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ABSTRACT

Green synthesis, a biological method for nanoparticle preparation, has been
suggested as a possible eco-friendly alternative to chemical and physical methods.
In this study, green synthesis of zinc oxide (ZnO) nanoparticles (NPs) from
Erythrina abyssinica stem bark extract calcined under different temperatures (300-
700 °C) for application as a photo-anode in dye sensitized solar cells (DSSCs) was
carried out. Synthesized ZnO Nps were subjected to characterization using X-Ray
diffraction (XRD), Scanning Electron Microscope (SEM), Energy Dispersive X-
ray Spectroscopy (EDX), Visible (UV-Vis) Spectroscopy and photo luminescence
(PL) analysis. The analysis revealed that highly crystalline hexagonal ZnO NPs
were formed at 700 °C, with the nanospheres agglomeration into non-uniform
distinct NPs with a band gap energy of 3.12 eV. An efficient dye sensitized solar
cell (DSSC) was fabricated with synthesized ZnO Nps as photo- anode materials.
The fabricated DSSC showed an open circuit voltage (Voc) of 161 mV, short circuit
current density(Jsc) of 56 pAcm, a Fill factor of 0.265 and a power conversion
efficiency (PCE) of 2.4x102 % under one sun illumination. The low value of
efficiency can be attributed to the limited light absorption in the visible spectrum
by the ruthenium N719 dye adsorbed on the biosynthesized ZnO nanoparticles, and
fast electron-hole recombination rate. Further research should be focused on
improving the light absorption range of Ru N719 dye adsorbed on biosynthesized
ZnO nanoparticles and minimizing the charge recombination rates through doping
and heterostructuring.

Keywords: ZnO, Green synthesis, DSSCs
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CHAPTER ONE: INTRODUCTION
1.1 Background of the Study

The life style that is centered on power consuming devices and machinery is a
notable aspect of modern society. Currently the estimated energy consumption for
the global population of seven billion is about 13 terawatts (TW) and this figure
IS projected to increase by an additional 10 TW by the year 2050 (McNeill &
Engelke, 2022). Resources for fossil fuels are few and rapidly running out. As a
result renewable energy sources are currently on a high demand (Chandra et al.,
2019) to power the activities of today’s society. Hydroelectric energy, wind energy,
geothermal energy and solar energy are some of the sources which are renewable.
Despite geographical limitations of the first three energy sources, solar energy is
the most abundant source of energy on earth (Chandra et al., 2019). Solar energy
can be tapped by photovoltaic (PV) technology. Three generations of solar cells
have been developed as a result of thorough research into PV technology (Kishore
Kumar et al., 2020) ; the first, second, and third generations. However, the
production of first and second-generation solar cells is expensive, making them un

affordable for the poor communities.

The most significant alternative for transforming sun light energy into electric
power is the third-generation solar cell called a dye-sensitized solar (DSSC) due
its simple production method, low manufacturing costs, and environmental
friendliness (Fadhlan et al., 2020). The nanoparticles from semiconductor oxides
such as titanium dioxide (TiO2) and zinc oxide (ZnO) can be used to make its
photo-anode. Recent scientific progress in DSSCs have concentrated on enhancing

electron transport and minimizing the recombination rate by utilizing



semiconductor materials other than TiO> (Tata et al., 2020). Among the feasible
alternatives is Zinc oxide (ZnO), an n-type semiconductor with a wide bandgap of
about 3.37 eV and is nontoxic. ZnO can be processed chemically or biologically.
Chemical synthesis involve the use of two or more precursor chemicals, which
render the process toxic, expensive, and energy-intensive (Sufyan et al., 2021).
However, biological methods using plant extracts (green synthesis) as reducing and
capping agents, attributed on their phytochemical compounds offer a more
economical, sustainable, and environmentally friendly approach to producing
metal oxide nanoparticles. In addition, green synthesis results in the production of
well-dispersed and stabilized nanoparticles with varying morphologies fit for

various applications.(Faisal et al., 2021).

In this study, zinc nitrate hex hydrate (Zn (NO3)2) was reduced to ZnO NPs by a
green technique using Erythrina abyssinica stem bark extracts. The resulting ZnO
NPs were then used as photo- anode. Erythrina abyssinica stem bark contains
phytochemical compounds such as alkaloids, saponins, phenolics (flavonoids),
tannins, and terpenoids, which are essential in the green synthesis of metal oxides
(Faisal et al., 2021). The structural, morphology, and optical properties of ZnO as

a photo-anode in DSSCs were investigated in this work.

1.2 Problem Statement

Dye-sensitized solar cells (DSSC) belong to the third generation of solar cell .A
DSSC’s power conversion efficiency is largely dependent on effectiveness of light
harvesting, transfer of charge, and recombination (Magiswaran et al., 2021). The
structure and morphology of photo- anode materials is directly related to those

parameters. However, the low electron mobility (0.1-4 cm?V1s?) of titanium



dioxide found in the majority of DSSCs that use it as a photo- anode limits their
ability to perform. The chemical stability, better electron mobility (100-2000
cm?V1st) hence better electrical conductivity of the nontoxic and cheaper zinc
oxide nanoparticles green synthesized from Erythrina abyssinica stem bark
extracts relative to titanium dioxide, and durability against photo corrosion make

it a potential alternative to titanium dioxide for the photo anode in DSSC.

1.3 Objectives of the Study

1.3.1 Main Objective
To investigate the power conversion efficiency of a dye sensitized solar cell

fabricated using green synthesized zinc oxide nanoparticles as photo-anode.

1.3.2 Specific Objectives

(i) To determine the crystalline structure of zinc oxide nanoparticles synthesized

from Erythrina abyssinica stem bark extracts.

(i) To determine the average size of zinc oxide nanoparticles.
(iii) To determine the optical properties of zinc oxide nanoparticles.

1.4 Significance of the Study

The study will guide other researchers to make a dye-sensitized solar cell for study
purposes in the world. The information obtained will help in achieving the national
development plan of universal access to electricity. The knowledge acquired will
help fulfill sustainable Development Goal No.7, of United Nations (UN), which is
to guarantee that everyone has access to modern, affordable, reliable and

Sustainable energy by 2030.



1.5 Scope of the Study

The photo-electrode made of zinc oxide was the main focus of this investigation.
Using the green synthesis method, Zinc oxide nanoparticles were synthesized from
Erythrina abyssinica stem bark extracts. After that the produced Zinc Oxide
nanoparticles (ZnO NPs) were used as photo-anode in the dye-sensitized solar cell

(DSSC).



CHAPTER TWO: LITERATURE REVIEW
2.1 Introduction

The findings by the past writers in line with this study are presented in this chapter.
Solar cell, Dye sensitized solar cell, Taxonomy, morphology, propagation and uses
of Erythrina abyssinica, Factors influencing synthesis of zinc oxide nanoparticles
(ZnO NPs), Mechanism of green synthesis of ZnO NPs, synthesis of ZnO NPs and

Characterization techniques have been covered.

2.2 Solar Cell

A solar cell is a PV device which uses photovoltaic effect in converting solar
radiation to electric liveliness. The bending of the bands at the p-n junction Figure
2.1 leads to absorption of the photons at the p-n junction generating electron-hole

pairs.
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Figure 2. 1: Structure of a solar cell (Sharma et al., 2018)



The internal electric field at the junction helps to separate electron hole pairs

generated as a result of photon absorption, resulting in power generation.

2.3 Dye-sensitized Solar Cell (DSSC)

A DSSC consists of a thin-layer solar cell Figure (2.2) which is developed by
arranging two glass, transparent conducting oxide (TCO) electrodes (Sharma et al.,
2018).
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Figure 2. 2: Dye-sensitized solar cell (DSSC) (Sharma et al., 2018)

The photo sensitizer is coated on the working electrode (WE) and the second TCO
is coated with a counter electrode made of finely split platinum. A mixture of

iodide and triiodide-containing organic electrolyte fills the interlayer gap.

2.3.1 Power Generation by Dye-sensitized Solar Cell

When the cell is illuminated, electrons that are photo excited move from the lower
(ground) state of the dye to higher (excited) state (Figure 2.3) ) (Sharma et al.,

2018). Charge transfer then occurs into the titanium dioxide’s conduction band.



Then, electrons from the anode exit the TiO2 hence completing the circuit to the

external load thus generating electricity
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Figure 2. 3: Structure and mechanism of power generation by DSSC(Sharma et

al., 2018)

When electrons get into the electrolyte on the counter electrode (CE), triiodide ions
are converted into iodide ions. lodide ions diffuse through the solution until they
reach the dye, where they lose their electrons and oxidize to generate triiodide ions.

Power is generated by the repetitive irradiation of light (Asahi et al., 2022).

2.3.2 Parameters of a DSSC

1. Short-circuit current density (Jsc), Jsc describes the ability of the cell to perform.
It shows the highest value of current produced by cell when it not connected to any
external circuit and being exposed to the maximum amount of light (Vittal & Ho,

2017).



Jsc increases when dye molecules absorb more light in a cell. lon pairs are created
when photons from incident light are absorbed by the dye or any sensitizing
material, hence more photo current. The higher the Jsc, the more absorption occurs.
and the more effectively absorbed photons are converted into electron -hole pairs.
As light intensity increases, the Js rises. Its unit is amperes per square centimeter

(Acm?) (Vittal & Ho, 2017).

2. Open circuit voltage (Vo). This describes the p.d across the cell when no
external load is connected the cell. It represents the voltage across the cell’s
terminals in absence of an external load. The greatest voltage that the DSSC may
produce when operating in an open circuit is known as V... The potential for the
DSSC to produce high voltage resulting into more electricity more is indicated

by a higher Vo (Vittal & Ho, 2017).

3. Fill factor (FF). The fill factor describes quantity and effectiveness of the
electric power produced by the cell. It can be expressed as a percentage or decimal.
The effectiveness with which the DSSC transforms light to electric power is
indicated by the fill factor. The fill factor is determined equation 2.1 (Asahi et al.,
2022). The is the product of the maximum current and the maximum voltage (Vmax)
multiplied by the maximum current (Jmax) gives the maximum power output as seen
in equation 2.1. The open-circuit voltage (Voc) multiplied by short-circuit current

density (Jsc) is the Pneory.

FE= Pmax _ Vmax Jmax

(2.1)

- Ptheory - JscVoc

4. Power conversion efficiency (n or PCE). PCE or n of the cell describes the
mount of the electrical power produced by the cell, n is obtained as a percentage

and it shows how the cell captures solar energy and convert it electrical power. It



is determined by considering variables such as, Jsc, voc and FF plus power input.

The n of a DSSC is calculated using equation 2.2 (Deepa et al., 2012).

Pmax _ JscVoc FF

PCE =

(2.2)

Pin Pin
Where Pin is the incident power from sunlight, which is commonly expressed in

Watts per square meter (Wm) and is the total amount of solar energy falling on

the DSSC.

2.4 Taxonomy, morphology and propagation of Erythrina abyssinica

The genus Erythrina, the phylum spermatophyte, the class magnoliopsida, Order
Fables, the family Fabaceae, the sub family Papilionoidea, the kingdom Plantae

and the species abyssinica , are descriptions of the plant (Aerts, 2008).

Erythrina abyssinica can reach a height of 12 to15m a multibranched deciduous
tree shrub tall (Figure 2.4). leaves are trifoliate with alternate arrangement and
abundant hair, typically at the surface and long hairy spherical leaves. Rounded
leaves are seen at the base, obtuse or notched at the apex. It has corolla flowers
with free kneel petals that are colored (orange to red), ten petals that are fused and

1stamen that is free (Kone et al., 2011).

The fruits are rectangular, linear pods that range in color from, brown to black. The
tree has deep roots in the ground that keeps it firm. Cuttings or seeds are used when

propagating this plant. It grows naturally in wood lands and grass lands.



Figure 2. 4: Erythrina Abyssinica plant (photo taken by Balabye Stephen from

Matuba village Mayuge district)

2.4.1 Uses of Erythrina Abyssinica

As a legume Erythrina abyssinica is widely known for improving soil fertility by
fixing nitrogen into the soil. As a result, it is crucial for forest regeneration and
Phyto restoration in polluted soils (Abebe Abay, 2018) .It is important in
agriculture because its flowers also release nectar that  pollinating insects
especially bees feed on. It also produces a substance used in making dye and craft
materials like necklaces from seeds. Additionally, the stem of this plant is
harvested for charcoal and timber ,which are used for energy and furniture in turn
(Aerts, 2008). The most often utilized part in the manufacture of herbal treatments
are the stem bark and roots. Roots and stem bark have been extensively studied,

even in phytochemical research (Korir et al., 2011).

Leprosy, malaria, bacterial and fungal infections are some of the commonly
reported illness that are treated using Erythrina abyssinica. Inflammatory diseases,
Tuberculosis snake bite, antagonizing poisons, sexually transmitted diseases
(Shaba et al., 2021), urinary tract infections, skin infections, diarrhea, infertility,

epilepsy, vomiting, hepatitis and helminthiasis are among the other ailments this
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herb treats (Abebe Abay, 2018).Poultry livestock diseases such as new castle can

be treated using extracts of Erythrina abyssinica (Shaba et al., 2021)

Different solvent extracts of Erythrina abyssinica contain phytochemicals such as
alkanoids, Flavanols, flavonoids which can reduce metal salt solutions to metal
ions (Abebe Abay, 2018). Because of its vibrant colors, some communities raise
this plant in their home steads as an attractive plant for live fencing, even though

it typically grows originally in the wild (Aerts, 2008).

2.5 Factors Influencing the Synthesis of Zinc Oxide Nanoparticles

1. PH in the mixture reaction. The type of ZnO nanoparticles is determined by the
reaction mixture’s PH (Sangeetha et al., 2011). The electrical charge of molecules
is changed by the PH of the solution, and this charge will impact their decrease.
Hydroxyl ions (OH™) are usually few during the synthesis of ZnO in acidic solution
(PH less than 7) which hinders the hydrolysis and condensation process. Since the
hydrogen and hydroxyl ions are equivalent at the PH of 7 (neutral), little or no
effect is observed on the surfaces of crystals. When the PH in the mixture of
reaction is more than 7, hydroxyl ions increase in number and attraction of zinc
ions with hydroxyl ions strengthens (Sangeetha et al., 2011). Zinc hydroxide and
other intermediate products are created when hydroxyl ions are present in a

solution at high concentrations.
2. Concentration of precursors and capping agents

Capping agents are responsible for controlling the growth rate, size of the particle,
and preventing aggregating of particle (Sangeetha et al., 2011).The size of the
crystallite of ZnO NPs increases when the zinc salt precursors’ concentration is

increased.

11



3. Reaction temperature.

An increase in reaction rate at higher temperatures leads to increasing reaction
rate in ions of the metal and creation of smaller NPs (Sangeetha et al., 2011). .
Zinc ions are rapidly reduced by raising the reaction temperature, Which leads to

the creation of ZnO NPs with decreasing crystallite sizes (Kumar et al., 2013).

4. Time of reaction. It refers to the time that is needed to complete all steps; that is
to say reducing and forming new particles. NPs start forming within minutes after

adding metal salt precursors (Syed Zahirullah et al., 2018).

2.6 Mechanism of Green Synthesis of Zinc Oxide Nanopatrticles

Extracts of the Plant contain phytol chemicals such as phenolic compounds that
can reduce zinc nitrate hexahydrate to metal nanoparticles (Cauda et al., 2014).
The phytol chemicals are antioxidant and non- toxic, hence they can reduce and
stabilize substances. These phytol chemicals change at varying concentrations in
different extracts of the plant types (Subramanian & Al, 2013). The composition
of the leaf extract significantly affects nanoparticle synthesis and quality of
nanoparticles produced (Shokry Hassan et al., 2014). There are three steps for

stabilization of metal ions after the plant extracts have been reduced.

Activating phase. In the activating phase, metal ions are reduced and nucleation

of metal atoms that have been reduced takes place.

Growing phase; in the growing phase, stability of nanoparticles is involved, small
adjacent nanoparticles combine into particles of large size, this is accompanied by
the stability of nanoparticles. The more the growth phase, the more the

nanoparticles blend forming nanowires.

12
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Figure 2. 5: Mechanism of green synthesis of ZnO nanoparticles

3 Terminating phase; consisting of shape of nanoparticles formed; in the
terminating phase, the nanoparticle size and shape can be confirmed. The ability
of plant extracts to stabilize metal nanoparticles has a great impact on this process.
Metal ions reach the growth and stabilization phase through the action of phytol
chemicals. Ultimately, Oxygen formation leads to metal ion bonding and formation

of a distinct shape. (Basnet et al., 2018).

2.6.1 Zinc Oxide Nanostructures

Three crystal structures, of zinc oxide are shown, wurtzite, Figure 2.6 (a), zinc
blende, Figure 2.6 (b), and rock salt, Figure 2.6 (c). Wurtzite is the most stable
structure. Zinc blende formation is as a result of zinc oxide growing on the
substrate in a proper cubic lattice, and the rock salt structure is obtained at relatively
high-pressure synthesis. Zinc (Zn) and oxygen atoms are joined at tetrahedral sites
in alternating configuration to form the hexagonal closely packed Wurtzite

structure (Cauda et al., 2014).
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Figure 2. 6: ZnO crystal structures; (a) wurtzite; (b) zinc blende; (c) rock salt

(Shaba et al., 2021)

According to (Shashanka et al., 2020),ZnO is an n-type semiconductor material
with favorable optical and electrical properties. Its high electron mobility, high
thermal conductivity, the wide band gap (3.37 eV) in comparison to titanium
dioxide ((3.20 eV) which sustains a large electric field and large excitation binding
energy (60 meV) (Li et al., 1997) are responsible for its good optical and electrical
properties. Zinc oxide has UV absorption between 200 and 300 nm and near-

visible emission between 500 and 600 nm (Hong et al., 2009).

2.7 Synthesis of Zinc Oxide Nanoparticles

3 g of ethylene glycol and one gram each of urea and zinc acetate hydrate were
mixed in a bowl. A magnetic stirrer was used to agitate the mixture for one hour.
To evaporate the solvent, the mixture was put in a domestic micro wave oven. To
remove un wanted water-soluble chemicals and organic compounds present in the
sample, the substance deposited in the bowl was removed and washed four times
using acetone and double distilled water. The synthesized zinc oxide NPs were
filtered, dried in a hot air oven at 80 ° C for 4 hours, and annealed in a muffle
furnace at 500 ° C for two hours To increase the sample’s crystallinity, the

produced zinc oxide nanoparticles were filtered, dried for four hoursat 80 °C ina

14



hot air oven, and then annealed for two hours at 500 ° C in a muffle furnace (Esakki

etal., 2021).

2.8 Characterization of Zinc Oxide Nanoparticles

The surface morphology, as well as the optical and structural characterization of
ZnO NPs, are the topics of this discussion. Utilizing plant extraction to produce

high-quality zinc oxide nanoparticles requires careful characterization.

UV-visible spectroscopy, scanning electron microscopy, X-diffractogram, energy
dispersive spectrometry, and Fourier-Transform-Infrared spectroscopy were all

used to characterize zinc oxide.

From the absorption spectra of nanoparticles that were synthesized at different
concentrations and temperatures the optical property of generated zinc oxide
nanoparticles was discovered (Rahman et al., 2022). At 320 nm, there was an
absorption peak. The biosynthesized images of zinc oxide nanoparticles were taken
using Nova nano scanning electron microscope with accelerating voltage of 10
kilovolts. The characterization showed that zinc oxide nanoparticles were present
in its agglomerated form (Sha et al., 2022).The crystalline material was analyzed
by XRD, with wave-length 1.5406 angstrom (A) of copper k-alpha radiation. From
the X-diffractogram pattern analysis 51.24 nm as average size of nanoparticles was
estimated (Shokry Hassan et al., 2014). The energy dispersive spectroscopy was
used to determine nanoparticle elemental composition. From the results zinc
showed a composition of strong signal at 78.32 % and oxygen showed a strong

signal composition of 12.78 %. (Lin et al., 2016).
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CHAPTER THREE: MATERIALS AND METHODS
3.1 Introduction

This chapter discusses the research design, Chemicals and materials used,
preparations of plant extracts, synthesis of zinc oxide nanoparticles, Dye
preparation, Development of zinc oxide thin films on Fluorine-doped tin oxide
(FTO) substrate and dye adsorption, Development of platinum on FTO substrate,
Preparations of liquid electrolyte, Characterization of thin films and ZnO,
Determination of optical properties of Ruthenium dye N719, Fabrication and

testing of a DSSC.

3.2 Research Design

This study involved experimental method of collecting data. Figure 3.1 shows a
summary of key processes involved before the fabrication of the DSSC. The data

obtained was analyzed using Origin 24 software (Kishore Kumar et al., 2020).

Materials

‘ Green synthesis of ZnO nanoparticles ‘

ZnQ coating
Platinum coating Electrolyte

and on the substrate preparation

Characterization

Dye sensitization

‘ Assembling of the device

Figure 3. 1: Research design

3.3 Chemicals and Materials

The chemicals plus materials which were used to synthesize zinc oxide
nanoparticles were zinc nitrate hexahydrate, ethanol, hexachloroplatinic powder,

Erythrina abissinica stem barks obtained from Matuba village Mayuge District,
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distilled water, oven, grinder, analytical balance, measuring cylinder, centrifuge,
Whatmanfilter paper, Fluorine-doped tin oxide (FTO) substrates. Platinum was
used as CE and zinc oxide as photo anode. lodide /triiodide was used as the
electrolyte. The other materials included multimeter, mobile pipette, furnace,

binder clips. All chemicals were obtained from Sigma Aldrich.

3.4 Preparation of Plant Extracts

Erythrina abyssinica stem barks were collected, cleaned well using distilled water
to remove dirt and other particles. The stem barks were then dried at room
temperature after being them washed. 30.0 g of the stem bark were weighed, cut

into small slices and ground to form fine powder.

3.5 Synthesis of Zinc Oxide Nanoparticles

5 g of the powder were dissolved in 100 mL of distilled water, heated at 70 °C on
a magnetic stirrer (Rahman et al., 2022) for 15 minutes to soften the cell membrane
followed by filtering to remove loose particles and then put in a centrifuge for 10
minutes at 2400 rpm at room temperature, and then decanted. The filtrate was
mixed in 5.0 g of zinc nitrate hex hydrate and again heated under constant
magnetic stirring at 70 ° C (to increase the rate of chemical reaction) for 15 minutes
(Rahman et al., 2022) The solution was put in an oven at 120 ° C and left there

overnight.
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Figure 3. 2: Synthesis of Zinc oxide nanoparticles

The bonded particles were crushed and then annealed in a furnace, one sample after
the other at 300 °C, 400 ° C, 500 °C and 700 ° C for two hours (Subramanian &

Al, 2013).

3.6 Dye Preparation

20 ml of ethanol were used to dissolve 10 mg of Ruthenium dye (N719) (Shashanka
et al., 2020). After 2 hours of stirring, at room temperature, the solution was stored

in a dark bottle for later use (Charbonneau et al., 2010).

3.7 Development of ZnO Thin Films on FTO Substrate and Dye Adsorption

De-ionized (DI) water and ethanol were used to thoroughly clean the FTO glass
substrates. It was sonicated for three hours in a mixture containing DI and ethanol.
In a 0.4 g of polyethylene glycol with a solution of glacial acetic acid and 5 ml of
double distilled water each, 1g of ZnO nanopawder was dissolved (Rahman et al.,
2022). The resultant mixture was placed in an ultrasonic bath for 2 hours. The

edges of FTO substrates were sealed using cello tape. ZnO paste was drop casted
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on the substrate using a 200 micro pipette and kept for 24 hours before annealing
at 300 ° C in a furnace for 1 hour (Zhang et al., 2020). The film was put in the dye
extract for 24 hours. The soaked film was removed from the dye, rinsed with

ethanol and then used as photo-anode (Esakki et al., 2021).

3.8 Development of Platinum on FTO Substrate (Counter Electrode)

2 mg of hex platinic powder was dispersed in 1 ml of ethanol (Ito et al., 2008) and
the solution was stirred for 15 minutes (Afaq et al., 2018). The solution was drop
casted on a pre-cleaned FTO glass substrate using a 200-micro pipette. The sample
was kept for 24 hours to evaporate the solvent room temperature before annealing

at 400° C for 15minutes (Yeh et al., 2015).

3.9 Preparation of Liquid Electrolyte

In a clean beaker 10 ml of ethylene glycol was used to dissolve 0.127g of iodine
and 0.83 g of potassium iodide (Esakki et al., 2021). The mixture was stirred for

30 minutes using glass rod and stored in a sealed bottle (Nuran et al., 2015).

3.10 Characterization of Thin Films and ZnO

The crystalline structure, lattice parameters of green synthesized ZnO
nanoparticles (ZnO Nps) were investigated using SHIMADZU XRD-700 X-ray
diffractometer at an irradiation wave length of 1.5406 A copper k-alpha (Cuk,).
The elemental composition of the ZnO Nps was determined using Energy
Dispersive X-ray Spectroscopy. The surface morphology examination and average
particle size of ZnO Nps was obtained using Gemini 1 ZEISS Scanning electron
microscope (SEM) (Subramanian & Al, 2013). Ultra Violet-Visible (UV-vis)
spectroscopy was carried out to find the optical properties by the help of an ultra

violet UV-vis Speedo photometer in Diffuse Reflectance Spectroscopy (DRS)
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mode from which the absorption and reflection spectra of the green synthesized

ZnO Nps were obtained.

3.11 Determination of Optical Properties of Ruthenium Dye N719

An ultra violet visible spectrophotometer was used to determine the optical
properties of ruthenium dye N719. This was used because dye molecules have
characteristic absorption bands ranging from ultra violet 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 Figure 3.3. A beam from Ultra violet visible light source was allowed
to hit a monochromatic so that abeam of single wave length pass through it. It was

divided into two intensity beams using a half-mirrored device.

Figure 3. 3: UV-Visible spectrophotometer (Photo was taken from the Chemistry

laboratory of Kyambogo University)

One beam went through a cuvette having sample a solution of the under
investigation and the other passed through a similar cuvette having only the

solvent. The resultant intensities of the light beams were then measured using
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spectrophotometer and a comparison was made. The resulting spectra were
analyzed using origin soft ware (Kishore Kumar et al., 2020) and then used to

determine optical properties of the sample.

3.12 Fabrication and Testing of the DSSC

The adsorbed dye on ZnO electrode and platinum counter electrode were
sandwiched with conductive sides facing each other. The electrolyte solution was
dropped at the edges of the substrate and drawn into space between the electrodes
by capillary. Binder clips were used to hold the electrodes together as seen in
Figure 3.4 (d). The cell’s performance was measured from a solar simulator under

one- sun illumination Figure 3.4 (e)

~ Photo-anode based
on ZnO NPs

(e)

FTO’s conducting side
facing upwards

‘ Testing for the FTO’s
conducting side

Testing the DSSC using Keithley solar simulator

Figure 3. 4: Fabrication and testing of the DSSC

The fabricated cell was connected to Keithley SMU-2450 using four probe and
then placed below the solar simulator where by the photo anode faces the lamp of
the solar simulator. The sweep and stop voltages of Keithley were set at -1V and

+1V respectively.
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The Keithley was then triggered to generate a graph and the data was used in origin
to produce current-voltage (I-V) and power- voltage (P-V) characteristic curves of

the cell.
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CHAPTER FOUR: RESULTS AND DISCUSSION
4.1 Introduction

The chapter discusses structural analysis of ZnO nanoparticles, the examination of
ZnO NPs using Scanning electron microscopy, Optical properties of the
synthesized ZnO NPS and power conversion efficiency of the Dye-sensitized solar

cell using zinc oxide as photo-anode.

4.2 Structural Analysis of ZnO Nanoparticles

Figure 4.1(a) shows the XRD pattern of ZnO NPs, this pattern agrees with the
space group P6zmc (JCPDS number 00-036-1451), the standard pattern. The XRD
confirmed the Wurtzite structure (hexagonal phase) of ZnO NPs. The diffraction
peaks at 20 = 31.67, 34.35, 36.16, 47.47, 56.52, 62.82, 66.31, 67.90, 69.03, 72.54,
and 76.92° correspond to diffraction planes of (100), (002), (101), (102), (110),
(103), (200), (112), (210), (004), and (202) respectively as shown in Figure 4.1 (a).
The extra peak at 28.30° marked as (*) at temperatures of 300, 400, and 500 °C was
due to the impurity phase of Zn (OH)2 in ZnO. It was found out that this impurity
peak decreased until it disappeared at 700 °C. The full width at half maximum
(FWHM) in the XRD study was shown to decrease as the calcination temperature
rose resulting in sharper, smaller peaks with higher intensities at higher
temperatures. Thus, highly crystalline and pure ZnO NPs were obtained. At 700
°C, very crystalline and pure ZnO NPs were thus produced, and further

investigations revealed a similar pattern.
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Table 4. 1: Results from XRD

Peak No Peak position (20) B (300°C) B(400°C) PB(500°C) B (700°C) Miller indices

1 31.7 0.69546 0.58618 0.44543 0.23309 100
2 34.4 0.69555 0.58642 0.44557 0.23294 002
(@) (b)
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Figure 4. 1: (a) XRD pattern of bio-synthesized ZnO Nps and (b) variation of
average particle size (D), micro strain (¢) and dislocation density (& )with

temperature.

4.2.1 Determination of lattice parameters

An impact on lattice strain and crystallite size (D) on diffraction peak’s widening

can be represented by the Williamson—Hall (W-H) equation (4.1).

i1 €COS 0 =52} 4esing 4.1
D

K is a constant (0.9) according to the shape, A is the wave length (1.5406 A), 0 is
the angle of diffraction, Sy is the peak broadening at full width half maximum
(FWHM) corresponding to plane of diffraction (hkl), D is the crystallite size and &

is the micro-strain (Pandey et al., 2016). The size of the crystal and micro-strain

can be obtained. (%'1) as an intercept and ¢ as the slope can be obtained from the
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W-H plot of S, cos 8 against 4 sin 6 in which the size of the crystal and micro
strain respectively can be determined. The dislocation densities, d, of the samples

were calculated using equations 4.2 (Pandey et al., 2016)
1
SZE (4-2)

As shown in Table 4.2, the average crystallite size increases when calcination
temperature increases. As calcination temperature is increased, migration of grain
boundaries occur, causing the coalescence of small grains and formation of large
grains (Pandey et al., 2016).

The lattice parameters a and ¢ were respectively calculated from Equations (4.3
and 4.4) for the annealed ZnO at 300° 400, 500 and 700 ° C.

A
J3sing
A
= 4.4
¢ sin@ (4.4)

However, for hexagonal structure, a is equal to b hence a =3.26 A,b = 3.26 A

and ¢ = 5.21 A.

The interplanar spacing dn« was obtained from the relation; a = dyy; (Bindu &

Thomas, 2014), d = 3.26 A. The lattice angles were 0=90 °, =90 ° and y= 120 °.
Table 4. 2: Calculated average crystallite size, micro-strain, dislocation density,

and lattice constants of ZnO NPs

T (°C) D (nm) € 5 (nm?) Lattice Constants
a(A) c(A)

300 25.8 0.0025 0.00151 3.2627 5.2124
400 31.9 0.0024 0.00098 3.2597 5.2128
500 39.2 0.0022 0.00065 3.2577 5.2135
700 65.5 0.0011 0.00023 3.2568 5.2138
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Table 4.2 shows increased crystallite size from 25.8 to 65.5 nm with an increase in
the calcination temperatures of the ZnONPs This is attributed to the growth of
particles as a result of an interfacial reaction. The dislocation densities and micro-
strain both decreased with a rise in the calcination temperature, as shown in Figure
4.1(b). This means that the lattice defects gradually diminished, and led to
improved crystallinity of ZnO NPs at the higher temperature. The calculated lattice
constants for the bio-synthesized ZnO NPs ranged from a = b = 3.2627 A at 300
°C to 3.2568 A at 700 °C and ¢ = 5.2124 A at 300 °C to 5.2138 A at 700 °C as
indicated in Table 4.2. As the calcination temperature was increased there was a
significant decrease in lattice parameter a with a slight increase in lattice parameter
¢, which in turn led to a reduction in the volume of the unit cell. The increase in
temperature resulted in a more structured arrangement of crystals within the lattice,
featuring fewer impurities and enhanced density, which reduced the lattice

parameter. (Pandey et al., 2016).
4.3 Scanning electron microscopy analysis of the ZnO Nps

Figures 4.2 (a), (b), (c), and (d) shows the SEM images of ZnO NPs at calcination

temperatures of 300, 400, 500, and 700 °C.
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Figure 4. 2: SEM images for ZnO nanoparticles calcined at (a) 300, (b) 400, (c)

500, and (d) 700 °C with their respective EDX spectra (insets).

The images indicate variations in levels of agglomeration depending on the growth
temperature. The micro-images in Figure 4.2 (a, b, and c) show incomplete
nucleation and growth process, non-uniform, flake-like, agglomerated particles
surrounding spherically shaped nanoparticles. This agglomeration is due to the
polarity and electrostatic, high surface energy, van der Waals forces, or other
interparticle interactions. The presence of spherical nanoparticles alongside the
flake-like particles suggests a possible bimodal distribution of particle sizes and
shapes. Spherical particles often form due to minimization of surface energy
(Yahia et al., 2016). However, at a calcination temperature of 700 °C, the particles
become more distinguishable. This is due to the formation of larger particles at
higher calcination temperatures, primarily due to grain growth and particle

agglomeration. As the temperature rises, the crystallites that form get bigger and
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nearby particles are more likely to fuse, creating a more compact and ordered
structure as opposed to separate nanoparticle. This is consistent with the XRD
results, which indicated that as the calcination temperature rose, so did the particle
size. Thus, the micro-images demonstrate how temperature directly affects a

material’s surface shape.

ZnO NPs’ elemental composition was determined using Energy Dispersive X-ray
spectroscopy (EDX). The insets in Figures 4.2a, 4.2b, 4.2c, and 4.2d display the
peaks and corresponding elements for each sample in the prepared ZnO NPs. EDX
identified Zn, O, and C at 300 °C and 400 °C, while only Zn and O were detected
at 700 °C, with wt % of 72.93% and 27.07%, respectively, indicating the formation
of pure ZnO. The presence of carbon (C) likely originated from biomolecules in
Erythrina abyssinica stem bark at 400 °C and below, which volatilized at higher

calcination temperatures.

The average particle sizes, P of the spherical ZnO Nps were found to be 63+ 2 nm
,80 £2 nm , 9242 and 121 +2 nmat 300 ° C, 400 °C, 500 ° C and 700 ° C
respectively as shown in figure 4.3 (b, d , f and e ) .With increase in annealing
temperature, average particle size increases, Table 4.3. The shape of particles
changes from spherical to hexagonal. Increase in annealing temperature leads to an

increase in length and diameter of the crystallite size (YYahia et al., 2016).

Table 4. 3: Average particle size of spherical Zinc oxide nanoparticles

Temp (° C) Particle size(nm)
300 63
400 80
500 92
700 121
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Figure 4. 3: SEM images for ZnO Nps at synthesis temperatures of 300 °C, 400 C,
500°C and 700°C with their corresponding histograms showing particle size

distribution.
4.4 Optical Properties of ZnO NPs

Figure 4.4 (a) shows the PL spectra of bio-synthesized ZnO nanoparticles using
Erythrina abyssinica stem bark extract. The PL spectra of ZnO NPs at room
temperature (RT) show two main emission peaks corresponding to deep level
defects (DLE) and band-to-band emissions (BBE) in the visible and ultraviolet
(UV) regions, respectively (Hong et al., 2009). One peak near the UV region,
attributed to BBE through excitation collision processes, and a broad peak in the
visible region due to deep-level emissions caused by oxygen, around 560 nm
(green region) (Mansournia et al., 2015). However, it was observed that increasing
the calcination temperature significantly enhanced the intensity of peaks in the blue
region (420-480 nm), while the peak intensity in the UV spectrum markedly
decreased. This change results from an increase in Zn vacancy defects facilitated
by higher temperature, leading to prominent deep-level emissions and reduced
band-to-band emissions (Cauda et al., 2014). Optical properties of the bio-
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synthesized zinc oxide nanoparticles were further investigated using diffuse
reflectance spectra (DRS), as shown in Figure 4.4(b). In reflection spectra, lower
reflectance indicates higher absorption at the corresponding wavelength, and vice
versa. The reflectance spectra for all samples are quite similar in the UV
wavelength range of 310 — 377 nm. However, notable differences appear between
the RT sample and those calcined at 300, 400, 500, and 700 °C in the visible range
of 400 — 760 nm. Due to absorption of ZnO Nps at the UV region, they can be used

for dye sensitized solar cell application.
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Figure 4. 4: Photoluminescence spectra of ZnO Nps (b) DRS spectra of ZnO Nps
synthesized at RT, 300,400,500 and 700 0 C,(c) U.V-visible absorption spectra of

ZnO Nps, and (d) Tauc plots for the synthesized ZnO Nps
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4.4.1 Determination of Band Gap

The spectra from UV-vis photometer in diffuse reflectance (DRS) mode of ZnO
Nps obtained by green method are shown Figure 4.4 (d). The band gap was

determined from Tauc plots using equation (4.5) (Kumar et al., 2013)
(F(R)hv)" = Alhv—E, ) .5)

Where F(R) is the kubelkamunk function (Charbonneau et al., 2010) which is the
ratio of absorption coefficient, to the scattering coefficient, s as seen in Equation
4.5

K_(@- R)?

FR=5="2r

(4.6)

hv is the energy of photon, A is a constant with respect to the material, power 2

represents direct transition and > indicates indirect transition.

A graph of (F(R)hv)? against hv was plotted in order to get the band gap (Kumar
et al., 2013). The general equation of a straight line,y = mx + c,was made as a
comparison to the equation (4.5) After fitting on the curves, and by linear

extrapolation of the graph the band gap was obtained as seen in Figure 4.4 (d).

This value was equal to intercept value divided by the slope and is the band gap of
zinc oxide nanoparticles. The optical band gap energies for ZnO nanoparticles were
calculated to be 3.20 and 3.19 eV at temperatures of 300 and 400 °C, respectively,
while at temperatures of 500 and 700 °C, 3.16 and 3.12 eV, respectively were
obtained as band gaps of the optical spectra as shown in Table 4.4. These results
agree with the reported 3.10 - 3.39 eV band gaps for ZnO nanoparticles

(Mansournia et al., 2015).The increase in calcination temperature resulted in grain
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growth with decreased defects, thus improving the crystallinity of the synthesized
ZnO NPs, as supported by the SEM and XRD analysis. The ZnO NPs become less
amorphous with a rise in the calcination temperature, giving a decreased band gap

(Mansournia et al., 2015).

Table 4. 4: Optical band gap of ZnO Nps at different calcination temperatures

Calcination temp (° C) Band gap (eV)

300 3.20
400 3.19
500 3.16
700 3.12

4.4.2 Optical Absorption Properties of Ruthenium Dye N719

The characteristics of absorption of ruthenium dye N719 shown in Figure 4.5
indicates maximum absorbance at 384 and 526 nm. This shows that green and
adjacent colors are absorbed and red is reflected. The absorption peak obtained is

in agreement with other reports.
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Figure 4. 5: Absorption spectra of Ruthenium Dye N719
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4.5 Power Conversion Efficiency of Dye- Sensitized Solar Cell Using Zinc

Oxide as Photo-Anode

Equation 4.8 was used to calculate the fabricated DSSC’s power conversion

efficiency. To examine the power conversion efficiency of the fabricated DSSC,

Photo current density (J) versus voltage (V) curve under a simulated illumination

with the light intensity of 100 mW/cm? was observed. Figure 4.6 (a, b) shows the

typical J-V curve and power density curve of the fabricated DSSC.
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Figure 4. 6: Graph of Current density (a) and power density (b) against voltage

Using the obtained J-V curve and power density curve, various photo voltaic
properties such as short circuit current (Jsc), Open circuit voltage (Voc), Fill factor
(FF) and overall conversion efficiency (1) of the zinc oxide nanoparticles based

DSSC were estimated. The Fill factor was calculated using equation 4.7 (Yahia et

al., 2016).
J .V
FF — max =~ max (47)
JSCVOC
FF = 0.0301x0.0793
0.000056x161
FF =0.265
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Where Jmax and Vmax are the current density and voltage respectively at maximum
power output, Jsc is the short circuit current and Vo is an open circuit voltage
(Alkuam, 2019). Ruthenium dye N719 was used as photo sensitizer and it was
observed that ZnO Nps are very effective in the dye which enhanced the light
harvesting. The maximum absorption led to a short circuit current density of 56

HA/cm?, open circuit voltage of 161 mV, as shown Figure 4.6.

According to the equation 4.7 the calculated FF was 0.265, Based on the obtained
FF, the power conversion efficiency of the fabricated DSSC was calculated using

the equation 4.8 (Shashanka et al., 2020).

p = 2 s 1 00% (4.8)

in

0.0301x0.0793

n=2.4x102%

Where P, is the incident radiation’s power density. The fabricated DSSC
demonstrated a light-to- electricity conversion efficiency of 2.4x10™2 %, according
to equation 4.8.The low PCE of the device may be caused Zn?*/dye clusters that
increase the recombination process between the redox(ls”) components and the
photo injected- electrons (Vittal & Ho, 2017). This greatly limits the number of
photo-generated electrons conducted across the external circuit, and thus very low
short circuit density. However, its fill factor of 0.297 was remarkably higher than
0.118, reported by Abdullah et (Abdullah et al., 2014). These underperformances of
Zn0-based photo-anodes are reported in different literature as shown in Table 4.5.
This showed that the performance of a cell based on ZnO photo-anode also depends

on synthesis techniques that produce NPs with unique properties. The photo
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electric performance of the developed DSSC agree with the optical absorption

property of the ruthenium dye N719 as observed by other researchers. Table 4.5

shows a comparison between the power conversion efficiency (PCE) obtained in

this study and literature values from other researchers.

Table 4. 5: Comparison of PCE for a few selected DSSCs based on ZnO photo-

anode

Photo-anode Synthesis method PCE (%) Reference

Electrode

ZnO Hydrothermal 2.9x10t (Shaat et al., 2017)

Zn0O solver thermal 2.0x107? (Esakki et al., 2021)

ZnO Chemical bath deposition 3.0x10°® (Abdullah et al.,
2014)

Zn0-2 nm Screen-printing 8.0x107 (Chandiran et al.,

thickness 2014)

ZnO Green synthesis 2.4 x107 This study
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion

An ecofriendly simple green synthetic method was successfully used to prepare
ZnO Nps using Erythrina abyssinica stem bark extracts. The NPs of ZnO that
were synthesized showed wurtzite hexagonal structure of 65.5 nm average
crystallite size at 700 ° C as calculated from Williamson-Hall equation. The study
from SEM revealed ZnO Nps in spherical form and are not so much agglomerated.
The Erythrina abyssinica stem bark extracts acts as both reducing and capping
agents there for no extra capping agent was used in this work. An average particle
size at 700 ° C of ZnO Nps was found to be 121 nm. The EDX studies revealed the
experimental and theoretical 1:1 stoichiometry ratio of zinc and oxygen. Abroad
surface absorption peak between 310-377 nm for the annealed ZnO Nps was
showed from UV-visible spectroscopy with 3.20, 3.19, 3.16 and 3.12 eV at 300,
400, 500, and 700 °C respectively as band gaps. Within the green region there were
no discernible peaks of E.M (electromagnetic) spectrum, and the
photoluminescence spectra of zinc oxide nanoparticles only showed peak in the red
and blue portions. A current density- voltage behavior of the manufactured zinc
oxide NP based DSSC was investigated using illumination from the solar
simulator. With a Voc of 161mV and a 56pA/cm? short circuit current density of,
the fabricated DSSC demonstrated a PCE of 2.4x102% . The poor performance of
the cell was as result of limited light absorbed in the visible spectrum by the Ru
N719 dye adsorbed on biosynthesized ZnO nanoparticles, and fast electron-hole

recombination rates.
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5.2 Recommendations

The study successfully synthesized ZnO NPs via green synthesis and showed their
applicability in DSSCs, thus adding to other areas of application of green-
synthesized ZnO NPs such as the biomedical science field, organic electronics, and
in environmental applications. Although the study’s performance results for DSSC
photo-anode application are low compared to other values obtained from
chemically synthesized ZnO photo-anodes, the study has paved the way for further
research on green-synthesized ZnO NPs for optoelectronic device applications.
Future research should be focused on improving the light absorption range of Ru
N719 dye adsorbed on biosynthesized ZnO nanoparticles and minimizing the

charge recombination rates through doping and heterostructuring.

It is recommended that more research should be done investigations be made by
clarifying how various dopants affect zinc oxide photo-anode’s band structure and
surface modifications. This will provide noticeable benefit in electron transport,
increasing DSSC efficiency. Communities should be made aware of the need to
preserve this plant species (Erythrina abyssinicca) because of its uses in DSSC

application.
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