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Abstract

The quest for renewable energy and cost-effective degradation of antibiotics has led to the
synthesis of Metal-Oxide (MO) nano-photocatalyts via eco-benign approach. The metal oxides
were synthesized biogenically using Syzygium malaccense leaf extract (as capping and
stabilizing agents) and Aluminum sulphate octadecahydrate, Copper sulphate heptahydrate and
Zinc sulphate heptahydrate salts as precursors. The synthesized aluminum oxide (Al,O3), Copper
II oxide (CuO) and Zinc Oxide (ZnO) nanoparticles (NPs) were characterized using Fourier-
transform infrared spectroscopy (FTIR), Scanning electron microscopy (SE Energy
dispersive x-ray (EDX), X-ray diffraction (XRD), and ultraviolet (UV) spe %&py. The
materials were used for the photodegradation of Neomycin (NEO) and as ph@de, counter
electrode and insulating spacer respectively in Dye Sensitized Solar Cells ). The FTIR
showed absorbance with range value between 400-800 cm™ which cortesp to Al-O Cu-O
and Zn-O vibrational stretch of the MOs. The optical properties of AdgO3CuO and ZnO NPs
were determined using Tauc’s plot with band gap energy values of ..05 and 3.23 eV and
maximum UV-Vis absorbance values of 371.61, 370 and 371 n%he SEM micrographs of
AlO3, CuO, and ZnO NPs showed a consistent spherical sha W1
27.50 nm, 11.01 nm, and 21.98 nm, respectively. The ED med the elemental composition
of the nanoparticles. DSSCs utilizing Al203,CuO and ZnO WPs demonstrated a 1.79, 3.44 and
6.4% power conversion efficiency in an increasing ordet\of ZnO > CuO > Al:O; > Control
(Without NPs). After 120 min of UV irradiation, 7% % of NEO were degraded with CuO
and ZnO nanoparticles respectively. ZnO pho[b lyst proved more effective than CuO
photocatalyst at degrading the antibiotic. T &@n ¢ studies shows that K values of CuO and
ZnO photocatalysts had the values of 0.00 d 0.0179 min! while R? = 0.83 and 0.82,
respectively. The stability of the ph alyst showed that the produced material (ZnO
biosynthesized nanoparticles) had a m bg act on both photocatalytic performance and power
conversion efficiency. The findings Oﬂt s study present the biogenically synthesized MONPs as
low-cost, and eco-friendly mqte& r energy conversion and photocatalyst for environmental

remediation purposes. Q\

Keywords: Metal-O}\Q'%anoparticles, Photocatalysis, DSSCs, Neomycin, Semiconductors
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Chapter One

Introduction

1.1 Background to the Study

The escalating global demand for energy, coupled with the deleterious environmental
consequences stemming from the extensive extraction of fossil fuels over recent dr&des, has
catalyzed the quest for alternative energy sources'. Contemporary effort creasingly
directed towards the advancement of innovative technologies that faoj@e e utilization of
what are termed green energy sources. Such green energy is sourc natural processes that
are perpetually replenished. Engaging with these energy so@ is advantageous from both
economic and ecological perspectives!?2.

Currently, renewable energy represents the mos@ly expanding category of electricity
generation, primarily attributed to signiﬁcan\ utions from wind power and hydroelectric.
Additionally, solar power generation has& ssed a pronounced acceleration in growth over the

N

past decade. Projections indicate tléhc?proportion of global electricity generation derived from
renewable sources is anti i@o rise from 18 percent in 2007 to 23 percent by 20352
Consequently, the opti Qon of existing power generation processes and the innovation of
.

new technologieQm}c’\'e erged as areas of paramount scientific, technological, economic, and
public intergﬁb

Huma@s harnessed solar energy since antiquity; however, it was not until the 19th century
that the initial attempts at photovoltaic applications of solar energy were undertaken?®. Since that
pivotal period, the concept of utilizing the abundant and clean solar energy to generate electricity

has remained a persistent theme within the scientific community and society at large.

Nonetheless, it was only at the dawn of the 21Ist century that grid-connected photovoltaic



systems began to substantially contribute to electrical power generation. The photovoltaic sector
has experienced exponential growth over the last decade. In addition to the increasing public
consciousness regarding the imminent depletion of the Earth's oil reserves, the advancement of
photovoltaic technology is also driven by societal environmental concerns?. In this context, solar
power generation represents a promising technology for electric power production, Tcterized
by relatively low life cycle emissions of greenhouse gases?. Q

Solar energy has been recognized as a superior alternative to fossil fuels e@ts renewable
characteristics and environmentally friendly nature. Solar cells s@&s the foundational
elements of solar energy technology’. Currently, the solar ener arket is predominantly
characterized by the utilization of silicon-based solar cellst chese solar cells demonstrate
efficacy, they possess inherent limitations that o sk@heir comprehensive deployment in
developing and economically disadvantaged regi “Silicon-based solar cells function as single
band gap devices. A notable limitation is t &eneration of heat, which tends to diminish their

.

operational efficiency. This phenomqfs\ccurs because solar radiation with energy levels lower
than the silicon band gap diree@smits through the material. Moreover, these solar cells are
incapable of harnessing ﬂ@ntional energy from radiation that possesses higher energy levels
than that of sili b@other significant limitation is the high cost associated with the
manufacturin%o ess, which necessitates the use of energy-intensive equipment such as
furnaces, @m pumps, and other apparatus. Additionally, the production process involves the
utilization of chemicals that pose environmental hazards. Consequently, there exists a pressing
necessity to explore alternative methodologies for photovoltaic (PV) cells that are economically
viable, sustainable, and environmentally benign while also achieving substantial efficiency. Over

the past decade, various innovative strategies have emerged to rival conventional silicon-based



PV devices by incorporating p-n junctions, with a focus on low-cost materials and manufacturing
practices®.

The photovoltaic sector is poised to exert a profound impact on the energy market contingent
upon the enhancement of energy conversion efficiency in solar cells. A majority of PV cell types
employ efficient thin film technologies. The performance of solar cells can be augmented by
altering the characteristics of these films’. Principal challenges associated with so Q& include
enhancing photon absorption, diminishing electron-hole recombination, and impfoving charge
transport mechanisms>®. Metal oxide semiconductors have emerged ising candidates for
PV applications®. The environmentally abundant, benign, and stab operties of metal oxides
facilitate their deposition even under ambient conditions“@ oxides are integrated as both
active and passive components in a diverse array of. cq@cial applications. Specifically, metal
oxides are utilized as transport layers or trans conducting electrodes within solar cells’.
Presently, there is significant interest in het&}\nction metal oxide solar cells, attributed to their

.
potential for low-cost solutions d@ the manufacturing methodologies and inexpensive

materials involved. Metal ox@ noparticles possess the capacity to address the energy

challenges associated wiﬂ@gging sustainable and renewable energy resources. Their infinitely

varied structural it@ures and morphological characteristics offer new opportunities and
gy

prospects for %

Metal Lo anoparticles manifest distinctive electronic properties, optical, physical, and

arvesting, conversion, and storage devices®'°.

chemical when compared to their bulk counterparts, attributable to quantum confinement effects
and the increased availability of surface atoms relative to interior atoms for engagement in
reactions. The applications of metal oxide nanoparticles (MONPs) are contingent upon various

attributes including surface area, morphology, dimensions, stability, crystallinity, anti-corrosive



properties, conductivity, and photocatalytic activity. It is of paramount importance for the
commercialization of MONPs to achieve desirable and controllable characteristics during their
synthesis'!.

Due to pollution from many industries, there has been a significant increase in concern recently
over wastewater treatment. Drug contamination in water has negative repercussions that have
made people focus on treating it. Wastewater is particularly a typical plac @etecting
antibiotics'?. Naturally occurring waters may contain these materials sinceé\mafiy of them are
resistant to the standard primary and secondary treatments used @:&nicipal wastewater
treatment facilities. Microbial resistance and bacterial selecti %rought on by antibiotic
pollution in the biosphere!’. Humans can become infec@v germs that are resistant to
antibiotics, which raises the risk of disease and makes @ent more difficult.

Among the most widely used medications in the , antibiotics have the ability to either kill

S

or stop the growth of germs, helping to treat bacterial infections. Because of the potential harm
.
that antibiotics may cause to indivi@i ecosystems, the emergence of antibiotics in the
environment has garnered sig@%{t attention in recent years'. Chemicals that come from
natural, synthetic, and s@hetic sources are known as antibiotics. The earliest antibiotics
were naturally o ing\substances made by microorganisms, such as penicillin, which was
taken from a c&u of Penicillium notatum!'>. Antibiotics can be categorized in three ways. First
off, the @:al structure of antibiotics may be used to classify them into various groups,
including fluoroquinolones (FQs), tetracyclines (TCs), macrolides (MAs), sulfonamides (SAs)

and B-lactams. In addition, the spectrum of activity of antibiotics can be used to classify them

into three groups: narrow-spectrum, broad-spectrum, and extended-spectrum antibiotics'®.



In the aquaculture and live-stock industries, antibiotics are widely utilized to cure and prevent
human infections as well as to safeguard animal health and foster animal growth®. Antibiotic
consumption has increased dramatically in recent times due to the growing global human
population and the increased need for animal feed. Human use of antibiotics increased by 65%
between 2000 and 2015, and by 2030, it was expected to reach 200%!'7. According to earlier
studies, 63,151 tons of antibiotics were reportedly consumed worldwide by liv Q%n 2010.
Moreover, rising consumer demand for livestock products was expected t({%}@the share of
veterinary antibiotics to rise by 67% (to 105,596 tons) in 20308, Duvast population and
rising need for animal protein, China, the world's largest 0@, exporter, and user of
antibiotics, consumes a lot of antibiotics. China used 92, ‘Q of 36 different antibiotics in
total in 2013. Of those, 54,000 tons were thought g}v&Qreted by humans and animals, with
53,800 tons being released into the environme tlg.’b

Neomycin is an aminoglycoside antibiotic. msed to treat skin infections caused by bacteria. It
is active against staphylococci and g@\egaﬁve bacilli, in combination with other anti-biotics,
anti-fungal and corticosteroid'sl\& molecular formula of neomycin is C23H4NeO13 with a
molecular weight of 61@/mol. The photodegradation of neomycin, like that of other
antibiotics, invol @eakdown due to exposure to light, particularly UV light. Neomycin,
being a complex Molecule, has certain functional groups that can absorb UV light. This
absorptio@ lead to the excitation of electrons in the antibiotic molecule. Upon excitation, the
molecule can undergo various photochemical reactions!®. These reactions may include; Cleavage
of Chemical Bonds whereby UV light can break specific bonds within the neomycin molecule,
leading to smaller fragments and also the absorption of UV light can generate reactive oxygen

species (ROS) like hydroxyl radicals, which can further react with the antibiotic molecule,



causing degradation. The breakdown of neomycin can lead to a variety of degradation products.
The exact nature of these products can depend on the specific conditions of the exposure,
including light intensity and wavelength?’. Photodegradation of neomycin antibiotic using metal
oxide nanoparticles involves leveraging the enhanced photocatalytic properties of nanoparticles
to accelerate the breakdown of neomycin under light exposure. Metal oxide nanoparticles, such
as titanium dioxide (TiO2) and zinc oxide (ZnO), are particularly effective d %H large
surface area-to-volume ratio, which increases their photocatalytic act%yﬁ/letal oxide
nanoparticles offer an advanced method for the photodegradation Q ycin, providing a
powerful tool for environmental cleanup and wastewater trea elr high efficiency and
effectiveness make them a promising option for addressu“t 1otic contamination in various
settings?’.

As photocatalysts, metal oxide-based semicon s are essential because they provide a
flexible solution for a range of environment %energy-related problems!®. But these materials'
inherent qualities, namely their br \aﬁgap, had historically restricted their use to the
ultraviolet (UV) spectrum, de@g{g their ability to effectively use visible light. In order to
close this gap, a Varlety\® hniques have been developed to maximize the photo-stability,
environmental fri @7 and overall photo-response efficiency of metal oxide photocatalysts
in the visible géngth range'8. Adding nanoscale metal oxide particles is one of the most
proml\/@wds in this endeavor since they greatly increase the surface-to-volume ratio,
which increases the amount of active sites that are available for catalytic reactions. Of these
tactics, purposeful doping of photocatalysts with nanoparticles stands out as a particularly

successful way to increase photoresponse efficiency?’. When we talk about doping, we mean

intentionally adding impurities, either cationic or anionic, to a material in order to cause certain



changes in its characteristics. By altering the electronic structure of photocatalysts, this approach
has shown to have great potential for lowering their bandgap and increasing their photoactivity
into the visible spectrum?!.

1.2 Statement of the Problem

As the global demand for energy increasingly surpasses the available supply, the financial
implications of electricity provision escalate correspondingly. Moreover, t Q& rising
apprehension that the phenomena of global warming (greenhouse effect) and,clifftdte change are
significantly attributable to the consumption of fossil fuels such as @ il, and natural gas.
These fossil fuels constitute the primary source for approxima % of the global electricity
supply and are responsible for 95% of the total energy @1 ments on Earth!2. Thus, it is
imperative to identify a source of renewable ener %& both efficient and clean while also
being sustainable. ’ié

Among the diverse renewable energy souﬁs\bwluding biomass, wind, solar, mini hydro solar
and geothermal energy is particulaﬂ&ﬁ;ﬁnguished due to its inexhaustible nature and universal
accessibility. Solar energy prmeﬁ%antageous for electricity generation at both small and large

\

scales. Nevertheless, iss@ed to cost and energy storage present significant obstacles that
impede its wides @ption globally'?. Consequently, there is an ongoing pursuit to diminish
the expenses &:Céted with solar cells and solar panels to render them competitive with
traditi%/@tricity generation methods. Therefore, the present study developed a solar cell
system based on ZnO, CuO, and AlOs3 nanoparticles for dye-sensitized solar cells (DSSCs).
Given that traditional wastewater treatment methodologies entail considerable initial
expenditures, chemical and energy requirements, and the generation of hazardous wastes

necessitating proper disposal, they are perceived as prohibitively costly, especially for small-



scale enterprises in developing countries'é. Thus, there is a pressing need for alternative, cost-
effective, and environmentally benign photocatalyst materials endowed with robust sorbent
properties. Current literature is replete with prospective studies on the photodegradation of
antibiotics in wastewater utilizing nanoporous metal-organic frameworks (MOFs), single-phase
nanoporous compounds, superhydrophobic magnetic carboxyl-functional materials, similar
substances and multi-walled carbon nanotubes?!. Conversely, investigations int Q bimetallic
photocatalysts for wastewater contaminated with antibiotics represent an em eQechnique that
is witnessing substantial development in the current decade. Conse@y, relatively limited
research has been conducted in this domain. Therefore, the effecti tilization of metal-oxide
photocatalysts for the remediation of wastewater contami ith neomycin (NEO) has the

potential to enhance the applicability of photocatal;éstpéQ’facilitate their practical deployment

Nl
1.3 Justification of the Study -@

Traditional nanoparticle synthesis c?ds often involve toxic reductants (e.g., NaOH, KOH)
’ 4]

in addressing environmental challenges?’.

and high-energy processes g@ing hazardous waste?. In contrast, this study adopts a green
synthesis approach usi§}9gium malaccense leaf extract as a reducing and capping agent. This
method is eco-@ cost-effective, and aligns with the principles of green chemistry,
reducing enyi ental harm and promoting sustainable practices. The escalating global demand
for ene\g&ﬂd the environmental degradation caused by fossil fuel consumption necessitate the
development of efficient renewable energy technologies. Solar energy, particularly dye-
sensitized solar cells (DSSCs), offers a promising alternative. This study explores the use of

biosynthesized metal-oxide nanoparticles to enhance the efficiency of DSSCs, addressing the

limitations of conventional silicon-based solar cells, such as high production costs and energy-



intensive manufacturing processes. The presence of antibiotics like neomycin in water bodies
poses significant public health risks, including antibiotic resistance. Current wastewater
treatment methods are often costly and inefficient for antibiotic removal. This study investigates
the photocatalytic degradation of neomycin using biosynthesized metal-oxide nanoparticles

(CuO and Zn0O), offering a low-cost, eco-friendly solution for environmental remediation.

Metal-oxide nanoparticles exhibit unique electronic, optical, and photocatalytic properties due to
their high surface-to-volume ratio and quantum confinement effects. By characterizing and
optimizing these nanoparticles, the study contributes to advancements in both solar energy
conversion and photocatalytic degradation technologies. The study combines energy generation
(solar cells) and environmental remediation (antibiotic degradation) using the same eco-friendly
materials, demonstrating a circular economy approach. This dual application underscores the
versatility and potential of biosynthesized nanoparticles in addressing global sustainability
challenges. The research is justified by its innovative use of green synthesis for nanoparticle
production, its potential to improve renewable energy technologies, and its contribution to
solving the critical issue of antibiotic pollution in water systems. The findings could pave the
way for scalable, sustainable solutions in energy and environmental management.
1.4  Aim and @bjectives of the Study
The aim of this\study is to synthesize and characterize ZnO, CuO, and AlO; nanoparticles via
green synthesis approach. This is used as counter electrode in the fabrication of Dye-sensitized
solar cells (DSSCs) and photocatalytic degradation of neomycin (NEO)-polluted wastewater.
The objectives of this study were to:

i.  Synthesize ZnO, CuO, and Al,O; nanoparticles using Syzygium malaccense (Malay apple)

plant extract as a reducing agent.



ii.

iii.

1v.

Vi.

1.5

characterize the ZnO, CuO, and Al:O3 nanoparticles using Ultraviolet visible
spectroscopy, Fourier-transform infrared, X-ray diffractometer, and the scanning electron
microscopy for possible areas of application in fabricating solar cells.

Fabricate a ZnO, CuO, and Al,O3 nanoparticles thin film solar cell.

Determine the solar cell parameters such as series resistance (Is), short circuit current
(Isc), fill factor (FF), maximum power output (Pm), open circuit Volta@c), current
(Io), and conversion efficiency (1) from the -V measurement. QJ

Investigation photodegradation efficiency of ZnO, CuO, an@fS& photocatalysts in

O

Kinetics study of the antibiotics photodegradation Q

NEO-polluted wastewater

Scope of the Study be

The scope of this work is the synthesis of met de (ZnO, CuO, and Al;O3 nanoparticles)

using Syzygium malaccense (Malay apple) %‘extract as a reducing agent, characterization and

applications of the Mos for solar @rlcation and prompt degradation of NEO polluted

wastewater. °
Q

Qﬁ\
(5&

O
&
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Chapter Two

Literature Review

2.1 Renewable Energy

The bedrock of the current energy system is fossil fuels, such as natural gas, oil and coal, which
make up a large portion of the world's power production'. Nevertheless, these non&newable
energy sources might eventually run out of fuel due to the substantial increa e@%bal energy
consumption brought on by population growth and economic progress&'\scfresult, research
interest in the investigation of clean energy sources has significant Qeased in recent years.
Because of the sun's capacity to produce heat and radiation,@ch enables the production of
electricity and thermoelectric power, solar energy has %& a particularly attractive energy

source to address this problem. Solar energy is %&ore a sustainable energy source that

contributes to lowering the demand for fossil@gd, ultimately, greenhouse gas emissions?.

2.2 Solar Energy: Renewable En%@nrce

The term "solar energy" refers t@lergy that the sun releases as electromagnetic radiation in
the radio and ultraviolet @ed spectrum varies (0.2 nm to 3 nm). Solar cells are devices that
use the photovoltaick& to convert solar energy into electrical power. The energy is abundant,
clean, and su%l e, and it has an endless lifespan of 10 billion years*. A year's worth of
Earth's en@.lsage (4.1 x 1020 J) is less than the sun's entire energy in an hour (4.3 x 1020 J)°.
Earth éfves around 174 petawatts (PW) of insolation, which is the term for the sun's radiation.
Time, location, and the sun's relative position, as well as the season and atmospheric reflection,
diffusion, and absorption, all affect insolation. Thirty percent of this insolation is reflected back

into space, while the remaining seventy percent is absorbed by the land masses, clouds, and
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oceans, absorbing 3,850 ZJ of solar energy annually. There are four trillion 100-watt light bulbs'
worth of incident solar energy on Earth per second®.

Despite all of this, solar energy has yet to reach its full potential; in 2012, 100 GW of solar
energy were utilized globally’. The two primary functions of a solar cell are the photogeneration
of charge carriers in a light-absorbing material and the separation of the charge carriers to a
conductive contact that will transmit the electricity. This necessitates an elec %hat can
transfer the charge from the photo-acceptor to the electrodes in polymer and yglsitized solar
cells. In nanoparticle-based solar cells, the particles need to be close é&eanother in order for
charge to be transmitted directly. The combination of quantum_do Ds) and nanocrystalline
materials has resulted in significant improvements in the @ efficiency of solar cells. Solar

PV systems and solar thermal systems are the two cat ic$ of solar energy technology. Figures
f‘é& gy gy. rigu

2.1 and 2.2 depict the solar PV and solar therr{alQ s, respectively’.
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Figure 2.1: An illustration of a standard ] @ﬁ; r heating system

Source’
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Figure 2.2: PV system

)
Source’
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23 Green Synthesis of Nanoparticles

The synthesis of nanoparticles using plant extract and microorganisms provides an advantage
over traditional approaches, according to the 12 principles of green chemistry®. This method
offers a safer way to produced nanoparticles with the appropriate chemical and physical
characteristics. However, as different synthesis techniques may produce different kinds of
nanoparticles, there are several constraints to be aware of during the synthesis Q&irst, the
types of green synthesizers used, the amount of extract used, and the experitnent*parameters all
affect the size and shape of the nanoparticles that are formed. The@xcors may also cause
changes in the nucleation process and the number of functional grotps that are deposited on the
surface of the nanoparticles to prevent agglomeration®. Q ing number of studies have
concentrated on the production of nanoparticles usi @s methods because of their extensive
applications in several branches of cutting-edge ific fields. When preparing nanoparticles,

that are synthesized from a selected precursor.

metal salt is equivalent to metal nanopar§\
When bioactive functional groups f@satural sources are present, they are reduced to metal
ions’. '$Q

2.3.1 Nanoparticles Synt %Using Plant Extract

One emerging ne @f study for the biological synthesis of metal nanoparticles is phyto-
nanotechnolo% cause plants include functional components that can be employed as a
cappi e@’beducing agent, plant extract is significantly more beneficial. This approach is
superior because it offers superior control over the increase of particle sizes, which significantly
stabilizes the synthesis process!'?. Specific nanoparticles with the required size and shape can be
created for a wide range of nanotechnology applications by using plant extract. Metal

nanoparticles can be synthesized from a variety of plant parts, including as leaves, stems, roots,
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and seeds. According to reports, the natural resources recognized to be responsible for the
reduction of metal salts are phytochemicals and their primary and secondary metabolites'!. The
reducing power of the plant extract with the oxidation state of the reactive metal ion affects the
extent of metal nanoparticle accumulation.

Cassia alata L., a member of the Fabaceae family, is employed in another study to synthesize
CuO nanoparticles. It has been found to exhibit phytochemical activity. Accor 'Q%nalysis,
Cassia alata contains flavonoids with photocatalytic activity and active anthrdquinones such
rthein, emodin, and physcion!?. A complex mixture of second tabolites, such as
polyphenols, flavonoids, alkAl203ids, and terpenoids, can be o$n plant extracts that are
obtained from different plant species. Because of their red roperties, these substances can
aid in the reduction of metal ions and the consequent p& tion of nanoparticles. Because plant
extracts are naturally diverse, they offer a exi% olkit for modifying the size, shape, and
surface characteristics of nanoparticles, }bh enables them to be used in a variety of

.

applications. The use of plant extract& s out as a potential approach among the several green
synthesis techniques available. s&gﬁundant sources of bioactive substances, plants provide a

\

wide range of phytochem@%lat can be used as capping and reducing agents when creating
nanoparticles. In &a to doing away with the requirement for dangerous chemicals, this
technique use%gerent qualities of plant extracts to give the produced nanoparticles special
qualities. %’g\se of plant extracts stands out as a potential approach among the several green
synthesis techniques available. It is already known that Azadirachta indica (neem), Medicago
sativa (alfalfa), Al203e vera, and microbes can be used to synthesis gold and silver

nanoparticles!14,
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24 Use of Plant Extracts
The biosynthesis of nanoparticles is now being carried out using plant extracts, which may be
more beneficial than the difficult process of maintaining cell cultures when using microbes. It is

already known that Azadirachta indica (neem), Medicago sativa (alfalfa), Alovera, and microbes

R

The basil species Syzygium malaccense, popularly referred to as "Malay K@ndigenous to

can be used to produce gold and silver nanoparticles'>.
2.4.1 Description of Syzygium malaccense (Malay Apple)
Africa, Southeast Asia, and other tropical areas. Syzygium malaccens@ ignificant herb used
in medicine. It is becoming more and more popular in pharmac%1 ctivities, such as general
tonics, anti-hyperglycemic, anti-diabetic drugs, anti-le, antiallergic, anticancer, and
because of its enormous therapeutic potential. It s a\@ free radicals, protects the stomach
mucosa, and increases the phagocytic and bacteri properties of polymorphs. This plant has
been shown to have anti-fibrotic, anti-oxi }ﬁanti-inﬂammatory, immunological modulating,
N
radioprotective, and stimulatory Kﬁ%ﬁles for macrophage phagocytic and inhabitation
activities'®. . \AQ
The vitamin-rich herb S %1 malaccense is used to treat a variety of conditions, including
bronchitis, diabe bone aches, yellow urine, and dreadful apatite. Anthocyanin,
procyanidins, gs, and polyphenolic acids can all be identified in Syzygium malaccense
fruit e tr@%he sugar and organic acids in the fruit give it a sweet, sour taste. Using the green
synthesis method, silver nanoparticles have been produced from Syzygium malaccense fruit
extract. Terpenoids, polysaccharides, flavones, alkanoids, proteins, enzymes, amino acids, and
alcoholic substances are examples of photochemicals that can stabilize or decrease

nanoparticles!”'®. Non-toxic biomolecules like flavonoids and phenolic compounds inhibit and
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prevent nanoparticle agglomeration. These days, the goal of nanocatalysts is to improve solar
energy efficiency while also helping with cleanliness and the removal of organic pollutants.
Significant amounts of dyes are disposed of with industrial effluent, which poses a risk to the
environment. A hazardous cationic dye, methylene blue harms both the environment and
anybody who come into touch with it. The removal of dye molecules from water and the
environment is frequently accomplished with a photocatalyst. This work address Q&l‘\portant
problems of MB identification and removal from wastewater. Although everyon¢does chemical

synthesis, the primary concern is the creation of nanoparticles thro synthesis. Since the

nanoparticles are not produced by the process, the solutions are dispersed to the outlet. This

impacts the system and is harmful to the environment. A articles are mostly utilized in

17,1

industrial biomedical production and wound healing; 7, }OQ
2.5  Definition of Metal Oxides @

With a variety of structural, optical, m@, and electrical characteristics, these materials are

special functional materials. Dep@g? on the material's band gap, they behave as metallic,

semiconducting, or insula o@ambient temperature. Sensors, piezoelectrics, fuel cells, solar

cells, and magnetic memory=dre just a few of the uses for them. The particle sizes of metal oxides
S

have an impact <n :\%’

realm (107 his occurs because when particle size diminishes from bulk form to tens of

haracteristics. Their characteristics tend to be distinct in the "nano"
nanom&g%,the surface-to-bulk ratio of the atoms increases. This results in changed density and

chemically active locations. Material science, chemistry, and physics are interested in the

characteristics of metal oxides'®.
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2.5.1 Metal Oxide Nanoparticles

Both physical and chemical approaches can be used to create these materials'®. Either top-down
or bottom-up methods can be used to prepare them. These methods make advantage of gas-solid
or liquid-solid transition. Among semiconducting nanostructures, metal oxide nanostructures are
distinct. Because of their features and attributes, they are the most prevalent, varied, and wealthy
class. They exhibit a variety of intriguing qualities®. Because of their uniqu Q&justable
characteristics, metal oxides are a highly desired candidate for a wide {rang€ of technical
applications. Applications for them are numerous and include nsors, solar cells,
superconductivity, and more. Among the often produced nanostructured metal oxides are nickel

oxide (NiO), copper oxide (CuO), aluminum oxide (Al2O3 inc oxide (ZnO). They can be

made using a number of methods, such as chemical@ 15, thermal evaporation, and chemical

®%

2.6  Methods of Synthesizing Metal{\; es Nanoparticles

vapour deposition?’,

The development, property chara@?ion, and subsequent use in a variety of technological
domains include the resiq@f metal oxide nanoparticle materials. Nanomaterials are

synthesized using a variet

f techniques. These consist of the liquid and gas phases. The gas
phase is utilized{to produce huge amounts of nanopowders at a low cost. The liquid phase
provides grpbécontrol over the final product material's composition, shape, and structural
Variatih\z/%umerous chemical techniques, including sol-gel, precipitation, hydrothermal
synthesis, chemical reduction, thermal breakdown, electrochemical, and wet chemical processes,
can be used to create nanoparticles. The synthesis of metal nanoparticles using conventional
chemical methods has several drawbacks, including being costly, requiring the use of chemicals,

taking a long time, and posing environmental risks due to the production of waste products and
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toxic solvents. As a result, there is a growing need to develop more environmentally friendly and
sustainable methods. Numerous biological systems, including bacteria, fungus, algae, plants, and
human cells, have been shown to be capable of converting metal ions into metal nanoparticles?!.

Metal oxide nanoparticles have garnered attention over the years due to their unique
characteristics and adaptability to a wide range of uses, particularly optoelectronic ones.
Numerous methods for creating metal oxide nanoparticles have been documente Q&'nclude,
among others, hydrothermal, metal organic chemical vapour deposition, and eyaporation. The
gas-phase and solution-deposition procedures are examples of chemlc XOds. There are more
subgroups within this. Atomic layer deposition (ALD), chemical vapour deposmon (CVD), and
atomic layer epitaxy are the gas-phase techniques. Spray p¥h Q sol-gel, spin, and dip-coating
are the techniques used for solution deposition. M eam epitaxy, magnetron sputtering,
physical vapour deposition (PVD), and p lse(f&m deposition are examples of physical

deposition techniques. Additional metho \clude anodic oxidation, vacuum evaporation,

electron beam evaporation, chemical@eposition, and advanced reactive gas deposition?!.

2.6.1 Chemical Synthesis Q\
Its foundation is the so § se (NP) precipitation that results from supersaturation of the liquid
ffe

medium made u ﬁ'

required re@ or by quickly cooling a solution that has already been heated. Various

rent reactants. Supersaturation can be accomplished by adding the
surfacw%an be used for chemical synthesis. By altering the particle's surface tension,

surfactants allow for the control of the particle's size and structural shape. Additionally, they stop

particles from clumping together??.
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2.6.1.1 Sol-gel Method

The most common technique of producing metal oxide nanoparticles is most likely the sol-gel
approach. The solution, which is made up of metal oxides scattered throughout an organic
solvent, is referred to as "sol." Aqueous or non-aqueous methods can be specified based on
whether the solvent is water. The hydrolysis, condensation, and polymerization processes make
up the sol-gel transition. A dense, porous, three-dimensional gel is produced Q%droxide

polymerizes. As shown in Figure 2.3, the oxide's final form coatings, ‘solid®foam, fibers,

nanoparticles, etc. can be adjusted by subjecting it to further drying an@t g?2.

\ &)

Figure 2.3: Diagram of the sol-gel process.

Source??
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Using this technique, the initial material is dissolved in a s (if the solvent is water, the

2.6.1.2 Solvothermal Synthesis

process is called "hydrothermal synthesis") and heated to.highf pressure and temperature, which
causes supersaturation and particle nucleation and é&h The reaction's chemical parameters

the kind and proportion of the reactants as @S its thermodynamic parameters temperature,

pressure, and time can regulate the size'ﬁ\f&ﬁn of the particles?!.

2.6.2 Physical methods -« @
In essence, physical syn@volves breaking down a solid precursor into molecules or even

individual atoms, i@e subsequently deposited in the desired nanostructure form. Since they

necessitate co%

chamber @sions, these approaches are typically the most expensive?’. Among the many

uum procedures and the deposited layer area is severely constrained by the

different physical deposition techniques, the following have been effectively used to synthesize
metal oxide nanoparticles:

i. A plasma arc is applied to a solid target in Physical Vapour Synthesis (PVS) in order to

produce vapour and initiate reactions that result in supersaturation. Upon cooling and

combining the resulting atoms with the reactive gas, molecular clusters are created, which
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subsequently come together to form particles. This approach uses the kind of reactant gas
and cooling rate to adjust the particle properties. One variation of this technique, known
as low energy cluster beam deposition (LECBD), is used for producing ZnO
nanoparticles (NPs) when the supersaturated gas is additionally exposed to supersonic
adiabatic expansion®?.

ii. A high-power laser beam is used in the pulsed laser ablation technique Qﬁmrate the
atoms from the solid target. The technique may be conducted in@ resence of a
background gas, such as oxygen, or in ultrahigh vacuum, with o being a bulk metal
oxide. In the latter scenario, the target may be 00@ of pure metal, and the

deposition process will cause it to oxidize??. Q

>

2.6.3 Mechanical Methods b
The top-down way for creating nanostructurg\\&hanical processes. In order to obtain a fine
grinding and homogeneous dispersionoo%icles in the pigment, those based on milling bulk
metal oxides are frequently emp%dcgm the ink industry and pigment manufacturing. The
obtained particle sizes are é\%ast 200-300 nm in size. Even though mechanochemical
processing, a mechanical™fechnique, has been effectively used to produce metal oxide
nanoparticles (N@er sizes?!.
1. Mech&bhemical processing (MCP) is a synthesis technique that combines a chemical
\Q&on that is activated at the nanoscale during grinding with a physical size reduction
in a ball mill. When the right diluent is present, the precursors clash in the ball mill,
causing an exchange reaction. Frequently, a heat treatment is used to further break down

the product that forms (for example, heating ZnCO3 produced during synthesis causes it

to break down into ZnO). NPs with sizes ranging from 18 to 40 nm have been created
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using this technique, contingent on the milling time and heat treatment temperature. This

technique can be used to create MO NPs of oxides for which the appropriate precursors

can be seen?!.

Table 2.1: An overview of the updated fabrication process th

the type of synthesized MO.

z@%es the size of the NPs and

S\
R
(O

Method Typ f)‘éﬁ\etal oxides Nanoparticles size
\@zed
Chemical Solvothermal Ultra small, single
Synthesis ’\% Ti02,Fe304,WOx, and nm
many others
Sol-gel AQ’ Ti0s, ZnO, MgO, >20nm
Q CuO, ZrO;, SnO; and
many others
Physical ,\glsed Laser V205, WO0O;, ZnO, Av. Size-20 nm
6 Ablation SnO», NiO,
Q:b 7:05,Cw/Ci0  and
\/ many others
Physical Vapour ZnO Av. size-8 to 75 nm
Synthesis
Mechanical Milling All Larger than 200-300
nm
Mechanochemical ZnO 18-40nm.
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Source??

R

2.7  Metal Oxide Nanoparticles' Characteristics for Solar Cell Ele&&s/

Owing to the extensive array of possible applications across s& %’ sectors, nanoparticle
research is presently a vigorously pursued scientific domai y their electronic structure,
nanoparticles can be classified as semiconductors, metalsgnsulators. It is believed that the
unique chemical and physical properties of metal %%nanoparticles are caused by their high
density and microscopic corners and edges Q@fbsurface. Because of their potential technical
applications, metal oxide nanoparticles Q\QQ{ interest to researchers in a wide range of fields,
including materials information @c@logy, chemistry, medicine, agriculture, biomedicine,
sensing, optics, electronics .ﬁlysis, energy, and the environment?'. For instance, in
nanoparticles of CuO, Q SnO, MgO, ZrO,, AlOs;, AgO, ZnO, TiO,, etc., size-related
structural change@%}’%en shown to cause changes in cell parameters. An increasing number
of surface a rface atoms in the nanoparticles cause strain or stress and adjacent structural
perturﬁs{igﬁ as their size decreases'. The nanoparticle's size can change its electrical, magnetic,
conductive, and chemical characteristics. Because their size and form can be used to adjust their
properties, magnetic metal oxide nanoparticles have attracted a lot of attention. The size of the

nanoparticle material can affect its magnetic, electrical, and chemical characteristics. Materials

scientists are particularly interested in iron oxides, specifically magnetite, because of their
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numerous potential uses, which range from magnetic resonance imaging (MRI) contrast agents

to magnetic storage devices (MSD)?.\

v-Fe2O3 nanoparticles showed size-dependency, with ferromagnetic behavior seen in the 55 nm
particles and super-paramagnetic behavior without hysteresis in the 12 nm particles?®. As the
particle size decreases, the overall magnetic anisotropy will likewise decrease, causig&e super-
paramagnetic transition'>. To achieve all the required magnetic, electri@@ chemical

properties, new and simple techniques for producing metal oxide nanopg\'ge.df the necessary

size are crucial. &

The size of these particles has a significant impact eir electrical characteristics
(conductance), particularly when using oxides like %QQNOL and SnOy,in gas sensing
applications. TiO2 materials' electrical/ionic condu& can be adjusted to find applications in
photovoltaics, optoelectronics, and sensors.\@gh temperatures, TiO2 is readily decreased,
which has an adverse effect on conduc't@ With its wurtzite-type structure, one-dimensional
(1-D) ZnO used in optoelectronlc @\e ectrical applications offers enormous promise for use in

gas sensors and varistors, @ other uses. The nanostructured oxide has either little or no

long-range effects of adelung field, which is present in the electrical characteristics of a

bulk oxide surfac@

As a red%%talyst and a catalyst in various oxidation processes, CuO nanoparticles are
employ>/in photothermal and photoconductive applications as well as in the microwave
irradiation process. In many different chemical sectors, magnesium oxide nanoparticles are
widely used as a catalyst in organic synthesis and as a scrubber material to remove gaseous air
pollutants (CO2, CO, NOy, and SOx). In the field of catalysis, the new structure of Al,Os3 serves

as a foundation for active phases coated with other materials. Structural ceramics, solid
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electrolytes, catalysts, and gas sensing materials are among applications for ZrO: nanoparticles.
The fields of catalysis, gas sensing, electrochemistry, biomedicine, and material chemistry all
make use of CeO: nanoparticles. Numerous industrial applications involving photocatalysis for
pollutant removal, solar cells, material science, and engineering employ TiO> nanoparticles??.
Although ZnO is a wide bandgap semiconductor material that has been thoroughly researched
for its inherent qualities, it has relatively little industrial application as a UV bloc @nscreen

o@ctronics, gas

lotions and creams, mixed varistors, solar cells, partially as laser sources, Qtj

sensors, and as catalysts for a variety of organic reactions®*. é

The structure, size, and form of the nanostructures are dir@%ted to all of the stated
characteristics and uses of specific metal oxide nanoparti@fhat have been discussed?. It is
obvious that a wide range of elements will impact t@%%tional devices' primary attributes and
structural features, which in turn will 1 well they work. The production of a
nanostructure with ideal optical or ele@%properties becomes a challenging issue when two
distinct nano-oxides are combine(@&ca}iing the formation of a p-n junction or modification
with a dopant. Furthermore.@%)est technique for creating metal oxide nanoparticles with
adjustable structural pa rs and attributes should optimize every process parameter that can

[ ]
negatively affect@l qualities. Because there are so many variables affecting the structural

properties ayd@ctionality of the functional devices, it is challenging to replicate the outcomes?3.

2.8 }S%acterization Techniques for Nanoparticles

Characterization of nanoparticles is necessary to determine their identity, structural features, and
textural attributes once they have been manufactured. scanning electron microscopy (SEM), X-
ray diffraction (XRD), thermogravimetric analysis (TGA), ultraviolet-visible spectroscopy (UV-

Vis), photoluminescence (PL) spectroscopy, Raman spectroscopy, Brunauer-Emmett-Teller
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(BET) surface area analysis, Fourier-transform infrared, and transmission electron microscopy
(TEM)?*. As a result, the methods that have had their working concepts fully specified in the

subsection are the ones that were previously discussed.

2.8.1 Fourier Transform Infrared Spectroscopy (FTIR)

One of the main non-destructive methods of infrared spectroscopy, Fourier transfi infrared
(FTIR) spectroscopy, usually uses an infrared light beam to identify a func @’ group in a
material (solid, liquid, or gas). The device measures the amount of IR b’g{(abforption by each
link in the molecule. Plotting of the resulting spectrum again Qrenumber (em™) and
transmittance percentage is done. Infrared electromagneti@iation can be absorbed by
materials that are covalently bonded. In order to ident'&gactive chemicals in a molecule,

functional groups must be identified. A molecule@-active if its dipole moment remains

constant. When infrared light interacts with @nce’s covalent bond with an electric dipole,

the bond absorbs energy and oscillates®, &
&

2.8.2 X-ray Diffraction . \AQ
X-ray diffraction (XRD)@%ffective non-destructive method for examining the crystalline
structures of materialS™JIt provides details on a material's structures, crystalline phases, and
crystal orient%gs-fn addition to other structural characteristics including . crystal defects,
crystallini ’étain, and average grain size. The foundation of XRD is a crystalline sample and
the co&ﬁctive interference of monochromatic X-rays. X-rays are produced by a cathode ray
tube, collimated, filtered to produce monochromatic radiation, and then directed onto the

sample?’.
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This rule links the diffraction angle and lattice spacing in a crystalline sample to the
electromagnetic radiation wavelength. After that, these diffracted X-rays are found, examined,
and tallied. Due to the powdered material's unpredictable orientation, the sample needs be
scanned from two different angles to get all potential lattice diffraction directions. Translating
the diffraction peaks to d-spacings allows for chemical identification because each compound

has a distinct collection of d-spacings. This is frequently accomplished by cm@% the d-

spacings to established reference patterns?. <

¢\

2.8.3 Scanning Electron Microscopy and Energy-dispersive x-r gctroscopy (EDXs)

SEM is a potent non-destructive research method that creates @ detailed, high-magnification
pictures of a subject's surface topography using a focus%@tron beam. Energy-dispersive x-
ray spectroscopy (EDXs) can be used to offer a mor@prehensive knowledge of the material's
elemental makeup once a region of interest 1m§®’qmentiﬁed on the sample and assessed using
SEM. This approach is particularly eﬁ&z('%e for solid inorganic material microanalysis and

S

failure analysis®. Q

Q

2.8.4 Raman Spectros@Q\

An analytical techni\Q%called Raman spectroscopy employs scattered light to determine a
material's Vibr& energy modes. It is called C. V. Raman in honor of the Indian scientist who
was the ﬁ%’bobserve Raman scattering in 1928 AI203ngside K. S. Krishnan. Compounds can
be ider}fed by their unique Raman "fingerprint," which can also provide structural and
molecular details, according to Raman spectroscopy. Raman spectroscopy, which searches for
Raman scattering in the material, is used to gather this data. Raman has been characterized as a

useful technique for determining the crystalline phases and chemical composition of titania®>.
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2.8.5 Ultraviolet-Visible Spectroscopy

The diffuse reflection of light from a sample's surface is commonly studied using UV-visible
diffuse reflectance spectroscopy (UV-Vis), which operates in the UV-Vis wavelength range
(190-800 nm). This method is frequently used to examine the optical characteristics of opaque
solid materials. Light is reflected off the surface of solid (opaque) materials because it cannot
travel through them. The surface of most materials is composed of a non-ab Q&owder,
which causes it to reflect both diffuse and specular light. Diffuse reflection is,rar¢lty produced by
surface roughness of a solid material. Diffuse reflection is still fe@&ven when specular
reflection is produced by the flat surface®’. The incident light i e%d at multiple angles due
to diffuse reflection, as opposed to specular reflection, whi Q

Integrating spheres are used to enable the measuregn@

When light is aimed at the sample at a 0° an ly diffuse reflected light rather than the

reflects the light at one angle.

specular light that is already present i%ksphere is measured. Nevertheless, models of
integrating spheres with different inc@hght angles allow for the detection of both diffuse and
specular reflected information® %% the well-developed and widely recognized theories for the
optical phenomena causb@Qdiffuse reflection is the Kubelka Munk hypothesis. The partial
scattering and ab@&of light is the foundation of this theory. Assuming that just two light
pathways abs@e and scattered light are traveling in opposing directions, it was created to
mimic th@ that results from transparent and opaque materials. The Kubelka-Munk equation

is expressed using Equation 2.5%,

(1-R.)? k _2.303£C

F(R) =
(R) 2R, s s

3.1

32



Where Roo is the reflectance at infinite thickness, K is the absorption coefficient (which is twice
the Beer's law absorption coefficient), S is the sample's scattering coefficient, M is the molar
absorptivity, and C is the analyte concentration.

Plotting (F(R) energy) versus energy (hv) enables easy estimation of the optical bandgap energy
of nanoparticles from diffuse UV-Vis data®.

2.9  History and Current Research in Photovoltaics Q\
Although silicon solar cells are inexpensive to operate and maintain, their h thuction costs
prevent photovoltaic technology from becoming widely used. Curren@%tch is predicated on
the assumption that, for commercial applications, either pho@o ersion efficiency must be
increased or manufacturing costs must be reduced'. Q

2.9.1 First-Generation ,bQ

Both crystalline and polycrystalline silicon solar re included in the first generation of solar
cells. These silicon solar cells have been %industry standard for more than 50 years and
provide almost 90% of photovoltaic ﬁtosphorus is diffusely doped into the upper surface
of crystalline silicon (c-Si) so@gfs. The front and back of the cell are connected using the
screen printing technique@ lab scale, silicon solar cells have a maximum photo-conversion
efficiency (PCE) \ pproximately 25%, whereas commercial silicon cells have a PCE of
roughly 22%. 'ifurity preparation The production of ¢-Si solar cells requires 99.999 percent
precur@%ich is a costly and time-consuming procedure. The capital cost of the
manufacturing facility and solar modules are directly increased by this procedure?®. The high
cost of silicon solar cells is preventing their widespread use in the generation of power. The main

benefits of silicon solar cells are higher efficiencies and carrier mobility with a wide spectrum

absorption range. One significant drawback of silicon solar cells is their manufacturing costs.
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Heat is the waste product of photon energy produced at short wavelengths. This technology's

energy payback time (EPP) is around two to three years?.

2.9.2 Second Generation / Thin-Film Solar Cells

Thin-film solar cells are made of copper indium gallium diselenide (CIGS), cadmium telluride
(CdTe), thin-film crystalline silicon, copper zinc tin sulphide (CZTS), and amorphowicon (a-
Si). Thin-film methods are used to produce the photoactive material for thin—ﬁl@% cells on a
flexible substrate or glass®’. As a result, these gadgets are known as thin- gq.ldr cells. Second-
generation solar cells, in contrast to first-generation ones, have ea deposition, cheap
production costs, and less materials needed. Because of their %rptlon coefficient, direct
bandgap photoactive materials need to be thinner than a@on in order to absorb incoming
sunlight. Thin-film technology-based solar cells &@y a variety of thin-film technologies,
including PVD, plasma-based, CVD, and ot@equentially deposit the required thin films,
which range in thickness from 1 to 10 ;.mg\' vacuum on a variety of substrates, including glass,

polymers, metal, etc., over large @ijth integrated module manufacturing by scribing the

layers for interconnections®’ A

The a-Si solar cell's gt\' ture is made up of layers that are n-doped (p-i-n), intrinsic, and p-doped.
These a-Si cells @nstrated the highest photo-conversion efficiency of 10.1%; nevertheless,
substantial r-conversion efficiency losses are seen during exposure to sunlight’!. Thin
coating photoactive material are employed to improve stability and efficiency. These thin
coatings lower the photo-conversion efficiency by obstructing the absorption of solar energy.
When CdTe is deposited over cadmium sulfide (CdS), it often creates p-n junction solar cells
with a bandgap that is near to the ideal bandgap of 1.48 eV. First Solar Inc. U.S.A.'s

demonstration of 21% photo-conversion efficiency (PCE) with CdTe solar cells and 17% using
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CdTe solar modules has sustained interest in this technology in both research and commerce!®. A
notable efficiency of 21.7% with exceptional stability is obtained when gallium is added to
copper indium diselenide (CIS). The efficiency of the CIGS solar module is 16.5%. The photo-
conversion efficiency of the CIGS module, which was constructed using a buffer devoid of
cadmium, was 13.5%. A promising option for thin-film photovoltaics are solar cells based on
CIGS, Q&

The materials InSb, GaAs, InAs, InP, GalnAsP, and GaAlAs are classiﬁed@the Periodic
Table's III-V group. The ease of preparation of these materials and @ akes them suitable
for the development of monolithic multilayer tandems wit s&ells and absorbers that
function at various sun spectrum wavelengths. In this maQ combination may collect the
solar spectrum to create a high-efficiency device?! sP, GaAs, InSb, GaAlAs, InP, and
InAs materials are restricted to concentrated phot Qics and space. GaAs, as a single junction
cell, has attained 29.1% PCE. The greates %PCE is found in GalnP/GaAs/GalnAs multi-
junction solar cells. Second-generati@\ar cells are far better at absorbing incoming solar light
{&%ﬁciency of second-generation solar cells has been reported

\

to be between 15% and\@%ne of the limitations of second-generation solar cells is poor

than first-generation solar cells

charge transmissi?@e of this, second-generation photovoltaics cannot be commercialized,

which has promptedresearch into newer PV technologies?!.

293 Eégng Photovoltaics or Third Generation

Researchers have initiated the development of an advanced classification of solar cells,
designated as third-generation or emerging photovoltaics, with the objective of addressing the
limitations associated with first and second-generation solar cells. The subsequent categories are

pertinent to emerging photovoltaics, perovskite solar cells Dye-sensitized solar cells (DSSC)
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Quantum dot solar cells (QDSSC) Bulk heterojunction solar cells (BHJ)!”. These emerging
photovoltaics present a multitude of advantages, encompassing cost-effective materials,
simplified manufacturing processes, an abundant supply of resources, and the capability to be
fabricated on both flexible and rigid substrates for solar cell production. In DSSC, both
inorganic-organic and organic dye compounds are utilized as sensitizers. Conversely, in quantum
dot solar cells, inorganic quantum dots serve as sensitizers, and due to their t Q&andgap
properties, they exhibit numerous advantages over dye molecules?!. Nonetheless; a significant
challenge arises in the form of sensitization and the selection of an electrolyte, which
may lead to the degradation of the quantum dots. Carbon-base c&unds such as C60 act as
acceptor materials in BHJ, while conjugated conductive Q function as donor materials.
The primary limitations of BHIJ are attributed 5 isture and ambient light, which can

drastically hinder cell performance. Recent inves%a ons into Perovskite and CZTS solar cells

have revealed that the former achieved an }klency of 23.3%, whereas the latter attained an
efficiency of 12.6%?%2. DSSC, recog@as a member of the third generation, is approaching

readiness for commercializatim&an be manufactured on both rigid and flexible substrates?!.

2.9.3.1 Dye-sensitized &ells

Using very cleaﬁ%&k ductor materials (avoid flaws and interfaces) and depending on an
inherent el% 1 field to help separate photogenerated electron-hole pairs is the widely
recogi egparadigm in conventional solar energy conversion?’. Furthermore, it is preferable for
a semiconductor's band gap to be around an optimal value for solar energy absorption. Due to
their reliance on wide band gap, nanostructured semiconductors, dye-sensitized solar cells (DSCs)
represented a significant advancement in this area. DSCs function without an internal electrical

field or stringent material purity controls, yet their large internal interface is essential to their
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proper operation**. A mesoporous layer of semiconductor oxide nanoparticles, sintered together
to create a good electric contact between the particles, forms the backbone of a dye-sensitized
solar cell. The nanoparticles have a diameter of around 25 nm, and the film thickness (d) is

typically about 10 pm. In order to let light into the cell, this film is placed over a glass plate

coated with transparent conducting oxide (TCO).
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Figure 2.4: Schematic view of a dye-sensitized solar cell device

Source?
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Harvesting the light is done by a monolayer of dye molecules that are at@) the oxide's

surface. An electrolyte solution with a high ionic strength, typically an organic solvent

O

Almost every part of a DSC can be adjusted. The most eff@e material combination to date is

with a redox pair, envelops the sensitive screen (Figure 2.4)%.

still the one described in the groundbreaking stud e Gritzel group, which launched the
dye-sensitized solar cell research field. The @constituents of this configuration consist of
an organic solvent that serves as the red(ﬁdiator and a layer of titanium dioxide nanoparticles
sensitized by a ruthenium—compl% with an I-/I3- redox pair®®. Gritzel and O'Regan
successfully combined an eff@%and stable dye with a nanostructured semiconductor electrode.
As was previously not Q ZnO mesoporous electrodes in 1976, the surface area was the
crucial compone .if’rs%i%combination%. Even if there is only a single layer of dye covering the
surface, inco photons can be efficiently collected in a mesoporous film. The rationale is that
compz%d% a flat electrode of the same geometric area, a mesoporous structure can have a
surface area available for dye adsorption that is more than a thousand times bigger. Alternative

materials to this conventional design serve as the foundation for the work in this thesis?®.
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293.1.1 Operational Principles of Dye-Sensitized Solar Cells

In photo-electrochemical dye-sensitized solar cells, multiple electron transfer mechanisms
operate concurrently and competitively. Charge production and optical absorption are two
distinct processes in a DSSC?’. Similar to chlorophyll in leaves, dye molecules have to absorb
incident sunlight and trigger an electron transfer reaction. Photo-regenerative devices are dye-

sensitized solar cells. A schematic of their fundamental operating principles is fEQ“ 1h Figure

24 '\QJ

When exposed to light, the dye is photoexcited, which causes an el @to be injected into the
oxide's conduction band. The resulting oxidized sensitizer can %ombine with the injected
electron or be renewed by the electrolyte's electron dono@lditionally, the excited dye may
relax prior to electron injection®®. Through a ran@f&llk mechanism, the photogenerated
electron moves toward the external contac @ the mesoporous oxide sheet. After being
removed, the electron can return to the ter electrode and work in an external circuit. The
regenerative cycle is completed W@ctﬁ\oxidized species in the electrolyte synthesized during

the dye regeneration phase di to the counter electrode coated in platinum and is reduced

back there. The procexfgin loss pathway is the injected electrons' recombination with the
oxidized redox n@%&%ﬁ

Reactions tl%§plain how a DSC operates. S stands for fundamental state, S* for excited state,
S* foered state, SC for semiconductor, CB for conduction band, and TCO for transparent

conducting oxide.

The potential difference between the redox potential of the I7/I3” couple in the electrolyte and the
conduction band edge of the TiO, determines the maximum theoretical value for the

photovoltage under open circuit conditions®’. Dye-sensitized solar cells are extremely intricate
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devices. Numerous activities are interrelated, and the device's chemical complexity makes it
challenging to investigate each individual activity that influences cell performance independently.
Since their features are influenced by the overall functioning, these processes actually need to be

researched in whole devices?.
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[1] Photoexcitation S+hyv > S*

[2] Electron injection S* > e'ep (SC)+S7

|3] Relaxation S*> S +hy

[4] Electron transport €cr (SC) ~»~ ¢ (TCO)
|5] Recombination with the dye S +e e (SC) 2 S

[7] Dye regeneration 28" +3Ir =2 28+1y

|6] Recombination 2 e SO+ > 3r Q\
4

[8] Reaction at the counter electrode I+ 2¢° (Pty> 30

N4
The creation of photocurrent is sustained when the liquid %ectrolyte penetrates the

photoelectrode and conducts the hole carriers and dye mo@ regeneration. To prevent liquid
electrolyte leakage, a thermoplastic polymer is p iﬁ@% between the counter electrode and

photoanode to seal the device. The next Sl%@u provides an explanation of the device's

N

components®. &
(Y \\'
2.9.3.1.1.1  TCO Substrates \C—,

The photoelectrode and cou %éctrode for the device assembly are made using TCO
substrates. It supports the\@ﬁr electrode catalyst (such as platinum) and photoanode material
(such as TiO> napd %&es)”. Chemical vapor deposition (CVD) or sputtering techniques are
used to deposi@agﬁ Sputtering produces flat TCOs that require a chemical wet etching process
to pro@ ano-texture for improved surface adherence and light scattering characteristics.
When opposed to sputtering technology, the TCOs deposited using CVD technology offer extra
benefits. This method has good surface texture, high deposition speeds, and is readily scalable.
Tin-doped indium oxide (ITO) and fluoride-doped tin oxide (FTO) are the two best TCOs that

have been created in the past three decades. Because FTO substrates are less expensive and more
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robust up to 550 °C than ITO, they are the ideal option for DSSC. However, FTO has less optical
transparency and electrical conductivity than ITO?°,

29.3.1.1.2 Photoanodes

Photoanodes are made from semiconductor oxides with a wide bandgap (such as > 3 eV). The
majority of incident sunlight is absorbed by these metal oxides, which are stable against photo-
corrosion and optical excitation across the bandgap. Because of its afford @tability,
catalytic activity, and ease of preparation, titanium dioxide (TiO2) is a photdanod€ material that
is being studied extensively for DSSC?!. There are four polymorphs c@ . They are TiO2(B),
rutile, anatase, and brookite. The most stable of them is ruti e%reas the other three are
metastable and can change into rutile when exposed to hi peratures®’. When it comes to
photocatalytic activity, anatase is more active tha n@nd its electron mobility is 40 times
greater. The LUMO energy levels of many dyes ated just above the conduction band edge
of TiO,, which makes it easier to inject el%%ﬁs. TiO2 has a bandgap of 3.37 eV. Because of
TiO> high dielectric constant (¢ = {Q’%&r the anatase phase), the injected electrons are well
shielded electrostatically front th%%cited dye molecules. TiO, key characteristics are its non-

N\

toxicity, affordability, and,aceessibility. It is the primary ingredient in cosmetics and paintings*2.

In DSSC, meso@z nanoparticles having a surface area of 50-250 m?/g are primarily
used to gen% he photoelectrode. The TiO; film is applied to the TCO substrate using either
the dob&{ade or the screen printing technique. Organic binders are then removed by high-
temperature treatment, which produces pure TiO: film and enhances the inter-particle necking
between the TiO, nanoparticles®. A variety of morphologies, including hierarchical structures,
aerogels, mesoporous/nanoporous nanowires, nanorods, nanotubes, nanoparticles, and nanobelts,

are becoming more and more common. Made with nanoparticles of size less than 20 nm,
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transparent TiO2 paste initially covers a TCO substrate. Made with size 400 nm nanoparticles,

light scattering paste is then covered over transparent TiO2 film layers>?.

In addition to TiO,, various metal oxides and composite materials are being researched as
photoanode materials, including Au-TiO,, ZnO, Ag>O-ZnO, Nb,Os, SnO,, WOs3, and Fe,03*.
ZnO is thought to be the finest substitute for TiO> among them when it comes to &ting the
photoanode for DSSC. ZnO has a bandgap of 3.3 eV, and the conduction ba@Qge’s energy
levels are at the same level as TiO,. One crucial aspect of DSSC is that &&h@d better electron
mobility and carrier lifetime than TiO>!. facile development of m rphologies including
nanoparticles, nanowires, nanorods, nanotubes, and tetrapods @sp nds with facile production
of ZnO. Photoconversion efficiency of the ZnO photo@e—based DSSC is now 8.0%%.
However, ZnO reduces efficiency by dissolving in fadidg/triiodide electrolyte and forming Zn**
ions. Layered double hydroxide is being rese@s a photo-anode material for DSSC in order
to get around ZnO's drawbacks when an olyte of corrosive redox iodide/triiodide is present.

New architectures, materials, and Q&galres are still possible to achieve the DSSC's superior
performance’!-2, Q\A

29.3.1.1.3 Sensig@
u

The dye molg;c @ften referred to as sensitizers, are important components of the DSSC.

When sunli
QJ%

electronsynto the photo-anode's conduction band, while the HOMO level injects holes into the

absorbed by these sensitizers, excitons are produced. The LUMO level injects

redox electrolyte. The photo-conversion efficiency is determined by how much photons are

absorbed by sensitizers??.
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293.1.14 Counter Electrodes

The TCO substrates are coated with the catalyst, which guarantees the electrons' catalytic activity
toward the reduction of tri-iodide and the electrons' charge transfer kinetics at the cathode.
Common catalyst materials for the usage of counter electrodes include platinum and carbon-
related compounds?®*. Of these, platinum has the highest electrical conductivity and functions as a
better catalyst. Electrochemical, spin coating, sputtering, and vapor depositio Qﬁues are
used to prepare the platinum counter electrode. The commercialization of DSSC i§7imited by the
price of platinum. Because it is inexpensive and simple to prepare, gr@& regarded as one of
the platinum substitutes®>. However, as compared to platinum-based DSSC, graphite-based

DSSC has lower efficiency. As counter electrodes, other a such graphene and graphene-

related materials, conductive polymers like PEDOT%S%%«xlcogenides, and p-type metal oxides

are studied, although platinum remains the mcggb;

2.9.3.1.15 Electrolytes o 5&

Redox electrolyte's primary ﬁmctioQ*&cDSSC is to renew the oxidized sensitizers and introduce

r of all?l,

holes into the electrolyte. An@rolyte used in the DSSC needs to meet these specifications:

. In additioq t&iting thermal, chemical, optical, and electrochemical stability, the

elec%@ must also inhibit dye degradation.
il. @Xidized dye molecules must be restored to their ground state by injecting the hole
carriers into the electrolyte.

iii.  There should be no overlap between the electrolyte's absorption spectrum and the dye's or

the visible spectrum?!.
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Solid, liquid, and quasi-solid electrolyte types are distinguished by their viscosity and chemical
components. Because of its distinct slow recombination rates, the redox couple iodide/triiodide
(I/Iz") in DSSC 1is being studied extensively. In addition to reacting with the injected electrons,
triiodide ions absorb visible light. For improved performance, iodide and triiodide ion
optimization is required. Because I/15 electrolyte is corrosive, research is being done,to prepare

novel redox electrolytes such SCN7/(SCN)s,, SeCN7/(SeCN)s;, and Br/Brs.

electrolytes' results are encouraging, their chemical stability is lacking. Coordination compounds
based on copper and cobalt have the ability to function as re@ples. Cobalt-based
coordination compounds performed exceptionally well in pho -@sion among them. With
modified Y123 dye, the state-of-the-art for DSSC based o@o alt-based redox pair is 14.3%.

The cobalt-based redox couple's key characteristici v@s transparency, non-volatile nature,

2.10 Fabrication Techniques of DSS(&

Screen printing, doctor blade, elect@ﬁﬁretic coating, and spin coating are the most widely used

and lack of corrosion?’.

fabrication techniques for D »*and they have a considerable impact on the cell's efficiency

and cost, as will be disc ébin the following sections?!.

o\\'
2.10.1 Screen: &.ﬁng

The techr@ utilized to develop DSSCs have a big impact on the cell's cost and efficiency.
Screemming, spin coating, electrophoretic coating, and doctor blade are the fabrication
methods that are most frequently utilized. A 2020 research indicated that the photoanode
included TiO; on rGO sheets embedded with Ag, while the counter electrode consisted of silver
(Ag) nanoparticles attached to a reduced graphene oxide-platinum composite (Ag-rGO/Pt), as

seen in Figure 2.5.
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Under 1.5 AM solar irradiation, the DSSC with the 1:2 Ag-rGO/Pt CE and 0.5% Ti0,-rGO/Ag
photoelectrode demonstrated an overall maximum PCE of 9.15%.

2.10.2 Spin-coating

Spin-coating is a simple technique for rapidly coating a substrate's surface with consistently thin
layers. A typical approach starts with a material solution made from a volatile solvent, which is
then dropped onto the center of the substrate surface and spun up and off. Both %’-off and
spin-up procedures use the solvent evaporation step. Once placed in the center of'the substrate's
surface, the material solution is dispersed using centrifugal force. The@ ep requires the thin

layer of material applied to a glass substrate to dry.

The relationship between the layer's thickness and sevet@ properties can be explained

using Equation 2.1: 6

2.1
where thickness is indicat The syrnbols A, m, and angular speed represent the density of
a volatile liquid, the vi §y of the solution, and the rate of evaporation, respectively. This
equation shows @‘he angular speed, solution viscosity, and spinning duration all affect the
thickness o ormed layer. When the substrate spins at a greater angle, the film is thinner.
The sp\ﬁgyoating technique has been used in a number of published papers. A 2019 study, for

instance, described a thin-film TiO; photoanode created using a spin-coating process to increase

the efficiency of natural and organic DSSCs??.
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2.10.3 Electrophoretic Deposition
When materials are treated using electrophoretic deposition (EPD), charged particles in a stable
colloidal suspension are deposited onto a conductive substrate, which acts as one of the two

electrodes in the EPD cell with opposite charges. Applying a suitable solvent to the surface of a

e Dispersion sé
e Electrochemical charging Q

EPD is developed when charged particles move in an aql@ solution or solvent while being

conductive substrate is a quick and economical process. It involves four main step;
e Electrophoresis

e Deposition.

exposed to an electric field. A recent publication 6@ s the CdSe-TiO; nanocomposite film
produced by EPD for quantum dot-sensitive s**. Additionally, Cao has documented the
use of the EPD technique to create mes.og&}‘iOz photoanodes and employ them in DSSCs*.
2.10.4 Doctor-blade Coating ch\

Doctor-blade coating is a ° i %ﬁroughput, low-solution-wastage thin film, roll-to-roll
compatible, manufacturi?@%nique. This technique is widely used to create a thin liquid
substrate layer W@ a large-surface-area glass conducting substrate. It provides easily
adjustable lay%that range in thickness from 10 to 150 pum. To create counter electrodes for
DSSC\/@‘rani employed the Doctor-blade technique. To create a nanocomposite, reduced
graphene oxide, nickel oxide, and multi-walled carbon nanotubes were mixed together.
Furthermore, a study was published on a possible counter electrode for DSSCs composed of a
hydrophilic carbon (HC)/TiO: colloid composite covered with a doctor blade®”. The cell's PCE

was found to be 1.9% under standard test settings. Development of Cu>ZnSnSs counter
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electrodes for DSSCs using Doctor-blade coating has been documented in a study?®. This method
uses less of the original components and is less expensive than other methods. is therefore
thought to be the most straightforward printing method for modern devices and one of the
simplest, least expensive methods for depositing semiconductor paste. This method uses less of
the original components and is less expensive than other methods. It is therefore thought to be
the most fundamental printing method for modern electronics and one of tl@pl st, least
expensive processes for depositing semiconductor paste. QJ

S

The solar cells are tested using photovoltaic metrics such @sc, Voc FF, and PCE when

2.11 Electrical Characteristics Parameters

illuminated. solar parameters are used to validate the J-V @ies of solar cells®’.

2.11.1 Open-Circuit Voltage ’bbfb

The external current (J=0) does not flow Whe}\k{Qminated at the open-circuit voltage (Voc), also
called a bias voltage, which is appli%’{%vs lar cells to destroy the current generated during
illumination. The Voc in DSSC &%&iﬁed by the Fermi energy work function of the electrolyte
and photoanode. The ex@llly determined Voc is relatively low because of charge carrier
recombination®. *
2.11.2 Short cigu:l\\c'urrent Density (Jsc)

Jsc 1s the @used to describe the current density produced in a solar cell at applied zero bias.
Charg%sfer and exciton dissociation provide the build-in potential. A DSSC's J, is reliant on
exciton production and incident light. Second, a broad photoactive layer absorption spectrum
allows for the harvesting of more excitons in the terrestrial solar spectrum, resulting in the
highest Jsc of the DSSC. The solar cell's Js is determined by the active layer's charge carrier
mobility?°.
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2.11.3 Fill Factor (FF %)
Figure 2.6 displays the J-V characteristics of DSSC. A solar cell's primary goal is to convert
sunlight into electrical power. The J-V curve allows us to determine Pumax, which stands for the

maximum deliverable power. The following phrase is used to determine the DSSC's fill factor;

Pmax _ lmax X vmax \
Jae X Voo Jsc X Voc | Q
Equation 2.2 0

¢
S

With the FF, the diode properties of solar cells may be measu he FF needs to be unity for a

FF % =

perfect diode. The diode will be more perfect as the FF %re;es. Because to recombination and
transport losses, the FF in DSSC was between O.ééh).%. Shunt and series resistance have
been shown to function as limiting Variables\\@fogu cells. High fill factor FF is the result of

solar cells having large shunt resistancé @w series resistance’.

§
S

O
&
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2.11.4 Power Conversion Efficiency (n)
The ratio of incident light power (Pin) to supplied power (Pmax) is a measure of a DSSC's
efficiency. The following formula is used to determine the solar cell's photo conversion

efficiency;

Pinas B Js¢ X Vge X FF Q\
Pin Pin ) O
Equation 2.3 <
The 1 provides information on the DSSC's output power as well as g@oltaic characteristics

and how light is converted into energy>°. %

2.11.5 Dark Current Q

Dark current is the phrase used to describe the curre%%wing through the diode while it is dark.
The dark current production is based on t ination of charge carriers or any surface
leakage in the depletion area, which.is&perfect diode current. To generate the potential
difference between the solar cell's &ﬁQ\als, a forward bias load must be provided. The current
created by this potential d@e operates in the opposite direction of the photocurrent,
lowering the net curre its short circuit value®®. Similar to the current Idark (V), which
runs across the @T;Q%N\en a voltage is applied in the dark, this reverse current is typically
referred to %® current. When exposed to darkness, solar cells function similarly to a diode,

accept glﬂigher current under forward bias (V >0) than reverse bias (V<0). Solar cells exhibit

this behavior because asymmetry is necessary to accomplish charge separation®.

2.12 Review of Metal Oxides Nanoparticles
Fe>CuOs4 nanoparticles were produced using UV-irradiation!'. XRD, EDX, FE-SEM, TEM, and
photoluminescence spectroscopy were among the methods used to examine the shape, structure,
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and optical characteristics of the produced nanoparticles. The average particle size of the
produced Fe;CuO4 NPs was 11.7 nm, and their FE-SEM and crystal structure were validated by
TEM pictures. No contaminant peaks were found in an XRD analytical analysis. Using
photoluminescence spectroscopy (PL) to evaluate the optical characteristics, the energy gap was
found to be 1.95 eV. Using nanopowder and cibacron brilliant red B as a photosensitizer, an
effective photo-sensitizing solar cell was developed with an energy conve Q&eﬁciency
ranging from 6.47 to 10.39%. A novel technique that does not require signifi¢ant testing has
made it possible to swiftly and easily control nano-particulate composi @ heir study could look
at the possibilities of producing nanomaterials, such as photoangdes,wery quickly!'!.

A research demonstrates how to modify both of a plasmon@ =Sensitized solar cell's (PDSSC)
functional electrodes in order to produce a co -e%%e and efficient solar device®*. A
straightforward one-step wet synthesis appr%lcQ inexpensive, non-toxic precursors were
used to create the hybrid magnetite ﬁn\oparticles decorated reduction graphene oxide
(rGO/Fe304) and copper-doped \Gt?&ia (Cu/TiO2) nanocomposite. The as-prepared
nanocomposites were carefully{@%ed using SEM, energy dispersive X-ray spectroscopy, X-
ray diffraction, thermog@?ﬁic analysis, and UV-Vis spectroscopic methods, proving the
successful forma 'b@Cu/TiOz and hybrid rGO/Fe3Os nanocomposites. The photovoltaic
features of the@ Cs were investigated by the analysis of IPCE spectra and J-V characteristics.
In PD SQ,’Qe Cu/Ti0Oz-based photoanode's power conversion efficiency (PCE) was 3.89%
when using platinum (Pt) and 2.20% when using hybrid rGO/Fe3;O4 counter electrodes (CEs).
The hybrid rGO/Fe;04 CE-based PDSSC was around 70% more efficient than pure TiOz-based

photoanodes and 57% more efficient than the traditional platinum electrode with Cu/TiO,. The

homogeneous distribution of catalytic Fe3O4 nanoparticles on the surface of rGO nanosheets and
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the plasmonic effect of the Cu nanoparticles may be responsible for the respectable efficiency
gain. According to the results, the synergistic combination of modified functional electrodes in
plasmonic DSSCs demonstrated a respectable efficiency and might thus work well as a substitute
for traditional and expensive Pt*.

Another work used the photoirradiation approach for fabricating Fe203 nanoparticles from iron
complex solutions®’. The generated nanoparticles are identified by ult Qlet visible
spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), afid transmission
electron microscopy (TEM). The results show that the nanop@l are homogenous
rhombohedral in form and range in size from 11 to 29 nm. A n e@solar cell with an energy
conversion efficiency of about 2.5% was made using hem@ noparticles, ITO, -Fe>O3 NPs,
dye (Rhodamine 6 G), iodine, and Ag film?*’. ,bQ

A counter electrode was suggested in a work usi mixture of low-cost carbon black and tin
selenide components®®. TiO is used as t %hotoanode in the solar cell's architecture. The
physicochemical properties of the C{(%\: investigated using XRD, TEM, RAMAN, BET, and
EDX. CV and EIS studies wa&'ed out to evaluate the electrocatalytic and charge transport
characteristics. The DSQ%the SnSe/CB-200 CE electrode showed a PCE of 8.17 0.02%
with an open-cir .’\‘Q ge of 0.797 0.03 V and a short circuit current density of 19.78 0.02
mA/cm?, whe ge/ DSSC with the platinum counter electrode had a PCE of 5.81 0.03%°%.

A stu @%onducted on copper polypyrrol functionalized multiwall carbon nanotubes (Cu-
PPy-FWCNTS) nanocomposite CE utilizing a two-step electrodeposition process on a stainless-
steel substrate to provide a simple and cost-effective substitute for Pt CE in dye-sensitized solar
cells (DSSC)*°. The surface morphology, electrical conductivity, and electrochemical properties

of Cu-PPy-FWCNTS nanocomposite CE electrodes were investigated using SEM, the four-probe
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technique, and an electrochemical workstation. According to Fourier transform infrared (FTIR)
spectroscopy, the PPy-FMWCNTS nanocomposite comprises FMWCNTS, and XRD
examination verified the presence of Cu nanostructures. The cyclic voltammogram and Tafel
polarization measurement demonstrated that the solution-processed Cu-PPy-FWCNTS
nanocomposites CE had a higher electrocatalytic performance for 13/I redox solution. The
photovoltaic efficiency of DSSCs produced with Cu-PPy-FWCNTS nanoco éCE and
Platinized CE was compared. According to the results, the CE of DSSC wit@ y-FWCNTS
nanocomposites was 7.1%, higher than that of Platinized CE (6.4%). xy-FMWCNTS film's
enhanced photovoltaic efficiency is due to copper nanostruct @ch enhance the cathodic
current density (2.35 mA/cm?). Cu-PPy-FWCNTS na@n osites' simple manufacturing
method, strong electrocatalytic properties, and phoﬂgp@capabilities make them a viable CE
substitute that can lower the cost of DSSC*°. ’b

In a different study, Nio.sZnosFe>Os/carbo \Q/C) composites with different carbon content
ratios were used to generate novel C{C%br electrodes*’. According to the characterization data,
NZF/Cs had bandgap energic&&%-l% eV, pore diameters of 99.4-119.6, and specific
surface areas of 109.3-18%% g’!. The catalytic activity of the NZF/C CEs was verified by
electrochemical 1i ance spectroscopy and cyclic voltammetry. NZF/Cs had remarkable
catalytic activity ahd outperformed Pt CEs in the dye-sensitized AgNP/TiO, DSSCs while
reducing @CE'S 2.83% efficiency was very comparable with NZF/C-1 CE's 2.75% efficiency
for the natural betalain dye. With a fill factor of 50.71% and a short circuit current density of
4.13 mA cm?, this efficiency was attained. During a 30-day stability test, NZF/C-1 CE was able
to maintain a fill factor of 55.57% and a photon conversion efficiency of 7.18% for Z-907

synthetic dye. The high conductivity of carbon black and the strong electrocatalytic activity of
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NZF are responsible for the NZF/C performance. The results show that NZF/C may be utilized in
DSSCs as a workable and reasonably priced substitute for Pt*.

2.13 Antibiotics in the Environment

Veterinary care, human medicine, and aquaculture all often employ antibiotics as a class of
drugs*!. When antibiotics are used, the majority eventually end up in the environment. Several
nations have reported antibiotic contamination of their environments in recent Q, ihcluding
those in the South America (Brazil, Canada, and USA), Africa (South Al icQ(enya), Asia
(China, India, and Japan), and Europe (Germany Portugal and France)‘Q

Among the top 20 active nations are four Asian countries, o @ American country, two
North American countries, one Oceanian country, eleven@ an countries and one African
country. The number of publications regarding anti 1(*8% the environment rose progressively
between 2011 and 2020. These results showed th environmental presence of antibiotics has
become a global problem. In addition, Chi Xﬁs published more articles than any other nation
about the prevalence of antibiotics il\ﬁs\nwronment. This may be due to the fact that China is
the biggest producer, exportery @%ﬁsumer of antibiotics worldwide*?.

2.13.1 Occurrence of A@%cs in Waste, Surface, Sea, Ground, and Drinking Water
Aquaculture and ‘a@ husbandry, the pharmaceutical sector, hospitals, and municipal
wastewaters a%the main sources of antibiotics*’. Regularly detected in the waste waters are 21
antibi%@hding TMP, 6 FQs, 4 SAs, 4 MAs, 5 TCs, and AMX. WWTP influents or
effluents can include antibiotic concentrations ranging from a few hundred ng/L to a few ten
ng/L, which is a quite high concentration. The range of AMX concentrations in influents and
effluents, which are 200—6, 516 ng/L and not detected (ND)-1,600 ng/L, respectively, indicates

that WWTPs can remove AMX pollution. The following sequence describes the concentrations
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of the different antibiotic classes in influents: For effluents, the order is SAs (ND — 12,848
ng/L) > FQs (ND — 9,347 ng/L) > TCs (ND — 2,014) > MAs (ND — 1,492 ng/L); for SAs (ND —
34,500 ng/L) > TCs (ND — 30,049 ng/L) > FQs (ND - 6,453 ng/L) > MAs (3-2,951 ng/L).
Naturally, WWTPs cannot completely remove antibiotics from wastewater. Relatively high
levels of SAs and TCs are found in WWTP influents as a result of the substantial use of SAs and
TCs in veterinary pharmaceuticals and feed additives**. Q&

FQs that are most commonly found in effluents include ofloxacin (OFL, 47&@7 ng/L), CIP
(ND - 3,403 ng/L), NOR (36.7-9,347 ng/L), and doxycycline (DOX) ich ranges from ND to
1,492 ng/L. Chlortetracycline (CTC, ND — 1,986 ng/L), oxytetracychne (OTC, 10.7-8,014 ng/L),
and TC (ND — 1,536 ng/L) are the most common TCs det1 effluents. The combination of
TMP and SMX is commonly used to treat bacterial @ons‘“. The treated effluents contain
significant amounts of TMP and SMX, whic%&’& ently found to be 12,848 ng/L. and 5,316
ng/L, respectively. Additionally, a variety %egradation products, ranging from ND to 1,245
ng/L, are present in effluents. These {(%)ounds include AMX penilloic acid, ERY-H>0, and N-

acetyl SMX. Overall, the mos q&%‘non antibiotics found in WWTP effluents are ERY, TC,

TMP, CTC, OTC, CIP, I\@/IX, and OFL.

Antibiotic-contaitt@ewater will have an effect on the receiving river water. According to
h

certain resear% a

upstre% ownstream water have higher antibiotic concentrations than upstream water. TMP,

looked at the distribution of antibiotics in these two water phases, WWTP

for instance, was found in downstream waters at significant concentrations (11-140 ng/L),
despite being absent in downstream waters*. Antibiotics are partially eliminated from
wastewaters following treatment, as evidenced by the greater antibiotic concentrations in

downstream water discharged from WWTPs compared to upstream water. Additionally, because
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of the high population density and increased wastewater inputs brought on by human activity,
urban rivers have higher antibiotic levels than suburban or rural ones. The GDP of a nation is
connected with antibiotic contamination. Because low-income nations lack wastewater treatment

facilities, their environmental antibiotic concentrations are far higher than those of high-income

R

Given that antibiotics are used to cure ailments, the sharp rise in human antibioti€ use may not

nations?.

2.13.2 Antibiotics Routes of Entry into Wastewater and Its Consequences

appear alarming*'. However, excessive use of antibiotics is harmﬁ@ th people and the

environment. Antibiotics have disadvantages that go beyont c&mtion; they also affect
2

disposal. Usually present in wastewater, antibiotics are c g to eliminate using standard

degrading methods*. be

Due to the growing demands of the population, a tics are being used in domains other than

\S)
medicine. Animals and veterinary care are %areas where antibiotics are used extensively. In
.

some countries, antibiotics are used @ﬁo treat animals but also to promote animal growth
and increase productivity*!. Ho@% there won't be any appreciable antibiotic concentrations in
the meat if the treatment@i for a few days because all of the antibiotics will be completely
removed from th ‘@s blood. However, due to their inadequate digestion, antibiotics will
either be use&s agricultural fertilizer or released as animal waste and disposed of in
waste at@’éew studies assess the efficacy of plants' absorption of antibiotics from fertilizers.
For example, a study to measure the concentration of antibiotics in different vegetables fertilized
with animal dung found that the concentrations of various antibiotics were below the detection

limit, at less than 10 pg/Kg. However, this result is concerning if antibiotics are used frequently*!.

Further investigation revealed that the antibiotic chlortetracycline was absorbed by cabbage,
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onions, and maize. However, the vegetables did not absorb the tyrosine antibiotic, even though
its molecular size was vast. The findings of these studies show that various plants can absorb
different antibiotics at varied rates, depending on the kind of plant and the molecular size of the

antibiotic**.

The primary problem with antibiotics in wastewater is the development of antibiotic-resistant
microorganisms. Because they are so challenging to cure, antibiotic-resistan Qrial strains
represent a threat to both human health and the environment. Bacterial w&& is particularly
common in hospital wastewater due to the frequent and high dosag tibiotics used. When
bacterial resistance becomes a serious issue, antibiotic degrad@n comes crucial. Figure 2.7

provides a summary of the many routes via which antibioti@ght enter wastewater?!.

2

2.14 Degradation and Removal Methods ’b
Because antibiotics are frequently found in %\leironment and may harm the ecosystem, the
present review also focuses on metho@nr moving and degrading them. Table 2.2 provides a
summary of previous researchpr&%%otics and their breakdown products®’.

2.14.1 Photodegradatio@xidization

Direct photodegrag@ sensitized photodegradation, and photo-oxidation are all forms of
photodegrada 'on(zb&t can uniformly break down organic contaminants. The structure and
propertiesz®organic pollutants, temperature and pH, photosource, photocatalyst, water
comp&ﬁn (including inorganic compounds, kinds and quantities of dissolved organic matter),
and other factors all affect the photolysis process of antibiotics. For instance, protonation in
aqueous solutions with varied pH values can cause certain antibiotics, such as NOR and OTC, to
take on distinct forms. This may affect their absorbance and cause changes in the kinetics of
photolysis*.
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FQs are sensitive to light. Because FQs can exist in cationic, zwitterionic, or anionic forms
depending on the pH of the solution, pH had an effect on the direct photolysis rates of FQs. The
fastest deterioration occurred under simulated sun light irradiation in neutral or slightly alkaline

settings due to the predominance of zwitterionic FQs.

N\

Animal food <#

Figure 2.7: Potential pathways by which antibiotics could enter wastewater
Source?!



Table 2.2: Summary of previous studies using different strategies to improve photocatalytic
degradation of antibiotics

4

Catalysts and Light source Antibiotic and Degradation Refe es
concentration concentration efficiency ('\
y <
Fe, Co, Ni, Fe- 300-W Xe lamp Oxytetracycline = Approximately ‘48\”
Co-, and Fe-Ni- (A=365 nm 20 mg/L

doped ZnO 0.6

87% optimQ
within %
(co e

optimum 49

g/L

CQDs modified 300-W Xe lamp
BixMoOgs 1 g/LL (A>400 nm)
Ti*N  co-doped 150-W  Xenon
TiOo/diatomite lamp with a UV
granule 5 g/L light filter

P-O co-doped g-
C3N4 1 g/L

350-W Xe lamp

Bi**/g-C3Ny4
g/L

0.2

N\
3 00—®amp
<(> 0 nm)

Z-scheme 6 300-W Xe lamp

AgI/A@7 (visible light)
0.5 g/L

CuBi204/CuO 1 Visible light

g/L (A>400 nm)
AgCl/AgsPO4/ g- Visible-light
CsN4 1 mg/L irradiation

(A>400 nm)

ﬁﬂ]ﬂxacin 10

(A>420 nm) émg/L

Ciprofloxacin 20

mg/L onithin 2h
Tetracycline&b 92%  optimum

10 m ’b within 150 min
Q

50

Approximately 51

90% within 80

min
Tetracycline 10 Approximately 52
mg/L 94%  optimum

within 30 min
Sulfamethoxazole Approximately 53
5 mg/L 98%  optimum

within 100 min
Metronidazole 36%  optimum 54
50 mg/L within 120 min
Sulfamethoxazole Approximately 55
50 mg/L 100% optimum

within 90 min
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CQDs/BiOBr Visible light Ciprofloxacin 1 Approximately 56
microspheres 1 irradiation g/L 65%  optimum

g/L within 180 min

Source: Field survey, 2024.

ENR photoproducts remained considerably active in the Escherichia coli DHS5a growth
suppression assay, but NOR and OFL photoproducts failed. The photoproducts fron ENR in
Ge's investigation exhibit activity consistent with the results of Wammer's studyQQ
Additionally, they discovered that six fluorescent chemicals undergoir@gvnediated direct
photodegradation had half-lives ranging from 0.56 to 28.8 minut urface waters. When
exposed to radiation, photosensitizers such humic substan@( s) have been shown to
accelerate photolysis. According to Porras's research, admihistering HSs and CIP together can
speed up CIP's photo-decomposition in both neutr%@ alkaline solutions*. In particular, the
half-life of CIP (40 min < t1/2 < 60 min) "Qiﬁcantly shortened in the presence of HSs
compared to CIP Al203ne (t 1/2=2h (vkrestingly, HSs did not affect the photodegradation
pathways. The photolysis products é&\ were generated by di-hydroxylation, oxidation of the
piperizine ring following deﬂ@tion, and substitution of hydroxyl (-OH) for the fluorine atom
(F), all of which were & from the parent molecule. The authors also found that, although
direct photolysisQ‘nix\sli htly decreased the anti-microbial efficacy of CIP, irradiation in the
presence of @ic acid (HA) led to a significant reduction in the results of both the
Staph)ﬂgc/géus aureus and Escherichia coli inhibition experiment. The removal of FQs by
photo-oxidation process can also be an effective option because the intense oxidizing radicals
(like hydroxyl and sulfate radicals) generated by photolysis of oxidants (like H202, persulfate,
and peroxymonosulfate) can electrophilically attack the piperazine moiety of FQs; additionally,

the toxicity of FQs and obtained products decreased significantly*.
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Figure 2.8: Schematic representat1 (Qne semiconductor photocatalysis process

Source*?
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2.15 Fundamentals of Photodegradation

When exposed to radiation with energy higher than the optical band gap, the electrons in a
semiconductor are excited and transported from the valence band (VB) to the Qct n band
(CB). As aresult, the VB has an equal number of positively charged holes*. 6

When the semiconductor's VB + potential against NHE is grea@x that of H,O/OH
(+2.72VvsNHE), or +OH /.OH (+1.89VvsNHE), and when i %otential against NHE is
greater than that of O2/.02" (—0.33 V vs NHE), it can pro@. and O». The photo-induced
electrons and holes then separate and migrate to th sp@ of the semiconductor, where redox
reactions occur at the reactive site (Figure 2.8 .4&6 chemical reactions allow for the direct
transformation and efficient utilization {s%r energy. ZnSe quantum dot (QD)/g-C3N4
composites, for instance, were synth&ﬁ%d and utilized in a study to photocatalytically degrade
ac&% ingredients were identified as OH and h* based on the

\

results’’. However, the e%% photocatalytic activity are reduced by limited optical usage and

ceftriaxone sodium; the mair

the quick annihj a@f photo-excited electron-hole pairs, which can be addressed by
photocatalysts@v ed they meet the following criteria:

1. T per spectrum of absorption.

2. The right band energy structure for sufficient electron-hole pair transit and separation.

3. Adsorption or reaction sites that are enough
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All three of the aforementioned conditions must be satisfied in order to boost photocatalytic
efficiency, and several attempts have been made to maximize photocatalytic dynamics and

systematically develop photocatalysts’!.

2.15.1 Origins, Manufacturing, and Enhancement of Photocatalysts

Many different types of photocatalysts have been developed to photodegrade a%otics in
aqueous solution. Because single component photocatalysts are so stab @’c simple to
synthesize, they were used first. A variety of techniques have also bee@v ped to improve
antibiotics' visible light activity and photodegradation efficiency (Fi ).

2.15.1.1 Methods to Increase Activity in Visible Ligh

Several methods have been employed to enhance the Vi&le ght activity of photocatalysts for
antibiotic degradation, namely semiconductor cou@hydrogenation, ligand-to-metal charge
transfer action, metal or non-metal doping, an@fgrmation of perovskite structures.

These techniques can stimulate the Visib&ght activity of wide band gap photocatalysts by
sensitizing the semiconductors wit@w band gap or by narrowing the band gap by adding a
new middle energy level®. .Q\A

2.15.1.3 Metal Oxides-Based Photocatalysts with Semi-conductivity

To aid in the %&i n of organic pollutants such as dyes, insecticides, and polycyclic
aromatic iv@zrbons (PAHs), metal oxide semiconductors have been used as pure
photom&&s, hybrids, or in conjunction with other materials*’. Additionally, researchers have
recently become more interested in and focused on the use of metal oxide-based photocatalysts
for antibiotic degradation due to their excellent light absorption under UV, visible, or both, as

well as their biocompatibility, safety, and stability under various conditions*3.
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Metal oxides frequently struggle with photocatalytic activity ineffectiveness or non-
absorbance44 due to their high band gap and fast electron-hole pair recombination. For example,
Ti0; is the most often utilized metal oxide for photocatalysis because of its advantageous optical

and electrical properties, chemical stability and reusability, non-toxicity, and reasonable cost

Q!

Approaches to enhance
photodegradation efficiency

I Supporting catalysts | [ Size, shape, T

E On MESOPOrous morphology Metals deposition |1

Single ‘\materals________J wmodifications’ A A
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hotocatalysts' 3 k! i -to-metal
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' . : Hydrogenation || charge transfer |
| doping || coupling !
1 A Efﬁ:‘:ﬁ:l _._-'}l

Strategies to improve
visible light activity

Figure 2. '&ent methods for improving the photodegradation efficiency and visible light
activit)\0/ ihgle component photocatalysts for the photodegradation of antibiotics.

Source®
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When compared to TiO;, ZnO is another semiconducting material that s stronger
photocatalytic performance and improved quantum efficiency. This is pargi true when
ZnO is used at a neutral pH for photocatalytic antibiotic breakdown ever, because of its
high rate of electron-hole pair recombination, ZnO cannot % pletely used without
functionalization. Numerous investigations have shown tha ZnO with metals like Ag and
Fe or non-metals like N and C enhanced the activity of ocatalytic antibiotic degradation*>-4¢,
WOs is another interesting metal oxide that has a@g a lot of attention due to its abundance,
affordability, and lack of toxicity. Furthe , Wis04 was believed to have a higher
photocatalytic degradation efﬁciency.@ O3, making it a superior photocatalyst. It is
oxidizable to WOs3 in spite of it @x photocatalytic effectiveness. It is possible to develop a

hybrid of W 5049 and oth@boxides to overcome this oxidation barrier®.

2.16 Factors I @g Antibiotics in Photodegradation

Several factor ome of which will be discussed in this section, can significantly impact the

photoo@legradaﬁon of antibiotics.

2.16.1 Light Wavelength
There is a clear correlation between the wavelength of the light and the photocatalyst's capacity
to be activated by it. An investigation revealed that sulfanilamide calcified and decomposed

more effectively when exposed to LED white and blue light than when exposed to LED green
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and yellow light®’. This was explained by the fact that photographs with higher energy may be
created by shorter light wavelengths, which increases the number of e h* pairs that are formed
by photos. These findings were found in a study on the photocatalytic degradation of aqueous
ciprofloxacin and moxifloxacin under UV-A and UV-C light irradiations; however, excessively

high energy photon light may cause light waste, so it can be concluded that the wavelength of

R
O

As was previously mentioned, the electrical and optical properties o atalysts, as well as

light influences the photocatalytic breakdown efficiency of antibiotics®’.

2.16.2 Size, Morphology, Size and Dosage of Photocatalysts

the effectiveness of antibiotic adsorption when isolated from_photogenerated charges, can be

influenced by their size, shape, and morphology. These con@e s are therefore essential to the

photodegradation of antibiotics. A research synth iz@lymeric carbon nitride foam with a

high surface area and a mesoporous structu r the photodegradation of tetracycline
\S)

hydrochloride®’. The substantial photocata tkactivity was responsible for the large specific

surface area, increased availability o{&%ﬁ active sites, enhanced conveyance, and enhanced

separation efficiency of the '®%enerated charges. Nanomaterials were also designed to

promote the photodegrad@n fficiency of antibiotics due to their large specific surface area,

which can increeii\&g?tibiotics' adsorption capacity and light absorption. However, simple
i

aggregation w&

can also gnificantly influenced by the amount of photocatalyst used; specifically, the

t the service life of these materials®’. Antibiotic photodegradation efficiency

addition of more catalyst to the mixture increases the number of active sites, which in turn
increases the number of reaction sites and light absorption, improving the production of active
species and increasing the efficiency of antibiotic photodegradation’’. However, an excessive

catalyst dosage can lead to several issues:
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1. Blocking some of the photosensitive surface and making the solution more turbid, which
prevents light from penetrating.

2. Increasing the catalyst surface's ability to reflect light.

3. Speeding up the catalyst particles' agglomeration, which reduces light absorption and
antibiotic adsorption while preventing more light penetration. These elements reduce the
effectiveness of antibiotic photodegradation®’. Q<

2.16.3 Antibiotics Concentration QJO
Antibiotic concentration has been demonstrated to signiﬁcantly@%t photodegradation

efficiency?’. More active sites on the photocatalyst are occupi@ore light is absorbed by

antibiotic molecules as a result of rising antibi ncentrations. For antibiotic
photodegradation, these two effects lower the amo nv@otons absorbed by the catalyst and,
consequently, the generation of reactive species®’ production of more organic intermediates
and end products may also hinder the photo&%ﬁyﬁc breakdown of antibiotics by competing with
the parent antibiotic molecules for ~%§$tgﬂyst's few adsorption and photocatalytic sites. The
photocatalytic degradation of°{s‘$ﬁbiotic sulfamethoxazole by the UV-A/TiO, combination
likewise showed a similﬂ@ An increase in antibiotic concentration usually has a negative
impact on their l{g talytic degradation because more intermediates and end products
compete with g(other for adsorption and photocatalytic sites on the catalyst surface®’.
O
Q
\/ Cl+ht — Cl Equation 2.1
Cl+ OH —»  CIOH~ Equation 2.2

2.16.4 Solution pH

The different charges that the surfaces of photocatalysts and antibiotic molecules may have

under different pH settings affect the adsorption of antibiotics onto the surface of photocatalysts
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and the accompanying photodegradation efficiency®’. For instance, the tricarbonyl system,
phenolic diketone moiety, and dimethylammonium group make tetracycline an amphoteric
molecule. Consequently, it has pKa values of 3.3, 7.68, and 9.7. 6.25 is TiO2's point of zero
charge (pzc). At pH values below 3.3, tetracycline and TiO; both show positive charge, which
has the repelling effect of preventing the antibiotics from sticking to the TiO2 surfacT further

X

At pH >7.68, their negative charge also makes the repelling action st;%gyét pH >9.7, the

reducing the photocatalytic efficiency.

double negative charge of tetracycline will increase this effect. Neut would be a preferable
environment for the degradation process because photocat@%fﬁciency for tetracycline
degradation over TiO; is weak in acidic and alkaline set@. Similar results have also been
reported for the photodegradation of ciprofloxacin a amethoxazole 98, 99. Nevertheless, a
study found that the optimal norfloxacin e@on occurred at pH >10.5, when negative
charges were present in both BizWQ@&norﬂoxacin”. It may be explained by a greater
concentration of OH serving as Q&‘lﬂ\e of OH, which can increase OH concentration and
improve antibiotic breakdo .$rthermore, the present form of the photocatalyst may be
affected by pH. At pH @ close to pHpzc, RGO-WO3 composites showed fast precipitation
and particle agg@xﬁ s. Poor dispersion and particle agglomeration development would
significantly @er the photocatalytic activity, lowering the reactive sites of the photocatalyst
and pé@ reducing antibiotic adsorption and light absorption®’. In summary, a number of
antibiotic classes (including sulphonamide, simidazoles, quinolones, tetracyclines, and >f-
lactams) are affected by pH in terms of their adsorption and photodegradation over

photocatalysts.
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Chapter Three

Methodology

3.1 Materials and Chemical Used

3.1.1 Materials Q\

The leaves of the Syzygium malaccense (Malay Apple), which are ob ai@m Covenant
University in Ota, Ogun State, was primarily used for the environmen gendly production of
nanoparticles. The leaves of the Syzygium malaccense ( yNApple) was identified by
University of Ibadan, Botanical Department with identiﬁca@\umber of UIH-23559.

3.1.2 Chemical/Reagents Used er

All of the reagents, chemicals, and solvents u%@n the synthesis was used exactly as supplied,
without any additional purification, re.gar %)f their origins, purity, or grade. Water from a
double-distilled machine will be u{ﬁ%ﬂ for the synthesis. Distilled water, 97% iron (III)
chloride (Sigma Aldrich), 97’/@%& oxide (Sigma Aldrich), 95% ethanol (Sigma Aldrich),
argon gas, chlorine, acet@%e (MERCK), titanium (IV) chloride, acetonitrile (Aldrich), and
neomycin. '@

3.1.3 Appara@%s/truments Used

The ir&/ ts are Stuart hot plate and stirrer (Magnetic stirrer), heater, Thermometer, Gallen
Kamp moisture extraction oven, Glassware (Beaker, conical flask, measuring cylinder, standard

flask, round bottom flask), Digital Balance BL3001, Spatula, Crucible, Samples bottles, UV-

Visible spectroscopy (Spectrumlab 752), SEM (JSM-7800), X-Ray diffraction (XRD 4154),
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FTIR (630 FT-IR), Solar Simulator (Newport Oriel, instrument model 65194A - 100 solar

simulator), UV light, UV spectrophotometer, desiccator, etching machine, and glass cutter.

3.2 Methods

3.2.1 Preparation of Syzygium malaccense (Malay Apple) Leaf Extract

A green synthesis method was adopted to synthesize the Al,O3 nanoparticles, CuO na.@artlcles

and ZnO nanoparticles. The Syzygium malaccense (Malay Apple) leaves was c'%d locally at
Covenant University, Ota, Nigeria. The reason for plant biosynthesis is gﬁ‘fare reported to
contain organic products that can serve as both reducing and cappij ts such as flavonoids,

and extracellular electron shuttles which could play 1mpo@ro es in the biosynthesis of
metallic nanoparticles. The leaves were newly gathered, rinsed with deionized water, air-dried,

and powdered individually into a fine powder. 100 @bof the dried fine powder was boiled in

500 ml of distilled water in a 1000 ml flas minutes, and the extract was filtered using
Whatman No. 1 filter paper. &
3.2.2 Synthesis of Aluminu (Ale3) Nanoparticles

Using plant leaf extrac%% the Malay apple (Syzygium malaccense), aluminum oxide
nanoparticles have-l@uccessfully developed. To produce a complex formation, extract was
added progres%e n a 2:4 ratio to the solution of IM of aluminum sulphate octadecahydrate
while bei%%red magnetically at 50 °C for approximately two hours. The complex that formed
at 4SOM for 15 minutes was separated using centrifugation. After being washed with distilled
water, the complex was centrifuged for ten minutes at 4500 rpm. After being dried for eight

hours at 40 °C, the isolated complex was calcined at 450 °C in a muffle furnace.
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Figure 3.1: Photograph of Syzygium malaccense (Malay apple) leaves

Source: Field Survey, 2025
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3.2.3 Synthesis of Copper oxide (CuO) Nanoparticles

The synthesis of copper oxide nanoparticles was successfully accomplished usi lant leaf
extracts from Syzygium malaccense, or the Malay apple. To achieve a comple(;@atlon, extract
was added progressively in a 2:4 ratio to a solution of 1M copper sul heptahydrate under
magnetic sting for approximately 4 hours at 80 °C. The complex t ed at 4500 rpm for 15
minutes will be separated by centrifugation. After bein @ed with distilled water, the
complex was centrifuged for ten minutes at 4500 rpm. @Qﬂg hours of drying at 40 °C, the
isolated complex was calcined at 450 °C in a mufﬂe&e.

3.2.4 Synthesis of Zinc oxide (ZnO) N an(@cles

Effective production of zinc oxide 3{&1& icles was achieved using plant leaf extracts of
Syzygium malaccense (Mala.y @ For approximately four hours, extract was added
progressively in a 2:4 raﬁ%@blution of 1M zinc sulphate heptahydrate under magnetic sting
at 80 °C to create 3 mplex formation. After 15 minutes at 4500 rpm, the complex was
separated usi Qs}lﬁigation. The complex that had formed was then centrifuged for 10

minutes at rpm after being washed with distilled water. After drying at 40 °C for several

hours,}vdsolated complex was calcined at 450 °C in a muffle furnace.
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N
Figure 3.2: Synthesis of@uo, and ZnO biosynthesized nanoparticles

Source: Field Sual\e@S
O
\®
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3.3  Characterization Techniques of the Bio-synthesized Nanoparticles
3.3.1 Optical Properties Measured by UV-VIS Spectroscopy

The extract and nanoparticles' UV-visible absorption spectra was examined usin Qpe trumlab
752 single-beam ultraviolet-visible (UV-vis) spectrometer, which operates @ temperature
in the 200-800 nm range. The samples was ultrasonically dispersed @Xnized water for the
optical property study, and the solution was then poured_in uartz cuvettes for the
measurement!. Additionally, a Tauc plot which plots a gr@) (ahv)? versus hv using Tauc's
equation was used to determine the band gap energy. O%Qltalysts.

Q

Tauc's equation: (ahv)" = A(hv-Eg)

Where a=2.302A ’&
A = absorbance \C'J\

R\
h = Planck’s constant QQ\

v = frequency of ligl&%rbed.

C
3.3.2 FT-IR@ surface chemistry analysis
The p%@a be positioned beneath the pinhole location, and the holder will be used to press
the particle so that the IR beam can pass through it>. The primary goal of analyzing the FT-IR
spectrum 1is to determine the chemical bonding and interaction within the nanoparticles. FT-IR
spectroscopy studies of the nanoparticles will be carried out using Agilent Technologies Cary

630 FT-IR, with scanning spectra recorded in the range of 400 to 4000 cm™.
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3.3.3 Determination of the Crystalline Structure by XRD

One of the most important methods for figuring out a material's crystalline structures and phase
composition is X-ray diffraction (XRD). In this study, XRD 4154 with monochromatized Cu Ko
radiation and wavelength A = 1.5418 A will be used to investigate the solid powder's XRD
pattern. The system covered a 20 range of 10° to 80° at a scanning rate of 0.02° per second. The
diffraction peak's sharpness relates to its crystal structure; crystalline structures h \Qﬁap peaks,
whereas amorphous structures have wide peaks. JCPDS is a non-profit scientifi€ organization
that collects, edits, publishes, and disseminates powder diffraction dac@kntify inorganic and
organic compounds with a crystal structure. Additionally, t @ index, diffraction peak

position, and relative intensity of unknown materials CQ scertained by comparing the

diffraction data with the diffraction pattern from :Ee@ Committee on Powder Diffraction

Nl
3.3.4 SEM-EDX analysis o 5&

A high-resolution field emission_g$canning electron microscope was used to examine the

Standard (JCPDS)?3.

nanoparticles' surface charac@s and size or form®. SEM was used to capture the pictures for
this study (JSM-7800). }blodel's field emission gun electron source produces enough current
to allow imagin@ solution of up to 3 nm and a magnification of up to 250,000. Every

nanoparticle t@vill be evaluated will be in powder form.

\9:6

83



\
Figure 3:3: Nanoparticles Characterization Instrumentation (A) UV Spectroscopy (B) FT-IR (C)
FE-SEM (D) XRD (E) EDX
Source: Field Survey, 2025
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3.4  Fabrication of Monolithic DSSC

FTO glass plates (TEC-15, Nippon Sheet Glass Co., Ltd., Japan) were employed in the
fabrication of monolithic electrodes. The FTO substrate underwent preliminary cleaning through
the application of propanol followed by drying in a spin coater (Labscience model SOQ&perating
at 3000 rpm. To synthesize mesoporous TiO», Ti-Nanoxide was deposited i@gen printing
and subsequently subjected to annealing for a duration of 30 minutes 45§‘d Following the
treatment of the mesoporous films with a 70 mM solution of TiCls Q minutes at 70°C, the
films were rinsed with water and then annealed for an addi 30 minutes at 500°C. ZrO;
paste was subsequently applied to the TiO, layer to enc&&e the porous TiO: layer once the
substrate had cooled. Thereafter, the ZrO, paste wa@%aled for 30 minutes at 450°C to yield
the AlOs3, CuO, and ZnO layers. A screen uipped with a 70 mesh screen was utilized
for all screen printing operations. The A\b;sCuO, and ZnO paste was formulated using Al>O3,
CuO, and ZnO nanoparticles (d@ég nm; Fulka, USA) in accordance with a previously
established methodology*. F@ung the cooling of the substrate, doctor blading was employed
to deposit the Al,O3, CuQ, arid ZnO layers utilizing carbon conductive paste (Elcocarb solaronix)
as the back cont@ﬁrbon layer was concurrently connected to the secondary FTO layer. A
dye solutio@rising chlorine dissolved in toluene was applied to the cell stack, which was
subseq\gtgf allowed to remain at ambient temperature for an entire night. The dye-adsorbed
photoanode was removed from the solution, rinsed with toluene, and permitted to dry in the dark
on a hot plate maintained at 60°C. The glass plates and dye-coated electrodes were bonded by
heating a hot-melted adhesive film (150 um thick; Bynel 4164, DuPont, USA) to 250°C for one

minute, followed by an increase in temperature to 80°C while the electrodes remained on the hot
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plate. To construct the final cell, a droplet of the electrolyte solution, specifically a 0.05 M
solution of Cul dissolved in acetonitrile, was introduced by drop casting into a perforation drilled
into the glass of the assembled cell, which was subsequently sealed with 0.1 mm thick aluminum
foil. The electrolyte, provided by Solaronix, is utilized in dye-sensitized solar cells (DSCCs)

exhibiting exceptional durability’.
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Figure 3.4: Fabricdtion process steps for Monolithic DSSC.

Source: Kield’Survey, 2025
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N> )
Figure 3.5: Fabricated DSSCs usir@?%% CuO, and ZnO biosynthesized nanoparticles

Source: Field Survey, 2025 Q
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3.6 Photocurrent Voltage Behaviors of the DSSCs

Utilizing a solar simulator (Newport Oriel, instrument model 65194A-100 solar simulator) at

100mW/cm? in conjunction with a source measure unit Kethley Model 2400 source meter, the

current-voltage characteristics was performed in order to analyze the photovoltaic properties of

the cells. The characterization was take place at Namiroth Nigeria Limited in Abuja. The
{ell was

measurements was carried out in a lighted environment at room temperature@y

have an active area of 0.5 x 0.5 cm?. Furthermore, the solar cell's capacity to%} ate electricity

was evaluated using: 6\

= = 100 0% 3.1

Where Voc, Jsc, Pin represent the open-circuit pl@—gltage, the short-circuit density

photocurrent and the incident light power respective&rthermore, the fill factor is given by

>
= @ 3.2
D

°
Where; Vmax and Jmax represent L@tage and the current density at the maximum output

power point respectively, Whif@@&ﬁciency is given by;

Efficiency = Q x 100% = S x 100% 3.3
S

89



3.4 Photodegradation Experiment

1, 2, 3, and 5 ppm of the antibiotic were prepared from 100 ppm stock solution. Using a UV—vis
absorption spectrometer, 5 ppm was employed for scanning at 150400 nm. The measured
absorbance of 1, 2, 3, and 5 ppm was used to prepare the calibration plot.

The photodegradation of the antibiotics was carried out for 120 minutes in order to determine the
photocatalytic activity of the catalyst. 0.3 g of the catalyst was added to 50 mL Qp ) of the
antibiotics. The solutions were continuously stirred using a magnetic stirrer while“being kept in
the dark in order to achieve the absorption-desorption equilibriu@l‘ﬂe photodegradation
experiment was conducted under UV light for varying durations_ot'20, 40, 60, 80, 100, and 120
minutes while being continuously stirred. Every 20 min L aliquots from each beaker
were taken, and the photocatalyst was extracted by ifuging the aliquots.

Using a UV—vis absorption spectrometer, the irngo%ﬁ antibiotics in each sample was measured.

The following formula was used to determ%c degradation percentage:
Removal efficiency (%) = L\A%O 34

Where Co is the initial d@%mtration, and Ct is the concentration of antibiotics at time t.
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Figure 3.6: Photocatalyt@%dation of antibiotics using UV-light

Source: AuthorC@’ork, 2025
\,Q:b
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Figure 3.7: éntrifuging reaction after photodegradation to extract the biosynthesized

nanopart%
Sourc&/ or’s Field Work, 2025
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Chapter Four
Results and Discussion of Findings

4.1 Characterization of Biosynthesized Al,Os;, CuO, and ZnO Nanoparticles using
Syzygium malaccense

4.1.1 Ultraviolet—Visible (UV-Vis) Analysis

One crucial and useful method for the thorough evaluation of biosynthesized nanq&ticles is
UV-vis spectroscopy. The stability and production procedures of Al,O » and ZnO
nanoparticles are also investigated using this technology. The unique opti lquﬂerties of ALO;3,
CuO, and ZnO nanoparticles cause them to interact strongly with ar light wavelengths!'.
Furthermore, UV-Vis spectroscopy is acknowledged for il@i ity, simplicity, and user-
friendliness. It efficiently quantifies various types of na&@cles and exhibits both sensitivity
and selectivity toward them. Metallic nanoparticles %’bm capacity to enhance the reaction rate
by increasing the adsorption of reactants ont@%rface, consequently reducing the activation
energy barriers'. . @

The ultraviolet-visible (UV-Vis) a@fp?on spectra and the bandgap energy of aluminum oxide
(AL203), copper oxide (CuO : zinc oxide (ZnO) nanoparticles are illustrated in Figures 4.1
through 4.3, respecti§1y§he optical absorbance spectra pertaining to aluminum oxide
nanoparticles sy@ed utilizing Syzygium malaccense (commonly known as malay apple) is
depicted in F@E 4.1a. This figure reveals an optical absorbance spectrum band at 371.61 nm,
which@orates the presence of aluminum oxide nanoparticles. The phenomenon of surface
plasmon resonance (SPR) arises from the interaction of electromagnetic radiation from light with
the free electrons of aluminum oxide nanoparticles. These findings are consistent with prior

research?. The collective excitation oscillations generated as a consequence significantly enhance

the surrounding electromagnetic fields adjacent to the nanoparticles. The band gap energy (Eg)
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of the synthesized Al>O3; nanoparticles is illustrated in Figure 4.1b. The band gap energy of the
synthesized Al>Os nanoparticles is measured to be (2.09 eV). This observation suggests that the
band gap of the semiconductor materials exhibits a dependence on the size of the particles. The

band gap tends to increase as the particle size diminishes, while the absorption edge shifts

S\

The optical characteristics and bandgap energy of CuO NPs are displayed usin auc plot in

towards a higher energy as the particle size decreased?.

Figure 4.2a,b. Following electron transfer from the valence band to t {d;lction band, the
spectrum showed a distinct absorption peak at 370 nm that was the intrinsic bandgap
absorption of CuO NPs. This result is consistent with earli %:h4 Moreover, CuO NP
absorption spectra showed a limited nanoparticle @rsmn? CuO NPs and other
semiconductors have a distinct bandgap energy, in @gto metals that have integral electron
levels. As shown in Figure 4.2b, the optical @ energy for CuO NPs was determined to be
around 2.05 eV. Excellent electronic trar@n and photocatalytic capabilities were inherited by
the as-synthesised CuO NPs, as e%é?ed by the reported reduced bandgap energy numerical

values®.

The UV-Vis plot and Qot (Bandgap analysis) of ZnO NP are displayed in Figs. 4.3a and b.
The sample's bs@n spectrum was recorded in the 350-500 nm range, with the absorbance
peak at 371 orresponding to the characteristic band of zinc oxide nanoparticles. This was
foundNe consistent with previous research that demonstrated ZnO NP absorb light in this
region’. The extrapolation of the Tauc’s plot was then used to determine the bandgap. A bandgap
of 3.23 eV is visually displayed in Figure 4.3b, which is consistent with the bandgap of ZnO

(3.20 €V) NPs documented in the literature’. The apparent redshift is indicative of a strong
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electronic interaction between the ZnO NPs. Therefore, when exposed to visible light, the ZnO

NPs can show an accelerated photodegradation response’.
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Figure 4.1: %i 131ble spectra (a) Tauc plot of Syzygium malaccense extract synthesized AlO;
NPs (b) a dgap energy.

Source: Field Survey, 2025
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4.1.2 FT-IR Analysis of Biosynthesized Al:O3;, CuO and ZnO NPs using Syzygium
malaccense
Characterization of biosynthesized nanoparticles through Fourier transform in (FTIR)

spectroscopy is commonly employed to identify and classify potential bio s that may
serve effectively as capping agents, thereby enhancing the stability 0&03, CuO, and ZnO
nanoparticles. The identification of functional groups present on th% es of the nanoparticles
was conducted utilizing FTIR spectroscopy. According to othesis proposed by various
studies, which identified numerous organic extracts acx@s 1verse materials, the amines and
carboxylate functional groups may function as or;abégducing agents or capping agents in the
synthesis of Al2O3, CuO, and ZnO nanopart@l‘able 4.1 and Figures 4.4 to 4.6 illustrate the
Fourier Transform Infrared (FTIR) spe'c@%esponding to the extract of Syzygium malaccense
(Malay apple), highlighting .the %{Rence of various phytochemical constituents, including
cellulose, hemicellulose, pf§?@\ols, and biomolecules.

According to Table‘ 4.1 and Figure 4.4, the presence of hydroxyl groups in cellulose, glycosides,
and saponins _as e’\a's free and bound moisture were responsible for the observed valence
vibrations bonds, which were 3600 cm™! 8, Saturated carbon aromatic rings and vibration
bondsNe -CHaz-groups were identified as the sources of the valence vibrations of C-H bonds
that were detected in the 2700 cm™! region. Vibrational bands in the 2000-2400 cm™! range
indicated the existence of flavonoid main amine-N-H bond vibration. At 1600 cm™', valence

vibrations of C=0 bonds in various functional groups (ketonic, ester, etc.) were detected.

99



The absence of this band in the case of stabilized Al.O; NP, however, demonstrated that
flavonoids and pectin biomolecules decreased and stabilized the Al** ions. The deformation
vibrations of the terminal group -CH,OH and the C-H and -O-H bonds in hexagonal saturated
rings were identified as the source of the broadband in Figure 4.4 at 1300 cm™'. The sharp band
in the 1100 cm™! range was ascribed to the valence vibrations of C-O in the methoxy groups
(pectin) and C-C and C-O bonds in hexagonal saturated rings>”. Q

Table 4.1 and Figure 4.5 display the FTIR spectra of CuO NPs that were b@esized using
extract from Syzygium malaccense, or Malay apples. The bands at 40@ in the spectrum are
attributed to Cu-O (M-0) stretching!®. The strong and wide absorption bands at 3400 cm™' are
associated with C—H stretching aldehydes, phenols, and tretching H-bonded alcohols.
Stretching alkanes and vibration bonds in the -C 2%%5 were responsible for the valence
vibrations of C-H bonds that were detected_in % 900 cm™! range. At 1600 cm™!, valence
vibrations of C=0O bonds in various fun i:q groups (ketonic, ester, etc.) were detected.
Primary N-H bend 1° amine VibratiO{QSlavonoids was shown by vibrational bands in the 1400

cm! range. The valence Vibﬂl& f C-O stretching were identified as the cause of the sharp

band in the 1000 cm™! reg@Q

Table 4.1 and Fii?%\'éiist the functional groups found in the Syzygium malaccense ZnO NPs

leaf extract. T@r ence of an O-H group with either intramolecular or intermolecular hydrogen
bonding @stablished by the wide peak in the IR spectra that corresponded to an O-H
stretching frequency of 3000 cm™!. a, a B-unsaturated ketone of leaf extract, and conjugated
alkene both respond to C=C stretching at a frequency of 1600 cm™'. This has also been
demonstrated by the O-H bending vibrations of the leaf extract measured by its medium intensity

band at 1400 cm™'. Additionally, the spectrum was seen with a weak band at 1300 cm™'
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indicating C-N stretching. The existence of C-O stretchingl1 was carefully allocated to the
stretching vibrations at 1100 cm ™' '!, It is possible to attribute a peak observed at 700 cm ™' to the

C-H bending vibrations of the leaf extract.

Wavenumber (ecm™)

ALO; CuO Zn0O Intensity < @gents

3600 3400 3000 Strong O-H stretching

0 alcohol
2700 2900 % C-H

1600 1600 1600 J@J C=C stretching
in conjugated

alkene
1300 1400 1400 d1um O-H bending
’b carboxylic acid

- - 1300 Strong O-H bending
& carboxylic acid

(?0 1266
1100 1000 \1 0 Strong C-O stretching
tertiary alcohol

- 600 QQ Strong C-Br stretching

in A1203
compounds

- ( @ 400 Strong Al-O, Cu-O and

Zn-O bond
’Z}

Table I%FIR spectra with possible assignments using Syzygium malaccense leaf
basedbiosynthesis A>O3, CuO and ZnO NPs .

Source: Field survey, 2025
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Figure 4.4: FT-IR Spectra of biosynthesized Al,O3 NP using Syzygium malaccense
Source: Field survey, 2025
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At 600 cm™! of leaf extract, a discernible study band was seen that was attributed to the existence
of either the C-Br or C-Cl band. The generation of ZnO NPs was confirmed Q&le Zn-0

stretching frequency, which was 400 cm™!. This aligns with the documented Z@nopaﬂicles

made from Berberis aristata'?. QJ

4.1.3 XRD Analysis of Biosynthesized A1203, CuO and ZnO N g Syzygium
malaccense

X-ray Diffraction (XRD) Analysis of Al,O3, CuO, and noparticles characteristics

including crystal structure/phase, lattice parameters, c@lite dimensions, single crystal
orientation, preferred polycrystalline orientation, de@%esses, and additional parameters are
elucidated through the application of the X odology. Figure 4.7 illustrates the intensity
of the XRD spectrum for Al:O3 nang ials, plotted against the scattering angle 26. The
preponderance of the diffraction pe@cﬂ\the XRD pattern of Al>O3 nanoparticles were identified
at 20 angles of 22.52°, 25.7%@760, 30.29°, 35.30°, and 38.02°. A concurrent investigation
arrived at a correspo&}%onclusionz. These peaks corroborated the formation of Al,O33

nanoparticles of Q%se

documentedr'b\ée scientific literature??. The broadening of peaks in the XRD patterns of Al>O3

imensions, with analogous XRD patterns having been previously

nanopé@& can be attributed to variations in particle size. The crystalline dimension of Al>O3
nanoparticles was determined to be 22 nm, which correlates with the most pronounced peak.

Figure 4.8 presents the X-ray powder diffraction profiles for CuO nanoparticles. The diffraction
peaks exhibit a nano-crystalline characteristic, featuring seven prominent peaks at the scattering

angles (20) of 10.00° 13.00° 25.00° 33.00°, 35.00° 40.00°, and 45.00°. The sharpness of the
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diffraction peaks depicted in the figure signifies the commendable crystallinity of the CuO
nanoparticles, with the most substantial peak estimated to be 25 nm. The absence of
characteristic peaks indicative of any alternative phase of CuO or any impurities substantiates the
high purity of the CuO nanoparticles. A similar finding was reported in an earlier study®. The
diffraction peaks of ZnO nanoparticles at 20 angles (19.52°, 21.75°, 25.76°, 28.29°, 32.30°,
36.02°) are illustrated in Figure 4.8. These peaks confirmed the formation of Z %}articles
of varying sizes, and analogous XRD patterns have been documented in prior litgfature!>'4. The
widening of peaks in the XRD patterns of ZnO nanoparticles is att@e to fluctuations in

particle size. A crystalline dimension of 27 nm was estﬁ for ZnO nanoparticles,

corresponding to the apex peak. Q
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Figure 4.7: XRD Pattern of Biosynthesized Al,O3 NPs using Syzygium malaccense

Source: Field survey, 2025
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Figure 4.8: XRD Pattern of Biosynthesized CuO NPs using Syzygium malaccense
Source: Field survey, 2025
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Figure 4.9: XRD Pattern of Biosynthesized ZnO NPs using Syzygium malaccense
Source: Field survey, 2025

4.1.4 SEM and EDX Analysis
The SEM is a highly helpful tool for learning about the composition, mo@gy, and
D

topography of materials. This kind of electron microscope may generate picf a sample's
n

surface with great resolution. SEM pictures have a distinctive three—dim@ ook because of
the way they are produced, and they may be used to assess the @surface morphology*.
Scanning electron microscopy (SEM) was used to examin@ morphological structures of
biosynthesized Al.O3, CuO, and ZnO NPs using leaf extn@t Syzygium malaccense. Figures
4.10, 4.12, and 4.14 show SEM micrographs of A@bCuO, and ZnO NPs using leaf extract
from Syzygium malaccense. The particles b@ omogeneous spherical shape, with average
sizes of 27.50 nm, 11.01 nm, and 21.9®respectively. Figures 4.10, 4.12, and 4.14 showed

the histograms illustrating the size @?ution of the AlLO;, CuO, and ZnO NPs.

Additionally, an energy@\swe X-ray spectroscopy (EDX) was used to determine the
composition of the.A& CuO, and ZnO NPs utilizing leaf extract from Syzygium malaccense.
The ALOs3-N fg@lthe plant extract were shown to have an aggregated or spherically cluster-
like struc@wy SEM examination. The outcome is consistent with a comparable outcome?.
Aluminum (Al), oxygen (O), sulfur (S), and carbon (C) components were present in the
produced catalyst without any impurity peaks, according to the EDX spectrum of the Al,O3 NP
in Figure 4.11. Al, O, S, and C have relative weight percentages of 10.68%, 76.07%, 8.47%, and
4.77%. Al, O, S, and C have atomic concentration percentages of 18.56%, 65.95%, 12.38%, and
3.11%, respectively. The outcome validated the 1:0.5 atomic ratio of S to C and the 1:6
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stoichiometry between Al and O. The outcomes unequivocally demonstrated the produced Al,O3

NP's homogeneity and great purity?.

A sphere-shaped morphology and enhanced crystallinity are shown in the SEM picture. Previous
research have looked at similar results*!>. Copper (Cu), oxygen (O), and sulfur (S) atoms were
present in the produced nanoparticles without any impurity peaks, according ‘Nle EDX
spectrum of the CuO NP in Figure 4.13. Cu, O, and S have respective Weig@entages of
33.25%, 57.24%, and 9.51%. Cu, O, and S have respective atomic COHC@&‘ percentages of
63.38%, 27.47%, and 9.15%. The outcome validated the 1 atomi 10 of S and the 6:2
stoichiometry between Cu and O. The outcomes unequivocall@w strated the produced CuO
NP's homogeneity and great purity!. Q

Many spherical and almost spherical particles web’buped together and shown in rod-like
patterns in the SEM picture. The produced icles included zinc (Zn), oxygen (O), and
sulfur (S) components without any impu;'\' eaks, according to the ZnO NP's EDX spectrum in
Figure 4.15. The synthesized ZnO &@omogeneity and excellent purity were firmly validated
by the results. Cu, O, and S .\$elative weight percentages of 27.77%, 61.07%, and 11.16%.
Zn, O, and S have res;&‘zl tomic concentration percentages of 57.63%, 31.02%, and 11.36%.

The outcome Val@u

The SEM p'c@ revealed an array of agglomerated, rod-like spherical and almost spherical

1 atomic ratio of S and the 5:3 stoichiometry between Zn and O.

particlb&e ZnO NP's EDX spectrum, shown in Figure 4.15, showed that the produced
nanoparticles included the elements zinc (Zn), oxygen (O), and sulfur (S) without any impurity
peaks. The outcomes unequivocally demonstrated the produced ZnO NP's great purity and
homogeneity’. Cu, O, and S make up 27.77%, 61.07%, and 11.16% of the total weight,

respectively. The percentages of Zn, O, and S that have atomic concentrations are 57.63%,
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31.02%, and 11.36%, respectively. Both the 1 atomic ratio of S and the 5:3 stoichiometry

between Zn and O were validated by the findings.

Figure 4.10: SEM microg
Source: Author’s Field W
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4.2 Current Density Versus Voltage Characteristics of Fabricated Monolithic DSSCs
The performance of the biosynthesized nanoparticles of zinc oxide (ZnO), copper oxide (CuO),
and aluminum oxide (Al>O3) as CEs in DSSCs has been evaluated by screen-printi em onto
the FTO. Performance of the DSSC was evaluated by measuring the @um voltage,
maximum current, fill factor, open-circuit voltage, and short-circuit ent of the cell. The
performance parameters of monolithic dye-sensitized solar % SSCs) with varying
nanoparticle compositions monolithic, , CuO, and ZnO big ized nanoparticles are shown
in Table 4.2. Open-circuit voltage (Voc), short-circuit @e t density (Jsc), fill factor, overall
efficiency, voltage at maximum power (Vmp), an%@gt at maximum power (Imp) are among
the characteristics that are observed. @

By acting as a surface passivation la°e’éqy TiO., the wide-bandgap insulator Al.Os lowers
recombination at the electroly:[e A(%Xt The efficiency of solar-to-power conversion of DSSCs
using ALl:Os biosynthesize @articles was 1.79%, with an open circuit voltage of 0.48 V, a
short-circuit curren‘t ’0\' 2 mA/cm?, a Vmp of 0.35, an Imp of 5.3 mA/cm?, and a fill factor of
0.53. These r u@ displayed in Figure 4.18 and Table 4.2. With an efficiency of 1.76%, an
open circui&ge of 0.36 V, a short-circuit current of 4.9 mA/cm?, a Vmp of 19.6, an Imp of
0.2 msz, and a fill factor of 0.29, the DSSC without nanoparticles had the lowest efficiency
of any solar-to-electric power. Because of its low bandgap, the p-type semiconductor CuO may
improve light absorption. According to Figure 4.17 and Table 4.2, the DSSC using CuO

biosynthesized nanoparticles had a solar-to-electric power conversion efficiency of 3.44%, an
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open circuit voltage of 0.38 V, a short-circuit current of 11.1 mA/cm?, a Vmp of 0.37, an Imp of

9.64 mA/cm?, and a fill factor of 0.85.

With a solar-to-electric power conversion efficiency of 6.4%, an open circuit voltage of 0.52 V, a
short-circuit current of 13.5 mA/cm?, a Vmp of 0.4, an Imp of 40 mA/cm?, and a fill factor of
0.57, the DSSC made with ZnO biosynthesized nanoparticles demonstrated the best @rmance
in electron transport dominance, as shown in Table 4.2 and Figure 4.16. High @%»n mobility
n-type semiconductor ZnO enhances charge transfer and lowers recombi atgal Zn0O > CuO >
ALOs > Control (Without NPs) is the order of efficiency. These fi @ demonstrate that, in
comparison to the cell without nanoparticles, the addition@%synthesized nanoparticles
resulted in a significant rise in Voc. This implies that the@age properties of the monolithic
DSSCs are influenced by the presence of these nano@l S.

However, when the DSSC is shorted, the b@%utput is shown by the Jsc values of 13.5
mA/cm? to 4.9 mA/cm2. In contrast f cell without nanoparticles, ZnO > CuO > ALOs
notably exhibits higher Jsc values, @sat\ing improved light absorption and electron generation.
Additionally, the presence o X oxide, copper oxide, and aluminum oxide nanoparticles is
indicated by higher V \b Imp values, which indicate an improvement in power conversion
efficiency. This @

is very use r promoting the consumption and transmission of electrical energy that is

at the counter electrode containing ZnO > CuO > Al,O3 nanoparticles

produ%%lﬂe efficiency of the fill-factor decreased from 0.57 to 0.29. The ability of a solar cell
to use the electricity it generates is gauged by its fill factor. ZnO > CuO > Al;O3 nanoparticles
have a percentage rise of 105.7 percent above the cell without nanoparticles in this instance,
according to the percentage increase of the cells. The addition of ZnO > CuO > ALOs

nanoparticles greatly increases the overall efficiency of the DSSCs, showing the best efficiency
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among the studied compositions and exhibiting the synergistic benefits of mixing copper oxide,

aluminum nanoparticles, and zinc oxide!6!7 18,

The plasmonic effect of ZnO biosynthesized nanoparticles, which causes an electron to migrate
quickly from ZnO biosynthesized nanoparticles to the TiO2, may be responsible for the overall
increased photovoltaic performance. Collective oscillations can be produced by the exXcitation of
free electrons in metals by electrical properties of light. These oscillations ma; %r in a very
small volume of ZnO biosynthesised nanoparticles, which strengtht%&‘gedocal field and
increases the amount of light that strikes the particles. Consequen Zn0O biosynthesised
nanoparticles enhanced the dye-sensitized solar cell's ability sotb light, hence boosting its
efficiency. The effective use of ZnO biosynthesized nano z@es also helped to further increase
the effectiveness of the DSSC because of t@creased dye adsorption. The ZnO
biosynthesized nanoparticles increased effici increasing the short-circuit current density,
which was achieved by improving the d}& orption of titanium dioxide. Both the fill factor and
the open-circuit voltage improved @ca\cantly. This outcome is consistent with earlier studies

on artificial monolithic DSSCQ 8,
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Figure 4.16:90:V/ Curves of DSSCs for Al2O3 Biosynthesized NP
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Table 4.2: Photovoltaic efficiency of dye-sensitized solar cells (DSSCs) made using
nanoparticles of Without NP, Al>O3, CuO, and ZnO.

Nanoparticles Voc (V) Jsc Vmp (V) Imp Fill factor \Qﬁciency

(mA/cm?) (mA/cm?) OQ(%
«C

ALO; 0.48 7.2 0.35 E \)33 1.79
CuO 0.38 11.1 0.37 60 3.44

ZnO 0.52 13.5 &

Without NP 0.36 4.9 @ 0.29 1.76

0.57 6.4

\

RN

Source: Author’s Field Work, 202

Qﬂ\
0&\

\3566
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4.3 Photodegradation of Neomycin Antibiotics over CuO and ZnO Nanoparticles

The photocatalytic efficacy is predominantly influenced by fluctuations in oxygen vacancy levels.

The separation of electron—hole pairs is contingent upon the quantity of oxygen vacancies

present. A significant benefit is that an increased number of oxygen vacancies fagilitates rapid

electron—hole recombination, thereby leading to a reduction in the photocatal(i/ivity of CuO

and ZnO-NPs. A previous investigation indicates that the photocatalyti ivity is modulated by
Q

the concentration of surface-level defects?. An augmentation of SL% fects correlates with a

reduction in particle size, resulting in an elevated rate of carrier recombination, which
ultimately enhances the photocatalytic activity. In the p t investigation, biosynthesized CuO
and ZnO-NPs exhibit diminished particle sizé hich corroborates their heightened
photocatalytic activity. This phenomenon (%}\Q attributed to the superior efficiency in the
separation of photogenerated charge'@s, enhanced light absorption, and an increased
specific surface area. . é

Figures 4.20 and 4.21 illus a@ﬂx influence of the dosage of CuO and ZnO nanoparticles on the
degradation of the ?Q’(&m (NEO) antibiotic.

The photocatalyti \fﬁcacy of CuO and ZnO nanoparticles was assessed concerning the
degradation EO (365 nm) under UV light irradiation. Following 120 minutes of UV
expom%/a degradation of 75% and 95% of NEO was observed with CuO and ZnO
nanoparticles, respectively. The utilization of CuO nanoparticles revealed that as the reaction

time for NEO extended from 0 to 120 minutes, the degradation percentage escalated from 38% to

75%, subsequently declining from 105 minutes to 120 minutes.
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Upon the introduction of ZnO nanoparticles, a degradation of 95% of NEO antibiotics was
achieved at 80 minutes, with a subsequent decline noted from 80 minutes to 120 minutes (Figure
4.22). The ZnO photocatalyst demonstrated superior effectiveness compared to the CuO
photocatalyst in the degradation of the antibiotic neomycin. The findings regarding the
photodegradation of NEO antibiotics utilizing ZnO NPs align with prior report?!. The observed
reduction in NEO concentration can be attributed to oxidation—reduction reacti Q&ning on
the photocatalyst's surface and efficient electron—hole separation. The photocatalytic degradation
efficiency of the synthesized photocatalysts concerning NEO, as esta@in this study and in

related investigations, has been compiled in Table 4.2.
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Figure 4.20: Photodegradation efficiency of Neomycin using Biosynthesized CuO
Source: Author’s Field Work, 2025

128



Degradation (%)

100

90 -

80 —

70 -

60 —

—@—NEO

| ! | ! I X | ! | ! |
40 60 80 100 120 140

Time (min)

Figure 4.21: Photodegradation Efficiency of Neomycin using Biosynthesized ZnO

129




Source: Author’s Field Work, 2025

Table 4.3: Comparison of ZnO-NPs and CuO Photocatalytic Activity Synthesized from Various

Plant Extract Materials \
O

Material used Biogical Pollutant Degradation  Degradatio ferences
entity efficiency time (minLl

A

ZnO NPs Thymus Tetracycline 95 \4 22
vulgaris

CuO NPs Parthenium Rifampicin 98.4 8 23
hysterophorus Q

CuO/Fe 03 Psidium Rhodamine B 88 Q 80 24

NPs guajava ’b

Fe NPs Ficus hispida  Neomycin 84 15 25

Co-ZnO NPs  P. capillacea Ciproﬂg){%n\ 99 120 26

CuO NPs Syzygium Neo&(}an 75 105 Present study
malaccense

ZnO NPs Syzygium gomycin 95 80 Present study
malaccen{e Q

Source: Author’s Field Work, 2025
O
\,Q:b
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4.4 Degradation Kinetics Study

Kinetic analysis is essential for determining the rate of degradation. The experimental data of the
first-order kinetic curves of NEO are shown in Figures 4.22 and 4.23. The ap@lity and
validation of the first-order model were determined based on the values of icient (R?)
and K. The kinetic reaction rate constant was calculated from the slope c&{ecpgt of —In (Ct/CO0)
versus experiment time (t). The K value was found for the CuO alyst, with a value of
0.0072 min"! and R? = 0.83. The results were consistent wi% study that demonstrated that
the first-order reaction rate constant was 0.0077 @n for the photodegradation of
Oxytetracycline Dihydrate antibiotics using visible 1@%@ BTiO-ZnO nanoparticles?.

Figure 4.23 displays the results of a calcul \Qof the photodegradation kinetics of NEO by
biosynthesized ZnO-NPs. For the de'@n of MB dye by produced CuO-NPs, the rate
constant (K) is calculated usir.lg t @Seudo-ﬁrst-order rate equation. Plotting In (C0/Ct) against
irradiation time yields a ra @tant of 0.0072 min!. It is also found that the fitting correlation

»

coefficient (R?) is (N&
r

degradation i]ic @as time increases and that the CO/Ct decreases as time increases. The

the end of the day, it is determined that the percentage of dye

results indi% at the biosynthesized ZnO-NPs used in the leaf extract of Syzygium malaccense
have s@&or photocatalytic activity on NEO antibiotic in comparison to CuO-NPs.

The electron and hole transfer that occurs in ZnO-NPs due to their distinct redox energy levels
for their associated conduction and valence bands is the reason for their enhanced photocatalytic
activity when compared to CuO-NPs. A longer lifespan for the charge carriers and improved

interfacial charge transfer efficiency to adsorbed substrates are the results of effective charge
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separation?’. By serving as electron acceptors and reducing the number of surface recombination
sites, increased oxygen vacancies on the ZnO-NPs surface may have also helped to effectively
degrade NEO. Additionally, oxygen vacancies can help the adsorbed O» absorb photo-induced
electrons, producing superoxide radical anions at the same time, significantly improving the

photocatalytic capabilities?’.
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Chapter Five
Conclusion

5.1 Summary of Findings

Three distinct varieties of environmentally sustainable, economically viable, and non-toxic
nanoparticles Al,O3, CuO, and ZnO were proficiently synthesized in the present study utilizing
leaf extracts from Syzygium malaccense (Malay apple). The principal aim of t 's%%ch is to
fabricate and characterize Al,O3, CuO, and ZnO nanoparticles prior to examining*their catalytic
properties. Additionally, the utilization of these nanomaterials as phot@ and spacers in dye-
sensitized solar cells (DSSCs) was explored. Performance s%ent of the DSSC was
conducted through measurements of maximum voltage, um current, fill factor, open-

circuit voltage, and short-circuit current. This igv?a%ion further demonstrated that the

antibiotic neomycin can be efficiently eliminat m aqueous solutions when subjected to

simulated ultraviolet light in the presence oflA1203, CuO, and ZnO nanoparticles. The efficacy of
°

the removal process for the antibioti@s also significantly associated with kinetic analyses and

contact duration. The synthesiz® oparticles underwent comprehensive characterization using

Fourier-transform infrare@roscopy (FTIR), ultraviolet-visible spectroscopy (UV-Vis), X-
ray diffraction @canning electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy @ .

The op%gbharacteristics of Al,O3 nanoparticles were ascertained via Tauc’s plot, yielding a
band gap energy value of 2.09 eV alongside a maximum UV-Vis absorbance at 371.61 nm. The
optical band gap energy for CuO nanoparticles was determined to be 2.05 eV, with their spectra
exhibiting a well-defined, characteristic absorption peak at 370 nm. Moreover, the distinctive

band of zinc oxide nanoparticles displayed a maximum absorbance peak value of 371 nm, while
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a band gap energy of 3.23 eV was recorded. FTIR analysis indicated that the synthesized
nanoparticles encompass various functional groups. The O-H, C-H, and C=0 absorption bands
(3600, 2700, and 1600 cm ™! respectively), along with the C-O, Al-O, Cu-O, and Zn-O bands (at
approximately 400-800 cm™!), exhibited differences among the three materials, as elucidated by
the surface modification study of the biosynthesized nanoparticles Al,O3, CuO, and, ZnO. The
detection of Al-O, Cu-O, and Zn-O characteristic bonds of the anatase struct Q%he same
location is hypothesized to arise from the presence of copper and aluminum atoms; in addition to
the FeO lattice structure. This observation supports the conclusio@* the biosynthesized

nanoparticles of ZnO, CuO, and Al,O3; were successfully synthefze

The XRD analysis reveals that the the synthsized nano m@als are all crystalline, with sharp
absortion bands. The SEM micrographs of A1203@, and ZnO NPs showed a consistent
spherical shape, with average particle sizes R@nm, 11.01 nm, and 21.98 nm, respectively.
Without any impurity peaks, the Al,O3 %EDX spectrum showed that the produced catalyst
included the components aluminun@ﬁ)xygen (O), sulfur (S), and carbon (C). Al, O, S, and C
have relative weight percent@&*f 10.68%, 76.07%, 8.47%, and 4.77%. The CuO NP's EDX
spectrum showed that t Qduced nanoparticles included copper (Cu), oxygen (O), and sulfur
(S) components @%ﬂt any contaminant peaks. Cu, O, and S have respective weight
percentages %®.25%, 57.24%, and 9.51%. The produced nanoparticles included zinc (Zn),
oxygem&and sulfur (S) components without any impurity peaks, according to the ZnO NP's
EDX spectrum in Figure 4.15. Cu, O, and S have relative weight percentages of 27.77%, 61.07%,
and 11.16%. These findings unequivocally demonstrated the produced Al,O3, CuO, and ZnO

NPs' homogeneity and excellent purity. Monolithic DSSCs were developed using the
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biosynthesized nanoparticles. The produced biosynthesized nanoparticles were then used to

photodegrade the antibiotic (neomycin).

With an efficiency of 1.79%, an open circuit voltage of 0.48 V, a short-circuit current of 7.2
mA/cm?, a Vmp of 0.35, an Imp of 5.3 mA/cm?, and a fill factor of 0.53, the solar-to-power
conversion efficiency of DSSCs utilizing Al.Os biogenic synthesized nanopwes was
demonstrated. A DSSC utilizing CuO biosynthesised nanoparticles recorded@4% power
conversion efficiency, an open circuit voltage of 0.38 V, a short-circuit &e&df 11.1 mA/cm?,
a Vmp of 0.37, an Imp of 9.64 mA/cm?, a fill factor of 0.85 and po version of 6.4%. The
ZnO biosynthesized nanoparticle-based DSSC exhibited the @e ciency of solar-to-electric
power conversion, with a fill factor of 0.57, an open circ@oltage of 0.52 V, a short-circuit
current of 13.5 mA/cm?, a Vmp of 0.4, and an Imp 0@7A/cm2. Zn0O > CuO > Al.Os > Control
(Without NPs) is the order of efficiency. Thi "Q)lies that the counter electrode containing

ZnO > CuO > AlO3 nanoparticles, 4 ry useful for promoting the consumption and

transmission of electrical energy th@ﬁoduced.

The photocatalytic perfo @bf CuO and ZnO nanoparticles was studied towards NEO (365
nm) degradation ur‘lcge\'ﬁght irradiation. After 120 min of UV irradiation, 75% and 95% of
NEO was de a@th CuO and ZnO nanoparticles respectively. Using CuO nanoparticle, as
the time re of NEO increased from 0 to 120 min, the percent of degradation of NEO
increaé&,ﬁ'om 38% to 75% respectively, and it began to decline at 105 min to 120 min. After
adding ZnO nanoparticle, 95% of NEO antibiotics was degraded at 80 min and it began to
decline from 80 min to 120 min. ZnO photocatalyst proved more effective than CuO

photocatalyst at degrading the antibiotic neomycin. The reduction in NEO concentration can be
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attributed to oxidation-reduction reactions taking place on the surface of photocatalyst and
efficient electron—hole splitting.
The kinetic reaction rate constant was measured from the slope of the plot of —In (Ct/C0) versus
experiment time (t). The K value was found for the CuO photocatalyst which had the value of
0.0072 min~' while R? = 0.83. The plot of In (C0/Ct) as a function of irradiation time produces
the rate constant values 0.0072 min~!. Furthermore, the fitting correlation co &(R% is
determined to be 0.83. The Syzygium malaccense leaf extract using biosyntheSized ZnO-NPs
shows better photocatalytic activity on NEO antibiotic compared to@)- Ps. The improved
AN

O

Q
5.2 Conclusion Q

O

photocatalytic activity of ZnO-NPs compared to the CuO-NPs.

This research shows the environmentally friendl tic synthesis of aluminum oxide (Al.03),
copper oxide (CuO), and zinc oxide (ZnO hloparticles (NPs) employing the leaf extract of
Syzygium malaccense (Malay apple){ﬂﬁ\lse of biosynthesized NPs of AlbO3, CuO, and ZnO as
counter electrodes for dye-se\z&% solar cells (DSSCs) enhanced the power efficiency, fill

factor, open-circuit Voltag$ short-circuit current density of the solar cell. The incorporation

of the semicondu, tq@ye order of ZnO > CuO > Al>O3 nanoparticles significantly improves
o;"ﬁ

the performar%

oxide, alui#imim nanoparticles, and zinc oxide. Furthermore, the synthesized CuO and ZnO NPs

SSCs, thereby illustrating the synergistic advantages of integrating copper

displayed superior efficacy in the removal of neomycin from wastewater, achieving a maximum
removal efficiency of 75% and 95%, respectively. The degradation kinetics of the neomycin
antibiotic conform to the pseudo-first-order kinetic model. Consequently, the eco-friendly and

economically viable green synthesis of CuO and ZnO NPs mediated by Syzygium malaccense
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holds considerable promise for the degradation of antibiotics within wastewater treatment
facilities, contributing to the mitigation of escalating water pollution issues. Serving as an
effective and economical approach for the remediation of neomycin-contaminated wastewater,
ZnO NPs have consistently proven to be the most promising biosynthesized nanoparticles,

demonstrating significant potential for both antibiotic decomposition or degradati&and the

R
O

5.3 Recommendations &

fabrication of DSSCs.

i.  Future research should focus on the usability of biosynth%d CuO and ZnO NPs in
large-scale wastewater treatment and identifying a@ggradaﬁon products and their
implications on the ecosystem. Q

ii. It is recommended that more study be con@ on other materials that maybe utilized to
improve the catalytic behavior of ca b}\\Qaterials employed as DSSC counter electrodes.
This might effectively expand é@xology's applicability and cost-effectiveness.
iii.  Further studies should b@cted on recyclability of biosynthesized nanoparticles.
N
5.4 Contributiol\\&nowledge

The findings (&(ﬂ-&search provide a baseline for the investigations into the synthesis of Al>Os,
CuO, and@ nanoparticles using Syzygium malaccense leaf extracts, as durable, eco-bening
and c&ffective approach for nanopaticle synthesis. Inspired by the principle of natural
photosynthesis, dye-sensitized solar cells have become a credible alternative devices which
serves as renewable and environmentally friendly energy generation. The adoption of the metal
oxide as the photoanode solar cell fabrication improved efficiency of the DSSC. Furthermore,

the quest to mitigate the menace of water pollution is at the forefront of public health
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practioneers and enviromental scientist. In order to mitigate the hazards to human health and the
environment challenges associated with drinking polluted water. This study provide a simple and
effective means to degrade antibiotics from water/wastewater using the biogenic synthesized

nanoparticles.

5.5 Suggested Areas for Further Studies Q\

Lack of access to sophisticated equipment for material characterization like, l@n@spectroscopy,
high-resolution BET surface area measurements, High resolut1 x:smlsswn Electron
Microscopy (HR-TEM), and thermogravimetric analysis (T n ered the comprehensive
characterization of the synthesized nanoparticle material 6h

ereapeutic properties of the

nanomaterial should be assessed in order to determu:e [@endency to be used as probable drug

or vehicle for drug delivery system.
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