing two different morphologies, we can drastically

increase the efficiency of the solar cell.
3. Optimization of Methods.

Each type of technique applied for the synthesis of DSSC has its pros and cons.
Like posttreatment of the nanofibers in different solutions will increase the
adhesion with the substrate. By complementing the different techniques with

different will result in better and more efficient structures for DSSC.
4. Use of Sensitizers

There are different dyes for the synthesis of DSSC. Some dyes are expensive like
ruthenium-based dye. There needs to be research done on natural sensitizers to
reduce the cost of dyes. These dyes are abundant and cheap. Their adsorption is

one of the problems that need to be addressed.
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5. Counter Electrode

Since Pt is the most commonly used catalyst for counter electrodes which is very
expensive. Carbon-based catalysts are less costly and can easily be used. There

need to be some work done on the effective synthesis process.
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Electrospinning of Cu Doped TiO. Nanofibers and their potential
application in Photoanode of Dye-Sensitized Solar Cells.
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Abstract

Titania (TiO2) is an important material having found its use in many technological
applications. Due to its large surface-to-volume ratio, TiO2 nanofibers (NFs) are drawing
increased attention in 3™ generation photovoltaic. The electro-optical response of TiO2
can be tuned by metal doping and structural control at the nano level. In this research,
NFs of copper (Cu) doped Titania (TiO2) were fabricated by using electrospinning. To
do away with Polyvinylpyrrolidone (PVP), the NFs were calcined and annealed in air at
500 °C for 2 hours. The energy-dispersive X-ray spectroscopy (EDS) results confirmed
the doping of copper inside the titania after calcination. Scanning electron microscopy
(SEM) results show NFs of varying diameters mostly in the 80 nm to 200 nm regime.
SEM of the post-annealed samples shows relatively rougher fibers of reduced size
compared to the uncalcined samples. The increase in roughness and reduction in the NFs
diameter means an increase in the overall surface area and more efficient charge transport
as Hall’s effect results depicted that after doping of copper in nanofibers, the conductivity
improved by 2 times as compared to undoped nanofibers of titania. Moreover,
Ultraviolet-visible Spectroscopy (UV-Vis) showed Cu doping shifted the absorption of
the spectrum.

1.Introduction

With an increase in population, there is an increase in demand for electrical energy which
is being met by different power generation methods. This huge energy demand can
greatly affect the environment that can be tackled by using sustainable and green energy
sources. Photovoltaics is one of the renewable energy sources that can help to reduce
environmental problems. DSSCs are the 3rd generation of photovoltaics that is composed
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of a photoanode, electrolyte, and counter electrode. The performance of DSSCs majorly
depends on these parameters.

There are several numbers of semiconductor materials that are utilized as a photoanode
nowadays such as ZnO, SnO; and TiO>, etc. Photoanode is composed of semiconductor
material, Dye, and transparent conductive glass such as FTO and ITO. Morphological
and structural response of semiconductor materials plays a vital role in the development
of DSSCs. TiO> is widely used as a semiconductor material in DSSCs photoanode owing
to its extensive properties and low cost [1]. However, the properties of TiO2 are improved
by increasing the conductivity of titania that helps to improve the efficiency of the
DSSCs. This can be improved by employing various kinds of doping such as metal
doping, nonmetal doping, doping of rare-earth metals, or their combinations [2].
Efficiencies for different kinds of metal and co-metal doping are summarized in table 1.

Table 0.1.Different kinds of doping in Titania and their respective efficiencies.

Reference Doping in TiO2 Voc Jsc Efficiency (%)
Rajamanickam (2020) [3]. Sr doping in TiO2 0.78 18.53 9.6
Hao Huy Nguyen (2020) [4]. Cr-doped TiO2 0.69 18.75 7.5
Junmei Sun (2019) [5]. Ag- doped TiO2 0.812 11.24 6.36

Morphology of semiconductor material plays a crucial role in the performance of a solar
cell. Incongruous morphology leads to poor charge collection and light scattering.
Therefore, photoanode material with desirable morphology provides a good pathway for
electron and light-harvesting that is utilized for the better performance of the cell. 1D
nanostructure delivers a direct path for injected electrons as well as they can reduce
recombinations. The surface area of the nanostructure is another hindrance in better dye
loading and it greatly affects the overall efficiency of the solar cell. 1D Nanofibers can
provide a better surface area for good dye loading. Employing these structures can lead
to better charge transportation, light scattering, and surface area.

Nowadays, Nanofibers are manufactured by various techniques such as Electrospinning,
Sonochemical synthesis, Polymerization, Template bases synthesis, and Self-Assembly,
etc. Modern methods include Electro hydrodynamic, Plasma Induced synthesis,
Centrifugal jet spinning, Electrohydrodynamic writing, CO2 laser supersonics, and
Plasma Induce synthesis [6]. Electrospinning is the most fascinating technique used for
the synthesis of nanofibers. There are several numbers of ways to the utilization of
electrospinning technique. Electrospinning is majorly dependent on deposition, type of
solvent, needle, and the shape of the collector [7]. Single-phase nozzle and stationary
collector are the most simple step-up for the synthesis of nanofibers using
electrospinning.

In this present work, Titania and Cu doped TiO> NFs are fabricated through
electrospinning. The morphological, structural, and optoelectrical behavior of NFs is
investigated. In addition, the effect of copper doping in titania NFs have been also studied
at various concentrations.
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2.Experimental Setup
2.1 Materials and Method

Copper-doped Titania Nanofibers were fabricated through electrospinning technique
(FLUIDNATEK LE-10 by Bioinicia). 2ml of Titanium (IV) isopropoxide (TTIP) was
mixed in a 15ml solution of ethanol and acetic acidic (4:1) and stirred for 30 mins at 800
rpm at ambient temperature. 0.07g Copper (Il) Chloride Dihydrate CuCl2.2H20 was
added to this solution. This solution was stirred for 2 hours. Then 0.2 g of PVP was
dissolved into the solution and stirred for 30 mins. A stationary collector was employed,
upon which aluminum foil was warped. The prepared solution was loaded into a syringe
and was placed inside the pumps of the machine. The voltage of 14 kV was applied; the
feed rate was kept at 0.75 ml/hr and the needle to collector distance was 10 cm. The
solution was electrospun for 15 mins. The NFs were deposited on the collector. The
fibrous layer was detached from the collectors and dried for 1 hour in a drying oven at
100°C. After drying, the sample was placed in the muffle furnace for annealing at 500°C
for 2 hours, and ramp was kept at 2°C/min.

Table 2: Deposition Parameter for fabricated NFs via Electrospinning Technique.

Precursor Sol. Substrate Needle Tip Voltage Flow Deposition
to Collector (kV) rate time
distance (uL/hr) (mins)
(cm)

e CuCl,.2H,0 e FTOslide

o TTIP o Aluminum 10 14 750 15

e Fthanol foil

e Acetic Acid

e pPVP

3.Characterization

Scanning electron microscope (SEM) and EDX were used to analyze the morphology and
elemental composition of the Nanofibers. FTIR was used to observe the functional group
and structural analysis of the electro-spun NFs. Hall Effect and UV-Vis
Spectrophotometer were employed to determine the electrical and optical properties of
the nanofibers, respectively.

4.Results and Discussion
4.1 Morphology

Figures 2 a &b show the 3% Cu doped TiO2 NFs before and after calcination. The surface
morphology of nanofibers calcined at 500°C was observed. These images reveal the
conversion of PVP NFs into Cu-TiO2 NFs after calcination. The calcined samples
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showed successful development of Cu-TiO2, and it was confirmed with EDX and FTIR.
Histogram and gaussian distribution function were applied to evaluate the average
diameter of the nanofibers. The average diameter of the non-annealed nanofibers was
170.2 nm while for the annealed nanofibers was 95.7 nm. The efficiency of the solar cell
is directly related to the diameter of the nanofibers. The mean diameter decreased after
the calcination which indicates the evaporation of PVP, and solvents and that was
confirmed from EDX and FTIR. As shown in table 3. The data shows that before
calcination there was confirmation of several elements due to the presence of PVP,
titania, copper, and other solvents. After the calcination, PVP and other solvents were
evaporated except titania and copper. EDX spectra confirm that after calcination we have
pure copper doped titania NFs.

The post calcined samples were rougher and have porous structures due to the
evaporation of PVP and organic contents. Mesoporous structures were found in the
annealed NFs. These structures not only provide suitable energy levels for efficient
charge transportation from dye molecules but also continuous structures for better charge
mobility [8]. Continuous structure of NFs was observed for calcined samples. These
continuous structures are very helpful in charge transport and provide high charge
mobility due to less discontinuity of the path [9]. Thus, these structures can improve the
current density and power conversion efficiency of the solar cell.

Table 3. Atomic %age of different elements in bare TiO2 NFs and Cu-Doped TiO2 NFs

Sample Ti (0] Cu C cl
TiO, Nanofibers 3.74 75.16 0.06 20.70 0.03
Cu-TiO; Nanofibers 20.62 79.22 0.17 0 0

NOTE: Ti-Titanium, O-Oxygen, Cu-Copper, C-Carbon, Cl-Chlorine.
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Figure 1: a) EDX spectra for uncalcined sample  b) EDX data for calcined at 500°C
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Figure 2: a) 3% Cu doped TiO2 before calcination b) 3% Cu doped TiO after
calcination c) Histogram and Gaussian fitting on uncalcined sample d) Histogram and
Gaussian fitting on calcined sample at 500°C.

4.2 Structural Analysis

FTIR was used to analyze the functional group and structural analysis of the desired
material. As shown in figure 4. FTIR results reveal that before calcination there was an
intense peak of carbon, hydrogenated carbon, and O-H at 1283 cm™, 1426 cm™, 1539
cm?, 1630 cm™ and 3178 cm™.due to the presence of PVP, solvents, water, and a
hydroxyl group. The presence of anatase copper doped titania was in the range of 400
cm™ to 800 cm™. These results are much correlated to the previous findings [10]. After
calcination at 500°C, there was no peak of carbon and C-H except anatase titania on the
FTIR spectra because the evaporation point of PVP is below 400 to 450°C. The peak
after calcination validates that there was no presence of water, hydroxyl, and
hydrocarbon in NFs after the heating treatment. Only nanofibers of Cu-doped Titania
were left behind after the calcination of the material.
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Figure 3: a) FTIR spectra before calcination b) FTIR spectra after calcination at 500°C
4.3 Optical Properties

To analyze the optical properties of photoanode UV-Vis was performed and is displayed
in figure 4. Bare TiO2 NFs have a bandgap of 3.7 eV and the maximum absorption of the
spectrum was around 314 nm. The absorption peaks are obtained when an electron is
excited to the conduction band (CB) from the Valence band (VB). However, there was
negligible absorbance beyond 314nm which shows that the absorption in the visible
region of the EM spectrum is nearly equal to zero. At 3% Cu doped TiO2 NFs has a
bandgap of 4.25 eV and absorption of the spectrum was from 250 nm to 285 nm.
Negligible absorbance was observed beyond 285nm. Most of the spectrum was absorbed
in the ultraviolet (UV) region of the irradiation. The UV-vis of Cu-TiO2 NFs shows the
shift of absorbance towards the UV region. Due to the substitution of Cu?* in the lattice
structure of TiO2, defects are generated which causes a change in optical response. When
Titania is doped with metals the material properties to Titania are altered mainly due to
the presence of Cu?* ion on the surface as well as inside bulk TiOx.
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Figure 4: Absorption spectra of Titania and Cu doped Titania Nanofibers.
4.4 Electrical Properties

Electrical properties of the bare TiO2 NFs and Cu-TiO2 NFs were analyzed by using the
hall effect. Bulk concentration, Conductivity, Resistivity, and semiconductor type were
determined by using this technique. For TiO2 NFs, the carrier concentration was 3.2x10*?,
for Cu-TiO2 NFs it was 5.4x10%? the bulk concentration has increased by 17 times. Due
to doping of Cu?* in TiO, lattice structure free carriers are generated which increase
overall bulk concentration. As the concentration of carriers increased, the conductivity of
the copper doped titania also enhanced as shown in table 4 [11]. The conductivity of Cu-
TiO2 NFs was 3.5x10° S/cm, which lie well within the range of semiconductors. It is 2
times more than pure TiO2 NFs which is attributed due to the large presence of free
carriers. The Hall Coefficient of both the samples was negative, therefore they are n-type
semiconductors [12].

Table 4. Hall Effect Measurements of simple TiO2 NFs and Cu-Doped TiO2 NFs

Sample Ny P z Type
(cm?3) (Q.cm) (1/Q.cm)

TiO; Nanofibers 3.2x10* 6.5x10"% 1.5x10% n-Type

Cu-TiO; Nanofibers 5.4x10"%? 2.9x10*% 3.5x10% n-Type

NOTE: ny- Bulk Concentration, p-Resistivity, o-Conductivity.

5.Conclusion

Bare and Copper doped Titania NFs were successfully synthesized by using the
electrospinning technique. SEM results reveal that size of the nanofibers was reduced
and rougher after calcination at 500°C. EDS results confirm the presence of copper
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doping inside the titania. FTIR results elucidate that after calcination only copper doped
titania was left behind and there was no peak of carbon, C-H, and a hydroxyl group. UV-
Vis results show that bandgap increased after doping at 3% of copper in titania NFs. This
is due to the substitution of Cu?* in the lattice structure of TiO- the defects are generated
which causes a change in optical response. Hall Effect results shown that conductivity of
the fibers increased by 2 times after doping of copper in titania NFs. These findings prove
that Copper doped Titania has the potential to be utilized as a photoanode semiconductor
material in the field of photovoltaics 3" generation solar cells.
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