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ABSTRACT
Energy is a very critical requirement for all nations that boosts economic growth and
development. Dye-sensitized solar cells (DSSCs), the 3" generation photovoltaic technology
which imitate the process of photosynthesis in green plants have of recent gained
overwhelming attention in solar harnessing because of their simple structure, affordable cost,
simple fabrication technique, little toxicity, and comparatively high efficiency of energy
conversion. Currently, Platinum is used as a counter electrode for DSSCs. However, the
scarcity and high cost of Pt is still a challenge. In this study, copper oxide (CuO) nanoparticles
(NPs) were synthesized using Cucurbita maxima plant leaf dye extract and applied as an
electrocatalytic CE in DSSCs. The CuO NPs were characterized using XRD, TEM, UV-Visible
spectrophotometer and FTIR to obtain their crystal structure, surface morphology, optical
properties and chemical bonds respectively. Three individual natural dyes from pumpkin leaves
(P), sweet potato leaves (S) and hibiscus flowers (H), along with their composites, P:H and S:H
in varying ratios were extracted, their optical properties studied and used as photosensitizers.
The results indicate that the fabricated DSSC with P:H-1:3 composite dyes yielded the highest
PCE of 8.7x 10™ %, a short circuit current density (Jsc) of 13.94 nA/cm? and an open circuit
voltage (Voc) of 0.29 V compared to S:H-1:3 composite and individual dyes under one-sun

illumination from a solar simulator (AM1.5 100 mWcm?).
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CHAPTER ONE: INTRODUCTION

1.1 Background of the study

Energy is a very critical requirement for all nations that boosts economic growth and
development. Promoting the use of energy is vital so as to realize the United Nations
Sustainable Development Goals, SDGs (Pueyo and Maestre, 2019). Gielen et al, highlighted
that “the share of renewable energy in the overall primary energy supply is projected to grow
from 15 % in 2015 to 63 % by 2050.” (Gielen et al., 2019). There are various sources of
renewable energy; these include solar, wind, hydropower, biomass and geothermal energy.
Among the renewable energy forms, solar energy has attracted much attention from researchers
due to its benefits as compared to the other alternative forms. Solar energy is clean energy
source and does not generate greenhouse gases, it is readily available and at no cost except the
cost of fabricating the solar cells. Ali et al stipulated that, annually the market share for
photovoltaic (PV) modules exponentially increased between the years 2000 and 2015. In this
time it was anticipated that the rising trend would persist for the coming few years (Ali et al.,
2016). Up to date, wafer-based crystalline silicon which are the first-generation solar cells are
still dominating the market. The greatest challenge is that purification of silicon requires too
much energy which has resulted into high module prices. As a solution to the high cost of PV
cells, new technologies have emerged including thin film solar cells in the second-generation
PV technology. Among others in this category are the Culn-GaSe,, CdTe (Repins et al., 2008)
and perovskite solar cells that have of late attained the highest power conversion efficiency
(PCE) of 23.3% with a single-junction layout (Mora-Ser¢ et al., 2020). Today, dye sensitized
solar cells (DSSCs) is another category in the third-generation of photovoltaic devices which
are extensively being researched as prospective solar cells since they have simple structure,
affordable fabrication technique, little toxicity, and relatively high efficiency of energy

conversion (O'regan and Gratzel, 1991). Over time, the PCE of DSSCs has steadily been



enhanced with a currently reported efficiency of 14.7 % which was obtained with collaborative
sensitization of silyl-anchor and carboxy-anchor dyes (Kakiage et al., 2015). However,
additional cost reduction for DSSCs is necessary together with the need to further improve the
current efficiency (Kay and Gratzel, 1996, Ito et al., 2006). The primary components of DSSCs
include the sensitizer (dye), photo-anode (working electrode), counter electrode (CE) and
electrolyte. Platinum (Pt) is currently the conventional CE being used in DSSCs given its
outstanding properties that include; high conductivity to electricity, outstanding catalytic
activity and excellent chemical stability towards reduction of /3 and has proven to be a
successful material for producing high-performance DSSCs (Zhou et al., 2008, Papageorgiou
et al., 1997). However, the scarcity and high cost of Pt makes its widespread use impractical.
For this reason, researchers have continued to search for alternative CE materials. Various
alternative CEs have been fabricated by a number of researchers to substitute the conventional
expensive Pt. However, these alternatives must be affordable and should have all platinum-
level performance characteristics for DSSCs application in order to achieve the purpose.
Among the fabricated alternatives include; metal composites (Li et al., 2015), nitrides (Xu et
al., 2012), carbides (Cai et al., 2017), oxides (Yun et al., 2012), conducting polymers
(Yohannes and Inganas, 1998, Xiao et al., 2014), pure transitional metal elements like
ruthenium (An et al., 2016) and silver (Snaith et al., 2007), carbon related materials such as;
graphene (Kim et al., 2018), carbon black (Cao et al., 2017), carbon-nanotubes (Chen et al.,
2016) and graphite (Li et al., 2015), carbon black (Murakami et al., 2006, Wu et al., 2016),
metal sulfides (Zhao et al., 2013, Song et al., 2016, Rao et al., 2014) and metal oxides(Yun et

al., 2012, Shashanka et al., 2020).

Among the oxides is copper oxide (CuO), a p-type semiconductor with a low bandgap (Ej, 1.2
eV in bulk) has received a lot of research attention due to its superb electrical, conductivity,

catalytic and antibacterial properties (Vijaya Kumar et al., 2001, Abboud et al., 2014). CuO is



an excellent material that has a number of applications like in gas sensors, superconductors,
batteries, catalysis, solar energy conversion, field emission emitters, large magnet resistance
material and photovoltaic devices (Gao et al., 2013, Zheng et al., 2000, Yang et al., 2013).
However, most production methods for CuO are expensive. In an effort to find an alternatively
cheaper CE material for use in DSSCs, green synthesis of CuO NPs has been considered as one
of the best and cheapest options (Parveen et al., 2016). For instance; Sharma et al, synthesized
CuO NPs from leaf extract of Calotropis gigantea by green method from which they fabricated
a CE for DSSCs. A fill factor (FF) of 0.62 along with high short circuit current density of 8.13
mA/cm?, fairly high solar to electrical energy conversion efficiency of 3.4 %, and an open
circuit voltage of 0.676 V were obtained (Sharma et al., 2015). However, further research on
green synthesis of CuO NPs from other plant leaves need to done to further improve on the

particle size and overall efficiency for DSSCs solar cell application.

In this dissertation, CuO NPs were for the first time synthesized using Cucurbita maxima leaf
extract as a reducing/chelating agent of Copper (lI) nitrate (Cu (NOs3).) salt to CuO NPs.
Uniformly synthesized CuO NPs were characterized with XRD, TEM, UV-Visible
spectrophotometer and FTIR. Using natural dye solutions from pumpkin leaves, sweet potato
leaves and hibiscus flowers as a photon absorber, the DSSC based on CuO NPs with P:H-1:3

composite dyes exhibited the highest PCE of 8.7x10* % under one-sun illumination.

1.2 Statement of the problem

In DSSCs, the counter electrode (CE) is a very fundamental and necessary component in the
general functioning of the cell. The CE is regarded to be a crucial component because of its
relevance of enabling electron exchange by collecting electrons from the external circuit to
catalyze the redox pair in the electrolyte. Currently, platinum (Pt) is used as the CE in DSSCs
given its excellent conductivity to electricity, outstanding catalytic reduction ability and
chemical stability (Zhou et al., 2008). However, Pt is scarce and expensive and hence the need

3



for an alternative CE to be used in DSSCs. In this study, low cost CuO NPs were synthesized

by green method and used as a DSSC CE.

1.3 General objective of the study
To synthesize copper oxide nanoparticles using Cucurbita maxima dye extract for application

as a counter electrode for dye sensitized solar cells.

1.4 Specific objectives of the study

To succeed in achieving the above major objective, the specific objectives were:

Q) To determine the crystal structure, particle size and surface morphology of CuO

nanoparticle.

(i)  To investigate the optical properties and identify chemical bonds in CuO nanoparticles.

(ili)  To determine optical absorption properties of dyes extracted from hibiscus flower,

sweet potato leaves, pumpkin leaves and their composites.

(iv)  To determine the power conversion efficiency of the DSSC using CuO NPs as a CE.

1.5 Scope of the study
This study put focus on counter electrode fabricated using copper oxide as platinum free CE.
The experiments were carried out in the Physics Laboratories of Kyambogo University and

Ithemba Labs, South Africa.

1.6 Significance of the study

The research findings will enable the solar cell manufacturers to choose appropriate, relatively
cheaper and abundantly available materials in which CE can be made when fabricating DSSCs
for commercial and large-scale purposes. This will make the solar cells cheaper for the final

buyer/user.



This research will be useful in realizing the United Nations Sustainable Development Goals
(SDGSs) number 7 and 13. Furthermore, the research addresses Uganda’s vision 2040, that is,

vision targets 14 and 15 (Pueyo and Maestre, 2019, Balyejjusa, 2015).

Lastly, the information from this study will be used by other researchers to do additional and

related research.



CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

The literature review provides the conceptual and theoretical support to this research based on
prior knowledge. It attempts to review the related literature about solar cell, DSSC, theory and
methods on nanoparticle and thin film preparation used in this research, Current-Voltage (1-V)

measurement and the various characterization methods in this research.

2.2 Solar cell

A solar cell is also referred to as a photovoltaic (PV) cell. Photovoltaic means converting light
(photons) to electricity (voltage) and this process is termed as photovoltaic effect. A solar cell
is an electrical device which converts light energy into electricity by means of photovoltaic

effect (Pandikumar et al., 2019).

To boost the amount of electricity generated, solar cells are arranged to form a module, which

can be arranged to form an array as shown in Figure 2.1.

T
7

(a) Solar Cell (b) Solar Panel/ Module (c) Solar Array

Figure 2.1: lllustration of (a) a solar cell (b) solar panel/module and (c) solar array. Reproduced with

.

permission (Khaled et al., 2020).



Energy conversion in solar cells mainly takes two main steps. Initially, light absorption
generates an electron-hole pair. Secondly, the design of the device separates the electron and
hole, sending the former to the negative terminal and then the latter to the positive terminal,

and as a result, electrical power is produced (Markvart and Castafier, 2018).

2.3 Dye sensitized solar cell (DSSC)

Kalyanasundaram (2010), defines a DSSC as a thin-layered solar cell made up of two
transparent conducting oxide (TCO) electrodes sandwiched onto one another
(Kalyanasundaram, 2010). These two TCO electrodes are; the photo-anode which is usually
made of titanium dioxide (TiO2) semi-conducting nanoparticles with adsorbed sensitizer (dye).
In this case, the dyes normally used are ruthenium (Ru) complexes which act as photon
absorbers. The other electrode is the counter electrode (CE), normally platinum (Pt). However
numerous research is being done in the areas of photo-anode, counter electrode and sensitizer

(dye) trying to come up with some other substitutes for these materials.

The evolution of DSSCs started in the year 1972 using chlorophyll as sensitized zinc oxide
(Zn0O) electrode solar cell (Tributsch, 1972). With the dye acting as chlorophyll, the DSSCs
working principle can be linked to the process of photosynthesis in plants (Mingsukang et al.,
2017). Just like any other solar cell, DSSC works by illuminating it with photon energy.
Electrons leave the semiconducting network layer to facilitate electron transfer to the external
circuit. This process is completed after the redox mediator in the charge transfer medium brings

them back to the sensitizers. Figure 2.2 shows the structure and working of the DSSC.



2.3.1 Working principle of DSSC
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Figure 2.2: Diagram showing the parts of a DSSC and its operation.

The internal processes that take place inside the DSSC (Figure 2.2) are explained as follows.
Absorption of photons by the sensitizer (dye molecules); Initially, in the absence of photon
energy (solar radiation), the dye molecule (sensitizer) is in its ground state (D).

When the Solar cell is irradiated with photon energy, the molecules in the dye absorb the
photons and produce photo-excited electrons. At this level, the dye molecule overcomes the

band gap and changes to a photo excited state, D*.

Oxidation of the dye molecules; The excited dye then undergoes oxidation as it injects
electrons into the conduction band (CB) of the semi-conductor (TiOz). Here, electrons travel
from the photoanode through an external loop to the transparent conducting oxide glass

substrate via a thin layer of porous TiOz, thereby creating current and completing the circuit.

8



* + -
D _)Dabsorption of Ti02+ einjected ...................................................................

Electron diffusion; The injected electrons travel via the semiconducting network to the rear
contact where they are reduced onto the counter electrode by passing via the load and counter

electrode.

I3_+ Zec;bsorption of TiOz_) 316;b501‘pti0 OF Tt + v e evensetennsetunnteiunniiiuiiiiiitiunnieiunn. 23

Regeneration of the sensitizer (dye); The injected electrons are transferred between the
photo-anode conducting material (TiO2) where they are extracted and given as electrical energy
to the load. The redox pairs in the electrolyte, that is, the iodide and triiodide (/1~and I5) redox

pairs give the oxidized-sensitizer electrons and hence making it to regenerate.

+ 3._ 1,_
Dabsorption + 513 i Dabsorption Of Ti02+5 13 ....................................................... 2.4

Regeneration of the redox mediator; Finally, the iodide and the redox mediator in the
electrolyte move to the CE, which is the cathode where it gets regenerated by reducing tri-

iodide to iodide.

I3_+ Z'e;bsorption if TI:OZ—) 31(;1’10d+ hV ............................................................. 2.5

To achieve photo-electric conversion, a continuous cycle (2.1) to (2.5) has to be kept constant
by illumination of the solar cell device such that it maintains a photovoltaic system with
regenerative and steady energy conversion (Nazeeruddin et al., 2011, Halme et al., 2010,

Mingsukang et al., 2017).

2.4 General overview of nanoparticle preparation method used in this study
2.4.1 Green synthesis method
According to Kumari et al (2021), green synthesis of nanomaterials means the synthesis of

various nanoparticles from different bioactive agents including materials of plant, micro-



organisms, and several biowastes such as wastes from fruit peelings, wastes of vegetable,
agricultural waste, shell of egg, etc. (Kumari et al., 2021). It is therefore a bottom-up strategy
in which NPs are created when organic molecules originating from biological resources,
oxidize or undergo reduction of metallic ions. The green synthesis of metallic nanoparticles
has recently become an area of focus in research. “Green synthesis" is used, to mean a cheap
and straightforward procedure that does not involve the use of high cost or complicated
equipment (Britto-Hurtado and Cortez-Valadez, 2022). This method has got numerous
advantages as compared to other methods of preparing nanoparticles. The following are some

of the of the advantages;

Q) Easy to customize size, shape and nature by adjusting pH, temperature and nutrient
media.

(i) Reduces health hazards to researchers, that is, toxic chemical concentrations are
minimized.

(iii)  Environmentally friendly since bioactive agents such as plant materials are mainly used
in synthesis of nanoparticles.

(iv)  Economically viable since the plant materials that are mainly used are locally available
at relatively no cost.

(V) Finally, the method is a straight forward one and produces stable nanoparticles quickly.

2.5 General overview of the thin film preparation method used in this study

2.5.1 Spin coating

Spin coating is a technique that involves application of regular thin films to flat substrates.
Conventional steps consists of putting a little puddle of fluid resin in the middle of a substrate

and spinning it at an elevated speeds, usually around 3000 rpm (Mitzi et al., 2004).

10



The resins spread to and finally over the substrate edges as a result of centrifugal force, leaving
a thin coating of the resin on top. The viscosity of the solution coating and the rotation speed
determines the thickness of the film. Four procedures are followed when using spin coating
technique and these include; deposition, spin up, spin-off, and evaporation as seen in Figure

2.3.

At the start, the resin fluid to make a film is deposited on the substrate surface which is then
put on the shuck that rotates it. The spin-up and spin-off stages occur such that each follows
another, whereas the evaporation step occurs continuously. The spread of the deposited
material or resin is done by the centrifugal force and the more the speed, the thinner and more
efficient the coating film becomes. The advantages of spin coating in depositing films on
substrates include; production of extremely fine, thin, and uniformly distributed coating.

However the challenge is the difficulty with samples that have large area (Mishra et al., 2019).

(i) (ii)

Deposition Spin up

(iii) (iv)

Spin off Evaporation

Figure 2.3: Schematic diagram of spin coating stages. Used with permission (Yilbas et al., 2019).
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2.6 Theory of some of the characterization techniques in material science

2.6.1 X-ray diffraction (XRD)

This is a powerful and popular tool used for identifying the crystal structure where the
crystalline atoms make an incident X-ray beam to diffract in multiple distinct directions. X-ray
diffraction was proved to be a non-destructive technique and it is applied in characterization of
films, NPs and structures of devices. This is done with the main intention of studying the
internal structure of many materials (Moram and Vickers, 2009). When X-rays interaction with

the atoms in the sample under test, a diffraction pattern is formed on the screen.

XRD pattern is helpful in obtaining numerous information about the crystal which include; the

crystal structure, mean position of the atoms, their disorder and other information about
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Figure 2.4: lllustration of XRD pattern using CuO nanoparticles obtained from Calotropis gigantea

plant leaf. Reproduced with permission (Sharma et al., 2015).
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different materials especially minerals and alloys. More information that can be obtained
include; lattice parameters of the crystal (that determines strain and composition),
misorientation (in this, studying defect types and their densities is possible) micro strain and

dislocation density, wafer bowing and residual stress (Moram and Vickers, 2009).

The diffraction peak intensity is determined by how atoms are arranged in the entire crystal. A
dislocation is an imperfection or defect in the crystal structure. Numerous properties of

materials are significantly influenced by dislocations.

The crystallite size (D) and dislocation density (8) can be obtained from equations (2.6) and

(2.7) respectively.

where D is the crystallite size, K is shape factor (0.9), A is wavelength of X-rays whose value
is 1.5418 A for Cu K, 0 and P are diffraction angle (in degrees) and full width at half maximum

(FWHM) in radians of the different peaks respectively (Bendjedidi et al., 2015).

However, the material under study undergoes strain when deposited on the glass substrate. The

micro stain (&) can also be calculated from equation 2.8.

where the variables are as defined above (Nabiyouni et al., 2011).

In the crystal, arrangement of atoms is in a regular repetitive manner with spacing in angstroms.
Therefore, since X-rays are electromagnetic in nature and are also in angstroms, diffraction

automatically occurs when X-ray beam is applied to a crystal.
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Figure 2.5: lllustration of Bragg’s law. Reproduced with permission (Le Pevelen, 2010).

X-ray diffraction also occurs due to constructive interference between electromagnetic X-ray
waves and the atoms of the material being studied (Bunaciu et al., 2015), and this is in line with

the Bragg’s law. This law is given by equation (2.9);

NA T 2A SIN0 oottt 2.9

where n is an integer, that is, n = 1,2,3..., A and 0 are as defined in equation (2.6) and d is the

inter-atomic spacing between the crystal planes.

From Figure 2.5, constructive interference will be observed if the extra distance moved by the

second ray from IB plus BJ is in integral multiples of the wavelength, A

2.6.2 Scanning electron microscopy (SEM) and Transmission electron microscopy
(TEM)

SEM (Figure 2.6) and TEM are among the most adaptable characterization techniques for
materials that enable the determination and analysis the surface morphology and

microstructural properties of a material (Zhou et al., 2006).
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Figure 2.6: Schematic illustration of SEM. Reproduced with permission(Singh et al., 2016).

The scanning electron microscope obtains its name from scanning an energetic electron beam
on a sample surface to produce images (Ul-Hamid, 2018). In fact, SEM is one of the highly
preferred and reliable tools used for high-resolution imaging (resolution down to 1 nm). The
disadvantage of SEM is that 1 nm resolution is at times impossible especially if samples being
characterized are ordinary. This is because of the restrictions associated with the interactions

between the beam and the sample which is as a result of using secondary electron signals.

To overcome this challenge, STEM-in-SEM is one approach to overcoming these constraints

and enabling high-resolution imaging (Bogner et al., 2007).

Characterization using the SEM is done by focusing a beam of electrons other than the light
used by optical light microscopes to give a magnified image. The image produced by the SEM
depends on the signal produced by the electron and the sample being studied. The interaction

is in two categories and these include elastic and inelastic interactions (scattering).
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Elastic scattering is mainly due to deflection of a beam of incident electrons by sample atomic
nucleus or by electrons of the outer shell of same energy while inelastic scattering is due to
numerous interactions between the beam of electrons that is incident to the sample and atoms,
which makes the primary beam of electron giving out a considerable quantity of energy to that
atom (Zhou et al., 2006). Therefore, the main distinction between a SEM and a TEM is that
while TEM uses transmitted electrons to produce images, SEM detects reflected or knocked-
off electrons (electrons flowing through the sample) and TEM gives images with higher

resolution (Rostamabadi et al., 2020).

2.6.3 Energy dispersive X-ray spectroscopy (EDS)

EDS, which is sometimes written as EDX or EDXS is a common technique that is commonly
applied for determination and measurement of elemental composition in a sample (Figure 2.7).
Elemental composition of even a very small sample of a substance including those in a cubic

micrometers can be obtained (Ebnesajjad, 2011).

Electron
beam Electronics
Amplifier
, Detector
X-ray signal
[ ] Computer
Sample

Figure 2.7: Diagrams of an EDS with the internal process involved. Reproduced with permission

(Kumar et al., 2023).
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Figure 2.8: EDS spectrum for synthesized copper oxide nanoparticles. Reproduced with permission

(Sagadevan et al., 2017).

EDS enables one to verify the existence of the elements in the prepared sample and to know
the percentage of each element that exists in the sample. Usually, EDS systems are attached to
an electron microscope, like the TEM and SEM and this depends on the emission of the

specimen characteristic X-rays.

When the surface is exposed to a focused X-ray beam or a high intensity stream of charged
particles, X-ray emission is stimulated. It is possible to stimulate the electrical structure of the
atom to produce X-ray emissions, each having its own energy signature(Mehrban and Bowen,

2017). Figure 2.8 an example of an EDS spectrum for CuO nanoparticles.

2.6.4 UV-Visible spectroscopy

UV-Visible spectroscopy is a technique that measures how much of discrete wavelength of
visible light that a sample absorbs or transmits in comparison to a reference (blank) sample.
This is carried out by the using UV-Visible spectrophotometer. The transmission data can be
used in calculating the absorbance (% A) of a given films for various wavelengths by using

equation 2.11 (Roy et al., 2006).

A= 2510070 e, 2.11
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Also, reflectance expressed as a percentage (% R) is obtained using equation (2.12)

(Abduljabbar, 2014).
THAFRTI0090 oo e 2.12
where, A and T are as defined in equation 2.11.

UV-Vis gives the optical properties of a sample and the spectral data generated can be used in
determination of bandgap of a material. Other parameter that can be determined include: skin
depth, extinction coefficient, dielectric constants and refractive index. Figure 2.9 shows the

schematic mode of operation of a spectrophotometer.

)

Electric | Computer
Light Light Current

Light

Light = Wavelength = — for Signal
Sample =:>' Detector | ==—= :

Source Selector P -.—JJ Zﬂéessmg
utput

Figure 2.9: Basic elements and the light path of a visible spectrophotometer. Reproduced with

permission (Grasse et al., 2016).

2.6.5 Fourier Transform Infra-red (FTIR) Spectroscopy

FTIR spectroscopy is an effective tool in material characterization applied for identification of
functional groups or chemical bonds and quantification. This technique includes both
absorption and reflectance spectroscopy that take place in the infrared (IR) region of the

spectrum.

A sample profile or specific molecular fingerprint is created by the spectra and can be used to

screen and scan samples for a number of constituents. A vibrational transition or stimulation
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of a molecule to vibrational state of higher level occurs in the electromagnetic region (Shojaei
and Azhari, 2018). FTIR analysis is applied in identifying several compounds in materials that
could be organic, inorganic or polymeric. This is done with the help of light in the infra-red
region for scanning samples. Variations in regular pattern of absorption bands evidently
demonstrate a variation in the structure of material. FTIR is important not only in
characterization but also for identification of unknown materials, identifying contaminants in
materials, checking for additives, and identification of decomposition and oxidation (Titus et

al., 2019).
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Figure 2.10: Schematic diagram of FTIR processing system. Reproduced with permission (Undavalli

etal., 2021).

2.7 1-V Measurement

Solar Cell I-V measurement indicates the performance of a solar cell. It provides the
relationship between the voltage applied across an electrical device and the current that flows
through it. The resultant photovoltaic parameters such as Jsc (MA cm?), Voc (V), FF and PCE
(%) can be obtained from the analysis (Sinton and Cuevas, 2000). The photocurrent—

photovoltage (J-V) curves of DSSC or any other solar cell can be obtained by the use of the
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Keithley digital source meter with illumination of a solar simulator (Song et al., 2016). Other
parameters that can be obtained using the same device include; resistance, resistivity,

capacitance, etc.

The above parameters can be helpful in the evaluation of the power conversion efficiency

(PCE) of a solar cell using the following expression.

. P, v X1
EfﬁClel’lcy (,n) — max = y y y max g max y
P; Incident solar radiation XActive area of the fabricated cell.
Voc X Igc X FF
v T U 2.13
It X A

where, FF is the fill factor and it can be obtained from, FF = P’"T“’I‘
The PCE of the solar cell is then calculated using;
PO = e 2.14

ItXAc

Figure 2.11: Image of a solar cell simulator and Keithley (SMU-240) for I-V measurement system.
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From equations 2.13 and 2.14, B,,,, is the maximum power given out by the solar cell, P;, is
power absorbed by the solar cell and Vo is the output voltage (Emery and Osterwald, 1986,

Devadiga et al., 2021).

Therefore, I-V characterization can be done using Keithley instrument which may be connected
to computer under irradiation by the solar simulator or under sunshine on a clear sunny day

(Figure 2.11).
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CHAPTER THREE: METHODOLOGY

3.1 Introduction

This chapter presents the materials to be used, preparation of leaf extract, synthesis of CuO
nanoparticles, characterization techniques that were used, fabrication of the synthesized CuO
nanoparticles-based counter electrode, preparation procedures of the working electrode (photo-
anode), preparation of the natural dye solution (sensitizers), preparation of liquid electrolyte,

fabrication of DSSC device and measuring the current-voltage parameters.

3.2 Chemicals and materials

Cupric nitrate, ethanol (99.99% purity), polyethylene glycol (PEG), anhydrous titanium oxide
powder, iodide/triiodide electrolyte, Fluorine doped tin oxide (FTO) glass substrate of sheet
resistance = 6.7 = 0.27 Q/square cm from Ossila Ltd-UK and distilled water. TiO, powder <
25 nm (anatase phase). All chemicals were obtained from Sigma Aldrich and were used without
further purifications. Cucurbita maxima plant leaves were obtained from Uganda flora and the
natural dye solutions were extracted from sweet potato, pumpkin and hibiscus plant leaves

(Collected from Uganda flora).

3.3 Preparation of leaf extract for synthesis of CuO nanoparticles

Freshly obtained leaves of Cucurbita maxima plant were washed twice using distilled water
and dried under the sun so as to get rid of any remaining moisture. The dried leaves were then
ground with the help of a mortar and pestle to form a powder. 500 ml of distilled water was
mixed with 50 g of the powder and the mixture was heated for 60 minutes, or until the aqueous
solution's colour turned from watery to yellowish. The mixture was then sieved twice using

Whatman filter paper (Cat No 1001 125) to eliminate any residual solids.
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3.4 Synthesis of CuO nanoparticles

50 ml of Cucurbita maxima leaf extract was measured and boiled between 70 and 80 ° C using
a hotplate fitted with a magnetic stirrer. 2.5 g of cupric nitrate were added into the solution and
boiled until a yellowish-green coloured solution was obtained. The resultant solution was then
placed in an oven operated at a temperature of 100 °C for 18 h until a pale green powder was
obtained. The formed CuO powder was finally placed in a ceramic crucible and then annealed

in a furnace at the temperature of 350 and 450 °C for 2 h.

3.5 Characterization
X-ray diffraction (XRD) was performed using an irradiation wavelength of 1.5418 A (Cu Ko)
to get data that was used to obtain the structure of the crystal, micro strain and lattice parameter

of green synthesized CuO nanoparticles.

Transmission electron microscope (TEM) was also used for imaging the NPs order to obtain

the particle size.

Ultra violet visible (UV-Vis) spectroscopy was carried out to find the optical properties by the
use of an ultra violet UV-Visible Spectrophotometer in Diffuse Reflectance Spectroscopy
(DRS) mode. The same instrument was used to determine the optical absorption properties of

the natural dye solutions.

Fourier Transform Infra-red (FTIR) Spectrophotometer (IR Tracer 100) was used to determine
the chemical bonds in CuO. Figure 3.1 is an image of FTIR spectrophotometer and the

corresponding spectrum of CuO nanoparticles.
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Figure 3.1: FTIR Spectrophotometer and its corresponding spectra on the screen.

3.6 Preparation of the dye solutions for use as photosensitizers

Pumpkin leaves, sweet potato leaves and hibiscus flowers were used to develop individual
natural dyes solutions. Fresh pumpkin leaves, sweet potato leaves and hibiscus flowers were
separately washed with distilled water and then dried inside an oven for a duration of 24 h at a
temperature of 60 °C. Using a mortar and pestle, the dried leaves were ground into a fine
powder. 10 g of pumpkin powder and 10 g of sweet potato leaves powder were separately
dispersed in ethanol (50 ml) in an amber bottle each giving 0.2 g/ml concentration. Also,
powder from hibiscus was dispersed in ethanol (100 ml) in an amber bottle to give a 0.2 g/ml
concentration. The solutions in each of the bottles were kept at room temperature for 24 h in a
dark place. Because of the complex nature of dye solution extraction from hibiscus, the solution
was warmed at 60 °C in an incubator which was set at 150 rpm for 10 minutes and further then
stored for a period of one week. All the solutions were filtered using Whatman filter paper (Cat
No 1001 125) at room temperature. To avoid degradation by sun light, the solutions were

separately placed in amber bottles in a dark place and kept for further use.
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3.6.1 Development of composites for the dye solutions

The individual dye solutions denoted by P, S and H as the dyes extracted from pumpkin leaves,
sweet potato leaves and Hibiscus flowers leaves (Malva viscus species) respectively were used
to make composites in the mass ratios P:H-1:3 and S:H-1:3. The optical absorption properties

of all the dye solutions for use as sensitizers have been discussed in chapter 4.6.

3.7 Fabrication procures for the electrode

3.7.1 Substrate cleaning

The FTO glass substrates (2.5 cmx2.5 cm?) were rinsed with distilled water followed with
ethanol for 30 minutes in an ultrasonic bath. They were then dried in an oven at 60 ° C for 15
minutes. The edges of the substrates were covered with a scotch tape of thickness 0.06 mm.

3.7.2 Fabrication of counter electrode based on CuO nanoparticles

0.2 g of CuO nanoparticles were dissolved in 0.4 g of polyethylene glycol (PEG) consisting
of a mixture glacial acetic acid and distilled water (5 ml for each). The resultant mixture was
sonicated for 2 h and then spin coated five times each at 2,500 rpm for 10 minutes on a cleaned
FTO substrate at room temperature (28 °C). The film on the substrate was annealed muffle
furnace (KJ-1700) at 300 °C for 1 h. The furnace was left to cool naturally to room temperature,
the film was removed and then dipped in a natural dye for 24 h. After dye absorption, the film

was removed and washed in ethanol to remove residues.

3.7.3 Preparation of the working electrode

FTO glass substrate was cleaned using distilled water followed by ethanol. 1 g of TiO2 nano-
powder was dissolved in 0.4 g of polyethylene glycol consisting a mixture of 5 ml glacial acetic
acid and distilled water in similar quantities. The resultant mixture was sonicated for 2 h and

spin coated five times each at 2,500 rpm for 10 minutes on FTO substrate at room temperature.
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Figure 3.2: Fabricated (a) photoanode and (b) counter electrode for DSSC application.

The film on the substrate was annealed in a muffle furnace at 300 °C for 1 h. The furnace was
left to cool naturally at room temperature. The annealed substrate (containing the film) was

removed and kept. Figure 3.2 shows the fabricated photoanode and the counter electrode.

3.8 Preparation of liquid electrolyte
lodine (I2) and potassium iodide in quantities of 0.127 g and 0.83 g respectively were dissolved
in ethylene glycol (10 ml) and placed in a cleaned beaker. Using a glass rod, the mixture was

stirred for duration 30 minutes and then stored in a sealed bottle.

3.9 DSSC fabrication

To complete the DSSC structure, lodine/tri-lodine was used as the electrolyte. TiO2, a working
electrode, was sandwiched with the CuO based CE. To complete the cell fabrication, the
electrolyte was applied by capillarity attraction into the space between the two prepared
electrodes. 1-V measurements under 1 sun illumination were recorded by Keithley digital
source meter (SMU-2450). Figure 3.3 shows the whole process of synthesizing CuO

nanoparticles from Cucurbita maxima dye extract to the final stage of device application.
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Figure 3.3: Summary of extraction process of dye solution from Cucurbita maxima leaves and

synthesis procedure of CuO nanoparticles by green method.
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CHAPTER FOUR: RESULTS AND DISCUSSION
4.1 Introduction
This chapter consists of the results and discussion on the relevant characterization techniques
used in this research which include; XRD, TEM, UV-Vis Spectroscopy and FTIR. It also
covers the results and analysis of DSSCs performance based on CuO CE (using different
natural sensitizer) by determining their current-voltage parameters and finally determining

their efficiency values.

4.2 XRD Results
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Figure 4.1: XRD pattern of CuO NPs synthesized from extract of Cucurbita maxima plant leaves.

The crystal structure of CuO NPs were confirmed by the characteristic peaks shown in the
XRD pattern of Figure 4.1. The observed pattern in the experiment matches well with the

standard pattern, ICSD No. 16025 with space group C2/c. The pattern shows various diffraction
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peaks at 26 values of 32.4°, 35.5°, 38.7°, 48.8° ,563.4° , 58.3°, 61.6°, 66.2° ,68.0° , 72.4° and
75.0° that correspond to (110), (002), (111), (202), (020), (202), (113), (311), (113), (311) and
(222) planes (Sharma et al., 2015, Jeronsia et al., 2019). The extra peaks at 20 value of 28.3 °
is attributed to the impurity phase of Cu(OH)2 in CuO. (Zhu et al., 2003). Additionally, the
intensity of the diffraction peaks shows good crystallinity of CuO NPs. XRD data was used to
obtain the average crystallite size (D), dislocation density (6) and micro strain (¢) of the
synthesized nanoparticle. The average particle size of the CuO nanoparticles was estimated
according to the Debye-Scherer formula shown in equation 2.6. The dislocation density and

micro strain in the film were obtained using equations 2.7 and 2.8 respectively.

Table 4.1: Results for XRD analysis of CuO nanoparticles

Peak  Braggs Angle Miller FWHM B Crystallite Micro Dislocation

No (29) Indices (20) Size (A)  Strain (%) Density
(degrees) (hkl) (line/m?)
1 32.4 110 0.564 147 0.236 4.63x10°
2 35.5 002 0.607 138 0.252 5.29x10°
3 38.7 111 0.841 100 0.346 9.95x10°
4 48.8 202 0.716 122 0.284 6.71 x10°
5 53.4 020 1.115 80 0.432 1.55x10™*
6 58.3 202 0.733 124 0.279 6.48x10°
7 61.6 113 0.727 127 0.272 6.16x10°
8 66.2 311 1.363 70 0.498 2.06x10%
9 68.0 113 0.952 101 0.344 9.85x10°
10 72.4 311 0.901 109 0.317 8.37x10°
11 75.0 222 1.086 92 0.375 1.17x10*

29



The obtained values of the crystallite size, micro strain, and dislocation density are 10.8 + 0.1

nm, 0.367%, and 1.26x10 line/m? respectively. The crystallite size value obtained agrees well

to the TEM value for both samples annealed at 450 ° C (9.1nm).

4.3 TEM Results
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Figure 4. 2: (a) TEM image for CuO nanoparticles annealed at 350 °C, (c) TEM image for CuO
nanoparticles annealed at 450 °C, (b) Histogram for particle size distribution for sample annealed at 350

°C and (d) Histogram for particle distribution for sample annealed at 450 °C.

TEM studies were carried out to examine the morphology and size of the synthesized CuO
nanoparticles as seen in Figure 4.2. The TEM images reveal CuO NPs with spherically shaped

and agglomerated particles. The average particle size at annealing temperature of 350 and 450

°Cwere 6.1 £0.1and 9.1 £ 0.1 nm respectively.

The increase in particle size is thermodynamically caused by increase in temperature. In
general, the size of CuO NPs achieved using Cucurbita maxima plant extract is smaller

compared to previous reports (Das et al., 2013, Sharma et al., 2015, Andualem, 2020).
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4.4 Optical properties

Figure 4.3 (a) shows the diffuse reflection spectra (DRS) of CuO nanoparticles for the as
synthesized sample (at room temperature before annealing), annealed at 350 and 450 °C. A
sharp peak is observed at 536 nm for the as synthesized sample. The peak disappears with the
increase in annealing temperature. The disappearance of the peak is due phase formation at 350
°C, which stabilizes at 450 °C. The sharp peak at RT is a related to surface Plasmon resonance
absorption of metal oxide nanoparticles, normally observed when the wavelength of the is
greater than the particle size on the material (Das et al., 2013, Hou and Cronin, 2013). An
absorption spectrum is shown in Figure 4.3 (b) was obtained using the Kubelka-Munk (KM)

function (Dzimbeg-Malcic et al., 2011). The KM function is given by equation (4.1).
K —_n)2
F(R) = S T R e 4.1

where F(R) is the Kubelka Munk function which is the ratio of absorption coefficient K, to

scattering coefficient S and R is reflectance.
The band gap was computed by making a Tauc plot given by equation (4.2).
(FR)RU)T = A(RU) i e e e e 4.2

where hv is the optical energy, A is a constant and r is equal to 2 if the transition is a direct one

or 1/2 if the transition is indirect.

The energy bandgap energy (E;) of CuO nanoparticles was obtained by extrapolating the linear

parts of the graphs obtained from Equation (4.2). Figure 4.3 (c) shows the Tauc plot for CuO
nanoparticles at annealing temperatures of 350 and 450 °C. A band gap of 1.56 eV was

estimated from Tauc plot for both samples.
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Figure 4.3: (a) Reflectance versus wavelength of CuO NPs at different temperatures, (b) Absorbance
versus wavelength for CuO NPs at different temperatures and (c) Tauc plot for CuO NPs at 350 and

450 °C.

The values of the bandgap energy (E;) obtained are all higher than the bulk CuO with E;=1.2

eV (Mohamed et al., 2021). The increase is attributed to quantum size effects in nanomaterials

(Mukhokosi et al., 2017, Maaza et al., 2022).
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4.5 Fourier Transform Infrared (FTIR) results
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Figure 4. 4: FTIR spectra for CuO nanoparticles annealed at 350 and 450 °C

Figure 4.6 shows the Fourier Transform Infra-red (FTIR) Spectroscopy CuO NPs at two
different synthesis temperatures. A sharp peak at 3689 cm™ is assigned to the asymmetric
stretching of the O-H bond in alcohols (Andualem, 2020, Hou and Cronin, 2013). The broad
peak at 2856 cm ™! is due to the C—H stretching bond. The peak at 2350 cm™ is due to C=0
stretch and indicates the presence of alkanes while the peaks at 1646 cm™ is assigned to C-C
bond and shows the presence of alkenes (Kumar et al., 2015). The peak at 1357 cm™ is assigned
to C-N bond and indicates the presence of amine groups (Andualem, 2020). Peaks located at
1112 cmtis due to Cu—OH bond (Gowri et al., 2019) and the peak at 1010 cm ™t is assigned to
CuO bond (Hou and Cronin, 2013). A vibration band at 855 cm™ is assigned to —~CH bending
vibration (Gowri et al., 2019). A vibration band at 706 cm is attributed to alcohol and phenolic

groups, C—N stretching in amines (Vishveshvar et al., 2018).
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4.6 Optical absorption properties of dyes extracted from pumpkin leaves, sweet potato
leaves, hibiscus flowers and their composites

4.6.1 Optical absorption properties of individual dye extracts

Figure 4.7 shows the characteristics of absorbance of pumpkin, sweet potato and hibiscus dye.
Figure 4.7 (a) shows the spectrum for pumpkin, having two maximum absorption peaks at 469
and 661 nm. The maximum absorption peaks for sweet potato spectrum also correspond to
two wavelength values, at 421 and 665 nm (Figure 4.7 (b)). This implies that in both spectra
(pumpkin and sweet potato), colours in the blue and red region of the visible spectrum are
absorbed and green colour is reflected which is a characteristic of chlorophyll pigment. The
maximum absorption peaks for both spectra obtained correlate well with earlier reported results
(Clementson and Wojtasiewicz, 2019, Palupi et al., 2020, Lai et al., 2008). From Figure 4.7
(c), the maximum absorption peak for hibiscus is observed at 525 nm. This shows that green
and adjacent colours are absorbed and red in hibiscus is reflected which implies the presence

of anthocyanin pigment in hibiscus.

The absorption peak obtained corresponds well with first reports (Yuniati et al., 2021,

Munandar et al., 2022). It is noted that the optical characterization of all the three dyes revealed
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Figure 4.5: Absorption spectrum for dye extracts of (a) pumpkin dye extract, (b) sweet potato and (c)

hibiscus flowers.
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high absorbance within the visible (VIS) region of the spectrum, hence making them suitable

candidates for photovoltaic solar cell devices.

4.6.2 Optical absorption properties of dye extract composite
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Figure 4. 6: Absorption spectra for (a) pumpkin and hibiscus composite, (b) sweet potato and hibiscus

composite at various ratios.

In Figure 4.8 (a) different ratios of 1:1, 1:3 and 3:1 were used for this mixture by optimization.
It was observed that mixture of chlorophyll and anthocyanin dyes leads to absorption of
photons in the green region which were previously reflected by the single chlorophyll dye and
also extends the absorption range of hibiscus. As a result, a red shift from about 661 nm to
between 663-665 nm giving a difference of 2-4 nm. The red shift is due to presence of
anthocyanin and chlorophyll interaction while the slightly increased wavelength allows wide
range of absorption of energy of the sun which could have led to improved efficiency of a solar

cell.

For composite in Figure 4.8 (b), there is a red shift from 665 nm to 666 nm, 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 the energy from the sun

which could lead to improved efficiency of a solar cell.
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4.7 Power conversion efficiency (PCE) of DSSCs developed from CuO nanoparticles

using natural dyes as the sensitizer

Figure 4.9 (a and b) show the J-V and P-V characteristics of the fabricated solar cell using CuO

as the counter electrode. The PCE of the fabricated DSSCs were obtained using the expression

in equation 2.13. The active area of the devices was 4 cm 2. The open circuit voltage and short

circuit current density were determined using the J-V characteristic graph as observed in Figure

4.9 (a and b) respectively. The open circuit voltage and short circuit current density were

determined
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Figure 4.7: (a) J-V characteristic curve. (b) P-V characteristic curve. (c) Bar graph of maximum power

and (d) Bar graph of power conversion efficiency of plant materials.

36



from the J-V characteristic graph as shown in Figure 4.9 (a). The DSSC devices based on CuO
CE fabricated using individual dyes as sensitizer, Hibiscus (H) based DSSC had a maximum
PCE of 6.7x10™%. This was followed by sweet potato (S) with a PCE of 6.4x10 % and lastly

pumpkin (P) with a PCE of 1.8x10™ %.

With all the individual dyes, highest PCE in hibiscus (H) based DSSC is attributed to a wide
range of photons that are absorbed within the visible region of the electromagnetic spectrum
and the effective binding of the dye with the photoelectrode resulting into a higher short circuit
current density as evidenced in Figure 4.9 (a) and better device performance. Figure 4.9 (d)
shows that the CuO CE based DSSCs fabricated from dye composites have better PCE than
the individual dyes. The cell device using P:H-1:3 dye composite attained the best PCE of
8.7x10* % compared to the 7.9x10* % of S:H composite based DSSC. The effectiveness in
performance of composite-based DSSCs is attributed to a combination of anthocyanin and
chlorophyll dyes, which exhibit an increase in the absorption wavelength range compared to
the absorption wavelength range of the individual dyes. As a result, a higher short circuit
current density (/) and better PCE were attained. However, the general trend for DSSCs
fabricated using natural dyes have low efficiency values since the transfer of electrons by the
natural dye in the TiO, semiconductor layer is not so effective as compared to the standard
ruthenium dye (Trihutomo et al., 2019). Table 4.3 is a summary of the results obtained during
photovoltaic measurement of DSSCs fabricated in this study. The results are summarized as

shown in table 4.2.

Table 4.3 shows the comparison of efficiency values for some few selected DSSCs based on
different natural dye (sensitizers) as photon absorbers and the results obtained in this study are

comparable to what other researchers have obtained using Pt as CE
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Table 4. 2: PCE performances of DSSCs based on different natural sensitizers

Dye (sensitizer) Jsc(LA/cm?) Voe(V)  Prax(mW/cm?) n (%)
Sweet potato leaves 7.6 0.33 0.64 6.4x10%
Pumpkin leaves 4.2 0.17 0.18 1.8x10%
Hibiscus flowers 11.91 0.23 0.67 6.7x10*
Sweet potato plus Hibiscus 125 0.27 0.79 7.9x10%
leaves

Pumpkin plus Hibiscus leaves 13.94 0.29 0.87 8.7x10*
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Table 4. 3: Comparison of efficiency values for some few selected DSSCs based on natural dyes.

Counter Dye PCE (%) Reference
electrode
Pt Strobilanthes cusia 1.18x1072 (Mejica et al., 2023)
Pt Ocimum Gratissimum 2.1x107 (Eli et al., 2016)
Graphite Strobilanthes cusia 3.85x107 (Mejica et al., 2023)
Carbon Brassica oleracea var 5.4x107 (Pratiwi et al., 2016)
Carbon Turmeric 2.0x10° (Hossain et al., 2017)
Carbon Mangifera indica 2.35x10* (Morka et al., 2022)
soot
Carbon Manihot esculenta 2.35%x10° (Morka et al., 2022)
soot

Pumpkin leaves 1.8x10*

Sweet potato leaves 6.4x10%
CuO Hibiscus flowers 6.7x10™ This study

Pumpkin plus Hibiscus leaves | 8.7x10%

Sweet potato plus Hibiscus 7.9x10%

leaves
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATION

5.1 Introduction
With reference to the investigations carried out, the chapter addresses the conclusions and

recommendations.

5.2 Conclusion

In this study, uniform distributed CuO NPs of < 10 nm were synthesized from aqueous leaf
extract of Cucurbita maxima plant and applied it as a CE in DSSCs. The synthesized NPs were
characterized by various tools that include XRD, TEM, UV-Visible spectrophotometer and
FTIR. The XRD results revealed a monoclinic phase of space group C2/c with average particle
size of 10.8 £ 0.1 nm and the average particle size from the TEM results were 6.1 + 0.1 and
9.1+ 0.1 nm at synthesis temperatures of 350 and 450 °C respectively. The optical properties
revealed bandgaps of 1.56 for both the annealing. FTIR showed peaks that confirmed the
bonding vibrations present in CuO NPs. The DSSC based on CuO NPs with P:H-1:3 composite
dyes exhibited the highest PCE of 0.18 mW/cm? with an open circuit voltage of 0.17 V and a
short circuit current density of 0.18 pA cm™ under standard test conditions. Therefore, the
results of this study show the green synthesis approach in synthesizing CuO NPs and
developing a CE can be a good alternative to other synthesis procedures and an alternative to

Pt for DSSC application.

5.3 Recommendation
There is need for further studies on green synthesis of CuO using other plant leaves and

materials in order to find more plant materials that can give other morphologies of CuO NPs

Similar work can be done using a standard dye rather than a natural dye in order to improve
the values of efficiency obtained in this research. Further studies can be carried out on synthesis

of CuO from Cucurbita maxima dye extract with other material or compound to form a
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composite of CuO with another element with good electrical properties to improve the photo-

to-electric conversion efficiency in DSSCs.

Finally, its recommended that same work can be done by using other methods of thin film
preparation so as to study the variation of efficiency with different thin film preparation

methods.
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