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ABSTRACT
The manufacturing, performance and properties of dye sensitized solar cells (DSSC) have been
researched for some time and there have been many new techniques and methods that have been
developed to improve the efficiency of solar cells. This research paper describes in detail about a
new technique in the manufacturing of the DSSC. The method involves introduction of graphene
and C60 in the TiO2 nanofibers. Graphene and C60 have high electrical conductivity and low
resistance. Graphene is a form of carbon, in which the carbon atoms are arranged in a regular
hexagonal pattern in a plane. The thickness of a graphene sheet is equivalent to the thickness of
one carbon atom. C60, also known as Fullerene, is a formation of 60 carbon atoms in soccer ball
shape. The TiO2 nanofibers are created by using an electrospinning method which creates long
strands with diameters of 100 to 200 nm. The graphene and C60 nanoparticles are incorporated
in the nanofiber with varying percentages of 1%, 2%, 4%, and 8%. The nanofibers are then
mixed in a solution to form a paste which is then applied on a conductive glass by using a doctor
blading technique. This technique enables to create solar cells with variable thicknesses of 7µm
to 45µm. With these experiments the effects of the manufacturing technique, thickness of the
paste, different percentages of Graphene or C60 on overall efficiency of the solar cell were
studied. This paper also includes the TiCl4 treatment which greatly increases the efficiency of
DSSC. During the manufacturing of the solar cells the antireflective coating was not used, as the
main objectives were to observe the effects of the electro-spinning process and how it affects the
efficiency of the dye sensitized solar cell. The incorporation of graphene and C60 in the TiO2
nanofibers was shown to increase the efficiency, compared to the TiO2 nanofibers alone. The
general efficiency for graphene and C60 are in the range of 4.3% to 5.6%. Data sets were created
with minimum of 3 and maximum of 6 samples. Each data set corresponded to a given set of
parameters that were held constant for that set. Appendix includes the data set for current density
versus voltage graphs of data set. Box and whisker plots show the spread of data and few outliers
in the sample testing. Fill factors shows a trend for graphene and C60 in the test samples. Overall,
the present study may open up new possibilities of using these inclusions in various energy
systems for improved efficiencies.
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CHAPTER 1
INTRODUCTION
1.1

General Background

For years, there has been research to increase the efficiency of solar cells. There are various
types of solar cells in the industry and the most common are silicon based solar cells, among the
emerging technologies are quantum dot, inorganic cells, organic cells, and dye sensitized solar
cells. This paper represents a new method for manufacturing dye sensitized solar cell by electrospinning method with incorporating nanoparticles. The dye sensitized solar cells were originally
manufactured by O’Regan and Grätzel [1] who introduced nanoparticles in the process. The
nanoparticles of titanium dioxide were manufactured in different sizes. The nanoparticles used in
the process were 20 nm, 50 nm and 100 nm. Grätzel [2] determined that an efficiency was about
10% obtained with the conversion for global air mass 1.5 (AM 1.5, 1000 W/m2). Some of the
important aspects of the work were introduction of TiCl4, variation in the layer of thicknesses,
applying a topcoat of light scattering layer of TiO2 and even including the anti-reflective coating
to increase the overall efficiency of the dye sensitized solar cells. The outline of this thesis is
manufacturing techniques for nanofibers preparation and to observe the effects of TiO2
incorporating with graphene and C60 in the process.
1.2

Motivation

The uses of solar cells are widely observed in the industry for charging a portable source or to
provide direct power. The applications for solar cells are enormous in the industry. But due to the
initial cost of silicon based solar cells it has been a limiting factor to be used in the industry in
every area. The cost of a dye-sensitized solar cell is 1/3 the cost of a counterpart, which has
recently proven to be commercially viable after crossing the 10% mark of efficiency. Due to the
increase in the efficiency of the solar cells, it has been widely accepted in the industry for low
power generation. DSSC has been developed for the purpose of use in building integration, roof,
window, and other applications. As one of the main ingredients is the dye used in the dye
sensitized solar cells which can give different color for aesthetic appearance for example the
1

Sony Hana Akari flower glass, in which the dye in the solar cell is used to provide the different
colors and appearance.
1.3

Goals and Objectives of Research

The general goals of this project would be:
a) To replace conventional TiO2 nanoparticles with TiO2 nanofibers made with an
electrospinning method and the effects on the process and application to dye sensitized
solar cells.
b) To observe the graphene inclusion and its effects
c) To observe the C60 inclusion and its effects
d) To study the efficiency of solar cell with respect to the thickness using nanofibers. For
optimum efficiencies thicknesses generally vary from 15-20 µm for conventional TiO2
nanoparticles. Thicknesses above 15 µm have shown lower efficiencies[3].
Dyes sensitized solar cell was widely accepted by the industry as low cost solar cells. As its 1/3
cost showed a promising path for generating electricity. Currently the maximum efficiency for a
dye sensitized solar cell is approximately 12% [4]. To be commercial viable solar cell in the
industry, it should have an efficiency which is greater than 10%. For Example Sony Hana Akari
flower glass, Dyesol on building structure and Logitech for iPad keyboard. These DSSC
applications have already been introduced in the industry.
1.4

Energy Band Gap Tuning

Band gap tuning is the key to directly convert solar energy into electricity. Selecting the right
material and its blend can create better efficient solar cells. Incoming solar flux below the band
gap combined with the various loss mechanisms of energy above the band gap result in
generation of heat, decrease in the cell efficiency and increase the temperature of the cell [5]. So
blending the material at a nanoscale for a better band gap material which will require less energy
is always desirable by the industry. With different combinations of inclusions of graphene and
C60 with the TiO2 nanoparticles band gap tuning can be improved.

2

CHAPTER 2
LITERATURE REVIEW
2.1

Solar Energy

For years solar energy has been used in many different ways for example a solar water heater for
hot water, solar cooking, space heating with solar process, solar electricity by using the sun’s
heat and the photovoltaic system that uses the photons to convert directly to electricity. The solar
energy is abundant in nature. The average solar power density that falls just outside of Earth’s
atmosphere is 1367 W/m2 [6] known as solar constant. The Earth’s atmosphere filters some of
the solar radiation that reaches the surface of our planet. The composition of light that falls on
the planet includes ultraviolet, visible and near infrared light. Each spectrum of light can create a
different effect on the solar cells.
2.2

Solar Cell Basics

There are many types of solar cells available, and the most common used in the industry are
silicon based solar cells. There are emerging technologies like the dye sensitized solar cells,
organic cells, inorganic cells, and quantum dot cells. Compared to silicon solar cells, the
efficiency of these newer technologies are still lower. The major advantage of these types of
cells is its lower cost. For a rough comparison, dye sensitized solar cells cost one third of silicon
cells. That is a reason there has been a lot of interest in emerging solar cells. The dye sensitized
solar cells uses titanium dioxide particles and a dye. The dye absorbs the photons from the sun’s
rays which knocks off the electrons and transfers it to titanium dioxide, and the electrons are
transferred to the circuit with a load, and back to the dye.
2.3

Dye Sensitized Solar Cell History

In the past the inventors were fascinated by the nature of photosynthesis which later was
invented in dye-sensitized solar cells. This new type of cell showed some advantages over
conventional silicone based solar cells. The major factor for these types of solar cells was the
cost, which is has liquid base processing and simpler manufacturing [6]. In our day to day life
3

the green plants uses photosynthesis for preparing the food and energy for the growing plant.
Grätzel[7] used a similar approach for developing a new type of Dye Sensitized Solar Cell. The
new application was applied by using 3 dimensional junctions to convert sunlight to electricity.
Grätzel had initially started work on solar cells but after O’Regan introduced the idea of TiO2
porous films which later emerged as dye sensitized solar cell which was published in Nature
magazine[1]. The idea of using a dye based solar cell was enormous and even the lower cost
attracted researchers around the world. New development and progress was made in the research
area by Grätzel, who is now referred as the father of Dye Sensitized Solar Cell. The original
development of dye sensitized solar cell by Grätzel in 1991 which later has reached an efficiency
of 11% [8] in 2006.
2.4

Principle of Solar Cell

The basic principle for solar cell is to absorb the sunlight energy and converts it into electricity
which can be used in our daily lives. The sunlight emits radiation in the form of electromagnetic
waves which enters the Earth’s atmosphere. The Earth’s atmosphere contains the ozone layer
which restricts some part of UV-C light which is harmful to the human skin. The light which
reaches the surface of the earth are in the range of UV-A, small part of UV-B spectrum, visible
spectrum of light and huge range of Infrared light which are longer and transfer the heat to the
surface. The solar light before it transfers to the Earth’s atmosphere is higher. In general UV
light range is from 175 nm – 400 nm, visible spectrum range is from 400 nm – 700 nm and
NEAR IR spectrum range is from 700 nm – 3000 nm which affects the solar surface with heat.
The majority of the solar cells in the industry are optimized in the visible spectrum of light as the
solar intensity in this range is highest. Solar cell absorbs the photons and knocks the electron
from the atom by gaining energy and it transfers from the load then back to the cell to complete
the circuit. This concept is the basis of using sunlight energy and converting to electricity which
is used in any kind of solar cell to produce energy. The AM 0 is referred to as extraterrestrial
spectrum reference where it is used normally for any solar cell and is designed for operation in
space or at a very high altitude from the surface of Earth’s atmosphere. The AM 1.5 is referred to
as air mass with atmospheric condition of solar zenith angle 48.19os, and containing water vapor,
ozone and several other conditions[9].
4

Figure 1 Solar Spectrum with AM0 and AM1.5 Global Spectrum [10]
2.4.1 Light Harvesting Principle
Max Planck, a theoretical physicist from the 1900s had major contribution in early quantum
theories. His earlier work in creating the Planck constant gave way to relation of photons, that
was expressed in the below formula, where
constant, c speed of light and

contains the energy in a photon, h Planck’s

as wavelength.
(1.1)

5

The word photon was given by Gilbert N. Lewis in 1926. His emphasis was photons as a carrier
of radiant energy [11]. The photon is still referred to as an electromagnetic force. For a silicon
solar cells which has n-type and p-type semiconductors. Solar cells are combined in a junction or
multi-junction system which carries electron in only one direction. Semiconductors absorb the
photons which excite the electrons and moves in one direction towards the metallic strips and
pass the electron towards the load.

Figure 2 Conventional Solar Cells in the Industry[10]
Average efficiency of silicon based solar cells in the industry available in the market is
approximately 21%. There are several more efficient solar cells in the market which are multijunction cells used in a highly demanding area but extremely difficult and expensive to
manufacture. The silicon cell has been used in the industry as its band gap energy is around
1.12eV which is very close to the 1.1eV, theoretically an ideal band gap for solid semiconductor
cells. The band gap energy is required for the electron to get excited from the valence electron
6

(EV) and be free to get transferred in the conduction band (EC). The Term EG is referred to as the
band gap for the energy required to break free from the valence to conduction gap. The photons
from the solar energy, transfers its energy to the electrons which frees the electrons from the
orbit and transfer to the conduction band. As the electron moves from the atom it creates a hole
and that hole is later occupied by a less energy electron which is returning from the circuit.
Figure 3 shows a direct band gap that applies to general solar cells which are aligned and would
require less energy to transfer from different bands. There are indirect band gap semiconductors
that are not aligned; this concept plays a key role in solar cells and energy transfer.

Figure 3 Energy Band Gap Diagram[10]
2.5

Dye Sensitized Solar Cell

In relation with developing Dye-sensitized solar cells, the idea of photo electrochemical process
has various combinations of chemicals which include redox reaction that transfer the electron
from the contour electrode. Poor stability of this kind of cell has increased the development
around the world to research more stable cells. The semiconductors like TiO2, SnO2 and ZnO are
used with organic dye. The dye is designed specifically to operate in the visible spectrum of the
light which absorbs the photons and excite the electrons which then transfer to the
7

semiconductor. There are various types of dye used for testing the cells in the industry from
natural dyes[12] to engineered dyes. The widely used semiconductor is the titanium dioxide
which has a band gap of 3.05eV[6] and corresponds to 400nm wavelength due to which dyes are
used to sensitize TiO2. The dyes which are designed specifically for the visible spectrum of light
attach to the TiO2 by dipping it at 70oC for maximum absorption. The steps for the electron
travel path starts at the dye when the photons excite the dye electrons from valence band to the
conduction band. As the dye is anchored to TiO2 particles it gives way for the electron to flow to
the anode side. The electrons flow through the load to perform the work as it is a closed circuit
and returns back to the cathode side. The cathode is in contact with the iodide that absorbs the
electrons and transfers it back to the dye which completes the circuit.

Figure 4 Dye-Sensitized Solar Cell Schematic[13]
2.6

Solar Cell Efficiencies

There are a couple of different methods to test solar cells. Many entities working on research of
solar cells, a common practice is to follow the standard operating conditions (SOC). The
standard equipment available in the industry evaluates the solar cell with a current versus voltage
8

(I-V) curve through which the efficiency is calculated with the data collected from the test. Solar
constant that has been used for testing which are adapted by the industry is 1367 W/m2 which is
promoted by World Metrological Organization (WMO). The solar constant represents the full
spectrum of light which falls under the curve of the spectrum radiation that reaches outside of the
earth’s atmosphere.
Air Mass (AM) is an important characteristic and can be defined as the atmosphere on a clear
day. AM 1.5 is used through the test for this experiment and is also a standard practice for testing
solar cells. The air mass measures the amount of light path it has to travel from earth’s
atmosphere before reaching the surface. Extraterrestrial region of solar radiation is represented as
air mass (AM 0) the area outside the Earth’s atmosphere with the power density of 1367 W/m2.
Communication satellite solar cells are tested in this range. AM1.5 represents the light travel
path at an inclination of 48.2o which is terrestrial use with a power density of 1000W/m2. Testing
in the instrument which is mentioned as Standard Test Conditions (STC) are defined as 1SUN
which is equal to 1000W/m2 and surrounding temperature is around 25oC which is equivalent to
AM 1.5 as per ATM G173-03. The photovoltaic solar cell conversion efficiency (ɳ) can be
expressed in the following terms below in equation 2.1 where (Pmax) represents peak power, (Etot)
total irradiance, and (A) device area exposed to the light source. Other factors contribute to the
efficiency of solar cells, like the fill factor (FF).
(2.1)

(2.2)

(2.3)
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Figure 5 Representation of AM1.5, AM0, AM1.0[14]

Figure 6 I-V Characteristics of a Solar cell[15]
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As show in the Figure 6 the Isc is the short circuit current before any power is generated, Imax the
maximum current that it can generate with the power output, Voc the open circuit voltage before
any power is generated and Vmax the maximum voltage that it can generate with the power
output. The maximum power is represented where the current and voltage are at the maximum
levels which are located in the curve. The area under the I-V curve which corresponds to a
perfect rectangular represents the fill factor (FF).
2.7

Electrospinning TiO2 Nanofibers

Creating fibers by electricity is an old technique initially studied by Zeleny [16] in 1914.
Electrospraying which was later patented by Formhals [17] in 1934 which included the process
and apparatus for preparing artificial threads in the publication. Sir Geoffrey Taylor [18] put
forth the original idea of electrospinning techniques in 1969 with the publication “Electrically
Driven Jets”. The basic methodology applied is using an electrostatic force to create fine fibers
from a viscous polymer solution. The fiber diameter was from nanometer to micrometer range
which can be changed with voltage, viscosity of solution, distance between the needles, and
surface area where the fibers are collected.
Electrospinning is not an easy process to achieve. A lot of factors contribute to a better
electrospinning process. There are lot of papers and videos online which give some basic
understanding of the process and application. The video[19] for understanding the fundamentals
of electrospinning was a good start for details about the concentration and trouble shooting. The
initial study which concluded with a successful uniform electrospinning was crucial in the
process. The problems encountered were related to incorrect viscosity, dielectric property of the
polymer, contact problem, grounding issues, temperature in the lab, voltage applied, air flow,
and many more. All the parameters had to be corrected before achieving good, consistent
nanofibers.
The process for electrospinning is applying a DC voltage source to the liquid with several KW
voltage source. The syringe containing the polymeric solution was setup in such a way that the
flow from the syringe is uniform and very slow, approximately 2ml/hr. The apparatus setup
includes a syringe pump, high voltage DC source, and a metal surface or an aluminum sheet for a
11

grounding surface. As the polymeric solution leaves the needle it forms a Taylor cone and there
is a stream of fiber flowing towards the grounded side of the aluminum foil and the charged
particles get attracted to the surface. As the jet travels to the surface, the solvents evaporate in the
process. During the travel path the polymers are stretched and undergo a deformation. The size
of fiber is also reduced due to which nanofibers are achieved. The diameters[20] of the
electrospun fibers can be controlled by the viscosity, elasticity, electrical conductivity, polarity
and surface tension of the liquid. There have been test reporting a 5% [21] efficiency of DSSC
with electrospinning process which was applied directly to the glass with TiCl4 treatment. The
dielectric property of solvent is different with different solvents and shearing rate increases from
low to high. Different solvents were studied in research papers and their effects on nanofibers
[22]. The solvent properties greatly affect how the polymer reacts to the solution like time to
dissolve.

Figure 7 Electrospinning Apparatus[23]
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TABLE 1
COMPARISON OF SOLVENT PROPERTIES [24]

Solvent

Tb/oC Dielectric property ε ( 20oC) Dipole

DMF
NMP
THF
DCM
AC
CF
DMSO

152.8
202.2
64
40
56
61.7
189

36.7
32.2
7.58
9.1
20.7
5.2
47

3.82
4.09
1.7
1.8
2.9
4.78
3.96

Conductivity/S cm-1
1.59E-07
6.00E-07
1.50E-08
4.31E-11
2.00E-08
0
3.00E-08

The dielectric property is a major aspect of the electrospinning that helps create better nanofibers
as per the experiment. DMF used in this study has a dielectric property value of 36.7, which
prepare a solution with better conductivity. Viscosity is another factor that is applicable to
electrospinning; an optimum ratio is between 30% polymer and 70% solvent. The path from the
needle to the collector plate is approximately 20 to 30 cm for good quality fibers. The elongation
of the fibers reduces the nanofibers and controls the diameter. Temperature, humidity and air
velocity plays a huge role in the creation of the fibers. The room temperature would be an
optimum parameter for the test. Any deviation may change the final outcome. Humidity is
preferred to be lower as the drying may get affected due to the evaporation of solvent. Air
velocity affects the fiber electrospinning process, as well. The fibers are sensitive to airflow, so it
should be kept within a no flow area or in a closed area.
2.8

Graphene Nanoflakes

Mostly in nature many objects are identified as 3 dimensional objects. But graphene is a 2
dimensional object which has one atomic layer with enormous properties that can be applied in
the industry. Graphene was identified as a revolutionizing material when Andre Geim and
Konstantin Novoselov received the Nobel prize “for groundbreaking experiments regarding the
two dimensional material graphene” [25]. Atomic structure of carbon which is a tetravalent
element has an atomic number of 6. The atomic orbit where the electron occupy are 1s2, 2s2,
[26]. The electrons that participate in the covalent chemical bonds are the four exterior
electrons. The hybrid orbitals are formed with the carbon 2s electrons in the empty 2pz orbitals
which forms a bond between other atoms.
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Figure 8 Graphene Structure in a 2 Dimensional[27]
Graphene as a material has been identified in multiple industries with different applications and
benefits like high electrical conduction, heat transfer, strength greater than steel, and many more.
The nature of creating a uniform sheet of graphene has been difficult to achieve. So around the
world much research has been in progress and huge investments in the industry have been
created for researching on graphene. The graphene used for this project is sampled from
Angstrom Materials product number N006-010-N which had X-Y dimension ≤ 14µm and
average thickness of 10 – 20 nm. The firmly bonded carbon atoms are arranged in hexagonal
lattice, with a 1 atom thickness of material with its sp2 hybridization. The graphene has a very
highly electrical conductivity as both the holes and electrons act as a charge carrier[28]. In
Graphene, each carbon atoms electron shell consists of 2 inner shell electrons and 4 outer shell
“The 4 outer shell electrons in an individual carbon atom are available for chemical bonding, but
in graphene, each atom is connected to 3 other carbon atoms on the two dimensional plane,
leaving 1 electron freely available in the third dimension for electronic conduction”[29]. The
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applications for graphene are limitless. Few examples would be its usage with touch screens for
mobile industry, water filtration system, composite material in body armor, energy storage and
can also be used in conductive coatings.

Figure 9 X-ray Diffraction Pattern of Graphene Nanosheets [30]
Figure 9 shows the peak of graphene in X-ray diffraction pattern in a Graphene sheets that can be
used as reference for results in later section where graphene has to be identified. A thesis
submitted in 2010 by Holly Haynes worked with adding graphene to TiO2 nanoparticle reported
a trend that higher percentage of graphene reduced the efficiency of solar cell [31].
2.9

C60 Fullerene

An exotic form of carbon molecule known as fullerene discovery which looks like a football
shaped in a hollow sphere. It contains 60 carbon atoms which are arranged in 20 hexagons and
12 pentagons shape that forms the whole C60. The molecule of C60 was discovered by couple of
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scientist in 1985 [32]. Fullerene size are <10nm size and can be used as an efficient electrical
conduction[33].

Figure 10 The Fullerene C60 Molecule[34]
Figure 11 shows an image of pure C60 form of fullerene. HRTEM showed structure of C60 in the
publication which was discussing about the analysis of different sizes of fullerene molecules.
C60 has been used in an experiment as electron acceptor and the other material as electron donor
in an organic dye and they recorded over 40% increase in conversion efficiency[35]. So there are
few advantages of C60 usage in solar cell but due its burning point it is close to the experimental
annealing required for the Dye-sensitized solar cell was crucial for the experiment. Further
experimentation would be required to understand this aspect of C60.
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Figure 11 Image of Pure C60 sample in HRTEM[36]
2.10 Individual Components of DSSC
There are multiple parts in the Dye Sensitized Solar cell that are further explained in each section
to better understand how each components contribute to generate electricity through the sun
light. Parts of solar cell that make up the whole assembly are crucial in every step to generate a
good solar cell.
2.10.1 Conductive Glass Electrodes
Fluorine doped tin oxide (FTO), Indium Tin oxide (ITO) or zinc oxide coated glass is used as a
conductive surface on the glass. The transparent conductive glass has an approximately 10 – 15
Ω/sq surface resistivity. The lower the resistivity[37] will give better conduction and faster
transmittance of electron. The conductive side of the glass are used to apply the TiO2 material
and the chloroplatinic acid as the cathode side of the glass.
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2.10.2 Titanium Dioxide
The material which is naturally occurring in the form of titanium dioxide is used in multiple
applications in the industry. Titanium dioxide application includes food coloring, sun screen
application, and painting to name a few. The two type of TiO2 that has been used in this study
are rutile and anatase which both have a tetragonal crystal structure. Figure 12 shows an image
of TiO2 showing 101 lattice directions discussed in nanomaterial book for characterization.
Overall the TiO2 atomic level structure is complex and multiple papers have been explaining the
structure [38]. The rutile and anatase structure of TiO2 occur naturally as mineral. Anatase
exhibit higher efficiency than rutile phases[39]. The brookite phase has not been studied much in
the industry due to the difficulty in creating a pure form. As given in Table 2 shows the bond
distance between orbital interactions. The longest orbital interaction will have a weaker bond
compared to the shortest bond.

Figure 12 TEM of a TiO2 Nanocrystal [40]
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TABLE 2
THE BOND DISTANCE OF TI-O AND O-O [39]
TiO2 Phases

Ti-O (Å)

O-O (Å)

Rutile

1.91 – 1.94

2.43

Anatase

1.92 – 1.95

2.43

Brookite

1.87 – 2.04

2.49

TABLE 3
PROPERTIES OF ANATASE AND RUTILE[41]
Property

Anatase

Rutile

Crystal structure

Tetragonal

Tetragonal

Band Gap (eV)

3.2

3.0

Figure 13 XRD pattern of Rutile and Anatase Powders [41]
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The overall efficiency of the TiO2 phase depends upon the band gap energy. The crystalline
structures are identified that the amount of electrons around the Fermi energy can verify a better
phase to work. As shown in Figure 13 and XRD patterns are identified for qualitative and
quantitative analysis which shows accurate and consistent results of rutile and anatase phases of
TiO2.

Figure 14 Titanium Rutile and Anatase[42]
The manufacturing method that has been implied in this study has shown that both anatase and
rutile phase are present in the process which makes this as a hybrid system. The band gap energy
can also be reduced by doping with different materials. In which graphene and C60 inclusion
increase the transmission of electrons to the anode side of the solar cells.
2.10.3 Dye
The main function of a dye is to absorb the photon and pass the electron to the TiO2 material
where it takes the charge through the load and back from iodide. The dyes are specially designed
to absorb photons from a wide range of spectrum of light but the most range is in visible
spectrum that is 400 nm– 700 nm. The N-3 dye has been optimized at 312 nm, 395 nm, 534 nm
for absorbance and it will absorb high amount of photons in these regions. It’s important to
understand that more particles of dye do not mean higher efficiency can be reached. Excess
amount may create an interference of electron transfer, so the absorption should be just enough
in contact with the TiO2 material that it passes on the electron freely. The excess dye which does
not get absorbed does get removed in the process as after 24 hrs of immersion, the glass slides
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are cleaned with ethanol that removes any free dye particles that were not absorbed. Some dye
are designed to absorb photons in the near infrared range from 700 nm – 900 nm which can
greatly increase the efficiency of solar cells as there is lot of energy contained in that region that
penetrates deeper in the layers.
TABLE 4
DYESOL DYES DEVELOPMENT AND DESCRIPTION [43]
Synonym

N-3

N-719

Z-907

Product

Chemical Descriptions

cis-Bis(isothiocyanato) bis(2,2’-

C26H16N6O8RuS2
Mol Wt: 705.64

bipyridyl-4,4’-dicarboxylato
ruthenium(II)

λmax = 534, 312, 395 nm

Di-tetrabutylammonium cis-

C58H86N8O8RuS2
Mol Wt: 1188.55

bis(isothiocyanato)bis(2,2’-bipyridyl4,4’-dicarboxylato)ruthenium(II)

λmax = 313, 393, 534 nm

cis-Bis(isothiocyanato)(2,2’-

C42H52N6O4RuS2
Mol Wt: 870.10

bipyridyl-4,4’-dicarboxylato)(4,4’-dinonyl-2’-bipyridyl)ruthenium(II)
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λmax = 531, 295, 314 nm

Figure 15 Ruthenium Based N-3, N719 and Z907 Dyes Developed by Dyesol Ltd.[43]
TABLE 5
RECORD EFFICIENCIES OF DSC OF VARIOUS DEVICES SIZES[44]
Dye

Surface (cm2)

ɳ (%)

Voc (V)

Isc (mA/cm2)

FF (%)

N-719

<1

11.2

0.84

17.73

74

N-719

0.219

11.1

0.736

20.9

72

N-719

1.004

10.4

072

21.8

65

N-719

1.31

10.1

.82

17

82

N-3

2.36

8.2

0.726

15.8

71

N-719

26.5 (sm)

6.3

6.145

1.7

60

There are various kinds of dyes in the industry the above figures and table are few examples
prepared by Dyesol Ltd. TABLE 4 describes the chemical name, molecular weight and the
maximum absorbance in nm where photons are absorbed by the dye. TABLE 5 represents some
efficiency across devices with different surface areas and dyes which include the voltage open
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circuit, current short circuit, fill factor which initially gives a basic idea of cell design
calculations. The major concerns in the industry are regarding the stability and performance for
longer period of time. Prolonged exposer to the sunlight where UV has been known to cause
degradation in various surfaces can even affect the dye molecules to break down. So to avoid this
degradation some cell use UV filters that block that radiation spectrum of light.
2.10.4 Electrolyte
The iodide (I-) / (I3-) triiodide used in DSSC contains the redox ion which helps in the process of
transferring the electrons. The chloroplatinic acid application acts as a catalyst for transferring
the electron back to the iodide. Electrolyte has its disadvantage due to the temperature effects.
The high and low temperature can damage the seals or freeze the electrolyte which stops the
process of generating power. The solvent used in the process are toxic to humans as well which
handling of these types of chemicals become crucial in manufacturing process. Due to all these
draw backs there are major researchers trying to use a solid state version where electrolytes can
be removed or replaced with some other type of material for reaction.[45, 46]
2.10.5 TiCl4 Treatment Influence
There has been couple of reports that treatment with a TiCl4 increases the overall performance of
the cell. The TiO2 films are immersed in the aqueous solution of TiCl4 at 70oC for treatment.
There was a paper published in 2006 which describes the influence of TiCl4 treatment and its
effects. It mentioned after the treatment they have observed a 1nm growth in TiO2 particles[3].
There were several observations where the dye adsorption had increased, improved photocurrent
transfer. There was a shift in conduction band edge which improved the TiO2 charge injection.
As seen in the
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TABLE 6 the overall efficiency has been increase by 19%. The x-ray diffraction pattern
observed a small amount of line increase at the border which they concluded that there was a
particle growth. [47]
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TABLE 6
CHANGE IN TIO2 CHARACTERISTICS AFTER TICL4 TREATMENT[3]

TiO2
TiO2 after
TiCl4
Change (%)

TiO2 mass

Porosity

Jsc

(mg/cm2)

%

(mA/cm2)

72

1.56

53

-26.4

Voc (V)

FF

ɳ (%)

9.5 ±0.2

0.68 ±0.1

0.67 ±0.004

4.3 ±0.1

2.00

11.2 ±0.2

0.69 ±0.1

0.66 ±0.004

5.1 ±0.1

+28

+18

+1.5

-1.5

+19

2.10.6 Working Principle of DSSC
The basic principle of how the Dye-sensitized Solar cells works is to understand how the
electron flows and its direction. As the sun ray’s fall on the surface of the solar cells, the photons
are absorbed by the dye where the electrons are excited and leave the valence band to conduction
band. The excited electron travels in a very short time from dye to TiO2 in the time frame of pico
to femtoseconds. The charge separation leaves a negative charge in the TiO2 and a positive
charge on the dye surface. The dye reduces rapidly. Within nanoseconds the charge is transferred
by iodide anions. The injected electron which is transferred to the TiO 2 is transferred to the
conduction side of the glass and passes through the load. The circuit is completed by passing the
electrode to the triiodide ions where it accepts the electron and reduced to iodide ions. The
electrons are passed back to the dye molecule which oxidizes electrolyte in to triiodide and cycle
keeps continuing till the photos are absorbed or there is an open circuit.
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Figure 16 How Dye-sensitized Solar Cells Generate Electricity[48]
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2.11 Basics Approach for Procedures
In the past the Grätzel approach has been well known to give an efficiency of approximately
10%. Newer methods have been developed to reach higher goals of efficiency. So the process
uses a combination of electrospinning to create TiO2 nanofibers with incorporated graphene and
C60 and observe how it affects the overall efficiency of the solar cell. In the initial procedures for
preparing the TiO2 nanofibers, the process was based on multiple papers to get the proper
electrospinning. But the initial papers would be from “Improved Conversion Efficiency in DyeSensitized Solar Cells Based on Electrospun TiCl4 Treated TiO2 nanorod Electrodes”[49]. The
paper shows an electrospinning method for preparing the TiO2 nanorods. A similar process has
been utilized that gives a new view into preparing the TiO2 nanofibers through a new process of
manufacturing. TiO2 nanofibers were prepared by electrospinning method which gave a 100 –
200 nm diameter of individual size nanofibers. Which were used in creating the paste for
application on the conductive glass surface and then test the dye sensitized solar cells. Graphene
and C60 were used to incorporate in the TiO2 nanofibers with different percentages of 1%, 2%,
4% and 8%. The dye used in the process was N-3 Dye which is less efficient than the N-713 dye
due to lack of availability the N-3 dye was used. So to compare the results an N-3 Dye is
approximately 8.2% [44] efficient which would be used in the research.
2.12 TiO2 Nanofibers Electrospinning
There’s has been a lot of research in different parts of the industry using electro-spinning
method. The electrospinning fiber are widely experimented in different aspects for creating
filtration, textile manufacturing, medical, composites and now implementing in creating nano
fibers for dye sensitized solar cells. In the electro-spinning process, the polymer is highly
charged with an electrostatic field. A DC voltage is applied at one end at several tens of KW and
at the other end the mesh where the electricity is grounded. As a solution leaves the syringe a
Taylor cone is created, due to the surface tension it initially does a slow acceleration for a short
distance and then rapidly accelerates. The acceleration is caused by the electrostatic repulsion.
The rapid acceleration section has a swirling motion and has a longer path of travel due to which
the thinning of the fiber results and we get a nanometers scale diameter. The sizes of fiber
depends on the different aspects of the setup like the voltage applied, concentration of the
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solution, distance from the ground, flow rate, size of the Taylor cone. Most of the solution was
Electrospun at 10 KV DC voltage which gave us an approximately of 200 nm size of TiO 2
nanofiber.
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CHAPTER 3
EXPERIMENTAL
3.1

Material

In these experiments, an electro-spinning method is used to fabricate the TiO2 nanofibers using
titanium precursor was employed. The chemical combinations for electro-spinning process are
Poly (vinyle acetate) (PVAC, Mw = 500000), DMF (dimetylfomamide), titanium (IV)
isopropoxide and 96 % acetic acid. The titanium (IV) isopropoxide has a small percentage of
titanium approximately 17% in the precursor. Adding Graphene or C60 with percentage of 1%,
2%, 4% and 8% with respect to the amount of TiO2 prepared. For the preparation of soalr paste
established by Grätzel [2] requires terpinol, ethanol and two different types of ethyl cellulose
(EC) powder, EC (5-15 mPas) solution, EC (30-50 mPas) solution. TiO2 nanofibers with
different percentage of Graphene or C60 were used to create the final solar paste.
3.2

Method of Preparation

3.2.1 Procedure for Electrospinning of TiO2 Fiber Materials
The nanofibers of titanium dioxide were created by electrospinning process. Adding to a
polymeric solution with a different combination of materials is given below which helps the TiO2
to form in nanofibers. Solution A was prepared by using dimethylformamide. The solution was
prepared in a conical Flask by adding 27mL of DMF and stirred it at high speed on stirring plate,
while stirring 4.8g of PVAC (Poly vinyle acetate) was added. The solution was stirred at a high
speed for 30 minutes till PVAC completely dissolved in DMF. In stirring solution 12 ml of acetic
acid (96%) was added slowly drop wise and waited for some time until we observe all the
material is dissolved in the solution. Titanium (IV) isopropoxide 12 grams solution was added
slowly in the solution where we can observe white fumes. Once the solution is ready it is
identified as solution “A” which is kept on stirring for next 12 hrs before we start electro
spinning. For electro spinning the material is transferred in the syringes and a voltage of 20 KV
30 – 60 micro Amperes were configured on the equipment to provide a charge to the solution.
The grounded terminal is a flat aluminum foil with conductive mesh at the back to give it support
29

and stability for electrospinning setup. The DMF solution gets charged with high voltage, the
syringe pump is set for 2ml/hr rate flow. As the discharge from syringe flow is low it forms a
bead of solution at the tip. The electrospinning starts creating small size of nanofibers in the
stream of the electromagnetic field. An aluminum foil which acts as the grounding for the system
collects the nanofibers on the surface. Graphene is added in solution “A” from the previous
solution mixture which creates a sample set of 1%, 2%, 4% and 8% of inclusion. 12 grams of
titanium Isopropoxide gives only 17 % of TiO2 which is approximately 2.04 grams. With respect
to the amount of TiO2 in grams graphene nanoparticles are added with 1%, 2%, 4% and 8% to
get four set of solutions. Probe sonication is used to disperse the graphene evenly in the final
solution. Then let it stir for approximately 2 hrs. Once the final solution is ready transfer the
solution in the syringe and start electrospinning process which creates TiO2 + % Graphene
nanofibers with the respective percentage. C60 is added in Solution “A” from the previous
solution mixture with respect to TiO2 percentage of solution were added 1%, 2%, 4% and 8% C60
nanoparticles to create a sample set. C60 nanoparticles are added in 4ml DMF solution as the
particles are in an agglomerated form and need to be dispersed uniformly. The solution is
sonicated for 15 min then stirred at a high speed for 15 min and then sonicated again for 15 min
and then kept stirring for 2 hrs where we can see the C60 evenly distributed in the solution before
we add it in the final solution “A”. The initial solution “A” DMF quantity was reduce to 23ml as
the 4ml dissolved C60 solution was going to be added at a later time. Then let it stir for 1 hrs
before it is transferred to the syringe for electrospinning and create the nanofibers of TiO2 + C60
with different percentages.
3.2.2 Verification of Percentage of TiO2 in Titanium Precursor
Using the titanium isopropoxide as a precursor, the percentage of titanium in the solution is only
17% as mentions in there technical documents. Graphene or C60 are added accordingly with
respected solutions. The consistency of 17 % TiO2 has been verified by using a plane fiber
solution by annealing at 500oC and left over material is supposed to be TiO2. The material was
weighted and found it consistent with the percentage result given in the manufactures technical
sheet.
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3.2.3 Heat Treatment for Electrospun Nanofibers
The Electrospun fibers created from the electrospinning process was removed from the
aluminum sheet after 12 hrs of drying. Nanofibers were accumulated in a small crucible for heat
treatment. The plain nanofibers are heated at 500oC in standard oven for 12 – 16 hrs where all
other materials are evaporated and only TiO2 nanofibers are left in the crucible as a final
substrate. With the nanoparticles of graphene and C60 there was minor change in procedure.
Because both the graphene and C60 burned at 400 – 550oC new method had to be introduced. The
incorporated nanoparticles with TiO2 were first heated at 300oC in standard oven for 12-16 hrs.
Then it was transferred to tube furnace where it should be placed in an argon atmosphere so the
material would not burn and kept for 12-16 hrs at 500oC. Due to this process only other materials
are evaporated which has lower burning point where graphene and C60 are not affected due to the
atmosphere. The final material is further crushed in a mortar and later used for creating the solar
paste.
3.2.4 Procedure for Creating the Solar Paste with TiO2 Nanofibers
The paste used with doctor blade technique requires multiple solutions. These solutions prepared
to add in the final solution with reference to Grätzel’s paper [2]. Initial mixtures were prepared
using 5g of ethyl cellulose powder in 45ml of ethanol solution. Two different ethyl cellulose
powders were used to prepare the solution EC 5-15 mPas and EC 30-50 mPas. To mixture of
3.75g of EC 5-15 mPas, 2.92g EC 30-50 mPas, 1.33g TiO2 nanofibers, 5.4g terpineol and 6.7ml
ethanol are added to prepare the solution. Sonication of solution was applied so we get consistent
desperation of material in the solution. The solution was not easy to disperse evenly so the
solution was sonicate, vibrated and then stirred for 10 -15 minutes respectively and this process
was repeated 2-3 times to reach consistency in the solution. A rotary evaporator was used to
remove excess ethanol from the solution which gave a thick paste. In the above mixture of
solutions the TiO2 nanofibers were used with several set of samples created with nanoparticle
inclusion of graphene and C60. The percentage of graphene and C60 are 1, 2, 4 and 8% that has
been added to the inclusion compared to the TiO2 nanofibers. There are total 10 samples as
shown in TABLE 7. The main components in which the inclusions are added each set off
samples have four different thicknesses.
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TABLE 7
SAMPLE OF MATERIALS FOR TESTING
No

Main Material

Inclusion of Nanoparticles

1

TiO2 Nanoparticle (<25nm)

None

2

TiO2 Nanofiber (100-200nm)

None

3

TiO2 Nanofiber (100-200nm)

1 % Graphene

4

TiO2 Nanofiber (100-200nm)

2 % Graphene

5

TiO2 Nanofiber (100-200nm)

4 % Graphene

6

TiO2 Nanofiber (100-200nm)

8 % Graphene

7

TiO2 Nanofiber (100-200nm)

1% C60

8

TiO2 Nanofiber (100-200nm)

2% C60

9

TiO2 Nanofiber (100-200nm)

4% C60

10

TiO2 Nanofiber (100-200nm)

8% C60

3.2.5 TiCl4 Aqueous Solution Preparation
TiCl4 solution was mixed in a solution of HCl and water. The concentrated HCl and water was
mixed in a ratio of 37% and 63% respectively in a beaker. The beaker was placed in an atmosbag
which is specially used to control a small environment. As the TiCl4 reacts violently with water
precaution has to be taken with combination respirators, safety glasses and lab environment. An
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argon atmosphere was introduced in the atmosbag as a neutral gas to avoid any further reaction
with the atmosphere. A specialized non-coring needle point with glass syringe was used to
puncture the cap of concentrated TiCl4 solution. As the TiCl4 container has a sure seal system
which is special type of elastomer liner which seals the puncture after removal of needle so
multiple puncture in the containers cap are possible. Then the TiCl4 was taken in the syringe and
was weighted 7g and added in the mixed solution. The syringe needle was dipped in the solution
till the bottom and slowly released in the mixture under stirring conditions. The TiCl4 reacts with
water molecules and not with the HCl which dissolves the rest of the solution. After reaction is
completed TiO2 particles are present in the solution.
Reaction:
TiCl4 + 2H2O + HCl ─>

TiO2 + 5 HCl

(3.1)

TiCl4 only reacts with the 63 % water due to which the violent reaction is reduced.
3.2.6 Cleaning FTO Glasses
The cleaning of FTO glass is a very crucial stage. If the cleaning process has any contamination
left over on the conductive glass or any external dust particles it creates a lot of problems. Lower
efficiency, lower addition to the conductive glass and various other problems. So it’s very
important that the cleaning process of the glasses was given higher emphasis. The FTO glasses
were first cleaned with a detergent using an ultrasonic bath for 15 minutes, rinse with water and
again ultrasonic bath for 15 minutes. Then it was rinsed with water and followed by ethanol.
Treatment in a Plasma Cleaner system for 20 minutes, After cleaning process the glass were kept
in a sterile container to avoid any contamination contact and was specially handled carefully with
new gloves.
3.2.7 Chloroplatinic Acid Treated Counter Electrodes
For preparing the counter electrode with chloroplatinic acid the cleaned FTO glass were again
cleaned with ethanol. The glasses were kept on a hot plate at 400oC for 15 minutes to remove
residual organic contamination by heating. Let it cool down to room temperature and then added
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only 1 drop of Pt catalyst on the FTO conductive side of the glass. The H2PtCl6 solution was a
mixture of 2mg Pt in 1ml ethanol [2]. Its again heat treated at 400oC for 15 minutes and later
cooled at room temperature with regular air cooling. Precaution has to be taken that no excess
amount of drop is added on the glasses otherwise it burns the surface due to which we cannot use
the glasses anymore.
3.2.8 TiCl4 Treated FTO Glass and TiO2
FTO glasses are used for the applications of pastes which have a conductive side coating on one
side of the glass. Has approximately 10 Ω/sq surface resistance. The FTO glass has to be cleaned
thoroughly before any application. If the glass has any kind of contamination it will give
inconsistent results through the test. A higher precaution has to be taken for cleaning the glass
and further handling of the glasses as well. The cleaned glass are further cleaned with ethanol
and kept on the hot plate for air drying at 70oC then the FTO glass plate were immersed in the
40mM aqueous TiCl4 solution at 70oC for 30 minutes and again washed with water followed by
ethanol. This process has some deposition of TiO2 particles on the glass surface[50]. A similar
process was applied after the heat treatment of TiO2 layer on a hotplate. After heat treatment at
around 500oC the cell were cooled till it reached 70oC and dipped in the TiCl4 aqueous solution.
After the treatment for 30 minutes it was removed and cleaned by water and then ethanol.
3.2.9 Electrolyte Solution
The electrolyte solution was prepared by using the Grätzel paper all the solutions are mentioned
in molarity. The solution 0.6 M(1.6g) BMII(1 Butyl-3-methylimidazolium iodide), 0.03M(0.07g)
I2, 0.1M(0.12g) guanidinium thiocynate and 0.5M(0.68g) 4-tert-butylpride [2] are added in the
mixture of initial solution. The initial solution mixture contains the following ratio of (1.5ml)
valeronitrile and (8.5ml) acetronitrile. The solution has to be kept in a closed opaque container to
avoid any deterioration of the liquid.
3.3

Applications

For preparing the solar cell, the paste is applied on the conductive side of the FTO glass which
initially was dipped in TiCl4. Precaution has to be taken that there are no contamination on the
conductive side of the glass. A scotch tape is applied on the FTO glass with a small area cut out
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so there is uniformity in the tape from top till end. To increase the thickness of material multiple
tape layers are used to increase the thickness TABLE 8. It shows how the thickness of the
specimen has come across the entire specimen range. Due to scotch tape uniformity and
analytical error varies the thickness of specimens. But in general the application for the entire
specimen set have a multiple of 3 sets that have been tested to get uniformity and test the
consistency of the specimen throughout the test. The solution was applied with a doctor blade
technique. After application of the tape the high viscosity liquid of solar paste was applied with
uniformity. The specimen is kept in a closed container for 10 – 15 minutes according to the
viscosity of the specimen so no contamination can occur. Once the paste has uniformly spread
carefully removed the tape from the glass and then its kept on the hot plate for 20 minutes at
125oC, and consequently heating at different stages of temperature on the hot plate at 350oC for 5
min, 375oC for 5 min, 450oC for 15 min and 500oC for 15 min. The stages of this temperature are
required for the other materials to evaporate so there is enough porosity so the dye can get
absorbed and attach to the TiO2 material.
TABLE 8
THICKNESS OF TIO2 LAYERS AVERAGE
Thickness of Thickness of TiO2 Layers

Overall Thickness

Tolerance

Lay 1

7

± 2 µm

Lay 2

20

± 5 µm

Lay 3

34

± 4 µm

Lay 4

42

± 5 µm

After the heat treatment the FTO glass with solar paste which acts as TiO 2 electrode are treated
with TiCl4 treatment. The samples were heated at 70oC and immersed in 0.5 mM N-3 Dye
solution in ethanol it’s kept in the solution for 24 hrs so it sensitizes completely in the time
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frame. After 24hrs of treatment the TiO2 electrode is removed. Excess N-3 Dye is removed by
washing in ethanol solution and dried for next 24 hrs to avoid any peeling of the TiO2 electrode.
The one side of the solar TiO2 electrode is ready for further process and to be tested for
efficiency.
3.4

Assembly of Solar Cell

The TiO2 electrode is one of the cell assemblies that uses scotch a restickable strip which has a
thickness of about 0.5mm which creates the gap between the electrodes. The higher thickness
layer of TiO2 needed a larger quantity of electrolyte which was possible with a scotch
restickable strip. As the strips has adhesive on both side they are cut in such a way so it opens
from one side for adding the electrolyte. The electrodes are place in such a way that both the
electrode has enough gap for electrolyte. The other electrode surface is the chloroplatinic acid
treated surface so the conduction is faster. After the solar cell is assembled the surface where the
light has to be focused on is blocked with a construction grade paper. Three layers of
construction grade black paper was used so that no light passes through and only 0.08 cm2
surface area is exposed to the light focused from the test equipment. The electrolyte is added in
between the electrode just few minutes before testing as this is not a sealed unit this measures
were necessary to avoid any spillage of electrolyte.
3.5

Solar Cell Testing

Specialized test equipment manufactured by Newport for model number 67005 was used to test
the specimen. The source of power to the lamp is special Xenon Arc Lamp source which gives
out full spectrum of light. Initially the silicon detector was checked for the intensity of the solar
light which is focusing on the detector before testing. The system when turned on it has to be
kept for 15 min for the lamp source to get stabilized before testing. As the system is ready for
testing the samples are hooked up with alligator clips to the high performance meter that
measures the voltage and current flow through the system. It records the overall data in file that
later can be used to plot multiple graphs. The multiple samples were tested in the system.
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Figure 17 Equipment Setup for Solar Testing

Figure 18 Silicon Detector
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Figure 19 High Performance Meter and Solar Intensity Tester
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CHAPTER 4
RESULTS AND DISCUSSION
4.1

Effects of Paste Thickness

The application of TiO2 paste with different incorporated nanoparticles showed variations in
results. TABLE 9 shows the efficiency and standard deviation of all the samples tested. There
were approximately 3 to 5 samples set that were tested to verify and find out the average data
and standard deviation for the results. The nanofibers TiO2 test data was lower compared with
the initial research paper used for reference which mentioned ɳ = 2.18 % [49]. The difference in
efficiency is because of the dye used in the paper is N-719. The N-3 dye has been used in the
research work which is less efficient compared to its counterpart but there is negligible
difference.
TABLE 9
EFFICIENCY OF SAMPLES WITH STANDARD DEVIATION
Lay 1

Lay 2

Lay 3

Lay 4

Average
(ɳ %)

Standard
Deviation

Average
(ɳ %)

Standard
Deviation

Average
(ɳ %)

Standard
Deviation

Average
(ɳ %)

Standard
Deviation

1.25

0.27

2.29

0.18

2.34

0.57

2.42

0.31

4.31

0.13

3.01

0.2

3.86

0.19

3.20

0.17

3.81

0.47

3.92

0.13

4.10

0.25

2.65

0.78

2.97

0.77

3.44

0.95

3.56

0.16

3.49

0.16

2.79

0.41

3.46

0.21

2.10

0.41

3.23

0.69

TiO2 + 1% C60

5.85

0.19

5.56

0.18

5.28

0.14

3.10

1.79

TiO2 + 2% C60

4.98

0.42

4.77

0.29

4.46

0.80

2.87

0.25

TiO2 + 4% C60

4.61

0.21

5.33

0.24

4.26

0.23

2.07

0.51

TiO2 + 8% C60

2.75

0.41

3.17

1.85

3.32

1.13

2.4

0.42

TiO2 Nanofiber
TiO2 + 1%
Graphene
TiO2 + 2%
Graphene
TiO2 + 4%
Graphene
TiO2 + 8%
Graphene
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Because the TiO2 are in the form of nanofibers, a higher thickness has been created which is
shown in the table below in which variant of percentage of Graphene and C60 are incorporated.
The higher the thickness the tolerance has been higher approximately ±5µm and there is a drop
in efficiency as thickness increases.
4.2

SEM Images of Nanofibers after Electrospinning

Electrospinning of nanofibers of the samples as shown in the Figure 20, Figure 21 and Figure 22
the uniformity of fibers prepared have negligible amount of beads. The SEM image of the
sample has nanofibers in the range of 100 – 200nm diameter. The Graphene or C60 visually
cannot be seen because the nanoparticles sizes are small and low in percentages. The images
look very similar with minor difference in texture, so additional images were taken after heat
treatment.

Figure 20 TiO2 Nanofibers
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Figure 21 TiO2 + 4% Graphene Nanofibers

Figure 22 TiO2 + 4% C60 Nanofibers
4.3

TiO2 Nanofibers after Heat Treatment

The electrospinning fibers were heat treated as explained in the previous section where the below
samples SEM images are taken. The observation is made where the nanofibers were broken
down further as nanorods as shown in Figure 23. Few agglomeration of particles are seen in few
images which are later further crushed by mortar in finer particles. In the X-ray diffraction
patters after the heat treatment of specimen both the anatase and rutile phase of TiO2 are present
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Figure 23 TiO2 Nanofibers after Heat Treatment
4.4

TiO2 with Graphene after Heat Treatment

Several images which contain the 4% and 8% graphene inclusion have been shown below. The
graphene sheets are observed which are covered with TiO2 nanorods as shown in Figure 24. Few
of the graphene particles are broken down further in small sheets which are incorporated in the
nanorods itself. The images show the nanorods presence with graphene is seen clearly. XRD
shows the expected graphene peak. A hypothesis is that the large dimension of the original
graphene was greatly reduced in the fabrication process of mixing and sonication. Figure 29 and
Figure 27 clearly identifies the TiO2 nanorods with lattice. The areas of graphene in some of the
sections are very dark. It may be present as darker color in the nanorods and would require
further screening to identify the material. In the X-ray diffraction patters after the heat treatment
of specimen both the anatase and rutile phase of TiO2 are present but the amount of rutile has
reduced.
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Figure 24 TiO2 + 4% Graphene Nanofibers after Heat Treatment

Figure 25 TiO2 + 8% Graphene Nanofibers after Heat Treatment
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Figure 26 XRD of Plain TiO2, TiO2+4% and 8% Graphene

Figure 27 TEM Images of TiO2 + 4% Graphene with Structure
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Figure 28 TEM Images of TiO2 + 4% Graphene after Electrospinning
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Figure 29 TEM Images of TiO2 + 4% Graphene on Single Area
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4.5

TiO2 with C60 Incorporated after Heat Treatment

The SEM Images can see some agglomeration in 8% C60 it needs further crushing in mortar
before using in the solar paste. In SEM images it’s very difficult to see any difference between
samples as the C60 particles are smaller than TiO2. Despite the difficulty the lattice has been seen
in the TEM images. But it cannot be distinguish between C60 from TiO2. Rutile phase in C60 had
very little effect compared to graphene samples. For XRD patterns there are two types of peaks
in the literature as there are no peaks at 22o it has been ruled out. But the other peak is uncertain
as it may have an overlapping peak with rutile TiO2. Figure 33 and Figure 34 TEM images
shows the lattice structure and has a possibility of Carbon atoms but would require further
analysis on HRTEM. HRTEM images are formed from different beam approaches that construct
the image of the crystal lattice structure. The interpretation of the images and its simulation plays
a key role in identifying the single atom of carbon and its structure.

Figure 30 TiO2 +4% C60 Nanofibers after Heat Treatment
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Figure 31 TiO2 +8% C60 Nanofibers after Heat Treatment

Figure 32 XRD of Plain TiO2, TiO2+4% and 8% C60
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Figure 33 TEM Images of TiO2 + 4% C60

Figure 34 TEM Images of TiO2 + 4% C60 Displaying a Carbon Atom
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4.6

Results Comparison

Plain 25 nm nanoparticles and nanofibers graphs are compared for efficiency. There is a
significant differences observed compared to a standard 25 nm particle to nanofibers. In this
experiment tried to determine the effects of fiber by incorporating Graphene and C60
nanoparticles. As the seen in Figure 35, Figure 36 and Figure 38 graphs there are huge difference
in efficiency. There is a different trend that can be observed. The thickness of the layer of
nanoparticles as it increases the 25 nm particle efficiency drops, but the opposite is observed in
nanofibers even at layer 3 efficiency has increased. Error bars are shown in the same figure as
the sample thickness increases the error increases as well due to variability in the thickness.

Figure 35 TiO2 Plain 25nm and Nanofibers
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Figure 36 TiO2 + % Graphene Efficiency
The nanofibers were incorporated with 1%, 2%, 4% and 8% Graphene or C60 in different
samples. The thickness for every specimen varied from layer to layer. The layer thickness are
shown in TABLE 8 has a tolerance from ±2 to ±5 µm. As compared to plain TiO2 nanofibers and
with different inclusions can see some increase in efficiency. With the addition of 1%, 2%, and
4% there has been some rise and efficiency. As the percentage of inclusion increase to 8% there
are some minor variations. But with layer 4 which is in high range of thickness of 45 µm
graphene has overall same range as of C60 efficiency.
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Figure 37 Error Bars TiO2 + % Graphene
As the amount of Graphene increases the efficiency drops. To give a hypothesis is that the
graphene quantity as it increases could be breaching towards the iodide side which is increasing
the electrical internal shorts. The dye when it excites the electron transfer the electron to TiO 2
and then to graphene as the iodide is in contact with some graphene particle it may return the
electron back to the iodide and to the dye. That creates and internal short circuit as the amount of
graphene increases which interacts with iodide. Figure 36 shows how the efficiency changes for
graphene inclusions for each layer with different percentages. As the percentage of Graphene in
TiO2 increases the efficiency also increases. The maximum percentage efficiency (ɳ) of graphene
was able to attend 4.3% compared to 1.18% of plain TiO2 for single layer which has a thickness
around 7µm. As the percentage of Graphene increase the efficiency drops to 3.2%. So in total
overview for Graphene inclusion the percentages are high where the thicknesses are around 7 to
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20 µm. Theory for one of the publication mentions about the thickness of 15 µm for optimum
thickness [51-54].
Figure 37 shows error bars range for all the graphene samples. Some have small range while
some have higher range. The higher range of errors bars for some samples data points has lower
percentage in all the results. Box plot shown in appendix are the data range and the outliers that
present the data set for the testing. Figure 47 represents the 1% graphene inclusion where the
layer 2 has an outlier in higher percentage range and layer 3 has an outliers in the lower quartile
presented in the plot. The rest of the data has shown whiskers in the data with its range of upper
and lower quartile. Figure 49 represent the 2% graphene inclusion where layer 1 has an outlier in
the lower quartile range and layer 4 has higher range with whiskers. Figure 51 show three
different outliers in thickness layer 1, 2, and 4. The upper and lower quartile ranges are small in
the data set. Figure 53 show three different outliers in thickness layer 1, 3, and 4. The upper and
lower quartile ranges are bigger in the data set compares with the other percentage of graphene
data. The reason for the differences in data varied because of graphene efficiency and variable
thicknesses.
Figure 38 shows how the efficiency changes for C60 inclusions for each layer with different
percentages. As the percentage of C60 in TiO2 increases the efficiency also increases. The
maximum percentage efficiency (ɳ) of the C60 was able to attend 5.6% compared to 1.18% of
plain TiO2. As the percentage of C60 increase the efficiency drops to 3%. Comparing the results
to the thickness there is definitely increased efficiency at higher thickness of 25µm compared to
the 15µm. The hypothesis which applies to this study would be because of the nanorods. There is
more area where the graphene or C60 comes in contact with the anode side which conducts the
current faster. Figure 39 shows the error bars for the all the data set for C60 inclusion in TiO2.
Some of the data set show higher error range due to some data points. While testing the samples
iodide evaporated, this created a very low efficiency set. Figure 55 shows the box plot for 1%
C60 inclusion in TiO2 test data. There are no outlier identified first three layers of thickness the
upper and lower quartile range are small. The forth layer has higher quartile range due to the data
set ranging in the lower efficiency range. The lower efficiency is the result of an error in a
random recording of data set.
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Figure 38 TiO2 + % C60 Efficiency

Figure 39 Error Bars TiO2 + % C60
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Figure 40 Fill Factor TiO2 + % Graphene

Figure 41 Fill Factor TiO2 + %C60
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Figure 57 shows the box plot for 2% C60 inclusion in TiO2 which has a higher range of quartile
in the box plot and whiskers in the layer 3 thickness data set. Figure 59 shows the box plot for
4% C60 inclusion in TiO2 which has smaller range of quartile with one outlier in layer 4 thickness
data set. Figure 61 shows the box plot for 8% C60 inclusion in TiO2 which has an outlier in the
layer 3 thickness range layer 2 has whiskers in the lower range and represents a higher upper and
lower quartile range. Layer 3 has whiskers in higher range which the data set represents.
Fill factors represents the internal losses where the current is dissipated due to internal
resistances. As shown in Figure 40 for graphene inclusions the data set has a trend with different
percentage of addition in TiO2. Layer 1 and 3 thickness fill factors increased with percentage of
nanoparticles. Layer 2 and 4 thicknesses affect fill factor differently but with minor fluctuation.
But the trend overall has been in the range of 55% to 60%. Figure 41 representing the C60
nanoparticles inclusion fill factor graph. All the thickness range data set from 1, 2, and 3 has a
trend that has been following as the percentage of nanoparticles increase it reaches at a higher fill
factor range. Layer 4 thickness was not following the same pattern as other data set was showing
lower efficiency and internal resistance losses.
Figure 42 and Figure 43 represents the current density verses voltage graph for layer 2
thicknesses for graphene and C60. In graphene with comparison to TiO2 nanofibers graph all
curves are showing higher current. The graphene inclusion of 2% shows a higher current to
voltage curve which has an average efficiency range of 3.92%. All other curves in the graph may
show higher current but lower voltage. The maximum power it can generate gives out the
maximum efficiency. In C60 graph comparison with the TiO2 nanofibers has higher graph ratios
with respect to current density and voltage. The C60 inclusion of 1% and 4% ratio has an average
efficiency of 5.56% and 5.33 %. More detail information about the efficiencies of graphene and
C60 concentrations with respective box and whisker plot are provided in Appendix.
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Figure 42 TiO2 + % Graphene Layer 2 Thicknesses

Figure 43 TiO2 + % C60 Layer 2 Thicknesses
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Lately, many nanoscale materials and devices have been developed and used for the efficiencies
of the energy materials and devices. Although these nanomaterials advance the efficiency of the
energy systems, they may create some risks to the workers, consumers and environment.
Consequently, the future of nanomaterials and device depend mainly on public acceptance of the
benefits and risks of the novel materials utilized in the renewable energy systems. Additional
research needs to be conducted on those materials and devices to prevent their potential risks
[47,55].
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CHAPTER 5
CONCLUSION AND FUTURE WORK
5.1

Conclusion

With the testing of two different inclusions where Graphene and C60 are studies shows a promise
of better conduction of current. The electrospinning process does give a broader view of creating
nanofibers for using with Dye-sensitized solar cell and create a new manufacturing technique
with nanoparticle inclusions. The electrospinning process created a smaller diameter of fibers in
the process approximately 100 nm – 200 nm range. As there was no addition of scattering layers,
dye refining process, specialized coatings application on glass to trap photons were not applied.
The efficiency was compared on a plain platform. There is a definite increase of efficiency with
graphene and C60 with respect to 4.3% and 5.6%. The electrospinning was a successful effort in
creating TiO2 nanofibers and then by heat treatment able to acquire nanorods as shown in
figures. Different thicknesses have results shown in a trend where the higher thickness reduces
the efficiency of the solar cell. But compared to the industry thickness of 15µm the test results
showed 20 µm - 25 µm thickness to be good efficiency as well. Some lower thickness results
were higher but the data was close to define it less pertinent. Further study will be required for
optimizing the process of heat treatment. As the temperature is very close to the burning points
of graphene and C60 it was very crucial that argon atmosphere was maintained. Even the heat
treatment on a hot plate was required to be maintained for short period to avoid any burning of
the nanoparticles. C60 there is definitely a promising nanomaterial as the particles is smaller than
TiO2 particles and has been classified as superconductive material. For all the test data set the
appendix has box plot graphs which show the data range set and even some outliers. The outliers
for some data points have skewed the error bars showing a longer range. The doctor blade
technique has been quite useful in maintaining the thickness range between samples. TiCl 4
treatment has proven its benefits for higher efficiency with test data. There are toxic chemical
used in the process like the TiCl4, electrolyte and few others has rated has high toxicity. The
nanomaterial safety guideline has to be used to make a safe working environment in the lab for
testing. It was crucial for creating the samples in clean area to avoid any contamination in the test
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specimen. Finally, the present study may open up new possibilities of using these inclusions in
various energy systems (e.g., DSSC, water splitting, catalysts, and so on) for improved
efficiencies.
5.2

Future Work

C60 shows a lot of promise as it has recorded the highest efficiency between test specimens. It
should be considered for future study. Precaution has to be made due to the burning point of C 60
is very close to the temperature as we heat the samples couple of times in that range. Further
studies should include a scattering layer for spreading the light and take the advantage of higher
thickness property. Analysis of how the C60 and graphene interacts with TiO2 should be
considered further study with involving different temperatures. TiCl4 treatment has shown an
improvement as well as it adds some growth of TiO2 on the surface treated further analysis of its
interaction would be an interesting subject to explore. Graphene has good electrical properties to
transfer electron it has been utilized as transparent electrode in 2008 [13] instead of FTO as the
photoanode it has proven to rapidly increased in efficiency. Dyes like the N-719 and others
should be considered for a comparative study for the process. Surface area of the test specimen
could be tested with different size for further study.
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Appendix

Figure 44 TiO2 Nanofiber Current Density vs. Voltage.

Figure 45 Box Plot for TiO2 Nanofiber
67

Figure 46 TiO2 + 1% Graphene Current Density vs. Voltage

Figure 47 Box Plot TiO2 + 1% Graphene.
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Figure 48 TiO2 + 2% Graphene Current Density vs. Voltage

Figure 49 Box Plot TiO2 + 2% Graphene
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Figure 50 TiO2 + 4% Graphene Current Density vs. Voltage

Figure 51 Box Plot TiO2 + 4% Graphene
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Figure 52 TiO2 + 8% Graphene Current Density vs. Voltage

Figure 53 Box Plot TiO2 + 8% Graphene
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Figure 54 TiO2 + 1% C60 Current Density vs. Voltage

Figure 55 Box Plot TiO2 + 1% C60
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Figure 56 TiO2 + 2% C60 Current Density vs. Voltage

Figure 57 Box Plot TiO2 + 2% C60
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Figure 58 TiO2 + 4% C60 Current Density vs. Voltage

Figure 59 Box Plot TiO2 + 4% C60
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Figure 60 TiO2 + 8% C60 Current Density vs. Voltage.

Figure 61 Box Plot TiO2 + 8% C60.
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