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ABSTRACT

Sunlight is a natural alternative renewable energy source to expensive hydroelectricity. Dye
sensitized solar cells (DSSCs) are third generation solar cells which have the potential to
significantly lower the cost associated with the first and second generation solar cells and they
can easily be fabricated. A dye is an important component in a DSSC because it absorbs light,
produces photoelectrons and facilitates processes of electron transfer to improve the
efficiency of electrical energy conversion. It is important to modify the dye as an active
component in DSSC for improved performance of optical absorption properties of the dye.
Mixing chlorophyll and anthocyanin dyes aims to broaden the absorption wavelength range of
visible light. In this study, the chemical structural and optical absorption properties of dyes
extracted from selected plant materials for DSSCs were investigated. Anthocyanin dyes from
hibiscus flower, chlorophyll dyes from pumpkin and sweet potato leaves and their composites
were used as natural sensitizers in the fabrication of DSSCs. The extracted dye powders were
characterized using Fourier Transform Infra-Red (FTIR) spectrophotometer to determine their
chemical structural properties. The dye extracts and their composites were also characterized
using UV-visible spectrophotometer to determine their optical absorption properties.
Scanning Electron Microscopy (SEM) and Raman spectroscopy were used to determine the
surface morphology and crystalline structure of TiO> thin film respectively. The performance
of the developed cells was measured under one-sun illumination using a solar simulator
(AM1.5 100 mWcm). Keithley SMU-2450 was used to record the current-voltage (1-V)
characteristics of the solar cells. The results reveal that the DSSC fabricated from sweet
potato dye extracts had the best power conversion efficiency (PCE) of 0.5 % while that from a
mixed dye of sweet potato leaves and hibiscus flower (SH) at a mass ratio of 1.3 gave the best
PCE of 1 % with open circuit voltage (Voc) of 0.47 V and short circuit current density (Jsc) of
62 HA/cm?.,
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CHAPTER ONE: INTRODUCTION

1.1 Background of the study
Energy is the backbone of any country’s economic development. However, non-renewable
energy sources like geothermal and nuclear are costly, difficult to replenish once used up,
and emit greenhouse gases that harm the environment. Because non-renewable energy
sources create threats to human health and environment, renewable energy sources offer a lot
of potential as a source of alternative energy. In Uganda, there is a rising need for
connections to hydro grid electricity. However, the cost of distribution to households is very
high, which has increased the cost per unit of power, currently at U shs. 900 for a kilowatt.
Hydroelectricity can be substituted with electricity from solar energy generated by solar
panels. It is clean, abundant, and easily accessible (Butler et al., 2015). In-fact, the sun sends
13.6 TW of solar energy to the earth in one hour. This is greater than the annual global power
consumption of 13 TW (Calogero et al., 2015). From the time Sir Albert Einstein first
discovered the photoelectric phenomenon, the search for solar energy has advanced
significantly (Aberle, 2009). Crystalline silicon solar panels still dominate the solar industry,
with a reported efficiency of about 25% (Calogero et al., 2015). However, they are too
expensive partly because of the indirect band gap nature of the silicon material and high
processing costs (Green, 2005). Photovoltaic cells of the second and third generations, such
as amorphous silicon solar cells, dye sensitized solar cells (DSSCs), are being studied
extensively because of their potential to significantly lower the cost associated with the first
generation solar cells. The dye sensitized solar cells are regarded as solid-state photovoltaic
devices that mimic the process of photosynthesis in plants. They are easily processed with
abundance of available resources and can be utilized as portable equipments like solar
chargers, solar key boards and solar bags. In addition, DSSCs are considered appropriate for
communities living off the grid. In dye sensitized solar cells, sensitizing dye is an important
component. There has been a lot of interest in the development of new families of organic
(synthetic) dyes. Ruthenium (1) and osmium (1) complexes have been discovered to be most
efficient sensitizers (Desai et al., 2019). This is because they have interesting properties such
as good absorption of photons in the visible region of the electromagnetic spectrum, long

excited lifespan, and highly efficient metal-to-ligand charge transfer. However, they are



costly, contain heavy metals which have negative impact on the environment and require
advanced processing methods (Singh & Nalwa, 2015). Therefore, the chemical structure and
optical absorption properties of dyes extracted from plant materials need to be studied
extensively in order to identify natural dyes that can substitute the synthetic dyes, bind
effectively with the photoelectrode and absorb a wider range of photons in the visible region
of the electromagnetic spectrum, which can further lead to better performance and stability of
the DSSC. In this dissertation, dyes from hibiscus flower, pumpkin leaves, sweet potato
leaves and their composites were extracted, their chemical structure and optical absorption
properties were studied. The choice of plant materials was based on color pigments. Hibiscus
flowers are red in colour and contain anthocyanin pigment which has a maximum optical
absorption peak at ~ 530 nm, whereas pumpkin and sweet potato leaves are green in color
and contain chlorophyll pigments with two optical absorption peaks at one at ~ 450 nm and
another peak at ~ 650 nm. By combining anthocyanin and chlorophyll pigments, it is
expected that the entire Ultra violet-Visible and Near infrared spectrum of the sun’s energy
will be covered and this will lead to improved power conversion efficiency of the fabricated
solar cell. In addition, dye sensitized solar cells were developed and their efficiency studied.
It was found that the efficiency of the composite dye from sweet potato leaf extract and

hibiscus flower was 1 % higher than the rest.

1.2 Statement of the problem
Most DSSCs apply Ruthenium and Osmium based complexes as sensitizers with a highest
reported efficiency of about 14 % (Desai et al., 2019). These complexes involve intricate
preparation techniques, are expensive and contain environmentally non friendly heavy metals
that are toxic (Singh and Nalwa, 2015) and can cause cancer to animals and humans if up
taken by plants as nutrients since plants, animals and humans have a symbiotic relationship.
Natural dyes from leaves, roots, flowers and tree barks have been investigated as an
alternative to these synthetic complexes but until now no suitable replacement for the
synthetic dye has been found (Sanjay et al., 2018). This could be due to single dye plant
extracts such as wormwood with a reported efficiency of 0.9 % and purple cabbage with an
efficiency of 1.47 % (Chang et al., 2013). Single dye plant extracts absorb light in narrow
specific regions of the sun’s energy depending on their color pigments. By mixing single dye

pigments, there will be a wide range of optical absorption of the sun’s energy and hence
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improved power conversion efficiency of the solar cell. In this study, natural dyes from
hibiscus flower, pumpkin leaves, sweet potato leaves and their composites were investigated

as sensitizers in DSSCs.

1.3 Major objective of the study
To investigate the structure and optical absorption properties of dyes extracted from selected

plant materials for dye sensitized solar cells.

1.4 Specific objectives of the study

To achieve the stated major objective, the specific objectives were:

Q) To investigate the structural properties of dyes extracted from hibiscus flower,
pumpkin leaves and sweet potato leaves using Fourier Transform Infra-red
spectroscopy.

(i)  To investigate the optical absorption properties of dyes extracted from hibiscus
flower, pumpkin leaves, sweet potato leaves and their composites using UV-vis
spectroscopy.

(i)  To determine the power conversion efficiency of a dye sensitized solar cells
developed from hibiscus flowers, pumpkin leaves, sweet potato leaves and their

composites by measuring short circuit current and open circuit voltage.

1.5 Scope of the study
This study focused on dyes extracted from leaves of sweet potato, pumpkin, hibiscus flower
and their composites around Ugandan flora.

The study also focused on chemical structural and optical absorption properties of dyes

extracted from leaves of pumpkin, sweet potato, hibiscus flower and their composites.

The experiments were conducted in the Physics, Biology, Chemistry laboratories of
Kyambogo University and Ithemba Labs, South Africa.

1.6 Significance of the study
The study will provide detailed information about structural and optical properties of dye

extracts from hibiscus flower, pumpkin leaves and sweet potato leaves for DSSC application.

Other researchers will use the information from this study for further research.

3



The information obtained will help in achieving the sustainable development goal numbers 4,
7 and 13 which emphasize quality education, affordable and clean energy and climatic action

respectively.



CHAPTER TWO: REVIEW OF RELATED LITERATURE

2.1 Introduction
This chapter reviews the findings made by the past scholars on related studies. Solar

spectrum, solar cell, dyes sensitized solar cell, and theory of various characterization

approaches are also covered.

2.2 Solar spectrum
Solar light has a broad spectrum that ranges from gamma rays to radio waves, with a peak
wavelength at 525 nm on the surface of the earth. This solar radiation does not reach the
surface of the earth in its entirety. This is because different elements in the atmosphere
hinder some of the radiation, changing the appearance of the solar spectrum as seen in Figure
2.1.
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Figure 2.1: A representation of a solar spectrum on the earth's surface. Figure reproduced
with permission from reference (Ramkiran et al., 2020)

2.3 Solar cell
A solar cell is a photoactive device that uses the photovoltaic effect to convert solar radiation
into electrical energy (Pandikumar et al., 2019). The bending of the bands at the pn junction
separates the charge carriers in the absorbing material (Kalyanasundaram, 2010). This is
done when the photons are absorbed at the pn junction and then electron hole pair is

generated before it is transferred to the electrodes. The internal electric fields at the junction



provide the necessary electromotive force (emf) for electric current to flow in the external

circuit, resulting in power generation.

2.4 Dye sensitized solar cell
The cell is basically made up of a nanocrystalline wide band gap semiconducting electrode
sensitized with a dye, a metal counter electrode and an electrolyte mediating processes of
electron transfer within the cell. The electrodes contain substrates which are commonly made
of glass coated with a thin layer of transparent conductive oxide (TCQO) on one side
(Kalyanasundaram, 2010). The transparent conductive oxides widely used for DSSCs are
fluorine doped tin oxide (FTO) and indium tin oxide (ITO) (Gordon, 2000). In many
optoelectronic applications, such as display and touch screens, FTO is the most commonly
utilized transparent conductor (Bonaccorso et al., 2010). ITO is associated with increasing
cost mainly because of rare indium substance (Paradis et al., 2015), processing requirements
(Hamberg and Grangvist, 1986), challenges with patterning (Granqvist, 2007) and its
sensitiveness to acidic environments (Bonaccorso et al., 2010). FTO is widely used in DSSCs
because it has the best thermal stability, good conductivity and optical transparency, is less
toxic, and is affordable in cost (Gordon, 2000).The photo anode commonly used is the n-type
titanium dioxide (TiO2) semiconductor with a band gap of 3.2 eV. TiO: thin film can be
formed on the conducting side of glass substrate using techniques such as spin coating, drop
casting, sol gel, electro deposition and doctor blade technique. There are three main types of
nanocrystalline titanium dioxide namely; anatase, brookite and rutile and their production
depend on preparation method and conditions (Reddy et al., 2001). Anatase (101) and rutile
(110) are the most stable TiO- crystal phases (Macyk et al., 2010). The properties of anatase
TiO2 which is commonly used include; higher power density, higher charge carrier mobility
and wider optical absorption range. The photo anode is sensitized with dye molecules
(Memming, 1994). The molecules of the dye absorb photons of light, get oxidized and inject
excited electrons into the nanostructured TiO2. The dye should have the following

characteristics to meet all the requirements:

Q) The dye’s absorption spectrum should be broad to capture solar radiation, from
visible spectrum to near infrared.

(i) It should have a high molar absorptivity for efficient light harvesting.



(iii))  In order to regenerate the oxidized dye molecule efficiently, the lowest occupied
molecular orbitals (LUMO) level of the dye must be energetically above the
semiconductor's conduction edge, while the highest occupied molecular orbitals
(HOMO) level of the dye must be below the redox mediator's energy level (Meyer,
1997, Kelly and Meyer, 2001) as it is seen in Figure 2.2.

Catalyst

Load

Figure 2.2: A schematic diagram showing the structure of a dye sensitized solar cell. Figure

reproduced with permission from reference (Calogero et al., 2015)

The dye should be strongly anchored onto the semiconductor surface to maximize the
electron injection channel. Different synthetic dyes such as ruthenium and osmium
(Kuciauskas et al., 2002) and vegetable dyes (Kay and Graetzel, 1993) have been used as
sensitizers in DSSCs. The most efficient synthetic dye used is Ruthenium (Ru) with a
highest reported efficiency of about 14 % (Desai et al., 2019). However, Ru is rare,
expensive, environmentally non friendly (Alim et al., 2022) and involves complicated
preparation techniques. Organic natural dyes extracted from roots, leaves, flowers, tree barks
with similar optical absorption properties can be used as a replacement to Ruthenium (1)

and Osmium (I1) complexes.

Various efforts have been made in extracting dyes from plant based material (Calogero et al.,
2015), but until now, no suitable natural dye with properties and an efficiency similar to
Ruthenium (1) and Osmium (1) complexes has been found. For example; Hao et al. used
dye extracts of black rice and obtained a photoelectric conversion efficiency (PCE) of 0.327
% (Hao et al., 2006). Sirimanne et al. used anthocyanin dye in pomegranate and a PCE of



0.6 % was obtained (Sirimanne et al., 2006). Calogero and Marco took the red Sicilian
orange dye and achieved a PCE of 0.66 % (Calogero and Di Marco, 2008). Most of the
individual natural dyes have narrow wavelength ranges of light absorption, making the
efficiency of the fabricated solar cell low. Mixing of dyes with different wavelength range of
light absorption enables the dye to absorb a broader wavelength of visible light that could

lead to improved efficiency of photon absorption.

The operating principle of DSSCs is summarized as follows: The photoelectrode is coated
with nanocrystalline TiO> to give the surface area in which the dye molecules are adsorbed.
When the dye molecules absorb the incident photons, they are excited from the HOMO to
LUMO states;

S + photon - §* (Excitation process) 2.1

The dye molecule (photo sensitizer) is oxidized when an electron is transferred to the
conduction band of a semiconducting material such as TiO; film (Kalyanasundaram, 2010).

S* +Ti0, - er;p, + S* (Injection process) 2.2

The excited electron is transferred between nano particles of TiO2 before being extracted and
given as electrical energy to a load. The photoelectrode of TiO2 and the counter electrode are
usually sandwiched with the conducting sides facing each other. An electrolyte is applied
between the electrodes and used as an electron mediator. The oxidized molecules of the dye
are thus regenerated by receiving electrons from the ion redox mediator, which are then

oxidized to tri-iodide ions.
St + %I‘ - S+ %Ig‘ (Regeneration of the dye) 2.3

The tri-iodide substitutes the internally donated electron with that from the external load and
reduced back to iodide ion;

%I_; +e - %I‘ (Recapture reaction) 24

The following relation for efficiency can be used to evaluate the performance of a DSSC
(Grétzel, 2014);



_ VocJscFF _ Pmax 25

n

Pinc Pinc

Here, Vo is the open-circuit voltage, Jsc is short-circuit current density, FF is the fill factor,
Pinc is the power of the incident photons and Pmax is maximum electrical power output. Under
one sun illumination from a solar simulator (AM1.5 100 mWcm™), the device efficiency can
be maximized by optimizing each of Vo, Jsc, and FF. Jsc can be enhanced by using a dye
sensitizer which can absorb a broad sunlight (Singh and Nalwa, 2015). The efficiency of a
DSSC is highly dependent on spectrum of incident light, intensity of incident light (number
of photons) and temperature of the solar cell.

2.4.1 Extraction methods and solvents
Soxhlet extraction is a continuous extraction process that uses specialised apparatus and
involves a cycle of solvent reflux and percolation. Ultrasonic Assisted Extraction (UAE)
uses ultrasound waves to enhance extraction process by disturbing plant cell walls.
Decoction involves boiling the plant material such as roots and barks in water to speed up
the extraction process. Maceration involves soaking the plant materials in a solvent such as
ethanol for an extended period to extract the dye. Though relatively slow and may not
extract all available dye, maceration is a simple and widely used method. The solvents used
for extraction are water, ethanol, methanol, acetone and Dimethyl sulfoxide (DMSO).
However, acetone and DMSO are toxic and environmentally non-friendly. Hence, ethanol

can be used since it is effective for a wide range of dyes.
2.5 Theory of characterization techniques

2.5.1 Raman spectroscopy
Raman spectroscopy is an analytical technique where scattered light is used to measure the
vibrational energy modes of molecules in a material such as TiO2 and provide chemical and
structural information of the material. In Raman technique, the sample is illuminated with
monochromatic light, generated by a laser such as Nd; YAG at 532 nm (West, 2014).
Rayleigh scatter and Raman scatter are produced. When the incident radiation interacts with
an electron in the sample, the electron is promoted from the vibrational level to a virtual state
of energy. This electron immediately relaxes back to the same vibrational level by losing
energy equivalent to that of the incident radiation. This process leads to emission of another
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photon. The released photon has the same frequency as the incident photon hence occurrence
of Rayleigh scattering (West, 2014). However, electrons can relax back to a vibrational state
of higher energy when losing energy. In this case, the frequency of emitted photon is higher
than that of incident photon hence occurrence of Stokes Raman scattering as shown in Figure

2.3 (West, 2014).
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Figure 2.3: Vibrational transitions in Raman spectroscopy. Figure reproduced with

permission from reference (West, 2014)

Anti-stokes Raman scattering also occurs when an electron, already in an excited state is
promoted to a virtual energy state and relaxes to a ground state. In this case, the frequency of
emitted photon is greater than that of incident photon (West, 2014). Raman spectra involve
plots of intensity of scattering against wavenumber as shown in Figure 2.4 (Gupta et al.,
2010). Raman spectra help in performing qualitative analysis. Also, intensity value of a
Raman line enables determination of concentration of molecules in the sample. Hence

guantitative analysis can be done.
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Figure 2.4: Raman spectra of TiO. powder of different nanocrystal sizes. Figure reproduced

with permission from reference (Gupta et al., 2010)

2.5.2 Fourier Transform Infra-red (FTIR) spectroscopy

FTIR spectroscopy is a technique used to identify compounds by looking for functional
groups that are contained in them. To break it down, Fourier Transform (FT) stands for a
mathematical technique that takes raw data and converts it with the help of a computer, into
meaningful spectra. On the other hand, IR part stands for Infra-red spectroscopy which is the
type of light that this instrument uses as it interacts with the compounds. Figure 2.5 shows a
schematic representation of FTIR spectrometer and how light from the source reaches
different parts of the instrument as it interacts with the compounds. The frequency of incident
radiation is regulated in the IR technique, and the radiation absorbed or transmitted by the
sample is determined. Because the amount of absorbed energy promotes the local functional
group for absorption to a higher vibrational level, the process is rather easy (Abou-Ras et al.,
2016).
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Figure 2.5: A schematic representation of FTIR spectrometer. Figure reproduced with

permission from reference (Abou-Ras et al., 2016)

2.5.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is a technique used to obtain high-resolution images of
surfaces of materials such as TiO and study their morphology. The electron gun concentrates
electrons onto the sample surface. The beam of electrons then scans the sample, detecting the
produced signals. The electron beam has a penetration depth of up to 1 um (West, 2014).
Imaging in the SEM must be carried out under a vacuum since electrons cannot travel through
air. As electrons strike the sample, the back scattered electrons can escape from a thicker
region of the sample provided they avoid secondary collisions after the initial back-scattering
event as shown in Figure 2.6.
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Figure 2.6: Penetration and escape depth in SEM. Figure reproduced with permission from
reference (West, 2014)
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Because the released radiation (x-rays and visible light) has significantly less energy than the
incident beam, the escape depth is less. Some of the electrons incident on the sample
penetrate deeper, lose energy to lattice vibrations and are unable to escape. In SEM, the
incident electrons are unable to penetrate the sample completely. The lower limit of
resolution with SEM instruments is about 100 A. When electrons in the SEM strike the
sample, particles and radiations with a wide range of energies, arising from many processes
as shown in Figure 2.7, can be detected. These include secondary electrons, arising from
absorption and re-emission processes, diffracted electrons, Auger electrons of characteristic

energies, x-rays of both characteristic and white radiations.
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Figure 2.7: Processes that occur on bombarding a sample with electrons. Figure reproduced

with permission from reference (West, 2014)

2.5.4 UV-Vis spectrophotometer
A UV-Vis spectrophotometer is used to obtain absorption peaks. It has the following
fundamental components; a light source usually covered with quartz in order to transmit
short wavelength of UV radiation, monochromator which is used to produce a beam of single
wavelength from a radiation provided by the light source (Evans, 2004). Spectrophotometers
also consist of sample holders with cuvettes that contain solutions of substance being
examined and electronic detectors that are used to measure and compare intensity of light
beams that go through the sample. Figure 2.8 shows the fundamental components of the

spectrophotometer as discussed above.
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Figure 2.8: A schematic diagram of UV-visible spectrophotometer. Figure reproduced with
permission from reference (Akash et al., 2020)

The graph in Figure 2.9 shows an example of visible range absorption spectrum.

4.0
35
3.0
25
2.0
1.5/
1.0
0.5

0.0 . . :
400 500 600 700 300

Wavelength (nm)

Absorbance

Figure 2.9: UV-visible absorption spectrum of dyes

2.5.5 Solar simulator

A solar simulator is a device that uses a light source to simulate natural sunshine in terms of
intensity and spectral composition (Wang and Laumert, 2014). It is utilized for a variety of
applications including testing, calibrating, and characterizing solar cells. Figure 2.11 shows a
solar simulator which usually consists of three major components; light source(s) and
associated power supply, any optics and filters for modifying the output beam of light to

meet the requirements and necessary control units to operate the simulator.
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Figure 2.10: A solar simulator (Photo was obtained from the Physics laboratory of
Kyambogo University)

The spectral composition usually used for commercial solar simulators is the air mass AM1.5
(Committee, 2012). The AM1.5 spectral composition is shown in Figure 2.11.

5—mm—————T 77

— AM1.5G ASTM 173-03

350 nm - 1800 nm; 94.63 mAfem’
ar ——AM1.5G RIT b
350 nm - 1800 nm: 99.58 mA/cm’

Intensity (mW/cmz)

0 ! 1 Il
350 550 750 950 1150 1350 1550 1750
Wavelength (nm)

Figure 2.11: The AML.5 spectral composition. Figure reproduced with permission from

reference (Polly et al., 2011)
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CHAPTER THREE: METHODOLOGY

3.1 Introduction

This chapter discusses the materials that were used, extraction of dyes from hibiscus flower,
pumpkin leaves, sweet potato leaves, dye composites of hibiscus flower and pumpkin leaves,
hibiscus flower and sweet potato leaves. It further discusses the preparation procedures of
TiO2 thin films on FTO substrate (photo anode) and dye adsorption, the preparation of
platinum on FTO substrate (counter electrode), preparation of liquid electrolyte,
determination of structural properties of dyes extracted from hibiscus flower, pumpkin leaves
and sweet potato leaves, determination of optical absorption properties of dyes extracted
from hibiscus flower, pumpkin leaves, sweet potato leaves and their composites,
characterization of TiO- thin films, fabrication and testing of DSSC, determination of power
conversion efficiency of a DSSC developed from hibiscus flower, pumpkin leaves, sweet
potato leaves and their composites, research design, safety measures and precautions.

3.2 Materials
The materials used to extract the dyes were pumpkin (Cucurbita maxima) leaves, sweet potato
(Ipomoea batatas) leaves, hibiscus (rosa-sinensis) flowers and ethanol. Distilled water, oven,
mortar and pestle, analytical balance, measuring cylinder, amber bottles, incubator, Whatman
filter paper and stickers were also used. The plant leaves were collected from Naalya town in
Wakiso district. Ethanol of 96% purity was purchased from Griffchem. Fluorine doped tin
oxide (FTO) substrates were used (purchased from Sigma Aldrich, sheet resistance ~20 2/
sq). TiOz and platinum (Sigma Aldrich) were used as photo anode and counter electrode
respectively. lodide/tri-iodide (precursors from Sigma Aldrich) was used as the electrolyte.
The other materials included multimeter, mobile pipette, furnace, hexa-chloroplatinic powder,

iso-propyl alcohol and binder clips.

3.2.1 Extraction of dyes from hibiscus flowers and leaves of pumpkin and sweet potato.
The plant materials were cleaned with distilled water to remove any impurities on the sample.
The materials were then dried in an oven for 24 hours at 60 °C. This temperature preserves the
color pigments and does not degrade the dye. A mortar and pestle were used to crush the dried
leaves into powder form. 10 g of pumpkin powder were dissolved in 50 ml of ethanol in an

amber bottle to give a concentration of 0.2 g/ml. Similar procedures were followed for dye
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extraction from sweet potato leaves. 20 g of hibiscus powder were dispersed in 100 ml of
ethanol in an amber bottle to give a concentration of 0.2 g/ml. The solutions were kept in the
dark for 24 hours at room temperature for a desired color pigment to be extracted. Due to the
complexity of extracting dye solutions from hibiscus, the solution was warmed at 60 °C in an
incubator set at 150 rpm for 10 minutes and then kept for one week to allow maceration. The
solutions were filtered using Whatman filter paper (Cat No 1001 125) and kept in amber

bottles in a dark environment for characterization and further use.

3.2.2 Development of composites
Using P as dyes from pumpkin leaves, S as dyes from sweet potato leaves and H as dyes from
hibiscus flower, the composites were developed at three mass ratios of 3:1, 1:1 and 1:3 to
optimize extraction efficiency of the dyes. Similar procedures in extraction of single dyes

were followed for extraction of composites.

3.2.3 Preparation of TiOz thin films on FTO substrate (photo anode) and dye adsorption
TiO2 thin films were prepared using TiO2 powder of < 25 nm particle size (anatase phase).
FTO glass substrates were cleaned thoroughly using de-ionized (DI) water and ethanol. They
were then placed in a sonicator containing a combination of de-ionized water and ethanol and
cleaned for 3 hours to remove any impurities on the sample. 1 g of TiO2 powder was
dispersed in 300 mg of polyethylene glycol consisting of a mixture of glacial acetic acid and
double distilled water of 6 ml each. The mixture was sonicated for three hours. The edges of
FTO substrate were sealed using cello tape. TiO. paste was drop casted on the substrate and
kept for 24 hours before annealing at 300 °C in a furnace for 1 hour. The film was dipped in
the dye extract for 24 hours to adsorb dye molecules. The soaked film was withdrawn from

the dye, rinsed with ethanol to remove the unabsorbed dye and then used as a photo anode.

3.2.4 Development of platinum on FTO substrate (counter electrode)
FTO glass substrates of dimensions 2.5 cm x 2.5 cm were cleaned using distilled water and
then isopropyl alcohol in an ultrasonic bath. The glass substrates were then left to dry under
room temperature for 20 minutes. This time allows the substrates to reach a stable
temperature. The edges of FTO substrate were sealed using cello tape. FTO coated surfaces of
the substrates were drop casted with alcoholic solution of hexa-chloroplatinic acid prepared
by dispersing 40 mg of hexa-chloroplatinic powder in 10 ml of ethanol. The samples were
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kept for 24 hours to evaporate the solvent at room temperature before annealing at 300 °C for

30 minutes.

3.2.5 Preparation of liquid electrolyte
0.127 g of iodine (I2) and 0.83 g of potassium iodide were dissolved in 10 ml of ethylene
glycol placed in a clean container. The combination was stirred for 30 minutes using a glass
rod and then stored in a sealed bottle (Zulkifili et al., 2015).

3.3 Determination of structural properties of dyes extracted from hibiscus flower, sweet
potato and pumpkin leaves.
FTIR Spectrophotometer was used to determine chemical structure (functional groups)
present in extracted dyes. This is because FTIR spectrophotometer measures absorption and
transmission of infrared light by the dye and different functional groups have characteristic
absorption frequencies in the infrared region allowing identification of specific material. Also,
FTIR analysis is a non-destructive technique. The sample pan and the bottom of the pointer of
the adjustment knob were cleaned with ethanol and soft tissue. 2 g of dye powder were then
placed at the position of the prism pointer in the FTIR (SHIMADZU IRTracer-100
(EN230V)) machine. The pointer was adjusted until a click is felt in the adjustment stage. The
spectrophotometer produced a beam of infra-red radiation which passes through the sample.
The dye then absorbed some of the infrared radiations at certain wavenumbers in the range
4000 to 500 cm™* and the others were transmitted. The amount of absorption was detected and
compared. The resulting spectra as shown in Figure 3.1 were analyzed using origin software

and then used to identify the chemical structure of the sample.
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Figure 3.1: Fourier Transform Infra-Red (FTIR) spectrophotometer and FTIR spectrum
measurement system (Photo was taken from government analytical laboratory, Wandegeya)

3.4 Determination of optical absorption properties of dyes extracted from hibiscus flower,
pumpkin leaves, sweet potato leaves and their composites
The optical absorption properties of dye extracts were obtained using an ultra violet (UV-Vis)
spectrophotometer (Genesys 10S UV-Vis). This is because dye molecules have characteristic
absorption bands ranging from ultraviolet to visible regions of the electromagnetic spectrum.
Two cuvettes, one containing dye solution and the other having solvent were inserted in the
sample compartment of the spectrophotometer as shown in the Figure 3.2. A beam from a
UV-visible light source was allowed to hit a monochromator so that a beam of single
wavelength passes through it. This beam was divided into two intensity beams using a half-
mirrored device. One beam went through a cuvette having a solution of the sample being
investigated and the other beam passed through an identical cuvette having only the solvent.
The intensities of the resulting light beams were then measured using electronic detectors and
then compared. The resulting spectra were analyzed using origin software and then used to
determine optical properties of the samples.
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Figure 3.2: UV-Visible spectrophotometer (Photo was taken from the Chemistry laboratory
of Kyambogo University)

3.5 Characterization of TiO2thin films

The optical absorption properties of TiO> thin films were obtained using an ultra violet (UV-
Vis) spectrophotometer in Diffuse Reflectance Spectroscopy (DRS) format. TiO; thin films
may have absorption features ranging from ultraviolet to visible region of the
electromagnetic spectrum. Also, DRS mode is suitable for samples with a textured surface
such as TiOz thin films. The crystalline structure of TiO> thin films and surface morphology
of the synthesized sample were characterized using Raman spectroscopy and Scanning
electron microscopy (SEM), respectively. Transmission electron microscope (TEM) was also

used to determine the particle size of TiO2 nanoparticles.

3.6 Fabrication and testing of DSSC

The dye adsorbed on TiO: electrode and platinum based counter electrode were sandwiched
in such a way that conductive sides face each other as shown in Figure 3.3 (a). The tri-
iodide/iodide (electrolyte) solution was introduced between the electrodes by capillary action.
Clips were used to bind the electrodes together (Younas and Harrabi, 2020). The performance
of the cells was measured under one-sun illumination from a solar simulator (AM1.5 100

mWcm2). Keithley SMU-2450 was used to record the current-voltage (I-V) characteristics of
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the solar cells since it is designed to function as both voltage sources and current meters

simultaneously.

(a) &)

Figure 3.3: (a) Fabricated DSSC (b) Solar simulator and Keithley SMU-2450

The fabricated cell was connected to Keithley using four probe and then placed below the
solar simulator in such a way that the photoelectrode faces the lamp of the simulator. The
sweep starts and stop voltages of keithley were set at -1 V and +1 V respectively. The step
voltage and source limit current were 10 mV and 1.05 A respectively. The Keithley was then
triggered to generate a graph and the data obtained was used in origin to produce I-V and P-V

characteristic curves.

3.7 Determination of power conversion efficiency of a dye sensitized solar cell developed
from hibiscus flowers, pumpkin leaves, sweet potato leaves and their composites
Equation 2.5 was used to determine the photovoltaic performance of the fabricated dye
sensitized solar cells (DSSCs). The open circuit voltage, short circuit current density and fill

factor were obtained from the |-V characteristic graph as shown in Figure 3.4.
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Figure 3.4: 1-V and P-V characteristic curve. Figure reproduced with permission from
reference (Honsberg and Bowden, 2019)
3.8 Research design

This study involved experimental method of collecting data and Figure 3.5 shows a

summary of key processes involved before the fabrication of the DSSCs. The data obtained
was analyzed using Origin 8.5 software.
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Figure 3.5: A schematic diagram showing the overall experimental design

3.9 Safety measures and precautions
The chemicals used in this study were properly labelled, stored and handled according to

safety data sheets. Experiments were done while using a fume hood to minimize exposure to
toxic chemicals. A proper waste disposal system for chemicals and solvents such as ethanol
was done. Proper electrical safety guidelines were also followed when working with
electrical equipment such as Keithley. There were also periodic inspections in the laboratory

to avoid expired chemicals and equipment malfunctions.
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Introduction
This chapter covers results and discussion of experimental results obtained. This includes;
chemical structural properties of dye extracts from pumpkin leaves, sweet potato leaves and
hibiscus flower, optical absorption properties of dye extracts from the same single dyes and
their composites, characterization of TiO> thin films and power conversion efficiency of the

dye sensitized solar cell developed from the plant materials.

4.2 Chemical structural properties of dyes extracted from hibiscus flower, sweet potato and
pumpkin leaves (FTIR analysis)
Dyes are expected to have certain functional groups for better adsorption onto the photo-
electrode thin film. The hydroxyl groups (-OH) and carbonyl groups (-CO) in chlorophyll
and anthocyanin dyes make them bind effectively with the photoelectrode (Chang et al.,
2013). Figure 4.1 shows the FTIR spectra of single dyes P, S and H within the wavenumber
range of 4000-500 cm™. The broad absorption at wave number range 3600-3200 cm™ in
Figure 4.1a-b is due to O-H stretching vibration in chlorophyll dyes at a peak of about 3278
cm™. The C-Hs and C=C alkene stretching vibrations are observed at 2924 cm™ and about
1620 cm?, respectively. The broad absorption for anthocyanin at 3264 cm™ in Figure 4.1 (c)
corresponds to H-bond (Ezike et al., 2021). The functional groups discussed in this study
agree with the chemical structure of chlorophylls and anthocyanins as shown in Figure 4.2
(Onah et al., 2020). Because both chlorophyll and anthocyanin dyes contain functional

groups, they are useful as sensitizers in DSSCs (Ezike et al., 2021).
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Figure 4.1: FTIR spectra for (a) pumpkin, (b) sweet potato and (c) hibiscus
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Figure 4.2: Chemical structure for (a) chlorophyll, (b) anthocyanin. Figure reproduced with
permission from reference (Onah et al., 2020)
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4.3 Optical absorption properties of dyes extracted from hibiscus flowers, pumpkin leaves,

sweet potato leaves and their composites

4.3.1 Optical absorption properties of individual dye extracts

(a) Hibiscus

The characteristics of absorbance of hibiscus dye are shown in the Figure 4.3 which depict
the results of absorption spectrum of hibiscus dye extract. The maximum absorption peak for
hibiscus is observed at 525 nm. This shows that green and adjacent colors are absorbed and
red in hibiscus is reflected hence presence of anthocyanin pigment in hibiscus. The
absorption peak obtained is in agreement with earlier reports (Yuniati et al., 2021, Munandar
et al., 2022, Zainul and Isara, 2019).

——Hibiscus

400 500 600 700 800
Wavelength (nm)

Figure 4.3: Absorption spectrum for hibiscus dye extract. The inset is a photograph of

hibiscus flowers.

(b) Pumpkin

The characteristics of absorbance of pumpkin dye is shown in the Figure 4.4. The absorbance
spectrum shows two maximum absorption peaks at 469 and 661 nm. This implies that colors
in the blue and red region of the visible spectrum are absorbed and green color is reflected
which is a characteristic of chlorophyll pigment. The maximum absorption peaks obtained

correlate well with earlier reports (Clementson and Wojtasiewicz, 2019, Palupi et al., 2020).
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Figure 4.4: Absorption spectrum for pumpkin dye extract. The inset shows a photograph of

pumpkin leaf.
(c) Sweet potato

Figure 4.5 shows the absorption spectrum for sweet potato with two maximum absorption
peaks at 421 and 665 nm. This implies that colors in the blue and red region are absorbed and
green color is reflected which is a characteristic of chlorophyll pigment (Lai et al., 2008,
Palupi et al., 2020, Cho et al., 2014). It can be noted from the spectra that color plays a key
role in light absorption.
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Figure 4.5: Absorption spectrum for sweet potato dye extract. The inset shows a photograph

of sweet potato leaves.
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4.3.2 Optical absorption properties of mixed dye extracts (composites)
Mixing of dyes can be done by using at least two extracts that possess different properties of
optical absorption. Dye mixing enables the dye to absorb a broader wavelength range of
visible light that could lead to improved efficiency of photon absorption. Chlorophyll and
anthocyanin dyes were considered in this study since they have different absorption spectra.

Therefore, they could synergize each other.

(a) Pumpkin and hibiscus mixture

Ratios of 1:1, 1:3 and 3:1 were used for this mixture. It was observed that a mixture of
pumpkin and hibiscus dyes leads to absorption of photons in the green region which were
previously reflected by the single chlorophyll (pumpkin) dye and also extends the absorption
range of hibiscus. For this composite, there is a red shift from about 661 nm to between 663-
665 nm as shown in Figure 4.6, giving a difference of 2-4 nm. The red shift is due to
presence of anthocyanin and chlorophyll interaction. The slightly increased wavelength
allows wide range of absorption of sun’s energy which could lead to improved efficiency of

a solar cell.

Absorbance

400 500 600 700 800
Wavalength (nm)

Figure 4.6: Absorption spectra of pumpkin and hibiscus mixture at different ratios

(b) Sweet potato and hibiscus mixture

Using the same ratios as in pumpkin and hibiscus mixture. It was observed that a mixture of
sweet potato and hibiscus dyes leads to absorption of photons in the green region which
were previously reflected by the single chlorophyll (sweet potato) dye and also extends the

absorption range of hibiscus. For sweet potato and hibiscus composite in the ratio of 1:3,
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there is a red shift from 665 nm to 666 nm as shown in Figure 4.7, giving a difference of 1
nm. The red shift is due to presence of anthocyanin and chlorophyll interaction. The slightly
increased wavelength allows wide range of absorption of sun’s energy which could lead to

improved efficiency of a solar cell.

Absorbance
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Wavalength (nm)

Figure 4.7: Absorption spectra for sweet potato and hibiscus mixture at different ratios

4.3.3 Band gap analysis
The band gap energy of all the samples were estimated using a Tauc plot and were calculated
using classical absorption equation 4.1 (Viezbicke et al., 2015, Sumiarna and Maddu, 2016).
(ahv)" = A(hv — Eg) 4.1
where E; represents the energy band gap, A is a constant parameter, hv is energy, a is the

absorption coefficient and r represents the nature of transition in the sample. In addition, r =

. .. 1 . . . 2
2 represents direct allowed transition, r = 5 shows indirect allowed transition, r = 3 for

direct forbidden transitions and r =§ is for indirect forbidden transitions. Tauc plot has

(ahv)" on the vertical axis and hv on the horizontal axis. After plotting, the energy gap

value, E; was obtained by extrapolating the linear part of the graph to zero.

(a) Band gap analysis of individual dyes
Figure 4.8 indicates the Tauc plot for hibiscus, pumpkin and sweet potato leaf extracts. The
band gap value for hibiscus was calculated as 2.03 eV as shown in Figure 4.8 (a). This value

is in accordance with what has been determined by other researchers (Saha et al., 2016).
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Pumpkin and sweet potato dye extracts had two band gap values each, which were calculated
as 1.82 and 2.51 eV as shown in Figure 4.8 (b) and 4.8 (c) respectively. These values
correlate with what has been published by other researchers (Oktariza et al., 2018).
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Figure 4.8: Tauc plot for (a) hibiscus, (b) pumpkin and (c) sweet potato

(b) Band gap analysis of dye composites

The band gap spectra of dye composites are shown in Figure 4.9. The band gaps for PH and
SH mixture in a ratio of 1:3 are 1.98 eV for hibiscus in each mixture and 1.82 eV and 2.49
eV for pumpkin and sweet potato in the respective mixtures as shown in Figure 4.9. It was
observed that energy gaps from dye mixtures were less than the band gaps of individual dyes.
This is because of a better absorbance of dye composites when compared to single dyes. A
combination of anthocyanin and chlorophyll dyes widens the absorption spectra and

improves solar cell performance (Ezike et al., 2021).
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4.4 Characterization of TiOz thin film

4.4.1 Surface morphology
The morphological features of TiO; thin films deposited on glass substrates were investigated

using a SEM as shown in Figure 4.10. SEM image in Figure 4.10 (a) shows that particles of
TiO2 on glass are agglomerated. In addition, the particles of TiO; after dye adsorption in

Figure 4.10 (b) are non-agglomerated and make large contact area. It could also be observed

that TiO> is irregular and grains are spherical in shape with an average particle size of 12+2

nm as illustrated in Figure 4.11 (b). The peak of Gaussian curve reveals the average particle

size commonly found within the sample as shown in figure 4.11 (b).
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Figure 4.11: (a) TEM image for TiO. (b) Histogram showing particle size distribution for
TiO2

4.4.2 Structural analysis
The TiO> thin films were structurally analyzed using Raman spectroscopy. The results are

presented in Figure 4.12. The Raman modes indicated irregular polycrystalline thin films with
varying high and low modes observed at 148.6, 400.0, 520.2 and 644.0 cm™. These modes

confirm the anatase form of TiOz in the film (Gupta et al., 2010).
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Figure 4.12: Raman spectrum for TiO2 on glass

4.4.3 Band gap analysis of TiO2
Kubelka munk equation 4.2 was used to calculate the band gap of TiOx.

(F(R)hv)" = A(hv — E,) 4.2

Where F(R) is the Kubelka munk function. From the Kubelka plot in figure 4.13, the band

gap, E; was obtained as 3.34 eV. This value correlate with what other researchers have

reported about TiO2 (Onah et al., 2020).
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Figure 4.13: Kubelka curve of TiO> for direct transition
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4.5 Power conversion efficiency of dye sensitized solar cell developed from hibiscus flower,

pumpkin leaves, sweet potato leaves and their composites

The power conversion efficiency (PCE) of the fabricated DSSCs was determined using the
expression in equation 2.5. The open circuit voltage and short circuit current density were
determined from the J-V characteristic graph as shown in Figure 4.14 (a). For dye sensitized
solar cells fabricated from individual dyes, sweet potato (S) based DSSC had a power
conversion efficiency (PCE) of 0.5 % followed by pumpkin (P) with an efficiency of 0.3%
and then hibiscus (H) with the least efficiency of 0.08 %. The best PCE in sweet potato (S)
based DSSC is attributed to a wide range of absorption of photons in the visible region of the
electromagnetic spectrum and effective binding of the dye with the photoelectrode, hence a
higher short circuit current density as shown in Figure 4.14 (a) and better performance of the
device. Dye sensitized solar cells fabricated from dye composites have better power
conversion efficiencies than the individual dyes. This is as shown in Figure 4.15 (b). The cell
based on SH (1:3) dye composite has a PCE of 1.0 % which is greater than 0.65% of PH
composite based DSSC. The performance of composite based DSSCs is attributed to a
mixture of chlorophyll and anthocyanin dyes which shows an increase in the absorption
wavelength range as compared to the absorption wavelength range of the individual dyes,

hence a better short circuit current density and improved efficiency.
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Figure 4.14: (a) J-V characteristic curve (b) P-V characteristic curve
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From the results obtained,it reveals that there is improved transfer of electrons to the TiO>
photoelectrode and hence better efficiency in the dye composite based DSSCs. This could be
due to presence of increased bonds of mixed dyes that bind well with the molecules of TiO;
allowing electron transfer from the excited dye molecules to TiO> film. Figure 4.15 (a) and
4.15 (b) show that the individual powers and efficiencies for sweet potato and pumpkin based
dye sensitized solar cells are higher than that of hibiscus. However, their combination was not
considered because they have the same chlorophyll pigment, absorb photons in the same
wavelength range of visible light in the electromagnetic spectrum hence could not offer a
significant different result. The photoelectric performance of the developed DSSCs agree with
the optical absorption property of the extracted dyes as has been observed by other
researchers (Kimpa et al., 2017). Table 4.1 shows a comparison between the power
conversion efficiencies (PCE) obtained in this study and literature values to further position

work in this study.
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Table 4.1: Power conversion efficiencies obtained in this study and different plants of similar

pigments

Sample PCE (%) Reference
H 0.08 This work
P 0.30 This work
S 0.50 This work
PH1:3 0.65 This work
SH 1:3 1.00 This work
Sabdariffa (Roselle) 0.0005 (Rosli et al., 2021)
Callindra haematocephata 0.06 (Maurya et al., 2016)
Pandan leaves 0.00014 (Rosli et al., 2021)
Baobab leaves 0.11 (Ndeze et al., 2021)
Carica papaya leaf and black | 0.56 (Ossai et al., 2021)

cherry fruit (mixture)
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATION

5.1 Conclusion

Three natural dyes extracted from hibiscus flowers, pumpkin leaves, sweet potato leaves and
their composites were used as sensitizers in the fabricated DSSCs. The extracted dyes contain
chlorophyll and anthocyanin color pigments. The characterisation techniques used in this
study included FTIR which was used for determining chemical structural properties of the dye
powders, UV-Visible spectroscopy was applied to determine the optical absorption properties
of dye solutions, Raman spectroscopy and SEM were used for investigating crystalline
structure and surface morphology of TiO films respectively. TEM was also used to obtain
the mean particle size of 12+2 nm of TiO particles. This study also presents DSSCs
fabricated basing on individual dyes and their composites made from hibiscus flowers,
pumpkin and sweet potato leaves. Table 5.1 shows the power conversion efficiencies obtained
from the fabricated dye sensitized solar cells.

Table 5.1: Power conversion efficiencies of fabricated dye sensitized solar cells

Solar cell PCE (%)
H 0.08
P 0.30
S 0.50
PH1:3 0.65
SH1:3 1.00

The results reveal that SH composite based DSSC at a ratio of 1:3 has the highest PCE of 1.0
% due to broader absorption in the visible region of the electromagnetic spectrum, high short
circuit current and improved electron transfer to the semiconductor TiO2 photoelectrode
compared to single and PH dyes. The best performance exhibited by SH composite based
DSSC shows that mixing of dyes from different plant materials could be a very attractive and
effective technique for improving optical absorption properties and efficiency of natural dyes
in DSSCs. The performance of dye sensitized solar cells (DSSCs) based on natural sensitizers
reported in this study is generally low compared to commercial synthetic (organic) dyes,

however, natural dyes are non toxic, cheap, involve easy preparation and compatible with
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temperature changes. This is a motivation to probe efficient natural dye molecules as a
replacement for commercial synthetic dyes that are toxic, expensive, environmentally non
friendly and involve complicated preparation techniques. In addition, the highest efficiency
obtained in this study can be used to power portable devices such as solar watches and solar

calculators hence could solve some of the society challenges.

5.2 Recommendation

Further investigation should be carried out on the following work.

e Chemical structural and optical absorption properties of the dye extracts for DSSCs using
methanol or any other solvent.

e Chemical structural and optical absorption properties of the extracted dyes for DSSCs
keeping the mass of hibiscus dye constant and varying that of pumpkin and sweet potato
dyes.

e Effect of concentration of the extracted dyes on DSSC performance.

e Effect of PH of dyes extracted from hibiscus flower, pumpkin and sweet potato leaves on
the working of DSSCs.
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Abstract
Dye-sensitised solar cells (DSSCs) are 3rd generation photovoltaic device that imitate photosynthesis
in plants. The fundamental concept of a DSSCs is that the photoanode is covered by the dye as a
sensitiser. Natural dyes from plant-based extracts have gained attention as alternatives to toxic and
expensive commercial dye sensitisers. Various studies have been conducted on the use of natural plant
dye extracts for DSSCs . However, more fundamental studies on their adsorption on TiO, photoanode
nanoparticles are still not well understood. In this study, we investigated the crystal structure, optical
absorption, and photoluminescence properties of TiO,, Cucurbita maxima, and Cucurbita maxima
dyes adsorbed on TiO, nanoparticles as potential materials for DSSCs. Raman spectra confirmed the
anatase phase of the TiO, nanoparticles. The particle size of 12 + 2 nm was confirmed through the
transmission electron microscope. The optical absorption properties of Cucurbita maxima show two
distinct absorption bands: blue visible (450-500 nm) and red visible (635-674 nm). The photo-
luminescence spectra of the dye extract and its adsorption onto the TiO, nanoparticles showed two
prominent peaks in the blue and red regions of the electromagnetic spectrum. No significant peak is
observed in the green region of the electromagnetic spectrum. These studies shed more light on the
fundamental properties of chlorophyll adsorption on TiO, nanoparticles and their optical and
photoluminescence properties for applications as sensitisers in DSSCs.

1. Introduction

Dye-sensitised solar cells are 3rd generation solid-state photovoltaic devices that imitate photosynthesis in
plants. The fundamental concept of DSSCs is that the photoanode is covered by the dye as a sensitiser. Dye-
sensitised solar cells are preferred over other photovoltaics because they can be processed cheaply, and there is an
abundance of materials that can be dispensed as portable devices and used in indoor facilities, such as chargers,
solar keyboards, and solar bags [ 1]. The main components of DSSC are porous crystalline wide-semiconductor
bandgap electrodes, dye sensitisers, electrolytes, and counter electrodes [2]. The sensitising dye is a crucial
parameter, and the most efficient dyes are ruthenium (II) and osmium (IT) complexes with interesting features
such as good photon absorption in the visible range of the electromagnetic spectrum, with along excited lifetime
and high-efficiency metal-to-ligand charge transfer [3]. However, they are expensive, contain heavy metals
which cause deleterious environmental effects, and require sophisticated preparation techniques [4]. Natural
dye sensitisers are an attractive area of research because of the abundance, low cost, nontoxicity, and
biodegradability of materials. Natural dye extracts from the leaves, roots, tree bark, and flowers have been
studied and applied as sensitisers with acceptable levels of efficiency [5—10]. However, few experimental studies
provide optical absorption and photoluminescence properties on the interaction of dye extracts with wide-

©2023 The Al!thor(s). Published by IOP Publishing Ltd
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band-gap semiconductor materials; therefore, more fundamental studies on natural dye sensitisers are still
needed. In this study, we investigated the optical and photoluminescence properties of Cucurbita maxima dye
extractand its adsorption onto TiO, nanoparticles for potential applications in DSSCs. Raman spectra
confirmed the anatase phase of the TiO, nanoparticles. The particle size of 12 & 2 nm was confirmed through
the transmission electron microscope. The optical absorption properties showed two distinct absorption bands
in the blue visible (450-500 nm) and red visible (635-674 nm) regions of the electromagnetic spectrum. The
photoluminescence spectra of the dye extract and its adsorption onto the TiO, nanoparticles showed two peaks
in the blue and red regions of the electromagnetic spectrum with no green luminescence. These studies shed
light on the fundamental properties of chlorophyll adsorption on TiO, nanoparticles and their optical and
photoluminescence properties for applications as sensitisers in photovoltaic devices such as DSSCs.

2. Materials and methods

TiO, powder with a particle size < 25 nm (anatase phase) obtained from Sigma Aldrich was used for the
preparation of TiO, thin films. The soda-lime glass substrate (SLG) was cleaned thoroughly using deionised (DI)
water followed by ethanol. The mixture was sonicated for 3 h in a mixture of DI water and ethanol. One gram of
TiO, nano-powder was dissolved in 300 mg of polyethylene glycol containing a mixture of 6 ml of glacial acetic
acid and 6 ml of double-distilled water. The mixture was placed in an ultrasonic bath for three hours. Then,

200 pl was drop-casted on a soda lime glass substrate twice and left to dry at room temperature (30 °C). The thin
films were annealed at 450 °C for 30 min in a tubular furnace in air. The furnace was naturally cooled to room
temperature. The annealed TiO, nanoparticles on SLG were soaked in the dye for 24 h and then removed and
kept in the dark at room temperature for 30 days before further characterisation.

2.1. Chlorophyll extraction and adsorption

Pumpkin (Cucurbita maxima) leaves were collected from Ugandan flora and washed with tap water, followed by
distilled water, and dried in an oven for 24 hat 60 °C. The dried leaves were pounded into a powder form using a
mortar and pestle. Pumpkin leaf powder (10 g) was dissolved in 20 ml of ethanol in amber bottles placed in the
dark for 36 h. The dye was then filtered through Whatman filter paper number 3 and stored in amber bottles for
further investigation.

2.2. Characterization methods

The structural properties of the TiO, thin films were investigated using Raman spectroscopy with a 532 nm laser.
The optical absorption properties of the TiO, thin films and pumpkin dye extracts were investigated using a
UV-visible-NIR spectrophotometre in the 200-1100 nm range. The photoluminescence (PL) properties of the
TiO, thin films, pumpkin leaf powder, and pumpkin dye adsorption on TiO, nanoparticles were investigated
using an FL spectrometer instrument with a 350-nm laser source. High-resolution transmission electron
microscopy (HRTEM) with an accelerating voltage of 200 kV was used to investigate the size of the TiO,
nanoparticles. Scanning electron microscopy (SEM) was used to investigate the surface morphology of TiO,
nanoparticles. The elemental composition of the TiO, nanoparticles was investigated using energy-dispersive
x-ray spectroscopy (EDX). The details of the SEM, TEM, PL, and UV-vis-NIR instruments were the same as
those reported elsewhere [11].

3. Results and discussion

3.1. Structural and surface morphology

The Raman spectra of the pristine and dye-sensitised TiO, nanoparticles are shown in figure 1 (a). The spectra
show vibrational bands at 141 (Eg), 193 (E;), 393 (B,), 514 (B; ), and 636 (E,) cm ™" which are characteristics of
the TiO, anatase phase of space group I4;/amd [12-14]. It is noted that the Raman spectra of dye-sensitised
TiO, nanoparticles have broader and more intense peaks than those of pristine one, which could be attributed to
the reduction in defect states when the dye was adsorbed onto the TiO, nanoparticles. The surface morphologies
of the pristine and dye-sensitised TiO, nanoparticles are shown in figures 1(b) and (c), respectively. The surface
consists of agglomerated, rough, and nano-sized randomly distributed particles for the pristine TiO,
nanoparticles, which is advantageous for dye adsorption. For dye-sensitised TiO, nanoparticles, fairly uniform,
well-connected, and distributed nanoparticles are observed, which may result in improved photon-to-electric
conversion efficiency [15]. The EDX spectra of the pristine and sensitised TiO, nanoparticles are shown in the
insets of figures 1(b) and (c), respectively. The average elemental composition shows the presence of Ti (~
56.6%), O (~ 43.4%) for pristine and O (~ 61.2%), Ti (~ 31.8%) for dye-sensitized TiO, nanoparticles. This
elemental composition is within the expected stoichiometry. The slight change in the elemental concentration is

2
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| Figure 1. (a) Raman spectra of pristine and dye sensitized TiO, nanoparticles, (b) Surface morphology of pristine TiO, nanoparticle,
() Surface morphology of dye-sensitized TiO, nanoparticles, (d) TEM image of pristine TiO, nanoparticles, (¢) Bar graph showing
pristine TiO, particle size distribution. The inset in figure b is EDX spectra of pristine TiO, nanoparticle and the inset in figure ¢ is
EDX spectra of dye-sensitized TiO, nanoparticles.

attributed to the change in the bond length in TiO, owing to the adsorption of the dye on the TiO, nanoparticles
[15]. The TEM image shown in figure 1(d) confirms that the TiO, nanoparticles with a normal distribution were
fitted using Image] software [16]. The TiO, nanoparticles showed a normal distribution, with a mean particle
size of 12 + 2 nm, as shown in figure 1(e).

3.2. Optical properties of pumpkin dye extracts

The optical absorption properties of Cucurbita maxima leaf dye extract at different concentrations are shown in
figure 2(a). Five broad absorption bands were observed in the ranges of <400, 450-500, 521-551, 596—630, and
635—674 nm for all concentrations, with maximum peaks located at 333,421, 462, 533, 613, and 662 nm,
respectively, as shown in figures 2(a) and (b) respectively. A peak at approximately 333 nm represents the
existence of C=0 or C=C functional groups that are responsible for the n—"electronic transition that can
initiate electrical circuits in DSSCs and can facilitate their adsorption onto TiO, surfaces [17, 18]. Two
prominent absorption bands in the blue visible (450-500 nm) and red visible (635—674 nm) ranges have been
observed in other related studies and are attributed to the presence of chlorophyll b and chlorophylla[19, 20].
From figure 1(a), it is observed that the absorbance increases with dye concentration and can follow the Beer—
Lambert Law represented by equation (1).

A =&Cl (1)

Where A absorbance, € is the molar absorption coefficient, C is the molar concentration, and ! is the optical path
length [21]. Broadening of the bands in the range 635674 nm was observed for higher concentrations,
indicating chlorophyll-chlorophyll interactions, as has been observed in similar studies [19]. The bandgap
energy of the material in the solid-state form is the difference between the conduction and valence band energies.
In organic molecules, the valence band is represented by the highest occupied molecular orbitals (HOMOs), and
the conduction band is represented by the lowest unoccupied molecular orbitals (LUMOs) [22]. The value of the
band gap for organic dyes can easily be obtained from the maximum absorption peak in the UV-Visible spectra
and computed using the relation

(eV) (2
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Figure 2. (a) Absorbance versus wavelength of pumpkin dye extract at different concentrations, (b) Isolated spectra without saturation
for peak identification, (c) Tauc plot for direct band transitions of the dye extract and (d) General chemical structure of Chlorophyll.
Reprinted from [30], © 2018 Elsevier GmbH. All rights reserved.

where Ay is the maximum wavelength in the absorption spectrum. The calculated band gap using this
approach were 3.72,2.95,2.68,2.33,2.02, and 1.87 €V for \,.x corresponding to absorption peaks located at
wavelengths of 333,421,462, 533, 613, and 662 nm respectively. To ascertain the accuracy of these energy values,
the band gap of the Cucurbita maxima dye extract was estimated using the Tauc plot, as shown in figure 2(c) for
direct optical transitions. The Tauc plots were based on equation (3).

(ahv)" = A(hv — Ep) 3

where o is the material-dependent absorption coefficient, hv is the photon energy, A is a constant, Eg is the
optical bandgap, and # is the type of electronic transition, which is 2 for the direct band gap and ¥4 for the
indirect band gap [23-26]. The direct allowed band gaps were calculated as 1.81 and 2.52 eV. These two band
gaps are consistent with the energies corresponding to the maximum absorption peaks at 662 (1.87 eV) and
462 nm (2.68 eV), respectively. These energies represent two optical windows for light absorption by the
chlorophyll. Blue visible region and near-red visible region of the electromagnetic spectrum. The values of the
bandgap in the two optical absorption windows in the visible range show that the extracted dye can be an
effective sensitiser for photovoltaic applications. The Tauc plot method is known to provide approximate values
of the band gap because it assumes an ideal parabolic band structure and depends on the type of transition [27].
This method has been adopted to calculate the band gap for chlorophyll a and anthocyanin pigments in related
studies with acceptable levels of accuracy [17, 19, 20, 28, 29]. The general molecular structure of chlorophyll is
shown in figure 2(d).

3.3. Optical absorption properties of TiO,

3.3.1. Thin film and TiOy/Dye adsorption

We investigated the optical properties of nanocrystalline TiO, thin films on soda-lime glass substrate (SLG) and
Cucurbita maxima dye adsorption on TiO, nanoparticles using diffuse reflectance spectra (DRS), as shown in
figure 3(a). The DRS was then converted to an equivalent absorption spectrum using the Kubelka-Munk (KM)
function described in detail elsewhere [24, 33]. This function is represented by equation (4).

)
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These terms have their usual meaning, as described elsewhere [24]. The band gap was computed by making a
Tauc plot related to equation (5)

(F(Ryhv) = A(hv — Ep)" (5

The terms in equation (5) have their usual meanings, as explained in previous related studies [ 1 1, 34]. The optical
bandgap of the TiO, sample was estimated from the Tauc plot, as shown in the inset of figure 3(b), that s, a plot
of (ahv)? against hv for the direct bandgap material and calculated from the linear fit as 3.33 eV. The absorbance
of Cucurbita adsorbed on TiO, nanoparticles is shown in figure 3(c), which shows three distinct regions, which
correspond to the optical bands for TiO, in the Uv region: Cucurbita maxima in the blue visible (450~500 nm)
and red visible (635674 nm) ranges which imply the presence of chlorophyll b and chlorophyll a, respectively,
that have been adsorbed on the TiO, nanoparticles [19, 20]. The inset of figure 3(c) shows the enlarged region of
the expected region where the adsorption of Cucurbita maxima dye on TiO, nanoparticles is expected. The
bandgap was estimated using a Tauc plot, as shown in figure 3(d). The inset of figure 3(d) shows an enlarged
region of Cucurbita maxima dye adsorption. Three band gaps were estimated as 3.29 eV corresponding to TiO,
region, 1.88 and 2.55 eV corresponding to the absorption region of Cucurbita maxima adsorbed on TiO,
nanoparticles. These studies confirm that Cucurbita maxima can be used as an effective sensitiser for
applications in DSSCs.

3.3.2. Photoluminescence properties of TiO, thin film and TiO,-Pumpkin dye adsorption

Photoluminescence of dye pigments is important for establishing a link between photoemission and the
conversion to photoelectricity from natural plant-based dye sensitisers for DSSCs applications [35]. Figures 4(a)
—(c) show the photoluminescence emission spectra of TiO, nanoparticles, Cucurbita maxima powder dye, and
Cucurbita maxima dye adsorption on TiO, nanoparticles, respectively. For the TiO, nanoparticles, it was found
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that the maximum peak intensity was approximately 435 nm. Three peaks were observed for C. maxima. A
broad peak was observed in the blue region with a maximum intensity of 462 nm, a sharp peak at 675 nm in the
red region, and an arm at approximately 726 nm. These peak intensities correspond to energy values 0f 2.85 eV
for TiO, and 2.68, 1.83,and 1.71 eV for Cucurbita maxima. Two peaks were identified for the Cucurbita dye
extract adsorbed on TiO, nanoparticles, two peaks are identified. They are positioned in the blue region at

451 nm, corresponding to 2.75 eV, and red region at 677 nm to 1.83 eV. The energy values were consistent with
those obtained by UV-vis spectroscopy. No green emission intensity is observed in the spectra. Similar peaks
were observed in other studies [36]. Figure 4(c) shows that the photoluminescence peak at 726 nm disappeared.

The disappearance of this photoluminescence peak may improve the optoelectronic performance of the solar
cells [37-39].

4. Conclusion and way forward

We provided the crystal structural, optical, and photoluminescence properties of TiO,, Cucurbita maxima, and
Cucurbita maxima dye adsorbed on TiO, nanoparticles for potential application in DSSCs. The optical
absorption properties of Cucurbita maxima show two prominent absorption bands: blue visible (450—-500 nm)
and red visible (635-674 nm). The photoluminescence spectra of the dye extract and its adsorption on the TiO,
nanoparticles showed two prominent peaks in the blue and red regions of the electromagnetic spectrum, and no
significant peak was observed in the green region of the electromagnetic spectrum. This study provides a more
fundamental understanding of the applications of chlorophyll as a sensitiser in DSSCs. For future applications in
DSSCs, and for effective optical absorption across the entire UV—-visible—near-infrared range electromagnetic
spectrum, it is recommended to make a composite of Cucurbita maxima dye extract with another pigment that

absorbs in the green region to enhance the photo-absorption and improve the photo-to-electric conversion
efficiency in DSSCs.
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